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Abstract

Structural aspects of the chemistry of organometallic/coordination compounds of scandiu-
m(III) are reviewed. Individual compounds are classified and discussed in terms of coordina-
tion number and associated metal geometry through the range CN=3–9. The present
review provides an exhaustive literature coverage 1926–1998 (April). © 1999 Elsevier Science
S.A. All rights reserved.
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1. Introduction and scope of review

In this review we shall consider the structural chemistry of coordination com-
pounds and organometallo complexes involving Sc(III) starting with the first
reported structure determination in 1926 of Sc(acac)3 [1] and continuing through to
the present. The use of the Cambridge Crystallographic Centres’ database has
proved invaluable, not only for tracking down the wide range of reported structures
but also for providing the necessary atom coordinates to facilitate redrawal of the
individual structures presented in the text [2].

Previous literature coverage of scandium compounds includes reviews by Melson
and Stotz [3] (coordination chemistry describing complexes with different donor
atom ligands), Cloke [4] (zero oxidation state compounds) and the succinct annual
surveys provided initially by Fay and continued by Constable and, more recently,
Housecroft [5].

First some simple statistics:
� The total number of structurally-determined scandium(III) compounds is 95 (up

to and including April 1998). Despite the apparent initial neglect, more probably
a reflection of high material costs rather than chemical indifference, there is
clearly a rapidly growing interest in the structural coordination chemistry of this
particular Group 3 metal i.e. compare publication listings 1926 (1), 1950–1959
(1), 1960–1969 (1), 1970–1979 (21),1980–1989 (16) and 1990–to date (45).

� Various estimates of the ionic radius of Sc3+, depending on the coordination
sphere, have emerged from these structural studies: these include 0.68 Å (six-co-
ordinate), 0.885 Å (eight-coordinate) and 0.867 Å (nine-coordinate). Other
values cited elsewhere for the effective ionic radius of Sc3+ include 0.745 Å
(six-coordinate), 0.870 Å (eight-coordinate) [6] and 0.81 Å [7].

� For convenience, individual compounds are organised into groups according to
the coordination number exhibited by the metal centre(s); this allocation is
summarised in Table 1. The fact that such a small (relatively) ion can accommo-
date a coordination number range from 3 to 9 is surprising and noteworthy in
itself. Variations of metal geometry, subtle or otherwise, within each sub-group
are highlighted in the discussion.

Table 1
Number of scandium structures per coordination number

Coordination number Number of structures

133
4 17
5 10
6 33
7 10
8 10

29
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2. Coordination number 3

Hitchcock et al. [8] have shown that [Sc(OC6H2Me-4-tBu2-2,6)3] adopts a classical
trigonal planar (D3h) geometry, with O�Sc�O mean 119.5°. The Sc�O bond length
is relatively short at mean 1.869(15) Å. The bulky nature of the ligand is exem-
plified by Sc�O�C mean 168.4(5)° which, additionally, highlights the steric crowd-
ing around the metal.

The requirement for sterically-bulky ligands to enforce such a low coordination
number around scandium is equally demonstrated in the case of Sc[N(SiMe3)2]3.
Initially reported by Aylea et al. [9] in 1972, structural elucidation came the
following year when Ghotra and co-workers [10] reported the tris-silylamide adopts
pyramidal geometry. Aware that dipole moment studies on the compound in
solution pointed towards planarity, Ghotra argued that intramolecular van der
Waals’ attractions draw the ligands together during recrystallisation thereby
‘squeezing’ the metal atom out of the coordination plane and hence conferring
pyramidal geometry, Sc–N mean 2.049 Å (calculations using a theoretical planar
model give a value of 1.963 Å).

In 1987, Schaefer and Bercaw [11] reported the synthesis of Cp*2 ScCH3 (Cp*=
h5-C5Me5) via the reaction between Cp*2 ScCl and methyllithium A study of the
electronic properties of this first cyclopentadienyl–Sc(III) compound pointed to-
wards a 14-electron environment, with the possibility of an agostic Sc�CH3

interaction. However the observed metal geometry is trigonal planar; the methyl
group exhibits conventional s-bonding, Sc–C 2.24(1) Å, with the two Cp* ring
centroids at 2.1701(12) and 2.1710(11) Å, respectively, from the scandium atom.

Used in the role of catalyst for alkene polymerisation, permethylscandocene
alkyls readily polymerise ethylene but not higher olefins [12]. The reaction between
the permethylscandocene methyl derivative and acetylene (as the parent alkyne)
proceeds via s-bond metathesis with alkane elimination as illustrated in Eq. (1).

Cp*2 Sc–CH3+H–C�CH�Cp*2 Sc–C�CH+CH4 (1)

Attempted recrystallisation led to a novel crystalline product, Cp*2 Sc�C�C�ScCp*2
[13]; this dinuclear product can also be obtained from the direct 2:1 stoichiometric
reaction of the permethylscandocene methyl reagent and acetylene. Interestingly the
C�C bond length, 1.224(9) Å, of the acetylene bridging fragment is only slightly
enhanced from the value of 1.21 Å noted for acetylene itself. The related
Cp*2 ScCH2(cyclo-C5H8) decomposes in cyclohexane to give the dimeric crystalline
product [Cp*Sc{m-(h5,h1)-C5(CH3)4CH2}]2 [14] in which two symmetry-related
scandium atoms are bridged by the (h5,h1)Cp* group; the link arises from the C�H
activation of one of the ligand methyl groups. The penta-hapto Cp* groups bind in
an essentially unaltered manner. The reactions of [Cp*ScCl2]x with Na2(C2B9H11) or
[Cp*ScMe2]x with C2B9H13 followed by treatment with THF lead to the formation
of Cp*(C2B9H11)Sc(THF)3. Alkylation of this product using the bulky Li+[CH(Si-
Me3)2]− gives an essentially quantitative yield of [Li(THF)3]+Cp*(C2B9H11)
ScCH(SiMe3)2]−. Subsequent recrystallisation from pentane/toluene provides the
pale yellow crystalline product [Li(THF)3]+{[Cp*(C2B9H11)ScCH(SiMe3)2]2Li}−.
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Fig. 1.

The structure consists of a discrete solvated lithium cation and a complex anion
comprising two scandium atoms each of which is sandwiched between a Cp* group
and a dicarbollide ligand both bonded in penta-hapto fashion, Sc�Cp*(centroid)
2.205, 2.192 Å, Sc–dicarbollide(centroid) 2.126, 2.142 Å. Each scandium atom
carries an attendant CH(SiMe3)2 group and there is a lithium ion loosely bonded
between two triangular [BH] faces of the two C2B9H11

2− ligands. Clearly the low
coordination number is enforced by the bulky nature of the three bound ligands
[15,16].

The structure of the scandium–alkyl derivative {(h5-C5Me4)SiMe2[h5-
C5H3CH2CH2PtBu2]}ScCH(SiMe3)2 involving a silicon bridge between the con-
stituent Cp and Cp* rings and a tertiary phosphine group associated with the Cp
ring is described in terms of a trigonal planar metal geometry with a metal–alkyl
bond distance Sc�C 2.271(7) Å [17].

More recent three-coordinate scandium structures feature permethylscandocene
tellurolates (and selenolates), isolated via the insertion of tellurium (selenium) into
the Sc�C bond of an alkyl derivative. Subsequent thermal decomposition yielded
dimeric scandium m-tellurides (selenides) according to the scheme below:

Cp*2 Sc–R �
E

hexane
Cp*2 Sc–E–R �

DH

−ER2
Cp*2 Sc–E–ScCp*2 (E=Se and Te)

Examples include: Cp*2 Sc�Te�CH2C6H5 (A) [18], Cp*2 Sc�Te�ScCp*2 (B) [18,19]
(see Fig. 1), Cp*2 Sc�Se�ScCp*2 (C) [18] and DpSc(PMe3)�Te�Sc(PMe3)Dp (D) [20],
where Dp=Me2Si[(tBu)C5H3]2. With non-controversial binding of Cp* groups to
the metal the real interest surrounds the nature of the metal–metal bonding which
features a near linear Sc�E�Sc arrangement in all cases e.g. 172.07(5)° (B),
173.74(10)° (C) and 180.0° (D). Whereas the Sc�E bond distances (mean) Sc�Te
2.7528(12) Å (B), Sc�Se 2.5425(16) Å (C) and Sc�Te 2.875(5) Å (D) are shorter than
the respective calculated single bond values, the actual extent of multiple p-bonding
present in each individual case is open to discussion.
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3. Coordination number 4

The first reported four-coordinate scandium compound appeared in 1973. In an
attempt to explore the covalent nature of the Sc�C bond in organometallic systems,
Atwood and Smith [21] synthesised Cp3Sc whose structure consists of Cp2Sc units
bridged by further cyclopentadienyl groups to form a polymeric array. Each metal
is formally bound to two of the ligands in the expected penta-hapto fashion and to
two others via an h1-link. Thus the structure reveals both bridging and terminal
Sc�Cp interactions; the average Sc�C bond length to the h5-bonded rings of
2.494(5) Å is predictably shorter than the bridging Sc�C(h1) bond lengths of
2.574(4) Å.

Structural characterisation of [Cp2ScCl]2 [22] revealed a di-m-chloro bridged
dimer with two Cp groups per metal atom bound in the expected penta-hapto
fashion: the Sc�C bond length mean 2.46(1) Å is very slightly shorter than the
analogous value in the tricyclopentadienyl species and this is attributed either to
reduced steric bulk around the scandium and/or to the greater electronegativity of
the chlorine which can remove electron density from the metal centre. Within the
bridging [Sc2Cl2] unit the Sc–Cl distance is mean 2.575(4) Å (see Fig. 2).

Bottomley et al. [23] reported a synthesis of tricyclopentadienyl scandium which
produced an interesting by-product. Their utilisation of molten Cp2Mg in conjunc-
tion with scandium trifluoride afforded the expected product along with [(h5-
Cp)2ScF]3, a trimeric moiety. The structure of the latter compound shows a planar,
six-membered (ScF)3 ring with an average F–Sc–F angle of 86.5(3)°: this compares
to the analogous [Cp*2 UCl]3 trimer [24] in which the Cl�U�Cl bond angle was noted
at 84.5(3)°. The mean Sc�F bond length of 2.046(8) Å compares closely with the
value of 2.012(5) Å calculated for ScF3 itself.

Fig. 2.
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Fig. 3.

In 1983, Lappert et al. [25] examined a range of lanthanide and pre-lanthanide
tetrahydroborate complexes, Ln{h5-C5H3(SiMe3)2}2(BH4)(THF)n, to determine the
nature of the BH−

4 anion coordination. For Ln=Sc, the IR evidence pointed
towards bidentate coordination to the metal, an observation validated by X-ray
crystallography. A four-coordinate scandium centre was revealed for the complex,
with the structure containing a crystallographic 2-fold axis passing through the Sc
and B atoms. The Sc�H bond length of 2.03(4) Å, coupled with the Sc···B
interaction of 2.52(3) Å, provided corroborative evidence for the bidentate coordi-
nation of the anion.

The reaction of Cp*2 ScCH3 with pyridine led to the release of methane and the
generation of Cp*2 Sc(h2-(CN)C5H4N), a four-coordinate scandium complex [11].
Treatment of Cp*2 ScCH3 with CpCo(CO)2 provided a convenient route to the
‘scandoxycarbene’ complex CpCo(CO)�C(CH3)OScCp*2 where a m2,h1,h1-carbonyl
ligand was shown to be present in addition to the bridging scandoxycarbene unit
between two metal centres [26]. The Sc�O bond length in the scandoxycarbene unit
appears at 2.067(2) Å, while the C�O bond itself has a length of 1.268(4) Å: clearly
this exhibits a lower bond order than the m2,h l,h1-carbonyl which has an inherent
C�O distance of 1.202(4) Å.

Reaction of Cp*2 Sc-C6H4-p-CH3 and CO2 provided the four-coordinate complex
Cp*2 Sc(O2C)C6H4CH3 [27] (bidentate carboxylate attachment) following direct car-
bon dioxide insertion into the Sc�C bond (see Fig. 3).

Direct addition of anhydrous hydrazine to Cp*2 ScCH3 afforded Cp*2 ScN(H)NH2,
an unsubstituted hydrazido(1− ) complex. Subsequent addition of acetonitrile to
the resulting complex led to immediate generation of the heterometallacyclic
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product Cp*2 ScN(H)C(CH3)NNH2. The near-equivalence of the Sc�N bond lengths
(2.277(4), 2.155(4) Å), coupled with the planarity of the five-membered ScNCNN
ring, points towards resonance stabilisation [28].

Interest in the cyclo-octatetraene derivatives of scandium was aroused by the
isolation of [Sc2(h-C8H6{1,4-(SiMe3)2})2(m-Cl)2(m-THF)] from the reaction between
scandium trichloride tris-THF and the dilithiated cyclo-octatetraene derivative [29].
The X-ray crystal structure clearly reveals the dimeric nature of the complex which
features a bridging THF ligand, only the second reported example at the time. The
‘semi-bridging’ nature of the THF ligand, as reflected in the irregular Sc�O bond
lengths, 2.324(7), 3.056(9) Å possibly also accounts for the asymmetry in the
chloride bridging of the core (Sc2Cl2) unit Sc�Cl 2.518(3), 2.590(3) Å.

The reactivity of d0 M�Si bonds towards unsaturated species has been explored
by Tilley et al. [30]. Reaction of Cp2Sc[Si(SiMe3)3](THF) with two equivalents of
CN(Xyl), where Xyl=2,6-Me2C6H3, and subsequent rearrangement afforded a
four-coordinate scandium complex featuring a five-membered cyclic N2-donor
system. The basic ‘Cp2N2’ coordination sphere of the metal atom includes a Sc�N
dative bonding interaction (2.324(8) Å) in addition to the Sc�N single bond
(2.133(7) Å). Reaction of Cp2Sc[Si(SiMe3)3](THF) with CO2 readily occurred to
yield a dimeric silanecarboxylate complex, [Cp2Sc(m-O2CSi(SiMe3)3)]2 [31]. Clearly
the Sc�Si link afforded an invaluable reactive centre for the activation of carbon
dioxide and isonitriles; Tilley’s group also showed the bond to be reactive towards
ethylene and organic carbonyls. The crystal structure of the scandium silyl precur-
sor itself was determined in 1993 [32].

The complex [{(h5-C5Me4)Me2Si(h1-NCMe3)}(PMe3)Sc(m-H)]2 [33] was shown to
be a double hydrogen-bridged dimer; the importance of this system was highlighted
by its utilisation in the catalysis of a-olefin regiospecific polymerisation. The most
notable structural feature of the compound is the elongated Sc�P bond at 2.996(1)
Å, indicating the fragility of the linkage; this was verified by 31P-NMR studies
which confirmed rapid dissociation of the PMe3 group. Reaction of this complex
with two equivalents of ethylene yielded an unusual ethylene-bridged dimer,
[{(h5-C5Me4)Me2Si(h1-NCMe3)} (PMe3)Sc]2(m2,h2,h2-C2H4) [34]. In this system the
Sc�P bond now exists at 2.825(3) Å, a significant shortening on its precursor,
although the PMe3 dissociation was still shown to be rapid. The C�C bond length
1.433(12) Å of the olefin bridge is intermediate between ‘single’ and ‘double’ bond
dimensions, ca. transition metal olefin complexes with sp2 hybridisation of the
m-ethylene carbons. The product of the reaction between propene and
[(Cp*SiNR)(PMe3)Sc(m-H)]2, where Cp*SiNR={(h5-C5Me4)SiMe2(h1-NCMe3)} is
the phosphine-free compound [(Cp*SiNR)Sc]2(m-CH2CH2CH3)2 [34] which is a
dimeric entity in which the two scandium fragments are linked by m-alkyl bridges,
giving two three-centre two-electron bonds. A centre of inversion relates the two
halves of the molecule.

The diprotonic cyclopentadienylamino ligand Cp(H)NMeSiN(H)R, where SiNR=
−SiMe2NtBu and NMe=3-CH2CH2NMe2 as a pendant amine donor, reacts with
Sc(CH2SiMe3)3 · 2THF (as generated in situ) to provide the scandium alkyl com-
pound [(CpNMeSiNR)Sc(CH2SiMe3)] (A) [35] accompanied by alkylsilane elimina-
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tion (2Me4Si). The resulting scandium centre is pseudotetrahedral with four differ-
ent substituents and the reaction was 100% diastereoselective for the (1S)–(RSc)/
(1R)–(SSc) pair of enantiomers. Treatment of product (A) with dihydrogen results
in hydrogenolysis of the Sc�C bond with Me4Si elimination and formation of the
dimeric scandium hydride [(CpNMeSiNR)Sc(m-H)]2 of which the symmetric (Ci)
1R-trans-1S diastereomer was characterised crystallographically.

4. Coordination number 5

An important aspect of metallo-porphyrin chemistry relates to the size compara-
bility between metal ion(s) and the ligand ‘cavity’ dimensions. For the porphyrin
ligand OEP (OEP=octaethylporphyrin) the central ‘hole’ is ideally suited to metal
ions of radii 0.60–0.65 Å for coordination directly within the N4 plane; smaller
metal ions can also feasibly be accommodated via ring deformation [36]. In the
specific case of scandium, entrapment directly within the cavity is precluded (on size
considerations, r=0.68 Å) hence the metal atom sits atop the nitrogen plane, with
further coordinating ligands forced into adopting a cis-configuration.

Typically for the five-coordinate (OEP)ScCH3 [37] (see Fig. 4) the metal is
located at a distance of 0.66 Å from the N4 plane. In the case of
(OEP)ScCH(SiMe3)2 the metal atom now resides 0.71 Å out of the N4 plane [37]; in
a similar vein (OEP)Sc(h5-C5H5) [38], where the Cp ring attachment is regular
penta-hapto, has the metal located at a distance 0.80 Å from the mean N4 ring of
the porphyrin. For the indenylide analogue (OEP)Sc(h5-C9H7) [37] the metal

Fig. 4.
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separation from the N4 plane is 0.78 Å but in this case the scandium atom is
dislocated from the midpoint of the C5 ring of the indenyl ligand as a result of
pronounced ligand tilting.

Two further scandium–porphyrin structures have been reported:
ClSc(TTP) ·2(C10H7Cl) where TTP=meso-tetratolylporphyrin [39] is formally a
10-electron species in which the metal atom resides out of the ligand cavity, 0.68 Å
above the N4 plane. The square pyramidal geometry observed was, at the time, the
first reported instance for scandium. The Sc�Cl bond is unusually short at 2.32(1)
Å; this can be contrasted with both a terminal Sc�Cl bond length mean 2.414(4) Å
in the six-coordinate ScCl3(THF)3 [40] and the enhanced Sc�Cl bridging bonds in
[Cp2ScCl]2 [22] mean 2.575(4) Å. Again the m-oxo-bridged dimer O[Sc-
(TTP)]2 · 6THF [39] shows the metal at a distance of 0.82 Å out of the N4 plane with
Sc�N mean 2.20(3) Å. The bridging unit deviates from linearity with Sc�O�Sc
110(3)°.

A recent approach to scandium phosphine complexes utilises the ‘mixed’ terden-
tate system (iPr2PCH2SiMe2)2N−[L] which combines a central amido (hard) anchor
and two adjacent phosphine (soft) centres [41]. Reaction of Li[L] with ScCl3(THF)3

produces the monosolvate ScCl2(L) ·THF which is a convenient precursor to stable
five-coordinate bis(hydrocarbyl) scandium complexes of the type ScR2(L). The
crystal structures for R=C2H5 and CH2SiMe3 reveal a distorted trigonal bipyrami-
dal metal geometry in which the two phosphorus atoms occupy the axial positions
e.g. for R=C2H5, Sc�P 2.779(2) Å, P�Sc�P 166.95(4)°; for R=CH2SiMe3, Sc�P
2.794(2) Å P�Sc�P 154.92(6)°. Whereas these dialkyl complexes can be considered
as coordinatively unsaturated (formal 12 e− species) there is no evidence for agostic
interactions involving C�H bonds of the substituted R groups.

5. Coordination number 6

In 1968, Guseinova et al. [42] reported the preliminary structure of Sc(HCOO)3;
although the rather high value of R=0.205 reflected the instability of the crystals
and precluded further refinement, a six-coordinate geometry was noted. Surpris-
ingly, it took over 20 years before the refined structure of this compound was
reported by Hasek and co-workers [43]. In essence the structure consists of a
polymeric framework in which each metal atom is octahedrally bound to three
symmetrically independent oxygens and three centrosymmetric analogues: thus the
formate anions act as bridging groups with Sc�O mean 2.082 Å.

Melson et al. [44] have determined the structure of tris(acetylacetonato)scandium,
and comment on the considerable distortion from regular octahedral geometry to a
trigonal antiprism. The intrachelate O�O ‘bite’ of 2.715(5) Å in the scandium
moiety is comparable to known values for M(acac)3 species. The Sc�O bond length
of 2.070(9) Å allowed Melson to calculate the effective ionic radius of six-coordi-
nate scandium; a value of 0.68 Å was afforded from application of the Lingafelter-
Braun approach. Melson compared this value with the previously reported Pauling
radius of scandium (0.81 Å), concluding that the latter value was applicable for
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Fig. 5.

those complexes revealing ionic character. He surmised that his newly-calculated
figure of 0.68 Å was the ideal value for scandium in complexes exhibiting predom-
inantly covalent interactions and is the figure quoted religiously to this day.
Melson’s subsequent structural determination of tris(tropolonato)scandium(III) [45]
allowed comparisons with both the tris(acetylacetonato) compound and the stereo-
chemical models proposed by Kepert [46]. The latter concluded that the geometries
around the metal ions in [M(bidentate)3]n+ complexes depended to a great degree
on the ligand ‘twist angle’, F. For values around 0° trigonal prismatic geometry
should result, while an angle of F approaching 60° would theoretically lead to the
adoption of the trigonal antiprism form. The structure of Sc(trop)3 provided a F

value of 33° which appears intermediate between the two forms, but is the closest
noted to prismatic for the M(trop)3 systems. The metal is of course d0 here, hence
there are no electronic factors to outweigh the ligand influence and hence Kepert’s
model is followed. In the acac analogue, the flexibility of the ligand and the twist
angle of 60° lead to the antiprismatic form.

The structure of [Sc(OH)(C3H2O4) ·2H2O] [47] (see Fig. 5) revealed an octahedral
environment around each metal centre comprising two oxygen atoms from a
malonate ligand (bidentate chelate), two bound water molecules and two bridging
(m2-OH) units. The octahedra are bound in pairs by the bridging hydroxo groups,
giving a Sc···Sc separation of 3.27 Å. These octahedra are further linked into
infinite chains by carboxylate bridges. Additionally, hydrogen bonds are apparent
between these infinite chains, rendering a highly complex structure overall.

The six-coordinate ScCl3(THF)3 [40] is confirmed as the mer-isomer with
O�Sc�O interbond angles ranging from 82.9(3) to 96.7(2)° and Sc�Cl mean 2.414 Å.
Similarly, the structure of ScCl3(H2O)3 again shows mer-octahedral geometry, with
Sc�Cl 2.413(6)–2.419(5) Å, Sc�O mean 2.122(9) Å and O�Sc�O mean 88(2)° [48].



131P.R. Meehan et al. / Coordination Chemistry Re6iews 181 (1999) 121–145

In 1984 Fuchs and Strähle [49] reported the structure of the scandium(III) acetate
Sc(CH3COO)3; each metal atom exhibits a compressed octahedral geometry with
three bridging acetato groups per metal linking the atoms into a linear chain.
Within the crystal lattice the polymeric complex links are arranged in a hexagonal
close-packed array. Not unexpectedly, the structure of [Sc(ClCH2COO)3]n [50]
reveals a similar polymeric array. Each metal is octahedrally-coordinated to six
different anions, with adjacent metal atoms bound by three bridging carboxylate
links. The mean Sc�O bond length of 2.075 Å is close to the figure of 2.084 Å in
the non-substituted acetate complex previously discussed.

The crystal structure of the six-coordinate p-toluenesulphonate derivative
[Sc(C7H7SO3)2(H2O)4](C7H7SO3) ·2H2O [51] shows an octahedral metal geometry
comprising two oxygen atoms (cis) from unidentate sulphonate groups and four
oxygen atoms from individual water molecules. The M�O bonds to the sulphonate
are noticeably shorter at 2.044 Å than the corresponding M�O(H2O) interactions at
2.117 Å. A degree of steric hindrance can also be observed within the molecule:
although the value of 147.2(2)° for one of the Sc�O�S bond angles is analogous
with that observed in many of the lanthanide sulphonates, the second Sc�O�S angle
of 175.6(2)° reveals the steric interaction between the two ligands.

For [Sc2(O2NC6H4SO3)4(OH)2(H2O)2]n [52] (see Fig. 6) an infinite chain structure
was observed, with each unit of the polymeric complex containing two octahedral
scandium centres comprising four oxygen atoms from the sulphonate ligands with
two trans sites filled by oxygens from either the hydroxide or water ligands. The
bidentate bridging mode of the two sulphonate groups between metal pair units was
clearly evident.

The coordination environment around each metal is in reality highly disparate.
One of the scandium centres in each pair reveals ‘normal’ coordination with six
regular Sc�O bonds providing an average length of 2.055 Å. This is a marked

Fig. 6.
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contrast to the second metal site which can be summarily considered as the metal
trapped within a cage of six oxygen atoms; the enhanced mean Sc�O bond length
of 2.412 Å clearly shows this. These two types of metal centre alternate along the
regular polymeric structure.

The reaction of Sc(OH)3 with aqueous picric acid yielded an aqueous picrate
solution which crystallised as [Sc(pic)2(OH2)4](pic)(Hpic) ·�8.2H2O [53]. The struc-
ture of the cation revealed the scandium to be six-coordinate with the two picrate
ligands bound in a trans manner; distinct deviations from idealised octahedral
geometry are manifest, with the tetraoxo array of water oxygen atoms showing cis
angles of 84.2(3)° and 97.2(3)°; the distortions are explicable in terms of the
stereochemical bulk of the picrate groups.

The reaction between Sc{N(SiMe3)2}3 and excess (CF3)2CHOH afforded the
complex [Sc{OCH(CF3)2}3(NH3)2]2 [54], a dimeric species in which the fluorinated
(hfib) ligands exhibit both terminal and bridging character. The terminal hfib
ligands act as weak p-donors to the d0 metal, hence a cis geometry is preferential,
and the Sc�O(terminal) bond length 1.94 Å clearly reveals the influence of the
additional p-bond overlap. In contrast the Sc�O bond length for the bridging hfib
groups is much longer at 2.19(1) Å.

The six-coordinate complex, [(OEP)Sc(m-OH)]2 [37], the product of hydrolysis of
any (OEP)ScX species, shows (OEP)Sc fragments bridged by two m-OH groups,
with an average Sc�O bond length of 2.078(2) Å and a bond angle of 109.89(7)° for
the Sc�O�Sc bridge. Here the metal atoms reside at a distance of 0.84 Å from the
N4 plane of the porphyrin rings, Sc�N mean 2.203(2) Å while the two porphyrin
rings adopt an eclipsed conformation.

In the case of the phosphane complex Sc[C(PMe2)2SiMe3]3 [55] ligand binding is
intermediate between s-chelation and p-type coordination and the resulting metal
geometry approximates to trigonal prismatic with respect to the phosphorus atoms
Sc�P mean 2.617 Å. With the ScP2 plane at an angle of 121° to the CP2 plane there
is evidence for a ‘folding’ of the four membered ScPCP chelate ring which can be
attributed to an interaction between the carbanion and the metal d-orbitals. Steric
hindrance, however, restricts the closest approach of the planar carbanionic carbon
atoms to the metal centre to Sc···C 2.908 Å.

In 1994, Fjellvåg and Karen [56] published the results of powder neutron
diffraction studies on the parent scandium trichloride: MCl3 species are known to
exhibit a varied range of structures, including a cubic close-packed array, ‘YCl3-
type’, and a hexagonal close-packed derivative, BI3-type’. It emerges that ScCl3
adopts the latter type wherein the scandium atoms regularly occupy one-third of
the octahedral holes within the hexagonally close-packed array of chlorine atoms.
The structure can best be regarded as layers comprising ScCl6 octahedra sharing
three edges. The Sc�Cl bond lengths are considered equivalent, although very slight
discrepancies are observed between the upper and lower halves of the octahedra
(2.515(8) and 2.528(8) Å, respectively). Poppelmeier and Corbett [57] previously
reported the structures of a number of ‘reduced’ scandium chlorides such as Sc5Cl8
and Sc7Cl10. A variety of structural forms were observed, with one prevailing trend:
as the number of M�M bonding interactions increased, so the M�Cl bond strength
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decreased and hence the bond lengthened. Thus the ScCl6 octahedra in Sc5Cl8
reveal bond lengths longer than ScCl3, at 2.538 and 2.563 Å, while the ‘isolated’
metal atoms in Sc7Cl10 show a shorter, stronger M�Cl bond of length 2.502 Å. A
brief overview of the structures reveals that Sc5Cl8 contains two types of infinite
chains, one with ScCl6 octahedra and the other comprising edge-sharing scandium
octahedra. The Sc7Cl10 structure contains the isolated metal atoms previously
mentioned in addition to infinite double chains comprising edge-sharing Sc octahe-
dra. High temperature treatment of BaCl2:ScCl3 (1:1) provides colourless crystals of
Ba2Cl[ScCl6] whose structure consists of isolated [ScCl6]3− octahedra, Sc�Cl 2.42–
2.52 Å, and accompanying Ba2+ cations with one ‘lonesome’ chloride ion [58].

The reaction of p-tert-butyloxacalix[3]arene(LH3) and Sc(OTf)3 (OTf= trifl-
uoromethane sulphonate) in a DMSO/acetone mixture in the presence of Et3N as
a proton scavenger produces colourless crystals of [Sc2L2(DMSO)2] · 2DM-
SO·acetone [59].

The structure is dimeric with a Sc2(m-O)2 core unit and features scandium centres
with distorted octahedral metal geometry. Each calixarene ligand acts as an 8-e−

trianion following proton loss (×3) and provides one bridging aryloxide and two
terminal aryloxide linkages together with one backbone ether linkage interaction.
Sc–O(bridge) 2.101(8), 2.150(8) Å, Sc–O(aryloxide) 1.979(8), 1.960(8) Å and Sc–O(ether)

2.535(8), Sc–O(DMSO) 2.055(8) Å. The sixth coordination site is occupied by a
unidentate dmso ligand.

Addition of Sc2(SO4)3 and (NH3OH)2SO4 in aqueous solution results in the
formation of the hydroxylammonium scandium sulphate Sc(NH3OH)(S04)2 · 1.5H2O
[60].

Each metal centre of the chain structure is octahedrally-coordinated by five
oxygen atoms from sulphate groups and one water molecule; Sc–O(sulphate)

2.026(2)–2.104(2), Sc–O(water) 2.130(2) Å. The coordinated water molecule is hydro-
gen bonded to sulphate ions and further hydrogen bonding exists between the
chains and hydroxylammonium cations and the lattice water molecules.
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The reaction of aqueous scandium perchlorate and glycine leads to the formation
of the six-coordinate complex [Sc2(glycine)6(ClO4)6]n [61]. The amino acid binds
solely through oxygen atoms of carboxylic groups and the complex has an infinite
chain structure built from dimeric units e.g. each pair of scandium atoms is linked
by three bridging carboxylate groups from three separate glycine molecules. The
non-bonding distance between metal atoms is 4.519 Å and mean Sc�O 2.066 Å.

A new picrate derivative [Sc6(pic)6(L)3(OH)10(H2O)2](pic)2(H2O)10 has been de-
scribed involving variable metal coordination. The disulphone, (L), acts as a
bridging molecule between centrosymmetric hexameric clusters involving two scan-
dium(III) centres with coordination seven and four scandium(III) centres with six
coordination [62].

Reaction of [PhC(NSiMe3)2]Li(TMEDA) (TMEDA=N%,N%,N%%%,N%%%-te-
tramethylethylenediamine) with ScCl3(THF)3 in THF provides [PhC(NSiMe3)2]2
Sc(m-Cl)2Li(TMEDA) [63] which features a six-coordinate (essentially octahedral)
scandium centre as part of a planar Sc(m-Cl)2Li core unit with the lithium further
coordinated to the bidentate TMEDA ligand. Sc�Cl 2.529(3)–2.560(3), Sc�N
2.168(5)–2.230(5) Å. Further reaction of this product with dihydrogen at room
temperature in hexane gives the dimeric scandium hydride {[PhC(NSiMe3)2]2Sc(m-
H)}2 in which each scandium centre is six-coordinate with a distorted octahedral
arrangement Sc�H 1.92(3), 1.87(3), 2.00(3) 1.98(3) Å.
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The azamacrocycles 1,4,7-tris(3,5-dimethyl-2-hydroxy-benzyl)-1,4,7-triazacy-
clononane (LMeH3) and 1,4,7-tris(3-t-butyl-5-methoxy-2-hydroxy-benzyl)-1,4,7-tri-
azacyclononane (LOMeH3) form six-coordinate neutral complexes with Sc(III) of the
type [ScLMe ·2MeCN] (A) and [ScLOMe] (B) [64]. Each ligand shows fac-octahedral
binding via three N-donor sites of the ring in combination with three anionic
O-donor sites of the attached arms following proton loss. Bond dimensions (A)
Sc–O 1.969(5), 1.965(8), 1.979(7), Sc�N 2.339(8), 2.351(6), 2.328(9) Å; (B) Sc�O
1.977(2), 1.977(2), 1.960(2), Sc�N 2.354(2), 2.365(2), 2.412(2) Å. The unsubstituted
parent ligand 1,4,7-trimethyl-1,4,7-triazacycloazanonane (L) reacts with
ScCl3(THF)3 in acetonitrile to provide the neutral six-coordinate complex ScCl3(L)
in which the ligand binding is terdentate N-donor (h3-mode) resulting in a
half-sandwich structure [65].

The six-coordinate tris(dibenzoylmethanato-O,O %) scandium compound shows
regular octahedral metal geometry [66].

A structurally characterised example of the hexaaquascandium(III) cation [67] is
provided by the trimellitate salt [Sc(H2O)6]3+[C9H3O6]3− where C9H3O6=1,2,4-
benzenetricarboxylate anion.

More recently, treatment of Sc(CH2SiMe3)3(THF)3, as generated in situ from
ScCl3(THF)3 (1 mol) and Li(CH2SiMe3) (3 mol), and the tris(pyrazolylborate)
ligand (L1) provides the six-coordinate bis-trimethylsilyl complex
(L1)Sc(CH2SiMe3)2(THF) (A) following alkane elimination. The formally 12-elec-
tron metal centre shows some distortion from the ideal octahedral geometry Sc�N
2.318(12), 2.273(13), 2.372(12), Sc�C 2.253(13), 2.250(14), Sc�OTHF 2.206(10) Å
(interestingly the reaction with the related tris(pyrazolylborate) ligand (L2), where a
trio of methyl groups are replaced by t-butyl groups, results in the five-coordinate
compound (L2)Sc(CH2SiMe3)2 (B). In this case the enhanced steric requirements of
the ligand preclude coordination of the solvent (THF) molecule(s) and the metal
exhibits trigonal bipyramidal geometry) [68].
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6. Coordination number 7

The structure of [{(H2O)5Sc}(OH)2{Sc(H2O)5}](C6H5SO3)4 · 4H2O [69] features
a di-m-hydroxo bridged dimeric framework in which each metal centre is seven-
coordinate with a distorted pentagonal bipyramidal geometry. The axial
Sc�O(water) bond length mean 2.148(6) Å is predictably shorter than that of the
more hindered equatorial water ligands Sc�O mean 2.228(4) Å. The two hydroxo
links also bind equatorially Sc�O mean 2.070 Å. For the related
[Sc(OH)(H2O)5]2X4 ·2H2O (X=Cl, Br) [70] the dimeric 4+cationic unit is iden-
tical with Sc�O(water) mean 2.187 Å for the chloride species and mean 2.179 Å in
the bromide analogue. The Sc�O(hydroxide) bond lengths of 2.067 Å and 2.062 Å
in the chloride and bromide complexes, respectively, compare favourably to the
value of 2.070 Å observed in the sulphonate noted above [69]. The halide anions
participate in the formation of a hydrogen bond network which links the discrete
units into a 3D array.

Treatment of hydrated scandium nitrate with the pentadentate ligand 2,6-di-
acetylpyridinebissemicarbazone (dapsc) provides the seven-coordinate
[Sc(OH2)2(dapsc)]3+ [71] terpositive cation; two nitrate anions and a hydroxide
ion balance the charge on the complex. An interesting feature of the structure is
that the two water ligands reside in a trans conformation, sited axially above
and below the Sc(dapsc) plane, Sc�O mean 2.110 Å.

Recent interest in the macrocyclic chemistry of scandium has focused on
crown ether complexation of scandium(III) both for neutral and cationic species.
The synthetic approach exploits halide abstraction from ScCl3 (using SbCl5 in
acetonitrile solution) to provide the anhydrous ScCl2+, (possibly ScCl2+) and
Sc3+ cations which can be stabilised in situ by complexation with a suitable
crown ether. In the first example using 18-crown-6, the ionic compound
[ScCl2(18-crown-6)][SbCl6] was obtained [72]. The cation has a threaded structure
such that the metal resides directly within the ring cavity but is only directly
bonded to five of the crown oxygens Sc�O 2.190(5)–2.229(5) mean 2.210 Å (see
Fig. 7). The resulting seven-coordinate metal geometry is ca. pentagonal bipyra-
midal leaving the sixth and remaining ring oxygen wel1 outside the equatorial
ScO5 plane (+1.3015 Å) and clearly not involved in the metal coordination
Sc···O 4.137(5) Å.

Coincidentally Strel’tsova et al. [73] described two similar examples, viz.
[ScCl2(15-crown-5)]Cl and [ScCl2(15-crown-5)]2[CuCl4], which again feature a lin-
ear ScCl+2 unit inserted directly into the crown cavity but with a regular pentag-
onal bipyramidal geometry reflecting total involvement of the oxacrown oxygen
atoms. For the latter compound Cl�Sc�Cl lies at 179.8(4)° with Sc�O mean
2.125(2) Å. Equally the structure of the related [ScCl2(benzo-15-crown-5)][SbCl6]
shows all the ring oxygen atoms coordinated to the metal centre in a regular and
symmetrical equatorial girdle Sc�O mean 2.188 Å [74]. The benzo group is
clearly tilted (24.9°) from the equatorial ScO5 plane (see Fig. 8).

This preference for seven-coordinate pentagonal bipyramidal geometry featur-
ing a threaded ScCl+2 unit and an equatorial array of five ring oxygen atoms
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Fig. 7.

continues for the larger crowns. Reaction of ScCl3(THF)3 (1 mol) with dibenzo-
24-crown-8 (1 mol) in the presence of SbCl5 (1 mol) in acetonitrile afforded
[ScCl2(crown)(H2O)][SbCl6] · 2MeCN [75]. In this case the equatorial array of five
oxygen atoms comprises four of the ring oxygen donors together with a stray
water molecule. The Sc�O(crown) bond distances mean 2.25 Å compare closely
with those observed in the 18-crown-6 (mean 2.210 Å) and 15-crown-5 (mean
2.125 Å) analogues. The Sc�O(water) bond is the shortest observed, at 2.130(8) Å.
As it turns out the presence of the water impurity, most probably introduced
during recrystallisation, is fortuitous since collective binding of five oxygen

Fig. 8.
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Fig. 9.

atoms from the ring would entail savage distortion. Moreover, the coordinated
water molecule is ideally located to allow stabilisation via intramolecular hydrogen
bonding with two of the remaining crown oxygen atoms O(water)···O(crown) 2.65, 2.75
Å. The central ScCl2+ unit is essentially linear Cl�Sc�Cl 173.8(2)°, Sc�Cl mean
2.932(4) Å (see Fig. 9).

The structure of [ScCl2(dibenzo-30-crown-10)(H2O)2][SbCl6] MeCN H2O [75] is
no less remarkable (see Fig. 10). The coordination geometry around the metal is
again pentagonal bipyramidal, with the equatorial array consisting of three oxygen
atoms from the crown and two oxygen atoms from coordinated water molecules.
The aqueous ligands again prove to be perfectly located to allow hydrogen bonding

Fig. 10.
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with the non-coordinating oxygen atoms on the macrocycle; interestingly one of the
water ligands shows hydrogen bonds to three crown oxygen atoms while the second
is involved in four such stabilising interactions. The Sc�O(crown) bond lengths mean
2.253(8) Å are similar to those observed in the smaller crowns, while the Sc�O(water)

bond lengths 2.160(8), 2.148(9) Å compare favourably to that observed in the
dibenzo-24-crown-8 example.

Although these ‘restricted coordination’ crown ether complexes are prototypical
for scandium, there are equivalent lanthanide(III) species, notably
[M(NCS)3(dibenzo-30-crown-10)(H2O)2] M=Gd and Dy [76], where the respective
metal atom is bound ‘off-centre’ to three crown donor sites with a total coordina-
tion number of eight.

Direct treatment of aqueous scandium chloride and picolinic acid produced
colourless crystals of [Sc(C5H4NCO2)2(OH)H2O)]2 · 4H2O [77]. The structure fea-
tures a dimeric [Sc-m(OH)]2 unit with hydroxide bridges; each metal centre is
bonded to an individual water molecule and two picolinato anions resulting in a
seven-coordinate metal geometry. Sc�O(bridge hydroxide) 2.063(2), 2.080(1) Å
Sc�O(carboxylic) 2.176(1), 2.156(1) Å, Sc�O(water) 2.175(2) Å, Sc�N 2.405(1), 2.407(1)
Å.

7. Coordination number 8

An eight-coordinate zircon-type structure has been reported for scandium ortho-
vanadate with the trivalent metal atoms each bound to eight neighbouring oxygen
atoms Sc�O mean 2.23 Å [78].

Hansson [79] and Watanabe and Nagashima [80] have reported (independently)
the structure of tetraaquo-tris-oxalato discandium(III) dihydrate, Sc2(C2O4)3 · 6H2O
which consists of scandium-oxalate layers, with each metal atom assuming distorted
dodecahedral geometry; six of the coordination sites are filled by three bidentate
oxalate chelates, with the coordination number raised to eight by the presence of
two binding water molecules per metal. The Sc�O(ligand) bond lengths range from
2.184(6) to 2.259(6) Å, mean 2.236(6) Å.

Two groups published ScL4 structures, for L= the tropolonato ligand, C7H5O−
2 .

Each group obtained a crystalline material which was characterised as [HScL4]2, a
hydrogen-bonded acid dimer species. Einstein’s [81] group discovered the metal to
be eight-coordinate, bound to the four bidentate ligands with Sc�O bond lengths
ranging from 2.161(3) to 2.310(3) Å. Two of the tropolonato groups assume
symmetrical coordination to the metal with the remaining ligands asymmetrically
bound: this discrepancy was attributed to differing levels of hydrogen bonding
involvement (see Fig. 11).

The structure reported by Melson et al. [82] has near-identical bond lengths and
although the shape parameter calculations are not conclusive a dodecahedral metal
geometry was favoured, over square antiprismatic, based on the stereochemical
requirements of the ligand.
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Fig. 11.

A further example of M(bidentate)4 complexation is provided by
Sc(OC(O)NHNH2)4 [83] which exhibits mixed O/N-donation, with a coordination
geometry again close to dodecahedral, Sc�O mean 2.164 Å, Sc�N mean 2.382 Å.
Tan et al. [84] report the structure of Sc(NO3)3(H2O)2(benzo-15-crown-5) featuring
the crown ether as lattice solvate. Each nitrate group is bidentate and, together with
the two water molecules, the metal coordination geometry approximates to
dodecahedral.

A unique example of two eight-coordinate scandium moieties within the same
structure has appeared in the Russian literature viz. [Sc(C2H3O3)2

(H2O)4][Sc(C2H3O3)4] [85]: the anion incorporates four bidentate hydroxyacetato
ligands and the accompanying cation has the scandium bonded to two hydroxyac-
etato ligands, with four water molecules completing the coordination sphere.

Elucidation of the crystal structure of Sc(NO3)2(OC(NH2)2)4 [86] revealed a
distorted dodecahedral array, with Sc�O(nitrate) mean 2.228 Å.

Another example of an eight-coordinate complex is provided by [Sc2(NO3)2(m-
OH)2(bpce)2][NO3]2 · 2MeCN [87], where bpce=1,2-bis(pyridine-a-carbaldimino)
ethane. The centrosymmetric dimeric structure has two bridging hydroxy groups
and features each scandium centre as eight-coordinate with distorted dodecahedral
geometry based on an approximately coplanar array of the two hydroxy and two
nitrate oxygen atoms perpendicular to the coplanar bpce ligand. The short Sc�O
bond lengths, 2.053 and 2.089 Å, and the asymmetry of the bridging hydroxy links
are seen to provide a compromise between the unfavourable O�O interelectronic
repulsion and the corresponding loss in Sc�O bond energy. The tetradentate
N-donor ligand has Sc�N distances ranging from 2.341 to 2.403 Å.
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Total halide abstraction from ScCl3 by judicious use of SbCl5 in tandem with
SbCl3 in acetonitrile solution in the presence of 12-crown-4 results in the formation
of [Sc(12-crown-4)2][SbCl6][Sb2Cl8(MeCN)2] · 2MeCN [88]. The anhydrous Sc3+

cation is sandwiched by two crown ligands, with each oxacrown providing four
oxygen donor sites, and assumes distorted square antiprismatic geometry of ca. D4

symmetry, Sc�O 2.160(8)–2.274(9) Å mean 2.218(8) Å. The two crown rings are
essentially parallel with an angle of interaction 0.27° and adopt a staggered
conformation, so as to minimise interligand repulsions (see Fig. 12). The accompa-
nying centrosymmetric halogen-bridged counteranion [Sb2Cl8(MeCN)2] represents a
rare example of a discrete dimeric [SbCl4]2 structural unit; presumably the presence
of coordinated acetonitrile ligands effectively blocks any further oligomerisation.

8. Coordination number 9

The structure of the hydrated scandium nitrate [Sc(NO3)3(H2O)3] molecule which
co-crystallises with 18-crown-6 [89] reveals a nine-coordinate oxygen environment
for the metal, with each nitrate ligand attached in bidentate fashion and with three
water molecules completing the coordination sphere Sc�O(nitrate) mean 2.295 Å and
Sc�O(water) mean 2.215 Å. The crown ether is merely held in lose association to the
metal by secondary hydrogen bonding of the type Ocrown···H2O�Sc (see Fig. 13).

In the related Sc(NO3)3(terpy) [87] the scandium atom is essentially coplanar with
the three nitrogen atoms of the terpyridyl ligand, but one of the nitrate anions is
bound asymmetrically with one Sc�O bond enhanced by 0.248 Å from its partner.

Nine-fold coordination is found in [NO]2+[Sc(NO3)5]2− [90] which features a
mononuclear anion in which the metal is bonded to four bidentate (OO) and one
monodentate (O) nitrate groups.

Fig. 12.
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Fig. 13.

Fig. 14.
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9. Addendum

Recent studies by Cloke and Nixon et al. have established the existence of lower
valence scandium species: co-condensation of electron beam vaporised scandium
with an excess of tBu–C�P at 77 K produces a dark brown matrix which affords
two products viz. purple [Sc(h5-P2C3

t Bu3)2] (A) [91] and green [(h5-
P3C2

t Bu2)Sc(m,h6:h6-P3C3
t Bu3) Sc(h5-P3C2

t Bu2) (B) [92]. Although there is no X-ray
structural data for (A), magnetic and spectroscopic (UV–vis, EPR) measurements
point to a metallocene structure based on Sc(II)(d1). Identification of (B) as the first
example of a formal Sc(I)(d2) complex derives from magnetic, spectroscopic (UV–
vis, EPR) measurements and an X-ray crystallographic determination reveals a
triple-decker structure (see Fig. 14).
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