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F O R E W O R D 

A D V A N C E S IN C H E M I S T R Y SERIES was f ounded i n 1949 b y the 

A m e r i c a n C h e m i c a l Society as an outlet for symposia a n d co l 
lections of data i n spec ia l areas of top i ca l interest that c o u l d 
not be accommodated i n the Society's journals. It provides a 
m e d i u m for symposia that w o u l d otherwise be fragmented, 
their papers d i s t r ibuted among several journals or not p u b 
l ished at a l l . Papers are refereed c r i t i ca l ly accord ing to A C S 
ed i tor ia l standards a n d receive the careful attention a n d proc 
essing characteristic of A C S publ icat ions . Papers p u b l i s h e d 
i n A D V A N C E S IN C H E M I S T R Y SERIES are o r ig ina l contributions 

not p u b l i s h e d elsewhere i n who le or major part and inc lude 
reports of research as w e l l as reviews since symposia m a y 
embrace bo th types of presentation. 
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PREFACE 

T h i s v o l u m e is the first book to be p u b l i s h e d on po lyamine-che lated 
a l k a l i meta l compounds a n d their uses. It combines papers f r om the 
first A m e r i c a n C h e m i c a l Society sympos ium on N - C h e l a t e d A l k a l i M e t a l 
C o m p o u n d s w i t h five n e w papers (Chapters 1, 2, 10, a n d 12) to achieve 
b r o a d coverage of this r a p i d l y deve lop ing area. 

T h e first two chapters prov ide general background , mechanist ic 
aspects, a n d prac t i ca l preparat ive procedures. Chapters 3, 4, a n d 5 dea l 
w i t h the relationships between structure and properties as determined 
b y x-ray, magnet ic resonance, a n d e lectr ical conduct iv i ty . C h a p t e r 6 
examines inorganic complexes a n d their uses for separating mixtures of 
che lat ing agents or salts. Po lymer i za t i on , po lymer graft ing, a n d te lomer i 
zat ion are rev iewed i n the next three chapters f o l l owed b y te lomer iza
t i on of dienes w i t h aromatics us ing chelated organosodium catalysts. 
Chapters 11, 12, a n d 13 cover metalat ion reactions f r om the standpoints 
of po ly l i th ia t i on , d i rected metalat ion, a n d general synthetic appl icat ions. 
T h e final chapter presents a nove l technique for asymmetr ic synthesis i n 
w h i c h steric contro l is p r o v i d e d b y asymmetr ic che lat ing agents. 

T h e chelat ing agents are of the p o l y a l k y l e n e - p o l y a m i n e type h a v i n g 
two to six funct ional groups. Ter t iary po ly amines are r e q u i r e d for a l k a l i 
meta l compounds hav ing reactive carbanions whereas secondary amine, 
p r i m a r y amine , or ether groups may be used w i t h compounds h a v i n g less 
reactive carbanions or inorganic anions. T h e p r i m a r y emphasis to date 
has been on complexes of l i t h i u m a n d sod ium compounds. L i t t l e has 
been done w i t h the h igher a l k a l i meta l compounds because the s impler 
che lat ing amines do not f o rm strong complexes a n d the necessary tetra 
a n d higher po lyamines , par t i cu lar ly cyc l i c types, are not yet read i ly 
avai lable . 

A l k a l i meta l chelates possess extraordinary anion react iv i ty w h i c h is 
a t t r ibuted to deaggregated, cation-solvated i on pairs i n hydrocarbon 
solvents where anion solvation is negl ig ib le . I n contrast, solvated anions 
must undergo desolvation before react ion, m a k i n g t h e m less react ive t h a n 
the n a k e d anions obta ined i n the chelate systems. 

Po lyamine chelat ion research was in i t ia ted i n industr ia l laboratories 
where potent ia l appl icat ions a n d patent activities de layed pub l i ca t i on . 
T h e l i terature has begun to increase dramat i ca l ly d u r i n g the last five 
years, but even today the b u l k of this research appears only i n the patent 
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l i terature. I n contrast, there is extensive l i terature o n the polyether sys
tems a l though polyether research was in i t ia ted some four to five years 
later w h e n the first po lyamine chelate papers were pub l i shed . C l e a r l y 
the differences can be re lated to indus t r ia l academic interests. 

T h e closely re lated research on polyether chelates b y M i c h a l Szwarc 
a n d his co-workers l e d to a deta i led determinat ion of the structure a n d 
properties of carbanions i n i on pairs a n d free ions. T h e fundamenta l 
pr inc ip les w h i c h were deve loped a n d c lari f ied i n their numerous p u b l i 
cations contribute to an understanding a n d interpretat ion of m u c h of 
the po lyamine chelate w o r k as w e l l . M o r e recently the c r o w n ether 
chelates, p ioneered b y Pederson a n d co-workers at the D u p o n t L a b o r a 
tories, have g iven add i t i ona l impetus to research on chelated a l k a l i m e t a l 
compounds. C r o w n ethers a n d amines are cyc l i c variations w h i c h can 
prov ide greater stabi l i ty a n d specificity i n complexat ion of cations, p a r 
t i cu lar ly the heavier a l k a l i meta l ions. 

T h e polyethers a n d c r o w n ethers signif icantly broaden the range of 
properties attainable b y chelat ion of a l k a l i meta l compounds. I n prac t i ca l 
appl icat ions the chelat ing tert iary amines are often pre ferred because of 
greater stabi l i ty t o w a r d metalat ive decomposi t ion a n d general ly h igher 
so lub i l i ty of the complexes i n hydrocarbon solvents. It is h o p e d that this 
book w i l l prov ide the b a c k g r o u n d a n d st imulat ion for cont inued r a p i d 
g rowth of this field. 

ARTHUR W . LANGER 

Linden, N.J. 
November 1973 
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1 

Some Mechanistic Aspects of N-Chelated 

Organolithium Catalysis 

A. W. LANGER, JR. 

Corporate Research Laboratories, Esso Research and Engineering Co., 
Linden, N.J. 07036 

Chelating tertiary polyamines have a dramatic effect on the 
reactivity and properties of organolithium compounds. The 
unusual properties of the chelates have led to their extensive 
use as unique catalysts and chemical reagents. Some general 
aspects related to structure and properties are discussed 
including the nature of the chelating agent, chelate/LiR 
ratio, aggregation, and metalation. These are examined as 
they relate to ion pairing of the lithium-carbon bond, re
activity, and some aspects of polymerization. Metalations 
produce kinetically favored products with very slow re
arrangement to the thermodynamically more stable products. 
The effects of ion pair structure and steric hindrance in the 
chelating agent are illustrated in butadiene polymerization. 
Chain transfer mechanisms in ethylene polymerization are 
presented to explain cyclopentane rings in the product. 

" D e f o r e 1964 there was extensive l i terature on the effects of monofunc -
t i ona l L e w i s bases on the react iv i ty of o rganohth ium compounds , 

par t i cu lar ly i n the po lymer i za t i on field ( I ) . H o w e v e r no in format ion 
was avai lable on the effects of che lat ing bases. Since che lat ing polyethers 
were i n w i d e use, one can only speculate that they h a d been t r i e d a n d 
were d iscarded because they r a p i d l y decomposed the a l k y l l i t h i u m . 

C h e l a t i n g tert iary polyamines have a dramat i c effect on the react iv i ty 
a n d properties of o rgano l i th ium compounds . T h e chelates are n e w c o m 
positions w h i c h are r a p i d l y finding w i d e use as u n i q u e catalysts a n d 
chemica l reagents. 

N - che la ted a l k a l i meta l compounds were discovered i n 1960 at Esso 
Research a n d E n g i n e e r i n g C o . w h e n b u t y l l i t h i u m was complexed w i t h 
T M E D (NjNjN^JV ' - te t ramethy le thy lened iamine ) for use i n ethylene 
po lymer i za t i on ( 2 ) . A t that t ime the objective was to make n e w n o n -
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2 P O L Y A M I N E - C H E L A T E D ALKALI M E T A L COMPOUNDS 

transi t ion meta l po lymer i za t i on catalysts, a n d the quest ion was ra ised 
whether t r i e t h y l a l u m i n u m c o u l d be s imulated b y complex ing an a l k y l 
l i t h i u m w i t h a che lat ing tert iary d iamine . Z iegler (3) h a d shown that 
A l E t 3 d imer dissociates to an electron deficient monomer ic species w h i c h 
adds to ethylene to f o rm longer cha in a l u m i n u m alkyls ( the growth 
reac t i on ) . Presumably the ethylene coordinates w e a k l y w i t h the a l u m i 
n u m a n d is po lar i zed b y the par t ia l ly ionic A l - C b o n d to faci l i tate 
a d d i t i o n , shown at the top of F i g u r e 1. 

8-

l-N / R , ^ Ν η ^ Γ Ν χ
β Λ 

/\ /\ / \ δ-

Figure 1. Trialkylaluminum simulation with an 
organolithium chelate 

B u t y l l i t h i u m was also k n o w n to po lymer ize ethylene (4, 5, 6 ) , but 
it was less active than t r i e t h y l a l u m i n u m . Conceptua l l y it was felt that 
B u L i should be more active because of the smaller cat ion a n d more ionic 
m e t a l - c a r b o n b o n d , but the l o w po lymer i za t i on ac t iv i ty c o u l d be caused 
b y greater dif f iculty i n b r e a k i n g d o w n the strong aggregates. So lvat ion 
b y T M E D was v i sua l i zed to g ive d imer a n d monomer structures w h i c h 
were d i rec t ly re lated to A l E t 3 , shown at the bot tom of F i g u r e 1. A t the 
same t ime, solvation of l i t h i u m b y T M E D was expected to further increase 
the ion ic character of the L i - C bond . T M E D was used rather t h a n ethers 
because i t was expected to be less reactive t o w a r d B u L i . 

These expectations were rea l i zed b y the preparat ion of h i g h mo lecu 
lar we ight po lyethylene at 2 5 ° - 5 0 ° C whereas A l E t 3 ac t iv i ty is negl ig ib le 
b e l o w about 90 ° C . T h e increased ion ic character of the catalyst caused 
a n increase i n metalat ion capab i l i ty a n d l ed to the discovery of te lomer i 
za t i on reactions (7 ) a n d n e w organometal l ic syntheses ( 8 ) . T h e extra
o rd inary react iv i ty of the N- che la ted organo l i th ium complexes s t imulated 
extensive research d i rec ted t o w a r d def ining the scope of the catalyst 
system, finding n e w appl icat ions , a n d examining the re lat ionship of struc
ture to chelate properties (9,10,11). 

I n 1962 a n d 1963 the chelated organo l i th ium complexes a n d their 
app l i ca t i on i n ethylene te lomerizat ion were discovered independent ly of 
each other b y E b e r h a r d t (12) at S u n O i l C o . T h i s research l e d to t w o 
patents (13, 14) i n w h i c h the c laims i n v o l v i n g chelated catalysts were 

A l A l 
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1. LANGER N-Chelated Organolithium Catalysis 3 

overturned b y interference procedures (2, 7,15,16). Several papers w e r e 
pub l i shed (12, 17, 18) w h i c h he lped stimulate interest i n the catalysts. 
I n add i t i on E b e r h a r d t d iscovered their use for the te lomerizat ion of 
ethylene w i t h h igher olefins conta in ing a l l y l i c hydrogens (19). E b e r -
hardt's and his co-workers ' research resulted i n patents of chelated organo
l i t h i u m catalysts used for i somerizat ion of olefins (20), te lomerizat ion of 
ethylene w i t h b e n z y l d ia lky lamines (21), ethylene po lymer i za t i on above 
100 ° C (22), a n d preparat ion of telomer waxes (23). 

T h e scope of the chelated a l k a l i meta l system a n d the m a n y uses for 
these n e w complexes are covered thoroughly i n this vo lume. There are 
several general aspects re lated to structure a n d properties w h i c h are 
important i n a l l preparations a n d appl icat ions . These i n c l u d e the rat io 
of che lat ing agent to the organo l i th ium compound , the nature of the 
che lat ing agent, aggregation of the complexes, a n d the sharply increased 
metalat ion react iv i ty compared w i t h uncomplexed organo l i th ium c o m 
pounds. T h i s paper discusses these features i n re lat ion to the l i t h i u m -
carbon b o n d , the chemica l react iv i ty of the complexes, a n d some aspects 
of po lymer izat ion . 

Structure of Lithium Chelates 
A l k y l l i t h i u m compounds exist as tetramers or hexamers i n h y d r o 

carbon solvents d e pe nd ing p r i m a r i l y u p o n the bulkiness a n d size of the 
a l k y l groups (24, 25). Other largely covalent o rgano l i th ium compounds 
probab ly have s imi lar degrees of association a l though one m i g h t expect 
h igher aggregates f r om dipo le interactions for those h a v i n g more ionic 
L i - C bonds. Support for this idea can be f ound i n w o r k b y M a k o w s k i 
a n d L y n n (26) w h o showed that l o w molecular we ight p o l y b u t a d i e n y l -
l i t h i u m has a degree of association considerably greater than six i n the 
absence of solvent. T h e y also showed that association then decreases 
w i t h increasing molecu lar we ight to a l i m i t i n g value of two. I n tetra-
hydro furan both po ly i sopreny l l i th ium (27) a n d p o l y s t y r y l l i t h i u m (28) 
were reported to be monomer i c a l though they are d i m e r i c i n hydrocarbon 
solvents (29). 

n - B u t y l l i t h i u m is hexameric i n benzene a n d cyclohexane at 25 ° C 
(30) a n d at their freezing points (31), but no cryoscopic measurements 
have been reported i n paraffinic solvents. I n our laboratory cryoscopic 
studies i n benzene, toluene, a n d η-heptane showed that it was a hexamer 
i n benzene a n d toluene but a tetramer i n η-heptane at concentrations 
between 0 . 2 M a n d 1 .0M (32). T h e heptane result might be at tr ibuted 
to stronger solvation of the b u t y l groups at the freezing po int ( — 9 0 . 7 ° C ) , 
thereby s tab i l i z ing a smaller aggregate. 

M a n y chelated organo l i th ium compounds can be obta ined as 1:1 
complexes, but on ly certain l i t h i u m aggregates appear to f o rm inso luble 
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4 POL Y A M I N E - C H E L A T E D ALKALI M E T A L COMPOUNDS 

complexes (8 , 10). T M E D , i r a r w - ^ N ^ ^ N ' - t e t r a m e t h y l - l ^ - c y c l o h e x a n e -
d iamine ( f r a r w - T M C H D ) a n d te tramethy l - l ,3 -propanediamine ( T M P D ) 
f o r m e d crystal l ine complexes w i t h b u t y l l i t h i u m d imer a n d tetramer. 
At tempts to isolate complexes h a v i n g 3 :1 , 5 :1 , or 6:1 B u L i : c h e l a t e ratios 
were unsuccessful . T h u s the stable aggregate structures i n b u t y l l i t h i u m 
persist i n complexes f o rmed w i t h bidentate che lat ing agents. H o w e v e r 
an equimolar amount of a strong che lat ing agent w i l l produce 1:1 com
plexes i n d i lu te solutions. B u L i : T M E D is monomer ic at l o w concentra
tions at b o t h 1:1 (10, 32, 33) a n d 1:2 (33) B u L i / T M E D ratios a n d 
d i m e r i c at 1:1 rat io at h i g h concentrations. 

T M E D produces a crystal l ine complex w i t h m e t h y l l i t h i u m tetramer, 
but even a large excess of T M E D does not break d o w n the tetramer to 
d i m e r or monomer ( 8 ) . T h i s result shows that m e t h y l bridges are stronger 
than tert iary amine complexat ion to l i t h i u m . 

Var i ous other o rgano l i th ium complexes w i t h b identate che lat ing 
agents also contained l i t h i u m d imer a n d tetramer species ( 8 ) . H o w e v e r 
p r e l i m i n a r y attempts to prepare ( C 6 H 5 L i ) 4 · T M E D f rom solutions con
t a i n i n g 4:1 a n d 6:1 mo lar ratios y i e l d e d only crystals h a v i n g the unusua l 
rat io of three p h e n y l h t h i u m per T M E D ( 8 ) . A t r imer i c l i t h i u m species 
has been reported for l i t h i u m bis ( t r imethy l s i l y l ) amide i n x-ray studies 
(34) a l though K i m u r a a n d B r o w n (35) interpreted the solut ion behavior 
as an e q u i l i b r i u m between d imer a n d tetramer. It w o u l d be interest ing 
to determine whether the p h e n y l anions br idge i n a s imi lar m a n n e r to 
amide ions or whether a che lat ing agent produces a different aggregate 
structure. M o l e c u l a r we ight data are needed to d is t inguish between 
( C 6 H 5 L i ) 3 · T M E D a n d ( C 6 H 5 L i ) 6 · 2 T M E D . W i t h the unusua l rat io , 
this w o r k must be considered tentative u n t i l i t is repeated. There was also 
evidence for complex format ion w i t h p h e n y l h t h i u m d imer w h i c h w o u l d 
be analogous to the p h e n y l h t h i u m d imer complexes i n ether solvents 
reported b y W e s t a n d W a a c k (36). 

W i t h the exception of m e t h y l l i t h i u m , a l l types of o rgano l i th ium 
compounds have y i e l d e d 1:1 complexes w i t h bidentate , tr identate , or 
tetradentate che lat ing tert iary polyamines (16). M o s t are crystal l ine but 
B u L i · T M E D is an o i l . 

Stable complexes conta in ing two molecules of che lat ing agent per 
o rganohth ium are obta ined only w h e n solvent separated i on p a i r f o rma
t i on is favorable . T h i s occurs w i t h ionic l i t h i u m compounds h a v i n g a 
large, soft anion. F o r example crystal l ine complexes have been isolated 
h a v i n g the compositions ( C 6 H 5 ) 2 C H L i · ( T M E D ) 2 , ( C e H 6 ) s C L i · 
( T M E D ) 2 , a n d ( C e H 5 ) 2 C H L i · H M T T , where H M T T is hexamethy l t r i -
ethylenetetramine ( 8 ) . S u c h structures should be general for a l l l i t h i u m 
compounds i n w h i c h the negative charge on the an ion is more diffuse 
t h a n i n the b e n z y l anion. 
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1. LANGER Ν-Chelated Organolithium Catalysis 5 

I n order to a v o i d chelate decomposi t ion the carbanion must be less 
reactive than b e n z y l an ion , or i t w i l l metalate the che lat ing agent w i t h 
subsequent decomposit ion. F i g u r e 2 il lustrates crystal l ine complexes of 
b e n z y l l i t h i u m w i t h b i - , t r i - , a n d tetradentate che lat ing agents. W h i l e 
the first two are stable, the tetramine complex decomposes extensively i n 
24 hours. I n contrast, a l l three complexes w i t h d i p h e n y l m e t h y l l i t h i u m are 
stable. F o r the first t w o complexes w i t h b e n z y l h t h i u m , the U V spectrum 
i n benzene shows only one absorpt ion at 330nm for the contact i on pair . 
T h e tetramine complex also shows a smal l absorpt ion at 367nm, pre 
sumably f rom a loose or separated i on pair structure. I n the crystal lattice 
where i o n pa i r separation should be more favorable , decomposit ion 
occurred r a p i d l y via b e n z y l i on attack o n a n Ν — C H 3 group. F o r 
( C 6 H 5 ) 2 C H L i · H M T T complex the U V absorpt ion at 460nm for the 
separated i on pa i r is larger than that at 420nm for the contact i o n pa i r , 
i n d i c a t i n g a higher propor t ion of separated i o n pairs than i n the b e n z y l -
l i t h i u m complex. T h i s is consistent w i t h the greater resonance s tab i l i za 
t ion of d i p h e n y l m e t h y l compared w i t h b e n z y l anion. I n this case, h o w 
ever, the complex is stable to decomposit ion because the less reactive 
carbanion cannot metalate the chelat ing agent despite the greater concen
trat ion of separated i on pairs. These results indicate that the tetramine 
complexes exist i n two forms : ( a ) a contact i o n pa i r i n w h i c h on ly three 
nitrogens solvate l i t h i u m a n d the f our th is uncoord inated a n d ( b ) a sepa
rated i on pa i r i n w h i c h the fourth nitrogen displaces the carbanion to 
the outer sphere. 

TMED 
\ / 

r- Ν 

PMDT HMTT 

\ 

/ 
Ν 

YELLOW 
STABLE 

YELLOW 
STABLE 

YELLOW-ORANGE 
DEC/24 HRS. 

λ max 330 nm 330 nm 330 ; 367 nm 

STABLE STABLE STABLE 

λ max 420 nm 420 nm 420 460 nm 

Figure 2. Organolithium chelates. 

Top: Crystalline benzyllithium complexes. Bottom: Crystalline diphenyl
methyllithium complexes. 
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6 P O L Y A M I N E - C H E L A T E D ALKALI M E T A L COMPOUNDS 

# X - r a y structures for various crystal l ine organo l i th ium complexes are 
covered i n C h a p t e r 3 w h i c h provides proof for chelate r i n g structures as 
opposed to open cha in po lymer i c structures. It also supports the N M R 
finding of increased ionic character i n the L i - C b o n d u p o n solvation of 
the l i t h i u m (10 ) . 

T h e resistance of o rgano l i th ium aggregates to dissociation b y donor 
solvents or chelat ing L e w i s bases is undoubted ly related to the lattice 
energy of the aggregates just as was f o und for the complexat ion of inor 
ganic salts (see C h a p t e r 6, K l e m a n n et ah). A s stabi l i ty increases, more 
p o w e r f u l so lvat ing agents are r equ i red to overcome this lattice energy. 
I f s tabi l i ty is too h i g h for 1:1 complexat ion b y permethylated p o l y e t h y l -
enetetramines, the latt ice energy of the aggregate is above about 200 
k c a l s / m o l e at 25 °C . M e t h y l l i t h i u m tetramer appears to be i n this 
category. 

A l l of the above discussion deals w i t h the rat io of chelat ing agent 
to o rgano l i th ium c o m p o u n d i n various complexes. I n most cases mo le cu 
lar weight has either not been determined or i t was determined at a single 
concentrat ion i n a single solvent. It should be understood that a l l of the 
chelates have a strong tendency to aggregate because of their increased 
ionic character. T h e d i p o l e - d i p o l e interactions are dependent on t e m 
perature, concentrat ion, solvent, etc. T h u s the degree of aggregation for 
any specific system should be determined whenever i t is suspected of 
in f luenc ing properties. I n d i lute solutions, as i n catalysis, the chelates 
are be l ieved to be monomeric . W h e r e concentration studies were made 
( T M E D · LiCH 2<£ a n d <£ 2CHLi w i t h d i - , tetra- a n d pentamines ) , aggre
gates rang ing between dimers a n d hexamers were f ound i n benzene at 
concentrations above 0 . 1 M (37). M o n o m e r s were generally observed 
b e l o w about 0 . 1 M . 

Properties of Chelates 

A l l o rgano l i th ium a n d organosodium chelates are extremely reactive 
t o w a r d water , oxygen, po lar compounds, etc. T h e y are almost invar iab ly 
more reactive than the corresponding unchelated compounds. 

T h e chelates of o rgano l i th ium a n d organosodium compounds are 
general ly soluble i n hydrocarbon solvents, par t i cu lar ly aromatic solvents. 
A r o m a t i c solvents are l i m i t e d to carbanions der ived f rom weaker acids 
than the aromatic solvent or transmetalat ion w i l l occur. F o r the 1:1 
complexes, the degree of aggregation general ly increases a n d so lubi l i ty 
decreases w i t h increasing ionic character of the M - C bond . T h i s is a 
consequence of stronger d ipo le interactions. Interestingly, i n cryoscopic 
studies w i t h h i g h l y soluble ionic complexes i n benzene, deaggregation 
appears to occur at h i g h concentrations probab ly because of non- idea l 
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1. LANGER Ν-Chelated Organolithium Catalysis 7 

solutions ar is ing f rom the strong solvation of the complex b y benzene 
(37 ) . T h e formation of i o n pa i r aggregates a n d m u l t i p l e ions i n aromatic 
solvents gives these solutions unusua l e lectr ical properties w h i c h m a y be 
useful i n batteries (38 ) . There is N M R evidence that chelat ing agent 
separated i on pa i r format ion i n the 2 to 1 complex of T M E D w i t h 
LiCHc/> 2 increases w i t h increasing concentration of the complex (39 ) . 
A p p a r e n t l y the h i g h loca l d ie lectr ic constant i n the aggregates facil itates 
i o n separation. O n e suspects that i n the crystal l ine state this separation 
w o u l d be s t i l l more extensive, i f not complete. 

Metalation of Weak Acids. T h e ab i l i ty to metalate very weak acids 
is a property w h i c h has been used w i d e l y for the direct synthesis of 
organo l i th ium compounds, for new or i m p r o v e d organic syntheses, for 
po lymer graft ing, a n d for telomerizations i n v o l v i n g cha in transfer b y 
transmetalation. These major topics are covered i n seven chapters of 
this vo lume, ind i ca t ing bo th the scope a n d u t i l i t y of this property of 
N-che la ted organoalkal i meta l compounds. 

Increased react iv i ty i n hydrogenolysis has been correlated to i n 
creased ionic character of the L i - C b o n d caused b y strong solvation of 
l i t h i u m b y chelat ing agent ( 10 ) . T h e upf ie ld chemica l shift of the a l p h a -
methylene protons of the b u t y l group caused b y chelat ion was at tr ibuted 
to increased negative charge on the carbanion w h i c h is re lated to the 
amount of ionic contr ibut ion to the bond . A s the T M E D : B u L i ratio was 
increased f rom 0:1 to 1:1, bo th the chemica l shift a n d the hydrogenolysis 
rate increased. N o further change occurred above a 1:1 mole rat io , 
ind i ca t ing that no 2 T M E D / B u L i complex forms ( F i g u r e 3 ) . A t 820 m m 

1600 

< 

£ 1200 
> -I ο 

ο 
> 

800 

400 

I I I I 

- - 20 

_ i 16 

/ n-HEPTANE, 25°C. 12 

μ Φ 0.1M BuLi, 820 mm H 2 8 

A 0.5M BuLi A 0.5M BuLi 
4 

1 1 1 1 0 
0.5 1.0 1.5 

TMED/BuLi MOLE RATIO 

2.0 

CO 

Figure 3. Parallel between BuLi hydrogenolysis rate and α-methylene proton 
chemical shift 
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8 POL Y A M I N E - C H E L A T E D ALKALI M E T A L COMPOUNDS 

hydrogen a n d 25 ° C i n η-heptane, the 1:1 complex reacted approx imate ly 
7000 times faster than uncomplexed B u L i to produce butane a n d l i t h i u m 
h y d r i d e . G i l m a n reported that b u t y l l i t h i u m reacted complete ly w i t h 
hydrogen only after 61 hours at 100 ps ig (40). F u r t h e r m o r e the reac t iv i 
ties of p h e n y l h t h i u m a n d phenylpotass ium t o w a r d hydrogenolysis i n 
benzene were compared . P h e n y l h t h i u m complete ly reacted i n 32.2 hrs 
at 100 ps ig whereas the react ion w i t h phenylpotass ium was 9 0 % complete 
i n 0.54 hrs at s l ight ly above atmospheric pressure (40). A n increased 
rate of hydrogenolysis of p h e n y l h t h i u m has also been reported u p o n 
a d d i t i o n of ether solvents (41). T h e above facts taken together prov ide 
a d d i t i o n a l evidence that chelat ion increases the ionic character of the 
M - C bond . 

React iv i ty of b u t y l l i t h i u m further increases w h e n T M E D is rep laced 
b y a tr identate ( P M D T ) or a tetradentate ( H M T T ) che lat ing agent. 
I n these complexes react iv i ty is excessively h i g h a n d leads to r a p i d meta la 
t i on of the che lat ing agent. T h u s , more effective or more extensive 
so lvat ion of l i t h i u m b y nitrogen bases gives the L i - C b o n d i on pa i r 
properties s imi lar to uncomplexed a lky l sod ium or a lkylpotass ium. H o w 
ever the l i t h i u m chelates have advantages i n so lub i l i ty a n d m u c h lower 
aggregation i n hydrocarbon solvents. 

T h i s re lat ionship to ionic character applies on ly to a g iven organo
l i t h i u m compound , however , a n d not to a compar ison of different car
banions. F o r example hydrogenolysis of 1:1 complexes of T M E D w i t h 
b u t y l l i t h i u m , b e n z y l l i t h i u m , d i p h e n y l m e t h y l l i t h i u m , a n d t r i p h e n y l m e t h y l -
l i t h i u m gives sharply decreasing rates i n the order shown (42). Ye t the 
b u t y l l i t h i u m complex almost certa inly has some covalent contr ibut ion 
whereas the t r i p h e n y l m e t h y l l i t h i u m complex is an i o n pair . H e r e w e are 
concerned w i t h the intr ins ic react iv i ty of the carbanion ; i n this react ion 
it is the nuc leophi l i c i ty of the carbanion t oward hydrogen w h i c h correlates 
w i t h react ion rates. T h e benzy l i c carbanions are weaker nucleophi les to 
the extent that the negative charge is de loca l i zed into the aromatic rings. 
A t the same t ime this resonance stabi l izat ion also favors i on p a i r i n g rather 
than covalent bond ing . F o r the react ion w i t h hydrogen there w i l l be a 
basic i ty cut-off po int be l ow w h i c h a carbanion w i l l not react at a prac t i ca l 
rate. T h i s pr inc ip l e also applies to the add i t i on of ethylene to organo
l i t h i u m reagents. F a i l u r e to recognize this l ead Bart let t a n d coworkers 
(43) to conclude that ionic character i n the L i - C b o n d is unfavorable 
a l though the opposite conclusion was d r a w n for T M E D complexes (44). 
O t h e r factors w h i c h must be considered inc lude the intr ins ic react iv i ty 
of the carbanion , aggregation, coordinat ive unsaturat ion, a n d p o l a r i z i n g 
a b i l i t y of the meta l cat ion. Qua l i ta t i ve ly this cut-off po int appears to b e 
s l ight ly b e l o w t r i p h e n y l m e t h y l carbanion , at about a pKb of 30-31 on the 
M S A D scale (45). T h i s places the p K f f of hydrogen at about 29-31 (same 
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1. LANGER N-Chelated Organolithium Catalysis 9 

scale ) . C h e l a t e d a l k y l l i t h i u m can metalate any c o m p o u n d h a v i n g an 
ac id i ty greater than methane (less than about 40 p K t t ) . 

Aggregat i on adversely affects metalat ion react iv i ty . W i t h <£ 2CHLi · 
T M E D i n toluene at 2 5 ° C a n d 820 m m hydrogen the rate at 0 . 4 M was 
on ly one-fifth that at 0 .025M (46). O n e possible explanat ion is that this 
is re lated to the increased format ion of separated i o n pairs i n the aggre
gates. O n e c o u l d rat ional ize more faci le hydrogenolysis i n a contact i o n 
pa i r via a four center react ion mechanism w i t h l i t h i u m par t i c ipat i on than 
i n a s imple anionic attack o n u n p o l a r i z e d hydrogen . 

Kinetic vs. Thermodynamic Metalations. Metalat ions us ing 1:1 c om
plexes i n hydrocarbon solvents in i t i a l l y y i e l d the products determined b y 
k inet i c acidit ies rather than thermodynamic acidit ies . W e attr ibute this 
to contact i o n pa i r structures w h i c h equi l ibrate only very s lowly i n n o n -
polar solvents. T h i s feature has considerable synthetic va lue since it 
a l lows direct preparat ion a n d isolat ion of o rgano l i th ium compounds b y 
metalat ion of weaker acids than the che lat ing agent. T a b l e I i l lustrates 
this po int for the react ion of T M E D · s e c - B u L i w i t h tetramethyls i lane 
( T M S ) . T h e first react ion i n η-heptane gave over 9 5 % y i e l d of l i th i o -
m e t h y l t r imethyls i lane w i t h i n minutes at 30 ° C . A f ter standing about two 
months the mixture contained 3 0 % metalated T M E D a n d i t p robab ly 
h a d not attained thermodynamic e q u i l i b r i u m . F r o m this w e see that 
tetramethylsi lane has a very h i g h k inet i c ac id i ty re lat ive to T M E D , but 
its e q u i l i b r i u m or thermodynamic ac id i ty is comparable w i t h T M E D . 
T h e second react ion shows a compet i t ive metalat ion of equimolar amounts 
of tetramethylsi lane a n d benzene. In i t i a l l y 3 5 % T M E D · L i - T M S a n d 
6 5 % T M E D · Lic/> f o rmed compared w i t h 9 0 % Li</> at e q u i l i b r i u m . These 
results show the remarkab ly h i g h k inet i c ac id i ty of tetramethyls i lane a n d 
also indicate that its thermodynamic ac id i ty falls between that of benzene 
a n d T M E D . T h i s latter observation is contrary to predict ions based o n 
electronegativity a n d suggest carbanion stabi l izat ion b y ρττ-άπ overlap. 

Table I. Kinetic and Thermodynamic Product Yields from 
Metalation Reactions With T M E D · Ser-BuLi 

Chelated Products 

Reactants Li-TMS Li-TMED Li—CtH* 

T M E D - s e c - B u L i I n i t i a l > 9 5 % < 5 % 

+ T M S E q u i l i b . 7 0 % 3 0 % 

T M E D - s e c - B u L i 

+ I n i t i a l 3 5 % — 6 5 % 
T M S 

3 5 % 

+ E q u i l i b . 1 0 % — 9 0 % 
Benzene 
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10 P O L Y A M I N E - C H E L A T E D ALKALI M E T A L COMPOUNDS 

T h e metalat ion of tetramethyls i lane is another dramat i c example of 
the effect of chelat ion on react iv i ty since both n - B u L i a n d s e c - B u L i are 
near ly inert under the same condit ions. C h e l a t e d sec-BuLi is the most 
reactive soluble meta lat ing agent w e have f ound . T M E D · L i - s e c - B u 
reacts w i t h tetramethyls i lane about 1000 times faster than T M E D · L i - n -
B u a n d yie lds purer product (47). Broaddus (48, 49) has discussed 
k inet i c metalat ion of olefins a n d a l k y l aromatic compounds us ing T M E D · 
L i B u , a n d he also observed the slow equ i l i b ra t i on to the t h e r m o d y n a m i -
c a l l y favored isomers. T h e extent of r i n g metalat ion i n toluene a n d the 
condit ions for isomerizat ion to b e n z y l l i t h i u m are discussed i n C h a p t e r 2, 
Smith . 

Metalation of the Chelating Agent. A major consequence of the 
metalat ion react iv i ty is the compet ing metalat ion of the che lat ing agent. 
A l t h o u g h i t is often an undesirable by -product , the metalated che lat ing 
agent has its o w n u t i l i t y i n organometal l i c syntheses (see C h a p t e r 2 ) , i n 
the preparat ion of n e w che lat ing agents (50 ) , a n d as po lymer iza t i on i n i t i a 
tors (51). T h e attack on chelat ing agent c ou ld be fac i l i tated b y complexa
t ion w i t h the l i t h i u m cation w h i c h c o u l d enhance the ac id i ty of the N - C H 3 

protons. T h i s is consistent w i t h the 0.1 p p m Ή N M R downf ie ld chemica l 
shift u p o n chelat ion of T M E D w i t h B u L i i n methylcyc lohexane solvent 
(37). M e t a l a t i o n can occur w i t h any organo l i th ium der ived f r om a com
p o u n d h a v i n g a p K a greater than about 35 ( to luene) ( M S A D scale ) . It 
occurs more read i ly w i t h a l k y l l i t h i u m a n d w i t h increasing act ivat ion of 
the organo l i th ium b y increasing solvation as the number of chelat ing 
nitrogens is increased f rom two to four. B o t h tetramines a n d excess 
d iamines w i t h B u L i l ead to r a p i d metalat ion a n d decomposit ion. F o r 
this reason complexes should always be made b y slow a d d i t i o n of the 
che lat ing agent to the o rgano l i th ium (or sod ium) a n d not vice-versa. 
W h e n a chelated a l k y l l i t h i u m , especial ly sec -a lky l l i th ium, is to be used 
for metalat ion , the complex should be prepared i n the presence of excess 
substrate pre ferably us ing the substrate as solvent w h e n possible to 
m i n i m i z e metalat ion of chelat ing agent. I f some metalated che lat ing agent 
forms under these condit ions, it w i l l often be sufficiently reactive to attack 
the substrate before decomposing to inact ive products . 

L i t h i a t i o n of the chelat ing agent was first noted f rom ag ing T M E D · 
L i B u catalyst before i t was used for ethylene po lymer i za t i on (2,9). T h i s 
l e d to po lymer conta in ing an end group of che lat ing agent since the 
l i th ia ted chelat ing agent is a new, active organo l i th ium compound . 

A n extensive Ή a n d 7 L i N M R study of the ag ing of this system has 
shown that a complex series of reactions occurs (47). T h e first step i n 
the ag ing of a T M E D · L i B u solut ion is metalat ion of the che lat ing agent 
via a second order react ion to f o rm presumably monomer i c L i C H 2 N -
(CH 3 )CH2CH 2 N (CH3)2 . T h e meta lat ion rate was f o l l owed b y the d is -
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1. LANGER N-Chelated Organolithium Catalysis 11 

appearance of the h i g h field Ή N M R peak caused b y the a lpha protons 
of the b u t y l group. T h e freshly metalated species ( L i - T M E D ) c a n 
either decompose to l i t h i u m d imethy lamide plus v i n y l d imethy lamine or 
it can aggregate to f orm a more stable metalated species. I n the n - B u L i 
complex metalat ion, decomposit ion, a n d aggregation have comparable 
rates. 

H o w e v e r w i t h sec-BuLi · T M E D , metalat ion was about 100 times 
faster, a n d i t was complete before the subsequent reactions proceeded 
very far. T h e 1 0 0 - M H z Ή spectrum of the final ( L i - T M E D ) w aggregate 
suggested a repeat ing uni t w i t h two C H 2 groups i n an A 2 B 2 pattern , three 
C H 3 groups two of w h i c h are near ly equivalent , a n d a C H 2 peak at m u c h 
h igher field. T h i s spectrum is consistent w i t h a structure w h i c h has the 
L i - T M E D uni t i n a r i g i d cyc l i c arrangement such as the d imer ( Structure 
I ) a n d higher aggregates. T h e i n i t i a l metalat ion product most l ike ly has 
a b i cyc l i c structure (Structure I I ) w h i c h undergoes rearrangement to a 
less strained r i n g structure after aggregation. 

CH3 CH3 

CHo\ / C H o \ CrU CH^ 
CH2 — Ν L i ^ "CHo CH2 —N'T 
I t + \ * \ ' > L i 
C H 2 v Li N<- CH2 CH2 - N < J 

ZWf ^CH 3
 2 0 1 

(I) (ID 
B o t h freshly metalated T M E D a n d aged product contain an active 

L i - C H 2 N structure shown b y ethylene po lymer iza t i on act iv i ty a n d trans-
metalat ion reactions. F o r example metalated T M E D reacts s l owly w i t h 
toluene to produce T M E D · LiCH 2<£. Hydrogénation of 0 . 5 M T M E D · 
L i B u complex i n η-heptane aged one week at 25 ° C gave an 8 2 % recovery 
of T M E D a n d 1 8 % decomposit ion products . These experiments also 
demonstrated that the rearrangement observed b y N M R d i d not involve 
the skeletal structure of T M E D . 

Some General Factors Affecting Polymerizations 

F o u r chapters i n this vo lume are addressed to the uses of chelated 
a l k a l i meta l complexes i n various po lymerizat ions , telomerizations, and 
po lymer graft ing appl icat ions . T h e y f u l l y cover a l l of the p u b l i s h e d w o r k 
i n these areas. There are, however , several general features based on our 
u n p u b l i s h e d results w h i c h warrant a general discussion. These inc lude 
the effect of catalyst i on pa ir structure on po lymer i za t i on ac t iv i ty a n d 
po lybutadiene microstructure , the effect of steric h indrance on catalyst 
act iv i ty , a n d the mechanisms for cha in transfer. 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
97

4 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
4-

01
30

.c
h0

01



12 POL Y A M I N E - C H E L A T E D ALKALI M E T A L COMPOUNDS 

Effect of Ion Pair Structure on Butadiene Polymerization. Several 
different studies of the effects of chelat ing agent structure o n organo
l i t h i u m catalysts show that the proport ion of 1,2-polybutadiene m i c r o -
structure is d i rec t ly re lated to the stabi l i ty of the l i t h i u m chelate. F o r 
example i n the ( C H 2 ) w ( N M e 2 ) 2 series where η = 1 to 6, the highest 1,2 
microstructure was obta ined w h e n η = 2 or 3 (10). These diamines 
produce the most stable 5 a n d 6 membered chelate structures w i t h l i t h i u m 
a n d therefore prov ide the greatest d r i v i n g force for i o n pa i r format ion 
i n the series. S i m i l a r l y po lymer iza t i on at lower temperatures w i t h any 
g iven chelated l i t h i u m catalyst p roduced a h igher per cent of 1,2 m i c r o -
structure because of the stronger solvation of l i t h i u m b y the chelat ing 
agent ( J O ) . L o w e r temperature shifts the e q u i l i b r i u m between covalent 
b o n d i n g ( l o ca l i zed ) a n d i o n pa ir b o n d i n g (de loca l i zed ) to a h igher pro 
port ion of i o n pairs. W i t h a very weak solvating agent l ike d i e t h y l ether, 
N M R evidence for such a n e q u i l i b r i u m has been observed at — 45 ° C 
(52). W e have also f o u n d that decreasing the steric h indrance to che la 
t i o n ( T M E D vs. T E E D ) shows this same effect at constant temperature 
(42). I n a l l these instances the more effective solvat ion favors i on pa i r 
format ion i n w h i c h propagat ion f rom a l l y l anions yie lds 1,2-microstruc-
ture. T h e k inet i ca l ly more reactive secondary carbanion end of the a l l y l 
an ion reacts w i t h monomer to f o rm a v i n y l group a n d a n e w t e r m i n a l 
a l l y l an ion : 

CH2=CH-CH-CH2 

I f solvent-separated i on pairs or free ions were present, they should 
produce s imi lar po lymer microstructure to that obtained f r om contact 
i o n pairs since propagat ion w i l l involve only the a l l y l anion. There is 
no evidence for anyth ing other than contact i o n pairs i n 1:1 l i t h i u m 
complexes w i t h chelat ing diamines or tr iamines i n hydrocarbon solvents. 
O n l y b y us ing excess d iamine or the more p o w e r f u l chelat ing tetramines 
can we test the idea. A s ment ioned previously these are capable of pro 
d u c i n g some separated i on pairs w h e n the an ion is a sufficiently weak 
nuc leophi le to be d isp laced f rom the l i t h i u m b y a neutra l tert iary amine. 
W i t h a b e n z y l l i t h i u m · tetramine complex, b o t h contact a n d separated i on 
pa i r structures were observed spectroscopically. Since a l l y l a n d b e n z y l 
anions have rather s imi lar charge d e r e a l i z a t i o n , i t is reasonable to expect 
that a tetramine complex of p o l y b u t a d i e n y l l i t h i u m w o u l d have s imi lar 
proportions of contact a n d separated i on pairs. 

θ 
+ 

θ 
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1. LANGER N-Chehted Organolithium Catalysis 13 

1 
PMDT 

2 
HMTT 

CH< 
Figure 4. Effect of poly dentate ligand Me2N^CH2CH2N 

NMe2 on butadiene polymerization 
CHQCHQ-

F i g u r e 4 shows po lymer izat i on rate a n d po lymer microstructure 
f ound us ing b e n z y l l i t h i u m init iator c ombined w i t h d iamine , t r iamine , or 
tetramine chelat ing agents (53 ) . I n a l l three cases the 1,2-microstructure 
was about 8 0 % ind i ca t ing that propagat ion occurred f rom a l l y l anions. 
( I n the absence of solvating agents l i t h i u m catalysts make po lybutadiene 
h a v i n g nearly 9 0 % 1,4-enchainments ). T h u s microstructure alone does 
not prov ide evidence for po lymer izat ion i n v o l v i n g separated i o n pairs . 
H o w e v e r po lymer izat i on rates are more informative . T h e h i g h act iv i ty 
w i t h T M E D can be attr ibuted to a 1:1 chelate w i t h a contact i on pa i r 
structure h a v i n g l o w steric h indrance to an i n c o m i n g monomer. O n the 
other h a n d the tr iamine P M D T produces a contact i on pa i r i n w h i c h 
l i t h i u m is f u l l y coordinated. T h e l i t h i u m a l l y l i o n pa ir is h i g h l y h indered 
b y the m e t h y l groups i n the chelat ing agent a n d only negl ig ib le act iv i ty 
was obtained. Increased act iv i ty obtained w i t h the tetramine H M T T 
c o u l d be attr ibuted to propagat ion f rom a smal l f ract ion of separated i o n 
pairs i n w h i c h a l l four nitrogens are coordinated to l i t h i u m a n d the a l l y l 
an ion is d isp laced to the outer sphere where it is unhindered . Propaga
t i on f r om a contact i o n pa i r structure h a v i n g only three of the four n i t ro 
gens coordinated to l i t h i u m is r u l e d out because i t w o u l d be even more 
h indered than the tr iamine complex. Increased ac t iv i ty was also obta ined 
us ing excess T M E D . 

Analogous results were reported b y H a y a n d co-workers (33, 54). 
I n the po lymer izat ion of butadiene in i t ia ted b y B u L i / T M E D , the rate 
was f ound to increase w i t h increasing T M E D to l L i : 2 T M E D , b u t a d d i 
t i ona l T M E D h a d no further eifect. T h e ul travio let spectrum of the 
p o l y b u t a d i e n y l anion suggested chelat ing agent separated i o n pairs i n 
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14 POL Y A M I N E - C H E L A T E D ALKALI M E T A L COMPOUNDS 

the 2 T M E D / l L i system. A strong absorpt ion b a n d was obta ined at A m a x 

= 314nm compared w i t h 275nm for p o l y b u t a d i e n y l l i t h i u m i n cyclohexane 
a n d 312nm for po lybutad ieny lpotass ium i n tetrahydrofuran. T h e potas
s ium system was assumed to give separated i on pairs rather than contact 
i o n pairs. 

H o w e v e r this assignment cou ld be questionable. It seems more l i k e l y 
that the 312-314nm b a n d is a result of the cation-solvated contact i o n 
pa i r for these systems part i cu lar ly at the l o w concentrations needed for 
U V . F u r t h e r m o r e their molecular we ight data for B u L i / T M E D A m i x 
tures are not consistent w i t h a stoichiometric 1:2 complex used to expla in 
in i t ia t i on efficiency. A l s o i t is d o u b t f u l that the change f rom b u t y l to 
a l l y l w o u l d lead to essentially complete format ion of the 1:2 complex 
used to expla in po lymer izat i on act iv i ty . 

Butad iene po lymer izat i on studies w i t h H M T T / ( / > C H 2 L i catalysts 
have g iven results w h i c h are d irect ly contrary to those expected f r om the 
H a y mechanism. A c t i v i t y at 0.5 H M T T / < / > C H 2 L i was double that at 
1:1 ratio whereas the reverse should have been obta ined i f the tetramine 
solvated l i t h i u m c o m p o u n d were the active species. O u r l i t h i u m catalyst 
studies suggest that a l l of the k n o w n T M E D complexes are act ive for 
butadiene po lymer iza t i on w i t h act iv i ty increasing roughly i n the order 
( R L i ) 4 · T M E D < ( R L i ) 2 · T M E D < R L i · T M E D < < R L i ( T M E D ) 2 . 
T h e e q u i l i b r i u m to f o rm R L i ( T M E D ) 2 is be l i eved to be unfavorable 
except w h e n R" is a h i g h l y de loca l i zed carbanion. 

G./G. BuLi 
DIAMINE C 4 H 6 / 2 HRS. STYRENE, 1 HR. 

C C 
> - C - C - N ^ > 750 300 

C C-C 
^N-C-C-N^ 550 230 

C 

C C-C 
^ N - C - C - N " 420 145 

C " C - C 

C C-C 
> - C - C - N ' 290 80 

C-C ^C-C 

C-C / C - C 
N-C-C-N 260 40 

C - C " C-C 

NONE 65 30 

Figure 5. Effect of diamine substituents on polymerization 
rates, 0.002M BuLi-Diamine, n - C 7 , 25°C 
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1. LANGER N-Chetoted Organolithium Catalysis 15 

Steric Effects of the Chelating Agent. I n the preced ing section a 
t r iamine chelate was shown to have l ow act iv i ty i n butadiene p o l y m e r i z a 
t i on compared w i t h the d iamine chelate. T h e effects of more g radua l 
changes i n chelate structure on the rates of po lymer iza t i on for butadiene 
a n d styrene are shown i n F i g u r e 5. T h e steric b u l k of tetramethylethylene-
d iamine was systematical ly increased b y successive replacement of m e t h y l 
groups b y e thy l groups, and act iv i ty decreased accordingly . W i t h bo th 
monomers, however , the act iv i ty of b u t y l l i t h i u m alone was lower than 
that w i t h the most h indered chelat ing agent, tetraethylethylenediamine 
( T E E D ) . 

Instead of steric h indrance to propagat ion , an alternative explanat ion 
is dissociation of the chelat ing agent f rom the l i t h i u m caused b y the 
increasing h indrance to complexation. Dissoc iat ion definitely is a con
t r ibut ing factor w i t h chelat ing agents hav ing larger a l k y l substituents l ike 
tetrapropylethylenediamine , par t i cu lar ly at higher po lymer iza t i on tem
peratures because the per cent 1,2-polybutadiene structure decreases sub
stantial ly . H o w e v e r T E E D a n d T M E D produced nearly the same per 
cent 1,2-polybutadiene structure at 25 ° C ind i ca t ing that the po lymer was 
produced at a chelated l i t h i u m site. These data and the data f r om P M D T 
(a t r iamine ) suggest that monomer approach to the i on pa i r site is h i n 
dered b y substituents on the chelat ing agents. A quanti tat ive measure of 
the steric factor on po lymer izat i on rates can be obta ined w i thout a study 
of chelate dissociation equ i l i b r ia under po lymer izat ion condit ions a n d a 
knowledge of the specific propagat ion rate constants for the covalent, 
contact ion pa i r and separated i on pa ir species. 

T h e results are easily rat ional ized b y assuming propagat ion takes 
place at a T M E D · L i f R " contact i o n pa i r site w h e r e the b u l k i e r che lat ing 
agents c o u l d h inder monomer approach to the i on pair . H o w e v e r H a y 
conc luded that the active site is ( T M E D ) 2 L i + R ~ even at a 1:1 mole rat io 
of B u L i / T M E D (33 ) . O n e w o u l d not expect steric h indrance to monomer 
judg ing f rom the bulkiness of the chelat ing agents i n such a chelate 
separated i on pa i r unless the a l l y l an ion is b u r i e d i n the chelate h y d r o 
carbon shel l or strongly hydrogen b o n d e d to the shel l . M o r e l ike ly , the 
h i n d e r e d che lat ing agents w o u l d have greater dif f iculty f o rming the active 
d iche lated l i t h i u m species. L o w e r act iv i ty w i t h h indered che lat ing agents 
is also consistent w i t h poorer ab i l i t y to break the l i t h i u m d imer a n d form 
the act ive 1:1 complex. 

Increased steric b u l k i n the che lat ing agent adversely affects catalyst 
act iv i ty . H o w e v e r there are several mechanisms b y w h i c h steric h indrance 
c ou ld affect act iv i ty , but w e cannot d is t inguish them at present. 

Chain Transfer Mechanisms. C h e l a t e d a l k a l i meta l catalysts can 
undergo a variety of c h a i n transfer reactions depending p r i m a r i l y u p o n 
the ionic character of the m e t a l - c a r b o n b o n d a n d the nature of the car-
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16 POLY A M I N E - C H E L A T E D ALKALI M E T A L COMPOUNDS 

banion . I n general , c h a i n transfer reactions increase w i t h catalyst struc
tura l changes i n the order covalent < contact i o n pa i r < separated i o n 
pa ir , w h i c h is the usua l order for anionic po lymer i za t i on ac t iv i ty ( 5 5 ) . 
A l s o some types of c h a i n transfer reactions, l ike metalat ion , increase w i t h 
increasing nuc leoph i l i c i ty of the carbanion . 

F o r ethylene po lymer izat i on w i t h l i t h i u m catalysts the most probable 
c h a i n transfer reactions inc lude (1 ) monomolecular e l iminat ion of L i H , 
(2 ) b imolecu lar d isplacement of the po lymer b y monomer, (3 ) meta la 
t i o n of monomer , a n d (4 ) metalat ion of solvent as shown be low. 

L i C H 2 C H 2 R >LiH + C H 2 = C H R (1) 

L i C H 2 C H 2 R + C 2 H 4 > L i C 2 H 5 + C H 2 = C H R (2) 

L i R + C 2 H 4 > L i C H = C H 2 + R H (3) 

L i R + R ' H >LiR' + R H (4) 

B o t h React ion 1 a n d React ion 2 are w e l l k n o w n w i t h other a l k y l metals 
l ike AIR3 whereas Reac t i on 3 a n d React ion 4 are expected of strong 
carbanion catalysts. 

React ion 1 appears to result solely i n terminat ion . I n hydrogenolysis 
experiments w i t h various chelates w e have observed prec ip i tat ion of 
l i t h i u m h y d r i d e i n a l l cases at room temperature. At tempts to generate 
chelated L i H in situ b y a d d i n g hydrogen d u r i n g ethylene po lymer iza t i on 
also caused a r a p i d , i rreversible loss of act iv i ty . Since there is no evidence 
that l i t h i u m h y d r i d e can a d d to ethylene under moderate po lymer i za t i on 
condit ions, i t is u n l i k e l y that any significant c h a i n transfer occurs via this 
mechanism. Potass ium alkyls read i ly e l iminate olefin w i t h the format ion 
of meta l h y d r i d e , a n d sod ium alkyls do so at elevated temperatures (56 ) . 
It was noted earlier that chelat ion of l i t h i u m alkyls makes them more 
l ike sod ium or potassium compounds , so i t is qui te probab le that some 
terminat ion occurs b y e l iminat ing L i H . It is conceivable that this c o u l d 
be a cha in transfer mechanism w i t h more reactive monomers t h a n e t h y l 
ene because add i t i on to l i t h i u m h y d r i d e w o u l d be more favorable . 

E b e r h a r d t (57) reported that olefins were obta ined us ing chelated 
b u t y l l i t h i u m catalysts a n d assumed that they were p r o d u c e d b y React ion 
2. H o w e v e r olefins are potent ia l ly avai lab le f rom three different reactions. 
T h e amount of olefin produced b y E b e r h a r d t is not k n o w n to be i n excess 
of that f r om the catalyst so React ion 1 cannot be exc luded. React ion 2 
must be considered p laus ib le b y analogy w i t h a l u m i n u m alkyls . 

Broaddus (49) has shown that B u L i · T M E D can metalate a n a lpha 
olefin at the v i n y l i c hydrogens as w e l l as at the a l l y l i c positions. T h i s 
react ion must also take p lace w i t h ethylene as shown i n Reac t i on 3. I f 
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1. LANGER N-Chehted Organolithium Catalysis 17 

the v i n y l l i t h i u m a d d e d to ethylene a n d then c h a i n transferred via t rans-
metalat ion , one w o u l d again ob ta in l inear a lpha olefins. H o w e v e r w e 
have ident i f ied allcylcyclopentanes as the major product type (over 9 5 % ) 
i n ethylene po lymer i za t i on studies w i t h B u L i / 2 T M E D i n it-heptane at 
100 ° C a n d 1000 ps ig ethylene. These cyc l i c structures are p r o d u c e d at 
the hexeny l l i th ium stage d u r i n g po lymer iza t i on in i t ia ted b y v i n y l l i t h i u m : 

LiCH 2 CH 2 . LiCH2CH CH2 
LiCH=CH2 + 2 C 2 H 4 — C H 2 _ ^ | | 

CH2=CHCH2 CH 2 CH 2 

^ C H 2 

Li (CH 2CH 2) nCH 2CH CH 2 

" C 2 H 4 , I I C 2 H 4 | LiCH=CHo + 
* CH 2 CH 2 

/ 
CH 2 

H (CH 2CH 2) nCH 2CH CH 2 

CH*5 CHo 

CH 2 

I f the r i n g structure were p r o d u c e d b y metalat ion of olef inic products 
a n d cyc l i za t i on after a d d i t i o n of t w o molecules of ethylene, they w o u l d 
be cyclohexane der ivat ives : 

^ C H N 2 C 2 H 4 

LiR + RCH 2CH=CH 2-»-RH + RCH - C H 2 -RCHCH=CH2 

j © CH 2 CH 2 CH 2 CH 2 Li 

RCH CHCH,Li 
I I ά 

CH, CH 2 

I I 
CH 2 CH 2 

M a s s spectroscopic analysis of separated products i n the Ce-50 range 
showed only cyclopentane rings. Therefore the major cyc l i za t i on react ion 
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18 POLYAMINE-CHELATED ALKALI M E T A L COMPOUNDS 

must proceed via v i n y l l i t h i u m and the major cha in transfer process i n the 
absence of ac id i c solvents must be React ion 3. A previous ly proposed 
c y c l i c e l iminat ion mechanism (53, 58) must be considered less probab le 
because one w o u l d expect both five a n d six membered rings to be 
produced . 

W h e n compounds are present w h i c h are more ac id ic than ethylene, 
Reac t i on 4 is the preferred cha in transfer reaction. T h i s is c learly the case 
w h e n aromatic solvents are used to ob ta in a lky laromat ic telomers. 
A l t h o u g h alkylaromatics were the major products , some alkylcyc lopentane 
products were also produced . T h i s is consistent w i t h a s l ight ly lower 
ac id i ty for ethylene compared w i t h benzene (about 1ρΚ α u n i t ) ( 5 9 ) . 
R e p l a c i n g part of the aromatic solvent b y an inert saturated solvent l ike 
heptane decreased the rate of cha in transfer to aromatic a n d increased 
the proport ion of alkylcyclopentanes i n the product (60 ) . Mass spectro
scopic analysis of these products also ind i ca ted smal l quantit ies of 
molecules h a v i n g two naphthenic rings a n d some h a v i n g an aromatic r i n g 
a n d a naphthene r ing . S u c h molecules indicate that a smal l amount of 
cyc l i zat ion occurs either i n a cha in transfer step, such as cyc l i c e l i m i n a 
t i on , or via metalat ion of olefinic products . T h e latter seems more prob 
able since there are three reactions w h i c h c o u l d produce olefins. I f one 
naphthene r i n g i n each two r i n g molecule c ou ld be shown to be six 
membered , i t w o u l d a d d strong support for the mechanism i n v o l v i n g 
olefins i n the format ion of the second r i n g . 

Appendix 

Bibliography of U.S. Patents on N-Chelated Alkali Metal Compounds 

3,206,519° E b e r h a r d t , G . G . 
Te lomer izat i on of ethylene w i t h aromatics 

3,257,364 E b e r h a r d t , G . G . 
Te lomer i za t i on of ethylene w i t h olefins 

3,321,479 6 E b e r h a r d t , G . G . a n d Butte , W . Α., Jr . 
Preparat ion of organol i th ium amine complexes 

3,329,736 But te , W . Α., Jr . a n d M o r r i s , J . W . , I l l 
Isomerizat ion of Olefins 

3,402,144 H a y , A S . 
L i t h i a t i o n of po lyphenylene ethers 

3,404,042 L a n g e r , A . W . a n d Forster , E . O . 
Organ i c battery electrolytes 

3,450,795 L a n g e r , A W . 
Preparat ion of b lock copolymers 

3,451,988 L a n g e r , A W . 
Composi t ions a n d uses for po lymer iza t i on 

3,458,586 L a n g e r , A . W . 
Te lomer izat i on of ethylene w i t h aromatics 
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1. LANGER Ν-Chelated Organolithium Catalysis 19 

3,474,143 Butte , W . Α., Jr . 
Te lomer iza t i on of ethylene w i t h C6H5CH2NR2 

3,498,960 W o i f o r d , C . F . 
R a n d o m copo lymer izat ion of dienes a n d styrenes 

3,502,731 Peterson, D . J . 
L i t h i a t i o n of methylsulfides 

3,509,188 c H a l a s a , A . F . a n d Tate , D . P . 
P o l y l i t h i a t i o n of f errocenes 

3,511,865 Peterson, D . J . 
L i t h i a t i o n of methylsi lanes 

3,517,042 Peterson, D . J . 
L i t h i a t e d methylsi lanes 

3,522,326 Bost ick, Ε. E . , H a y , A . S. a n d C h a l k , A . J . 
G r a f t i n g on l i th iated po lyphenylene ethers 

3,532,772 de la M a r e , H . a n d N e u m a n n , F . E . 
Po lymerizat ions us ing chelated L i P R 2 

3,536,679 Langer , A . W . 
L i t h i a t e d chelat ing agents 

3,541,149 Langer , A W . 
C r y s t a l l i n e organo l i th ium chelates 

3,567,703 E b e r h a r d t , G . G . 
E t h y l e n e po lymer izat ion at 101-150 ° C 

3,579,492 S m i t h , W . N . , Jr . 
N a r r o w molecular we ight d i s t r ibut ion polyethylene at 0-75 ° C 

3,584,056 Peterson, D . J . 
Uses for l i th iated methylsulfides 

3,594,396 L a n g e r , A . W . 
L i t h i a t e d methyls i lane chelates 

3,597,463 Peterson, D . J . 
Uses for l i th iated methylsulf ides 

3,598,793 K o c h , R. W . 
Preparat ion of carboxylated rubbers 

3,624,260 Peterson, D . J . 
Uses for l i th iated methylsulfides 

3,626,019 B l a c k , E . P . 
Ethylene-pseudocumene telomer w a x 

3,627,837 W e b b , F . J . 
Preparat ion of graft copolymers 

3,632,658 H a l a s a , A . F . 
P o l y l i t h i a t i o n of aromatics 

3,634,548 H a r w e l l , Κ. E . a n d G a l i a n o , F . R . 
Preparat ion of graft copolymers 

3,646,219 Peterson, D . J . 
Uses for l i th ia ted methylsulfides 

3,647,803 Schlott , R . F . , H o e g , D . W . a n d Pendleton , J . F . 
Preparat i on of organosodium chelates 
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20 POLYAMINE - C H E L A T E D ALKALI M E T A L COMPOUNDS 

3,652,696 Honeycut t , S. C . 
Ethy lene -aromat i c telomer w a x 

3,657,373 Peterson, D . J . 
Ole f in preparat ion us ing l i th iated methylsi lanes 

3,658,925 E r m a n , W . F . a n d Broaddus , C . D . 
L i t h i a t i o n of l imonene 

3,663,585 Langer , A . W . 
L i t h i a t i o n of ferrocene 

3,666,618 B l a c k , E . P . 
Uses for telomer laminat ing w a x 

3,666,744 B l a c k , E . P . 
Process for prepar ing telomer laminat ing w a x 

3,674,895 G a e t h , R. H . a n d F a r r a r , R . C . 
Po lymerizat ions us ing m u l t i l i t h i u m init iators 

3,678,088 H e d b e r g , F . L . a n d Rosenberg, H . 
L i t h i a t i o n of metallocenes 

3,678,121 M c E l r o y , B . J . a n d M e r k l e y , H . 
N a r r o w molecular weight d i s t r ibut ion polydienes us ing 
d i l i t h i u m initiators 

3,679,650 Schott, H . a n d H e r w i g , W . 
Po lymer i za t i on of a lpha-methylstyrene 

3,691,241 K a m i e n s k i , C . W . a n d M e r k l e y , J . H . 
Uses for a l k a l i meta l magnes ium organohydrides 

3,734,963 Langer , A . W . a n d W h i t n e y , T . A . 
Inorganic l i t h i u m chelates 

3,737,458 L a n g e r , A W . 
G r i g n a r d reactions of l i th iated chelat ing agents 

3,742,057 B u n t i n g , W . M . a n d L a n g e r , A . W . 
C h e l a t e d organosodium compositions 

3,755,484 Langer , A . W . 
Te lomer wax finishing process 

3,755,447 K l e m a n n , L . P . , W h i t n e y , T . A . a n d Langer , A . W . 
Separation a n d puri f i cat ion of chelat ing polyamines 

3,755,533 L a n g e r , A . W . a n d W h i t n e y , T . A . 
Separat ion a n d recovery of l i t h i u m salts 

3.751.384 L a n g e r , A . W . 
C h e l a t e d organo l i th ium compositions 

3,758,580 L a n g e r , A . W . , W h i t n e y , T . A . a n d K l e m a n n , L . P . 
Separation a n d puri f icat ion of tert iary polyamines 

3,758,585 B u n t i n g , W . M . a n d L a n g e r , A . W . 
Inorganic sod ium chelates 

3,763,131 L a n g e r , A . W . 
Te l omer wax process a n d composit ion 

3.764.385 L a n g e r , A . W . , W h i t n e y , T . A . 
E l e c t r i c battery us ing chelated inorganic l i t h i u m salts 

3,767,763 B u n t i n g , W . B . , L a n g e r , A . W . 
Separat ion a n d recovery of sod ium compounds 
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1. LANGER Ν-Chelated Organolithium Catalysis 21 

3,769,345 L a n g e r , A . W . 
Preparat ion of organo l i th ium amine complexes 

3,770,827 L a n g e r , A . W . , W h i t n e y , T . A . 
Separation of chelat ing tert iary polyamines 

a Claims lost to 3,451,988 and 3,458,586. 
6 Claims lost to 3,769,345. 
c Claims lost to 3,663,585. 
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2 

Synthetic Aspects of Tertiary Diamine 

Organolithium Complexes 

W. NOVIS SMITH 

Foote Mineral Co., Exton, Pa. 19341 

The metalations of benzene, toluene, propene, and 1-butene 
with butyllithium-TMEDA complexes were studied. Fac
tors controlling the metalation rate are discussed including 
temperature, structure of butyllithium isomer, amount of 
TMEDA, and solvent. Optimum conditions are described 
for the formation of TMEDA complexes of benzyl-, phenyl-, 
allyl-, and crotyllithium and benzyllithium · triethylenedi-
amine (TED). Synthetic uses of these complexes demon
strate that they react in the same way as other organolithium 
compounds. Ring-isomer formation during metalation of 
toluene using n-butyllithium-TMEDA complexes is also 
examined. The conditions for the lithiation of TMEDA and 
other tertiary diamines and monoamines (including tri-
methylamine) are given. The reaction of lithiated TMEDA 
with 1-bromobutane produced N-n-pentyl-N,N',N'-trimeth-
ylenediamine in 40% yield. 

/TT ,he l i terature descr ib ing tert iary d iamine organo l i th ium compounds 
A has g rown tremendously since the i n i t i a l announcements of these 

versati le reagents (1, 2). M u c h of this l i terature has centered on p o l y m 
er izat ion or po lymer studies us ing these complexes as catalysts. T h e 
synthetic potent ia l of these complexes a n d their preparations have been 
discussed, but there has been no intensive study to determine the o p t i m u m 
condit ions for their preparat ion for synthetic appl icat ions (1-6). S y n 
thetic appl icat ions usual ly require an isolat ion step or some procedure 
to ensure p u r i t y of the complex. E v e n investigations of the general u t i l i t y 
a n d condit ions for use of these complexes are not extensive. T h e most 
significant factor i n their react iv i ty f rom a synthetic po int of v i e w is the 
ab i l i t y of these complexes to metalate or replace certain act ivated h y d r o 
gens i n hydrocarbons w i t h the l i t h i u m cat ion (7, 8). T h e n e w aromatic , 

23 
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24 POL Y A M I N E - C H E L A T E D ALKALI M E T A L COMPOUNDS 

benzy l i c , or a l l y l i c o rgano l i th ium tert iary d iamine complex is then re 
act ive enough to react selectively w i t h a var iety of reagents: 

> N ~ Ν < . # L i + # ' H -> RR + > N ~ Ν < -JÎ'Li (1) 

T h e results reported here describe an invest igation of the o p t i m u m 
condit ions of preparat ion of the tert iary d iamine p h e n y l h t h i u m , b e n z y l 
l i t h i u m , a l l y l l i t h i u m , a n d l i th ia ted T M E D A complexes. These reagents 
were a l l owed to react w i t h some c o m m o n reagents to he lp del ineate the 
synthetic usefulness of the complexes. 

T h e ac company ing papers i n this vo lume, the l i terature c i ted i n them, 
a n d this paper discuss reasons for the enhanced react iv i ty of these com
plexes. M e c h a n i s t i c discussion has been left to a m i n i m u m i n this paper 
to emphasize preparat ive a n d synthetic aspects. ( A useful analogy as to 
w h a t these complexes can do or h o w they w i l l react is to consider their 
behavior to be s imi lar to hydrocarbon soluble a lky l sod ium compounds 
i f they were to exist. ) 

Results and Discussion 

Reactivity of Various Tertiary Diamines in the Preparation of 
Tertiary Diamine Organolithium Complexes by Metalation. Previous 
w o r k has shown that the react iv i ty a n d the rate of metalat ion for React ion 
2 of the tert iary d iamine organo l i th ium complexes is a funct ion of the 
tert iary d iamine i n the complex (1,9). I n the specific case of the meta la -

R 3 ^ R i A r o m a t i c ) 
R L i · ~ + B e n z y l i c \ — C — H - » 

R4 ^ R 2 A l l y l i c ) 

A r o m a t i c ) R3>. R i (2) 
R — Η + B e n z y l i c > — C — L i · J ^ N ~ N C " 

A l l y l i c ) R 4 ^ R 2 

t ion of benzene as shown i n React ion 3, a tert iary d iamine was a d d e d to 
n - b u t y l l i t h i u m i n benzene at room temperature i n a 1:1 molar rat io . 
After the i n i t i a l temperature rise, the heated solut ion began evo lv ing 
η-butane at 45° -50°C (η-butane is very soluble i n benzene, a n d usual ly 

„ . B u t e » e + g * ? · (0fU (3) 
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2. SMITH Tertiary Diamine Organolithium Complexes 25 

no gas evo lut ion occurs unless the temperature is ra ised ). T h e rate of gas 
evo lut ion was qui te sensitive to the structure of the tert iary d iamine . 
T h e order of reac iv i ty observed us ing this procedure was Ν,Ν,Ν',Ν'-
tetramethylethylenediamine ( T M E D A ) > N , N , N ^ ' - t e t r a m e t h y l - l , 3 -
butaned iamine > N ^ ^ ^ N ' - t e t r a m e t h y l - l ^ - p r o p a n e d i a m i n e > t r i e t h y l -
enediamine ( T E D or D A B C O ) a n d 2-methyltr iethylenediamine > N,N9-
N ^ N ' - t e t r a m e t h y l - l ^ - b u t a n e d i a m i n e . T h e tert iary diamines , Ν,Ν,Ν',Ν'-
te tramethylmethylenediamine a n d N , N ' - d i m e t h y l - l , 4 - p i p e r a z i n e , caused 
l i t t le or no gas evo lut ion i n d i c a t i n g essentially no metalat ion i n the hour 
i n w h i c h the other tert iary d iamine complexes reacted. 

T h e order of react iv i ty agrees w i t h previous s t u d i e s — T M E D A b e i n g 
b y far the most reactive of the read i l y avai lable tert iary diamines. 
[Sparteine appears to be the most act ivat ing of the tert iary diamines 
invest igated ( I , 1 0 ) ] . Recent reports b y L a n g e r a n d others indicate that 
increased act ivat ion is expected f r om the m e t h y l tert iary po lyamines 
conta in ing more than two basic nitrogens, a l l separated b y two carbons 
( I I ) . Preparat ive a n d synthetic w o r k centered on T M E D A a n d T E D 
( D A B C O ) because of their economic pract i ca l i ty . 

Optimum Conditions for Preparing Phenyllithium from Benzene. 
T h e o p t i m u m procedure for metalat ion of an aromatic c o m p o u n d i n h i g h 
y i e l d was to use the aromatic c o m p o u n d itself as the solvent. T h e a l k y l 
l i t h i u m c o m p o u n d used m a i n l y i n this study was n - b u t y l l i t h i u m because 
it was convenient a n d economical . 

T h e f o l l ow ing general procedure was used to determine the c o m 
plet ion of reaction. T h e ca lcu lated amount of T M E D A was added to the 
so lut ion of n - b u t y l l i t h i u m i n benzene over one to two minutes. T h e 
st irred solut ion (under argon) was kept at the desired temperature ; 
al iquots of this react ing solution a n d the final solution were then taken, 
a l l owed to react w i t h t r imethy l s i l y l chlor ide , and ana lyzed b y G L C . 
These results m a y indicate the mechanism of the metalat ion react ion i n 
a d d i t i o n to determining o p t i m u m metalat ion condit ions for benzene. 
T h e results are l i s ted i n T a b l e I. 

A n u m b e r of conclusions can be d r a w n . T h e effect of excess tert iary 
d iamine above a 1-mole equivalent is not as significant for r a p i d meta la 
t ion as is the i n i t i a l amount of T M E D A . P r a c t i c a l metalat ion cou ld only 
be obta ined w i t h a 1:1 molar ratio at 4 0 ° C a n d a 2:1 ratio at 6 0 ° C ; the 
4:1 rat io r e q u i r e d reflux. Side reactions appeared to cause a p r o b l e m 
on ly w i t h the 4:1 rat io at the h igher temperatures. Benzene as the 
solvent accelerated the react ion s ix fo ld over hexane w i t h 1 0 % mole 
excess as the solvent. Some of this acceleration m a y be solvent effect. 
T h e use of s e c -buty l l i th ium increased the metalat ion rate eight t imes. 

As expected, the metalat ion rate increased w i t h temperature. T h e 
rate was re lat ive ly r a p i d over the i n i t i a l 6 0 % a n d then s lowed d r a m a t i -
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26 P O L Y A M I N E - C H E L A T E D ALKALI M E T A L COMPOUNDS 

Table I. Study of the Metalation Rate of Benzene 
by Butyllithium and T M E D A 

Molar 
Ratio Elapsed % 
BuLi: T, Time, Reac % 

Run TMEDA °c hrs tion'' Yield 

1 1 :1 e 22 1.0 34 
2.5 60 
7.8 79 

21.8 100 c 101 

2 2 : 1 " 22 5.0 13 
30.0 38 
70.5 53 (100) d 

3 1:2" 22 1.0 32 
2.0 50 
4.5 82 

20.0 100 ' — 
4 1:1° 40 0.5 67 

1.0 91 
3.0 100 c 97 

5 2:1<" 40 1.0 37 
3.8 57 

21.0 85 — 
6 4 :1" 40 18.3 65 — 
7 1:1· 60 15 m i n 95 

34 m i n 100 c 100 

8 2 : 1 " 60 0.5 71 
2.0 92 
4.5 99 — 

9 4 : 1 " 60 2.0 60 _ 

Comments 

A l m o s t gel i n i t i a l l y , 
then became fluid. 
Some product pp t 
at e n d ; sol . i n 
benzene 

Some product p p t d ; 
dissolved i n added 
benzene, almost 
gel i n i t i a l l y but 
became fluid r a p 
i d l y ; some product 
p p t d , sol . i n 
T M E D A . 

Some product p p t d ; 
dissolved i n added 
benzene. 

Some product p p t d ; 
dissolved i n added 
benzene. 

Some product p p t d ; 
dissolved i n added 
benzene. 
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2. SMITH Tertiary Diamine Organolithium Complexes 27 

Table 1. Continued 

Molar 
Ratio Elapsed % 
BuLi: τ, Time, Reac % 

Run TMEDA °C hrs tion1" Yield 

10 2:1° 60 0 — 
(reflux) 

76 12 m i n — 
81 24 m i n 95.0 
82 39 m i n 99.1 
82 44 m i n 100 c — 

11 4 : 1 e 68 0 
(reflux) 

81 38 m i n 99.5 93 

12 1:1 e 66 3.0 98.5 
3.9 100.0 e 92 

13 2 : P 66 5.3 86 — 
14 4 : 1 e 66 2.8 42 — 
15 1:1' 79 38 m i n 97.5 

105 m i n 100.0 e 84 
16 1 :1 ' 67 32 m i n 99 

35 m i n 100 e 79 

Comments 

benzene. 

uct p p t d ; sol. i n 
benzene. 

92 Some product p p t d . 

79 Considerable haze. 
a Conditions unless otherwise noted: T M E D A added over 1 min to organolithium 

solution at temp. Used 24% n-butyllithium in benzene. 
6 Represents percent of butyllithium reacted. Assumed only metalation of benzene 

occurring. 
c These numbers were very close to the exact time the reaction finished because gas 

evolution was observed up to the end of the reaction. A trace of butyllithium generally 
remained at this point (<0.1%). 

d Complete accountability of butyllithium (phenylhthium plus butyllithium). 
e Used 15.2% n-butyllithium in hexane and added 10% excess benzene over stoichio

metric. 
f Used 14.6% n-butyllithium in cyclohexane with 10% excess benzene. 
0 Used 11.9% sec-butyllithium in hexane with 10% excess benzene. 

cal ly . ( T h i s complex type of behavior w o u l d be expected f rom previous 
mechanist ic studies of o rgano l i th ium reactions.) T h e metalat ion rate of 
aromatics b y organolithium—tertiary d iamine complexes is, therefore, a 
funct ion of o rgano l i th ium concentration, o rgano l i th ium structure, con
centration of aromatic , temperature of metalation, a n d amount and 
structure of tert iary d iamine . A l t h o u g h none of these factors is surpis ing , 
they a l l must be kept i n m i n d i n o p t i m i z i n g a part i cu lar metalat ion us ing 
o rgano l i th ium- ter t ia ry d iamine complexes. 

I n cases where the amount of T M E D A is to be m i n i m i z e d , the 2:1 
ratio can be prepared at 60 ° C for five hours, but the react ion w o u l d have 
to be r u n s l ight ly more d i lute to ma inta in complete so lubi l i ty . Another 
factor w h e n prepar ing p h e n y l l i t h i u m - T M E D A complexes w i t h ratios 
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28 POL Y A M I N E - C H E L A T E D ALKALI M E T A L COMPOUNDS 

greater than 1:1 is that these solutions tend to supersaturate a n d con
t inue to t h r o w d o w n prec ip i tate for hours—even days—after the react ion 
has been completed . 

T h e metalat ion rate of T M E D A is m u c h slower than that of benzene, 
a n d the p h e n y l anion is more stable than is the metalated T M E D A anion 
so that no interference b y the T M E D A metalat ion was observed. 

T h e 4:1 ratios were unsatisfactory; the excessive amount of p r e c i p i 
tate that f o rmed was insoluble i n benzene. ( T h i s ratio m i g h t be satisfac
tory i f the p h e n y l h t h i u m that f o rmed reacted in situ bu t a somewhat 
l ower y i e l d w o u l d result. 

L a b o r a t o r y quantit ies of the dark, r e d - b r o w n solutions a l though 
h i g h l y reactive, were not pyrophor i c w h e n i n air . M o r e d i lute solutions 
of the complexes were br ight ye l low. W h e n p h e n y l l i t h i u m - T M E D A so lu
tions of higher ratios were prepared , the prec ip i tated complexes were also 
br ight ye l low. T h e odor of pheno l was not iced after hydrolys is of the 
a i r -ox id ized complexes. 

W o r k w i t h T E D ( t r ie thylenedimaine ) showed that reasonable meta 
la t i on rates were obta ined on ly at ratios of 1:1 i n benzene. T h e react ion 
requ i red 2.5 hours i n ref luxing benzene for complet ion . T h e br ight y e l 
low, crystal l ine product h a d a modest so lub i l i ty i n benzene a n d p r e c i p i 
tated f r om solut ion. T h e so l id complex m a y be pyrophor i c i n large 
amounts. T h e solubi l i t ies of various o r g a n o l i t h i u m - t e r t i a r y d iamine 
complexes are l is ted i n T a b l e I I . 

Table II. Solubility of Organolithium-Tertiary Diamine Complexes 
Ratio 

Organolithium0 

P h e n y l h t h i u m 

B e n z y l l i t h i u m 

A l l y l l i t h i u m 

C r o t y l l i t h i u m 

Tertiary 
Diamine 
T M E D A 

T E D 
T M E D A 

RLi: 
Diamine 

1:1 
2:3 
4:1* 
2:1 
2:1 

3:1 

1:1 

2:1 
1:1 

Solvent 
benzene 
hexane 
benzene 
toluene 
cyclohexane 

toluene 

hexane 
T H F 

1,2-dimeth-
oxyethane 
hexane 
d i e t h y l ether 
cyclohexane 
d i e t h y l ether 
hexane 

RLi, 
wt % of Solution 

19 
8 
7.9 

36 
T w o l i q u i d layers 

formed 
4.5, top layer 

(two layers) 
0.13 

10.7 
Reacts 

0.3 
3.5 
0.4 
1.2 

11 
α All solubilities at room temperature (22°C) ; analysis using Gilman double titration (17) 
b Slurry present—only solution in equilibrium was analyzed. 
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2. SMITH Tertiary Diamine Organolithium Complexes 29 

Table III. Stability of Organol i thum-TMEDA Complexes 

% Lost of 
Contained 

Ratio Active 
Organolithium RLi: T, Cone Material/ 

Compound Diamine °C wt % Solvent Daya 

P h e n y l l i t h i u m 1:1 35 15 benzene 0.67 
B e n z y l l i t h i u m 1:1 35 14 toluene 0.31 

3:2 35 22 0.30 
2:1 30 38 0.046 

(sat.) 
2:1 30 9 0.046 

L i t h i a t e d Ν,Ν,Ν', — 35 19 hexane 0.52 
i V ' - t e t r a m e t h y l -
ethylenediamine 
a Analysis of solutions using Gilman double titration with a time period of about three 

weeks (17) 

T a b l e I I I lists the decomposit ion rates of several o r g a n o l i t h i u m -
T M E D A complexes. T h e stabi l i ty of the complexes is re lat ive ly good, 
but the presence of excess T M E D A above 1-mole equivalent signif icantly 
decreases stabi l i ty . Solutions of the p h e n y l l i t h i u m - T M E D A complex 
should be stored be l ow 10°C for l ong shelf l i fe . 

It might be expected that i n the presence of T M E D A or other 
tert iary diamines anomalous react ion products might be obta ined w i t h 
o rgano l i th ium compounds such as b e n z y l l i t h i u m . A n u m b e r of reports i n 
the l i terature disclose instances of the expected react ion products f r om 
reactions such as carbonation to the carboxyl i c a c id a n d add i t i on to 
benzophenone ( J , 3, 4, 12). T h e p h e n y l l i t h i u m - T M E D A (1 :1 ) complex 
i n benzene was a l l owed to react w i t h benzophenone to give a 9 5 % y i e l d 
of t r ipheny l carb ino l a n d w i t h cyclohexanone to y i e l d 5 9 % of the 1-
phenylcyc lohexanol . T h e react ion w i t h excess t r imethy l s i l y l chlor ide is 
apparent ly quantitat ive . T h e m a i n consideration i n us ing these complexes 
is to use l o w temperatures for react ion a n d aqueous washes of a m m o n i u m 
chlor ide solut ion i n the w o r k - u p to remove a l l of the tert iary d iamine 
( the odor can be detected i n l o w concentrations. ) 

Optimum Conditions for Preparing Benzyllithium from Toluene. 
B o t h the T M E D A a n d T E D complexes of b e n z y l l i t h i u m were invest i 
gated. To luene metalat ion proceeds m u c h faster than does benzene 
metalat ion under s imi lar conditions. T h e b e n z y l l i t h i u m complexes were 
more soluble i n hydrocarbon solvents than were the corresponding 
p h e n y l l i t h i u m complexes. T h i s method of preparat ion of b e n z y l l i t h i u m 
is the most convenient of the f e w l iterature procedures avai lable . Other 
procedures descr ibed are the cleavage of b e n z y l m e t h y l ether w i t h l i t h i u m 
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30 POL Y A M I N E - C H E L A T E D ALKALI M E T A L COMPOUNDS 

meta l , the exchange of b e n z y l t i n compounds w i t h an organo l i th ium 
c o m p o u n d , a n d the d i b e n z y l m e r c u r y react ion w i t h l i t h i u m meta l (13, 15, 
46). T h e direct react ion of b e n z y l chlor ide a n d l i t h i u m meta l i n ether 
leads on ly to the c o u p l i n g product . 

O n l y a br ie f study was made of the metalat ion rate of toluene b y 
n - b u t y l l i t h i u m because the react ion proceeded read i ly w i t h T M E D A 
under most conditions. T h e runs l is ted i n T a b l e I V indicate just h o w 
m u c h faster toluene metalat ion proceeded compared w i t h benzene meta 
lat ion . T h i s rate was about 6.5 times faster w i t h hexane as the solvent a n d 
at least 10 times faster w h e n the corresponding aromatics (toluene a n d 
benzene ) were used as the solvents. 

T h e crystal l ine y e l l o w 1:1 b e n z y l l i t h i u m - T M E D A complex has a 
l ower so lub i l i ty i n toluene than does the ( b e n z y l l i t h i u m ) 2 - T M E D A 
complex w h i c h tends to f o rm oils. Because of its h igher so lub i l i ty a n d 
to e l iminate as m u c h of the tert iary d iamine as possible, the 2:1 complex 
was used for synthetic evaluations. It is p robab ly the o p t i m u m rat io to 
use i n this b e n z y l l i t h i u m system. Solutions of u p to 38 w t % b e n z y l 
l i t h i u m i n toluene or about 59 w t % of the ( b e n z y l l i t h i u m ) 2 - T M E D A 
complex have been prepared . A t ratios of 4:1 or more i n toluene, a 
dark - red tar or o i l also separated f r om the solution. W i t h hexane as the 
solvent, y e l l o w crystals of the 1:1 b e n z y l l i t h i u m - T M E D A complex pre 
c ip i ta ted ; at a ratio of 2:1 or more, a dark - red o i l separated instead. 

Because toluene metalat ion is very fast, the best preparat ive pro 
cedure is to s lowly a d d T M E D A to n - b u t y l l i t h i u m i n toluene at about 
60 ° C because of the need to dr ive off butane as i t forms a n d prevent 
its b u i l d - u p i n the react ion solution. T h e reaction is quite exothermic 
because of the i n i t i a l solvation of T M E D A . I n small-scale preparations 
(200-ml or less) this precaut ion is not necessary. A n added benefit of 
a d d i n g the T M E D A at a steady rate to the w a r m solution is that the 
react ion rate is almost instantly control lable a n d read i ly f o l l owed b y 
observing the rate of gas evolut ion. Concentrat ions of n - b u t y l l i t h i u m i n 
toluene to about 26 w t % c o u l d be used wi thout h a v i n g to a d d add i t i ona l 
toluene to ensure product so lubi l i ty . 

T h e y i e l d for the 26-mole R u n 10, T a b l e I V , was determined b y 
G L C (us ing the t r imethy l s i l y l der ivat ive ) a n d b y the G i l m a n double 
t i trat ion technique, bo th of w h i c h gave 1 0 0 % y i e l d (17). T h e product 
so lut ion was clear, dark r e d - b r o w n , a n d h a d good thermal stabi l i ty . T h e 
concentrated solutions were h i g h l y react ive to a ir but d i d not ignite. 
( T h e solution should be stored cool or frozen w h e n stored for longer than 
four months. ) 

T h e poss ib i l i ty of us ing the so l id , golden y e l l o w complex b e n z y l 
l i t h i u m — T E D (1 :1 ) as an alternative for some spec ia l appl icat ions 
p r o m p t e d a study of the best conditions for its preparat ion. T h e b e n z y l -
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2. SMITH Tertiary Diamine Organolithium Complexes 31 

Table IV. Toluene Metalation by w-Butyllithium-Tertiary 
Diamine Complexes 

10 

Molar 
Ratio Ehpsed % 

n-BuLi: T, Time, Reac % 
un Diamine °C min tion Yield 

1 1 :1 e 52 3 100* 98 
T M E D A 

2 2 : 1 " 77 16 100" 100 
T M E D A 

3 4 : 1 " 77 36 99» 
T M E D A 

45 100 96 

1 :1 e 

T M E D A 

l : l c 

T E D 

1:1 e 

T E D 

8 : 1 e 

T M E D A 
3 : 1 e 

T M E D A 
1:1/ 

T M E D A 
2:1* 

T M E D A 

66 

68 

68 

89 

70 

70 

36 

135 b 

135* 

75 

10 

100* 100 

90 

120 (slow 
addit ion) 

60-65 60 

— 96 

(100 ) d — 

— 100 

Comments 

accurately 

T w o layers f o rmed ; 
bo t t om was a red 
o i l . A d d e d 
T M E D A caused 
one phase to f o rm 

E n t i r e so lut ion so
l idif ied to ye l l ow 
crystals on coo l 
ing , ho ld ing the 
hexane 

Isolated b y f i l t r a 
t i o n ; br ight y e l 
low crystals 

Isolated b y evapo
ra t ing so lvent ; 
br ight yel low 
crystals 

Red -b lack tar 

T w o layers 

— 100 Comple te so lut ion ; 
( t i t ra - large-scale r u n 

t i o n 
a n d 
glc) 

α 14% n-butyllithium in toluene used for these runs. 
6 Evolution of gas ceased at this point, and trimethylsilyl derivative was made. 

Yields were based on G L C analysis. 
c 15.2% n-butyllithium in hexane used with 10% excess toluene added. 
d The reaction was run until gas evolution ceased. The product was too intractable 

to dissolve readily in solvents for analysis. 
e 19.5% n-butyllithium in toluene used. 

/ 26.4% n-butyllithium in toluene used. 
ο 22.0% n-butyllithium in toluene used. 
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32 POL Y A M I N E - C H E L A T E D ALKALI M E T A L COMPOUNDS 

l i t h i u m - T E D (1 :1 ) is f a i r l y soluble i n toluene, but i t has only a s l ight 
so lub i l i ty i n hexane. Therefore , the solvent of choice was an a l iphat i c 
hydrocarbon such as hexane. T h e metalat ion rate of toluene b y n - b u t y l 
l i t h i u m i n hexane w i t h T E D was about a f our th of what i t was w i t h 
T M E D A , but i t s t i l l proceeded at a convenient rate at 68 ° C . Greater 
than 1:1 ratios (less T E D ) seriously s lowed the metalat ion react ion so 
that only the 1:1 ratio w i t h T E D is considered pract i ca l . 

T h e o p t i m u m procedure for prepar ing the b u t y l l i t h i u m - T E D (1 :1 ) 
complex was to a d d the T E D sol id d i rec t ly to 15-20% n - b u t y l l i t h i u m i n 
hexane at 4 0 ° - 5 0 ° C . ( W h e n the T E D was a d d e d near room tempera
ture, a gel stage formed. ) T h e exotherm f rom the solution was moderate, 
a n d the temperature was a l l owed to rise to reflux. O n l y a 2 0 % excess 
of toluene was a d d e d because large excesses so lub i l i zed the product . T h e 
y i e l d of the d r i e d , y e l l o w crystals was f r om 82 to 9 0 % . W h e n the hexane 
solution was evaporated wi thout filtration to dryness, a y i e l d of 9 6 % was 
obta ined . N o side products were observed. T h e crystals were very sensi
t ive to a ir ; they charred a n d smoked, b u t no flame was observed i n labo 
ratory quantit ies . T h e crystals were stable for at least five years at r oom 
temperature w h e n protected f rom air a n d moisture. T h e T E D cou ld not 
be sub l imed away ( on ly 0 .2% we ight loss) f rom the 1:1 complex crystals 
at 0.14 torr before decomposit ion occurred at 125 ° C . 

Isomer Formation during Metalation of Toluene Using «-Butyl
lithium and T M E D A . T h e r e have been several reports descr ib ing o-, m-, 
a n d p - t o l y l l i t h i u m f rom isomer formation s temming f rom r i n g metalat ion 
of toluene i n add i t i on to the n o r m a l b e n z y l metalat ion u s i n g n - b u t y l -
l i t h i u m - T M E D A (1, 16, 18, 19). These previous works f o u n d about 
1 0 % r i n g metalat ion of w h i c h meta metalat ion comprised about 6 0 % 
of the total . Analys is of the crystal l ine b e n z y l l i t h i u m - T E D complex 
showed no r i n g metalat ion isomers present. 

T a b l e V summarizes the results of bo th this invest igation a n d those 
reported i n the l i terature. T h e amount of r i n g metalat ion a n d relat ive 
ratios of isomers vary somewhat accord ing to the procedure used a n d o n 
standing. T h i s is ev ident ly a case of k inet i c contro l vs. thermodynamic 
contro l , as po inted out b y Broaddus (18). Therefore the procedure for 
metalat ion affected the i n i t i a l amount of r ing- isomer format ion d irect ly 
as expected i n a k inet i ca l ly contro l led reaction that involves temperature 
of metalat ion, amount of T M E D A , a n d subsequent treatment or storage 
of the product solution. A recent report discusses a s imi lar system of 
an ion equi l ibrat ion between m- a n d p - x y l y l l i t h i u m w i t h T M E D A , and 
anion equ i l ibra t i on between the meta a n d b e n z y l positions of e thy l -
benzene us ing T M E D A or N ^ ^ N ^ N ^ i V ' - p e n t a m e t h y l d i e t h y l e n e t r i a m i n e 
( P M D E T ) (20). 
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2. SMITH Tertiary Diamine Organolithium Complexes 33 

Ring- i somer format ion d u r i n g metalat ion was ana lyzed b y G L C 
us ing the d i m e t h y l sulfate der ivat ive , w h i c h p r o d u c e d a mixture of 
xylenes a n d ethylbenzene i n this system. ( D i m e t h y l sulfate is a better 
reagent for o rgano l i th ium der ivat ive format ion than is t r imethy l s i l y l 
chlor ide or carbon dioxide. ) 

T h e to luene-metalat ion system i n this study differs f rom that of 
Broaddus i n that pure toluene was used as the solvent; a R L i to T M E D A 
ratio of two was used. Analyses were usua l ly r u n after complete react ion 
of the n - b u t y l l i t h i u m unless otherwise noted. H i g h e r react ion tempera 
tures were used, a n d the final concentration of b e n z y l l i t h i u m i n solution 
was higher . 

T h e results reported b y others as w e l l as our o w n indicate that the 
m a i n contaminat ing r i n g isomer is meta, the more ac id i c ( react ive) 
posit ion compared w i t h the ortho or para positions w h e n on ly electronic 
or resonance effects are considered. I n add i t i on , the statistical factor of 
two meta-hydrogens probab ly also contributes to the predominance of 
m - t o l y l l i t h i u m formation compared w i t h format ion of the para isomer. 
T h e combined meta a n d para isomer content is reported because of the 
dif f iculty i n obta in ing good separation of the xylene mixture f o rmed b y 
der ivat izat ion . 

O n e of the specific effects inf luencing total r ing- isomer content was 
the ratio of R L i to T M E D A . I n R u n 2, a ratio of 0.5 ( large excess 
T M E D A ) was used, a n d the total amount of r i n g isomer in i t ia l l y f o rmed 
a n d present after one hour was smal l (less than 2 . 1 % ) . W h e n the 
amount of T M E D A was decreased to a R L i - t o - T M E D A ratio of two, the 
amount of r i n g isomer present w h e n the react ion was completed was 
1 1 . 5 % , agreeing w i t h the w o r k of previous workers . I n R u n 6, enough 
T M E D A was added to an a lready f ormed benzy l l i th ium- in - to luene so lu
t i on w i t h a R L i : T M E D ratio of two to change the ratio to 0.5. T h e 
amount of meta r i n g isomer decreased f rom 6.3 to 5 .2% i n about 15 
minutes at 30°C . T h e effect of the large T M E D A excess was more pro 
nounced w h e n i t was present d u r i n g metalat ion, a l though st i l l effective 
after the fact. 

A n u m b e r of experiments were carr ied out to determine the effect 
of temperature a n d t ime on the r ing- isomer content of the ( b e n z y l 
l i t h i u m ) 2 · T M E D A i n toluene solutions. I n a l l cases—0°C, r oom t e m 
perature, or 60 °C—the amount of r i n g isomer decreased w i t h t ime w i t h 
the ortho isomer d isappear ing far more r a p i d l y than the meta or p a r a 
r i n g isomers. T h i s change is caused either b y equ i l ibrat i on of the t o l y l -
l i t h i u m isomers to the more thermodynamica l l y stable b e n z y l l i t h i u m , or 
b y a more r a p i d decomposit ion react ion of these r i n g isomers w i t h 
T M E D A . T h e measured stabi l i ty of these solutions indicate that selective 
decomposit ion is not a good explanation. ( R u n 6, after be ing heated at 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
97

4 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
4-

01
30

.c
h0

02



34 POL Y A M I N E - C H E L A T E D ALKALI M E T A L COMPOUNDS 

Table V . Isomer Content of 

Mole Elapsed 
^i0 Addition Heating T^me a t 

Run RIA: _ Temp. 
TMEDA T°C Time min Τ °C Time min after Prep 

l ( e ) 2 60 20 70 10 1 h r 
2.5 days 

60 days 

2 0.5 60 20 70 10 1 h r 
3 2 40 60 — — — 
4 2 65 60 — — — 
5 2 40 15 70 40 — 
6 2 40 60 — — — 

2 70 15 — 
60 30 
60 90 

60 390 
2 55 90 70 20 180(0°) 

days 
1 30 20 69 15 1 h r 

60 days 
90 days 

1 30 — 15 m i n 
2 hrs 

1 25 — 5 hrs 

7 

10(d.<) 
α T M E D A was added to 25% n-butyllithium in toluene while stirring at designated 

temp. The R L i compounds reacted with dimethyl sulfate to produce ethylbenzene and 
xylenes. 

6 Total resolution of m- and p-xylenes was not accomplished; thus the meta and 
para isomers are reported together. 

Table VI . Reactions of ( Benzyllithium ) 2 

T, Time, 
Run Reactant °C min 

1 T r i m e t h y l s i l y l chloride - 5 45 
2 1-Bromobutane - 2 0 90 
3 Benzon i t r i l e - 5 45 
4 E t h y l acetate 5-10 60 
5 E t h y l benzoate 5-10 60 
6 Cyc lopentanone - 4 0 30 
7 Cyclohexanone - 5 60 
8 2 -Butanone - 1 5 60 
9 D i i s o p r o p y l ketone - 5 60 

10 Benzaldehyde - 3 5 20 
11 Benzophenone - 1 5 20 

β Yield based on recrystallized or distilled product unless otherwise noted; see 
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2. SMITH Tertiary Diamine Organolithium Complexes 35 

Benzyl l i thium-TMEDA Complexes 

Rina-isomers „ . 
y Comments 

%(m+p)C) %o % Benzyl 

8.5 3.0 88.5 
5.9 1.4 92.7 
1.6 — 98.4 
0.3 — 99.7 
1.1 — 98.9 
8.5 1.0 90.5 
9.1 1.6 89.3 
7.3 — 92.7 
6.5 9.1 84.4 
6.6 5.0 88.4 
6.1 3.6 90.3 
6.3 0.9 92.8 

3.8 — 96.2 

0.8 99.2 
6.3 1.0 92.7 
2.1 — 97.9 
— — 100.0 

9 3 89.0 
6 2 92.0 
7.6 1.8 90.6 

A d d i t i o n of R L i to T M E D A (inverse) 

Incomplete react ion at this po int 
Comple te react ion 

A d d T M E D A to produce 1:2 rat io at 
th i s po int to give 5 . 2 % meta a n d 
9 4 . 8 % benzy l . 

Y i e l d at th is po int is 9 8 % 

26-mole scale 

Incomplete reaction at this po int 

c No isomer is reported when less than 0.1% 
d 15% n-butyllithium in hexane used in this run; hexane was solvent. 
« Broaddus (18) used carbon dioxide for derivatization. 

s Hexane-toluene mixture was the solvent for this run. 
ο Chalk and Hoogeboom (16) used trimethylsilyl chloride for derivatization. 

- T M E D A in Toluene 

Product 

Product % Yield bp or mp, °C" 

benzyl tr imethyls i lane 81 59-62 (5 m m ) 
n-amylbenzene 84 71-74 (5 m m ) 
benzy lpheny l ketone 16 (Crude) 
1,1-dibenzylethanol 43 122-125 (0.4 m m ) 
1,2,3-triphenyl-2-propanol 22 (Crude) 
1-benzylcyclopentanol 35 55 
1-benzylcyclohexanol 59 54 
2-benzyl -2-butanol 53 92-94 (0.5 m m ) 
3-benzyl -2 ,4-dimethyl -3-pentanol 82 96-99 (0.1 m m ) 
1,2-diphenylethanol 55 64 
1,1,2-triphenylethanol 92 86 

experimental for literature physical constants and references. 
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36 POL Y A M I N E - C H E L A T E D ALKALI M E T A L COMPOUNDS 

6 0 ° C for 6.5 hours, s t i l l showed at least 9 8 % y i e l d , w h i l e r ing- isomer 
content decreased to 2 .8% w i t h no ortho or para isomer.) 

T h e equ i l ibrat i on of the r i n g anions to the b e n z y l anion is the p r o b 
able explanation, especial ly consider ing the recent w o r k of G a u and our 
observation of an equ i l ibra t i on between m-xylene a n d toluene i n the 
presence of ( b e n z y l l i t h i u m ) 2 · T M E D A (20). ( I n fact, this type of sys
tem might be the basis of another route for a hydrocarbon ac id i ty scale. ) 
T h e more r a p i d disappearance of the ortho isomer, compared w i t h the 
meta, m a y be the result of a possible intramolecular route for conversion 
to the b e n z y l anion. T h e meta a n d para isomers p robab ly change to the 
b e n z y l an ion b y an intermolecular route that w o u l d be s lower a n d agree 
w i t h what was observed. A l t h o u g h complete resolution b y G L C of the 
para a n d meta isomers was not done i n this study, the para disappeared 
faster than the meta, but m u c h slower than the ortho. I n other t ime 
studies on the disappearance of the meta isomer at room temperature, 
about ha l f the i n i t i a l amount of this isomer was gone i n three days and 
a l l of i t i n two to three months. 

A g i n g these b e n z y l l i t h i u m solutions to remove the r ing- isomer con
tent is not prac t i ca l i n most cases, a n d use of large amounts of T M E D A 
to promote conversion can also cause problems later i n synthetic use. 
Since heat ing the toluene product solution d i d not cause serious decom
posit ion at 60 ° C , this c o u l d prov ide a solution to the p r o b l e m for most 

Table VII. Reactions 

τ, Time, 
Run Reactant Solvent °c min 

1 1-Bromobutane E t 2 0 35 60 
2 Bromobenzene E t 2 0 35 60 
3 Iodobenzene E t 2 0 20 60 
4 Benzon i t r i l e T H F - 1 0 60 

25 60 
5 E t h y l acetate E t 2 0 35 45 
6 E t h y l benzoate T H F 0 60 
7 M e t h y l v i n y l ketone T H F - 1 0 60 
8 Crotona ldehyde E t 2 0 0 60 
9 2 -Butanone E t 2 0 0 60 

10 Cyc lopentanone T H F - 1 0 60 
11 Cyc lohexano l T H F 0 60 
12 D i i s o p r o p y l ketone E t 2 0 - 1 0 30 
13 Benzaldehyde T H F 0 60 
14 Benzophenone E t 2 0 - 1 0 120 
15 Indanone T H F - 1 0 60 
16 Fluorenone E t 2 0 35 60 
17 L i t h i u m benzoate T H F 65 45 

Yield based on recrystallized or distilled product unless otherwise noted. 
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2. SMITH Tertiary Diamine Organolithium Complexes 37 

appl icat ions. T h e so l id b e n z y l l i t h i u m - T E D complex m a y also be an 
alternative. 

Synthetic Application of ( Benzyllithium ) 2 - T M E D A and Benzyl
l i t h i u m - T E D . A l l the synthetic app l i cat ion studies were r u n w i t h an 
aged ( b e n z y l l i t h i u m ) 2 - T M E D A toluene solut ion that h a d 0 .8% of the 
total o rgano l i th ium compounds present as the t o l y l l i t h i u m isomers ( only 
meta present) or w i t h b e n z y l l i t h i u m - T E D crystal l ine complex free of 
r i n g isomers. 

A number of s tandard organo l i th ium reactions were examined us ing 
the two b e n z y l l i t h i u m complexes. T h e condit ions used for the various 
runs l is ted i n Tables V I a n d V I I were selected b y experience to give 
good yie lds but were not op t imized . (Because of the h i g h react iv i ty of 
o rgano l i th ium reagents i n general , a l l variables of a g iven react ion affect 
the y i e l d . I n other words there is always a set of o p t i m u m conditions 
that may vary m a r k e d l y f rom one react ing c o m p o u n d to another even 
though the same organo l i th ium c o m p o u n d is used.) 

React ion conditions are g iven i n the exper imental section. Y ie lds 
vary considerably , but most of the n o r m a l o rgano l i th ium reactions occur 
i n satisfactory-to-good yields . W h e n read i ly enol izable protons are pres
ent, l ower yields m i g h t be expected a n d were found—as w i t h cyc lo -
pentanone. B u h l e r , i n a recent opt imizat ion study, f ound the y i e l d of 
the tert iary alcohols f rom cyclopentanone, cyclohexanone, a n d benzo-

of Benzyllithium—TED 

Product 

n-amylbenzene 
2 -benzy lb iphenyl 
2 -benzy lb iphenyl 
benzy lpheny l ketone 

1.1- d ibenzy le thano l 
1,2,3-triphenyl-2-propanol 
1,2,3-triphenyl-2-propanol 
1,2,3-triphenyl-2-propanol 
2- benzyl -2-pentanol 
1-benzylcyclopentanol 
1-benzylcyclohexanol 
3- benzyl -2 ,4 -d imethyl -3 -pentanol 
1.2- d iphenyle thano l 
1,1,2-triphenylethanol 
1 -benzy l - l - indanol 
9-benzyl-9-fluorenol 
benzy lpheny l ketone 

Product 

% Yield' bp or mp, °C 

80 62 (0.5 m m ) 
32 50 
20 49 
59 54 

25 C r u d e o i l 
66 83 

0 Condensat ion products 
0 Condensat ion products 

65 67 (0.3 m m ) 
72 56 
55 54 
60 110 (1 m m ) 
81 65 
99 87 
20 141 

83 (crude) 126 
44 53 

experimental for literature references for physical constants when available. 
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38 POL Y A M I N E - C H E L A T E D ALKALI M E T A L COMPOUNDS 

phenone to be 75, 89, a n d 7 3 % , respectively (21). T h e corresponding 
yields us ing the tert iary d iamine b e n z y l l i t h i u m complexes were both 
higher a n d lower than those results. L o w e r react ion temperatures a n d 
slower add i t i on rates a n d perhaps a cosolvent should increase y ie lds i n 
most cases. T h e w o r k u p of the products was normal , but several washes 
of the product i n organic solution w i t h aqueous a m m o n i u m chlor ide or 
d i lute hydroch lor i c a c id were requ i red to ensure complete r emova l of 
the tert iary d iamine . 

T h e solutions of ( b e n z y l l i t h i u m ) 2 - T M E D A were m u c h more con
venient to use than the so l id , re lat ive ly insoluble b e n z y l l i t h i u m - T E D 
complex. T h e react ion y ie lds vary between these two complexes. W h e t h e r 
this is a funct ion of the different solvent systems used for each, lack of 
opt imizat ion , or the actual tert iary d iamine present was not examined, 
however . 

These results show that the organo l i th ium complexes are synthet ical ly 
useful a n d are s imi lar i n their react ion products to the usua l organo
l i t h i u m compounds. 

Optimum Conditions for Preparation of Allyllithium and Crotyl -
lithium from Olefins. L i k e b e n z y l l i t h i u m , a l l y l l i t h i u m is also difficult to 
prepare d i rec t ly f rom l i t h i u m meta l a n d a l l y l ch lor ide because of the 
excessive c oup l in g that occurs. 

2 C H 2 = C H C H 2 C l + 2 L i - + C H 2 = C H C H 2 C H 2 C H = C H 2 + 2 L i C l (4) 

Some success has been reported w i t h React ion 4 us ing l o w temperatures 
(22). W e have obta ined u p to 6 1 % w i t h the procedure c i ted i n Ref. 22 
w i t h some diff iculty. A number of other routes have been f ound for pre 
p a r i n g a l l y l l i t h i u m , i n c l u d i n g the cleavage of a l l y l ethers w i t h l i t h i u m 
meta l , exchange of a l k y l l i t h i u m compounds w i t h a l l y l t i n compounds, and 

Table VIII. Preparation of Allyllithium— and 

Run Product Olefin Time min Solvent RLi 

1 A l l y l l i t h i u m propene 30 cyclohexane s e c - B u L i 
2 30 cyclohexane s e c - B u L i 
3 150 hexane n - B u L i 
4 90 hexane s e c - B u L i 
5 30 hexane s e c - B u L i 
6 30 hexane s e c - B u L i 
7 C r o t y l l i - 1-butene 90 cyclohexane s e c - B u L i 

t h i u m 
8 trans-2- 90 cyclohexane s e c - B u L i 

butene 
cyclohexane 

° Yield of al lyl l i thium-TMEDA complex based on isolated solid. 
6 G L C analysis of dimethyl sulfate derivative formed at 20° and 55° C gave 29.0 
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2. SMITH Tertiary Diamine Organolithium Complexes 39 

the reaction of d ia l l y lmercury w i t h l i t h i u m meta l ( 22-27 ). T h e metalat ion 
of propene w i t h n - or s e c - b u t y l l i t h i u m - T M E D A complexes is one of the 
most convenient routes to a l l y l l i t h i u m as s h o w n i n T a b l e V I I I . 

T h e metalat ion proceeded faster for React ion 5 than toluene meta la 
t ion , but i t was h a r d to get the excess concentration necessary for r a p i d 
reaction. A n a l iphat i c solvent was necessary for the react ion since a l l 
other solvents p r o d u c e d side reactions regardless of whether an aromatic 
or an ether was used. Propene i n 5 0 % excess was a d d e d to n - b u t y l 
l i t h i u m i n hexane containing a 1:1 mole rat io of T M E D A at 0 ° C . A 
larger excess of propene m a y produce ol igomers. T h i s solution was 
w a r m e d to 30 ° C i n a pressure apparatus. A f t e r three hours the y e l l o w 
s lurry was filtered to give a 6 5 % y i e l d of a l l y l l i t h i u m - T M E D A ; f r om 
10 to 2 0 % of the product remained i n the filtrate. T h e so l id , y e l l o w -
orange complex was not pyrophor i c i n a ir , a l though i t was instant ly 
reactive. W h e n higher temperatures (about 5 0 ° C ) were used a n d the 
propene a d d e d at atmospheric pressure, the compet ing metalat ion of 
T M E D A occurred , a n d only a trace of a l l y l l i t h i u m formed. T h e l i th ia ted 
T M E D A evident ly d i d not metalate propene at a significant rate ( i f at 
a l l ) under these conditions. 

T h e metalat ion proceeded so read i ly w i t h sec -buty l l i th ium that the 
react ion was r u n to complet ion at —5° to 5 ° C i n 0.5 hour . (tert-Butyl-
l i t h i u m was usual ly slower i n metalat ion reactions and l e d to more side 
reactions than d i d sec -buty l l i th ium i n these systems.) A b o u t 8 1 % of the 
ye l l ow-orange product prec ip i tated f rom solution. T h e metalat ion reac-

Crotyllithium—TMEDA Complexes 

C H 2 = C H C H 3 + C 4 H 9 L i · T M E D A -

C H 2 = C H C H 2 L i · T M E D A + C 4 H 1 0 

(5) 

Ratio RLi: 
TMEDA 

T°C % Yield 

1:2 
1:2 
1:1 
1:1 
4:1 
1:1 
1:1 
1:1 

2 
g_5 

30 (15 psi) 

81 
two l i q u i d layers 

- 5 - 0 
- 7 - 4 
- 5 - 5 

0 -5 
0-10 

64 
77 

gel format ion 
79 
92 6 . * 
55" 

± 1%, and 29.5 ± 1 % terminal lithium, respectively. 
c Yield calculated by base titration of solution. 
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40 POL Y A M I N E - C H E L A T E D ALKALI M E T A L COMPOUNDS 

t i on w i t h a 2:1 rat io p r o d u c e d two l i q u i d layers wi thout any precipitate . 
W h e n a 4:1 rat io of s e c -buty l l i th ium to T M E D A was used, a gel a n d a 
so l id s lurry that d i d not break u p on heat ing were obtained. 

T h e o p t i m u m procedure , therefore, was to a d d T M E D A to sec-
b u t y l l i t h i u m i n an a l iphat ic solvent such as hexane at — 5 ° C . A b o u t 
5 0 % excess of propene was then a d d e d q u i c k l y at 0 to 5° C . T h e solution 
was st irred at that temperature for 30 m i n a n d then w a r m e d q u i c k l y to 
45 ° C to let any sec -buty l l i th ium left react. T h e solut ion was then cooled 
to 10 ° C a n d filtered. T h e s lurry itself can be used wi thout isolation. 

T h e corresponding metalat ion of 1-butene or £rans-2-butene was 
s l ight ly more r a p i d than that of propene a n d gave a solut ion of c r o ty l -
l i t h i u m - T M E D A . T h e c r o t y l l i t h i u m - T M E D A c o m p o u n d was quite 
soluble i n a l iphat ic hydrocarbons, g i v ing dark, ye l l ow-red solutions. 
(These c ro ty lh th ium solutions s lowly deposited y e l l o w crystals on stand
i n g , so they should be used soon after preparat ion. ) T h e metalat ion 
proceeded faster w i t h 1-butene than w i t h trans-2-butene, w h i c h m a y 
expla in the lower y i e l d obta ined w i t h the latter. A synthetic s tudy of the 
c r o t y l h t h i u m was not made because its reactions gave at least two p r o d 
ucts, as expected f rom l i terature reports on other c ro ty l anions. 

React ion w i t h d i m e t h y l sulfate p r o d u c e d only 2 9 % frans-2-pentene 
a n d 7 1 % 2-methyl-2-butene. I n other words about 2 9 % of the l i t h i u m 
reacted f rom the C - l pos i t ion of the c ro ty l group w i t h only trans con
figuration a n d 7 1 % f rom the internal C - 3 posit ion. Essent ia l ly the same 
pos i t ional rat io was obta ined at 20° as at 55°C . 

I C H 3 C H = C H C H 2 L i 
( C H 3 ) 2 S 0 4 + ; C H 3 C H C H = C H 2 

(6) 

C H 3 C H 2 = C H C H 2 C H 3 (29%) 
( C H 3 ) 2 C H C H = C H 2 (71%) 

Table IX. Reaction of A l l y l l i t h i u m - T M E D A 

Compound Reagent Τ °C Solvent 
Time 
min 

A l l y l l i t h i u m . T M E D A Benzophenone 20 E t 2 0 
Cyclohexanone 20 E t 2 0 

C r o t y l l i t h i u m - Acetone - 2 0 Cyc lohexane 

75 
45 
20 

T M E D A 
(°) See experimental for literature physical constants and references. 
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2. SMITH Tertiary Diamine Organolithium Complexes 41 

T h e react ion w i t h acetone gave a s imi lar result. T a b l e I X lists the results 
f rom several reactions of reagents w i t h a l l y l l i t h i u m - T M E D A a n d cro ty l -
l i t h i u m - T M E D A . 

Lithiated Tertiary Amines and Diamines and Their Reactions. T h e 
formation of l i th ia ted T M E D A b y organo l i th ium reagents, especial ly 
n - b u t y l l i t h i u m , was first descr ibed i n 1965 b y L a n g e r ( 2 ) . 

Since then, further w o r k b y L a n g e r and his co-workers has shown that 
this is a general react ion w i t h the h igher homologs of T M E D A (5, 8). 
Preparat ion of these l i th iated tert iary diamines a n d a n u m b e r of synthetic 
reactions are g iven i n those references. A s further b a c kg r ound to the 
possible reactions that may occur w i t h other tert iary amines a n d diamines , 
the w o r k of L e p l e y a n d co-workers w i t h n - b u t y l l i t h i u m a n d aromatic 
tert iary amines should also be examined (29-33). 

O n e p r o b l e m i n w o r k i n g w i t h the l i th ia ted tert iary diamines is that 
they w i l l undergo further decomposit ion w h e n overheated or on standing. 
F o r example l i th ia ted T M E D A yields l i t h i u m d imethy lamide , d i m e t h y l -
v iny lamine , a n d l i t h i u m acetyl ide ( J , 2, 5, 34). L i t h i a t e d T M E D A ( I ) 
i n hexane decomposes at a rate of 0 .52% of the i n i t i a l l y contained mate
r i a l per day at 35°C . Therefore solutions of the l i th ia ted tert iary diamines 
a n d amines shou ld be stored at 10°C or lower for long periods of storage. 

T h e preparat ion of mono l i th iated N ^ N ^ A ^ - t e t r a m e t h y l e t h y l e n e d i -
amine ( I ) was s tudied under several sets of condit ions to opt imize its 
preparat ion . T h e l i th ia t i on of other tert iary monoamines and diamines 
was also examined. 

T M E D A was added i n 1:1 mole ratios to hydrocarbon solutions of 
the a l k y l l i t h i u m compound . T h e solutions were kept at a g iven tempera
ture u n t i l gas evolut ion ceased. T h e dark, orange-brown solutions were 
ana lyzed us ing the G i l m a n procedure w h e n complete react ion of the 

and C r o t y l l i t h i u m - T M E D A 

n - C 4 H 9 L i + ( C H 3 ) N ( C H 2 ) 2 N ( C H 3 ) 2 -> 

( C H 3 ) 2 N ( C H 2 ) 2 N ( C H 3 ) C H 2 L i + C 4 H 1 0 

I 

(7) 

Product 
Product a 

mp or bp, °C % Yield 

1, l - d i p h e n y l - 3 - b u t e n - l - o l 
1-ally Icy clohexanol 
2 ,3-dimethyl-4-penten-2-ol , a n d trans-

125 (0.6 m m ) 
64 (7.5 m m ) 

65-71 (120 m m ) 

91 
52 
11 

2-methyl-4-hexen-2-ol 
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42 P O L Y A M I N E - C H E L A T E D ALKALI M E T A L COMPOUNDS 

start ing a l k y l l i t h i u m was observed (17 ) . T h i s analysis for the carbon-
b o u n d l i t h i u m gave reproduc ib le , consistent results for the l i th ia ted 
tert iary diamines. 

H o w e v e r inconsistencies were f ound i n this procedure w i t h so lu
tions of l i th ia ted tert iary monoamines so that on ly total base t itrations 
were used for their analysis. I n most cases a smal l amount of the decom
posi t ion product was filtered f r o m the product solution. T h e so l id on 
hydrolys is p r o d u c e d d imethy lamine a n d acetylene (34). P r o d u c t so lu
tions u p to 30 w t % i n hexane were read i ly p roduced w i thout so lub i l i ty 
problems. N o l i th ia t i on of T M E D A on the methylene carbons was ob
served. T h i s was determined b y preparat ion of the d imethylsul fate 
der ivat ive of the l i th ia ted T M E D A a n d examining for Ν,Ν,Ν',Ν'-tetra-
methy l - l , 2 -propaned iamine i n the presence of the product , 2V-ethyl-
N , N ^ N ' - W m e t h y l - l , 2 - e t h a n e d i a m i n e . 

A l t h o u g h n - b u t y l l i t h i u m l i th ia ted the T M E D A efficiently at a con
venient rate, sec -buty l l i th ium w o r k e d even more smoothly. Surpr i s ing ly 
terf-butyllithium was quite poor, a l though some of the p r o b l e m was 
caused b y the l o w - b o i l i n g solvent, pentane. F o r instance terf-butyl-
l i t h i u m i n ref luxing pentane took 14 hours to complete ly react w i t h 
T M E D A . 

A summary of the l i th ia t ion of tert iary amines a n d diamines is g iven 
i n T a b l e X . T h e ac tua l total base minus the base s temming f r om carbon -
b o u n d l i t h i u m present d i v i d e d b y the amount of carbon-bound l i t h i u m 
present was used to obtain the rat io of tert iary nitrogen to carbon-bound 
l i t h i u m reported i n the table. Agreement between Runs 1 through 11 
was surpr is ingly good. Y ie lds for the same runs were also quite g o o d — 
90 to 1 0 0 % — w i t h bo th n - or s e o b u t y l l i t h i u m . s e c - B u t y l l i t h i u m was pre 
ferred because of the m i l d e r conditions invo lved . T h e condit ions become 
especial ly important w h e n l i th ia t ion of potent ia l ly more sensitive (yet 
more unreact ive) tert iary amines or diamines is attempted; Runs 9 
through 15 show some interest ing b u t unexplo i ted metalat ion results. 
T h e l i th ia t i on rate for the reactions i n T a b l e X was observed b y gas 
evo lut ion , a n d the solutions were analyzed w h e n the gas evolut ion ceased. 

React ion occurred i n only a f ew hours w i t h sec -buty l l i th ium a n d 
t r imethy lamine , but the yie lds seemed to be lower than those obta ined 
w i t h T M E D A . 

( C H 3 ) 3 N + s e c - C 4 H 9 L i -> ( C H 3 ) 2 N C H 2 L i + n - C 4 H 1 0 (8) 
I I 

T h i s m a y be because I I has less thermal s tabi l i ty than does the l i t h i 
ated T M E D A ( I ) . T h e l i th ia t i on of t r imethy lamine has also been re 
por ted under s l ight ly different condit ions b y Peterson (35 ) . Analys i s of 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
97

4 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
4-

01
30

.c
h0

02



2. SMITH Tertiary Diamine Organolithium Complexes 43 

these tert iary monoamines i n Runs 14 to 19 were inconsistent us ing the 
G i l m a n double t i trat ion w i t h b e n z y l chlor ide , a n d only total-base t i t rat ion 
was used for assay of the solution. It was assumed that a l l decomposit ion 
products , i n c l u d i n g L i H a n d l i t h i u m d imethy lamide , were insoluble . 
T h e l i th ia t ion of the tert iary monoamines was per formed i n a l l cases 
w i t h a mole rat io of a l k y l l i t h i u m to tert iary monoamine of 1:2 to keep 
the R L i : t e r t i a r y nitrogen ratio the same as that used w i t h the tert iary 
diamines. I n those cases noted i n T a b l e X , the tota l base i n solution was 
measured a n d d i v i d e d b y three to estimate y i e l d . (Analys i s for the 
unreacted starting a l k y l l i t h i u m was not affected i n these solutions. ) 

I n Runs 10 a n d 12 the prec ipitate was very heavy a n d the to ta l 
soluble base was quite l ow. I n those two instances the product was 
apparent ly insoluble or the l i th ia ted tert iary amine structure too unstable 
a n d decomposit ion resulted. 

E a c h l i th iated tert iary amine or d iamine w i l l have o p t i m u m c o n d i 
tions for preparat ion to ensure complete react ion w i t h m i n i m u m decom
posit ion. These o p t i m u m conditions m a y be determined b y observing the 
rate of gas evolut ion as a funct ion of tert iary amine or d iamine rat io a n d 
temperature together w i t h analysis of the final solution or s lurry. 

O n l y a f ew reactions were t r i ed w i t h the l i th ia ted tert iary amines 
a n d d iamines ; these are reported i n T a b l e X I . T h e yie lds for the coup l ing 
of organic halides w i t h l i th ia ted T M E D A were reasonable for a n o n -
o p t i m i z e d react ion. Changes i n a f ew conditions were made to see 
whether some obvious improvements c ou ld be made. I n general the 
yie lds ranged f rom 30 to almost 5 0 % . A l k y l bromides gave the best 
y ie lds i n this coup l ing react ion. T h e react ion of l i th ia ted T M E D A ( I ) 
w i t h a reactive ketone a n d an a ldehyde again gave l o w yie lds . Less -
reactive reagent molecules should give h igher yields . T h e l i th ia ted t r i 
methy lamine ( I I ) p roduced a good y i e l d of the amine a l coho l w i t h 
benzaldehyde , a l though l o w yields were obta ined i n c oup l ing w i t h 1-
iodopropane a n d 1-bromooctane. 

Another possible p r o b l e m is i n the w o r k - u p of these compounds 
since the products are very soluble i n water a n d organics. O n l y further 
study can determine whether the products f rom the reactions of these 
l i th ia ted tert iary amine a n d d iamine compounds w i l l g ive h igh-enough 
product y ie lds to permit these nove l o rgano l i th ium compounds to become 
dependable reagents for the chemist. 

Experimental 

A l l reagents were reagent-grade chemicals . H y d r o c a r b o n solvents 
were d r i e d over sod ium wire . T M E D A was d r i e d over sod ium w i r e a n d 
then d is t i l l ed under reduced pressure. T E D was t r i e d under v a c u u m 
to the po int of subl imat ion . L i q u i d tert iary amines a n d diamines were 
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44 POL Y A M I N E - C H E L A T E D ALKALI M E T A L COMPOUNDS 

Table X . Preparation of Lithiated 

Run Amine T°C Time hr RLi" 

1 T M E D A 55 1.0 s e c - B u L i 
2" 49 1.0 s e c - B u L i 

3 47 1.25 s e c - B u L i 
55 1.0 s e c - B u L i 

5 60 2.5 n - B u L i 
6 64 3.5 n - B u L i 

τ 36 14.0 feri-BuLi 
8 d 45 0.75 cyc l openty l 

L i 
9 i V , i V , i V W - T e r a m e t h y l - 55 0.75 s e c - B u L i 

1,3-butanediamine 
10 N , i V ' - D i m e t h y l - l , 4 - 65 1.0 s e c - B u L i 

piperazine 
s e c - B u L i 11 Tr ie thy lened iamine ( T E D ) 65 1.0 s e c - B u L i 

12 i V , i V , i V ' , i V ' , - T e t r a m e t h y l - 63 1.5 s e c - B u L i 
methylenediamine 

13 i V - M e t h y l p y r r o l i d i n e " 55 0.5 s e c - B u L i 

14 i V - M e t h y l p i p e r i d i n e " 55 1.5 s e c - B u L i 

15 T r i e t h y l a m i n e " 65 1.0 s e c - B u L i 

16 T r i m e t h y l a m i n e " 80* 5.25 n - B u L i 
17 

T r i m e t h y l a m i n e " 
70* 5.5 n - B u L i 

18 60* 3.0 s e c - B u L i 
19 60* 6.5 s e c - B u L i 

a Hexane is solvent unless otherwise stated. 
b Analysis done using total base and Gilman benzyl chloride coupling ( 1 7 ) . 
c Analysis of gas from hydrolysis of yellow ppt. snowed dimethylamine and acety-

ene present. 
d Solvent is cyclohexane. 

e R L i :tertiary diamine ratio is 1:2. 

a l l d i s t i l l ed before use a n d protected f r om air. A l l l i t h i u m compounds 
were f rom Foote M i n e r a l C o . E l e m e n t a l analyses were per formed b y 
M i c r o - A n a l y s i s , Inc. , of W i l m i n g t o n , D e l . A l l reactions were r u n under 
argon, a n d air-sensitive materials were also h a n d l e d under argon. G L C 
analyses were per formed on a V a r i a n - A e r o g r a p h 90P3 C h r o m a t o g r a p h 
w i t h a thermal conduct iv i ty detector. T h e c o l u m n used for t r imethy l s i l y l 
derivatives was 5-ft, S E - 3 0 / C h r o m a s o r b W . 
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2. SMITH Tertiary Diamine Organolithium Complexes 45 

Tertiary Amines and Diamines 

Wt % Product 
Cone, in Sol. 

19.0 
18.5 

17.9 

24.0 
27.3 

22.0 
30.0 

21.4 

12.3 

7.6 

14.3 

14.4 

8.9 

6.6 

Product Sol. 
Anal, t e r t -

N/RLib % Yield 

2.06 94 
2.06 95 

2.19 

2.26 
1.95 

1.86 
1.96 

1.86 

2.20 

3.1 (theory 
3.0) 

94 

90 
100 

96 
100 

95 

68 

57 

90* 

98* 

67* 

60* 

Comments 

Sl ight ppt . , no R L i left b y G L C C 

H e a t e d s l ight ly beyond po int 
when gas evo lut ion ceased. 

2 % R L i left 
5 % R L i left after 60 m i n at 55°C ; 

considerable pp t 
5 % R L i left 
H e a t e d s l ight ly beyond po int 

when gas evo lut ion ceased 
Trace R L i left, lot of p p t 
3 % R L i left, no ppt . , on ly haze 

N o R L i left, some ppt . also 
formed 

N o R L i left, heavy ppt . ; double 
t i t r a t i o n showed no product 

N o R L i left, heavy p p t . ; a n a l y 
sis on s lurry . 

N o R L i left, heavy ppt . ; double 
t i t r a t i o n showed no product 

N o R L i left ; heavy p p t 

O n l y trace R L i left, m o d . p p t . ; 
double t i t r a t i o n showed low 
y i e l d . 

Trace R L i left, m o d . p p t . ; low 
low y i e l d b y t i t r a t i o n 

N o R L i left 
5 % R L i left 
N o R L i left 
8 % R L i left 

/ Solvent is pentane. 
0 RLi:tertiary amine ratio is 1:2. 
h Pressure reactor used. 
1 Gilman double titration does not give good results with this amine; yield based 

on total base in solution. 

«-Butyllithium in Benzene (or Toluene). A 12-liter flask e q u i p p e d 
w i t h stirrer, pressure-equal iz ing d r o p p i n g funnel , reflux condenser, a n d 
thermometer was flushed thoroughly w i t h argon. ( N i t r o g e n must not be 
used because it w i l l react w i t h l i t h i u m meta l powder . ) T h e flask was 
charged w i t h 573 grams of 1% N a - L i powder a n d 6,650 m l of benzene. 
T h e react ion was first in i t ia ted w i t h 100 m l of 1-chlorobutane w h i l e st ir 
r i n g . T h e temperature was mainta ined at 3 5 ° - 3 7 ° C and the remainder 
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46 POL Y A M I N E - C H E L A T E D ALKALI M E T A L COMPOUNDS 

Table XI . Reactions of Lithiated 

Total 
Lithiated Addition Time, 

Run Compound* Reagent T, °C min 

1 T M E D A 1-iodobutane - 5 30 

2 1-bromobutane 0 30 
3 10 75 
4 1-chlorobutane 68 90 
5 1-bromobutane 0 30 
6 2-bromobutane - 1 0 30 

7 iodobenzene 10 75 

8 1-bromooctane 20 30 

9 - 2 0 30 
10 - 1 0 30 
11 bromocyclohexane - 5 30 

12 cyclopentanone 5 50 

13 valeraldehyde - 1 0 30 

14 T r i m e t h y l a m i n e 1-iodopropane - 1 0 30 
15 1-bromooctane - 2 0 30 
16 valeraldehyde - 1 0 30 
17 benzaldehyde - 1 0 60 

° Reagent added as a molar equiv. based on the lithiated T M E D A or trimethylamine 
present; solvent was hexane in all cases. 

of the 3,310 grams of 1-chlorobutane was added over 3.5-hrs. T h e s lurry 
was st irred 2 hr more before filtration. T h e y e l l o w filtrate ana lyzed to be 
26 .99% n - b u t y l l i t h i u m . T h e G i l m a n correct ion was 0 .28% (17 ) . T h e 
y i e l d was 8 3 % w i t h no w a s h on the filter cake. ( A c t u a l y i e l d est imated 
to be about 9 0 % . ) 

Lithiation of Benzene by Λ -Buty l l i th ium-TMEDA. A 500-ml flask 
e q u i p p e d w i t h stirrer, reflux condenser, a n d thermometer was p u r g e d 
w i t h argon a n d then charged w i t h the r e q u i r e d amount of 24 .4% n - b u t y l 
l i t h i u m i n benzene (120 to 200 m l ) . T h e st irred solut ion was heated to 
the desired temperature a n d the heat removed. Pur i f i ed T M E D A was 
then added i n the proper molar ratio ( 30 to 50 m l ) us ing a large syringe 
over 0.5 to 1.0 m i n w h i l e coo l ing w i t h a heptane-dry ice ba th to mainta in 
proper temperature. ( D o not use r a p i d add i t i on for preparations larger 
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2. SMITH Tertiary Diamine Organolithium Complexes 47 

T M E D A and Trimethylamine 

RLi 
Used for 

Lithiation of 
tert-Amine 

s e c - B u L i 

n - B u L i 
s e c - B u L i 

n - B u L i 

s e c - B u L i 

n - B u L i 

s e c - B u L i 
n - B u L i 

Product 

N-n-pentyl-N,N',N'-trïmethyl-
1,2-ethanediamine 

i V - ( 2 - m e t h y l b u t y l ) - i V , i V , , i V ' . 
t r imethyl -1 ,2-ethanediamine 

A ^ b e n z y l - A ^ A ^ N ' - t r i m e t h y l -
1,2-ethanediamine 

i V - n - n o n y l - i V j i V ' j i V ' - t r i m e t h y l -
1,2-ethanediamine 

iV- (cyc lohexylmethyl ) -Ν,Ν', 
i V ' - t r i m e t h y l - l ,2-ethane
d iamine 

N- (hy droxy cy c lopenty lmethy 1) -
i V ^ ' ^ ' - t r i m e t h y l - l ,2-ethane
diamine 

i V - ( 2 - h y d r o x y h e x y l ) - i V , i V ^ ' -
tr imethyl -1 ,2-ethanediamine 

iV , iV , iV -n -buty ld imethy lamine 
i V ^ j i V - n - n o n y l t r i m e t h y l a m i n e 
condensation product 
i V , i V , i V - ( l - h y d r o x y l - l - p h e n y l -

ethyl) d imethy lamine 

% Yield 

40 182 

49 
33 
18 
44 
33 

30 

40 

37 
30 
18 

28 

°C, bpb 

32 
12 

49 

182 
61 (4.5 m m ) 

52 (2.9 m m ) 

69 (0.3 m m ) 

85 (0.5 m m ) 

69 (0.5 m m ) 

81 (1.5 m m ) 

39 84 (0.7 m m ) 

92 
52 (2.9 m m ) 

72 (0.25 m m ) 

b See experimental for literature references and physical constants when available. 

than 250 m l — i t is too vigorous. ) T h e evolut ion of gas was observed as 
it passed out of the system through an o i l bubbler . Per i od i ca l l y a 2 -ml 
sample of the solution was w i t h d r a w n and injected into a serum bottle 
containing 2 m l of t r imethys i l y l chlor ide a n d 10 m l of d i e t h y l ether. T h i s 
derivat ive solution was h y d r o l y z e d , washed, a n d d r i e d over anhydrous 
sod ium sulfate. T h e ether layer was analyzed b y G L C , a n d the amounts 
of n -buty l tr imethyls i lane and phenyl tr imethyls i lane were determined. 

% Unreacted n - b u t y l l i t h i u m 

(Area) T M S b u t y i 

Mw T M S b u t y l (Area) T M S phenyl + (Area) T M S b u t y l 

MW T M S PHE„y, A m e r l c a n chemical 

Society Library 
1155 16th St. N. W. 

Washington, 0. C. 20036 
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48 P O L Y A M I N E - C H E L A T E D ALKALI M E T A L COMPOUNDS 

W h e n a l l of the gas h a d evolved , the heat was removed , the so lut ion 
we ighed , a n d a sample a l l owed to react w i t h t r imethy l s i l y l ch lor ide a n d 
analyzed b y G L C . 

°7 Y i e l d — (Area) T M S b u t y i 
0 (moles B u L i ) (130) (area) benzene 

[ ( Init ia l wt benzene present) — (moles B u L i ) 7 8 ] 

Recommended Preparation of Phenyl l i thium-TMEDA in Benzene. 
A 5-liter flask fitted w i t h a thermometer , stirrer, reflux condenser, a n d 
pressure-equal iz ing d r o p p i n g funne l was flushed w i t h argon a n d charged 
w i t h 878 grams (13.65 moles) of n - b u t y l l i t h i u m ( 2 7 . 1 % ) i n benzene a n d 
2,560 m l of benzene. ( I t is not necessary to use n - b u t y l l i t h i u m at this 
concentrat ion because the 1:1 complex is not soluble i n benzene beyond 
about 1 9 % p h e n y l l i t h i u m at room temperature. T h e extra benzene need 
not be a d d e d w h e n an in situ react ion is p lanned . ) T h e s low addi t ion of 
1,960-ml (13.0 moles) of T M E D A was begun. T h e temperature was 
a l l o w e d to rise to 5 0 ° C w i t h about one- third of the T M E D A added . T h e 
gas evolut ion was vigorous at this point , a n d the rest of the T M E D A 
was added over 1.5 hrs as butane evolut ion gradua l ly s lowed. ( G o o d 
coo l ing i n the condenser was necessary to prevent the carryover of 
benzene w i t h the butane. ) T h e solution was then heated cautiously to 
7 9 ° C then cooled q u i c k l y under argon. Y i e l d was 100%—6,100 grams of 
an 18.89% p h e n y l l i t h i u m solution. P h e n y l l i t h i u m : T M E D A mole ratio 
was 1.04 b y G i l m a n double t i trat ion (17 ) . 

Thermal Stability of Organol i thium-TMEDA Complexes. A b o u t 
400 m l of the o r g a n o l i t h i u m - T M E D A complex was p laced i n a bottle 
a n d then ana lyzed us ing the G i l m a n double t i trat ion (17). T h e bottle 
was p laced i n a c i r cu la t ing constant-temperature o i l b a t h at the desired 
temperature (usual ly 35° C ) a n d left for 30 days. T h e solution was 
reanalyzed. 

% Decompos i t ion of act ive m a t e r i a l / d a y 

_ (Net contained) i n i t i a i — (Net contained) f j n a i 

(Net contained) i n i t i a l 

(30 days) 
Preparation of ( Benzyllithium >2--TMED A in Toluene. A 12-liter 

flask e q u i p p e d w i t h pressure-equal iz ing d r o p p i n g funnel , stirrer, reflux 
condenser, a n d thermometer was p u r g e d w i t h argon a n d charged w i t h 
7,096 grams of 2 2 . 8 % n - b u t y l l i t h i u m i n toluene. T h e system was sealed 
f r o m the a ir b y an o i l bubb le r under s l ight posit ive argon pressure. A b o u t 
3 0 % of 1,470 grams of T M E D A ( 1 % excess) was a d d e d over 40 m i n to 
b r i n g the react ion to 56 ° C w i t h vigorous gas evolut ion. T h e complete 
add i t i on took 95 m i n . T h e flask was heated to 70 ° C and then cooled to 
room temperature. T h e clear, deep red-orange solution w e i g h e d 7,100 
grams; i t was analyzed as 36.0 w t % b e n z y l l i t h i u m b y G i l m a n double 
t i t rat ion w i t h 1 0 1 % y i e l d . Analys i s b y G L C us ing t r imethy l s i l y l ch lor ide 
der ivat ive a n d mesitylene as an interna l standard gave 3 5 . 5 % concen
trat ion a n d a y i e l d of 1 0 0 % . 
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2. SMITH Tertiary Diamine Organolithium Complexes 49 

Ring-isomer Content in Benzyl l i thium-TMEDA Complexes. O n l y 
solutions of b e n z y l l i t h i u m - T M E D A complexes w i t h l i t t le or no b u t y l 
l i t h i u m were analyzed . A 2 -ml a l iquot of the solution i n a syringe was 
injected into a smal l bottle containing 10 m l of ether a n d 3 m l of d i m e t h y l 
sulfate under argon. T h e react ion was vigorous. A f t e r 20 m i n the solution 
was washed w i t h water , d r i e d over anhydrous N a 2 S 0 4 , a n d ana lyzed b y 
G L C us ing a 10-ft, 1 0 % T r i t o n - S 3 0 5 / C h r o m a s o r b W at 90 °C . ( O n l y 
p a r t i a l resolution of meta and para isomers was obtained, a l though i t 
c ou ld have been observed whether a re lat ive ly s m a l l amount of p a r a 
isomer was present.) T h e percent of r i n g isomer was ca lculated f rom 
the tota l amount of r i n g isomer plus the ethylbenzene present. 

Preparation of Benzyl l i thium-TED Solid Complex. A 500-ml flask 
e q u i p p e d w i t h a stirrer, thermometer , and reflux condenser after p u r g i n g 
w i t h argon was charged w i t h 184 grams 15 .2% n - b u t y l l i t h i u m i n hexane, 
a n d 47.9 grams T E D ( 2 % def ic iency) was added. T h e solut ion was then 
heated after a d d i n g 48.2 grams of toluene ( 1 2 % excess). T h e solut ion 
was refluxed 3.25 hrs. I t was then cooled to 10 ° C , st irred for 1 hr , a n d 
filtered under argon. T h e y e l l o w crystals were d r i e d for 6 hrs (1 m m ) 
at room temperature. T h e y i e l d was 8 9 % or 80.6 grams of so l id complex. 

Preparation of A l l y l l i t h i u m - T M E D A Solid Complex. A 1-liter flask 
e q u i p p e d w i t h a gas inlet tube, stirrer, a n d thermometer was p u r g e d w i t h 
nitrogen and charged w i t h 437 grams of 10 .0% sec -buty l l i th ium i n hexane. 
T h e solution was cooled to — 5 ° C , and 77.7 grams of T M E D A were 
a d d e d w i t h coo l ing to mainta in — 5 ° C . A b o u t 43.0 grams ( 5 0 % excess) 
of propene were dissolved i n the solution i n 30 m i n . T h e solution was 
then added to a 1-liter h e a v y - w a l l pressure bottle , sealed, a n d heated to 
4 5 ° C w i t h mechanica l shaking (a Parr low-pressure reactor ) . T h e solution 
was then cooled to 10 ° C a n d filtered. T h e yel low-orange prec ipi tate was 
r insed w i t h pentane a n d b l o w n dry w i t h argon. T h e y i e l d was 90 grams 
of the so l id complex desired or 8 0 % . (Pressure is opt ional i n final 
w a r m - u p . ) 

Preparation of Croty l l i th ium-TMEDA. A 500-ml flask e q u i p p e d 
w i t h a stirrer, thermometer, condenser, and gas-inlet tube was p u r g e d 
w i t h argon a n d charged w i t h 191 grams of 12 .2% sec -buty l l i th ium i n 
cyclohexane. T h e solut ion was cooled to — 5 ° C , a n d 41.4 grams ( 2 % 
defic iency) of T M E D A was added w h i l e coo l ing to mainta in — 5 ° C . T o 
this solution 30.6 grams ( 5 0 % excess) of 1-butene was a d d e d at 0 ° C i n 
20 m i n . T h e solut ion was a l l owed to w a r m to 25 ° C over 30 m i n , heated 
to 40 ° C qu i ck ly , a n d then cooled to room temperature. T h e dark, r e d -
orange solut ion t i trated as 3 .39N base or 1.13M w i t h a vo lume of 297 m l , 
corresponding to a y i e l d of 9 2 % . G L C analysis of the t r imethy l s i l y l 
der ivat ive of this solution gave the composit ion of the solution as 29.5 ± 
1% l - l i th io -2 -butene ( t e rmina l ) a n d 70.5 ± 1 % 2-l ithio-3-butene ( inter 
na l ) at 55°C . Analys is of the solution at 2 0 ° C gave 29 .0% terminal . 

Preparation of Lithiated Ν,Ν,Ν',Ν'-Tetramethylethylenediamine. 
A 500-ml flask e q u i p p e d as above was charged w i t h 157 grams of 11 .4% 
sec -buty l l i th ium i n cyclohexane. T h e solution was cooled to 0 ° C a n d 
32.5 grams of T M E D A was added w h i l e s t i rr ing w i t h further coo l ing to 

I mainta in 0 ° C . T h e solut ion was heated to 4 9 ° C for 1 h r ( w h e n gas 
evo lut ion complete ly s topped) , then cooled to room temperature. T h e 
dark, b rown- red solution was almost clear a n d w e i g h e d 175 grams. G L C 
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50 POL Y A M I N E - C H E L A T E D ALKALI M E T A L COMPOUNDS 

analysis of the t r i m e t h y l s i l y l der ivat ive showed no sec -buty l l i th ium re 
m a i n i n g . Analys is of the solution b y G i l m a n double t i trat ion gave a net 
product concentration of 18 .5% w i t h the mole rat io of t o ta l base to 
carbon-bound l i t h i u m of 2.06. T h e y i e l d based o n this t i trat ion was 9 5 % . 

Preparation of Lithiated Trimethylamine. A f t e r p u r g i n g a 500-ml 
h e a v y - w a l l bottle w i t h argon, i t was charged w i t h 175 grams (0.325 
mo le ) of 11 .9% sec -buty l l i th ium i n cyclohexane. T h i s solut ion was coo led 
under argon to —10°C, a n d 38.4 grams (0.65 mo le ) of t r imethy lamine 
was dissolved i n the solut ion w i t h coo l ing to mainta in — 10°C. T h e 
bott le was sealed off, p laced i n a P a r r laboratory pressure reactor, a n d 
heated to 60 ° C for 3 hrs w i t h shaking. T h e clear, dark, b r o w n - y e l l o w 
solut ion was cooled to ambient temperature a n d analyzed . T h e solution 
w e i g h e d 190 grams, a n d contained no sec -buty l l i th ium b y G L C analysis 
of the t r imethy l s i l y l ch lor ide der ivat ive . T o t a l base analysis of the filtered 
solut ion was 19 .2% ind i ca t ing a product concentration of at least 6 .6% 
for a 6 0 % y i e l d . 

Preparation of Other Lithiated Tertiary Amines and Diamines. 
T h e procedure f o l l owed for these compounds was the same as that used 
for the l i th ia ted T M E D A descr ibed above. 

Synthetic Reactions of Organolithium-Tertiary Diamine Complexs. 
W h e n ( b e n z y l l i t h i u m ) 2 - T M E D A , p h e n y l l i t h i u m - T M E D A , c r o t y l l i t h i u m -
T M E D A a n d l i th ia ted T M E D A or t r imethy lamine solutions were used, 
f rom 0.4 to 0.5 mole of the organo l i th ium complex i n the hydrocarbon 
solvent was added to a 500-ml flask under argon a n d cooled to the appro
pr iate temperature. I n the cases of b e n z y l h t h i u m - T E D a n d a l l y l l i t h i u m -
T M E D A the so l id complexes were a d d e d as a solvent. A molar equivalent 
of the part i cu lar reactant was a d d e d via a pressure-equal iz ing d r o p p i n g 
funne l over a g iven interva l w i t h s t i rr ing at a constant temperature. 
( A b o u t 1 0 % excess of the organo l i th ium c o m p o u n d was used.) A t a 
selected t ime the solution was h y d r o l y z e d w i t h excess water. T h e organic 
layer was separated f rom the aqueous layer, washed two or three t imes 
w i t h 1 0 % aqueous a m m o n i u m chlor ide , a n d d r i e d over anhydrous 
N a 2 S 0 4 . T h e solvent was removed b y d ist i l lat ion at reduced pressures. 
T h e crude product was pur i f ied b y recrystal l izat ion or d is t i l lat ion . I n 
a l l cases the in f rared spectra were compared w i t h knowns or were 
examined to ascertain their agreement w i t h the assigned structures. T h e 
p h y s i c a l constants were also compared w i t h l i terature values w h e n pos
sible. Analyses were m a d e i n cases where doubt existed concerning the 
structure because start ing materials h a v i n g s imi lar structures m a y have 
been contaminants; the results were i n agreement. 

P H E N Y L L I T H I U M - T M E D A IN B E N Z E N E . Benzophenone. A d d e d ben
zophenone dissolved i n benzene at 5 ° C over 1 h r ; let w a r m 1 h r ; h y d r o 
l y z e d , used extra benzene d u r i n g w o r k - u p ; recrysta l l i zed f rom 1:1 
methanol -ethanol ; m p 161°C ( l i t . m p 162 .5 °C) ; 9 5 % , t r ipheny l carb ino l 
(36). 

Cyclohexanone. A d d e d cyclohexanone dissolved i n T H F at 0 ° C i n 
1 hr ; let w a r m 1 h r ; h y d r o l y z e d ; recrysta l l ized f r o m heptane; m p 6 0 ° C 
(l i t . m p 61 ° C ) ; 5 9 % , 1-phenylcyclohexanol (37). 

( B E N Z Y L L I T H I U M ) 2 - T M E D A IN T O L U E N E . Trimethylsilyl chloride. 
A d d e d t r i m e t h y l s i l y l ch lor ide dissolved i n ether at — 5 ° C over 1 h r ; let 
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2. SMITH Tertiary Diamine Organolithium Complexes 51 

w a r m 0.5 h r ; h y d r o l y z e d ; d i s t i l l ed product ; b p 5 9 ° - 6 2 ° C ( 5 m m ) ( l i t . b p 
1 8 4 ° - 5 ° C ) ; 8 1 % , benzy l tr imethyls i lane (38). 

1- Bromobutane. A d d i t i o n at — 2 0 ° C over 1 h r ; let w a r m 0.5 h r ; 
h y d r o l y z e d ; d i s t i l l ed product ; b p 6 1 ° - 6 4 ° (0 .5 m m ) ( l i t . b p 8 1 ° C ( 2 0 2 
m m ) ) ; 8 4 % , n -amylbenzene (36). 

Benzonitrile. A d d e d benzonitr i le at — 5 ° C over 1 h r ; let w a r m 1.5 
hrs ; used 2 0 % H C 1 for hydro lys is ; recrysta l l i zed f r om ethanol ; m p 5 3 ° -
5 4 ° C ( l i t . m p 6 0 ° C ) ; 1 6 % crude, b e n z y l p h e n y l ketone (36). 

Ethyl acetate. A d d e d 0.5-mole equivalents e thy l acetate at 0 ° C over 
1 h r ; let w a r m 0.5 h r ; h y d r o l y z e d ; d i s t i l l ed ; b p 1 2 2 ° - 1 2 5 ° C (0 .4 m m ) 
[ht. b p 1 2 2 ° C (0 .4 m m ) ] ; 4 3 % , d ibenzy le thano l ( 3 9 ) . 

Ethyl benzoate. A d d e d 0.5-mole equivalents of e thy l benzoate at 
5 ° C over 1 h r ; let w a r m 0.5 h r ; h y d r o l y z e d , recrysta l l i zed f rom heptane; 
m p 5 5 ° - 7 9 ° C ( c rude ) ( l i t . m p 8 6 ° C ) ; 2 2 % , l , 2 ,3 - t r ipheny l -2 -p ropano l 
(40). 

Cychpentanone. A d d e d cyclopentanone at — 4 0 ° C over 6 m i n ; let 
w a r m to 0 ° C ; h y d r o l y z e d ; d i s t i l l ed , recrysta l l i zed f rom heptane; m p 
5 5 ° C ( l i t . m p 5 9 ° C ) ; 3 5 % , 1 -benzylcyc lopentanol (37). 

Cyclohexanone. A d d e d cyclohexanone at — 5 ° C over 1 h r ; let w a r m 
for 1 h r ; h y d r o l y z e d ; recrysta l l ized f rom heptane; m p 5 5 ° C ( l i t . m p 
6 1 ° C ) ; 5 9 % , 1 -benzylcyc lohexanol (37). 

2- Butanone. A d d e d 2 -butanone at — 1 5 ° C over 1 h r ; let w a r m for 
0.5 h r ; h y d r o l y z e d ; d i s t i l l ed ; b p 9 2 ° - 9 4 ° C (0 .5 m m ) [ l i t . b p 1 1 0 ° - 1 1 2 ° C 
( 4 m m ) ] ; 5 3 % , 2 -benzyl -2 -butanol (41). 

Diisopropyl ketone. A d d e d d i i s opropy l ketone at — 5 ° C over 1 h r ; 
let w a r m 0.5 h r ; h y d r o l y z e d ; d i s t i l l ed ; b p 9 6 ° C (0.1 m m ) [ l i t . b p 9 9 ° C 
( 1 m m ) ] ; 8 2 % , 3 -benzyl -2 ,4 -d imethyl -3 -pentanol (42). 

Benzaldehyde. A d d e d benzaldehyde at — 3 5 ° C over 20 m i n ; h y d r o 
l y z e d ; d i s t i l l ed ; b p 6 2 ° C (0 .5 m m ) [ l i t . b p 8 1 ° C ( 1 0 m m ) ] ; 8 0 % 
n-amylbenzene (36). 

Benzophenone. A d d e d benzophenone dissolved i n toluene at — 1 5 ° C 
over 18 m i n ; let w a r m over 50 m i n ; h y d r o l y z e d ; recrysta l l i zed f r om 
ethanol ; m p 8 6 ° C ( l i t . m p 8 9 ° C ) ; 9 2 % , 1 ,1,2 - tr iphenylethanol (36). 

B E N Z Y L L I T H I U M - T E D . 1-Bromobutane. A d d e d 1 -bromobutane to 
complex dissolved i n ether at reflux over 1 h r ; ref luxed overnight ; h y d r o 
l y z e d ; d i s t i l l ed ; b p 6 2 ° C (0 .5 m m ) ( l i t . b p 8 1 ° C ) ; 8 0 % , n -amylben 
zene (36). 

Bromobenzene. A d d e d mole equivalents bromobenzene to complex 
dissolved i n d i e thy l ether at reflux over 6 5 m i n ; stand overnight ; h y d r o 
l y z e d ; recrysta l l i zed f rom methano l ; m p 5 0 ° C ( l i t . m p 5 6 ° C ) ; 3 2 % , 2-
b e n z y l b i p h e n y l (44). 

lodobenzene. Same procedure as for bromobenzene; m p 4 9 ° C ( l i t . 
m p 5 6 ° C ) ; 2 0 % , 2 - b e n z y l b i p h e n y l (43). 

Benzonitrile. A d d e d benzonitr i le to complex dissolved i n T H F at 
— 1 0 ° C over 1 hr , st irred at — 1 0 ° C for 0.5 h r ; let w a r m for 1 h r ; h y d r o 
l y z e d normal ly , but a d d e d 2 0 % H C 1 to crude so l id product i n isolat ion to 
complete hydrolys is of imine ; recrystal l izat ion f r om ethanol ; m p 5 3 ° C 
(ht . m p 6 0 ° C ) ; 5 9 % , b e n z y l p h e n y l ketone (36). 

Ethyl acetate. A d d e d 0.5 -mole equivalent e t h y l acetate to the c o m 
plex dissolved i n d i e t h y l ether at 3 5 ° C over 4 5 m i n ; let w a r m overnight ; 
h y d r o l y z e d ; o i l residue isolated after r emova l of volat i les ; in f rared i n d i -
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52 POL Y A M I N E - C H E L A T E D ALKALI M E T A L COMPOUNDS 

cated that the tert iary a lcohol was present b u t i m p u r e ; 2 5 % crude ; 1,1-
d ibenzy le thano l (39 ) . 

Ethyl benzoate. A d d e d 0.5-mole equivalent e thy l benzoate to c om
plex dissolved i n T H F at 0 ° C over 0.5 h r ; let w a r m over 1.5 h r ; h y d r o 
l y z e d ; recrystal l ized f rom ethanol ; m p 8 3 ° C ( l i t . m p 8 6 ° C ) ; 6 6 % , 1,2,3-
t r iphenyl -2 -propano l (39). 

Methyl vinyl ketone. A d d e d m e t h y l v i n y l ketone to complex d is 
solved i n T H F at —10°C over 50 m i n ; let w a r m over 1 hr ; h y d r o l y z e d ; 
d i s t i l l ed ; pot temperature mainta ined be l ow 75°C , yet apparent decom
posit ion or rearrangement occurred ; pot residue h a d a b p > 78 ° C (0.2 
m m ) ; in f rared ind i cated considerable h y d r o x y l a n d carbony l groups 
present i n pot residue. 

Crotonaldehyde. A d d e d crotonaldehyde to complex dissolved i n 
d i e t h y l ether at 0 ° C over 20 m i n ; let w a r m over 1 hr ; h y d r o l y z e d ; no 
product , only po lymer isolated. 

2-Butanone. A d d e d 2-butanone to complex dissolved i n d ie thy l ether 
at 0 ° C over 40 m i n ; let w a r m over 1 h r ; h y d r o l y z e d ; d i s t i l l ed ; b p 6 7 ° C 
(0.3 m m ) [ l i t . b p 110° -112°C (14 m m ) ] ; 6 5 % , 2-benzyl -2-butanol (41). 

Cyclopentanone. A d d e d cyclopentanone to complex dissolved i n 
T H F at —10°C over 1 h r ; let w a r m over 1 h r ; h y d r o l y z e d ; recrysta l l i zed 
f rom heptane; m p 5 6 ° C ( l i t . m p 5 9 ° C ) ; 1-benzylcyclopentanol (37). 

Cyclohexanone. A d d e d cyclohexanone to complex dissolved i n d i 
e thy l ether at —10 ° C over 1 hr ; let w a r m overnight ; h y d r o l y z e d ; re
crysta l l i zed f rom heptane; m p 5 5 ° C ( l i t . m p 6 1 ° C ) ; 4 5 % , 1-benzyl-
cyc lohexanol (37). 

Diisopropyl ketone. A d d e d d i i sopropy l ketone to complex dissolved 
i n d i e t h y l ether at —10°C i n 5 m i n ; let w a r m to 10°C over 18 m i n ; 
h y d r o l y z e d ; d i s t i l l ed ; b p 110°C (1 m m ) [ l it . b p 9 9 ° C (1 m m ) ] ; 6 0 % , 
3-benzyl -2 ,4-dimethyl-3-pentanol (42). 

Benzaldehyde. A d d e d benzaldehyde to complex dissolved i n T H F 
at 0 ° C over 1 h r ; let w a r m over 2 hrs ; h y d r o l y z e d ; recrysta l l ized f r om 
ethanol ; m p 6 5 ° C ( l i t . m p 6 7 ° C ) ; 8 1 % , 1,2-diphenylethanol (36). 

Benzophenone. A d d e d benzophenone dissolved i n d i e t h y l ether to 
complex dissolved i n d i e t h y l ether at —10°C over 0.5 hr ; s t i rred 0.5 h r 
more at —10°C, then let w a r m overnight ; h y d r o l y z e d ; recrysta l l ized f r o m 
methanol ; m p 8 7 ° C ( l i t . m p 8 9 ° C ) ; 9 9 % , 1,1,2-triphenylethanol (36). 

Indanone. A d d e d indanone dissolved i n T H F to complex dissolved 
i n T H F at —10°C for 45 m i n ; let w a r m over 1.5 hrs ; h y d r o l y z e d ; d i s t i l l ed 
a n d recrysta l l i zed f rom ethanol ; m p 141 ° C ( l i t . m p 1 5 5 ° C ) ; 2 0 % , 1-
b e n z y l - l - i n d a n o l (44). 

Fluorenone. A d d e d fluorenone dissolved i n d i e t h y l ether to complex 
dissolved i n d i e t h y l ether at 35 ° C over 25 m i n ; h y d r o l y z e d ; recrystal l ized 
f r om cyclohexane; m p 133° -136°C ( l i t . m p 1 4 3 ° C ) ; 8 3 % , 9-benzyl-9-
fluorenol (45). 

Lithium benzoate. A d d e d l i t h i u m benzoate to complex dissolved i n 
T H F at 35 ° C , heated to reflux for 25 m i n , cooled, st irred 1 hr before 
hydro lys is ; h y d r o l y z e d ; recrystal l ized f rom ethanol ; m p 5 6 ° C ( l i t m p 
6 0 ° C ) ; 4 4 % , b e n z y l p h e n y l ketone (36). 

A L L Y L L I T H I U M - T M E D A . Benzophenone. A d d e d benzophenone d is 
so lved i n d i e thy l ether to s lurry of the complex i n d i e t h y l ether at 20 ° C 
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2. SMITH Tertiary Diamine Organolithium Complexes 53 

over 0.5 h r ; s t i rred 1 h r ; h y d r o l y z e d ; d i s t i l l ed b p 1 2 8 ° C (0 .6 m m ) [ l i t . 
b p 1 3 5 ° C (0 .5 m m ) ] ; 9 1 % , l , l - d i p h e n y l - 3 - b u t e n - l - o l (46). 

Cyclohexanone. A d d e d cyclohexanone to s lurry of the complex i n 
d i e t h y l ether at 2 0 ° C over 20 m i n ; s t irred 2 0 m i n ; h y d r o l y z e d ; d i s t i l l ed ; 
b p 6 4 ° - 6 8 ° C ( 8 m m [l it . b p 8 1 ° C ( 1 5 m m ) ] ; 5 2 % , 1 -a l ly lcyc lohexa-
n o l ( 4 7 ) . 

C R O T Y L L I T H I U M - T M E D A IN H E X A N E . A d d e d acetone to complex i n 
solut ion at — 2 0 ° C over 0.5 hr ; let w a r m over 4 0 m i n ; h y d r o l y z e d ; d is 
t i l l e d ; b p 6 5 ° - 7 1 ° C ( 1 2 0 m m ) [ l i t . b p 1 3 3 ° - 1 3 5 ° C ( 7 6 0 m m ) ; 1 4 2 ° C . 
( 7 6 0 m m ) ] ; 1 1 % , 2 ,3 -d imethyl -4 -penten -2 -o l a n d fmns -2 -methyl -4 -hexen-
2 - o l ; in f rared ind i ca ted no cis olefin bonds (48). 

L I T H I A T E D N J N ^ N ^ N ' - T C T R A M E T H Y L E T H Y L E N E D I A M I N E ( I ) IN H E X A N E . 
These reactions were acidi f ied after hydrolys is a n d the organic layer 
d iscarded. T h e aqueous layer was made basic w i t h N a O H solution a n d 
extracted w i t h ether. T h e ether layer was d is t i l l ed after d r y i n g over 
anhydrous N a 2 S 0 4 . 

1- Bromobutane. A d d e d one-mole equivalent T M E D A to 1 2 % sec-
b u t y l l i t h i u m i n hexane a n d heated at 5 5 ° C for 1 hr , cooled to 0 ° C a n d 
added 0.95 -mole equivalent of 1 -bromobutane over 0.5 h r ; let w a r m to 
2 0 ° C ; h y d r o l y z e d ; d i s t i l l ed ; b p 1 8 2 ° C ( 7 6 0 m m ) [ l i t . b p 1 8 3 ° C ( 7 6 0 
m m ) ] ; 4 9 % , N - n - p e n t y l - N ^ ^ N ' - t r i m e t h y l e t h y l - l ^ - e t h a n e d i a m i n e (49). 
A n a l y t i c a l l y calculates for C 1 0 H 9 4 N 2 : C , 69.75; H , 13.95; N , 16.29. F o u n d : 
C , 69.75; H , 13.89; N , 16.49. 

2- Bromobutane. A d d e d 1 -mole equivalent T M E D A to 1 1 . 4 % sec-
b u t y l l i t h i u m i n hexane at 0 ° C , heated to 50 ° C for 1 h r a n d then cooled 
to 0 ° C ; a d d e d 1-mole equivalent 2 -bromobutane over 20 m i n ; let w a r m 
over 0.5 h r ; w o r k e d u p ; h y d r o l y z e d ; d i s t i l l ed ; b p 5 2 ° C (2 .9 m m ) ; 3 3 % , 
N- ( 2 -methy lbuty l ) - N ^ N ^ N ' - t r i m e t h y l - l ^ - e t h a n e d i a m i n e . 

Iodobenzene. A d d e d 1-mole equivalent T M E D A to 1 2 % sec -buty l -
l i t h i u m i n hexane at 0 ° C , heated at 5 5 ° C for 1.5 hrs ; cooled to 0 ° C a n d 
a d d e d 1-mole equivalent iodobenzene over 15 m i n ; st irred 1 h r at 2 0 ° C ; 
h y d r o l y z e d ; d is t i l l ed , b p 6 9 ° C (0 .3 m m ) [fit. b p 1 1 6 ° - 1 1 9 ° C ( 1 0 m m ) ] ; 
3 0 % , N - b e n z y l - ^ N ^ N ' - t r i m e t h y l - l ^ - e t h a n e d i a m i n e (49). A n a l y t i c a l l y 
ca lculated for C 1 2 H 2 0 N o : C , 75.00; H , 10.42; N , 14.58. F o u n d : C , 75.01; 
H , 10.32; N , 14.41. 

1-Bromooctane. A d d e d 1-mole equivalent T M E D A to 1 3 % sec-
b u t y l l i t h i u m i n hexane at 0 ° C , heated at 5 0 ° C for 1.25 hrs, cooled to 
2 0 ° C ; a d d e d 1-mole equivalent 1 -bromooctane over 0.5 hr , s t irred 0.5 h r 
more ; h y d r o l y z e d ; d i s t i l l ed ; b p 8 5 ° C (0 .5 m m ) [ht. b y 1 3 5 ° - 1 3 9 ° C ( 1 1 
m m ) ] ; 4 0 % , N -n -nony l -N ,N ' , JV ' - t r imethy l - l , 2 - e thaned iamine ( 5 0 ) . 

Bromocyclohexane. A d d e d 1-mole equivalent T M E D A to 1 5 . 5 % 
n - b u t y l l i t h i u m i n hexane at 0 ° C , heated to reflux 3.75 hrs a n d cooled to 
0 ° C ; a d d e d 1-mole equivalent bromocyclohexane over 20 m i n at 0 ° C ; 
w a r m e d s l owly over 0.5 h r ; h y d r o l y z e d ; d i s t i l l ed ; b p 6 9 ° C (0 .5 m m ) ; 
1 8 % , N- ( cyc lohexy lmethy l ) - N j N ' j N ' - t r i m e t h y l - l ^ - e t h a n e d i a m i n e . 

Cyclopentanone. A d d e d 1 -mole equivalent T M E D A to 1 1 . 9 % sec-
b u t y l l i t h i u m at 0 ° C , heated to 5 0 ° C for 1.25 hrs, cooled to 0 ° C a n d added 
1-mole equivalent cyclopentanone over 20 m i n ; st irred 2 0 m i n at 2 0 ° C ; 
h y d r o l y z e d ; d i s t i l l ed ; b p 81 ° C (1 .5 m m ) ; 2 8 % , N-( 1 -hydroxycyc lopen-
t y l m e t h y l ) - I V ^ ^ N ' - t r i m e t h y l - l ^ - e t h a n e d i a m i n e . 
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54 POLYAMINE-CHELATED ALKALI M E T A L COMPOUNDS 

Valeraldehyde. A d d e d 1-mole equivalent T M E D A to 15 .5% n -buty l 
l i t h i u m i n hexane at 0 ° C , heated at reflux 3.75 hrs, cooled to —10 °C , 
a n d added 1-mole equivalent valeraldehyde over 20 m i n ; let w a r m over 
0.5 hr ; h y d r o l y z e d ; d i s t i l l ed ; b p 84 ° C (0.7 m m ) ; 3 9 % , N-(2-hydroxyl-
h e x y l ) - N ^ ^ N ' - t r i m e t h y l - l ^ - e t h a n e d i a m i n e . 

L I T H I A T E D T R I M E T H Y L A M I N E ( I I ) IN H E X A N E . L i t h i a t i o n of t r imeth 
y lamine was done i n a pressure reactor d u r i n g the heat ing step for actual 
l i th ia t ion of the tertiary amine. 

l-lodopropane. A d d e d 2 mole equivalents t r imethy lamine to 15 .1% 
n - b u t y l l i t h i u m i n hexane at 0 ° C ; solution heated at 7 0 ° C for 5 hrs and 
cooled to — 10 °C ; 0.85-mole equivalent 1 - iodopropane added over 20 
m i n ; w a r m e d over 0.5 h r ; h y d r o l y z e d ; d i s t i l l ed ; b p 92 ° C (760 m m ) [ l i t . 
b p 95 ° C (760 m m ) ] ; 3 2 % , N , N , N - n - b u t y l d i m e t h y l a m i n e (51) . 

1-Bromooctane. A d d e d 2-mole equivalents t r imethy lamine to 13 .2% 
sec -buty l l i th ium i n hexane, heated to 60 ° C for 3 hrs, cooled to —10 °C , 
a n d added 1-mole equivalent 1-bromooctane over 20 m i n ; let w a r m to 
2 0 ° C ; h y d r o l y z e d ; d i s t i l l ed ; b p 52 ° C (2.9 m m ) [lit . b p 209 °C (741 
m m ) ] ; 3 3 % , Ν ,Ν ,Ν - d i m e t h y l n o n y l a m i n e (52). 

Benzaldehyde. A d d e d 2 mole equivalents t r imethy lamine to 11 .9% 
sec -buty l l i th ium i n cyclohexane at —10 ° C , heated to 50 ° C for 6 hrs, 
cooled to — 10 ° C ; added 0.85-mole equivalent benzaldehyde over 0.5 h r ; 
let w a r m over 0.5 h r ; h y d r o l y z e d ; d i s t i l l ed ; b p 7 2 ° C (0.25 m m ) [ l i t . b p 
170°C (760 m m ) ] ; 4 9 % , ( l - h y d r o x y - l - p h e n y l e t h y l ) d i m e t h y l a m i n e (53). 
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3 

Stereochemical Properties of N-Chelated 

Alkali Metal Complexes 

GALEN STUCKY 

University of Illinois, Urbana 61801 

This review examines the structure and bonding of Group I 
organometallic complexes. The results demonstrate that 
ground-state geometries of neutral delocalized molecules 
are not good models for the reduced species that form 
upon reduction with Group I metals, and that for aromatic 
species a significant loss of aromatic character occurs. Solid
-state structural results are consistent with observations 
made via ESR in solution for the naphthalene radical 
anion. In general the symmetries of the carbanion mole
cules are consistent with the symmetries of the highest
-occupied molecular orbitals obtained from semiempirical 
molecular orbital theory. A model is presented for predict
ing the position of the metal atom with respect to the 
delocalized carbanion in contact-ion pairs. 

Λ l k a l i metals a n d their organic complexes f o rm an important class of 
u n i q u e l y reactive species that have f o u n d increas ing use i n organic 

a n d inorganic syntheses. F o r example o rgano l i th ium reagents, i n a d d i 
t i on to undergo ing the remarkable reactions l is ted i n T a b l e I , d i sp lay the 
chemistry t y p i c a l of organomagnes ium systems, w i t h the a d d e d benefit 
that o rgano l i th ium reagents are general ly more reactive. 

T h e c h e m i c a l reactivit ies of the a l k a l i meta l organometal l i c c om
pounds ( R M ) v a r y w i d e l y de pe nd ing on meta l M , bas ic i ty of the solvent 
systems used, a n d steric a n d electronic properties of the organic group R. 
I n m a n y reactions an important factor is the s tabi l i zat ion resul t ing f r om 
format ion of a de loca l i zed carbanion system as i n the po lymer i za t i on of 
dienes or aromatic subst ituted ethylenes, a n d i n Reactions 3, 4, 5, a n d 10 
i n T a b l e I . It is p r i m a r i l y w i t h these de loca l i zed carbanion systems that 
this r ev i ew is concerned a l though saturated o rgano l i th ium compounds 
are discussed brief ly. 

56 
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3. STUCKY Stereochemical Properties 57 

T h e r e have been numerous attempts to e luc idate b o t h the nature of 
the i on -pa ir interactions a n d the de loca l i zed carbanion geometries of 
chelated a l k a l i m e t a l organic systems i n so lut ion (18). T h e r e is n o w 
apparent agreement that this e q u i l i b r i u m : 

S 
R M B n ç± R - I M B „ S + 

C o n t a c t Solvent-separated 

( R = organic group, M = a l k a l i m e t a l , 
Β = coordinated base, a n d S = solvent) 

Table I." Reactions of A lkal i Metals and Their Organic Complexes 

Reaction Reference 

25°C 
1) L i + N 2 • L i 3 N 1 

1 a t m 
2) [ T M E D L i ] - n - B u + H 2 • [ T M E D L i J H + n - B u H 2, 8 

E t O H 
3) ( C 6 H 6 ) 3 C N a + N 2 0 — ( C e H 5 ) 3 C N 2 O N a • 

( C e H 6 ) 3 C O H + N 2 + E t O N a 4 

4) [ T M E D L i ] - n - B u + C H 3 C 6 H 6 - » 
[ T M E D L i ] C H 2 C e H 6 + n - B u H δ 

5) [ T M E D L i ] C H 2 C „ H 5 + n(CE.^=CK2) -> 
[ T M E D L i ] ( C H 2 — C H 2 ) „ C H 2 C e H 5 6-8 

6) 2 [ T M E D L i ] - n - B u + ( C 6 H 6 ) 2 F e - » 
2 ( [ T M E D L i ] C 6 H 5 ) 2 F e + 2 - n - B u H 9, 10 

7) R L i + C 6 H 6 F - » [(benzyne)] + L i C l + R H 11, 12 

8) R L i + C H 2 C 1 2 - » [CHC1: ] + L i C l + R H IS 
carbenoid 

9) R ' L i + C H 3 R 3 P + C 1 - - » [ C H ^ P R , ] + R ' H + L i C l U-15 
(ylide) 

10) 2 [ T M E D L i ] - n - B u + C 6 H 6 C H 2 — C H 2 C 6 H 6 - » 
( T M E D L i ) 2 [ C e H 5 C H = C H C e H 6 ] 2 - + 2 n - B u H 16 

11) Κ + C H 2 = C H — C H 2 — C H 2 — C H = C H 2 

T H F 
• C H 3 — C H = C H — C H = C H — C H 3 17 

H 2 0 
" T M E D = tetramethylethylenediamine; η-Bu = C t H , ; E t = C J H J . 

describes m u c h of the so lut ion chemistry of a l k a l i m e t a l organometal l i c 
reactions. W i t h more po lar solvents the react ion shifts to the r ight , a n d 
the format ion of solvent-separated i o n pairs may predominate . 
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58 POLY A M I N E - C H E L A T E D ALKALI M E T A L COMPOUNDS 

A s catalysts, solvent-separated organometal l i c complexes behave 
m u c h l i k e the heavier a l k a l i meta l complexes i n that b r a n c h e d p o l y m e r i 
zat ion products f orm. Contac t - i on pairs on the other h a n d favor stereo-
regular po lymer izat i on . Three important conclusions f r om earl ier studies 
of the catalyt ic behavior of N - che la ted organo l i th ium reagents are (19, 
20,21,22): (I) the most effective catalysts are those f o rmed w i t h tert iary 
amine groups coordinated to a l i t h i u m atom; (2 ) the existence of the 
carbanion as a discrete species is h i g h l y un l ike ly , a n d i on pairs or p a r 
t ia l l y covalent ly b o n d e d species are suggested i n IV-chelated organo
l i t h i u m reagents; a n d (3 ) catalyt ic ac t iv i ty of the R L i - a m i n e reagent 
increases w i t h increasing amine concentration u p to two moles of amine 
per mole of l i t h i u m . Greater amine concentrations do not affect the 
catalyst's act iv i ty . 

Because of the exceptional react iv i ty a n d c h e m i c a l importance of 
the amine-chelated o rgano l i th ium reagents, their stereochemical proper 
ties are of special significance. O u r interest centered on six po ints : 

a ) W h a t is the relat ive pos i t ion a n d or ientat ion of the m e t a l - a m i n e 
g r o u p w i t h respect to a g iven de loca l i zed carbanion i n a contact - ion pa i r ? 

b ) W h a t effect does the coordinated base have on the stereochemis
t r y of these systems? 

c ) Is i t possible to develop a p h y s i c a l m o d e l of the m e t a l - c a r b a n i o n 
interact ion that w i l l a l l ow pred i c t i on of the stereochemistry of any g iven 
contact pa ir? 

d ) W h a t effect does the occupancy of carbanion ant ibond ing o r b i -
tals have u p o n the geometry of the carbanion? 

e ) I n those cases where i t is possible to f o rm representative element 
metal—ττ-group complexes comparable w i t h organometal l i c t rans i t i on -
meta l complexes, w h a t s tructural differences do d orbitals cause? 

f ) A r e the solid-state molecu lar structures reasonable models to use 
i n interpret ing N M R , E S R , a n d electronic spectral results obta ined for 
solutions? 
T h e specific purpose of this r ev iew is to study these a n d re lated 
questions. 

Synthesis and Isolation of Complexes 

T h e react ion of toluene a n d b i p h e n y l l i t h i u m i n te trahydro furan gives 
about a 1% y i e l d of b e n z y l l i t h i u m (23). B y contrast, y ie lds of 8 0 % or 
greater are easily obta ined via the metalat ion react ion 

C 6 H 5 C H 3 + n - B u L i (benzene) + T M E D - * C 6 H 5 C H 2 L i T M E D 

T h e same react ion gives excellent yields w i t h fluorene, t r iphenylmethane , 
indene , a n d other b e n z y l i c precursors. A l s o , r e d u c i n g reactions, 
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3. STUCKY Stereochemical Properties 59 

ether 
2 M + [ΟΙΟ 1 —> ( M - e t h e r ) 2 

f requent ly give poor y ie lds of the des ired complex a n d a mixture of 
products but reactions l ike 

H H 

Ο J + 2 n -BuLi (benzene) + T M E D 

H H 

2 n B u H + [ L i T M E D ] 2 

are general ly c lean a n d give good yields of the d ian ion for a large n u m 
ber of systems (24, 25). T h e above method of synthesis enables p repara 
t ion of anions of unsaturated hydrocarbons that are not themselves 
isolable. F o r example , the d ian ion of pentalene can be prepared (26) b y 

^ ^ ^ y > + 2 n - B u L i 
T H F 

K O Ο ) [ ( T H F ) „ L i ] 2 + 2 n - B u H 

Subsequent react ion of this d i a n i o n w i t h nickelocene gives bis [penta leny l -
n i c k e l ( I I ) ] (27). 

A potent ia l ly useful synthesis for unsaturated organic compounds 
f rom saturated ones i s : 

C 6 H 5 H 
^ - C - C — - H + n - B u L i T M E D -> 

H I ^ C 6 H 5 

H 

C 6 H 5 ^ H H g 2 C l , 
J^TC = C _ ( L i T M E D ) 2 - » 

H ^ C 6 H 5 

C 6 H 5 . H 
C = C ^ + 2 H g + 2 L i T M E D C l I 

H ^ C 6 H 5 
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60 P O L Y A M I N E - C H E L A T E D ALKALI M E T A L COMPOUNDS 

R e m o v i n g hydrogen atoms f rom adjacent carbon atoms, as shown 
above for st i lbene, is general ly diff icult synthet ical ly . P r e l i m i n a r y w o r k 
(28) has s h o w n that dianions of acenaphthalene can be prepared by 
treat ing acenaphthene w i t h n - B u L i i n T H F . Unfor tunate ly the tech
n ique has l i m i t e d a p p l i c a b i l i t y — f o r example, s imi lar treatment of 9,10-
d ihydrophenanthrene does not give d ian ion format ion (28). W e have 
rout ine ly used a modi f ied vers ion of this react ion w i t h the base T M E D 
for years (24, 25)—as above i n the synthesis of naphthalene d ian ion . 
T h e d ian ion of phenanthrene w i t h T M E D can also be read i ly prepared 
b y this react ion : 

+ 2 M - B U L I T M E D 

[ L i T M E D ] 2 

+ 2 n - B u H 

A s this synthesis a n d that of the sti lbene d ian ion show, there appear 
t o be no par t i cu lar problems associated w i t h the remova l of protons 
f rom adjacent carbon atoms w i t h this reagent. T h e results suggest that 
the unusua l ab i l i t y of η-butyl or terf-butyl L i T M E D can be used to 
abstract protons f r om adjacent carbon atoms i n p r e p a r i n g cyc lobutadiene 
d i a n i o n via this react ion : 

CeHô ΟβΗδ 

V - Δ Ι 

CeHô 

+ 2 R L i T M E D 

ΟβΗδ 

ο 

CeHô 

CeHô 
f 

[ L i T M E D ] 2 

+ 2 R H 

CeHg 

N u m e r o u s other possibi l i t ies exist. 

Structural "Properties 

Struc tura l features of the π carbanion organometal l i c complexes are 
discussed here i n three sections: (1 ) π-carbanion geometry, (2 ) meta l -
base coordinat ion , a n d (3 ) metal - rr -carbanion geometry. T h e p r i m a r y 
too l used i n these studies was s ingle-crystal x-ray crystal lography. Se-
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3. STUCKY Stereochemical Properties 61 

lected results f rom N M R a n d E S R studies obta ined i n our laboratories 
a n d elsewhere are g iven where appropriate . 

S ingle -crystal x-ray studies of the contact- ion pa i r complexes s h o w n 
i n T a b l e I I have been completed . T h e data were measured w i t h a P i c k e r 
automated diffractometer, a n d the structures were so lved b y direct 
methods. H y d r o g e n atom positions were i n c l u d e d i n a l l the structures 
but usual ly not refined. Refinements of the structures were made us ing 
a fu l l -matr ix , least-squares technique w i t h neutral -atom scattering factors. 

I f the wave funct ion for the highest o c cup ied molecular o rb i ta l 
( H O M O ) of the complex is expressed i n the f o rm </ΉΟΜΟ = <Ê(carbanion) + 

<Êmetai-ngand> Φ (carbanion) w o u l d not necessarily have the same symmetry as 
the H O M O of the isolated carbanion i n the absence of the meta l atom 
perturbations. H o w e v e r i n a l l the systems w e have examined, this is 

Table II. Results of Single-Crystal X - r a y Studies of 
Contact-Ion Pair Complexes 

Space 
Compound group Ζ Rw 

C e H 6 C H 2 L i - N ( C H 2 ) 3 N toluene 
P2i/c 

4 0.083 
(C e H 6) 3 C L i · T M E D A " triphenylmethane P2i/c 4 0.068 
C 1 3 H 9 Li-[N(CH 2 ) 3 CH] 2 fluorene P2i/c 4 0.073 
C 9 H 7 L i - T M E D A indene PI 2 0.062 
C i 3 H 9 K · T M E D A 
Ci 2 H 8 [L i -TMEDA] 2 

C 9 H 8 [Li -TMEDA] 2 

fluorene P2i/c 4 0.028 C i 3 H 9 K · T M E D A 
Ci 2 H 8 [L i -TMEDA] 2 

C 9 H 8 [Li -TMEDA] 2 

acenaphthylene Fdd2 4 0.059 
C i 3 H 9 K · T M E D A 
Ci 2 H 8 [L i -TMEDA] 2 

C 9 H 8 [Li -TMEDA] 2 naphthalene P2i/c 2 0.057 
C i 3 H 1 0 [ L i . T M E D A ] 2 

C 2„H 1 6[Li-TMEDA] 2 

anthracene P2i/c 4 0.068 C i 3 H 1 0 [ L i . T M E D A ] 2 

C 2„H 1 6[Li-TMEDA] 2 bifluorene C2/c 4 0.045 
[C9H8A1(CH3) 2Na(THF) 2]2» 
[C 1 3 H 1 0 Al(CH 3 ) 2 Na(THF) 2 ] 2 

naphthalene P2,/c 2 0.080 [C9H8A1(CH3) 2Na(THF) 2]2» 
[C 1 3 H 1 0 Al(CH 3 ) 2 Na(THF) 2 ] 2 anthracene P2i/c 2 0.080 
CsHsMgBr-TEEDA' cyclopentadiene Ρηα2χ 

C2/m 
8 0.083 

[C 4 H 6 Li -TMEDA] 2 

[C6HsCH=C6H6CH] · 
[1.1.0]bicyclobutane 

Ρηα2χ 
C2/m 2 0.108 [C 4 H 6 Li -TMEDA] 2 

[C6HsCH=C6H6CH] · irans-stilbene C2/m 2 0.061 
[ L i T M E D A ] 2 

a T M E D A = tetramethylethylenediamine. 
6 T H F - tetrahydrofuran. 
c T E E D A = tetraethylethylenediamine. 

the case. Struc tura l results for the contact- ion pa i r are therefore, useful 
i n determining the symmetry properties of the H O M O of the carbanion. 

A s the first example consider the geometry of the neutra l n a p h t h a 
lene molecule (29) compared w i t h that of naphthalene i n [ L i ( T M E D ) ] -
naphthalene ( F i g u r e 1) ( 30 ) . T h e changes i n two of the b o n d lengths 
are very significant w i t h a decrease of 0.072 A i n the 2-3 bonds ( 1.415 to 
1.343 A ) and an increase of 0.051 A i n the 1-2 bonds. T h e symmetry of 
the H O M O i n the free d ian ion , as g iven b y s imple H u c k e l calculations, 
is also shown i n figure 1. 
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62 POL Y A M I N E - C H E L A T E D ALKALI M E T A L COMPOUNDS 

Table III. Coefficients of H O M O ( INDO) 

C2/1 _ C2J1 _ 

Orbital fOTOl [3l3l [ L i ( H 2 0 ) 2 ] 

s 0.03 0.01 
Ρχ - 0 . 1 0 - 0 . 0 9 
p » - 0 . 0 3 - 0 . 0 1 
P , 0.41 0.39 

c 2 s - 0 . 0 3 - 0 . 0 3 
Ρ , - 0 . 0 1 0.01 
P „ - 0 . 0 4 - 0 . 0 2 
Ρ , - 0 . 2 4 - 0 . 2 2 

C 3 s - 0 . 0 3 - 0 . 0 3 
Ρχ - 0 . 0 1 - 0 . 0 1 

- 0 . 0 4 - 0 . 0 2 
Ρ , - 0 . 2 4 - 0 . 2 2 

c 4 s 0.03 0.01 
Ρχ 0.10 0.09 
Ρν - 0 . 0 3 - 0 . 0 2 
Ρ , 0.41 0.39 

c 5 s - 0 . 0 5 - 0 . 1 0 
Ρχ - 0 . 0 4 - 0 . 0 4 
Ρν 0.00 0.00 
Ρ , 0.01 0.02 

c 6 s - 0 . 0 5 - 0 . 1 0 
Ρχ 0.04 0.04 
ρ » 0.00 0.00 
Ρ , - 0 . 0 1 - 0 . 0 2 

c 7 s 0.03 0.01 
Ρχ 0.10 0.09 
ρ » 0.03 0.02 
Ρ , - 0 . 4 2 - 0 . 3 9 

c 8 s - 0 . 0 3 - 0 . 0 3 
Ρχ - 0 . 0 1 - 0 . 0 1 
ρ . 0.04 0.02 
Ρ , 0.24 0.22 

c 9 s - 0 . 0 3 - 0 . 0 3 
Ρχ 0.01 0.01 
ρ » 0.04 0.02 
Ρ , 0.24 0.22 

C10 s 0.03 0.01 
Ρχ - 0 . 1 0 - 0 . 0 9 
ρ » 0.03 0.02 
Ρ , - 0 . 4 2 - 0 . 3 9 
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3. STOCKY Stereochemical Properties 

of the Naphthalene Dianion 
D 2 A 

H U M O 

®§> 
0.00 0 

- 0 . 0 8 0 
- 0 . 0 1 0 

0.36 0.42 

- 0 . 0 2 0 
0.01 0 

- 0 . 0 2 0 
- 0 . 2 1 - 0 . 2 8 

- 0 . 0 2 0 
- 0 . 0 1 0 
- 0 . 0 2 0 
- 0 . 2 1 0.28 

0.00 0 
0.08 0 

- 0 . 0 1 0 
0.35 0.42 

- 0 . 1 1 0 
- 0 . 0 4 0 

0.00 0 
0.01 0 

- 0 . 1 1 0 
0.04 0 
0.00 0 

- 0 . 0 1 0 

0.00 0 
0.08 0 
0.01 0 

- 0 . 3 5 - 0 . 4 2 

- 0 . 0 2 0 
- 0 . 0 1 0 

0.02 0 
0.21 0.28 

- 0 . 0 2 0 
0.01 0 
0.02 0 
0.21 0.28 

0.00 0 
- 0 . 0 8 0 

0.01 0 
- 0 . 3 5 - 0 . 4 2 
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64 P O L Y A M I N E - C H E L A T E D A L K A L I M E T A L COMPOUNDS 

Table III. 

C2h _ 

ΟΪΟΥ (OTO) 2[Li(H20) 2] 

H i s 0.00 -0.02 
H 2 s 0.06 0.05 
H 3 s 0.06 0.05 
H 4 s 0.00 -0.02 
H 6 s 0.00 -0.02 
H , s 0.06 0.05 
H 7 s 0.06 0.05 
H 8 s 0.00 0.02 
L i x s 0.10 

P* 0.03 
p » -0.20 
P. -0.01 

s 0.04 
Ρχ -0.02 
p « 0.01 
P, 0.02 

B 2 s -0.04 
Px -0.02 
p . 0.01 
P, 0.03 

B 3 s -0.04 
Px 0.02 
p » -0.01 
P, -0.03 

B 4 s 0.04 
Px 0.02 
p . -0.01 
P, 0.03 

N o t e par t i cu lar ly the b o n d i n g contr ibut ion to the 2-3 b o n d a n d the 
ant ibond ing contr ibut ion to the 1-2 b o n d . T h e differences i n b o n d lengths 
suggest that the isolated carbanion symmetry is reta ined i n the complex. 
T h i s b o n d i n g feature of the [ L i ( T M E D ) ] 2 n a p h t h a l e n e complex was 
further conf irmed b y I N D O molecular o rb i ta l calculations (31 , 32); the 
results, i n more deta i l , are g iven i n T a b l e I I I for b o t h the free carbanion 
a n d naphthalene fragment i n [ L i B 2 ] 2 n a p h t h a l e n e . Because of computer 
storage l imitat ions , N H 3 or H o O was used to s imulate the coordinated 
amine l i g a n d . T h e symmetry of the H O M O of the free carbanion is 
B2 M (D 2 7 l ) or Β Μ ( 0 2 Λ ) . T h e d ian ion i n the contact- ion p a i r is d is t inct ly 
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3. STUCKY Stereochemical Properties 65 

Continued 

T>ih 

: i h H U M O 

OIOK LOIO 
-0.03 0 
0.05 0 
0.05 0 

-0.03 0 
-0.03 0 
0.05 0 
0.05 0 
0.03 0 
0.24 
0.01 

-0.24 
0.10 

Proceedings of the Royal Society 

Figure 1. Comparison of the geometries of the naphtha
lene molecule (29) geometry with that of the naphthalene 

fragment in (LiTMED)2naphthalene 

nonplanar , a n d the correct representation is B M i n the po int group 0 2 Λ . 
T h e presence or absence of coordinated base does not affect the order ing 
of the carbanion energy levels a l though i t signif icantly affects the amount 
of l i t h i u m s character used i n the H O M O . T h e net charge for the n a p h 
thalene group i n the monol i th io compounds is — 0.23e"; i n the d i l i th i o 
complex the net charge for the naphthalene group is — 0.31e~. T h i s sug 
gests that b o n d orders are not great ly different i n the two r e d u c e d 
naphthalene fragments. 

W a l s h a n d Pearson (33, 34) have suggested that in format ion about 
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66 P O L Y A M I N E - C H E L A T E D A L K A L I M E T A L COMPOUNDS 

the po int -group symmetry of the excited state of a neutra l molecule can 
often be ascertained f r om the anion's geometry. T h e first exc i ted state 
of a molecule conta in ing η electrons should be long to the same point 
group as the g round state of a s imi lar molecule h a v i n g η + 1 or η + 2 
electrons. T h e extra one or two electrons are assumed to be i n that 
molecu lar o r b i t a l that becomes oc cup ied i n the excited state. F o r example , 
a d d i n g electrons to a p lanar aromatic r i n g should cause some atoms to 
b e n d out of the p lane a n d the two-electron reductions of benzene w o u l d 
g ive the d ian ion of cyc lohexadiene: 

These should then be good representations of the geometries of the 
exc i ted states of the parent neutra l molecules, accord ing to Walsh ' s a n d 
Pearson's arguments. H o w e v e r i n most aromatic hydrocarbon anions, a 
s ingle-valence bond-resonance structure w o u l d probab ly be enough to 
describe the geometry a n d predic t the po int group symmetry—for ex
ample , for naphthalene, 

T h e pred i c ted geometry for the first excited state of naphthalene has 
been ca lculated b y F u j i m u r a , Y a m a g u c h i , a n d N a k a j i m a ( 3 5 ) ; see T a b l e 
I V . T h e calculations do not take into account the possible nonp lanar i ty 
of the excited state molecule nor are e lec tron-e lectron repulsions ex
pected to be the same for the first excited state a n d the d ian ion . H o w 
ever s imi lar i t ies i n the trends of the b o n d lengths f o u n d for naphthalene 
( T M E D L i ) 2 n a p h t h a l e n e a n d ca lculated for the B 2 u ( excited state of 
neutra l naphthalenes are encouraging ( T a b l e I V ) . 

T h e structure observed for the naphthalene group i n [ L i ( T M E D ) ] 2 -
naphthalene can best be descr ibed i n terms of a de loca l i zed molecular 
o r b i t a l ( M O ) p i c ture 

θ 

S i m i l a r l y , for b i p h e n y l : 
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3. STOCKY Stereochemical Properties 67 

C O — C O 
Table IV. Naphthalene Bond Lengths 

o l B i u 

a l B 2 „ 
*Dian ion 
^Naphthalene (B,„ ) 

1-2 

1.399 
1.427 
1.444(8) 
1.364(5) 

1-9 

1.421 
1.417 
1.432(9) 
1.421(5) 

2-3 

1.430 
1.382 
1.343(8) 
1.415(5) 

9-10 

1.457 
1.427 
1.447(10) 
1.418(5) 

° Theoretical values from Ref. 35. 
6 Observed values from Ref. 35. 

w i t h predominant contributions f r om the two valence-bond structures. 
A n alternative resonance f o r m of naphthalene more closely describes the 
geometry of the naphthalene fragment i n [Na (C 4 H802]2 [A l (CH 3 )2 -
Ci 0 H 8 ]2 (36, 37 ) . T h i s reagent is r ead i l y prepared b y this react ion : 

2 A 1 ( C H 3 ) 3 + 2 N a + T H F + n a p h t h a l e n e ^ 
Na (THF) 2[A1 (CH,) naphtha lene ] 

T h e geometry of the complex is shown i n F i g u r e 2, a n d the relevant 
dimensions of the naphthalene fragment are g iven i n F i g u r e 3. These 
b o n d distances a n d the puckered nature of the s ix -membered r i n g ( on 
the r ight , above) suggest a predominant valence b o n d structure of 

@o 
Before l eav ing the geometry of naphthalene anion, possible i m p l i c a 

tions of the above to the s tructural properties of solvated a l k a l i m e t a l 
contact- ion pairs i n solution are considered. Deta i l s of naphthalene 
anion geometry i n solut ion are unavai lab le , a n d inferences f r om spectro
scopic studies must be re l i ed on. At tempts have been made to fit the 
hyperf ine coup l ing constants of a l k a l i m e t a l - o r g a n i c - r a d i c a l anion sys
tems b y v a r y i n g the s tructura l parameters of the meta l complex ( 38, 39 ). 
W e observe that the molecular geometry f o u n d for the d i a n i o n shou ld 
be closely re lated to that of the monoanion since the same molecular 
o rb i ta l is used w i t h two - a n d one-electron occupation, respectively. I n 
this f ramework the results obta ined b y Pedersen a n d Gri f f in for the hyper 
fine c o u p l i n g constants of the protons of the naphthalene r a d i c a l mono
anion are g iven i n T a b l e V . 
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68 POL Y A M I N E - C H E L A T E D ALKALI M E T A L COMPOUNDS 

Table V . I N D O Hyperfine Coupling Constants (30) for 
the Napthalene Radical Anion 

Calculated 

Free anion Complex Obsda 

L i 0.19 0.22 0.1-0.4 
α - 5 . 3 - 5 . 8 - 5 . 5 - 5 . 3 4.9 
β - 0 . 8 8 1.60 1.72 - 0 . 8 6 1.83 

«Refs.40, 4î. 
b Assuming planar DÎA symmetry, with bond lengths as determined in the crystal 

structure of [ L i T M E D A ] 2 naphthalene and C — H distances of 1.08 A. 
c Naphthalene geometry as observed in the crystal structure of [ L i T M E D A ] 2 naph

thalene and C — H distances of 1.08 A . 
* Ref. .38. 
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3. STOCKY Stereochemical Properties 69 

Journal of the American Chemical Society 

Figure 3. Geometry of the naphthalene fragment in [Na(ChHs02)^\ 2 \.(CHs)t-
AIC10H8]2 (37) 

T h e observed values of the hyperf ine c oup l ing constants (40, 41) 
are i n the last c o l u m n of the table. Pedersen a n d Gr i f f in used the geome
try of the neutra l naphthalene molecule to calculate proton hyperf ine 
c ou p l i n g constants. T h e first c o l u m n lists the proton hyperf ine c oup l ing 
constants ca lculated us ing a p lanar geometry for the isolated naphthalene 
anion, but the b o n d lengths are taken f r om the crystal structure of the 
d ian ion . T h e results of Pedersen a n d Gr i f f in are not s ignif icantly changed. 
I n fact, the naphthalene molecule is definitely nonplanar i n naphthalene 
[ L i T M E D ] 2 , as shown b y F i g u r e 4. W h e n these angular distortions 
observed for the d ianon are i n c l u d e d , very large changes ( 2 8 2 % ) are 
observed i n the β c oup l ing constant f rom —0.88 to 1.60 vs. an observed 
va lue of 1.83). I n c l u d i n g the l i t h i u m atom i n the pos i t ion f ound i n the 
crystal structure further increases a lgebraica l ly the magni tude of the 
hyperfine c o u p l i n g constants of the a a n d β protons i n the d i rec t ion sug
gested b y the data. 
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70 P O L Y A M I N E - C H E L A T E D ALKALI M E T A L COMPOUNDS 

1 6 4 ° 

Figure 4. Nonplanarity of the naph
thalene fragment in [TMEDLÏ] 2naph-

thalene 

T h e b o n d lengths i n the r a d i c a l anion of naphthalene are p robab ly 
intermediate between those of the naphthalene d i a n i o n a n d the n a p h t h a 
lene molecule . T h e lower-energy angular distortions of the molecule 
f r om p lanar i ty m a y however be s imi lar i n the r a d i c a l a n d d ian ion species. 

A n important po int shou ld be made here. T h e H O M O of the contact 
r a d i c a l anion complex contains very l i t t le l i t h i u m s o rb i ta l character a n d 
correct ly predicts a re lat ive ly sma l l l i t h i u m hyperf ine contr ibut ion . T h i s 
does not necessarily mean that there is l i t t le or no m e t a l - o r g a n i c group 
covalent b o n d i n g as some workers have i m p l i e d . T h e comparat ive ly 
large l i t h i u m 2p coefficients i n the H O M O ( T a b l e I I I ) suggests i n fact 
that over lap of the l i t h i u m 2 P o rb i ta l w i t h the π-carbanion-orbital may 
i n d e e d be significant. 

Several approximations are i n v o l v e d i n these calculations. W e 
assumed, for example, that the posi t ion of a l i t h i u m - b a s e group w i t h re 
spect to the naphthalene molecu le is the same i n the r a d i c a l anion as one 
o f the l i t h i u m base groups i n the d ian ion , a n d that the base group ex
changes r a p i d l y on the E S R t ime scale f rom one r i n g to the other. T h e 
r i n g hyperf ine c o u p l i n g constants are then taken to be the average of those 
ca lcu lated for the two static structures. A l s o , no attempt was made to 
take into account any effects of solvent-separated ^± contact e q u i l i b r i a . 
T h e distortions i n the naphthalene r a d i c a l anion contact- ion p a i r m a y 
not be the same as those of the solvent-separated species. H o w e v e r , the 
exper imenta l proton hyperf ine c o u p l i n g constants of the naphthalene 
r a d i c a l anion are re lat ive ly independent of the counter i on or solvent 
used. T h e po int remains that it is almost certa inly incorrect to ignore 
angular distortions resul t ing i n nonp lanar i ty of the parent aromatic system 
w h e n interpret ing E S R data, as has been done b y a l l workers i n the field 
u n t i l now. Moreover , the nonplanar molecules are good models for de-
l o ca l i zed ττ-carbanions i n reactions w i t h e lectrophi l ic reagents, a n d even 
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3. STUCKY Stereochemical Properties 71 

i n solvent-separated systems solvent d ipo lar interactions m a y cause s ig 
nif icant distort ion f r om p lanar i ty . 

T h e structure of the anthracene molecular fragment i n [ L i T M E D ] 2 -
anthracene is g iven i n F i g u r e 5 (42). T h e dashed lines indicate the 
m o d a l points i n the H O M O . T h e signs of the changes i n b o n d distances 
again are a l l correct ly pred i c ted b y the symmetry of the H O M O . H o w 
ever, the magnitudes of the changes are somewhat less than i n 
[ L i T M E D ] 2 naphtha lene , as expected since the charge is de loca l i zed 
over 18 nuclear centers i n naphthalene a n d 24 i n anthracene. A s s u m i n g 
equa l d e r e a l i z a t i o n over each enter, the b o n d i n g a n d ant ibond ing con 
tr ibutions to a g iven b o n d i n anthracene shou ld be about 7 5 % of those 
i n naphthalene. T h e change i n length of the 2,3 b o n d go ing f r o m n a p h 
thalene to naphthalene 2 " is 0.072 A , w h i l e the corresponding change i n 
anthracene is 0.049 A (or 6 8 % ) of that i n naphthalene. T h e on ly other 
s imi lar b o n d i n the two systems is the 1,2 b o n d , for w h i c h there is a 6 2 % 
factor. T h e analogy is crude since the electron populat ions v a r y f r o m 
one atom p a i r to another. 

Proceedings of the Royal Society 

Figure 5. Comparison of the geometries of the anthra
cene (29) molecule and the anthracene group in 

[TMEDLÏ] ̂ anthracene 

L i k e the naphthalene d ian ion , the anthracene d i a n i o n is d ist inct ly 
nonplanar ( F i g u r e 6 ). H o w e v e r , there is some ind i ca t i on f rom the results 
obta ined for this complex that the angular distortions observed i n b o t h 
the naphthalene a n d anthracene dianions may be caused b y interactions 
of the unsaturated carbanion w i t h the L i T M E D group. T h e r e are three 
pre ferred sites i n anthracene to w h i c h the l i t h i u m atom is most l i k e l y to 
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72 POL Y A M I N E - C H E L A T E D ALKALI M E T A L COMPOUNDS 

Figure 6. Nonplanarity of the anthra
cene fragment in [TMEDLQ2anthra-

cene 

coord inate—over the centra l s ix -membered r ings, a n d the t w o positions 
s l ight ly to the outside of the centers of the outer two rings. I n the crystal 
structure, the two l i t h i u m atoms are located over the centra l s ix -membered 
r i n g a n d over one of the outside s ix -membered r ings. These two r i n g 
systems d i sp lay the most distort ion f r om planar i ty . 

T h e acenaphthalene molecule has 12 π electrons a n d is thus a n o n -
aromatic system. T h e d i a n i o n of acenaphthalene, however , contains 14 
π electrons a n d should be aromat ic ( 4 n + 2, η = 3 ) . W e have isolated 
[ L i T M E D ] 2 a c e n a p h t h a l e n e a n d determined its molecu lar structure ( F i g 
ure 7 ) (43). T h e structura l features a n d correlations noted for n a p h t h a 
lene a n d anthracene are equa l ly v a l i d for this molecule . 

I 

Acenaphthalene 

Figure 7. Molecular structure of acenaphthalene in 
[LiTMED] ^acenaphthalene 
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3. STUCKY Stereochemical Properties 73 

M a n y photochemica l studies of cis-trans isomerizat ion of st i lbene 
have been made. Herkstroeter a n d H a m m o n d (44) have measured rates 
of energy transfer to stilbenes a n d α-methylstilbenes f r o m tr ip le t sensi
tizers that have lower tr ip let energies than those of the olefins. F o r 
cis-sti lbene, the energy-transfer rates do not f a l l off as fast w i t h decreas
i n g sensitizer energy as pred i c ted ; this a n d other evidence suggests that 
energy transfer to stilbene does not produce an excited state w i t h the 
same geometry (45^53) as the ground-state olefin. A perpend i cu lar 
twisted geometry has been suggested for this lower-energy excited state 
a n d also for the stable geometr ical f o rm of the r a d i c a l anion a n d d ian ion 
of ethylene ( 45 -53 ). T h e support ing data, however , are not strong, a n d 
a p lanar configuration is also possible. S imple H i i c k e l M O considerations 
ind icate that the highest unoccup ied M O of ethylene should be a n t i -
b o n d i n g w i t h respect to the C = C bond . T h i s impl ies that excitat ion to 
this M O should result i n a lengthening of this b o n d a n d a lower-energy 
barr ier to the intraconversion between cis a n d trans isomers via rotat ion 
about the C = C b o n d of the anion. T h e molecular structure of the 
anion i n ( T M E D L i ) 2 s t i l b e n e shows that a l l the atoms a n d the p h e n y l 
groups of the d ian ion are coplanar. There appears to be, however , some 
crysta l lographic disorder i n the system, a n d other details are uncerta in . 
T h e l i t h i u m atom m a y be an important factor i n de termin ing a p lanar 
sterochemistry, a n d re lated systems are be ing studied . 

O n e such molecule is bisf luorenyl idene (Structure I , b e l o w ) , a n 
example of a ster ical ly h i n d e r e d olefin that on the basis of its chemistry , 
has been suggested to have p a r t i a l d i r a d i c a l character. T h e unsubst i tuted 
bisf luorenyl idene was first reported (54, 55) to exist i n a f o lded con
figuration (Structure I I ) . H o w e v e r , recent studies have shown that the 
b ip lanar molecule possesses the geometry shown i n Structure I I I w i t h a 
l ong C = C distance of 1.39 A (56 ) . 

T h e molecular structure of the trans-substituted complex l , l ' - b i s i s o -
propoxycarbonyl -9 ,9 ' -b is f luorenyl idene (57) is consistent w i t h the c h e m i -

I π m 
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74 P O L Y A M I N E - C H E L A T E D ALKALI M E T A L COMPOUNDS 

c a l interpretat ion of d i r a d i c a l character i n that the C = C b o n d length is 
1.39 A a n d that there is a d i h e d r a l angle of 52° between the two " u n 
f o l d e d " fluorenyl planes ( Structure I I I ). T h e differences i n b o n d lengths 
i n the neutra l (see, 57) a n d d ian ion species ( F i g u r e 8) f o l l ow the symme
try pred i c ted b y C N D O II calculations (43 ) . T h e C = C b o n d length is 
increased to 1.493 A , or 0.1 A greater than that i n the neutra l c ompound . 
T h e alternating b o n d lengths around the per iphery of the fluorenyl rings 
co inc ide w i t h the b o n d i n g - a n t i b o n d i n g character of the H O M O of the 
d ian ion . T h e d i h e d r a l angle between the mean fluorenyl planes of the 
d i a n i o n is not very different f r om that of the parent molecules—that is, 
52 ° i n l j l ' - b i s i s o p r o p o x y c a r b o n y l ^ ^ ' - b i s f l u o r e n y l i d e n e , 48° i n the d i 
an ion , a n d 42° i n bisf luorenyl idene. 

Φ = 4 2 ° ; R = Η 

Figure 8. Molecular structure of the bisfluorenylidene fragment in [TMEDLi] 2~ 
bisfluorenylidene 

T h e organic anions discussed above achieve a c losed-shell conf igura
t i on b y d i a n i o n format ion . C losed -she l l monoanions f o r m b y reactions 
s u c h as: 

R 3 C H + n - B u L i T M E D -> R 3 C _ L i + T M E D 

T h e simplest example of this type of system is the b e n z y l der ivat ive , 
C 6 H 5 C H 2 L i B 2 , where Β is a coordinated tert iary amine. T w o s tructura l 
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3. STUCKY Stereochemical Properties 75 

possibi l it ies for the C 6 H 5 C H 2 moiety are a s igma system i n w h i c h the 
l i t h i u m atom replaces one of the toluene protons a n d a de loca l i zed ττ 
anion. T h e geometry of the b e n z y l i c anion (58) proves that the latter is 
a more correct representation: 

I n fact, there is a good correlat ion w i t h the b o n d orders pred i c ted 
b y H u c k e l theory for the anion . T h e t r i p h e n y l m e t h y l carbanion shows 
the same de loca l i zed character w i t h some deviations resul t ing f r om the 
presence of the l i t h i u m atom (59 ) . E a c h p h e n y l r i n g of the t r i p h e n y l 
m e t h y l carbanion is p lanar ( w i t h i n exper imental error ) a l though on ly one 
b e n z y l fragment is p lanar . T h e C ( p h e n y l ) — C ( m e t h y l ) — C ( p h e n y l ) 
angles are 1 1 7 . 0 ( 6 ) ° , 1 2 2 . 8 ( 7 ) ° , a n d 118 .3 (6 ) ° , respectively, i n d i c a t i n g 
the sp2 character of the m e t h y l carbon atom. M a x i m u m π s tab i l i zat ion 
shou ld occur w h e n the p h e n y l groups are coplanar w i t h the m e t h y l car 
bon atom. H o w e v e r , it is sterical ly impossible for the t r i p h e n y l m e t h y l 
group to attain a p lanar conf iguration, a n d two models for the twis ted 
geometries have been proposed (60 ) . O n e is the symmetr i ca l prope l ler 
geometry i n w h i c h each p h e n y l r i n g is twis ted b y some angle θ f r om 
the mean plane of the four centra l carbon atoms. T h e other m o d e l is 
the nonsymmetr i ca l f o rm i n w h i c h one of the three rings is twis ted i n a 
d i rec t ion opposite to the other two. A recent study b y H o f f m a n n (61) 
a n d co-workers, based on extended H u c k e l calculations, predicts an 
e q u i l i b r i u m twist angle of 25° =b 2° for the t r i p h e n y l m e t h y l carbanion . 
T h e t r ipheny lmethy l carbanion i n [ L i T M E D ] ( C 6 H 5 ) 3 C has the prope l ler 
geometry w i t h average twist angles for the three p h e n y l r ings of 31.7°. 
T h i s agrees w i t h H o f f m a n n s theoret ical value , par t i cu lar ly consider ing the 
fact that a C ( m e t h y l ) — C ( p h e n y l ) b o n d length of 1.50 A was used i n the 
calculations. H o w e v e r , the exper imental twist angles for the three p h e n y l 
rings are not equa l ; they vary accord ing to the ir interact ion w i t h the 
l i t h i u m cat ion w i t h values of 19.7°, 30.6°, a n d 44.8°. T h e degree of 
ττ-electron d e r e a l i z a t i o n between the benzy l i c carbon atom a n d the 
p h e n y l groups should depend o n the twist angle, w i t h most d e r e a l i z a t i o n 
occurr ing w h e n the p h e n y l r i n g is coplanar w i t h the mean plane of the 

1.40 

1.36 1.37 
Observed 
geometry 

1.38 1.38 

H u c k e l theory 
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76 P O L Y A M I N E - C H E L A T E D ALKALI M E T A L COMPOUNDS 

four centra l carbon atoms of the carbanion. Increasing π d e r e a l i z a t i o n is , 
i n fact, suggested b y C ( m e t h y l ) — C ( p h e n y l ) b o n d distances of 1.448(9), 
1.462(13), a n d 1 .488(10)A for twist angles of 19.7, 30.6, a n d 44.8°, 
respectively. T h e C ( m e t h y l ) — C ( p h e n y l ) b o n d distance pred i c t ed b y 
H u c k e l theory is 1.43 A for a p lanar D 3 / l system. T h i s distance should 
increase w i t h increasing twist angle as f ound a n d also as noted for the 
olefenic C = C b o n d distance i n the structure of the subst ituted bisf luor
enyl idene . A n increase i n the C ( m e t h y l ) — C ( p h e n y l ) b o n d order should 
be accompanied b y a decrease i n the b o n d order of r i n g C — C bonds 
i n v o l v i n g C ( p h e n y l ) . T h e average distance for bonds of this type i n 
b e n z y l U t h i u m (58) is 1.44(1) A , w h i l e the corresponding distances i n 
( C 6 H 5 ) 3 C - are 1.418(9), 1.409(10), a n d 1.399(9) A for twist angles of 
19.7 °, 30.6 °, a n d 44.8 °, respectively. 

Summary: Carbanion Geometries 

T h e results c i ted show that ground-state geometries of the neutra l 
de loca l i zed molecules are not good models for the corresponding anion. 
W i t h aromatic species—naphthalene, anthracene, etc .—a significant loss 
of aromat ic character has been observed. E S R results for the napththa -
lene monoanion suggest that distortions f rom p lanar i ty may be a s igni f i 
cant s tructural feature for aromatic anion systems even i n solution. T h e 
interact ion of the carbanion w i t h its counter i o n undoubted ly plays an 
important role i n the extent of this distort ion. Nevertheless, energy bar 
riers to such distortions are greatly reduced f r om those i n the parent 
aromatic hydrocarbon , a n d models for reactions of electrophiles w i t h 
the ir systems should take this effect into consideration. 

T h e symmetries of the carbanion molecules that w e have s tudied 
are consistent w i t h the symmetries of the H O M O s pred i c ted b y Pople 's 
I N D O theory (31 ) . T h e net effect on b o n d lengths depends on the 
extent of d e r e a l i z a t i o n i n the carbanion a n d the atomic coefficients of 
the H O M O of the carbanion. E v e n i n re lat ive ly large molecular systems 
s izable a n d chemica l ly significant geometr ical changes m a y occur w h e n 
the cat ion or an ion forms, w h e n the H O M O is p r i m a r i l y l o ca l i zed on 
10 or fewer atoms. A n example of this is the meta l -porphyr in systems. 
Changes i n the meta l - e l e c t ron d i s t r ibut ion result i n geometric changes 
that promote the allosteric behavior of hemog lob in proteins (62, 63). 
A s this r e v i e w notes, ox idat ion or reduct ion of the p o r p h y r i n l i g a n d 
c o u l d also produce important geometric changes. 

T h e c h l o r o p h y l l cat ion r a d i c a l is a most l i k e l y candidate for the 
act ive l ight -gather ing site of photosynthesis, a n d a π cation r a d i c a l has 
been proposed as the active species for the i r on p o r p h y r i n system i n 
catalase a n d horse-radish peroxidase (64-66). T w o ground states ob-
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3. STUCKY Stereochemical Properties 77 

served for meta l p o r p h y r i n cat ion systems are 2 A 2 t t a n d 2 A i M (67, 68). 
T h e former is character ized b y spin density on the meso-carbon a n d 
nitrogen atom w h i l e the 2 A i w state shou ld have a large density (about 
6 0 % ) at the carbon atoms adjacent to the ni trogen atoms. F o r b o t h 
these electronic states, the density associated w i t h the H O M O ' s is l o c a l 
i z e d over a smal l n u m b e r of atomic centers, and , par t i cu lar ly i n the 2 A 2 M 

state, significant changes m i g h t occur i n the geometric configuration 
about the meta l atom w h e n the p o r p h y r i n cat ion is formed. 

Metal—Base Coordination and Metal-~*-Carbanion Geometry 

T h e propensity of atoms to achieve a rare-gas configuration has 
resulted i n useful generalizations that can be often a p p l i e d to transit ion 
a n d representative element systems. T h e app l i cat ion of these rules to 
o rganoa luminum chemistry is par t i cu lar ly interesting i n , for example, the 
series [ ( C H 3 ) 3 A 1 ] 2 , ( C H 3 ) 2 A 1 C 5 H 5 , [ ( C H 3 ) 2 A 1 C 1 ] 2 , a n d [ ( C 6 H 5 ) 2 A 1 C 
= C C 6 H 5 ] 2 . 

T h e t r i m e t h y l a l u m i n u m d i m e r attains a closed-shell configuration 
only i n a molecular o rb i ta l sense w i t h electron-deficient A l — C ( b r i d g e ) 
bonds of b o n d order 1/2 (69, 70). T h e gas-phase structure of ( C H 3 ) 2 -
AIC5H5, as recently determined b y D r e w a n d H a a l a n d (71), is shown i n 
F i g u r e 9. T h e C 5 H 5 group is not pentahapto but tr ihapto , a n d H a a l a n d 
has probab ly correct ly interpreted this to indicate that on ly three elec
trons of the C5H5 group are needed for the A l atom to achieve an inert -
gas configuration. T h e A l atom i n [ ( C 6 H 5 ) 2 A l = C C 6 H 5 ] 2 (72) a n d 
[ ( C H 3 ) 2 A 1 C 1 2 ] 2 (73) uses a l l of its low-energy orbitals a n d achieves a 
closed-shell configuration i n yet another way . T h e structure for [ ( C 6 H 5 ) 2 -
A l C s = C C 6 H 5 ] 2 indicates that the π electrons of the acetylenic fragment 
are used to f o r m a four-center, e ight-electron system. I n [ ( C H 3 ) A 1 C 1 2 ] 2 

(73), the observed geometr ical features are consistent w i t h n o r m a l L e w i s 
Ζ 

Chemical Communications 

Figure 9. Molecular structure of (CHS)2AIC5H5 ( 71 ) 
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78 P O L Y A M I N E - C H E L A T E D ALKALI M E T A L COMPOUNDS 

p a i r A l — C I bonds a n d each chlor ine atom act ing as a three-electron 
donor. S i m i l a r examples can be quoted for b e r y l l i u m compounds—for 
example , [ B e ( C H 3 ) 2 ] n (74), [ B e C l 2 ] M ( 75 ) , C H 3 B e C 5 H 5 ( 7 6 ) , a n d 
[ C H 3 B e ( C = C C H 3 ) N ( C H 3 ) 3 ] 2 ( 77 ) . A n octet of electrons about the 
b e r y l l i u m atom i n C H 3 B e C 5 H 5 can be achieved w h e n one electron is 
contr ibuted b y the m e t h y l group a n d five b y the cyc lopentadieny l r a d i c a l 
— t h a t is, the C p group is pentahapto rather than tr ihapto , as i n C p A l M e 2 . 
T h i s geometry actual ly has been observed. [ B e ( N ( C H 3 ) 2 ) 2 ] 3 (78) is 
a n example of yet another w a y i n w h i c h a meta l atom can achieve co-
ordinat ive saturation. H e r e , a filled ρ o rb i ta l of the ni trogen atom i n a 
d i m e t h y l a m i n o group is used to f o r m a dative π b o n d w i t h the empty ρ 
o r b i t a l of a sp2 h y b r i d i z e d b e r y l l i u m atom so that bo th the ni trogen a n d 
b e r y l l i u m atoms are coplanar w i t h their other coordinated atoms a n d w i t h 
each other. 

I t w o u l d not be too surpr is ing i f s imi lar b o n d i n g considerations were 
to a p p l y to l i t h i u m since it is a ne ighbor of b e r y l l i u m a n d a second-row 
element. C e r t a i n l y the structures of ( L i C H 3 ) 4 a n d [ L i C 6 H i i ] 6 (79) are 
consistent w i t h the b o n d i n g descriptions for B e a n d A l as is the stereo
chemis t ry of the solvated l i t h i u m complex [ T M E D L i - b i c y c l o b u t y l ] 2 

(80) ( F i g u r e 10) . T h i s configuration is almost exactly analogous to the 
four-center, electron-deficient geometries of the G r o u p l i a a n d I l i a 

Chemical Communications 

Figure 10. Molecular structure of TMEDLi[1.1.0]bicyclobutyl (80) 
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3. STUCKY Stereochemical Properties 79 

metals. T h e molecule thus provides an example of a d i m e r i c e lectron-
deficient o rgano l i th ium c o m p o u n d w i t h a saturated tert iary carbon atom 
i n a b r i d g i n g posit ion. 

I n compounds conta in ing unsaturated organic groups, several b o n d 
i n g modes a n d result ing sterochemical configurations are possible. F o r 
example, b e n z y l l i t h i u m - ( t e r t i a r y amine ) c o u l d exist as an electron-
deficient b r i d g e d system; a b r i d g e d system, but not electron-deficient, i n 
w h i c h the b e n z y l π electrons are used to f o rm n o r m a l two-center, t w o -
electron bonds; a monomer ic σ complex i n w h i c h the l i t h i u m atom occu
pies one of the coordinat ion sites of the meta l hydrogen atoms i n the 
parent toluene molecule ; a n d a π-carbanion w i t h the l i t h i u m cat ion 
coordinated to the most e lectron-rich port ion of the carbanion. T h e 
remainder of this r e v i e w deals w i t h specific details of metal-base a n d 
metal—7r-carbanion interactions i n unsaturated organometal l i c complexes. 

Metal—Base Interactions 

A l m o s t w i thout exception, the pre ferred coord inat ion n u m b e r of 
l i t h i u m is 4 (81). A s noted elsewhere i n this paper , the catalyt ic be
hav ior of R L i ( base ) n is apparent ly o p t i m i z e d w i t h η = 2. W e find i n 
fact that it is difficult not to isolate compounds w i t h l i t h i u m / b a s e ratios 
of 1:2. Complexes such as R L i ( base ) 3 o r 4 are f requent ly less stable 
thermal ly than are complexes of R L i ( base ) 2 . 

G e n e r a l features of the l i t h i u m atom's coordinat ion are p r o b a b l y 
best shown i n c o m p o u n d A , C 6 H 5 C H 2 L i ( N ( C H 2 ) 6 N ) (59) a n d c o m 
p o u n d B , C i 3 H 9 L i ( N C 7 H i 3 ) 2 (83). I n bo th compounds two mono-
dentate tert iary amine l igands are coordinated to each l i t h i u m atom. 
Deta i l s of the geometry about the l i t h i u m atom i n c o m p o u n d A are pre 
sented i n F i g u r e 11. T h e Ν — L i — Ν angles are 118.6° i n c o m p o u n d A 
a n d 123.7° i n c o m p o u n d B . F u r t h e r m o r e , w h e n a vector, V , is d r a w n f r o m 
the l i t h i u m atom to the point of closest approach to the mean p lane of 
the carbanion , the Ν — L i — V angles are also almost 120°—for example , 
119.5° a n d 121.5° i n c o m p o u n d A . I n short, geometrical ly , the l i t h i u m 
atom can be considered to be sp2 h y b r i d i z e d a n d three-coordinate, w i t h 
two nitrogen atoms oc cupy ing two coordinat ion sites a n d the de loca l ized 
carbanion i n the t h i r d posit ion. 

T h e structural features of the bidentate chelate ( C H 3 ) 2 N ( C H 2 ) 2 -
N ( C H 3 ) 2 ( T M E D ) require a considerably smaller Ν — L i — Ν angle. T h e 
expected d i rec t ion of the nitrogen lone pa i r electrons of chelated T M E D 
can be ca lcu lated w h e n the lone-pair d i s t r ibut ion is assumed to be co
inc ident w i t h the mean vector obta ined b y vector ia l ly averaging the 
two Ν — C H 3 vectors a n d the Ν — C H 2 vector of the l i gand . A survey of 
Ν — Ν distances i n ethylenediamine complexes suggests that the Ν — Ν 
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80 P O L Y A M I N E - C H E L A T E D ALKALI M E T A L COMPOUNDS 

Journal of the American Chemical Society 

Figure 11. Molecular geometry of C6H5CH2Li(N(CH2)6N) 
(58) 

distance is re lat ive ly constant—about 2.9 ± 0.1 A . T h i s impl ies that the 
lone-pair orbitals of the two nitrogen atoms make an angle of 85° ± 3° 
w i t h each other. A s F i g u r e 12 shows, effectiveness of T M E D as a chelat
i n g group for larger atoms such as potassium must be considerably less 
than for l i t h i u m since the nitrogen atom lone pairs cannot be d i rec ted 
effectively t o w a r d the potassium atom. T h i s agrees w i t h our observation 
that the T M E D group i n C 1 3 H 9 K T M E D (84) is not chelated b u t acts 
as a br idge for two potassium atoms. 

W i t h respect to the meta l -base interact ion, one funct ion of the base 
apparent ly is as a var iab le electron source that can compensate for 
e lectron loss to the anion , thus m a i n t a i n i n g a re lat ive ly constant charge 
o n the metal . T a b l e V I gives the relat ive carbanion stabilities as in ferred 
f r o m the p K a of the most a c id i c proton of a number of hydrocarbons (85). 
T h e meta l -n i t rogen atom distance ( T a b l e V I I ) closely fo l lows the ob
served or expected trends i n anion stabi l i ty . T h u s , the order ing of p K a 

values for the l i t h i u m compounds, C C H 5 C H 3 < ( C 6 H 5 ) 3 C H < C i 3 H i 0 
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3. STUCKY Stereochemical Properties 81 

( f luoreny l ) , is para l l e l ed b y decreasing l i t h i u m nitrogen distances. T h e 
same t rend exists for M g complexes w i t h a p K a order of 2 C H 4 < C H 4 , 
R 2 N H < C 2 H 6 , H B r . F i n a l l y , the changes i n the a l u m i n u m complexes 
are par t i cu lar ly s t r ik ing w i t h 3 C H 4 < 2 C H 4 , H I < 3 H C 1 a n d a corre
sponding overa l l decrease i n A l — Ν b o n d lengths of 0.14 A . 

I n short, as the a b i l i t y of an R - group ( R - = halogen atom or 
organic r a d i c a l ) to accept an electron f rom the representative m e t a l atom 
increases, the meta l -base distance decreases. T h e meta l -base distance 
c ou ld also depend on the strength of the base. D i c o o r d i n a t e d N ( C H 2 ) 6 N 
( D a b c o ) should be a weaker base t o w a r d l i t h i u m than monocoord inated 
N ( C H 2 ) 6 C H ( q u i n u c l i d i n e ) , a n d indeed the L i — Ν distance is greater 
for D a b c o than for qu inuc l id ine . H o w e v e r , q u i n u c l i d i n e should be a 
stronger base t o w a r d M g than tr ie thy lamine , but the M g - Q u i n distance 
is 0.09 A greater than the M g - t r i e t h y l a m i n e distance. T h u s , the differ
ences i n base strengths i n T a b l e V I I are not great enough to differentiate 
strongly between meta l -base interactions, a n d the anion effect is the 
predominat ing factor. 

Figure 12. Hypothetical N-K-N angle for a potassium atom chehted to 
TMED compared with that found for TMEDLi complexes. The direction 
of the lone pair electrons is the mean vector of the two N-CH3 vectors 

and the N-CH2 vector for each nitrogen atom. 
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82 POL Y A M I N E - C H E L A T E D ALKALI M E T A L COMPOUNDS 

Table VI . Relative Carbanion Stabilities (85) 

Group ρΚΛ of R—H 

V i n y l 37 
P h e n y l 37 
A l l y l 36.5 
B e n z y l 35 
T r i p h e n y l m e t h y l 31 
F l u o r e n y l 27 
I n d e n y l 23 
C y c l o p e n t a d i e n y l 18 

Table VII. Metal-Base Distances 

Compound Li—N(A) Compound Mg—N(A) 

B z L i D a b c o * 2.10 ( C H 3 ) 2 M g Quin<* 2.24 
( P h ) 3 C L i T M E D 6 2.08 C H 3 M g T R M E D e 2.19 
F l i q u i n c 2.03 C 2 H 5 M g B r T e a / 2.15 

Compound AI—Ν 
( C H 3 ) 3 A 1 . N ( C H 3 ) 3 * 2.10 
( C H 3 ) 3 A l . Q u i n A 2.06 
( C H 3 ) 2 A 1 I . N ( C H 3 ) 3 * 2.01 
C 1 3 A 1 N ( C H 3 ) 3 * 1.96 

« Bz = C e H 6 C H 2 - ; Dabco = N ( C H 2 ) e N (58). 
6 P h 3 C = (C 6 H 5 )3C- ; T M E D = (CH 3 )2N(CH 2 ) 2 N(CH 3 ) (59). 
c F = C i 3 H r (88). 
d Quin - N ( C H 2 ) e N (86) 
«Trmed = [ C H 3 N ( C H 2 ) 2 N ( C H 3 ) 2 ] - (87). 

' Tea = C C 2 H 6 ) 3 N . Ref. (136) 
' Ref. (88). 
Λ Ref. (89). 
i Ref. (90). 

P r o b a b l y the best estimate the charge d is tr ibut ion i n a l i t h i u m 
cat ion coordinated to T M E D is g iven via an I N D O calculat ion of the 
isolated T M E D L f ( F i g u r e 13) fragment (91 ) . T h e hydrogen atoms are 
pred i c ted to have s m a l l res idual negative charges of less than 0.01 elec
tron. T h e d ipo le moment for this moiety is p red i c ted to be 5.5 D e b y e . 
T h e I N D O charge d is tr ibut ion i n neutra l T M E D ( F i g u r e 13) should 
not be very different f rom that g iven above, w i t h the important exception 
that the hydrogen atom charges are a l l between —0.04 and —0.06 elec
trons. T h e T M E D proton chemica l shifts general ly agree w i t h this charge 
difference. A re lat ive ly smal l posit ive charge of +0 .36 e~ is p red i c ted 
for the l i t h i u m atom. 

Metal~ir-Carbanion Interaction 

Cons iderab le theoret ical a n d exper imental effort has been expended 
to pred i c t the pos i t ion of the meta l atom relative to the de loca l i zed car 
ban ion system i n ττ-carbanion complexes. O n e early effort was made b y 
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3. STUCKY Stereochemical Properties 83 

D i x o n (92) w h o invest igated the 7 L i a n d proton N M R of fluorenyllithium 
i n m a n y solvents. M o r e recent a n d detai led N M R studies were done b y 
M c K e e v e r ( 9 3 ) , O k a m o t o a n d Y u k i (94), G r u t z n e r , L a w l a r , a n d Jack-
m a n (95), a n d Sande l l ( 96 ) . 

Grutzner ' s studies l e d to these conclusions: 
1) I n add i t i on to the solvent-separated ^± contact i on-pa ir e q u i 

l i b r i u m there is a secondary process i n contact i on -pa ir systems ( such as 
fluorenyl) that m a y result f rom higher aggregate format ion , change of 
degree of solvation, movement of the cation w i t h i n the i o n pa i r , or change 
i n the v ibra t i ona l structure of the i on pair . 

2 ) ( C 6 H 5 ) 3 C " exists i n the symmetr i ca l prope l ler f o rm or is r a p i d l y 
interconvert ing between such structures that w i l l have i n the same s y m 
metr i ca l form. T h e inc l inat i on angle is about 30° . 

K r a n z e r and Sande l interpreted their N M R studies of b e n z y l i c l i t h i u m 
systems i n d i e t h y l ether i n terms of the a l ly l i c structure: 

Extensive studies were also done on m o d e l systems w h e r e the m e t a l 
hyperfine coup l ing constants were ca lculated as a funct ion of bo th the 
height of the atom above the unsaturated anion p lane a n d its hor i zonta l 
posit ion. T h e most recent work i n this area was done b y Canters , Corva ja , 
a n d de Boer (97), Takesh i ta a n d a n d H i r o t a (98), Pedersen a n d Gri f f in 
(99), a n d G o l d b e r g a n d B o l t o n (100). Attempts also have been made 
to use electronic spectra to determine the role of the meta l atom i n these 
molecular complexes (99,100). 

W e concern ourselves first w i t h the question of the expected height 
of the meta l atom above the de loca l ized carbanion plane. F i g u r e 14 
shows the structure of C 5 H 5 M g B r · [ ( C 2 H 5 ) 2 N ( C H 2 ) 2 N ( C 2 H 5 ) 2 ] (103), 
w h i c h contains a magnes ium atom coordinated i n a pentahapto con
figuration to a 7r - cyc lopentadienyl r i n g . So l ong as the b o n d i n g forces are 
reasonably s imi lar , i t should be possible to find a set of e m p i r i c a l m e t a l 
r a d i i that w o u l d enable us to pred i c t the m e t a l - c a r b o n distance re lat ive 
to that i n the magnes ium c o m p o u n d for any other meta l pentahapto 
π-cyelopentadienyl compound . M u c h success is attained b y us ing the 
atomic r a d i i obta ined f rom the elemental metals ( T a b l e V I I I ) . It is 
unreasonable to expect one set of r a d i i to fit a l l oxidat ion states, a n d the 
values quoted are restr icted to the 0, I , or I I oxidation states except for 
T i ( I V ) . 
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+ 0.36 

+ 0.16 
.C C 

\ / "\ /+0A* 
Ν Ν - 0 . 18 

/ 
Figure 13. INDO charge distributions for 

TMEDLi* and TMED 

Table VIII. Comparison of Metal—Cyclopentadienyl Distances (103) 

Formal 
Oxidation 

Metal State M—%C* (Mg—C)—(M—C) Δ Γ 6 

T i 4,2 (2.41) c , 2.43 0 .14,0 .12 0.13 
V 1,2 (2 .28) d , 2.30 e 0 . 2 7 d 0.26 
N b 1 2.45' 0.10 0.14 
C r 2,2 2 .25 ' , 2 .22 e 0 .30 ' 0.33 
M o 2 2 .35 A 0.20 0.21 
W 1 2.36* 0.19 0.21 
M n 1 2.17> 0.38 0.34 
R e 2 2.28 * 0.27 0.23 
F e 2 2.04' 0.51 0.34 

R u 1,2 2.26™, 2.21* 0.34* 0.26 
C o 0,2 (2.07)°, 2.13 e 0.48° 0.35 
R h 1 2.18* 0.37 0.26 
N i 2,2 2.20», 2 .20 e 0.35* 0.36 
P d 2 2.26 r 0.29 0.23 
C u 1 2.24* 0.31 0.32 
B e 2 1.50' 0.71 0.48 
M g 2 2.55" 

β Values in parentheses are calculated from the relation (r m . r i n g ) 2 + (1.21)2 = 
(rm-x c) 2 , where 1.21 A = distance from x 0 to the center of the ring when rc-c = 1.43 A . 

6 Δ Γ = ymg — r m ; where η = metallic radii with ligancy = 12 (105). 
Refs. c106; * 107; · 108; '109, 110; ο 111; h 112, 113; i 114; Ί15; * 116; 1117; m 

118; n 119;0120; * 121;* 122; ' 128; · 124; * 125; " 108; v 126. 
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3. STOCKY Stereochemical Properties 85 

O n l y for two systems is there a large dev iat ion i n the observed 
m e t a l - c a r b o n distance relat ive to magnes ium f rom the distance pred i c ted . 
I n bo th cases the observed m e t a l - r i n g distance is m u c h shorter than 
expected. T h e first exceptions are the i ron a n d cobalt fami l ies a n d the 
second are the b e r y l l i u m compounds ( C 5 H 5 ) 2 B e (104) a n d C 5 H 5 B e C H 3 
(76). T h e deviat ion for ferrocene a n d cobaltocene is not par t i cu lar ly 
surpr is ing . Ferrocene is a r e m arkab ly stable organometal l i c c ompound , 
a n d re lat ive ly strong meta l l i g a n d covalent b o n d i n g is c o m m o n l y g iven 
as the reason for this unusua l stabi l i ty . ( C 5 H 5 ) 2 B e has an interest ing 
structure (104). Gas-phase electron di f fract ion results a n d a large d ipo le 
moment ( 2.46 D e b y e ) are consistent w i t h a structure where the b e r y l l i u m 
atom is 1.50 A f rom one C 5 H 5 r i n g a n d 2.00 A f rom the second. T h e 1.50 A 
value is pecul iar not on ly to ( C 5 H 5 ) 2 B e but is also the r i n g - m e t a l distance 
i n C 5 H 5 B e C H 3 . T h i s distance is about 0.25 A less than that pred i c ted 
f r om an extension of the meta l l i c r a d i i a n d the C 5 H 5 M g distance. T h i s 
suggests that there is a re lat ive ly strong covalent contr ibut ion to the 
b o n d i n g i n unsaturated b e r y l l i u m compounds. 

N o structural data are avai lable on G r o u p l a cyc lopentadienyl c om
pounds. Nevertheless, there is some ind i cat ion that s imi lar considerations 

Journal of Organometallic Chemistry 

Figure 14. Molecular structure of C5H5MgBr[(C2H5)2N(CH2)2N(C2H5)2Ti 
(103) 
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86 P O L Y A M I N E - C H E L A T E D ALKALI M E T A L COMPOUNDS 

m a y a p p l y to other carbanion systems. F i g u r e 15 gives the c h r o m i u m -
aromatic distances i n the structure of ( C O ) 3 C r C 6 H 6 a n d compares the 
s o d i u m atomic radius w i t h that of C r . T h e difference i n the C r -
aromat ic distance i n ( C O ) 3 C r C 6 H 6 (2.25 A ) a n d N a - a r o m a t i c distance i n 
[ N a ( T H F ) 2 ] [ ( C H 3 ) 2 A 1 ) n a p h t h a l e n e ] (2.90 A ) agrees w i t h the differ-

Journal of the American Chemical Society 

Figure 15. Molecular structureof (CO)3CrC6H6 and 
comparison of atomic radii of Ν a and Cr (127) 

ence i n the meta l l i c r a d i i of N a a n d C r . T a b l e I X gives the average 
d iso lvated m e t a l to ττ-carbanion distances we have observed for G r o u p l a 
metals. T h e results po int u p another a n o m a l y — a good fit for N a a n d Κ 
but observed L i - c a r b o n distances 0.19 A less than those are pred ic ted . 

T h e i m p l i c a t i o n of the above structural data is that the second-row 
m e t a l s — l i t h i u m a n d b e r y l l i u m — a r e us ing a l l of their low-energy orbitals 
(2s a n d 2p) a n d that evidence for d i rec t ional , covalent b o n d i n g of these 
metals m i g h t be f ound as opposed to a nondirect ional , p redominant ly 
i on i c b o n d i n g for the heavier G r o u p l a a n d H a metals. 

T h e pos i t ion of the meta l a tom hor izonta l ly w i t h respect to the 
de loca l i zed organic group p lane can be best examined via a n u m b e r of 
examples. F i r s t , consider the benzy l i c derivatives : b e n z y l - , fluorenyl-, 
t r i p h e n y l m e t h y l - , a n d i n d e n y l - o r g a n o l i t h i u m compounds. A s a lready 
noted, two l og i ca l configurations for these systems are a ττ-carbanion 
system w i t h the meta l a tom located d i rec t ly over the m i n i m u m i n the 
electrostatic potent ia l d i s t r ibut ion of the carbanion , a n d a s igma complex 
w i t h the l i t h i u m atom oc cupy ing a hydrogen atom site i n the organic 
precursor—for example, one of the m e t h y l proton sites i n toluene. T h e 

Table IX. Distance from Mean Plane of 
Unsaturated Organic Group 

Obs (A) AMg Δ Γ 

M g 2.21 — — 
Κ 2.95 - 0 . 7 4 - 0 . 7 5 
N a 2.55 - 0 . 3 4 - 0 . 3 0 
L i 2.00 0.24 0.05 
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Journal of the American Chemical Society 

Figure 16. Net atomic charge distribution for the benzyl carbanion. The 
top two figures are for the metal complex, (NH3)2LiCH2C6H5, and indi
cate a net charge on the organic group of about —0.5 electron. The bot

tom two figures are for the isolated benzyl carbanion (83) . 

s igma m o d e l can be immedia te ly e l iminated since i t is inconsistent w i t h 
bo th the posit ion of the metal atom a n d the geometries of the organic 
groups. 

C N D O / I N D O estimates of the net atomic charge d i s t r ibut ion for 
the b e n z y l a n d fluorenyl carbanions are g iven i n F igures 16 a n d 17 (25). 
T h e electrostatic potent ia l energy d i s t r ibut ion at 2.0 A above the mean 
p lane for these distr ibutions of po int charges are shown i n F igures 18 
a n d 19. T h e electrostatic m o d e l predicts that the l i t h i u m atom w o u l d 
be located over the potent ia l energy m i n i m a i n the two carban ions— 
that is, on a n o r m a l to the fluorenyl p lane that intersects the p lane just 
ins ide the 9 pos i t ion , a n d a n o r m a l to the m e a n benzy l i c p lane that inter 
sects the p lane about 0.4 A for C ( 7 ) on the C ( l ) — C ( 7 ) b o n d . I n fact, 
the observed pos i t ion of the l i t h i u m atom is about 1.5 A f rom the pre -
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-0.032 

-0.261 

Journal of the American Chemical Society 

Figure 17. CNDO II charge distribution for isolated fluorenyl carbanion (83) 

Journal of the American Chemical Society 

Figure 18. Potential energy surface at 2.0 A above the plane of 
the fluorenyl carbanion calculated from the CNDO II atomic 
charge distribution of Figure 17. Contour lines are drawn at 

levels of 0.02 eV (83) . 

d ie ted fluorenyl pos i t ion a n d 0.75 A f r om the pred i c ted benzy l i c pos i t ion 
(F i g ures 20 a n d 2 1 ) . 

A p u r e l y electrostatic m o d e l of T M E D L i - t r i p h e n y l m e t h y l l i t h i u m 
suggests that the l i t h i u m atom w o u l d be located on the threefo ld axis of 
the C ( C 6 H 5 ) 3 group. A pro ject ion of the l i t h i u m atom posi t ion onto the 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
97

4 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
4-

01
30

.c
h0

03



3. STUCKY Stereochemical Properties 89 

mean C — C ( p h e n y l ) 3 p lane is shown i n F i g u r e 22. I n short, a l l the b e n 
z y l i c carbanion systems have the a l l y l i c geometry ind i cated here : 

T h e electrostatic m o d e l predicts correct ly that the closest approach 
of the m e t a l w i l l be to the most h i g h l y charged carbon atom i n the 
carbanion a n d that the geometry of the organic group w i l l approximate 
that of the ττ-carbanion. H o w e v e r , i t does not correct ly pred ic t the a l l y l i c 
geometry of the complexes. I n this regard a comparison of the structure 
of a b e n z y l i c transit ion meta l complex ( F i g u r e 23) (128) w i t h that of 

Journal of the American Chemical Society 

Figure 19. Potential energy surface at 2.0 A above 
the mean plane of the benzyl group of the isolated 
benzyl carbanion and calculated from the CNDO II 
atomic charge distribution. Contour lines are drawn 

at levels of 0.02 eV (83) . 
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FC(7) 
Journal of the American Chemical Society 

Figure 20. Molecular structure of [CH(CH2)sNLi]C13H9 (83) 

C(l) C(IO) 

Journal of the American Chemical Society 

Figure 21. Projection of lithium atom posi
tion onto the mean plane of the fluorenyl 

carbanion. Distances in angstroms (83) 
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STUCKY Stereochemical Properties 

C(14) 

Journal of the American Chemical Society 

Figure 22. Projection of the lithium 
atom position onto the mean plane of 

C(8) the central four carbon atoms of the 
triphenylmethylcarbanion (59) 

Journal of the American Chemical Society 

Figure 23. Molecuhr structure of p-methyl-n-ben-
zyl-TT-cyclopentadienyldicarbonylmolybdenum ( 128 ). 

Compare with Figure 24 
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b e n z y l l i t h i u m ( F i g u r e 24 ) shows that the pos i t i on ing of the t w o coord i 
nated meta l fragments is very s imi lar . 

T h e observed geometr ical features can be ra t i ona l i zed this w a y . I n 
a s imple va lence -bond p i c ture the l i t h i u m atom is p i c t u r e d as b e i n g sp2 

h y b r i d i z e d , w i t h two sp2 orbitals to b o n d w i t h the t w o n i trogen atoms 
(the observed Ν — L i — Ν angle is about 120° for monodentate amine 
bases) , a n d the r e m a i n i n g sp2 o rb i ta l is coord inated to the aromat ic r i n g . 
T h e u n h y b r i d i z e d ρ o rb i ta l para l l e l to the r i n g p lane can then f o r m a 
b o n d w i t h the π c l o u d of the carbanion . A n a d d i t i o n a l s tructural re 
qu i rement d i c ta ted b y this m o d e l is that the Ν — L i — Ν group be or iented 
so that the l i t h i u m ρ o rb i ta l para l l e l to the carbanion p lane can over lap 
favorab ly w i t h the carbon ρ orbitals n o r m a l to the carbanion p lane . 

T o investigate this interact ion i t is necessary to examine the s y m 
metry of the molecu lar orbitals that contain substantial contr ibut ions 
f r o m these atomic orbitals . T h e b o n d lengths i n the carbanions i n the 
structures examined are close to those expected f r om s imple H u c k e l 
b o n d orders for the isolated carbanion. A s noted , the carbanion π-orbital 
contr ibut ion to the H O M O of the complex is p r o b a b l y very s imi lar to 
the H O M O of the free carbanions. T h e symmetries of the H O M O ' s of 
the free b e n z y l a n d fluorenyl carbanions a n d the or ientat ion of the 
Ν — L i — Ν groups w i t h respect to the carbanions are shown i n F igures 
25 a n d 26. T h e Ν — L i — Ν group is pos i t ioned to permi t the appropr iate 
symmetry over lap of the l i t h i u m ρ o rb i ta l , w h i c h is para l l e l to the car
ban ion p lane a n d the appropr iate pz orbitals of carbon atoms i n the plane. 

A r e these results compat ib le w i t h (1 ) the ca l cu lated over lap inte 
grals between the l i t h i u m ρ o r b i t a l a n d the unsaturated carbon pz orbitals 
a n d (2 ) the contr ibut ion of these atomic orbitals to the H O M O of the 
complex? T h e best we can do is to examine the results of I N D O a n d 
C N D O II calculations for m o d e l complexes. T h e results for b e n z y l l i t h i u m 
are covered first. 

T h e I N D O molecu lar o rb i ta l coefficients for the H O M O of the 
b e n z y l carbanion are g iven i n T a b l e X . A s ind i ca ted , the symmetry of 
this o rb i ta l is appropr iate for over lap between the CL> a n d C 7 pz orbitals 
a n d a combinat i on of l i t h i u m px a n d py orbitals . I n add i t i on , the contr i 
but ion of the C i pz o rb i ta l to the H O M O is re lat ive ly smal l . T h e H O M O 
of the complex L i ( N H 3 ) 2 C 7 H 7 ( T a b l e X ) is made u p of the H O M O of 
the carbanion a n d the L i px a n d py orbitals w i t h a substantial ly smaller 
proport ion of l i t h i u m pz. T h e values of the over lap integrals, hi(px,py)— 
C(pz) a n d , for compar ison , the value of the C(pz)—C(pz) over lap 
integra l for adjacent carbon atoms i n the b e n z y l carbanion are also g iven. 
Therefore , bo th symmetry a n d I N D O calculations are consistent w i t h a 
substantial degree of three-center c a r b a n i o n - m e t a l b o n d i n g of the type 
descr ibed. 
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Journal of the American Chemical Society 

Figure 25. Symmetry of the highest 
occupied molecular orbital (carbon P z 

atomic orbitals) of the isolated benzyl 
carbanion and orientation of the LiN2 

group with respect to the carbanion 
plane. The figure to the left is the 
projection as viewed along the bisector 
of the N-Li-N angle, while that to the 
right is the projection onto the mean 
plane of the benzyl carbanion (83) . 
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Table X . I N D O Molecular Orbital Results for the Highest Occupied 
Molecular Orbitals in the Benzyl Carbanion and in the 

Complex ( N H a ^ L i C r H (83) 

Benzyl Carbanion 
Ψ = 0 . 0 4 p / - 0 .41p 2

2 + O.OOp*3 + 0 .41p , 4 + O.OOp, 5 -
0 .41p 2

6 + 0 .69p, 7 

Benzyl Li(NHz)2 

0.24p„ L i - 0 .08s L i - 0 .07p. 1 - 0 .36p 2
2 + 

0 . 1 0 p 2
3 + 0 .39p . 4 + O.OOp, 5 - 0 . 4 0 p / + 0 .65p, 7 

Overlap Integrals 

Ψ = - 0 . 1 7 p , L i 

c—u Sob C—Li Sob 

ρ * 1 — Ρχ 0.11 s1 —Pz 0.35 
Ρ» 1 Py 0.09 S2 — ρ ζ 0.29 
Ρ*2 — PK 0.02 Ρ ζ1 — s 0.12 
P* 2 — Pv 0.14 Ρ, 2 — S 0.11 
Pz — Ρχ 0.13 Pz7 — s 0.13 

Ρ ζ1 — Py 0.07 C — C 
s7 — Pz 0.39 P * l - P . 2 0.23 
s' — S 0.32 s 1 — s 2 0.39 
s1 — s 0.28 s2 — P„ 3 0.41 
s2 — s 0.25 

Journal of the American Chemical Society 

Figure 26. As in Figure 25, but for fluorenyllithium. The 
projection as viewed along the bisector of the LiN2 group 
is to the upper right. The lower-left projection is along the 
normal to the mean plane of the fluorenylcarbanion (83) . 
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C(22) 

C(23) 

95 

C(25) 

C(4) 
Journal of the American Chemical Society 

Figure 27. Molecular structure of TMEDLi C(C6H5)S (59) 

Table XI . C N D O Molecular Orbital Results for the Highest Occupied 
Molecular Orbital in the Fluorenyl Carbanion and 

in the Complex L i ( N H 3 ) 2 C i 3 H 9 (83) 

Fluorenyl Anion 
Ψ = - 0 . 3 0 p . 1 - 0 .09p 2

2 + 0 . 3 2 p 2
3 + 0 . 1 3 p 2

4 + 0 . 1 3 p 2
5 + 

0 .32p 2
8 - 0 .09p 2

7 - 0 . 30p 2
8 + 0 .61p 2

9 + 0 .06p 2
1 0 -

0 . 3 1 p 2
n - 0 .31p 2

1 2 + 0 . 0 6 p 2
1 3 

Fluorenyl Li{NHz)2 

Ψ = 0.05s L i + 0 . 1 7 p z
L i + 0 . 0 1 p y

L i - 0 . 0 7 p 2
L i - 0 .28p . 1 -

0 .06p 2
2 + 0 . 2 8 p 2

3 + 0 . 1 3 p 2
4 + 0 . 1 5 p 2

6 + 0 .37p 2
6 -

0 .04p 2
7 - 0 .33p 2

8 + 0 .58p 2
9 + 0 .05p 2

1 0 - 0 . 2 6 p 2
n -

0 .32p 2
1 2 - 0 . 0 6 p 2

1 3 

C—Li 

Pz1 — Ρ 
Ρ* 1 — Ρ 
Ρ* 9 — Ρ 
P« 9 Ρ 
Ρ * 1 0 - Ρ 
P z 1 0 — Ρ 
s 9 — ρ 
s 9 — s 
s 10 • s 

Overlap Integrals 
Sab C—Li 

0.11 s 1 — s 0.22 
0.07 s 1 0 — ρ , 0.34 
0.12 S 1 — Pz 0.24 
0.06 ρ 1 0 — s 0.12 
0.02 ρ 1 — s 0.09 
0.14 ρ 9 — s 0.13 
0.38 
0.29 
0.27 
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96 POLY A M I N E - C H E L A T E D ALKALI M E T A L COMPOUNDS 

A corresponding analysis of the fluorenyl carbanion ( T a b l e X I ) 
leads to the same conclusions. t Because of the tw is t ing of the p h e n y l r ings 
i n the t r i p h e n y l m e t h y l carbanion a n d the interact ion of the l i t h i u m atom 
w i t h two p h e n y l rings instead of one ( F i g u r e 2 7 ) , a s imi lar l o ca l i zed 
s imi lar valence b o n d p i c ture of this system is not as easily descr ibed. H o w 
ever, C N D O results for ( N H 3 ) 2 L i H C ( C e H 5 ) 2 also suggest that the inter 
act ion of the empty l i t h i u m ρ o r b i t a l w i t h de loca l i zed π carbanion orbitals 
is important to the s tab i l i zat ion of d i - a n d t r i a r y l m e t h y l complexes. 

T h e I N D O results further ind i cate that a σ interact ion i n v o l v i n g the 
sp2 l i t h i u m o r b i t a l d i rec ted t o w a r d the unsaturated r i n g a n d the c o m b i 
nations of r i n g carbon s a n d pz orbitals that make u p l ower energy 
carbanion molecu lar orbitals is important . I t is this interact ion that is 
apparent ly responsible for pos i t ioning the l i t h i u m atom closest to the 
c a r b o n atom (or atoms) w i t h the largest net a tomic charge. 

A s a lready discussed, even i f the d iso lvated l i t h i u m atom gives u p 
one electron to the organic group, the net charge at the l i t h i u m atom is 
p r o b a b l y no more than 0.4. T h e l i t h i u m sp2 o r b i t a l i n a neutra l l i t h i u m 
B 2 f ragment can thus read i ly f o rm a σ b o n d w i t h electron transfer to the 
organ ic group. E l e c t r o n density is transferred back to the empty ρ 
o r b i t a l on the l i t h i u m atom via the three-center b o n d descr ibed above. 

A n o t h e r w a y to study this m o d e l is to compare the expected electron 
dens i ty on the unsaturated system i n the contact i on pa i r w i t h that i n the 
solvent-separated i o n pair . F l u o r e n y l l i t h i u m , one of the more i on i c sys
tems, is considered here, a n d the charge distr ibut ions in ferred f rom N M R 
results are examined. 

T h e proton c h e m i c a l shifts for the fluorenyl carbanion (92, 129) are 
g iven i n T a b l e X I I . B o t h F L i ( D M E ) w i n D M E a n d F L i ( T H F ) n i n T H F 
exist i n so lut ion as solvent-separated i on pairs (130, 131). T h i s is 
consistent w i t h the observation that the fluorenyl proton chemica l shifts 
are near ly ident i ca l i n these solvents. T h e 1:1 dimethoxyethane ( D M E ) 
adduc t i n benzene p r o b a b l y has the same structural configuration as the 
2:1 q u i n u c l i d i n e adduct ( F i g u r e 20) a l though a r a p i d e q u i l i b r i u m w i l l 

Table XII. Proton Chemical Shifts for Fuorenyl Metal Systems (83) 

Compound Solvent μι° 
F L i ( D M E ) „ D M E 7.21 
F L i ( T H F ) „ T H F 7.20 
F L Ï - 3 T H F C e D e 7.65 
F L i D M E C 6 D e 7.80 
F N a ( T H F ) „ T H F 7.376 
F K ( T H F ) „ T H F 7.272 
F R b ( T H F ) „ T H F 7.247 

β Chemical shifts downfield from T M S . 
6 F=fluorenyl 

μ 2 μ4 μ9 
6.72 6.32 7.78 5.87 
6.72 6.30 7.78 5.80 
7.25 6.91 8.24 6.00 
7.36 7.04 8.35 6.27 
6.899 6.546 8.004 6.035 
6.808 6.542 7.865 5.893 
6.806 6.441 7.815 5.884 
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3. STUCKY Stereochemical Properties 97 

exist i n solut ion w i t h the l i t h i u m a t o m s go ing f rom the F C ( 1 ) to the 
F C ( 8 ) side of F C ( 9 ) ; cf. so lut ion N M R studies noted earlier (96). T h e 
proton shifts for F L i D M E i n C 6 D 6 a n d for F L i ( T H F ) n i n T H F or 
F L i ( D M E ) n then represent the two extremes of contact a n d solvent-
separated species. 

T h e approx imat ion pmm = hemene/k can be used where Sheïïzeiie is the 
proton chemica l shift relative to benzene, k = 10.7, a n d p N M R = electron 
density at the carbon atom b o n d e d to the proton ( 133 ). 

T h e results, a long w i t h charges for the isolated a n d contact i on p a i r 
fluorenyl carbanion as ca lculated b y C N D O methods, are g iven i n T a b l e 
X I I I . T h e net charge pred i c ted for carbon atoms C i through C 9 b y the 
N M R method is —0.72 and —0.22 i n the solvent-separated a n d contact 
i on pairs , respectively. T h e corresponding C N D O values are —0.52 a n d 
—0.32. A large reduct ion i n charge u p o n format ion of the contact i on 
pa i r is pred i c ted i n bo th cases. It is u n l i k e l y that this is s imp ly the result 
of charge migra t i on to C i 0 , C n , or the h y d r o g e n atoms since the C N D O 
results indicate a decrease i n charge density at a l l of these positions. 

T h e only reasonable assumption is that charge density has been 
transferred f rom the anion to the l i t h i u m atom i n the contact ion pair . 
T h e three-center mechanism provides a convenient mechanism for this 
exchange. I n agreement w i t h this , the charge on the l i t h i u m atom i n 
( N H 3 ) 2 L i fluorenyl is ca lculated b y the C N D O technique to be neutra l 
or even s l ight ly negative, —0.05e~ compared w i t h the value expected for 
the isolated diso lvated cation of 0.35. 

Table XIII. Fluorenyl Ring Atom Charges as Estimated by the 
Method of Ref. 87 and C N D O II Calculation (83) 

Disolvated 
Solvent- Contact 

Separated Ion Pair 

Atom ÇCNDO ÇNMRA Ç CNDO ÇNMR Δ ÇCNDO Δ ÇNMR 

- 0 . 1 0 - 0 . 0 6 - 0 . 0 5 - 0 . 0 0 - 0 . 0 5 — 0.06 
c 2 0.04 - 0 . 0 7 0.02 - 0 . 0 1 0.02 — 0.06 
c 3 - 0 . 1 1 - 0 . 1 1 - 0 . 0 6 - 0 . 0 4 - 0 . 0 5 - 0 . 0 7 
c 4 0.04 - 0 . 2 2 0.02 0.03 0.02 - 0 . 0 5 
c 9 - 0 . 2 6 - 0 . 2 2 - 0 . 1 8 - 0 . 1 8 - 0 . 0 8 - 0 . 0 4 
Cio 0.07 0.07 0.0 
C u - 0 . 0 8 - 0 . 0 5 - 0 . 0 3 
C ( 1 ) H - 0 . 0 4 - 0 . 0 1 - 0 . 0 3 
C ( 2 ) H - 0 . 0 7 - 0 . 0 3 - 0 . 0 4 
C ( 3 ) H - 0 . 0 4 - 0 . 0 2 - 0 . 0 2 
C ( 4 ) H - 0 . 0 6 - 0 . 0 2 - 0 . 0 4 
C ( 9 ) H - 0 . 0 3 0.02 - 0 . 0 5 

a η = Pnmr — 8ben«5ne/10.7 corrected for ring current in neighboring ring by δι = 12. 
(a'/ff 3). 
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98 P O L Y A M I N E - C H E L A T E D ALKALI M E T A L COMPOUNDS 

O u r goal i n this analysis is not to convince anyone of the large or 
s m a l l amount of covalent b o n d i n g i n these compounds but to arr ive at 
a m o d e l that can be used to pred i c t the structural chemistry of these 
systems. T o w h a t extent have we succeeded? T h e above discussion sug
gests that for benzy l i c systems, the l i t h i u m atom is closest to the atom 
that has the highest f o r m a l negative charge ( s igma interac t i on ) , a n d 
the Ν — L i — Ν group is pos i t ioned on or close to a n o d a l surface i n the 
H O M O of the carbanion i n a w a y that gives the appropr iate symmetry 
for the over lap of a ρ o rb i ta l n o r m a l to the Ν — L i — Ν plane a n d the 
H O M O of the carbanion . T h e H O M O of the isolated i n d e n y l carbanion 
is p r e d i c t e d to have a n o d a l p lane (see F i g u r e 28) w i t h the m a x i m u m 
charge density on C ( l ) a n d C ( 3 ) . A geometry w i t h the Ν — L i — Ν p lane 
n o r m a l to the n o d a l surface i n the H O M O can therefore be exc luded, 
a n d instead a geometry w i t h the l i t h i u m atom approx imate ly over the 
m i d p o i n t of the five-membered r i n g w i t h the Ν — L i — Ν plane about 
p a r a l l e l to the n o d a l p lane can be predic ted . I n the observed geometry 
( F i g u r e 28) the Ν — L i — Ν plane is w i t h i n 14° of fitting this mode l . 

Figure 28. Symmetry of the HOMO of the indenyl carbanion 

T h e over lap of the s o d i u m a n d potassium 3p a n d 4p orbitals w i t h the 
carbon 2p orbitals should not be near ly as effective as that of the l i t h i u m 
2p. Those metals should therefore f o rm complexes that fit the electro
static m o d e l descr ibed i n F i g u r e 29 more closely. T h e potassium i on i n 
( T M E D ) Κ fluorenyl is d iso lvated but not chelated b y b r i d g i n g T M E D A 
groups. T h e result is a p o l y m e r i c system i n the so l id state w i t h each 
fluorenyl group coordinated to two potassium atoms ( F i g u r e 30 ) . T h e 
project ion of one of the potass ium atoms onto the fluorenyl p lane is at a 
po in t w i t h i n the per iphery of the five-membered r i n g a n d also w i t h i n 
0.2 A of the pos i t ion pred i c ted for the electrostatic mode l . 

W e can carry this further a n d ask: g iven a posit ive po int charge 
i n the pos i t ion noted above for one potass ium atom, where is the next 
m i n i m u m i n the electrostatic potent ia l—that is, w h e r e w i l l the second 
potassium atom be most l i k e l y to coordinate? T h e lowest potent ia l 
energy m i n i m u m ca lcu lated for a fluorenyl group w i t h one interact ing 
Κ atom is on the opposite side of the fluorenyl r i n g a n d ver t i ca l ly above 
the p lane just to the inside of the C u — C i 2 b o n d of the five-membered 

0.03 

HOMO HUCKEL CHARGES 
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Figure 29. Factors affecting the posi
tion of an alkali metal atom with re

spect to the fluorenyl carbanion 

r i n g . T h e observed posi t ion of the potassium atom is also w i t h i n 0.2 A 
of that pred i c ted b y this ca lculat ion . 

T h e m o d e l also predicts that the pos i t ion of the l i t h i u m atom shou ld 
vary w i t h solvation number . I f a tr iso lvated l i t h i u m atom were f o rmed , 
the empty meta l ρ o rb i ta l no longer w o u l d be avai lable , a n d the b o n d i n g 
site again w o u l d p r o b a b l y be that pred i c ted b y the electrostatic m o d e l 
( F i g u r e 29). 

T h e last group of complexes considered here are the closed-shell 
d ian ion organometal l i c complexes. O n e of the simplest is that of n a p h 
t h a l e n e — [ ( T M E D ) L i ] 2 C i 0 H 8 . A g a i n , an electrostatic m o d e l based on 
the m i n i m u m i n the d ian ion potent ia l energy surface has been used to 
pred i c t the geometry of this complex. T h e I N D O charge d i s t r ibut ion is 
g iven i n F i g u r e 31, w i t h the most negative carbon atoms be ing C i , C 4 , 
C 5 , a n d C 8 . U s i n g the cr i ter ia deve loped for the monoanion systems, the 
l i t h i u m atom posit ion shou ld be adjacent to one or more of these atoms. 
T h e potent ia l energy d i s t r ibut ion (100) appears i n F i g u r e 32 a n d sug 
gests that there is a double m i n i m u m i n the electrostatic potent ia l energy 
located on either side of the C ( 9 ) — C ( 1 0 ) bond . T h e observed conf igu
rat ion is shown i n F i g u r e 33. T h e l i t h i u m atom assumes a symmetr i ca l 
pos i t ion w i t h respect to the r i n g . H o w e v e r , i t is 2.26 A f r om R C ( 3 ) , 2.27 A 
f r o m R C ( 2 ) , 3.32 A f r o m R C ( 1 ) , 2.33 A f r o m R C ( 4 ) , a n d 2.66 A f r om 
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100 P O L Y A M I N E - C H E L A T E D A L K A L I M E T A L COMPOUNDS 

Figure 30. Molecular structure of TMEDKC13H> 

b o t h R C ( 5 ) a n d R C ( 5 ) . These values show that the l i t h i u m atom is not 
located over the m i n i m u m i n F i g u r e 32 b u t instead is shi f ted to the outer 
par t of the naphthalene r i n g a n d closer to the R C ( 2 ) — R C ( 3 ) b o n d . T h e 
c h r o m i u m atom i n ( C O ) 3 C r naphthalene is also shi fted to the outer edge 
of the naphthalene molecule ( 134 ). 

T h e b o n d i n g of the empty ρ o rb i ta l of the l i t h i u m atom to the d ian ion 
molecule is not determined solely b y the symmetry of the H O M O of the 
d ianon ; instead, i t seems to be the result of a n u m b e r of M O ' s of the c o m 
plex . F o r example , at least four par t i cu lar eigenfunctions i n v o l v i n g 
l i t h i u m px ^ - carbon pz over lap appear to be important i n the naphthalene 
complex . These are shown at the left i n F i g u r e 34 i n order of increasing 
stabi l i ty . T h e top two correspond to the two H O M O ' s of the iso lated 
an ion a n d suggest that the l i t h i u m atoms shou ld be pos i t ioned to the out
side edges of the naphthalene molecule as observed. F r o m our experience 
w i t h the monoanion systems w e expect that i f the empty ρ o r b i t a l of the 
l i t h i u m atom were to interact w i t h the carbon pz orbitals , i t w o u l d do so i n 
a 1-3 or 2-4 fashion—that is , across a set of three atoms. T h e B2g, A u , a n d 
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3. STUCKY Stereochemical Properties 101 

-0.094 -0.094 

-0.054 

-0.054 

+0.072 

+0.072 -0.054 

-0.094 -0.094 

Journal of the American Chemical Society 

Figure 31. INDO charge distribution for the naphthalene dianion (30) 

IJ56 154 152 150 148 

Journal of Physical Chemistry 

Figure 32. Potential energy distribution for the naphthalene dianion: 
electrostatic attraction between a positive point charge and the naphtha
lene anion where the positive charge is 3 A above the nuclear plane of 

naphthalene. Energy in units of β°00· (100). 
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102 P O L Y A M I N E - C H E L A T E D A L K A L I M E T A L COMPOUNDS 

Figure 33. Molecular geometry of (TMEDLi)2naphthalene ( 30 ) 

BSg eigenfunctions i n F i g u r e 34 have the appropriate symmetry for either 
a 1-3 or 2-4 interact ion, w i t h opposite signs on the pz orbitals at the 1 a n d 3 
or 2 a n d 4 positions. T h e va lue of the over lap integrals ca lculated between 
the l i t h i u m ρ orbitals para l l e l to the mean carbanion plane a n d the C i 
or the C2pz orbitals are, however , about equal . ( T h e value for the 
L i p n — C i p z or the L i p n — C 2 p z overlap is about 0.15, c ompared w i t h a 
C i P s — C 2 p z over lap value of 0.22). T h e A u a n d BSg e igenfunctions, w h i c h 
correspond p r i m a r i l y to a 1,4 l i t h i u m - b r i d g e d r i n g , may therefore be 
responsible for p u l l i n g the C 2 a n d C 4 carbon atoms t o w a r d the l i t h i u m 
atom a n d the resul t ing p u c k e r i n g of the naphthalene d ianion . T h e two 
H O M O ' s i n F i g u r e 34 exclude an orientat ion of the Ν — L i — Ν p lane that 
is perpend i cu lar to the l ong axis of the naphthalene molecule because of 
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a.u. 
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- . 8 ^ 

MOLECULAR 
DIANION ORBITALS ORBITALS 

( P z only) Cj symmetry 
( L i B 2 ) 2 N a p h t h a l e n e 

LITHIUM* ATOMIC 
ORBITALS 

Figure 34. Partial correlation diagrams for (TMEDLi)2naphthalene 

Figure 35. Orientation of N-Li-N 
fragment with respect to the naphtha
lene fragment in Lt(TMEDLi)2naph-

thalene 
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104 P O L Y A M I N E - C H E L A T E D ALKALI M E T A L COMPOUNDS 

the nodes through C ( 9 ) a n d C ( 10) for b o t h states. T h e actual or ientat ion 
is s h o w n i n F i g u r e 35 w i t h the Ν — L i — Ν plane about 18° f r o m the l o n g 
axis of the naphthalene molecule . Nevertheless , the above analysis is s t i l l 
p r o b a b l y an overs impl i f i cat ion of the valence features of ( T M E D L i ) 2 -
naphthalene. F o r example , the p a r t i a l corre lat ion d i a g r a m ( F i g u r e 34 ) 
shows that considerable s tab i l i zat ion is obta ined b y the interact ion of a 
l i t h i u m spz h y b r i d o r b i t a l w i t h the B2g naphthalene molecular orb i ta l . 
T h e latter has a node t h r o u g h the 9 a n d 10 carbon atoms a n d w o u l d also 
favor shi f t ing the L i ( T M E D ) fragment towards the 2 a n d 3 carbon atoms. 

T h e C N D O charge d i s t r ibut i on for the anthracene d i a n i o n places the 
m a x i m u m charge density on the 5-10 positions a n d the second largest 
charge distr ibut ions on the equivalent 1, 4, 6, a n d 9 carbon atoms. T h e 
potent ia l energy d i s t r ibut i on (100) is g iven i n F i g u r e 36. B y analogy 
to naphthalene , the first L i ( B 2 ) f ragment should then go adjacent to 
the 5 a n d 10 carbon atoms—that is , over the centra l s ix -membered r i n g . 
T h e second L i B 2 group must then choose one of the outer s ix -membered 
r ings . 

4 3 2 1 0 1 2 3 4 
R 

Journal of Physical Chemistry 

Figure 36. Potential energy distri
bution for the anthracene anion: 
electrostatic energy of a positive 
thracene or naphthalene anion 3 A 
point charge associated with an on-
above the nuclear plane vs. the posi

tion of the positive charge ( 100). 
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3. STUCKY Stereochemical Properties 105 

A g a i n there are four molecu lar orbitals ( F i g u r e 37) that can over lap 
w i t h the l i t h i u m atom ρ o r b i t a l p a r a l l e l to the m e a n p lane of the car 
banion . T h e symmetry of the H O M O of anthracene is s imi lar to that of 
naphthalene. A covalent contr ibut ion to the b o n d i n g suggests that , as 
in naphthalene , the l i t h i u m atom is not exact ly i n the center of the 
m i d d l e s ix -membered ring b u t d i sp laced t o w a r d the node i n the H O M O 
that passes through this r i n g . Since the coefficients of the atomic pz 

orbitals of C n , C i 2 , C i 3 , a n d C i 4 i n the H O M O of the carbanion are 
about ha l f as large as the coefficients of C 2 a n d C 3 i n naphthalene , the 
d isplacement t o w a r d these atoms m i g h t not be as large. T h e ac tua l d i s 
p lacement i n this d i rec t ion is s h o w n i n F i g u r e 38. Since the symmetry of 
the M O s i n F i g u r e 37 for anthracene are bas ica l ly the same as those i n 

Journal of Physical Chemistry 

Figure 37. Molecular orbitals for the 
anthracene dianion. The orbitals have 
the appropriate symmetry to overlap 
with the lithium ρ orbitals that are 
parallel to the mean plane of the di

anion (100) (see Figure 34). 

2 . 5 7 6 2.655 

Figure 38. Positions of the lithium 
atoms with respect to the anthracene 

moiety in [LiTMED]2anthracene 
(30) 

Journal of the American Chemical Society 
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106 P O L Y A M I N E - C H E L A T E D ALKALI M E T A L COMPOUNDS 

F i g u r e 34 for naphthalene , the angle that the Ν — L i — Ν p lane makes 
w i t h a l ine passing through the m i d p o i n t of C 2 — C 3 a n d C 7 — C 8 shou ld 
be the same i n the two molecules. T h e ac tua l values are 15° + 3 ° for 
b o t h the Ν — L i — Ν groups i n anthracene, c ompared w i t h 18° ± 3 ° i n 
naphthalene . 

T h e two highest H O M O s of the acenaphthalene d ian ion have the 
symmetry shown i n F i g u r e 39. There are three possible sites for the t w o 
l i t h i u m atoms: 

1) over the center of the five-membered r i n g o n e ither side of the 
acenaphthalene d ian ion , 

2 ) positions s imi lar to those i n the naphthalene d ian ion , a n d 
3 ) between the 5 a n d 6 carbon atoms. 

Figure 39. Two HOMO's for the acenaphthalene dianion 

H u c k e l calculations p lace the largest negative charge on the 1,2 
a n d 5,6 positions ( — 0.28e"). T h e nearest n o d a l p lane to the 1,2 pos i t ion 
is at the center of the five-membered r i n g w h i l e the nearest n o d a l p lane 
to the 5 a n d 6 carbon atoms places the l i t h i u m atom close to b o t h those 
carbon atoms, as i n the H O M O i n the t h i r d posi t ion 3 l isted. T h e first 
pos i t i on is ac tua l ly observed; i t seems to be favored i n that the second 
H O M O does not contain a node i n pos i t ion 3 but does for pos i t ion 1. 
T h e Ν — L i — Ν plane shou ld p e r m i t over lap between the 1-11 a n d 2-9 
posit ions for the two Ν — L i — Ν fragments on either side of the five-
m e m b e r e d plane. T h e angle of the Ν — L i — Ν plane w i t h respect to the 
t w o f o l d axis of the molecule shou ld therefore be between a m a x i m u m of 
36° a n d a m i n i m u m of 10° . T h e observed value is 15° . 

T h e ethylenic dianions of sti lbene, tetraphenylethylene, a n d b i -
fluorenylidene shou ld have a H O M O that is ant ibond ing w i t h respect to 
the olefinic bond . I n add i t i on , the most basic carbon atoms are pred i c t ed 
to be the olefinic carbon atoms. T h e structure of [ L i T M E D ] b i f luoreny l i -
dene appears i n F i g u r e 40. T h e two l i t h i u m atoms l ie on a two fo ld axis 
that bisects the C = C b o n d . 

T h e molecular structure of the frans-sti lbene d i a n i o n is s imi lar to 
the Ν — L i — Ν fragments on the two fo ld axis on either s ide of the anion 
plane. Unfor tunate ly , the sti lbene d i a n i o n — b u t not the Ν — L i — Ν group 
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3. STUCKY Stereochemical Properties 107 

HOMO Second HOMO 
Figure 41. Symmetry of the two highest occupied 

molecular orbitah of trans-stilbene 

—seems to be disordered i n this structure, a n d w e have not been able 
to interpret m a n y of the s tructural details of the carbanion. T h e expected 
symmetries of the first a n d second H O M O ' s are shown i n F i g u r e 41 ; the 
H u c k e l charge d is t r ibut ion is g iven i n F i g u r e 42. I n b o t h the sti lbene 
( 135) a n d bi f luorenyhdene structures, the p lanar or nonplanar geometry 
solid-state configuration of the parent hydrocarbon is preserved, a n d i n 
b o t h structures the bisector of the Ν — L i — Ν b o n d is d i rec ted at the 
m i d p o i n t of the olefinic C — C b o n d . 
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-0.20, r0.02 

~0.02( o >-ai4 

-0.14 

Figure 42. Hûckel charge distnbution 
for tranS'Stilbene 

Summary 

T h e complexes pre ferent ia l ly obta ined b y crys ta l l i z ing N- che la ted 
o rgano l i th ium reagents f r o m a so lut ion conta in ing excess bidentate ter
t iary amine base, T M E D , are character ized b y a 1:1 base- to - l i th ium rat io . 
A compar ison of meta l -base distances shows a dependency of the m e t a l - N 
distance on the carbanion stabi l i ty a n d perhaps to a lesser extent on the 
base strength of the tert iary amine. C h e l a t i o n of a l i t h i u m atom b y 
T M E D results i n the o p t i m a l use of the lone pa i r electrons on the nitrogen 
atoms. M e t a l atoms w i t h a larger atomic radius are not able to use the 
ni trogen atom lone-pair electrons as effectively, a n d thus, the magn i tude 
of the chelate effect w i t h T M E D shou ld be greatly reduced . T h e 
distance of s od ium a n d heavier a l k a l i metals f r om unsaturated groups 
can be pred i c ted re lat ive ly accurately f rom atomic r a d i i ; however , 
l i t h i u m - u n s a t u r a t e d group distances are considerably shorter than those 
pred i c ted . T h i s m a y be consistent w i t h a substantial degree of covalent 
b o n d i n g between second-row elements a n d unsaturated organic species. 

A l l the benzy l i c systems, R L i T M E D , examined have an a l l y l i c 
geometry w i t h respect to the meta l atom. T h e or ientat ion of the 
Ν — L i — Ν plane , the charge d i s t r ibut ion in ferred f rom I N D O a n d N M R 
results, I N D O over lap integrals a n d molecu lar orb i ta l coefficients, a n d 
the a l l y l i c conf iguration itself , are compat ib le w i t h a three-center b o n d i n g 
m o d e l that invokes the use of a l l l i t h i u m 2s a n d 2p orbitals . T h e a l l y l i c 
geometry observed i n the so l id state is also consistent w i t h recent N M R 
studies of so lut ion e q u i l i b r i a . T h e pos i t ion of the m e t a l atom shou ld 
vary w i t h the degree of solvation. 

T h e pos i t ion of the l i t h i u m atom i n IV-chelated organo l i th ium c o m 
pounds , ( T M E D L i ) 2 R , also cannot be pred i c ted f rom electrostatic con-
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3. STUCKY Stereochemical Properties 109 

siderations alone but , as i n the benzy l i c derivatives , is consonant w i t h 
some d i rec ted covalent b o n d i n g i n v o l v i n g the H O M O of the carbanion . 
I n the ethylenic derivatives s tudied the closest approach of the l i t h i u m 
atom to the organic group is a long a perpend i cu lar bisector of the olefinic 
b o n d , thus p l a c i n g the l i t h i u m atom on a n o d a l surface of the H O M O 
of the carbanion . 

T o evaluate conc lus ive ly the hypotheses presented here, add i t i ona l 
solut ion a n d solid-state studies are needed, par t i cu lar ly for tr iso lvated 
organo l i th ium compounds, solvent-separated complexes, a n d unsaturated 
complexes of the heavier a l k a l i metals. T h e results do, however , furn i sh 
the first g l impse of the stereochemistry of a chemica l ly important class 
of compounds a n d should also prov ide w o r k i n g models for unders tanding 
the role of G r o u p l a metals i n po lymer i za t i on reactions a n d i n their 
reactions w i t h e lectrophi l i c reagents. 
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Magnetic Resonance Studies of Polytertiary 

Amine Chelated Alkali Metal Compounds 

M. T. MELCHIOR, L. P. KLEMANN, and A. W. LANGER, JR. 

Esso Research and Engineering Co., Linden, N.J. 07036 

Magnetic resonance experiments have provided considerable 
structural information on chelated alkali metal compounds. 
The combination of 1H and 7Li NMR experiments on che
lated lithium halides (Chel · LiX) with ESR experiments 
on chelated sodium naphthalenide (Chel · Na+C10H8-) has 
shown that these systems are strongly-chelated, tight ion 
pairs which aggregate in aromatic hydrocarbon solvents. 
For a given chelating agent there is a strong correlation 
between the 23Na hyperfine interaction in Chel · Na+C10H8-
and the 7Li chemical shift in Chel · LiBr. Evidence of a 
stereospecific collision complex between Chel · LiBr and 
aromatic solvents is derived from 1H NMR experiments. 

Tn the past 10 years nuclear magnet ic resonance ( N M R ) a n d electron 
·** sp in resonance ( E S R ) have p r o v e d to be va luable tools for s tudy ing 
po lytert iaryamine chelated a l k a l i meta l compounds. E a r l y w o r k i n these 
laboratories concerned Ή N M R studies of d iamine chelated l i t h i u m 
a l k y l compounds, p r i m a r i l y b u t y l l i t h i u m ( L i B u ) , i n paraffinic solvents. 
It was shown ( I , 2 ) that chelat ion results i n a m a r k e d upf ie ld chemica l 
shift of the « - C H 2 protons of L i B u . T h e magni tude of this shift correlates 
w i t h the stabi l i ty of the chelated L i B u ( C h e l · L i B u ) a n d presumably 
reflects a po lar izat ion a n d subsequent loosening of the L i - C bond . There 
is also a smaller downf ie ld chemica l shift of the N - a l k y l group protons of 
the che lat ing agent caused b y a general transfer of electron density f r o m 
che lat ing agent to l i t h i u m to a l k y l group. T h i s downf ie ld shift of the 
chelat ing agent protons is a useful cr i ter ion for the presence of chelated 
l i t h i u m . F o r the prototype system T M E D · L i B u (see T a b l e I for chelat
i n g agents a n d abbreviations ) i n paraffinic solvent, this (normal) chelat ion 
shift is about 0.1 p p m downf ie ld for N - C H 3 protons a n d essentially zero 

113 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
97

4 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
4-

01
30

.c
h0

04



114 

Table I. 

P O L Y A M I N E - C H E L A T E D ALKALI M E T A L COMPOUNDS 

Skeletal Structures of Polytertiaryamine Chelating Agents 

Structure Abbreviation 

/ \ / T M E D 
\ 7 X / 
y Ν Ν < 

P M D T 

\ / \ / \ w / ~ \ M / n - H M T T 
>N Ν Ν Ν ( 

^ 4 i s o - H M T T 

\ N / / V H M T P 
/ I I I \ 

for N - C H 2 - protons. T h i s is i n d ist inct contrast to the behavior of 
T M E D · L i B u i n benzene where a large upf ie ld shift of about 0.5 p p m is 
experienced b y the N - C H 2 - protons. ( T h i s statement takes into account 
a smal l correct ion caused b y p a r t i a l react ion of T M E D · L i B u w i t h 
solvent to f o r m T M E D · Li</>.) T h i s upf ie ld methylene shift is evidence 
for a stereospecific so lute-benzene co l l i s ion complex (3 ) a n d provides an 
excellent probe of chelate structure. A s imi lar upf ie ld methylene shift 
has been noted for dimethoxyethane L i A l M e 4 i n benzene ( 4 ) . 

T h e h i g h react iv i ty of chelated l i t h i u m a l k y l compounds severely 
l imi ts s tructural s tudy of pure compounds, par t i cu lar ly i n aromatic 
solvents. M o s t of our more recent w o r k on chelated l i t h i u m a l k y l systems 
used Ή a n d 7 L i N M R to observe various metalat ion reactions l ike the self-
metalat ion or ag ing react ion of T M E D · L i B u i n heptane ( J , 2). M u c h 
of our current insight into the s tructural features of chelated a l k a l i 
meta l systems comes f r o m care ful quantitat ive s tudy of systems w i t h 
re lat ive ly stable anions l ike resonance s tab i l i zed carbanions ( 5 ) a n d 
the systems descr ibed i n this paper. W e discuss magnet i c resonance 
experiments on t w o systems: (a ) chelated l i t h i u m halides C h e l · L i X , 
examples of the recent ly d iscovered inorganic salt chelates ( 6 ) , a n d ( b ) 
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4. MELCHIOR E T A L . Magnetic Resonance Studies 115 

chelated sod ium salts of naphthalene r a d i c a l anion , C h e l · N a + C i 0 H 8 " . A 
large amount of data has been col lected on these systems w h i c h prov ide 
stable models va luab le for deta i led structural s tudy of chelated a l k a l i 
meta l compounds i n general . O u r discussion is concerned w i t h the b r o a d 
structural impl i cat ions of the w i d e range of exper imental results avai lable . 

E v i d e n c e is presented w h i c h shows that a chelated cat ion is a d i s 
t inct , l ong - l i ved chemica l species a n d that different chelated cations m a y 
coexist i n solut ion as discrete observable species. Invest igation of the 
a n i o n - c a t i o n interact ion shows that chelated salts i n benzene exist as 
t ight i o n pairs d o w n to the l i m i t of spectrometer sensit ivity. T h e effect 
of che lat ing agent on i on pa i r separation is considered. F i n a l l y w e 
describe a series of experiments conducted i n m i x e d solvents, the results 
of w h i c h reveal a stereospecific association of aromatic solvent molecules 
w i t h a chelated l i t h i u m salt. 

Experimental Procedures 

T h e preparat ion of chelated l i t h i u m hal ides C h e l · L i X has been 
descr ibed elsewhere ( 6 ) . Solutions for 7 L i a n d Ή N M R experiments 
were prepared f rom the so l id complexes. Preparat ion of C h e l · N a + C i 0 H 8 ~ 
was achieved b y shaking a solut ion of the che lat ing agent a n d C i 0 H 8 w i t h 
a str ip of freshly c leaned sod ium i n a very s imple ce l l jo ined at one end to 
a n E S R sample tube. T h i s technique is s imple a n d al lows the observation 
of successive increments of reduct ion. Its disadvantage is that i t gives an 
u n k n o w n concentration of C h e l · N a + C i 0 H 8 i n an excess of reactants. A s 
noted be l ow it succeeds only because of the unusual ly s luggish electron 
transfer i n the hydrocarbon solvent. A l l samples were h a n d l e d i n a d r y 
box. 

E S R spectra were taken on a B r u k e r Scientif ic 418s X - b a n d spec
trometer e q u i p p e d w i t h H a l l - p r o b e s tab i l i zed magnet ic field sweep. T h e 
100 M H z proton N M R spectra were obta ined on a s tandard V a r i a n 
H A - 1 0 0 spectrometer operat ing w i t h interna l lock us ing a solvent peak. 
A l l samples contained a trace of tetramethyls i lane ( T M S ) as an interna l 
reference. 7 L i N M R spectra were obta ined at 23.3 M H z on a J E O L 
C 6 0 H N M R spectrometer e q u i p p e d w i t h a J N M - N S - 1 0 0 N u c l e a r Single 
S i d e b a n d U n i t . Samples for 7 L i N M R conta ined a cap i l l a ry of 5 . 0 M 
L i B r i n methano l as external reference. 

T h e deuterated che lat ing agent i s o - H M T T - d 1 8 , N [ C H 2 C H 2 N ( C D 3 ) ] 3 , 
was prepared f rom tris- ( 2 -aminoethyl ) amine, p a r a f o r m a l d e h y d e - d 2 , for
m i c a c i d - d 2 a n d D 2 0 via the E s c h w e i l l e r - C l a r k e react ion ( 7 ) . 

Chelated Lithium Halides; 7Li and 1H NMR Results 

T h e unusua l properties o f po ly ter t iaryamine chelated l i t h i u m salts 
have been noted ( β ) . T h e h i g h so lub i l i ty a n d conduct iv i ty of chelated 
l i t h i u m halides i n benzene raise a n u m b e r of important a n d interest ing 
questions concerning the role of the aromatic solvent since these chelated 
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116 P O L Y A M I N E - C H E L A T E D A L K A L I M E T A L C O M P O U N D S 

salts are neg l i g ib ly so luble i n saturated hydrocarbons. I n i t i a l experiments 
focused on possible evidence for specific an ion solvat ion b y the aromatic 
solvent w i t h l i t t le or no success. W e have , however , obta ined clear-cut 
evidence for a stereospecific association of solvent molecules l oca l i zed at 
a chelated L i + cat ion. T h i s interact ion is manifested i n the Ή a n d 7 L i 
chemica l shifts of the chelated salt C h e l · L i X i n benzene. 

T a b l e I I shows the Ή N M R data on 0 . 1 M i s o - H M T T a n d 0 . 1 M iso-
H M T T · L i B r i n C H 2 C 1 2 a n d i n benzene. O f p r i m a r y interest is the last 
entry i n the table , A c h e l , the chelat ion shift for i s o - H M T T · L i B r re lat ive 
to free i s o - H M T T i n each of the two solvents. T h e values of A c h e i i n 
C H 2 C 1 2 are analogous to w h a t is observed for l i t h i u m a l k y l systems such 
as T M E D · L i B u i n paraffinic solvents. T h e smal l ( ^ 0 . 1 p p m ) d o w n -
field shift of the N - C H 3 protons accompanied b y essentially no shift of 
the N - C H 2 - protons is t y p i c a l for l i t h i u m chelates i n non-aromatic 
solvents a n d is what w e have referred to as a n o r m a l chelat ion shift. 
Observat ion of this n o r m a l A c h e i is evidence that i s o - H M T T · L i B r does 
exist as the chelate i n C H 2 C 1 2 . 

Table II. Proton N M R Chemical Shifts for i s o - H M T T , 
Free and Complexed with LiBr 

CH2CI2 CQHG 

CHs CH2« CHZ CH2* 

i s o - H M T T (0 .1M) - 2 . 1 8 3 - 2 . 4 4 2 - 2 . 1 3 9 - 2 . 5 4 1 
i s o - H M T T - L i B r (0 .1M) - 2 . 3 1 9 - 2 . 4 4 8 - 2 . 2 4 0 - 1 . 8 7 5 

Achei, (ppm) - 0 . 1 3 6 - 0 . 0 0 6 - 0 . 1 0 1 +0 .666 
a Average shift for A 2 B 2 pattern, all shifts in ppm downfield from T M S . 

T a b l e I I shows that the chelat ion shift A c h e i is quite different i n 
benzene solution. H e r e again the behavior of i s o - H M T T · L i B r is analo
gous to T M E D · L i B u , w i t h a large upf ie ld shift of the N - C H 2 - protons. 
T h i s large upf ie ld methylene shift ( large posit ive A c h e i ) i n benzene is 
general for chelated l i t h i u m compounds a n d is seen as a manifestat ion 
of a stereospecific co l l i s ion complex between benzene a n d the posit ive 
e n d of the molecular d ipo le moment of C h e l · L i X . T o study this u n u s u a l 
interact ion w e have carr ied out extensive experiments i n m i x e d C H 2 C 1 2 — 
benzene solvents, some results of w h i c h are discussed be low. I n add i t i on 
to s tudy ing the or ig in of this upf ie ld methylene chelat ion shift i n benzene, 
w e have taken advantage of its existence i n a n u m b e r of ways descr ibed 
be low. 

T h e 7 L i N M R spectra of C h e l · L i X have p r o v e d sensitive to various 
s tructura l features. F i g u r e 1 shows the 7 L i chemica l shifts for P M D T · 
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4. M E L C H I O R E T A L . Magnetic Resonance Studies 117 

- 1 . 0 0 
χ = CI 

.50 1.00 1.50 2 . 0 0 
M LiX 

Figure 1. 7Lithium NMR chemical shifts for PMDT · LiX, X = 
Cl, Br, I; room temperature in toluene 

L i X ( X == C I , B r , or I ) at room temperature i n toluene. ( A l l 7 L i chemica l 
shifts are measured relat ive to an external s tandard of 5 . 0 M L i B r i n metha
no l . ) F i g u r e 1 shows that there is about a 1-ppm downf ie ld shift i n go ing 
f r om ch lor ide to i od ide i n P M D T · L i X . F i g u r e 2 shows the var ia t i on w i t h 
concentration of 7 L i chemica l shifts for C h e l · L i B r i n benzene for the five 
che lat ing agents s tud ied . T h e l i m i t i n g d i lu t i on chemica l shifts for C h e l · 
L i B r der ived f rom F i g u r e 2 are tabulated i n T a b l e I I I . I n add i t i on to these 
variations w i t h anion a n d chelat ing agent, the 7 L i c h e m i c a l shift is also 
inf luenced b y stereospecific association of C h e l · L i X w i t h aromat ic so l 
vents to rough ly the same degree as is the Ή chemica l shift of the chelat
i n g agent. T h e 7 L i chemica l shift of 0 . 1 M i s o - H M T T · L i B r i n benzene is 
about 0.6 p p m upf ie ld f rom that of 0 . 1 M i s o - H M T T · L i B r i n C H 2 C 1 2 . 
T h i s m a y be compared w i t h the Ή N M R data i n T a b l e I I . T h e r e is also 
concentration dependence of the 7 L i chemica l shift a l though somewhat 
less pronounced than for Ή . C l e a r l y the 7 L i chemica l shift of C h e l · L i X 
is equal ly sensitive to the nature of the anion, chelat ing agent, a n d solvent, 
as w e l l as concentration. T h i s discourages attempts to intepret the m a g n i 
tude of the observed 7 L i c h e m i c a l shifts. I n the f o l l o w i n g w e w i l l d r a w 
conclusions f rom the fact that 7 L i chemica l shift differences exist i n g iven 
situations w i thout at tempt ing to rat ional ize the magni tude of the shifts 
themselves. 

Chelated Sodium Naphthalenide; ESR Results 

C h e l a t e d sod ium naphthalenide salts C h e l · N a + C i 0 H 8 " have been 
prepared via s od ium meta l reduct ion of solutions of C i 0 H 8 a n d chelat ing 
agent i n benzene. W h i l e N a + C i 0 H 8 " has been s tudied extensively i n ether 
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118 P O L Y A M I N E - C H E L A T E D ALKALI M E T A L COMPOUNDS 

_ L JL 
0.5 

M Chel-LiBr 

Figure 2. 7Lithium NMR chemical shifts for Chel · LiBr in ben
zene as a function of the concentration (moles/liter) of chelated salt. 
Chemical shifts are in ppm downfield from external 5 M LiBr in 

methanol. 

solvents (8,9), this is the first study of such salts b y E S R i n hydrocarbon 
solvents. T h e observed spectra have a number of u n u s u a l features. A 
t y p i c a l spectrum is shown i n F i g u r e 3, that of P M D T · N a + C i 0 H 8 " pre 
p a r e d b y N a meta l reduct ion of a benzene solution 0 .002M i n C i 0 H 8 a n d 
P M D T . Several features of this spectrum are w o r t h no t ing : 

( a ) T h e spectrum i n F i g u r e 3 is character ized b y narrow lines 
( < 0.1 G ) despite the fact that the system contains an excess of the parent 
hydrocarbon C i 0 H 8 . T h i s indicates an unusua l ly s luggish electron ex
change between C h e l · N a + C i 0 H 8 " a n d the parent C i 0 H 8 i n the h y d r o 
carbon solvent. (Preparat i on of N a + C i 0 H 8 " i n a n ether solvent such as 
T H F us ing our technique p r o d u c e d only a single b r o a d E S R l ine . ) T h i s 
observation is discussed be low. 
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4. MELCHIOR E T A L . Magnetic Resonance Studies 119 

Table III. Observed 2 3 N a Hyperfine Interactions and Limiting 
Dilution 7 L i Chemical Shifts for Chelated Ion Pairs 

Number of 
Chelating Agent Nitrogens a"; G" Li, ppmb 

T M E D 2 1.80 2.08 
P M D T 3 1.12 1.55 
n - H M T T 4 0.89 1.00 
H M T P 4* 0.91 0.83 

5 C 0.20 
i s o - H M T T 4 0.71 0.36 

α Observed 2 3 N a hf interaction for Chel · N a
+ C i 0 H 8 " in benzene. 

b Observed limiting dilution 7 L i chemical shift for Chel · LiBr in benzene, in ppm 
downfield from 5M L iBr in methanol (see Figure 2). 

c See section on effect of chelating agent on ion pairing. 

( b ) T h e spectrum i n F i g u r e 3 is that of an i on pa i r ev idenced b y 
the superposit ion of a 2 3 N a hyperfine (h f ) interact ion on the 25-l ine 
pattern w h i c h w o u l d be observed for a free C i 0 H 8 ~ anion. F i g u r e 3 
shows spl i t t ing of the central l ine a n d the outermost free i on l ine into 
quartets b y the 2 3 N a h f coup l ing constant a N a = 1.12 G . 

( c ) T h e 2 3 N a h f c o u p l i n g constant i n this a n d related systems is 
concentration independent a n d characteristic of the part i cu lar che lat ing 
agent. Observed vaues of a N a are l isted i n T a b l e I I I . 

W i t h two of the chelat ing agents, T M E D a n d H M T P , t ime de
pendent E S R spectra were observed. T h e overa l l behavior of the T M E D 

(0,0) 

1 gauss a 0 = 1.840 gauss (4H) 

a N a = 1.115 gauss (1 Na) 

Figure 3. ESR spectrum of PMDT · Na+C10H8~ ion pairs in benzene. 
Spectrum shows 23Na hf splitting of the 25-line pattern of the C10H8~ 
anion. This splitting is shown for the central (0, 0) and the outermost 

(2,2) line of the free anion. 
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120 P O L Y A M I N E - C H E L A T E D A L K A L I M E T A L C O M P O U N D S 

[TMED-Na +C 1 0Hg~] 
η 

1 gauss 
Η 4.920 gauss (4H) a 1 
Η 1.865 gauss (4H) 

Na 0.485 gauss (2 Na) a 

Figure 4. ESR spectrum of initial product of sodium reduction of 
C10H8 + TMED in benzene. Spectrum is that of an ion cluster and 

shows hf interaction with two equivalent 23Na cations. 

system is very compl i cated a n d is not discussed i n deta i l . T w o products 
are of interest—the i n i t i a l product , a n d the product observed after l ong 
times i n contact w i t h sodium. T h e E S R spectrum of the i n i t i a l p roduc t 
is shown i n F i g u r e 4. T h i s spectrum shows h f interact ion w i t h two equ iva 
lent 2 3 N a nuc le i , ind i ca t ing i n i t i a l format ion of a t r ip le i o n or d imer i c i o n 
p a i r ( T M E D · N a + C i 0 H 8 " ) 2 . T h e long contact t ime product is a t y p i c a l 
t ight ion-pair T M E D · N a + C i 0 H 8 " , data for w h i c h is i n c l u d e d i n T a b l e I I I . 
These species are very s imi lar to the two species observed w h e n N a + C i 0 H 8 " 
is p repared i n T M E D as a solvent (10) even though the order i n w h i c h 
the two species appear is inverted . 

T h e second case of t ime dependent spectra is the observed decay of 
i n i t i a l l y f o rmed H M T P · N a + C 1 0 H 8 - i o n pairs w i t h a N a = 0.91 G , to a 
mixture of this species a n d another w i t h a N a < 0.2 G . W e discuss a 
possible interpretat ion of this observation i n the section on the effect of 
che lat ing agent on i on p a i r i n g . 

General Structural Features of Chelated Salts 

Chelating Agent-Cation Interaction. O u r experiments have pro 
v i d e d direct spectroscopic evidence that a chelated l i t h i u m or sod ium 
cat ion is a dist inct chemica l species. Observat ion of a unique 2 3 N a h f 
interact ion for each chelat ing agent i n C h e l · N a + C i 0 H 8 " b y itself sug
gests that a chelated cat ion is a distinct entity. T h i s po int is made more 
conv inc ing b y the observation that E S R spectra of mixtures of P M D T · 
N a + C i o H 8 " a n d i s o - H M T T · N a + C i 0 H 8 " are superpositions of the i n d i -
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4. M E L C H I O R E T A L . Magnetic Resonance Studies 121 

v i d u a l chelate spectra. F i g u r e 5 shows the 2 3 N a h f sp l i t t ing of the outer
most proton h f component of C i 0 H 8 " b y two chemica l ly d ist inct chelated 
cations, P M D T · N a + a n d i s o - H M T T · N a + , each w i t h a 2 3 N a h f interac 
t ion ident i ca l to that observed i n separate experiments. T h e r e is no e v i 
dence of exchange of N a + between chelat ing agents at r o o m temperature. 

T h e E S R spectrum i n F i g u r e 5 resulted f r om the reduct ion of a 
solut ion i n w h i c h the ratio of P M D T to i s o - H M T T was about 16:1. 
N e a r l y e q u a l intensities of the E S R spectra of P M D T · N a + C i 0 H 8 " a n d 
i s o - H M T T · N a + C i 0 H 8 " shows the strong preference of N a + cations for 
i s o - H M T T over P M D T . T a b l e I V shows the var ia t ion of the E S R intensi ty 
ratio [ P M D T · N a + C 1 0 H 8 ] / [ i s o - H M T T · N a + C i 0 H 8 " ] w i t h variat ions of 
the rat io of i s o - H M T T to P M D T i n the parent solution. T a b l e I V also 
shows that the relat ive concentrat ion of the two chelated ion-pairs are 
satisfactori ly accounted for over a considerable concentrat ion range b y a 
s imple e q u i l i b r i u m constant expression, 

K [ P M D T · Na+Ci 0 H 8 j [ i s o - H M T T ] m 

e q [ i s o - H M T T · Na+Ci 0 H 8 = ] [ P M D T ] W 

w i t h Keq = 6.6 ± 1.2. T h i s result corresponds to a free energy difference 
of about 1.6 k c a l per mole i n chelate strength. C l e a r l y such measure
ments c ou ld f o rm the basis for a quantitat ive scale of che lat ing ab i l i ty . 

PMDT-Na C I Q H S 

iso HMTT-Na +CioH8 

a N a = 1.12 gauss 

a N a = 0.71 gauss 

Figure 5. Low field portion of ESR spectrum of a mixture of iso-
HMTT · Na+C10H8~ and PMDT · Na+C10Hf. The lines shown are 
the two quartets arising from 23Na hf splitting of the end (2, 2) line 
of the C10H8~ proton hf pattern for the two species. The strong line 
near the center of the pattern arises from 23Na hf splitting of the next 

proton hf line (2, 1). 
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122 P O L Y A M I N E - C H E L A T E D ALKALI M E T A L COMPOUNDS 

Table IV. Mixed i s o - H M T T / P M D T Chelated N a C 1 0 H 8 ; Relative 
Intensities and Ion-pair Equilibrium Constant 

% iso-HMTT ESR Intensity Ratio* Keq X 10 2° 
2 5.0 7.0 
6 1.5 7.9 

10 0.63 5.8 
16 0.31 5.0 
22 0.28 7.2 

° Calculated from Equation 1. Concentrations of the free chelating agents calculated 
from starting concentrations assuming a total Chel · N a + C i o H 8 ~ concentration of 10~3M 
based on observed E S R intensities. 

T h e 7 L i N M R spectra of C h e l · L i B r i n benzene a n d fluorobenzene 
prov ide equa l ly strong, i f not stronger, evidence of a discrete l ong - l ived 
chelated cation. T h e data i n F i g u r e 2 a n d T a b l e I I I show that the 7 L i 
N M R chemica l shifts for C h e l · L i B r at a g iven concentrat ion i n benzene 
are characterist ic of the various chelat ing agents. Mo re o ve r F i g u r e 6 
shows that, at 4 ° C i n fluorobenzene, separate 7 L i N M R peaks for P M D T · 
L i B r a n d i s o - H M T T · L i B r can be resolved i n a mixture of the two 
chelates. T h e 7 L i chemica l shifts of the two chelates are the same as 
those observed i n separate experiments. I n this case, because of the 
re lat ive ly greater t ime scale of N M R , exchange of cations between chelate 
sites can be observed as a coalescence of the N M R peaks at the h igher 
temperatures shown i n F i g u r e 6. T h e details of this exchange react ion 
are beyond the scope of the present discussion. W e note only that a 
che lated L i + cat ion has a l i fe t ime of about one second at — 10°C i n this 
system. 

C l e a r l y this type of 7 L i N M R experiment has the potent ia l for q u a n t i 
tat ive measurement of chelate strength. I n this part i cu lar system, h o w 
ever, attempts to observe the e q u i l i b r i u m 

i s o - H M T T + P M D T - L i B r ?± i s o - H M T T - L i B r + P M D T (2) 

have fa i l ed because the e q u i l i b r i u m is d i sp laced overwhe lming ly to the 
r ight . F r o m these experiments i t has been est imated that the a dd i t i o n a l 
free energy of chelat ion for i s o - H M T T relat ive to P M D T is at least 15 
k c a l / m o l e . T h u s L i + cations show even more preference for i s o - H M T T 
over P H D T than do N a + cations. 

F u r t h e r evidence of the strength of the chelat ing agent - ca t i on inter 
act ion comes f rom the Ή N M R spectra of chelated L i B r systems w h i c h 
have an excess of che lat ing agent. W e have already noted the large u p 
field shift of the N - C H 2 - protons of i s o - H M T T · L i B r i n benzene re lat ive 
to free i s o - H M T T ( T a b l e I I ) . I n several experiments dist inct peaks for 
free a n d complexed i s o - H M T T cou ld be observed. I n order to study this 
system wi thout the interference of the N - C H 3 protons, selectively d e u -
terated i s o - H M T T - d i 8 was used ( > 9 9 % N - C D 3 ) . F i g u r e 7 shows the 
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4. MELCHIOR E T A L . Magnetic Resonance Studies 123 

Figure 6. 7Lithium NMR spectra of a mixture of 0 .5M PMDT · LiBr 
and 0 .5M iso-HMTT · LiBr in fluorobenzene at several temperatures 

Ή N M R spectrum of a so lut ion 0 . 0 5 M i n iso -HMTT -<2i 8 a n d 0 . 0 5 M i n 
i s o - H M T T - d i 8 · L i B r i n benzene at 5 ° C . C l e a r l y reso lved peaks f r o m 
free a n d complexed i s o - H M T T - d i 8 can be observed. These peaks coalesce 
at temperatures above 4 0 ° C as the exchange of L i B r between i s o - H M T T 
molecules becomes sufficiently fast. T h e spectrum i n F i g u r e 7 is strong 
evidence for a w e l l defined 1:1 chelate structure i s o - H M T T · L i B r . 
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1 ' 18 1 

iso HMTT-d · LiBr 

iso-HMTT -d 

I I I 
2.50 2.00 1.50 

Figure 7. Proton NMR spectrum (100 MHz) of a solution of 0.05M 
in iso-HMTT-d18 and 0 .05M in iso-HMTT-d18 · LiBr in benzene at 

5°C. Chemical shifts are in ppm downfield from TMS. 

W e have looked at the chelat ing agent - ca t i on interact ion f r om the 
point of v i e w of the chelat ing agent ( Ή N M R ) , the cat ion ( 7 L i N M R ) , 
a n d the anion ( E S R ) . I n each case w e have seen clear-cut evidence that 
a chelated L i + or N a + cat ion is a w e l l defined chemica l species. 

W e note a very interest ing manifestat ion of the strong chelat ing 
agent - ca t i on interact ion, i.e. the E S R l inewidths observed for C h e l · 
N a + C 1 0 H 8 " i n the presence of excess C i 0 H 8 . W e consider two processes 
w h i c h can broaden the E S R lines, a n i o n - n e u t r a l molecule electron transfer 

hi 

C i 0 H 8 + Chel·Na+Ci o H 8 - <=> Chel·Na+Ci 0 H 8 - + C i 0 H 8 , (3) 

a n d a n i o n - a n i o n s p i n - s p i n exchange 

k2 

C h e l ·Na+Ci o H 8 - + Chel·Na+Ci 0 H 8 - C h e l ·Na+Ci „ H 8 - (4) 
+ C h e l . N a + C i o H 8 -
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4. MELCHIOR E T A L . Magnetic Resonance Studies 125 

I n E q u a t i o n 4 no exchange of i on partners need occur. W e have not 
attempted to measure kx a n d k2 i n any of these systems b u t w e can infer 
order of magni tude estimates. I n the slow exchange l i m i t (11) E q u a t i o n 
3 should give a l ine broadening independent of r a d i c a l an ion concentrat ion 

( W - Wo) « * i [ C i o H 8 ] , (5) 

where W a n d W 0 are l inewidths ( i n H z ) i n the presence a n d absence of 
exchange, respectively. I n these systems w e have never observed l ine 
broadening attr ibutable to this process even w i t h concentrations as h i g h 
as [CioH 8 ] = 0 . 5 M . B y assuming w e c o u l d easily see a broadening of 
W — W 0 > 0.05 G (0.15 M H z ) w e obta ined a conservative u p p e r l i m i t 
for the rate constant for electron transfer i n E q u a t i o n 3, fci < 1 0 6 M - 1 

sec" 1. T h i s upper l imi t is s ignif icantly be low the range of values for 
electron transfer rate constants i n ether solvents ( 12 ) . A t h i g h concentra
tions (— 1 0 " 2 M ) of C h e l · N a + C i 0 H 8 ~ w e have observed concentration 
dependent broadening w h i c h can be at tr ibuted to s p i n - s p i n exchange, 
E q u a t i o n 4. I n this case conservative estimates of the quantit ies i n v o l v e d 
l e a d to the conclusion k2 > 5 X 1 0 8 M - 1 sec" 1. T h i s l ower l i m i t is c om
parable to s p i n - s p i n interact ion rates ( ~ 10 9 ) i n ether solvents con 
s idered to be diffusion contro l led (13). Presumably then the l o w value 
of fci i n these systems is not caused b y an unusual ly l o w frequency of 
a n i o n - n e u t r a l molecule encounters. Concer ted electron transfer as i n 
E q u a t i o n 3 requires a symmetr ic transit ion state i n w h i c h the cat ion is 
shared equal ly b y two C i 0 H 8 molecules (12,14). W i t h a t ight ly chelated 
cat ion steric considerations make such a transit ion state difficult to v i s u 
al ize . A l ternat ive pathways invo lve either decomplexat ion 

C h e l . N a + C 1 0 H 8 - τ± C h e l + N a + C i o H r , (6) 

or i on -pa i r dissociation 

Chel·Na+Ci 0 H 8 - <±> C h e l · N a + + C i 0 H 8 ~ , (7) 

either of w h i c h l ead to h i g h act ivat ion energies for the overa l l e lectron 
transfer process. 

Effect of Chelating Agent on Ion Pairing. W e have already noted 
that the observation of 2 , 3 N a h f interact ion i n the E S R spectra of C h e l · 
N a + C i 0 H 8 " is d irect evidence that these chelated salts exist as t ight i o n 
pairs i n very d i lute solution, at least on the E S R t ime scale. T h e avai lable 
7 L i N M R data o n chelated l i t h i u m halides show that these systems are 
also t ight i on pairs d o w n to the l imits of present spectrometer sensitivity. 
F i g u r e 1 shows the 7 L i chemica l shift of P M D T · L i X ( X = CI, B r , or I ) 
as a funct ion of concentration i n benzene. T h e downf ie ld chemica l shift 
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126 P O L Y A M I N E - C H E L A T E D A L K A L I M E T A L C O M P O U N D S 

for the series C l , B r , I perhaps is caused b y increased covalency of the 
L i X b o n d but this is compl i cated b y other factors. A n adequate theory 
of the 7 L i N M R chemica l shifts i n chelated l i t h i u m salts w i l l have to 
consider the combined effects of anion , che lat ing agent, solvent, a n d 
concentration or degree of aggregation. O u r results indicate that these 
four factors are of comparable magnitude . T h e important feature of the 
data i n F i g u r e 1 for the present discussion is the absence of any t rend 
t o w a r d 3 c o m m o n free i o n va lue for 8u at l o w concentrations. It seems 
clear f rom F i g u r e 1 that there is no ion-pa ir dissociation at the concen
trations used. 

W e now consider the role of the chelat ing agent i n determining the 
i on -pa ir interact ion i n chelated salts. T h e ion-pa ir interact ion is m a n i 
fested i n the 2 3 N a h f interactions observed for C h e l · N a + C i 0 H 8 " g iven i n 
T a b l e I I I . It was noted above that t w o ion -pa ir species H M T P · 
N a + C i 0 H 8 " were observed. W e postulate that the two species represent 
the l inear pentadentate H M T P chelat ing N a + w i t h either four or five 
nitrogens g i v i n g h f interactions of a N a = 0.91 G a n d a N a < 0.2 G , respec
t ively . P r o v i d i n g w e make this assumption concerning H M T P , the data 
i n T a b l e I I I show that the magni tude of a N a decreases as the n u m b e r of 
n i trogen bases increases. T h e order i n w h i c h the magni tude of a N a places 
the che lat ing agents parallels that observed for dc conduct iv i ty of C h e l · 
N a + C i 0 H 8 " (15) a n d thermal stabi l i ty of re lated l i t h i u m salts (6, 16). It 
is general ly recognized that the 2 3 N a hf interact ion i n N a + C i 0 H 8 " is a very 
sensitive probe of the geometry of the i on p a i r (17): T h i s h f interne >n 
is a compl i cated funct ion of the precise locat ion of the N a + cat ion over 
the plane of the C i 0 H 8 " an ion (17). Nevertheless i t is a reasonable first 
approx imat ion that a decrease i n # N a reflects an increased i on pa i r separa
t ion. W e conclude .from this that as the chelat ing agent i n C h e l · 
N a + C i 0 H 8 " becomes more effective, the average i o n pa i r separation i n 
creases across the series 

T M E D < P M D T < H M T P i v « n - H M T T < i s o - H M T T < H M T P v , 

i n w h i c h H M T P appears twice as discussed above. T h e data i n T a b l e I I I 
show that the l i m i t i n g d i l u t i o n 7 L i chemica l shift for C h e l · L i B r is 
strongly correlated w i t h a N a for C h e l · N a + C i ( ) H 8 " for a g iven chelat ing 
agent. It is not obvious whether 8 Li reflects the t r e n d i n i o n p a i r separa
t ion , the direct effect of the different che lat ing agents, or both . F o r the 
moment w e are satisfied to note the correlat ion w i t h other data. 

W e conc lude that chelated salts are t ight i on pairs i n aromatic h y d r o 
carbon solut ion w i t h an a n i o n - c a t i o n interact ion w h i c h is a sensitive 
funct ion of the chelat ing agent - ca t i on interact ion. 

Stereospecific Interaction of Benzene with Lithium Chelates. A s w e 
have noted, the m a r k e d Ή chemica l shift of the che lat ing agent - C H 2 -
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4. M E L C H I O R E T A L . Magnetic Resonance Studies 127 

Β, MOLE FRACTION BENZENE 

Figure 8. Proton chemical shifts of iso-HMTT · LiBr in mixed ben-
zene-methylene chloride solution. The upfield methylene shift ΔϋΗ* 
is defined as zero in pure methylene chloride (see Table II). Resulrs 

are shown for two concentrations of chelated salt. 

protons of C h e l · L i X i n aromatic solvents is evidence of a stereospecific 
co l l i s ion complex between solvent a n d chelate. W e have carr ied out 
extensive experiments to study this effect. T h e details of this w o r k are 
beyond the scope of the present discussion but the basic conclusions w i l l 
be described. Some of the results are shown i n F i g u r e 8 w h i c h is a p lot 
of the average upf ie ld chemica l shift of the N - C H 2 - protons of iso-
H M T T · L i B r i n benzene -methy lene chlor ide mixtures. A l l c h e m i c a l 
shifts are reported on a scale w h i c h places the c h e m i c a l shift of 
i s o - H M T T · L i B r i n pure C H 2 C 1 2 at zero. ( T h e actual measurement 
of chemica l shifts is a lways against a trace of tetramethylsi lane as an 
internal reference.) I n C H 2 C 1 2 the Ή shifts are concentration inde 
pendent a n d show a n o r m a l chelat ion shift (see T a b l e I I ) re lat ive to free 
i s o - H M T T , analogous to the behavior of l i t h i u m alkyls i n non-aromatic 
hydrocarbon solvent. A s the mole fract ion of benzene i n the m i x e d 
solvent is increased, F i g u r e 8 shows that there is a large upf ie ld shift of 
the N - C H 2 protons w h i c h depends on bo th the solvent composit ion a n d 
the total i s o - H M T T · L i B r concentration. A series of d i lut ions at fixed 
solvent composi t ion p r o v i d e d the data for the infinite d i l u t i o n (c o ) 
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c h e m i c a l shift p lo t shown i n F i g u r e 9. T h e var ia t i on of the l i m i t i n g 
d i l u t i o n shift Δ 0 ^ 0 ( Β ) w i t h Β (the mole f ract ion of benzene i n the 
solvent) is consistent w i t h a s imple e q u i l i b r i u m between monomer ic 
i s o - H M T T · L i B r a n d its complex or complexes w i t h benzene, the ob
served shift Δ 0 ^ ο ( Β ) be ing a we ighted average over free a n d complexed 
species. T h e assumption that i s o - H M T T · L i B r dissociates to monomer ic 
species at l o w concentration is supported b y our recent cryoscopic m o 
lecular weight measurements. These measurements conf irm that dimers 
a n d higher aggregates predominate i n the range 0.2-1.0M i s o - H M T T · 
L i B r . F r o m the shape of the l i m i t i n g d i l u t i o n shift p lot i n F i g u r e 9, we 
have estimated that about 1 /3 to 1/2 of the avai lable complexat ion sites 
(assumed to be independent ) are occup ied i n p u r e benzene solvent. O n 
the other h a n d compar ison of observed shifts w i t h ca lculated ring current 
contr ibut ions (18) suggests an average of about one benzene per iso-
H M T T · L i B r , i n d i c a t i n g there m a y be several independent sites per 
i s o - H M T T · L i B r . T h e ca lcu lat ion gives best agreement for a t ime 
averaged m o d e l w h i c h places the face of one benzene r i n g over one of 
the N - C H 2 C H 2 - N groups of i s o - H M T T · L i B r . 

T h e dependence of the chemica l shifts on tota l i s o - H M T T · L i B r 
concentrat ion shown i n F i g u r e 8 is consistent w i t h the format ion of 

. 9 0 ι 1 1 1 1 1 1 1 1 1 I 

. 8 0 h 

B, MOLE FRACTION BENZENE 

Figure 9. Proton NMR data for iso-HMTT · LiBr in mixed C6H6/ 
CH2Cl2 solvent. The limiting dilution methylene shift A c ^ 0 is 

plotted vs. the mole fraction benzene in the solvent. 
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4. M E L C H I O R E T A L . Magnetic Resonance Studies 129 

ι — ι — ι — ι — ι — I I I I I Γ 

0 .5 1.0 
M_ PMDT-LiBr 

Figure 10. Methylene proton and 7Li NMR chemical shifts of 
PMDT - LiBr in benzene as a function of PMDT · LiBr concentra
tion. The chemical shifts are in ppm upfield from the corresponding 

values for PMDT · LiBr in CH2Cl2. 

dimers a n d higher aggregates w h i c h do not f o rm the stereospecific c o l l i 
s ion complex w i t h benzene. T h e degree of aggregation is considerably 
reduced as the mole fract ion of the more po lar C H 2 C 1 2 solvent is i n 
creased, l eading to m u c h less dependence of the chemica l shift on to ta l 
i s o - H M T T · L i B r concentration. 

T h e 7 L i chemica l shifts for i s o - H M T T · L i B r i n this m i x e d solvent 
system are very strongly correlated w i t h the N - C H 2 Ή chemica l shifts 
at h igher concentrations of i s o - H M T T · L i B r . A t l o w concentrations, 
however , the upf ie ld 7 L i chemica l shift reaches a m a x i m u m a n d then 
decreases. T h i s behavior is even more s tr ik ing i n the case of P M D T · L i B r 
i n benzene shown i n F i g u r e 10. T h e divergent behavior of the Ή a n d 
7 L i chemica l shifts at very l o w concentration of C h e l · L i B r m a y be 
evidence that a second type of benzene solvation occurs i n monomer ic 
C h e l · L i B r . W e speculate that this m a y be evidence of benzene solvar 
t ion i n the v i c i n i t y of the anion. 
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Ac Conductivity of Some Organolithium 

Complexes in Aromatic Solvents 

E. O. FORSTER and A. W. LANGER, JR. 

Esso Research and Engineering Co., Linden, N.J. 07036 

The nature of the electrical conductance of N-chelated aryl 
and aralkyl lithium compounds chelated with polyamine
-type complexing agents has been studied in aromatic hydro
carbons ranging in concentration from 10-5 to 1 mole/liter 
between 102 and 107 Hz and between —30° and 80°C. The 
chelating agents included Ν,Ν,Ν',Ν'-tetramethylethylenedi-
amine and N,N,N'N''N"',N'''-hexamethyltriethylenetetra-
amine; the results obtained with these systems were com
pared with those obtained with tetra-n-amylammonium 
thiocyanate. Ion pairs representing dipoles contribute sig
nificantly to the conduction process. The drastic change in 
conductivity observed at concentrations greater than 10-2 

mole/liter has been attributed to the formation of ion aggre
gates. The dielectric constant of one of these complexes has 
been determined from dilute solutions to be about 16. The 
behavior of these complexes is similar to that of (n-amyl)4-
NCNS. 

' T p h e chemistry of organometal l ic compounds has received considerable 
A attention recently. I n part i cu lar , adducts of a l k a l i metals w i t h a l i 

phat ic a n d aromatic hydrocarbons have been studied i n de ta i l because 
of their general usefulness i n organic synthesis. U n t i l very recently the 
role p l a y e d b y the solvent a n d the meta l on the format ion a n d dissocia
t ion e q u i l i b r i a of these adducts was not c lear ly understood. Var ious 
studies ( I , 2) ind i ca ted that the po lar i ty of the C — L i b o n d c o u l d be 
increased b y a d d i t i o n of electron-donor compounds as ev idenced b y an 
increase i n e lectr ical conduct iv i ty . 

T h e significance of the increased ionic character of the c a r b o n - m e t a l 
bond i n solvents w i t h d ie lectr ic constants of less than four was not under 
stood w e l l . K r a u s ( 3 ) a n d Fuoss (4) postulated earl ier that d isso lut ion 
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132 P O L Y A M I N E - C H E L A T E D A L K A L I M E T A L C O M P O U N D S 

of essentially i on ic compounds such as quaternary a m m o n i u m salts i n 
solvents of l o w die lectr ic constant should y i e l d , i n a d d i t i o n to some free 
ions, i o n pairs a n d ionic aggregates. Comprehens ive reviews of this 
subject are presented b y Szwarc (5 ) a n d B l a n d a m e r a n d F o x (6). 
A c c o r d i n g to these authors three types of i on pairs can be encountered 
i n solvents of l o w die lectr ic constant: contact pairs that are bas ica l ly 
d ipo lar molecules, solvent shared i on pairs i n w h i c h a cat ion is l i n k e d 
electrostatical ly through a solvent molecule to an anion , a n d solvent-
separated i o n pairs i n w h i c h bo th ions are st i l l l i n k e d electrostatically 
b u t separated b y more than one solvent molecule (6). T h e relat ive 
contr ibut ion of these structures to p h y s i c a l properties of the solut ion can 
be deduced f r o m conduct iv i ty or k inet i c data. O f these two techniques 
c o n d u c t i v i t y studies have contr ibuted considerably to the understanding 
of i on -pa ir e q u i l i b r i a ( 7 ) . T h i s does not mean that developments i n 
other fields such as analysis of k inet ic data , electron sp in resonance 
( E S R ) spectra, a n d ultrasonic relaxation data have h a d no impac t on 
this field. These three fields have been very h e l p f u l i n e luc idat ing the 
structure of aqueous electrolytes where conduct iv i ty measurements are 
harder to per form. 

Interest i n N-che la ted organo l i th ium compounds stems f rom their 
remarkable react iv i ty w h i c h was first noted b y L a n g e r (8). F r o m studies 
of various reactions a n d f rom N M R chemica l shifts L a n g e r conc luded 
that the react iv i ty of these complexes i n d i lute solut ion is re lated to the 
increased i on i c character of the L i — C b o n d ( 9 ) . T h e question arose 
whether these complexes c o u l d be considered as some sort of s tab i l i zed 
i o n pairs . T h u s i t seemed desirable to study the conductivit ies of these 
systems over a w i d e concentrat ion range a n d to analyze the result ing data 
i n the l ight of exist ing models a n d theories. T h i s paper presents the 
results of a deta i led study of the e lectr ica l conductance of a r y l - a n d 
a r a l k y l l i t h i u m compounds chelated w i t h various po lyamine- type c o m -
p lex ing agents i n aromatic hydrocarbons over a w i d e f requency a n d 
concentrat ion range. T h e results are interpreted i n the l ight of c lassical 
theories. 

Experimental 
T h e exper imental details a n d the chemicals used have been descr ibed 

elsewhere (10, 11, 12). T h e instrumentat ion permi t ted measurements 
f r o m 10 to 10 7 H z f r om - 3 0 ° to 8 0 ° C at concentrations f rom 10~5 to 1.0 
m o l e / l i t e r . F o r comparison, studies were also carr ied out on tetra-n-
a m y l a m m o n i u m thiocyanate i n aromatic solvents, a system that has been 
invest igated i n complete de ta i l b y Kenausis et al. (13, 14). 

Results 
T h e studies presented here i n v o l v e d several variables. F i r s t , the 

effect of che lat ing agent was s tudied as a funct ion of b o t h its structure 
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5. F O R S T E R A N D L A N G E R Conductivity of Organolithium Complexes 133 

a n d concentration w i t h respect to the a r a l k y l l i t h i u m compound . T h e 
role of solvent was then invest igated for a g iven chelated system. W i t h 
a knowledge of the influence of these variables on the e lectr ical con
duct iv i ty , one specific system was selected a n d its f requency a n d t e m 
perature dependence were s tudied as a funct ion of concentration. These 
last results were then compared w i t h those obta ined w i t h the quaternary 
a m m o n i u m salt system. 

Effect of Chelating Agent. Before the role of the che lat ing agent 
can be proper ly determined, i t is advisable to evaluate the e lectr ical 
properties of the respective components alone, us ing the appropriate 
solvent ( T a b l e I ) . 

Table I . Conductivities of Some Organolithium Compounds 

( 2 5 ± : 0 . 1 ) o C , l K H z 

Cone. Conductivity, 
Compound Solvent mole/liter (ohm cm)"1 

— n - C 7 H 1 6 — < 1 0 - 1 5 

C 4 H 9 L i n - C 7 H 1 6 0.025 1.1 Χ 1 0 " 1 1 

T M E D ( C H 3 ) 2 N ( C H 2 ) 2 N ( C H 3 ) 2 — - 1 Χ 1 0 " 1 1 

C 4 H 9 L 1 - T M E D n - C 7 H 1 6 0.02 6 X 1 0 ~ n 

C 6 H 5 L i - T M E D C 6 H 6 0.05 3.8 Χ 1 0 ~ u 

( C 6 H 5 ) 2 C H L i - T M E D C 6 H 6 0.025 3.5 Χ 1 0 " 1 1 

( C 6 H 5 ) 2 C H L i - T M E D C 6 H 5 C H 3 0.025 3 X 1 0 ~ u 

( C 6 H 5 ) 3 C L i - T M E D C 6 H 5 C H 3 0.025 4 X 1 0 ~ n 

It was not possible to prepare b u t y l l i t h i u m - T M E D complexes i n 
benzene ( δ ) because the complex reacted w i t h the solvent w i t h i n one 
hour to produce p h e n y l l i t h i u m complexes w i t h T M E D . O f the three 
a r a l k y l complexes tested the d i p h e n y l m e t h y l l i t h i u m proved the most 
soluble. Therefore the d i p h e n y l m e t h y l l i t h i u m complex was chosen to 
study further the effect of che lat ing agent type. T h e results are shown i n 
T a b l e I I . 

T h e H M T T complex at a 1:1 mole ratio produces nearly as con
duct ive a solut ion as T M E D at a 1:2 mole ratio . T h i s suggests that four 
ni trogen atoms are probab ly r e q u i r e d to produce the m a x i m u m coord i 
nat ion around the l i t h i u m atom to opt imize the ionic character of the 
L i — C b o n d (9,10). H o w e v e r , the efficiency of the coordinat ion is p r o b 
ab ly h igher w i t h T M E D because its two pairs of n i trogen atoms are not 
as sterical ly restricted i n the a l ignment as are the four i n H M T T . T h e 
T M E D a n d H M T T complexes were selected for further studies. 

Solvent Effects. T h e overa l l effect of solvent on the conduct iv i ty of 
( C 6 H 5 ) 2 C H L i - ( T M E D ) 2 is shown i n F i g u r e 1. A s the number of m e t h y l 
groups around the benzene r i n g increases, conduct iv i ty decreases. T h e 
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134 P O L Y A M I N E - C H E L A T E D ALKALI M E T A L COMPOUNDS 

Table I I . Effect of Chelating Agents on Conductivity of 
( Q H 5 ) 2 C H L i - - C h e l in Toluene 

Chelating Agent 

( 0 . 2 M , 2 5 ° C , l K H z ) 

Ratio of RLi to 
Chelating Agent 

T M E D * 1/1 
T M E D 1/2 
P M D T 6 1/1 
H M T T C 1/1 

α N,NfNf,N'-tetra,methy\ ethylene diamine 
b AT,iV,iVv,iV /',N /'-pentamethyl diethylene triamine 
« N,N,N',N",N",,N'"-hexamet\iy\ triethylene tetramine 
d Complex does not go completely into solution. 

Conductivity, 
(ohm cm)~l 

1 Χ ΙΟ" 5 

5 Χ ΙΟ" 5 

2.6 X 1 0 - 8 d 

2 Χ ΙΟ" 5 

J 
ο 
> 

( Ι Κ Η ζ ) (0.2M) 

" Τ 

Ι . BENZENE 
2. TOLUENE 
3. m-XYLENE 
4. o-XYLENE 
5. MESITYLENE 

20 30 40 50 60 70 

TEMPERATURE, °C 

80 90 

Figure 1. Effect of temperature on conductivity of 
(C6H5)2CHLi/2TMED in various solvents (1 KHz) 

(0.2M) 

significance of the general shape of the temperature dependence curve of 
these conduct iv i t ies is discussed elsewhere i n this paper . To luene was 
selected as solvent for subsequent studies because u n l i k e benzene i t has 
a considerably l ower freezing po int a n d its solution can be studied over a 
broader temperature range. 

I n those studies that use solvents other than the hydrocarbon corre
sponding to the carbanion , any metalat ion of the solvent w o u l d change 
the nature of the conduct ive species a n d complicate data interpretat ion. 
F o r example, the pKa's of toluene (35) a n d d iphenylmethane (ca. 33) 
are close enough so that to luene metalat ion b y d i p h e n y l m e t h y l l i t h i u m 
c o u l d be significant at very l o w concentrations of the l i t h i u m c o m p o u n d 
accord ing to the e q u i l i b r i u m : 
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5. FORSTER AND LANGER Conductivity of Organolithium Complexes 135 

( C 6 H 5 ) 2 C H L i . C h e l + C 6 H 5 C H 3 τ± ( C 6 H 5 ) 2 C H 2 + C 6 H 6 C H 2 L i . C h e l 

N o attempt was made to correct for this effect because early studies 
h a d ind i ca ted that s imi lar systems were extremely s low i n reaching 
e q u i l i b r i u m a n d i n most cases the e q u i l i b r i u m contr ibut ion w o u l d not 
change the conclusions. These assumptions w i l l be examined more 
cr i t i ca l ly i n future work . 

Figure 2. AC conductivity of (C6H5)2CHLi · 
(TMED)2 in C6H5CHS at 25°C 

Frequency and Temperature Effects. T h e frequency dependence of 
( C 6 H 5 ) 2 C H L i - ( T M E D ) 2 as a funct ion of concentration is shown i n 
F i g u r e 2. At the highest concentration s tudied ( 1 M ) , the conduct iv i ty 
is essentially constant over six decades, changing f rom 3.9 Χ 10" 4 ( o h m 
c m ) " 1 at 10 H z to 4.6 Χ 10" 4 ( o h m c m ) - 1 at 10 8 H z . T h e temperature 
dependence of the conduct iv i ty of these solutions is a l l u d e d to i n the 
preced ing section, a n d i t is shown i n more deta i l i n F i g u r e 3 for both 
the T M E D a n d H M T T complex. T h e unusua l shape of the log con-
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136 P O L Y A M I N E - C H E L A T E D ALKALI M E T A L COMPOUNDS 

d u c t i v i t y vs. the rec iproca l temperature curve disappears at concentra
tions greater than 0.2M a n d gives w a y to the fami l iar l inear dependence. 
T h e H M T T complex appears to be more stable even at the lower con
centrations. T h e act ivat ion energy for conduct iv i ty can be ca l cu lated via 
the A r r h e n i u s equat ion to be about 1600 c a l / m o l e for the H M T T complex 
w h i l e that for the T M E D complex (at concentrations above 0 . 4 M ) is 
1300 c a l / m o l e . T h e pecul iar shape of the conduct iv i ty vs. temperature 
curve shown for 0 . 2 M solutions of the ( C 6 H 5 ) 2 G H L i - ( T M E D ) 2 complex 
suggests that the conduct ive species becomes unstable at h igher t e m 
peratures w h i c h i n turn impl ies that the forces h o l d i n g them together are 
about as large as kT. T h e impl i cat ions of these deduct ions are dealt w i t h 
i n a later section. 

A convenient w a y to summarize the concentrat ion dependence of 
this complex is shown i n F i g u r e 4, where the l ogar i thm of the equivalent 
conductance of the complex as determined at 1 K H z is p lo t ted as a 
funct ion of the l ogar i thm of concentration. F o r comparison a s imi lar 

10' 

0 . 2 M 0^CH|_i»HMTT/ ! 

\ 1 KHz 

• X 1 M 0 2 C H L i « ( T M E D ) 2 ' 
1 MHz 

• N 0 . 5 M 0 2 C H U « H M M T H 

1 KHz I 

\ l M 0 2 C H L i « H M T T , 
1 MHz 

0.4M 0 2 C H L i « ( T M E D ) 2 , 
1 KHz 

• N 1 M 0 2CHLi#(TMED) 2 ' 
1 KHz 

2.8 3.0 3.2 3.4 3.6 3.8 

Figure 3. Temperature dependence of conductivity of 
(C6H5)2C H Li complexes in toluene 
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5. F O R S T E R A N D L A N G E R Conductivity of Organolithium Complexes 137 

LOG CONCENTRATION 

Figure 4. Equivalent conductance of (C6H5)2-
CHLi(TMED)2 in toluene (25° C, 1 KHz) 

plot is shown i n F i g u r e 5 for the we l l - s tud ied quaternary a m m o n i u m 
salt, t e t raamylammonium isocyanate i n p-xylene. 

Discussion 

T h e data reported above ind icate that the N-che la ted a r a l k y l l i t h i u m 
complexes are qui te conduct ive species, par t i cu lar ly i n concentrated so lu
tions. T h i s is even more surpr is ing since the aromat ic solvent has a l o w 
die lectr ic constant a n d the absence of an inherent d ipo le i n the solvent 
molecule seems to have l i t t le effect on the overa l l results. ( T h e d ie lec tr i c 
constant of T M E D of 2.8 is certainly not go ing to contr ibute either. ) 
O b v i o u s l y , the solvent's d ie lectr ic constant is not the who le story. 

F r o m the results reported i n the l i terature us ing l o w die lectr ic con
stant solvents such as dioxane ( 1 5 ) , te trahydrofuran a n d d imethoxy-
ethane ( 1 6 ) , or benzene (13, 14), the chemica l makeup of the solvent, 
its molecu lar structure, or both , might w e l l influence the final results. 
W i t h the first three solvents the presence of oxygen atoms seems to be 
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-4 I I I I I 1 
-6 -5 -4 -3 -2 -1 

LOG CONCENTRATION (EQUIVALENTS/LITER) 

Figure 5. Equivalent conductance of (n-amyl)AN+-
CNS- in p-xylene (25°C, 1 KHz) 

important since they can act as electron donors or charge-transfer agents, 
thus s tab i l i z ing the charge separation w i t h i n the complex. It is harder 
to comprehend the s ituation w i t h aromatic solvents such as benzene or 
toluene. A p p a r e n t l y the molecular structure is important . These mole 
cules have a h i g h degree of symmetry , a n d smal l deformations lead to 
the format ion of i n d u c e d dipoles (17). Converse ly , i n the presence of a 
strongly po lar solute molecule the nearest-neighbor solvent molecules 
are subject to i n d u c e d po lar izat ion . T h u s , molecules such as benzene 
a n d toluene, w h i c h are read i l y po lar izable , w i l l be very effective i n 
"so lvat ing" these solute diploles . 

T h i s process w i l l increase the die lectr ic constant of the solution. 
Super imposed on this effect is the tendency of the solute to aggregate. 
T h i s aspect has been recognized b y m a n y workers (13, 14, 15, 17). 
D i e l e c t r i c measurements give in format ion concerning the contr ibut ion 
of bo th processes, as s h o w n i n T a b l e I I I , us ing the Onsager re la t i on 
ship (12). 

T h e increase i n the solute's apparent d ie lectr i c constant f o l l owed b y 
a subsequent decrease at the highest concentration is s imi lar to the obser
vat i on reported b y K r a u s (17) on the abrupt decrease of the association 
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5. F O R S T E R A N D L A N G E R Conductivity of Organolithium Complexes 139 

Table I I I . Dielectric Constant of ( C 6 H 5 ) 2 C H L i - ( T M E D ) 2 
Solutions in Toluene 

(10 K H z , 2 5 ° C ) 

Concentration, 
mole/liter 

Dielectric constant 

Solution Solute 

0 2.37 
2.40 
2.41 
2.42 
2.70 
3.02 
6.10 

0.001 
0.005 
0.01 
0.05 
0.1 
1.0 

16 
16 
17 
19 
21 
16.5 

number of t e t raamylammonium thiocyanate. T h i s drop might be inter 
preted as suggesting that the ratio of solute to solvent of r ough ly 1 to 3 
at the 1 M leve l favors complete solvation of the solute, thus leav ing few 
i f any solute molecules associated. T h e quest ion can then be raised as 
to the nature of the conduct ive species. T h e solution w i t h an apparent 
die lectr ic constant of 6.1 is no longer unfavorable t o w a r d dissociation of 
solute molecules, a n d it is l og i ca l to v i sua l i ze the existence of solvated 
ions i n e q u i l i b r i u m w i t h solvent-separated i o n pairs . T h e p ic ture is less 
definite on the other side of the concentrat ion spectrum. It is not easy 
to ga in a detai led understanding of the conduct ive species i n very d i lute 
solution. F r o m the data i n F i g u r e 2 there appears to be some ind i ca t i on 
of a frequency- independent , ohmic - conduct ion region d o w n to concen
trations of about 0 .005M, w h i c h w o u l d be at tr ibutable to ions. F o r lower 
concentrations the conduct iv i ty vs. f requency plot becomes qu i te n o n 
l inear d o w n to be l ow 100 H z , render ing the existence of a f requency-
independent conduct ion mechanism questionable (18). I n a d d i t i o n to 
these considerations i t is appropriate to examine the frequency depend
ence of the die lectr ic constant i n these very d i lute solutions, as shown 
i n T a b l e I V . 

E lec t rode po lar izat ion effects p r o d u c e d b y the migra t i on of ions to 
the electrode surface should be evident i n the presence of ions (19). 
S u c h an i on layer can have considerable influence on the apparent capac i 
tance, par t i cu lar ly for conduct iv i ty levels greater than 10" 8 ( o h m c m ) " 1 . 
A t the l o w levels of conduct iv i ty preva i l ing i n d i lute solutions conta in ing 
less than 10" 3 m o l e / l i t e r such po lar i zat ion effects are not expected 
a l though the drop i n d ie lectr ic constant for the 0 . 0 5 M solut ion can be 
at tr ibuted to this effect. A l l this suggests that there are f ew i f any ions 
present i n these d i lu te systems. A t the intermediate concentrat ion levels, 
there might exist m u l t i p l e ions w h i l e at the highest concentrations ( above 
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140 P O L Y A M I N E - C H E L A T E D A L K A L I M E T A L C O M P O U N D S 

Table IV. Frequency Dependence of the Dielectric Constant 
of ( C 6 H 5 ) 2 C H L i - ( T M E D ) 2 Solutions in Toluene (25 °C) 

Dielectric constant (Hz) 

Cone, mole/liter 100 200 500 1000 5000 10000 

0.05 18 10 4.6 4.1 3.1 2.7 
0.001 2.42 2.45 2.40 2.40 2.40 2.40 
0.0005 2.38 2.38 2.38 2.38 2.38 2.38 

1 m o l e / l i t e r ) h i g h l y po lar i zed , solvated i o n pairs f o rm the b u l k of the 
so lut ion (see T a b l e I I I ) . 

Reference has been made to results obta ined w i t h such i on i c sub
stances as quaternary a m m o n i u m salts (13, 14). T h e v a l i d i t y of these 
comparisons is supported b y a compar ison of F i g u r e 4 w i t h 5. Those 
two figures show plots of the equivalent conductance of ( C 6 H 5 ) 2 C H L i -
( T M E D ) 2 i n toluene ( F i g u r e 4 ) a n d of ( n - a m y l ) 4 N C N S i n p-xylene 
( F i g u r e 5 ) as a funct ion of concentration. T h e s imi lar i ty of b o t h curves 
is s t r ik ing . T h e sl ight change i n slope at h i g h concentrations i n F i g u r e 4 
is p r o b a b l y caused b y viscosity effects (13). B o t h systems show a drastic 
change i n slope near 10" 2 m o l e / l i t e r , yet one is an i on i c substance i n the 
so l id state w h i l e the other is at best on ly par t ia l l y i on i c i n character. It 
seems appropr iate , therefore, to quest ion the explanat ion offered b y 
Kenaus is et al. (13, 14) that on ly ions are responsible for the conduct ion 
i n d i lute solution. Indeed, f rom the frequency dependence of these 
d i l u t e systems it seems reasonable to conc lude that i on pairs representing 
dipoles m i g h t contr ibute to the overa l l conduct ion process b y causing 
a n increase i n ac conduct iv i ty w i t h frequency. O n the other h a n d , the 
assignment of i o n aggregates as the conduct ive species at concentrations 
above 10" 2 m o l e / l i t e r seems quite satisfactory i n bo th cases. A t very 
h i g h concentrations ( a r o u n d 1 m o l e / l i t e r a n d above) deaggregation 
apparent ly takes place , l ead ing to an e q u i l i b r i u m between i n d i v i d u a l 
so lvated ions a n d solvent-separated i o n pairs. 
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6 

Inorganic Complexes and Separation 

Processes 

LAWRENCE P. KLEMANN, THOMAS A. WHITNEY, and 
ARTHUR W. LANGER, JR. 

Corporate Research Laboratories, Esso Research and Engineering Co., 
Linden, N.J. 07036 

Polyethylene polyamines are available as mixtures of 
isomeric and homologous compounds. By using inorganic 
compounds of Group IA and IIA metals, individual poly
amines were selectively complexed from several multicom-
ponent samples. Commercial polyamine mixtures containing 
primary and secondary nitrogens as well as their N-per-
methylated tertiary amine counterparts can be separated. 
The separation involves complex formation, isolation, and 
destabilization. Initial complexation and subsequent de-
stabilization are sensitive to the lattice energy of the inor
ganic salt. Separation selectivities are generally high, and 
yields of purified polyamines, recovered by thermal disso
ciation of the complexes, are excellent. The tertiary amine 
chelates of sodium and lithium salts are unusual examples 
of hydrocarbon-soluble inorganic complexes. The NMR 
spectral and physical properties of these chelate compounds 
are examined. 

T n i t i a l w o r k b y L a n g e r (1, 2, 3) on d iamine chelates of o rgano l i th ium 
A reagents a n d the subsequent discovery of inorganic l i t h i u m salt chelates 
b y L a n g e r a n d W h i t n e y (4) p r o m p t e d a search i n these laboratories for 
a convenient source of po lydentate n i trogen bases. Po lyethylene p o l y 
amines were preferred since these l igands give par t i cu lar ly stable five-
m e m b e r e d chelate r i n g structures w h e n complexed w i t h meta l ions. 

H o w e v e r , the commerc ia l o l igomerizat ion used to produce these 
polyamines gives mul t i component d i s t i l la t i on fractions (5 ) rather than 
pure compounds. These fractions, recently s tudied b y gas chromatogra
p h y a n d mass spectroscopy, have p r o v e d to be mixtures of isomeric a n d 
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6. K L E M A N N E T A L . Inorganic Complexes 143 

homologous compounds (6, 7 ) . T h e various d is t i l la t ion fractions are 
n a m e d for the major po lyamine component contained i n each—for ex
ample , e thy lenediamine ( E D A ) , d ie thylenetr iamine ( D E T A ) , tr iethylene-
tetramine ( T E T A ) , a n d tetraethylenepentamine ( T E P A ) . 

A s tandard m e t h o d used to separate single po lyamine components 
f rom these fractions involves neutra l izat ion of the amines w i t h a m i n e r a l 
a c i d a n d subsequent f ract ional crysta l l i zat ion of the salt adducts. Some 
pur i f ied po lyethylene po lyamines have been obta ined f r om D E T A ( 8 ) , 
T E T A ( 9 ) , a n d T E P A ( 1 0 ) , as w e l l as f rom technica l grade 1,2-diamino-
cyclohexane, D A C H ( I I ) , us ing this procedure. F r a c t i o n a l crysta l l i zat ion 
of certa in po lyamine hydrates has also been reported (12). T h e difficulties 
associated w i t h these methods—poor yie lds a n d l o w separation select ivi -
t i es—appear i n the l i terature, however (13, 14). 

A n o t h e r approach , i n v o l v i n g po lyamine complexes of transit ion meta l 
salts, has been s tudied w i t h specific t r iamine (15) a n d tetramine (12) 
mixtures. H e r e again , however , because of prot ic solvents, the results 
have been less than adequate to meet the diff icult separation prob lem. 

O u r b a c k g r o u n d w i t h chelate complexes suggested the use of G r o u p 
I A a n d I I A meta l salts for selective po lyamine complexation. T h e speci 
ficity of the interact ion between a lka l i -meta l a n d alkal ine-earth salts a n d 
certain po lyamines provides a sensitive technique for separating single 
polyamines f rom mul t i component samples. These separations, the factors 
that affect complex format ion , a n d the u n i q u e properties of the po ly -
tert iary amine chelates of inorganic l i t h i u m compounds are discussed i n 
this paper . 

Polyamines 

G r o u p I A a n d I I A meta l salts have been used to separate single 
polyamines f rom mul t i component samples. Three steps are general ly 
i n v o l v e d i n a separat ion: complex formation, complex isolat ion, a n d com
plex dissociation to recover the po lyamine . It was not surpr is ing to find 
that an interdependence of these steps exists so that factors favor ing 
complex format ion tend to make subsequent dissociat ion of the complex 
more difficult. A discussion of these factors appears later i n this paper . 

T o avo id confusion i n descr ib ing po lyamine separations, T a b l e I 
shows skeletal s tructural formulas of the isomeric a n d homologous po ly 
ethylene polyamines . I n c l u d e d w i t h each f o rmula is a der ived abbrev ia 
t ion corresponding to the N-permethy la ted tert iary amine counterpart of 
the par t i cu lar structure. T h e abbreviat ions are based on the homologous 
re lat ionship of the N-permethy la ted structures to the first member of the 
series, Ν,Ν,Ν^Ν'-tetramethylethylenediamine, or T M E D ( C o m p o u n d 1, 
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144 P O L Y A M I N E - C H E L A T E D A L K A L I M E T A L C O M P O U N D S 

Table I. Skeletal Structures of w-Permethylated Tertiary Polyamines 

Compound Structure Abbreviation 

1 N ^ V N T M E D 

2 Ν Λ / Ν Λ / Ν P M D T 

3 n - H M T T 

4 N ( ^ N ) 3 i s o - H M T T 

5 N A ^ N Q N ^ V N sym-c-ΎΜΎΎ 

6 NC/N - 'VN '^ 'N unsym-c-ΎΜΎΎ 

7 n - H M T P 

8 N ' V N / V N ( / V N ) 2 i s o - H M T P 

9 N , N ' - c - P M P P 

10 N - c - P M P P 

11 N Q N ^ V N ( ^ V N ) 2 t s o - c - P M P P 

12 m - T M C H D 

13 i r a n s - T M C H D 

T a b l e I ) . T h e next member is N ,N ,N , , ]V " , IV , ' - pentamethy ld i e thy lene t r i -
amine, or P M D T ( C o m p o u n d 2 ) . Abbrev iat ions for the higher homologs 
are der ived accordingly , a n d isomeric di f ferentiation is made where 
appl i cab le . 

T h e tetramethylcyc lohexanediamine isomers, C o m p o u n d s 12 a n d 13 
i n T a b l e I , o ccurred a d m i x e d w i t h at least three other components i n 
the technica l grade samples used. E x c e p t for the T M C H D isomers, some 
or a l l of the remain ing compounds i n T a b l e I are f ound i n di f fer ing 
amounts i n the various 2V-permethylated polyethylene po lyamine frac
tions (6, 7 ) . E x p e r i m e n t a l l y the IV-permethylated amines were obtained 
via the E s c h w e i l e r - C l a r k e react ion (16). 

Diamine Mixtures 

T h e first prac t i ca l separation was demonstrated on a sample of N -
permethylated cyc lohexanediamine (4). T h e sample, obta ined b y frac
t i ona l d i s t i l la t ion , contained 9 5 . 8 % r r a n s - T M C H D ( C o m p o u n d 13 i n 
T a b l e I ) a n d at least four impuri t ies . A heterogeneous mixture of this 
mater ia l w i t h 0.9 equivalent of l i t h i u m bromide i n heptane was agitated 
for several days to a i d complex formation. T h e whi te , spar ingly soluble 
complex that f o rmed was isolated b y f i ltration a n d was character ized as 
a 1:1 complex of the d iamine a n d L i B r . T h e complex was dissociated i n 
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6. K L E M A N N E T A L . Inorganic Complexes 145 

aqueous potassium hydrox ide , a n d the po lyamine was recovered b y ex
tract ion into heptane. Gas chromatographic analysis of this extract 
showed the d iamine to be 99 .6% trans-TMCHD. O n e of the o r ig ina l 
impur i t ies c o u l d no longer be detected w h i l e the remain ing three totaled 
only 0 .4%. 

D a t a f rom a subsequent separation i n v o l v i n g a grossly impure 
T M C H D mixture are summar ized i n T a b l e I I . A s ind i ca ted there, the 
po lyamine mixture used contained major amounts of cis- a n d trans-

Table I I . Selective C o m p l e x a t i o n of trans-TMCHD 

Composition (wt %) 

Component* Initial Mixture LiBr Chelate 

U n k n o w n 1.7 — 
c î s - T M C H D 31.7 — 
1 , 3 - T M C H D 4 3 6 — 
trans-TMCHD 2 3 6 100 

a lasted in order of gas chromatographic elution. 
6 Complete peak resolution not possible. 

T M C H D as w e l l as an add i t i ona l isomer identi f ied as Ν,Ν,Ν',Ν'-tetra-
methyl - l ,3 - cyc lohexanediamine ( 1 , 3 - T M C H D ) . C o n t a c t i n g this mixture 
w i t h about 10 mole % of l i t h i u m bromide gave a stoichiometric complex 
that contained 1 0 0 % pure f r a n s - T M C H D . 

W h i l e the trans-TMCHO isomer complexes preferent ial ly w i t h L i B r 
i n a compet i t ive experiment such as the one just descr ibed, a 1:1 complex 
of L i B r w i t h cis-TMCHD ( C o m p o u n d 12 i n T a b l e I ) can be prepared 
b y a stoichiometric react ion between the free l i g a n d and L i B r . C o m p a r i 
son of the so l id state dissociation temperature of c i s - T M C H D · L i B r w i t h 
that of f r a n s - T M C H D · L i B r suggests that the latter is thermodynamica l ly 
more stable. W h e t h e r the kinetics of complexat ion favor the format ion of 
f r a n s - T M C H D · L i B r f rom a mixture containing both cis- and trans-
TMCHD and insufficient l i t h i u m bromide is not certain. 

T h e structure of the cyclohexane r i n g imposes a part i cu lar geometry 
for the Ν — C — C — Ν moiety i n cis- a n d trans-TMCHD. T h e t w o planes 
defined b y the Ν — C — C — Ν unit intersect w i t h a d i h e d r a l angle of about 
60° i n both cis- and f r a n s - T M C H D . T h i s p ic ture is presented b y N e w m a n 
project ion formulas i n F i g u r e 1. T h e stabi l i ty differences for cis- a n d 
trans-TMCHD · L i B r are best rat ional ized b y entropy considerations for 
the respective l igands. c i s - T M C H D , hav ing one — N ( C H 3 ) o group ax ia l 
a n d one equator ia l , can invert to its superimposable mir ror image. S u c h 
an inversion for r r a n s - T M C H D , w h i c h has bo th — N ( C H 3 ) 2 groups 
equator ia l , is prec luded . T h e subsequent smaller entropy loss for the 
trans isomer on complexat ion makes the trans-TMCHD chelate more 
stable than the c i s - T M C H D chelate. 
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146 P O L Y A M I N E - C H E L A T E D A L K A L I M E T A L C O M P O U N D S 

H H 

cis-TMCHD trans-TMCHD 

Figure 1. Newman projections with approximate Ν—C—C—Ν dihedral angles 

A d i h e d r a l angle of 64.8° has been f o u n d for the che lat ing d i a m i n e 
un i t i n ( e thylenediamine ) 2 · L i B r ( 17 ) . S imi lar p u c k e r i n g of the chelate 
r i n g has been f ound i n T M E D · L i C ( C 6 H 5 ) 3 (IS). Since the N — C — C — Ν 
g r o u p i n g has the potent ia l for free rotat ion i n ethylenediamine a n d 
T M E D , the observed chelate geometries most p r o b a b l y approximate a n 
energy m i n i m u m for the chelate r i n g conta in ing a l i t h i u m ion . T h e close 
approx imat ion of this Ν — C — C — Ν d i h e d r a l angle i n the T M C H D 
isomers (see F i g u r e 1) a n d related entropy considerations pred ic t a 
greater thermal stabi l i ty of T M C H D chelates relat ive to the ir T M E D 
analogs. T h i s has been conf irmed exper imental ly w i t h L i C l complexes 
of trans-TMCHD a n d T M E D . T h e former is thermal ly stable at room 
temperature whereas T M E D · L i C l can be prepared only at reduced 
temperatures. 

T h e selective complexat ion of c i s - T M C H D has been observed w i t h 
M g C l 2 · 6 H 2 0 . T h i s salt was s lurr ied w i t h an 8 6 % pure f r a n s - T M C H D 
sample conta in ing c i s - T M C H D as the major contaminant . T h e inso luble 
c i s - T M C H D · M g C l 2 complex was isolated b y filtration, l eav ing a solution 
conta in ing 9 6 . 2 % pure f r a n s - T M C H D . Attempts to expla in this reversal 
o f select ivity for magnes ium ch lor ide w o u l d require extensive specula
t ion . W i t h o u t more deta i led in format ion regard ing the crystal l ine struc
tures, coordinate geometries, a n d the role of the water of h y d r a t i o n i n 
the respective complexes, any speculat ion w o u l d be meaningless. 

Tetramine Mixtures 

O u r study of selective complexat ion was cont inued w i t h samples of 
N - p e r m e t h y l a t e d tr iethylenetetramines. These samples general ly were 
f o u n d to conta in four major components : the l inear a n d branched acyc l i c 
isomers n - H M T T a n d i s o - H M T T , respectively, a n d the cyc l i c p iperaz ine 
derivatives , symmetr i ca l a n d unsymmetr i ca l T M T T . U n e q u i v o c a l char 
acter izat ion of these four l igands was obta ined b y their u n i q u e chemica l 
i on izat ion mass spectra (7) a n d N M R spectra. T h e latter are summar ized 
i n T a b l e I I I . 
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6. K L E M A N N E T A L . Inorganic Complexes 147 

Table III. N M R Spectra of Tetramines α 

Assignment 

Tetramine N—CH2— NCHZ 

n - H M T T 7.53 m ( 1 2 H ) 6 7.81 s (6H) 
7.86 s (12H) 

i s o - H M T T 7.48 m ( 1 2 H ) C 7.85 s (18H) 
sym-c-ΎΜΎΎ 7.61 s (9H) 7.88 s (12H) 

7.55 s (7H) 
unsym-c-TMTT 7.58 m (16H) 7.82 s (3H) 

7.88 s (9H) 
° Solutions about 10 wt % in benzene (internal T M S ) . 
b Chemical shift (τ ppm); multiplicity (m = multiplet, s = singlet); relative intensity. 
c A2B2 pattern. 

Separations i n v o l v i n g the N-permethy la ted tetramines were made 
using sod ium iod ide or l i t h i u m chlor ide as w e l l as other a lka l i -meta l salts 
(4). T h e results of several separations are g iven i n T a b l e I V . I n that 
table , the compositions refer to the we ight % of the tetramine components 
( C o m p o u n d s 3 -6 ) i n each sample before the part i cu lar complexat ion. 
T h e salt used is i n c l u d e d a n d so is the chelate isolated. T h e last c o l u m n 
also gives the purit ies of the tetramines recovered f rom the chelates. 

I n the first experiment, sod ium iod ide gave a complex w i t h the major 
po lyamine component i n the mixture , i s o - H M T T . P u r i t y of the i s o - H M T T 
was increased to more t h a n 9 9 % b y selective complexation. T h i s separa
t ion was done b y st i rr ing a benzene solution of the crude po lyamine 

NMe2 

,N NMe0 

M e V _ / 2 

Ν-Λ^ΝΜβ 2 

l N s ^ N M e 2 

n-HMTT iso-HMTT 
(3 ) (4) 

Me 

Γ NMe- [ I 
N ΛΙ NI 

Q Ο 
2 

Ν Ν 

NMe2 |Jle 

sym-c-TMTT unsym-c-TMTT 

(5) (6) 
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148 P O L Y A M I N E - C H E L A T E D A L K A L I M E T A L C O M P O U N D S 

sample w i t h p o w d e r e d sod ium iod ide a n d iso lat ing the insoluble iso-
H M T T · N a l b y filtration. 

A n even more conv inc ing demonstrat ion of the complexat ion selec
t i v i t y of sod ium iod ide for the b ranched tetramine, i s o - H M T T , was ob
ta ined i n the second experiment. T h e po lyamine mixture i n that instance 
conta ined 9 .2% i s o - H M T T along w i t h 8 2 % n - H M T T a n d 9 . 1 % of the 
c o m b i n e d cyc l i c T M T T isomers. T h e sample also contained traces of 
T M E D a n d P M D T ( C o m p o u n d s 1 a n d 2 i n T a b l e I ) ; i t represents a t y p i 
c a l N -permethy la ted commerc ia l T E T A fract ion. I n this case, complexa
t ion w i t h ca. 7.7 mole % sod ium iod ide suspended i n benzene gave a 
po lyamine chelate that s t i l l contained 9 7 . 3 % i s o - H M T T . 

T h e reason for the h i g h selectivity of the b ranched tetramine isomer 
i n experiments w i t h sod ium iod ide is not k n o w n for sure. H o w e v e r , 
complexes of b o t h n - a n d i s o - H M T T w i t h sod ium iod ide were prepared , 
a n d the ir solubi l i t ies were measured i n benzene a n d o-dichlorobenzene. 
I n those experiments, i s o - H M T T · N a l exhib i ted m u c h lower so lub i l i ty 
than d i d n - H M T T - N a l . These so lub i l i ty differences m a y p l a y an i m p o r 
tant ro le i n the h i g h degree of select ivity f o u n d between the acyc l i c 
tetramine isomers a n d sod ium iodide . 

I n another experiment i n v o l v i n g an i n i t i a l tetramine mixture s imi lar 
to that used i n experiment 2 of T a b l e I V , v i r t u a l l y a l l the i s o - H M T T 
was removed b y complexat ion w i t h sod ium iod ide i n pentane. F r a c t i o n a l 
v a c u u m dis t i l la t ion of the r e m a i n i n g tetramine mixture separated n -
H M T T f rom the cyc l i c T M T T isomers. Gas-chromatographic analysis 
showed that the po lyamine recovered this w a y was more than 9 9 % 
n - H M T T . 

T h e cyc l i c T M T T isomers obta ined as the residue f rom a s imi lar 
f rac t ional d is t i l la t ion were separated b y selective complexat ion w i t h 
l i t h i u m chlor ide . T h e final entry i n T a b l e I V records the composi t ion of 
the po lyamine mixture that contained major amounts of the cyc l i c T M T T 
isomers. C o n t a c t i n g this mixture w i t h excess L i C l (about 400 mole % ) 

T a b l e I V . Separat ion of N - P e r m e t h y l a t e d Tetramines 

Composition (wt %) 

Expert- n - iso - sym-c - u n s y m - Compound Isolated 
ment HMTT HMTT TMTT c-TMTT Salt (Amine Purity, %) 

1 19 81 — — N a l i s o - H M T T - N a l 
(>99) 

2a 80.9 9.2 4.8 4.3 N a l i s o - H M T T - N a l 
(97.3) 

3 2.2 — 54.2 43.6 L i C l s i / m - c - T M T T -
L i C l (97.2) 

° Remaining 0.8% was a mixture of T M E D and P M D T . 
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Me-N 
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-N 
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NMe. Γ 
Me k 

NMe. 

Me 

Γ NMe2 

/ N NMe2 

Me 

n,-HMTP 
(7) 

„ x\^NMe 2 

\__NMe 0 

iso-HMTP 
(8) 

^ » N M 

CD ^ 
I 
Me 
N-c-PMPP 

(10) 

o 
NMe„ 

N,N'-c-PMPP 
(9) 

r 
Û 

N 

NMe. 

Me 

iso-c-PMPP 
(11) 

suspended i n heptane p r o d u c e d an insoluble l i t h i u m ch lor ide complex 
of the s y m m e t r i c a l - T M T T isomer. T h e s t / r a - c - T M T T recovered f rom this 
complex was 9 7 . 5 % pure. Subsequent analysis of that por t ion of the 
i n i t i a l mixture that d i d not f o rm a complex w i t h L i C l showed its compo
sit ion to be 4 . 1 % n - H M T T a n d 9 5 . 9 % n n s t / m - c - T M T T . Therefore com
plexat ion of the cyc l i c T M T T isomers w i t h excess L i C l demonstrates the 
h i g h selectivity of the symmetr i ca l isomer for adduct formation. 

Pent amine Mixtures 

Subsequent w o r k revealed that chelate format ion w i t h G r o u p I A 
a n d I I A meta l salts c o u l d successfully separate N-permethy la ted T E P A 
samples. As ment ioned , T E P A is the notat ion g iven to the commerc ia l 
po lyamine fract ion conta in ing m a i n l y the isomeric tetraethylenepenta-
mines ( 6 ) . T h e N-permethy la ted pentamine components, character ized 
b y N M R a n d chemica l - ion izat ion mass spectrometry ( 1 9 ) , inc lude the 
two acyc l i c i s o m e r s — C o m p o u n d 7 a n d 8 — a n d three derivatives of 
p i p e r a z i n e — C o m p o u n d s 9 through 11. O f these, on ly three of the 
p e n t a m i n e s — n - H M T P ( C o m p o u n d 7 ) , i s o - H M T P ( C o m p o u n d 8 ) , a n d 
Ν,Ν'-c-PMPP ( C o m p o u n d 10 )—are present i n amounts greater than 
1 0 % i n a t y p i c a l N -permethy la ted sample of T E P A . T h e amounts of these 
components f ound i n one such sample are l isted i n T a b l e V . 
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150 P O L Y A M I N E - C H E L A T E D A L K A L I M E T A L C O M P O U N D S 

Table V . Sequential Separations from JV-Permethylated T E P A 

Composition (wt %) 

Initial 
Component Sample* Nal Chelate LiCl Chelate 

n - H M T P 48.8 82.6 0.3 
i s o - H M T P 13.9 10.1 1.1 
i V ^ ' - c - P M P P 11.4 1.1 94.8 
O t h e r s 6 25.9 6.2 3.8 

° Components listed are present in amounts greater than 10%. 
b Eight other components detected by gas chromatography. 

T h e data i n T a b l e V were obta ined b y sequential treatment of the 
i n i t i a l sample w i t h sod ium iod ide a n d l i t h i u m chlor ide . C o m p l e x a t i o n 
w i t h sod ium iod ide was done i n a heptane -benzene s lurry . T h e spar ing ly 
soluble sod ium iodide chelate was isolated b y filtering the mixture . T h e 
r e m a i n i n g solut ion was concentrated, a n d the residue obta ined was con
tacted w i t h l i t h i u m chlor ide i n pentane. A f t e r s t i r r ing this heterogeneous 
mixture , a so l id l i t h i u m chlor ide chelate complex was isolated b y filtra
t ion . Decompos i t i on of the a lka l i -meta l salt complexes f o l l owed b y 
recovery a n d analysis of the po lyamine components showed that the 
sod ium iod ide complex conta ined 8 2 . 6 % n - H M T P w h i l e the L i C l complex 
contained 94 .8% N , N ' - c - P M P P . T a b l e V shows that the i n i t i a l p o l y a m i n e 
sample contained 48.8 a n d 11 .4% of these l igands , respectively. 

If any analogy were to be d r a w n between experiments i n v o l v i n g the 
isomeric tetradentate a n d pentadentate p iperaz ine derivatives , it is that 
i n bo th cases the more symmetr i ca l l igands w o u l d complex w i t h l i t h i u m 
chlor ide . Speci f ical ly , i n the two studies, s y m - c - T M T T ( C o m p o u n d 5) 
a n d Ν,Ν'-c-PMPP ( C o m p o u n d 9) l igated L i C l selectively. 

A n independent observation of considerable interest concerns the 
chemica l - i on izat ion mass spectral analysis of the isomeric T M T T a n d 
P M P P l igands. T h e spectra of pure T M T T a n d P M P P isomers were 

Table VI . Relative Abundance of [ M + l ] + in C H 4 - C I M S 
Spectra of Cyclic Polyamine Bases0 

Number of Relative abundance 
Nitrogens Base [ M + 1]+, % 

4 sym-G-ΎΜΎΎ 34.4 
4 unsym-c-ΎΜΎΎ 14.7 
5 # , i V ' - c - P M P P 19.0 
5 N ' - s - P M P P 6.9 
5 i s o - c - P M P P 4.1 

° [M + 1] + represents the amount of protonated base relative to total ion flux. 
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6. K L E M A N N E T A L . Inorganic Complexes 151 

obta ined b y us ing methane as the reactant gas ( 7 , 1 9 ) . W h i l e pos i t ive- ion 
fragments accounted for an apprec iable f ract ion of the total i on flux under 
these condit ions , the protonated po lyamine , [ M + 1 ] + , was f ound i n 
each case. T h e relat ive abundance of this i on ( T a b l e V I ) shows the 
preference of the protonated species f rom s t / m - c - T M T T a n d N,N'-c-
P M P P i n the respective isomeric series. T h e more symmetr i ca l base 
seems to have the h igher proton affinity under the ana ly t i ca l condit ions 
used. 

T o study the complexat ion selectivity of sod ium iod ide for the 
l inear pentamine isomer, n - H M T P ( C o m p o u n d 7 ) , and not the branched 
isomer (as i n the analogous tetramine separat ion) , bo th n - H M T P · N a l 
a n d i s o - H M T P · N a l were prepared a n d studied. N o substantial difference 
i n solubi l i t ies of the p e n t a m i n e - s o d i u m iod ide complexes i n benzene 
cou ld be observed. H o w e v e r , the stabi l i ty of n - H M T P · N a l i n benzene 
seemed to be apprec iab ly greater than that of i s o - H M T P · N a l in the 
same solvent. T h e latter complex dissociated i n benzene to give free 
i s o - H M T P a n d insoluble sod ium iod ide at 40°C . T h e corresponding 
dissociation temperature for n - H M T P · N a l i n benzene was 72°C. T h e 
complexat ion selectivity f o und b y c o m b i n i n g IV-permethylated T E P A 
w i t h sod ium iod ide m a y be rat ional i zed i f the above results indeed were 
to reflect a difference i n the relat ive stabilities of the two complexes. 

Proton NMR Spectra of Sodium Iodide Complexes 

Since bo th n - H M T P · N a l a n d i s o - H M T P · N a l are soluble i n ben 
zene, the Ή N M R spectra of these compounds were recorded, together 
w i t h the spectra of the corresponding uncomplexed l igands. These spectra, 
obta ined i n benzene us ing tetramethylsi lane ( T M S ) as an internal s tand
a r d , are compared i n F i g u r e 2. A clear dif ferentiation between the 
Ν — C H 2 a n d Ν — C H 3 proton resonances is possible i n the spectra of the 
uncomplexed l igands, n - H M T P a n d i s o - H M T P . T h e h igher f ield reso
nances i n these spectra are assigned to the N — C H 3 groups w h i l e the 
resonances occurr ing at lower field are assigned to the Ν — C H 2 protons. 
S u c h dif ferentiation becomes more diff icult w i t h the N a l complexes. 
U p o n complex formation, an upf ie ld shift of the Ν — C H 2 resonances and 
a smaller downf ie ld shift of the Ν — C H 3 resonances f r om their respective 
spectral positions i n the uncomplexed l igands occur. 

W i t h i s o - H M T P · N a l , the b u l k of the N — C H 2 s ignal is shi fted 
upf ie ld to the po int where N-methy lene a n d N - m e t h y l resonances show 
considerable overlap. Peak assignment can tentat ively be made w i t h 
n - H M T P · N a l , however , a n d the magnitude of the chelat ion shift can 
be estmiated. I n n - H M T P · N a l , the upf ie ld shifts of the Ν — C H 2 protons 
average +0 .13 p p m ; the downf ie ld shifts of the Ν — C H 3 resonances are 
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152 P O L Y A M I N E - C H E L A T E D A L K A L I M E T A L C O M P O U N D S 

—0.06 a n d —0.03 p p m relat ive to their respective positions i n the spec
t r u m of free n - H M T P . 

T h i s shift phenomenon has been observed i n benzene solut ion a n d 
has been discussed for T M E D · L i C 6 H 5 (20) a n d i s o - H M T T · L i B r (21). 

ι — -

ppM(r) PPM(r) 

Figure 2. NMR spectra of pentamines and Nal chelates 
in benzene 
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6. K L E M A N N E T A L . Inorganic Complexes 153 

A n explanation offered for the upf ie ld chelat ion shift envisions a loose 
association of benzene molecules about the posit ive end of the chelate 
complex d ipo le (21). A s imi lar solvation m o d e l has been proposed for 
T M E D - Z n C I 2 i n mixtures of dioxane a n d benzene (22). A c c o r d i n g to 
the m o d e l , the Ν — C H 2 protons of the l i g a n d w o u l d be near the benzene 
7r-molecular orbitals , the associated d iamagnet i c anisotropy of w h i c h 
w o u l d induce a n upf ie ld shift i n the Ν — C H 2 pro ton resonances. 

Mixtures Containing Primary and Secondary Amines 

Selective chelat ion is also effective i n separating commerc ia l p o l y 
amine fractions that have not been modi f i ed b y pr ior N-permethy la t i on . 
These po lyamine mixtures therefore contain p r i m a r y a n d secondary as 
w e l l as tert iary amino groups. T h i s can be seen, for example, i n the 
structures of the major components f o u n d i n tr iethylenetetramine ( T E T A ) 
shown b e l o w w i t h their c ommon notations. C o m m e r c i a l T E T A general ly 
contains about 7 5 % of the l inear a n d about 8 % of the branched tetra
mines, t r i en a n d tren, respectively. T h e remain ing 1 7 % or so is a mixture 
of d i e n a n d tet isomers. D a t a on separations i n v o l v i n g such a mixture 
are g iven i n T a b l e V I I . T h a t table lists the l i g a n d compositions of the 
N a B r a n d L i B r complexes isolated as functions of complexat ion t ime. 
These experiments were conducted at 0 ° C , a n d the complexes were 
isolated f rom the homogeneous solutions b y prec ip i tat ion w i t h c o l d 
toluene f o l l owed immedia te ly b y suction filtration a n d d r y i n g . 

C o m p o s i t i o n of the complexes varies w i t h t ime. W i t h N a B r , the 
complex isolated after 5 minutes was essentially pure tren · N a B r ; after 

NH 

NH 

dien trien tren 

Η 

l ^ N H 2 
Η 

sym-tet unsym-tet 
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Table VII. Separation of Commercial T E T A Mixture" 

Ligand Composition (wt %) 

Time (min) NaBr complex LiBr Complex 

tren trien tren trien 

5 99.5 0.5 — — 
45 48.5 51.5 82.4 17.6 
75 5.6 94.4 72.2 27.8 

° Temperature 0°C. 

75 minutes the complex isolated contained m a i n l y the l inear isomer tr ien. 
T h e results obta ined w i t h L i B r were s imi lar d i rect ional ly a l though the 
i n i t i a l selectvity for tren · L i B r format ion appeared to be lower , a n d a 
m u c h longer t ime was necessary to f o rm the t r i en complex. (A f te r 12 
days, the L i B r complex contained 7 6 % tr ien. ) 

T h i s was the first instance where the products of k inet i c a n d thermo
d y n a m i c complexat ion were observed. T h e mechanism of l i g a n d exchange 
that leads to the more stable t r ien complex has not been studied , b u t no 
doubt i t involves substantial l i g a n d reorganizat ion i n the p r i m a r y coord i 
nat ion sphere of the meta l ion . Such reorganizat ion should be i n h i b i t e d 
b y an increase i n the charge / s i ze ratio of the meta l i o n a n d is consistent 
w i t h our observation of m u c h slower l i gand exchange w i t h l i t h i u m 
bromide . 

C o m p l e x a t i o n studies were cont inued at room temperature us ing 
tetramine mixtures i n w h i c h the mole rat io of tren . t r ien was v a r i e d i n 
( T a b l e V I I I ) . T h e salt used, the mole ratios of t ren : tr ien :sa l t , a n d the 
d i luent used ( i f any ) are g iven i n the table. I n a l l cases selective com
plexat ion of the branched tetramine, tren , was observed. T h e final c o l 
u m n i n T a b l e V I I I gives the p u r i t y of the branched tetramine i n the 
t ren -sa l t complex that was isolated. Genera l ly the p u r i t y of the tren 
was greater t h a n 9 9 % . 

Salt Lattice Energy 

E a r l i e r w o r k has shown that for l i t h i u m salts successful complexat ion 
was achieved on ly w i t h salts h a v i n g lattice energies of less than about 
210 k c a l / m o l e (4). T o study further the effect of salt latt ice energy on 
the salt's ab i l i t y to f o rm a complex, experiments were done w i t h G r o u p 
I A a n d I I A meta l salts a n d t r i s - (2 -aminoethy l ) amine. 

Salts of a part i cu lar group I A or I I A meta l were st irred w i t h tr is -
( 2 -aminoe thy l )amine under a specific set of react ion condit ions ( 2 5 ° C , 
6 mmoles salt, 6.5 mmoles amine , 7 m l benzene, a n d 65 hours ) . T h e 
y i e l d of the insoluble complex was determined after filtering a n d d r y i n g . 
Some salts f o rmed complexes w h i l e others d i d not, depend ing on the salt's 
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700i 1 J 1 J 1 1 1 J Γ 

100 200 300 400 500 

HYDRATION ENERGY (H) (Kcal mole' 1 ) 

Figure 3. Plot of lattice energy vs. hydration 
energy for salts complexed by tris-(2-aminoethyl)-

amine 

lattice energy. T h e cr i t i ca l latt ice energy for complexat ion, \Jcrit, was 
taken as the highest latt ice energy represented b y the salts of a g iven 
meta l that successfully complexed w i t h tr is - ( 2 -aminoethyl ) amine. These 
c r i t i ca l lattice energies correlate l inear ly w i t h the h y d r a t i o n energy of 
the respective a l k a l i meta l a n d a lkal ine earth cations (see F i g u r e 3 ) . 

T h e above results indicate that complexat ion is favored for l ow- la t 
tice-energy salts. A l s o , the l ower the salt's latt ice energy the more 

Table VIII. Complexation of tren from Primary 
Tetramine Mixtures 

Mole Ratio Reactants 

Amine 
Purity 

tren* salt 
Complex 

Salt tren:trien:salt Diluent (%) 
N a B r 1 4 1 — 99.5 
N a B r 4 0.9 1 — 99.8 
N a B r 1 1 0.9 E D A 99.2 
L i B r 4 0.9 4 T H F * 98.9 

° Tetrahydrofuran. 
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180 r-

\ 

\ 
\ 

V 
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DECOMPOSITION TEMPERATURE (°C) 

Figure 4. Effect of salt lattice energy on tren · salt decomposition temperature 

stable the complex a n d the higher the temperature requ i red to dissociate 
the complex thermal ly into the free po lyamine a n d salt. F i g u r e 4 presents 
this effect for sod ium salt complexes of t ren . A s imi lar re lat ionship exists 
for other po lyamine complexes of G r o u p I A a n d I I A meta l salts. 

Consequent ly , to a i d thermal dissociation of the po lyamine · salt 
complex, the salt should be chosen i n i t i a l l y so that its latt ice energy is 
near the c r i t i ca l latt ice energy for the part i cu lar metal . Since the U m i 

values determined w i t h t r i s - (2 -aminoethy l )amine ( F i g u r e 3) are not 
necessarily the same for another po lyamine l i g a n d , the choice of a meta l 
salt for selective po lyamine complexat ion requires some experimentation. 
T h e selectivities of various salts t o w a r d a mult i component po lyamine 
sample are best determined b y several small-scale experiments us ing a 
var iety of meta l salts. Cons iderat ion must be g iven to the salt lattice 
energy w h i c h should be selected to opt imize bo th the complexat ion a n d 
the dissociation. It is also possible, b y v a r y i n g the temperature used i n 
the complexat ion, to enhance further the selectivity a n d f lexibi l i ty of the 
selective chelat ion technique. 

Complex Dissociation 

Dissoc iat ion of the po lyamine salt adduct must be achieved to 
l iberate the salt a n d recover the po lyamine . W i t h complexes of the 
N-permethy la ted polyethylene polyamines , i t is convenient ( o n a smal l 
scale) to dissociate the complex b y d isso lv ing i t i n aqueous potassium 
hydroxide . T h e tert iary po lyamine is generally extracted f rom this m i x 
ture w i thout diff iculty. D isso lu t i on of the complexes conta in ing p r i m a r y 
polyamines l ikewise leads to dissociation. H o w e v e r , h i g h so lub i l i ty of 
the p r i m a r y polyamines i n water creates a recovery prob lem. W i t h com
plexes conta in ing p r i m a r y amine functions, i t is preferable , a n d general ly 
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6. K L E M A N N E T A L . Inorganic Complexes 157 

easier i n a i l cases, to recover the amines b y t h e r m a l dissociation. S u c h 
a procedure obviates the use of polar , prot ic solvents for po lyamine recov
ery a n d permits recovery of crystal l ine , anhydrous salts. 

T h e r m a l dissociation of tren · N a B r was studied , a n d the results are 
summar i zed i n T a b l e I X . I n these experiments thermal dissociation was 
done b y extracting the so l id complex i n a Soxhlet apparatus w i t h a h i g h -
bo i l ing hydrocarbon solvent. T h e solvent was Isopar G , an isoparaffinic 
d is t i l lat ion fract ion b o i l i n g at 159° to 177 °C . D u r i n g the extraction the 
hot solvent bathes the complex a n d causes its dissociation. T h e insoluble 
salt is s imultaneously separated f rom the po lyamine w h i c h dissolves i n 
the hot solvent. W h e n the hydrocarbon-tren solution is cooled, a phase 
separation occurs since polyamines conta in ing p r i m a r y ( a n d secondary) 
nitrogens have l o w solubil it ies i n paraffins at ambient temperature ( 5 ) . 

T a b l e I X shows that this treatment for four hours gave a quant i tat ive 
recovery of N a B r a n d a 6 7 . 2 % recovery of tren. T h e l o w y i e l d of recov
ered tren results f rom the smal l but finite so lub i l i ty of tren i n Isopar G 
(about 0.9 g r a m / 1 0 0 m l ) . T h i s solvent, n o w saturated w i t h tren, can be 
recyc led to recover the po lyamine f rom a fresh charge of tren · N a B r . 
T h e results of a dissociation experiment us ing recyc led solvent appear 
i n the second entry of T a b l e I X . T h e data show that the recoveries of 
N a B r a n d tren b y this procedure are bo th quantitat ive . T h e major 
advantages of this technique are h i g h recovery yie lds a n d the avoidance 
of contact ing the polyamines w i t h water or other prot ic solvents that 
might adversely affect the p u r i t y of the recovered products. 

T h e same type of dissociation technique m a y be used to recover 
N-permethy la ted polyamines f rom their meta l - sa l t complexes. T h e sol 
vent is the major factor to be considered i n designing such a procedure. 
T h e solvent chosen should b o i l near or s l ight ly above the thermal disso
c iat ion temperature of the par t i cu lar po lyamine · salt complex. W i t h 
N-permethy la ted po lyethylene polyamines , the final recovery of a po ly 
amine f r om the extraction solvent is best done b y d i s t i l l ing the h y d r o 
carbon solution. Recovery b y phase separation is not possible w i t h the 
tert iary polyamines since these compounds general ly are misc ib le w i t h 
most hydrocarbon solvents. 

Table IX. Thermal Dissociation of tren * NaBr 
and Recovery of Components" 

Extraction % tren % NaBr 
Run Time (hours) Recovered Recovered 

1 4 67 .2 6 100 
2 2 C 100 100 

° Hot solvent extraction of tren · NaBr by Isopar G (bp, 159°-177°C). 
b Tren solubility in Isopar G equivalent to 0.9 gram/100 ml. 
c Isopar G recovered from Run 1 was recycled. 
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Benzene Soluble Inorganic Complexes 

T h e N-permethy la ted polyethylene po lyamine complexes of inorganic 
l i t h i u m salts show unusua l properties. These compounds general ly exhibi t 
1:1 stoichiometries of amine to l i t h i u m salt a l though ( T M E D ) 2 L i A l H 4 

(4) a n d T M E D ( L i A l H 4 ) 2 (23) have been reported. T h e so l id l i t h i u m 
salt chelates show exceptional stabi l i ty , as shown b y the data i n T a b l e X 
for chelate complexes of l i t h i u m a l u m i n u m hydr ide . T h e thermal s tab i l i 
ties of the L i A l H 4 chelates e q u a l or exceed the thermal stabi l i ty of free 
L i A l H 4 . W i t h P M D T · L i A l H 4 , the complete complex can actual ly be 
v a c u u m sub l imed intact. P M D T · L i l can be h a n d l e d s imi lar ly (4). 

T h e h i g h so lubi l i ty of tert iary p o l y a m i n e - a l k a l i - m e t a l salt chelates i n 
benzene has been ment ioned briefly. T h e data i n T a b l e X I i l lustrate the 
range of solubi l i t ies observed for L i B r a n d L i N O a chelates of b i - , t r i - , 
tetra- , a n d pentadentate tert iary amine l igands. Benzene solutions con
ta in ing several moles of chelate have been obtained. 

P r e l i m i n a r y studies indicate substantial aggregation of the chelates 
at concentrations greater than about 0.1 A i . M a n y of the inorganic l i t h i u m 
chelates exhibit h i g h conductivit ies i n benzene; they approach the e lectr i 
ca l c onduct iv i ty measured for l i t h i u m bromide i n propylene carbonate. 
T h i s observation has prompted app l i ca t i on of chelate solutions as electro
lyte systems (4). 

I n short the chemistry a n d properties of the inorganic l i t h i u m chelates 
should promote their uses i n m a n y appl icat ions. T h i s is the case for the 
N-che la ted organo l i th ium reagents, as evidenced b y the frequency of 
appearance of these systems i n the l i terature. W e hope that the po ly -
amine-puri f i cat ion technique presented here w i l l improve the ava i lab i l i ty 
of useful che lat ing l igands a n d stimulate add i t i ona l research i n this area. 

Experimental 

E l e m e n t a l analyses were per formed b y the A n a l y t i c a l a n d In forma
t ion D i v i s i o n of Esso Research a n d E n g i n e e r i n g C o . N M R spectra were 
recorded o n a V a r i a n Associates A - 6 0 spectrometer, a n d mass spectra 
were obtained on either a C . E . C . m o d e l 21-103 spectrometer or the Esso 

Table X . Thermal Stabilities of L i A l H 4 Chelates 

Chelate 

T M E D - L i A l H 4 

( T M E D ) 2 - L i A l H 4 

P M D T - L i A l H 4 

n - H M T T · L i A 1 H 4 

< M p 150°-155°C. 

Thermal Stability 

Decomp. 125°C (1.3 torr) 
m p 118-120°C 
Sublimes 125°C (0.5 t o r r ) * 
m p > 2 0 0 ° C 
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6. K L E M A N N E T A L . Inorganic Complexes 159 

Table XI . Solubilities of Chelated Lithium Salts in Benzene 

Solubility ( M at 25°C) 

LiBr LiNOz 
Chelating Agent Chelate Chelate 

T M E D 1.6 0.3 
P M D T 2.5 2.66 
n - H M T T 0.3 > 3 " 
i s o - H M T T >0.5 1.0 
n - H M T P > 2 — 

° Liquid chelate miscible with benzene. 

chemica l physics chemica l i on izat i on mass spectrometer {7,24) operat ing 
w i t h isobutane as the reactant gas. Composi t ions of amine mixtures were 
ana lyzed b y gas - l i qu id chromatography. Analyses were made on a V a r i a n 
A e r o g r a p h m o d e l 200 or a P e r k i n E l m e r m o d e l 900 gas chromatograph. 
T h e co lumns used were 10' b y 1 / 4 " or 6' b y 1 / 8 " p a c k e d w i t h 10 -15% 
C a r b o w a x 2 0 M - K O H on 6 0 / 8 0 mesh Chromosorb W . Analyses were 
m a d e between 100° - 2 0 0 ° C , a n d peak areas were determined us ing an 
Infotronics m o d e l C R S 101 d i g i t a l integrator. 

T h e sources of amines i n c l u d e d Ge igy , D o w , U n i o n C a r b i d e , Jeffer
son C h e m i c a l , A m e s Laborator ies , and M a t h e s o n C o l e m a n a n d B e l l . 
T e r t i a r y amines w e r e general ly obta ined b y N-permethy la t i on of the 
corresponding technical-grade amine fract ion us ing c o m m o n techniques 
(16). 

trans-TMCHD. A 3.4-gram sample of T M C H D ( conta in ing 95 .8% 
of the trans isomer) was combined w i t h 1.57 grams h y d r a t e d L i B r . T h e 
resul t ing th ick s lurry was d i l u t e d w i t h 9 m l heptane, a n d the mixture 
agitated occasionally for 5 days. T h e so l id chelate complex was isolated 
b y filtration, washed w i t h heptane, a n d decomposed i n aqueous K O H . 
T h e recovered amine was 9 9 . 6 % pure f r a n s - T M C H D . Struc tura l assign
ment of the cis a n d trans isomers was supported b y comparison w i t h 
authentic samples prepared b y a different route (11). E l e m e n t a l analysis 
of trans-TMCHD · L i B r gave 47 .78% C , 9 .25% H , 11 .21% N , and 31.42% 
B r . (Theore t i ca l : 4 6 . 7 1 % C , 8 .62% H , 10.89% N , a n d 31 .08% B r . ) 

I n another example, a sample of T M C H D ( ca. 5 mmoles , containing 
8 6 % f r a n s - T M C H D w i t h the cis isomer as the major contaminant ) was 
contacted for 2 days w i t h 4.3 mmoles of M g C l 2 · 6 H 2 0 i n 2.3 m l of satu
rated hydrocarbon di luent . A f t e r remov ing solids b y filtration, the amine 
content of the filtrate was 9 6 . 2 % f r a n s - T M C H D , showing that the cis 
isomer h a d been removed b y complexation. 

Λ - Η Μ Τ Τ . O n e mole of impure H M T T (compos i t ion : T M E D , 
P M D T 0 . 8 % ; i s o - H M T T , 9 . 2 % ; n - H M T T , 8 0 . 9 % ; c - T M T T isomers, 
9 . 1 % ) i n 1.5 liters n-pentane was st irred for 24 hours w i t h 23 grams 
p o w d e r e d N a l a n d then for an add i t i ona l 24 hours w i t h a second 23-gram 
charge of N a l . T h e solids were filtered off, a n d the solut ion contained 
less than 0 .6% i s o - H M T T . T h i s solution was d i s t i l l ed ( b p about 8 0 ° C / 
0.075 m m on a 15-plate O l d e r s h a w co lumn operat ing at a 20:1 reflux 
rat io ) to give 5 8 . 6 % n - H M T T of p u r i t y above 9 9 % . 
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160 P O L Y A M I N E - C H E L A T E D A L K A L I M E T A L C O M P O U N D S 

iso-ΗΜΎΎ. A s imi lar sample of H M T T (8.1 grams) was st irred w i t h 
0.405 gram N a l i n 19 m l benzene. A f t e r 3 days, the so l id chelate (0.701 
gram) was isolated a n d decomposed i n the n o r m a l way . T h e recovered 
p o l y a m i n e was 97 .27% i s o - H M T T a n d 2 .72% n - H M T T . 

sym-TMTT and unsym-TMTT. A 1.14 g ram (about 5 m m o l e ) sam
p le of an amine mixture ( compos i t i on : 2 .2% n - H M T T , 5 4 . 2 % sym-c-
T M T T , a n d 4 3 . 6 % w n s i / m - c - T M T T ) was c o m b i n e d w i t h 0.85 gram (20 
mmoles ) L i C l a n d 8 m l heptane. A f t e r s t i rr ing for 2.5 days, the mixture 
was centri fuged. T h e supernatant l i q u i d contained 4 . 1 % n - H M T T a n d 
9 5 . 9 % n n s t / m - c - T M T T . T h e so l id residue was isolated b y filtration a n d 
decomposed i n aqueous K O H . T h e amine recovered was 2 . 5 % unsym-G-
T M T T a n d 9 7 . 5 % s t / m - c - T M T T . Larger -sca le runs gave s imi lar results. 
T h e c - T M T T isomers were ident i f ied b y the ir N M R spectra (benzene-
T M S ) : s t / r a - c - T M T T h a d one N — C H 3 singlet at τ 7.88; unsym-c-ΤΜΤΊ 
h a d t w o Ν — C H 3 singlets i n a 1:3 rat io at τ 7.82 a n d 7.88, respectively. 

i s o - H M T T . A n H M T T sample conta in ing 8 1 % i s o - H M T T a n d 1 9 % 
n - H M T T (178 grams) was c o m b i n e d w i t h 80.0 grams N a l a n d 2.5 liters 
benzene. A f t e r st irr ing for 28 hours, the so l id chelate complex was iso
la ted b y filtration, washed w i t h 200 m l of benzene, a n d d r i e d . T h e first 
crop of chelate w e i g h e d 170 grams. 

T h e filtrate was st irred for a week w i t h an add i t i ona l 25 grams N a l , 
a n d filtration gave 66 grams of a second crop of chelate complex. T h e 
tota l y i e l d of chelate was 8 9 % of theoretical . T h e amine i n b o t h crops 
of chelate was more than 9 9 % i s o - H M T T . 

iV-Permethylated T E P A . T h e components of an N-permethy la ted 
T E P A mixture conta in ing five or more nitrogen atoms were separated b y 
preparat ive gas - l iqu id chromatography using a V a r i a n A e r o g r a p h A u t o -
prep at 200 ° C w i t h a 10' b y 3 / 8 " diameter , 1 5 % 2 0 M C a r b o w a x K O H 
co lumn. M o l e c u l a r weights of these components were determined via 
the C I M S technique ( 7 ) . 

Sequential Separations. A 28.7-gram sample of crude N - p e r m e t h 
y la ted T E P A was st irred w i t h 9.75 grams N a l i n 120 m l 5:1 heptane :ben
zene. A f t e r 41 hours the so l id chelate complex A was isolated b y filtra
t ion . T h e filtrate was concentrated, filtered, a n d 0.8 gram L i C l a n d 50 m l 
pentane added to the l i q u i d residue. A f ter s t i rr ing for 60 hours, filtration 
gave so l id chelate complex Β w h i c h was washed first w i t h pentane, then 
w i t h benzene, a n d dr i ed . 

T h e so l id complexes were decomposed i n aqueous K O H . T h e recov
ered amines were ana lyzed b y gas - l iqu id chromatography a n d N M R 
( b e n z e n e - T M S ) . C o m p l e x A contained n - H M T P (82 .6% p u r e ) ; its 
N M R spectrum h a d two Ν — C H 3 singlets ( 2 / 3 rat io ) at τ 7.79 a n d 7.85, 
respectively. C o m p l e x Β contained 2 V , N ' - c - P M P P (94 .8% p u r e ) ; its 
N M R spectrum h a d three N — C H 3 singlets (1 :2 :2 rat io ) at τ 7.80, 7.86, 
a n d 7.87, respectively. T h e or ig ina l 11-component mixture contained 
4 8 . 8 % n - H M T P a n d 11 .4% N , N ' - c - P M P P . 

tren · LiBr . A solut ion of L i B r (4.35 grams) i n 20 m l tetrahydrofuran 
was m i x e d w i t h 8.6 grams of a n amine sample conta in ing 4:1 t ren : t r i en . 
T h e mixture was st irred overnight , a n d filtration gave 11.5 grams of a 
whi te , so l id complex, me l t ing w i t h decomposit ion at 2 1 7 ° - 2 2 0 ° C . Th is 
complex contained 9 8 . 9 % tren a n d 1.1% tr ien. E l e m e n t a l analysis of 
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6. K L E M A N N E T A L . Inorganic Complexes 161 

tren · L i B r gave 2 9 . 9 1 % C , 7 .92% H , a n d 22 .60% N . ( T h e o r e t i c a l : 
30 .92% C , 7.78% H , a n d 24 .04% N . ) 

tren · NaBr . A so lut ion of N a B r (0.55 g ram) i n 6 m l ethylenediamine 
was m i x e d w i t h a 1.750-gram triethylenetetramine sample conta in ing 1:1 
t ren : t r i en . T h e homogeneous solut ion was par t ia l l y evaporated after 90 
hours, a n d 15 m l benzene was added , p r o d u c i n g a w h i t e prec ipitate . 
F i l t r a t i o n gave 1.01 grams of a whi te , so l id complex, m.p. 1 3 9 ° - 4 0 ° C . 
T h i s complex contained 9 9 . 2 % tren a n d 0 .8% tr ien. E l e m e n t a l analysis 
of tren · N a B r gave 28 .75% C , 7.23% H , a n d 22 .19% N . ( T h e o r e t i c a l : 
28 .92% C , 7.28% H , a n d 22 .49% N . ) 

Dissociation of tren · NaBr . So l id tren · N a B r (12.5 grams) was 
l oaded i n an A l u n d u m extract ion t h i m b l e w h i c h was then p laced i n a 
Soxhlet extractor. A f ter extraction w i t h 250 m l Isopar G ( E n j a y iso-
parafBnic solvent, b p 1 5 9 ° - 1 7 7 ° C ) for 2-8 hours, the solut ion was coo led 
to room temperature; a phase separation resulted. T h e lower l i q u i d 
phase ( conta in ing pure tren a n d 1-3 w t % Isopar G ) was removed . 
Solvent recycle gave quant i tat ive recoveries of N a B r a n d po lyamine . 

tren and trien Method A , NaBr. A solut ion of N a B r ( 0.55 gram ) i n 
2.2 m l ethylene d iamine was m i x e d w i t h 10.3 grams T E T A at 0 ° C . A f ter 
an appropr iate t ime 20 m l c o l d toluene were a d d e d to prec ip i tate the 1:1 
p o l y a m i n e - N a B r complexes. L i g a n d analyses of the latter were m a d e 
after decomposit ion of the complexes i n formic a c i d a n d formaldehyde 
(16 ) . T h e complex contained 9 9 . 5 % tren after about 5 minutes a n d 
9 4 . 4 % tr ien after 75 minutes . 

tren and trien Method B, LiBr . A solution of L i B r (0.47 gram) i n 
10 m l tetrahydrofuran was m i x e d w i t h 10.3 grams T E T A . T h e p o l y a m i n e -
L i B r complexes were prec ip i tated w i t h 10 m l toluene a n d were ana lyzed 
as descr ibed above. T h e complex contained 8 0 . 2 % tren after about 10 
minutes a n d 7 2 . 2 % tren after 75 minutes. 
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7 

Polymerizations Using N-Chelated Alkali 

Metal Catalysts 

C. W. KAMIENSKI 

Lithium Corp. of America, Bessemer City, N. C. 28016 

A discussion of the uses of alkali metal derivatives chelated 
with tertiary diamines as polymerization iniatators is pre
sented, based mainly on the literature. Alkyllithium re
agents are the main catalyst types covered. Chain elonga
tion of alkyllithiums can be carried out under atmospheric 
or only slightly elevated pressure (80-90 psig) and mild tem
peratures to give polyethylenes having average molecular 
weights of about 300 to 3000. Products with relatively nar
row molecular-weight distributions are obtained. Polymeri
zations are of the living type, and chain lengths are roughly 
controlled by polymer solubility. Butadiene is polymerized 
with n-butyllithium-TMEDA in hydrocarbon solution at 
rates about 10 times higher than with n-butyllithium alone. 
The resulting polybutadienes possess a high vinyl or 1,2-
microstructure (80% or higher). Both block and random 
copolymers can be prepared from ethylene and either buta
diene, styrene, or acrylonitrile. 

VIJTork i n the early 1960's b y A . W . L a n g e r a n d G . G . E b e r h a r d t showed 
that monomer ic one-to-one complexes of a l k y l l i t h i u m s , such as n -

b u t y l l i t h i u m , w i t h certain d iamines , such as Ν,Ν,Ν',Ν'-tetramethylethyl-
enediamine a n d sparteine, drast ica l ly increase the po lymer iza t i on rates of 
various monomers such as ethylene a n d 1,3-butadiene. A chelated struc
ture has been proposed to account for this rate increase i n w h i c h a 
monomer ic or unassociated, more h i g h l y charge-separated complex func 
tions as the i n i t i a t i n g agent. These complexes are correct ly considered 
to be in i t i a t ing agents w h e n they are used to produce " l i v i n g " po lymers , 
but they are catalysts w h e n extensive c h a i n transfer occurs as i n te lomer i -
zations. T h e terms "catalyst" a n d "cocatalyst" have been i n general use 
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164 P O L Y A M I N E - C H E L A T E D ALKALI M E T A L COMPOUNDS 

for this system a n d are used for consistency, recogniz ing the exceptions 
for l i v i n g systems. 

Types of Polymerizations 

Ethylene. L a n g e r (1,2, 3, 4) was the first investigator to synthesize 
a plastics-range polyethylene b y an ethylene g r o w t h react ion u s i n g an 
N-che la ted a l k y l l i t h i u m compound . H e f o und that catalyst ag ing l e d 
to metalat ion of the complexed chelat ing d iamine b y the a l k y l l i t h i u m 
c o m p o u n d a n d also to increased po lymer molecular weights . T h u s , 
n - b u t y l l i t h i u m - T M E D A on aging for 40 days i n heptane at room tem
perature p o l y m e r i z e d ethylene to a h i g h l y crystal l ine po lyethylene of 
molecular we ight 142,000 conta in ing b u i l t - i n d iamine cocatalyst e n d 
groups. I n the absence of this aging phenomenon m u c h lower molecu lar 
weights were obta ined . T h e molecular weights i n this l o w range c o u l d 
be contro l led b y v a r y i n g the temperature because of the occurrence of 
chain-transfer reactions back to cocatalyst d u r i n g po lymer izat ion . L o w e r -
molecular -weight ethylene polymers were obta ined at elevated tempera
tures ( T a b l e I ) . 

Table I. Ethylene Polymerization—Effect of 
Polymerization Temperature ( 1 ) a 

Temp (°C) Molecular weight 

85 11,700 
70 23,000 
50 32,500 
30 42,500 

° 2 Mmoles BuLi · T M E D A , 150 ml heptane, 1000 psig, 4 hrs. 

E b e r h a r d t (5 ) was able to obta in very l o w molecular -weight po ly -
ethylenes (1300-1400) b y p o l y m e r i z i n g ethylene at 110 ° C under pressure 
i n η-octane us ing n - B u L i - T M E D A (or sparteine) complexes. A t this 
h i g h temperature the catalyst is rather unstable, presumably l ead ing 
eventual ly to inact ive l i t h i u m d ia lky lamide . E b e r h a r d t postulated c h a i n 
transfer to ethylene d u r i n g po lymer i za t i on to account for the f ormat ion 
of more than one mole of po lymer per mole of catalyst a n d for the pres
ence of t e rmina l unsaturat ion i n the po lymer . T h i s mechanism, as w e l l as 
c h a i n transfer to che lat ing d iamine , w o u l d be expected to be operative 
at intermediate temperatures since there is no reason to suppose that 
Langer ' s ag ing effect does not occur d u r i n g po lymer i za t i on as w e l l . A 
t h i r d type of chain-transfer react ion was proposed b y L a n g e r (4); i n this 
react ion a cyclopentane e n d group forms i n the p o l y m e r accompanied 
b y cha in transfer to ethylene, f o r m i n g a molecule of e t h y l l i t h i u m . 
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7. K A M i E N S K i Polymerizations 165 

Table II. Production of Straight-Chain Polyethylene Waxes (6 ) 

Initial 
BuLi 
Cone. 

Ν Type ( M ) 

Spart . 0.03 
Spart . 0.03 
T E D 0.06 
Spart . 0.03 
T M E D A 0.04 

C2H4 
N/ Pressure Temp. 

BuLi (psig) (°C) 

2 400 100 
2 800 100 

12 850 105 
4 800 115 
4 600 120 

Moles of 
Polymer 
per Atom 

Mn of Li 

1390 — 
1360 — 1700 5.7 
1900 7.3 
2000 2.8 

T h e h i g h po lymer iza t i on temperatures ( 1 0 0 ° - 1 3 0 ° C ) used b y E b e r 
hardt (6) p roduced useful po lyethylene waxes i n the 1000-3000 mo le cu 
lar -weight range, a lbeit i n l o w y i e l d ( T a b l e I I ) . These waxes have a l o w 
melt viscosity a n d are promoted as coat ing compositions for paper p r o d 
ucts such as d r i n k i n g cups a n d as components of floor polishes. 

Y ie lds of w a x obta ined are general ly f rom six to seven moles per 
atom of l i t h i u m . These w a x y products possess t e rmina l unsaturat ion as 
expected f rom a c h a i n transfer to ethylene. T h u s , a l though ethylene 
pressure affected the po lymer izat i on rate, i t equal ly affected the c h a i n -
transfer rate a n d the molecular we ight of the resul t ing polymers thus 
remained essentially unchanged w i t h a change i n ethylene pressure. 
T h e react ion temperature seems to affect po lymer izat i on more than c h a i n 
transfer since a s l ight but significant increase i n molecular weight occurs 
w i t h increasing temperature. Waxes were not produced be low 100 ° C . 
A p p a r e n t l y inso lub i l i ty of the p o l y m e r - l i t h i u m species i n the saturated 
hydrocarbon m e d i u m a n d the resul t ing product heterogeneity l e d to 
po lymer izat ion but not chain-transfer w i t h a result ing m u c h higher 
molecular we ight a n d m u c h poorer catalyst ut i l i za t i on . 

Inso lub i l i ty of the p o l y m e r - l i t h i u m species i n saturated hydrocarbons 
at l o w react ion temperatures was demonstrated b y S m i t h (7 ) a n d Screttas 
(8). These workers f ound that long-chain a iky l l i th iums of narrow com
posi t ion that d i d not suffer extensive chain-transfer reactions were pro 
duced . T h e y thus c o u l d be converted to useful derivatives such as fatty 
alcohols a n d acids or c ou ld be used as init iators for po lymer iza t i on of 
other monomers. Prec ip i ta t i on of the long-chain a l k y l l i t h i u m w i t h no 
further occurrence of po lymer iza t i on after reach ing a certain cha in length 
was also regarded as the cause for the re lat ively narrow molecular -weight 
distr ibut ions obta ined . L o w ethylene pressures were used to avo id c h a i n 
g r o w t h f rom any metalated T M E D A w h i c h is s lowly f o rmed d u r i n g the 
po lymer izat ion . U s i n g an n - b u t y l l i t h i u m · T M E D A complex S m i t h ob
ta ined polyethylenes h a v i n g me l t ing points of 114° to about 125°C, w i t h 
each product m e l t i n g sharply ( w i t h i n a degree or so) . Cond i t i ons used 
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166 POLYAMINE-CHELATED ALKALI M E T A L COMPOUNDS 

Table III. Chain Elongation of 

Run No. Init. BuLi BuLi/Cocat. C 2 #4 pressure 
Cone. ( M ) (psig) 

1 0.8 10 e A t m 
2 0.2 5 C A t m 
3 0.5 5 C A t m 
4 0.2 5 d 200 
5 0.2 2.5 e 600 
6 0.4 0 .25 / 580 

° Based on weight of carbonated product obtained (Xn = moles of ethylene reacted/ 
moles of butyllithium). 

h Based on determined equivalent weight of lithium salt of carbonated product. 
c iV^^'jiV '-Tetramethylethylenediamine. 

were general ly : ethylene pressure, 30-150 psig ; react ion temperature, 
room temperature to 6 0 ° C ; reaction t ime, 1-24 hours. T h e molecular 
weights of the products obta ined were about 2000. T h e lower tempera
tures a n d pressures gave products w i t h molecular weights of less than 
2000; the higher temperatures a n d pressures gave products h a v i n g mo lecu 
lar weights higher than 2000. Thus , anywhere f rom 30 to 130 units of 
ethylene cou ld be incorporated into a new a l k y l l i t h i u m compound by 
vary ing the react ion conditions. 

Screttas obta ined products h a v i n g somewhat lower molecular weights 
us ing no elevated ethylene pressures but essentially depending on absorp
t i on of the gas b y the chelated a l k y l l i t h i u m i n solution. T M E D A was 
the on ly L e w i s base that funct ioned efficiently at atmospheric pressure 
( T a b l e I I I ) . Pressure was requ i red w h e n tetrahydrofuran, 2 -d imethy l -
aminoethoxyethane, or 2 -d imethylaminoethyl tetrahydrofuran were used. 

Table IV. Preparation of 

Experiment 
Number 

7 
8 
9 

10 
11 
12 
13 
14 
15 
16 

Catalyst 
(eg.) 

Cocatalyst Feed Rate Reaction 

D i L i - 1 
D i L i - 1 
D i L i - 1 
D i L i - 1 
D i L i - 1 
D i L i - 1 
D i L i - 1 
D i L i - 1 
D i L i - 1 
D i L i - 1 

(.033) c 

(.033) 
(.034) 
(.034) 
(.033) 
(.033) 
(.033) 
(.033) 
(.033) 
(.034) 

(ml) (I/min) Temp. 

T M E D A (5) 
A m . E t . (5) " 

1.0 40 T M E D A (5) 
A m . E t . (5) " 1.7 110 
T M E D A (5) 7.5 110 
T M E D A (5) 7.5 110 
T M E D A (5) 2.5 104 
T M E D A (10) 2.5 110 
T M E D A (2.5) 2.5 110 
T M E D A (5) 10 110 
T M E D A (5) 1.7 60 
A m . E t . (5) 1.7 110 

a DiLi-1 
3,388,178. 

= Dilithioisoprene produced, as shown in Example 1 of U.S. Patent 
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7. K A M i E N S K i Polymerizations 167 

^-Butyllithium with Ethylene 

Γ, °C R x Time (hrs) Xn
a X n 6 

40 24 8.9 6.9 
65 8 13.6 16.1 
60 8 11.8 13.5 
75 0.75 15.4 18.8 

120 2 53 — 
70 16 28 — 

d 2-Dimethylaminoethoxyethane. 
e 2-Dimethylaminoethyltetrahydrofuran. 

f Tetrahydrofuran. 

I n add i t i on , considerably longer chains were obta ined w i t h the latter 
cocatalysts than w i t h T M E D A . N a r r o w molecular -weight distr ibut ions 
were f o u n d i n these products—for example, the polyethylene f rom R u n 5 
h a d an Mw/Mn of 1.23 w h i l e that f r o m R u n 6 h a d a va lue of 1.40. T h e 
densities of these products were 0.969 a n d 0.965, respectively. T h e i r 
m e l t i n g points were fa i r ly sharp as ind i ca ted b y dif ferential thermal 
analysis. T h e first four runs showed good u t i l i za t i on of c a r b o n - h t h i u m 
ini t iator w i t h l i t t le i f any cha in transfer tak ing p lace d u r i n g the react ion. 
Discrepancies i n the figures of the last two columns m a y be the result of 
incomplete d r y i n g , incomplete carbonat ion, or loss of active c a r b o n -
l i t h i u m bonds via c leavage of the cocatalyst d u r i n g react ion. 

Monoolef ins higher than ethylene do not undergo a po lymer izat ion 
reaction of this type. Instead such compounds prefer to funct ion as 
chain-transfer agents as do a lky laromat i c compounds ( 5 ) . 

Liquid Polybutadienes (9) 

Viscosity, Yield 
Yield, Poise Mol Ib/eq. 
grams ( t ; o Wt Catalyst 

800 163 (60) 2,200 52 
720 22 (22) 782 47 
857 22.6 (25) 1,070 57 
795 1,066 (22) 1,600 53 
786 82 (23) 1,200 51 
797 5.3 (23) 685 52 
700 143 (24) 1,300 46 
633 455 (23) 1,450 41 
990 202 (58) 2,400 65 
584 22 (22) 850 38 

b Am. Et . = dimethylamino-2-ethoxyethane. 
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168 P O L Y A M I N E - C H E L A T E D A L K A L I M E T A L COMPOUNDS 

Figure 1. Temperature vs. % trans, cis, or vinyl for polybutadiene 
made in presence of 1.0 phm of THF (10) 

A. vinyl; B. trans; C. cis 

Conjugated Dienes and Other Monomers. A i k y l l i t h i u m s such as 
n - b u t y l l i t h i u m — a n d even the g r o w i n g polyethylene c a r b o n - l i t h i u m b o n d 
complexed w i t h chelat ing d iamines such as T M E D A — a r e effective i n i t i 
ators for the po lymer i za t i on of conjugated dienes such as 1,3-butadiene 
a n d isoprene. A po lybutadiene of h i g h 1,2-content can be p r o d u c e d f r om 
butadiene i n hydrocarbon solvents us ing these N-che la ted organo l i th ium 
catalysts. 
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7. K A M i E N S K i Polymerizations 169 

T h e m u c h greater stabihty of the g r o w i n g p o l y d i e n y l l i t h i u m c h a i n 
e n d compared w i t h the g r o w i n g p o l y e t h y l e n y l h t h i u m c h a i n e n d has been 
demonstrated i n a recent patent to M c E l r o y a n d M e r k l e y ( 9 ) . T a b l e I V 
shows that the yie lds of l i q u i d polybutadienes p r o d u c e d per equivalent 
of catalyst at 100 ° C are about the same as those p r o d u c e d at 40° or 
60 ° C a l though the rates of c h a i n transfer to toluene solvent are s igni f i 
cant ly affected. 

T h e important influence of temperature o n the microstructure of 
organo l i th ium- in i t ia ted po lymerizat ions of butadiene , b o t h w i t h a n d w i t h -

I00r 

0.2*1 
MOLAR RATIO DI6LYMÉ · β *ϋ 

1.41 

Figure 2. Effect of the molar ratio of diglyme to n-butyllithium on 
vinyl microstructure of polybutadiene 
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170 P O L Y A M I N E - C H E L A T E D ALKALI M E T A L COMPOUNDS 

out chelated diamines such as T M E D A , has rece ived l i t t le attention u n t i l 
recently. U r a n e c k (10) s tudied the effect of temperature on the m i c r o -
structure of po lybutadienes p r o d u c e d i n the absence of such po lar m o d i 
fiers. H e d iscovered that there is l i t t le effect as the temperature is v a r i e d 
between 0 ° a n d 100°C. H o w e v e r , he f ound a considerable temperature 
effect i n the presence of po lar modifiers such as T H F ( F i g u r e 1 ) , the 
1,2 or v i n y l content decreasing w i t h a n increase i n temperatures. M o r e 
recently , A n t k o w i a k a n d co-workers (11) more complete ly s tud ied the 

100, 
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7. K A M i E N S K i Polymerizations 171 

TEMR (eC) 
Figure 4. Effect of diglyme concentration and reaction tempera

ture on vinyl microstructure of polybutadiene 

effect of temperature on po lar -modi f ied a l k y l l i t h i u m polymerizat ions a n d 
copolymerizat ions of butadiene. These workers also showed that b i - a n d 
polydentate po lar modifiers such as T M E D A a n d d ig lyme have a m u c h 
greater influence o n microstructure t h a n do monodentate L e w i s bases 
such as T H F , d i e t h y l ether, or t r iethylamine . A t the same t ime tempera
ture exerts a great effect o n microstructure i n the presence of these more 
p o w e r f u l modifiers, especial ly at m o d i f i e r : n - b u t y l l i t h i u m ratios of about 
0.2:1.0 ( F i g u r e s 2 a n d 3 ) . Those figures show that the effects of d i g l y m e 
a n d T M E D A are almost ident i ca l a n d indicate that their mode of act ion 
is the same. A n t k o w i a k a n d his group constructed contour plots u s i n g 
these t w o modifiers to a l l o w ca lcu lat ion of the condit ions for any desired 
v i n y l content (see F igures 4 a n d 5 ) i n a po lybutad iene of about 2 0 0 M . 
A t h igher temperatures there is a smaller change i n the per cent of v i n y l 
w i t h increases i n modif ier concentration (modi f ier loses effectiveness at 
h igher temperatures ) . 

L a n g e r (4) showed that a sharp decrease i n b o t h po lymer i za t i on 
rate a n d v i n y l content of the po lybutad iene is ob ta ined as the n u m b e r 
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172 P O L Y A M I N E - C H E L A T E D ALKALI M E T A L COMPOUNDS 

TEMR (°C) 
Figure 5. Effect of N,N,Ν',Ν'-tetramethylethylenediamine concentra
tion and reaction temperature on vinyl microstructure of polybutadiene 

of carbon atoms separating the n i trogen atoms i n the chelat ing d iamine is 
v a r i e d a w a y f r om two or three ( T a b l e V ) . H e also showed that increas ing 
substituent size on the ni trogen atoms of the d iamine decreases the 
po lymer i za t i on rates but does not affect microstructure s ignif icantly at 
l o w temperatures. I n add i t i on , increases i n the n u m b e r of nitrogens i n 
the chelat ing amine f r o m two to three to four cause no change i n v i n y l 
microstructure ( a l though a decrease i n po lymer i za t i on rate occurs pre 
sumab ly because of a greater stabi l i ty of the chelate structure a n d greater 
steric h indrance to monomer a p p r o a c h ) . 

H a y a n d co-workers ( 12) s tud ied the kinetics of the po lymer i za t i on 
of butadiene at l o w temperatures b y the n - b u t y l l i t h i u m - T M E D A in i t iator 
system (catalyst :cocatalyst ratios less t h a n 0.5) a n d conc luded that the 
po lymer i za t i on was of the " l i v i n g " type, g i v i n g polymers w i t h predic table 
molecu lar weights a n d narrow molecular -weight d i s t r ibut ion . n - B u t y l -
l i t h i u m · T M E D A ratios greater than 0.5 showed m u c h lower in i t iator 
efficiencies. T h e authors postulated h i g h po lymer i za t i on rates resul t ing 
f r om strong solvation of l i t h i u m ions b y T M E D A . 
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7. K A M i E N S K i Polymerizations 173 

Table V . Polymerization of Butadiene (2) a 

No. of C Atoms Polymer Produced 
Separating N's grams/grams BuLi in % 1,2 or Vinyl 

in Diamine 2 fir at 25°C Microstructure 

1 104 25 
2 > 7 5 0 80 
3 544 80 
4 88 25 
5 106 25 

° Conditions: 0.002M BuLi-tetramethylated diamine (1:1), 2M C 7 H 6 in n-C 6 , 25°C. 

A s po inted out b y L a n g e r ( a n d veri f ied b y H a y , A n t k o w i a k , a n d 
U r a n e c k ) , bo th chelate type a n d temperature effects indicate that spe
cific l i t h i u m solvation rather t h a n a general solvent effect are operable 
here. A l s o , this h i g h degree of l i t h i u m solvat ion results i n propagat ion 
f r om a t r u l y anionic react ing site located m a i n l y at the secondary carbon 
of the t e rmina l , act ive, de loca l i zed a l l y l carbanion i n the g r o w i n g 
po lymer . 

Table VI . Effect of Diglyme on Vinyl Content and Initial 
Styrene at Different Temperatures (11) a 

Initial Styrene, 
wt% % l,2(Bd = = 100) 

Diglyme/ High 
82°C 

High 
BuLi 82°C Temp. 82°C Temp. 

0.1:1 13.8 11.2 (63) 32-36 18-20 
0.5:1 25.0 15.7 (66) 72-75 40-44 
1:1 25.7 21.2 (66) 76-77 54-56 
2:1 26.6 26.6 (66) 77-79 66-69 
3:1 27.3 27.3 (66) 77-80 70-71 

" Conditions: monomer, 65/35 butadiene/styrene, 15% solids; ; catalyst. 
BuLi . 

(°C) 

(63) 
(66) 
(66) 
(60) 
(57) 

L a n g e r (13) has also disc losed the use of a l k y l l i t h i u m a n d d i a l k y l -
magnes ium tert iary d iamine complexes as catalysts for copo lymer izat ion 
of ethylene a n d other monomers such as butadiene , styrene, a n d acry lo -
n i t r i l e to f o rm b lock polymers . E x a m p l e s are g iven i n w h i c h p o l y b u t a -
d i e n y l l i t h i u m initiates a po lyethylene b lock , as w e l l as vice-versa. R a n 
d o m copolymers of these two were also prepared , a n d other investigators 
have used not on ly tert iary d iamines but hexamethylphosphoramide (14) 
a n d tetramethylurea (15) as nitrogenous base cocatalysts i n such p o l y m 
erizations. A n t k o w i a k a n d co-workers (11) showed the s imi lar i ty of 
ac t ion of d i g l y m e a n d T M E D A i n ^ p o l y m e r i z a t i o n s of styrene a n d 
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Table VII. Effect of T M E D A on Vinyl Content and Initial 
Styrene at Different Temperatures (ll)a 

Initial Styrene, wt % %1$ (fid = 100) 

TMEDA/BuLi 82°C 66°C 32°C 66°C 

0.1:1 12.1 9.0 25-27 14-16 
0.4:1 21.3 16.1 52-55 26-28 
1:1 28.8 26.0 64-66 50-51 
2:1 29.2 29.2 67-72 58-61 

° Conditions: monomer, 65/35 butadiene/styrene; 15% solids; catalyst, 0.6 mm phm 
B u L i . 

butadiene (Tab les V I a n d V I I ) . T h e y showed that as the rat io of po lar 
modif ier to B u L i was increased f r om 0.1 to 3, the amount of styrene 
i n i t i a l l y incorporated also increased to almost the l i m i t i n g concentration 
of styrene. A g a i n , as w i t h butadiene , increasing temperatures decreased 
the v i n y l content as w e l l as the i n i t i a l styrene uptake . W i t h no po lar 
modif ier present styrene was not incorporated into the po lymer u n t i l 
most of the butadiene h a d p o l y m e r i z e d ( F i g u r e 6 ) . T h e effect of po lar 
solvents on the structure of dienes a n d the composi t ion of copolymers 

20 ^ 0 
% CONV. 

60 80 100 

Figure 6. Effect of degree of conversion on the incorporation of styrene into 
a butadiene-styrene copolymer with no polar modifier present (Π — 32°C, 

Ο = 66°C) 
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7. KAMIENSKI Polymerizations 1 7 5 

has been r e v i e w e d for other catalyst systems b y M o r t o n (16) a n d b y 
H s i e h a n d G l a z e (17). 

L i k e ethylene, butadiene ( a n d styrene) c a n be p o l y m e r i z e d w i t h a 
metalated chelat ing d i a m i n e in i t ia tor resul t ing f r om ag ing of a n n - b u t y l -
l i t h i u m - T M E D A complex (3, 18). T h e resu l t ing h i g h - v i n y l p o l y b u t a 
diene possesses n i trogen-containing e n d groups corresponding to T M E D A 
i n the i n i t i a l catalyst. I n the absence of excess tert iary d iamine , the 
mono l i th ia ted T M E D A is stable i n a l iphat i c h y d r o c a r b o n solutions a n d 
does not s ignif icantly promote chain-transfer reactions d u r i n g the p o l y m 
er izat ion of butadiene o r styrene. R a n d o m copolymers w i t h styrene or 
b lock copolymers w i t h acry lon i t r i l e c a n also be p r o d u c e d w i t h the l i t h i 
ated amine catalyst. A n d e r s o n a n d co-workers (19 ) f o u n d that a n a m i n o -
ether, N - m e t h y l m o r p h o l i n e , can be s imi lar ly meta lated w i t h a l k y l l i t h i u m 
to give copolymers w i t h al ternat ing units of ethylene a n d a -methylstyrene. 
Tr i e thy lened iamine can also be used, a n d nitrogen appears i n the 
polymers . 

O t h e r l i t h i u m compounds that also func t i on as po lymer i za t i on cata
lysts w h e n c o m b i n e d w i t h che lat ing diamines are l i t h i u m d ia lky lphos -
phides (20), used to po lymer i ze 1,3-butadiene, a n d l i t h i u m ch lor ide (21), 
used to po lymer ize p -v iny lbenzamide . 

A l t h o u g h a i k y l l i t h i u m s are used m a i n l y i n these N - c h e l a t e d c om
plexes, other a l k a l i m e t a l a lkyls m a y also be used. F o r example, organo
sod ium reagents have been so lub i l i zed i n h y d r o c a r b o n solvents b y 
chelat ing tert iary diamines a n d used as po lymer i za t i on catalysts b y 
workers at B o r g - W a r n e r C o r p . (22). 
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Metalation and Grafting by Anionic 
Techniques 

ADEL F. HALASA 

The Firestone Tire & Rubber Co., Akron Ohio 44317 

Elastomers made by anionic initiators were metalated by 
organolithium reagents activated with chelating diamines. 
Polybutadiene and polyisoprene were metalated with n-
BuLi · TMEDA. The lithiated polymers were used as sites 
for grafting of various monomers that can be polymerized 
anionically. Grafting and catalyst efficiencies were deter
mined. Useful block copolymers using this system of graft
ing were made. The number of active sites were determined 
from the molecular weight of the block styrene bound to the 
rubber. The grafting efficiencies were determined from the 
amount of unbound polystyrene formed during polymeri
zation. 

' T p h i s w o r k deals m a i n l y w i t h anionic graft copolymers , the ir mode of 
A preparat ion , a n d their character izat ion. T h e procedure used is one i n 

w h i c h anions are generated on the backbone of a pre formed po lymer , 
a n d are used as sites for graf t ing of various monomers that can be p o l y m 
er i zed anionica l ly . T h e reagent used for generating sites on the p o l y m e r 
backbone is n - B u L i - ^ N j N ^ I V ' - t e t r a m e t h y l e t h y l e n e d i a m i n e ( T M E D A ) . 
Cata lys t efficiency determined b y the site generation, as w e l l as the 
efficiency of each site to in i t iate po lymer i za t i on of grafts, is reported. 

Discussion and Results 

There are several types of reactions b y w h i c h graft copolymers can 
be p r o d u c e d : (1 ) free-radical , (2 ) cat ionic , (3 ) condensation, a n d (4 ) 
anionic . F r e e - r a d i c a l graft ing is a n o l d art. I t suffers f r o m the fact that 
contro l of the graft ing posi t ion is difficult. Transfer of the r a d i c a l to 
monomer gives large amounts of homopolymer . W i t h unsaturated p o l y 
mers, gelation a n d cross - l inking caused b y c o up l ing reactions or p ropaga -
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178 P O L Y A M I N E - C H E L A T E D A L K A L I M E T A L C O M P O U N D S 

t ion are often encountered. C a t i o n i c methods are also difficult to contro l 
a n d often l ead to cross- l inking. O n l y i n those cases i n w h i c h cat ion f o r m a 
t i on is contro l led can even l i m i t e d success be achieved. Since the reagents 
used to f o rm the sites for gra f t ing are usua l ly the same as those used to 
cross l i n k or cyc l i ze po lymers , this method of graft ing is usua l ly 
undesirable . 

H o w e v e r the more recent w o r k of K e n n e d y ( 1 ) seems to have c i r 
cumvented these difficulties. H e was able to produce we l l - character ized 
graft copolymers. H o w e v e r , his approach was l i m i t e d to elastomers w i t h 
a l o w per cent of unsaturat ion along the po lymer backbone ; otherwise, 
gelat ion ensues. 

Condensat ion po lymer i za t i on can be used to produce graft copoly
mers. H o w e v e r , l i ke the other techniques , i t suffers f r om self -condensa
t i on of the backbone, r i n g format ion , a n d cyc l i za t i on , w h i c h u l t imate ly 
leads to gelation. 

Before discussing the methods a n d the procedures of ob ta in ing 
anionic graft copolymers, the n e w terminology used i n this technique 
needs to be defined. F i r s t , graf t ing efficiency is a measure of the amount 
of grafted monomer compared w i t h the tota l amount of monomer p o l y -
er ized . F o r example, take styrene as the monomer to be grafted on a 
metalated po lybutadiene . I n this case, gra f t ing efficiency is the amount 
of grafted styrene d i v i d e d b y the total amount of p o l y m e r i z e d styrene 
f o u n d i n the system: 

% G r a f t i n g efficiency = "gTf f a f t e d . f X 100 
styrene grafted + homopoiystyrene 

Incomplete metalat ion w o u l d leave unreacted b u t y l l i t h i u m avai lable 
to in i t iate styrene a n d f o rm homopoiystyrene. T h i s w o u l d result i n poor 
gra f t ing efficiency. S i m i l a r l y , a chain-transfer process to monomer w o u l d 
also g ive poor graft ing efficiency. 

T h e second aspect to consider is catalyst efficiency of the meta lat ing 
reagent. T h i s is a measure of h o w m a n y of the anions a d d e d to the 
system ac tua l ly in i t ia te chains. I t is the expected molecular w e i g h t 
( M n ) of the graft (de termined f r om the moles of monomer a n d moles of 
the meta lat ing agent a d d e d ) d i v i d e d b y the exper imental ly determined 
n u m b e r average molecu lar we ight ( M n ) . T h e f o u n d ( M n ) can be deter
m i n e d b y iso lat ing the styrene b lock after oxidat ive degradat ion of the 
po lybutad iene backbone a n d de termin ing its molecu lar weight . 

% C a t a l y s t efficiency = ^ ^ c u l a t e d χ 100 
Mn found 
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8. H A L A S A Metalation and Grafting 179 

A n y process that destroys the anionic sites or otherwise prevents 
in i t ia t i on or propagat ion results i n grafts of h igher t h a n ca lcu lated 
molecular weights . Impuri t ies h a v i n g active hydrogen are the usual cause 
of r educed catalyst efficiency. 

T h e overa l l effectiveness of the method , therefore, is defined as the 
product of graf t ing efficiency a n d catalyst efficiency ( overa l l effectiveness 
of the graft ing process = catalyst efficiency X graf t ing ef f ic iency) . 
Cata lys t efficiency a n d graft ing efficiency p l a y important roles i n deter
m i n i n g the overa l l effectiveness of metalat ion reagents i n anionic graft 
copolymers. T h e structure of the copo lymer f o rmed depends on the 
n u m b e r of sites that ini t iate po lymer izat ion . T h i s is important i n ob ta in 
i n g the desired p h y s i c a l properties. 

Organometa l l i c compounds a n d alkoxides a d d to act ivated double 
bonds a n d to funct iona l groups such as ketones, esters, nitr i les , a n d a lde
hydes. M a n y workers have taken advantage of this tendency a n d have 
attempted to prepare graft polymers b y this m e t h o d ( 2 ) . A deta i led 
descr ipt ion of these techniques a n d others l ike i t is g iven i n a recent 
rev iew b y H e l l e r ( 3 ) . 

T h i s report is l i m i t e d to the most recent w o r k on che lat ing d iamines 
w i t h organo l i th ium compounds a n d their app l i ca t i on to metalat ion a n d 
graft ing. 

Anion Generation on the Polymer Backbone 

T h e approach to synthesis of anionic graft copolymers descr ibed 
here is to create anions on the po lymer backbone a n d use these anions 
as sites for graft ing onto the backbone. T h e advantages of this m e t h o d 
are that it can give a contro l led number of grafted side chains; i t m i n i 
mizes homopo lymer format ion ; i t provides n a r r o w molecu lar -we ight 
d i s t r ibut ion of the graft; a n d i t permits preparat ion of different types 
of graft copolymers. Disadvantage of the method is that i t is app l i cab le 
on ly to hydrocarbon polymers conta in ing active hydrogens such as a l l y l i c 
or b e n z y l i c hydrogen , or exchangeable funct iona l groups such as hal ides , 
or both . 

T h e discovery of the p o w e r f u l meta lat ing agent, n-BuLi-N,N,N',N'-
tetramethylethylenediamine , opened a n e w chapter i n anionic graft ing. 
T h i s complex has been reported to metalate toluene a n d benzene w i t h i n 
a f ew minutes to give quant i tat ive yields of b e n z y l l i t h i u m a n d p h e n y l 
l i t h i u m , respect ively (4). I t also has been reported to po ly l i th iate aro
mat i c compounds (24, 2 5 ) . 

Several workers have used this complex to metalate hydrocarbon 
polymers . P la te a n d co-workers ( 5 ) , for example, metalated polystyrene 
w i t h n - B u L i · T M E D A a n d moni tored butane evo lut ion b y gas c h r o m a -
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180 P O L Y A M I N E - C H E L A T E D A L K A L I M E T A L C O M P O U N D S 

tography. T h e y reported 4 0 % catalyst efficiency. T h e y d i d not report 
the gra f t ing efficiency or the overa l l effectiveness of this meta lat ing 
reagent. 

C h a l k , H a y , a n d H o o g e n b o o m (6, 7) u s ing the same complex, reported 
l i t h i a t i n g po ly (2 ,6 -d imethy l - l , 4 -pheny lene ) ether a n d p o l y ( 2 , 6 - d i p h e n y l -
1,4-phenylene ) ether. T h e l i th ia t i on was done bo th at room temperature 
over a l ong t ime a n d at reflux for a shorter t ime. T h e y reported catalyst 
efficiency of 1 7 % as determined b y the l i t h i u m content i n the po lymer . 
T h e y at t r ibuted the l o w leve l of l i th ia t i on to the attack on T H F b y the 
meta lat ing complex. 

Table I. Change in Intrinsic Viscosity and Mn 

with Increasing Metalation Levels 

Polymer 
Polybutad iene 

Polyisoprene 

a At 25°C in toluene. 
b G P C values. 

c Initial [η]. 

n-BuLi, M n Values* 
m moles 

100 grams T, Time, Wl/ Before After 
Polymer °C hr grama Met Met 

5.0 50 4 83,000 80,000 
10.0 50 4 90,000 60,000 
20.0 50 4 72,000 38,000 
30.0 50 4 87,000 30,000 

2.40 c 

87,000 

4.0 70 2 2.0 
8.0 70 2 1.60 

16.0 70 2 1.20 
2.0 e 

8 80 4.8 1.5 
16 80 4.8 1.05 
24 80 4.8 0.77 

T h e same workers (S ) also f ound , f r o m the add i t i on of v i n y l mono 
mers to the l i th ia ted p o l y ( 2 , 6 - d i m e t h y l ) - a n d p o l y ( 2 , 6 - d i p h e n y l - l , 4 -
pheny lene ) ethers, that the gra f t ing efficiency was v e r y l ow. H o w e v e r , 
w h e n the styrene was a d d e d over four hours to the l i th ia ted po lymer , the 
gra f t ing efficiency was very h i g h . T h i s was determined b y a q u e n c h i n g 
react ion w i t h chlorotr imethyls i lane , after w h i c h the S i M e 3 group was 
f o u n d on the e n d of the polystyrene graft. H o w e v e r , w h e n the styrene 
was a d d e d r a p i d l y to the l i th ia ted p o l y m e r a n d the react ion q u e n c h e d 
w i t h chlorotr imethyls i lane , the s i l y l group was f o u n d o n the polyether 
aromat ic group. T h i s suggests that the in i t ia t i on rate of styrene b y the 
l i th ia ted polyether is very s low compared w i t h the propagat ion . T h u s , 
r a p i d a d d i t i o n of styrene resulted i n re lat ive ly f ew l i t h i u m atoms h a v i n g 
the chance to start grafts. O n slow add i t i on , however , most anionic sites 
part i c ipate i n in i t i a t ing grafts. 
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8. H A L A S A Metalation and Grafting 181 

T h i s method of de termin ing graft ing efficiency p r o v e d successful 
since S i M e 3 groups on polystyrene appear at 10.1 to 10.3 τ b y N M R w h i l e 
the S i M e 3 groups on the po lyphenylene aromatic ethers appear at 10.4 τ. 

C h a l k a n d his associates reported 60 to 9 0 % catalyst a n d graft ing 
efficiencies. U s i n g the above reagents, they were able to prepare graft 
polymers of styrene a n d m e t h y l acrylate to p o l y ( 2 , 6 - d i m e t h y l ) - a n d 
po ly (2 ,6 -d ipheny l - l , 4 -pheny lene ) ether. I n our study, n - B u L i · T M E D A 
was used as a l i th ia t ing agent for meta lat ing po lybutadiene , polyisoprene, 
and copolymers of o- a n d p-chlorostyrene w i t h 1,3-butadiene elastomers. 
W h i l e this w o r k was i n progress, M i n o u r a was d o i n g s imi lar metalat ion 
w o r k (9, 10). T h e quant i ty of meta lat ion reagent used, however , was 
qu i te different. H e used extremely large amounts of metalat ing agents 
a n d p r o b a b l y h a d l o w efficiency. 

W e have attempted to determine graft ing efficiency a n d catalyst 
efficiency. T h i s was done b y de termin ing the per cent homopo lymer , size 
of the grafted cha in , a n d the number of the grafted chains. P o l y b u t a 
diene a n d polyisoprene were metalated w i t h the n - B u L i · T M E D A at 
several metalat ion levels (12); s imi lar w o r k has been reported on this 
subject elsewhere (12-16). A f t e r metalat ion , the po lymer was h y d r o 
l y z e d a n d compared w i t h the o r ig ina l po lymer . T h e Mn of the resul t ing 
po lybutad iene was l owered drast ica l ly ( T a b l e I ) . T h e mechanism of 
this molecu lar -weight modi f i cat ion react ion is not clear at this t ime, b u t 
w e feel that i t involves scission at the v i n y l or i sopropenyl sites i n the 
po lybutadiene or polyisoprene, respectively. G r a f t i n g efficiency was 
determined b y in ject ing freshly d i s t i l l ed styrene into the premetalated 
rubber , a l l o w i n g the styrene to react for five hours, a n d then de termin ing 
the amount of homopoiystyrene either b y acetone extraction or b y gel 
permeat ion chromatography ( G P C ) . L i t h i u m atoms attached to the 
c h a i n act as sites for in i t ia t ing the po lymer i za t i on of styrene grafts. 
T y p i c a l results for graft ing efficiency are shown i n T a b l e I I . 

Table I I . Efficiency of Grafting 

n-BuLi, TMEDA, % Styrene 
m moles/ m moles/ Metalation as 
100 grams 100 grams Time, % Styrene Grafting 

Polymer Polymer Polymer hrs Added Efficiency 

Polybutad iene 6 7.2 16 22.8 65.4 
10 12.0 16 28.6 66.7 
20 25 23 29.8 95.0 

Polyisoprene 2.5 3.3 4 19.7 69.5 Polyisoprene 
5.3 6.7 4 16.3 75.0 

24.0 30.0 20 29.5 96.8 
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Some 5 to 2 5 % homopoiystyrene is general ly observed even after a 
l ong meta lat ion t ime. Several explanations for this observation can be 
proposed. There m a y be cha in transfer because of transmetalat ion of 
unreacted styrene b y the metalated po lybutadiene , incomplete meta la 
t i o n of the po lybutadiene because of an e q u i l i b r i u m between metalated 
po lybutad iene a n d metalated T M E D A , or the presence of l ow-molecu lar -
we ight impur i t ies capable of in i t i a t ing po lymer izat i on . Since T M E D A 
is itself metalated b y n - B u L i under the react ion condit ions used, i t is 
conceivable that metalated T M E D A a n d metalated po lybutadiene are i n 
e q u i l i b r i u m a n d are bo th in i t i a t ing po lymer izat ion . I f that is the case 
then the homopoiystyrene should contain nitrogen. 

T h e rate of the meta lat ion react ion was f o l l owed b y the disappear
ance of n - B u L i . A l l the n - B u L i was consumed i n two hours. T h i s was 
determined b y quench ing the metalat ion react ion w i t h ch loro t r imethy l 
silane a n d f o l l o w i n g the disappearance of t r imethy lbuty ls i lane b y gas 
chromatography. T h e analysis for t r imethy lbuty ls i lane and the deter
m i n a t i o n of homopoiystyrene b y acetone extraction are good methods 
for de te rmin ing whether the po lymer was complete ly metalated. T h e 
s i ly lat ion react ion f o l l owed b y gas-chromatographic analysis indicates 
whether T M E D A metalat ion occurred . 

T h e metalated po lymer can be used to init iate format ion of graft 
po lymers w i t h very h i g h graft ing efficiency. T h e number of graft ing sites 
is contro l led b y the amount of metalat ing agent used w h i l e the length of 
the grafted c h a i n is contro l led b y the rat io of monomer to act ive sites. 
Cata lys t efficiency is a measure of the n u m b e r of act ive sites that in i t ia te 
po lymer i za t i on of the a d d e d monomer . 

T h e length of the grafted cha in is de termined b y fragmentat ion of 
the po lybutad iene por t i on of the grafted copo lymer w i t h OsO^/tert-
buty lperox ide ox idat ion a n d examinat ion of the polystyrene residue b y 
G P C . T h e results are g iven i n T a b l e I I I . 

T h e results i n that table are consistent w i t h the p i c ture of c h a i n 
metalat ion since the data demonstrate the format ion of m u l t i p l e p o l y 
styrene blocks. T h e grafted polystyrene recovered has a rather b r o a d 
molecu lar -we ight d i s t r ibut ion skewed t o w a r d the l ow-molecu lar -we ight 
range. T h e h i g h va lue of catalyst efficiency as determined i n po lymers 
1 a n d 3 c o u l d result f r o m either l imitat ions i n the analysis of mo lecu lar -
we ight d i s t r ibut ion or f r o m some f o rm of chain-transfer mechanism. 

O v e r a l l effectiveness of the meta lat ing reagent i n this meta lat ion 
react ion is very h i g h . T h i s suggests that n - B u L i · T M E D A is a very 
effective meta lat ing agent. I t suggests too that the anionic sites in tro 
d u c e d are also efficient i n graf t ing-added monomer because the in i t ia t i on 
a n d the propagat ion rates of these sites are about the same. T h e data i n 
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Polymer 1 Polymer 2 Polymer i 

1.20 
6.0 

12.0 

0.7 
6.0 

6.0 

0.7 
6.0 
6.0 

103,000 
0.0 

30.9 
100 

94,000 
0.0 

24.8 
100 

103,000 
0.0 

32.2 
100 

31,800 23,300 33,500 

4,420 3,480 5,000 

3,453 
128 

3,647 
95 

4,070 
122 
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Table III. Polybutadiene-Grafted Styrene Structures 

n - B u L i (catalyst) , mmoles 
per 100 grams po lymer 

M e t a l a t i o n : n - B u L i 
T M E D A mmoles /100 grams po lymer 
M o l e c u l a r weight graft copolymer, 

osmotic pressure 
% Homopo iys tyrene 
G r a f t styrene, % 
C a t a l y s t efficiency, % 
M o l e c u l a r weight 

Styrene calculated for 1 b lock 
M o l e c u l a r weight calculated 

for t o t a l L i 
M o l e c u l a r weight found 

Styrene b y G P C 
O v e r a l l effectiveness, % 

T a b l e III indicate that steric h indrance or penul t imate effects are at a 
m i n i m u m . ( W h i l e this vo lume was i n preparat ion a presentation was 
made on the same subject b y C h a (17 ) . A l t h o u g h his methods of analyses 
were different f rom ours, his results a n d conclusions are the same. ) 

A h igh - impact polystyrene that has m u c h better opt i ca l c lar i ty t h a n 
that obta ined b y usua l b l e n d i n g or graft ing techniques can be prepared 
b y our technique. Po lymers conta in ing 9 0 - 9 5 % styrene grafted to p o l y 
butadiene rubber b y use of 12 mmole R L i - T M E D A / 1 0 0 gram po lymer 
showed quite good opt i ca l c lar i ty . 

T h e r a w graft copolymers of butadiene a n d styrene, as w e l l as iso-
prene a n d styrene, are tough a n d elastomeric. T h i s is a t t r ibuted to the i r 
h a v i n g the s tructura l elements characteristic of S B S b lock copolymers. 

Po lybutad iene h a v i n g a comb-type structure was prepared b y a d d i n g 
add i t i ona l butadiene to metalated po lybutadiene . T h e grafted por t ion of 
the po lymer , however , has a predominant ly v i n y l structure because of 
the presence of T M E D A . 

A n o t h e r method of generat ing anions o n the backbone c h a i n is to 
have replaceable funct iona l groups that exchange w i t h o rgano l i th ium 
compounds at moderate temperatures w i t h o u t m o d i f y i n g or cross - l inking 
the resul t ing elastomer. M e t a l - h a l o g e n exchange is w e l l k n o w n i n s imple 
organic compounds (18, 19 ) . T h e react ion of o rgano l i th ium compounds 
w i t h halogenated polyethylene has been disc losed (20 ) . H o w e v e r , the 
products were not w e l l character ized. 

W e have f o u n d that copolymers of o- or p-chlorostyrene w i t h b u t a 
diene can undergo metal -halogen exchange w i t h n - B u L i i n the presence 
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184 P O L Y A M I N E - C H E L A T E D A L K A L I M E T A L C O M P O U N D S 

of T M E D A at moderate temperatures. T h i s w a y the amount of halogen 
a n d subsequent meta lat ion o n the po lymer are contro l led . T h e ha logen 
attached to the aromatic r i n g a n d its reactions are not compl i ca ted to any 
great extent b y side reactions. S u c h reactions are c o m m o n w i t h po lymers 
i n w h i c h the halogen is attached to a l iphat i c groups. T h e interchange is 
effected w i t h a complex of an a l k y l der ivat ive of the a l k a l i meta l a n d the 
a l iphat i c che lat ing d iamine . 

T h e copolymers of o- a n d p-chlorostyrene w i t h butadiene can be 
prepared b y anionic init iators (21). S ince the react iv i ty ratios of 1,3-
butadiene or o- a n d p-chlorostyrene are close to un i ty , the resul t ing 
copolymers have a constant composit ion. 

Table IV. Metal-Halogen Interchange 

Polymer 1 Polymer 2 Polymer 3 Polymer. 

P o l y m e r i z a t i o n : 
n - B u L i i n i t i a t o r ; 

mmoles p h m 2.1 2.1 2.1 2.1 
Exchange system : 

3.2 4.8 n - B u L i ; mmoles p h m 1.6 1.6 3.2 4.8 
T M E D A : mmoles p h m — 1.6 3.2 4.8 
t ime , hrs 12 12 12 12 
temperature , °C 25 25 25 25 

T o t a l n - B u L i , mmoles p h m 3.7 3.7 5.3 6.9 
Theore t i ca l % styrene 

(39) (44) i n copolymer (24) (32) (39) (44) 
Homopo iys tyrene i n 

grafted p o l y m e r : 
N o n e N o n e % b y acetone extract ion 92.0 N o n e N o n e N o n e 

% graft ing efficiency 12 100 100 100 
calculated Mn 6,486 8,648 7,358 6,376 
found Mn 

6,486 
8,000 9,500 10,000 

catalyst efficiency 108 77 64 

A copo lymer of 1,3-butadiene a n d o-chlorostyrene was made w i t h an 
anionic in i t ia tor at 50° C i n a hydrocarbon solvent (21). T h e copo lymer 
conta ined 3 to 5 % o-chlorostyrene. T h i s copo lymer was subjected to a 
metal -halogen exchange react ion. T h e results of the exchange reactions 
are s h o w n i n T a b l e I V . N o homopoiystyrene was f o u n d b y acetone ex
tract ion of the graft po lymer , suggesting that catalyst efficiency ( exchange 
efficiency) is very h i g h . 

I n add i t i on to be ing a synthetic route to u n u s u a l graft copolymers , 
the metalat ion technique offers a w a y to a d d funct iona l groups to the 
c h a i n b y reactions characterist ic of o rgano l i th ium compounds . H y d r o x y l 
or carboxy l groups, for instance, can be a d d e d b y treat ing the metalated 
po ly isoprene or po lybutad iene (22) so lut ion w i t h ethylene oxide or C 0 2 , 
respectively. T h e l i t h i u m alkoxide a n d carboxyl i c salt obta ined (23) i n 
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8. H A L A S A Metalation and Grafting 185 

those reactions are h i g h l y associated a n d f o r m a swol len ge l almost i n 
stantly after exposure of the metalated po lymer to ethylene oxide or C 0 2 . 
T h e r u b b e r y ge l forms a surface sk in that makes i t very diff icult to m i x 
the reactants w e l l enough to get complete react ion. T h e react ion is best 
carr ied out i n t h i n films or sprays rather t h a n b y add i t i on of reagent to 
the solutions. Treatment of this salt w i t h excess methano l , however , 
returns the product to a fluid state where w o r k - u p can b e accompl ished . 
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Telomerization Reactions Involving 

Amine-Chelated Lithium Catalysts 

W. A. BUTTE and G. G. EBERHARDT 

Sun Research and Development Co., Marcus Hook, Pa. 19061 

Complexes of organolithium compounds with certain di
amines are remarkably active in the metalation of unsatu
rated hydrocarbons and addition to ethylene. These com
plexes form a new class of initiators for the telomerization 
of ethylene with aromatic hydrocarbons and olefins. The 
distribution of the products is in accordance with a mecha
nism involving competitive transmetalation and addition to 
ethylene. By proper selection of the telogen and regulation 
of the ethylene pressure, it is possible to influence the 
nature of the telomeric products and produce phenylalkanes, 
polyalkylbenzenes, and long-chain olefins with a variable 
average degree of telomerization. The assistance of the 
amine in accelerating the reaction is attributed to the for
mation of a coordination complex with lithium which facili
tates ionization of the carbon-lithium bond. 

T n 1955 Pines a n d Schaap ( J ) d iscovered that toluene was a lky la ted b y 
·*· ethylene i n the presence of s od ium or potass ium meta l or, more 
specif ically, the ir organometal l ic derivatives. T h i s react ion requires a 
h i g h temperature (about 2 0 0 ° C ) a n d considerable olefin pressure; the 
organometal l ic catalyst is essentially inso luble i n the react ion m e d i u m . 
T h e catalyst cyc le—for example, i n the s ide-chain ethylat ion of t o l u e n e — 
involves a b e n z y l carbanion w h i c h adds to ethylene to f o rm a p r i m a r y 
a l k y l carbanion. T h e latter immed ia te ly abstracts a proton f r om the excess 
toluene reactant to f o r m n-propylbenzene a n d to re form the energetical ly-
favored benzy l i c anion i n a catalyt ic cycle. 

O n further conversion of the n-propylbenzene, add i t i ona l benzy l i c 
hydrogens are ethylated. T h e h i g h rate of transmetalat ion i n v o l v i n g the 
p r i m a r y a l iphat i c organosodium or potassium intermediates a n d the a l k y l -

186 
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9. B U T T E A N D E B E R H A R D T Telomerization Reactions 187 

H H W H 

H 
• C - C - C - C - C 0 (lb) 

(la) 

H c — c — H (le) 

H H H 

aromatic hydrocarbon prevents format ion of te lomeric products w i t h 
these catalysts even at h igher ethylene pressures. 

T h e carbanionic ethylene adduct can also undergo a cyc l i zat ion 
react ion to indanes w i t h e l iminat ion of a h y d r i d e i on (Reac t i on l a ) . 
T h i s react ion is more pronounced w i t h organopotassium or some complex 
organopotassium catalysts ( 2 ) . H igh -mo le cu lar -we ight g rowth products 
are not obta ined f r om either sod ium- or potass ium-der ived catalysts. 

A n in i t iator system has been f o u n d independent ly i n the laboratories 
of Esso a n d Sun O i l (3, 4). T h i s system promotes transmetalat ion a n d 
cha in propagat ion reactions at comparable rates so that a te lomerizat ion 
react ion of ethylene w i t h aromatic hydrocarbons is rea l i zed under re la 
t i ve ly m i l d operat ing condit ions. 

Nature of the Initiator 

T h e in i t iator consists of an o r g a n o l i t h i u m - a m i n e complex. T h e 
organo l i th ium component cou ld be a commerc ia l ly avai lable mater ia l 
such as n - b u t y l l i t h i u m i n hexane solution. T h e amine component should 
be free of react ive hydrogen , i n c l u d i n g aromatic , a l l y l i c , a n d benzy l i c 
protons, a n d i t is therefore l i m i t e d to tert iary a l iphat i c amines. M a x i m u m 
catalyst act iv i ty is obta ined w i t h chelat ing-type diamines l ike te tramethyl -
ethylenediamine ( T M E D A ) a n d br idgehead-type amines such as t r i -
ethylenediamine ( T E D A ) . Sparteine, a d iamine conta in ing tert iary 
br idgehead ni trogen atoms, forms an exceptional ly stable a n d h i g h l y 
reactive catalyst. 

T h e in i t iator m a y be pre formed or generated in situ s i m p l y b y c om
b i n i n g the organo l i th ium c o m p o u n d w i t h the amine. Desp i te its h i g h 
react iv i ty , the resul t ing complex can be easily h a n d l e d as a hydrocarbon 
solution. Impuri t ies such as water , a i r , a n d carbon d iox ide must be r i g i d l y 
exc luded because of their r a p i d react ion w i t h o rgano l i th ium compounds . 
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188 P O L Y A M I N E - C H E L A T E D A L K A L I M E T A L C O M P O U N D S 

H y d r o g e n acts as a poison because l i t h i u m h y d r i d e result ing f r o m h y d r o 
genolysis of the l i t h i u m - c a r b o n b o n d is inact ive as a catalyst component. 

A l l of the evidence (3 , 4) strongly suggests that the func t i on of the 
amine is that of associating w i t h the l i t h i u m i n the react ion mixture . As a 
result the c a r b o n - l i t h i u m b o n d is modi f ied a n d a more reactive inc ip ient 
carbanion results. A d y n a m i c e q u i l i b r i u m exists between the l i t h i u m 
complex a n d the dissociated species. T h e instab i l i ty constant, K „ is a 
measure of the pos i t ion of the e q u i l i b r i u m . 

Ki 
R L i « n A m i n e R L i + η A m i n e (2) 

W i t h T E D A , K{ is re lat ive ly large. Therefore the degree of associa
t i o n a n d thus the react ion rate is mater ia l ly i m p r o v e d b y i n t r o d u c i n g a n 
excess of the amine. W i t h T M E D A , Kt is s m a l l so there is l i t t le advantage 
to us ing greater than equ imolar amounts of amine . 

Transmetalation 

I n contrast w i t h the l o w react iv i ty observed w i t h n - b u t y l l i t h i u m 
solutions i n hydrocarbons ( 5 ) or ether ( 6 ) , the n - b u t y l l i t h i u m - a m i n e 
adducts r a p i d l y metalate unsaturated hydrocarbons i n c l u d i n g even s imple 
olefins. I n this respect they surpass even organosodium compounds a n d 
w i l l p r o b a b l y prove to b e of considerable synthetic value. A d d i t i o n 
of a hexane solut ion conta in ing equimolar amounts of n - b u t y l l i t h i u m a n d 
a n amine to excess toluene at o rd inary temperatures results i n r a p i d for
m a t i o n of a b e n z y l l i t h i u m - a m i n e complex that i n some cases separates 
as a ye l l ow crystal l ine so l id . 

C 4 H 9 L i . A m i n e + C 6 H 6 C H 3 -> C 6 H 6 C H 2 L i . A m i n e + C 4 H i 0 (3) 

T h e effecitveness of various amines as promoters for transmetalations 
can be read i ly d iscerned b y c o m p a r i n g the amounts of b e n z y l l i t h i u m 
f o rm ed under ident i ca l condit ions ( T a b l e I ) . T h e m a r k e d influence of 
T E D A on the react iv i ty of n - b u t y l l i t h i u m can be ascr ibed to the 
excellent donor characteristics of the br idgehead ni trogen atom (7 ) 
that d isrupts the n - b u t y l l i t h i u m aggregates ( 8 ) . F u r t h e r m o r e the coord i 
nat ion of l i t h i u m b y the amine polarizes the c a r b o n - l i t h i u m b o n d thereby 
easing l i t h i u m - h y d r o g e n interchange. 

T a b l e I also shows that T M E D A has a m u c h greater effect on the 
react iv i ty of b u t y l l i t h i u m than does either t r ie thy lamine or N , N ' - d i m e t h y l -
p iperaz ine . T o exp la in this difference i t is suggested that the react ive 
species conta in two coordinated amine groups. T h e unusua l react iv i ty 
w i t h T M E D A is then re lated to the favorable entropy change usual ly 
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9. B U T T E A N D E B E R H A R D T Telomerization Reactions 189 

Table I. Extent of Metalation of Toluene" 

Amine Amine/BuLi, Extent of metala-
molar ratio Hon, %b 

E t 3 N 3 2 
M e N ( C H 2 C H 2 ) 2 N M e 1 5 
M e 2 N C H 2 N M e 2 1 6 
M e 2 N C H 2 C H 2 N M e 2 1 77 
M e 2 N C H 2 C H 2 C H ( M e ) N M e 2 1 60 
Sparteine 1 90 
N ( C H 2 C H 2 ) 3 N 1 43 
N ( C H 2 C H 2 ) 3 N 2 66 

β One hour at 60°C, 1.0M butyllithium. 
6 Percent of theory based on butyllithium. 

associated w i t h chelate format ion . Support for this interpretat ion comes 
f rom the pred ic tab le effect of r i n g size u p o n the re lat ive react iv i ty of the 
adducts a n d f rom the h i g h react iv i ty noted for the r i g i d b identate com
plex f ormed w i t h sparteine. 

Telomerization of Ethylene with Aromatic Hydrocarbons 

E t h y l e n a t i o n of n - b u t y l l i t h i u m , p h e n y l l i t h i u m , a n d b e n z y l i c l i t h i u m 
compounds does not occur at l o w temperature a n d o rd inary pressure ( 9 ) . 
U n d e r more rigorous condit ions, te lomerizat ion of ethylene i n aromatic 
hydrocarbons proceeds v igorous ly i n the presence of an organo l i th ium 
c o m p o u n d a n d an amine. A l t h o u g h n - b u t y l l i t h i u m is in t roduced i n i t i a l l y , 
r a p i d transmetalat ion occurs to the more ac id i c aromatic hydrocarbon 
( te logen) w h i c h subsequently adds to ethylene ( taxogen) a n d init iates 
the carbanionic po lymer i za t i on of ethylene. T h i s po lymer iza t i on proceeds 
to modest molecular weight , but i t is terminated b y transmetalat ion back 
to the aromatic hydrocarbon w h i c h initiates another cha in to complete 
the catalyt ic cycle. 

n - B u L i + A r H • n - B u H + A r L i (4) 

A r L i + C 2 H 4 • A r C H 2 C H 2 L i (5) 

A r ( C H 2 C H 2 ) L i + (η - 1) C 2 H 4 — • A r ( C H 2 C H 2 ) n L i (6) 

fc3 

A r ( C H 2 C H 2 ) n L i + A r H • A r ( C H 2 C H 2 ) n H + A r L i (7) 

Since thé propagat ion react ion ( React ion 6 ) a n d the transfer react ion 
( R e a c t i o n 7) are compet i t ive , the resul t ing product is a mixture of 
molecular weights governed b y a s imple statist ical d i s tr ibut ion shown i n 
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190 P O L Y A M I N E - C H E L A T E D A L K A L I M E T A L C O M P O U N D S 

NUMBER OF ETHYLENE UNITS 

Figure 1. Distribution of telomeric products 
obtained from ethylene and benzene at 110°C 

F i g u r e 1. T h e average degree of po lymer i za t i on of the product , n , is a 
funct i on of the re lat ive rates of ethylene consumpt ion a n d transfer. B y 
i n v o k i n g the steady-state assumption, i t can be s h o w n that the average 
degree of po lymer i za t i on is governed b y the compet i t ive rates of p r o p a 
gat ion a n d transfer. 

fc2(C2H4) 1 Λ , Q . 
n = kÂÂrÏÏj + 1 = β + 1 ( 8 ) 

F o r convenience, the rat io of transfer a n d propagat ion rates is ex
pressed as β since this rat io is re lated to the mole f ract ion , X n , of product 
w i t h degree of po lymer izat i on , η ( E q u a t i o n 9 ) . T h i s re lat ionship m a y 
be modi f ied to a l l ow ca l cu lat ing β f r om the amount of product at two 
successive values of n , as shown i n E q u a t i o n 10. 

(9) 
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9. B U T T E A N D E B E R H A R D T Telomerization Reactions 191 

β = ^ - 1 (10) 

E q u a t i o n 6 impl ies that the rate of ethylene consumpt ion d u r i n g 
te lomerizat ion is a funct ion of its concentrat ion but is essentially i n d e 
pendent of the telogen concentrat ion present i n large excess. F u r t h e r 
more, accord ing to E q u a t i o n 8, the β va lue m a y be v a r i e d b y chang ing 
the pressure or the nature of the telogen. T h i s is indeed the case, as seen 
f r om the average molecular w e i g h t of telomers obta ined f r o m reactions 
carr ied out at various ethylene pressures a n d w i t h a n u m b e r of aromat ic 
telogens. T a b l e I I shows that the average degree of po lymer i za t i on rises 
as the pressure is increased. Consequent ly the c h a i n l ength—that is , the 
average molecu lar we ight of the p r o d u c t — c a n be regulated b y the proper 

Table II. Influence of Pressure on Molecular Weight" 

Average molecular 
Telogen Pressure, psig η weight 

C 6 H 5 C H 3 100 1.4 131 
300 2.0 148 
500 2.7 168 
800 4.0 204 
100 1.6 123 
300 2.6 151 
500 3.9 187 
800 5.5 232 

4.0 

ETHYLENE PRESSURE, psig 

Figure 2. Influence of pressure on product distribution with three aromatic 
telogens at 100°C 
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192 P O L Y A M I N E - C H E L A T E D A L K A L I M E T A L C O M P O U N D S 

Average 
η molecular 

weight 

2.7 168 
3.0 190 
4.4 230 
3.9 187 
8.1 380 

Table III. Effect of Telogen on Telomer Structure" 

Telogen Telomer 

Toluene C 6 H 5 C H 2 ( C H 2 C H 2 ) n H 
X y l e n e C H 3 C 6 H 4 C H 2 ( C H 2 C H 2 ) n H 
Ethy lbenzene C 6 H 5 C H ( C H 3 ) ( C H 2 C H 2 ) n H 
Benzene C 6 H 5 ( C H 2 C H 2 ) n H 
Isobutylene C H 2 C ( C H 3 ) C H 2 ( C H 2 C H 2 ) n H 

a Conditions: 100°C, OMM n-butyllithium, T M E D A . 

select ion of operat ing condit ions. T h e re lat ionship of β to ethylene 
pressure for three telogens is shown i n F i g u r e 2. 

T h e influence of the telogen u p o n molecu lar we ight of the telomer 
is shown i n T a b l e I I I . Since, under equivalent condit ions , the molecu lar 
we ight depends on ly on the transmetalation rate, the hydrocarbons 
can be r a n k e d i n order of their decreasing k inet i c a c id i ty : toluene > 
xylene > benzene > ethylbenzene. T h e h i g h react iv i ty of benzene is 
surpr i s ing b u t consistent w i t h the fac i le metalat ion of benzene w i t h the 
b u t y l l i t h i u m amine complex noted elsewhere. 

Reaction Rate 

T h e rate of te lomer izat ion of ethylene i n toluene is , as expected, 
d i rec t ly propor t i ona l to the R L i - T M E D A concentrat ion at 0 . 0 4 M to 
0 .10M ( T a b l e I V ) . T h u s so lub i l i ty of the catalyst is not a l i m i t i n g factor 
at these concentrat ion levels. W i t h other amines, the influence of struc
ture a n d concentrat ion is analogous to that discussed i n connect ion w i t h 
transmetalat ion. 

A near ly first-order dependence is observed between the i n i t i a l 
react ion rate a n d the ethylene pressure. A smal l dev iat ion occurs w h i c h 

Table IV. Effect of Amine Structure and Concentration 

Structural RLi Amine 
Amine typea molarity mole/mole Rateh 

RLi 

N ( C H 2 C H 2 ) 3 N Br idgehead 0.10 1 12 
0.10 2 19 
0.05 4 32 

( M e 2 N ) 2 C H 2 Che late (4) 0.04 1 12 
( M e 2 N C H 2 ) 2 Che la te (5) 0.04 1 126 

0.08 1 128 
0.10 2 130 

( M e 2 N C H 2 ) 2 C H 2 Che late (6) 0.04 1 25 
° Number in parentheses indicates ring size of chelate. 
6 Moles C 2 = /mole R L i / h r over first hour at 105°C and 500 psig. 
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9. B U T T E A N D E B E R H A R D T Telomerization Reactions 193 

is expl i cable i n terms of n o n i d e a l behav ior of ethylene. T h e observed 
dependence indicates that the i n i t i a l a d d i t i o n of ethylene to the carbanion 
d e r i v e d f r om the telogen is the rate -contro l l ing step. 

T h e te lomer izat ion rates v a r y signif icantly w i t h the nature of the 
telogen. T h e order of increas ing rate—toluene < benzene < e thy lben 
zene—is consistent w i t h the postulate that the p r i m a r y a dd i t i on of the 
te logen-carbanion to ethylene is rate determining . A s the re lat ive a c i d i 
ties of the telogens decrease, the re lat ive reactivit ies of the der ived car 
banions increase since the same factors that promote metalat ion stabi l ize 
the resul t ing carbanion . 

T h e r e is a very m a r k e d increase i n the cata lyt i c rates, f o l l owing the 
order t r i e thy lamine < t r imethy lamine < t r ie thy lenediamine < T M E D A 
( 3 ) . T h e monodentate amine l igands are preferent ia l ly used i n excess 
to contr ibute to the complex s tab i l i ty b y mass l a w act ion. T h e b identate 
l igands are effective i n a mo lar equivalent . Successive replacement of the 
m e t h y l groups of the T M E D A b y e t h y l groups leads to a decl ine i n the 
rates, apparent ly because of steric h indrance . T h e coordinat ion of l i t h i u m 
w i t h an amine p r o b a b l y increases po lar i za t i on of the c a r b o n - l i t h i u m b o n d . 
T h i s results i n a decrease of the act ivat ion energy i n an i on i c a dd i t i on 
react ion w i t h ethylene, a n d at the same t ime i t increases the base strength 
of the carbanion moie ty so that i t read i ly undergoes a pro toph i l i c trans
meta lat ion , a react ion that a n a l k y l l i t h i u m w o u l d not undergo alone. 

T h i s s t r ik ing effect of a strong donor base on the catalyt ic ac t iv i ty of 
a n o rgano l i th ium c o m p o u n d contrasts w i t h the reverse effect of donor 
bases on the g r o w t h react ion of ethylene w i t h t r i a l k y l a l u m i n u m c o m 
pounds. T h e catalyt ic act iv i ty of the latter is connected w i t h the e lectron 
deficient nature of the uncoord inated , monomeric , t r i a l k y l a l u m i n u m spe
cies ( 1 0 ) . These facts po int to a difference i n the mechanism of ethylene 
a d d i t i o n between the amine-coordinated organo l i th ium catalyst a n d the 
t r i a l k y l a l u m i n u m compounds . 

Product Structure 

T h e p r i m a r y products of the te lomerizat ion react ion are n - a l k y l 
aromatics . M o r e than one produc t m a y be f o rmed w h e n two or more 
different types of hydrogen are avai lab le on the aromatic telogen for 
transmetalat ion. T h u s the p r i m a r y products f rom benzene i n w h i c h a l l 
hydrogens are equivalent are exc lusively the even-numbered homologous 
1-phenyl-n-alkanes. W i t h toluene, 90 mole % of the p r i m a r y produc t 
stems f r om transfer to the benzy l i c carbon atom w h i l e the remainder 
results f rom nuclear attack. T h u s 9 0 % of the p r i m a r y product consists 
of homologous odd -numbered 1-phenyl-n-alkanes a n d 1 0 % of homolo 
gous even-numbered , methylphenyl -n-a lkanes . E t h y l b e n z e n e is at tacked 
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194 P O L Y A M I N E - C H E L A T E D A L K A L I M E T A L C O M P O U N D S 

at the benzy l i c a n d nuc lear positions to give two series of p r o d u c t s — 
6 0 % 2-phenyl-n-alkanes a n d 4 0 % ethylphenyl -n-alkanes . T h e amount of 
p roduc t s temming f rom nuclear metalat ion is consistent w i t h results on 
carbonat ion of the metalated alkylbenzenes ( I I ) . 

A s the react ion products accumulate they compete w i t h the telogen 
d u r i n g the transmetalat ion step a n d thus give rise to other sets of homolo 
gous products . T h i s effect m a y be m i n i m i z e d b y m a i n t a i n i n g a large 
excess of telogen throughout the course of the react ion. W i t h benzene 
as telogen, secondary attack ( of C G H 5 C H 2 C H 2 " on C G H 5 C H 2 C H 3 ) is m o r e 
l i k e l y than w i t h toluene or ethylbenzene as telogens since the benzy l i c 
hydrogens of the p r i m a r y produc t ( 1-phenylalkanes ) compete more effec
t ive ly w i t h the solely aromat ic hydrogens of the telogen d u r i n g the trans
metalat ion. A t 10 a n d 5 0 % benzene conversion, about 5 to 1 0 % a n d 
2 5 % of the product , respectively, stems f rom these secondary reactions. 
To luene a n d ethylbenzene at equivalent extents of conversion give rise to 
about ha l f the l eve l of secondary react ion products obta ined f r om benzene. 

Since the p r i m a r y react ion products a lways have more possible 
meta lat ion sites than does the start ing telogen, the secondary products 
are necessarily more complex. Whereas benzene produces on ly 1-phenyl
alkanes, the ethylbenzene der ived f r om i t m a y undergo secondary attack 
to f o r m homologous ethylphenyl -n-alkanes a n d 2-phenyl-n-alkanes. S i m i 
lar ly , the p r i m a r y product , n -butylbenzene, m a y l ead to homologous 
n-buty lphenyl -n-a lkanes a n d 4-phenyl-n-alkanes. T h e secondary react ion 
products f rom toluene a n d ethylbenzene are correspondingly more c o m
plex. T h e product patterns are shown i n F i g u r e 3. 

Aromatic Telomer Waxes 

W i t h aromatic telogen i n short supply , the c h a i n transfer react ion 
is m i n i m i z e d , a n d predominant ly wax l ike products are f o rmed even at 
moderate ethylene pressures (12). T h e molecu lar we ight d i s t r ibut ion of 
these waxes a n d their pert inent phys i ca l properties v a r y considerably , 
d e p e n d i n g u p o n the extent of the reaction. W i t h benzene as telogen, at 
700-800 ps i of ethylene, s l ight ly more than 5 0 % of the product consists 
of a h igh -me l t ing , low-viscos i ty telomer. T h e l ower -mel t ing mater ia l can 
be recyc led to g ive a n a d d i t i o n a l 2 0 - 2 5 % of h igh -me l t ing product . 

T a b l e V shows the m e l t i n g points , viscosities, a n d average molecu lar 
weights of s imi lar fractions not altered signif icantly b y the character 
of the telogen. T h i s behavior is i n l ine w i t h the proposa l that these 
products are l o w - to moderate-molecular -weight polymethylenes v a r y i n g 
on ly i n the nature of the e n d group. O n the other h a n d the molecu lar -
we ight d i s t r ibut i on m a r k e d l y depends u p o n the re lat ive ac id i ty of the 
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9. B U T T E A N D E B E R H A R D T Telomerization Reactions 195 

Telogen Primary Products Secondary Products 

( C H , ) ^ i H 

C e H 6 C 6 H 5 ( C H 2 ) n H ^ ( C H 2 ) „ H 
( C H 2 ) n H 

(CH 2 )„H 

( C H 2 ) n H 

C 6 H 5 C H 3 C 6 H 6 C H 2 ( C H 2 ) „ H " " ^ ( C H 2 ) „ H 
CH 2 (CH 2 ) „H 

— C e H 4 

^ , C H 3 

C e H 4 " C H 
^ ( C H 2 ) „ H ^ ( C H 2 ) » H 

^ C H 2 ( C H 2 ) n H 
CeH4 

( C H 2 ) B H 

C H 
CeHôCH 

C 6 H 5 C H 2 C H 3 ( C H 2 ) n H CH2CH3 
C6H4 

( C H 2 ) n H 

Figure 3. Structure of telomerization products 

telogen. W h i l e toluene forms on ly a 2 6 % y i e l d of product w i t h i n the 
two h igh-molecular -weight fractions, ethylbenzene a n d benzene produce 
41 a n d 7 9 % yie lds , respectively. These results agree w i t h previous find
ings that the molecu lar we ight is a funct ion of the capac i ty of the telogen 
to effect c h a i n transfer. 

C o m p l e t e character izat ion of the telomeric products is very h a r d to 
achieve because of the s imi lar i ty among the several s tructural forms a n d 
because of the very b road molecu lar -weight d i s t r ibut ion of homologous 
products . Nevertheless enough ana ly t i ca l data have been accumulated 
to permi t a reasonably accurate appraisal . T h e crystal l ine birefr ingence, 
h i g h me l t ing po int a n d X R D pattern indicate that the product contains 
an essentially unbranched carbon cha in l ike that of po lymethylene . T h i s 
conclus ion was conf irmed b y I R analysis i n the 1400 a n d 2900 c m " 1 

regions ind i ca t ing that the saturated portions were n o r m a l paraffins a n d 
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Table V . Product Distribution and Properties of 
Aromatic Telomer Wax 

Fraction Wt % T m , °C gram" mole 
[n], deal I M , grams/ 

Telogen 

Toluene 

Benzene 

Ethy lbenzene 

A 57 b 0.013 340 
Β 17 35 0.025 434 
C 13 83 0.043 590 
D 13 107 0.126 1050 
A 37 6 0.019 347 
Β 22 35 0.029 459 
C 19 83 0.068 760 
D 22 109 0.087 870 
A 35 6 0.014 349 
Β 11 35 — 435 
C 18 85 0.047 620 
D 36 106 0.079 820 

A 1% solution in tetralin at 135°C. 
6 Oil at room temperature. 

b y the strong 730 c m " 1 b a n d of the so l id characterist ic of n-paraff in 
crysta l l in i ty ( 13 ) . 

T h e presence of d i a l k y l a t e d aromatics is apparent f r o m a n examina
t i on of the aromat ic protons b y N M R . T h e extent of d i a l k y l a t i o n on the 
aromatic nucleus was est imated b y compar ing the re lat ive intensities of 
the proton signals above a n d b e l o w 7.0 p p m . N u c l e a r d i a l k y l a t i o n i n 
creases f rom 18 to 1 0 0 % w i t h i n the series benzene, toluene, ethylbenzene, 
a n d cumene. T h i s is exactly the order expected on the basis that subst i tu
t i o n of a benzy l i c carbon atom decreases its re lat ive a c id i ty (14) so that 
subst i tut ion u p o n the nucleus becomes more prominent . 

These products are u n u s u a l i n that they exhibit m e l t i n g points h igher 
than that of petro leum w a x a n d melt viscosities l ower t h a n that of con
vent iona l po lyethylene wax. T h i s combinat i on of desirable properties is 
diff icult to at ta in since i t is characterist ic of a rather n a r r o w molecu lar -
we ight region. T h e u n i q u e combinat i on of h i g h m e l t i n g po int a n d l o w 
viscosity provides numerous opportunit ies for product development a n d 
improvement . M a t e r i a l s of this k i n d are useful as modifiers for p o l y 
ethylene a n d wax. A n aromatic e n d group i n the te lomer waxes suggests 
the poss ib i l i ty o f i n t r o d u c i n g func t i ona l moieties to make special ty 
products . 

Poly-n-Alkyl Aromatics 

T h e react ion of ethylene w i t h a po lymethy lbenzene telogen typifies 
the f ormat ion of a product conta in ing several a l k y l chains (12). T h e 
m u l t i f u n c t i o n a l nature of a telogen, such as mesitylene, eases the in t ro -
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9. B U T T E A N D E B E R H A R D T Telomerization Reactions 197 

duc t i on of more than one a l k y l c h a i n b y w a y of the secondary reactions 
a lready out l ined . Since the length of the a l k y l c h a i n is propor t i ona l to 
the ethylene-telogen rat io , this parameter is regulated b y selecting the 
proper ethylene pressure. T h e number of a l k y l chains can also be r e g u 
lated since this parameter is re lated to the extent of conversion. 

A s is characterist ic of a te lomerizat ion react ion, the product contains 
a b r o a d molecular -weight range that can be separated into component 
fractions b y d is t i l la t ion . A n unusual ly large amount of intermediate-
molecu lar -weight mater ia l results i n this case because of the consecutive 
introduct ion of several a l k y l groups. U n d e r these circumstances the 
products p y r a m i d . F o r example, the t r ia lky lbenzene subst i tuted w i t h 
five-, seven-, a n d n ine-carbon chains may result f rom any of three inter 
mediates conta in ing one-, five-, a n d n ine-carbon chains; or one-, seven-, 
a n d n ine -carbon chains. 

Table VI . Major Components of a Light Distillate Telomer 

E.T. min" % of total Parent 
1,3,5-RiRJtzC&H 3 6 

fraction mass Ri R% 

3.3 10 148 M e M e n - P r 
6.5 10 176 M e n - P r n - P r 
7.5 20 176 M e M e n - A m 

10.0 15 204 M e n - P r n - A m 
10.7 15 204 M e M e n - H e p 
12.9 8 232 — — — 13.5 6 232 — — — 

a Elution time: SE54, 6-foot, 7.5°/min from 90°C, 60 ml He/min. 
6 Assigned from MS, N M R , and IR of individual component. 

T h e mass spectrum of the product obta ined f rom mesitylene indicates 
that on ly homologous alkylbenzenes are formed. T h e presence of ho 
mologous 1,3,5-tri-n-alkylbenzes of o d d carbon c h a i n number has been 
conf irmed b y N M R a n d I R spectra of l o w - b o i l i n g components iso lated 
w i t h preparat ive gas chromatography ( T a b l e V I ) . Because of the large 
n u m b e r of isomers possible, the iso lat ion of single compounds f r om the 
h igher molecu lar we ight fractions is a f o rmidab le task w h i c h was not 
attempted. 

Telomerization of Ethylene with Olefins 

T h a t even v i n y l i c a n d a l l y l i c positions can be metalated b y l i t h i u m 
f rom an amine complex is ev ident f r om the nature of the ethylene t e l om
er izat ion products f ormed i n the presence of h igher olefins ( 15 ) . I n the 
presence of excess butene, telomers are f o rmed that v a r y i n structure 
depend ing on the nature of the butene isomer ( T a b l e V I I ) . Te l omer i c 
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Table VII. Telomerization of Ethylene with Olefinic Telogens" 

Molecular 
Telogen Product Structure weight 

N o n e (ethylene) U n b r a n c h e d polyethylene wax 1300 
1- B u t e n e 3 - M e t h y l - l - o l e f i n s a n d n o r m a l olefins 

(33:67) 360 
2- Butene 3 - M e t h y l - l - o l e f i n s a n d n o r m a l 2-olefins 280 

(60:40) 280 
Isobutylene 2 - M e t h y l - l - o l e f i n s 280 

° Conditions: 110°C, 400 psig, excess telogen 

olefins obta ined f r o m isobutylene are homologs of 2 -methyl - l -pentene . 
T h e m a i n products f rom butene-1 a n d -2 are homologs of hexene-2 a n d 
3 -methy lpentene - l , respectively. 

A d d i t i o n of ethylene to a n a l l y l i c an ion is not i n v o l v e d since 1- a n d 
2-butene w o u l d g ive rise to a c o m m o n intermediate a n d ident i ca l p r o d 
ucts w o u l d result. Pre ferent ia l metalat ion of the t e rmina l v i n y l i c pos i t ion 
of 1-butene also seems u n l i k e l y since products der ived f r o m v i n y l i c 
l i t h i u m intermediates are not obta ined w i t h isobutylene. T o exp la in the 
product structure, ethylene insert ion into the a l l y l i c c a r b o n - l i t h i u m b o n d 
may poss ib ly invo lve both a four-centered a n d six-centered transit ion 
state (React ions 11a a n d l i b ) w i t h the latter p redominat ing i n butene-2. 
T h e exclusive f ormat ion of 2 -methy lpentene - l a n d its homologs f rom the 
te lomer izat ion w i t h isobutylene is easily understood since this product 
w o u l d result f r om b o t h react ion pathways . 

C = C 

C — C = C — C — L i — • C — C = C — C — C - C — L i (11a) 

' \ .···; ^ 
C = C — C — C — C — L i ( l i b ) 

C! L i 

c 

I n the absence of more ac id i c hydrocarbons , ethylene serves as b o t h 
telogen a n d taxogen. T h e a d d i t i o n of ethylene to the l i t h i u m - c a r b o n 
b o n d was prev ious ly observed b y Ziegler , et al. (16). Those authors also 
f o u n d that ether catalyzes the a d d i t i o n react ion. H o w e v e r on ly growth 
products such as hexy l - , o c ty l - , a n d d e c y l l i t h i u m were formed. 
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9. B U T T E A N D E B E R H A R D T Telomerization Reactions 199 

T h e product of the R L i - a m i n e - i n d u c e d te lomerizat ion of ethylene is 
a waxy , h igh ly - crys ta l l ine , h igh -me l t ing , l ow-molecu lar -we ight p o l y e t h y l 
ene. I n add i t i on , more than one mole of po lymer is f o rmed per mole of 
R L i - a m i n e complex, showing that a cha in transfer mechan ism is invo lved . 
I n this connect ion the average molecu lar w e i g h t of the po lyethylene does 
not d e p e n d on the ethylene pressure. T h u s , ethylene must part i c ipate 
d i rec t ly i n the chain-transfer process. T h a t process can be interpreted 
as an olefin displacement react ion invo lv ing a six-centered transi t ion state 
analogous to that suggested above (Reac t i on l i b ) : 

A n equa l ly p laus ib le mechanism involves s imply a transmetalat ion 
react ion between R C H 2 C H 2 L i a n d ethylene—that is, R C H 2 C H 2 L i + 
C H 2 = C H 2 - » R C H 2 C H 3 + C H 2 = C H L i . Studies i n v o l v i n g sod ium 
alkyls have shown that metalat ion can occur at v i n y l i c or a l l y l i c pos i 
tions (17). 

T h e ethylene add i t i o n step can be interpreted as an insert ion of the 
ethylene molecule between an amine-coordinated l i t h i u m cat ion a n d a 
carbanionic residue. T h i s insert ion react ion necessarily leads to the for
mat i on of a l inear paraffinic carbon cha in w h i c h agrees w i t h exper imental 
findings. 

T h e h i g h m e l t i n g range, i n spite of the l o w average molecu lar we ight 
of the product , suggests a complete l inear i ty of the po lymer chain . A l s o , 
its h i g h crysta l l in i ty ( 9 2 % measured b y x-ray di f fract ion) a n d the t y p i 
ca l in f rared absorpt ion bands at 13.7 a n d 13.9 associated w i t h the l inear 
arrangement of so l id paraffinic carbon chains ( I S , 19) agree w i t h the 
assignment of a l inear carbon c h a i n structure. Moreover a mo l ten film 
of the polyethylene w a x shows an in f rared absorpt ion pattern i n the 
7.25 region s imi lar to that of an authentic sample of po lymethylene as 
reported b y others (18, 19). F u r t h e r m o r e the in f rared spectrum of a 
mol ten polyethylene sample reveals a t e rmina l olefinic unsaturat ion i n 
accordance w i t h the proposed format ion mechanism. 

T h e number average molecular we ight of the po lyethylene corre
sponds to a β value of 0.021. T a b l e V I I I compares the β values of e t h y l -

(12) 

Ν Ν 
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Table VIII. Values Observed with Four Telogens Under 
Equivalent Reaction Conditions" 

Telogen β 

Toluene 0.75 
Benzene 0.45 
1-Butene 0.11 
E t h y l e n e 0.02 

a Ethylene partial pressure, 400 psig; temperature, 110°C 

ene, butene, benzene, a n d toluene under equivalent react ion condit ions ; 
the values are inversely propor t i ona l to the re lat ive ac id i ty of these 
hydrocarbons—that is, toluene > benzene > butene > ethylene i n order 
of decreasing ac id i ty . T h u s the te lomer izat ion react ion provides a means 
of c o m p a r i n g the ac id i ty of very w e a k l y ac id i c unsaturated hydrocarbons . 
H o w e v e r , the measurement is k inet i c i n nature a n d does not necessari ly 
accurately reflect the thermodynamic ac id i ty . 
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Telomerization of Conjugated Diolefins with 
Aromatics and Olefins Using Chelated 
Organosodium Catalysts 

WILLIAM BUNTING and ARTHUR W. LANGER, JR. 

Corporate Research Laboratories, Esso Research and Engineering Co . , 
Linden, N . J . 07060 

Telomerization of butadiene and isoprene with aromatics 
and olefins proceeds rapidly at 0°-100°C using organo-
sodium catalysts in combination with aliphatic tertiary che-
lating polyamines containing two to six nitrogens. The 
products range from monoadduct up to tacky semisolids. 
Chain transfer increased with increasing complexing ability 
of the chelating agent, increasing chelating agent concentra-
tion, increasing acidity of the telogen, increasing tempera
ture, and decreasing monomer concentration. More than 74 
mole % selectivity to pentenylbenzene was obtained from 
butadiene and toluene. The ratio of alpha/internal unsatu-
ration in the monoadduct varied from 0.5 to 1.7, and it 
decreased at the higher temperatures because of the double 
bond isomerization activity of the catalyst. Catalyst efficien
cies greater than 1300 grams/gram benzylsodium were 
obtained. 

A nionic telomerizations of conjugated diolefins with hydrocarbon acids 
are known but suffer from very low catalytic efficiencies. Morton 

et al. (1) and, later, Pappas et al. (2) used unchelated organosodium 
compounds to telomerize conjugated diolefins with weak hydrocarbon 
acids but obtained very low catalyst efficiencies (about 5 grams/gram 
catalyst). More recently, the anionic telomerization of butadiene and 
toluene by sodium on oxide supports (3) and sodium in tetrahydrofuran 
(4) was studied;, also, a potassium amide/lithiated alumina catalyst was 
used to telomerize butadiene (5). 

Common organosodium compounds are generally insoluble in inert 
solvents, and this causes considerable difficulty in their preparation and 
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pur i f i cat ion as w e l l as i n their use as catalysts a n d reagents. I n earl ier 
w o r k w i t h organo l i th ium catalysts i t was f ound that che lat ing tert iary 
d iamines a n d h igher polyamines f o rmed soluble complexes (6 ) w i t h 
enhanced reactivities. T h e prospects of ob ta in ing s imi lar results w i t h 
organosodium compounds s t imulated the research that is the subject of 
this paper. Substant ia l differences between the chelated sod ium a n d 
l i t h i u m systems were expected a n d f ound . F o r example, che lat ing d i 
amines a n d sod ium compounds f o rm on ly weak, unstable complexes 
a l though the diamines show some effect on organosodium catalysts i n 
solution. 

T h i s report covers the use of chelated organosodium compounds as 
n o v e l catalysts for t e l omer iz ing conjugated diolefins w i t h weak h y d r o 
carbon acids such as aromatics a n d olefins ( 7 ) . T h e factors affecting the 
chain-transfer react ion were of par t i cu lar interest because one of our 
objectives was to increase select ivity to l ow-molecu lar -weight species. 
T h e products are useful i n synthesiz ing p last ic izer alcohols, flame re 
tardants, a n d surface coatings. 

Discussion 

Chelated Organosodium Compounds. T h e chelated organosodium 
compounds used i n the te lomerizat ion process consist of those complexed 
b y a l iphat i c , tert iary, chelat ing polyamines . I n general , any organo
sod ium compounds m a y be used that, w h e n chelated, can init iate po lymer 
i za t i on of the diolef in. T h i s relates to carbanion bas ic i ty i n that the in i t i a t 
i n g carbanion must have comparable or greater bas ic i ty than the a l l y l 
carban ion f o rmed f r o m the diolef in. P h e n y l s o d i u m a n d benzy l sod ium are 
the most useful . A l k y l sod ium compounds are too reactive to permi t 
p re f o rming the complex w i t h o u t decomposing the che lat ing agent. H o w 
ever, they can be used w h e n the complex is f ormed i n the presence of 
monomer or a suitable hydrocarbon a c i d to convert the a l k y l an ion to a 
carban ion of l ower act iv i ty . 

T h e pre ferred chelat ing agents are derivatives of e thylenediamine , 
h igher polyamines , a n d isomers. T h e part i cu lar tert iary chelat ing p o l y 
amines discussed here together w i t h the i r abbreviat ions are ( they are a l l 
permethy lated po lyamines ) : 

T M E D : tetramethylethylenediamine 
P M D T : pentamethyld iethylenetr iamine 
i s o - H M T T : tr is - ( ̂ - d i m e t h y l a m i n o e t h y l ) amine 
H M T P : heptamethy l tetraethylenepentamine 
O M P H : octamethylpentaethylenehexamine 

T w o examples of che lated organosodium compounds are shown i n F i g 
ure 1. 
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Me Me 
\ / 

Na ( 

Me \J M e 

kNMe2 

N — -Na — Ph 

v%,NMe2 

PMDT*BzNa 

Figure 1. Two chelated organosodium compounds 

NMe2 

iso-HMTT*PhNa 

Telomerization. T h e te lomerizat ion is r u n b y in t roduc ing gaseous 
butadiene into the atmosphere above a solut ion of catalyst i n the h y d r o 
carbon a c i d under condit ions r igorously exc lud ing a ir or water. T h e 
gaseous butadiene m a y be d i l u t e d w i t h an inert gas a n d b u b b l e d through 
the reactant solution. T o max imize conversion to l o w molecular -weight 
products , efficient m i x i n g of reagents is necessary. T h e react ion product 
is isolated b y wash ing w i t h water a n d d i s t i l l ing . T h e process is repre
sented i n F i g u r e 2 b y the te lomerizat ion of toluenes a n d butadiene. 

T h e i n i t i a l step involves attack of the chelated organosodium on the 
conjugated diolef in to g ive an a l l y l anion. T h e a l l y l anion can either 
abstract a proton f r om the hydrocarbon telogen ( to luene) to give the 
monoadduct or a d d to another molecule of diolef in to give a n e w a l l y l 

Θ 
Na#Chel 

Figure 2. Telomerization of toluene and butadiene 
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anion . F u r t h e r , pro ton abstract ion or diolef in attack can occur at either 
the 1- or 3-carbon of the a l l y l anion. There seems to be a posit ive corre
la t i on between the re lat ive reactivit ies of the 1- a n d 3-carbons i n proton 
abstract ion a n d i n po lymer izat ion . It is possible to vary the rat io of 
monoadducts I : I I (see F i g u r e 2) as w e l l as the average degree of p o l y m 
er izat ion of the react ion b y v a r y i n g the react ion condit ions a n d catalyst. 

Remeta lat ion of products can occur at b o t h benzy l i c a n d a l l y l i c 
positions to produce add i t i ona l b ranched telomer structures. A l t h o u g h 
they were not a l l ident i f ied , the n u m b e r of gas chromatographic ( G C ) 
peaks i n the d iadduc t f ract ion ind i ca ted that a l l expected s tructura l a n d 
doub le -bond isomers were obtained. 

Nature of the Catalyst. T h e effect of v a r y i n g the che lat ing agent 
i n t o luene -butad iene te lomerizat ion is shown i n Tables I a n d I I . T h e 
use of t r i g l y m e ( a tetraether) as a che lat ing agent gave a n inact ive 

Table I. Effect of Chelating Agent, 4 0 ° C e 

Total Product Selectivity to Alpha/Internal 
Chelating Agent (grams) monoadduct, % Unsaturation 

N o n e 6.0 34 0.5 
T M E D 15.8 32 0.5 
P M D T 11.5 26 1.2 
i s o - H M T T 13.3 45 1.6 
H M T P 17.5 60 1.4 
O M P H 15.8 59 1.5 
t r i g lyme no reaction 

α T o 2.63 mmoles benzylsodium were added 2.63 mmoles chelating agent and 50 ml 
toluene. The reaction was heated to 40°C and maintained at 40°C while 22 cc/min 
gaseous butadiene were introduced into the atmosphere above the reaction for 2 hrs. At 
the end of that time 5 ml of water were added, and the organic layer separated and dried 
(K2CO3). Toluene was removed at water-aspirator pressure, and the residue was distilled 
(140°C/0.05 mm). The distillate was analyzed by G C . 

Table II. Effect of Chelating Agent, 5 ° C e 

Chelating Agent Total Product Selectivity to Alpha/Internal 
(grams) Monoadduct, % Unsaturation 

N o n e 50 m g (waxy solid) 0 — 
T M E D 11.8 41.5 0.21 
P M D T 9.5 18 0.85 
i s o - H M T T 8.6 6.2 1.72 
H M T P 11.2 22.5 1.5 

α Same reaction conditions as in Table I except the reaction temperature was 5°C. 

catalyst. P r e s u m a b l y the catalyst decomposed via meta lat ion of the 
che lat ing agent. I n terms of selectivity to monoadduct a n d a l p h a / i n t e r n a l 
unsaturat ion at 4 0 ° C , the T M E D - B z N a gives results s imi lar to b e n z y l -
s o d i u m alone whereas complexes conta in ing the h igher che lat ing agents 
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10. B U N T I N G A N D L A N G E R Τ elomenzation of Olefins 205 

differ m a r k e d l y f r o m b e n z y l s o d i u m alone. T h i s is a reflection of the 
relat ive s tabi l i ty of the complexes. A t 4 0 ° C , T M E D - B z N a is a re lat ive ly 
weak complex w h i l e P M D T - B z N a a n d the complexes w i t h h igher 
che lat ing agents are re lat ive ly strong complexes. 

A s shown i n Tables I a n d I I , unchelated benzy l sod ium is m u c h 
less react ive than is the chelated benzy l sod ium. Ignor ing co l l igat ive 
properties there are several general explanations for the nature of the 
catalyst. C e r t a i n l y the inso lub i l i ty of organosodium compounds i n h y d r o 
carbon m e d i a a n d the re lat ive ly h i g h so lub i l i ty of chelated organosodium 
compounds is part of any explanat ion compar ing chelated w i t h unchelated 
sod ium compounds . Moreover , surrounding the sod ium cat ion b y a L e w i s 
base ( the che lat ing agent) might be expected to increase the electron 
density on the anion , m a k i n g the an ion i n a chelated, sod ium c o m p o u n d 
a stronger base re lat ive to the an ion i n an unchelated sod ium c o m p o u n d 
(8, 9 ) . T h e more che lat ing groups surround ing the cat ion, the greater 
shou ld be the charge po lar i zat ion of the c a r b o n - s o d i u m bond . A s the 
charge density on the intermediate a l l y l anion invo lved i n the te lomeriza
t i on ( F i g u r e 3 ) increases, the re lat ive reactivit ies of the 1- a n d 3-carbons 
i n pro ton abstraction a n d po lymer iza t i on w o u l d be expected to change 
i n a d i rec t i on increas ing the relat ive react iv i ty of the 3-carbon, w h i c h 
fundamenta l ly agrees w i t h the data g iven i n Tables I a n d I I . 

Figure 3. Allyl anion intermediate in toluene-butadiene telomerization 

U n d o u b t e d l y , greater charge po lar izat ion i n the metal - carbon b o n d 
occurs i n the chelated compounds. H o w e v e r , h o w significant this i n 
creased charge po lar i zat ion is w i t h a n already h i g h l y i on i c species is a 
moot quest ion. Whereas the o rgano l i th ium compounds are usua l ly con
sidered to be fa i r l y covalent i n nature, the organosodium compounds 
are usual ly thought of as h i g h l y ionic species (10 ) . 

Another possible explanation of the results invokes steric effects i n 
the intermediate a l l y l an ion ( F i g u r e 3 ) . T h e steric interact ion between 
the b u l k y chelated cat ion a n d the b e n z y l group p r o b a b l y pushes the 
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chelated cat ion t o w a r d the 1-carbon, increasing the steric sh ie ld ing about 
the 1-carbon relat ive to the 3-carbon. Consequent ly , i n go ing to h igher 
che lat ing agents the chelated cat ion becomes increas ingly b u l k y a n d the 
3-carbon becomes more reactive relat ive to the 1-carbon i n pro ton ab 
straction (mani fested b y increasing a l p h a / i n t e r n a l unsaturat ion i n Tables 
I a n d I I ) . Moreover , the steric requirements for react ion w i t h butadiene 
(po lymer i za t i on ) should be greater than proton extraction f r om toluene 
( c h a i n transfer ) . Consequent ly , select ivity to monoadduct shou ld i n 
crease w i t h h igher che lat ing agents. 

T h e data i n Tables I a n d I I are f o l l owed qui te w e l l w i t h a l p h a / 
in terna l unsaturat ion a n d w i t h select ivity to monoadduct ( T a b l e I ) . 
Convers i on to monoadduct , though , is not w e l l f o l l o w e d at 5 ° C ( T a b l e 
I I ) . T h i s m a y be because of a temperature-dependent change i n co l l i ga -
t ive properties , l ower temperature favor ing h igher states of aggregation. 

W e have no molecular -weight data for chelated organosodium com
pounds i n solution. H o w e v e r , L a n g e r has measured the molecu lar weights 
of several chelated organo l i th ium compounds i n hydrocarbon solut ion 
( I I ) . H e f ound T M E D - n - B u L i to be monomer ic at 0 . 1 M a n d T M E D -
L i C H P h 2 to vary considerably i n aggregation state w i t h change i n con
centrat ion, be ing monomer i c on ly at l o w concentrat ion ( 0 . 0 5 M ) . T h e 
chelated organosodium compounds p r o b a b l y behave l ike the h i g h l y ionic 
chelated d i p h e n y l m e t h y l l i t h i u m . Consequent ly , aggregation states greater 
t h a n one are p robab ly important i n catalysis of the te lomer izat ion , par 
t i c u l a r l y at l o w temperatures a n d h i g h catalyst concentrations. A m o d e l 
for the catalyst structure i n v o l v i n g co l l igat ive properties , i on ic character, 
a n d steric effects is p robab ly necessary before w e can k n o w the int imate 
details of the mechanism of the te lomerizat ion react ion. 

Nonstoichiometric Catalyst. Benef i c ia l results i n o p t i m i z i n g selec
t i v i t y to l ow-molecu lar -weight telomer can be obta ined b y dev ia t ing f r om 
the 1:1 sto ichiometry of organosodium compounds to che lat ing agent. 

Table III. Nonstoichiometric Catalyst Compositionsa 

Total Selectivity Alpha/ 
Mmoles Mmoles Product, to Mono Internal 

iso-HMTT BzNa grams adduct, % Unsaturagrams 
tion 

2.63 2.63 1 29.3 50 1.2 
5.26 2.63 2 38.8 65.8 1.52 
5.26 5.26 1 39.8 73.2 1.25 

10.52 2.63 4 40.3 66.8 1.41 
10.52 5.26 2 40.1 74.4 1.16 

2.63 10.52 0.25 39.7 63.8 0.61 
a Butadiene 50 cc/min, was bubbled for 2 hr into 250 ml toluene containing the cata

lyst at 40°C. The reaction was quenched with 5 ml of water. Yields are distilled yields. 
6 Molar ratio of chelating agent to benzylsodium 
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10. B U N T I N G A N D L A N G E R Telomerization of Olefins 207 

D a t a for nonstochiometric catalyst compositions are shown i n T a b l e I I I . 
I n the preceding section the large differences between T M E D - B z N a at 
5 ° C ( T a b l e I I ) a n d 4 0 ° C ( T a b l e I ) are brief ly discussed i n terms of the 
strength of the complex. A t 4 0 ° C T M E D - B z N a behaves m u c h l ike 
unchelated benzy l sod ium i n the te lomerizat ion whereas at 5 ° C T M E D -
B z N a differs m a r k e d l y f rom benzy l sod ium. A t higher temperatures the 
complex between chelat ing agent a n d sod ium c o m p o u n d is more disso
c iated. T h i s e q u i l i b r i u m c a n be forced to the r ight b y a d d i n g more 
che lat ing agent or more sod ium c o m p o u n d : 

C h e l + N a X c h e l - N a X K e q . = ί ΐ^ Γ^ν ! 
^ [chel] [N a A J 

Unfor tunate ly , b o t h excess sod ium c o m p o u n d a n d chelated sod ium 
c o m p o u n d catalyze the te lomerizat ion , even w h e n the former is less 
effective, a n d i t is diff icult to separate these two reactions. W i t h excess 
che lat ing agent, however , the e q u i l i b r i u m shift is clear. T h e data i n 
T a b l e I I I for excess che lat ing agent support the concept of a chelated 
sod ium c o m p o u n d i n e q u i l i b r i u m w i t h free che lat ing agent a n d sod ium 
compound . It is also possible, par t i cu lar ly be l ow 25 ° C , that cata lyt i c 
species of sto ichiometry c h e l 2 N a X or che l ( N a X ) 2 are invo lved i n add i t i on 
to c h e l - N a X i n the te lomerizat ion react ion. 

Effect of Temperature and Butadiene Concentration. Increasing the 
react ion temperature increases the chain-transfer rate faster than the 
po lymer i za t i on rate ( T a b l e I V ) . A c t i v a t i o n energy for cha in transfer is 
p robab ly higher t h a n that for po lymer iza t i on a l though the lower so lu
b i l i t y of butadiene at the h igher temperatures w o u l d also contr ibute to 
the same result. 

Table IV. Effect of Reaction Temperature 

Telomer Yield, Selectivity to Alpha/Internal 
Temperature °C grams Monoadduct, % Unsaturation 

5 8.6 6.2 1.7 
40 13.3 45 1.6 
70 15.0 67 0.9 

Increasing the react ion temperature not only increases conversions 
to monoadduct b u t also decreases catalyst l i f e t ime a n d isomerizes the 
product . U n d e r favorable condit ions , more than 1300 grams p r o d u c t / 
g ram B z N a were obtained. A g i n g the catalyst, i s o - H M T T - B z N a , at 
110°C for four hours results i n an inact ive catalyst. Presumably the 
catalyst s l owly decomposes via metalat ion a n d decomposit ion of the 
che lat ing agent as was shown for the chelated a l k y l l i t h i u m catalysts. 
T h a t the decrease i n a l p h a / i n t e r n a l unsaturat ion w i t h increasing tern-
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Table V . 

C 4 # 6 Rate 
(cc/min) 

Effect of Butadiene Addition Rate 

22 
44 
66 

110 

Time (min) 

120 
60 
40 
24 

Selectivity to 
Monoadduct, % 

67 
63 
59 
57 

Alpha/Internal 
Unsaturation 

0.88 
0.91 
1.03 
1.35 

perature results i n part f r om product i somerizat ion a n d not on ly f r om 
some fundamenta l change i n the nature of the catalyst (d issoc iat ion) is 
shown i n T a b l e V . A d d i n g a constant amount of butadiene , but i n 
shorter react ion t imes, increases a l p h a / i n t e r n a l unsaturat ion. A l s o , i n 
creasing the effective butadiene concentrat ion decreases selectivity to 
monoadduct as expected. 

Scope of the Reaction. Isoprene also has been successfully used ; i t 
gives s l ight ly h igher select ivity to monoadduct t h a n does butadiene 
under ident i ca l react ion condit ions, reflecting the s l ight ly l ower react iv i ty 
of isoprene i n the te lomerizat ion. Benzene a n d octene have been used 
to replace toluene. T h e y give higher molecular we ight telomers, ref lecting 
a s lower chain-transfer step because of the lower ac id i ty of a l l y l i c a n d 
aromatic protons re lat ive to the benzy l i c protons on toluene (12). A l s o , 
the organosodium component of the catalyst has been rep laced entirely 
o r i n part b y the analogous o rgano l i th ium compound . I n general the 
presence of o rgano l i th ium compounds i n the te lomerizat ion process gives 
telomer of m a r k e d l y h igher molecu lar we ight because organo l i th ium 
compounds undergo chain-transfer type reactions m u c h slower t h a n do 
organosodium compounds . These reactions are s u m m a r i z e d i n T a b l e V I . 

Preparation of Oxo Alcohols. A telomer product conta in ing about 
e q u a l amounts of a lpha a n d interna l olefin monoadducts was h y d r o -
formylated us ing cobalt oc tacarbonyl at 120 °C a n d 3000 ps ig , y i e l d i n g 
a 6 0 % conversion to aldehydes. T h e aldehydes were reduced to the ir 

Table VI . Miscellaneous Telomerizations 
Taxogen 
Telogen 
R M 

isoprene 
toluene 
B z L i 

C4H6 
1-octene 
C 5 H n N a 

C h e l a t i n g agent P M D T iso-

Temperature , 
°C 40 40 

T i m e , m i n 120 120 
Se lec t iv i ty to 

monoadduct , 
% trace trace 

Mn 2549 2422 

H M T T 

C4H6 
toluene 
B z L i / 

B z N a 
T M E D 

40 
120 

8.6 

isoprene 
toluene 
B z N a 

iso-
H M T T 

70 
80 

64 

C4H6 
benzene 
C 6 H 5 N a 

i s o - H M T T 

70 
120 

low 
998 
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10. B U N T I N G A N D L A N G E R Telomerization of Olefins 209 

corresponding alcohols w i t h T M E D - L i A l H 4 i n benzene (13). O f the 
three alcohols p r o d u c e d about 6 0 % was 6 -phenyl - l -hexano l . T h e other 
two alcohols are p robab ly 5 -pheny l -2 -methy l - l -pentano l a n d 4-phenyl -2-
e t h y l - l - b u t a n o l . B y convert ing these alcohols to phthalate esters, l o w 
vo la t i l i t y plastic izers are obta ined . 

Experimental 

Reactions were r u n under condit ions r igorously exc lud ing a ir or 
moisture. H y d r o c a r b o n solvents were pur i f i ed b y passage through an 
a l u m i n a c o l u m n a n d storage over s od ium r i b b o n before use. C h e l a t i n g 
agents were d r i e d ( s o d i u m r i b b o n ) , f ract ional ly d i s t i l l ed , a n d stored over 
c a l c i u m hydr ide . O r g a n o s o d i u m compounds were obta ined f rom O r g m e t 
( H a m p s t e a d , N . H . ) a n d used w i t h o u t further puri f i cat ion. 

General Telomerization. Organometa l l i c c o m p o u n d a n d solvent were 
a d d e d to a d r i e d flask e q u i p p e d w i t h a s t i rr ing bar i n a d r y box. T h e 
react ion flask was stoppered or fitted w i t h a thermometer a n d removed 
f rom the d r y box. T h e react ion was p laced under ni trogen a n d heated 
(or coo led) to the desired temperature. T h e conjugated diolef in was 
then a d d e d b y in t roduc ing it into the atmosphere above the solut ion, 
b u b b l i n g through the react ion solution, or d isso lv ing i n an appropr iate 
solvent, a n d a d d i n g the resultant solution dropwise . A t the end of the 
desired react ion per iod , 5-10 m l of water were a d d e d w i t h st irr ing . T h e 
organic layer was d r i e d ( K 2 C 0 3 ) a n d either f ract ional ly d i s t i l l ed at 
water-aspirator pressure ( b p of monoadduct is about 1 1 5 P - 1 2 0 ° C / 1 5 
m m , d iadduc t about 175°C) or bu lb - t o -bu lb d i s t i l l ed ( 140°C /0 .02 m m ) . 
Dist i l lates were ana lyzed on a C a r b o w a x - 2 0 M c o l u m n at about 180°C. 
T h e monoadducts were character ized b y N M R a n d IR . 

Chelated Organolithium Catalyst. T o 1.6 m l of 1.6N n - b u t y l l i t h i u m 
i n hexane were a d d e d 50 m l toluene a n d 0.6 m l P M D T , generating 
P M D T - B z L i in situ. T h e react ion was kept at 4 0 ° C w h i l e butadiene was 
in t roduced into the atmosphere above the react ion (22 c c / m i n ) for 2 hrs. 
T h e react ion was then quenched w i t h 5 m l of water. T h e organic layer 
was separated, d r i e d ( K 2 C 0 3 ) , a n d the solvent was removed under 
v a c u u m to give 5 grams of product h a v i n g Mn = 2549. 

Chelated Organolithium/Organosodium Catalyst. T o 0.95 m l of 
1.62V n - b u t y l l i t h i u m (1.5 mmoles ) were a d d e d 50 m l toluene, 0.17 grams 
(1.5 mmoles ) benzy l sod ium, a n d 0.45 m l (— 3 mmoles ) T M E D . T h e 
react ion was heated to 40 ° C a n d kept at that temperature w h i l e gaseous 
butadiene was in t roduced (22 c c / m i n ) into the atmosphere above the 
react ion for 2 hr . T h e react ion was then quenched w i t h 5 m l of water , 
a n d the organic layer separated a n d d r i e d ( K 2 C 0 3 ) . T h e toluene was 
removed at water-aspirator pressure, a n d the residue was d i s t i l l ed 
( 1 4 0 ° C / 0 . 0 5 m m ) . T h e dist i l late was ana lyzed b y G C . T o t a l p roduc t 
we ight was 6.1 grams. Select iv i ty to monoadduct was 8 .6%. T h e rat io 
of a lpha- to - internal unsaturation was 1.25. 

Telomerization of Toluene and Isoprene. T o 0.3 g ram benzy l sod ium 
were a d d e d 50 m l of toluene a n d 0.7 m l of i s o - H M T T . A solut ion of 20 m l 
isoprene i n 25 m l toluene was a d d e d dropwise to this react ion mixture 
at 70 ° C over 80 m i n . A w o r k - u p s imi lar to the preced ing example was 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
97

4 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
4-

01
30

.c
h0

10



210 P O L Y A M I N E - C H E L A T E D A L K A L I M E T A L C O M P O U N D S 

used. T h e to luene- isoprene telomer w e i g h e d 23.8 grams. Select iv i ty to 
m o n a d d u c t was 6 4 % based o n G C analysis. 

Telomerization of Benzene and Butadiene. T o 0.26 g r a m (2.63 
mmoles ) of p h e n y l s o d i u m were a d d e d 50 m l of benzene a n d 0.7 m l of 
i s o - H M T T . T h e react ion was kept at 70 ° C w h i l e butadiene was in t ro 
d u c e d into the atmosphere above the react ion for 2 hrs at 22 c c / m i n . 
A w o r k - u p s imi lar to that g iven under chelated o rgano l i th ium catalyst 
gave 7 grams of benzenebutadiene telomer w i t h Mn = 998. 

Telomerization of 1-Octene and Butadiene. T o 0.3 gram of n - a m y l -
sod ium were a d d e d 50 m l of 1-octene a n d 0.7 m l of i s o - H M T T . Butad iene 
gas was a d d e d to this react ion mixture at 40 ° C at 22 c c / m i n for 2 hr. 
A w o r k - u p s imi lar to that g iven under chelated o rgano l i th ium catalyst 
gave 4.6 grams of octene-butadiene telomer w i t h Mn = 2422. 
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Polylithiation of Hydrocarbons 

R O B E R T W E S T 

University of Wisconsin, Madison, Wis. 53706 

Certain hydrocarbons undergo polymetalation by alkyl
lithium compounds, often with TMEDA as a catalyst, to 
give polylithiated organic compounds. For acetylenes, pro
tons both α and β to the triple bond are replaced; thus C3Li4 

is obtained from propyne, CH3C3Li3 from 1- or 2-butyne, 
and C 5Li 4 from 1,3-pentadiyne. Further reaction of these 
substances with alkyl sulfates or organometallic halides 
yields highly unsaturated organic or organometallic deriva
tives. Polylithiation of aromatic compounds also takes place; 
toluene, naphthalene, anthracene, fluorene, indene, ferrocene 
and 1- and 3-phenylpropyne have been converted to mix
tures of polylithium compounds that have been studied by 
derivatization with D2O or trimethylchlorosilane. Small 
amounts of perlithiated aromatic compounds appear to be 
formed from some compounds. 

T n recent years preparations of several polylithiated organic compounds 
·*• have been reported. In a few cases it is even possible to make per-
lithio compounds, or "lithiocarbons," in which each hydrogen in a hydro
carbon molecule has been replaced by a lithium atom. Some polylithio 
and perlithio compounds can be made simply by the interaction of hydro
carbons or halocarbons with alkyllithium reagents, without catalysis by 
amines. In other cases, however, use of chelating diamines (usually 
T M E D A ) is either clearly beneficial or absolutely essential. This paper 
reviews the synthesis of poly- and perlithiated compounds, with emphasis 
on the use of chelating diamines as aids in the metalation reactions. 

Aliphatic Polylithio Compounds 

Excluding the well-known lithium acetylide, C 2 L i 2 , the first perlithio 
compound to be reported was C 3 L i 4 , synthesized by West, Carney, and 
Mineo in 1965 (I) by the reaction of propyne with n-butyllithium in 
hexane. When the propyne (chilled) is added slowly to the hexane 
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212 P O L Y A M I N E - C H E L A T E D A L K A L I M E T A L C O M P O U N D S 

so lut ion of the l i t h i u m reagent, the a lkyne is po ly l i th ia ted so r a p i d l y that 
the hexane-insoluble salt 1-hthiopropyne never precipitates. Re f lux ing 
the mixture completes the meta lat ion ; recovery of η-butane shows that 
y ie lds of C3L14 h igher than 8 0 % can be obtained. T h e structure of C 3 L i 4 

is not k n o w n , but the in f rared spectrum, w h i c h shows an extremely strong 
absorpt ion at 1670 c m " 1 a n d no b a n d at h igher frequencies, suggests that 
the structure is a l lenic , L i 2 C = C = C L i 2 ( 2 ) . C3L14 often precipitates 
f r om hexane as a r e d p o w d e r b u t sometimes remains i n solut ion, perhaps 
complexed w i t h excess n - b u t y l l i t h i u m . 

Recent ly , S h i m p a n d L a g o w p r o d u c e d C 3 L i 4 as the major product i n 
the high-temperature react ion of l i t h i u m atoms w i t h carbon vapor , a long 
w i t h smaller amounts of C 2 L i 2 a n d C L i 4 (4). T h e same group has also 
shown that a mixture of po ly l i th i o compounds , i n c l u d i n g C L L * , C 2 L i 4 , 
a n d C 2 L i 2 , is obta ined i n the react ion of l i t h i u m atoms w i t h C C L ; ; i n the 
same react ion us ing C 2 C 1 6 , C 2 L i 6 is the major product ( 5 ) . These i m p o r 
tant studies prov ide an entirely n e w method for the synthesis of l i th iocar -
bons, i n c l u d i n g the prev ious ly u n k n o w n perl i thioalkanes . 

T h e l i th iocarbon C 3 L L i reacts w i t h organic a n d organometal l i c sub
strates to give a var iety of h i g h l y unsaturated derivatives (Scheme 1 ) . 
W i t h organometal l i c hal ides such as tr ia lkylchloros i lanes , the usua l p r o d 
ucts are tetrasubstituted aliènes ( 2 ) . A l k y l halides often give explosions, 
b u t the a l k y l sulfates produce mixtures of t e t raa lky l derivatives of propyne 
a n d propadiene ( 3 ) . 

C H 3 C = C H 

mostly C D 3 C = C D 
4 n-BuLi 
hexane 

ρ ΐ ΐ ί ^ C 3 L i 4 

Et Et C * -
I I 

E t C = C — C = C — C ^ C — E t , 10% 
(cis or trans) 

(R 3Si) 2C=C=C(SiR3)2 

R 3 = Me 3 , Me 2 Et, Me 2 tert- Bu 

(Me 3Ge) 2C=C==C(GeMe 3) 2 

R 2 C = C = C R 2 and R 3 C — C = C R 

R = Et 

Scheme 1. Reactions of CsLiu 

Po lymeta la t i on is apparent ly a general react ion of 1-alkynes. L i t h i a 
t i on of 1-butyne has been s tudied i n de ta i l ( 2 ) . W h e n this c o m p o u n d is 
treated w i t h three equivalents of n - b u t y l l i t h i u m or tert-butyllithium i n 
hydrocarbon solvents, t r i l i th io der ivat ive , C H 3 C 3 L i 3 , is formed. N o n c o n -
jugated interna l acetylenes resist meta lat ion b y a l k y l l i t h i u m reagents 
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11. W E S T Polylithiation of Hydrocarbons 213 

C H 3 C H 2 C = C H C H 3 C = C C H 3 

R L i 

n -BuLi i 
T M E D A 

CH3C3L13 

(C 2H 60)2S04 

(C 2H 5) 2 C C = C C 2 H 5 

tert- B u M e 2 S i C l 

M e 3 S i C l S 

tert- B u M e 2 S i 

\ C H 3 / w ^ C = C = C ( S i M e 2 t*rt-B\i)2 

(Me 3 Si) 2 CC=CSiMe3 , 
45% I C H 3

/ 70% 
C r l 3 4 0 % 

+ 
Me 3 SiC=C==C(SiMe 3 ) 2 

I 
C H 3 

40% 

Scheme 2. Formation and reactions of CHsCsLis 

under usua l condit ions. W h e n T M E D A is added , however , p o l y l i t h i a t i o n 
takes place. W i t h T M E D A , 2-butyne forms a t r i l i th i o der ivat ive i d e n t i c a l 
to that obta ined f rom 1-butyne ( 6 ) ; see Scheme 2. 

Reac t i on of C H 3 C 3 L i 3 w i t h d i e t h y l sulfate gives a moderate y i e l d of 
5-ethyl-5-methyl-3-heptyne, a long w i t h smal ler amounts of less h i g h l y 
subst i tuted acetylenes. D e r i v a t i z a t i o n of C H 3 C 3 L i 3 w i t h t r imethy l ch loro -
silane yields about e q u a l amounts of the t r i s ( s i l y l ) b u t y n e a n d m e t h y l -
allene (Scheme 2 ) . H o w e v e r the bu lk i e r der iva t i z ing agent tert-butyl-
d imethylch loros i lane converts C H 3 C 3 L i 3 exclusively into the less-strained 
a l lenic product , 1,1,3-tris ( i e r f - b u t y l d i m e t h y l s i l y l ) -1,2-butadiene. T h i s 
react ion exemplifies the c o m m o n finding that products of s i l y l der ivat i za 
t ion of h t h i u m compounds are sterical ly determined. T h e structure of 
C H 3 C 3 L i 3 is uncerta in , but f r o m its low- frequency in f rared absorpt ion 
(1750 c m - 1 ) , i t p robab ly has a n al lenic structure, C H 3 C L i = C = C L i 2 , 
s imi lar to that also proposed for C 3 L i 4 ( 6 ) . 

I n 1971 the second per l i th io c ompound , C 5 L i 4 , was obta ined b y 
l i th ia t i on of 1,3-pentadiyne (7 , 8 ) . W h e n the latter is treated w i t h a l k y l 
l i t h i u m compounds i n the absence of T M E D A , a d d i t i o n of a l k y l l i t h i u m 
reagents to one of the t r ip le bonds is the m a i n react ion, a n d no h i g h l y 
metalated products form. H o w e v e r w i t h T M E D A , po ly l i th ia t i on takes 
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place to give m a i n l y C 5 L i 4 as a r e d - b r o w n solut ion i n η-butane. T h e 
solution shows strong in f rared absorpt ion at 1800 c m " 1 ; the cumulene 
structure, L i 2 C = C = C = C = C L i 2 , thus seems most probab le for C 5 L i 4 . 

W h e n treated w i t h water , the so lut ion of C 5 L i 4 gives a mix ture of 
three hydrocarbons : the or ig ina l 1,3-pentadiyne; the nonconjugated iso
mer 1,4-pentadiyne; a n d the a l lenyne, l ,2 -pentadien-4-yne. W i t h D 2 0 
the corresponding deuterated products contain about 7 0 % tetradeuter-
ated molecules, showing that C 5 L i 4 is the p r i n c i p a l po ly l i th i o c o m p o u n d 
i n the solution. 

Der ivat i zat ions of C 5 L i 4 w i t h a l k y l sulfates or organometal l ic ch lo 
rides prov ide useful syntheses for some h i g h l y unsaturated substances. 
A mixture of three hydrocarbons is obta ined w i t h d i m e t h y l sulfate 
(Scheme 3 ) . Tr ia lky lch loros i lanes convert C 5 L i 4 exclusively to the 
a l lenyne products , w h i c h are less h i n d e r e d than the other isomers. H o w 
ever w i t h tr imethylchlorogermane, C 5 L i 4 gives, a long w i t h the al lenyne 
isomer 1 ,5 ,5 ,5 - tetrakis ( tr imethylgermyl - l ,3 -pentadiyne) (Scheme 3 ) . T h e 
latter is the first k n o w n c o m p o u n d w i t h three g e r m a n i u m atoms b o n d e d 
to a single carbon ( 8 ) . 

C H 3 C = C — C = C H 

+ 
H C = C — C H 2 C = C H 

+ 

H C = C — C H = C H 2 

C H 3 — C ^ C — C = C H 

n-BuLi 
T M E D A 
n-butane 

H 2 0 C 5 Li 
(CH 3 0)2S0 2 , 

C H 3 C = C — C = C — C (CH 3 ) 3 10% 
+ 

C H 3 C = C C ( C H 3 ) 2 C = C C H 3 32% 
+ 

( C H 3 ) 2 C = = C = C ( C H 3 ) C ^ C C H 3 23% 

(RMe 2 Si) 2 C = C = C — C = C — S i M e 2 R (Me 3Ge) 2 C = C = C — C = C — G e M e 3 

I I 
SiMe 2 R G e M e 3 

R = Me, E t , iert-Bu + 
M e 3 G e C = C — C s C — C (GeMe 3) 3 

Scheme 3. Reactions of C5Lih 

'Polylithiation of Aromatic Compounds 

Toluene. L i t h i a t i o n of aromatic a n d a lky laromat i c compounds is 
m a r k e d l y cata lyzed b y che lat ing diamines . To luene is metalated b y 
organosodium reagents but is rather unreact ive t o w a r d o rgano l i th ium 
compounds i n the absence of d iamine catalysts. H o w e v e r i n the presence 
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11. W E S T Polylithiation of Hydrocarbons 215 

C H ; 

+ ra-BuLi—TMEDA 
M e 3 S i C l 

C H 2 S i M e 3 C H 3 C H 3 

C H 2 S i M e 3 C H 2 S i M e 3 C H ( S i M e 3 ) 2 

S i M e 3 S i M e 3 

1 1 % 4 6 % 

Journal of the American Chemical Society 

Scheme 4. Polylithiation of toluene and derivatization with trimeihylchloro-
silane (10) 

of T M E D A or d iazab i cyc lo [2.2.2] octane, toluene undergoes quant i tat ive 
meta lat ion b y n - b u t y l l i t h i u m to f o r m b e n z y l h t h i u m ( 9 ) . 

P o l y l i t h i a t i o n of toluene us ing excess n - B u L i - T M E D A produces a 
br ight orange solution f r o m w h i c h a r e d so l id gradua l ly separates. D e r i v a 
t i za t i on of the react ion mixture w i t h tr imethylchloros i lane produces 
mono- , b is - , a n d tris ( t r i m e t h y l s i l y l ) isomers, as shown i n Scheme 4 ( J O ) . 
U n d e r a var iety of metalat ion condit ions of the m a n y possible isomers 
only those shown i n Scheme 4 were isolated. P o l y l i t h i a t i o n of b e n z y l 
l i t h i u m (prepared f r o m d i b e n z y l m e r c u r y a n d l i t h i u m ) w i t h T M E D A 
present gave the same mixture of compounds after der ivat izat ion whereas 
attempts to po ly l i th ia te o-, m- , a n d p- l i thiotoluenes gave o n l y very s low 
reactions a n d l o w yie lds of po ly l i th i o compounds. T h i s a n d other sup
p o r t i n g evidence indicates that d i l i th ia t i on of toluene takes place most ly 
at the a lpha-carbon rep lac ing two hydrogens to f o rm P h C H L i 2 . 

T h e t h i r d l i th ia t i on takes place exclusively para . W h e n r i n g meta la 
t ion occurs at any point , the resul t ing a r y l l i t h i u m c o m p o u n d is unreact ive 
t o w a r d further metalat ion (see Scheme 5 ) . 

T h e p r i n c i p a l monotr imethyls i ly l to luene is the meta isomer. T h i s 
agrees w i t h the results of earl ier experiments w h i c h find m a i n l y m- l i th io -
toluene i n the r ing - l i th ia ted byproducts i n the synthesis of b e n z y l h t h i u m 
b y l i th ia t i on of toluene w i t h n - b u t y l l i t h i u m - T M E D A ( I I , 12). O n the 
basis of the current v i e w that meta lat ion of aromat ic compounds proceeds 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
97

4 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
4-

01
30

.c
h0

11



216 P O L Y A M I N E - C H E L A T E D A L K A L I M E T A L C O M P O U N D S 

ι 
I n - B u L i — T M E D A 

CHL12 

L i 
Journal of the American Chemical Society 

Scheme 5. Probable course of lithiation of toluene with n-BuLi-TMEDA (10) 

via nuc leoph i l i c attack o n hydrogen b y the a l k y l an ion (13,14), the meta 
isomer shou ld predominate . 

F u r t h e r l i th ia t i on , however , seems to take p lace b y a different 
mechanism. A m o n g the d i s i l y l compounds, on ly ortho a n d para t r i m e t h y l 
s i l y l isomers are obta ined (Scheme 4 ) . T o account for this shift i n isomer 
preference, W e s t a n d Jones suggest that the h i g h negative charge present 
i n the b e n z y l l i t h i u m causes a change i n mechanism to one i n w h i c h 
e lectrophi l i c attack on the carbon b y the posit ive l i t h i u m predominates 
( J O ) : 

L i + C H 2 

A c t u a l l y , the transit ion state m i g h t look very s imi lar to that for nuc leo 
p h i l i c attack o n r i n g hydrogen ; the difference lies i n the degree of p a r t i c i 
pa t i on b y l i t h i u m . 

F i n a l l y , the only tris ( t r i m e t h y l s i l y l ) compounds f o rmed is the 
a,«,para c o m p o u n d (Scheme 4 ) . L i t h i a t i o n of α,α-dilithiotoluene at the 
ortho pos i t ion, w h i c h w o u l d be e lectronical ly as favorable as p a r a subst i -
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11. W E S T Polylithiation of Hydrocarbons 217 

tut ion , m a y be p re c lude d b y the h i n d e r i n g effect of the two b u l k y 
T M E D A molecules coordinated to the l i t h i u m atoms: 

P o l y c y c l i c A r o m a t i c s . Extens ive replacement of hydrogen b y l i t h i u m 
i n po ly cyc l i c aromatic hydrocarbons has been demonstrated b y H a l a s a 
( 1 5 ) . Anthracene , b i p h e n y l , fluorene, indene , a n d ferrocene (16) 
undergo po lymeta lat ion b y n - b u t y l l i t h i u m - T M E D A i n hexane at 7 0 ° C 
for 24 hours. T h e products are inso lub le mixtures of po ly l i th i o c om
pounds conta in ing u p to 10 l i t h i u m atoms per molecule . D e r i v a t i z a t i o n 
was accompl ished u s i n g bo th D 2 0 a n d tr imethylchloros i lane a n d b y 
ana lyz ing the mixture of deuterated or s i ly lated products b y mass spec
trometry. T h e results for anthracene, w h i c h are t y p i c a l , appear i n T a b l e I. 

T h e product distr ibutions for the deuterated anthracenes are the most 
significant numbers ; these data are corrected for 1 3 C content b u t depend 
o n the (untested) assumption of equa l p r o b a b i l i t y of loss of H a n d D 
d u r i n g fragmentation. Nevertheless i t is apparent that substant ial 
amounts of anthracenes bear ing u p to seven l i t h i u m atoms were produced , 
a n d that traces of per l i thioanthracene, C i 4 L i i 0 , must have been obtained. 
T h e figures for re lat ive abundance of the t r i m e t h y l s i l y l derivatives are 
discordant a n d less re l iab le ; w h e n tr imethylchloros i lane is used as a 
der ivat i z ing agent, further l i th ia t ion often occurs d u r i n g the der ivat izat ion , 
T a k e , for example, the hth iat ion-s i ly lat ion of acetonitri le . Treatment of 
C H 3 C N w i t h three equivalents of a l k y l l i t h i u m f o l l owed b y three e q u i v a 
lents of tr imethylchloros i lane produces ( M e 3 S i ) 2 C = C = N S i M e 3 , bu t 
studies of the l i th ia t i on react ion show that i t does not proceed past 
d i l i t h i a t i o n (to C 3 H N L i 2 ) u n t i l M e 3 S i C l is a d d e d (17). 

S i m i l a r experiments demonstrate the format ion of mixtures conta in 
i n g po ly l i th i o compounds u p to C i 3 L i i 0 for fluorene, u p to C i 2 H 4 L i 6 for 
b i p h e n y l , a n d u p to C 9 H 2 L i 7 for indene. W i t h ferrocene the effect of 
T M E D A was s tud ied b y comparat ive experiments, results of w h i c h are 
s u m m a r i z e d i n T a b l e I I (16). T h e dramat ic increase i n po ly l i th ia t i on 
us ing T M E D A is c lear ly shown. W i t h T M E D A the most abundant single 
product is the hexadeutero isomers, result ing f rom C i 0 H 4 L i 6 ; w i t h o u t 
T M E D A the most probable product is that f rom CioHeLL;. 
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Table I. Mass Spectra of Products 

D2O Derivatization 

m/e Ions 
Relative Product 

Abundance Distribution, % 

179 
180 
181 
182 
183 
184 
185 
186 
187 
188 

C i 4 H 8 D 2 

C14H7D3 
C14H6D4 
C14H5D5 
C14H4D6 
G14H3D7 

9.5 
38.0 
71.4 

100.00 
66.6 
52.3 
23.8 

9.5 
4.7 
2.3 

11.33 
20.14 
27.75 
17.02 
14.73 

6.55 
1.92 
0.10 
0.02 

Poly l i th io ferrocene was also der ivat i zed w i t h tr imethylchloros i lane , 
y i e l d i n g a mix ture of p o l y s i l y l derivatives f r o m w h i c h a crystal l ine 
te t rak is ( t r imethy ls i ly l ) f e rrocene was isolated a n d shown to be the 
1,3,Γ,3' der ivat ive . Po ly l i th io ferrocene a n d the po ly l i th ioaromat ics gen
era l ly catalyze the po lymer i za t i on of conjugated dienes l ead ing to star-
shaped polymers . 

T h e p o l y l i t h i a t i o n of 1-phenylpropyne has been studied i n somewhat 
greater deta i l . T h e first evidence that this c o m p o u n d m i g h t undergo 
l i th ia t i on at the aromatic nucleus as w e l l as on the side cha in was pre 
sented b y M u l v a n e y , F o l k , a n d N e w t o n w h o f o u n d that b o t h C e H 5 — C 3 L i 3 

a n d C e H 4 L i — C 3 L i 3 were p r o d u c e d f r o m C 6 H 5 C = C C H 3 a n d excess n -
b u t y l l i t h i u m i n ref luxing hexane ( I S ) . T h i s react ion is strongly cata lyzed 
b y T M E D A ; i n the presence of the che lat ing d i a m i n e , p redominant t r i -
a n d tetra l i th iat ion occurs, even at 25 ° C ( 1 9 ) . 

L i t h i a t i o n of 3 -phenylpropyne produced s imi lar p o l y l i t h i u m com
pounds . W i t h three equivalents of n - b u t y l l i t h i u m i n cyclohexane, 3-

Table II. Degree of Polylithiation of Ferrocene with and without 
T M E D A from Mass Spectra of Deuterium Derivatives (16) 

Number of Li atoms No TMEDA mth TMEDA 

0 
1 
2 
3 
4 
5 
6 
7 
8 

1.3 
4.2 

25.6 
28.3 
30.8 

7.4 
1.5 
0.3 
0.1 

0.3 
0.7 
2.4 
5.9 

23.0 
26.0 
29.0 

9.6 
3.2 
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11. W E S T Polylithiation of Hydrocarbons 219 

from Polylithioanthracene (15) 

MesSiCl Derivatization 

m/e Ions 
Relative 

Abundance 

322 
394 
466 
538 
610 
682 
754 
826 
898 

C 1 4 H 8 ( S i M e 3 ) 2 
C i 4 H 7 ( S i M e 3 ) 3 
C i 4 H 6 ( S i M e 3 ) 4 

C i 4 H 5 ( S i M e 3 ) 5 

C 1 4 H 4 ( S i M e 3 ) 6 

C i 4 H 3 ( S i M e 3 ) 7 

C i 4 H 2 ( S i M e 3 ) 8 

C i 4 H ( S i M e 3 ) 9 

C 1 4 ( S i M e 3 ) 1 0 

80 
100 

60 
50 
20 
20 
10 
10 
10 

pheny lpropyne is converted m a i n l y to a br ight - red t r i l i th io der ivat ive , 
C 6 H 5 C 3 L i 3 . T h e in f rared spectrum of this substance shows on ly a single 
strong C = C b a n d at 1780 c m " 1 , consistent w i t h the a l lenic structure 
P h C L i = C = C L i 2 . D e r i v a t i z a t i o n w i t h t r imethylchloros i lane p r o d u c e d 
the tris ( t r imethy l s i l y l ) phenyla l lene , P h C ( S i M e 3 ) = C = C ( S i M e 3 ) 2 ( 19 ) . 

T r a p p i n g w i t h tr imethylchloros i lane served to ident i fy the positions 
of nuc lear l i th ia t i on of 1-phenylpropyne. T h e tetras i ly l products f r o m 
C 6 H 4 L i — C 3 L i 3 were identi f ied as the ortho a n d para derivatives, i n d i 
ca t ing that nuc lear l i th ia t i on takes place preferent ia l ly ortho or p a r a to 
the side c h a i n : 

U n d e r forc ing condit ions, 1-phenylpropyne can be m u c h more h i g h l y 
l i th iated . T h e greatest subst i tut ion was obta ined b y heat ing 1-phenyl
propyne neat w i t h a 50-fold excess of n - B u L i at 75° to 8 5 ° C for 48 hours. 
Q u e n c h i n g w i t h D 2 0 p r o d u c e d a mixture of deuterated 1- a n d 3 -phenyl -
propynes, w h i c h was s tudied b y mass spectroscopy. T h e isomer d i s t r i b u 
t i on is shown i n T a b l e I I I . 

T h e major products arise f rom the penta- a n d hexal i thio compounds , 
b u t a significant amount of C 9 H L i 7 a n d 1 % of the per l i th io c o m p o u n d 
C 6 L i 5 — C 3 L i 3 apparent ly form. D e r i v a t i z a t i o n of the po ly l i th ia ted m i x 
ture us ing M e 3 S i C l produces numerous s i ly l -subst i tuted isomers, w h i c h 
c o u l d on ly be separated w h e n the n u m b e r of silicons was less than six. 

S i M e 3 

a n d 

S i M e 3 
S i M e ; ! 3 
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T h e most significant product is p robab ly the pentas i ly l c ompound , i d e n t i 
fied as ο-, p-bis(trimethylsilyl)phenyltris(trimethylsilyl)aliène: 

S i M e t 

M e 3 S i ~ ^ Q ^ - C = C = C ( S i M e 3 ) 2 

S i M e 3 

Table III. Products from D 2 0 Derivatization of 
Polylithiated 1 -Phenylpropyne 

Isomer % Produced 

do 0 
di 0 
d2 0 
dz 5 
d4 12 
d* 36 
d6 37 
d7 8 
ds 1 

P o l y l i t h i a t i o n of aromatic compounds offers m u c h promise for future 
research. I t is evident that per l i thioaromatics c a n be prepared , albeit 
only m i x e d w i t h less-highly l i th ia ted species. M o r e o v e r the per l i th io 
aromatics seem to be stable species once formed. A major p r o b l e m l i m i t 
i n g further advance i n this area is the lack of a po lar solvent inert to a l k y l 
l i t h i u m compounds at moderate temperatures. A c t i v a t i o n of organo
l i t h i u m compounds b y che lat ing diamines seems l i k e l y to p l a y a n i m p o r 
tant role i n the further development of l i th iocarbon chemistry , b o t h i n 
the a l iphat i c a n d aromatic series. 
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Directed Metalation 

D. W. S L O C U M and D. I. S U G A R M A N 

Southern Illinois University, Carbondale, Ill. 62901 

The directed metalation reaction—lithiation with n-butyl
lithium of a position ortho to a substituent on an aromatic 
ring—is described. Aromatic systems in which the reaction 
has been studied are benzene, thiophene, naphthalene, and 
ferrocene. A systematic listing of the bond types that can 
be formed at the site of metalation is provided. Also of 
interest is the assessment of the relative directing abilities 
of directing substituents and comments and observations 
on the mechanism of the reaction. Utility of the reaction 
is indicated by the results from asymmetric-directed lithia
tion and the synthesis of heterocycles. 

T t has been known for 40 years that alkyllithium compounds will react 
with specifically substituted aromatic compounds to effect metalation 

— t h a t is, replace an aromatic proton with a metal ion. More recently 
the orientation in a variety of such metalations has been worked out 
resulting in the identification of substituents that have been demonstrated 
to direct metalation to an aromatic proton adjacent to said substituents. 
This, then, is the reaction that is now called "the directed metalation 
reaction." Since many of these substituents contain a directing nitrogen 
atom, it is appropriate that this process be reviewed here. 

Within the past decade, many additional directing substituents have 
been discovered so that the number of synthetic derivatives available 
through this method is large. One of the great advantages of this reaction 
is its extremely high specificity. Assuming that synthesis of a specific 
ortho-disubstituted benzene compound were feasible via electrophilic 
substitution, difficulty in separating the ortho from the para- and even 
meta-substitution product might be anticipated. Use of the directed 
metalation reaction in this instance, assuming the same compound could 
be synthesized by the two methods, would yield pure ortho isomer 
uncontaminated by all else save starting material. In addition there are 
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12. S L O C U M A N D S U G A R M A N Directed Metalation 223 

m a n y groups that cannot be s i m p l y in t roduced into an aromatic system 
b y e lectrophi l i c subst i tut ion that can be read i ly in t roduced b y d i rec ted 
metalat ion. T h u s e lectrophi l i c subst i tut ion a n d d irected metalat ion of 
subst ituted aromatic compounds appear to complement one another 
nice ly . 

Aromatic Systems in Which Directed Metalations Have Been Effected 

T h e great a b i l i t y of n - b u t y l l i t h i u m or n - b u t y l l i t h i u m - T M E D A c o m 
plex to effect metalat ion of aromatic compounds ( 1 ) suggests that most 
aromatic systems shou ld also undergo the d i rec ted metalat ion react ion 
p r o v i d e d appropr iate d i rec t ing groups are present. O n e exception to this 
has been the [2.2] paracyc lophane system where no evidence of meta la 
t ion b y either n - b u t y l l i t h i u m or its T M E D A complex under a variety of 
condit ions has been seen ( 2 ) . T o our knowledge , no other aromatic 
system resists metalat ion. T h u s the number of systems i n w h i c h d irected 
metalat ion might be useful is potent ia l ly large a l though only four have 
been systematical ly studied. T h a t only a smal l number of such systems 
have been explored u p to this t ime is not to say that only a few such 
systems exist; rather it is an ind i ca t i on that further study is requ ired . 

Benzene. T h e earliest w o r k i n d irected metalat ion was done on the 
benzene system i n the early 1930's ( 3 ) . T h a t the benzene r i n g was the 
most promis ing system for the explo i tat ion of this react ion appears log i ca l 
since i t was b y far the most examined aromatic system at that t ime. N o t 
only have the largest number of d i rec t ing substituents been successfully 
demonstrated for this system, b u t i n a l l p r o b a b i l i t y the d e m a n d for a 
convenient route to a specific po lysubst i tuted aromatic c o m p o u n d w i l l 
be highest for this system. I n a l l cases examined, d i rected metalat ion of 
a monosubst i tuted benzene has y i e lded almost exclusively ortho meta la 
t ion , w i t h only ortho-disubst i tuted products obta ined ( React ion 1 ). W i t h 

I) 

more than one substituent on the r i n g the s i tuation becomes more complex 
but not too m u c h more so; i n most cases, s imple rules predic t the posi t ion 
of meta lat ion (see b e l o w ) . 

Monosubs t i tu ted benzenes that undergo the d i rec ted metalat ion re
act ion are summar ized i n T a b l e I. I n every case a var iety of ortho-
d isubst i tuted products have been prepared ; these w o u l d be tedious or 
impossible to prepare b y other routes. 
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Table I. Directed Metalation of Monosubstituted 

Directing Substituent 
(R) in Equation 1 Electrophile Substrate Solvent 

— C H 2 N ( C H 3 ) 2 P h 2 C O 2.0 ether /hexane 
— C H 2 C H 2 N ( C H 3 ) 2 

— C H O H C H 2 N ( C H 3 ) 2 

P h 2 C O 
C l S i ( C H 2 ) 3 

1.2 ether /hexane — C H 2 C H 2 N ( C H 3 ) 2 

— C H O H C H 2 N ( C H 3 ) 2 

P h 2 C O 
C l S i ( C H 2 ) 3 2.5 ether /hexane 

— C H , O H C H 3 I 2.6 ether /hexane 
— C H 2 N H C H 3 P h C H O 2.5 ° hexane 
— C H 2 N H P h P h 2 C O 1.5 « hexane 
— O C H 3 C 0 2 1.0 ether /hexane 
— C O N H C H 3 

— S O , N ( C H 3 ) 2 

P h 2 C O 2.5 T H F / h e x a n e — C O N H C H 3 

— S O , N ( C H 3 ) 2 P h 2 C O 1.2 T H F / h e x a n e 
— S 0 2 N H C H 3 P h 2 C O 2.5 T H F / h e x a n e 
— C F 3 C 0 2 1.5 ether 
— N ( C H 3 ) 2 P h 2 C O 1.0 hexane 
— F C 0 2 1.0 T H F 

a Reaction proceeded to give mostly styrene via elimination. 
6 Also gave 8% of meta acid as product. 

Ferrocene (Ruthenocene). T h e d irected meta lat ion react ion has 
p r o v e d to be of great synthetic va lue i n the preparat ion of 1,2-disubsti-
tuted ferrocenes. F r o m an organic chemist's po int of v i e w , ferrocene can 
be considered to have properties s imi lar to five-membered ring hetero-
cyc les—great sensit ivity to a c i d a n d ox id i z ing condit ions. M a n y electro
p h i l i c reactions cannot be r u n on ferrocene, a n d meta lat ion has thus come 
to be the pre ferred process for prepar ing m a n y monosubst i tuted ferro
cenes (4, 5 ) . I n add i t i on , e lectrophi l i c substitution of monosubst i tuted 
ferrocenes conta in ing convent ional ac t ivat ing substituents gives mixtures 
of 1,2-, 1,3-, a n d Ι,Γ-disubstituted ferrocenes; e lectrophi l i c subst i tut ion 
of monosubst i tuted ferrocenes conta in ing convent ional deact ivat ing sub
stituents y ie lds on ly Ι,Γ-disubstituted ferrocenes ( 7 ) . A l l this reveals 
the inaccess ibi l i ty , for the most part , of homoannular ly d isubst i tuted 
ferrocenes b y a route i n v o l v i n g e lectrophi l ic subst itut ion. I n a n u m b e r 
of instances d i rec ted metalat ion has p r o v i d e d c lean, concise routes to 
specific 1,2-disubstituted ferrocenes ( React ion 2 ) that were either diff icult 

(2) 

to prepare or inaccessible b y convent ional e lectrophi l i c methods. S y n 
thesis of subst ituted ferrocenes b y metalat ion of ferrocene itself or b y the 
d i rec ted metalat ion of certa in subst ituted ferrocenes has been r e v i e w e d 
( « ) . 
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12. S L O C U M A N D S U G A R M A N Directed Metalation 225 

Benzenes with tt-Butyllithium 

Metalation Temp, 
Period, hrs C° % Yield Reference 

18.00 25 
11.00 25 
21.00 25 
18.00 25 

1.50 25 
4.00 25 

21.00 35 
0.25 65 
0.25 0 
0.25 0 
6.00 35 
2.00 68 
7.00 - 5 0 

84 

61 
45 
64 
86 
65 
81 
82 
82 
4 8 6 

55 
60 

6 
66 

2 
2 

56 
66 
33 
46 
53 
52 
67 
68 
12 

c T M E D A required. 

Several d i rec t ing groups k n o w n to be good directors i n the benzene 
system have been f o u n d to prov ide d irected meta lat ion i n the ferrocene 
system; others, however , are u n i q u e to the ferrocene system. T a b l e I I 
summarizes the d i rec t ing substituents avai lab le for ferrocene. O f these, 
— C H 2 N ( C H 3 ) 2 , — C H 2 C H 2 N ( C H 3 ) 2 , — C O N H R , — C P h 2 O H , — O C H 3 , 
a n d — S 0 2 N ( C H 3 ) 2 are k n o w n directors i n benzene, b u t — C H 2 O R , 

are u n i q u e to ferrocene. T h e — C H 2 N ( C H 3 ) 2 s ide-chain has also been 
f ou n d to effect d i rec ted meta lat ion i n ruthenocene ( 9 ) . 

A compl i ca t i on that does not extend to other aromatics exists i n 
ferrocene metalat ion. T h i s is heteroannular d imeta lat ion , w h i c h gives 
products that often contaminate the desired 2-metalation product . T h i s 
phenomenon was invest igated i n one instance a n d f rom metalat ion of 
d imethylaminomethyl ferrocene w i t h excess n - b u t y l l i t h i u m , the l , 2 , l ' - t r i -
subst i tuted product shown i n React ion 3 was isolated ( 1 0 ) . Cons iderab le 
amounts of a l , 2 , l ' - t r i s u b s t i t u t e d ferrocene product c o u l d also be isolated 

— C I , a n d 

Fe Fe Fe (3) 
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226 P O L Y A M I N E - C H E L A T E D A L K A L I M E T A L C O M P O U N D S 

Table II. Substituents that Direct 

Directing Substituent 
R in Equation 2 

— C H 2 N ( C H 3 ) 2 

— C H 2 C H 2 N ( C H 3 ) 2 

— 2 - p y r i d y l 
— C P h 2 O H 
— C H 2 O C H 3 

— O C H 3 

— C I 

— S 0 2 N ( C H 3 ) 2 

H . C H ' 

C4H9L1/ 
Electrophile Substrate Solvent 

P h 2 C O 2.5 ether /hexane 
P h 2 C O 1.5 ether /hexane 
P h 2 C O 25.5 ether /hexane 
C 0 2 2.5 ether 
P h 2 C O 1.6 ether /hexane 
( C H 2 0 ) x 1.6 ether /hexane 
C H 3 I 2.0 ether /hexane 
P h 2 C O 1.2 ether /hexane 

C l S i ( C H 3 ) 3 2.5 ether /hexane 

C l S i ( C H 3 ) 3 1.16 ether /hexane — C H ( C H 3 ) N ( C H 3 ) 2 

a Isolated as — C H 2 0 - C H 3 

f r om the meta lat ion a n d condensation of d imethylaminoethyl ferrocene 
(11). I t seems qu i te possible that most, i f not a l l , the monosubst i tuted 
ferrocenes that undergo d i rec ted metalat ion m a y prov ide 2 , l , - d i m e t a l a -
t ion under certa in condit ions. 

Naphthalene. A l t h o u g h not as m u c h w o r k has been per formed on 
the naphthalene system as on the thiophene system (see the next sect ion) , 
results i n these systems thus far are s t i l l interesting. Perhaps the most 
unusua l aspect of the meta lat ion of 1-substituted naphthalenes is that 
metalat ion takes p lace at either the 2- or the 8-position. T o some extent 
the rat io of metalat ion at the 2-posit ion can be contro l led b y judic ious 
exercise of react ion condit ions a n d meta lat ing reagent. A mixture of 8-
a n d 2-metalated intermediates has been postulated ( R e a c t i o n 4 ) . Those 
groups at the 1-position that have been demonstrated to prov ide this 
pattern of metalat ion i n naphthalene are — F ( 1 2 ) , — O C H 3 (13,14), a n d 
— C H 2 N ( C H 3 ) 2 (15). 2 -Fluoronaphthalene is the only 2-substituted 
naphthalene c o m p o u n d examined, a n d it has been f o u n d to undergo 
l i th ia t i on at bo th the 3- a n d the 1-position (16). 

U 4 n 9 L 

(4) 

Thiophene. Recent w o r k i n the authors ' laboratories has demonstrated 
that the d irected metalat ion concept works w e l l i n subst i tuted thiophenes 
once a certain l imi ta t i on is r ea l i z ed—namely , that the 2,5-positions of 
thiophene are m u c h more reactive t o w a r d metalat ion than are the 3,4-
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12. S L O C U M A N D S U G A R M A N Directed Metalation 227 

Metalation in the Ferrocene Series 

Metalation Temp, 
Period, hrs °C % Yield Reference 

1 25 71 10 
2 25 68 11 
6 — 51 69 

36 25 72 70 
2.5 25 32.5 26 
3 25 60° 71 
3.5 25 72 71 
6 25 17 72 

45 25 57 37 

1 57.7 40 

positions. T h i s gives significance to the fact that a n u m b e r of 3-substi-
tuted thiophenes are metalated i n the 2-posit ion w i t h l i t t le or no products 
f rom 5-metalation b e i n g detected ( Reac t i on 5 ). A summary of the groups 
that prov ide such d irected metalat ion i n thiophenes is g iven i n T a b l e I I I . 

(5) 

Since thiophene itself is read i ly metalated i n the 2-position, a 3-position 
substituent's causing metalat ion to take place at the 2-posit ion suggests 
that the ready metalat ion at a pos i t ion adjacent to sulfur is further a ided 
b y the d i rec t ing 3-substituent. It has also been f ound i n a f ew instances 
that w h e n a b l o c k i n g group is p laced i n the 5-position of thiophene, a 
d i re c t ing substituent i n the 2-position w i l l d irect metalat ion to the 
3-position (17 ) . A n example of this is shown i n React ion 6. 

V e r y few examples of d i rected metalat ion i n furan or pyrro le der iva 
tives have been reported. 3 -Bromothiophene has been shown to undergo 
meta lat ion i n the 2-position w i t h l i t h i u m d i i sopropy lamide (18 ) . 

(6) 
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Table III. Directed Metalation of 

ireding Substituent C4H9IA/ 
Solvent R in Equation 5 Electrophile Substrate Solvent 

— O C H 3 C 0 2 1.0 — 
— O C ( C H 3 ) 3 C 0 2 0.98 ether 
— S C H 3 C 0 2 0.995 — — C N C 0 2 1.06 ether 
— B r C 0 2 0.906 ether 
— C H 2 N ( C H 3 ) 2 H C O N ( C H 3 ) 2 1.2 ether /hexane 
- C H 2 O C H 3 H C O N ( C H 3 ) 2 — — — C O N H C H 3 P h 2 C O 2.11 ether /hexane 

Bond Types (Functional Groups) that can be Introduced 
at the Metalation Site 

O n e aspect of the d i rec ted metalat ion react ion that makes i t such a 
p o w e r f u l synthetic tool is the large number of derivatives that can be 
prepared at the site of l i th ia t i on . T h e h i g h concentrat ion of negative 
charge on the carbon atom b o n d e d to the l i t h i u m atom makes the former 
h i g h l y nuc leophi l i c , l ike a G r i g n a r d reagent a n d about as versatile. A 
variety of derivatives have been prepared , and there are p robab ly a 
signif icant n u m b e r yet to come. Representative routes to most types of 
derivatives are recorded here w i t h recent l ead ing references. M o s t routes 
have been w o r k e d out w i t h N-che la ted intermediates. T h e f o l l o w i n g 
s y m b o l is used to designate a general ized aromatic 2- l i thio intermediate : 

Carbon-Carbon Bonds. Synthet ic methods i n v o l v i n g the format ion 
of carbon-carbon bonds are always of great interest. P r i m a r y , secondary, 
or tert iary alcohols can be prepared b y the react ion of the l i th io inter
mediate w i t h the appropr iate a ldehyde or ketone (React ions 7 -9 ) (6, Pu
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12. S L O C U M A N D S U G A R M A N Directed Metalation 229 

3-Substituted Thiophenes with w-Butyllithium 

Metalation Temp. 
Period, hrs °C % Yield Reference 

0.5 35 86 78 
0.5 34 62 74 
0.5 35 70 75 
1.0 - 7 0 68 76 
3.0 25 36 77 
— — 75 17 
— — 72 17 
— — 23 25 

19). E t h y l e n e oxide or other epoxides can also be used to prepare 
^-subst i tuted e thy l a lcohol derivatives (Reac t i on 10) ( 6 ) . 

Ketones m a y be prepared b y the react ion of the l i th io intermediate 
w i t h a n i t r i l e (React ion 11) (6). N i t r i l e s possessing no a l p h a hydrogens 
w o r k best i n this react ion. F o r m y l derivatives of aromatics m a y be syn 
thesized b y treat ing the l i th iated species w i t h d imethy l f o rmamide ( Reac 
t ion 12) ( 19 ) . C a r b o x y l i c acids are read i ly avai lab le b y carbonat ion of 
such l i th io intermediates (14,16). Treatment of these l i th io intermediates 
w i t h a r y l or a l k y l isocyanates y ie lds amides (Reac t i on 13) (10). 

T h e l i t h i u m atom m a y be rep laced w i t h a m e t h y l group b y treat ing 
the metalated species w i t h m e t h y l i od ide or d imethylsul fate (Reac t i on 
14) (20). I n this case the d i rec t ing group cannot be an amine since the 
amine site is also a lky la ted i n the process, c ompl i ca t ing iso lat ion (21). 
O t h e r a l k y l groups cannot be in troduced this w a y because of the p r e d i 
lect ion of a l k y l hal ides for e l iminat ion i n the presence of strong base. 
Rather , the routes to e thy l , i sopropy l , a n d other a l k y l derivatives invo lve 
reduct i on of the corresponding a l coho l ( R e a c t i o n 15) ( 22 ) . 
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230 P O L Y A M I N E - C H E L A T E D A L K A L I M E T A L C O M P O U N D S 

Carbon-Halogen Bonds. Carbon-ha logen bonds m a y be prepared 
d i rec t ly via the l i th io intermediate or a second intermediate prepared 
f rom the l i th io intermediate . F o r example, react ion of hexachloroethane 
w i t h 2 - l i th iod imethylaminomethyl ferrocene gave the chloro der ivat ive 
(Reac t i on 16) (23 ) . H o w e v e r , preparat ion of other halogen derivatives 
via l i th io intermediates has not been successful. A better a n d more ver
satile method for p repar ing the chloro , bromo, a n d iodo derivatives 
involves iso lat ing a boronic a c id intermediate as i n React ion 17 (24). 

(16) 

Carbon-Nitrogen and Carbon-Oxygen Bonds. Carbon -n i t rogen 
bonds m a y be f o rmed b y treat ing the l i th io intermediate w i t h either 
methoxy lamine or e thy l nitrate (React ions 18 a n d 19) (25). These reac
tions apparent ly invo lve a displacement on ni trogen a n d result i n the 
preparat ion of the amino a n d nitro der ivat ive , respectively. C a r b o n -
oxygen bonds m a y be prepared via a boronic a c i d intermediate a n d 
react ion w i t h cuprous acetate (Reac t i on 20) ( 7 1 ) , a react ion complete ly 
analogous to the synthesis of halogen derivatives descr ibed i n React ion 17. 

Other Carbon-Heteroatom Bonds. C a r b o n - m e r c u r y bonds are read i ly 
f o rmed b y treat ing the metalated species w i t h mercur i c chlor ide (Reac 
t ion 21) (27). T h e resul t ing ch loromercury der ivat ive i n one case is a 
useful intermediate i n the preparat ion of 2 - i odod imethy laminomethy l -
ferrocene (27 ) . 
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12. S L O C U M A N D S U G A R M A N Directed Metalation 231 

C a r b o n - s i l i c o n bonds can be f o rmed b y treat ing the l i th io inter 
mediate w i t h halogen-containing silanes (Reac t i on 22) (28 ) . C a r b o n -
phosphorus bonds can be prepared s imi lar ly (Reac t i on 23) (29 ) . 

Relative Directing Abilities of Substituents 

W h e n more than one d i rec t ing group is present i n an aromatic 
molecule it is important to k n o w w h i c h d i rec t ing group w i l l exert the 
p r i n c i p a l effect—that is, w h i c h is the stronger director. Compet i t i ve 
metalat ion of n ine of the ortho-direct ing substituents for the benzene 
r i n g has recent ly been examined i n our laboratories. These are : 
— C H 2 N ( C H 3 ) 2 , — C H 2 C H 2 N ( C H 3 ) 2 , — C O N H R , — O C H 3 , — N ( C H 3 ) 2 , 
— C F 3 , — F , — S 0 2 N ( C H 3 ) 2 , a n d — S 0 2 N H C H 3 . Rat ings were based on 
the compet i t ive l i th ia t i on of the appropr iate para-d isubst i tuted benzenes. 
D a t a are n o w avai lable for the compet i t ive metalat ion of the methoxy 
group vs. the eight other d i rec t ing groups (30 ) . These results dictate 
that — C H 2 N ( C H 3 ) 2 , — C O N H R , — S O L > N ( C H 3 ) 2 , a n d — S 0 2 N H C H : i 

are stronger directors than — O C H 3 , a n d — C H 2 C H 2 N ( C H 3 ) 2 , — N ( C H 3 ) 2 , 
— F , a n d — C F 3 are weaker directors ( Reactions 24 a n d 25 ). F r o m some 
add i t i ona l data n o w avai lable , i t is apparent that — C O N H C H 3 is a 
stronger director than — C H 2 N ( C H 3 ) 2 (31). I t is also l i k e l y that the 
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232 P O L Y A M I N E - C H E L A T E D A L K A L I M E T A L C O M P O U N D S 

sulfonamides are the strongest directors k n o w n so that a r a n k i n g of 
— S 0 2 N H C H 3 , — S 0 2 N ( C H 3 ) 2 > — C O N H C H 3 > — C H 2 N ( C H 3 ) 2 

> — O C H 3 > — C H 2 C H 2 N ( C H 3 ) 2 , — N ( C H 3 ) 2 , — F , — C F 3 might be 
in ferred for the benzene system, at least. 

I n a l l cases where a meta-disubst i tuted benzene conta in ing t w o 
ortho-d irect ing groups has been examined, metalat ion has taken place 
ortho to each of the d i rec t ing groups—that is, the 2-position of a 1,3-
d isubst i tuted benzene (Reac t i on 26) (30, 32). F o r ortho-disubst i tuted 
benzenes where both groups were ortho directors, the stronger d i rec t ing 
group (as determined above) was f ound to contro l the metalat ion site. 
M o d i f i c a t i o n of the metalat ion pattern b y steric effects of some of the 
more b u l k y substituents was not real ized . A n extreme example of this 
has n o w been examined. o - ter i -Butylaniso le has been metalated w i t h 
n - b u t y l l i t h i u m (Reac t i on 27) (33). A s ant i c ipated , the y i e l d of metala 
t i on product was signif icantly d i m i n i s h e d compared w i t h the metalat ion 
of anisole. H o w e v e r , even the 5 % y i e l d of product rea l i zed was that f r om 
metalat ion ortho to the methoxy group—that is, the site of metalat ion 
h a d not changed. M e t a l a t i o n of this c o m p o u n d w i t h n - b u t y l l i t h i u m -
T M E D A complex brought a 3 0 % y i e l d of the same ortho metalat ion 
product prev ious ly descr ibed (Reac t i on 27 ) . T h u s the steric effect 
or ig ina l ly noted cou ld be overcome b y a stronger metalat ing reagent. 

Extens ion of this study of the efficiency of d i rec t ing groups to other 
aromatic systems should prov ide further insight into the re l i ab i l i t y of 
the above r a n k i n g . 

The Directing Mechanism 

I n a l l d i rec ted metalations s tudied , the l i t h i u m atom is d i rec ted to a 
proton adjacent to the d i rec t ing substituent. N o single explanation can 
be proposed n o w to account for a l l the k n o w n examples of the d irected 
metalat ion react ion. Rather , a combinat ion of v a r y i n g degrees of a 
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12. S L O C U M A N D S U G A R M A N Directed Metalation 233 

(26) 

(27) 

coordinat ion mechanism coup led w i t h an induc t ive effect seems most 
appropriate . 

A good example of the intervent ion of a coordinat ion mechanism is 
that i n the ortho metalat ion of d imethy lbenzy lamine (6). T h e methylene 
group essentially insulates the r i n g f rom any induct ive influence of the 
ni trogen atom. T h e fact that this molecule can be ortho metalated 
strongly indicates that some other effect is operat ing. S u c h an effect 
involves the coordinated l i th io intermediate depic ted i n React ion 28. A 
coordinat ion mechanism w o u l d also seem to be the most l ike ly d irect ive 
effect w i t h — C H 2 C H 2 N ( C H 3 ) 2 , — C O N H R , a n d — C H 2 N H R side chains. 
A most in t r i gu ing demonstrat ion of the coord inat ing effect of ni trogen 
i n d imethy lbenzy lamine is p r o v i d e d b y a study of r i n g vs. s ide-chain 
metalat ion w i t h a l k y l sodio reagents (34). T h e benzy lamine was i n i t i a l l y 
metalated at the ortho posit ion, but after 20 hours, rearrangement to the 
more stable a lpha posit ion was complete (Reac t i on 29 ) . Moreover , the 
rearrangement c ou ld be reversed b y a d d i n g l i t h i u m bromide to the 
solut ion containing the a lpha-metalated species (Reac t i on 30 ) . These 
results can be interpreted to signify that the a lpha-metalated species was 
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234 P O L Y A M I N E - C H E L A T E D A L K A L I M E T A L C O M P O U N D S 

(30) 

more carbanionic i n the case of the sodio der ivat ive . H e n c e , i t was more 
conduc ive to resonance s tabi l izat ion at the b e n z y l pos i t ion, a n d the ortho 
pos i t ion metalat ion site is greatly s tab i l i zed b y coordinat ion i n the case 
of the l i th io intermediate . T h e r m o d y n a m i c a n d k inet i c roles have been 
reversed i n these two instances. N o meta or para product was detected 
i n either sequence. 

Substituents such as — S 0 2 N R 2 , — C F 3 , — C l , — F , — O C H 3 , a n d 
— N ( C H 3 ) 2 s ignif icantly po lar ize the aromatic r i n g a n d m i g h t be said to 
operate b y some combinat ion of induct ive a n d field effects. C e r t a i n l y 
the sulfonamides a n d — C F 3 possess significant field effect contr ibut ion 
whi l e the r e m a i n i n g four subst i tuents—each w i t h an electronegative atom 
b o n d to the r i n g — m u s t have significant induct ive contr ibut ion . Some 
coordinat ion may also contr ibute to transit ion states i n v o l v i n g — C l , — F , 
— O C H 3 , a n d — N ( C H 3 ) 2 , but d r a w i n g coordinate structures such as 
that for the 2- l i th iat ion of d imethy lbenzy lamine (Reac t i on 28) for these 
substituents involves postulat ion of a four -membered r ing . T h i s can be 

Li (Coordinating butyls have been 

A omitted from bottom and back 

0 ( C 2 H 5 ) 2

 f Q c e s for clarity.) 
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12. S L O C U M A N D S U G A R M A N Directed Metalation 235 

avo ided w h e n the tetrameric structure of n - b u t y l l i t h i u m (30) is invoked , 
because a pseudo five-membered r i n g can then be d r a w n ( React ion 31 ). 

T h e interplay of induct ive effect a n d coordinat ion is brought out i n 
the compet i t ive metalat ion of p-fluoroanisole a n d p -d imethy laminoan i -
sole. I n each case the methoxy group controls the site of metalat ion (30). 
C o o r d i n a t i o n effects f a l l i n the order — N ( C H 3 ) 2 > — O C H 3 > — F , 
w h i l e the induct ive order w o u l d be just the reverse of this. Since neither 
order was observed, a combinat ion of effects is presumed to be operating. 

Asymmetric Directed Lithiation 

T h e resolution of racemic mixtures is certainly the most w i d e l y used 
method of p repar ing opt i ca l ly active compounds. A n alternate method 
of p repar ing certain opt i ca l ly active compounds, usual ly qu i cker a n d 
often more prac t i ca l , is asymmetr ic induct i on . Poss ib ly the newest 
example of such induc t i on is asymmetr ic l i th iat ion . 

T h e pr inc ip l e of asymmetric l i th ia t ion involves both the fact that 
format ion of diastereomeric intermediates should involve different ener
gies of act ivat ion, a n d the idea that, i n d irected l i thiat ions , a l i t h i u m atom 
is coordinated w i t h n i trogen or some other heteroatom (see above ) . 
W h e n the coord inat ing nitrogen atom resides i n a ch i ra l environment , 
one of the two possible diastereomeric l i th io intermediates is energetical ly 
favored for steric or other reasons. T h u s one of the two possible inter
mediates should be f o rmed preferential ly , w i t h the resul t ing condensation 
products reflecting the stereoselectivity of the l i th iat ion . 

O n e of the earliest descriptions of an asymmetric l i th ia t ing reagent 
was reported b y N o z a k i a n d co-workers i n 1968 (35 ) . ( — )-Sparteine 
was used to coordinate n - b u t y l l i t h i u m , a n d this complex stereoselectively 
added to several carbony l compounds (Reac t i on 32 ) . Moreover , the 
Skattebo l -Moore method ( w h i c h consists of dehalogenating gera-dihalo-
cyclopropanes w i t h an a l k y l l i t h i u m complex) b y N o z a k i to synthesize 
aliènes gave opt i ca l ly act ive products w h e n the n - b u t y l l i t h i u m / ( — ) -spar
teine complex was used (36). 

O n c e i t was demonstrated that i t adds stereoselectively, the n - b u t y l 
l i t h i u m / ( — ) -sparteine complex was used to prepare a series of opt i ca l ly 
active ferrocenes (36). Treatment of i sopropy l ferrocene w i t h a 2.5-molar 
excess of the l i th ia t ing complex f o l l owed by react ion w i t h an electrophile 

P h - CHOH (32) 

^ 4 H 9 

6% optical yield 
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+ Enantiomer r Enantiomer 

R= - S i ( C H 3 ) 3 

- C 0 2 C H 3 

- C 0 2 H 

(S) (R) (S) (S)(S) 

(R)(R) (R) (R)(S) 

I Electrophile 
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12. S L O C U M A N D S U G A R M A N Directed Metalation 237 

y i e lded 3 , l ' -d i subst i tuted i sopropy l ferrocenes i n 3 % opt i ca l y i e l d ( R e 
act ion 33 ). W e term this an asymmetric metalat ion procedure. 

C a r r y i n g the concept of asymmetric l i th ia t i on one step further, 
N o z a k i a n d co-workers incorporated the asymmetry - induc ing complex ing 
reagent w i t h the metalated molecule ( ferrocene ) itself ( 37, 38 ). 1-Ferro-
ceny lmethy l -2 -methy lp iper id ine was resolved a n d treated w i t h n - b u t y l 
l i t h i u m to give a mixture of diastereomeric l i thio intermediates b y d irected 
metalat ion (Reac t i on 34 ) . A n opt i ca l y i e l d of 9 3 % was i n i t i a l l y c l a imed 
for this react ion, bu t subsequent w o r k b y U g i a n d co-workers (39) re 
sulted i n the suggestion that only a 6 7 % opt i ca l y i e l d was obtained. 

F u r t h e r syntheses i n v o l v i n g asymmetric l i th ia t i on have been reported 
b y U g i (40). O p t i c a l l y active 1- ferrocenylethyldimethylamine was used 
to obta in stereoselective syntheses i n 9 6 % opt i ca l y i e l d (Reac t i on 35 ) . 
K n o w l e d g e of the configuration of the starting amine a l l owed the absolute 
configuration of the p r i n c i p a l l i th io intermediate to be inferred as the 
( R ) ( R ) diastereomer. A d d i t i o n a l support for this assignment has been 
p u b l i s h e d (41). 

A very interesting c o m p o u n d m a y be prepared via this method a n d 
used i n the stereoselective syntheses of peptides. U g i has f ound that 
asymmetr ica l ly i n d u c e d four-component syntheses w i l l f o rm opt ica l ly 
active peptides (Reac t i on 36) (42, 43). C o m p o u n d s of the type R * — N H 2 , 
must, to be useful i n this synthesis, meet these cr i ter ia : 

1) Condensat ion of the amine w i t h the other components, i f neces
sary via the Schiff base of the amine a n d aldehyde, should take place 
r a p i d l y a n d i n h i g h y i e l d . 

2 ) A s a component of the condensation, the amine must also possess 
the effect of an asymmetr ica l ly i n d u c i n g steric matr ix a n d prov ide for a 
h i g h l y steroselective synthesis of the newly formed amino a c i d uni t i n the 
des ired configuration. 

R, R 2 R 3 

I I I 
- N H - C H - C O g H -r N H 2 -r CHO -f C N - C H - C O " 

I* 
R ι 

hi ? 2 ft 
- N H - C H - C O - N - C H - C O - N H - C H - C O - (36) 

I* * 

R| R 2 R-J 
I* I* I* * 

- N H - C H - C O - NH — C H — C O — N H — C H — C O — l - R — X 

Denotes optically active 
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238 P O L Y A M I N E - C H E L A T E D A L K A L I M E T A L C O M P O U N D S 

3) T h e res idual R * must be read i l y c leaved f rom the intermediate 
po lymer under m i l d condi t ions—for example, i n c o l d f ormic or tr i f luoro-
acetic a c id—pre fe rab ly i n such a w a y that the amine can be regenerated. 

T h e on ly compounds meet ing a l l these cr i ter ia w e r e ferrocene com
pounds prepared b y U g i via the asymmetr ic d i rected metalat ion method , 
s h o w n i n Reac t i on 35. 

G o l d b e r g a n d B a i l e y (44) have used the asymmetr ic -d irected meta 
lat ion procedure as a route to compounds demonstrat ing ( for the first 
t ime) pseudoasymmetry i n ferrocenes. A pseudoasymmetric 1,2-disubsti-
tuted ferrocene was prepared b y procedures such as those i l lustrated i n 
F i g u r e 1. 

Me 

Bu Li 

H00CCHo- Men-H 

Men-H 

Men-H Men -H 

J ^Men-H 

Men -H means (-)-carbomenthoxy 

derivative 

Figure 1. Preparation of a pseudoasymmetric 1,2-disubstituted 
ferrocene 
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12. S L O C U M A N D S U G A R M A N Directed Metalation 239 

N ( C H 3 ) 2 

2. PhCOR 

I. n - C 4 H 9 L i 

Ν ( C H 3 ) 2 

R= H.Ph (37) 

CH. 

2 0 0 ° 
0 

Ph 
R 

A phthalan 

O u r conclusion is that the asymmetric l i th ia t i on procedure a n d the 
asymmetr ic d irected metalat ion react ion are of great potent ia l va lue for 
synthesiz ing a variety of c h i r a l compounds as w e l l as be ing elegant a n d 
pro found exercises i n stereochemistry. 

Heterocyclic Synthesis v i a Directed Metalation 

O n e of the most useful synthetic appl icat ions of the d irected meta la 
t ion reactions is i n prepar ing heterocyc l ic systems. O f the avai lable direct 
i n g groups, those i n v o l v i n g N-che la ted intermediates have been b y far the 
most useful . I n several instances the route p r o v i d e d b y ortho l i th ia t i on 
constitutes the only avai lable method for prepar ing certain heterocycles. 
I n other cases such syntheses, a l though not the only routes avai lable , 
represent a considerable improvement over more convent ional methods, 
especial ly consider ing the number of steps i n the overa l l synthesis a n d 
yields . Fur thermore m a n y of the heterocycl ic compounds produced via 
directed metalat ion procedures are of extreme interest i n that they are 
natura l products or derivatives thereof. 

I n i t i a l l y used to prove the 1,2-disposition of the condensation p r o d 
ucts of the respective l i th io intermediates, cyc l i zat ion to heterocycl ic 
compounds r a p i d l y developed into a re lat ively va luab le synthetic tool . 
T h e b u l k of the i n i t i a l w o r k i n this area was per formed b y H a u s e r a n d 
co-workers; later, significant contributions (especial ly i n natura l product 
heterocycle synthesis ) were m a d e i n I n d i a b y N a r a s i m h a n a n d associates. 

O n e of the first uses of d i rec ted metalat ion as a route to heterocycles 
was the synthesis of phthalans (2 ,3 -benzo- l ,4 -d ihydrofurans) b y the ther
m a l l y i n d u c e d cyc l i zat ion of the methiodides of ortho-substituted d i -
methylbenzylamines (Reac t i on 37) (45 ) . T h e amine was l i th ia ted i n the 
ortho pos i t ion b y n - b u t y l l i t h i u m a n d condensed w i t h benzaldehyde a n d 
benzophenone. T h e corresponding alcohols obta ined u p o n aqueous 
w o r k - u p w e r e converted to their respective methiodides . H e a t i n g the 
methiodides to 200 ° C for one hour under n i trogen gave the phthalans 
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240 P O L Y A M I N E - C H E L A T E D A L K A L I M E T A L C O M P O U N D S 

CONHCH; C O N H C H 3 
0 

| . n - C 4 H 9 L i 

2. P h 2 C 0 

(38) 

NCH, 
/ 3 

Ph Ph 

A phthalimidine 

s h o w n i n React ion 37. A quite analogous procedure w i t h d imethy lamino -
methylferrocene as the start ing mater ia l gave the ferrocene analog of the 
phtha lan der ived f rom the benzophenone condensation ( 10 ) . 

D i s covery that the N-subst i tuted carboxamide group c o u l d direct 
metalation(46) l e d to the eventual establishment of synthetic routes to a 
n u m b e r of heterocycles, i n c l u d i n g subst ituted lactones, phtha l imid ines , 
a n d isocarbostyrils (47). C y c l i z a t i o n of the products of condensation of 
the l i th io intermediates of N -methy lbenzamide y i e l d e d five-membered 
heterocycles (Reac t i on 38) (48). o - M e t h y l - N - m e t h y l b e n z a m i d e , i n w h i c h 
the m e t h y l group was l i th ia ted , gave s ix-membered r i n g heterocycles 
(Reac t i on 39) (49). T h e mechanism of the cyc l i zat ion step i n the latter 
procedure has been dealt w i t h i n some d e p t h i n the l iterature ( 5 0 ) ; an 
independent reinvest igat ion, however , has cast doubt o n the v a l i d i t y of 
the d ihydro isocarbostyr i l structures proposed (51). 

Sulfonamides as ortho-direct ing substituents for meta lat ing aromatic 
systems opened the door to synthetic routes to cyc l i c sulfonic esters 
(sultones) a n d amides ( su l tams) . T h e first step i n this procedure for 
prepar ing sultams invo lved the 2-metalation of 2V-alkylbenzenesulfonam-
ides (52) a n d condensation w i t h a var iety of ketones. T h e tert iary alco-

CONHCH, 
1 0 

(39) 

0 

An isocarbostyril 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
97

4 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
4-

01
30

.c
h0

12



12. S L O C U M A N D S U G A R M A N Directed Metalation 241 

hols thus produced were thermal ly dehydrated to f o rm the corresponding 
sultams (Reac t i on 40) (52 ) . F o r the preparat ion of sultones, N,N-ài-
methylbenzenesul fonamide was l ikewise 2-metalated (53) a n d condensed 
w i t h benzophenone ( React ion 41 ). T h i s product undergoes two reactions 
(54 ) . U p o n treatment w i t h co ld , concentrated sul fur ic a c i d / m e t h a n o l , 
the tert iary a lcohol was c y c l i z e d to the sultone. A t — 78 ° C , the same 
reagents gave the m e t h y l ether. A s imi lar ef fect—namely changing 
react ion condit ions to obta in different products—was observed w i t h 
tert iary alcohols p r o d u c e d b y condensation of c a r b o n y l compounds w i t h 
2 - l i th iobenzamide (48). H e a t or weak ac id converted 2 -d ipheny lhydroxy -
m e t h y l - N - m e t h y l b e n z a m i d e to the five-membered lactone r i n g (Reac t i on 
3 8 ) , whereas treatment w i t h strong ac id gave the corresponding lac tam 
(Reac t i on 38 ) . M i l d ac id i n the case of a cyc l i c ether i n the ferrocene 
series opened the r i n g (Reac t i on 42) ( 55 ) . 

Ph Λ. 

Fe Fe 
I I 

H a u s e r et al. ( 56 ) have reported the use of N - m e t h y l a m i n o m e t h y l as 
a n ortho-d irect ing substituent. Treatment w i t h a c i d of the secondary a n d 
tert iary alcohols produced b y condensation of the 2- l i thio in te rmed ia te— 
i n this case w i t h benzaldehyde a n d acetophenone, respec t ive ly—produced 
isoindol ines (Reac t i on 43 ) . 

N a r a s i m h a n a n d Ranade (57) have incorporated the 2-metalation 
procedure into the preparat ion of i soquinol ine . Fur thermore their obser-

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
97

4 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
4-

01
30

.c
h0

12



242 P O L Y A M I N E - C H E L A T E D A L K A L I M E T A L C O M P O U N D S 

vat ion that metalat ion occurs i n between two meta-oriented ortho direct 
ing groups (Reac t i on 26) a l l owed them to synthesize 5-methoxyisoquino-
lines via the d i rec ted metalat ion process (see b e l o w ) . B o t h condensation 
of 2 - l i t h i o - N , N - d i m e t h y l b e n z y l a m i n e w i t h ethylene oxide f o l l owed b y 
cyc l i za t i on a n d subsequent dehydrogenat ion (Reac t i on 4 4 ) , a n d con
densation of 2- l i thio N, ]V-d imethyl -^ -phenethylamine w i t h para formalde 
h y d e f o l l owed b y cyc l i zat ion a n d subsequent aromatizat ion (Reac t i on 
44) y i e lded isoquinol ine . 

M e t h o x y - a n d ethoxy-substituted quinol ines were metalated a n d 
condensed w i t h a var iety of electrophiles to y i e l d , after other steps, a 
var iety of natura l products a n d derivatives (58 ) . A m o n g the condensing 
agents were ethylene oxide a n d a l l y l bromide , a n d the heterocyc l ic 

Figure 2. Synthesis of furoquinolines 
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12. S L O C U M A N D S U G A R M A N Directed Metalation 243 

Rj = 0CH 3; R2=H Dihydropteleine 

Rj ' H ; R2 S 0CH 3 Dihydro"^~ fargarine 

R|=R2=H Dihydrodictamine 

Figure 3. Synthesis of edulitine, dihydropteleine, dihydro-y-fargarine, and 
dictamine 

natura l products synthesized i n c l u d e d furoquinol ines ( F i g u r e 2 ) a n d 
edul i t ine , d ihydropte le ine , dihydro-γ-ίargarine, a n d d i c tamine ( F i g u r e 3 ) . 

N a r a s i m h a n a n d B h i d e (59) have also devised an elegant route for 
transforming laudanosine to te trahydropalmit ine via a d irec ted metalat ion 
procedure (Reac t i on 45 ) . T h i s react ion sequence is important because 
there was previous ly no synthetic route for this transformation. 
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N a r a s i m h a n a n d B h i d e (60) also f o u n d that the d i m e t h y l a m i n o m e t h y l 
a n d 2V-methyl carboxamide funct iona l groups are stronger ortho directors 
t h a n the methoxy group. A p p l y i n g this knowledge , they were able to 
synthesize methoxy-subst i tuted isoquinol ines a n d isocoumarins. A m o n g 
the derivatives of i socoumarin prepared were m e l l e i n a n d 8-methoxyiso-
c o u m a r i n ( F i g u r e 4) (61, 62). Re la ted d irected metalations have been 
per formed on some p e r h y d r o i n d i a n derivatives (Reac t i on 46) (63, 64). 

8 - methoxyisocoumarin 

Figure 4. Preparation of isocoumarin derivatives mellein and 
8-methoxyisocoumarin 
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12. S L O C U M A N D S U G A R M A N Directed Metalation 245 

R = C H , , Y= 4 9 % 
3 (47) 

R=Ph, Y * 2 2 % 

Increasing numbers of researchers are contr ibut ing to heterocyc l ic 
syntheses us ing d irected metalat ion reactions a l though the appearance 
of this w o r k i n the l i terature is just beg inning . Recent ly L o m b a r d i n o 
(65) reported the synthesis of a complex heterocycl ic system conta in ing 
carbon, nitrogen, a n d sul fur (Reac t i on 47 ) . Synthet ic routes to these 
compounds are compared—namely , that via d i rected metalat ion a n d that 
i n v o l v i n g e lectrophi l ic substitution. Yie lds f rom the d irected metalat ion 
sequence were h igher and the number of steps l ower than those f r o m 
e lectrophi l i c substitution, thus demonstrat ing the potent ial va lue of 
d i rec ted metalat ion i n prepar ing compounds whose synthesis has a lready 
been established b y a n alternate route. 
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Synthetic Applications of N-Chelated 
Organolithium Compounds 

M. D. RAUSCH and A. J. SARNELLI 

University of Massachusetts, Amherst, Mass. 01002 

The discovery that organolithium compounds are made 
considerably more reactive by coordination with chelating 
tertiary diamines has greatly stimulated studies involving 
synthetic applications of these reagents. Most of the studies 
by far are concerned with the metalation reaction—hydro
gen-metal interconversion—since the chelated organolithium 
intermediates are powerful metalating agents. Metalation 
studies involving benzene, toluene and other alkylbenzenes, 
thioanisole, anisole, benzylamines, methyl sulfides, methyl
phosphines, methylsilanes, ferrocene, bis(benzene)chromium, 
and many other compounds have been described during the 
past several years. Chelated organolithium reagents also 
exhibit enhanced reactivity in addition to double and triple 
bonds and in other reactions. All these studies suggest that 
chelated organolithium reagents will play an important role 
in the future development of organic and organometallic 
syntheses. 

/"phe history of organolithium chemistry dates essentially from about 
1930, when Karl Ziegler first prepared organolithium reagents from 

organic halides and lithium metal. In his pioneering paper that year (I), 
Ziegler predicted the great potential utility of organolithium reagents in 
both organic and organometallic syntheses. As the utility of these re
agents in syntheses developed, it became clear that certain solvent sys
tems were "better" than others. In other words, ethers are better than 
hexane and other alkanes as solvents because the organolithium com
pounds are appreciably more reactive in ethers. The relative reactivity 
of the organolithium reagent varies with the nature of the ether as well. 
Gilman et al. (2, 3), for example, found that ethyl ether and tetrahydro-

248 
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furan together make a m u c h more effective solvent for metalat ion reac
tions than does e thy l ether alone. O n the other h a n d , some organo l i th ium 
compounds attack ethers; therefore, m a n y organo l i th ium reagents ( such 
as n - b u t y l l i t h i u m ) are most often prepared a n d sold i n hydrocarbon 
solvents. 

A l s o , add i t i on of smal l quantit ies of L e w i s bases such as amines to 
a l k y l l i t h i u m reagents i n hydrocarbons m a r k e d l y affects react iv i ty , espe
c ia l l y i n connect ion w i t h various anionic po lymer izat i on reactions. F i n d 
ings such as these p r o m p t e d a n u m b e r of research groups i n the early 
1950's to study i n de ta i l the role of L e w i s bases i n the structures of 
o rgano l i th ium compounds (4, 5 ) . I n each case i t was conc luded that 
coordinat ion complexes f o rm w h e n amines are added to o rgano l i th ium 
reagents i n hydrocarbons. 

D u r i n g 1964 a n d 1965 three groups of invest igators—A. W . L a n g e r , 
Jr . , of Esso Research a n d E n g i n e e r i n g ; G . G . E b e r h a r d t of Sun O i l ; 
J . F . E a s t h a m of the U n i v e r s i t y of Tennessee—reported independent ly 
that reactivit ies of o rgano l i th ium compounds are par t i cu lar ly enhanced 
b y chelat ing d i ter t iary a l iphat i c amines, such as Ν,Ν,Ν',Ν'-tetramethyl-
ethylenediamine ( T M E D A ) or sparteine. A n e w era i n the history a n d 
development of o rgano l i th ium chemistry thus began. 

T M E D A Sparteine D A B C O 

M u c h of the early w o r k w i t h N-che la ted organo l i th ium compounds 
was concerned w i t h po lymer i c reac t i ons—in part i cu lar the te lomerizat ion 
of ethylene onto aromat ic hydrocarbons such as benzene a n d toluene to 
produce long-chain alkylbenzenes (6,7, 8,9). 

BuLi + diamine 
A r — H + n - C H 2 = C H 2 > 

A r — ( C H 2 — C H 2 ) n — H (telomerization) 

It was obvious f rom the outset, however , that the remarkable car-
banion ic react iv i ty of these n e w organometal l ic compounds made t h e m 
valuable intermediates i n organic a n d organometal l ic syntheses. L a n g e r 
(6, 7) f ound , for example, that w h e n the B u L i - T M E D A complex was 
prepared i n benzene at 50 ° C a n d phosphorus t r i ch lor ide was added after 
one hour , t r ipheny lphosphine c o u l d be isolated i n 9 2 % y i e l d . B y con-
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trast, B u L i alone does not react w i t h benzene u p to 100°C. L a n g e r also 
observed that B u L i - T M E D A metalates toluene quant i tat ive ly w i t h i n 
minutes at 25 ° C to y i e l d b e n z y l l i t h i u m - T M E D A a n d that this method 
represents b y far the best synthesis of b e n z y l l i t h i u m . 

PCI 
CeHe 

B u L i - T M E D A — — C 6 H 5 L i - T M E D A < 
l h r ' 5 ° ° C (1)00, 

(2)H 20 ^ C H U C O O H (90%) 

( C B H 6 ) 3 P (92%) 

C H CH 
B u L i - T M E D A " » C 6 H 5 C H 2 L i - T M E D A (quanti tat ive) 

25° 

Some of these chelated organo l i th ium complexes have been isolated 
a n d character ized b y L a n g e r (6,7) a n d b y E a s t h a m a n d co-workers (10). 
T h e greatly enhanced react iv i ty of the chelated o rgano l i th ium complexes 
is most l i k e l y the result of an increased ionic character of the c a r b o n -
l i t h i u m b o n d , w h i c h is caused b y strong complexat ion between the chelat
i n g agent a n d the l i t h i u m atom. E a s t h a m (10) has also suggested that 
l o w steric requirements of the tert iary amine are an important factor i n 
promot ing chelat ion of an organo l i th ium c o m p o u n d a n d enhanc ing its 
react iv i ty since 1,4-diazabicyclo[2.2.2]octane ( D A B C O ) is especial ly 
effective i n this regard . 

M e M e 

δ - s+ / C H 2 

C H , C H 2 C H 2 C H 2 : L i ' 

Ν / C H 2 

M e M e 

Metalations of Aromatic Hydrocarbons 

O u r interest i n the synthetic u t i l i t y of N- che la ted organo l i th ium c om
pounds was p r o m p t e d b y this early work . Since deta i led exper imental 
procedures were not general ly avai lab le at that t ime, w e in i t ia ted a s tudy 
of the effects of t ime, temperature, stoichiometry, etc., on the reactions of 
B u L i — T M E D A w i t h benzene. W e f ound that o p t i m u m metalat ion of 
benzene occurs w h e n the pre formed B u L i - T E M E D A complex, prepared 
f rom equimolar amounts of the o rgano l i th ium reagent a n d d iamine , is 
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a l l o w e d to react w i t h benzene at room temperature for three hours ( I I ) . 
C a r b o n a t i o n a n d hydrolysis of the react ion mixture result i n benzo ic a c id 
i n average yie lds of 9 2 % . W h e n the react ion mixture is ref luxed for 
three hours, the y i e l d of benzoic a c i d ( a n d presumably p h e n y l l i t h i u m ) 
decreases to 4 9 % perhaps because of subsequent attack of either B u L i 
or p h e n y l l i t h i u m on the d iamine . 

U s i n g the o p t i m u m condit ions for benzene metalat ion as ind i cated 
b y the carbonat ion studies, w e f o u n d that other reactions t y p i c a l of 
p h e n y l l i t h i u m proceed i n very h i g h y i e l d w h e n p h e n y l l i t h i u m - T M E D A 
is prepared this way . Some t y p i c a l reactions are out l ined be low. 

L i - T M E D A 

P h 
I 

P h — C — O H 
I 

P h 

M e t a l a t i o n of toluene b y B u L i - T M E D A has been studied i n de ta i l 
b y C h a l k a n d H o o g e b o o m (12 ) . A 10:1 rat io of toluene to meta lat ing 
agent was used; the reactions were f o l l owed b y quench ing w i t h either 
d i m e t h y l sulfate or tr imethylchlorosi lane. Products were examined b y 
gas - l iqu id chromatography. M e t a l a t i o n occurs at a l l four nonequivalent 
sites on toluene, a n d the isomer distr ibutions w i t h i n a sample occur i n 
constant proport ions, independent of the extent of react ion a n d the nature 
of the quench ing reagent. A b o u t 9 0 % of the metalat ion takes place at 
the benzy l i c posi t ion, about 5 % at the meta posi t ion o n the r i n g , a n d the 
rest about equal ly at the ortho a n d para positions. T h e authors were 
able to show that r a p i d isomerizat ion of the various organo l i th ium re
agents does not occur a n d that the constant isomer d i s t r ibut ion depends 
on kinet ic factors only . 
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C H 3 ÇH 2Li Ç H 3 C H 3 C H 3 

Hexane, 25°' 
+ n - B u L i - T M E D A • 

30 sec to 5 hr 
L i 

Derivatized by M e 3 S i C l : 90.4% 2.0% 5.6% 2.0% 

Derivatized by M e 2 S 0 4 : 89.8 2.1 5.5 2.6 

(isomer distributions within a sample) 

C H 3 C H 3 

Me 3SiCl J L ^ r 

B r + l . T M E D A ^ L i - T M E D A • (0)~ 

(only) 

Broaddus (13) s tudied extensively the metalations of the aromatic 
hydrocarbons benzene, toluene, ethylbenzene, cumene, tert-butylbenzene, 
a n d anisole b y B u L i - T M E D A . H e used a 4:1 rat io of arene to meta lat ing 
agent, a n d he f o l l owed the reactions b y gas - l iqu id chromatography of 
the m e t h y l esters result ing f rom carbonat ion a n d subsequent esterifica-
t ion. Broaddus also conc luded that react ion t ime has no measurable 
effect on the product d i s t r ibut ion of metalated products a n d that re 
arrangement of the k inet i ca l ly favored products is not significant. H e 
further observed that the extent of r i n g metalat ion , compared w i t h b e n -

σ 

Substrate Time, Benzyl, Ortho, Meta, Para, 
hr % % % % 

C H 3 0.25 89 3 9 (ortho and 
m e t a c o m 
bined) 

C H 2 C H 3 

C H M e 2 

C M e 3 

0.5 90 2 8 11 
1.0 88 3 9 11 
2.0 92 2 6 11 

0.5 38 9 36 17 
1.0 37 9 36 17 
6.5 38 9 36 17 

2.0 3 10 57 30 
24.0 3 8 59 30 

4.0 68 32 
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zy l i c metalat ion, fo l lows the order cumene > > ethylbenzene > toluene. 
A c c o r d i n g to his explanation of this trend, the transit ion states l ead ing to 
b e n z y l carbanionic species are destabi l ized b y an increased number of 
m e t h y l groups relat ive to those invo lved i n metalat ion at r i n g sites. 
Broaddus also f ound that i n a competit ive metalat ion of a benzene-anisole 
mixture , the ortho posi t ion of anisole undergoes metalat ion about 100 
times faster than does benzene. 

W h e n a metalat ing agent such as B u L i — T M E D A is present i n a m u c h 
greater mo lar excess t h a n the aromatic substrate, po lymetalat ion fre
quent ly occurs. Po lymeta lat ion reactions of toluene, anthracene, b i 
pheny l , fluorene, a n d indene have been extensively s tudied b y W e s t et al. 
(14) a n d H a l a s a ( 15 ) . These results, as w e l l as those c i ted above, 
i l lustrate that w h i l e metalat ion can be done convenient ly w i t h B u L i -
T M E D A , complex metalated intermediates are often obtained, depend ing 
frequently on the react ion stoichiometry. T h i s lack of selectivity can 
obviously l i m i t the synthetic u t i l i t y of a g iven react ion system. 

H a u s e r a n d co-workers (16, 17) s tudied the metalat ion of N - a l k y l -
aromatic amines us ing B u L i - T M E D A . N - M e t h y l b e n z y l a m i n e undergoes 
d imeta lat ion m a i n l y at the nitrogen atom a n d the o-benzyl positions, as 
ev idenced b y deuteration studies. Ν,Ν-Dimethyl-o-toluidine undergoes 
metalat ion p r i m a r i l y i n the 2 -methyl posi t ion w h i l e N , IV-d imethy l -p -
to lu id ine undergoes only ortho r i n g metalat ion. T h i s study showed that 
the B u L i - T M E D A complex is an apprec iab ly better metalat ing agent i n 

H L i 

^ N ^ C H 2 — N — C H 3 + n - B u L i + T M E D A ^ » ^ s ^ C H 2 — N — C H 3 

(2 moles) (4 moles) (1 mole) ^ ^ L i 
^ 50-60% 

Κ ) + n - B u L i + T M E D A » ( ) 
^ S m 3

 2 5 ° c > 3 h r ^ ^ C H . L i 

(2 moles) (4 moles) (1 mole) 90-94% 

N ( C H 3 ) 2 N ( C H 3 ) 2 

( φ + n - B u L i + T M E D A - £ = ^ 

C H 3 C H 3 80% 

(3 moles) (4.5 moles) (4.5 moles) 
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reactions w i t h these amines than is B u L i alone. T h e complex is not on ly 
an effectively stronger base, as suggested b y better y ie lds a n d shorter 
metalat ion periods, but also a more selective one. 

S l o cum a n d co-workers ( 18) recently examined the effect of T M E D A 
on d i rec ted metalat ion reactions. N , N - D i m e t h y l b e n z y l a m i n e , β-phenyl-
e thy ld imethy lamine , Ν,Ν-dimethylaniline, a n d anisole, a l l k n o w n to 
undergo ortho metalat ion w i t h B u L i but at a re lat ive ly s low rate, were 
each l i th ia ted under condit ions s imi lar to those previous ly reported , 
except that one equivalent of T M E D A was a d d e d to each metalat ion 
react ion. I n three cases, the metalat ion rate was increased signif icantly 
w i t h on ly a sl ight loss i n overa l l y i e l d . These workers also f ound that 
the site of r i n g metalat ion w i t h p - m e t h o x y - N , N - d i m e t h y l b e n z y l a m i n e can 
be reversed b y us ing T M E D A . 

T h u s , us ing B u L i - T M E D A vs. B u L i alone offers synthetic u t i l i ty 
i n substantial ly increasing metalat ion rates of certain monosubst i tuted 
benzenes as w e l l as contro l l ing the metalat ion sites i n compounds con
t a i n i n g more than one ortho-direct ing substituent. 

Several add i t i ona l recent reports have also demonstrated the effects 
of T M E D A on product y ie lds a n d selectivity i n metalations i n v o l v i n g 
B u L i . F o r example, K o b r i c h a n d M e r k e l (19) f o u n d that d i c y c l o p r o p y l -

C H 2 — N M e 2 

4 8 % 

O C H 3 

H H 

0 - c - o < | 
B u L i , T H F 

L i H 

ρ > ! _ θ Ξ ο Λ ^ ] 7 ° - 7 3 % 

4 6 - 4 8 % 3 5 - 4 1 % 
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acetylene is converted solely to a monol i th io der ivat ive b y B u L i at r oom 
temperature. B y contrast, B u L i - T M E D A produced , i n a dd i t i on to the 
monol i th io der ivat ive , a d i l i th i o der ivat ive i n about the same y i e l d . 

Sh i r l ey a n d C h e n g (20) reported i n 1969 that metalat ion of 1-meth-
oxynaphthalene b y B u L i produces a mixture of the 2- l i thio and the 
8-l ithio derivatives i n an overa l l y i e l d of 2 8 % as shown b y carbonation. 
W h e n the same react ion condit ions are used except that one equivalent 
of T M E D A is added , a shift i n product composi t ion to > 9 9 . 3 % 2-metala-
t ion and < 0 . 3 % 8-metaIation occurs, a n d the y i e l d of l -methoxy -2 -
naphthalenecarboxyl ic a c id increases to 6 0 % . O n the other h a n d , meta la 
t ion of 1-methoxynaphthalene w i t h tert-BuLi i n pentane-cyc lohexane 
solvent gives a product representing 9 7 % 8-metalation a n d 3 % 2-metala-
t ion. These selective metalations therefore constitute a useful synthetic 
route to 1,2- and 1,8-disubstituted naphthalene derivatives. 

O C H 3 L i O C H ; 

W h i l e s tudy ing the reactions of perylene, Ziegler (21) observed that 
treatment of perylene w i t h m e t h y l l i t h i u m i n b o i l i n g benzene gives only a 
0 .1 -2 .0% y i e l d of the a lky lat ion product , 1-methylperylene; 90 to 9 5 % 
of the starting hydrocarbon is invar iab ly recovered. 

4 3 

9 10 

Perylene 1 -Methylpery lene 
(90-95% recovery) (0 .1-2.0% yield) 

A d d i n g T M E D A to the reaction mixture increases the y i e l d of 
a lky la t i on product to 1 0 % . Subsequent w o r k b y Ziegler a n d L a s k i (22) 
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256 P O L Y A M I N E - C H E L A T E D A L K A L I M E T A L C O M P O U N D S 

showed that perylene methy lat ion us ing M e L i / T M E D A i n benzene at 
80 ° C for a shorter react ion t ime produces a 3 3 % y i e l d of c rude crystal l ine 
methyld ihydropery lenes f rom w h i c h 1-methylperylene can be isolated by 
dehydrogenat ion us ing P c / C . These a lky la t i on reactions presumably 
proceed via add i t i on of the organo l i th ium reagent to f orm a l i t h i u m 
a lky ld ihydroaromat i c intermediate ; l i t h i u m h y d r i d e is then e l iminated , 
a n d the a lky la ted aromatic hydrocarbon forms. 

Metalations of Organic Molecules Containing Hetero Atoms 

T h e reactions discussed so far dea l w i t h metalations of aromatic 
hydrocarbons. Another group of metalat ion reactions of N-che la ted 
organo l i th ium complexes invo lve organic molecules conta in ing hetero 
atoms. Second-row elements such as S, P , S i , etc., possess d orbitals that 
seem capable of s tab i l i z ing the par t ia l negative charge on attached 
C H 2 L i groups b y dat ive π b o n d i n g — t h a t is, d -orb i ta l resonance s tab i l i za 
t i on can occur. O n c e again the greatly enhanced react iv i ty of N-che la ted 
o rgano l i th ium reagents has proved very useful synthet ical ly i n f o r m i n g 
a series of carbanions subst ituted w i t h hetero atoms. 

A s an example, the m e t h y l group i n thioanisole can be metalated 
us ing n - b u t y l l i t h i u m to produce p h e n y l t h i o m e t h y l l i t h i u m ; b y contrast, 
anisole under the same condit ions is metalated at an ortho posit ion. T h i s 
react ion has been of l i t t le prac t i ca l use i n synthesis since the m a x i m u m 
y i e l d of the l i t h i u m intermediate is on ly about 3 5 % . H o w e v e r , C o r e y 
a n d Seebach (23) recently developed an excellent procedure for generat
i n g p h e n y l t h i o m e t h y l l i t h i u m i n essentially quant i tat ive y i e l d b y react ion 
between equimolar amounts of thioanisole, n - b u t y l l i t h i u m , a n d D A B C O 
i n te trahydrofuran at 0 ° C . 

Peterson (24) has also shown that even d i m e t h y l sulfide can be 
metalated b y B u L i - T M E D A to give h i g h yields of methy l th i omethy l -
l i t h i u m . T h e react ion is r a p i d at room temperature a n d essentially com
plete w i t h i n four hours i n hexane as the solvent. M e t h y l t h i o m e t h y l l i t h i u m 
is qu i te va luable as an intermediate i n synthesiz ing carbon funct ional ly 
subst i tuted organosulfur compounds since i t has the un ique advantage of 
g i v i n g derivatives i n the sulfide ox idat ion state. These derivatives can 

B u L i + 

(1 mole) (1 mole) (1 mole) 9 7 % ( D 2 0 ) 
9 3 % (Benzophenone) 
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13. R A U S C H A N D sARNELLi Synthetic Applications 257 

be subsequently converted read i l y into the ir corresponding sulfoxides, 
sulfones, a n d su l f on ium compounds b y k n o w n procedures. 

Hexane ^ „ ^ 
C H 3 — S — C H 3 + B u L i + T M E D A • C H 3 — S — C H 2 L i + C H 3 S " Li+ 

20°C, 4 hr 

(1 mole) (1 mole) 
C e H 6 C H O 

O H 
I 

C H 3 — S — C n H 2 3 - n C H 3 — S — C H 2 — C H — C e H 5 

32% 84% 

Several groups have s tudied the feas ib i l i ty of meta lat ing the w e a k l y 
ac id i c methylsi lanes to f o rm the corresponding s i l y l m e t h y l l i t h i u m c o m 
pounds , a process of considerable theoret ical a n d synthetic interest. 
Peterson (25) s tudied a three-day react ion between B u L i - T M E D A a n d 
tetramethyls i lane at room temperature. D e r i v a t i z a t i o n of the react ion 
mixture w i t h t r imethylchloros i lane gives a 3 6 % y i e l d of bis ( t r i m e t h y l -
s i l y l ) methane a n d an 1 8 % y i e l d of a product resul t ing f rom p a r t i a l 

Me C H 2 L i - T M E D A 

3 davs ^ f 
Me 4Si + B u L i - T M E D A M e 3 S i C H 2 L i - T M E D A + N—CH 2 CH 2 —Ν 

H.T. / \ 

Me Me 

Me CH 2 SiMe 3 

\ / 
Me 3 SiCH 2 SiMe 3 + Ν—CH 2 CH 2 —Ν <

 M c > a S l C I 

/ \ 
Me Me 

36% 18% 

Me 

η-Bu—SiMe3 + B u L i - T M E D A 4 d a y S » η-Bu—Si—CH 2Li-TMEDA 
I 

Me 
~'i,SiCl 

Me 
I 

η-Bu—Si—CH2SiMe3 

I 
M e 46% 

metalat ion of the T M E D A l igand . M e t a l a t i o n of n -buty l tr imethyls i lane 
w i t h B u L i - T M E D A for four days at room temperature also proceeds 
readi ly at one of the m e t h y l groups. 

G o r n o w i c z a n d W e s t (26) f o u n d that tetramethyls i lane can also be 
metalated i n ca. 4 0 % y i e l d b y terf-butyllithium i n the presence of T M E D A 
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258 P O L Y A M I N E - C H E L A T E D A L K A L I M E T A L C O M P O U N D S 

for four days at room temperature. I n add i t i on , t r imethylchloros i lane 
also reacts w i t h this JV-chelated organo l i th ium reagent to produce not 
on ly the coup l ing product , i er f -buty l t r imethyls i lane , but also the organo
l i t h i u m intermediate result ing f rom metalat ion of one of the m e t h y l 
groups. U n d e r the same condit ions, t r imethylchloros i lane can be meta 
lated m u c h more r a p i d l y than tetramethylsi lane, ind i ca t ing that the p r o 
tons of tr imethylchloros i lane are s ignif icantly more ac id i c than those of 
tetramethylsi lane. Steric h indrance to c o u p l i n g seems to be essential for 
metalat ing tr imethylchloros i lane since w i t h n - b u t y l l i t h i u m (either w i t h 
or w i t h o u t T M E D A ) tr imethylchloros i lane gives exclusively the coup l ing 
product , n -buty l tr imethyls i lane . 

Me 
Pentane, 15°-30°C I 

Me 3 SiCl + tert-BuLi + T M E D A • Me3Si—tert-Bu + L i C H 2 — S i C l 
< 1 min 

20% Me 

Me 3 SiCl 

(2 moles) (0.5 mole) (0.12 mole) 

Me Me 
I teri-BuLi ' 

Me3SiCH«>Si—tert-Bu * Me 3 SiCH 2 SiCl 
I I 

40% Me 20% Me 

Pentane, 25°C „ _ β 

Me 4 Si + tert-BuLi + T M E D A • M e 3 S i C H 2 L i 
4 days 

- ^ M e 3 S i C H 2 S i M e 3 

(1.2 mole) (1 mole) (0.25 mole) Me,SiCl added M 

40% 

Metalat ions of various methylphosphines b y B u L i - T M E D A were 
s tudied b y Peterson (27) a n d b y Rausch a n d C i a p p e n e l l i ( I I ) . Whereas 
methy ld ipheny lphosph ine , for example, is inert to B u L i i n hydrocarbon 
solvents, add i t i on of an equivalent of T M E D A gives (d iphenylphosphino) -
m e t h y l l i t h i u m i n 4 0 - 7 5 % y i e l d . D i m e t h y l p h e n y l p h o s p h i n e a n d d i m e t h y l -
n-octadecylphosphine can also be converted into a - phosph inoa lky l l i th ium 
compounds i n s imi lar yields w i t h B u L i - T M E D A . T h e u t i l i t y of these 
reagents as intermediates i n synthesizing carbon funct ional ly subst i tuted 
phosphines was demonstrated b y reactions w i t h d iphenylch lorophosphine , 
benzophenone, carbon dioxide , etc. 

Metalations of Organometallic ir Complexes 

Metalat ions of various organometal l i c π complexes w i t h N - c h e l a t e d 
organo l i th ium complexes have also rece ived considerable attention i n 
recent years. Perhaps the best k n o w n organometal l ic π complex is ferro
cene. A l t h o u g h it was discovered very early i n the development of fer-
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13. R A U S C H A N D S A R N E L L I Synthetic Applications 259 

P h P h 
\ Hexane, 2 hr, R.T. , \ 

P — C H 3 + B u L i - T M E D A » P — C H 2 L i - T M E D A 
/ then T H F added / 

P h P h 

(1 mole) (1 mole) 4 0 - 7 5 % 

(Character ized by P h 2 P C l 
a n d benzophenone) 

U s i n g B u L i alone a n d hexane, no reaction. 

U s i n g B u L i alone a n d E t 2 0 as solvent, 2 1 % meta la t i on 
i n 48 hours. 

P h P h 
Hexane, 1 hr, \ 

P — C H 3 + B u L i - T M E D A • Ρ — C H 2 L i - T M E D A 
/ R . T . , 

C H 3 C H 3 6 5 % 

™-Ci^H 2 5 n - C i 2 H 2 5 

P — C H 3 + B u L i - T M E D A H e x a n e > 6 h r> » Ρ — C H 2 L i - T M E D A 

/ R T - / 
C H 3 C H 3 4 4 % 

rocene chemistry that this remarkable c o m p o u n d can be metalated w i t h 
organo l i th ium reagents, such reactions invar iab ly l ead to mixtures of 
mono- a n d d i l i th i o intermediates. R a u s c h a n d C i a p p e n e l l i (11) subse
quent ly f ound that conversion of ferrocene to Ι,Γ-dilithioferrocene can 
be done v i r t u a l l y quant i tat ive ly b y treat ing ferrocene w i t h s l ight ly more 
than two equivalents of B u L i - T M E D A i n hexane solution for 6 hrs. 
T h e Ι,Γ-dilithioferrocene prepared this w a y has p r o v e d to be an i m p o r 
tant intermediate i n f o rming heteroannular ly d isubst i tuted ferrocene 
compounds. T h u s , carbonat ion a n d hydrolys is of this d i l i t h i u m reagent 
gives Ι,Γ-ferrocenedicarboxylic a c i d i n 9 8 % y i e l d w h i l e reactions w i t h 
either benzophenone or p y r i d i n e give l , l ' - b i s ( d i p h e n y l h y d r o x y m e t h y l ) -
ferrocene a n d l , l ' - d i ( 2 - p y r i d y l ) ferrocene i n yields of 8 0 % a n d 3 0 % , 
respectively. 

Subsequent studies (28) have l ed to the development of one-step, 
h i g h - y i e l d syntheses of Ι ,Γ-di iodo- , Ι ,Ι ' -dibromo-, a n d Ι,Γ-dichloroferro-
cene f rom reactions i n v o l v i n g Ι,Ι'-dilithioferrocene prepared w i t h either 
the halogens, p-to luenesul fonyl hal ides , or po lyhalogenated alkanes at 
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260 P O L Y A M I N E - C H E L A T E D A L K A L I M E T A L C O M P O U N D S 

Fe + B u L i - T M E D A 
Hexane 

(1 mole) (2.5 moles) 

I 
Fe 

X = C l , B r , I 

40-75% 

C O O H 

C O O H 

8 0 % 9 4 % 

l o w temperatures. T h e ready ava i lab i l i t y of these Ι,Γ-dihalogenated 
ferrocenes i n h i g h p u r i t y has made possible a series of o l igomer ic 1,1'-
polyferrocenes whose mixed-valence derivatives are be ing evaluated 
as organometal l ic semiconductors (29, 30, 31). 

Rausch , Moser , a n d M e a d e recently isolated a n d character ized a 
series of N - che la ted l ithioferrocenes. T h e o rgano l i th ium reagent ob
ta ined f rom the d imeta lat ion of ferrocene w i t h B u L i - T M E D A contains 
two molecules of che lat ing agent; the reagent is a very air-sensit ive, 
pyrophor i c so l id . It can be stored i n the so l id state under ni trogen for 
l ong periods, however , a n d is a useful so l id intermediate (32, 33). F e r r o -
c e n y l l i t h i u m , isolated f rom a react ion between bromoferrocene a n d B u L i , 
surpr is ing ly exhibits apprec iable air stabi l i ty a l though its T M E D A de
r ivat ive is very air-sensitive. 

- T M E D A T M E D A 

F e F e 

L i - T M E D A 

Studies of ferrocene po lymeta lat ion as w e l l as the metalat ion of 
substituted ferrocenes us ing B u L i - T M E D A have also been reported 
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13. R A U S C H A N D S A R N E L L I Synthetic Applications 261 

recently. H a l a s a a n d Tate (34) metalated ferrocene us ing a 10-fold 
excess of B u L i - T M E D A i n hexane at 70 ° C . T h e y f ound that u p to 
seven atoms of l i t h i u m can be in t roduced after five hours, as ev idenced 
b y deuterat ion a n d tr imethyls i lat ion . 

F e + B u L i + T M E D A g e x a ? ° . 
^ 70°C, 5hr 

^ (10 moles) (7.5 moles) 

(1 mole) 

U p to seven L i atoms introduced , 
as evidenced b y deuterat ion 
a n d t r i m e t h y l s i l y l a t i o n . 

H e d b e r g a n d Rosenberg (35, 36) have shown that Ι ,Γ-dichloro-
ferrocene and ruthenocene undergo d imeta lat ion read i ly w i t h B u L i -
T M E D A . Treatment of the d imetalated intermediates w i t h hexachloro-
ethane gives the corresponding l , r ,2 ,2 ' - tetrachlorometal locenes i n h i g h 
y ie lds , a n d these tetrahalogenated derivatives have served as in termed i 
ates to the very thermal ly a n d chemica l ly stable perchlorometallocenes. 

C I 

M' Hexane JT 

+ B u L i - T M E D A » M ι τ 2 3 o C . , 1 , 1 hr, I v 
, x t h e n C l 3 C C C l 3 / Ç ^ 1 1 ^ ™ 

C I (3 moles) ^ — ^ X - C I 

M = F e , R u (1 mole) C 1 

M = F e (83%) 

H u f f m a n a n d C o p e (37) recently used B u L i - T M E D A to metalate 
2-chloromethylferrocene. T h e eventual products of this react ion are 
about e q u a l amounts of 2 -methyl - a n d 3-methylbutyl ferrocene, suggesting 
the possible intermediacy of methyl ferrocyne. 

E l s c h e n b r o i c h (38) s tudied the metalat ion of d i ( b e n z e n e ) c h r o m i u m , 
us ing a 5:1 mo lar rat io of B u L i - T M E D A to this ?r-arene complex. T h e 
extent a n d or ientat ion of metalat ion were s tudied b y mass spectrometry 
of the products after quench ing w i t h D 2 0 . A l i t h i u m substituent on 
d ibenzenechromium strongly activates the molecule t o w a r d further meta -
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c i CI 

M e L i " < ^ ^ ^ M e 

B u L i ' I 
F e 

T M E D A 

h 4 

F e 
B u L i 

T M E D A 

B u 

M e B u - •Me 

F e F e 

I 
C r + B u L i - T M E D A 

(1) Cyclohexane, 

70°C, 1 hr 

(1 mole) 

^ > (5 moles) 

(2) D 2 0 , 

(3) 0 2 ; N H 4 P F e 

< œ > 

C r On P F 6 

M a s s spectral analys is : 

C i 2 H i 2 C r m o n o - D d i - D t r i - D t e t r a - D 

3 3 % 1 1 % 5 2 % 2 % 2 % 
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13. R A U S C H A N D S A R N E L L i Synthetic Applications 263 

lat ion , a n d heteroannular d imeta lat ion is a major result even at early 
stages of the react ion. Compet i t i ve metalat ion studies of d ibenzene-
c h r o m i u m - b e n z e n e mixtures also demonstrated the enhanced metalat ion 
rate a n d therefore the increased k inet i c C — H ac id i ty of the π-complexed 
benzene r ing . B y contrast, B u L i itself does not react w i t h dibenzene-
c h r o m i u m , even after a pro longed interact ion i n various solvents ( 39 ) . 

A d d i t i o n of a che lat ing d iamine such as T M E D A to a metalat ion 
react ion us ing an organo l i th ium reagent does not a lways lead to enhanced 
yields of the desired metalat ion product . T h u s , Nesmeyanov et al. (40) 
reported i n 1968 that b e n z e n e - t r i c a r b o n y l c h r o m i u m w o u l d undergo meta 
lat ion w i t h B u L i i n tetrahydrofuran solution at — 4 0 ° C ; carbonat ion a n d 
hydrolys is give benzoic a c i d - t r i c a r b o n y l c h r o m i u m i n 1 9 % y i e l d . M o s e r 
(41, 42) f ou n d that add i t i on of an equivalent of T M E D A to this react ion 
mixture fails to produce any benzoic ac id—tricarbonylchromium u p o n 
carbonat ion and hydrolys is , presumably because of pr i o r decomposi t ion 
of the organo l i th ium intermediate that forms first under these conditions. 
W h e n the metalat ion of b e n z e n e - t r i c a r b o n y l c h r o m i u m is carr ied out 
us ing B u L i - T M E D A i n hexane, however , 1 7 - 2 0 % yields of the com-
plexed a c i d can be obtained. 

C u r r e n t l y , the best route to p h e n y l l i t h i u m - t r i c a r b o n y l c h r o m i u m is 
one i n w h i c h the react ion between b e n z e n e - t r i c a r b o n y l c h r o m i u m a n d 
B u L i is conducted i n 1:1 e thy l e ther - te t rahydro furan as the solvent sys
tem at — 40 ° C for one hour. U n d e r these condit ions, carbonat ion gives 
benzo ic a c i d - t r i c a r b o n y l c h r o m i u m i n 6 1 % y i e l d , a n d the intermediate 
organo l i th ium reagent has been used to f o rm other funct ional ly subst i 
tuted derivatives of b e n z e n e - t r i c a r b o n y l c h r o m i u m i n good y i e l d (41, 42). 

C r B u L i 
T H F - E t 2 0 (1) co2 

C r 
(2) H 2 0 - 4 0 ° C , 1 hr 

( C O ) (CO)a 

C r 

(CO), 

6 1 % 
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264 P O L Y A M I N E - C H E L A T E D A L K A L I M E T A L C O M P O U N D S 

Nucleophilic Addition to Double and Triple Bonds 

A l l the above reactions invo lve h y d r o g e n - l i t h i u m interconversion 
(meta la t i on ) . There are a l i m i t e d amount of data avai lab le i n d i c a t i n g 
that N-che la ted organo l i th ium intermediates also undergo nuc leophi l i c 
add i t i on to c a r b o n - c a r b o n double a n d tr ip le bonds m u c h more read i ly 
than does the o rgano l i th ium reagent alone. Indeed , this enhanced re
act iv i ty t o w a r d add i t i on reactions is a key factor i n the te lomerizat ion 
of ethylene onto aromatic hydrocarbons (6,7,8,9). 

I n 1966 M u l v a n e y et al. (43, 44) reported that d iphenylacety lene 
reacted w i t h two equivalents of B u L i i n e t h y l ether to produce a d i l i t h i u m 
intermediate w h i c h , on hydrolys is , gives i rans-a-n-butylst i lbene i n 3 9 % 
y i e l d . These workers also noted that a 4 5 % recovery of d iphenylacety lene 
can be real ized . 

2 BuLi 
P h — C ^ C — P h E t 2 0 

trans— α — η — b u t y lstilbene 
3 9 % ( + 4 5 % P h C ^ C P h ) 

K l e m a n n a n d R a u s c h (45) sought to improve the yields of the d i 
l i t h i u m reagent since it appeared to be potent ia l ly useful for synthesiz ing 
metal locyc l i c compounds. A l t h o u g h B u L i a n d d iphenylacety lene do not 
react over m a n y hours i n hydrocarbon solvents, a s imi lar react ion i n the 

P h — C ^ C — P h 
2 T M E D A \ \ / / ^ λ _ Me 2 SiCl 2 

+ 
Hexane, 

2 tt-BuLi 24 hr 
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13. R A U S C H A N D S A R N E L L i Synthetic Applications 265 

presence of two equivalents of T M E D A read i l y produces the des ired 
d i l i t h i u m reagent resul t ing f r om add i t i on a n d ortho metalat ion. Subse
quent react ion w i t h d imethyld i ch loros i lane gives the meta l locyc l i c p r o d 
uct, 3 - n - b u t y l - l , l , 2 - t r i p h e n y l - l - s i l a i n d e n e , i n 9 2 % y i e l d . S imi lar reactions 
w i t h t itanocene d i ch lor ide , pheny ld i ch lorophosphine , d i m e t h y l d i c h l o r o t i n , 
M C 1 4 ( M = S i , G e , S n ) , etc., have also p roduced n e w metal lo indene a n d 
spirocyc l i c derivatives (45, 46, 47). 

S i m i l a r findings were later reported b y M u l v a n e y a n d N e w t o n (48), 
w h o noted that treat ing the d i l i t h i u m reagent resul t ing f r om the a d d i t i o n -
metalat ion react ion w i t h deuter ium oxide produces a 6 9 % y i e l d of trans-
α-η-butylstilbene w h i c h contains 1.91 deuter ium atoms per molecule . 
F u r t h e r , treatment of d iphenylacety lene w i t h 2.5 moles of P h L i - T M E D A 
i n hexane for 6 hrs at reflux f o l l o w e d b y deuterolysis gives an 8 0 % 
y i e l d of t r iphenylethylene conta in ing 1.62 deuter ium atoms per molecule . 
B y contrast, p h e n y l l i t h i u m alone reacts very s lowly (24 hrs ) w i t h d i 
phenylacetylene i n e thy l ether to give, after carbonat ion , o n l y an 1 1 % 
y i e l d of t r ipheny lacry l i c ac id . 

B u 

c . c - 0 + . b „ ™ a 

Bu-n 

Ph 

(1 mole) (2.5 moles) D D 

69% 
2.5 moles C e H 6 L i - T M E D A , , . _. _ . . . x 

hexane reflux, 1 hr, ( L 9 1 D/molecule) 
k then D 2 0 

Ph 

- P h 
D D 

80% 

(1.62 D atoms per molecule) 

A n o t h e r example of the greatly enhanced react iv i ty of B u L i - T M E D A 
compared w i t h B u L i alone i n add i t i on reactions is exempli f ied b y the 
relat ive reactivit ies of these reagents t oward tr iphenylcyc lopropene (49, 
50). B u L i itself is unreact ive t o w a r d this cyc l i c alkene; however , B u L i -
T M E D A reacts read i ly under s imi lar condit ions. It was h o p e d that the 
p o w e r f u l metalat ing capacity of the A 7 -chelated organo l i th ium reagent 
w o u l d produce t r i p h e n y l c y c l o p r o p e n y l l i t h i u m , a n "ant iaromat i c " anion . 
A f t e r treatment w i t h deuter ium oxide, however , the deep-red react ion 
mixture gave instead a 5 8 % y i e l d of a n o i l that was shown b y N M R to 
contain four products ( two sets of stereoisomers ) resul t ing f rom add i t i on 
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266 P O L Y A M I N E - C H E L A T E D A L K A L I M E T A L C O M P O U N D S 

of B u L i to the double b o n d of the cyc lopropene r i n g f o l l owed b y r i n g 
opening. Re la ted metalat ion studies on £rans-l,2,3-triphenylcyclopropane 
also have been carr ied out recently. A g a i n , r i n g opening occurs to pro 
duce a mixture of cis- a n d frans-stilbenes. 

P h H 

+ n - B u L i + T M E D A 
Hexane D 2 0 

P h P h 

(1.0 mole) (6.4 moles) (1.6 moles) 

rc-Bu P h 
\ / 

C = C 

P h 

+ 
n - B u 

\ 

R.T. , 24 hr 

H 
I 

C D — P h 

H 

+ 

C D — P h 
I 

H 

P h 

c = c 
/ \ 

P h C D — P h 
I 

n - B u 

+ 

P h 

C = C 1 

P h 
and n o t : 

P h L i + 

H 
\ 

n - B u 
I 

C D — P h 
/ 

P h ' P h 

C = C 
/ \ 

P h P h 

N - C h e l a t e d organo l i th ium compounds also undergo reactions h a v i n g 
potent ia l ly important synthetic value other than metalat ion a n d addi t i on . 
Peterson (51, 52) has f o u n d , for example, that whereas N , N - d i a l k y l -
methylamines undergo metalat ion w i t h B u L i - T M E D A i n on ly very l ow 
y ie lds , the parent nitrogen-substituted organo l i th ium compound N,N-
d i m e t h y l a m i n o m e t h y l l i t h i u m can be read i ly formed i n h igh y i e l d by a 
transmetalat ion react ion between B u L i - T M E D A a n d ( N , N - d i m e t h y l -
a m i n o m e t h y l ) t r i b u t y l t i n . T h i s m e t a l - m e t a l interchange occurs read i ly 
at r oom temperature, a n d treatment of the result ing N, ]V-d imethylamino-
m e t h y l l i t h i u m - T M E D A complex w i t h benzaldehyde gives the corre
sponding carb ino l i n 8 6 % y i e l d . T h e method can also be extended to 
the synthesis of other N-subst i tuted m e t h y l l i t h i u m reagents. 

O n e report has also demonstrated the enhanced react iv i ty of B u L i -
T M E D A compared w i t h B u L i itself i n the h a l o g e n - m e t a l exchange reac
t ion . H a l l a s a n d W a r i n g (53) have reported that consistently good yields 
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13. R A U S C H A N D sARNELLi Synthetic Applications 267 

Hexane 
n - B u 3 S n — C H 2 — N M e 2 + B u L i - T M E D A • 

(1 mole) (1 mole) 0°C, 1 h r 

( n - B u ) 4 S n + M e 2 N — C H 2 L i - T M Ε D A 
D e r i v a t i z e d w i t h C 6 H 5 C H O ; 8 6 % 

of p - d i m e t h y l a m i n o p h e n y l l i t h i u m can be obta ined by react ion between 
p - b r o m o - N , N - d i m e t h y l a n i l i n e a n d B u L i - T M E D A . Treatment of the 
intermediate organo l i th ium complex w i t h carbon dioxide gives a 7 0 % 
y i e l d of p -d imethy laminobenzo i c a c i d w h i l e treatment w i t h water gives 
Ν,Ν-dimethylaniline i n 6 5 % y i e l d . A l so , format ion of p -d imethy lamino 
p h e n y l l i t h i u m f rom p - b r o m o - N , N - d i m e t h y l a n i l i n e and B u L i alone takes 
p lace i n only moderate y i e l d . O n c e again the enhanced react iv i ty of 
A 7 -chelated organo l i th ium reagents relative to unchelated R L i in termed i 
ates is demonstrated. 

N M e 2 N M e 2 

Et 2 o r ^ ^ i (i) c ° 2 
+ n - B u L i - T M E D A R.T. , 30 min (2) H 2 0 

Organosodium Complexes 

F i n a l l y , a recent report demonstrates the very p o w e r f u l meta lat ing 
abi l i t ies of N-che la ted organosodium complexes. Tr imi ts i s et al. (54) 
f o u n d that an equimolar amount of T M E D A a n d n -amylsod ium fo rm a 
br ight -b lue suspension capable of convert ing dimethylarenes quant i ta 
t ive ly into their α,α'-dianions at room temperature w i t h i n two hours. B o t h 
1,3-dimethylnaphthalene a n d m-xylene reacted w i t h two equivalents of 
n - A m N a - T M E D A to form the corresponding d i sod ium reagents i n over 
9 0 % y i e ld . T h i s area also seems attractive for further study. 
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268 P O L Y A M I N E - C H E L A T E D A L K A L I M E T A L C O M P O U N D S 

+ 2 tt-AmNa + 2 T M E D A 

C H 3 (Bright -blue suspension) 

Hexane 

- 1 5 ° C to R .T . 

C H 2 ~ N a + 

C H 3 I : 1 0 0 % 

C 0 2 : 7 4 % 

Benzophenone : 5 0 % 

C H 3 

+ 2 n - A m N a - T M E D A 

C H 2 - N a + 

Hexane 2 CH3I 
C H 3 

25°C, 2 hr 
C H 2 - N a + 

E t 

9 0 % 
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14 
Asymmetric Synthesis via Lithium Chelates 

THOMAS A. WHITNEY and ARTHUR W. LANGER, JR. 

Corporate Research Laboratories, Esso Research and Engineering Co . , 
Linden, N . J . 07036 

Reactions of a variety of prochiral carbonyl substrates with 
Chel* · LiR, where Chel* = trans-N.N,N',N'-tetramethyl-
1,2-cyclohexanediamine (TMCHD), were studied. Optically 
active carbinols were obtained and had an enantiomeric 
excess of up to 30% without sacrificing one asymmetric 
center to create a new one. Either of the absolute configu
rations of the product can be readily obtained by changing 
the absolute configuration of the chewing agent or by 
interchanging the R groups in the reaction of Chel* · LiR + 
R'COR". For example: 

( - ) - T M C H D · LiC4H9 + C 6 H 5 C H O --> ( - ) - C 6 H 5 C H ( O H ) C 4 H 9  

( - ) - TMCHD·LiC6H5 + C 4 H 9 C H O --> ( + ) - C 6 H 5 C H ( O H ) C 4 H 9 

trans-1,2-Diaminocyclohexane (DACH) is a particularly 
attractive entry into optically active chelating agents for 
lithium reagents. Both enantiomers were obtained readily 
by an improved resolution procedure. 

A symmetric synthesis has been investigated since Emil Fischer's classic 
publication on sugar chemistry in 1894 (I) and has since been the 

subject of numerous studies (2, 3). Marckwald (4) defined asymmetric 
synthesis as "those reactions which produce optically active substances 
from symmetrically constituted compounds with the intermediate use of 
optically active materials but with the exclusion of all other analytical 
processes." A broader definition of asymmetric synthesis is "a process 
which converts a prochiral unit into a chiral unit so that unequal amounts 
of stereoisomeric products result" (see Ref. 3, p. 5). 

Of the various schemes for achieving asymmetric syntheses in reac
tions other than polymerizations, two have received considerable atten-

270 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
97

4 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
4-

01
30

.c
h0

14



14. W H I T N E Y A N D L A N G E R Lithium Chelates 271 

t i o n : enzymatic reactions (5 ) a n d reactions i n v o l v i n g h y d r i d e transfer 
f rom the a lpha or beta pos i t ion of an opt i ca l ly active organometal l ic 
reagent: 

• B iochemica l methods 
O H 

A) Yeas t fermentat ion or | * 
R - C T > R - C - D 

Pur i f i ed enzyme system | 
H 

X X 
I E n z y m e | * 

( ± ) R — C — Y • R — C — Y 5 0 % y i e ld generally 
I I stereospecific 

Ζ Ζ 

• H y d r i d e transfer 

A l ( O R * ) 3 or R * M g X + R1CR2 • 

Ο 

Η 
I* 

R x — C — R 2 + ketone or olefin 
I 

O H 

B o t h methods, however , have disadvantages. B i o c h e m i c a l transfor
mations can have l i m i t e d app l i cat ion , a n d there is always the p r o b l e m of 
finding the proper bacter ia , a n i m a l preparat ion , or enzyme a n d culture 
m e d i u m to effect a new synthesis. I n add i t i on , product i so la t ion—such 
as i n the product ion of an opt i ca l ly active a-deuteroalcohol , where a smal l 
amount of product must be isolated f rom a large quant i ty of spent fer
mentat ion l i q u o r — c a n present f ormidable separation problems. Produc t 
isolat ion f rom enzyme systems, especial ly i m m o b i l i z e d enzymes, c ou ld be 
m u c h s impler , however . 

Hydr ide - t rans fer reactions suffer f rom the several shortcomings. 
F i r s t , a convent ional opt i ca l resolution must usual ly be per formed to 
obta in a n opt i ca l ly active carb ino l , w h i c h is then converted to the hal ide 
w h e n the G r i g n a r d method is to be used. T h e actual reduct ion is gen
eral ly not the only react ion p a t h w a y ; hence carb ino l by -product is pro 
duced . M o r e undesirable , however , is the fact that the asymmetric 
center of the organometal l ic reagent is sacrificed w h e n the n e w c h i r a l 
center is created. Unless the react ion is stereospecific, w h i c h is rare ly 
the case, a net overa l l decrease i n ch i ra l i ty results. 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
97

4 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
4-

01
30

.c
h0

14
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W h i l e this w o r k was i n progress a n alternate method of asymmetr ic 
synthesis via h y d r i d e transfer was reported , i n w h i c h the asymmetr ic cen
ter of the c h i r a l moiety is not sacrif iced (3, p. 204) . T h i s method uses the 
react ion product of L i A l H 4 a n d v a r y i n g amounts of opt i ca l ly active amino 
carbinols , such as ( — ) -quin ine , ( + ) - c inchonid ine , a n d ( — ) -ephedrine, 
to reduce p r o c h i r a l substrates. I n this system the h y d r i d e an ion species 
is s igma b o n d e d to the opt i ca l ly act ive residue, a n d a m a x i m u m of three 
hydr ides are avai lable for further reaction. T h e aminocarbinols cou ld 
sometimes be recovered for reuse. I n the instant system the c h i r a l chelat
i n g agent forms coordinate bonds to the l i t h i u m cation, a n d four hydr ides 
are avai lable for subsequent react ion. 

Conceptua l l y , a n opt i ca l ly active, asymmetr ic l i t h i u m c o m p o u n d , 
C h e l * · L i R (where C h e l * denotes the opt i ca l ly act ive, che lat ing agent) 
should induce stereoselective reactions at the L i - R bond . T h i s should 
occur since react ion can proceed via two diastereomeric transit ion states 
of u n e q u a l energy. I f an energy difference of about 2 k c a l / m o l e c o u l d 
be achieved , 1 0 0 % opt i ca l bias c o u l d be rea l ized . Nevertheless, the 
opt i ca l ly active chelates c o u l d thus be used to prepare op t i ca l l y active 
products i n e lectrophi l i c reactions w i t h o u t destroying one asymmetric 
center to create a n e w one as the chelat ing agent c ou ld be recovered 
unchanged a n d recyc l ed : 

Chel* Precursor 

Before at tempt ing asymmetr ic syntheses via the above scheme, care
f u l thought was g iven to the choice of the C h e l * precursor. It was deemed 
that (a ) the c o m p o u n d should be a racemic mixture ( 6 ) ; ( b ) resolution 
should be easy—that is, very h i g h opt i ca l p u r i t y should be obta ined f rom 
on ly one crysta l l izat ion of an appropriate salt; ( c ) inexpensive resolv ing 
agents {e.g., tartaric a c id ) should be used; ( d ) the C h e l * precursor 
should be easily resolvable even w h e n grossly chemica l ly i m p u r e ; (e ) bo th 
enantiomers should be obtainable i n very h i g h opt i ca l p u r i t y ; a n d ( f ) ab 
solute configuration of the c o m p o u n d should be k n o w n . 

These considerations l e d to the choice of i rans - l ,2 -d iaminocyc lohex -
ane ( D A C H ) as the o p t i m u m i n i t i a l C h e l * precursor since b o t h ( R , R ) -
( — ) - D A C H a n d (S ,S ) - ( + ) - D A C H m a y be obta ined f rom the racemic 
mixture via the ( + )-tartrate a n d ( + ) -b itartrate salts, respect ively (7 , 

Ο 
* II 

C h e l - L i R + R ' — C — R ' 

O H 

* R ^ - C — R " + C h e l * 

L i R 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
97

4 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
4-

01
30

.c
h0

14



14. W H I T N E Y A N D L A N G E R Lithium Chelates 273 

8, 9 ) . T h e l i terature procedures were f o l l owed i n i t i a l l y to separate cis-
a n d trans-OACH (10) a n d to resolve the latter. Var ia t i ons of the p u b 
l i shed procedure (8 ) were s tudied to determine the effect on opt i ca l y i e l d 
of the ( — ) -antipode. T h e best results were obta ined w h e n the react ion 
was r u n w i t h no spec ia l precautions. Pur i f i ca t ion of the D A C H was 
f ound to be unnecessary. 

(S ,S ) - ( + ) - D A C H is less read i ly avai lab le t h a n ( - ) - D A C H . T h e 
former is i n i t i a l l y obta ined f r o m the mother l i q u o r as a n opt i ca l ly i m p u r e 
( + ) -bitartrate , w h i c h is converted to the d ihydroch lo r ide ; the latter salt 
is f ract ional ly c rysta l l i zed repeatedly f rom water a n d , finally the ( + ) -
D A C H - 2 H C 1 salt is mechanica l ly separated f r om the featherl ike aggre
gates of the racemic salt ( 8 ) . T h i s cumbersome procedure was f ound to 
be unnecessary to secure ( - f ) - D A C H of h i g h opt i ca l pur i ty . B y tak ing 
advantage of the racemic mix ture proper ty of D A C H , less than 5 0 % 
chemica l ly a n d opt i ca l ly pure ( - f ) - D A C H is r ead i l y u p g r a d e d b y f rac 
t i ona l crysta l l izat ion f rom the melt or hydrocarbon solution. F u r t h e r 
more, ( + ) - D A C H of very h i g h opt i ca l p u r i t y c o u l d be obta ined b y a 
single crystal l izat ion of the neutra l salt of u n n a t u r a l ( — ) - t a r t a r i c a c id . 
T h u s faci le procedures were deve loped for p r e p a r i n g bo th D A C H ant i 
podes inexpensively a n d i n quant i ty . 

E s c h w e i l e r - C l a r k e (11) methy lat ion of ( + ) - a n d ( — ) - D A C H gave 
( R , R ) - ( - ) - a n d ( S,S ) - ( - f ) - N ^ ^ ^ N ' - t e t r a m e t h y l c y c l o h e x a n e d i a m i n e 
[( + ) - a n d ( - ) - T M C H D ] i n h i g h y i e l d . 

Results and Discussion 

Previous investigations have shown that chelated organo l i th ium 
reagents are h i g h l y reactive a n d synthet ica l ly versati le (12, 13, 14). I n 
add i t i on , the chemistry of chelated complex meta l hydr ides has been 
invest igated, i n c l u d i n g their use for r educ ing carbony l compounds (15). 
T h e results of this invest igat ion of the react ion of opt i ca l ly active chelated 
l i t h i u m compounds a n d p r o c h i r a l carbony l substrates are summar ized i n 
T a b l e I. 

T h e results summar ized i n the table were obta ined w i thout our t r y i n g 
to opt imize react ion condit ions for m a x i m u m stereospecificity. Genera l ly , 
the reactions were begun at —75° to —80°C. Af ter a l l reactants were 
combined , the react ion mixture was h e l d at that temperature for 30 
minutes , then a l l o w e d to w a r m to room temperature. T h i s procedure 
was f o l l o w e d m a i n l y to study the effect of ketone structure on the opt i ca l 
y i e l d of the carb ino l product . A l t h o u g h the effect of temperature on 
react ion stereospecificity was not s tudied i n deta i l , comparison of the 
results of runs 6 a n d 9 suggest that l ower temperatures should g ive 
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Table I. Summary of Reactions of Optically Active 

Run Chelate Substrate 

1 ( - ) - T M C H D - L i C 4 H 9 C 6 H 5 C H O 

2 ( - ) - T M C H D . L i C 6 H 5 C 4 H 9 C H O 

3 ( — ) - T M C H D - L i A l H 4 C 6 H 1 3 C O C H 3 » 

4 ( — ) - T M C H D · L i A l H 4 C 6 H 1 3 C O C H 3
c 

5 ( — ) - T M C H D · L i A l H 4 C 6 H 5 C O C 4 H 9 

6 ( + ) - T M C H D - L i A l H 4
 d C 6 H 1 3 C O C H 3

c 

7 ( — ) - T M C H D · L i A l H 4 a-Tetralone* 

8 ( — ) - T M C H D - L i A l H 4 β-Tetralone 

9 ( — ) - T M C H D · L i A l H 4 C e H 1 3 C O C B V 

10 ( — ) - T M C H D · L i A l D 4 C e H 5 C H 0 6 
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14. W H I T N E Y A N D L A N G E R Lithium Chelates 275 

Chelated Lithium Compounds and Prochiral Substrates 

[OL]25 Optical 
Product 589 Purity % 

O H 
I - 2 . 6 8 ° (C , 14.3, B e ) 8.65 C6H5C-C4H9 
1 

H 

O H 

I 
C e H 5 C C 4 H 9 + 2 . 9 8 ° (C , 13.3, B« ) 9.5 

H 

O H 
I 

C 6 H 1 3 C C H 3 - 1 . 0 7 ° ( C , 13.5, Β · ) 10.7 
H 

O H 
I 

C e H 1 3 C C H 3 - 1 . 1 7 ° ( C , 13.5, B " ) 11.7 
H 

O H 
I 

C 6 H 5 C C 4 H 9 + 1 . 7 5 ° ( C , 13.7, Β · ) 5.6 
H 

O H 
I 

C 6 H l 3 C C H 3 + 1 . 0 6 ° ( C , 14.4, Β · ) 10.6 

H 

α-Tetralole - 0 . 9 7 ° e (C , 2.50, C 6 ) 3.9 

β-Tetralole - 2 . 3 2 ° (C , 7.8, C O 8.2 

O H 
C 6 H 1 3 C C H 3 - 0 . 4 0 ° ( C , 13.3, Β · ) 4.0 

H 

O H 

C 6 H 6 C - D - 0 . 1 6 ° (Neat) 10.3 

H 
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Table I. 

Run Chelate Substrate 

11 ( — ) - T M C H D « L i A l H 4 C e H s C O C H C M 

12 ( — ) - T M C H D · L i A l H 4 H O C H 2 C H 2 C O C H 3
f c 

13 (—) - T M C H D · L1AIH4 H O ( C H 2 ) 3 C O C H 3
f c 

14 ( — ) - T M C H D · L1AIH4 C e H 6 C O C H 3 i 

α Β = benzene. 
b Molar ratio of chelate to subtrate = 1:2. 
c Molar ratio of chelate to substrate = 1:4. 
" T h e (+) - T M C H D had [a]*589 + 51.4° (C, 5.35, 95% EtOH) or 97%opticai;purity. 

e Rotation taken at 17°C. 

higher opt i ca l y ie lds . Par t i cu lar attention was p a i d to complete remova l 
of the res idua l opt i ca l ly active che lat ing agent f r om the product . 

C o m p a r i s o n of the results f rom runs 1, 2, a n d 5 shows that the abso
lute configuration of the product can be var i ed wi thout chang ing the 
absolute configuration of the che lat ing agent. T h e same result is achieved 
w i t h the latter change (cf. r u n 3 w i t h 6 ) . T h e use of opt i ca l ly active 
chelated L1AID4 constitutes a very fac i le route to opt i ca l ly active « -
deuteroalcohols ( r u n 10) . α-Deuteroalcohols have prev ious ly been pre 
pared b y reduct ion of deuteroaldehydes i n act ively ferment ing m e d i a 
(16), w i t h isolated enzyme systems, a n d b y asymmetr ic reductions of 
aldehydes b y c h i r a l G r i g n a r d reagents via h y d r i d e transfer (17). B o t h 
methods suffer f rom the disadvantages discussed at the beg inn ing of this 
paper . 

T h e size of the R groups i n R ' C O R " influences the degree of stereo-
specif ic ity of these reactions, as the results of runs 5 ,10, a n d 14 show w h e n 
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14. W H I T N E Y A N D L A N G E R Lithium Chelates 277 

( C o n t i n u e d ) 

[OL]25 Optical 
Product 589 Punty % 

O H 
I 

C 6 H 5 C C H 2 O H + 4 . 9 1 ° (C , 4.03, Ε Λ ) 8.3 

Η 

O H 

H O C H 2 C H 2 C C H 3 + 3 . 3 4 ° (C , 4.03, E A ) ~ 3 0 

Ή 
O H 
I 

H O ( C H 2 ) 3 C C H 3 +0 .257° (Neat) 
I 
Η 

O H 
I 

C 6 H 5 - C C H 3 + 2 . 9 4 ° (C , 13.14, Β · ) 7.4 
I 
Η 

f C = chloroform. 
0 Reaction run at room temperature. 
h Ε = 95% ethanol. 
* Molar ratio of chelate to substrate = 3.2. 
» Runs 1 and 2 were in pentane; all others were in toluene. 

R " is var i ed f rom Η to C H 3 to n - C 4 H 9 . F r o m these l i m i t e d results i t 
seems that the greater the difference i n size between R ' a n d R " , the 
greater w i l l be the stereospecificity. H o w e v e r , other var iab les—such as 
the structure of the asymmetric chelat ing agent—also have an important 
influence on reaction stereospecificity. T h i s var iab le is under study. 

T h e difference i n the op t i ca l y i e l d u p o n reduct ion of α-tetralone vs. 
β-tetralone w i t h ( — ) - T M C H D · L i A l 4 indicates that the stereochemical 
outcome of a g iven react ion m a y be very sensitive to smal l changes i n 
the steric environment around the proch i ra l center. N o t e w o r t h y is the 
result of r u n 12, where 3 0 % opt i ca l p u r i t y was achieved, w h i c h is con
s iderably higher than that of a l l the other runs ( w i t h the possible excep
t ion of r u n 13) . T h e result of r u n 12 suggests that w h e n other funct ional 
groups capable of react ing w i t h C h e l * · L i R are present i n the substrate, 
they can have a strong influence on the overa l l stereochemical outcome. 

I n the reduct ion of l -hydroxy-3 -butanone the react ion can be e n -
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vis ioned as proceed ing intramolecu lar ly via a s ix -membered r i n g inter 
mediate f ormed b y an earl ier react ion of the h y d r o x y l group w i t h A 1 H 4 ~ , 
g iv ing a H 3 A 1 0 C H 2 species. T h e act ivat ion energy difference between 
the two diastereomeric transit ion states for intramolecular carbony l re
d u c t i o n might then be greater than that for direct attack on the carbony l 
i n an intermolecular reduct ion . 

A n attempt to obta in evidence for this hypothesis was made. R e d u c 
t i on of l -hydroxy l -4 -pentanone might proceed via a stereochemically 
less favorable , seven-membered r i n g intermediate , a n d the product (1,4-
pentanedio l ) of m u c h less than 3 0 % opt i ca l ly p u r i t y might result. 
A l t h o u g h opt i ca l ly active d i o l was obtained, no assignment of opt i ca l 
p u r i t y c o u l d be made since the d i o l c o u l d not be transformed stereo-
specif ically, despite several attempts, into 2-methyl - tetrahydrothiophene-
1-dioxide, whose m a x i m u m rotation is k n o w n (18). T h e v a l i d i t y of the 
above hypothesis thus remains moot. 

O n e react ion i n the l i terature w i t h w h i c h the T M C H D chelates can 
be d i rec t ly compared i n terms of opt i ca l y i e l d is that s tudied b y N o z a k i 
(19), i n w h i c h sparteine · L i - n - C 4 H 9 reacted w i t h benzaldehyde . 1 -Phenyl -
1-pentanol was obta ined i n 6 % opt ica l pur i ty . T h e op t i ca l y ie lds obta ined 
i n the present s tudy were general ly higher . I n add i t i on , sparteine is 
a natura l product o ccurr ing i n a p lant ca l l ed "broom tops" a n d is avai lable 
i n on ly one absolute configuration, thereby l i m i t i n g its u t i l i t y . 

Summary 

T h e results of this s tudy suggest that opt i ca l ly active chelated l i t h i u m 
reagents m a y be used generally for asymmetric synthesis accord ing to 
the scheme: 

T h e chelat ing agent m a y then be recovered unchanged a n d reused, 
as was done m a n y times d u r i n g this work . E i t h e r of the absolute configu-
artions of the c h i r a l product may be obta ined at w i l l , either b y v a r y i n g 
the absolute configuration of C h e l * or b y v a r y i n g the mode of synthesis. 
A s add i t i ona l results are accumulated on a var iety of substrates a n d 
types of reactions, i t may be possible to pred i c t w i t h confidence the 
stereochemical outcome of a par t i cu lar react ion. A s add i t i ona l insight is 
ga ined into the factors c r i t i ca l to stereospecificity, perhaps opt i ca l y ie lds 
approach ing enantiomeric p u r i t y w i l l be rea l i zed . 

Ε 

II 
C h e l * - L i R + R ' - C - R ' 

H + 
R 1 

R - C * - E H + C h e l * 
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14. W H I T N E Y A N D L A N G E R Lithium Chelates 279 

Experimental 

Resolution of trans-1,2 -Diaminocyclohexane ( D A C H ) . A total of 
1000 grams (8.76 moles) D A C H ( A d a m s C h e m i c a l C o . ) , 1323 grams 
(8.76 moles) ( + ) - tartaric a c id , a n d 6 liters water were used w i t h the 
Asperger procedure ( 8 ) . C r o p 1 tartrate separated, 542 grams, upon 
coo l ing to 0 ° C . T h e mother l i quor was concentrated to about 4.5 l iters, 
a n d crop 2 separated, 267 grams. F u r t h e r concentration of the mother 
l i quor to about 2.5 liters gave crop 3, 180 grams. 

O p t i c a l l y active ( — ) - D A C H was recovered f rom the tartrate salt 
b y a d d i n g the latter to an excess of aqueous N a O H a n d cont inuously 
extract ing the mixture w i t h benzene under nitrogen. C r o p 1 gave 216 
grams d i s t i l l ed ( - ) - D A C H , b p 7 1 ° - 7 3 ° C / 8 m m , [ a ] 5 8 9 2 5 - 4 0 . 3 ° ( C , 
5.23, benzene ) , corresponding to 9 7 % opt i ca l p u r i t y as determined f rom 
a sample of opt i ca l ly pure ( - ) - D A C H · 2 H C 1 h a v i n g [ α ] Δ 8 9 2 5 - 1 5 . 6 ° 
( C , 0.20 gram per m l H 2 0 ) ( 8 ) . 

T h e mother l i q u o r r e m a i n i n g after crop 3 ( — ) - D A C H tartrate sepa
rated was treated as descr ibed for crop 1 tartrate, a n d 540 grams of 
d i s t i l l ed ( + ) - D A C H were recovered [a] M O 2 5 + 20.3° ( C , 5.05, benzene) . 
T h e mater ia l was p laced i n a Schlenk tube, w h i c h was then p laced i n a 
constant temperature bath at 20 °C . T h e temperature of the b a t h was 
l owered s lowly to 9 ° C over 19 days as crystals grew. T h e tube was 
inverted , a n d the solids were f i ltered f rom the mother l iquor . T h e arm 
of the Schlenk tube conta in ing the solids was heated, a n d the mol ten 
( + ) - D A C H was removed f rom the tube w i t h a pipette . It d i sp layed 
[<*]Ô89 2 5 + 38.7° ( C , 5.32, benzene ) , w h i c h is 9 4 % opt i ca l ly pure ; 137.9 
grams were obtained. T h e mother l i quor , [ « ] 5 8 9 2 5 + 13.4° ( C , 5.03), 
331 grams, was charged into a n e w Schlenk tube a n d put back into the 
bath at 9 ° C . T h e bath temperature was l owered over 18 days to — 3 ° C , 
as a second crop of crystals f o rmed ; these crystals were recovered a n d 
melted . T h e mater ia l d i sp layed [ « ] R , 8 9 2 5 + 36.2° ( C , 5.23, benzene) or 
8 7 . 5 % opt i ca l pur i ty , w t 56.2 grams. T h e mother l i quor d i sp layed [a]r»s:>25 

+ 8.22° ( C , 5.09, benzene ) . 
Preparation of ( + )- and ( — ) -2V,N,N' , ]V ' -Tetramethyl- l ,2 -cyclo-

hexanediamine (( + )- and ( — ) - T M C H D ) . T h e E s c h w e i l e r - C l a r k e 
(11) procedure was used w i t h formaldehyde a n d formic ac id . A 9 0 % 
y i e l d of ( + ) a n d ( - ) - T M C H D was obta ined , h a v i n g [ « L s o 2 5 ± 17.2° 
(neat ) , d = 0.888; [ « L e o 2 5 ± 20.0 ( C , 5.06, benzene ) . 

Asymmetric Syntheses (Run 14). A charge of 0.19 gram (5 mmoles ) 
L i A l H 4 , 25 m l toluene, a n d 0.85 gram (5 mmoles ) ( - ) - T M C H D , [ a ] . ™ 2 5 

— 17.2° (neat ) ( 1 0 0 % opt i ca l ly pure ) was st irred i n a beaker for one 
hour at room temperature. T h e t u r b i d gray mixture was cooled to — 80 ° C , 
and a solution of 1.20 grams (10 mmoles ) acetophenone i n 10 m l of 
toluene was added dropwise w h i l e the react ion mixture was mainta ined 
at —70° to —80°C. W h e n acetophenone add i t i on was complete, the 
react ion mixture was mainta ined at —70° to — 8 0 ° C for about 30 minutes , 
then a l l owed to w a r m to 0 ° C . W a t e r , 5 m l , was added , f o l l owed b y 30 
m l of I N H C 1 . T h e l i q u i d phases were separated, a n d the aqueous phase 
was extracted w i t h 15 m l pentane. T h e c o m b i n e d organic phase was then 
extracted w i t h 15 m l IN H C 1 , 15 m l 1 0 % N a H C 0 3 so lution, 15 m l H 2 0 , 
d r i e d over N a 2 S 0 4 , a n d f inal ly concentrated on a rotary evaporator. B y 
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V P C analysis, the product was 9 2 % 1-phenyl - l - e thanol a n d 7.4% toluene; 
no ( — ) - T M C H D was present. T h e opt i ca l act iv i ty of the product was 
measured w i t h a P e r k i n E l m e r m o d e l 141 po lar imeter : [ a ] 5 8 9 2 5 + 2.94° 
( C , 13.14, benzene ) , corresponding to 7.4% opt i ca l p u r i t y b y direct 
comparison w i t h an authentic sample of opt i ca l ly pure 1 -phenyl - l -e thanol . 
T h e other reactions summar ized i n the table were r u n s imi lar ly , w i t h no 
attempt made to opt imize react ion condit ions to obta in m a x i m u m stereo
specificity. 
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benzyl carbanion 87 
Atoms, metalations of organic mole

cules containing hetero 256 

Β 

Backbone, anion generation on the 
polymer 179 

Base(s) 
chelating 1 
coordination, metal- 77 
interactions, metal- 79 

Benzene 
by n-butyllithium-n-TMEDA, 

lithiation of 46 
chelated lithium salts in 159 

283 
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Benzene (Continued) 
with lithium chelates, stereospe

cific interaction of 126 
metalation 251 
preparation of phenyllithium from 25 
preparation of phenyllithium-

T M E D A in 48 
-soluble inorganic complexes . . 158 

Benzyl carbanion, atomic charge 
distribution for the 87 

Benzyllithium-
T M E D A 

complexes, ring-isomer content 
in 49 

complexes, isomer content of. .34, 35 
lithiation of benzene by n- . . 46 

T E D , reactions of 36,37 
T E D solid complex, preparation 

of 49 
( Benzyllithium ) 2 - T M E D A in 

toluene 34 
preparation of 48 
reactions of 34, 35 

Biochemical transformations 271 
Birefringence, crystalline 195 
Block copolymers, SBS 183 
Bonding, covalent 12 
Bond(s) 

carbon-halogen 230 
carbon-nitrogen 230 
carbon-oxygen 230 
formation of carbon-carbon . . . 228 
lengths, naphthalene 67 
nucleophilic addition to double 

and triple 264 
stereoselective reactions at the 

L i - R 272 
Bridgehead-type amines 187 
BuLi 

hydrogenolysis rate 7 
ortho metalation with 254 
- T M E D A 

in the halogen-metal exchange 
reaction 266 

lithiation of toluene with n- . . 216 
Butadiene 

addition rate, effect of 208 
concentration, effect of tempera

ture and 207 
polymerization, effect of ion pair 

structure on 12 
polymerization of 173 
telomerization 205 

Butyllithium-tertiary diamine com
plexes, toluene metalation by n- 31 

C 

Carbanion 
atomic charge distribution for the 

benzyl 87 
geometries 76 
moiety 193 

Carbanion (Continued) 
organometallic complexes, struc

tural properties of 60 
system, delocalized 56 

Carbon 
-carbon bonds, formation of . . . 228 
chains, solid paraffinic 199 
-halogen bonds 230 
-nitrogen bonds 230 
-oxygen bonds 230 

Carbonyl compounds, chelated com
plex metal hydrides for re
ducing 273 

Catalysis, N-chelated organolithium 1 
Catalyst(s) 

chelated organosodium 3, 201 
compositions,nonstoichiometric. . 206 
efficiency 178 
polymerizations using N-chelated 

alkali metal 163 
Catalytic behavior of N-chelated 

organolithium reagents 58 
Cation interaction, chelating agent- 120 
Chain ( s ) 

polyethylene waxes, straight . . . 165 
solid paraffinic carbon 199 
transfer, factors affecting the . . . 202 
transfer mechanisms 15 

Charge distribution for the benzyl 
carbanion, atomic 87 

Charge-transfer agents 138 
Chel* precursor 272 
Chelated 

alkali metal compounds, magnetic 
resonance studies of poly
tertiary amine 113 

complex metal hydrides for re
ducing carbonyl compounds 273 

lithium 
compounds, reactions of 

optically active 274 
halides 115 
salts in benzene 159 
salts, polytertiary amine 115 

organolithium catalysts 3 
organolithium compounds, syn

thetic applications of N - . . 248 
organolithium reagents, stereo

chemical properties of amine 58 
organosodium catalysts 201 
salts, structural features of . . . . 120 
sodium naphthalenide 117 

Chelates 
asymmetric synthesis via lithium 270 
organolithium 5 
properties of 6 
stereospecific interaction of ben

zene with lithium 126 
structure of lithium 3 

Chelating 
agent 

-cation interaction 120 
effect of 133, 204 
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Chelating (Continued) 
agent 

on ion pairing, effect of 125 
metalation of the 10 
skeletal structures of polyter-

tiary amine 114 
steric effects of the 15 

bases 1 
ditertiary aliphatic amines . . . . 249 
polyamines, tertiary 202 
polyethers 1 
tertiary polyamines 1 
-type diamines 187 

Chemical shift, α-methylene proton 7 
Chromatography ( G P C ) , gel 

permeation 181 
Cis-trans isomerization, photochem

ical studies of 73 
Complexation of frans-TMCHD, 

selective 145 
Complex 

dissociation 156 
metal hydrides for reducing car-

bonyl compounds, chelated 273 
preparation of 

allyllithium-TMEDA solid . . . 49 
benzyllithium-TED solid 49 

Complexes 
benzene-soluble inorganic 158 
contact-ion pair 61 
crystalline organolithium 6 
inorganic 142 
isomer content of benzyllithium-

T M E D A 34,35 
metalations of organometallic π 258 
organosodium 267 
preparation of 

alyllithium- and crotyllithium-
T M E D A 38,39 

the tertiary diamine 24 
proton N M R spectra of sodium 

iodide 151 
solubility of organolithium-terti-

ary diamine 28 
stability of organolithium-

T M E D A 29 
stereochemical properties of 

iV-chelated alkali metal . . . 56 
structural properties of carba

nion organometallic 60 
synthesis and isolation of 58 
synthetic reactions of organolith-

ium-tertiary diamine 50 
tertiary diamine organolithium . . 23 
toluene metalation by n-butyllith-

ium-tertiary diamine com
plexes 31 

Components of a light distillate 
telomer 197 

Compositions, nonstoichiometric, 
catalyst 206 

Compounds 
aliphatic polylithio 211 

Compounds (Continued) 
chelated complex metal hydrides 

for reducing carbonyl 273 
N-chelated organoalkali metal . . 7 
conductivities of organolithium. . 133 
optically active 235 
polylithiation of aromatic 214 
reactions of optically active 

chelated lithium 274 
synthetic applications of N-che-

lated organolithium 248 
U.S. patents on N-chelated alkali 

metal 18 
Concentration, effect of amine 

structure and 192 
Concentration, effect of temperature 

and butadiene 207 
Conductivities of organolithium 

compounds 133 
Conductivity, effect of solvent on . . 133 
Conjugated diolefins, telomerization 

of 201 
Constant(s) 

hyperfine coupling 69 
instability 188 
solvents, low dielectric 137 

Contact-ion pair complexes 61 
Content of benzyllithium-TMEDA 

complexes, isomer 34, 35 
Content in benzyllithium-TMEDA 

complexes, ring-isomer 49 
Coordination, metal-base 77 
Copolymers 

anionic graft 177 
raw graft 182 
SBS block 183 

Coupling constants, hyperfine . . . . 69 
Covalent bonding 12 
Crotylhthium 

from olefins, preparation of 
allyllithium and 38 

- T M E D A 
complexes, preparation of 

allyllithium- and 38, 39 
preparation of 49 
reaction of allyllithium-

T M E D A and . , 40,41 
Crystalline birefringence 195 
Crystalline organolithium complexes 6 
Cyclization, thermally induced . . . 239 

D 
Delocalized carbanion system . . . . 56 
Diamine 

complexes 
preparation of tertiary 24 
solubility of organolithium-

tertiary 28 
synthetic reactions of organo-

lithium-tertiary 50 
toluene metalation by n-butyl-

lithium-tertiary 31 
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286 P O L Y A M I N E - C H E L A T E D A L K A L I M E T A L C O M P O U N D S 

Diamine (Continued) 
mixtures 144 
organolithium complexes, tertiary 23 

preparation by metalation . . . 24 
Diamines, chelating-type 187 
Dianion, molecular orbitals for the 

anthracene 105 
Dielectric constant solvents, low . . 137 
Dimers 6 
Diolefins, telomerization of 

conjugated 201 
Dipole-dipole interactions 6 
Directed metalation 222 

heterocyclic synthesis via 239 
in ruthenocene 225 
in thiophene 227 

Directing abilities of substituents . . 231 
Directing mechanism 232 
Directing substituents, sulfonamides 

as ortho- 240 
Displacement reaction, olefin . . . . 199 
Dissociation, complex 156 
Dissociation equilibria 131 
Distillate telomer, components of a 

light 197 
Distribution for the benzyl car

banion, atomic charge 87 
Ditertiary aliphatic amines, 

chelating 249 
Double and triple bonds, nucleo-

philic addition to 264 

Ε 

Efficiency 
catalyst 178 
exchange 184 
grafting 178 

Eigenfunctions 102 
Electron spin resonance ( E S R ) . .113,132 
Energy, salt lattice 154 
Equation, Arrhenius 136 
Equilibria, dissociation 131 
( ESR ), electron spin resonance.. 113,132 
Ethylene 

polymerization 164 
telomerization of 264 

with aromatic hydrocarbons . . 189 
with olefinic telogens 198 
with olefins 197 

Exchange efficiency 184 

F 
Ferrocenes, pseudoasymmetry in . . 238 
Formation, isomer 31 
Formation of carbon-carbon bonds 228 

G 
Gel permeation chromatography 

(GPC) 181 
Generation on the polymer 

backbone, anion 179 

Geometries, carbanion 76 
Gilman procedure 41 
Graft copolymers, anionic 177 
Graft copolymers, raw 183 
Grafting by anionic techniques . . 177 
Grafting efficiency 178 
Grignard reagent 228 

H 
Halides, chelated lithium 115 
Halogen bonds, carbon- 230 
Hetero atoms, metalations of organic 

molecules containing 256 
Heterocyclic synthesis via directed 

metalation 239 
Hexamers 6 
Hydrides for reducing carbonyl 

compounds, chelated complex 
metal 273 

Hydrocarbons 
metalations of aromatic 250 
poly lithiation of 211 
telomerization of ethylene with 

aromatic 189 
Hydrogenolysis rate, BuLi 7 
Hyperfine coupling constants 69 

I 
Induced cyclization, thermally . . . 239 
Induction, asymmetric 235 
Initiator, anionic 184 
Inorganic complexes 142 

benzene-soluble 158 
Instability constant 188 
Interaction 

chelating agent-cation 120 
dipole-dipole 6 
metal-base 79 
steric 205 

Intermediate, allyl anion 205 
Ion pair bonding 12 
Ion pair complexes, contact- . . . . 61 
Ion pair, effect of chelating 

agent on 125 
Ion pair structure on butadiene 

polymerization, effect of . . . . 12 
Isolation of complexes, synthesis and 58 
Isomer content of benzyllithium-

T M E D A complexes 34,35 
ring- 49 

Isomer formation 32 
Isomerization, photochemical 

studies of cis-trans 73 
Isomers, tetramethylcyclohexane-

diamine 144 

Κ 
Kinetic acidity 192 
Kinetic control vs. thermodynamic 

control 32 
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I N D E X 287 

Kinetic vs. thermodynamic 
metalations 9 

L 

Lattice energy, salt 154 
Light distillate telomer, components 

of a 197 
Lithiated tertiary amines and 

diamines 41 
Lithiated N,N,N',N'-tetramethyleth-

ylenediamine, preparation of . . 49 
Lithiated trimethylamine, prepara

tion of 50 
Lithiation, aromatic and 

alkylaromatic 214 
Lithiation of benzene by n-butyl-

l i th ium-TMEDA 46 
Lithiation of toluene with 

n - B u L i - T M E D A 216 
Lithium 

chelates, stereospecific interaction 
of benzene with 126 

chelates, structure of 3 
compounds, reactions of optically 

active chelated 274 
halides, chelated 115 
salts in benzene, chelated 159 
salts, polytertiary amine chelated 115 

Liquid polybutadienes 167 
L i - R bond, stereoselective reactions 

at the 272 
Low dielectric constant solvents . . 137 

M 

Magnetic resonance studies of poly
tertiary amine chelated alkali-
metal compounds 113 

Mechanism, directing 232 
Mechanisms, chain transfer 15 
Metal 

-base coordination 77 
-base interactions 79 
catalysts, polymerizations using 

N-chelated alkali 163 
complexes, stereochemical proper

ties of N-chelated alkali . . 56 
compounds, N-chelated organo-

alkali 7 
compounds, polytertiary amine 

chelated alkali 113 
compounds, U.S. patents on 

N-chelated alkali 18 
-halogen interchange 184 
hydrides for reducing carbonyl 

compounds, chelated com
plex 273 

Metals, reactions of alkali 57 
Metalation ( s ) 

by anionic techniques 177 
of aromatic hydrocarbons 250 
benzene 251 

Metalation(s) (Continued) 
with BuLi , ortho 254 
by n-butyllithium-tertiary 

diamine complexes 31 
of the chelating agent 10 
directed 222 

heterocyclic synthesis via .. . 239 
kinetic vs. thermodynamic 9 
of organic molecules containing 

hetero atoms 256 
of organometallic π complexes . . 258 
at ring sites 253 
in ruthenocene, directed 225 
solvent for 249 
in thiophene, directed 227 
of toluene 189 
of weak acids 7 

α-Methylene proton chemical shift 7 
Methyllithium tetramer 4 
Mixtures 

containing primary and secondary 
amines 153 

diamine 144 
pentamine 149 
tetramine 146 

Moiety, carbanion 193 
Molecular orbitals for the 

anthracene dianion 105 
Molecular weight, influence of 

pressure on 191 
Molecules containing hetero atom, 

metalations of organic 256 

Ν 

Naphthalene bond lengths 67 
Naphthalenide, chelated sodium . . 117 
N-Chelated 

alkali metal catalysts, polymeri
zations using 163 

alkali metal complexes, stereo
chemical properties of . . . . 56 

organoalkali metal compounds . . 7 
organolithium catalysis 1 
organolithium compounds, syn

thetic applications of 248 
organolithium reagents, catalytic 

behavior of 58 
Nitrogen bonds, carbon- 230 
( N M R ) nuclear magnetic resonance 113 

spectra of sodium iodide com
plexes, proton 151 

spectra of tetramines 147 
Nonstoichiometric catalyst 

compositions 206 
Nucleophilic addition to double and 

triple bonds 264 

Ο 
Olefin displacement reaction . . . . 199 
Olefins, telomerization of ethylene 

with 197 
Oligomerization 142 
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Optically active chelated lithium 
compounds, reactions of . . . . 274 

Optically active compounds 235 
Orbitals for the anthracene dianion, 

molecular 105 
Organic molecules containing hetero 

atom, metalations of 256 
Organoalkali metal compounds, 

N-chelated 7 
Organolithium 

catalysis, N-chelated 1 
catalysts, chelated 3 
chelates 5 
complexes, tertiary diamine . . . . 23 

preparation by metalation . . . 24 
compounds, conductivities of . . 133 
compounds, synthetic applica

tions of N-chelated 248 
reagents 56 

catalytic behavior of 
N-chelated 58 

stereochemical properties of 
amine-chelated 58 

-tertiary diamine complexes . . . 28 
synthetic reaction of 50 

- T M E D A complexes, stability of 29 
Organometallic complexes, struc

tural properties of carbanion 60 
Organometallic π complexes, 

metalations of 258 
Organometallic syntheses 2 
Organosodium catalysts, chelated . . 201 
Organosodium complexes 267 
Ortho metalation with B u L i 254 
Oxo alcohols, preparation of . . . . 208 
Oxygen bonds, carbon- 230 

Ρ 
Paraffinic carbon chains, solid . . . 199 
Patents on N-chelated alkali metal 

compounds, U.S 18 
Pentamine mixtures 149 
Permeation chromatography 

( G P C ) , gel 181 
Permethylated tertiary polyamines, 

skeletal structures of n- . . . . 144 
Permethylated tetramines, separa

tion of N - 148 
Phenyllithium from benzene, 

preparation of 25 
Phenyllithium-TMEDA in benzene, 

preparation of 48 
Photochemical studies of cis-trans 

isomerization 73 
Phthalimidine 240 
Plastics-range polyethylene 164 
Polar-modified alkyllithium 

polymerizations 171 
Polyamines, chelating tertiary . . . . 1, 202 
Polyamines, skeletal structures of 

n-permethylated tertiary 144 
Polybutadiene, liquid 167 
Poly cyclic aromatics 217 

Polyethers, chelating 1 
Polyethylene, plastic-range 164 
Polyethylene waxes, straight-chain 165 
Poly lithiation of hydrocarbons . . . 211 
Polylithioanthracene, products from 219 
Polylithio compounds, aliphatic . . . 211 
Polymer backbone, anion generation 

on the 179 
Polymerization 

of butadiene 173 
effect of ion pair structure on 

butadiene 12 
ethylene 164 
factors affecting 11 
polar-modified alkyllithium 171 
using N-chelated alkali metal 

catalysts 163 
Poly-n-alkyl aromatics 196 
Polytertiary amine chelating agents, 

skeletal structures of 114 
Polytertiary amine chelated alkali 

metal compounds, magnetic 
resonance studies of 113 

Polytertiary amine chelated lithium 
salts 115 

Polythiation of aromatic compounds 214 
Precursor, Chel* 272 
Preparation 

of allyllithium and crotyllithium 
from olefins 38 

of allyllithium- and crotyllithium-
T M E D A complexes . . . .38, 39, 49 

of benzyllithium from toluene . . 29 
of ( benzyllithium ) 2 - T M E D A in 

toluene 48 
of benzyllithium-TED solid 

complex 49 
of crotyllithium-TMEDA 49 
of lithiated Ν,Ν,Ν',Ν'-tetra-

methylethylenediamine . . . . 49 
of lithiated trimethylamine . . . . 50 
of oxo alcohols 208 
of phenyllithium from benzene . . 25 
of phenyllithium-TMEDA in 

benzene 48 
of tertiary diamine organolithium 

complexes by metalation . . 24 
Pressure on molecular weight, 

influence of 191 
Primary and secondary amines, 

mixtures containing 153 
Procedure, Gilman 41 
Processes, separation 142 
Prochiral substrates, reactions of . . 275 
Products from polylithioanthracene 219 
Properties 

of amine-chelated organolithium 
reagents 58 

of aromatic telomer wax 196 
of carbanion organometallic com

plexes, structural 60 
of N-chelated alkali metal com

plexes, stereochemical . . . . 56 
of chelates 6 
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I N D E X 289 

Proton N M R spectra of sodium 
iodide complexes 151 

Pseudoasymmetry in ferrocenes . . . 238 

Quaternary ammonium salts . . . . 140 

Rate, B u L i hydrogenolysis 7 
Rate, effect of butadiene addition 208 
Raw graft copolymers 183 
Reaction(s) 

of alkali metals 57 
of allyllithium-TMEDA and 

crotyllithium-TMEDA 40,41 
of benzyllithium-TED 36,37 
of ( benzyllithium ) 2 - T M E D A in 

toluene 34, 35 
at the L i - R bond, stereoselective 272 
olefin displacement 199 
of optically active chelated 

lithium compounds 274 
of organolithium-tertiary diamine 

complexes, synthetic 50 
of prochiral substrates 275 
telomerization 2 
temperature, effect of 207 
transmetalation 11 

Reactivities in proton abstraction 
and polymerization 204 

Reagent, Grignard 228 
Reagents, organolithium 56, 58 

stereochemical properties of 
amine-chelated 58 

Reducing carbonyl compounds, che
lated complex metal hydrides 
for 273 

Resonance (ESR) , electron 
spin 113,132 

Resonance ( N M R ) , nuclear 
magnetic 113 

studies of polytertiary amine che
lated alkali metal compounds 113 

Ring-isomer content in benzyllith
i u m - T M E D A complexes . . . . 49 

Ring sites, metalation at 253 
Ruthenocene, directed metalation in 225 

S 

Salt lattice energy 154 
Salts in benzene, chelated lithium 159 
Salts, quaternary ammonium 140 
Salts, polytertiary amine chelated 

lithium 115 
Salts, structural features of chelated 120 
SBS block copolymers 183 
Secondary amines, mixtures con

taining primary and 153 

Selective complexation of trans-
T M C H D 145 

Separation of N-permethylated 
tetramines 148 

Separation processes 142 
Shift, α-methylene proton chemical 7 
Sites, metalation at ring 253 
Skeletal structures of n-permethyl-

ated tertiary polyamines 144 
Skeletal structures of polytertiary 

amine chelating agents 114 
Sodium iodide complexes, proton 

N M R spectra of 151 
Sodium naphthalenide, chelated . . 117 
Solid complex, preparation of 

allyllithium-TMEDA 49 
Solid complex, preparation of 

benzyllithium-TED 49 
Solid paraffinic carbon chains . . . 199 
Solubility of organolithium-tertiary 

diamine complexes 28 
Solvent on conductivity, effect of . . 133 
Solvent for metalation 249 
Solvents, low dielectric constant . . 137 
Spin resonance (ESR) , 

electron 113,132 
Stability of organolithium-TMEDA 

complexes 29 
Stereochemical properties of amine-

chelated organolithium re
agents 58 

Stereochemical properties of N-che
lated alkali metal complexes . . 56 

Stereoselective reactions at the L i - R 
bond 272 

Stereospecific interaction of benzene 
with lithium chelates 126 

Steric effects of the chelating agent 15 
Steric interaction 205 
Straight-chain polyethylene waxes 165 
Structural features of chelated salts 120 
Structural properties of ν carbanion 

organometallic complexes . . . . 60 
Structure ( s ) 

on butadiene polymerization, 
effect of ion pair 12 

effect of telogen on telomer . . . . 192 
of lithium chelates 3 
of n-permethylated tertiary 

polyamines, skeletal 144 
of polytertiary amine chelating 

agents, skeletal 114 
Substrates, reactions of prochiral . . 275 
Substituents, directing abilities of 231 
Substituents, sulfonamides as 

ortho-directing 240 
Syntheses, organometallic 2 
Synthesis and isolation of complexes 58 
Synthesis via directed metalation, 

heterocyclic 239 
Synthesis via lithium chelates, 

asymmetric 270 
Synthetic applications of N-chelated 

organolithium compounds . . . 248 
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Synthetic reactions of organolith-
ium-tertiary diamine com
plexes 50 

System, delocalized carbanion . . . 56 

Techniques, metalation of anionic 177 
T E D , reactions of benzyllithium-. .36, 37 
T E D solid complex, preparation of 

benzyllithium- 49 
Telogen on telomer structure, 

effect of 192 
Telogens, telomerization of ethylene 

with olefinic 198 
Telomer, components of a light 

distillate 197 
Telomer structure, effect of telogen 

on 192 
Telomer waxes, aromatic 194, 196 
Telomerization 203 

butadiene 205 
of conjugated diolefins 201 
of ethylene 264 

with aromatic hydrocarbons . . 189 
with olefinic telogens 198 
with olefins 197 

reactions 2 
Temperature, effect of reaction . . 207 
Tertiary 

chelating polyamines 202 
diamine complexes 

preparation of 24 
solubility of organolithium . . 28 
synthetic reactions of 

organolithium 50 
toluene metalation by 

n-butyllithium- 31 
diamine organolithium complexes 23 
polyamines, chelating 1 
polyamines, skeletal structures of 

n-permethylated 144 
Tetramer, methyllithium 4 
Tetramethylcyclohexanediamine 

isomers 144 
Tetramethylethylenediamine, prep

aration of lithiated Ν,Ν,Ν',Ν'- 49 
Tetramines 146 

N M R spectra of 147 
separation of N-permethylated . . 148 

Thermally induced cyclization . . . 239 
Thermodynamic acidity 9 
Thermodynamic control, kinetic 

control vs 32 
Thermodynamic metalations, 

kinetic vs 9 
Thiophene, directed metalation in 227 
( - ) - T M C H D - L i A l H 4 274 
( - ) - T M C H D - L i C 4 H 9 274 
T M C H D , selective complexation 

of trans- 145 
T M E D (Ν,Ν,Ν',Ν'-tetramethyl-

ethylenediamine ) 1 

T M E D A 
in benzene, preparation of 

phenyllithium- 48 
complexes, isomer content of 

benzyllithium— 34, 35 
complexes, preparation of allyl

lithium- and crotyllithium-
38,39 

complexes, stability of 
organolithium 29 

and crotyllithium-TMEDA, reac
tion of allyllithium— 40, 41 

lithiation of benzene by 
n-butyllithium- 46 

lithiation of toluene with n-BuLi 216 
preparation of crotyllithium- . . . 49 
reaction of allyllithium-TMEDA 

and crotyllithium- 40, 41 
solid complex, preparation of 

allyllithium- 49 
in toluene, preparation of 

(benzyllithium) 2- 48 
in toluene, reactions of 

( benzyllithium ) 2— 34, 35 
Toluene 

with n - B u L i - T M E D A , lithiation 
of 216 

metalation 189 
by n-butyllithium-tertiary 

diamine complexes 31 
preparation of benzyllithium from 29 
preparation of (benzyllithium) 2-

T M E D A in 48 
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