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Studies of the competitive metalation of indene by tert-butyllithium and isopropyllithium in pentane have 
shown that the reactions are first order in alkyllithium and that the relative reactivities of the two alkyllithiums 
depend upon the compo4tions of the aggregates in the mixture, pure tcrt-butyllithium tetramer being an order 
of magnitude less reactive than tert-butyllithium in mixed aggregates with isopropyllithiuni. 

An important clue to  the mechanism of any reaction 
of an organolithium compound could be thc relationship 
of the rate of that reaction to  the stabilities or inhcr- 
ent basicities of the organolithiums. The latter may 
be assumed to  bear somc relationship t o  the aqueous 
aciditics (pK,) of the corrcsponding hydrocarbons, and, 
in part by such an assumption, Cram’ has combined 
various liinds of kinetic and equilibrium data into an 
intcrnally consistent scalr (“ JlShD scale”) of hydro- 
carbon acidities. We have sought correlations of 
;\ISAD aciditics with the rates of the Rimplest possible 
organolithium roactioris, and here rrport the results of 
somc such studies on the metalation of the acidic 
hydrocarbon indcrie by two allijdlit hium compounds. 

In  this study, a limiting amount of indene was added 
to  a mixture of two alkyllithiums in pentane a t  room 
tcmporaturv. h f t w  a rcaction period of 1-2 hr, the 
reaction was quenchrd with D20 and the extent of 
deuterium incorporation iri rach of the resulting al- 
kanes was determined by quantitative infrared analy- 
sis. If undeuteratcd alkane arosc exclusively from the 
reaction of RLi with indcnr, then the relative rates of 
reaction of the two alkyllithiums with indene were 
thus determined. The dctermination of the relative 
rate constants (k/k’)  from the data using eq 1 requires 

d(1tLi) k(RLi)” 
d(1l‘Li) k’(lL’Li)fL 
-=- 

assumption or prior determination of values for thc 
exponents nz and n. Thc literature reveals fractional 
orders for t’he very similar metalation of fluorene in 
benzene2 and for metalation of triphenylmethane in 
THF.3 Other reactions of alkyllithiums sometimes 
exhibit fractional order4 or first order5 or are reactions 
with induction pcriods.6a*6 
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(1960); ( f )  K .  F. O’Driscoll, E. N.  Ricclieaaa, and ,J. E. Clark, J. Polym. 
Scd., Part A ,  3, 3241 (1965); (8) R. Waaok and M .  A. Doran, J .  Amer. 
Chem. Soc., 91, 2456 (1969); (11) A. G .  Evans and D. U. George, J .  Chem. 
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The drtermination of the rcaction orders nz and n 
in a competitive study such as this one is complicatcd 
by the fact that  if a fractional order arises from the 
commonly acccptcd mechanism (rq a), arid if thc two 

(ItLi),, J7 nRLi 
K 

(2 ) 
\low 

i, 
ItLi + substrate + product 

lithium reagents in the competitive mixture have 
formed a statistical array of niixcd aggregates, then 
analysis of the data using cq 1 will give constant values 
for k /k ’  only for n a  = n = 1, rcgardlcss of tho fact that  
th r  rate law for reaction of an isolatrd RLi would bc 
of fractional ordcr.7 Thc values of “k/lc”’ thus ob- 
tained will not b(h thc ratio8 of ratr  coilstarits for the 
proton-abstraction Steps, but will be related to the 
dissociation constants of tlic. aggrvgntrs (cq 3), w-hcrr 

K and K’ arc the equilibrium constants for the two 
~lkyllithiums in the first step of mechanism 2. Com- 
petitive rate studies thus cannot be intcrprcted in 
purely kinetic terms if mrchanism 2 is operative and 
if the alkyllithiums havc formcd a statistical mixture 
of aggregates. 

In  the prcsent work it has brcn found t’hat alliyl- 
lithiums in pentane react with indcnc in a process 
which is first order in a,lkyllit~hium, not fractional order, 
so that mechanism 2 is not operative here. Ilather, 
indene apparently reacts directly with the undissociated 
RLi aggregate. The means by which the truc first- 
order dependence was established was to  investigate 
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be biased by steric effects within the aggregates, as 
we have earlier pointed out.1° 

In  spite of the difficulty of quantitative interpreta- 
tion of data that has becn demonstrated above, mea- 
surcments have been made of relative reactivities of a 
numbcr of alkyllithiums (equilibrated mixtures) with 
indene and fluorene in pentane, benzene, or ether- 
pcntanc, and crude linear correlations with 1ISADl or 
K+In basicity scalcs havc been obtained. The data arc 
recordcd elsewhere. l1 

competitive reactions of a mixture of tert-butyllithium 
and isopropyllithium which were freshly mixed and 
therefore had not had time t o  form mixed aggregatesS8 
Only the assumption of first-order reactions (m = n = 
1) in alkyllithium gave constant values of ki-PrLi/kl-BuLi 
from integrated forms of eq 1, as shown in Table I. 

TABLE I 

m (ORDER IN i-PrLi) AND n (ORDER IN t-BuLi) WITH VARIOUS 
INITIAL MIXTURES OF HOMOGENEOUS AGGREGITISS 

OF i-PrLi AND t-BuLibtc 

C.ZLCULATIED VALUIX O F  k . z - ~ r ~ l / k t - ~ u ~ l  FOR VARIOUS V.ZLUI,S OF 

m = 1  m = I / a  m = 1 / ,  m = 2  m = 1 / (  

X t . ~ u ~ , a  n = 1 n = I/% n = 1/4 n = 2 n = 1 

0.843 11.3 3 . 8  2 . 2  112 54 
0.572 15.1 9 . 1  7 . 3  107 
0.215 13.6 21 26 6 .?I 114 
0.151 11.5 23 32 146 
Stoichiometric mole fraction of t-BuLi in the alkyllithiuni 

mixture. b The estimated maximum errois in the calculated 
ratios (from experimental errors) are 25-50%. c All alkyl- 
lithium mixtures were allowed to stand together for 18 niin 
before addition of indene. 

Since both t-BuLi and i-PrLi in their homogcncous 
aggregates (tctramers in the case of t-BuLi and a mix- 
ture of tetramers and perhaps hexamers in the case 
of i-PrLi)g react with indene by processes first order 
in alkyllithium, it seems safe to  infer that  mixed ag- 
gregates of these two alkyllithiums also react by such 
first-order processes. It was next of interest t o  detcr- 
mine the effect upon kt-prLi/kl-BuLi of allowing the 
mixture of alkyllithiums t o  stand long enoughX t o  
form a statistical mixture of aggregates beforc the in- 
dene was added. The results of a set of such experi- 
ments are shown in Table 11. 

TABLE I1 
RATIO O F  PSEUDO-FIRST-ORDER h T E  CONSTANTS AS A FWXC'TION 

OF THE TIME THE ALKYLLITHIUMS WERE ALLOWED TO 8T.4ND 
PRIOR TO ADDITION OF INDENIP 

hr ~ , - P ~ L ~ / ~ . H ~ L  

0.3 15 f 4 
11 3.2 f 0.4  
24.8 1 . 9  f 0.4 
42.8 1 . 6  f 0 . 2  
93 1 . 3  f 0 . 2  

Time, 

a The mole fraction of t-BuLi was 0.572 in these runs. 

The conclusion from the data of Table I1 is that  the 
relative reactivities of the two all~yllithiums in thc 
reaction with indene are markedly dependent upon 
the composition of the aggregate which reacts with the 
indene. It is clear that  tert-butyllithium in its homo- 
geneous tetramer is particularly unreactive, whereas 
tert-butyllithium and isopropyllithium show nearly 
equal reactivities toward proton abstraction when 
they are in mixed aggregates (presumably tetramers). 

It must be concluded that simple correlations of 
alkyllithium reactivities with the MSAD or other 
scale of inherent basicities cannot be cxpccted when the 
allryllithiums react in aggregated form. Indeed the 
data comprising the PtISAD scale could themselves 

(8) (a) G. E. Hartwell and T. L. Brown, J .  Amer. Chem. Soc., 88, 4625 
(1966), (b) M. Y .  Darensbourg, B .  Y .  Kimura, G. E. Hartwell, and T.  L. 
Brown, zbzd.,  92, 1238 (1970). 

(9) T. L. Brown, Accounts Chem. Res., 1, 23 (1968). 

Experimental Section 
Materials.-Commercia1 indene was repeatedly crystallized 

from pentane a t  Dry Ice temperature until it was better than 99% 
pure by glpc analysis on an FFAP column. I t  was then vacuum 
distilled through a 127-cm tantalum-wire column and stored in a 
freezer until used. 

Bulk pentane was washed several times with concentrated 
\ulfuric arid and then with water, dried (JfgSO,), diitilled from 
calcium hydride, and stored over Ihi-Na (sodium-lead alloy). 

tert-Butyllithium in pentane was obtained from Alfa Inorganics, 
Inr. Iwpropylliihiuni wai prepared hy the general method of 
Gilman12 from 2-chloropropane (>995/, pure by glpc) and high- 
sodium lithium metal from Lithium Corp. of America. The 
alkyllithinm solutions were analyzed by the Gilman double- 
titration met hod with allyl bromide or 1 ,2-dibromoelht~ne,'~ and 
in general contained less than 2y0 of base other than alkyllithium. 
All volumetrir niexiurenients of alkyllithium compounds were 
made mith pipets Inside an argon atmo*pher.c glove box from 
which traces of oxygen and water were removed by continuous 
circulation of the atmosphere through columns packed with 
molecular hievei and ;\[no. All iolutioni were flushed with argon 
before transfer to the glove box or before addition to alkyllithium 
compounds. 

Competitive Reactions with Indene.-Quant itives of i-PrLi and 
t-BuLi in pentane were pipetted into a reaction flask to give 
solutions ca. 0.3 A I  in total alkyllithium and were allowed to 
itand for a measiired time. The solvent was removed under 
vacuum and replaced with ea. 50 ml of pentane. 

The flask, which was equipped with a stopcock and also with a 
septum, wa5 removed froin the glove box. Two dewar trnps, 
one above the other, were flushed with argon, attached above the 
stopcock of the flask, and cooled with Dry Ice. The stopcock 
on the reaction flask wai opened, and a positive pressure of 
argon was maintained in the system throughout the reaction. 
Enough indene (generally 11-20 mmol) in ca. 50 ml of pentane 
was added through the septum to leave convenient amounts of 
i-PrLi and t-BuLi unreacted after ca. 6 0 4 0 %  of the indene re- 
acted. The reaction mixture was stirred magnetically a t  room 
temperature for 2 hr for freshly mixed solutions and for 1 hr for 
equilibrated solutions, during which time a white precipitate 
presumed to be indenyllithiuni formed. In order to analyze for 
unreacted alkyllithium, the reaction flaik was cooled with an 
ice bath, and 6 nil of 1 1 2 0  was carefully added through the sep- 
tum to the rapidly stirred mixture. The precipitate dissolved 
within a few minutes of the DzO addition, indicating that the 
precipitate was indenyllithiuni rather than an indene polymer. 
The lower dewar trap was warmed to 0" and a collecting flask 
at  the top of the lower dewar trap was cooled with Dry Ice. The 
reaction solution was distilled and the fraction with a boiling 
point less than 0" was collected. The isobutane and propane in 
this concentrated sample were purified to greater than 99% purity 
by preparative glpc using a 20-ft 20% diisodecyl phthalate on 
Chromosorb P column at room temperature. Only traces of 
products with retention times identical with those of propene and 
isobutene were observed in addition to the expected peaks of 
propane, isobutane, and solvent on both diisodecylphthalate and 
Porapak Q columns. The purified hydrocarbons were trans- 
ferred to a vacuum line and transferred through a Dry Ice cooled 
trap to remove any nonvolatile impurities. Fixed amount5 of 

(10) See reference in footnote 7. 
(11) (a) W. J. Peascoe, P1i.D. Thesis, University of Illinois, 1970, (1)) 

(12) H.  Gilman, F. W. hloore, and 0. Bsine, J .  Amer. Chem Hoc.. 63, 

(13) H.  Gilman and A E1 Haubeln, zbzd., 66, 1515 (1944). 

W C. Ripka, Ph.D. Thesis, University of Illinois, 1966. 

2479 (1941) 
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hydrocarbon as determined by pressure were transferred to a 
10-cm gas ir cell, and the ir spectrum was determined under 
standard conditions. The ir spectrum of propane showed bands 
at  2860-3000, 1480, 1470, 1450, 1390, and 1380 cm-1; the ir 
spectrum of 2-deuteriopropane showed bands at  2860-3000,2170, 
1480, 1470, 1390, 1380, and 1142 cm+; the ir spectrum of iso- 
butane showed bands a t  2850-3000, 1482, 1380, 1330, and 1175 
cm-1; and the ir spectrum of 2-deuterioisobutane showed bands 
at  2860-3000, 2155, 1482, 1380, 1242, and 1232 cm-'. The 
ratio of absorbance at  2170 to that a t  1480 and at  2170 to  that a t  
1380 cm-l for partially deuterated propane and the ratio of 
absorbance a t  2155 to that a t  1380 and a t  1242 to that a t  1482 
cm-' for partially deuterated isobutane were determined. Com- 
parisons of the ratios of absorhances to the ratios of absorbances 
of mixtures with known mole fraction of monodeuterated hydro- 
carbon were made graphically, and the mole fraction of deu- 
terated hydrocarbon was determined. The results from the two 
+terminations for each sample were within 0.02 mole fraction 
units and an estimated error of 10.02 mole fraction units from 
the mean was assigned as a reasonable limit of accuracy for the 
method. The error limits assigned in Tables I and I1 are based 
on an assumed error of f 0 . 0 2  mole fraction units in the final 
concentrations of the alkyllithium compounds. No fractiona- 
tion of partially deuterated compound occurred during work-up, 
since a glpc-purified sample of propane with a known deuterium 
content was repurified and found to have the bame deuterium 
content. 

An alternative analytical method gave results within experi- 
mental error of those described above for equilibrated alkyl- 
lithium mixtures, and in addition was used to show that added 
lithium chloride, terl-butyl chloride, or tert-butyl alcohol did not 

change the ratio kt-PrLi/kt-BuL,,  whatever effects they may have 
had on the absolute rates. When the reaction was complete, 
the solvent and volatile hydrocarbon products of the reaction 
were removed under vacuum with external heat. The reaction 
mixture was not allowed to warm above 30". Benzene con- 
taining adamantane as an internal nmr standard was pipetted 
into each of the flasks. The precipitated aryllithium compound 
was broken up and dispersed in the liquid. The solution of un- 
reacted alkyllithium compounds and adamantane was filtered 
from the precipitate using disposable pipets fitted with glass- 
wool plugs. The nmr resonances of the alkyllithium compounds 
(1-BuLi 6 1.00 (s); i-PrLi 1.36 (d)] and the resonance of ada- 
mantane (6 1.75-1 3 5 )  were integrated five times. The ratio of 
the areas of the alkyllithium resonances to the area of the ada- 
mantane resonance was used to determine the concentration 
of the alkyllithium compounds. 

Registry No. --i-PrLi, 1888-75-1 ; t-BuLi, 594-19-4; 
indene, 95-13-6; propane, 74-98-6; 2-deuteriopropane, 
207 17-74-2 ; isobutane, 78-28-5 ; 2-deuterioisobut ane, 
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The Knoevenagel Reaction. A Kinetic Study of the Reaction of 
( +)-3-Methylcyclohexanone with Malononitrile 
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The condensation of malononitrile with (+ )-3-methylcyclohexanone produced an 80-85% yield of ( -  )-3- 
methylcyclohexylidenemalononitrile. The reaction, followed polarimetrically in alcohol-water, is kinetically 
second order and efficiently catalyzed by weak bases (w-amino acids, cyclic amino acids, NHdOAc), furnishing 
solutions having an apparent pH of 7.5-8.0. With @-alanine as catalyst, the E,  was 7.6 kcal/mol compared 
to 11 kcal/mol uncatalyzed. Stronger bases (barbital, NaOAc, KOAc, KF, piperidine) effected more rapid 
condensation but poorer kinetics because of telemerisation of malononitrile a t  the higher pHs. 

Our earlier studies on the Knoevenagel condensa- 
tion2t3 have examined catalyst effectiveness in a hetero- 
geneous system. Under these conditions efficiency of 
the largely insoluble dipolar ions was a function of an 
undetermined combination of pH and concentration. 

A more desirable homogeneous system involved the 
reaction of (+)-3-methylcyclohcxanone with malo- 
nonitrile (eq 1). This reaction occurred slowly (when 
not catalyzed) and nearly quantitatively in an alco- 
holic solution at  room temperature. Thc product can 
be isolated in 8045% yield and is probably formed to 
an cxtent greater than 95%. The reverse reaction is 
very slow and can be ncglected. With catalysts fur- 
nishing an apparent pH no higher than 8, no important 
side reactions seem to appear. Because the change in 
rotation during the course of this reaction is large and 
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Education Section, Division of Scientific Personnel and Education in (a) 
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latif, and M. R.  Kamal, J .  Chem. Eng. Data, 8, 597 (1963). 

(3) For an  extensive review see G. Jones, Org. React., 16, 204-599 (1967). 

85% ethanol Lo + CH,(CN), - 
(1) + HZO 

C(CNh 

[alz6D -80.4' 

[a]'% +9.37' & 
linear with change in concehtration, the progress of the 
reaction can be followed polarimetrically. 

An extensive series of kinetic runs were made using 
@-alanine as catalyst (Table I). Most runs were made 
with a 0.400 ill concentration of reactants and the rate 
calculations were based on the assumption of second- 
order kinetics.4J It is clcaf in runs 11, 15, 49, 50, 52, 
and 53 that increasing the conccntration of catalyst 
from 6 X 10-4 ill to 2.5 X M increased the rate of 

(4) S. Patai  and Y. Israeli, J .  Chem. Soc., 2025 (1960). 
(5) L. Rand, D. Haidukewych, and R.  J. Dolinsky, J .  Or@. Chsm., Ill, 

1272 (1966). 


