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A nunber of possible model systans for the spontaneous generation and 
anplification of net chirality in chemical systems by the process of 
crystallization are presented. In one of these a chiral resolved 
product (S’) [or (RI)] generated fran crystals of a multimolecular 
canplex (S } or (R,}, forms by ligand exchange diasterecmeric 
complexes (?+,_l S’) an3 (R,,_l S’) which act as growth inhibitors of 
the parent conglcanerate crystals, but at different extents. The 
Nickel cunplex of s-amino caprolactam (ACL) grown in ethanol, in 
basic conditions, has been investigated as an appropriate system for 
such a model. Kinetic, structural and morphological studies shed light 
on the mechanism of the asymmetric induction and demonstrated the 
feasibility of a canplete cycle of generation and amplification of net 
chirality in this chemical system or others of the same type. 

The generation and amplification of net chirality in organic cunpounI.s, starting fran 

achiral or racanic materials and in the absence of external chiral agents has raised and 

continues to raise both theoretical and experimental interest as a viable possibility to the 

origin of optical activity in the prebiotic world.1 

It has been shown mathematically that any small fluctuation in the concentration of the 

two enanticmeric components of a racemic mixture may be transformed into a large excess of 

one of the two, in systems where a chemical substance acts as a catalyst for its own 

production ard as an inhibitor for the formation of its enantiomer.2-4 
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crystallization of ccepa~~Is that are achiral or racenic in solution but display chiral 

structures in the solid phase would appear to be an ideal experimental set for such a 

model. It has indeed been shown in a nux&r of systems in the past, since the classical 

experiment of Havinga, ’ that direct amplification of &irality can be in&ad by 

crystallization starting from seeds of arbitrary absolute configuration.67 Green and Heller 

have proposed a n&e1 involving a feedback mechanism, in which chiral products generated by 

topazhemical reaction in the first chiral crystal are exploited as inducing agents in 

solution for further directed crystallization.8 Preferential crystallization of the 

opposite snanticeorphous phase ~2~s observed in this instance, but in the absence of a 

mechanistic interpretation, this example remaiti as an isolated ariosity. 

Modeling of 3stems 

We have tried in ths past years to systematically &sign various systems which lead to 

generation and amplification of cptical activity by crystallization. We considered first 

.systerrs as in Schema la: various unsynmetrically substituted tut achiral or racemic 

phenylene diacrylates were crystallized under controlled mnditions to yield chiral crystals 

of one hal-ddneSS only. A sutseguent topcchemical ly controlled solid state 

photopolymerization resulted in manticeerically pure dimers, triraars and oligam?rs which 

are closely related stereochemically to the arrangement of two, three or ~~-~~onoraer molecules 

in the parent crystals.9 The influence of the presence of these products on a fresh 

crystallization of the m~norner was then systenmtically studied. It was seen that a product 

z, generated in a crystal of chirality say a, induced without exception a large excess of 

crystals of &irality L.l” The stereochemical similarity between product and parent crystal 

allowed us in this instance to urrlerstand the machanisms of the process. 1t was found that 

the chiral additive Pr is selectiwly adsorbed at the surface of the growing crystals (and - 

crystal nuclei) of chirality fi (and vice-versa Ps at 1). Pr czannot be adsorbed as well at 

the surface of L crystals because of its cpposite absolute oonfiqration. (Xlce adsorbed the 

additive ~~use.s an obeticle to the further regular attachmant of monomer molecules. Growth 

of the crystal is I&.Is kinetically unfavoured with respect to that of the unaffected 

enantionorphic phase and the whole equilibrium A ----> A is shifted towards the faster 

growing phase (Schems lb). This effect (which we namad the “rule of reversal”) was pKGVm 

ta be valid in a general way, and the mechanism wa6 applied to resolution of conglomerates 11 

(Schema lc) as well as to the solution of a nuaber of other different problems in the field 

of stereohemistry, 12 crystal dissolution, 13 material sciences etc. 14,15 
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fast faat 
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Concerning the generated optical activity, it is dear in the light of the 

dewnstrated nechanism that the reversal of absolute confi~ration is an inhetxmt property 

of the system,and that axrplifiation by these msans can only assunx? an oscillating pattern. 
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One can,however, envisage conditions in which the sane systems 

anplification. We have shown that the parent crystals {A}d and 

during grcwth small amounts of the inhibitors Pr and Ps - - 

could give rise to direct 

1x1 selecti vzly occlude 

respectively. A random 

crystallization of the parent material in a nulticrystalline mixture wculd, after reaction, 

result in the production of both Pr an3 Ps in equal amounts. Crystallization of A and A - - 

would then continue in the presence of racemic prrducts in solution. If a fluctuation 

induazs preferrmtial crystallization of say (A)d at time t, selective occlusion of Pr in - 

these crystals would generate an exczss of Ps in solution (Schema 2a). This excess - 

selectively inhibits grmth of (A$ , thus triggering anplification by further 

crystallization of {Ajd_An analog of this system is an achiral molecule crystallizing in a 

centrosymnetric crystal which displays enantiotopic facea (Schema 2b). ‘Ike crystal grcvs in 

contact with a solution which contains a racemic additiw. Each enantiomer of the racemic 

mixture can be stereoselectively adsorbed at,and eventually ocluded thrcugh,only one of the 

enantiotopic faces of the crystal (A or A). If only one of these latter faces is exposed to 

solution, as in the case of crystals growing at an interface, then the system of the 

centrceynmetric crystal t the orientation at the interface is formally equivalent to that Of 

a conglomerate A ----> A. The first growing crystal of arbitrary orientation, 

(b) 
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say A, will generate by selective adsorption of one enantioirer, say (R), a small excess of 

(53) emtioinar in solution. This excess suteequently catalyses further crystallization of 

the coapa~ni in the A 0rientation, thus triggering amplification. This pattern has baen 

shown to be operatim in the case of d-glycine crystals crystallizing at the air interface 

of a solution containing mixtures of racemic amino acids.16*17 

In a third possible approach, the additive CR1 OK a derivative of it, generated in 2 

crystals, selectively inhibits the growth of 1_ crystals. This can be achieved either by a 

reaction that leads to inversion of configuration of the additiw, or by the formation of 

diasterecerzric ccrqlexes (Sctrem, 3). If the crystallizing species are [S,fc and jRn)d ;tith 

n $ 1 and S’ or R’ is the cbiral product, then the two diastereomeric species (S,l S’) and 

%4 S’ 1 can both corceimbly act as additives, and kinetically affect crystal growth of 

(Sn] and {Rn), but to different extents. One is therefore using the identical part of the 

complex, S,l, as a “carrier” for the additive of opposite absolute configuration. Here we 

wish to report a system in which chirality is generated and aqlified following this last 

model. 

Schema3 -- 

The System Ni &amino caprolactam iyaine -- 

Experiments conducted lq Sifniades et al.1’ on crystallization of the Nickel complex of 

w-amino aprolactam indicated that this might be a suitable system to test the model 

illustrated in Scheme 3. This coap0.M has teen extensively investigated becau~ oE its 

industrial inportarxze as a precursor of lysine. Racemization of I-amino caprolactam (AC%] 

was found to be catalyzgl @J Nickel II cations in solution in the preseme of base etboxide. 

Uncler racemiz ing conditions a supersaturated solution of Ni @CL13 can bc almost 
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quantitatively converted to one enantianer by crystallization in the presence of seeds of 

the appropriate (R) or (S) caaplex. Even though many possible diastereoisaners of the 

canplex may exist in solution, only the congl~rate of {Ni [ (R)ACL13C12EtCH) and 

(Ni[(S)ACL]3C12EtCW} crystallizes under these conditions. Thus due to the coupling of fast 

racxraization to fast ligarrf exchange a continuous process of resolution can be triggered by 

seeding. Decuaposition of the ccaaplex after separation and redissolution of the crystals, 

follaad by hydrolysis of the resulting lactan under acidic conditions provide then an 

efficient route to preparation of enantiunerically plre lysine. Although seeding leads to 

efficient amplification of chirality, it does not, however, provide a sufficient 

‘Mary effect”, because small changes in temperature and supersaturation under metastable 

conditions can lead either to spontaneous precipitation of the opposite enanticiner OK to 

dissolution of the seeds. 

Kt was observed that crystallization of racanic Ni(XL)3 in the presence of small 

mounts of resolved lysine resulted in an excess of the canplex of the Same absolute 

configuration as the lysine add&l9 If ix-dead the conditions of Scheme 3 are operating, 

the canplete cycle of generation and anplification of net chirality would be represented as 

follows (Scheme 4): the first crystal separating fran a super-saturated solution containing 

NiCl2 and (R,S) ACL is by chance , of absolute configuration say (S). Ry hydrolysis, (S) 

lysine is produced, which in turn kinetically favours the crystallization of new 

ItS)ACLl3.NiCl2 hy virtue of the different inhibiting effects of 

canplexes Ni f (R)ACL] 2 [(Stfysl Cl2 (it an3 NiI &S1ACLl2 I(S)1~)Cl, 

~NiI(R)ACLl3.Cl2.EtOHf and INiIfS)ACL]3.ClZ.EtOH~ respectively. 

the diastereoisuneric 

(2,) on the crystals of 
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Scheiuz 4 -- 

A large mmber of crystallizations of racemic Ni(ACL)J.C12 were perfor& urder 

conditions that allow racemization of caprolactan to take place in the conplex, and with 

various amounts (R) or (S)-lysine present in solution. In contrast to csprolactam,neither 

lysine nor the other amino acids used in this study urdergo racemization under these same 

conditions. The crystallization was initiated by addition of a s&l amount of racemic 

conglomerate crystals as seeds, and the enantiomeric purity of the precipitate was analyzed 

by optical polarimetry. SUE representive results are summarized in Table 1 znd Fig.1 
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Figure 1 

{Ni(ACL) 
Dependewe of ths enantiomaric excess of crystalline 
3.Cl2.EtCH1 on the amount (wtbt of complex) of added lysine 

Table 1 -- 

Soma typical results of crystallization (after 16 hrs) of racemic 
(Ni (AU) 3.ClZ.EtBl} carplex in the presence of resolved lysine 

LYS % Lys seeds Amunt(a) 
Adder] (wtht racenic CKyst 

I&l Ja) 
to1 

of anplex) (mg) (mg) 
-- ~- -- -- 

S 7.5 1 37.3 -l3.9 
S 7.5 1 57.0 -12.6 
S 5.0 1 26.6 - 9.2 
S 5.0 1 51.6 -10.8 
S 3.0 1 45.5 - 5.0 
S 5.0 5.8 - 9.2 
S 5.0 -11.1 
R 5.0 1 

7::: 
+12.6 

R 5.0 1 61.9 +ll.9 

--__-- ---- ----- --_ 

(a) Starting from 400 mg AU in solution (2 ml). 
(b) Not corrected for seeds added. The [o(.13 of the pure (R) complex 

(c=4, 1N HCL). 

e.e. 
(8) 

59.7 
54.1 
39.5 
46.4 
21.8 
39.3 
47.2 
54.1 
51.1 

is +23.30 

As can be ssen from the Table and from Fig.1 the e.e. increases with increasing amount 

of additive Ip to a maxinum of 60% e.e. for 7.5% lysine added. Fran the gra* (Fig.1) it is 
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and assrrming the linear behaviour will hold for higher concentrations, an mnount of -12% 

(wt/wt) of lysine should bring the process to near 100% e.e. However, 7.5% is the maximun 

that could be dissolved under the conditions of the experiment. Addition of (S)-lysine 

results after crystallization in the presence of racenic seeds in an excess of the 

(S)-ccmplex, while (R)-lysine yields the (R)-canplex in larger amounts. Without seeds 

crystallization takes place much more slowly but chiral induction of the same order of 

magnitude is nevertheless obtained. Seeding , however, plays an important role in the 

process an.3 a chiral seed takes preference even over the lysine added. 

The effect is not limited to lysine. A large number of the amino acids that ware tested 

for their inductive power on the @CL)-canplex showad chiral induction in the same direction 

albeit in most cases to A much lesser extent than lysine. Only ornithine yields an e.e. of 

the same order of magnitude as lysine (Table 2). 

Table 2 - - 

Effect of various .tiitives (5% wt/wt of canplex) on the crystallization 
of racenic (Ni(ACL)3.C12.EtOH) in the presence of racenic seeds (1 ny.) 

Additive Cryst. Amount (a) 
time(hrs) Cryst. (m3l 

e.e. 
(%I 

(S)-ornithine 16 42.0 -12.0 51.3 
12 38.1 -11.4 48.9 
12 39.8 - 9.8 42.1 

(R)-ornithine 16 66.0 +11.9 51.1 
16 57.6 +10.6 45.5 
12 51.3 +11.2 48.1 

(S)-norvaline 4 48.9 - 3.1 13.3 
4 68.6 - 4.3 18.5 
4 42.9 - 3.6 15.5 
4 51.3 - 3.4 14.6 

(S)-norleucine 3 41.2 - 2.0 
4 43.6 - 2.6 
4 49.1 - 1.9 
4 44.0 - 1.5 

8.6 
11.2 

::: 

N-methyl- (S)-Lys. 4 25.1 - 4.6 19.7 
4 20.9 - 3.3 14.2 
4 28.6 - 3.9 16.7 

(S)-alanine 4 31.1 - 3.7 15.9 
4 28.6 - 2.9 12.5 
4 24.3 - 3.4 14.6 
4 29.2 - 3.1 13.3 

R-alanine 4 29.6 + 3.1 L3.3 
4 31.3 + 3.9 16.7 
4 37.6 + 2.8 12.0 
4 26.3 + 3.4 14.6 

(S)-threonine 5 48.9 - 1.4 6.0 
5 41.3 - 1.9 8.2 
5 41.8 - 2.1 9.0 
5 39.6 - 1.6 6.9 

(a) See note, a,b in Table 1 



1290 J. VAN MIL et 01. 

A series of experiments were performed in order to ascertain whether the additives are 

acting at the crystallization stage and whether the mchanism is indeed the one postulated 

in Scheme 3. 

Selective Additive Adsorption. 

In previous studies with mnglomrate systens follcwihg the "rule of reversal", the 

additive (R') selectively inhibits the growth of (R) crystals by adsorption and subsequent 

inhibition.'l On these system (R') was fcutd occluded in small amounts into the {R) 

crystals exclusively, while the cppasite enahticeer (S') was rot. 

single crystals of XL cceplex of chirality (R) or (S) grown in the presence of (R,S) 

lysine in solution, were dissolvti and analysed by HPLC under conditions of chiral 

separation.27 Both enantiomars of lysine were fmmI occluded into the sane single crystals 

in approximately the sane amounts (Fig.2). This indicates that both additims interact with 

each chiral crystal of the cceplex, and that resolution is rot due to differential 

adsorption of the two diastereoisarers i and 2 onto the conglomerate crystals. 

AC1 

L sine 

&I 

2 Figure 
HPLC chromtogram of (R) and (S) lysine-oazluded into a single crystal of 

Ni[(S)#3L]3.Cl2.EbX. The smll mount of (R) XL present is &e to racenization. 
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Growth rate -- 

The arrrxlnt of crystallized resolved amplex Ni((S)IY3Ll3.Cl2.EtBH was measured as a 

function of tine after seeding utder tr2n racemizing corditions, in the absence of additive 

as well as in ths presence of (R) or (S) lysine (5% wtbt). The resulting curves are 

reported in Fig.3. Both (R) and (S)lysine retard the grarth of the (S) complex, hrt 

(R)lysine retards it to a larger extent than the (S) enantiaoer. Thos, although both 

eMntionmrs of lysine are adsorbed onto the crystals in the sane amounts, (R) lysine is a 

much m)re effectiw inhibitor. 

r 

IO 20 30 40 50 

fi me (min I---, 

60 

Figure 3 
Relatiw growth rate (in arbitrary units) of crystalline 

Ni((S)ACLl3.C12,EtOH from pure solution ad with added (R) or (S)lysine 

Etching. 

It has been cbser-.ed in previous studies that a selective inhibitor of nucleation and 

growth is a selective etchant of the sane crystals upon dissolution.13 This neans that in 

ccnglomarate systenm, where (R') inhibits the graJth of {R) crystals, partial dissolution of 

{R) in the presence of (R') in solution induces formation of etch-pits on the surface of the 

crystals. Dissolution of (R) in the presence of (S') does not affect the smoothness of the 

surfaces,as for dissolution in the absence of additive. 

Single crystals of Ni((S)XL13.ClZ.EtOH conplex were subnitted to partial dissolution in 

urdersaturated solutions in the presence of (R) or (S)lysine. Etching was cbserti with 
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both additives, while dissolution in a pure &CL solution resulted in smooth surfaces 

Fig.4). Zn agreeaent with the adsorption exparinents, these results indicate that both 

enantiomars of lysine {or diastereaisaners 1 ard 2) interact with the eorrwpmting chiral - 

complex crystals. 

4 Figure 
Opticzil micrograph (x280) of the (001) face d @)&CL Nickel carplex single crystals 
after dissolution in the presence of Ial (S)lysine; (b) tR)lysine; (cf no additive. 

Circular Dichroism 

Circular dichroism amaasurmnts were performed on the (S) conplex in solution in the 

absence and in the preset of (RI or (S) lysine. The spactrun of the I*lre (S) oonplex 

shows two Cotton effects at X=356nm [ Sl=155°mole-L dean2 ati X=602mn, E 91=147°male’1 

decm2. Addition of either (R) or (S) tysine results in the sama slight decrease in both 

paaks (17%). This effect is due neither to free lysine 1)3x to eontributiona of a nickel 

complex of lysine. Roth these cospanxls warId have led to opposite effect with the addition 

of the two wosi te enant iuaers. m results inficate that a mixed complex is forax&, tit 

with no stereoselectivitiy. 
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I (O/i) .&s-----l 

(TOI) (101) ‘I tooll 

cioi) Cl03 

coii) (oi2) 

5 Figure 
(a) Molecular structure of (S) Ni[(S)XL)3.ClZ.EtOH; 
(b) Packing arrangement viewed along E. 
(c) Crystal nr~pholcgy of the amplex, pure and graJn in the presence of 

(R) or (S)lysine. 

Crystal Structure and Crystal Morphology 

The crystal structure of the carplex was solved20. Ni[(S)XL)3 C12Et0H crystallizes in 

space-group P212121 with cell constants z9.7608; y9.8018; ~29.2218; (~=4), as thin (001) 

plates elongated in b. The structure of one complex molecule and the packing arrangement 

are gim in Figs.5a,b. From a steric point of view it wculd indeed seem that within one 

single cceplex moiety, both (R) or (S) lysine cm substitute ‘one XL noleclule withcut 

apparent difference in the intermolecular interactions. The side chain of the two 

enantioamrs of lysine in the diastereoneric coaplexes 1 an3 2 warld,hwever, enmrge in 

dieferent directions, thus creating different intermolecular contacts. This can conceivably 

result in different inhibiting effects. 
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We have used changes in the morphology of crystals grown in the presence of additives as 

a tool to pinpoint specific interactions of additives with the different crystal faces at-d 

subsequent inhibiting effects in the various growth directions.21 In the present case no 

changes in morphology were observd between pure (R) or {S) oanplex crystals, and crystals 

of canplex gro%n in the presence of either (R) or (S) lysine (Fig.!%). It is, however, 

conceivable fran an examination of the packing arrangement that, if lysine can replace XL 

at any positions in the canplex, due to the high symmetry of the structure, growth will be 

affected in all directions rather than preferentially in one. The overall morphology would 

thus not be modified, although the overall rate of growth is decreased. 

DLT3JSSIDN 

It has been shown that crystallization of the nickel canplex of (R,S) -amino- 

caprolactam in the presence of mnall anounts of resolved lysine (or other anino acids) leads 

to precipitation in large excess of the enanticxrer of the same absolute configuration as 

that of the additive. ‘Ibe crystallization is performed in the presence of base, which 

induces racemization of caprolactam, but not of the resolved additive. Since hydrolysis of 

-amino caprolactam yields lysine, a cycle of generation an3 amplification of optical 

activity can be envisaged, in the absence of initial chiral induction. (Scheme 4). 

We have presented a mechanistic interpretation of the effect, which takes into account 

the differential inhibiting effect of diastereaneric mixed cunplexes Lard 2 on enantianeric 

substrate crystals. This mechanism stems fran our knowledge on the effect of inhibition on 

crystal nucleation arxl growth arrl is supported by a nunber of independent experiments. 

Circular dichroism measurements show that when lysine is introduce3 in the solution 

containing the chiral canplex, ligand exchange takes place to sane extent, but the same 

effect is observed with the additions of either enantianer of lysine. Mixed canplexes of 

the type 1 atd 2 are thus formed in the same amounts , irdicating that the overall induction 

upon crystallization cannot be due to plre solution effects. The two diastereoisaners on 

the other hand can be adsorbed at the surface of growing conglanerate crystals arxl interfere 

with their growth. Analysis of the lysine content of XL complex crystals indeed shows that 

both enantianers of lysine can be adsorbed and eventually occluded without 

enantioselectivity into the same crystal. Etching experiments confirm that the same type of 

interactions exists qaon dissolution. Growth of the (S) ctxnplex in the presence of (R) or 

(S) lysine shows, however, that (R) lysine is a much stronger inhibitor than (S). ckl the 

basis of our previous knowledge on the mechanism of adsorptiowinhibition it is reasonable 
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to expect that not pure lysine, but rather the mix4 amplexes are adsorbed onto the growing 

crystals since in these last a large pert of the molecule is identical to that of the 

substrate forming the crystal. This explains also why many resolved anino acids cause 

induction in the same direction, but with a different magnitude. The adsorption of the 

diastereaneric species seems practically not to be affected by the nature of the side chain, 

but the magnitude of their inhibitory effect does mainly depeti on this factor. Ornithine, 

which is very similar in molecular structure to lysine, also yields a similar induction. We 

expected to be able to measure this difference in inhibiting effect from the modifications 

in crystal morphology which result fran anisotropic adsorption of the additive onto the 

crystal. Here no morphological changes were observe3. Cases of this kind have already been 

observed, especially when the additive can be adsorbed fran more than one direction ard the 

symmetry of the crystal and of the molecule is high. 

In this system we have overcane the “rule of reversal”, which leads to an oscillating 

mnplification pattern, by using diastereaneric inhibitors. Under these conditions it is 

however very difficult to predict “a priori” which one of the two diastereoiscmcrs will be a 

stronger inhibitor, and therefore in tiich direction the anplification will proceed. In 

fact, an experiment reported by Harada,22 on the optical resolution of (R,S) aspartic acid 

in the presence of resolved anino acids (alanine, glutamic acid, proline) an3 co-r (II) 

ion, is in all likelihood an example of this mechanisn, involving two diaster,meric 

additives, where the chirality is reversed. The crystallization of the copper complex of 

aspartic acid in the presence of (S)-alanine results in nearly plre (R)-aspartic acid 

canplex crystals. It was shown by 0RD-measurementsZ3 that IX) stereoselective ligand 

exchange takes place, and the suggestion was made that the chiral additive selectively 

inhibits the crystal growth of one of the two enantianeric canplexes. However, considering 

the above results, a reasonable explanation involves the formation of two diastereamaric 

canplexes, (R)AspZu-(S)Ala an3. (S)AspC.u-(SlAla which affect differently the growth rate of 

[ (S)AsP12.Cu and I (R)Aspl2.Cu. In this case, however, the two complexes are recognized 

already at the adsorption stage, since we have measured a ratio of 3/1 (R)Ala to (S)Ala 

inside polycrystalline sanrples of [(R)Aspl2.Cu grown in the presence of racenic alanine. 11 

The understanding of the mechanism of inhibition in crystal growth and nucleation by 

engineered additives paved the way to the practical realization of the models proposed in 

Schemes 2 at-d 3. Recent studies by Richarson et al25 -- and our group, have in fact shown that 

spontaneous generation of net chirality by crystallization is not confined to chiral 

crystals only but is extetiable to centromtric ones dis.playing chiral enantiotopic 

surfaces. Thus crystals of o(-glycine act as substrates for canplete separation into 
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emntianers of racemic a(-anino acid additives. 17 The s&me is true for crystals of the 

dipeptide glycyl-glycine grown in the presence of racenic glycyl-leucine. *’ Asymnetr ic 

synthesis of chiral mixed dimers of guest cinnanic acid with host cinnamide was obtained 

inside the centrosynmetric crystals of the host.l* The occlusion process lowers at the same 

time the symmetry of the host crystals, transforming them into chiral enanticmeric ones. 

‘Ihe possibility of finding crystals acting as appropriate substrates for spontaneous 

generation and amplification of optical activity is thus greatly increased, even in the 

field of minerals, (e.g. gypsm). - 

lhe multiplicity ard relative simplicity of the examples in different systems, emerging 

fran these systematic studies, lead to the conclusion that crystallization is indeed a 

viable ati efficient process for the realization of theoretical models of “chiral symmetry 

breaking in non equilibrilan systems”.27’2g’ 

ExpERIMasTAL 

Yaterials 

Nickel chloride was obtained fran BM in the hexahydrate form alr3 dried at 120°C for 24 hrs 
to release the crystal water. Solutions ware prepared by refluxing for 8 hrs in absolute 
ethanol. Absolute ethanol was obtained fran Frutaran Ltd., (Haifa) an3 distilled over 
magnesiun ethoide prior to use. u( -anin* c -caprolactam was synthesized 
following pub1 ished proc&ures.‘* Lysine and ornithine were cbtafF$ ly”f:g 
Sigma Chem. Corp. and used as received. ‘Ihe various other anin0 acids ware from Fluka AG. 

Analytical Methods 

Optical rotations were performed on a Perkin Elmer 141 Polarimeter, (c=4, l$ Wl). CC- 
spectra were recorded on a JASCO 500-C instrunent, in 10 mn cells (c=8.2xlO- ). HPT.C was 
performed on chiral colunns by methods described in Ref.?S. 

Resolution of (R,S)ACL Nickel Carplex by Crystallization in the Presence of Various Amino 
Acid Additives 

---- --~-~- 

A solution of 115.4nq NiC12 (0.89 mnol) in 2.0 ml ethanol was added to a solution of 399.4 
mg (R,S)ACL (3.12 mnol) in 2.0 ml ethanol containing the appropriate amount of amino acid 
and, if necessary, a calculated anount of lithiun ethanolate to assure that the amino acid 
additives be in the form of free base. The resulting deep-blue solution was evaporated to 
exactly 2.0 ml by boiling, after which 1.0 mg racemic seeds (as powder) was added an3 the 
solution left to crystallize at 60°C in a shakerbath for different periods of time, 
spccifiti in Tables 1 ard 2. The obtained crystals were dried in vacuun and their rotation 
measured. 

Effect of the Amount of Lysine on the Induction Process ----- -- -- 

Samples were prepared as above with respectively 7.5, 5.0, 3.0, l,O, 0.5 and 0.1% of(S) 
lysine. After crystallization at 60°C in a shakerbath the crystals were filtered ard dried 
ard their rotation measured. 

Crystal Structure e Morphology 

Single crystals ware gr- fran an ethanol solution containing 200 &ml complex, by slow 
cooling. The affected crystals were obtained by adding 10 &ml of (R) or (S)lysine and the 
equivalent anount of LiOEt. Crystal morphology, including the determination of crystal 
faces and of their areas, was performed on a Si 

%Y 
ens diffractometer. lhe crystal structure 

was determinerl on a Nonius -4 diffractometer. 



Generation and amplification ofopticalactivity 

Dissolution experiments 

Single crystals of the pure (S)-canplex were dissolved in an tiersaturated solution 
containing (S) canplex (180 q/ml) an3 5% w/w of (R) or (S)lysine, for a period of 3 
minutes. The partially dissolved crystals were dried ard exanined on an optical microscope 
(x 280). 

We thank Prof. L. Leiserowitz for stimulating discussions, H.C. Chang and E. Gati for their 
help. This work was supported in part by the Minerva Fourxiation. L.A. is incumbent of the 
Charles Revson Career Development Chair. 
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