
S T E R E O S E L E C T I V I T Y  O F  H E T E R O G E N E O U S  C A T A L Y S T S ,  

MODIFIED BY OPTICALLY ACTIVE POLYELECTROLYTES 

V .  K .  L a t o v ,  V .  M .  B e l i k o v ,  
K .  K .  B a b i e v s k i i ,  a n d  A .  I .  V i n o g r a d o v a  

UDC 541.128:541.135 

Metal -conta in ing  m a c r o m o l e c u l a r  ca ta lys t s  a r e  a s suming  constant ly inc reas ing  p rac t i ca l  and t h e o r e t i -  
cal  impor tance  as  models  of biological  s y s t e m s  [1]. One of the t r a i t s  of m a c r o m o l e c u l a r  ca ta lys i s  is its 
s t e reose lec t iv i ty  [2]. The successfu l  use  of he terogeneous  and homogeneous catalyt ic  s y s t e m s ,  including 
opt ical ly  act ive  natural  and synthetic p o l y m e r s ,  for the a s y m m e t r i c  hydrogenat ion of unsatura ted  compounds 
is known [3]. A s t rong  dependence of the conformat ion of the po lymer  chain both on the conformat ion  of the 
individual units and on the medium is cha rac t e r i s t i c  for  po lymer i c  ca ta lys t s .  

We studied the a s y m m e t r i c  synthes is  of phenylalanine (PAL) by the hydrogenat ion of the methyl  e s t e r  
of a - a c e t a m i d o c i n n a m i c  acid (MEAA) over  skele ta l  Ni and Pd-b lack ,  modified by the opt ical ly copo lymers  
of s ty rene  with the L -  and D-a lan ine  ma le imides  (SPL-L and SPL-D) 
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In the study we used the amorphous  S P L - L  and SPL-D,  which were  obtained by the reac t ion  of L -  and D-  
alanine with the copo lymer  of s ty rene  and male ic  anhydride,  and the par t i a l ly  c rys ta l l ine  S P L - L ,  which was 
obtained by the rad ica l  copo lymer iza t ion  of s ty rene  with L-a lan ine  ma leamide  [4]. The hydrogenat ion of 
the MEAA was run in organic  solvents  at  a tmospher i c  H 2 p r e s s u r e  and ~20~ The ca ta lys t s  we re  m o d i -  
fied with 1% solutions of the copo lymer s ,  a f t e r  which they were  washed well to r e m o v e  excess  modi f ie r .  

The r e su l t s  of the a s y m m e t r i c  synthesis  of  PAL over  P d - b l a c k  and skele ta l  Ni, modif ied by solutions 
of opt ical ly ac t ive  p o l y m e r s  in organic  solvents ,  a r e  given in Table  1. F r o m  Table  1 it can be seen  that 
both over  P d - b l a c k  and skele ta l  Ni, modif ied by amorphous  and par t i a l ly  c rys ta l l ine  S P L - L ,  independent 
of the modif icat ibn and hydrogenat ion solvents  used,  D-(+)-PAL is fo rmed  with an optical  pur i ty  of 1-2%. 
H e r e  a good reproducibi l i ty  is obse rved  in para l le l  exper iments  (1-3) in the deg ree  of a s y m m e t r y  of the 
synthes is  p~ ,  ca lcula ted  f rom the [o~]~ values of PAL [5] for  two wavelengths.  Based on the amino acid 
ana lys i s  data ,  a chemica l ly  pu re  PAL,  devoid of other  amino ac ids ,  was obtained in all  of the exper iments .  

In the a s y m m e t r i c  hydrogenat ion of MEAA in dioxane over  Pd -b lack ,  modif ied by aqueous solutions 
of the amorphous  S P L - L  and SPL-D (Fig. 1), not only the optical  pur i ty  of the fo rmed PAL,  but a lso  the 
sign of its rota t ion,  changes in a complex  manner  as  a function of the modif icat ion pH. Modification with 
S P L - L  at  pH 4-9  gives the predominant  format ion  of D-PAL,  in which connection the m a x i m u m  specif ic  
rota t ion is obse rved  a t  pH 7, while L - P A L  is fo rmed  predominant ly  a t  pH > 9. When SPL-D is used the 
optical  yield as  a function of the modif icat ion pH r e p r e s e n t s  a m i r r o r  image of the curve  that  was obtained 
for  SPL-L .  The fo rmat ion  of L -  and D-PAL in the a s y m m e t r i c  hydrogenat ion of MEAA over  Pd-b lack ,  
modif ied by SPL-D and S P L - L  at  pH 7, is a lso  co r robora t ed  by the optical  rota t ion d i spe r s ion  (ORD) cu rves  
in the 300-230 nm region (Fig. 2), which a r e  cha rac t e r i s t i c  for PAL [6]. 
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TABLE 1. A s y m m e t r i c  Synthesis of D-PAL by Hydrogenation of 
MEAA o v e r  Pd -B lack  and Skeletal Ni, Modified by Solutions of A m o r -  
phous (Exper iments  1-45 and p a r t i a l l y  Crys ta l l ine  S P L - L  (Exper i -  
ments  5-8) 

Modification-by- ~ [=]D'deg"at Ipk,%,optical parity 
6 /of PAL at ' 

Catalyst drogenation sol- I~ ~.1 . . . . . . . .  
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At  the p r e s e n t  t ime  the concepts  of complex  fo rmat ion  a t t r a c t  much at tention in heterogeneous  c a t a l y -  
s is  [2, 7, 8]; a s y m m e t r i c  synthes is  in the p r e s e n c e  of modif ied ca ta lys t s  is explained by the fo rmat ion  of an 
opt ica l ly  ac t ive  in t e rmed ia te  mixed complex:  s u b s t r a t e - c a t a l y s t - m o d i f i e r .  Due to the s t e r eose l ec t i ve  e f -  
fect  of the opt ical ly  ac t ive  modi f ie r  the subs t r a t e  is coordinated with the ca t a lys t  p r e f e r a b l y  in one of p o s -  
s ib le  conformat ions ,  and one of the antipodes of the reac t ion  products  is p redominant ly  fo rmed  during sub-  
sequent  trems fo rmat ions  [2]. 

Apparen t ly ,  the complex  re la t ion  obse rved  by us between the s t e r eose l ec t i ve  effect  and the mod i f i ca -  
tion pH is ~ssoe ia ted  with the fo rmat ion  of va r ious  types of complexes  on the ca ta lys t  su r face .  In o rde r  to 
e lucidate  ~]is we studied the comPlexes  of SPL-D with Na2PdC14 as  a function of the pH of the solution as 
be ing models  of complex  fo rmat ion  on the P d - b t a c k  su r face .  The fo rmat ion  of opt ical ly  ac t ive  complexes  
was shown by the ORD method in aqueous-a lcohol  solution a t  pH 4-10 (Fig. 3). Two Cotton effects  can be 
seen  on the GRD curves  in the 300-500 nan region,  which a r e  c h a r a c t e r i s t i c  for the d - d  t rans i t ions  of op t i -  
cakty ac t ive  Pd(II) complexes  [9]. A not iceable  change in the c h a r a c t e r  of the ORD curves  with inc rease  
in the pH can be a s soc ia t ed  with a change in the s t ruc tu re  of the complexes .  The cu rves  for the poten t io-  
m e t r i c  t i t ra t ion  of SPL-D in the p r e s e n c e  of Na2PdC14, and without it, in 0.1 N aqueous-a lcohol  NaC1 so lu -  
t ion (Fig. 45 lead to m o r e  definite conclusions.  With a degree  of d issocia t ion  (ce) of the COGH groups of 

0.5, the re la t ive  ac id i ty  of the carboxyl  groups of the complexes  changes when compared  with the acidi ty  
of the COCH groups of the s t a r t ing  copo lymer .  When ce > 0.5 the acidi ty  of the complexes  is higher  than 
that of the s t a r t ing  copo lymer ,  which is c h a r a c t e r i s t i c  for  the ca rboxyla te  complexes  of the potyvalent  ions 
of the t rans i t ion  m e t a l s  [10, 11]. A d e c r e a s e  in the re la t ive  acidi ty  of the complexes  is obse rved  when 
< 0.5, whi3h can be caused by the fo rmat ion  of complexes  in this region in which the COOH groups of the 
copo lymer  a r e  not the l igands.  I t  is m o s t  p robab le  that the complexes  of the Pd(II) ions with the CO groups 
of the Lrnide r ings  a r e  fo rmed  a t  ~ < 0.5, s ince it is known that PdC12 readi ly  fo rms  complexes  with amides  
under  mil~ condit ions,  for example ,  with DMF at  the CO group [12]. The concentra t ion  effect  a lso  t e s t i -  
f ies  in suppor t  of th is ,  which is man i fes ted  in the fact  that the macromolec t f ie  en te rs  into the ro le  of a 
s t ronge r  complexing agent  than a l ow-m ol ecu l a r  analog,  s ince each m a c r o m o l e c u l e  is in e s sence  a con-  
cen t ra ted  ~olution of the l igands [1]. The inser t ion  of the Pd(II) ion into the po lymer i c  m a t r i x  evidently 
leads  to a ~ec r e a s e  in the acidi ty  of the COOH groups of the po lye lec t ro ly te ,  mainly  due to the e l e c t r o -  
s ta t ic  effect  of the negat ively  cha rged  complex  ion. 

As a resu l t ,  it is poss ib le  to a s s u m e  the fo rmat ion  of the following complexes :  the imide complexes  
(I) a r e  fo rmed  predominant ly  in acid and neutra l  media  (when a < 0.5), while the ca rboxyla te  complexes  fiI) 
a r e  fo rmed  predominan t ly  in a lkal ine  med ium (a > 0.55. These  two types of complexes  have a d i f ferent  
s t e r eochemica l  env i ronment  of the Pd ,  which leads  to a d i f ferent  coordinat ion of the subs t r a t e  with the 
ca ta ly t ic  complex  

/ \ 
[ / \ O : C ~ I ~ C ~  0 --Pd---O=C . ~  "-,~/ ",,, \ , , ," 

H)L.  / Pd  | ,CHa . , ,  

CH 3 CO--O 
(I) (II) 
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Fig. 1. Values and sign of rotat ion of the PAL that is 
formed in the a symmet r i c  hydrogenation of MEAA over  
Pd-b lack ,  modified by aqueous solutions of SPL-L  and 
SPL-D,  as a function of the modification pH. 

Fig.  2. OR]3 curves  in UV region of the L -  (1) and D-  
PAL (2) obtained in the a symmet r i c  hydrogenation of 
MEAA over  Pd-b laek ,  respect ively  modified by aqueous 
solutions of SPL-D and SPL-L  at pH 7. 

If in the earboxylate  complex (II) the s t e reochemis t ry  of the environment of the Pd(II) ion, rigidly 
attached by a chelate bond, is determined only by the configuration of the a - c a r b o n  atom of the alanine 
moiety ,  then in the c a s a  of the imide complex (I) we can speak of the p re fe r red  conformation of the (~-ear- 
bon atom of the alanine moiety only due the possibil i ty of free rotation around the C - N  bond. It  is possible 
to assume that the conformation of the a - c a r b o n  atom of the alanine moiety relat ive to Pd and the plane of 
the succinimide ring, indicated in the scheme,  is weakly stabilized by an in t ramolecular  hydrogen bond 
when a = 0 (I), and it is stabilized to a g rea te r  degree by the formation of the more  stable hydrogen bond 
of the COOH group of the alanine moiety of the succinimide ring,  which forms a complex with the adjacent 
carboxylate  anion in the chain (Ia) 

\ / 
C H--CH--C ~I ~--C H P h --~/H~CI-! 

L \ -----C __pd.__O~ 4 / C = : 0  O-- \ /C~---"O 

d \CO--O--H----OOC CH3 
(la) 

The indicated s t ruc ture  of unit (Ia) can probably a r i se  when ~ = 0.5, if the maeromolecule  is s t re tched 
out in the chain and, due to e lectrosta t ic  repulsion,  bears  a l ternate  dissociated and undissociated COOH 
groups.  This is confirmed by the potentiometric t i trat ion curves ,  f rom which it can be seen that the p r o -  
cess  for unroll ing the macromolecule ,  both for the complexes and for  SPL-D,  ends when a ~ 0.5. 

Starting with the theory of carboxylic polyelectrolytes  [13], with increase  in a the macromolecule ,  
which represen ts  a d isordered  rolled coil when a = 0, gradually unrolls and assumes  the conformation of 
a s t re tched chainlet.  This p rocess  is caused by the e lectrosta t ic  repulsion of the negatively charged 
groups,  the accumulat ion of which leads to an increase  in the energy that is needed for a fur ther  ionization 
of the COOH groups,  and a decrease  in their acidity occurs .  The unrolling of the maeromolecule  part ial ly 
compensates  for the increase  in the energy of proton cleavage due to changes in the free energy of the poly-  
mer i c  mat r ix ,  as a resu l t  of which the e lectrosta t ic  potential value of the chainlet pract ica l ly  does not 
change in the region of the co i l - s t re tched  chain region,  which is expressed in a slight change of the acidity 
in this region with increase  in a .  In the case  of SPL-D the p rocess  of unrolling the macromolecu le  in the 
absence of NaCI begins at  a ~ 0.1, and ends at a ~ 0.4 (see Fig. 4, curve 6). A confirmation of the coi l -  
s t re tched chain t ransi t ion is also the fact that this transit ion region is sh i f tedtoward  grea te r  a values (0.2- 
0.5) in the p resence  of NaCI, since an increase  in the concentrat ion of Na ions leads to a dec rease  in the 
e lectrosta t ic  repulsion of the negative groups, The maximum stabilization of the indicated conformation of 
unit (Ia), and consequently,  also the maximum s tereose lec t ive  effect of the catalytic complex, a r e  real ized 
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Fig. 3. ORD curves of complexes of SPL-D and Na2PdCI 4 atpH: i) 4.9; 2) 
6.0; 3) 10.0, and of SPL-D at pH: 4) 7.0; 5) 10.0. 

Fig. 4. Potentiometrie titration curves of SPL-D (1.71 - 10 -3 equiv/liter) in 
0.1 N NaCI solution; [Na2PdCl4] (equivlliter-10-4): 1) 0; 2) 2.14; 3) 4.28; 4) 
8.56; 5) 17.1; 6) SPL-D without NaCl and Na2PdCl 4. 

a t  a = 0.5, which co r r e sponds  to a pH of 6.5-7.0 for the modifying solution (curve 6) and the m a x i m u m  
s t e r eose l ec t i v i t y  of  the modif ied Pd -b l aek  (see Fig. 1). A fur ther  i nc rea se  in the pH leads to a constant ly 
g r e a t e r  p redominance  of the (II) complex,  and an invers ion  in the sign of rota t ion of the fo rmed  PAL is ob-  
s e rved  a t  pH > 9. 

The l i nea r  sec t ions  of the t i t ra t ion  cu rves  of the complexes  (see Fig. 4, cu rves  2 and 3), in the range  
~ 0.5-0,7,  i n t e r sec t  the t i t ra t ion  curve  of the s ta r t ing  SPL-D,  and re f l ec t  the t rans i t ion  of complex  (Ia) 

to (tI), which is accompan ied  by a change in the e lec t ros ta t i c  potential  of the po lymer i c  ma t r i x ,  which p a r t i -  
a l ly  compensa te s  for  the i nc r ea s e  in the d i ssoc ia t ion  energy  of the earboxyl  groups.  As a coopera t ive  p r o -  
c e s s ,  the i~dicated t rans i t ion ,  which is a reac t ion  of subst i tut ion in Pd(II) complexes ,  should p roceed  with 
t i m e .  Actual ly ,  dur ing the t i t ra t ion  of the complexes  in this range  of a the m a x i m u m  t ime  of es tabl i sh ing 
the pH, a f t e r  adding an a l t e rna t e  por t ion  of NaOH, reached  30 min .  The middle  of this t rans i t ion  (a ~ 0.6), 
where  complex  (II) begins to p redomina te  over  (Ia), co r re sponds  to a modif icat ion pH of ~ 9, e spec ia l ly  for 
the complex  with a 1 : 4  ra t io  of the Pd(II) ions to the COOH groups of SPL (curves 3 and 6), which is c lose  
to the pH I~or invers ion  of the sign of the fo rmed  PAL (see Fig. 1). 

A d e c r e a s e  in the ca t a lys t  ac t iv i ty  during modif ica t ion (time for  hydrogenat ion of MEAA over  P d - b l a c k  
1 h, and 1.5-2.5 h o v e r  modif ied Pd-b laek)  and the p r o g r e s s  of a s y m m e t r i c  synthes is  both indicate the 

fo rma t ion  of the mixed  complex:  s u b s t r a t e - c a t a l y s t - m o d i f i e r ,  while the obtained p ~ values of the fo rmed  
PAL appa~:enfly r e f l ec t  the s t e r eos e l ec t i ve  effects  during a s y m m e t r i c  hydrogenat ion over  modif ied Pd-b laek .  
The sma l l  p)~ values  a r e  apparen t ly  not caused  as  much by the low s t e reose l ec t iv i ty  of the catalyt ic  c o m -  
plexes  as by  the low degree  of filling the ac t ive  cen te r s  of the ca ta lys t  by the opt ical ly  act ive  modi f ie r  due 
to the s t e r i c  h indrance  that a r i s e s  dur ing the modif icat ion of the ca t a ly s t  su r face  by c u m b e r s o m e  and r igid 
p o l y m e r i c  molecu les .  The chain effect  that is man i fes ted  as s t e r i c  hindrance in the complexing of the 
m a c r o m o l e c u l e  with the ions of the t rans i t ion  me ta l s  in solution [1] should have even g r ea t e r  impor tance  
dur ing complex  fo rma t ion  on the su r f ace  of a he te rogeneous  ca ta lys t .  

E X P E R I M E N T A L  M E T H O D  

To modi fy  the ca ta lys t s  we used the following copo lymers  of s ty rene  with the ma le imides  of L -  and 
D-a lan ine  ([~], d l / g ,  in dioxane a t  25~ ; in]D, in dioxane a t  25~ amorphous  S P L - L ,  iV] 0.31, [~ ]D-8 .10  ~ 
amorphous  SPL-D,  [~] 0.41, [~]D + 11-36~ and par t i a l ly  c rys ta l l ine  SPL-L ,  [~?] 0.064, [(~]D-8.94 ~ The 
P d - b l a c k  was obtained as  desc r ibed  in [14], while the skete ta l  Ni was obtained by the leaching of Ni -A1 
al loy.  The methyl  e s t e r  of a - aee t amidoc innamic  acid was obtained by the es te r i f i ca t ion  of a - a c e t a m i d o -  
c innamic  itcid az lac tone  with methanol  in the p r e s e n c e  of NaOH [15], mp 120-121.5 ~ Found: C 65.97; H 
6.15; N 6.36%. CI2H13NO 3. Calculated:  C 65.74; H 5.98; N 6.39%. All of the solvents  we re  made  absolute  
employing: conventional p r o c e d u r e s .  
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Modification of Catalysts and Hydrogenation. To 0.5 g of skeletal Ni or  ~ 0.25 g of Pd-black was 
added 15 ml of a 1% solution of SPL in either an organic solvent or in water  at a definite pH, and the mix-  
ture was kept in the r e f r ige ra to r  for 2 h, with periodic shaking. Then the catalyst  was washed by decanta-  
tion of the organic solvent or  water  5 t imes,  and in the case where the hydrogenation solvent differed from 
the modification solvent,  it was also washed several  t imes with the solvent used in the hydrogenation. The 
modified catalyst  was charged into the hydrogenation vessel  (duck), 10 ml of the solvent was added, and the 
mixture  was saturated with H 2 f o r  ~ 10 r a i n .  After  this a solution of 0.5 g of MEAA in 15 ml of the solvent 
was charged into the vesse l  and the hydrogenation was run at room tempera ture  using a high-speed shaker  
that operated at 400-500 t u r n s / m i n .  The hydrogenation over  the catalysts  that had been modified by aque-  
ous SPL solutions was run in dioxane. The hydrogenation was stopped when the theoret ical  amount of H 2 

had been absorbed,  the catalyst  was fil tered, and the solution was evaporated to dryness ,  af ter  which the 
methyl es te r  of N-acetylphenylalanine was hydrolyzed by refluxing with 15 ml of 2 N HC1 solution for 10 h. 
After  evaporation of the hydrolyzate  the PAL hydrochloride was dissolved in 15 ml of water ,  the solution 
was fi l tered,  and the PAL was separated on a Dowex-50 column using 30 ml of 1 N NH4OH solution. After  
evaporation of the aqueous solution to dryness  the PAL was dried over  P205 in vacuo at 40-50 ~ A KLA-3B 
amino acid analyzer  was used for the amino acid analysis  of the PAL.  The specific rotation of the PAL 
was determined in aqueous solutions at a concentrat ion of i - 2  g /100  ml,  at  20-25 ~ in a cell with a length 
of 0.5-0.7 dm, on a R o u s s e l - J o u a n  po la r imeter ,  at  589 and 436 nm, with an accuracy  of 5 �9 10 -4 deg, in 
which connection the ~observed in mos t  cases  was 0.5-2.0 �9 10 .2 deg. The ORD curves  of the PAL in the 
UV region ycere taken on a Jasco ,  Model ORD/UV-5 spec t ropola r imeter ,  at  a concentrat ion of 0.1 g /100  
ml,  in a cell with a length of 0.1 dm, at  20-25% 

Method of Determining the ORD. To 5 ml of an alcohol solution of SPL-D were  added 5 ml of water  
and 1 �9 10 -2 M aqueous Na2PdCl 4 solution (obtained by dissolving equivalent amounts of NaC1 and PdC12 in 
water ,  and the amount of Pd was determined as descr ibed in [16]) in such an amount as to give a molar  
ratio of COOH groups :Pd(II) = 1 : 1. The obtained solutions were  t i t rated with 0.1 N NaOH solution to the 
appropria te  pH, allowed to stand overnight,  and then water  was added to br ing the solution volume up to 
15 ml,  the pH was determined again, and the mixture was analyzed. The SPL-D solutions without the 
Na2PdC14 were p repared  in a s imi lar  manner .  The obtained solutions of the complexes contained 0.07-0.11 
g /100  ml of SPL-D;  this concentrat ion was used to calculate [o~]z. The ORD curves  of the solutions of the 
complexes and of SPL-D were  taken on a Jasco ,  Model ORD/UV-5 spec t ropola r imete r ,  in ceils with a 
length of 0.1-0.2 dm, at  20-25 ~ 

Potent iometr ic  Titrat ion.  To 1 ml of an alcohol solution of SPL-D, containing 2.56 �9 10 -5 equ iv / l i t e r  
of COOH groups,  were  added 1.5 ml of aqueous 1 N NaC1 solution and the appropria te  amount of 1 -10 -~ M 
aqueous Na2PdC1 r solution to give the following COOH :Pd(II) ra t ios :  1 : 1  (2.56 ml), 2 : 1  (1.28 ml), 4 : 1  
(0.64 ml), and 8 .1  (0.32 ml).  Then the solution volume was brought up to 15 ml with water to give SPL-D 
solutions with a concentrat ion of 1.71 -10 -3 equ iv / l i t e r  of COOH groilps, and 17.1, 8.55, 4.28, and 2 .14 .10  -4 
equ iv / t i t e r  of Pd(II) ions in 0.1 N NaC1 solution. The t i trat ion was run on a Radiometer  T T T - l c  (SBU- 
la)SBR-2c t i t ra tor  with 0.1 N NaOH solution in 0.1 N NaC1 solution. The subsequent NaOH portions were  
added af ter  a stable pH had been established, which required 2-30 min. The t i t rat ion of the SPL-D with- 
out adding NaC1 was done in a s imi la r  manner .  The agreement  of paral lel  t i trat ions was 0.03-0.05 pH units 
in the pH region < 7, and ~ 0.1 in the pH region > 7. 

C O N C L U S I O N S  

1. The hydrogenation of the methyl es te r  of ~-acetamidocinnamic acid over Pd-b lack  and sketetal Ni, 
modified by optically active copoiymers  of s tyrene  with alanine maleimide,  gives an optically active phenyl-  
alanine with an optical puri ty of 1-2%. 

2. The modification of Pd-b lack  by aqueous solutions of optically active eopolymers  revealed that the 
modification pH affects not only the value, but also the sign of rotation of the formed phenylalanine. 

3. The value and charac te r  of the catalyst  s t e re . se lec t iv i ty  as a function of the modification pH is 
explained by the format ion of var ious types of complexes on the catalyst  surface,  due to the configurational 
and conformational changes in the optically active polyelectrolyte  as a function of its degree of dissociation.  

1. 
2. 
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