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SUMMARY 

Optical resolution <J severai mono- and divale It complex cations was achieved 
with a cation-exchange column using a solution conta;ning various concentrations of 
a resolving agent as the eluent. The retention volumes of enantiomers, the diflerences 
in their retention volumes and the separation factors were determined for various 
concentrations of the eluent. The trends in these parameters could be expressed by 
functions derived from the equilibrium expressions of ion association and ion ex- 
change_ 

INTRODUCTION 

In previous papers of this series’*’ the separation mechanism of enantiomers of 
metal complexes was discussed mainly from the stereochemical point of view. No 
consideration was given to the optimal conditions for optical resolution based on the 
general theory of chromatographic separation. This also applies to most other papers 
on the chromatographic resolution of racemic mixtures3. There have been few papers 
in which attempts have been made to improve the efficiency of optical resolution by 
systematically varying the separation conditions. Mikes ef al.+ reported that the sepa- 
ration factor for the enantiomers of helicenes depends on temperature and has an 
optimum at a certain temperature. Davankov et a/_’ reported that in ligand-exchange 
chromatography using Cu’ + complex formation a decrease in temperature or in the 
concentration of a displacing ligand in an eluent solution leads to an increase in the 
separation factor of D- and L-prolines. In Part V of this series6 we reported that cis- 

[CoWJdenMf was resolved into enantiomers on a cation-exchange column and 
that the separation factor of the enantiomers increases with increasing concentration 
of the chiral selector anion, antimony rl-tartrate, [Sb2(&tart)J’-. in the eluent. How- 
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ever, no papers appear to have considered the optical resolution from the point of 
view of chromatographic separation theory. In this paper, we discuss the separation 
mechanism of enantiomers and the dependence of the separation factor on the con- 
centration cf a chiral selector anion in an eluent. 

THEORETICAL 

Let us consider the case in which a monovalent complex cation M f is eluted on 
a column packed with a cation exchanger. An aqueous solution containing a divalent 
anion X2-, which potentially forms ion pairs with the complex cation M’, is used as 
the eluent. On increasing the concentration of X2-, the concentration of the nega- 
tively charged ion pair MX- increases_ This effect overlaps with the effect of the ca- 
tion exchange and leads to a decrease in the adsorption of the complex cation M’ 
Thus, we have to consider two equilibria, ion exchange and ion pair formation. 

The ion-exchange equilibrium is 

RNa + M + G+ RM i-- Na+ 

where RNa and RIM are sodium and complex cations retained by the resin, respec- 
tively, and the equilibrium cofstant K, is defined by 

K 
1 

= DWINa’l 
[RNa][M+] 

-= ___ (11 

The ion-uair equilibrium is 

vvhere the associau . constant p is defined by 

[MX-I 
p = [Mi][)(‘-] (2) 

As the total concentration of the complex M + is low in both the resin and eluent 
phases, Le.. ma’] 9 [M‘] and [RNa] 9 [RM], the distribution ratio D, is described, 
to a good approximation, by 

FM1 4 Q _- DMs= [M’] + [MX-] = 1 + fi [X2-] pa+] 
(3) 

where Q is the ion-exchange capacity of the resin (mequiv./ml). 
The adjusted retention volume, Vadj, for the elution of M+ can be related to& 

by 

vdj = R* vrsin (4) 

where S/rain is the volume of the resin in the column_ 
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Hereafter the adjusted retention volume is called simply the retention volume 
and described by eqn. 5 below. By replacing D, in eqn. 4 with eqn. 3, we obtain 

V = 

= 

Vrcain Kt Q l _- 
1 + p [X2-] [Na+] 

O-5 Vrcsin Kl Q 

[X2_] + p[x'-1' = 

ct 
[X2 -1 (1 + /3 [x2-])’ 

wkcre [Na+] = 2 [X2-] and 0.5 Vrcsin K, Q can be regarded as a constant C,. As the 
monovalent complex cation M’ exists in two euantiomeric forms, d-M+ and /l-M+, 
\ve have to discriminate the quantities concerning them by using the subscripts d and 
11. The retention volumes VA and V, are plotted against the concentration of X2- 
according to eqn. 5 in Fig. la, where /?,, is assumed to be greater than PA_ The 
difference in their retention volumes, d V = VA - V,,, can be expressed by 

Cl (Pn - PA) 
dV = (1 + /?A [x2-1)(1 + 8,* [X2_]) 

C2 
= (1 + pA [x2-1)(1 + P,* w-1) 

where Cl (P,, - pd) is a constact C2. Fig. lb shows the plot of eqn. 6. 
The separation factor u is given by 

V‘d 
(r-z= 

1 + PA w-1 
V” 1 +pA[X2-] 

(6) 

(7) 

The separation factor varies with [X2-] and reaches a constant value p,,//I, at a very 
large value of [X2-] (Fig. lc). For a particular enantiomeric pair p,_, and P,, have 

(a) (b) 

Fig. 1. (a) Dependence of adjusted retention volumes (V) on the concentration of Na,X. VA and VA are V 
values for the A- and n-enantiomers, respectively. (b) Dependence of difference in retention vo!ume (A V) 
on the concentration of Na,X. (c) Dependence of separation factor (01) for the enantiomers on the co&en- 
tration of Na,X. 
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definite values, so-that the separation of two elution peaks (4 V) and the separation 
factor a have definite values for a definite value of /X2-]. When the separation factor 
a is fairly large, a good sepafation (4 v) is obtained with an appropriate concentra- 
tion of [x2-]. However, when the separation factor is small, we have to use a very low 
concentration of X’- for a good separation (4V) (see Fig_ lb). A very long time 
would be required for elution. To shorten the elution time, it is necessary to use a 
concentrated eluent which gives a small 4 V_ To resolve this dilemma, we have to use 
a longer column. If we double the column length, we double the separation (4 v). 
Thus, we can rewrite eqns. 5 and 6 as a function of the length of the column: 

c; v = (1 + #I [X2_]) ([x2-])-= 

Cl 

4v = (1 + pd D(z-1) (1 + j?, [x’-])-L 

(5’) 

(6’) 

From eqn. 6’ we obtain 

L = 4?‘(1 + Pd w-1) (1 + PA w-1) 
8-r (9 

Eqn. 3 is plotted in Fig. 2a. 

L T 

b “* __- _______ -_- 

(b) 

Fig. 1. (a) Column length (L) at various concentrations of Na2X when the difference in retention volumes 
for enantiomers is constant_ (b) Time (r) required for the second kantiomer (d-form) to be eluted at 
various concentrations of Na2X_ when the diffe:ence in the retention volumes of the enantiomers is 
constant. 

We introduce the time (7’) which is required for the second enantiomer to be 
eluted. Let F be a constant flow-rate, then T = V/F_ From eqns. 5’ and 8 

CL 1 
T= 

[X’_] + j3d [X2_]’ ‘F 

c; A!/(1 + /IA [X2_]) (1 i pn [X2_]) 1 
= -_- 

cg [x2-] + flA [X2_]’ ‘F 
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where C, = C;/(C2 F)_ Eqn. 9 is plotted in Fig. 2b. Thus, when the separation factor 
is small, higher concentrations of the eluent and longer column lengths are recom- 
mended in ord:r to obtain a good separation. 

EXPERIMENTAL 

Materials 
The complexes used were cis(Otci~(N)-:CO(gly),en]CI - H,O (ref. 7), cis(O)- 

tr-ans(N)-cis(NH,)-[Co(gly)2(NH,)2]C1 - Hz0 (ref. 8), [Cogly(en)JC12 - Hz0 (ref. 9). 
[Cogly(tn)z]Clz - H,O (ref. 10) and cis-a-[Co(N,)2trien]I. The first four complexes 
were prepared according to the methods described in the literature, and the last 
complex was prepared as follows. 

A solutio;l containing 3.2 g of cis-a-[CoCl,trien]Cl in 50 ml of water was mixed 
with a solution sf 2 g of sodium azide in 15 ml of water and heated at 60°C for 30 min. 
After the solution had been allowed to stand at room temperature, dark violet crys- 
tals were deposited, which were presumed to be the azide salt of the desired complex 
and were separated by filtration. The crystals were converted into the iodide by 
dissolving them in a small amount of water and adding an excess of sodium iodide. 
The dark violet crystalline powder was filtered, washed with ethanol and dried in air. 
The P-isomer of this complex was prepared from cis$-[CoC12trien]CI by the same 
method in order to identify the isomers. 

All complexes used were identified by elemental analyses and PMR and UV 
absorption spectroscopy. 

The eluents used were aqueous solutions of various concentrations of sodium 
antimony ci-tartrate dihydrate, Na2[Sb,(d-tart),] - 2H,O, which was prepared from 
K,[Sb,(&tart)2] - 3H,O and sodium perchlorate. 

Apparatus 
The chromatographic unit was a JASCO LCP-150 pump, PM-150 pressure 

gauge, PC-150 pump controller, sep\um injection kit and Shimazu UV-140 double- 
beam spectrophotometer. 

The column was a 20-cm x 3 mm I.D. stainless-steel tube packed with IEX- 
510 strong-acid cation-exchange resin (Toyo Soda, Japan)_ A dual-pen strip-chart 
recorder (Rigakudenki Electronic Recorder Model B-161) was used. The detector, 
equipped with a 20-~1 flow cell, was operated at the first absorption band of each 
complex. Blue Dextran 2000 (Pharmacia, Sweden) was used as a marker to measure 
the void volume of the column. 

RESULTS AND DISCUSSION 

To establish whether the conclusions in the theoretical section are valid in ac- 
tual chromatographic runs, chromatographic separations of five racemic complexes 
were performed_ The complexes cis-a-[Co(N,),trien]’ and [Co(gly),(NH,),J’ have 
already been reported to be separable into enantiomers, but the other three complexes 
were found to be separable for the first time in this study. Typical elution curves of 
mono- and divalent complex cations eluted with 0.36 and 0.1 IM Na2[Sb2(ri-tart)z] 
solution are shown in Figs. 3-5. Fig. 6 shows the dependence of retention volumes, 
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Fig. 3. Elution curve for cis-z-[Co(N,),trien]+. Eluent: 0.06 M NaJSb&f-tar&]. 

differences in retention volumes and separation factors on the eluent concentration 
for the enantiomers of the complexes. 

There is a close resemblance between the curves in Fig. 1 and the correspond- 
ing curves in Fig. 6, which indicates the validity of the above theory. As shown in-Fig. 
6 for the monova!ent complexes, the separation factor increases with increasing 
eluent concentration and reaches a certain limiting value at a high concentration of 
the eluent. This is just the trend that is expected from eqn. 7. On the other hand, for 
the divalent complexes the separation factor was found to be almost constant in the 
experimental concentration range, as shown in Fig. 6. In general, the association 
constant for the divalent complex cation is presumed to be fairly large so that the 
term I + /IF’-] in eqn. 7 will come close to pF’-]. Thus, the separation factor 
reaches a definite value even at low concentrations of X2-. 

Next, let us compare the trends of the separation factors of two monovalent 
complexes, ci.s-cz-[Co(N3)2trien]’ and cis(O)-ci.s(N)-cis(NH,)-[Co(gly),o,1’_ At 
low concentration of X2- (0.02 M). the separation factor is smaller for the diazido 
complex than for the diammine complex. However, when the concentration of X2- 
exceeds 0.1 M_ the separation factor is larger for the diazido complex than for the 
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Fig. 4. (a) Ehtion curve for c~~Otcis(Ni_ICo(_=en]~. (b) Elution curve for 
[GJ(.~~~)~(NH&J~. Eluenr: 0.06 M Nat~Sb&hart)2]. 
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Fig. 5. (a) Elution curve for [Cogly(en),]‘+. (b) Elution curve for [Cogly(tn),]z+. Eluent: 0.1 AI Na,[SbJtf- 
tart),]. 

diammine complex, as shown in Fig. 6. This can be explained by assuming that the 
association constant with antimony cl-tartrate is smaller for the azido complex than 
for the diammine complex but the ratio p,,/Bd is larger for the former complex than 
for the latter_ 

Concerning the elution time, let us consider the case of the diazido complex 
(Fig. 6a). In this study we used a column length of 20 cm. The time (adjusted) 
required for the elution of the second peak was 21 min with 0.12 M eluent and the 
peak separation (A V) was 0.43 ml. With 0.02 M eluent. the elution time was 160 min 
and the peak separation (A V) was 1.17 ml. If we want a I-ml peak separation with 
0.02 M eluent, we have to use a 17-cm column length, which will require 137 min for 
elution. With 0.12 M eluent we have to use a 46.5-cm column and the elution time 
(adjusted will be 48.8 min. These relations are illustrated in Fig. 7. Thus, in order to 
obtain the same separation (A V) it is desirable, in order to save time, to use the longer 
column and more concentrated eluent than to use the shorter column and more dilute 
eluent. 
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Fig. 6. Dependence of adjusted retention volumes (V), separation factor (a) and difference in retention 

volume (A V) for the enantiomers on the concentration of Na,[Sb,(d-tart)]. (a) cis-a-[Co(N&trien]‘; (b) 
cis(0)-cis(N)-[Co(gly)2en]‘; (c) cis(O)-fru,ls(N)-ci~(NH,)-[Co(gly)z(NH,)~]+; (d) [Cogly(en)J’+; (e) 
[Co@y(tn),l’ + . 
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Fig. 7. Column length (t) and elution time (7) for the second enantiomer to be eluted at various concentra- 
tions of Naz[Sbl(cl-tart),J when d 1’ = 1 ml. (a) cis-z-[Co(N,),trien]‘; (b) cis(0)-cis(N)-[Co(~y):)zen]-; (c) 

cis(0)-rr~~~N)-ci(NH3)-[Co(ly)l(iriH~)~]-; (d) [Cogly(en)2]‘-; (e) [Cogly(tn)2]‘-. 

CONCLUSIONS 

(1) When the complex cation and the chiral selector anion associate only 
slightly with each other, the separation factor for the enantiomers increases with 
increasing concentration of the anionic chiral selector, and approaches a certain 
limiting value. 

(2) When strong association takes place between the sample complex cation 
and the chiral selector anion, the separation factor is expressed as the ratio of the 
association constants of the enantiomers. 

(3) At a constant column length, the lower the concentration of anionic chiral 
selector in the eluent, the lar_eer is the difference in the retention volumes of the 
enantiomers. 

(4) When the length of the column and the concentration of the chiral selector 
are both variable. the longer the column and the higher the concentration, the larger 
is the difference in the retention volume per unit time. 
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