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1. INTRODUCTION 

High-performance liquid chromatography (HPLC j has been applied extensive- 
ly to the separation of numerous organic and biochemically active compounds during 
the last 10 years. The technique has also been used for the separation of metal 
complexes and organometallic systems. although this application has not been as 
thoroughly studied. It is encouraging to note. however, that the amount of interest in 
utilizing HPLC for inorganic systems appears to be increasing during recent years. 
Other chromatographic methods such as gas chromatography (GC), thin-layer chro- 
matography (TLC) and “classical” (gravity feed) column chromatography (CCC) 
have also been used for the separation and determination of inorganic compounds. 
GC. however. is severely limited for separating metal-organic compcunds because 
the method usually requires co!umn operating temperatures at which many of these 
species either lack volatility or undergo decomposition. TLC and CCC suffer from 
difhculties such as long analysis times and lack of quantitative capability. In HPLC. 
the columns are usually constructed of stainless steel; the compounds of interest are 
thus isoIated from the atmosphere and light and they can be separated with degassed. 
inert mobile phases at ambient temperatures. The use of HPLC for determining 
inorganic metal complexes which are often unstable, tberefore, offers obvious ad- 
vantages over previously employed TLC. CCC and GC techniques. It should be 
noted, however, that stainless steel can sometimes reduce metal complexes, and one 
must be alert to this possibility_ 

This paper will update our earlier review’ on the Sante subject; some of the 
work which was covered in that paper will also be included here. The general subject 
of HPLC in inorganic analysis has also been reviewed recently by Schwedt’. We will 
review the application of HPLC for two classes of metal-organic systems: (1) or- 
ganometallic compounds and (2) metal coordination complexes. Any complex con- 
taining a metal-carbon bond will be considered under the organometallic classifi- 
cation_ Separations of organometallic complexes from coordination compounds and 
other substances will also be considered here. Within each of these two categories the 
subject will be subdivided into two classifications: (a) separations involving a single 
metal, (b) multi-element separations employing one or more ligands. The individual 
discussions have been organized according to ligand typ_ 

This review has been limited to those applications where metals are complexed 
prior to HPLC elution; work involving post-column derivatization of metal ions with 
a ligand is not included_ Also, ion-exchange separations of metal ions and metal- 
organic compounds primari!y of biological interest are not covered, though some of 
the latter are included for other reasons. This review includes applications which 
utilize most of the known HPLC modes of operation, i.e. liquid-liquid partition, 
liquid-solid adsorption, reversed-phase, size exclusion and ion-exchange chromato- 
graphic techniques. We have attempted to cover the literature through 1980 along 
with later articles which happen to be known to us. 
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2. ORGANOMETALLIC COMPOUNDS 

2.1 .I _ Aretre metal carbotyls 
The first use of HPLC for the separation of organometallic species \v-as report- 

ed in 1969’. A column containing Carbowas 400; Porasil C was used to separate four 
arene tricarbonylchromium complexes with isooctane as the mobile phase. The order 
of elution of these compounds (Fig. 1) is the inverse of that found with GC4 (see also 
ref. 43). The same experimental conditions were later used to separate the tvvo 
geometric isomers of 25dimethylnaphthalenetricarbonykhromiums_ The two 
Eeome*kc isomers of tricarbonyl[4b.5.6,7.S,Sa.q-C9.1O-dihydro-l.4-dimethosy-9. lo- 
o-benzenoanthracene)]chromium have also been separated_ both analytically and on 
a small preparative scale. on Carbowax 400jCorasil I as well as on uncoated Corasil I”. 

FiS. 1. HPLC separation of triczrbonylchromium complexes of (1) mesit>Iene. (1) Ix-sylene. (3) rokene 
and (4) benzene. Reprinted with permission from ref. 3 (Chemical So&et>. Londoo). 

Eberhardt er al.’ have reported an extensive investigation of the HPEC behavior of 23 
derivatives of benzenetricarbonylchromium on a Carbowas 400,‘Corasil column. 
Three tricarbonylchromium complexes of 9-phenylanthracene (1. II and III) have 
been separated on a preparative scale on silica with methylene chloride as eluents. 

2.12. Cwlopetttadietxl metal carbon& 
HPLC s&dies of tricarbonylcyclopentadienylman~anese complexes were first 

reported in 1973’. More recently, Vollhardt et al. ’ have separated a mixture of six 
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Fig. 2. Chromaro~lam of a mktxre of IV-IX. Reprinted with permissiong. 

dinuclear molybdenum complexes (IV-IX), using an Ultrasphere-ODS reversed- 
phase column with acetcnitrile-water (5:l) (see Fig. 2). 

{IV) R, = R2 = Ii (VII) R, = R, = H 
07 R, = CH,. R1 = H (VIII) R, = CH,, R1 = H 

rw R, = Rz = CH, (IX) R, = R2 = CH, 

Within each series of single or triply bonded molybdenum complexes, introduction of 
methyl poups on the cyclopentadienyl rings increases the hydrophobicity and thus 
also increases the retention time. 

2.1.3. Dicvciopentadienj-I complexes 

A system& study of the EIPLC behavior of 26 dicyclopentadienyl complexes 
of iron was reported in 1973’. Surprisingly. little HPLC work with this type of 
complex has appeared recently. One importam recent advance in HPLC techniques 
has been the development of element specific detectors. In particular, the inductively 
coupled plasma (ICI’) detector enables one to detect and quantitatively to determine 
complexes of a single element in the presence of complexes of other elements, even 
though these different complexes may not be separable under the chromatograpbic 
conditions used_ Gast et cd_ lo demonstrated the usefulness of this method of detection 
in the separation of ferrocene, acetylferrocene and diacetylferrocene on a silica se1 
column with toluene as the mobile phase. Hausler and Taylor” have used size exclu- 
sion HPLC @Styrage 100 A) to separate ferrocene and I,l’-diacetylferrocene from 
iron and copper coordination _compounds with toluene as elwnt and with ICP detec- 
tion. They have also separated ferrocene, acetylferrocene, 1 ,l’-diacetylferrocene and 
bis(tetrapqTazolylborate)iron(II) with pyridine elution12. McKone13 has developed 
an undergraduate laboratory experiment iswolving the separation of ferrocene, ace- 
tylferrocene and l,l’-diacetylferrocene on a Cl8 reversed-phase column with a meth- 
anol-water (3:l) mobile phase. 
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2.1.4. C_I-clope?liadietl~.I-c,Tlooleflcr complexes 

Sternberg and VollhardPL have described the reactions of linear diynenes with 
dicarbonylcyclopentadie-rylcobalt to form cyclopentadienyl-cycloolefin cobalt com- 
plexes (eqn. 1) 

The eso- and e&o-isomers were formed in approximately equal amounts in 65-75 “0 
yields and were separated on a preparative scale on a C,; reversed-phase column with 
dioxane-acetonitrile (535) eluent. For the IZ =+ case. z third isomer. presumably 
arising from hydrogen shifts. was also found. Trimcrhyisilyl derivatives of the above 
were also studied (see below). 

Severa! transition metal cluster complexes, in&ding H,Ru,(CO),~ and 

Ru,(CO),,. have been separated on a CIs reversed-phase column with methanol- 
water (3:l) as the mobile phase”. The reactions of a number of tetranuclear c!usters. 
including the hydride clusters HZRu,(CO),2 and H,Ru,(CO),~_ with carbon mon- 
oxide have been studied by Fox et a1_16; the course of the reactions was monitored 
by infrared spectroscopy and analytical HPLC and the products of the reactions were 
separated on a ,uPorasil column_ HIRuG(C reacts vvith carbon monoside in 
hesane at WC to produce Ru,(CO),~, RUG and Hz. H,Ru,(CO),~ firs: reacts 
with carb& monoxide to produce H,Ru,(CO),, and H,; the H,Ru,(CO),, pro- 
duced then reacts further as described above. The reaction of H,Ru,(CO)r3 is essen- 
tially first order in the cluster and hrst order in carbon monoxide (41-Ic’* = 12.5 
kca!!mol; LIP* = - 36.6 caljmol - ‘K). 

The first application of reversed-phase HPLC to organometallic compounds is 
apparently that of Graf and Lillya” who separated cis- and tralzs-tricarbonyl-(3.5 
hexadienone)iron; separations of similar c&-tram isomeric pairs for five other sub- 
stituted hesadienones and one substituted pentadienone are also reported_ The’ 
column contained ODS Permaphase, and 20% aqueous methanol was used as the 
mobile phase. This reversed-phase mode was chosen so that the synthesized tticarbon- 
ylirondienone complexes could be eluted in narrow peaks unobscured by large 
amounts of less po!ar starting materials which are strongly retained OR the column. 
The same authors’* also used HPLC to study the stereospecific synthesis of dienone 
iron tricarbonyl complexes by Friedel-Crafts acylation. Prydelg has reported the use 
of HPLC to study the thermal rearrangements of four isomeric 
tricarbonyI(phenylcycloheptatriene)iron compleses. A 5-m Hypersil silica column 
was packed under acetone and conditioned with diethyl ether follovjed by n-hexane. 
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Baseline separations of isomers, which differ from each other only in the position of a 
hydrogen atom in the 7-membered ring, were achieved in Iess than 5 min. Peak 
identifications were cor&rmed by -mass-spectral analysis. 

Reversed-phase HPLC has been used to monitor the reactions of Ru,(CO),, 
with 1,4-diazabutadienes (DAB) and of RuJCO),(DAB) with DAB“‘. The first of 
these reactions proceeds according to eqn _ 2 and leads to a product of the structure X. 

2 Ru,(CO),, f 3 DAB --, 3 Rul(CO),(DAB) i- 6 CO (2) 

For R = isopropyl, the reaction was found to be second order [first order in 
Ru,(C0)r2 and in DAB]_ For R = rert.-butyl (t-Bu) the reaction again seems to be 
second order. The rate of reaction of tert.-butyl-DAB is sIower than that of isopropyl 
(iso-Pr)DAB by a factor of 40. The reaction of Ru,(CO),(DAB) with DAB involves 
a complicated series of intermediates including those shown (XI-XIII). Notice that 
formation of these intermediates involves the making and breaking of carbon- 
carbon bonds. These and other intermediates were identified chromatographically. 
There is evidence for exchange of coordinated and free DAB when Ru,(CO),(iso- 
PrDAB) reacts with rert.-BuDAB. The HPLC characteristics of MI(CO),(DAB) (M 
=Ru. F e) on silica, CN-bonded, diol-bonded and ODS-bonded stationary phases 
have also been studied’ 1 _ 

WI) Wl) (X111) 

2.1.7. Meral carb_onF1 coorciination complexes 
The IM,(CO),(DAB) complexes discussed above, including the intermediates 

and final products of the reactions, also involve metal-nitrogen coordination and 
thus could be considered under this heading. The intermediates Xl and XII are bis- 
(alkylimino-alkylaminoethane) complexes (abbreviated as IAE). The capacity factors 
for silica, CN-bonded, diol-bonded and ODS-bonded stationary phases with a 
varietjj of elueq&s for Rul(CO),(r-BuIAE), Ru,(CO),(cyclohexyi-IAE), 
Ru,( CO),(cyctob~,.xyl LAE) and Mol(CO),( r-BuIAE) have been determined21. ICP 
detection has been used to follow the separation of a mixture of five molybdenum 
complexes. including tetracarbonylbipyridylmolybdenum, using gradient elution on a 
C, reversed-phase column lo Reversed-phase HPLC on a C, bonded-silica support _ 
has been used to study the reaction of Fe2(CO), with di-rert.-butylsulfurdiimine 
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Fi_e. 3. Example of monitoring the reaction of FeJCO), xith DBSD usins gradient elution. Chromato- 
grzz of samples taken from the mi-xture at wrious times: A. after 5 min: B. after 1 h: C. after 1 h: D. after 
34 h; E. after 3% h. Stationary phase: Zorbx. C-S. Mobile phase: gradient from 70 to 947, (v,v) 
methanol-wzter. gradient shape indicated in A. t = Toluene. Reprinted with permission’“. 

(DEED)“. Gradient elution with 70-947: methanol in water resulted in the separa- - 
tion of seventeen products within 30 minutes (see Fig. 
products identified are eiven below (XIV-XIX). ICP 
p!oyed with this systemG. 

3). Structures of some of the 
detection has also been em- 

Creber and Wanz3 have recently -ssed electron spin resonance as a detector in 
an HPLC system to demonstrate the’ formation of the 3,.5-di-zeert.-butyl-o- 
quinonetetracarbonylrhenium complex (XX)_ The stationary phase was Partisil-10 
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and the elueni w&s be;lzene_ This first successfu1 use of this detecticn mode hoids 
promise for future separations and studies of other organometallic radicals. 

t-1 2’. Memllocurbomrres 
The original use of HPLC for the separation of several pairs of cyclopen- 

tadienylcobaltacarboranes by Evans and Hawthorne? has been extended by Plzik et 
~1.“. Capacity factors on silica-gel columns with four different eluents were measured 
for eleven cycIopentadienylcoba!t complexes of boranes (mostly carboranes). includ- 
ing two bis-cyclopentadienyl complexes_ One such complex of iron was also included_ 
Though no actual separations of these compleses were reported, separations were 
shown to be feasible in many cases. Capacity factors for ten bis-carborane cobalt 
comp!exes with bridging groups between the carborane ligands are also reported. and 
a separation of the methosy-bridged complex from the ethoxy-bridged complex is 
demonstrated_ 

The importance of alkyl and aryl complexes of heavy metals. particularly mer- 
cury and lead, in environmental chemistry has brought about investigations of the use 
of HPLC for their separation and detection_ Early work by Fanasaka et aLz6, Brinck- 
man eC al.” and Botre et al.” has been discussed in our earlier review’. iMore re- 
cently, electrochemical detection has been used to monitor the separation of Hg-, 
MeHg-. EtHg’ and PhHg’ on an ODS column with 40 7: aqueous methanol con- 
taining O-06 mol,/l ammonium acetate and 5 - 1Om4 AI 2-mercaptoethanol at pH 5.5 
as mobile phasezg_ The separation of ?AePh,Sb-. Et,Pb’, Me,Pbf and MeHg; on 
LiChzosorb NH2 with the same eluent minus th e Zmercaptoethanol is also reported. 
MacCrehan and Durst3’ have used di.TerentiaI-pulse electrochemical detection with 
an‘ODS column and the same eluent tr separate MeHg’, EtHg+ and PhHg’_ Good 
separations were obtaines cv~n in :he r;esence of interfering reducible cations such as 
Cd’ i _ Pb’ T ana Cu’ t _ The method has been used for quantitative determination of 
metfryl mercury in tuna hsh and shark meat. MacCrehan’l has recently discussed the 
advantages of differential-p&e detection (DPD) of organometallic cations; Me&l, 
Et,Sn’ and n-Bu,Sn are simultaneously detected after separation on a cation- 
exchange column. Alkyltin cations can be more reliably measured with DPD than 
with amperometric detection_ 

Gast and Kraak3’ have reported the separation of organomercury compounds 
on a silica-gel,column with loo/, butanol in n-hexane saturated (ca. 0.01%) with 
tetramethylammonium chloride as eluent. Clean separations of mixtures of diphenyl- 
meicury, propylmercury bromide, ethylmercury chloride, methylmercury chloride 
and phenylmercury chloride were achieved with an elution time of about 20 min. 
Reversed-phase chromatography on a Cs column with 40 % acetonitrile in 0.1 IW 
aqueous sodium bromide (pH 3.5) was also shown e!Tectively to separate a mixture of 
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mercury(l1) chloride. methylmercury ch!oride, ethylmercury chloride. propylmercury 
bromide and 3chlorophenylmercury acetate. Both UV detection at 205 nm and post- 
column derivatization (dithizone) were used. For alkylmercury compounds. the 
lowest limit ofdetection (SO ppb. 10’) was obtained with dithizone reaction detection 
while for the phenylmercury compounds. UV detection was most sensitive (60 ppb). 
ICP has been used for the detection of alkylmercury compounds and of lead com- 
pounds in gasoline _ _ lo This detector shows enhanced sensitivity for alkylmercury com- 
pounds compared :o UV detection; ICP detection shows clearly the presence of four 
!ead compounds in the gasoline sample while UV detection reveals only a very broad 
band of unseparated components. 

Burns ef ~1.~’ have compared _gas-liquid chromato,sraphy (GLC) and HPLC 
for the *aration of tin tetraalkyls and alkyltin halides. For ethyltin compounds. 
they found that both GLC and HPLC are satisfactory for identification and quantita- 
tive applications. The detection limits for GLC are smaller than those of HPLC 
(difFerentia1 refractometric) by factors of 05. However. for methyltin compounds. a 
redistribution reaction (eqn. 3) occurs on the GLC column so that it was not possible 
to examine ail four methyltin compounds simultaneously. Reversed-phase HPLC 
witI: acetone-lz-pyntane (60:40) elution produced a satisfactory separation (see Fig. 
4). Vickrey Ed al.“’ have described an off-line HPLC-graphite-furnace atomic-absorp- 
tion sampling procedure which offers certain advantages; this is illustrated by the 
reversed-phase C,, chromato,oraphy of tetraphenyllead. Parks et aL3' have described 
the use of saphite-furnace atomic-absorption detection with size-exclusion HPLC 
and reversed-phase HPLC for characterizing controlled-release biocidal organometal 
macromolecules such as organotin silicates and poly( tri-fz-butyltin methacrylate- 
methyl methacrylate). Among the compounds studied by Hausler and Taylor’ ’ using 
size-exclusion HPLC with ICP detection are Ph3Si-C z C-SiPh,_ Ph,Si-CH 
=CHCH,. Ph,Pb and (CH,CH = CH),Pb. 

(CH,),Sn + CH,SnCl, + (CH,),SnCI + (CH,),SnCI, (3) 

Fig. 4. Chromztogran of admixture of (1’ (Cil,),Sn, (2) (CH,),SnCI. (3) (CH,)ZSnCI, 2nd (4) CH,SnCi,. 
Reprinted with permi~~ion~~. 
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2.2. Complexes containin, = two or more di__ferent metais 

2.2.1_ C~ciopentadienSc_vclooleJn complexes 
The work of Sternb&g and Vollhardtra on the reactions of diynenes with 

dicarbonylcyclopentadienylcobah has already been discussed in section 2.1.4. SimiIar 
reactions with trimethylsilyl-substituted diynenes have also been carried out leading 
to trimethylsilyl-substituted cycloolefin complexes. When e_ro- and elzdo-isomers were 
formed (eqn. I), these were found also to be separable on a reversed-phase C,, 
column with dioxane-acetonitrile (5:95) as eluent. Gesing and Vollhardt36 have 
studied the reaction of 1,6-bis(trimethyisilyl)-1.5hexadiyne with dicarbonylcyciopen- 
tadienylcobah. Eighteen characterizable complexes were isolated from these reac- 
tions_ including cyclobutadienecobalt-, cyclopentadienonecobalt- and cobalt 
cluster-$-C5Hs complexes_ Nine of these complexes, all trimethylsilyl-substituted 
cyclobutadienes. eluted as a single band from alumina with diethyi ether, but were 
separable on an ODS reversed-phase HPLC column. The structure of one of these 
complexes is shown (XXI); this is typical of the compounds synthesized and sep- 
arated_ An extensive discussion of the use of reversed-phase HPLC as an analytical 
and preparative tool for the characterization and isolation of organometallic com- 
pounds_ especial!y CpCo complexes of cyclobutadienes and cyclohexadienes, has 
recently appearedg. 

7 7 7 Metal cluster compieses --___- 
H2FeRu3(CO),, has been separated from H,Ru,(CO),, and Ru,(CO),. on a 

Cl8 reversed-phase column using methanol-water (3:1) as eluer@. LJV irradiation of 
‘benzene solutions of HFeCo(CO),,(PPh,), gives at ieast three products which are 
separated by elution with methanol-water (4:1)‘5.3’. Reactions of the mixed-metal 
tetranuclear clusters H,FeRus(CO),,~ H,FeRu,Os(CO),,, H,FeRuOsl(CO),,, 
H,FeRu3(CO)rI, HCoRu,(CO),,, H2FeRu3(C0)r2L (L=PMe=Ph, PPh,). 
[MFeRu,(CO),,]- and [CoRu,(CO),,]- with CO under relatively mild conditions 
have been monitored by infrared spectroscopy and by analytical liquid chromatogra- 
phy and the products separated by HPLC r6. These reactions result in fragmentation 



HPLC OF ORGANOME-FALLIC COMPOLTNDS 71 

to give trimeric and monomeric products which are greatly dependent on metal com- 
position and/or structure_ The tetrahydride cluster H,FeRu,(CO),z first reacts with 
carbon monoxide to produce H1 and HzFeRu,(CO),j, the latter then fra_menting to 
form Ru,(C0)r2, Fe(CO)s and Hz. The last reaction proceeds largely by a second- 
order, [CO]-dependent path for which AHo* = 20.0 f 2.0 kcaljmol and A2? = 
-254 i: 5.5 cal@ol - ‘EC) [c;‘: values for HIRu,(CO),, given in section 2.1.5_]. 

? 7 3. Meral carbotz_vl cottzpies-es contaitzitlg olejitz-type Iigatwls ___. 
The work of Gast and Kraak” on diazabutadiene complexes of the general 

formula iMI(CO),(DAB) discussed previously (section 2.1.6.) includes a study of tlvo 
mixed metal species, CoMn(CO),(iso-PrDAB) and COIM~(CO),(E-%DAB). Ca- 
pacity factors for these complexes OR silica. CN-bonded_ die!-bonded and ODS- 
bonded stationary phases with a variety of eluents were measured. 

2.2.4. rilXr1 and arrl cotttpies-es of’inaitt grorip ftleiah 
.4mong the comp&nds studied by Hausler and Taylor” were three mised 

metal species, PhsSnC -CSi(Ph)lC =CSnPh3, Ph,SnC = CSiPh, and Ph,PbC = 
CGePh,. After size-exclusion HPLC. a refractive-index detector showed separation 
of the first of these from the other two. Detection of Sn species by ICP shows 
separation of the first two compounds while Pb monitoring shows a single peak for 
the last compound. 

The recently discovered ability of zerovalent triphenylphosphine complexes of 
p!atinum and palladium to insert into Hg-C and Iti-M’ bends (M = Hg, Cd. Zn; M’ = 
Ge. Sn) has resulted in the synthesis of a number of organometatiic compounds 
containing polymetaliic chains. Germylpahadium and germylplatinum complexes 
were also synthesized by o.xidative insertion of palladium and platinum triphenyl- 
phosphines into Ge-H bonds. Bochkarev et al. 3s have used silica columns with UV 
detection (254 nm) and n-hexane-diethyl ether mixtures as eluents to separate penta- 
fluorophenyl compleses containin, 0 Ge-Hg-Pt-Ge. Sn-Hg-Pt-Ge and Ge-Cd-Pt- 
Ge groups. These complexes cannot be separated by GLC because of low volatility 
and hmited thermal stability. HPLC makes it possibIe to monitor the reactions in- 
volved and to obtain information on relative reaction rates. mechanisms and stabil- 
ities of reaction products. 

3. ME-i-AL COORDINATION COXfPLE_XES 

3.1_ Sepat-at forts of sitrgie-eieinenr tnrtlri-ligatrci coot-ciiirarioti cotttppleses 

A number of reports have appeared in which coordination complexes of the 
same metal with a variety of ligands are separated by HPLC. Many of these studies 
have led to interesting observations concerning stereochemical, kinetic, thermody- 
namic and structural prcperties of metal coordination compounds. 

3.1-i. fi-Dikerorrares 
The elution behaviour of various &diketone ligands and @iiketonates of 
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Cr( III) on size-exclusion columns has been studied by Saitoh et al-j9 and by Suzuki er 
ni-20_ In the initial paper. acetylacetone and its Cr(III) chelate were selected as model 
compounds for studying their gel chromatographic behavior on Merckogel OR- 
200039. T\vo polv(vinv1 acetate) gels and two polystyrene gels were investigated in the . 
later worka’. The ligands included acetylacetone, trifluoroacetylacetone, benzoylac- 
etone. furoyltrifluoroacetone. benzoyltrifluoroacetone. theonyltrifluoroacetone and 
dibenzoylmethane. as well as their corresponding Cr( III) chelates. It was found that 
the elution order of neither the&diketone ligands nor their Cr(II1) chelates on any gel 
followed the expected order of their molecular weights; the distribution coefficients of 
the ligands and chelates were found to depend strongly on the gel and cou!d not be 
correlated v\lth the molecular weights of the compounds_ 

A recent communication by Noda er al_ -(I demonstrated the feasibility of gel 
permeation chromatography for the separation of mised-ligand complexes of several 
beryifIium(I1) /I-diketonates. The chelates studied included the bis(acetylacetonato), 
the bis(theonyltrifluoroacetonato) and the mised-ligand complexes. 

Eden er ni.” employed normal-phase HPLC on silica for the separation of 
pairs of geometrical isomers of octahedral cobalt( III) and chromium( III) chelates of 
trifl uoroacetylacetone [H(TFA)], benzoylacctone [H( BAA)] and 2,2_dimethylhesane- 
3.5dione [H(PAM)]. Both isocratic and gmdient elution modes were used with UV 
detection at 254 nm. It was found that adsorption HPLC Lvith a mobile phase of 
medium polarity (6”; acetonitrile in methylene chloride) permits ready resolution of 
isomer pairs of non-volatile complexes such as Co(B_i\A), and Co(PAM),. In all 
cases. it was found that the mer isomer elutes before the fat isomer, and for a given 
ligdnd, chromium complex isomers elute before the analogous cobalt species. The 
authors also found that it %vas possible to achieve good resolution of mixed ligand 
complexes of chromium with hexafluoroacetylacetone [H(HFA)] and HTFA using 
either isocratic or gradient elution. 

Xcetylacetonato-cobalt(II) and -cobalt(III) complexes as well as those of 
copper(I1) have recently been separaied using size-exclusion HPLC and detected with 
an ICP atomic-emission spectrometer by Hausler and Taylor”. 

3.12. /3-Ketoamines 
&den et a1.43 applird reversed-phase HPLC successfully to the separation of 

neutral tetradentate chelates of copper( nickel(I1) and palladium(Ii) with a range 
of fluorinated and non-fluorinated p-ketoamine and salicylaldimine ligands A 
bonded octadecyl substrate was used as the reversed-phase functionality. and elution 
was carried out isocratically using methanol-water-acetonitrile. UV detection at 2% 
nm was employed_ The separation of the N.N’-ethylenebis(acetyIacetoneimine) 
[H,(en_AAl)]. N.N’-propyienebis(acetylacetoneimine) [Hl(pnAA2)] and N,N’- 
butylenebis(acetylacetoneimine) \Hl(bn.4A,)] chelates of nickel(I1) showed that sub- 
stitution of methyl groups into the ethylene bridge leads to greater partition on the 
Cls substrate and longer retention times. It is interesting to note that the order of 
elution is the reverse of that noted in gas chromatography for the same compounds 
(see also ref. 3). Other interesting variations of retention and resolution as a function 
of ligand structure and the metal used are reported in this paper. 
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3_1_3_ H_rdra=ones 
Gasparrini et al_= have sepacated several palladium(l1) complexes of sub- 

stituted hydrazones on a LiChrosorb DIOL column with n-hesane-dichloromethane 
mixtures. Complexes which were separated included those of the type tralrs-[PdL,Cl,] 
where L is the substituted hydrazone ligand. Ligands lvhich were studied included the 
N-methyl-N-phenylhydrazones of methyl isopropyl ketone. of diethyl ketone. of 
methyl-n-propyl ketone. of acetone and of aceta!dehyde as weI1 as the N-N- 
dimethylhydrazone of acetone. Mixed ligand complexes of the type r!-a&PdLL’Cl,] 
were also studied_ They found that unmodified silica columns were not elective. as 
the compleses were generally unstable and strongly adsorbed_ The LiChrosorb DIOL 
cclumn \vas found to be very e&ctive and permitted the use of non-polar mobiI+ 
phases in which the complexes were readily soluble. A number of sis-component 
separations \\ere reported usin g either isocratic or gradient elution operating con- 
ditions_ It was aiso found that the capacity factor (X-‘) decreases as the chain-length of 
the ketone increases. a result which is consistent with normal-phase HPLC separa- 
tions_ The high sensitivity of the technique permits trace amounts of these complexes 
to be determined. The method can also be employed to monitor the progress of the 
synthesis of these complexes and can pro\ idc information about their purity and rate 
of ligand exchange. 

3.1.4. Ditiriocarbanzates 
A distinct advantae of the use of the dialkyldithiocarbamate (DTC) anion 

over many other ligands is its insolubility in organic solvents and its ability to form 
complexes with many metal ions. Extraction into o_= reanic solvents transfers only the 
neutral chelate. leaving behind excess @and. Hence. DTC compieses lend themselves 
uniquely to HPLC studies. 

Lis’ka et al.” ha-/e sttldied the separation and identification of a series of 
nickel(I1) bisdialkyldithiocarbamate complexes by HPLC. Silica gel was used as the 
stationary phase and chloroform-cyclohesane mistures as the mobile phase with UV 
detection at 325 nm. The capacity factors (A’) of a series of DTC complexes from the 
dimethyl- to dioctyl- \vere measured as a function of mobi!e phase composition. It 
was found that there was a substantial influence of the N-alkyl substituent and the 
mobile phase ccmposition on the capacity factors; the limit of detection was in the 
ran-e of lO-g-lO-1o M Ni(II)_ The separation and quantification of Ni(iI)-DTC 
co:plexes was found to be severely complicated by the for,maticn of new complexes 
via ligand eschanse reactions_ These side reactions were investigated further in a later 
paper by LiSka ef aI_16. in this study it was observed that a third compound was 
formed for every pair of Ni(IH) complexes with different N-alkyl substituents. For 
esample, a mixture of nickel(I1) bisdiethyl- and bisdihesyl-DTC separated hy either 
HPLC or TLC produced a mixture of three substances of which two were identical 
with the original symmetrical compleses. it was demonstrated that mised-l&and 
compleses were formed by ligand-eschange reactions in solution. The results were 
ver&d by TLC analysis_ Some of these compounds could be isolated and were 
characterized by molecular-wei@x determinations and elemental anaiysis. The HPLC 
separation of multi-ligand DTC complexes of Cu(lI). Co(II), Zn(E1) and Ph(ii) was 
reported in a subsequent paper by Lehotay er al.“‘. It was demonstrated again that 
symmetrical Zn(EE) bisdiaikyl-DTC complexes as well as symmetrical Pb(I1) bisdial- 
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kyl-DTC complexes used to prepare the sample mixture produced mixed ligand 
comp!exes as described by the equilibrium shown in eqn. 4. 

MA, + MB, =: 2 MAB (4) 

This reaction was found not to occur between bisdialkyl-DTC complexes of Cu(II) or 
Co(II). A typical chromatogram showing the separation of Zn(Ii) bisdialkyl-DTC 
compleses is shown in Fig. 5. The authors have concluded from this work that HPLC 
is an effective method to separate mixtures of metal bisdialkyi-DTC complexes. 
although the determination of these compounds in the environment or in fungicides is 
hindered by the ease with which ligand exchange betlveen them occurs. 

Fig. 5. Separation of Zn(II) bisdialky*-DTC complexes. Mobile phrw: chloroform qclohexane (10:9ti). 
Column: 25 x 0.46 cm_ LiChrosorb Si 60. particle size i0 icm. Peaks: 1 = inert substance; 1 = Znfll) 
bisdibutyl-DTC: 3 = mixed-ligand complex. Zn(I!) dipropgl-DTC dibutql-DTC; 4 = Zn(lI) 
btiipropyl-DTCr 5 = Zn(II) dieth+DTC dibutyl-DTC: 6 = Zn(il) diethy:-DTC dipropyl-DTC: 7 = 
Zn(II) bisdicthyl-DTC. Reprinted with permission’-. 
: 

Mofiyasu and Hashimoto” have carried out additional studies on the lability 
of ternary Ni(I1) chelates of DTC by HPLC. They describe an HPLC method to 
determine the kinetic rate constants for the formation and disproportionation of 
these complexes_ They verified that thoroughly deactivated silica columns produced 
satisfactory chromatograms for Hg(I1). Cu(II), Ni(I1) and Co(II1) without dissoci- 
ation of the chelates during chromatography. Contrary to the findings of Lehotay et 
aL4’. Moriyasu and Hashirnotol’ found that the Cu(I1) chelates are more labile than 
those of Ni(I1) and that durin g chromatography, disproportionation did in fact 
occur. Moriyasu and Hashimoto*8 also state that Lehotay er aLa claim non-lability 
for Co(ISI) complexes. This is incorrect; Lehotay er al. claimed non-lability for Co(I1) 
complexes. Moriyasti and Hashimotozg. have also done a more extensive kinetic and 
equilibria HPLC study of dialkyl-DTC chelates of Ni(iI) and Cu(I1). The equilib- 
rium of ternary complex formation from two symmetrical complexes is the same as 
that shown in eqn_ 4. They found that the HPLC separation process was sufficiently 
rapid, and that kinetically unstable ternary complexes can be eluted without dis- 
proportionation during chromato_graphy. It was found pos$ble to halt the progress 
of fast e:rchange reactions at the moment of injection. The chromatograms, therefore. 
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indicated the concentration of the species before chromatography. facilitating the 
determination of equilibrium constants for the Ni(II) and Cu(II) chelates. The 
equilibrium equation for the process shown in eqn. 4 is given in eqn. 5. 

Experimentally determined K values were always found to be 4.0. The authors sug- 
gest that disproportion&ion takes p!ace by collision of two ternary metal chelates. the 
rate constants being on the order of IO’-10’ I/moi - set for Ni(II) chelates and IO3 
limo1 - set for Cu(II) chelates_ 

The interesting possibility of simultaneously determining Cr(III) and Cr(VI) in 
waste water by separating the complexes of these chromium species with ammonium 
pyrrolidinedithiocarbamate using reversed-phase HPLC has been examined by 
Schwedtso. Reaction conditions and products were examined and the procedure vvas 
found to be applicable to the simultaneous determination of both chromium species. 
Tande et ~1.‘~ have used DTC for the simultaneous determination of Cr(III) and 
Cr(VI) in water by means of reversed-phase HPLC with methanol-water (65:X) 8s 
the mobile phase and L’V detection at 254 nm. They found that at room temperature 
and pH 5.S. DTC reacts with both Cr(II1) and Cr(V1). Detailed examination of this 
reaction by HPLC revealed that three products were formed. an unidentified disulfide 
and two chromium-DTC chelates of different composition_ 

Paired-ion HPLC is rapidly becoming very useful and popular for the separa- 
tion of ionic compounds on reversed-phase columns. This can be accomplished by the 
addition of a counter-ion (usually an ionic alkyl compound) to the mobile phase 
causing the ionic species of interest to form ion pairs. The ion pair behaves as though 
it were a non-ionic. neutral species. thus favoring sorption on hydrophobic stationary 
phases. The mechanism and application of reversed-phase paired-ion HPLC has been 
described estensiveIy”-“. It can be seen, therefore, that this chromatographic tech- 
nique is especially useful for reversed-phase HPLC studies of cationic and anionic 
complexes. an area which has received very little attention thus far. 

Valenty and Behnken” have reported the first use of reversed-phasepuireri-ion 
HPLC to separate ionic metal complexes. They investigated the elution of the diester. 
monoester-monocarboxyIate and dicarboxyiate derivatives of Wis(2,2’- 
bip,yridyl)ruthenium(II)_ These compounds are of interest because they can be em- 
ployed as photopromoted electron transfer reagents and they can be distinguished on 
the basis of water solubi.rty and molecular charge as shown in the hydrolytic reac- 
trons of I and II (eqn. 6)1- 

(6) 

1. R = R = C,,H,, IV. R = C,,H3- III 

II, R = R = C,H, V, R = C&I5 
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Linear gradient elution with aqueous tetrahydrofuran (THF) containing ion-pairing 
reagents was used on a reversed-phase C,, column. Eluted components were moni- 
tored with UV detection at 2% and 280 nm. The ion-pairing reagents which were 
added to ;he mobile phase were 0.015 2-i methanesulfonic acid (for the separation of 
I, III and IV) and 0.005 M heptanesulfonic acid (for the separation of II. III and V). 
The chromatogImrn in Fig. 6 shows a separation of II, III and V accomplished in 11 
min with a linear gradient programmed from 10 to 40% THF in water_ The order 
of elution is exactly what one would predict; compound III is the most polar, al- 
though it has a net charge of zero; the two carboxylate groups cannot form an 
ion pair with the counter ion since they are anionic. Compound II is the least 
polar. even though it has a net cationic charge of t-2, and can thus form a relatively 
non-polar ion pair with the sulfonate counter ion. This paper is a particularly interest- 
ing example vvhich illustrates the versatility of paired-ion reversed-phase HPLC for 
the separation of ionic metal complexes_ 

Fig. 6. Reversed-phase paired-ion HPLC separation of tris:1,2’-bipyridyl)ruthenium(Il) derivatives. Chro- 
maro_gams of the hydrol>xis reaction of II in aqueous 1.0 _ IO-’ Ji pH 10 borate buffer. Traces shown at 
reaction times of 0, 7.5. 21. 90 and r min. The diagonal line across the figure shows the composition of 
mobile phase mith 0.005 3f n-heptanesulfonic acid buffered LO pH cn. X5_ Reprinted with permission from 
ref. 5-f (American Chemical Society). 

3. I -6. ED TA , etl~~lenedi~mi~es and amino acids 

Jones and Manahan”’ have demonstrated that copper(I1) chelates of EDTA. 
NTA (nitrilotriacetic acid), EGTA [et_hylenebis(oxyethylenenitrilo)tetraacetic acid] 
and CDTA [( 1,2-cyclohexylenedinitrilo)tetraacetic acid] can he separated by HPLC 
using a S-cm weak anion-exchange resin column and an aqueous 0.05 M ammonium 
sulfate mobiie phase. The eluted copper chelates were detected by atomic absorption. 
The chelates were observed to elute from the column as a function of charge and size 
in the order: Cu,(EGTA). Cu(NTA)-, Cu(EDTA)‘-_ Cu(CDTA)‘-. This analysis 
was developed principally to determine chelating agents as pollutant components of 
natural and waste waters. The chelated copper ion, added to the ligand mixture, 
served as a convenient “indicator metal“ to provide sensitive and selective detection 
of the ligands by atomic absorption. This work illustrates the utility of atomic absorp- 
tion as a species-specific detector_ Yoshikawa et ~1.~~ have also reported an ion- 
exchange HPLC separation of cationic and anionic mixed ligand complexes of 
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Co(llI) with NH,. NO,-, en. dien, trien. carbonate. oxalate. EDTA and imino- 
diacetic acid_ Separations were achieved on strongly acidic and Strom& basic resins 
using aqueous sodium chloride, and U?’ detection at 254 nm. The method was ap- 
plied to kinetic studies and isomer separations_ 

It has been shown recently by Warner and Le& that the geometric dia- 
stereoisomeric forms of en-amino acid-Co(III) complexes can be separated bv ana- 
lytical and preparative HPLC on Whatman f-P-1 (IO-20 pm) silica particles m&n an 
isopropanol-triethyIammonium bicarbonate (7030) buffer system (ptf 9). The absorb- 
ance at 510 nm was monitored. The complexes studied included [Co(en),tyr]‘-. 
[Co(en)+sp]‘* and [Co(EDDA)(en)]-. where tyr = tyrosine, asp = asparagine and 
EDDA = eth:rfenediaminediacetic acid. Even though complete resolution was not 
achieved for the diastereoisomeric [Co(en),aa]’ r complexes (aa = amino acid). the 
compounds were rapidly separated from several other mixture components and mir- 
ror-image circular dichroism spectra were generated. Typical analytical and prepara- 
tive chromatoSrams for [Co(en),(tyr)]’ T are shown in Fig_ 7_ The s~zz-L’is and rtns_~~~~~- 
cis isomers of [Co(EDDA)(en)]- were also rapidly and completely resolved by this 
method. The results were consistent with those previously obtained by iI._C. 

Fig. 7. Analy,ical and prepzratile separations of [Co(en),(tyr)]‘- diastereomers. Analytical separation 
conditions: flow-rate. 6 ml,min; approximately 1 mg of mixture acre applied in a IO-/tI sample %olums; 
elution monitored at 510 nm_ Preparative separation conditions: fio~v-rate. 3 ml,min_ aoproximatel\ 100 
rn_g of mixture were appkd in a SOO-~1 sample volume with ;1 IO-mitt Hoa program: e&on monitored at 
510 nm. Reprinted with permission from ret 57 (America Chemical Society). 

Paired-ion reversed-phase HPLC was recently employed by Buckingham er a/_ 

for the rapid separation of similar cobalt(lIL) bis(ethylenediamine) amino acid com- 
pIexes”_ The complexes studied were of the diastereomeric type d[Co(en)2aa]X1 
where aa represents an amino acid (gly. pro. val. leu or phe). It was possible to 
separate these five complexes on a reversed-phase packing in Iess than 15 min with p- 
toluenesulfonate or hexanesulfonate as the pairing-ion. The complexes were detected 
at 480 nm. It was shown that these complexes elute in the order of the relative 
hydrophobicities of the parent amino acid. At high sample loadings, concentration- 
dependent peak-splitting effects were noted. 

A reversed-phase paired-ion separation of L-methionine dipeptide complexes 
of paltadium(l1) was recently reported by .Lam-Thanh et aL5'. They used quaternary 
ammonium salts as the pairing ions with UV detection at 30 nm. 
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3.1.7. Carbonates, benzoates and camphorates 

Strazza and Polcaro have used HPLC for rapid separations of relatively labile 
carbonate- and benzoatocobalt(II1) complexes formed in solid-state reaction@‘. In- 
cluded in the study vvere the cis and tram forms of [Co(en),Cl,Ji and 
[Zo(en),(OCOC6Hs)~]‘_ HPLC was performed on a silica coIumn (10 p particles) 
using a gradient which was pro _mammed from an eluent which was a mixture of 95 y/, 
ethanol. 2-propanol and 25 ?A aqueous ammonium nitrate to an eluent consisting of 1 
&I acetic acid in methanol. The column effluent was monitored at 340 and 580 nm 
respectively for each of the two separations. 

An interesting HPLC separation of the four diastereomers of tris[( +)-3- 
acetylcamphorato]chromium(III) on Corasil II with 15 74 THF in n-hexane has been 
reported by Minor and Everett6r_ Retention times were 12 min for d-tram, 14 min for 
:I-trans. 20 min for rl-cis. and ca. 50 min for A-cis. 

3.1.8. Diphosphomtes 

Diphosphonate complexes of technetium-99m are widely used as skeletal imag- 
ing agents in nuc!ear medicine_ A typical skeletal imaging agent is prepared on the 
day of use by mixing ggmTcO~t- and its daughter “TcO,- with a reducing agent 
(Sn”. NaBH, or NH,OH), a diphosphonate ligand [hydroxyethylidene diphos- 
phonate, CH,C(PO,I-I,),(OH), HEDP] and an antioxidant stabilizer (ascorbic acid)_ 
The resu!tant radio-pha&naceutical solution contains Tc-diphosphonate complexes, 
reductant-diphosphonate complexes, excess diphosphonate and stabilizer. Pinkerton 
et aL6’ have developed the first ion-exchange HPLC procedure to separate and 
characterize the component complexes in radio-pharmaceutical Tc-HEDP solutions. 
They used a 25-cm column containing Aminex A-27 anion-exchange resin and 
aqueous sodium acetate (pH 8.4) as the eluent. Three modes of detection were used: 
( 1) single wavelength absorbance at 405 nm, (2) UV-visible rapid scanning (250-660 
nm) and (3) radiometric scintillation_ The results indicated that the radio-phar- 
maceutical solutions consist of mixtures of numerous Tc-containing species of un- 
known oxidation state. configuration and coordination environment_ A typical chro- 
matogram, shown in Fig. 8. illustrates that there are at least seven components con- 
taining ggmTc activity_ 

Wong6’ has reviewed the application of HPLC for the analysis of mixtures 
containin- ggmTc labeled radiopharmaceuticals. The review include; work which has 
been repoTted on ggmTc adducts with pyrophosphate, methylene diphosphonate. eth- 
ylene diphosphonate, diethylenetriamine pentaacetic acid and hu,. an serum al- 
bumin. 

3.1.9. Croivn erirers 
Reversed-phase HPLC was employed by Mangia er ~1.~~ to study the chro- 

matographic behavior of Hg(I1) halide complexes with the macrocyclic polyether, 
dibenzo-IS-crown-6(2,3,11,12-dibenzo-1.4,7. 10,13,16-hexaoxacyclooctadeca-2,l I- 
diene) (DBC). This compound acts as a hexadentate ligand with Hg(I1) halides. 
Micropak CH (octadecylsilane on silica) columns were used with mobile phases con- 
sisting of methanol-phosphate OX- borate buffer mixtures (pH 7-10) to separate the 
complexes which were detected by monitoring the UV absorbance at 254 nm. It was 
shown that several of the mercury halides and mixed halides could be separated very 
rapidly as their crown ether complexes by this method. 
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Fig. S. HPLC of 3.3 mM Tc(NaBH;)-HEDP spiked wirh “lc and prepared in air (tloa-mre. 0.156 
ml min; temperature_ ambisnr). Solid line. ; detection at 140 keV (50~ZreV window): broken line. visible 

derection at 405 nm (0.1 a.u.f.s.). Reprinred \bith permission from ref. 61 (Xmerican Chemical Society). 

3-l_ IO. Orher &uufs 
HausIer and Taylor have shown” that compleses such as 

bis( tetrapyrazoly!borate)iron( I I) and bis(c-aminobenzaldehydejethylenediimine 
copper can be separated from a series of metal-orSanic complexes by size-exclu- 
sion HPLC. The main objective of this work Leas to demonstrate the application of 
HPLC to the determination of orgnically bound metals in coal-derived materials. 
Metat-specific detection was employed. 

The capacity factors of various bis(tetraazadiene)nickel compleses were 
measured by Gast and Kraak” on silica. CN-bonded and ODS-bonded stationary 
phases with THF-II-heptane mixtures_ In the reversed-phase mode. the order of elu- 
tion was exactly reversed from that observ,ed in the normal-phase mode. 

3.2. Multi-elefneffi separariofrs oj’coordiffatiofz cofizplexes 

32_1_ &LXX-etofrates 

The first HPLC separation and determinaiion of metal coordination com- 
plexes was reported in 1972 by Huber et al. ” They showed that liquid-liquid par- _ 
tition HPLC with a ternary two-phase system consisting of water-?,&4 
trimethylpentane-ethanol could be used for the isocratic separation of several metal 
acetyiacetonates. The water-rich (polar) phase served as the stationary liquid and was 
supported on silica particles (5-10 and 10-20 pm)_ The hydrocarbon-rich (non-polar) 
phase served as the eluent. The column etlluent was monitored at 310 nm. it was 
shown that six metal acetyIacetonates, Be(ll), Cu(Ih), M(W), Cr(LiE), Ru(LEI) and 
Co(W), could be separated and determined in 25 min. Three of the complexes. Ni(II), 
Ai(LII) and Fe(HIf), produced asymmetric peaks due to hydrolytic reactions of the 
complexes v&J the water-rich stationary phase. The AI(CLI) acetylacetonate was 



SO B. R. WILLEFORD. H. VEEKING 

found to undergo hydrolysis in the stationary phase producing several 
hydroxoacetylacetonatoaluminum(II1) species which couid be separated on the 
column. This initial paper on HPLC of metal coordination complexes demonstrated 
the utility of the technique for separating such compounds and for studying their 
dissociation equilibria_ 

Size-exclusion HPLC has found very limited application for the study of metal 
complexes; however, severa! reports dealing with this mode of separating metai ace- 
tylacetonates are of interest and are included in this review. Yamamoto et a1.“6 
studied the elution of metal acetylacetonates by use of size-exclusion chromatogra- 
phy_ They used a 10 A pore size styrene-divinylbenzene copolymer gel with a variety 
of organic solvents (carbon tetrachloride, chloroform, benzene. toluene, and p- 
sylene) as the isocratic mobile phase. Differential refractometry was employed for 
detection_ They found (surprisingly) that. by a suitable choice of solvent, poiystyrene 
gel columns can be used for the separation of chelates with very similar sizes such as 
cobah(iI1) and ChFOmiUm(lII) acetyla=tonates. They speculated that in certain sol- 
vents such as chloroform (known to form solvated complexes with metal acetylac- 
etonatesj, it is the solvated species which are the effective entities being separzted 
according to molecular size of the polystyrene gel. The chromatographic behavior of 
the Co(II1). Fe(M), Cr(IfI), Al(II1). Cu(II), Ni(II) and Be(I1) acetylacetonates on 
size-exclusion Merckogel OR-2000 columns was studied by Saitoh and Suzuki6’. 
They used THF as the mobile phase and refractometric detection. They FepOFted the 
elution characteristics and distribution coefficients for the chelates comparing the 
data with several alkanes. In a later paper by Suzuki and Saitoh6’, the elution charac- 
teristics of AI(II1). Cr(II1). Fe(II1). Co(II1) andBe(I1) acetylacetonates on the same gel 
with a variety of organic solvents (chloroform. benzene, toluene, 1,4-dio?rane, ethyl 
acetate. butyl acetate. acetone, ethyl methyl ketone and methanol) were reported_ 

An extensive study of the elution behavior of a series of metal &diketonates on 
alumina, silica gel, bonded-phases, and open-pore polyurethane HPLC columns has 
been carried out by Tollinche and Risby6’_ iMetal jl-diketonates which were studied 
included: (1) acetylacetonates (acac). Cu(acac),, Co(acac),, Cr(acac),. AI(acac),, 
Be(acac),, Ru(acac),, Rh(acac),, Co(acac),; (2) 2,2’,7,7’-tetramethyl 3.5beptane- 
dionates (thd). Co(thd),, Cr)thd),_ Fe(thd),, Cu(thd)l, NNi(thd),; (3) I,l,l-i.illuoro- 
Z4pentanedionates (tfa), _Al(tfa),, Cr(tfa),, Co(tfa),, Ru(tfa),, Rh(tfa),; xx! (4) 
1,1’,1’,2,2’,3.3’-heptatluoro4,6-octanedionates (fod), Co(fod),, Cr(fod),. It was 
found that the best separations were obtained on normal-phase silica gel columns 
with non-polar eluents and UV detection at 350 nm. A typical six-component separa- 
tion of several metal acetylacetonates is shown in Fig. 9. The authors also studied a 
number of different mobile phases and found that several cis- ‘ram isomers of the 
metal fi-diketonates could be separated in the normal-phase mode. 

3.2.2. #LKetoanrines 
Normal-phase HPLC (liquid-solid) was employed by Llderi and Walters’* for 

the isocratic separation of neutral copper and nickel chelates of N,N’- 
ethylenebis(acetylacetoneimine) [Hl(enAAl)] and N,N’-ethylenebisfsalicylaldimine) 
[Hz(enSal,)] on lo-pm diameter silica with UV detection at 354 run. 

Reversed-phase and normal-phase HPLC separations of several /3-ketoamine 
metal chelates were reported by Gaetani er al.“. Included in the study were several 
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Fig. 9. HPLC separation of metal acet~lacetonares on a 5-jtm Partisil column (25 cm). Conditions: eluent. 
1.2-dichloroethane-methanol (95.6:l.Z): detector_ UV at X0 nm. Components: (1) Be(ac~)~; (2) 
Ru(~IzIc),; (3) Rh(aac),; (4) Cr(acx),; (5) X!(aac),: (6) Co(acac),. Reprinted with permission from ref. 
69 (Preston Publications). 

chelates of H,(enAA2), N.N’-trimethyienebis(acetylacetoneimine) [H2(tmAA,)] and 
N.N’-ethylenebis(benzoylacetoneimine) [H,(enBA,)] with Co(U), M(H), Cu(iI) and 
Pd(II). Rapid separations of CoenAA,, NienAA, and CuenAA, (< 5 min) wer2 

obtained on a reversed-phase C,, column with methanol-phosphate buffer (pH 7.5). 
Also. Ni(en)BA, and Cu(en)BAl were successfully separated on a polar (normal- 
phase)-NH, bonded-phase column usin g a methanoI-phosphate buffer. Detection 
limits were in the sub-nanogram range for nickel and copper. 

In 1973 Heizmann and Balls&miter” reported the first successful liquid-solid 
HPLC separations of mercury(Il), copper(H), Lead(H) and zinc(IIj chelates of bis- 
acetylbisthiobenzoylhydrazone. They used Merckosorb SE CO, Perisorb A and 
alumina as the column packing and reported satisfaciory correlation with TLC data 
and limits of detection in the nanogram range for Hg(EI) and Cir(L1). This paper 
represents one of the important early breakthroughs in the field of HPLC of metal 
chelate systems. 

In a later paper, Heizmann and Bahschmiter ” demonstrated the possibilities 
of separating the i.2-diketobisthiosemicarbazone and 1,3diketobisthiobepzhy- 
drazone chelates ofCd(If), I-&(H). Cu(fI), Ni(EI) and Co(llll) isocraticai!y on silica as 
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the adscr‘bent. Mobile phases lvhich xvere studied consisted mostly of binary mixtures 
containing benzene, n-hesdne. chloroform_ acetonitrile. cyclohexane and n-heptane. 
Detection was performed by monitoring the UV absorbance at 360 nm. it was shown 
that the elution characteristics of the chelates were influenced by varying the sub- 
stituents on the ligand molecules_ The metal chelates could be detected at the nano- 
gram Iesel. 

32.3. Dithiocadxmates 
Uden and Bigley’~ employed the liquid-solid adsorption mode for the isocratic 

separation of Cu(II), Ni(II) and Co(III) diethyldithiocarbamates on S-pm spherical 
siiica particles with an eluent consisting of 5 9, acetonitrile. 15 Ti diethyl ether and 
SO”; Slcelly B (light petroleum hydrocarbon). Detection of the chelates was accom- 
plished by means of I-X absorption at 254 nm; this me:hod was supplemented by 
using a metal-specific argon-plasma detector in order to demonstrate that the ob- 
se2rved peaks corresponded to the metal chelates and not decomposition products. A 
detai!ed description of the construction and evaluation of this metal-specific HPLC 
detection system has been published by Uden et al.“_ This paper was the first report 
in which a d-c_ argon plasma emission source (DCP) \vas used for the detection of 
metallic species after HPLC separaiion. The authors pointed out that the advantages 
of plasma sources are that they 7 oeneraliy exhibit superior sensitivities (sub-nanogram -_ 
ievels) and detection limits compared to flame techniques and that they are also 
suitable for multi-element determinations_ Model compounds which were used to 
evaluate the DCP included /Gdiketonate. /&ketoamine and diethyldithiocarbamate 
complexes of Cu(II). Ki(IIjY Cr(III), Co(II1) and Hg(II)_ 

Heizmann and Balls&miter. in their paper 73 dealing with the separa?ron of 
semicarbazone and hydrazone metal complexes, also included a study of the separa- 
tion of the dithiocarbamates of Cd(H). H&II). Cu(I1). Ni(I1) and Co(M) wing nor- 
ma!-phase HPLC and UV detection at 360 nm. 

in 1979. LiSka er aLm6 described the normal-phase separation of m stures of 
Zn(II)-. Cu(II)-_ Mn(II j-. Ni(II)-. PbCII)-, Co(IIj-. Cd(iIj- and Fe(IIj-I)TC com- 
plexes on LiChrosorb SI 60 (10 pm) with chioroform-hexane as the mobile :,hase and 
UV detection_ They also studied the influence of the nature of the l&an,1 N-sub- 
stituents and mobiie phase composition on the chromatographic propertie; of the 
Cu( II)-DTC complexes- 

Schwedt” has reported a I?-min isocratic separation of Se-. Cu(I1 j. Ni(II)- 
and Pb(Ii)-DTC compIexes by reversed-phase HPLC using acetonitri!e-water mix- 
tures as the mobile phase and UV detection at 254 nm. He has also reported the 
separation of Se. Cr(II1). X(11) and Co(I1) chelates by reversed-phase HPLCiS. Ad- 
ditionally-. the possibilities of reversed-phase HPiC separation of the tetramethyl- 
enedirhiocarbamates of Cd(iIj_ Pb(I1). Ni(Ii). Co(Ii), Zn(II), Cu(II) and Hg(IIj on 
LiChrosorb RP-S using methanol-water (7050) and UV detection was studiedig_ 
This separation is shown in Fig. IO. 

Edward-Inatimi and Dalziel*O have reported a muiti-element analysis scheme 
using solvent extraction and normal-phase HPLC on Hypersil with spectrograde 
benzene and UV detection at 250 nrn. They separated mixtures of DTC complexes of 
Cu(iI), Ni(II), H&II), Pb(iI), Co(H). Mn(IL) and Bi(III) and were able to determine 
these in the ppb range_ They tested their procedure successfully using standard steels. 
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Fig. 10. Rr~srsed-phase HPLC of metal trtr~msth~Isnedithiocarbsmatc. Column. 250 x 1.6 mm I.D.. 
LiChrosorb RP-S ( IOilm): mobile phase. methsnol-war (7030): flow-rate. I.2 ml min: detector. 3-I nm. 
Reprinted with permission from ref. 79 (Virwrg). 

Reversed-phase HPLC with electrochemical detection has been used by Bond 
and Wallaces’ for a specific and very sensitive determination of copper as its diethyl- 
dithiocarbamate or its pyrrolidinedithiocarbamate complex [Cu(DTC),]. Tvvo pro- 
cedures are reported. in one of these. the copper is complexed prior to injection; the 
second method involves adding a dithiocarbamate salt to the moving phase causing 
complex formation irr situ when the meial ion solution is injected. Cyclic voltam- 
mograms showed that these Cu(DTC), chelates undergo reversible one-electron re- 
duction and osidation steps at platinum. gold and glassy carbon electrodes in an 
acetonitrile-water medium. It was found that electrochemical detection is estremely 
sensitive with a limit of detection of 1 ng of copper. X laqe number of anions and 
cations (in ‘O-fold excess) were tested as potential interferents. Severai of the metal 
ions such as Cd(H). Pb(II). Co(llI) and Fe(IiI) were found to produce HPLC peaks. 
but did not interfere with the determination_ Applications to a wide range of industrial 
eflluents were successful. The detection limit of the HPLC method is comparable to 
that of atomic absorption. but the HPLC procedure would be the preferred technique 
when oniy small volumes of samples are available. 

32.5. Ditikomtes 
Dithizone (DZ) has been used extensively as an etTective analytical solvent- 

extraction reagent in the past. Its advantages as a potential l&and for multi-element 
HPLC analysis include its ability to form neutral chelates with a large number of 
divalent metal ions as w-ell as high chelate molar absorptivities (30,000-100,000 
limo1 -cm) in the visible region of the spectrum (500-530 nm). This property permits 
the eiution of DZ complexes from HPLC columns with LJV-absorbing solvents_ 

Lohmiiller ef Q[.” reported the first successfttl separation of several groups of 
DZ chelates including those of Pb(lL). Zn(ll). Cd(II). Hg(II), Cu(Il) and Co(M) usInS 
normal-phase HPLC on SO-pm silica particles with a series of oqanic moving phases 
(benzene, carbon tetrachloride, tetrahydrofuran, acetonitrile, toluene and chloro- 
form). The absorbance at 525 nm was monitored. Several three- and four-component 
mixtures were successfully separated. A typical three-component separation of the 
mercury. nickel and cobalt chelates is shown in Fig. 11. An HPLC separation nf 
several metal dithizonates, M(DZ),, was developed concurrently with the work of 
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Fig. 11. HPLC separation of mrttal dithiionstes. Packing. LiChrosorb SI 60 (30 pm); glss column. 300 x 
1 mm: solvent. benzene: flow-rate, 10 mi:h. Reprinted with pamissions’. 

Lohmiilier et al_ and was reported in 197s by O’Laughlin and 0’Briens3. This study 
included an investigation of the behavior of Ni(II), Co(II), Cu(II), Zn(I1). Hg(I1) and 
Pb(II) dithizondtes on 37-50-m p-Corasil and 10-m p-Porasil with a variety of 
mobile phases ranging in polarity from heptane to isopropanol. The best separations. 
however. were obtained on p-Porasii with toluene as eluent and a variable-wave- 
len,gth XIV--visible spectrophotometer operated at 275 nm. Detection limits for the 
metals ranged from 10 to 100 ng. 

Henderson et 01.‘” have recently published a normal-phase HPLC separation 
of a number of divalent dithizonates using non-aromatic solvents and glass-lined 
columns with a variety of binary and ternary mobile phases containing acidic or basic 
modifiers such as acetic acid and various amines. Detection was accomplished by 
visible absorption at 47_<525 nm. They also emphasize the advantages of DZ as a 
multi-element ligand for HPLC analysis, i.e. many divalent complexes have v-ery hi?& 
formation constants and very high molar absorptivities. HPLC separations of DZ 
complexes of Co(II), Cu(I1). Pb(I1). Zn(I1) and Cd(I1) are reported_ 

32.6. S-H~dro_~~q~ilzoIa~es 

Several S-hydroxyquinolates iocludin, 0 those of CufII), Co(I1). Ni(II), Hg(I1) 
and Fe(I1) were separated by Berthod er al.“. They used reversed-phase HPLC and 
three modes of detection: l..IV absorption, electrochemical and atomic absorption_ 
T-his was the first reported HPLC separation of metal S-hydroxyquinolates. 

The S-hydroxyquinoline chelates of Al(II1) and Co(II1) were recently separated 
bv Hambali and Haddads6. They used a silica column and 5 o/0 methanol-chloroform _ 
as the mobile phase with UV detection at 253 run. A rapid separation was obtained 
for the two compounds in less than 5 min and detection limits were in the nanogram 
range for both metals_ 

It appears that S-hydroxyquinoline would be an ideal ligand to use for the 
separations of multi-element mixtures by HPLC because of its ability to complex with 
many metal ions to produce neutral chelates. Furthermore, since several of these 
chelates possess native fhrorescence, it is likely that the sensitivity could be improved 
considerably using this mode of detection_ 
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3L.7. I .iO-ftrenanthrolirres and ethylenediamines 

Paired-ion HPLC was used successFuliy for the separation of the I. IO-phen- 
anthroiine (phen) chetates of Fe(H), M(H) and Ru(ll) by O’Ltughlin and Hanson”‘_ 
They found that an exceilent separation of Ni(phen)<’ or Ru(phen)$’ from 
Fe(phen)s- could be achieved on a pBondapak-CN column with methanoL(0.5 “/,) 
aqueous acetic acid (20~50) containin, Q 0.015 M methzanesullconate as the counter-ion. 

Detection was achieved by monitoring the UV absorption signal at 265 nm. Nickel 
was determined in the O-30 ng range by monitoring the elution of Ni(phen)i T a: 265 
nm. The Ru(phen)s f and Ni(phen): i species eiuted with the same retention volume. 
Iron and nickel or iron and ruthenium can thus be determined simultaneously. The 
elution of Ru(phen)z- was confirmed with a fluorescence detector and that of 
Ni( phtin)< T with atomic absorption_ The effect of various ion-pairing reagents_ 
pH and mobile phase composition on the retention of these complexes was 
studied. No elution peaks were obsemed for the labile phen complexes of Co(ii). 
Zn(IL) or Cd(lI). In a later report by Q‘i_au,oh!in”, the three complexes Ni( phen): -. 
Ru(phen)z+. and Fe{ phen): T were separated from one another as well as from the 
!igand and from a bis-Ru(phen),X” T chelate. This separation is shown in Fig. 12 and 
was accomplished by paired-ion HPLC on Partisil SCX with acetonitrile-water- 
perchloric acid mistures as the mobile phase, and detection at 265 nm. 

Cation-exchange chromatography was employed by Yoneda et al.“’ who sep- 
arated two paws of tri- and divalent ethylenediamine (en) and phen chelates: 

i0 20 
(minJ 

Fig. 11. HPLCsepuation of Ni(phm)z’, Ru(phen)i’ 2nd Fe(phtn)i-. Coh.~m;r PPartisii-SCX: mobile 
p&se: 2cetonitile-w2ter (80:~0)-0.06 -If HQO,; detector: UV at 263 iim. Compoueflts: (I) pko; 
(3 Ru(pI~en)~X’-; (3) Ni(pEen)i‘: (I) Ru(p’nen)$-; (5) Fe(pilcn)$‘. Reprintad x<,:rh permissionJY. 
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[Co(en)J3--[Ni(en),]‘- and [Co(phen)J3--[Fe(phen),]‘-. The separation was 
achieved on an SP-Sephadex cation-exchange column using various concentrations of 
aqueous potassium bromide and potassium sulfate solution as eluents. The absorb- 
ance of the various complexes was monitored at appropriate visible wavelengths. 
The chromatographic behavior and order of elution of these complexes as a function 
of ionic strength was also studied. Yoneda” has discussed the stereochemical aspects 
ofoptical resoiution of severa octahedral ethyIenediamine. diethyIenetriamine, trieth- 
ylmewtramine and amino acid metal chelates of Co(M) and Cr(II1) on ion-eschange 
resins. 

A report published recently by Richter and Rienits” deals with the HPLC 

separation of zinc and magnesium chelates of protoporphyrin IX as the dimethyl 
ester deri*.,atives_ The complexes were eluted on 10 ,um LiChrosorb with acetone- 
hexane (1535) vvith detection at 405 nm. This determination was successfully applied 
to the examination of the protoporphyrin IX chelates arising from the incubation of 
cucumber etiochloroplast and wheat etioplast. 

1. coscLusIos 

HPLC vvas first applied to metal-organic systems in 1969; approximately 50 
papers on the subject appeared in the 9 years since then. This number has approsi- 
matelv doubled in the past 3 years. a !‘act which indicates that applications of HPLC 
in organometallic and coordination chemistry are being developed rapidly. This trend 
may be expected to continue_ 

HPLC has been shown to be an effective means for the separation and determi- 
nation of many different types of coordination complexes and organometallic com- 
pounds. One area which holds a great deal of potential is the use of HPLC for multi- 
element determinations b_v employin p a single lizand to complex mixtures of dis- 
solved metal ions prior to HPLC separation. The advantage of such an approach is 
the possibihty of achieving multi-eiement determinations in a singIe run. It should be 
pointed out. however. that chromatogaphic adjustment of selectivity for the elution 
of metal chelates is characterized by narro\ver limits in reversed- or normal-phase 
HPLC than would be possible in ion-exchange separations of the free metal ions or 
their halo-complexes. Also. the development of HPLC element specific detectors such 
as ICP and others based on atomic absorption and electrochemical properties has 
made available sensitive and selective methods for the detection and determination of 
trace amounts of metals. 

Arrong the exiting developments in organometallic chemistry in recent years 
has been the use of HPLC to monitor the course of reactions, identify intermediates 
aud determine reaction rates and the composition of equilibrium mixtures. The sepa- 
ration of isomeric complexes is often possible by HPLC when al1 other methods fail. 
The most signiticant advantages of HPLC for the study of inorganic systems are that 
the method is capabIe of excehen : resolution and Iow ievel detection of highiy non- 
volatile and thermally unstable systems. It is principally because of these reasons that 
we expect to _e much Sreater use being made of this technique m inorganic chemistry 
as more chemists become aware of its possibilities. 
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A review of the applications of high-performance liquid chromatography to 
organometallic compounds and metal coordination complexes since 1969 is present- 
ed_ The review colers high-performance liquid chromatographic separations which 
have been reported for arene metal carbonyls, cyclopentadienyi metal carbonyls. 
dicyclopentadienyl complexes. metal cluster complexes. metallocarboranes. cyciopen- 
tadienyl-cycloolefin compleses. alkyl and aryl complexes and organopolymetallic 
compounds. The second part of the review summarizes separxions of metal coordi- 
nation compounds. including complexes of the folIowing lizand types: /3-diketonates, 
fi-ketoamines. hydrazones, semicarbazones. dithiocarbamates. dithizonates. bipyri- 
dines. phenanthrolines. S-hydroxyquinoiates. EDTA. ethylenediamines. amino acids. 
carbonates. camphorates. diphosphonates. crown ethers and porphyrins_ 
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