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Abstract :  The rate of  react ion of  organic hal ides wi th magnesium is proport ional  to organic hal ide concentrat ion and magne-

sium surface area.  Al l  organic iodid is examined and many secondary alky l  bromides appear to react  wi th magnesium at  mass-

t ransport  or  d i f fus ion-contro l led rates in d iethyl  ether.  The rates of  less react ive organic bromides (neopenty l ,  phenyl '  cyclo-

propyl)  contain contr ibut ions both f rom mass t ransport  and f rom chemical  react ion.  Most  organic chlor ides react  at  rates

which are not  mass t ransport  l imi ted.  Analysis of  rate-structure prof i les indicates that  f ree carbanions and carbonium ions are

not  intermediates,  and t l ia t  the t ransi t ion- i tut .  s t ructure does not  resemble an SN2 react ion.  Insert ion of  magnesium into the

carbon halogen bond also docs not  seem to occur.  Soluble Mg( l )  can be excluded as the only react ive species responsible for

disappearance of  a lky l  hal ide.  The two most p lausib le l imi t ing rate-determining steps are halogen atom abstract ion ' f rom the

organic hal ide by the metal  and electron t ransfer  to the organic hal ide f rom the metal .

the magnesium sur face,
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i n  t he

Introduction

The mechanisrn(s)  o f  format ion of  Gr ignard reagents  are

poorly understood, and the experimental condit ions normally

used in  car ry ing out  the react ion re f lec t  the accumulated ex-
per ience of  synthet ic  chemists ,  but  not  a  c lear  unders tanding

of  the react ion mechanism.s 7  A cent ra l  d i f f icu l t l  in  s tudr  in-c

th i s  he te rogeneous  r cac t i on  mech l t n i sm i s  t ha t  o l  ob t l i n i ng

in te rp re tab le  k i nc t i c s  i n fo rn ta t i on .  Th i s  papc r  dcvc lops  r rp -

propr ia te  techniques and presents  represcnt l t ivc  ra tc  \ t ruc turc

proi i l . r .  Two accompanying papers extend thesc techniques8'e

and establ ish that the rates of reaction of al l  alkyl iodides and

of  most  secondary  a lky l  bromides wi th  magnesium in  d ie thy l

ether, and of al l  alkyl bromides in polar solvents, appear to bc

mass t ranspor t  l imi ted.  Rates o f  react ion o f  most  a lk l ' l  ch lo-

r ides are s lower ,  and are not  mass t ranspor t  or  d i l ' f 'us ic ln  l in l -

i ted.  A th i rd  paper  uscs s tud ics  o i  thc  c( ) r ro \ iop r t l ' t t t .L - tJnc\ lL l l l l

su r f aces  t o  gcne  ra t c  a  qua l i t a t i r  c  dc : c r iP t i on  t r l  l hc  p r t r cc : : c '

that  removc nt l tgncs iunt  a tont \  f ron l  thc  n lc ta l  sur l i l cc . ; "  \ \  t l rk

t o  be  desc r i bed  i n  f u tu r c  pape rs . r r  and  t ha t  r cpo r t cd  b r  o th -

e rs . l l  cha rac te r i zes  t he  o rgan i c  p roduc t s  o l -  r cac t i on .  and

re in lbrccs the hypothes is  made by Walborsky,  and dcvc loped

by '  B icke lhaupt  and others ,  that  rad ica ls  are in te  rmediates in

format ion of  Gr ignard reagents .
We have cons idered ten l imi t ing t rans i t ion s ta tes I 'o r  the

organic  moiety ,  summar ized by s t ructures l -10.  Here '  Mg,

represents  a  magnesium atom of  a  magnesium meta l  sur face,

and Mg(n)  represents  a  magncs ium ion.

R

M g , - - - R - - - X  ( S r l )

R ; - - - - - , X

hal ide,  e i ther c lose to or adsorbed at
might be rate l imi t ing.

4-6. The carbon-halogen bond might be broken
t rans i t ion  s ta te .

7,  8 .  A. rnagncs ium atom at  the mcta l  sur face (or  poss ib ly

i n  so lu t i on  )  r r r r gh t  d i sp lace  he l i de  f r o tn  ca rbon  i n  an  SN2- l i k c

rcuct ion or  inrcr l  in to  thc  cr t rb t tn  ha logcn bond in  a  concer ted

Pf  r )e  Css.
9 .  Thc  ru t c - l i n r i t i ng  i t cp  n r i gh t  i nvo l ve  a  spec ies  w i t h  a  co -

va len t  ca rbon 'magnes ium bond ;  f o r  examp le ,  t he  ra te  o f  de -

tachment of an organomagnesium species from the magnesium

surface or dif fusion of the product Grignard reagent from the

sur face might  be ra te  determin ing.
10.  n  so lub le ,  react ive,  magnesium( l )  spec ies might  c leave

thc curbon halogen bond. The kinetics data that fol low exclude

runr  t runs i t ion-s ta tc  s t ructure sht l rv ing a  large bu i ldup of  charge
() r  l r r rgc : tc r ic  c f ' f .cc ts  l i r r  thc  organic  group.  and cstab l ish that
\ l g t l )  i :  r t o l  t h c  : o l c  : p c c i c :  r c s p o n s i b l c  f o r  b r c a k i n g  c a r -

bon  h r r l t r gcn  bonds .  J  l nd  6  r cn la i n  t hc  mos t  p l aus ib l c  t r an -

s i t i on -s ta t c  s t r uc tu r cs .
Throughout this work, we wil l  be concerned with processes

hav ing ve loc i t ies  l imi ted by the ra te  o f  encounter  o f  reactants .

Thesc encountcr  ra tes are in f luenced both by mass t ranspor t
( in  turn  determined pr imar i ly  by the ag i ta t ion o f  the so lu t ion)

and by di l fusion. Thc avai lable evidence suggests that most of

the mechanist ical ly intercst ing reactions involving alkyl hal ides

occur  a t  thc  magnesium-so lu t ion in ter facc.  For  conveniencc
in what fol lows. we wil l  rcfer to processes having ratcs l imited

by somc cornb inat ion o f  mass t ranspor t  and d i f fus ion as
" t ranspor t  l imi tcd" ,  w i thout  spec i fy ing whether  the process

is  homogeneous or  heterogeneous. l  3

I R X  6

2 tRXrMg -  7

3 [RX]._ 8
'Mgl 

Resulis and Discussion
4 R- 9 RMgY Kinetics Methods. Thc rate of reaction of organic halides
s R+ l0 R---x---Mg'r with mctall ic magnesium depends, in principle. on thc (mca-

r. rhe unperturbcd organic haride wourd rcprcscnt,rhc il::il:l;'*'."Ji'"Xl?:t":H::::lii3;;ilri:,l:l':il"?ll"":
transition statc if the ovcrall rate of reaction wcrL' l imitcd by i it ics of t 'hc mtrgncsium surface. Thc simple.st cxpression for
t he rate of encountcr of this organic halide, eithcr with thc thc r.tc of disap,-pea ra ncc of an organic hulid", R ' X. fro' ' '  .o-
magnesium surface or with some other reactivc spccics in so- lution would becq l. in which/(Mg) takes into account all thc
lution. masncsrum surface charactcristics that influencc this

2 .  The organ ic  ha l idc  migh l  i ldsorb  a t  thc  mcta l  sur l l cc  in  ' r r ; . r {
the ratc-l imiting step.

3 .  E lec t ron  t ians ic r  f rom rhe  magnes ium 1o thc  o rgan ic  -d (Rrx) /d t  =  k r (RrX) 'Y(Mg)  ( l )

I R e p r i n t e d  f ' r o m  t h e , L l r r n a l o t  l h e  A r n e r i t ' a n  ( ' h e n r i c a l  S o t ' i e t r ' .  1 0 2 ,  J l ;  ( 1 9 8 0 ) . 1

C 'opv r igh t  c  l 9u0  ln ' t he  Amt ' r i c r rn  ( ' he rn i t ' a l  So t ' i e t v  anc l  rep r in te r l  l r r ' pe rn t i ss io t r  o l ' t he  c 'o l t v r i gh t  o rvner
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l ' i gu re  l .  [ : ou r  r cp rcscn t l t i vc  con tpc t i t i ve  Gr ignard  rc i t c t i ons  p lo t ted  ac -
co rd ing  to  cq  3  cvc lohc ry ' l  b romidc  vs .  o ' c lopcn ty ' l  b romidc  (O) ;  cv -
c lopcn ty l ch lo r idc  ! ' s .  cvc lopen t r l  b romidc  (a ) ;  / r -pcn ty - l ch lo r ide  vs .  c ) , -
c l t rhc ry l ch lo r ide  ( l ) :  ncopcn ty l  b ron r ide  vs .  cyc lopen t i ' l  b romide  (O) .
(Thc  l i r s t  member  i n  each  pa i r  i s  p lo t ted  as  R1X.  the  sccond  as  R :X) .

-d (R2x) /d r  =  f t : (RzX)" / (Mg)  (2 )

l o g  [ ( R r X ) , / ( R r X ) o ]  =  ( k r l k z )  l o g  [ ( R : X ) , / ( R z X ) o ]  ( 3 )

We studied init ially the relative rates of reaction of two organic
hal ides prescnt in thc samc solut ion at  a common magnesiunr
surface. l5 Assuming that/(Mg) is the same for two structur-
al ly s imi lar  organic hal ides compet ing for a magnesium sur-
face .  we wr i te  eq  2  fo r  a  second a lky l  ha l ide  R1X.  D iv id ing  cq
I  b1  cq  2 ,  mak ing  thc  fu r ther  assumpt ion  tha t  r r  =  l .  and  in -
tegrating we obtain eq 3; the correctness of the assumption that
a = I is confirmed experimentally using a different technique
(vide infra).  Plots oi  cq 3 are l inear to )65Vo consumption of
alkyl  hal ide;  representat ive data are shown in Figure 1.  De-
viations from linearity'at high conversions, when observed, are
due pr imari ly to changes in the polar i ty of  the medium at high
concentrat ions of  Gr ignard reagent.s

A representat ivc rat io of  the ratc constants (A rr 'A:)  obtuincd
using eq 3 is inscnsi t ivc to changes in magnesiunr sanrplc s izc.
pur i ty,  and surface arca and to the addi t ion of  p lausible im-
purit ies to the solution (Figure 2).ro tn. infcrence from Figure
2 that the measured rat io of  rates is independent of  the cxtent
of  agi tat ion is correct  only for  certain pairs of  a lkyl  hal ides.  In
the speci f ic  instance in which one hal ide reacts at  a t rans-
port- l imi ted rate and the second does not.  the rat io of  ratcs
measured does depend on co. al though i t  is  ent i re ly reproduc-
ib le  a t  a  par t i cu la r  va lue  o i  co .  A l l  o i  the  da ta  co l lec ted  here
were obtained using c,r  = 600 + 100 rpnr:  dctai lcd discussion
of the dependence of  re lat ive rates on c, . r  is  deferred to the cnd
of th is sect ion.  l { igh concentrat ions of  magnesiurn sal ts do
in f luence the  ra te  ra t io  by  chang ing  the  po la r i t y  o f  the  med i -
um.8'e The scatter of  points in Figure 2 provides a real ist ic i l -
lustrat ion of  the reproducibi l i ty  of  the data obtained using this
technique. The observat ion of  straight- l ine plots in Figure I
confirms the insensitivity of k rlkz to the conccntration of alkyl
halides. to low concentrations of nragnesiurn salts and Grignard
reagents in solut ic ln.  and to the magnesium surface area. s ince
a l l  a re  chang ing  dur ing  the  course  o l 'a  k ine t ic  run .

Equat ion 3 is not useful  in t ry ing to examinc the inf luence
of solvent cornposition. solvent viscosity, or temperature on the
rcact iv i ty of  a s inglc organic hal idc toward rnagncsium. For
studies of this type. we used a different procedure. A quantit; '
of  magnesium very large compared to the quant i ty of  organic
hal ide to be used (a 20-25- io ld excess) was immersed in sol-
vent,  and i ts surfacc c leaned by etching using ei ther 1,2-di-
bromoethane or an alkyl  hal ide.  The react ion of  magnesium
meta l  w i th  o rgan ic  ha l ides  normal ly  genera tes  re la t i ve lv
smooth,  pol ished surfaces:ro that  is,  for  l imi tcd cxlents of  rc-
act ion,  thc surface area of  the magnesium changes very l i t t le.
I t  is  thus possible to br ing a smal lquant i ty of  one organic hal ide
into contact  wi th the etched maqnesium surface. fo l low i ts

F igu re  3 .  , \ pp r r r r r tus  l b r  l b l l t l u  rng  thc  r cac t ion  o l ' a  s ing lc  o rgan ic  h r r l i d .
r r i t h  r r  l a r g c  c x c c s s  o l - n r u g n c s i u r n .  ( A )  H i g h - t o r q u c ,  a d . l u s t u b l c  s p c c t i
s t i r r c r .  (  B )  S r r r n p l i n g  a n d  i n c r t  s r r s  i n l c t  t h r o u g h  a  \ o - l i r  s t o p p c r .  ( (  I
l . o c l  o l  r c u c t i o n  s o l v c n l  ( t r p r e . r l l r  g 1 1 . . 1 ( X )  r n l . ) .  ( l ) )  [ ' o u r  ( t l r i g i r r u l l r )  l . 0 t )
X  0  615  in .  r c . rgcn t  u r . i t l c  ( ( ) ( )  ( ) / (  )  r r . r r l r r cs i r i n r  r ' ( x l \  boun t i  t o  thc  ccn t r l r l
: t i r I i r r C  ' ' \ X j  L t \  1 \ \ ( )  J r t C e  c \  , ) l  l \ - g i r U g C  : t l r r n l e s :  \ t c c l  \ \  i r C .

d i s a p p e a r a n c e  w i t h  t i m e ,  r e m o v e  t h e  s o l v e n t  c o n t a i n i n g  t h e
in i t ia l ly  formed Gr ignard reagent  and rep lace i t  u ' i th  f resh
solvent .  add a second ha l ide.  and fo l low i ts  d isappearance wi th
t imc,  a l l  w ' i thout  s ign i f icant l l ' changing the sur face area of  the
magnes iu rn .  A l t hough  the  numbers  ob ta ined  f r om these  ex -
pcriments have no absolute signif icance. they'can be compared
wi th  onc anothe r .  s ince l (  Mg)  in  eq I  can be assumed constant
ovcr thc coursc of ' thc experintents. The apparatus used in these
s tud ies  i s  t ha t  shown  i n  F igu rc  3 .  Va r i a t i ons  i n  t he  ra te  o f
s t i r r i r rg  cs tab l ished that  thc  va lues of  thc  appare n t  ra te  constant
f or ccrtain alky' l  bromides (e.g.. c1'clopenty' l  bromide) increased
w i th  t he  s t i r r i ng  f r cquenc r  c " ' (F i gu re  4A) .17  Thc  ra tes  we re
rcp roduc ib l e  a t  a  pa r t i cu la r  va lue  o f  c , ; .  Da ta  we re  o rd ina r i l v
co l lec ted us ing co = 140 rpm.  To ensure the reproduc ib i l i ty 'o f
the nrethod,  measuremcnts  were made at  least  in  dupl icate :
that  is ,  us ing the same magnesium assembly .  k inet ic  runs were
carr ied out  in  succcss ion wi th  RlBr .  R lBr .  R1Br ,  and R2Br (or ,
when  s tudy ' i ng  t hc  i n f l uence  o f  so l ven t  on  t he  ra te  o f  r eac t i on
of  a  s ing lea lky l  ha l ide,  in  success ion wi th  so lvcnts  A,  B,  A,  and
B) .  These  expc r imen ts  a r c  more  comp lex  and  l ess  accu ra te
than  t he  compe t i t i ve  k i ne t i cs  cxpe r imen ts .  Neve r the l css .
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F igu re  2 .  Thc  rc la t i vc  ra tcs  o f ' r cac t ion  o f ' ncopcn t l l  b ron t idc  und  c rc lo -
P e n t \ l  b r t l r n i d e  u i t h  r n u g n c s i u r n  l r c  i n : c n : i t i r c  t ( )  n t i t g n c s i u l n  t \ n c .
q u l r n t r t r . l r n d  s u r f ' a c c  a r c a .  a n d  t o  a  n u n r b e r  o 1 ' p o t c n t i a l  c o n t a n r i n . r n t s .- fhc r  

r r re  i n l ' l ucnccd  b r  h igh  conccn t ra t i ons  o l ' r nagncs iu rn  ha l i dcs ; r r rd
Cr ignurd rcr tgcnts.  Thc l inc indic l tcd es "avg" rcprcscnts thc avcragc i  r r luc
r rb tu incd  f ron r  scvc ra l  dc tc rn i i nu t ions  o f  thc  r c la t i vc  ra tc  i n  d i c t l r r  I  c rhc r
r r t  0  oC r r i t h  B lkc r  pu r i i r cd  n ragncs iun r  ( s tandard  cond i t i ons  l i r r  r r i l  r hc
c t l rnpc t  i t i , ' ' c  k i  nc t i cs  c rpc r in rcn ts  )
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l ' igure 5.  Pscudo-f i rs t -ordcr p lots for  thc disappearance ol -  cyclopenty l
b ron r idc  i n  d i c thy ' l  c the r  ob ta ined  in  fou r  consccu t i vc  cxper imen ts  us ing
thc  cons tan t -su rh rcc  t cchn ique  ( r .  i i r s t  run ;  E ,  th i rd  run )  and  te t rahy -
d ro l ' u run  ( t .  sccond  run .  a .  f ou r th  run ) .

dcscr ibcd the compet i t ion of  two organic hal ides present in
a s inglc solut ion for  the same magnesium surface-the
"compet i t ive technique".  The second procedure-the com-
parison of data obtained from successive reaction carried out
so that a magnesium surface of  approximately constant area
is maintained wi l l  be referred to as thc "constant-surface
tcchn ique" .

Thc constant-surface technique serves several  useful  func-
t ions.  First .  i t  permits the comparison of  rates of  react ion of
a s ingle organic hal ide wi th magnesium in di f ferent solvents
and at different temperatures. Second, it provides a direct
exper imental  measure of  the exponent a in eq I  and 2:  s ince
a p lo t  o f  log  (RBr) , / (RBr )o  vs .  t ime is  l inear  (F igure  5) ,  a
cquals l .  Third,  i t  provides a method of  checking resul ts
gathcrcd using the simpler compet i t ive techniques based on
cq 3.  The rat ios of  rate constants obtained by measurements
of two alkyl  hal ides in sequence using this more complex
technique agree (perhaps fortuitously) with those inferred from
thc simple competit ivc procedure. For example, measurement
of the ratcs of reaction of cyclopentyl chloride and cyclopentyl
bromide in sequence using the constant surface procedure gave
the rat io k<'+tr<t lkcslqBr = 0.053; measurement based on the
compet i t ive k inet ics technique and eq 3 gave 0.055.

This last observation is directly relevant to a general question
concerning thc compet i t ive k inet ics methods (eq 3) which is
part icular ly important for  th is work:  v iz. ,  what is the s igni f i -
cance of the relative rates measured using this technique when
one of  the compet ing substrates reacts at  a t ransport- l imi ted
rate and the second reacts at  a rate s lower than di f fusion or
mass transport?17 Consider the inf luence of  agi tat ion in the
three possible l imi t ing rate regimes for react ion of  two alkyl
hal ides (A and B) wi th magnesium. I i  A and B both react at
t ransport-control led rates,  and both have simi lar  d i f fusion
constants (as is the case in v i r tual ly al l  of  th is work),"  knlks
- I  wi l l  be independent of  the st i r r ing rate.  I f  A and B both
rcact at rates that are much less than transport controlled, kn
and ks wi l l  be independent of  mass transport  and k,r lks wi l l
be independent of  st i r r ing rate.  l f ,  however,  A reacts at  a rate
less than mass transport but B reacts at a mass-transport-
controlled rate, the analysis of relative rates becomes compli-
cated: kn wi l l  be independent of  st i r r ing rate,  ks wi l l  depend
on mass transport  and wi l l  increase with increasing st i r r ing
rate,  and k nl  ks wi l l  decrease with increasing st i r r ing rate.

Figurc 4B shows rate data obtained using pairs of  a lkyl
halides that f it these three l imitins conditions. These data were

3 0.4
o

I

O LJ.b

L!1

\
F o.8

o-
?  r ^
=-
o
o
T  I ?

€
o
!

o
I

O

E
I

R N4 03 02 0r .0

o.8

0.6-1

I
o 5-.1

I
ooL

N

{
E-

I

,l-
( l

l v

;
X

-]<

7 0 0  8 0 0

s l r r r r n g  r o l e  ( r . p . m  )

F igu re  4 .  (A )  Ver ia t i on  in  thc  apparen t  f i r s t -o rdc r  ra l c  cons tan t  fo r  d i s -
rppcarancc  o f ' cvc lope  n ty l  b romidc  in  d i c thy l  c thc r  a t  0  oC w i th  s t i r r i ng
rutc obtaincd using thc constant-surfacc k inet ics tcchniquc.  Thc santc sculc
o l  s t i r r i ng  n r t cs  app ly  to  (A )  and  (  B ) .  Abovc  ca .  I  50  rpn t ,  vo r t c \ i ng  l i n r i r s
thc  accu racy 'o f  t h i s  n rc thod  whcn  app l i cd  as  in  (A ) .  F i l l cd  svn rbo ls  r cp -
rcse nt  duta obt l r incd i ls  part  o l 'a s l ,s tcntat ic  studv ol ' thc rnf lucncc ol 'or  on
f i . r t c  cons tan t :opcn  svn rbo ls  r cp rcscn t  s ing le  cxpe  r i rne  n ts  ob ta ined  undc r
roughl l  cor t rpanrblc condi t ions.  (B) Var iat ion in thc rc lat ivc rate constants
l i r r  r cac l i on  o f ' two  a l ky l  h r r l i dcs  u i th  r r ragnes iun t .  as  u  f ' unc l i on  o l - s t i r r i ng
n r t c .  The  two  a l ky l  ha l i dcs  were  p rcsen t  i n  thc  sanre  so lu t i on  and  thc  du ta
r rc rc  co l l cc tcd  i rnd  ana lvzed  us ing  the  co rnpc t i t i ve  k inc t i cs  t cchn ique ,  bu l
thc  cxpc r imcn ta l  con f igu ra t ion  uscd  fb r  s l i r r i ng  was  tha t  t yp i ca l  o i  t hc
cons tan t -su r facc  t cchn iquc  (F igu re  -1 ) .  The  top  sc t  o f  da ta  i n  th i s  f i gu rc
(  O .  r r -C  sH I  1  B r  vs .  c - ( . s t l qBr )  re  p rescn ts  a  compc t i t i on  bc twccn  two
bror l idcs both rcact ing i r t  or  c losc to a t ransport- l in t i tcd ratc.  The ccntra l
sct  (0,  (Ct l r ) rC--Cl l2Br vs.  c-Cst- l , r l l r )  g ivcs data l i r r  cxper inrenis in which
on lv  one  ha l i dc  i s  c l ca r l y  l ranspor t  l i n r i t cd .  The  bo t ton r  se t  (O .  r r -C5 l l11C l
vs .  c -C-sHeCl )  g i vcs  r csu l t s  fo r  compet i t i ons  in  wh ich  nc i thc r  ha l i de  i s
lnrnsport  l i r r i ted.  (Cl)  Thc rat io t l f  ratcs of  rcact ion ol 'ncopenr l , l  bronr ide
rLnd  cvc lopen ty l  b ro rn idc  i n  d ie thy l  c the r .  as  a  l unc t ion  o f  s t i r r i ng  ra tc ,
t l b tu incd  us ing  the  con tpc t i t i ve  t cchn iquc  (n ragnc t i c  s t i r r i ng  bu r  and
n l rgncs iun r  t  u rn ings ) .

ag recmcn t  be tween  runs  was  usua l l y  * . l }Vo ,  w i th  no  ev idence
for  an important  systemat ic decrease in ratc due to a decrease
in  magncs ium sur face area.  Typ ica l  data  are shown in  F igure

Since data obtained using each of the two kinetics techniques
wil l  be ut i l ized in the discussions that fol low, i t  is useful to have
a dcscript ive label for each. We wil l  cal l  the f irst procedure

| | [i-' j '1"" 
I
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F igu re  6 .  The  re la t i vc  r i t t es  o f  r cac t ion  o f  cyc lopcn ty l  b ron r idc  (O)  and

c rc lopcn ty l  ch lo r idc  (  O  )  w i th  n lagncs iun r  i s  p ropor t i ona l  to  thc  cxposcd

sur l ' r r cc  l r r c l t  o f  t hc  t t t l t gncs tum.

obta ined us ing the apparatus shown in  F igure 3  ( to  fac i l i ta te
conlpar ison wi th  F igure 44)  but  us ing the compet i t ive  k inet ic

tcchnique;  that  is ,  both  a lky l  ha l ides o f  a  compet ing pa i r  were
present  in  so lu t ion a t  the same t ime,  and react ing a t  the same
magnesium surface. Evidence presented later in this paper and

in a fol lowing paper8 indicates that cyclopentyl bromide reacts

at a transport-controlled rate; n-pentyl bromide is on the verge

of transport control ( i ts rate is ca. 90Vo Lhat of cyclopentyl

bromide); neopentyl bromide reacts signif icantly more slowly

than a t ranspor t -cont ro l led ra te  (ca.  507othat  o f  cyc lopenty l
bromide) ;  n-penty l  ch lor ide and cyc lopenty l  ch lor ide react

nruch more s lowly  than cyc lopenty l  bromide.  F igure 4A

dcmonst ra tes that  the ra te  o f  react ion o f  neopenty l  bromide

wi th  magncs ium shows a cons iderab ly  smal ler  dependence on

c, ;  than does that  o f  cyc lopenty l  bromide,  and conf i rms that

t ranspor t  l imi ta t ions are lcss impor tant  wi th  the l 'o rn ler  than
wi th  the la t tc r .  As expected,  the measured va lues of

f t  , - (  s r  |  1  1  Br /  k , j -1 ' .1  iq t l r  ?hd kr -c . t - t  r  r  c  t  /  f t  . -1 ' t  11 qCl  are indepen-

den t  o f  s t i r r i ng  ra te .  wh i l e  t ha t  f o r  k1c  r r . , ) , c c ' n : r3 r / f t . - 1 .11n13 , .
dccreases as the s t i r r ing ra te  increascs.  The va luc mcasured

fo r  f t 1c  r r r t r ( ' ( ' 1 :B r / f t c -C ' s l JqBr  us ing  t he  s tanda rd  compc t i t i l  c

kinetics technique was found to be independent of the magnetic

st irr ing frcquency in the range used (400*800 rpm, Figure 4C).

A s imi lar  va lue was measured for  th is  ra t io  o f  ra tes us ing the

hybrid experimental technique that fornts the basis for Figurc

4B wi th  a  s t i r r ing f requcncy of  ca.  150 rpnr .  Both o f  thcsc ra tc

ra t ios  super impose mass t ranspor t  e f fec ts  on the in t r ins ic

react iv i t ies  o f  the two compounds,  and ne i ther  va lue prov ides

an absolute measure of these intr insic reactivi t ies. Nonetheless,

the data of Figure 4 indicate that the measured ratc rat io from

ei ther  tcchnique should  bc insens i t ive  to  smal l  changes in

s t i r r ing f requenc ics ,  and that  the s t i r r ing f rcquenc ies used in

the standard competit ive and constant surface protocols (600

+ 100 and 140 + 5  rpm,  respcct ive ly)  y ie ld  cons is tent  and

comparable  data.
Prel iminary Observations. Evidence lor f i rst-order depen-

dencc of rate on thc concentrat ion of 'organic hal ide has already

been presentcd (Figure 5): evidencc concerning the dependence

on murgnes ium sur facc is  more qual i ta t ivc .  l f  thc  ra tc  o f  d is -

appcarancc of  cyc lopcnty l  bromide or  cyc lopcnty l  ch lor ide is

lo l lowcd for  react ion mix turcs conta in ing equal  weights ,  but

d i f l 'e rcnt  cxposed sur l -acc arcas.  o f  magnesiurn,  thc  ra te  is  d i -

rect ly  propor t iona l  to  the sur facc area (F igurc  6) .  Thus,  the

emp i r i ca l  r a te  l aw  l b r  d i sappea rance  o l ' a l ky l  ha l i de  i s  g i ven

by eq 4;  herc  Sy*  is  the sur face i t rca o f  the magnesium (notc

that  th is  express ion has the forn l  assumcd in  eq l ,  w i th  rv  =

r ) .

Journol of ' the American Chemit 'al  Societ.t '  f 102: l  f  Januarv '2 ,  1980

i ;FFg

R t + M g

RBr .  MS

R C I  .  M g

--z:RBr ' BuaSnH

Figure 7. Structurc rcactivi tv prof i lcs for thc reaction of organic chloridcs,
bronr idcs.  and iod idcs u ' i th  magnesium ( top)  and organic  bromidcs wi th
t r i - r r - bu l v l t i n  h td r i dc  (bo t t om) .  Thc  r i ng  s i zc  o f  t he  cyc loa l kv l  ha l i dcs  i s
dcnoted by " r r " .  A l l  react ions wcrc  run in  d ic thy le ther  a10 o( .  Thc po in t
rcprcscntcd b1 l r r t -butv l  l i r r  rc r rc t ion o f 'a lky l  ch lor idc  r , ' i th  rn l rgncs iLrnr
r r  r rs  obt i r incd usrng 2- r r rc thy l -J -buty  I  ch lor idc .  c f .  l in tnotc  b .  Tablc  l .

The most important conclusion from this rate law is that the

rate-determin ing s tep in  the react ion requi res rcact ion o f  or -

gan i c  ha l i de  a t  t he  magnes ium su r face .  I n  pa r t i cu la r ,  i t  c x -

c ludes severa l  conceivab le  react ion mechanisms invo lv ing

generat ion o f  so lub le  Mg( l )  by  react ion o i  Mg(0)  and

Mg( l l ) , r o ' : o  e i t he r  i n  t he  ra te -de te rm in ing  s tep  o r  i n  a  p r i o r

equ i l i b r i um (eq  5 -7 ) .  I n  t he  f i r s t  i ns tance  ,  t he  reac t i on  ra t c

wou ld  be  i ndcpe  nden t  o f  o rgan i c  ha l i de  concen t ra t i on .  I n  t he

sccond,  the ra te  rvou ld  depend upon the concent ra t ion o f

magnesium-conta in ing spec ies in  so lu t ion,  but  would  bc in-

dependent  o f  the quant i ty  o f  magnesium meta l  present ,  s ince

the thermodynamic act iv i ty  o f  magnesium meta l  in  the system

is  indcpendcnt  o f  i ts  mass as long as some amount  o f  the mcta l

is  prescnt  and as l t tng as thc  concent ra t ion o f  Mg( l )  is  t ru ly  a t

cqu i l ib r iurn .  Thus,  s t ructures such as l0  can be d iscarded as

exclusiue representations for the transit ion state for this re-

ac t i on .  No te ,  howeve r .  t ha t  t hc  k i ne t i c  ana l ys i s  ou t l i ned  i n  a

fo l lowing paper8 suggests  that  son le  homogeneous react ion

may cont r ibutc  to  thc  d isappearance of  a lky l  ha l ide in  com-

pet i t ion rv i th  thc  hetcrogeneous react ion wi th  magnesium.  A

magnesium( l )  spec ies must  s t i l l  be cons idered a candidate for

th is  poss ib le  compct ing react ion.

M g ( m e t a l )  +  M g ( l l )  - - +  2 M g ( l )  ( 5 )

M e ( t )  +  R X  : :  R ' +  M e ( l l )  +  X -  ( 6 )

f t .  *+  RMgX ( l )

The structure of the organic groltp has little eJJ'ect on the

rate of reaction oJ'alk1' l  hal ides with ntagnesiunt" posit irelv

charged, negatirel) '  t 'harged, and S,x2-l ike transit ion states

ore not incolret l .  Thc relat ive reactivi t ics of a numbcr of or-

ganic  ha l ides in  d ie thy ' l  c ther  were determined us ing the

compe t i t i ve  t cchn iquc  (F igu re  7  and  Tab le  l ) .  F i gu re  7  a l so

includes rclat ive rates for thc frcc-radical rcducti t ln of the same

group of  a lky l  bromides by t r i - r r -buty l t in  hydr ide (  f t  v ,  A I  BN.

E t rO) . r t ' : :  Tx$ lgs  o f  r c l a t i ve  ra tes  ob ta ined  by  compc t i t i on

cxper iments  may conta in  largc,  cumulat ive,  systemat ic  er rors

whcn long scqucnccs of  compar isons arc  requi rcd '  Scvcra l

checks suggcst  that ,  in  gcnera l .  the accuracy of  the data o f '

F igure 7  is  good,  a l though thc accuracy o i  par t icu lar  com-

pounds  may  bc  l t twe r  ( v i de  i n f r a ) .  F i r s t .  t he  ra te  s t ruc tu re
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z -  B u  r S n  H
X = B r

Cll  r
( 'H . rC l t :
c H  r ( c H r ) r
c  l t  ] ( c  H  r ) 1
c H  r ( c H r ) e
( c ' H r ) r c H
( C  H : )  r C C  H  2
R ' ( C H r ) : C b
l - a d a m a n t y l
2 -ada  n ra  n  t y  I
C O H . C H :
C H : : C H C H :
c - C r l l i
c - C + H r
c -C .H , )
c - C 6 H  1  I
c - C ' l - {  r r
c - C 3 l l  1  ;
C r ' l l .
C  I l  r :C 'B rC  H2CiH  i
X C - t { : C H :
x c  l t r c H r c H 2
X C H ] C F I : C H : C H :

<  1 . 2
t l

0 . 0 r 3
0.0094
0.0072
0 .050
0.0029
0 . 1 0

< 1 . 2 ,

0 .007 r
0 .05  5
0  030
0 . r 3
0 .  t 9
0.000 r 0

0 . 1 6 / ,
0 . 0 1  0
0 . 0 r I

1 . 0
0.lJ 3
0 .8  8
0.It4
0 .91
0.48
0 .97
0. -s6
0. -s0

< l . l '
<  1 . 5 ,

0 . 3  7
0.4  r
I
0 .95
0 9 4
r 0 5
0 .18
0 . 1 9
l . r r  

t '  t

0 . 7 5 , / '
0 .6 .1 /

0 . 9 9

l l

1 . 1  r . c , /

<  1 . 2 '

I
l . l
l . l
0 . 9 7
t . +  |
0 . 8 0
A 1

t . 4
l . J

! )

0 . 1  I
0 .20
t . 6 2
0 .97
'l tl
a - a

2 . 7
0.024

L-ir/',{r

0 9 2

0 .95
0 .89

,, All rcaclions wcrc carricd out in dicthyl ethcr tl 0 oC. Rclalivc ratcs were dctermined by thc compctitivc kinclics technique. Thc cxpcrimcnt^l
unccrtainty in thes€ data is cst imat€d to be + 109o. unless indicatcd othcrwisc. Ri l tcs of rcaction with maSncsium are al l  rclut ivc to c]"clopentyl
bronidc. bccruse this hal ide was thc objcct of thc detai led studics reporrcd in rcf l l .  Nole thi l t  c-C(l leBr :rnd C:H5Br huvc thc same rclt l ivc
rlr le. R:r lcs ol rcaction wilh tr i-rr-bulyl l in hydrideare relat ivc tocthylbr(rmidc. / '  For X = ( ).  R'= ( I l rCl{t :  lorX = Br. R'= CHr. '  Quali lal ivc
d l l t l l ' Thcscnumbc rsd rep robdb1y tooh i8h .becauscp roccsscso1hc r l h l r n r cc l l on * i l hn l l g l
r i ! lcs havc bccn corrcctcd stat ist ical ly for thc prcscncc oi ts o cquir rr lcnt h.r l idc ut,rnr. br t l rr  rdrng thc obscn cd r i l lo by 1.0. '  Thc products ol '
l h cse rcac t i onshavc los t t hec len l cn t so fX : : nos1 lb | co rg lnon ] l t gn t ' i un l conp l ' und i s l i t r n l cd , s l x t i s l iC l l l | ) unc t t r r cc td .
cons i s l cn l  w i l h  l hc  va luc  o f  l (  . (  B ,  lB , (  r r , ,  l ( l r , r  r l l r , t  r r , ,  ,  =  ] . x  ? . { r  mc r r . u r cd  b l  R  . l  S l r un l .  P .  \ 1 .  D iC i i l coo ro .  K .  Aso .  and  H .  C .
Kuivi la. J.. , ' rr .  (  hent. Soc.. 92. 111,19 { 1970}.
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l i i gu re  l t .  A  p lo t  o f ' t hc  r c l l t i ve  r i l t cs  o l - r cac t ion  o l ' o rgan ic  b r t tm idcs  w i th
r)) i rgncsi  unr aela inst  thc corrcsponding rc lat iv 'c  r i r tcs ( ) l '  rcuct ion ol '  organic
e  l r l o r i c l cs  I ' t l l l o ' uvs  l r  s l t l ( ) ( ) l h  cu rvc .  and  suggcs ts  tha t  nc i thc r  sc t  o l ' du tu
c ( )n t l r i ns  l u rge  c rpc r i r l ren t i l l  c r r ( ) r s .  Nur r rbc rs  on  thc  p l ( ) t  r c l ' c r  t t l  cn t r i cs
i r r  

' l  
l b l c  l .  [ ) l r t r r  l - ron r  Ih i s  t i r b l c  l i r r  r vh i ch  uncc r ta in t r  i s  r rbn t t rn ra l l v  l a rgc

( b c r r z r l  r r n d  a l l r l  h r t l i d c s )  h a v c  b c c n  o n t i t t c d .  T h c  o n e  n o n a l i p h a t i e  p o i n t
( ) r r  t h i \  p l o t  ( p h c n v l ) i s  i r r d i c a t c d  b 1  t r .  T 1  p i c a l  p r c c i s i o n  i n  r n c i r s u r i n g ; r
\u ru l c  r i r l . r ( )  ( ) l  r l t t cs  i s  ca .  t l (X i i .  Vu lucs  l i r r  kpq  1 /4 . .1  ,11n1  1wcrc  ca lcu l l r t cd
l ron r  thc  d r r tu  i n  Tab lc  l .  Thc  s lopc  o l - thc  r i s ing  po r t i on  o l ' t hc  cun 'c  i s  c r r .
J

p ro l ' i l cs  l o r  thc  r cac t ion  o f  a l ky l  ch lo r ides  and  a l ky l  b romidcs

r l , i t h  magnes iun r  were  ob ta ined  indcpcndcn t l y .  P lo t t i ng  the

r c l a t i v c  r a t e s  o f  o n e  a g a i n s t  t h o s e  o i  t h e  o t h c r  i n d i c a t e s  t h a t ,

a l though  thc  two  a re  no t  l i nea r l y  re la ted ,  the re  i s  a  smoo th

cor rc la t i on  bc tween  them (F igu re  l i ) .  Second ,  compar i sons  o f

r c la t i ve  ra tes  o l '  reac t ion  o f  rep rcscn ta t i vc  pa i r s  o f  o rgan ic

ha l i des  by  conrpe t i t i vc  and  cons tan t -su r facc  t cchn iques  y ie ld

t l r e  s a m e  v a l u c s .  T h i r d ,  c o m p a r i s o n  o f  t h e  r a t e  s t r u c t u r e

p ro l ' i l e  l ' o r  reduc t ion  o f  cyc loa lky l  b ro rn ides  by  t r i -n -bu ty l t i n

hyd r idc  w i th  da ta  fo r  o the r  r cac t ions  tha t  genera tc  a  f r cc

r a d i c a l  s h o w s  a n  a d e q u a t e  c o r r e l a t i o n  ( F i g u r e  9 ) . r r  : o

Thc  cxper i rnen ta l  uncer ta in t i es  i n  the  re la t i vc  ra tcs  o f  r c -

act ion of  benzyl ic and al ly l ic  hal ides is largcr than that f  or  most

6 7 8

(c5rr)n_,  cH

l " i g u r c  9 .  D c p c n d c n c c  o 1 ' t h c  r i r t c  o l '  l i r r n r r r t i o n  o l ' e r c l o a l k r  I  r r t d i c a l s  o n

r i n g  s i z c  l ' r o n r  l h r c c  i n d c p c n d c n t  s t u d i c s :  ( O )  t r i - r r - b L r t r l t i n  h l d r i d c  r e -

t l  u c t t t l n  o l ' l r l k r  I  b r o n r i d c s :  ( A  )  a b s t n r c t i o n  o f  b r o r t t r n c  i . r l o n r s  I ' r o n r  l l k r  I

l l r t l n r i t l c s  b r  p h c n r  I  r r r d r c l l : l r  ( l  )  t h e  r r r r l r l  d c c o n r p o s i t i t l n  o l ' c r c l t x r l k -

r  l l r z o n i t r r l c s . l '

o l ' t hc  con rpounds  i n  Tab le  l .  These  ra tes  a rc  no t  cn t i r e l y  r e -
produc ib lc ,  and consumpt ion o l  the unreacted a lky l  ha l ides by
a l rcady for rned Gr ignard reagent  occurs  a t  a  ra te  that  is
con lpc t i t i ve  w i l h  t he i r  r a te  o f  r eac t i on  w i t h  n ragnes ium.
Sinr i la r  react ions may a lso occur  wi th  some o i  the a lky l  iod ides
and  r v i t h  1 .2 -d ib romoc thane .  The  e r ro r  i n  t hcse  da ta  i s  t hus
such  t ha t  t hc  va lucs  i n  Tab l c  I  f o r  benzy l i c  and  a l l y ' l i c  ha l i dcs .
l l k y l  i od idcs .  and  1 ,2 -d ib ron roc thane  a rc  t oo  h igh  by  an
unknown  bu t  p robab l v  sma l l  ( <50%)  f ac to r .  A  d i l - f c ren t  un -

3 4

r l n g  s l z e ,

5

n
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F'igure 10. A comparison of structurc-reactivity profilcs for several reaction
typcs .  A t  the  top  a re  two  reac t ions  invo lv ing  a  ca rban ion  in te rmcd ia tc
an ion ic  cxchange  o f  hyd rogen  a toms  w i th  cyc lohexy lan t inc  ca ta l yzed  by '
ccsiunr cyclohexylamide and metal  halogen interchange. Second f rom
thc top is  an 512 react ion-displacement of  bromide ion f rom alkyl  bro-
rn idcs by iodide ion in acetone.  Third f ronr the top is  an Sp l  react ion
(carbonium ion intermediate)-solvolysis o i  I  -methyl-  I  -chlorocycloal-

kancs  in  aqucous  e thano l .  A t  bo t tom a re  the  reac t ions  o l  a l ky l  b romidcs
lnd  a l ky l  ch lo r ides  w i th  magnes ium.

ce r ta in ty  i s  a t tached  to  reac t ions  o f  the  a ,co -d iha l i des .  F i r s t ,

1 ,2 -d ib romo-  and  1 ,2 -d i ch lo roe thane  reac t  read i l y  w i th

magnes ium,  bu t  y ie ld  no  de tec tab le  Gr ignard  reagen t ;  on ly

cthy lene is  formed.  S imi lar ly ,  1 ,3-d ibromo-  and I ,3-d ich lo-

ropropane yield hydrocarbons rather than Grignard reagents.2T

Only  1 ,4-d ibromobutane and 1,4-d ich lorobutanc,  o f  thc

a,c,r-dihal ides examined, react normally and yield (ult imately)

butane-1,4-di(Grignard reagents). Second, as we have already
ind icated,  many,  but  not  a l l ,  o rganic  bromides react  wi th
rnagnesium at a transport-control led rate. The cxperimental ly
observed rates for the alkane a,c,-r-dichlorides have bcen cor-
rected stat ist ical ly for the presence of two equivalent reactivc
hal ides in  order  to  compare the react iv i t ies  o f  the i r  ind iv idua l

carbon-ha logen bonds wi th  those of  monochloroa lkanes.  A

stat ist ical ly corrected rate constant is also l isted in Table I for

1 ,3 -d ib romoe thane  o r  f o r  1 ,3 -d i i odop ropane  ( imp l y i ng

transport- l imited reactions) for two reasons. First,  stat ist ical ly

uncorrected ra te  constants  for  1 ,3-d ibromopropane and 1,2-
di iodopropane would be higher than the rate transport- l imited
rcact ion o f  cyc lopenty l  bromide and would therefore be
phys ica l ly  unreasonable .  Second,  the s ta t is t ica l ly  cor rectcd

rate  constants  f i t  square ly  on the cor rect ion l ine o f  F igure 8 .

Thus,  a l though we have not  exp l ic i t ly  tes ted the react ions o f

1 ,3-d ibromopropanc or  1 ,4-d ibromobutane for  d i f lus ional  or

rnass t ranspor t  l imi ta t ions,  we are conf ident ,  f rom the argu-

rncnts outl ined, that they do not react at a transport-control led
ra t c .

The most  s t r ik ing fcature o f  the data summar izcd in  F igure
7 fbr the reaction of organic hal idcs with magnesium is the low
scns i t iv i ty  o f  these ra tcs  to  the s t ructure o f  the organic  moic t l , :
thc  rcact ion o f  organic  bromides and iod idcs wi th  magnesium
is  among thc lcast  se lect ive o f  organic  react ions. ls  Th is  low
sc l cc t i v i t y  a rgues  aga ins t  scvc ra l  o f  t hc  poss ib l e  rema in ing
t rans i t i on -s ta te  modc l s  ( l - 9 ) .  F i gu re  l 0  compares  s t ruc -
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ture-reactivi ty prof i les for several representative reactions
types wi th  the analogous prof i les  for  react ions o f  a lky l  bro-
rnides and alkyl chlorides with magn.t lu*.2e'3t) The very small
range of rates characterizing the organic bromides suggests
that no transit ion state showing either a large charge separation
or signif icant steric effects (4,5,7,8, 9) describes their reaction
wi th  magnesium.  Organic  ch lor ides show a larger  range in

rates. Again, however, the dif ferences between the struc-

ture- react iv i ty  prof i les  for  react ions invo lv ing authent ic

carbanions and for  react ions forming organomagnesium
chlor ides is  such that  t rans i t ion s ta tes bear ing s ign i f icant
negat ive charge (4 ,  probably  9  and 8)  can be exc luded.  The

obscrvat ion that  ra tes o f  react ion o f  pheny l ,  cyc lobuty l ,  and

ler l -buty l  ch lor ides a l l  react  w i th  magnesium at  ra tes com-
parab le  to  typ ica l  pr imary and secondary  a l icyc l ic  ch lor ides

argues s t rongly  against  Sx l -  and SN2- l ike t rans i t ion s ta tes (5

and 7) . r r  The unexcept iona l  react iv i ty  o f  l -adamanty l  and
cyclopropyl bromides within the scries of organic bromides also
suppor ts  th is  genera l  conc lus ion.

'fhe 
rates of reaction of all alkyl iodides examined, of

many, but not all, alkyl bromides, and of benzyl chloride with

magnesium in diethyl ether are mass transport or diffusion

l imited. Analysis of the rate-structure profi les summarized

in  F igure 7  requi res an in i t ia l  segregat ion o f  these data in to

rates that  are t ranspor t  l imi ted and those that  are not .  Three

l ines o f  ev idence,  d iscussed in  deta i l  in  an accompanying
paper,s establ ish that the reaction of cyclopentyl bromide with

magnesium in diethyl ether fal ls in the former group' First,  the

rate  o f  th is  react ion,  measured us ing constant -sur face tech-

n iques,  is  inverse ly  propor t iona l  to  so lu t ion v iscos i ty  and pro-

port ional to st irr ing rate. Second, the activation energy for the

ieaction (C" = 2.3 kcal I  mol) is that expected ior dif fusion.s2

Third, the relat ive rates summarized in Figure 7 establ ish that

a number  o f  organic  ha l ides hav ing unre la ted s t ructures

cyclopenty' l  bromide. cyclohexyl bromide, isopropyl bromide,

scvcral organic iodides. bcnzyl bromide, benzyl chloride-react

a t  expe r imen ta l l r  i nd i s t i ngu i shab le  ra tes ,  and  none  o f  t he

compounds examined react  a t  fas tcr  ra tes.  We conc lude that

a l l  o f  the compounds which share th is  uppcr  l imi t  are  react ing

at  ra tes determined by the i r  t ranspor t  and d i f fus ion to  the

magnesium sur face.
Wi th  the s ing le  except ion o f  benzy l  ch lor ide,  a lky l  ch lor ides

react signif icantly more slowly than cyclopentyl bromide and

the other  a lky l  ha l idcs whose ra tes are l imi ted by t ranspor t '
The dif iusion constants of alkyl chlt lr ides should be larger than

thosc of  the cor responding a lky l  bronr ides.  Thus,  the ra tes o f

r cac t i on  o l ' t hc  o rgan i c  ch lo r i des  exam incd  (excep t i ng  benzy l

chloridc) are not l imitcd by dif fusion. I t  is not clear how many

of  thc  a lky l  bromides arc  react ing a t  ra tcs  l imi ted by processes

other than dif fusion. Neopentyl bromides and phenyl bromide')

havc been estab l ishcd to  react  a t  ra tes less than t ranspor t

l imi ted in  d ie thy l  c ther .  a l though these ra tes become t ranspor t

l imi ted in  o thcr  so lvents .  Cyc lopropy l  bromide,  cy 'c lobuty l

bromide.  and probably  l -  and 2-adamanty l  bromide a lso react

at  ra tes lcss than those at  which they encounter  thc  magnesium

surl)cc. The primary alkyl bromides appear to be on the border

between thesc two ra te  reg imes.  Th is  d is t r ibut ion o f  ra tes ac-

cord ing to  s t ructure is  best  apprcc ia ted by re ference to  the

curve o i  F igure [J :  those organic  bromidcs on the r is ing par t  o f

th is  curve appear  to  rcact  a t  ra tes lcss than mass t ranspor t  or

d i f fus ion;  those on thc p la teau are t ranspor t  l imi ted.  The k i -

netics of reaction of organic brornides with magnesium are thus

remarkable: small  changes in thc structure of the organic group

shift  thc overal l  rate-l imit ing step for disappearance from mass

t ranspt - r r t  and d i f fus ion to  son lc  o the r  s tep.

C h I or i ne - ul ( ) tn ohs l r ut' t i tt n r t r s i n g I e - e I e c t ro n t ra nsJ e r a p -

peur to be the nrost probuhle rute-l int i t ing 'steps Jrtr reutt ir , t t t

oJ' r trgunit '  chltr i t le.s vt i lh nrugnesiunr in diethyl ether. The

ra t cs  o l ' r eac t i on  o f ' a l k i  I  ch lo r i des  w i t h  magnes ium p rov idc  a

o':
o
o

o

M g

M g
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rate-structure profi le which is not complicated by transport
l imi ta t ions.  Trans i t ion s ta tes resembl ing 4 ,5 ,7 ,  and 9 can be
discarded as rate determining in these reactions, on the grounds

that  the ra te-s t ructure prof i le  for  th is  react ion bears  l i t t le
s imi lar i ty  to  ra te-s t ructure prof i les  for  model  react ions.  The
react ion is  not  t ranspor t  l imi ted:  I  can a lso be exc luded.  The

remaining possible state structures include adsorbed organic
ha l ide (2) ,  organic  ha l ide rad ica l  an ion resu l t ing f rom s in-
gle-electron transfer (3), free radical (6), and concerted in-
sertion of magnesium into the carbon-chlorine bond (8). These
possibi l i t ies are not necessari ly mutual ly exclusive; for example,
electron transfer to the carbon-halogen a* orbital of an organic
halide could be effectively concerted with carbon-halogen bond
breaking,rs'34 and adsorption of organic chloride to magnesium
with the carbon-chlorine bond parallel to the surface could well

merge wi th  magnesium atom inser t ion in to  th is  bond.
In  another  s tudy,  we have examined the capabi l i ty  o f

rate-structure profiles based on the range oforganic structures
represented in Table I to dist inguish between halogen-atom
abstraction and electron-transfer mechanisms.35 In brief.  these
studies indicate that rate-structure profiles for reaction of alkyl
chlorides with magnesium, of alkyl chlorides with tr i-n-butylt in
hydr ide,  and of  a lky l  bromides wi th  l i th ium 4,4 ' -d imethy l -
benzophenone ketyl are al l  l inearly correlated, and suggest that
outer-sphere, single-electron reduction of alkyl hal ides pro-

ceeds wi th  extens ive carbon-ha logen bond break ing in  the
t rans i t ion s ta te .  Thus 3 and 6 are not  d is t ingu ishable  by th is
approach, and 3 may not correspond to a species having a f rnite
l i fe t ime. l6

Conclusions

The exper imenta l  ev idence sumnrar ized in  th is  paper  l i rn i ts
the possibi l i t ies for the overal l  rate-determining transit ion state
for  react ion o f  an organic  ha l ide wi th  magnesium.

( l  )  The ra te  o f  react ion o f  organic  bromides and ch lor ides
with magnesium is proport ional to organic hal ide concentrat ion
and magnesium sur face area.  Th is  observat ion impl ies  that
react ion occurs ,  a t  least  in  par t ,  a t  the metar l  so lu t ion in ter -
I'ace.

(2)  The ra tes o f  react ions o f  organic  bromidcs and iod ide s
w i t h  magnes ium a re  e i t hc r  mass  t r anspo r t  und /o r  d i f f us i on
l im i t ed  o r  a re  c l ose  t o  t hese  ra tes .E ' "  The  sma l l  s t r uc tu re  de -
pendence that characterizes those substances that do not react
at transport- l imited rates (aryl,e vinyl,  cyclopropyl. cyclobutyl,
ncopcnty l ,s  and poss ib ly  pr imary a lky l  bromides)  re f lec t
compet i t ive  react ion and t ranspor t .  The fact  that  the ra te-
structure prof i le observed for those alkyl bromidcs which react
a t  l ess  t han  t r anspo r t - l im i t ed  ra tes  i s  qua l i t a t i ve l y  s im i l a r  t o
that  observed for  a lky l  ch lor ides suggests .  however ,  that  the
two c lasses of  compounds share s imi lar  nrcchanisn is  for  the
c lcavage of  carbon ha logen bonds.

(3)  Thc s t ructure- react iv i ty  prof i le  for  a lk l l  ch lor idcs is  not
I rn  ur t i f 'ac t  o l -  react ion ra tes c lose to  mass t ranspor l .  l in r i ted:
although thc rcaction is fast, i t  is approximately a factor of 100
s lower  t han  t he  reac t i on  o f  a l ky l  b ron r i des  w i t h  magnes ium,
and  the re fo rc  i s  a t  l cas t  t h i s  much  s l ower  t han  mass  t r ans -
por t .

(4)  Compar ison of  the ra te-s t ructure prof i le  for  the Gr i -
gnard react ion wi th  ra te-s t ructure prof i les  for  carbonium ion,
carbanion,  and S. . ,2  processes permi ts  s t ructures o f  type 4,  5 ,
and 9 to bc discarded as models for the transit ion state for the
formation of Crignard rcagcnts from alkyl chlorides, and from
thosc a lky l  bromidcs that  rcact  a t  ra tcs  s lowcr  than mi lss
t ranspo r t .  Concc r ted  i nsc r t i on  o f  a  magncs ium a ton r  i n to  a
curbon-ha logen bond that  invo lves suf f ic ient  rcd is t r ibut ion
o l 'chargc to  rcsemble the organomagncs ium product  (8) ,  a lso
sccms  un l i k c l y :  t hc  ra t c  s r . r uc tu re  p ro f i l c  i o r  t h i s  t ype  o f
rnechan i s r l  shou ld  re f l c c t  mo rc  sens i t i v i t y  t o  a l kv l  mo i c t v
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structure and more negative charge on the carbon atom in the

t rans i t ion s ta te  than is  observed for  the react ions.
(5)  The ra te  express ion exc ludes mechanisms in  which a

rate- l imi t ing or  preequi l ib r ium step generates a  so lub le  mag-

ncsium(l) or other reactive magnesium species which becomes

thc sole substance responsible for breaking the carbon-halogen

bond;  i t  does not  exc lude invo lvement  o f  magnesium( l )  in  s ide

react ions,  or  a f ter  the overa l l  ra te- l imi t ing s tep.
(6) Present evidencers does not permit a choice between

halogen abst ract ion and generat ion o f  an a lky l  ha l ide rad ica l

an ion by s ing le-e lect ron t ransfer  as the in i t ia l  s tep in  carbon-
halogen bond cleavage. I t  is, in fact, unclear whether electron

transfer and carbon-halogen bond breaking can be considered

as separata  auat l ls  J5 ' '16

(7)  Adsorpt ion o f  the a lky l  ha l ide onto the magnesium

surface with l imited carbon-halogen bond breaking is dif f icult

to  exc lude r igorous ly  for  those compounds which react  a t  less

than transport- l imited rates but seems improbable. Reaction

rates show no clear evidence for steric effects around the car-

bon-ha logen bond.  The low suscept ib i l i ty  o f  Gr ignard for -

rnation to poisoning argues against competit ive adsorption by

o the r  so lu t i on  componen ts .
In  summary,  th is  work  prov ides suf f ic ient  ev idence to  ex-

c lude many of  the t rans i t ion s ta tes conceivab le  for  the ra te-

l imi t ing s tep for  react ions o f  a lky l  ha l ides wi th  magnesium.
For  a lky l  iod ides and most  a lky l  bromides t ranspor t  to  the
magnesium sur face is  overa l l  ra te  l imi t ing;  the ra te  o f  react ion

o l 'a lky l  ch lor ides is  s lower  and is  not  t ranspor t  l imi ted.  I t  ap-
pcars  l ' rom our  work  t tn  the la t ter  s tages of  the react ion,  and

I ' rom w'ork  bv o thcrs .  that  an a lky l  rad ica l  ra ther  than a carb-
run ion or  an organonrrgncs ium compound is  produced in i t ia l ly

rus  un  i n t c rn t cd ia t c . I  I  I I  P resen t l y  ava i l ab le  ev idence  does  no t
d i i f ' c rcnt ia tc  bctween in i t ia l  e lec t ron t ransfer  f rom magnesium
to  t hc  o rgan i c  ha l i dc  and  co l l i s i on  o f  t hc  o rgan i c  ha l i de  w i t h

thc magnesium fo l lowed by ha logen abst ract ion.  Deta i led
cons idcrat ion o f  the k inet ics  o f  these react ions ind icates that
certain other, more complex, types of mcchanisms also cannot
be  cxc luded  l t  p resen t . s

Thcsc  mechan i s t i c  amb igu i t i es  no tw i t hs tand ing ,  t hese
stud ies cs tab l ish thc  n tost  bas ic  featurcs o f  the t rans i t ion s ta te

I ' o r  consun rp t i on  o f  o rgan i c  ha l i dcs  b r  r cac t i on  w i t h  magne -

s ium.  Thc l  a l so  i nd i c : t t c  t hc  r cn l l t r k l r b l c  ba lance  o f  t hc  ra tes

o f  t h i s  r cac t i on  bc tuccn  n I ISS  t r anspo r t  l im i t cd  reg imcs ,  and

suggest  that  thc  react ion o f  organic  bromidcs wi th  magnesium

should provc to  be a very  usefu l  rcact ion,  both for  cxp lor ing
the deta i ls  o f  the t rans i t ion reg ion bctween mass t ranspor t
l imi tcd and react ion- l imi ted react ions and for  s tudy ing the

k inet ic  charactcr is t ics  o f  hetcrogeneous organic  react ions.

Experimental Section

( ienera l  Methods.  Reagent  gntdc rnagnes ium turn ings (Mal -
l inckrodt  or  [ :as tman)werc uscd l i r r  thc  conrpet i t ive  k inc t ic  s tud ics .
Othcr  n tagncs iunr  samplcs uscd wcrc  N4at thcy 99.999o/c .  ROC/RlC
99 95q; .  f : ishcr  A.S.T.M. .  and Bakcr  pur i i i cd  gradcs.  Rcagcnt  grade
nrugncs iun ' t  rods (F ishcr )  1) .62-5 in .  in  d ia t l tc tcr  were used for  the
"constant  sur facc"  k inc t ics  s tud ics .  A lky l  ch lor idcs,  bronr idcs,  and
iod idcs wcrc  uscd as rccc ivcd un less G l -C analys is  ind ic l tcd impur i -
t ics .  Inrpurc  a lky ' l  ch lor idcs werc  pur i f ied by d is t i l la t ion through i t
co lumn of  g lass hc l iccs.  l rnpurc  a lky l  bronr ide s  lnd iod idcs wcre f i l -
tc rcd through a co luntn o f  e i thcr  Wt tc ln t  l rc t iv i ty '  I  e lunt ina or  acL iv i tv
I  s i l i cu  gc l lnd d is t i l led through r t  co lunrn o f 'g l i rss  hc l ices.  A l lso lvcnts
uscd in  k inc t ics  s tud ics  were d is t i l l cd  undcr  i t rgon d i rect ly  in to  dry
storage l '1asks cquippcd with Tcl lon stopcocks which had bccn f lamcd
dry and al loucd to cool undcr a strcrtt t t  ol ' l t rgon. Rcltgcnt gradc dicthyl
c thcr  and tc t r th-v-dro l 'u ran (Tt l  t : )  wcrc  d is t i l l cd  f rom dark  purp lc
so lu t i ons  con tu in i ng  d rsod iun r  bcnzophcn t l nc  d i r t n i t l n .  X l l enc  ( r r

rn i r turc  o f  is t ln rcrs)  u 'us  d is t i l l cd  l ' ro t r r  soc l iu t t t .  St l lvcnt  t r l tns f  c rs  rvcrc
nrrdc us ing s t l tnd l t rd  c l tnnu l r tc  tcchniqucs. r r  So lvcnts  rvcrc  uscd rv i th in
. l  d r r r s  o f ' d i s t r l l l r t i t r n .  S t i r r i ng  r r t t c s  $c rc  t t t e l t su rcd  us i t t g  l t  ( i cnc r l t l

R ld ro  Modc l  I  5 - l  |  -A  B  S t robo l r r c .
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Methods for  Compet i t ive Kinet ics.  ( i r ignard React ion.  Simi lar
p roccdurcs  wcrc  uscd  in  a l l  cxpc r imcn ts  i n  wh ich  two  a l ky l  ha l i dcs
rverc a l lowed to compctc for  the same magnesium sur l 'ace.  A repre-
sentat ive procedure fo l lows.  To a three-necked, 50-nrL,  round-bot-
tomed f lask,  equippcd rv i th a 0.75- in.  magnet ic st i r r ing bar,  was added
1 .0  g  (0 .040  g -a to rn )  o f  r cagcn t  g radc  magncs iu r l  t u rn ings .  Thc  f l i r sk
was  cappcd  w i th  th rcc  No-a i r  s toppc rs ,  and  a  20 -gaugc  s tu in l css  s tcc l
sy r ingc  necd le  was  inse r t cd  th rough  one  o f  thc  s toppc rs  as  r r  vcn t .  A
rap id  s t ream o f  a rgon  in t roduced  I ' r om ano thc r  20 -gaugc  s1 ' r i ngc
needlc inserted through a No-air  s toppcr was maintained in the f lask
for  -5 rn in;  then the f lask was f lamcd dry and al lowed to ctxr l  under th is
stream of  argon.  The syr ingc necdlc act ing as a vent  was rcmoved and
the  f l ask ,  under  a rgon ,  was  chargcd  w i th  10  m l -  o f  anhydrous  e the r .
The sur lbcc of  thc magncsium turnings was act ivatcd i l '  ncccssary b1'
thc  add i t i on  o f  ca .  0 .05  n i l -  o f  c thy l  b ron r ide .  The  rcsu l t i ng  rcac t ion
mi r tu re  w : . r s  s t i r red  a t  0oC ( i cc  wa te r  ba th )  l o r  l 0  rn in .  Thc  rcac t ion
whosc  k ine t i cs  werc  [o  bc  de te rm incd  was  in i t i a ted  by  add ing  a  m lx -
ture of  the coolcd hal idcs ( ,5.0 nrrnol  of  n-pe nty l  brornidc and 5.0 mrnol
o f  cyc lohexy l  b ron r idc )  and  in te rna l  s tandard  (0 .25  g  o f  n -decanc )  to
the  reac t ion  m ix tu re  i n  one  po r t i on  by  sy r ingc .  Thc  rcac t ion  m ix tu rc
was  s t i r r cd  rap id l y  ( ca .600  rpm) .  In  a l l  cascs  u ' i t h  a l ky l  b ron t ides ,
reac t ion  bcgan  qu ick l y  and  p rocceded  to  conrp le t i on  in  l ess  than  l0
n r in l  r cac t ions  w i th  ce r ta in  a l ky l  ch lo r idcs  r cqu i r cd  h t l u rs  to  go  1 ( )
comp lc t i on .  A l i quo ts  wc re  wr thd rawn a t  appropr i i l t c  t i n tes  by  re -
r n o v i n g  c a . 0 . 6  m L -  o l ' t h e  r c a c t i o n  n r i x t u r c  b y  s y r r n g c  a n d  a d d i n g  i t
s low ly '  t o  a  v ia l  con ta in ing  ca .  0 . .5  g  o f  sod iun r  ch lo r idc  and  ca .  I  m l -
o f  i cc  r va tc r .  l - hc  v ia l  was  cappcd  and  shakcn .  Thc  e thc rea l  phasc
con ta in ing  a l l  t he  un rcac tcd  ha l i dcs  and  in t c rna l  s t i rndard  was  f l l t c rcd
t h r o u g h  a  p l u g  o f ' g l a s s  w o o l  i n  a  n r i c r o p i p c t .  p l u c c d  i n  t h c  s a r n p l i n g
v i a l s  o f a n  a u t o m a t i c  C j L C  s u n t p l c  i n j e c t o r .  u n d  r r n a l r z c d  b r  ( i l , ( ' .

F i v c  t o  c i g h t  a l i q u o t s  w e r c  w i t h d r a r v n  i n  c a c h  k i n c t i c s  c r p e r r n r e n l . .
and  cach  a l i quo t  w 'as  sa rnp lcd  th rcc  t i rne  s .

When  poss ib le ,  ra tcs  o f ' a l ky l  b romidcs  wcre  mcasurcd  re la t i ve  t t t
cyc lopen ty l  b romidc .  A lkv l  ch lo r idcs  were  rncasurcd  in  pa i r s  tha t
n r rn i rn i zcd  thc  ra tc  d i f ' f e rcnce  bc twccn  thc  r cac t ing  n rcmbcrs .  Thc
rc la t i ve  ra tes  o f  r cac t ion  o f  the  o rgan ic  b romidcs  and  ch lo r idcs  wcre
cs tab l i shcd  by  conrpar i sons  o f  the  ra tcs  o f  r cac t ion  o l ' c l c lopcnn l
b ron r idc  and  cvc lopcn ty l  ch lo r idc .  The  ra te  d i f f c rcncc  bc tuce  n  thcsc
compounds  i s  l a rgc  ( kc -c . t j e ( ' l /Ac - (  r l r , r3 r  :  0 .05 - l  )  bu t  n t l t  s t t  l r t r sc  l t s
to  p rec ludc  accura te  ra te  rncasurc l l cn t \  u : i r rg  c r r r r rpc t i t i r  c  t cch -
n i q u e s .

Nlethods for  ( 'ompet i t ive Kinet ics.  T ' r i -n-buty l t in H1'dr ide Reduc-
t i ons .  A  50 -mt - .  t h rce -neckcd .  round-bo t tomed  f l ask  equ ippcd  w i th
a  0 . 7 - 5 - i n .  m a g n e t i c  s t i r r i n g  b a r  w a s  l l a m c  d r i c d  a n d  l l l o w c d  t o c o o l
undc r  a  s t r can r  o f  a rgon .  A f te r  coo l i r rg ,  0 .  I  g  o f  A  IBN was  addcd  to
the  f ' l ask .  thc  nccks  werc  cappcd  w i th  No-u i r  s toppc rs .  and  thc  a rgon
l l ow  was  rcsunrcd .  A f t c r  5  m in ,  l 0  n r l -  o f  anhydrous  c thc r  was  addcd
to  thc  f l ask  b l  cannu la ,  and  thc  l l usk  r vas  p laccd  in  an  i cc  wa tc r  ba th
a t  0  o C .  T h c  t w o  h a l i d c s  ( - 5 . 0  n r n r o l  o { ' c u c h )  a n d  a l k l n c  i n t e r n u l
s tandard  10 .25  g )  wc rc  uddcc l  t o  the  t l ask  b r  s r  r i ngc .  anc i  t he  con tcn l \
o i thc  f l ask  was  s t i r r cd  a t  0  oC lo r  l 0  n r in . ' I hc  I ' i r s t  a l i quo t  (0 .6  rn l  )
w a s  w i t h d r a w n  b y ' s v r i n g e  a t  t h i s  t i m e .  T h c  r e a c t i o n  u u s  i n i t i a t c d  b r
a d d i t i o n  o f  3 . 5 l t  g  ( l l  n r n r o l ) o i t r i - n - b u t y l t i n  h y d r i d c  t o  t h c  r c u e t i o n
I ' l l s k  t h u t  w a s  i r r a d i a t c d  w i t h  a  l o n g - w a v c l c n g t h ,  l o w - i n t c n s i t l  u l -
t r u v ' i t t l c t  l i g h t  ( N { i n c r a l i t c .  L t ' V S L  l 5 ) .  A l i q u o t s  ( 0 . 6  r n L - )  w c r c  r c -
n rovcd  c 'ue rv  5  m in  f i r r  -10  n r in .  [ : ach  e l i quo t  was  lddcd  to  u  v ia l  l o r
thc  l ru ton . l r t i c  sun rp l c r  tha t  cun ta incd  ca .  I  n r l -  o l ' ca rbon  t c t rach lo r idc :
ca rbon  te  t rach lo r idc  r cac ts  w i th  t i n  hyd r ides  a  fac to r  o f  20 -30  t i rnc .s
I 'ustcr  thun thc ulk l ' l  bronr idcs thut  wcrc studied and providcs cf ' lcct ivc
qucnch ing  fb r  thc  r cac t ion  n r i x tu rcs . : l  The  v ia l s  ue re  capped .  shakcn .
p l l ccd  on  thc  au ton ra t i c  san rp l c r ,  and  ana l l zcd  b ; '  G  LC ' .

Nlethods for  ( 'onstant-Surface Kinet ics.  The constant-sur lacc k i -
t t c t i cs  n re thod  u t i l i zed  an  approx i r l a te l y  20 -25 - l ' o ld  mo l t r  cxccss  o f '
n ragncs iu rn  rne ta l  r c la t i vc  to  a l ky l  ha l i dc  and  p roducec i  pscudo-
I ' i r s t -o rdc r  p lo ts  fo r  d i sappcarancc  o i  a l ky l  ha l i de  (c l ' .  I : i gu rc  -5 ) .  A
rc lgcn t  g radc  n tagncs iun r  rod  0 .625  in .  i n  d ia r l c t c r  was  po l i shed  rv i th
rne :d iu rn -g radc  sandpaper  un t i l  t hc  o r ig ina l  ox id i zcd  su r l ' acc  had  bce  n
rcn ruvcd .  Thc  po l i shcd  n rugncs iun t  rod  w l rs  thcn  cu t  i n to  scc t ions  l  . (X )
in .  l ong .  l rnd  two  dccp  no tches  wcrc  n tade  in  cach  scc t i t l n  us ing  r r
h r rcksuu 'c l r  l ' i bc r  bands lu ' .  l - ou r  o f  t hcsc  scc t i t t ns  wc rc  r v i red  to  thc
cnd  o l ' u  g lass  s t i r r i ng  rod  by  pass ing  two  p ieces  o f  s ta in l css  s tcc l  r v i r c
t h r o u g h  t l r c  t w o  s c t s  o l ' n o t c h c s  o n  t h c  r n a g n c s i u m ,  t h e n  t i g h t c n i n g
t l ic  r . r ' i rcs rv i th p l icrs.  Thc rcact i t tn vessel  used lbr  thc ct tnstant-sur l ' i rcc
k inc t i cs  n rc thod  cons is t cd  o f  a  -500-mL round-bo t ton rcd  f ' l ask  w i th  l
21110  s tandard - tapc r  g r r - rund-g lass  jo in t ,  and  an  add i t i ona l  o t t / - s t t
g r o u n d  g l a s s  j o i n t  ( F i g u r c  3 ) .  T h c  g l a s s  s t i r r i n g  r o d  w i t h  t h c  l o u r
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p icccs  o l  n ragncs iun r  cou ld  j u \ t  pass  th rough  th i s  ( r0  50  opcn ing  in to
thc  r c r r c t i on  vessc l .  J ' hc  o thc r  e  nd  o l ' t hc  g l i r ss  rod  wr r t  , r t t r r chcd  to  a
h igh - to rque .  cons tan t -spced  s t i r re r  and  an  appropr ia te  r rd . tp lg f  i o incd
t h c  s t i r r i n g  r o d  c o l l u r  t o  t h c  6 0 / - 5 0 1 o i n t .  

' f  
h c  2 4 1 1 0  o u t l c t  \ \  r L :  I ' i t t c d

w i th  a  No-a i r  s t ( )pper  con t r r i n ing  a  l 2 -guuge  sy r inge  nced lc  r r s  r r  vcn t .
A rgon .  1 .2 -d ib ro rnoc thanc .  r r l k l  l  ha l rdcs .  and  so lvcn ts  wc re  in t r , rduccd
lnd  rcmovcd  l - ron r  thc  r cuc t ion  vcssc l  bv  c l rnnu lac  th rough  thc  l l  -1 ( )

t ) f - t g 6 1 P * .

, , \ l ' t c r  t he  n rugncs iun r  anc l  t he  s t i r r i ng  rod  w 'c rc  i nse r t cd  th rough
thc  ( r0 / -50  opcn ing .  thc  r cac t ion  vcssc l  uus  f - l ushcd  u i th  i r rgon  lo r  -5
nr in,  l larnc dr icd.  and al lorved to cool  undcr a strcarn ol 'argon.  t ) iethyl
e thc r  ( ca .  400  rn l - )  was  then  added  to  the  coo led  l l ask .  t i r l l owed  by '
c u .  5 . 0  n r l -  o l '  l . l - d i b r o n r o c t h u n c .  T h c  r c a c t i o n  w i t h  t h c  t l i b r o r n o -
c th i rnc  wr rs  con t ro l l cd  b1  r r t r rnc rs ing  thc  r cac l i on  v ' cssc l  i n  an  i cc  wu tc r
brr th pcr i td ic l l l l ' .  This rcrct ion u 'as al lorvcd to go ncar l l  t t t  contplet ion:
l t  t h i s  po in t  )90or  o f  t hc  o r ig ina l  n ragncs ium su r facc  wus  v ' i s ib l r
c t chcd .  Thc  c thc rc r r l  so lu t i on  o f  magnes iun r  b romidc  was  rcmovcd  b r
cunnu la  undc r  a  pos i t i vc  p rcssu re  o l ' a rgon  und  rcp luccd  w i th  -100  mt -
o l ' l ' r csh  unh td rous  c thc r .  Thc  f r csh lv  co r rodcd  n tagncs iun t  su r face
rv r rs  du rkcncd  bv  thc  ( )pe ra t ion  o f ' r cmov ing  thc  magncs iu r l  b romidc
s o l u t i o n  u n d  r r d d i n g  l ' r c s h  c t h c r .  A  s n r t l l  q u u n t i N  o l '  1 . 2 - d i b r o r n o -
c t h u n e  ( 0 . - i  r r r l . )  i n t r o d u c c d  i n t o  t h c  r c u c t i o n  v c s s c l  b l  s l r i n g c  i r n -
rncd i l r t c l r  r cn ro l ' cd  thc  du rk  n ra tc r ia l  on  thc  n ragnes iun t  su r l ' l cc  l nd
rendc rcd  thc  su r l l rec  sh in r  oncc  aga in .  Thc  rcac t i t l n  vcsse l  r vas  t l r cn
c o o l c d  i n  a n  i c c  r r u t c r  b u t h  ( 0  " ( ' )  l i r r  l 0  n r i n  u n d  t h c  g l u s s  s t r r r i n g
rod  w ' i t h  thc  rnugnc : iun r  u rLs  ro t r r t cd  r r t  l - 10  rpn t .  Thc  rcac t ion  whosc
k i n c t i c s  w c r c  t o  b c  s t u d i e d  u u s  i n i t i u t c d  b r  t h c  a d d i t i o n  o f  0 . 0 - 5 3  n r o l
, r l  l r l k r l  h l r l i d c  l r n d ; 1 . 0  n r l .  o l ' l t l k r r n c  i n t c r n a l s t a n d a r d  i n  o n e  p o r t i t l n
b r  s r  r i n g c  T h c  f i r s t  a l i q u o t  w a s  t a k c n  i m m e d i u t c l y  u l ' t c r  a d d i t i o n  o l '
t hc  r r i k r l h l r l i c i c .  r rnd  subscqucn t  a l i qu t l t s  u ' c rc  takcn  i t t  2 -n r in  i n t c r ' , ' r t l s
I o r  t h c  r r l k r  I  b r o r n i t i c '  r r n c l  r r t  5  - 1 0 - n r i n  i n t c r v i t l s  l i r r  t h c  r r l k l l  c h l o -
n d c s .  d c p c n d i n g  o r t  t h c  r c r r e l i r  r t r  t t l  t h c  p r r r t i c u l r t r  r l k y l  c h l o r i d c  b c i n g
s t u d i e d .  l r r n r c d i r r t c l \  u p ( ) n  c ( ) n c l u s i ( ) n  o l ' t h c  r c a c t i o n .  t h c  i c c  \ \ ' l r t c r
b l r th  wus  rcn rovcd .  thc  ( i r i g l r l r rd  so lu t ron  \ \as  r cn tovcd  bv  cannu la
undc r  a  pos i t i vc  p rcssu re  o1 -a rgon .  and  100  n t [ -  o f - l ' r csh  anhvdrous
c lhc r  u r rs  addcd  by ' cannu la .  fo l l owed  by  0 . ,5  n t l -  o f ' d ib romoethane .
Thc  rc r rc t i on  vcssc l  w ' i r s  aga in  coo lcd  to  0  oC io r  -10  n t i n ,  t hen  thc
: e c r ) t d  h l l i d c  u h o s c  k i n c t i c s  w c r e  t o  b c  s t u d i c d  a n d  a l k a n e  i n t c r n r r l
' t r r n d l r  r t i  u c r c  r r d d c t l  i n  o n c  p ( ) r t i ( ) n  b r  s r r i n g c .  A l i q u o t s  w c r c  l r i t h -
t i  r r r r r  n  i r r  t l r c  s . r n c  l n ; t n n c r  t l c ' c r i b c t l  l i l r  t h c  r c a c t i o n  o f  t h c  I ' i r s t  l r l k r l
h lL l r t l c  

-T 'hc  
cn t r re  ( ) l l c r , r t r ( ) l r  \ \ t ! s  r c l - r c l r t cd  t r  sccond  t ime  f ' t l r  t hc  I ' i r s t

h r r l i d c  r r r r d  l h e  n  t h c  \ c c ( ) n d  h i r l i d c .  l ' h c  n r t c s  t l f ' t h c  f ' i r s t  a n d  t h i r d  r c -
l r c t i t l n s  o n  t h c  r n u g n c s i u r n  s u r l a c c  r c u c t i o n  w  i t h  t h e  I ' i r s t  u l k r  I  h u -
l i dc  \ \ c rc  con rp l r rub lc .  and  thc  ra tcs  t r l ' t hc  sccond  und  fou r th  r cac -
t i ons  on  thc  r l agncs iu rn  su r l -acc  rcac t i ( )ns  u  i t h  the  sccond  a l k r  I
h r r l i dc  \ ! c re  co l l pu rab lc .  Up  to  scven  rcac t ions  cou ld  bc  run  in  sc -
qucncc t ln a s inglc usscntbl r  of  d ibrontocthi rnc-act i 'u 'atcd ntagncsrurrr
r t t ds .  l r  nd  thc  r l r t cs  o l  r c l re t i on  l ' o r  o r rc  h l r i i dc  wc rc  nc l t r l r  t r l u l r , l ' s  r c -
n r o c l u c i b l c  w i t h i n  I  l  0 ' ,

S c q u e  n t i r r l  r c r r c t i o n s  i n v o l r  i n u  t r n c  h r l i d c  i n  c l i t - l ' c r c n t  s o l v c n t s  w ' i t h
( ) n c  l n l r g n c \ r r r n r  s t r r l l r c c  o l  e o n : t l r n l  l l e  t i \  i t \  u l t r c  r c p r t t d u c i b l e  r c s u l t s .
l ) i b r o l r r o c t h l r n c  r r c t i r l r t i o n  u l r s  c l t r r i c d  t l u t  i n  d i c t h r l c t h c r  i n  t h c  u s u u l
n l r l nnc r .  

-T 'hc  
c thc rc l r l  n ragnes ium d ib romidc  \ \u \  r c l l ( ) \ ' cd  b l  cannu la .

t  hcn  so lvcn t  , , \  u  l r s  i n t r t l duccd .  A l ' t c r  0 . -5  n t  [ -  o l '  I  . ] -d ib romt l c thane
r r l l s  l rddcd  lo  r cuc t i v r r t c  thc  su r lucc .  thc  r cac t ron  l l l r sk  was  coo led  and
t l tc  rcrrct ion curr icd out  r rnd rrnrr l rzcd as dcscr ibcd ubovc in thc gencnr l
p r ( ) ccdure .  On  conrp lc t i on  t l l ' t he  r cac t ion ,  thc  ( i r i gna rd  s t t l u t i on  in
so lvcn t  A  u l s  re r r ro l ' cd  anc l  t ' r csh  so lvcn t  B  uas  addcd  to  thc  r cac t ion
vcssc l .  Thc  second  rcuc t ion  uas  ca r r i cd  ou t  i n  so l v ' cn t  B .  the  th i rd  i n
, \ .  t h e  l i r u r t h  i n  B .  r r n d  s o  l i r r t h .  T h e  n r t c s o l r e a c t i o n  t l l t h c o n c  h l l i d c
r n  t h c  s r r n r e  s o l v e  n t  u c r e  r c p r o d u c i b l c  w r t h i n  +  l O q i .  S c q u c n t i u l  r c -
l c t i o n s  i n v t l l v i n g  t h c  r c r r c t i o n  o l ' o n e  h l r l r d e  u ' i t h  o n e  n t r l g n c s i u n r
su r l ' ucc  o l cons t r rn t  r r c t i v i t v  i n  thc  s i r r r r c  so l vcn t  l r t  c l i l ' l - c rcn t  t cn tpc ru -
turcs gavc rcprt lducib lc nr tcs l i r r  rc t rct ion ut  c l rch tcntpcnl turc.  St i r r ing
ra tes  ub t l vc  c l r .  170  rp r l  p roduccd  vo r t i ccs  i n  thc  s t i r r cd  c thc r  so lu t i on
that  cxposcd s()n)c ( ) l  thc rc l rct ing rnugnesiul l  t t l  thc argon i r tnrosphcrc.
Thc  h ighc r  thc  s t i r r i ng  n r t c  vv ' r l s  abo l ' c  I7 ( )  rpn t .  t hc  l css  thc  r cuc t ing
lnagncs iu rn  su r l -uce  uas  c rposcd  to  thc  c thc re l r l  u l k r  I  ha l i dc  s t t l u t i on .
A  s t i r r i n g  r l r t c  o l '  1 . 1 0  r p r n  u u s  u s c d  i n  e l l  t h c  c r p c r i n t c n t s  r c p o r t c d
i n  t h i s  w o r k .

( i l  C  l r n l l r s i s  r l l ' l h c  r r l i q u o t s  t l r k c n  d u r i n g  " c ( ) n \ t l n t - s u r l ' u c c "  k i -
n c t i c s  s t u d i c s  d c t c n r t i n c d  t h c  l o s s  o i  i r l k r l  h r r l i d c  r c l r r l i v e  l o  i n t c r n r r l
s tandard  us  r r  l l nc t i on  o l ' t i r nc .  A l l  t hc  c rpc r in t cn ts  th i t t  werc  cu r r i cd
ou t  us ing  thc  cons tan t -su r f ' ucc  t cchn ique  r  i c ldcd  l ' i r s t -o rdc r  p lo ts  l b r
t h c  r a t c  t l i  a l k r  I  h r r l i d e  c o n s u n r p t i o n .

\ lethods for  Rate rs.  Surface Area Determinat ions.  To u - i ( ) - rn l -
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rounc l -bo t ton red  f l usk  cqu ippcd  w i th  a  0 .75 - in .  magnc t i c  s t i r r i ng  ba r
u ' i r s  addcd  c i thc r  a  s rng lc  1 . - s -g  s l i cc  o l - rnagncs iun r  rod  (0 .62 -5  in .  o .d . ,
su r l ' acc  a rca  , ' l  ) .  two  0 .75 -g  s l i ccs  ( su r facc  a rca  2 ,J  ) .  o r  th rcc  0 .5 -g
s l i ccs  ( su r l ' acc  a rca  3 l ) .  Thc  l l ask  was  i i t t ed  w i th  a  No-e i r  s toppc r ,
pu rgcd  w i th  l rgon  I ' o r  l 5  n r in .  I ' l an rc  d r i cd  and  coo lcd  to  roonr  t c ln -
pc r i l t u rc  undc r  a  s t r c ru r  o l ' a rgon .  und  p laccd  undc r  a  s l i gh t  pos i t i vc
p rcssu rc  o l '  u rgon .  Thc  f ' l ask  was  chargcd  w i th  I  0  n r  l -  o f '  anhydrous
c t h c r  l n d  0  2  m l -  o i  l . l - d i b r o n r o c t h u n e  w a s  a d d c d  t o  a c t i v a t c  t h c
magncs iun r  su r lacc .  A f  t c r  t hc  I .2 -d ib ron roc thanc  had  rcac tcd .  as
ind rca tcd  by '  ccssa t ion  o l  c th l  l cnc  cvo lu t i on .  thc  c thc rca l  n ragncs iun r
b ron r idc  was  rcn rovcd  undc r  l rg ( )n  bv  cannu la  and  l0  rn l -  o f  f ' r csh
anh l ' d rous  c thc r  und  0 . -5  n r  [ -  o l '  n -nonanc  (  i n t c rna l  ( i  LC  s tanderd  )
r , r ' c r c  addcd .  Wi th  v igo rous  n r rgnc t i c  s t i r r i ng  (ca .400  rpm)  the  f l ask
w a s  c q u i l i b r a t c d  t o  0 ' C ' ( i c c  w a t c r  b a t h )  l b r  l - 5  n t i n .  C y c l o p c n t l ' l
b ro rn idc  (10  n rn ro l ,  r r r ccoo lcd  to  0  oC)  was  addcd  and  a  ca .0 .13 -mL
sarnp lc  was  imnrcd ia te l y  r cn roved ,  and  thc  add i t i ona l  a l i quo ts  we  re
takcn  a t  -5  l -5 -m in  in t c rva ls .  The  workups  and  ana lys i s  werc  i de  n t i ca l
w i th  thosc  used  f ' o r  thc  cons tan t -su r facc  k inc t i cs  expc r in ren ts  ( v idc

supnr ) .  Thc  rnc thod  cmp loycd  us ing  cyc lopcn ty  l  ch lo r idc  d i l . l ' c r cd  in
thc  quan t i t i cs  o f  n ragncs ium used :  fo r  su r l ' acc  a rca  ;1 ,  I  . 0  g  o f  r cagen t
g radc  rnagncs iun r  mc ta l  t u rn ings  and  two  I  . 0 -g  s l i ces  o f  0 .62 -5 - in .  o .d .
ba r  ( to ta l  =  -1 .0  g  o f  Mg)  wc rc  uscd ;  su r facc  a rca  2 .4  and  J l  wc re ,
r e s p c c t i v c l ) .  2  0  g  o f  t u r n i n g s  p l u s  o n c  1 . 0 - g  s l i c c  o f  b a r  a n d  - 1 . 0  g  o i
t u r n l n g s .
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