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studies have been made of the nuclear magnetic resonance spectra of several allylic Grignard

reagenrs. The Grignar<r reagent o..ooit ir"ti, r,i;qr*r,rt-r*i"'r'r'uiorn'c'. 1ryru" 
best formulated

as an equiribrium "i;;;"';i-r,r-oi"ll,rjrr,,riri-"rii.:*',. tllnTi,#n:J[*1':',11f:i']'[
l,'""*'lJnilfi *:[;|"ff:',fi :',xfJ'""J.:"#""'H:";:::;tiJr''"'"^-io"

T h e a b i i i t y o | a l l y l i c G r i g n a r d r e a g e n t s t o y i e l d ' p ' o 9 . 1 1 : ' , ^ 0 . ' ' u . o f r o m t h e
starting halide and the .or..rponii"g-"iLvric isomer has stimurated extensrve rn-

vestigation into tr'. .on,tit'tion ;i,d:i{i{:::;:l'l*;'\lT;:"1fi[ii",,t:"",i,H
g..tilf re'rielvs give detaiis of thcse investtgatrons 

i here.#t*'*:[tiilT1*lt'in';[iiiiti:':',i.!1,:',q:l$i*:i"treac'|i'ns'r
a*ylic Grignard 

"#;;r^hF 

;.J;T"i 1r,1r'3^i-ltitnce 
and'degree of equilibrium

between al ly l ic  i **" t"  of  the type shown in eqn'  ( l ) :

CHr-CH:CH-CHz-MgX 
Z CH:-CH-CH:CHz 

(l)

crotylmagnesium bromide

MgX
cr-methYlallY'i ma gnes ium

bromlde

young and co_workers r,vere able to shorv that the proportions.of isomeric butenes

obtarned on rrydrolysis of Grignard reagenrs pr.purld iior r arious mixtures of the

isomeric crotyr_ un",l ,-*.thyra*yr brornicle ,".r. 
-.olplete^' 

independenr of com-

position : -r, 4 a simiiar result *u, oUtoined in the rtduciion oi the halides to butenes

in the presence of finery divided metars.s-r These data *'ere originally interpreted

as evidence for a rapidly equilibraffil]*,.rr" of bute*yi organometallic compounds'

in which both crotyr- and a-me.trrvrulyr isomers_existed to aDproximately the extent

corresponding to th. .on,.position of the ..rp."tiu. butenes jormed by hydrolyri:'

However, in iut.r" riuJi.r, trie uutJnvi- crigllurd .reagen'.'lii,::,lnd 
to react wrtn

carbon dioxide 8 and phenyi ir";;;;;;. n ti yield almost erclusively e-methylallyl

derivatives (eqn. (2)): 

!t,

C+HsMd(+Co2 -+ CHz:CH-in-CozH 
Q)

(- 100 ?;)

These and simiiar results using a variety of-ald.ehydes and 
!.,,^",i:t't-11 

d'B-unsatur-

ated carbonyi compounds,e u.ro-urrlii. ilaiides 12 were inter^oreted as rendering the
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hypothesis of a rapidly equilibrating mixture of Grignard isomers less satisfactor\.
than an alternative formulation in which the Grignard reagent is taken to be almost
exclusively the crotyl issmsl. l l '  13

In recent years, the problem of constitution of allylic Grignard reagents has
been further complicated by discovery of a remarkable series of allyl-transition metal
compounds, whose structures seem rvell established as n-compie,res of the metal
with the al iyl  moiety.14-16 The possibi l i ty that al lyl ic Grignard reagents might be
similar complexes of magnesium with the allyl residue had been suggested eailier r r
but offered no special advantage in interpreting the chemrcal evidence then avaiiable.

Despite the large amount of pert inent chemical evidence, the problem of the
composit ion of al lyl ic Grignard reagents could not be considered soived; indeed,
Kharasch t has asserted that the problem is incapable of purely chemical solution.
The work reported in this paper rvas initiated in the belief that nuclear magnetic
resonance (n.m.r.) spectroscopy offered an especial ly appropriate, non-destructive
physical method with which to investigate the constitution of simple allylic Grignard
reagents in solution.

E X P E R I M E N T A L

The allylic Grignard reagents were prepared in the cyclic reactor shorvn in fig. I through
the reaction of a dilute solution of the corresponding halides in diethyl ether with a column
of amalgamated magnesium turnings (prepared by treating the magnesium rn sirr with an
equal weight of mercuric bromide dissolved in ether, follou,ed by thorough washing rvith
ether). Amalgamation was found to reduce materially the yield of coupling p.odu.tt
formed in the reaction. The magnesium used in these experiments rvas turned from a bar
of very pure resublimed metal: use of ordinary magnesium invariably gave samples rvhose
n.m.r. spectra appeared to be broadened by paramagnetic impurir ies.

The preparations normally were carr ied out with 0.01 moie of hal ide. The rotary
selector of the cyclic reactor was initially positioned away from the flask with the sintered-
glass disc. After 0'015 g atom oI magnesium had been amalgamated, act ivated rvith ethy4ene
dibromide,lT and washed rvith ether, the f lask containing the w'ashings \\ 'as replaced rvith a
flask containing fresh ether, and the ether heated to reflux. The allyiic bromide was then
added slorvly to the stream of condensing ether, and the top pieces of magnesium rvere
punctured with the tungsten needle to init iate reaction. After an init ial  induction period, a
vigorous reaction occurred : rvhen tiris had subsided, the florr' from the column rval directed
into the second terminal flask. The reaction rvas allorved to proceed at such a rate that
sl ight ebul l i t ion was always apparent in the column. When rhe addit ion was complete, the
solution in the terminal flask was filtered through the sintered-gjass frit and concentrated in a
stream of dry nitrogen in the round-bottomed ffask equipped u'ith n.m.r. tubes as sidearms.
The concentrated solut ion was decanted into the n.m.r. tubes; these were broken off,
charged with tetramethylsilane, sealed. and centrifuged to remove suspended solids.

With this apparatus, it was possible to prepare allylmagnesium bromide * and buten-,-i-
magnesium bromide essentially free of coupling products. It proved impossible to prepare
y,7-dimethylalll ' lmagnesium bromide by this method without serious contaminaiion by
coupling products; holvever, the coupling products could be removed from saturated
ethereal solutions of this Grignard reagent by extraction of the solution th-ree times with an
equal volume of dry iso-octane (or similar saturated aliphatic hydrocarbon). These ex-
tractions were conveniently carried out directly in the n.m.r. tube. After addition of the
iso-octane, the tube was stoppered and shaken vigorously. The layers were separated by
centrifugation, and the upper (iso-octane) layer removed w.ith a dropper. After the final
extraction, the thick residue was diluted with approximately four times its volume of fresh
ether, mixed, and centrifuged.

t In this paper, the solvated organometallic compound prepared from ail-"-l bromide and mag-
nesium in ether rviil be cailed allylmagnesium bromide, although investigations into the consriturion
of Grignard reagents indicate that this representation is at best incomplglg.ls, le
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N.m.r. spectra rvere taken using solutions. approximately l0 % Grignard reagent ;

spectra of more concentrated solutiois dispiayed pronounced viscous broadening, particu-

larly at low tempe.ut.rr... The Grignard reagents appeared to be.indefinitely stable; on

standing a slow deposition of crystals"(presumably magnesium bromide) frequently occurred

in the simple tubes, but the spectra did not change'

spectra were taken at 60 Mc/s.. o" u vurian model v-4300B spectrorneter equipped with

a Superstabilizer. chemical shifts were measured by standard audio sideband techniques 20

using a Hewlett,packard Nlodel 200A8 audio oscillator and Model 521 c frequency counter'

The low-temperature apparatus has been described previously;21 temperatures in the probe

were measured using a caribrated copper-constantan thermocouple together with a Leeds

and Northrup precision potentiometer'

T U N G S T E N  N E E O L E
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1 . -Cy'c l ic  l 'eactor  and accessory apparatus

in the preparat ion of  the al ly i ic  Gr ignard
reagents '

Frc. 2.-Nuclear magnetlc resonance spectra
of ai lylmag,nesium bromide (top) butenyl-
magnesium bromrde (middle) and v,v-di '
meihy'iallyimagnesium bromide (bottom) in

diethyl ether at 33' and 60 N'lclsec' The

intense quartet and tripiet in each specrrum
are the resonances of the dierhyl ether CHz
and CH3. The complex of lines at - 55 c,rsec
in the bottom spectrum is due to iso-octane'
Chemical shifts ire in c'sec from tetramethyl-
silane (0 Nlc,'sec) as external (top) or internal

(middle and bottom) standard'

D I S C U S S I O N

Allylmagnesium bromide shorvs an AX+-type 21 n.m.r. spectrum zz (fi1' 2); that

is, the four a and I protons are magnetically lqoiua.ot with respect to the B proton

O R I P  T I P
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and coupled to it with J : l}'clsec. This spectrum can be accounted for by
postulating that the Grignard reagent is either a rapidly equil ibrating (r140.001 sei)
mixture of classical structures (I) or a bridged structure 'uvith magnetically equiv-
alent protons (II). Tire same interpretation is required for p-methylallylmagnerium
bromide whose spectrum shows a methyl group and only one other kind of proton.

CH
/ \

HzC

Mg
Br

II

The n.m.r. spectrum of butenylmagnesium bromide (fig. 2) sholvs the spin-
splitt ing and pattern of chemical shifts consistent rvith crotylmagnesium bromide.
This spectrum indicates either that the substance exists exclusiveiy as crotylmagnesium
bromide or that the position of equil ibrium of a raoidly equil ibrating mixture of
isomers must be so far toward the primary isomer that the average spectrum is
essentially that of the primary isomer. In this regard, it is interesting that no chango-s
of more than I c/sec occur in the proton chemical shifts of the butenyl Grignird
reagent over a temperature range of 50". On the basis of reasonable assignments
for the chemical shifts of the protons of z-methylallylrnagnesium bromide, this
msans either that AH is virtually zero for the equii ibrium betrveen the tautomers
or that the primary form is present to the extent of 99 ",(, ot more. Neither mag-
nesium bromide nor the solvent appears to plali any important specific role in these
systems because the same kind of behaviour is noted for solutions of both diallyl-
magnesium and dicrotylmagnesium in dioxane.

It is particularly interesting that the proton spectrum 2a of an ethereal solution of
the Grignard reagent from y,7-dimethylallyl bromide is. rvith one exception, just
rvhat would be expected for 7,7-dimethylallylmagnesium bromide (III)-a triplet
in the vinyl proton region, a high fieid doubiet. and a sharp singiet at slightly lower
field than the methyl quartet of the solvent ; these resonances can be assigned
respectively to the single /3 proton. the trvo z protons and the six methyl protons
of 7,7-dimethylallylmagnesium bromide. The exception is rhat ar room tem-
perature. there is but a singie merhyl resonance (fig. 2). Tius despite the fact that
the methyl groups are expected to have at least sligirtly different chemical shifts as

CH CH
k r / \ / , \

CH2MgBr ;* BrMgCHz CH2 HzC CHz
, ( _ 1

CHr

CH:

H
/

C:C
\

CH2MgBr
III

CHI CH
\ /  \

C CH,
/ l

CHr MgBr

IV

befi.ts their geometrical relationships (cis and trans) to the vinyl hydrogen. Horv-
ever, unlike allylmagnesium bromide and butenylmagnesium bromide,2s rvhose
spectra are independent of temperature from + 33" to - 80o, the methyl proton
spectrum of 7,7-dimethylallyimagnesium bromide in diethyl ether possesses a
revealing temperature dependence. Thus on lorvering the temperature, the merhyl
proton resonance broadens and then splits symmetrically into two equal components.
Neither the high field doublet nor the vinyl triplet change their form or position.
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This temperature dependence appears to exclude a symmetrical structure an-

alogous to (iI) f- initbrignard tiug.ot. The.methyl groups in such a structure

would be static; a chang. iir t"*p.ru1.tt. would be expected to leave the spectrum

unaffected. Hence, we believe tiat y,7-dimethylallylmagnesium. bromide is best

considered to be a rapidly equilibrating mixture. of primary and tertiaty-i::iti:

tOiU and (IV)1. itr.^.q.riuui.nce of the methyl groups at room temperature 1s

seen to be due to the incursion of (IV), in which there is more or less free rotation

about the centrat C-C bond. es *itn the butenyl Grignard reagent, thg tem-

perature independence of the chemicar shift of the methylene protons of this Grignard

o '7
0 .6

0 . 5

0 ' 4

ta
P

0 . 1
3 .6 3 . 8

LlTxtOt

Frc. 3._prot or rttz<,, * "",1ffi,[1.:,||,il.11,::ir5;1il1,,1.,"r,."r1 
resonances or v,v-dimethvl-

reagent is of particuiar significance. Since interconversion betrveen allylic isomers

is rapid, the chenucai shift of these protons is an average of the chemical shifts of

the methylene protons oi the primaiy and tertiary isome.rs' rveighted according to

their relative concentrations.26 If appreciable amounts (greater than I \) of the

less stable tertiarl, isomer exists ln equliiurium rvith the primarl" a decrease in tem-

p.ioi".r rvould be expected to shift itre methyleno resonance to higher fieids' cor-

responding to an increase in the more stable isomer. No temperature dependence

rvas observed; hence this Grignard reagent, like butenylmagnesium bromide, must

exist almost entirely as the primary isomer'

A plot (f ig. 3) of logl si0l:6i/ l( j; against t lT?7.yields LH+ = 1X3 kcal/mole and

A+ :103-101sec-r for the pro..r, 
"leading 

to interchange of the cis- and trans-

methyl groups of 7,7-dimethylallyl--ugo.tium b^romide. Here, r : llh+k-1' &nd

6c,,r is the separation betlveen the components of the methyl proton resonance' cor-

rected for overiaP.
The position of equilibria between primary and secondary or betrveen primary

and tertiary isomers of ailylic Grignard reagents.is expected to favour strongly the

primary forms on throe counts. Firr,, a doubie bond on the end of a chain is less

stable by Z-3kcal than one in ttre centie of a chain. Secondly, the inductive effects

of arkyr groups are such to create a more favourable environment for attachment

of magnesium on primary carbons than on secondary or tertiary carbons. Thirdly'
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complex formation between ether and magnesium makes for a bulky substituent

Soup, which will experience the minimum of steric hindrance when connected to
a primary carbon.

The essentially exclusive formation of re-arrangement products from allylic
Grignard reagents and carbonyl compounds is most readily accounted for in the
following way. Initial co-ordination between carbonyi compound and magnesium
effectively freezes the " end-for-end " equilibration of the ailylic group and is
follorved by a cyclic addition process with rearrangement:

M

o
When reaction rvith rearrangement is completely precluded by steric hindrance, as
with di-t-burylketone,ls then reaction occurs by the normal path to introduce the
allylic group attached at the primary carbon.
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