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ORGANIC REDUCTIVE COUPLING. A REVIEW 

ORGANIC REDUCTIVE OOUPLING WITH TITANIUM 

AND VANADIUM CHLORIDES. A REVIEW 

Yee-Hing L a i  

Department of Chemistry, University of  V ic to r i a  
Vic tor ia ,  B.C., CANADA V8w 2Y2 

INTRODUCTION 

is perhaps one of the mre c o m n  and s y n t h e t i c a l l y  use fu l  

reac t ions  which has been ex tens ive ly  s tud ied  and reviewed. I n  recent  y e a r s ,  

t r a n s i t i o n  m e t a l s  o r  de r iva t ives  of these metals have become increas ingly  

important i n  organic  syn thes i s .  Reagents derived from a t  least 20 of t h e  

27 t r a n s i t i o n  metals i n  t h e  f i r s t ,  second and t h i r d  t r a n s i t i o n  series 

(Group IIB being  excluded) have been found usefu l  i n  d i f f e r e n t  important 

organic  s y n t h e t i c   reaction^.^-^ 
titanium' ' lo and vanadium l1 l2 and of zirconium complexes (hydrozircona- 

t i on )13  i n  organic  reduction r eac t ions ,  i n  p a r t i c u l a r  , have been ac t ive ly  

pursued. Reactions of these  reagents wi th  almost a l l  common reducible 

organic  func t iona l  groups have been inves t iga t ed  and have become very 

use fu l  i n  func t iona l  group transformations.  

S tudies  on t h e  u t i l i t y  of low va len t  

Of the  two major ways -- " l inear"  and "convergent" -- of assembling 

multiatomic molecules , l4  

group transformation) i s  usually a long sequence of r eac t ions ,  requi res  a 

l a r g e  amun t  of a s i n g l e  s t a r t i n g  ma te r i a l  (A), and y i e l d s  very l i t t l e  end 

product (E). The convergent method (usua l ly  involves a coupling r eac t ion  

o r  d imer iza t ion) ,  though r e q u i r h g  s e v e r a l  s t a r t i n g  materials (u, v, X )  , 

involves fewer reac t ions  and produces a good y i e l d  of the f i n a l  product (Y). 

The l a t t e r  method is thus generally prefer red .  

the l i n e a r  method (involves mainly func t iona l  

P a r t i c u l a r l y  usefu l  reagents f o r  t h e  convergent sequence depicted i n  

Scheme 1 are the  chlorides15 of t i t an ium and vanadium which e f f e c t  the 
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Y.-H. LA1 

A -  B - C - D - E  L i n e a r  Method 

U 
V 3 w 3 Y  Convergent Method 

SCHEME I 

X 

s u c c e s s f u l  r e d u c t i v e  coupl ing o f  o r g a n i c  h a l i d e s ,  carbonyl conpounds (here- 

a f t e r  c a l l e d  carbonyls)  and a lcohols .  These reagents  may be used under a 

wide v a r i e t y  of  c o n d i t i o n s ,  '-12 

clear comparison of t h e s e  reagents  i n  t h e i r  r e s p e c t i v e  r e d u c t i v e  coupl ing 

r e a c t i o n s .  

and t h i s  review a t tempts  t o  provide  a 

I. ORGANIC HALIDES 

A. Reductive Coupling of  Benzyl ic  and A l l y l i c  Hal ides  

I n  1 9 7 3 ,  t h e  chloro-complex of vanadium(II) ,  VC12(py)4, w a s  repor ted  t o  

b e  r a p i d l y  oxid ized  by active (benzyl ic )  h a l i d e s  to  V ( I I I ) ,  w i t h  s imul ta -  

neous product ion of t h e  coupled products  (R-R). l6 N o  products  of t h e  t y p e  

R-H from hydrodehalogenation are observed. Benzot r ich lor ides  such  as PhCCl 

behave s i m i l a r l y  t o  benzyl  c h l o r i d e s ,  w i t h  r e t e n t i o n  of f o u r  chloro atoms 

dur ing  coupl ing (Eq. 3). 

3 

VC12 (PY) 4 
PhCY2X c 

rt  

?he Tic1 -LiA1H4 o r  3 

f o r  reduct ive  coupl ing 

mdiate i s  b e l i e v e d  t o  

PC12CY2Ph X = B r ,  Y = H ,  7&88% ( 1 )  

X = C 1 ,  Y = H, 9 1 %  (2 1 
x =  Y = c1, 80% (3)  

T i C l  -L iAlH 

of a l l y l i c  and b e n z y l i c  h a l i d e s .  17-20 

system2' provides  a s u p e r i o r  method 4 4 

The i n t e r  

involve  a Ti(I1) s p e c i e s ,  and a r a d i c a l  mechanism 

i s  suggested f o r  t h e  coupl ing r e a c t i o n s  (Scheme 2 ) .  

More r e c e n t  s t u d i e s  have shown t h a t  t h e  V(I1) spec ies22  der ived  from 

and L i A l H  3 4 
VC1 has  an even h i g h e r  reducing power than  t h e  T i ( I 1 )  reagent  
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ORGANIC REDUCTIVE COUPLING. A REVIEW 

Ph2CHC1 - Ph2CHHCWh2 85% (4 1 

CONDITIONS : TiC13- o r  TiC14-LiAlH4, THF, r e f l u x ,  10 h r s .  

LiAlH4 
T i C 1 3  o r  TiC14 - T i ( I 1 )  

R-CH-cl I + T i ( I 1 )  - R-$' + T i  (1I I )Cl  
R' R' 

R-CH. R-CH-CH-R 
I - I I  
R' R' R' 

SCHEME 2 

i n  t h e  reduct ive  coupling of benzy l i c  and a l l y l i c  ha l ides .  We be l i eve  t h i s  

system is a l s o  experimentally the  nnst convenient, s ince  VCl., is s t a b l e  i n  

air, whereas Tic1 and T i C l  are s e n s i t i v e  t o  oxygen and moisture. 3 4 8 96% 

CONDITIONS : VC13-LiAlH4, THF, r e f l u x  

B. Reductive Coupling of Aryl gem-Dihalides t o  Olef ins  

The T i ( I1 )  spec ies  described above 21'23s24 a l s o  causes reduct ive  

coupling of a r y l  genrd iha l ides  to  t h e  corresponding awl - subs t i t u t ed  

e thylenes21  i n  high y i e l d s .  Al ipha t ic  E d i h a l i d e s ,  however, f a i l  t o  react 

under t h e  same conditions.  

- trans-Stilbene is the s o l e  product obtained from benzylidene d ich lor ide  

and thus a v i c i n a l  d iha l ide  is to be  an in te rmedia te  which 

subsequently gives the  product through trans-elimination in the  presence 
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Y.-H. LAI 

Ph2CC12 - Ph C=CF‘h2 96% 2 

Ph H \  , 
Ph’ H 

PhCHC12 c=C, 79% 

REAGENT : TiC13-LiA1H4 

n 
T i ( I 1 )  R+& T i ( I 1 )  - 

R ”+ - 1 ’‘e R 
X 

of excess  T i  (11). 

Benzylidene dibromide is also known t o  b e  r e d u c t i v e l y  coupled by 

VC12(py)4.16 However, i t  is  less e f f e c t i v e  than TiC13- o r  TiC14-LiAlH4 

and g i v e s  a mixture  of  s t i l b e n e  dibromide and t r a n s - s t i l b e n e .  ‘Ihe i s o l a t i o n  

of the v i c i n a l  dibromide s u p p o r t s  the preceding argument t h a t  t h e  s t i l b e n e  

stem from the i n t e r m e d i a t e  v i c i n a l  d i h a l i d e .  

H 
c= c: vc12(py)4, PhCH-CH€’h + Ph\ 

PhCHBr2 I 1  
B r  B r  H’ Ph 

3 : l  

11. ALDEHYDES AND KETONES 

A. Reductive Coupling of Carbonyls t o  O l e f i n s  

Even though t h e  reduct ion  of carbonyls  t o  methylenes 25-27 is w e l l  

documented, no g e n e r a l  and d i r e c t  method w a s  a v a i l a b l e  t o  achieve r e d u c t i v e  

coupling of  carbonyls  t o  o l e f i n s  p r i o r  t o  the  use of low-valent t i t a n i u m .  

The reducing system T i C l  -3THF-Mg produces a low-valent t i t a n i u m  s p e c i e s  3 

which r e d u c t i v e l y  couples carbonyls  t o  o l e f i n s . 2 8  

i s  reduced t o  give a mixture  of b e n z i l  and an enedione (Eq. 13). Acids 

and amides, however, are unreac t ive .  

S u r p r i s i n g l y ,  an ester 

This reducing system i s ,  i n  g e n e r a l ,  only u s e f u l  f o r  aromatic  carbonyls ;  

moderate t o  good y i e l d s  are obta ined  i n  m o s t  cases ,  and t h e  o l e f i n i c  
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ORGANIC REDUCTIVE COUPLING. A REVIEW 

PhCCH3 - Ph(CH )C=C(CH )Ph ( t r a n s : c i s  = 4:3) 71% I 1  3 3 
0 

(11) 

PhCHO - Ph (H)C=C(H)Ph ( t r a n s : c i s  = 1 : l )  60% (12) 

PhCOOCH3 - PhCOCOPh + Ph(PhCO)C=C(PhCI))Ph (13) 

46% 20% 

REAGENT : TiC13-31HF-Mg 

product  i s  a mixture of isomers i f  aldehydes o r  unsymmetrical ketones are 

used (Eq. 11 and 12) .  S ince  n i t r o g e n  reacts w i t h  TiC13-3THF-Mg to  form a 

complex (Eq. 14) ,  the  reduct ion  is only  achieved i f  t h e  r e a c t i o n s  are 

conducted under an argon atmosphere. 28 

N 2  + TiC13-3THF-Mg - NTiMg2C12.THF (14) 

An exper imenta l ly  p r e f e r a b l e  reducing system -- one using low-valent 

titanium compound from T i C 1 4  and Zn -- has been r e p ~ r t e d . ~ ’  However, the  

reduct ion  is  a p p l i c a b l e  only t o  a romat ic  carbonyls .  

1HF 

5 h r s  
Ph2C=0 - Ph C=CPh2 97% 2 

PhCCH3 dioxane Ph(CH )C=C(CH3)Ph ( t r a n s : &  = 1:4) 92% (16) 3 I1 4 h r s  0 

dioxane Ph, ,H 98% PhCHO ~ c= C, 4 h r s  H~ Ph 

CONDITIONS : TiC14-Zn ,  r e f l u x  

S y m e t r i c a l  t e t r a s u b s t i t u t e d  o l e f i n s  have a l s o  been prepared  r e a d i l y  

(Table  1) by t h e  r e d u c t i v e  coupl ing of t h e  corresponding ke tones  (aromatic  

o r  a l i p h a t i c )  i n  te t rahydrofuran  o r  2-dioxane by a TiC12-py system. 

The Tic1 

procedure similar t o  t h a t  o f  t h e  system discussed  p r e v i o u s l y .  Though only 

moderate y i e l d s  are obta ined  with most a l i p h a t i c  ke tones ,  some h indered  

o l e f i n s  have been prepared r e a d i l y  by t h i s  method. 

30 

is  prepared  i n  s i t u  by t reatment  of T iC14  w i t h  Zn powder, a 2 
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Y.-H. LA1 

RR'C=CRR' 

TABLE 1. Reductive Coupling of Ketones w i t h  TiC12-py:30 

RR'C=O - RR'C=CRR' 

I RR' C=CRR' 

2=-E 25% * 5 1% 

The T i C l  -L iAlH4  system31 appears  to  work e q u a l l y  w e l l  f o r  both s a t u -  3 

r a t e d  and conjugated carbonyls  and i s  most u s e f u l  f o r  t h e  s y n t h e s i s  o f  

symmetrical o l e f i n s  (Table 2 ) .  

31 
4:  TABLE 2 .  Reductive Coupling of Ketones wi th  T i C l  - L i A l H  

3 
RR'CPO - RR'C=CRR' 

95% 

I 

Mult iple  u n s a t u r a t i o n  i n  the  s t r u c t u r e  is compatible wi th  t h i s  r e a g e n t ;  

indeed B-carotene, a p o l y o l e f i n  of  commercial importance,  can b e  prepared  

i n  85% y i e l d  from t h e  coupl ing of r e t i n a l  (Eq. 18).31932 

system h a s  a l s o  been used s u c c e s s f u l l y  i n  t h e  p r e p a r a t i o n  of t h e  novel ,  

h i g h l y  hindered o l e f i n  4,4'-homadamantylidene-h0rnadamantane~~ (Eq. 19). 

Though the  y i e l d  is only 40%, i t  is  i n t e r e s t i n g  t o  n o t e  t h a t  only t h e  

?he same reducing 
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ORGANIC REDUCTIVE COUPLING. A REVIEW 

REAGENT : TiC13-L iAlH4  

trans-isomer is formed. - 
However, even with t h i s  mre e f f e c t i v e  reagent ,  coupl ing of s a t u r a t e d  

a l i p h a t i c  carbonyls t o  produce o l e f i n s  can sometimes be  e r r a t i c .  The mre 

d i f f i c u l t  t o  prepare ,  b u t  more active, Ti (0)  m e t a l  powder produced from 

Tic1 K s m o t h l y  couples s a t u r a t e d  ketones and aldehydes t o  the  corres-  

ponding o l e f i n s  i n  high y i e l d s .  34 

propylethylene i n  40% y i e l d  (Eq. 21) ,  and thus  even h indered  ketones can 

3- 
Diisopropyl  ketone g ives  t e t r a i s o -  

- p&l 90% (20) 

cH3(cH2)3cHo - Q13(cH2)3cH=cH(cH2)3cH3 (t-s:c& = 7:3) 77% (22) 

REAGENT : 'NC13-K 
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Y.-H. LA1 

be  coupled i n  a c c e p t a b l e  y i e l d  u s i n g  t h i s  sys t em.  Aldehydes a l s o  coup le  

i n  good y i e l d s  ( E q .  2 2 ) ,  b u t  a mix tu re  o f  isomers  i s  formed. In t r amole -  

c u l a r  d i c a r b o n y l  c o u p l i n g  t o  form r i n g s  a l s o  p roceeds  i n  moderate y i e l d  

( E q .  23) .  The same reduc ing  s y s t e m  has  a l s o  been a p p l i e d  s u c c e s s f u l l y  i n  

t h e  p r e p a r a t i o n  of h e a v i l y  s u b s t i t u t e d  c y c l o p r o p y l e t h y l e n e s  via mixed 

ca rbony l  coupl ing35 ( E q .  24 and 25) .  

R = (CH ) CH- : 7.3% 17.4% 4.4% (24) 

R = CH3CH2- : 3.1% 20.2% 7.8% (25) 
3 2  

'Ihe TiCl  -LiA1H4 sys t em h a s  a l s o  been found t o  e f f e c t  i n t r a m o l e c u l a r  

coup l ing  o f  1,4- and 1,5-diketones t o  t h e  co r re spond ing  c y c l o a l k e n e s  i n  

moderate y i e l d s . 3 6  

i n c r e a s e s  t h e  u t i l i t y  of the TiCl  -LiAlH r e a g e n t .  

3 

The ease o f  p r e p a r a t i o n  o f  t h e s e  c y c l o a l k e n e s  t h u s  

3 4 

P h f i P h  - 4 40-61% 
0 0  Ph h 

P h v y o p h  - QPh 35% 
0" Ph 

4 
REAGENT : T i C l  -LiAlH 

3 

37 Cycloalkenes o f  r i n g  s i z e  4-16 have  a l s o  been p r e p a r e d  i n  good y i e l d s  

(50-95%) by i n t r a m o l e c u l a r  coup l ing  o f  d i c a r b o n y l  compounds induced  by a 

r e a g e n t  p r e p a r e d  from T i C l  -Zn-Cu (Table  3 ) .  Though T i ( 0 )  f rom TiC13-K 

( o r  from T iCl  -Li)  a l s o  e f f e c t s  t h e  i n t r a m o l e c u l a r  coup l ing  r e a c t i o n ,  t h e  

T i C l  -Zn-Cu sys t em h a s  been  shown t o  be  a s a f e r  and even more e f f e c t i v e  

coup l ing  r e a g e n t .  37 The c y c l i z a t i o n  r e a c t i o n  appea r s  g e n e r a l  f o r  b o t h  

a ldehydes  and k e t o n e s  (Table 3 ) ,  and t h e  y i e l d s  of m e d i u m r i n g  o l e f i n s  

3 

3 

3 
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ORGANIC REDUCTIVE COUPLING. A REVIEW 

Product 

a:: 8 7% 

70% a: 
75% 

TABLE 3. Intramolecular Reductive Coupling of Dicarbonyl Compounds 

, 
Product 

& 80% (2 5 2% 

85 % 

with  'NCl3--Zn-Cu :37 <; - a; 

( r ing  s i z e  7-11) are h igher  than those of o t h e r  known methods.38 

Ti-induced dicarbonyl coupling a l s o  appears equal ly  e f f e c t i v e  f o r  a l l  

r ing  s i z e s .  Its gene ra l i t y  and h igh  product y i e l d  have cont r ibu ted  t o  a 

s i g n i f i c a n t  improvement i n  medium- t o  large-ring carbocyclic syn thes i s .  

'Ihis 

It  has a l so  been repor ted  t h a t  unsymmetrical o l e f i n s  can be prepared i n  

use fu l  y i e l d s  by Ti(0)-induced mixed-ketone coupling i f  one of t h e  

components is used i n  excess. 39 

reducing system TiC1,-Li. This method is genera l  f o r  a l k y l  and conjugated 

carbonyls,  though i n  wst cases the se l f -wup led  product is formed as a 

minor product (Table 4) .  Acetone is  used as t h e  component i n  excess,  s ince  

i t  is inexpensive,  and i ts  se l f -wup led  product ,  tetramethylethylene , is 

v o l a t i l e  and thus can be e a s i l y  removed. Although the reac t ion  is l imi t ed  

to  the syn thes i s  of o l e f i n s  containing the  isopropylidene group, t he  

isopropylidene products can be i s o l a t e d  i n  s y n t h e t i c a l l y  usefu l  y i e lds .  

I n  v i e w  of the f a c t  t h a t  t he  isopropylidene group is a comwn s t r u c t u r a l  

u n i t  of many s e s q ~ i t e r p e n e s , ~ ~  

value.  When one of the  r eac t an t s  i s  a d i a r y 1  ketoneY3' 

The Ti(0) spec ie s  is produced from the 

t h i s  one-step mixed coupling may prove of 

no excess of  e i t h e r  
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Y.-H. LAI 

1 

85% 

63% 

TABLE 4 .  Mixed-Ketone Reductive Coupling w i t h  TiC13-Li:39 

RR'C=O + )=o - R R ' C A  + RR'C=CRR' 

2 

9% 

0% 

(excess)  2 \ 
1 

RR' C=O 

component i s  needed. 

Yie ld  

k s p i t e  t h e  1 : l  

I 

use of carbonyl  compounds, t h e  f o r -  

mation of  self-coupled products  remains minor, and t h e  d e s i r e d  cross-  

coupled products  can be i s o l a t e d  i n  h igh  y i e l d s  (Eq.  2 8  and 29). 

+ TiC13-Li  

70 % 

+ 

8% 

+ 

15% 

B. Reductive Coupling of Carbonyls t o  P i n a c o l s  

P inacol  formation from the  r e a c t i o n  of carbonyl  compounds w i t h  a c t i v e  

metals4' is w e l l  known; t h e  same r e a c t i o n  may a l s o  b e  achieved photo- 

chemically.42 

t h e s e  r e a c t i o n s  are usua l ly  low, e s p e c i a l l y  wi th  a l i p h a t i c  ke tones .  Low- 

v a l e n t  t i t a n i u m  der ived  from T i C l  3 
s u p e r i o r  i n  t h e s e  r e a c t i o n s .  

However, t h e  y i e l d s  of products  ob ta ined  from both  of  

and T i C 1 4  has  aga in  been found t o  b e  
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ORGANIC REDUCTIVE COUPLING. A REVIEW 

The TiC13-3THF-Mg system, which wi th  a r y l  carbonyls gives  the corres- 

28 ponding o l e f i n s  (Eq. 11-13), gives only the  p inacol  wi th  cyclohexanone. 

nc13-m~-~ * & 45% 
(30) 

HO 

'Ihe TiC14-Zn system, which wi th  a r y l  carbonyls gives o l e f i n s  under 

r e f lux ing  condi t ions (Eq. 15-17), gives the  corresponding p inacols  under 

milder condi t ions.  29 With unconj ugated carbonyls , pinacols  

obtained as main products  even a t  r e f lux ing  teapera ture  (Eq 

are  usua l ly  

3 3 ) .  

CH3)Ph (31) 
PhCCH THF Ph(CH3)C-C(CH3)Ph OH + Ph(CH3)DC 

0 11 20°,2. h r i  I 

OH 91% 1% 

- PhyM-yh + Ph(H)G=C(H)Ph THF PhQIO 
0°,2 h r s  HO OH 

9 8% 1% 

dioxane PhCH CH CH-CHCH2CH2Ph PhCH2M2QI0 - 2 21 I 
85O ,6 h r s  HO OH 7 8% 

REAGENT : TiC14-Zn 

Recent ly ,  i t  has  a l s o  been repor ted  t h a t  ketones and aldehydes, e i t h e r  

aromatic  o r  a l i p h a t i c ,  are s a t i s f a c t o r i l y  and cons i s t en t ly  coupled i n  good 

y i e l d s  t o  t h e  corresponding p inacols  by the  T i ( I 1 )  spec ie s  generated from 

t i t an ium t e t r a c h l o r i d e  and amalgamated 70-80 mesh magnesium, TiC14- 

Mg(Hg).43 

t i o n ,  the p o t e n t i a l  p i n a c o l i c  rearrangement of  these  reduct ive  coupling 

products  g r e a t l y  extends t h e i r  s y n t h e t i c  u t i l i t y .  

S ince  p inacols  i n s t ead  of  o l e f i n s  are i s o l a t e d  i n  t h i s  reduc- 

The same reduc t ive  coupl ing method has  been extended t o  the  syn thes i s  

o f  u n s y m e t r i c a l  p inacols  (Eq. 37 and 381, with  acetone being used i n  

excess .43 The TiC14-Mg(Hg) system f a i l s  when a low mlecular weight 

aldehyde is used i n s t e a d  of acetone as t h e  excess component. However, i n  

373 
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Y.-H. LA1 

PhCHO - OH I 1  OH 84% 
PhCH-CHPh 

(34) 

REAGENT : TiC14-Mg(Hg) 

t h i s  case, t h e  r e a c t i o n  can b e  e f f e c t e d  by cyclopentadienyl-titanium 

t r i c h l o r i d e  and l i t h i u m  aluminium hydr ide ,  CpTiC13-LIAlH:3 (Eq. 39). 

72% ( 3 9 )  
CpTiC13-LiAlH4 

(Jo + cH3CHo 

The reducing systems T i C l  -Mg(Hg) and CpTiC13-LiA1H4 a l s o  provides  new 

reagents  f o r  inducing t h e  i n t r a m l e c u l a r  reduct ive  coupl ing of  d icarbonyl  

compounds t o  p inacols  w i t h  four-, f i v e -  and six-membered r i n g  s t r u c t u r e s  

i n  f a i r  t o  good y i e l d s  (Table 5 ) . 4 3  Of s p e c i a l  n o t e  i s  the s y n t h e s i s  of  

a four-membered r i n g  i n  h i g h  y i e l d ,  s i n c e  classical methods g i v e  cyclo- 

b u t a n e d i o l s  i n  only low y i e l d s . 4 4  

r e a c t i o n s  , one isomer (usua l ly  t h e  &-isomer) predominates. 

4 

Also noteworthy is t h a t  i n  many 

Cood y i e l d s  of p i n a c o l s  are a l s o  obta ined  from the  r e d u c t i v e  coupl ing 

of carbonyls  by the T i C l  -hexamethyIbenzene-Al-AlCl3 system.43 However, 

t h i s  reagent  is i n f e r i o r  t o  TiC14-Mg(Hg) and CpTiCl -LiA1H4 f o r  prepara-  

t i v e  r e a c t i o n s  , as t h e  l a r g e  amount of hexamethylbenzene involved compli- 

3 

3 
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ORGANIC REDUCl'IVE COWLING. A REVIEW 

Q.*OH =on a: 1 c i s : t r ans  = 4 : l  

TABLE 5. Intramolecular Reductive Coupling of Dicarbonyl Cowomds 

with  TiC14-Mg (Hg) o r  CpTiC13-LifiH4: 
43 

A :  Tic1 -Mg(Hg) OT < R B: CpTit13-LiAlH4- 

A 

A 

Product I Reagent 

A 
"-OH 

c i s : t r ans  = 8:3 -- 

- 
Yield - 
8 1% 

55% 

Product I Reagent ' i e l d  - 

4 3% 

90% 

ca tes  the  i s o l a t i o n  of the  des i r ed  product. 

C. Mechanism of the Reductive Coupling of  Carbonyls 

10b ,29 ,31,33,36,38,42 to Although seve ra l  mechanism have been proposed 

account f o r  t h e  reductive coupling of carbonyls t o  o l e f i n s  and/or p inacols  , 

a l l  are r a t h e r  similar and can be summarized a s  a family of  p l aus ib l e  

mechanism i f  i t  is assumed t h a t  either Ti(0) o r  T i ( I1 )  i s  the  r eac t ive  

spec ies  i n  these reac t ions .  

The reducing s y s t e m  T i C l  -3THF-Mg, TiC13-K, TiC13-Li and TiC13-Zn-Cu 3 

are be l ieved  t o  produce a Ti(0) spec ies  which p e r f o r m  the  o v e r a l l  reduc- 

t i o n  (Scheme 3) ,  t h e  product be ing  mainly t h e  o l e f i n .  Due t o  t h e  formation 

of 3 , where f r e e  r o t a t i o n  of t h e  carbon-carbon bond is poss ib l e ,  the  

coupling of aldehydes o r  unsymmetrical ketones w i l l  g ive  a mixture of 

isomers. 

For d ia ry1  ketone-acetone mixed coupling, an a l t e r n a t i v e  mechanistic 

path is poss ib le .  The route  would involve t h e  f u r t h e r  reduction of the  

s t a b i l i z e d  r ad ica l  anion 4 t o  the  dianion 545 followed by nuc leophi l ic  

37 5 
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Y.-H. LA1 

(M = Mg, K ,  L i  , Zn-Cu) 
M 

T i C 1 3  - T i o  

Ti, (11) 

A 
- + T i ( I 1 )  - fi 

A r t  T i o  

Ar' 
c=o - 

acetone 

3 

SCHEME 3 

A r  ; 
6-6 + T i ( I 1 )  

'% . 
C-0- + T i ( I )  - 

h ' 4  

A r  

Ar' 

A r  
- >ec< + 

a d d i t i o n  t o  acetone 

On the o t h e r  han 

SCHEME 4 

(Scheme 4 ) .  

5 

, the  reducing systems TiC14-Zn, TiC13-L H4 , 
T i C l  -Mg(Hg), CpTiCl - L i A l H  

duce a T i ( I 1 )  s p e c i e s  which promotes a p i n a c o l  reduct ion  of  a carbonyl  t o  

an i n t e r m e d i a t e  coupled complex ( 6 o r  7 o r  8 ) .  F u r t h e r  r e d u c t i o n  of the  

c y c l i c  t i t a n i u m  complexes ( 6 o r  7 )  by concerted l o s s  of T i 0 2  (pa ths  b , d  ) 

o r  by s tepwise  l o s s  of the  oxygens (pa ths  a ,  c ) then  g ives  t h e  o l e f i n .  

P inacols  are be l ieved  t o  b e  produced through pa th  e from 8 (Scheme 5). 

and TiCl3-HMB-Al-A1Cl3 are b e l i e v e d  t o  pro- 4 3 4 
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ORGANIC REDUCTIVE COUPLING. A REVIEW 

% D O  + Ti( I I )L2 - R2&O-Ti(III)L2 (L = Cp, C1) 

R2C-0-Ti (1V)L -L R2 C-0, 

R2C-O/ R2 C- 
%C=O + R2C-O-TI ( I I I )L2 - 1 Ti(IV)L2 7 I ;  

6 -& /-L 

%C=C% + Ti02 

R27-0, Ti(IV)L2 + Ti( I I )L2 - 'i-"Ti(III)L + Ti ( I I I )L3  
R2C-0' %C-O/ 7 

\c 

-L R-C-0-Ti UV)L 
R2C=CR;! + T i 0 2  - ' I  ;' 

%C* 

R2C-0-Ti ( I I I )L2 H20 R2C-OH 

R2 C-OH R2 C-0-Ti (111 ) L2 
I - 2 R2&O-Ti(III)L2 - I 

8 

SCHEME 5 

I V .  ALCOHOLS 

A. Reductive Coupling of 1,3-Diols 

Since p inacol  dianions are p laus ib l e  in te rmedia tes  i n  the  reductive 

coupling of  carbonyls t o  o l e f i n s  by Ti(0) (Schemes 3 and 4 ) ,  one would 

expect Ti (0)  t o  reduce o t h e r  1,2-diols t o  o l e f i n s  as w e l l .  This has i n  

f a c t  been proven t o  be  the case.43 

t o  o l e f i n s  by "(0) powder has also prompted i n ~ e s t i g a t i o n ~ ~  i n t o  the  

i n t r a m l e c u l a r  reduct ive  coupling of 1 , F d i o l s  t o  cyclopropanes , s ince  

both o l e f i n s  and cyclopropanes have i d e n t i c a l  double-bond equiva len ts .  It 

has  been found t h a t  r eac t ion  of 1,3-diols with T iC13-L iAlH4  g ives  mainly 

the  cyclopropanes. 

The successfu l  reduction of 1,2-diols 

A mechanism based on e a r l i e r  work 47'48 has been proposed which assumes 

the  t i t an ium(I1)  spec ies  9 t o  be t h e  intermediate.  Thermal decomposition 
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Y.-H. LA1 

T i  C13-LiA1H A 3 1  + PhTPh 
Ph c49% Ph Ph ~ 1 2 %  OH %20% 

Phk/yPh 
HO OH 

A p-ph ___c 

Ph Ph 9 P 9 10 T i  

SCHEME 6 

of 9 produces T i 0  

and t r ans-cy c lopropanes . 
and the d i r a d i c a l  10 which c l o s e s  to  g i v e  t h e  &- 

2 
49 

B. Reductive Coupling of Acety len ic  Carbinols  

I t  is i n t e r e s t i n g  t o  n o t e  t h a t  a c e t y l e n i c  diphenyl  carb inols  are 

re duc t i v e l y  coupled by T i C 1 3  t o  te trapheny l d i a  lky 1- o r  te t raphenyld iary l -  

e thynyl  e t h a n e ~ , ~ '  

room temperature  t o  g i v e  compounds w i t h  a di-indene s t r u c t u r e  (Eq. 41). 

Though t h e  r e a c t i o n  may n o t  be very u s e f u l  s y n t h e t i c a l l y ,  i t  is s u f f i -  

c i e n t l y  i n t e r e s t i n g  t o  warran t  nent ion h e r e .  

some of which undergo rearrangement i n  s o l u t i o n  a t  

Ph T i C 1 3  Ph Ph 
I I 1  

Ph Ph Ph 

(CH ) c-ckc-c-c-c~c-c(cH ) 3 3  I 3 3  I 1  3 3  (CH ) C-CSC-C-OH - 

- Ph W P h  25% 
Me3c cMe3 

C. Reductive Coupling of Benzyl ic  and A l l y l i c  Alcohols 

Coupling of b e n z y l i c  and a l l y l i c  a lcohols  t o  b ibenzyls  and 1,5-dienes 

i s  n o t  very well-known when conpared t o  the  coupl ing of t h e  corresponding 

o r g a n i c  h a l i d e s .  However, d i r e c t  coupl ing of a l l y l i c  a l c o h o l s ,  i n  p a r t i -  
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ORGANIC REDUCTIVE COUPLING. A REVIEW 

c u l a r ,  would b e  q u i t e  usefu l .  The r e a c t i o n  -- which is p r a c t i c a l  because 

a l l y l i c  a l c o h o l s  are usua l ly  mre r e a d i l y  a v a i l a b l e  than t h e  corresponding 

h a l i d e s  -- can genera te  a 1,5-diene s t r u c t u r e ,  which is p r e s e n t  i n  many 

n a t u r a l l y  o c c u r r i n g  compounds. 40 

- P h 3 C a C P h 2  100% (42) 
V C l z  o r  TICl3 

Ph3COH - 
HClIacetone, 10 min., rt  

VC12 
P h2 CHOH r Ph2CH-CHPh2 31-89% ( 4 3 )  

HClIacetone, r t  

Tr iphenylcarb inol  and d iphenylcarb inol  are r e d u c t i v e l y  coupled5 by 

VC12 o r  TiC13.  The products  are " h e ~ a p h e n y l e t h a n e " ~ ~  and te t raphenyle thane  

r e s p e c t i v e l y  (Eq. 42 and 43). Even though t h e  r e a c t i o n  has  n o t  been 

s t u d i e d  f o r  o t h e r  a l c o h o l s ,  m e t a l  ion  reduct ion  of carbonium i o n s  t o  f r e e  

r a d i c a l s 5 3  i s  p o s t u l a t e d  as a mechanis t ic  pathway (Scheme 7). 

+ Ph2QIOH + H30+ - Ph2CH + 2H20 

+ Ph2CH + V(I1) o r  T i ( I I 1 )  - Ph2CH- + 

2 Ph2CH* - Ph2CH-CHPh2 

SCHEME 7 

Reductive coupl ing o f  a lcohols  t o  hydrocarbons 

by the TiC14-K system47 (preformation of t h e  alkoxide is r e q u i r e d ) .  A 

valence change of I1 t o  111 f o r  t i t a n i u m  is p r e s u m d  t o  be involved.  

However, t h e  reduct ion  is only m d e r a t e l y  e f f e c t i v e  f o r  b e n z y l i c  and 

a l l y l i c  a lcohols .  Attempts t o  produce coupled hydrocarbons from a l i p h a t i c  

(%-awl, cyclohexyl)  a l c o h o l s  and phenols  were a l s o  u n s a t i s f a c t o r y .  

V(II1)  o r  Ti(IV) 

has  a l s o  been e f f e c t e d  

PhCH20H - PhCH2-CH2Ph 5 1% 

CH2=CHCH20H - CH2=CHCH 2 -CH2CH=CH2 3 8% 

REAGENTS : 1 )  NaH; 2) TiC14-K 

(44) 

(45) 
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Y.-H. LA1 

A system which has  proved t o  be e f f e c t i v e  f o r  a one-step s y n t h e s i s  of 

1,5-dienes reduct ive  coupl ing of a l l y l i c  a lcohols  involves  t h e  c o d i n e d  

a c t i o n  of T i C l  

d i f f e r e n t  a l c o h o l s  can a l s o  be achieved by t h i s  reagent ;  a good y i e l d  of 

the cross-coupled product  r e s u l t s  from an excess  of one of t h e  two a l l y l i c  

a lcohols  (Eq . 48) . 

and a lkyl -  o r  a r y l l i t h i ~ r n . ~ ~  Mixed coupl ing between 3 

PhCH20H - PhCH2-CH2Ph 68% ( 4 6 )  

& - -8" 63% + & 9% 

( 4 7 )  

REAGENT : TiC13-RLi 

Evidence from d i f f e r e n t  s t u d i e s s 4  shows t h a t  the  mechanism f o r  t h e  

reduct ive  coupl ing o f  t h e s e  b e n z y l i c  and a l l y l i c  a lcohols  by TiC14-K and 

TiC14-K : ROH + N a H  - RO-Na + + H2 

2RO- + T i C 1 4  - (R0)2TiC12 - K (RO)2Ti 

TiC13-RLi : T i C 1 3  + 2ROH - 2R'Li (RO)2TiC1 

R' L i  -R' - (RO)2TiR' (R0)2Ti 

a 

b 

Ti(ORI2 - R. + TiO(0R) + 
Ti(OR), - T i 0 2  + 2R. - R-R 

SCHEME 8 
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ORGANIC REDUCTIVE COUPLING. A REVIEW 

Tic1 -mi may follow the  s t e p s  shown i n  Scheme 8. lhough the  concerted 

expuls ion of  carbon r a d i c a l s  (path b) is mre favored,  the  s tepwise  

expuls ion (path a )  is also very l i k e l y .  

3 

The Tic1  -LiA1H4 system is a l s o  e f f e c t i v e  and convenient i n  the  alcohol  3 

reduct ive  coupling r eac t ion .  55 

have been found to  couple w e l l .  S t e r i c  bulk of the  alcohol  seem to  have 

no de le t e r ious  e f f e c t ,  s i n c e  2-phenyl-2-propanol couples i n  95% y i e l d  

(Eq. 49). High unsa tura t ion  i n  t h e  a lcohol  leads to  some mcoupled reduced 

by-products (Eq. 51). The mechanism is probably similar to that involv ing  

f r e e  r a d i c a l  formation as proposed i n  Scheme 8. 

Again, mainly benzy l i c  and a l l y l i c  a lcohols  

PhC(0H) (CH3l2 - PhC(CH3)2C(CH3)2Ph 95% (49 1 

REAGENT : TiCl 3-LiAlH4 

I V .  CONCLUSION 

The v e r s a t i l i t y  of  V C 1 2 , ' N C 1 3  and TiC14 i n  e f f e c t i n g  several reduct ive  

coupl ing  r eac t ions  is  q u i t e  obvious,  s i n c e  good product  y i e l d s  are obta ined  

under d i f f e r e n t  condi t ions and wi th  d i f f e r e n t  accompanying reagents .  I n  

the  reduct ive  coupling of o rgan ic  h a l i d e s  (Table 6 ) ,  VC13-LIAlH4 is the  

system of choice due t o  its g r e a t e r  s t a b i l i t y  i n  air and t o  the  ease of  
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Y.-H. LAI 

56,57 TABLE 6 .  Reductive Coupling o f  Organic Hal ides .  
- 

Gene r a1 
Procedure Ref e ren  ce Reactant  Product  Reagent 

VC1 3-LiA1H4 1 22 

Ar-C-X AK-C-C-Ar TiC13-LiAlH4 2 2 1  

TiC14-LiA1H4 2 21 

I I /  

I 1  

- VC12 (PY) 4 16 

VC1 3 -LiAlH4 

T i C l  3-LiAlH4 

1 

2 

TiC14-LiAlH4 2 

22 

21 

21  

T i c 1  3-LiAlH4 2 21 

TiC14-LiAlH4 2 2 1  I Ar\ / 
Ar-CX2 C=C 

- V C I 2  (PY 1 4  16 ’ ‘Ar 

zarrying out  the  reac t ion .  The y i e l d s  of products  ob ta ined  are also 

? x c e l l e n t .  T i C 1 3  ( s o l i d  powder) i s  s l i g h t l y  more s e n s i t i v e  t o  a i r  and 

moisture  than  T i C l  

solved,58 and T i C l  - L i A l H  has  becom an i n c r e a s i n g l y  important  reagent .  

Seven reagents  from T i C 1 3  and T i C 1 4  are a v a i l a b l e  f o r  t h e  r e d u c t i v e  

coupl ing o f  carbonyls t o  o l e f i n s  (Table 7). TiC13-LiA1H4 i s  by f a r  t h e  

most widely used reagent  i n  t h e s e  r e a c t i o n s .  However, i t  is  only s u p e r i o r  

i n  the coupl ing of a l i p h a t i c  carbonyls ,  g i v i n g  good y i e l d s  of  t h e  o l e f i n s ,  

b u t  i t  i s  n o t  e q u a l l y  e f f e c t i v e  i n  t h e  o t h e r  reduct ions .  TiC13-K g ives  

- the  most c o n s i s t e n t  r e s u l t s ,  be ing  e q u a l l y  s u c c e s s f u l  i n  t h e  coupl ing of  

a l i p h a t i c  carbonyls  as w e l l  as i n  t h e  i n t r a m o l e c u l a r  and mixed coupl ing 

r e a c t i o n s .  TiC14-Zn, a reagent  easiest t o  prepare  f o r  t h e  coupl ing of 

aromatic  carbonyls ,  g i v e s  alms t q u a n t i t a t i v e  y i e l d s  of t h e  o l e f i n s .  The 

s a f e s t  and mst  e f f e c t i v e  reagent  f o r  i n t r a m l e c u l a r  coupl ing of d icar -  

bonyls i s  TiC13-Zn-Cu, which is capable  of  producing cycloalkenes o f  r i n g  

s i z e  4-16. For mixed coupl ing o f  two carbonyl  compounds, Tic1 - L i  i s  the  

( l i q u i d )  , b u t  t h i s  problem has  p r a c t i c a l l y  been 4 

3 4 

3 
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OIGANIC REDUCTIVE COUPLING. A REVIEW 

56,57 TABLE 7. Reductive Coupling of Aldehydes and Ketones. 

React a n t  I Product 

~~ 

Reagent General bferencc Procedure 

)=O 
T i  C14 -Zn 
Tic1 3-LiAlH4 

3 

8 

19 

31 

28 

31 
- 

30 a l i p h a t i c  

T i  C 1  3- Zn- Cu 4 37 

T i C l  3-K 10 34 

TiC13-LiA1H4 12 36 \ 

T i C l  3-Li 5 39 

Ti C 1  3-K 13 35 

/ CEO + 0 4 ,  
R \  

R' 

R ,R'=alkyl, aryl 

)= 0 -c-c- I I  TiC14-Zn 14 29 

awl HO 1 1  OH TiC14-Mg (Hg) 6 4 3  
.____ .. ~ _ _ _ -  
TiC14- Zn 14 29 

)=O -c-c- nC14-Mg (Hg) 6 43 
I 1  

a l i p h a t i c  HO OH Tic1 3-31HF-Mg 9 28 
43  

I 1  

Ti C 1  3-HMB-A1-Al C l  - 

R R' TfCl4-% (Hg) 6 4 3  
R' 

(30 + 0 4 ,  I 1  
R \  

R' R' R- C- C-R Cp Ti C 1  3-LiAlH 15 4 3  
I 1  

HO OH R' = a l k y l ,  H 

TiC14-Mg (Hg) 6 4 3  

CpTiCl 3-LiAlH4 15 4 3  

L 

b e s t  choice,  g i v i n g  good y i e l d s  of t h e  products  and, i n  some cases, 

wi thout  r e q u i r i n g  an excess  of one component. 

The two b e s t  reagents  f o r  coupl ing of carbonyls  t o  p i n a c o l s  are 
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Y.-H. LA1 

TiC14-Zn and TiC14-Mg(Hg) (Table 7). Both of  them give  t h e  d e s i r e d  pro- 

ducts  i n  high y i e l d s  under mild condi t ions .  Experimental ly ,  t h e  TiC14-Zn 

method might b e  s l i g h t l y  s i m p l e r ,  s i n c e  t h e  p r e p a r a t i o n  of t h e  amalgam is  

requi red  i n  t h e  o t h e r  case. However, T i C l  -Mg(Hg) is  the  main reagent  f o r  

i n t r a m o l e c u l a r  and mixed coupl ing of carbonyls  t o  t h e  r e s p e c t i v e  p i n a c o l s .  

CpTiC1 -LiA1H4 a c t s  as a good supplemental  reagent  t o  T i C l  -Mg(Hg) and is 

a b e t t e r  reagent  when, i n  p a r t i c u l a r ,  low mlecular weight  aldehydes are 

used. 

4 

3 4 

I n  t h e  reduct ive  coupl ing of a lcohols  (Table 8 ) ,  TiC13-LiAlH4 i s  aga in  

t h e  ms t g e n e r a l l y  employed reagent .  It  couples 1 ,3-diols  t o  cyclopropanes 

and is very s u c c e s s f u l  i n  the  coupl ing of b e n z y l i c  and a l l y l i c  a lcohols .  

T i C l  -RLi ,  i n  most cases, i s  as e f f e c t i v e  as T i C l  L i A 1 H 4 ,  and induces 3 3- 

56,57 TABLE 8. Reductive Coupling of Alcohols. 

Reactant  Product  Reagent Reference Procedure 

A T i C l  3-LiAlH4 16 
\A. 
,c c, 

I 1  
HO OH 

46 

TiC13-LiAlH4 17 55 

-c-c- I 1  T i C l  3-RLi 7 48 I 
-C-OH 

I I 1  TiC14-K 18 47 

51 

T i C 1 3 / H C 1  51 

benzyl i  c VC1,fHCl - 
- 

_. - 
T i  C 1  3-LiA1H4 17 55 

'NC14-K 18 47 

TiC13-RLi 7 48  W O H  

i T i  C 1  j R L i  7 48  
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ORGANIC REDUCTIVE OUPLING. A REVIEW 

mixed coupling of  a l l y l i c  a lcohols  to give good y i e l d s  of 1,5-dienes. 

Coupling involving TiC14-K requi res  more d r a s t i c  conditions and usua l ly  

gives lower y i e ld  of the des i red  product. 

A series of carbon-carbon bond formation reac t ions  promoted by TiC14  

have a l so  been reviewed.59 MOreover, c a r b o w l i c  acids have been found t o  

undergo T i c 1  RLi-induced coupling t o  p inacols  ,60 and tropylium salts  a r e  

coupled cleanly i n  high y i e l d s  with aqueous so lu t ions  of V ( I 1 )  o r  T i ( I I 1 )  

ch lor ides .  

3- 

61  

Thus, the  reagents derived from the chlorides of vanadium and t i t an ium 

have undoubtedly become very usefu l  s y n t h e t i c  too ls  i n  organic  chemistry. 

V . GENERAL PROCEDURES57 

General Procedure I?' 

o f  VC13(3 m l e s )  i n  dry THF. Af te r  5 min, the h a l i d e  (1 mle) w a s  added 

a s  a THF so lu t ion  and the mixture re f luxed  f o r  3-20 h r s .  The reac t ion  

mixture w a s  then quenched wi th  water  and ex t r ac t ed  with benzene [Yield : 

82-96%(benzylic ha l ides )  ; %8O%(al ly l ic  ha l ides )  1.  

General Procedure 2T1 

s l u r r y  of T i C l  

lrclxture w a s  s t i r r e d  f o r  30 min, and a s o l u t i o n  of t h e  h a l i d e  (1  mole) i n  

THF w a s  then added dropwise wi th  s t i r r i n g .  The mixture w a s  refluxed f o r  

10 h r s ,  decomposed wi th  aqueous NH C 1  s o l u t i o n ,  and ex t r ac t ed  with e t h e r  4 

[Yield : 36-85%(benyl ic  h a l i d e s )  ; % 7 5 % ( a l l y l i c  ha l ides )  ; 79-96%(aryl 

gem-dihalides) 1 .  

General Procedure 3:' 

added slowly t o  a s t i r r e d  mixture of  the carbonyl (1  mole) and T i C 1 4  

(1.5 moles) i n  THF a t  r e f lux ing  temperature. After 4-5 h r s ,  the  reac t ion  

mixture w a s  hydrolyzed wi th  10% NaOH s o l u t i o n  and the  product obtained by 

usual work-up [Yield : 92-98%]. 

LiAlH4 (1 mole) w a s  added slowly t o  a suspension 

L i A l H 4  ( 1  m l e )  w a s  added slowly t o  a s t i r r e d  

o r  T i C 1 4  (2 moles) i n  THF under n i t rogen .  The r e s u l t a n t  3 

A suspension of Zn powder (3  moles) i n  THF w a s  
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Y.-H. LA1 

General Procedure 4?7 

(150 mnol) to  deoxygenated H 2 0  (40 ml) , purging the s l u r r y  w i t h  N2 f o r  15 

min, and then  adding C S 0 4  (4.7 -1). The b lack  s l u r r y  w a s  f i l t e r e d  under 

N 2 ,  washed w i t h  deoxygenated H 2 0 ,  ace tone ,  and e t h e r  and then d r i e d  i n  

vacuo. T i c 1  (6.68 m l )  and Zn-Cu couple (15.4 m m l )  w e r e  p laced  i n  a 

f l a s k  v i a  a Schlenk t u b e  under argon. Anhydrous DME (20 d) w a s  added, and 

t h e  mixture  w a s  r e f l u x e d  f o r  1 h r .  The d icarbonyl  (0.61 m l )  i n  M E  ( 4 0  

ml) w a s  added t o  t h e  r e f l u x i n g  s l u r r y  via a m t o r - d r i v e n  s y r i n g e  p u q  over  

30 h r s .  A f t e r  an a d d i t i o n a l  14 h r s  r e f l u x ,  the  mixture w a s  cooled t o  room 

teplperature ,  passed through a small F l o r i s i l  pad ,  concent ra ted ,  and chro- 

matographed on alumina [Yield : 50-95%1. 

General Procedure 5:' 

argon, and L i  p ieces  (28 m l e s )  were added. After 1 h r  r e f l w ,  t h e  mixture 

w a s  cooled,  and a s o l u t i o n  of acetone (4 m l e s )  and t h e  o t h e r  carbonyl  

(1 mle) i n  DME w a s  added. The mixture w a s  then  s t i r r e d  f o r  2 h r s  a t  room 

temperature and then r e f l u x e d  f o r  20 h r s .  The mixture w a s  cooled t o  room 

temperature ,  and petroleum e t h e r  w a s  added s lowly.  The o r g a n i c  l a y e r  w a s  

then decanted from the b lack  r e s i d u e  and p u r i f i e d  by the  usua l  work-up 

[Yield : 50-94%]. 

General Procedure 6 t 3  A s o l u t i o n  of HgC12 (0.08 mole) i n  dry THF w a s  

added t o  70-80 mesh M g  ( 3  moles) and s t i r r e d  a t  room temperature  under 

argon f o r  15 min. The t h i c k  amalgam w a s  taken up i n  THF, cooled t o  -loo, 

and t r e a t e d  dropwise w i t h  T i C 1 4  (1.5 m l e s ) .  A s o l u t i o n  of  t h e  carbonyl  

(1 m l e )  i n  ?HF w a s  added, fol lowed by s t i r r i n g  at 0' f o r  0.5-13 h r s .  The 

mixture  w a s  quenched w i t h  s a t u r a t e d  K2W3 s o l u t i o n ,  d i l u t e d  w i t h  e t h e r ,  

f i l t e r e d  through Celite, and t h e  product  i s o l a t e d  a f t e r  usual  work-up 

[ Y i e l d  : % 8 5 % ( a r y l  ke tones)  ; 80-95%(al ipha t ic  ke tones)  ; 65-76%(mixed 

coupl ing)  ; 32-90%(in t ramolecdar  coupl ing)  I .  

The Zn-Cu couple w a s  prepared by adding Zn d u s t  

3 

T i C 1 3  (8 moles) w a s  s l u r r i e d  i n  dry DME under 
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ORGANIC REDUCTIVE COUPLING. A REVIEW 

General Procedure 7?8 

subs t an t i a l ly  lower the y i e ld )  and T i C 1 3  ( 1  mole) were mixed under 

n i t rogen  a t  -78' i n  glyme. Af te r  a few min, the alcohol (2 moles) w a s  

added while maintaining the temperature at -78'. The mixture w a s  then 

allowed t o  w a r m  to  room temperature and subsequently refluxed f o r  15 min. 

The product w a s  then ex t r ac t ed  i n t o  e t h e r  [Yield : -70% i n  all reductions].  

RLi  (3 moles; g r e a t e r  proportions of t h i s  reagent 

57 
TABLE 9. General Procedures 8-18. 
- 
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NOTES FOR TABLE 9 

(a)  Rat io  o f  r e a c t a n t  : m e t a l  h a l i d e  : reducing a g e n t ;  (b)  No s p e c i f i c  

hydrolyzing agent  and/or  e x t r a c t i o n  s o l v e n t  w e r e  r e p o r t e d ;  (c )  For aryl 

ke tones ;  (d)  For a l i p h a t i c  ke tones ;  (e)  TiC13.mIF w a s  p repared  by 

s t i r r i n g  TiC13(0.13 mole) i n  THF(250 m l )  f o r  24h under argon. The b l u e  

complex w a s  f i l t e r e d  and d r i e d  under vacuum; 

(g) Formation o f  p i n a c o l s ;  (h) The mixture  of metal h a l i d e  and reducing 

agent  w a s  h e a t e d  at r e f l u x  f o r  15-60 min b e f o r e  t h e  r e a c t a n t  w a s  added; 

(i) For i n t r a m l e c u l a r  coupl ing;  

( f )  Formation of o l e f i n s ;  

( j )  A f t e r  the  a d d i t i o n  of Zn t o  T i C 1 4 ,  

p y r i d i n e  w a s  added t o  form t h e  TiC12.py complex; (k) A mixture  of 

products ;  (1)  For b e n z y l i c  a l c o h o l s ;  (m) For a l i p h a t i c  a lcohols ;  

(n) Af te r  r e f l u x i n g  f o r  2Oh, the  s o l v e n t  w a s  removed by d i s t i l l a t i o n ,  and 

t h e  res idue  w a s  h e a t e d  a t  100-140° u n t i l  a l i g h t  gray c o l o r  w a s  observed. 
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