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The f i r s t  aminophosphonic acids we re  obtained many y e a r s  ago, but these compounds have only recent ly  
found use as a m i n o - a c i d  analogs in enzymologica l  r e s e a r c h .  L iver  p repara t ions  a r e  capable  of convert ing a -  
ke toglu tara te  into g lu tamate  in the p re sence  of some ~-aminophosphonic  acids [2]. The phosphonate analog of 
phenylalanine was  found to be a speci f ic  inhibi tor  of phenyla lanyl - tRNA-syuthe tase  [3], while a - a m i n o e t h y l -  
phosphonic acid has the s a m e  s t rong  effect  on the act ivi ty  of D-alanine r a c e m a s e  as the cyc loser ine  ant i -  
biotics [4]. Thus,  the need a ro se  for  new methods for the synthes is  of aminophosphonic ac ids ,  the synthesis  
of new r e p r e s e n t a t i v e s  of this compound c l a s s ,  and a study of the t r ans fo rma t ions  of these compounds.  

The methods known for  the p repa ra t ion  of aminophosphonic acids a re  l a rge ly  analogous to the syntheses  
of aminoca rboxy l i c  acids [5]. One of the mos t  wel l - s tud ied  methods involves the use  of e s t e r s  of a - k e t o p h o s -  
phonic acids as s t a r t i ng  m a t e r i a l s  which a r e  conver ted  by a s e r i e s  of s teps  into a -aminophosphona tes  [6]. We 
c a r r i e d  out a one - s t ep  synthes is  of a -aminophosphon ic  acids according  to the method developed for  the p repa -  
ra t ion  of a -ke tophosphon ic  acids [1]: 
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In aqueous or  alcoholic solutions of am mon ia ,  ~-ketophosphonic  acids but not thei r  di-  or  monoes te r s  
a r e  conver ted  by the act ion of sodium borohydr ide  into ~-aminophosphonic  acids with yields  f r o m  50 to 70%. 
This method was used  both for  the synthes is  of (I)-(IV) which w e r e  previous ly  known and the new phosphonate 
analog of glutaminic  acid (V). An advantage of this method is the possibi l i ty  of effect ing the facile p repa ra t ion  
of t r i t i u m - l a b e l e d  aminophosphoaates  r equ i r ed  for  enzymological  r e s e a r c h ,  for example ,  a J H - ( I I )  [7]. P r i -  
n-ary amines  may be used in the reduct ive  aminat ion  ins tead of ammonia ,  as shown in the p repa ra t ion  of N a -  
me thy l -~ -amino- f l -pheny le thy lphosphon ic  acid (N~-CH3-(IV)). 

A s imple  method for the synthes is  of ~-aminophosphonic  acids is the aminophosphonylat ion of aldehydes 
which is c a r r i e d  out by the heating of aldehydes (such as propionaldehyde and benzaldehyde) with diethyl phos-  
phite in ethanolic solut ions of am m on i a  with subsequent  hydro lys i s  of the aminophosphonate d ies te r s  [8]. In this 
manne r ,  we obtained only t r a c e s  of (II), though the yield of (II) was 16% in the reac t ion  in liquid ammonia  at 
80~ 
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The synthesis  of (VI), a previously unknown analog of methionine, was ca r r i ed  out s imilar ly .*  

Relative to the chemis t ry  of amino acid der ivat ives ,  the chemis t ry  of aminophosphonic acid derivatives 
has hardly been developed. For  subsequent syntheses in this se r i e s ,  we obtained N-formyl ,  N-tr i f luoroacetyl ,  
and N-carbobenzoxy derivat ives  of aminophosphonic acids. 
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R = CsHsCHs; X---- CaHsCHaOCO (IX); R ---- C6HsCH2; X = HC0 (X). 

The conditions were  analogous to those used for amino acids,  but longer periods were required  to com-  
plete these react ions .  

The synthesis  of aminophosphonate monoesters  was ca r r i ed  out by severa l  methods for  (II) and (IV): 
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In one of these methods,  heating of the hydrochloride salt  of diester  (II) led direct ly to the monoester  
(XII) inhighyield,  while in another method, N,N'-dicyclohexylcarbodiimide (DCC) was used for the es te r i f ica -  
tion of (VII) with subsequent removal  of the protective group by the usual means,  and, finally, monoester  (XIII) 
was obtained by the partial  hydrolysis  of the d ies ter  (IV) in 80% acetic acid. 

The basis for  the various t ransformat ions  of amino acids which proceed with the participation of py- 
ridoxal enzymes is their  capacity to fo rm aldimines with the pyr idoxal-5 ' -phosphate  coenzyme. It was inter-  
esting to compare  aminoearlxmylic and aminophosphonic acids in this r ega rd  since the possibility of enzymatic 
t ransaminat ion had only been shown for one aminophosphonic acid, namely,  fl-aminoethylphosphonic acid [9]. 
A convenient model for nonenzymatic trat/samination is the react ion of an a - amino  acid with pyridoxal in 
ethanolic solutions [10]. Under these conditions, (II) and pyridoxal rapidly reac t  to form a pyridoxylidene der i -  
vative whose UV spec t rum is vir tually identical to the corresponding derivative of valine. 
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*This synthesis  was ca r r i ed  out with the part icipation of A. T. Prudchenko. 
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The reduct ion  of the r eac t ion  mix ture  by NaBH 4 led to a single product ,  namely ,  N~-pyr idoxyl -c~-amino-  
isobutylphosphonic acid. The s t r u c t u r e  of this compound was studied by UV, TLC, and e l ec t rophores i s  mobi l i -  
t i e s ,  posi t ive t e s t s  for  phosphorus ,  and tes ts  with ninhydrin and 2 ,4-dichloroquinonechlor imine.  The reac t ion  
of valine with pyr idoxal  a f t e r  24 h led to the pyr idoxamine  in 6.5% yield,  while in the case  of (II), the yield of 
pyr idoxamine ,  if f o rmed ,  was  < 0.01%. Thus,  in the case  of aminophosphonic ac ids ,  the equi l ibr ium is v i r -  
tually ent i re ly  shif ted towards  pyridoxal  and the amino acid,  which is in acco rd  with our resu l t s  on the c o m -  
plete conve r s ion  of pyr idoxamine into pyr idoxal  in the reac t ion  with ~-ketophosphonic  acids [1]. 

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

The ch roma tog raphy  was p e r f o r m e d  on Silufol UV254 plates and on FN-18 paper  in a s y s t e m  consis t ing 
of 7 : 1 :2  i sopropyl  a lcohol -25% NH4OH-water .  E l ec t rophores i s  was p e r f o r m e d  on FN-18 paper  in 0.05 M 
ace ta te  buffer  a t  pH 4.1 or  in 4 : 40 : 756 py r id ine -CH3CO2H-H20  buffer at pH 3.5 with voltage gradient  68 V/  
cm.  The subs tances  we re  v isua l ized  by UV absorp t ion  and color  reac t ions  with ninhydrin, a m m o n i u m  molyb-  
date,  and 2 ,4-d ichloroquinochloroimine  (for der iva t ives  of 3-hydroxypyridine) .  The s p e c t r a  we re  taken on a 
Specord  UV-VIS s p e c t r o m e t e r .  The dibenzyl e s t e r s  of the ~-ketophosphonic  acids w e r e  obtained according 
to our  e a r l i e r  work  [1]. 

Reduct ive Aminat ion of ~-Ketophosphona tes .  The dibenzyl e s t e r  of ~-ketophosphonic  acid (1 mmole) was 
hydrogenated over  pal ladium black in 5 ml methanol.  The f i l t ra te  was neut ra l ized  with 25% NH4OH and evapo-  
r a t ed  in vacuum. Then, 4 ml aqueous NH4OH (saturated at 0~ was added to the res idue and 1 mmole  NaBH 4 in 
1 ml 25% NH4OH was added dropwise  with cooling and s t i r r i ng  over  15 rain. After  1 h at 20~ the mixture  was 
evapora t ed  in vacuum to d rynes s ,  d i sso lved  in 0.5 ml wa te r ,  acidif ied with 20% HC1 to pH 1, and 5 rnl ethanol 
was added. The f i l t r a tes  we re  evapora ted  in vacuum, d isso lved  in 5 ml ethanol,  and brought to pH 4.5-5 with 
ethanolic Et3N. The res idue  was washed  with ethanol,  e the r ,  and dr ied  in vacuum. The yie lds  of (II), (III), 
and (IV) ranged  f r o m  50 to 70%. The isola t ion of (It was c a r r i e d  out on Dowex 50 • 8 sulfo cat ion-exchange 
r e s i n ,  100-200 mesh ,  H + f o r m  with 0.5 N Ntt4OH eluent to provide a 50% yield.  

~ -Amino -7 -ca rboxypropy lphosphon ic  Acid (V). To an ethanolic solution of ~ - k e t o - T - c a r b o m e t h o x y p r o -  
pylphosphonic acid  obtained by the hydrogenat ion of 1 mmole  of the dibenzyl e s t e r ,  3 mmoles  ethanolic NaOH 
was s lowly added, s t i r r e d  for  30 min at 20~ and evapora fed  in vacuum to dryness .  The res idue  was dissolved 
in 12 ml aqueous NH4OH (sa tura ted  at  0~ and then the r eac t ion  was fo rmed  as desc r ibed  above. Acid (V) was 
i so la ted  by ch roma tog raphy  on Dowex 50 • 8 r e s i n ,  H + fo rm,  wa te r  elution. The y ie ld  of (V) was 90 mg (45%), 
mp 185-187~ (f rom w a t e r - i s o p r o p y l  alcohol),  Rf  0.01. Found: C 26.25; H 5.44; P 16.94; N 7.68%. Calculated 
for  C4H10NOsP: C 26.22; H 5.46; P 16.93; N 7.65%. 

N~-Methyl-c~-amino-f l -phenylethylphosphonic  Acid (N-CH~-(IV)). The reduct ive aminomethyla t ion  of 1 
mmole  c~-keto-fl-phenylethylphosphonic acid in 5 ml 33% aqueous methylamine was c a r r i e d  out by the genera l  
method. The y ie ld  of (IV) was 50%, mp 239-242~ (from w a t e r - i s o p r o p y l  alcohol),  Rf 0.24. Found: C 50.86; 
H 6.35; P 14.75; N6.97%. Calculated for  CgHicNO3P: C 50.23; H 6.56; P 14.39; N6.50%. 

~-Aminoisobuty lphosphonic  Acid (II) f r o m  Isobutyraldehyde.  To 150 ml liquid ammonia ,  36 g f resh ly  
dis t i l led  isobutyraldehyde was added with cooling and s t i r r i ng  and then 69 g diethyl phosphite was added and 
the mixture  was heated  in an autoclave for  7 h at 80~ After  r e m o v a l  of the ammonia ,  the mixture  was s t i r r e d  
with 100 ml e ther  and the res idue  was washed  with 50 ml e ther ,  heated at reflux fo r  8 h with 200 ml  20% HC1 
and the mix ture  was evapora ted  to d ryness  in vacuum. The res idue  was dissolved in 75 ml ethanol and the 
f i l t ra te  was brought  to pH 4.5-5 with ethanolic t r i e thy lamine  and, a f te r  2 h at 0~ 4 g (II) was f i l te red  off. 
Af ter  r e m o v a l  of the solvent  f r o m  the e the rea l  ex t rac t ions  and dis t i l la t ion of the res idue  in vacuum,  13 g dl -  
ethyl e s t e r  of (II) was  obtained, bp 86-88~ (0.5 m m  Hg), n~ 1.4400, hydrochlor ide  sa l t ,  mp l l6~ (from 
e t h a n o l -  e ther) .  

The hydro lys i s  of this e s t e r  to (II) was  p e r f o r m e d  by heating with an excess  of 20% HC1 for 6-8 h and 
subsequent  evapora t ion  and neutral izat ion.  The total  y ie ld  of (II) was 16%. 

c~-Amino-T-methylmercaptopropylphosphonic  Acid (VI). A yie ld  of 10 g crude diethyl e s t e r  of (VI) was 
obtained f r o m  10 g 7 -methy lmercap toprop iona ldehyde  [9] and 14.5 g diethyl phosphite in 100 ml liquid ammonia  
as desc r ibed  above. A yie ld  of 80 mg (10.5%) acid with mp 271-272~ (from w a t e r - e t h a n o l )  and Rf 0.11 was 
obtained a f t e r  6 h hydro lys i s  of 1 g d ie s t e r  by heating at ref lux with 10 ml 20% HC1 and purif icat ion on Dowex 
50 • 8 r e s in ,  H + f o r m ,  0.5 N NH4OH elution. Found: C 25.93; H 6.51; P 16.80; N 17.37%. Calculated for 
C4H12NO3PS: C 25.96; H 6.54; P 16.74; N 17.30%. 
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Carbobenzaxyla t ion  of a -Aminophosphonie  Acids.  A mixture  of 5 mmoles  aminophosphonic acid,  17.5 
mmoles  NaHCO 3, 10 ml wa te r ,  and 5.5 m m ol e s  carbobenzoxychlor ide  was s t i r r e d  for  12 h at 20~ until a nega-  
t ive ninhydrin t es t  was  obtained and ex t r ac t ed  with e ther .  The aqueous port ion was acidif ied with 20% HC1 to 
pH 1 and the oil which s e p a r a t e d  out was ex t rac ted  with dichloroethane (four 5 -ml  portions).  The ex t rac t s  we re  
washed  with w a t e r  and the solvent  was  dis t i l led off in vacuum. Af ter  drying of the res idue  in vacuum over  
P205, the carbobenzoxy der iva t ives  w e r e  obtained. A yie ld  of 1 g (70%) (VII) was obtained as a hygroscopic  
amorphous  subs tance  with  Rf  0.40. Found: N 4.77; P 10.63%. Calculated for  C12HlsNOsP: N 4.87; P 10.80%. A 
yie ld  of  0.740 g (50%) (IX) was obtained with  Rf  0.33. Found: N 4.27; P 9.08%. Calculated for  C16HlsNO~P: N 
4.18; P 9.25%. 

Na -Tr i f l uo roace t y l - a - am i no i s obu t y l phosphon i c  Acid (VIII). A sample  of 5 mmoles  (II) was  added to 2 ml 
t r i f luoroace t i c  anhydride and s t i r r e d  until comple te  dissolut ion and then evapora ted  to d ryness  in vacuum. The 
res idue  a f t e r  drying in vacuum ove r  KOtt was  d isso lved  in hot ethyl ace ta te  and the f i l t ra te  was evapora ted  in 
vacuum to 5-7 nil. Then, 10 ml  w a r m  heptane was added and the solution was left  to c rys t a l l i ze  at 4~ A yie ld  
of 0.84 g (VIII) (65%) was obtained with mp 235-238~ and Rf  0.45. Found: C 29.05; H 4.20; P 12.50; N 5.53%. 
Calcula ted for  C6HnNO4F3P: C 28.90; H 4.41; P 12.45; N 5.62%. 

N a - F o r m y l - a - a m i n o p h e n y l e t h y l p h o s p h o n i e  Acid (X). To 1 mmole  (IV) in 2.5 ml 100% fo rmic  acid at  
4~ 0.7 ml acet ic  anhydride was  added and let  s tand at  20~ for  48 h. Then 1 ml cold wa te r  was added and the 
solut ion was evapora ted  in vacuum at  40~ to d ryness .  The yie ld  of (X) was 0.21 g (80%), mp 196-204~ (dec.) 
( f rom e t h a n o l - e t h e r ) ,  R f  0.17. Found: C 47.60; H 5.18; P 13.54; N 5.80%. Calculated for  CgH12NO4P: C 47.20; 
H 5.20; P 13.55; N 6.15%. 

Monomethyl E s t e r  of a -Aminoisobuty lphosphonic  Acid (XI). A solution of 1 mmole  (VII), 1.5 mmole  
N,N-dicyelohexylcarbodi imide ,  and 1 ml  methanol  in 2.5 ml THF was heated at ref lux f o r  6.5 h taking p r e -  
cautions to exclude a tmosphe r i c  mois tu re .  Af te r  f i l t ra t ion,  the solution was  evapora ted  in vacuum to d ry n es s  
and the res idue  was  d isso lved  in e ther .  Then, the f i l t ra te  was evapora ted  in vacuum and the res idue  obtained 
was d isso lved  in 2 ml methanol ,  acidif ied with acet ic  acid,  and hydrogenated over  10 mg pal ladium black. The 
ca ta lys t  was  f i l t e red  off and washed  with 2 ml  methanol.  The f i l t ra te  was evapora ted  in vacuum at  40~ and the 
res idue  was dr ied  in vacuum over  P205. The y ie ld  of (XI) was 0.1 g (50%), mp 218-220~ Rf  0.55. Found: C 
36.03; H 8.20; P 18.68; N 8.22%. Calculated for  CsH14NO3P: C 35.92; H 8.38; P 18.56; N 8.38%. 

Monoethyl E s t e r  of a -Amino-f l -phenyle thylphosphonic  Acid (XIII). A solution of 10 mmoles  diethyl e s t e r  
of (IV) in 100 ml 80% acet ic  acid  was  heated at ref lux for  20 h and evapora ted  in vacuum. The res idue  was 
dr ied  in vacuum over  KOH and P205. The y ie ld  of (XIII) was 0.2 g (10%), mp 232-234~ (from w a t e r - d i o x a n e ) ,  
Rf  0.64. Found: 50.53; H 6.81; P 13.60; N 5.61%. Calculated for  C10H16NO3P: C 50.46; H 7.10; P 13.02; N 5.88%. 

Monoethyl E s t e r  of  a -Aminos iobuty lphosphonic  Acid (XII). A sample  of 1 mmole  hydrochlor ide  sa l t  of 
the diethyl e s t e r  of  (II) was  heated for  20-30 min at 120-125~ until the mel t  sol idif ied and then held at this 
t e m p e r a t u r e  in vacuum for  an additional 30 rain (negative CI test) .  The yield of (XII) was 0.15 g (85%), mp. 
225-228~ (f rom e t h a n o l - 2 - p r o p a n o D ,  Rf  0.53. Found: C 39.68; H 8.71; P 11.93; N 7.60%. Calculated for  
C6HlsNO3P: C 39.55; H 8.83; P 11.60; N 7.73%. 

Nonenzymatic T ransamina t ion  of (II). To 0 .05mmoles  (II) in 10 ml 0.005 M NaOH in abs.  methanol ,  0.05 
mmole  pyridoxal  hydrochlor ide  was added and the mix ture  was s t i r r e d  for 24 h with precaut ions to exclude 
a tmosphe r i c  mo i s tu re  and light. Aliquots were  taken a f t e r  30 rain, 2 h, and 6 h and were  diluted with 0.1 M 
ethanolic NaOH and the UV s p e c t r a  we re  "taken. After  24 h, the amount of pyr idoxamine fo rmed  was de t e r -  
mined. For  this de terminat ion ,  5 ml  of the reac t ion  mixture  was evapora ted  to d ryness  in vacuum, the mix-  
ture  was s e p a r a t e d  by e l ec t rophores i s  a t  pH 3.5, and the e l e c t ropho re s i s  pa t terns  we re  scanned at  330 nm. A 
para l le l  run  with L-va l ine  was pe r fo rmed .  

Na : l>yr idoxyl -a -amino isobuty lphosphonic  Acid (XIV). To an ethanolic solut ion of the pyridoxylidene 
der iva t ive  was p r e p a r e d  as desc r ibed  above,  0.05 mmole  NaBH 4 was added in port ions with s t i r r i ng  and a f t e r  
2 h, was acidif ied with ethanolic HCI and f i l tered.  After  evapora t ion  in vacuum, a y ie ld  of 0.3 g (XIV) was ob- 
tained with Xmax 327 nm (pH 7.0) which is uni form upon e l ec t rophores i s  (pH 4.1, E p M  = - 0 . 2 ,  detect ion by 
ninhydrin, a m m o n i u m  molybdate ,  and 2 ,4-dichloroquinochloroimine and f luoroescence  in UV light. 

C O N C L U S I O N S  

1. A new method has been proposed  for  the synthes is  of a - a m i n o -  and o~-alkylaminophosphonic acids.  

* The value of the e l ec t rophore t i e  mobi l i ty  of  the product  re la t ive  to the e l ec t rophore t i c  mobi l i ty  of pyr idox-  
A~nine (PM). 
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2. N- fo rmy l ,  N- t r i f luoroace ty l ,  and N-carbobenzoxy  der iva t ives  of c~-aminophosphonic acids were  syn-  
thesized.  

3. Methods w e r e  developed for  obtaining monoes t e r s  of ~-aminophosphonic  acids .  

4. Fo rma t ion  of pyr idoxamine  f r o m  pyridoxal  and ~-aminoisobutylphosphonic  acid was not found under 
conditions for nonenzymatic  t ransamina t ion .  
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D I C A R B O L L Y L I R O N ( I I I )  A N D  I T S  B R O M O  D E R I V A T I V E S  

L .  I .  Z a k h a r k i n ,  V. V. K o b a k ,  UDC542.944:546.14:541.49:547.1'13:547.1'127 
A .  I .  K o v r e d o v ,  a n d  V. A.  A n t o n o v i c h  

The b romina t ion  of me ta l l oca rbo ranes  has been studied e a r l i e r  for  the example  of the coba l tocarboranes  
[1-3]. With the a i m  of studying the d i rec t ion  of the r eac t i on  and the e lec t ron-dens i ty  dis t r ibut ion in the mole-  
cule of u-cyclopentadienyl -Tr- (3) - l ,2-d iearbol ly l i ron(IH) ,  compound if), we have studied its e lec t rophi l ic  b ro -  
ruination. In CH2C12, (I) is b romina ted  by 1 mole of Br 2 under  mild  conditions (at 20~ and without a catalyst) .  
In this case ,  the b romo  der iva t ive  (iI) of g r e e n  co lor ,  in which the Br  a tom is bonded with the B a tom of the 
d icarbol ly l  ligand in posi t ion 8 (Fig. 1), is f o rmed  with good yield: 

2 0  ~ 

CIHjFeC~H2BgH9 " Br2 C---H~CI~* C~HsFeC~H~B~Hs--8-Br 

(I) (II) 

Evident ly ,  b romina t ion  p roceeds  by an ionic m e c h a n i s m  under  these condit ions,  s ince the reac t ion  goes 
in an analogous manner  in a med ium of AcOH and CHaNO, where  a rad ica l  m e c h a n i s m  is but sl ightly probable.  
During the b romina t ion  of (I) in CH2C12 in the p resence  of AICI 3 a t - 1 5  ~ l ikewise ,  only (II) is formed.  At 20 ~ 
b romina t ion  proceeds  l ess  se lec t ive ly ,  and along with (II), which is fo rmed  in predominat ing amount ,  no di-  
b romo  or  t r i b r o m o  der iva t ives  a r e  obtained. Fur ther  b romina t ion  of ffI) in the absence  of a ca ta lys t  does not 
proceed.  Upon b romina t ion  of the monobromide  (II) by 1 mole of Br  2 in the p resence  of AIC13 in CH2CI 2 at 20 ~ 
the d ibromide  (III) of g r een  co lor ,  in which the Br a toms a re  bonded with B a toms in posit ions 8 and 9, is 
f o rmed  as the main  product.  In addition, an insignificant amount of the t r ib romide  (IV) of g reen  color  with Br 
a toms  in the 8, 9, and 12 posi t ions ,  is p resen t  in the reac t ion  mixture:  

20  ~ 

(II) q- Br~ Cft]CI,. A l ~ h  *C~HSFeCzH2B/ft~-B''~-BP2 q- CjH~FeC2H2%H0--8,9, t2-Br s 
([II) (IV) 

The ac t ion  of Br  2 on (IV) in CH2CI 2 in the p resence  of AICI 3 during prolonged heating does not allow the 
introduct ion of one more  Br a tom.  I t  should be noted that the e lec t rophi l ic  brominat ion  of o - c a r b o r , m e  resu l t s  
in 8 , 9 , 1 0 , 1 2 - t e t r a b r o m o - o - c a r b o r a n e  [4]. Substi tution in the cyclopentadienyl  ligand does not occur  during the 
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