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DESIGN OF STEREOSPECIFIC INHIBITORS FOR CRYSTATJ 
DISSOLUTION 

L.J.W. Shimn, D. Z b a i d a ,  L. Addadi, L. Leiseruwitz 
a n d M .  Lahav 

Department of Structural Chemistry 
The Weizmann Institute of Science, 
Rebovot 76100, Israel 

Abstract: A new class of monaneric and polymeric crystal 
dissoluticn inhibitors has been prepared 
taking into mideration the packing 
arrangements and the morphologies of organic 
crystals. The efficiency of these inhibitors 
has been demmstrated by cunparative morpblo- 
gical studies of u-glycine and by the kinetic 
resolution of the racemic mnglanerates of 
his-HC1-H 0 threonine, glu.HC1, and 
2,4-sec-&thyl-~,5-dinitrobenZoate 

In previous studies we described a general method for the 

design of stereospecific inhibitors of crystal growthlt 2. 
We found that the rrrost efficient inhibitors are molecules 

which may be considered as CaTlposed of two Segments, one 

identical to that of the substrate molecule, and the 

other different f m ,  and generally larger than, its 

counterpart in the substrate. We auld infer f m  the 

change in crystal moqblogy during gruwth, and from the 

mode of occlusion of the inhibitor inside the crystal, 
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200 L.W.S. SHIMON e t  a l .  

that the inhibitor is adsorbed mainly at those faces at 

which the altered part of tbe adsorbate emerges fran the 

crystal face. Onca adsorbed, the additive inhibits the 

regular depositim of further layers of substrate 

molecules, 

face, and leading to a cclncanitant increase in its 

surface area, relative to tbse  of unaffected faces. 

slowing dawn the growth perpen& 'cular to that 

Growth and dissolution of crystals are considered, 

at oonditians close to equilibrium, as reciprocal 

processes that can be interchaqed by alter- the degree 

of saturation of the solution3. In practice these 

processes are kinetically controlled and thus it is 

suggestive that inhibitors of growth should be useful in 

na2ifying crystal dissolution as well. H e r e  we will 

report dissoluticn mq3mlogical and kinetic studies on 

varicxls organic crystals, us- both law mlecular weight 

and soluble polymeric reagents as inhibitors. Indeed, 

experiments alcmg these lines of thought led previously 

to a general method of stereospecific etching of 

preselected faces of c r y s t a d 1 5 .  ~ r r y  process of crystal 

etching takes place at the initial stages of dissolutim. 
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STEREOSPECIFIC CRYSTAL DISSOLUTION INHIBITORS 20 1 

As &el systems we studied the relative rate of 

dissolution of the enantiotopic {OlO} faces of 

centxosymmtric crystals of glycine fran enantiotopic 

faces, and the kinetic resolution of racemic mixtures of 

crystalline amglanerates such as histidine hydrochloride 

mmhydrate, glutamic acid hydrochloride, thremme - a n d  

sec-phenethyl-3,5-dinitrobenzoate. 

RESULTS 

Dissolution of {E} plates of u-glycine 

Glycine crystallizes fran pure aqueous solution in its 

u-crystal form (space group p21,/c), exhibiting a 

bipyramidal habit. Small Cancentrations of racemic 

a-amino acid additives cause these crystals to graw as 

{OlO} plates. Systematic morphological studies have 

damnstrated that ( E )  -0C-amino acids bind 

enantioselectively to the chiral (010) face of glycine, 

whereas the (S)-a-amino acids bind to the (010) face6. 

Fig.1 Sumnarizes results on the effect of varied 

ammnts of a-amino acids on the dissolution of glycine 

plate-like crystals. As little as 5% of racemic dlanine 

already influences dissolution. An increase in the 

ccwentrat ion of this additive in solutim to 50% reduces D
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202 L.W.S. SHIMON e t  a l .  

the rate of dissolution of the glycine plates to less 

than me th i rd  of its original value. The effect of 

racemic phenylalanine was mre pmnounced: 5% of the lat- 

ter is a mre effective inhibitor than 5% alanine and an 

increase in the concentration of the phenylalanine to 10% 

in solution reduces the dissolution rate substantially 

belcm that in the presence of 50% (R,S)-alanine. Similar 

results were obtained with 5% (R,S)-lysine or with 3% 

NE-2,4-dinitTopherryl-( _ _  R,S)-lysh. These observed 

differares in dissolution rate of the glycine plates in 

the presence of additives of increasing size is a clear 

indication of the role of the size and structure of the 

a-amim acid residue in hinder- crystal dissolution. 

The efficiency of these inhibitors was raised by at least 

an order of magnitude by arachoring the amino acids to a 

polymer such as poly-(NE-methacrylolyl-(~)-lysine) 

((s)-FPY&)7. Of this pol-, 1-3% faund to be 

sufficient, under the given experimental conditions, to 

canpletely inhibit the dissolution of the {OlO} plates of 

glycine. In th is case it is reasonable to assume that 

the grafted u-amino acids bind cooperatively and 

m-reversibly Onto the {OlO} f m  of glycine. 
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STEREOSPECIFIC CRYSTAL DISSOLUTION INHIBITORS 203 

FIGURE 1: Dissolution of a-glycine plates in the 
presence of various u-amiry> acids 
expressed as loss per unit area/time. All 
experiments were perform4 on batches of 
twenty crystah at 20°C in solutions of 
2- glycine/ml H20. 

Dissolution of u-glych at its {E} faCeS 
when a-glycine is gram frun aqueous solution in the 

absence of additives the resulting bipyramidal crystals 

are delineated by (110) and (011) faces (Fig.2a). The 

questicn arose as to how such a crystal wxld dissolve in 

the presence of u-amino acid additives, which are known 

to adsorb on the {OlO) faces. D
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204 L.W.S. SHIMON e t  a l .  

FIGURE 2a: Ckystals of bipyramidal w-glycine 
delineated by {Oll} and (1110) faces. 

When single bipyramidal crystals of ol-glycine were 

dissolved in an undersaturated solution of glycine the 

crystals dissolved in a symnetric manner frun all faces. 

On the other hand, when the crystals were dissolved in an 

undersaturated glycine solution containing 10-20% of a 

chiral resolved =-amino acid (such as (E)-alanine) they 

dissolved anisotxqically: the +b - half of the crystal 

dissolved much faster than the opposite half yielding 

first a "basket-like" shape and subsequently into a 

"canoe-like" shape, with the developnent of an (010) face D
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STEREOSPECIFIC CRYSTAL DISSOLUTION INHIBITORS 205 

a t  the mre dissolved side (Fig.2b). The partially 

dissolved crystal is delineated by w e l l  preserved (011) 

and (011) faces while the (011) and (011) faces appear 

mre rounded. By symnetry, dissolution in the presexe 

of an (S)-u-amim acid yielded the enantiamrpkus 

crystal shapes. A t  f i r s t  sight, these results appear 

paradoxical, in view of cur -ledge that ( R )  - amin0 

acids are adsorbed a t  the (010) face and sbrxlld therefore 

inhibit dissolution in the +b - direction; hanffver, further 

examination of the mechanl 'sn enabled rationalizatim of 

the experimatal observatim. Careful inspection of the 

faces newly formed m dissolution reveals etch figures 

thereon in the form of parallelepipeds. 
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206 L.W.S. SHIMON e t  a l .  

FIGURE 2b: Csystals of a-glycine after partial 
dissoluticn in the presence of R - a l a n i n e ,  
and exhibit- a "basket" or "canoe-like" 
a€=. 
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STEREOSPECIFIC CRYSTAL DISSOLUTION INHIBITORS 

In previous studies we demmstrated that etch-pits 

of such chiral ~hape form only on the (010) face4t5. 

Further scanning electrcgl microsoope studies of 

bipyramidal crystals at early stages of dissolution, in 

the presence of, say, (E)-a-amim acids, indicated 

formation of well-defined steps, exhibiting an (010) 

surface, runniq parallel to the 2-axis on the (110) and 

(110) faces (Fig.2~). meSe results may be interpreted 

as follows: dissolution of the (110) and (110) faces will 

proceed unhindered by additive but a poisoning of the 

(010) surface of the steps on these faces will OCCUT 

resulting in preferential dissolution along the 

- a-direction. As the steps 11y3ve in that direction, the 

(010) surface which f o m  is stabilized by the additive 

in solution, increasing progressively its surface area. 

Conversely, any (010) face of the adjoinixq steps w h i c h  

may form will dissolve without inhibition. This leads to 

the anisotropic dissolution of the +b - half, as &am in 

Fig.2~. Dissolution at the -b - half proceeds 

isotropically as the (E)-additive is m t  adsorbed at the 

(010) surfaces, thus precluding step formation. 
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208 L.W.S. SHIMON e t  a l .  

FIWRE 2c: Scanning electron micrograph of an ( 110) 
face of a-glycine with steps Nnning 
parallel to the g-axis and exhibiting an 
(010) surface. 

Additimally, the stereoselective adsorption of the (R) - 

additive at the (011) and (011) faces, as apposed to 

(011) and (011), leads to the retention of those faces at 

the +b half. In many single crystals holes were formed 

at early stages of the dissolution prccess. Subsequently, 

the crystal started to dissolve in the three directims, 

a, 5 and +b, leading to the cance-like shap. The 

formation of this shape indicates that preferential D
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S T E R E O S P E C I F I C  CRYSTAL D ISSOLUTION I N H I B I T O R S  209 

dissolution takes place along a, as ocmpared to c. By 
symnetry, when S-cx-amino acids were used, the crystals 

dissolved preferentially frun the -b side, displaying 
similar  shapes. Cb the other hand, dissolution in the 

presence of racemic cx-amino acid solutions results in 

synmetric pisonkg of both the (010) and (010) steps at 

the (110) surface. The overall dissolution of the 

crystal then remains isotropic without formation of the 

"basket" or "came" like crystalline mrpholcgies. 

(R, _ _  S ) -Histidine M3mhydmch.I oride -hydrate 

when racemic histidine hydrocNoride is crystallized 

a w e  45°C from aqueous solution it precipitates in the 

form of a conglanerate of enantianorphws crystals of (FJ) 

and (S)-histidine -oride mmhydrate8ar '. We 

have reported el-9 that ply- ( p-acrylamie 

(S)-phenylalanine) - (PA-Phe) interacts enantioselectively 

with the {111} faces of the (2) enantianorph of 
H~S-HC~.H~O thereby inhibiting its growth and leading to 

kinetic resolution of the Conglanerate by crystalliza- D
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210 L.W.S. SHIMON e t  a l .  

tion. We assume that u p n  dissoluticn of the 

conglcrnerate in the presence of the (S)-polymer - the 

latter will also enantioselectively bind to the same 

faces of the (3)  cqstals and consequently delay their 

dissolution. On the other hand, the polymer will not 

adsorb onto the (111) or any other faces of the (R) 

enanticmrrphs resulting in kinetic resolution of the 

conglanerate by dissolution. Scme representative results 

of such experiments are sumnarized in Table 1. 

Increasingly efficient resolution is obtained with 

increasing ammnts of polymer in soluticn (Fig. 3. ) . 

- 
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STEREOSPECIFIC CRYSTAL DISSOLUTION I N H I B I T O R S  21 I 

Time (hrs) 

FIGURE 3: Dissolutim ra te  of (R,S)-H~S*HC~-H~O in 
the presence of different amounts of 
poly-(p-acrylamiao-(s)-phenylalanine). 
0 lh3 polymer/3 ml; 4 3(3Ig/3ml;05Chg/3ml;o 
7(3Ig/3ml. 

Conversely, dissolution of this cmglanerate in the 

presence of poly-(NE-methacrylayl-s-lysine), PMAL, tielays 

the averall r a t e  of dissolution but m kinetic resolution 

could be achieved, This implies that the imidazole ring 

of the histidine substrate can be replaced by a phenyl of 

the PA-Phe but mt by the l y s h  methylhic groups of D
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212 L.W.S. SHIMON e t  a l .  

PMFJL. me results i n  the presence of PMAG indicate 

mn-stereospecific interaction and are in agreement with 

the experiment performed with m-chiral  plyacryl ic  

acid. 

Additional experimental M o m t i o n  on I3-s rode of 

binding of the polymer a t  the various surfaces of the 

crystals could be obtained by dissolution of the two 

enant imrpbus  crystals i n  the presence of fluorescently 

labeled polymer (1% dansyl moieties bound to the side 

chain of cc-amino groups), and inspection of the partially 

dissolved crystals under fluorescent light. When 

(S)-His*HCl*%O w a s  dissolved in the presence of (5)  
polymer, the crystals fluoresce stnmqer frun the {Ul} 

faces indicating preferential adsorption at  these 

surfaces. Cn the other hand, when a crystal of 

(s)-His*HcloH~o - w a s  dissolved in thf.? presence of 

fluorescent ( E )  polymer, a l l  crystal faces were  weakly 

fluorescent inp1yi.q a mn specific interactim of the 

polymer w i t h  a l l  faces. 
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STEREOSPECIFIC CRYSTAL DISSOLUTION INHIBITORS 213 

-- Table 1 : Typical dissolution dataa of (R,  5)  -His. HC1. H20 
crystals (0.17 g) in an aqueous solution (3 m l )  

(0.68g) and the appropriate polymer (50 q) . in which had been dissolved (R,S)-HiS.HCl.H20 

Time Am3unt of enantianeric Type of 
polymer crystals l e f t  excess 
(config. 1 (h=) mg ( % I  % (config. ) 

( S ) -PA-Phe* 2 115( 68) 26 (2) 
3 90( 53) 50 (S) 
5 81( 48) 60 ($1 
8 65(38) 93 (S) 
16 62(36) 100 (3)  

( R ) -PA-Phe 2 112( 66 ) 25 (El 
3 91( 53) 52 
5 84( 49 ) 63 (11) 
8 62( 36) 91 (El 
16 60( 35) mo (5)  

16 44( 26) 0 

I, 

I ,  

,I 

I ,  

- 

I ,  

I 1  

II 

I, 

- 

(s)-m** 2 105( 61) 0 
II 

polyacrylic 
acid (W-2OOO) 2 95( 56) 0 
,I I, ,I 16 39( 23) 0 

B l a n k  (no 
polymer) 2 93( 55) 0 

16 42( 25) 0 

* PA-Phe = Poly-(p-acrylamido-phenylalanine) 

** m = Poly-(N&-methacrqrlayl-lysine) 

a A l l  the experiments in the Tables 1-4 were performed 
by agitation a t  25OC. 
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214 L.W.S. SHIMON e t  a l .  

Glutamic Hydmchl oride, Thmmine , sec-Phene- 

thyl-3,5-dinitrobenmate 

Similar studies of enantianeric enrichment upon dissolu- 

tion were carried out with the conglanerate racemic mix- 

tures of (R,S)-glutamic acid.HC1, (R,S)-threonine and 

(R - ~)-sec-~ t h y l - 3 , 5 - d i n i t r o~te5, in the presence 

of the appropriate polymers previously used for kinetic 

resolution by crystallization’. Glu-HC1 crystallizes in 

space group P212121 in the form of ((3011 plates. Kinetic 

resolution of (R,S)-Glu*HCl was achieved by dissolution 

in the presence  of poly-(~-methacryloyl-(~)-lysine) 

(Table 2). This polymer is stareoselectively adsorbed at 

the COO11 faces of the (2) enantimrph through the 

a-amino acid side-chain of (5)  lysine. The 

stereoselective effect w a s  further confinned by separate 

dissolution of the (5) and (Z)-Glu*HCl crystals in the 

presence of the (5)  polymer (Table 2). 
Resolution of @ , g )  threolune . by crystallizatim of 

the amglanerate had been successfully performsd in the 

presence of poly-(t@-methacryloy1-(R) or (s)-lysine). - 

A t t ~ t s  to obtain enanticmeric enrichment of this 

ra&c mix tu re  by dissolutim in the presence of the 

same polymer were however unsuccessful. 
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215 STEREOSPECIFIC CRYSTAL DISSOLUTION INHIBITORS 

-_  Table 2: Dissolutim experiments of Glu.HC1 [(R,S),  ( E )  
or (:)I in the presence and absence of pMAL. 

Substrate Type of Time A m x n t  of mantianeric 

dissolved polymer (hrs) l e f t  mg (%) % (config.) 
crystals excess 

Previous studies had shown that crystals of 

themine ppared by direct cx-ystallization of the 

racemate in aqueous solution have a prmyxlnced tendency 

to form m i c r o c ~ i n s ~ ~ .   his may well tx the reason for 

our inabi l i ty  tm resolve this material by dissolution. D
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2 I6 L.W.S. SHIMON e t  a l .  

In order to verify that possibility, artificial racemic 

mixtures were prepared by m i x i n g  equal am>unts of 

crystals of (E) and (S)-thremme ' grawn separately. Such 

mixtures were then sulrnitted to dissolution in the 

presence of the (5)  polymer (Table 3). In oontrast to 

the results obtained with the directly crystallized 

racemic mixture, preferential enrichment in (S)-threonine 

crystals w a s  obssrved (Table 3 ) .  In all the abwe 

systems, under the same experimental oonditions, m 

resolutions whatsoever could be achieved by use of the 

monrmeric inhibib-. 

Table - 3: Typical dissolution data of an artificial mix- - of (R) (60 m3) and (5) (60 mg) - 
in aqueous solution ( 3  rn l )  containing (R,S)- 
tkreonins (0.48 g) and polymer (40 mg) 

'ILpe of Time Amount of enantimric 
polymer crystals left excess 
(canfig. 1 mg ( 8 )  % (cmfig.) 

Blank (no 
polymer) 2 36( 30) 0 

7 12( 10) 0 D
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Analogously, kinetic resolution Of 
(R, S)-sec-phenethyl-3,5-dinitrobenzoate, which is a 
GlGular c rys ta  and  doe^ not possess ianic bond~, w a s  
achieved by the partial dissolution of the Corsglamrate 
mixture i n  the presence of poly-(N-acIyloyl-(p-amim- 
benzayl)-(S)-sec-phenethyl-amide) (Table 4). 

Table 4: Typical dissolution experiments of sec-phene- 
thyl-3,5-dinitrobenzoate (PDNB) [ (R,g) ,  or ( S ) ]  
i n t h e p r e s e n c e a n d a b s e n c e o f  
poly-[N-acryloyl-(p-aminobenzoy 1) 
(S)-Sec-phenethyl-amii]. - 

Substrate Polymer Time Anvxlnt of enantianeric 

dissolved config. (hrs) left mg (%) % (cmfig.)  
crystals excess 
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CXNXEIONS 

In the past we have dmmsbated that one may utilize the 

structural informatim contained in the packing 

arrangement of crystals and their morphologies for the 

design of stereospecific inhibitors of crystal growth.lT2 

Here we m t  an extension Of  these Studies by 

demrmstratiq that a sterecselective crystal growth 

inhibitor acts as crystal dissolution inhibitor as well. 

mth low molecular weight and polymaric additives have 

been tested and there is a difference between 

the two classes, the polymers being always much mre 

effective. The law molecular weight inhibitors 

pmsumably reside only temporarily at the given surfaces 

of the crystal and are in dynamic exchange w i t h  the 

solutim close to thsse surfaces. They therefore prwide 

p a r t  of the effective solute ccincenbation which these 

faces feel. Cmseqwntly, #e degree of saturation for 

the varicus faces is different, dependent UFCEI the 

stereaspecific additive interactims. Cn the other hand, 

the polymers adsort, stereospecifically at the appropriate 

faces by a nmbr of #a side gna~ps grafted on the 

chain. owing to strcglg oooperative effects, cne may 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

2:
45

 1
9 

Fe
br

ua
ry

 2
01

3 



STEREOSPECIFIC CRYSTAL DISSOLUTION I N H I B I T O R S  219 

expect that once a few groups have bourad to the surface 

of the dissolving crystal, it will becane very difficult 

or even impossible for the polymer to be detached fran 

the crystal surface. Coverage of these faces will block 

their overall dissolution. 

In the present study we have used prdminantly 

atactic polymers prepared by radical polymerization of 

the correspanding vinyl mpyrners. Improvement of the fit 

between the surface of the crystal and the arrangaent of 

the grafted groups by increasing the tacticity of the 

polymers should increase -the efficiency of these 

dissolution inhibitors. 

Finally we point out that altbough the efficiency 

in the enrichwnt in each step is not quantitative, there 

exists a possibility of exploiting these polymeric growth 

and dissolution inhibitors in a cycle of consecutive 

enrichent processes, for total separation of 

enantianers. A Cmglanerate mixture dissolved in the 

presmce of say (R) - polymer will yield a solutim 

enriched in (S) - enantianer. Crystallization of this 

mther liquor will yield crystal mixtures even mre 

enriched in (S), because of the presenoe of the 
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inhibitor in solution. This cycle can be repeated with 

addition of racemate at each step, and thus result in 

mre efficient resolutions. 
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