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Abs t rac t :  Ra tc -s t ruc tu rc  p ro f  i l cs  a rc  comparcd  fo r  fou r  r cac t ions :  reduc t i t t n  o f  a l ky l  ch lo r ides  and  b ro rn idcs  w i th  t r i -n -bu ty l t i n

hyd r idc  (E t :O .  -15  oC and  0  oC- .  r cspcc i i vc l l ) .  r cduc r ion  o i  a l ky ' l  b ro rn ides  w i th  l i t h rum '1 ,4 ' -d in rc thy lbenzophenonc  kc t } ' l

t i H f . , 2 4 . a ) ,  a n d  r c a c r i s n  o l ' a l k l l c h l o r i d c i w i t h  m c t a l l i c  n r a g n c s i u n r  ( t : t : O , 0 ' C ' ) . A l l  i o u r  r a t c  s t r u c t u r e  p r o f i l e s  a r e  l i n -

ca r l y ' cu r rc la tcd  (co r rc la t i on  coc l . l ' i c i cn t  r  )  0 . t tO) .  Thc  s in r i l a r i t y  o f  t hcse  p ro f i l cs  suggcs ts  tha t  the  ca rbon 'ha logcn  bond  i s

s ign i l ' i c1n t l1  b rokcn  in  the  tn rns i t i on  s ta tc  l o r  each  t ypc  o f ' r cac t ion .  [ : l cc t rochc rn i ca l  r cduc t ion  po tcn t ia l s  o f  a  l i n l i t cd  nun lbc r

o l :a l ky l  h l l i dcs  a l socor rc la te  l i nca r l l 'w i th  thcsc  ra tcs .  The  s in r i l a r i t ; ' o l t hc  ra tc  s t ruc tu rc  p ro f  i l e  l ' o r  reac t ion  o f  a l ky ' l  ha l i dcs

a t  a  n tagncs iun r  su r facc  to  thosc  o f  ho rnogeneous  rcac t ions  suppor ts  thc  i n l ' c r cncc  tha t  r cac t ion  a t  thc  n ragnes ium su r face  i s

no t  comp l i ca tcd  b1 'adsorp t ion  o r  o thc r  hc tc rogeneous  phenon lena .

Introduction

The formation of alkyl Grignard rcagents from alkyl hal ides

and mcta l l ic  magnesium occurs  by a  mechanism which in-

vo lvcs,  a t  least  in  par t ,  reduct ive c lcavargc o f  the carbon-

ha logen bond and format ion o l  f rcc  a lk l l  rad ica ls . l  e  St ruc-

ture- react iv i ty  prof i les  obta ined f rom nonmass t ranspor t

l imi ted rcact ions o f  a lky l  ch lor ides and a lky l  bromides are

conrpat ib lc  wi th  two l imi t ing mechanisms for  the carbon-

halogen bond-breaking step. The f irst is transfer of an electron

l ' rorn  magnesium meta l  to  the a lky l  ha l ide,  and generat ion o f

an a lky l  ha l ide rad ica l  an ion and a ( formal ly )  magnesium( l )

spec ies (eq l :  in  th is  equat ion,  Mg.  denotes a  sur face magne-

s ium a tom;  Mg( l )  m igh t  be  e i t he r  a  su r face  o r  a  so lub le

spccics). The second is halogen atom abstraction from thc alkyl

ha l i de  by  a  n ragnes ium a tom (eq  2 ) .
c

R  - X  *  M s ,  [ R - X ] - .
sfcr

+ Me( l )  -  R .+  x -  -  t " ' l l t :  ( l )
rcelCt lOn

R-X  *  Mg ,  +  f t '  +  X -Mg( l )  -  f u r t hc r  r eac t i on  (2 )

Thc f irst reaction is an outcr sphere electron transfcr reaction;

the sccond is an inner sphere electron transfer. Although both

pathways ult imatcly generate an alkyl radical and a hal ide ion,

they d i f fer ,  a t  least  formal ly ,  in  three rcspects .  F i rs t ,  an outer

sphere elcctron transfer mechanism involves electron donation

to  thc  C-X ant ibonding orb i ta l .  A l though popula t ion o f  th is
ox orbital wi l l  increase thc C-X bond length to some unknown

extent ,  i t  may not  change the hybr id izat ion a t  the carbon

bondcd to  ha logen s ign i f icant ly .  By cont rast ,  inner  sphere

c lect ron t ransfer  breaks the carbon-ha logcn bond in  the

t rans i t ion s ta te ,  and should  be accompanied by changes in

hybridization at carbon. Second, outer sphere electron transfer

does not requirc interaction between magnesium and the

halogen atom in thc transit ion state, while inner sphere transfer

invo lves the format ion of  a  ha logen-magnesium bond.  Th i rd ,

inncr sphere electron transfer necessari ly requires that the alkyl
rad ica ls  be generated in i t ia l ly  very  c lose to  the magnesium
surfacc; outer sphere electron transfer result ing in formation

of an intermediate alkyl hal ide radical anion with f ini te l i fet ime

would al low init ial  gcneration of alkyl radicals to occur at some

scparat ion f rom the magnesium sur face.
The question relevant to the mechanism of formation of

Grignard reagents posed by these l imit ing alternatives concerns

the in termediacy o f  a lky l  ha l ide rad ica l  an ions:  Are these

spec ies d iscrete  in termediatcs  a long the rcact ion coord inate

leading f rom a lky l  ha l ide reactant  to  organomagnesium

product? The in termediacy o f  these spec ies in  the format ion

of  Gr ignard reagents  is  par t  o f  a  broader  and unreso lved

qucst ion conccrn ing the i r  ex is tence in  any organic  react ion.

Pulse rad io lys is  o f  a lky l  ha l ides in  cyc lohexane has been in-

terpretcd as ident i fy ing a  methy l  ch lor ide rad ica l  an ion ( r  172
ry  3  x  l0-E s) , r0  and ary l  ha l ide rad ica l  an ions have been re-

po r ted . r r  Reac t i ons  o f  5 -hexeny l  ha l i des  w i t h  d i sod ium te t -

iapheny le thy lene d ian ion in  methy l te t rahydrofuran |  2  and of

a lky l  ha l ides wi th  aromat ic  rad ica l  an ions in  TH Fr3 have been

considered to suggest alkyl hal ide radical anions. The chemical

s tud ies are amenable to  d i f ferent  in terpreta t ions, l ' l ' la  und ths

ex is tcnce of  a lky l  ha l ide rad ica l  an ions as react ion in terme-

d ia tes  i s  no t  es tab l i shed .
This paper compares rate-structure profi les for three re-

act ions in  c therea l  so lvents :  react ions o f  a lky l  ch lor ides wi th

nrc ta l l ic  magnesium,  reduct ion o f  a lky l  ch lor ides wi th  t r i -n-

butylt in hydride under free radical condit ions (an inner sphere

rcact ion) , r5  and reduct ion o f  a lky l  bromides wi th  l i th ium

4,4 ' -d imethy lbcnzophenone kety l  (a  s ing le-e lect ron t ransfer

react ion) .  r6 '  |  7  The choice o f  reduct ion o f  a lky l  ch lor ides wi th

t r i -n-buty l t in  hydr ide and o i  a lky l  bromides wi th  l i th ium

4,4'-dimethylbenzophenonc ketyl to model plausible processes

invo lved in  react ion o f  a lky l  ch lor ides wi th  magnesium was

based on several considerations. Tri-n-butylt in radical,  rather

than chromous ionls or phenyl radical, le was used as a reagent

to effect halogen abstraction for two reasons: f i rst the ab-

s t ract ing center  is  an e lect r ica l ly  neut ra l ,  s ter ica l ly  h indered

meta l  a tom and may resemble a  magnesium sur face atom.

Second, the large dif ference in electronegativi ty between t in

and magnesium notwi thstanding,  a  prev ious examinat ion es-

tab l ished s imi lar  Hammet  p  va lues for  the react ions o f  sub-

st i tuted aryl hal ides with tr i-n-butylt in hydride and magne-

s ium and suggested s imi lar  charge d is t r ibut ions in  the ra te-

l imi t ing t rans i t ion s ta tes.s  The choice o f  l i th ium 4,4 ' -d i -

methylbenzophenone ketyl reduction of alkyl bromides as a

model for electron transfer was based on the experimental

demonst ra t ion by Garst  e t  a l .  that  the analogous react ion o f

lithium benzophenone ketyl with alkyl iodides is as free of Sp2

components as any homogeneous electron transfer system so

far  examined. r6  The ra te  o f  react ion o f  th is  kety l  w i th  a lky l
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Figure l .  compet i t ivc k inet ics cxper iments used to est imatc rc lat ivc ratcs
o f  reduc t ion  o i  a l ky l  ch lo r ides  by  reac r ion  w i rh  r r i -n -bu ry l t i n  hyd r idc  i n
d i c thy l  c thc r  a t  35  oC ( f i 2 ,  azob is i sobury ron i t r i l e  ) .

b romides  a t  25  oC was ,  however ,  i nconven ien t l y  s low.  By
subs t i t u t i ng  methy l  g roups  in  the  a romat i c  r i ngs  o f  the  ke ty l ,
i t s  reac t i v i t y  was  inc reased  by  approx ima te l y  a  fac to r  o f  t en ,
and rates of  reduct ion of  a lkyl  bromides (but not of  the less
reactive alkyl chlorides) could be followed convenienrly. ldeally
we might have preferred a reagent which would reduce alkyl
chlorides, since our most extensive (nonmass transport l imited)
rate ser ies for  react ion wi th magnesium involves alkyl  chlo-
r ides;  nonetheless,  the avai lable evidence indicates that the
rates of  react ion of  a lkyl  chlor ides and bromides with mag-
ncsium are l inear ly correlated when the lat ter  are not mass-
transport  I imi ted, and the ef for t  requircd to develop a conve-
nient single-electron reducing agent for alkyl chlorides did not
seem just i f ied.

Results

Rate-structurc prof i les for  both the reduct ion of  a lkyl
chlor ides by t r i -n-butyl t in hydr ide in diethyl  ether,  and for the
reduct ion ol  a lkyl  bromides with l i th ium 4,4,-dimethylben-
zophenoxe ketyl  in TH F, werc obtained by using compet i t ive
kinctics.5 The disappearance of two alkyl halides reacting with
rrn cxcess of reducing agent was followed by G LC: plots of log
[ ( R r X ) , / ( R r X ) o ]  a g a i n s t  l o g  [ ( R 2 X ) , / ( R : X ) o ]  w c r e  t i n e a r
to greater thanTjva consumption of  thc more react ive hal ide.
and evaluat ion of  the s lope, cmploying l incar regression
analysis,  y ie lded k,"cr  = k t  lk t  d i rect ly (eq 3)

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

Rcpresentat ivc data (relat ivc to cyclopentyl  chlor ide) are
shown in Figure I  for  t r i -n-butyl t in hydr ide rcduct ions;  data
(rclativc to cyclopentyl bromide) are shown for reductions with
l i th ium 4.4 ' -d imethylbenzophenone keryl  in Figure 2.  Resul ts
are summarized in Table I ,  together wi th comparable rates of

o.o o.2 0.4 0.6 0"8 t.o
-  log Ic-C.HrBr] ,  /  [q-CrHrBr] .

F igu re  2 .  compet i t i ve  k inc t i cs  da ta  uscd  to  es t ima te  re la t i ve  ra tcs  o f ' re -
duc t ion  o i  a l ky l  b romides  bv  l i t h ium 4 ,4 ' -d ime th l ' l bcnzophcnonc  ken , l
( T H  I . .  2 4  +  I  o C ) .

reduc t ion  o f  a l ky l  b romidcs  w i th  t r i -n -bu ty l t i n  hyd r ide  (E t :O ,
0  o C .  h y ,  A I  B N  )  a n d  r a t e s  o l ' r e a c t i o n  o i  a l k y l  c h l o r i d e s  w i t h
magnes ium (E , t :O ,  0  oC) ,  bo th  taken  f rom p rev ious  work .6  In
add i t i on ,  th i s  tab le  i nc ludes  ha l f -wave  po ten t ia l s  taken  f rom
the l i te ra ture for  reduct ion o f  a lky l  ha l ides a t  mercur) '  and
glassy carbon cathodes. lo . l  t

For comparison with prcvious work, absolute rate constants
werc a lso deternt incd for  the react ions o f  cyc lopenty l  bromide
wi th  kety ls  in  T l - l t ' .  \ \ ' i th  an cxcess of  kety l .  the react ions
fo l lowed pseudo- f i rs t -order  x i  net ics .

-d lRX)  I  a r  =  k  IRX]  [A r2COLi ] ( 4 )

Rate  cons tan l s  (de i i ned  f o r  eq  4 )  we re :  f o r  l p -
C H r C r , H + ) : C O - . L i + ,  k  =  1 . 5  X  l 0 - r  L  m o l - r  s - r  ( 2 4  " C .
THF) ;  f o r  (C r ,H .s ) :CO- .L i+ ,  k  =  9 .5  X  l 0 -5  L  mo l - t  . - t  ( 20
oC,  THF) .  The  da tum fo r  l i t h i um benzophenone  ke t y l  i s
comparable to reported l i terature data.22 Tie order of rcac-
t iv i ty  o f  a lky l  bromides wi th  4 ,4 ' -d imethy lbenzophenone kct l ' l
( ter t ia ry  )  secondary  )  pr imary)  and the absence o i  O-a l -
ky la ted product  in  the reduct ion o f  n  -penty l  bromidc suggcsr
that  nuc leophi l ic  d isp lacements  by the kety l  oxygen are un-
impo r tan t ,  i n  ana logy  w i t h  Ga rs t ' s  wo rk . l 6

Thc major objectives of this work are to dctermine whether
the homogeneous reduct ions o i  a lky l  ha l ides by t r i -n  -buty l t in
rad i ca l s  and  by  l i t h i um 4 ,4 ' - d ime thy lbenzophenone  ke t y l
rad ica l  an ions arc  d is t ingu ishable  on the bas is  o f  ra te-s t ructure
corre la t ions,  and to  use in format ion der ived f rom th is  analys is
to  c lass i fy  thc  t rans i t ion s ta te  for  the heterogenous react ion
o f  a l ky l  ch lo r i des  w i t h  magnes ium.  An  immed ia t c  conc lus ion
from thc data summarized in Table I which is pert inent to these
objcct ives is that the rate-stru(,ture prrf i les for al l  three re-
at ' t ion,g are l inearl),  relatet l .  Figure 3 gives plbts oi part icular
re levancc to  th is  conc lus ion.  Table  l l  summar izes the cor re-
lat ion coeff icients and least-squares slopes for these plots, and



Barber, Whitesides I Reductiue Cleatage of Carbon-Halogen Bonds

T:rble l l .  Corrc lat ion Clocl i ic icnts (and l -east-Squares Slopcs) Character iz ing Linear

241

Free  Energy -  Cor re la t i ons  be tu 'ecn  Rcac t ions  Wh ich

R c d u c e  A I k y l  [ l a l i d c s "

R C I  +  M g
( E r r O . 0 ' C ) R C I  +  B u r S n H  R B r  *  B u r S n H  R B r  *  ( C H r C a H + ) : C O L i  R C I  ( t r l z )

R C I  +  B u r S n H  ( E t : O . 3 5  ' C )

R B r  *  B u r S n H  ( E t : O , 0  " C )
R B R  +  ( C H r C o H r ) r C O L i  ( T H F . 2 4 " C )

o . 9 o ( r . 5 ) b
0 . 8 2  ( 3 . 2 )  h
0 . 9 3  ( 0 . 7 8  ) D
0.ee  (6 . -s ) ,
0 .74  (9 .s )  /

(  2 .0 ) '
( 0 .62 )  h

( 6 . 3  ) '
(  4 .3  ) , /

0 . t t 7  ( 0 . 3 1 ) 6
0 . 9 1  ( 3 . 1 ) ,
0 . 8  r  ( I J . 4 ) /

0 . 9 3  ( 9 . 5  ) ,
0 . 9 3  ( 1 3 ) / 0 . 8 5  ( 0 . 6 9 ) '

0.9'7
0.94
0.96
0 .7  3

R C I  ( E  r 7 : ,  C ,  D M F , 2 5  " C )
R B r  ( [  r r : ,  H g ,  D M F , 2 5  " C )

,,  Thcse paramctcrs arc derivcd frorn plots of log I vs. log l ' .  or fronr log ( vs. C 1,1. b Thc rclt t ivc rates of reaction- of cigh! r lkyl hal ides

are includcd in rhis correlarion: cycrop"ntyi, .y.to-r l"*yt, .y-cloheptyt. cycloocryl.  n-penryl,  I  -hab- I  -r lky^lethane- and 
i ,h"l :-?-": l ' Iblc ' l :

(cf. foornores ? and /ol Tablc l). . o"ry ,rrJ i#l"v"rii 
"tt 

yi r,rtiil"t l;.i"4 in f*tnore b aie comparcd '/ Scven alkyl halidcs (all of those listed

in footnote b cxccpt cyclooctyl) lre correlated

for plots from each of the rcmaining pairwise sets of data

summar ized in  Table  I .
Two featurcs of thesc data are relcvant to their accuracy and

deserve br ie f  comment .  F i rs t ,  the ra tes o f  react ion o f  a lky l

chlorides and alkyl bromides with tr i-n-butylt in hydride were

obta ined in  independent  sets  o f  exper iments  by d i f ferent  in-

d iv idua ls .  The exce l lent  cor rc la t ion between these sets  o f  re l -

a t ive ra tes estab l ishes the i r  in terna l  cons is tency.  Thc ra tes o f

react ion o f  t r i -n-buty l t in  rad ica l  w i th  a lky l  ch lor ides are ap-

prox imate ly  102 more sens i t ive  to  changes in  a lky l  group

st ructure than those wi th  a lky l  bromides.  Th is  observat ion is

cons is tent  wi th  greater  bond reorganizat ion in  the t rans i t ion

sta te  for  c leavage of  the carbon-ch lor ine bond than for

c leavage of  the weaker  carbon bromine bond.  In  pr inc ip le ,  a

similar check on the accuracy of the rate data for reduction of

a lky l  bromides by l i th ium 4,4 ' -d imethy lbenzophenone kety l

might  have been obta ined by compar ison wi th  re la t ive ra tcs

of  react ion o f  a lky l  iod ides wi th  l i th ium benzophenone kety l ,

but this comparison has not been made. Second, in correlat ions

of the rates of reaction of alkyl chlorides with magnesium with

rates o f  react ion o f  a lky l  ch lor ides and a lky l  bromides wi th

t r i -n-buty l t in  rad ica l ,  the po in t  8  for  ter t ia ry  a lky l  ha l ides fa l ls

s ign i f icant ly  o f f  the best  lcast -squares l ine.  I t  is  not  poss ib le

to  estab l ish the in terna l  cons is tency and re l iab i l i ty  o f  the re l -

a t ive react ion o f  a lky l  ha l ides wi th  magncs ium by the same
technique uscd wi th  t r i -n-buty l t in  hydr idc  that  is .  by  cs-

tab l ish ing a good l incar  cor re la t ion between data obta ined

independently for alkyl bromides and alkyl chlorides because

only a l imited number of alkyl bromides react with magnesium

at  less than mass- t ranspor t - l imi ted ra tes.  Thc ter t ia ry  a lky ' l
po in t  has,  however ,  been rechecked carefu l ly  and is  repro-

duc ib le .  Thc apparent ly  anomalous ly  s low ra tc  o f ' react ion o f

tc r t ia ry  a lky l  ch lor ide wi th  magncs ium is  thus not  an cxpcr i -

mcnta l  ar t i fac t  and may rc f lec t  s ter ic  requi remcnts  for  ap-
proach of a hindered carbon centcr to the magnesium surface'

The data for  ter t ia ry  a lky l  ha l ides have been inc luded in  ca l -

cu la t ing thc  cor re la t ion coef f ic ients  in  Table  l l .  S ign i f icant ly
improved corre la t ions are obta ined lor  compar ison of  the re-

ac t i on  o f  a l ky l  ch lo r i des  w i t h  magnes ium and  the  reduc t i on

of  a lky l  ch lor ides and bromides by t r i -n-buty l t in  rad ica l  i i  the

data for  react ion o f  ter t ia ry  a lky l  ha l ides are dc lc tcd ( r  =  0 .97

and 0.92,  respect ive ly) .  In  any case,  thcsc cons iderat ions do

not  substant ia l ly  a l tc r  the mechanis t ic  p ic turc .

Discussion

Thc ra tes o f  react ion o f  the a lky l  ha l ides used in  these

st ructurc  react iv i ty  s tud ies would be expected to  re f lec t ,

among other  s t ructura l  fcatures,  changes in  the hybr id izat ion

of ' thc  carbon atom at tached to  ha logcn in  go ing f rom the

ground s ta tc  to  the ra te- l imi t ing t rans i t ion s ta te . l l ' r l  The ob-

scrvation of a l incar correlat ion betwccn rcaction of thcse alkyl

ha l ides wi th  t r i -n-buty l t in  rad ica l ,  w i th  d iary l  kety l ,  and wi th

rnagnesium indicates that the carbon-halogen bond is broken

r _ - - T - - - _ . r r _ - - - - T _ - - - ' - - _ . . 1
-2.4o - ?2o - 2 og Erzz (H9) - z.9o - ?:ro - 2.59E',,  
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-.[---T-tros hrr,

F i g u r e  3 .  ( ' r r r r c l l r l i r ) n \  ( ) l  d : r t l r  s u r t t r t t l t r i z c d  i n  T l r b l c  l .  ( ' o r r c l l r t i t l n  c ( ) c l -

l i c ' r c n t s  a r c  l i s t c d  i n  T r r b l c  I l .  O r d i n a t c s  a r c  i n  a l l  c a s c s  l o g  4 r " 1 .  A b s c i s s r t s

a r c  1 ,  1  , :  ( V )  l b r  c l c c t r g c h c r n i c a l  r c d u c t i o n s  a n d  a r c  l t l g  l r . 1  t b r  o t h c r  r c -

l rc t  ions .

to  an apprec iab le  and s imi lar  cx tent  in  a l l  three processes.  The
in lcrcnce of  apprec iab le  carbon-ha logen bond break ing in  the
t rans i t ion s ta te  for  t r i -n-buty l t in  rad ica l  is  expected. ls ' r6  The
observat ion o f  rehybr id izat ion a t  carbon in  the t rans i t ion s ta te
l b r  r cduc t i on  by  l i t h i um d ia r y l  ke t y l  i s  compa t i b l e  w i t h  a  re -
act ion in  which carbon-ha logen bond break ing is  concer ted
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with clectron transfer. It may, however, also be compatible with
format ion of  an intermediate alkyl  hal ide radical  anion, pro-
vided that lengthening and weakening of  the carbon halogen
bond occurs concurrent ly wi th electron transfer.  In ei ther
event.  these three types of  react ions are essent ia l ly  indist in-
guishable,  when examined by using a comparison of  rate-
structure prof i les der ived from this set  of  a l iphat ic hal ides.
Previous work with aryl halides indicated a similar sensitivity
in ratcs of  react ion wi th both magnesium and tr i - r -buty l t in
radical  to subst i tuents on the aryl  r ing.E

The potential-structure profile for electrochemical reduction
of alkyl bromides at a mercury cathode shows only a general
correlat ion wi th the rate-structure prof i les character iz ing
react ions of  a lkyl  hal ides wi th magnesium and tr i -n-butyl t in
radicals, while electrochemical reduction of alkyl chlorides at
a glassy carbon cathode is characterized by an apparently
higher correlation (Table II).27 The data for reduction at glassy
carbon include only lbur acyclic alkyl halides, however. If the
rcduct ion of  only the corresponding acycl ic alkyl  bromidcs at
mercury is considered, correlations comparable to those for
reduct ion at  carbqn are obtained. Thus, al though the l imi ted
data available for electrochemical reductions make quanti-
l"ative mechanistic comparison of the reduction of alkyl halides
by homogeneous reagents and electrochemical methods dif-
f icul t ,  i t  appears qual i tat ively that  re lat ive react iv i t ies of  or-
ganic halides are closely similar in reactions with tri-n-butylt in
radicals,  d iary l  kety ls,  magnesium metal ,  and carbon and
mercury cathodes.2s

The bear ing of  th is work on the long-standing quest ion of
the existence of alkyl halide radical anions deserves brief
comment. The linear correlation between rate-structure pro-
f  i les for  the three reduct ions of  a lkyl  hal ides wi th kety l ,  t in
hydr ide,  and magnesium is compat ib le wi th paths in which
there are no intermediates between start ing mater ia ls and
products for each, but cannot rigorously exclude either a path
involving an intermediate after the rate-determining transition
state, or one in which superficially different reactions (e.g.,
halogen abstraction by Bu3Sn- and formation of a short-l ived
RX-. by electron transfer) coincidentally show similar changes
in hybridization at the carbon originally bonded to halogen in
their  respect ive t ransi t ion states.  The roughly comparable
influence of changes in structure on the rate of each reaction
suggests, however, that carbon-halogen bond breaking is
signi f icant and simi lar  for  each, and argues against  a react ion
coordinate involving any intermediate very similar in geometry
to the start ing mater ia l .  Thus, i f  an alkyl  hal ide radical  anion
is formed as an intcrmediate in reaction of an alkyl halide with
4,4 ' -d imethylbcnzophcnone ketyl  or  magnesium, and i f  the
structure of  th is radical  anion resembles the t ransi t ion state
lor its lbrmation or decomposition, its structure must be similar
in the hybr id izat ion and charge on carbon bonded to halogen
to that fbr the transition state for abstraction of a haloge n atom
by tr i -n-butyl t in radical .  A c losc s imi lar i ty bctwecn these two
structures ( l  and 2) cannot be excluded but would be sur-
prising; an intermediate of structure 3ra might be expected to
rcscmblc t ransi t ion state 2 in hybr id izat ion and charge on
carbon.

\\\ \\ ---
[ ; ) C - H r ' J - '  t - C  " '  F ] r " ' S n R , i  t ; i ( ' r r r r H r

t 2 3

The or ig inal  quest ion of  whether the react ion of  a lkyl  hal ides
with magncsium proceeds by an inner sphere or outcr sphere
pathway thus has not been rcsolved by th is work.  Moreover,
i t  probably cannot be resolvcd by an exper imental  approach
based on qual i tat ivc comparisons of  rate-structure prof  i lcs
with those for reactions which might be expcctcd to excmpliiy
these mechanist ic l i rn i ts.  s incc al l  of  these prof i lcs appear to
bc  l inear ly  cor re la tcd  w i th  one another .  I t  i s  poss ib lc  tha t  an
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incomplete set  of  model react ions was examined in th is work,
and that none provides an example of ,  e.g. ,  an outer sphere
electron transfer rezrct ion generat ing an intermediate alkyl
hal ide radical  anion. In th is event.  examinat ion of  some other
react ion might y ie ld a dist inguishable rate-structure prof i le
character ist ic of  th is type of  react ion.  Even i f  such a react ion
exists,  however.  the work of  Endicot t  et  a1.26 emphasizes that
well-defined inner and outer sphere electron transfer processes
may exhibi t  l inear ly corrc lated rate-structure prof i les.  Thus
i t  is  not evident that  rate-structure prof i les for  rcduct ions ol '
a lkyl  hal ides wi l l  bc sensi t ive to th is dist inct ion.

Experimental Section

General  Methods.  Most  a lky l  hal ides were obtained f ronr , \ idrrch.

Eas tman ,  o r  Chemica l  Samp les  Co . ;  2 -b romo-2 -methy lpcn tunc  \ \  i r \
syn the  s i zed  by  s tandard  l i t e ra lu re  p rocedures . :e  A lky l  hu l i dc '  *  c rc
checked  fo r  pu r i t y  by  GLC be fo re  use ,  and  impure  sanrp lc '  * s1g
passed  th rough  a  co lun rn  o f '  Wuc ln r  Ac t i v i t y -  |  a lumina  and  d i : t  r l l e  d
Tr i - r -buty ' l t in  h l 'dr ide was prcpared by l i terature methods.  r ' )  d ist i  I  lcd.
and  s to rcd  in  a  Sch lcnk  f l : t sk  under  a rgon  in  the  da rk .  Azob is i ' , rbu -
. y ron i t r i l c  (A IBN )  u 'as  rec rvs ta l l i zcd  f rom 9 -5% c thano l  r . . r  n lp
1 0 3  1 0 4  o C  ( l i t . r r  m p  1 0 2  1 0 3 ' C )  a n d  s t o r e d  a t  I  o C  i n  t h c  d . r r k
Bcnzop inaco l  was  uscd  as  rece ived  f rom A ld r i ch ,  and  ;1 . .1 ' . 1 " .1 " ' -

t e t ramethy lbenzop inaco l  was  syn thes ized  f rom commcrc i r r l  J . J ' -
d i m e t h y l b e n z o p h c n o n c r l  a n d  h a d  m p  1 7 3  l l 4 o C  ( l i t . r 2  m p  l l 5  l r -
oC 

) .  4 ,4 ' -D imc th l  l bcnzh l  d r1  |  pcn ty l  c thc r  and  I ,  I  -d i -p - to l r  l hc r r r  no l
wc rc  syn thcs izcd  b r  s t r rndurd  l i t e  ra tu rc  p rocedures . l r  Mc th l  l l i t h ru r l
r rus  used  l r s  r ccc i r cd  l r t l r r r , ' \ l l ' u - \ ' cn t r t t n  Corp .  and  was  t i t ru t cd  L rc l i r r c
u s c  b - r  t h c  ( j i l n t i r n  d o u b l c  t i t r r r t i o n  m c t h o d ,  u s i n g  l . l - d i b r , r n t t l -
e  t h a n e . r r  1 ) i e  t h l  l  c t h e r  a n d  T l l  F  w c r c  d i s t i l l e d  f r o n r  d i s o d i u r n  b c n -
zophenone  d ian ion  under  a rgon .  Excep t  where  no ted .  uncxccp t i ( )n l r l
i ne r t  a tmosphere  sy r inge  and  cannu la  techn iques  were  en rp lo rcd . r '
An  U l t rav io l c t  P r t ' duc ts .  I nc . .  Mode l  UVSL-25  long  wavc lcng th  UV
lamp was  uscd  to  i r rad ia te  t r i -n -bu ty l t i n  hyd r ide  reduc t ions .  ( i [ . ( -

ana lyses  were  ca r r i cd  ou t  by  us ing  f l amc  ion iza t ion  ins t rumcn ts
c q u i p p e d  w i t h  c l c c t r o n i e  i n t c g r l t o r s .

Reduct ions of  Alkvl  C'h lor ides wi th Tr i -n-buty l t in Hydr ide.  Al l
rcduct ions we re pcr l i r r rncd in a s i rn i lar  manner.  React ion al iquots were
quenchcd  c i thc r  u i th  CCI+ .  o r  b1  cml ing  to  0  oC (con t ro l  cxper imcn ts
con f i rmed  tha t  the  reduc t ron  o i  a l ky l  ch lo r ides  w i th  t r i -n -bu t l l t i n
h y d r i d e  i s  n c g l i g i b l e  a t  0  o C  i n  d i e t h y l  c t h c r ) .  T y p i c a l l y ,  t o  a  2 5 - r n l .
round-bot tomed f lask equippcd wi th a magnet ic st i r r ing bar and rc l lux
condcnser  and  l ' l ushcd  w i th  a rgon  wcre  added  e the r  (8 .0  m[ - )  and
t r i - n - b u t y l t i n  h l d r i d c  ( l . l l  n r l - . 6 . 8  m m o l ) .  T h e  s o l u t i o n  w a s  b r o u g h t
to  re f l u r .  and  a  so lu t i on  o f '  , \  IBN (0 .01  7  g ,  0 .  I  I  mmo l ) ,  a  hyd rocarbon
GLC s tandard  1+0 l l  ) .  und  n io  d i f f  c ren t  a l ky l ch lo r ides  (40  i rL  each .
approx ima te l y  0 . -10  n rn ro l )  i n  c thc r  ( l  n rL )  was  added .  An  a l i quo t  (0 . -5

mL)  was  rcn rovcd ,  and  the  l - l ask  was  i l l un r ina tcd  w i th  a  l t l ng  w 'uvc -
leng th  UV lamp.  Add i t i ona l  a l i quo ts  were  rcmoved  pc r rod ica l l l .
R c l a t i v c  r a t c s  w e r e  o b t a i n c d  b y  c v a l u a t i n g  t h e  s l o p c  o l ' l o g
(  [ R  r  C l  I , i  I  R '  ( ' l  l o )  v s .  l o g  (  [  R : C ' l l r /  [  R r C l l 0 ) .

Determination of the Rate of Reduction of Cyclopentyl Bromide with
Li th ium Benzophenone Ketr l .  Thc rr r tc  constant  was dctermined undcr
pseudo-f i rs t -order condi t  ions ern plo l  i  ng excess l i th ium bcnzophcnonc
ke ty l .  A rgon  was  sc rubbed  by  bubb l ing  th rough  a  pu rp le  so lu t i on  o l '
d i sod ium bcnzophcnonc  d ian ion  in  TH I - - .  To  a  I  5 -m l -  ccn t r i f ' ugc  tubc
wh ich  had  bccn  s toppc red  w i th  a  No-A i r  scp tum and  f l a rnc  d r i cd
undc r  an  u rgon  s t r c ln r  r v r r s  r rddcd  T l lF  (7  mt - )  and  bcnzop in r rco l
( 0 . 7 5  g ,  2 . 1  r l r n o l ) .  r \ l ' 1 c r  d i s s o l u t i o n  o f '  t h c  b e n z o p i n a c o l .  i t  w a s
transfcrrcd to a J- i -nr1. .  f lanre-dr icd.  h igh-prcssure v ia l  cquippcd wi th
a  magnc t i c  s t i r r rng  ba r  and  sca lcd  w i th  a  bu ty l  rubbc r  scp tun r  and
c r o w n  c a p .  T h c  t c n r p c r l r t u r e  u u s  n r e i n t a i n c d  a t  2 0  o C  w i t h  a  w a t c r
ba th .  To  th i s  v igo rous ly  s t i r r cd  so lu t i on  werc  addcd  n rc thy l l i t h iun r
(  1 . 7  M  i n  c t h c r .  1 . 0  n r l - ,  - 1 . - l  n r n r o l )  l n d  5 0  p l -  c a c h  o f  n - o c t a n c  ( i n -

t c rna l  ( i  |  . ( '  s ta  ndard  )  l nd  o  c lopcn t l " l  b romide  (0 .47  mmol  ) .  A l i quo ts
( 0 . 5  0 . u  n r l - )  u e  r c  r e  n r o v e d  u f ' t c r  0 . 5 .  l u ,  3 9 ,  6 0 ,  9 0 ,  1 2 0 .  l l J 0 .  a n d
253  n rn  i t nd  qucnchcd  u ' i t h  wa tc r .  A  pscudo- l ' i r s t -o rde r  p lo t  o l ' l og
(  [ r ' - p c n t y l l ] r l , / [ r ' - p c n t y ' l B r l 1 ; )  v s .  t i r n c  w a s  l i n e a r  o v c r  t h c  i i r s t  ]  h
( - j 0 7 o  r c a c t i o n ) .  [ : r ' a l u a t i o n  o 1 ' t h i s  p l o t  g a v c  A  =  9 . 5  X  l 0 - ' [ -  n r o l - r
, . - |

Reduct ion of  n-Pcntv l  Bromide wi th L i th ium 4,4 ' - I ) imethr lbenzo-
phenone .  To  r r  v igo rous lv  s t i r r cd  so lu l i on  o l ' - 1 . -1 ' . , 1 " . -1 " ' - t c t r r r rnc th r  l -
bcnzop inuco l  (0 .6  g .  l . - l  r l n ro l )  i n  

- IH l r  
(  1  7  n r [ - )  u ' r r s  l ddcd  \ l t r l - i  (  1 .  ]

M  i n  d r c t h t l c t h c r .  1 . 0  n r l  .  l . ( r  n r n t o l ) .  / r - n ( ) n r r n c  ( - 1 0  ! 1 . .  ( i l - C  s t r r n -

I
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dard), and n-pentyl bromide(120,rL,0.97mmol).AIiquots(I mL) (17) carst,J.F. Acc. Chen. Res. 1971, 4, 400-406. Holy. N . L. Chem. Rev
were rcmoved every 8 h, quenched with mcthanol, and analyzcd by - 1974' 74.243 277
GLC.Asthereactionprogiessed.acompoundwa,rormedpo,sc,.ini l]31 5ffll.r,,,Iti?:::l lY j # 3EI f"g;;,,i1";iiiil.*
arctentiontimeequaltothatof l , l , -di-p-tolyhexanol :rnd dif fcrcnt i loi  G.o"rt,  F. L.:  Kobayashi, K.-J. Am. chen. soc. 1sao, 62.5324-
from that of 4.4/-dimcthylbenzhydryl pentyl cthcr. 5328.

Reduct ions of  Alkyl  Bromides wi th L i th ium 4,4,-Dimethylbenzo-
phenone  Ke ty l .  A l l  reduc t ions  were  pe r fo rmed  in  a  s im i la r  n tannc r .
A rgon  was  sc rubbed  by  bubb l ing  th rough  a  pu rp le  so lu r ion  o l  d i so -
d iun - r  bcnzophcnonc  d ian ion  in  THF.  Reac t ions  wcrc  pc r fb r rncd  in
- l -5-nrL high-prcssurc g lass v ia ls equippcd wi th ntagnet ic st i r r ing burs.
sealed wi th buty l  rubbcr septa and crown caps,  and l lamc dr icd undcr
an  a rgon  s t ream.  Typ ica l l y ,  a  so lu t i on  o f  4 ,4 ' ,4 " ,4 " ' - t c t ramethy l -
bcnzop inaco l  (0 .50  g ,  1 .2  mmol )  i n  T t {F  (20  mL)  was  pu rged  fb r  0 . -5
h  w i th  a rgon  and  t rans fe r red  to  a  sea led  h igh -p rcssu re  v ia l .  The
tcn rpe ra tu re  was  ma in ta ined  a t  24  +  |  oC  w i th  a  wa te r  ba th .  To  th i s
v igo rous ly  s t i r red  so lu t i on  was  added  Me l - i  (  1 .6  M in  c rhe r .  1 .3  mL .
2 . 1  r n r n o l )  a n d  2 - 5  p L  e a c h  o f  n - a l k a n e  ( i n t e r n a l G L C  s t a n d a r d ) a n d
two  a l ky l  b romides  (approx i rna te  l y  0 .2  mmolo f  each) .  A l i quo ts  (0 .5
n r [ - )  wc rc  pe r iod ica l l y  removed ,  qucnchcd  w i th  mc thano l  o r  wa tc r ,
rund  unu lyzcd  by  GLC.  The  abso lu te  ra tc  cons l l l n t  l b r  the  reduc t i t t n
o l '  cyc lopcn ty l  b ro rn ide  by  l i t h ium 4 ,4 ' -d i  mer  hy l  bcnzophenone  ke ty l
was  ob ta ined  f rom p lo ts  o f  l og  ( [ r ' - pen ty lB r l l / [ c -pen ty lB r ]6 )  vs .  r ime
undcr pseudo-f i rs t -order condi t ions.
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