
fhe  po ly topa l ' r  exchange o f  l igands  arou t ld  pcn t i t -
I  coor . l inu te  p l tosphorus  has  bcen e  x tcns i r ' c ly  s tL rd-

iec l .0  ,  bo th  bccausc  th is  c lass  o f  in t ran t r l l cc t t la r  i l t t c r -

change react i t t t ts pror idcs cxpc-r i t l rc l l ta l ly  t ractable cx-

amples  o f  thc  l lux iona l  behav io r  tha t  i s  a t t  i tnpor ta t r t

charac ter is t i c  o f  n tany  pentacc tord in l l t c -  inorga t t i c  co t t t -
p lexesr '  1 "  i i t td  be  c l t t t se  pcn tacoorc l ina tc  ph t lsphor l ts

con lpounds aru '  be l i c rcd  to  bc  in te rnred ia tes  in  n lany
b io log ica l  p roccsse s  in r ,  o lv ing  phosph i l te  cs tc rs .  r  L

Substances  ha l ' ing  thc  c t ln tpos i t ion  XPFr  h t t rc  bccr l

subjected to part ictr lar ly dctai lcd study for fot t r  rca-
sons .  F i rs t .  thesc  co l l lpo t lnds  are  eas i l y  syn thes ized.
pgr i l tcc l .  ancl  r lanipulatecl .  Seconcl ,  thc colr lb inat i t l t r
o f  ' rP  and r l 'F  nn t r  spec t roscopy  w i th  o thcr  phys ica l

techn iques  nrakcs  i t  poss ib lc  to  de f ine  thc  g round s ta tc

(  l  )  f  h i s  u  o r k  r r  i t s  \ L l p p ( ) r t c t i  h y  t h c  N l r t i o n r t l  l l t s t i t r . l t c \  o f -  [ { c t r l t h
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t 5 )  E .  L .  l \ 1  L r c t t c r t i c s , J .  . ' l r r r a r .  C l t t ' t r t .  ^ S o c . , 9 l .  l ( r 3 6  ( 1 9 6 9 ) .
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\ ' .  G u t n t t t t t t .  H . t l . ,  A c l t c l c r r t i c  P r c s s ,  N c * ' \ ' o r k ,  N '  Y . ,  1 9 6 7 ,  p  - j l  f l  :
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C J t c t r t . . \ r . r c ' . ,  9 4 ,  5 l 7 l  ( l ( ) 7 1 ) :  ( [ r )  P .  \ l c i L k i r r ,  L . .  L - .  M r r c t t c r t i c s ,  F .  N .
I  c l r b c ,  l i r t l  J .  P .  J c s s o r t ,  i l t k l  . , 9 3 . . 1 7 0  I  (  1 9 7 1  ) .

( 1  l )  T .  C .  I l r L r i c c  r r n t l  S .  I l c r r k o v i c  " B i o o r g i r r r i c  N ' l c c l t t t t t i s r t l . , "  \ ' o l .
l ,  \ \ ' .  A .  I l c n j l n r i r r ,  N c r r  Y o r k ,  N .  \ ' . ,  1 9 6 ( r ,  p p  I  1 0 9 ;  F .  t l .  \ r V c : t -
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qeomet r y  o f  t hcse  s l l bs tanccs  as  t r i gon i l l  b i py ran l i da l .

w i t h  t h c  s L l b s t i t u c l i t  X  i n  i i n  e q t l a t o r i a l  p o s i t i o n . l l  l : ' r 3

Th i rd .  t hc  po l y topa l  cxch i i r l gc  reac t i o l l s  o f  ma l l y  o f

thesc contpoul tc ls  t tcc t t r  a t  ra tes that  are con\en i r -n t  for

s tudy  by  magnc t i c  r csonancc  t cchn i c l t r cs .  F rna l l y .  t hc

obse rva t i c l n  t ha t  r  eF - ; i rP  coup l i l l g  i s  p r€SCr r  r - - c l  du r i ng

thcse cxchangc rCaCt i t - rhS gL l i , t r i - ln ter -s  thc i r  in t rar - t lo lec-

u lar i ty  (a l though not  thc i r  un imolcct r lar i ty .  c ida i t t . / i ' t t ) .

Recen t  i n t c r cs t  i n  t hcsc  po l y topa l  cxcha r l gcs  has  cen -

te red  on  ques t i ons  o f  t hc  de ta i l s  o l '  t he i r  n r c - chan i sn rs .

One e lc-n tentury  prob len i  in  cs tab l ish ing a l l l cch i l l l i s l . l l

i s  t ha t  o f  c l e f i n i ng  t he  pe rmu ta t i o l r a l  schcn l c  t ha t  c l e -

Scr ibes thc proccss by r i ,h ich thc  f t l t r r  l luc l r inL-  t t to l l l s

i n te r change :  t hc  i n l l t r cnce  o f  t he  l i l t h  l i gand .  X .  and  o l -

t he  so l ven t  on  t he  cne rgc t i cs  o f  t h i s  p rocess  i s  l i l so  o f

obv ious  i n te res t .  Fc l r  XPFr  cc - r t l t poL lnc l s  ha r i ng  t r i g -

onal  b ipyn ln t ic l i l l  g ro t lnd s ta te  geonle t ry .  therc  arc  on ly

tw 'o  c l asscs  o f  pe r t l t r t a t i ona l  i son le r i za t i ons  t ha t  i l r c

c l i s t i ngu i shab le  by  n r r i r :  ( l lX2z l )  and  (  l - rX l ) ( - 1 ) . "

Pseudorotat ion in XPF,'

Michael Eisenhut,:  I l .  Lee N,I i tchel l ,3 Daniel D. Traficante, Robert J. Kaufman,r

.I .  N'I .  Deutch,* and George M. Whitesides*

Cgrttr ibuti6n .from the Deput' lntenl of Chcnti .Elr. t ' ,  Masso('huscl l .s hrst i tute o.f

Technolog)..  Cumbrit lge.,Va.s.yuchu.\cl ts 02139. Receit 'ed Decentber'  12, 1973

: \bst ract :  Thc tcntpcratLr re  c icpendence of  the 31P nmr spcct ra  o f  (CHr) :NPFl  (1) ,  C lPF, ,  and CH3PFT has been

eraminccl.  Thc interchange of axial and ecluatorial f lLrorincs in (CH,r):N[ 'Fr and CIPF{ fol lows the permutational

schcntc expcctc(l  for Bcrry psclrdorotat ion: r"r; . ,  bcrth axial and cqLratorial f l trorine atonls interchange at the same

linre. Thc rarc of pser-rcioiotat ion of 1 is indcpendent of the concentrat ion of 1 but is catalyzed by THF and

( C H , , ) r O .  l - h e  f r c c e n c r g y o f  a c t i v a t i o n f o r p s e u d o r o t a t i o n o f  l i n C H C I : F i s A G + : 8 . 8  ' t  0 ' 2  k c a l / m o l  a t  - 8 5 " .

and fo rc l p l - - r i nc tHC l r t - - i s - \G  :  - : ' 4 . 2 ,  O .3kca l /mo l  a t -  77J " .  Comb ina t i ono f  t hese ra tesw i th  da ta  ob ta ined

by othcrs  inc l icates that  the re la t ive ra les o f  pse l lc loro ta t ion o1 'cont l ro t rnds hav ing the conlpos i t ion XPFl  incrcases

i. thc rtrcicr (CH;r):N < SR, H < Cl < CH3, F. A ncw procedure has been clevelopecl which permits calcir lat ion of

the i r r f lgcnce of  an in termecJ ia tc  present  in  low concent ra t ion a long the pscr - rdorota t ion coord inate for  I  on i ts

spcctr,pr. This proccclr.rre cstabl ishes that the inf lr ,rcnce of a singlc inte rrnecl iate in equi l ibr ir-rm with two ground

statcs can in geneial be clescribecl exactly by incorporation of only one further operator, cal leci thc "transfer opera-

tor ' , . , .1 .  in to  the Lrsual  Kaplan Alcrander  ec luat ron of  mot ion o f  thc  nuc lcar  sp in  systcn l .  Ap l l l i ca t ion o f  th is  l l ro-

cccjure to thc spcctrum of l  incl icates that cven i f  a sqLrare pyramicl were an intcrmecliate along thc pscLrclorotat ion

coorc l inatc .  i t  woulc l  not  be poss ib lc  to  c le tect  i t  by  nmr l ine shape analys is  a t  present ly  access ib le  spect ra l  rcso l t r t ion.
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Mcchan is t i ca l l y .  thc  f i rs t  o f  thcse  cor responds to  a  p ro-

ceSS ip  wh ich  thc  twg ax ia l  f lugr ine  a to l t l s  in t t - . rchangc

( l l )  I r .  [ - .  \ 1  L r c t t c r t i c s  l t r t t i  R ,  A .  S c h L r r t n ,  Q r r u r t .  R e r . ,  C l t c t r t '  S o c ' ,

2 0 ,  1 . 1 5  (  1 9 6 6 ) .
(  l 3 )  R e f c r c n c c \  1 ( )  r c p r c s c n t r r t i r  c  s t r . r t l i e s  t r s i r r g  o t h e r  p h l s i c a l  t c c l r -

n i q u c s  i t r c  c o l t t t t i l t c t i  i r l  t l t e s c  l t r t i c l c s :  i r  l l t r t l  R l t t t l l t r t ,  R .  R .  H o l n r c s ,

. 4 c ( ' o t t t t t . \  C  l r t ' r r t .  / i l i . ,  5 .  1 9 6  ( 1 9 7 1 ) :  I l '  J '  D r r l t t l n ,  J '  C h c t r t '  P / r r ' ' s ' '  5 4 '

. 1 7 : 1 5  ( l t ) 7 1 ) :  l - .  ( ' .  t l o : k i r t s  u n c l  R .  C .  L o r c l  ,  i b i d ' , 4 6 .  l ' 1 0 1  ( 1 9 6 7 ) :

J .  [ J r i c k n r r r r t n ,  D c r .  B r u t . s r ' n ' r e s .  P h . r ' s .  C ' h u t r . ,  7 5 .  1 1 7  ( 1 9 7 1 ) :  e l c c t r o t l

c l i i l r a c t i o r r ,  L .  S .  l l r r r t e l l  l r n t l  l ( .  W .  H l t t t s c t l ,  I t t o r s .  C h c t n ' , 4 ,  1 7 7 5 ,

t l 7 7  ( t 9 6 5 ) .

I t ep r in tec i  l r om the .Journa l  o l  t he  Arner i can  Chemica l  Soc ie t r ' . 9 ( i , . r i : f 85  (197 '1 ) . ]
( l op1 - r i gh t  19? .1  bv  the  Amer i can  Chenr i ca l  Soc ie tv  and  reJ r r i n ted  bv  pe rm iss ion  o t  the  cop l ' r i gh t  owner .
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s in ru l tancous ly  r " i th  the  tvvo  cc i r ra to r ia l  f luor ines : r4  thc
scconc l  cor responc ls  to  a  p rocess  in  u 'h ich  onc  ux ia l  anc l
one equator ia l  f lL ro r inc  in te rchangc.  wh i le  the  remain ing
lux ia l  a rnd  cquator ia l  l i r , ro r incs  rcnra in  in  the i r  pos i t ions .
Throughotr t  th is papcr,  w'e u ' i l l  rcfcr  to any proce-ss bc-
long ing  to  thc  fo rmcr  c lass  by  the  phrasc  "Bcr ry  per -
nrutat ion" for  u ant of  a be-t tcr  tcrnr and to processcs
be long ing  to  thc  la t tc r  c lass  hy  "non-Ber ry  pcrnrLr ta -
t ion . "  ln  s t . r  do ing .  wc  * ish  to  cn ' rphas ize  t l re  c l i s t inc -
t ion  be t * 'een thc  pcrmuta t iona l  charac tc r  o f  thc  pseu-
clorotat ion ancl  i ts  dctai lcd phy's ical  mechanism.
Ber ry 's  o r ig ina l  c l i scuss ion  o f  thc  rnechan isnr  o f  the
proccss  respons ib lc  fo r  the  arerag ing  o f  thc  ax ia l  anc l
equator ia l  t t ' p  chemica l  sh i f t s  o f  PF;  inc luc lec l  a  c lc -
scr ip t ion  o f  onc  spec i f rc  reac t ion  coord ina tc .  For  i r
subs tancc  o f  con- rpos i t ion  XPF;  pseuc lo ro ta t ing  by  th is
nrcchanism. f luor ine i r t terchangc \ \ 'ould occur by a prc-r-
cess r i 'h ich carr iecl  t i rc nrolccule f ronr a t r i .gonal  b i -
pyranr id to a sclLlarc pvranr ic l  of  C, local  s l ,nrnrctry
th rough in te  r rncd ia tc  s t ruc t r r rcs  o f  Cr  svnrnrc t ry . r ;  r ' l

Th is  rcac t ion  c t ' ro r r l ina tc  c . r f  course  rcsu l ts  in  thc  s in r t r l -

F'i:--\
l +  I l| ,//'

\  - t ,
- \  I  - - _

l \ ' '
t + l
t . _

1 , . - ;

t cchn ique dcre loped fo r  th is  purpose to  CIPF,  to  c r r -
s r r rc  t l r i t t  t l t i s  conc lus ion  uas  no t  rcs t r i c ted  to  l .  Scc-
onc l .  i t  ex i in r incs  thc  in l luence o f  so l r , 'e  n t  and conccnt ra -
t i t - rn on the pseuclorotat ion of  l .  This ef for t  seelnecl
p i i r t i cu la r ly  *  o r thu  h i le  in  l igh t  o f  suggest ions  tha t
pse  uc lo ro ta t ion  in  u  nunrber  o f  re la te -d  contpounds may
inr  o lvc  b i rno lecu la r  p roccsses . ls  F ina l l y .  i t  a t te  mpts
to  dc f inc  conc ' l i t ions  anc l  techn iques  w ' i th  w,h ich  i t  m igh t
bc  poss ib lc  to  dc lcc t  a  square  pyran i i c la l  in te rmed ia tc
a long thc  pser rc lo ro t r r t iona l  coord ina te .  i f  one  \ \ 'e re  p res-
cn t .  Thcorc t i ca l  ca lcu la t ions  hare  o fTcrcc l  no  inc i i ca-
t ion  tha t  s t rch  an  in tc r rned ia te  shou ld  be  prcsent . ;  and
in fact  nonc r . i  as dctected. Nonetheless.  the tcchnic lucs
uscd in  th is  c f fo r t  a rc  ins t ruc t i ve  in  dc f in ing  thc  c i rcunr -
stanccs in u I r ich such an intcrrrccl iate nr i_ght be detected
bv rnagnct ic rcsonal tce techniques ancl  c l f  pt-rssible usc
in  o thcr .  rc la tcc l .  p rob le  ms.

Resul ts and l ) iscussion

(Cf l , r ) 'NI ' [ i '  ( l )  u 'as prepareci  b l ,  rc-act ion of '  phos-
phor r rs  pcn ta l luor ic lc  w i th  t r in te thy ' l (d in te thy lanr ino . ; -
s i lane . t !  o r  by  fo rnra t ion  anc l  lher r t ra l  decompos i t ion  o f
the  ac lduc t  o f  phospht r rus  pc t r ta f l t ro r i r l c  anc l  c l i r le thy l -
l u n t i n c ' " :  i t  n  l r s  p t r r i t i c c l  b 1 '  h r i l h - t o - h r r l b  i l i s t i l l a t i t r n  o n
a P1, rc r  racr runr  l i r rc .  A l thor rgh  norn t i t l  t cc iu r i r lu . -s  i r r
t l te nl tn i  pulr t  t  i  t rn ol '  i t  i r -  a nt l  w ater-scn si  t  i  \  e cot .n pt-rrr  ncl  s
r i  c rc  uscc l  in  p repar ing  nnr r  sur lp lc -s  o f  1 .  no  hcro ic
n tcasr r rcs  ucrc  takcn  to  c rc luc le  t racc  hyc l ro ly 's is .  hc -
causc  s t tbsccyuc l r t  s tud ic -s  inc l i ca tcc l  tha t  anv  l l r ro r i i J t 'o r
hyc l rogcn l lL ro r ic le  ca ta lyzcc l  con t r ibu t ion  to  the  I )Sc t r -
dorotut i r - rn \ \  ls  nt 'u l ig ib lc ( t ' ic le i t t . l - ru) .  Phttsphorrrs
nnr r  spec t ru t  u  c rc  take  n  in  sp inn i l rg  5 - rnn t  t t rb rcs  uc ing
pr r lsc  rnc thoc ls .  u  i th  p ro ton  brou t l -band c lcc t rup l ing  t ( )
c l i r r i n a t c  r l l  " r P  s p i n  s p i n  c o u p l i n g .  T h e  r c s i c l u a l  ' i r P

l inc '  u id th  ( tvp ica l l y  8  Hz  a t  thc  coa lescencc  tenrpera-
t u r c )  r n a y ' b r -  d r r e  i n  p l r t  t t - r  L r n r c s o l r c c l  r { N - . 3 r P  c o u -
p l i n g .  T v p i c a l  s p c c t r a  a r c  s h o * n  i n  F i g u r c  l .  T h c
c lcc rcasc  in  l i r c  in tcns i ty  o f  the  l ines  in  go ing  f ronr  r igh t
t r r  l c l ' t  i r r  t h i '  c r p r r i m c n t i r l  s p e c t r a  i s  a n  a r t i f  a c t :  t h c
{ l r c  i r 1 1 l r .  r i i r l - ' l i f  i i l i '  t i : c t l  i n  t h c s c  c r p c r i n t c r t t s  r r  u s  n t t t
c lpub lc  o l '  [ r r t r t l r te  rng  i r  r r r t i f t r rn r  po \ \ ,c r  c l i s t r ibu t ion
or  c r  t l r c  h r r r r r t l  l r c r l r rcncr  r l lngr '  rcqu i rcc l  t c l  covcr  thc
c i r t i r c  phosph r ' r ruS \pcCt  r tu r r .

Thc  spcc l lp5cop ic  tcch l r i c ; r . le -  uSCc i  to  c l i s t i r rg r r i sh  be-
tu  c r -n  thc  c t - r r rc la ted  anc l  an t icor rc la tcc l  n t rc lc l t r  n to t ions
c l ta r i t c tc r i z ing  Bcr ry  l tnd  non-Bcr ry  pcnr lu t i t t io r t r  i .
n ( ) w  s t a r t r l a r c l r ' r '  I  1  : r  a n t l  w  i l l  o n l y  b c  s t r n r r l a r i z c r l
hc rc :  u  dc ta i l cc l  c lua l i ta t i r  c  d iscuss ion  l ras  bcen con-
strrrctccl  l i r r  t l rc c losclr , '  rc latcr l  spin systenr pror ided by
thc  f r rc  p ro tons  o t -  thc  a l l y l  g roups  o f  te t rak is (4 ; r -a l l y l ) -
z r r c o n i u r n ( I \ ' ; . ' r :  T h c  l i n c  s h a p c s  o f  t h c  c c n t n r l  t h r c e

(  l S )  l i . , I ' ] [ i  :  I . .  \ .  F u r t s c h ,  I ) .  S .  l ) i c r r l o r f ,  l n c l  A .  T .  C i o u l c l  ,
. /  .  . . l r r t c r .  ( . h o r r .  S o c . , 9 2 .  s 1 \ ( )  ( 1 9 7 0 ) .  S F r ,  C l F r ,  I - ] r F  :  L .  L .  \ l u e t t e r -
t i c s  r r r r , - i  I ) .  \ \ .  P h i l l r l . s ,  i b i l . ,  1 9 ,  l l l  ( 1 9 5 7 ) :  C .  \ ' .  I l c r r t s ,  . l  .  . \ l o l .
S t r t r c t . ,  1 2 .  f i 7  ( 1 9 7 1 ) .  R .  A .  F r c l  ,  R .  L .  R c c l i n g t o r t ,  i t n r . l  A .  t - .  I ( h i d i r
A l j i h r r r r ,  J .  ( - l t o r t .  P / r s . , 5 4 , 3 l - l ( 1 9 7 1 ) .  I .  W .  L c r i t t  u t t t l  W .  C .  H a r r i s ,
i l r i r l . ,  5 5 .  3 0 - 1 l r  l l ( ) 7 1 ) :  F .  I - .  M u c t t e r t i c s  a n r l  W .  D .  P l i i l l i n s ,  i b i i l . , 4 6 .
t S 6 l  i l 9 6 7 ) .

( l q t  ( i .  ( ' .  I ) e r r i t r . r s .  I l . .  A .  l i c n t ,  l r r r r i  A .  ( i .  M c t ) i r t r r t r i r l ,  C l t e r r t .  I r t t l .
( [ . o r r r l o r t ) ,  l 7 l ]  ( i ( ) 6 1 ) :  R .  S c h r r r r r t z l c r ,  . . 1 r i g c x .  C h u n . ,  l r t t ,  E r l  .  I : r t t l . .
3 .  7 5 . 1  (  t e 6 - 1 ) .

( l ( t 1  1 1 .  l l .  I l r , r r i r r .  ( i .  \ \ .  F r r r . c r .  u n t l  [ ) .  \ \ ' .  A .  S l t u r 1 . ,  ( - l t u t t .  ! r t t l
(  L o t r r l o r t ) ,  . 1 ( r 1  1  I  ( ) ( r - 1 )  : , / .  ( '  i t , . , t t t . . \ o c .  . . 1 ,  I  7 l  (  I  9 6 6 ) .

( 1 1  )  . \  r c l l r l c t l  t r e i r t n r l r l  l l r s  I ' r c t ' n  l r r e  s c n t e  t l  f i , r  t h c  c I r  s p e c t r t t t t t  r r t
' I ) F  :  P .  \ \  ,  . \ t k i r r s .  1 / o 1 .  P / n  s . .  1 3 .  l r  ( l ( ) 6 7 ) .  F , r r  r t  t l i s e  t r \ \ i ( ) r r  ( r i .

i l r - '  r r : c  t t f  l l t , ' r n . i t j n g  l i n t  r r  i r l t h  c l l e c t s  t r )  \ t u ( l t  n r o t i o n l i l  c t r r i t ' i l t i , r t t
i r t , - ' 1 . p  ' 1 . , - ' g 1 1 ' ( - r \ a ( ) i ) \ ,  s . ' r ' l ) .  l ) .  S t r l l i r l r n  l u r r i  . l  .  R .  B o l  t o l t ,  ' l t l L t t r t .  \ l r t c r t .

l l  (  s r . t  r  t t  t  t  t c  t ' ,  4 .  - l ( )  (  I  ( ) ;0  ) .
r l l t  . l  .  K .  l r . r r i g r r , . l  \ 1 .  I ) e L r t c l l .  l t r r t l  C i .  \ l  .  \ \ ' h i t c q l l l g r ,  / r t r , r { .  ( - l t o t t . ,

l i . 1 5 l : i l ( ) 7 - l r .
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tan t - 'ous  in tc rchangc o f  bo th  pa i rs  o f  ax ia l  anc l  ec lua-
to r ia l  f luor ine  a toms.  S i rbscc iucn t ly .  c l ther  rcac t ion  co-
orc l ina tcs  tha t  u lso  rcsu l t  in  t l r c  sanrc  pcr r lu ta t ion  o l '
f luor ine  nuc le i  hurc  been suggcs tcc l  to  bc  rcspor rs ib lc
f o r  p s e u d o r o t a t i o n  i n  d e r i r u t i r c s  o f  p h o s p h o r u s ( V ) .  1 i

On ly  t l ro  po in ts  c r - rncern ing  these serc ra l  n rc 'chan is t i c
sL lg -qes t ions  arc  c l i rcc t l y  pcr t inen t  to  th is  papcr .  F i rs t .
no  cxpcr imcnt  has  so  fa r  becn ca l r ied  ou t  o r  p roposed
that can dist ingr i ish betu 'cen thenr for  conrpc'runcls of
t h e  s t r u c t u r c  X P F r .  S c c o n c l .  i t  i s  n o t  o b r i o u s  t h a t
thcy al l  c l i f lcr  f ronr onc anot l rer  by rnorc than lhc arn-
p l i tudcs  o f  zero-po in t  benc ' l ing  r ib ra t ions  o l -  P  F  hont is .
l f  thcy  c lo  no t .  i t  i s  c l t rcs t ionab lc  r i  hc thcr  rn ! '  c rpe  r i -
n ren t  i s  cupab le  o f  c i i s t ingLr ish ing  bc twcen thcnr .  l t c -
gardless.  nragnct ic resor.rrnce spr 'ctroscopy is capublc ol '
c ' s tab l i sh ing  cxper ime n ta l l ' y  thc  onc  o f  tw  o  1 - ross ib lc  pe  r -
n ru tu t iona l  schcnres  tha t  charac tc r izes  the  psc t rdor ( ) ta -
t i o n  o f  u  p a r t i c u l a r  X P F r  c o n r p o u n d .  a n c l  i n  n h a t  f o l -
lows any  proccss  tha t  in te rchangcs  bo th  ax ia l  l i r rc l  cc lua-
tc l r ia l  1 ' luor incs s inrul tancoLrsly '  r i i l l  hc refcrrccl  to us i r
"  Bcr ry  pennut l r t ion . "  rv i thout  in rp l l , ing  f r r r thc r  c lc ta i l s
o f  r ts  n rech i rn isnr .

Thc  rcsc l t rch  dcscr ihed in  th is  papcr  hac l  sc rcnr l  oh-
jcc t i res .  F i rs t .  th is  u .o rk  rc l incs  thc  d i r ta .  b r ie  l ' 11 ,  p rc -
s e n t c ( l  p r e r i o u s l y . l l  r h i c l r  s c r r e d  a s  t h c  b a s i s  f o r  t h c
conc lL rs i r - rn  tha t  pseuc lo ro ta t ion  in  (CH, r ) :NPF i  ( l  )
fo l lou .cc l  a  Bcr r l '  pc r 'n ru ta t ion .  and ex tcnc ls  thc  nnr r

( l l )  l ' 1 .  L .  \ l i t c h c l i  a r r c l
. s 3 8 - 1  (  l 9 6 e ) .

( l - 5 )  R .  S .  I l c r r 1  , . l  .  ( ' l t o r t .  P | t . r . s . , 3 2 . 9 3 3  ( 1 9 6 0 ) .
( l ( r )  l t  i s  i n t e r e s t i r r g ,  r r l t h o t r g h  n ( ) t  n c c c s s u r i l l  p c r t i n e n t  t o  l r r r - r , r l i s -

c t t s s i o r t  t , f  r c l r c t i o t t  c o o r c l i n a t c s .  t h l t  t l r c  / ;  n ( ) n r i l l  v i t r r i r t i o r u i l  n r o r l c
f  o r  P F : ,  a n p i l r e  i l t i \  c o r r c s p o n t l s  t o  t h e  n r t r t i o | r  i r r r p l r e r . l  t r l  e  q  1 :  t l .
S c l i g ,  J .  F l r r l l o r r ' ; t r ' ,  . l  .  1 - 1  s o n ,  r r n t l  I l ,  l { .  C l l l ; r s s c n , . /  .  ( - l t t ' r r t . 1 ' l r . r  r . ,  5 3 .
1 5 5 9  (  l  e 7 0 ) .

( 1 7 )  I .  L ' g i ,  D .  i \ I r r r q u l r r t l i n g .  H .  l r . l u s i r c c k ,  l r t t !  P .  G i l l c s t r i c .  l r i s r ' i r ' .
( - l t c r t r . ,  I t t t .  I ' , t | .  I ' , r t g 1 . , 9 . 7 ( ) l  t 1 9 7 0 ) :  I .  U g i ,  I ) .  N ' l r r r c l r r l r t l i r r g ,  I L  l . . l r r s r r -
c c k ,  P .  C i l l e s l . i r ' ,  i t r r t l  F .  F t l r r r i r e  z ,  . 1 t ' t ' r t t r t t l . s  (  h c n t .  R r ' s . .  4 .  l \ i i  ( l ( ) l l ) l

F .  R r u r r i r c z  i r n ( l  I .  L : g i , . l t l t i t r r .  P l r . t s .  O r . q .  ( l t c t r r . . 9 .  l ( r  r l ' ) . ' 1 t  . l  .  l .
\ ' l t r s l r c r ,  . l  .  i t t t t , r .  (  l t c t r t .  . S r ; c . ,  9 4 .  5 6 6 1  ( l ( ) 7 1 ) .  A  c l e u r  s t i t t e  l n u n l  , ) i
t h e  p 1 1 1 1 , . 1 . ' 1 1 1 s  t o  [ r c  t l r c c c l  i r r  r l c l i n i n g  a  r l c t a i l e t l  r l o l c c , - r l l r r  l r c . l r ; L t i i l n r
l i ) r  I se  t l ( i ( ) i ( t t i t t i r t t t  o t ' l t  l i t  c -coot ' t l i r r l r te  c ( ) r t t l l ( )unc l  l t i t  s  l -c , : i r  l . f cSCr t tc r l . l l '

J() t tntu l  t t l  t l te . , l r r tcr icut t  C- l rcnt icul  Srrcrct . t '  96: !7 l t t .qt t .s t  " :  l ,  1971
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l r i g u r e  1 .  C o n t p a r i : o n  o l '  : r  1 l )  u r . u r  s p c c t r a  ( 3 6 . 1  \ l H z ) .  j ( ) ' ' , ,  r : r ,
i r t  r 0 " , ,  ( ( ' H , , ) : O  u n t l  J 0 " , ,  C H C I : l - -  o l ' ( C H , r ) . : N [ ) [  r \ \ i t l r . P g g 1 f 1 1
cl lcr , r later l  t 'or  [3crr '1 and ncln- l ]errv l )cnrutat iou\ .  conl i r r l  that
prcLrr lorotat ion l -o l lovn :  the l ' t t r r lcr .

l i n c s  o f  t h e  " 1 P  s p c c t r L r n t  t t l '  I  c o n t u i n  s u l l i c i c t r t  i n l ' o r n t a -
t i on  t o  c l i s t i ng r r i sh  Bc r r1 ,  u r r c l  non -Bc r r y '  pennu tu t i r - r n :
( F i g L r r c  2 ) .  T h c  t r a n s i t i o n  l a b c l c c l  6  i n  t h i s  l i s r i r e  c a n .
to  a  got - rc i  Lrpprox in ta t ion.  bc  cons ic lc rec l  to  hc c lur :  tc l  i r
phosphon l s  l t uc l c r r s  i n  t l r c  cha rac t c r i s t i c  n tagnc t i c  f i c l i l
p ro r  i c l cc l  b1 ,  t ' , l  o  a r i a l  l ' l t r o r i ncs  i n  r v - sp in  s tu te  s  l r r r c l  tw  o
cq r ra to r i a l  l ' l L ro r i nc ' s  i n  13 -sp in  s ta t cs :  t r ans i t i on  l  l  c i l l t
b e  i n t e r p r e t c d  s i n r i l a r l y . r "  T r a n s i t i t - l t s  7  I 0  l r r c  c l u e  t t ,
phospho rus  bonc l cc l  t o  pa i r s  o f  ax ia l  anc l  cq iu r t t r r i l l
f ' lL tor incs.  cach c l raractcr izcc l  by  t r i rS *  ,Ja)  or  (o ,3  -

r Ja )  sp in  con f i g r r ra t i ons  ( t h i r t  i s .  t o  s i n rp l i f i  s l i gh t l y .  b1 '
onc  a r i l r l  anc l  onc  cc l t u r t o r i u l  f l u t r r i nc .  i i ' r  o - sp in  s t l i t c :
anc l  ( ) nc  ax ia l  anc l  one  c r l r . r a t r l r i a l  l l uo r i nc  i n  r i - : p i n
s t i t t c s ) .  Thc .  phospho rus  l i r r c  shupu -s  i n  t hc  r cg i c rn  o l -
in tcrnrcc l ia te  exchangc ra tc  urc  c lc t t - rn t i r r . ' c l  by  thc  r i  t r1
in  u  h ich r lagnet iz i i t ion is  tn ins fcr rc-c l  bc- t i i  ccn thcsc
I rnes  by  t hL '  pscuc lo ro t i r t i on .  Be - r r v  pcn l r r t l r t i on  c l ca r l v
i r t t c r chanqes  aa rJ l j  anc l  r J ^Jo r . '  n l r cnc t i c  e  r r r  i r o r r  l nc i t t - :
l r r ound  t hc  phospho r r r s  r . r r - r c l c t r s  anc l  r cs r r l t s  i n  t r  l r ns l c r
o f  n rugnc t i za t i o l t  b r ' t u r - - c l - r  t n rns i t i r - r ns  6  l u t r l  l l :  j t  t l oes
r . t o t  t r ans f c r  r l agnc t i za t i on  bc t r r ,  c cn  c i t hc r  t r l r ns i t i on  6
o r  t r ans i t i r - , n  1  l  anc l  t r ans i t i ons  7 -10 .  \ on -Bc r r v  r r c r -
n ru ta t i on  r csu l t s  i n  cxchungc  o l -  r l ugnc t i z l r t r o r r  h . . iwccn
t r u n s i t i o n s  6  a n c l  7 -  l 0  a n d  h c t \ \ c e n  7  l ( )  a n d  l l  b u t  n t i t
c l i r c c t l y  bc t r i  c cn  6  u l t d  I  i .  [ J c l t cc .  i f  t hc  i n t c r chungc  o i '
ax i a l  anc l  c r1ua to l i a I  l l L ro r i ncs  occL r r s  by  l l c r r ] '  pcnnL r t i r -
t i on .  l i ncs  6  anc l  1 l  shou l c l  b rouc l cn  l r nc l  cou l cscc  ro  u
s ing l c -  l i nc  L rndc r  t l r c  l i nc  co r l posec l  r r f  t l r c  c l cgcne ra t c
t r a n s i t i o n s  7  1 0 .  u  h i l c  t h i s  l a t t c r  l i n c  r e n r u i n s  s l r a r p :  i f
t he  i n t c r changc  ( ) ccL r r s  b r .  n t t n -Be r r y  pcnnL r ta t i on .  a l l
th rcc  o f  thc  c . 'n t r i r l  i incs shoulc l  broac lc . r  a f l ( l  cou lcscc
in  t hc  r cg ion  o f  i n t c rn ted ia t c  cxchangu .  r u t t cs .  r 1  Thc

( l J )  D i s c u s s i o r r  o i -  t l r i s  l - r r o l r l c n t  i r r  t c r n r s  o f  t l t c  s r  i r r l i c t r i z e r i  r r r i r  e
f t t t l e t i t l t r s  r t r r , j , j ,  , i , j r i ' r . - .  i l n t i  ]  i ( r r , j  : :  , J r r ) ( , t , J  : :  , j z i  i  i \  i t i - i t r i . , . ) \ l t t i t t e  t ( )
t i r e  e \ t r n t  t h l t  l h c s c  f r r n c t i i t r : ,  i r r c  s l i g h r l r  n r i r c i - l  i i r  t l r c  t r t r c  c i g c n f ' t i i r c -
l i ( ) l l \  l { ' 1  1 1 1 '  1 ' 1 ' , r l ' 1 . ' 1 1 ' '  H o r r . 1 . r .  t l r . .  r ' r t t r r t  , r i  r l 1 1 .  1 1 r i 1 i ; r g .  . 1 . : t r r r e r i  l . _ r
t l l e  c o e i i i c i e l l t s  ( ) l ' c t 1  3 ,  i s  s n r r r l l  l r n t l  e i r r r  l . e ' n e q i c i i r : i l  i 1  c l L r i r i i r l r t i r c  t l i s -
c u \ s r o l l .

B E R  R Y x -

I i igure 2 .  A: . ig i rnr ru t  ( ) l ' : r  r l )  t rans i t ion:  t t l ' I  to  i l t r r t r ine s l t iu  con-
l igurat ions.  I  he l t : . ignn le  n t \  g i \cn : t rc  i lp l ) r ( t r i r r ra tc :  t l te  c t t r rec t
u 'ar  c  l 'unct i ( )n \  arc  l rs tcd i r t  cc l  3 .

obscrrcc l  s1 ' r t ' c tnr  c lear lv  con l i - r f  l l  to  t l rc  I r r re  shapc bc-
h ln  i o r  c rpcc t c r l  f ' o r  Bc r r y '  pcn lu ta t i on .  Thc  ca l -
cu lu t cc l  spcc t ra  i r t c l udcc l  i n  F ig r r r c  I  r i  c r c  ob ta incd
tus inq  p roccc l t t r cs  dc ' sc r i bcc l  p r c r  i o t r s l l ' . r i  t r s i ng  t hc
fo l l ou  i ng  p l r r r r r nc t c r s  ( i n  Hz )  t o  cu l c r r l a t c  t he  r c r l u i r c - c l
c i g c n f L r n c t i o n s  o l -  t h c  s p i n  l l a n r i l t t l t i u n :  u , ,  t , , .  :

l - 1 i 0 . . / r , .  :  7 7 E .  , 1 v , . : -  9 l - 5 . . / , , , ,  1 0 . , . / , , ,  : :  6 1 ,
l : 5 0 .

[ :cpur t ion - i  g i r  cs thc l luor inc nuclcur  sp in c igcnl ' r rnc-
t i o r t s  t l c sc r i b i ng  t hc  sp in  con f i g r r ra t i onS  f cs i ) r r l t s i b l e  f t r r
t r a t t s i t i t l t t s  6  I  I  i r t  t l t c  ph t t spho rus  s [ ) cc t rLu l r :  c c l  - 1  unc l
5  a r c  t hc  k i r r c t i c  e r c l r angc  l na t r i c cs  1 -o r  t hesc  t r ans i t i r l ns
r . r ss r - rn r i ng  Bc r r y  r r nd  nc ln -Bc r r y  pe  r r t r u ta t i ons .  l - i t ch  o l '
t hesc  n ra t r i c cs  i s  svn rmc t r i ca l  u roL rn t l  i t s  p r i nc i p l r l  c l i -
a g o n u l :  o n l ) '  t h c  L r p p c r -  h a l t ' i s  g i l . - n .  I n  b o t h  B c r r y
and  no r t -Bc r r y  pc rn r r r t a t i ons .  K  r r i u t r i r  c l cn rc l ' r t s  hc -
tw ' cc . r r  t hc  b l ocks  co r responc l i ng  t o  t r r r ns i t i t l r r s  l - 5 .
6 - I l .  a n c l  l l - 1 6  a r c  z e r o .  N o t c  i n  p a r t i c u l a r  r h a t
t hc rc  i s  a  r c r y  sn ra l l .  n ( )nzc ro .  n ta t r i x  c l cn rcn t  be t * c - c l . r
t r a n s i t i o n s  6  a n c l  l 0  i n  t h c  B e r r y  s c l r c n r e s .  i n d i c l t i n g
sma l l  b t r t  l l n i t c  t n rns l c r  o f  magnc t i za t i on  bc . t r i  c cn  t hcsc
t rans i t i ons  r l r t r i ng  Bc ' r r !  pc rn t r i t a t i o l t .  Th i s  c l c l l cn t
r c l l c c t s  s l r gh t  n r i r i nc  r t l -  t he  r i aJ l l  anc l  I  1 (o , J  -+ -  , J t r ) .
( , r d  +  13a )  syn rn rc t c r i zcc l  bas i s  f L rnc t i ons .  A l t hough
i t s  n r a g n i t u r l c  i s  s u l l i c i c n t l y  s r n a l l  t h u t  r i  h l s  l t c g l i g i b l c
c - f l c c t  on  l i l r c  sh i i pcs  i n  l i r s t  o r c l c r  cons idc ra t i ons .  i t  i s
onc  l i n r i t a t i ( ) n  t ( )  u  schc rnc  c l cs i s r rec l  t ( )  i c s t  f o r  u  s ( l ua rc
py iu rn ida l  i n t c rn rcc l i l t c  u l ong  t l t c  psc r rdo ro t ; r t r t ' r n  coo r -
c i i r t r r tc  ( r  id t '  i t t f  ru) .

F la r  i n - t I  es tub l i shcd  t ha t  Bc ' r r )  pcnn r . r t a t i r l r r  i s  r e  spc tn -
s i b l c  f o r  t hc  t l y r t an r i c  l i nc  shupc  b t - ' ha r i o r  o f  I .  r i c  ex -
an r i r r cc l  b r i c l i y  t hc  i n l l L r cncc  o f ' concen t re r t i on  un t l
rncc l iL ln l  on t l te .  nr lc '  o l -  pscudc)ro la t ion:  the rcsu l ts  o1-
thesc  cxpc r i r ne r t t s  a rL -  sun in ra r i zec l  i n  Tab le  l .  Be -

( l ' 1  1  S i r r r i l l r r  l l r g r . l n r c n t s  r r c  l ) r c \ c l l t u t l  f i r r  o t h c r -  t r . r n s i t i o r r s  i r r  t h c
s I e c t r u n r  o i ' I  t r t  r e t ' l - 1 .  N o t c  t l r . r t  I " r r t r l e  I  o i -  t h i s  p l l ) c r  c ( ) n t i r  i n s  l r
f t r r t t r l r l  c r r o r :  t l r e  t i n l r l  s I i n  e  o n f i g t r r - i r t i ( ) n s  g i r  c n  i i r r  n o r r - B c r t v  p c r n r u -
t i r i i ons  i , , r '  r ) ;  l rn r l  . ' , .  s l toLr l i !  bg  ,1 ;  :  ( I  - l ) [ r l , r  *  o .  i  r ] r  I  o r r ]  l r r t c l  d - , .
'_ -  ( l  -1 ) [ , . ' , .  '  ( . ' , .  -  ( . ' ] ,  '  r ) i r ] .  T l i i s  ch i rngc  has  no  in l l r - rc r rcc  on  thc
e  l t l c u l i r t e  t l  i i r t c  s h l r I c :  i i r r  t h c  n o r t - l ] e  r r y  n r c c l t t r n i s n r ,  s i r r c e  i t  i r t r  o l v e s
o r t l r  t h c  t n l r t s f  c r  o f '  n r i r g n e  t r z l r l i o r r  r r  r t l r i n  d c g c n c n r t c  t r a n s i t i c l n s .  T l i i s
n l r t l c r  i s  r i i s e r r s s c r l  i n  t l c t r r i l  i r r  r c f ' l l .
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the Arrhenius ; l lo t  for  the cornl tound of  intere st .  r ,  Val-
Thcse te r .n l . rcratures are r tot  lhe coalescerrce tcmpera_

so l i r l  ce  s i r r r r  l l , o r i c ie  was  p rese r t  i '  t he  saml r le  t r . rbc  to

parent ly  c locs  no t  in l luc r rcc  thc  ra te  . :s  A  nunrber
c l f  n rechan is rns  can bc  enr  i s ioncd by  u  h ich  th is  ca ta lys is
nr ig l i t  take place. The'  most straightfor*arc ' l  is  thc rc-
ac t ion  sequcnce rcprescntcc l  by  .q  6 :  a t tack  o{ '  t l re
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nuc leoph i lc  bc t r i ccn  the  t r i ' o  l luor ines  in  the  cquator ia l
p lane,  r . l i th  fo rnra t ion  o f  an  ac lc lL rc t  h i r r ing  D,syn imct ry
(assuming rap id  ro ta t ion  o f  bo th  the  c l imcthyramino

cause only a relat i r ,e ly snral l  nuntber of  spectra \ \ ,erc
taken in  t l re  in te rmcc l ia te  exchangc rcg ion  fo r  each
sanrp lc .  separa t ion  o f  AG' , '  in to  . \F I - .  anc l  fS .  c locs
not  y ie ld  s ign i f i can t  da ta .  r ;  None t l i c less .  thc  re la t i vc
r a t e s  a n d  t h c ' a l u e s  o f  l G " '  r c p o r t e d  i n  t h c  t a h r e  a r c
be l ie red  to  bc  accura tc .  Three in te res t ing  conc lus ions
emerge f rom these c la ta .  F i rs t .  chang ing  thc  concent ru -
t ion of  1 by a factor of  5 has no clctectabre inf iucncc olr
the ratc of  pseudorotat ion.  rG Hencc. propr-rsals for
pseudoro ta t io r r  o f  1  in r ,o l r ing  c l imer ic  in te rnrecr ia tcs  can
be d iscardec l . : i  Sccond,  ac ld i t ion  . f  s . l i c l  ccs i ,n t
l ' luor ide to solut i r - rns of  I  to sca'enge i iuor ic lc ion has
no in f luence on  the  pscudoro ta t ion  ra tc .  Thus .  pseudo-
rotat ion is not catalyzed by f luor ide or l rydrogcn f luo-
r ide .  Th i rc l .  adc l i t ions  o f  h igh  concer t ra t ions  o f  has ic .
s te r ic i i l l y  unh inc le red  c thers  (THF.  (c l r , , ) ro )  t t r  so lu -
t ions  o f  1  do  s ign i f i can t ly  acce lc ra tc  pseuc lo ro ta t ion :  c l i -
e thy l  c ther ,  a  less  bas ic .  rnorc  h inc le rec l .  subs tancc  i lp -

( 2 - s )  A r r h c n i u s  l . l r i t s  i l r c  r c l r s o r t r l . r l r ,  l i n c t r r ,
v a l u c s  o f  l S . :  a l r o n g  - . o n r | l r r . r r b l e  , , ' , , ,  i , . ,  T l t r l c  I
i p a t c t l  f b r  l r c c r r n t t c  r l u t i r .  A  r c p r c s c n t u t i v c  p l o t  i s
l ) e n  l n e t ) t l r l  S c c t  i o n .

.  
( 2 ( r )  T h c  r a t c  o f  p s c u t l o r t t t l l i o r r  o f  ( C : F l : , ) r \ p F ,  h i r - s  l _ . r c v i o u s l r  h c c n

s h o u n  t t t  [ r c  c o n c c n t n l t i o n  i n c l c p c r r t i c n t :  E .  L .  \ 1  L r c t t c r i i f s ,  \ \ ' .  \ l l r l r l e r ,
I r . .  J .  P a c k c r ,  t r r r r l  R .  S c h n r r r t z l e r ,  I t t o r g .  C ' h t , r t t . . 3 .  l l g g  0 9 6 + ) .

( : 7 )  J .  I .  N I r i s h c r ,  7 - t ' t r t t h c t l r o t r  L t , t t . ,  1 0 9 j  ( I 9 7 - l ) .

l . u t  t i r c  s c l r t t c l  i i t
i s  l l r g c r  t l l r n  l r n t i c -
i r r c l  L r r l c c l  i n  t h c  E r -

J()ut ' t tul  ol t l te Anrericutt clrcmical Srt. iet) '  |  96;17 ,. l rrqttst 2l.  197.1
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group and the coordinated ether moiety around the
nitrogen-phosphorus and oxygen-phosphorus bonds).
Loss of the ether moiety from the adduct could be ac-
companied ei ther by reversion to start ing mater ia l  or
rvith equal probabil ity by movement of Fr and F: to
form a new tr igonal  p lane. The resul t  of  th is lat ter
mode of  decomposi t ion is a Berry permutat ion.2e'32

CIPF4 and CHaPFr. A wide variation in the rate of
pseudorotation has been observed for XPFr corrl-
pounds : the coalescence temperature for 1 is ca. - 40o :
PF; itself shows no evidence of l ine broadening at the
lowest temperatures that have been obtained without it
crystal l iz ing f rom solut ion:33 stat ic spectra of  var ious
RSPF, ,3a  o f  HPF5,3 i r  and poss ib ly  o f  C IPFr ;16  have been
obtained at intermediate temperatures. We have re-
examined the low temperature spectra of  CIPF+ and
CHBPF4S8 with two purposes: to t ry to provide in-
formation that would be useful in rationalizing the in-
fluence of the substituents X on the rate of pseudorota-
t ion of  XPF r  compounds and to test  whether the Berry
permutat ion establ ished for 1 is pecul iar  to a PFt
moiety bear ing a dimethylamino group or character izes
several  members of  th is c lass of  compounds. Chloro-
tetraf luorophosphorane was prepared by gas phase re-
act ion between 1 and anhydrous hydrogen chlor ide.3e
Pure samples of CIPFr crystall ized from Freon solutions
at temperatures around - 160' and were unsatisfactory
for very low temperature work.  The sample f inal ly
used to  ob ta in  s ta t i c  spec t ra  was cnrde  mater ia l .  pur i -
f ied after synthesis only by two nonfractionating bulb-
to-bulb dist i l lat ions to remove sal ts and nonvolat i le
mater ia ls.  This sample (Figure 3) consisted of  cu.
35% CIPF1,  55% OPF3,  ond 10 \  a  mix tu re  o f  o ther
mater ia ls (PFr,40 PFBCI:)  f rom the preparat ion.  This

(29)  The impor tancc  o f  pseudoro ta t io r " r  in  thc  b io log ica l  hy 'c l ro lys is  o f
phosphate  e  s te rs  i s  p re  scn t ly  unc le l r .  1  I  '  30  In  an  ins tancc  i r t vo l r , i r rg
" a d j a c c n t "  i r t t a c k  a u d ,  p r c s u m l b l y ,  p s e r r d o r o t a t i o r r ,  i t  i s  i n t c r c s t i n g  t o
specu la te  tha t  thc  pscudoro ta t ion  r r igh t  bc  watc r  ca ta lyzcd . : r r  A l -
though the  t r igona l  b ipyramid  l i ke ly  to  bc  an  in tc rmed ia tc  in  a  b io log ica l
h -v -dro lys is  wou lc l  bc  l css  c lcc t roph i l i c  than l ,  water  (o r  hydror id r :  io r - r )
i s  l css  h indcrcd  than d i rnc thy l  e thcr ,  and watc r  i s  p rescnt  in  h igh  conccn-
t ra t ion .

(30)  For  cv idcr rcc  suggcs t ing  tha t  thc  sccond s tep  in  c lcavagc  o f  RNA
by r ibonuc lcasc  iuvo lvcs  " in - l inc"  ra ther  than "nd jacent "  a t tack  anc l
thar t  pseudoro ta t ion  is  no t  i rnpor tan t  in  th is  p rocess ,  scc  D.  A .  Ushcr ,
D .  I .  R i c h a r d s o n ,  a n d  F .  E c k s t e i n ,  N c t t u r e ( L o n d o n ) , 2 2 8 , 6 6 3  ( 1 9 7 0 ) .

(31)  Th is  poss ib i l i t y  has  a lso  bccn ment ionec l  by  N ' lushcr r7  anc i  by
P.  G i l lesp ie ,  F .  Rami rcz . ,  I .  l Jg i ,  and D.  Marquard ing ,  Angew.  Chem. ,
I n t .  E d .  E n g l . , 1 2 , 9 1  ( 1 9 7 3 ) .

(32) A nurnbcr of othcr mcchanisms ci in bc drarvrt that would l-ravc
the  sar -ne  pcrml r t i i t i ona l  resu l t  as  the  rnechan is r r r  rcprcscntcd  by  cq  6 .
In  the  absencc  o f  add i t iona l  exper i r r rcn ta l  c la ta ,  i t  i s  r ro t  usc fu l  to  cnun lc r -
a te  them.

(33) Estimatcs of the btrrr icr to pscudorotat ior.r i r"r PF; rangc fronr ca.
4  kca l /mo l  up .6 ,7  See a lso  H.  S .  Gutorvsky ,  D.  W.  McCal l ,  a r - rd  C.  P .
S l i ch te r ,  J .  Chem.  Phys . ,2 l ,279 (1953) ;  R .  R.  Ho lmes,  L .  S .  Couch,  and
C.  J .  Hora ,  Chem.  Commun. ,  175 ( .1974) .

( 3 4 )  S .  C .  P c a k c  a n d  R .  S c h r n u t z l c r ,  C h e m .  C o m r n u t t . ,  1 6 6 2  ( 1 9 6 8 ) ;
J .  C h e n t .  S o c .  A , 1 0 4 9  ( 1 9 7 0 ) .

( 3 5 )  A .  H .  C o w l e y  a n c l  R .  W .  B r a u u ,  I r t o r g .  C h e n t . , 1 2 , 4 9 1 ( 1 9 7 3 ) .
( 3 6 )  R .  P .  C a r t c r ,  J r . ,  a n c l  R .  R .  H o l m c s ,  I t t o r g .  C h e n r . , 4 , 7 3 8  ( 1 9 6 - s ) ,

repor t  thc  rsF  spcc t runr  o f  C IPFr  to  bc  "complc te ly  b roadencc l "  a t
-157" .  Thesc  au thors  wcrc  no t  ab le  to  ob ta in  an  accura tc  con lcscencc
tempera ture ,  o r  to  obscrve  a  s ta t i c  spec t ru l r l .  Nonc thc lcss ,  s incc  thc
tempera turc  a t  rvh ic l - r  th is  b roac len ing  was rcpor tcd  to  occur  i s  no t  fa r
f rom the  coa lcsccnce tempera ture  observec l  in  th is  work ,  thc  bar r ie r  to
pseudoro ta t ion  es t imatcc l3T f rom the i r  observa t io r . rs  (ca .  5  kca l / rno l )  i s
irr satisfactory agrccrncrl t  with that obtair.recl herc (cir le inJ'ru).

(37)  R.  R.  Ho lmes anc l  R .  M.  Dc i tc rs ,  Inorg .  Chcm. , '7 ,2229 (1968) .
(38)  E .  L .  Muct tc r t i cs ,  W.  Mah ler ,  and R.  Schmutz le r ,  Inorg .  Chem. ,

2 ,  6 1 3  ( 1 9 6 3 ) .  P s c u c l o r o t a t i o u  i n  ( C H r ) r C P F r  i s  r a p i c l  a t  -  1 0 0 " :
M .  F i l d  a n d  R .  S c h r r u t z l e r ,  J .  C h e n t .  S o c .  A , 2 3 5 9  ( 1 9 7 0 ) .

( 3 9 )  R .  R o g o w s k i  a n d  I ( .  C o h n ,  I n o r g .  C h e m . , 7 , 2 1 9 3  ( 1 9 6 8 ) .  A
super io r  p roccc lu re  i s  th i i t  o f  W.  B .  Fox ,  D.  E .  Your . rg ,  R .  Foes ter ,  anc l
I ( .  C o l r n ,  I n o r g .  N u c l .  C h e m .  L e t t . , 7 , 8 6 l  ( 1 9 7 1  ) .

(40)  Incor rec t  va lucs  repor tcd  fo r  the  3rP chcmica l  sh i f t  o f  PF: ,  havc

F

A, !- ' f(/r-i:r
I
F 

-156"

ooool

oooo05

-185"

oooT
o.oo35

Figure 3.  Cont inuous wave 3rP spectra (40.487 MHz) of  ClPF.r
as a function ot' ternperature. together witl-t spectra calculated for
Berry and non-Berr1 '  permutat ions.  Tl - re major  peaks of  t l ie  spectra
are due to OPF,r .  Several  l reaks on the r ight-hancl  s ide of  the
spectra are distorted bl,overlap with center-band signals.

mixture could be cooled to ca.  -  l85o before f reezing.
Comparison of  thc observed l ine shapes with those
calculated for Berry and non-Berry permutat ions again
indicates that the former dominates:  these comparisons
were carr ied out by matching l ine shapes for the 2-5
t rans i t ions .  s ince  the  6  and I  1  t rans i t ions  are  no t  re -
solved at  the lowest temperatures obtained. The dis-
t inct ion between mechanisms is best seen simply by
comparing the height and width of  the l -10 t ransi t ion
in exper imental  and calculated spectra,  s ince al l  three
sets of  spectra were normal ized to the same ampl i tude
for the I  and 2-5 t ransi t ions.  The temperature de-
pendence of  the spectra leads to an est imate of  AG+
:  4 .2  *  0 .3  kca l /mo l  a t  -177" ' .  as  p rev ious ly ,  de-
compos i t ion  o f  th is  number  in to  LH+ and AS+ is  no t
signi f icant.

Effcr ts to s lou'  the pseudorotat ion of  CH:PF1ar were
not successful ,  because of  i ts  low solubi l i ty  at  low tem-
perature.  Ef forts to increase the solubi l i ty  by using solu-
t ions containing OPF;l  (Figure 4) resul ted in spectra
that showed no evidence of  l ine broadenin g at  -  117 "  '  42

bccn cor rec ted  by  L .  Ma ier  and R.  Schrnr r tz lc r ,  Chant .  Commrnt . ,96 l
(  1  9 6 9 ) .

(41)  Mcthy l tc t ra l iL ro rophosphorane was prcpared by  gas  phase re -
ac t io t ' t  be twccr r  PF;  i t r l c l  (C t { , r ) rSr r :  P .  M.  Tre iche l  and R.  A .  Goodr ich ,
Inorg .  Chem. ,  4 ,  |  421  (1  965) .

(42)  The obscrv l i t ion  tha t  :sscu t ia l l y  inc l i s t ingu ishab lc  spec t ra  wcrc

obta incd ,  how bc  i t  a t  h ighcr  tc rnpcra turcs ,  us i r . tg  Frco t t  so lvents ,  sug-
gcs ts  tha t  the  CHTPFT does  t ' ro t  conr l r l cx  u i th  OPF; .  E .  L .  Mt re t te r -
t i cs  a r rd  W.  Mah lc r ,  Inorg .  Chent . ,4 ,  |  19  (1965) ,  have prov ided ev idcnce
thu t  CHTPFT is  no t  a  par t i c r - r la r l y  s t rong Lewis  ac id .

Whitesides. et al. I Pseudontalion in XPFo
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Figure 4.  Cont inuous-wave 3lP spectra (40.487 MHz) of  CHrI ' jF1.
The sharp super imposed quartet  whose l ines are markecl  wi th
aster isks is  due to O[)F, , .

spectra at  lower tenrperatures could not be obtained.
Al though no barr ier  height for  pseudorotat ion can be
obtained from these data,  i t  seems unl ikely that  th is
barr ier  is  h igher than that for  ClPF,.

Two useful  cclnclusions emerge from thcse data.
First ,  i t  appears that  the Berry permutat ion inferred to
occur  in  1  i s  no t  un ique to  amine-subs t i tu ted  PF,
moiet ies.  s ince the pseudorotat ion of  CIPF r  has the
same permutat ional  character.  Second, the height of
the  bar r ie r  to  pseudoro ta t ion  o f  XPFr  depends on  the
subst i tuent X in a way that is not immediately rat ional iz-
able :  (CH,):N
s low pser - rdoro ta t ion  o f  R:NPFr  and RSPFr  has  been
suggested to ref lect  P-X n-bonding.a3 However,  X :
H is c lear ly out of  p lace in th is l is t ing i f  the pseudorota-
t ion barr ier  is  determined pr imari ly by z--bonding, and
the f in i te,  i f  low, barr ier  observed for CIPFl is possibly
surpr is ing,  in l ight  of  the cyl indr ical  P-Cl n-bonding
possible in th is substance.

Attempts to Detect a Square Pyramidal Intermediate
in the Pseudorotation of 1 Using Nmr Line Shape Anal-
ysis.  A numberrT of  react ion coordinates are contpat-
ib le wi th the permutat ional  scheme establ ished for
pseudorotat ion of  the XPFl corxpounds studied here.
Most of  these coordinates wi l l  be exceedingly di f f lcul t  to
dist inguish exper imental ly.  C)ne possible path for
pseudoro ta t ion  tha t  i s ,  in  p r inc ip le .  amenab le  to  exper i -
mental  invest igat ion is one involv ing a square or tetrag-
onal  pyramid as an intermediate.  Molecular orbi ta l
studies do not suggest an energy minimum in the Berry
pseudorotat ion coordinate corresponding to a square
pyramidal  intermediate:  however,  the calculated di f -
ference in energy bctween tr igonai  b ipyramidal  and
square pyramidal  intermediates of  PF; is relat ively smal l
(0.7-10 kcal /mol) ,7 and an intermediate of  th is type in
the pseudorotat ion of  1 cannot be excluded on the basis
of  present ly avai lable evidence. Further,  examinat ion
of the temperature dependence of  the nmr spectra of
a ry lb is (4 .  4 '  -  d imeth  y l  -2  ̂ 2 '  -  b ipheny l  e  n  e )  ph  osp  h  o  r  a  n  e  s
suggcsts that  the pseudorotat ion of  these substances in-
volves intermediates.  aa

( 4 3 )  E .  L .  M u c t t c r t i c s .  P .  M c a k i n .  a n d  R .  H o f J ' m a n ,  J .  A n t c r .  C h e n t .
5 o c . , 9 4 , 5 6 7 4  ( 1 9 7 2 ) ,  h a v c  c l i s c u s s c c l  t h c  i r r r p o r t a n c e  o f  P  N  r r - b o n r l i r r g
in  c lc tc rmi r r i r rg  thc  bar r i c r  to  pscuc lo ro tu t ion  o f  conrpou i r i l s  ha ' ,  i r rg  the
compos i t  ion  (  R ,  x -  ) :PF; .

( 4 4 )  D .  H c l l w i n k c l ,  C h i n t t u , 2 2 ,  4 8 8  ( 1 9 6 8 ) :  G .  M .  W h i t c - s i c l c - s ,  N { .
E iser rhu t ,  aud \V .  N i l  .  Bunt ing ,  J .  .4nrer .  Chcnr .  Soc . ,  96 ,  ,5398 (197- t ) .

F
l -cru-T<? ,i 

ii j
F *  l l  i i l  l i i  -8 . ' *

l i r

-u-*;;, *,-jil-.-----l* tn*

Examinat ions of  the 3lP, lH, and leF nntr  spectra of  1
at  i ts low temperature l imi t  g ive no hint  o1- et  square
pyranr idal  species in solut ion.  This resul t  is ,  horvever,
uninformat ive for  two reasons: f i rst .  wi thot l t  knowing
what the chen-r ical  shi f ts of  a square pyramidal  isonrer of
1 might be. i t  is  d i f f icul t  to look for  i t ,  part icr"r lar ly s ince
i t  may be present at  only a f ract ion of  the concentr i l t ion of
the t r igonal  b ipyramidal  form; second, s ince therc ntay
be a large discrepancy between the concentrat ions of
square pyramidal  and tr igonal  b ipyramidal  confornlcrs.
the resonances of  the former may be broadened nl t rch
more ser ior-rs ly than the lat ter  by their  interconrersi t - rn.
Thus .  the  apparent  "s low-exchange l im i t "  fo r  the  t r i -
gonal  b ipyramidal  form might be far f rom the "s lorv-

exchange l inr i t "  for  a square pyrarrr idal  isomer.

Phosphorus  l ine  broaden ing  in  the  in te rmed ia te  ex-
change region for 1 can be thought to resul t  f rom trans-
fer of  magnet izat ion between l ines.  Any contr ibut ion
to th is t ransfer f ron-r  a square pyramidal  intermediate
present in low concentrat ion can be separated roughly
into a part  resul t ing f rom the di f fcrence in nrP chemical
shi f t  between the tr igonal  b ipyramid and the square
pyramid ancl  a part  ref lect ing di f ferences in the reF

chcmical  shi f ts and in the phosphorus-f luor ine (and pos-
s ib ly  f luor ine- f luor ine)  coup l ing  cons tan ts  in  the  two.
Assuming the cl i f ference in ;JrP chemical  shi f ts betu 'een
t r igona l  b ipyramida l  and square  pyramida l  fo rms to  bc
large, the f i rst  part  is  d i fhcLr l t  both to est imate and to
detect  exper inrental lv.  i t  w' i l l  inf luence the widths o1'
a l l  o f  thc  l ines  approx imate ly  equa l ly  and is  t roub lcsomc
to dist inguish f ronr v iscosi ty broadening. We have
examined the fcasibi l i ty  of  detect ing a sqtrare pyramidal
in te rmec l ia te  in  pseudoro ta t ion  th rough i t s  con t r ibu t ion
to  d i f f c ren t ia l  l i ne  b roaden ing  o f  the  ' t rP  re  sonances .
ref fect ing only di f ferences in the '6F chemical  shi f ts ancl
1eF-3rP and r1 )F-  r "F  coup l ing  cons tan ts  o f  thc  t r igona l
bipyrani idal  and square pyramidal  fornls.  We con-
clude that the rr iagni tude of  l ine broadening expected t t r
resu l t  f ronr  an  in te rmed ia te  square  pyramid  is  no t  dc-
tec tab le ,  a t  r r -so lu t ions  cur ren t ly  a t ta inab lc  exper i -
menta l l y .  Wc nonc the less  suntn la r ize  the  proccdure

used in  reach ing  th is  conc l t ts ion .  bo th  to  es tab l i sh  tha t
techn iques  o ther  than nmr  l ine  shape ana lys is  w i l l  be
rcqu i rcd  to  de tec t  in te rmed ia tes  a long the  pseudoro ta-
t ion coordinate for  I  and because this proccdttre pro-
r , ' ic les an al tcrnat ive to the cotnntonly used dcnsi tv
mat r ix  fo rmal isn t  tha t  i s  bo th  appea l ing  in  thc  casc  * ' i th
wh ich  i t  can  bc  unders tood phys ica l l y  and po ten t ia l l y
at t ract i l  e for  other a ppl icat ions.  a;

The spectral  basis on which the hope of  dctect ing a
square  pyramid  was fo t tnded is  the  pecu l ia r i t y  o f  1  tha t
the  Bcr ry  pcrmuta t icna l  p roccss  resu l ts  in  rap id  t rans fer
o f  rnagnet iza t ion  bc t r . l cen  l ines  6  and l l  bu t  on lv  ' rc ry

slow transfcr betu 'een these transi t ions and transi t ion 7

l0  (F igure  2) .  In  cont ras t .  an  in te rmed ia te  sq t ra re
pyramid v ' i l l ,  in pr inciple.  require nlagnet izat ion to bc
transferred between l ine 6 and l ines 7-10 (c idc i t t f ra) .
Thus, a square pyramidal  intermcdiate rnight bc de-
tected through i ts inf lucnce on thc shape of  the 7-10
t rans i t ion ,  s incc  i t  u 'ou ld  b roaden a  resonance tha t
u 'ould otherwise be predicted to rentair t  sharp.  The
calculat ion that fo l lor i  s connects the length of  t ime 1

( -15)  I r ) tc rn red i l i t cs  l ) rcscr t t  i t t  lou  co l . l cc l l t ra t io t rs  havc  bcc l l  c lc tcc tc ( l

| r * i o u s i l  u s i n g  r c l u t c d  t c c h l t i q u c s .  c / .  R .  W .  l ( r c l i c k  a r r d  S .  l .  W c i s s -

r r r a t r ,  - / '  ' l m e r .  C h e n t .  . S o c ' , 8 4 .  3 0 6  ( 1 9 6 2 ) :  8 8 '  2 6 4 5  ( 1 9 6 6 ) '
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would spend in a hypothet ical  squarc pyrarnid wi th thc
resu l t ing  broaden ing  o f  l ines  6-10 .

The react ion coordinatc assuntecl  as thc basis for  th is
ca lcu la t ion  is  s imp le :  a  t r igonu l  b ipyramida l  n to lecu le
o f  l .  descr ibed by  a  n t tc lcar  sp in  warc  func t ion  . l t ( / ) . ' ,
i s  o r ig ina l l y  in  a  nuc lcur  sp in  c r ) r r f i sura t ion  i / i  tha t  i s
one o f  the  e igcn func t ions  o f  thc  t r i_sona l  b ipy ' rami r la l
Hami l ton ian  iC .1 .11 .  ,A t  t in rc  /  :  0  th is  n to lecu le  under -
goes  an  ins tan tancous  t f t rns i t ion  to  a  square  pyran t ic l i t l
con format ion  and spr 'nds  a  pc- r iod  o f  t ime r ' in  th is  con-
f t l rmat ion .  bc fo rc  rc t r r rn ing  to  i t s  o r ig ina l  o r  pseuc lo -
ro ta ted  t r igona l  b ip l ' ranr ida l  g round s ta te .  Thc  as-
sumed pseudort-r tat i r - r r t  coordinate incorporates thc
obscrved pse-udoro ta t iona l  bar r ie r  (AG= :  8 .8  kca l
mo l .  Tab le  I  and Schcme I ) .  We wou ld  l i ke  to  know

Scheme L Pseudorotat ion Coordinate for  I  Incornorat ins a
Square I 'y ' ramidal  lntermediate
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ground s ta tc .  Thc  nran ipu la t ions  fo r  the  exac t  so lu -
t ion  o f  th is  p rob lem are  descr ibed in  Appc.nd i r  I :  the
rernarkab ly  s imp le  so lu t ion  to  th is  p rob lcm (eq  l8  and
19 be low ' )  inc t r rps la tes  the  resu l ts  o f  the  s imp ler  ca lcu la -
t ion  in  a  phvs icu l l y  in tc rpre tab le  manner .

The prob lcm prcscntec l  hy  case I  i s  tha t  o f  descr ib ing
thc inf luencc r-r f  the cxcursion through the square
pyrant ida l  con fornra t ion  on  the  nuc lcar  sp in  wave
func t ion  fo r  l .  V(0) )  S ince  qr (0 ) )  ' / , , , )  i s  no t  a r r
eigenfr , rnct ion of  the Hanr i l tonian , lCsl  for  the square
pyramida l  g r 'o rne t ry .  r t  u i l l  c ro l r , 'e  dur ing  the  t in rc  the
nto lecu le  spcnds  as  a  square  pyramid  accord ing  to  thc
t in re-dependcnt  Schr i id in -ecr  equat ion  (cq  f i ) .  Thc

V ( O ) r  - ' , t | t , , , ) a t  l : 0

i V ( l ) ) :  c  ; t t s t ' t { t , t l a t r :  t

eigenfr-rnct ion rr , , )  o l -  . - t t r .3 con be expandcci  as a l inear
conrb ina t ion  o f  the  e igcn func t ions  o f  iCsr ' .  @, ) ,  and thc
exponent ia l  cva lua tcc l  in  tc rms o f  the  e igcnra lues  o f
J f  s r ' .  E ,  (eq  q) .  In tmed ia te ly  a f te r  thc  n ro lccu le  has

lv ( l l i  :  I  exp(-  i , r (sr ,  / l  Q, ' (6 ,  { , , ' )

:  I  erp(  -  iE, t )  6 ,1<6 4, , , t

re tu rned to  thc  t r igona l  b ipyramida l  con forn t r t ion .  thc
coef l i c ien t  o f  t l r , , , )  i t ' r  V ,w ' i l l  bc  g i rcn  by  cq  l0  anc l  the

r

L
tt -  P{. ,

L^:1"'kc''|'7m',
I IAG"
t t

( 8 a )

(Bb)

(9a)

(eb)

(  r 0 )

y',,,) is
note

r

|  . rn- ?- ,
F

the probabi l i ty  that  the molecule wi l l  be in a state,
Vi  :  ry ' , , , ) ,  d i f ferent than the one in which i t  started.

l f ter  spending t ime in thc sclLlare pyranr ic la l  confcrrnra-
t ion  and re tu rn ing  to  thc  g round s ta tc .  I f  wc  k r rou '  how
th is  p robab i l i t y  var ies  u  i th  the  l i fe t rn rc  o f  thc  rn tc r -
mediate.  we can cst intate the rate constant for  t ransfer
o f  magnet iza t ion  be tween the  l ines  o f  thc  spec t run t  c t f
the  t r igona l  b ipyramid  and the  shape o f  the  spec t runr .
as a funct ion of  th is l i fet ime,

We so lve  th is  p rob lem in  tu 'o  s tages .  F i rs t .  we con-
s ider  a  s imp l i f ied  casc  (1 ,  Scheme I l )  in  wh ich  a  molccu lc

Scheme II. Reaction Types
Ef lect  of  an Intermediate on

I  I I

of 1 undergoes a t ransi t ion to the square pyrarnidal
conformat ion ,  spends a  mean t in te ,  r ' , in  tha t  con f r t rmi r -
t ion ,  and then re tu rns  to  thc  o r ig rna l  (no t  the  pse l rdo-
rotated) t r igonal  b ipyramidal  ground stat t ' .  The mean
l i fet ime of  1 in the hypothet ical  intermediate square
pyramida l  con format ion ,  r ' .  i s  re la tcd  to  i t s  rnean l i f c -
t ime.  z .  in  the  t r igona l  b ipyramida l  g round s ta tc  by  eq
7:  AG"  is  thc  d i f fe rence in  energy  be tween thc  square

r s t , l r r s  :  T t  i ' T  :  eXp ( -AG ' iR7 - ) ( 7 )

pyramid  and t r igona l  b ipyramid .  Th is  casc  g i r  cs  a
clear,  physical ly interprctable.  p icture of  the t i r r re de-
ve lopment  o f  V( t ) )  dur ing  the  excurs ion  th rough the
square  pyramida l  con format ion  and ind ica tes  thc  t in rc
sczr lc required for the square pyramidal  intermecl iate tc-r
in f luence the  l ine  shapes.  We then cons idcr  the  rca l
p rob lem ( l l ) :  t rans i t ion  f ' rom the  ground s ta te  t r igona l
bipyramid to the square pyramid,  a pause for a mcan
t in re ,  r ' .  in  th is  conformat ion .  and re tu rn  w i th  cqua l
probabi l i t ies to ei ther the or ie inal  or  r rseudorotated

(Q,,,  V([) i  :  
4 

.^n(tt  , t) t , ,{ , , , ,  4, , : .cb t, ,

probabi l i ty  that  the molccule u ' i l l  be in  thc s tatc
s i r , 'cn by thc squarc of  th is  cocf f ic ient  (cq l l l ; r . .

g  the

- - - - - 1

l a t i n

-rll
l i i

i l ; r

Calcr-r
o f I

Considered
the S;lectrr.rr

Ur,,,) 'v(t) ' t '  == 
TT 

.*nr - i(E j  -  E,)r) X

\rlr,,, 6 ,it(6 , ,1, ,),\rlr,,, et )\,c[, l, ,, ( I I ;

tha t  the  bas is  se ts  {  / , , )  I  and  |  @;)  |  a rc  cons t ruc tcc l  to  bc
reer l .  Assuming tha t  the  re tu rn  l ' ronr  SQuarc-  pyrar l i c la l
to  t r igona l  h ipyramida l  geomet ry 'u ' , i l l  occur  by  a  f i rs t -
o rder  p rocess  u ' i th  ra te  cons tan t  k  -  I  , ; r ' .  L tn  cxprcss ion
analogous t t - r  c9 6 can be r . l r i t ten for  a col lcct ion of
n ro lccu lcs  by  in tegra t ion  (e  q  12) .  Thc  sunrnra t ions

I  i  r  ' )  exp( -  t , i r ' ) \ { , , ,  { r1 1;r  : r  :

*  i r ' (E i  -  t , ) l - - '  X

\r1, , , , i6, ' t ( ,6, : r l ,  , i ) ( , r1r , , , ' :6, ' ) (6,  { , , '  (  l l  )

over . /  and k  re fe r  to  the  same se t  o f  s ta tes  ( r " i : . .  thc
e igenfunc t ions  o f  , i f  s r , ) .  thus .  te rms ccrn ta in ing  thc
energy  d i f fe rences  in  ec1  l2  may '  bc  s imp l i f led  as  ind i -
c a t e d  b y  e q  1 3 .  a n d  e q  l 2  m a y  h e  c o n v c n i c n t l y  r e w r i t t e n
and man ipu la tcd  as  a  sum o f  d iagona l  and o f f -d iugona l
t e r m s  ( e q  1 4 ) .

I t t r  + i r ' (E, -  E,) l - '  :

:10,,,''vG) 2 :

(t /2)I l l  { l l  + ir '(E; - E)l '  +1

E, ) l - ' l  :  I I t t  +  r ' (E i -
.t l:

<t1r,;1'1rn t -- I I I I  +

t lr , , ,  d i t(Q, 9,)({, ,  6)\4r,, t  r1,, ,> ( l4a)

(46)  For  rc la tcc l  c lcvc lopr t tc t r ts  o f  s i r l i l a r  cqu i l t io t rs ,  scc  rc f  33  ar lc l

L .  I L  P i c t t c  a n c l  W .  A .  A n c l e r s o n , . 1  .  C h c t r t .  P l  1 s . , 3 0 , 8 9 9  ( 1 9 5 9 ) .

T,,J,,
IT I I

-  i r ' ( E '  -

E , ) ' l - '  ( 1 3 )
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Figure5. nT.I(r) l l  2 :  A(6,nt) as a function of r ' ;r Ir(Q) :  p,.

li7;FGTI' : Pw,ld,)'(d,i *,,)' *
tT?tt * r ' ' (E, - E,) ' l- '  x

( '{ 
",1,0,)(o,tt{,,1(r1,,,,0,,)(6^ {,,1 ( I 4b)

Equat ion  l - t  g i r  es  the  probab i l i t y .  j r l r , ^V( ,  \  
'  
.

that  a sanrple of  molecules that  jumps from a tr igonal
b ipyramida l  con format ion  hav ing  nuc lear  sp in  wavc
funct ion l / , )  to a square pyramidal  conforntat ion,  and
then returns to the t r igonal  b ipyramidal  conformat ion
with the f i rst-order rate constant l f  r ' ,  wr lT end in the
nuclear spin state ry ' , , , ) .  The rate at  which the t ransi t ion
from ir l r ,> to V^) is accompl ished clear ly depends
strongly on the terms r ' t (Ei  -  Er) t  in the denominator
of  eq l4;  the energies are in turn a funct ion of  coupl ing
constants and chernical  shi f ts di f ferences among thc
nuclei  of  the spin system being examined. Note,  how-
ever,  that  in th is instance they do not depend on the
3'P chemical  shi f t  d i f ference between square pyramidal
and tr igonal  b ipyramidal  conformat ions.

Values for ( r / " , jV(t ' ) )  were calculated as a funct ion of
r '  using the magnet ic parameters for  1 and values
est imated for a square pyramidal  conformat ion,  a i

detai ls of  the calculat ion are summarized in the Exper i -
mental  Sect ion.  The resul ts of  thcse calculat ions arc
summar ized in  F igure  5  fo r  thc  s ta r t ing  s ta te  V(0) )  :

l r l6) ,  the wave funct ion giv ing r ise to t ransi t ion 6 of  the
3lP spectrum (Figure 2 and eq 3).  In th is f igure,  for
example,  the probabi l i ty  that  a molecule or ig inal ly in

/o wi l l  be in ry '16 af ter  spending r '  sec in a square pyrami-
dal conformation is given by the coeflrcient A(6,10)
along the l ine designated /o -  Qrr .  The important
conclusion from this figure is that, for the parameters
assumed for a square pyramid.  a molecule of  1 would
have to spend longer than l0- ' i  sec in the square pyrami-
dal  conformat ion before the probabi l i ty  that  th is stay
would result in a transition from {u to ,lrr, , lru, ry'g, or

/ ro would become signi f icant.
This conclusion, is,  of  course, only sLrggest ive,  s incc

(47)  For  a  hypothc t ic  squ . r rc  pyrarn ida l  con for rna t ion  o f  1 ,  thc  fo l -
low ing  vu lucs  wcrc  ass l lncc l  (Hz) i  . / r . r . ' (6ang)  20 ;  J i  r , ' ( " i " )  :60 :

" Ip l  
:  846.  Thcsc  va lues  arc  L rascd on  thc  l rssumpt ion  tha t  . / r ' r ,  in -

c reases  rv i th  c lcc reas ing  F  P F  ang lcs ;  c I .  rc f  34  and M.  F .  C.  I - I cuson.
S .  C .  P c a k c ,  a n d  R .  S c h r n u t z l c r ,  C h e m .  C o m n t u n . , l 4 5 4 ( 1 9 7 1 ) .

*Ve
* V o
* Vrr
.. rlr^

.*Vs

* V z

ro-2 ro-l to

( sec)

The mean ing  o f  the  sy 'mbo ls  i s  d iscussec l  in  the  tex t .

eq 1.1 descr ibes the ef fect  of  conversion of  t r igonal  b i -
pyramid to square pyramid and return to the (non-
pseudoro ta tec l )  t r i -uona l  b ipyramid  ( l  o f  Scheme I I ) .
Further,  i t  cr f fers no indicat ion of  the ntanner in which
the  da ta  o f  F igurc  5  shot r l c l  be  Lrsed to  ca lcu la te  l ine
shapes.  Wc havc  cons idered exp l i c i t l y  the  more  conr -
plex but real ist ic combinat ion of  processes out l ined in
I t  o f  Scheme l l .  The de ta i l s  o f  these ca lcu la t ions  are
presented  in  Append ix  I :  the  conc lus ion  o f  these
calculat ions is sumnrar ized here.

The ca lcu la tcd  dnmr  spec t ra  o f  1 .  p resented  in  F igure
2 ,  and o f  most  dnmr  spec t ra  o f  in te rconver t ing  spec ics .
res ts  on  thc  so lu t ion  o f  ecr  15 . r0 '2 :  where  K.  the  "k ine t ic

?
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t | ,
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(  l 5 ;

exchange matr ix,"  descr ibes the exchange of  magnet iza-
t ion between resonances resul t ing f rom the pseudo-
rotat ion.  In thc special  ct tse presented by f  .  in which
there is no mixing of  phosphorus and f luor ine spin wave
funct ions,  the elements of  K can be def ined very
s i m p l y . 2 2

/ . i t , , .  
:  R /1 , , , fu . , ,

Knr ,  :  Rr^Rr , ,  -  6 r , , ,  :  Kr ,

Here. c.g. ,  the rnatr ix R descr ibes the way in which a
f luor ine spin wave funct iof l  /b"ru."  is  t ransformed into

{ i l t " ,  by the nuclear permutat ion character ist ic of  the
pseudoro ta t ion :  6n , , ,  i s  the  Kronecker  de l ta .  The
ca lcu la t ions  o f  Append ix  I  lead  to  the  conc lus ion  tha t
the ef fect  of  inclusion of  a low-concentrat ion square
pyramidal  intermediate along the react ion coordinate
for pseudorotat ion of  1 can be descr ibed by an equa-
t ion  o f  the  same fo rnr  as  eq  l5  bu t  hav ing  a  new k ine t ic

exchanqe matr ix r t .

o'J'lt '  : -..,pnQ) n:+r,,,p,,,(r)

dP'( r t  -  _  a, ,p , , ( r r  f  . l  f1 i , , , , ,p , , , ( / )( ) l  / r

(  1 6 )

( t7)

(  l 8 )

The elements of  th is matr ix,  f i ,  are def ined by eq 19
(cf .  eq 21A-26A in Appendix l ) .

R,,,,, -l 6,,, : DA(n.q)lKr,, + 6,,,,,] *

lA(n;n) -  6, , , , ]  (19a)
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A(n ,m) : |Q, ,lv(')) i ,, lv(o)) : !r1, ,,,> ( l eb)
The index q runs over all f luorine wave functions ry'o
that have the same value of  F, ;a8 for 1,  we are interested
in  those sp in  conf igura t ions  g iv ing  r i se  to  l ines  6- l l .
Equat ions lB*19 thus provide a method of  incorporat ing
the probabi l i t ies ' , ( { , , ,  V(r ' ) )  '  

obtained using eq l4 and
the elements of  the K matr ix calculated previously (eq
4-5) for  a pseudorotat ion coordinate not having an in-
termediate into a quant i tat ive calculat ion of  the l ine
shape of  1 pseudorotat ing by an exchange coordinate
having a square pyramidal  intermediate.

Equation l9 was used to generate rate constants -K,,,,,
for  t ransfer of  magnet izat ion between ;r lP l ines of  1:
for  example,  insert ion of  r ,a lues of  K, , , , , , ,  f rom eq 4 into
eq l9 y ie lds the expression for Ko,1s in eq 20; values for

Ko,,o :  o.oo75A(6,6) + t .9848A(6,10) +
0.0075r(6, il ) (20)

the A(n,ne) were taken fronr the data used to prepare
Figure 5.  The conclusion from these calculat ions of
the  e lements  o f  the  K mat r ix  appropr ia te  to  a  pseudo-
rotat ion coordinate incorporat ing a square pyramidal
intermediate is that  the magnitude o1'  the leakage of
magnet izat ion betw,een l ine 6 and l ines 7-10 of  the ex-
per imental  spectrum r l 'ould not become largc enough
to detect  exper imental ly r , rnt i l  the concentrat ion of  the
intermediate became :0 5 i j  that  of  the t r igonal  b i -
pyramidal  ground state.  Table I I  g ives relat ive values

Table I I .  Representat ive Rate Corrstants for  Magnet izat ion
Transfer  by Pseudorotat ion I rTvolv ing a Square t  yramidal
Intermediate.  as a Funct ion of  r ' i ' r ,  the Rat io of  L i fet imes for
Square Pyramid ancl  Tr igonal  t l ip l ranr id
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this invest igat ion is one of  potent ia l  ut i l i ty  in dnmr
invest igat ions of  other types of  interconversions involv-
ing intermediates.  part icular ly those in which the mag-
net ic parameters character iz ing the interrnediate di f fer
marked ly  f rom those in  the  ground s ta te (s ) .  In  es-
sence, for  successful  appl icat ion of  th is method, the
t ime evolut ion of  the \^,ave funct ion of  thc nuclear spin
system dur ing the t ime spent in the intermediate must
be such that i t  permits magnet izat ion t ransfer between
resonances of  the ground state that  are magnet ical ly
isolated in the absencc of  the interrrediate-.  Circum-
s tances  favor ing  th is  behav io r  inc lude an  in te rmed ia te
hav ing  h igher  nuc lear  sp in  symmet ry  than the  ground
state,  a f i rst-order spectrum in thc ground state,  and
large di f ferences in the magnitudes of  the coupl ing con-
s tan ts  and chemica l  sh i f t s  in  the  ground s ta te  and the
intermediate.

Experimental Section

General lVlethods. Standard vacuunt l inc techniclues were used
in prepar ing and mani l tu lat i r lg tetraf luorcryhosphoranes.ae phos-
phorus nntr  spectra of  I  were taken wi th a lJrr - rker HFX-90 spec-
t ronleter  operat ing at  36.4 MHz ancl  locker i  on reF.  using Digi lat r
Mode ls  400-2  p ru l se  genere r to r ,4 l0  C  pu lse  an r l r l i t i e r .  and  50  80
proton broad-band c lecoul t ler .  Tentperature measurement was
accompl ished using a Digi tek dig i ta l  thermonretcr .  u, i th thermo-
couple posi t ioned 0.-5-cm below thc bot tonr of  the nntr  tuLre.  The
thermocouple and thermorneter  were cal i t r ratecl  against  standarcl
methanol  or  eth- ' , - lene glycol  samples.  Slrcctrzr  of  PF,, .  ClpFr.  ancl
CH,JPFT were  ob ta ined  us ing  a  Var ian  HA- l (X )  spec t ron te te r
operat ing at  .10.-5 MHz. The V-60.10 r 'ar iable tentperatLrre uni t
was modi f ied to a l low the cool ing ni t rogen gas to be usecl  at  c lc-
vated pressures ancl  h igh {1ow rates;  temperatures as low,as -  190,
could be obtained.50 Temperatures werc mezlsurecl  using the same
procedure and apl taratus c lescr ibed above.  Al l  i r r l )  s l tectra on th is
instrument were taken in unlocked HR ntode.  s\ \ ,ecps u.ere cal i -
brated wi th a Hewlet t -Packard Model  5245L counter.

Calculat ions of  exchange-broadened l ine shal tes were l ter formed
at the M. l .T.  Informat iorr  Processing Center using thc p-rogrant
pa61151'5.  !2, : ,  I  A representat ive Arrhenir_rs l t lo t  usecl  to obtain
lG  I  i s  g i ven  in  F igu re  6 .  Ca lcu la t i ons  invo lv ing  ec1  l3  werc
carr ied out  by expressing l / )  ancl  jcr)  in tcrnrs of  s inrple prcciucr
funct ions ix)  Lrs ine r ,A(X-s--352 ancl  taking advantage of  the fact  that
the inverse ancl  t ranspose of  Hsp ancl  H'r .H arc ccpral ;  I I  1 :  H.

t  :  H"trX :  Hrsg-rsr ,$ :  D0

0 : H*nX : HspH.'rrlrrlJ : D,l-

Ecluat ion l0 can then be wr i t ten in terms of  the r .nzl t r ix  c lenteuts r / , ,

o f  D  -  H ' r r , H  r s r , f l n r l  b ,  u s i n g  t h e  r e l a t i o n  , 1 . ,  -  , 7 , .  T h c  c i g e r r -
values E,  were also obtained f rom laocN3.

i(74.y(r) 
' - IItr + r'(E,,, E,,)rf- 1d,,,,d,,,,,t!,,,t\,,
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of the rate constants of  magnet izat ion t ransfer 2rRa.n, ,
for  pseudorotat ion occurr ing wi th a square pyramidal
intermediate,  as a funct ion of  r ' f  r ,  the rat io of  the l i fe-
t imes (and concentrat ions) of  the intermediate and
ground state.  Thus, at  r ' f  r  :  0.00-1,  the relat ive ex-
change broadening of  each of  the components of  t ransi-
t ion  l0  w i l l  be  on ly  -67 ,  (Fo , ,n /Kn, , , )  o f  tha t  o f  t rans i -
t ion I I .  Broadening of  th is magnitude would not be
detectable under the condi t ions of  our exper iments.
For  z '1 ,  :0 .01 ,  the  cor respond ing  re la t i ve  b roaden ing
would be -40i i  and would be easi ly detectable:  hou'-
ever,  th is concentrat ion of  intermediate is border ing on
that which could be detected direct ly.

We conclude from these calculat ions that i t  wi l l  not
be possible to detect  a square pyramidal  intermediate
along the pseudorotat ion coordinate for  I  by examina-
t ion of  d i f ferent ia l  l ine broadening in the intermediate
exchange region without much improved exper imental
l ine shapes. Regardless,  the method developed clur ing

( t18)  In  a  conrp lcx  sp in  sys tcm,  par t i cu la r ly  onc  in  u ,h ich  t l - re  nuc lcus
rvhosc  resor lanccs  arc  bc ing  observcc l  i s  t igh t ly  coup lec l  t c l  thc  r . ruc lc i
tha t  a re  cxchang i r rg ,  eq  18  u , i l l  s t i l l  ho ld .  bu t  thc  rc la t ion  bc tuccn K
a n d  R  w i l l  b c  n r o r c  c o n r p l c r  t h u n  t h a t  g i v c n  b y  c q  1 9 .

White.sides, et al. f Pseuiltrotution in XPFa
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Figure 6.  Arrhenius plot  for  l rseuclorotat ion of  1 in a solut ior t
cons is t i ng  o f  ( v :  v )  1 ( ,10 : ; ) .  CHCI :F  (40 ' l ; ) ,  and  (CH; ) rO  (20 : ; ) .

Appendix

The interchange of  two pr incipal  species in a dnmr
problem may take place by way of  an intermediate.  I f
the concentrat ion of  the intermediate is comparable to
that of  the pr incipal  species,  i t  must be included in the
calculat ion expl ic i t ly  as a th i rd spccies;  i f  i ts  concentra-
t ion is very smal l ,  i t  is  usual ly neglected complctely.  In
the  or ig ina l  t rea tn ten t  o f  the  dnmr  behar io r  o f  1 . r1
thc possibi l i ty  of  a square pyramidal  intcrnrediate bc-
tween tr igonal  b ipyramidal  ground statcs \ \as rccog-
n ized bu t  ignored.  Here  we deve lop  a  quant i ta t i re  bu t
approximate procedure for calculat ing the inf luence of
such an intermediate on the spectrum in the internrediate
exchange region. This t reatnrent establ ishes that i t  is
possible to calculate ntost  of  the ef fects of  the inter-
mediate on the spectra of  the pr incipal  species by a
simple modif icat ion of  the K matr ix used to dcscr ibe
the exchange of  magnet izat ion in thc absencc of  the'
intermediate.  As such, the t reatment is of  value both in
prov id ing  an  a l tc rna t ive  and phys ica l l y  i l l umina t ing
method of  descr ib ing the ef fect  of  an intermediate on
magnet izat ion exchange and in appreciably s impl i fy ing
certain types of  calculat ions.  The discussion give-n
here is appl ied to the speci f ic  problem presented by 1:
the pr inciple of  th is t reatment is broadly appl icable.

The quest ion of  thc role of  an internrediate may be
addressed using any one of  several  a l ternat ive (and
equivalent)  formal isms. Here rve employ the formal isnt
of  the stochast ic l ine shape thcory introduced by Kubosa
and Johnson. ; ;  The s tochas t ic  l ine  shape approach is
part icular ly sui table for  the problem under considera-
t ion because i t  permits the s imple ancl  d i rect  introduc-
t ion of  the "steady state" approxirnat ion for  thc inter-
mediate square pyrani idal  form. ln the stochast ic l ine

(54)  R.  I (ubo in  "F luc tua t io r r ,  Re la ra t io t ' t ,  lu tc l  Resor ta t rcc  i r t  Mag-
nc t ic  Sys tems, "  D.  tc r  Harar ,  Ec l  . ,  O l i ver  anc l  Bo1 'c l ,  Londor r ,  1962.

( 5 5 )  C .  S .  J o h n s o n ,  k . , J .  C h c n t .  P h . t ' s . , 4 1 , 3 2 1 1 ( 1 9 6 4 ) .

shape theory each conformat ion is character ized by a
d i f fe rcn t  sp in  Hami l ton ian :  in  cont ras t .  the  conven-
t iona l  Kap lan-A lexander  theory  o f  chenr ica l  exchange
employs  a  s ing le  sp in  Han i i l ton ian .  and an  exchange
operator is introducecl  that  permutes the indi l ' idual
spins in the spin wave funct ions consistent wi th the
di f ferent cclnformat ions. ro '  :  : ' ;6

Wc f i rst  consider the two-si te casc where the molecule
is  assumed to  r rnde rgo  conformat ion  changes w i th  a  ra te
r--r  between t l re t*o cqtr ivalent s i tes-the two tr igonal
bipyramids intcrconrcrt ib le by pseudorotat ion--  char-
actcr izct ' l  bt '  s I i11 Hanr i l tonians JCr and SC:.  respect ively.
We r jenotc  by '  p1( t )  [p :u ) ]  the  sp in  dens i ty  mat r ix  o f  the
system at t inrr-  I  q i ren that the molecule is in conforma-
t ion  I  [2 ]  anc l  so l rc  thc  se t  o f  coup led  equat ions ,  lA
and 2A.5 ;  In  t i t cse  uc  ig t to re  the  te rms p( t ) lT ,  in t ro -

Dpr ( r )  -  __ i [ , re r .p r ( r ) ]  r  t  
o r r , ,  -  t  

r r ( , ,  ( lA )
d l - r r

d p , ( t )  - -  - [ L I , . p , ( r ) ]  I  
t o , ( r )  - -  ' 0 . , ( , ,  ( l A )

d r - r r

c l r rccd  t ( )  ucc( \ r rn t  f t r r  sp in  -  la t t i cc  rc laxa t ion  e f fec ts  on
t h e  l i r r , r  r i  i . l t h .  ( t h u t  i s .  t l r t  " s l ( ) \ \  - c r c h a n g c "  l i n e
r . r id ths) .  J - l r . ' r , '  l t ' r ' l t i :  e : t i l  he  i t l co rp1r l111g1 l  c l i r t c t l l
i n t o  t h c  l i r r t t l  e ' r l t l l l l . i t r l l - .  T l t . ' : '  t ' t l l . l i l l i t r l ) :  t t ' l l l l t i l l  l l

r es t r i c t i c l n  t o  i t t t  equ i l i b r i L l l t t  c ( ) t t 5 t ; . t r t t  t r l -  t t t l i n  hc t t i  ce  t l

t he  two  s i t es  u  h i ch  can  cas i l y  bc  r c l u r c r l .
Wc  w i sh  t o  compare  t he  two -s i t e  c l t sc  r i  i t l t  i t  t h re  i - s i t c

casc  i n  wh i ch  a  t l r i r d  s i t e  i l  s c l t t a r c  py ra r r t i r l  c l t r t r -

ac te r i zed  by  Hami l t on ian  JC , r  i s  a l ss t - t t r t c c ' l  t o  l i c  r t t  r r t t  i t t -

t e rn red ia te  pos i t i on  a long  t he  reac t i on  c t )o r t l i t r l t t c .

The  app rop r i a t c  se t  o f  s t ochas t i c  equa t i o r l s  l ' o r  t h i s

th rec -s i t e  casc  i s  g i ven  i n  cq  3A-  5  A .  *  hc rc  ; t  (  t )

o o ] f "  i [ , r . , . p r ( / ) l  +  | , 1 : I r t  l _ p ' r r t  r r \ r
O t t t

x)
F

F

I
(t
o
J

J P ' (  t l  - -  i [ i ,  . r r  (  1 ) l  -  |  
p  t  n

D l r

dP , , (  1 )  . . -  |- ! . " "  - r l i t : . p : ( 1 ) ]  + ' l p t ( t )  * p . ( r l ]  -  
, p ( t )  ( i \ r

d t  r  r '

s i gn i f i es  t hc  sp in  c l cns i t y  ma t r i x  a t  t i r nc  /  ass t t t r t i ng  t i t c

mo lecu le  i s  i n  t he  i n t c r t n r -d i a te  con fo rn ta t i on  . 1 .  Thc

ra te  cons tan t  [ r ' ]  
1  i s  t ha t  dcsc r i b i ng  t he  re t t r r n  o f  t i r c

i n te rn red ia t c  s ta t c  t o  t hc  g round  s ta t c  con fo rma t i ons  I

anc l  2 .  Acco rd ing  t o  ou r  p i c t t r r e  o f  t hc  r cac t i on  p ro f i l c .

-. /  \2

" n " , )  

\ s ; t e  z

r ' .1 ,  :  r1 i  exp [ -4G" , 'R f ]  and r  ]  r '  '  Our  ca lcu la -
t ion of  the cf fcct  of  thc th i rc l  s i te consists of  obtaining
an approx imatc  e rpress ion  fo r  p , , ( l )  f ron- r  eq  5d  and
subst i tut ing thts c-xprr-SSir ' r l r  into eq - lA and 4A, to ob-
tain an ef fcct i le tw'o-si tc casc than can be contparcd
w i t h  c q  1 A  a n d  2 4 .

( 5 6 )  . l  .  L  l i l p l r r r r .  . l  .  C h a r r r .  P / r . r ' s . ,  2 8 ,  2 7 8  ( l ( ) 5 f i ) :  2 9 .  1 6 2  ( l ' ) - i 8 ) :

S .  A l e x l r r c l c r ,  i h i l . ,  3 ' 7 . 9 6 1 , 9 7 4  ( 1 9 6 1 ) :  3 8 ,  l 7 E 7  ( 1 9 6 - l ) :  4 0 .  l 7 - 1 1
(  1 9 6 4 ) .

l p ( r l  
r l \ )

t-:

l;^.
\̂  s i te  2
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The exact solut ion for  pe( l )  is  eq 6A: th is solutron

oz(t)

exp[+ i5Crs]  expl  -  2,s l r ' ]  (6A)

may be ver i f ied by di f ferent iat ion.  From eq 3, \  and
4A we see that exccpt for  osci l latory ternts pr( l )  and
p: ( l )  w i l l  decay  on  a  t in te  sca le  r - r .  However .  the  in -
tegral  in eq 64. contains a factor (r ' ) -1 which has a
much faster t ime decay. Accordingly we may replace
ptQ -  r )  and p:( t  -  s)  in cq 6,4 by pr( t )  and pr( l )  and
incur  an  er ro r  o f  o rder  ( r , r ' ) .  Fur thermore  s incc  we
are interestcd in thc stcady statc ef fcct  of  thc inter-
mediate,  we neglect  the ef fect  of  the in i t ia l  condi t ion by
sett ing p, . . (0)  equal  to zero in eq 6A and extending the
upper  l im i t  on  thc  in tegra l  to  in f in i t y .  Thc  resu l t ing
approxinrate crprcssion for the steady state r  a lue of  p; ' ( t )
i s

p{t) : ! '  ] irorl) + p:(r)l (7A)
./.7

where the effect of the operator ,4 on an arbitrary
operator,  0,  is
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With use of  the operator R both cq 1A and 2A reduce
to  the  s ing le  express ion  (  l2A) ,  where  Rp( t )R denotes

dP :  - i [ J t .p ( r ) ]  +  
t [oo( , , ^  -  o ( r11  02a, ;

d l r

the densi ty matr ix " i l f ter  exchange."  p( t )  is  the densi ty
matr ix "beforc cxchange."  and ,-rc is the spin
Hami l ton ian  tha t  charac ter izes  the  sys tem.  App ly ing
the  opera tor  R to  the  le f t  and r igh t  hand s ide  o f  c i ther
cquat ion  9A or  10A lcz rds  to  thc  s ing le  express ion  l3A

: expl - i3.J.i]pz(.0) e xp[+ in:ttf expl - 2t lr ' ] *

1 f t' I  
ds exp[- i3c, ;s ] [pr ( r  -  s)  *  p ' ( t  -  . r ) ]  X

T J o

d o :
d l

i f  one assumes that the t r i tnsfer operator . '1 comr-nutes
w i t h t h e e x c h a n g e c l p e r a t o r R ' . 1 h i r t i s . R | , a 0 ( t ) ] R
A[R?( r )R|  Th is  assunrp t ion  is  indcc t l  . l r s t i f i cd  1 -or  the
case undcr  cons idera t ion  s incc  thc  c t r t t fo rn ra t io t r  cor -
rcspond ing  to  i t l , , ,  i . c ' . ,  the  squarc  pvn in t i c lu l .  l i cs  s ) 'n r -
metr ical ly bet l r 'cen the trvo s i tcs I  uncl  I  and l tcncc
RJCAR
1 2 A ,  e x h i b i t s  i n  t h e  K a p l a n  A l e x i r n c l c r  l r r n q L r a s c  t h c
e f fec t  o f  the  presence o f  a  shor t - l i ved  in te rnre  c l i i l te  a long
the exchange react ic-rn coordinatc.

Thc  var ious  tc rn rs  in  the  rnod i f i cc l  Kup lan  A lcxandcr
c q u a t i o n  ( l 3 A )  c a n  b c  i n t e r p r c t e c l  p h l , s i c a l l y ' .  I n  t h c
convent iona l  two-s i tc  Kap lan  'A le  xa t tc lc r  cxprcss ion  (cq
l2 ,A) .  the  te rnr  Rp( t )R descr ibcs  thc  c lcns i tv  rna t r i x  p ( l )
a f te r  cxchange has  taken p lace :  th t rs .  Rp( r )R p( r )
is the t ' lnngt,  in p duc to the crchungc. The tcrn. t
Rp( t )R rcsu l ts  f rom thc  subs tancc  o f  in tc rcs t  puss ing
ovcr  the  bar r ic r  scpara t ing  the  t r . ro  s i tcs :  p (1)  i s  thc
(Lrnchangcd)  tc rm rcsu l t ing  i f  i t  s ta l ' s  in  i t s  o r ig in r r l  s i t c .
In  the  Kap lan  A lexanc lc r  c -Quat i t rn  ( l - lA )  r r rod i f i cc l  to
t a k e  i n t o  a c c o u n t  a n  i n t e r m e d i a t c ,  t h c  t c r n t  ( l r )  I '

IARp( r )n  p ( r ) l  dcscr ibes  thc  changc in  thc '  c lens i t ;
mat r i x  resu l t ing  f ' rom t rans i t ions  f ro rn  thc  -g rou t rc l  s ta tc
(s i te  l )  to  the  in tc rmcd ia te  (s i te  -1 ) .  a  pa t rsc  o f  n tcan c lL r ra -
t i o n  r ' .  a n d  c o n t i n u a t i o n  o v e r  t h c  s c c o n d  b a r r i c r  b a c k
to  thc  a i tc rna t ive  grounc l  s ta te  (s i tc  ) ) .  The t , r rn r
(2 r )  l lAp( t )  -  p ( r ) l  descr ibes  t l te  cor rcsponc l r t tg  chrngc
in  o  c lue  to  a  t rans i t ion  f ro rn  s i tc  I  to  s i te  .1 .  a  nu l rs r  , , i
c l u r a t i o n  r ' .  l r n d  r c t t r r n  t o  s i t e  l .  T h u s ,  i n  t h c  p u i ' i r , , i i i  , r '

p rob lc rn  p ro i ided by  1 .  thc  f i rs t  te rnr  c lc -scr ihc :  e  o i r
vc rs ion  o f  t r igona l  b ipyramida l  to  squarc  p r i ' i i tn i . i . r l
cc ln fo rnra t io l rs .  fo l lo rved by  re tu rn  to  thc  psc t t i lo r ( ) t i r te  r l
t r igo l ra l  b ipyrunr id .  r . l ' h i le  thc  secor tc l  c iescr ibes  co t t r  c r -
s ion of  t r igonal  b ipy ' rarnic l  t ( )  squi t rc pl , rar l ic l .  f ' t r lJorr  ct l
t ry rcvc-rs ic-rr . r  o1- thc or ig inal .  r io lpscrrdorotutecl .  t r igonaI
b ipyranr ic l .

I r rp l i c i t  ca lc r r la t ions  cun bc  car r i cc i  oL t t  l r  i th  th*  t i r . rc l i -
i i ec l  Kap lan  A lexanc lc r  c rp ress ion  eq  l lA  i f t  i l n  r i r i r l -
oqoLrs  n ranncr  to  thc  conr  cn t iona l  cxprcss io l t  cq  I  - lA
o n c e  t h c  H a n r i l t o n i a n , r t - , ,  a l t d  a n  i r r t c r r n c c l i l r l e  i i i * t , i ) ' t r :
z '  Arc  spec i f i cc l .  Thc  opcr i t t r - r r  equat ion  (cq  J . id )  1 ;11 i  t r l '
cor i rsc br-  wr i t tcn in nratr ix f t t rm.- l  

he cf l 'ccts to be expcctccl  in thc rnocl i t rct l  Klrgr la l t
Alcxandc'r  proccclurc ca11 be i I lustratecl  b1,  coirs idcrat ioI i
o f  the  XPFr  sys tcnr .  The phosphorL ls  rcsor i i i t t ces  o f '
thcse nrolecules rel lect  f lLror ine spin conl igr- t r i i t ions,  but
there  is  no  mix ing  o f  phosphor t ts  and l luor inc  wave

t  
, * o r , ) R  -  - '  , ,  A ) p ( r )  - -- i [ , ' . . p ( r ) ]  *  

, ,  l r

- i [ , n .p ( r ) ]  +  f t roo , l )R  
-  p ( r t )  ] -

I
, ' _ l 1 o ( t t  

-  p ( r t l  ( l - 1 A )

Ao(t) : :,f ,' .^n[

expl+ iJCrs]d.r (8A)

We note  tha t  i f  r '  - - *  0 .  A  -  1 .  I f  we subs t i tu tc  the
approximate expression for p;( l )  into eq 3A and 44. u 'e
obtain an cfl 'cc't ir:c /v'o-sita cuse for comparison with eq
l A  a n d  2 4 .

dp ' ( l )  _
dr

t) l  .*nt- i ;c,slg(r) X
r )

- i [5cr.pr(r) ]  + ] ruo,r t  
-  l r f '  -  A)pr( t)

(eA)

D p r ( r )  , a ,  I  I- ; ; ' '  :  - [ JC: .R: ( / ) ]  +  - , , rA  p t {  t )  -  
n ' , r (2  

-  A)p . , ( t )

The difference between this expression for the .-::: l l
two-si te problcm and the customary two-si te expression
(eq 1A and 2A) is the prescnce of  Ihe t rutrsfar opcrotor
A and the  fac to rs  o f  ( l , r l )  appear ing  on  ihc  r igh t  hand
s ide  o f  eq  94  and l0A.  Thesc  la t tc r  l l c t r r rs  o f  (11 '2 )
are  i r re levant ;  they  s in rp ly  c rh ib i t .  as  i s  uc l l  knor i r . t
f rom analogolrs cases in chent ical  k inet ics.  the fact  that
expl ic i t  t reatmc'nt  of  an intcrmecl iate in the steacly statc
approx imat ion  revea ls  an  ac ld i t iona l  fac to r  o f  (1 ,2 )
wh ich  inc l i ca tes  the  ava i lab le  tw o  pa thw 'ays .  The
t rans fer  opera tor  I  i s  the  sourcc  o f  thc  new phys i r :s  in
the  l ine  shape ana lys is .  In  thc  l im i t  r '  - - '  0 ,  w 'h ich  cor -
responds to an inf in i te ly short  l i fc t imc for the intcr-
mediate A1(t)  - -  0( t )  so that  ec1 9A-10A reducc prc-
c ise ly  to  the  t rvo-s i te  p rob lc 'm (cq  1A and 24) .

Before proceeding \ \ 'e wish to t ranslate these resul ts
obtained fronr thc stochast ic l ine- shape fornial ism tcr
the  perhaps  n lo re  fami l ia r  Kap lan  A lcxanc lc r
fo rmal ism. t '6  In  the  Kap lan-A lexander  fo r rna l i s rn  one
re la tes  pr ( t )  and p : ( / )  as  *c l l  as . i t - r  anc l  JC. :  by  an  ex-
change opcrator R, t : iz .

Rpr( l )R :  p t ( t )

RJtlR : JC:r

R p : ( l ) R  :  p t ( / )  ( l l A )

RJtjR : iCr

White,sitles. ct el. i '  Pseudrtrolutirtrt in XPFl
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funct ions.  Accordingly,  only the f luor ine spin eigen-
funct ions need be expl ic i t ly  considered, and the matr ix
form of the densi ty matr ix equat ions ( l2A or l3,{)  are
simpl i f ied.  Here and below l { r , ' l  are the f luor inc spin
eigenfunct ions of  5Cr.n,  the spin Hamil tonian for the
tr igonal  b ipyramidal  ground state of  1,  and pn is the cor-
responding element ol  the densi ty matr ix betw'een cor-
responding eigenfunctions of JCrs that include the phos-
phorus spins but di f f 'er  onl f  in the phosphorus spin con-
f igurat ion (eq l4A).  With th is notat ion.  the con-

p,( t )  :  (ar { , ,  p( t l t , [J r { , , \ (  l 4 A )

vent ional  Kaplan-Alexander equat ion ( l2,A) has the
matrix form

fol low from this interpretat ion:
(2, \  A(n,ni)  :  A(m1t) :  (3)

( 1 )  A Q t . n t )  i s  r e a l :

l A ( n 1 n ) : D A ( u - ) : 1

Note that A(r t , r r )  depends only on the nuclear spin
energy levels E, of  the intermediate and on the l i fet i rnc-
r '  o f  the  in te rmed ia te :  i t  does  no t  depend on  the  energy
levels of  the ground state.

The mat l ix  A(n.nt)  descr ibes the way in which the
magnet izat ion t ransfer betweetr  l ines is modif ied by in-
t roduct ion of  an intermediate along the react ion co-
ordinate.  I t  is  possible to incorporate these terms

into an ef l 'ect iuc k inet ic exchange matr ix K having a

fo rm ana logous to  the  fa rn i l ia r  express ion  l5A:  K
is  de f ined by  .q  2 lA .  and compar ison o f  eq  l5A and
l7 , \  leads  to  thc  cq t r i va len t  iden t i f i ca t ions  22A.  and
23A. Note that as r '  *  0,  A(n,q) + '  6,q and K,, , ,  -*

K , , , .  L .quat ions  2 lA  +  23A make i t  poss ib le  to  ca lcu-

dp , , ( t )  I  -  -

d t

11 , , , ,  :  1 ,4 (n .q \R, , , , ,R , , , , ,  -  16 , , ,  |  , ' 1 ( t t . t r t )  ( l lA )

Rn,,  *  6, , , ,  :  lA(n.u)1K,, , .  t  6, , , , ]  -

f , t l ( r t .n t )  _  d (  r t . r r t ) )  (23A)

la te  in  a  quant i ta t i ve  (bu t  appror i l t . l l i t c )  \ \ i . t \  thc  e f fec t
on  the  spec t rum o f  a i t  in te rn te t l i i t t c  r r  h ich  is  p rcsent
in  smal l  amounts .  I t  i s  renrarkab lc  l t t t c l  r t sc f t r l  tha t
c q  2 l A  h a s  t h e  s a t t t e  f o r m  a s  c q  l , 5 A :  i t t  p l l r t i c L r l a r .  t h e
same computa t iona l  techn iq t rcs  an t l  co l t t  P t l t c r  p rograms
used w i th  the  la t te r  eq t ra t ion  ca l l  hc  cn t ; r l ( ) \ c ( l  \ \ i th  the
former.

We conclucle wi th a br ief  d iscussion of  thc phr s ical
interpretat ion of  the ef fect ive k inet ic ercl t r t t lgc r l r r t t i - i r

f r .  In  the  convent iona l  Kap lan-A lexanc lc r  c r f  re :s i t ) t1
(eq  l5A)  in  the  s i te  approx imat ion  uppr t rp t ' i r r te  to
XPF1,  the  quant i t y  r  1K, , ,Qt  I  r r l )  dc r lo tcs  thc  r r t t c  ( ) l -

magnet iza t ic ln  t rans fer  f rom l ine  r rz  to  l i r re  r i .  F t r r t l t c r -
more  s ince  the  in tens i t ies ,  1+  o f  a l l  the  phosp l i t l r t i s
resonances are eqtral .  eq 24A (which statcs that  t l l l tu-
net izat ion is conserved by the dynamic proccss) c i t t l
be re placed for I  by 25A.

\1"K"' ' :  
o : 

\I*K""'

LK , , , :O :DK , , ,

(24A.)

(25A)

The quant i ty

T  ' K r n  :  - T  t | f ^ ,

refers to the net rate of  magnet izat ion t ransfer out of  the
state n to al l  other states.  The expression (eq l5A)
may be reu'ritten

d o " (  r )  |  -" r -n \ "  :  iup , , ( / )  +  -  T  K , , , , ,p , , ( l )  -
d/  r ,7, ,

*  ; ;  
K , -p , , , ( t )  ( l 5A)

ivhere e,, : i(a, - cd) + (l lTr),, the <,rn is the frequency
of the phosphorus l ines,  co is the observing frequency,
and K,, , , ,  are elements of  the k inet ic exchange matr ix,  in
the special  cases covered by .q 14A. the elements of  the
kinet ic exchange matr ix have the part icular ly s inrple
form of eq 16A, where the R,-  def ine the inf luence of  the

K r r o :  R r ^ R n , n  -  6 r u , :  K r r u ( r6A)

permutat ion of  nuclear indices on the f luor ine spin
eigenfunctions of JCrp by' t (after interchange) : R/
(before interchange). t '  and 6,-  is  the Kronecker del ta:
6 ,^  :  I  i f  n  :  rn ;  6nn,  :  0  i f  r i  I  tn .  S imi la r ly ,  the
modif ied Kaplan-Alexander equat ion (eq l3,A) has the
matrix form

Dp,(r) 1"nJ ' , "  :  -d ,P,( t )  + 2rnA(, 'q)R0, , 'R,opn,( t )  
-

2 l
1ro,Q) + i;4n(n,m)P-(t) (l7A)

The matrix A(n.m) arises from the transfer operator I
when taking the matr ix elements in the basis set  l r / ,  I
of  the operator equat ion.  Expl ic i t ly  th is matr ix is
given by eq 18A, where 3Cs is the spin Hamil tonian of  the
intermediate (square pyramidal)  conformat ion.  E,qua-
t ion 18A can be expanded in terms of  the eigenfunct ions

) f -
A(n,m) :  

' ,  
I  ds exP[ -2slr ' ]<V, l  X

T  J o

exp( - iscas)l rL.>W-l exp(+ irc's)lrl,,,l (l SA)

lO) of  rca (eg 19A).  Comparison of  eq l9A with eq

(  1eA)

13a in the body of  the text  establ ishes that these equa-
tions are identical, except for the trivial factor for t i.r 'o:
r '  (eg  l3a ;  :  r '12  (eq  l9A) .  Thus ,  fo r  v (O; r  :  l r l , , , )

A(n,m) : l(,lr"lV(r )!l (20A)

The interpretat ion of  the A(n,m) as probabi l i t ies of
passing from state nt to state n with an excursion to the
intermediate square pyramidal  form is discussed in the
body of  the paper.  T 'he important propert ies of  A(n.m)

A(n,m): T?[t * (t) '(u, - u.),]

\{ "lQ ) @'1,1, ^> ({,"10 ) (6 r\*,)

I i -  I  K, , , , , )p,( t )  (26A)
T  L i l i =  ) )  J

From the def in i t ion of  the
matr ix K,,n (cq 23A),  wc f ind

cff 'ective kinetic exchange
that R,,r, : -(,,,,, tind

IK , , , :0 :DR^,
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Accordingly eq 2lA may be rewri t tet t
form

Dp,,( t )  .  ," ; ; "  :  iapu( t \  +  rDK, ' 'p^ ( t )  
-

r  111, , , , ,  :  l , l 1 , r .q1Ku" '  +  A( r t , tn )X
t

(1 - .  !  |

in an analogott5 Scheme L'\
ti:

I
l . /_\---K
l -:::

/  \ . /\-F'-K
(28A)

and z-t- f , , , , , ,  again intL-rpretecl  as the rate of  magnet iza-
t ion t ransfer f ront  l ine rr l  to l ine r l .  From eq 23A we
see that R., ,^Qt I  nt)  rnay be expressed as

r-'R,,,,,: lrt(r,q)K,'' I 4(''*)1Kr,,,,, + 1] +
q l m r T

L@,*) esL)

or by use of  eq24A

. l
Y , )

and then re tu rn ing  to  i t s  o r ig ina l ,  nonpseudoro ta ted
conformat ion  w i thout  pass ing  over  the  bar r ie r .

Therc are several  intportant points to note abttut  thc-
diflerence bctrvccn -[,,,,, r-lf i tJ K,,,,. First for short [z'] I

where o ' , r r  analysis rs v 'a l id.  the c l i l lerence bettveen ,( , , , , ,
and K,, , , , ,  does not depend on thc f ract ional  populat ion
be twccn thc stable and inte rrneci iate conforntat i t tns.
The el lbct  dcpcnds cxclLrsirely on the residence t intc in
the  in te r r r rcc i ia te  s ta tc  r '  and  on  the  sp l i t t ing  o f  thc
nragnet ic  levc ls  in  tha t  s ta te .  Second,  the  dominunt
diflerence bctu'ecn .1i,,,,, and K,,,,, can arise fronl any onc
of  the  th ree  cont r ibu t ions  in  eq  30A.  A l l  th is  i s  re -
qr.r i recl  is  1 'or  AQt,nt)  to di{ Icr  appreciably f rom uni ty.
Presumably  th is  c i rcun ts tuncc  can be  nros t  eas i l y  rea l -
i zed  fo r  a  paranragnet ic  in te rnrcd ia te .  Th i rd .  in  thc
casc crf  a complctely dcgenerate rearrangement,  K, , , ,  :

0  and the  conrcn t iona l  ana lys is  woLr ld  p red ic t  no  I ine
broaden ing .  the  mod i f ied  theory  p rcd ic ts  a  b roade n ing
Ru, ,  :  2A@n)  (n  I  r i z )  i t s  expec ted .  F ina l l y  \ \ ' e  no te
tha t ,  u ,h i l c  c )u r  ana lys is  has  bcen res t r i c tec l  to  thc  s imp lc
s i te  n ragnet iza t ion  p ic tu rc  appropr ia tc  to  XPF1.  ou t
deve lopnrent  i s  qu i te  genera l .  In  par t i cu lu r  the  res t t l t
d isp laycd in  cq  l - lA  fo r  the  modr f ied  Kap lan-  A lexandcr
express ion  is  in  a  fo rm appropr i r i te  fo r  app l i ca t ion  t t t
other systenls of  chemical  inte ' rest .

t I ri,,,,-lp,,(r)
T L n , - n  )

ri
li .

, ) *  
|

-  \ - , .'  /-^-  1  i t r . l t  l

, .1 ( i r .nr  )

T

l[ '

, ' )

r -  |  ,4(r t ,nt ;  (30A )

Th is  equat ion  s ta tes  tha t  the  ra te  o f  n ragnet iza t ion
transfer f rom l ine rn to l ine n Qn :  n)  is  made up of
three contr ibut ions,  each referr ing to a di f fere 'nt  ntccha-
n ism.  These mechan isn ts  a re  perhaps  most  eas i l y
understood by reference to a diagram (Scheme IA).

Thc f i rst  term descr ibes the system, in i t ia l ly  in statc
, ! , ,  and giv ing r ise to l ine l ,  going to the interntediate
conformation to state ry'o with probabil ity A(n,q) and then
proceeding to the final state of interest t!,,, with rate
r-'rKu,, characteristjc of the rate of transfer magnetization
from l ine q to l ine nt .  The second term descr ibes the
system going to the intermediate,  undergoing a t ransi t ion
dur ing i ts residence in the intermediate conformat ion to
state ry ' , , ,  wi th probabi l i ty  A(t t , r t t )  and then proceeding on
to { , , ,  of  the pseudorotated product.  The third term
descr ibes  the  sys tem go ing  to  the  in te rmed ia te .  under -
go ing  a  t rans i t ion  dLr r ing  i t s  res idence in  the  in te rmc-
diate conformat ic ln to stalc r /? r i  i th probabi l i ty  A(n,m)

f  r ' ,  -  r  ' fK,, , ,1 1
L  r n + I L  J

P,seuclorotutirtn in XPF I


	64(1).PDF
	64(2).PDF
	64(3).PDF
	64(4).PDF
	64(5).PDF
	64(6).PDF
	64(7).PDF
	64(8).PDF
	64(9).PDF
	64(10).PDF
	64(11).PDF
	64(12).PDF
	64(13).PDF

