
10.83; Si 21.56%; MR 40.58. PMR spec t rum (6, ppm): 0.09 s (9H, CH3Si); 3.59 s (1H, OH); 4.06 dd (2H, CH2, 
3j = 3.5, 4J=0.9 Hz); 5.85 dt (1H, SiCH, 3j = 18.8 Hz); 6.08 dt (1H, =CH). 

Compound (VIb), (CH3)3SiCH =CHCOCH3, had nD 2~ 1.4480 [7]. The same  ketone was p r epa red  by oxidation 
of (IVb) with CrO 3 in H2SO 4. The PM_R spec t rum was identical  to that desc r ibed  in [7]. 

C O N C L U S I O N S  

React ion of a~- and/3- ( t r ta lkyls i ly l )acro le ins  with me thy lmagnes ium iodide fo rms  the cor responding  
secondary  unsa tura ted  organosi l icon a lcohols .  The reac t ions  of a - ( t r i a lky l s i l y l ) ac ro l e in s  a re  accompanied  
by cleavage of the S i - -  C bond. The byproducts  f rom/~-( t r ia lkyls i ly l )aero le ins  a re  p r i m a r y  unsa tura ted  a l -  
cohols and ~ , /3 -unsa tu ra t ed  organosi l ieon ke tches .  

1. 

2. 
3. 
4. 
5. 
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]3. K .  S h c h e r b a k o v ,  a n d  F .  I .  B e l ' s k i i  

UDC 542.91:547.1 '118 

Methylenediphosphonic acid (I) and its de r iva t ives ,  notably hydroxyethylenediphosphonic acid (17), 
because of the i r  access ib i l i ty  [1] and abil i ty to fo rm stable  complexes  with a s e r i e s  of me ta l  cat ions,  find 
var ious uses  [2, 3]. We have made detai led studies of the eomplexing p rope r t i e s  of (II) [4] and of aminobenzyl-  
idenediphosphonie acid (III) [5] and have m e a s u r e d  the s tabi l i ty  constants  of me ta l  complexes  with these  ltgands 
by potent iometr ic  t i t ra t ion  

CH~ C~H5 
l J 

H20~P--CH2--PO3H2 H20~P--C--P03H~ H20~P--C--PO~H2 
I [ 
OH NH2 

(i) (ii) (m) 

These  acids in some cases  display g r e a t e r  eomplexing abil i ty than polyaminopolyphosphonic acids [2]. 
We decided to synthesize  and study the p rope r t i e s  of acids containing together  with the hydroxymethylenediphos-  
phonic acid grouping an additional coordinat ion s i te ,  an amino group.  Hence we p r epa red  amino-subs t i tu ted  
~-hydroxyalkylidenediphosphonic acids (IV)-(VII) 

R' PO3H.z 
N I OH N (C H2)~ L:-- 

R /  I o POsH. 
R=R'=H, n = 2 (IV); R=R':H,  n = 3 (V); R=H, R'=C~Hs, n = 2 (VI); R=R'=C2Hs, 

n = 2 (VII) R~=R'=CHs, n=2 (VIII) 

Institute of Hete roorgan ie  Compounds, Academy of Sciences of the USSR, Moscow. Trans l a t ed  f rom 
Izves t iya  Akademii  Nauk SSSR, Ser iya  Khimtcheskaya ,  No. 2, pp. 433-437, Feb rua ry ,  1978. Original  a r t ic le  
submit ted  November  4, 1976. 
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TABLE I. Acid Dissoc ia t ion  Con- 
s tants* [25~ ionic s t rength  ~ =0.1 
(0.1 M KCl)] 

Compound 

(I) [4] t,7 2,75 
(II) [4] t,7 2,47 

(III) [5] t,6 5,29 
(IV) 2,55 5,83 
(V) 2,72 8,73 

(vI) 2,49 ~,70 
(vii) 2,50 5,92 

(viii) 2,35 5,89 

pK, ,pK2 ] pK3 

7,33 
7,28 
8,17 
9,9 

10,5 
i0,4 
i0,0 
9,7 

PK4 

10,42 
i9,29 
I0,29 
10,8 
ti,6 
ii,5 
1i,2 
i0,8 

*The error in pK t and pK z is ~ 0.0g pK 
units and in pKa and pK 4 is ~0.1 pKunits 
(reliability 0.95)~ 

The l i t e ra tu re  desc r ibes  only one r ep re sen ta t i ve  of this c lass  of compound, namely  a - h y d r o x y - T - a m i n o -  
propylidenediphosphonic acid (IV) [6], which was syn thes izedby  the method norma l ly  used  for  the p repa ra t ion  
of hydroxyalkylidenediphosphonic acids [7]. Acid (IV) was p r e p a r e d  in 59%yield by the reac t ion  of fi-alanine 
with phosphorous acid and PC13 in chlorobenzene at  100~ fol lowedby aqueous hydro lys i s  

P03H~ 

H~N(CH2)~C00H -[- H3P0~ ~ PC[3 ~ H~N(CH~)~C0g (IV) 
J 
PO3H:,. 

The l i t e ra ture  lacks informat ion on the complexing abil i ty of (IV). 

Star t ing f rom T-aminobutyr ic  acid we synthes ized  a -hydroxy-5-aminobuty l idenediphosphonic  acid (V), 
in which the phosphorus a toms  and amino group a re  s epa ra t ed  by four  ca rbons .  Both T-amino  acid (IV) and 
6 -amino  acid (V) pos s e s s  l imit2d solubil i ty in wa te r  [(V) is f a r  less  soluble] .  

We synthes ized N-a lky l - subs t i tu ted  acids (VI)-(VIII) f rom N-a lky l - subs t i t u t ed  f l -aminopropionic  acids ,  
p r e p a r e d  by the procedure  of [8] by addition of amines  to m e t h y l a c r y l a t e  followed by hydro lys i s  of the in t e r -  
media te  amino acid e s t e r  with wa te r  at room t e m p e r a t u r e .  Thus we synthes ized  N-e thy l - ,  N ,N-d ie thy l - ,  and 
N,N-dimethyI-~-aminopropionic acids ,  which were  conver ted  by H3PO ~ and PCl~ into the aminohydroxydiphos-  
phonic acids (VI)-(VIII). These  compounds a r e  amorphous  powders ,  which on prolonged standing i n a i r  a re  
conver ted  into co lo r less  oils and a re  highly soluble in wate r ,  unlike compounds with an unsubst i tuted amino 
group.  We ver i f ied  the s t ruc tu r e s  of the synthetic  compounds by e lementa l  ana lys is  and, in the c~se of a -  
hydroxy-7-N , N-diethylaminopropyl idenediphosphonic  acid,  by the 31p NMR spec t rum,  which shows one signal  
with 6-17 .36  ppm, c h a r a c t e r i s t i c  of o~-hydroxyalkylidenediphosphonic acids ,  implying the equivalence of both 
phosphorus a toms .  

We evaluated the a c i d - -  base and complexing p rope r t i e s  of the synthetic  compounds by p H - m e t r i c  t i t r a -  
t ion. The neutra l iza t ion cu rves  of acids (IV), (VI)-(VIII) a re  s i m i l a r  in c h a r a c t e r .  The buffer  region 0 < a< 1 
co r responds  to dissocia t ion of the f i r s t  proton; the buffer  region 1 < a< 2 to d issoc ia t ion  of the second; and 

finally the las t  two protons a re  lost  in the buffer  region 2 < a< 4 (a denotes the equivalents  of a lkal i  consumed 
per  mole  of acid).  Acid (V) has two buffer  regions:  the f i r s t  co r r e sponds  to d issocia t ion  of the f i r s t  proton 
(0 < a < 1), the second to loss  on the second,  third,  and fourth protons (1 < a < 4). We were  unable to r each  any 
conclusions regard ing  the d issocia t ion  of the protons of the al iphatic  hydroxyl  groups  (no potential  d iscont inu-  
ities).  

The acid dissocia t ion constants  ca lcula ted  following [9] a re  s u m m a r i z e d  in Table 1. F o r  compar i son  
we include the dissocia t ion constants  of acids (I)-(III) .  Acids (IV)-(V]II) a re  dist inguished f rom acids (I), (II), 
and (HI) by the higher  pK I and a lso  the unusually high pK3, comparab le  with pK for  d issocia t ion  of the betaine 
protons of aminophosphonic acids [2]. 

We c h a r a c t e r i z e d  the complexing p rope r t i e s  of the synthetic  compounds by t i t ra t ing  these acids in the 
p re sence  of Ca 2+, Co 2+, and Cu 2+ ca t ions .  The neutra l iza t ion  curves  were  shifted toward m o r e  acidic pH, 
implying complexat ion.  We calcula ted the s tabi l i ty  constants  of the protonated and no rma l  complexes  (Table 
2) by Schwarzenbach ' s  a lgebra ic  method [9, 10]. 
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TABLE 2. Stability Constants  of Compounds (13-(VIID (25~ 
ionic s t rength # =0.1) 

Compound 

(i) [41 
(ii) [41 

(III) [5] 
(IV) 
(V) 

(VI) 
(VII) 

(VIII) 

~[H=L 

2~5 
5,37 
4,21 
3,37 
3,38 

Ca2+ 

MttL 

3,88 

4~2 
5,7* 
6;Ol 
6:09 
5,62 
5,57 

ML lYiti2L 

6,03 - -  
6,04 
6,56 
5,8* 4~-4" 
6,10 6,4* 
6, I7 5,23 
5,73 4,20 
5,71 4,74 

Co2+ 

MttL 

6,11 
5,29 
7,36 
8,5 ~ 
7,9 ~ 
8,88 
6,94 
7;89 

l~IL IY[I~L 

12,03 ] - -  
9,361 

10,63 [ 
9,9"I 5~* 
8,8* I 7,73 

10,151 6,65 
7,71 5,99 
9,01 6,00 

Cu2+ 

NIHL 

6,78 
6:26 

10,01 
10,9" 
11,31 
ti,67 
11,08 
10~76 

IVIL 

13,29 
t2,48 

15,63 
13,6" 
12,92 
13,73 
12,68 
12,95 

*These constants are less reliable, since the calculation did not allow for the formation 
of the precipitate. 

Introduction of an amino group into these  eomplexons does not inc rease  the s tabi l i ty  of the no rma l  com-  
plexes by compar i son  with acids (13 and (II), We note the ex t r eme ly  high s tabi l i ty  of the MHL protonated com-  
plexes ,  which are  invar iably  m o r e  stable than those of acids (13, (II), and (III). Remarkab ly ,  the MH L com-  
plexes differ  only slightly in s tabi l i ty  f rom the no rma l  ML complexes  (par t icu tar ly  with Ca.2+; the s tabi l i ty  con- 
s tants  of the MHL and ML complexes  lie within an o rde r  of magnitude of each other) .  Apparent ly  as a resu l t  
of s t e r i c  hindrance,  c losure  of an additional r ing  to fo rm an M -- N bond a f t e r  loss  of the betaine proton very  
sl ightly s tab i l izes  the complex .  Thus the synthet ic  acids a re  dist inguished f rom (I), (I13, and(II13 by the i r  
abil i ty to fo rm s t rong complexes  at  acidic and neutra l  pHo 

An important  fea ture  of the complexes  of these acids is the i r  g r e a t e r  solubili ty i n e o m p a r i s o n  with those 
of acids iI)-(II13. Thus the complexes  of acid (I13 with Ca 2+ and Cu 2+ a re  insoluble in all  p H r a n g e s ,  with the 
exception of s t rongly acidic solutions;  acid (I) f o rms  insoluble complexes  with Co 2+ while acid (III) f o rms  in- 
soluble MH2L complexes  with Ca 2+ and Cu 2+. In con t ras t  acids (V I)- (V III) fo rm soluble complexes  at all  pH ' s .  
Acid (V) gives a prec ip i ta te  only with Co 2+ and only at pH> 9. The l eas t  soluble a re  complexes  of acid(IV): 

2+ with Ca 2+ a prec ip i ta te  f o r m s  at pH 6.5 and p e r s i s t s t o  the end of the t i t ra t ion;  with Cu an intense precipi ta te  
appea r s  a tpH 4 and then comple te ly  d issolves  at pH 7; while with Co2+the precipita.te appea r s  at pH 4.7 and 
dissolves  at pH 9.7 .  

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

a-Hydroxy-7-aminopropyl idenediphosphonie  Acid (W). A mix tu re  of /9-alsnine (4.5 g, 0.05 mole) H3PO 3 
(6.2 g, 0.076 m o l e ) a n d  C6H5Cl (25 ml) was heated on a s t eam ba thunder  an iner t  gas .  Af t e r  dropwise addi-  
tion of PCI 3 (10.3 g, 0.075 mole) to the s t i r r e d  mix tu re ,  heating was continued for  a fu r ther  3 h. The lower,  
initially m o r e  mobi le  l aye r  of the reac t ion  mix ture  gradual ly  thickened and toward the end a lmos t  complete ly  
solidif ied.  Af ter  cooling the solvent was decanted and the res idue  was kept  under  vacuum.  Wate r  (30 ml) 
was added. The mix tu re  was heated on a s t eam bath for  25-.30 m i n a n d  then f i l tered;  t r a c e s  of HC1 were  
r emoved  under  vacuum.  Compound (IV) c rys t a l l i zed  f rom the aqueous solution on cooling, mp 226-228~ 
(water) .  Addition of alcohol to the  mothe r  l iquor gave m o r e  acid: yield 6.1 g (51%). Found: C 15.0; H 4.7; 
N 5.9; P 25.9%; CsHilNOzP 2. Calculated:  C 15.3; H 4.7; N 5.8; P 26.4%. 

ct-Hydroxy-6-aminobutyl idenediphosphonic Acid (V). S imi la r ly  7 :aminobu tyr ic  acid (5.1 g, 0.049 mole) ,  
H3PO 3 (6.2 g, 0.076 mole) ,  and PC13 (10,3 g, 0 .075mole )  gave (u (5.7 g, 46%), mp  233-235~ (decomposit ion).  
Found: C 19.5; H 5.1; N 5.4; P 25.4%. C4H13NOTP 2. Calculated:  C 19.3; H 5.2; N 5.2; P 24.9%. 

a -Hydroxy-7-N-e thy laminopropyl idenediphosphonie  Acid (VI). The reac t ion  was c a r r i e d  out as above, 
except  t h a t a f t e r  r e m o v a l  of HCI (IV) was prec ip i ta ted  with alcohol .  The solution was decanted; and p rec ip i -  
tat ion was twice r epea ted .  The resu l t ing  thick co lo r l e s s  oil was kept  for  30 min  under  an o i l -pump vacuum 
at 100~ f l -N-Ethylaminopropionic  acid (3 g, 0.026 mole) ,  H3PO 3 (3.1 g, 0.038 mole) ,  and PC13 (5.1 g, 0.037 
mole) gave (VD (3.3 g, 49%) a s a n  amorphous  powder.  Found: N 5.1; P 23.2%. CsHllHOTP 2. Calculated:  

N 5.3; P 23.6%. 

a -Hydroxy-T-N,  N-diethylaminopropyl idenediphosph0nic  Acid (VII}. By the procedure  used  for  (VD, 
f i -N,N-die thylaminopropionic  acid (ag,  0.055 mole) ,  H3PO 3 (6.2 g, 0.076 mole) ,  and PCI 3 (10.3 g, 0.075 mole)  
gave (VID (8.5 g, 53%) as an amorphous  powder .  Found: C 29.2; H 6.5; N 4.8; P 21.7%. CTHlslqO~P 2. C a l -  

culated: C 28.9; H 6.5; N 4.8; P 21.2%. 
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o~-Hydroxy-7-N, N-dimethylaminopropyl idenediphosphonic  Acid {VIII). By the procedure  used  for  (VI), 
~-N, N-dimethylaminopropionic  acid (5.8 g, 0. 049 mole) ,  H3PO 3 (6.1 g, 0. 074 mole) ,  and PC13 (10.3 g, 0. 075 
mole) gave (VII1) (7.5 g, 57%)as  an amorphous  powder .  Found: C 22.9; H 5.8; N 5.3; P 23.5%. CTH15NOTP 2. 
Calculated:  C 22.8; H 5.7; N 5.3; P 23.6%. 

Po ten t iomet r i c  t i t ra t ions  were  c a r r i e d  out in wa te r  with a pH-262 po ten t iomete r  (glass and s i l ve r  chlo-  
r ide e l ec t rodes ) .  Initial acid concentra t ions  were  1 • -3 m o l e / l i t e r .  The me ta l  : ligand ra t io  in s i t  runs was 
main ta ined  at 1 : 1. T i t r a t ioas  were  c a r r i e d  out in a t he rmos t a t ed  cel l  in a s t r e a m  of N 2 at  25+0.1~ with 
ionic s t rength  p =0.1 (0.1 M KCI). The e lec t rodes  were  ca l ib ra ted  with s tandard  buffer  solutions with pH 
1.68,  4 .01,  and 9.18.  Metal  solutions were  p r e p a r e d  f rom the chlor ides  (chemical ly  pure grade);  the me ta l  
content in the stock solutions was de te rmined  complexome t r i ca l l y  [11]. 

C O N C  L U S  I O N S  

1. We have synthes ized  new amino-subs t i tu ted  a-hydroxyalkyl idenediphosphonic  ac ids .  

2. We have m e a s u r e d  the acid d issocia t ion  constants  of these compounds and the s tabi l i ty  constants  
of the i r  complexes  with Ca 2+, Co 2+, and Cu 2+ ions.  
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