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C,H,CN acrylonitrile phen 1,10-phenanthroline
CH,CN acetonitrile pY pyridine
i
DEF H-C-N(C,H;), Qu (or quin) quinoline
diars diarsine salen salicylidene
1t
DMA CH,-C—-N(CH,), T (or t) tropolone
DME dimethoxyethane tta thenoyltrifluoroacetone
i
DMF HC-N(CH,), TU thiourea

A. INTRODUCTION

Recently, the chemistry of the d' transition metals has received considerable atten-
tion. This paper will review the chemistry of niobjum, tantalum, zirconium and hafnium
in the @' configuration. Although many of the compounds formed are air- and moisture-
sensitive, a significant number has been obtained. Additional problems arise in attempts
to isolate zirconium and hafnium compounds, because of the difficulty in their separation.
The compounds and complexes which have been formed by these elements have been
organized in tables with a short description of their preparation and properties. A dis-
cussion of some aspects of their chemistry is included in each section.

We offer here a non-critical collection and review of the literature in the hope it will in-
spire further work in the area.

B. NIOBIUM

The pentavalent oxidation state of niobium has been studied extensively, but only in
recent years has niobium in the tetravalent state been explored. Since the compounds of
NblV are generally very air- and moisture-sensitive, synthetic problems have been numer-
ous and conflicting results in many cases exist. Nevertheless, a significant number of com-
pounds has been obtained.

The purpose of this chapter is to tabulate these compounds and discuss some of their
chemistry. The chemistry of the halides and oxyhalides has been adequately reviewed!™3
and only a brief summary will be presented here.

(i) Tetrahalides

NbF,, Nbl,;, NbCl, and NbBr, have each been prepared by several methods 1-3 The
most popular preparation involves the thermal gradient method %* . For example, in the
preparation of NbCl, , a sealed evacuated tube contains Nb metal turnings at each end.
Chlorine is introduced and one end of the tube is placed in a resistance furnace at 350°C
where the hot Nb reacts to forrn NbCls , which is deposited in another section of the tube.
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Fig. 1. Apparatus for the preparation of NbCl,.

The portion of the tube which has reacted in the furnace is sealed off (see Fig. 1). The re-
maining tube is placed in a temperature gradient of 400°C at the Nb metal end and 250°C
at the NbCls end. After several days, blue-black NbCl, crystals collect ir. the middle por-
tion of the tube®.

The tetrahalides are diamagnetic, dark solids and will thermally disproportionate to
form the corresponding trihalides and pentahalides*s%:7, The structures have been studied
through X-ray powder diffraction patterns and there is some disagreement as to their in-
terpretation’ .

(ii) Hexahaloniobates

The NbClg 2™ ion has been isolated as the sodium®, potassium®, rubidium®, cesium?®,
ammonium® and tetraalkylammonium salts'®-!? . They are stable in the absence of air and
moisture and show face-centered cubic structure®-12,

(iii) Oxyhalides

Several nicbium oxyhalides have been formed: NbOCl, (zef. 9), NbOI, (zef. 13),
LiNbO, F (ref. 14) and KNbO, F (ref. 14). NbOCIl, is diamagnetic and very air-stable. The
NbO, F~ ion is very weakly paramagnetic'®. NbOCI3~ and NbOFZ™ have been prepared
by reduction of the pentahalide with Zn in aqueous hydrochloric acid, or hydrofluoric
acid. NbOCIZ™ is also thought to exist in concentrated hydrochloric acid®®.

(iv) Niobium complexes

Many NbIV complexes have been formed as adducts of the niobium tetrahalides or as a
result of the reduction of the pentahalides. These complexes are listed in Table 1 which
follows along with some of their properties. In some cases the complexes have not been
completely characterized, and in others conflicting data were available. In those instances,
all sources were cited.
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1. Chemistry.

The methods of preparation for the complexes are summarized in the table, with
specific techniques available in the respective references. The reaction times vary greatly
ranging from immediate reactions to several weeks. In most cases, inuch care is taken to
protect the reactants from air and moisture.

The magnetic properties of these complexes have proven most interesting. The expec:
ted spin-only magnetic moment of ad! transition element is 1.73 B.M. Although this value
is found in some of the complexes, many show much lower values. Some are diamagnetic,
which has been attributed to Nb—Nb interactions in polymeric compounds®35:48 _ The
structure of Nbl,, for example, has been described as octahedral crystals opposite edges
being shared. Nb—Nb metal bonds are formed with the overlap of, possible, the d,;, or-
bitals, resulting in electron pairing (see Fig. 2).

Fig. 2. Structure® of Nbl,.

8-Coordinate complexes have been prepared and studied31,37,38,45 and shown to be
paramagnetic with magnetic moments ranging from 1.6 to 1.9 B.M. Since the formation of
Nb—Nb bonds in these complexes is sterically hindered, this provides further evidence for
the Nb—Nb interactions in some of the d! complexes. Still another example where bulky
ligands prevent Nb—Nb interaction is the dicyclopentadienylniobium diiodide complex,
which is proposed to have a structure with canted cyclopentadienyl rings and iodine atoms
at angles dictated by Nb—I bond distances and van der Waals radii*>. This predicted
geometry would not allow the molecular packing needed for Nb—Nb interactions and the
complex is paramagnetic with a magnetic moment of 1.8 B.M., near that for a spin-only
d' complex. Controversy still exists concerning the magnetic moments of NbX4-2py (X =
= Cl, Br, I) which decrease® in the order Cl > Br > 1. This order has been related to the
magnitude of the tetragonal distortion of the complexes, A, which should depend on the
net difference in ligand field strength between the pyridine and halogens.

As suggested by Fowles et al.! 2, the situation is not as simple as stated above. Since the
effective magnetic moment arising from the 2 T g ground term in a cubic ligand field de-
pends on A, the separation between the orbital levels of the 27, g terms created by a non-
cubic ligand field, on A, the spin—orbit coupling constant, and on X, the orbital reduction
factor, all of these factors, not just A, must be considered.

The coordination number of niobium(IV) is usually six, but as expected for a second-
row transition element, a great number of eight-coordinate complexes exists. There is evi-
dence 38 for a nine-coordinate Nb(acac),-dioxane. The eight-coordinate complexes could
be either square anti-prism or dodecahedral structures. The latter structure is usually as-
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signed from the optical spectrum®®.

The six-coordinate complexes, NbX4 L, , could have D4y or C;,, symmetry and both
exist. Fowles et al. have assigned the geometry of a series of compounds, mainly N-con-
taining'®, while Hamilton and McCarley have worked with sulfur-containing compounds®S.

Lower coordination numbers are also known for niobium(IV). In a series of sulfur ad-
ducts, S(CH;3),, S(C2 Hs), and S(CH; )4 with niobium tetrahalide, it was found that di-
adducts were formed with S(CH; )4 but that the bulkier methyl sulfide and ethyl sulfide
formed monoadducts. In addition, the order of increasing space requirements, S(CH, ), <
< S(CHj3), <S(C.Hs), corresponds to the order of decreasing stability of the diadducts®®.
Electron spin resonance studies of solutions of niobium(1V) chloride in substituted pyri-
dines have also shown mono- and diadducts to be present.

Coordination numbers of four are usually of the Nb(NR, ), type. The magnetic mo-
ments for these compounds were found to be about 0.8 B.M,, less than the predicted
value®® of 1.73 B.M. However, in this case, the difference could not be explained in terms
of a dimeric complex. Molecular weight determinations showed that only monomers were
present. A small 8 value and the appearance of an ESR signal at room temperature seemed
to rule out the possibility of strong magnetic interactions. Further investigation is warrant-
ed.

Relatively few non-oxo anionic complexes exist. The hexahalo- and pentachloroalkoxo-
niobates have been well characterized. The hexathiocyanato niobate(IV) complex has also
been well characterized and shown to be N-coordinated!?.

2. Magnetic properties

Complexes of the type NbCl, - 2L with L = pyridine and various substituted pyridines
have recently been under investigation in ESR studies*®. The ESR spectra of these com-
plexes show variations in splitting parameters which are related to the electronic effects of
the substituent. Simple molecular orbital calculations with the ESR parameters indicate a
considerable amount of delocalization of electron density into p, orbitals of the four
equatorial chiorides.

In all the substituted pyridine complexes investigated, except for the 4-ethyl and
4-phenyl complexes, g, is greater than g, (see Table 2). Typically among d' transition
metal complexes, g| is greater than g, . Exceptions to this generalization occur only with
transition metal complexes where the ligands in both axial and equatorial sites have simi-
lar electron donating properties. That is, a pyridine donating electrons to niobium in axial
sites must be similar to the chloride ion in NbCl2~ In NbO(acac), , the equatorial and axial
oxygens must interact with the metal in a similar way. Thus, the tetragonal field and cubic
field for those complexes where g, is greater than gy are of the same order. The two most
bulky ligands, 4-ethylpyridine and 4-phenylpyridine may, through a steric mechanism, bring
about a larger tetragonal distortion than the other pyridine complexes.

Electron spin resonance studies of NbCl, in concentrated hydrochloric acid show two
species to be present®?. These are identified as the oxopentachloroniobate(IV) ion and the
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ESR parameters of NblV complexes with substituted pyridines 4.

L Ay A <@Zcale gy 81 <&>calc
Pyridine 262.3 1399 180.7 1.9161 1.9607 1.9458
3-Ethyl 267.3 140.0 182.4 1.9262 1.9542 1.9449
3-Methyl 253.9 137.6 176.4 1.9161 1.9601 1.9454
3-Amino 242.7 127.0 165.6 1.9197 1.9634 1.9488%
3-Bromo 265.2 140.9 169.0 1.8623 1.9564 1.9250
4-Ethyl 251.8 134.1 173.3 1.9238 1.8965 1.9056
4-Methyl 268.8 139.6 182.7 1.9242 1.9556 1.9451
4-Amino 248.1 128.9 168.6 1.9205 1.9557 1.9440
4-Phenyl 254.2 133.9 174.0 1.9229 1.8930 1.9030

2 ESR splitting parameters given in gauss.

oxotetrachloroaquoniobate(iV) ion from their electron spin resonance parametars. A
third species, the hexachloroniobate(IV) ion, is also present and can be isolated as the
cesium salt. Solutions of niobium(IV) produced by zinc reduction of Nb!V in hydrocloric
acid or HCl-saturated ethanol contain the oxotetrachloroaquoniobate(IV) ion and the oxo-
tetrachloroethanolatoniobate(IV) ion respectively. Calculations of the normalization con-
stant for the ground state B,>* molecular orbital for the oxo species also indicate consid-
erable delocalization of unpaired spin density into the equatorial chlorine p—m orbitals.

In the investigation of hexacoordinate complexes of niobium(IV) chloride by ESR
methods, several oxygen donors as well as the oxochloro species were examined®! to de-
termine the extent of axial 7 bonding, since oxygen would be observed in different staces
of bonding to metal (Table 3). In nearly all cases, the hyperfine parameters are significant-
ly different from those of the oxochloro species, and it is concluded that only coordinate
bonding to oxygen is present.

In the case of HMPA, two species are detected, which are likely mono and bis com-
plexes, since the bulkiness of the ligand would probably hinder rapid coordination. It is
seen that where the nature of the groups bonded to the oXygen utilize the oxygen’s 7-
bonding capability, the 4 values are significantly higher indicating that 7-bonding to the
oxygen by Nb is important in delocalization. g and g, for DMA, DMF and DEF are ex-
tremely close. Also, gy >> g, , as was found in the oxochloro species.

The investigation of cis complexes of the type NbClsLs, where L is various nitriles,
has recently been completed. The spectra are very complex and quite different from those
complexes above which are known to be axially symmetric (Cyy or Dgp). While an inter-
pretation is not complete, it appears that in some cases 4 and 4, may be of the same or-
der and second-order corrections may be very significant3?.
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TABLE 3
ESR parameters? of hexacoordinate complexes of NblVY, NbCL L,
L &y & <> 4 4, <a> NP
DMF 1.9014 18953 1.8971 28295 140.03 187.67 0.813
Dioxane 1.9065 1.8759 1.8861 277.0 138.85 184.91 0.786
DME 1.9069 1.8779 1.8876 277.78 135.62 183.00 0.809
HMPA 1.8991 1.8869 1.8910 289.49 149.20 195.99 0.798
second species 1.8869 (1.8869) (1.8869) 301.51 (149.20) (199.97) 0.867
THF 1.9131 1.8943 1.9006 270.8 1223 171.8 0.845
1.8920 177.1
DMA 1.8988 1.8969 1.8975 285.51 141.51 189.51 0.820
DEF 1.8954 1.8990 1.8978 28246 139.14 186.91 0.816
NbOCl13~ 1.9215 2944 0.95
NbOCl, (H,0)*" 1.9165 1.8833 1.8943 277.0 130.6 1794 0.83
NbOCI, (HOC, H,)*" 1.9194 1.8946 1.9029 269.3 131.8 177.6

9 ESR splitting parameters given in gauss.
N_;? is the normalization constant for the ground-state molecular orbital B, >* = N_, (dxy — A;.9,)
and would be equal to 1 if the MO were ionic or equat to 0.5 if the MO were perfectly covalent.

C. TANTALUM

As in the case of niobium, tantalum in its tetravalent state has only recently been studied.
The compounds formed are usually air- and moisture-sensitive, and since the tantalum pen-
tahalides are not easily reduced, not many TalV compounds have been prepared.

This section wili tabulate these compounds as well as discuss some of their properties,
comparing them, in many cases, with niobium(IV).

(i} Tetrahalides

TaCl,, TaBr,s and Tal4 have been obtained by a variety of methods'->. Since the tanta-
lum pentahalides are more difficult to reduce than those of Nb, and NbF; is the least
easily reduced of the niobjum halides, it is understandable that the preparation of TaF, is
proving to be a problem and the compound has not yet been obtained.

The methods of preparation of the tantalum tetrahalides have been adequately re-
viewed®3"55 _ The tantalum tetrahalides are diamagnetic, dark crystals. TaCl; and TaBr,
are isomorphic with corresponding niobium halides and have been classified as an ortho-
thombic unit cell with four TaX, units per unit cell®. Some controversy exists as to the
assignment of the basic unit cell.
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Tal, appears to exist in two different forms, depending on how it is prepared, and nei-
ther is indexed on the same basis as Nbl, . One form exists when Tal, is prepared by re-
ducing Tals vapor at high temperature by aluminum, and the other comes about when the
Tal4(pyridine), complex is thermally decomposed®.

(ii) Hexahalotantalates

Ta€lZ™ has been prepared with Cs (ref. 56), K (ref. 57) and Rb (ref. 58) as cations. It is
thermally stable. K, TaClg and Rb, TaClg are reported to be tetragonal, while Cs, TaClg is
a cubic salt of the K, PtClg type.

(iii) Oxyhalides

Some oxyhalides of tantalum(IV) have been obtained. These include TaOCl, and TaOl,.
Not much information is available for TaOl,, and TaOCl, is known to be quite stable,
diamagnetic, and is assumed to involve Ta—Ta bonding.

(iv) Tantalum complexes

A number of TalV complexes has been obtained by reducing the tantalum pentahalide
or by reacting the tetrahalide with the ligands. These, as well as the compounds previously
mentioned, are listed in Table 4.

The spin-only value of the magnetic moment of tantalum(IV) complexes is expected to
be 1.73 B.M., but most complexes exhibit values considerably below this. Lower values
are probably again due to large spin—orbit coupling constants® for TalV.

BaTaS; is'in the form of black crystals which were found to consist of hexagonal close-
packing of BaS; layers with Ta cations in one fourth of the octahedral holes. The point
group assigned®? is D3y (Fig. 3).

Fig. 3. Structure of BaTaS, . Dashed lines indicate BaS, layers.

Many of the complexes of TalV have been found to be of six-coordinate octahedral
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geometry. The geometry of some of the tantalum compounds with nitrogen-containing
ligands has been predicted®, as well as that of those with sulfur-containing ligands®*, from

the infrared spectra of the complexes.

D. ZIRCONIUM

The chemistry of zirconium and hafnium closely resemble one another and problems
are encountered in their separation. Reduction to an oxidation state of less than four is
difficult and few Zr*" and Hf** compounds have been prepared. Zirconium compounds are
listed in Table 5.

(i) Trihalides

The zirconium trichlorides, tribromides, and triiodides have been prepared in a variety
of ways, many of which have been previously reviewed®!. The zirconium tetraiodides are
most easily reduced, followed by the bromides and chlorides®?. When aluminum is used as
the reducing agent, the product is contaminated with the oxides and halides of the alumi-
num and zirconium metal®3,%%, With zirconium metal as the reducing agent, products with
purities of 99.2% have been obtained®® . Many preparations based on reduction by Zr
metal have been found, with the temperature, pressure, form of the Zr metal, and reaction
time varying®2,%5. Zr will preferentially reduce its own halides. These methods also allow
a separation of zirconium and hafnium.

Zirconmum trifluoride has been prepared®® from zirconium hydride in a H, —HF mix-
ture at 750°C. Zirconium tetrafluoride has not been reduced successfully by Zr metal.
These reduction reactions have been studied in detail®7,%%.

Zirconium trihalides are dark moisture-sensitive solids. The structures of the trihalides
have been studied by X-ray powder diffraction and are found to consist of distorted hexa-
gonal close packing of the halogen atoms. Infinite chains along an axis formed by MXg
octahedra are joined at opposite faces and the metal atoms are regularly spaced midway
between the halogen atoms®®~7!. The point group is Day. There are nine Zr orbitals avail-
able for bonding: 2 A1, (5, dz2 ), 42y (22), 265 (d,2_ 2),dyxy, and dy,, d,,, pairs, and £,
@y P, pair). Six bonds are formed when these combine under a trigonal ligand field with
the corresponding symmetry orbitals of the halogen. After o bonding, there are three orbit-
als left on each Zr available for metal—metal interaction with the remaining electron per
metal atom. These consist of a g-type metal orbital of A, symmetry along the chain axis,
and two other degenerate orbitals of Eg symmetry. These orbitals and higher energy Zr
atomic orbitals can interact with the corresponding orbitals of the neighboring metal
atoms in the chain to give an appropriate molecular orbital®?.

The trihalides will undergo disproportionation, e.g. Zrl3 will disproportionate
300—480°C, viz.

72,73 at

2 Zrl3 > Zd, + Z1l, €))
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A close study of ZrCl;, however, reveals a non-stoichiometric disproportionation. At
390°C

6 ZiClg > 5 Z1Cly g + ZiCl, (2)
When the resulting ZrCl, . is heated to 310—400°C
2 ZxCl, .5 > Z1Cly . + Z1Cly €)]

The ZrCl,.5 has the same X-ray powder pattern as Z1Cl; and is explained in the following
way. The loss of ZrCl, leaves gaps in the linear chains of the ZrClg octahedra. The gaps
form an ordered arrangement of a region of the lattice ion plane. Shearing takes place on
the plane, resulting™ in Z1Cl,.g. The disproportionation of ZrCl; has been studied ther-
modynamically, and at 700°C the equilibrium constant for the reaction in molten solu-
tions of KCl is®* 1.10 X 1073,

The low magnetic moments, ~ 0.4 B.M., of the zirconium trihalides is due either to
strong antiferromagnetic interaction or to spin—orbit coupling.

A magnetically dilute sample of ZrCl; has a moment of 0.9 which supports an anti-
ferromagnetic interaction mechanism”®

Z1X3L3 compounds are six-coordinate adn distorted octahedra. In the reduced states of
Zr, ligand field stabilization energy becomes important in determining the stereochemistry.
Since the ligand field splittings are known to be large, the configurations giving the greatest
ligand field stabilization energy are favored?®. The diffuse reflectance spectra have been
studied and it is assumed that the bands arise from 2Eg <2 Tp,-transitions on Zr atoms””
(note this assumes pure Oy, geometry). The A (crystal field sphtung energy) of Zrl! has
been found to be 20% larger than for Tilll and the increase is attributed to going from a
3d" to a 4d™ compound’8.

(ii) Complexes of Zr**

The complexes of Zr*" formed with N-containing ligands are very air- and moisture-
sensitive. Although the ZrCl;-3py complex has a magnetic moment of 0.39 B.M., the EPR
spectrum in pyridine suggests that a paramagnetic species of unknown character may be
present. The [ZrX; -2py], complexes show still lower magnetic moments than spin-only
and are believed to be halogen-bridged dimers, viz.

/ 2
QD Q
\‘/ \‘/
1/1\1/:“\1
g <
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In CH3CN, this species breaks down to form [Zr], py(CH3CN), ]*I", which accounts for
its high conductivity®®.

The 2ZrX;-5CH3CN complexes involve interactions between neighboring metal atoms,
either directly or through bridging, viz.

Me Me
S
X X
*Nd N
Zr. Zr
RAAN
N N N
c C ﬁe
Me Me

or through a Zr—CH3; CN->Zr linkage®®. Since CH3CN is not released when heated in vacuo
to 100°C and the IR spectrum does not show the C=N stretching frequency of a free ligand,
the presence of uncoordinated CH3CN trapped in the lattice seems unlikely®!.

The bipyridyl complexes, 2ZrX3-3(bipy) are also postulated to have a dimeric type
structure, viz.

cl P ci
N2 N
N\er/ cx\zlr/
N/I\Cl/ N/‘\N
ca &t cl

The bonding in the Zr nitrides appears to be of a mixed type, largely ionic with some
metallic bonding. The cation sub:latfice consists of Zr** ions with the equilibrium N =
= N3 + 3 ¢ occurring in the anionic sub-lattice. The nitrides show high electrical conduc-
tivity and metallic luster, which can be explained in terms of the partial metallic character
of the bonding82-83.

Compounds of the type (CsHs ), ZrPR, have been prepared; where R is C,H; or
n-C4Hs, a dimeric structure has been proposed®?, viz.

R R
P R
M—M
..
.,p/
& X
R R

When zirconocene dichloride is reduced with NaPPh,, the ESR spectrum indicates that
anion radicals of the type [(#-CsHs), Zi(PPh; ), ]~ may be formed®s.

E. HAFNIUM

The chemistry of hafnium in the trivalent oxidation state has not been explored to a
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great extent. The hafnium tetrahalides are difficult to reduce, and the trihalides, when
formed, tend to be unstable, disproportionating and hydrolyzing easily. Hafnium com-
pounds are listed in Table 6.

(i) Trihalides

Hafnium trichloride has been prepared by reacting HfCl, with Hf metal as reducing
agent at high temperatures®?-2°_ HfBr3 has been prepared in a similar manner, as well as
by reacting HfBr, with Al. The reaction is carried out®® in a spherical bomb tube at 470°C,
or in a two-zone tube at 600—650°C. HfI3 has been prepared by the reduction of Hfl,
with Hf (refs. 62, 91) and also”® by reacting Hfl, with aluminum at 350—385°C.

The trifluoride has been prepared®? by the reaction

HfN + 3 Hf > HfF; + NH, @
However, the Hfr; reacts immediately.

HfF, + HE > HfF, + 1/2 H, 5)

A satisfactory preparation of HfF 3 has not been found. The tetraiodides are the easiest to
reduce, followed by the tetrabromide and then the tetrachloride.

The hafnium trihalides, like their zirconium counterparts, are dark solids. Hafnium tri-
iodide is reported to exist in both a green and a black form, depending on the preparation
temperature, but may depend only on particle size®! . The structure of Hfl; is isomorphous
with the trihalides of zirconium. X-ray diffraction shows hexagonal close-packed halogen
atoms consisting of infinite chains formed by Hfl, octahedra joined at opposite faces
with the metal atoms regularly spaced midway between the halogen atoms®?. The tri-
halides disproportionate to form the dihalides and tetrahalides®?,°°. This disproportiona-
tion often produces problems in the preparation of the trihalides.

Little information is available on the magnetic properties of the hafnium trihalides. The
magnetic moment reported for Hfls, in one case, is in excess of spin-only value, and is
thought to be due to strong ferromagnetic coupling’®. In another study, however, u is
reported®! to be 0.62 B.M.

(it} Other hafnium(Ill) compounds

HfN has been prepared®?;83 in which nearly all of the nitrogen can be converted to NHj.
The bonding is mainly ionic, but to some extent metallic. The cation sub-lattice consists en-
tirely of Hf>* ions. In the anionic sub-lattice, the equilibrium N = N3~+ 3 e~occurs and
accounts for the metallic properties which HfN displays.

The only other compound of Hf*" so far reported is the HfCI;-4(py) complex which
was found to be diamagnetic. However, the EPR spectrum?® indicates the existence of a
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paramagnetic species “of an unknown character”.
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