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METALATION REACTIONS-IX 

AN APPARENT SUPRAFACIAL 1,6-HYDROGEN SHIFT IN A 
PENTADIENYL-LITHIUM DERIVATIVE 

J. KLEIN and S. GLILY 
Department of Organic Chemistry. The Hebrew University, Jerusalem, Israel 

(Received in the UK 11 Much 1971: Acceptedfor publication 29 Much 1971) 

Abstrrt-Linolenyl alcohol and its mixed methyl ether gave on metalation with butyllithium in ether 

after short reaction times heptatienyllithium compounds which cyclized on standing to seven-membered 

pentadienyl-lithium derivative. Protonation and carbonation of this cyclized lithium compound yielded 
products corresponding to pentadienyl-lithium derivatives derived from the expected lithium compounds 

after a I &hydrogen migration. 

RECENTLY, we have reported a 1,6-hydrogen shift which we proved to be intra- 
molecular in pentadienyl-lithium compounds derived from linoleyl alcohol and its 
Me ether. This migration proceeded along the chain in both directions yielding a 
number of isomeric pentadienylic compounds and stopped practically. in the condi- 
tions of our work, at the third carbon from one and at the sixth from the other end 
of the molecule. This last observation in conjunction with the minimum number of 
six carbon atoms required for an isomerization of a pentadienylic ion led us to a 
statement’ that at least 14 carbon atoms were required in this system for the iso- 
merization to be observable in ordinary metalation conditions. This generalization 
was b&d also on the fact that no isomerization even on heating solutions of short- 
chain pentadienylic lithium derivatives2 was reported before. The statement was not 
intended to be a rule (as understood)j but a simple statement of a fact valid under 
the conditions of our work. Later work by Bates3 has shown that on heating short 
chain pentadienyl-lithium compounds isomerization also occurred. Bates has 
supplied experimental support for the antarafacial mechanism of this 1,6 sigmatropic 
shift assumed by us1 on the strength of Woodward-Hoffmann rules.4 

We have studied the metalation of linolenyl alcohol (I) and Me ether (II) in which 
two methylene groups are present, each of them activated by two double bonds. 
Monometalation of these compounds would give the pentadienyl-lithium derivatives 
III and IV (Scheme 1) having neighbouring methylene groups flanked by an additional 
double bond. The mobility of the hydrogens of these methylene groups in a 1.6 
sigmatropic rearrangement was of interest. Such rearrangement would give the hepta- 
trienyl-lithium compounds V or VI respectively, which could in their turn undergo 
isomerization by 1,8-hydrogen shifts, this time in a suprafacial manner, causing 
migration of the heptatrienyl system along the chain. An additional process was 
expected, namely, the abstraction of a proton from the allylic methylene group in the 
monolithium derivatives III and IV which would then yield a dilithium compound 
VII. This last hypothetic compound was of interest since it is composed of two 
staggered pentadienyl systems in such a manner that no alteration of charge should 
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be present and the charge would be distributed almost evenly on all the eight carbons 
of the dianion. 

Metalation of linolenyl alcohol (I) with Bu-Li in ether for 3-4 hr and subsequent 
carbonation with Dry-Ice gave a mixture of carboxylic acids (45% yield). Hydrogena- 
tion of these acids, esterification and etherification of the carboxyl and hydroxyl 
groups with CH,N, gave a mixture of the esters VIII a-h, accompanied by products 
of further reaction (see below), the composition of the esters was determined by mass 
spectrometry by comparison of the relative intensities of the [CH,(CH,),CH= 
C(OH)OCH,]+ fragments. This methos was found previously’*’ to be a reliable 
tool for the determination of the composition of mixtures of such isomeric esters. 
The ratio of the various isomers is recorded in Table 1. No additional isomers and 

TABLE I. RATIO OF ISOMEXIC STEWS FORMED AFTER SHORT TIME M~ALATION OF I 

Esters VIIIa VIIIb VIIIC VIIId VIIIe VIIIf VIIIg VIIIh 

Ratio 1 1 1.1 I 1.4 1.3 2.2 2.4 

no diesters were formed. This result showed that A : Abstraction of a proton’ from each 
of the two activated methylene group proceeded with a similar rate and the different 
distance from the functional group did not favour one or the other. B : The isomeriza- 
tion of the ions III and IV to V and VI respectively did take place during the short 
metalation time. C : Carboxylation of each heptatrienyl lithium derivative V and VI 
occurred in a similar manner, and D : No dimetalation with formation of VII occurred. 
apparently because isomerization of III and IV to the heptatrienyl lithium derivatives 
V and VI was faster than eventual abstraction of an additional proton. Isomerization 
of III and IV occurred since these compounds should not have given VIIIb and VIIIg. 
The presence of these esters in amounts similar to the esters with a carboxyl on an 
adjoining carbon proved that the isomerization to V and VI was complete. The two 
heptatrienyl lithium derivatives were obtained in similar amounts, since the sum of 
the esters VIIIa, VIIIc, VIIIe, VIIIg obtained from VI and of the esters VIIIb, VIIId. 
VIIIf, VIIIh obtained from V is similar. The ratio of the esters in each group varies 
also in a similar manner with the distance from the hydroxyl. The esters having the 
carboxyl the furthest from this function being formed in the largest amount : VIIIh > 
VIIIf > VIIId h VIIIb and VIIIg > VIIIe > VIIIc N VIIIa. A similar effect of the 
functional group was observed during the carbonation of the metalation product 
of linoleyl alcohol.’ Metalation of linolenyl alcohol for longer periods (above 20 h) 
and then protonation or deuteration of the metalation product gave after hydrogena- 
tion and etherification of the hydroxyl group with CH,N, compounds with molecular 
weights (mass spectrometry) of 282 or 283 respectively. Similarly. the product of car- 
bonation (65% yield) and subsequent hydrogenation, esterification and etherification 
with CH2N2, showed a molecular ion of mass number 340 as compared to 342 for 
VIII (R=CH,). These results showed that the anions V and VI have undergone 
cyclization to IX and X respectively. Additional proof for cyclization was obtained by 
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ozonolysis (see below). Similar cyclization of heptatrienyl lithium to cyclic seven- 
membered pentadienyl compounds were recorded previously by others.697 The 
cyclic pentadienyl-lithium compounds IX and X gave on protonation, deuteration or 
carbonation (with subsequent hydrogenation and treatment with CH,N,) the pro- 
ducts, XIk, XI1 or XIm respectively. Analogous results were obtained on prolonged 
metalation of linolenyl methyl ether (II). Such cyclizations would be different from 
previously observed thermal cyclization of linolenic acid to cyclohexadiene* and 
indane derivatives.’ The study of the structure of the cyclization products was there- 
fore of importance. 

Mass spectra1 analysis of the protonation and deuteration products XIk and XI1 
obtained after prolonged metalations of I and II showed the presence of fragments 
(Table 2 and Scheme 2) corresponding to scission of alkyl groups from a seven but 
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TABLE 2. CHARACt?%lSTlC RUGMENTATION OF THE PRODUCTS OF PROTONATION (py AND DEUTERATION (Dy 
AFTER PROLONOED METALATION OF 1 AND 11 

Metalated Fragments (yOy 
compound 

(hrs) Reaction corres- 
of pondence 

metalation M+ [M--OCH,]+ [M--CHaOH]+ A B C D X’ 

1(24) P 239(6) 2W6) 207(13) 139(27) 2 
282(7) 251(6) 256(25) 1 or2 

253(6) 22215) 221(12) 125(36) 1 

II(24) D 
24W) 2w7) Wl4) 140(36) 2 

t83(4) 252(6) 251(26) 1 or2 
254(6) 223(7) 222(15) 126(54) 1 

11(75) 
2W) 208(6) 207(11) 139(26) 2 

P 282(3) 251(5) 25(x21) 1 or2 
253(5) 222(5) 221(12) 125(38) 1 

’ and subsequent hydrogenation 
b Mass number of the fragment (% of the base peak) 
’ x in the fragment is equal to the number indicated 
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not six-membered cyclization product. Moreover, no fragments with x in XIk or XI1 
different from 1 or 2 were obtained, proving that no isomerization of the open hepta- 
trienyl lithium compounds V and VI by sigmatropic hydrogen shifts occurred 
before cyclization to the pentadienyl lithium. The cyclization to IX and X was therc- 
fore faster than the eventual rearrangement of V and VI by hydrogen migration. In 
the pentadienyl-lithium compound obtained from linoleyl alcohol’ only isomeriza- 
tion and no cyclization was observed. The different behaviour of the heptatrienyl and 
pentadienyl system in cyclization might be due partly to angle strain in a cyclo- 
pentyl compound having three trigonal atoms in the ring. This, however. cannot be 
the entire explanation in view of the facile cyclization of pentadienyl to cyclopentenyl 
carbonium ions.“* ’ ’ The resistance to cyclization in the pentadienyl anion may be 
due to the disrotatory manner of this process which encounters probably larger steric 
interaction between the rotating groups than in the conrotatory process for the 
cyclization of pentadienyl cations or heptatrienyl anions. Mass spectral fragmenta- 
tion of the ester (XIm) did not give information on the size of the ring. since bond 
scission near the carboxylate group was the predominant process. 

The position of protonation, deuteration and carbonation of the cyclized lithium 
compound and the connected problem of the position of the double bonds in the 
products of these reactions was then considered. Reaction at the centre of the penta- 
dienyl system would give a lAdiene, but a reaction at each of the extremities of this 
system should yield a conjugated endocyclic diene. The UV spectra of the unsaturated 
protonation and deuteration products showed absorption maxima between 240 apd 
270 nm, characteristic for endocyclic 1,3dienes. 

The separation by TLC of the unsaturated esters, products of carbonation of the 
cyclic lithium compounds, led to the isolation of three fractions A. B and C (each of 
A and C approximately 40% of the product). Fraction A showed in the IR a band at 
1740 cm-’ (unconjugated ester carbonyl), and in the UV maxima at the 248 nm 
(E 8,700) and 256 nm (E 9.000) for an endocyclic conjugated diene. Its NMR spectrum 
exhibited an ester OMe at 6 359 (3H, s), --CH,OCHJ protons at 6 3.25 (5H, s + m) 
and vinylic protons at 6 5.38-5.58 (3H, m). Fraction C exhibited a conjugated ester 
carbonyl at 1720 cm- ‘, an absorption at 279 nm (E 9,600), methoxycarbonyl protons 
at 6 3.72 (3H, s), -CH,aH, protons at 6 3.25 (5H, s + m) and vinylic protons 
at 6 7*01(1 H, m) ( p to a conjugated carbonyl) and at 6 5.93 (1.6 H, m). The insu!Iicient 
amount of vinylic protons was puzzling. but the presence in A of three instead of the 
four expected vinylic protons was not consistent with the expected products of 
carbonation of IX and X (Scheme 3). A further study aimed at the location of the 
double bonds in the unsaturated compounds was therefore desired. 

Oxidative ozonolysis of the unsaturated cyclic products of protonation or deutera- 
tion and subsequent treatment with CH,N, gavea mixture ofesters that was separated 

by GLC and TLC into two fractions. 1 (the main one) and 2 (about l(r200/, of the 
product). Fraction 1 has a molecular weight (mass spectroscopy) of 314 for the pro- 

tonation product and 315 for the deuterated one. Its IR spectrum showed an ester 

carbonyl at 1740 cm-’ and a band at 1720 cm-’ attributed to a ketone carbony (no 

CHO was detected by NMR.) One ester and one ether OMe were present (by NMR). 
These results could be accommodated with structures XII and XIII for the un- 
saturated cyclic hydrocarbons (Scheme 4). 

Fraction 2 had a molecular weight of 330 when derived either from the protonated 
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or the deuterated cyclic compound. It showed an ester band at 1740 cm-’ two 
esters and one ether OMe by NMR and no other carbonyl groups These data are 
consistent with structure XVI for the cyclic compound (Scheme 5). 

s-5 
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Mass spectral fragmentation of fraction 1 confirms the structures XIV and/or 
XV assigned (Table 3 and Scheme 6) to it. A number of fragments containing the 
ketone and ester carbonyls were obtained. The intensities of these fragments were 
relatively high and to some of them cyclic structure permitting larger delocalization 
of charge were assigned, although no direct proof for these structures was available. 
Fragment E was formed by a double rearrangement (two bscissions). A subsequent 
a-scission in E could lead to F. All the fragments indicated couM have been formed 
from XIVk or XIVl (for the protonated or deuterated product respectively), but 

SCHEME 6 

k: E=H 
1: E=D 

XIV 

m: E = COOCH, 

/\xv\ 

G H 1 

some of them could also have had XVk or XVl as source. The question of the presence 
of one or both isomers in fraction 1 was not solved. 

Structure XVII for fraction 2 was also confirmed by mass spectroscopy (Table 4; 
Scheme 7). 



3484 J. KLEIN and S. GLILY 

TAIIL~~.SOMER~AGMEN~~ OBTAlNEDINTHEMASSS~CTRUYOFPRACnON1 

Metalated Fragments (“/,)b 
compound Reac- 

Olr) of Iion 
metalation M’ E F G H I XC 

070) P 314 l44w) 129(17) 1 or2 
172(17) 171(17) 271(5) 2 
158(31) 18s(lO) 285(9) 1 

D(4) D 315 145(24) 130(14) 1 or 2 
173(27) 171(S) 272(2) 2 
159(20) 185(10) 286(S) 1 

v24) D 315 145(88) 13q24) 1 or 2 
173(92) 171(16) 272(8) 2 
159(35) 185(11) 286(11) 1 

’ P: protonation of the lithium compound; D-deuteration 
b Mass of the fragment fi; of the base peak) 
’ x in the fragment is equal to the number indicated 

ScriEmE7 

XVII 

J K L 

TABEL~.SOMEFRAGMENISINTHEHASSSPECTRUMOF XVII 

Metalatcd Fwwents (%) 
Compound Reaction’ 
(hr of met.) M+ K K+l J L Xb - 

I(70) P 330 145(20) 146(l5) 1 or 2 
174(17) 229(16) 1 
188(13) 215(20) 2 

~4) D 330 145(20) l46(15) 1 or 2 
174(16) 229(11) 1 
lW9) 215(13) 2 

o P: protonation of the lithium compound; D-deuteration 
b x in the fragment is equal to the number indicated 
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The unsaturated cyclic esters obtained from the product of prolonged metalation 
of I and II gave on ozonolysis acids that were esterified (and etheritkd in case of I) 
with CH2N, and separated by TLC or GLC into three main fractions named 3,4 
and 5. Fraction 3 had a molecular weight of 372 and showed bands at 1740 (ester) and 
1720 cm-’ (ketone). Its NMR exhibited signals at 6 3.30 .(6H, m) corresponding to 
<H20CH, and to one additional proton a to two carboxylate groups and two 
singlets (6H ; separation : 5Hz) near 6 3.70 corresponding to two methoxycarbonyl 
groups. The structure XIVm (and eventually XVm) was attributed to this fraction. 
Mass spectral analysis (Table 5) showed the presence of fragments similar to those 
of Scheme 6 with E equal to ---COOCH3. An additional fragment N = 
[CH,CH2CH(COOCH3),]+ was also found. 

Fraction 4 (cu. 70”/, of fraction 3) had a molecular weight of 428 (mass spectroscopy) 
and exhibited an ester band at 1735 cm-‘, a conjugated double bond at 1625 cm- ’ 
and also a maximum at 220 nm (E 9,400) proving conjugation. Its NMR showed a 
signal at 6 3.37 (5H) for --CH,OCH, at 6 3.60 (3H. s) for --COOCH, two additional 
three-proton singlets at 6 3-78 (separated by 5Hz) for two conjugated ---COOCH, 
groups, and one vinyl% proton p to the methoxycarbonyl groups at 6 6.77. Structures 
XXII, XXIII, XXIV and XXV were assigned to the components of this fraction and 
these could be formed (Scheme 8) from the unsaturated conjugated esters XVIII, 
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XIX, XX and XXI, where the conjugated double bond was slow to undergo ozonolysis. 
The fragmentation observed (Table 6 and Scheme 9) could be reconciled with the 
structures proposed but not with other possible ozonolysis products formed from 
cyclic compounds containing three vinylic protons as e.g. in Scheme 10. 

Fraction 5 was obtained in lower yield than the two other (ca. 30% of fraction 3). 
It was composed of XIVk and XVk as shown by mol. wt. and fragments obtained on 

TABLE~.SOMEPRAG~HENTSOB~~NEDINTHEMASSSPEC~RUMOPFRAC~ON 4 

Metalated 
compound 

(hr) M+ OorS 

Fragments (%) 

[(0 or S)--CH,OH]’ P Q RorT X 

I (24) 428 

II (75) 428 

II (24) 428 

2Wll) 
186(h) 

W7) 
18W 

Mo(8) 
186(8) 

16W’) 2W’) 129(11) 267(7) 2 

154(16) 243(6) 1 lS(10) 281(6) I 

168(16) 229(5) 129(10) 267(3) 2 

154(15) 243(4) lW9) 281(3) 1 

168(12) 22Y6) x29(13) 267(4) 2 

154(14) 243(5) 115(10) 281(2) 1 
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158(13) 18Y4) 

1 or2 
271(l) 2 

28X1) 1 
lor2 

271(2) 2 

2wlO) 1 

scS5M6 11 

e 

3. CH,N2 
XlVk 

XXVI 

L XVk 



Metalation reactions--IX 3489 

mass spectral analysis (Table 7). The structure of the compounds from which this 
fraction was formed was therefore XXVI and XXVII (Scheme 11). 

Summarizing the results : A small part only of the products of protonation, deutera- 
tion or carbonation of the cyclic seven-membered pentadienyl-lithium compound 
that was formed on prolonged metalation of I or II could be accommodated with 
structures IX and X for these compounds. Most of the products of these reactions 
could not have been formed from IX or X since this would imply electrophilic attack 
on the uncharged instead of the charged positions. This is of particular significance 
in the carbonation products where the position of the carboxyl in the ring cannot 
change by prototropic shifts subsequent to the initial reaction. We have therefore to 
admit that the initially formed compounds IX and X undergo isomerization to new 
pentadienylic lithium derivatives, i.e. XXVIII (eventually XXIX) and XXX (eventually 
XxX1) respectively (Scheme 1). These compounds undergo reactions at the extremities 
and the central position of the pentadienyl system to give products. (Scheme 12). No 
carbonation was found at the tertiary position. 

SCHEME 12 

x=lor2 
XIIIk. L m 

E=H.DorCOOCH, 
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The mechanism of the rearrangement of IX to XXVIII and XXIX and of X to 
XXX and XXX1 is of interest. Orbital correlation requirements4 demand Id-hydrogen 
shifts in a pentadienylic anion to be antarafaciaL Such a course is prohibited in our 
case due to ring constraint. We considered the possibility of a two step isomerization 
involving protonation to a conjugated diene and an additional proton abstraction 
on a carbon z to a double bond to give the isomerized lithium derivatives e.g. XXVIII. 

To test this possibility we submitted to prolonged metalation a mixture of the 
hydrocarbon products of deuteration, containing mostly XII1 and XIII1 with 15% of 
XVII. The product of metalation was carbonated and the acids formed (15%) separ- 
ated. The neutral fraction obtained after this metalation was again submitted to 
metalation but only traces of acid were obtained. It seems therefore that the 1,4-but 
not the 1,3diene undergo metalation. Ozonolysis of the esteritied acid fraction gave 
mainly XIVm, XVm, XXII-XXV corresponding to the ester XIIm, XIIIm, XVIII-XXI. 
These results prove that the mechanism of formation of XXVIII-XXX1 involving 
protonation of the lithium derivatives IX and X to conjugated dienes and subsequent 
proton abstraction from the dienes has to be rejected. The compound that has under- 
gone metalation in the mixture of cyclic hydrocarbons was XVI and this has given 
necessarily IX and X, which undergo an intramolecular hydrogen shift to yield the 
observed products, derived from XXVIII-XxX1. 

Sigmatropic hydrogen shifts in organolithium compounds that were incompatible 
with simple orbital correlations of the anions were found by us previously,“* ’ 3 It is 
possible that the difficulties in the orbital correlations are due to the disregard of the 
lithium atom. A suprafacial hydrogen shift could be obtained if the lithium atom is 
considered, as a sum of two antarafacial processes, each proceeding with inversion 
on lithium and keeping the migrating hydrogen on the same side of the ring (Scheme 
13). The lithium is partly covalently linked to the carbon and probably tetrahedral 

sm 13 

in solution, being complexed by the solvent. Migration of hydrogen to this atom inverts 
its configuration and as a result a tight ion pair is formed that rearranges again when 
the carbon atom next to the one that was initially bound to lithium displaces the 
hydrogen atom with inversion on lithium, the hydrogen being simultaneously trans- 
ferred to the carbon originally bound to lithium The first step is a 1.7-hydrogen 
shift in an eight electron system (or a 1.3~shift in a 4-electron system if the lithium is 
situated on the carbon vicinal to that originally linked to the migrating hydrogen). 
The second step is a four centre cycloaddition involving the one-electron Li-H 
bond and a double bond i.e. a ai + zf process. The two processes can be considered 
as an example of a two step concerted reactioni These transformations should be 
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C. 74.8; H. 1@3; C,,H,,Os requires: C. 750; H, 1@7%). Another part of the metalated product was 
protonated. b.p. 13&140”/05 mm (Found: C, 815; H, 12.2; C,sHs*O requires: C. 820; H. 11.9%). The 
composition of the.esters, that were obtained after oxidative ozonolysis of the protonation products, was 
similar to that of run 4. Oxidative ozonolysis of the esters (1 g) gave after the usual work up esters (09 g) 
that were separated into three fractions 53 and 4 (according to the elution order) (Tables 56.7 respectively) 
in addition to methyl; 9-methoxynonanoate and IO-methoxydecanoate (approx. 10%). 

Run 8. The unsaturated esters b.p. 164”/05 mm (Found: C. 749; H, 103; C2tHx603 requires: C. 750; 
H. 1@7”/$ ozonolysis of 08 g esters gave 07 g of esters that were separated by GLC into 3 fractions 5. 
3 and 4. Fraction 5 had mol. wt. of 314 (Table 7). Fraction 3 : mol. wt. 372 (Table 5). (Found : C. w5 ; H. 
9.3 ; C,,,H,,O, requires: C, 64.5 ; H. 97%). D, 1740. 1715 cm-‘. Fraction 4: mol. wt. 428 (Table 6). 
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