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Abstract - The steady state initla1 rate equation for a ketone-ethanol- 

NAD+-HLAD recycling system 1 s  checked for 1-n-butyl-4-piperidone. All 

reaction parameters are discussed in order to optimize the reduction of 

this substrate. For a series of 1-alkyl-4-piperidones the thermodynamic 

activation parameters for the reduction in this system are determined 

and discussed. 

INTRODUCTION 

In a previous paper2, the kinetics of the HLAD-mediated reduction of cyclohexanone 

in a coupled-substrate coenzyme recycl~ng system has been elaborated. This recy- 

cling system has been proven to be a very practical tool for preperatlve scale 

synthesis of chiral  alcohol^^'^. By using this recycling system, a new model far 

the reduction of ketones by HLAD was constructed from the kinetic and stereochemi- 

5 cal study of alkyl-substituted cyclohexanones . 
Untll now cyclic m i n e s  have received little attention a s  potential substrates 

since they are known to be relatively unreactlve6". In the present paper, the 

kinetics of the enzymatic reduction of 1-alkyl-4-piperidones are described and 

compared with the kinetics for the reduction of cyclohexanone. 

Thermodynamic activation parameters a r e  given and discussed in view of the new 

developed reduction model. 

1. Study of the kinetic parameters 

For the coupled-substrate coenzyme recycling system in this kinetic study, ethanol 

was used for regenerating the coenzyme in its reduced form. As shown before, with 

suitable concentrations of enzyme (1.0 x lo-' un~t.ml-l), coenzyme (at least 

1.00 x M), substrate (1.00 x M) and ethanol (1.00 x 10-I M), the follo- 

wing simplified initial rate equation can eventually be derived. It was developed 



2 
and tested with cyclohexanone as a substrate . 

5 In this equation E, is the total HLAD concentration , vo is the initial reaction 
* 

rate, [BI is the ketone concentration, [A'] is the ethanol concentration . K I  is 

the dissociation constant of the dead-end complex HLAD-NADH-ethanol and k3B is the 

rate constant of the following rate determining step: 

HLAD-NADH + ketone + H +  HLAD-NAD+ + alcohol 
k 3 ~  

Because of the qulte different nature of piperidones compared to cycloalkanones, 

we reinvestigated the validity of this rate equation in piperidone systems. l-n- 

Butyl-4-piperldone was chosen as a model substrate for two practical reasons : 

7 
e a s e  of its isolation by extraction and ~ t s  sufficient reactivity . 
In a first experiment, with a constant concentration of substrate, a linear rela- 

- 1 
tionship is found between v o  and the ethanol concentration in a range from 

0.050 M to 1.50 M (Fig.1). From the slope and the intercept, a value of K I  of 

0.18 + 0.09 M is found, whlch is in agreement with the K I  value of 0.104 + 0.011 M 

found with cyclohexanone as substrate. 

A devlatlon from the linear curve to lower inltial rates is found at ethanol 

8 
concentrations higher than 1.50 M due to denaturation of the enzyme . Thls was 

demonstrated by a set of experiments i n  whlch a lower reduction rate was found 

when the ketone a d d i t ~ o n  was delayed. 
< - 1 

A linear relationship between v0 and LB1-l is foundt, when all the other parame- 

ters are constant (Fig. 2). 

2 5 All experiments were performed under enzyme saturating coenzyme concentration . 
A concentration of 2.0 x M NAD+ was always used. 

* Ethanol is always used in large e x c e s s .  

-1 
If the steady state initla1 rate equation is valid the vo versus FBI-' plot 

has to go through the orlgin ( s e e  Fig. 2). In this case the intersection with the 
- 1 

v0 axis lies within a range of 2.2 times the standard deviation (a) of the 

llnear regression. 
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-1 Finure : Dependence of v,, on t h e  ethanol  c o n c e n t r a t i o n  [ A ' ]  

i n  a coupled-subs t ra te  coenzyme recyc l ing  system. (Buf fe r  : 

TRIS-HC1 : pH s 8.9 ; HLAD concei l t rat iun : 2.0 x 10-I 

u n ~ t s . m l - I  : NADH c o n c e n t r a t i o n  : 2.0 x lo-' M : i n i t i a l  ketone 

c o n c e n t r a t i o n  : 1.024 x M : temperature : 2S°C). 

T h i s  l i n e a r i t y  g i v e s  s t r o n g  e v i d e n c e  t h a t  t h e  reductlo" o f  1 - n - b u t y l - 4 - p i p e r i d o n e  

a l s o  p r o c e e d s  v ~ a  a d o u b l e  T h e o r e l l - C h a n c e  mechan ism a n d  p r o v e s  t h a t  t h e  s i m p l i -  

f i e d  i n i t i a l  r a t e  e q u a t i o n  i s  a l s o  v a l i d  f o r  t h i s  h e t e r o c y c l i c  d e r i v a t i v e .  

T h e  i n f l u e n c e  o f  i o n i c  s t r e n g t h  a n d  pH on t h e  i n i t i a l  r a t e  w e r e  a l s o  i n v e s t i g a t e d .  

I o n i c  s t r e n g t h  was f o u n d  t o  h a v e  l l t t l e  ~ n f l u e n c e  o n  t h e  initial r a t e  i n  a r a n g e  

f r o m  0 . 0 3 8  t o  0 . 4 6 1  ( T a b l e  1 ) .  H i g h e r  ionic s t r e n g t h  l e a d s  t o  d e n a t u r a t i o n  o f  t h e  

enzyme.  

T h e  pH h a s  a w e l l  d e f l n e d  e f f e c t  o n  t h e  ~ n i t i a l  r a t e  o f  I - n - b u t y l - 4 - p i p e r i d o n e  

( F i g .  3 ) .  

T h e  o p t i m u m  pH f o r  r e d u c t i o n  of  t h e  heterocyclic derivative lies a t  p H  = 8 . 9 .  T h i s  

i s  a l m o s t  t w o  pH u n i t s  h i g h e r  t h a n  t h e  optimum r e d u c t i o n  pH f o r  c y c l o h e x a n o n e  

( F i g .  3 ) .  B e l o w  pH = 6 t h i s  s u b s t r a t e  w a s  n o t  r e d u c e d .  I n  o r d e r  t o  r a t i o n a l i z e  

t h e s e  r e s u l t s  a d e t a ~ l e d  k n o w l e d g e  of  t h e  b e h a v i o u r  o f  1 - n - b u t y l - 4 - p i p e r i d o n e  i n  

a q u e o u s  s o l u t i o n  i s  n e c e s s a r y .  T h i s  b e h a v i o u r  is c o m p l i c a t e d ,  s i n c e  b e s i d e s  a n  



-1 Fipure : Dependence of vo on t h e  ketone c o n c e n t r a t i o n  L81-l 

i n  a coup led-subs t ra te  coenzyme r e c y c l m g  system. 

(BuEier TRIS-HC1 : HLAD c o n c e n t r a t i o n  : 2.0 x 10-I units.ml-I : 

NADH concen t ra t lo"  : 2.0 x M ; e t h a n o l  concen t ra t lo"  : 

1.0 n 10.' M : t empera tu re  : 2 5 T ) .  

a c i d - b a s e  e q u i l i b r i u m  t h e r e  a l s o  e x l s t s  a k e t o - d l 0 1  e q u i l i b r i u m  i n  t h e  a q u e o u s  

s o l u t i o n 9  ( S c h e m e  1 ) .  I n  a s t u d y  of t h e s e  e q u i l i b r i a  w l t h  'H-NMR s p e c t r o s c o p y  a 

c l e a r  p H - d e p e n d e n c e  i s  r e v e a l e d  ( s e e  F i g .  4 ) .  I n  s o l u t i o n s  with pH h i g h e r  t h a n  

8 . 4 ,  t h e  u n p r o t o n a t e d  1 - m e t h y l - 4 - p i p e r i d o n e *  i s  p a r t l y  h y d r a t e d  f o r  2 5 % .  Be low 

pH-7.5 t h e  f u l l y  p r o t o n a t e d  b a s e  i s  s t r o n g l y  h y d r a t e d  f o r  a b o u t  85%. An a n a l o g u o u s  

h y a r a t i o n  s h i f t  was f o u n d  f o r  t h e  1 - n - b u t y l  d e r i v a t i v e .  

T h ~ s  e q u i l i b r i u m  s h i f t  c a n  in p a r t  e x p l a i n  t h e  l o v e r  r e a c t i o n  r a t e s  b e l o w  

pH = 8 .9 .  T h e  e f f e c t i v e  c o n c e n t r a t l o r n  o f  k e t o n e  d e c r e a s e s  w i t h  d e c r e a s ~ n g  pH a n d  

c o n s e q u e n t l y  so d o e s  t h e  i n i t l a 1  r a t e .  

* ] M e t h y l - 4 - p i p e r i d o n e  w a s  used i n  t h i s  e x p e r i m e n t ,  s i n c e  t h i s  p r o d u c t  i s  more 

s o l u b l e  in w a t e r  t h a n  t h e  I - n - b u t v l  d e r i v a t i v e .  
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Table 1 : Influence of the ionic strength on the mitial rate v0 

in a coupled-substrate coenzyme recycling system. 

(HLAD concentration : 2.0 x 10-I units.ml-' : NADH concentration : 

2.0 x 1 0 d  H : buffer : TRIS-HC1 ; temperature : 25'C ; 

presision of pH : + 0.04) 

concentratmn concentration 

pH ketone ethanol V n  

Below pH = 6, the substrate completely appears in the nitrogen protonated form. 

Since no reaction occurs below this pH, it can be concluded that the nitrogen 

protonated keto form (kt : 1 5 % )  cannot be reduced by HLAD. Thls matter will 

further discussed in the last chapter. 

Scheme 1.  Equilibria of &-piperidones in aqueous solution. 



Fiaure : Dependence of the initla1 rate uo (mole.1-l.s-') on 

the pH i n  a coupled-substrate coenzyme recycling system. 

1 
0 Cyclohexanone : HLAD concentration : 1.0 x 10-I unit.ml- : 

mitial concentrations : ethanol : 0.515 M : cyclohexanone : 

5.0 x M and NAD' : 2.0 x lo-' M : temperature : 35-C. 

X 1-n-Butyl-&-piperidone : HLAD concentration : 2.0 x 10-I 

un~ts.ml-' : initial concentrations : ethanol : 1.0 x 10-I M ; 

ketone : 1.0 lo-' M and NAD+ : 2.0 x 1 0 8  M ; 

temperature : 2 5 T .  

6 7 8 9 10 pH 
Fieure : Percentage of 1-methyl-4-piperidone present in the 

ketone form as funcf inn  of pH, calculated from 'H-NMR 

meesurements. 
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2. The reaction yield 

The reactlon yield as a functlon of pH was studled (Table 2). Between pH = 7.4 and 

pH c 10.0 a yield of 97-99% of 1-n-butyl-4-hydroxypiperidine was found after two 

weeks. These high yields show that the equilibrium in the reduction of l-alkylpi- 

perldones lies more to the alcohol side than found for the reduction of cyclohexa- 

2 
none . 
Since the nitrogen in the hydroxypiper~dine is more basic than in the piperidone 

(respectively pK 9.6 versus 6 . 6 1 ,  the reaction equilibrium will indeed be favou- 

rably shifted in this pH-region. Between pH = 6 and pH = 7 only a l o w  reduction 

yield is obtained. Obviously the reaction rate is too low and the end polnt 1 s  not 

reached. Below pH = 6, no alcohol was found after two weeks, even with high 

concentrations of enzyme (1.0 unit.ml-'1. 

Table 2 Influence of pH on the reaction yield in a coupled-substrate 

enzyme recycling system. 

(Ethanol concentration : 1.0 x 10.' M ; HLAD concentration : 

2.0 x 10-I mits.ml-I ; NAD' concentration : 2.0 x M ; 

temperature : 25'C). 

PH buffer I-n-butyl-4-piperidone % alcohol 

M) 1 week 2 weeks 

phosphate-NaOH 

phosphate-NaOH 

phosphate 

phosphate 

phosphate 

phosphate 

TRIS-HC1 

TRIS-HCl 

TRIS-HC1 

glycine-NaOH 

glycine-NaOH 

glyc~ne-NaOH 

no reaction 

no reaction 

no reaction 

13 16 

36 57 

90 98 

91 98 

94 97 

97 97 

98 99 

98 99 

97 99 



3 .  T h e r m o d y n a m i c  p a r a m e t e r s  

Using e q u a t i o n  [ I l  , k g g  v a l u e s  f o r  t h e  H L A D - c a t a l y z e d  r e d u c t l o "  o f  1 - a l k y l - 4 -  

p i p e r l d o n e s  are d e t e r m i n e d  a t  s i x  d i f f e r e n t  t e m p e r a t u r e s  b e t w e e n  ODC a n d  45OC. T h e  

c o r r e s p o n d i n g  E - v a l u e s  h a v e  b e e n  c a l c u l a t e d  f r o m  t h e  A r r h e n i u s - p l a t s  a n d  t h e  A 
1 1  

a c t i v a t i o n  p a r a m e t e r s  G a n d  S a r e  c a l c u l a t e d  from t h e  E y r i n g  f o r m u l a  . 
I n  o r d e r  t o  c a l c u l a t e  t h e s e  p a r a m e t e r s ,  t h e  e x a c t  k n o w l e d g e  o f  t h e  k e t o n e - h y d r a t e  

e q u i l i b r i u m  o f  t h e s e  s u b s t r a t e s  a t  pH = 8 . 9  a n d  a t  t h e s e  s i x  d i f f e r e n t  t e m p e r a -  

t u r e s  was necessary. T h e  p e r c e n t a g e  o f  k e t o n e  f o r m  ( k )  was c a l c u l a t e d  a n d  f o u n d  

f r o m  "c-NMR m e a s u r e m e n t s  t o  be  40% 2 4 %  f o r  I - m e t h y l ,  1 - n - p r o p y l  a n d  l - n - b u t y l - 4 -  

p i p e r i d o n e  a t  pH = 8 . 9  a n d  T  = 25'C ( T a b l e  3 ) .  

Table 3  : Percen tage  of t h e  ketone form (k) of four  different l -a lky l -  

4 -p ipendones  a t  d i f f e r e n t  t empera tu res  and a t  pH = 8.9 . 
I-alkyl-&-piperidone % ketone form ( k )  temperature (T) 

1-methyl 1654 5 

3224 20 

4954 36 

5 7+4 45 

1-n-propyl 40+4 25 

1-n-butyl 4024 25 

1-isopropyl  3624 25 

pH d e p e n d e n c e  f o r  o t h e r  1 - a l k y l - 4 - p l p e r i d o n e s  w i t h  l o n g e r  a l k y l  c h a i n s  c o u l d  n o t  

b e  e x a m l n e d  slnce t h e s e  p r o d u c t s  w e r e  n o t  e n o u g h  s o l u b l e  in w a t e r  t o  o b t a l n  g o o d  

s p e c t r a  e v e n  a f t e r  7 0 0 0  a c c u m u l a t i o n s .  I t  i s  a s s u m e d  t h a t  t h e  k e t o n e - h y d r a t e  

e q u i l i b r i u m  1 s  a b o u t  t h e  same f o r  a l l  t h e  e n z y m a t i c a l l y  e x a m i n e d  1 - a l k y l - 4 - p i p e r i -  

d o n e s .  O n l y  f o r  t h e  1 - i s o p r o p y l d e r i v a t i v e  a s l i g h t l y  l o v e r  p e r c e n t a g e  o f  36% 

k e t o n e  f o r m  ( k )  was f o u n d .  

The k e t o n e - d i o l  e q u i l i b r i u m  f o r  1 - m e t h y l - & - p i p e r i d o n e  i s  shown t o  b e  t e m p e r a t u r e -  

d e p e n d e n t .  An i n c r e a s e  o f  1% k e t o n e  p e r  'C was f o u n d .  T h e  same t e m p e r a t u r e  d e p e n -  

d e n c e  was a s s u m e d  for t h e  k e t o n e - d i o l  e q u i l i b r i u m  i n  o t h e r  1 - a l k y l - 4 - p l p e r i d o n e s .  

I n  a n a l o g y  w i t h  t h e  r e d u c t i o n  of 4- a n d  3 - a l k y l c y c l o h e x a n o n e s 3  c h a i n  l e n g t h e n i n g  

of t h e  a l k y l s u b s t ~ t u e n t  i n c r e a s e s  t h e  r e d u c t i o n  r a t e  ( T a b l e  4 ) .  

F u r t h e r m o r e ,  a l s o  h e r e  an  i s o e n t h a l p i c  i s o k i n e t i c  r e l a t i o n s h i p  i s  f o u n d  f o r  t h e  n- 

a l k y l p i p e r i d o n e s .  T h u s ,  a l l  t h e s e  s u b s t r a t e s  g o  t h r o u g h  o n e  t y p e  of transition 
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Table 4 : Comparison between the kinetic parameters for the reduction 

of 1-alkyl-4-piperidones and 4-alkylcyclohexanones. 

1 
(oAH* = 23 kJ.rnoleC ; ou* = - +10 ~ . m o l ~ - ~ . ~ ‘ ~ )  

(HLAD concentration : 2.0 x 10-I units.ml-' ; NAD+ cancen- 

tration : 2.0 x M ; mitial ethanol concentratlo" : 

1.0 x 10-I M ; buffer : TRIS-HCl : pH = 8.9 : temperature : 

25-C) 

- ~p 

(1) in 1.katal-l.9.'. 

1 
(2) in kJ.mole- . 
(3)  ~n ~.rnole-l.~-l. 

(4) k3B at 25°C in TRIS-buffer with pH = 8.5 (see reference 2). 



s t a t e 1 2 .  I - A l k y l - 4 - p i p e r i d o n e s  v i t h  b r a n c h e d  a l k y l  g r o u p s  d o  n o t  f i t  w e l l  i n  t h i s  

r e l a t i o n s h i p ,  e s p e c ~ a l l y  when t h e  b r a n c h i n g  p o i n t  i s  n e a r  t h e  p i p e r l d o n e  r i n g .  

B~ o f  t h e  i n d i v i d u a l  k3B v a l u e s  o f  t h e  1 - n - a l k y l - 4 - p i p e r i d o n e s  v i t h  

t h o s e  o f  t h e  c o r r e s p o n d i n g  4 - n - a l k y l c y c l o h e x a n o n e s  i t  c a n  b e  seen t h a t  i n s e r t i o n  
* 

of  a nitrogen a t o m  on  t h e  4 L p l a c e  r e d u c e s  t h e  r a t e  w i t h  a f a c t o r  o f  25 . T h i s  i s  

in $ h a r p  c o n t r a s t  t o  t h e  NaBH4 r e d u c t i o n  w h e r e  l - m e t h y l - 4 - p i p e r i d o n e  is r e d u c e d  1 0  

1 3  
t i n e s  f a s t e r  t h a n  c y c l o h e x a n o n e  . C o n s e q u e n t l y  t h e  v e r y  l o w  e n z y m a t i c  reactivity 

can h a r d l y  b e  d u e  t o  t h e  i n t r i n s i c  r e d u c i b i l i t y  o f  t h e  p i p e r i d o n e s .  

A c o m p a r a t i v e  s t u d y  o f  t h e  AH* a n d  AS' v a l u e s  r e v e a l s  t h a t  t h i s  r a t e  r e d u c t i o n  i s  

due  t o  a q u i t e  c o n s t a n t  increase o f  a b o u t  26  k J . m o l e - I  o f  AH', p a r t i a l l y  c o m p e n -  

s a t e d  b y  a n  o v e r a l l  i n c r e a s e  of a b o u t  5 9  . l . m o l e - ' . ~ - ~  o f  AS'. T h i s  s u g g e s t s  t h a t  

t h e  l a n d i n g  o f  t h e  s u b s t r a t e  i n  t h e  a c t i v e  s i t e  o f  t h e  e n z y m e  d e m a n d s  more  e n e r g y  

f o r  p i p e r i d o n e s  t h a n  f o r  c y c l o h e x a n o n e s .  T h i s  c a n  b e  a s c r i b e d  t o  d i f f e r e n c e s  i n  

s o l v a t i o n .  A s h e l l  of w a t e r  m o l e c u l e s  m u s t  be r e m o v e d  f r o m  t h e  n i t r o g e n  a t o m  i n  

o r d e r  t o  f l t  t h e  m o l e c u l e  i n  t h e  h y d r o p h o b i c  a c t i v e  s i t e ,  w h i c h  e x p l a i n s  t h e  AH * 
v a l u e  i n c r e a s e .  A l s o  AS* v a r i a t i o n s  a r e  i n d u c e d  by d e s o l v a t i o n .  Since more  o r d e r e d  

w a t e r  m o l e c u l e s  a r e  t u r n e d  i n t o  d l s o r d e r  f o r  t h e  L - p i p e r i d o n e s ,  t h e  o b s e r v e d  

i n c r e a s e  o f  AS* is a l s o  a c c o u n t e d  f o r .  

The r e s u l t s  a l s o  f i t  w e l l  w i t h  t h e  r e c e n t l y  p r o p o s e d  transition state m o d e l 5  ( s e e  

F i g .  5 )  w h e r e  h y d r o p h o b i c  i n t e r a c t i o n  v i t h  zone 2 o f  t h e  m o d e l  a c c o u n t  f o r  t h e  

a c c e l e r a t i o n  o b s e r v e d  f o r  c h a i n  l e n g h t h e n i n g .  

The f l a t t e n e d  p i p e r i d o n e  r i n g  i s  s i t u a t e d  i n  t h e  h y d r o p h o b i c  z o n e  1 ,  t h e  n i t r o g e n  

atom o c c u p y i n g  p o s i t i o n s  4  o r  4 ' .  I n  p o s i t i o n  4  t h e  p o l a r  n i t r o g e n  is v e r y  n e a r  

t h e  hydrophobic w a l l .  T h i s  i s  u n f a v o u r a b l e  f o r  a p r o t o n a t e d  n i t r o g e n  

a tom.  T h e  f r e e  b a s e  (pH > 6 )  m o s t  p r o b a b l y  is r e d u c e d  w i t h  i t s  n i t r o g e n  a t o m  i n  

p o s l r i o n  4 ' ,  w h l c h  i s  f a r t h e r  away f r o m  t h e  h y d r o p h o b i c  w a l l .  When t h e  n i t r o g e n  

atom i s  p r o t o n a t e d  (pH < 6 ) ,  e v e n  p o s i t i o n  4 '  i s  s o  u n f a v o u r a b l e  t h a t  n o  r e d u c t i o n  

occurs. 

* 
The  k g B - v a l u e s  o f  t h e  1 - n - a l k y l - 4 - p i p e r i d a n e s  a r e  f i r s t  m u l t i p l i e d  w i t h  a f a c t o r  

o f  1 . 3 1 .  T h l s  f a c t o r  r e f l e c t s  t h e  e n z y m e  a c t i v i t y  d ~ f f e r e n c e  b e t w e e n  pH = 8 . 5  a n d  

pH = 8 . 9  ( s e e  T a b l e  4 ) .  
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5 New model for  t h e  r e d u c t i o n  of c y c h c  ke tones  with 

HLAD. 

CONCLUSIONS 

T h e  f o l l o w i n g  c o n c l u s i o n s  c a n  b e  made f r o m  t h e  r e d u c t i o n  e x p e r i m e n t s  o f  l - a l k y l - 4 -  

p i p e r i d o n e s  i n  t h e  c o u p l e d - s u b s t r a t e  c o e n z y m e  r e c y c l i n g  s y s t e m  : (1) O n l y  t h e  f r e e  

a a i n e  f o r m  i s  r e d u c e d .  T h e  pH o f  t h e  medium m u s t  be m a i n t a i n e d  a r o u n d  o r  a b o v e  t h e  

P K a - v a l u e  o f  t h e  p i p e r i d o n e s .  T h e  l o w  r e a c t i v i t y  c a n  b e  a s c r i b e d  t o  t h e  s t r o n g  

s o l v a t i o n  o f  t h e s e  s u b s t r a t e s .  ( 2 )  T h e  s i m p l i f i e d  steady s t a t e  i n i t i a l  r a t e  equa- 

t i o n  1 1 1  d e s c r ~ b e d  f o r  i s o c y c l i c  k e t o n e s ,  i s  a l s o  v a l i d  f o r  t h e  r e d u c t i o n  o f  1- 

a l k y l - 4 - p i p e r i d o n e s .  ( 3 )  For 1 - n - a l k y l - 4 - p i p e r i d o n e s  o n e  i s o k i n e t i c  relationship 

i s  f o u n d .  T h i s  m d i c a t e s  t h a t  a l l  d e r i u a t l v e s  p a s s  t h r o u g h  o n e  t y p e  o f  t r a n s i t i o n  

s t a t e .  T h e  l s o k i n e t i c  r e l a t i o n s h i p  i s  i s o e n t h a l p i c .  T h i s  means  t h e  a l k y l  s u b s t i -  

K U e n t s  o n l y  i n f l u e n c e  t h e  r e a c t i o n  r a t e  by c h a n g l n g  AS'. T h i s  i s  i n  a g r e e m e n t  w i t h  

t h e  r e d u c t i o n  m o d e l  d e s c r i b e d  f o r  i s o c y c l i c   ketone^^'^. 



EXPERIMENTAL 

~ ~ t ~ ~ i a l s .  HLAD w a s  p u r c h a s e d  f r o m  SIGMA ( 3 4 0 - L 2 )  i n  p a c k a g e s  o f  2 0 0  u n i t s .  B e f o r e  

u s e  2 0 0  u n z t s  of  HLAD were d i s s o l v e d  i n  1 0 0  m l  o f  b u f f e r  a n d  d l v l d e d  i n t o  0 . 5  m l  

( 1  " " i t )  p o r t i o n s .  T h e  p o r t i o n s  n o t  d i r e c t l y  u s e d  vere s t o r e d  u n d e r  l ~ q u i d  n i t r o -  

g e n .  N A D + ,  g r a d e  I11 ( 9 8 % )  f r o m  SIGMA (N-7004)  was d i s s o l v e d  i n  b u f f e r  i m r n e d ~ a t e l y  

b e f o r e  u s e .  K e t o n e s  were s y n t h e s i z e d  according t o  t h e  m e t h o d  o f  R u z i c k a  e t  el. 
1 4  

' r h e i r  p u r i t y  was c h e c k e d  w i t h  G.L.C.  E t h a n o l  p . a .  f r o m  MERCK was d i r e c t l y  u s e d  f o r  

s t o c k  s o l u t i o n s .  B u f f e r s  were p r e p a r e d  a s  d e s c r i b e d  by G o m o r i 1 5  a n d  c o n t r o l l e d  on  

p ~  a t  t h e  different u s e d  t e m p e r a t u r e s .  

M e t h o d s .  D e p e n d i n g  o n  t h e  d e s i r e d  c o n c e n t r a t i o n s  o f  r e a g e n t s ,  p o r t l o n s  o f  b u f f e r e d  - 
s t o c k  solutions o f  HLAD, e t h a n o l  a n d  N A D ~  were m i x e d  i n  a t h e r m o s t a t i c  v e s s e l  a n d  

d i l u t e d  w i t h  b u f f e r  t o  9  m l .  T h e  r e a c t L o n  was s t a r t e d  by a d d i n g  1 m l  o f  t h e  k e t o n e  

s t o c k  s o l u t i o n .  

G.L.C. a n a l y s i s .  A f t e r  v a r i o u s  r e a c t i o n  t i m e s  1 r n l  o f  s a m p l e s  were w i t h d r a w n  f r o m  

t h e  r e a c t i o n  m i x t u r e ,  a d d e d  t o  0 . 7  g  (NH4)2S04  (UCB 4 8 5 9 )  w i t h  5 0  i l l  HC104 p . a .  

(MERCK 5 1 9 )  a n d  e x t r a c t e d  w i t h  2  m l  o f  CHC13 p . a .  (MERCK 2 4 4 5 ) .  T h e  CHClq e x t r a c t s  

w e r e  a n a l y z e d  o n  a V A R I A N  3 7 0 0  g a s  c h r o m a t o g r a p h  e q u i p p e d  w l t h  a 1 . 0 4 %  C a r b o w a x  

20MlChromosorb  W ( 1 . 5  x 2  m m )  c o l u m n  o f  1 . 5  m a n d  a V A R I A N  CDS 111 i n t e g r a t o r .  A l l  

s a m p l e s  were i n ~ e c t e d  t h r e e  t i m e s  a n d  a v e r a g e  r e s u l t s  were c a l c u l a t e d .  

N . M . R .  s p e c t r a .  T h e  ' H - N M R  s p e c t r a  v e r e  r e c o r d e d  o n  a JEOL-PS-100 s p e c t r o m e t e r  

o p e r a t i n g  a t  1 0 0  MHz. T h e  p r o b e  t e m p e r a t u r e  was 3 1  + Z°C. T h e  1 3 ~ - ~ ~ ~  s p e c t r a  were 

r e c o r d e d  on  a JEOL-FX-100 s p e c t r o m e t e r  e q u i p p e d  w i t h  a T .1 . -E .C . -100  computer f o r  

o p e r a t i o n  i n  t h e  F o u r i e r - T r a n s f o r m  mode .  Noise d e c o u p l e d  s p e c t r a  vere o b t a l n e d  

u n d e r  e l i m i n a t i o n  o f  N.O.E. a n d  r e l a x a t i o n  t i m e  e f f e c t s  by a c c u m u l a t i n g  8 k  i n t e r -  

f e r o g r a m s ;  s p e c t r a l  w i d t h  6 2 5 0  He, 25' f l i p  a n g l e  ( 6  p s )  a n d  3 s r e p e t i t i o n  t i m e .  

T h e  c a r b o n y l  c a r b o n  of t h e  k e t o n e  f o r m  ( k )  ( 6 = 2 1 4 . 9  ppm) o f  l - n - b u t y l - 4 - p i p e r i -  

done i n  w a t e r  b e t w e e n  pH = 7 a n d  9 ,  i s  n o t  o n l y  s e p a r a t e d  f r o m  t h e  h y d r a t e  c a r b o n  

( d = 9 1 . 6  ppm) ,  b u t  i s  a l s o  s e p a r a t e d  f r o m  t h e  c a r b o n y l  c a r b o n  of t h e  k e t o n e  f o r m  

( k t )  ( 8 = 2 1 3 . 2  ppm). S i m p l e  p e a k  i n t e g r a t i o n  r e v e a l s  t h e  c o n c e n t r a t i o n  o f  t h e  

k e t o n e  f o r m  ( k ) ,  t h e  o n l y  f o r m  w h i c h  i s  r e d u c e d  by HLAD. 
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