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The following analogs of pyridoxamine 5'-phosphate (PAMP)havebeen 
synthesized by the direct phosphorylation of the corresponding amines: 
2-nor-PAMP, 6-methyl-2-nor-PAMP, and 6-methyl-PAMP. A meth- 
od for the synthesis of analogs of pyridoxal 5'-phosphate (PLP) by the 
phosphorylation of the Schiff's bases of the corresponding aldehydes 
with p-phenetidine and subsequent hydrolysis on a sulfonated resin 
has been worked out. 2-Nor-PLP, 6-metkyl-2-nor-PLP, and 6-methyl- 
PLP have been obtained with yields of 53-739. The spectral proper- 
ties of the compounds obtained have been investigated. 

Pyridoxal  5 ' -phosphate (PLP) and pyridoxamine 5 ' -  
phosphate (PAMP) fo rm the coenzymes of a large  num- 
ber of enzymes catalyzing var ious  t ransformat ions  of 
amino acids [1, 2]. In order  to study the nature of the 
bond of PLP with the apoenzyme, we undertook the 
synthesis of analogs of PLP and PAMP modified at 
posi t ions 2 and 6 of the pyridine ring. 
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Fig. 1. Isolation of 2 - n o r - P L P  on Dowex 
50W x 4 in the acid form:  1) absorption at 

295 rim; 2) e lec t r i ca l  conductivity. 

The prepara t ion  of PAMP, which, together with 
PLP ,  is a coenzsane of the t ransaminases ,  by the di-  
rec t  phosphorylation of pyridoxamine with a yield of 
about 70~0 has been descr ibed  in the l i t e ra tu re  [3, 4]. 
So far  as concerns PLP i tself ,  none of the methods de-  
scr ibed can give it with a yield of more  than 40%, and 
in a number of cases  they s tar t  f rom the more  acces s i -  
ble PAMP [3]. The synthesis  of C-subst i tuted analogs 
of PLP and PAMP has not been effected*. 

It appeared to us to be des i rable  to s tar t  f rom the 
prepara t ion of the analogs of PAMP, which were  syn- 
thesized by the phosphorylation of the prev ious ly-ob-  
tained amines [6] in the following way: 

CIt~NH~ 
CH~ HOx~_.~/CH~ PooH2 H O ~ [ / C H 2 O H  H~PO~+ P20~ 

I R = R ' =  H ,or C %  II 

*When the present  work was completed,  we rece ived  
a le t te r  f rom Prof. E. E. Snell (USA) [5] on the syn-  
thesis of 2 - n o r - P L P  and 2-ethyl-2-nor-PLP. 

The presence  of two ortho substituents (positions 2 
and 6) c rea tes  definite difficulties in phosphorylation. 
Fo r  the synthesis of the PLP analogs we used a meth-  
od proposed previously  [7-9] for  obtaining PLP i tse l f - -  
the phosphorylation of Schiff 's  bases (SB) of pyridoxal. 
As the initial ma te r i a l s  we used pyridoxine analogs 
[6]. 

The diol III (R = R'  = H or CH3) was oxidized with 
manganese dioxide in dilute sulfuric acid, and by add- 
ing a mixture  of p-phenetidine and sodium acetate to 
the resul t ing  mixture  the SB was isolated with a yield 
of 38-790/0, calculated on the diol. 

CH,OH CH=NCsH~OC~ 5 
HO\ I'L "/CH~ I. MnO~  H O x ~ / c H ~  

R,/~N~R 2. p - p h e n e t i d i n e  r ~N'~'~R 
Ill IV 

I ltaPO ~ + P~05 
CHO CH= I~%H4OC~ s 

f rO\ I CH2OPO3H~ H + or 0 H -  

R,/ R" "'4- \R 
Vl V 

The phosphorylation of the SB was effected with a 
mixture  of 85% phosphoric acid and phosphorus pentox- 
ide (1 : 3 : 1.0). The conditions for pe r fo rming  the r e -  
action depend on the s t ruc ture  of the SB. The presence  

of a methyl group in posit ion 6 of the pyridine ring 
c rea tes  s te r ic  hindrance in es ter i f icat ion.  6-Methyl-  
pyridoxylidene-p-phenet idine (IV, R = R '  = CH s) was 
phosphory!ated by heating at 60 ~ C for 6 hr,  while for 
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Fig.  2. Isolation of 6 -me thy l -PLP  
on Dowex 50W x 4 in the acid form. 

Symbols as for Fig.  1. 

the phosphorylation of 2 -norpyr idoxy l idene-p-phene t i -  
dine (IV, R = R '  = H) the optimum conditions were  
heating at 40 ~ C for 4 hr. The pyrophosphates formed 
were hydrolyzed by heating with 0.1 N hydrochloric 
acid at 60 ~ C. It was possible  to precipi ta te  the SB 
phosphate (V, R = R '  = H) in the solid form by bring-  
ing the pH of the react ion mixture  to 3. 

In 2 N NaOH solution compound V decomposes and 
by extract ion with ether  it is possible  to remove  the 
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Table 1 
UV Spectra of Analogs of PLP and PAMP 

Compound 
>',),ax' nm (a. IO -z) 

Pyddoxal 5'-phosphate* monohydrate 

2-Notpyridor:aI S'-phosphate monohydrate 

6-Methyl-2-norpyrido• 5'-phosphate monohydrate 

6-Methylpyridoxal 5'.phosphate monohydrate 

Pyridoxarnine 5 '-phosphate dihy drate* 

2-Notpyridoxamine 5'-phosphate dihydrate 

6-Methyl-2-norpyridoxamiae 5 tphospltate dihydrate 

6-Methylpyridoxamine 5'-phosphate dihydrate 

0.1 N HCl 

295 {6,7) 
338 (I,4) 

292 (6,0) 
332 (1,1) 

298 (6,2) 

302 (7,1) 
350 (I.3) 

293 (9.0) 

292 (7,i) 

299 (6.3) 

302 (<7) 

pH 63** 

330 (2.500) 
388 (4,900) 

330 (2.7) 
383 (32)* .... 

330 (4,4) 
390 i l l ) * * * :  

332 (4,6) 
390 (2,5) 

253 (4.7) 
325 (8.3) 

248 (3.7) 
288 (3,4) 
324 (3.6) 

252 (3,7) 
297 (1.9) 
333 (33) 

252 (5,3) 
336 (8.9) 

o.I N KOH 

3o5 (1J} 
388 (6,6) 

305 (l .0)  
386 (5,6) 

312 (3.9) 
394 (2.8) 

3]3 (2.7) 
398 (4.3) 

245 (62) 
308 (8.o) 

243 (7.3) 
307 (5.2) 

246 (7,0) 
313 (5.0) 

248 (7.7) 
314 (8.0) 

*Spectra taken from the literature [ 12]. 

**0A N phosphate buffer. 
***Inflection on the curve. 
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Fig. 3, UV spectra  of analogs of pyridoxamine 5-phosphate at 
pH 7: 1) 2-nor-PAMP; 2) 6-methyl -2-nor-PAMP;  3) 6- 

methyl-PAMP. 
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Fig. 4. UV spectra of pyridoxal 5-phosphate and its analogs at pH 7; I) PLP 
( commerc ia l  sample);  2) 2 -no r -PL P ;  3) 6 - m e t h y l - 2 - n o r - P L P ;  4) 6 -methy l -  

PLP.  
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Fig.  5, UV s p e c t r a  of PLP  and i ts  analogs in 0.1 N KOH. Symbols  the same 
as in Fig, 4o 
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T a b l e  2 

A b s o r p t i o n  of  t h e  P L P  A n a l o g s  in A c i d  P h e n y l h y d r a z i n e  a t  410  a m  

Compound I e 

Pyridoxal 5'-phosphate 22(]00* 
2-Norpyridoxal 5 Lphosphate I8900 
6-Methyl-2-norpyridoxal 5 '-phosphate 20300 
6-Methylpyridoxal 5'-phosphate ~ 20000 

* Conlmer cial sample, 

T a b l e  3 

A n a l o g s  of  P y r i d o x a m i a e  5 ~ - P h o s p h a t e  

Compound Empirical formula 
Found, % Calculated, % Yield, 

2-Norpyridoxamine S'-phos- 
phate 

6-Met hyl-2-uor pyridoxamine 
S'-phosphate dlhydrate 

6-Methylpyridoxamine 5'- 
phosphate dihydrate 

CTHuN2OsP ,2H:O 30.88 5.69 

CaHIsN2OsP �9 2H20 ;33 39; 5.84 
! 

CoH~sN205P.2H20 35.95 5,12 

':::I: l: ,o oj 
�9 , .8_ 6.03 9.85 / 

i , 9,20 3624 6 42 9.39/ 
I i [ 

65 

5I 

53 �84 

Compound 

2-Norpyridoxal 5'-phos- 
phate monohydrat e 

6-Me~hyl-2-nor pyridoxal 
S'-pkospkate monohy- 
dsate 

6-Methylpyridoxal 5'* 
phosphate monohy- 
drate 

T a b l e  4 

A n a l o g s  of  P y r i d o x a [  5 ~ - p h o s p h a t e  

h I 60 (6) 

Empirical formula 

CvHaNO6P-HsO 

CsH~oNO6P "H20 

CgHI2NO6P .H20 

Found, % 

2 C H N 

5.3, = 

5.87]4.28 5.0: 

8,4414,92 4,7( 

Calculated, % 

C H N 

33.48 4.02 5.5~ 

36.24 4.56 5,28 

38.72 5,06 5,02 

70 
73 
67 

53 
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p - p h e n e t i d i n e  f r o m  the 2 - n o r - P L P  (VI, R = R f = H). 

To r e m o v e  s a l t s ,  a f t e r  n e u t r a l i z a t i o n  the  aqueous  
l a y e r  was  e h r o m a t o g r a p h e d  on a s u l f o n a t e d  r e s i n  in  
the ac id  f o r m ,  and 2 - n o r - P L P  was  ob ta ined  wi th  a 
y i e l d  of 70%. The  s e p a r a t i o n  c u r v e  is  g iven  in F ig .  1. 

I t  i s  m o r e  c o n v e n i e n t  to h y d r o I y z e  the  SB p h o s -  
p h a t e s  d i recLly on  a s u l f o n a t e d  r e s i n  in the  ac id  f o r m .  

U n d e r  t h e s e  cond i t i ons ,  the  y i e l d s  of 2 - n o r - P L P  and 

of 6 - m e t h y l - P L P  w e r e  73 and  53%, r e s p e c t i v e l y  (Fig.  
2). H o w e v e r ,  in  t hose  c a s e s  w h e r e  the  SB i s  ob ta ined  
in low y ie ld  and i n a d e q u a t e  p u r i t y ,  t h i s  m e t h o d  does  
not  g ive  s a t i s f a c t o r y  r e s u l t s .  C o n s e q u e n t l y ,  to o b t a i n  

6 - m e t h y l - 2 - n o r - P L P  (VII) we u s e d  t h e  t r a n s a m i n a t i o n  
r e a c t i o n  of the  c o r r e s p o n d i n g  r e a d i l y - a c c e s s i b l e  a m i n e  
wi th  g lyoxyl ic  ac id ,  wh ich  was  u sed  s u c c e s s f u l l y  fo r  
the s y n t h e s i s  of the  c o e n z y m e  i t s e l f  [4, 10]. 

As  the  UV s p e c t r a  show ( T a b l e  1), the  p r o p e r t i e s  
of the c o m p o u n d s  ob ta ined  d e p e n d  to a c o n s i d e r a b l e  

e x t e n t  on the  p o s i t i o n  of the  m e t h y l  group.  

/N=CHCO2H 
CH2NH 2 CH2 

H o ~ C l t 2 O P O I H 2  § C H O  HO\F~/CH~OPO3H2 

R . / ~ . A  co,, ".'-,~.Z,c,~ 

" t 
,~; N--CHaCO2 H 

CHO Cfl 
HO } CHoOP%H~ HO\~ /CH2OPO3H2 

co?l I' / u.~. / \R ~N"\C H3 
VII 

II, VII R=CIIa, R'=II 

Like  the  n o n p h o s p h o r y l a t e d  d e r i v a t i v e s  [6], a t  pH 6.9 
the  s p e c t r a  of the  P L P  and  P A M P  ana l ogs  h a v i n g  no 
s u b s t i t u e n t  in posiLion 2 show an  a b s o r p t i o n  m a x i m u m  

c o r r e s p o n d i n g  to the  f o r m s  VIIa ,  VIIb,  and  VIIc  and 

VIIIa and  VIIIb ( F i g s .  3 and 4). 

CH(OH)~ Clio 
H O \ [ ~ / C  H :OP O-3H ( ) \ ( ~ " ~ / C  H2OP O3H 

�9 
r , / \ ' ~ / \ r  r ~ r 

Vl la  V l l c  
+ 

CH-NH 3 
ItO ~ /CH,OP(i iI d.\f~/Cil.2OPd~;i 

k J l  
R,/k-~k-~P\ R R ./~'Ci/\ R 

Villa VIIIb 

The  p o s s i b l e  c a u s e s  of t h i s  p h e n o m e n a  h a v e  b e e n  d i s -  

c u s s e d  p r e v i o u s l y  [6]. 
T h e  i n c r e a s e d  d e g r e e  of h y d r a t i o n  of the a ldehyde  

g roup  of the  6 - m e t h y l  a n a l o g s  of P L P  as  c o m p a r e d  
wi th  P L P  i t s e l f  was  s o m e w h a t  unexpec t ed .  The  s p e c -  
t r a  g i v e n  in  F i g s .  4 and  5 show i n c r e a s e d  a b s o r p t i o n  

at  390 n m  c o r r e s p o n d i n g  to the  f r e e  a ldehyde  f o r m  
IXa and,  a t  the  s a m e  t i m e ,  i n c r e a s e d  a b s o r p t i o n  of 

the  h y d r a t e  IXb a t  330 nm.  

CH(OH)2 
d\F~/CH20 P O- 3 H 

Vllb + 
CH2NII  ~ 

cItO CH(OH)2 
- I ,Cll OPO~ O .  I CH~OPO~ 

R,/%'~/'-.R 
I x a  IXb 

T h i s  f a c t  can  be exp l a ined  if we a s s u m e  the  p r e s -  
ence  of a n c h i m e r i e  c o o p e r a t i o n  of the  p h o s p h a t e  g roup :  

H\ /H 
o:;. �9 

0%0 
no\/d,= 

Cll(Oll)~ Cfl 
\ ~yc,:o,o;. -x,~C H. 0 PO;H 

The  p r e s e n c e  of a m e t h y l  g roup  in pos i t i on  6 s u b -  

s t a n t i a l l y  h i n d e r s  r o t a t i o n  r o u n d  the  C(f)--C(5, ) bond,  
and the  c a r b o n  of the  f o r m y l  g roup  and the  5 ' - o x y g e n  
a t o m  a r e  c l o s e  in  s p a c e ,  which  f a v o r s  coope ra t i on .  
C o n v e r s e l y ,  fo r  the  6 - a n s u b s t i t u t e d  a l d e h y d e s  the con -  
f o r m a t i o n  in wh ich  the p h o s p h a t e  g roup  i s  r e m o t e  f r o m  
the  a ldehyde  g roup  i s  the  p r e d o m i n a t i n g  one. In th i s  
c a s e ,  the u sua l  n u c l e o p h i l i c  add i t ion  of w a l e r  to the  
c a r b o n y l  g r o u p  t a k e s  p l a c e :  

H20: ~ + = 14..///0 l t z o \ / O  
CH Cit(OH). 

"C ~"' \ ~ , , . ~ C  H 2 \ r . ~ / C H ' 2  . I /CH: 

/ % J  ~ N  ~ ~ -~- 

The  fac t  tha t  the  5~-oxygen a tom has  a g r e a t e r  n u -  

c l e o p h i l i e  a c t i v i t y  than  w a t e r  and  the  a d v a n t a g e o u s -  
h e s s  of the  f i v e - m e m b e r e d  r i g i d  cyc l i c  s y s t e m  f o r m e d  
as  an  i n t e r m e d i a t e  l e ads  to an  i n c r e a s e d  d e g r e e  of h y -  
d r a t i o n  fo r  the 6 - m e t h y l  a n a l o g s  of P L P .  It is  n a t u r a l  
t ha t  on p a s s i n g  to an  a l k a l i n e  m e d i u m ,  i . e . ,  on r e p l a c -  

ing a weak  n u c l e o p h i l e  (water )  by a s t r o n g e r  one (hy-  
droxyl)  the  d i f f e r e n c e  in the  d e g r e e  of h y d r a t i o n  of the 
P L P  a n a l o g s  m u s t  be l e v e l l e d  down. And,  in  ac tua l  
f ac t ,  the  UV s p e c t r a  in 0.1 N KOH d i f f e r  s l i gh t ly  f r o m  
one  a n o t h e r .  M e a s u r e m e n t s  w e r e  c a r r i e d  out  on the  

a b s o r p t i o n  of P L P  ana logs  in ac id  p h e n y l h y d r a z i n e  at  
410 n m  by the m e t h o d  of Wada  and Snel l  [11]. The  r e -  
s u l t s  of the  d e t e r m i n a t i o n  a r e  g iven  in  T a b l e  2. 

At  the  p r e s e n t  t i m e  the  c o m p o u n d s  ob ta ined  a r e  

be ing  s tud ied  as  c o f a c t o r s  of L - a s p a r t a t e ' 2 - o x o g l u t a r -  

a te  a m i n o t r a n s f e r a s e .  

E X P E R I M E N T A L  

The Schiff's bases with p-phenetfdine were obtained as described 
in the preceding paper [6]. 

Analogs of pyrtdoxamine 5'-phosphate. To a mixture of 0.52 g of 
85% phosphoric acid and 0.4 g of PzO5 was added 0.46 mM of the di- 
hydrochloride of an analog of p~idoxamine, and the mixture was kept 
at room temperature until the evolution of HC1 had eased. Then it was 
heated at 60 ~ C for 2 hr, and cooled, and 3 ml of ethanol followed by 
8 ml of ether were added. The liquid was decanted off, the residue 
was dissolved in 5 ml of 1 N HCL and the solution was heated in the 
boiling water bath for 20 rain and evaporated in vacuum to 1 ml. The 
pH of the solution was brought to 5 with concentrated ammonia and it 
was deposited cn a 1.6 X 54 em column of Amberlite IRC-50 in the 
acid form. Eluticn was carried out with water at the rate of 20 ml/hr. 
The fractions containing the PAMP analog were evaporated in vacuum 
to small volume and cooled. The crystals that deposited were washed 
with a small amount of cold ethanol and with ether. The compounds 
obtained are given in Table 3. 

Analogs of pyridoxal 5'-phosphate. A) To a mixture of 4.25 g of 
85~ phosphoric acid and 3.48 g of PzOs was added 1.85 mole of a 
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60. 
CP 

2O 

f ! 
I l 
I | 

SO0 IC00 m~ 

F i g .  6 .  I s o l a t i o n  o f  6 - m e t h y l - 2 - n o r - P L P  o n  D o w e x  5 O W  x 4 

i n  t h e  a c i d  f o r m .  S y m b o l s  a s  i n  F i g .  1,  

Schiff 's  base~ The (lark red mixture  obtained was hea ted  a t  45 ~ C fo; 

3 kr and was then cooled,  and 1.4 m!  of 0.1 N HCI was added and the 

mixture  was aga in  heated a t  60 ~ C for 15 min .  T h e m i x t u r e  was cooied 
and brought to pH 3 with 30% NaOtt .  The p rec ip i t a te  of the 5 ' - p h o s -  

phate  of the Schiff 's  base was centr i fuged,  washed with water,  and 
dried. 

Then i t  was dissolved in 2.6 ml  of 2 N NaOH and the p -phene t id ine  

was extracted with ether .  The aqueous layer  was t reated with 2.5 ml  

of 2 N HC1 and  the solution was deposited on a 1.87 x 40 cm co lumn 

of Dowex 50W X 4 in the  acid  form. Elution was carr ied out with water 

a t  the ra te  of 20 ml /h r .  The  e lut ion curve is shown in Fig. 1. The 

fractions conta in ing the PLP analog were concent ra ted  in vacuum a t  

40* C to 30 m l  and were  then f reeze-dr ied .  

B) The Schiff 's  base (2 mM) was dissolved in a mixture  of 3.72 g 

of 85% phosphoric ac id  and 2.86 g of PzOh. The mix ture  was hea ted  

(see Tab le  4) and then,  with cool ing,  6.0 mt  of 0.1 N HC1 was added 

and it was hea ted  aga in  a t  60 ~ C for 15 rain.  After cool ing,  the  m i x -  

ture was ehromatographed as in  (A). The elut ion curve is g iven in Fig. 
2, 

C) One mole  of an analog ol pyr idoxamine  5 ' -phospha te  was dis- 
solved in 7 ml  of water  and 1 rnl of 2 N NaOH. The  resulting solution 
was u e a t e d  with 240 mg (2.5 raM) of sodium g lyoxy la te  and the m i x -  
ture (pH 9) was stirred for 10 rain.  Then its pH was brought to 5 with 

g l ac i a l  a ce t i c  ac id  and it was stirred for another  10 rain and 3 m l  of a 

0.25 M solution of copper a ce t a t e  was slowly added (pH of the r e a c -  

t ion mixture  6) and stirring was cont inued a t  room tempera ture  for 30 

rain.  Then the  mix tu re  was deposited on a 1,4 x 40 cm co iumn of 

Dowex 50W X 4 in the acid  form. The subsequent isolat ion procedure 

was the same  as in (A). The  elut ion curve is g iven  in Fig. 6. 

The PLP analogs obtained are  g iven  in Tab le  4. All the compounds 

obtained were homogeneous on ch romatography  in a superfine layer  
in the e t h a n o l - b u t a n o l - 5 %  a m m o n i a - g l a c i a l  a c e t i c  ac id  (10 : 10 : 

10 : 1) system [13] and on eleetrophoresis.  

The  UV spectra were taken  on an SF-4A instrument a t  a layer  
thickness of 1 cm using concentrat ions of 10 .4 M. 

The  authors hear t i ly  thank A c a d e m i c i a n  A. g. Braunshtein for 

his constant  interest  in this work and for va luable  advice .  
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