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hx hexagonal

m monoclinic

Me methyl

Meg Cq hexamethylbenzene

or orthorhombic

Ph Phenyl

Ph, C, diphenylacetylene

©=Ph,, C, w-tetraphenylcyclobutadiene

rh rhombic

tg tetragonal

thf tetrahydrofuran

tol toluene

tph w—N,2,3-n2 -n—4,5,6—n2 -3,4,5,6-tetraphenyl-
-3,5-hexadiene~2-oneimine

tr triclinic

trg trigonal

1. INTRODUCTION

The cyclopentadienyl radical is one of the most widely found y—electron
donors, and the vast majority of niobium organometallic derivatives have at
least one of these ligands. Since the halo-monocyclopentadienyl compounds
of niobium can be precursors of a wide range of new derivatives,
considerable attention has been paid to this area. Preparative and
structural studies have been aimed at investigating the bonding modes of
cyclopentadiene, and to determine the relationship between the bonding and
reactivity towards unidentate ligands. Such systems provide useful models
for more general reactions at the metal centre. In many of these
derivatives metal-metal bonding can occur, which is also of considerable
theoretical and practical interest.

Organometallic intramolecular coordination compounds containing =~ and
o~bonded olefins, dienes and cyclopentadiene have been the subject of
reviews by Omae (ref.l). Interactions of organometallic moieties with
carbanions and other electron rich centres have been reviewed by Kerber
(ref.2).

This review represents the first overview of organometallic compounds for
niobium for which structures have been determined by Xx-ray
crystallography. A brief survey of the structural data 1s given, and the
factors governing the stereochemical interactions in the coordination

sphere of niobium are discussed. The material included has been obtained



from reports published in primary journals up to the end of 1984, or to
volume 101 of chemical abstracts. A general review of the structural data
for niobium coordination compounds has been completed (ref.3), and this
review serves to classify the organoﬁetallic structures and make
comparisons between the organometallic and other complexes of niobium. The
systems discussed are divided into mononuclear, hetero-binuclear, and

homo-oligonuclear derivatives.

2. MONONUCLEAR COMPOUNDS
A. Monocyclopentadienyl Compounds

Structural data for monocyclopentadienyl niobium compounds are listed in
Table 1. The ecrystal structure of (ns—cp)Nb(CO)u is shown in Figure 1.
The stereochemistry about the niobium is that of a regular- square pyramid
with the cyclopentadienyl ligand at the apex. There are two types of Nb—-CO
bonds, one with a metal-carbon bond length of 207.7(7)pm, and the other
with a bond 1length 3.8pm longer at 211.5(8)pm. By contrast, the
carbon-oxygen bond lengths are the reverse order at 114,5(9)pm and
111.2(10)pm respectively, such that the overall distance between the
niobium atom and the oxygen atom are equal in both types. The niobium to

cyclopentadiene distances (Table 1) are comparable to those found in other

Figure 1. A schematic view of the crystal structure of (ns-cp)Nb(CO)u.
Reproduced with permission from Chem. Ber. (ref.4).
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related niobium compounds. Inspection of the data in Table 1 reveals a
more general relationship between the Nb—CO bond lengths and the C-0 bond
lengths, the former elongating as the latter shortens. Other examples
are:(n°-cp)Nb(CO)(n—Ph;GeCzCPh), (ref.13) Nb=C = 204pm, C-0 = 117pm;
(ns—cp)Nb(CO)(thcz)z (ref.10) Nb-C = 200pm, C-O0 = 120pm. Thus the
distance between the niobium and the oxygen atoms stays almost invariant at
about 320pm.

Aspinall and co-~workers (ref.5) have prepared, and studied by x-ray
crystallography, the molecule [(ns-cp)NbIII(CNCMe3)“C£]+[Nbvoczq
(thf)] .thf. This compound is the only example (Table 1) in which both an
organometallic and a coordination species of niobium coexist in one
crystal. The structure consists of discrete organometallic cations with
niobium in an oxidation state of three and a formal coordination number
eight, together with the inorganic anions with niobfum in an oxidation
state of five and a distorted octahedral environment, plus an uncoordinated
molecule of tetrahydrofuran. The NbY-Cg bond length of 238.0(4,7)pm 1is
shorter by about 12.5pm than that of the NbIII—Cz bond length. This 1is
in agreement with the expectation that metal-ligand bond lengths should be
directly proportional to the coordination state, and inversely proportional
to the oxidation state of the metal. 1In (ns-cp)Nbivcns(dppe) (ref.8),
the Nbiv-Cl bond distance of 247.0(1l)pm (mean value) follows the same
trend, its value lying between that of the corresponding NbY-Cg¢ and
MIII_¢cy bond lengths (ref.5).

The ecrystal and molecular structure of (ns—cp)Nbsz(dmpe) is shown in
Figure 2 where it can be seen that the l6-electron compound has the Nb atom
located between two “"non—-equivalent” half sandwiches. 1In addition there
are two chlorides which are bonded to the Nb atom with a Cg-Nb-C¢ angle of
91.46(6)°. This is significantly 1less than the Cg-M-Cf angle in other
l6~electron analogous metallocenes. The mean value of the Nb-Ce¢ bond
length in monocyclopentadienyl compounds (Table 1, '248pm) 1is quite
comparable to that found in eight coordinated niobiuﬁ coordination
compounds (249pm) (ref.3). The same formal coordination number can be
proposed for the organometallic derivatives [(ns—cp)Nb(CNMeg).,Cz]+ (ref.5)
and (ns—cp)NbCza(dppe) (ref.8), where chlorides are found as ligands.

The Nb-P bond distance 1s observed to decrease from 273.4(1,55)pm in
(ns—cp)NbCI3(dppe) (ref.8), through 256,5(15,18)pm in (n5-cp)Nb(PPh3)2.
(CO)(H)2 (ref.6), to 244.5(5)pm in (ns—cp)Nb(Pﬂa)(tph) (ref.l14) which is
the order of decreasing steric demand of the phosphine ligand itself, dppe
> PPhy > PHj.
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Figure 2. The molecular structure of (ns-cp)Nbczz (dmpe) .
Reproduced with permission from J. Organomet. Chem. (ref.9).

The Nb-C (C,Ph,) distance 220.6pm (mean value) 1is 17.4pm shorter than
that of Nb-C (C,Ph,), and even shorter than that of Nb-C (cp) at 242.5pm
(Table 1). These differences are probably due to different w-—acceptor
abilities of the coordinated ligands (ref.10). The w-acceptor ability of
the ligand will contribute to the Nb-L bond order in the sequence C;Phy, >
CyPhy > cp, the latter thus having the largest Nb—C bond length.

B. Bis(cyclopentadienyl) Compounds

From a structural point of view, niobium bis(cyclopentadienyl) compounds,
summarized in Table 2, can be divided into four groups. In (ns-cp)sz(BH‘.)
(Ref.15) the niobium atom is n5 bonded to two cp ligands, and the BH,
anion via two bridging hydrog'en atoms. An x-ray investigation of the



compounds shows that the orthorhombic crystals are of the V-shaped sandwich
type (Figure 3). The niobium atom has a distorted tetrahedral environment
and a l6~electron valence shell. Usually, the geometry of the V-~shaped, or
clino~, sandwich is similar te that found in the other analogous niobium
compounds listed in Table 2. It is interesting to note that while the
cp{centroid)~Nb-cp(centroid) angle of 130" lies within the 128 - 143° range
of the other analogues, the Nb~C (cp) distance of 234(6) is one of the
shortest reported, We have no explanation for this, however, as was
mentioned in the original report (ref.15), the crystals are very unstable
and the accuracy of the results is not high with a final value of R =
12.8%.

The second group consists of (ns—cp)sz(Sz)(C“HmozPSz) (ref.21),
(n®-cp)oNb(S3)(CHz) and (n3-cp)oNb(CS,)(CHy) (ref.22), (nS-cp),Nb(CS,)

Figure 3. A view of the crystal structure of (ns—cp)sz(Bﬂ..).
Reproduced with permission from Zh. Strukt. Khim. (ref.l5).



(allyl) (ref.23), and (ns-cp)sz(CZHS)(CZH“) (ref.24), where in addition to
the cp ligands, there is a bidentate and a unidentate ligand bonded to the
niobium atom. In the first two examples the bidentate ligand is Sy, while
in the next two examples it is CS, bonded via the carbon and one sulphur
atom, and in the last example it is CyH,. The structure of the latter is
shown in Figure 4 as a representative example of the group. The niobium is
n5 bonded to two cp rings, which are planar with 47.6° dihedral angle
between them, making room in the horizontal mirror plane for a o¢g-bonded
ethyl (C(13)) and a o-w-bonded ethylene ligand (C(1) and C(2)), Figure 4.
The mean Nb-C distance increases 1in the order 229.9(9)pm CH) <
231.6(8)pm (CyHs) < 240.2(5)pm (cp) for both electronic and steric
reasons. For a detailed discussion of the effects the reader 1s referred

to the original work (ref.24).

Figure 4. The molecular structure of (ns-cp)sz(Czﬂs)(CzH“).
Reproduced with permission from J, Am. Chem. Soc. (ref.24).
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The third group consists of (ns—cp)szH3 (ref.18) and (ns-cp)z NbO, Ce,
(ref.20) where in addition to the two cp rings there are three unidentate
ligands in the coordination sphere of the metal atom.

The remaining bis(cyclopentadienyl) niobium compounds in Table 2 have the
two cp rings together with two unidentate ligands.

Inspection of the data reveals three different types of ligands (atoms)
bonded in the clino-sandwich molecules. Examples have been reported with
the unidentate 1ligands: H, CO, CR, O, Cg, SH, and SR; and with the
bidentate ligands: BH,”, CoH,, S;, and CS5,. In general, the mean value of
the Nb-L bond distance increases with the van der Waals radius of the
ligating atom, There is a variety of ligands which are bonded to niobium
through C or S donor atoms, and the bond distances show systematic
variations. The mean Nb-C distances decrease in the order: cp (240.3pm)
> CH3 (233.6pm) > CpHs (231.6pm) > allyl (230.9pm) > C,H, (229.8pm) > CH,Ph
(229.3pm) > CS, (222.4pm). The mean Nb-S distances decrease in the order
SR (260.2pm) > SH (253.9pm) > S,C (251.Ipm) > S, (248.3pm). The nature of
these differences indicates that there is a dependence on the electronic
properties of the ligand and the steric interactions between ligands around
the coordination sphere of the metal atom.

There is a relationship between the Nb-cp(centroid) bond length and the
cp(centroid)-Nb~cp(centroid) angle such that as the bond lengthens the
angle closes. For example, the distance and angle for (ns—cp)sz(CO)“H are
204pm and 143(3)° respectively. The same parameters for (ns—cp)szOZCz are
213pm and 128(4)° respectively. These two sets of values represent the
1imiting cases in Table 2. The variation can be explained in terms of
steric hindrance within the coordination sphere, as the rings move further
away with the same dihedral angle between them the "bite” angle at the
metal atom closes up. There is a noticeable (2.2pm) difference between the
mean Nb-C (cp) bond distance in Table 2 (240.3pm) and Table 1 (242.5pm),
the monocyclopentadienyl Nb-cp bond distances being slightly longer.

C. Cyclooctatetraene Compounds

Two niobium compounds have been Iinvestigated where a cyclooctatetraene
ligand is coordinated to the niobium atom. The relevant structural details
are given at the end of Table 2, The structure of [ns-cp(CBHB)]Nb(n“—CBHB)
(diars) (ref.28) is illustrated in Figure 5. The cyclopentadienyl ring is
exo to the niobium, and the phenyl substituent is endo, and this is the
first instance where the geometry of this bicyclic 1ligand has been
established.

The ns—bicyclic ligand bonds to Nb through C(21) - C(25),(Figure 5) and
the mean Nb-C distance, 233(3)pm is shorter than those found between Nb-cp



Figure 5. Molecular structure of [ns-cp(CBHB)]Nb(n“-CBHe)(diars).
Reproduced with permission from J. Am. Chem. Soc. (ref.28).

or Nb~(cp), (242.5 and 240.3pm respectively). On the other hand, the mean
Nb-C (n“-ceHa) distance at 248(4)pm 1s longer than those mentioned
previously.

The structure of the tricyclooctatetraene niobium anion (ref.29) is shown
in Figure 6. There are two types of cyclooctatetraene ligand. One has
been described as n“-bonded, and the mean Nb-C distance of 243.8(15)pm is
longer by about 7pm than that of the two na-bonded cyclooctatetraene
ligands (Table 2). These observations indicate that the variation of bond
distance is not a simple function of steric crowding in the polyhedra. The
significance, if any, of this observation cannot be definitely evaluated on
the basis of the existing data. It does, however, suggest directions for

further experimental work.
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Figure 6. The crystal structure of [(n*~CgHg)Nb(n3—CgHg),]".
Reproduced with permission from J. Am. Chem. Soc. (ref.29).

3. HETEROBINUCLEAR COMPOUNDS

Structural data for heterobinuclear compounds are summarised in Table 3.
There are several types of bridged systems in this group. The crystal
structure of the [(ns-cp)Nb(SnPhg)(C0)3]' anion (ref.30) is the only
example with one cp ligand. The [Nb(SnPhy)(CO)3] moiety in the anion has
tetrahedral geometry, with the niobium at the top of the pyramlid and at
119.3pm from the centre of the almost perfect plane described by the three
CO ligands and the Sn atom. The mean Nb-C (CO) of distance of 208.6(15)pm
1s about 2.5pm longer than that found in the monocyclopentadienyl compounds
listed in Table 1. On the other hand, the value 241.9pm for Nb~C (cp)
distance is very near to the 242.,5pm (mean value) found in the

monocyclopentadienyl compounds in Table 1.



The molecule of [(n-cp),Nb[HgS,CN(CyHs)s}3] (ref.31) comsists of a
rhomboidal metal cluster, NbHgs3, which is nearly planar with the angle
between the two NbHg, triangles of only 5°, as shown in Figure 7. The
Nb-Hg bond lengths are compatible with a single bond (Table 3).

The niobium(III) atom in (nS-CSH“Me)sz(CO)Sncza (ref.32) and
(ns-cp)zﬂb(CO)SnPhg (refs.32, 33) 1is ns-bonded to two cp rings, (with a
42,2° and 38.9° dihedral angle between the rings. The Sn atom is bound to
the Nb(III) atom to form a wedge in the open side of the clino-sandwich.
It is interesting to note that as the Sn-Nb bond length increases by 6.lpm
from 276.4(1)pm in the former, the Nb-C (cp) bond length decreases by 6.0pm
from 240pm in the former.

An x-ray investigation of (ns—cp)z Nb(u—-C0) Mo(CO)cp (ref.34) shows an
unusual coordination of the carbonyl groups. The dihedral angle between
the two cp rings coordinated to niobium is 49°, giving enough room for the
molybdenum atom to bond to the niobium with a bond length of 307.3(1)pm,
plus two carbonyl groups to bridge asymmetrically between the two metal

atoms. One of the carbonyls 1is bonded through the carbon atom only (Nb-C =
253pm, and Mo-C = 202pm), and the other is o-bonded to the molybdenum (Mo—-C
= 194,.4pm) and w-bonded to the niobium (Nb-C = 222pm, Nb-~O = 226pm). The

remaining ligands are bonded in the normal manner.

cmi

sy

Figure 7. The Crystal Structure of [(ns-cp)sz{HgSZCN(Czﬂs)2}3].
Reproduced with permission from J. Chem. Soc. Dalton Trans. (Ref.31).
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One of the most common structures for the heterobinuclear niobium
compounds is one in which a triangular Nb-H-M group is found, for example
(n® -cp) o Nb(CO) (u-H)N1(CO)3 (ref.35); (n° -cp)sz(CO)(u-H)Zn(BHq)z (ref.36);
(n® -CP)sz(CO)z(u-H)Fe(CO)., (ref.37);  (n®-cp),Nb(CO)(u~H)(n3 -cp)Mn(CO),
(ref.38); and (n° —cp)sz(CO)(u—H)(n -cp)V(CO); (ref.39). Another common
type has a semi-bridged carbonyl group between the niobium atom and the
other metal atom, for example: (ns—cp)zNb(CO)(u-CO)Mn(CO),, (ref.35); and
(ns-cp)sz(CO)(u-CO)Co(CO)3 (ref.40). The crystal structure of the
niobium-nickel hydrogen bridged derivative (ref.35) is shown in Figure 8 as
a representative example. The compound contains a clino-sandwich
biscyclopentadienyl niobium carbonyl, hydride bridged to the nickel
carbonyl moiety (Nb-H = 183pm and Ni-H = 168pm). Interestingly, the Nb-C
(cp) distances in this series of compounds 1s almost constant at a mean

value of 238.2pm while the other distances vary over a range (Table 3).
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Figure. 8, Molecular structure of (ns—cp)sz(CO)(u—H)Ni(CO)3.
Reproduced with permission from J. Organomet. Chem. (ref.35).
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There 1s a relationship between the Nb-L distances and the Nb~H-M bridge
angle. As the angle opens, the Nb-C (CO) distance decreases and both the
Nb~H and the Nb-M distances increase. For example, the values for the Nb—C
(CO), Nb-H, and Nb-M distances, and the Nb-H-M angle in (n>-cp),Nb(CO)(y-H)
Zn(BH,), (ref.36) are 205.8(4)pm, 174.6pm, 282.9pm, and 107°; in
(ns-cp)2Nb(CO)(u-H)(ns—cp)Mn(CO)3 (ref.38) are 203.5(10)pm, 198(8)pm,
333.0(2)pm and 141(5)° and in (n°=cp),Nb(CO)(u-H)(n>-COIV(CO); (ref.39)
are 202.4(15)pm, 206(18)pm 372.5(4)pm and 173(8)° respectively (Table 3).

The white crystalline compound (nS—CSHuMe)2Nb(CH231Me3)(ns-COZ) has been
prepared and the x-ray structural analysis reported (ref.4l). In this
compound the Nb atom is combined with the SiMe; moiety through the carbon
atom of the CHy; group. The coordination sphere around the Nb atom is built
up of two ns—bonded CgH,Me rings, and the CO, ligand which chelates to the
Nb atom (Nb-0 = 217.3(4)pm, and Nb-C = 214,4(7)pm, Table 3).

In two examples from Table 2, [(ns-cp)sz(CO)(H)]zMo(CO)u (ref.35), and
[{(ns—cp)sz(SMe)z}zNi]z+ (ref.43), two cp,Nb(CO)H molecules are joined to
the Mo(C0), group via the hydride bridges in the former, and the NiS, group
is bonded by planar methanethiolato bridges to two cp,Nb moieties in the
latter, so that the Nb~Ni-Nb system is linear. The mean Nb-Ni distance of
277.0(5)pm is one of the shortest found between Nb and a d-block element
(Table 3). The other bond distances are not unusual.

By contrast, no metal-metal interaction has been found in
(n-C“HS)(nS—cp)sz(u-C82)W(CO)5 (ref.44). The Nb(u—CSp)~W unit is almost
planar, the CS, group is nz—bonded to the Nb through a C=S linkage (Nb-§ =
252(3)pm and Nb-C = 211(8)pm), and o-bonded to W through the other S atom
(W-S = 256(3)pm, Table 3). It is interesting to note that the Nb-S and the
Nb-C distances are quite comparable to those found in (ns-cp)sz(CSZ)(CH3)
(ref.22) and (ns—cp)sz(Csz)(allyl) (ref.23) where the CS, group is bonded
to the niobium atoms in the same manner (Table 2) as in the above examples.

The mean Nb—C (cp) distance of 239.2pm for the heterobinuclear compounds
(Table 3) 1is only about l.lpm shorter than the corresponding distamnce in
the mononuclear biscyclopentadienyl compounds (Table 2), but shorter by
3.3pm than that of the monocyclopentadienyl derivatives (Table 1.
Similarly, the Nb~C (CO) mean length of 205.3pm (Table 3) is somewhat
shorter than 206.0pm (Table 1).

4, HOMOOLIGONUCLEAR COMPOUNDS
A. Binuclear Compounds

In the homobinuclear derivatives there are four main types of bridging
between the two niobium atoms. In [(ns-cp)Nb(CO)L]Z, where L = Ph202
(ref.47), and L = (CH3C00C), (ref.48), two (ns-cp)NbCO moieties are bridged



through acetylene ligands with the Nb-Nb bond distance of 274.2(5)pm in the
former and 273.2(5)pm in the latter (Figure 9). These distances are the
shortest found in related niobium compounds. The acetylenic group is not
symmetrical with respect to the Nb-Nb bond, the angle between the niobium
atoms and the centre of the triple bond of L being 80° instead of 90°
(ref.47). The bond distances and angles are given in Table 4.
Homobinuclear niobium compounds with two bridging ligands are the most
common, and the crystal structure of {[(ns-cp)Nb(CO)z]z(u-S)z} (ref.54) is
shown in Figure 10 as a representative example. 1In this binuclear compound
the two (cp)Nb(CO), moieties are bridged with two sulphur atoms. This type
of bridge has also been found 1in [(ns—cp)szS]Z (ref.53) and
{[(ns—cp)Nb(CO)z]2(u-SMe)z}2 (ref.54). 1Inspection of the data in Table 4
reveals that there 1s a tendency for the Nb-S(bridge) to elongate as the
Nb~Nb distance shortens and the Nb-S-Nb angle closes. In

Figure 9. Crystal Structure of [(ns-cp)Nb(CO)(CﬂscOOC)z]2.
Reproduced with permission from Zh. Strukt. Khim. (ref.48).
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(n5:n5-05H“C5H|,)(ns-cp)szz(u-NCGH.,OCHa) and 1its cationic form (ref.49),
each Nb atom 1s coordinated to two cp ligands to form two clino-sandwich
halves linked by two nitrene ligands. While the Nb-N(bridge) distances are
almost equal in both compounds (Table 4), the Nb—C distances are somewhat
longer in the former than in the latter, while the Nb-Nb distances vary in
the opposite sense. In the cationic form the Nb-Nb bond distance of
292.1(1)pm is about 8.7pm longer than that in the neutral form. This
observation correlates well with the observed Nb-N-Nb bridge angle which is
about 3° larger in the former than the latter.

The most unusual type of bridging is that involving CgH, ligands which
has been reported in [(cp)CgH,NbH], (ref.52). Two (cp)CsH,NbH moleties are
linked by two CgH, ligands through one carbon atom of each. Interestingly,
the Nb-C (CgH,) bridge distance of 223(2)pm (mean value) 1is about lépm
shorter than that of the non-bridged value of 237(2)pm. However, both are
shorter than that of Nb-C (cp) (Table 4). There are three
crystallographically unique molecules which differ only slightly in bond
lengths and angles.

There are a few examples in which one atom serves as the bridge between

Figure. 10. Crystal structure of [(ns-cp)Nb(CO)z]z(u-S):,..
Reproduced with permission from J. Organomet. Chem. (ref.54).



two niobium atoms. In {[n5—05H“CH3)NbC£3(HZO)]2(u-O)} (ref.8) and
{[(ns-cp)szcz]go}2+ (ref.19), the bridge 1is an oxygen atom; in
{(ns-cp)sz(CO)(u-H).(ns-cp)Nb(CO)3} (ref.39) it is a hydrogen atom; and in
(ns:nS-CSHuCSHu)(cp)szz(u—CL) (ref.50) it 1s a chlorine atom. In this
series of monoatomic bridged compounds there is a tendency for elongation
of the Nb-Nb distance as the Nb-L-Nb angle opens (Table 4), which is very
gsimilar to the diatomic bridged derivatives. It is also noted that the
Nb-C (cp) distance elongates with the opening of the Nb-L-Nb angle. For
example, the Nb-C (cp) mean value and the Nb~L-Nb angle in the last
compound (ref.50) are 236(4)pm and 79.6° respectively, and in the first
compound (ref.8) are 243.7(4)pm and 171.8(1)° respectively.

A possible fifth type, for which there 1s to date only one example
congists of two ((ns-cp)Nb(CO)z moieties (Figure 10) linked by three
sulphur atoms. Here the metal-metal distance of 355.5(1)pm is longer than
those found in the two sulphur bridge binuclear compounds, and the Nb-S-Nb
angles and the Nb-S distances follow the expected trend.

B. Trinuclear Compounds

Structural data are summarized in Table 4 for the trinuclear compounds.
An X-ray investigation of (ns-cp)3Nb3(CO)7 (ref.56) reveals that the
compound consists of a trinuclear cluster with one of the seven CO ligands
acting as a n2 (u3-C,u2-0) bridge symmetrically facing a nearly equilateral
triangle of niobium atoms (Figure 11). The metal-metal separations range
between 304.4 and 332.0(2)pm, which are quite comparable to the Nb-Nb bond
lengths found in the binuclear derivatives (Table 4). It is interesting to
note that the mean Nb-C (cp) and Nb—C (CO) bond distances of 239.3 and
206.3pm respectively are very similar to those found in the heterobinuclear
derivatives (239.2 and 205.3pm respectively). In another trinuclear
compound, {[(ns-cp)Nb(uz-OOCH)(uz-OH)]3(u3-0)}H (ref.57), the bidentate
formate and hydroxyl groups, together with the tridentate bridging oxygen

atom, link three niobium atoms located at the apices of an almost

equilateral triangle with Nbes....Nb contacts of 313.6(4)pm (2x) and
314,9(4)pm. Each pair of niobifum atoms are linked by two bridging ligands,
formate and hydroxyl, and in addition there 1is an oxygen atom attached to
all three metal atoms. Each niobium also carries a g—-bonded cp ligand with
a Nb~C (cp) distance of 247(3)pm (mean value). All three of the bridges
are very similar in geometry, and the Nb~O-Nb angle is close to tetrahedral
(Table 4). The mean Nb-O (triple-bridge) distance of 204(4)pm is about
14.0pm longer than the mean of the double-bridge species, 190pm (Table 4),

as would be expected.
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Figure. 11. Molecular structure of (n>-cp)3Nbs(CO);.
Reproduced with permission from J. Am. Chem. Soc. (ref.56).

Internuclear contacts of 333.4(6)pm between niobium atoms have been found
in another trinuclear niobium cluster, [(MegCg)aNbzCig]Ce (ref.58), Table
4. Each pair of niobium atoms are bridged by two chlorine atoms, and the
two Nby triangles are staggered with respect to each other. Each niobium
atom also carries a w-bonded MegCg unit. There are three
crystallographically independent Nb-C distances, 234(3)pm, 253(3)pm, and
258(3)pm, respectively. The mean Nb-Cg bridge distance of 247.7(2)pm is
shorter than the corresponding distances in the binuclear complex
(n% :n5CgH, CsHy ) (cp)aNby (u=CR) (ref.50) of 256.5(4)pm.
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C. Tetranuclear Compounds

To our knowledge, the only example of a tetranuclear niobium
organometallic complex 1s [(PhyC,)NbCe3], (ref.59).  The crystal structure
(Figure 12) shows it to be a centrosymmetric tetramer, which may be
regarded as a distorted double hexahedron with two corners missing.
Association is effected by two triple~bridge chlorine atoms (Nb-Cg = 252.3,
281.6, and 294,5(5)pm), and double-bridge chlorine atoms (Nb-C¢{ = 245.8,
250.9, 254.4, and 257.9pm). In addition, each Nb atom carries a
diphenylacetylene ligand bonded through two carbon atoms. The remaining
one position on Nb(1l), Nb(1l)', and two on Nb(2), Nb(2)' are occupied by
terminal chlorine atoms (Nb-Cg¢ = 232.9, 231.7 and 232.4(5)pm). Thus each

metal atom achieves a coordination number of seven. The mean Nb-Cp

Figure. 12. Molecular structure of [NbCL3(PH,C,)],.
Reproduced with permission from Z. Anorg. Allg. Chem. (ref.59).
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distance lengthens as the chlorine coordination number increases, being
232.3(5)pm for unidentate, 252,3(5)pm for bidentate and 276.1(5)pm for
tridentate. This is the trend which would be expected, and the same effect
is observed for the Nb-C (PhyC;) bond distances. The mean value of the
Nb-Cf% (unidentate) bond length decreases with increasing degree of
aggregation, 1i.e.: 247.8pm (mononuclear), 241.4pm (binuclear), 232.3pm
(tetranuclear). However, for the Nb—Cg{ (bidentate) bond length the order

differs such that binuclear (256.5pm) > tetranuclear (252.3pm) > trinuclear
(247.7pm). This may reflect the effects of large differences in the values
of the Nb-CL-Nb angles which are 79.2, 110.3, and 84.4° respectively in the

bidentate case.

5. CONCLUSIONS

The data collected 1in this review represent the more than sixty
organometallic compounds of niobium for which structural data is available
at the end of 1984, The structures can be classified as mostly mono— and
binuclear, with three examples of trinuclear and one example of
tetranuclear. This is in contrast to the coordination compounds of niobium
where a greater tendency to form cluster or chain structures has been
observed (ref.3).

The electronic configuration of niobium in these derivatives shows a
distinct trend of d4° > 4?2 > dlew~ do, which again, by contrast, is the
reverse to that observed for the coordination complexes (ref.3).

There are a few examples, (n5~cp)Nb(CSZ)(a11y1) (ref.23);
(n3-cp)yNb(CH,Ph), (ref.25); (n3-cp),Nb(CO)(u-H)(nS-cp)V(CO), (ref.39) and
{[(n®-cp) 2Nb(€0) ] Cu-H) (n5-cp)Nb(CO) 5} (ref.39),  in  which  two
crystallographically independent molecules are present, differing by their
degrees of distortion. There is even one example, [(ns—cp)(csﬂq)Nbﬂ]z
(ref.52) in which three such molecules are present. Such types of
distortion have also been found in niobium coordination compounds (ref.3),
and also in other metal complexes, especially copper(II). The coexistence
of two (or three) species of the same coordination number of the central
atom, but with different degrees of distortion within the same crystal, is
typical of the general class of distortion isomers (ref.6l).

A summary of the structural data for organometallic niobium compounds 1is
given in Table 5. Inspection of the data reveals that:

(a) In general, the mean Nb~L bond distance in mononuclear compounds with
one cp ligand is somewhat longer than those with two cp ligands.
(b) The Nb-L distances in homooligonuclear compounds are somewhat longer

than those of the heteronuclear compounds.
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(¢c) The Nb-L distances usually increases with an increase in coordination
number of both the central atom and the donor atom.

(d) The mean Nb-C bond distance, when the C donor atom is a part of a bi-
or multi-dentate ligand, increases in the order: PhyCy (225pm) < G R,
(229pm) < PhyH, (238pm) < cp (242pm) < CgH,CgH, (243pm) < MegCy (248pm).
(e) The mean Nb-C bond distance, when the carbon donor atom is a part of a
unidentate ligand, 1increases in the order: CO (205pm) < CS, (222pm) <
PhCH, (227pm) < CaHg (232pm) < CH3 (234pm).

(f) In mononuclear biscyclopentadienyl compounds where an 0,, S, or CS,
group is bonded to Nb via two atoms, the Nb-L distance follows the same
order as the van der Waals radii (r) of the coordinate atoms, ie: O,(r =
1.52pm), Nb=~O = 200 and 197pm; CSp, C (r = 170pm), Nb-C = 222.4pm (mean),
S(r = 180pm), Nb-§5 = 250.9pm; S,, Nb-5 = 252.2pm (mean). The asymmetric
side-on bonding of the 0, S;, or CS, ligands to a niobium atom causes a
bond length increase in the order: 3pm for O,; 7.7pm for S,; 28.5pm for
CS;. The values of Nb-O, 198.5pm (mean), 3pm difference between the two
Nb—0 distances, and O-Nb-0 angle of 43.6° which are found in
peroxo—organometallics are within the range of those found for the
coordinate complexes (ref.3), 196.1-206.6pm (200.lpm mean), O0.1-7.3pm
(l1.2pm mean), and 43.0-44.3 (43.8 mean), respectively.

In heterobinuclear organometallics, the Nb-M distance increases with
increasing Nb-L-M angle, and at the same time the Nb-L(bridge) distance
also increases. While the Nb—C (cp) distance remains constant (238pm), the
Nb-C (CO) distance decreases as the Nb-M distance increases. The Nb-M
distance is dependent on M, so that for similar types of structure the
metal-metal bond length increases in the order Zn < Co < Ni < Fe < Mn < V.

The shortest Nb-Nb distance of 273.2(5)pm is found in the binuclear
niobium organometallics, beingv about 3.6pm longer than that found in the
coordination compounds (ref.3). Usually, the Nb-Nb distance increases with
degree of aggregation, as does the wvariation between comparable
organometallic and inorganic coordination oligonuclear derivatives. For
example, the shortest Nb-Nb distance of 304.4(2)pm 1in trinuclear
organometallic clusters is about 17pm longer than that in the coordination
compounds. Listed below are some factors which appear to influence the
Nb-Nb bond distance.

(1) Oxidation state of the central atom: it was found (ref.3) that the
oxidation number three gives the highest Nb~Nb bond order.

(11) The number of bridging atoms: from the examples of one, two and three
bridging atoms it was observed that two gives the most favourable Nb-Nb
bond.
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(1i1) The Nb-L-Nb angle: wusually the Nb~Nb bond distance increases as the
angle opens.

(1iv) Steric effects of the coordinate ligands: increasing steric
hindrance of the ligand elongates the Nb-Nb bond, the effect being more
noticeable in the organometallics than in the coordination complexes.

This survey together with the corresponding survey of the coordination
compounds (ref.3), illustrates a rich variety of niobium complexes for
which the structures have been defined by x-ray crystallography or related
techniques in the gas phase. Despite the variability of the compounds,
many systematic trends have been observed and outlined here. From these
trends, directions for further 1inquiry are more apparent 1in this and

related areas.
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