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Detailed exuminution of the temperutLtre dependence
of the n.m.r. spectra of 3,3-dimeth;,-lbut.,-lmagnesium
chloride and bis(3,3-dimethvlbutyl)magnesium indicates
that inversiott of configuration at the -CHzMg center oc'
curs rapidly in ether solution at room temperature.
Activation parameters for the inversiott reactiotts ure
E,,  :  ] l  t  2 kcal . f  rnole,  A :  l }c 'a = t '5 sec.- t ,  ond
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respectivel y.

Introduction

The conf igurat ional  stabi l i ty  of  Gr ignard t€&$ents
is of  interest  not only to the c lassical  problems of  the

structure of Grignard reagents and the stereochemistrl
of  their  react ions,  but also in connect ion wi th the detar l :

of  carbon-metal  bonding. The best explored approach'
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to determining the cont igurar ional  srabi l i ty  has been
through comparison of  the srereochemistry of  products
obtained from carbonar ion or oxidat ion of  a Grignard
reagent wi th that  of  the hal ide f rom which i t  was ob-
ta ined.  For  those compounds in  wh ich  the  carbon
bonded to the metal  has rhe hybr id izat ion Sps, i t
appears that  inversion of  conf igurat ion is s low. r  Thus.
both crs and trans. isorners of  2-bronrobutene-2 have
been converted to the corresponding acids wi th cotn-
plete retent ion of  conf igurar ion r ia the Grignard rea-
gents . t  and the  Gr ignard  reagenr  f rom (+) - l -b romo- l -
methyl-2.2-diphenylcyclopropane has been shown ro
possess i . r  h igh degree of  conf igurr t t ional  srabi l i ty .  {
These observat ions are in f ,greemenr wi th the con-
f igurat ional  stabi l i ty  o l  rhe ntore caretbl ly srudied al-
kenyl l i th ium I ' t  and cyclopropyl l i th ium {, t i  compounds.

Attempts to nleasure the conf igurat ional  stabi l i ty
o f  o rganomagnes iunr  conrpounds in  wh ich  the  carbon
bonded to meral  is  expectcd to be sp,;  hvbr id ized have
been less f ru i t t 'u1.7 CarefuI  exanr inar ion of  the opt ical
pur i ty of  products obtained fronr opt ical ty act ive hal ides
by meuns of '  thc c()rresponding Grignarcl  reegents has
led  to  thc  conc lus ion  tha t  con tp le te  racern iza t ion  takcs
p lace  a t  son tc  po in t  dur ing  the  reac t ion  scquencc .J

Unfor tunare ly ,  th is  observa t ion  o f  ruccmizar ion  in
products of  at  lcast  t .wt l  reuct ions renroved frorn s iarr-
ing  mater ia l  does  nor  a l low r  dec is ion  ro  be  nrade
concern ing  thc  opr ica l  s rab i l i t v  o f '  the  t ) rgaoon lera l l i c
contpound i t sc l t ' .  Racenr iza t ion  r l igh t  huvc  occur red
dur ing  fo rmat ion  or  reac t ion  o f  the  Gr ignard  reagcnr .
as  we l l  as  dur ing  i rs  l i l e t ime.  A l though l i r r le  ev idence
is  a l 'a i lab le  concern ing  the  impor tanc€ r ) t '  raccmiza t ion
dur ing  reac t ion .  severa i  da ta  suggcs t  tha t  ex tens ive
racemizat i t tn ln i iy  occLlr  dur ing prcpxr i . r t i ( )n of  the
Gr ignard  reagent  under  thc  usua l  e  ond i r ions  f rom
nragnesiurn metal  and hal idc.

The most  d i rec t  o f  these is  Wi t lborsk l , ' s  t rbscrva t ion
t h a t  t h e  a c i d  o b r a i n e d  o n  c a r b o n a r i o n  o t '  l - r n e t h v l - l . l -
d iphenylcyclopropyl  Gr ignurci  rc i . rgcnr . t isplayed i r
comple te  re ten t ion  r l t '  op t iua l  uc t i v i t v  on lv  i t '  p repared
by  thc  re i . rc t io r l  o f  i t s  l i th iunr  ana log  rv i th  n ragncs iunr
brorn ide  or  methy ln ragnes iu rn  b rorn ic lc . .  The organo-
l i th ium cornpound.  in  tu rn .  was  pr .eparcd  bv  meta l -
halogen exchange bcrwecn the cyclopropyt bronr ide ancl
r r -bu ty l l i th iu rn .  I f  the  Gr ignard  reagenr  was prc -
pured by direct  react ion between hal ide und nrugnesium
turn lngs .  then on lv  l0 -15"d  op t ica l  pur i t v  was  observed
in  the  produc ts .

Walborsky  conc ludcd f ro rn  these exper iments  tha t
racemiza t ion  on  the  n te ta l  sur fuce  occur red  to  an  im-
por tan t  ex ten t  dur ing  fo rmat ion  o t '  the  Gr ignard
reagent .  Subseqr " ren t ly .  o rher  workers  have ob ta ined

( l )  D .  S c y t c n h  i n  " P r o g r c s s  i r r  l n o r g a n i c  C h c m r s t r y , "  \ o [ .  ] ,  F .  A .
Co t ton .  Ed . .  l n re rsc iencc  Pub l i shc rs .  I nc . ,  Ncw yo rk .  N .  ] ' . .  1962 .  pp .
150-170 ;  H .  D .  l (acsz  and  F .  G .  A .  S tonc  r ^  "o rgunorner l i r i c  chemis -
t r y , "  H .  Zc i ss ,  Ed . ,  Re inho ld  pub l i sh ing  Corp . ,  Nc , . v  te ; i .  \ .  y . .  1960 .
Chep te r  J .

( l )  H .  Norm; . rn r ; rnd  P .  V I . r i r t e .  B t r l l .  soc .
{- l )  H.  Nl .  Walborskv,  Rec.  Cl tem. pro{r .

2 3 .  7 5  ( 1 9 6 2 ) :  H .  M .  W i r l b o r s k v  a n d  A .  E .
86 .  3 :88  (  196 . r ) .

chi r t t .  [ : runce.  l - t39 (  1956).
( [ i r c s g c - H o o k e  r  S c i .  L i b . t ,
Y o u n g .  J . , - l n t .  C h e m .  S o c . ,

( - 5 )  D .  Y .  C u r t i r t  a n d  W .  J .  l ( o e h t ,  J r . ,  i b t d . , 8 ; 1 .  1 9 6 7  ( 1 9 6 : ) .
1 6 )  D .  E .  A p p l e q u i s r  l n d  A .  H .  p e t e r s o n .  i b i c l . , 8 3 .  g 6 2 r l 9 6 l ) .
( 7 )  F o r  r e i c r c n c c s  t o  e a r l l , r v o r k  o n  r h i s  s u b j c c t .  s e c  H .  L .  C o e r i n l l

r r r r d  F .  H .  M c C a r r o n .  i b i d . , 8 0 .  : : 8 7  (  1 9 5 8 )
(8)  I t  has  been repor red  rhar  cont igurar ion i . r l l y  s rubrc  tcn ia rv  d ia rky l -

magncs ium cornpounds cun bc  prcparcd  by  a  t r l rnsmcur la r ion  reac t ion
l ' ro rn  op t ic l . r l l . r -  ac t i ve  o rganomcrcurv  compounds:  O.  Rcutor . ,  Ba l / .
t ( ) (  ch in t .  F runce,  l l l J l  (  1963) .
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Figure L Observed (upper) and calculated (lower) specra for rhc
-CH:X prorons ot' 3.3-dimethylbutyl chloride (left) and bis(_1.,1-
dimethy lbuty I  )magnesium (r i  ght . l .

data which suggest that  the internrediare formed in i r ia l l l ,
in react ion between an alkyl  hal ide and magnesium
nre ta l  may rese t r rb le  an  a lky t  rad ica l .  Thus ,  R i i chard t , ,
has isolated products f rom the react ion of  neophvl
chlor ide wi th nragncsiurn which are character ist ic ot '
rcar rangenrent  o f  the  neophv l  t tee  rad ica l , t0  and Har l i l -
ton  has  shown thu t  thc  fo rmat ion  o f  a l l y lcarb iny t
Gr ignard  rexgent  f rom the  re i tc t ion  o f  cyc lopropy [ -
curb inv l  ch lo r ide  w i th  masnes ium is  we l l  e , rp la ined
( )n  the  b i ts is  t l t '  a  t ' ree- rad ica l  n rechan ism. r t

Nonethe less .  dcsp i tc  the  d i fhcu l t ies  assoc ia ted  w i rh
in te rpre tu t ion  o i  the  nLuncrous  exper in ren ts  d i rec tec l
towl rd  c le te rnr ina t ion  t r f  the  conf igL l ra t iona l  s tab i l i t y  o l '
Gr ignard  re rgcn ts .  i t  seer r rs  l i ke ty  tha t  no t  a l I  o f  thc
racemizat ion observed in products der ived from these
organomcta l l i cs  occurs  dur ing  the i r  fo rmat ion  or  subsc-
quent  reac t ion .

The work  repor ted  hcre  was in i r ia ted  in  the  hope tha t
e x a m i n a t i o n  o f ' G r i g n a r d  r e a g c n t s  i n  s o l u t i o n  b y  n . m . r .
spec t r r )scopy  rn igh t  he lp  t t ' r  e l im ina te  some o f  the
l rnb igu i t ies  ass t>c i l red  w i th  in te rpre ta t ion  o f  reac t ion
produc t  s tud ies .

l lesul ts and Discussion

The n .n l . r .  spcc t ru rn  o t ' thc  n le thy lenc  pro tons  o f  3 . - ' l -
d in re thy lbu ty l  ch lo r ide  in  carbon te t rach lo r ide  or  car -
bon d isu l f idc  so lu t ion  is  a  typ ica t  AA 'XX '  spec t rumt r
(see Figure I  ) .  Ot '  the 2.1 theoret ical  possible t ransi-
t ions .  20  have su t f i c ien t  in rens i ty  to  be  observab le .  In
sont ras t .  the  spcc t ra  o f  the  -CH:X pro tons  o i  3 -methy l -
bu ty l  ch lo r ide .  3 - rne thv lbu tv l  b romide.  3 -methy lbu ty l
iod ide .  r r -bu tv l  ch lo r ide ,  n -bu ty l  iod ide .  and prop l , i
ch lo r ide  are  a l l  t r ip le ts  to  u t  l cus t  a  f i rs t  approx imat ion .
The di f ference in the specrra of  3,-1-dimethylbut, ' - t
chlor ide and thcse hal ides is reasonably explained on
the  bas is  o t ' the  re la t i ve  s izes  o f  the  subs t i tuents  on  thc
c thv lene f ragrncnt .  In  i . -1 -d imerhy lbu ty l  ch lo r ide .

( 9 )  C .  R u c h a r d t  a n d  H .  T r u u t w ' c i r r .  9 e r . . 9 5 .  l l 9 7  ( 1 9 6 2 ) .
(10 )  W.  H .  Ur rv  and  iV l .  S .  Kharasch ,J .  Am.  Chem.  Soc . ,66 ,  l 43S

( 1 9 , 1 - l ) :  S .  W i n s r e i n  r n d  F .  S e u b o l d .  J r . ,  i b i d . ,  6 9 , 2 9 1 6  ( 1 9 4 7 ) s  6
Rt ichardt  and R. Hccht ,  Terrahedron Letrers,  957,  961 (1962),  arru
ret t rences thcrc in.

( l l )  C .  Hami l ton .  Ph .D .  Thes is ,  C r r l i t b rn i t  I ns t i t u t c  o f  Techno logy .
|  961 .

t l l )  (a )  J .  A .  Pop lc ,  W.  C .  Schnc rde r , . rnd  H .  J .  Bc rns te in ,  "H ig i r -
Rcsolut ion Nuclear ! l i . tgncr ic Resonancc."  McGraw-Hi l l  Book Co .
l nc . ,  Nc rv  York ,  N .  Y . ,  1959 ,  Chaprc r  6 :  (b )  J .  D .  Robcr rs .  "An  In r ro -
duct ion to thc Arraly 's is  o l '  Spin-Spin Cotrpl ing in High-Resolut ion
Nuc lca r  Magner i c  Resonance  Specr ra , "  W.  A .  Ben jumin ,  Inc . ,  Nc r r
Y o r k .  N .  Y . ,  1 9 6 1 .  C h a p t c r  4 .
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ster ic hindrance berween the bulky l -buryl  group and
the chlor ine atonr is expected. to be such thal  the con-
tbrmation I having these two grou ps trans wourd be of
appreciably lower energy than the correspon ding gauche
conformat ion I I  and I I I .  I f  I  is  more popuiaied in
solut ion than i l  or  [ [ I ,  the two -cH2Cl protons wi l l  be
magnet ical ly nonequivalent al though chemical ly in-

?(cH,).Hr?-cr
t l t

H

I I

H -

gnard reagent and chlor ide are compared in Table I :
detai ls of  these analyses are given in the Exper imental
sect ion.

Table I .  Chemical  Shi f ts  and Coupl ing Consrans for  the
Ethylene Prorons of  3.3-Dimethylbuty l  Der ivat ives at  60.0
Mc.p.s.  and 32' .  Protons I  and 2 i r fe a to the Subst i tuent  X

9r -  Yth

I ( X :  I I ( X :  I I I ( X :
Cl ) , "  c .p .s .  MgCl) , "  c .p .s .  MgR),d  c .p .s .C I

HH

I I I

Jn'
Jrz : Ju
Jrq : Jn
Jt ,

' ,  l0 * lft in carbon disulfide. o v, - v,t - u2 ua by symmetry.. l0 t 2\in diethyl ether. concenrrarion estimared by comparing
the area ot the {H:Mg resonance with that of the upfield r:C
methyl resonance of ether. I 5 -+- l% in diethyl ether containing
approximately 5Ti dioxane. Concenrrarion estimated as in 6. " Je
and -/,s are the two geminal coupling constants. / Geminal cou-
pling constants cannot be obtained from an A:X.: spectrum of this
type.

The da ta  requ i re  rha t  invers ion  o f  con t igura t ion  a t
the  -CH:Mg center  o f  I I I  i s  s low on the  n .m. r .  t ime
scale.  because fast  inversion would resul t  in an averag-
ing  o i  the  v ic ina l  coup l ing  cons tan ts .  Moreover ,  the
nragn i tudes  o f  the  v ic ina l  coup l ing  cons tan ts  make
poss ib le  a  qua l i ta t i ve  es t imar ion  o f  the  re la t i ve  "s ize"
t l f  the  -MgR group and a  ch lo r ine  arom,  s ince  the
va lue  o f  14 .0  c .p .s .  observed fo r  the  la rger  v ic ina l
coup l ing  consranr  o i  b is (3 .3 -d imethy lbu ty l )magnes iun t
suqgests i ln average HCCH dihedral  angle near
l80o. r ; . r t i  A l though the  uncer ta in t ies  assoc ia ted  w i th
the  use  o t '  coup l ing  cons tan ts  to  ob ta in  in fo rmat ion
about  confornra t ion  popu la t ions  are  we l l  known, rT
the lower value observed tbr the larger v ic inal  coupl ing
cons tan t  o i  3 .3 -d imethy lbu ty l  ch lo r ide  suggests  tha t  the
guuche conformer has a relat ivelv lower energy for th is
compound than fo r  i t s  a lky ln ragnes iun ' r  ana log .  A l -
though i t  is  not  possible to give a precise measure of
th is di f ference in s ize on the basis of  avai lable informa-
t ion.  a s l ight ly more quant i tat ive descr ipt ion wi l l  be
possible af ter  the temperature var iat ion o[  the spectra
of these organometal l ics has been descr ibed.

The range of  a var iable-temperature examinat ion
o[ an ether solut ion o[  a Grignard reagenr is l imi ted by
two considerat ions:  at  temperatures much below -50'
the solut ions become too viscous to give interpretable
spec t ra :  a t  tempera tures  much above +  120o,  the  pos-
s ib i l i t v  o f  exp los ion  o f  the  sample  tube in  the  probe
becomes important.  This l imi ted temperature range
was fortunately large enough to y ie ld several  data im-
portant to the interpretat ion of  the room-temperature
spectra of  the organomagnesium compound studied
in the present work.  In part icular.  the A.X, spectrunr
observed for l . i -d imethylbut l ' lmagnesium chlor ide
changes to  an  AA 'XX '  spec t rum between *20  and
-60o:  cor respond ing ly ,  the  AA 'XX '  spec t rum o f
bis(3.3-dimethylbutyl)magnesium col lapses to an ArXr-
type  spec t rum a t  +  I  l0 ' .

(15 )  M.  Karp lus ,  J .  Chem.  Ph . r ' s , ,30 ,  I  I  (1959) .
(16 )  H .  Conroy ,  "Advanccs  in  Organ ic  Chemis r ry , "  Vo l .  2 ,  I n re r -

scicnce Publ ishcrs,  Inc. ,  Ncw York,  N.  Y. ,  1960, pp.  265-328.
(17 )  M.  Karp lus ,  J .  An t .  Chem.  Soc . ,  E5 ,  :870  (1963) .

1 0 3  . 2
+  1 3 . 9
* 5 . 4

-+-11.2
+  1 0 . 7

- 123
f

9 . 1
9 .  t
J'

- r28
+  1 3 . 4
+ 4 . 2

* 1 4 . 0
+ 1 2 . 5

dist inguishable,  because any one of  the -CHrCl protons
has lw'o different coupling constants to the two icHr)r-
CCH!- protons.

Observa t ion  o f  an  AA,XX,  spec t rum is  no t  com_
pat ib le wi th an energet ical ly tavored gauche conforma-
t ion .  because a  mix tu re  o f  I I  and  I I I  woutd  have on ly
an averaged v ic ina l  coup l ing  consrant  i f  the i r  in re r -
conversion wcre rapid.  and would bc expected to show
an ABXY spccr rum wi th  apprec iab le  chemica l  sh i i t
d i f ferences berwccn the hydrogens of  the methylene
groups  i f  in tc rconvers ion  were  s low.  The chemica l
sh i f t  be tween the  two pro tons  o f  each methy lene group'wou ld  o f  course  bc  zero  i f  in te rconvers ion  be tween I I
and I I I  were suft ic ient ly rapid,  cven i f  the guucl te con-
f t - r rmers were energet ical ly fhvored.

The s ize  o f  the  a lky l  g roups  * r tached to  thc  c thy lcnc
group in  the  o ther  ha l ides  is  much s rna l le r  than the  r -
bu ty l  g roup o i  3 . i -d in re thy lbu tv l  ch lo r ide .  Apparent ly
the di f terence in energy between trens and g,r i , i .he con-
tb rmat ions  tb r  the  a lky l  ha l i c ics  nor  conra in ing  the  r -
9y!yt  group is n. t  large enough ro procruce signi f icanr ly
d i f fe ren t  v ic ina l  coup l ing  cons tan ts .

The n .m. r .  spcc t rum o i  3 .3 -d imcthy lbu ty l  Gr ignard
reagent  i s  much s imp ler  rhan thar  o f  J .3 -d imethy fbury l
ch lo r ide .  The -CH.3Mg resonance o f  th is  o rgano_
meta l l i c  compound in  d ie thy l  e ther  so lu t ion  a t  room
t e m p e r a t u r e  i s  a  c l e a n  t r i p l e t .  w i t h . /  :  9 . 1  c . p . s .  T h e
chemical  shi l t  between the two merhylene groups is
approx imare ly  123 c .p .s .  ( the  resonance o f  th ;  A_
methylene group is part ia l ly  h idden by the ether methyl
peaks) :  rhe  chemica l  sh i f t  o f  the  -CH:Mg pro tons  is  j9
c .p .s .  up f ie ld  f rom te t ramerhy ls i lane .

Add i t ion  o f  .  s to ich iomet r ic  excess  o f  d ry  d ioxane
to an ether solut ion of  th is Grignard , .og.ni  removes
most  o f  the  magnes ium ch lo r ide  as  the  inso lub le  mag-
nes ium ch lo r ide  d ioxanate .  I  r ,  r  ' r  leav ins  b is (3 .3 -d imethv l -
butyl)magnesium in solut ion.  The amount of  * ig_
nes ium ha l ide  le t i  in  so lu t ion  was no t  measured:  how-
eve.r .  Cope has reported that nrore than 99.6 % of the
ha l ide  ion  presenr  in  e ther  so lu t ions  o f  pheny lmag-
nes ium bromide and methy lmagnes ium chror ide  I t
removed by  d ioxane prec ip i ta t ion .

The n .m. r .  specr rum o f  b is (J , j -d imethy lbu ty l )n rag-
nes ium in  d ie thy l  e ther  a r  +33.  i s  an  AA,X* ,  ,p . . . -
t rum (F igure  l ) .  Chemica l  sh i i t  and  coup l ing  cons tan t
da ta  ob ta ined by  ana lys is  o f  the  spec t rum o f  th is  com-
pound and o f  the  specr ra  o f  the  cor respond ing  Gr i -

( l l )  f v t .  S .  Kharasch  .nd  o .  Rc inmurh .  " c r i gnu rd  Rcac r ions  o f
Nonrncnl l ic  Subsrrrnccs,"  prenr icc-Hal l  Co. ,  Inc. ,  Nerv york,  N.  y. ,
1954 ,  Chapre r  4 .

( 1 4 )  A .  C .  C o p e .  J . . t t t t .  C h e n r .  S , c . , 5 7 .  l 2 3 g  i l 9 1 5 ) ;  i b i d . , f f i , 2 2 t 5
t  l 9 l 8 ) .

C(CHr )eC(CHr)r

ll{56 Journol ol the ,.lrneriuut Chemic'ul Societ_r, I 87:lJ I Jttlv. 5. tg6_t
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Figure 2. N,m.r. spccrra ot '  the CH:Mg prororls ol '3,3-dimerhyl_
butylmagnesium chloride in diethy'r ether solut ion as a function of
temperature.

The s imi la ' i ry  o f  thc  spec t ra l  bchav io r  o f  th is  Gr i -
gnard  reagent  and i t s  cor respond ing  d ia lky lmagnes ium
cornpound demonstrates c lcar ly that  a temperature-
dependent  equ i l ib r iunr  be tween . ,R Iv {gC[ "  

and . .R . rMg. '
in  so lu t ion  (a  Sch lenk  cqu i l ib r ium;  i ,  no t  respons ib le
fo r  the  v 'a r i r r ion  in  thc  spcc t ra .  because l i t t le  o r  no

2RrvtgX : R:,rvtg.r\{gX.: i- R:Mg i i l tgX:

rnagnesiunr hal ide was prcsent in the dialkylnraene-
sium solut ions.  This conclusion is reinforcei  by the
observa t ion  rhar  rhe  specr rum o f  b is ( j .3 - tJ imethy lbL ty l ) -
magnesium prepared by react ion between halogen-free
b is (3 ,3 -d imethy lbu ty l )me 'cury  and magnes iun i  meta l
shows the  same tempera ture  c lepend.n . .  as  tha t  o f  the
mater ia l  preptrecl  f ronr 3.  j -d inrethylbutyt  Gr ignarcl
reagent  by  d ioxane prec ip i ta t ion .  C lear ly ,  there tore .
ca ta ly t i c  t races  o f  rnagnes i t rm hat idc  , , r .  no t  in rnor tan t
fo r  the  exchange reac t ion

The averaged v ic ina l  coup l ing  cons tan ts  ,bserved a t
+ l l "  f o r  t h e  G r i g n a r d  r e a g e n f  a n d  a r  +  l l 0 "  f o r  t h e
d ia lky lmagnes ium compound might  be  the  resu l t  o f
e i ther  rap id  invers ion  o f  con f igu ia t ion  a t  the  carbon
car ry ing  the  nragnes ium (such invers ion  exchanq ins  the
magnet ic environnrents of  the hydrogens at  th i  d.-
carbon a tom)  or  e lse  a  change in  re la t i v i  popu la t ions  o f
the  conformar ions  I .  I I .  and  I I I  ( i f  a l l  ion formar ions
were equal ly populated and haci  the same gauche and
t rons  coup l ings  the  cH,  resonances  wou ld  each be
s imp le  t r ip le ts ) .

H

H

H

c (cH.r)3

H

H

MgCl

MgCl  H
I  t r

ClMg

H

H
I I I

Ten of rhc rwelve theorecical l ines for the A part of
an AA'xx' spectrumrr can be identi f ied in trre low-
remperature spectra of Figure 2 and 3. The 1.2 andj,4 transir ions are easi ly identi f ied on the basis of in-
tensity and posit ion as the strong ourer l ines in these

t]['1[,h'h['
|  

. 6 6 "  . 6 l o

lllr
It til_ tl^,\[

' 2 8 "

Figure 3. N.m.r. specrra ot '  the CH:Mg prorons of brs(-1._r.
dimethylburyl)magnesium chloride in diethyr erher solut ion as :r
function of temperature.

spec t ra ;  the i r  separa t ion  is  cqua l  to  the  sum o f  the  t r , , , r
v ic ina l  coup l ing  cons tan ts  J  a  1 ' . r t  On the  assuntp-
tionrB that tuns and guuc.lre coupling constants. -/, untl
' / *  have the same respect ive values for each confornr:r-
t ion  ( l - l l l ) ,  the  separa t ion  o f '  the  ou ter  l ines  fo r  I
shou ld  6e  (J t  +  J* )  wh i le  thc  cor respond ing  separa t i . r r
fo r  a  rap id ly  in re rconver t ing  mix tu re  o f  I I  an t l  I t l
would be t l {J,  t  -3J.) .  The values reported in Tablc I
permi t  a  c rude cs t in ta te  to  be  made o f  thc  magn i tude
,: t [  J1 and - /"  and conscquent ly of  the confornrat ion, i
p o p u l a t i o n s  o f  I .  I I .  a n d  I l l .

I f  . r  i s  the  nro le  f rac t ion  o f  con former  I  in  so lu t i t ,n .
t / , , ( l  x )  w i l l  be  the  cor respond ing  mole  f rac t ion  , . , r '
c o n t o r r n c r  I I  a n d  o f  c o n f o r m e r  I I I .  A s s u m i n g  t h c
I runs  coup l ing  cons tan t  to  be  [a rger  than the  c rs  coup l in , - l
c o n s t a n t .

J r t  :  . \ J ,  +  ( l  x ) J "  l l t

J t t :  [ x  *  ' / r ( l  -  x ) U .  * ' / r ( l  -  x ) J , :
r / ,  ( l  +  x )J ,  *  t l z ( l  -  . \ )J ,  t l l

In  o rder  to  ob ta in  an  cs t in ta te  o f  x .  i t  i s  necess i .u - \ . r t r
have values lor  J,  and J, , , '  these values cannot be trr . , -
ta ined l rom the  cxper in renra l  da ta  in  Tab le  I  a lonc .
However .  the  n tagn i tude o f '  the  coup l ing  cons tan ts  rn
subs t i tu ted  e thanes can be  cor re la ted  w i th  the  Hugg in .
c lec t ronegat iv i t y r0  o f  the  subs t i tuent  by  the  re la t ionr r

J, , , ,  :  7.9 -  0.7 (E-\  -  fn)  r -1)

Assurning the di f ference in electronegat iv i ty between
ch lor ine  and magnes ium to  be  approx imate ly  the  sanre
on the Huggins scale as on the Paul ing scale (Er:r
.Eu*  :  1 .8 ) ,  the  v ic ina l  coup l ing  consrant  in  CHTCH, \
wou ld  be  pred ic ted  to  inc rease by  1 .3  c .p .s .  on  chans inc
X from Cl to MgCt.  The agreement between prec, l ie-
t ion  and exper iment  suggests  tha t  there  is  no th ing
anomalous  about  the  e f lec t  o l  the  magnes ium e lcc -

(  l8 )  Thcre  is  l i t r le  cv idence on  rvh ich  ro  juc rge  the  rcasonab lenes :  r r r
th is  l ssumpt io . .  Gurorvsky le  has  repor rec i  a  d i f t ' e rence o f  . l  c . ; .  .
bc t rveen - / ru t t  ,o r  t * 'o  d i t re renr  contormat ions  o f  cHc l :cHFc l .  Hor*  -
e v c r .  a s  t h c s e  a u t h o r s  h a v e  n o t c d ,  t h e  t r e a t m e n t  n c g l e c t s  a n y  v a r i a r r o r r  i , -
chemica l  sh i i t  w i th  rcmpcrarure  due ro  changes in  so lva( ion  ln t r
therc tb re  somc\ !ha t  suspec t .  For tunare ly ,  the  magn i tuc les  o f  rhe  , -ou-
p l ing  cons tan ts  observed fo r  our  o rganomcra l l i cs  suggests  tha t  thc , , -  c r r , i
p r e d o n r i n a n t l y  i n  c o n t b r m a r i o n  I .  a n d  c o n s e q u c n t l y  t h a t  o n l y  o n e  k r r ;
o l ' . . / , ,  i s  impor tan t .

( 1 9 )  H .  S .  C u t o w s k y . ,  C . G . B c l t o r r J ,  a n d  p .  E .  M c M a h o n . J .  C h e , ,
P h . t ' s . , 3 6 ,  l 3 5 l  (  1 9 6 2 ) .

( : 0 )  f v l .  L .  H u g g i n s ,  J .  A n r .  C h e r n .  S o c . . 7 5 , . 1 1 2 3  f i 9 5 3 ) .
(21)  C.  N.  B ; rnwe l l  and N.  Shcppard ,  D iscuss ions  Farac lu i ,  So t .  .  r -

r  l 9 6 l ) .

C(CHr) . r c(cH3)3

Whire ' t i t les.  LVi lunow' .sk i .  Rrthert .s  , t  Cl tnt ' igr t rut t (utu/  Str th i l i tv  t t l  Pr inurt 'Gr igtutr r !  Reut?ent, r  lx . -



Figure 4.  Schemat ic energy- level  d iagram and t ransi t ion assign-
men ts  tb r  b i s (3 .3 -d ime thy lbu ty l )magnes ium.

/ , , , . c H ' c " r c l  -  7 . 2 3  c . p . s . " :  / , , ; . c H ' c H : N I g c l  :  8 . 6  c . p . s .

. J r , r '  H r c H : B r  :  7 . 3 3  c . p . s . " ! ' l :  / r i . c H ' c H ' \ t s B r  -  8 . 6  c . p . s .

t ronegat iv i t y  on  the  v ic ina l  coup l ing  cons tan ts .  and
consequent ly that  eq. 3 nr ight  be used to est imate . / ,
i " rnd  - /s  in  b is (3 .3 -d imethy tbu ty l )magnes ium t rom s t ruc-
tu ra l l y  s im i la r  e thanes .

A more  soph is t i ca ted  equat ion  deve loped by  Bothner -
By i rom stat ist ical  evaluut ion of  the efJ 'ect  of  subst i tu-
en ts  on  v ic ina l  coup l ing  cons tan ts  ind ica tes  tha t  . / . ,  and
. / ,  shou ld  have the  va lues  4 .5  and 14 .7  c .p .s . .  respec-
t i ve ly ,  fo r  3 .3 -d imethy lbu ty lmagnes ium ch lo r ide . :3  A l -
though these va lues  are  probab ly  bo th  too  la rge  by
approx imate ly  0 .5  c .p .s .  (see  the  observed va lue  fo r
. , /n  in  b is (3 .1 -d imethy lbu ty l )n ragnes ium) .  they  s t rong ly
suggest  tha t  th is  Gr ignard  reagent  ex is ts  a lmost  en-
t i re ly  in  the  conformat ion  w i th  magnes ium a tom and t -
butyl  group tran.r .

With approximate values of  Jr  and - / . .  lor  b is(3.3-di-
methy lbu ty l )magnes ium.  we are  in  a  pos i t ion  to  dec ide
whether  changes in  the  conformat iona l  popu la t ions  I .
l l ,  and  I I I  o r  change in  the  ra te  o f  invers ion  a t  the  a-
carbon a tom is  respons ib le  fo r  the  var ia t ion  in  the
spectra of  -1.3-dimethylbutylmagnesium chlor ide and
b is ( - i .3 -d imethy lbu ty l )n ragnes ium wi th  tempera ture .
The separa t ion  o f  the  s t rong ou ter  l ines  o f  the  room-
temperature spectrum of bis(3.3-dimethylbutyl)mag-
nesiunr is ( . / r ;  *  . / r t )  and corresponds approximately to
1.0 mole f ract ion of  the t rans conformat ion I .  At
+  I  10" ,  the  spec t rum is  a  t r ip le t .  Abraham and Bern-
s te in  have shown tha t  i f

J - J' ( [2Ar,,,,.("/n - ./*)] ' '" (4)

t h e  A  p a r t  o f  a n  A A ' X X ' s p e c t r u m  w i l l  a p p e a r  a s  a
t r ip le t  (Av , , .  i s  the  w id th  a t  ha t f -he igh t  o f  the  com-
ponent  l ines) . : {  In  the  present  case.  L ,v , , ,  :  0 .9  c .p .s .

(21 )  See  S .  Ebc rso le .  S .  Cas te l l ano ,  and  A .  A .  Bo thner -By ,  J .  Phvs .
Chem.,  68,  3430 (  1964).

( :3)  A.  A.  Borhner-By,  scminar g iven at  Harvard Univers i ty ,  Janu-
a ry  21 ,  196 .1 .

( 2 4 )  R .  J .  A b r a h a m  a n d  H .  J .  B e r n s t e i n ,  C a n .  J .  C h e m . , 3 9 , 2 1 6
(  l 9 6 l ) .

and . / .1  -  - / x  :  1 .1  c .p .s . :  consequent ly ,  eq .  4  w i l l  be
sat is f ied  i f  J r ,  -  . / r , ,  I  1 .5  c .p .s .  As  shown by  Abra-
ham and Pach ler : ;  the  va lue  t l f  " ' : ,V  *  ' / :L  shou ld  be
independent  o f  the  p t tpu l l r t ion  o f  the  ro ta t iona l  i somers :
,V  represents . /  +  J 'and L  is  equa l  to  ' /  -  

" / ' (negat ive
i l  the t rons conformer is more stable).  In the case of
b is (3 .3 -d imethy lbu t l ' l )magnes ium.  the  separa t ion  be-
twecn the outer l ines ( l / )  should therefore change from
1 8 . 0  c . p . s .  a t  r o o m  t e m p e r a t u r e  t o  l ' 1 . 7  c . p . s .  a t  + l l 0 '
i i  the  in te rna l  ro ta t ion  is  respons ib le  io r  the  averag ing  o i
the  v ic ina lcoup l ing  cons tan ts .  Th is  behav io r  i s  c lear ly
i l lustrated by the calculated spectra in Figure 6 (see

below for a discussic ' rn of  the assumptions involved in the
calculat ions ) .

I f  the inversion of  conf igurat ion i . r t  the -CHrMg center
is responsible for  the averaging, the separat ion of  the
outer l ines (  l / )  should remain approximately constant.

Exper imenta l l y .  the  tempera ture  var ia t ion  in  the
separa t ion  o f  the  1 .2  and 3 . - l  t rans i t ions  is  smal l .  Th is
separa t ion  in  the  spec t rum o i  b is t i . l -d imethy lbu ty l ) -
m a g n e s i u m  r e m a i n s  u n c h a n g e d  a t  1 8 . 0  +  0 . 2  c . p . s .
f ronr  + i3  t t ' r  r -  l l 0o :  the  cor respond ing  separa t ion
in  3 .1 -d i rne thy lbu ty lm: . rgnes ium ch lo r ide  changes on l . ' -
f r o m  l 8 . 2  *  0 . 1  a t  r i 3 "  t o  1 8 . - l  *  0 . 3  c . p . s . a t  - 5 0 o .

These da ta  a rc  incomput ib le  w i th  a  tempera ture-
dependent  var ia t ion  in  popu l l t ions  t - r f  the  conformers  o t '
su thc ien t  magn i t r . rde  to  exp la in  the  averag ing  o f  the
v ic ina l  coup l ing  cons tan ts  and ind ica te  tha t  changes
in  the  ra te  o f  invers ion  i t re  respons ib le  fo r  the  changes
i n  t h e  s p e c t r a .

Th is  conc lus ion  h ; . ts  bcen conf i rn ted  by  compar ison
t r f  the  observed spcc t ra  w i th  spec t ra  exp l i c i t l y  ca lcu-
l a t e d  f o r  a n  A A ' X X '  s p e c t r u m  i n  w h i c h  t h e  t w o  A
pro tons  are  erchanu ing  by  a  p rocess  whose ra te  con-
s tan t  i s  appror in ra te ly  the  samc order  o f  magn i tude
as  the  sum r t f  the  v ic ina l  coup l ing  cons tan ts '  These
ca lcu la t ions .  based ( )n  the  dens t t l ' - tna t r i x  approach
suggested  by  Kap l ln } i  i . lnd  deve lopec l  by  A lexander . rT
are  lens thy  and w i l t  t ' re  pub l i shed in  de ta i l  e lsewhere .
The impor tan t .  re : ;u l ts  a re  however  l i s ted  be low,  a long
wi th  a  ca lcu la t ion  t r f  the  ac t iv i t t ion  parameters  fo r  the
exchange proccss  ob ta ined f r t ln r  these ca lcu la t ions .

The schemat ic  spcc t rum and energy- leve l  d iagram
tor  the  AA 'XX '  spec t rum is  g iven  in  F igure  4 .  The
symmetr ic and tnt isyntntetr ic sets t l re separated for
c la r i t y .  T rans i t ions  fo r  the  A pro tons  are  numbered
to  cor respond to  the  schemat ic  spec t rum be low.

The exchange process which determines the appear-
ance of  the spectrum of these orgl tnometzr l l ics is an
in te rchange o f  the  two a-pro tons .  The e f fec t  o [  th is
exchange is  to  averase the  twc- r  v ic ina l  coup l ing  con-
s t f tn ts  J  and J ' . ' : '  In  the  s low-exchange t im i t .  L  :

J  +  J 'w i l l  be  d i f fe ren t  f rom zero  ( in  the  par t i cu la rcase
of  b is ( -1 .3 -d imethy lbu ty l )magnes ium in  d ie thy l  e ther
so lu t ion  a t  room temDera tLr re .  L  :  9 .8  c .p .s . ) ;  in  the

(15 )  R .  J .  Ab rahanr  u r rd  l r . .  G .  R .  PLrch lc r ,  l 1o l .  P f t r ' s ' ,  7 '  165  (  196 ' l ) .
( 1 6 )  J .  I .  l ( a p l a n .  /  C h e r n .  P h t ' s . .  2 E .  : 7 S  ( 1 9 5 8 ) :  i b i d . ,  2 9 , 4 6 2

(  1 9 5 8 ) .
( 1 7 )  S .  A l c x a r r d c r .  i b i d . ,  3 1 ,  ( ) 6 7 ,  9 7 ' l  ( l 9 b l )  .  i b i d . , 3 8 ,  1 7 8 7  ( 1 9 6 3 ) .

Var iat iorrs of  th is tcchntque havc bcetr  uscd ro t r l l t l i t r  thermodynamtc
paramcte rs  l b r  severa l  ra tc  p rocesses  invo i r  l ng  11 .n l . r .  Spcc t ra  comp l i -
ca te i l  by  sp in -sp i r r  sp l i t t i ng .  Sce  ib r  exump ics  J .  Hc idberg ,  J .  A .  We i l ,
G .  A .  J a n u s o n i s .  a n d  J .  I ( .  A n d c r s o n .  i b r i l . . 4 1 .  l 0 l l  ( 1 9 6 4 ) ;  R . J .
l (u r land  and  W B .  Wise .  J .  , [ n r .  C l r cm.So t ' . ,  E6 .  1877  (1964) l  M .
Saunders  and  F .  Yamada .  tb t ( / . ,  E5 ,  lS l l  (1963) ;  C .  S .  Johnson ,  J r . ,
r rnd  J .  C .  Tu l l v ,  J .  Chem.  Ph . rs . ,40 ,  l 7 . l . l  ( 19 f i ) , . t nd  rc t t rences  in  each .

(28 )  Thc  no ta t i o r t  used  in  th i s  sec t ion  rv i l l  bc  th l t  o f  Chap te r  6  o l '
r e t .  l 2 l .

.sr
T

t /

/  l s rr-, l
l s o  /

d o

T. /
1 " - ,  /--r-

f , s r-7f
'/ \,'
/  3 s : \  {s "*r T

\ 8
\ .  . 1 6

? s - r ' \  I

l 4 r

lL ,.

! 4 r

T
I

zai )----T-

\ t o  l :

\  i  t ' - '

\,
\ s - r

2858 Journal ol'rhe Atnerican Chemical Society I 87:13 I Julv 5, 1965



fast-exchange l imi t ,  L wi l l  be zero.  Examinat ion of  the
energ ies  o f  an  AA 'XX"spec t rum revea ls  tha t  on ly  the
3s ,1 ' .  45 , , ' .  lao ' ,  and 2an '  leve ls  der lend on  L .  These
are  g iven in  Tab le  l l .

Table II. Sclected Stationary-State Wave Functions
and Energies of an AA'XX' Sysrem

State Energy

0.006

o .0 ro

0 .016

O.025 rcc

O.04O ra<

0.O60 rec

O . l 0 O  r q c

0 . 1 6 O  r c c

0.25O scc

0.400 rec

,GC

lac

- t l t  K  -
- t l t  K  +
- t l z  K  *
- ' l t  K  -

H e r e ,  K  :  J 1 . *  J s ,  L  :  J  -  J ' ,  M  -  J r  - J s ,  N  :
J + J ' .

Rapid exchange would therefore be predicted to aver-
age transi t ions berween symmetr ic srares wi th I  F, l  :  I
and the 3so and 4sn states,  and correspondingly be-
tween ant isymmetr ic states wirh lF, l  :  I  and the lao
and 2an States.

Our  approach to  th is  p rob lem was to  assume tha t
the  symmet r ic  quar te r  ( l ines  5 ,  6 .  7 .  and 8)  and the
ant isymmet r ic  quar rer  ( l ines  9 .  10 .  I  I ,  and  l2 )  cou ld  be
separa ted  and t rea ted  ind iv idua l l y .  S ince  the  1 ,2  and
3,4 t ransi t ions involved energy levels which are not
appreciably af fected by the exchange process, l ine
shapes for these transi t ions were assumed to be un-
changed and were  no t  c : . l l cu la ted  exp l i c i t l v .  The to ta l
spectrum was obtained fbr each value of  the pre-ex-
change l i fe t ime r , ,  by  add ing  thc  l ine-shape funcr ions
[ 'or  the symnletr ic quartet .  thc ant isymmetr ic quartet .
and the  1 ,2  and 3 ,4  t rans i t ions .

Us ing  as  the  bas is  se t  fo r  rhe  quar te t  o f  anr isym-
metr ic t ransi t ions a correct ly ant isymmetr ized com-
binat ion of  basic product funct ions and proceeding
through the procedure our l ined by Alexander,  i t  be-
comes clear that  the temperature dependence of  the
ant isymmetr ic quartet  can be treated as i f  i t  were an
AB- type quar te t  w i th  an  "apparent  chemica l  sh i f t "
equa l  to  L  and an  "apparent  AB coup l ing  cons tan t "
equal  to M. The symmetr ic quartet  can be treated
in an analogous fashion, using an apparent chemical
sh i f t  equa l  to  I  and an  apparenr  AB coup l ing  cons tanr
equal  to K. Line shapes were calculated separately for
each of  these quartets at  several  values of  r .  making the
assumption that l lT,  (approximately the natural  l ine-
width in the absence of  exchange) remained unaffected
by the exchange process or by var iat ion in temperature.

A select ion of  some 25 summed spectrar0 calculated
using these assumprions are shown in Figure 5.  eual i -
tat ively,  two features of  these spectra are of  part icular
interest .  First ,  the asymmetr ic t ransi t ions broaden and
coalesce appreciably before the two observable sym-
metr ic t ransi t ions ( l ines 6 and 7).  Al though the rwo
weak symmetr ic t ransi t ions ( l ines 5 and 8) are of  low

(29) In these spectra,  r  is  the l i fet imc of  a proton at  each s i te.  Nore
that  th is r  is  twice thar used by Gutowsky and Holm in their  c lassic
t reatment of  exchange processes in n.m.r ,  based on the Btoch equat ions:
c/ .  H.  S.  Gutorvsky and C. H,  Holm, J.  Chem. ph_vs. ,25,  1228 (1956).

(30) These spcctra were madc up wi th rhe aid of  a program wri t ten
for  an IBM 7094 compuler  equippcd wi th a curve plorrer  which calcu-
lates theorer ical  spectra tbr  AB sysrems wi th A and B exchanging as a
function of r, chemical shift,./.1s, and Tz[Tr(A) assumed to be equal to
ruB)1.  This program was developed by Mr.  Jesse L.  Beauchamp
(Undergraduate Thesis,  Cal i fornia lnst i ture of  Technology,  1964) and
has been exrendcd in usefulncss by Dr.  J.  Thomas C. Cer ig.

Figure 5.  Calculated I ine shapcs tbr  rhe s ix centra l  l ines ot ' rhe . {
pa r t  o f  t he  AA 'XX '  spec t rum o f  3 ,3 -d ime thy lbu ry lmagncs rLu l
compounds.  at  d i f lerent  values ot ' the pre-exchange l i fet ime r .  Thc
paramerers used and the method of  calculat ion are descr ibed in r l re

i n tens i ty  and are  no t  shown in  the  ca lcu la ted  spccr ru
these l ines  a lso  broaden and coa lesce much morc  r i . lp -
id ly  than the  6  and 7  t rans i t ions .  The d i f fe renec  rn
response o f  the  ca lcu la ted  l ine  shapes o f  t rans i r i ( )n \
invo lv ing  energy  leve ls  wh ich  arc  a f fec ted  by  rhc  c r -
change process  is  c lear ly  ev ident  in  the  exper in renr r r l
spcq t ra :  the  two center  l ines  o i  the  symmet r ic  quar rer
coa lesce a t  an  apprec iab ly  h igher  tempera ture  than d t r
the  t rans i t ions  be long ing  to  the  an t isymmet r ic  quar ic r .
S e c o n d .  t h e  t r a n s i t i o n s  ( l . l  a n d  3 , 1 )  w h i c h  d i d  i t ) r
i n v o l v e  t h e  3 s o ' .  4 s o ' ,  l a , r ' ,  a n d  2 a o '  e n e r e y  l e v e l s  w e r e
assumed to  be  independent  o f  the  exchange procc>: .
in  consequence.  the  l ine  w id th  and pos i t ion  o f  rhc>c
t rans i t ions  does  no t  change over  the  range o f  r  sh( ) \v  n
in  F igure  5 .  Examinat ion  o f  the  observed spec l r i r
indicates that the l ine width oi  these l ines is in i rct
independent  o f  r  to  a  very  good approx imat ion .  and
suggests  tha t  any  mix ing  o f  the  lso  and 2so s ta tes  wr th
the  o ther  f  .  -  0  s ta tes  is  p robab ly  o i  smal l  impor tance.
Thus  the  approx imat ion  tha t  the  1 ,2  and 3 ,4  t ran ' r -
t ions  can be  regarded as  independent  o f  the  exchanse
appears to be just i f ied.

The c lose  agreement  be tween the  re la t i ve  sens i t r r i r r
of  the di f ferent t ransi t ions to the exchange process pi-r)-
v ides another conf i rmat ion that exchange rather rh. i r r
change in  conformat iona l  popu la t ions  is  responsr ' l l e
for the observed simpl i f icat ion of  the spectra at  hr :h
temperatures.  Figure 6 reproduces the spectra rx.rr
wou ld  have been expec ted  on  the  bas is  o f  ma jor  chan:e :
in  conformat iona l  popu la t ions .  These spec t ra  $  e rc
ca lcu la ted  on  the  ass l lmpt ion  tha t  the  sum o f  the  la r :e r '
v ic ina l  coup l ing  cons tan ts  and tw ice  the  smal le r  v ic in . i l
coup l ing  cons tan t  wou ld  be  a  cons tan t  indep€odenr  , r t '
ro tamer  popu la t ions .  : ;

As the value of  I  is  decreased in these spectra.  inc
corresponding decrease in the separat ion between thc
6 and 7 t ransi t ions is approximately proport ional  to rhc
decrease in  the  separa t ion  be tween the  9 .10  and I  l . l l

3so '
4so'
I  a o '
2ao'

' lr(K'. a 21r/z
,lr(K, a 7z7t/t
Llr(M2 I 7z1t/t
tlr(itlt ! Lz)t/t

0.6

t n

1 . 6
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Figure 7. Plot of log (l ir) as a function of l lr for 3,3-dimethyl-
butylmagnesium ch loride,

t ransi t ions.  In other words.  corresponding separat ions
between transi t ions wi th in the symmetr ic and ant isym-
metr ic quartets would be equal ly to responsivc to
changes in conformer populat ions.  This conclusion
seems part icular ly reasonable i f  the t ransi t ions under
discussion are considered as the superposi t ion of  two
AB quartets,  each having an ef fect ive chemicar shi f t  of
L.  As Z is decreased. the changes in the two quartets
would be expected to be roughly paral le l

Moreover.  the spectra of  Figure 6 indicate that  no
I ine-broadening ef fects would be expected, were changes
in conformarions responsible for  the s impl i f icat ion of  ihe
spectra.  For example,  the separat ion between the 9
and l0 t ransi t ions remains c learry v is ib le unt i l  these
l ines merge with the 6,7 t ransi t ions in the calculated
spectra.  By contrast ,  the separat ion between the 9 and
l0 t ransi t ions in the observed spectra is lost  in the
broadening of  these l ines appreciably before the l ines
col lapse. This behavior is in agreemenr wi th the
spectra calculated on the basis of exchange between
the two A protons. Str ict ly speaking, the t reatment
used in th is paper does not ident i fy whether the protons
taking part  in the exchange are those d or g to the

l,r* I

3

i
I

:-].o { x ro'

o f  l l T  l b r  b i s (3 ,3 -d imernv r -Figure 8.  PIot  of  log (  l / r )  as a t 'uncr ion
buty l )magnesium.

magnes lum a tom:  however .  in t ramolecu la r  exchange
of  the  d-pro tons  wou ld  seem chemica l l y  much le is
probab le  than exchange invo lv ing  the  a-pro tons .

Qua l i ta t i ve ly .  the  spec t ra  ca lcu la ted  f rom A lex-
ander 's  t rea tment  o f  exchange broaden ing  conf i rm thar
the  tempera ture  dependence o f  the  spec t ra  o f  the  - t , j_
d imethy lbu tv ln ragnes ium compounds is  a  p r imary  con-
sequence o f  the  ra te  o f  in t ramolecu la r  in te rchange ( ) t '
the  two d-pro tons .  and no t  o f  a  change in  any  confor r ,a -
t iona l  equ i l ib r iunr  assoc ia ted  w i th  these compount is .
The prob lem o f  ob ta in ing  quant i ta t i ve  va lues  fo r  thc
ac t iva t ion  pe l rameters  fo r  the  exchange process  is  no t  s t r
s t ra igh t fo rward .

The procedure  adopted  here  was to  ca lcu la te  theo-
re t i ca l  spec t ra  fo r  a  la rge  number  o f  va lues  o f  r  spun-
n ing  the  range o f  p re-exchange l i fe t imes.  and then t t r
compare the observed spcctra wi th the calculated t t r
ob ta in  the  observed dependence o f  r  on  tempera ture .
Ac t iva t ion  parameters  fo r  the  exchange process  were
t h e n  o b t a i n e d  f r o m  p l o t s  o f  l l r  v s .  I l r  b y  t h e  f a m i r i r t r
t rea tment  based on  the  Ar rhen ius  eq t ra t ion

l l r  :  k

k  :  A c -  E ' i  R 7 '

where k is the rare constant for  the exchange process. f  ,
is  the act ivat ion energy for the process, and A is thc
pre-exponent ia l  te rm.

F i g u r e s  7  a n d  8  a r e  p l o t s  o i  l o g  ( l l i  v s .  l l T  X  l 0
fo r  b is (3 ,3 -d imethy lbu ty t )magnes ium and 3 ,3-d imeth ; - l -
bu ty lmagnes ium ch lo r ide  in  d ie thy t  e ther  so lu t ion
These p lo ts  a re  reasonab ly  l inear .  The s lope o f  thc
p lo t  fo r  b is ( - l . l -d imethy tbu ty l )magnes ium y ie lds  r rn
ac t iva t ion  energy  o f  8 .  :  20  - r -  2  kca l . /mote :  i t s  in te r -
c e p t  a t  T  :  4 5 '  ( l l T  :  3 . 1 4  X  l 0 - ' ' ) y i e l d s a v a l u e f o r  t h e
pre-exponent ia l  factor of  , , {  :  l0r : t . . i  I  r . ; .  The corre-
spond ing  va lues  io r  3 .3 -d in re thy lbu ty lmagnes ium ch lo -
r i d e  a r e  E , , :  l l  - r  2  k c a l . i m o l e ' t t a n d  I  :  l g e . ;  - .  i . ,
( T a b l e s  l l l  a n d  t V ) .

The magn i tude o f  exper imenta l  uncer ta in ty  in  these
va lues  is  a  consequence o f  e r ro rs  in  mak ing  compar ison
between the  theore t ica l  spec t ra  and the  exper iment , l
ones .  where  the  background no ise  makes the  ass isn-
ments less accurate for  broad resonance peaks.

(31 )  In  a  r ccen t  commun ica t ion ,  C .  F raenke l ,  D .  T .  D ix ,  and  D .  C
Adams,  Te tahedron  Le r te rs ,3 l55  ( t961) ,  g i ve  E .  :  lZ  * .  I  kca l .  f o r
invers ion of  2-methylbury lmagncsium bromidc,  in good agreemenr wir t r
the value reported herc.

( ) t

: . ( i

Figure 6. Calculated spectra for the A part of an AA,XX, soec-
trum as a function o[ the vicinal coupling constants J and J,.
respect ive ly  ( in  c .p .s . ) :  A.  14.0,  4 .2 ;  B.  13.0,  4 .7 ;  C,  12.0,  5 .2 :
D ,  1 1 . 0 . 5 . 7 ;  E ,  1 0 . 0 . 6 . 2 ;  F , 9 . 0 , 6 . 7 ;  G . 8 . 0 . 7 . 2 :  H . 7 . 8 . 7 . 8 .
In al l  of these spectr&. y.r -  yn : 128.00i / .r ,* :  -  13.40 and,/" :
-12.50. The variat ions of . /and./,  were made so as to have-/ -r_.
) f ,  -  ) 1  44  -  : : . t .
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Table I I I .  Rate ot '  lnvers ion ol '  Conf igurar ion
lbr  Bis(  3.3-dimcrhyl  buty l  )magnesi  um

s i g n a l  s a t u r a r i o n .  b u r  o r d i n a r i l y  t h i s  w a s  n o t  i m p o r r a n r
in  de termin ing  l ine  shapes.  Sp inn ing  no ise  seemed t ( )
be  the  pr inc ipa l  soL l rce  o f  n r r i se  a t  low tempera tures .  und
was par t i cu la r ly  ob jec t ionab le  w i th  warped sarnp lc
tubes.

The magnes ium used in  these Gr ignard  reagenr
preparat ions was in the form of turnings from a bar ot '
resub l imed meta l .  An  ana lys is  o f  th is  mater ia l  wr rs
k ind ly  supp l ied  by  Dr .  Rona ld  R.  Weyenberg  o f  Dow-
Corn ing  Corp .  :  A l .  <0 .0039:  Ba.  <0 .0004 i  Ca.
0 .0010:  Co.  <0 .0010:  Cu.  <0 .000.1 :  Cr ,  (0 .000- l :
Fe .  0 .022 :  M n ,  (0 .0004:  N i .  <0 .0020:  Pb,  0 .0017 :
S i ,  <0 .0078:  Sn.  <0 .0020:  Sr .  <0 .0004:  T i .  <0 .0010:
V, <0.0020: and Zr.  <0.00-19. [Jse of  ordinary "Gri-
gnard grade" margnesiunt was found to give broad poor l l .
reso lved n .m. r .  spec t ra .  apparent ly  due to  the  presence
of  paranragnet ic  impur i t ies  in  so lu t ion .

Mal l inckrod t  anhydrous  e ther  was used w i thour  fu r -
ther  pur i f i ca t ion .  Te t rahy 'd ro fu ran  and d ig lyme were
dr ied  by  d is t i l l a t ion  f rom sod iu  n r  and s to red  over
sod ium or  L inde Type 5A Molecu la r  S ieves  pr io r  to  use .
D iorane was c l i s t i l l ec l  f rom l i th ium a luminum hydr idc
and s to red  over  sod i t rn r .  -1 . -1 -D i rne thy lbu ty l  ch lo r ide
was ob ta ined f rom the  Er rs te rn  Chemica l  Corp . .  anc l
was used w i thout  fu r ther  pur i f i car ion .

Prepura t io t r , ) .1 'Gr iqnurd  Reuqct t t . s .  A l l  Gr ignarc i
re i lgen ts  examrned were  preparec i  in  n .n r . r .  tubes .  t i r l -
low ing  the  s rme genera l  p r t l cer lu re .  To  a  c lean.  d r . r ,
n . n r . r .  t u b e  c o n t ; . r i n i n g  u p p r t r r i n t a t e l v  5 0  m g .  o f  m a s -
nes iunr  tu rn ings  was i tddec l  0 .  i  rn l .  o t ' sc l l ven t  and 0 .  I  n r l .
o t '  u lky l  ha l ide  by  n te lns  ( ) t '  l  0 . -5 - rn l .  sv r inge.  Reac-
t i o n  w a s  i n i t i a t e c i  b y  p u n c h i n g  t h e  m a g n e s i u m  w i t h  r r
sharpened tan ta lunr  rod :  then ( ) . - l  rn [ .  n rore  so lvent  w ls
lc lded and the  tube was capped renrporar i l y .  Whcn
he in i t ia l  v isor t ' rus  reacr ion  had subs ided,  the  neck

o f  t h e  n . n 1 . r .  t u b e  w a s  c l e u n e d  w i t h  a  p i p e  c l e a n c r
and the  tube sea led  to  _s i re  i . r  s t rong rounded enc l .
The tube was then p lacec i  in  a  s reum bath  and heated  a t
100 '  fo r  6 -10  hr .  w i rh  t ' r ccas i t ' tna l  shak ing .  The ac tu l l
h e a t i n g  t i m e  d i d  n o t  l l p p e a r  r o  b e  c r i t i c a l .  b u t  a t  l e a s r
I  h r .  o l  heat ins  was requ i rc 'd  f t . r '  h ieh  y ie lds  o f  Gr - i -
gnard  rcagent .  There  was no  e l ' i c lence t t f  decompos i t ion
o f  the  Gr ignard  reagents  a t  th is  temper i r tu re .

A f te r  heat ing .  the  tube was coo led  and cent r i fuged
f o r  l 0 - 1 2 0  m i n .  a t  1 6 0 0  r . p . n r .  u s i n g  a n  I n t e r n a r i o n a l
Equ ipment  Co.  S ize  2  centn i r rqe  w i th  a  Type 267 head.
The centr i fuge buckets were packed with towels t t r
accommodate  the  n .m. r .  tube.  Cent r i fugat ion  was
cont inued un t i l  the  so iu t ion  was comple te ly  f ree  t ) t '
v i s ib le  magnes ium ch ips  and suspended so l ids .  The
length  o f  t ime requ i rec l  depended on  the  na ture  anr i
quant i t y  o i  so l ids  p resent  in  the  tube and on  the  so [ -
vent .  The tube was pos i t ioned in  the  cent r i fuge so  thar
the  so l ids  wou ld  be  cent r i f  uged in to  the  upper  end or '
the  tube:  spec t ra  were  ob ta ined a f te r  cen t r i fugat ion  bv
decant ing  the  c lear  so lu t ion  awav f rom rhe  packed so l ids
in to  the  bo t tonr  enc l  o t '  the  t r rbe .  anc l  p roceed ing  in  the
usua l  manner .

Gr ignard  reagent  so lu t ions  prepared in  th is  n tanner '
in  e ther  so lu t ion  were  per t 'ec r lv  co lo r less  w i th  approx i -
mately the same viscosi ty Lls wr.r ter .

No r igorclus efTorts were made to dry the n.m.r .
tubes  or  the  magnes ium used in  these s tud ies ,  nor  was an
efor t  made to  car ry  ou t  the  reac t ions  under  an  iner t
a tmosphere .  In  thc  shor t  per iods  in  wh ich  the  n .m. r .

Temp..
oc.

l / r (  " K . )
x  l0 ; '

Log
t l ,

l l 0
9 r
8 l
75
66
6 l

2 . 6
2 . 7
2 . 8
: . e' : 9 5

3 . 0

0.006
0 . 0 1 0
0 . 0 r  6
0 . 1 0
0 .  2 5
0 . , 1

2 . 2
2 . 0
1 . 8
t . 0
0 6
0 . 4

Table IV.  Rate of  Invers ion of  Conf igurat ion for
3,3-Dimethyl  buty lmagnesium Chlor ide

Log
l l r

+ l l
t 1

- 3 4
- 5 3

0. 006
0 . 0 1 6
0 2 5
r . 0

2 . 2
1 . 8
0 . 6 0
0 . 0 0

Erper imental

,lppururus und iVluteriuls. The n.m.r. spectra were
obta ined ar  60  Mc.p .s .  us ing  a  var i ln  Assoc ia res  Modcr
A-60 spcc t ron te te r  fo r  the  bu tk  o f  the  roon l - tempera turc
spcc t ra .  and a  Var ian  Assoc ia tes  V- . l l00B spcc t rometer
fo r  the  var iab lc - ten tpcra ture  work .  Tempera ture  con-
t ro l  in  the  prcbe o f  the  [a t te r  ins t rument  was ach ieved
by b lowing  dry  n i t rogen gus  a t  a  se lec ted  tempera ture
over  the  sample  and inser t  th rough an  appropr ia te
dewar  sys tem.  Tempera tures  cou ld  be  main ta ined
constan t  w i th in  a  degree fo r  l5 -20  nr in .  i i  severa l
minu tes  were  a lk rwed fb r  equ i l ib ra t ion  fo l low ing  a
change o f  tempera ture .  Most  tempera tures  repor reo
i l re  es t imated  to  be  accura te  to  +  2o .

iV leasurement  o f  l ine  pos i t ions  w i rs  accompl ished by
the  usua l  s ide-banc l  merhoc l  us ing  a  Hewle t t -packard
j \ {ode l  200A8 aud io-osc i l la ro r  and Modet  521,C f re -
quency  counter .  when i . rcc t r ra te  measuremenI  were  re -
qu i red .  For  the  rna jo r i ry  o f  spec t ra  run  in  d ie thy l
e ther .  however .  i t  was  found more  conven ien t  to  use
the  t r ip le r  resonunce . f  the  up f ie ld  t rC sa te l l i te  o f  the
so lvent  methy I  p ro tons  to  ca l ib ra te  the  char t  sweep ra re .
The v ic ina l  coup l ing  consrant  in  c l ie thy l  e rher  i s  6 .97
c .p .s , r " :  Th is  s igna l  occurs  conven ien t ly  l0 -50  c .p .s .
downf ie ld f rom the a-methylene resonance of  the or-
ganometa l l i c  compounds.  In  add i t ion ,  compar ison
of the intensi ty of  the t ic  satel l i te resonance with that
o f  the  organometa l l i c  p rov ides  a  d i rec t  measure  o f  the
concent ra t ion  o f  the  Ia t te r ,  because the  concent ra t ion  o f
na tura l l y  abundant  "CHrCH:OCH:CHr  in  d ie thy l
e ther  i s  kncwn ro  be  2 .2%.  Compar ison o f  the  l ine-
w id th  o f  the  t rc  sa te l l i te  resonances  w i th  tha t  o f  the
organomera l l i c  compound fu rn ishes  a  s imp le  i f  c rude
method o f  es t imat ing  the  re la t i ve  impor tance o f  ex-
change broadening anci  other less interest ing broaden-
ing ef fects such as v iscosi ty broadening and broadening
due to f ie ld inhomogeneity.

Instrument set t ings tbr  these spectra were une.\cep-
t ional .  except that  a high radiofrequency power level
and a broad f i l ter  band width were necessaiy for  sat is-
factory s ignal  to noise rat ios when low concentrat ions
of  o rganometa l l i c  compound were  used.  Conse-
quent ly,  in some di lute samples there was evidence of

Temp.,
oc.

l / r  ( ' K . )
x  1 0 3

3 . 5
i 8
4 . 2
-r. 5
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tubes were open to the atmosphere (as dur ing the c lean-
ing and seal ing operat ions) the Grignard reagent solu-
t ions were probably adequatety protected by the t0-cm.
co lunrn  o f  e ther  vapor  above the  so lu t ion  in  the  n .m. r .
tube.

Dialkylnragnesiunr solut ions were prepared t iorn the
corresponding Grignard reagents by opening the n.m.r .
tube,  add ing  l00 .p l .  o f  d ry  d ioxane and then capp ing
and shaking the tube. The dioxane addi t ion resul ted
in immt:diate product ion of  a voluminous white pre-
cipi tate in such quant i ty that  the sample f requent ly be-
came almost sol id.

The neck of  the tube was cleaned with pipe cleaner
and sealed in the usual  manner ' .  Af ter  seal ing,  the
solut ion was al lowed to stand in conract  wi th the pre-
cipi tate for  lG-I2 hr.  wi th f requenr shaking and then
centr i fuged in the manner descr ibed previously.  Cen-
tr i fugat ion at  1600 r .p.rn.  (3 to . l  hr . )  were f requent ly
required to compact completely the voluminous pre-
c ip i ta te  o f  magnes iunr  ha l ide  d ioxanare .  The vo lume o f

the compacted precipi tate was usual ly approximarely
one-third that  of  the or ig inal  Gr ignard reagent solut ion.
This precipi tate was usual ly removed from dialkvl-
magnesiunr sanrplcs to be e.rant ined at  h igh temperature
by cutt ing of f  the part  o i  the tube containing the pre-
cipi tate and inrmediately scal ing the tube again.

Yic lds of  Gr ignard reagent in diethyl  ether solut ion
were cst imared to be 85-95 %, by comparison with thc
trC satel l i te of  ether.

Anal.v'ses of n.m.r. specrru were perfbrmcd using an
i terat ive program.te The solut ion for  3.3-dimethyl-
butyt  chlor ide (and by inference for bis(3,3-dimerhyl-
butyl)magnesium) is not unique; an equal ly c lose ht
between observed and calculated spectra could be ob-
tained using al l  posi t ive s igns tor the coupl ing constanrs.
In the latter solution. the magnitudes ./u and ../rr w€rc
d i f fe ren t  than those repor ted  in  Tab le  I :  the  macn i -
tudes of  the v ic inal  coupl ing constants were the same.

( 3 1 )  J .  D .  S w a l c n  a n d  C .  A .  R e i l l y ,  J .  C h e m .  P h . v s . , 3 7 . 2 l  ( 1 9 6 1 ) .
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