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SUMMARY 

Perdeu te r io -N- ( l -oxy1-2 ,2 ,6 ,6 - t e t r ame thy l -4 -p ipe r id iny l ) -  
maleimide has been prepared to improve sensitivity and 
resolution in its ESR spectrum. The synthesis involved 
modifications of procedures known for the corresponding 
protonated analog. Spectral data are presented for the 
product to establish isotopic purity. A five-fold enhan- 
cement of the ESR signal for the title compound relative 
to the proton counterpart has been observed. 

Key Words : N-(1-0xyl-2,2,6,6-tetramethyl-4-piperidinyl)male- 
imide-dl7, deuterium, spin label, ESR 

INTRODUCTION 

Spin labelled biologically active molecules typically lack 

definition in their electron spin resonance (ESR) spectra as 

opposed to unbound labels which give rise to sharp resonances. 

Previous work by others (1 -3 )  with the spin labels, 2,2,6,6- 

tetramethyl-4-piperidone-l-oxyl-d16 (2) and 2,2,6,6-tetramethyl- 
-4-piperidinol-1-0xyl-d~~ (?), hinted that ESR spectral features 
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such as peak heights, line width and homogeneity could all be 

improved to advantage by having deuterium atoms in place of 

hydrogens near the nitroxide functionality. In the hope that an 

analogously deuterium substituted spin label with an additional 

functional group for covalent attachment of a biologically active 

molecule might provide some clarification in the ESR spectrum, we 

have synthesized perdeuterio-N-(l-oxy1-2,2,6,6-tetramethyl-4- 

piperidiny1)maleimide ( 2 ) .  In preliminary biochemical studies, the 
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deuterated probe was used to covalently label bovine serum albumin 

( 4 )  and soluble or membrane bound glycer aldehyde-3-phosphate 

dehydrogenase. There was a remarkable improvement in ESR spectral 

resolution ana accompanying gains in detectability. It is our 

contention that the utility of the deuterated maleimide spin label 

2 in related areas will rapidly grow. 
describe the synthetic part leading to isotopically pure 2. 

In this report, we wish to 

RESULTS AND DISCUSSION 

Molecular models suggested that both of the olefinic hydrogens 

present in 3 were at remote positions with respect to the nitroxide 
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group. For this reason, it appeared unnecessary to label those 

positions. Consideration of the proton hyperfine couplings reported 

( 2 )  for undeuterated 3 implied that complete deuteration of the 
nitroxide bearing heterocyclic ring of 2 was essential to derive 
maximum benefits in the ESR spectrum. This required optimization 

of conditions in several of the steps known (5, 6) in the synthesis 

of the proton analog of 2 both to minimize loss of deuterium and 
to obtain higher yields. 

2,2,6,6-Tetramethyl-4-piperidone-d16 (i), the key starting 

material in the synthesis of 2, has been prepared by Chiarelli and 
Rassat (1, 5a) by heating acetone-d6, deuterated ammonia and 

calcium chloride in an autoclave in 30% yield. For ease of large 

scale preparation and to obtain a higher yield, the recent modi- 

fications of this reaction by Sosnovsky and Konieczny ( 7 - 9 )  seemed 

attractive. By adopting their procedure (7), followed by workup 

in a deuterated medium, pure piperidone $was realized in 3 5 . 8 %  

yield (10). 

equivalents of hydroxylamine hydrochloride and one equivalent of 

sodium acetate furnished the oxime deuterochloride 2 in good yield 

(11). Reduction of salt 5- with excess of lithium aluminum 

deuteride in ether proceeded smoothly to provide, after destruction 

of the excess reducing agent in a deuterated medium, the amine s i n  

Interaction of ketone J in D20 with slightly over two 
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75% yield (12) and was converted to the monoacetate 7- by the 

standard procedure (6a). 

by comparison of the 1H NMR spectrum with that of an undeuterated 

amine indicated a high degree of deuterium incorporation in all 

positions of the piperidine ring. The same trend was also seen in 

the 1H NMK spectrum of the monoacetate 2. However, there was 

some deuterium loss  bound to nitrogen atoms in amine 5 which 
presumably occurred in the conversion i+z. 
anticipated difficulty, fortunately, it had limited effect on the 

target molecule 3- since all labile deuterium atoms disappeared in 

subsequent transformations. 

A check on the isotopic purity of mine 5 

Although this was an 

Oxidation of acetate by the pertungstate method (6b) followed 

by saponification (6c) gave the nitroxide radical & Reaction of 

with maleic anhydride by a similar procedure reported (5b) for the 

proton counterpart gave maleamic acid 2, which cyclized on heating 
with acetic anhydride and sodium acetate to furnish a mixture of 

maleimide 3+ and isomaleimide 2. Chemically pure 2 required for 
labelling studies was obtained by column chromatography separation 

on silica gel and subsequent crystallizations from cyclohexane. 
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The i so top ic  pu r i ty  of 2 was ascertained from mass s p e c t r a l  data  

and 'H NMR spectrum. 

f o r  comparison. The mass spectrum of both the l abe l s  i s  reproduced i n  

f i gu re  1. Loss of isobutylene and NO groups, indicated i n  f i gu re  1, 

accounted for  the base peak. 

t o  be : dl, - 7 0 . 7 1 %  ; d16 - 23.86% ; di15 - 5.42%. 

Authentic undeuterated maleimide 3- was employed 

The i so top ic  composition of 2 was found 

A h i g h  degree of 
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Figure 1. Mass spectrum of undeuterated 
and deuterated maleimide 3 .  
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d e u t e r i u m  i n c o r p o r a t i o n  i n t o  t h e  p i p e r i d i n e  r i n g  o f  Awas i n f e r r e d  

f r o m  t h e  p r o t o n  NMR s p e c t r u m  a f t e r  i n  s i t u  r e d u c t i o n  o f  n i t r o x i d e  

r a d i c a l  by t h e  a d d i t i o n  of p h e n y l h y d r a z i n e  ( 1 3 ) .  O n l y  o l e f  i n i c  

p r o t o n s  were d i s c e r n i b l e  i n  t h e  s p e c t r u m .  

A c o m p a r i s o n  o f  t h e  ESR s p e c t r u m  o f  d e u t e r a t e d  a n d  u n d e u t e r a t e d  

Most s t r i k i n g  i n  t h e  s p e c t r a  m a l e i m i d e  2 is p r e s e n t e d  i n  f i g u r e  2 .  

is t h e  s h a r p e n i n g  of t h e  r e s o n a n c e  l i n e s  a n d  a f i v e - f o l d  i n c r e a s e  

i n  t h e  p e a k  h e i g h t s  r e s u l t i n g  f r o m  d e u t e r a t i o n  of t h e  n i t r o x i . d e  

c o n t a i n i n g  r i n g .  

F i g u r e  2 .  ESR ( 1 0 0  G )  spec t r a  o f  50 pM ( a )  d e u t e r a t e d  
m a l e i m i d e  2 a n d  ( b )  i t s  p r o t o n  c o u n t e r p a r t  
i n  5 mM p h o s p h a t e  b u f f e r  a t  pH 8 . 0 .  
a re  t h e  a m p l i t u d e s  of c e n t e r  r e s o n a n c e  l i n e s  
f o r  t h e  d e u t e r i u m  a n d  h y d r o g e n  a n a l o g u e s  
r e s p e c t i v e l y .  

ID a n d  IH 
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EXPERIMENTAL SECTION 

Melting points were determined with a Thomas-Hoover capillary 

melting point apparatus and are uncorrected. Ir spectra were 

recorded on a Perkin-Elmer 727 spectrophotometer. Proton NMR 

spectra were obtained on a Joel MH-100 nuclear magnetic resonance 

spectrometer with TMS as an internal standard. Mass spectra (70ev) 

were recorded on a LKB-9000 mass spectrometer by direct insertion. 

The deuterium composition was determined on the molecular ion. 

ESR spectra were recorded on a Varian E-109 spectrometer equipped 

with a TMl10 cavity. Thin layer chromatography (TLC) analyses were 

carried out on Eastman Chromagram 13181 precoatea silica gel 

plates. Spots were revealed by exposure to UV light or iodine 

vapor. Regents and solvents were purified when necessary. 

Literature melting or boiling points indicated in parentheses refer 

to undeuterated compounds. 

Acetone-d6 (99.5% D), deuterium oxide (99.8% D) and lithium 

aluminum deuteride (98% D) were all purchased from Aldrich Chemical 

Company. Deuterated ammonia (99% D) was procured from Stohler 

Isotope Chemicals. Sodium deuterium oxide as a 50% solution in 

deuterium oxide was purchased from Pfaltz and Bauer Inc. 

2,2,6,6,-Tetramethyl-4-piperidone-a17 (4). This was prepared 

following the procedure of Sosnovsky and Konieczny (7). To a 

mixture of acetone-d6 (171 g, 2.67 mole) and 4-20 mesh size calcium 

chloride (62 g )  in a 1L three-necked flask fitted with a gas in-let, 

an efficient mechanical stirrer and a Y-joint carrying a 0-50 

thermometer and a dry ice condenser was introduced, over a period 

of 3 days, deuterated ammonia (25.6 g, 1.28 mole) in approximately 

ol 

0 
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six equal lots. The temperature of the reaction mixture remained 

for the most part around 30-35O during the introduction of ND3. 

After allowing the reaction mixture to remain at room temperature 

fo r  4 days, during which time it turned to red and became somewhat 

thick, unreacted acetone-d6 (9.5 g ,  0.15 mole) was recovered by 

distillation, bp 35O/100 mm. To the cake, a solution of sodium 

deuteroxide (30 ml of 50% NaOD diluted with 50 ml D20) was added 

dropwise with vigorous stirring. The liberated oil was thoroughly 

extracted with ether (5 x 300 ml) and the organic layer was dried 

(MgS04).  

distilled in vacuum. 

crystallized in the receiver (54.8 g, 35.8%) was the required 

piperidone 5 (Lit. (6d) bp 94-90°/14 mm). 

sample recrystallized from CC14 at Oo melted at 36-38O (Lit. (6d) 

mp 35.5-36O). 
2.12 (d, C H Z )  is for the residual protons. 

After evaporation of the solvent, the residue was 

The fraction, bp 85-90°/15 mm, which 

A small amount of 

'H NMR (CC14) 8 1.12 ( s ,  CH3), 1.50 (b, NH) and 

Oxime nydrochloride of 2,2,6,6-tetramethyl-4-piperidone-d16 (5). 

To a solution of the ketone 5 (25.8 g ,  0.15 mole) in 25 ml 

absolute ethanol was added, with ice cooling, a solution of 

hydroxylamine hydrochloride (25.22 g ,  0.36 mole) and anhydrous 

sodium acetate (14.8 g ,  0.18 mole) in 50 ml D20. An exothermic 

reaction ensued and a white solid separated. After allowing the 

reaction mixture to warm u p  to room temperature, it was gently 

heated on a steam bath for 5 hr, diluted with 50 ml absolute 

ethanol ana allowed to stand overnight. The wnite crystalline 

hydrochloride that had separated was filtered, washed with cold 

ethanol and dried in a oven at 100°/30 mm fo r  6 hr to give the 

oxime hydrochloride 5, mp 285-290' (dec) 

with dec.). The crystalline white solid amounted to 32 g (95%) 

N 

(Lit. (11) mp about 300° 
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and was used in the next step without further purification. 

A small amount of sample recrystdilized in poor yield from 95% 

ethanol had mp 290-295O (dec). 

( s ,  CH2), and 2.84 ( s ,  CH2). 

'H NMR (U20) 6 1.58 ( s ,  CH3) 2.60 

2,2,6,6-Tetramethy1-4-aminopiperidine-d20 ( 6 ) .  The procedure 

of Misharin et al. (12) was adapted except that LiA1D4 was used 

in place of LiA1H4 and excess of the reducing agent was destroyed 

in a deuterated medium. To a stirred suspension of LiA1D4 (10 g, 

0.24 mole) in 500 ml anhydrous ether (distilled over LiA1H4), the 

oxime hydrochloride 2 (30 9, 0.14 mole) was added cautiously from 
a solid addition flask at such a rate there was continous boiling 

of the solvent. After gentle heating for 10 hr, excess LiA1D4 was 

cautiously destroyed (N2) by successive addition of 10 ml D20, 

10 mi NaOD in D20 and 30 ml D20 (14). 

was filtered, pressed on the filter paper and washed with several 

portions of anhydrous ether. The organic extract was dried 

(anhydr. K2C03) and the solvent removed under reduced pressure. 

Distillation of the residue in vacuum furnished 17.8 g (75%) of 

amine 6 
IJ 

mobile liquid. 

1.05 (m, CH3), 1.60 (m, CH2) and 2.95 (m, CH). 

was very intense relative to the rest of the peaks indicating 

considerable scrambling of deuterium bound to the hetroatoms. 

* 

The granular precipitate 

bp 58-60°/2 mm (Lit. (12) 60-62O/2 mm) as a colorless 

'H NMR ( C C 1 4 )  6 0.62 ( b ,  NH2) r 0.98 (m, CH3) , 
The peak at 0.628 

2,2,6,6-Tetramethyl-4-acetylaminopiperidine-dlg (7). This was 

prepared by the procedure of Rozantsev et al. (6a). Thus, acetic 

anhydride (21.5 g, 0.23 mole) was added dropwise to a stirred 

solution of the amine 5 (12 g, 0.068 mole) in 30 ml anhydrous 
ether held at l o o .  

@ 

The temperature of the reaction mixture was 
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0 n o t  p e r m i t t e d  t o  r i s e  a b o v e  15 . A f t e r  s t i r r i n g  f o r  3 0  m i n t  t h e  

w h i t e  s o l i d  f o r m e d  was f i l t e r e d  a n d  d r i e d  i n  a d e s i c c a t o r  o v e r  

KOH pe l le t s .  

122-124O ( L i t .  ( 6 a )  mp 1 2 0 O ) .  The  m a t e r i a l  was p u r e  e n o u g h  t o  b e  

u s e d  i n  t h e  n e x t  s tep.  

a b s e n c e  o f  o t h e r  p e a k s  i n  t h e  r e g i o n  1 .2-4 .6  8, s e e n  i n  t h e  IH NMR 

s p e c t r u m  o f  t h e  u n d e u t e r a t e d  compound,  i n d i c a t e d  a h i g h  d e g r e e  of 

d e u t e r i u m  s u b s t i t u t i o n  i n  a l l  p o s i t i o n s  o f  t h e  p i p e r i d i n e  r i n g .  

The c r y s t a l l i n e  acetate  3 ( 1 4 . 2  g ,  9 6 % )  m e l t e d  a t  

'H NMR (DCC13)  8 2.05  ( s ,  COCH3). The 

2,2,6,6-Tetramethyl-4-amino-piperidine-l-oxy1-dlg (2). The 

p r o c e d u r e  of R o z a n t s e v  e t  a l .  ( 6 b r 6 c )  was t o l l o w e d .  T o  a s o l u t i o n  

o f  t h e  acetate  2 ( 1 2 . 5  g ,  0 .058  mole) i n  2 5  m l  m e t h a n o l  a n d  50  m l  

water were a d d e d  s o d i u m  t u n g s t a t e  ( 0 . 9  g ) ,  s o d i u m  s a l t  of EDTA 

( 0 . 9  g )  a n d  16 m l  of 30% H 2 0 2  i n  75  m l  water. 

m i x t u r e  was a l l o w e d  t o  r e m a i n  i n  t h e  r e f r i g e r a t o r  f o r  6 h r  and  

t h e n  f o r  5 d a y s  a t  room t e m p e r a t u r e  i n  t h e  d a r k ,  a t  w h i c h  time i t  

a c q u i r e d  a r e d  color .  A f t e r  s a t u r a t i n g  t h e  r e a c t i o n  m i x t u r e  w i t h  

K2C03, t h e  s o l u t i o n  was e x t r a c t e d  w i t h  e t h e r  ( 5  x 1 0 0  m l )  a n 6  t h e  

combined  o r g a n i c  l a y e r  was d r i e d  ( K 2 C 0 3 ) .  Removal  of t h e  s o l v e n t  

o n  t h e  r o t a r y  e v a p o r a t o r  f u r n i s h e d  a n  o r a n g e  y e l l o w  s o l i d  ( 1 4 . 5  g ) .  

T h i s  was s u s p e n d e d  i n  40 m l  of 15% NaOD a n d  t h e  c o n t e n t s  s t i r r e d  

and  b o i l e d  f o r  1 2  h r .  The c o o l e d  s o l u t i o n  was s u c t i o n  f i l t e r e d ,  

s a t u r a t e d  w i t h  K2C03 a n d  e x t r a c t e d  w i t h  e t h e r  ( 5  x 100  m l ) .  

d r y i n g  t h e  o r g a n i c  l a y e r  (MgS04), t h e  s o l v e n t  was r o t o e v a p o r a t e d  

a n d  t h e  r e d  o i l  was d i s t i l l e d  i n  vacuum u s i n g  a s h o r t  d i s t i l l a t i o n  

h e a d .  

100-104°/4 mm ( L i t .  ( 6 c )  97-98O/4 m m ) .  TLC (HCC13:MeOH, 9:l) 

The r e a c t i o n  

A f t e r  

T h e  y i e l d  o f  t h e  a m i n o  r a d i c a l  $ was 7 .2  g ( 6 6 % )  , bp 
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showed a s i n g l e  spot ( R f  = 0.66) i d e n t i c a l  w i t h  a n  u n d e u t e r a t e d  

sample .  

N- ( 1 - 0 ~ ~ 1 - 2 ~ 2  , 6 , 6-tetramethyl-4-piperidinyl)maleimide-d17 (2 
F o l l o w i n g  t h e  r e p o r t e d  p r o c e d u r e  (5b) , amino r a d i c a l  5 (1.94 g ,  

1 0 . 2  m m o l e )  i n  20  m l  e t h e r  was added  t o  maleic a n h y d r i d e  (1.0 g ,  

1 0 . 2  m m o l e )  d i s s o l v e d  i n  60 m l  e t h e r  and  t h e  p r e c i p i t a t e d  o r a n g e  

s o l i d  f i l t e r e d ,  washed w i t h  1 0  m l  of e t h e r  t o  p r o v i d e  maleamic 

a c i d  2 (2.70 g ,  92%) , mp 160-164O ( L i t .  (15) mp 170O). The c r u d e  

ac id  2 (2.70 g ,  9.40 mmole), anhydrous  sodium acetate (0.4 g ,  4.87 

m m o l e )  and 40 m l  of a c e t i c  a n h y d r i d e  were h e a t e d  a t  l o o o  f o r  3 h r .  

E x c e s s  a c e t i c  a n h y d r i d e  was removed unde r  vacuum ( b p  40 /1 m m )  

and t h e  res idue  was d i s s o l v e d  i n  small  amounts  of h o t  benzene .  

The combined o r g a n i c  e x t r a c t  was p a s s e d  t h r o u g h  a s h o r t  column o f  

s i l i c a  g e l  t o  remove i n o r g a n i c  mater ia l .  Removal of s o l v e n t  i n  a 

r o t o e v a p o r a t o r  a f f o r d e d  a t h i c k  red gum (2.5 9 ) .  TLC (HCC13) 

showed t h i s  t o  be a m i x t u r e  of ma le imide  2 and i s o m a l e i m i d e  2. 
S e p a r a t i o n  of t h e  r e q u i r e d  ma le imide  from t h e  isomer was a c h i e v e d  

by column ch romatography  o n  s i l i c a  g e l  ( 7 5  g ,  60-200 mesh s i z e ) .  

The column was e l u t e d  w i t h  hexane-benzene ,  benzene -ch lo ro fo rm 

m i x t u r e s  w i t h  i n c r e a s i n g  amounts  of t h e  p o l a r  s o l v e n t  and t h e  

s e p a r a t i o n  was m o n i t o r e d  by TLC (HCC13) .  Male imide  was e l u t e d  

f i r s t  and had t h e  Rf  v a l u e  o f  0 .75 .  

v a l u e  were p o o l e d  t o g e t h e r  and r e c r y s t a l l i z e d  from c y c l o h e x a n e  

s e v e r a l  t i m e s  t o  f u r n i s h  c h e m i c a l l y  p u r e  ma le imide  3 as  a n  o r a n g e  

y e l l o w  s o l i d  (1.1 g ,  44%). A f t e r  d r y i n g  a t  80°/30 mm f o r  12 h r ,  

t h e  ma le imide  m e l t e d  a t  107-108O ( L i t .  (15) 108-109O). From t h e  

mother  l i quor ,  0.3 g o f  s l i g h t l y  impure  ma le imide  was o b t a i n e d ,  

m p  104-106O. 

0 

F r a c t i o n s  w i t h  t h i s  Rf  

I r  ( K B r )  1695 cm-l. 'H NMR (DCC13) a f t e r  t h e  
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ad5 tion of 0.5 equivalent of 0.03 M solution of phenylhydrazine 

(13 showed peaks at 8 6.72 ( s ,  olefinic) and 7.22 ( s ,  olefinic) 

and complete absence of peaks in the region 1.1-4.5 8 .  
The protonated analog exhibited peaks at 8 1.25 ( s ,  12H), 1.1-1.6 

(m, 2H), 2.2 (t, 2H), 4 .20  (m, lH), 6 .70  (5 ,  1H) and 7 . 2 2  ( S ,  1H). 

Tne mass and ESR spectra of deuterated 2 and the corresponaing 
proton analog are reported in figures 1 and 2. 
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