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ABSTRACT

A general procedure is outlined for direct syn
thesis of lithium salts of pentadienyl carbanions in high 
concentrat ion (ca. 20%) from 1,4-dienes and n-butyllithium 
in hexane-tetrahydrofuran solvent. Nuclear magnetic reso
nance analysis of the products in conjunction with deutera- 
tion studies confirms pentadienyllithiums are obtained by 
this procedure.

Rate-controlled protonation and nuclear magnetic 
resonance studies lead to the conclusion that the charge 
density in pentadienyl carbanions is concentrated on the 
1,3, and 5 positions, in agreement with molecular orbital 
predictions. It is shown by protonation of pentadienyl 
carbanions held rigidly in each of the three possible 
planar shapes, U-,sickle-, and W-, that under conditions of 
analogous alkyl substitution on the 1,3, and 5 positions, 
protonation of the U-shape and the sickle-shape occurs 
fastest at the central carbon.

Coupling constants for these systems of unusual 
bond order are determined and are found to be of reasonable 
magnitude by comparison to those reported for related 
allyllithiums and pentadienyl carbonium ions.

viii



Employing pentadienyl carbanions of known stereo
chemistry, acyclic dienyl anions are synthesized and 
analyzed with respect to preferred shape. Nuclear magnetic 
resonance coupling constants and product composition from 
protonation indicate that the simplest pentadienyl carb- 
anion synthesized from 1,4-pentadiene is predominantly 
W-shaped. Conclusions pertaining to stereochemistry of
2-methylpentadienyllithium are less decisive, but protona
tion data indicate that addition of a methyl group in the 
2 position increases the contribution of the sickle-shape 
to the conformational equilibrium.

Low temperature nuclear magnetic resonance meas
urements are employed to determine approximate rotational 
barriers for acyclic pentadienyl carbanions. The energy 
barrier to rotation about terminal carbon-carbon bonds 
is calculated to be 15.4 kcal./mole at 30° for pentadienyl- 
lithium, and rotation about internal bonds requires an 
activation energy of 13.1 kcal./mole for 2-methylpenta
dienyl lithium at -5°.

A mechanism involving momentary formation of cova
lent carbon-lithium bonds is proposed to account for the 
observed rotation.



INTRODUCTION

Pentadienyl carbanions have been proposed as inter
mediates in base-catalyzed isomerization of 1,3- and 1,4-
dienes, g^^^h reduction of aromatic compounds, and

9 32in nucleophilic substitution reactions. ’ Since it is 
often possible to predict the course and rate of a reaction 
from knowledge of the properties of a reactive intermediate, 
it is useful both synthetically and from a theoretical 
point of view to synthesize pentadienyl carbanions in a 
concentration sufficient for spectral and structural studies. 
A convenient method for synthesis of these compounds has 
not been previously reported.

Of special interest is the charge distribution of 
the dienyl anions, since this information would permit 
prediction of the course of rate-controlled protonation.
Also, some knowledge of the preferred configuration, (1,2, 
or 3), would permit qualitative prediction of the rate of 
isomerization of dienes which isomerize through one of these 
three possible planar shapes (referred to hereafter as U-, 
sickle-, and W-shaped pentadienyl carbanions, respectively).

(1) (2) (3)
1



Simple Huckel molecular orbital treatment of penta- 
dienyl carbanions has led to the prediction that the 
electron density is equally distributed among the 1,3, and 
5 positions of the anion, while more sophisticated treat
ments including electron repulsion terms predict a slight
concentration of charge on the central carbon with respect

8 44 3to the terminal carbons. 9 Bates et, aJL. have shown that
protonation of the U-shaped pentadienyl carbanion inter
mediate in the isomerization of 1,4-cyclohexadiene with 
potassium tert-amyloxide in tert-amyl alcohol occurs 8 times 
as fast at the central carbon as at either of the terminal 
carbons. This result is in accord with the self-consistent 
field molecular orbital approach. Though the course of 
protonation of the U-shaped dienyl anion corresponds to 
that predicted by molecular orbital treatment, the same 
results do not necessarily hold for the sickle- and W-shaped 
pentadienyl carbanions, for which there was no experimental 
evidence prior to the current study.

CHARGE DENSITY DISTRIBUTION IN PENTADIENYL CARBANIONS

Charge density at a given carbon can be related to 
the nuclear magnetic resonance (n.m.r.) chemical shift of

ia hydrogen bound to that carbon. This technique has been
employed to determine charge distribution in benzyllithium,

41diphenylmethyllithium, and triphenylmethyllithium. It is,
however, more accurate when applied to systems in which



diamagnetic shielding or deshielding effects are neutralized 
by the symmetry of the system. Such a study has been pub
lished on cyclopentadienyl carbanion, benzene, and cyclo-

20heptatrienyl carbonium ion. When anisotropic effects do 
not cancel, it is more convenient to determine charge density 
distribution in carbanions by subjecting them to rate- 
controlled deuteration with DgO and locating the position 
of deuterium in the products. In order to insure that 
rate-controlled protonation has taken place, only mono- 
deuterated products should be found. When this method is 
employed, it is assumed that the carbon bearing the highest 
charge density deuterates fastest. Results obtained in 
this manner cannot be regarded as quantitative unless 
steric factors are negligible. It is possible, however, 
to make semi-quantitative estimates of charge density by 
simply assigning highest rr-electron density to the carbon 
bearing the hydrogen with the highest upfield shift when 
alkyl substitution is similar.

Other less definitive studies concerning protonation 
of pentadienyl carbanions have been published. Birch reduc
tions of aromatic compounds have been postulated to involve 
protonation of a U-shaped pentadienyl carbanion as the last 
s t e p . I n  these reactions protonation appears to occur 
fastest at the central carbon. Protonation of pentadienyl 
anions having methoxyl substituents^9̂  has led to the same 
qualitative results.



STABILITY OF PENTADIENYL CARBANIONS
4

Factors which influence pentadienyl carbanion sta
bility may be expected to have a profound effect on the 
rate of base-catalyzed isomerization of dienes in which the 
transition state resembles a pentadienyl carbanion. It is, 
for this reason, useful to determine the relation between 
stability and configuration for dienyl anions in order to 
make generalizations concerning relative rates of isomer
ization of 1,3- and 1,4-dienes.

Birch and coworkers^ have presented evidence that 
pentadienyl carbanions are destabilized by alkyl substitu
tion. They postulate that this destabilization is not 
primarily due to an electron donating inductive effect, but
is predominantly an effect of steric hindrance to solvation

3of the ion. Bates, Carnighan, and Staples have reported 
that the transition state for isomerization of ’^-hexahydro- 
naphthalene t o *̂ -hexahydronaphthalene (via 4) is more 
stable by 2.3 kcal./mole than the transition state for the 
isomerization ofZ^'^-hexahydronaphthalene t o ’^-hexahydro- 
naphthalene (via 5), and at least 2.6 kcal./mole more stable 
than the transition state for isomerization of cis-Z'X ’̂ - 
hexahydr©naphthalene toZ^J’̂ -hexahydronaphthalene (via 6).

(6)



5
It appears that in this system the U-shaped pentadienyl
carbanion is about 2-5 kcal./mole more stable than the
other two shapes. The reason for this increased stability
of the U-shape may be ease of solvation of this geometry
by a metal cation,^ and/or 1,5 ir-orbital overlap, since
these stabilizing effects have been previously suggested

13in related systems. It is questionable whether these 
effects are sufficient to overcome steric interference of 
internal 1,5 protons in acyclic U-shaped pentadienyl carb- 
anions (7).

H Hhr Hbr H

(7)
This type of steric interference, which has been estimated 
to amount to about 2.3 kcal./mole in s-cis butadiene, 
should be much more serious in acyclic U-shaped pentadienyl 
carbanions.

A study concerning pentadienyl radicals^ with data 
pertaining to preferred configuration is expected to be 
applicable to pentadienyl carbanions in view of the similar
ity of the two intermediates. Both are stabilized by delocal-

sized pi systems and steric requirements could be presumed



6
to be virtually identical. This study of the kinetics of 
free radical isomerization of 1,3-pentadiene led to the 
following results:

FIGURE I 

RESONANCE ENERGY OF RADICALS 

RADICAL RESONANCE ENERGY

(8) 12 KCAL./MOLE19

(9) 16 KCAL./MOLE

(10) 24 KCAL./MOLE

Egger and Benson postulate that the resonance energy for the
pentadienyl radical (9) would be approximately twice that 
of the allyl radical (8), or 24 kcal./mole. Since a lower 
value of 16 kcal./mole is observed, a destabilizing effect 
of 8 kcal./mole must be rationalized. The hexadienyl rad
ical (10) is stabilized by the expected value. Arguing by 
virtue of formal charges, the U-shaped geometry of the 
hexadienyl radical is electrostatically a more stable sys
tem than an open-chain pentadienyl structure. One might 
then expect that pentadienyl radicals should prefer a more 
compact cis-cis (U-shaped) structure or cis-trans (sickle
shaped) structure. There is, however, a steric cost in

U
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formation of the more compact geometry which may outweigh 
the electrostatic gain. It is concluded that pentadienyl 
radical (9) prefers to exist in the W- or sickle-shape by 
virtue of the reduced steric hindrance, and electrostatic 
arguments account for the unexpectedly low resonance stabili
zation energy.

The least ambiguous method for determining the 
relation between shape and stability of dienyl anions would
be direct equilibration of the carbanions themselves. It

3has been suggested that such equilibration studies may 
be possible if relative amounts of the three shapes can be 
quantitatively determined by a convenient procedure.

Synthesis of cyclohexadienyl carbanions requires 
special care, since there is evidence that hydride transfer 
(intermolecular) to give aromatic products is a fast reac
tion. For example, cyclohexadienylsodium rapidly decomposes

46to benzene and sodium hydride. This should not, however, 
be a problem with most other pentadienyl carbanions.

(i d



STRUCTURE AND ROTATIONAL BARRIERS OF PENTADIENYL GARBANIONS

Structure of pentadienyl anions, as well as other 
organometallie compounds, is of current interest. The nature 
of carbanion to metal cation bonding shows a wide variance 
depending on the structure of the anionic portion of these 
compounds, the charge and size of the metal ion, and the 
solvent. Simple alkyllithium compounds are known to be 
largely covalent and form aggregates in solution,^ or are 
postulated to exist as solvent separated ion p a i r s , d e p e n d 
ing on the metal ion and the solvent. In another study, 
triphenylmethyllithium gives an n.m.r. spectrum which is
independent of solvent and cation, indicating a completely

41ionic structure.
No exhaustive studies relating to the nature of the 

bonding between pentadienyl carbanions and metal cations 
are currently available. There are, however, reports pub
lished on compounds of similar type which may allow
prediction of structural properties of dienyl anions.

3 4Norlander and Roberts have conducted a nuclear
magnetic resonance study of the resonance-stabilized allyl 
Grignard reagent. The proton spectrum of the reagent in 
ether solvent is characteristic of a simple AX^ system,
Jax= 12+1 c.p.s., and consists of a quintet (relative 
area = 1) and a higher field doublet (relative area = 4).
The simplicity of this spectrum can be reasonably



interpreted on the basis of a rapid equilibration of two 
covalent forms of allylmagnesium bromide (12).

BrMgCH2CH=CH2 ------ CH2=CHGH2MgBr

(12)
This type of carbon-magnesium exchange in ether solvent has

21been noted by other observers. Structures such as (13) 
and (14) are presumed to be eliminated, since multiple 
bond character between the carbons makes the barrier to 
bond rotation too high to be reasonable under normal con
ditions. The fact that the 1,3 protons are in an group 
without differentiation into cis and trans requires rota
tion and the resulting averaging of the terminal protons.

H MgBr

(13) (14)

The question still arises whether this system is predom
inantly covalent in ether solution at room temperature, as 
is implied by Norlander and Roberts, or whether it is



10
predominantly ionic, with momentary formation of carbon- 
magnesium bonds for a period of time of sufficient length 
to permit rotation about the 1,2 carbon-carbon bonds (15),

Mgbr

(15)

This question can be answered by analysis of low temperature 
n.m.r. spectra if the rotation can be slowed down enough to 
observe individual conformations. If such a temperature 
effect is observed, it should be possible to observe 
whether the covalent structure (15) or the ionic structure
(14) best fits the spectral data.

28A similar study of allyllithium led these workers
to conclusions corresponding to those presented for allyl-
magnesium bromide, though a more recent study of allyllith-

25ium argues in favor of an ionic structure.
Another related class of compounds, pentadienyl 

carbonium ions, has recently become the subject of n.m.r. 
studies. Procedures for synthesizing stable carbonium ion 
solutions by Deno^ and Olah^ have greatly increased the 
published data on these reactive intermediates. Allyl
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36carbonium ion ' has been subjected to n.m.r. studies.

Poor resolution and competing cyclization reactions pro
hibit a conclusive structural assignment. The n.m.r. 
spectrum of 1,1,5,5-tetramethylpentadienyl carbonium 
ion (16) reveals two resolved peaks for the methyl groups 
at 2.61 and 2.64 p.p.m. downfield from tetramethylsilane.^

The separate bands for the two pairs of methyl groups in
dicates that the methyl groups do not equilibrate by rapid 
rotation about the 2,3 carbon-carbon bond, and that cis- 
trans isomerization is possible in dienyl cations. This is 
also true of alkenyl cations.*^

SYNTHESIS OF PENTADIENYL CARBANIONS

(16)

Synthesis of pentadienyl carbanions has not been 
accomplished in high concentration, with the exception of



12
cyclopentadienyl carbanions, which have unusual stability

12 38due to their 4n+2Tr-electrons. ’ It would be desirable
to isolate these anions as lithium salts in order to enhance
solubility in common organic solvents. Syntheses of
resonance-stabilized organolithium compounds have been
reported by a variety of methods, including reaction of

30allylsodium with lithium chloride, reaction of allyl
31Grignard reagents with metallic lithium, cleavage of allyl

42halides with metallic lithium, cleavage of allyl phenyl
18ethers with metallic lithium, and cleavage of symmetri

cal dibenzyl ethers with metallic lithium at low tempera- 
24ture. However, while all these procedures are suitable 

for synthesizing the respective reagents for further utility 
in preparative reactions, they are not particularly conven
ient and do not usually give products of sufficient purity 
for unambiguous spectral studies.

(17)



It is proposed that lithium salts of pentadienyl 
carbanions can be generated by a simple procedure directly 
from 1,3- and/or 1,4-dienes. A possible method has been
employed in synthesis of tetraphenylcyclobutenyl mono-

22anion (17), The reaction of n-butyllithium in hexane- 
tetrahydrofuran with the parent hydrocarbon, cis-1,2,3,4- 
tetraphenylcyclobutene was employed.



EXPERIMENTAL

Vapor phase chromatographs (v.p.c.) were run on 
an F & M Model 609 fractometer unless otherwise stated. 
Infrared spectra were obtained on a Perkin-Elmer Infra- 
cord spectrophotometer9 Model 137B. Nuclear magnetic 
resonance spectra (n.m.r.) were run at 60 Me. on a Varian 
A-60 spectrometer. The n.m.r. spectra of pentadienyl 
carbanions reported in this paper are not described in the 
EXPERIMENTAL section, but duplications of them can be found 
under DISCUSSION. Starting materials for synthetic schemes 
are described under individual headings.

SYNTHESIS OF PENTADIENYLLITHIUM

Commercial (Foote Mineral Company) n-butyllithium 
in hexane solvent (50 ml., 0.080 moles), 1,4-pentadiene 
(8.0 ml., 0.078 moles), and dry tetrafyydrofuran (20 ml.) 
were introduced into a 100 ml. flask, in a Dry Ice- iso
propanol bath, fitted with a Dry Ice-isopropanol condenser, 
nitrogen inlet, and magnetic stirrer. After the reactants 
were thoroughly mixed, the cold bath was removed and the 
reactants were allowed to warm to room temperature. After 
the reaction was complete (10 minutes) two layers formed 
in the reaction vessel. The bright orange lower layer was 
found by n.m.r. and v.p.c. to be a solution of

14



pentadienyllithium in tetrahydrofuran, contaminated with 
some hexane and butane. The faintly yellow upper layer 
was predominantly hexane, contaminated with traces of 
tetrahydrofuran and butane. This preparation of pentadi
enyllithium was essentially quantitative, as noted by the 
absence of 1,4-pentadiene absorption in the n.m.r. spectra 
of both layers and the failure to find any other products 
which could have been derived from 1„4-pentadiene.

The n.m.r. spectrum of pentadienyllithium remained 
unchanged for at least 24 hours when the tetrahydrofuran 
solution was kept in a closed vessel under ordinary atmos
phere at room temperature, though the initial bright 
orange color changed to dark red. Solutions of the anion 
were reasonably stable for periods up to two weeks when 
refrigerated and stored under nitrogen atmosphere.

The tetrahydrofuran employed in this synthesis
was dried by distillation from lithium aluminum hydride.
Samples prepared for spectral studies were run in small
quantities in n.m.r. sample tubes with perdeuterotetra-
hydrofuran (Merck, Sharpe, and Dohme, Inc.) solvent. All
pentadienyl carbanions reported in this current study were

23prepared by this general procedure.
Pentadienyllithium cannot be prepared in high con

centration from cis- or trans-1,3-pentadiene by this pro
cedure , Samples of 1,3-pentadiene, n-butyllithium, and 
tetrahydrofuran gave no absorption characteristic of a
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pentadienyl carbanion. The spectra of the dienes remained 
unchanged even at high temperatures and after extended 
reaction times. Rate of reaction with n-butyllithium was in 
the order 1,4-pentadiene >tetrahydrofuran > 1,3-penta- 
diene. Attempts to synthesize pentadienyl carbanions from
1,3-dienes employing isopropyllithium were also unsuccessful.

REACTION OF PENTADIENYLLITHIUM WITH WATER

The solution of pentadienyllithium in tetrahydro- 
furan (lower layer) prepared as described above was extrac
ted from the reaction vessel with a syringe and added drop- 
wise to an excess of water, causing disappearance of the 
characteristic orange-red color and formation of a white 
precipitate. The liquid phase was analyzed by v.p.c, 
employing a 20 ft. by 0.125 in, GE SE-30 silicone grease/ 
60-80 mesh Chromosorb W column at room temperature. The 
pentadienyl carbanion underwent rate-controlled protona
tion to give a mixture of 1,4-pentadiene (approx. 10%) 
and 1,3-pentadiene (approx. 90%). The 1,3-pentadiene was 
75% trans isomer, as calculated by peak area from the 
integrated v.p.c. spectrum.

The isomer distribution of the pentadiene is very 
sensitive to the technique employed in addition of water, 
and the values given above must be regarded as approximate. 
The ratio of cis- to trans-1,3-pentadiene remained very 
similar after several runs were analyzed, and is not
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dependent on the temperature at which the protonation occurs. 
Cis- and trans-1,3-pentadiene are not completely resolved by 
the v.p.c. column employed and peak area determination 
requires some estimation.

DEUTERATION OF PEMTADIENYLLITH1UM

Pentadienyllithium in tetrahydrofuran was added 
dropwise to a large excess of deuterium oxide (Diaprep, Inc.) 
with rapid stirring. The volatile products were distilled 
and collected in a Dry Ice-isopropanol trap, and separated by 
preparative v.p.c. (Garbowax 20M polyethylene glycol/60-80 
mesh Firebrick column, 6 ft. by 0.5 in., 50°). The 3- 
deutero-1,4-pentadiene and 4-deutero-l,3-pentadiene were well 
resolved and were collected as pure components. An. inte
grated n.m.r. spectrum on each component showed monodeutera- 
tion of the pentadienyl carbanion at the expected locations.

SYNTHESIS OF 2-METHYLPENTADIENYLLITHIUM

a) Dehydration of 4-Methyl-4-Hydroxy-l-Pentene
Commercial (Aldrich Organic Chemical Co.) 4-methyl- 

4-hydroxy-1-pentene was added dropwise to freshly fused and 
powdered potassium bisulfate at 200°. The dienes were 
distilled and collected as formed. The products were separa
ted and collected by preparative scale v.p.c. (Carbowax) and 
identified by n.m.r. The total yield was 80% consisting of 
4-methyl-1,3-pentadiene (71%) and 4-methyl-l,4-pentadiene 
(29%).
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b) Reaction of 4-Methyl-1,4-Pentadiene with n-Butyllithium 

Pure 4-methyl-l,4-pentadiene was treated with n- 
buty1lithium as described in the general procedure. The 
characteristic color formation and phase separation were 
observed. The n.m.r. spectrum of the lower layer showed 
quantitative transformation into 2-methylpentadienyllithium.

REACTION OF n-BUTYLLITHIUM WITH 1,4-CYCLOHEXADIENE

A solution of n-butyllithium in hexane (1. 0ml. <,
0.0016 moles), 1,4-cyclohexadiene (0.20 ml., 0.0021 moles), 
and anhydrous tetrahydrofuran (0.50 ml.) were mixed at -78° 
in an n.m.r. sample tube and allowed to warm in an n.m.r.
probe to the temperature of the probe (ca. 40°). The

rspectrum was taken at 2-minute intervals. An intense 
absorption characteristic of benzene was noted already at 
2 minutes. The absorption of 1,4-cyclohexadiene decreased 
rapidly in intensity. No signal which could be attributed 
to an unstable intermediate was observed. Phase separation 
did not occur and after the reaction was complete, a pre
cipitate (presumably lithium hydride) was noted,

Similar results were obtained when T-terpinene was 
subjected to the same treatment. Np evidence of an unstable 
pentadienyl carbanion intermediate was observed, but rather 
a spectrum of p-cymene was observed.
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PREPARATION OF 6,6-DIMETHYL-l,4-CYCLOHEXADIENE

a) Methylation of 1,3-Cyc1ohexadione
33The procedure of I. N. Nazarov was followed. A 

crude mixture including the expected dimethylated product 
was isolated (52 g., 78%).

b) Reduction of 2,2-Dimethyl-l,3-cyclohexadione
The crude 2,2-dimethyl-1,3-cyclohexadione (43 g.,

0.31 moles) was added as a 50% ether solution in lithium 
aluminum hydride (6.0 g., 0.16 moles) in 350 ml. anhydrous 
ether, in a 1 liter flask fitted with a mechanical stirrer, 
nitrogen inlet, and ice-water condenser over a period of 
1 hour at room temperature. The reaction mixture was 
stirred overnight and then excess lithium aluminum hydride 
was destroyed by addition of 30 ml. of water. The white 
solid was filtered off with vacuum and the ether layer was 
collected, dried over anhydrous magnesium sulfate, and the 
solvent removed, leaving a colorless, viscous liquid 
(36.5 g,, 81%).

c) Preparation of 2,2-Dimethy1-1,3-Cyc1ohexandiacetate
The crude 2,2-dimethyl-l,3-cyclohexandiol (20 g.,

0.14 moles), acetic anhydride (30 g., 0.29 moles), and 
pyridine (23.2 g., 0.29 moles) were mixed in a 100 ml. flask 
fitted with a magnetic stirrer and reflux condenser, at 
room temperature. The reaction mixture was stirred overnight. 
Ether was added (100 ml.), and the solution was washed twice
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with water, twice with 5% hydrochloric acid, and twice more 
with water. The ethereal solution was collected and dried 
over anhydrous magnesium sulfate. The diacetate was not 
isolated from the ethereal solution.

d) Pyrolysis of 2,2-Dimethy1-1,3-Cyc1ohexandiacetate
The crude 292-dimethyl«-l ,3-cyclohexandiaeetate was 

pyrolyzed (475-80°) under nitrogen atmosphere on a Pyrex 
column packed with glass helices. The resultant yellow 
ether solution was washed twice with saturated sodium 
bicarbonate solution and twice with water. The ether layer 
was collected, dried over anhydrous magnesium sulfate, and 
the solvent partially evaporated. Three components were 
collected by v.p.c. (Carbowax column) at 100°. The expected 
diene, 6,6-dimethyl-1,4-cyclohexadiene, was the second com
ponent collected (b.p.=109-10°, refractive index = 1.4519,
26°). In addition to the diene, some unreacted diacetate, 
some monoacetate, and some toluene were isolated. The total 
yield of pure 6,6-dimethyl-l,4-cyclohexadiene was only 1.5 g., 
but the yieId could be improved by recycling the pyrolysis
mixture. Repeated attempts to synthesize 6,6-dimethyl-l,4-

45cyclohexadiene following a published synthetic method 
failed to give the correct product. Over-reduction was the 
predominant reaction when dimedone was treated with lithium 
aluminum hydride at 65° in tetrahydrofuran solvent. The 
major product is 3 ,3-dimethylcyclohexanol, and small amounts 
of 5,5-dimethyl-3-hydroxycyclohexene were found. Dehydration
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of the 5,5-dimethyl-3-hydroxycyc1ohexene gave only dienes 
in which a methyl shift had taken place.

PREPARATION OF 6,6-DIMETHYLGYGLOHEXADIENYLLITHIUM

The lithium salt of 6,6-dimethylcyclohexadienyl 
carbanion was prepared following the general procedure 
outlined above, employing n-butyllithium (1.0 ml., 0.0016 
moles), 6,6-dimethyl-l,4-cyclohexadiene (0.16 g., 0.0015 
moles), and tetrahydrofuran (1.5 ml.). The n.m.r. spectrum 
confirmed conversion to the carbanion.

DEUTERATION OF 6,6-DIMETHYLGYCLOHEXADIENYLLITHIUM

The solution of the carbanion was treated with 
excess (0.50 ml.) deuterium oxide with rapid addition and 
stirring. The deuteration mixture was analyzed by v.p.c. 
and separated into components (GE SE-30/60-80 mesh Chromo- 
sorb W column, 10 ft. by 0.25 in., 100°, Aerograph Model 
A-100 chromatograph). Although the olefinic products were 
not resolved, the entire olefinic mixture was collected and 
an integrated n.m.r. spectrum of the mixture permitted a 
reasonable estimation of the product ratio. The diene mix
ture included 6,6-dimethyl-3-deutero-l,4-cyclohexadiene 
(60%) and 5,5-dimethyl-6-deutero-1,3-cyclohexadiene (40%).
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SYNTHESIS OF 1,3-DIMETHYLENCYCLOHEXANE

a) Hydrogenation of Isophthalic Acid
Isophthalic acid (40.0 g., 0.24 moles) was reduced 

by catalytic hydrogenation (platinum oxide catalyst, 50 
p.s.i.) according to the procedure of Smith and Byrne. 
Hydrogen uptake was found to be faster when the reaction 
was heated under ultraviolet heating lamp. The reduced 
product was purified by recrystallization from water. Two 
crops of crystals were collected (cis acid, m.p. = 159-63°, 
trans acid, m.p. = 144-8°). The n.m.r. spectrum of the pro
duct showed no residual unsaturation. Yield = 26.7 g., 
63.5%.

b) Reduction of 1,3-Cyclohexandicarboxylic Acid
Cis and trans-1,3-eye1ohexandicarboxylic acid (19.5 

g., 0.113 moles) was added as a slurry in dry tetrahydro- 
furan to lithium aluminum hydride (7.6 g., 0.20 moles) in 
tetrahydrofuran (400 ml.) with stirring at room temperature. 
After the diacid was added, the reaction mixture was allowed 
to cool and excess lithium aluminum hydride was decomposed 
by successive addition of 22.8 ml. of water and 7.6 ml. of 
50% aqueous sodium hydroxide. The resuitant white precip
itate was filtered off, and the filtrate was saved. The 
solvent was distilled under aspirator vacuum, and ether 
(100 ml.) was added. The solution was dried over anhydrous 
magnesium sulfate and the solvent removed by rotary
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evaporation, leaving a colorless, viscous oil. The nem»r„ 
spectrum of the oil showed it to be a mixture of cis- and 
trans-1a3-eye1ohexandimethano1 (12.2 g., 74%).

c) Preparation of Cyclohexan-1,3-Dimethylol Acetate
A mixture of cis- and trans-1,3-eyelohexandimeth

ano 1 (12.2 g., 0.084 moles), acetic anhydride (10.2 g.,
0.10 moles), and pyridine (7.9 g., 0.10 moles) was stirred 
at room temperature overnight. The product was worked up 
as before, employing hydrochloric acid wash of the ether 
solution of the diacetate. The diacetate was not isolated 
from the solvent.

d) Pyrolysis of Cyclohexan-1,3-Dimethylol Acetate
The diacetate was pyrolyzed in ether solution by 

passing through a Pyrex column packed with glass helices 
at 510° under nitrogen atmosphere. The material collected 
from the pyrolysis column was washed twice with saturated 
sodium bicarbonate solution and twice with water. The 
ethereal solution was collected, dried, and the solvent 
partially removed by rotary evaporation. An analysis by 
v.p.c. showed the presence of several pyrolysis products.
In addition to the expected 1,3-dimethylencyclohexane, 
unreacted diacetate, monoacetate, and m-xylene were identi
fied. The mixture was separated by preparative v.p.c. 
(Carbowax column) and the 1,3-dimethylencyclohexane was 
collected. The yieId of the diene was 1.0 g., but could be . 
improved by optimizing pyrolysis conditions.
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PREPARATION OF THE PENTADIENYL CARBANION FROM 1,3-DIMETHYLEN- 
GYCLOHEXANE

The lithium salt of the carbanion was synthesized 
by the general procedure, employing n-buty1lithium (1.0 ml., 
0.0016 moles), 1,3-dimethylenecyclohexane (0.17 g., 0.0016 
moles), and anhydrous tetrahydrofuran (0.5 ml.).

DEUTERATION OF THE PENTADIENYL CARBANION FROM 1,3-DIMETHYLEN- 
CYCLOHEXANE

Excess deuterium oxide was added to the carbanion 
with rapid stirring. The colorless deuteration mixture was 
resolved into components by v.p.c, (Carbowax column, 5 ft. 
by 0.25 in., 100°). Comparison of retention time of the 
mixture with that of pure starting material showed that 
no 1,4-diene resulted from the deuteration. Within exper
imental error, the deuteration gave exclusively 1-methylene- 
3-(monodeuteromethyl)“2-cyclohexene (deuteration only at 
the terminal carbons of the pentadienyl carbanion).

PREPARATION OF 1-METHYLEN-3-CYCLOHEXENE

a) Reduction of 3-Cyclohexen-1-Carboxaldehyde
Commercial 3-eye1ohexen-1-carboxaIdehyde (K & K 

Laboratories, Inc., 55.0 g., 0.50 moles) was added dropwise 
as an ether solution to lithium aluminum hydride (5.0 g.,
0.132 moles) in 500 ml. of anhydrous ether in a 1 liter flask 
fitted with a mechanical stirrer, addition funnel, and ice- 
water reflux condenser. After the addition was complete
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(1.5 hrs.)9 the reaction mixture was stirred for 24 hours. 
Excess lithium aluminum hydride was decomposed by successive 
addition of 15 ml. of water and 5 ml. of 50% aqueous sodium 
hydroxide solution. The granular white precipitate was

Cfiltered off with vacuum and the filtrate was collected $ 
dried over magnesium sulfate, and the solvent removed by 
rotary evaporation, leaving a yellow residue. The infrared 
spectrum showed a strong alcohol absorption and a weak 
carbonyl band. The n.m.r. spectrum of the product is 
consistent with that expected for 3-eyelohexen-1-methanol 
(51.7g., 94%).

b) Preparation of 3-Cyclohexen-l-Methylol Acetate
The acetate was synthesized by the same method given 

previously, employing acet ic anhydride and pyridine at room 
temperature.

c) Pyrolysis of 3-Cyclohexen-l-Methylol Acetate
The pyrolysis was carried out as before (500°), but 

after three passes through the pyrolysis column none of the 
expected diene (l-methylen-3-cyclohexene) was isolated.
However, when another portion of the acetate was pyrolyzed 
at 510°, partial reaction was observed. Two passes through 
the preparative v.p.c. column (Carbowax) resulted in isolation 
of the correct product, as confirmed by infrared and n.m.r. 
spectra (b.p. = 106°, refractive index = 1,4671, 26°).
Again some unreacted starting material, monoacetate,
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and a high boiling fraction which was not identified were 
collected. Incomplete pyrolysis and loss in the purifica
tion step resulted in a poor yield.

PREPARATION OF THE PENTADIENYL GARBANION FROM 1-METHYLEN- 
3-CYCLOHEXENE

The pentadienyl carbanion was prepared according to 
the general procedure previously described. The n.m.r. 
spectrum is consistent with the expected pentadienyl carb
anion, and rearrangement to other possible pentadienyl 
carbanions in this system is not observed even after long 
periods of time or on heating the tetrahydrofuran solution.

DEUTERATION OF THE PENTADIENYL CARBANION FROM 1-METHYLEN- 
3-GYCLOHEXENE

Reaction of the carbanion with DgO followed by
separation by v.p.c. (GE SE-30 column, 5 ft. by 0.25 in.,

o75 , Aerograph Model A-100) resulted in isolation of a mixture 
of two of the three monodeuterated dienes. The two dienes 
were not sufficiently resolved for separation or quantita
tive concentration determination, but an integrated n.m.r. 
spectrum of the mixture permitted identification of the two . 
compounds and a qualitative estimate of their relative con
centrations, The dienes were identified as 2-deutero-l- 
methylen-3-cyclohexene (40%) and 1-(monodeuteromethy1)-l,3- 
cyclohexadiene (60%). None of the product derived from
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reaction with DgO at the alkyl-substituted (secondary) 
end carbon of the pentadienyl anion was detected (4-deutero- 
l-methylen-2-cyclohexene). Undoubtedly some of this diene 
is present, but the quantity is insufficient to detect by 
n.m.r. The method would, however, detect any amount greater 
than 5 per cent.

\



DISCUSSION

In this present study, lithium salts of pentadienyl
carbanions were synthesized in high concentration (ca^ 20%)
by a modified procedure similar to that reported by Freed-

22man, Doorakian, and Sandel. ' Dienes were synthesized 
which give, on treatment with n-butyllithium, pentadienyl- 
lithiums of restricted configuration (U-, sickle-, and W-) 
as shown below:X

(18)

(19)

(20)

28
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By the same method, acyclic pentadienyllithiums, for which 
any of the three possible planar shapes must be considered 
permissible, were synthesized as shown:

>
(21)

(2 2)

Protonation and deuteration studies in conjunction with 
n.m.r. spectra of these compounds are presented and their 
bearing on the questions

whether they are actually pentadienyllithiums,
whether the pentadienyllithiums are ionic or covalent,
site of protonation and charge density distribution,
coupling constants as a function of geometry,
preferred shape for carbanions of unrestricted geometry, 
and
rotational barriers about the carbon-carbon bonds 

is discussed.



N.M.'R. SPECTRA OF PENTAD IENYL GARB ANIONS

The drastic changes in the appearance of the n,m.r 
spectra of the 1,4-dienes on reaction with n-butyllithium 
are evident. The changes can be rationalized if quantita
tive conversion to the corresponding pent ad ieny11ithium 
occurred. In no case was there spectral evidence for any 
unchanged starting material or of any products other than 
butane and pentadienyl carbanions. This view is further 
supported by the fact that addition of water to the n.m.r. 
sample of the carbanions led to an exothermic reaction and 
the appearance of an n.m.r. spectrum characteristic of a 
mixture of dienes with the same carbon skeleton as the 
starting material. Reaction of the carbanions with 
deuterium oxide gave only monodeuterated products, as 
expected.

The n.m.r. spectra of pentadienyl carbanions (18), 
(19), (21), and (22) and the 1,4-dienes from which they 
were synthesized are given below. The spectrum of (20) 
is not reproduced due to the simplicity of the observed 
pattern, but is described later. The intense absorption 
around 9'V is due to the hexane solvent in solutions of 
pentadienyl carbanions. The lowest fieId peaks correspond 
to hydrogens attached to the 2 and 4 carbons of the penta
dienyl anion. Hydrogens attached to carbon 3 absorb in an 
intermediate range (6.5-5.5'r), and hydrogens on terminal 
carbons appear at highest field.
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FIGURE II. N.M.R. SPECTRUM OF 6,6-DIMETHYL-1 1 4-CYCLOHEXADIENE 
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FIGURE III. N.M.R. SPECTRUM OF (18) 
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FIGURE IV. N.M.R. SPECTRUM OF 1-METHYLEN-3-CYCLOHEXENE 
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FIGURE V. N.M.R. SPECTRUM OF (19) 
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FIGURE VI. N.M.R. SPECTRUM OF 1,4-PENTADIENE 
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FIGURE VII. N.M.R. SPECTRUM OF (21) 
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FIGURE VIII. N.M.R. SPECTRUM OF 2-METHYL-1,4-PENTADIENE 
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FIGURE IX. N.M.R. SPECTRUM OF (22) 
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NATURE OF THE CARBON-LITHIUM BOND

The probe temperature (ca, 35°) n.m.r. spectra of 
each of the carbanions consists of reasonably sharp peaks 
with one notable exception (FIG. VII). The spectrum of (21) 
shows a very broad absorption at 7"r, integrating for 4 pro
tons, evidently the protons attached to carbons 1 and 5.
The possibility that this broadening is due to lithium 
coupling was ruled out by the fact that signal shape in 
this region was found to be temperature dependent. When the 
n.m.r. sample was run at 40°, the formerly broad peak was 
resolved into two separate peaks (doublet centered at 7t ) , 
each integrating for two protons. On cooling to 15°, four 
peaks (two doublets) centered at 7.2 T and 7.bt appeared.
The observed line-broadening at 35° is, then, clearly due to 
an exchange process, and not a result of lithium coupling.
As seen from (23), the chemical shifts (T) at low tempera
ture are consistent with that expected for the carbanion, 
and not consistent with a covalent structure.



It may be concluded that although the high temperature 
spectrum can be interpreted in terms of rapidly equilibra
ting forms with covalent carbon-lithium bonds, the low 
temperature spectrum can only be explained on the basis of 
a free carbanion, and these compounds must be predominantly
ionic. This supports the results obtained by E. Grovenstein, 

25et al. on the related allyllithium compounds, and is some
what different from earlier interpretations of Norlander and
Roberts'^ concerning allyl Grignard reagents and G. S.

28Johnson, Jr. et al. ~ concerning allyllithium.

SITE OF PROTONATION AND CHARGE DENSITY DISTRIBUTION IN 
PENTADIENYL GARBANIONS

Since tetrahydrofuran solutions of pentadienyl 
carbanions (18)-(22) were available, it was possible to 
observe directly the rate-controlled protonation products 
when these compounds were reacted with an excess of water. 
Reaction with deuterium oxide under the same conditions 
resulted in isolation of exclusively monodeuterated dienes, 
indicating that the rate-controlled process is indeed in 
effect. It is believed that the results of the protonation 
experiments reflect the charge density distribution in the 
dienyl anions, although steric factors undoubtedly influ- 
ence these resuits to some extent. The results obtained 
were as follows:
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FIGURE X

(18)

PRODUCT DISTRIBUTION FROM PROTONATION 
OF PENTADIENYL GARBANIONS

FLO x
60% 40%

(19) >
60%

A A
A A
40% 0%

(20)

100% 0%
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( 2 2 )  >

45% 45% 10% 0%

The results from protonation of (18) clearly show
that the direct rate-controlled protonation of a U-shaped
pentadienyl carbanion is faster by a factor of 3 at the
central carbon than at either end carbon. This is the same
result, though variant in magnitude, obtained indirectly on
other U-shaped pentadienyl carbanions employing different

4protonation conditions.
Protonation of other pentadienyl carbanions does not 

lead to equally conclusive results, and the 1,4-dienes are 
no longer the predominant product. Unlike the case of (18), 
however, (19)-(22) are complicated by the primary character 
of at least one of the terminal carbons. It is well known 
that the order of stability of carbanions is primary^ 
secondary^ tertiary, and it is not surprising to find that 
alkyl substitution plays an important role in determining 
charge density distribution in pentadienyl carbanions. Still, 
in the case of (19), protonation at the central carbon 
accounts for 40% of the isolated product. This indicates 
that the central secondary site for this particular sickle
shaped carbanion competes favorably with the terminal primary 
carbon for a proton in spite of the difference in alkyl



39
substitution. When this result is coupled with the fact 
that protonation at the central carbon predominates by far 
over protonation at the other (secondary) terminal carbon, it 
is reasonable to conclude that, if this is a typical case, 
sickle-shaped pentadienyl carbanions also protonate fastest 
at the central carbon when the 1,3, and 5 positions are 
similar in alkyl substitution.

The product distribution from protonation could also 
be explained in terms of different rates of protonation for 
the three shapes. For example, if the U- or sickle- pro- 
tonates faster than the W-, analysis of the products would 
not accurately reflect the relative quantities of the three 
shapes in the equilibrium mixture. However, the product 
composition was shown to be independent of temperature at 
which protonation occurred, and this is considered to be a 
minor factor.

Protonation of (20) leads to isolation of 1-methyl- 
3-methylencyclohexene, the product resulting from protona
tion at either of the two terminal carbons. Since no 
protonation occurred at the central carbon, it is impos
sible to generalize charge density on carbon 3 relative to 
carbons 1 and 5, and no predictions can be advanced con
cerning site of protonation of W-shaped pentadienyl carb
anions.

The chemical shift of the protons attached to the
2 x5 sp carbons can be related to the charge density on these



carbons. In general» higher field absorption indicates
higher charge density. It can be seen (FIGS. Ill, V, VII,
IX) that the 2- and 4-protons are in the normal range for
olefinic protons, while the 1,3, and 5-protons absorb at an

2abnormally high field for protons on sp carbon. This result 
is in agreement with theoretical calculations, which predict 
greater charge density on the la3 a and 5 positions in penta- 
dienyl carbanions.^ It is also evident that protons attached 
to the primary terminal carbons (FIGS. IV, VI, IX) absorb at 
higher field than protons attached to secondary terminal 
carbons (FIGS. Ill, V), and at higher field than secondary 
central carbons (FIGS. Ill, V, VII, IX). Unfortunately, 
anisotropic effects make it dangerous to generalize the 
relative charge density on carbons 1,3, and 5.

COUPLING CONSTANTS IN PENTADIENYL CARBANIONS

Values for proton coupling constants in resonance 
stabilized systems are not plentiful in published liter
ature . These coupling constants are of interest in penta- 
dienyl carbanions because of the unusual bond orders (1.33 
for the two inner carbon bonds and 1.67 for the outer two 
bonds).

The observed coupling constants for carbanions (18)- 
(22) are given below;



41
FIGURE XI

CHEMICAL SHIFTS IN T  UNITS AM) COUPLING CONSTANTS (CIRCLED) 
FOR PENTADIENYL CARBANIONS AT VARIOUS TEMPERATURES

n
(1%), 35 o(19), 35 (20), 35

H H

5

(18), 35 (19), 35 (20), 35

(21), 40° (22), 35°



0
H

3.9

(21), 40°

o(19), 0

7.9 7.4

(19), 0°

42

6.2
.0
H

o(22), 35

(21), 15°

7.2 6.1

7
4.1

(21), 15



43
These values should be compared with the coupling constant

3 4published on related compounds. Norlander and Roberts
report a J value of 12+1 c.p.s. for the 1,2 protons of
allylmagnesium bromide. The trans coupling constant for
1,1,5,5-tetramethylpentadienyl carbonium ion (16) has been
shown to be 13.2 c.p.s.^ Long range coupling constants
in petadienyl carbanions are very small except when the

2geometry is most favorable, as in (18) and (19).

PREFERRED SHAPE FOR PENTADIENYL CARBANIONS

Since n.m.r. spectra and protonation data on penta- 
dienyl carbanions of restricted shape were available, it was 
possible to apply this information to the acyclic penta- 
dienyl carbanions in order to determine which of the three 
planar shapes is favored. The preferred shape for the 
simplest pentadienyl anion (21) must be W-. since the cou
pling constants for this anion are so different from those 
of (18) and (19). The coupling constants obtained at 0° 
(FIGURE XI) are reasonable for the W-shape. This conclusion 
is further substantiated by the fact that rate-controlled
protonation of pentadienyllithium gives predominantly trans-(
1,3-pentadiene, the expected product from protonation of a 
W-shaped carbanion at a terminal carbon, or protonation at 
the "handle11 terminal carbon of the sickle. However, a 
significant quantity of cis-1,3-pentadiene was observed.
This product can arise from protonation of either the U-shaped
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anion at a terminal carbon or the sickle-shaped anion at the 
other terminal carbon. (FIGURE XII).

FIGURE XII
EXPECTED PRODUCTS FROM PROTOMATION OF PENTADIENYL CARBANIONS

(trans-1,3-pentadiene)

wTX  » _/^
(trans-1,3-pentadiene)

^ 3   . _ / - \

(cis-1,3-pentadiene)

fcis-1,3-pentadiene)



It must be deduced that at room temperature at Least two of 
the three possible planar structures are present in the 
dynamic equilibrium, but that the W-shape predominates for 
this pentadienyl carbanion. The U-shape is thought to be 
least favored, since models show considerable steric hind
rance for this form. The relative order of stability is, 
therefore, proposed to be W-> sickle> U-.

A significant quantity of the other acyclic penta
dienyl carbanion, 2-methylpentadienyllithium, appears to be 
W-shaped, although it is believed that the sickle-shape 
makes a larger contribution to the equilibrium mixture. 
There are two possible sickles, as shown below:

(24) (25)

Structure (24) is undoubtedly more important in the equilib
rium mixture due to steric arguments. Since the low tempera 
ture n.m.r. spectrum (-20°) of this carbanion shows the 
superimposed spectrum of two shapes, either the U- or sickle 
shape must be present in addition to the W-shape. Protona
tion results (FIGURE X) show no cis-2-methyl-l.3-pentadiene
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is formed, which would be a major product from protonation 
of the U-conformation. When this fact is coupled with the 
expected destabilization of the U-shape on steric grounds, 
it is concluded that the contribution of the U- to the con
formational equilibrium is minor.

ROTATIONAL BARRIERS IN PENTADIENYL CARBANIONS

Earlier mention has been made of the rate process 
which averages the chemical shift of the terminal protons 
in pentadienyl carbanions (19), (20), (21), (22). The 
terminal protons in (21) are equivalent above 40° and non
equivalent below 15°. It is possible to calculate the rate
constant for the averaging process at the n.m.r. coales-

/A/.N 10,27,39,40 cence temperature by employing the relation (26),

k, = 12
2-rr(Va-/b )

(26)

where is the rate constant and (vra-Vb) is the chemical 
shift difference in c.p.s. at maximum peak separation.
This calculation reveals that rotation about the outside 
carbon-carbon bonds in pentadienyllithium occurs 55 times 
a second at 30° (the coalescence temperature). By substitu 
tion into the Eyring equation (27), the barrier to rotation



about the 1.2 carbon-carbon bonds is approximately 15.4 
kcal./mole at this temperature.

ki =
— AG

kT e RT 
h

(27)
In this calculation the assumption is made that the trans
mission coefficient is equal to one, and that tunneling is 
negligible.

On cooling pentadienyllithium below 15°, no appre
ciable change was observed other than loss of resolution 
and considerable line-broadening. The difficulty in 
determining the coalescence temperature and the chemical 
shift difference between the protons being averaged by 
rotation about internal carbon-carbon bonds prohibited the 
calculation of a rate constant for this process.

In the case of 2-methylpentadienyllithium (22), 
however, these changes were observed and it was possible t 
calculate that in this case rotation about the internal 
carbon-carbon bonds occurs at approximately 130 cycles per 
second at -5°. corresponding to an energy barrier of 13.1 
kcal./mole.
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The simplest mechanism which accounts for the

observed rotation is collision between the lithium ion and 
the carbanion with momentary formation of covalent bonds.
A similar mechanism has been proposed by Grovenstein,

rotation about the resulting single bonds can be assumed to
be very rapid, the lifetime for the covalent structures need
not be long. This mechanism for rotation seems consistent 
with the ionic model proposed for pentadienyllithium com
pounds and permits bond rotation in this system which must 
be viewed as rigid if 100% ionic. A covalent bond between 
lithium and carbon 3 permits rotation about internal bonds 
only, while a similar covalent bond to carbon 1 allows
rotation about both inner and outer bonds (28 and 29,
respectively).

et al. 2 for rotation in the allyl carbanion. Since

H Li U

(28) (29)

The barrier to rotation about the internal bonds would, 
therefore, be expected to be lower. This corresponds to 
the observed results.
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