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CHEMICAL SYNTHESIS OF LABELLED INTERMEDIATES IN CYANOGENIC GLUCOSIDE BIOSYNTHESIS 

Birger Lindberg Mller* 
Department of Biochemistry and Biophysics, University of 
California, Davis, CA 95616, U.S.A. 

Received June 8, 1977 
SUMMARY 

14 Chemical syntheses of [UL- C]-labelled N-hydroxytywsine, 
p-hydroxyphenylpyruvic acid oxime, p-hydroxyphenylacetaldo~me, 
and p-hydroxyphenylacetonitrile i n  high yields from L-[UL- C ] -  
tyrosine are described. These syntheses involve i n i t i a l  conver- 
sion of L-tyrosine t o  p-hydroxyphenylpyruvic acid, which then i s  
allowed t o  react with hydroxylamine t o  form p-hydroxyphenylpyru- 
v ic  acid o x h e .  N-Hydroxytyrosine i s  obtained f r o m  the Zatter by 
reduction with sodium cyanoborohydride, and i s  oxiidatively decar- 
boxylated t o  p-hydroxyphenylacetaldoxime by treatment with m o n k .  
F i n a l l y ,  p-hydroxyphenylacetonitrile i s  obtained by dehydration 
of the aldoxirne with thionylchloride. 
were identif ied by combined GLC/MS of their  trimethytsilyl 
derivatives. 
labelled I 4 C ,  2H, and 3H tyrosines and of H and H sodium 
cyamborohydride makes the method eqwzlly useful for  synthesis 
of various specif ically labelled compounds. 

14 

A l l  synthesized compounds 

The comercial availabili ty of several specif ically 
2 3 

14 14 KEY WORDS: [ C]-N-hydroxytyrosine, [ C]-p-hydroxyphenylacetaldoxime, cyanogenic 

glucoside intermediates. 

INTRODUCTION 

Sorghum seedlings contain the cyanogenic glucoside dhurrin, and a membrane 

bound (microsomal) enzyme system from this plant has been found to carry out all 

but the last step in the biosynthetic sequence which forms dhurrin. The inter- 

mediates invoked in this sequence are: tyrosine, N-hydroxytyrosine, p-hydroxy- 

phenylacetaldoxime, p-hydroxyphenylacetonitrile, and p-hydroxybenzaldehyde, the 

last named compound being formed by nonenzymatic decomposition of p-hydroxy- 
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mandeloni t r i le .  (lS2) 

by t h e  d i f f i c u l t i e s  encountered in obtaining t h e  l a b e l l e d  postulated intermediates .  

Attempts t o  prepare these  by accumulation i n  enzymatic reac t ion  mixtures w e r e  

var iab le ;  ty ros ine  is e f f i c i e n t l y  converted t o  p-hydroxybenzaldehyde by t h e  

sorghum microsomes but  t h e  intermediates  involved are e i t h e r  no t  observed o r  

barely detectable .  When prepared i n  t h e  absence of mercaptoethanol, t h e  

sorghum microsomes accumulate p-hydroxyphenylacetaldoxime. However, such 

microsomal preparat ions a r e  unstable ,  o f t e n  show no a c t i v i t y ,  and therefore  

do not  c o n s t i t u t e  an  e f f i c i e n t  method by which t h i s  intermediate  can be 

prepared. 

seedl ings,  it is extensively converted (e.p. 49 percent)(3)  t o  dhurr in .  

the less ,  no rad ioac t iv i ty  w a s  de tec tab le  i n  any of t h e  intermediates  sup- 

posedly involved. (3) 

synthesis  of these  l a b e l l e d  intermediates .  A method by which t h i s  can be 

achieved and t h e  r e s u l t s  obtained are presented in t h i s  comunicat ion.  

Studies  on t h e  biosynthesis  of dhurr in  have been hampered 

When l4C-1abelled tyros ine  is fed t o  excised shoots of sorghum 

Never- 

E f f o r t s  were therefore  d i rec ted  towards t h e  chemical 

MATERIALS AND METHODS 

L-[UL-14C]-tyrosine (spec. act. 420 mCi/mmole) was  obtained from New England 

Nuclear. 

( c r y s t a l l i n e ,  3000 U/mg) were obtained from Sigma Chemical Co. and Mann Research 

Laborator ies ,  respect ively.  Sodium cyanoborohydride, NaBH CN, obtained from Alfa  

Products, Ventron Corporation, w a s  p u r i f i e d  by r e c r y s t a l l i z a t i o n  of i t s  dioxane 

complex. (4) 

earlier described. 

gas chromatography/gas proport ional  counting (GLC/GPC) a f t e r  f reezing in l i q u i d  

nitrogen, lyophi l iza t ion  t o  dryness and t r i m e t h y l s i l y l  d e r i v a t i z a t i o n .  (’) The 

synthesized compounds were i d e n t i f i e d  by co-chromatography of t h e i r  trimethyl- 

s i l y l  der iva t ives  wi th  au thent ic  s tandards and f i n a l l y  by combined GLC/MS of t h e  

t r i m e t h y l s i l y l  der iva t ives .  

L-Amino a c i d  oxidase (Type I, minimum a c t i v i t y  0.3 U/mg) and c a t a l a s e  

3 

Authentic unlabel led s tandards were purchased o r  synthesized as 

Aliquots of r e a c t i o n  mixtures were analyzed by combined 

(5) 

[ d 4 C I  -p-hydroxyphenylpyruvic ac id  

A so lu t ion  of L-[UL-14C]-tyrosine (250 VCi) i n  1 N HC1 w a s  taken t o  dryness 

under n i t rogen .  The residue w a s  dissolved i n  7.50 m l  4 mM L-tyrosine (30 p o l e )  
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and 2.0 m l  50 mM KH2P04 (pH = 7.2) by hea t ing  (Figure 1,A). 

L-amino a c i d  oxidase p l u s  5.0 mg c a t a l a s e  i n  1 .0  m l  50 mM KH PO 

added. 

of 1.0 m l  1 0  N HC1. 

washed w i t h  1 m l  1 N HC1, and t h e  combined supe rna tan t s  taken t o  dryness  by 

l y o p h i l i z a t i o n .  

t y r o s i n e  t o  p-hydroxyphenylpyruvic a c i d ,  t h e  on ly  l a b e l l e d  product  which could be 

de t ec t ed  (Figure 1 , B ) .  Yield from ty ros ine :  30 pmole (100%). 

A s o l u t i o n  of 5.0 mg 

(pH = 7.2) w a s  2 4  

A f t e r  vigorous s t i r r i n g  f o r  60 min, t h e  r e a c t i o n  aas stopped by a d d i t i o n  

The p r o t e i n  p r e c i p i t a t e  formed w a s  removed by c e n t r i f u g a t i o n ,  

GLC/GPC a n a l y s i s  showed q u a n t i t a t i v e  conversion of  l a b e l l e d  

[UL-14C] -p-hydroxyphenylpyruvic a c i d  oxime 

14 A l y o p h i l i z e d  sample of  [UL- CI-p-hydroxyphenylpyruvic a c i d  (30 pmole) 

obtained as above w a s  d i s so lved  i n  2.5 m l  50 mM KH2P04 (pH = 7.2) and 2.0 ml 

H20. 

50 mM KH2P04 (pH = 7.2). A f t e r  1 min (Figure l , C ) ,  t h e  r e a c t i o n  mixture  w a s  

washed w i t h  2 m l  e t h e r ,  cooled t o  O"C, and c a r e f u l l y  a c i d i f i e d  t o  pH = 4.0 i n  an 

ice bath.  Radiochemically pu re  p-hydroxyphenylpyruvic a c i d  oxime (GLCIGPC analy- 

sis) w a s  obtained by e x t r a c t i o n  wi th  6 m l  e t h e r .  Yield from ty ros ine :  22 pmole 

(72%). 

To t h i s  s o l u t i o n  w a s  added 8.33 mg NH20H:HC1 (120 pmole) d i s so lved  i n  1 m l  

14 DL-[UL- C]-N-hydroxytyrosine 

1 4  
A l y o p h i l i z e d  sample of [UL- C]-p-hydroxyphenylpyruvic a c i d  (30 p o l e )  w a s  

allowed t o  react fo r  1 min w i t h  120 pmole NH20H:HC1 a s  desc r ibed  above (Figure l , C ) ,  

a t  which time 11.3 mg (180 pmole) NaBH3CN w a s  added. 

ad jus t ed  t o  pH = 3.5 by slow a d d i t i o n  of 1 N H C 1  and s t i r r e d  fo r  1 h r .  GLC/GPC 

a n a l y s i s  showed t h a t  n e a r l y  a l l  ketoxime had been reduced t o  t h e  N-hydroxyamino 

ac id  (Figure 1,D). 

pH = 1 and t h e  r e a c t i o n  mixture  lyoph i l i zed  t o  dryness .  

i n  4 m l  50 M KH2P04 (pH = 7.2) .  

app l i ed  t o  a s t r o n g l y  a c i d i c  c a t i o n  exchange r e s i n  (Dowex 50W x 8 ,  H -form, 

200-400 mesh, 0 .3  x 1 0  cm). 

e l u t e d  w i t h  1 N py r id ine .  

i c e  and were immediately taken t o  dryness  by l y o p h i l i z a t i o n .  

e l u t e d  i n  f r a c t i o n  5 and 6. 

The r e a c t i o n  mixture  w a s  

Surplus  NaBH CN w a s  destroyed by t h e  a d d i t i o n  of conc. H C 1  t o  3 
The r e s i d u e  was d i s so lved  

The r e s u l t i n g  s o l u t i o n  had a pH of  5.5 and was 

+ 

A f t e r  washing wi th  20 m l  H 0, N-hydroxytyrosine w a s  

F rac t ions  of 1 m l  were c o l l e c t e d  i n  v i a l s  kep t  i n  dry 

2 

N-Hydroxytyrosine 

GLC/GPC a n a l y s i s  showed t h a t  b e s i d e s  a 4% impuri ty  
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Curve E 11 CIII 1 \ 1 1  

Figure 1. GLC/GPC analysis of reaction mixtures and products obtained. 

Curve 0: 
1: p-hydroxybenzaldehyde. 2: p-hydroxyphenylacetonitrile. 3: p -  

hydroxyphenylacetaldoxime. 4: tyramine. 5: p-hydroxyphenyllactic 
acid. 6: tyrosine. 7: p-hydroxyphenylpyruvic acid oxime. 8: 
N-hydroxytyrosine. 9: p-hydroxyphenylpyruvic acid. Curves A-G: 
Radiochromatograms of: A: L-[UL C]-tyrosine. B: Enzymatic smthe- 
sis of [UL- C]-p-hydroxyphenylpyruvic acid. C: Chemical synthesis of 
[UL- C]-p-hydroxyphenylpyruvic acid oxime. D: Chemical synthesis of 
[UL- C] -N-hydroxytyrosine. E: Purified [UL-14C] -1-hydroxytyrosine . 
F: Chemical synthesis of IUL- C]-p-hydroxyphenylacetaldoxime. G: 
Chemical synthesis of [UL-14C]-p-hydroxyphenylacetonitrile. Column: 
3% SP 2250 on 80/100-mesh Supelcoport. 6 ft. x 4 mm i.d. glass. Typi- 
cal temperature program: 

15 min at 170°C. 

GLC mass peaks of trimethylsilyl derivatized standards: 

14 
14 

14 
14 

14 

6 min at 13OoC, temperature rise 10°C/min, 
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of t y r o s i n e ,  no o t h e r  l a b e l l e d  products  were p resen t  i n  t h e s e  f r a c t i o n s  (Figure 1,E) .  

Yield: 27 pmole (90% from t y r o s i n e ) .  

IUL-14C] -p-hydroxyphenylacetaldoxime 

A lyoph i l i zed  sample of DL-[UL-14C] -N-hydroxytyrosine (10 pmole) obtained 

as above w a s  d i s so lved  i n  700 pl 1 N NH3. 

temperature,  t h e  r e a c t i o n  mixture  w a s  f rozen i n  l i q u i d  n i t rogen  and l y o p h i l i z e d  

t o  dryness .  GLCfGPC showed an 86% radiochemical  y i e l d  of phydroxyphenylacetal-  

doxime (Figure 1,F) .  

g e l  t h i n  l a y e r  p l a t e  (Bakerf lex 1B) which w a s  developed in benzene: EtOAc 

(5:1).(') 

radiochromatogram scanner (Packard Model 7201) and by comparison w i t h  an a u t h e n t i c  

s tandard.  The area w a s  t hen  scraped o f f  t h e  TLC p l a t e  and t h e  compound 

e l u t e d  w i t h  a total of 6 ml EtOH. 

f u g a t i o n  and taken t o  dryness  i n  a s t r e a m  of n i t rogen .  Yield:  8.1 p o l e  

(73% from t y r o s i n e ) .  

Af t e r  s t i r r i n g  f o r  2 h r s  a t  room 

The r e s i d u e  w a s  d i s so lved  in EtOH and app l i ed  t o  a s i l i ca  

The aldoxime spo t  (Rf = 0.18) w a s  l o c a t e d  on t h e  p l a t e  by u s e  of a 

The EtOH extracts were c l a r i f i e d  by centri- 

JUL-14C] -p-hydroxyphenylacetonitrile 
14 

A l y o p h i l i z e d  sample of [UL- CI-p-hydroxyphenylacetaldoxime (10 pole) 

obtained as above w a s  d i s so lved  i n  1.0 ml d r i e d  benzene in a 5 m l  ampule, heated 

t o  45OC, and a s o l u t i o n  of 200 p 1  SOClz i n  800 p l  benzene w a s  slowly added. 

The c o n t e n t s  were r e f l w e d  f o r  5 min a t  90°C and taken t o  dryness  in a s t r e a m  of 

n i t rogen .  

n i t r i l e  (Figure 1,G). 

0.45) .  Yield: 7 . 1  umole (51% from ty ros ine ) .  

( 6 )  

GLCfGPC showed an 72% radiochemical y i e l d  of p-hydroxyphenylaceto- 

The r e s i d u e  w a s  p u r i f i e d  by TLC as  desc r ibed  above (RF = 

RESULTS AND DISCUSSION 

A l l  of t h e  compounds synthesized he re  are s t a b l e  when s t o r e d  as l y o p h i l i z e d  

samples i n  a d e s i c c a t o r .  

phenylpyruvic a c i d  oxime undergoes a concerted decarboxylationfdehydration reac- 

t i o n  t o  y i e l d  p-hydroxyphenylacetonitrile. 

has been r epor t ed  earlier. To minimize t h e  decomposition, t h e  p-hydroxy- 

phenylpyruvic a c i d  oxime sample used f o r  N-hydroxytyrosine s y n t h e s i s  w a s  n o t  

However, when d i s so lved  in  aqueous media, p-hydroxy- 

This  t ype  of r e a c t i o n  f o r  ketoximes 
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prepur i f ied  (Figure 1,C) and after addi t ion  of NaBH3CN, t h e  pH of t h e  reac t ion  

mixture was  lowered t o  pH = 3.5 in order  t o  increase t h e  rate of reduct ion.  A 

f u r t h e r  decrease i n  pH r e s u l t s  i n  p a r t i a l  hydrolysis  of t h e  ketoxime t o  p- 

hydroxyphenylpyruvic a c i d  which subsequently is reduced t o  p-hydroxyphenyllactic 

acid. 

hydroxyphenylacetonitrile a l l  e l u t e  i n  t h e  H 0 e l u a t e  during t h e  following ion  

exchange p u r i f i c a t i o n  s t e p  and are therefore  e a s i l y  separated from N-hydroxy- 

tyros ine  (Figure 1 , D  and E). 

w a s  found t o  undergo an oxida t ive  decarboxylation t o  p-hydroxyphenylacetaldoxime. 

This type of reac t ion  f o r  N-hydroxyamino a c i d s  has not  earlier been descr ibed.  

rate of conversion is l i n e a r  with time and t h e  r e a c t i o n  is complete a f t e r  90 min- 

utes .  I f  t h e  reac t ion  is c a r r i e d  out i n  a n i t rogen  atmosphere, less than 10% 

of t h e  N-hydroxytyrosine is converted t o  p-hydroxyphenylacetaldoxime. 

molecular oxygen serves  as t h e  oxidant i n  t h e  reac t ion .  

more s t a b l e  when dissolved a t  lower pH. 

7.2,  less than 5% of t h e  N-hydroxytyrosine is converted t o  p-hydroxyphenylacetal- 

doxime i n  90 m i n .  

concentrated hydrochlor ic  a c i d .  

ty ros ine ,  espec ia l ly  i n  those  cases where very high s p e c i f i c  r a d i o a c t i v i t y  i s  

wanted and therefore  no c a r r i e r  material is added, care should be  taken only 

t o  use  c lean  glassware. I f  impur i t ies  such as f e r r i c i o n s  are present ,  t h e  N- 

hydroxytyrosine synthesized w i l l  be oxidized and p-hydroxyphenylacetaldoxime 

obtained as t h e  f i n a l  product. 

However, i f  these  t w o  a c i d s  are formed as by-products, they and p- 

2 

When dissolved i n  1 N ammonia, N-hydroxytyrosine 

The 

Thus 

N-Hydroxytyrosine is 

When kept i n  a phosphate buf fer  a t  pH = 

N-Hydroxytyrosine is s t a b l e  for s e v e r a l  days when s t o r e d  i n  

During t h e  chemical synthes is  of N-hydroxy- 

The ind iv idua l  r e a c t i o n s  here  described were examined and optimized by 

extensive use of t h e  combined gas  chromatography/gas propor t iona l  counting analy- 

t i c a l  procedure descr ibed earlier. (5) Mult iple  a t tempts  t o  design a t h i n  layer  

chromatographic separa t ion  method involving N-hydroxytyrosine f a i l e d  due t o  t h e  

i n s t a b i l i t y  of t h i s  compound. 

described above, N-hydroxytyrosine has  earlier been reported t o  disproport ion-  

ate i n t o  tyros ine  and p-hydroxyphenylacetaldoxime when ref luxed under ni t rogen.  

When N-hydroxytyrosine w a s  appl ied  t o  c e l l u l o s e  t h i n  layer  chromatograms, t h e  

formation of these  degradat ion products was a l s o  observed (Figure 2 , A ) .  

Besides t h e  oxida t ive  decarboxylation r e a c t i o n  

(12) 

The 
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M O  6 8 3s M 

Figure  2. Thin l a y e r  chromatography of [UL-14C]-N-hydroxytyrosine (Eastman 

1 4  13254 Ce l lu lose ,  0.2 p C i  (12 pg) of pure [UL- C]-N-hydroxytyrosine 

(Figure 1 , E )  were app l i ed  i n  each experiment).  A: normal atmosphere. 

B: n i t r o g e n  atmosphere. Solvent  system: isopropanol-formic acid-  

water (20:1:5). M: marker. 0: o r i g i n .  S: so lven t  f r o n t .  For 

i d e n t i f i c a t i o n  of s t anda rds  see numbering on F igu re  1. 

decomposition of N-hydroxytyrosine could aga in  be  diminished by performing t h e  

t h i n  l a y e r  chromatographic procedure i n  a n i t rogen  atmosphere by u s e  of TLC 

p l a t e s  p re -equ i l ib ra t ed  under n i t rogen  (Figure 2 , B ) .  However, i t  w a s  never  pos- 

s i b l e  t o  o b t a i n  more than  approximately 10% y i e l d  when r e i s o l a t i n g  t h e  N-hydroxy- 

t y r o s i n e  from t h e  TLC p l a t e s .  

l i q u i d  chromatography a l s o  proved unsuccessful  as i s o l a t i o n  and p u r i f i c a t i o n  

techniques.  The s p o t  on t h e  TLC be l i eved  t o  be  N-hydroxytyrosine produced a 

characteristic orange c o l o r  when t r e a t e d  w i t h  ninhydrin.  

High v o l t a g e  e l e c t r o p h o r e s i s  and high p r e s s u r e  

The d i s c r e p a n c i e s  i n  
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data  earlier reported upon t h e  co lor  r e a c t i o n  of a-N-hydroxyamino a c i d s  with nin- 

hydrin(13) is understandable i n  view of t h e  extensive decomposition reac t ions  

which may have occurred during t h e  d i f f e r e n t  experimental condi t ions used. 

The method described here  f o r  t h e  chemical synthes is  of var ious l a b e l l e d  

Intermediates involved i n  t h e  biosynthesis  of t h e  cyanogenic glucoside dhurr in  is 

advantageous f o r  severa l  reasons. 

several  s p e c i f i c a l l y  l a b e l l e d  I 4 C ,  'H, and 

cyanoborohydride makes t h e  method equal ly  usefu l  f o r  t h e  chemical synthes is  of 

a range of s p e c i f i c a l l y  labe l led  intermediates. 

doxime had been synthesized by a pinacol-pinacolone type rearrangement of synephrine 

t o  g ive  p-hydro~yphenylacetaldehyde(~) which then w a s  allowed t o  react with hydroxyl- 

mine. 

not commercially ava i lab le .  

t h e s i s  of t h e  labe l led  compound. [l- C]-p-Hydroxyphenylacetaldoxime has been 

synthesized using p-hydroxybenzaldehyde and [14C]-nitromethane as s t a r t i n g  

mat er ia l s  . 
thesized by use  of t h i s  procedure, and the  y ie ld  (8%) is low compared t o  t h e  73% 

yie ld  obtained by t h e  procedure reported here. [ l -  C]-p-Hydroxyphenylaceto- 

n i t r i l e  has been reported synthesized from 4-benzyloxybenzylchloride and [ C]- 

KCN.'") Again t h i s  method r e s t r i c t s  t h e  choice of l a b e l l i n g  t o  d 4 C  and only 

a 5% yie ld  w a s  obtained compared t o  51% i n  the  present  s tudy.  

o ther  amino a c i d s  as s t a r t i n g  materials, t h e  procedure reported here  should prove 

usefu l  f o r  t h e  chemical synthes is  of a whole range of i s o t o p i c a l l y  l a b e l l e d  in te r -  

mediates involved i n  t h e  biosynthesis  of d i f f e r e n t  cyanogenic glucosides and gluco- 

s ino la tes .  

F i r s t  of a l l ,  t h e  commercial a v a i l a b i l i t y  of 

3 3 H ty ros ines  and of *H and H sodium 

Hi ther to  p-hydroxyphenylacetal- 

This method gives  low y i e l d s  and i so topica l ly  l a b e l l e d  synephrine i s  

The method is therefore  not e a s i l y  appl ied f o r  syn- 

14  

However, only aldoxime s p e c i f i c a l l y  l a b e l l e d  in C-1 can b e  syn- 

14 

14 

By t h e  use  of 
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