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Qualitative and semiquontitative examination of the
lemperature dependence of the RCH,:-Mg proton n.m.r.
spectra of several Grignard reagents indicates that the
rate of inversiort at this center is relativel-v* insensitive to
the structurc of the group R. Secondar), Grignard re-
ugents invert much more slowlv, if at all. The dependence
of the inversion rate of the primary orgonometallic
compounds on solvent character and on added salts sug-
gests that inversion proceeds br means of a mcchunism
having kineric order greater than one .

Introduction

The preceding paper2 presented n.m.r .  spectral  evi-
dence demonstrat ing that 3.3-dimethylbutylmagnesium
chlor ides in diethyl  ether solut ion undergoes rapid
inversion of  conf igurat ion at  the CH:-Mg center.

This observat ion suggests that  careful  examinat ion of
the spectrum oi  th is and related compounds in di f -
ferent solvents and at  d i f ferent concentrat ions might
prov ide  da ta  per t inent  to  the  mechan ism o f  th is  in -
version and to the nature o[  Gr ignard reagents in
so lu t ion .

Much of  the modern work concerned with the struc-
ture of  Gr ignard reagents has centered around at-
tempts to evaluate the importance of  the so-cal led
Schlenk equi l ibr ium in descr ib ing the Grignard reagent '
In several  wel l -known exper iments,  Dessy and co-
workers examined the exchange react ion between
labeled magnesium bromide and diethyl-{  and diphenyl-

2RMgX .-  RIMB'MgX, =- R:Mg + MgXz

magnesium,s and concluded from these exper iments that
the  equ i l ib r ium

2RMgBr --- RrMg f MgBr'r

was not important in the Grignard reagents studied'
In addi t ion.  conductometr ic measurements were re '
ported to give identicals values for the dielectric con-
stant of  a I  : l  mixture of  d iethylmagnesium and mag-
nesium bromide and of  an equivalent concentrat ion ot '
"ethylmagnesium bromide."6 I t  was therefore con-

(4)  R.  E.  Dessy,  G. S.  Handler ,  J .  H.  Wot iz,  and C. A'  Hol l ings-
wor th ,  J .  Am.  Chem.  Soc . ,79 ,3476  (1957) .

(5)  R.  E.  Dessy and C. S.  Handler ,  i6 i ( / . ,80 '  5824 (1958).
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( l )  Supportcd in part  by the Off ice of  Naval  Research and the
Nat ional  Science Foundat ion.

(2)  G. M. Whitesides,  M. Witanowski ,  and J.  D.  Roberts,  .1.  Am.
Chem. Soc. ,  87,  2854 (1965).

(3)  For convenience,  the organometal l ic  compound formed by reac-
t ion of  an alky l  hal ide wi th magnesium in an ethereal  solvent  rv i l l
again bc cal led an alky lmagncsium hal idc.
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Figure l. Spectra of the CH:-Mg protons of 3-methylbutyl-
magnesium chloride and rr-butylmagnesium chloride in dierhy,l
ether as a function ol'temperature.

c luded that the Grignard reagents studied were best
represented by the equi l ibr ium and that no species
represented by the formula "RMgX" is present in solu-
t ion .7

Recently however, Stucky and Rundles and Ashby
and Beckere have presented data suggest ing that
Dessy's conclusion may have been premature.  Stucky
and Rundle demonstrated by the X-ray crystal struc-
ture determinat ion of ,  phenylmagnesium bromide di-
etherate that  the magnesium atom was tetrahedral ly
coordinated to one phenyl  group, one bromide atom,
and two oxygen atoms; that  is ,  that  th is Grignard
reagent  was in  fac t  "RMgBr .2E, t rO"  in  the  so l id
state.

Ashby and Becker were able to obtain a crystal l ine
solid from a tetrahydrofuran solution of ethylmag-
nesium chloride whose empirical formula corresponded
to EtMgzClr .THF. This fact ,  and their  observat ion
that ethyI  Gr ignard reagent was monomeric in tetra-
hydrofuran. led them to conclude that the most im-
portant species in solut ion was actual ly EtMgCl.

Both of these studies depended on compounds ex-
isting in the solid state, and in consequence neither
is necessariiy pertinent to the structure of the Grignard
reagent in solution. However, the X-ray study in
part icular provides evidence that "RMgX" may exist
under sui table condi t ions,  and suggests that  fur ther

(6)  The contradict ion wi th a previous report  is  unexplained:  R.  E.
Dessy and R. M. Jones,  J.  Org.  Chem.,24,  1685 (1959).

(7)  R.  E.  Dessy,  ib id. ,25,2260 (1960).  However,  see R. E.  Dessy,
S.  E.  I .  Green. and R. M. Sal inger,Tetrahedron Let ters,2 l ,1369 (1964),
and  D .  O .  Cowan ,  J .  Hsu ,  and  J .  D .  Rober ts , J .  Org .  Chem. ,29 ,3688
(1964), for evidence that in fact the Schlenk equilibrium may be rapidly
esubl ished.

(8)  G. D.  Stucky and R. E.  Rundle,  J.  Am. Chem. Soc. ,  E5,  l@2
( le63).

(9)  E.  C.  Ashby and W. E.  Becker,  ib id. ,E5,  I  l8  (1963).
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Figure 2 .  Spect ra  o f  the CH:- i l fg  protons o i  b is (3-methy lbut r l t -
magnesium and d i - r r - t ru ty tmagnesiurn in  d ie thy l  e ther  as a  funcr ior r
of temperature.

work  on the s t ructure o f  Gr ignerrd  reagents  in  so lu t i t tn
mus t  t ake  i n to  cons ide ra t i on  t he  ooss ib i l i t v  o f  i t s  e r -
is tence.

Results
Organomagnes ium compounds der ived  f rom ha l ides

s imi la r  in  s t ruc tu re  to  3 ,3 -d imethy lbu ty l  ch lo r ide  sh( )w
an analogous temperature dependence in their  spectra.
Thus, the spectra of  the CH:-Mg protons of  3-methy[-
butylmagrtesium chlor ide and n-butylmagnesium chlo-
r ide  are  t r ip le ts  a t  room tempera ture :  a t  -50o.  thc
spectra become more compl icated (Figure l ) .  Tire
degree of  complexi ty is unfortunately suf f ic ient lv
great to discourage attempts to analyze the spectri.r
expl ic i t ly .  The 3,3-dimethylbutyl  group provides i , r
part icular ly s imple system for analysis.  because the
four protons of  the ethylene fragment are not coupled
to the protons of  the t -buty l  group. In the 3-meth-"- l -
buty l  and rr-butyl  der ivat ives however.  the chemicl l
shi f t  between the methyl  protons and the adjacent
methylene protons is of  the same order of  magnitude
as the coupl ing constant between them, and the Lr-
proton spectrum is consequent ly compl icated. r0

Although l i t t le quant i tat ive informat ion can be ob-
tained from the spectra o[  these Grignard reagents.  or
f rom the spectra of  the corresponding dialkylmagnesiunr
compound (Figure 2),  qual i tat ive comparison with the
3,3-dimethylbutylmagnesium compounds makes clear
two simi lar i t ies in their  temperature dependence.
The f i rst  of  these is that  the low-temperature spectrr  ot
the Grignard reagents are very s imi lar  to the roonr-
temperature spectra of  the corresponding dialkyl-
magnesium compounds. The second is that  the

(10) F.  A.  L.  Anet,  Can. J.  Chem.,39,2262 (1961);  J.  I .  Musher and
E. J.  Corey,  Tetahedron,  lE,79l  (1962).
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Grignard reagent spectra do not seem to change at

temperatures below approxi .mately -70",  and the

diatkylmagnesium spectra change l i t t le below *30o.
Both of  these observat ions are compat ib le wi th the

explanat ion previously proposed for the temperature
dependence of  the spectrum of 3 '3-dimethylbutyl
Gr ignard reagent based on the rate of  inversion. More'

ouei. the seconcl of . these observations would be dii-

f icul t  to reconci le wi th important changes in popula-

t ions of  rotat ional  conformat ions with temperature.
I[ changes in the populations of the trans and gauche

conformat ions were important in determining the

temperature dependence of  these spectra,  the broadening
observeci  in the central  t ine for  d i - r r -buty lmagnesium
compared with n-butylnlagnesium chlor ide would be

the consequence of  an increase in the energy di i -

lerence between trans and gauche conformations of

these compounds. Decreasing the temperature o[  the

Grignard reagent produces a broadening of  the central
l ine of  i ts  spectrum. I i  th is change were a ref lect ion of
changes in confornter populat ions.  lowering the tem-
perature of  the dialkylmagnesium compound should
resr.r l t  in an analogoLrs change in i ts spectrum. In
fact .  l i t t le change in thc spectrum o[ the lat ter  compound
is observed on decreasing the temperature.  There-

fore.  changes in conformer populat ions are probably not

in rpor tan t  in  c le te rmin ing  the  tempera ture  dependence
of  the  spec t ra .

An ana logous argumcnt  cun o f  course  be  app l ied  to

the  3-methy lbu ty lmagnes iunr  and 3 , i -d imethy lbu ty l -
masnes ium compounds s tud ied .

The h igh- tempera ture  spec t ra l  behav io r  o f  b is (3 -

methy ' lbu ty t )magnes ium and d i - r r -bu ty lmagnes ium ap-

pears  comparab le  w i th  tha t  observed fo r  b is (3 .3 -d i -
methy ibu ty l )magnes ium.  Each changes f rom i ts  " low-

temperatLlre" fornt  to a t r ip let  over the temperature
r a n g e  + 5 0  t o  +  1 1 0 " .

T [e  s ip r i la r i t y  in  the  spcc t ra l  behav io r  o f  these th ree

s t ruc tura l l y  s in ' r i la r  Gr ignard  reagents  suggests  tha t

the rates and thernrodynamic pt l ranteters for  the

pr r )cesses  wh ich  resu l t  in  the  s imp l i f rca t ion  o f  the i r

Specr ra  a re  i - lpprox i rna te ly  the  same.  Th is  qua l i ta t i ve

observa t ion  tha t .  a l l  the  pr imarv  Gr ignard  reagents  eK-

ant ined exh ib i t  the  sarne  spec t ra l  behav io r  i s  fu r ther

supported by analysis of  the temperature dependence
of  the  spec t rum o i  2 -pheny l -3 -methy lbu ty lmagnes ium
ch lor ide  as  w i l l  be  descr ibed be low.

The protons of  a methylene group near a center of

molecuiar asymmetry may be magnetically non-

equivalent and display AB-type n.m'r '  spectra '  I  I

RLcent investigations indicate that conformational

preference is rlsponsible for the major parl of the

magnet ic nonequivalence of  the methylene protons'  r  1 '  1:

A f,rimary Grignard reagent which might be expected

to 
-huu. 

magnetically nonequivalent methylene p-rotons

would thus-be one in which one rotational conforma-

t ion around the a,p-carbon-carbon bond would be

signi f icant ly lower in energy than the other two. The

CffrfUg piotont of two Grignard reagents, 2-phenyl-

propyl i tognesium bromide and 2-phenyl '3-methylbu-

iytmagnetiu.n chloride, were examined for evidence of

magnJtic nonequivalence. The a-methylene hydrogens

of ihe former in diethyl ether solution had an Az-type

spectrum from *33 to -80o (v iscous broadening pre-

vLnted measurement below this temperature). The

methylene prorons of the latter had a spectrum char-

acter ist ic of  the AB part  of  an ABX spectrum at room

tempera ture :  a t  + l l0o ,  the  spec t rum co l lapsed to  an

A:X type (Figures 3 and 4).
The most plausible interpretat ion of  the temperature

dependence of  the spectrum of 2-phenyl '3-methyl-

buiy lmagnesium chlor ide is the sante as that proposed

for '3 ,3 -J imethy lbu ty lmagnes ium ch lo r ide '  The mag-

net ic nonequivalence of  the methylene hydrogens at

+13"  demonst ra tes  c lear ly  tha t  invers ion  o f  con f igura-

t ion at  the cH:-Mg center is s low t ln the n.m.r .  t ime

scale.  The loss oi  ihe magnet ic nonequivalence as the

temperature is increased is taken as evidence that a

rap id  invers ion  o f  con f igura t ion .  ana logous to  tha t

prbpos., i  previously,  averages the mugnet ic environ-

ments of  the methYlene hYdrogens'

Quant i tat ive discussion of  these specLra ls more dl t -

f icut i t  thah thar o[  the spectra of  the 3,3-dimethylbutyl-

,nojn. t iu* der ivat ives, :  because the chemical  shi f ts

an i  coup l ing  cons tan ts  ob ta ined on  ana lys is  o f  the

former compound are less precise'  The AB part  o[  an

ABX spectrum theoret ical lv consists of  e ight l ines,  of

which iou,  *oy be o[  low intensi ty '  The pol l ions ol

these low-intensi ty l ines are unt 'or tunately di f f icul t  to

determine exact ly in the roonl  temperature spectra oI

ei ther 2-phenyl-3-methytbutylmagnesium-chlor ide or

bis(2-phenyl-3-methylbutyl)magnesium' These l ines

ur. '  n. . . rsary ior  accurate determinat ion of  the gem-

inal  methyl ine coupl ing constant '  The spectrum in

ether solution is further confused by the accidental

near degeneracy of two of the intense lines and by the

high-f ie ic l  r3C-ether satel l i tes.  Moreover.  no informa-

tiJn can be obtained from the X part of the spectrum'

due both to i ts low intensi ty and to i ts complexi ty '

T h e r e f o r e . a l t h o u g h a g r e e m e n t c t l n b e o b t a i n e d b e .
tween the observed-andlalculated spectra '  the values

obtained from analysis cannot be regardgd. ?:  
h ighly

precise. Coupling constants lncl chemical shifts for a

solut ion of  th is Gi ignard reascnt in diethyl  ether soiu-

t ion at  -  t . lo,  unf ,  in tetrahydrofuran solut ion at

+ i3 " ,  and for the corresponding dialkylmagnesiunl

compound in  e ther  a t  *3 i "  a re  repor ted  in  Tab le  I '

Thc start ing hal ide has an A:X type spectrum in car-

bon tetrachtor ide solut ion'

( t l )  C .  M.  Whr tes ides ,  D '  Ho l t z '  rnd  J '  D '  Rober ts '  J '  Am '  Chem'

Soc. ,  86,  2628 (196' l ) ,  and ret 'erences therein '
(12 )  Sec ,  ho*cuer , 'H .  S .  Cu 'ou t t ky ,J '  Chem'  Phys ' ' 37 '2196  (1962) '
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Drscuss ion  o f  the  Gr ignard  reagents  cons idered up  to

th is  po in t  has  centered  on  the  observa t ion  o f  a  tem-

perature-t lependent averaging ot '  v ic inal  coupl ing con-

stants between d- and p-methylene protons'  The

same k inds  o f  in fo rmat ion  can in  p r inc ip le  be  ob ta ined

[ ' rom chemical-shi f t  data.  The two pr imary Grignard

reagents exan'r ined for evidence of  chemical-shi f t  aver-

aging were selectecl  in the expectat ion that their  a '

metf tytene group would have an AB-type spectrum i f

invers ion  x t  the  CH2-Mg center  were  s low.  and an  Az-

typc  spcc t run t  i t ' i nvers ion  were  rap ic l .

fSS()  Jt4u' tut l  r t /  r l rc  . l r r rer icut t  Clrcnr i t ' t t l  St tc ier . t '  |  87:21 f  Novenber 5,  1965



Figure J. Spectra gi l!. cH.i-Mg prorors of ?-phenyr-3-methyr-
butylmagnesium chloride in diethyr ether as a functrtn of tem_perature. The spectrum of the organomerall ic compound is super_
imposed on that of the erher rrC satell i te.

The temperature dependence of  the a-proton spec-
trum of 2-phenyl-3-methylbutylmagnesium chloi ide
depends on the response of  the ABX spectrum to the
exchange rate of  a process interchanging the A and B
protons. The AB part  of  the observed ABX spectrum
consists of  two over lapping quartets.  ar is ing [ rom
transi t ions wi th in two separate sets of  .n.rgi  levels

Table I.  spectral parameters (c.p.s.) rbr the Meth-vrene protons
of 2-Phenyl-3-methylmagnesium X Treated as an ABX sysrem"

t  
* ,4t"  .9zo

j[h
il .,ro"

,[- /l,'A'
H'" ff'

Figure .1. Spectra ot '  the CH.:- iVfg prorons of 2-phenyt-3-rncthr l-
butylmagnesium chloride in tetrahydrofuran ut u iun.i ion ot '  rem-
perature.

Figure 5. schematic energy level diagram and spectrum tor the
AB part of an ABX spectrum. The i l lustrated order of encru,.
levels holds lor rr1 ) r;s.-/1s > 0. and/.r. t  (  /a.x ( 0. Transitroi.
l ,  2, 3. and 4 are A transir ions; 5, 6. 7, and g are B transir ions.

constant  J .+n,  under  the in f luence of  the exchanqc
process.

Analys is  o f  the temperature dependence of  the e-
p ro ton  spec t rum o i  2 -pheny l -3 -me thy lbu t y lmagnes iu rn
ch lor ide is  sompl icated by the facr  thar  on ly  the four

configurutionul stabilit.t' of' Primarv, Grignart! Reagents .lgsl
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" Accuracy in the chemical shif t  a.d coupring constant values is
est imated to  be i0 .5  c .p .s .  d  Die thyr  e ther  ioru t ion a t  - r4" .
" Tetrahydrofuran solut ion at *33'.  d Diethyl etheruJu,,on o,- l4' .  ,  This value was assumed.

( i .e. .  the two sets of  t ransi t ions have no energy levels
in common).  Figure 5 indicates rhe transi t io i i  which
are expected to collapse under the influence of an ex-
change process averaging states 3,  and 4, ,  and 5,  and
6 ' . t3  I t  can  be  shown tha t  each o f  these quar te ts
behaves approximately as an AB quartet n"i itr ,,ef'-
fective chemical shifts" of zs - ye, * /sx _ -/s or
vs tr.1 - /sx * /e.x, respectively,r{ and coupling

(13 )  J .  A .  Pop le ,  W.  G .  Schne ide r ,  and  H .  J .  Be rns re i r r , . .H igh -
resolut iorr  Nuclear r \ ' ragnet ic  Resonance,"  McGraw-Hi l l  Book co. ,Inc . ,  New York ,  N .  y . ,  1959 ,  Chap te r  6 .

(14;  11' t " t .  calculat ions,  based on the method of  Alexander and
Kirplan,_wi l l  be publ ishcd in detai l  e lsewhere:  S.  Alexanacr,  J.  Chem.
Ph-v's., 37, 967, 974 (1962), and references rhercin.

LVhitesides, Roberts I
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Figure 6. Calculated line shapes for the CH:-Mg part of the
spcctrum of 2-phenyl-3-methylburylmagnesium chloride in diethyl
ether solut ion, at dif ferent values of the pre-exchange l i fer ime r.
The parameters used and the method of calculat ion are described
in the te.xt.

O  C C I  r c c  -
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Figure 8. Plot of log ( l /r)  as a function of l lT lor 2-phenyl-3-
methylbutylmagnesium chloride. The data of the upper curve arc
lrom diethyl ether solut ion; the data of the lower curve are from
tetrahydrofuran solurion. Arrhennius parameters derived from
these plots are l isted in the text.

k  -  t ' r

k -  t r r -  E' /  nr

o i  log  ( l / r )  v .s .  l / I  y ie lded E"  and I  (F igure  8) .  For
2-pheny l -3 -methy lbu ty lmagnes ium ch lo r ide  in  d ie thv l
ether the values obtained for the act ivat ion energy and
pre-exponent ia l  factor were f .  = l2 kcal . /mole and
A =  l0 r0  sec . - t ;  fo r  2 -pheny l - l -methy lbu ty lmagnes iun l
ch lo r ide  in  te t rahvdro furan .  the  cor respond ing  va lues
w e r e  E " :  l 8  k c a t . / m o l e  a n d  , , {  =  l 0 r r  S e c . - r .  T h e
spect rum o f  b is (2 -pheny l -3 -methy lbu ty l )magnes ium
does not col lapse in the accessible temperature range
(see Tab le  I I ) .

Table I I .  Temperatures and Pre-exchange Li fet imes Used to
Obta in  the  Dependence  o f  l / r  on  l lT  bc
2-Phenyl-3-methyl  buty lmagnesium Chlor ide

Temp. ,  'K .

P 2.O

=
ct
o

t.o

? 7

C . O  |  5  r c c

u . v u  /  5 t c

0 . 0  t O  ! . c

\ ,  U J Z  I t C

0 . C  l O  r r c

u L -1)  t .c

v  I  u  t a c

' i  I  iO  r cc

Figure 7. Calculated line shapes for the CHz-Mg part of the spec-
trum o[ 2-phenyl-3-methylbutylmagnesium chloride in rerrahydro-
l 'uran solut ion. at dif ferent values of the pre-exchange l i l 'et ime r.

intense central  l ines o[  the AB part  of  the ABX spec-
trum can be observed, in the region of intermediate
exchange rates. [n order to obtain values for the rate
of exchange of  the A and B protons at  each observed
temperature, a series of theoretical spectra were cal-
culated at  values of  the pre-exchange l i fet ime which
spanned the region in which the spectrum changed from
its ABX form to an A:X form. Each of the theoretical
spectra was obtained by summing two AB type spectra
using "effective chemical shifts" and an "effective
coupl ing constant"  obtained using the parameters of
Tabie I  I t  and the relat ions given above (Figures 6
and 7).  Comparison of  the observed and calculated
spectra pernl i t ted the assignment of  a value for the pre-
exchange l i fet ime r  to each observed spectrum. Fol-
lowing the wel l -known relat ion between r  and the
Arrhenius parameters for  the exchange process, a plot

(15) These spcctra were compured using programs developed for  th is
purpose by Jessc L.  Bcaucharnp and J.  Thomas C. Cer ig.

Two further points related to the spectral  behavior of
th is compound deserve br ief  comment.  First ,  the
l ine broadening observed in the region of  intermediate
exchange rate for  2-phenyl-3-methylbutylmagnesium
chlor ide again conf i rms that exchange and not changes
in  the  popu la t ions  o f  the  ro ta t iona l  con format ions  opcn
to the molecule is responsible for  the temperature
dependence of  the spectrum. ' :  Second, the absence
of a temperature dependence on the spectrum of the
related compound 2-phenylpropylmagnesium bromide
does not necessar i ly  imply that  inversion of  conf igura-
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Figure 9.  Spectra of  3,3-dimerhylbuty lmagnesium chlor ide in
diethyl  ether as a l 'unct ion ol 'concenrrar ion.  The sharp t r ip let  ar
lower f ie ld is  rhe ether merhyl  r lC satel l i te.

t ion is rapid. t6 We have examined the spectrum
of th is lat ter  compound and of  b is(2-phenylpropyt)-
magnes ium f rom *33.  to  -75"  (v iscous  broaden ing
prevents observat ion below this temperature) and f ind
that the CH:Mg protons of  both compounds remain
magnet ical ly equivalent.  The preceding discussions
have demonstrated clear ly that  other,  structural ly
simi lar  pr imary Grignard reagents have very s imi lar
act ivat ion parameters for  the inversion process. There
is no obvious reason to cxpect the rate of  inversion ot-
the 2-phenylpropylmagnesium compounds to be anom-
alous. We bel ieve that these compounds are in-
vert ing at  approximately the same rates as those dis-
cussed previously,  but  that  the l -phenytethyl  group
produces only a smal l  magnet ic nonequivalence in the
adjacent methylene group. tz

.At th is point  i t  is  of  interest  to descr ibe br ief ly cer-
ta in of  the var iables which have pronounced ef fects on
the rate of  inversion at  the CHzMg center of  the organo-
metal l ic  compound. Those most pert inent are the
effects of  concentrat ion of  the organometal l ic  com-
pound, structure o[  the solvent,  and nature of  the
halogen anion(s) presenr in solut ion.

Decreasing the concenrrar ion of  3,3-dimethylbutyl-
magnesium chlor ide in solut ion decreases the rate of

(  to rhe conclusions reached by Fraenkel  and co-workers concerning
the interpretar ion of  s imi lar  observat ions are probably incorrect .  The
magnitude of a chemical-shift difference resulting from molecular asym-
metry is diff icult to predict undcr the best of circumsrances. Although
the interpretation of a nonzero chemical shift in terms of conligurational
stabi l i ty  is  fa i r ly  srra ight forward,  meaningful  rnterpreat ion-o[  a zero
chemical  shi f t  requires caut ion:  c l ' .  G.  Fraenkel ,  D.  G. Adams, and J.
Will iams, Tetrahedron Letters, j67 (1963).

(17) Thc chemical shift between the cHrccHs prorons of l-phenyl-
2-merhylburyl benzyl ether is 16.0 c.p.s. in carbon tltrachloride solution
and 9.8 c.p.s. in acerone. In conrrast, the corresponding chemical
shi f ts_in l -phenylethyl  benzyl  erher are 9.r  and 2.5 c.p.s. ,  re lpect ively:
G. M. Whitesides,  J.  J .  Grocki ,  D.  Hol tz,  H.  Steinbcig,  and J.  D.
Robcrts,  J .  Am. Chem. Sac. .87,  1058 (1965).

Figure 10. Room temperature spectra of the CH:-Mg prorons
of 3.3-dimethylbutylmagnesium chloride as a function of solvenr:
(a) dieth-vl ether, (b) tetrahydrofuran, (c) diglyme.

inversion. Figure 9 indicates that at  -8o a decrease
in Grignard reagent concenrrat ion of  approximatelv
tenfold changes the spectrunr f rom one character isr ic
of  rapid inversion to one character ist ic of  s low in-
version. In these spectra.  the t r ip let  at  lower f iekl  is
the  up f ie ld  r3C sa te l l i te  o i  the  e ther  methy l  g roup.
and may be used to judge both the concentrat ion of  the
organometa l l i c  compoLrnd and the  na tura l  l ine  w id th  in
the  so lu t ion .

The ef fect  of  solvent on the spectrum of the Grignlr t i
reagent  i s  equa l ly  d ramat ic  (F igure  l0 ) .  In  d ie thv l
e ther  so lu t ion  a t  room te rnpera ture .  the  Spect rum o f  thc
CH:-Mg pro tons  is  a  t r ip le t :  in  te r rahydro furan  ur
approx in ra te ly  the  sa tnc  ten t  pera ture  and conccn-
t ra t ion .  the  cent ra l  l i ne  i s  b roadened no t iceab l ' , ' :
i n  d ig lynre ,  the  spec t rum is  the  typ ica l  AA 'XX '  t ! ' p . .
The tetrahydrofuran spectrunl  was examined as i . r
funct ion of  temperrture lnd f 'ouncl  to col lapse to i r
re la t i ve ly  sharp  t r ip le t  a r  - -57" .  The spec t rum be-
came more  cornp l i ca ted  a t  te tnpera tures  be low ( )
(un [or tunate ly  v iscous  broaden ing  prevented  de ta i le r i
compar ison  w i th  the  low- ten tpera tL l re  d ie thy l  e ther  s t t l r r -
t ion  spec t rum) .  The e t lec t  o f  tempera ture  on  the
spec t rum in  d ig lyme was no t  examined.

The type and quant i t y  o i  ha t ide  ion  present  in  So l i r -
t ion  is  a lso  impor tan t  in  de tern i in ing  the  appearor lce  t r f
the  spec t rum.  In  a l l  cases  we have examined.  invers io r r
o f  con f igura t ion  is  s lower  when bromide ion  is  rhc
ha logen in  so lu t ion  than when ch lo r ide  ion  is  p resenr .
Thus. the spectrum of 3-methvlbutylnragnesium chlor i r le
changes f rom i ts  "h igh- tempera ture"  t r ip le t  to  the  m() rc
compl ica ted  " low- tempera ture"  fo rm between -30  an t i
-70o:  in  cont ras t .  the  cent ra l  l i ne  o f ,  3 -methy lbur , , l -
magnes ium bromide shows apprec iab le  b roaden ing  l r
room temperature,  and the spectrum changes to a s low
invers ion  spec t rum a t  -  l5 ' .  Qua l i ta t i ve ly  the  sanre
spectral  behavior is observed for n-butylmagnesiLrrrr
ch lo r ide  and n-bu ty lmagnes ium bromide.

Add i t ion  o f  magnes ium bromide to  a  so lu t ion  o f  l . - r -
d imethy lbu tv lmagnes ium ch lo r ide  appears  to  s low the
rate appreciably.  A solut ion prepared by react ion ()r '
0 . 1  m l .  o f  e t h v l e n e  d i b r o m i d e  a n d  0 . 0 1  m l .  o f  3 . 1 - d i -
methy lbu ty l  ch lo r ide  w i th  excess  magnes ium tu rn ings  in
ether reaches i ts low-temperature form at -7 o .  i . r
so lu t ion  conta in ing  the  same concent ra t ion  o f  Gr ignarL i
reagent  bu t  one- ten th  as  much addeC magnes ium bro-
mide has  a  cor respond ing  spec t rum on ly  a t  -40o.  ln t i
the Grignard reagent i tsel f '  has th is spectrum at rp-
prox imate ly  -50"  (F igure  I  l ) .

These las t  exper imenrs  ind ica te  tha t  ha l ide  ion  is
probably involved in some speci f ic  manner in the rurc-
determining step for the process averaging the vic inr l

Whitesides, Roberts I Configururictrutl Srabilir.y, ttf'printctrv Grignartl Reugenrs +RSt



Figure 11. Spectra of 3,3-dimethylbutylmagnesium chloride in
diethyl ether at -7" as a function of added magnesium bromide.
The approximate molar ratios of magnesium bromide to 3,3-di-
methylbutylmagnesium chloride in the solutions are: (a) 1.5,
(b) 0.15. (c)  0.00.

coupl ing constants.  That is.  the ef fect  of  the hal ide ion
is not merely to inf luence propert ies of  the solut ion such
as dielectr ic constant or ionic strength.  but  rather to
change the act ivat ion energy for the inversion process
by i ts ef fect  on the structure or solvat ion of  the organo-
meta l l i c  compound.  I t  m igh t  be  poss ib le  in  the  ab-
sence of  these observat ions to rat ional ize the decrease
in  ra te  o f  invers ion  w i th  decreas ing  concent ra t ion  as
the  resu l t  pure lv  o f  changes in  the  bu lk  p roper t ies  o l
the  so lu t ion .  In  par t i cu la r .  i f  the  t rans i t ion  s ta re  fo r' invers ion  

invo lves  charge separa t ion .  the  d ie lec t r i c
cons te ln t  o f  the  so lvent  w i l l  be  in rpor tan t  in  de termin ing

*, jil \i-
the rate.  Dessy and Jones 

"n"u.  
exanr ined the di-

e lec t r i c  cons tan t  o f  so lu t ions  o f  e thy lmagnes ium bro-
mide and o f  d ie thy lmaqnes ium and found a  pro-
nounced concent ra t ion  dependence. ' t  The concen-
t ra t ion  o f  the  Gr ignard  reagent  in  so lu t ions  used fo r
n .m. r .  samples  was ord inar i l y  0 .2  to  3  M.  I i  the  samples
examined by Dessy are ' .1 fa i r  mode[.  the dielectr ic
cons tan t  o f  the  so lu t ion  in  th is  concent ra t ion  range
shou ld  be  qu i te  sens i t i ve  to  changes in  concent ra t ion .
Consequent ly,  the tenfold change in concentrat ion in
the  samples  in  F igure  9  migh t  have been accompan ied
by a f ivefold change in dielectr ic constant.  A de-
crerse in dielectr ic constant oI  th is magnitude should
signi f icant ly decrease the rate oI  a process depending
pr imar i l y  on  charge separa t ion .

However,  addi t ion of  magnesium bromide to a
Grignard reagent soiut ion can reasonably be expected
to increase the dielectr ic constant of  the solut ion.6
I f  d ie lectr ic constant were the most important factor in
de termin ing  the  ra te  o f  invers ion  o f  3 .3 -d imethy lbu ty l -
magnes ium ch lo r ide .  the  order  in  F igure  I  t  shou ld
be the opposi te of  that  observed.

I t  is  important to not ice that  the spectrum obser l 'ed
for  so lu t ions  conta in ing  bo th  ch lo r ide  and bromide ion
is not a superposi t ion of  the spectra of  two separate
spec ies  "RMgCl"  anc l  "RMgBr"  bu t  ra ther  an  averaqe
spectrum. Simi lar  averaging is also observed in rnix-
tures of  d ia lkylmagnesiun'r  and magnesium hal ide in
e ther .  I i .  fo r  example .  a  so lu t ion  o f  3 .3 -d imethy l -
butylmagnesiurn chlor ide is t reated with less than 'd

stoichiometr ic amount of  d ioxane. the rnagnesium
chlor ide present in solut ion is only part ia l ly  removed.
The spectrum observed for such a solut ion is not a
superpos i t ion  o f  the  spec t ra  o i  the  Cr ignard  reagent  and
the  d ia lky lmagnes ium compound separa te ly ,  bu t  an

. 1  2 5 0

Figure 12. Spectrum of the meth-"-l protons of 3,3-dimethylcyclo-
butylmagrresium bromide in tetrahydrofuran. The separation
between the two peaks is approximately 4 c.p.s. at +32'.

averaged spectrum corresponding to an intermediate
rate of  inversion. Correspondingly,  addi t ion of  an
excess of  magnesium bromide to a solut ion of  b is(3,3-
dimethylbutyl)magnesium produces a sample whose
vic inal  coupl ing constants are averaeed; addi t ion of  less
than a stoichiometr ic amount oi  magnesium bromide
resul ts in part ia l  averaging.

These obser l 'at ions suggest th i . I t  none of  the species
invo lved in  the  Sch lenk  equ i l ib r ium.  "RMgX,"  "RrMg, "
and "RrMg.MgXr , "  have pro longed separa te  ex is tence
in  so lu t ion .  I t  i s  no t  p resent ly  poss ib le  to  dec ide
whether  the  par t ia l  averag ing  o i  v ic ina l  coup l ing  con-
stants observed for samples containing less than a.
s to ich iomet r ic  quant i t y  o f  magnes ium ch lo r ide  is  the
resu l t  o f  rap id  migra t ion  o f  ha l ide  ion  f rom magnes ium
to  magnes iunr ,  o f  rap id  migr l t ion  o f  magnes ium
ch lor ide  as  a  separa te  spec ies .  o r  o f  some o ther  p rocess
o c c u r r i n g  i n  s o l u t i o n .

The resul ts discussed so far have deal t  ent i re ly wi th
pr in rary  Gr ignard  reagents .  A l though a  l im i ted  num-
ber of  examples have been examined. these resul ts de-
f ine  c lear ly  the  ra tes  o f  invers ion  wh ich  may be  ex-
pec ted  fo r . th is  c lass  o f  o rganonte t . i l l i c  compound.

A compar ison o f  the  ra tc  o f  invers ion  o f  su i tab ly
chosen pr inrary and secondarv Grignard reagents
rnight be expected to be useful .  in l ight  of  the probable
pert inence of  such data to considerat ions of  the mecha-
n ism o f  invers ion .  Unfor tunate ly '  app l i ca t ion  o f  the
techn iques  used in  examinat ion  o i  the  pr imary  Gr ignard
reagents to several  secondary Grignard reagents has
been less success[ul .  I t  is  not  proved possible to
measure the rate of  inversion oi  a secondary Grignard
reagent:  however,  i t  is  possible to establ ish a lower
l imit  on th is rate f rom the exper iments descr ibed below.

The spectrum of the Grignard reagent prepared from
3.3-dimethylcyclobutyl  bromide in tetrahydrofuran
solut ion at  room temperature shows a doublet  for  the
m e t h y l  p r o t o n s  ( F i g u r e  1 2 ) . T h e  n r a g n e t i c  n o n -
equivalence o[  the methyl  groups can reasonably be
explained only as the consequence of  s low inversion of
conf igurat ion at  the CH-Mg center.  I i  the Grignard
reagent is invert ing s lowly.  two t \  pes of  methyl  groups
are present:  t tne c is to the magncslum atom, ane trans.
The absence of  a chemical  shi f t  between the two methyl
groups would not have al lowed rn unambiguous inter-
pretat ion.  because ei ther rapid inversion of  conf igura-
t ion at  the CH-Mg center or an lccidental  degeneracy
of the chenr ical  shi f ts of  a s lo* h invert ing Grignard
would give the same resui t .  However.  the observa-
t ion  o [  two k inds  o f  methy l  p ro tons  ind ica tes  c lear ly
tha t  invers ion  is  s low w i th  th is  mo lccu le .

S imi la r ly ,  the  two isopropy l  methy l  g roups  o f  2 ,3 -
dimethylbutyl  Gr ignard reagent : r re magnet ical ly non-
cquivalent at  room temperature in both tetrahydro-
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furan and deuter iocl iethyl  erher solut ion (Figure l3) .
The carbon atom bear i r lg the nragnesium otoi . t  in th is
compound is a center of  mt l lecular asymnretry.  The
observat ion that the adjacent isopropy- l  nrethyi  groups
are  magnet ica l l y  nonequ iva len t  inc l i ca tes  tha t  invers ion
of  conf igura t ion  a t  the  cHCH, , -Mg center  i s  s low t ln
the  n .m. r .  t ime sca [e .  t3

Neither of  these compounds shows signi f icant tem-
perature dependence in i ts spectrum. The chemical
shi f t  between the methyl  protons oi  l , - t -d imethylcvclo-
butylmagnesium bronr ic le does not change ouei  tne
temperature range +33 to + 120".  The chemical
shi f t  between the methyl  protons in the isopropyl
group of l  2,3-dimethylbutylmagnesium chlor ide does de-
crease by approximately 0.7 c.p.s.  between *33 and
*120";  however,  th is decre: . rse occLlrs gradu. l ly  over
the indicated temperarLrre range. and is probabiy due
to  changes in  the  ro ta t iona l  con format ion  popu la t ions
of  the  isopropy l  g roup ra ther  than to  i r  chan le  in  the
rate of  inversion.

The absence of  a s igni f icant tempe. l ture t iependence
in the spectra of  these two conrpouncls suggests that
the  bar r ie r  ro  invers ion  o f  con f igura t ion  is  h igher  in  the
secondary than in t l ie pr imary Grignarcl  reagenrs.
I t  m igh t  be  argued thar  3 , .3 -d imcthy lcyc lobuty l  Gr i !nard
reagent is not a representat ive seconclarv Grienard
reagenr,  s ince the r ing strain of  the nrolecule .n i  hy-
br id izat ion of  the carbon atonls i . r re atvpica[ .  How-
ever.  2.  j -d imethylbutyl  Gr ignard rerrgent seenls i l
reasonable model for  a secondarv cr ignarcl  reagent.

I t  shou ld  be  no ted  in  connect ion  w i th  these obr . ruu-
t ions that the react ion of  a c l i . rkr , ' l rnercur ia l  wi th
mercur ic bromide proceeds at  thc san'rc rate for  d i -
i sopropy l -  and d i - i r -p ropy ln rercury  conrpounds and
faster for  d icyclopropvlnlercury ancl  d iphenylnrercury.  t t
This dissinr i lar icy berween the inf luence or tn.  o i t  u l
group on the rate o[  th is react ion ancl  on that of  the
Gr ignard  invers ion  suggests  thar  the  we l l -esrab t ished
Se2 mechanism for the mercur ia ls ancl  the mechanisrn
o f  invers ion  in  the  Gr ignard  reagents  a re  p robab ly  no t
closely related.

Discussion

The exper imental  observat ions presented in th is and
prev ious2 papers  ind ica te  tha t  invers ion  o f  con f isura t ion
of several  pr imary Grignard reagents o. .u i ,  wi th
simi lar  act ivat ion par i rmeters.  An important quest ion
to be asked concerning the mechanism of the inversion
react ion concerns i ts k inet ic order.  I f  inversion pro-
ceeds  by  an  uncompl ica ted  ion iza t ion- recombina i ion
pathwav,  the  invers ion  ra te  shou ld  be  approx imate ly

He Ha
,  : .  , l

R-C-Hr =-  R - t :  - r -  iVIg\.\
NfsX Hr

F igu re  13 .  spec t run r  o i  t he 'me thy l  p ro tons  o f  3 -methy lbu r r  l -
magnesium chlor ide in tetrahy-drol 'uran solut ion.  The lbur l incs
at  h ighest  t ie ld are the isopropyl  methyl  proton resonances.

nard  reasent  in  so lu r ion .  be ing  s lower  in  d i lu te  than in
concentrated solut ion.  The actual  decrease acconr-
panv ing  a  decrease in  concent ra t ion  can be  es t imared
for  3 ,3 -d imethy lbu ty lmaenes ium ch lo r ide  f rom F igure  9 .
wh ich  ind ica tes  tha t  a  change in  the  concent ra t ion  o f  thc
organonte ta l l i c  conrpound f rom approx imate ly  1 , .  , ' ;
to  approKrmate lv  I ' l  a , t  -6 "  i s  s r - r l f i c ien t  to  change thc
spcctrum fronr i ts tast  exchange form to i ts s low er_
change fo rnr .  The tus t  exchange and s low exchangc
f,orms of  the Grignarrd reagent spectra correspond t t ' r
inversion rares di f fer ing bv appror imately a f ic tor  . ' . , r '
100 .  r

This ob:;ervecl  dependence of  inversion rate on the
concent ra t i t>n  o f  thc  Cr ignard  reagent  i s  in  reason lb le
qua l i ta t i v 'e  agreement  w i rh  tha t  wh ich  mieh t  be  c \ -
pec ted  us ing  a  b i r lo lec l ia r  r lechan ism uJ  o  n rode l .
The obser r , 'ed  change in  in 'e rs ion  ra te  migh t  a lso  be
wi th in  the  range wh ich  rvou ld  be  prec l i c ted  on  the  bas i :
o f  un in ro lecu la r  mechan is rn .  p ro l , i c iec l  the  t rans i r ion
s ta te  fo r  the  invcrs ion  in  the  rnechan ism has  very  n ruch
more  charge separa t ion  th r rn  the  ground s ta te .  ln
this casc.  the chunge in nrre \ , \ ' t r r r ld be a conseQUeflcc t r r
the  change in  the  bu lk  d ie lec t r i c  cons tan t  o f  the  so l r , 'enr .
a c c o m p a n y i n g  t h e  c h a n q e  i n  c o n c e n t r a t i o n .

The e t rec t  o I  the  concent rn t ion  anc l  k ind  o f  ha l .gc .
an ion  present  in  so lu t ion  is  bes t  d iscussed by  cons idcr -
ing  the  in f luence the  an ion  rn igh t  have on  the  t rans i r i t tn
s ta te  [o r  un i -  anc l  b imo lecu la r  reec t ions .

In  a  un imo lecu la r  ion izar ion- recombina t ion  reacr i .n .
the  an ion  wou ld  p robab l ; -  cxer t  i t s  in f luence bv  r rs
ef fect  on the carbon-nretal  bond strength and the
effect  would.  of  course. be largest for  hal ide ion bondetr
d i rec t l y  to  the  magnes ium a tom.  An increase in  the
e lec t ronegat iv i t v  o f  a  subs t i tuent  X  bonded to  n rag-
nesium should increase the p-charzrcter of  the mag-
nes ium bond ing  orb i ta l  d i rec ted  toward  X. re  An rn -
crease in the p-character of  the Mg-X bond wi l l  he
accompanied by i t  decrelse in the p-character of  rhc
magnes ium bond ing  orb i ta l  d i rec ted  toward  carbon
and an  inc rease in  the  ion ic  charac ter  o f  the  C- \ lg
bond.  The ease o f  ion ic  d issoc ia t ion  o f  the  R-Us
bond o f  o rganon lagnes ium compounds is  thus  prc -
d ic ted  to  be  R-N{gCl  >  R-MgBr  >  R-MgI  >  R-NtgR.
in  agreement  w i th  the  observed order .

I i  the  rnechan ism o f  invers ion  is  b imo lecurar .  r r
p robab ly  invo lves  e lec t roph i l i c  a t tack  on  the  Gr ign . r r . i
reagent  by  son le  spec ies  conta in ing  the  f iagmenr
iv tgX:  c i ther  R MgX.  ! [eX. ] .  R . ,Mg,  o r  some mrr re
compl ica ted  magnes ium-conta in ing  spec ies .  The r l t c
o f  invers ion  wou ld  then be  expec ted  to  inc reusc
wi th  inc reas ing  e lec t roph i l i r i t y  o f  the  a t tack ing  spec ies

(  l 9 )  l L  . \ .  B c n t ,  C l t e r n .  I l e v . , 6 l , l 7 j  ( 1 9 6 1 ) .

,32" + l o  6 0

, ,H.r
; -  R- i -Hs

\
MgX

independent  o f  the  concent ra t ion  o f  o rganometa l l i c
compound or  magnes ium sa l ts  in  so lu t ion .  i f  sa l t  e f fec ts
and the ef fect  of  concentrat ion on the dielectr ic con-
stant of  the medium are neglected. [ [  inversion is a
process  o f  h igher  k ine t ic  o rder ,  i t s  ra te  shou ld  vary  w i th
the  concent ra t ion  o f  the  reuc tan ts .  I t  i s  observec l
exper inrental [1r  that  t .he inversion rate croes depend in a
very str ik ing nranncr on the concentrar ion of  the Grig-

(18) R.  E.  Dessy und Y.  I ( .  Lee,  J.  Am. Chern.  Soc. ,  g2,  6g9 i l960).
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The more electronegat ive the halo_sen atom attached
to  the  magnes ium.  the  more  e lec t roph i l i c  the  MgX
fragment should be. Hence, using a bimolecular moclel  -
for  the react ion and assunr ing that the rate de-
pends pr imari ly on the electrophi l ic i ty of  the f ragment
MgX. one would predict  that  the rate of  inversion
should also increase in the observed order R-MgCt
>  R - M g B r  >  R - M g l  >  R - M g R .

I t  i s  l i ke lv  tha t  the  an ion  present  in  so lu t ion  in -
f luences the inversion react ion in some manner other
than through i ts ef fect  on electrophi l ic i ty or on the
bulk dielectr ic constant of  the solut ion.  iVlagnesiurn
bromide added ro a solut ion of  3.3-dimethylbutyt-
magnesium chlor ide in ether 5/6rx 's the rate of  inversion.
I t  would be inconsistent to arssume that electrophi l ic i ty
of  the MgX fragmenr were the sole important factor in
determining the rate of  inversion. and then to say that
add ing  a  week e lec t roph i le  ro  l  s t rong e lec t roph i le
should decrease rhe ov'er-al l  e lectrophi l ic i ty of  the MgX
fragments in solLrt i  on.

The spectrunt observed t i l r  the rnir ture of  Gr ignard
reagent  and masnes iunr  b rorn ic le  does  no t  cons is t  o f
two super imposed specr ra  cor respor rd ing  to  "RMgCI"
anci  "RMgBr" but ra. ther t - r f  an lveraged spectrunl
intermediate between the two. This r tbservat ion sus-
ges ts  tha t  migra t ion  o f  ha l i c le  ion  (o r  r t raqnes ium ha l i c le l

,  be tween organonre t l l l i c  ccn ters  occurs  r lp id lv  in
s o l u t i o n . r 0  I n  c o n s e q u c n c e .  t h e  s o l u t i r t n  o t '  " R M g C l "
w i th  added r lagncs iu rn  b ror r r ide  pr t rbub lv  c t ln ta ins  un
cqu i i ib r iunr  concent r i . r r i r )n  t t f '  " t t i v tgBr . "  I t  sec l . l t s
p o s s i b l e  t h a t  t h c  u n i o n  p r e s c n t  i r r  s o l u r i o n  n r i g h t  i n -
l luence the inversion r i . r te both throuqh i ts et lect  on
e lec t roph i l i c i ry  o i  the  MgX f ragnrent  in  so lu r ion  and
through i t s  e f rec t  on  the  carbon-nragnes iunr  bond
s t rength .

Th is  same approach rnay  be  used to  ra t ionu l i ze  the
dependence o f  the  invers ion  ra te  on  so lv 'en t .  E thers
are  e lec t ron- t lonor  so iv 'en ts .  by  v i r tuc  o f  the i r  non-
bond ing  oxy_cen e lec t rons .  as  such.  they  arc  known to
be capab le  o f  fo rnr ing  s r rong da t ive  bonc ls  to  pos i t i ve ly
charged nra_qnes ium spec ies .  In  an  ion iza t ion- re -
c o m b i n a t i o n  m e c h a n i s m .  s o l v a t i o n  i n  t h c  t r a n s i t i o r r
s ta te  shou ld  be  more  impor tan t  th i rn  so lva t ion  to  the
ground s ta te  because charge separa t ion  in  the  t rans i -
t ion  s ta te  w i l l  be  grea ter .  Invers ion  shou ld  there fore
proceed more rapidl , r"  in a basic ether such as tetra-
hr "dro furan  than in  a  re la t i ve ly  nonbas ic  e ther  such as
d ie thy l  e ther  because o f  the  grea ter  capab i l i t y  o f  the
former to solvate the posi t ively charged magnesiunr
f ragment  in  the  t rans i t ion  s ta te .

I f .  on  the  o ther  hand.  the  ra te  o f  invers ion  is  p r imar i l y
dependent  upon the  e lec t roph i l i c i t y  on  rhe  MgX
f ragment .  invers ion  shou ld  be  s lowest  in  the  mosr
bas ic  e ther :  the  ab i l i t y  o f  the  bus ic  e rher  to  donate
e lec t rons  to  the  nrasnes iL l ln  i r tom shor - r ld  cons iderab lv
reduce the  e lec t roph i l i c i ry  t - r f  th is  a ron t .

The spec t ra  o f  F igure  l0  ind ica te  th i . r r  invcrs ion  is
t 'as t  in  d ie thy l  e ther .  s iower  in  te t rahyr l ro fu ran .  and
s lowest  in  d ig lvnrc .  Consequenr lv .  the  dependence o f
invers ion  ra te  on  so lvent  charac ter  a lso  prov ides

( 1 0 )  I n  t h i s  c o r r r r e  c r i o r r .  r t  s h o u l d  b c  n o r c r i  r h l r  r r  h i l s  r h e  r c s u l t s
r n c n t r o n c d  s o  t a r  d o  r r o r  c r c l u d e  t h e  p o s s i b i l i t . " -  t h a t  a l I  t h c  r n v e r s i o n  o b -
s c r l ' c d  i n  t h c  d i l r l k v u n a g n c s l u m  c o n r p o u n d s  t a k e s  p l a c c  t h r o u g h  c a r a -
l y t r c  a c t i o r t  o l ' s n t a l l  q u i r r t t i t i u s  o t '  r n i . r g n e s i r , r m  h a l i d c  l e t i  u n p r c c i p i t l l t e d
b - v  d i o r l r n c ,  w i r h  b i s ( l , J - e . l i n r c r h v l b u r l , l ) m u g n e s i u r r r .  r . r r  l c u s t ,  i n v s r s r o r r
t l k e s  p l l c c  r v i t l r  h l r l i d e - t ' r u c  p r c p i r n r t i o r r s  d c r i v c c l  l ' r r l r n  t h c  m c r c u r v  c o m -
I ) ( ) r . l n d . :

qua l i ta t i ve  suppor t  fo r  the  suggest ion  tha t  the  invers ion
mechanism is character ized by a molecular i ty higher
than one.

The ef fect  of  structure on the rate of  inversion has not
been inv 'est igated careful ly.  The act ivat ion palameters
obtained for inversion of  3. i -d imethylbutylmagnesium
chlor ide and 2-phenyl-3-methy' lbury ' lmagnesium chlo-
r ide  in  e ther  suggest  tha t  invers ion  occurs  a t  approx i -
mate ly  the  same ra te  in  bo th  compounds;  the  secondary
Grignard reagents examined def in i te ly invert  more
slowly.  This di f ference in rate may ref lect  the di f -
terence in the relat ive stabi l i t ies usual lv ascr ibed to
pr imary and secondary carbi in ions,  or major di f ferences
in the geometrv of  the rnolecules nelr  the C-Mg bonds.

The poss ib i l i t y  o [  invers ion  invo iv ing  rap id  e l im ina-
t ion  and ac ld i t ion  o f  n ragnes ium hydr ider t  i s  ru led  ou t
by the fact  that  th is would be expected to give inter-
moleculut '  hydrosen exchanses which would af fect
the  sp in -sp in  sp l i t t ing  pa t te rns :  however ,  there  is  no
def in i te evic lence which ercludes s()r ' r le sort  of  homolyt ic
c leavage reco lnb in l t i r tn  mechr rn ism fo r  the  invers ion
process .

I f  t h c  n r e c h a n i s r n  o t ' t h c  i n r e r s i o n  r e a c t i o n s  b e a r s
anv  resentb lance to  the  e lecr roph i l i c  subs t i tu t ion  re -
ac t ions  o f  o rgano l lc rcury  compounds,  i t  i s  in te res t ing
to  specu la te  on  the  poss ib le  r t te  o I  a lkv l -g roup migra-
t ion  w i th  rc  tc r t t  io r t  o t '  con f reura t ion .  The organo-
nlcrcLlrV cot ' l ]p()rrncis conrnrt ' ln lV exchange through a
f t lu r -center  t rans i t ion  s ta tc  ln t l  thc  ra te  o f  exchangc
wi th  re ten t i ( )n  t r f  con f igL t ra t ion  is  n ruch  grea ter  than
th ; . r t  w i th  invers i t tn .  I i  th is  r r  pe  o f  t rans i t ion  s ta te  i s
l l s t r  fuvorab le  w i th  o rganontagncs iunr  compounds,  the
ra te  t t f  meta l -n re ta l  e rchanee w i th  re ten t ion  o f l  con-
hgura t ion  muv be  ! 'e rv  n luch  fas te r  than the  ra te  o f  in -
r , 'ers ion.

E x per imental  Sect ion rr

,\ ' ttcladr ntu.qrtal tc' t 'L'.\(: tr(tttLL' t lcctru were Obtained
wi th  the  spec t ro r l le tc rs  c lescr ibe i i  p rev ' ious ly . :  Ana lyses
t - r i  the  A BX spec t r i r  o f  the  1-pheny l -3 -methy lbu ty l -
n ragnes ium der iv l t i ves  werc  c t tns iderab lv  more  un-
c e r t u i n  t h a n  t h o s e  f o r  t h e  A A ' X X ' s v s t e m s r  b e c a u s c
the  low- in tens i tv  ou ter  l ines  o i  the  AB par t  o [  the  spec-
trurm frequent lv cor-r lc l  not  be dist ineuished from noise
in the spectnlnr ancl  because the X part  of  the spectrum
c o u i d  n o t  b e  a n a l v z e c i  a t  a l l .

To  ob ta in  the  ec t iv r r t ion  eners ies  fo r  the  2-pheny l -3 -
methv lbu ty ln ragnes ium der iva t ives .  the  observed spec-
t ra  were  compared w i th  those ca icu la ted  as  descr ibed
prev ' ious ly .  The cor r rpar ison  in  the  reg ion  o f  in te r -
mediate exchanqe rate is a fu i r l r  subject ive procedure
and cons is ts  o f  v isua l  compar ison  o f  the  "shape"
o f  the  observed anc i  ca lcu la ted  spec t ra .  Th is  es t ima-
t ion  procedure .  coup lec i  w i th  the  dependence o f  the
ca lcu la ted  l ine  shapc  on  the  va lue  chosen fo r  l lT t .
conrb ine  tc l  in t rodLrce  i , r  cer ta in  a rb i t ra r l '  charac ter  to
the analvsis ot '  these spectru.  Thc values chosen for
I lT ,  were  0 .10  and 0 .15  sec .  to r  2 -pheny[ -3 -methy l -

( 2 1 )  I s o m c r i z . r t i o n  o t '  v i n y l a l u m i r r u m  c o m p o u n d s  p r o c e e d s  a t  i . l
r n o c i c r a t c  r a t e  i r t  1 0 0 '  b y  a  s i m i l a r  e l i m r n l t i o n - i r d d i t i o n  m e c h a n i s m :
J .  J .  E i s c h  u r r d  W .  C .  I ( . r s k . r .  J .  . 1 r n  C h e m . S o c . . 8 5 .  1 1 6 5  ( 1 9 6 3 ) .

( l l )  B o i l i r r g  p o r n t s  a r e  u n c o r r c c t e d .  V a p o r  c h r o m a t o g r a m s  w c r e
o t r t i r u r c d  u s i n g  P c r k i n - E l m c r  v a p o r  t i a c r o m c t c r s  M o d e l s  1 5 4 - C  a n d  8 0 0 .
In f ' r l r rcd  spuc t r i r  rverc '  dc tc rmined r r  i th  . r  Pe  rk in -E lmcr  Mode l  237
d o u l r l c - b c i r  r n  g n r t n r g  - r p e c ( r o r n c t c r ,  u s r n g  l r r  8 - r n i n .  s c a n .  E l e m e n t a l
. r ru r lyscs  rvc rc  pcr t i r r r l cc l  bv  the  Sp i rng  \ t  i c roana ly t i ca l  Labora tory ,
A n r r  A r b o r ' .  \ l i c h .
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butylmagnesium chlor ide in ether and tetrahydrofuran.
respectively.

The samples of the Grignard reagents were prepared
as descr ibed previously.e Grignard reagents and di-
alkylmagnesium com pounds contai  n i  ng C H:-Mg groups
were ident i f ied by the character ist ic chemical  shi f t  and
spin-coupl ing patterns of  their  d-protons. The reso-
nances of  protc ins adjacent to a strongly electroposi t ive
metal occur at significantly higher field than those of
any of  the other compounds l ikely to occur in the solu-
t ion;  these protons could consequent ly be recognized
and examined without diff iculty. The a-proton reso-
nances of the secondary Grignaid reagents were usually
compl icated by spin coupl ing and of  lower intensi ty
than those of  the pr imary Grignard reagents.  and
were frequently diff icult to locate. These Grignard
reagents were character ized by addi t ion of  a s l ight  excess
of water to the sample tube fol lowed by centr i fugat ion to
remove the precipi tated magnesium sal ts.  Comparison
of the spectrum of the organometal l ic  solut ion and that
o f  the  hydro lyzed so lu t ion  w i th  the  specr ra  o f  so lu t ions
in the same solvent of  the start ing hal ide and of  the
hydrocarbon expected from hydrolysis (when avai lable)
usual ly al lowed the resonances due to Grignard reagent
to be ident i f ied wi thout di f f icul ty.

The quant i ty of  sol ids produced dur ing the prepara-
t ion depended pr imari lv on the type oi  hal ide used:
bromides frequent ly produced no sol ids ar al l :  chlor ides
often gave smal l  quanr i t ies of  a whi te f locculent pre-
cipi tate.

Grignard reagents prepared in tetrahydrofuran were
occasional ly pale yel low af l ter  hear ing,  and showed a
tendency to precipi tatc larger amounts of  sol ids than
the  cor respond ing  e ther  so lu r ions .  Occas iona l l y .  a
te t rahvdro furan  so lu t ion  o f  an  a lky lmagnes ium ch lo r ide
would give such heavy deposi ts of  crystals as ro f i l l  the
l iqu id  phase;  however ,  su thc ien t  sample  fo r  n .m. r .
examinat ion could usual ly be recovered by centr i fuga-
t ion .  The s igna l  in tens i ty  in  such samples  was usua l ly
sl ight ly less than thar o[  the same solut ions before
crystal l izat ion.

Tetrahydrofuran solut ions occasional ly gave broad
spect ra  immedia te ly  a f te r  the i r  p repara t ion :  reso lu t ion
always improved af ter  the sample had aged for several
days.

Solut ions prepared in diglyme had approximately the
same character ist ics as those prepared in tetrahydro-
furan. except that  the v iscosi ty of  the f rnal  d ig lyme
solut ion was signi f icant ly greater.

The yields of  Gr ignard reagent prepared in diethyl
ether solut ion were est imated to be 70-95 % by com-
par ison with the r3C satel l i tes oI  solvent,  based on
start ing hal ide.

2-Phen.v'l-3-meth)' l- I -butanol. Diisopropylmagnesium
was prepared by addi t ion of  66 g.  (0.75 mole) of  dry
dioxane to a Grignard solut ion prepared from 92 g.
(0 .75  mole)  o [2 -bromopropane and l8  g .  (0 .75  mole)  o t
magnesium in 300 ml.  of  ether in a l -1. .  three-necked.
round-bottomed f lask equipped with mechanical  st i r rer ,
condenser,  and pressure-equal ized dropping funnel .
The precipi tated magnesium bromide dioxanate was
not separated f iom the dialkylmagnesium solut ion to
which was then added 60 g.  (0.50 mole) of  sryrene
ox ide  a t  such a  ra te  as  to  ma in ta in  gent le  re f lux ing .
The react ion mixture was st i r red for . l  hr .  at  room tem-

perature,  heated under ref lux for  I  hr . ,  and hldro-
lyzed with saturated aqueous ammonium chlor idc
solut ion to the point  at  which the sol ids conglomerarc ' t l
on the sides of the flask. The ether layer was .le-
canted from the sal ts and dr ied over calc ium sul fate.
Removal of  the ether on a rotary evaporator and dis-
t i l l a t ion  o f  the  res idue th rough a  20-cm. .  w i re -sp i r r l -
packed column yielded 53 g.  of  product,  b.p.  Brt-E7'
a t  2  m m .  ( l i t . i 3  b . p . 9 3 o  a t . l  m m . ) ;  t h e  p u r i t y  o f  r h e
product was est imated to be 9G-95 f  f rom the n.rn.r .
spectrum.

2-Phenv'l-3-meth_vlbut vl chloride was prepared br
add i t ion  o f  50  ml .  o f  th iony l  ch lo r ide  to  a  so lu r ion  or '
25  ml .  o f  2 -pheny l -3 -methy l -1 -bu tano l  and 50  ml .  o r '
d imethyl formamide in a 200-ml.  er lenmeyer f lask inr-
mersed in an ice bath.  The temperature of  the solur i t rn
was main ta ined a t  15  *  5o  dur ing  the  add i t ion .  The
solut ion was al lowed to stand at  room temperature f r ' r r
6  h r .  a f te r  add i t ion  o f  the  th iony l  ch lo r ide .  rhen hr  -
d ro lyzed by  pour ing  in to  200 ml .  o f  co ld  warer .  The
organic layer was separated and the aqueous laver w,u:
ex t rac ted  tw ice  w i th  50-nr l .  por t ions  o f  e ther .  Thc
combined extracts were dr ied over calc ium chlor i . ie.
then d is t i l l ed  tw ice  th rough a  20-cm. .  w i re -packc . i
co lumn a t  reduced pressure  to  y ie ld  12  g .  (appr t t r r -
mate ly  45%)  o f  p roduc t ,  b .p .  67-74"  (0 .8  mm.) .

A n a l .  C a l c d .  f o r  C r r H r ; C l :  C ,  7 2 . 3 2 :  H .  3 l S :
C l .  1 9 . - t l .  F o u n d :  C . 7 2 . 5 5 :  H . 8 . 2 6 :  C l .  1 9 . 1 8 .

2-Phen.t' l-3-mer h.v'lbut ylmttgrtesium chloridc couitl hc
prepared from the chlor ide only wirh di f f icul ty.  The
most  success fu l  p rocedure  invo lved mix ing  0 .1  ml .  r ) t
the  ch lo r ide  and 0 .  t  m l .  o f  e ther  w i th  magnes iunr
t u r n i n g s  i n  a n  n . n r . r .  t u b e .  T h e  m a g n e s i u m  t u r n i n g s
were ' then broken up  w i th  a  N ichronre  w i re .  Onto  rh r :
mixture was poured 0.4 ml.  of  ether vvi thout mi.uing r l t , '
Ia. t 'ers.  The tube was sealed and heated in the usurr l l
manner :  a f te r  approx imate ly  I  h r .  a t  100"  re tc t i t rn
between magnes ium and the  ha l ide  occur red .  Thc
remainder  o I  the  preparx t ion  was unexcept iona l .

1,3- Dihromo-2.2-dimeth.r lpropanc. The proccdrrrc
used wers  a  mod i f i ca t ion  o l  tha t  o f  Schur ink . r {  l r r  . t
500-m1. .  round-bot tomed.  th ree-necked f lask  equ ippet r
w i th  a  p ressure-equa l ized  dropp ing  [unne l  and ar r -
coo led  condenser  was p laced 183 g .  (0 .92  mole)  o t ' l . l -
d imethy l -1 .3 -propaned io l .  The f lask  was heated  t rR
the steam bath and 500 g.  of  f reshly opened phosphorLrs
tr ibromide was added over the course of  2 hr.  Thc
steam bath was exchanged for an oi l  bath and thc
temperature was increased to 160o. The temperaturc
was maintained at  th is level  for  24 hr.  The hetero-
geneous mixture resul t ing was then cooled and pouret i
into I  l .  of  water.  The lower layer was separated and
dr ied over calc ium sul fate.  The n.m.r .  spectrum in-
dicated that th is nrater ia l  was approximately 70 l ,
the  des i red  bromide.  The y ie ld  was 200 g . .  and the
produc t  was  used w i thout  fu r ther  pur i f i ca t ion .

3,3- Dimeth_vlc)'clobulanecurbox_vlic acid was prc-
pared fo l low ing  the  procedure  o f  Canrpbe l l  and Rvdon.  r '

subs t i tu t ing  the  c rude l . l -d ib romo-2 ,2-d imethy lp r , r -

( l i )  C .  G .  O v e r b c r g c r  a r t t l  D .  T . t r t n c r ,  J .  A n r .  C h e m .  S o c . , ' 1 7 ,  ) t ' )
(  1 9 5 , s ) .

( 2 1 )  H .  B .  S c h u r i n k .  " O r g a r r i c  S y n t h e s e s , "  C o l l .  V o l .  l ,  J o h n  W r i c ' .
. r n d  S t l r t s ,  [ n c . ,  N c w  Y o r k .  N .  Y . ,  l 9 - 1 3 ,  p .  1 1 6 .

( l - s )  A .  C a n r p b c l l  a n t i  H .  N .  R r t l o r r ,  J .  C h e m . . S o c . ,  l ( X ) l  ( 1 9 5 1 ) .

LL'lt itesides, Roberts , ' Crnt/i,gtu'utiottal Stubilit.r ' tt/ Printurv Griqnurd Reugant.r Jfit:



pane prepared above for the 1,3-diiodo-2,2-dimethyl-
propane used by these workers. The yield of acid was
2 2  9 . ,  b . p .  7 5 - 1 0 3 "  a t  l 2  m m ,  ( l i t . z s  b . p .  1 0 5 - 1 0 6 "
at l5 mm.).

Silver 3,3-dimeth.vlcvclobutanecarboxylatc was pre-
pared from 3,3-dimethylcyclobutanecarboxylic acid
following the procedure of Cason and Way.tt The
silver salt was air dried at room temperature, and then
dried at 0.5 mm. for 4 days prior to its use in the bro-
minative decarboxylation.

3,3-Dimethylcyclobutyl Bromide from Silver 3,3-
Dimethylcltclobutanecarboxl;late. The procedure was
modeled after that described for the preparation of
cyclobutyl bromide.26 The reaction flask was dried
by disti l l ing 50 ml. of carbon tetrachloride from it im-
mediately before use. Bromine and carbon tetrachlo-
ride were dried by disti l lation from phosphorus pent-
oxide.

The si lver sal t  (38.9 g. ,  0.17 mole) was added over the
course of I hr. to 250 ml. of carbon tetrachloride and
28.9 g.  (0.18 mole) of  bromine in a 500-m1.,  three-
necked, round-bottomed flask equipped with mechanical

(26 )  J .  C rson  and  R .  L .  Way ,  J .  Org .  Chem. ,14 ,31 (1949) .

stirrer and thermometer and immersed in a Dry lce-
acetone bath. The salt was added through a piece of
Gooch tubing connecting one inlet of the reaction flask
directly to the erlenmeyer flask in which the salt had been
dried. No carbon dioxide evolution was obseraed unti l
the solution had been warmed briefly to *20o; after
the reaction had started, the sotution was cooled to 0o
and the remainder of the silver salt was added. Whe n
gas evolution had ceased, the reaction mixture was
allowed to stand overnight and then fi l tered, washed
once with aqueous sodium bisulfite, once with 2 N
potassium hydroxide solution, and once with water.
The organic layer was dried over calcium sulfate, and
the carbon tetrachloride was removed through a
10-cm. glass-helix packed column. The bromide was
disti l led under slightly reduced pressure through a
30-cm. Vigreux column. The product (12 9. ,  45%)
had b.p.  132" by the capi l lary boi l ing point  method.
The purity of the product was approximately 95%
as est imated by v.p.c.  (column K, 110') .  The n.m.r .
and infrared spectra were consistent with the desired
structure.

Ana l .  Ca lcd .  fo r  CoHrrBr :  C ,44 .19 ;  H,  6 .80 ;  Br ,
49 .01 .  Found:  C,  44 .13 ;  H,5 .94 ;  Br ,48 .80 .
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