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A. INTRODUCTION

Systematic studies in the field of stereoselectivity of coordination com-
pounds in the last two decades have rapidly found wide interest. The
problem of stereoselectivity in coordination compounds is very often related
to the well-known stereochemical specificity of biological systems, catalysis
and the stereochemical effect in technical processes, etc.

Molybdenum is one of the most important transition metals to function in
redox enzymes. Important new texts have been published concerned with the
biochemistry and related chemistry of molybdenum [1,2] and the chemistry
and uses of this element [3]. From the transition metal point of view,
coordination number seven dominates much of the coordination chemistry
of molybdenum [4,5].

Seven coordination is possibly the most complicated subject in the struc-
tural and dynamic stereochemical aspects of coordination chemistry [5].
These aspects are of considerable importance to an understanding of associa-
tive and dissociative reactions of six and eight coordinate compounds,
respectively [6]. Only a more extensive set of structural and stereochemical
studies can yield a thorough understanding of seven coordination.

This review represents a brief survey of the structural data of seven
coordinated molybdenum compounds. The material included was obtained
from reports published in primary journals to the end of 1983 or to volume
99 of Chemical Abstracts. The aim of the following presentation is to discuss
the factors leading to a better understanding of the stereochemical interac-
tions in the seven coordination sphere of molybdenum compounds. We
report the first overview of seven coordination for molybdenum.

The systems to be discussed include; (Section B) a series of molybdenum
compounds with a pentagonal bipyramidal geometry; (Section C) a series of
molybdenum compounds with a capped octahedral geometry; (Section D) a
series of molybdenum compounds with a capped trigonal prism geometry;
and (Section E) a series of molybdenum compounds with a square antiprism
geometry (the 4 : 3 geometry).

The reasons for the geometry adopted in seven coordination are not well
understood and therefore more structure determinations are important. We
also describe here the crystal and molecular structure of the seven coordinate
molybdenum(II) compounds, [HMo(CO),(PMe),]PF,, [Mo(CO),(PMe),
(F,CCOO0),] and [Mo(CO),{P(OMe), }{ u-(O)P)OMe), }(F;,CCOO)],,
which are not yet published.
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B. X-RAY DATA FOR MOLYBDENUM COMPOUNDS WITH A PENTAGONAL
BIPYRAMIDAL GEOMETRY

(i) Mononuclear compounds

In Table 1 are collected structural data for mononuclear molybdenum
compounds with a pentagonal bipyramidal geometry (Fig. 1). The structures
are tabulated by increasing number of different coordinated atoms (ligands).
Figure 1 shows that the axial sites are the least crowded while equatorial sites
are among the most crowded in the ideal polyhedra. From the dentate ligand
point of view, of the compounds summarised in Table 1, only [MoO
(O, )(pydca)FINH, [29] contains a tridentate ligand. There are three exam-
ples with equivalent unidentate ligands and no examples of tetra- or multi-
bonded ligands.

Figure 2 illustrates, as a representative example, the structure of the
[Mo(NO){OCN(CH,;), }(NCS),]*~ ion [30]. The molybdenum is surrounded
by six ligands (five unidentate and one bidentate) in the form of a distorted
pentagonal bipyramid, the equatorial plane of which consists of the three
NCS groups (Mo-N = 2.114(6) A) and a carbamido moiety, {OCN(CH;), },
bound by an oxygen atom (Mo-O = 2.078 A) and a carbon atom (Mo—C =
2.029 A). The apical positions are occupied by NO and the remaining NCS
group. The apical Mo-N bond distances are 1.767(6) and 2.188(6) A,
respectively.

The decreasmg order of occurrence of the oxidation number of the central
atoms is (Table 1): six > two > four > three. Inspection of the data in Table
1 reveals that most examples have Mo-L,, bond distances shorter than the
Mo-L,, bond distances by approxlmately 0.20 A, ranging from 0.004 to

Fig. 1. A schematic view of a pentagonal bipyramid.
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Fig. 2. Molecular structure of [Mo(NOYOCN(CH,), NCS) 4)%~ (without H-atoms) [30].

0.496 A. For example, while the mean value of the Mo-L,, bond distance is
1.968 A the Mo-L,, distance is only 1.972 A in K,[M0o0(0,),(C,0,) [9],
but the same values in [Mo(CO),(PPh,)SPPh,),}- CH,Cl, [37] are 1.869
and 2.444 A, respectively. There are a few examples [7,10-12,27,28], where
the Mo-L,, distances are longer than Mo-L.; for example, in
[MoH{P(OCH,), } ,(F;,CCOOQ)] [32], the average value of the Mo-L,, bond
distance is 2.404 A, while the Mo-L,, is only 2.173 A, in spite of the fact
that the two apical sites of a pentagonal bipyramid are less sterically
hindered than the five equatorial sites. These observations indicate that the
variation of Mo-L,, and Mo-L,, bond distances is not a simple function of
the least/most crowded in the ideal polyhedra. The significance, if any, of
this observation cannot be definitively evaluated on the basis of existing
experimental data. It does however suggest possible rational directions for
further experiments.

There exist different types of ligands which are bound in an axial site and
equatorial plane. Examples are known with terminal C, F, N, O, P, NS, OBr,
OC, OF, ON, and OS. The mean values of the Mo-L_, and Mo—Leq bond
distances increase in the order of coordinated ligands: F<O <N <C < (l
< P < S < Br, corresponding to increasing van der Waals radii of the atoms
in the order given [84].

The mean value 2.05 A of the Mo-L,, bond distance is smaller than that
of 2.25 A found as the average of the Mo-L,, bond lengths (Table 1). This
relatively large difference in general accords with the idea that the two apical
sites of a pentagonal bipyramid are less sterically hindered than the five
equatorial sites [4—6].

As already noted there is no case with equivalent Mo-L,, bond lengths.
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The MoL, girdle is distorted in such a way that the central atom is above the
equatorial plane toward the apical ligand with a shorter Mo-~L,, bond
length. It seems there is a correlation between the Mo-L,, bond distances
and the movement of the molybdenum atom out of the basal plane. For
instance, the Mo-L,, and Mo-basal plane distances are 2.13 and 0.1 A in
KS[MO(CN)-,]-HZO [7] but in [MoO(O,),(hmpt)(H,0)] [11] are 1.67 and
0.40 A, respectively.

Another factor of interest is the sum of all interatomic distances around
molybdenum, the observed values ranging from 13.4 to 17.1 A with an
average value of 15.3 A. The sum increases from 13.4 A in [MoO(0,)F,]?*~
[26], through 15 A in [Mo(CN),]>~[7] to 17.1 A in [Mo(NO)(SZCNEtz)z(dl-
ars)]* [33], which corresponds well with the increasing size of the ligands.

One of the important shape characteristics for describing a pentagonal
bipyramidal geometry is the ratio of bond distances (M-L,,)/(M-L.).
However, we also note that any distortions from the ideal geometry will also
be reflected in the value of the bond angles: L,-M-L.; L, -M-L,,;
L. ,M-L,. In the ideal pentagonal bipyramid the values of these angles
are: L,-M-L,. 90°, L,,~M-L,, 180° and L_-M-L,, 72 and 144°, respec-
tively [4 5]

Inspection of the data in Table 1 reveals that the L ~Mo-L,, angles in
the pentagonal base differ from the ideal pentagonal angles of 72 and 144°,
respectively, by one to three degrees for the former and by six to eight
degrees for the latter, the observed values ranging from 70 to 74° with an
average value of 71°, and from 136 to 150° with an average value of 142°,
respectively. Smaller L. -Mo-L., angles occur between the intraligand
coordinated atoms while the larger ones involve interligand bonded atoms.
The average values are identical with those of the ideal bipyramid.

Interestingly also, the average value of 90° found for L,,.—Mo-L,, angles
(Table I) is exactly the theoretical one. The L,,—M-L,,  angle in the ideal
pentagonal dipyramid is 180°, the observed values ranging from 156 to 178°
with an average value of 170°. These smaller angles reflect significant
deviation from the ideal pentagonal bipyramidal geometry.

(ii) Binuclear compounds

Binuclear molybdenum compounds with a pentagonal bipyramidal
arrangement have not been studied as extensively as the mononuclear ones,
but a few examples exist and are gathered in Table 2.

From the bridge point of view, the molybdenum compounds summarised
in Table 2 can be divided into three groups. In the structures of
[{MoO(0,),(H,0)},0],(pyH);, [M0oO(0O,),00H],(pyH),, K,[{MoO
(0,),(H,0)},01(H,0), and [{MoO(O,)(pydca)},F][NEt,] the two
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molybdenum atoms of the binuclear anion are linked by a single non-linear
oxygen bridge in the first three and by a fluorine in the last. In the structure
of [Mo,(S, (SO, CN)g] - [(PPh,),]-6H,0 the molybdenum(IIl) atoms are
triply bridged by a disulphur S?~ ligand and by a bridging SO, molecule
through an S atom.

The structure of [Mo(CO),(py(PPh,)( #-SO,)], [43] is shown in Fig. 3, as
a representative example. The two molybdenum(0) atoms are doubly bridged
by two molecules of SO, in which all three atoms of SO, are metal
coordinated. Each molybdenum(0) has a 1,5,1-pentagonal bipyramidal
environment, the equatorlal plane of which consists of a phosphorus atom
(PPh;) (Mo-P = 2.531(3) A), one of the carbon atoms (CO) (Mo-C=
1.889(6) A), one of the oxygen atoms (SO,) (Mo-0 = 2.243(3) A); and two
atoms of the remaining SO, (Mo-O = 2.183(4) A; (Mo-S = 2.419(2) A); one
nitrogen atom (py) (Mo—N = 2.283(4) A) and a carbon atom of the remain-
ing CO (Mo-C =1.991(7) A) form the apices. The two types of Mo~C
bonds differ in length by 0.102 A, the longest bond being to C,. This
lengthening of the Mo-C,, bond can be attributed primarily to the competi-
tion between CO and the 2SO, for # electrons [43].

Note the trend here (Table 2) i.e. movement of the metal atom from the
basal plane toward the apical ligand with shorter Mo-L,, bond distances,
similar to the case of mononuclear molybdenum compounds.

In the case of doubly and triply bridged binuclear compounds the
Mo-L,, bond distances are smaller than those of Mo-L,,, in accord with
one of the shape characteristics of a pentagonal bipyramidal geometry [4,5].
On the contrary in the case of mono-bridged binuclears, the average value
for the Mo-L,, bond is smaller than that for Mo-L,, (Table 2). This is a
reflection on the value of the sum of all interatomic distances around the

i)

® Mo
O Lax
@ Lea

Fig. 3. Molecular structure of [Mo(CO), (py(PPh4 ) 4-SO, )], (without benzene rings) [43].
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central atom where the average value is 13.9 A in the case of mono-bridged
compounds, but 15.8 A in the others. The significance, if any, of this
observation cannot be definitively evaluated on the basis of existing experi-
mental data.

Examination of the bond angles listed in Table 2 shows that the
L,—Mo-L, angles range from 90 to 91° with an average value of 90° which
is equal to the theoretical. The L  ,—Mo-L,, angle ranges from 169 to 179°
with an average value of 174°, which is smaller than those in the ideal
pentagonal bipyramid. The average values of 74 and 134°, were found in the
case of L, —Mo-L,, angles. While the first is equal to the theoretical value,
the second differs from the ideal of 142° by eight degrees.

(iii) Tri-, tetra- and polynuclear compounds

Bishop et al. [44] have studied the crystal structure of [{Et,NCS,),
MOoN},Mo(S,CNEt,) ;) (PF,),. This complex is the first example of a tri-
nuclear structure. The crystal contains two kinds of central atoms. As can be
seen in Fig. 4, two tris(diethyldithiocarbamato)molybdenum nitride mole-
cules, with pentagonal bipyramidal geometry, coordinate to a central [tris(di-
ethyldithiocarbamato)molybdenum] group, in which the Mo atom has
dodecahedral geometry. The central atoms of the trinuclear cation are linked

® Mo
O Lax
@D Leg

Fig. 4. Molecular structure of [{(Et,NCS,);MoN},Mo(S,CNEt,);]** (without carbon
atoms of the ethyl groups) [44].
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together by nitride ligands (Mo-N =1.65 and 1.66(1) A) in the axial
position. The remaining axial coordination sites with pentagonal bipyra-
midal geometry are occupied by diethyldithiocarbamate sulphur atoms. The
equatorial plane around each Mo atom is built up by sulphur atoms of
bidentate Et,NCS, ligands. The Mo-S distances are in the range 2.49-2.74
A with those trans to the nitride being the longest.

The orange-red crystalline compound (NH,),[Mo,(NO),S,;]:- 2H,0 has
been prepared and its X-ray structural analysis has been reported [45]. The
compound consists of discrete tetranuclear units well separated from one
another with a Mo-Mo distance of 3.372(2) A and an angle between
triangular arrays of 127.59°. There are two equilateral triangular arrays of
Mo atoms “joined” by a common edge with two triply bonded sulphur
atoms normal to each Mo-triangle (Mo-S = 2.501(5) A) and one further
sulphur atom bonded to each Mo atom (Mo—S = 2.616(5) A) and situated on
the other side of the triangular arrays. Four of the total of five S~ ligands
function as unsymmetrical bridges between two Mo atoms, one S atom being
bound to only one Mo center (Mo-S = 2.465(5) A), and the other to both
Mo centers (Mo-S = 2.492(5) A). The NO ligands are coordinated through
the nitrogen atom (Mo-N = 1.742(16) A.

The crystal and molecular structure of potassium diperoxoheptamolyb-
date(VI) octahydrate, K (Mo, 0,,(0,) - 8H,0 [46] reveals that the compound
consists of a heptanuclear [Mo,0,,(0,),]° anion, potassium ions, and
lattice water molecules. The structure of the diperoxoheptamolybdate(VI)
ion is built up from five octahedra and two pentagonal bipyramids. The
equatorial plane of the bipyramid contains five oxygen atoms, two of which
belong to a peroxo group (Mo-O = 1.86-2.08 A). The apical positions are
occupied by one double-bonded oxygen atom (Mo-O = 1.64 A) and one
weakly bonded oxygen atom (Mo—O = 2.49 A). The average value (2.07 A)
for the axially bonded oxygen atoms is greater than that for the equatorially
bonded oxygen atoms (1.97 A) This observation again mdlcates that factors
other than steric play a role. Molybdenum is displaced 0.31 A out of the
plane towards the double-bonded oxygen atom and the Mo—Mo distances
range from 3.21 to 3.47 A. A similar displacement of the central atom from
the equatorial plane has been observed in a number of seven-coordinate
molybdenum compounds (Table 2).

Kihlborg [47,48] has studied the crystal structure of Mo,;O,,. To our
knowledge, this complex is the first example of a2 molybdenum compound
with a pentagonal bipyramid structure characterized by X-ray methods.
Crystals of the compound crystallise in the orthorhombic system in space
group Pbha2 with 4 formula units in the unit cell. The structure is built up
from MoOg octahedra and pentagonal MoO, bipyramids. The distances to
the apical oxygen atoms of the pentagonal bipyramids are 1.75 and 2.21(4)
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A. The distances to the remaining five oxygen atoms situated at the corners
of the pentagon are in the range 1.94 to 2.03(3) A. The corresponding five
O-Mo-O angles subtended at the molybdenum atom by neighbouring
oxygen atoms range from 70.0 to 73.1° (1.2°). The Mo-Mo distances in the
- polynuclear structure range from 3.25 to 3.95(3) A with one value of 2.626(7)
A. This last value should be compared with the interatomic distance of 2.725
A found in the pure metal. Again in this case the average value of 1.98 A
found for the Mo-L,, bond distance is somewhat shorter than the value of
2.00 A found for that of Mo-L,,

C. X-RAY DATA FOR MOLYBDENUM COMPOUNDS WITH A CAPPED OC-
TAHEDRAL GEOMETRY

(i) Mononuclear compounds

In spite of the fact that the pentagonal bipyramid is the most commonly
found polyhedron in monomers and dimers of seven coordinate molybdenum
compounds (see Section B), aimost twenty examples exist where the poly-
hedron around molybdenum has the geometry of a capped octahedron.
Figure 5 provides a schematic view of an “ideal” capped octahedron. It can
be seen in the Figure that in capped octahedra three of the atoms occupy an
uncapped face, three others a capped face, leaving one unique, capping
position. In the ideal capped octahedral structure the L .—M-L; as well as
L —M-L , angles within each set should be equal. Another criterion of the
symmetry required for the capped octahedral structure is that the angles -
from the capping atom to the other six atoms should form two sets. Within
these the three angles are equal.

Fig. 5. A schematic view of a capped octahedron.
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X-ray data for mononuclear molybdenum compounds with a capped
octahedral geometry are collected in Table 3. In Fig. 6 we illustrate, as a
representative example, the structure of [HMO(CO),{P(CH,),},]|PF, [64].
Because the structure of the compound was not published, we discuss it here
in more detail.

The compound crystallises in the monoclinic crystal system in space group
P2,/c with 4 molecules per unit cell and with unit-cell dimensions: a =
14.993(1); b =10.820(1), ¢ = 17.796(1) A and B8 = 112.49(1)°. The crystal
structure consists of [HMo(CO),{P(CH,),},]* cations and PF,” anions. The
coordination polyhedron around molybdenum can be described as a dis-
torted capped octahedron, with the capped face formed by the three phos-
phorus atoms and the uncapped face formed by the fourth phosphorus atom
and by the two carbon atoms of carbonyl molecules; the hydrogen atom
occupies the unique capping position. The Mo-P -bond lengths are 2.416(2),
2.565(1) and 2.570(1) A for the capped face; for the uncapped face the
Mo-P bond length is 2.564(2) and those for Mo-C are 1.986(6) and 1.989(7)
A;Mo-H=1. 897(70) A for the unique capping position. The mean Mo(II)-P
distance (2.53 A) is less than the value predicted from the sum of single bond
radii (2.71 A, taking r,,, as 1.61, [85] and rp, 1.10 A [84]). It can be
concluded that Mo-P bonds have some double-bond character presumably
through back-donation (d, — d,) from the central atom. The Mo-C dis-
tances are long (because of competition by the carbonyl groups for metal d,
electron density) but are in the range of values previously reported (1.97-2.02
A) [56,60].

The angles for [HMo(CO),{P(CH,), },] cation are: H-Mo-P,; 50.7, 72.6

oL
Fig. 6. Molecular structure of [HMo(CO),{P(CH;); }41" [64].
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and 74.5(2)°; H-Mo-L  108.6, 111.5 and 160.9(2)°; P,~Mo-P, 90.9, 106.9
and 109.8 (0.05)°; L Mo L, 79.7, 83.1 and 98. 9(2)° P—Mo-L (cis)
774,784, 82.5,87.2,91.3 and 96.3(2)°; (trans) 147.8, 170.7(2) and 175.6(2)°.
The H-Mo-L angles are discordant and indeed practically all of this
structure is distorted from the ideal C;, symmetry of the capped octahedral
arrangement.

Inspection of the composition of the compounds in Table 3 reveals that
there are no examples of tri- or higher-dentate ligands in a capped oc-
tahedral coordination. In a few examples bidentate ligands occupy the
uncapped face [56,63], capped face [59,62] and in one case only the same
bidentate ligand occupies one position in the capped face and uncapped face
simultaneously [58). Also it can be seen that the oxidation state of the central
atom is most frequently two.

As was shown by Drew [4], the trans effect of the M—CO bond is due
primarily to the bond lengths to the uncapped face which are generally
longer. The mean values calculated from data gathered in Table 3, Mo-L,,
=241 A; Mo-L =2.28 A and Mo-L = 2.17 A, generally follow this
trend. This shows that the capped position is more sterically crowded than
the uncapped face. But note that there are a few examples [52-55,60 and 64]
where (Mo-L ;) < (Mo-L_). We can offer no reason for this difference.

Another factor of interest is the sum of all interatomic distances around
the central metal. The mean value of 16.3 A (range 14.7-17.4 A) found for
mononuclear molybdenum compounds with a capped octahedral structure is
greater than that of 15.3 A (range 13.4-17.1 A) for a pentagonal bipyramid,
as expected.

A list of individual mean values of L_—~Mo-L_ angles given in Table 3
shows a spread between 65.9 and 76.7° which is larger than that found for
L.-Mo-L ; angles, ranging between 122.1-128.6°. In the capped oc-
tahedron, the freedom or confinement of the atoms in the uncapped face is
usually revealed by the L —M-L angles. The average values of the L ,,—Mo-L
angles, found for the compounds listed in Table 3, are 87.2, 160 and 126.7°
for L, L, and L_, respectively, and are very near those found in the
majority of structures with other central atoms (ca. 90°, 162°, 127°) [4].

(ii) Binuclear compounds

The crystal structure of di-p-carbonato-bis{carbonyl tris(dimethylphenyl-
phosphine)molybdenum(II)}, [{ Mo(CO,)(CO)(PMe, Ph), },] [65] reveals that
there are two crystallographically independent, structurally identical,
centrosymmetric binuclear molecules. The structural scheme of the dimer is
shown in Fig. 7. Each molybdenum(II) atom has a capped octahedral
configuration with a carbonyl group in the capping position (Mo-C =



67

® Mo (Mo?)
O Lc
@ Lcf
® L

Fig. 7. Molecular structure of [{Mo(CO,)(COXPMe,Ph), },] (without benzene rings) [65].

1.87(0.10) A), three phosphorus atoms in the capped face (Mo-P = 2.43 and
2.44 (2x)(1) A), and three oxygen atoms in the uncapped face (Mo-O =
2.20(2x) and 2.32 (0.1) A). The molybdenum(II) atoms are bridged by planar
carbonate ions each of which acts as a bidentate ligand to one molybdenum
atom and as a monodentate ligand to the other (Mo - - - Mo = 4.950(3) A).

McDonald [66] studied the crystal structure of cesium [di-u-sulfido-
bis(aquaoxalatooxomolybdenum(V) dihydrate], Cs,[Mo(S),(0),
(C,0,),(H,0),] and found that the compound exists as a dimer where
Mo(V) atoms are bridged by two sulphur atoms (Mo—Mo = 2.822(1) A). The
molybdenum(V) atoms with a 1,3,3-capped octahedral geometry exhibit
Mo(1)-S, Mo(1)=0, Mo(1)-OH,, and Mo(1)-O (oxalate) distances of
2.314(2) (mean value), 1.702(6), 2.229(6) and 2.157(5) A (mean value); the
corresponding values around Mo(2) are 2.314(2) (mean value), 1.692(6),
2.196(7) and 2.165(5) A, respectively. The S—-Mo-S (102.8(1)°) and
Mo-S-Mo angles (75.2(1)°) ensure that there is metal-metal bonding in
[Mo(8),(0),(C,0,),(H,0),]

D. X-RAY DATA FOR MOLYBDENUM COMPOUNDS WITH A CAPPED TRIGONAL
PRISM GEOMETRY

(i) Mononuclear compounds

The symmetry of the capped trigonal prism requires that the M-L
distances should fall into sets of 1,4 and 2: within the last two the distances
should be equal. A schematic view of a capped trigonal prism geometry is
illustrated in Fig. 8 [4]. The environment of the central atom is built up by
one atom in the unique capping position, four atoms in the capped quadri-
lateral face, and two atoms making up the remaining edge.
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Fig. 8. A schematic view of a capped trigonal prism.

X-ray data for mononuclear molybdenum compounds with the symmetry
of a capped trigonal prism are gathered in Table 4. Interestingly, in all cases
the central atom is in oxidation state two. The most frequent electronic
configuration for molybdenum, in compounds with a capped octahedral
symmetry, is d* and d2. The configurations in the case of pentagonal
bipyramid geometry are in the order: d° > d*>d?> d> Levenson and
Towns [86] have pointed out that the 42 configuration is well suited to the
pentagonal bipyramidal symmetry as two electrons are placed in the doubly
degenerate d,,, d,, orbitals, and thus the d,, and d,._,. orbitals are
effectively antibonding. The data presented do not follow this. It does not
appear feasible to decide on theoretical grounds whether electronic factors
alone might favor one symmetry or another. Nevertheless, Hoffmann et al.
[87] have suggested that the coordination geometry observed may result at
least partially from electronic factors. It must, of course, be kept in mind
that the compounds contain ligands which have mostly different electronic
and steric properties, and that this, too, may be an important though subtle
factor in determining their symmetry.

In Fig. 9 we illustrate, as a representative example of mononuclear
molybdenum(II) compounds with a capped trigonal prism symmetry, the
structure of [Mo(CO),(PMe,);(F,CCOO),] [74]. Crystals of the compound
crystallise in the monoclinic system in the space group P2,/c with 4
molecules per unit cell (Z = 4), The coordination sphere is built up by the
oxygen atom of a monodentate F;CCOO~ ion in the capping position
(Mo-0 = 2.179(6) A), the quadrilateral face contains two cis PMe, mole-
cules (Mo-P = 2.479 and 2. 608(2) A), one CO ligand (Mo~C =2 011(8) A)
and the remaining F,CCOO™ ion also acting as a monodentate ligand
(Mo-0 = 2.190(5) A), and two atoms, one CO(Mo-C = 1.939(7) A) and one
PMe, (Mo-P = 2.476(3) A) making up the remaining edge. The mean Mo-P
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Fig. 9. Molecular structure of [Mo(CO),(PMe,),(F,CCOO0),] [74].

distance (2.52 A) is considerably less than the value predicted from the sum
of single bond radii (2.71 A [84,85)), indicating that the bonds have some
double-bond character presumably through back-donation (d, — d4,) from
the metal. Note also that the Mo—C distances are somewhat shorter than the
2.15 A predicted on the basis of Slater atomic radii [88] suggesting that the
molybdenum-carbon bond orders are greater than one.

The two types of Mo—C bond are different lengths by 0.072 A, the longest
bond being that of C. Also the Mo-F,; bond lengths differ by 0.129 A, this
disparity presumably being due to a mutual trans influence (the long Mo-C
and Mo-P bonds involve ligands trans to each other, Cy~Mo-F;=
173.9(2)°).

From the angles O.—Mo-C,, 140.6(3)°, O.~Mo-F,, 148.8(2)°, O.-Mo-0,
77.1(2)°, and O,~Mo-P,, 82.5(2)°, it is apparent that the oxygen atom is
unsymmetrically placed with respect to both of the distinguishable sets of
bonded atoms O,, P., and P, f(2x), Cyr and Oy;.

None of the compounds in Table 4 contain a three-or multiple bond
ligand. In [Mo(t-BuHNCCNH-t-Bu)(CN-t-Bu),I]* ion [70,71] the coupled
ligands is in the unique edge (L,). A similar situation occurs in the case of
[Mo(CO),Cl, (dppm), ] [59], where only one dppm molecule is coupled in the
unique edge, while the second one, as a unidentate ligand, is in the quadri-
lateral capped face. The species [Mo(CO),Cl(diars),]-1;-(CHCl;), [75]
involves both coupled ligands on the quadrilateral capped face, as does
[Mo{rac-o-C;H,(ASMePh), }(CO);1,] as well as its CHCl, adduct [72].
There are also two examples, [Mo{Ph,P(CH,),PPh, }(CO),I,] and its
CH,Cl, adduct [73], where the coupled ligand is bonded by (a) one donor
atom in the unique capping position and (b) through the other donor in the
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quadrilateral capped face. The remaining five compounds (Table 4) involve
seven unidentate ligands.

Interestingly, the mean value of the sum of all interatomic distances in
Mo(II) compounds given in this section, is 15.8 A, about 0.5 A greater than
the observed average value 15.3 A for mononuclear Mo compounds with a
pentagonal bipyramidal geometry (Section B, (i)), but about 0.5 A smaller
than 16.3 A found for mononuclear Mo compounds with a capped oc-
tahedral geometry (Section C, (i)).

Inspection of the data in Table 4 reveals that the molybdenum-ligand
bond distances increase in the order: (Mo-L,)<(Mo-L. )< (Mo-L,);
except [Mo(CO),(PMe,);(F,CCO0),] [74], [Mo(CO),Cl(diars),] - I,
(CHCl,), [75] and [Mo(CO),(bipy)(HgCl)Cl] [76] where are Mo-L lengths:
Ly>L.>L; L,y>L.>L, and L > L, > L, respectively. Because of the
“exceptions” we cannot offer an argument to explain the observed trends.

Angles are another interesting factor, especially those of L _~Mo-L(L ),
which as is well known [4] belong to the shape characteristic for the C,,
monocapped trigonal prismatic geometry. The values of 79.4° (L .~Mo-L )
and 143.3° (L .-Mo-L,), respectively, for the idealised C,, monocapped
trigonal prismatic geometry were calculated [89] for a “hard sphere model”
based on a choice of 6.0 for the exponent in the potential E=%,, ,,,”" The
mean value 83° found for the L.-Mo-L angle differs from the ideal
(79.4°) by four degrees, the observed values ranging from 79.7 to 87.6°,
which is equally valid for the capped trigonal prismatic geometry.

The values of the L .~Mo-L, angles are of two different magnitudes
(Table 4), one with a mean value of 144.6°, the observed values ranging from
142.7 to 148.8°, and the other almost constant at 160.6° found in [Mo(t-
BuHNCCNH-t-Bu)(CN-t-Bu) , X]*, where X =1 (two examples) or Br,
[70,71]. While the first mean value of 144.6° is quite comparable with the
calculated one 143.3° [89], the last one is not. Only in the three cations,
[Mo(t-BuHNCCNH-t-Bu)(CN-t-Bu) . X]*, from all those summarised in Ta-
ble 4, is the coupled ligand in the unique edge and this is the reason why the
L.—Mo-L, angle is more open.

In spite of the fact that the structures of numerous seven coordinate
molybdenum compounds have been crystallographically determined, in some
cases their geometry cannot yet be exactly predicted. One such example is
the structure of tricarbonyl(1,10-phenanthroline)(n*-sulphur dioxide)
molybdenum(0), Mo(CO),(phen)(SO,) [80]. It seems that a capped trigonal
prism geometry can be proposed for the mononuclear compound with two
bidendate ligands of large bite, with the sulphur atom in the unique capping
position (2.532(3) A), two carbonyl groups (1. 958(6)(21() A), one nitrogen
atom (2.237(4) A) and one oxygen atom (2.223(5) A) in the capped quadri-
lateral face, and the remaining carbonyl group (1.984(9) A) and nitrogen
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atom (2.237(4) A) making up the remaining edge.

From the angles S.-Mo-N,, 114.6(1)°, S,-Mo-C,, 147.3(2); S.-Mo-C,
78.7(2)°, and S.-Mo-N, 102.4(1)°, it is apparent that the sulphur atom is
unsymmetrically placed with respect to both of the distinguishable sets of
bonded atoms.

(ii) Binuclear compounds

The first X-ray analyses of seven coordinate binuclear molybdenum
compounds were reported in 1960 [47]. It was not until 1979 that a dimer
which contained a capped trigonal prismatic geometry was structurally
characterised [78,90].

Figure 10 provides the molecular structure of [Mo,ClgH]*~ [77] and Table
5 contains the X-ray data for such compounds. The ion has C,, (mm)
symmetry and one of the mirror planes is rigorously crystallographic, con-
taining the three bridging atoms, hydrogen and two chlorine atoms. The
other plane contains two molybdenum atoms, one hydrogen and two chlo-
rine atoms. Thus each molybdenum(IIl) atom has a 1,4 2-capped trigonal
prismatic environment with a chlorine atom in the unique capping position
(Mo(Mo")-Cl = 2.500(3) A) four chlorine atoms in the capped quadrilateral
face (Mo-Cl = 2.465(3), 2.466(3), 2.393(2) and 2.395(2)), and a hydrogen
atom (Mo(Mo')-H = 1.728(2) A) together with Mo'(Mo-Mo’ = 2.375(2) A)
making up the remaining edge. There is a strong trans effect due to the u-H
atom, so that the chlorine atoms (Cl.) trans to p-H have Mo-Cl bond
distances ca. 0.10 A greater than those trans to p-Cl atoms. Indeed, the
Mo-Cl, distances are even greater than the Mo—( u-Cl) distances, by ca. 0.03

® Mo Mo
O Le
© L
® L

Fig. 10. Molecular structure of [Mo,ClgH])*~ [77].



"SI[NSOX UONIRIJJIP UONMSN] ,, “UWN[OD 3y} Ul payyioads st (puedy) wore a8po paddes ay) jo AMULPI [eatursyp Y, , "SUUINjod
asay) w1 panjwads S WOlE PoIEUIPIOnd oY) JO AJUAPT [EORUSYD SYJ o 9[8Ue JO DULISIP [EOPIAIPUL UE J0f soufea aFeloae are sasoyjuared
Ul SUOTIBIASD PIEPUE}S PIjewnsy ‘Pojejnqe) s1 anfea Ueaw Ay “yuasaid st o[8ur IO 20UBISIP JUS[EAINDS A[[EONUAYD SUO UBY} JOUN JIGYM

74

p (DSOET
oW (S)TL 1€
p (DL6LL p (S)678°1
p (6)sT8LT “(L)E9-(06) H (@6L1 (9%€L1°H
WwesLy (9106 o (WLLOS p ©18VT @t
p ((1L°68) (168 (LL'06 @1z (KEFZID  OWHIDOW
p (DETEL p (E)LSET
ON (P)9E el (DPLET O
p (D8LLL p (09708 p ($)918°1
» (DT6LT WS 06) H (@)os1 (798 H OLTH  OWH DN
M8T6LL (§)9c06 p (LLEOE e (D99 L(E)86P°T  H(DSHT ¥
6L o ((6)89'68) (1) 06 (¥)0g'06 @e6rLs1  @oskzD ©ETID U Y CHONIH 1D o]
®0S°SLT “(v)86'68 H@ETLT (90791 °H
@68 ()69°06 (przd  WYTD  OWHIDOW
@968 H (DILET PN OWH'IDOW
(SysLY “(7)86'68 H@KSSLT (22895 (DD #eyL1°H (4
8L (T)L'88 Were @igos (DD (owosz1d  (DeerT 1D 1d SHNHDIH IDON]
; (D898 H @DSLET ON  OIWHIDOW
WssL1 (Moo -HDESLL  (8)65°LS (DO @8 1°H 4
LL (D668 (Mrze  B8SLS ¢ (DD (€0ST 41D (EIEFT 1D puug [(O*HIO"IDONICOH)-
PCHOINIH D]
(o) (o) (y) eioydowory)
Pr-ow-"1  *T-oW-"1 (o) () *1-OW z
‘oY Paow-"1  P1-oWw-’1 OW-T-ON >1-o by—op  dnoid soedg punoduron)
« Anowos8 wsud peuoSuy paddes v Y spunodwioo (JjjwnuspgAjowr sesponuiq 10} vjep [eInonng
§ 414VL



75

A. The pairs of distances (Mo-Cl ;= 2.465 and 2.466(3) A) and (Mo—(p-
Cl ) =2.393 and 2.395(2) A) are v1rtua11y identical and the H atom lies in
the plane to within the experimental uncertainties [77).

The X-ray analyses of all compounds summarised in Table 5 were
performed by Cotton and his co-workers [77-79] and detailed discussions of
the crystal structural data of the compounds have been presented and will
not be considered here. However, there are two items of interest to compare
with other seven coordinate molybdenum compounds. First, the Mo-L bond
distances increase in the order: (Mo-L,) < (Mo-L) <(Mo-L,), the same
trend as found in mononuclear Mo compounds with the same symmetry.
The second item of interest is that the sum of all interatomic distances (16.3
A) is greater than those of 15.8 A found for mononuclear compounds.
However the sum, 16.3 A, is equal to those found for mononuclear com-
pounds with a capped octahedral environment.

An X-ray investigation of [Mo(CO),{P(OMe),;}{pn-(O)(P)
(OMe), }(F,CCOO)], [81] shows that the crystals of the binuclear compound
crystallise in the orthorhombic system in space group Pbca with 4 molecules
per unit cell (Z = 4). The molybdenum atoms have a 1,4,2-capped trigonal
prismatic environment (Fig. 11) and are joined by double oxygen (in the
unique capping position, Mo—O = 2.094(3) A) and phosphorus (in the
capped quadrilateral face, Mo—P = 2.420(1) A) bridge bonds, each of which
is from a different oxydimethoxyphosphine. The remaining three positions in
the capped quadrilateral face are occupied by bidentate F;CCOO™ ion
(Mo-0O = 2.277(4) and 2.306(4) A) and one carbonyl group (Mo-C =
1.942(5) A), while the other carbonyl group (Mo-C = 1.941(5) A) with a
phosphorus atom of P(OCH,),(Mo—P = 2.402(1) A) makes up the remain-

@ Mo, Mo’
O Le

D,

® Lo

Fig. 11. Molecular structure of [Mo(CO),{P(OCH,), }{ p-(PYO)XOCH,), }(F,CCOO)], [81].
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ing capped face. The P-Mo-O (81.1(1)°), Mo-P-0 (116.1(1)°) and Mo-O-P
(148.1(1)°) angles ensure that there is no metal-metal bonding, the
Mo - - - Mo contact being 4.563(1) A.

From the angles O—~Mo-C,, 100.4(1)°; O.—Mo-P,, 148.2(1)°; O.~Mo
-0y, 77.3(1)°(2x); O, —Mo-P,, 81.1(1)°, and O-Mo-C, 136.1(1)°, it is
apparent that the oxygen atom in the unique capping position (O,) is
unsymmetrically placed with respect to both of the distinguishable sets of
C., P, atoms and Oy (2x), P;;, C;; atoms. The angles P.—-Mo-C,, 76.5(1)°;
L.Mo-L, in the range of 71.9(1) to 172.4(1)® and L ~Mo-L, ranging
from 57.3(1) to 158.1(1)°, are comparable with those found in other familiar
molybdenum compounds (Table 6).

There is distortion of the trigonal prism, the major cause being the
differing ligand types. The molybdenum atom lies 0.488 A away from the
center of the quadrilateral face. This dimer type structure is novel in
molybdenum structural chemistry, and even dimeric complexes with a capped
trigonal prismatic geometry are rare.

E. X-RAY DATA FOR MOLYBDENUM COMPOUNDS WITH A SQUARE ANTI-
PRISM GEOMETRY (THE 4:3 GEOMETRY)

(i) Mononuclear compounds

The pentagonal bipyramid is by far the most common structure found in
monomers and dimers of molybdenum compounds. The capped octahedron
and capped trigonal prism are less common, and examples with square
antiprism are much rarer. The square antiprism is shown in Fig. 12. This
structural arrangement consists of a quadrilateral face defined by four donor
atoms parallel to a trigonal face defined by three donor atoms.

@ Mo
@ Ltab
@ Ltib

Fig. 12. A schematic view of a square antiprism (the 4:3 geometry).
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® Mo
@ Lwb
® Lib

Fig. 13. Molecular structure of [Mo(CNPh),]** (without benzene rings) [82].

Interestingly, it was only in 1982 that the first mononuclear Mo com-
pound with the 4: 3 geometry was structurally characterised, by Dewan and
Lippard [82]; the structure of [Mo(CNPh),)(PE;), is depicted in Figure 13.
In the quadrilateral face are four carbon atoms bound to the central atom
with a mean Mo-C bond length of 2.102 A and three carbon atoms lie in the
trigonal face, Mo—C = 2.151 A (average). The dihedral angle between the
two faces was computed to be 1.04° while that across the diagonal of the
quadrilateral face was found to be 2.58°, confirming the 4: 3 geometry [82].

(ii) Binuclear compounds

Drew and Wilkins [83] have studied the crystal structure of [Mo,Cl,
(CO) ,{P(OMe),},]""[MoOCl,{OP(OMe), }}"~ and found that while the
anion is a monomer with an Mo atom in a distorted octahedral environment,
the cation is a dimer with Mo --- Mo = 3.575 A. The two molybdenum
atoms in the cation are both seven coordinate with 4:3 geometry (Fig. 14)
each being bonded to three bridging atoms (trigonal face) (Mo-C = 2.544(6)
(mean) A; Mo’-C = 2.551(6) (mean) A) and in the quadrilateral face by two
carbonyls with the same mean value of 1.92(2) A for both central atoms, and
two phosphorus atoms of P(OMe); (Mo-P = 2.42((7) (mean) A; Mo'-P =
2.424(6) (mean) A). Both quadrilateral faces are planar and approximately
parallel to the triangular face (angle of intersections 2.3 and 1.1°). The
Cl-Mo-Cl (ca. 76°) and Mo-Cl-Mo angles (89°) ensure that there is no
metal-metal bond in [Mo,Cl;(CO),{P(OMe),},]”*. The mean Mo-L dis-
tance in the quadrilateral face is shorter than that for the trigonal face, as in
the case of [Mo(CNPh),KPE;),.
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Fig. 14. Molecular structure of [Mo,Cl;(CO),{P(OMe);},]1"* (without methyl groups) [83].

F. CONCLUSIONS

The stereochemistry of seven coordination is complicated for at least two
reasons: (a) the geometry of ligands around a central atom is much less
symmetric than that of six or eight coordination; (b) these lower symmetry
structures are easier to distort which may lead to greater departures from
“ideal” structures.

In spite of these inherent difficulties, considerable progress has been made
in sorting out the stereochemical problem [4,5]. From 1960, when the first
seven coordinate molybdenum compound was characterised by X-ray analy-
sis, to the end of 1983 a few tens (80) of crystals had been prepared and their
crystal structures studied. A discussion of the number of isomers possible for
seven coordinate systems was published by Drew [4]. For example, for the
species MB.A, there are 18 theoretically possible isomers. However no
molybdenum isomers of a given structure have yet been demonstrated in the
solid state.

The data presented in this review reveal that the number of examples
representing the various geometries increases in the order: square antiprism
< capped trigonal prism ~ capped octahedron < tetragonal bipyramid. While
in the first only two examples exist, half of all the structures presented here
belong to the last.

The electronic configuration of molybdenum ranges from d° to d¢; of
these d' and d°® are rare. In the case of the pentagonal bipyramidal
geometry the number of examples increases in the order: d> < d? < d* <d",
with capped octahedral geometry: d2<d* and capped trigonal prismatic
geometry only d* (monomers) and d* (dimers).

When the ligand type is considered several trends are noticeable: (a)
There is no example with tetra- or even multidentate ligands, and only two
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examples with a tridentate ligand (pentagonal bipyramid) where the triden-
tate ligand is in the equatorial position. (b) The relative rarity of MoL,
(L = identical unidentate ligand), (three examples of pentagonal bipyramid;
two of the capped octahedron and only one of the capped trigonal prismatic
geometry). (¢) In the pentagonal bipyramid case, MoL(L-L), predominates
with two bidentante ligands in the pentagonal plane and the third spanning
an axial and an equatorial position. Also, MoL,(L-L), and MoL,(L-L)
exist, usually with the chelate bound in the equatorial positions. (d) In the
capped octahedron case, MoL , exists (L = mostly non-identical ligand) and
MoL(L-L) (with chelate in a capped face, or in an uncapped face and in
one example even spanning uncapped and capped faces). (e¢) For the capped
trigonal prism geometry, we find MoL, (L = non-identical unidentate ligand)
and MoL (L-L), with the chelate in an edge, or capped quadrilateral face
and in one case even a chelate connecting a capped quadrilateral face with a
unique capping position. One example of MoL ,(L-L), has both chelates in
the capped quadrilateral face. (f) For the square antiprism geometry only
the MoL, stoichiometry is known. (g) The molybdenum atom tends to be
displaced from the basal plane toward the apical ligand.

A summary of the structural data for seven coordinate molybdenum
compounds with different types of geometry is given in Table 6. Inspection
of the data in the Table reveals that: (a) In the pentagonal bipyramid case
the predominant Mo-L,, bond distance is shorter than that of Mo-L.,. (b)
In the capped octahedron case the mean values of bond distances are
increased in the order: (Mo-L_) < (Mo-L ;) < (Mo-L ). (¢) In the capped
trigonal prism case they lie in the order: (Mo-L.) <(Mo-L) <(Mo-L,).
(d) The mean value of the sum of all interatomic distances in different types
of geometry increases in the order: 14.6 A (binuclear pentagonal bipyramid)
<15.3 A (mononuclear pentagonal bipyramid) <15.9 A (mononuclear
capped trigonal prism) < 16.3 A (mononuclear capped octahedron and bi-
nuclear capped trigonal prism).

The fixed values of the L,,-M-L., (90°), L,,-M-L,, (180°) and
L ,~M-L. (72, 144°) angles in the “ideal” pentagonal bipyramid [4] are
comparable to those found as mean values for both mononuclear and
binuclear molybdenum compounds with a pentagonal bipyramidal geome-
try: 90° (for mono- and binuclear), 170, 174°; 71, 142 and 72, 134°. Unlike
the pentagonal bipyramid, the L-M-L angles are not fixed for both the
capped octahedron and the capped trigonal prism cases and the mean values
found in the compounds gathered in this review are shown in Table 6.
Observed values are comparable to those found for seven coordinated
compounds with other central atoms [4,5].

The choice of an idealized coordination geometry in seven-coordinate
compounds is not often simple. One procedure, used in this article, is to
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compare the interbond angles at the metal centre with the values compared
for various idealised coordination polyhedra. For some seven coordinated
molybdenum compounds, no precise conclusion regarding the nature of the
geometry type can be drawn. Muetterties and Guggenberger [91] have
described the reaction cycle with idealised geometries related by edge stretch-

£3,/CO)

7\

0z, (PB) ' P,

ing. The closest relationship is between the CO and the CTP [5,6], for
example, the geometry of [Mo(CO),Cl,(dppm),] [59], {Mo(CO),
(PMe,Ph),Cl,]-CH,0H [61], and [Mo(CO),(bipy)(HgCl)Cl] [76] can be
considered in terms of either polyhedra.

Relationships between the PB and CO and between the PB and CTP are
not so close, but possible pathways can be predicted. An example of a
compound with a geometry intermediate between these two polytopes is
[Mo(CO) ,(dppe)(SnCl,)] - [SnCl(H,0)] [56], whose root mean square devia-
tions are 0.135 A and 0.199 A from the CO and PB, respectively. However,
since the deviation of 0.135 A from the idealised capped octahedron geome-
try is much smaller than that of 0.199 A from an idealised pentagonal
bipyramidal geometry, we have included the complex in Table 3, which
represents compounds with a capped octahedral geometry.

The factors that lead to a choice of geometry for a complex are: electronic
configuration of the central atom, crystal-packing forces and chelate ligands
which are likely to play a dominant role and place substantial constraints on
structure, stereochemistry, and dynamic stereochemistry. In the extreme
cases, the molecular structure may simply be a minor extension beyond the
preferred structure and conformation of the chelate ligand. Detailed theoret-
ical discussions of this phenomenon have been given [4,5].
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