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. . \bstract: Chiral tr is[p-diketonato]eurropium(lI I)  chelates l-14 havc bccn synthesizecl and tcsted for their effect ive-
ness in inducing chenrical shif ts (J.\r) betwcen corrcsponding resonances of enantiomeric organic substances.
JLrdged by the dr"ral cr i ter ia of general i ty of appl icat ion as reagcnts for dctcrrnining cnantionreric composit ion and
ease of preparation, thc most usefurl  of these chiral shif t  rcagents are tr is[r/ .r /-cl icampholylmethanato]europium(l l l )
(  1. Eu(dcm)r), tr is[3-tr i f luoroacetyl-r/-nopinonato]europiurm(l l  I)  (9), and tr is[3-tr i f luoroacetyl-r/-camphorato]-
europium(l l l )  (10). Compound 1, Eu(dcrn)3, is the most ef iect ive reagent for the resolut ion of enantiotopic reso-
nances; reagents 9 and 10 are considerably lcss e{fcct ive, but arc morc casi ly prcparccl.  I t  is not presently possible
to predict in any detai l  thc inf luence of a part icular chiral shif t  rcagent on a rr ixture of cnantiomers, ancl achieving
usefurl  resolut ion between the signals of enantiotopic protons in complex, polyfLrnctional structures may require
testing several chiral shif t  reagents, and varying sample conccntrat ions and ternperaturc. Chiral shif t  reagents are
applicable in principle to the determination of cnantiomeric composit ion of most "hard" organic bases; they are
not el lect ive with most "soft" bases, with acids, or with certain chelat ing agents. Condit ions for usc of thesc
reagents are described.

r | h e  d i r e c t  d e t e r r n i n a t i o n  o f  c n a n t i o n r c r i c  p u r i t y  i s  a
I

I  cen t ra l  p rob lenr  in  the  chemis t ry  o f  ch i ra l  sub-
stances. Classical  mcthods for these deterrninat ions are
exper imenta l l y  cunrbersonrc :  j |  the  app l icab i l i t y  o f  n rorc -
convenient n nrr  prc lcedures based on diastereorner ic
in te rac t ions  be tween enant iomer ic  so lL r tes  and op t ica l l y
act ive solvents is l int i ted by the snral l  r r ragni t t rde of  the
chemical shift differences inclucecl betu'ecn corresponcl-
ing resonances of  enant ionrcrs. l  \ t rv 'c. ; '6 ' rnd others. i
have dcmonstrated that nrrrr  shi f t  reagents" conrposed
of t r is  chelatcs of  chiral  13-cl iketone l igancls wi th curo-
p ium( l  I  I )  sh i f t  cor rcsponc l ing  resonances  o f  n rany
enant ionrcr ic organic substances to c l i f fcrcnt  cxtcnts.
The nragni t t rdcs of  thc rcsul t ing di fFcrenccs in the
chenr ica l  sh i f t s  o1 'cor rcsponc l ing  groups  o f  the  cnant io -
r ler ic cornpotrncls (cal lcd "cnant iomeric shi f t  d i f fer-
cr lccs."  AA0. in t l i is  papcr)  are usr-ral ly much larger
than those observec l  in  p roccdurcs  c r r rp loy ing  c i ther
opt ical ly act ivc sol i .ents.  a or diastercorner ic conr-
pounds. l '  and pror ic le zr  useftr l  a l ternat i r , 'c  to these pro-
cedures .

( 1 ) T h i s  n o r k  u u s  s u l t p o r t c c l  l r y  t h c  N a t i o n a l  I u s t i t u t c s  o f  H c a l t h
( G r a n t s  H [ -  1 5 0 ] 9  a n c l  C i N ' l  1 6 0 1 0 ) ,  a n c l  b y  H o l i l r r a n n - l - r L  R o c h c ,  I r r c .

( l )  N l t i o n a l  S c i c n c c  F o t r n c l a t i o n  U n r l c r g r a c l u a t c  R c s c u r c h  P a r t i c i -

l ra  n  I .
( 3 )  M .  R a b u r r  a n r l  I ( .  M i s l o r i ,  T o p .  S t c r c o c h u r t . , 2 .  1 9 9  (  l 9 ( r 7 ) .
( 4 )  W .  H .  P i r k l c  a n c l  S .  D .  L J c l r c ,  J .  . . 7 r r t e r .  C h e t r r .  S o c . , 9 l . 5 l 5 0

( 1 9 6 9 ) :  W .  H .  P i r k l c ,  R .  L .  M r - r n t z ,  a n c l  L  C .  P a u l ,  i h i r l . , 9 3 , 2 8 l 7 ( 1 9 7 1 ) ,
l rnc l  rc fe rc r - tccs  in  c l rch .

( 5 )  C .  M .  \ \ ' h i t e s i c l c s  a n c l  D .  W .  L o v i s , , l  . . . l t t t e r .  C h u r t . l o c . , 9 2 , 6 9 7 9
(  1 9 7 0 ) .

(6 )  G.  N l  .  Whi tcs ic lcs  anc l  D .  W.  Lcr . r ' i s ,  J .  ,1n ter .  Chc t r t .  Soc . ,  93 .
5 9 1 4  ( r e 7 r ) .

(7 )  H.  L .  Goer ing ,  J .  N .  E ikcnbcr r l ' ,  anc l  C l  .  S .  l (oc rnr r ,  J .  ,4nrer .
C h c n t .  S o c . ,  9 3 ,  5 9 1 3  ( 1 9 7 1 ) :  R .  R .  F r a s c r ,  M .  A .  P c t i t ,  a n c l  J .  I ( .
S i runc le rs ,  Chenr .  C-ornn tu t r . ,  l  r+ -50  (1  971 ) .

( 8 )  C .  C .  H i n c k l c y ' , , 1 .  A n r e r .  C h e n t .  S o c . ,  9 1 ,  5 1 6 0  ( 1 9 6 9 ) :  J .  I ( .  M .
S a n d c r s ,  S .  W .  H a n s o n ,  a n c l  D .  H .  W i l l i a n i s ,  i b i r l . , 9 4 . 5 1 1 5  ( 1 9 7 1 ) ;
W .  D e W .  H o r r o c k s ,  J r . ,  a n c l J .  P .  S i p c ,  l l I ,  i b i d . , 9 3 , 6 8 0 0 ( 1 9 7 1 ) :  R .  r ' o n
A n r n r o n  a n c l  R .  D .  F i s c h c r ,  A r r g c u ' .  ( - h c t r t . ,  I t t t ,  I : . r l  .  t : r t g l . ,  l l  . 6 7 5
( 1 9 7 1 ) :  W .  D c W .  H o r r o c k s ,  J r . ,  i n  " C h c r l i c a l  A p p l i c u t i o n s  o f ' N r - r c l c a r
M a g n e t i c  R e s o n a n c c  i r r  P u r u m a g r r c t i c  M o l c c u l e s , "  G .  N .  L u  M u r ,  W .
D c W .  H o n ' o c k s ,  J r . ,  u n c l  R .  H .  H o l r r i ,  E c l . ,  A c a c l c n r i c  P r c s s ,  N e r l ' Y o r k ,
N .  Y . ,  1 9 7 3 ,  C h a p t e r  1 , 1 :  B .  C .  M a 1 o ,  C h u n .  S o c ' .  I i c r . ,  2 . 4 9 ( 1 9 7 3 ) :  A .
F .  C o c k c r i l l ,  G .  L .  O .  D i r v i c s ,  R .  C .  t l a r c l c n ,  l r r r r l  D .  N ' l  .  R a c k l t a n r ,
C l t e r t t .  R e t . , 7 3 ,  5 5 3  ( 1 9 7 1 ) .

( 9 )  J .  A .  D a l c ,  D .  L .  D u l l ,  a n c l  H .  S .
(1969) ,  anc l  rc f -c re  nccs  thcrc i r . r .

Thc u ork rcportecl  here wzts pract ical  in intent:  we
wished to  es tab l i sh  wh ich  o f  the  read i l y  ava i lab le  types
of  ch i ra l  p -c l i ke tone l igands ,  when coord ina tcd  to
europiunr,  wcrc n- lost  cf fect ivc in inclucing large values
of  AA6,  to  exanr ine  thc  range o f  app l i cab i l i t y  o f  these
chiral  shi f t  rcagcnts,  ancl  to c lef inc cxper inrcntal  con-
d i t ions  rcqu i rcc l  to  ob ta in  n rax in runr  enant ionrer ic
sh i l t  c l i f l c rc l tccs .  l t  u 'as  no t  our  p r in rary  purpose to
c s t a b l i s h  i n  r l c t l i l  t l r c  r n c c h u n i s n r s  b v  u  h i c h  t h e -  c h i r a l
s h i f t  r c u g c n t s  c r c r c i s e  t h c i r  i n l l r r c n c c .  N o n c t h c l e s s ,
to  s imp l i l - v  thc  c l i : c t tss io t ts  thu t  l i r l l ou  .  i t  i s  *  o r th lvh i le
to  ou t l inc  sc rc r i t l  conc l t t s ions  tha t  harc  bccn rce tchcd
concern ing  thc  n tcc l t i tn isn t  t t l - i t c t i t tn  o l -  r tonc l t i ra l
curopiLlnr shi f t  rcagcnts.  eurcl  to i r rc l icatc br ic l ' ly  \ \ 'ays
i r i  n 'h ich  these cons idcra t ions  arc  per t incn t  to  thc  ac t ion
of  ch i ra l  sh i f t  rcagents .

The rnagnet ic intcract ion hctwccn a curopiLrr t t  shi f t
rcagclr t  ancl  thc prol1. l115 of  a Lcwis base coorcl inated to
the  curop i r rn r ( l l l )  ion  is  p rec lo r -n inant ly  pseudocontac t
in charactcr :  thc nragnet ic l ic lc l  proclLtcct l  by surn-
mat ion  o f  the  nragnc t ic  n tonrc l t t s  o f  t l t c  s i r  unpa i red
electrons o1'  thc curopiulr  ic-r t t  cc-rnrbincs l r . i th t l tat  rc-
s r . r l t ing  l ' ronr  thc  o rb i ta l  r t ro t ion  o f  thc  curop iL t t r t  c lcc -
t rons  anc l  ge  ncra tcs  i ln  an iso t rop ic  r t tagnc t ic  l i c ld  in  the
v ic in i ty  o f  t l re  sh i f t  reagcnt : i ( r  t l r c  p ro tons  o f '  Lewis
bases coordinatccl  to the eurc)piurt t  atort t  rc l . lect  th is
f ie lc l  in  the i r  chcnr ica l  sh i f t s .  For  ach i ra l  t r i s [p -c l i -
kc tonato ]europ iu r rn ( l l l )  complexes .  i t  i s  no t  p rcscn t ly
clear r . i 'hethcr thc conf 'or tnat ional  r lobi l i ty  of  thesc
conrple xes I  I  I :  is  sul l ic ient  to ge ncratc an ef fect ively
axial  nragnet ic syntntctry around thc elrr t tp i i t t . t . t  i t tont ,
wi th thc curopir . rnr  Lcrvis base boncl  col inear u ' i th the

(  l 0 )  T h c  g r o u r r r - l  c l c c t r o n i c  s t a t c  o f  c r - r r o l t i L r r - n ( l l l )  i s  i F , r ;  s t r i c t l y
speak ing ,  thc  l t scLr t locont i rc t  in tc r i l c t ion  t rc tw ccn  nre  tu l  l r r t c l  c t to rc l i r ta tec l
l r l r s c s  a r i s c s  i r r  t h c  l o u - l 1 , i n g  (  - 1 1 1 9  q n  r )  i F r  a n c l  h i g h c r  c x c i t c t l  s t i t t c s :

S .  I .  W c i s s n r t t t , . l  .  , l r r t t ' r .  ( - l t c t r r . . 5 o c . , 9 3 , . 1 9 1 8  ( 1 9 7 1 ) .  R .  G .  H l t l ' c s  a t r t l

J .  L .  T l r o r r r a s ,  C ) r t u t r o n r c t u l .  C l t c t r t .  R c r ' . ,  S c c l .  . ' 1 , 7 .  |  ( 1 9 7 1 ) ,  p a r t i c t r l a r l l

1 rp  38  4 .1 .
( l l )  I .  M .  A r n r i t l g c ,  L .  D .  H r r l l ,  A .  G .  M i r r s h a l l ,  a n c l  L .  G .  W c r b c l o u ,

J .  . 1 r t r e r .  C l t u r t . 5 o c . ,  9 5 .  l 1 - 1 7  ( 1 9 7 1 ) :  S .  L .  L i l t l t a r t l ,  P r o g r .  I r t o r g .

C h e n r . .  8 .  1 0 9  (  I 9 6 7 ) .
( 1 2 )  A  r c r . i c u  o l - t h c  c h c r r i s t r l ' o f  c o r . r . r l r l c r c s  o f  t h c  l a n t h a n i c l c  i o n s  h a s

becr r  l r rcscn tcc l  b1  T .  Moc l le r ,  . ) lTP ( , l l cd .  Tech.  Pr rb l .  Co. )  Inorg .

C ' l t c r t r .  S t , r .  O n c ,  I r r t .  R t , r . S c i . .  7 .  1 7 5  ( 1 9 7 1 ) .

[Reprinted from the Journal of the American Chemical Society, 96, 1038 (1974).]
Copyright 1974 by the American Chemical Society and reprinted by permission of the copyright owner.
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Figure l. Desl-rielding occlrrs along the
axis of tr is[p-diketonato]europiunr( l l l )
pcrpcudicular to this axis.

effeclive pseudosymmetry
complexes,  and shie ld ing

pr incipal  axis of  the chemical  shi f t  tensor:8 '1; i  the
instantaneous symmetry of  these complexes is lower
(Figure l ) .1a The exccpt ional  usefulness of  europium-
( l l l )  chelates as shi f t  reagents or ig inates in the unusual ly
smal l  extcrr t  to which thc resonanccs of  the l igands
arouncl  eurclpium arc broadenecl  by interact ion wi th the
paranragnet ic nretal  ion:  these l ine widths ref lect  the
short  spin Iat t ice relaxat ion t ime character iz ing thc
unpa i rcd  c lcc t rons  on  curop iunr .  Exchange be tween
substrate coorcl inatecl  tc l  europium and substratc f rec
in  so lu t ion  is  rap id . t t '  l n  thc  p rcscncc  o f  r -xccss  sub-
strate,  conrplexcs containing ei ther onc or two sub-
strate nrolccules coordinated to eurr-rpiurn lnay bc
fornicd.  r ' i

Thc c l i f fcrcnccs in chcnr ical  shi l ts observed for
cnant ionrc r ic  subs t ra tes  in  so lu t ions  conta in ing  ch i ra l
shi l i  reagents might ar ise f ron'r  at  least  1rvo. probably
mr , r tua l l y  depcndcnt ,  in te rac t ions :  the  cqu i l ib r iunr
constants l 'or  fornrat ion of  thc var ious possible di-
astereclnrer ic conrplexes betu'een the enant ionrcr ic sr . rb-
s t ra tes  and thc  ch i ra l  che la te  rn igh t  c l i f f c r ,  and the
geornctr ics of  thcsc conrplcxcs.  oncc forrned, rnight be
d is t inc t .  Thc  c la ta  tha t  1 -o l low prov ic lc  qua l i ta t i vc
cvic lencc that both the cqui l ibr iunr constant l -or  as-
sociat ion of  substratc w' i th chelate and the geonretry of
thc resul t ing c l iastc-rr-onrc-r ic complexes contr ibutc to
thc  obscrvcd  la lucs  o f  AAD.

Rcsults and Discussion

Sl nthesis of Clhiral l.anthanide Shift lteagents.
Clhiral  1J-cl ikctone l igancls were prepalccl  by conclensa-
t ion of  thc enolatc anion of  a c l i i ra l  tcr t -a lkyl  ketone
wi th  a  ch i ra l  o r  ach i ra l  carboxy l i c  ac id  ch lo r idc  o r
ester;  a rcpresentat ive synt.het ic scquencc is out l ined

( 1 3 )  C .  F . .  I l l w k e s ,  D .  L e i b f i i t z ,  D .  W .  R o b c r t s ,  a n d  J .  D .  R o b c r t s ,
J .  A m t ' r .  ( ' l t t , r r t . . 5 o c . ,  9 5 ,  1 6 5 9  ( 1 9 7 3 ) ;  R .  l : .  C l r a n r c r  u n c l  E .  D u b o i s ,
ih id . ,  95 ,  3801 ( l c )73) :  C .  L .  t {o r rcybounrc ,  

' f c t ru l tedro t t  
Le t t . ,  1095

(1972) ,  an< l  rc lc rcnccs  c i tcc l  in  cach.
(14)  R.  E .  Cranrc r  i tnc l  I ( .  Sc t l - ,  " / .  C . -her t t .  Soc . ,  ( ) l rcn t .  Comnt tu t . ,400

( 1 9 1 2 ) ;  J .  C .  A .  B o c y c n s ,  , / .  ( ' l t e n t .  P h . t ' s . ,  5 4 , 7 5  ( 1 9 7 1 ) ;  W .  D c W .
H o r r o c k s , . f r . ,  J .  P .  S i p e ,  I I I ,  i r r r c l  J .  R .  L u b c r ,  J .  A n e r .  C ' h e n t .  S o c . , 9 3 ,
5 2 5 8  ( f  9 7 f  ) ;  W .  D c W .  I l o r r o c k s ,  J r . ,  a n c l  J .  P .  S i p c ,  l l l ,  S c i e n c c ,  1 7 7 ,
994 (1972).

(15)  I t  hus  so  la r  l rccn  poss ib lc  to  f rcczc  th is  cxc l . rangc  on ly  in  i so la tcc l
i r t s t r r r rccs :  f ) .  F .  l i vu r rs  und M.  Wyat t ,  . J .  Cher t t .  Soc . ,  Chem.  Cot t t r r tu t r . ,
3 1 2 ( 1 9 7 2 )  3 3 9  ( 1 9 7 3 ) :  A .  M .  G r o t c n s ,  J . . 1 .  M .  B a c k u s ,  F .  W .  P i j p c r s ,
atrcl E. clcl3ocr, T'ctrultcdrott Lett. ,  1467 (1973).

( 1 6 )  J .  W .  A p S i n r o n ,  H .  B c i c r t r c c k ,  a r r c l  A .  F r u c h i c r , J .  A m e r .  C h e m .
S o c . ,  9 5 , 9 3 9  ( 1 9 7 - l ) :  J .  S .  G h o t r a ,  F .  A .  H a r t ,  G .  P .  M o s s ,  a n r l  M .
L .  S tar r i fo r th , . l  .  C l tcn t .  Soc . ,  Chant .  Comntur t . ,  l l 3  (1973) ,  a t rd  re fe r -
cnccs  c i tcc l  in  cac l t .

H

, - , * l t tu t , - ro"'ctcq).
H

c H s

cH3 H3C-

CH. /
utr l

l i igure 2. 
' fr is[r/ .r i-r l icautl thol l  l rne thanato]eurolt i t tnt( l l  I  ) .  I  tr t  . i .  r l l

(  I  ) .  is s-r,nthcsizccl t ' rotn r/-camlthor.

i n  F igL r r c  1 .1 ;  Thc  chg i ce  c t l ' t he  base  t r t i l i z cd  i r l  l ' g l ' t t l i t t s

t he  cno la t c  o l '  t hc  i n te r r l l cd ia t c  a l ky l  n l c thy l  kc t t r l i e  i s

i r npo r tan t :  t l t c  usc  t t l '  soc lun t  hyc l r i c l c  o r  Soc l i t t l l l  t l l l l i d c

rcqLr i rcd r igor r tus  rc-act i t ln  condi t ions ( typ ica l l l '  E ,5  l 'o r
( ' u .  l 2  h r ) :  sL tbs t i t t l t i o r t  o l .  l i t h r t r r l l  c l i i sop rop ) ' l an r i dc  ' '

l -or  t l rcsr -  bases resu l ted in  fc -we r  sc- l l -conc lc t tsat ic - r t t
proc lucts  a t tc l  lcss  O-acy la t ion.  anc l  per r t l i l tcc l  t l te

cnol izat io t r  rcact ic ' r t t  t t t  bc  car r ied o t t t  undcr  nr i ld  cot i -

d i t i o n s  ( - 1 0  t o  - - 5 0 " ,  0 . 5  2  h r ) .  A l t h o u g h  s e v e r a l

proccc lures 1-or  synthcs iz ing 1 i -c l ikc tones were ut i l i zcd

c lu r i ng  t he  cou rsc  01 ' t he  wo rk  and  a rc  repo r ted  i n  t he

L,xpcrirrrcntal Secti t-rt t .  thc proccdures 1'or t l ,d-dican-

pholy lmcthane anc l  l - t r i f luoroacety l - r / -nop inone shoulc l

be cons idercd rcprcsentat ive o f  thc  n lost  convenicnt

routes to  nonl luor inated and l l r - ror inatcd (J-d ikc tones,

respect ive ly .
Thc convcrs ion o l  /3-d iketones to  t r is [ l i -d iketonato] -

europ ium( l  I  I )  c t - r tnp lexes has usual ly  been acco l l l -

p l ished by t reat ing thc  p-d iketone f i rs t  w i th  sod ium

hydrox ide in  aqucous n le thanol  and then wi th  cr t rop iun ' t

t r ich lor ic le  hcxahydrate .  D i lu t ion o f  the resu l t ing

so lu t ion wi th  watcr  l ' requent ly  rcsu l ts  in  prec ip i ta t ion o f

an o i ly  nr ix ture o f  s l r i f i  reagent  and sodium ( i -d iketonate.

(  l7 )  Mcthods  o f  l t rc l ra r ing  t r i s -  and tc t rak is [ l j -d ikc tonato ]curop tu t -n -
( l l l )  c o n r p l c x c s  i l r c  r c v i c u ' c c l  b y  S .  J .  L y l c  a r r t l  A .  D .  W i t t s , l n o r g .  C h i m .

A c t u , 5 , 4 l l l  ( 1 9 7 1 ) .  S c e  l l s o  D .  S c c b a c h  i t n d  V .  E l t r i g ,  A t t g e w ' .  C h e m . ,

In t .  Ed .  I ' .ns l . ,  l l ,  127  (1912) :  V .  Shur ig ,  Te t ruhec l ro r t  Le t t . ,3291
(972) .

( l t l )  I - t th iL r r l  rc t ra r t rc rhy l l r i l r c r i r l  i c i c  r .n igh t  p rovc  a  usc f r - r l  a l t c r t ta t i ve

to  l i th i r - rn r  c l i i sopropy l i tn t i c lc :  R .  A .  O lo fson anc l  C .  M.  Donghcr ty ,

J .  A m c r .  C l t a r r r .  S o r : . ,  9 5 ,  5 8 1  ( 1 9 7 3 ) .

Wltitesitles, et trl. i Deterttrinution o.l Enuntiomeric Purily
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Table I. Enantionreric Shift Diffcrences (AA6. ppnr)"

Compd
Resonance

obscl t 2
Shif ' t  rcagcrr t r '

5 6 9 1 0

I  -  I )henylet l ry lamine

,&- Mcthyl-  I  -  phenylethyl -
antine'

l / ,N- Dimethl ' l -  1 -phenyl-

cthylamir tc '
,ser ' -  Buty lanr inc

Cyclohexylmetlr ylcarbi nol
l  -Phenylethanol

1 .3 -Di- | c r | -trr-r tylproprargyl
a lcohol '

[ ]enzyl  mcthyl  sr"r l tox ic le
,sct'-But1'l formate

.rcr'- Br-r ty' I formanr i cle

C. 'ar lphor,

I  -  Methoxy' -2-rnet l r1 l -
c1 'c lohe xane

" Ihc concenlrnl iors ol shif l  reagcnt and sub\lralc wcre approrinratel) 0.3 l  0. l  . ' l l -  Snral l  adjusimenlr !rere madc in €ach 1() maxinrj ; ,c
lulues ot l^d. SPectra were recordecl in

nanccs lbr which no A\i  valuc is given coulci rot bc f ieasurcd due lo inlerl tr ing resonlnces. lrroadened l ines. or lack of \hif l  reagent. Al l
values of A16 were measured at 27 . .Assignmentsofresonauces1()enaDtiomersuereconhrmcdusi l)gsamplercnrichcdinoncenanliomcr.
r Cis cpinrcr. .  Trans epimer. /  Substrale resonanccs broadencd or acldit ion ofcvcn smallquanli i ies oft0.

0 . 6 6  0 .  6 0
.+ .42  I  .  l 0
0 . t - 5  0 . 1 3
0 . 2 t  0 . 3 7
l . : 1 6  0 .  l 0
l . - 1 5  0 . 3 0
0 . 2 6  0 . 1 3
0  8 5  0 . 1 7
2  . 9 .1  0 .  57
0.  3( r  0  30
0 . 3 6  0  0 3
1 . 2 2 .  0 . l 0
0 .  7 0  0 .  2 3
0 . 6 r
0 . 0 6  0 .  l 0
2.  -50
2 4 3
I  . 2 r
0 . . 1 u  0 .  l 0
0 . . + 0  0 .  l 0
0 .  2 - s  0 .05

0 . 0 5
0 . 3 0  0 . 0 5
o  2 2  0 . 0 s
0 .  r  2  0 . 0 0
0 7- i  0 .  (x )
0  1 4  0 .  ( x )
0 9t l /  0. (Xr
I . 0 1 .  0 . 0 7

0 .  6 l
|  .6 .5
0 . 1 3
0 . 1 7
( ) . 2 2
0.  -13
0 .  2 3
0.  - l i
0 .  7-5
0 2 3
0 .0 - j
0 . l 0
0. 2-5
0 0 0
0 . 0 5
1 . 3 0
0  l - l
0 . : t 0
0 0 6
0 . l 0
0 . 0 2
0 . 0 5
0 . 0 9
0 . 0 4
0 (x)
0 0 0
0 (x)
0 .  l 0
0 t 7

In prcparat ions of  nonf luor inatccl  shi f t  rcagcnts,  thc
usc of  socl iunr nlethc)xide as basc ancl  nrethanol  as
solvent rcsul ted in precipi tat ion of  thc shi f t  r r -agc-nts
direct ly l ' rorn solut ion in good pur i ty:  f luor inated
shi i i  reagents st i l l  requirecl  addi t ion ol-  water to prc-
cr ip i tate l ionr nrethanol .  Further pur i f icat ion c) f '  the
shi f  t  rcagent and clehycirat ion at  100" (0.1 Torr)  for
&.  24  hr ,  fo l lou ing  proccdure-s  de ta i led  in  the  Expcr i -
nrcntal  Sec-t ion.  i r r rproved the abi l i ty  of  these ntater ia ls
to inclucc largc enant iomcric shi f t  d i f ferences.

Al l  the shi l - t  reagents prepared dur ing thc cor l rsc of
th is  work  a rc  thcrmal ly  s tab le ,  oxygen- insens i t i \ c .
q lasses  or  so l i c ls ;  a l l  have good soh" rb i l i t y  in  o rgan ic
solvcnts.  Thcy are decomposecl  by acids,  ancl  by
rrater ia ls capable of '  chclat ing rv i th thc europiurn ion
(a.g. ,  cr-di  kctoncs. a-dioxirnes).  M

Influcncc of Structurc of the l3-Diketonate Ligands on

(19)  Praesoc ly r r r iunr  ana logs  o l -  cc r ta in  o1 '  thcsc  re l lgc l . l t s  \ \ ' c rc  p rc -
gr i r rec l ,  unc l  a lso  sho lvcr l  usc f ,u l  l t ropcr t i cs .  l lo r .vcvcr ,  t t rc  c lowr r l i c l r l
sh i l ' t s  i r t r luccr l  [ r1 'curop iunr  s ] r i l ' t  r c i lgc l l t s  a rc  a l r t r< ts t  i r ln lys  l lo rc  con-
ve t t ieu t  to  rvork  rv i th  than thc  up f ie l r l  sh i f ' t s  p roc lucec l  l . r i . ' pnresoc l5 r .n i r - rn . r ,
ru rc l  the  sc  n t r tc r iu ls  \ \ ' c rc  uo t  cx r r rn i r rcc l  in  aury  c lc t i r i l  ,  Ho ln t iunr
r r r t i r logs  shou 'cc l  L rnaccc l . l tab lc  l inc  b r r lac lc r r ing ,  as  cxpcc ter l .  A t tcn tp ts
t t . r  1 lgc1g115g thc  c lcc t ron ic  f r  o f  ho l  r r r iu r t r  by  ac lc l ing  hcr rvy  l r lon ts  o r  p i t ra -
r r r i r r i r re l i c  spcc ics ,  o r  by  t ry i r rg  to  coup lc  thc  c lcc t ron ic  s ta tcs  o f  two
ho l r r t iun t  A toms th rough conrp lcx  fo r rna t ion  w i th  b is - i j - r l i kc tones  such
i ts  i ,  rvc rc  t to t  succcss f ' l r l  (scc  thc  Expcr in tcn ta l  Scc t ion  fo r  dc ta i l s ) .

oi{  0H o

(C 'H, ) , ( ' C  ( C H , ) ,

thc Effect iveness of the Chiral Shift  Reagenls. A ttunr-

bcr  o1-  sh i f t  reagcnts  wcrc  s) 'n thcs izcr l  to  c le tc-n l inc  which

e  l r i r a l  a l k l  l  : r t h s t i t u c r t t s  w c r c  n t ( ) 5 t  c l l ' c e t i r e  i n  i r r t l r r e  i n g

large cr rant ionrc ' r ic  sh i f t  c l i l l -erences.  ln  i t rder  to  s in tp-

l i f v  t hc  p r cpa ra t i ( ) ns .  t he  c tn l y  kc t t ) ncs  a t t c l  ca rboxy l i c

ac i c l s  t ha t  we re  cxa r r i ncc l  wc re  t hosc  t ha t  coL l l c l  be  ob -

ta inec i  f ronr  natura l  soL l rces in  t t ; r t ica l ly  act i ic  l t t r t t t ,  t ) r

t ha t  cou l c l  bc  cas i l y  c l c r i v cc l  f r o tn  an  op t i ca l l y  ac t i r e

na tu ra l  p roc luc t .  t na t c r i a l s  r cq t r i r i ng  chen t i ca l  r cso lL l -

t ion were not  r tsL-d.  Fur thcr .  on ly  orgtu t ic  cot t tpor tnds
bea r i ng  no  bas i c  f u r t c t i ona l i t i c - s  o the  r  t han  t hc  ca rbony l
to  bc incorporatec l  in to  the ,3-d ikc t i t r tc  wcrc  cr )ns ic lc rcc l ,
i n  t he  un t cs t cc l  L r c l i c l -  t i r a t  Lcu i s  bas i c  cL ' n te r s  i n  t hc  i i -
c l i k c tona tc  l i gand  *o t t l d  c r . r n tpe t c  w i t h  t hc  subs t ra t c
o l -  i n te res t  f o r  coo rc l i na t i on  s i t cs  o l t  c t t r op i t u t t .  Cam-
phor .  fe 'nchone,  anc l  13-p inenc \ \ ' c re  t rac tab lc  and
rcac l i l y  a l  a i l ab l c  s ta r t i r r g  n ra t c r i a l s : r 0  l anos t c ro l  anc l
mcnthonc w'ere Lrscc l  in  sonte prcparat ions,  but  proved

t t - r  bc  lcss conr ,  e  n  ie  n t  :  a t tcntp ts  to  prcparc  l igands

(10)  fhc  conuron l r iuncs  g i i ' cn  to  thc  car [ " roxy l i c  uc ic ls  c lc r i vcc l  f ' rom
c a r n p h o r  a n c l  f c r r c h o n c  [ r y ' b u s i c  c l c a v l g c  l r r c  c a n r p h o l i c  i r e i c l  ( i i )  a n d
fcncho l ic  ac id  ( i i i ) ,  rcs l . rcc t i vc ly .  Throughout  u 'c  n  i l l  r c fc r  thc  con-

i l  t ' - - - ,

b--
D--('u

( -HCHjr

CH(]H.r
or tho l /
CHCH3
NC11:t
or t l ro H
CHCH'r
N(Cf l3)r
c 'HNHr
C H C H 3
cH2cF13
cHC11,j
CHCHs
CHCH
or tho  H
C11OH
I - / c r l -bu ty l
C H ,
HCO

CHCIl,J
cH2c11,t
HCO

(]HCH:r

cH.rc.t1,,
g H::t

C(CH;J)J

oc11,r

0 . 2 7
0 l 0
0 . r 3
0.  r1( )
I  1 .1
0 2 l
0 .0 -5
0 .  t 7
0 .  2 0
0  l - s
0 .0 -5
0 . 0 8
0 0
0 0 l
0 0 l

0 0 0
0 .  l - +
0 .  ( x )
0 0 0
0 . 0
0 . l 0
0 .0 -s
0 0 l
0 0 +
0 0 0
0 . 0 0
0 0 0
0 . 0 r

0 .  t 0
r  l 3
0 0
0 .  2 8
{) .  l - )
0  l l
() 0..1
0. 2-1
0 1 0
0 l 0
0 (x)
0 . 0 9
0 0
0  l 0
0 0
t  . 0 3
0 .  l l
0 .  l l

0 2 0
0 0 l
0 0 2

0 0 0
0 . 0 2

0 . I
0 .  5 5
0  t 3
0 .  t 0
0 .  5 0
0 . 0 9

0 . 0 5

0 2 5
0 .0 - i
0 . 0 0
0.  (x)
0 0 0
0 . 0 0
0 . 1 0
0 .0 -5
0 . 0
0 . 0
0 . 0 0
0 . 0
0 0 3
0 . 0 5
0 . 0 3
0 0 1
0 .  ( x )
0 (x)
0 . 0 0
0 0 l

0 . | ]  0  2 l
0 . l 0  0  l 0
0 . 0 0  0  1 2
0 . 1 2  0  0
0 .  t 8  0 . 0 0
0 0 0  0 0
0  0  0 . 7
0  0  0  t - 5

0 0
0  l l  0 . 1 0
0 . 0 0  0  0 5
0  0 l  0 . 5 0
0. 1 0 -5-5
0 . 0  0 . : 1 , i
0 . 0  0  0 5
O . i l  I 0 :
0 . 0  0 . - + 8
0 0  0 0 - 5
0 . 0 3  0 . 2 0
0 . 0 3  0 . 0 6
0 . 0 3  0 .  t 0
0 0 5  0 ( x )
0 . 0 5  0 . 0 0
0 . 0 5  0 . 0 2
0 . 0 t )  0  l 0
( ) . ( x )  0  1 6
0 ( x )  0 0 +
0 (x) 0 (x)
0  (x )  0 . l

0 .  5 0

0 . 0 5

I
0 . 0
0 .  5 2
0 .  2 5
0 . 0 7
0 . : 10
0. (x)
0 . 0 0
0 5 9
0 . 0 9
0 0
0 . 0
0 .0 - l
0 . 0 3
0 0
0 . l 0
0 . 0 5
0 . 0 . 1
0  l 2
0.  (x)
0. (x)
0.  (x)

' H

- - ( ' i  
I

( : o ,H

il

f i gura t ion  o f  thcsc  organ ic  n ro ic t i cs  to
kc toncs :  fo r  cxamplc ,  car r r t r rho l i c  ac ic l
cal lccl r /-campholic acid.

\
l>.-_ , ,1 11

/ ' I  - ( . . , , ,
/  , ) -  L l l

v /  \ t - oT
( ' t l

i i i

thc  conf igura t ion  o f  thc  s ta r t i r . rg
dcrivccl f iom r/-ci tmphor wil l  bc
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Figure 3. Nonfluorinated cl-riral sl-rift reagents are listecl rougl-rly in
the order of effectiveness in inclucing shift clif lerences betrveen cor-
responding resonances of  enant iomers of  l -phen1' lethy ' laminc.
Tlresc cnantiomcric shift rl iffcrcnces (.1.\6) are' rcported for chloro-
form-r / r  solut ions at  concentrat ions of  shi f t  reagents (cu.0.2 O.5 M)
and 1-phenylethylamine (c ' r r .  0.3 M) which approximately nraximize
the value of AAd for the CHr reson&nces.

containing patchouleone and cedranone moict ies were
not successful.

Figure 3 l ists chiral shift reagents derived frorn non-
f luor inated l3-diketonate l igands; Figurc 4 l is ts those
der ived from f luor inated l igands. Each l is t  is  arranged
roughly in the order of decreasing general effectivencss
of the shi f t  reagent in inducing largc values of  AA6;
rrragni tudes of  th is parameter in ppm for the methyl
and methine protons of two representative substrates,
l -phenylethylamine and l -phenylethanol ,  are included
in these f igures for  br ief  comparison. To establ ish th is
order of effectiveness, values ol AAD for enantiomers of
a number of  compounds were obtained: a select ion of
these data is summarized in Table 1.21 The spectra
from which these data were abstracted were obtained
under condi t ions that approximately maxint ized the
values of AA0 for that particular combination of shift
reagent and substrate.  In general ,  AAd was determined
cxpcr imental ly by a procedure that consisted of  adding
snccessive smal l  quant i t ies of  shi f t  reagent to a solut ion
containing a racemic mixture of the substrate being

(21)  The da ta  repor ted  in  Tab lc  I  o f  re f  6  contar in  an  c r ro r :  va lucs  o f
AAd l isted as having bccn obtaincd with tr is[d,/-difcncholylmcthanato]-
europium(l l I)  ( labeled 7 in rcf 6) wcre actual ly obtainccl with tr is[r/-
campho ly l - / - fencho ly lmethanato lcurop ium( I I I )  ( labc lcd  6  in  rc f  6 ) .

F.c

a u
Y " 3

cHr o .  I  o " o

g-Eu/3

A -cx.
rlY'A'' - ooor ooo

ffia.tcrt'tu/t

F igure 4.  FlLror inatecl  chi ra l  s l ' r i l t  reagents are l is tecl  in the or t lcr  of
cf lect iveness in induci t tg enant iomcr ic shi f t  d i f fercnccs ( l l ,1t  l i r r  l -
phcnylcthanol .  Shi f t  d i l lerences (AAD) are rcportecl  for  carbotr

tetrachlor ic lc  solut iot t :  at  conccl l t rat ions of  shi f t  reagents (ut .  ( \ .2

0 .5  M)  anc l  l -p l t cn l ' l e thano l  ( r ' r r .  0 .3  M)wh ich  a .1 - rp rox ima te l v  t r r l t r i -

r l izc 1hc value ol ' l . \6 l i r r  thc C'H,r  resonal lces.

examined, ancl  cxanr in ing the spectrunt of  thc solut ion
at 27 u af  ter  cach acldi t ion.  The rcsonances of  the sub-
stratc shi l iecl  (usual ly downf ie ld)  and scparated into
doublets as the concentrat ion of  shi f t  rcagent jncreased.

The frequency separat ion between thc componcnts of
thc doublets was takcn as the enant iomeric shi f t  d i f -
lerencc. At higi t  conccntrat ions ol-  shi f t  reagent,  values
of AAD were usual ly obtained that did not change
signi{ icant ly wi th fur ther incrcases in the concentrat ion of
shi f t  rcagcnt.  Thcse l inr i t ing val t tes of  AAD may or may
not have been thc nraxintut .n values observed. In many
cases, i t  was possible to conf i rm the assignnlent of  thc
components of  the doublets to groups that wcre en-
ant iotopic by e xte-rnal  cotnpar ison: i  by adding a
por t ion  o f  onc  pure  enant iomcr  to  the  sample ,  and
ident i fy ing thc peaks whose intensi t ies werc enl tanced.

I l  addi t ion of  a chiral  shi f t  reagent to a sample spl i ts
certain resonances of  the samplc into two components,
thc f requency scparat ion between these conlponents
can normal ly be assumcd to be AA6, except in one i rn-
portant instance :  u iz. ,  when the protons giv ing r ise
to these resonances arc enant iotopic" by internal  com-
par ison ( for  cxanrple,  the methylenc protons of  benzyl
nrethyl  sul foxide or of  scc-butylamine).  A doubl ing of
the resonances of  protons of  th is type rrr ight  in pr inciple
be due to magnif icat ion of  the enant iotopic shi f t  d i f -
ference by the shift reagent, or by several different types
of diastereotncric interaction between the substrate and

(22) M. Raban arrc l  I ( .  Mis low, Top. Stereocl tent . ,  1,7 (1967).

Whitesides, et ul. I Determinotion o.f'Enuntionteric Pttrily
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Table I I .  Enant iomeric Shi f t  l ) i f ferenr:cs Induced l r r
2- t luty l  Der ivat ives,  C'HTCHXCI l , r ( lH, t

Shi f t  Reagcnts 1 ancl  9 ( . \ - \6.  pprr)  Arc Contpared for

{ a

l ,
Hh  CHCI / ,

JA6  (ppn r )

CHX CH:CH,;  I l t ' CHX CH. ,CH.

. 9 d

CHCH,.

N H ,
NHCF/3
N(CH3)'
OH
CH'OH
cocFl3
OCHO
OCOCH3
OCOC6H',  (or tho
N H C H O
CO2CH2CH;i
OCI/3
HgCNO
C N
S H

o . 1 2
0 . 4 u
o . 2 9

H )  0 4 2

0 4 5

2  9 0  0 . 3 6
0 7 0

0 s 0
0 . 0 2

0  0  0 . l l
0  0  0 . 2 5
0 . 3 7  0 . 0 6
0 .  3 7  0 . 0 7

0 2 2

0 . 0
0 0
0 . 0 l

0 (x) 0. (x)
().(x) 0 (x)
0 0 0  0 0 0
0 . 0 0

1 . 2 0
1 . 3 8

() .16
I  . 4 5
0 3 0
0 . 7 6
0 . 0 2
0 . 2 7
0 . 4 0
0 .  3 5
0 . 0 5
0 .  3 0
o . 2 1
0 .  1 9
0 . 0 6
0. (x)
0.  (x)
o (x)
(). u)
0 . 0 0

0 (x).
0 . 0 9 "

0  1 6
0 2 0
0 . I I

0 (x)
0 0 8
0 (x)

0 . 0 5
0 .00 "
0 00.
0  1 2
0 0 0
0 . 0 0
0 .  l 0
0 . t 2
0 0 0
0 0 0
0 . 0 5
0 . 0 0
0 . 0 "
0 . 0 0
0. (x)
0. (x)
0 0t)
0 (x)

0 0 ,
0 0
0 . 0
0 0 0
0 . 0
0 .  (x )

conrp lexes  s t rong ly  w i th  amines .  a lcoho ls .  carbony ls .
epox ides .  su l tox ic lcs .  and re la tcc l  bas ic  func t iona l
g roups :  i t  conrp le  xes  weak ly  w i th  e thers .  s t r l f idcs .
n i t roa lkancs .  anc l  n i t r i les :  and i t  con tp lexcs  no t  a t  a l l
w, i th olc l ins.  aronrat ic rcsic lucs.  hal ic lcs.  anc- l  s inr i lar
"so f t "  bascs .  Tab lc  I I  g ives  va lues  o f .AAD fo r  a  rangc
of  c lc r i va t i vcs  o f  thc  2 -bu ty l  n to ie ty .  ob ta incd  us ing
sh i f t  reagents  I  and 9 .  tha t  i l l L ls t ra te  thcsc  gcncra l i za-
t ions .  \ \ ' i t l r in  t l r c  lu r i ta t ions  in ' tposec l  bv  the  rcq l r i rc - -
lncn t  tha t  t l r c  s r tbs t r i t t c  co t t rc l ina tc  w ' i th  europ i t l t r t ,  t l te
app l ica t io r . r  o l ' ch i ra l  eL l rop iu r .n  sh i f t  reage l l t s  in  de-
te rnr ina t ion  o l '  cnant ionrer ic  pur i t y  i s  b road:  a ln tos t
every cnant ionrer ic organic base we have exanr inecl
secms to givc useful  separat ions of  resonances with
sonre  sh i f t  rca-qcnt .  p rov ided tha t  the  ch i ra l  cen tc r  i s
rcasonab ly  c losc  to  t l rc  s i te  tha t  coorc l ina tes  to  the
europ i r rm ion .  In  th is  co t tncc t ion .  i t  i s  i rnpor tan t  tc ' r
cnrphas izc  tha t  i t  tn i t y  be  l tecessary  to  t ry  severa l  s l r i f i
r cagcnts  to  ach ic rc  a  L lsc l 'L t l  va l r tc  o l  . \AD 1-or  an  in -
t rac tab lc  sLrbs t ra tc .  A t  p rescnt .  i t  i s  c l i l l i cu l t  to  p rec l i c t
which shi f t  rcagcnt w' i l l  y ie ld t l ic  best  enant ior l tcr ic
shi f t  c l i f l 'crcnce s lor  a givcn srrbstrate.

T l re  c lc tc r rn ina t ion  o f  enant io t re r ic  pur i t y  i s  p rac t ica l
f -or  substanccs having t . ! torc than one l 'unct ional  gror.rp
capablc of  cr ' r r t rd inat ing to curopiLtnr,  as wel l  as for
those bear ing  a  s ing le  bas ic  g roup.  As  cxpec ted ,  the
former c lass of  substrates give r isc to a s ingle,  shi f ted.
spectrunr in thc prescnce of  a shi f t  reagent,  rather than
to a nunrbcr ol-  supcr i rnposed spectra resul t ing f rom
coordinat ic ln of  curopium at a number o1- di f ferent
si tes.  This s inglc spectrr ;nr  is  presuntably a weighted
averagc. resl l l t ing f rom rapid interchange of  the
curop ium ion  arnong the  possrb le  coord ina t ing  s i tes .
Figurcs 5 and 6 i l lustratc port ions of  the spectra of  two
polyfunct ional  nrolecules,  each in the presence of  two
di{ Icrent shi l t  reagents.  Al though no ef for t  was made
to resolve ambigui t ics in the assignment of  resonances to
part icular groups in the substrate molecules,  in both
instances resonances due to di f ferent enant ionters werc
ident i l ied unambiguously by not ing the enhanccment

0 .  l 0
0. (x)"
0 .00 "
0 . 4 0
0 .  t 6
0 . 0 8
0 0 6
0 .  r 2
0 t 0
0 . 0 2
0 .  1 2
0 . 0 3
0 . 0 "
0 0 4
0.  (x)
0 0 0
0 (x)
0 .  ( x )

0 . 0

0 0
0 . 0

0 . 0
0 . 4 0

scH(cHrj)cH2c-H;,
N[),r
Br

" The concentrat ion of substrate was 0. J . [ / ,  lhe solvcnt was CClr. except forX amine. in which instances the solvenl was CDC|,,.  Thc
corcentrat ion of l  ranged betwe€n 0.2 and 0.6 M. Valuesof. l . \ .rareapproximatolymaxinri :Tedforthegivensolvenlat2T 'The\c values
of AA6 are lbr the indicatcd resonanccs of the group X- '  Al icr puri f icat ion try tr i tural ion wilh f icthanol- I  was dricd al 56 10.01 Torr) lbr
48hr. ' r  Shi l i  rcagenl 9 was not purj f ied. but was dried ( 56 (0.01 lorr)) forJ8 hr. .These rcsonanccs hroadened con\iderabl) with the
addition of even small quantitics ol 9.

thc  sh i f t  reagcnt . : : r  2 i Unambisuous ident i f i ca t ion  o f
s ignals ar is ing l ' ront  enant ionter ic substratcs is r . t rost
direct ly acconrpl ished by exanr inat ion of  a sarrple
cnr ic l red  in  one enant iomcr .  lack ing  an  cnr iched sanrp le .
cxanr inat ion ol '  spin dccoupl ing cxpcr imcnts can oc-
casional ly be used to assign signals.  Wc have sirnpl ; r
avoidecl  assigning values of  AAd to groups at  a pro-
ch i ra l  cen ter?r  un lcss  i t  p rovec l  poss ib le  to  make un-
am bi  guous assi  gn nrents.

Two pr inc ipa l  conc lus ions  cn tc rgc  f ro r l  thc  da ta  o t '
F igures  3  anc ' l  4  and Tab lc  I :  f l r s t .  a l l  o f ' thcse  sh i f - t  re -
agcnts,  wi th t l re except ion of  thc achiral  cornpound 8.
are able to rcsolve resonances of cnantion-rers for a
wide range of  orgarr ic substrates:  second, al though al l
of  the s l i i l t  reagents are capable of  y ie ld ing observable
values of  AAD 1-or certain substrates.  rcagent l .  t r is-
fc|d-dicam pholy lnrethanatole uropiur l (  I  I  I )  (  I :u(dcm ): ; ) .
i s  c lear ly  thc  s ing lc  bes t  reagent .  Rcagcnt  9 .  t r i s [3 -
t r i f luoroacetyl-d-nopinonato]curt tp i r - rm( I  I  |  ) .  secrrrs to be
second in  u t i l i t y ,  w i th  10 ,  t r i s [3 - t r i l l uoroacc ty l - r / -canr -
phora to ]europ iu rn( l l l ) ,  and  2 .  t r i s [ r / -canrpho ly l - / - l cn-
choly l rnethanato]europiunr( l l l ) ,  a lso uscf i - r l  rnater ia ls.
( lonsider ing both ef fect ivcness as shi{ ' t  reagents ancl  easc
of  p rcpara t ion ,  1 ,9 ,  anc l  10  appcar  to  bc  thc  n ros t  use fu l
substances.

Appl icabi l i ty  of  Chiral  Shi f t  Reagents.  Thc pr inciplc
res t r i c : t ion  on  the  app l icab i l i t y  o f  ch i ra l  curop i t rn r  sh i f t
reagents is t l iat  comnton to al l  etrro;r iunr shi f t  reagcnts:
to bc inf lucnced by a europiunr shi f i  re-agcnt,  thc sub-
strate must contain onc or lnr)re ator-ns capablc of
coord ina t ing  to  thc  curop iu rn  ion .  E ,Lr rop i r " rm( l l l )  in
tr is[( j -d iketonatc]  cor lp lcxcs is a "hard" ion: :u i t

(23) G. E.  Wright ,  Tctrahet l ron Let t . ,  1097 (1973);  t l .  Gcr lach ancl
B.  Zagalak,  J.  ( ) l tcnr .  Snr ' . ,  ( )he m. Contmun..274 (1973).

(24) p.  R.  Frascr,  M. A.  Pet i t ,  and M. Miskow, J.  Amer.  C'hent .  Soc. ,
94,  32s-r  (1e72).

(25) (a)  M. l (a inosho, l ( .  Aj isaka,  W. LI .  Pirk lc,  and S.  I ) .  I lc l rc,
J .  Amer .  Chem.  Soc . ,94 ,5924  (1912) :  ( t r )  C .  J .  Rc ich ,  C i .  R .  Su l l i van ,
arrc l  H.  S.  Mosher,  TetrahedronLett . ,  1505 (1973).

(26 )  R .  G .  Pcarson ,  J .  Amer .  Chem.  Soc . ,  85 ,  3533  (1963) :  R .  G .
Pcarson and J.  Songstad,  ib id. ,89,  1827 (1967),  G. I ( lopnrart ,  ib ic t . ,9O,
223 0968\.
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substrate for  coorcl inat ion s i tes on the etrropiunr,  and
consequent ly o1'  lc t iver ing the observed values of  thc
chenr ical  shi f t  D arrc l  the enant iomeric shi f t  d i f fercr tce
A46. Thc bcst  solrents for  these stLrdies arc pentanc
(or  o thcr  hydrocarbons) ,  l ,  I  ,2 - t r i ch lo ro-  |  ,2 ,2 - t r i f luoro-
e thane,  and carbon tc t rach lo r ide  .  For  conrparab lc
concentrat ions of  two representat ive substrates (2-bu-
tano l  anc l  3 -nrc thy l -2 -pentanone)  and sh i f t  reagent  l ,
pcn tane and 1  ,1  ,2 - t r i ch lo ro-  1 ,2 ,2 - t r i l l uoroe thane so lu -
t ions gave signi f icant ly larger values l .or  both 6 ancl
AAd than d id  so lu t ions  o f  f luoro t r i ch lo romcthane,
carbon tetrachlr l r ic lc.  carbon disul f ide,  :s benzene, chloro-
fo rnr ,  and r t i c thy lene ch lo r ide  (Tab le  I I I ) .  Presumably
the rangc of  values for 6 and AAD for these solvents
ref lects di f ferent degrees of  associat ion of  the sub-
strate wi th the shi f t  reagent,  and perhaps changcs in
conforrnat ion ol-  the substrate-shi f t  reagent conlplcx,
in each solvent.  Whcther c l i f ferences in the cqui l ibr iurr- t
constant for  associat ion in thesc solvents resul t  f ront
so lva t ion  o f  the  a lcoho l  o r  the  europ i r - r rn  ion ,  o r  a
general  mediut t r  ef lect ,  is  a quest ion that cannot be
fLr l ly  answered at  present.

The use of  pel t tanc as a solvent for  shi f t  rcagent
studics has t l re obvi t ' rus disadvantage of  r r tasking weakly
shi f tecl  substrate resonAnccs. re FlLrorotr ic i t loronlethane'
is i r - rconvenient bccause of  i ts  h igh volat i l i ty ,  a l thouglr

( 1 8 )  F o r  i r  r l i s c u s s i o n  o f  t h c -  a c l v a r r t a g c s  o f ' c l t r b o r t  c l i s r r l f i t l c  r r s  l r

so lvcn t  fo r  t r i s [c l ip i i ' l t l gy l t t rc t l . t l t t t i t to ]c t t rop iL r r l l ( l l l ) ,  scc  D.  [J .  Wl l te rs ,

A n u l .  C - l t i t r r .  . . 1 t ' t u . , 6 0 ,  - l l I  ( l 9 7 1 ) .
( 2 9 )  A l t h o u g h  s o l u b l c  i n  p c n t a n c ,  I  i s  q u i t c  i n s o l u b l c  i n  c 1 ' c l o h c r i t t r c -

rl r:.
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liigure 5. Resolved methoxy and aromatic resonances are observed l lm MHz) lbr the enanliomer\ of amine 15 in the presence of shift rea-
gents l and 6; chemical shifts are referenced to t€tramethylsilane (7 - ll '). The ,iR cnantiomcr ol 15 is present in higher concentration than
lhc.S enantiomer. (a) The concentrat ion of substratc is 0.5 M and thal of 6 is .( .  0.1 &l inCDCIr; (b) the concentrat ion of sLrbstrate is0.5
M and that of I  is., / .  0.2 ,n in CDClr.
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of  peaks on addi t ion of  one pure enant iomer.  These
spectra were obtained Lrsing conccntrat ions that seenrcd
to maxinr izc values of  AAD at 31' .  The marked di f fer-
cncc in the cf iccts of  the indicated shi f t  reagcnts again
points to the c lesirabi l i ty  of  test ing enant iomeric separa-
t ions using several  shi f t  reagents,  part icular ly in instances
in which i t  is  desirable to est imatc quant i tat ively the
cnant iomer ic  pur i t y  o f  thc  subs tance be ing  examincd:
these patterns are not predictable,  and the gcnerat ion of-
a shi f ted spectrum containin-q wcl l -scparatecl ,  isolatecl
rcsonanccs  tha t  a rc  su i tab lc  fo r  in tegra t ion  is  p r imar i l y
a nrat ter  of ' t r ia l  and error.  r i

Solvent and Temperature lrffects; Sample Prepara-
t ion;  Concentrat ion.  Dctcrminat ior- ts of  enant ictnter ic
pur i ty usir ig chiral  shi f t  reagents should bc carr iecl  or-r t
in nonbasic sol l 'cnts:  becausc thc solvcnt is prescnt i r t
large excess over the substrate.  even wcakly basic
solvents are capable of  conrpet ing ef fect ively wi th

( 2 7 )  I n  i n s t l t n c e s  i r r  u l i i c h  i t  i s  r l i f l i c u l t  t o  a c h i c v c  s a t i s f a c t o r y  s e p i l r i t -
t ions  o f  cnant io rncr ic  rcsou i iuccs  t rs ing  an1,  o f  thc  avu i luLr lc  sh i f t  reagc l t ts ,
i t  i s  somet imrcs  1 ' ross ib le  to  ob tu in  t rsc { - r . r l  c la ta  L ry  man ipu la t io r . r  o f  t l . rc

s t rL rc tL r rc  o i ' thc  subs t ra tc .  T t rus ,  Ib r  cxan ip lc ,  c i t rone l lo l  y ic lc lcd  t ' i t l t t cs
o f  l ld  iess  th l rn  0 .001 ppn i  in  thc  p rcscr rcc  o f  7 ,  9 ,  o r  l0  (27 ' ) ,  anc l  o r r l y '
the  CHC/1 :  resonancc  cor . r l r l  bc  cor t l ' c r t i c t t t l y  obscrvcc l .  Acy ' la t ion  o f
thc  a lcoho l  p rov ic le  c l  c le  l i r .  i r t i vcs  tha t  cor . r l t l  be  cxanr incc l  morc  cou-
r , c n i c l r t l y :  i r c e  t a t c  ( C I O C I  I : ,  1 1 6  :  0 . 0 0 ) ,  t r i f l u o r o a c c t u t c  ( C O C F ' , ,

l l r i  :  0 . 0 0 ) ,  p i v a l a t c  ( C O C I ( C H ' ,  ) , r ,  - \ l d  :  0 . ( i l ) ,  a n c l  3 , 3 - c l i m c t h y l -
l tu tanoutc  (COCH:C(CH,r  ) ' r ,  l ' \6  :  0 .01) .  Thr . rs ,  smal l  bu t  obscrvaL. r l c
va lucs  o f ' l l r )  uc rc  ob ta inec l  fo r  thc  tno  r . r . tos t  h inc le rcd  conrpour rc ls ;
l ro reovcr ,  thcsc  cs tc rs  hu i 'e  thc  ac lvuntage o l -  posscss i r tg  n tc thy l  g rou l )s
ncar  thc  bas ic  f r . r r rc t ion l r l i t y  tha t  apqrcar  as  s t ro l lg ,  u , ' c l l - sh i i t c r l ,  cus i l y
in tcgr r i t cc l  s ing lc ts  in  t l - rc  l l r cscucc  o f  sh i f t  rcagcnts .  ln  gcner l l ,  car -
bory l i c  ac ic ls  (uh ich  c lccor .n l . rosc  curop iunr  c l . rc la tcs )  a rc  n ros t  con \ .c -
nicntly convcrtecl to u.rcthl l  cstcrs bcfbrc usc rvith sl.r i f t  rcagcnts.
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Figure 6. Resolved methoxy resonances are ohserved (100 MHz) for the enantiomers of amin€ 16 in the presence of shift reagents 5 and l.
Chemical shifts are referenced Io tetramethylsilaDe (r - 3l '). The s enantiomer of l6 is present in higher concentration than thc R enantio-
m€r. (a) The concentration of substrate is 0,5 M and that of 5 is ca. 0.3 M jn CDCir; ( I)) the conc€nrration of substrate is 0.5 t/ and lhat of
1 is c4, 0.4 M in CDCt.

Table III. Solvent Effects on A46 for 2-Butanol and 3-Methyl-2-pentanone in the Presence of Shifr Reagerrt I

lA6(d) (pptn) '
Solvent  Wt of  l .  ms" CII,J-CHOH- CH2_CH.J

4567

( l ;Hrz

CCI,FCF',CI
CFCIs
CCI.
CS,
CloDc
CDCI,t
CD,lCI,
Diclxane-r/a
802; co(cD3)'

20o,i cclt
507a crD,N

50:)6 CCl l
CCl.r
CDCI;J
CD,CI,

100.
100.
lfn.
t (x)
r00
r00
100
100
lu).
100.

100.

L I

. t
LI

d

r  0 s  ( l 5  7 8 )
0  r i 6 ( l s . 5 5 )
0  8 0  ( l s  1 7 )
0  7 6 ( r s  0 0 )
0  69  (14  17 )
0 67 (  r .3  57)
0 . 6 3  ( r 2  l 8 )
0 .46  (9  83 )
0  0 ( 1  5 0 )
0 .00  ( r  67 )

0 00 i l  27)

0 .79 (  r -5  7-s)
0 . 8 0 ( r 5 . 9 0 )
0  7 0  ( 1 5  7 8 )

0 6 t  (9  72_)
0 58 (9 58)
0 52 (9  33)
0 50 (e  23)
0  42  (8  88 )
0  43  (8  37 )
0  3 7  ( 7 .  5 5 )
0 . 2 1  ( 6  t 2 )
0  0 ( r  r 0 )
0  0 ( r  2 , 1 )

0  0 ( r  o l )

0 . 5 3  ( 9  7 0 )
o.  -55 (9  .  78)
0  5 0  ( 9  7 r )

0  1 1  i l 1  3 8 )
0 r f ( 1 2 7 s )
0 .  i l  i l  r . 8 5 )
0 . i l  ( i l . , 5 0 )
0  1 1 ( 1 0 e 2 )
0 .  I  I  ( 1 0 . , 1 7 )
0 .09  (6 .  . l r i )
0  07  (5  8s )
0  0 0  ( 2  2 r )
0 .  ( n  ( 2  3 0 )

0  0 0  ( 2  0 1 )

0 . 0 9  (  1 _ 1  . 7 7  )
0  r 0 ( 1 2  s 0 )
0 . i l  ( 1 1 . 8 5 )

0  30  (9  32 )
0  28  (8  75 )
0 23 (8  06)
0 23 (7  80)
0  l 6 ( 7 . 3 0 )
0  25  (7  05 )
0  l l ( . 1 . 1 8 )
0  r 0  ( 3  6 7 )
0  ( x ) ( t  1 6 )
0  0 0 ( r  2 8 )

0  0 0  ( I . 0 1 )

o 27 (9 15)
0 .  2 s  ( 8  . 4 8 )
0 . 2 2  ( 7  8 2 )

0  1 3  ( 6  0 3 )
0  1 2  ( 5  6 8 )
0  09  ( s  23 )
0 . 0 8  ( 5  . 0 7 )
0 . 0 1  ( 1 . 7 2 )
0 .09  ( . 1 .  58 )
0 02 (2  E0)
0 00 (2 50)
0 00 (0 91)
o  0 ( 0  9 9 )

0  0 ( 0  8 3 )

0  r 2  ( 6  r 0 )
0 .  i l  ( 5 . 5 0 )
0  r 0  ( 5  0 2 )

-. " solutioDs were madc up by adding thc specilied weight ol I 1o 350 /rl of solvenl and 7.5 pl of 2-butanol or | 0 pl of 3-molbyl-2{€ntanone.
Sh i l i r eagen t lwaspu r i l i edby t r i t u ra t i d rw i t hme lhano l . a r l d thend r i eda l56 . (0 .0 lTo r r ) f o r48h r . 'Va lueso f6a reg i ven re la r j ve loTMs
internal standard aL 32''. The chemical shilis are very sensitive to temperalure. , This irmount was approximately thi maximLLm weight of
l  soluble in 350 ir l  of lhe specif ied solvent (plus 7 l0 sl ofsubstrate)i t  32'.  ,rThe concentrat ion oi i  was at l justed so rhar the chenrical
shjfts (d) of the substrare in CCL, CDCI3, and CDrCL were as close as possible ro the values of 6 olrlained for the substrate with 100 mg of I
in pentane The amounts of I added to 2-butanol in CCl,, CDCI3. and CD'CI, were t 30. 210. and 270 mg. respectively. The amounts of 1
addcd to 3-methyl-2tcntanone iir CClj, CDCL. and CD,CL were 140, 320,. and 290 mg., respectively.

this property can be useful for some applications.
Maxin-run-r values of AAD using shift reagents with
nonfluorinated l igands are l imited somewhat in pen-

tane, 1,1,2-tr ichloro-1,2,2-tr i f luoroethane, and f luoro-
tr ichloronrethane by the solubi l i ty  of  the shi f t  reagent;
shift reagents with fl lrorinated l igands are quite soluble

t974Journal oJ the American Chemical Society I 96:4 f February 20,



in thesc solvents. ' r0 Carbon tetrachlor idc is a par-
t icular ly cc-rnvenient solvent for  shi t i  reagent strrdics
since shi f t  reagents wi th ei ther f luor inatccl  or  non-
f luor inated l igands are qui te soluble in i t ,  and the max-
imuni values of  AAD and 6 obtained in carbon tetra-
chlor ide for  a given concentrat ion of  shi f t  reagent are
relatively large.

Al though the rnajor i ty of  spectra examined in th is
work were obtained at  ambient temperature,  a stndy of
the inf luence of  temperature on the magnitude of  en-
antiomeric shift differences demonstrated that low-
temperature spectroscopy offers important advantages
for relatively weakly coordinating substrates (Table
lV) Compounds such as 2-methylbutanol ,  2-ni t ro-

Tablc IV. Tcnrperature Dependence of Enantiomeric Shift
Dif ferences (AAd) IndLrced by 1
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in  the  absence o f  subs t ra te  (F igure  l l ) ,  wh i le  a t  low
tenrperature t l rc resonances of  I  resemble those for thc
shi f t  reagent in thc prcsence of  a strongly coordinat ing
substratc.  Sincc thc rcsonances of  1 in thc prcscncc of
a substrate nrovc upf ic ld as the temperature is lowered,
i t  is  of ten possible to observc weakly shi l tecl  substratc
resonances that are masked by thc resonances of  1 at
am bient tetn perttt ure.

Lowcring the tcnrperature inf luences the magnitude
of the pseudocontact  shi f t  produced by a chiral  cu-
ropium shi f t  reagent in at  least  four ways: by in-
crcasing thc degree of  associat ion betwccn the substrate
and thc shi f t  reagent,  by changing the equi l ibr iurn pop-
ulat ions of  the var ious confornters that  a lnrost  cer-
ta in ly exist  for  any complex of  shi f t  reagent wi th sub-
strate,  by increasing the nragnet ic suscept ib i l i ty  of  the
shi f t  reagent -substratc complexes present in the mag-
net ical ly act ive iFr and higher states,  and by decrcasing
the poplr lat ion of  these exci ted states.  I t  wi l l  be very
di f f icul t .  e i ther cxper imental ly or theorct ical ly,  to dis-
entangle thesc ef fects,  and to undcrstand the ways in
which they balance to produce the enant ior ler ic shi f t
d i f ferences: we have rnade no ef for t  to do so. ' r r  None-
theless.  i t  is  c lear that  the ut i l i ty  of  th is exper i rncntal
procedure as a rnethod of  increasing thc enant ionrer ic
shi f t  d i f fercnces of fcrs important pot:nt ia l  aclvantages
for sarnples in which associat ion betweett  shi f t  reagent
and substrate appears to be smal l  at  ambient tempera-
ture.

The inf luence of  concentrat ion of  shi l t  reagent and
substrate on the resol t t t ion obtainable between en-
ant iomeric resonances is again a subject  in which i t  is
present ly di f l icul t  to tnake clear predict ions.  Figure 8
i l lustratcs the cf fcct  of  increasing conccntrat ions of
Eu(dcm) ;  (1 )  on  t l re  spcc t runr  o f  l -pheny le thy lamine in
chlorofor m-dr.  Sevcral  features of  these spectra are
noteworthy.  First .  a l though the nragni tude of  AAd for
thc methinc proton increases smoothly as thc conccn-
trat ion of  1 is incrcascd, the magnitude oi  AAd for thc
methyl  protons passcs through a maxi tnunl  ovcr thc
same range of  concentrat ions of  I  and decreases to
essent ia l ly  zero at  thc highcst concentrat ion,  and AAd
for the ortho arolnat ic protons reaches a maximum, dc-
creases, and f inal ly changes sign. Cihoosing the con-
centrat ion of  shi f t  reagent and substratc y ie ld ing the
best spectrunt for  quant i tat ive analysis of  cnant ionrcr ic
conrposi t ion requires taking these types of  var iat iot ts i l l
AA6 into account.  a long with the relat ively uni forrrr  in-
creasc in l inc lv idth wi th increasing 6,  the general  in-
crease in l inc width that  accotrrpanies the incrcased
sample v iscosi ty as shi f t  reagent concentrat ion increases,
and thc requircment that  s ignals to be r-rsed 1'or intc-
grat ion should not be close to other strong signals '
The correct  balancc of  concentrat ions is bcst  achieved
by tr ia l  and error.  b l r t  i t  is  important to keep in mind
that high concentrat ions of  shi f t  reagent c lo not neces-

sar i ly  y ie ld the best spectra for  analyt ical  purposes.
A factor as important as those already discussed in

obtaining spcctra sui table for  quant i tat ive analysis of
enant ionrer ic pur i ty is the method by which thc sanrplc
solut ion is prepared. Solut ions are made trp t rs ing c l r r
spec t rogradc  so lvents .  A l though the  sh i f t  rc i l sc l l t s
(part icular ly those having tr i f luoroacetyl  nroict ics) arc

( 3 1 )  F o r r c f c r c n c c s t o t h c t c n t p c r a t u r c c l c p c t t t l c t r c c o f ' , i  i r r  l l l t  l . r c s e t l c e
o f  a c h i r a l  s h i f t  r c a g e  r t t s ,  s c c  A .  M .  G r o t e l s ,  i .  J .  M .  l J l t c k t t t .  . l r l t l  E '  c l c

Boer ,  Tc t rqhedror t  Lc t t . ,  1465 (  1973) ,
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Resonance
Substrate" obsd 25'

Max imum Max imunr
useful  Al6f '  AA6'

2- t lut l l  acetate

Methl ' l  3.7-
di r lethyl -
octanoate

2-But1, l  mcthyl
e the r

C.amlrhor

2 -  Mc thy l -  l -
butanol

2-Ni t robutane

2-Cyanobutane

2- IlLrtanetl-riol

coc/13 0. l3
C H C H 3  o . l 8
ClHrCHl  0 .03
CHCH3 0 .  l 0
oCH, t  0 .07
o c H : ,  0 . 2 1
C H C H 3  0 . 1 2
CH2CI/3 d
C H 3  0 . 0
c ' (cH3)2 0.  39
cl(clf1;)z 0 06
cHcHr  o .02
CHCH3 0.02
CHCH3 0.00
CHZCHI  O ,OO
cHC113 0.00
CHzCHt  0 .03
cHCFl,r 0.00
cH2cH;r 0. cx)

0 . 6 5  (  - 2 5 ' )
0 . 4 7  ( - 2 5 ' )
0 . 1 3  ( - 2 , s ' )
0 . 6 0  ( - s 0  )
0 . 0 7  ( 2 5 " )
0 . 2 1  ( 2 5 " )
0 . 9 8  ( - 2 5 " )
0 .45  (  - -  50 " )
0 . 1 4  ( 0 ' )
|  .06 ( -25', ' )
0 .28  (  25 ' - )
I . 0 6  (  - 7 5 " )
0 .  6 0  (  - 7  5 " )
0  l - 5  (  - 7 s ' )
0 .00  (  -  50 ' )
0 . 0 5  (  - 5 0 ' )
0 . 2 9  ( - 5 0 " )
0 . 1 4  (  - 7 5 ' , )
0 . ( x )  ( - 7 5 " )

r  . 5 0
0 . 7 4
n ? R
| .0.1
0 . 1 2
t  . 3 6
1 . 7 5
0 . 4 5
0 .  3 4
1  . 0 6
0 4 2
I  . 0 6
0 . 6 0
0.30(
0  0 (
0 .0 -5
0 9 8
0 . l 4
0 . 0  (

(  *  50 ' )
( - 5 0 ' )
( - 5 0  )

(  - ) 5 '

/  -  ) { (
50 " )
50 " )

(  -  2 . 5 ' )
(  50 " )
( - 7 - 5 ' )
( 7 s'')
-  l (x) ' .)
-  r 0 0 ' )
( - 5 0 ' ' )
(  7 5 " )
(  - 7 .5 ' ' )
- 1 s '  )

u The concentrat ion of  substra le was crr .  0.3 M in CSz (dr iecl  ovcr
3A nrolccular  sc ivcs) .  

' f l te 
concentrat ion of  1 was cu.  0.1-5 M for

. rcr ' -Lruty l  acetate anr l  2-ni t robutane;  cn.  0.- l  M for  2-buty l  rnet l ty l
c t l ter .  camphor.  and 2-methyl- l - t rutanol ;  and crr .  0.15 h4 for  2-
cyanobutane, methyl  3,7-cf i rnet l ry loctanoate,  arrc l  2-butanethio l .

"  L i r re widths tvc cu.  |  5 Hz.  '  l - ine widths are 3-ul0 Hz.  '1 Sub-
str i t tc  resonance canl lot  be observed c lue to inter fer iuq resouauces
o l - 1 .

butane, 2-butanethiol ,  and 2-cyanobutane shorv ncg-
l ig ib le cnant iomeric shi l t  d i f ferenccs at  ambient tem-
perature (AAA : 0.00-0.02 ppm) but large shift differ-
ences  a t  -50  to  -75"  (AAd :  0 .14-1 .06  ppm) .  L ine
widths may remain as smal l  as co.  0.07 ppnr down to
-85" in CSz for very weakly basic substrates such as 2-
butanethiol .  Values of  AAd for strongly coordinat ing
substrates,  such as amines, usual ly increase only s l ight ly,
and substrate resonances broaden rapidly as the tern-
perature is lowered. Figure 7 i l lustrates thc influence
of temperature on the spectrum of 2-methylbutanol.
tsoth 6 and AAD increase substantially as the tempera-
ture of  the sample is decreased. At high temperatures,
thc resonances of I resemble those for the shift reagent

(30)  About  100 nrg  (0 .09  mmol )  o f  I  i s  so lub le  in  350 p l  o f  thcsc  so l -
vcn ts  (32o) ,  wh i lc  n rore  than 300 mS (0 .35  n t r .no l )  o f  9  i s  so lub le  unc lc r
thc  sanrc  conc l i t ions .  A l l  o f  the  sh i f ' t  rcagc l l t s  l -14  rverc  so lub lc  in
carbon tc t rach lo r ic lc  to  thc  cx ten t  o f  a t  l cas t  300 n tg  o f  sh i f t  reagcnt  pcr
350 pr l  o f  so lvcn t  (25 ' ' ) .  Gcncra l l y ,  ac ld i t ion  o f  a  so lub lc  subsr r l te  s ig -
n i f i can t ly  inc rcascs  thc  so lub i l i t y  o f  thc  sh i f t  rcagent .  convcrsc ly ,
spar ing ly  so lub lc  subs t ra tcs  a rc  o f tcn  "pu l l cc i "  i r r to  so lu t ion  by  thc  sh i f t
reaserl t .
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sensi t ive to watcr and should be stored in a desiccator
a{- ter  c l ry ing,  their  t ransf 'er  and manipulat ion for  short
per iods in air  presents no di f f icul ty.  In qual i tat ivc
work,  thc inf lucncc ol-  shi f t  reagent concentrat ion on the
spec t rum is  exp lo red  s imp ly  by  add ing  -  l5 -n rg  samplcs
of sol ic l  shi f t  rcagent to a solut ion of  the sample in an
nmr tubc, and obtaining successive spectra.  Acldi t ion
of '  even careful ly pur i f ied shi f t  reagents sort tet intes rc-
sul ts in a s igni f icant increasc in l inc width ancl  a sr-r iotrs
decrease in  reso lu t ion .  Santp les  in  wh ich  rcso lu t ion
has dctcr ioratcd can usual ly bc restorecl  by l i l t rat ion
through a  we l l - r insed co t ton  p lug  in  a  d isposab le  p ipe t
r)r  thror-rgh a Microporc nnrr  f i l tcr . ; t !  Wc speculatc
that the sol id responsiblc lor  the ef fects nray be f incly
div ided paramagnet ic europiurn oxide, resr,r l t ing f rom
hydrolysis of  the shi f t  reagent,  but  we havc nevcr testcd
this speculat ion.  Regardless,  i t  is  essent ia l  to keep the
sanrplc solut ions f ' ree of  f i l terable sol ids to achieve high
reso lu t ion .

Observations Pertinent to the Structure of the Com-
plexes between Shitt Reagent and Substratc. A basic

(32)  Obta inab lc  f rom Stoh lc r  Iso topc  Chcmica ls ,  L rc . ,  Wal tham,
Ma:  s .  02154 as  a  f i l te r  d isk  ho ldcr  (SFH-10)  and f i l t c r  d isks  (SFD-5) .

quest ion  in  cons ider ing  de ta i l s  o f  the  s t ruc tu re  o f  thc
complcxes forrr tcd bc' tween europi t - t t t r  shi f t  rcagett ts ancl
subs t ra tes  is  tha t  o l -  s t r t i ch ionrc t rv :  r i z . ,  a re  the  cor t l -
p lexes l -ornrccl  in sLrbstant ia l  qr , ra l r t i ty  i r t  solut ions t t f
sh i f t  reagcnt  and subs t ra te  those wh ich  are  con lposed o f
two rrolecules of  substratc ancl  one shi f t  reagent.  or  arc
the only conrplexcs present in s igni f icant quant i ty those
of '  onc to one stoichiometry? Al thc-rugh a var iety of
techniques based on dcterminat ion of  thc concentrat ion
dcpendencc of  chcnr ical  shi f ts have been devised to test
fo r  2 : l  conrp lexes ,  r ' i  exarn ina t ion  o f  so lu t ions  con-
taining nr ixtures of  chiral  substrates of lers an inter-
est ing,  i f  l inr i ted,  a l ternat ive method of  explor ing th is
problcnr.  Figure 9 shows the spectrun"r  of  a nt ixture of
both R and S cnant iomers of  1-phenylethylamine, ef l -
ant ionT er ical ly pLrrc (R)-N-methyl- l -phenylethylamine,
and t l re  ach i ra l  sh i f t  reagent  t r i s f l ,1 ,1 ,2 ,2 ,3 ,3 -hepta-
{ iuoro-7,7-dimethyl-4.6-octanedioncleuropium(l I I ) ,  Eu-
( fod); .  This spectrurn exhibi ts a smal l  but  real
di f ference in the shi f ts of  corresponding resonances of
the enant iomers of  the 1-phenylethylarnine. The
simplest  explanat ion of  th is phenomenon is that  co-
ordinat ion of  (R)-1/-methyl-1-phenylethylamine to Eu-

1 i

.'" \*
^r{ 

t"a*-

\qr*-""l*ryqa'ryd

2 3  2 2  2 t  2 0  1 9  l 8  1 7  1 6  1 5  1 4  1 3  1 2  l l  I 0  9  8  7  6  5  4  3  Z  l 0 l - 2 ' 3 - 4 - 5  6  - 7 - 8

(DDm)

figurc7. The magnitudcs of AAd increase for 2-methyl-1-butanol with decreasing temperature in thc presence of 1. The concentrations of
sul)stratc and I in CS, in these spectra are 0.3 and 0.15 ,41, respectively.
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Figure 8. Spectra (100 MHz) of (R)- and (S)-l  rherl leth) laminc in the presence of increasing concentrat ion\ ol I  demonstrare t l lat the
rnaSnitude 01 the enantiomeric shill differenccs (.116) docs not always correlate with that oI Ilrc chcnrical shif! dillerences (AA). Tlle concen-
trat ion olsubslralcin thcse spcctra is0.3 M in C DCl,, .  and that of I  isca.(a)0.0,{I .( tr)0.1 r/ .  (c) 0.2 ,fr ' .  (d) 0.3 l . / .  and(e) 0.5  ̂ r ' .  The /t
erruntiomcr is prcscnl in higher concenlrat ion thanlhe "Senanliomer. 

_I 
hercsonatlces abo\eJflrnl arcduc lo lhe prolon\ of lhc jJ-diketonalc

l igards.

o-E'(6
lr l

HIC>r'\,4.--
Htc ' l

HsC

C F T C F T C F .  ,
" l - l

HrN)_@-H'  /  \ - , /
HsC a1 /
i '  i Hi -'---
\ , , ,

LJl t t t\.n.

\

t l

567I9lot lt2t3l 4t5t6
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Iiigure 9. The lesonances ofcorresponding protons ot'(R)- and (S)-l-phenylethllamine are dislinct in the pres€nce ofa nonchiral shift reagenr
and an optical ly act ive amine: [(R)-l-phenylethl lamine] 0.3 ,\1. [(S)- I  -ph€n] lelh] laminel - 0.2 r\r.  [(  R)-N-melhyl- l  thenylerhylamine]
- 0.6 ,,1r, and Eu(lbd)r is 0.6 .U in CDCI. The speclrum was laken ar 100 MHz(31 .).

( foclh rcsnl ts in format ion of  a shi f t  rc-ogent that  is
ch i ra l  by  v i r tue  o f  the  coord ina tcd  cnant iomer ica l l y
pure  amine,  and tha t  th is  amine-er r rop iu rn  cornp lex  is
capab le  o f  fu r ther  coord ina t ion  by  1-pheny le thy lanr inc ,
and in consequence, of indr.rcing a clien-rical shift be-

twcen  the  enan t i on rc r s  o f  t h i s  a r t r i nc - .  Th i s  ra t i c t na l i za -
t i on  o f  t hc  enan t i on rc r i c  sh i l t  d i l l c r cnce  obsc r r c t l  r n
F i g u r c  9  i n r p l i e s  t h a t  m o l e c u l e - s  o f  b o t h  ( / l ) - . \ - n r e t h r l - l -
phcny l c thy lan r i nc  anc l  l - phcny l c t l r y l a r l i nc  a r c  ab l c  t o
coo rd ina te  s i r l u l t aneous l y  t o  t he  LL r ( l ' oc l ) , ; .  An  a l -

Whitesides. et ul. i Deterntittulittrt ttl Ertutttittnteric Purity
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CHs

ro 9

F' igurc 10.  The resonances ol ' thc two ntethl , l
l -phcnl lc thyiarrr i r re ( -0.8 rV) aurc l  Eu(foc1),  (

H 
- \

8765
(ppm)

grolrps ol ' isoprol- r l , lanr ine (  -0.3 M) are c l is t iuct  ip
-0.8 , ' f1) .  T 'h is spectrLrnr  was taken at  100 l \ lHz

4

a CDC, ' I ,  solut ion contain ing (R)-N-methyl-
( l  l  ; .

QHs---=-----
TNCHs___ -

te rna t ive  exp lanat ion ,  tha t  the  cnant ionrer ic  sh i f t
c l i f ferencc rel lects interact ions betrveen thc two anr ines
f i 'e-c in solut ion,  * ' i th the shi l i  reagent act ing s inrply by
conrp lcx ins  r ro rc  s t rong ly  w ' i th  the  cnant io lner  o1- thc  l -
phc'nylet l ry lanr ine t .hat  interacts less stron_ery w' i th the (R)-
,&-rr icthyl-  I  -p l rerry lethylanr inc,  is  rcnclcrecl  less l ikc ly by
the resul ts ol 'a rc lated expcr iment srrrnmarized in Figr- i rc
10. This f igure shows the spcctrunl  o1'  a nt ixture of
(  R)-A -methyl  -  I  -phenylct  hyl  a ' r i  r rc,  i  sc-rpro pylanr i  ne.  ancl
I * -L r ( l ' oc l ) , r .  Thc  nonequ iva lc -nce  o f - thc  n re thy l  g roups  o f
thc isopropylar ' i rc again ar,ques l 'or  t r rc abir i ty of '  an
opt ica l l y '  ac t i re  anr inc  to  inducc  ch i ra r i t y  in  thc  com-
plcx f 'o lnrcci  betr iccn ELr(( 'c lc l ) ;  ancl  tw,o anr ine rnoleculcs.

Inc l r rcec i  ch i ra l i t y  o f  the  typc  imp l iec r  by  thcse  spec t ra
is r-rot  sul) ic ient ly gencral  to be anaryt icar i ly  r iscful :
t l rc rr iagrr i tucles o1' the cnant iorner ic shi f t  c l i lTc-rences ob-
ser icc l  in  s in r i la r  expcr i rner r ts  w i th  sLrbs t ra tcs  t i ra t  co-
orcl inatc w' i t i r  europir-rrn less sr"rongry t r ran anr ines wcrc
usr ra l l y  too  snra l l  to  bc-  o l -  any  qLrant i ta t i vc  va lue . , , , j
J-hcse expcr inrents arc,  ho\r 'cVr-r ,  o1'  value in suggest ing
tha t  2 : l  con ip lexcs  o1-  subs t ra tc  to  ch i ra l  sh i f t  r , - -agent
tn igh t  bc  o f  s r r l l i c i cn t  in rpor tance to  in f lucncc  va lucs  o f
aaa. and in implying that the p-diketonate r iganci  f ranre-
work arouncl  the europi i rnr  atorn has .nolrgh f lexibi l i ty
Ic l  t ransnr i t  a c l iastcrct-rnrer ic interact ion bctvveen t \ \  o
chiral  substrate nrolccules coordinatecr to the sanrc
c L r r ( ) p i l u l  a t o n t . , ' {

( - j 3 )  S p e c t r i r  o 1 ' r . u l i o r r s  r ; r e e n ' r i c  r r r n i n e s  i r . r  t h c  p r c s c n c e  o f ' ( I { ) - l -
phen, r ' l c th1 ' lu r l inc  r r r rc l  ELr ( foc l  ) :  c r l - r ib i t cc l  v l lucs  o f  l , l r j  bc tu .ccr r  0 .01
i r t l c l  0 .  I0  l rp l l r .  l t i r ce  t t t i c  kc toncs ,  a lcc lho ls ,  s r - r l fo r i r l cs ,  lnc l  unr ic lcs
s l lo$c t l  r l t l  c lc tcc t l tb lc  c t l ru t ion . rc r ic  sh i f t  c l i f i c rcncc  r . rnd . : r  conrparab lc
co  n  c l i t ion  s .

(34)  A t tcnrp ts  to  inc rc . rsc  s ign i f i c t rn t l l ,  the  r rax in rur . r r  - \ * \6  r ,a lu . -s  o f
var ious  aur i r i cs ,  ke toncs ,  cs tc rs ,  l rnc l  s r_ r l fbx ic lcs  in  t l . rc  l ) rcscucc  o f -  I  bv

This impl icat ion of  f lcx ib i l i ty  to the l igancl  f rame-
work is sr"rpported qual i tat ivcly by thc behavior of  the
resonances of  thc 1J-cl ikctonate l igands of  I  on adding l -
pheny lc t l ry lanr ine  (F igurc  l l ) .  Adc l i t ion  o f  I  ec iu iv  o f
l -pheny lc thy lan t ine  to  a  so lu t ion  o f  I  rcsu l ts  in  an  up-
f ic ld s l r i l i  of  thc rncthvl  resonanccs of  the dcnr l igancl  of
cu .  2  ppn l ;  add i t ion  o f 'a  second eqr r iva lcn t  o f  1 -pheny l -
ethylarnine proclrrces onl l r  a sntal l  l -Lrr ther upf ic ld shi f t .
I t  seen is  n rorc  l i ke . l y  tha t  the  sh i f t s  observec l  in  go ing
fronr Er-r(c lcnr) , ;  to Eu(clcnt) ; ; .S rcf lect  a rcorganizat ion
of - the  p-c l i kc tonate  l iganc ls  a round thc  r l c ta l  to  accorn-
modate  t l ie  ac ld i t iona l  l iganc l  than a  change in  t l re  n rag-
net ic  charac ter is t i cs  o f ' the  conrp lex  on  coc l rd in i r t ion  o f '
th is  l iganc l .  We bc l ie i ,e  tha t  the  pos i t ions  o f  thc  d -
cl iketonate l igancls shor,r lc l  bc nrore c losely restr ictecl  to
an ccluator ia l  bel t  r inging the pr incipal  cf fect ive nrag-
net ic synrntetry axis of  the conrplex in t l ic  prcscrrcc of
adc l i t iona l  l iganc ls  than i r r  the i r  absence:  the  s igns  o f  the
observecl  shi f ts are consistent i l  i th th is bel icf .  ancl  thcir
nragni t l rc le is sul i ic ient ly large to suggcst that  the extent
o f  the  rcorg i in iza t ion  is  apprec iab le .  The observa . t ion
tha t  on ly ,  a  s r la l l  changc in  t i ie  spec t ru rn  o f  the  dcnr
I igand accolnpanies aclc l i t ion of  a scconcl  equi l 'a lent  of
l -phcnylethylamirre is not incor-r-rpat ib le r . l , i th t l rc sug-
gest ion that t l iese cortrplcxcs are capable of  coorcl inat ing
tu 'o substrate r t ro lccules s i r t ru l taneously,  s ince t l te geont-
ctry of  the c lcr t r  l igands relat ive to the ntagnet ic sus-
cept ib i l i ty  tensor ol '  thc complex c l t r r ing the t ransfor-
niat ior-r  f ront  Er-r(dcrtr) , r  .S to Er"r(dcrtr)s .2S r t ray change
relat ively l i t t le.

thc  ac lc l i t iou  o f  op t ica l l y  acr ive ,v - r . r . rc thy l - l -pheny ic th l . . lanr inc  wcrc
Lrnsr - rcccss fuL

Journtr l  o. l  the Atnericun Clrcnticul societ.t ,  I  96;q I Febructrt .20. l9z1
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Thc avai lable data do not resolve the relat ive con-
tributions to the enantion"reric shift differences re-
sul t ing f rom inequal i ty of  the var ious associat ion con-
stants between chiral  shi f t  reagent and enant iomcric
substrates, and that reslrlt ing from differences in the
geonretries of the diastereomeric complexes forrned bc-
tween shi f t  reagent and these enant iomers.  Howevcr.
qual i tat ively,  a numbcr of  observat ions indicate that
the lat ter  cf fect  is  i rnportant.  First ,  when the concen-
tration of shift reagent is high relative to that of a
strongly basic substrate,  AAd may remain large. I i
d i f ferences in associat ion constant were solely respon-
sible for  4A6. th is parameter should vanish when the
substrate is completely coordinated to shi f t  reagcnt.
Second, there is no general correlation between the
magnitudes of  Ad and AA3, as might be cxpected i f
d iastercomeric complexes had simi lar  geometr ies but
different association constants. Thus, in tl ie sub-
st i tuted cyclohexadiene 17, ' r ;  the protons shi f ted the

( 'H, *-  Ad : ; r ,5 ppm: \ , \6 :  0.0 ppnr
I

o \o
I  ( ' r | l { ,  +  16  :  1 .9  ppnr :  JJo :  0 . -1 j : l  l ; pn i/---/.

t t
\A.

t lAt ' t l  . \6 :  G.t  l ipml . \1 i  :  0.{)s ppnr

t7

srnal lest  amount on coordinat ion to 1 show the largest
value of  the cnant ion-rer ic shi f i  cJ i f fercncc: a s inr i lar
ef l -ect  is  evident in certain of  thc.  spectra reprodnced in
Figure 8.  Furt l rer ,  the s ign of  AAd may vary {ronr onc
peak to anothcr in a spectrunt.  For exanrple,  in spec-
trum c of 'Figure 8,  the s ignal  of  the rrrethyl  group of  the
R enant iomer occurs at  h igher held than that of  the S
enant iomcr grouF),  whi le th is order is reversed for the
methine resonances. Al l  of  these observat ions argue
for s igni f icant ly di f ferent geonretr ics for  the diastereo-
meric complcxcs fornted bctween a chiral  shi f t  rcagent
ancl enantionreric su bstrates.

Conclusions

Clhiral  t r is [p-dikctonato]europium(l  I I )  complexes
providc pract ical  reagents 1 'or  d i rect  spectroscopic
deterrrr inat ion of  thc enant iomeric pur i ty of  a large
nunrbcr of  organic Lewis bases. They hav'e both ad-
vantages and disadvantages relat ive to othcr spectro-
scopic proccdures proposecl  for  th is purpose: ui ; . ,  n l l r
spectroscopy of  cnant ionter ic nr ixtures in opt ical ly
act ivc solvents.a and 1H and reF nmr of  d iastercorr icr ic
esters, l l ,  I  r  The pr incipal  v i r tue of  procedures bascd
on chiral  shi f t  reagents is the convenicncc of  the ex-
per imental  proceclurc and thc relat ive ease of  intcr-
prctat ion of fe ' red by the spcctra;  no chemical  manipula-
t ion of  the sarnple is required and evcn thc less readi ly
prcparcd of the chiral shift reagents are morc easily ob-
tained than quant i t ies of  the uscful  opt ical ly act ive sol-
vcnts;  more i r r rportant ly,  both thc enant iomcric shi l - t
d i f fcrcnces (AAd) and the chemical  shi f ts (6) obtained
Lrsing these reagents are usual ly larger than the corre-
spond ing  paranre ters  in  the  o ther  mcthods .  Thus ,  i t  i s
possible to carry out a quant i tat ive determinat ion of  the

(35)  Th is  subs tance was ob tn incd  f ronr  our  co l l cagucs ,  Drs .  G.
Bcrch to lc i  z rnd  C.  F i l c r .
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Figure l l .  Eu(c lcm) ' r  resor lances move to h igher f ie lc l  upon addi t iou
ol '  a st rorrg ly coorcl i r rat i r rg substrate:  (a)  r / . r1-dicamphol l  lmethane:
(  b)  t r is [ r1.r / -c l icanrphol l  l r le  th arrato]eurot t iurn(  I  I  I  )  (  Er . r (  c icnr  ) ; .  1 )  ;
( c )  I  cc lu i v  o f  l -L r (dcm) ; ,  a l r ( l  I  cc [ r i v  o f  (S ) - l -phen l le th t ' l am inc :  ( c l )
1 cqr-r iv  o l - [ :Lr(c lcnr) , rar t r l  2 eclLr i r . ,of  (S)- l -1rhen1' larnine.  tc lLr i l ibr i r - rnr
constal l ts  l t r r  associat ion bc-twccn thc aminc and t l te cLlroptunt
c l re late havc not  been measurecl ;  thc lat re ls of  the spectra (c. ,g. .  X -
( t ru .2S) r ' 3 )  rho r - r l c l  bc  takcn  to  r c l ' e r  on ly  to  the  coml - ros i t i on  o f  the
so lu t i on .  ra the r  than  to  the  s to i ch iome l r l ,  o f  t he  conrp lex .  The
sharp  resouance  a t  0 l rpm i s  TMS.  S l rec t ra  ( ( r0  MHz)  were  taken
in  C I - rC l r .

enant ionrcr ic conrposi t ion of  structures having sul l l -
c ien t  complex i ty  tha t  ana lys is  o f  the i r  unsh i f ted  spec-
trum woLrld be di fhcul t .  The pr inciplc c l isadvantagc of
the s l i i f t  reagent procedures is that  the organic sub-
s t ra te  r lus t  coorc l ina tc  w i th  the  europ ium che la tes .
Al though many organic stnrct t r res fu l f i l l  th is require-
ment .  a  nL lmber  o f  in rpor tan t  c lasses  o f  o rgan ic  conr -
pounds--part icular ly Lewis acids and soft  Lewis
bascs-do  no t . ' i ' r  Reagents  o ther  than ch i ra l  sh i f t  rc -
agents are most convcnient for  establ is l r ing the enant io-
meric pur i ty of  these substances, and for assigning ab-
solute conf i  gurat ions. '1 '  r ; r ) '  ; j7 '  ; r \

Experimental Section

Gener:r l .  Al l  mcl t ing 1-ro ints ancl  boi l ing points are uncorrectcd.
Inf ierrecl  spectra werc dcternr iucr l  rv i th Perkin-Elnter  Moclel  237 or
2378 grat ing spcctroplrotomctcrs.  Unlcss ot l rcrwise statcd,  nntr
spcc t ra  were  de te rn r ined  a t  60  MHz w i th  a  Var ian  Moc le l  T -60
sl.lectrometer. Chemical shift values are expresseci as 6 (ppm)

rc lat ive to a tetramethyls i lanc internal  standarcl .  Opt ical  ro lat ions
were c letcrminecl  wi th a l )erk in-L: lmer Model  l4 l  polar imeter.
Unless otherrv ise stated,  i r .  nnrr .  ancl  opt ical  rotzr t ion c lata were al l
determined in car i ron tetrachlor ic le.  Elemental  analyses were per-
formeLl  by '  Mic lwest  Microlab.  Ltc l . ,  Inc l ianapol is .  Ind.

React ion nr ix tures were c l r iec l  r ,v i th anhyclrous magnesium sr-r l fate.
Dist i l la t ions were usual ly  perfornrecl  wi th a 35-cm. vacuum-- iacketecl
Holzmann column. Ozonolvses were accomnl ished wi th a Wels-

(36) Appropr iatc c lcr ivates of  uranium of lcr  promisc as shi f t  rcagcnts
lbr  sof t  Lcwis bascs:  c. / .  R.  r ,on Arnnrorr ,  R.  D.  Fischcr,  and B.  l ( i t r . rc l -
lakopulos,  Cl terr t .  I ler . ,  lO4,  1072 (1971):  C.  Wicclcnl ' rc f t ,  I r torg.  Chent. ,
8 , 1 1 1 4  ( t 9 6 9 ) .

(37 )  W.  H .  P i r k l c ,  C 'hen t .  C .omrnu t r . , l 525  (1970) .
(38) Al thoLrgh wc havc not  bccrr  crrcouragcd to at tcnrpt  a l - rsolutc cotr-

l igr- r r t r t ion assignr lcnt  by the r lata rcportcc l  in th is l )apcr,  I ( .  Aj isaka,
M.  I (a rn i saku ,  anc l  M .  l (a inos l ro  IChe tn .  Le t t .  Jup . ,  8 , s7  (1972) ]  havc
bccn ablc to corrc latc the s igrr  of  - \ . \0 obtainccl  using shi f t  rcagcnt  l0 ancl
the absolr , r tc  conf igurat ion of  a c loscly rc latccl  scr ics of  substratcs.
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l tach T-23 ozone generator .  React ions involv ing er i r -sensi t ive
compouncls were carr ied out  under prepur i l iec l  n i t rogen using
standard techniques. ; re Solvents for  react ions involv ing organo-
n-retall ic rcagellts were disti l lecl prior to Llse, and wcre transferred
under nitrogen by stainles-" steel cannula or hypodermic syringe to
the dried reaction flask. Ether was disti l led from calcium l-rydride.
while benzene and I,2-dimethoxyethane were disti l led from a cleep
prurple solution of sodium benzophenone dianion.

Materials. Commercial starting materials were usecl without
pr"rrif ication unless stated olherwise. r/-Camphor, [o]rr'o +43.9'
( c  4 .6 ,  C rH , ,OH)  [ i t . no  1a1r0o  +44 .2 "  ( c  16 .5 ,  C ,H ;OH) ] ,  was  ob -
tained from Eastman Organic Chemicals, while /-camphor. [a]25o
- 4 1 . 8 ' '  ( r ' 4 . 2 ,  C : H : , O H )  i l i t . r o  1 q 1 r a p  - 4 3 . 6 "  ( c  1 6 . 5 ,  C 2 H ; O H ) 1 ,
was obtained f rom Aldr ich Chemical  Co.al  d-Fenchone, la] t tn
+40 .1 "  ( c9 .45 ,  CzHr ,oH)  i l i t . n r  141 too  +68 .9 "  ( c  8 .1 .  C , rH ;OH)1 ,  and
/ - fenchone ,  [a ] "o  -57 .3 ' [ i t . , , ,  [ o ] t ro  -66 .94 ' "  ( c  14 .3 ,  CTHTOH)1 ,
were obtained f rom K and K Labs.  / -13-Pinene, la] r tn -16.8 '
(neat)  Ui t .44 [a]D -19.5 '  (neat)1,  and / -methanol ,  [a]25n -49.4"
(c  10 ,  CTH5OH)  u i t . as  1q1 tao  -49 .5o  (c  5 ,  CTHiOH)1 ,  were  ob ta ined
from Aldrich Chemical Co. Commercial lanosterol was pur-
chased f rom l - roth Aldr ich Chemical  Co. (mp l3 l -135' ' ,  lo l r to
* 6 0 ' '  ( r ' 1 . 0 ,  C H C I 3 )  i l i t . ' n  [ a ] ' o o  + 5 8 ' ( c ' 1 . 6 ,  C H C I 3 ) ,  m p  1 4 0 -
l4 l  ' l )  ant l  Pfal tz  and Bauer (mp cn.  120' ,  [a1zsp f38' '  (c  1.4,
cHCl3)) .

Benzene-do, acetone-de, chloroform-ri, methylene-r/r chloride,
and pyridine-d:, we-rl supplied by Stohler Isotope Chemicals. Di-
oxane-r/a was supplied by Norell Chemical Co. Carbon rerra-
chlor ide and carbon disul f ic lc  were reagent grade ancl  1,1,2- t r i -
chloro-1,2.2- t r i f l  uoroethane. f luorotr ichloromethane, and pentane
were Spectroquality when used as solvents for shift reagent studies.
I)rying the carbon tetrachloride, carbon disulfide, ancl chloroform-r1r
c l ic l  not  increase the maximum AAd values for  substrates in the
presence of  1 in these solvcnts.

Di isopropylamine (Aldr ich)  was dist i l led f rom bar ium oxide and
from calcium hydricle ancl then stored with molecular sieves under
a ni l rogen atmosphere.  Ci t ronel lo l  and opt ical ly  act ive der ivat ives
of  1-phcnylcthylamine were obtainecl  f rom Hoffmann-La Roche,
Inc.  Sodium hyclr ide (572;  c l ispers ion in mineral  o i l )  ancl  socl ium
amicle were purchased from Alla Inorganics, Inc. Sodium
mcthoxide was ol'rtained from Matheson Coleman and Bell ancl
was storecl  uncler  a dry n i t rogen atmosphere.  Methyl l i th ium in
ethyl ether, also from Matl-reson Coleman and Bell. was analyzed
for  act ive mcthyl l i th ium using the Gi lman double t i t rat ion pro-
ccdure.  a7

Europium trichloride hexahl,drate, praseodymium tricl-rloride
heptahyrlrate. and holmium trichloride hexahyclrate wcrc pur-
chased f ronr American Potash ancl  Chemical  Co. (Kerr-McKee).
West ( ' f r icago,  l l l . ,  as 99.91, , ' ,  pure maler ia l .  Plat inum oxide (83-
86! . ; j  p lat inum) was obtainecl  f rom Englel iard Industr ies.

( d)- t ru r t s-l,2,2,3-T etramethylcyclopentanecarboxp'lic Acid (r/-Cam-
phol ic  Acid) .  This compound was preprarecl  b1"a met l rocl  s imi lar  to
t l rat  of  Schmir l t .48 A rn ixture of  r1-camphor (404 e.  2.66 mol)  ancl
potassium hyclroxic le pel lets (809 g,  l4 mol)  was heatecl  rn a 3-1.
rockirrg steel bomb at 245' for 24 hr. The tromb was cooled, and
the sohc'l was removecl with steam and hot water. The aqureous
solut ion was l i l tcrecl  through Cel i te wi th suct ion wl ' r i le  warm.
washcd wi th two 1.5-1.  port ions of  ether.  made acic l ic  wi th con-
cert t ratecl  hydrochlor ic  acid,  and extracted wi th srx 1.5-1.  port ions of
ether.  The combiner l  organic layers were dr icd ancl  concentrated.
Dist i l la t iona0 of  the resul t ing crucle ycl low sol id through a short

(39)  D.  F .  Shr ivc r ,  "Thc  Man ipr - r la t io r r  o f  A i r -Scns i t i vc  Cornpounc ls , "
M c G r a w - H i l l ,  N c w  Y o r k ,  N .  Y . ,  1 9 6 9 ,  C h a p t c r  7 .

(40)  J .  D .  M.  Ross  anc l  I .  C .  Somcrv i l l c ,  J .  Chcnt .  Soc . ,2 . ] '10  (1920.
( 4 1 )  T h c  a b s o l u t e  c o n l i g u r a t i o n  o f  t h c  c n a n t i o m c r s  o f ' c a n r o h o r  h a s

l r c c n  c l c l i n c c l  ;  F .  H .  A l l c n  a n c l  D .  R o g c r s ,  J .  C h c m . . S o c .  I l , 6 3 l  f i 9 7 1 ) ;
. I .  A .  W r r r r r l c r l i c h ,  A c t a .  C r y s t c t l l o g r . , 2 3 , 8 4 6  ( 1 9 6 7 ) :  M .  C ; .  N o r t h o l t
anc i  J .  H .  Pa l rn ,  Rcc l .T ruc .  Ch in t .  Pay .s -Bas ,85 ,  143 (196( ) ) .

( 4 2 )  W .  H i i c k e l ,  J L r s t u s  L i e b i g s  A r t t t .  C l t e n t . , 5 4 9 ,  1 8 6  ( 1 9 4 1 ) .
( 4 3 )  O .  W a l l a c l r ,  J r t s t u s  L i e b i g s  A n n .  C h e m . , 2 7 2 , 9 9  f l 8 9 3 ) .
(44)  R.  Padr lanabhan anc l  S .  K .  I { .  J : r tkar ,  J .  In t l ian  Chem.  Soc . .  12 .

5 r 8  ( 1 9 3 5 ) .
( 4 , s )  H .  G .  R u l c a n c l J .  S m i t h , J .  C h e n t .  S o c . , l L j , 2 l 8 8  0 9 2 5 ) .
(46)  t l  .  Wic la r . rc l ,  H .  Paset lac i r ,  and A.  Ba l lau f - ,  Jus tus  L ieb i .qs  Ann.

( ' l ten t . .  529.  68  (  I  9 -17) .
(47)  S .  C.  Watson anc l  J .  F .  Eas tham,  J .  Organontc ta l .  Chcnt . ,9 ,  165

( 1 9 6 7 ) :  H .  C i l m a n ,  F .  l t .  C a r t l e c l g c ,  a ' c l  S . - Y .  S i r l ,  i b i d . ,  1 , 8  ( 1 9 6 3 ) :
G.  M.  Whi tcs ic lcs ,  C.  P .  Cascy ,  anc l  J .  I { .  I ( r iegcr ,  J .  Antc r .  Chent .  Soc . ,
9 3 , 1 3 7 9  ( 1 e 7 1 ) .

(48)  H.  Schmid t ,  R iechs t .  Aron ten ,  7 ,  16 l  (1957) ;  Chem.  Abs t r . .  52 .
1  l 08b  09s8 ) .

Vigretrx collrmn yielded a pale yellow wax (bp 120 127 " (2.2 Torr)),
wlricfr r,vas recr,vstall izecl twice from pentane to give 226 g (5O)O of
a  w l r i t e  c rys ta l l i ne  so l i c l :  mp  92  100" ;  [ o ] r , , o  +45 .4 "  ( c  2 .5 ,
C :HrOH)  0 i t . ' 8  mp  104  l0 -5 ' ' ;  [ a ]o  *46 .3 ' l ;  i r  1690  (C :O)  anc l
2300-3400  cm- ' '  (C -H  and  OH) ;  nmr  6  0 .76 ,  1 .04 ,  and  1 .24  (s ,3
each,  CCIH') ,  0.89 (c l ,  3.  , t  :  6.0 Hz,  CHCH:r) ,  1 L84 (s,  1,  COOH).
and 0.6-2.8 (m). The / enantiomer was preparecl by a similar
procedure.

r/-Nopinone. A soh"rtion of 80 g (0.59 mol) of /-(j-pinene in 720 ml
of  absolute methanol  was ozonized accorcl ing to the procedure of
Meinwald ancl  Gassman.50 Af ter  work-up and dist i l la t ion,  60 g
(73%,) of  the ketone was isolated as a color less oi l :  bp 86-88.  (10
Tor r ) ;  [ r r ] r t o  +16 .9 "  (nea t ;  U i r .50  bp  83  88 '  (12  Tor r ) ,  [ a ] rbo
- f  18 .4  (nea t )J ;  i r  171O cm- r  (C . : 'O ) ;  nmr  6  1 .4 - -2 .8  (m,  8 ) ,  1 .35
(s ,  3 ,  CH, , ) ,  anc l  1 .85  (s ,  3 ,  CHr ) .

(d)- t ru r ts-1,2,2,3-T etramethylcyclopentanecarbonyl Chloride (d-
Campholyl Chloride.) To a flanre-driecl, nitrogen-purged, 500-ml,
round-bottomecl flask fittccl with rellux conclenser, magnetic stirring
bar and calcium chloricle drying tube was added 60.0 g (0.35 mol)
of  r / -camphol ic  acid,  64 ml of  th ionyl  chlor ide (2.S-fo ld excess),  and
200 ml of  dry benzene. The mixture was st i r red v igorously whi le
ref lux ing for  l6 hr .  The react ion mixture was then concentrated
at  reducecl  pressure.  and the resul t ing yel low oi l  was dist i l led to
give 60.0 g (911. ; , )  of  the acid chlor ic le as a color less l iquid:  bp 94'
( 1 2  T o r r ) ;  i r  1 7 9 0  c m - '  ( C l  - O ) ;  n m r  6  0 . 8 2 ,  l . l  l ,  a n d  1 . 3 4  ( s ,  3 ,
each .  CCH3) ,0 .90  (d ,  3 ,  - /  :  6 .4  Hz .  CHCH, , ) ,  and  1 .4  2 .8  (m l .
The / enantiomer was preparecl by a similar proceclure.

( r/) - I -Acety | -1,2,2,3-tetr:rmethy lcy clopentane ( r/-Cam phol y lmeth-
ane).  r1-Camphol ic  acid ( l3 l  g,  0.771 mol)  was r l issolved in 700
ml of  f reshly d ist i l led 1.2-dimethoxyethane in a f lame-dr ied,  n i r ro-
gen-purgecl .  3-1.  l lask ecpr ippecl  wi t l r  a mechanicalst i r rer  ancl  a rcf lux
condenser. i r  An atmosphere of  prepur i f iec l  n i t rogen was main-
ta inecl  in the react ion apparatus throughout the react ion .  A 1.6 M
solut iorr  of  methyl l i th ium in ether (  1.00 l . )  was al lowed to dr ip into
t l - re react ion mixture at  a rate lhat  sustained a gcnt le ref lux ( r 'a.
I  l . /1.5 hr) .  Methanc was evolvecl  dur ing the addi t ion of  the f i rs t
cc lLr ivalent  of  methvl l i th ium. Af tcr  ref lux ing and st i r r ing for  l8 hr ,
t l - re c louciy-wl-r i tc  react ion mixturc was t ransferred uict  cannula into
3 l .  of  wel l -st i r recl  water .  The aqueous phase was extracted wi th
three l -1.  por l ions of  ether,  and the combiner l  organic phase was
washecl  wi th TO0 rnl  of  watcr .  c l r ied.  ancl  concentrated.  Dist i l la t ion
af forc lecl  85.6 g (66 " , , )  of  the ketone as a color less l iquic l :  bp 94-96"
( 1 3 . 5  T o r r ) ;  [ a ] " ' o  + - 5 9 . 5 "  ( c  1 0 . 0 ,  C C l r ) ;  i r  1 7 0 0 . - - t  ( Q = - O ) ;
n m r  6  0 . 6 1 .  1 . 0 6 .  a n d  l . l 4 ( s , 3  e a c h ,  C C H 3 ) , 0 . 8 5 ( c l . 2 , J : 7 . O H z ,
CHCH,T) ,  2 .05  (s .  3 ,  COCl l , r ) .  anc l0 .6  2 .8  (m) .s r

r/.r/-l)icamphcly lmethanc (l{(dcml).53 To a fl anre-rlrierl, nitrogen -
purgecl .  2-1. ,  rouncl-bot tomecl  f lask equipped r .v i th a mechanical
st i r rer .  n i t rogen in lct .  arrd low temperature thermometer was added
a crystal  of  2.2 ' -b ipyr idyl  indicator  ancl  380 rn l  (0.615 nrol )  of  1.62
M methl , l l i th ium in cther. r ,a The solut ion was coolecl  to -20" and
62.3 g (0.61-5 rnol)  of  d i isopropl ' lamine rvas adcled r . r r r  syr inge.
Gas was evolvecl  ancl  the solut ion changed in color  f rorn red-orange
to orange. Af ter  st i r r i r lg the l i th i r . rm c l i isopropylamicle for  30 min

(49) Tlrc corrclcrrscr rvlrs hcatccl u'ith stcarn ancl a l-rcat lar.tryt to prcvcnt
so l i c l i f l ca t i on  o f  thc  c l i s t i l l a t c .

( -50 )  J .  Mc in rva lc l  anc l  P .  G .  Gassman,J .  A t r r c r .  Cher t t .  Soc . ,82 ,5445
(1960) .  An  a t t cn r l ' r t  t o  usc  a  c l i r l c th l l  su l f i c l c  uo rk -up  U .  J .  Pappas ,
W. P.  f (cavcncl ' ,  E.  Gunchcr,  ancl  N{.  I3crger,  Tetru l tcdrot t  Let t . ,4273
(1966) ;  a l so  P .  S .  Bu i l c l ' ,  S .  S .  Ba th ,  F .  Dob i r r son ,  F .  J .  Garc ia -Sharp ,
ancl  C.  D.  Joirnson,  .1.  Org.  Chent. ,29.697 (19(r4) l  for  th is rcrct ion lcad
to u scr ious crplosion on c l is t i l la t ior . r  of  thc procluct .  K.  H.  Ovcrton
arrc l  P.  On'crr  [ , / .  Cl tcnt .  Soc. ,  Perk i t t  Trur ts.  l ,226 (1973)]  havc rcccrr t ly
isolatccl  a part icnlar ly '  s table b ispcroxir lc  of  nopinonc f ror l  ozor. to lys is of
i i -p inenc;  thc stabi l i ty  of  th is pcroxic le is  prcsur.nably at t r ibutablc to
stcr ic  crow'c l ing aror . rncl  thc pcroxic l ic  s i tc .  This,  ancl  othcr  cxpcr ie nccs
ni th ozonoly 'scs r>f  h i r rc lcrecl  o lc- f lns,  havc convincccl  us that  thc c l i -
nrcth."- l  sLr l l jc lc  *ork-up proccclure c locs r . rot  adcqLratc ly c lcstroy ozonidcs
ancl  pcroxic lcs of  stcr ical l l -  h inclcrccl  o lcf ins.

( 5 1 )  M .  J .  J o r g c n s o n ,  O r g .  R c u c t . , 1 8 ,  l 4 ( 1 9 7 0 ) .
(52) Eler t rcrr ta l  ar ta l5rscs lbr  carbon ar . rc l  hycl rogcn wcrc wi th in 0.31. ' j

ior  th is conr l rouncl .
(53) This sy nthcsis was pat terned af tcr  a gcncral  proccclurc by

House :  (a )  H .  O .  Housc ,  M.  Ga l l ,  aud  H .  D .  O lms tcac l , J .Ors .  Chem. ,
3 6 . 2 3 6 1  ( 1 9 7 1 ) :  ( b )  H .  O .  H o u s c ,  D .  S .  C r t r u r r i n c ,  A .  Y .  T c r a n i s h i ,
a n c l  H .  D .  O l m s t c a c l , J .  A r r t c r .  C l t c n t . . S o c . , 9 5 , 3 3 1 0  ( 1 9 7 3 ) .

(54) Whcrr  conr lcrc ia l  mcthyl l i th ium contuin ing I  cc l r . r iv  of  l i th ium
hal ic lc  tas uscr l ,  r .nost  of ' thc hal i r lc  crystal l izccl  at  -20' ' ,  nraking thc
react ion mixturc c l i l l icu l t  to st i r  for  sr l r l l  scalc rc. rct ior ls  for  lvhich rnag-
r tct ic  st i r r ing nury [ rc cor. rvcnicnt ly  nsccl .  Hal ic lc- f rec n-rcthyl l i th iunr
nray bc 1 ' lurchasccl  f ror l  Mathcsorr  Colcrran ancl  Bcl l ,  or  the hal ic le may
bc reurovecl  by prccip i tat ion rv i th c l ioxanc ancl  f i l t rat ion pr ior  to usc.
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at -20",  d-campholy lmethane (103.6 g,  0.616 mol)  d issolved in
100 ml of freshly disti l led ether and cooled to -20' was rapidly
added to the reaction soltttion uia cannula. The solution (now

more intensely orange) was stirred at -20" for 25 min and was
then cooled to -60".

d-Campholy l  chlor ide (116 g,  0.615 mol)  was dissolved in 50 ml
of freshly disti l led ether, cooled to -60'and added to the enolate
uia cannula as rapidly as possible. After stirring at -50 to -70'

for 30 min, the reaction mixture was warmed to -20" over a period

of 30 min and was transferred uia cannula into a well-stirred mixture
of  I  M hydrochlor ic  acid (1.2 l . )  and ice.  The aqueous phase
(acidic to pH paper) was extracted with four 1.2-1. portions of ether,
and the combined organic phase was washed with two l-1. portions
of sodium chloride solution. dried. and concentrated. Disti l-
lation of the crude red oil gave a white, opaque paste (bp 100-118'
(ca. 0.06 Torr)). Two recrystall izations from methanol-ethanol
gave 69.2 g (35%) of the diketone as a white crystall ine solid: mp
64.5-65.0 ' ;  [a]25o +88.9" (c 0.62,  CzHTOH);  i r  179O (C:O) and
7720  cm-L (C :O) ;  nmr  6  0 .61 ,  1 .03 ,  and  1 .15  (s ,  6  each ,  CCH3) ,
0 . 8 5  ( d ,  6 , J  : 7 . 2 H 2 ,  C H C F I 3 ) , 5 . 6 0  ( s ,  l ,  v i n y l  H ) ,  1 6 . 9 0  ( s ,  l ,
OH),  and O.G2.7 (m)."

Copper Chelate Purification of B-Diketonates. The following
method il lustrates a general procedure for purifying p-diketones.56
To a solution of l1 g of tert-butylhydroxymethylene-d-camphor,
(H(l-bhmc), uide ittfra), in 2O ml of methanol was added a hot,
fi ltered solution of 8.0 g of copper(Il) acetate in 70 ml of water.
The mixture was allowed to stand until it had cooled to room
temperature. The dirty green copper salt of the diketone was
collected on a sintered glass fi lter funnel, washed with water,
sucked dry, and washed with two 20-ml portions of cold pentane to
give a light green powder, mp 234.U235.5'.

Pure diketone was recovered by shaking the copper salt with a
mixture of 50 ml of cold 10|; sulfuric acid and 50 ml of cold ether.
More acid was added until a l ight blue color in the aqueous phase
appeared, and the black color in the organic phase disappeared.
Thc aqueous phase was separated, and extracted with one 50-ml
portion of ether. The combined organic layers were then washed
witl-r one 50-nrl portion of sodium bicarbonate solution and two
50-ml portions of water, and dried. After removing the solvent,
9.9 g (907,1,) of a l ight yellow liquid was obtained and identii ied as
pnre (H( l -bhmc) by nmr,  i r ,  and t lc .

Tris[r/,r/-dicampholylmethanato]europium(III) (1). dd-Dicam-
pholy lmethane (25.9 g,  0.081 mol)  was dissolved in 600 ml of  reagent
grade methanol (40'') in a nitrogen-purged. round-bottomed flask
equippecl with a mechanical stirrer and nitrogen inlet.L6 A solu-
t ion of  4.37 e (0.081 mol)  of  sodium methoxide in 50 ml of  methanol
was aclded, and the solution was stirred 20 min, at 40'. Upon
acldition of a fi ltered solution of 9.89 g (0.27 mol) of europium(llI)
chloride hexahydratc in 200 ml of methanol, a cream-white precipi-
latc immecliately formecl. The suspension was stirred vigorously
at  35 40' for  2 hr .  cooled to 0o,  and l i l tered wi t l - r  suct ion to g ive
several britt le beige lumps ancl a cream-colorecl amorphous solid.
The product was ciissolved in pentane, fi ltered to remove the in-
soluble mater ia l ,  concentrated,  and dr ied at  100'(0.1 Torr)  for  36
l r r  t o  g i ve  18 .8  g  (63? , : )  o f  1  as  a  wh i te  powder :  mp  222 .0 -227 .5 " ;
[o ] " ' n  +28 .6 '  ( c  5 .4 ,  CC l l ) ;57  i r  1540  m-1 ;  nmr  6  (b road)  -0 .02 ,

0 .09 ,  and  3 .63  (s ,3  each ,  CH, r ) ,  and  1 .10 (d ,3 , - I  :  6Hz ,CHCFl r ; . r z , sa
3-Trifluoroacetyl-dnopinone. The enolate of r/-nopinone ( 13.8 g,

0.10 mol)  was prepared and al lowed to react  wi t l r  ethyl  t r i f luoro-
acetate (14.2 g,0.10 ntol )  by the l " r rocedure descr ibed for  t l - re synthe-
sis of H(dcrn). 

-l-he 
crude reaction mixture was quenchec'l in 250 ml

of cold I M hy'clrochloric acid, and the aqueous phase was extracted
with fcrur  l75-ml port ions of  ether.  The combined organic phase
was washecl with two 50-ml portions of saturated aqueolls sodium
cl-rloricle solution, and then extracted with two 50-ml portions of
cold 1 M sodium hydroxicle. The combined basic extracts were
rnade acidic with l M hyclrochloric acid and extracted with three
100-ml portions of ether. The combined ethereal layers were
washed with saturated aqueous sodium chloride, dried, concen-

(55 )  C .  R .  Hausc r ,  e t  a l . ,  Org .  Reac t . ,8 , l 22 (1954) .
(56) Synthescs of  larr thanide chelates carr ied out  urrc ler  n i t rogcn lcad

to higher y ic lc ls  ancl  pur i ty  than thosc carr icd out  wi thout  cxcludir rg a i r ,
prcsumably by prevent ing oxidat ion of  thc p-dikctone l igands.  Mag-
nctic stirrcrs are convenicntly uscd for this rcaction on a smallcr scalc.

(57) Valucs of optical rotation for all the curopiurtr chclatcs vary
markcdly wi th conccrr t rat ior . l .

(58) Nmr lir-re widths and chemical shifts for all the europium chelates
are quite variable, dcpcnding both on the temperature and on thc pres-
cnce ofexcess ligand.
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t rated,  and dist i l led to g ive 8.9 e @2%) of  the pure diketone as a
color less l iquid:  bp 68' '  Q.5 Torr) ;  [a] t 'o  +21.1" (neat) ,  [o] 'on
+12.9 ' '  (c  2.O, CCl, , ) ;  i r  1790, 1720, and 1650 (stronB) cm-1 (keto

and enol  C=-C and C:O);  nmr 6 0.95 and 1.40 (s,  3 each,  CHr) ,
2 .2 -3 .0  (m) ,  and  14 .8  ( s ,  b road ,  l ,  OH) .52

3-Trifluoromethylhydroxymethylene-r/-camphor was prepared

from the enolate of  d-camphor (12.3 g,  0.081 mol)  and ethyl  t r i -
f luoroacetate (11.5 g,0.081 mol)  by the procedure descr ibed for  the
synthesis of H(dcm). Disti l lation of the crude product afforded l7

8 (85"7 ;1o f  the  d i ke tone  as  a  co lo r less  l i qu id :  bp  89 -92 ' (7  To r r ) ;

l o ] rno  +178 '  (nea t ) ,  [ a ] "o  +144"  ( c  2 .O ,  CC lo ) i  i r  1740 ,  1705
(strong),  and 1650 cm-r;  nmr 6 0.87,  1.00,  and l .0 l  (s,  9 tota l ,
C H r ) ,  1 . 2  2 . 2  ( m , 4 ) , 2 . 8 5  ( m ,  I ,  C H 2 C 1 1 ) ,  a n d  1 1 . 2 2 ( s , 1 ,  O H ) . 5 2

Tris[3-trifl uoroacetyl-d-nopinato]europium( II I ) (9) was synthesized
from 17.5 g (0.075 mol) of 3-trif luoroacetyl-r/-nopinone by the pro-

cedure used for I with the following exception. After stirring the
reaction mixture for I hr. 200 ml of water was added, and the
product was extracted from the resulting oily mixture with three
150-ml portions of pentane. The combined organic layers were
washed wi th water,  concentrated,  dr ied for  36 hr  at  100'(0.1 Torr) ,
and powdered to give 18.2 EG471of 9 as a bright yellow amorphous
so l i d :  mp  ca .80 -100 ' ;  [ a ] ' un  -67 .2 ' ( c  2 .0 ,  CC l , ' ) ;  i r  1600-1660
cm-1;  nmr 6 0.6-3.0 (s,  broad).

Attempts to prepare a sample of 9 for elemental analysis by tlc,
molecular disti l lation, and sublimation resulted in decomposition of
the chelate.

Tris[3-trifluoroacetyl-d-camphorato]europium(III) (10) was syrl-
thesized by a procedure analogous to that used for 9 from 2.48 g
(10.0 mmol)  of  3- t r i f luoroacety l -d-camphor.  The product  (1.6 g,

50, 'Z)  was a br ight  yel low amorphous sol id.  mp ca.220' .  A sample
of 10 was purified lbr elemental analysis by fractional molecular dis-
t i l la t ion,  180-200" (0.004 Torr) :  sof tens cu.  730' .  mp crr .  180";

[o ] r ,o  +152"  ( c  2 .0 .  CC l r ) ;  i r  1630  1680  cm- l ;  nmr  6  (b road)
- 1 . 3  t o  - 0 . 5 .  - 0 . 0 8  ( s ) , 0 . 2 1 1  ( s ) ,  1 . 6 - 2 . 3 ,  a n d  3 . 3 9  ( s ) . r t , s s

lcrl-Butylhydroxymethylene-d-camphor (H(r-bhmc)). TIre pro-

cedure for  making H(t-bhmc) was modeled af ter  Kopecky's syn-
thesis of  h indered diketones.60 Sodium amide ( l1.0 g,  0.275 nio l )
was added to 150 ml of  anhydrous 1,2-dimethoxyethane (DME) in
a flame-dried. 500-ml, three-necked, round-bottomed flask litted
with an efficient mechanical stirrer, a 250-ml pressure equalized
dropping funnel, reflux condenser, and nitrogen inlet. The DME
suspension of sodium amide was warmed to reflux temperature.
and a solut ion of  d-camphor (41 .9 g,0.275 mol)  in 100 ml of  an-
hydrous DME was aclded to the ref lux ing solut ion over I  hr .61
The reaction mixture was refluxed for an additional 30 min, ancl
then cooled to room temperature. Dry nitrogen was bubblecl
through the grey-green suspension of enolate for 2 irr to remove the
dissolved ammonia. The reaction mixture was again heated to
ref lux,  ancl  a solut ion of  p ivaloyl  chlor ide ( l l . l  g,0.092 mol)  in 50

ml of  DME was added through the dropping funnel  to the solut ion
over a period of 5 min. After allowing the reaction mtxture to
ref lux for  an addi t ional  12 hr ,  i t  was cooled and poured into a
mixture of  150 g of  ice and 25 ml of  concentrated hydrochlor ic  acid.
Tfre pH of  the aqueous phase was adjusted to 6-7 wi th the addi t ion
of more acid; the orange organic layer was separated and the
aqueous layer was extracted wi th two 150-ml port ions of  ether.
The combined organic layers were washed with five 100-ml portions

of water, dried, and concentrated. Excess camphor was removed by
sublimation at l(X)' (20 Torr). and the residual oil was disti l led to
g ive  H( r -bhmc)  (10  c ,46 iA  as  a  l i gh t  ye l l ow  o i l :  bp  66 -82 ' (0 .05
Torr) ;  i r  1760, 1705,1665, and l610 cm-1 (keto and enol  C:O and
C:C) :  nmr  6  1 .21  (s ,9 ,  ke to  and  eno l  C(CH3) ) ,  and  13 .1  ( s ,

OH). I '}ure diketone was isolated as white ffakes from the di-
ketone-enol mixture by recrystall ization from methanol: mp
66-68";  i r  1760 and 1700 cm-1 (C:O);  nmr 6 0.84,  0.89,  and 1.00
(s ,  3  each ,  CHr ) ,  l . l 2  ( s ,9 ,  C (CH3)3 ) ,  and  3 .70  (d ,  l ,  J  -  4  Hz ,
v iny l  H ) .52

Tris[3-(rerr-butylhy droxymethylene) - d- camphorato]europium( II I)
(6). This synthesis was modeled after a standard procedure for
making rare earth chelates.62 tert-Butylhydroxymethylene-r/-

(59)  Compound 10  has  a lso  been prepared by  B.  Fe ibush,  M.  F .
R ichardson,  R.  E .  S icvers ,  and C.  S .  Spr inger ,  J r . ,  J .  Amer .  Chem.  Soc . ,
94 .6717 0972) .

(60)  K .  R.  I (opecky ,  D.  Nonhebc l ,  G.  Mor r is ,  and G.  S .  H i i rnmot rc l  ,
J .  Org .  Chem. ,27 ,1036 (1962) .

(61) This rcaction should be conducted in an ef icient hood sir-tcc

large quanti t ies of ammonia arc l iberated during the formatior-r of t l rc

camphor  cno la tc .
(62)  K .  J .  E isent rau tand R.  E .  S ievcrs ,  J .  Amer .  Chem.  Soc . ,  87 ,  5254

( I  e65).
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canrphor ( I .9,1 g, 8.20 mmol) was clissolved in 10 ml of 95 i. j ethanol
in a 100-ml, nitrogcn-pur_eed flask containing a Teflon-covered
magnet ic st i r r ing Lrar .  A solur t ion of  sodium hyclroxide (0.4 g,  10
mmol)  in l5 nr l  of  501; j  aqueous ethanol  was added, and the mixrure
was st i r red for  2 min.  Europium tr ichlor ide hexahydrate (1.00 g,
2.74 mmol)  was dissolved in l5 ml  of  50| j  aqueous ethanol  and
then rapidly added to the vigorously stirred yellow enolate. The
product immediately precipitated as a light yellow solid. The
reaction mixture was stirred for 30 min. and then was diluted with
30 ml of ice-water. The precipitate was separated by suction
filtration, dried in a vacuum dessicator for 6 hr (0.1 Torr) at room
temperatlrre, and broken into a ltne powder. The powder was further
;ruril ied by dissolving it in 200 ml of absolute ethanol, separating the
insoluble s:o l ids by centr i fugat ion,  and precip i tat ing the product
by c l i lu t ing the resul t ing homogeneous solut ion wi th 200-400 ml of
ice water. The precipitate was collected by fi ltration, dried for
12 hr at room temperature (0.1 Torr), and puril ied by fractional
molecular  d ist i l la t ion (134-140'(0.01 Torr))  to g ive L6 g (68 %) of  6
as  a  ye l l ow  so l i d :  mp  131-134 ' '  (d i sco lo rs  108  112 ' ) ;  [ o ] r to
+38 .2 "  ( c  4 .9 ,  CC l r ) ;  i r  1560-1620  and  1460-1480  cm- r ;  nmr  6
0 .95  (s ,  6 ,  2  CH, , )  and  1 .2  ( s ,  9 ,  C (CHr ) ; r ) .52

l,l-Bis(4,4-dimethyl-1,3-dioxopentyl)cyclobutane (i). This com-
pot-u-td rvas synthesizcd using the procedure for the synthesis of
H(dcm) .  S ta r t i ng  w i th  p inaco lone  (10 .0  g .  0 .10  mo l )  and  cyc lo -
t rutanedicarboxyl ic  acid d ichlor ideo3 (10.6g,  0.05 mol) ,  a yel low oi l
was obtained af ter  c l is t i l la t ion (95-120'  (0.004 Torr))  which was
crystall ized twice from methanol to give the tetraketone (3.6 g,
24i ' i , )  as pnre whi tc needles:  mp 60.0 60.5. ;  i r  l50t)-1680 cm-I
(eno l  C- .O  anc l  C -C) ,  nmr  6  l . l 4  ( s ,  18 .  CC(CH3) : r ) ,  1 .6  2 .7
( m . 6 ,  r i n g  C H : ) , 5 . 3 8  ( s , 2 ,  v i n y l  H ) ,  a n d  1 5 . 6 ( s ,  b r o a d ,  O H ; . 0 2

l-Methyl-3-isopropylcyclopentyl-1-carboxamide (r/-Fencholyl-
amide). Semnrler's ltroccdure6'1 was usecl as a model for the syn-
thesis of  fenclro ly lamiclc.  To a 2.50-mlI lame-dr ied round-bot tomed
flask ccluipped with a magnetic stirring bar and rcflux conclenser wers
addcd r / - fencl- rone (2-5 g,0.16 mol) ,  socl iunr amicle (6.4 g.0.16 mol) ,
aurl .50 rnl of clried benzcne uncler nitrogen. The solution was
allowed to reflux ovcrnight under nitrogen. Thc rcsr,rlt ing black
oi l  was pourecl  intc l  100 g of  crushed ice ancl  the brown sol id was
separated by f i l t rat ion.  Extract ion of  t l ie  mother l iquors wi th
ethcr _r,ielclecl more brown solid after removal of tlre solvent. The
prcduct was recr),,stall izcd from methanol water as wlrite flakes
( 2 4  g .  8 6 ? , ; ) '  m p  1 0 9 - l l l  1 l i 1 . c r  1 0 9 ' l ;  i r  1 6 7 5  c m  ' ( C . : O ) ;  n m r
6  1 .0  ( s ,  3 .  CCH3) ,  l .Z  ( , t .  6 .  CH(CH: , ) z ) ,  and  1 .65  (s ,  2 .  NHr ) .  T l ' r e
/  enant iomer was prepared b1'  a s imi lar  procedure.

(r/)- 1 -N'Iethy l-3-isopropylcyclopentanecarbory I ic Aci d (r1-Fencholic
,\cid). The lrroceclure follorverl was a ntoclif iecl version of Hum-
bert 's  s1nthesis.6f ,  To a wel l -st i r red solut ion of  r / - fencholy lamicle
(24.0 g.0.142 rr ro l )  in 75 rn l  of  ethanol  in a 300-ml.  rouncl- l ' rot tomed.
f lask wi th rnargnet ic  st i r r ing bar ancl  re l iux condenser was acldecl  a
so lu t i o r r  o f  po tass i r - rn r  hyd rox ic te  (12 .6  g .0 .225  mo l )  i n  50  m l  o f
cthanol  and l0 r l l  of  rvater .  Af ter  ref lux ing for  l8 hr .  the react ion
mixture u 'as pourccl  inro 100 nr l  of  water ,  and extracted wi th t l - r ree
100-ml port ions of  ethcr  to _vie lc l  cu.  10 g of  unrcactecl  amicle f rom
the concentratecl  orgunic phase.  The aclueous phase was macle
acid ic wi lh concentrated hl , r l rochlor ic  acic l  and extractecl  wi t l t
threc 200-ml l ror t ions of  c1her.  The combined organic la l ,ers were
r l r iec l .  concel l t rater l .  ancl  c l is t i l lec l  to g ive l4 g (58. i , )  of  the acic l  as
a  c l e a r  c o l o r l c s s  l i c F r i d :  l r p  I  l 3  I l - 5 "  ( 1 . 5  T o r r )  [ l i t . , , e  l r p  I  l 0  l  l 2 '
( l . 0  To r r ) l ;  [ a ]? to  +2 .2 '  (nea t ) ;  i r  1700  (C . -O) .  anc l  2600  3 ,100
c rn  1  ( (  O [ )H) ;  n rn r  6  0 .90  (d ,  6 .  CH(C H, , ) r ) ,1 .30  (s .  ] .  CCHr ) .  and
12.6 (s,  l .  COOHt.  The l  enal t t iomer was prcparct l  [ r1 a s in-r i lar
prclcecl u re .

7-\lenthonc. 
-f 

hc proceclure of Husse-r arrcl t lakertj{; rvas usccl 1cr
s1'nt l rcs ize 95 g (g.Sl , , )  of  pure / -nrent l ' rone:  l . rp 95 97'  (15 Torr) ;
[ . - t ] "o  -2 - i . 3 '  ( c  10 .0 .  CC l l ) .  [ r r ] 2 ;u  -25 .8 '  (ne i t t )  [ l i t . 1 t  bp  I  l 6 -
l l 9  ( 4 1  T o r r ) ,  [ a ] , ' o  - 2 8 . 9 ' .  [ r r ] 2 i o  - 2 5 . 6  ( n e a r ) l ;  i r  1 7 1 0
c m - 1 ( C =  O ) ;  n n r r  6  0 . 8  1 . 0  ( m ,  C H r  a n d  C H ( C H ; , ) I )  a n c l  1 . 0  2 . 2
( m ) .

r / - l ) ihydrolanosterol .  Cornnrerc ia l  lanostcrol  (100 g)  was st i r rer l
r v i t h  bo i l i ng  ace tone  (2 . .51 . ;  and  n rc tha r ro l  ( -500  n r l )  u r r t i l  n tos t  o f  t l r c
sol ic l  hacl  c l issolvcr l .  I -he insolutr le nratcr ia l  wi ts rcmovecl  br , f i l t ra-
t ion through a l tot  Bucl tncr  funnel .  Upor-r  cool ing.  a rvhi tc l t rc-

(63) C'y 'c lobutunc- l , l -c l icarbory l ic  i rc ic l  c l ichlor ic lc  \ \ 'as l ) rcpt i rcc l  f rom
comnrc rc i r r l  cyc lobu tanc - l , l - d i ca rbo ry ' l i c  uc i c l  (A ld r i ch )  b1 '  s tanc la rd
l r roccclures:  \ \ ' .  A.  Nevi l l ,  D.  S.  Frank,  ancl  I i .  D.  Trct tka,  J.  Orc.
C  l r , ' r t r  . ,  27  ,  1 )2  (  |  q6 l  ) .

( ( r4)  F.  W. Scrrrr . r r lcr ,  Cl tenr.8er. ,39,2577 (1906).
(65) F.  Hur-nbert  ancl  G. Guth,  Brr l i .  Soc.  Chim. Fr. ,286] '  (  1966).
(66 )  A .  S .  Hr , r sscy  anc l  R .  H .  Bakc r ,  J .  Org .  Che tn . ,25 ,1434  (1960) .

cipitate formcd which was recrystall ized from acetone-methanol to
give 62 g of  pure lanosterol :  mp 136-139";  i r  (KBr pel let )  3100-
3600 (OH) and 1030 cm-1 (C-OH). The procedure of Wieland,
Pasedach, and Ballaufa6 was used to reduce 62 g of d-lanosterol with
1.5 g of platinum oxide to (fr e Ol %) of pure d-dihydrolanosterol:
mp  143-144"  U i t . ' o  mp  145-146"1 ;  [a ] ,un  +58 .1o  (c  10 .0 ,  CC ln ) ;
i r  (CHCI,)  3100 3600 (OH) and 1010 cm-1 (C-OH).

r/-Dihydrolanosterone (A8-Lanosten-3-one). The procedure of
Wieland, Paseclach, and Ballaufa6 was used to oxidize 33.3 g
(0.078 mol) of ri-dihydrolanosterol. The crude product was
crystall ized twice from ethanol-water to give 20.9 (63%) of d-
dihydrolanosterone,  mp I  I  3- l  I  5 ' .  Addi t ional  crystal l izat ions
did not significantly raise the melting point of the ketone and re-
sulted in excessive loss of material. A 3-ft, 2-in., dry alumina
column6T with methylene chloride was used to further purify l2 g
of  the ketone to g ive 6.2 g of  color less crystals:  mp 117.5-119'

[ i t . 4 o  m p  1 1 7 - 1 1 8 " ] ;  [ a ] 2 5 o  + 7 4 . 6 "  ( c  1 0 . 4 ,  C C l r ) ;  i r  1 7 1 0  c m - 1
(c-o).

1-Methyl-3-isopropylcyclopentanecarbonyl chloride (d-fencholyl
chloride) was synthesized by the procedure described for tl-re syn-
thesis of  r1-campholy l  chlor ide.  Star t ing wi th 13 g (0.02e mol)  of
r1- fenchol ic  acid and l5 ml (cc.0.17 mol)  of  th ionyl  chlor ide,  13.2 e
(92i,;,) of the acicl chloride was obtained as a colorless liquid: bp
72 ' (3 .4  To r r )  [ i t . 68  bp  68  72"  (4 .0  To r r ) ] ;  i r  1800 . - - t  (Q :O) i
nmr 6 1.4 (s,  3,  CCH3) and 0.8 (d.  6,  /  :  8 Hz,  CH(CI13)t .  The /
enantiomer was prepared by a similar procedure.

(/)-l -Acetyl-l-methyl-3-isopropylcyclopentane (r1-Fencholylmeth-
ane).  Star t i r . rg wi th 38.3 g(0.22 mol)  of  r1- fenchol ic  acid and 0.45
mol of methyll ithium, r/-fencholylmethane was synthesized by the
procedure descrihed for the synthesis of r/-campholylmethane. A
voluminous whi te sol id precip i tated as the methyl l i t l - r ium was added.
The ketone was isolated as a c lear l iquid:  bp 85.5 89.5" (9.0 Torr) ;

[ . t ] t no  -2 .9 ' (nea t ) ,  [ . r ] ' on  *1 .5 -5 "  ( c  10 .0 ,  CC l r ) ;  i r  l 7 l5  cm- r
( C = , O ) ;  n m r 6 0 . t l 5 ( d , 6 . J  -  8  H z ,  C H ( C l l , ) : ) ,  1 . 2 0  ( s , 3 ,  C C H 3 ) ,
and 2.05 (s,  3.  COCH3).62 Tlre /  enant iomer52 was prepared by a
simi lar  procedure.

r/,/-f)icampholylmethane was synthesizcd by the procedure de-
sc r ibed  fo r  the  s1 'n thes is  o f  H (dcm) .  S ta r t i ng  w i th  7 .21  g  (38 .3

mmol)  of  / -campholy l  chlor ide ant l  6.43 g (38.3 mntol)  of  d-cam-
pholy lnrethane. -5.6 S G57) of  t l re product  was isolatcd as whi tc
c rys ta l s :  mp  6 l  . 5 -62 .0 " :  bp  125  132"  (0 .005  Tor r ) ;  [ a ] zoo  O.O '
(c 6.0.  CClr) ;  i r  and nmr incl is t inguishable f rom those of  H(dcm).sz

Trifluoroacetyl-r/-campholylmethane. The enolate of d-cam-
phol-v ' lmethane (  l  1.0 g.  0.06-5 mol)  was pre pared ancl  a l lowed to
rcact  wi t l r  c th l ' l  t r i f luoroacetate (9.24 s.0.065 mol)  using thc proce-

clure c lescr ibed for  t l rc  synthesis of  H(dcm).  The react ion mixturc
was qtrenchecl  (150 ml of  I  M hydrochlor ic  acid and ice)  and was
extracted wi th four l7-5-ml port ions of  ether.  The combined
organic layers were washeci  wi th saturatecl  aqueous sodiLrm cl - r lor ide.
dr ied.  concentrated.  and careful ly  d ist i l led to g ive 7.9 e (qe7) of
the  c l i ke tone  as  a  co lo r less  l i qL r i c l :  bp  89  96"  (5 .5  To r r ) ;  [ , r ] ' oo
+55 .6 ' ( c  10 .0 .  CC l , ) ;  i r  16 ,10  anc l  158-5  cm-1  (b road  and  s t rong
e n o l  C - , C  a n c l  C -  O ) ;  n m r  6  0 . 6 8 .  1 . 0 6 ,  a n d  1 . 2 2  ( s . 3  e a c h .  C H ' ) ,
O . B B  ( s .  3 . , 1  -  6 H z .  C H C l 1 ' r ) ,  5 . 9 2 1  ( s .  l .  v i n y l  H ) .  a n c i  1 4 . 5  ( s ,

eno l  C)H) .52
2-Trifluoroacetyl-r1-dihl,drolanosterone. The enolate of r/-tl ihy-

drolanosterone ( , t r .12 g.  9.68 mmol)  \ \ 'as l t reparec' l  and al lowed t t r
rcact  rv i th eth l  l  t r i l lLroroacetate (  I  .37 g.  9.68 rrmol)  l ry  the procer iure:

c lescr ibccl  for  1hc s1'nthesis of  H(clcnt) .  TI te rcactron nl ix ture rvas
cluencher l  ( -50 ml of  1 M h1'c l rochlor ic  acid ant l  ice)  ancl  then ex-
t ractecl  rv i th foLrr  100-nt l  port ions of  ethcr .  TI tc cornbi t red orgatr ic
la1 'ers were washecl  wi th saturated aqueous sodium chlor ic le.  c l r iec l .
ancl  coucentratecl  to g ive a y 'e l low opaqr-re o i l .  Ca.  3 g of  t l - re o i l  was
chromatographed using ca.  500 ml of  methylene c l i lor ide on a 30 in.

X 2 i r r .  s i l ica gel  c l ry '  column.6i  Extract ion of  the L ' rot tom 6 in.  of
the column n' i th chloroform ancl  concentrat io l l  of  the extract  gave

the procluct  as an orange oi l .  f ree f rom dihydrolanosterone as
determined b1'  t lc ;  nmr 6 0.7 1.23 (m. CHCH'r  ancl  CHr)  ancl  15.70
(s ,  OH)

6-Trifluoroacetl ' l-/-menthone was prcpared fronl /-nlenthone ( 15.4
g .0 .10  mo l )  an r l  e th t ' l  t r i l l L ro roacc ta te  (7 .10  g .0 .0 ,5  mo l ) ,  by  t l re
proceclurc dcscr ibccl  for  the s1' t r thesis of  H(clcm).  Dist i l la t ion of
the crucle procluct  af forr lcc l  3.2 g (271,")  of  the procluct  as a l ight
ye l l ow  l i c lu i c l :  b1 r  100  - l  15 '  (8  To r r ) ;  [ o ] ' no  +56 .2 '  (nea t ) ,

(67)  For  a  gooc l
n iqucs ,  scc  B.  Loc .u ,
(  I  e67) .

(68) P. L. Pickarcl
(  1  es2) .

c l i scuss ion  o f  c l r l ' - co l r - r r r tn  chromi t tography  tcch-

ar rc l  M.  M.  Gooc l r r r t rn ,  Chent .  Inc l .  ( .Ludon) ,2026

anc l  E ,  F .  Eng lcs ,  J .  Anter .  Chent .  Soc , , '14 ,  4601
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[ o ] "n  +49 .0 '  ( . c  2 .0 ,  CC l r ) ;  i r  1770  and  l7 l0  cn r - l ;  nmr  0  I6 .0
(s ,  OH) . r ' 2

Trifl uoroacety l-/-fencholy lmethane was preparecl from /-fenc h ol1 l-
methane (  6.67 g,  0.0;103 nrol )  and cthyl  t r i f l  uoroacerare (5.7 I  g,  0.0401
mol)  by the procedure c lescr ibecl  for  the synthcsis of  H(dcm).  Dis-
t i l la t ion of  t l - rc  cruclc prodr-rct  a l lordecl  4.9 g (467, , )  of  t l re procluct  as
a  co lo r less  l i q r " r i d :  bp  97"  (7  To r r ) ;  [ a ] ,oo  -12 .0 . ' ( r ,  10 .0 .  CC l r ) ;
i r  1650  anc l  1585  cm- l  (eno l  C= .C  and  C :O) ;  nn11 .  6  0 .91  (c1 ,6 .
J  :  6  Hz ,  CH(CHJI ) .  1 .27  (s ,  3 ,  CH; ) ,  5 .92  (s ,  l ,  v iny l  H ) .  anc l
14 .77  (s ,  b road ,  l ,  OH) .52

3-(r/-Irencholyl)-rl-camphor. The proccclure usccl to sy uthe sizc
H(t-trhmc) was usecl to prellarc 3-(r/-fcnclrol-vl)-rl-canrphor
from r1-camphor (32 B,0.21 mol)  ancl  / - fencholy l  chlor ic le
(13  g ,  0 .069  mo l ) .  The  p roduc t  (16  g ,  77 i . . ' , 1  was  ob ra inec i  as  a
l i gh t  ye l l ow  l i qu i c l :  b l r  115-150 '  (1 .0  To r r ) :  i r  1750 .  1695 .  1 ( r (d ) .
a n d  1 6 0 5 . - - t  ( k e t o  a n d  c n o l  C = . O ) ;  n m r  6  l 2 . B  ( s .  O H ) . r :

3-(/-F-encholyl)-rl-camphor. The proceclure uscd to sy'nthe sizc
H(l-bhmc) was usecl to prepare 3-(/-fcncholyl)-r1-camplror front r/-
camphor  (39  g ,0 .25  mo l )  and  / - fe r . r c l ro l y l  ch lo r i c l c  (15 .7  g ,0 .0 l l i
mol) .  T l re procluct  (  l9 g,  74i1. ; )  was obtained as a l ig l r t  yc l low l icy-
r r i c1 ,  bp  122  134"  (0 .10  Tor r ) .  hav ing  nn t r  an t l  i r  spec t ra  i nd i s t i n -
gr"r i slra ble from t lt ose of 3-(r/-fenc h olyl)-r1-canr 1r h or. t 2

/ , / -Di fencholy lmcthane. ( I I (dfm)) .  Approxinratc l ,v-  3 g c. f  a
sod ium hyc l r i dc  c l i spe rs ion  in  n r inc ra l  o i l  (1 .7  g  o f  Na t l . 0 .071  n ro l )
was aclclcrl to a 5(X)-nrl, f lanrc-rlriecl. ror"rnd-bottornerl f lask cclr-ri1t1tccl
wi t l r  two pressure-eqr-ra l iz ing dropping funnels,  ar-r  e l l ic ient  mcchani-
cal  st i r rer ,  and a re l lux condenser wi th a calc iunt  sul fate dr1, , i r - rg tube
attachecl  to a bubbler .  The sodium h-ydr ide was washecl  rv i th 100
ml of  dr icd cthcr  and 100 ml of  anhyr l rous DME. Cu. 150 ml o l '
dr ied DME was addecl  to the f lask along rv i th 0.1 ml of  ethanol  ancl
0.1 ml of  lcr l -but1l  a lcohol  as catalysts.  In one c l ro l tp ing funncl
was placer l  5.05 g (0.30 rr io l )  of  / - fencholy lmcthane, anr l  in t l re
other funnel  was pl i tcecl  5.( r7 C (0.030 rr - ro l )  of  / - ferrcholy l  chlor ic let
cach was di lutecl  wi th 20 nr l  of  arrhyr l roLrs Dl \ ' l [ : .  A1' ter  heat ing the
wcl l -st i r red suslreusion of  sodir - rnr  hvclr ic le to gent le re l lux and
adcl ing cu.20:1, ,  of  thc acid chlor ic le,  the ntethl l  kct t tnc ancl  aci t i
chlor ide were c l roppccl  s imul taneously iuto t l re re l )ur ing solut ic ln
over the course of  2 hr .  rnainta in lng a s l ight  exce\s of  acid chlor ide
t l ' r roughout thc rcact iorr .  ( ias evolut ion was moni torecl  so that  a
I 'ew aclc l i t ional  droprs of  rcrr-br-r t1 l  a lcohol  could be adclct l  i1 ' the
react ion s lorvcd or  s lo l rpecl .6e Af ter  re l ' lux ing ovcrnight .  1hc
coolcd orange solut ion was pourecl  onlo 2(X) g r>{ '  crushecl  ice arrc l
200 ml o l 'et l ier .  and then rnetc lc acic l ic  wi th concel t t r i l tec l  h1 'dro-
chlor ic  acid.  The aclucolrs l thase was extracteci  wi th four 1 50-ml
port ions of  rvatcr .  dr icc l .  concentratecl .  ancl  c i is t i l led to g ivc:1.2 g
(45 ' ) ; ' , )  o f  H (c l fm)  as  a  l i gh t  ye l l ow  l i qu id :  bp  I2 t t  -1 .10  (0 .02  - I ' o r r ) :

[ r r ] 25u  -  17 .0 "  ( r '  10 .0 ,  CC l , ) ;  i r  3200-2550  ( r vca l<  s ;hou l i l e r .  OH) .
l ( , r95 ,  anc l  1600  cn r  t  1 f  . - .O) ;  nmr  6  0 .8 -5  (d ,  12 . . /  :  8  Hz .  CH-
( C l H ; r ) . r ) ,  1 . 2  ( s .  t i ,  ( ' H , , ) ,  5 . 5 5  ( s ,  1 . v i n 1 l  I - l ) , a n c l  1 6 . 2  ( s ,  l .  O H ; . ; :

r1-Cnmpholyl-r/-fcncholylmcthanc. 
-l 'he 

ltroce dure Lrscrl to sy n-
thesize H(dl in)  was used t ( )  prcparc r1-cant l rholr  l - r1- l -cnclro l l  l r lc th-
i inc f rotn t1-cat t t ; rhol l lnre l l rane 1.5.89 g,  0.0-15 rnol)  anr l  r / - fenchol l l
ch lo r i c le  (6 .60  g ,0 .035  mo l ) .  I he  p rodLrc t  (7 .1  g .6 - i i ] i , )  r vas  ob -
ta inec l  as  a  l i gh t  ye l l ow  l i qu i c l :? ' )  bp  l l 7  135  (0 .03 -5  Tor r ) ;  i r
1600  and  1700  (C- .O)  an i l  32 (X)  23 -50  cm ' t  (weak .  ( l  H ) ;  nn r r
6  5 . 5  ( s ,  1 .  v i n y l  H )  a n d  1 6 . 5  ( s ,  l .  O H ) . 5 ,

r/-Campholyl-/-fencholylmethane. TItc ltrocerlurc usccl to s;.n-
thcsize H(dfnr) 'uvas usccl  to prrc l tare r i -cantphol l l -1- [e r rchol l , ln tcthune
fronr d-carnpl-rolylmetlranc (.3.6 g, 0.022 mol) ancl /-fencholl, l
ch lo r ide  (4 .1  g ,  0 .022  mo l ) .  The  p roduc t  (3 .4  g .  49n , , )  was  ob ta incc l
as a l ight  yc l low l iqLr ic l  ( t rp 12u 1,10" (0.05 Torr))  rv i rh nnrr  ancl  i r
spcctra i r rd ist inguishable f rom those of  r / -campholy l - r / - l 'enchol l , l -
mc thane .5 :

Tris[t1./-dicampholylmcthanato]europium(III) (S). To a 50-ntl
rouncl-Lrot tonrecl  l lask cc;uipped rv i th a nragnet ic st i r r ing l rar  ancl
n i t rogen in lct i i  rvas aclc led 0.55 g (1.73 mmol)  of  r / . ld icampl-ro ly l -
ntcthanc anr l  l5 n-r l  of  lnethanol .  Thc mixtr"r re was st i r recl  at  room
temperature unt i l  most  of  thc c l iketone had c l issolvecl ,  ancl  then
0.093 g (1.73 rnmol)  of  socJiunr methoxide in 7 ml of  rncthanol  was
addccl by cannulet. Stirring for 2 min resultecl in et clear, slightl-r
yel low solr" r t iorr .  F.uropium chlor ide hexhyclratc (0.21 g,  0.-5f l
mnrol; dissolved in 7 ml of methanol was transferred [ry' cannula
into the ver l , i l 'e l l  s t i r red enclatc solu l ion.  A yel low sol id l r recip i -
tated immediatc ly (somet imes in the form of  a s ingle st ick,v lump).' l 'hc 

mixture was v igorously st i r recl  for  2 hr ,  cooled to 0- ,  l i l terecl
wi th suct ion.  ancl  r insccl  wi th a smal l  amount of  cold methanol  to

(69) The alcohol ic  catalysts rcactccl  s lowly wi th thc acid chlor idc.
(70) Ilccausc thc ri-fcr.rchone starting material was optically impurc,

th is d ikctonc containecl  ca.  23 7i  of  / -campholy l -d- fcncholy l  ntethane.
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give a whi tc powcler  ancl  several  lunr l ts . i r  The powcler  was t l is-
solvecl  in pentane anci  centr i fuged to remove the insolr - rb le mater ia l ,
the solvent  rvas rcmoved under vacl lunr.  and thc resul t ing sol id was
clr iec l  i i t  100 (0.1 Torr t  for  -16 hr  and then crushecl  to g ive t t  ( { ) .26 g.
40 i , , )  as  a  f i t r c  l rowc ie r :  mp  222 .5  225 .0 '  [ r r ] ! ; o  0 .0  ( r '  5 . ( ) .
C C l r ) ;  i r  1 , 5 . 1 0  c r r  r ;  n n r r  o  - 0 . 3 t t , 0 . ( X ) ,  a n d  3 . 2 0  ( s . 3  e a c h .
C  CH, , )  and  1 .0 -5  ( c l .  3 .  . /  -  6  Hz ,  CHCH,T) .

Tris[r/.r1-dic:rm pholy lmethanato]holmium( I I I ) rv as sy n t hc s i zeci b1' a
yrroce c lurc analol i ( ) r . ls  to that  use c l  for  8 l iom -5.09 g (  l -5.9 lnnrol)  of
H(clcrrr )  anr i  l . (X) g ( - i .19 nrnrol )  of  holr r iunr t r ichlor i t lc  he rah1, 'drate.
Thc  p ro r iuc t  (1 .5  g ,76" , , )  was  a  wh i t c  amor l rhous  so l i t l  ;  n r l )  ( ' ( 1 .
250 .  A sanr l t le vu 'as pur i l ied for  analysis by l iact ional  r lo lecular
t l i s t i l l a t i o r r  ( 2 - s 0  2 7 0  ( 0 . 0 0 5  T o r r ) ) :  m ; : 2 6 1  2 ( r B ' ;  [ r r ] r r n  * J 0 . 1
( r '  1 0 .  C C I ' ) ;  r r  1 7 7 0  a r r d  l 7 l 0  c m - r ;  n m r  6  ( l - r r o a d )  - - 1 . 5  ( s t .  I . l
( m ) .  2 . 2  ( r n ) .  - 1 . 2  6 . 1 ,  a n d  9 . 6  I  I  . 9 . i !

Tr is [ r / . r / -d icampholy ' lmethanato]praseody'mium(I I I )  was s1 nthc-
s izer i  by 'a proccclurc arra logolrs to t l rat  uscr l  for  8 f rorn .1.20 g (  l0
mnro l )  o f  H ( t l cn r )  an r l  L l ( r  g  t l . l  n rn to l )  o f  p raseoc l_v r r i r . rn ' r  t r i ch lo -
r i t l e  l rep tah r t l ra t c .  

- l hc  
p roc luc t  (1 .16  g .  - l - l ' i , , )  \ \ ' as  i i  n r i n t  g recn

sol ic l .  A sanrplc w'as pur ihed for  analysis by '  f ract ional  nrolccular
c l i s t i l l a t i on  (190  210  (0 .00 i  

. f o r r ) ) :  
r rp  ca .  80  [ r r ]211r  +5 .1 .5

( c  2 . 0 .  C C l , ) ;  i r  ( b r o a d )  l 5 l 0 - 1 6 5 0  a n c l  1 5 0 5  c m  1 ;  n m r  6  - 0 . 1 5
(s .  CH, ) ,0 .6 - :  1 .1 .  . l  - -  6  Hz .  CHCHr ) .  anc i  0 .8  4 .6  (m.  i r roa r l ) . ; r

Tris[r/-campholl ' l trif luoroacetl ' lmeth:rnato]europium(ll l) ( I I ) u as
sl ,nt l resizer l  [ r1 a l l roccclure analogous to thzt t  Lrsed for  9 f lorn 3.6-1 g
(  10.0 mnrol)  of  r1-carnpholy ' l t r i l luoroacet l lmethane. I  l rc  cruclc
p roc luc t  (2 .2  g .  71 " , , )  r vas  pu r i l i ec l  f o r  e lemc t r ta l  : t na l l s i s  b r  f rac -
t i o n a l  n t o l c c u l a r  d i s t i l l a t i o n  ( 1 7 0  1 8 0  ( 0 . ( X ) - l  T o r r ) ) t o g i r c  l l  a s  a r r
amorphous  re l l ow  so l i r i :  r - l t p  ( ' 11 .  100  ;  [ r r ] ! {  o  *J ( r .8  ( r  l . ( ) .  C ' ( ' 1 , ) ;
i r  1 5 8 0  l 6 5 0 c r n  r ;  n m r  6  ( b r o a r l )  1 . 3 3  ( s ) .  l . J l  ( s ) .  a n t l  l . ( . - i  ( r r r ) . ; r

Tr is f / - fenchol l l t r i f luoro:rcet1 ' lmethanato]europium( I I I  t  t  l . t r  \ \ i ts
s l ,n thes izcc l  us t r rg  l t  l t r r t ccc l l t re  a l ta logou \  l t l  t l t i t t  L r : t r t l  l i r r ' 9  r t . r r t r r l g
r v i t h  l . l 2  g  ( - : . 0  n r r n t r l )  o f  / - f c n c h o l r l t r i l l L r o r r x r c c t r l n r e r l l l r e  .  T h e

l r r o r l u c t  ( 1 . 0  g . 6 - 5 " , , ) \ \ r t s  t t b t a i t r e d  a s  a  v i s c o u s  l c l l o r i  g l l r s s  l h l r t
so l ' l e r r c r l  l r e lo rv  an rb ien t  t cm l )c ra tL t re  :  [ a ]  : r t ,  9 . - i  ( r  l . - i .  (  (  I ' t .
i r  l 5 t l 0  l ( r ( r 0  c r l  ' :  t r t n r  o  ( l r r o a c l )  1 . 3 2 .  1 . 9  ] . ( ) .  r r r r t i  . l . l  i . l .
A t t cn t l r t s  l o  l t u r i f v  l 4  fo r  c l cmen ta l  ana l - r s i s  b1  t l c .  n ro l ce  u lu r  t l i : t r l -
l a t i on .  anc l  : u i r l i r na t ion  rcsu l tec l  i n  decoml - ros i t i on  o l ' t hc  chc l l r t c .

Tr is [6- t r i f luoroacct l ' l - / -methanato]europium(I I I  )  ( l l  )  \ \  i r \  \ \  11-
l l t e s i z e d  u s i n g  a  p r o c c r l u r c  a n a l o g o l l s  t o  t h a t  u s e t l  l i r r ' 9 l l r ' n t  L J 0  g
(  1 0.0 mrtro l  )  of  ( r - t r  i f l  uororre t  h l  lh l  droxl 'nr t : t  h y lcnc- i  -  nre rr  l  h orre .
T 'hc  l r roduc t  (1 .8  g .  ( r3  " , , 1  r vas  i so la ted  as : t  ye l l o r ' r '  g l l t : :  t i t l t t  . t r l ' t cnc t l

b e l o w  a r n l r i e n t  t e m l l e r a t l l r e  :  [ a ] r 1 D  - l - l l  ( r '  l . l .  (  (  I  r :  i r
l - 5 8 0  I  6 - 1 0  a u d  l T  l 0 c r l  r ;  n r n r  6  ( l r r o a c i )  -  2 . 2  t o  J . 5  ( n r  r .  \ t l c n r t ) t . ,
t o  pu r i l _ r  l 2  fo r  e lemcn lu l  ana l l s i s  [ r1 ' t l c .  rno lecu lu r  c l i s t i l l l r t i on .  un t l
subl inratron rcsul tcr i  in  r lcc i tnt l rosi t ion of  the c l te late.

Tris[r1-c:rmpholr' l-/-fencholl lmethanato]europium( l l l 1 ( 2 ) \\ a\ \,\ n-
thcs i ze r l  us r r tg  i t  p rocc t lu rc  ana logc l t t s  to  tha l  t t sc t l  f o r  9 l ' r o tn  ( ) . i i l J  u
(2 .73  n rn rc l l )  o f  r / - ca lnpho l - r l - / - f cncJ to l y ln tc t l t a r te .  T 'he  l t ro t i uc l .
(0 .62  g ,  ( r2 ' - , , 1  r . l as  a  v i \ cous  re l l ow  g lass :  [ r r ] : : ' o  -127 .8  ( r  5 . i .
CC ' l r ) :  i r  s i rn i l a r  to  6 ;  nn t r  0  0 . ' 1  2 .1  (L r roa t l  cnve lope) .  A  l r t , r c
samplc of  2 l i r r  e lenrent i t l  at r r i t l ls is  was obtainet l  b- ' r  l iact i t l t t l
mo lecu la r  c l i s t i l l a t ro r r  (2 (X)  250  (0 .01  Tor r ) ) .5 :

Tr is [ i -camphol l - l - / - lcnchol l ' lmethanato]europium( l  l l  ) 'nvas sy t - t the-
s izcd [ r r ,a l r roccclurc arr t t logot ts to t l rat  t rsccl  f t t r  9 f ronr l .6t  g ( -s.11-1

nrmol)  of  / -canrphol- i  l - i - fcrrchol l  lnrcthane. T 'he procluct  (  I  .  I  g.
( r0 " , , ;  was  a  v i scous  )e l l ow  g lass :  [ t r ] 20o  -39 .2  ( c  9 .3 ,  CCI ' ) ;
nnrr  uncl  i r  inc l is t ingr, r ishal t le f ront  2. ;2

Tr is[3-(  lcrr -but1 ' lhy droxymethylene)-r i -ca mphr-rrato]  praseodym-

iunr( I I l )  was prcparcr l  [ r )  a proccclurc atra logot ts to that  for  6 f ronr
l . 9 l  g  (B . l  n rn ro l )  o l '  H ( r -bhmc)  a t rd  l . (X )  g  (2 .7  n rn ro l )  o f  p raseo-

clymiurr t  t r ic l r lor ic le hcptahl 'c l rate .  Thc procluct  (  1.7-5 g,  76i11,)  was
pur i l iec l  by f iact ional  rnolecular  c i is t i l la t ior t  (150 200'  (0.01 I 'orr ) )
to g ive pure l r ror luct  as a l ight  grcen l towdcr:  sof tens at  145 l -50 .
becomes a c lear l iqr- r rc l  2-10 2.13 I  [a]2 i 'o f46.0" (c 3.5.  CCI ' ) ;
nmr  and  i r  s in r i l a r  to  6 . i 2

Tris[3-(r/-fencholyl) -rl-cam phorato]europium( | I l ) (4 ) was prclrarecl

l - ry a l r roceclurc analog()us t ( )  that  r" tsct l  for  6 l iont  2.-5 g ( t t .2 r t rnto l )  of
3-(r / - fcnchol)  l ) - r l -camphor.  Af tcr  pr-r r i l icat ion by rnole cular  d ist i l la-
t i o r r  (150-2 (n  (0 .01  T 'o r r ) ) ,2 .1  g (72" , , )  o f  4  was  ob ta ined  as  ye l l ow

neec l l es  tha t  co r " r l d  be  powdered :  mp  l l 3  l 15 "  ( so f tens  80  90 ' ) ;

[ . t ] " o  + 7 2 . 4  ( c  4 . 4 .  C C l r ) ;  i r  1 5 6 0  1 6 2 0  c m - t ;  n m r  6  0 . 6  1 . 9
( m ) . 5 2

Tris[3-(/-fencholyl )-r l-camphorato]europium(III)  (5) was s] 'nthc-

s izec l  us ing  t l rc  sarnc  l r rocec lu re  and sca le  as  tha t  fo r  4 .  T l - re  p roc luc t

(71)  Thc  ac t iv i t y  o f  thcsc  lu r .nps  as  a  sh i f t  rcagcnt  was  s l igh t ly  in fc r io r
to  thc  res t  o f  thc  p rec ip i t i t t c ,  anc l  thc  lumps cou lc l  bc  scpar i t t cc l  t l c -

c h a n i c a l l y  a t  t h i s  l r o i r t t .

Whitesides, er al. f Deterrnination of'Enuntiomeric Purit.t'
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( 1 . 9  g .  6 - 5 " , , )  w a s  a  _ l ' c l l o r v  g l a s s :  r t t p  l l 2 - l l l  ( s o f t c r r s  a t  8 0  ) ;
[ o ] : i r>  I  57  .4  ( r '  . l . t l .  ( ' ( ' l  r ) :  nn r r  unc l  i r  i c l en t i ca l  w i th  4 . i  i

' I ' r is [ / . / -d i fencholplmeth:rnatoleuropium(l l l )  (7) .  Thc proccdurc
ruser l  to s1 nthesize I  r , r 'as Lrser l .  rv i t l r  thc fo l lowing except ions.  to
prepare th is nrater ia l  f ronr 2.63 g (8.24 nrrnol)  of  f . i -d i fenclro l l ' l -
nrcthanc.  

- f  
he rcact ior t  nr ix turc was c l i lu ted wi th 20 nr l  of  icc \ \ 'a lcr

ancl  l i l lerecl  wi th suct ion at  0 ' .  The gr-rmm1'resic lue was dr iecl  for
(r  hr  at  20'  (0.1 - forr)  

ancl  c l issolvccl  in et l rcr ,  ancl  the insolLrblc sol ic l
was;  removcr l  [ ry '  centr i f r " rgat iorr .  Af ter  removing the ether at  re-
c l r rcecl  l l ressure.  thc yel lo lv"  o i l l  crLrde procluct  was pur i l iec l  b,r  f rac-
t i onu l  c i i s t i l l a t i on  (2 (n  2 -50"  (0 .01  Tor r ) )  L rs i r rg  e r  f ) r ) ' l ce  acc tone
c o l l e c t i n g  l i n g c r  1 o  g i v c  a  l i g h t  y e l l o w  g l a s s  ( 1 . 3  g . 4 3 1 , , )  t h a t  s o f t -
cnci l  t rc lovr  2-5 .  An arra lyt ical  sample was fur ther pLrr i l iec l  b1 '
f racl ionrr l  molecular  c l is t i l lzr t ion (  I  B0 250 "  (0.01 

- I 'orr )  
)  :  [ r r ]2 i 'n

-  I  8 .8  ( r '  5 . t1 .  C 'C l , ) ;  i r  I  575  cm 1 ;  nmr  6  0 .7  2 .0 . : ' ' )
Tris[r1-campholyl-r/-fencholylmcthanato]europium(III ) (3) rvas s]'n-

thesizccl  using a proccclure analogous 1o that  for  7.  
- l 'he 

procluct
(1 .6  g ,  -52 f  ; , )  wa-s  a  v i scous  ye l l ow  g lass :  [a ]2 ;o  +33 .6 '  ( c  1 .4^
CCI ' ) ;  nmr ancl  i r  indist ingLr ishable f rom 2.5:

Tris[d,/-difcncholylmethrnato]europium( tr II ) was s1'nt lrcsi zerl us i n g
thc sanre proceclurc ancl  scale as t l rat  for  7 .  The proclucl  (  I  . .1 g,
461. i , .  [ r .v ]25n -5.2 '  (c 9.6.  CCI ' ) )  had physical  ancl  spcctroscol- r ic
p roper t i es  s im i l i i r  t o  those  o f  7 .52

'I 'ris[2-trif luoroacetyl-r1-dihydrolanosteronato]europium(III) (I3).
Cu. 0.45 g of  2- t r i f luoroaccty ' l - r1-c l ihycl ro lanostcrone (as an orange
oi l )  was c l issolvecl  in 5 ml of  ether ancl  shaken rv i th 2 nr l  of  l0 l ; ,
aqueous socl ium l ryc l roxic le.  Then 2 ml of  101, ,  aqueous tsaCl l

solut ion was aclc lecl  anr l  the solut ion was again shaken. The mrx-
t r r r c  uAs  s to rec t  ove rn igh t  a t  0 ' .  anc l  t hc  resL r l t i ng  r vh i te  p rec i l l i t a te
of  thc bar ium chelate was separated by l i l t rat ion.  washecl  wi t l ' r
d ist i l led water.  ancl  v 'n 'asl rer l  rv i th a snral l  port iorr  of  methanol .  The
dr iecl  whi te powcle r  har l  mp cu.26O' ' .  sof tening at  215 .

To a -50-rnl .  rourrr l - t rot tomcd, f lask eclr - r i1-rped wi th magnet ic st i r -
r ing bar ancl  n i t rogen in let  was acldecl  0.30 g (0.26 mmol)  of  b is-

[2- t r i f iuoroacetr l - r / -d ih1'c l ro lanosteronato]bar ium(l l )  and 0.063 g
(0.17 rnrnol)  of  cr . r ro l - r ium tr ichlor ide hexahydrate.  l ' l ie  l lask was
l lLrshccl  u i th nr t roge n ancl  30 nr l  of  ethanol  was aclc lecl .  The ethanol
solut ion was l rcater l  to 70" ancl  v igorously st i r red for  I  hr  to g ive a
pale 1 'e l low'  solut ion anr l  a whi te prccip i tate.  This mixture was
coolecl  to 0 ' .  f  i l tcrecl  to remove the precip i tated bar ium chlor ic le.
d i lutecl  wi th -10 r-n l  of  water .  and extractecl  wi th pentane.  Tl re
combiner l  l )entane extracts were washecl  once wi th water,  con-
centratet l .  anr l  r l r iec l  for  24 hr  at  100" (0.01 Torr)  to g ive 0.2 g of
the  p roduc t  as  a  b r igh t  ye l l ow  so l i t l :  mp  ca .  ? -20" ;  i r  ( s t rong)  l 6 l0
cm r ;  nmr 6 -  I  to *4 (broad envelope) ( resembl ing the parent
l i gand)  anc l0 .8  (m) .

A r ru l .  Ca lc t l  f o r  C , ,oH l rEuF lOc :  C ,  67 .14  H .  8 .46 .  Founc l :
C.  66.7-5;  H.  | t . .16.
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