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A b s t r a c t :  l l a r l n t c t t  c o n s t a n t s  f o r  r c u c t i o n  o f ' s u b s t i t u r c d  a r l l b r o n r i d c s  w i t h  n r a g n c s i u m  i n  s c v c r i l l s t l l v c n t s  l i r l l t l r l : d i c t h y l c t h c r

( p : l . l ) : d i - n - b u t y l c t h c r ( r , , =  1 . 9 ) : - l : l r : r ' d i - r r - b u t l l e t h c r  c r c l o h c r a n c ( p : 1 . 0 ) : t c t r a h v d r o l ' u r a n ( p - 0 ) : J : l v : v t c t r a h l ' -

d r o l u n r n  h c x a n r c r i r v l p h o s p h o n r n r i d e  ( / r  r  0 ) : d i c t h r l c t h c r  c o n t u i n i n g  0 . l J  N {  c l c l o p c n t l ' l n r r t g n e s i u n l  b r o n l i d c  ( i r  -  0 )  I n  t h c

po l l r  sg l vcn ts .  r cac t lgn  uppcars  t t t  bc  n rass  t r r rnspor t  l i r n i t cd .  The  r r r t c  o l ' r c r t c t i on  o l ' l r r l l  i od idcs  w i th  n tagncs iun l  i n  d i c th r l

c thc r  i s  p robab ly  a l so  mass  tn rnspor t  l i n t i t cd  (p  :  0 ) .  Thc  ra tc  o f ' r cac t ion  o l ' ch lo robcnzcnc  w i th  rnagncs ium (p r  -  1 .0 )  i s  ca .

l0a  s low lc r  than  tha t  o l ' b ron robenzenc  in  d i c th l l  c thc r .  and  i s  no t  n rass  t ranspor t  l rm i t cd .  The  rcac t i t t n  o l ' r t r v l  b ron l i dcs  w i th

t r i - r r - b u t y ' l t i n  h l d r i d e  ( A l B N .  h r , )  h a s  p  =  l . - 1 .  A n a l y s i s  o l t h c s c  v a l u c s  o f  p  n a r r o w s  t h c  c h o i c c  f  o r  t h e  r a t c - d c t e r m i n i n g  s t c p

in  the  rcac t ion  o l ' b romobcnzenc  w i th  magncs iun r  i n  d i c thy ' l  c thc r  to  onc  o f  th rec  l im i t i ng  poss ib i l i t i cs :  c l cc t ron  L rans fe r  f rom

thc  n rc ta l  t p  thc  a11 , l  b ron t idc  (3 ) .  u ry ' l  rad ica l  t i r rn ra t i on  b ) ,b ron r inc  abs t rac t i on  f rom thc  a ry l  b ro rn idc  by  thc  mc ta l  (6 ) .  o r .

l css  p robab l l .  i nsc r t i on  o lu  nugncs iun r  a ton r  i n to  thc  ca rbon  b ron r inc  bond  (7 ) .

Introduction

This papcr summarizes the results of 'a studl '  of the inf lucnce
of  subst i tuents  and so lvent  on the re la t ive ra tes o l ' react ion o f
ary l  ha l idcs wi th  magnesiunr  and wi th  t r i -n-buty l t in  hydr ide .
Thesc studics dif ferentiate between solvents in which reactions
with nragnesium are mass transport l imitcd and those in which

react ion is  s lower  than mass t ranspor t ,  but  do not  d is t ingu ish

bctwcen the two most  p laus ib le  l imi t ing mechanisms for  the

in i t ia l  rcact ion o f  organic  ha l ides wi th  magnesium:  e lect ron
t ransfer  (eq l )  and ha logen atom (or  ha l ide ion)  abst ract ion
(cq 2) ( in these equations, Mg. represents a surface magnesium

atc lm) .a 's

R X  +  M g , -  [ R X - . ]  *  M g , * '  -  R '  +  X -  *  M g . * '  ( l )

RX + Mg '  -  R '  +  X-Mg ' * '  (2 )

Analogous studies involv ing alkyl  hal ides are detai led in
accompanying papers.a'5 Aromatic bromides are reduced
clectrochemically at approximatcly the same potential as alkyl
bromides,6 but sp2 carbon-bromine bonds are stronger than
spr carbon-bromine bonds, and a hypothet ical  ary l  bromide
radical  anion might be longer l ived than an alkyl  bromide
radical  anion.6 |  I  Further,  stereochemical  evidence suggests
that reactions of vinylic (and, by analogy, aromatic) bromides
with magnesium di f fer  f rom analogous rcact ions of  a l iphat ic
bromides: the reaction of scvcral stereoisomeric vinylic halides
with magnesium proceeds with s igni f icant retent ion of  ste-
rcochemistry,l 2 while aliphatic organic halides appear to react

with magnesium with loss of  stercochemistry in al l  but  a feu'
cascs.  I  I  l r  Al iphat ic radicals are ef fect ively planar;  unstabi l -
ized vinyl ic radicals are bcnt but invert  wi th rate constants of
ca.  |  010 .-  |  s1 room temperaturc. l6 Loss of  stereochemistry
of vinylic radicals might thus be expected to compete even with
the vcry fast  react ion of  f ree radicals wi th (at)  a magnesium
surface inferred from studies of the kinetics and products of
reac t ion  o f  a lky l  ha l ides  w i th  magnes ium.a '5 '14 '17 ' l t t

Results

Hammett p ttalues are similar for reaction of aryl halides
with magnesium and tri-n-butylt in hydride in diethyl ether
solutions, but differ in THF solutions. Relative rates of re-
action were determined using competit ive kinetics techniques.a
These rates were not sensi t ive to smal l  var iat ions in most ex-
perimental parameters (cf. Experimental Section). We did not
vary the st i r r ing rate over a wide range, and we caut ion that
the exper imental  rate rat ios are expected to show some sensi-
t iv i ty to th is parameter when the component rates are in-
fluenced to different extents by mass transport:a competit ive
rate measurements involving rates close to transport l imited
must be interpreted with care. Figure I gives representative
experimental data for reactions of pairs of aryl bromides with
magnesium; Figure 2 shows similar data for reductions of aryl
bromides by t r i -n-butyl t in hydr ide ( f tv,  AIBN).

The rates summarized in Table I were correlated with
substituent effects using Hammett o parameters (rather than,
say, half-wave reduction potentialsle 2s) because Hammett
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p i ca l  du t i r  f  o r  thc  r cac t ions  o l '  n ragncs iun r  w i th  subs t i t u t cd
rrrr  I  bror l ic lcs in d icth l - l  e thcr .  The subst i tuents lbr  thc curvcs A F- f t r l low:
, \ r  =  / 1 , / ) - l l ,  A 2  = p - C l ,  B 1  =  p - (  l l . r ,  B :  =  m , p - H . ( - 1  = p - C F 1 ,  C :  =

7 r - C l .  D 1  =  p - ( ' . 1 , 1 ) 3  =  p - C  l l r ,  E r  =  p - C [ : r .  a n d  [ : 2  =  7 r - C  l l r .

/ )  va lues  a re  ava i l ab le  fo r  a  number  o f  o the r  reac t ions .  espe-
c ia l l y  hc te rogeneous  ones .  Thc  ra tes  o f  reac t ion  o f  a ry l  b ro -
r n i dcs  w i t h  t r i - / / - bu t y l t i n  hyd r i dc  havc  i nd i s t i ngu i shab le  p ' s
i n  d i e thy l  c t he r  and  t e t rahyd ro fu ran  (F igu re  3 .  Tab le  I I ) .  l t
i s  not  c lcar  whether  th is  re la t ive ly  large magni tude of  p  should
bc ascr ibcd to  charge separat ion in  the t rans i t ion s ta te  or  10
di f fc rcnces in  homoly t ic  carbon bromine bond energ ics .16 :x

[;or comparison, abstraction of iodine atoms from substi tuted
iodobenzenes by phcny l  rad ica l l ' ) -a  react ion in  which sub-
s t i tuent  e l ' l 'ec ts  have been suggested2T to  or ig inate a lmost  en-
t i r c l y  i n  bond  ene rg ies -has  p  :  0 .57 .

Hammct t  p lo ts  for  the react ions o f  ary l  bromides wi th
nr i lgncs ium in  severa l  so lvents  arc  g ivcn in  F igure 4 ;  va lucs o f
/ )  ure  l is ted in  Table  I  I .  St ra ight  l ines wi th  s imi lar  scat ter  were
obsc rvcd  i n  d i e thy l  e the r ,  d i - n -bu t y l  e the r .  d i - n -bu t y l  c rhe r -

-tos rcrz/c?, 
' 'o

Figurc  2 .  
- fy  p ica l  duta  for  thc  rcduct ion o f  subst i tu tcd ary l  bronr idcs br

t r r - l -but l ' l t in  hvdr idc  in  c thcr .  Subst i tucnts  for  thc  curves A c  l i r l l t r *
A1  =  2 -C l l l ,  A :  =  n t , p -H .By  =  m ,p -H ,  B :  =  2 r -C i  H3 .  C t  =  , t -B r .  un t l
1 ' .  =  p_C l .

cyc lohcxane  (3 : l  ) .  and  d ie thy l  e the r  con ta in i ng  0 .8  M  cyc lo -
pcntylmagnesium bromide. Hammett plots in tetrahydrofuran.
tc t  ra  hy 'dropyra n ,  and te t ra  hydrofuran -  hexa methy l  phospho-
ramidc (3 : l  )  appcar  to  be s l ight ly  curved.  Th is  s l ight  curvarurc
notwi thstanding,  the r .a tes in  po lar  so lvcnts  are c lear ly  much
lcss sens i t ive  to  subst i tuents  than are ra tes in  d ie thy l  e ther  and
lcss po lar  so lvents .  Thus,  the react ions o f  ary l  ha l ides wi th
I r i -n-buty l t in  hydr ide and magnesium respond d i f ferent ly  to
solvcnt effects. The former givc a single value of p. independent
o l 'changes in  so lvent :  the la t ter  g ive va lues of  p  which depcnd
st rongly  on so lvent .

The rate oJ- reaction rf ar1'l bromides is ma.gs transport
l imited in THF and more polar.solt :ents, but not in dietht ' l
ether and less polar solrents. The relat ive ratcs of reaction ol '
b romobenzene and cyc lopenty l  bromide wi th  magnesiunr  in
d ie thy l  e ther  d i i fer  on ly  by a  smal l  fac tor :  k1.or1,o , f  kc- (  s lqr r r
:  0 .48.4 The ra te  o f  react ion o f  cyc lopenty l  bromide is  merss
t ranspo r t  l im i t ed  i n  a l l  so l ven ts  l i s t ed  i n  Tab le  1 .5  We  havc
cs tab l i shcd  t ha t  t hc  sma l l  va lue  o f  p  cha rac te r i z i ng  reac t i ons
of 'ary l  bromides wi th  magnesium in  po lar  so lvents  re f lcc ls  a
t ranspor t - l imi ted react ion us ing a procedure analogous to  that
appl ied to  neopcnty l  bromide. i  Rela t ive ra tes o f  react ion o f
cvclopentyl bromide and bromobenzene were measured in two
se r i es  o f  so lu t i ons  o f  i nc reas ing  po la r i t y  (F igu re  5 ) . 30  H igh
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Table II .  Hammctt p Values for Rcactions of Aryl Halides with
Magncs ium and wi th  Tr i -n-buty l t in  Hydr ide and p Values for
Model Reactions Involving Cleavage of Bonds to, or Electron
Transfer  wi th .  an Arv l  Moietv

react ion solvent

^ 1 1
L J S

O-F f jm-Br
P-cFs

m - C F '

o.5

f  m - O C H .
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p - O C H 3 O
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I , ' igure 3. [{ lrnrrnett plots lbr rcuctions ol 'substi tutcd brt lnrt lbcnzcncs with
t r i - r - bu t l l t r n  h l d r i dc  undc r  l - r ec - rad i ca l cond i t i ons  (A IBN.  / r r r ) :  , \ : T l l l ' .

1 r  ' : .  1 .3 :  U:  t - - t ro .  p  -  1 .1 .

various conccntrat ions of cyclopenty' lmagnesium bromide. The
va lue  o f  p  i n  d i c thy l  c t hc r  con ta in i ng  0 .8  M  cyc lopen ty lmag -
ncs ium b rom idc  (po in t  l 5  on  t h i s  l a t t c r  p l a teau )  i s  a l so  ap -
p rox ima te l y  zc ro .  and  i s  cons i s ten t  w i t h  t r anspo r t - l im i t ed  r c -
i lc t ion for  thc  subst i tu ted bromobcnzenes.  S ince there is  no
ev idence  t ha t  t he  behav io r  o f  cyc lopen ty l  b rom idc  d i l f e r s  i n
T H F - H M P A  s o l u t i o n s  a n d  i n  d i e t h y l  e t h c r  c o n t a i n i n g  c y -
c lopenty ' lmagnes iunr  br t rmidc, i  the most  s t ra ight forward ra-
t i ona l i za t i on  o f  t he  l owc r  p l a t cau  i n  F igu re  5  i s  t ha t  t he  d i i -
f us i on  cons t ^  n t  o f ' b ron robe  nzcnc  i s  dcc reascd  s l i gh t l y  i n  so -
l u t i ons  con ta in i ng  h igh  conccn t ra t i ons  o l -  G r i gna rd  r cagcn ts .
pcrhaps by complcx format ion.

React ion o f  bromobcnzene wi th  magnesium thus shows a
response to solvents very similar to that obscrvcd l i l r  neopentyl
b ron ' r i de . i  I n  d i e thy l  e the r ,  r eac t i on  i s  s l i gh t l y  s l ower  t han
t ranspo r t  t o  t he  me ta l  su r f ace .  As  t he  so lu t i on  po la r i t y  i n -
crcases.  thc  rcact ion ra te  increases,  and in  so lvents  hav ing e )
7  the ra te  becomes mass t ranspor t  l imi tcd.  Thc curvature ob-
served lor  Hamrnet t  p lo ts  in  te t rahydrofuran and tc t rahy-
dropyran may' rcf lect thc grcater contr ibution of mass transport
l imitat ions for thc rates of thc slower compounds in each scries.
F igure 6  p lo ts  p  as a  funct ion o f  so lvent  d ic lcc t r ic  constant .  As

q
Ar l  *  Mg
ArBr  *  Bu3SnH

Ar l  *  Ph .
A r l  *  p -NO2Ph .
A r l  *  2e -
ArBr  *  2e-
ArCl  *  2e-
A r R  *  c -
-O lCArR  *  c -
A r z H g  +  r o r H g

ArD  *  H :O  (P t  ca ta l ys t )
A r H  *  K N H :
Ar lF lg  *  HgX2
ArR *  SO.r - .

"  Non l inca r  Hanrmet t  p lo ts ; scc  F igu rc  4  and  thc  tex t .  r '  Thcsc  "p "
va lucs  u rc  the  s lopes  o l  p lo ts  o f  on  vs .  C1 , '  I ' r on t  po la rog raph ic  r c -
duct ion at  a dropping mercury c lectrodc.  '  \4.  Anbar.  At l r .  Phv.s.  Org.
( ' h e m . , 7 ,  l l 5  ( 1 9 6 9 ) ;  R  =  B r .  I  { ' a l l  o f ' f  t h e  c o r r c l a t i o n  l i n c s . ' /  A n
approx in ra te  va luc  ob ta ined  by '  p lo t t i ng  pa r t i r r l  ra t c  f ' ac to rs  f ro rn  A .
I .  Shate nstc in.  ib id. ,  l ,  1,55 (  l96l) ,  vs.  op.  Thc plot  shows considcrablc
sca t t c r .  "  R .  E .  Dessy  and  Y .  K .  Lcc ,  J .  Am.  Chem.  ̂ 9 r - r t ' . ,  82 ,689

1 1 9 6 0 ) .  /  P .  N c t a .  V .  M a d h a v c n ,  H .  / . e m c l . a n d  R .  W .  F e s s e n d c n .
i h i d . , 9 9 .  r 6 3  i l 9 7 7 ) .

d ie lectr ic  constants were obtained in one ser ies of  exper iments
( the upper  p la teau of  F igure 5)  us ing mix tures o f  THF and
H M PA. Dielectr ic constants of mixed solvents were estimated
on thc assumption that contr ibutions from thc two components
were addi t ive .  In  a  second ser ies  o f  exper iments  ( the lower
p la teau of  F igure 5) ,  e ther  conta in ing h igh concent ra t ions o f
cyc lopenty lmagnesium bromide was used to  obta in  h igh d i -
clcctr ic constants. Dielectr ic constants for these solut ions were
assumcd to  be the same as those for  cor rcsponding conccn-
t ra t i ons  o i  c t hy lmagncs ium b rom idc  i n  d i c thy l  c t hc r . r l

F igure 5  e f fec t ive ly  re la ted the ra te  o f  react ion o f  bromo-
bcnzenc to  the ra te  o f  d i f fus ion of  cyc lopcnty l  bromide.  In
nrcd ia  o f  low d ic lec t r ic  constant ,  bromobenzcne appears  to
r cac t  more  s l ow ly  t han  i t  encoun tc r s  t hc  magncs ium.  Th i s
observat ion is  compat ib le  wi th  large va lues for  p  in  these so l -
vcnts  (Table  I I ) .  As the so lu t ion d ie lect r ic  constant  increases.
thc rate of reaction of bromobenzene increases toward that of
cycfopenty l  bromide.  Above (  -  J ,  thc  ra t io  o f  thc  ra tc  con-
s tants  o f  brornobenzenc and cyc lopcnty l  bromide remains
c o n s t a n t :  k < : , l t r g r l k c - c s g q r l r  =  l . l  i n  T H F  a n d  i n  T H F  c o n -
ta in ing H MPA.  Th is  ra t io  was conf i rmcd as thc  ra t io  o f  d i l ' -
fus ion constants  by mcasur ing thc d i i ius ion cur rcnts ,  i .1 ,  for
cach  i n  dc  po la rog r l r ph i c  r educ t i on :  i o . cn r r . g r / i , j . c - ( . gq t l r  =  l . l
( D M F ,  B u a N B F l , 2 5  o C ) .  T h u s  f o r  e  )  7 ,  t h e  r e a c t i o n  o f
bromobcnzcnc wi th  magncs ium is  a lso mass t ranspor t  con-
t ro l lcd.  Th is  bchav ior  c lose ly  rescmblcs that  obscrved for  ne-
opcnty l  bromide.5

Figure 5  conta ins one feature not  observed for  the re la t ive
rates o f  rcact ions o f  neopenty l  and cyc lopenty l  bromides:5 two
clcarly dcf ined plateaus appcar at high dielcctr ic constant, one
for TH F-H MPA mixtures and one fbr diethvl ether containinq

log (kr /kr )
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Figure 5.  Conrpar ison of  thc rcsponse of  the re lat ive rates of  react ion of
brornobenze ne lnd cyclopenty l  bromide to the solut ion die lectr ic  const i rnt
i nd i cu tcs  tha t  thc  l i r rmcr  ra tc  becomes  t ranspor t  l im i ted  a t  d i c lec t r i c
cons tan ls  g rca tc r  than  -7 .  The  so lven ts  en rp loyed  rn  th i s  s tudy  inc ludcd
( l )  l ] u : O .  ( 2 )  B u 2 O  C 6 H 1 2 ( 3 : l ) .  ( l )  L , t 2 O  p c n t a n c  ( 7 : 3 ) ,  ( 4 )  E t : O
pcn t i rnc  (4 : l  ) .  (5 )  [ i t 2O pe  n tane  (9 : l  ) ,  (6 )  E t :O .  (7 )  F . t :O  0 .2  M RMgBr .
( r { )  T l l F - E t : O  ( 2 : l ) ,  ( 9 )  T H P ,  ( 1 0 )  T F I F ,  (  I  I  )  T l - l F  H M P A  ( 3 : l  ) ,  ( l l )
' l ' l l l '  

t l N 4 P A  ( l : l ) .  (  l l )  T l l F - l l M P A  ( l : 3 ) ,  ( 1 . 1 )  E t r O  0 . 4  M  R M g B r .
( 1 5 )  l : t 1 O  0 . l J  M  R M g B r ,  ( 1 6 )  I r t r o  1 . 0  M  R M g B r .  R M g B r d c n o t c s
cvc l ( )pcn ly lm i rgncs iun r  b romidc .  So lvcn t  compos i t i ons  a re  v :v .  Thc  c r -
pc r i rncn t r r l  r cp roduc ib i l i t y .  as  i nd i ca tcd  fb r  thc  po in t  dc tc r r l i ncd  in
l : t .C )  0 . - l  M  RMgBr  (14 ) .  i s  approx ima te l y  the  same fo r  a l l  po in ts .

the die lectr ic  constant  increases (and,  presumably,  as the rates
of  rcact ion increase),  the value of  p smoothly decreascs.  Sincc

the approximately zcro values observcd for p in high dielectr ic
so lvents  have been idcnt i f icd  wi th  t ranspor t -cont ro l led reac-
t ions,  i t  appears  that  the decrcasc in  p  in  go ing f rom d ibuty l
c ther-cyc lohexane to  d ie thy l  e ther  re f lec ts  thc  prox imi ty  o l '
thc  rcact ion ra tcs  to  the t ranspor t - l i rn i tcd rzr tc . - l l

F i gu rc  7  shows  the  ra t c  o f  r eac t i on  o l ' b romobenzene  w i t h
magncs ium in  severa l  so lvents .  obta ined us ing thc "constant
sur l i rce"  k inc t ics  technique descr ibcd c lscwhcre,a .s  p l t t t ted vs .
thc reciprocal of thc viscosity of the solvent. Thcse data providc
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Figure 4.  l lamrnet t  p lots for  thc react ion of  magncsiurn wi th subst i tuted
bro rnobcnzcnes :  A ,  d ie  thy l  e the r ,  p  -  L  l ;  B ,  te t rahydropy ran ,  0  <  p  <

0.6;  C,  tc t rahydrofuran,  0 < p < 0.4,  D,  TH F*H MPA (3: l  ) ,  p ry 0.  Points
lor  nr-  and p-dibromobenzenes in d iethyl  ether have been correctcd sta-
t i s t i ca l l l , f o r  the  p resence  o f  two  ca rbon  ha logcn  bonds  by  d i v id ing  thc
obscrvcd rc lat ivc rates by two; points for  thcsc ct t r r rpounds in Tl lF have
r l r . r /  bccn correctcd (scc thc text  for  a d iscussion).

Journal of the American Chemical Society I 102:l f January 2, 1980

2 , 2

0 4 8 1 2 1 6 2 0 2 4

Die lec f  r i c  Cons lon t

F - igu re  6 .  Hammct t  p  va lucs  fo r  thc  r cac t ion  o f  magncs iun r  w i th  subs t i -
t u t cd  b ro rnobenzenes  in  d i l ' l ' c r cn t  so l ven ts .  The  Hanr rne t t  p lo t  rn  t c t -
r i rhvd ropy ran  (T l - l  P )  was  non l i nca r .  E t lO(RMgBr )  deno tes  d i c thy l  c thc r
con ta in ing  0 .8  M cyc lopen ty ln ragnes ium b romide .  The  e r ro r  ba rs  a rc
sub icc t i vc  cs t ima tcs  o f  the  re la t i ve  accu rac ies  o f  these  es t ima tes .

t .2

o.8

o.4

o.o
?

( c p  r )

Figure 7. The re l l t ivc ratcs ol rcucti l )n ol 'bromobcnzene with mllgnc\iunt.
rrs l  l 'unction of thc reciprocal ol ' thc solvcnt viscttsi ty. Rates werc obtaincd
us ing "constunt  sur l 'ace"  techniqucsa at  0  oC,  and are i t rb i t rar i l l  nor -
r rur l izcd to  thc  v i r luc  in  d ic thr lc thcr ;  r ' i scos i t ics  wcrc  lncasurcd r r t  0  oC.
l : t 1O  P . l : l  I  M  RMg l l r  i s  r r . l : l  v : v  n r i x t u r c  o i d i c thy l  e the r  and  pcn tanc
contu in ing I  M cvc lope nt r  ln l rgncs iunr  bront ide .  Thc po in t  ind icated b1,
"* "  is  thc  va luc o l ' l ' . . ;  p rcd ic ted f 'o r  tnrnspor t -cont ro l lcd ra tc  in  d ie thr l
c t hc r  ( scc  t c \ t  l b r  a  d i scuss ion  o l ' t h i s  po in t ) .

two independent  checks on the conc lus ion that  rz r tes  are
t ranspor t  l imi ted in  so lvcnts  o f  h igh d ie lect r ic  constant  (TH F,
T H F  H M P A .  E , t l O  c o n t a i n i n g  0 . 8  M  c - C s H e M g B r ) .  F i r s t ,
ra tes in  the two so lvents  lbr  which va lues of  p  =  0  have been
measurcd ( ind icated on the p lo t  by  f i l led c i rc les)  fa l l  on a
s t ra i gh t  l i ne  pass ing  t h rough  the  o r i g i n .  Second ,  nonc  o f  t he
so lvcnts  examined y ic lds  ra tes which lh l l  above th is  l ine.  Both
obsc rva t i ons  a rc  compa t i b l e  w i t h  t he  hypo thes i s  t ha t  t he  l i ne
reprcse nts  an uppcr  l imi t  set  by  the mass t ranspor t  o f  bromo-
bcnzcne .  By  ex t rapo la t i ng  t h i s  l i nc  t o  l ow  v i scos i t i es ,  i t  i s
poss ib l e  t o  p red i c t  t ha t  t he  t r anspo r t - l im i t cd  ra t c  t ha t  wou ld
be observed lor  bromobe nzcnc in  a  so lvcnt  hav ing thc v iscos i ty
o id i e thy ' l c t he r  ( 4  =  0 . -12  cP .  4 - r  =  - l . l  cP - r ) r r  wou ld  bc  f as t c r
than thc ra te  actua l ly  obserr , 'ed in  d ie thy l  e ther  by a  l 'ac tor  o f
l . f t  Th is  va luc is  in  good agrcemcnt  wi th  cs t imates o1 ' the same
nurnber  l ' rom two scpar i r tc  sourccs:  thc  fac tor  scparat ing the
ratc  o l ' rcact ion o f  bronrobcnzcnc in  d ie thv l  e ther  f rom thut  o f '
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Whitesides et al. f Reaction of Substituted Aryl Brontides with Magnesiunt

an a lky l  ha l ide o f  approx imate ly  the samc molecu lar  weight
(and thus,  d i f fus ion constant )  which reacts  a t  a  t ranspor t -
cont ro l led ra te  in  th is  so lvent  (e .g . ,  kc-cr l ten, . / f t1 '011.s , "  =  2 . l )a
and the dif ference in the rat io of rates in Figure 5 betwecn 2
diethyl ether and solvents in the plateau regions 

"f 
th.t .  ; ; ; ;  

2'o

( for  R = kCoH,B.  lk r -crg ;1Br ,  RrHn r rH, ren/Rr , . t2o = 2 .3  and
RE, .g  RMsBr /RE tzo  =  1 .7 ) .
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Figure 8.  Plot  of ' log ( / iobsa/k1l)  ( f robsd is  the observcd ratc constant ,  l t l
is  thc t ransport- l imi ted rate constant  der ived l rom Figure 7)vs.  p for  ary l
bronr idcs in scveralsolvents (open syrnbols)and for  ary lchlor ides in d icthyl
c thc r  ( f i l l cd  symbo l ) .  Thc  do t ted  l i ncs  rep rcsen t  p laus ib l c  cx t remcs  fo r

1 . r  a t  va lucs , r t  1 "u 'd /k ' l  (  0 .1 .  So lvcn t  compos i t i ons  a re  dc ta i l ed  in  Tab lc
i l .

In  less po lar  so lvents-d ie thy l  and d ibuty l  e ther  and d ibuty l
ether-cyclohexane-the observation of l inear Hammett plots
wi th  s ign i f icant  p  va lues estab l ishes that  the react ions o f  ary l
bromides wi th  magnesium are not  t ranspor t  l imi ted.  In ter -
pretat ion of these p values in terms of charge in the transit ion
sta te  is  compl icated by the prox imi ty  o f  the ra tes f rom which
thcy are derived to the mass-transport- l imited regime. Phenyl
bromide reacts  wi th  magnesium in  d ie thy l  e ther  a t  approx i -
mate ly  the same rate  as neopenty l  bromide:a that  is ,  a t  ap-
proximately one-half the expected mass-transport- l imited rate.
S ince the prox imi ty  o f  these ra tes to  the mass- t ranspor t -con-
t ro l led l imi t  would  be expected to  decrease the magni tude of
p .  the observed va lues of  p  should  be cons idered min imum
values.  when d iscuss ing the charge d is t r ibut ion in  a  hypo-
thct ica l ,  non- t ranspor t - l imi ted t rans i t ion s ta te .

I t  is  poss ib le  to  get  a  qual i ta t ive p ic ture o f  the behav ior  o f

1r  in  the reg ime c lose to  t ranspor t - l imi ted ra tes us ing a proce-
dure based on Figure 7. For each solvent system in this f igure,
we est imated thc prox imi ty  o f  the observed r ' ,1 .  f tobsd to  the
t ranspo r t - l im i t ed  ra te  k t r  i n  t ha t  so l ven t :  t he  l a t t e r  quan t i t y
may be est imated at  any va lue of  4- r  f rom the l ine proposed
to represent  t ranspor t - l imi ted react ion.  Thus,  for  example,
1 'bsd/ f t t l  =  0 .1  I  for  Bu:O.  F igure 8  p lo ts  these data.  A l though
i t  appears  that  the apparent  va lue of  p  decreases rap id ly  for
va lues o11 ' rb 'd /k t l  >  0 . l ,  we do not  have the data lor  1 .bsd/ f t t l
<  0 .1  which would be requi red to  ext rapola te  p  to  a  re l iab le
va lue at  ra tcs  suf f ic ient ly  s low as to  be un in f luenced by the i r
p rox im i t y  t o  t r anspo r t - l im i t ed  va lues .  A t t cmp ts  t o  s l ow  the
ratcs  exper imenta l ly  by adding quant i t ies  o f  hydrocarbons lcd
to  p rec ip i t a tes  o r  two -phasc  l i qu id  m ix tu r cs .  A  va lue  o i  p  i s
ava i lab le  for  ary l  ch lor ides in  d ie thy l  e ther  which is  far  re-
nrovcd f rom kob\d I  ku = I  ,  but  the re levance of  th is  datum to
react ions o f  ary l  bromides is  unc lear .  Fragmentary  ev idence
dcr ivcd f rom compar isons of  ra te-s t ructure prof i les  for  reac-
t ions o f  a lky l  bromides and a lky l  ch lor ides suggested that  re-
nct ion ra tes lor  the la t ter  group of  compounds were less sen-
s i t ive  to  changes in  a lky l  group s t ructurc  than the former  by
approx imate ly  a  l 'ac tor  o l '4 :a  i f  thc  same d i f ference in  scns i -
t iv i ty  ho lds l 'o r  aromat ic  ha l idcs,  thc  va lue of  p  for  s lowly  re-
ac t i ng  a ry l  ch lo r i dcs  rn i gh t  bc  much  s rna l l c r  t han  t ha t  f o r  a
(p resen t l y  hy ' po the t i ca l )  g roup  o f  s l ow ly  reac t i ng  a ry l  b ro -
m idcs . r5

[ :ven g ivcn prcscnt  unccr tu in ty  conccrn ing thc s ign i f icancc
of  p  for  d ic thy ' l  o r  d ibuty le ther .  i t  i s  poss ib lc  to  in tcrprc t  thesc
va lucs to  cxc ludc scvcra l  o f '  thc  noss ib le  t rans i t ion-s ta te

Statistical Corrections to Rates of Reaction of Dibromo-
benzenes. Table I contains relat ive rates of reaction of I  .3- and
1,4-d ibromobenzene wi th  magnesium in  d ie thy l  e ther  and in
tetrahydrofuran. Observed rates in the former solvent were
corrected stat ist ical ly for the presence of two equivalent car-
bon-bromine bonds by d iv is ion by two;  ra tes in  the la t ter  so l -
vent were not stat ist ical ly corrected. I t  was possible to decide
if the observed rates should be statistically corrected only after
establ ishing whether the reactions of the aryl dibromides were
transport limited. In diethyl ether, evidence summarized above
has estab l ished that  these react ions are not  t ranspor t  l imi ted:
the ary l  d ibromides presumably  encounter  the magnesium
surface many t imes before they react. In tetrahydrofuran, the
rate  o f  d isappearance of  the ary l  mono-  and d ibromides is  de-
terrnined by transport to the magnesium surface, and is inde-
pendent  o f  the number  o f  carbon bromine bonds present .
Stat is t ica l  cor rect ion is  not  appropr ia te  in  th is  so lvent .  The
observation that the stat ist ical ly uncorrected rates for m- and
p-d ibromobenzene in  te t rahydrofuran seem to  fa l l  s l ight ly
above the ad jacent  po in ts  in  the Hammet t  p lo t  o f  F igure 4  is
compatible with the inferencc drawn from the apparent cur-
vature in this plot,  and from thedata in Figure 6, that reactions
in  th is  so lvent  s t raddle  the reg ion between t ranspor t - l imi ted
and non- t ranspor t - l imi ted reg imes.  I i  the react ions were
t ranspor t  l imi ted,  the s ta t is t ica l ly  uncorrected ra tc  should  fa l l
on the Hammett plot;  i i  the reaction were not transport l imited,
a s ta t is t ica l  cor rect ion o f  two should  be requi red.  In  fac t ,  the
uncorrcc ted data seem s l ight ly  too h igh,  whi le  data cor rected
by d iv id ing by two would be too low.

Carbon-halogen bond breaking is irret'ersible. The overall
ra te-determin ing s tep for  d isappearance of  ary l  ha l ides in  d i -
e thy l  e ther  and other  so lvents  o f  low po lar i ty  might ,  in  pr in-

c ip le ,  invo lve a  react ion o f  a  revers ib ly  formed in termediate
in  which the carbon-ha logen bond was broken (e .g . ,  an ary l
rad ica l ,  or  a  sur f l ice  ary lmagnesium compound) .  React ion o f
a mixture of bromobenzene and o-iodotoluene with magncsium
to approximately 50o/o conversion, fol lowed by quenching of
the react ion mix ture and examinat ion o f  the res idual  ary l  ha-
l idcs, showed that no iodobenzene or o-bromotoluene had been
formed (15V, t  would  have been detected) .  Thus,  c leavage of
thc  carbon ha logen bond is  probably  i r revers ib le . la

Discussion

The ob ject ive o f  these k inet ics  s tud ies was to  estab l ish the
nature o f  the ra te-determin ing t rans i t ion s ta te(s)  for  d isap-
pearance of  ary l  ha l idcs by rcact ion wi th  mcta l l ic  magnesium
in c thcrca l  so lvents ,  The range of  poss ib le  l imi t ing s t ructures
( l -8)  is  s imi lar  to  that  d iscussed prev ious ly  for  react ions o f

1 RFtr 5 R+

2 t l l . tSr ' t 'Mg.  6  R

3  t R B r t =  7  R - - - B r

"t ,"
Mg.

4 R- 8 RMg'X

alky l  ha l ides,a  a l though a backs ide S52 at tack by a  sur face
nragncs ium atom on carbon is  prcc ludcd for  aromat ic  sub-
s tn r t es .  I n  po la r  so l vcn t s  (e  >  7 ) .  t he  ra te  o f  r eac t i on  o f  a r y l
brorn ides is  t ranspor t  l imi ted.  The react ion o f  iodobenzcnes
i s  appa rcn t l y  t r anspo r t  l im i t cd  cven  i n  d i e thy l  c t hc r  ( r  t  4 ) :

1 t  =  0  for  th is  systcm,  and the ra tc  o f  react ion o f  iodobenzcnc
i t se l l '  l a l l s  on  t he  l i ne  i den t i f i ed  w i t h  t r anspo r t - l i r n i t ed  ra tes .a

- 3 . O  - 2 . O  - r . O

l og  kobtd /k t l

E l r 0  ( A r C l )
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Iigure 9.  Cornplrr ison of  thc re lat ive rates of  react ion of  subst i tuted

bronrobcnzcnes wi th ntagnesiurn and wi th t r i -n-buty l t in hydr idc:  A.  Tt{ [ ] :

B .  d i c t h y l  c t h e  r .

structures represented by 1-8. Since p has a significant positive

va lue,  the t rans i t ion s ta te  does not  resemble the s tar t ing ma-
terial,  and I can be discarded. The magnitude of p seems too

large to  be compat ib le  wi th  phys isorpt ion,  2 .  The s ign of  p  is
incompat ib le  wi th  an in termediate  ary l  cat ion,  5 .  Wi thout
knowing an accurate magnitude for p, i t  is dif f icult  to exclude
carbanionic structures (4). Nonetheless, since the largest values
observed are s imi lar  to  those for  t in  hydr ide reduct ion,  and
cons iderab ly  smal ler  than that  est imated for  react ions gener-

a t ing ary l  an ions (p  = 6 ,  Table  I I ) ,  the magni tude of  p  seems
too smal l  for  a  fu l ly  formed ary l  carbanion 4.  A ra te-deter -
m in ing  s tep  i nvo l v i ng  an  i n te rmed ia te  i n  wh i ch  t he  ca rbon -
magnesium bond is  par t ia l ly  or  fu l ly  formed (8)  is  un l ike ly ' ,
both because this transit ion state bears a large negative charge
on carbon and would be expected to show a large value for p

and because cleavage of the carbon-bromine bond appears to
be i r revers ib lc .

I t  is morc dif f icult  to dif ferentiate between reactions leading
to the three rcmain ing l imi t ing s t ructures-e lect ron t ransfer
f rom magnesium to  ary l  bromide generat ing the rad ica l  an ion
3, bromine abstraction by magnesium forming an aryl radical
6 ,  and inser t ion o f  magnesium d i rect ly  in to  the carbon-bro-
mine bond of  an adsorbed ary l  bromide 7-on the bas is  o f  the
avai lab le  ev idencc.  The ra tes o f  react ion o f  ary l  bromides wi th
nragnes ium corre la te  equal ly  wel l  w i th  ra tes o f  bromine ab-
s t ract ion by t r i -n-buty l t in  rad ica l  (F igure 9)  and wi th  po-

larographic  reduct ion potent ia ls  (F igure l0) .  A concer ted
inscr t ion would presunrab ly  share the character  o f  ha logen
abstraction and electron donation, and would also be expected

to correlate. The abstraction of the bromine atom from an aryl

bromide by tr i-n-butylt in radical is probably a good model for

a tom abst ract ion by a  meta l  sur face.  Whether  po larographic
reduct ion adcquate ly  models  s ing le-e lect ron t ransfer  is  less
clear, since the dctai lcd mechanism of polarographic reduction
of  organic  ha l ides is  s t i l l  not  es tab l ished.

Experimental Section

(Jenera l .  Magnesiurn powdcr  (Mal l inckrodt ) ,  t r ip ly  sub l imcd
magnesiunr  turn ings (Dow).  i tnd reagent  grade magncs ium turn ings
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F igu re  l { ) .  Rc la t i vc  ra tcs  o f ' r cac t ion  o l ' subs t i t u t cd  b r t lmobcn /e  nes  i t s  i l

l ' unc t ion  o l ' t he  i r  ha l l -wavc  rcduc t ion  po tcn t i l l s  ( l -oo tno tc  t ,  Tab le  I ) :  , ' \ .

l l u r o  C ( , l l  r : ( - l :  |  ) .  B  d i c t h r  I  c t h e  r ;  C .  T l - l  I r  H  M  P A  ( 3 : l  ) .

( l r as tman  o r  J .  T .  f ] ake r )  wc rc  uscd .  [ , n l css  o the ru i sc  spcc i l ' i cd .  t hc
r e a c t i o n s  \ \ ' c r c  r u n  u s i n g  t h e  E a s t m i t n  o r . l  .  T .  B i t k c r  m a g n e \ i u n t
t u r n i n g s .  R c a g c n t  g r a d c  d i c t h l  l  e  t h c r .  d i - n - b u t . ' " 1  c t h c r .  t c t r a h y d r o -
lu ran ,  and  t c t rahvdropv ran  wcrc  d i s t i l l cd  under  a rg ( )n  f ro rn  l i t h iun r
r r l u m i n u m  h 1 ' d r i d c .  c r r l c i u r t t  h r d r i d c .  o r  d i s o d i u n t  b c n z o p h c n o n c  d i -

a n i o n .  2 - B u t u n o l  w a s  d r s t i l l c d  I ' r r l n t  n t r t g n c s i u t n  l - b u t r l r i d c .  X r l e n e
(a  n r i x tu rc  o l ' i s t l t r c rs )  und  c rc lohcxanc  l vc rc  d i s t i l l ed  l ' r t t n t  sod iun t .

l - lcrar lc th l  lphosphor lnr idc u 'us dist i l lcd f - r t tnt  sodiunt  undcr vacuutt t
( b p  6 5  o C .  0 . . 1  T o r r ) . r ( '  M u n i p u l a t i o n  o [ ' s o l u t i o n s  l o r  C i r i g n a r d  l b r -
n r a t i o n  o r  t r i - l - b u t t  l t i n  h i d r i d c  r c d u c t i o n s  l i r l l o u c d  s l a n d a r d  i n c r t

i r tmosphcre proccdu rcs. lT Elcctrochcnr ic l r  l  nrc l rsu rcmcnts n 'ere curr icd
ou t  us ing  a  P r incc ton  App l i cd  Research  Modc l  17 .1A  po la rog reph ic

a  na  l1 ' zc  r .
Standard C'ondi t ions for  ( 'ompet i t i re React ion of  Subst i tuted ' \ r r  I

Hal ides wi th l \ lagnesium in Ether.  Sincc thcrc arc s igni f ' icunt  var iut ions

in  thc  ra tc  o f  consun tp t ion  o f  o rgan ic  ha l i des  in  ( i r i gnu rd  rc r t c t i on :
d u c  t o  r n a g n c s i u n r  r c a c t i v i t r .  s o l v c n t  e  f ' l ' c c t s .  a n d  h a l i d c  r c i t c t i v i t r .
i t  $as conl 'cnicnt  to v l r r r  thc a l l lounts o l '  both ntagnesiutn i tnd () rg i rnte

h i r l i dcs  uh ich  uc rc  uscd  in  thc  va r ious  runs  to  ach icvc  l  t r r t c t l t b l c  n t t c

ol  rcact ion.  Thcse vur iat ions hud no c i lcct  on thc rc lat ive ratc c()nstants
o b t a i n c d .  l n  a l l c a s e s  a  t h r c c -  t o  s e v c n l o l d  c x c c s s  o l ' t n u g n c s i u n t  w a s
prcscn t  a t  t he  bcg inn ing  o f ' t hc  r cuc t ion .  T r  p i ca l l , v .  t o  a  th rcc -ncckcd .
-50 -m[ - .  round-bo t ton rcd  l l ask  con ta in ing  a  n l tgnc t i c  s t i r r i ng  ba r  u 'us

a d d c d  0 . l l t  3 . 0  g  ( 0 . 0 0 t t  0 . 1 2  g - a t o n r )  o f  n t i t g n c s i u n r .  T h e  a n r ( ) u n t
ol  rnagncsiurn uscd dcpcnded on thc solvcnt .  thc hal idc rcact iv in ' .  r tnd
thc  nunrbc r  o f ' ha l i dcs  co l l rpc t i ng  in  each  run .  In  gcnc ra l .  f ' o r  e  xpc r i -
m c n t s  i n v o l v ' r n g  a r r l  h a l r d e s . 3 . 0  g  ( 0 . 1 2  g - r r t o n t ) o f ' n t a g n c s i u n t  w a s

u s e d  l b r  I  0 g  ( S  6  r n n t o l ) o l ' e a c h  a r y l h a l i d c  i n  a l l s o l v c n t s .  T h c  f l a s k
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Whiteside,s et al. f Reactit.tn oJ'Sub.rtituted Arl,l Bromides u,ith

Tab le  I l l .  E f fec ts  o f  Changcs  in  Re la t i ve  Amoun ts  o f
M a g n e s i u m , "  A r y l  H a l i d e s . 6  a n d  I n i t i a l  M a g n e s i u m  B r o m i d e
Conccn t ra t i ons ' '  on  a  Reprcscn ta t i ve  Ra t io  o f  Ra te  Cons tan ts

reac-
t i ond  Me l  MgBr2 /
no .  )A rX "  )A rX '  ( k . , l k )h  commen ts

I
2
l
',1-
5

6
7
8
9

l 0
il

t 2
l 3
l 4
l_s
r6
t 7
l 8
l 9

'G r ignard  reagen t  g rade  magnes ium tu rn ings  were  used  un less
o the rw isc  spec i f i ed .  h  Thcse  reac t ions  werc  run  in  d r i cd  e the r  us ing
a l i quo ts  o f  a  s tandard  so lu t i on  o f  n -decane  and  equ imo la r  amoun ts
o l '  2 - b r o n r o t o l u e n c  ( 2 )  a n d  b r o n t o b e n z c n c  ( l )  ,  T h e  r a t r o
(  MgBrz / )A rX  )  i s  thc  amoun t  o f  MgBr2  in  so lu r ion  a t  the  s ta r t  o f  t he
rcac t ion .  r c la t i vc  to  to ta l  a ry l  b ro r r i dcs  p rcscn t .  Un less  thc  sa l t s  were
rcn ro , ' ' cd ,  as  spcc i f i cd ,  thc  va luc  o l ' (MgBrz / )A rX)  i s  the  san te  as  the
a lnoun t  o l '  1 .2 -d ib ron roc thanc  addcd  to  "c lean"  and  "ac t i vn tc "  the
nrrrgnesiunr sur lacc.  ' /  Thcsc nunrbcrs corrcspond to thc points p lot ted
in  [ : i gu rc  8 .  ' '  Thc  su r lacc  o i  t hc  n ragncs iun r  was  "c leancd" ,  un less
o thc r rv i sc  spcc i f  i cd ,  by  thc  r cac t ion  o i  0 . ,5  n ro la r  equ iv  o l  I . 2 -d ib ro -
rnoc thanc  rv i th  a  s to i ch ion rc t r i c  cxccss  o f '  Mg .  The  ra t i o  (  Mg / )A rX)
i s  thc  amoun t ,o f  magncs iu rn  i n  thc  r cac t ion  l ' l ask  o . f ' t e r  the  c lean ing
o l ' t h c  s u r l a c c .  r e  l a t i v c  t o  t h c  t o r a l q u a n t i t l  o f  u r y , l  b r o n t i d c s  i n  c o n r -
pc t i t i on  f ' o r  t hc  n ragncs iun r .  /  Thc  c thc r  was  wa tc r  and  oxygen  sa tu -
ra tcd  in  a i r  f o r  th i s  r cac t ion .  s  Thc  e the r  so lu t i on  o f  MgBr l  wh ich
resu l t cd  f rom c lean ing  thc  n tagnes iun t  su r face  was  ren tovcd  by  can-
nu la .  F rcsh  e thc r  was  addcd  as  thc  so lvcn t  uscd  in  thc  r cac t ion .

was  capped  w i th  sc rum s toppers  and  was  f l a rne  d r i cd  under  a  l l ow  o f
i t rgon  p rov ided  th rough  a  sy ' r i ngc  nccd lc .  N i t r t t gen  was  n ( ) t  used  as
an  ine r t  gas  bccause  i t  r cac ts  w i th  n ragncs iu r -n  a t  h igh  tempcra tu re .
A l t c r  the  l l ask  h rd  coo led ,  approx ima tc l y  2 -5  mL o f  pu r i l i cd  so lven t
u r rs  added  to  the  f l ask  by  cannu la .  To  c l can  the  su r face  o f  the  n tag -
n e s i u r n .  0 . 1  m l -  ( 0 . 2 9  g ,  1 . 7  m n r o l )  o i c t h y l  b r o n r i d e  o r  a n  e q u i v a l e n I
run ( )un t  o l '  1 .2 -d ib ron roc thanc  was  addcd  to  thc  reac t ion  m ix tu re .  Thc
rn i x tu rc  was  s t i r r cd  un t i l  reac t ion  be tween  thc  magnes ium and  the
organ ic  ha l i de  had  bcgun .  In  the  case  o f  r cac t ions  in  d i -n -bu ty l  e the r ,
i t  rvas usual ly  necessarv to heat  the f lask gent ly ' to in i t iatc th is rcact ion;
in  a l l  o thc r  cascs .  thc  r cac t ion  in i t i a t cd  spon taneous ly .  A i t c r  th i s  i n i t ra l
r cuc t ion .  i n tendcd  to  re rnovc  un rcac t i vc  su r lacc  f i l n t s  f ro rn  thc  mag-
ncs iu r l .  had  ccased  (2  3  m in  in  c thy l  e rhe r ) .  t he  f l ask  was  p laccd  in
an  i cc  wa tc r  ba th  and  s t i r red  fo r  4 -5  rn in .  A  p recoo led  n t i x tu re  o f  the
lr1- ' l  hal ides whosc k inct ics was to bc cxamincd ( typical ly  I  .7 g of  each
l r l l  ha l i de ,  y i c ld ing  s ta r t i ng  a r l l  ha l i de  conccn t ra t i ons  o f  -0 . -5  M in
s o l u t i o n )  u n d  i n t e r n u l  s t r n d a r d  ( 0 . 2  0 . - 5  g  d e p e n d i n g  o n  t h e  i n i t i a l
h r r l i c l c  conccn t ra t i ons )  was  addcd  to  thc  reac t ion  m ix tu rc  by  cannu la .
l n  a l l  cascs  the  re i r c t i on  bcgan  immcd ia tc l y  and  p roceeded  to  conr -
p l c t i on .  Con t ro l  cxpc r imcn ts  wc rc  ca r r i ed  ou t  i n  wh ich  thc  e thy l -
n rugncs ium b romide  o r  n ragncs iun r  d ib romidc  gcnera ted  in  c lean ing
t l t c  r r tagncs iu rn  su r f ' acc  was  rcmovcd  and  rcp laced  w i th  f resh  so lvcn t
b c l b r c  i n i t i a t i n g  t h c  k i n c t i c  r u n .  T h i s  s t c p  h a d  n o  i n f l u c n c c  o n  r h e
v r r l ucs  f ' o r  t hc  ra t i os  o f  ra tc  cons tdn ts  u l t i n ta tc l y  dc r i vcd ,  and  was
norn ra l l y  o rn i t t ed .  A l i quo ts  werc  taken  a t  appropr ia te  r imcs  by '

Magne.;iurtt 7 3 1

6 - t 2  t 3 - t 5  _ t 9

-j= f ' :O it7, t8I

o.o 5.o to.o

Equiv Mg/Equiv ArBr

F igure I  l .  Ef fccts o l  changes in re lat ive amounts of  magnesium to ary l
b ron r idcs  in  so lu t i on  (equ iv  Mg /equ iv  A rBr )  on  the  re la t i ve  ra tes  o f  r c -
r r c t i on  (k2 l  k  t )  o f  p -b romoto luene(2 )  and  b romobenzene(  |  )  i n  e the r .  Thc

;ro ints in thc graph arc nunrbcrcd to correspond to the rcact ions l is ted in
T l b l c  I  l .

t r i rnsfcrr ing approximately 0.5 mL of  the react ion mixture by cannula
in t t r  a  v ia l ,  capped  w i th  a  rubber  sep tum s topper ,  con ta in ing  a
qucnch ing  so lu t i on  o l  I  N  hyd roch lo r i c  ac id  and  i ce .  l f  t hc  r cac t ion
so lvcn t  was  wa te r  so lub le  (TH F  o r  H  MPA) ,  pen tanc  (0 .5  mL)  was
ldded to extract  the unreacted hal idcs:  extract ion of  unreacted hal ides
I rnd  in te rna l  s tandards  was  found  to  be  essen t ia l l y  quan t i t a t i ve .  The
organ ic  l ayc r  was  separa ted  and  ana lyzcd  by  GLC.  A  leas t -squares
p l o t  o f  I n  ( ( . r , 1 C t o l  v s .  I n  ( C ! l C : 0 1 y i e l d e d  k t l k t .  S i n c e  o n l y  t h e
rc lat ive amounts of  the c<lmponents were required,  i t  was not  necessary
to  dc tc rm inc  the  response  fac to r  o f  a  g i ven  ha l i de ,  re la t i ve  to  the  in -
t c rna l  s tandard .  In  many  cases  the  p lo ts  were  l i nea r  to  g rea te r  than
909b rc lct ion of  one hal ide;  a l l  were reasonably '  l inear to grcatcr  than
65%.  Non l inca r i t y  cou ld  no rma l l y  be  ra t i ona l i zed  on  the  bas is  o f
changes  in  so lu t i on  d ie lec t r i c  cons tan t .

Standard Conditions for Competitive Reactions of Aryl Halides with
' I r i -n-buty l t in 

Hydr ide.  The react ion condi t ions used for  these rc-
duc t ions  were  s im i la r  to  those  fo r  the  Gr ignard  reac t ions .  A  50 -mL,
threc-neckcd.  round-bot tomcd f lask was f lame dr ied under a f low ol '
l r gon .  A f te r  coo l i ng ,0  I  g  o f  A IBN was  addcd  to  the  f l ask .  Thc  f l ask
was  capped  w i th  sep tum s toppers  and  the  a rgon  l l ow  was  resumed.
Af ' tcr  5 nr in,  thc solvcnt  (25 mL) was added by cannula.  The f lask was
p laccd  in  an  i ce  ba th  and  s t i r red  fo r  4 -5  m in .  The  ha l i dcs  (0 . -5  g  each)
and thc internal  standard (0 3 g)  wcrc added by syr inge,  and an in i t ia l
a l i quo t  was  taken  by  sy r ingc .  The  coo led  t r i -n -bu ty l t i n  hyd r ide  (  I  .  I
cqu iv  based  on  to ta l  number  o f  mo lcs  o f  ha l i des  used)  was  added  by '
s_vr ingc.  The react ion was star ted by i r radiat ing the react ion mixture
l v i  t  h  a  l ong -wave lcng th .  l ow- i  n tens i t y  u l t rav io l c t  I  i gh t  (  M  inc ra l i t e ,
L IVSL  25 ) .  A l i quo ts  ( l  mL)  wc rc  r cmoved  cve rv  2  m in  fb r  30  m in .
and  the  un reac tcd  t i n  hyd r idc  rn  cach  a l i quo t  was  qucnchcd  w i th
cu rbon  t c t rach lo r ide  (0 . -5  n tL ,0 .75  g ,  -5  mmol )  o r  1 ,2 -d ib romoc thanc
( 0 . - 5  m t - .  I  g , 5  n t m o l ) .  p l a c c d  i n  t h c  v i a l s  i n t o  w h i c h  t h c  r e a c r r o n
rn i x tu re  was  t rans fe r red  by  cannu la .  The  usc  o f  1 ,2 -d ib ron toc thane
rvrs somet imcs neccssarv bccause carbon tct rachlor idc occasional l l ,
i n te  r f c rcd  w i th  thc  G  l -C  ana ly ' s i s  o l ' a  pa r t i cu la r  se t  o l  o rgan ic  b ro -
r r  i dcs .

Control Experiments to fest the Sensitivity of the Rate Ratio k^l k,
to l l la ter ia ls and Exper imental  Condi t ions.  A number of  exper iments
rvc re  ca r r i ed  ou t  us ing  n rod i f i ca t i ons  o f  the  "s tandard "  k ine t rcs  cx -
pcr iments to test  the sensi t iv i ty  of  thc mcasurcd rat ios o l ' rate constants
to  scvc ra l  exper imcn ta l  pa ran tc tc rs .  These  cxpc r in rcn ts  a rc  sun tn t i r -
r i zed  in  Tab le  l l l  and  p rcsen ted  in  g raph ic  fo rm in  F igu rc  I  l .  Thc
rc lat ive ratcs of  rcact ion of  bronrobcnzene and p-brontotolue nc ra, i th
rnagnes ium a re  insens i t i ve  to  thc  amoun t  (and  thus  thc  su r face  a rca )
and  t ype  o f  magnes ium p rescn t .  Wet ,  oxygcn-sa tu ra ted  e thc r ,  ac t i -
vat ion of  the magnesium surface by react ion wi th 1,2-dibromoethane,
and  Iow concen t ra t i ons  o f  n ragncs ium d ib romidc  in  so lu t i on  a t  thc
bcg inn ing  o f  the  reac t ion  a l so  had  no  e l fec t  on  thc  re la t i vc  ra tes  ob -
ta ined .  Reac t i v i t y  o f  t r i - n -bu ty l t i n  hyd r idc  toward  p -b romoto lucnc
and bromobenzene was cxamined undcr the standard condi t ions.  but
o n r i t t i n g  A I B N .  l i g h t .  o r  A I B N  a n d  l i g h r :  n o  r c a c r i o n  o c c u r r e d .

Constant-surface k inet ics were carr ied out  essent ia l lv  as dcscr ibed
prcv  ious ly .a

r.o

0.2-s
0 .50
r . 0
1 . 0
1 . 0

3 . 0
3 . 0
3 . 0
3 .0

3 . 0
3 . 0

3 .0
4.0
4 .0
4 .0
8 . 6

r  0 .0
r 0 . 0
1 0 . 0

0 . 5
0 . 5
0 . 5
0 .0
0 .0

0 .5
0 .5
0 . 5
0 .5

0 .0
0.0

1 . 0
0 .5
0 . 5
0 .5
0 . 5
0 . 5
1 . 0
0 .0

0 . 5 5
0 .56
0 . 5 7
0. ,58 no sur face c leaning
0. -54 no sur facc c leanrng.

wet  c thcr  /

0 .56
0 . 6 1
0.61 magnesium powder
0.63 t r ip ly  sub l imed mag-

nes ium
0.58 no sur face c leaning
0.54 sur face c leaned,

salts removedc
0 .57
0 . 6 1
0 .62
0 . 6 1
0 .54
0 . 5 9
0 . 5 7
0.63 sur face c leaned,

salts removedc

x

G|
x



23t3 Journal o/ ' the American Chemical Societ l ,  I  102;l  f  Januarl:  2, 1980

(16)  L .  A .  S inger  in  "se lec t ive  Organ ic  Trans format ions" ,  Vo l .  l l ,  B .  S .  Thya-
garajan, Ed., Wiley-hterscience, New York, 1972,p 239 ff ;  O' Simamura,

Top.  S tereochem. ,  4 ,1  (1969) ;  R .  W.  Fessenden '  J .  Phys .  Chem. ,71 ,74
(1967) ;  P .  H.  Kasa i  and E.  B .  Whipp le ,  J .  Am.  Chem.  Soc . ,  89 '  1033
(  1  9 6 7 )

(17)  J .  E .  Deutch ,  J .  F .  Gars t ,  C .  L .  H i l l ,  H .  R.  Rogers ,  and G.  M Whi tes ides ,  un-

oub l  i shed observa t ions .
( 18) D. J Patel,  C. L. Hamilton, and J. D. Roberts, J. Am. Chem. Soc',  87 , 5144

(  1  9 6 5 )
( 1 9 )  F  L .  L a m b e r t ,  J .  O r g .  C h e m . . 3 1 , 4 1 8 4  ( 1 9 6 6 ) .
(20)  P .  Zuman,  "subs t i tuent  E f fec ts  in  Organ ic  Po larography" '  P lenum Press .

New York ,  1969,  "The E luc ida t ion  o f  Organ ic  E lec t rode Process ' ,  Aca-

demic  Press .  New York ,  1969.
(21) P. Zuman, Cottect. Czech. Chem. Commun., 25,3225 (1960).

Q2\  J .  W.  Sease,  F .  G.  Bur ton ,  and S.  L .  N icko l ,  J .  Am.  Chem.  Soc . ,  90 '  2595
( 1 9 6 8 ) .

(23)  W.  W.  Hussey  and A.  J .  D ie fender te r ,  J .  Am.  Chem.  Soc . ,  89 ,5359
( ' 1 9 6 7 ) .

(24)  D.  R.  Po l la rd  and J .  V .  Westwood,  J .  Am.  Chem.  Soc ,  88 ,  1404 (1966)

(25)  R.  R.  Fraserand R.  N.  Renaud,  J .  Am.  Chem.  Soc . ,  88 ,4365 (1966) .

(26)  H.  G Ku iv i la ,  Acc .  Chem.  f res . ,  1 ,  299 (1968) ;  D .  J .  Car lsson and K.  U.  In -

go ld ,  J .  Am.  Chem.  Soc . ,  90 ,  1055 (1968) ;H.  G.  Ku iv i la ,  Synthes is '  2 ,499
( 1 9 7 0 ) .

(27) W. H. Davis, Jr.,  J. H. Gleaton, and W. A. Pryor, J. Org. Chem.,42,7 (1977).

Studies of t in hydtide reduction of bridgehead al iphatic hal ides have also

been interpreted as indicating little or no charge separation in the transition

s ta te :  R.  C.  For t  J r .  and J  H i t i ,  J .  Org .  Chem. ,  42 ,  3968 (1977) ' -
(28)  A .  A .  Zav i tsas  and J .  A .  P in to ,  J .  Am.  Chem.  Soc . .  94 ,  7390 (1972) .
(29)  W.  C.  Danen and D.  G.  Saunders ,  J .  Am.  Chem.  9oc . ,91 ,5924 (1969) .

(30)  cyc lopenty lmagnes ium bromide is  inso lub le  in  d ie thy l  e ther  conta in ing

TMEDA,  THF,  o r  h igh  ( )50  % )  concent ra t ions  o f  hydrocarbons .  S imi la r ly ,
1 ,2 -d imethoxyethane (g lyme)  and h igher  homologues,  as  we l l  as  THF

containing )107o hydrocarbon, were found to precipitate the product

Grignard reaqent
( 3 1 )  R  E  D e s s y  a n d  R  M .  J o n e s ,  J .  O r g  C h e m . , 2 4 ,  1 6 8 5  ( 1 9 5 9 ) .
(32) C. D. Johnson, Chem. Rev.,75,755 (1975): the quanti tat ive form expected

for  Hammet t  p lo ts  invo lv ing  near -d i f fus ion- l im i ted  ra tes  is  no t  c lear .
(33)  The po in t  represent ing  Et2O pentane (4 :1 )  con ta in ing  1  M RMgBr  was

ca lcu la ted  f rom re la t i ve  ra te  da ta  and ra te  vs .4 -1  da ta  fo r  cyc lopenty l

bromide.s The measured 1,r in Et2O containing 0.8 M RMgBr (p = 0.1 + 0.2)

should be very close to the 1r for Et2O-pentane (4:1) containing 1 M RMgBr:

the  d ie lec t r i c  s t rengths  o f  bo th  so lu t ions  are  su f f i c ien t ly  h igh  to  ensure  a

transport- l imited rate in each (cf .  Figures 5 and 6 and ref 5). Reaction in

THF is indicated in Figure 7 as transport l imited. Although the curvature
in the Hammett plot for this solvent suggests that not al l  of the substi tuted

aryl bromides react at a str ict ly transport-control led rate, the conclusion

that reaction of bromobenzene i tself  is transport control led is not l ikely

to  be  much in  e r ro r
(34) Cleavage which would not lead to halogen interchange might, in principle,

take  p lace .  l t  wou ld ,  however ,  seem improbab le  a  p r io r i ,  and wou ld  be

exceed ing ly  d i f f  i cu l t  to  tes t  fo r  exper imenta l l y .
(35) A recent study of the reaction of aryl hal ides with nickel(0) complexes has

genera ted  these va lues  o f  1 t :  p (Ar l )  =  *2 .0 :  p (ArBr )  =  i4  4 ' ,  p (ArC l )  =

+5.4 (T. T. Tsou and J. K. Kochi, J. Am. Chem. Soc., in press). This reaction

has been interpreted as involving an electron-transfer step. The fact that

we observe  a  s ign i f i can t ly  smal le r  va lue  fo r  p (Arc l )  fo r  reac t ion  w i th

magnesium still does not distinguish between inner-sphere electron transfer

(haiogen abstraction) and outer-sphere electron transfer, because rate

structure profiles for the two types of reactions are probably linearly related.

Cf .  J. J. Barber and G. M. Whitesides J. Am. Chem. Soc., fol lowing paper

in  th is  i ssue;  B .  Durham,  J .  F .  End ico t t '  C . -L .  Wong,  and D.  P .  R i l lema,  ib 'd . .

1 0 1 . 8 4 7  ( 1 9 7 9 )
(36\ Caution HMPA has been suggested to be carcinogenic: J. A. Zapp, Jr .

Sc ience. '190,  422 (  1975) .
(37)  H.  C.  Brown,  "Organ ic  Syntheses  v ia  Boranes" ,  Wi ley ,  New York ,  1975,

Chapter 9.

t ) i f f us ion  cu r rcn ts  ( i a )  u ' c rc  p tcasurcd  t t s ing  r t  d ropp ing  l l l c r cu r \

c l cc t rodc  (DM I l ) .  r cco rd ing  thc  dc  po la rog l tn l  as  dcsc r ibcd  p r5  i -
r i( )ust \  .
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