
Coordination Chemistry Reviews 
Elsevier Publishing Company Amsterdam 
Printed in The Netherlands 

409 

CHROMATOGIUPHY OF COORDINATION COMPLEXES 

LEONARD F. DRUDING* 

Rutgers, The State University, Newark, New Jersey 07102 (U.S.A.) 

GEORGE .B. KAUElWAN** 

California State College at Fresno, Fresno, California 93726 (U.S.A.) 

(Received March 25th, 1968) 

CONTENTS 

A. 
B. 

C. 
D. 

E. 
F. 
G. 

Introduction 

Separation and identification of different elements by formation of coordina- 
tion complexes 
Preparation and purification of coordination complexes 
Separation of different coordination complexes of the same element 
(i) Complexes with different charges 

(ii) Complexes with the same charge 
Separation and identiiication of geometric isomers 
Resolution of optically active coordination complexes 
Summary 

A. INTRODUCTION 

Althoughchromatography in its many forms has been applied mostIy to the 
separation of organic and biological materials, recent years have seen a growing 
number of applications of the various chromatographic techniques to inorganic 
separations. Not only has chromatography been used for the qualitative and quan- 
titative analysis of inorganic substances, but it has also been employed to prepare 
pure inorganic compounds, to follow inorganic reaction kinetics, and to determine 
such physical parameters as the contiguration and charge of inorganic species. It 
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is in these latter areas of investigation that chromatography has b&n particuIarly 
useful to the coordination chemist. For the separation of ionic species, ion ex- 
change chromatography has of course been the preferred technique. Yet the liter- 
ature contains numerous examples of the separation of inorganic complexes .by 
column, paper, thin-layer, and gas chromatography as well as by ion electro- 
.phoresis. 

Most of the chromatographic separations of complexes have involved hexa- 
coordinate octahedral species, but a few studies of tetracoordinate square planar 
complexes have been made3g*6g*71. Th e o f ll owing generalizations should be valid 
for all coordination numbers and configurations. 

The type of separation to be effected largely determines the choice of tech- 
nique. For example, in cases in which the preparation or isolation of a chemical 
species is the goal, a column, with its greater capacity, is generally preferred. How- 
ever, for the qualitative identification of components in a mixture or for the study 
of properties such as charge or geometry, paper, gas, or thin-layer chromatography, 
techniques which are rapid and adaptable to micro amounts of sample, are often 
more attractive. 

The type of species to be separated also influences the choice of chromato- 
graphic method, adsorbent, and solvent system. Most frequently, the separation 
invoIves ions of different charge density so that use of ion exchange resins with 
an aqueous solvent system is most effective. Differences in retention by the resin 
can then be related to the charge density or charge distribution of the ions or to 
the ease of complex formation with the eluent*. 

l We must note here that in addition to the conventional ion exchange resins, certain oiher ad- 
sorbents such as silica gel and alumina should probably be classified as ion exchange types of 
solid substrates, at least as far as inorganic separations are concerned. A number of studies have 
been made of the adsorption of complex ions on silica geF, and considerable evidence has 
accumulated that silica gel can behave as a weak cation exchange resin. The gel surface consists of 
silanol (&D-H) sites whose hydrogen atoms may be exchanged for cations in a reasonably 
predictable manner. Dugger et al. 41 have tabulated enthalpy, entropy, and free energy vahres for 
the exchange reaction between metal ions and the hydrogen atom of the silanol group of silica 
gel. They found that the bond energy was roughly proportional to the charge density of the un- 
hydrated ion. This finding suggests that in the chromatography of cations, those of higher charge 
density should be retained more strongly and so have lower RF values. The results of a thin-layer 
chromatographic investigation of some inorganic ions by DrudingJ8 do not entirely agree with 
this prediction, but they do suggest that retention is at least proportional to the charge density 
of the hydrated ion. In the separation of alkali metal ions and alkaline earth metal ions on silica 
gel in an acidic solvent, the order of RF values was LI ‘+ > Nat > Rbf > Cs+ and Be=+ > 
Mgp+ > Ca’+ > SrOf > BaB+. 

An alternative explanation for Druding’s results can be based on the ease of substitution 
of a sihurol group for the water of hydration in the inner coordination sphere of the metal ion. 
Lithium, with its high charge density, would be the least likely to release its waters of hydration 
for a silanol group and so shouId exhibit less retention and consequently a higher RF value than 
the other alkali metal ions. 

Additional evidence for an ion exchange reaction mechanism, which is very close to the 
explanation just cited for the alkali metal ions was developed by Burwell et al.*O in studies of the 
adsorption of coordination complexes on silica gel and their reaction with the gel. They found 
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In the choice of stationary phase and solvent, the separation of nonionic in- 
organic complexes may be treated in the same manner as the separation ofpolar 
organic compounds. Differences in dipole moment or solubility in the developer 
are the important factors that govern the effectiveness of the separation. 

An exciting recent development is the use of gas chromatography for the 
separation of volatile nonionic metal compounds such as carbonyls, alkoxides, 
alkyls, and especially chelates with oxygen, sulfur, selenium, phosphorus~+rd ni- 
trogen as donor atomP. Since its inception in the late nineteen-fifties thd zipplica- 
tion of gas chromatography to the metal chelates of the /I-diketones has developed 
rapidly. The first such studies resulted in the separation of beryllium, aluminurir, 
and chromium by gas chromatography of their acetylacetonates8*54. The method 
has since been extended not only to acetylacetonates of other metals but also to 
trifiuoroacetylacetonates, hexafluoroacetylacetonates, and other ligands. By use of 
the new technique, rare earths43 and geometric isomers have been separated, and 
even optical isomers have been rcsolved’3g. Further details and applications can 
be found in the excellent monograph by Moshier and Sievers1’2. 

that the silanol group could displace chloride ion from the coordination sphere of such inert 
complexes as cis- and rmns-[Co(en),Cl,]+ when these complexes were adsorbed onto the surface 
of the silica gel. The de.g:ee of adsorption was also found to be dependent upon the charge and 
charge distribution of ‘.he complex ion. Their observations were confirmed by the thin-layer 
chromatographic studizs of some cobalt(II1) complexes made by Druding and HageP*. The reten- 
tion values of Bu%:sd etal_*0 and the RF values of Druding and Hagel3s for appropriate cobaIt(II9 
amrnine complexes are compared in Table 1. The greater retention of the cis isomers over the 
corresponding trans isomers agrees with the greater charge polarization of the cis complex as 
compared to the rrans complex. 

TABLE 1 

RETENTION OF OCl-AHEDRAL COORDINATION COMPLEXES ON SILICA GEL AS A FUNCTION OF CHARGE 

ON THE COMPLEX 

Complex Retention 
(Burwell et alJao 

RF 

(Druding and Hage1.P 

CCo(NH&13+ - 0.20 
ICo(NH3,NO,I” 0.036 moIe/g.SiO, 0.23 
cis-[Co(NHJr(NO&lt - 0.60 
tram-[Co(NH&(NO&J+ - 0.80 

[CON-U(N~~J slight 0.98 
FWN03.13- no retention 1.00 

In his study of the paper chromatography of cobalt(II1) amines, Yoneda*ra suggests that 
even on cellulose, an ion exchange mechanism may be the basis for separation. In the absence of 
an electrolyte in the developer, long tails and diffuse spots resulted. However, with an electrolyte 
in the developer, tailing decreased; the spots were more intense, but some tailing persisted_ Use 
of a base eliminated the tailing. Yoneda cites this as evidence for an ion exchange mechanism 
involving the hydroxy sites of the cellulose structure. The electrolyte displaca the complex ion 
from the cellulose. As the value of the charge on the complex decreases, its mobility Increases. 
YonedarJB has even suggested the possibility of determining the ionic charge on a complex by 
noting its RF value. 

Coordin. Chem. Rev., 3 (1968) 409428 
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We shall now briefly review recent developments in the chromatography of 
coordination complexes according to the type of separation involved. The coverage 
is intended to be illustrative rather than exhaustive. 

B. SEPARATION AND IDENTIFICATION OF DIFFERENT ELEMENTS BY FORMATION OF CO- 

ORDINATION COMPLEXES 

In this phase of chromatography, viz., the separation and identification 
of different metal ions by complex formation with the same ligand, the forma- 
tion of the complex ion is only the means for effecting the separation of the ele- 
ments53. 

In some cases complex formation is mandatory; e.g., amphoteric elements 
such as arsenic and antimony, which hydrolyze completely and immediately on an 
alumina_column, can be chromatographed as tartrate complexes’32. The order of 
elution of species can also be changed by conversion to complexes’32. 

Several months after the first articles”g3 on the paper chromatography of 
cations had appeared, Elbeih et a1.44 pointed out that the formation of complexes 
plays an important role in the separation of cations. R, values have been correlated 
with stability constants of complexes73*74. 

As might be expected, ion exchange methods, with their high sensitivities to 
slight differences in charge densities, have been the most popular of chromato- 
graphic separations. Oniy a few of the more recent separations of unusual com- 
plexes will now be cited. Chromatographic separation of elements by complex 
formation is almost as old as the invention of modern ion exchange resins. The 
now classical separation of iron, cobalt, and nickel depends on the formation of 
hexachloro complexes of each ion under various conditions. Kurt A. Kraus and 
his co-workers have made extensive studies of the separation of many elements as 
chloro complexes by means of anion exchange resinss3. Commercial separation of 
the lanthanide elements from one another is usually accomplished on cation ex- 
change columns; formation and stability of the lanthanide-EDTA complex are the 
dominant equilibria here7’. 

In a few instances such as those just cited, where either a preparation is 
involved or a subsequent quantitative determination of each species is desired, 
column methods are preferred because of their greater capacity. Usually, however, 
the purposes of separating individual elements is to identify rapidly and qualita- 
tively the components of a mixture. In such cases, a method more suitable to 
semimicro or micro quantities is then used (paper, gas, or thin-Iayer chromato- 
graphy.or ion electrochromatography). 

Table 2 lists a few recent separations of different elements as coordination 
complexes. In. most of these separations, the mechanism of separation can be cor- 
related with the charge density of the complex species or with the difference in 
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TABLE 2 

SEPARATION OF ELEMENTS BY FORMAlION OF COORDINATION COMPLEXES 

Elements separr. ted Ligand Chromatographic medium Ref. 

Various elements 
Cd, Cu, Ni, Zn 
Ca, Cu 
Hg, Cu, Cd, Bi, Pb 
Zn, Cd 
Lanthanides 

Lanthanides 

chloride ion 
glycinate ion 
ammonia 
diethyldithiocarbamate ion 
pyridine, thiocyanate ion 
bis(2-ethylhexyl)phosphate 
ion 
a-hydroxybutyric acid 

cr, co 
Cu-Cd, Th-Fe-IJOt?+, 

ammonia 
chloride ion 

Th-Ce-Fe, Al-Zr, 
Ti-Fe-Al 

Transition metals fluoride ion 

Ni, Co, Mn, Zn, Sb, Sn, ammonia, hydroxide ion 
Al, Cr 

Fe, Co, Mn, Ni 
Cu, Ni, Co 
Ni, Co, Cd, Cu, Zn 
Ag, Zn, Cu, Cd, Co 
Co from Cu, Tl, Zn, Ni 

Zn, Cu 
Ag, Au, Pd, Pt 
Hg, Pb, Cu, Bi, Cd, Zn 
Cu, Cd, Hg, Pb, Bi 
Be, Al, Cr 
Lanthanides 

nitrosonaphthol 
thiocyanate ion 
thiocyanate ion 
ethylenediamine 
ethylenediaminetetra- 

acetate ion 
citrate ion 
dithizone . 
dithizone 
dithizone 
acetylacetone 
2,2,6,6-tetramethyl-3,5- 

heptanedione 

column; Dowex 1 83 

paper 63 
column; alumina 81 
thin-layer; silica gel 136 

paper 146 
thin-layer; silica gel 36,105 

thin-layer cellulose 
electrophoresis 

column; si!ica gel 
ion exchangcimpregnated 

paper 

3,17 

61 
94 

ion exchange-impregnated 
paper 

ion electrophoresis 

thin-layer; silica gel 
paper 
thin-layer; silica gel 
thin-layer; silica gel 
column; silica gel 

column; silica gel 
thin-layer; silica gel 
thin-layer; silica gel 
paper 
gas chromatography 
gas chromatography 
(Teflon, 2% Apiezon H on 

Gas Pack F) 

95 
103 

137 
145 
147 
151 
149 

150 

57 
56 

113,114 
8.54 

43 

stability of the complex ion itself with respect to substitution or solvolysis. In 
Lederer’s workg4-g6 with ion exchange-impregnated paper, separation is based on 
differences in the formation of either chloro or fluoro complexes of the metal ions 

with the solvent, resulting in desorption from the cation exchanger. Kolthoff and 
Stenger’s separation *’ of copper from calcium depends upon the formation of the 
copper(U) ammine complex, which has a lower charge density than does the‘cal- 
cium ion. On the other hand, Jursik’s separation of some post-transition metal bis- 
glycinateP3 is related entirely to the charge densities of these complexes. 

C. PREPARATION AND PURIFICATION OF COORDINATION COMPLEXES 

With increasing frequency, the inorganic chemist is turning to the use of 

chromatography in his attempts to prepare and purify isomerically pure coordina- 

Coordin. Chem. Rev., 3 (1968) 409-428 
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tion complexes. Chromatography is usually applied to separate the product from 
its reactants, but in many cases a separation of the product from possible by- 
products is also desired. Ion exchange methods have been the almost universal 
choice for preparative work because of the capacity of columns for preparative 
quantities of material and because of the ionic nature of the substances to be 
separated. Usually, the product is of quite different charge density from the reac- 
tants (starting-materials for the most common preparations of coordination com- 
plexes are hydrated metal cations and either neutral or anionic ligands). 

Although preparative thin-layer chromatography has been extensively ap- 
plied to the preparation and isolation of small quantities of valuable organic and 
biochemical substances and although Kaufbnan and Benson6’ have demonstrated 
the feasibility of preparative separations of inorganic com$exes by TLC, no ap- 
plications of preparative thin-layer chromatography to coordination compounds 
have been reported. This technique would be of greatest advantage in cases where 

TABLE 3 

USE OF CHROh¶ATOGRAPHY IN THE PREPARATION AND PURIFICATION OF COORDINATION COMPLEXES 

Product Other components Sturionary phase Ref 

Substituted acetyl- 
acetonates of Co”’ 
and CP 

Metal trifhroro- 
acetylacetonates 

[Co(Acac)J’ 
ICo(NH3rCI,l+ 
CCo(H#) (Acac).&W 
[Co(erI),am]“b 
I(JW%Cr(~W(sW- 

Cr(H,0)J3+ 
Bis(2,3-diaminopropio- 

nato)cobalt(III) 
chloride 

[Co(trien)am]*+” 
Nitro-en-pn complexes 

of co” 
WoCkW2cL-v41d amino acids, Co complexes 
Co'" amines anions 

ICr(H#)#+ 

ICr(erWW)P 
[Cr(en)a(H,O)Cl]zf 
Cr<en)&-W)CW 
tC+WJ+ 
ICr(eMH30)NW2f 
ICr@W)6W 
Troponeiron carbonyls 

HAcaP, Co3+, C?+ column; alumina 31 

metal benzoylacetonates column; alumina 48 

reaction by-products coIumn; Florosil 31 
[Co@IH,,,(H,O)Cl]‘+ ion electrophoresis 124 
other ions column; Dowex 1 3s 
amino acids (Ham) paper; thin-layer; cellulose 18 
ICtiWXP-, OH- column; Dowex 50 50a 

Na,[Co(CO,),], 2,3-diamino- column; Dowex 50 50b 
propionic acid hydrochloride 

amino acids(Ham) 
ICo~H&n)(NW31, PO 

ICr(H,O),(NCS)l’+, 
CWH~O)~@JC%l+ 

CCr(NH3)&WWc. 
[Cr(NHr)GIao)al”+ 

[Cr(H,O)P 
[Cr(en),Cl# 
other ions 
ICr(e&(H~O)W+ 
ICr(e&WCS)CII+ 
reactants 
iron carbonyIs 

paper; thin-layer; cellulose 19 
paper 65 

column; alumina 138 
column; Amberlite 2 

IRA 140 
column; Dowex 50 76 

column ; alumina 62 

column; Dowex 50 
column; Dowex 50 
column; Dowex 50 
column; Dowex 50 
column; Dowex 50 
column; Dowex 50 
column; alumina 

27a 
100 
101 
49,142a 

144 
117 

14 
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TABLE 3 (continued) 

Product Other components Stationary phase ReJ 

Organoxnetallic 
carbonyl complexes 
of cobalt 

Organometallic 
catbonyl complexes 
of iron 

cis-~h(C,H,N),ClJ 
DW&O),CM 

acetylenes and cobalt 
compounds 

acetylene and iron carbonyls column; alumina 

tRuWKWW 
[PdWacM 
Alkyl and aryl 

derivatives of 
Pt” phosphines 

C,H,Fe(CO)(COCH.JL 
(L = (C,HJ,P. 
(C,H,),P, (C,H,O),P) 

RM(C,H,OM’l,(~CN)z 
PMCOh- 

W&MWCN 
(M = P, As, Sb) 

Thiocyanatocarbonyl 
Mn’ complexes 

rrans-[Rh(C,H,N),Cl,]Cl 
other Ru”’ complexes 

other Ru”’ complexes 
reaction products 
starting materials and 

isomers 

C,H,Fe(CO),CH, and column; alumina 
phosphines or phosphitcs 

[U-WLF~KO),C,H,1 
Fulveneiron carbonyls 
[MCl,Br,]*- 
(M = Ir, OS, Pt, Re; 
n =O. 1, . . . 6) 
Chloroaquo and 

chlorohydroxo 
complexes of Rh”‘, 
Ir”’ and PtIv 

r+[Co(trien)Ox]Cl’ 

Rh[(CBHSO)SP]ICOCl, KSCN column; alumina 
cis-[Mo(CO)S{(C~H&M}zSCN],column; alumina 

trans-[Mo(CO),- 
W,&MW,NCSI 

Thiocyanatopentacarbonyl- column; Florosil, 
manganese(I), amines, alumina 
phosphines, arsines, stibines 

CO,(CO)~. hfac coiumn; alumina 
FeKOL ICHSFe(CO)& column: alumina 
methyl thiocyanate 
anti- and syn-[CH,SFe(CO)& column; alumina 
fulvenes and iron carbonyls column; alumina 
Mlv, Cl-, Br- paper; high voltage 

electrophoresis 

Rh’u I?‘, PtIv, 
Cl’, OH- 

[Co(en)(gly)# 
I~4s~YhOxl- 
IRhKRhdCM- 
Bis[l,3-(2’-pyridyl)-l,2- 

diaza-2-propenatol- 
rhodium(IH) chloride 

r-&Co(trien)Cl,]Cl, 
H,Ox, K,Ox 

CoClz, en, glycine 
CoCl,, glycine, Ox- 
IRh@n),Cl,l+, [Rh@%Y+ 
RhCls, ligand 

Tris[l,3-(2’-pyridyl)- 
1,2-diaza-2-prope- 

nato]rhodium(III) 
chloride 

corresponding Cl01 

column; alumina 

column; alumina 
column; Dowex SOW, 

Dowex 1 
column; Dowex 1 
column; alumina 
column; alumina 

paper; high voltage 
electrophoresis 

column; Dowex 50 

column; Dowex 50 
column; Dowex 1 
column; Dowex 1 
column; Chromedia P-l 1 

(cellulose phosphate) 

column; Deacidite FF 
(anion exchange resin) 

86,87 

123. 
-. 

131 
34 

15 
142 
26,27 

7 

6,7 
155 

45 

75 
28 

80 
1.52 
12,12a-122 

11 

92 

106 
106 
51a 
6 

6 

a HAcac = acetylacetone; Acac = acetylacetonate ion; b en = ethylenediamine; Ham = amino 
acid; am = amino acid anion; ’ trien = triethylenetetramine; d gly = glycinate ion; val =valin- 
ate ion; %fac = hexaiiuoroacetylacetone; fat = hexafluoroacetylacetonate ion; r Ox = GOas-_ 

Coordin. Chem. Rev., 3 (1968) 409-428 
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the reaction yields are small or where the desired compound-is of high value such 
as.in the preparation of complexes of the platinum metals.. 

The general choice of ibn exchange column methods is again a logical one : 
for most preparations and putications. Whereas separation of product from reac- 
tants is usually quite easy, separation of product from by-products is often more 
difficult because of similarities in charge and structure_ Yet, even with ion exchange 
resins, it is possible to separate geometric isomers1 5*34*1 O”el O1. 

Use of silica gel, alumina, or cellulose as column adsorbents has been most 
frequent in cases where the complexes to be separated are of very similar charge 
to the reactants or where neutral complexes are involved. 

Table 3 summarizes some of the applications of chromatography to pre- 
parative coordination chemistry. The work of Connick and Fine34 illustrates the 
specificity of ion exchange methods. By using both cation and anion resins, they 
were able to separate other isomers from a solution containing the desired product 
[Ru(H,O)~CI,], and then were able, by chromatography, to identify the presence 
of two isomers of neutral trichloroaquoruthenium(II1) complexes. 

Another very useful preparative application of chromatography, on cellulose,. 
is that of Buckingham and co-workers 18*lg In studying the reaction between some . 

cobalt(III) hydroxoaquotetramiues and amino acids, they used cellulose chromato- 
graphy (paper, thin-layer, and column) to separate the resulting amino acid cobalt 
complex from unreacted amino acid and other reaction products. 

Thus far, preparative chromatography has been limited largely to octahedral 
complexes; only a few examples26~27*‘42, involving square planar complexes ap- 
pear in the literature. The technique is not limited to mononuclear complexes but 
has also been applied to polynuclear complexes5’“. 

D. SEPARATION OF DIFFERENT COORDINATION COMPLEXES OF THE SAME ELEMENT 

This type of chromatography of coordination complexes is very closely re- 
lated to the previous type except that here will be included those separations that 
are used primarily to study reaction kinetics and to determine the charge on a 
coordination species. 

The number of square planar complexes investigated is few compared to the 
number of octahedral complexes separated. Thus it is difficult at present to report 
whether the trends observed in the separation of octahedral complexes apply as 
-well to complexes of other coordination numbers. 

(i) Complexes with difirent charges 

In several publications23~5g*‘00~101~116~144, chromatographic separation has 
been used to follow the rate of hydrolysis reactions. In these reactions, an anionic 
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TABLE 4 

SEPARATION OF DIFFERENT COMPLEXES OF THE SAME ELEMENT BY CHROMATOGRAPHY 

417 

Complex Stationary phase Purpose Ref 

Co”’ amines 
Co”’ nitroammines 
Con1 nitroammines 
Co”’ nitroammines 
Co”’ nitroammines 
Co”’ amines 
Ethylenediamine-Z- 

propylenediamine complexes 
of co”’ 

ICo(NH3,XJ” 
Co”’ ammines 
[Co(en)zXB]a+~ (X = Cl, 

Br, NCS, NO3 
CCo(en),AcJ+b, 

CCo(en)4&~)Acl*+ 
ICo(en),Acl+, 

[Co(en),(H,0)Ac12+ 
Crs+, [Cr(HzO),(NCS)]z+, 

[Cr(HaO)4WCS)Jc 
ICr(%O)~Ox]+, 

[Cr(H,O),Ox,]-c 
[Cr(HIO)SX12+ 

(X = F, Cl, Br, I) 
Cr”’ ammines 
[Cr(en)NH,(H,O) BrJ_.] =+ 

(x=1,2,3) 
Fr(eu)~WW+, ECr(en)&M+ 
[Cr(en),ClJ+, 

[Cr(en)z(HzO)Cl]“+ 
Cr”’ amines 
[Cr(en),CM+, 

[Cr(en)z(H,O)Ci]z+, 
CCr(enL(H~O)JJ+ 

[Cr(en),FJ+, [Cr(en),(H,O)F]‘+ 
[Cr(trien)Ox]+d 
[Cr(en),Cl(NCS)]+, 

[Cr(en),(H,O)CIl*+ 
l?r(W.S),CM 
ClrCls(CO){(C,H,),PCH,),I 
EMo(COM(GH.)J’]- 

{(C&)sPO~I 
Pt” ammines 
Pt” amines 
Rh chloro complexes 

Ru chloro complexes 
Ru chloro complexes 

CRu(NO)(H,O),-,(NO,] ‘--I 

thin-layer; silica gel 
column; alumina 
paper 
ion electrophoresis 
paper 
paper 
cellulose 

ion electrophoresis 
paper 
ion electrophoresis 

column; Dowex 50 

ion exchange paper; 
Amberlite SA-2 

column; Dowex 50 

column; Dowex 50 

column: Dowex 50 

column; Dowex 50 
column; Dowex 50 

column; Dowex 50 
c&mm; Dowex 50 

thin-layer; silica, alumina 
column; Dowex 50 

column; Dowex 50 
column; Dowex 50 
column; Dowex 50 

ion electrophoresis 
thin layer; silica gel 
column: alumina 

paper 
thin-layer; silica gel 
ion electrophoresis; 

paper; ion exchange 
column; Dowex 50 
column; Dowex 50, 

Dowex 1 
column; Dowex 50 

identification 
charge identification 
separation 
charge identifi$ttion 
separation -. 
charge identification 
identification 

39 
61 
82 

102 
157 
158 
42 

follow kinetics 124 
separation 119 
separation 10 

follow kinetics 23 

follow kinetics 24 

separation 76 

follow kinetics 21 

separation, 117 
follow kinetics 

follow kinetics 123 
identification 59 

follow kinetics 116 
follow kinetics 100 

separation; identification SO 
follow kinetics 101 

follow kinetics 
follow kinetics 
follow kinetics 

charge identification 
identification 
identification 

identification 
identification 
charge identification 

identification 
identification 

identification 

49 
143 
144 

72 
30 
51 

4 
40 
96 

22 
33 

130 

a en = ethylenediamine; b AC = acetate ion; c Ox = CsOa*-; d trien = t&thylenetetmmine. 

Coordin. Chem. Rev., 3 (1968) 409428 
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ligand was replaced by water, resulting in an increase in the charge on the complex. 
One important limitation to the use of chromatography in the study of reaction 
kinetics is the fact that no further reaction should take place either with the eluent 
or between the resin or stationary phase and the adsorbed complex. This restricts 
the use of chromatography to inert complexes such as those of cobalt(III), chro- 
mium(III), and a few other elements, for which reaction times are long compared 
to the time required to chromatograph the substance. 

One of the commonest types of reaction of coordination complexes that has 
been investigated is a solvolysis reaction in which a solvent molecule replaces one 
of the ligands, usually an anionic ligand so that the resulting reaction product has 
a higher charge than the initial complex_ 

Here again ion exchange is the most popular method as would be expected 
for separations based on differences in charge. However, inasmuch as many of the 
separations were developed for the purpose of identification and characterization 
of ionic charge on a micro or semimicro scale, there are numerous examples of 
paper chromatographic, thin-layer chromatographic, and ion electrophoretic 
methods. In most cases, acidic aqueous solvents have been used with a variety of 
stationary phases. Although separation of octahedral complexes, especially those 
of chromium(II1) and cobalt(III), predominate, several examples of the separation 
of square planar coordination complexes have appeared in the literature_ 

It is interesting to compare the results in the first six references in Table 4 
for the separation of the various nitroamminecobalt(II1) ions, [CO(NH&_~- 
(NW,1 - - (3 x1+ Although different techniques (column, thin-layer, and paper chro- 
matography; and ion electrophoresis) were used in these experiments, in every case 
the ionic mobility could be related to the charge on the complex; the chromatog- 
raphic ionic mobility decreased with increasing charge on the complex_ In the 
case of ion electrophoresis, ionic mobility toward the eIectrode of opposite 
polarity from the charge was enhanced by the increased absolute charge on the 
ion_ 

In some cases, the chromatographic method was used specifically to char- 
acterize the charge on the complex. Kauffman el al.” and Maddock and Todesco’ O2 
both used ion electrophoresis in their studies of complexes of type wX,Y,] to 
show that what were supposedly two geometric isomers of a neutral complex were 
instead the neutral complex and one “polymerization” isomer. 

Yoneda’s recent study’ ” of the paper chromatography of some cobaIt(II1) 
amines, in which a 1~ aqueous solution of ethylamine was used as developer, 
suggests that the RF values can be correlated with the charge on the ion. Ions of 
3 + charge have RF = 0.10-0.20; 2+ ions, RF = 0.2U.30; 1+ ions, R, = OAO- 
0.60; neutral complexes, RF = 0.70-0.85; 1 - ions, RF= 0.85-0.90, and3- ions, 
.R, = 0.95-l -00. 

The work of Pollard, Banister, Geary and Nicklesslig is interesting for its 
inconsistency when compared to other similar separations of cobalt(III) amine 
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complexes. They found little relation between RF values and charge or geometry 
of the complexes-features that are present in all other research on the subject. 
They did report some secondary spots and considerable tailing in the chromato- 
graphy of some of their complexes, a fact which suggests that the complexes were 
undergoing some kind of decomposition either in solution or during the develop- 
ment of the chromatogram. 

(ii) Complexes with the same charge 

By the use of aqueous ethanol acidified with hydrochloric acid, Basolo et al. ’ 

were able to separate on paper the cis isomers of ~t(NH,),X,] (X = Cl, Br, 
I) from each otherand from the trans isomers, but not the trans isomers from 
each other. They accomplished the latter separations by use of acetone-water 
mixtures. 

Dwyer and Sargeson4’ employed partition chromatography on cellulose to 
study the composition of the reaction product obtained from I-propylenediamine, 
and cis-dichloro- and cis-dinitrobis(ethylenediamine)cobalt(III) chlorides. The sep- 
arations were repeated with a cellulose pulp column, and the complexes obtained 
in order of elution were L-[Co(Z-pn),]Cl,, L-[Co(Z-pn), en]Cl,, L-[Co(en), I-pn]Cl,, 
D-[Co(Z-pn)&13, D-[Co(Z-pn), en]Cl,, D-[Co(en), I-pn]CI,, and D,L-[Co(en),]CI,. 

E. SEPARATION AND IDENTIFICATION OF GEOMETRIC ISOMERS 

Most published separations of coordination complexes by chromatography 
involve the separation of geometric isomers of both octahedral and square planar 
complexes. These separations have been developed both for the preparation of 
isomericahy pure complexes and for the identification of reaction products. In 
some cases6p*71, separations have been carried out quantitatively, 

Whereas a number of separations of geometric isomers have been carried 
out on ion exchange resins, silica gel and alumina seem to offer sharper separa- 
tions, especially for complexes of low ionic charge. The latter two substrates are 
also popuIar in thin-layer chromatography. 

Certain limitations to the use of chromatography for the determination of 
geometric cotiguration must be noted. As Burwell et aZ_20 have pointed out, 
prolonged contact of some complexes with silica gel results in substitution of the 
silica gel for a ligand. For cobalt@Il) complexes, this substitution would undoubt- 
edly be enhanced by use of a basic solvent. For other complexes, proionged contact 
with a solvent might result in solvolysis reactions which yield a change in con- 
figuration. The thin-layer chromatographic separation of some cobalt(III) amines 
on silica gei *Jr Seiler, Biebricher and ErIenmeyer’33 seems to provide evidence 
b-sth for hydrolysis and for geometric rearrangement of some of the complexes. 

C’oordin. Gem. Rev., 3 (1968) 439428 
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Although they supposedly used pure complexes for their chromatograms, oa devel- 
opment more than one spot appeared. 

Isomerization on a silica gel column was observed with [Pt{(C4H,)3P),Clz] 
by Kauffman et aL71. The melting p oints showed that the recovered isomers were 
pure; the ratio of cis isomer to tram isomer had changed significantly although 
the total weight of both recovered isomers indicated that the separation was quan- 
titative_ 

Overwhelming evidence exists that for octahedral complexes developed with 
an acidic or water-containing solvent, the tram isomer is more mobile than the 
cis isomer. This regularity has been used, along with other evidence, to assign to 

MenM-W)FIZ+ a tram configurationr4*“. Burwell et aZ.*’ suggest that the cis 
isomer can have two points of attachment to the silanol sites of the silica gel or, 
by analogous reasoning, to the acidic sites of an ion exchange resin, whereas the 
tram groups, being on opposite sides of the complex, can attach at only one point. 
Even if the mechanism is one of mere adsorption rather than ion exchange, this 
trend should still prevail since the cis isomer would be more polarized than the 
tram isomer. As an interesting case in point we may cite Kyuno’s separationsgo’g1 
of [Co(NH,),(CO,) (NO,),]- and [Co(NH,),(C,O,) (NO,),]- on an alumina 
column. In both cases, the order of elution of the three possible geometric isomers 
was tram-NO, > tram-NH, > cis isomer. In terms of charge polarization, the 
least polarized ion is thus the most mobile. 

As a perusal of Table 5 will show, in a few cases involving square planar 
complexes ’ p64, exceptions are found to this general rule that the tram isomer is 
more mobile than the cis isomer. Exceptions to the tram > cis mobility rule are 
also found for octahedral complexes65~“5~‘30~‘40~‘41~‘57_ In the two papers on 
the paper chromatography of cobalt@) amine complexes by Stefanovid and 
Janji61409’41 and the one by Yamamoto, Nakahara, and Tsuchida’ 57, the cis 
isomer always exhibits a higher R, value than the corresponding tram isomer. 
Unfortunately, Yoneda’ ” did not attempt to separate geometric isomers by paper 
chromatography. He reported only the R, values for cis- and trans-[Co(en)2- 
(NCj,),]NO,, which were identical. In another study of the effect of ionic charge on 
mobility, Pollard et al.” g provide data only for cis- and tram-[Co(NH,),(NO,),]” 
where R,(trms) > RF(&). Despite Yoneda’s claim that even paper has ion ex- 
change properties, solvent properties may also play an important role in paper 
chromatography of charged complexes. 

A problem that has not yet been fully solved is the separation of geometric 
isomers of 2+ or 3+ charge. Unfortunately, separations on paper or thin-layer 
adsorbents are not as sensitive for the more highly charged ions as they are for 
thel+,or l--, or neutral complexes. Yet in the study of solvolysis reactions, it is 
the rapid determination of the geometric con@uration of the solvolysis products 
that is often crucial to the interpretation of the reaction mechanism. 

It may be in order to mention here separations of complexes which are iso- 
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TABLE 5 

SEPARATION OF GEOMETRIC ISOMERS OF COORDINATION COMPLEXES BY CHROMATOGRAPHY 

421 

Complex 

Trisbenzoylacetonates 
of Co, Cr, and Rh 

Tristrifluoroacetyl- 
acetonates of Co, Cr, 
and Rh 

Co”’ amines 
Co”’ amines 
Co “‘amines 
Co”’ amines 
Co”’ amines 
CCoW&M’JW,l+ 
CCo(NH,hCLl+. 

iC~WJ&hU-W)W+, 
ICoW-UCNOiM’ 

Co” amines 
I-WHd,rWd:1+ 
rrans(RS meso)- 

[CoL(H,O)Cl]--+ 
(L = 1,4,8,1 l-tetra- 
azaundecane) 

CCo(NH,hWW,I 
IcoW&h(NW,l+ 
[CW--LMNW:l+, 

UXen).OQM+” 
CCohO,(NO~,l+ 
[Co(en),Xcli 
[Co(en),X,]+ 
[Co(en),Cl,]+ 
[Co(en),XY]+ 
CCo@&WWZ 
[Co(en)EDDA]+, 

[CO(NH,),EDDA]+~ 
CCoG=n)(gly)J+c 
[Co(g~Y)@xl” 
[Co(en),(Ac)J+’ 

- 
Stationary phase Relative moMity Ref. 

column; alumina trans > cis 47 

column: alumina trans > cis 48 

paper tram > cis 82 

paper irregular 119 
paper cis > trans 140 
paper cis > tram 141 
paper no difference 158 
paper cis > ffans 157 
ion electrophoresis - 124 

thin-layer; silica gel 
column; alumina 
column; Dowex 50 

tram > cis 
rrans > cis 
- 

39 
99 
52 

ion electrophoresis tram > cis. 102 
column; Dowex 50 tram > cis 77 
column: Amberlite IR120 tram > cis 110 

paper cis > tfans 65 
column;Amberlite IR 120 trans > cis 111 
ion electrophoresis trans > cis 10 
column; Dowex 50 trans > cis 37 
thin-layer: silica gel trans > cis 133 
paper cis > rrans 65 
column; Dowex 50 trans > cis 97 

column; Dowex 50 
column; Dowex 1 
ion exchange paper; 

Amberlite SA-2 

trans > cis 
trans > cis 
tram > cis 

Bis(2,3-diaminopropionato)- column; Dowex 50 
cobalt(U) chloride 

[Co(en),(H,O),]J+ column; alumina 
[Co(en)OxWW21- column; Dowex 1 
[Co(en)Ox(NO~NCSl- column; Dowex 1 

ECo(N&),CO,WW:l- column; Dowex 1 

IC~(NHS)IO~PJO&I- column; Dowex 1 
[Co(alin)Jf column; alumina; 

thin-layer; silica gel 

ICr(H@),C~zl+ column: Dowex 50 
Tris(acetylacetanilido)- column; alumina 

chromium(III) 
Tris(acetyIacetanilido)- thin-layer; silica gel 

chromium(III) 
- 
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106 
106 
24 

50b 

trans > cis 61 
trans-NO, > cis 88 
trans > cis 89 
trans-NO, > tmns-NH, > cis 90 
trans-NO, > truns-NH, > cis 91 
trans > cis 25 

trans > cis 
tram > cis 

78 
135 

tram > cis 134 



422 L. F. DRUDING, G. B. KAUFFMAN 

Complex Stationary phase Relative mobility ReJ 

Cr”’ amines 
KWxMNHXH~OKW 
[Cr(en),ClJ+, 

CCr<enMH&JK~l~+ 
[Cr(en),(H,O)Cl]*+ 
[Cr(en),(H,O)NCS]‘+ 
CCr(e&(OH)J+ 
ICr(H,O),(NCS),]+ 
FxH,oKM+ 
Iron carbonyls 
]CHsSFe(CO),Iz 
cis-lir((C~H38S)3C131 
IcuWY),l= 
[Mn(CG)~W~HJzP]~SCNl 
Pt” ammines 
Pt” amines 
Pt” amines (mononuclear 

and bmuclear) 
Pt” amines (mononuclear 

and binuclear) 
[Rh:H,O):CI,]- 
CRu(H,G),Cl,I 
[Ru(H,O),CI,]+ 
IRuW,OMJaI 
[R~WNG-W),-~- 

(NWXI s”+(x< 5) 
CRuWO) (J&Ok_,- 

(NOaLl 3-I-1-(x> 5) 
WJACLI 

(L = (C,Hs)aS (WW3P) 
Alkyl and aryl derivatives 

of Pt” phosphines 
[CH,COMn(CO),_ 

P(GJG31 - 
PWH3)3X31 W = C!, Br, I) 
Ditolyltellurium(II) 
lPtC(C,HW+&I 
](~H&PAnSC(S)GRl 

(R - n or iso-propyl) 
Cu(3,4- or 3,5-iutidine),_ 

Cl,(x = 2 or 41 
pd(Et,dien)SeCN]+g, 

pd(Et&ien)NCSe]+ 

column; alumina 
column; Dowex 50 
column; Dowex 50 

tram > cis 
I > II 
lrans > cis 

9 
59 

100 

column; Dowex 50 tram > cis 101 
column; Dowex 50 irans > cis 144 
column; a!umina trans > cis 155 
column; Dowex 50 tram > cis 55 
column; Dowex 50 trans > cis 78 
column; alumina -I 14 
column: alumina anti > syn 28,79,80 
electrophoresis electrolyte > nonelectrolyte 72 
paper cis > lrans 64 
column; alumina - 155 
paper cis > trans 495 
thin-layer; silica gel tram > cis 40 
thin-layer: silica gel Pans > cis 69 

column; alumina trans > cis 71 

column; Dowex 1 tram > cis 15,50 
column; Dowex 50 tram > cis 32,34,50 
column; Dowex 50 tram > cis 33,50 
column; Dowex 50,l trans > cis 50,107 
paper - 130 

Zeo-Karb 225 cation 
exchange resin 

column; alumina, 
silica gel 

column; alumina 

cis > tram 130 

trans > cis 68 

trans > cis 26,27 

thin-layer and column; 
silica gel 

paper 
thin-layer; alumina 
thin-layer; silica gel 
thin-layer; silica gel 

cis > frans 115 

ortho > meta > para 
trans > cis 
n > is0 

5 
148 
68 
68 

thin-layer: silica gel 3,s > 3,4 

thin-layer; silica gel Se-bonded > N-bonded 

68 

68 

n en = ethylenediamine; b H,EDDA = ethylenediamine-N,N’-diacetic acid; EDDA = its bine- 
gative anion; ’ gly = glycinate ion; d Ox = GO,*-; ’ AC = acetate ion; f aim = &daninate 
ion; g Et&en = N,N,N’,N’-tetraethyldiethylenetetramine. 

merit by virtue of isomerism within the ligand itself, such as the TLC separations 
of di-o-, m-, and p-tolyltekrium(II) by Vobecky14* and of dichlorobis(n-, iso-, xc-, 
and t-butyl stide)platinum(II) (geometric isomers also), bis- or tetrakis-(3,4- or 
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3,5_lutidine)copper(II) chlorides, and O-n- or iso-propyldithiocarbonato(triethyl- 
phosphine)gold(I) by Kauffman 6 ’ . Work on the TLC separation of linkage i&ners 
is currently in progress in Kauffman’s laboratory. The separation of Se-bonded 
from N-bonded [Pd(Et,dien)SeCN] p(C,H,),] has already been achieved6”. 

F. RESOLUTION OF OPTICALLY ACTIVE COORDINATION COMPLEXES 

A rapid, efficient, and general method for separating optical isomers of 
coordination complexes has long been a goal sought by inorganic chemists. Indeed, 
Alfred Werner, the founder of coordination chemistry, used resolution to establish 
unequivocally the octahedral configuration for tripositive cobalt66*6 7. Often today, 
a structure-proof depends upon proving the existence of optical isomers. Pasteur’s 

TABLE 6 

RFSOLUTION OF OPTICAL ISOMERS OF COORDINATION COMPLEXES BY CHROMATOGRAPHY 

CompIex Stationary phase Purpose Ref. 

[M(Acac),la (M = Co, Cr) 

[Co(Acac),] 

Tris(hexafiuoroacetyl- 
acetonato)chromium(IlI) 

Hexakis(2-aminoethane- 
thiolo)tricobalt(III) cation 

CCo(en)#+, [Co(&%P 
Co L-methylxanthate 
trans-[Co(gly)EDDA]’ 
1,2,6-[co(aiin),p 
CCo(en)&l+ 
ECo(Aca&l. CR&+=&l 
[Co(Acac)J, ICr(Aca&l 
Cu, Ni p-ketoimines 
Vanadyl ketoimine and 

diketoimine 
Bisacetylacetonepropyi- 

enediiminooxovanadium(IV) 
W(Acac),l, CGa(A=&l 
Diphenylbis(acetylacetone- 

propylenediimino)tin(IV) 
Bis(N-R salicylaldimimo)MII 

(M = Zn, Cu, Ni, Co; 
R = C,H,, isopropyl, 
cyclohexyl) 

IrJiL]I&=N(-CH,-CHS- 
-N=CH-CsH.N)3 

alumina and D-tartaric acid; partial resolution 
D-quartz 
column and thin-layer; partial resolution 

D-qUartz 

o-quartz (gas chromatography) partial resolution 

Ion exchange cellulose total resolution 

starch partial resolution 84 
alumina total resolution 8.5 
starch partial resolution 98 
L-quartz partial resolution 25 
paper partial resolution 140 
D-lactose partial resolution 29 
D-lactose partial resolution 108 
D-lactose partial resolution 58 
o-lactose partial resolution 126 

D-lactose 

D-lactose 
D-lactose 

partial resolution 

partial resolution 
partial resolution 

D-qUiUt2 partial resolution 

cellulose partial resolution 

118 

46 

139 

16 

104,125 

109 
127 

46 

154 

a Acac = acetylacetonate ion; b gly = glycinate ion; ’ 
dinegative anion; d alaninate ion. 

EDDA = ethylenediamine-NJ+“-diacetate 

Coordin. Chem. Rev., 3 (1968) 409428 
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classical fractional crystallization of diastereoisomers, which is still the most widely 
used method of resolution, is tedious, inefficient, and not:always reliable. In a 
recent article on future developments in analytical chemist&. L. ByZRogers’2g 

predicts that a rapid quantitative chromatographic separation of optical isomers 
will be a major advance witbin the next five years. 

A few separations, on a small scale basis, have been reported, but most 
of these have yielded only partial resolution of the enantiomers. All of the methods 
are based on the presence of an optically active resolving agent in the station- 
ary phase. With neutral complexes, such as acetylacetonates and B-ketoimi- 
nes29.58.104,108,109,125,126, that are soluble in organic solvents, D-lactose has 
been used quite successfully. The chromatographic resolution of a pentacoordinate 
complex is of more than passing interest’25*126. In separations where aqueous 
solvents were used, D-quartz seemed to give the best results. 

A very tantalizing sentence appeared in Stefanovid and Janjid’s note14’ on 
the paper chromatography of some ethylenediamine complexes of cobalt(II1) in 
which they claimed to have separated, on paper, the optical antipodes of cis- 
[Co(en),Cl, 1’. However, in their subsequent paperL41, which gives a more detailed 
account of their experimental procedures, no mention is made of the separation 
of optical isomers. Perhaps their first reports may have been based on impurities 
in their developed cb.romatograms. 

While all separations to date (See Table 6) utilize a resolving agent in the 
stationary phase, a recent novel paper by Bosnich13 suggests that better results 
might be achieved by use of an optically active solvent. By use of r_-2,3-butanediol, 
he observed that a solution of cis-[Co(en),Clzlf slowly antiracemized to its active 
isomer. It is quite possible that such a solvent used in chromatography would 
preferentially desorb one enantiomer from silica gel, alumina. or cellulose, thereby 
achieving a rapid resolution. 

G. SUMMARY 

Recent applications of the various types of chromatography (column, thin- 
layer, paper, ion exchange, and electrophoresis) to the separation, preparation, 
identification, purification, and resolution of coordination complexes have been 
briefly reviewed. The techniques have also been used to study reaction kinetics and 
to determine the charges of such complexes. Despite the rapid progress in the last 
two decades, a few problems remain to be solved, such as the separation of geo- 
metric isomers of high iopic charge and more efficient resolution of optical isomers. 
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