
f  o m p o u n d s  c o n t a i n i n g  a  o  b o n d  c o n n e c t i n g  c a r b o n
\r .v and copper( l )  r . rsual ly show a low order of  thermal
s tab i l i t y .  r  Deta i l s  o f  the  fac to rs  respons ib lc  fo r  t i re
thermal  lab i l i t y  o f  th is  c lass  o f  o rganometa l l i c  com-
p o u n d s  a r e  n o t  w e l l  u n d e r s t o o d :  t h c  s t a b i l i t y  o f  t h e
inc ip ien t  rad ica l  fo rmed dur ing  homoly t i c  c leavage
of  the  carbon-meta l  bond. ' r  the  ion ic  charac ter  o f  the
bond, {  and the  magn i tude o f  the  energy  separa t ing  the
h ighes t  f i l l ed  and lowest  un f i l l ed  o  molecu la r  o rb i ta ls ;
have been var ious ly  p roposed to  de termine the  s tab i l i t y
o f  these and o ther  t rans i t ion  mcta l  a lky ls .

As part  of  an inv 'est igat ion of  the structural  features
inf luencing the rate of  decomposi t ion of  several  organo-
copper ( l )  reagents .  rve  have had oppor tun i ty  to  exant ine
some o f  the  proper t ies  o l  cyc lopentad ieny l ( t r ie thy l -
phosph ine)copper ( l ) . ' t  Wi lk inson and P iper  have
formulated this conrpound as a o-cyclopentadienide
rather than a n-cyclopentadicnide, on the basis o,

( l )  This rescarch was supportcd by the Nat ional  Science pounOat io, i
t h rough  Gran t  CP 20  18 .  Ca lcu la t i ons  wcre  ca r r i cd  ou t  i n  pa r t  a r  thc
Massachusct ts Inst i  tutc of  Technolo gy Computat ion Centcr ,  Cam br idge,
Mass .

(2)  For cxamples,  scc G. iVI  .  Whi tesidcs and C. P.  Cirscy,  J.  .4t r t .  Cl tem.
Soc . ,  E8 .45 .11  (1966) ;  H .  O .  Housc ,  W.  L .  Respess ,  and  G.  N l .  Wh i re -
s idcs ,  " / .  Org .  Chenr . ,  31 .  l l 28  (1966) ;  C .  E .  H .  Bawn and  R .  Joh t rson .
J .  Chem.  S r . r c . ,  -1162  (1960) :  G .  Cos ta .  G .  Pc l t i zc r ,  and  F .  Rubcssa .
J . l n o r g .  N u c l .  C h c t r r . , 2 6 , t ) 6 1  ( 1 9 6 . 1 ) ;  H .  C r l m a n ,  R .  G .  J o n c s ,  a n d  L .
A .  Woods ,  J .  Org .  C l ru t r . ,  17 ,  l 610  (1952) ;  H .  Hash imoro  and  T .
Nakano .  i b id . ,  31 ,  891  (  1966) .

(3 )  F .  G lock l i ng  and  D .  I ( i ngs to r r ,  J .  Chem.  Soc . ,  3001  (1959) .
(4 )  t l .  H .  JaHt  and  C .  O .  Doak ,  J .  Chenr .  Phys . ,2 l ,  196  (1953) ;  H .

H. Jat i ' i .  ib id. .  22,  1462 (  1954).
(5)  J.  Chatt  and B.  L.  Sharv,  J.  Chem. Soc. .  705 (1959).
(6 )  (a )  G .  Wi l k inson  and  T .  S .  P ipe r ,  J .  I no rg .  i \ i uc l .  Chem. ,  2 ,32

( 1 9 5 6 ) ;  t b )  T .  S .  P i p c r  a n d  C .  W i l k i n s o n ,  i b i d . , 3 , l 0 4 ( 1 9 5 6 ) .

t h c  , \ m e r i c a n  C l t c m i c a l  S r r c i c t y ,  8 9 ,  : l S ' r ' - )  ( 1 1 ) t i 7 ) .  I

$ o c i e t y  a n d  r c p r i n t e t l  b y  p e r m i s s i o n  , r f  t h e  c t r p y r i u h t  o w t t c r

spec t ra l  ev idence. ' i  Howevcr .  the  thermal  s tab i l i t y  o f
th is  mater ia l  i s  unexpected ly  g re l te r  than tha t  o f  o ther
s i m p l e  a l k y l c o p p c r ( l )  c o m p o u n d s :  m o r c o \ e r ,  i t s  r o o n t -
tempera ture  nmr  spec t rum shows on ly  a  s ing le  sharp
pc i . rk  fo r  the  pro tons  on  the  cyc lopentad ieny l  r ing .6"
The poss ib i l i t y  tha t  cyc lopentad ieny l ( t r ie thy lphos-
ph ine)copper  i s  a  n rember  o i  the  group o f  meta l  c -
cyclopentadienides character ized b,v rapid migrat ion ot '
the  meta l  a tom between c i l rbon a toms in  the  cyc lopenta-
dienyl  1 ipo6b-s has led us to examine the temperaturc
dependence o f  i t s  nmr  spec t run l ,  in  hope o f  learn ing
more about i ts structure and the reasons for i ts un-
expec ted  thermal  s tab i l i t y .  In  th is  paper  we w ish  to
report  evidence which conf i rms the structure suggested
by  P iper  and Wi lk inson,  and wh ich  shcds  some l igh t
on the process which averages the chemical  shi f ts of  the
cyc lopen tad ieny l  p ro tons .

Results

The nmr spectrum of the cyclopentadienyl  protons
of  cyc lopentac l ieny l ( t r ie thy lphosph ine)copper  in  su l fu r
d iox ide  so lu t ion  a t  0o  cons is ts  o f  a  sharp  l ine  a t  6 . i i )
ppm downf ie ld t tom internal  tetramethyis i lane (Figure
l ) ;  resonances  due to  t r ie thy lphosph ine  occur  a t  h igher
f ie ld and are omit ted f rom this 6gure.  As the tempera-
ture of  the sample is lowered, the cyclopentadieny' l
p ro ton  resonance broadens and sp l i t s  in to  th ree  l ines

(7)  H.  P.  Fr i tz  and C. G. I ( re i ter ,  J .  Organontetal .  Chem. (Amstcr-
d a m ) .  4 ,  3 1 3  (  1 9 6 5 ) .

(8 )  f v l .  J .  Bcnne t t ,  J r . ,  F .  A .  Co t to r t ,  A .  Dav ison ,  J .  W.  Fa l l c r ,  S .  J .
L ippard ,  and  S .  N t .  iV fo rchouse , , . / .  An r .  C l tem.  Soc . ,88 ,  4371  (1966) .

l R e p r i n t e d  f r o m  t h e  J o u r n a l  o f

C , r p y r r g h t  l 9 ( i 7  b y  t h e  A m e r i c a n  C h e m i c : r l

A Nuclear Ma-enetic Resonance Study of

o-Cyclopentadienyl( tr iethylphosphine ) copper( I  ) '

George NI .  lVh i tes ides and Jr - rhn S.  F leming

Contribution J'rom the Depurtment oJ'Clrcntislr) ' ,  tVus.suclt t l .rd// . t  I t tst i tute oJ'
Technology, Cumbt' idge, Mussuchtl .rc// .r  02139. Rcceicetl  Decemher 14, 1966

Abst ract :  The nmr spect rum of  cyc lopentad ieny l ( t r ie thy lphosphine)copper( [ )  has been e. r i tmined as a  iunct ion o t '
temperature between () and - 70 ". The high-temperature spectrum of the cyclopentadienyl group consists oi u single
l i ne ;  t heco r respond ing low- tempera tu respec t rum iscomposeCo f th ree l i neshav ing re la t i ve i t r e i t s2 :2 :1 .  The la t t e r
spect rum requi res that  the organometa l l ic  compound ex is t  in  so lu t ion as a  copper  a-cyc lopentad ien ide.  Analys is  o f
thc  spect ra l  l ine shapes in  the exchange-bro i rdeneC reg ion in . l ica tes that  the averag ing of  chern ica l  sh i i ts  observeC
at  h igh temperatures must  occur  by e i ther  a  scquence o i  1 ,2  or  1 .3  sh i f ts  o f  the meta l  a tom uround the c-vc lopenta-
d ieny l  r ing,  and that  i t  cannot  take p lace by a  sequence of  random sh i i ts .  Chemica l  sh i f ' t  data  are tentat ive ly
in terpreted to  suppor t  the 1 .3-sh i f t  mechanism for  the averag ing.

lVltiteside.s, Flenting rYtnr ol' o-C yclttp<,tttudiartvl(triath.v'lplnsphine)copper( l1



2856

Figure l .  Nmr spectra o l ' the cyclopentadienyl  protons of  o-cyclo-
pen tad ieny l ( t r i e thy lphosph ine )copper (  I )  i n  su l fu r  d iox ide  so lu t ton

as a l 'unct ion ot ' temperature.  Tl te three peaks in the lo lv ' tempera-

turc spectrum occLlr  at  6.95,  6.57,  and 4.46 ppm from internal  tetra-

methyls i lar-re.

1,2 shi f ts
/(co) o

a t  6 . 9 5 ,  6 . 5 7 ,  a n d  4 . 4 6  p p m ,  h a v i n g  r e l a t i v e  a r e a s
a p p r o x i m a t e l y  l : l :  l .  S o l r r t i o n s  o f  c y c l o p e n t a d i e n y l -
( t r ie thy lp l tosph ine)coppcr .  in  the  concent ra t io t l  range
used in thcse stuci ies,  crystal l ize art  tenlperatures below
approx imate ly  - - i0o  i i  a l lowed to  s tand.  In  conse-
quence. spectra taken in the exchange-broadened region
of the spectrunr were obtained on supersaturated
solut ions.  Attempts to lower the temperature of  the
sample  be low -70o to  cxamine sp in  coup l ing  in  the
true slow-exchange l imi t  were thwarted by crystal l iza-
t ion of  the organometal l ic  compound from solut ion.

The observat ion of  three dist inct  s ignals for  the cyclo-
pentadienyl  protons in the low-temperature spectrum
of cyclopentadienyl( t r iethylphosphine)copper imme-
diately establ ishes that th is compound should be formu-
la ted  as  a  copper ( l )  a lky l  (1 )  con ta in ing  a  carbon-copper
o bond. rather th i tn as a copper( t ) -o lef in r  complex'

i t  i s  no t  p resent ly  poss ib le  to  l ss tgn  chcmica l  s l t i t ' t s  t , ,
these pro tons  unambiguous ly .  .  In  the  d iscuss ions  w l t i ch
lo l low,  we n take  the  assunrp t ion  tha t  the  reson l l l l cc
occurr ing at  lowest f ie lc l  can be assigned ro the pr() tons
in  s i te  I  o f  l .  Some jus t i f i cu t ion  fo r  th is  assumpt io r r
wi l l  be of fered below.

The single l ine t tbserved in the high-tempcraturc
spec t run l  o f  th is  compound is  most  eas i l y  ra t iona l i zed
on the  bas is  o i  rap id  hopp ing  o f  the  copper  a tom be-
tween carbon a toms in  the  cyc lopentad ieny l  r ing .  In
pr inc ip le .  th is  hopp ing  o i  the  r le ta l  a tom might  take
p lace  bv  anv  one o f  th ree  d is t inc t  pa ths :  each exchange
might  sh i f t  the  copper  a to t t l  on ly  be tween ad jecent
carbon : I toms ( fo r  example .  1  *  2a) :  the  exchar lge
might  sh i t t  the  copper  a tom spec i f i ca l l y  in  a  l . l
manner  (1  *  2b) ;  o r  exchange might  occur  ind isc r in r -
i n a n t l y  b y  a  r a n d o m  m i x t t t r e  o t ' l . l  r t n d  1 . 3  s h i f t s .

The unsymmet r ica l  co l lapse o t '  t l te  resonance duc  t , '
the  r  in1 ' l  p ro tons  t tbser red  in  the  erchange-bro . tdcr lc . :
reg ion  o t l 'e rs  a  n te thod o i . l i s t ingu ish i r rg  be tween t l t c ' - '
a l te rn l t i l ' cs .  By  fo l low ' ing  t [e  n te thoc l  deve l t rnc . i  [ r r
Kubo"  and by  S i tck .e r '  the t l re t i c l , r I  l i ne  shupes c : r r l  i ' c
ca lcu la ted  fo r  each t t f  these poss ib lc  exchange :che t t t c : .
I n  p a r t i c u l a r ,  f o r  i l  s c q u e n c c  t r t ' l . l  h o p s .  t h e  f u i l  l i r r e -

s h a p e  t ' u n c t i o n  I ( u ) ,  g i r i n g  t h e  r c l a t i r e  i n t c n t r t r  ' ) l

absorpt ion in the spectrut l r  at  t ' rcqLlcncv rr l .  is  g i rct l  i - r r
e q  l .  T h i s  e q u a t i t t n  l t p p l i e s  t t l  t h e  l a b e l i n g  o f  t h e  e  t  e  l o -
pentad ieny l  p ro t tms ind ic i r ted  in  1 .  Here .  fo r  exr t t t l r r ie  .
cd1  is  the  chemica l  sh i t ' t  o f  the  pro tons  a t  s i te  l .  I - ,
is  the relaxi . t t iot t  t i t t te l ' r t r  t l tc  prot()ns l r t  th is s i te i t t  the

.  0  5 l r' ' l r ' ' '  - o 5lr 
1,,r,, - u) - rrT.,, - rr,

absence o t 'exchar tgc .  and i '  i s  the  n lean t ime the  coppc l '

a tom spcnds a t  e i tc l t  c l t l ' bo t t  i l ton l  be tween exchar tges .

Rc ind icu tes  th l t  t l t t l y  the  re : t l  p l t r t  o f  the  e , rp ress ig t t
ins ide  the  brackets  i s  cor rs idercd .  The approp l ' i l r te

k ine t ic  t rans ter  mat r ices  K f 'o r  a  1 ,3 -hopp ing  schc t t te
and for randont exchange l r re given by eq 2 ant l  -1.

The cor respond ing  l ine-sh i rpe  func t ions  are  ob t : . r i r t c . i
by  subs t i tu t ing  these mat r ices  f 'o r  the  exchange t€ r l l l s
i n  e q  l .

1 ,3  sh i f t s

Random s t r i f t s

0  5 l r
- 0  7  5 l r
0  5 l r

l -  / - i t o r r  -  u )  -  I IT ' : '  -  l l ,  0 .51 r
Rcl {2,2, ty(  o.s7r - i (c,r :  -  <,r)  -
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L rt) (l
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,) 
(r )

f  
- 0  S i r  0  5 i r

[ i :  f 0 5 1 r  
- l i r

\ o  t i r

/  - 0  7 5 i rK - (g: ;ll

2 a t 2 b

The highest f ie lc l  peak in the observed spectrum, having
relat ive area l .  can be safely assigned to the Cf lCu
proton; the two lower f ie ld peaks are due to the two
nonequ iva len t  types  o f  v iny l i c  p ro tons .  Untor tunate ly ,

Jottrnul tt l  t lrc , ' lrtrcricun Clrcntlcol Societv | 89:12 I June 7. 1967

L ine  shzrpes  ca lcu la ted  us ing  eq  l -3  fo r  severa l  v r t l r t c :

of  the pre-cxchange t i fet ime 7 i l re given in Figures 2 - t '

l n  these ca lcu la t ions .  no  a t tempt  was mude to  take  in t t r

c t tns ic le ra t ion  sp in -sp in  coup l ing  in  the  s low-exch i . t r lgc

( 9 )  ( a )  R .  K u b o .  , Y t t t t c o  C i t n e t r r r - t  S t r p P l ' , 6 '  l 0 6 l  ( 1 9 5 7 ) ;  ( b )  R '  " \ '
S a c k ,  , v o i .  P h t . s . ,  l .  l 6 l  (  1 9 5 8 ) ;  ( c )  A .  A b r a g a m ,  " T h e  P r i n c i p l e s  . r t

N u c l c a r  M a g n r t i s m , "  T h e  c l a r e r r d o n  P r c s s ,  o . r t b r d ,  1 9 6 1 ,  c h a p t c r  l t ) :

( d )  c .  s .  J o h u s o r r ,  l r . ,  A d c c t r r .  l l u q t t e t t c  R e s o n a n c e ,  l ,  3 3  (  1 9 6 5 ) :  I  J  )

H .  S .  C u t o r v s k y ,  R .  L .  V o l t l ,  a n t j  E .  J .  W c l l s ,  J '  C h e n t '  P h v s ' '  4 3 '  - l l o 7

(  1 9 6 5 ) .
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F igu re  2 .  Ca lcu la ted  l i ne  s f rapcs  t ' o r  thc  cyc lopen tad ieny l  p ro rons
as a l 'unct ion ol ' the mean preexchange l i fet i rne r  ( in sec) betrv 'een
successive 1.2 l rops.  These spcctra are bascd on t l ' le  assulnpr ion
that  thc resonance at  lowest  f ie lc l  can be assir :ued t t t  thc ororons in
:'rte I t-rl '  l.

5pcctra.  Indeed, I :  (here set  equal  to 0.03.1 sec for al l
th rce  s i tes )  wus  ad jus ted  to  g ive  l ine  w id ths  a t  s low
c x c h a n g c  w h i c h  a p p r o x i m a t e d  t l t o s e  o l ' t h e  v i n v l i c
r rbsorp t ions  in  the  obser " 'ed  spcc t ra .  S ince  th is  va luc
o f  I , :  inc luc les  cont r ibu t ions  to  the  l ine  shape t iom both
rc laxa t ion  and f rom sp in -sp in  coup l ing ,  the  ca lcu la ted
l i n e  w i d t h  i n  t h e  f a s t  e x c h a n g e  l i m i t  i s  a p p r e c i a b l y
lu rser  than the  observed l ine  w id th .  Nonethe less .
thc  qu l l i ta t i ve  fea tures  o I  t l tese  ca lcu la ted  spcc t r i r
a rc  re l iab le .  and,  in  par t i cu la r .  the  unsvmmcc, ' i ca i  ex -
chunge broaden ing  ca lcu la ted  fo r  the  v in . r - l  p ro ton
r rbsorp t ions  in  the  1 ,2 -  and 1 ,3-hopp ing  schemes is
s ign i f i can t .

Th is  asvmmet ry  in  the  ca lcu la tec l  spec t ra  i s  phys ica l l y
reasonub le  i f  i t  i s  re r r rembered tha t  in  these schemes
cach exchange changes the  precess ion  f requenc ies  o f
the  two k inds  o f  v iny l  p ro tons  by  d i f fe ren t  amounts .
For  exa .mple .  fo r  success ive  1 ,2  sh i f t s .  the  precess ion
f ' requency  o f  each o I  the  pro tons  labe led  Hr  in  I  changes
rv i th  equa l  p robab i l i t y  by  e i ther  -  100 Hz ( i i  e , rchange
transters the proton considered to the Cl lCu si te;  or
-20  Hz 1 i f  i t  i s  t rans f  e r red  to  the  second v iny l i c  s i te ) .
S imi la r ly ,  the  cor respond ing  changes in  the  precess ion
frequency of  each of  the protons labeled H: are ei ther
-20  or  0  Hz .  S ince  the  re la t i ve  l ine  broaden ing  fo r  the
two tvpes  o f  p ro tons  is  re la ted  to  the  re la t i ve  "uncer -
ta in tv "  in  the i r  p recess icna l  f requenc ies .  the  resonance
of  the  pro ton  exper ienc ing  the  la rger  changes in  f ie -
quency  pcr  un i t  t ime wou ld  be  expec ted  to  b roaden
most  rap ic l l y  on  inc rcas ing  the  ra te  o f  exchange. r0

Comparist ' rn of  the calculated and observed spectra
in the region of  exchalrge broadening indicates that the

( l ( ) )  F o r  i l  m o r c  d c t n i l c d  p r c s c n t a t i o n  o f  t h i s  a r g u m c n r .  s c e  S .  M e i -
l ro r r r r r .  Z .  E lek t rochenr . ,  64 .  - \0  (  1960) :  scc  a lso  rc f '  8 .

lg_i i

_./ 
't-_:::_

Figure 3. Calculated l ine shapes lbr the cyclopenradienyl proron\
as a I 'unction ot 'r  tbr successive 1.3 horrs.

\  c . o o o o s

Figure 4.  Calculated l ine shapes t 'or  the cyclopentadienyl  prorons
as a l 'unct ion ot ' r  for  random hoos,

averag ing  o f  the  chemica l  sh i f t s  o [  the  cyc lopenr r -
d ieny l  p ro tons  occurs  by  a  sequence o f  l . J  hops  o f  the
meta l  a tom around the  r ing ,  p roc ided tha t  the  ass ign-
ment of  re lat ive chemical  shi f ts to the two kinds ot '
v inyl ic protons is correct .  r  I  I f  th is assignment is

( l l )  S im i la r  ca l cu la t i ons  have  bcen  app l i cd  to  a  number  o f  re la te t i
problcms: scc,  for  exantples,  C.  MacLean and E. L.  Mackor,  Discussto, ;s

{::-

" '--s::1

,/ .{:::

L9'hire:;idc.v. Flenting I Nmr ol o-C1:clttpentuclienvl(triethvlpfutsphine)atppertll



: E 5 8

l ' c ,c iSc( l .  thc  s i ' r cc t r : . r  ca lcu la ted  fo r  the  random eKchange
:chenre i r re un:tr i 'cctc-d.  btr t  the spectra calculated for
l , l -  a n c i  1 . 3 - h , . l p p i n g  s c h e m e s  m u s t  b e  i n t e r c h a n g e d .
ln  th is  c i rcun ts tL lnce .  conrpar ison  t l f  ca lcu la ted  and

obse i ' vec l  spec t ra  wou ld  ind ica te  tha t  a rerag ing  oc-

cur red  by  a  1 .1 -h t lpp ing  process .
The tcmpcrut ture depcrrdences observed for the spec-

t l rm o f  th is  o rgr tnometa l l i c  co l ' t tpc )und in  p rop ion i t r i le

I rnc l  pe t ro leum c ther  s r t lu t ions  were  c lu t l i ta t i re ly  s in r i la r

to  tha t  obser l 'ec l  in  su l fu r  d iox ide .  a l though the  chemica l

sh i f - t  o t - the  CHCu pro ton  was apprec iab ly  so lvent  de-
pendent .  Fur ther ,  the  copper  compound cou ld  be
recovered f rom su l fu r  d iox ide  so lu t ion  w i thout  ap-
parent  change.  These observa t ions  exc l t rde  the  poss i -

bi l i ty  that  the compoLlnd whose spectrul i l  was obser l 'ed
in  su t fu r  d iox ic ie  w i ts  ac tua l l y  an  adduct  o f  the  organo-
copper  compound rv i t t r  su l f r . r r  d io .x ide .  t r  Spec t ra
taken i r r  t r ie th lz ianr ine  or  t r ie thy lphosph ine  so l t t t io r rs
showec l  t rn ly  a  s ing le  l ine  fo r  the  cyc lopentad ieny l  p ro-

tons  i - r t  ten tperx tu res  i rs  low as  -70" .  Spec t ra  taken i r r
s o l u t i o n s  c o n s i s t i n g  t l f  n t i r t u r e s  o f  s t r l f r r r  d i o r i d e  a n d
t r i e t h v l l n r i n e  t ) r  t r i e t h y l p h o s p h i n e  s h o w e d  q u a l i t a -
t i re ly  the  s i ln te  chenges in  I ine  shapes as  were  observed
in  pure  s r . r l fu r  r l iox ic le :  in  p l r r t i cu la r ,  the  same { . ISy l '11-

nre t ry  was obscrvec l  in  the  v i r ry l  p r ( ) ton  s igne ls  in  the
exc l tange-bro i tc lcncc l  reg io t t .  HowcVer .  l t )wer  temper l l -
tu res  wcre  requ i re r l  t .o  p rod t tce  exchange broaden ing
i n  t h e  r n i r e c l  s t l l r e n t s  t h a r t  i r r  s t r l f t r r  c l i o x i c l e  a l o n e .

No t l i rec t  cv ' idc t tcc  i s  a l 'a i l lb le  o r t  t l t c  ex ten t  o f  as-
sc ' rc ia t  i t rn  o l '  cvc l  ( )  pc  t t  tac l  i cn  y l (  t r ie thy '  I  p  hosp h  ine  )copper
i n  s c l l u t i t t r t .  I l t l w e r c r .  t h e  t l b s e r r i t t i t l n s  t h l t  t l t i s  c o t n -
por rnd  suDl in rcs  t ' cuc l i l v ,  i t t t c l  t l t l r t  i t s  n l : . ISS spec t r t tn r
sht lw's a c le i t r lv  dcf i i rcd pl t rct t t  i t ln (r t l ic '  l -17 end 2' l t ) )
Lr t r t  r r r l  er  ic ler tce t t t '  c l inrer ic or nl ( ) rc higt t l l '  lugregatecl
spcc ies .  sL lgges t  tha t  i t  i s  p robab ly  r , rnassoc ia ted  in  the
v i . r lo r  phase.  and t lu t t  by  in fe rcncc  i t  i s  p robeb ly  a lso
runassoc i r . r ted  in  a  l t vdrocarb t ' rn  s t ) l vc t t t . r ' r  I t  i s  c - l f  son lc
l ' u r t h e r  i n t e r c s t  t h a t  t h c  o n l y  o t h e r  r e l a t i v e l l " a b r r n d a n t
i o n s  i n  t h e  s p e c t r u r n  w l t i c h  c l e a r l y  c o n t a i n  c o p p e r  c o r -
r e s p o n c l  t o  ( C . : H ; ) , , P C r r  |  ( t n f  a  l 8 l  a n c l  l S l ) .  T h e  a b -
sence o f  i . t  s t rong peak  cor respond ing  t t l  C ;H,C i t *
l e n c l s  f u r t h e r  s u p p o r t  t o  a  f o r m u l a t i o n  o i  t h i s  c o n l -
p o u n d  a s  u  o - c y c l o p e n t a d i e n i d e . r  '

Dlscussion

Conrpar ison  o f  thc  observed lnd  ca lc t r la ted  tempera '
tu re  dependencc  fo r  the  spec t ra  o f  o -cyc lopentad ieny l -
( t r ie thy lphosph i r re )copper ( l )  permi ts  the  conc lus ion
t l ra t  t l re  averag ing  o f  chern ica l  sh i f t s  observed a t  h igh

Furuc la r .Soc . .34 .  165  (1962) ;  M .  S i tunc lc rs .  P .  von  R .  Sch leye r ,  and
C .  A .  O l a h ,  J .  , 1 m .  C l t e m .  S o c . , 8 6 .  5 6 8 0  ( 1 9 6 a ) ;  A .  A l l c r h a r r d  a n d  H .
S .  Gu to rvsky ' ,  i h i r l . ,  87 ,  .1092  (  1965) ,  and  rc t t r cnces  thc rc in :  C .  S .
Jo l rnso r r .  J r . , ; . t nd  J .  C .  Tu l l y ,  J .  Chen t .  P l r . r ' s . ,40 ,  174 ' l (196- l ) .

t l 2 )  I nsc r t i on  o l '  su l [ ' u r  d iox ide  in to  ca rbon-met l i  bonds  i s  wc l l
k n o w n  i n  t h c  c h e m i - s t r 1 ' o f  o t h c r  t r a n s i ( i o n  m e t a l  a l k l i s :  J .  P .  B i b l c r
nnd  A .  Wo jc i ck i .  J .  . 1 t r t .  C l ten .  Soc . ,  88 .  +862  (1966) ,  and  re te rences
the rc in .

(  l 3 )  O the r  coppc r (  I )  l nd  s i l vc r (  I )  o rganomcta l l i c  compounds  a re
p rob lb l y  assoc ia tcd  bo th  i n  so lu t i o r - t  i n  thc  c ry ' s ta l l i ne  s ta te :  P .  w .  R .
Cor t i c ld  and  H .  \ , { .  N l .  Shcarc r ,  , l c ta  Cr t ' s ! . ,  16 .  A7 l  (1963) ;  20 .
- i 0 2  ( 1 9 6 6 ) :  A .  F .  W e l l s ,  Z .  K r i s t . , 9 4 , 4 1 7  ( 1 9 1 6 ) ;  F .  C .  i V l a n n ,  D .
PLr rc l i c .  nud  A .  F .  Wc l l s ,  J .  Chem.  Soc . ,  I  503  (  1936) ;  D .  B l r kc .  G .  Ca lv in ,
r rnd  G.  E .  Co l t cs .  I ' r oc .  Che t t t .  Soc . ,  396  (1959) ;  G '  E .  Coa tes  and  C .
Prrrk i r r ,  J .  I t tors.  , \ t rc l .  Chetr t . ,  22,  59 (  l96l) .

( l - l )  ; r -C ' . c lopcn tad ic r t y lmc ta l  compou t rds  o rd ina r i l v  sho rv  p romi '
nun t  peaks  co r responc l i t t g  to  CsH;M" . t5  A l though  the  p rescnce  o f  an
ion ,  C iH ;Cu-  (m le  128  and  130) ,  canno t  beexc ludcd  in  thespec t rum,  i t
ec r t l i n l . ' -  does  no t  p rov idc  u  ma jo r  pa thway  fo r  t ' r agmenu t ion .

(  l -< )  Fo r  cxamp lc .  sce  R .  G .  Denr r ing  and  R .  A .  D .  Wen twor th ,  . . / .
. 4m.  Chan t .Soc . .  8 l l ,  +619  (  1966) .

. loLtrnt t l  t t l  tha , . l rncr icun Chcnt icul  St tc iety '  I  , \ ( ) :12 I  . lune 7,  1967

tempera t t r res  i s  no t  the  res t r l t  o f  ra t tdom hopp ing  o f  the
meta l  a tom between carbon i t toms:  however ,  the  ques-
t ion of  whether the aver i lg ing ref lects a sequence of
success i r  e  l . l  ( ) r  l . i  sh i f t s  c i ln  be  answered unant -
b iguous ly  on ty  by  cor rec t ly  ass ign ing  chemica l  sh i f t s
to  the  two k inds  o f  o le f in ic  p ro tons .  Th is  ass ignment
cannot at  present be nrade with great assurance.

The rc la t i ve  n tagn i tudes  o f  the  coup l ing  cons t r ln ts
between the  Cf fCu pro ton  und the  two v iny l  p ro tons
cannot  eas i l y  be  used in  ass ign ing  chemica l  sh i i t s ,  bo t l t
because the  pr - lo r  reso lu t ion  in  the  spec t ra  a t  the  lowest
temper : . l tu res  u t i l i zeC makes de ta i led  spec t ra l  ana lys is
imprac t ica l ,  i tnc l  because ana l t - lgous  coup l ing  cons tan ts
in  the  few r lode l  con tpounds wh ich  have been examined
suggest  tha t  these two co t rp l ing  cons tan ts  have i lp -
p ror imate ly  the  s i lme n tagn i tude.  rG An ass ignment
based on  chent ica l -sh i f t  cor re la t ions  su f fe rs  f rom the
scarc i ty '  o f  da ta  f - ron t  mode l  compounds.  Nonethe less .
the  spec t rx  o f  cvc lopentad ieny ' l t r imethy ls i laneT and
- t r i r le thy l  ger t t rane.T  n-c r  c I  open tad ieny l  i ron  d  i carbon- " *  [
o -cy 'c lopentad ien ide .s  anc l  cvc lopentad ieny l ( t r ie thy ' l -
phosp i r i r re )c r tpper  share  in  con lmon the  fea ture  th r t t
the  resonance o f  a t  le l l s t  one o f  the  two k inds  o f  v in1 ' ' l i c

p ro tons  o f  the  cvc lopentac i i cny l  g roup o f  eech cor . l l -

p o u n c l  o c c L l r s  r t e r r r  6 . 6  p p n t .  I t ' i t  i s  a s s u m e d  t h a t  t h c
chemic l l  sh i i t  t r t '  thc  r inv l i c  p r ( ) tons  wh ich  are  f t ) t t t '
bonds  rcn torec l  t i ' on t  the  nrc t l l  i t t ( ) r11  w i l l  be  re l l t i re l r ,
insens i t i re  t t t  thc  n i . t tL l rc  t t t '  thc  n te ta I  and i t s  l ig : ' tnds . r "
the  6 .57-ppr t r  res( l t t : . t t t ce  in  the  copper  o rganometa l l i c
con lp ( )u r r t l  cu t r  he  te t t ta t i r  c ly  ass ig r rcd  to  H:  o f  l ,  l tn t l

conseqt rcn t ly ' ,  t l te  6 .95-ppnr  reson l tnce  c l tn  be  ass ignc . i
to  Hr .  Prov ic lec l  thesc  lss ig r tmcnts  a re  cor rec t .  the

h ieh- te r r rpera ture  l t ver l tu ing  o f  the  chemica l  sh i l ' t s

m u s t  t a k e  p l l c c  r i t t  l . i  s h i t ' t s  o f  t h e  c o p p e r  a t t ) t I r . r "
Howevcr .  th is  c ( )nc lus ion  must  obv ious ly  renr : ' t i r t

t e n t a t i r e  u n t i l  f u r t h c r  e r p e r i m e n t a l  w o r k  o n  r e l a t e d
comp()unc ls  i s  av ; . r i l l tb le .

Det l i l s  o f  thc  n tec i ran isnr  o f  the  meta l  a tom sh i t - t

n r igh t  be  ex l t rn ined by  de termin ing  the  in f luencc  o l '

a p p r o p r i a t e  s o l u t i o n  v a r i a b l e s  o n  t h e  r a t e  o f  t h i s  r e e c -

t i o n .  U n t ' o r t u n a t e l y ,  t h e  s p i n - s p i n  s p l i t t i n g  p r e s c n t

in  the  s low exc i t i . rnge I  n r i t  severe ly  l im i ts  the  accur : . l cv

( f  6 )  U r n a t t  a n c l  E l l c m a n  h i t v c  o b s e r v c d  J v  :  * 2 - 0 2  H z  a n d  ' / r r  :

-  I  . 9 3  1 z  t b r  i n d c n c . r T  a r r d  . / r :  =  *  1 . 3  H z  a n d  J r r  -  -  1 . 5  H z  l i r r

c v c l o p c n t u c l i c n c . r s  H o r v c v c r .  h o t h  t h r c c -  a n d  f o u r - b o n d  c o u p l i n g s  r t r e

H l
I
I

ffi-u,
\,,)(,.

, ' ,  f l1
H.

H 3
I

rA-",
)Au,
H

s t r o n g l y  c l e p e n c l c r r t  o p  t h c  g c o m e t r y  o f  t h e  m o l e c u l a r  f r a g m e n t  c o p -

c c r n e d .  I n  c o r t s c q t t c n c L ' .  c o L l p l i n g  c o n s t a n t s  i n  t h e s e  h y d r o c a r b t l r t s

m a y  n o !  p r o v i r i c  r e l i l b l e  m o t l c l  p a r a m e t e r S  t b r  t h e  C o r r e s p o n d i r r q

c o r i p l i n g  c o n s t a n t s  i r t  t h c  o r g a n o m e t a l l i c  c o m p o u n d s .  F o r  r e v i e w s  , r t '

theore t ica I  an( l  L .xpcr imcn lx I  L ' r  idc 'ncc  per t inent  to  the  geomct r tc . l l

c l e p c n d c n c c  o f  t h e s c  c o u p l i n g s ,  s c e  ! [ .  B a r f i c l d ,  J .  c h e m .  P h y s . , 4 1 .  i l i ] , i

(  1 9 6 4 ) :  A .  A .  B o t h r t c r - B v  ,  . 1 d c a n .  , l [ a g n e t i c  R e s o n a n c e ,  I '  1 9 5  (  1 9 6 5  t ;

E .  W .  G l r b i s h .  J r . .  J . . 1 r r t .  C h e m .  S o c . , 8 6 .  5 5 6 1  ( 1 9 6 4 ) .

( 1 7 )  D .  D .  E l l e m a n  a n d  S .  L .  N l a n a t t '  J .  C h e m .  P h l s ' , 3 6 '  l l 1 6

(  l  e 6 : ) .
( t 8 )  S .  L .  ! I a n a t t .  p e r s o r t l t l  c o m m u n l c e t l o t t .

f l9 )  Thc  chemica l  sh i l t s  obscr . , , c 'd  fb r  the  methy l  and methy lene pro-

t o n s  o f  c t h y - I - s u b s t i t u t c c l  o r g a n o m c t a I I i c  c o m p o u n d s  o f f e r s  S o m e  S u p p o r t

t b r  t h i s  a s s u m p t i o r r :  A .  D a v i s o n .  J .  A .  N I c C l e v e r t y ,  a n d  C .  W i l k i l s 6 r r .

J .  C h e m .  S o c . .  l l l l  ( 1 9 6 1 ) :  \ I .  L .  l l a d d o x ,  S .  L .  S t a f f o r d ,  a n d  H '  D

Kaesz .  , - l t l can .  Orqunometa l .  Chem. ,3 '  I  (1965) .

( 2 0 )  T h i s  r y p e  o f  e q u i l i b r a u o n  i s  k n o w n  i n  a l l y l i c  o r g a n o m e t u l l r e

c o m p o u n d s :  c .  ! t .  w h i t e s i d c s ,  J .  E .  N o r d l a n d e r ,  a n d  J .  D .  R o b c r t s .

D isc l rss ions  Fara t la t '  Soc . ,  34 .  185 (1962) ;  I ( .  C .  Ramey and G '  L '

S tu t ton .  J .  Anr .  chem.  soc . ,  E8 .  {387 (1966) ,  and rc t t rences  there in .



of  de ta i led  k ine t ic  ana lys is .e r  Qua l i ta t i ve ly ,  the  s ig -
ni f icant rate increase obserVed on adding a-donor l ig-
ands to the sample suggests that ,  in going to the t ransi-
t ion  s ta te  lo r  the  meta l  a tom sh i f t ,  the  compound
progresses to an appreciable extent along the path
toward ci issociated cyclopentadienide anion and metal
cat ion,  and that the added l igand serves to increase the
rate by stabi l iz ing the increased part ia l  posi t ive charge
on the metal  atom dur ing the shi f t .  However,  the
pcrsistence of  the unsymmetr ical  mode of  col lapse of  the
viny[  s ignals in the presence of  added donor l igands indi-
cates that even under these circumstances dissociat ion
does not become complete.

I t  is  of  some interest  that  the temperature dependence
of the nmr spectrum of zr-cyclopentadienyl i ron dicar-
bonyl  o-cyclopentadienide has been interpreted as indi-
cat ing that the metal  atom in th is compound shi f ts
around the cyclopentadienyl  r ing by a sequence of  1,2
hops.8 I l  both th is interpretat ion and that proposed
for the organocopper reagent are correct, the difference
between these compounds poses an interest ing problem.
However,  the assignme nt of  the v inyl ic proton chemical
shi f ts in the i ron organometal l ic  compound was based
on the assumprion that the magnitude of  the three-bond
coupl ing between the Cl lFe proton and the vic inal
v iny l  p ro ton  was grea ter  than tha t  o f  the  cor respond ing
four -bond coup l ing ,  and the  ambigu i ty  in  th is  type  o f
ass ignment  has  a l ready  been ind ica ted . t6  In  conse,
quence.  compar ison  o f  the  two compounds is  most
prof i tably deferred unt i l  the stereochemistry of  the metal
atom shi f t  in each has been more clear ly def ined.

( l l )  A .  A l l c rhand ,  H .  S .  Gu towsky ,  J .  Jonas ,  and  R .  A .  Mc inzc r ,
J .  , 4m.  Chem.  Soc . .  E8 ,  3  185  (  1966) .
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Experimental Section2s

a-Cyclopentadienyl(triethylphosphine)copper was prepared usi n3
a modif icat ion ol '  Wilkinson and Piper's merhod.6n Commercial
cuprous oxide (3.6 g), l0 ml of freshly dist i l led cyclopentadiene. 7
ml of tr iethylphosphine. and 20 m[ o[ perroleum ether (bp 30-60')
were refluxed under a nitrogen atmosphere with magnetic stirring
for 2 hr and then al lowed to st ir  at ambient temperature for 6 hr.
The solvent tvas removed under reduced pressure. and the resulting
brown-black syrup rvas rranst'errcd in a nitrogen-filled glove bag
directly to a subl imation appararus. The product was obtained as
hard white or pale yel low-green crystals by slow subl imation at 60',
and 0.1 mm. The crystals were moderately stable in the absence
of oxygen; solutiotrs of the organometallic were much less stable.

Nmr samples were prepared by transterr ing a suitable quanti ty of
the l teshly subl imed material to a f lame-dried nmr tube under ni-
trogen. The tube was capped with a serum stopper and cooled to
the temperature o[ a Dry lce-acetone bath, at which temperature.
sulfur dioxide was condensed into the tube. The sample was
warmed briet ly to approximately -35',  to al low the organocopper
reagent to dissolve. and then inserted into the precooled (-40")
probe of the nmr spectrometer. t f  the sample was permitted to
warm to temperatures above -.10' for more than approximately
5 min. decomposit ion of the sample introduced signif icant absorp-
t ion due to  impur i t ies  in  the o le f in  absorpt ion reg ion.

Acknow ledgmen ts .  We  w ish  t o  exp ress  ou r  t hanks
to  D r .  Robe r t  S iekman  fo r  h i s  he lp  i n  ob ta in i ng  mass
spec t ra .  and  t o  D rs .  S .  L .  Mana t t  and  D .  D .  E l l eman
fo r  pe rm iss ion  t o  use  t he i r  da ta  p r i o r  t o  pub l i ca t i on .

(21)  Nmr spccr ra  were taken at  60 MHz us ing a Var ian A-60 spec-
t romcter  equ ipped rv i th  a  V-60.10  var iab lc - tcmpcra turc  p robe and con-
t r o l l e r .  S r v e c p  w i d t h s  w c r c  c a l i b r a r e d  u s i n g  a  l ( r o h n - H i t e  M o d c l  . 1 5 0
o s c i l l a t o r  a n d  a  H c r v l e t t - P a c k a r d  ! { o d c l  5 2 - l  e l e c t r o n i c  c o u n r e r .  C a l i -
b r a t i o n  o f  t h c  t c m p e r a t u r c  c o n t r o l l e r  w r s  a c c o m p l i s h e d  b y  m e l s u r i n g
peak separa t ions  in  a  methano l  samplc .  fv l l ss  spcc t ra  wcrc  d r . tc rmine  d
w i t h  a  H i t a c h i  P t : r k i n - E l m c r  R M U - 6 D  s p e c t r o m c r c r .  S p e c t r a l  c a l c u l a -
t i o n s  w e r e  c a r r i c d  o u t  u s l n g  a n  I B M  7 0 9 4  c o m p u t c r ,  a n d  s p e c l r a  w c r c
p lo t tc 'd  by  a  C. r l comp p lo t tc r .
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