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A INTRODUCTION

Scandium has been known for almost one hundred years, although 1is chemistry, and
mn particular its coordination chenustry, has been little studied The lack of attention has
probably been due to the difficulty, untd recently, of obtamning a pure source of scan-
dium, although the metal and the oxide are now commercially available in high punty

Scandium is the first ntember of the 34 transitron series and has a ground state elec-
tronic configuration of [Ar] 3ad'4s”

Vickery ! has reviewed the chemistry of scandum up to 1960, his monograph bemng
mainly concerned with analytical procedures and the chemustry of trivalent scandrum
salts, Most of the chemistry of scandium so far reported has been derived 1n connection
with studies on the lanthanides?, but 1n the past few years mterest i the coordmnation
chemistry of scandmum has mereased

This review 1s concerned with the coordination chemistry of scandwum, and 1s discussed
in sections mnvolving ligands with different donor atoms.
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134 G A MELSON, R.W STOTZ
B COMPLEXLS WITH OXYGEN DONOR LIGANDS
{1} Neutral oxygen donor ligands

A preat deal of \he early work on complex formation of lanthanides and scandium in-
volved partition between aqueous and organic phases In those few cases where sold com-
plexcs were 1solated, thesc were found to be relatively unstable species, or often highly
solvated, particularly when the ligand employed was unidentate For scandmum, the chem-
istry of which 1s sinular to that of the lanthanides m many aspects?, it 1s expected that
the most stable commplexes will be formed with oxygen donor ligands

TABLE |
Scandinm halide and thiocyanate complexes with neutral oxygen donor higands

Complex Ligand (L) Ref

ScCla(L)g Urza 37

ScBra{L)g dmso, urea 9,38
ScClall)g dmso, urea 9, 38
SeCly(L)g Diaxan, benzaldenyde, hexamethylphosphoranmide, 29-31, 394

tributylphosphate, trimorpholinophosphine
ovde and thi

Sc{NCS)3(L)3 dmso, dmf, Ph3PO, Ph3 AsO, pyNO, 2-picNO, 3
3-picHO, 4-preNHO, and lntND

ScCiz(L)y Diovan, acetone, thf, dmf, and ethylacctate 39, 42

SeClafLl) Acetophenone, benzophenone 39

Only 2 few complexes of scandium(111) with neutral oxygen donor ligands have been
characterized (see Tables 1 and 2) with most of these appeanng in the literature only re-
cently Crawford and Melson?® have recently reported complexes of general formula

TABLL 2

Scandrum perchlorate, tetrahydroborate, and nitrate complexes with neutral oxygen donor hgands

Complex Ligand {L) Ref

S5c{Cl04)3({L ), dmso, dmf, dma, pyNOQ, 2-pieNO, urea 9, 14, 26, 30, 38
hexameinylphosphoramide, and
thiovane oxide

SC(NO)))(L)G Urea 3R
Sc{Cl04)3{L), Fh3PO 32
Se(Cl0g)a({l)s TH2O  Dioxan 43
So(ClO473(1L);, bipyQs, dpQs, and daO» 32

Sc(BH,)3(L) thf 44

Abbreviations dpQa = I,2-his{d:phenylphosphinyl)ethanc, daQ; = 1,2-bis{(d:phenylarsinyethane,
bipy Qg = 2,2 -btpyndyl-l.l'-d:o‘nde, dma = dimethylacetamide
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Sc{NCS); Ls where L is dimethylsulfoxide. ¥, V-dimethylformannde, tnphenylphosphine
and arsine oxides, pyndine-N-oxide, 2-. 3-, and 4-picohne-N-axides, and 2.6-lutidine-N-
oxide The observed frequencies for the charactenstic vibrations of the throcyanate group
in these complexes indicate the presence of nitrogen coordinated thiocyanate tn all the
compounds®® The conductance of the complexes 1n acetone indicate shight 1onzation
with the exception of Sc(NCS);3(Phz AsQ), which 1s considerably more dissociated mnto
1onic species than the others In chloroform, however, Sc(NCS);(Ph; AsO); and the other
complexes that were sufficiently soluble to enable conductance measurements 0 be made,
were not ionized It can, therefore be concluded that the complexes are neutral. six-coor-
dinate species with both ligand and thiocyanate coordinated and can thus be formulated
[Se(NCS)3Ls]

For [Sc{NCS}s{dmso); ], »(8=0) 18 decreased from the free ligand value on conrdina-
tion Tlis coupled with the observation that the asymmetnc v(C—8) mode of dimethyl-
sulfoxide 1s mecreased on coordination confirms that caardmation 1s through the oxygen
atom® '? The complexes [Sc(NCS)s(dmif)z ], and those containing pyridine-V-oxide
and 1ts alkyl substituted denivatives all show a decrease in v{X—0) relative to the free
lipand value, indicating oxygen coordination*3722 The v(As—0) mode m
[Sc(NCS}:{Ph; AsO);] 1s at a higher frequency than 1n the free ligand, however, it has
been found that on coordination v§ As—O) may wncrease 22:2% or decrease 2° in frequency
depending on the magnitude of the coupling between the As—O and M—O bonds

The use of an anton that has non- or very weak coordinating properties, such as the
perchlorate ron, might be expected to bring out the maxunum coordinatian numberefa
metal 10n 1n tts complexes with various lizands Recent studies with lanthanide perchlo-
rares and oxygen donor ligands nave shown that the coordmation number vances with
tonic stze, values front six to nine being reported ' 141335728 This vartation has been
considered ro be a nmecessary consequence of the different crystal radn of the lanthamide
specles

On the other hand, ligands such as hexamethylphosphoramide and trimorpho-
Imophiosphine oxide®" exhibit a constant coordination number {apparenily six) for all
the lanthamdes, scandum, and ytirtum. In the former case thisis attributed to the
stenic bulk of the ligand preventing the metal 1ons from achieving their maximum coordi-
nation number, however, in the latter case effects other than steric hinderance are re-
ported to be involved.

In view of the smaller size of scandium{111) compared with any of the tnvalent lantha-
nude ions, 1t 1s expected to exhibit a max:muin coordmation number on the low end of
the range observed for the lanthanides Crawford and Melson *? have reported the charac-
terization of several complexes with scandwuny{1H) perchlorate of general formula
Sc(Cl04}3 L4 {L = dimethylsulfoxide, N, /-dimethylformamide, pyrnidine-N-ox:de, and
2., 3-, and 4-prcoline-M-oxrdes), Se(ClQ, )5 Ls (L. = tnphenylphosphine oxade), and
SAClO4)sLs [L =2,2"-bipyridyl-1,1"-dioxade, 2,2-bis(d1phenylphosphinyl) ethane, and
1,2-bis{diphenylarsinyl) ethane] The charactenstic perchlorate absorptions indicate that
with the exception of Sc(Ph;PO), (ClO, )5 21l complexes contain 1onic perchlorate with
T, symmetry?? The mfrared mull spectrum of Sc(Ph;PO),(ClO. ), exhibits a complex
sertes of bands 1n the regions of perchlorate absorption. It 1s concluded that 1in this com-
plex, coordmnation of some of the perchlorate 10ons takes place** In solution, the mfrared

29,30
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136 G A MELSON, RW STOTZ

spectrum 1s different and closely resembles those found for the complexes containing
only 1ontc perchlorate, thus solvolysis of the coordinated perchlorate must take place.
This 15 consistent with the observation that this complex behaves as a 3 1 electrolyte 1n
solution All the ather complexes reported also behaves as 3 1 electrolytes, therefore, the
coordination number suggested by the vibrational spectra and conductivity data for these
complexes 1s six In S¢(Ph3PO), (Cl04 )3 unidentate coordination of twa perchlorate 10ns
in addition to the four tnpheny! phosphine oxide ligands would satisfy this coordination
number

Edwards et al ?* observed a coordmation number of six for scandiem(IiI} 1n their
study of complexes of transition and non-transition metal tons with thioxane oxide
¥ ttraum({1I1) and cermam(IIl) exhibited coordmnation numbers of nine with this hgand
The fact that ssmilar igands only result 1n six-coordmate complexes with scandium(I11},
even when a larpe excess of ligand 1s employed, can be attributed to the smaller 1onic
s1ize of the scandum(IIl} 1on

If the oxygen donor ligands are constdered as single particles then the 1dealized sym-
metry for the [ScLg ] 3 cation will be Oy, and one infrared active, Raman-tactive scan-
dium—oxygen stretching mode (F,) 18 expected Crawford and Melson *? observed an
mnfrared-active, Raman-inactive band 1n the region of 450 cm™? which they assigned to
the scandium—oxygen stretching mode Earlier, Kutek and Petru? erroneously assigned a
band 1n this regton of the infrared spectrumn of Sc(dmso)s(Cl0,4)a to a perchlorate mode

A lowering of the symmetry from ©,, will give rise to differences m the vibrational
spectra assoctated with scanditm—oxygen modes A recent study *° of dimethylsulfoxide
complexes [M{dmsa)g]"* has led to the conclusion that the pomnt group symmetry of the
cation 1s erther D, 4 or §¢ depending on the configuration of the igand Both symmetnes
predict two infrared-active, Raman-nactive y(M—0} vibrations For [Sc{dmso)s [{ClO4)3
the broad asymmetnic absorption band mn the infrared spectrum at ca 450 cm™ 1s assigned
to 1{Sc—0)* This band 1s probably composite i nature and a consideration of ¥{Sc—0)
alone does not provide conclusive evidence for deviation of the cation from Q,, symmetry
However, the infrared and Raman active symmmetric and antisymmetrnic CSQO deformations,
assigned to bands at 384 and 333 cmi! 1n the free ligand are shifted to 357 and 336 cmi !
1n the cumplex Thus [6°(CSQ) - §"(CSQ)] decreases from 51 cmi ! 1n the free hgand *®
to 21 cm ! 1n the complex cation This behavior has been attributed 3% to the existence
of an §¢ point group for [M(dmso)s 7" Similar deviations from O, symmetry are to be
expected 1n the other complexes containing [ScLg 13" cations

The observed decrease of p(S=0) on coordination m [Se(NCS);{dmso); ] and
[Sc(dmiso)g ] (C104 )5 32, (50—60 cm™ ) 1s comparable to that found for dimethylsulfoxide
complexes of the lanthanides, but less than with tervalent transition metal 1ons, where
shifts up to 120 erm™! are observed '? The observed decrease of 30—40 em™ 1n #(N—OQ) for
(8c(bipy03)31(Cl04); 32 from 1255 cm' 1n the free ligand also closely resembles those
found for lanthanide complexes?®. A simitar observation was reported by Donoghue et
al %31 1n therr mvestigation of complexes of scandium(I1{) and the tervalent lanthamdes
with hexamethylphesphoramide and tnmorpholinophosphine oxide In general, for the
vibrational data currently available, the order of metal—ligand interaction 1s transition
metal(1II} >> scandium(111) > lanthanide(1I1}. Scandum{il} will form stronger complexes
than the lanthanides due to its smalier 1onic size and thus greater polanzing ability, but
weaker complexes than tervalent iransitton metals because of its shightly larger size
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(u} B-Diketonates

Among the oxygen donor hgands, those contatning the carbonyl group offer a poten-
tial site of coordination The p-diketones which predominantly exist as enoclic tautomers
have a replaceable hydrogen atom and react with tervalent metal ions such as scand (I}
to formn neutral tris-bidentate complexes A numbar of complexes of scandum(1) with
vanious S-diketones have been prepared {Tabie 3). In general, as will be pointed out later,
these complexes have properties more closely related to those of the 3d transition metal
g-diketonates than those of the lanthanide compounds

TABLE 3

fDiketonate complexes of scandium (B

Complex Melting point (OC) Ref
Sc(acac)y 187--190 49, 54, 80, 66, 69, 70
Sc(tfaa}s-3H,0 124-126 49
Scthfaa)y 116-117 49
Sc{dpm)y 132156 49, 65
Sc(bza)y 205 71
Sc(dbm)z 248 7,72
Scitta)y 147149 71-73
Sc{Br-acac)s 180 dec &6
MiSc(hfaa)s | (M = K, Rb, Cs} 227,231 and 240, respectively T4
Scfacac)y 2CHCl, 56
Se{acac)y 2CH4Bry 56
Sc{tta}sy phen 213 73
Scfrta)y bipy 179 73

Abbreviattons ifaa = tnfluoroacetylacetone, hfaa = hevafluoroacetylacetone, dpm = dipvaloylmethane,
bza = benzoylacetone, dbn‘i = dibenzoy!imethane, tta = 2-thenoyltrtfluorcacetone phen = 1,10+
phenanthrohne, bipy = 2,2 -bipyndyl, acac = acetylacetone, Br-acac = ~bromoacetylacetone

The acetylacetonate of scandmm(lil}, Sc(acac)s, like those of the tervalent 3d transi-
tion metal 1ons, 15 theenally stable and sublimable A heat of sublimation for Sc(acac);
of 23 8 kcal molé ' has been reported by Meha and Mernifield ***® This 1s comparable
to the heats of sublimation of the 1somorphous ron{IIl} and vanadmum(It}} com-
pounds®®7*® of 23 6 and 24 6 keal mole™! | respectively The lanthanide chelates of
acetylacetone are not volatile and decompose on heating Berg and Acosta®® have attyi-
buted this lack of volatility to the fact that only hydrates of the lanthamde chelates are
formed which decompose on heating i vacuo to form basic polymeric compounds. The
anhydrous complexes of scandium, yttriam, and the lanthantdes with hexafluoroacetyi-
acetone and dipwaloylmethane (2,2,6,6—tetrarnethyl-3,5—heptaned10ne) are all thermally
stable and volatile, and are utilized in the separation of mixtures. It was noted that the
volatility of these chelates mncreased with a decrease 1n the 10n1ic¢ s1ze of the central metal
101

The acetylacetonates of the lanthamides form unstable addition compounds with bases

Coord. Chem Rev 7T (1971) 133160
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sucls as ammonia and organic anunes and exist as hoth monomers and dimers in non-
aqueous solvents5* %3 whercas scandum acetylacetonate nerther combines with ammo-
n nor exhibits association m solvents such as chlorofonn or benzene 9. Dimeric acetyl-
acetonate species of scandium and other 3d transition metals have been detected in the
mass spectra of therr vapors®S, and addition compounds of scandum acetylacetonate
with chloroform and dibromomethane have been reported by Clark et al ° The strength
of the bonds bindtng the halomethane molecules 1n these compounds, however, 1s rather
smalt (from 3 to 5 keal mole!) and 1s of the order of a dipole—dipole mteraction The
bonding 1s atinbuted to hydrogen bonding of the halomethane to the carbonyl oxygens
of the acetylacetone rather than to coordmation to the central metal ton. This was sup-
ported by prelimmary NMR studies Kononenko et al 7 have repeorted adducis of the type
Su{1ta); L{L = phen and bipy} where they suggest that the amine 1s coordinated . liow-
ever they offer no evidence to support this

4 comparsan of the first formation constants (K, ) for the acetylacetonates ot scan-
drum{11l}, yttrium(ii} and tanthanum{1i}) shows a regular decrease in going front scan-
dwum to tanthanum 37, 4 reflection on the increasing size of the central metal ton Log &
for the lanthamide chelates® 7 varres from 6 2 to 5 0 whereas that for the scandmum com-
pound is approximately 837 58 (10g A’y for the 1somorphous rron(111) compound 15 9 3}

Altenpts to correlate stability constants with vanations in the carbonyl stretching fre-
quency of f-diketonates have niet wrth varying degrees of success {see. for examnple. ref
39) This1s mn part due to coniusion i the assignment of the carbonyi stretching fre-
quency %97 Same rescarcners assign the highest frequency band m the 1600 cni™! region
of the infrared spectrum to the C=C stretching mode of the chelate ring whereas others
assign 1t to the carbonyl stretching mode The latter assignment appears to be the one
that is presently accepted, however mn erther case, the correlation s at best only qualita-
tive For reports of infrared as well as electromc spectral data on vanous f-diketonates
of scandwumn consult the references cited in Table 3

The results of an X-ray analysis of Fe(acac)sy by Roof*7 led to the conclusions (1)
that the six-membered chelate ning 1s planar with C,, symimetry. and {2) that the ring
C—C and C—0 bonds are intermediate between single and double bond distances (1 39 A
and 1 28 A respectively) These results pravide strong evidence for the existence of reso-
nance in the chelate ring and Calvin and Wiison®® have suggested that the M—0O bond 1s
part of this resonance system 1 ¢ . benzenowd resonance The C—H stretching mode of the
ring proton moves to shghtly higher frequency on chelation and lies somewhat toward
the aromatic siée lending support to benzenoid resonance. However, the NMR spectrum
of Su{dpm)s ®° has an absorption attributed to the ring proton at 4 227 whereas aromatic
protons absorb at approximately 2 65-2 851 Also in an NMR study of several diamag-
netic acetylacetonates by Holm and Cotton®®, a chemical shift of only +0 70 ppm (rela-
tive to pure water) was observed for the ring proton of scandiun: acetylacetonate No
large positive shift of the order of +2.50 ppm ohserved for benzene protons was found,
but they conctude that this does not preclude benzenmd resonance since hittle 18 known
conceming proton shifts in heteroaromatie nngs

The reactions that metal acetylacetonates undergo have also been cited as evidence
for aromatic character®” , however, Kluiber®® has noted that the ring bromnation of
Cr{acac); proceeds without any ring cleavage and that there 1s no significant decrease in



COORDINATION CHEMISTRY OF SCANDIUM 139

reactivity of the y-carbon on complexztion. Presumably, scandiurm acetylacetonate and
the other chelates studied react stmilarly. On the basis of this experimental ev1:2nce he
concludes, assuming electrophilic substitution, little 1f any aromatic character ekists Thus,
an enolate type resonance 15 probably sufficient to account for the structural features

and reactivity af the chelate nng

{1t} Carboxyvigres

In general, when carhoxylate tons are added to an aqueous scandum selutton, 2 spa-
ringly soluble salt 1s precipitated, however the use of carboxylates such as the oxalate
for gravimetric analy tical procedures 1s unsuitable since n the presence of an excess of
the anion, soluble complexes are formed. Normal earboxylate salts are difficult to obtamn
due to the ease of hydrolysis of the scanditm 1on, thus basic or oxysalts, which will not
be discussed in this section, are often 1sclated

Head and Holley 7* have reported the preparation of scandium formate by extraction
of the hydroxide 1n a Soxhlet apparatus with aqueous formic acid solution On heating,
they found that the compeund decompaoses directly to the oxide, unlike the decompost-
tion of the formates of lanthanum and certum which pass through an mtermediate of the
type M, 05 6CO7% An X-ray daffracuon study of scandium formate?? indrcates that its
crystal structure 1s monoclinic, space group P2, /fc, witha= 10316+ 0001 A, b =6 622 %
00006 A, and e =8940 £ 0001 A The scandium 10ns are sx-coordinate i a polymeric
framework with the formate 10ns actmg as bridging groups The fonmnate 1ons m the plane
are bonded with a syn—ant: configuration and those joinmg the planar layers have an anti--
ant1 configuratton This polymenc layer-like or framework structure 1s 4 common feature
in the formates of transition metals

The tnacetate can be prepared by the reaction of scandum chlonde*® or nitrare 7
with acetic anhydride The mono- and trichleroacetate analogs are prepared by reaction
of the hydroxide (or hydrated oxide) with the corresponding acid 7°-*® The infrared
spectrum of the triacetate from 3400 to 600 em™ has been measured by Gnigerev and
Maksimov’® They assume that the scandium 1on has a coordmation number of six with
each acetate 1on functionung as a bidentate [igand, t e D3 syminetry They interpret therr
results to indicate that the bonding in scandium acetate 15 more covalent than mn the cor-
responding lanthanum and cermm salts, and that the symmetry of the molecuie 15 dis-
torted somewhat from D5 toward Cy.

Scandium oxalate can be precipitated from solutions of scandwum salts by the addition
of oxalic acid, but precipitation 1s never complete due to formation of complexes
Vickery's experiments®® with jon-exchange resins give evidence for the formation of com-
plex antons containing scandium and oxalate tons in the ratioseof 1 28 at pH 6 1 and
1 1 32 at pH 8, and spectrophotometric measurements by Dubovenko 82 show the pres-
ence of Sc(C,04) and S¢{C,04)," 10ns at a pH of approxmnately 2 and 5. respectively.
fvanov-Emin and Gridasova®? noted that 1n systems with potasstum, rubidum, cestum.
and ammonium oxalates raising the S¢** to €302 ratio to 1 2 produced sparingly soi-
uble dioxalatoscandates, however, a further increase m the alkali metal oxalate concentra-
tion gave readily soluble trioxalatoscandates

Sterba-Bohny and Skramovsky % have reported the isolation of the sedium, potassium

Coord Chem Rev,7{(1971) 133-160
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and ammonmum dioxalatoscandates, MSc(C;0,4); 2H, 0, with the rubidium and cesium
analogs bemng reported by Ivanov-Emin et al.®5. On heating, these compounds lose two
molecules of water to form the anhydrous species®®. Although the stoichiometry of the
anhydrous compounds indicates a coordmation number of four for scandum, 1t 1s un-
likely that this 1s the case, in view of 1ts strong tendency toward six coordination Possible
support for this supposition can be found in the results obtained with the dioxalate com-
pounds of titanum, MTKC,04), 2H;0 (M =K, Rb or NH,;) Recent infrared evidence®”
suggests that, although the water moelecules are not bound to the metal, the complexes
behave as though they are oxalate bridged polymers with the metal atom 1n an octahedral
environment

Wirth®8 has reported the 1solation of the tnsoxalatoscandates of sodium, potassium,
and ammonium, however, 1n the case of the ammonium species, Sterba-Bohm and
Skramovsky 2% found that only the dioxalato compound could be 1solated Both the so-
dium and potassium compounds are 1solated as hydrates, Na;Sc{C,05;}; 6H.0 and
K38¢{C;04}; 4H, O The sodium compound loses two moles of water on drying over
CaCl,; %% and both compounds are completely dehydrated on heaung®é

The addition of oxalic acid to a solution contaming scandum tons results in the preci-
prtation of Sca{C304)s #21,0 The degree of hydration of this precipitate has been the
subject of muclh disagreement in the literature with values fors of 1-6, 10, 12, and 18
being reported 75-81:84.88797 Grarha-Bohm and Skramovsky % have observed that minor
quentities of alien 10ns grossly affect the nature of the precipitated oxalate. and Vickery®!
found that the mioist oxalate readily absorbs amymoma and carboen dioxide These obser-
vations could account for the various degrees of hydration reported since many of the
products reported were dried in air and the scandium employed by several of the early
workers was contaminated with thorium Vickery, by carrying out all operations i an
mert atmosphere, isolated the 3-, 6- and 18-hydrate Klemn and Bemays®® have also 1so-
{ated the hexahydrate by drying the precipitated oxalate over anhydrous calcium chlernide
in a desiccator

The infrared spectra of the hydrated bis- and trisoxalatoscandates cited above, and the
tnhydrate of scandium oxalate have been measured by Gridosova ez al ®* . They note that
the frequencies and intensities of the absorption bands in the infrared spectra of these
compounds are quite similar and agree closely with those observed in the spectra of
simple alkah metal oxalates (1e , they are 10nie salts), however, the electronic spectra of
these compounds indicated that the bonding has some covalent character

Several other carboxylates of scandium such as the lactate *?, malonate and succi-
nate*9%-10% ‘malate %2 gluconate 13, trimellitate 1% and mellitate 1% have been re-
ported, however, these reports include very limited amounts of physical data and no con-
clusions with regard to their coordmation chemistry are given.

fvj Alcoholates

Scandium chlonde ts much more soluble in alcohols than are yttrium and the triposi-
tive rare earth metal chiondes?®® Kimmse '®7 m a study of the selubility of scandium
chlond¢ 1n a sertes of straight-chain alcohols (methanol-nonanol} reported that the solu-
bility corresponded to six molecules of the alcohol being associated with each molecuie
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of the halide. The solid adducts 1sclated from these solutions (denoted by brackets in
Table 4) contain less alcohol. Funk and Koehler 3 have shown that the presence of a
base such as ammaonta n aleoholic selutions of scandium chloride leads to the formation
of the corresponding alkexide

TABLE 4
Alcohol adducts of general formuls ScX3 nROH

ROH H .4 Ref
Methanoi 4,{(3),2 Cl i07, 108
Methanol 5.4 Br i0R
Ethanol 35 €32 Cl 107, 108
Ethanot 43 Br 10R
Ethanot 3 SCN 105
I-Propanol {4, 3,27 Ci 107, 108
2-Propancl | Ci 108
I-Butanoi {3}, 2 CI 107, 108
i-Pentanaol {43, 3,2 i 107, 10R
1-Hevanol (3),2 Ci 107, 108
1-Heptanol 4 3 Cl i07
1-Octanal 4y, 3 Ct 107
I-Nonanol (&}] Cl 107
Benzyl alcohol 3,2 Cl 108
Allyl alcohol 4,2 Cl 108
Cyclohexanol 2 1 108

A vanety of alcohol adducts have also been prepared by the reaction of scandium
chloride or bromide with alcoho! vapors!®® The reported adducts were determined {rom
the 1sothermal decomposition of the alcohol-saturated halide at varying pressures. Since
little more than analytical data are given 1n all cases cited, no conclusions with regard to
coerdmation number or symmetry of “complexes™ formed can be given A comiprehen-
sive list of the reported alcohol adducts 1s given in Table 4

{v} Hydroxoscandares

The addition of hydroxyl 1ons to solutions of stmple scandium salts precipitates the
white, gelatous hydroxide. Ivanov-Ermin and Ostroumov ' '° reported that the precipi-
tation incidence of scandmum hydroxide takes place at a pH of 4 8—4 9 Vickery '!! later
confirmed this observation and reported that the solubility of the hydroxide 1s pH-de-
pendent i the alkaline region, an indication of 1ts amphoteric properties Sterba-Bohm?!?
first detected this amphoteric behavior dunng studies on the separation of tungsten
from scandium, and later he and Melichar *!3 1solated the compound
K 3[Sc{OH)sH,0] 3H, 0 from a solution of scandium hydroxide in potassium hydroxide
Ivanov-Emin et al *!? reported the 1solation of an identical compound during studies on
the solubihity of scandium hydroxide in potassium hydroxide solutions and concluded
that its infrared spectrum was consistent with the proposed structure

Coord Chem. Rev, 7 (1971) 133160
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Several other hydroxoscandates have been 1solated in recent vears. [vanov-Emuin and
Ostroumov ! reported the separation of Nai [Sc(OH)s ] 2H,O from an aqueous solutton
o scandmum and sodwm hydroxides This compound which read:ty absorbs carbon drox-
e and water crystallizes as plates belonging to the orthorhombic system Ivanov-Emin
and Nisel’son !¢ reported that this compound loses water of erystallization at 100—120
and decomposcs to the tetrahydroxoscandate and alkalr at a shightly lugher temperature
At 256° decomposition of the tetrahydroxo species to sodrum metascandate, NaScO5,
begins and 1s complete at 300° They also reported the thermal decomposition of the po-
tassium analog, and observed 11t to be stnilar to that of the sodium compound,

The anhydrous analogs of the above hexahvdroxoscandates hhave been prepared 7 by
the reactton of anhydrous scandiuin chloride with alkalt in absolute methanol These
compounds arc wWentical with those obtamed from the dehydration of the hydrated
specwes as Inferred from their mfrared spectra

Some alkaline earth hydroxoscandates 1sclated frort the reaction ef sodium hydroxo-
scandate with the appropriate alkaline earth hydroexide 1n aqueous sclution have also
been reported ''® Chenueal analysis of the compounds mdicated the following compost-
ticns Caz [Se{(OH}s ]2 CafSc(OH);]2 2ZH>0 Sr{8c(OH), ], 2H. O, and
Ba; [Sc{OH)s]» These hydroxo salts are white crystalline powders which are stable
when stored @ a desiccator over potasstum hydroxide

The exstence of the tetrahydroxoscandate of barmum s inferred from the thermogravi-
nmetre analysts of the hexahydroxo species The thermal stabihity of the alkaline earth
hydroxoscandaies was found to increase from calciun to barmum and comparson of the
alkals and alkaline earth hydroxoscandates shows that the fornmier are much more stable

The infrared spectra of the atkahine earth hydroxoscandates are stmilar to those ob-
tamed for the sedium and porassiun: analogs Both show a broad band in the regicn
31003500 cm™!, an intense band 1n the ranpge 850~1150 em™ , and 2 second broad band
centered at ca 430 cnt’ Arkhangel'skis et al **? | [rom a stady of several hydroxoe com-
pounds of scandium, have assigued bands observed at 3230 cni”! and 932 cni”! to stretch-
1ng and bending modes assoctated wrih the hydroxyl groups. respectively An absorption
band observed at 460—470 cm™' was assigned to the Sc—O stretching mode Stmular assign-
ments can be made [or the bands observed 1n the infrared spectra of hydroxoscandates

Due to the great tendency for the S 10n to form six-coordinate species, the
[Sc(OH); |* ton present in the above compounds, undoubtedly contans each hydroxyl
1on as a umdentate ligand Water present in the hydrated hexahydroxoscandates would
be water of crystalhzation and not coordimated water, however, in the case of species
containing the [S8c{OH),]™ group, st~ coordination ts probably acheved through coordi-
nation of the twe water molecules present 1n these compounds This can neither be ven-
field nor discounted on the basis of published data

As observed 1n other six-coordinate scandium compounds the [Sc{OH)s]* 10n 1s prob-
ably distorted from: pure octahedral symmetry with this distortion giving nse to the ob-
served broadness of the infrared band assigned to the Sc—O stretching mode This sup-
postiion 1s supported by the observations of Stpachev and Grigor'ev 12? 1n their studies
ol the mfrared and Raman spectra of the hexaquocation of scandium

Although the chennstry of scandium is quite generally parallel to that of the rare earth
elements??!, the 1solation of compounds like Naj [Sc(OH) ] indicates the amphoteric

k=]



COORDINATION CHEMISTRY QI SCANDIUM 143

behavior af its hydroxide Yttrium and the rare earth metal hydroxides are much less
122
acidic

C COMPLEXLES WITH NITROGLN DONQR L IGANDS
(i} Ammciua

In 1955, Vickery ' ! attributed the incomplete precipitation of scandium hydroxide
by ammonmum hydroxide to the formation m solution of hexamnunoscandium(III) 1ons
[Sc{NH, )¢ ] " rather than to the presence of carbonates mn the ammorna solution as sug-
gested by Fischer and Bock 12* The ubsorption of ammoma by scandium oxalate tri-
hydrate or hexahydrate at 25° leads to the formation of the arhydrous compound
[Sc{NH31) 5] 2(C3 O4)s, also proposed to containt scandium{1{l) 1ons®' If the oxalate
[8-hydrate 15 used, a dodecahydrate. [Sc(NH3)} 4] 2(C204)s I2H,0 15 abtained Re-
placement of six-coordinated water molecules by ammonw was proposed to account for
this behavior No absorption of aimmonta was observed under anliydrous conditions, al-
though an exothermic reacticn was imtiated when water was ntroduced mnte the system
The reaction of anhydrous scandium acetate with hqund ammonua in a sealed ampoule at
rcom temperature followed by volatilization of excess ammona, however, leads to the
iselatton of 2 compound with compaosition 2[Sc{OOCCH;)3] 3NH; lor which a poly-
meric structure was suggested '**  The reaction of scandium hatides with ammonia have
been studied 1n more detail particularly by Russian workers Although anhydrous ScF,
does not react with dry gascous ammonia, the actien of ammonta 4t 6—7 atm pressurc on
ScF3 0 25H, 0 grves a preduct containmmg 6 28% NH; corresponding to a compostition
ScF3 0 4NH,4 '?® Part of this ammonia 15 lost in air but when heated at 105°, anhydrous
scandium fluoride 1s obtained In contrast to the unreactvity of the Mueride, a compound
of composition ScCly 5 75NH; was propesed as the product from the reaction of an-
hydrous seandum chloride and hiquid ammotaa®?® No further investigations of this
compound have been made however Tananaev and Orlovskit'*7 showed that anhydrous
scandium chleride bromuide and 1edide all absoib ammonia to give products containing
between 7 and 8 moelecules of ammonta per scandrum halide Tlie behavior of the < hloride
and bromide derivatives in the presence or absence of moisture was described and the
thermal stability of the preducts with al. three halides investigated 1n a drv argon atmos-
phere 128 (Fig 1)

A study of the mfrared spectra (2000—400 cm™! ) of some of the chloride and brom:de
compounds has been made ' By companson of the spectra of deuterated and non-
deuterated ScX; SNH;, ScX; 4NH; and ScX3 2NH; (X = Cl. Br) 1t was concluded that
these compounds contam coordinated ammonta Assuming a coordination number ot six
for scandium, the formulas [Sc{NH3)sX] X, and mrans-{Sc(NH3}, X5 [ X were assigned to
the species contamning five and four ammonia molecuics, respectively The compounds
5cX3.2NH; may be di- or polymeric with halogen bnidges. Recently. bands in the region
380—430 ¢cm ' have been abserved in the spectrum of ScCls 5NH; and assigned to Sc—N
stretching vibrations'3® A detailed study of the nfrared spectra of tite above complexes,
particularly n the [ar infrared region should enable more defimite conclusions concerming
their structures to be drawn The *“hydrated” compounds were shown not to contain
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Fig 1 Ammonia adducts of scandium(I{l)

coordinated ammoma, but to be a mixture of scandium hydroxide and amnionium halide,
indicating hydrolysis of the ammine complexes takes place readily in arr 127 Saturation aof
hydrated scandiumn chloride with ammonta also gives a siilar mix ture, with uncoordi-
nated ammoma In the light of these results, 1t appears doubtful that the [Sc(NH3), ] **
10n can exust mn basic aqueous solutton as suggested by Vickery 1!

The deterrmination of ammonia pressure at 25%enabled the heats of formation of
5c¢Cl3 5NH; and ScCly 4NH3 10 be calculated *?' (17 2 and 18 2 kcal mole™* respective-
ly) The heat of dissociation for the reaction

SCC]3 5NH3 "_lSCCl3 4N[‘[3 + NH3

was estimated to be~l 3 2 kcal molé™* [sotherms for the decomposttion of ScCly 7 78NH,
and ScBry 7 58 NH; sugpest the exastence of compounds ScX5 7NH; (X = CI, Br) not
detected by thermogravimetanc analysis

{1} Promary, secondary and tertiary amines

Several compounds have been obtaned {Tom the reaction of anhydrous scandium
halides with pnmary, secondary and tertiary amines, but little physical data have been
obtained on these species and no conclusions have been drawn concerming their structure
The reported compounds are summanzed in Table 5 Firsova et al *7 measured the 1nfra-
ted spectra of some of the compounds For those with pnmary amines, a decrease in
both v, (NH;) and ¢ (NH,) of the ligand was observed suggesting coordination through
the nitrogen atom1 However, with (CH; ); NH, H; (E(CH; JaNH and (C,Hs),NH, p(NH)
was found to increase and with {CH;3); N a rise of 31 crmi’! was observed for p{C—N} In the
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TABLE 5

Complexes of scandium halides with pnmary, secondary and tertary amines

Amune bgand Formula of complex™ Ref

(L)

CaHsNH- ScCl3 2L 132
n-CaHsNH 5¢Cl3 3L 132
n-CgHgNH, SeCly 2L 132
l‘CsH‘uNHz SCCla 3L 37
CgHsNH» S5¢Cl3 2L znd ScCly 3L 37
CﬁHsCHzNHg SdH32LGdeH35L iz
2-Napthyl NH» S5¢Cly 2L and SeCly 3L 37
NH,(CH5)}sNH; ScCly 3L 133
NH2(CH;)3NH, ScCly 2L wnd ScCly 5L 134
{CH3);NH ScCly 2L 132
{CH3};NH ScClz 3L 37
{CoH35)>NH ScCiz.3L0 37,132
{C;Hg)aNH ScXj 4L 133
(1-CzH )2 NH ScX3 L 133
{nC4Hs}aNH SeCiy 3L 152
{n-CsHy)aNH ScCly 3L 132
H>C{CH,}y NI SeXa 4L 135, 136
H:é(CH:M NH ScCiz 3L 37
{Ca2Hsz}aN SeX,3 L 37,132 134
*X =Cl,Br

latter compound, a band assigned to v{N—H) must arise from impurity i both the ligand
and scandmum adduct The products of the reaction between ethylenediamine and scandium
chloride depend on the conditions under which the reaction 1s carrred out If anhydrous
S5¢Cly and anhvdrous ethylenediamine are nuxed mna 1 6 ratio, a white powder of mdefi-
nite composttion 1s obtained ' Heatmg this product to 150° or marmntaming a tempera-
ture of 120° for fifieen hours removes excess ethylenediamine and ScCla(en), 1s ob-
tamed. With diethy!l ether as solvent, ScCli{en}s can be 1solated, which when heated to
1507 also results :n ScCl;(en), Thermogravimetric analysis failed to detect any mterme-
diate spectes 1n this transitinn The msolubility of ScCiz{en),; mn organic solvents did not
allow conductanice studies 10 be made, but this species may exist as [Sc(en), Cl. ] Ci,
analogous to the compounds containmng o-phenanthroline and 2,2'-b1pyr1dyl In absolute
ethanot ScCly(en), 1s obtamned '3, while in aqueous solution, hydrolysis takes place and
scandwim hydroxide 1s preciprtated ! 3% . Further mnvestigations of the physical and chem-
1cal properties of the amme cempounds should establish the iype of coordination 1n-
valved

Petru and Jos reported that when anhydrous scandium chloride or bromide ts
placed 1n a desiccator m pyridine vapor, absarption of the amne by the halide takes
place and ScCla 2py and ScBri 3py {py = pyndine} are obtamed after pumping excess
pyridine out of the desiccator The tormulae proposed are based on the increase i werght

tI.JS
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of the halide only No absorption of pyndine was found when ScFj was used In an-
hydrous acetone the reactton between ScCly and pyndine resulted m a compound of un-
certain compostiion 134, although when scandium chloride 1s heated 1n an excess of pyri-
dine for 1 h under anhydrous conditions and benzene or ether added, coloriess plates of
compositron ScCl; 3py are obtamned >’

Recently, Greenwood and Tranter '*7 carried out a much more thorough investigation
of the products from the reactions between anhydrous scandium chloride or bronude and
pyndme By disselving the anhydrous hahdes i boiling pyrnidine, SeX; 4py (X = Cl, Br)
are obramed as white crystalline products after concentration of the filtered solutteon
The infrared spectra of these compounds suggest the presence of both coordinated and
uncoordinated pyridine Exposure to 4 vacuun: causes one molecule of pyndine to be
lost, the spectes ScX; 3py obtained no longer exhibiting bands due to uncoordmated
pyrdine The formulae [py3ScX;] py were suggested for the tetrapyridine compounds
The chioro complex 1s a weak electrolyie 1n nitromethane, but the bromo species behaves
asa} 1oranion patred 1 2 electrolvte, sugpesting the latter complex has a different
structure The far mnfrared spectrum 1s also more stmnie for the bremo than for the chlcro
compound Similar data obtained for ScX; 3py lead to the suggestion that the chionde
has a lrexacoordinated €5, structure, 1 2,3-pyaScCla, whtle the bromide has a distorted
tetrahedral structare [py3ScBr] *"{Br ).

The tetrapynidine complexes are thus derived from the above species oy the addition
ol one unceordinated pyridine molecute In the far infrared spectra of the complexes
bands in the region 260—280 cm™" are assigned to p{Sc—N} with v(Sc—Cl) and »{Sc—Br)
beiag assigned between 300350 cm™! and 266268 em !, respectively Compounds of
the type ScX3 2py reported by Petru and Jost '2* could not be isolated, afthough evi-
dence for thetr formation was indicated by thermogravimetric analysis of the above
compounds at high heating rates Firsova et aj 37 suggested from infrared studies that n
ScCl; 2-ampy, (2-ampy = 2-amunopyndine) coordination was through the mitrogen atom
of the pyridine nng In the quinohne complex ScCly quin and 8cCly 3 amquin coordina-
tion agatn ts through the heterocyclic nitrogen atom tn each case

In 1961, the compounas ScCly 3phen, StCly 2bipy and ScCly 2(4.,4"-bipy) were pre-
pared and shown to be 1 3 electrolytes in water ! *¥ The infrared spectra of
ScCl3 2bipy H; 0O and ScCly 2phen 4H, O were measured as part of a study of the coni-
plexcs formed between hydrated rare earth chiorides and bipyridy! and o-phenanthro-
line** The i(Sc—N) vibrations assigned 1n the region of 280 ¢m™' are considerably higher
than found for the complexes with the rare earths, reflecting the greater polanzing power
of the scandium 1on No evidence was found for p(Sc—Cl) vibrations, 1t being concluded
that the metal—chforide link tn these complexes 1s 1onic and that some coordination of
water molecules takes place

The anhydrous complexes ScCly 2bipy and ScCl; 2phen were obtamned from tetra-
hydrofuran solution by the reaction of anhydrous scandium chiornide wrth the ligands in
large excess’*® No evidence for the formation of ScCl;y 3ligand was obtained The com-
plexes behave as 1 1 electrolytes with strong ion-pairing in acetonttrile or nriromethane
solution, similar to the comresponding tatantum(ill) specias'*!' From investigations of
the infrared speetra, particulary in the far infrared region, the structures
c1s-[Sc(bipy), Cl; ] Cl and c1s-{Sc(phen), Cl, ] Ci were assigrned A series of thiocyanate deri-
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vatives were also obtamed and characterized by infrared and conduetivity measure-

ments 49192 The tnis [igand complexes were assigned structures [Sc{bipy}s | (NCS), and
[Sc(phen)s 1{NCS); with the bis ligand species [S((bipy): {NCS), | NCS and
[Se{phen},{NCS), ] NCS both being obtained as ¢ts and trans 1somees The thiocyanate

101m is bonded to scandrum through the nitrogen atom, »{5¢—NCS) being assigned hetween
300 and 325 em™ . The positions of #(Sc—C1} and »(Sc—NCS} are lower than those reported
for v(V—Cl1} and (Cr—NCS), mndicating a weaker bond for the scandium complexes The
positions of #{Sc—Ny,.4) are similar to those discussed carlier The abihity of the scandium
1on to form cis and frans 1sonlers 1s surprising in view of the expected lability of the 1on

and further investigations of these systems are (n progress Recently, Russian authors have
reported the 1solation of srans-{Sc(ligand), (NCS), I NCS, (higand = bipy or phen) from
anhydrous alcoholic solution '*2? and a compound 5ca(C,04); 2phen contaming both
coordinated oxalate and phenanthroline ***

One of the few paramagnetic compounds of scandium was obtained by Herzog et a
in 1961 by the treatment of scandium chloride and bipyndyl i tetrahydrofuran with
dilsthrumbipyridyl The black erysials of composition Sefbipy)s have a room temperature
magnetic mement of 1 99 Bohr magnetons, indicating the presence of I unpatred electron
The compound 1s oxidized by three equivalents of 1odme and 1t was suggested that 1t con-
tains scandium 1n 2 zero oxidation state Although hittle further work has been carned
out on this mteresiing compound, sinniar species with other metal 1ons have been tnvesti-
gated 1 some detatl X-ray structural investigat:on of the 1somorphous compounds
T bipy)s. V(bipy), and Cr(Bipy)a tndicate irigonally distorted octahedral structures, the
distortion 1nereasing 1 the order Cr << V <{ Ty, 1 e, with increasing size of the central metal
atom'*® The effect of this distortion 1 to split the f,p orbitals of the metal mtoa; +e i
the metals are assigned zero oxadation states and there 12 an appreciable separation between
the a, and e orbitals, the magnetic moments observed for these species mneluding scan-
dium, miay be accounted for There has been constderabe discussien where the electrons
in these “electron nch™ compounds are located From measurements of the absorption
spectra of some neutral bipyridy! compounds'®7, 1t was suggested that for lanthanide
derivatives, the electrons are mainly associated with the higand. but for the T1, Vand Cr
compounds, the spectra are dependent on the metal and some delocahization of the elec-
trons onto the metal takes place For the ron compound, Fe(bipy); the absorption spec-
tra and ESR measurements appedred to lead to conflicuing results, although 1t was stili
concluded that the compound contamns won 1n a zero oxidation state and neutrat bipyridyl
hgands**® Lack of mnformation on the scandium complex does not enable any conclu-
sions to be drawn as to whether the species 1s Sc{bipy)}s, Sc**(bipy )3, or whether an
“mitermediate™ situation exists. A corresponding phenanthroline dervative Sc{phen)s 1s
obtaned by the reduction of [Su(phen),;Cl; ] Cl by dilithium benzophenone n tetrahydro-
furan sotution**? Like the bipyndyl compound, Sc(phen); has a magnetic moment cor-
responding to one unpaired electron and 1s non-conducting in tet-ahydrofuran

A series of 1sothiocyanato complexes of scandium Mj [Sc{NCS;.] nH, O has been re-
ported, first in 1927'°? and again more recently '****5? From the positions of p{C=N) and
W C—S), coordination through the nitrogen atom was established Attempts to isolate scan-
dium throcyanate have bean unsuccessful and lead to solvated. hydroxy **? or 1ll-defined
products® The conditions of the extraction of scandum by thiocyanate ton have been

I ras
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known tor some tire'3* and various equitibria have been suggested 15156 3ithough the
species extracted by ether from acidic or aqueous solution 15 not the simple thiocyanate
Se(NCS); but probably an acidic, hydrated or hydroxy species® Scandium can also be
extracted from aqueous thitocyanate soluttons mto chloraform or dichioroethane con-
tamnug nitrogen donor {igands'>7!38 The species LH* [Sc(N¢8), L, ], (L = collidine) can
be 1solated from chloroform when colitdine 1s used as the higaad With phenanthroline, a
complex containing twe motes of higand 1s proposed as the spzcies 1n the organic layer
Scandium forms complexes containing three molecules of methyl, propyl or hexyl dianti-
pyrinylmethanes .t pH 2 The extraction of these species by chloroferm from a thiocya-
nate system 1s specific for scandum %

Anhydrous scandium chioride 1s slightly soluble m acetomtnle and benzeonitnle and
the adducts ScCly 3CH;CN and ScCl; 3C4H CN have been 1solated from the solutions39-%2
Presumably the nitriles are coordmated to scandium through the nitrogen atom

Other complexes with mtrogen donors that have been mvestigated include a series of
Schuff bases for which luminescent reactions were studied **° and two brief reports on
phthalocyanine compounds '1-%? _ Extended Huckel calculations on S¢OH porphin have
suggested the compound should be stable but have an unusual vistble—ultraviolet spec-
trum “¢? 1ts synthesis has not yet been reported, however

D NITROCEN AND OXYGEN DONQRS

The use of B-hydroxyquinoline (HQ) for the gravimetric determination of scandium
has been known for several years although the compesition of the precipitate has been
the subtect of much discussion

Pokras arid Bemnays'®® found that the compound ScQ; HQ was precipitated from
aqueous solutions at pH 7 5 Attempts to remove the “extra™ molecule of HQ by heating
ScQ; HQ were not successful and no discontnuity correspondig to ScQy was observed
In benzene and toluene, the compound was completely dissociated into 3cQ; and HQ.
suggesting onty weak forces were holding the extra HQ molecule %° In ethyl alcohel,
Moeller and Ramamiah suggested deviations from Beer's law were due to hydrolys:s of
Sc¢Q3 HQ to give ScQa and HQ '%® Much of the early work on the complexation of
scandium by HQ has been summanzed 1n more recent papers!®”:*¢® Cardwell and
Magee 147 confirmed the composition of the preeipiiate from solutions of pH 6 S as
ScQ3 HQ, but at pH 8 8, the compound {8cQ3); HQ was solated Agam thermogravi-
metric siudies did not indicate 2 constant weight level corresponding to 8¢Q; occurred 1n
sither case The compound ScQz 3HQ was prepared by a solid phase reaction at 100—110°
between ScQ; HQ ard 17D On heating, HQ was lost to give a constant weight level corres-
ponding to ScQy HQ, which then behaved in a ssmilar manner to the above two compounds.

Petronio and Ohnesorge '*8 _ however suggest that the species precipitated from
aqueous solution under the conditions used by Pokras and Bernays®®? 1s the unsolvated
5cQ; Solutions of tius compound m ethyl alcohol do not obey Beer’s law in the near
ultraviolet region and an equilibrinin between a bis and trs species was proposed Log K3
for the formation of ScQy was esti nated to be 9

if the precipitated compound 1s indeed the unsolvated species S:Qy, the thermogravi-
metric data can be understood and the [ow results often obtamned for the gravimetne de-
termination of scandium by 8-hydroxyquinoline explammed
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If crystals of the precipitated compound can be obtained, an X-ray structure determi-
natton should finally resolve the question of 11s structure and enable the behavior 1n solu-
tion to be understoad

When 8-hydroxyquinoline and “scandmum thiocyanate™ cthereal seiutions are mixed
n a molar ratio of 4 1, a yellow precipitate corresponding to 5¢Q; NCS 1s obtained '4?
Infrared spectra show that the tluocyanate 1s terminally nitrogen bonded, the spectrum
remaining alrnost unchanged 1n tetrahydrofuran solution. The compound 15 non-con-
dueting in THF and mitromethane, but weakly conducung in acetonitnle and N V-dimethyl-
formamide Molecular weight measurements could not be obtamed 1n THFE, although in
DMF, 1n which some 1omzation takes place, the data suggest the presence of a polymenc
specles If the thiocyanate 15 bound only through the nitrogen atom, the scandum may
be five-coordinate

Three different complexes of scandium with the imirodiacetate ton, ,NH{CH,COU), ],
1da, have been 1solated, [Se{1da)}] C1 2ZH, 0. [Sc.(ida); | H2O and K[Sc{ia), ] .3H, O de-
pending on the reactton conditions*#%+17¢ 274 Aj] three spectes may be completely de-
hydrated by heating berween 100 and 280°C Infrared spectra of the hydrated, dehydrated
and deuterated compounds have been measured and the conclusion was 1eached that 1n
all the compounds the Sc—0 bond 1s “1onic” and the Se—N bond covalent The strength of
the Sc—N bond 15 suggested to decrease in the order [Sc(1da)Cl 2> Scy(ida)y >
K[Sc(ida):] No suggestions as to the structures of the compounds were put forward,
howeve,

The stability constant, K, of the 1 1 complex of scandnun with ethyienedianuretenia-
acetic acid, has been measured by a polyarographic technique®’?, K =23 1 0 15 at 20°C
and g =0 [ This value is greater than that found for the corresponding complex with
yttrium (18 09 £ 0 04), tanthanum {15 50 £ 0 05) or lutettum (19 83 + 0 07) but less
than that with indum {24 95 £ 0 1) or fernc 1on {25 1 = 0 [), a correlaiton closely fol-
lowing changes 1n 1onic size of the cations®”?

The KIM{EDTA}] #»H.O.M=Sc.Y, La and Lu have recently been reported, althougn
no values for 7z were given'”™ The rate of ligand exchange for each specles was measured
by line broadening of the ' H NMR spectrum of the ligand and the order Sc < Ly <Y <
La was found, which exactly reflects the decreasing values of X noted above

A spectrophotometric study of complex formation between scandwsm, yttrium and
ianthanuni with diethylenetrzaminepentaacetic acid *7° showed that stabrty constants
for the 1 1 complexes decreased in the order Sc > Y > La (log Kg. = 26 28 £ 0 37.
log Ky = 21,95 2003, log K7, = 19 23 £ 0 03), agam reflecting the increase mn cationic
size from scandium to lanthamim

Amino acids are potentially capable of complex formation through both the mitrogen
of the amine group and the oxygen of the carboxyl group, or through the carboxy! group
only, depending on the pH at which the reaction takes place At pH 6, Sc(OH); does not
dissolve 1n solutions of aminoacids and no compounds were synthesized m which both
nitrogen and oxygen donor atoms are coordinated ' 7® In weakly acidic solutions, howeve s,
several compounds containing scandium-oxygen bonds only were isolated
ScGlut{GlutH) 3H, 0, Sc, (Glut)}{(GlutH),; 5H,0 (GlutH, =glutamic acid),
8¢, {804):{GIH), 5H,0 (GIH = glycine), Sc; (S0, Ja(AlnH)4, (AlnH = alanine),

Sc2 (S04 )a{AmH)a, (AmH = aminobutyric acid), Sc;(80. )3 (NorH)s, (NorH = nor-
leucme) and Se(SO4 X GIutH) 2H, 0
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If suifuric acid is added to agneous solutions of these compounds, or the reactions are
carried out mn dilute sulfuric acid, the ammo acids are protonated and exist as cations with
the scandium as a complex sulfate.

Pyramidone (pd)* reacts with scandum chlornde, the complex [Sc(pd)s ] [B(CsHs)a]a
being 1solated on addition of sodwum tetraphenylborate* 77 Infrared and ' H NMR data
suggest that the ligand 1s coordinated to scandrum through the carbonyl oxygen and exo-
cyclic tertiary nrtrogen atom, niaking the scandmum eght-coordinated Similar complexes
were obtamed with yttrium and some lanthanides The ability of scandium to form eight-
coordmnate species 13 not very great due to its refatively small size compared with the
lanthanides, although somie examples are known

F HALIDL COMPLEXES

The ability of the scandium 10n to form complexes with fluonide 10n has been known
for many years Meyer®® in 1914 1solated the colorless crystalline species M, [ScFg],
(M = NHj.Na*, K*} by trcatment of aqueous scandium solutions with ammonium,
sadum or potassum fluonide Later, Sterba-Bohm ' ?® suggested the species (NH,4 )3 ScFs
and NH, ScF, are intermediates in the decomposition of ammomnum hexafluoroscandate
to scandium fluonde in agueous seiution An X-ray diffraction study of {NH, };8cFg
showed that two modifications exist. an « form, found at high temperatures, of cubic
symmetry and 1sostructural with (NH, ); FeF, and a 8 form of tetragonal symmetry which
1s the low temperature form '’ The thermal degradation of §-(NH,4);ScFs was studied
by Hajek ' who found that between 260 and 350°C the compound decomposed to give
impure NH, ScF4 which 1n turn decomiposed to Sck3 between 350 and 440° All three
contpounds were proposed to contam ScFg octzhedra, with NH,8cF, contamming four
bridging fluonde 1ons Similar data for the thermal decomposition of {NH; }38cFg were
reported by Ivanov-Ermin et al '8! These authors alse investigated the sclubihity of am-
nmonmim hexafluoroscandate m ammoniun fluoride solutions In solutions of high an-
monwm fluonde concentration {NH, )3 ScFyg 1s the stable spectes, but as the concentra-
tror 1s decreased, decomposttion takes place and NH4 ScF; 1s obtamed, indeed the latter
compound may be prepared by dissolving {NH; )3ScF, m waier and stirring for 48 h
during which time crystals of ammmontum tetrafluoroscandate separate from solution No
spectes corresponding to (NHg )2ScFs or (NHg4)3Sca Fy described by Sterba-Bohm 78
were aetected

Kury et al. 182 studied the complexing of scandmum by fluoride 1on tn aqueous solution
The data obtained were mterpreted by assuming the presence of species ScF**, ScF,",
ScF3(aq) and ScF,~ Equilibrium constants for the formation of these species were mea-
sured and the heat and entropy changes accompanying the reactions were caiculated
(sce Table 6) The scandium complexes are more stable than the correspeonding fluonde
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HC—H ©
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complexes of AI! or Felll| this greater stability arising from a more negative enthalpy
term rather than from an entropy effect Some possible explanations for this stability
were put forward by these authors although none of them 1s really satisfying Distnbution
diagrams for the fluoride complexing of scandiim have been published using the above
stability constant data83.

TABLE 6
Halide complexing of scandium (111} 1in aqueous solution 182,192
Reactron® Kﬁi 0) Angi 0 5) ASfEi 05}
{keal mole™ !y {eu}
Sc*t 4+ Fr g2t 12x% 107 03 29 =2
ScE? + FT==8cF " 64 x 10° -15 19+3
ScF, "+ F =S8cF3{ag) 30Xx 107 -08 16 =4
Schfaq) + F~ =8cF, 7 % 10%
53+ Clm =51 90 -15 )
ScCI? + O = 5cCl, " 37 -17 ~1:4
Sc¥* + Br =SB 120 -05 4312
ScBe?* + Br =ScBry 10 -06 0=+2

*Coordnated water neglected

The work of Meyer®® has recently been repeated and for the addition of ammonium,
sodmum or potassium fluornide to scandium solutions, the successive complexation by
fluonde 1ons was again suggested 8985 The species ScFy 0 16H,0, NaScF,; H,O,
KScF, 0 1H,0, M3ScFg (M = NH; . Na®) and Ky 5ScF5 5 0 2H, O were 1solated from
the solutions (NH,;);8cFs was shown to be a 3 | electrolyte i water and to decompose
at pH 7 5—7 7 to give a preciprtate of ScF3 The Raman spectrum of (NHz }3ScF has
been reported 8%, the [ScFg ]2 1on assignments were made on the basis of Oy, symmetry
Aig, 504 cmi”t, £4.370 emi !, Fayg,240 cri! The spectrum 1s very stmilar to that of
[InFgs]?, [AlIFg]3 ., [GaFs]* and [FeFg]

Several visual—thermal analysis studies on alkali metal fluornde-scandium fluonde sys-
tems have been made 1#7-1%8 The species detected in these systcms are MScF, (M = Li™,
Na"} and the cryolite type M3 SeFg (M = Na*, K*, Rb*, Cs*} For the latter group of com-
plexes, as the alkali metal 1onic radius increases, so does the stabiity of the complex, a
conclusion reached by companson of the differences between the melting pomis of the
complex and that of the corresponding alkal: metal fluonde The sodium fluornde—scan-
dwum fluonde system has been studied in more detail by Thoma and Karraker'®%_ They
also observed two complexes being formed, NaScF,; and NaaScFg The former compiex
possesses hexagonal symmetry with g = 12.97, ¢ = 9.27 A while the latter exists in both
a high-temperature () and a low-temperature {8) form, the transitton occurnng at 680°C
fi-Na3ScFg 1s monoclinic, space group £2, /2, witha=560,b=581,¢=8.12 A und 8=
90°45" NayScFg 1s similar to Naj AlF 1n ats crystat symmetry, both species erystallizing

Coord Chem Rev. 7 {19713 133160
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fromn melts and mverting to menoclmic low temperature forms The scandium species re-
sembles 1ts aluminum analog rather than corresponding trivalent lanthanide species due
to the similar polanzabilities of Sc3* and AI3*

The compeound Cs,KS8cF 15 prepared from Sc; 03, CsCl and K Cl 1n a stream of fluor-
me at 500° {ref 190} It crystallizesin a cubic form, 2 =9 32 A, 1somorphous with
K,NaCrFg The solid state reaction between ScF3, NaF and MgF, at 830° for 24 h n
argon resufts m Nas MgScF; which crystallizes in the orthorhombic form 1somorphous
with Na, MgAlF, %!

The complexing of scandium by chloride ton 1n aqueous solution was stuched nitially
by Paul!®? in 1962 The data he obtamned for the formation of the species ScCI** and
5¢Cl;* are presented 1n Table 6 Later mnvestigations*®*719% also indicated the presence
of the abor  species although the stability constants dertved differ considerably from
those determined by Paul The reasons for this discrepancy are not understood Scandmm
18 shightly adsorbed by an anion exchange column from 7— 2 M hydrochlonc acid mdi-
cating the presence of an anio.ic spectes at high chloride concentration?®® ., In high con-
centrations of hydrochlonc acid, 5¢Cly™ has been suggested to be the anionic spectes, 1in
2—8 M HCI, 5¢CI** and ScCl," are present and in very difute HCI, Sc{OH)?** 15 the mamn
species 194

The stability constants, AH and AS values for complexing of scandwum by brormide
1on are hsted 1n Table 6 from the study by Paul!®? As was the case for the chlonde 10n,
other authors have proposed substantally different values for the stab_lity constants of
the ScBr?* and ScBr,* 1ons'®7. It 1s interesting te compare the data of Paul for complex-
ing of scandum by fluonde, chloride and bromide 1ons The fluoride complexes are
nuch niore stable than the corresponding chlonde and bromide species, although the
first chloride conplex 1s less stable than the first bromide complex Comparison of these
data with those for the corresponding indium halide species!?® shows that the fluornde
compiexes of scandum are more stable than those of indmum, although for the chloride
and brom:de spectes, the reverse 1s tnte Indium(111} and scandm( 111} have almost iden-
f1ical tonic radn ' 73

Several studies of phase diagrams involving alkali metal chiornides and bromides with
scandmum chlonde and bromide have been carried out over the last few years!?9720¢
Two peneral types of complex halide species are formed

M;ScCl, M = [1199.200 N, 1997200
M3ScBry M= Na?05 K295 Rp?os (5206
M3Sc,Cly M= K200, Rb203 (203,204

M3Sc,Bry M =Na20% K205 Rp206 (5296

K300,102,203 Rb:!OO 203 C3200.203,204
" T

In the [ormation of these species, scandmm(II} closely resembles titanum(III), vana-
dwm(1I1} and chromuum{I11)?°7. They are probably 1somorphous spectes contaiming octa-
hedral arrangements of halide tons, the Sc, X4 1ons consisting of two halide octahedra
sharing a common face Two forms of Li;SeClg were detected, the @ = 8 conversion
taking place at 470°C'%% The energy of transfer from ScCls 3" to Sc.Clo >~ has been esti-
mated to be 36.2 kcal mole™ . 37 5 kcal mole™ and 39 7 keal male™! for the potassum
rubidium and cesium derivatives, respectively 2°% K, ScCls has also been detected 292:203
although no corresponding species with other aikali metal halides or with the bromide 10n
1s known
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Recently, Cs; NaScClghas been 1solated by evaporation to dryness of a hot aqueous
HCI solution of the appropnate cations2%® The scandium(iH) 1on 1s no doubt octahe-
drally surrounded by sx chloride 1ons and the X-ray powder pattern has been ndexed
on the basis of a face cantered cubic structure

F MISCELLANEQUS COMPLEXES

Interaction of disopropylmethylp:.usphonate with hydrated scandium chloride at
50—60°C leads to the formation of tris(isopropoxymethylphosphonate} scandmwm(ii},
Se(1mp)s , with simultaneous evolution of 1sopropy! chloride 21% The general insolubility
of the complex 15 mnterpreted as being indicaitve of a poly nuclear configuration 1nvolving
phosphonate bndges A distorted octahedral symmetry is assigned 1o the scandum 1on
on the bawus of the general similanty of the compounds X-ray powder pattern with other
M(imp)s complexes

A crystallme precipitate slowly separates from an aqueous solutton of tropelone and
scandium nitrate which 1s an acid of the type HSc{trop); ?!! Dissolution of this acid 1n
a hot methanol—chloroform mixture and subsequent concentratton of the solution yields
the tristropolonate of scandmum, Sc{trop); This complex has a distinetly different {attice
from those of the larger rare earth 1ons which have a polymenc structure, as judged by
X-ray powder data, tnfrared spectra, and 1ts greater solubifity The tristropolonate of
scandrum is soluble 1n chlorofom and 1s 1somorphous with Fe(trop); Although tnvalent
scandtum 1s significantly smaller than any of the rare earth 1ons 1t 1s alleged to form an
eight-coordinate species with tropolone by reaction of the tris species with sadium tropolo-
nate in pelar media The X-ray powder pattern of the tetrakis compound, NaSc(trop}a,
shows 1t to be 1somorphous with the rare earth analogs which are known to form eiglt-
coordmatie spectes

The compounds ScCly dppe and ScBry | 5 dppe have been 1solated from the reaction
of 1,2-bis{diphenylphosphine)ethane, (dppe), with scandium chloride and bremide, respec-
tively '37. A band at 303 cmi ! 1n both compounds was assigned o v{Sc—F), with v(Sc—CI)
at 317 e ! and »(Sc—Br}at 275 cm™!

The chloride spectes behaves as a weak 1 I electrolyte in nitromethans whereas the
bromide is a strong 1 I electrolyte or an 1on paired 1 2 electrolyte Molecular weight
measurements in nitromethane indicated a degree of association of 4 5 monomer units
for the chlornde while the apparent molecular weight of the bromide increased over a
period of two weeks It was sugpested that the polymers contain tetrahedrally coordinated
scandum and may be wntten [-CH,PPh,ScCl,Ph,PCH,—],”" nCl and
[—CH,PPh, ScBr{Ph, PCH,~).],,>™ 2nBr

Complexes of scandium with sulfur donor hgands have not been investizated until re-
cently, although 1t was reported *!? i 1960 that scandium 15 precipitated sy sodium mer-
captobenzothiazolate, NaC;H, NS, ,at pH 5 5—6 as the baste salt Sc(C,H:NS,), OH
Using Na; [S;C2(CN)2 ], sodium maleonitnledithiclate, the complex
[(7C3H7)aN] [Sc{S5C1{CN),)3] has been 1solated2'? This compound urdoubtedly con-
tains strong scandium—sulfur bonds stnce 1t 1s obtained i an unsolvated form from
aqueous ethanol solution

Complexes of the lanthanides with the N V-diethyldithiocarbamate 10on (dte™) of general

Coord Chem. Rev, 7(i971)133-1860
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formulae Ln(dtc); and [NEt;] [Ln{dtc)s ] have been reported2!? In view of the apparent
stabihity of the above scandmum compound, complexes with dithiocarbamate sons and
other sulfur donor ligands should also be capable of 1solation

Scandium tns{cyclopentadienide}, Sc(CsHs)s has been known for several years and
niay be prepared from the chlonde and sodium cyclopentadiende!*-2'¢ or the fluonde
and magnesium cyclopentadienide?! ? The compeund 1s straw-colored, has a melting
point of 240°C, and sublimes at 200—250° under vacuum The near infrared reflection
spectrum between 4,000 and 10.000 cni’ ' has been measured 2'® It has been suggested
that the bonding between scandtum and the cyclopentadiene nngs is purely 1onte in na-
ture 215210219 Nagg spectral measurements on sonte lanthamde triscyciopentadienide
complexes nave recently been reported 22® From the abundances of vanous 10ns 1t was
conciuded that the species are 10n1c 1n nature The crystal structure of one of the com-
pounds far which the mass spectrum was measured. viz tr1s (cyclopentadienyi)sama-
rmum(I{I) has recently been reported *2' It was concluded, m conflict with the above
suggestion, that the Sm—C bond has only about 37% partial 1onic character The cyclo-
pentadienyl rings have a defimte preferred onentation about the Smlll, as expected if the
bond has - large amount of covalent character In view of the smatler ronic radws of
scandmum( i) compared to samarmum(IIl}, Sc(CsHs)s may be expected to have consider-
able covalent character

Tnphe: yl scandum, Se{CgHs )5 and tri(phenylacetylide} scandum, Se(C=CCsHs )3
have been reported 22+2*? although the nature of the bonding 1n these conipounds 1s
not known Scandium chloride has alse been reported to form addition compounds with
olefins22* and ethylene polymerization has been observed using scandium species as
catalysts?23

G SUMMARY

Tius review has discussed the coordmation chemistry of scandmum, most of which has
been reported during the last few years

it 1s apparent that when compansons are made between scandium and the lanthanides
or carly members of the 34 transition elements, the size of the scandmum 10n 1s important
in deterrmining the stoichiometry and relative stability of the species formed Scandnum
has a strong preference for a coordtnation number of six, with an octahedral or distorted
octahedral stereochemistry However. compounds with unusual stoichtometnes that can-
not readily be rationalized on the basis of stx coordination nray contan the scandmum 1on
in different stereochemical environments

The next few years will undoubtedly see a large increase i the number of scandium
complexes synthesized, however. the need for phystcal measurements and structural
characterization of existing species 1s acute in order to resolve questions of stereochemis-
try, mode of bonding and stability

In view of the tmportance of early transition elements as catalysts in many industrnal
processes, polymertzation, oligomerization, hydrogeneration etc , the synthess of spectes
containing scandium 1n cxidation states other than three and also the field of organo-
scandmm chernistry should receive mcreasing attentton
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