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Introduction 
Classically, reduction of ketones by sodium borohydride 

is done in protic solvents; ketone reduction in aprotic 
media usually requires activation, often by a metal 
complex, including those of Al,I Ca,2 C O , ~  Fe,3a Li,1,4 Mg,za,c 
Ni,3d U,5 Zn,6 Zr,' and several l a n t h a n i d e ~ . ~ ~ , ~ ~ . ~  Most 
metal-activated procedures involving simple ligation are 
no more stereoselective than is reduction using NaBH4 
alone: reduction of the archetypal substrate 4-tert- 
butylcyclohexanone occurs with low stereoselectivity for 
most; notable exceptions use CeCl3 (transxis = 94:6)8C7e 
or UC14 (transxis = 93:715 for borohydride ac t i~a t ion .~  
Sodium borohydride has long been known to react with 
CpzTiClz to give Cp2TiBH4 (Scheme 1),l0 a species we 
have shown to be a powerful reagent for reduction of 
organic ha1ides.l' We now report that Cp2TiBH4, easily 
prepared either independently or in situ, effects reduction 
of ketones to the corresponding alcohols in DME rapidly, 
in excellent yield, and with high stereoselectivity, which 
makes it a reagent of practical value for use in aprotic 
media. 

Results and Discussion 
Reductions were conducted by slowly adding ketone to 

titanocene borohydride, Cp2TiBH4 (11, in dry DME at 
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Scheme 1. Reparation of CpZTiBa 
Cp2TiCh + NaBH, - ChTiBH, + H2 + BH, 

- NaCl 1 

room temperature. Alternatively, 1 can be prepared in 
situ by simply mixing titanocene dichloride and sodium 
borohydride in dry DME and used without further 
isolation (Table 1). When THF is used instead of DME, 
the in situ production of 1 was severely retarded, and 
after 2 days, only CpzTiCl could be isolated.12 However 
when recrystallized 1 was dissolved in THF, ketone 
reduction took place as before to give, for example, 
2-decanol from 2-decanone in 98% yield. 

The stereoselectivity of reduction of 4-tert-butylcyclo- 
hexanone to 4-tert-butylcyclohexanol by 1 can be com- 
pared with BH4- activation by other metal salts (Table 
2); reduction using 1 is fast, high yielding (97%), and 
stereoselective (trans:cis = 97:3). Borane is produced in 
the in situ synthesis of 1, and it is likely that BH3 is also 
produced when 1 reacts with 1 equiv of ketone. However, 
if 1,4-diazabicyclo[2.2.2]octane (DABCO; 1 equiv), which 
strongly coordinates BH3,13 is added to the DME solution 
of 1 prior to addition of 4-tert-butylcyclohexanone, no 
change in the reaction profile is observed. Indeed, Et3N, 
another strongly BH3-coordinating agent,13 can be used 
even as solvent with no noticeable change in reduction 
yield or ~tereoselectivity.'~ Since BH3 is a relatively 
stereochemically unselective reducing agent (Table 2), 
competitive ketone reduction by BH3 is apparently neg- 
ligible. 

We propose that 1 reacts with a ketone to  form CpzTi- 
H(ketone1, 2, which transfers hydride to the carbonyl 
carbon to give titanocene(II1) alkoxide 3.15 Hydrolytic or 
silylative workup of 3 yields the product alcohol or silyl 
ether (Scheme 2). In support of this proposal, we note 
that EPR analysis of 1 dissolved in acetophenone shows 
a doublet attributed to 2, which is centered at g = 1.980 
(a = 4.0 G). This signal slowly decays and is replaced 
by a broad singlet identical to that of independently pre- 
pared C ~ Z T ~ O C ( H ) ( C H ~ ) C ~ H ~ ~ ~  (g = 1.9761, which is typi- 
cal for Ti(II1). We had previously observed" by llB 
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Table 1. Reduction of ketones to alcohols by Cp~TiClflaBH4 
Rl Cp ,TIC1 

R2 

Po - - 
NaBH 

Ketone Product Time Yield (%,)a 

5 min 98 

5 min 90 

5 min 97 trans:cis = 973 

5 min 82 cxo:endo = 5:95 4 0 
5 min 85 exo:endo = 94% & 0 
6 hr 91 

0 OH 18 hr 86 

Me0 Me0 

F d F $ 6 hr 96 

ayields were determined by GC analysis of silylated product alcohol derivatives. 

Table 2. Reduction of I-ter- ,Butylcyclohexanone (25 "C) 

OH + *OH 

reagent solvent time yield (%) trans:cis ref 
BH3" 
BH3' 
MesN-BHf 
(n-Bu)4NBH4 
NaBH4 
NaBH4 
LiBH4 
LiBH4 
CeClnaBH4 
UClmaBH4 
Cp2Zr(Cl)BH4 
CpzZr(C1)H 
CmTiBH4 

diglyme 
THF 
diglyme 
THF 
THF 
DME 
THF 
DME 
MeOWTHF 
THF 
benzene 
DME 
THF 
DME 
DME 

l h  
l h  
3 d  
48 h 
72 h 
48 h 
12 h 
0.5 h 
5 min 
2 d  
15 min 
8 h  
5 min 
5 min 
5 min 

90 
90 
55 
17 
90 
88 
99 
80 

100 
77 
90 
90 
97 
96 
96 

84:16 
9O:lO 
83:17 
53:47 
86:14 
85:15 
86:14 
85:15 
94:6 
93:7 
6633 
85:15 
97:3 
96:4 
97:3 

~~ 

19a 
19 
19a 
this work 
4b, this work 
4b, this work 
4b, this work 
4b, this work 
10c,e 
7 
9a 
this work 
this work 
this work 
this work 

Cp;TiClz/NaBH4 
CpZTiBHdDABCO 

Steam bath. * Ice bath. 

NMR17 that reaction between 1 and N,N-dimethyloctyl- 
amine gives N,N-dimethyloctylamineBH3 and, likely, 

CpzTi-H(amine), 4. EPR analysis of the reaction between 
1 and N,N-dimethyloctylamine shows a doublet for 4 (g 
= 1.976; a = 5.0 G).  Since a typical "organic" radical has 
g x 2.00, the higher g value found for 2 us 4 is consistent 
with 20% delocalization of unpaired spin density from 
Ti to the carbonyl carbon of 2; the 20% reduction in 
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Experimental Section 

Materials. All manipulations were performed either on a 
vacuum line using standard Schlenk techniques or in a glove 
box with a purified nitrogen atmosphere. Dimethoxyethane 
(DME) and tetrahydrofuran CTHF) were distilled from sodium/ 
benzophenone ketyl. Titanocene dichloride, ketones, alcohols 
(Aldrich), sodium borohydride (Johnson Matthey), and silylating 
reagents (Supelco) were commercially available and used as  
received. 

General Procedure for Reductions. Ketone (2 mmol) in 
5 mL of DME is added dropwise to a 5 mL DME solution of Cp2- 
TiBH4 (2.10 mmol). After 5 min, GC analysis of a hydrolyzed 
aliquot shows complete disappearance of the ketone. The 
reaction mixture is worked up by exposure to air and then by 
acetaldehyde addition (2 mL; to quench any residual borane or 
borohydride), stirred for 1 h, poured into 1 N NaOH, and 
extracted with Et20 to give the alcohol. The crude residue can 
be treated with a silylating agent (Sylon BZT) and analyzed for 
quantitative determinations by GLC. It  can then be purified 
by column chromatography and identified by the usual spectro- 
scopic methods and compared with authentic samples. Alter- 
natively, Cp2TiBH4 can be prepared in situ by adding 0.160 g 
(4.23 mmol) of NaBH4 in 5 mL of DME to 0.5 g (2.01 mmol) of 
CpzTiClz, under dry nitrogen, and used without isolation. 

EPR Spectra. A 2 x M solution of Cp2TiBH4 in 
acetophenone is transferred in a dry-box to  a n  EPR tube 
(containing a sealed capillary of 2,2-bis(4-tert-octylphenyl)-l- 
picrylhydrazyl (DOPH) as  internal standard) and is sealed with 
a rubber septum. Spectra were obtained on a Bruker ESP 300 
spectrometer. The spectrometer was routinely operated at 
microwave powers of 0.2-0.5 mW; no saturation was observed. 
Field modulations were kept below 0.2 G in order to  enhance 
spectral resolution. 

Scheme 2. Reduction of Ketones by CpZTiBa 
R, 

Cp 2TiBH 

1 

amine 11 i amine 

CPZTi, /” + amine.BH3 
amine 

4 3 R2 

coupling constant is also as expected for such delocal- 
ization.l* 

Clearly, efficient and stereoselective reduction of ke- 
tones to alcohols can now be easily achieved using easy 
to handle CpzTiClz and NaBH4, and this procedure 
represents a convenient alternative to currently employed 
methodologies. Work is now in progress to enable 
catalytic utilization of Ti in this process. 
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