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A INTRODUCTION

Scandium has been known for almost one hundred years, although 1is chemuistry, and
1n particular its coordination chemistry, has been hittle studied The lack of attention has
probably been due to the difficulty, until recently, of obtaining a pure source of scan-
dium, although the metal and the oxide are now commercially available 1n high punty

Scandiwum is the first member of the 3d transition series and has a ground state elec-
tronic configuration of [Ar] 3d'4s®

Vickery ! has reviewed the chemistry of scandium up to 1960, his monograph being
mainly concemed with analytical procedures and the chemustry of trivalent scandium
salts. Most of the chemustry of scandium so far reported has been derived 1n connection
with studies on the lanthanides?, but 1n the past few years nterest 1n the coordmation
chemustry of scandium has increased

This review 1s concerned with the coordination chemistry of scandium, and 1s discussed
m sections 1nvolving ligands with different donor atoms.

Coord Chem Re’, 7(1971) 133—160



134 G A MELSON, R.\W STOTZ
B COMPLEXES WITH OXYGEN DONOR LIGANDS
(1) Neutral oxygen donor higands

A great deal of the early work on complex formation of lanthanides and scandium 1n-
volved partition between aqueous and organic phases In those few cases where solid com-
plexes were 1solated, these were found to be relatively unstable species, or often highly
solvated, particularly when the ligand employed was unidentate For scandium, the chem-
istry of which 1s similar to that of the lanthamdes 1n many aspects?, 1t 1s expected that
the most stable complexes will be formed with oxygen donor ligands

TABLE 1
Scandium halide and thiocyanate complexes with neutral oxygen donor hgands

Complex Ligand (L) Ref

SCC[3(L)6 Usr=a 37

ScBr3(L)g dmso, urea 9, 38
ScCl3(L)4 dmsu, urea 9, 38
ScCl3(L)3 Dioxan, benzaldenyde, hexamethylphosphoramide, 29-31, 39—-41

tributylphosphate, trimorpholmophosphine
oxide and thf

Sc(NCS)3(L)3 dmso, dmf, Ph3PQ, Ph3AsO, pyNO, 2-picNO, 3
3-p1icNO, 4-p1cNG, and lutNO

ScCl3(L), Diovan, aceto‘ne, thf, dmf, and ethylacetate 39,42

ScCl3(L) Acetophenone, benzophenone 39

Only a few complexes of scandium(iII) with neutral oxygen donor ligands have been
charactenized (see Tables 1 and 2) with most of these appeanng 1n the hterature only re-
cently Crawford and Melson> have recently reported complexes of general formula

TABLL 2
Scandium perchlorate, tetrahydroborate, and nitrate complexes with neutral oxygen donor hgands

Complex Ligand (L) Ref

Sc(Cl04)3(L)g dmso, dmf, dma, pyNG, 2-picNO, urea 9, 14, 26, 30, 38
hexametnylphosphoramide, and
throxane oxide

SC(N03)3(L)6 Urea 38
SC(C104)3(L)4 PthO 32
SC(C104)3(L)4 7H,0 Dioxan 43
Sc(Cl04)3(L)3 bipyO,, dpO,, and da0Q, 32
Sc(BH4)3(L) thf 44

Abbreviations dpO; = 1,2-bis(diphenylphosphinyl)ethane, daO, = 1,2-bis(diphenylarsinyl)ethane,
bipyO, = 2,2 -blpyndyl—l,l'-dloxxde, dma = dimethylacetarmide
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Sc(NCS); L; where L is dimethylsulfoxide. V,V-dimethylformamide, tnphenylphosphine
and arsmne oxides, pyndine-V-oxide, 2-, 3-, and 4-picohne-V-oxides, and 2.6-lutidme-/V-
oxide The observed frequencies for the charactenstic vibrations of the thiocyanate group
in these complexes indicate the presence of nitrogen coordnated thiocyanate n all the
compounds?® The conductance of the complexes in acetone indicate shight 1omzation
with the exception of Sc(NCS);(Ph3 AsO)3; which 1s considerably more dissociated into
1on1c species than the others In chloroform, however, Sc(NCS)3(Ph; AsO); and the other
complexes that were suffictently soluble to enable conductance measurements 10 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
[Sc(NCS)3Ls]

For [Sc(NCS);(dmso); ], »(S=0) 1s decreased from the free higand value on cooidina-
tion This coupled with the observation that the asymmetric ¥ (C—S) mode of dimethyl-
sulfoxide 1s imncreased on coordination confirms that coordination 1s through the oxygen
atom® '® The complexes [Sc(NCS);(dmf)a], and those containing pyrnidine-V-oxide
and 1ts alkyl substituted denvatives all show a decrease in »(X—0) relative to the free
ligand value, indicating oxygen coordmation!372? The »(As—O) mode in
{Sc(NCS)3(Ph3 AsO)3] 1s at a higher frequency than in the free ligand, however, 1t has
been found that on coordination »(As—O) may 1ncrease 23:2% | or decrease 2° 1n frequency
depending on the magnitude of the coupling between the As—O and M—O bonds

The use of an anmion that has non- or very weak coordinating properties, such as the
perchlorate 1on, might be expected to bring out the maximum coordnation number cf a
metal 10n 1n 1ts complexes with various ligands Recent studies with lanthamide perchlo-
rates and oxygen donor higands nave shown that the coordmation number vdares with
1onic size, values from six to nine being reported '%1+13:26728  Thjg vanation has been
considered to be a necessary consequence of the different crystal radu of the lanthanide
species

On the other hand, ligands such as hexamethyiphosphoramide and trimorpho-
linophiosphine oxide 3! exhibit a constant coordmation number (apparently six) for ali
the lanthamdes, scandium, and yttrium. In the former case this 1s attributed to the
steric bulk of the ligand preventing the metal 1ons from achieving their maximum coordi-
nation number, however, i the latter case effects other than steric hinderance are re-
ported to be involved.

In view of the smaller size of scandium(IIl) compared with any of the trivalent lantha-
mide ions, 1t 1s expected to exhibit a maxmmum coordination number on the low end of
the range observed for the lanthanides Crawford and Melson 32 have reported the charac-
terization of several complexes with scandium(III) perchlorate of general formula
Sc(Cl04)3Lg (L = dimethylsulfoxide, V,N-dimethylformamide, pyridine-/V-oxide, and
2-, 3-, and 4-picoline-V-oxides), Sc(ClO4); Ly (L = triphenylphosphine oxide), and
Sc(Cl0,4)sLs [L = 2,2 -bipyndyl-1,1’-dioxide, 2,2-bis(diphenylphosphinyl) ethane, and
1,2-bis{(diphenylarsinyl) ethane] The charactenstic perchlorate absorptions indicate that
wrth the exception of Sc(Ph3P0O),; (ClO4); all complexes contamn 1onic perchlorate with
T, symmetry 33 The infrared mull spectrum of Sc(Ph;P0)4(ClO.); exhibits a complex
senes of bands 1n the regions of perchlorate absorption. It 1s concluded that in this com-
plex, coordmation of some of the perchiorate 10ns takes place 3% In solution, the infrared

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 10nic perchlorate, thus solvolysis of the coordinated perchlorate must take place.
This 1s consistent with the observation that this complex behaves as a 3 1 electrolyte 1n
solutton 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 1s six In Sc(Ph3P0);(Cl04); umdentate coordination of two perchlorate 1ons
n addition to the four triphenyl phosphine oxide ligands would satisfy this coordmnation
number

Edwards et al 26 observed a coordination number of six for scandium(I1l) 1n their
study of complexes of transition and non-transition metal 1ons with thioxane oxide
Yttroum(11l) and cenum(III) exhibited coordination numbers of nine with this ligand
The fact that similar ligands only result 1n six-coordinate complexes with scandium(III),
even when a large excess of ligand 1s employed, can be attributed to the smaller 10nic
size of the scandium(IIl) 1on

If the oxygen donor ligands are considered as single particles then the 1dealized sym-
metry for the [ScLg]3* cation will be Oy,, and one 1nfrared active, Raman-mactive scan-
dium—oxygen stretching mode (F,,,) 1s expected Crawford and Melson 32 observed an
infrared-active, Raman-nactive band in the region of 450 cm™! which they assigned to
the scandium—oxygen stretching mode Earlier, Kutek and Petru® erroneously assigned a
band 1n this region of the infrared spectrum of Sc(dmso)s (ClO4 )5 to a perchlorate mode

A lowerning of the symmetry from O;, will give rise to differences in the vibrational
spectra associated with scandium—oxygen modes A recent study *° of dimethylsulfoxide
complexes [M(dmso)e]”* has led to the conclusion that the point group symmetry of the
cation 1s either D, ; or S¢ depending on the configuration of the ligand Both symmetries
predict two infrared-active, Raman-inactive y(M—O) vibrations For [Sc(dmso)g¢](ClO4)3
the broad asymmetric absorption band 1n the infrared spectrum at ca 450 cm™" 1s assigned
to ¥(Sc—0) 3 This band 1s probably composite 1n nature and a constderation of v(Sc—0)
alone does not provide conclusive evidence for deviation of the cation from O, symmetry
However, the infrared and Raman active symmetric and antisymmetric CSO deformations,
assigned to bands at 384 and 333 cm™! 1n the free hgand are shifted to 357 and 336 cmi'!
in the complex Thus [§'(CSO) - §"(CSO)] decreases from 51 cm™* 1 the free hgand *¢
to 21 cm ! 1n the complex cation This behavior has been attrnibuted S to the existence
of an S¢ point group for {M(dmso)s]"" Similar deviations from Oy, symmetry are to be
expected n the other complexes contaiming [ScLg ] ** cations

The observed decrease of v(S=0) on coordination 1n [Sc(NCS);(dmso); J® and
[Sc(dmso)e ] (C104)5 32, (50—60 cm™) 1s comparable to that found for dimethylsulfoxide
complexes of the lanthamdes, but less than with tervalent transition metal 10ns, where
shifts up to 120 cm™! are observed!?> The observed decrease of 30—40 cm™ 1n y(N—O) for
[Sc(bipy03)31(Cl04); 32 from 1255 cm™! 1n the free ligand also closely resembles those
found for lanthamide complexes?®. A similar observation was reported by Donoghue et
al 2°-3! 1n their investigation of complexes of scandium(I1f) and the tervalent lanthamdes
with hexamethylphosphoramide and trimorpholinophosphine oxide In general, for the
vibrational data currently available, the order of metal—ligand interaction 1s transition
metal(III) > scandium(III) > lanthanide(IIl). Scandium(1Il) will form stronger complexes
than the lanthanides due to 1ts smaller 10nic size and thus greater polanzing ability, but
weaker complexes than tervalent iransition metals because of its slightly larger size
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(u) B-Diketonates

Among the oxygen donor ligands, those contamning the carbonyl group offer a poten-
tial site of coordination The §-diketones which predominantly exist as enolic tautomers
have a replaceable hydrogen atom and react with tervalent metal ions such as scandm(IH}
to form neutral tris-bidentate complexes A numb=ar of complexes of scandium(1II) with
various §-diketones have been prepared (Table 3). In general, as wili be pointed out later,
these complexes have properties more closely related to those of the 3d transition metal
B-diketonates than those of the lanthanide compounds

TABLE 3

B-Diketonate complexes of scandium (FHI)

Complex Melting point (OC) Ref
Sc(acac)3 187-190 49, 54, 60, 66, 69, 70
Sc(tfaa)3-3H,0 124-126 49
Sc(hfaa)s 116-117 49
Sc(dpm)s 152-156 49, 65
Sc(bza)z 205 71
Sc(dbm); 248 71,72
Sc(tta)s 147-149 71-73
Sc(Br-acac)s 180 dec 66
Mi{Sc(hfaa)s] (M =K, Rb, Cs) 227, 231 and 240, respectively 74
Sc(acac); 2CHCly 56
Sc(acac); 2CH,Bry 56
Sc(tta)z phen 213 73
Sc(tta); bipy 179 73

Abbreviations tfaa = tnfluoroacetylacetone, hfaa = hexafluoroacetylacetone, dpm = dipivaloylmethane,
bza = benzoylacetone, dbn} = dibenzoylmethane, tta = 2-thenoyltnifluoroacetone phen = 1,10-
phenanthroline, bipy = 2,2 -bipyndyl, acac = acetylacetone, Br-acac = y-bromoacetylacetone

The acetylacetonate of scandium(I1II), Sc(acac)s, like those of the tervalent 3d transi-
tion metal 10ns, 1s thermally stable and sublimable A heat of sublimation for Sc(acac);
of 23 8 kcal molé ! has been reported by Meha and Merrfield ****® This 1s comparable
to the heats of sublimation of the 1somorphous 1ron(IIl) and vanadium(IIf) com-
pounds*$™*8 of 23 6 and 24 6 kcal mole!, respectively The lanthanide chelates of
acetylacetone are not volatile and decompose on heating Berg and Acosta*® have attri-
buted this lack of volatility to the fact that only hydrates of the lanthamide chelates are
formed which decompose on heating in vacuo to form basic polymeric compounds. The
anhydrous complexes of scandium, yttriam, and the lanthanides with hexafluoroacetyi-
acetone and dipwvaloylmethane (2,2,6,6-tetramethyl-3,5-heptanedione) are all thermally
stable and volatile, and are utilized 1n the separation of mixtures. It was noted that the
volatility of these chelates increased with a decrease 1n the 10n1c size of the central metal
10n

The acetylacetonates of the lanthanides form unstable addition compounds with bases

Coord. Chem Rev 7 (1971)133-—-160
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such as ammonia and organic amines and exist as both monomers and dimers in non-
aqueous solvents®% %3 whereas scandium acetylacetonate neither combines with ammo-
ma nor exhibits association 1n solvents such as chloroform or benzene **. Dimeric acetyl-
acetonate species of scandium and other 34 transition metals have been detected in the
mass spectra of their vapors®3 . and addition compounds of scandium acetylacetonate
with chloroform and dibromomethane have been reported by Clark et al 3¢ The strength
of the bonds binding the halomethane molecules in these compounds, however, 1s rather
small (from 3 to 5 kecal mole ) and 1s of the order of a dipole—dipole interaction The
bonding 1s attributed to hydrogen bonding of the halomethane to the carbonyl oxygens
of the acetylacetone rather than to coordination to the central metal 1on. This was sup-
ported by prelimmnary NMR studies Kononenko et al * have reported adducts of the type
Sc(tta); L (L = phen and bipy) where they suggest that the amine 1s coordinated. how-
ever they offer no evidence to support this

A comparson of the first formation constants (K, ) for the acetylacetonates ot scan-
drum(11D), yttrium(1i1) and lanthanum(11l) shows a regular decrease in going from scan-
dum to lanthanum*7, a reflection on the mcreasing size of the central metal 1on Log K
for the lanthamide chelates?:37 varies from 6 2 to 5 O whereas that for the scandum com-
pound 1s approxmmately 837 58 (jog K; for the 1somorphous 1ron(III) compound 15 9 3)

Aitempts to correlate stability constants with variations i the carbony! stretching fre-
quency of §-diketonates have met with varying degrees of success (see. for example. ref
59) Thisis m part due to contusion in the assignment of the carbonyl stretching fre-
quency ®°7®3 Some researcners assign the highest frequency band n 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 1s presently accepted, however 1 either case, the correlation 1s at best only qualita-
tive For reports of infrared as well as electromic spectral data on varnious -diketonates
of scandium consult the references cited 1in Table 3

The results of an X-ray analysis of Fe(acac); by Roof*” led to the conclusions (1)
that the six-membered chelate ring 1s planar with C,,, symmetry. and (2) that the ring
C—C and C—O bonds are intermediate between single and double bond distances (1 39 A
and 1 28 A respectively) These results provide strong evidence for the existence of reso-
nance 1n the chelate ning and Calvin and Wilson®? have suggested that the M—O bond 1s
part of this resonance system 1 ¢ , benzenoid resonance The C—H stretching mode of the
ring proton moves to shightly higher frequency on chelation and hes somewhat toward
the aromatic side lending support to benzenoid resonance. However, the NMR spectrum
of Sc(dpm); ¢ has an absorption attributed to the ring proton at 4 227 whereas aromatic
protons absorb at approximately 2 65—2 857 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 scandium acetylacetonate No
large positive shift of the order of +2.50 ppm observed for benzene protons was found,
but they conclude that this does not preclude benzenoid resonance since hittle 1s known
concemtng proton shifts in heteroaromatic nngs

The reactions that metal acetylacetonates undergo have also been cited as evidence
for aromatic character®” , however, Kluiber®® has noted that the ring bromination of
Cr(acac); proceeds without any ring cleavage and that there 1s no significant decrease in
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reactwvity of the y-carbon on complexation. Presumably, scandiurn acetylacetonate and
the other chelates studied react similarly. On the basis of this experimental evidgance he
concludes, assuming electrophilic substitution, hittle 1f any aromatic character e;.élsts Thus,
an enolate type resonance 1s probably sufficient to account for the structural features

and reactivity of the chelate nng

(u1) Carboxylates

In general, when carboxylate 1ons are added to an aqueous scandium solution, a spa-
ringly soluble salt 1s precipitated, however the use of carboxylates such as the oxalate
for gravimetric analytical procedures 1s unsuitable since in the presence of an excess of
the anion, soluble complexes are formed. Normal carboxylate salts are difficult to obtamn
due to the ease of hydrolysis of the scandum 1on, thus basic or oxysalts, which will not
be discussed 1n this section, are often i1solated

Head and Holley 7 have reported the preparation of scandium formate by extraction
of the hydroxide in a Soxhlet apparatus with aqueous formic acid sclution On heating,
they found that the compound decomposes directly to the oxide, unlike the decomposi-
tion of the formates of lanthanum and certum which pass through an mtermediate of the
type M,03 6CO7¢ An X-ray diffraction study of scandium formate ’” indicates that its
crystal structure 1s monoclinic, space group P2, /c, witha=10316 0001 A, b =6 622 *
00006 A, and ¢ =8 940 = 0 001 A The scandium 10ns are six-coordmnate 1n a polymeric
framework with the formate 1ons acting as bridging groups The formate 10ns 1n the plane
are bonded with a syn—anu configuration and those joinng the planar layers have an anti—
anti configuration This polymeric layer-like or framework structure ts 4 common feature
1in the formates of transition metals

The triacetate can be prepared by the reaction of scandium chlonde*® or nitrate 7®
with acetic anhydride The mono- and trichloroacetate analogs are prepared by reaction
of the hydroxide (or hydrated oxide) with the corresponding acid °-®® The mnfrared
spectrum of the triacetate from 3400 to 600 cm™' has been measured by Grigorev and
Maksimov’® They assume that the scandum 10n has a coordination number of six with
each acetate 1on functioning as a bidentate ligand, 1e D5 symmetry They interpret their
results to mdicate that the bonding in scandium acetate 1s more covalent than in the cor-
responding lanthanum and cerium salts, and that the symmetry of the molecule 1s dis-
torted somewhat from D; toward Cs.

Scandium oxalate can be precipitated from solutions of scandium salts by the addition
of oxalic acid, but precipitation is never complete due to formation of complexes
Vickery’s experiments®! with 1on-exchange resins give evidence for the formation of com-
plex anions containing scandium and oxalate 1ons 1n the ratiosof 1 28 at pH 6 1 and
1 1 32 at pH 8, and spectrophotometric measurements by Dubovenko®? show the pres-
ence of Sc(C,04)" and Sc(C,04),” 1ons at a pH of approximately 2 and 5. respectively.
tvanov-Emin and Gndasova®3 noted that in systems with potassium, rubidium, cesium,
and ammonium oxalates raising the Sc3* to C;042 ratio to 1 2 produced sparingly sol-
uble dioxalatoscandates, however, a further increase n the alkali metal oxalate concentra-
tion gave readily soluble trioxalatoscandates

Sterba-Bohm and Skramovsky 8¢ have reported the 1solation of the sedium, potassium

Coord Chem Rev, 7(1971) 133-160
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and ammomum dioxalatoscandates, MSc(C,04), 2H, O, with the rubidium and cesium
analogs being reported by Ivanov-Emin et al.®°. On Heating, these compounds lose two
molecules of water to form the anhydrous species®®. Although the stoichiometry of the
anhydrous compounds indicates a coordination number of four for scandium, 1t 1s un-
likely that this 1s the case, in view of 1ts strong tendency toward six coordmation Possible
support for this supposition can be found in the results obtained with the dioxalate com-
pounds of titantum, MT(C,04), 2H,O (M =K, Rb or NH;) Recent infrared evidence 37
suggests that, although the water molecules 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 38 has reported the 1solation of the tnsoxalatoscandates of sodium, potassium,
and ammonium, however, 1n the case of the ammonium species, Sterba-Bohm and
Skramovsky ®* found that only the dioxalato compound could be 1solated Both the so-
dium and potasstum compounds are 1solated as hydrates, NazSc(C,04); 6H,0 and
K3Sc(C,04); 4H,0 The sodium compound loses two moles of water on drying over
CaCl, %% and both compounds are completely dehydrated on heating®®

The addition of oxalic acid to a solution containing scandium 1ons results in the preci-
pitation of Sc,(C204)3 111, 0 The degree of hydration of this precipitate has been the
subject of much disagreement in the literature with values for n of 1-6, 10, 12, and 18
being reported 75-81-84.85-97 Gterba-Bohm and Skramovsky 8% have observed that mmor
quantities of alien 10ns grossly affect the nature of the precipitated oxalate. and Vickery 8
found that the moist oxalate readily absorbs ammoma and carbon 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 in an
nert atmosphere, 1solated the 3-, 6- and 18-hydrate Klein and Bernays®® have also 1so-
lated the hexahydrate by drying the precipitated oxalate over anhydrous calctum chloride
1 a desiccator

The infrared spectra of the hydrated bis- and trisoxalatoscandates cited above, and the
tnthydrate of scandium oxalate have been measured by Gridosova et al 3. They note that
the frequencies and mntensities 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 alkali metal oxalates (1 e , they are 10nic 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 succt-
nate!90:19! ‘malate 92 gluconate '°3, trimellitate %% | and mellitate *°% have been re-
ported, however, these reports mnclude very limited amounts of physical data and no con-
clusions with regard to their coordination chemistry are given.

1

(v} Alcoholates

Scandium chlende 1s much more soluble 1n alcohols than are yttrium and the triposi-
tive rare earth metal chlonides'°® Kirmse'°” 1n a study of the solubility of scandium
chlonde 1n a series of straight-chain alcohols (methanol—nonanol) reported that the solu-
bility corresponded to six molecules of the alcohol being associated with each molecule
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of the halide. The solid adducts 1solated from these solutions (denoted by brackets in
Table 4) contain less alcohol. Funk and Koehler*® have shown that the presence of a
base such as ammonia 1n alcoholic solutions of scandium chloride leads to the formation
of the corresponding alkoxide

TABLE 4
Alcohol adducts of general formula ScX3 nROH

ROH n X Ref
Methanoi 4,(3),2 Cl1 107, 108
Methanol 5,4 Br 108
Ethanol 35 (3),2 Cl1 107, 108
Ethanol 43 Br 108
Ethanol 3 SCN 109
1-Propanotl @), 3,27 Ci 107, 108
2-Propanol 1 Ci 108
1-Butanol (3), 2 Ci 107, 108
1-Pentanol 4),3,2 Ci 107, 108
1-Hexanol 3),2 Ci 107, 108
1-Heptanol @) 3 Cl 107
1-Octanol 4),3 Cl 107
1-Nonanol (3) Cl 107
Benzyl alcohol 3,2 Cl 108
Ally! alcohol 4,2 Ci 108
Cyclohexanol 2 Ci 108

A varnety of alcohol adducts have also been prepared by the reaction of scandium
chloride or bromide with alcohol vapors!®® The reported adducts were determined from
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
coordination number or symmetry of “‘complexes”™ formed can be given A comprehen-
stve list of the reported alcohol adducts 1s given mn Table 4

(v) Hydroxoscandates

The addition of hydroxyl 10ns to solutions of simple scandium salts precipitates the
white, gelatmous hydroxide. Ivanov-Emin and Ostroumov''® reported that the precipi-
tation incidence of scandium hydroxide takes place at a pH of 4 8—4 9 Vickery '!! later
confinmed this observation and reported that the solubility of the hydroxide 1s pH-de-
pendent in the alkaline region, an indication of its amphoteric properties Sterba-Bohm!!?
first detected this amphoteric behavior during studies on the separation of tungsten
from scandium, and later he and Mehichar '3 1solated the compound
K 2[Sc(OH)s H, 0] 3H,0 from a solution of scandium hydroxide m potassium hydroxide
Ivanov-Emin et al !? reported the 1solation of an 1dentical compound during studies on
the solubility of scandium hydroxide 1n potassium hydroxide solutions and concluded
that 1ts infrared spectrum was consistent with the proposed structure

Coord Chem. Rev, 7 (1971) 133-160
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Several other hydroxoscandates have been 1solated in recent years. Ivanov-Emin and
Ostroumov !'S reported the separation of Na; [Sc(OH)e ] 2H, O from an aqueous solution
o scandium and sodium hydroxides This compound which readily absorbs carbon diox-
1ce and water crystallizes as plates belonging to the orthorhombic system Ivanov-Emin
and Nisel’son''® reported that this compound loses water of crystallization at 100—120
and decomposes to the tetrahydroxoscandate and alkal: at a slightly higher temperature
At 256° decomposition of the tetrahydroxo species to sodium metascandate, NaScO,,
begins and 1s complete at 300° They also reported the thermal decomposition of the po-
tassium analog, and observed 1t to be similar to that of the sodium compound.

The anhydrous analogs of the above hexahydroxoscandates have been prepared 1!7 by
the reaction of anhydrous scandium chloride with alkah in absolute methanol These
compounds are identical with those obtained from the dehydration of the hydrated
species as inferred from their infrared spectra

Some alkaline earth hydroxoscandates 1solated frori the reaction of sodium hydroxo-
scandate with the appropriate alkaline earth hydroxide in aqueous solution have also
been reported ''® Chemical analysis of the compounds indicated the following composi-
tions Cua3 [Sc(OH)s ]2 Ca[Sc(OH),], 2H,O0 Sr{Sc(OH);], 2H,O, and
Ba; [Sc(OH)¢ ], These hydroxo salts are white crystalline powders which are stable
when stored (m a desiccator over potassium hydroxide

The existence of the tetraliydroxoscandate of barium is inferred from the thermogravi-
metric analysis of the hexahydroxo species The thermal stability of the alkaline earth
hydroxoscandates was found to increase from calcium to barium and comparison of the
alkali and alkaline earth hydroxoscandates shows that the former are much more stable

The nfrared spectra of the alkaline earth hydroxoscandates are similar to those ob-
tamed for the sodium and potassium analogs Both show a broad band in the region
3100-3500 cm™!, an intense band 1n the range 850—1150 cm™!, and a second broad band
centered at ca 450 «ni’' Arkhangel'sku et al *!?, from a study of several hydroxo com-
pounds of scandium, have assigned bands observed at 3250 cni’! and 932 cm™! to stretch-
ing and bending modes associated with the hydroxyl groups. respectively An absorption
band observed at 460—470 cm™' was assigned to the Sc—O stretching mode Simular assign-
ments can be made for the bands observed 1n the infrared spectra of hydroxoscandates

Due to the great tendency for the Sc®* 10n to form six-coordinate species, the
[Sc(OH)4 ]* 10n present in the above compounds, undoubtedly contains each hydroxyl
1on as a unidentate ligand Water present in the hydrated hexahydroxoscandates would
be water of crystallization and not coordinated water. however, i the case of species
containing the [Sc(OH)4]™ group, six coordination 1s probably achieved through coordi-
nation of the twe water molecules present in 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)g 13" 10n 1s prob-
ably distorted from pure octahedral symmetry with this distortion giving rise to the ob-
served broadness of the infrared band assigned to the Sc—O stretching mode This sup-
position 1s supported by the observations of Sipachev and Grigor’ev 29 1n therr studies
of the infrared and Raman spectra of the hexaquocation of scandium

Although the chemistry of scandium is quite generally parallel to that of the rare earth
elements'?! | the 1solation of compounds like Na; [Sc(OH)g ] indicates the amphotenc

o
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behavior of 1ts hydroxide Yttrium and the rare earth metal hydroxides are much less
acidic 122

C COMPLEXLS WITH NITROGEN DONOR LIGANDS
(1) Amrmonia

In 1955, Vickery ! attributed the incomplete precipitation of scandium hydroxide
by ammomum hydroxide to the formation 1n solution of hexamminoscandium(lII) 1ons
[Sc{NH; )¢ ] 3* rather than to the presence of carbonates m the ammonia solution as sug-
gested by Fischer and Bock '2® The absorption of ammoma by scandium oxalate tri-
hydrate or hexahydrate at 25° leads to the formation of the anhydrous compound
[Sc(NH3)6]2(C3 O4)s, also proposed to contan scandium(II) ions®! If the oxalate
18-hydrate 1s used, a dodecahydrate. [Sc(NH3z)¢6] 2(C204)s 12H,0 15 obtamed Re-
placement of six-coordinated water molecules by ammonia was proposed to account for
this behavior No absorption of amimonia was observed under anhydrous conditions, al-
though an exothermic reaction was imtiated when water was introduced mnto the system
The reaction of anhydrous scandium acetate with liquid ammonia 1n a sealed ampoule at

£ 1 lande t t1
room temperature followed by volatilization of excess ammonia, however. leads to the

1solation of a compound with composition 2{Sc{OOCCH;3);] 3NH; tor which a poly-
meric structure was suggested '** The reaction of scandium halides with ammonia have
been studied in more detail particularly by Russian workers Although anhydrous ScF;
does not react with dry gaseous ammonia, the action of ammonia at 6—7 atm pressure on
ScF3 0 25H, 0 gives a product contaming 6 28% NHj; corresponding to a composition
ScF3 04NH;3 '?° Part of this ammonia 1s lost 1n air but when heated at 105°, anhydrous
scandium fluonde 1s obtained In contrast to the unreactivity of the tluoride, a compound
of compositicn ScClz 5 75NH; was proposed as the product from the reaction of an-
hydrous scandium chloride and liquid ammoiaa®?® No further investigations of this
compound have been made however Tananaev and Orlovskii'27 showed that anhydrous
scandium chloride bronude and rodide all absorb ammoma to give products contamning
between 7 and 8 molecules of ammonia per scandium halide The behavior of the (hloride
and bromide derivatives 1n the presence or absence of moisture was described and the
thermal stability of the products with al. three halides investigated 1n a dry argon atmos-
phere 128 (Fig 1)

A study of the mnfrared spectra (2000—400 cm™!) of some of the chloride and bromde
compounds has been made '?° By companson of the spectra of deuterated and non-
deuterated ScX3 5SNH;, ScX3 4NHj3 and ScX3 2NH; (X = Cl. Br) 1t was concluded that
these compounds contain coordmated ammonia Assurming a coordination number of six
for scandium, the formulas [Sc(NH3)s X] X, and zrans-[Sc(NH;3)4 X, | X were assigned to
the spectes containing five and four ammona molecules, respectively The compounds
ScX3.2NH; may be di- or polymenic with halogen bridges. Recently. bands in the region
380—430 cm™! have been observed in the spectrum of ScCl; 5NH; and assigned to Sc—N
stretching vibrations'3® A detailed study of the nfrared spectra of the above complexes,
particularly in the far mnfrared region should enable more definite conclusions concerning
their structures to be drawn The “hydrated” compounds were shown not to contan

Coord Chem Rev 7(1971)133-160
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Fig 1 Ammonia adducts of scandium(iil)

coordimnated ammonia, but to be a mixture of scandium hydroxide and ammonium hal:de,
indicating hydrolysis ot the ammune complexes takes place readily 1n air 27 Saturation aof
hydrated scandium chlonide with ammonia also gives a similar mixture, with uncoordi-
nated ammonia In the light of these results, 1t appears doubtful that the [Sc(NH3)¢ 13"
1on can exist i basic aqueous solution as suggested by Vickery !!?

The determination of ammonia pressure at 25°enabled the heats of formation of
ScCl3 5NH;3 and ScCl; 4NHj to be calculated '*! (17 2 and 18 2 kcal mole™® respective-
ly) The heat of dissociation for the reaction

ScCl; 5NH; = ScCl; 4NH; + NH;

was estimated to be*13 2 kcal mole™ ! Isotherms for the decomposition of ScCl; 7 78NH;
and ScBr; 7 58 NH; suggest the existence of compounds ScX3 7NH; (X = Cl, Br) not
detected by thermogravimetric analysis

(1) Primnary, secondary and tertiary amines

Several compounds have been obtained from the reaction of anhydrous scandium
halides with prnimary, secondary and tertiary amines, but hittle physical data have been
obtained on these species and no conclusions have been drawn concerning their structure
The reported compounds are summarized in Table 5 Firsova et al 37 measured the infra-
red spectra of some of the compounds For those with pnnmary amunes, a decrease mn
both v,\NH,) and v((NH;) of the ligand was observed suggesting coordination through
the nitrogen atom However, with (CH5),NH, H, é(CHz )aNH and (C,Hs),NH, »(NH)
was found to increase and with (CH3)sN a nise of 31 cm™! was observed for »(C—N) In the
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TABLE 5

Complexes of scandium hahdes with pnimary, secondary and tertiary amines

Amine ligand Formula of complex® Ref

L)

C,HsNH, ScCl3 2L 132
n-C3HsNH, ScCl3 3L 132
n-C4HgNH, ScCi3 2L 132
l-CsHllNHZ SCCl3 3L 37
CgHsNH» ScCl3 2L and ScCl3 3L 37
CeHsCHaNH» ScClz 2L and ScCi3 5L 37
2-Napthyl NH, SeCl3 2L and ScCl3 3L 37
NH,(CH3),NH> ScCl3 3L 133
NHz(Cﬂz)zNﬂz SCCI3 2L and SCCl3 SL 134
(CH3),NH ScCl3 2L 132
(CH3);NH ScCl3 3L 37
(CzH;5),NH ScCi3.3L 37,132
(Csz)zNH SCX3 4L 133
(1-C3H~)aNH ScX3 L 133
(n-C4Hg),NH ScCl3 3L 132
(n-CsHyy)aNH ScCl3 3L 132
H5>C(CH3)4 NH ScX3 4L 135, 136
HzE(CHz)q NH ScCi3z 3L 37
(CoHs)3N ScX3 L 37,132 134
*X =Cl, Br

latter compound, a band assigned to v(N—H) must arise from impurity in both the ligand
and scandium adduct The products of the reaction between ethylenediarune and scandium
chlonide depend on the conditions under which the reaction 1s carried out If anhydrous
ScCl; and anhydrous ethylenediamine are mixed 1n a 1 6 ratio, a white powder of indefi-
nite composition 1s obtained '3* Heating this product to 150° or maintamnmg a tempera-
ture of 120° for fifteen hours removes excess ethylenediamine and ScCls(en), 1s ob-
tamned. With diethyl ether as solvent, ScCl;(en)s can be 1solated, which when heated to
150° also results in ScCiz(en), Thermogravimetric analysis failed to detect any interme-
diate species in this transition The isolubility of ScClz(en), 1n organic solvents did not
allow conductance studies to be made, but this species may exist as [Sc(en),Cl, ] Cl,
analogous to the compounds containing o-phenanthroline and 2,2"-bipyridyl In absolute
ethanol ScCls(en); 1s obtamed '*3, while 1n aqueous solution, hydrolysis takes place and
scandium hydroxide 1s precipitated ! 34 Further investigations of the physical and chem-
ical properties of the amine compounds should establish the type of coordination 1n-
volved

Petru and Jos reported that when anhydrous scandium chloride or bromide 1s
placed 1n a desiccator in pyndine vapor, absorption of the amine by the hahide takes
place and ScCl; 2py and ScBrz 3py (py = pyridine) are obtamed after pumping excess
pyridine out of the desiccator The formulae proposed are based on the increase in wesght

tl35
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of the halide only No absorption of pyridine was found when ScF3; was used In an-
hydrous acetone the reaction between ScCl; and pyndine resulted in a compound of un-
certain composition 136 although when scandium chlornde 1s heated n an excess of pyri-
dine for 1 h under anhydrous conditions and benzene or ether added, colorless plates of
composition ScCl; 3py are obtamned >’

Recently, Greenwood and Tranter'37? carried out a much more thorough mvestigation
of the products from the reactions between anhydrous scandium chlonde or bromide and
pyr:dine By dissolving the anhydrous halides 1n boiling pyrnidine, ScX; 4py (X = Cl, Br)
are obtamed as white crystalline products after concentration of the filtered solution
The infrared spectra of these compounds suggest the presence of both coordinated and
uncoordinated pyridine Exposure to a vacuum causes one molecule of pyridine to be
lost, the species ScX3 3py obtamned no longer exhibiting bands due to uncoordmnated
pyndine The formulae [py3;ScXs] py were suggested for the tetrapyrndine compounds
The chloro complex 1s a weak electrolyte in nitromethane, but the bromo species behaves
asal 1 oranion parred 1 2 electrolyte, suggesting the latter complex has a different
structure The far infrared spectrum 1s also more simnle for the bromo than for the chloro
compound Similar data obtained for ScX; 3py lead to the suggestion that the chloride
has a hexacoordinated Cy,, structure, 1 2,3-py3ScCl;, while the bromide has a distorted
tetrahedrat structure [pysScBr]**(Br),

The tetrapyrnidine complexes are thus derived from the above species py the addition
of one uncnordinated pyridine molecule In the far infrared spectra of the complexes
bands 1n the region 260—280 cm™! are assigned to »(Sc—N) with »(Sc—Cl) and »(Sc—Br)
beiag assigned between 300—350 cm™! and 266—268 cm ™!, respectively Compounds of
the type ScX3 2py reported by Petru and Jost '2% could not be 1solated, although evi-
dence for their formation was indicated by thermogravimetric analysis of the above
compounds at high heating rates Firsova et al 37 suggested from infrared studies that in
ScCl; 2-ampy, (2-ampy = 2-amnopyndine) coordination was through the nitrogen atom
of the pynidine nng In the qumoline complex ScCl; quin and ScCl; 3 amquin coordina-
tion agan 1s through the heterocyclic nitrogen atom 1n each case

In 1961, the compounas ScCl; 3phen, StCl3 2bipy and ScCly 2(4,4'-bipy) were pre-
pared and shown to be 1 3 electrolytes in water!*% The infrared spectra of
ScCl; 2bipy H, 0 and ScCl; 2phen 4H, O were measured as part of a study of the com-
plexcs formed between hydrated rare earth chlonides and bipyrnidyl and o-phenanthro-
Iine'3® The (Sc—N) vibrations assigned in the region of 280 cm™ are considerably higher
than found for the complexes with the rare earths, reflecting the greater polanzing power
of the scandum 1on No evidence was found for v(Sc—Cl) vibrations, 1t bemng concluded
that the metal—chlonde hnk 1n these complexes 1s 10nic and that some coordination of
water molecules takes place

The anhydrous complexes ScClz 2bipy and ScCl3 2phen were obtamed from tetra-
hydrofuran solution by the reaction of anhydrous scandium chlonde with the ligands in
large excess’*® No evidence for the formation of ScCl; 3ligand was obtamned The com-
plexes behave as I 1 electrolytes with strong 1on-pairing mn acetonitrile or nitromethane
solution, similar to the corresponding titanium(ill) species 141 Erom investigations of
the infrared spectra, particularly in the far infrared region, the structures
crs-[Sc(bipy), Cl; ] Cl and cis-[Sc(phen), Cl, ] Cl were assigned A series of thiocyanate deri-
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vatives were also abtained and characterized by infrared and conductivity measure-
ments !4%:1%2 The tns ligand complexes were assigned structures [Sc(bipy); | (NCS); and
[Sc(phen); ] (NCS); with the bis ligand species [Sc(bipy).(NCS), ] NCS and
[Sc(phen),(NCS), ] NCS both being obtained as cis and trans isomers The thiocyanate
10n is bonded to scandwum through the nitrogen atom, »(Sc—NCS) being assigned between
300 and 325 cm™ . The positions of »(Sc—Cl) and v(Sc—NCS) are lower than those reported
for v(V—Cl) and v(Cr—NCS), indicating a weaker bond for the scandium complexes The
posttions of »(Sc—Ny,,..4) are similar to those discussed earhier The ability of the scandium
1on to form cis and trans 1somers 1s surprising 1 view of the expected lability of the ion
and further investigations of these systems are 1n progress Recently, Russian authors have
reported the isolation of frans-{Sc(ligand), (NCS), I NCS, (ligand = bipy or phen) from
anhydrous alcoholic solution *4? and a compound Sc,(C»04)3 2phen contaming both
coordinated oxalate and phenanthroline '**

One of the few paramagnetic compounds of scandium was obtained by Herzog et a
i 1961 by the treatment of scandium chlonde and bipyndyl in tetrahydrofuran with
dilithiumbipyridyt The black crysials of composition Sc{bipy), have a room temperature
magnetic moment of 1 99 Bohr magnetons, indicating the presence of 1 unpaired electron
The compound 1s oxidized by three equivalents of 1odine and 1t was suggested that 1t con-
tans scandium 1n a zero oxidation state Although Ihittle further work has been carned
out on this interesting compound, similar species with other metal 1ons have been investi-
gated 1n some detail X-ray structural ivestigation of the 1somorphous compcunds
Tiu(bipy)s . V(bipy)s and Cr(Bipy)s indicate trigonally distorted octahedral structures, the
distortion mcreasing 1a the order Cr <V <Ti, 1 e, with increasing size of the central metal
atom '*¢ The effect of this distortion 15 to split the 7, , orbitals of the metal intoa, +e If
the metals are assigned zero oxidation states and there 1= an appreciable separation between
the 2, and e orbitals, the magnetic moments observed for these species including scan-
dium, may be accounted for There has been considerable discussion where the electrons
in these “electron rich” compounds are located From measurements of the absorption
spectra of some neutral bipyridyl compounds'*”, 1t was suggested that for lanthanide
derivatives, the electrons are mainly associated with the ligand. but for the T1, V and Cr
compounds, the spectra are dependent on the metal and some delocahzation of the elec-
trons onto the metal takes place For the iron compound, Fe(bipy); the absorption spec-
tra and ESR measurements appeared to lead to conflicting results, although 1t was still
concluded that the compound contains iron 1n a zero oxtdation state and neutral bipyndyl
Iigands'*® Lack of information on the scandium complex does not enable any conclu-
sions to be drawn as to whether the species i1s Sc(bipy)s, Sc**(bipy )3, or whether an
“intermediate’ situation exists. A corresponding phenanthroline denivative Sc(phen)s 1s
obtained by the reduction of [Sc(phen),Cl, ] Cl by dilithium benzophenone 1n tetrahydro-
furan solution!4? Like the bipyrnidyl compound, Sc(phen); has a magnetic moment cor-
responding to one unpaired electron and 1s non-conducting 1n tetrahydrofuran

A senes of 1sothiocyanato complexes of scandium M3 [Sc(NCS,):] #nH, O has been re-
ported, first in 1927'°° and again more recently ***>!5? From the positions of »(C=N) and
(C—S), coordination through the mitrogen atom was established Attempts to isolate scan-
dmum thiocyanate have been unsuccessful and lead to solvated. hydroxy ' ®3 or ill-defined
products® The conditions of the extraction of scandium by thiocyanate 1on have been

1145
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known tor some time'** and various equilibria have been suggested :35:' 56 although the
species extracted by ether from acidic or aqueous solution 1s not the stmple thiocyanate
Sc(NCS); but probably an acidic, hydrated or hydroxy species® Scandium can also be
extracted from aqueous thiocyanate solutions into chloroform or dichloroethane con-
tamning nitrogen donor hgands!37-158 The species LH*[Sc(NfS), L,], (L = collidime) can
be 1solated from chloroform when collidine 1s used as the ligaad With phenanthrohne, a
complex containing two motes of higand 1s proposed as the spzcies 1n the organic layer
Scandium forms complexes containing three molecules of me:hyl, propyl or hexyl dianti-
pynnylmethanes .t pH 2 The extraction of these species by chloroform from a thiocya-
nate system 1s specific for scandium '%?

Anhydrous scandium chloride 1s shightly soluble 1n acetomtnle and benzon:trile and
the adducts ScCly 3CH;3CN and ScCl; 3C4Hs CN have been 1solated from the solutions>?+*2
Presumably the mitriles are coordinated to scandium through the nitrogen atom

Other complexes with nitrogen donors that have been investigated mclude a senes of
Schiff bases for which luminescent reactions were studied **° and two bref reports on
phthalocyanine compounds '¢'1%2 Extended Huckel calculations on ScOH porphin have
suggested the compound should be stable but have an unusual visible—ultraviolet spec-

trum*®3 Its synthesis has not yet been reported, however

D NITROCEN AND OXYGEN DONORS

The use of 8-hydroxyquinoline (HQ) for the gravimetric determination of scandium
has been kaown for several years although the composition of the precipitate has been
the subject of much discussion

Pokras arid Bernays'®* 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 discontinuity correspondiig to ScQ; was observed
In benzene and toluene, the compound was completely dissociated mto ScQj and HQ.
suggesting only weak forces were holding the extra HQ molecule 1% In ethyl alcohol,
Moeller and Ramamah suggested deviations from Beer’s law were due to hydrolysis of
ScQ; HQ to give ScQs and HQ'%® Much of the early work on the complexation of
scandium by HQ has been summarized 1n more recent papers'®7'!¢® Cardwell and
Magee '¢7 confirmed the composition of the precipiiate from solutions of pH 6 S as
ScQ3z HQ, but at pH 8 8, the compound (ScQ3 ), HQ was solated Agam thermogravi-
metric scudies did not indicate a constant weight level corresponding to ScQ3 occurred 1n
either case The compound ScQs; 3HQ was prepared by a sohd phase reaction at 100—110°
between ScQ3; HQ ard I1Q On heating, HQ was lost to give a constant weight level corres-
ponding to ScQ3; HQ. which then behaved in a sumlar 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
ScQ; Solutions of this compound in ethyl alcohol do not obey Beer’s law in the near
ultraviolet region and an equilibrinin between a bis and tris species was proposed Log K3
for the formation of ScQ; was est1 nated to be 9

If the precipitated compound 1s indeed the unsolvated species S:Qs3, the thermogravi-
metric data can be understood and the low results often obtamed for the gravimetric de-

termunation of scandium by 8-hydroxyquinoline explained
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If crystals of the precipitated compound can be obtamed, an X-ray structure determi-
nation should finally resolve the question of its structure and enable the behavior in solu-
tion to be understood

When 8-hydroxyquinohne and “scandium thiocyanate™ ethereal solutions are mxed
1n a molar ratio of 4 1, a yellow precipitate corresponding to ScQ, NCS 1s obtaned ' *°
Infrared spectra show that the thiocyanate 1s terminally nitrogen bonded, the spectrum
remamng almost unchanged 1n tetrahydrofuran solution. The compound is non-con-
ducting 1n THF and mitromethane, but weakly conducting n acetonitrile and NV, V-dimethyl-
formamide Molecular weight measurements could not be obtained in THF, although 1n
DMF, 1in which some 1onization takes place, the data suggest the presence of a polymernc
species If the thiocyanate 1s bound only through the nitrogen atcm, the scandum may
be five-coordinate

Three different complexes of scandium with the iminodiacetate 1on, NH(CH,COO), |,
1da, have been 1solated, [Sc(ida)] Cl 2H,O. [Sc,(1da); | H,0 and K[Sc(.1a), ] .3H,0 de-
pending on the reaction conditions*¢%:17% 171 Aj} three species may be completely de-
hydrated by heating between 100 and 280°C Infrared spectra of the hydrated, dehydrated
and deuterated compounds have been measured and the concluston was reached that i
all the compounds the Sc—O bond 1s “1on1c’ and the Sc—N bond covalent The strength of
the Sc—N bond 1s suggested to decrease in the order [Sc(1da)Cl > Sc,(1da); >
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 scandiun with ethylenediamiretetia-
acetic acid, has been measured by a polyarographic technique'” K =23 1 £0 15 at 20°C
and u =01 This value 1s greater than that found for the corresponding complex with
yttrium (18 09 + 0 04), lanthanum (15 50 = 0 05) or lutetium (19 83 = § 07) but less
than that with indium (24 95 £ 0 1) or ferrnc 1on (25 1 £ 0 1), a correlation closely fol-
lowing changes in 1onic size of the cations'”?

The K[M(EDTA)] #nH,O.M =Sc. Y, La and Lu have recenily been reported, although
no values for n were given'”® The rate of ligand exchange for each species was measured
by line broadening of the ' H NMR spectrum of the hgand and the order Sc < Lu <Y <
La was found, which exactly reflects the decreasing values of K noted above

A spectrophotometric study of complex formation between scandum, yttrium and
lanthanum with diethylenetriammepentaacetic acid ' 7° showed that stabiiity constants
for the 1 1 complexes decreased in the order Sc > Y > La (log K. = 26 28 + 0 37,
log Ky =21.95£003, log K, = 19 23 £ 0 03), again reflecting the increase n cationic
size from scandium to lanthanum

Amino acids are potentially capable of complex formation through both the nitrogen
of the amine 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 1n solutions of aminoacids and no compounds were synthesized in which both
nitrogen and oxygen donor atoms are coordinated ! ’® In weakly acidic solutions, howeve;,
several compounds contamming scandium-oxygen bonds only were 1solated
ScGlut(GlutH) 3H, 0, Sc, (Glut)(GlutH), 5H, O (GlutH, =glutamic acid),
S¢2(S04)3(GIH)s 5H,0 (GIH = glycine), Sc(SO4 )3 (AlnH), , (AlnH = alanine),
Sc2(S04)s:(AmH);, (AmH = aminobutyric acid), S¢,(804)s (NorH);, (NorH = nor-
leucine) and Sc(SO4)(GlutH) 2H, 0

Coord Chem Rer, 7(1971) i33-160
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If sulfuric acid 1s added to aqueous solutions of these compounds, or the reactions are
carried out in dilute sulfuric acid, the amino acids are protonated and exist as cations with
the scandium as a complex sulfate.

Pyranudone (pd)* reacts with scandium chloride, the complex [Sc(pd)a] [B(CsHs)als
being 1solated on addition of sodium tetraphenylborate*?” . Infrared and 'H NMR data
suggest that the hgand 1s coordinated to scandium through the carbonyl oxygen and exo-
cyclic tertiary mitrogen atom, making the scandium eight-coordinated Similar complexes
were obtained with yttrium and some lanthanides The ability of scandium to form eight-
coordinate species 1s not very great due to its relatively small size compared with the
lanthamdes, although some examples are known

E HALIDL COMPLEXES

The ability of the scandum 1on to form complexes with fluoride 10n has been known
for many years Meyer®?® m 1914 1solated the colorless crystalline species M3 [ScFe],
(M = NHj.Na*, K*) by treatment of aqueous scandium solutions with ammonium,
sodum or potassium fluoride Later, Sterba-Bohm®?® suggested the species (NH,4 ), ScFs
and NH, ScF, are intermed:ates in the decomposition of ammonium hexafluoroscandate
to scandium fluornide 1n aqueous solution An X-ray diffraction study of (NH;)3ScFg
showed that two modifications exist. an « form, found at high temperatures, of cubic
symmetry and 1sostructural with (NH,)3;FeFg and a g form of tetragonal symmetry which
1s the low temperature form'?® The thermal degradation of §-(NH,); ScF¢ was studied
by Hajek '8 who found that between 260 and 350°C the compound decomposed to give
impure NH4 ScF4 which 1in turn decomposed to ScF; between 350 and 440° All three
compounds were proposed to contain ScF¢ octahedra, with NH,; ScF,; containing four
bridging fluoride 1ons Similar data for the thermal decomposition of {(NHj )3 ScFs were
reported by Ivanov-Emin et al '8! These authors also mvestigated the solubility of am-
momum hexafluoroscandate in ammomun: fluoride solutions In solutions of high am-
momum fluoride concentration (NHg4)3ScFg 1s the stable spectes, but as the concentra-
tior 1s decreased, decomposition takes place and NH, ScF, is obtained, indeed the latter
compound may be prepared by dissolving (NH; )3 ScFg 1n water and stirning for 48 h
during which time crystals of ammonium tetrafluoroscandate separate from solution No
spectes corresponding to (NHgs )>ScFs or (NH4)3Sc,Fg described by Sterba-Bohm 78
were aetected

Kury et al. 182 studied the complexing of scandium by fluonide 10n 1n aqueous solution
The data obtamned were 1nterpreted by assuming the presence of spectes 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
(see Table 6) The scandium complexes are more stable than the corresponding fluonde
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complexes of Al or Felll| this greater stability anising 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 satisfymng Distribution
diagrams for the fluoride complexing of scandium have been published using the above

stability constant data!%3,

TABLL 6
Halide complexing of scandium (HI} in aqueous solution 182,192
Reaction® K?;’S___ 0) AH?‘?B: 05) AS?Zi 05)
(kcal mole™) (cu)
St + FT==ScF2* 12x 107 03 29+ 3
ScF2" + F~=8cF," 64 x 10° -15 19+ 3
ScFy" + F-=ScF3(aq) 30x 10? -08 16 =4
ScF3(aq) + F~ =ScF,4 7% 10°
s+ a1 =sc1?t 90 -15 0+2
ScC1?* + CI™ = ScCl,y" 37 -17 -1+4
Sc3* + Br =S(Br** 120 -05 4:2
ScBr?* + Br =ScBry 10 -06 0=2

*Coordmated water neglected

The work of Meyer®? has recently been repeated and for the addition of ammonium,
sodum or potassium fluornde to scandium solutions, the successive complexation by
fluoride 10ns was again suggested #4185 The species ScF3 0 16H,0, NaScF; H,0,
KScF; 0 1H,0, M3ScFg (M = NH;.Na") and K, sScF5 5 0 2H, O were 1solated from
the solutions (NH4);ScF¢ was shown to be a 3 | electrolyte in water and to decompose
at pH 7 5—7 7 to give a precipitate of ScF3; The Raman spectrum of (NH,4)3ScF¢ has
been reported '®®, the [ScF¢] >~ 10n assignments were made on the basis of Q;, symmetry
Ag, 504 cm! »Eg, 370 cm !, F g» 240 cm™! The spectrum 1s very similar to that of
[InFg]3, [AIF¢]3, [GaF¢]3 and [FeFg]3”

Several visual—thermal analysis studies on alkali metal fluoride-scandium fluonde sys-
tems have been made '®7-'8% The species detected 1n these systems are MScF4 (M = Li*,
Na*) and the cryolite type M3ScFg (M = Na*, K™, Rb", Cs*) For the latter group of com-
plexes, as the alkah metal 1onic radius increases, so does the stability of the complex, a
conclusion reached by companson of the differences between the melting points of the
complex and that of the corresponding alkali metal fluoride The sodum fluoride~scan-
dwum fluonde system has been studied in more detail by Thoma and Karraker !3%. They
also observed two complexes being formed, NaScF4 and Na3ScFg The former complex
possesses hexagonal symmetry with @ = 12.97, ¢ = 9.27 A while the latter exists in both
a high-temperature (&) and a low-temperature (8) form, the transition occurring at 680°C
-Na3ScFg 1s monoclinic, space group P2 /17, witha=560,6=581,c=8.12 A and 8=
90°45" NasScFg 1s similar to Naz AlF 1n 1ts crystal symmetry, both species crystallizing
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from melts and mverting to monoclinic low temperature forms The scandium species re-
sembles 1ts alummmum analog rather than corresponding trivalent lanthanide species due
to the similar polarizabilities of Sc®* and A1?*

The compound Cs, KScF 1s prepared from Sc,Oj, CsCl and KCl 1n a stream of fluor-
me at 500° (ref 190) It crystallizes in a cubic form, 2 =9 32 A, 1somorphous with
K;NaCrFg The solid state reaction between ScF3, NaF and MgF, at 830° for 24 hn
argon results m Na, MgScF, which crystallizes in the orthorhombic form 1somorphous
with Na, MgAlF, %!

The complexing of scandium by chloride 10n 1n aqueous solution was studied inttially
by Paul'®? 1n 1962 The data he obtained for the formation of the species ScCI?* and
ScCl," are presented 1n Table 6 Later imnvestigations 23715 also mdicated the presence
of the abor e species although the stability constants derived differ considerably from
those determined by Paul The reasons for this discrepancy are not understood Scandium
1s shightly adsorbed by an anion exchange column from 7--12 M hydrochloric acid indi-
cating the presence of an anto.uc spectes at high chloride concentration!?® . In high con-
centrations of hydrochloric acid, ScCl,;™ has been suggested to be the anionic spectes, 1n
2—-8 M HCl, ScCI** and ScCl," are present and in very dilute HCI, Sc(OH)?* 1s the mamn
species 194

The stability constants, Aff and AS values for complexing of scandwum by bromide
1on are histed 1n Table 6 from the study by Paul'®? As was the case for the chlonde 1on,
other authors have proposed substantially different values for the stab_hty constants of
the ScBr®* and ScBr," 1ons'®7. It 1s interesting to compare the data of Paul for complex-
mg of scandium by fluonde, chloride and bromide 1ons The fluoride complexes are
much more stable than the corresponding chloride and brormde species, although the
first chloride complex s less stable than the first bromide complex Comparison of these
data with those for the corresponding indium haiide species!®® shows that the fluonde
complexes of scandium are more stable than those of indium, although for the chloride
and bromude species, the reverse 1s true Indum(I1) and scandium(111) have almost 1den-
tical 1onic radn 73

Several studies of phase diagrams involving alkali metal chlorndes and bromides with
scandum chlonde and bromide have been carned out over the last few years'®°72°¢
Two general types of complex halide species are formed

M3ScCly M = L1199,200 Na’”"ml K200,202,203 R} 200 203 (200,203,204
M;ScBrg M= Na?%5 K?205 Rbp20¢, (Cs206

M3SCzC]9 M= KZOO, Rb203 , CS203,204

M3Sc,Brg M =Na?%% K295 Rb296, (5206

In the formation of these species, scandium(lil) closely resembles titansum(IlI), vana-
drum(II) and chromum{III)?°”. They are probably 1somorphous species containing octa-
hedral arrangements of halide 10ns, the Sc, X3~ 10ns consisting of two halide octahedra
sharing a common face Two forms of LizScClg were detected, the & = 3 conversion
taking place at 470°C'®° The energy of transfer from ScClg 3~ to Sc, Clg 3™ has been esti-
mated to be 36.2 kcal mole™* . 37 S kcal mole™ and 39 7 kcal mole™! for the potasstum
rub:dium and cesium derivatives, respectively 2°8 K, ScCls has also been detected 202,203
although no corresponding species with other alkali metal halides or with the bromuide 10n
1s known
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Recently, Cs,; NaScClg has been isolated by evaporation to dryness of a hot aqueous
HClI solution of the appropnate cations?®? The scandium(II) 1on 1s no doubt octahe-
drally surrounded by six chlortde 1ons and the X-ray powder pattern has been :ndexed
on the basis of a face centered cubic structure

F MISCELLANEOUS COMPLEXES

Interaction of dusopropylmethylp:.osphonate with hydrated scandium chloride at
50—60°C leads to the formation of tris(isopropoxymethylphosphonato) scandium(IiI),
Sc(imp); , with simultaneous evolution of 1sopropyl chloride®!® The general insolubiity
of the complex 1s interpreted as being indicative of a polynuclear configuration involving
phosphonate bridges A distorted octahedral symmetry 1s assigned to the scandium 1on
on the basis of the general similanty of the compounds X-ray powder pattern with other
M(imp); complexes

A crystalline precipitate slowly separates from an aqueous solution of tropolone and
scandium nitrate which s an acid of the type HSc(trop); ?'! Dissolution of this acid 1n
a hot methanol—chloroform mixture and subsequent concentration of the solution yields
the tristropolonate of scandium, Sc(trop); This complex has a distinctly different lattice
from those of the larger rare earth 1ons which have a polymenc structure, as judged by
X-ray powder data, infrared spectra, and 1ts greater solubility The tristropolonate of
scandium 1s soluble in chloroform and is 1somorphous with Fe(trop); Although tnvalent
scandium 1s sigmificantly 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 sodium tropolo-
nate 1n polar media The X-ray powder pattern of the tetrakis compound. NaSc(trop)s,
shows 1t to be 1somorphous with the rare earth analogs which are known to form eight-
coordinate species

The compounds ScCl; dppe and ScBr; 1 5 dppe have been 1solated from the reaction
of 1,2-bis(diphenylphosphine)ethane, (dppe), with scandium chloride and bromide, respec-
tively '37. A band at 303 cmi! 1n both compounds was assigned o v(Sc—P), with v(Sc—C})
at 317 cm ! and »(Sc—Br) at 275 cm™

The chloride species behaves as a weak 1 1 electrolyte in nitromethane whereas the
bromide 1s a strong 1 1 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 chloride while the apparent molecular weight of the bromide increased over a
period of two weeks It was suggested that the polymers contain tetrahedrally coordinated
scandium and may be written [—CH,PPh,ScCl, Ph,PCH, ], nCI” 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?!? 1n 1960 that scandium 1s precipitated >y sodum mer-
captobenzothiazolate, NaC,H; NS, ,at pH 5 5—6 as the basic salt Sc(C,HaNS,), OH
Using Na, [S;C2(CN), |, sodium maleonitriledithiolate, the complex
[(C3H )4 N} [Sc(S2C2(CN); )3 ] has been 1solated2!® This compound urdoubtedly con-
tamns strong scandium—sulfur bonds since 1t 1s obtamed 1n an unsolvated form from
aqueous ethanol solution

Complexes of the lanthanides with the NV, V-diethyldithiocarbamate 1on (dtc™) of general
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formulae Ln(dtc); and [NEts] [Ln(dtc)s] have been reported 2! In view of the apparent
stability of the above scandium compound, complexes with dithiocarbamate ions and
other sulfur donor higands should also be capable of 1solation

Scandum tns(cyclopentadienide), Sc(CsHs)s has been known for several years and
may be prepared from the chloride and sodium cyclopentadienide®!*-2'¢ or the fluonde
and magnesium cyclopentadienide?!” The compound 1s straw-colored, has a melting
pomnt of 240°C, and sublimes at 200—250° under vacuum The near infrared reflection
spectrum between 4,000 and 10.000 cmi ! has been measured?!® It has been suggested
that the bonding between scandium and the cyclopentadiene nngs 1s purely 1onic 1n na-
ture215-219:219 \ags spectral measurements on some lanthanide triscyclopentadienide
complexes nave recently been reported?*® From the abundances of various 1ons 1t was
concluded that the species are 1onic 1n nature The crystal structure of one of the com-
pounds for which the mass spectrum was measured. viz tris (cyclopentadienyl)sama-
rium(111) has recently been reported??! It was concluded, i conflict with the above
suggestion, that the Sm—C bond has only about 37% partial 1onic character The cyclo-
pentadienyl rings have a definite preferred onentation about the Sm!l, as expected if the
bond has ~ large amount of covalent character In view of the smaller 1onic radius of
scandium( {I) ccmpared to samanum(lil), Sc(CsHs); may be expected to have consider-
able coval«nt character

Trnphe: yl scandium, Se(CgHs); and tri(phenylacetylide) scandium, Sc(C=CCe Hs)s
have been reported 222:222 although the nature of the bonding n these compounds 1s
not known Scandium chloride has also been reported to form addition compounds with
olefins23* and ethylene polymerization has been observed using scandium species as
catalysts22°®

G SUMMARY B

This review has discussed the coordination chemistry of scandium, most of which has
been reported durnng the last few years

It 1s apparent that when comparisons are made between scandium and the lanthanides
or early members of the 3d transition elements, the size of the scandium 10n 1s important
in determining the stoichiometry and relative stability of the species formed Scandium
has a strong preference for a coordination number of six, with an octahedral or distorted
octahedral stereochemistry However. compounds with unusual stoichiometrnes that can-
not readily be rationahized on the basis of six coordination may contain the scandium 1on
in different stereochemical environments

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

In view of the importance of early transition elements as catalysts 1n many industral
processes, polymenzation, ohgomerization, hydrogeneration etc , the synthesis of species
contamng scandium 1n oxidation states other than three and also the field of organo-
scandium chemistry should receive increasing attention
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