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A INTRODUCTION 

Scandmm has been known for almost one hundred years, although its chemistry, and 
m particular its coordmation chemistry, has been httle studred The Iack of attention has 
probably been due to the drfficulty, unto! recently, of obtaining a pure source of scan- 
drum, although the metal and the oxrde are now commercially available m high punty 

Scandtum is the first member of the 3d transttron series and has a ground state elec- 
tronic configuration of [Ar] 3d14s2 

Vtckery ’ has reviewed the chemistry of scandium up to 1960, hrs monograph being 
mainly concerned with analyttcal procedures and the chemistry of trivalent scandrum 
salts. Most of the chemistry of scandmm so far reported has been derrved m connectton 
with stuares on the lanthamdes ‘, but m the past few years Interest m the coordmatton 

chemistry of scandium has mcreased 
This review IS concerned with the coo&matron chemrstry of scandium, and 1s discussed 

m sections mvoivmg hgands with different donor atoms. 

Coord Chem Re 2, 7 (1971) 133-160 
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B COhlPLEXIIS WITH OXYGEN DONOR LIGANDS 

(I) Neutral oxygen donor lxgatzds 

A great deal of the early work on complex formatron of lanthamdes and scandnnn m- 
volved partttron between aqueous and organic phases In those few cases where sobd com- 
plexes were Isolated, these were found to be relatrveiy unstable specres, or often htghly 
solvated, parttcularly when the hgand employed was urndentate For scandrum, the chem- 
Istry of whrch IS slmrlar to that of the lanthamdes m many aspects2, It IS expecteti that 
the most stable complexes ~111 be formed wrth oxygen donor hgands 

TABLE 1 

Scandmm hahde and thmcyanate complexes with neutral oxygen donor hgands 

C0mpk Llgand (L) Rcf 

l_Jr~~ 37 

dmso, urea 9, 38 
dmsu, urea 9, 38 
Dtoudn, benzaldenyde. hevdmethylphosphoramtde, 29-31,39-41 

trtbutylphosphate, trlmorphohnophosphme 
owde and thf 

dm\o, dmf, PhJPO, Ph3As0, pyNO,2-p1cN0, 3 
3-p1cN0, 4-p1cN0, .md lutN0 

Dtown, ace&e, thf, dmf, and ethylacetate 39,42 
Acetophenone, benzophenone 39 

Only a few complexes of scandmm(III) wrth neutral oxygen donor hgands have been 
charactertzed (see Tables 1 and 2) with most of these appearing m the literature only re- 
cently Crawford and Melson 3 have recently reported complexes of general formula 

TABLE 2 

SLdndtum perchlorate, tetrahydroborate, and tutrate complexes wth neutral oxygen donor hgands 

Complex Ltgand (L) Ref 

sc(c104)3(L), dmso, dmf, dma, pyNO.2-p1cN0, urea 
hevarnetnylphosphoramlde, and 
thtolane ovtde 

SC(N03)3(L)6 Urea 
ScK104)3(L)4 Ph3P0 
Sc(C104)3(L)4 7H20 D~ovan 
SC(C10413(L)3 btpyO2, dpOz, and da02 
Sc(BH&(L) thf 

9, 14, 26, 30, 38 

38 
32 
43 
32 
44 

Abbreviattons dp02 = 1,2-bls(dtphenylphosphtnyl)ethane, da0 z = 1,2-bts(dlphenylarsmyl)ethane, 
btpyOz = 2,2 -bipyrtdyl-l,l’-dtoutde, dma = dtmethylacctamlde 
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Sc(NCS)a La where L is dlmethylsulfoxide. N,fV-d1methylformam1de, tnphenylphosphme 
and arsme oxides, pyndme-N-oxide, 2-. 3-, and 4plcohne-N-oxldes, and 2.6~lu tldme-ll’- 
oxide The observed frequencies for the charactenstrc v1bratrons of the throcyanate group 
in these complexes indicate the presence of nitrogen coordmated thlocyanate m all the 
co.mpounds4-’ The conductance of the complexes in acetone mdrcate shght ionization 
with the exception of Sc(NCS)s (Pha AsO)s which 1s considerably more d1ssoclated into 
1omc species than the others In chloroform, however, Sc(NCS)a(PhaAsO), and the other 
complexes that were sufficiently soluble to enable conductance measurements LO be made, 
were not ionized It can, therefore be concluded that the complexes are neutral. six-coor- 
dmate species with both ligdnd and tlnocyanate coordinated and can thus be formulated 

[S@CS)3L31 

For [Sc(NCS)a(dmso)3], Y(S=O) IS decreased from the free hgand value on cooldma- 
t1on This coupled with the observation that the asymmetnc v(C-S) mode of drmethyl- 
sulfoxide 1s increased on coordination confinns that coordmatlon 1s through the oxygen 
atom9-13 The complexes [Sc(NCS)s(dmf)s] , and those containing pyndme-N-oxide 
and rts alkyl substituted derwatlves all show a decrease m Y(X-0) relative to the free 
hgdnd value, mdrcatmg oxygen coordmatlon ’ 3-22 The v(As-0) mode m 
]SC(NCS)~(P~~~ASO)~] 1s at a higher frequency than m the free hgand, however, it has 
been found that on coordmat1on Y(As-0) may mcrease 23p24, or decrease *’ m frequency 
dependmg on the magmtude of the couphng between the As-O and M-O bonds 

The use of an amon that has non- or very weak coordmatmg propertIes, such as the 
perchlorate ion, might be expected to bnng out the maximum coordmatlon number cf a 
metal 1on in 1ts complexes with varrous hgands Recent studies with lanthamde perchlo- 
rates and oxygen donor hgands nave shown that the coordmdt1on number vanes with 
1omc size, values from SLY to nme bemg reported 10~11~‘3~26-28 This vanatlon has been 
considered to be a necessary consequence of the drfferent crystal radu of the lanthamde 
species 

On the other hand, hgands such as hexan1ethylphosphor~m1de2g*30 and tnmorpho- 
lmophosphme oxide 3 ’ exhlbxt d constant coordmatlon number (apparently s1x) fo1 all 
the lanthamdes, scandrum, and yttrmm. In the former case this 1s attributed to the 
stenc bulk of the hgand preventmg the metal ions fron1 achlevmg then n1axlmum coordi- 
nation number, however, m the latter case effects other than sterlc hmdermce are re- 
ported to be mvolved. 

In view of the smaller size of scandmm(II1) compared with any of the tnvalent lantha- 
rude ions, 1t IS expected to exhibit a max1mum coordmatlon number on the low end of 
the range observed for the lanthamdes Crawford and Melson 32 have reported the charac- 
terization of several complexes with scandmm(II1) perchlordte of general formula 
SC(C~O~)~ L6 (L = d1methylsulfox1de, iV,lV-dlmethylforrnam1de, pyrrdme-N-oxide, and 
2-, 3-, and 4-p1colme-N-oxides), Sc(C104)a L4 (L = trlphenylphosphme oxrde), and 

Sc(C104)3 La [L = 2,2’-btpyndyl-1 ,I’-dmxlde, 2,2-bls(drphenylphosphmy1) ethane, and 
1,2-b1s-(drphenylarsmyl) ethane] The characterlstlc perchlorate absorptlons mdrcate that 
with the exception of Sc(Ph3PO), (C104)3 all complexes contam 1omc perchlorate wit11 
Td symmetryj3 The mfrared mull spectrum of Sc(Ph3P0)4(C104)3 exhrbtts a con1plex 
senes of bands m the regions of perchlorate absorption. It 1s concluded that m this com- 

plex, coordmat1on of some of the perchlorate ions takes place34 In solution, the mfrared 

Coord Chem Rev, 7 (1971) 133-160 
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spectrum rs drfferent and closely resembles those found for the complexes containing 
only ionic perchlorate, thus solvolysrs of the coordinated perchlorate must take place. 
Thrs rs consistent wrth the observatron that this complex behaves as a 3 1 electrolyte m 
solution All the other complexes reported also behaves as 3 1 electrolytes, therefore, the 
coordination number suggested by the vibrational spectra and conductivity data for these 

complexes IS SIX In Sc(PhsP0)4(CIO 4 ) s umdentate coordmatron of two perchlorate ions 
m addition to the four tnphenyl phosphme oxide hgands would satisfy this coordmatron 
number 

Edwards et al 26 observed a coordmation number of srx for scandmm(I11) m their 
study of complexes of transition and non-transition metal ions with thioxane oxide 

Yttnum(lI1) and cermm(II1) exhibited coordmatton numbers of rune with thrs hgand 
The fact that similar hgands only result in six-coordinate complexes with scandmm(III), 
even when a large excess of hgand 1s employed, can be attributed to the smaller iomc 
size of the scandmm(II1) ion 

If the oxygen donor ligands are considered as single partrcles then the idealized sym- 
metry for the [Scale] 3+ cation will be Oh, and one infrared active, Raman-mactrve scan- 

drum-oxygen stretching mode (Fr.) is expected Crawford and Melson 32 observed an 
infrared-actrve, Raman-inactive band m the region of 450 cm-’ whrch they assrgned to 
the scandium-oxygen stretching mode Earlier, Kutek and Petru ’ erroneously assigned a 

band in this region of the mirared spectrum of Sc(dmso)6(C104)3 to a perchlorate mode 

A lowering of the symmetry from 0, wtll give rrse to differences m the vrbratronal 
spectra associated with scandium-oxygen modes A recent study 35 of drmethylsulfoxrde 
complexes [M(dmso),]“+ has led to the conclusion that the point group symmetry of the 

cation IS either D,, or Se depending on the configuration of the hgand Both symmetries 
predict two infrared-active, Raman-inactive v(M-0) vrbratrons For [Sc(dmso)e](ClO,)s 

the broad asymmetric absorption band m the infrared spectrum at ca 450 cm-’ is assigned 
to &SC-0) ‘* This band is probably composite m nature and a consideration of v(Sc-0) 
alone does not provide conclusive evidence for deviation of the cation from 0, symmetry 
However, the infrared and Raman active symmetric and antrsymmetrrc CSO deformations, 
assrgned to bands at 384 and 333 cm-’ m the free hgand are shifted to 357 and 336 cm1 

m the complex Thus [S’(CSO) - S”(CSO)] decreases from 51 cm-’ m the free lrgand36 
to 21 cm-’ m the complex cation This behavior has been attrrbuted3’ to the exrstence 
of an Se point group for [M(dmso), ] ‘I+ Srmrlar deviations from 0, symmetry are to be 

expected in the other complexes containing [Scale] 3+ cations 

The observed decrease af v&O) on coordmation m [S~(NCS)s(dmso)~ I3 and 
[Sc(dmso), ] (C104)3 32, (50-60 cm-’ ) IS comparable to that found for drmethylsulfoxrde 
complexes of the lanthamdes, but less than with tervalent transition metal ions, where 

shifts up to 120 cm-’ are observed I2 The observed decrease of 30-40 cm-’ in v(N-0) for 
[Sc(brpyOa)s ] (C1O4)3 32 from 1255 cm-r m the free hgand also closely resembles those 
found for lanthamde complexes *’ A sunrlar observation was reported by Donoghue et _ 
al 29y31 in their investigation of complexes of scandmm(II1) and the tervalent lanthamdes 
wrth hexamethylphosphoramide and trrmorphohnophosphme oxide In general, for the 
vrbratronal data currently available, the order of metal-hgand mteractron IS transition 
metal(II1) > scandmm(II1) > lanthamde(II1). Scandmm(II1) will form stronger complexes 
than the lanthamdes due to rts smaller ionic size and thus greater polanzmg abrhty, but 
weaker complexes than tervalent ;ransitron metals because of its slightly larger size 
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(!I) /?Pdcetomtes 

Among the oxygen donor hgands, those contammg the carbonyl group offer a poten- 
tral sue of coordmatron The fl-dtketones whrch predommantly exat as enolic tautomers 
have a replaceable hydrogen atom and react with tervalent metal ions such as scandmm(II1) 
to form neutral tns-brdentate complexes A nu+~ .._ .r of complexes of scandmm(II1) with 
various P-drketones have been prepared (Table 3). In general, as will be pomted out later, 
these complexes have propertres more closely related to those of the 3d transition metal 
/3-drketonates than those of the lanthamde compounds 

TABLE 3 

PDlketonate compleles of scandmm(III) 

Complex Meltmg point (“C) Ref 

SC(XdC)J 187-190 49,54,60,66,69,70 
Sc(tfaa)3-3H20 124-126 49 
Sc(hf& 116-117 49 
Sc(dpm)s 152-156 49,65 
Sc(bza)J 205 71 

Sc(dbm)3 248 71,72 
Sc(tta)3 147-149 71-73 
Sc(Br-acac); 180 dec 66 
hl fSc(hfaa)s ] (hl = K, Rb, Cs) 227, 23 1 and 240, respectively 74 
Sc(aca~)~ 2CHC13 56 
Sc(acac)s 2CHzBr2 56 
Sc(tta)3 phen 213 73 
Sc(tta)3 blpy 179 73 

Abbrewatlons tfaa = tnfluoroacetylacetone. hfaa = hevafluoroacetylacetone, dpm = d~pwaloylmethane, 
bza = benzoylacetone, dbm, = dlbenzoylmethane, tta = 2-thenoyltrlfluoroacetone phen = l,lO- 
phenanthrohne, blpy = 2,2 -bipyndyl, acdc = acetylacetone, Br-acac = ybromoacctylacetone 

The acetylacetonate of scandrum(III), Sc( acac)3, like those of the tervalent 3d transr- 
tion metal rons, 1s thermally stable and subhmable A heat of subhmatron for Sc(acac), 
of 23 8 kcal mole’ has been reported by Meha and iVIerrrlield45y46 This IS comparable 
to the heats of sublimation of the rsomorphous rron(II1) and vanadnrm(II1) com- 

pounds46-48 of 23 6 and 24 6 kcal molF’ , respectively The lanthamde chelates of 
acetylacetone are not volatrle and decompose on heating Berg and Acosta4’ have attrr- 
buted this lack of volatrhty to the fact that only hydrates of the lanthamde chelates are 

formed which decompose on heatmg m vacua to form basic polymerrc compounds. The 
anhydrous complexes of scandrum, yttnrlm, and the lanthamdes wrth hexafluoroacetyl- 
acetone and drprvaloylmethane (2,2,6.6-tetramethyl-3.5heptanedrone) are alI thermally 
stable and volatrle, and are utrhzed m the separation of mrxtures. It was noted thzt the 
volatrhty of these chelates increased with a decrease m the romc srze of the central metal 
ion 

The acetylacetonates of the lanthamdes form unstable addrtron compounds wrth bases 

Coo& Chem Rev 7 (1971) 133-160 
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such as ammonia and orgatuL ammes and exist as both monomers and dlmers m non- 
aqueous solvents50-53. whereas scandium acetylacetonate neither combines with ammo- 
ma nor exhibits dssociatlon m solvents such as chloroform or benLenes4 _ Dlmerlc acetyl- 

acetonate species of scandium and other 3d transition metals have been detected m the 
mass spectra of their vapors 55. and addltlon compounds of scandmm acetylacetonate 

with chloroform and dlbromomethane have been reported by Clark et al 56 The strength 
of the bonds bmdmg the halomethane molecules in these compounds, however, IS rather 
small (from 3 to 5 kcal mole-‘) and IS of the order of a dipole-dipole mteractlon The 
bonding 1s attributed to hydrogen bonding of the halomethane to the carbonyl oxygens 
of the AcetylaLetone rather than to coordmatlon to the central metal Ion. This was sup- 

ported by prelimmdry NMR studies Kononenko et al 73 have reported ddducts of the type 
SC( ttA), L (L = phen and blpy) where they suggest that the 3mme IS coordmated. how- 

ever they offer no evidence to support this 
4 LompJrlson of the first formation constants (K,) for the acetyldcetonates ot scdn- 

dwm(lII), yttnum(iI1) 2nd l.mthanum(lIi) shows a regular decrease m going from scan- 
duun to Lmthdnum s’. d reflectlon on the mcredsmg size of the central metal Ion Log KI 
for the ldnthdmde cheldtes”57 varies from 6 Z to 5 0 whereas that for the scandnun COIII- 

pound IS Jpprouunately Ss7 ” (log K, for the lsomorphous lron(III) Lompound 1s 9 3) 
4ttempts to correlate stdbrhty constants with vdrlatlons in the cdrbonyl stretchmg fre- 

quency of P-dlhetonates have met wth varymg degrees of success (see. for example. ref 
59) Thus IS m part due to contusion m the dsagnment of the cdrbonyl stretching fre- 
quency 60-63 Some researcrlers assign the highest frequency band m the 1600 cm-’ region 
of the infrdred spectrum to the C=C stretching mode of the &elate rmg whereas others 
assign it to the cdrbonql stretching mode The latter assignment appears to be the one 

that IS presently dLcepted, however in either case, the correlation is at best only quahtd- 
tive For reports of lnfrdred ds well as electronic spectrdl data on various P-dlketonates 
of scdndlum consult the references cited m Table 3 

The results of ,111 X-rdy anllysls of Fe(acac)3 by Roof4’ led to the conclusions (1) 
that the six-membered &elate ring 1s planar i\ith C 2y symmetry. and (2) that the rmg 
C-C and C-O bonds are intermediate between single dnd double bond distances (1 39 a 
.md 1 28 a respectively) These results provide strong evidence for the eulstence of reso- 
ndnce in the cheldte rmg dnd Calvm and Wiison64 have suggested that the M-O bond is 
parr of this resonance system I e . benzenold resonance The C-H stretchmg mode of the 
rmg proton moves to shghtly h&er frequency on chelation and lies somewhat towdrd 
the aromJtiL side lending support to benzenold resonance. However. the NIMR spectrum 
of SL(dpm)3 65 hds dn absorption attributed to t!le rmg proton at 4 22r whereas aromdtlc 
prOtOnS dbsorb dt 3pproxmidtely 2 65-2 85~ Also m an NMR study of several dlamag- 

netic dcetylacetonates by Holm and Cotton66, a chemical shift of only +0 70 ppm (rela- 
tlve to pure water) was observed for the rmg proton of scandmm JLetylacetonate No 
large positive shift of the order of +2.50 ppm observed for benzene protons was found, 
but they comlude that this does not preclude benzenold resonance smce little is known 
concerning proton shifts m heteroaromatlc rings 

The redctlons that metal acetylacetonates undergo have also been cited as evidence 
for aromatic character67, however. Kluiber68 has noted that the rmg brommatlon of 
Cr(acac)j proceeds without any ring cleavage and that there is no srgnxficant decrease m 
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reactivity of the y-carbon on complexatron. Presumably, scandmm acetylacetonate and 

the other chelates studied react sunllarly. On the basis of this experlmental evtdence he 
concludes, assuming electrophtilc substltutlon, little If any aromatlc character , & lsts Thus, 

an enolate type resonance is probably sufficient to account for the structural features 
and reactlvlty of the chelate rmg 

(III) Carbox_vlates 

In general, when carboxylate ions are added to an aqueous scandium solution, a spa- 
rmgly soluble salt IS preclpltated, however the use of carboxylates such as the oxalate 
for gravimetrrc analytlcal procedures IS unsuitable since m the presence of dn excess of 
the amon, soluble complexes are formed_ Normal carboxylate salts are difficult to obtam 
due to *he ease of hydrolyas of the scandmm ion, thus basic or oxysalts. which ~111 not 
be discussed m this sectlon, are often Isolated 

Head and Holley75 have reported the preparation of scandium formate by extractlon 
of the hydroxide m a Soxhlet apparatus with aqueous formic acid solution On heating, 
they found that the compound decomposes directly to the oxide, unhke the decomposl- 
tlon of the formates of lanthanum and cermm which pass through dn mtemledlate of the 

type M203 6C076 An X-ray dlffractlon study of scandmm fox-mate” mdlcates that Its 
crystal structure 1s monoclmlc, space group PZ1/c, with a = 10 3 16 + 0 00 1 A. b = 6 622 + 
0 COO6 A, and c = 8 940 2 0 001 ii The scandmm ions are six-coordmate m a polymerxc 
framework with the formate ions acting as brldgmg groups The formate ions m the plane 
are bonded with a syu-ant1 configuration and those Jommg the planar layers have an antl- 
anti configuratlon This polymenc layer-hke or framework structure IS d common feature 
m the formates of rransmon metals 

The trlacetate can be prepared by the reactlon of scandium chloride 3g or rutrate” 
with acetlc anhydrlde The mono- and tnchloroacetate analogs are prepared by reactlon 
of the hydroxide (or hydrated oxide) wth the correspondmg acid 7g-8o The Infrared 

-I spectrum of the trlacetate from 3400 to 600 cm has been measured by Grlgorev and 
Maksunov” They assume that the scandium ion has d coordmatlon number of SIX with 
each acetate ion functlonmg as a bldentate lrgand, 1 e B3 symmetry They interpret their 
results to indicate that the bonding m scandmm acetate IS more covalent than m the cor- 
respondmg lanthanum and cerlum salts, and that the symmetry of the molecu!e IS dls- 
torted somewhat from D, toward C3 _ 

Scandium oxalate can be preclprtated from solutions of scandium salts by the addltron 
of oxalic acid, but preclpltatlon IS never complete due to formation of complexes 

Vlckery’s expenmentsa’ with ion-exchange resms give evidence for the formatlon of com- 
plex anions containing scandium and oxalate ions m the ratios of 1 2 8 at pH 6 1 and 

1 1 32 at pH 8, and spectrophotometrlc measurements by Dubovenko” show the pres- 
ence of Sc(C204)+ and SC(C~O~)~- ions at a pH of approxunately 2 and 5. respectively. 
Ivanov-Emm and Grldasovas3 noted that m systems with potassmm, rubldlum, cesnnn. 
and ammomum oxalates ralsmg the Sc3+ to Cz04*- ratlo to 1 3 produced sparmgly sol- 
uble dloxaiatoscandates, however, a further Increase m :he alkali metal oxalate concentra- 
tion gave readily soluble trloxalatoscandates 

Sterba-Bohm and Skramovsky 84 have reported the lsolatlon of the sodnun, potassmm 

Coord Chem Rev, 7 (1971) 133-160 
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and ammonium droxalatoscandates, hlSc(CsO~)a 2Ha0, wrth the rubidium and cesmm 

analogs bemg reported by Ivanov-Emin et aLs5 - On heating, these compounds lose two 
molecules of water to fomr the anhydrous species 86 Although the stolchrometry of the . 
a&,y&-ous compounds mdtcates a coordmatton number of four for scandmm, rt IS un- 
likely that this IS the case, In view of Its strong tendency toward srx coordmatlon Posstble 
support for this suppositIon can be found m the results obtained wtth the dtoxalate com- 

pounds of titanium, MTI(C~O~)Z 2Hz0 (M = K, Rb or NH4) Recent infrared evidence” 
suggests that, although the water ,molecules are not bound to the metai, the complexes 
behave as though they are oxalate bridged poiymers with the metal atom in an octahedral 

environment 
Worth” has reported the tsolatron of the tnsoxalatoscandates of sodmm, potasstum, 

and ammonium, however, m the case of the ammonium species, Sterba-Bohm and 
Skramovsky 84 found that only the dloxalato compound could be isolated Both the so- 
drum and potassmm compounds are isolated as hydrates, NasSc(C204)s 6HaO and 
K~SC(C~O~)~ 4Hz0 The sodmm compound loses two moles of water on drying over 
CaClzs5 and both compounds are completely dehydrated on heatmgs6 

The addnron of oxahc acid to a solution containing scandium tons results m the prect- 
pltatron of Scz(Cz04)s ~‘-1~0 The degree of hydration of this precipitate has been the 
SubJeCt of much disagreement in the literature with values for II of 1-6, 10, 12, and 18 
being reported 75~81~84~85-g7 Sterba-Bohm and Skramovsky84 have observed that mmor 
qumtlttes of alien Ions grossly affect the nature of the precipitated oxalate. and Vtckery ” 
found that the motst oxalate readily absorbs ammoma and carbon dioxide These obser- 
vat’ons could account for the varrous degrees of hydration reported since many of the 
products reported were dried m au and the scandium employed by several of the early 
workers was contammated wrth thormm Vrckery, b> carrying out all operations m an 
inert atmosphere, Isolated the 3-, 6- and 18-hydrate Klem and Bemays” have also ISO- 

lated the hexahydrate by drying the precipitated oxalate over anhydrous calcmm chlorrde 
m a desiccator 

The infrared spectra of the hydrated brs- and trrsoxalatoscandates cited above, and the 

tnhydrate of scandtum oxdlate have been measured by Grrdosova et al ” _ They note that 
the frequencies and mtensrtres of the absorptton bands m the infrared spectra of these 

compounds are quite srmdar and agree closely wrth those observed m the spectra of 

simple alkali metal oxalates (I e , they are Ionic salts), however, the electromc spectra of 
these compounds indicated that the bonding has some covalent character 

Several other carboxylates of scandmm such as the lactate”, malonate and SUCCI- 

natelOO*‘O1 , malate102, gluconate lo3, trrmelhtate Io4, and melhtate lo5 have been re- 
ported, however, these reports mclude very hmtted amounts of physical data and no con- 
ciusrons with regard to their coordmatron chemrstry are given. 

(IV) Alcoholares 

Scandmm chlonde IS much more soluble m alcohols than are yttrium and the tnpost- 
tive rare earth metal chlorrdesto6 Kirmse107 in a study of the solublhty of scandrum 
chlonde m a series of straight-chain alcohols (methanol-nonanol) reported that the solu- 
billty corresponded to stx molecules of the alcohol being associated with each molecule 



COORDINATION CHEMISTRY OF SCANDIUM 141 

of the hahde. The sohd adducts Isolated from these soluttons (denoted by brackets m 
Table 4) contain less alcohol_ Funk and Koehler 39 have shown that the presence of a 
base such as ammoma m alcohohc soluttons of scandmm chlorrde leads to the formatron 

of the correspondmg alkoxrde 

TABLE 4 

Alcohol adducts of general formula ScX3 rrROH 

ROH II X Ref 

hfethanoi 4, (31, 2 Cl 107, 108 
Methanol 594 Br 108 
Ethanol 3 5 (3), 2 Cl 107,108 
Ethanol 43 Br 108 
Ethanol 3 SCN 109 
I-Propanol (4), 32- Cl 107, 108 
LPropanol 1 Cl 108 
I-Butanol (3L 2 Cl 107, 108 
l-Pentanol (4), 3, 2 Cl 107, 108 
l-Heuaol (3), 7- Cl 107, 108 
I-Heptanol (4) 3 Cl 107 
1-Octanol (4L 3 Cl 107 
1-Nonanol (3) Cl 107 
Benzyl alcohol 3, 2 Cl 108 
Ally1 alcohol 4, 2 Cl 108 
Cyclohevanol 2. Cl 108 

A vanety of alcohol adducts hdve also been prepared by the reaction of scdndium 
chlorrde or bromide with alcohol vapors lo8 The reported adducts were determined from 
the isothermal decomposrtron of the alcohol-saturated halide at varying pressures_ Smce 
httle more than analytical data are given in all cases ctted, no conclusions with regard to 
coordmatron number or symmetry of “complexes” formed can be given A comprehen- 
sive list of the reported alcohol adducts is given m Table 4 

[v) Hydroxoscarzdates 

The addrtron of hydroxyl Ions to solutions of simple scandmm salts precipitates the 

white, gelatmous hydroxide. Ivanov-Emm and Ostroumov”’ reported that the prectpi- 
tatlon mctdence of scandmm hydroxide takes place at a pH of 4 8-4 9 Vlckery I1 1 later 

confirmed this observation and reported that the solublhty of the hydroxide 1s pH-de- 
pendent m the alkaline region, an mdlcatlon of Its amphotenc properties Sterba-Bohm’ l2 
first detected this amphote:lc behavior durmg studies on the separation of tungsten 
from scandium, and later he and tlehchar 1 l3 isolated the compound 
K a[Sc(OH)s Ha01 3HaO from a solutron of scandium hydroxide m potassmm hydroxide 
Ivanov-Emm et al ‘14 reported the rsolatron of an rdentrca! compound durmg studies on 
the solubrhty of scandium hydroxtde m potassium hydroxide solutions and concluded 
that Its infrared spectrum was consistent with the proposed structure 
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Several other hydroxoscandates have been Isolated in recent years. Ivanov-Emm and 

Ostroumov ’ Is reported the separation of Na3 [Sc(OH)6] 2Hz0 from an aqueous solution 
o scandmm and sodium hydroxides This compound which readily absorbs carbon dlox- 

IC e and water crystallizes as plates belonging to the orthorhomblc system Ivanov-Emm 
and Nlsel’son”6 reported that this compound loses water of crystallization at 100-120” 
and decomposes to the tetrahydroxoscandate md alkali at a shghtly higher temperature 
At 2.56” decomposition of the tetrahydroxo species to sodmm metascandate, NaScOz, 
begms and 1s complete at 3003 They also reported the thermal decomposition of the po- 
tassmm analog, and observed It to be smlllar to that of the sodium compound. 

The anhydrous analogs of the above hexahydroxoscandates have been prepared ’ ’ 7 by 
the reaction of anhydrous scandnun chloride with alkali in absolute methanol These 
compounds are ldentlcal with those obtained from the dehydration of the hydrated 
species as Inferred from their Infrared spectra 

Some alkahne earth hydrovoscanddtes isolated fron the reactlon of sodnnn hydroxo- 
scandate with the approprldte dlk&ne earth hydroxldc m aqueous solution have also 
been reported ’ ” Chermcal analysis of the compounds mdlcated the followmg compon- 
tlons Cd3 [Sc(OH), ] Z Ca[Sc(OH)? ] 2 2H,O Sr[Sc(OH), ] 2 2H1_ 0, and 
Ba3 [Sc(OH&] 2 These hydroxo salts are white Lrystdllme powders which are stable 
when stored In a desiccator over potdsslum hydroxide 

The existence of the tetrdlydroxoscmddte of barium IS Inferred from the thermogrdvl- 
metric analysis of the hexJlydroxo species The thermal stablhty of the slkahne earth 
hydroxoscandates wds found to Increase from c&Ium to banurn and comparison of the 

alkah and dlkahne earth hydroxoscandates shows that the former are much more stable 
The lnfrdrcd spectra of the dlkalme earth hydroxoscandates are snmlar to those ob- 

tamed for the sodmm and potasaunn alalogs Both show J broad band 111 the region 

3 100-3500 cm-‘, an intense band 1r7 the range 850- 1150 cm-l , and a second broad band 
centered dt Ed 450 cm-’ Arkhangel’skn et dl I”, from d stlldy of several hydroxo corn- 
pounds of scandmm, hdve assigned bands observed at 3150 cni’ and 932 cm-’ to stretch- 

ing and bending modes associated with the hydroxyl groups. respectlvelq An absorption 
bmd observed dt 460-470 cm-’ was assIgned to the SC-O stretchmg mode Slmllar assign- 
ments can be made for the bands observed m the infrared spectra of hydroxoscandates 

Due to the great tendency for the Sc3* ion to form six-coordinate species, the 
[Sc(OH), ] 3- Ion present m the above compounds, undoubtedly contAns each hydroxyl 
ion as a umdentate hgand Wdter present m the hydrdted heuahydroxoscandates would 
be water of crystalhzatlon dnd not coordinated water. however, in the case of species 
contammg the [SLY]-group, SC, coordmatlon IS probably achieved through coordl- 
nation of the twc water molecules present m these compounds This can neither be ven- 
field nor discounted on the basis of pubhshed data 

As observed m other sue-coordmate scdndium compounds the [Sc(OH),] 3- ion IS prob- 
ably distorted from pure octahedral symmetry with this dlstortlon giving nse to the ob- 
served broadness of the infrared band assigned to the SC-O stretching mode This sup- 

position IS supported by the observations of SIpachev and Gngor’ev I20 m therr studies 

of the Infrared and Raman spectra of the hexaquocation of scandnun 
Although the chemistry of scandmm is quite generally parallel to that of the rare earth 

elements121, the isolation of compounds hke Na3 [Sc(OH),] mdlcates the amphotenc 
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behavior of I!S hydroxide Yttrium and the rare earth metal hydroxides are much less 
acidic ’ ** 

C COMPLEXES WITH NITROGEN DONOR LIGANDS 

In 1955, Vlckery”’ attributed the mcomplete preclpltatlon of scandium hydroxide 
by ammomum hydroxide to the fomlatlon m solution ofhexat~~n~~noscandium(III) Ions 

[ScCNH, )6 1 3+ rather than to the presence of carbonates m the dmmoma solution as sug- 
gested by Fischer and Bock 123 The absorption of ammonia by scandmm oxalate tn- 
hydrate or hexahydrate at 25” leads to the fomlatlon of the anhydrous compound 

LWNb)61 z(C2 0413, also proposed to contain scdndlum(III) lons8’ If the oxdlate 
18-hydrate IS used. a dodecahydrate. [SC(NH~)~] 2(C204)3 12H20 1s obtained Re- 
placement of six-coordinated water molecules b> ammomd was proposed to dccount for 
this behavior No absorption of ammonia was observed under anhydrous condltlons, dl- 
though an euothermlc reactlon was initiated when water was mtroduLed mto the system 
The reaction of anhydrous scdndlum acetate -with liquid ammonia m d sealed ampoule at 
room temperature followed by volatilization of excess ammonia, however. leads to the 
isolation of a compound with composltlon 2[Sc(OOCCH3)3] 3NH3 for whlLh d poly- 
meric structure was suggested “’ The reaction of scdndium hahdes with ammonia hdve 
been studied m more detail particularly by Russian workers Although anhydrous SLF, 
does not react with dry gaseous dmmoma, the action ofammoma dt 6-7 atm pressure on 
ScF3 0 25H20 gives d product contdmmg 6 28% Nti3 correspondmg to a composmon 

ScF3 0 4NH3 ‘*’ Pdrt of this ammoma is lost in dir but when heated dt 105O. anhydrous 
scandlunl fluoride IS obtained In contrast to the unreactlvlty of the fluoride. a compound 
of composmcn ScC13 5 75NH3 wds proposed ds the product from the reaction of an- 

hydrous scandium chloride ,md liquid ammolIla” No further mvestlgdtlons of thu 
compound have been made however Tananaev and Orlovsku 12’ showed that anhydrous 
scandmm chloride bromide dnd iodide dll absorb dmmoma to give $roduLts containing 
between 7 dnd 8 molecules of dmmonid per scdndlum halide The behdvlor of the thlonde 
and bromide derivatives m the presence or absence of moisture wds described and the 
themlal stability of the products with all three halides mvestlgated in a dry argon dtmos- 

phere 12’ (Fig 1) 
A study of the Infrared spectra (2000-400 cm-‘) of some of the chloride and bromide 

compounds has been mdde ‘29 By comparison of the spectra of deuterated and non- 
deuterated ScX3 5NH3, ScX3 4NH3 dnd %X3 3NH3 (X = Cl. Br) it WdS concluded th,lt 
these compounds contain coordmated ammorn? Assummg a coordmation number ot SIX 
for scandmm, the formulas [Sc(NH3 )5 X] X2 and mans-[Sc(NH3),X2 ] X were assigned to 
the species containing five dnd four ammonia molecules, respectively The compounds 
ScX3 .2NH3 may be dl- or polymeric with halogen bridges. Recently. bands in the region 

380-430 cm-’ have been observed m the spectrum of ScC13 5NH3 and assigned to SL-N 
stretchmg vlbrdttons’ 3o A detailed study of the infrared spectra of the dbove complexes, 
particularly m the far infrared regon should enable more definite conclusions conLernmg 
their structures to be drawn The “hydrated” compounds were shown not to contdln 
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TABLE 5 

Complexes of scandmm hahdes WI’& pnmary, secondary and ternary ammes 

Amme hgand 
(L) 

Formula oi complex* Ref 

CS-kNHz 
n-CsH7NH2 
n-C4H9NH2 
GHIINHz 
G&NH2 
CeHsCH2NH2 
Z-Napthyl NH2 
NHz(CH212NHz 
NH2(CH&NH2 
(CHs)sNH 
(CHs)zNH 
GHskzNH 
KaHs)2NH 
WsH712NH 
(n-C.&&NH 
(nCsHtt)aNH 

H2C(CH2)4 AtI 

H2mH 
(C2HsW 

scc13 2L 132 
scc13 3L 132 
scc13 2L 132 
scc13 3L 37 
ScC13 2L 2nd ScC13 3L 37 
ScC13 2L and &Cl3 SL 37 
ScC13 2L and ScC13 3L 37 
scC13 3L 133 
ScC13 2L tiuld ScC13 SL 134 
scc13 2L 132 
kc13 3L 37 
ScC13.3L 37,132 
scx3 4L I33 
sex3 L 133 
ScCl~ 3L 152 
scc13 3L 132 

scxs 4L 135, 136 

SccIs 3L 37 
scx3 L 37,132 134 

*X = Cl, Br 

latter compound, a band assigned to v(N-H) must arise from tmpurtty m both the hgand 
and scandmm adduct The products of the reactlon between ethylenedlamme and scandium 
chloride depend on the condtttons under whrch the reaction is carrted out If anhydrous 
ScCls and anhydrous ethylenedtamme are rmxed m a 1 6 ratio, a whtte powder of mdefi- 
mte composttton IS obtained ’ 34 Heating this product to 150° or mamtammg a tempera- 
ture of 120’ for fifteen hours removes excess ethylenedtamme and ScC13(en), ts ob- 
tamed. Wuh dtethyl ether as solvent, ScCl,(en)s can be isolated, which when heated to 
150° also results m ScCl,(en), Thermogravmletrtc analysts failed to detect any mterme- 
dtate species m this transrtton The msolubthty of ScC13(en)a m orgamc solvents drd not 
allow conductance studres to be made, but this spectes may ex!st as [Sc(en),Cl? ] Cl, 
analogous to the compounds contammg o-phenanthroline and 2,3’-brpyrrdyl In absolute 
ethanol ScCl,(en), 1s obtained 133, while m aqueous solution, hydrolyses takes place and 
scandtum hydroxide is prectpttated ’ 34 _ Further mvestrgattons of the physical and chem- 
14 propertres of the amme compounds should estabhsh the type of coordmatron m- 
volved 

Petru and Jest ’ 35 reported that when anhydrous scandtum chloride or bromtde 1s 
placed n-r a desiccator m pyrtdme vapor, absorptton of the amine by the halide takes 
place and ScC13 3py and ScBr3 3py (py = pyrtdme) are obtamed after pumping excess 
pyridme out of the desiccator The formulae proposed are based on the increase m weight 
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of the halide only No absorption of pyrldme was found when ScF3 wds used In an- 
hydrous acetone the reaction between ScC13 and pyrldme resulted m a compound of un- 

certain composition ’ 36, although when scandmm chloride IS heated m an excess of pyri- 
dme for 1 h under anhydrous conditions and benzene or ether added, colorless plates of 

compositlon S&I3 3py are obtamed 37 
Recently, Greenwood and Tranter13’ carried out a much more thorough mvestlgatlon 

of the products from the reactlons between anhydrous scdndmm Lhlonde or bromide and 
pyr‘dme By dlssolvmg the anhydrous hahdes in bollmg pyndme, ScX3 4py (X = Cl, Br) 

are obtained ‘IS white crystallme products after concentration of the filtered solution 
The Infrared spectra of these compounds suggest the presence of both Loordrnated and 
uncoordmJted pyrldme Exposure to d vacuum causes one molecule of pyrldme to be 

lost, the species ScX3 3py obtained no longer exhlbltmg bands due to uncoordmated 
pyrldme The formulae [py3ScX3] py were suggested for the tetrapyrldme compounds 
The chloro complex IS d weak electrolyte m mtromethane, but the bromo species behaves 
as d 1 1 or an ion palred 1 2 electrolyte, suggestmg the latter complex has .I different 

structure The far mfrared spectrum IS also more slrnyle for the bromo than ior the chloro 

compound Similar data obtamed for ScX3 3py lead to the suggestlon ihat the chiorlde 
has a hexacoordmated C,, structure, 1 2,3-py3 ScC13, while the bromide has a dtstorted 
tetrahedral structure [pyJScBr] “(Br-1, 

The tetrapyndme complexes rare thus derived from the above species ny the addltlon 
of one uqcoordmated pyrldme molecule In the far mfrared spectra of the complexes 
bands m the region 260-280 cm-’ dre asstgned to v(Sc-N) with Y(SC-Cl) and v(Sc-Br) 

bemg asslgned between 300-350 cm-’ and 266-268 cm-‘, respectively Compounds of 

the type ScX3 2py reported by Petru and Jost 135 could not be isolated, although evl- 

dence for their formatlon wds Indicated by thermogravlmetrlc analysis of the above 
compounds at high heatmg rates Flrsova et al 37 suggested from mfrared studies that m 
SC& 2-ampy, (2-ampy = 2-ammopyndme) coordmdtlon was through the nitrogen atom 
of the pyrldme rm g In the qumolme complex SKI3 qum and &Cl3 3 dmqum coordma- 
tlon Jg,un 1s through the heterocychc mtrogen atom m edch case 

In 196 1, the compounas ScC13 3p!len, SKI3 Zblpy and ScC13 2(4,4’-bipy) were pre- 

pared .md shown to be 1 3 electrolytes m water13’ The infrared spectra of 
ScC13 2blpy HZ0 dnd &Cl3 Zphen 4H20 were measured as pdrt of a study of the com- 
plexes formed between hydrated rare earth chlorides and blpyrldyl and o-phenanthro- 
hne13g The @c-N) vlbratzons assigned m the region of 280 cm-’ are conslderably higher 
than found for the complexes with the rare earths, reflecting the greater polanzmg power 
of the scdndiunl ion No evidence was found for Y(SC-Cl) vlbratlons, It bemg concluded 
thdt the metal-chloride link in these complexes 1s lomc and that some coordmailon of 
wdter molecules takes place 

The anhydrous complexes ScC13 2blpy dnd ScC13 2phen were obtained from tetra- 

hydrofuran solution by the reaction of anhydrous scandium chiorlde with the hgands m 

large excess ’ 4o No evidence for tCle formatIon of S&l3 3hgdnd wds obtamed The com- 
plexes behave as i 1 electrolytes with strong Ion-palring m acetomtrlle or mtromethane 

solution, nm:lar to the correspondmg tltamum(III) species”’ From mvestlgations of 
the Infrared spectra, particularly m the far Infrared region, the structures 

cls-[Sc(blpy),Clz] Cl and czs-[Sc(phen)zClz] Cl were assigned A series of thlocyanate deri- 
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vatlves were also obtamed and characterized by mfrJred and conductlvlty measure- 
ments 140*142 ? he trls hgand complexes were assigned structures [Sc(bzpy)s] WCS), and 

[Sc(phcr& 1 WCS) 3 with the bls hgand species [SL(bipy)?(NCS)2] NCS and 
[Sc(phen),(NCS),] NCS both being obtained as czs and rrazzs Isomers The thlocyanate 
ion is bonded to scandium through the mtrogen atom, ~(SC-NCS) bemg assigned between 
300 and 325 cm-’ _ The positrons of_v(Sc-Cl) and v(SC-NCS) are lower than those reported 
for v(V-Cl) and V(Cr-NCS), rndicatmg a weaker bond for the scandmm complexes The 
positions of Y(SC-NIleand) are slmllar to those discussed earher The ability of the scandium 

Ion to form czs and trinzs isomers IS surprlsmg m view of the expected lablhty of the Ion 
and further mvestigations of these systems dre m progress Recently, Russian authors have 

reported the lsolatlon of tz-zzzzs-[Sc(lzgand)z(NCS)2] NCS, (hgand = blpy or phen) from 
anhydrous alcoholic solution ‘43 and a compound SC~(C~O~)~ T’phen contammg both 
coordinated oxalate and phenanthrolrne 14’ 

One of the few paramagnetlc compounds of scandium was obtamed by Herzog et al I45 
in 1961 by the treatment of scandmm chloride and blpyndyl m tetrahydrofuran with 
dlllthuzmbipyridyl The black cryGals of composition Sc(bipy), have a room temperature 

magnetic moment of 1 99 Bohr magnetons, mdlcatmg the presence of 1 unpdlred electron 

The compound 1s oxldlzed by three equivalents of iodme and It was suggested that It con- 
tans scandium In a zero oxldatlon state Although little further work hds been carned 
out on this mterestmg compound, smlllsr species with other metal Ions have been mvestl- 
gated m some detail X-ray structural mvestigatlon of the lsomorphous compcunds 
Tl(blpy), . V(blpy)3 and Cr(Blpyj3 Indicate trlgonally distorted octahedral structures, the 

&stortlon increasing m the order Cr < V < TI, I e , with mcreasmg size of the central met4 
atom146 The effect df this distortion IS to split the rZg orbltals of the metal into a 1 f e if 
the metals are assigned zero ovldatlon states and there :q an appreciable separation between 

t?le al and e orbztals, the mdgnetlc moments observed for these species mcludmg scan- 
duun, mpy be accounted for There has been consrderable drscussion where the electrons 
in these “electron rich” compounds are loLated From measurements of the absorptzon 

spectra of some neutral blpyrldyl compounds’47, it was suggested that for lanthamde 
denvatlves, the electrons are mainly associated with the lzgand. but for the TI, V and Cr 

compounds, the spectra are dependent on the metal and some delocahzatlon of the elec- 
trons onto the metal takes place For the iron compound, Fe(blpy), the absorption spec- 
tra and ESR measurements appedred to lead to confhctmg results, although it was stall 
concluded that the compound contains iron m a zero oxzdatlon state and neutral blpyndyl 
hgandg 14’ Lack of mformatlon on the scandnzm complex does not enable any conclu- 
sions to be drawn as to whether the speczes IS Sc(blpyj3, Sc3’(blpy-)3, or whether an 

“intermediate” bituatlon exists. A correspondmg phenanthrolme derlvatlve Sc(phenJ3 1s 
obtamed by the reduction of [Sc(pher&Clz] Cl by dlllthuzm benzophenone m tetrahydro- 
furan solution 14’ Like the bipyrldyl compound, Sc(phen)3 has a magnetic moment cor- 
respondmg to one unpared electron and 1s non-conducting m tetiahydrofuran 

A series of lsothlocyanato complexes of scandium M3 [Sc(NCS,,-,] nH,O has been re- 
ported, first m 1927 Iso and agam more recently’5’*‘52 From the posItions of v(C=N) and 

y(C-S), coordination through the nitrogen atom was established Attempts to lsoldte scan- 
dium thlocyanate have bean unsuccessful and lead to solvated. hydroxyls3 or ill-defined 
products3 The conditions of the extraction of scandmm by thtocyanate ion have been 
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known tor some tlrne ‘s4 and vnrlous equlhbrla have been suggested’557’56 although the 
species extracted by ether from acidic or aqueous solution IS not the simple tluocyanate 
Sc(NCS), but probably an acldlc, hydrated or hydroxy species3 Scandium can also be 
extracted from aqueous thtocyanate solutions into chloroform or dtchloroethane con- 

tam1r.g nitrogen donor hgands 1s71158 The species LH+[Sc(NCS), L2 J , (L = colh&?e) can 
be isolated from chloroform when colhdme is used ds the bga.?d With phenanthrohne, a 
complex containing two moies of hgand is proposed as the species m the organic layer 
Scandtum forms complexes contaming three molecules of methyl, propyl or hexyl dlantl- 
pyrmylmethanes ._t pH 2 The extraction of these species by chloroform from a thiocya- 
nate system IS specific for scandium Is9 

Anhydrous scdndnnn chloride 1s shghtly soluble m acetomtnle and benzonltrlle and 

the adducts ScC13 3CH3 CN and ScCl3 3C6 Hs CN have been isolated from the soluttons3g*42 
Presumably the mtrlles are coordmated to scandium through the nitrogen atom 

Other complexes with nitrogen donors that have been mvesttgated include a senes of 

Schlff bases for which tummescent reacttons were stu&cd I60 and two bnef reports on 
’61s162 phthalocyamne compounds . Extended Huckel calculations on ScOH porphm have 

suggested the compound should be stable but have an unusual visible-ultraviolet spec- 
trum ’ 63 Its synthesis has not yet been reported, however 

D NITROCEN AND OXYGEN DONORS 

The use of S-hydroxyqumohne (HQ) for the gravmietnc determination of scandium 

has been known for several years although the composmon of the precipitate hds been 

the subJect of much dIscusston 
Pokras ad Bernays 164 found that the compound ScQ3HQ was preclpltated from 

aqueocis solutions at pH 7 5 Attempts to remove the “eutrz” molecule of HQ by heatmg 
ScQ3 HQ were not successful and no dlscontmutty correspond1 lg to SCQ~ was observed 
In benzene and toluene, the compound was completely dlssoclated into ScQ3 and HQ. 
suggesting only weak forces were holdmg the extra HQ molecule I65 In ethyl alcohol, 

Moeller and Ramamah suggested devlatlons from Beer’s law were due to hydrolysis of 
ScQ3 HQ to give ScQ3 and HQ’66 Much of the early work on the complexatton of 
scandium by HQ has been summarized m more recent papers’67Y168 Cardwell and 
Magee I’? confirmed the composltlon of the precipitate from solutions of pH 6 5 as 
ScQ3 HQ, but at pH 8 8, the compound (ScQ3)2HQ was Isolated Again thermogravt- 
metrtc studies did not indicate a constant weight level corresponding to ScQ3 occurred m 

either case The compound ScQ3 3HQ was prepared by a solid phase reaction at 100-l 10” 
between ScQ3 HQ ard 113 On heating, HQ was lost to give a constant weight level corres- 

ponding to ScQ3 HQ. which then behaved m a similar manner to the above two compounds. 
Petromo and Ohnesorge 1’S however suggest that the species preclpltated from . 

aqueous solution under the conditions used by Pokras and Bernays’64 IS the unsolvated 

ScQJ Solutlons of this compound m ethyl alcohol do not obey Beer’s law m the near 
ultraviolet region and an equlhbrluin between a bls and trls species was proposed LogK3 
for the formatIon of ScQ3 was estl nated to be 9 

If the precipitated compound IS indeed the_unsolvated spzcles S2Q3, the thermogravt- 
metric data can be understood and the low results often obtamed for the gravlmetnc de- 

terrnmation of scandmm by S-hydroxyqumolme expldined 
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If crystals of the precrprtated compound can be obtamed, an X-ray structure determr- 

natron should finally resolve the questron of Its structure and enable the behavror rn solu- 
tron to be understood 

When 8-hydroxyqumolme and “scandrum throcyanate ” ethereal solutrons dre mixed 

111 a molar ratio of 4 1, a yellow precipitate correspondmg to ScQa NCS is obtamed”v 

Infrared spectra show that the throcyanate 1s terminally nitrogen bonded, the spectrum 
remammg almost unchanged m tetrahydrofuran solutron. The compound rs non-con- 
ductmg in THF and mtromethane, but weakly conducting m acetomtnle and NJV-drmethyl- 
formamrde Molecular weight measurements could not be obtarned m THF, although m 
DMF, m whrch some ionization takes place, the data suggest the presence of a polymenc 
species If the throcyanate is bound only through the nitrogen atom, the scandium may 
be five-coordinate 

Three drfferent complexes of scandium with the lmmodiacetdte ion, rNH(CH2CO(;T)z j , 
ida, have been isolated, [Sc(rda)] Cl 2H,O. [Sc,(rda),] HZ0 and K[S~(,da)~l .3H20 de- 
pending on the reaction condrtrons r6’* r” r ’ r All three species may be ;ompietely de- 
hydrated by heating between 100 and 280°C Infrared spectra of the hydrated, dehydrated 

and deuterdted compounds have been measured and the conclusion was leached that m 

all the compounds the SC-O bond 1s “ioruc” and the SC-N bond covalent The s:rength of 
the SC-N bond 1s suggested to decrease m the order [Sc(rda)Cl > Scz(rda)a > 

K[Sc(rda)2] No suggestrons as to the structures of the compounds were put for.vard, 
howeve, 

The stability constant, K, of the 1 1 complex of scandrum with ethylenediamrretetra- 
acetic acid, has been measured by a polyarographic technique I’*, K = 23 1 + 0 15 at 20°C 

and P = 0 1 This value 1s greater than that found for the correspondmg complex with 
yttrium (18 09 f 0 04), lanthanum (15 50 + 0 05) or lutetium (19 83 f 0 07) but less 
than that with mdmm (24 95 -+ 0 i) or fernc ran (25 1 t 0 I), a correlation closely fol- 
lowing changes in tonic srze of the catrons’73 

The K [M(EDTA)] nH20. M = SC. Y, La and Lu have recently been reported, althougn 
no values for II were given 174 The rate of hgand exchange for each species was measured 
by lure broadening of the ’ H NMR spectrum of the hgand and the order SC < Lu < Y < 
La was found, whrch exactly reflects the decreasing values of K noted above 

A spectrophotometric study of complex formatron between scandrum. yttrmm and 
lanthanum with drethylenetriammepentaacetrc acid r” showed that stabmty constants 
for the 1 1 complexes decreased m the order SC > Y > La (log KSc = 26 28 f 0 37. 

log KY = 21.95 + 0 03, log K,, = 19 23 * 0 03), again reflecting the increase u-r catroruc 
size from scandium to lanthanum 

Ammo acrds are potentrally capable of complex formatIon through both the mtrogen 
of the amme group and the oxygen of the carboxyl group, or through the carboxyl group 
only, depending on the pH at which the reaction takes place At pH 6, Sc(OH), does not 

dissolve m solutions of ammoacrds and no compounds were synthesized m which both 

nitrogen and oxygen donor atoms are coordmated ’ 76 In weakly acrdrc solutrons, howeve;, 
several compounds contaming scandium-oxygen bonds only were isolated 
ScGlut(GlutH) 3H20, Scz(Glut)(GlutH), 5H,O (GlutHz =glutamrc acrd), 

Sc~(S04)s(GlH)4 SHZO (GlH = glycme), Scz(S04)s(AlnH)4, (AlnH = alarune), 
ScZ(SOs)a(AmH)a. (AmH = ammobutyrrc acid), Sc2(SOb)a (NorH)a, (NorH = nor- 
leucme) and Sc(S04)(GlutH) 2HzO 

. 
Coord CJzenr Rer , 7 (1971) i33-160 
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If sulfuric acid IS added to aqueous solutions of these compounds, or the reactlons are 

carried out m dilute sulfurrc acid, the ammo acids are protonated and exist as cations with 

the scandmm as a complex sulfate. 
Pyramldone (pd)* reacts wrth scandrum chloride, the complex [Sc(pd)s] [B(C6H5)4]3 

bemg isolated on addltlon of sodium tetraphenylborate I” _ Infrared and ’ H NMR data 
suggest that the hgand IS coordmated to scandium through the carbonyl oxygen and exo- 
cychc tertiary rutrogen atom, making the scandium eight-coordmated Slmrlar complexes 
were obtained with yttrium md some lanthamdes The ablllty of scandnun to form erght- 
coordinate species IS not very great due to Its relatively small size compared wrth the 
lanthamdes, although some examples are known 

E HALIDE COUPLEXES 

The ablhty of the scandium ion to form complexes with fluoride Ion has been known 
for many years lMeyerg3 m 1914 isolated the colorless crystalline species M3 [ScF6.], 
(M = NH:, Na+, K’) by treatment of aqueous scandium solutions with ammomum, 

sodium or gotassnnn fluoride Later, Sterba-Bohm”’ suggested the species (NH4)2ScF5 
and NH4 SCF~ are mtermedlates in the decomposition of ammomum hexafluoroscandate 
to scandrum fluonde m aqueous solutron An X-ray drffractron study of (NH4)3 ScF, 
showed that two modrficatlons exist. an CY fan, found at high temperatures, of cubic 
symmetry and lsostructural wrth (NH4), FeFb and a 0 form of tetragonal symmetry which 
IS the low temperature form I” The thermal degradation of /3-(NH4)3ScF, was studied 
by HaJek lso who found that between 260 and 350°C the compound decomposed to give 

Impure NH4ScF4 which m turn decomposed to ScF3 between 350 and 440” Ail three 
compounds were proposed to contam ScF, octahedra, with NHaScF4 contammg four 

brldgmg fluoride Ions Srmllar data for the themlal decomposltron of (NH,), ScF, were 
reported by Ivanov-Emm et al x81 These authors also investigated the solublhty of am- 
momum hexafluoroscandate m ammomun: fluorrde solutions In solutions of high arn- 

momum fluoride concentration (EiH4)3ScF6 IS the stable species, but ds the concentra- 
tlor IS decreased, decomposltlon takes place and NH,,ScF4 IS obtamed, Indeed the latter 

compound may be prepared by dlssolvmg (NH4)3ScF, m water and stlrrmg for 48 h 
during which tune crystals of ammomum tetrafluoroscandate separate from solution No 
species correspondmg to (NH4)2ScFs or (NH4)3Sc2Fg descrrbed by Sterbd-Bohm’78 
were aetected 

Kury et al. 18* studled the complexmg of scandmm by fluoride Ion m aqueous solution 
The data obtained were Interpreted by assummg the presence of species ScF*+. ScF2+, 
ScF,(aq) dnd ScF4- Equlllbrmm constants for the formation of these species were mea- 
sured and the heat and entropy changes accompanymg the reactrons were caiculated 
(see Table 6) The scandmm complexes are more stable than the correspondmg fluonde 
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complexes of Aim or Fern,, this greater stabrhty arrsmg from a more negatrve enthalpy 

term rather than from an entropy effect Some possrble explJnatrons for thus stabrhty 

were put forward by these authors although none of them IS really satrsfymg Drstnbutron 
diagrams for the fluoride complexmg of scandmm have been pubhshed usmg the above 
stability constant data ls3. 

TABLE 6 

H&de complevmg of scandmm (III: m aqueous solution 1*2’1g2 

ReactIon* 

(eu) 

Sc3+ + F- + ScF_ *+ 

ScF*+ + F- = ScF2+ 

ScF2+ + F-F ScF3(tq) 

ScF3(aq) + F- = SrF4- 

sc3+ + a- =+ sea*+ 

SKI*+ + cl- = s&l+ 

Sc3+ + Br- * ScBr*+ 

ScBr*+ + Br- + ScBrz+ 

12x lo7 03 29 f 3 

64X 10’ -1 5 19 c 3 

30x IO4 -0 8 16 24 

7x lo* 

90 -15 Ot2 

37 -1 7 -1 54 

170 -0 5 4-r?, 

10 -0 6 Ok2 

l Coordinated water neglected 

The work of Meyer g3 has recently been repeated and for the addrtron of ammomum, 

sodmm or potassmm fluorrde to scandium solutions, the successive complexatron by 

fluoride ions was again suggested 1847185 The species ScF3 0 l6H2O, NaScF4 H20, 

KScF, 0 1H20, M3ScFs (M = NH:. Na+) and K 2 ,ScF, 5 0 2H,O were isolated from 

the soiutrons (NH4)3ScF6 w&s shown to be a 3 1 electrolyte m water and to decompose 
at pH 7 5-7 7 to give a precrprtate of ScF3 The Raman spectrum of (NH4)3ScF6 has 
been reported rs6, the [ScF6 ] 3- ion assrgnments were made on the bdsrs of 01, symmetry 
AIg, 504 cm’, Eg, 370 cm’, F.+ 240 cm-’ The spectrum 1s very srmrlar to that of 
[InF6] 3-, [AIF,] 3-, [GaF,] 3- and ]FeF,] 3- 

Several vrsual-thermal analysrs studies on alkah metal fluoride-scandium fluoride sys- 
tems have been made 187y188 The species detected m these systems are 1MScF4 (M = Lr’. 
Na+) and the cryohte type M3ScF6 (M = Na+, K+, Rb+, Cs’) For the latter group of com- 
plexes, as the alkali metal romc radms Increases, so does the stabrlrty of the complex, a 

conclusion reached by comparison of the drfferences between the melting points of the 
complex and that of the correspondmg alkah metal fluorrde The sodmm fluorrde-scan- 
dmm fluoride system has been studied m more detail by Thoma dnd Karraker Is9 _ They 
also observed two complexes bemg formed, NaScF4 and Na3ScF6 The former complex 
possesses hexagonal symmetry wrth a = 12.97, c = 9.27 A while the latter exists m both 

a h&r-temperature (or) and a low-temperature (p) form, the transition occurrmg at 680°C 
/3-Na3 ScF, IS monoclinic, space group P2 r Pz, with a = 5 60, b = 5 8 1, c = 8.12 /i and p = 

90”45’ Na3ScF6 IS srmrlar to Na3 AlF6 m Its crystal symmetry, both species crystalhzing 

Coo& Chem Rev. 7 (1971) 133-160 
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from melts and mvertmg to monochmc low temperature forms The scandmm species re- 

sembles Its alummum analog rather than correspondmg trivalent Ianthamde species due 

to the similar polarizabfiltles of Sc3+ and A13+ 
The compound CszKScFG IS prepared from Sc203, CsCl and KC1 m a stream of fluor- 

me at 500” (ref 190) It crystallizes m a cubic form, a = 9 32 ii, lsomorphous with 
K2NaCrFs The sohd state reactlon between ScF3, NaF and MgF2 at 830° for 24 h m 
argon results m Na2 MgScFT which crystallizes m the orthorhomblc form lsomorphous 
with Na,MgAlF, 19’ 

The complexmg of scandmm by chloride ron m aqueous solution was studled uutlally 

by Paul”’ m 1962 The data he obtained for the formatlon of the species ScCl’+ and 
ScC&’ are presented m Table 6 Later mvestlgatlons 193-195 also mdlcated the presesce 
of the abo7 e species although the stablhty constants derived differ conslderably from 
those determmed by Paul The reasons for this discrepancy are not understood Scandium 
1s slightly adsorbed by an amon exchange column from 7- 12 M hydrochlonc acid mdl- 
catmg the presence of an anro,llc species at high chloride concentratlon196 _ In high con- 
centratlons of hydrochlonc acid, ScCl 4- has been suggested to be the amomc species, m 

2-SMHCI, ScC12’ and ScC12’ are present and m very dilute HCI, SC(OH)~’ IS the mam 
species 194 

The stablhty constants, AH dnd AS values for complexmg of scand:um by bromide 
ion are hsted m Table 6 from the study by Paul I92 As was the case for the chloride ion, 
other authors have proposed substantially different values for the stab.hty constants of 
the ScBr” and ScBr*+ 1ons197_ It IS interesting to compare the data of Paul for complex- 
mg of scandium by fluonde, chloride and bromide ions The fluoride complexes are 
much more stable than the correspondmg chloride and bromide species, although the 
first chloride complex IS less stable than the first bromide complex Comparison of these 
datd with those for the correspondmg mdmm halide species 198 shows that the fluoride 

complexes of scandmm are more stable than those of mdmm, although for the chloride 
and bromide species, the reverse is true Indmm(III) and scandmm(II1) have almost iden- 
:Ical lomc radu ’ 73 

Several studies of phase diagrams involving alkah metal chlorides and bromides with 
scandmm chloride snd bromide have been carned out over the last few years’g9-206 

Two general types of complex halide species are formed 

M3 ScC16 M= ~,199,200,N~*~~-~~~,~200,202,203, Rb200 203,cs200,203,204 

M3ScBrs M = Na20S, K*os, Rb=‘6, ~~206 

M3!k2& M = KzoO, RbZo3, cs203T204 

M3Sc2Brs M = Na205, K*“, Rb206, Cszo6 

In the fomlation of these species, scandnun(II1) closely resembles tltamum(III), vana- 
dmm(JI1) and chrommm(III)207 _ They are probably lsomorphous species contammg octa- 
hedral arrangements of hahde Ions, the Sc2 X9 3- ions conslstmg of two hahde octahedra 
sharing a common face Two forms of L13ScC16 were detected, the Q + B conversion 
taking place at 470°C 199 The energy of transfer from ScC16 3- to Sc2 Cl9 3- has been esti- 
mated to be 36.2 kcal mole-’ -37 5 kcal mold’ and 39 7 kcal mole-’ for the potassmm 
rub:dmm and cesmm derivatives. respectively *” K2ScCls has also been detected 202-203 
although no correspondmg species with other alkali metal hahdes or with the bromide ion 
IS known 



COORDINATION CHChIlSTRY OF SCANDIUM 153 

Recently, CsaNaScClehas been Isolated by evaporatton to dryness of a hot aqueous 
HCI solutton of the appropnate cations ‘Og The scandmm(II1) ton ts no doubt octahe- 

drally surrounded by SIX chloride tons and the X-ray powder pattern has been rndexed 
on the basis of a face centered cubic structure 

F hlISCELLANEOUS COhlPLEXES 

Interaction of dnsopropylmethylp:.osphonate with hydrated scandium chloride at 
50-60°C leads to the formation of trrs(uopropoxymethyIphosphonato) scandmm(III), 
Sc(tmp)a, with simultaneous evolutton of isopropyl chlortdea lo The general msolubrhty 
of the complex IS interpreted as being mdrcatrve of a polynuclear configuration involving 
phosphonate bndges A distorted octahedral symmetry IS assigned to the scandium ton 
on the basis of the general srmdarrty of the compounds X-ray powder pattern wrth other 

M(imp)s complexes 
A crystalhne precipitate slowly separates from an aqueous solutton of tropolone dnd 

scandrum nitrate which IS an acid of the type HSc(trop)j ” ’ Drssolutron of thus acid m 
a hot methanol-chloroform mrxture and subsequent concentration of the solution yields 

the tristropolonate of scandmm, Sc(trop), This complex has a dtstmctly different lattice 
from those of the larger rare earth ions whrch have a polymenc structure, as Judged by 
X-ray powder data, mfrared spectra, and tts greater solubrhty The trrstropolonate of 

scandium IS soluble m chlorofomr and IS isomorphous with Fe(trop)a Although tnvalent 
scandium IS srgruficantly smaller than any of the rare earth ions It 1s alleged to form an 
eight-coordinate species with tropolone by reaction of the trrs species with sodium tropolo- 
nate m polar media The X-ray powder pattern of the tetrakts compound. NaSc(trop), , 
shows It to be isomorphous with the rare earth analogs which are known to form eight- 
coordmate species 

The compounds ScC!s dppe and ScBra 1 5 dppe have been isolated from the reaction 

of 1,2-b:s(drphenylphosphme)ethane, (dppe), with scandium chloride and bromide, respec- 
tively 137. A band at 303 cm-’ m both compounds was assigned :o ~(SC-I’), wrth v(SC-Cl) 

at 3 17 cm-’ and v(Sc-Br) at 275 cm-’ 
The chloride species behaves as a weak I 1 electrolyte m mtromethdne whereas the 

bromide IS a strong 1 1 electrolyte or an ton paired 1 2 electrolyte Molecular weight 

measurements m mtromethane mdtcated a degree of assoctation of 4 5 monomer units 
for the chlortde whtle the apparent molecular weight of the bromide increased over a 
period of two weeks It was suggested that the polymers contam tetrahedrally coordmated 

scandium and may be written [-CH2PPh2ScC12Ph2PCH2-] ,F+ nCl_ and 
[-CHz PPha ScBr(Ph2 PCH2 -)* ] n2’z+ 2nBr- 

Complexes of scandmm with sulfur donor hgands have not been mvestrrated until re- 
cently, although rt was reported212 m 1960 that scandium 1s precipitated ‘y sodmm mer- 
captobenzothrazolate. NaC,H4NS2,at pH 5 S-6 as the basic salt SC(C,&NS~)~OH 
Using Na2 [S1C2(CN)2 1, sodium maleomtnledithiolate, the complex 
[(IzC~H~)~N] [Sc(SsCa(CN)2)3] has been isolated213 This compound ur doubtedly con- 
tams strong scandium-sulfur bonds since rt is obtamed m an unsolvated form from 
aqueous ethanol solutron 

Complexes of the lanthamdes with the Nfl-dtethyldrthrocarbamate ton (dtc-) of general _ 

Coord Cltem. Rev, 7 (i37i) 133-160 
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formulae Ln(dtc)3 and [NEt,] [Ln(dtc)4] have been reported214 In view of the apparent 

stabdlty of the above scandium compound, complexes with dlthlocarbamate ions and 
other sulfur donor hgands should also be capable of isolation 

Scandium tns(cyclopentadlemde), Sc(Cs H5)3 has been known for several years and 
may be prepared from the chlonde and sodmm cyclopentad1enlde215V2 l6 or the fluonde 
and magnesium cyclopentadiemde *” The compound IS straw-colored, has a meltmg 

point of 240°C, and sublimes at - TOO-250° under vacuum The near Infrared reflection 

spectrum between 4,000 and 10.000 cni’ has been measured218 it has been suggested 
that the bonding between scandmm and the cyclopentadlene rings 1s purely lomc m na- 

ture 215,110,219 hlass spectral measurements on some lanthamde tnscyclopentadlemde 

complexes nave recently been reported*” From the abundances of various ions it was 
concluded that the species are iomc m nature The crystal structure of one of the com- 
pounds for which the mass spectrum was measured. VIZ tns (cyclopentadlenyl)sama- 
num(II1) has recently been reported **I It was concluded, m conflict with the above 
suggestion, that the Sm-C bond has only about 37% partial lomc character The cyclo- 
pentadlenyl rings have a defimte preferred onentatlon about the SmlI1, as expected if the 
bond has _ !arge amount of covalent character In view of the smaller lomc radius of 
scandium(!Il) ccmpared to samanum(III), SC(C~H~)~ may be expected to have connder- 
able covalint character 

Tnphek yl scandrum, SC(&H~)~ and tn(phenylacetyhde) scandmm, SC(CGCC~H~)~ 
hdve been reported2’2V223 although the nature of the bondmg m these compounds 1s 
not known Scandium chlonde has also been reported to form addition compounds with 
olefins2’4 and ethylene polymenzatlon has been observed using scandmm species JS 
catalysts**’ 

G SUMMARY 

This review has dlscussed the coordmatlon chemistry of scandium, most of wh~h has 

been reported durmg the last few years 
It 1s apparent that when comparisons are made between scandmm and the lanthamdes 

or early members of the 3d transltlon elements, the size of the scandmm ion 1s important 
m determining the stolchlometry and relative stablhty of the species formed Scandium 
has a strong preference for a coordmatlon number of s1x, with an octahedral or distorted 

octahedral stereochemistry However. compounds with unusual stolchlometnes that can- 
not readily be ratlonahzed on the basis of SIX coordmatlon may contam the scandium ion 
m different stereochemlcal environments 

The next few years ~111 undoubtedly see a large increase in the number of scandium 
complexes synthesized, however. the need for physical measurements and structural 
charactenzatlon of existing species 1s acute m order to resolve questions of stereochemls- 
try, mode of bonding and stablhty 

In view of the Importance of early transltlon elements as catalysts m many mdustnal 
processes, polymenzatlon, ohgomenzatlon, hydrogeneratlon etc , the synthesis of species 
containing scandmm m oxidation states other than three and also the field of organo- 
scandmm chemistry should receive mcreasmg attention 
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