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LANTHANIDES I N  ORGANIC SYNTHESIS 

N icho las  R.  Nata le  

Department o f  Chemistry 
U n i v e r s i t y  of Idaho, MOSCOW, I D  83843 

I. INTRODUCTION 

The b u l k  of t h e  w o r l d ' s  supp ly  o f  t h e  r a r e  e a r t h  o r  l an than ide  

elements are e x t r a c t e d  f rom an i n t r u s i v e  igneous c a r b o n a t i t e  orebody i n  

Mountain Pass, C a l i f o r n i a  which con ta ins  twe lve  percent  o f  a nonradio- 

a c t i v e  r a r e  e a r t h  f l uoca rbona te  m ine ra l  , b a s t n a s i t e . 1  

f a m i l i a r  uses which i n c l u d e  europium phosphors i n  t e l e v i s i o n  screens, 

samarium-al loys i n  magnets,* and severa l  a p p l i c a t i o n s  i n  c a t a l y s i s . 3  

Lanthanides have 

The u t i l i t y  o f  t h e  l an than ide  elements as reagents  i n  syn thes i s  

has o n l y  r e c e n t l y  been apprec ia ted  by o rgan ic  chemists.  

years, t h e r e  has been an exp los ion  i n  t h e  number o f  r e p o r t s  on t h e  use o f  

l an than ides  t o  mediate o rgan ic  r e a c t i o n s .  I n  l a r g e  p a r t  t h i s  i s  due t o  

t h e  p ioneer ing  e f f o r t s  o f  Kagan and Luche. The usefu lness  o f  t h e  methods 

developed by  these and o t h e r  groups i s  evidenced by  t h e  number o f  

c i  t a t  i ons wh i ch have r api d l  y appeared. 

I n  t h e  pas t  few 

The lan than ides  are  f a m i l i a r  t o  every  o rgan ic  chemist  as NMR s h i f t  

reagents.4 Another commonly used lan than ide  based methodology i s  

i n  cer ium( I V )  ox ida t i ons .5  These aspects o f  l a n t h a n i d e  chemis t r y  

been reviewed elsewhere and w i l l  no t  be discussed here.  Th is  r e v  1 

focus on t h e  r a t h e r  e x c i t i n g  chemis t r y  i n v o l v i n g  t h e  l an than ide  (11) and 

(111) o x i d a t i o n  s ta tes ,  as w e l l  as o rgano lan than ide  chemis t r y  o f  p a r t i -  

c u l a r  i n t e r e s t  t o  t h e  s y n t h e t i c  o rgan ic  chemist. 

found 

have 

ew w i  
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NATALE 

T h i s  review, which covers t h e  l i t e r a t u r e  t o  e a r l y  1983, i n tends  t o  

convey t h e  heightened i n t e r e s t  o f  s y n t h e t i c  chemists upon t h e  d i scove ry  

and e x p l o r a t i o n  o f  a new area o f  o rgan ic  methodology. 

11. LANTHANIDE( 11) REAGENTS 

I n  t h e  l an than ide  (11)  o x i d a t i o n  s ta te ,  t h e  usual  d r i v i n g  f o r c e  

f o r  r e a c t i o n s  i s  e l e c t r o n  t r a n s f e r  t o  g i v e  t h e  l an than ide  (111) species, 

hence t h e  use o f  l an than ide  (11)  reagents  i n v o l v e  reduc t i ons  and reduc- 

t i v e  coup l i ngs .  Samarium i s  perhaps t h e  bes t  cand ida te  f o r  r e a c t i o n s  o f  

t h i s  t ype  because o f  i t s  r e d u c t i o n  p o t e n t i a l ,  among t h e  h ighes t  known f o r  

species s o l u b l e  i n  o rgan ic  media: Eo aq Sm2+/Sm3+ = - 1.55 V.31 

1 .  E l e c t r o n  Trans fer  Reduct ions 

An e a r l y  example o f  t h e  use o f  t h e  l an than ide  (11) was t h e  r e p o r t  

o f  t h e  r e d u c t i o n  o f  i s o n i c o t i n i c  a c i d  t o  i s o n i c o t i n a l  (Eq. l ) ,  and t h e  

p r e l i m i n a r y  r e p o r t  t h a t  t h e  corresponding p y r i d i n i u m  s a l t  was reduced t o  

i t s  " d i  hydro" d e r i v a t i v e ,  which was n o t  compl e t e l  y char a c t e r i  zed .6 

White and Larson subsequent ly repo r ted  an example o f  a l an than ide  

(11)  B i r c h  reduc t i on  system w i t h  y t t e r b i u m  i n  l i q u i d  ammonia, which p re -  

sumably proceeds - v i a  t h e  y t t e r b i u m  ( I I ) . 7  

rep resen ts  a use fu l  reduc ing  agent whose potency resembles t h a t  o f  t h e  

a l k a l i  meta l  s o l u t i o n s .  Thus, a n i s o l e  i s  reduced t o  l-methoxy-1,4-cyclo- 

hexadiene (Eq. 2 ) ,  benzoic ac id  t o  1,4-dihydrobenzoic ac id  (Eq. 3 )  and 

4-octyne t o  t rans-4-octene (Eq. 4 ) .  

The ytterbium-ammonia system 

6 Yb, NH3 6 
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con ta  

cases 

--f f= 

Yb, NH3 - 
Yb, NH3 

_____) v 

1. Yb,NH3 - 
2. Cr03 

88 12 

Yb’ NH3 Lh 
1,4-Enones undergo con jugate  r e d u c t i o n  (Eq. 5 )  , which i n v a r i a b l y  

I n  these ned m i x t u r e s  o f  ketones and t h e  cor respond ing  a lcoho ls .  

t h e  crude r e a c t i o n  m ix tu res  were t r e a t e d  w i t h  Jones reagent t o  

f a c i l i t a t e  t h e  i s o l a t i o n  o f  t h e  r e s u l t a n t  ketone f rom t h e  r e a c t i o n  

m ix tu re .  I n  add i t i on ,  two no tewor thy  examples were t h e  hydrogenat ion o f  

c e r t a i n  r e a c t i v e  alkenes ( E q .  6)  and t h e  d i m e r i z a t i o n  o f  cholest-4-en-3- 

one i n  t h e  absence o f  ethanol  ( E q .  8); t h e  l a t t e r  compound underwent 

con jugate  r e d u c t i o n  i n  t h e  presence o f  e thano l ,  a f t e r  o x i d a t i v e  work-up 

(Eq.  7 ) .  
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K ag an 

s amar 

t h e i r  

\’ Yb, NH5 

The u t i l i t y  o f  l a n t h a n i d e ( I 1 )  reagents  was g r e a t l y  expanded 

who developed a convenient and h i g h  y i e l d  p r e p a r a t i o n  o f  

um(I1) o r  y t t e r b i u m ( I 1 )  i n  THF so lu t i ons .8  These workers amp1 f i e d  

i n i t i a l  r e p o r t  by  severa l  i n t e r e s t i n g  and u s e f u l  f u n c t i o n a l  group 

t rans fo rma t ions  c a r r i e d  o u t  on a p r e p a r a t i v e  sca le  (Scheme I ) .  Thus 

epoxides are deoxygenated t o  alkenes (Eq. 9 )  and s u l f o x i d e s  deoxygenated 

t o  s u l f i d e s  (Eq. 10 ) .  A l k y l  h a l i d e s  and s u l f o n a t e  e s t e r s  a re  reduced t o  

hydrocarbons (Eq. 11) and benzyl  h a l i d e s  d imer i ze  (Eq. 12).  Aldehydes are  

reduced r a p i d l y  (Eq. 13) , and a,@-unsaturated e s t e r s  undergo con jugate  

r e d u c t i o n  (Eq. 14) t o  t h e  cor respond ing  sa tu ra ted  es ters .9a  

I n  a v e r y  recen t  r e p o r t ,  Kagan has observed t h a t  aromat ic im ines  

and n i t r o  groups are reduced t o  amines (Eq. 84 and 86).9b Oximes (Eq. 

85) g i v e  complex mix tu res ,  t h e  mechanism i s  n o t  y e t  e l ~ c i d a t e d . ~ ~  

Other i n v e s t i g a t o r s  have app l i ed  t h i s  reagent  as a u s e f u l  one- 

e l e c t r o n  t r a n s f e r  reagent .  

d i i od i de t o  se 1 e c t  i v e l  y d e p r o t  e c t  N-c h 1 oroc  ar bon a t  es and x an t h a te  s . l o  
The 2-ch lo roe thy lcarbamate  (Eq. 15)  was r e s i s t a n t  t o  Zn-AcOH, C r C l z - H C l  , 

t r i - n - b u t y l t i n  - hydride-AIBN and Zn-H20-THF-aquo-vitamin 812 b u t  was 

c l e a n l y  reduced t o  t h e  amine w i t h  samarium d i i o d i d e  i n  70% y i e l d .  The 

genera t i on  o f  r a d i c a l s  f o r  f ragmen ta t i on  o f  s t e r o i d a l  l l a - x a n t h a t e s  t o  

seco-s te ro ids  was a l so  s t u d i e d  b y  Magnus. 

Thus Magnus and coworkers u t i l i z e d  samarium 

Whi le t r i - n - b u t y l t i n  h y d r i d e  

39 2 
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Scheme I .  Elec t ron  Transfer  Reduction w i t h  Samarium Di iod ide.  

Equa t i on S t a r t  i ng Ma t e r  i a 1 Product Reference 

9 

10 

11 

12 

13 

14 

84 

85 

86 

- 9c4 *#A.J 
H C4H9-n 

Ph2S=0 

CH3( CH2) 1 OCH20Ts 

PhCH2Br 

CH3( CH2)6CHO 

PhCH=CHCOZEt 

P hCH=NP h 

PhCH=NOH 

n-HgC4 

Q 
9a 

C4Hg-n 

Ph2S 9 a  

CH3(CH2)1 OCH3 9 a  

PhCHzCH2Ph 9 a  

CH3 ( CH2) 6CH2OH 9 a  

PhCH2CH2C02Et 9a 

PhCH2NHPh 9b 

PhCH(NH2)CH2Ph (75) 9b 

PhCH2NH2CH2Ph (25) 

m-NCC6H4NHZ 9b 

SmI 
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NATALE 

gave a 1 : l  m i x t u r e  o f  d e s i r e d  seco-s te ro id  and r e d u c t i o n  by-product (Eq. 

16), samarium d i i o d i d e  gave seco-s te ro id  i n  88% y i e l d  w i t h  no de tec tab le  

r e d u c t i o n  by-product.  

i soxazoles t o  enamino ketones f u r t h e r  i 1 l u s t r a t e s  t h e  use fu lness  o f  t h i s  

reagent (Eq. 17) .I1 

A recen t  r e p o r t  on t h e  r e d u c t i v e  r i n g  opening o f  

SmI7 (17)  

I n  one example, t h e  bromoisoxazole shown i n  Eq. 18 underwent p re -  

dominant "halogen-1 anthanide" exchange. 

w i t h  e l e c t r o p h i l e s  leads t o  a m i x t u r e  o f  dimer and o f  t h e  des i red  produc t  

(Eq. 18) .  T h i s  method f o r  carbon-carbon bond fo rma t ion  r e q u i r e s  v e r y  

c a r e f u l l y  c o n t r o l  l e d  exper imental  c o n d i t i o n s  t o  min imize  r e d u c t i v e  r i n g  

opening and dimer f o r m a t i o n . l l b  

I n  f u r t h e r  s tud ies ,  t r a p p i n g  

ifi+ H3C' A 'gH1 3 -c S m I  2 /%OH (18)  

"3' 'gH13 

Reduct ion o f  su l  fone ke to -es te rs  w i t h  samari um d i  i o d i d e  was 

attempted by T r o s t  t o  s tudy  t h e  ca rban ion ic  behav io r  o f  t h e  i n c i p i e n t  

nuc leoph i l e ;  however, no f r u i t f u l  r e s u l t s  were ob ta ined.  The r e a c t i o n  

dep ic ted  (Eq. 19) d i d  proceed w i t h  l i t h i u m  phenanthrenide i n  a p r o t i c  

medi a.17 Two groups have repo r ted  t h e  p r e p a r a t i o n  o f  o rgan ic -so l  ub le  
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d i v a l e n t  samarium d e r i v a t i v e s  which h o l d  much promise o f  f u t u r e  develop- 

ment as s y n t h e t i c  reagents .  Kagan r e p o r t s  s imple l i g a n d  meta thes is  w i t h  

samarium d i i o d i d e  and sodium cyc lopentad ien ide  ( c p )  t o  g i v e  bis(cp)Sm 

( E q .  20),8b as i t s  bis-THF-adduct. 

O N a  + Sm12 Sm 

Evans u t i l i z e d  meta l  vapor techniques t o  p repare  bis(pentamethy1- 

cyc lopen tad ieny l )  samarium (Eq. 21), which cou ld  be c r y s t a l l i z e d  and was 

found by  X-ray s tud ies  t o  be a bis-THF adduct. It reac ted  r a p i d l y  w i t h  

CO, NO, 3-hexyne, HgR2 and Co(PR3)4 t o  form t r i v a l e n t  p roduc ts .  

adduct a l so  i n i t i a t e d  t h e  po lymer i za t i on  o f  e thy lene  and func t i oned  as a 

c a t a l y s t  p recursor  f o r  c a t a l y t i c  hydrogenat ion of 3-hexyne t o  >99% - c i s - 3 -  

hexene under m i l d  cond i t i ons .47  

The same 

2. Carbon-Carbon Bond Formation a Reduct ive Coupl ing 

D i v a l e n t  Grignard t y p e  reagents w i t h  l an than ide  elements was f i r s t  

repo r ted  by Evans (Eq.  22).12a Per f luorocarbon o rgan ic  l an than ide  

Ph-I  + Yb Ph-Yb-I + PhCOPh + Ph3COH (22) 
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reagents  were prepared b y  Deacon by  t r a n s m e t a l a t i o n  f rom ( R F ) ~ H ~  and 

y t t e r b i  um met a1 . 12b 

Reduct ive  coup l i ngs  have a l so  been accomplished w i t h  cer ium 

reagent  systems (Eq. 23)12C and w i t h  d io rgano y t t e r b i u m  reagents  (Eq. 

241. 12d 

‘-1 + h 0 Z E t  - Ce-Hg ‘1.;;.‘. (23) 

(Ph(CH2)2)2Yb + PhCHO PhCH2CH2CH(OH)Ph 

Kagan has exp lo red  i n  some d e t a i l  t h e  l an than ide -Barb ie r  

reac t i on .9  Because o f  t h e  s lugg ish  r e d u c t i o n  o f  ketones, a d d i t i o n  o f  

ketone and h a l i d e  t o  a s o l u t i o n  o f  samarium d i i o d i d e  g i ves  t h e  coup l i ng  

produc t  i n  e x c e l l e n t  y i e l d s  on a p r e p a r a t i v e  s c a l e  (Eq. 25). A l i p h a t i c  

aldehydes can be coupled w i t h  a l l y l i c  o r  b e n z y l i c  h a l i d e s  (Eq. 26).13 

The r e a c t i o n  proceeds v e r y  r a p i d l y ,  u s u a l l y  i n  minutes.  Compl ica t ions  
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such as t h e  Meerwein-Ponndorf-Verley reduc t i on ,  a r i s e  w i t h  l e s s  r e a c t i v e  

h a l i d e s  and aromat ic aldehydes g i v e  p inaco ls .  I n  f a c t ,  i n  t h e  absence 

of ha l i de ,  aromat ic aldehydes and ketones g i v e  p i n a c o l s  i n  e x c e l l e n t  

y i e l d s  ( E q .  27);15a t h i s  r e a c t i o n  can a l so  be accomplished w i t h  cer ium 

and i 0 d i n e . 1 5 ~  

HO OH 
\ I  

H3C CH3 

Sm12 - Ph-C-C-Ph 
I t  

2 PhCOCH3 

Ac id  c h l o r i d e s  couple r e a d i l y  t o  y i e l d  a -d ike tones  i n  t h e  presence o f  

samarium d i i o d i d e  (Eq. 28) .14a Trapping s t u d i e s  i n d i c a t e  t h a t  t h i s  

r e a c t i o n  proceeds - v i a  acy l  anion  intermediate^.^^^ 

S m I  

2 PhCOCl - PhCOCOPh 

3. Mechan is t i c  S tud ies  

Kagan's e x p l o r a t i o n  o f  t h e  mechanism o f  samarium d i i o d i d e  

r e a c t i o n s  has p r i m a r i l y  focused on t h e  i s o l a t i o n  o f  p roduc ts  cons is ten t  

w i t h  f r e e - r a d i c a l  and r a d i c a l - a n i o n  in te rmed i  ates.16 

Thus h a l i d e  r e d u c t i o n  i s  l i k e l y  t o  proceed by t h e  Scheme below 

RX t Sm2+ 4 R X ~  + sm3+ 

R X I  - R' + X- 

3+ R' + Sm2+ - R- + Sm 

R' + SH RH + S' 

R- + SH - RH + s- 
SH = so l ven ts  
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NATALE 

The d i m e r i z a t i o n  o f  b e n z y l i c  h a l i d e s  can be exp la ined b y  p o s t u l a t -  

i n g  t h e  fo rma t ion  o f  s t a b l e  r a d i c a l s  which can d i f f u s e  o u t s i d e  t h e  coor -  

d i n a t i o n  sphere o f  samarium. Another hypothes is  i n v o l v e s  t h e  genera t i on  

o f  carbanions t h a t  are s u f f i c i e n t l y  s t a b l e  and abundant f o r  f u r t h e r  

r e a c t i o n  w i t h  unreacted ha1 ides .  

I n  t h e  r e d u c t i o n  o f  2-octanone, smal l  amounts o f  t h e  p i n a c o l  as 

w e l l  as an adduct w i t h  t h e  so l ven t  adduct w i t h  THF (Eq. 29) a re  detected, 

again, suppor t i ng  t h e  presence o f  k e t y l  r a d i c a l  anions. 

Hi) 

When c o u p l i n g  r e a c t i o n s  are c a r r i e d  o u t  i n  t h e  presence o f  t h e  

r a d i c a l  t rap ,  l-bromo-5-hexene, t h e  c y c l i z a t i o n  p roduc t  (Eq. 30) i s  

observed, t hus  suggest ing t h a t  a r a d i c a l  species was i n v o l v e d  d u r i n g  t h e  

course o f  t h e  r e a c t i o n .  O p t i c a l l y  a c t i v e  2-bromooctane r e a c t s  w i t h  

cyclohexanone a t  room tempera ture  t o  g i v e  racemic t e r t i a r y  a l coho l .  

r e s u l t  i s  expected, a t  t h i s  temperature, i f  r a d i c a l s  and/or carban ions  

are i nvo l ved .  

ca ta l yzed  deoxygenation o f  carbony l  compounds suggested t h a t  t h e  assumed 

produc ts  a r i s e  f rom d i r a d i c a l s ,  a l though no d e t a i l s  on t h e  o rgan ic  

p roduc ts  were provided.29 From t h e  p o i n t  o f  v iew o f  s y n t h e t i c  u t i l i t y ,  

t h i s  r e s u l t  appears wor thy  o f  r e i n v e s t i g a t i o n .  

T h i s  

A l a s e r  f l uo rescence  mechan is t i c  s tudy  o f  l a n t h a n i d e  
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LANTHANIDES I N  ORGANIC SYNTHESIS 

Al though an o v e r a l l  p i c t u r e  o f  t h e  mechanisms i s  g r a d u a l l y  emerg- 

ing ,  more mechan is t i c  s t u d i e s  w i l l  be necessary t o  f u l l y  e x p l a i n  t h e  

r e a c t i v i t y  of samarium d i i o d i d e .  

c o o r d i n a t i o n  o f  Sm( 11) and Sm( 111) d e r i v a t i v e s  p l a y  i n  promot ing se lec-  

t i v e  t rans fo rma t ions .  

111. LANTHANIDE( 111) REAGENTS 

E s p e c i a l l y  i n t r i g u i n g  i s  t h e  r o l e  t h a t  

One o f  t h e  e a r l i e s t  obse rva t i ons  o f  t h e  s y n t h e t i c  u t i l i t y  o f  

l a n t h a n i d e ( I I 1 )  a d d i t i o n s  was t h e  r e p o r t  o f  P r a t t  on t h e  r e g i o s e l e c t i v e  

a d d i t i o n  o f  - p - t o l u i d i n e  t o  t h e  6 - p o s i t i o n  o f  5,8-quinol inequinone (eq. 

87) .  Th is  r e a c t i o n  i n  t h e  absence o f  l an than ide  a d d i t i v e  g i ves  about a 

1 :I mix tu re  o f  regioisomers.18a 

!C1 

Another s y n t h e t i c  a p p l i c a t i o n  o f  l an than ides  was t h e  r e p o r t  o f  

T r o s t  on t h e  rearrangement o f  epoxides t o  sp i roke tones  ca ta l yzed  by s h i f t  

reagents (Eq. 31) . l a b  Since t h a t  r e p o r t ,  numerous o t h e r  a p p l i c a t i o n s  

0 
Eu ( f o d  ) &/++a - & (31) 

which t a k e  advantage o f  t h e  Lewis a c i d i t y  o f  l a n t h a n i d e ( I I 1 )  compounds, 

have been discovered. M o r r i l l  has repo r ted  t h a t  s h i f t  reagents  c a t a l y z e  

t h e  D ie l s -A lde r  r e a c t i o n  shown (Eq. 32) .18C 
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NATALE 

1. 1,2-Reduction o f  Enones 

The reduc t i on  of cyclopentenone w i t h  sodium borohydr ide i s  u s u a l l y  

complicated b y  over- reduct ion t o  cyclopentanol .  

have found t h a t  lanthanide( 111) add i t i ves  change t h e  course o f  t h i s  reac- 

t i o n  i n  a s i g n i f i c a n t  manner; f o r  example t h e  r e a c t i o n  i n  methanol 

proceeds r a p i d l y  t o  g i ve  1,2-reduction i n  h igh  y ie ld .19 The e f f i c i e n c y  

o f  t h i s  reagent system has allowed widespread a p p l i c a t i o n  as an a l l y l i c  

a lcohol  preparat ion (Eq. 33). 

Luche and co-workers 

Add i t i ve  % % 

none --- 100 

CeCl3 97 3 

SmCl3 94 6 

YbC13 93 7 

Luche and Gemal proposed t h e  mechanist ic i n t e r p r e t a t i o n  shown i n  Eq. 34, 

\ /OR \ I 
RO 

R-o-. . . . . .B- H . .  . . . . . . . . C  = O . .  . . . . .H-OR 4 H-C - OH (34) 

in3+ k I 
OR 

which takes i n t o  account bo th  t h e  a c t i v e  reducing species o f  t r imethoxy-  

borohydr ide and t h e  e f f e c t  o f  t h e  lanthanide cat i0n.~0,24 The r a t i o n a l e  

i s  also i n  accordance w i t h  t h e  Hard and S o f t  Acid and Base theo ry  (HSAB). 

It appears t h a t  i n v e s t i g a t i o n s  i n t o  t h e  known lanthanlde borohydr ides 

could a lso be f r u i t f u l . 4 6  
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LANTHANIDES I N  ORGANIC SYNTHESIS 

J e f f o r d  and coworkers r e p o r t  t h e  1,2-reduction o f  3,3-dimethyl- 

cyclopentenone (Eq. 35).32 The h igh y i e l d  (90-93%) and h igh p u r i t y  o f  

t h e  product obtained were c i t e d  as advantages by t h e  authors. 

I n  a t o t a l  synthes is  o f  ( - )  d ic tyo lene,  Greene has repor ted t h e  

s e l e c t i v e  reduc t i on  o f  t h e  enone lac tone  below (Eq. 36) occurred r e g i o -  

s e l e c t i v e l y  t o  g i ve  t h e  a l l y l i c  a lcohol  lactone. The stereochemistry 

here was no t  an important issue as t h e  next s tep was e l i m i n a t i o n  t o  t h e  

diene lactone.33 Greene has also used t h i s  method f o r  a synthes is  o f  

prostaglandin PGF2,. 

C-15 epimers (Eq. 37).34 

Reduction o f  t h e  carbonyl provided a 1:l m ix tu re  o f  

AcOi (CH CO Me 
(37) 

2 )3  

‘gH1 1 

CeC13-NaBH4 

- Si 
0 % -Si, 

% 
I n  h i s  syntheses o f  f l u o r i n a t e d  analogs o f  prostaglandins (Eq. 

38), Grieco has u t i l i z e d  t h i s  e f f i c i e n t  1,2-reduction and obtained a 1: l  

m ix tu re  o f  epimers, as determined by u l t i m a t e  t ransformat ion t o  

(*)-1Oa-fluoroprostaglandin Fpa methyl es te r  and i t s  C-15 epimer.35 
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NATALE 

L 5 H l l  THP; - 1  OH 

I n  an analogous p r e p a r a t i o n  o f  14 - f l uo ro  p ros tag land in  FzO! methy l  

es te rs ,  r e d u c t i o n  of t h e  i n t e r m e d i a t e  f luoroenone gave a 1 : l  m i x t u r e  o f  

a l l y l i c  a lcoho l  i n  95% y i e l d  which were r e a d i l y  separable by  chromato- 

graphy (Eq. 39) .  The a l l y l i c  a l coho ls  were e v e n t u a l l y  conver ted  t o  14- 

f l u o r o p r o s t a g l a n d i n  PGF2, methy l  e s t e r  and i t s  C-15 epimer.36 

O J  
Smith has a lso  exp 

r e d u c t i o n  o f  t h e  enone wh 

0 

ored  t h e  s te reochemis t ry  o f  t h e  NaBH4/CeC13 

ch a f fo rded  a s i n g l e  a l l y l i c  a lcoho l  (Eq. 40). 

OH 

CeCl - 3-NaBH4 E t  & 
(40) 

EtO H 

E tO 

E t O  H 
Reduct ion o f  t h e  enone gave r i s e  t o  a s i n g l e  a l l y l i c  a l coho l .  

A1 though t h e  same stereochemical  outcome was ob ta ined  w i t h  DIBAL/toluene, 

t h e  1 anthanide-medi ated bo rohydr ide  procedure was s t a t e d  t o  be cons ider -  

a b l y  more convenient .37 F u r t h e r  suppor t  o f  t h e  p r e d i c t e d  stereochemical  

outcome has been repo r ted  b y  Smith and t h e  i d e n t i t y  o f  t h e  produc t  

a lcoho l  was proven by  eventual  t r a n s f o r m a t i o n  t o  methylenomycin-A (Eq. 

41 ) .37 
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LANTHANIDES I N  O R G A N I C  SYNTHESIS 

The Luche procedure was used t o  prepare epi-pentenomycins I ,  I 1  and 

I 1 1  from a common in te rmed ia te  (Eq. 42) (R=H b e l 0 w ) . * ~ ~ ~ 8  

(42) 
CeCl 3-NaBH4 & OR - 

R = t_-BuMe2Si- o r  Ac- 

Smith has r e c e n t l y  accomplished t w o  very  s e l e c t i v e  examples o f  t h e  

Luche reduc t i on .  I n  t h e  t o t a l  syn thes i s  o f  casbene (eq. 88) and a 

s y n t h e t i c  approach t o  b e r t y a d i n o l  (eq. 89).  Both i l l u s t r a t e  use fu l  

f u n c t i o n a l  group s e l e c t i v i t y .  D i t h i a n e  and phosphonate groups are s t a b l e  

under t h e  r e a c t i o n  c o n d i t i ~ n s . ~ o  

n 

0 

CeCl 3-NaBH4 - 
-2OO 

'* 'f, / 
AcO 
( E t O )  2P 
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NATALE 

Wender u t i l i * z e d  t h e  NaBH4/CeC13 procedure w i th  success i n  a t o t a l  

syn thes i s  of  ( i ) - i s a b e l i n  (Eq. 43).  

was impor tan t  as i n t r a m o l e c u l a r  l a c t o n e  fo rma t ion  was t h e  nex t  s tep  i n  

t h e  sequence. Borohydr ide alone i n  t h i s  r e a c t i o n  gave l a r g e l y  a l a c t o n e  

a r i s i n g  f rom 1,4-fol lowed b y  1,2-hydride add i t ion .62  

The s te reochemis t r y  o f  t h e  r e d u c t i o n  

I n  a s tudy  o f  n o r d i t e r p e n o i d  d i  a1 actones, Hayashi and Matsumoto63 

observed t h e  s e l e c t i v e  l Y 2 - r e d u c t i o n  o f  an a,B-unsaturated hemi-ketal  i n  

t h e  presence o f  bo th  sa tu ra ted  and unsatura ted  l ac tones .  The epimers 

were ob ta ined i n  a 1 : l  r a t i o  (Eq. 44) .  

CeCl 
(44)  

0 
Reduct ion o f  t h e  enone shown i n  Eq. 45 succeeded w i t h  t h e  Luche 

procedure, w h i l e  i t  f a i l e d  w i t h  DIBAL, 9-BBN and L - s e l e c t r i d e .  The produc t  

cons i s ted  o f  a t  l e a s t  a 4 : l  r a t i o  o f  epimers, wi th t h e  major p roduc t  

shown below.64 
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LANTHANIDES I N  ORGANIC SYNTHESIS 

O+ CeCl - y k k L (  3-NaBH4 
(45) 

The syn thes i s  o f  A -no rv iny la l l enes  r e l a t e d  t o  v i t a m i n 4  r e q u i r e d  

1,2-reduction as a key s tep  (Eq. 46) .  Okamura observed t h a t  w h i l e  t h i s  

cou ld  be s u c c e s s f u l l y  accomplished by t h e  Luche method, r e d u c t i o n  i n  t h e  

absence o f  CeC13 r e s u l t e d  i n  apparent carbon-carbon double bond 

r e d u c t i o n  ,41 

CeCl 3-NaBH4 . - .  ' S O  '& OH 

Weinreb has made use o f  t h e  Luche procedure t o  reduce an enone i n  

t h e  presence o f  amide, s u l f i d e  and v i n y l  su l fone  m o i e t i e s  (Eq. 47) .42  

Paquette has used Luche's procedure f o r  s p e c i f i c  deuter ium i n t r o d u c t i o n  

i n  a mechan is t i c  s tudy  o f  a n t a r a f a c i a l  c y c l i z a t i o n s  (Eq. 48).43 

found t h a t  t h e  s p i r o - a l l y 1  a lcoho l  cou ld  be ob ta ined  by  t h e  Luche 

r e a c t i o n  (Eq. 49).44 T o r i i  used t h e  Luche r e d u c t i o n  t o  p repare  i n t e r -  

mediates i n  h i s  s tudy  o f  e l e c t r o o x i d a t i v e  c leavage o f  carbon-carbon 

l i nkages  (Eq. 50).45 Godleski  has u t i l i z e d  cer ium mediated r e a c t i o n s  t o  

syn thes ize  s t a r t i n g  m a t e r i a l s  f o r  h i s  s tudy  on pa l l ad ium ca ta l yzed  s p i r o -  

c y c l i z a t i o n .  The examples repo r ted  i l l u s t r a t e  u s e f u l  f u n c t i o n a l  group 

s e l e c t i v i t y  o b t a i n a b l e  w i t h  these reagent  systems. The 1,2-reduct ion o f  

enones cou ld  be accomplished i n  t h e  presence o f  p r imary  t o s y l a t e s  (Eq. 

51) and a l l y 1  s u l f i d e s  (Eq. 52). The enone r e d u c t i o n  cou ld  a l so  be 

Olah 
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Reductions w i t h  Sodium Borohydride i n  the  presence of Cerium T r i c h l o r i d e  

Equation S t a r t i n g  Ma te r ia l  Product Comment Reference 

47 

48 

49 

50 

51 

52 

53 

@'" / 

& SMe 

L C H O  

H 

OH 

8 NaBD4 

OH 

OH 

&SMe 

42 

43 

44 

45 

28 

28 

?H 

28 -15' 
CHO aq. E t O H  
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LANTHANIDES I N  ORGANIC SYNTHESIS 

performed i n  t h e  presence o f  an aldehyde (Eq. 53) (see s e c t i o n  I I I . 3 ) . 2 8  

Cava has r e c e n t l y  used t h e  Luche p r o t o c o l  i n  a key r e d u c t i o n  i n  t h e  

course o f  t h e  syn thes is  of (+)-4-demethoxy-daunomycinone (eq. 9 0 )  .65 

0 OH - 
0 OH 

The r e d u c t i o n  o f  t h e  pyranone shown i n  Eq. 54 a g i v e s  65% y i e l d  o f  

2,3-dihydro-4H-pyranone (Eq. 54) .67 

l e c t i v e  t rans fo rma t ion  which i s  n o r m a l l y  d i f f i c u l t  t o  achieve. 

T h i s  method rep resen ts  a reg iose -  

0 0 

2. Acetal  Formation 

Luche and Gemal have found t h a t  1 anthanide c h l o r i d e s  are e f f e c t i v e  

c a t a l y s t s  f o r  t h e  fo rma t ion  o f  ace ta ls .  

temperature and maximum y i e l d  i s  ob ta ined w i t h i n  a few minutes.  

advantage i s  t h e  ease o f  ope ra t i on .  

erbium and y t t e r b i u m  ch lo r i des .21  

The r e a c t i o n  proceeds a t  room 

An added 

The bes t  r e s u l t s  were ob ta ined w i t h  

E r C l  ,MeOH 

CH(OMe)3 
Ph-CH=CHCHO + Ph-CH=CHCH(OMe)2 (55) 
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NATALE 

The p r o t e c t i o n  o f  ketones proceeds more s l u g g i s h l y ,  and s e l e c t i v e  

ace ta l  f o rma t ion  can be accomplished, t hus  a l l o w i n g  t h e  s e l e c t i v e  reduc- 

t i o n  o f  a ketone i n  t h e  presence o f  an aldehyde. P r o t e c t i o n  o f  t h e  

aldehyde, r e d u c t i o n  o f  t h e  ketone, and subsequent d e p r o t e c t i o n  can be 

accomplished as i l l u s t r a t e d  below.Z2 

CHO ErC13 + 1 .NaBH4 > q H 0  (56) 
MeOH 2. H30+ 

CH ( OMe) 

T h i s  process cou ld  a l so  be used t o  reve rse  t h e  r e d u c t i o n  

s e l e c t i v i t y  o f  ketones (Eq. 57). 

androstane-3,17-dione i s  p r o t e c t e d  i n  s i t u ,  and r e d u c t i o n  f o l l o w e d  by  

d e p r o t e c t i o n  g i v e s  17,0-hydroxy-androstan-3-one i n  95% y i e l d . * 2  

Thus t h e  more r e a c t i v e  C-3 ke tone o f  

0' do ErCl 
+ 

keOH 

NaBH4 H30+ 
+_i (57)  

Another approach t o  t h i s  problem o f  s e l e c t i v e  r e d u c t i o n  o f  a 

ketone i n  t h e  presence of an aldehyde o f ten  can be used when t h e  above 

method f a i l s  (Eq. 58). 

with an aqueous e t h a n o l i c  s o l u t i o n  o f  cer ium t r i c h l o r i d e .  The f l ask  i s  

cooled t o  -15" and sodium borohydr ide  added. 

almost q u a n t i t a t i v e l y  and t h e  secondary a lcoho l  i s  generated i n  h i g h  

y i e l d .  

The aldehyde and ketone m i x t u r e  i s  f i r s t  t r e a t e d  

The aldehyde i s  recovered 
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LANTHANIOES I N  ORGANIC SYNTHESIS 

HO 

H20 

T h i s  procedure represents  t h e  f i r s t  d i r e c t  s o l u t i o n  t o  t h e  problem 

o f  reverse  s e l e c t i v i t y .  

p ro tec ted  i n  s i t u  b y  t h e  fo rma t ion  o f  a geminate d io1 .23  Smith has 

u t i l i z e d  t h i s  k e t a l i z a t i o n  f o r  t h e  p repara t i on  o f  a key i n te rmed ia te  i n  

h i s  syn thes is  o f  milbemycin-l33 ( E q .  59).39 

The authors propose t h a t  t h e  aldehyde i s  

0 0 L Y 1. e M g C 1  - 
2 .  CeC13 

CH ( OMe) 

(59) 

In a syn thes i s  o f  a bicyclo[5.1.O]enone t o  serve as a v e r s a t i l e  

in te rmed ia te ,  Smith u t i l i z e d  a s e l e c t i v e  a c e t a l i z a t i o n  (Eq. 84) .30 

CeCl ,MeOH 

CH ( OMe) 
> 

0 

H $ r e  
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3. N i t r a t i o n  and Oxidat ion w i t h  Lanthanide( I I1)  N i t r a t e s  

The mononi t ra t ion o f  phenols can be accomplished at  room tempera- 

t u r e  (Eq. 60). A two-phase system was used (water-ether)  and sodium 

n i t r a t e  i n  t h e  presence o f  HC1 and a c a t a l y t i c  amount o f  La(N03)3.26 I n  

con t ras t  y t te rb ium n i t r a t e  ox id i zes  benzoins t o  b e n z i l s  (Eq. 61).25 

Yb(NO3)3 
PhCOCH(0H)Ph P hCOCOP h 

HC1 

4. Bromination o f  Benzy l ic  Hydrocarbons 

Many benzy l i c  bromides have been prepared using 1% lanthanum 

acetate as a c a t a l y s t  (Eq. 62).48 

enhancement o f  r e a c t i v i t y .  

proceed i n  t h e  dark, o r  i n  t h e  absence o f  La(OAc)3 although t h i s  s a l t  i s  

completely i n s o l u b l e  i n  t h e  r e a c t i o n  medium. m-Dibromomethy l  arenes 

were obtained w i t h  two equiva lents  o f  bromine. 

Several lanthanide s a l t s  showed t h i s  

Se lec t i ve  benzy l i c  brominat ion d i d  n o t  
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5. 

us ing  

LANTHANIDES 

Dehalogenation o f  a-Halocarbonyl  Compounds 

Ho has repo r ted  on t h e  dehalogenat ion o f  a-ha 

anthanide( 111) reagents  (Eq. 63) .49 

o - ~ e 3 +  0 

I N  ORGANIC SYNTHESIS 

ocarbonyl  compounds 

X 

6. H e t e r o c y c l i c  Synthes is  

Lanthanide( 111) i o n s  c a t a l y z e  an i n t e r e s t i n g  fo rmat ion  o f  4-sub- 

s t  i tuted-2,6-dimethyl  p y r i m i d i  nes f rom monodent a te  c y c l  i c  secondary ami nes 

and a c e t o n i t r i l e . 5 0  The mechanism proposed by t h e  authors i s  shown below 

(Eq. 64) .  

H2C=C-N H22: 3 MeCN 

3+ NH 
II - La CN-H t MeCN + r N - C - M e  W +-- 

Me Me 
1 

HN=C-N.- Me 

Danishefsky has r e c e n t l y  repo r ted  an e x c i t i n g  new f i n d i n g  u t i l i z -  

i n g  europium s h i f t  reagents  f o r  med ia t i ng  he te ro  D ie l s -A lde r  r e a c t i o n s .  

A t r a c e  amount o f  t h e  s h i f t  reagent,  tris-(6,6,7,7,8,8,8-heptafl uoro-2,2- 

d imethy l  -3,5-octanedionato)europi  um (Eu( fod )3 )  was s u f f i c i e n t  as a 

c a t a l y s t  i n  t h e  s t e r e o s p e c i f i c  syn thes i s  o f  carbon branched pyranosides 

shown i n  Eq. 65. E n d o s e l e c t i v i t y  i s  maintained, and t h r e e  c h i r a l  cen ters  

are es tab l i shed  through t h i s  sup ra fac i  a1 endo-cyc loadd i t ion  process. A 

f o u r t h  cen te r  a t  C2 i s  c o n t r o l l e d  th rough apparent a x i a l  p r o t o n a t i o n  of 

s i l y l  enol e thers .51  Fu r the r  s tudy  b y  Danishefsky has revea led  t h a t  
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OMe 

TMSO 

Me 

2. TFA,ether 
1. E ~ ( f o d ) ~  \ OMe 

2. Et3N,MeOH 

HmfJ Me 'lq Me 

IIIIH 
''OH R 

tri s (  6,6,7,8,8,8-hept a f  1 uoro, -2,2-dimethyl-3,5-oct anedion a to )  europi  urn 

(Eu (h fc )3 )  can be used i n  t h e  cyc locondensat ion  o f  aldehydes w i t h  

s i l oxyd ienes  t o  o b t a i n  modest asymmetric i n d u c t i o n  (Eq. 66). Whi le t h e  

causes o f  t h e  i n d u c t i o n  a re  no t  p r e s e n t l y  understood, t h e r e  i s  no change 
0-t-BU 

Eu (hf c ) ~  

- 1 0' , nea t  
2 + Ph-CHO - 58%e.e. (66) 

TMSO 

i n  % e.e. b y  i n c r e a s i n g  t h e  amount o f  Eu(h fc )3  t o  10 mole %. T y p i c a l l y ,  1 

mole % o f  t h e  c a t a l y s t  i s  necessary.52 

The c h i r a l  s h i f t  reagent  has a pronounced i n t e r a c t i o n  w i t h  c h i r a l  

a u x i l i a r i e s  i n  t h e  he te ro  D ie l s -A lde r  reac t i on ,  and Danishefsky has 

e x p l o i t e d  t h i s  methodology t o  p ioneer  a new r o u t e  t o  L - g l y c o l i p i d s  (Eq. 

67) .  Comparison o f  Eu (h fc )3  and Eu( fod )3  ( v a l u e  i n  pa ren thes i s )  as 

c a t a l y s t s  i n  t h e  he te ro  D ie l s -A lde r  r e a c t i o n  wi th d-menthyloxydienes 
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LANTHANIDES I N  ORGANIC SYNTHESIS 

H 

0 0 .  + (67) 

Eu ( h f c  ) 
Aco?-R + Ph-CHO ,-> 

H s*' 

AcO Ac 
0' 

TMSO 

R = d-menthyl 41 (45) 59 (55) 

R = 1-menthyl 7 (55) 93 (45) 

(uu.&ed in pmenthedh ahe hcLtiod obzkined uLith Eu(dod1 a6 W y b . t )  

revealed l i t t l e  i n t e r a c t i o n  among t h e  c h i r a l  elements. The case o f  

Eu(hfc)3 cata lyzed reac t i ons  w i t h  1-menthyloxydienes however showed a 

s t r i k i n g  i n t e r a c t i o n  o f  t h e  two c h i r a l  elements. A s t rong "L-pyranose" 

preference i s  expressed by i n t e r a c t i o n  w i t h  the  c h i r a l  c a t a l y s t .  The 

u t i l i t y  o f  t h i s  procedure i s  i l l u s t r a t e d  by t h e  synthes is  o f  an o p t i c a l l y  

pure B-4-deoxy-L-gl ucoside o f  1 -menthol (Eq. 68). 52 

- 0 - several  - 

OR 
TMS 

OAc OAc MeOH 

I V .  MISCELLANEOUS USES OF ORGANOLANTHANIDES 

1. Organolanthanide Chemistry 

The .rr-complex chemistry o f  t h e  lanthanides has been r e l a t i v e l y  un- 

developed compared t o  t h a t  o f  t h e  d-block elements, and has been r e c e n t l y  

reviewed by Marks.53 The purpose o f  t h i s  sect ion i s  t o  h i g h l i g h t  those 

t ransformat ions o f  spec ia l  i n t e r e s t  t o  t h e  syn the t i c  organic  chemist. 

Future development o f  syn the t i c  organic methodology w i t h  t h e  lanthanide 

elements w i l l  depend on a more complete understanding o f  t h e  coo rd ina t i on  
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chemis t r y  o f  t h e  c e n t r a l  l an than ide  meta l  atom, and t h e  r o l e  t h i s  coor-  

d i n a t i o n  p l a y s  i n  de termin ing  t h e  chemical and e s p e c i a l l y  stereochemical  

t rans fo rma t ions  i n  t h e  v i c i n i t y  o f  t h e  l an than ide  me ta l .  

s tud ies  are  p r e s e n t l y  underway which may p rov ide  t h e  keys t o  unlock these 

mys te r ies  o f  t h e  lan than ides .  

E x c i t i n g  

To t h e  bench chemist, s t a b l e  forms o f  reagents  are a va luab le  

asset.  Developments l e a d i n g  t o  s t a b l e  o rganometa l l i c  complexes o f  t h e  

l an than ides  have taken two approaches ( i )  o p t i m i z a t i o n  o f  e l e c t r o s t a t i c  

i n t e r a c t i o n s  and ( i i )  s a t u r a t i o n  o f  t h e  c o o r d i n a t i o n  sphere o f  t h e  metal  

w i t h  b u l k y  l i g a n d s  i n  o rde r  t o  s t e r i c a l l y  b lock  decomposi t ion pathways.54 

The pentamethyl cyc lopen tad ieny l  anion l i g a n d  has found ex tens i ve  a p p l i -  

c a t i o n  because o f  t h e  above-mentioned s t a b i l i t y - l e n d i n g  s t e r i c  bu lk .  It 

a lso  adds cons ide rab le  s o l u b i l i t y  and c r y s t a l l i n i t y  t o  t h e  r e s u l t i n g  

compl exes. 

One approach t o  such complexes i s  d i r e c t  meta l  ox ida t i on ,  f o l l owed  

by  l i g a n d - f o r - h a l i d e  meta thes is  r e a c t i o n s .  T h i s  method has been u t i l i z e d  

by Watson f o r  t h e  fo rma t ion  of  several  y t t e r b i u m  and l u t e t i u m  complexes 

(Eq. 69).55 For  t h e  l a r g e r ,  e a r l y  members o f  t h e  l an than ide  ser ies ,  even 

t 
L i  I - ‘ /O 

I’ ‘0 

I 
L i  

R 

J 

s imp le  c lasses  o f  complexes a re  uns tab le  w i t h  respec t  t o  d i s p r o p o r t i o n a -  

t i o n .  Recent ly  d i cyc lopen tad ieny l  l an than ide  h a l i d e s  have been prepared 

f o r  La, Ce, P r ,  Nd, and Sm.56 Another approach t o  new complexes i n v o l v e s  

metal  vapor techniques.47,57 The heptamethyl i ndeny l  l i g a n d  a1 lows t h e  

i s o l a t i o n  o f  some p r e v i o u s l y  u n a v a i l a b l e  t ypes  o f  organo l a n t h a n i d e  
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LANTHANIDES I N  ORGANIC SYNTHESIS 

The potassium s a l t  can be i s o l a t e d  as a c r y s t a l l i n e  s o l i d  and complexes. 

t h e  complexes n = 1,2,3 were prepared by  s imp ly  us ing  t h e  proper  s t o i c h -  

i omet ry  (Eq. 70) .58 

b!##l - 

K+ t LnC13- 

Ln = La, E r ,  Nd 

As g r e a t e r  numbers of c r y s t a l l i n e  and i s o l a b l e  organolanthanide 

complexes become ava i l ab le ,  t h e  stage i s  se t  f o r  ma jor  advances i n  

organ i c syn t h e t i c met hod0 1 og y . 
2. Z i  e g l  er-Nat t a Polymer i z a t  i on 

I n  t h e  course o f  i n v e s t i g a t i o n s  i n t o  t h e  r e a c t i v i t y  o f  l an than ide  

carbon bonds, Watson has observed i n s e r t i o n  o f  a v a r i e t y  o f  o l e f i n s  and 

acety lenes  i n t o  t h e  y t t e r b i u m  and l u t e t i u m  methyl  bonds o f  

M($-CgMeg)2CH3 e t h e r  ( M  = Yb, Lu) (Eq. 71). 

c l e a r  exper imenta l  model f o r  c o o r d i n a t i o n  c a t a l y s i s  o f  o l e f i n  polymeriza- 

t i o n  (Scheme I I )  .59 Both B-hydrogen e l  i m i n a t i o n  f rom 1 anthanides-a1 k y l  s 

( s t e p  k4) and o l e f i n  i n s e r t i o n  i n t o  l a n t h a n i d e - a l k y l  ( s t e p  k2)  and 

1 anthanide-hydr ide ( s t e p  k5) bonds are impor tan t  observab le  r e a c t i o n s  i n  

t h i s  model. 
Scheme I1 

T h i s  system p rov ides  a 

R :'? 

&Lu'cH3 

kl 

7 
k-1 

t 0- 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
1
:
3
8
 
2
7
 
J
a
n
u
a
r
y
 
2
0
1
1



NATALE 

Scheme I 1  (cont inued) 

4k LU -H 

,$FLU 

-=( 
t 

k4 

RLU 
G 

Lu 

3. J3-Alkyl Transfer  

During propene o l i gomer i za t i on ,  8-hydrogen e l i m i n a t i o n  and 

8 -a l ky l -e l im ina t i on  lead t o  chain terminat ion.  

observe 8 - a l k y l  e l i m i n a t i o n  by s tudy ing t h e  thermal decomposition o f  an 

i s o b u t y l  l u t e t i u m  complex ( E q .  72) i n  Scheme 111. The decomposition i s  

n o t  mechan is t i ca l l y  s imple but  r e s u l t s  f rom t h e  summation o f  several  

processes. 

postu la ted f o r  t h e  product ion o f  a l l y 1  l u t e t i u m  products  (Eq.  74 and 75). 

Watson was able t o  

Espec ia l l y  i n t r i g u i n g  i s  t h e  in termediate complex ( E q .  73) 

4. C-H Bond A c t i v a t i o n  

The a c t i v a t i o n  o f  C-H bonds has been accomplished by Watson us ing 

l u t e t i u m  and y t te rb ium organolanthanide complexes (Scheme IV).61 Pyr id ine  

coordinates w i t h  t h e  l u t e t i u m  a l k y l  and t h i s  i s  f o l l owed  by me ta la t i on  i n  

t h e  2 -pos i t i on  (Eq. 76). Phosphorus y l  i d s  also undergo in t ramolecular  
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Scheme I11 
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a r y l  C-H bond a c t i v a t i o n ,  presumably a f t e r  i n i t i a l  c o o r d i n a t i o n  by t h e  

y l i d  t o  y i e l d  t h e  l u t e t i u m  m e t a l l a c y c l e  (Eq. 77).  

c l e a n l y  e l i m i n a t e s  methane, and forms t h e  cor respond ing  methyl  idene 

t r i m e t h y l  s i l a n e  l u t e t i u m  complex (Eq. 78). 

Te t ramethy l s i l ane  

Lu te t i um hyd r ides  a l so  show C-H bond a c t i v a t i o n  (Scheme V ) .  Watson 

repo r ted  t h a t  d i e t h y l  e t h e r  undergoes l o s s  o f  e thy lene  t o  fo rm a l u t e t i u m  

a l kox ide  (Eq. 79) .  React ion  o f  benzene w i t h  t h e  l u t e t i u m  h y d r i d e  complex 

g i ves  an a r y l l u t e t i u m  produc t  (Eq. 80) which w i l l  undergo f u r t h e r  

r e a c t i o n  w i t h  an a d d i t i o n a l  equ iva len t  o f  l u t e t i u m  hyd r ide  t o  g i v e  an 

i n t e r e s t i n g  b r idged  p a r y l l u t e t i u m  produc t  (Eq. 81) shown i n  t h e  Scheme. 

Perdeuterated benzene r e a c t s  w i t h  t h e  l u t e t i u m  h y d r i d e  t o  g i v e  t h e  

l u t e t i u m  d e u t e r i d e  complex (Eq. 82) and pentadeuterobenzene. 

O f  a l l  carbon-hydrogen bonds, t h e  most d i f f i c u l t  t o  a c t i v a t e  are 

those o f  methane, where t h e  bond energy i s  104 k i l o c a l o r i e s  per mole. 

The f i r s t  unequivocal  i ns tance  o f  a c t i v a t i o n  o f  a methane C-H bond was 

repo r ted  r e c e n t l y  b y  Watson. 

complex, shown below (Eq. 83) t o  g i v e  l abe led  complex and un labe led  

methane, i n d i c a t i n g  t h a t  t h e  complex has cleaved a C-H bond o f  t h e  sub- 

s t r a t e .  

1%-Labeled methane r e a c t s  w i t h  a l u t e t i u m  

\ 

CH4 
Lu -CH3 + 13 
/ 

\ 
Lui3CH3 + CH4 

/ 
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Scheme Iv  

Scheme V 

wLu-H 

t 

w- 

C2H6 
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I n  general, t h e  C-H a c t i v a t i o n  reac t i ons  o f  lanthanides proceed i n  

h i g h  y i e l d  and under m i l d  condi t ions.  These i n v e s t i g a t i o n s  are opening 

new avenues t o  t h e  c a t a l y t i c  and syn the t i c  chemist f o r  ob ta in ing  t rans -  

format ions and s e l e c t i v i t y  no t  a v a i l a b l e  by t h e  more t r a d i t i o n a l  methods. 
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