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Abstract

Two aspects of the beautiful conceptual strncture of M-M
multiple bonding remain puzzling; the large variability
of the Cr(I1)-Cr(II) gquadruple bonds within <he
Cr,(X*Y),I, compounds, and their response to axial

ligation.

Most theoretical workers emphasize the inductive effect
of the bridging ligand X*Y, while most experimental
workers view the influence of the axial ligands L, as
most important in determining the Cr-Cr distance. The
controversy concerning the relative effects has been
difficalt to resolve. Previous efforts to understand the
bond-length variations in the system have been unfruitful
because of added steric distortions on the M-M distance.

A method capable of probing the electronic nature of the
M~M bond, in the absence of steric complications, is
required. The electronic and steric effects can
effectively be separated in meolecules with dimetal
centres using the methods of meolecular mechanics.

Using the Mo, system as our model of M~M bonding in these
binuclear compl .es belonging to group VIA, unique or
characteristic (k.,r,) <ouples, where k, is the force
constant and r, the electronic bond distance, for the
Mo-Mo bond of orders 4.0, 3.5, 3.0, 2.0 and 1.0 were
generated. Relationships between bond order and either k,
or ¥, are then formulated.

Since Mo and Cr are periodically related, the equations
modelling Mo-Mo bonding can be transferred to the Cr,
system to facilitate analysis of its bonding patterns.
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The results show that the large variation in Cr-Cr
distance is a direct consequence of the cooperative
modification of the electron density at the ICrz centre by
the bridging and axial ligands.

We offer conclusions, based on a molecular mechanics
treatment of M~M bonding, which we believe go far towards
solving the long standing Cr, puzzle. Simultaneocusly, we
have the opportunity of investigating the effect of
torsional twist about the M-M bond on the §? component of
the gquadruple bond.
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Chapter 1
INTRODUCTION TO THE IDEA OF MULTIPLE
M-M BONDING

The renajlssance of inorganic chemistry that began in the
1950’s has its roots in the discovery of new and
important classes of inorganic molecules, many of which

' do not conform to classical bonding theories. Among these

landmark discoveries have been the isolation and
structural characterization of transition metal compounds
that y sess multiple metal-metal bonds. From the seminal
discoveries in this area in the early 1960’s has
developed a complex and fascinating chemistry.

1.1 The Recognition of the Quadruple Bond

Until the early 1%60’s the science of chemistry was
devoid of the notion, much less the reality, of discrete
multiple honds between transition metal atoms, and, of
course, totally devoid of the concept of guadruple bonds
between any atoms whatever.

Then, in a very short space of time the existence of
Re-Re double bonds, triple bonds, and guadruple bonds,
the first double and triple bonds between transition
metal atoms and the first quadruple bonds of any kind,
was demonstrated.

Wwith respect to quadruple bonds, a statement [2] made by
Pauling in 19260 is interesting:

It is customary to describe molecules not only in terms
of single bonds, each involving a pair of electrons held
jointly by two atioms, but also in terms of double bonds
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and triple bonds (no one has as yet found evidence
justifying the assignment to any molecule of a structure
involving 2 guadruple bond between a pair of .atoms) ",
This statement was entirely accurate at that time, and
remained so for approximately four more years, when
Cotton found [2,3], for the first time, Yevidence
justifying the assignment....of a structure involving a
gquadruple kond between a pair of atome.®

In the now famous structure of [Rezc.'La]z" anion [4] we
saw for the first time the importance of multiple bonds
between metal atoms. Once the crystallographic structure
was determined (Figure 1.1}, the obvious challenge was to
interpret it in terms of bkonding and electronic

structure.
\’_‘[\juy

32 5004
03 ria) _\

1
3
N

Figure 1.1 The structure of the [Re,Clg]?” ion as
originally reportzsd in Ref. 4.

@

@

Cotton immediately recognized that, in order to account
for the unique shortness of the Re-Re distance and the
eclipsed geometry of the two [ReCl],” units, there had to
be a strong metal-metal bond and by symmetry and electron
counting this had to be comprised of one ¢, two ¥ and one
§ components., The latter was responsible for the
eclipsed geometry and was before that time an
unrecognized feature in bonding.
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1.2 An overview of Dimetal Bonding
1.2.2% A Qualitative Picture of the Quadruple Pond

The original discussion [3] of the guadruple bond was
based on qualitative considerations of orbital symmetries
and rough estimates of overlap integrals.

The Re-Re axis was defined as the z-axis, and the Re-Cl
beonds were assumed to project upon the x~ and y~axes.
Only five non-zern overlaps between pairs .f 4 orbitals
on the two metal atoms are possible because of symmetry
properties. These are shown in Pigure 1.2.

d) % d,y
3} G%qu_?a 43

Figure 1.2 The five non-zero d-d overlaps between two
metal atoms.

0
X
0 2 58
4

The positive overlap of the two d,, orbitals, [d, (%) +
dzgfz)], gives rise to a o-bonding orbital. There is of
course, a correspending antibonding ¢ orbital Formed by
negative overlap, [d,.(Y} - d,,{2)]. The [4,,Y + 4,12
and the [dyzfl} + dy,%%}] overlaps each give rise to a w

3
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bond; these two are equivalent, but orthogonal, and hence
constitute a degenerate palr. Again there are the
corresponding @ orbitals resulting from the negative
overlaps. Lastly there are bonding orbitals formed by the
[ + 4,27 and [dp® + d,.,.7) overlaps; these are also
a degenerate pair and form & (delta) bonds, with the
corresponding negatively overlapping combinations giving
a pair of ¢ orbitals.

If the set of coordinate axes as shown in Figure 1.3 is
used, the dg,. orbitals differ from the d, orbitals,
because the former point approximately toward the ligands
and the latter point between them. In fact, the d,,
orbkitals inevitably become heavily involved in the metal-
ligand ¢ bonds and may be dismissed, leaving only one §
and one §" M-M orbital.

D4, Syminptry

/-h“ /
o) NS
\\_./\\ /r '\"-"-:
/ —~  cetz)
f% F’.eﬂ}‘:\_/
1 \ \_‘/
i

GG,
ce ()

¥igure 1.3 The orientation of the Cartesian axes
relative to the atoms in the [Re,Cl;]*
ien.

Using the basic Hiickel concept, namely, that MO
{(molecular orbital) energies are proportional to overlap
integral=s, at least for similar types of orbitals, and
noting that these integrals must increase in the order

§<<m<0g, we expect the orbitals to be ordered in energy as
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follows, beginning with the most stable:

O<m<=E<E <<n"<0".

An energy level diagram for M-M bonding then has the
appearance of PFigure 1.4.

For the [Re,Clg]> ion we have eight electrons to be
placed in these orbitals, since the rhenium atoms are in
the formal oxidation state (IIX), 1leaving (7-3)=4
electrons for each metal atom. These eight electrons just
£ill the bonding orbitals, giving a configuration we can
represent as o2n?*s2. This results in a formal bond order
of four.

b

Figure 1.4 The qualitative ordering of the energies
of the metal-metal bonding and antibonding
orbitals, made up by a-d overlaps.

The o%r*s? description of a guadruple bond uneguivocally
accounts for the two most conspicuous Features of the
dirhenium compound: its extreme shortness and its
eclipsed configuration. Obvicusly the high multiplicity
will account for the shortness. The conformational
preference is also unambiguously explained. The o bond
is, of course, cvlindrically syametrical. A pair of =
bonds is also ¢ylindrically symmetrical. For one of these

5
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the amplitude of the wavefunction as a function of an
angle x, measured from the x-axis around the bond in the
Xy plane (see Fig.-1:3 for coordinates), is proportional
to. sin®y. For the other % bond, perpendicular to the
first one, the angular dependence is given by cos2x.
Thus, the combined wavefunction has an angular dependence
of [cosiy+sin?y], which is, by a well-known trigonometric
identity, a constant, viz., unity. Hence, the o%r* part
of the bond is insensitive to the angle of internal
rotation. The § component of the bond, however, is
markedly angle sensitive.

'As shown in Fiqgure 1.5, the [aymd, @] overlap -has its

maximuin value when the two ReCl; moieties are precisely
eclipsed and it has a value of zero when the rotational
conformation is precisely staggered. Thus, any rotation
away from the ecliipsed conformation causes a ioss of &~
bond energy and, when carried to the l1limit of perfect
staggering, causes conplete disappearance of the § bond.
It is this dependence of the § bond on rotation angle
that opposes the tendency of nonbonded repulsions to
favour a staggered conformation. 1his argument does not
predict that the fully eclipsed conformation is

preferred, but only that a conformation approaching the
eclipsed one should be preferred.
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Figure 1.5 The felationship of one d,, orbital to the
other for (a) an eclipsed structure and
(b} a fully staggered structure.

1,2.2 Bonds of Lower Order

The explicit recugnition that quadruple M~M bonds exist
and that they wmay be represented by the ground state
4.2
)

electronic configuration o?w ‘provides a convenient

framework upon which to consider bonds of lower orders.

Because of the fact that the § orbital is only weakly
bonding and the §° orbital only weakly antibonding, a
o2rds? quadruple bond is readily subjected to either
electron loss or electron gain, as shown below. Thus an
entire range of formal bond orders, 4.0 through to 3,0 is

accessible.

Xf still more electrons are added to or removed from the
array of MO's formed by d-d overlap, the M-M bond order
can be reduced still further. This is true Zfor the
addition of as many as five more electrons, which would
lead, finally, to a o?m*s%6*°n*%0*! configuration; or the
removal of five electrons resulting in a ¢!

configuration, with a net bond order of 0.5.
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Figure 1.6 A schenmatic representation of how changes

in the occupation of the § ana ¢*
orbitals change the M-M bond order.

In short, how many of the five possible nonzero overlaps
play a role, and what role they play in binding the metal
atoms together depends on the number of electrons
available and the number and types of 1i¢ uds attached to
the metal atom.

The above picture of M-M bonding seemed to alarm some
organic chemists, whe took some time to accept the fact
that @ orbkitals can do things that s and p orbitals
cannot.

1.3 Theoretical Advances on the Qualitative Picture

Concomitant with the rapid accumulation of new compounds
and the study of their chemistry, there has been a
remarkable broadening and diepening of our understanding
of the electronic structures of compounds with multiple
bonds between metal atoms [32]. This has resulted from
both theoretical work and various kinds of physical,
especially spectroscopic, mrRasurements and from the
interplay between them.

Theory has been continually challenged by these CQmpounds

[ Ry P S P R



because of their complexity and the fact that atoms of
high atomic number are involved. The nature of the
multiply bonded species 1s such that sophisticated
theoretical methods are not easily applied to them. Thus
until the early 1970’s no significant theoretical advance
beyond the simple d-orbital overlap picture was made.

The first encouraging developments began with the
modification of certain theoretical techniques,
originally developed by Slater’s school for dealing with
the band theory of metals, to make them applicable to
molecular problems. This work, ploneered by John C.
Slater and Keith Johnson, rasulted in what is commonly
called the SCF-Xa-SW method: the abbreviation means self-
consistent field Xe scattered wave. The 5CF-Xa-8SW method
of calculation [5] appears to afford a practicable avenue
of theoretical approach.

1.3.1 The o™*s? Configuration
{a) [M,X,]™ Bpecies

The first guantitative calculations were performed by the
SCF~Xoa-SW method on the [Mo,Clg)* idon ([6,7] and the
[Re,C1;]*> lon [8,9]. These calculations are really
landmarks in the field because they provided reliable,
gquantitative, and detailed descriptions of the ground
state electvoniec structuvres of these ions that are in
excellent agreement with the original qualitative
description of a guadruple bond based on orbital overlap
considerations. They confirmed the primacy of nmetal d
orbitals in the formation of such bonds.

Contour diagrams of the §, u, and o orbitals as obtained
from the SCF-Xa-SW calculation (Figures 1.7(a)-(c))} have
exactly the shapes expected from the gualitative d-
orbital overlap picture (cf. Fig. 1.2 ).
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Figure 1.7(a) A contour diagram of the Mo~Mo §-bonding
in [Mo,Clgl? .

When it is noted that the §, m and ¢ MO's have B9%, 76%,
and 83% metal d-orbital character respectively, this
result is completely understandable and satisfying.

VT S—

i Figure 1.7(b) A contour diagram of one of the Mo-Mo w~
bonding orbitals in [Mo,clg]®~.
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¥igure 1.7(c) A contour diagram of the Mo-Mo ¢-bonding
orbital in [M02C13]4'.

Ab initio treatments of dimetal bonding have also been
employed. The Hartree-Fock LCAC method has been applied
[10,11] to several [M;Xg]™” species. All calculations on
Cr, species are best described together in Chapter 4,
Section 4.3.

To appreciate the significance of the following
discussion, the reader will reguire some familiarity with
the basic concepts of the Hartree-Fock (HF) method. The
terms 'SCF calculation' or 'SCF level'® are used to mean
a HF calculation employing only one configuration and
minimizing the energy thereof. The terms 'CI level'! or
'CI calculation?! designate calculations in which the
effects of electron correlation within a single
configuration are corrected for (at least partially) by
making additional calculations for appropriately chosen
higher-energy configurations and employing all of these
plus the ground state configuration in a variational
minimization of the energy of the system.

11
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For [Mo,Cly]* the most stable single configuration for the
ground =state, o'§?, was found to be the one
corresponding to the gquadriple bond. When a limited
amount of CI was introduced, the energy of the ground

. state was lowered by about 2eV, and it was found that the

o**5? configuration then made up 61% of the true ground
state, the rest consisting w»rincipally of other
configurations of the types n'§%™, o®n?6%m™,...., oZw™s™,
Perhaps the most important point for thz experimental
chemist is that, again, the gualitative picture of the
quadruple bond as originally proposed is validated.

{b} Mo,(0,CR), Compounds

Clear~cut assignment of guadruple bonding to just three
discrete o, m and § orbitals is not always possible., The

situation conforms most closely to such a simple

description for the [Mo,Cl,]* case where the metals are in
a low formal oxidatinn state and the ligands are rather
simple. More complex ligands lead to complicated patterns
of orbital mixing so that in many cases the M-M bonding
interactions are distributed over more than one MO of the
appropriate symmetry type.

SCF~Xa-8W calculations on the prototype molecule
Mo,(0,CH)y [12,13] reveals the retention of high 4a
character for the § and # MO’s, and one can nearly always
speak of ‘the’ §- and w-bonding orbitals.

For the M-M ¢ bond there is a mixing with M~O bonding.
The Xa=-SW caleulation ylelds two components to the o
bond, the 4a,, and the 5a, MO’=s. Both MO’s make
significant contributions to M~M o bonding (75% metal
character for 4a;; 48% Mo for 5a,]}.

12
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1.5.2 The o*z* comnfiguration

Calculaticns hy the SCF-Xa-SW method on the Mo,X; species
(X = OH, NH,, NMe,, and CH;) have given a very detailed
and satisfactory account of the bonding in these
molecules [14,15]. For Mo,(OH)g, the Mo-Mo bonding
orbitals are largely made up of metal d-orbital
contributions and conform very closely to what is
expected from the simple d-orbital overlap picture. The
clean separation of the Mo-Mo - and w~bonding orbitals
from all the lower-lying MO's is lost when we go to the
Mo, (NR) g and Mo, (CH;)g cases. The lone-pair eiectrons of
the nitrogen atoms and the Mo-C bonding orbitals are in
the same energy range as the Mo-Mo # and ¢ orbitals. As
a result one cannot speak of 'pure' M-M bonding.

What is the meaning of this mixing between metal and
ligand orbitals?

The answer will become clear as we delve deeper into the
subject-matter of this thesis. sSuffice it to say that
this mixing is, in part, responsible for some
inconsistencies observed in the physical data of these
dimetal compounds, such as vibronic spectra and cobserved
metal-metal distances.

13
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Chapter 2 = . -
BEONDS BETWEEN Mo ATOMS: AN OVERVIEW
OF STRUCTURAL STUDIES

From the Re-Re quadruple bond, as recognized in [Re,Clg]%
in 1964, the field of metal-metal multinle bonds has
steadily grown, so that it now includes many other metals
and a considerable variety of ligands.

Only compounds of relevance to this thesis will be
discussed. These are the molybdenum dimers of formal
orders four through to one, as well as the chromium
dimers, for which only formally gquadruply- and singly-
bonded compounds are Kknown., It should be noted that
structure solutions involving any tform of disorder that
could effect the obhserved metal-metal bond distance have
been excluded. In the studies done, it is of utmost
importance to have reliable data concerning the structure
of the dimeric compound.

2.1 Mo(II)-~MO(II) Quadruple Bonds

In all of these compounds the formal oxidation number of
molybdenum is two. This means that each Mo has (6-2) = 4
electrons available for metal-metal bonding. In effect a
total of 8 electrons occupy the d orbitals used for bond
formation resulting in a o™*é* configuration.

2.1,1 Compounds With Ne Bridging Ligands

Here, one can assert that a metal-metal bond is present

simply because the structure shows that there is nothing

14




else to heold the metal atoms together.

The first dimolybdenum bond unsupported by ligands was
identified as KsMo,Clg.2H,0 [16] and characterized as
containing the [Mo,Clg]*" anion (Figure 2.1).

The eclipsed configuration, the short Mo-Mo bond
(2.138(4) A), and the fact that it is isoelectronic as
wall as isostructural with [Rezcls]z“ leave no doubt that
it has the type of quadi:'uple bond previously discussed
for Re,. The only reasonable explanation for the
eclipsing is the presence of the guadruple bond with its
§ component.

The highly symmetrical D, structure was soon discovered
for (NH,) Mo,Brg [17] and Li Mo,(CH;)g.4THF [18].

Figure 2.1 The structure of the [Mo,Clg]?” anion in

A large number of neutral mixed ligand complexes, bearing
a close structural relationship to [M02X3}4‘, have been
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isolated and structurally characterized. They can be
represented simply with the formula Mo,X,I,, where X is a
halide (Cl, Br, I} or methyl group (Me}, and L is a
monodentate phosphine ligand, PR; (R; = Me,;, Me,Fh, HPh,)
[19, 20, 21, 22].

The Mo,X,J, core adopts a D, idealized geometry, as shown
in Pigure 2.2.

The trans stereochemistry is a consequence of the need to
minimize nonbonded repulsions within these sterically
crowded molecules. The Mo~Mc distances for these
compounds are in the range 2.125(1) -~ 2.165(1) A.

Figure 2.2 The molecular structure of the Mo,X,({PRs},
complexes taken from the parameters for
X=Br, R=Me. '

2.1.2 Compounds with Bridging Ligands

(2} Halide Complexes of the Type Mo.X,(L~L),

Thorough synthetic and structural studies by Cotton and
coworkers [23, 24, 25, 26, 27] have been done on the
Mo.X,(L~L), compounds (where X = halide and L*L is a

diphosphine spanning the M~M bond).

Similar atoms are disposed trans to each other and the
two trans-Mo,X,P, units are rotated relative to each

16

Lok A

L. ) g

i e

T et B lien



G

et TR DN e TR R R R g G T T A A

other about the Mo-Mo bond, so that the Mo-L bonds in one

such unit do not eclipse any of the Mo-L bonds in the
other.

Maximum § overlap cccurs in the eclipsed conformation
{x = 0°), illustrated by 1a, and zero § overlap occurs in
the staggered form (x = 45°), which is illustrated by 1b.

L !

]
o
"
x

L
i J

(1a) (1b)

The fact that the strength of the § bond is greatest for
x = 0° does not necessarily mean that this is the
preferred angle when all factors are taken into account,
however. With the bidentate ligands that span the two
metal atoms, the conformational preferences of the
resulting M,-containing rings favour twist angles
different from zero. The value of y is determined by the
balance that is struck between the steric requirements of
the substituents on the P atom, which favour a staggered
arrangement, and the 6 bond, which is a maximum at 0°.

Table 2.1 is a listing of such molecules studied during
the research of the thesis.

The central portion, MoX;(P-C-P), of the aoclecule,

Mo,I,(dppm),, viewed down the Mo-Mo bond, is shown in
Figure 2.3. '

17
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Table 2.1 Structural data for the Mo,X,(L"L), compounds

x (deg.) x (deq.) r (&)
P-Mo-Mo-I' X-Mo-Mo-X Mo-Mo
Mo, I, (dppm) 49 15.6 2.152(2)
o L
214 (EPPI 4 19.7 17.2
Mo, (NCS) 4 (4 ? 12 2.167(3)
o m .
2( 4 (APP™) 5 18.7 13.6
Mo, C1, (tdpm) 10.7 2L 2.148(1)
o m »
2CLq (TdPM) 2 27.4 20
Mo,Br, (8, S-dppb 22 ' ~20 2.147(6)
r - -
0,Br4 (8, PP )2 —23 -1
Mo,Cl, (S, S-dppb T24.8 21-1 2.147(3)
o ~dp .
2CLe (5 PR) 2 -24.8 -27.5
: o} e .
" 214 CPPS) 2 -26.5 -24
Mo,B dn 36 36 2.169(2)
Q- Br mpe . F
2Brq (dmpe) 5 37 37
[
wa’/) Abbreviations used in table:
Y tdpm : PPh,~CH (PHFPh) -PPh,
8,8-dppb :PPh,-CHMe-CHMe-PPhL,
dppe : PPh,~CH,~CH,~PPh,
dmpe :PMe,~CHy—CH,~PMe,
f"":?:‘- :
y The dppm and tdpm ligands form two envelope~type, five-
§ o membered rings including the dimolybdenum bond.
)

These bridging ligands are not symmetrically coordinated

since one of the two Mo-P distances associated with each
Mo is ca. 0.1 & longer than the other. Also, the Mo-Mo-P
& angles differ by ca. 6° for the dppm species, while those
of the tdpm species differ by only 2°. These appreciable

18
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Figure 2.3 The rotational conformation of the
dimolybdenum units Mo(l)-Mo(2) in
Mo,I, (dppm) ;.

distortions are a result of internal crowding (evidence
to exclude any electronic factor is clearly given by the
studies done in this thesis - see Chapter 6).

From viewing the molecule down the Mo-Mo axis, it is
immediately recognized that all four torsional angles are
different, but in the same sense, and thus have the
'concerted' effect of an internal rotation. Each of the
torsions results from the combined effects of a true
internal rotation and other steric distortions.

The central portion, Mo,X,(P-C-C-P),, of the molecule
Moy I, (dppe), is shown in'Figure 2.4.

The two six-membered rings Mo-P-C-C-P-Mc, formed by the
dppe and S,8-dppb ligands and the Jdiwetal unit, have a
conformation that can best be described as a distorted
chair. In a simple chair conformation the C-C and Mo-Mo
bonds would be parallel. _
Because of the larger twist angles, the internal crowding
is not as severe as in the above cases, and a more
symmetrical structure is observed.

19
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Figure 2.4 Central portion of Mo,I,{dppe), viewed
along the Mo(l)-Mo(2) axis.

In the case of Mo,Br,(dmpe),, the two six-membered rings
formed by the dmpe ligands and the dimetal unit again
take on chair conformations. Internal distortions are
relieved by the large torsional twist of 36°, and
symmetrical Mo-P bonds and Mo-Mo-P angles are seen.
However, studies by molecular mechanics reveal an
important difference f{rom the previous molecules.

What angle of rotation can be tolerated without loss of
the & bond?

This is one of the questions that has an illuminating
answer discussed in Chapter 6.

(b) The Mo,{X~Z~X¥), and Mo,(X-Z-Y), L, Compounds

These complexes might well ke considered the single most
important class of compounds to contain a Mo-Mo quadruple
bond because they have traditionally been the starting
point for the synthesis of almost all other derivatives
of the gquadruply bonded Mo,** core.

These molecular systems can be described by the general
structural formula shown in 2, or some simple variant of

20
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it. In this type of compound there are two kinds of
ligands. The bridging ligands X-2Z-Y¥, all four of which
are usually the same, form M-X and M-Y bonds called
equatorial bonds; the X-Z2-Y 1ligr.as may be called
equatorial ligands. The M-I, bonds are called axial
bonds and the L., 1ligands, axial ligands. The axial
ligands, L., and L, ', may be the same or different; one,
or both may be absent. The bridging iigands, XZY, are
usually unidentate groups in which a single atom, 3,
connects the donor atoms ¥ and Y.

(N
T

L-M

M-L'

(2)

The first ¢ ass of bridging ligand discovered in 1971 is
a member of the now well recognized class of carboxylato
anions [RCO,]7, 3. '

R
]
G
£\
o o

(3)

The properties of the carboxylato ligand can be varied in
many waye. Its basicity can be altered b& changing R from
C(CH3)3 at one extreme to CF; at the other. Its steric
properties can be changed from those with R = H to those
with R = 2-phenylphenyl.

The structure of Mo,(0,CCH;), (Figure 2.5) (28] is
entirely typical of the Mo, (0,CR), compounds.
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Figure 2.5 !n ortep drawing of the Mo,{0,CCH;),
structure.

The other compounds examined were the formate (R = H)
[29], trifluorcacetate (R = CF;) [30] and pivalate (R =
C(CHz)g) [31].

These molecules are arranged to form infinite chains in
which there is weak axial coording ‘ion of each molecule
by oxygen atoms of its neighbours,

In the set of four unsolvated compounds with R = CMeg,
Me, H and CF,;, the Mo-Mo distances are invariant,
suggesting insensitivity of the Mo, gquadruple bond to the
influence of changes in the ihductive effect of the R
groups as well as to variations in the location of the
axial ligand. This is seen clearly from the data in Table
2.2,

Following the synthesis and structure determination of
the trifluoroacetate Mo, (0,CCF;),, its pyridine adduct
was obtained upon dissolution in pyridine.

22
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Table 2.2 Structural data for Mo,{0,CR);L,,
L,, = intermolecular O donation

R Mo~-L_ (&) Mo-Mo (3)
CMe, 2.90 2.088 (1)
Me  2.65 2.093(1)
H 2.65 2.091(2)
CF, 2.72 2.090(1)

Its structure [33), which is shown in Figure 2.6, reveals
the expected axial coordination of the pyridine ligands.
However, while the Mo-N distances {2.548(8) A) are guite
long, this interaction leads to a lengthening of the
Mo-Mc bond by 0.039(6) A relative to that in the parent
molecule.

Dees this lengthening wmean there is an electronic
weakening of the guadruple interaction; or is it simply
steric in nature?

The axial donors share the same metal orbitals as those
used to form the o component of the Mo-Mo bond, and so
weakening of the dimetal bond may be expected in the
pressnce of axial donation. However, we must bear in mind
that we are comparing observed Mo-Mo distances which are
a result of both electronic and steric effects.

One would expect the presence of axial ligands to cause
increased steric congestion within the molecule,
resulting in a stretching of the dimolybdenum bond.
Predictions of electronic weakening of the dimetal centre
iz possible only once steriec factors are totally
axcluded. '
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Figure 2.6 The structure of Mo, (0,CCF3)4(PY) g

One has two alternatives in investigating the importance
of axial coordination on, the M-M bond length. One has to
either construct a molecule with a very large R group
that effectively enshrouds the molecule and prevents
axial coordination, or one must study the free molecule
in the gas phase.

The compound Mo, (0,Cbiph),, where biphCO,H is
2-phenylbenzoic acid, has been structurally characterized
[34] by X-ray crystallography (Figure 2.7}.

In this case the steric properties of the [biphCO,]1~
ligands prevent intermolecular assocliation, and the
crystal structure consists of a simple van der Waals
packing of +the molecules with no axial ligation,
intermolecular or otherwise. The Mo-~Mo distance,
2.082(1) A, is shorter than that for the structures with
axial ligation.

This_is expected on steric grounds, but one cannot
exclude electronic factors.
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Figure 2,7 = The structure of Mo,(0,Cbiph),.

The molecular structure of anhydioas tetraacetate,
Mo, (0,CCH;) 4 in the gas phase at 190°C, was deternmined by
Kelley and Fink 4in 1982 [35]. The Mo-Mo distance
(2.079(3) &) is shorter by ca. 0.61 A than that
determined by X-ray crystallography, demonstrating the
distorting effects oun the qguadruple bond of axial
coordination. Interestingly, all other mnlecular
dimensions are statistically inc_!istinguishahle betwaen
the gas and solid phases.

Extrapolations may be made from the [RC0,]° group
to isostructural and iscelectronic groups which also
yield a large class of binuclear complexes. One such
class is the group of moncanionic ligands which may be
represented by 4a and 4b.

N AN
X

{4b)

(4a)
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The ligand system 4a, encompasses the following ligands:

O ONING

HyCO OCHa Hac N ci N 0

(1) (ii) (iii)

s\ BN,

N 0 Hac N H

(iv) (v) )
(vi)

| it

:2,6-dimethoxyphenyl anion, DMP [36]
:6-methyl-2-hydroxypyridine anion, MHP [37]
:6-chloro-2-hydroxypyridine anion, CHP [38]

: 6-fluoro-2-hydroxypyridine anion, FHP [39]
:6-methyl-2~aminopyridine anion, MAP [40]

vi :2,4-dimethyl-6~hydroxypyrimidine anion, DMHP {41]

I
e e
| k]

Ligands classified as class 4b are shown below:

Me H
| !
C
o’//’ N\\\N [::::] cr,zfc“x\\N ]:;:]

(i) (ii)
Ci'dlea Mle _
¢ ,J:::] © /JZEEJ
0/ \N ' O/ \\N
(iii) (iv)
26
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{v) ' (vi)

i :N~(2,6-dinethylphenyl)acetzmido anion;
[ (&, 6~xyty1}N-C(Me) -0}~ £42, 43, 44]
ii :N~(2,6=dimethylphﬁrw;;fwfmnmido anion;
[(2,6-xXylyl}N—- "~ ay° [48]
_:Nephenylpivalamido anicﬁ; {PhN~C(CM33)-0]“ {45]

iii
iv  :N-phenylacetamido anion; [PhN-C(Me)-0]" [46]
v  :di-p~tolylformamide anien; [ (tol)N-C(H)-N(tol)]™,

DFM, [47]
vi :1,3-diphenyltriazine anion; [PhN-N-NPh]~ [48]

The structutre of Mo, (MHP), is shown, as an example of the
class 4a ligands, in Figure 2.8.

Figure 2.8 The structure of Mo, (MHP},4.

An example of class 4b ligands is seen in Figure 2.9.
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Figure 2.9 The structure of Mo, (PhN-N-NPh},.

The Mo-Mo distances for these 0C-, N*N- and N~O-bridged
compounds range from 2.064(1) to 2.085(4) A in the
absence of axial donation, and from 2.083(3) to 2.113(1)4
in the presence of axial ligation.

As in the carboxylato case, the presence of axial ligands
causes a lengthening of the Mo-Mo distance. As mentioned
earlier, we are not as yet in a position to attribute
this bond lengthening specifically to steric or
electronic factors, or both.

vhe axial 1ligation includes such neutral donors as
pyridine, THF, 4-Me~-pyridine, dichloromethane and
dibromomethane.

Because of the delocalization of the negatiwve charge over
the X2¥ atoms in all the o*0, €¢*0, N~0 and N~N ligands
discussed above, 5, X and Y have their donor orbitals
directed along approxzimately parallel lines. As a result,
near-eclipsing of the X-Mo-Mo~Y¥ unit is seen in all these
molecules (besides +the near-eclipsing enforced by §
bonding} .
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Another class of ligands, which are dianions, is the
sulfates, [S0,]%2". The crystal structure [49, 50] of the
dihydrate K,Mo,(S0,},.2H,0 (Figure 2.10) consists of the
usual eclipsed conformation with four bridging sulfate
ions and the axial positions of the dimer occupied by
terminal oxygen atoms {(Mo--0 = 2.591(4) A) from
neighbouring sulfate ions. This bridging pattern leads to
the infinite two-~dimensional network as seen in the
stereoscopic view of the unit cell (Figure 2.11)

Figure 2.10 The structure of the [Mo,(80,),1% unit in
K, Mo, (50,) 4. 2H,0.

Unlike the bridging ligands encountered above, here the
Mo,0,8 rings are non-planar, having an average dihedral
bend of 20° across the 0--0 line. This is a result of the
absence of eler. "on delocalization over the §-8-0
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bridging atoms.

codf

Figure 2.11 Stereoscopic view of the unit cell

The Mo-Mo distance, 2.111(1) &, is longer (by ca. 0.11 &)
than that in the ©~O-bridged compounds with similar
intermolecular axial interaction.

A structural result that is true for all the dimolybdenum
compounds with X-Z-¥ bridging ligands 1s that, the
structures involving axial donation have Mo-Mo distances
longer than those lacking axial ligands. The significance
of this bond lengthening upon introducing axial ligands
is one of the aspects to be discussed in this thesis.

2.2 Bonds of Order 3.5

In the process of crystallizing pink K Mo, (804),.2H,0
slowly so as to obtain useful crystals, it was found that
lavender c¢rystals also formed ([50, 51}. X-~ray
c¢rystallography showed that they have the composition
K3M0,(S04)4.3.5H,0 and contain the [Mo,(80,),1%" ion,
which has a structure very similar to that of
[Moz(so4)4]4‘, except for the presence of coaxial water
molecules here, as opposed to sulfate O atoms in the 4-
ion.
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According to the accepted description of the guadruple
wond, the electron leost from the 4~ ion to give the 3~
ion should come from the §-bonding orbital, thereby
giving the latter species a o2r%s! configuration. The 3~
ion 1is paramagnetic and e.s.r spectra show that the
unpaired electron is evenly distributed c¢ver two
macgneticvally equivalent Mo atoms.

There are two noteworthy quantitative changes on going
from the 4- to the 3~ ion, ¥Firstly, loss of the §
electron causes a lengthening cof the Mo-Mo bond, by ca.
0.054(6) A. Secondly, the mean Mo-0O{bridge) distance is
ca. 0.07 A shorter for the 3- ion. The direction of
change accords with the fact that increasing the formal
oxidation number of the metal atoms (by 0.5) should
decrease their radius.

Rach Mo-0=-5-0-Mo ring is folded along the 0-~0 line with
a dihedral angle of 20°., Bach Mo atom is approached by
the O atom of a water molecule approximately along the
extended Mo-Mo axis, but only at a considerable distance
(2.55 &). ' '

Although there are two crystallographically distinct
[Mo,(50,) 413~ ions in the structure, the bond distances
and angles differ very little in the two complexes. The
non-equivalence results from differences in the packing:
Molecule 1 packs as isolated units with one H,0 molecule
attached to each Mo atom (Mo-Me = 2.167(1) 4); whereas
molecule 2 forms an infinite chain parallel to the c-axis
with water molecules bkeing shared between sasulfate
molecules (Mo-Mo = 2.162(1) &) i.e. H,0 molecules bridge
the molybdenum dimers. The packing is shown in Figure
2.12, a stereoscopic view of the contents of the unit
cell.

31




‘(’

Figure 2.12 Stereoscopic view of the unit cell
contents of K;Mo,(S04),.3.5H,0.

The [M02(304)4]3' anion has also been obtained in the form
of compounds with formula K;[Mo,(S0,) ]X.4H,0 (X = Cl, Br)
[52, 53]. The Mo-Mo distances, 2.167(2) & (cl) and
2.169(2) & (Br) are essentially identical. The molecules
are structurally related to KzMo,(S04},4.3.5H,0, but
possess Mo-~X axial interactions in place of Mo--H,0.
Continuous, linear (-Mo-Mo~-X--Mo-Mo-} chains are formed.

The two anions [M02(504)4]4" and [M02(804)4]3” constituted
the first pair of dinuclear, mnultiply bonded,
isostructural complexes with electronic configurations
differing by one electron. Another such pair is Mo, {DMF),
and [Mo,(DMF),]* [47]. The Mo-Mo distances in the
molecule and the cation are 2.085(4) and 2.122(3) A.

2.3, Mo(III)~-Mo(IXI) Triple Bonds

The concept of a triple bond based on a o2r?
configuration is, of course, a thoroughly familiar one
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from main group and organic chemistry, where s and p
atomic orbitals are used to form the necessary MO's.

The overwhelming majority of o*m? triply bonded systems
have only three groups attached to each metal atom,
arranged to give a staggered rotational conformation.
There is no electronic barrier to rotation about the
central M-M triple bond. These molecules are inorganic
analogues of alkynes.

MyXe; compounds (X = NR, [54] and OR, ([55]) adopt
staggered ethane-like geometries; the central M Eg
skeleton (E = N or 0) has virtual Djy symmetry and the
Mo-Mo-E angles are ca. 104°,.

Figure 2.13 shows two views of the Mo, (NMe,), molecule
which is representative of this class of compounds.

The first wview emphasizes the staggered, ethane-like
geometry, while the other view shows clearly the two
types of methyl groups. Those lying more or less over the
Mo=Mo bond are called the proximal Me groups and the
others are called the distal ones.

Figure 2.13 Two views of Mo,(NMe,}y showing the
virtual D,y symmetry of the Mo,(NC,)¢
moiety.
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There is some ligand-ligand repulsion, as evidenced by
the fact that the o angles defined in Fig. 2.13 are much
greater (133°) than the B angles (1165) or the ¥ angles
(110°). It is to be noted that the NMe, groups are
essentially planar and that their planes are nearly
parallel to the Mo-Mo axis, deviating by angles of only
0.3 to 3.6° from being parallel. Thus, the symmetry of
the molecule is very close to that which would obtain Zf
they were exactly parallel, namely Dg4.

The crystal contains two independent moiecules virtually
identical in structure, with Mo-Mo distances of 2.211(2)
and 2.217(2) A.

The structure of Mo,(0CH,CMej)g [55] has +the same
conformation as discussed above, with essentially the
same Mo-Mo distance, 2.222(2) A.

A number of closely related derivatives of general
formula Mo,X,(NR,y),4 where X = Cl (56] (Mo-Mo = 2.200(2)/
2.202(2) A); Me [57] (Mo-Mo = 2.201(1} &); and Et (58] .
(Mo-Mo = 2.203(1) A) are also of interest and adopt *., 2~
disubstituted ethane-like geometries.

Tne structure of Mo,Cl,(NMe,}, is representative of this
class of compounds (Figure z.14).

In all of the above compounds a simple analysis of the
symmetry types of orbitals required to form M-M and M-L
bonds and a consideration of the symmetry properties of
the metal valence shell orbitals leads to a satisfactory
gualitative formuliation of bonding. '

Defining the Mo-Mo axis as the z~axis, the triple bond is
formed primarily by overlap of metal d,, orbitals to give
a ¢ component and metal d,,, d,, orbita}s to give the =
components. For the M, X, molecules the three Mo-L ¢ bonds
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may use metal s, p, and p, orbitals.

Figure 2.14 The structure of Mo,Cl,(NMe,), showing the
central ethane-like structure and anti-
rotational conformation.

When X = OR and NR, ligand-to-metal w bonding is also
possible. The two pairs of Mo &, and dya.,, auvomic
orbitals (umually involved 1in M-M 6 Dbonding) way
accommodate 8 electrons from the N(0) lone pairs i.e.
there are 2 7 bonds delocalized over 3 Mo-N(0Q) bonds.
This allows the metal atoms to increase their number of
valence shell elactrons to sixteen (4 delocallzed w
electrons and 6 ¢ electrons make up the 3 M-L bonds; plus
a total of 6 M-M bonding electrons). Two N(0) lone pairs
will be in essentially non-konding orbitals. In effect,
each NR, and OR group is acting as a 4-electron donor
(o?72) . The formal Mo-N{C) bond order is therefore 1.6.

Structural evidence for ligand-to~metal # bonding is seen
by the short M-N and M-0 distances and, in the case of X
= NR,, by the planarity of the M-NC, units. The methylens
carbons of the neopentoxy groups in Mo, (OCH,CMes)g, also
deviate little from the Mo-Mo-0 planes.

In the 1,2-Mo,R, (Nife,), compounis the NC, nlades are also
aligned along the Mo-Mo axis. Substitution of NMe, by
less m-donating Cl, Me and Et ¢roups, would be expected
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to increase N~to-Mo 7 bhonding in the remaining Mo-NMe,
groups. In fact, shorter Mo-N bond distances are seen
(shorter by 0.01 to 0.03 A). This may be indicative of
Mo-N double bonds. Each Mo has one N lone pair occupying
the dxy orbital, the other the dxa_y; orbital.

The qualitative wview +that +the wvalence electronic
structure is composed of one ¢ and two 7 components has
been verified through guantitative calculations by the
Scr-Xa~-SW method, and photoelectron spectra confirms the
validity of the calculations [15]. Also, the extent to
which N{O)-to-Mo 7 bcnding actually oegurs was shown by
the calculations to be quite significant. The M-M honding
plcture accounts for the observed diamagnetism of these
compounds.

Verification of this qualitative picture of bonding,
including the ligand-to-metal n bonding, ls also provided
by the molecular mechanics studies discussed later.

The structure of the [Mo,(HPO,),(Hy0),]1%" unit is
reminiscent of that found for [Mazisb4)4(H20)2]3‘ and also
for [M02(304)4]4“, but there are significant differences
in detail.

One of the most interesting differences is the long Mo~Mo
distance, 2.223(2) A, as compared to 2.164(2) A in bond
order (N) 3.5 and 2.111(1) A& in N = 4, which tells ur
guite clearly that we are dealing with a triple bond
between the Mo atoms.

The structures of both Cs;[Mo,(HPO,),(H,0),]1, which has
axial water molecules (Mo-OH, = 2.46(1), 2.53(1) &), and
(pyH) 3[Mo, (HPO,) 4]C1, in which there are infinite chains
with shared Cl~ ions occupying axial positions (Mo-Mo =
2.232(1); Mo-Cl = 2.910(1) &), have been determined [59,
60]. Tha stracture of the latter is shown in Figure 2.15.
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While the H atoms of the HPO, ligands were not observed,
it is easy to tell where they are from the outer P-0
distances. One cn each ligand is about 1.48 & (P=0) and
the other is about 1.54 & (P-OH).

Figure 2.15 The structure of the [Mo,(HPO,),(4-Cl),]
' unit.

The 0=P-0H moieties are so arranged that the overall

' symmetry nf the [Mog(HP04)4]2" ion is C4,; however, the
J inner Mo,0; portion of the ion has effective Dy,
symmetry, and the bonding can be understood as a olrn?

configuration.

Since the existence of only a triple bond imposes no
barrier to internal rotation, it is pertinent to examine
the rotational conformation. The structure is essentially

. eclipsed, presumably because this conformacion is
favoured by the ligands.

I L very interesting compound of formula
Moz(CHzButjz(osze)4 has a structure [61] closely related
to that of the quadruply bonded Mo, (0,CMe), molecule. The
o molecule retains the typical Mo,({0,CMe), core
: supplemented by axially ligated necpentyl liganhds (Figure
L 2.16) . Remarkably, the Mo-Mo distance is 2.1302(6) &,
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only slightly longer than that in the parent molecule,
2.093(1) A, and is the shortest yet seen for a d&°~d®
Mo.5*~containing compound. It has been suggested that the
valence MO configuration is m*s2,

[ & D
);_:KV
“ 0”17‘0 CA{” |

Figure 2.16 The structure of Mo,{CH,Bu'),(0,CMe),.
2.4 Double Bonds

There is as Ye.t no proven well-defined example of a
double bond bhetween Mo atoms. Indeed no compounds are
known which have M-M double bonds unbridged by ligand
atoms, and thus there must be yoom for speculation about
the M-M bond order. From the Mo-Mo distance alone 1t is
not possible to distinguish unequivocally between the
direct coupling of electron spins (double bond) and
indirect coupling through the bridges.

The structure of the Moz(OBu‘)G(;L-CO) molecule is shovn in
Figure 2.17.
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Figure 2.17 The structure of Mo,{0Bu'),(u—-CO).
{a) The entire molecule; (k) Showing more
clearly how the structure can be regarded
as two square pyramids sharing one
triangular face.

It can be thought of as consisting of two square pyramids
fused on a common triangular face. The Mo-Mo distance is
2.498(1) A which, together with the observed diamagnetism
of this complex, 1s consistent with the existence of a
double bond (62].

Qualitative electron counting for each Mo may be
conducted as follows:

The neutral Mo atom has 6 d-electrons, each terminal OR
(two of them) contributes one electron as does the
bridging €O group, and the pair of bridging OR ligands
contribute 3 electrons to each Mo atom. Hence 4 electrons
from each Mo are involved in M-L bonding, leaving each Mo
with 2 unpaired electrons. If there is a double bond,
which is considered likely, it is perhaps best formulated
in the followiny way.

Each Mo atom may be assumed to use atomic s, p,, by,

dpy and d, orbkitals to form 5 ¢ bonds to the four O atoms
and the carbonyl C atom which are disposed in a square
pyvramidal manner. (The z-axis is taken to be coincident
with the Mo-C bond.)
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In the C4, symmetry of a regular sguare pyramid the d
orbitals not used in M-L ¢ bonding fall into two sets:
the d,, orbital and the degenerate d,, d,, pair. The
d,~dy, overlap results in a ¢ kond with maximum electron
density along the Mo-Mo line. The d,-d,, or d,,-~d,,
vrbitals also can overlap to form a bent bond with
maximum overlap density inside the flattened tetrahedron
formed by the two Mo atoms and the two u-0 atoms.

Mo,(OPri); is an alkoxy-bridyed dimer with a Mo-Mo
distance of 2.523(1) & [63]. The structural evidence in
favour of Mo~Mo bhond is cogently presented in Figure 2.18
where the Mog'(opri) g structure is contrasted directly with
that of Mo, (OPri) (NO), in which there is no Mo-Mo bond and
hence a net vepulsive interaction between the two Mo
atoms: Mo--Mo = 3.335(2) A [64].

Figure 2.18 The central skeletons of the {a)
Ho,(OPrl)y and (b) Mo, (OPr!)4(NoO),
molecules together with some pertinent
bond distances. These views emphasize how
each Mo atom is in a distorted trigonal
bipyramidal environment.

In both compounds there is essentially +irigonal
bipyramidal coordianation about each Mo atom and there is
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a pair of bridging i-Pro0 ligands which form alternatively
long (axial) and short (eguatorial) Mo-0 bonds. The most’
striking difference between the two structures are:

* the Mo-Mo distances and

% the angles of the planar Mo, (u~0), moleties.

The short Mo-Mo distance together with the acute angles
(76.5(1)°) at the bridgihg 0 atoms and the obtuse angles
(103.5(1)°} at the Mo atoms argues irrefutably for .a
direct bond between tF -~ Mo atoms in Hoz(OPri)g.

The double bond may be formulated in the following
marner.

Let the z-axis be coincident with the axial 0-Mo-0 groups
of each Mo. Then formation of five ¢ bonds to O may use
S, Pgr Pyr Py and d,. atomic orbitals. This leaves two
doubly degenerate d orbitals, (d4,,, dy,) and (dya_y2, dxy),
with the former 1lying lower in energy in a simple
trigonal bipyrami¢: ' ield.

If we then choose = y-axis to be coincident with the
Mo-Of{eq) bridging ligands, then the d,, atomic orbitals
can form Mo-Mo o and ¢" orbitals; the d,,-d,, interaction
will yield m and %" orbitals.

These siwuple bonding pictures predict a Mo~Mo bonding
configuration ¢?a* for a 42-d? dimer.

The Mo-Mo distances fall betwesn those of Mo=Mo and those
of single Mo—-Mo, which, together with the observed
diamagnetism (this requires a M-M bond of even order)
suggests a Mo~Mo bond of order two.

2.5 Unbridged Single Bonds
The structure of bis-[cyclopentadienyl molybdenum

tricarbonyl], (n°-CgHg),Mo,(CO)¢, was described by Cotton
et al in 1974 {64]. The structure provides for a

completed 1&-:b5)1 for the Mo atom, In accord with the
41
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observed diamagnetism ©of the compound. The molecule
consists of an unsupported dimolydenum core, each Mo aton
being bonded to three carbonyls and one cyclopentadienyl
{(Cp) ligand. The molecular shape, the rather long Mo~Mo
bond (3.235(1) A), and some rather short intramolecular
nonbonded contacts suggest that the melecule is under
considerable steric strain.

The structure of (ns—csHs)zﬁoz(CO)s(CNCH3) [65] is shown
in Figures 2.19 and 2.20. The molacular structure is
extremely similar to that of (mn%-CgHg),Mo,(CO)g. The
replacement of one carbonyl group trans to the Mo-Mc bond
by CNCH, causes essentially no change in the rest of the
molecular structure., Even the Mo-Mo distance remains
essentially identical with a value of 3.230(1) A.

Figure 2,19 The structure of (n°-CgHg) ,Mo, (CO) 5 (CNCH,) .

Figure 2.2¢ A sterec palr representation of the
molecular structure.

Other structures dnrived from the parent molecule
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are (n5=-CgMeg),Mo,(CO)g (Mo-Mo = 3.281(1) X) [66] (Figure
2.21) and (n5-CgH,~(CH,y)3—O0H) Mo, (CO)g (Mo=Mo = 3.213 &)
{67), and all “Have the same pseudo-square pyramidal

configuration.

Figure 2.21 The molecular structure of
(ﬂ 5"C5Hes) 21‘!02 ICO) 6"
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Chapter 3
BONDS BETWEEN Cr ATOMS: THE LARGE
RANGE OF Cr-Cr DISTANCES

3.1 Cr(II)-Cr(II) Quadruple Bonds

The Cr-~Cr quadruple bonds have a curiocus history,
beginning with the correct structure determination of
Cr,(0,CCH3) 4(Hy0); in 1970, and the structure of
[CrQ(CH@)ST*. However, it was only for the former molecule
a that attention was explicitly directed to the nature of
' the M~-M bonding. For carboxylato species of this type the
lengths of the Cr-Cr bonds have heen a source of

considerable difficulty, and that is still true today.

o | However, with the discovery in 1977 of the first

J ‘supershort’ Cr-Cr bond {<1.2 A), a new chapter of
extensive, systematic chemistry of what are,
indigputably, guadruple Cr-Cr bonds was begun.

One of the most challenging problems in the field of

multiple bonds between metal atoms has been to identify

TN and order the factors that influence the strength of the

» L gquadruple bond interaction between metal atoms in
j G compounds containing the cr,** unit.

3.1.1 The Unbridged Chromium Dimer
The crystal and molecular structure of the only

S Cr(II}-Cr(II) dimer unsupported by bridging ligands,
| LiCry{CH;) . 4C,HO was determined in 1970 [68]. The
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Chapter 3
BONDS BETWEEN Cr ATOMS: THE LARGE
RANGE OF Cr-Cr DISTANCES

3.1 Cr(II}~Cr(iX) Quadruple Bonds

The Cr-Cr guadruple bonds have a curious history,
beginning with the correct structure determination of
Cry (03CCH3) 4(Ha0), 1in 1970, and the structure of
[Cr2(CH3)8]4'. However, it was only for the former molecule
that attention was explicitly directed to the nature of
the M~M bonding. For carboxylato species of this type the
lengths of the ¢v-Cr bonds have been a source of
considerable difficulty, and that is still true today.

However, with the discovery in 1977 of the first
fsupershort’ Cr-Cr bond (<1.9%9 A}, a new chapter of
extensive, systematic chemistry of what are,
indisputably, guaaruple Cr-Cr bonds was begun.

One of the most challenging problems in the field of
nultiple bonds between metal atoms has been to identify
and order the factors that influence the strength of the
guadruple bond interaction between metal atoms in
conpounds containing the cr24+ unit.

3.1.1 The Unbridged Chromium Dimer
The crystal and molecular structure of the only

Cr(II)-Cr(II) dimer unsupported by bridging ligands,
LiCr,(CH,) 4. 4CHO was determined in 1970 [68]. The
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[Cr,(CH,)4]* ion has a Cr-Cr distance of 1.880(5) X and
is isostructural and isoelectronic with the {Moz(CHS)g]“"
ion. The presence of the § bond receives strong support
from the eclipsed nature of the Me ligands.

3.1.2 Bridged Dichromium Compounds
(a) Dichromium Tetracarboxylates

We begin with the Cr,(0,CR}, compounds since they are the
earliest known Cr, molecules. It is comrenient to keep in
mind from the outset +that virtually all of these
Cry(OCR) I, and Cr,(0,CR), compounds have the types of
structure shown in Figure 3.1. The axial positions are
filled either hy szparate ligands L, or by the oxygen
atoms cof other Cr;(0,CR), molecules. In the latter case
infinite chains are built up. Since :the Cr-L, bonding
uses, to éome extent, the same Cr d, orbital that is the
principal contributor to the Cr~Cr ¢ bond, the presence
of axial ligands may tend to weaken the Cr-Cr bhond.

R
R /
! " /c\
/C\ R / 0 -3 Cr
o o-C T\ /S /
!, Y ’I/,Q O—=Cr— Cr=—0
bt ~ /1 s S N
0 0 —=Cr == Cr ~—u( o
Q.0 —
Ser<e~° A VAE
v Cr 0 o g
R | No
R /
a R b
Figure 3.1 (a) The ygeneral structure of a

Cry(0,CR}, I, molecule. (b) The formation of
infinite chains of ¢Cr,(0,CR), molecules.
Above and below each Cr; unit are two more
RCO, groups not fully shown.

The dicliromium carboxylates became integrated inte the
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nain stream of research on M-M multiple bonds in late
1970, when an accurate measurement of the crystal
structure of Cr,(0,CCH;),(H,0), was carried out [69, 70].
This showed that the Cr~Cr distance is actﬁally
2.362(1) A, which made it reasonable to speak of "the
quadruple M-M iateraction as a strong onen.

Crystals of unsolvated compounds were obtained by vacuum
sublimation for Cr,(0,CCHy), [73] and Cr,(0,CCMejz), [74].
In each case, the X-ray studies revealed an infinite
chain structure of the type shown in Fig. 3.," (5. The
cr-Cr distance: are 2.288(2) A and 2.388(4) A&,
respectively. -

Replacement of the water molecule by the bridging oxygens
leads to a decrease in the Cr-Cr distance for R = Me. The
bulky CMe; groups seem to cause the Cr-Cr distance to-
lengthen and the axial i .ermoclecular contacts Lo be
longer (2.44(1) &) than those in the acetate (2.327(4)4).

Formation of a 4-membered ring containing two Cr atoms
and two bridging oxygens forces the axial oxygen off the
Cr-Cr axis as seen in the packing diagram (Figure 3.2).
Both the increase in the distance of the axial 0 atom in
Cr, (0,CR), and its displacement from the Cr-Cr axis
should work to strengthen the ¢ contribution to the Cr-Cr
bond.

Although it may be argued that the difference in the

Cr-Cr distances in the hydrate and intermolecular cases
is small from a chemical viewpoint, it is greater than
the change in Mo-Mo distance which accompanies a much
greater change ir the axial ligand, whe:. Mo, (0,CCF5), and
Mo, (0,CCF3) 4 (PY), are compared.




Figure 3.2 Packing diagram of anhydrous dichromium
; acetate along the short cell axis.

From the data for the formate compound,'the more closely
bound water molecules have a longer Cr-Cr distance,
implying an inverse relationship between Cr-Cr and Cr-I,,
distances, and it was argued that such an inverse

e

correlation should be more general.

Several other Cr;(0,CR),L, compounds have been
structurally studied to determine the response of the

cr-Cr 'guadruple' bond, as that response is evidenced in
the bond length, to the nature and proximity of axial
Ligand atoms, and the inductive character of the R group
in the carboxylate ligand [RCO,]". The only two
structural parameters which vary significantly are the

(

Cr-Cr and Cr-L,, distances. Structural results are given
in Table 3.1.

The most striking fact about these data iz the enormous
range covered by the Cr~Cr distances, from a low value of

! f’\ 2.214(1) A ir:n [Cr2(003)4(H20)2]4‘ to the highest onhe,
o 2.541(1) A, in Cr,(0,CCF3),(Et,0),. Although there is

! significant variation in Mo-Mo guadruple bhond lengths,

1 the range covered for all kinds of diverse ligands is

% much smaller, viz., 0.13 A,
f ¢ It seemed natural for experimental chemists to search for
: possible empirical correlations. A plausible strategy in
- k\“‘ seeking empirical relationships was te focus on the
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Tabla 3.1 Structures of Dichromium Tetracarboxylates,
€ry (05CRY 4Ly

R Loy cr-cr (A} cr-n, Ref.
(A

Me H,0 2.362(1) 2.272(3) 6., 70

71, 72
Me inter® 2.288(2) 2.327(4) 73
H py® 2.408{1) %.30B({3) 74
CMe, intera 2.388(4) 2.44(1) 74
CF, Et,0 2.541(1)  2.244(3) 74
o4 H,0 2.214(1) 2.300{3) 75
Me py® 2.369(2)  2.335(5) 76
Me pyrazine  2.295(5) 2.3L{1) 76
‘biphenyl inter® 2.348(2) 2.308(5) 77
biphenyl THF 2.316(3) 2.275(6) 77
CF,H Et,0 2.490(3) 2.233(6) 78
CMej 2-CN-py  2.327({1)}) 2.388(4) 78
CMe, 4~CN-py  2.335(1) 2.334(2) 78
CMe, pY 2.359(3)  2.325(8) 78
CMey 4-NH,~py  2.379(1) - 2.282(2) 78
Me 4-CN-py 2.315(2} 2,327(4) 78
Me 4-NMe,-py 2.411(1)  2.279(4) 78
H 4=-CN-py  2.385(3)  2.34(1) 78
H 4-NMe,-py  2.443(1)  2.270(4) 78
Me/CClH, oY 2.367(2) 2.336(6) 78
CC1H, 4-CN-py = 2.408(4)  2.23(2) 78
CF,H 4-NMe,~py 2.500(1)  2.246(2) 78
CF,H 4~CMe,-py  2.514(1)  2.277(9) 78

20 o oM

tintermolecular oxygen donation
rpyridine :
:dimer of dimers (see text for further information)
tcarbonate (0~C{0}~0)2"

P Rl 14
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influence of axial coordination. It was supposed that the
strength of the Cr-Cr bond would be inversely related to
the strength of the axial ligand bonding. The principal
basis for such a relationship would presumably be the
competition between the Cr-Cr o¢-bonding and the Cr-IL,
bonding for the metal d,. orbitals necessary to both.

Experimental chemists tried to establish systematic
empirical xelationships between the composition of
Cry(0,CR},L, compounds (i.e. the identities of R and L)
and the Cr-Cr bond lengths, and in particular to see how
the character and strength of the Cr-L,, bonds would
affect the Cr-Cr bond. A very coarse inverse relationship
hetween the Cr-I,, and Cr-Cr bond lengths was observed
{74, 75]) and there was some tenuous evidence for a
dependence of the Cr-Cr distance on the inductive
strength of R,

el el el e ol

H N e 3

In these studies the variations in R and L were fairly
: random; it was hoped that the correlations would ba so
\_;,2/) well defined that they would be evident even when strict
. control of all variables was not maintained.
Since that. turned out not to be the case, Cotton and Wang
[78] prepared and structurally characteriged several ‘
series of compounds in which (a) a given I is retained i
throughout while R is varied over the maximum possible :
range of inductive effect (CMe; to CFH), and (b) R is

e e o N

/“53 naintained the same while employing a series of axial
' ligands that are as nearly as possible sterically
G identical, except for differences in basicity (4~

substituted pyridines). With the data a systematic search
was made for correlations between (a) the Cr-Cr and Cr-N
bond lengths, (b} each of these bond lengths with the pK;
values of the carboxylic acids and (c). each of these bond
lengths with the pK, values of the pyridine ligands. With

e o

{
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the exception of some compounds, the correlations sought
were found. The Cr-Cr and Cr-N bond lengths are inversely
related, though it is impossible to say whether this
relationship is linear. The Cr-Cr bond lengths vary
directly with the pK, of L,, and inversely with the pK,
of RCO,H, while the Cr-N bond lengths show the opposite
correlations with the pK, values.

The resulits seemed to bear out the ygenerally accepted
concept that increased strength of axial lligation (as
evidenced by a higher value of pK, for the protonated
base) and decreased donation by the bridging ligands
leads to decreased strength of the M-M bond. However, as
mentioned hefore one can expect irregularities in simple
velationships tc exist as long as the electronic and
steric factors have not been separated.

The guestion of how long the Cr-~Cr bond would be in an
isolated Cry,(0,CR), molecule, that is, when axial
coordination is entirely nonexistent, provoked several
efforts to isolate such & species. Logically there are
only two approaches, given the fact, that even when no
independent ligands are present, Cr,(0,CR), molecules
tend to associate with themselves. One approach is to use
a gagseous sample, the other is to employ an R group of
such size and shape as to prevent association.

In an attempt [77] to £ind the right sort of R group, the
following approach was taken. It was recognized that to
prevent association of Cr,(0,CR), it 1is necessary to
block access to the axial positions, hut only to screen
the carboxyl oxygen atoms so that they cannot use their
lone pairs to reach the metal atom of an adjacent
molecule. The R group chosen was 2«phenylphenyl, giving
the carboxyl group 1, and it was hoped that the tendency
of the pendant phenyl group to be nearly perpendicular to
the CzH;CO, plane would lead to a situation in which two
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pendant phenyl groups would be directed toward each end
of the Cr,(0,Cbiph), molecule, thus preventing chain
growth at either end.

When this compound was prepared in THF the results were
exactly as anticipated, with the two pendant phenyl
groups directed each way and not interfering with axial
coordination of the two THF molecules. The compound was
next prepared in a non-coordinating solvent, toluene,
with the object of obtaining unassociated and
uncoordinated molecules. Hocwever, an unanticipated result
was obtained, as shown schematically in 2. In each of two
Cr,(0,Chiph), molecules, all pendant phenyl groups have
oriented themselves to one end, thus preventing the use
of oxygen. atoms on that end #for association. The
unencumbered ends of the two Cr,(0,Cbiph),; molecules have
then united, as in 2, to produce a dimer.

The final comments reguired on the structural data for
dichromium carboxylato compounds concern the fact that
all the Cr~-Cr bonds, even the shortest ones, are far
longer than might have been expected from the Mo~Mo bond
lengths in comparable compounds. In Mo, (0,CCH3),, for
example, the Mo-Mo distance is 2.093(1) 4. since accepted
bond radii of whatever specific form or . ,4in are always
at least a 1little smaller for . omium than for
molybdenum, the Mo-Mo bond length might well have been
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considered an upper limit for the Cr~Cr bond in a
homologous compound.

It was vconcluded +that the Cr-Cr quadruple bond
interaction, within the tetra-u~carboxylato environment,
must be described by a very broad, relatively shallow
potential function so that the Cr-Cr distance is easily
varied over a broad rahge by a variety of factars.

(b) oOther Bridged Dichromjium Compounds

While it is generally accepted that the nature of beth
the axial and bridging ligands affects the Cr-Cr bond
distance, views differ as to which influence is
predominant. From studies on molecules where the [RCO,1
groups are replaced by other bridging groups such as the
amidato type ligands, with N-C-0O units, the most critical
factor appears to be whether axial coordination occcurs or
not, in that, for all such compounds the Cr-Cr distances
are 31.95 & when axial ligands are absent, whereas
introduction of axial ligands causes increases in the

Cr-Cr distance to as much as 2.246(2) & in a [di(THF)],,

compound.
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{1} The Supershort Bonds

A distinct dichotomy was created with the discovery of a
series of compounds that contain 1ligands that are
sterically and electronically similar to the carboxylato
group, and yet have vastly shorter Cr~Cr bonds i.e. in a
range <1.95 &.

It was the preparation and characterization of Cr,(DMP},,
(DMP = 2,6-dimethoxyphenyl anion} whose structure is
shown in Figure 3.3, that initiated the development of a
broad, systematic chemistry of dichromium compounds with
very short, unmistakably guadruple bonds.

Figure 3.3 The molecular structure of Cr, (DMP),.

At the time it was discovered (1977) [79, 80}, the Cr-Cr
bond distance of 1.847(1) A was considered so
surprisingly short as to raise the question of whether
there might, somehow, be an error in the structure
determination. This was recognizZed to be exceedingly
unlikely, since every phase of the crystallographic
structure determination had proceeded routinely, there
had been no indication of twinning, disorder, and the
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like, and the other bound lengths and angles we~e all
normal. Nonetheless, to be fully certain that no subtle,
unrecognized error had crept in, the structure of the
chemically almost identical .umpound, Cr,(TMP), {(IMP =
2,4,6-trimethoxyphenyl anion) was determined (80, 381].
The result was 1.849(2) &, which is statistically
indistinguishable from that for Cr,(DMP),.

Other ‘!supershort' dichromium compounds bridged by the
0~C unit are shown in Table 3.2.

The adjective 'supershort' has been defined to mean
¢r-cr < 1.95 A in 1length. This is, of cours:, an
arbitrary definition, but it does correspond to a
practical point of reference in dealing with the
compounds of interest.

The Cr,(2-MeO-5~MeC.H,), compound has the shortest known
Cr-Cr distance, 1.828(2) & [82].

The fact that the Cr-Cr bonds are enormously shorter when
four oxophenyl-type ligands are present than when there

are four carboxyl groups posed the interesting question

as to what the Cr-Cr distance would be if the ligand set
consisted of two of =ach type.

By using the ligand, 2-ButocsH4, where the t~butyl groups
are so large as to inhibit the simultaneous attachment of
four such ligands, it proved possible to obtain a product
in which only +two of the four acetate groups of
Cr, (0,CCH3), are replaced. The crystal structure [83] of
the resulting compotund, showa in Figure 3.4, has the
hoped-for ligand arrangement, and the Cr-Cr distance is
1.862(1) A. The general features of the (2-Bu®0CgH,),Cr,
portion of the structure are the same as those previously
observed.
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Table 3.2 Crj(Lg4)4 structures, L,, = 0~C bridge,

ag with
supershort Cr-Cr bonds
(Ligg)y cr-cr (&)  Ref.
1.847(1) 79, 80
MeO OMe
4
OMe
1.849(2) 80, &1
MeO _ OMe)4
Me
. I\Q 1.828(2) 82
OM&)
4
“f
c
P ) 1.862(1) 83
O [4] .
2
DCMea)E
18-
[Ei;;i]\\ 1.830(4) 84
O)
4
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Figure 3.4 The molecular structure of
Cr, (0,CMe) , (2-ButoCgH,) 5.

Finally, in this same period of time, and still using

oxophenyl-type ligands, cone more important compound was

reported with the rather complex formula

LigCr, (CgHy0) 4Br,.6Et,0. The crystal structure ([84] is

complex, but the unit of interest is shown in Figure 3.5.

The Cr--Br distances are very long {3.266(2) A) and thetre
; can be but little, if any, direct bonding.

Following the discovery of these compounds, the next
development was the study of Cr,;L,; compounds where

L = MAP, MHP, DMHP and CHP. Isostructural compounds have
already been encountered for dimolybdenum. Again
‘'supershort Cr-~Cr distances are founds 1.870(3) A for
Cr, (MAP) ,.2THF [85], 1.889(1) A for Cr, (MHP),.CH,Cl, [86],

o 1.907(3) & for cr,(DMHP),.0,CH,, [87] and 1.955(2)4 for
Cr, (CHP), [88].
RS
] The cbvious question raised by these Cr,L, compounds with
E supershort bonds was why some ligands (L) are conducive
to the formation of such bonds and others not. Ligands
‘ ¢ like DMP, MHP, and MAP were originally selected because
: their stereocelectronic similarity to the carboxyl iens,
AL [RCO,]", was expected to allow the formation of cr,L,
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compounds having qualitatively siwmilar structures. This
gualitative similarity was found, but quantitatively
there was also a major difference, namely, the very much
shorter Cr-Cr bonds.

Figure 3.5 The structure of the Cr,(2-oxophenyl)  Br,
moiety in LigCr,(OCgH,) Br,.6Et,0.

In seeking an understanding of this phenbmenon, one might
tirst consider whether the identity of the ligating atoms
is critical. In the supershort cases, we have seen the
ligands ¢C~0 (DMP), N“O (MHP), N*N (MAP), and a
combination of 0~0/C~0. Since these variations have
little effect on the Cr-Cr distance, it seems unlikely
that simply going to the 0”0 combination could make such
an enormous difference.

Another aspect of the ligands in the compounds with
supershort bonds is that in all of them one of the
ligating atoms is a member of an aromatic ring. This
raised the possibility thace the m and/or w* orbitals of
such a ring could exercise a decisive influence on the
Cr-Cr distance. There are, however, now numerous counter
examples, that is, Cr,IL, compounds with supershort bonds
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in which the ligands do not contain donor atoms that form
part of an aromatic ring. In pursuit of this goal the
ligand types 3 a,b,¢ (triazinates, amidinates and
amidates, respectively) were employed.

R T'
R N R f
\, N R /C R R E
NS N W Yo
3 rn) () {c)

Molecules cont#.ning these bridging ligands, 3, are
listed in Table 3.3.

Table 3.3 Supershort Cr,L, compounds without
incorporation of donor atoms into an aromatic

ring
L cr-Cr (A) Ref.
PhN~-N-NPh 1.858(1) - 89
PaN~C (¥Me) -0 1.873(1) 90, 91
(2, 6xylyl)N-C(Me)~0 1.937(2) 92

DMF 1.930(2)} 93

The data now available poi': . t+3 only one reasonable
conclusion. All of the moleculey with supershort Cr-cr

bonds have no axial 1ligands and nu intermolecular
association.

It therefore geemed ve.y probable that a crucial featurs
controlling Cr-Cr bond lengths must be the presence or
abzence of axial bonds, while the electronic character of

the bridging ligands is of much less importance.

Unfortunately, this correlation does not unambigucusly
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resolve the guestion, because the only molecules falling
in the long-kond category are the carboxylato species.
The import of this correlation would be a lot clearer if

* we had something besides carboxylates in the long-
bond category, and

* we could examine at least one Cr,(0,CR); molecule
that is totally lacking in axial bonding.

{(ii) The Effect of Axial Ligands on Supersnort Bonds

R i i, AT L Wbty T 3 T - AT ok, ottt e o -

There has bheen the suggestion that, for an equatorial
ligand set consisting of (4N+40) or another combination
not consisting ex:lusively of 0 atoms, there would be a
pronounced tendency to develop strong and short Cr-~Cr
bonding even in the presence of axial ligands.

b .i _ However, X-ray crystallography has shown that if there is

o good axial coordination a long Cr-Cr distance will be
obtained whether the four bridging ligands are of the
amidato ion (N-C-0)" type ov the carboxylatc group. The
structural data for ‘supershort’ compouncs with axial
ligands is shown in Table 3.4.

With axial donation other than I, = CH;X,, the Cr-Cr
distances are brought very close to the range typical of
carboxyl compounds in general. In fact, the cCr-Cr
distance is longer than the Mo-Mo distance in comparable
compounds, which further illustrates the extreme

.(ﬂa sensitivity of the Cr-Cr ’/gquadruply’ bonded systems te
f .i axial coordination,.

;O

i The structural results show that the overwvhelmingly most
% critical factor is whether axial coordination occurs or
é not, in the sense that, whatever the nature of the X-2-Y
f o ligands, the Cr-Cr distance will be short (<1.95 &) when
: there is no axial coordination and long (>1.95 &) when
K\“ axial bonds are formed.
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Table 3.4 Key bond distances for +he N~0O-bridged ,
dichromium compounds with axial coordination 'f

Leq (Lg)y  ©r-cr () cr-i,, Ref,
PhN-C (NEPh) -0 (THF),  2.246(2) 2.350(5) 94
2,6xylyl)N- CH,Cl 3.354(3
(2,6xylyl) (CHyCly) 5 1.949(2) (3) 95
¢ (Me) -0 3.58(1)
2,6Xyiv1}N~- 3.335(4
(2, 6xylyl) (CH,Br,), 1.961(2) (4) 92
C{He) -0 3.554(5)
6xylyl)N- 2.318(9
(2,6xylyl) (THF), 2.221(3) (2) 96
C(Me) -0 ! 2.321(8)

(2,6xylyl) N~

o (e} 0 (THF),  2.023(1) 2.315(4) 96

(4NMe,~Ph) N~

S (M8} =0 (THF),  2.006(2) 2.350(6) 96

T FHP (THF),  2.150(2) 2.266(6) 97

) The conclusion that a Cr,(0,CR}), molecule having
/) absolutely n¢ coordination in the axial positions would
have a Cr-Cr distance less thai: 2.00 & is not logically
damanded by these results, but is indicated as a distinct

possibility.

Az was the casz for Mo,, all the Cr,(XZY), and Cr,(X2Y) L,

_ compounds have near eclipsing of the X~Y lligands about

iy the M-M bond. This: is not only favoured by the presence
r L of any § bonding, but also by the delocalization of the
: negative charge of the (XZY)~ groups as discussed before.

. (c) The Isclated cr2(OQCCH3)4 Molecule
; It has been asserted by some that these lohg Cr-Cr
& distances in Cr,(0,CR), compounds  are mainly a

consequence of the electronic properties of the [RCO,j"
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ligands and only secondarily traceable Lo the axial

finally in '1935, the experimental
{by electron~diffraction} ([98] that
isolated molecules of Cr,(0,CMe), in the gas phase have
a Cr-Cr bond length of 1.96(1) & (substantially shorter
than either of the X-ray values for Cry(0,CCHy).L,, L =
H,0, intermolecular), refuted this idea and showed the

bonds. However,

demonstration

primacy of the axial ligands in determining the strength
of the Cr~Cr bond.

Besides having a shorter Cr-cr distance, the Cr-Cr-0
angles are obtuse, whereas in the presence of axial
The
difference in Cr-Cr-0 angles is probably a result of the

thite' requirements of the 040 bridging ligand.

coordination these angles are slightly acute.

3.2 BAn Unbridged Sirngle Bond -

The only unsupported dichromium compound of formal bond
order less than four, is (N°%-CgH;),Cr,(C0)¢ [99]. The
molecule is isostructural with (n®-CgHg),Mo,(CO).. The
Cr-Cr distance, 3.281(1) A, is far longer than would be
expected for an unstrained single bond; it is actually
ca. 0,06 & longer than the Mo-Mo bond. The explanation
for the unexpected result is to be found in the presence
of substantial nonbonded repulsions. ‘
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Chapter 4
UNDERSTANDING THE NATURE OF
DIMETAL BONDING

With the structural data discussed, accounting for the
observed trends is the next step to understanding dimetal
bonding.

4.1 The Effect of Axial Ligands

We have had the occasion to note the influence of axial
ligands on M-M bond lengths in the previous chapters.
The length of a M~M multiple bond is increased by the
introduction of axial ligands. However, the magnitude of
the effect varies markedly from one metal to another.

There are some very interesting contrasts oetween
dichromium and dimolybdsnum species. The Mo,(XZY),
molecules appear to show real resistance to acceptin-
axial ligands, and even when such ligands are present,
the Mo-Mo bond distances are affected by oanly a few
hundredths of an Angstrom (ca. 0.065 A). The Cr,(XZY¥)4
units, however, seem to have a powerful attraction for
axial ligands, and the Cr-Cr bond lengths are markedly
affected, though not in an accurately predictable way, by
the presence of such 1ligands. 7The Cr-Cr distance is
increased from < 1.96 A in the absence of axial ligands
to 2.541(1) A in Cr,(C oCP),(Et,0),. There may well be a
synergic effect with poorly donating bridging ligands
énhancing the axial donation, or axial donation enhancing
the Cr-Cr sensitivity towards the bridging 1ligand
character.

62

THIT L r s g et MM AT o o g - s

s as e B G S ﬁiw;ﬁ%}iéfﬁ%ﬂ}mﬂémaw@&ﬁ e




g e R R IR TPLE RPN DR

%

The peculiarity is that, in spite of belng highly ;

multiple (at least formally), the observed dichromium ;

-pond distances vary over a range of ca. 0.7 A. The E

existence of Cr-Cr bonds of order 4 is universally ;

accepted for the species in the lower range (<1.96 A), ;

but controversy has arisen concerning those in the upper 1

range. '

, 4.2 Formal vs. Effective Bond Order :
) >
Based on bond length, conformation, electronic and >

vibrational absorption spectroscopy, theoretical N
considerations employing sophisticated calculations and, :
above all, internal consistency, the evidence for a
miltiple bond in certain compounds is overwhelming. Such
is the case for the guadruple [Mo,Cl;}* anion.

' _ However, not all cases are so clear cult since there may
' be extenzive mixing of M-M and M-ligand bonding such that
the significance and validity of a M-M bond order or its
assignment is questionable.

8o far, we have used the term M-M bond order only to
indicate how many electron pairs are believed, on the
basis of essentially gualitative considerations, to play
a significant part in holding ths pair of metal atoms
together. This is defined as the formal bond order and
depends purely cn a qualitative electron count deduced

L -.1‘5.2‘
S from the formal oxidation state of the metal atoms in a
R .

: particular ligand environment.

. G

| This formal definition overlooks such possibilities as

ﬂ the mixing of M-M and M-ligand (axial and/or equatorial)
bonding; or the effect of torsional twist about the M-M

f o kond on the § component of the quadruple bond.

Yoo The dichromium (IX) compounds are all formally gquadruple
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in order. However, the large variation in Cr-Cr distance
raises the question whether these bonds can reasonably be
considered to be of the same order. Such large
differences indicate that behind the formal concept of
guadruple bonding the real bonding situation may be quite
different. Surely the axial and equatorial ligands have
a decisive influence on the electron density at the
dimetal centre? It has already been mentioned that there
may be competition between the Cr-Cr ¢ bonding and the
Cr-1,, o bonding for the metal d, orbitals necessary to
both.

Although the trends clearly depend on electronic factors,
steric contributions to the ohserved effects are by no
mear:.. excluded.

sikewize, the dimolybdenum(II) bonds are all formally
o le. However, 6 overlap is, of course, angle

. wa, The minimization of nonbonded repulsions,
2, - "+ . a1 between the sets of ligands at the two ends of

i

‘A FghiLoLl, unit, usually (not always) favours a rotation

away ires the aclipsed conformation. The guestion is how
much of z twist can occur without loss of the § component
to the guadrvple bond. Also, the § bonding depends upon
the lateral overlap of the d¢§ orbitals, a type of overlap
that diminishes rapidly as the internuclear distance
increases. It is therefore necessary to examine how big
a twist about the Mo-M¢ bond, or Mo-Mo stretch is
tolerable before the foermal quadruple bond is effectively
reduced to a lower order.

In short, the ‘effective’ or ’true’ bond order of a
dimetal centre may not depend only on the number of

alectrons formally available for M-M bond formation .

(which dependts on the position of the metal in the
periodic table and its oxidation state), but also on the
nature (electronic and steric) of the ligand environment.

64

b A L 3 it F




R

T s i s o e L R WL P e S g L B

As chemists, we like to think of multiple bonds most
simply as derived from the overlap of ator’'c corbitals of

"o, # and § symmetry. A major problem is that such

descriptions, although attractive and simple, are
oversimpiifications. Simple electron counting and M-M
d~orbital overlap are insufficient for the understanding
of the true nature of dimetal bonding.

4,3 Theoretical Attempts at Resolving the bDichromium
Controversy

Dichromium species have proved the most difficult to
handle theorétically and much effort has been devoted to
them.

The £ ¢ calculation to be reported [100] was a HF-SCP
calculation on Cr,(0,CH)4(H,0), at a Cr-Cr distance of
2.362(1) R, from which a nonbonded ¢2626*2¢™ configuration
was assigned to the ground state. This result raised an
important query as to whether this compound has a
guadrueple bond. It was not recognized that this result is

erroneous, because electron correlation effects in this

system are so great that a CI-level calculation is
absolutely mandatory.

This controversy was settled rather guickly about a year
later with the first calculations [101, 102] including CI
and the first SCF~Xa~3W calculation [103).

With the inclusion of a limited amount of CI, the results
shown in Figure 4.1 are obtained. The configuration
corresponding to a full guadruple bond, o%r*§?2 , is the
lowest energy configuration only at distances less than
ca. 1.8 A, Beyond that distance, the nonbonded c2§26*25™
configuration has a lower enerygy. However, when a
particular set of key excited configurations is used to
introduce what should be a large fraction of the
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necessary correction for slectron correlation effects, a
multiconfigurational ground state, in which the leading
(L.e. most heavily weighted) configuration is ¢?7%s§2, is
obtained. It can be seen that this ground state potential
energy curve has a minimum at ca. 2.45 A, implying that
the Cr-Cr separation in a truly isolated Cr,(Q,CR},
molecule will not be in the 'supershort' range. Moreover,
the minimum is wvery shallow, suggesting that the Cr-Cr
bond length might easily vary, depending on details of
the ligand properties.

Elnu.)
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Figure 4.1 Potential energy curves for Cr,(O,CH),.

(a) SCF-~HF energy for the o2x%52
configuration; (b) SCF-HF energy for the
ag2628*2¢*2 configuration; (c) Ground state
energy at the CI level.

It is interesting to examine in more detail the results
of the SCP-HF-CI calculation for Cr,(0,CH), and compare
them with the results for Mo, (0,CH),, taking each one at
its own lowest-energy internuclear distance. Actually, at
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that time the distance for an isolated Cr,(0,CR), molecule
with no axial donors was unknown, so calculations
covering a range of Cr-Cr bond lengths from 2.16 to 2.56
A were carried out.

The results for two calculations [104]), done in the same
way for Mo,(0,CH), and Gr(0,CH), gives the a?n?s?
configuration making up such a large fraction (67%) of
the ground state for Mo,(0,CH),, that this configuration
alone can give a reasonably good accourt of the
properties of the bond. The insensitivity o. tue Mo-Mo
distance to R and L,, is in agreement with the
calculations since the potential curve found at the SCF
level is relatively deep.

For Cr,(O,CH), the situation is quite different, with the
guadruple-bond configuration making only a 16%
contribution.

Orbital occupancies are determined from summations over
all configurations in the wavefunction. From natural-
orbital analysis Mo, (0,CH), has a calculated bond order of
3.2 at 2.09 A, and Cr,{0,CH), a bond order of 1.5 at 2.20
A.

Because the quadruply-bonded configuration represented
such a small part of the wavefunction, a semantic
argument, about whether or not these systems have a
gradruple bond, ensued.

On the other hand, an SCF-Xa-SW calculation {103] for
Cr, (0,CH), at Cr—-Cr = 2.20 and 2.36 & gives an unambiguous
result, showing that the ground state of the molecule
does correspond to a o2r*§2 quadruple bond. However, as
shown in Figure 4.2, this is a considerably weaker
guadruple bond than that in the molybdenum compound.
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Figure 4.2 SCF-Xa-SW enerqgy level diagram foxr

Cu,{0,CH), at two Cr-Cr distances and
Mo,(0,CH), at 2.094. The highest filled
M0 is indicated by two arrows. Percent
characters are given for orbitals that
have appreciable M-M bonding roles.

The § component contributes little to the bond strength
in either case. For Mo,(0,CH), the w-bonding (6ée,)
orbital is much more stable than the § orbital,

Moreover, of the two a;, orbitals that contribute to ¢

bonding, in Mo,(0,CH), it is the very stable 4., orbital

68

Tl 7 e S S e e i




[

¢

AL TV e R 0, neman T

T IO P PRI

(75% Mo) that contributes most, whereas for Cr,(0,CH),
the o~bonding orbital is almost entirely accomplished by
the rather high-lying 5,;, orbital (97.6% Cr). Thus the
g component of the quadruple bond is considerably weaker
for Cr-Cr than for Mo-Mo.

The SCF-HF-CI and SCF-Xo-SW calculations seem to be in
reasonably good agreement that there is a guadruple bond
in the Cr2(02CR)4 molecules, but a far weaker one than in
the Mo, (0,CR}, analogues.

It also appears that the SCF-Xa~SW calculations provide
an explanation for the ease with which the Cr,{0,CR),
molecules bind axial donors, in contrast to their
molybdenum analogues. For the chromium system the
weakness of the o bond nmeans that there is a very low-
lying empty o¢° orbital (4a,,) into which these axial
ligands may donate, whereas this is not the case for the
molybdenum compound. Thus the axial ligands can be more
firmly bonded to the Cr atoms and, in so doing, they
populate a Cr-Cr ¢ orbital and weaken the Cr-Cr bond.

From ab initio calculations on anhydrous and dihydrated
dichromium tetraformate {105] it was concluded that the
axially situated water molecules had no major influence
on the strength of the Cr-Cr bond. On the other hand,
correlations have been established experimentally between
the strength of the Cr-IL,, interaction and the Cr-Cr bond
[¢6].

Three independent studies have attempted to determine how
the "inductive effect of the bridging ligands" affects
the equilibrium Cr-Cr bond length, all emploving sone
form of SCF-HF-CI calculation.

One of them [106] wventured no specific bond length
predictions, but concluded that "variation in the
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electrostatic potential at the metal centre, due to the
different ligands...leads to large variations in the
Cr-~Cr separation”, and, further that "these separations
are mainly determined by the eleckrostatic potential at
the metal centre...”.

Another of these studies [107] implied that for amidato-
bridged species a short distance would be expected (this,
of course, was already known to be true), but predicted
"an equilibrium bond distance of 2.4 A& for
tetrakis(formato} dichromium®, and emphasized that "the
nature »f the bridging ligand strongly affects the
strength of the quadruple bond". The number of electrons
in the bonding orbitals increases upon going from the
formato species to the formamidato species, especially in
the 7 orbital: Cr,(0,CH}, (Cr-Cr = 2.10 A4)

ol-6q2-8B51.3570.74%1.2570.4; cr,(NH(O)CH), (2.10 R&)
gleTg3.551.5,%0,5,00.5,*0.3

Naturally, this difference between a formal bond order of
four and a much smaller calculated bond order, led to
some disagreement over whether these systems should he
properly termed as having a gquadruple bond. These
calculations also predict that a dichromium
tetrakis (carboxylato) species without axial ligands might
have a shorter Cr~Cr distance than in their presence, but
is not shortened enough to move it into the ‘supershort?
group. '

Finally, the third paper [108] flatly predicted that the
Cr-Cr distances in Cr,[N(H)C(H)0], and Cr,(C,CH), should
be 1.92 A and 2.53 & and stated that this large
difference "shows that the effect of bridging ligands is
at least as important as the observed influence of axial
coordination in monitoring the 1length of the cCr~Cr
quadruple bond", These authors went on to attribute to
axial water moleculess a capacity to further lengthen the
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bond in Cr,(0,CH), by "0.05 A only".

The implication of theseé calculations is that one must
have ligands more basic than carboxylates to have
'supershort! Cr-Cr bonds and that removal of the axial
ligands from a tetracarboxylate will not result in a
'supershort' Cr-Cr bond. The electron diffraction study
of Cr,(0,CCH;), with a dichromium distance of 1.96(1) &
is in accord with what might have been expected
empirically from experimental data on related compcunds,
but completely at variance with the predictions from ab
initio calculations.

Some of the SCF-HF-CI calculaticns carried out with
principal emphasis on the Cr,(0,CH), problem have also
dealt with the {ﬂrz(CH3)3]4‘ ion. An SCF calculation [101]
yielded the 02§%6°20*2 to be the lowest in energy, the
quadruple bond configuraticn being 6eV higher in energy.
Such a description of the Cr-Cr bonding is obviously
incomplete, as this complex has no bridging ligands, and
the guite short Cr-Cr distance and eclipsed configuration
indicate a guadruple bond. Upon inclusion of a limited
amount of CI [105], the quadruple bond configuration is
found to contribute 42% to the CI wavefunction at 1.98 A.
However the ground sfate potential energy curve has a
minimum at 2.16 A, whereas the experimental bond length
is 1.98 A. The cr-¢r bond is calculated to be only a
double bond.

Although the mnore rigorous, guantitative forms of
molewvular electronic structure theory are becoming
steadily more powerful, and have certainly reached the
point where they can pro?ide valuable guidance to those
doing experimental work on multiple bonds between metal
atoms, things have not yet reached the point where the
results can be taken uncritically. All such calculations
are subject to error.
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Cr,[ (R')NC(R)0], species with axial ligands behave enough
like the Cr,(0,CR), species with axial ligands, that it
is reasonable to expect considerable similarity when the
two kinds of melecules are compared without awxial
ligands. Thus the experimental Cr-Cr bond length in
Cr, (0,CCH4) 4 (g) is not in the least surprising from an
empirical, common sense point of view.

Instead, we need to understand better how to handle ab
initio calculations on such molecules.

No neat, unambiguous relationships have yet been found
and consequently efforts have continued toward gaining a
better understanding of the electronic structure and
bonding in these compounds.

4.4 2Another Theoretical Approach via Molecular Machanics

Bond order can be defined in a purely electronic way,
namely as the number of bonding electrons, and therefore
independent of steric factors. Bond length depends, in
the first instance, on bond order, but steric factors can
have a powerful modulatii:g influence thereon. This is
iliustrated in Figure 4.3. |

It shows a family of potential energy curves representing
different orders of chemical bonding between a given pair
of atoms. The broken curve connecting the minima of the
differe . bonding curves represents bond length as a
function of electronic hond order only, i.e. in the
absence of any steric effects. Calculations [109] of bond
energy as a function of bond length are often assumed to
follow relationships of this type, but they actually fail
to do so because they ignore steric Ffactors. The actual
relationship cannot be described by a Single curve. A
given amount of steric strain deforms any of the bonds by
an amount consistent with the shape of the bonding curve.
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Figure 4.3 Qualitative representation of the
relationship between bond orlier, bond
length, and bond energy in metal-matal
bonded comnpounds.

The resulting envelope defines a field of possible bond
lengths and bond strengths for the system, which is
designated in Fiqure 4.3 as the envelope of allowed bond
lengths,

The experimental [74, 75, 78] attempts at correlating

Cr-Cr bond strength with the nature of the bridging
ligands, or the nature and proximity of axial donation,
has been hindered by the effects of sterlic factors on the
electronic bond distance. One can but only speculate
about the relative importance of these two effects, since
the true weakening or strengthening of the Cr-Cr bond by
changes in the inductive.nature of R and L,,, as dednced
from the Cr-Cr bond distance, 1s obscured by the added
structural deformations caused by steric factors. How
much of the Mo-Mo and Cr-Cr bond length distortion upon
introducing axial ligands is genuine bond weakening, will
only be recognized by separating out the steric element
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also favouring bond deformation.

The use of experimentally vwserved M-M distances in the
above calculations is perhaps not appropriate, since this
distance is the outcome of a balance between electronic
and steric components. More reliable, guantitative
results may be obtained on using the ‘true’ . electronic
pond distance.

When considering the effect of torsional twists about the
Mo-Mo bond, separation of the steric factors from the
electronic element will enable one to determine how the
§ component o©f the guadruple bond reacts to rotation
about the M-M bond.

Therefore, rationalization of the observed trends would
be greatly facilitated by separating steric fron
electrunic factors. This can be achieved by the method of
molecular mechanics.

To resolve the dichromium controversy, a dimetal system
with definite bond orders is needed as a model, Since the

L T

formally quadruple Mo=-Mo unit appears to be structurally

rigid with relatively slight variations in the M-M
distance due to the influences of the ligand environment,
and because of the awvailable range of bond orders
structurally characterized, this system is used as our
mnodel of dimetal bonding to explain the bond length
variation in Cr,
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Chapter 5
- THE METHOD OF MOLECULAR MECHANICS

"Chemical phenomena must be treated as if they were
problems in mechanics."
Lothar Meyer (1868)

Chemical interaction between neighbouring transition-
netal atoms in molecules is remarkably diverse and
variable, ranging from simple van der Waals interaction
to guadruple bonding. This variation from 0 to 4 in bond
crder is not necessarily matched by a parallel variation
in observed structural properties.

It is proposed to analyze the interpretational probhlems
discussed before by the metheds of molecular mechanics.
This will provide a direct guantitative estimate of all
intramolecular steric interactions and by implication a
means of identifying electronic effects,

5.1 Introduction

The bhasic idea is that bonds have ‘natural’ lengths and
angles, and molecules will adjust their geometries so as
to take up these values in simple cases. In addition,
steric interagtions are included using wvan der Waals
potential functions. In mnore strained systems, the
molecules will deform in predictable ways with ’strainf
energies that can be accurately calculated.

The Born—-Oppenheimer approximation [110], which Iis
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commonly used in guantum mechanics, states that the
Schrédinger eguation for the molecule can be separated
into a part describing the motions of the electrons and
a part describing the motions of the nuclei; and that
these two sets of motions can be studied independently.

It is a good approximation in general for studies
inveolving molecules, and is usually used without comment
in twe different ways (111, 112]. First, with respect to
electronic structure, it is common practice to establish
the positions of the nuclei of the system by some method,
and then to study the electronic structure using fixed
nuclear positions. In molecular mechanics the opposite
approach is taken. Namely, the motions of the nuclei are
studied, and the electrons are not explicitly examined at
all. They are simply assumed to find an optimum
distribution about the nuclel.

The energy of the molecule in the ground electronic state
iz a function of the nuclear positions. The Born-
Oppenheimer surface is the multidimensicnal ‘surface’
that describes the energy of the molecule in terms of the
nuclear positions. In molecular mechanics it is usually
just called the potential energy surface.

Melecular mechanics calculations employ an empiriczlly
derived set of eguations for the Born-Oppenheimer surface
whose mathematical form is familiar from classical
mechanics [111].

This set of potential functions, called the force field,
contains adjustable parameters that are optimized to
obtain the best fit of calculated and experimental
geometries.

In terms of molecular mechanics, a molecule .8 described
as an Interacting set of atoms. The equilibrium
configuration is considered to correspond to a minimum in
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the molecular potential energy function, which takes into
account interactions between all possible atomic pairs in
the molecule. The zero point of the potential function is
defined to correspond to an arrangement in which each
chemical bond, valence angle, bend or torsion has an
ideal value determined by electronic factors only.

5.2 Potential unctions of Molecular Mechanics Force
Piald=

Simple molecular mechanics force fields express the total
potential energy as the sum of bond stretching, angle
bending, out-~of-plane bending, torsicnal, and nonbonded
terms (equation 5.1), where the sum extends over all such
interactions.

V = ¥ Viond strerch & Vangle bend +% Viorsion
+X voutmaf-p]ane. bend +x Vionbonded

The sum of all these terms is called the steric energy of
the molecule.

A multitude of expressions to represent the total strain
energy have been developed all of which are based on the
concept of additivity of atomic interactions.,

5.2.1 Bond Stretching and aAngle Bending

In wmost applications, the method only treats s=small
distortions away from the electronic values; and to
calculate the strain so introduced, harmonic restoring
forces are assumed.

In the molecular mechanics model the atoms of a molecule
may be thought of as Jjoined +together by mutually
independent springs, restoring ’‘natural’ values of bond
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lengths and angles. One can then assume a harmonic
potential with Hooke's Law functions (egns 5.2 and 5.3),
to model the strain induced by bond stretching and
bending. ’

The amount of strain generated by bond length
deformation, V., is thus:

V, = %k _(r-r,)2 | 5.2

where k. (mdyne/3) is the force constant specific to the
particular bond, and r, (&) the ideal bond length which
will be distorted to an observed length, r (&), by steric
forces,

The strain induced in defornming angles, Vg, is:

vé = %kg(8-0,)2% | 5.3

where kg (mdyne.i} is the force constant specific to the
particular angle, 8 is the observed bond angle, and 6, is
the ideal bond angle. The ideal bond angles are usually
taken as those pertaining to the particular geometry
involved, i.e. 1.511 radian for tetrahedral coordination,
1.571 radian for octahedral or square ﬁianar, ete..

In general, the force constants for bond length
deformation are larger than those for bond angle
deformations, i.e. it is much easier to deform angles
than bond lengths.

5.2.2 Torsional Strain

The physical significance of torsional strain is that it
models the repulsion or attraction of the electron
density in chemical bonds rather than atoms. Values of
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x between 180°¢ and 360° are assigned hegative wvalues.
Looking down the bond being twisted, a clockwise rotation
of the far bond away from the near bond is considered
positive x, 1.

(1}

The ‘twist’ subroutine in the program presently employed
for molecular mechanics calculations by our research
group, is not really appropriate to the study of M,
dimers and delocalized systems. For this reason, the
torsional potential, which describes the interaction
between bonding electron groups adjacent to the reference
bond, was adjusted to provide an improved description of
these systems. The incompleteness of the original
potential is discussed further in Appendix A.

(a) Attractive Torsional Interactions
(i) LM-ML, Dimers of Order 4.0 and 3.5
As mentioned several times before, the § component of the
o*r*6? and o?n*s' configurations is sensitive to rotation
(x) about the M-M axis. This means that a torsional
potential with a minimum at x = 0° is needed to render

the eclipsed conformation energetically favoured,

For the moleculs represented in 2, it is clear that the
total atirvactive potential can be separated into four
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individual components; 1,1, 2,2, 3,3 and 4,4; each
contributing egually to the attraction of electron

density between adjacent M-L bonds demanded by the §
bond.

For these torsions treated individually, the torsional
strain, U, resulting from twists away from the
eclipsed arrangement, is given by the expression:

Upgs = (Vy=ge) /2[1+cos{|x[~b)] 5.4

where the phase shift b = x -180° = 0°-180° = -180°, and
V=g« is the torsional potential (kcal/mol) for palrwise
attraction of electron clouds.

1
4 e —5
I3
3

(2)
(ii) Delocalized Interactions

In the case of a delocalized interaction, the torsion, as
in a double bond, is described by a potential function of
the same form, but now there are only two individual
attractive components, each given by the expression:

Upege = (Vooe) /2[1+cos([x|+180°) ) 5.5
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where V,.; is the torsional potential (kecal/mol) for

 pairwise attraction of electron clouds, appropriate to

the delocalized system involved.

{b) Repulsive Torsional Pctentials

(i} L M-ML; Dimers of Order Three and Less

Here the o%*, =#* and o¢* configurations impose no
constraint on rotation about the M-M bond axis. The

repulsion between the electron clouds adiacent to the M-M
bond leads to the preferred conformation adopting a

staggered (x;_45u) arrangement as shown in the Newman

2wt

projection, 3.

(3}

The four interactions, 1,1; 2,2; 3,3 and 4,4,
contributing to the repulsion are each given by equation
5.6. which has minima at [x| = 45°:

Uyegse = (Vymyse) /2[1+cos(|x]|-b)] | 5.6

where the phase shift b = x,-180° = 45°-180° = ~135°, and
Vymgse is the torsional potential (kzal/moel) for pairwise
repulsion of electron clouds.

It is also stipulated that for |[x| > 45°, U5 = 0.
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(ii) LM-ML, Dimers of Order Three and Less

¥ur such dimers the compounds have a trigonal structure
shown in 4.

(4}

Again there is no electronic factor opposing rotation
about the M-M bond, so0o repulsion of electron clouds
adjacent to the M-M bond favours a staggered arrangement
{x = 60°) as shown in the Newman } ojection, 5.

(5}

It makes physical sense that there be no repulsion at
|x] > 60°. Since no more than three of the nine
individual interactions can have |x| < 60°
simultaneously, it means that really only three
interactions contribute to the total repulsion, 1,1; 2,2;
and 3,3. Thus we have for sach of the three torsions a
torsicnal potential with minima at |x| = 60°:
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U sor = (Vicsoe) /2[1+c0s(|x[~0) ] 5.7

where the phase shift b = y,~180° = 60°-180° = -120° and
V s+ 1S the torsional potential (kecal/mol) for pairwise
repulsion of electron clouds.
Also, for |x| > 60°, U.g = 0.

(iii) Torsions About Other X-Y Bouds

The above torsional interactions are implemented when
encountering the specific geometries discussed. For all
other situations, such as that in 6, we simply employ
equation 5.7.

(5)
5.2.3 out-of-Plane Benrding

Constraints are placed on the angular movement (§) of
atoms bound to cyclopentane and phenyl rings out of the
plane of the ring. Out-of-plane distortion at a trigonal
planar centre (eg. out-of-plane bending of bond C,-X from
the plane of atoms C=C,~H) also requires the restraint of
the potential function of the form:

Uﬁ = %ks(é‘-ao)z 5.8

where k, is the force constant (mdyne.&) for such
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de*crmations, § is the calculated or observed angle and
§, is, obviously, zero.

£5.2.4 Nonbonded Interactions

Nonbonded interactions comprise wvan der Waals and
electrostatic interactions.

{(a) Coulombic Fotentizl

It is common practice to apportion electric charges (g)
at the atoms in the molecule and estimate +the
intramolecular electrostatic energy as a pairwise sum of
interactions.

The electrostatic term is based upon partial atomic
charges at the atom centres g, ¢, separated by a
distance, r; (A), with the energy being calculated
according to:

-
Vg = ¢ (d.q) [y 5.9

where ¢ = 2.30722 mdyne.A’.
(b)Y Van der Waals Interactions

A further contribution to strain energy, which is
probably the most important, are the forces between atoms
that are not bonded to each other.

By normal convention, the calculation of nonbonded terms

is not performed for atoms connected through one or two

bonds (1,2=- and 1,3-interactions) becanse there,

contributions are assumed to be implicit in the bond-
stretch and bond-bend force constants, respectively.
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Interactions between atoms separated by more than two
ponds (x 1,4-~interactions, 7) are described in terms of
potentials to represent van der Waals interaction.

A wvariety of potentials are used, but all of them
correspond to a repulsive force at short distances, and
an attractive component at longer distances - koth of
which asymptotically go to zero at still longer
distances.

1,4

(7}

The curve is characterized mainly by the minimum energy
distance (ri ated to the van der Waals radii), the depth
of the potential well (related to the polarizabilities},
and the steepness of the repulsive part (the hardness):
Vooortes = R—A.

The attractive component as a dispersive interaction
between induced dipoles is formulated [113] as:

A= c/(r)® | 5.10

The repulsive component is less well defined, and the
different formul : in use seem to depend on personal
taste as much as anything. The ready parameterization of
the Buckingham function for a variety of atoms [114, 115]
is no doubt responsible for its wide application.

Buckingham Potential: R = aexp(-bry)
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Hence,

One must be aware of the fact that the potential becomes
strongiy attractive at short interstomic distances as
shown in Figure 5.1.

E(r)

Figure 5.1 Interatomic potential energy curve
according to the Buckingham potential,
which fails at short interatonmic
distances.

Long range nonbonded interactions which are greater than
the user defined limit of 7 & are avoided so as to
prevent unnecessary calculation of strain energies which
are effectively zero.

The constants b and ¢ needed for each atom pair were
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estimated by the method of Scott and Scheraga [115].

- The constant ¢ is a function of the polarizabilities, a

(a,’), and valence electron densities, N, of the atom pair
(115, 116, 117]:

c = (3/2 o)/ {(@/N) %+ (a/N) %] | 5.13

The units of c is (10!l ergs.A%/molecule).

The constant b is a shielding function. Values of b (&%)
as a function of atomic number are plotted in [115], and
for atoms i and j: ‘

b = | (by.by) 5.14

The constant a (10'erg/molecule) is obtained by
minimizing equation 5.12 at r = ry+r,, where r; and r, are
the van der Waals radii of the two atoms:

a = [Geexp(br)l/(br’) | 5.15

Energies, Vi pondeds 2% thus expressed in units of
101 erg/molecule = kcal m014/144.

The peculiar units akove are reguired by the molecular
mechanics program [118].

The ability of the forces involved in the molecule to
dominate other forces where clashes arise in terms of
steric reguirements are generally: nonbonded repulsive
forces > bond length defcrmation forces > bond angle
deformation forces » torsional forces > nonhonded
attractive forces.
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5.3 Parameterization

The quality of a molecular mechanics force field, that
is, the accuracy of 1its predictions and their
reliability, iz critically dependent on the potential
functions and on the parametersz uszed. Paranmeter
optimization has to be done with the same care that is
used in the selection of the potential functions..

Molecular mechanics calculations of metal complex
structures are often not straightforward because of
uncertainties concerning the appropriate force field
parameters for structural elements invulving the metal.

Also, current force field formulations are not
generalized readily to the varieties of molecular shapes
exhibited by many inorganic (both main group and
transition metal) complexes.

Since +the introduction of the wmolecular mechanics
procedure for organic molecules, +there has been
continuing development of the method toward the modelling
of other types of compounds such as transition metal
complexes., Although many of these studies have been guite
informative they nevertheless tend to be somewhat
fragmentary with, for example, a single structure (or
small number of similar structures) being modelled with
little indication that the force field used has general
applicability.

It has begr our experience that a single structure may be
fitted egually well with several different parameter
sets; it is only by testing the parameters over a
considerable number (and range) of structures that it is
possible to decide between alternative sets,

Also, because different force fields usually differ not
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only in their parameters, but also in the mathematical
form of one or more of the potential functions, it is
usually hazardous to try to transfer the parameters from
one force field to the other.

In short, most of the force constants currently used in
molecular mechanics are not too well adapted to the study
of dimetal compounds.,

In view of the extreme variability of observed stretching
frequency of dimetal bonds, it is almost impossible to
obtain transferable force constants for metal-metal boids
from spectroScopic measurements not supported by full

‘normal-coordinate analyses [123].

Since it is impractical to restrict the use of molecular
mechanics to compounds for which adeguate force fields
are avallable from vibrational analyses, approximate
force fields based on totally different cxiteria
inevitably cone into being. Crystallographic results are
one fertile source of force constants derived by trial-
and-error methods aimed at a computational match of the
chserved molecular structure.

5.4 Generating Unique, Transferable (k.,r,) Values for
the Dimetal Centre

For most of the structures studied in this thesis,
obtaining transferable force field parameters for all
interactions, but the metal-metal bond, was not too
troublesome. Once the ligand backbone of the dimetal
compound is correctly modelled, suitable values of force
constant, k,, and characteristic bond length, r,, for the
metal-metal bond can be obtained [123). This, too, is a
trial-and-error issue.

A likely value for k., e.g., is assumed and r, is adjusted
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until a combination (k,r,) is found to reproduce the
observed structure after energy minimization. This is
repeated for a range of values of k, to define a solution
set {k,r,}. In order to obtain unique transferable
values, one looks for different scolution sets pertaining
to the same bond order and intersecting at a single point
[{123]. This procedure will become clearer in the chapters
covering the results of such calculations.

5.5 Energy Minimization

It is assumed that with all force constants and potential
functions cofrectly specified in terms of the electronic
configuration of the molecule, the nuclear arrangement
that minimizes the steric strain corresponds to the
observed molecular structure. Any discrepancies between
calculated and observed structure parameters must be
ascribed to an inappropriate force field or to
experimental errors in the cbserved structure [122]. As
mentioned earlier, to avoid the latter possiblity, no
disordered structures or structures suspected of disorder
were researched.

The object of the exercise is to minimize the
intramolecular potential enerqgy, or steric strain, as a
function of the nuclear coordinates. The most popular
procedure is by a computerized Newton-Raphson method,
described adeguately by Boyd [118]1.

The energy mninimization is an iterative geometry
optimization, so unless there is only one potential well
for a molecule, the minimum energy geometry obtained will
depend on the starting geometry of the cptimization, i.e.
in which potential well we begin our input structure.
False minima do not generally occur when using the
coordinates from the crystal structure of the molecule
itself.
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Chapter 6
Mo,: OUR MODEL OF DIMETAL BONDING
FOR GROUP VIA METALS

6.1 Introductior

To resolve the dichromium dichotony, a dimetal system in
which the formal bond orders are *the ’‘true’ bond orders
is essential; that is, the dimetal bond order must be a
function only of the position ©of the metal in the
periodic table and its oxidation state. Effects due to
the nature of the ligand environment must be absent, or
insignificant.

The dimolybdenum system is periodically related to Cr,
and the Mo~Mo bonding is insensitive to its environment-
Mo, serves as a model of dimetal bonding for period VIA
metals.

By the method of molecular mechanics, we will obtain
unique, transferable (K, Y,)pmeMe Values for bonds of grder
four through to one. Knowing the unique force constant,
k., and unigue electronic bond distance, r,, for the
dimolybdenum bond of each order, Ny, we can formulate
relationships between k., and r,, and between Ny, and Xk,
or Ny, and z,.

Since molykbdenum and chromium are periodically related,
we can transfer these relationships to the chromium
system and investigate the large variation in observed
Cr-Cr distances.
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Simultaneously, we will have the opportunity to examine
the effect of torsional twists about a guadruple Mo-Mo
bond, which has been the subject-matter of numerous
structural studies performed by Cotton.

6.2 Molecular Mechanices caleulations of Quadruple
Dimolydenum Compounds

' In all these compounds the formal oxidation state of
molydenum is {(II), implying a formal Mo-Mo gquadruple
bond.

It is perhaps best to discuss the force field used in the
calculations and the results pertaining to each
structural type separately.

Hydrogen coordinates not given in the crystal structure
data, together with sterically important lone pairs (L),

were placed in geometrically calculated positions using
the program SHELX [119].

The maximum standard deviations of the calculated
structure parameters are: bond distances 0.1 A; angles,

3° and; out-~of-plane bends and torsions, 5° (these values
apply to all calculations performed).

|
:
IT' ) 6.2.1 The Unbridged [Mo,X;]% and Mo,X,(PR;),

Compounds
&
g These structures are characterized by their essentially
o eclipsed Dy (for the [Mo,X3]1* ions) and Dy (for

Mo,X,(PRy)4) idealized geometries. Both have the general
tetragonal structure shown in 1., ‘The ohserved Mo-Mo-X
angles are 105°-116°, the observed Mo-Mo-P angleg are
! 98°-105°, the X-Mo-X angles are 85°~87°, and the X-Mo-P
O angles are 82°-8%9°, We therefore model these structures

as two square planar Mol, units held together by Mo-~Mo

.kga bonding.
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(1)
(a) PForce Field Parameters

The force field adopted for these unbridged Mo, compounds
is summarized in Tables 6.1 ~ 6.3.

L Fable 6.1 Detalls of the bond-derormation parameters

Bond x, (mdyne/A) r, (&)

. Mo-c1™ 0.70 2.35

" : Mo-Br~* 0.70 2.52

| Mo-¢~k 3.98 2.27

Mo-P 0.70 2,50

Mo~ 2.00 2,20

Mo-c1 0.70 . 2.38

Mo~Br 0.70 2.53

Mo-I 0.70 2.70

y c-c 5.00 1.54

L C-H 5.00 1.08
| P-C 3.5 1.80
! Car—Car 7.65 1.39
Car~Car(para) 0.05 2.78

CarHar 5.00 1.08
i| P-H 5,00 1.25

|
23
|
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It is noted that we have a -0.5 charge on the Cl, Br and
Me ligands for the [Mo,Xg]%™ ions. The overall 4- charge
of the ion is apportioned at the atoms situated furthest
apart. It was necessary to include +the coulombic
interaction between these -~0.5 charges, &to obtain an
acceptable match of the observed structure parameters.
This is a result of the charge being localized or atoms
bonded dirsctly to the dimetal centre.

Planarity of the phenyl ring is ensured by excluding 1,4-
(Cape~—Ca) nonbonded interactions, and treating

para(C,,.—C,,.) as a bonded interaction.

Table 6.2 The angle~banding parametars

 Angle kg (mdyne.R) © 8, {(rxad.}
Mo-Mo~C1™H 0.60 1.571
cl™-Ho-Cc1% 0.50 1.571
Mo-Mo-Br ™ 0.70 1.571
Br~¥-Mo-Br™% 0.50 1.572, L
Mo-Mo-C™¥ 0.70 1.871 3
c4Mo-c" 0.60 ' 1.571
Mo~Mo-P 0.30 1.571
Mo-Mo~C : 0.10 1.571
P-Mo-C 0.10 1.571
Mo~Mo-X2 0.10 1.571
| X3-Mo-P 0.10 1.671
;N x
L HeC-H 0.52 1.911 -
I o c-F-C 0.10 1.911 .
I _ PCar=Car 0.65 2.094
: Car=Car~Cay 1..00 2.094
: c;r-c“-}:“ 0.65 2.094
; P-C~H 0.65 1.911
| ¢ ¢, ~P-H 0.65 1,911
1\_‘ Cyp=B=C 0.10 1.911

' a: X=Cl, Br,
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Constraints were placed on the angular movement (§) of
the hydrogen atoms bound to C,, out of the plane of the
phenyl ring: kg = 0.29 mdyne.A.

Table 6.3 Parameters of nonbonded interactions
{Buckingham potential}

Interaction a {uj? b A1 e (u.35)
Mo—-Mo 110.3 2,60 6.50
Mo—-C1 520.7 3.12 10,2
Mo-~Br 176.5 2.69 14.6
Mo--C 759.1 1.46 3.80
Ho~~8 153.0 3.44 1,28
Ho~~P 723.8 iz 8.04
Mo-=T 188.2 2.55 22.7
H--H 175.3 §.55 0.343
R--C 88%.9 £.57 0.912
H=-P §98.8 4.24 1.83

- 5037.0 4,60 2.53
c—-p 4766, 4.26 5.16
Cpr~—Cor” 5037.0 4.60 2,53
P--P 4664.0 3.95 10.50
Cle—ey 2166.0 3.75 17.4
Br--Br 332.3 2.7¢ 6.0
Cl--p 3116.0 3.88 13.6
cl-~cC 3020.0 4.15 6.51
Cl—~i 60%.7 5.13 2.35
Br—-p 1082.0 3.32 19.6
Br--C 1036.0 3.58 9.53
Br—H 229.6 3.56 3.40
I~-T 405.4 2,51 86.6
I--P 1205.0 3.15 30.3
I--C 118t.0 3.40 14.8
I~~H 265.5 3.38 5.26

a 1 = 10711 arg/molecule
b ifor »1,4~interactions; for 1,4~(C, --C,.) a=h=u=0
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Torsional contributions to steric strain arise from

* the attractive interactions €, —-C,~C,~C, and
Hy~CorCor—Hyr, fOr which V,_gps = 0.05 kcal/mol and,
* the remaining torsions being repulsive interactions

with Vx=60- = 0,0049 kcal/mOl-

{b) Thé Delta “Contribution t¢ :tlie Quadruple Bond
Strength

The torsional interactions about the Mo-Mo bond are
interesting. The molecular mechanics program [118) offers
the constraint ogtion of ‘driving’ atoms about a
specified tofsion, while refiring the structure at each
angle step.

! -.Dnce all the calculated parameters are of the correct
order of magnitude, one can calculate barriers to
rotation about the Mo-Mo bond, The torsional parameter
used to render the eclipsed conformation energetically
favoured is repiaced by an artificial incremental
parameter [118)] to drive the rotation around the Mo-Mo
bond, sampling the eqguilibrium steric s*rain at each
position.

For the Mo,X,(PR;), molecules (Figure 6.2), the calculated
strain as a function of rotation about Mo-Mo has a

minimum at x=0°. It leaves no doubt that there is a
steric contribution to the observed conformation, and
explains the successful modelling of the structures

~

without the need for a torsional parameter rendering the

-

eclipsed arrangement energetically favoured.

©

For [Moﬁ%]4} the § bonding is orucial to the
stereochemistry; it alone is responsible for the eclipsed
conformation. Steric factors clearly favour a staggered

o,

arrangement of the ligands about the Mo~Mo bond. In each

R i TRt BT UL TR P AR ]

case the potential energy has a maximum at yx=0°, viz. the
eclipsed conformation (Figure 6.1). This shows
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conclusively that an electronic factor, i.e. § bonding,
iz responsikle for the stabilization of the observed

conformation.

For'[Mqﬂﬁ%]*, potential minima are observed at x=30° and
60°, and not at 45°. The explanation for this lies in the
fact that the potential energy curve essentially reflects
interaction between hydrogen atoms on methyl groups.
These hava local threefold symmetry, which is
superinposed on the fourfold symmetry of the anion. The
compromise is a local submaximun at 45°.

The difference in potential energy between the maximum
and minimum, AU = 7.5, 11, 11.5 keal/mol for X = Me, Cl,
and Br, respectively, defines a lower limit for the §
contribution to the quadruple~bond strength.

Other attempts at estimating the é-electronic barrier
give 15 kcal/mol {120] and 9.9 kcal/mol [121], in close
accord with the molecular mechanics results.

(¢} {k.r,} Sclution curves for the Mo, Centre

The major aim of the molecular mechanics calculations is
zhe generation of {kﬂx%}M§Mn solution curves for the
dimolybdenum centre and ultimately the creation of unique
(Kee Yo Momy COUples for each Mo, bond order.

One can be confident that the force field summarized
above affords a suitable match between calculated and
observed structural parameters and hence is suitable for
the analysis of data for the dimolybdenui centre.
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The results of the trial-and-error procedure are shown in
Figure 6.3,

5.0 ’—

......

4.5

4.0 |-

k. {mdyne/A)

3.5 -

3.0 f

25 Lol Lo | ' !
1.9 . 2,00 2.02 2.04

ry (A)

Figure 6.3 Molecular mechanics solution curves
{k;;r,} for the unbridged dimolybdenum

centre of order four.

The observed Mo-Mo distance is reproduced to within
0.001 A as shown in Table 6.4.

The curves are all of positive slope implying stretching
of the Mo-Mo bond by steric factors. Added evidence for
Mo-Mo stretching by steric elements, is the lengthening
of the Mo-Mo bond on rotation fxom the sterically
favoured staggered arrangement to the electronically
demanded eclipsed conformation (driver calcula!l.ions).

Very interestingly there are only six {X., Y }ueMo S0lution
curve. for the ten structures studied. Some
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conpounds have coinciding curves. It is perhaps not
surprising to f£ind compounds with similar observed Mo-Ma
dietances being stretched from the electronic separation
by the same magnitude and in the same manner by steric
forces.

Table 6.4 Calculated and observed Mo~Mo distances

. Obs. calc. . Figure
Ry Molecule
(3) (1) Label
[Mo,Meg]4™ 2.148(2) 2.148 three
Mo,Me, (FMe4) 4 2.1489(4) 2.149 one
Mo,Cly(PHPh,),  2.1474(9) 2.149 one
[Mo,Clgl% 2.138(4) 2.136 six
[Mo,Brg] %~ 2.135(2) 2.135 six
Mo,Bry (P ig) 4 2.125(1) 2.126 four
Mo, I, (PMej) , 2.127(1) 2.126 four
' Mo,Cl,(PMe,Ph),  2.1288(8) 2.129 five
L/) Mo,Cl, (PMes), 2.130(1) 2.130 five
Mo,Me, (PMe,Ph),  2.164(1) 2.164 two
Boeyens [123] found the solution curves for the quadruple
W, (0,CEL), and triple W,(0,CEt),.2CH,Ph to coincide. Both
have identical structures apart from the benzyl group.

o The curves do not intersect at a single point to yield a
G unigue (k. ,ro)pyo-Mo cOUple for the quedruple bond. To
i achieve this, "it is necessary to ildentify bonds of the
i same order in sterically different environments" [123].
In the present case, compounds with bridging ligands
suggest themselves as appropriate classes for comparison,

Although there is no fixed point of intersection, the
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{Kp i Tolpo-no SClution curves are sufficiently clustered
together over a r, range of only 0.02 &, to assume
gquadruple Mo-Mo bonding in all these compounds. This
small range may be expected since the observed Mo-Mo
distances cover a range of only 0.04 A.

(d) Steric Deformations

As already mentioned the Mo-Mo bond in these unbridged
complexes is being stretched from the electronic r,
characteristic of the guadruple bonrd to the observed
separations. Steric repulsions are also partly overcome
by Mo-Mo-X and Mo-X deformation.

In {Mo,Xg1?%", structural accommodation of the increased
¥ ==X~ repulsion (Cl <Br~) does not occur along the Mo-Mo
bond. One would expect a more stretched Mo-Mo bond in the
Br~ analcgue on the basis of the size of the X~ group.
Instead, the Mo-Br~ bond is longer and the Mo-Mo-Br™
angle more obtuse. Hence, in [Mo,Brg]?”, the Br~--Br~
repulsions are less than the Cl™-~Cl”, resulting in a
slightly longer Mo-Mo bond in the chloro analogue.

[Mo,Mey]1%™ has the same magnitude Mo-Mo-C~ angle as

¥io-Mo~Cl~, but the Mo=C~ distance is shorter than Mo-Cl™.
The shorter Mo-C~ distance means greater Me--Me
repulsion; consequently the longer Mo, separation.

In the Mo,X,(PMe;), compounds, the Mo~Mo distance shows
an obvious indjifference to the nature of the halide
ligand. Structural accommodation of +the increasing
interligand repulsion in the series Cl<Br<I does not
occur along the Mo~Mo bond, instead being reflected
solely in their M-X bonds and Mo~Mo-X angles.

Mo Me, (PMes), and Mo,Me,(PMe,Ph), have longer Mo-Mo
distance than their halide analogues because of tha
shorter Mo-C distance.
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Beplacement of Me groups by Ph in the series
#MogaCl4(PRy) 4, causes the sterically bulkier Ph groups to
lengthen the Mo~Mo bond. The same  occurs in the
Moo Mey (PRy3) , set of molecules.,

In short, the observed deformations are puraly of steric
origin.

Compounds :

On separating the electronic from the steric elements, we
are able to study the influence of varying the inductive
nature of both the bridging X2Y group and the axial
ligand, L,,. The structural data discussed in Chapter 2
demonstrated the distorting effects on the Mo-Mo
quadruple bond of axial coordinati-n. Is the effect
steric or electronic, or both? '

{a) YForce Field Parameters

A central feature of these compounds is the familiar
paddle-wheel type structures formed by the spanning
bridging ligands: 00, 0°C, N0 and NN. The Mo, (X-Z-¥),
molecitles are treated as two fused sguare planar
Mo(X,¥,) units; and the Mo, (X-Z-Y),L, molecules as having
an octahedral disposition of the Moy, (Lyg), and Ly, atoms
about a central Mo, atom. This is reasonable considering
the near-orthogonal Mo-Mo-Lgy, Lgq~Mo-Lgg, and Lg,~Mo-Lg,
angles.

Within a given class of bridging ligands all molecalar
dimensions, besides the Mo-Mo bond, are statistically
indistinguishabie, i.e. the supporting framewors is
comparatively insensitive to changes in the dimetal bond
length. This enables the supporting framework for a given
X~2-Y set of compounds to be simulated by a virtually
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transferable force field.

Lone pairs have been treated as hydrogen atoms in
nonbonded interactions. Their behavicur in all other
situations is defined in the tables.

Force field parameters not defined before, are summarized
in Tables 6.5 — 6.7.

j Tabla 6.5 Force fleid paramsters for interacting pairs of

atoms

. Bond k. (mdyne/d) z, (&)

3 Opy=Chp® 1.00 1,26

o-L, 6.00 1.00

o=8 3.50 1.44

Nar=Cyr %.65 1,34

Cop~K,. {para} 0.08 . 2.78

c-F 2.00 1.30

o-C 3.00 L.42

_ Nh;-Nm, 3.00 1.28

N-Ly, §.G0 1.00

6 N-H 5.00 1,00

N-C 3,00 1,44

; . 3.00 1.30

e-cl 2.00 1.70

. By 2,00 1.80
o~5 T 3.00 1.50

MouDy, o.84 2.97

_ Mo-0p, (sulfata) 0.90 2.10

’ N Mo-Cy, 1.96 2.14

' Moo=, 0.84 2.10

. G Mo-0,,P

i {internolecular) @40 2,65

.' Mo=N,. 0.80 2.584

Mo-0,, (THF) 0.60 2.50

Mo-C2 ., D.20 1.30

¢ Ho-Br,,. 0.30 3,40

Ho-0,, (sulfate} .50 2.57

I {intermolecular}

a :br = Mridging atom
b say = atom honded axially to He

- T - c ¥
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Table 6.6 Bond bending parameters for Mo,(X-Z-¥}, and
Moz (X-2-Y) 4L
angla Xy (mdyne;A} {rad.}
Mo-Mo=lL,, 0.30 3.1416
Mo~¥o-lp, 0.20 1.571
Lgp=M0=Ipy 0.80 1.571
Ky =Mo-¥), 0.8 1,571
P~ (".','x) pe~H (Tip) ©.60 2.094
{Y/ %) 1y BT 0.60 2.094
} Kpr=Zpr=Yhe 1.50 2.094
(X/ ¥} =B~ (H) 1.00 2.094
C-C~C {0) .30 1,911
_ C-C-H{F) 0.65 1.91%
- | F-C-F 0.32 1.913
| Lyr=Lar=Tiaz 1,60 2.094
Lyp~Ly~h 0.68 2,054
b T {¥/ XY Do 0.20 2,094
. X-C-H 0.65 1.91%
Y-0-L, G.40 1.911
c-0~C 0.20 1.911
c-0-¢ 0.10 Z.094
X-C-X 0,10 1.911
; Opye—Spe=0 1.00 1.911
k 0=8y, 0 9.80 1.911
MO0y, —Ly 0.40 2,094
‘ Mo (%/¥) pp=Zpg 0.10 2.094
Mo-0p.-C 0.20 Z.094
Ho-Np,.~11 D.40 2.094
LA Mo-Np, ~Cap 0.20 2.094
y \ MmO, ~C 0,20 2.084
‘. o Mo-X,,~C 0.20 1.911
‘ Yrer Xorr Zpp = Cppr Hppe Opg
i Lax = Caps Nap
1 L ™ B, Opes C, Ny, ¥, Cl, Gy, Mo
: X = ), Br, ©
; ¥ = €, Ly, Sy
S0
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Tfable 6.7 Parameters of nonbonded interactions

Interaction a {u) b (A1) ¢ {(u.1%)
e 0-~0 2519.0 4.62 2.53
O=~H (I, 621.1 4.58 0.890
o~-C 3528.0 4.61 2.52
0-=F 1023.0 4.62 1.490
0--8 1680.0 4.18 £.60

' . FemH (L) 246.7 459 0,462
S~ ~H{Ly) 380.0 3.94 2.18
C——F. 1381.0 4,61 . 1.38

P 453.9 . 4.63 0.815
s--8 2950, 0 3.80 14.0
Mo~-N 538.1 3.46 3.82
Mo-~S 637.0 5.16 9.06
Mo =0 629.3 I 3.93
Mo-~F 294.2 S 2.32
N—-N 1880.0 4.63 2.47
N--C 2983.0 4.60 2.49
N~~H 553.7 4.58 0.89
N--0 2244.8 4.61 2.62
N—=F 929.5 4.62 1.43
o=l 2278.2 4.16 6.63
| “’“35 N-~-C1 2133.2 4.16 6.88
E c;i Br--0 807.0 3.58 9.54
1 : Br--N 773.0 3.58 9.91
Np==Co® 2983.0 4.60 2.49

c a tfor >1,4-interactions; for 1,4-(C,.--N,.)

interaction a=b=c=Q
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It should be noted that unlike the [Mo,X;]* ions, the
structure of [Mo,{80,),]* was successfully modelled
without the inclusion of coulombpic interactions. The ~0.5
charge would be located on the ocutermost oxygen atoms,
and would have no influence on the central Mo,0; core.

Again constraints were placed on the angular movement (§)
of the atoms (H, 0, €, Cl, Mo and F) bound to C, and N,
out of the plane of the phenyl ring using

X; = 0.29 mdyne.A.

Out~of-plane bending of atoms bound to the delocalized
(X/Y¥) 2%, bond also reguires the restraint of this k.

The torsional interactions about the ligand-ligand and
netal-ligand bonds are of an attractive nature for C,-C,.,
Cu~Ny, and (X/Y)y~2Z, (2,#8), with

Vempe = 0.05 kcal/mol, and repulsive for twists about the
other bonds with V. = 0.0049 kcal/mol. (Recall from
Chapter 2 that the Mo,0,8 rings are non-planar, having an

average dihedral bend of 20° across the 0--0 line,)

{b) The Delta Contribution to the Quadruple Bond
gtrength

Very interestingly, no torsional parameter was needed to
render the eclipsed conformation energetically favoured.

In the case of the moncanionic bridging ligands, the
delocaliration of the negative charge over the XZY atoms
forces the X and ¥ atoms to have their donor orbitals
directed along approximately parallel lines. This, in
turn, results in the near-eclipsing of the ¥-Mo-Mo-Y
unit, suppressing the need for extra constraints from the
& bonding.

For the sulfate-bridged compound, such electronic
delocalization is absent. Rather, steric preference for
the eclipsed conformation excludes the need for a
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torsional parameter to ensure the eclipsing of ligands
about the Mo~Mo bend. Molecular mechanics calculations on
the isostructural, but triply bonded, Mo,(HPQ,),{L,),
molecules shows the eclipsed conformation to be
sterically favoured in the absence of any § bonding.

This result clearly demonstrates that eclipsing does not
imply the presence of § bonding, yet § bonding demands
eclipsing. The nesed for the torsional potential in the
calculations depends on the steric fancy for thé
electronically demanded conformation.

(e} {k.,xr,} 8clution Curves for the Mo, Centre

Very rewardingly, the solution curves for the Mo, centre
supported by bridging ligands intersasct the curves of the
unbridged complexes, thus permitting the identification

of a unigque (k.,r,)ym couple for the guadruple Mo-Mo
bond.

The {K, T u.me Solution curves are presented in Figure
6.4,

50 o ag ¥
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A0 v seven ' s /" a
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Pigure £.4 Molecular mechanics sclution curves for

the Mo, centre spanned by bridging
ligands.
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The calculated Mo-Mo distances match the observed values
within 0.001 &, as seen in Table 6.8.

Tzbla 6.8 Calculated and observed Mo-Mo distances for

Mo, (XZY) Ly
calc. Obs., . Pigure
X-3=-¥ L
(%-3-¥) (Cax)n 4) (4§ Lahal
0= (Me) -0 - 2.079 2.079(3) three

Q=-C{biph)~0 2.082 2.082(1) four

DEX - 2,082  2.08%(4)  four
FhN-N-NPh - 2.083 2.083(2) faux
CHP - 2.083  2,085(1) four
PhN~C{Me) -0 - 2.083 2.086(2) four
DMP - 2.064  2,064(1) twa
MHP - 2,064  2.065(1) two
DMip - 2,072 2.072(1)  ona
PhN-C{CMeaj'*G - 2.071 2.070{1) atle
HAR - 2.071 2.070{1) one
{2, 6xylyl)N-
CH,CL, 2.083  2.083a(2 four
c(ie) -0 (CHaCYo) 5 (2}
(2, 6xylyi}N-
c 2.083 .0BS (2 four
C{Me) -0 (CHzBrals 2 @ _
{2,68y1lyl}N=- . : .
2,100  2.101{1 Tive
e (o) -0 (oY) (1
{2, 6xylyl)N-
4-pe 2.100  2.10z(1 five
c(Me} -0 { PY) g i (1}
2,6 L) N—
(2, xylyl) {THF} , 2.091  2.093(2) six
C{Ma) -0
a-c{H}-0 (inter.), 2.090  2.091(2) six

o-C{Me) =0 (inter.)z 2.091 2.0983(1) six

O0-C{CMey}~0  (inter.}, 2,089  2.088{1) six

O-C{CF3)~0  (inter.},  2.080  2.0906(1) six

FHP {(THF}, 2,090  2.,092(1) six
0-5{05) -0 (inter.}, 2.112 2.111(1) saven
{2,?:;’11:';)1*1- (THF) 2,112 2,113(1) seven
O~C({CF,} ~0 By 2 2.126  2.123(2) seven
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There are clearly two sets of curves with different, but
both positive, slopes. The solid lines correspond to the
. Mo, (XZY¥), compounds lacking axial ligands, and to the
Mo, (X2Y¥),I, molecules with very weakly, If at all,
donating CH)C1, and CH,Br, axial ligands. The dashed curves
are for the compounds having one or two more closely
bound neutral 1ligands donating at the metal axial
positions. The positive slopes are indicative of the
Mo-Mo bond being stretched by steric forces from the
electronic separation to the observed distance.

The {X.,C.}meme SOlution curves are sufficiently clustered
to be classed together as quadruple bonds. This
demonstrates the steric origin of the distorting effects
on the ¢uadruple bond of axial coordination, which was
earlier speculated as perhaps demonstrating weakening of
the Mo-Mo bonding.

Also noteworthy, is the fact that (k,r,) for Mo-IL, is
independent of the inductive nature of the bridging

group.
{4d) 8teric Deformations

Within a given XZY bridging group, structural
accommodation of steric factors occurs mainly along the
Mo-Mo bond since all other molecular dimensions are
statistically indistinguishable.

The bridging framework, X-2-Y, as noted before by Boeyens
[122, 123], is sterically cohesive and the lowest enerqgy
configuration, in the absence of M-M interaction, occurs
at an intermetal distance of ca. 2.2 A. Thus the bridge
stretches the Mo-Mo bond toward the ’‘bite’ distance.
Obviously, the presence of closely bound axial ligands
introduces added steric interactions, which reinforce the
effects of the bridging system. Hence, the less positive




slope in the presence of axial donation, and the longer
observed Mo-Mo distances.

Incomplete distortion of the Mo-Mo electronic separation

to the 'bite'! distance is compensated for by the opening

of the Mo-Mo~I, . angles. In the case of the N*0~ and C"O-
bridged molecules, the excessive 'bite' is compensated
for almost entirely by the more obtuse Mo-Mo-0p, angles
compared to the near—orthogenal Mo-Mo-Np,(Ch.) angles.
The larger b»ite'! of the sulfate bridge is a contributing
factor to the longer observed Mo-Mo separation than 'n
the carboxylateo ligands having the same axial
intermolecular donation.

It is notable that, without exreption, the bonds to the
neutral axial ligands are relatively long, indicating
that even at their strongest, these bonds are much weakar
than those to the eguatorial ligands

[I-0_, (intermolecular) = 2.59 - 2.93 &; Mo-0_, (THF) =
2,53 - 2.59 &; Mo-N,, = 2.55 - 2.59 &; but Mo-O,, = 2.104
and Mo~N,. = 2.14 -~ 2.20 A]. The remote Mo-X,, (X =
CH,Cl,, CH,Br,) distances of ca. 3.5 & could be dismissed
as mere nonbondad 'packing' contacts.

Supplementary evidence for the steric origin of Mo-HMo
lengthening in the presence of axial ligands is seen on
comparing the (k,,xr,) parameters for the Mo-O,.

[(0.84, 2.07); (0.90, 2.10}gu1fare] and Mo-O,, bonds
[(0.40, 2.65)  rer. (0.60, 2.50)qup; (0.50, 2.57) suisarals
as well as the Mo-N,,. [(0.84, 2.10)] and Mo-N_,

[{0.80, 2.54}] bonds. '

Clearly, for Mo-L,., X, is smaller and r, longer by ca.
0.5 &, indicative of weaker interaction, too weak to
affect the Mo-Mo bonding interaction.

The Mo-X,, (X = Cl, Br} interaction is even weaker as
demonstrated by the still smaller k, and extremely long
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r, values.

In summary, the molecular mechanics results demonstrate

the insensitivity of the Mo-Mo electronis interaction to

the presence of axial 1ligands or the nature of the

bridging group. The Mo-Mo bond remains guadruple

regardless of its environment. This result substantiates

the deep potential energy curve found for Mo, (0,CH),, at
o the SCF level by Benard [105].

t Of particular importance is the intersection, or at least
overlap region, of the Mo,~bridg .d and —unbridged {k.,x.}
solution curves. However, si.uce we have as yet not fully
covered all the guadruple compounds, it is best first to
discuss the results of calculations of the equally
interesting Mo,X,{L*“L), compounds.

6.2.3 The ‘Twisted’ Mo,X,(L"L), Molect .2s
(a} ZIntroduction

J It is well Xnown that compounds containing a M-M
: gquadruple bond have a preference for an eclipsed

rotational conformation about the M~M bond because of the
angular dependence of the § bond. In simple, unbridged
compounds of the type XMo-MoX,, this tendency dominates

« | the repulsive forces between opposed ligand atoms and
fully eclipsed structures are observed.

TA
' i’ With bidentate phosphine ligands, R,P-C,~PR,, that span
G the two metal atoms, the conformational preferences of
i- ' the resulting M,-containing rings often favour twist
! angles about the Mo-Mo bond different from zero. It «s
L therefore necessary to examine and discuss the twist

-

; : angles that are found in molecules containing Mo-Mo

: o multiple bonds. Minimizing the ring strain ir these

3"\ ' j systens is apparently more important than maximizing &
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overlap in the Mo-Mc bonrd.

Several structures of these molecules have been
crystallographically determinc  with the presence of
disorder in the metal-metal bond. Naturally, these
structures are excluded since the Mo-Mo distance is the
prime structural parameter of our studies. Crystal
structure solutions have revealed the presence of two
conformations of the Mo, (P~C,~P) ring in certain cases.

An example is the structure of Mo,I;{dppm),.2C.Hg studied
by Cotton et al [124). The dimer resides on the
crystallographic special positicon, 1. The rotational
conformation around the Mo-Mo! bond is strictly eclipsed
(+5.7°, =5.7°, +6.2°, —-6.29).

However, another crystal structure determination by
Fanwick et al [125], showed two independent sets of
molecules in the unit cell both of which possess the
structure of the same molecule Mo,I,(dppm),. COne molecule
which resides on a crystallographic inversion centre is
said to have an ‘apparent’ Mo-Mo distance of 2.178(3} A
and an eclipsed geometry, while the two symmetry related
molecules in general positions have a Mo-Mo distance of
2.152 & and twist angles of 4.9°, 19.7°%, 15.6° and 17.2°.

This is an example of where two guite different
rotational gsometries are present in the solid state for
a molecule of this general type. It was stated that "an
important implication stemming from this is that crystal
packing forces can apparently have a greater effect in
determining the rotational geometry than may previously
have been supposed! and "intermolecular packing forces
can assume a decisive role in stabilizing each one at a
different site". This, we feel, is desperation with
poorly resolved crystal structures. The fact that
identical molecules can reside on both a general and a
special position causes immediate suspicion of disorder.
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The molecule 1lying on the special position is most
probably a crystallographically averaged electron density
of two or more structures, causing virtual i symmetry to
be imposed. In this spirit we have only considered
molecules residing on general positi ns.

{b) Force Field Parameters
The bidentate phosphir~ structures are modelled using the
same parameters as for the unidentate phosphines.

Additional parameters needed are given in Tables 6.3 and
6.10,

Table 6.9 Detalls of additional parameters

Bond k. (mdyne/3) r, (&)
c-8 2,50 1.62
P-i:,p 6.00 1.00
' caN 3.00 1.15
Mo~NCS 0.70 2.00
'Aﬁéle k, (mdyne.3}) 4, (rad.)
Mo-Py ~Cy, 0.10 1.911
Mo-N=C 0.30 3.1416
Mo-Mo-N 0.10 1.571
P-Mo-N 0.10 1.571
Por=Chs~Por 0.60 1.911
N=C-§ 0.30 3.1416
Cc-P~L, 0.40 1.911
CpeChr=Pur 0.60 1.911
Py,~Cy~P 0.20 1.911
Pyr=Cpr—C 0.10 1.911
113
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Table €.10 Nonbended parameters

Interaction a (u) b (A4 c (u.df)
P"'—Lp 898.8 4.24 1.83 )
P~-N 3081.0 4.27 5.12
C--8 2180.0 4,05 5.38
5=-F 3951.0 3.90 12.0

N-S 2586.0 4,21 .79

(c) The Delta Contribution to <the Quadruple Bond
strength

0f extreme importance is the magnitude of the torsional
parameter needed to model the obzserved twists around the
Mo-Mo centre. From viewing these molecules down the Mo-Mo
axis, it is Jlmmediately recognized that all €four
torsional angles are non-zero. If they are not of the
same magnitude, as is the case for the P-C;~P set, they
are in the same sense,  and thus have the 'concerted!
effect of an internal rotation. Each of the torsions
results from the combined effect of a true internal
rotation and other steric distorsions. The reaction of
the § component to such twists is readily studied by
molecular mechanics.

Very interestingly, the triply bonded Reécl4(dppm)4 and
Re,Cl, (dppe), molecules have totally staggered
conformations. Not surprising, then, the envelope-type
conformation in Mo,(P-C;-P), and the distorted chair
arrangement in Mo, (P-C,-P), imply the presence of some
degree of § bonding favouring the eclipsed conformation.
We therefore expect nonzero Vy_pe torsiconal potentials.

The values required, together with the calculated and
observed y valuesg, are shown in Table 6.11. The torsions
about the Mo-Mo bond are matched to within 2°,
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Table §.11 Torsicnal data and paranmeters
x (deg.) x (deg.)
X, (B=C.~F) P-Mo-Mo-P  X~-Mo-Mo-X Vy=0°
4 a "'2 {kcal/mol)

Obs. Cale. Obs. Cale,

., (dopm) 4.9 6 15.6 16 10.7/4
41CPPR) 2 19.7 21 17.2 17 y
(NCS}) , (dppm) 2 i 12 10 10.7/4

A m -
4t9PPIU2 487 16 13.6 14
o1, (tdpn 10.7 10 21 19 0.5/4
4 (tdpm) 5 27.4 - 26 20 20 )
B, (5, S-dppb) -22 -p0 =20  -20 8.5/4
r - 3 »
4(8,8=dppb)a . 51 31 20

24.8 =23 21.1 =20
Cli(8,8-dPPR)2 ) 8 23 27.5 -26 - 8.5/4

T4(dppe) 26.5 -26 -24 -25 7.4/4
36 38 16 36
Bry (dmpe) 5 37 37 37 36 0

The torsional potential values are given as x/4, since x,
the total attractive potential, can be compared to the
values obtained via driver calculations for the [M02X8]4'
ions (7.5, 11, 11.5 kecal/mol for X = Me, Cl and Br
resply.}. If a Vx=0° value greater than those shows is
used, the calculated torsion angles are too small; a
smaller value results in greater staggering.

The greater the cbserved twist, the smaller the parameter
reguired to maintain eclipsing. Obviocusly the §
intsraction is diminishing.

In fact, for Mo,Br,(dmpe),, no potential is required i.e.
no & interaction opposes the twist away from eclipsing.
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Even though this mnolecule has the proper number of
electrons to form a o*r*s? quadruple bond, the sterically
favourad twist of 36° has resulted in total destruction
of the § component.

Thiz molecule does not have its {k,,r,} solution curve
positioned with the others —~ it kas shifted down to the
triply bonded mdlecules. Notwithstanding the different
bond order, Mo,Br,(dmpe), was modelled with the same
bridging framework force field as tlte ot%v = diphosphine
complexes. ONly (Voo mome 2NA {K Yol ara diferent.

If we take 11.5 Xcal/mol as representing the §
contribution to quadruple bonding, then the smallest V .
value, 7.4 kcal/mol, means 64% of the § bond is still
present. Is this sufficient to stabilize a &% electron
configuration?

It should be noted thal the dependence of the § overlap
(123] on the angle of internal rotation x is given by
cos 2. Therefore, considerable deviation from perfect
eclipsing can occur without loss of § bonding. Indeed a
rotation of 30°¢, that is, two thirds of the way towards
the fully staggered conformation, causes a lomss of only
half of the & overlap.

{d} Melecular Mechanics Solution Curves

The answer to the above lies in the ﬁosition of the -

{K, s Tolruoms S0lution curves relative to the other quadruply
bonded compounds. The results are shown in Figure 6.5.
The calculated Mo-Mo distance is within

0.001 4 of the observed value (Table 6.12).

ile




50 a
.......... g
3
45 ;%
::-_s
~ 40 | 4
& 5
5 i
© 12
' E
i 35+
.
3.0
2.5 .
2.00 2.02 2.04
r, (A)
Figure 6.5 Molecular mechanics solution curves
{Ry 1 Tolyo-Mo EOT the Mo,X, (P*P), compounds.
Table 6.12 Calculated and observed Mo-Mo distances
E Cala, Obs. Figure
Moleorie
() () tabel
Mo, I,{dppm), 2.150 2.152(2) two
Mo, (NCS) 4 (dppm) » 2.165 2.167(3) one
Mo,Cl, (tdpm), 2.150 2.148(1) two
T ‘;"'/ 3 Mo,Br, (S, S-dppb) , 2.144 2,147 (6) three
1 o Mo,Cl, (S, S-dppb), 2.144 2.147(3) three
| Mo,I,(dppe), 2.180 2.179(3) four
}
; The fact that the solution curves are clustered amongst
_."_0 those of the unbridged-Mo, set, implies the persistence
of the guadruple bond, even with rotations of ca. 25°.
w 117




?/ﬂﬁh
k .

S

The § kond still getains mach of its strength, and there
is no resultant unpairing of the § electrons.

It is satisfying that the observed differences in A
between analogous Mo and Re dimers can be explained by
different bond multiplicities.

Mo,I,{dppm}, and Mo,Cl,(tdpm), have identical solution
curves despite their different V,_g. values. This means
that regardless of different degrees of 4 interaction,
both are of the same bond order.

Just as steric forces can cause a certain stretch of the
Mo-Mo bond away from r, and hence decrease the lateral
overlap of the § interaction, so too c¢an a certain deyree

of rotation occur without total destruction of the |
interaction.

{e¢) Bteric Deformations

It is interesting to discuss how the degree of rotation
¥ is influenced by the number of atoms in the
RyP~(CHy} ,~PR, bridge (where n = 1, 2).

These compounds are all formally guadruple. The
equilibrium structure therefore depends on the balance
struck between the § bond favouring eclipsing, and the
steric forces working against this inherent tendency
favouring a staggered arrangement.

(i) The (P~C,~P) Bridge

The dppm and tdpm ligands, for which n=1, form two
envelope-type, five-membered rings including the Mo,
bond. The torsion angles within each molecule are of
different magnitude, but in the same sense. Also, these
bridging ligands are not symmetrically coordinated since
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one of the two Mo-P distances associated with each Mo is
ca. 0.1 & longer than the other (I: 2.58, 2.54 A; NCs:
2.62, 2.55 A; tdpm: 2.65, 2.55 A). The Mo-Mo-P angles
differ by ca. 6° foi the dppm species, while those of the
tdpm species differ by orly 2°.

Since the same force field is applied to the bridging
phosphine framework <throughout the whole series of
complexes (i.e. the electronic factors are constant), the
unsymmetrical distorsions in these bonds and angles are
a result of internal crowding (i.e. steric and not
electronic in nature).

The true internal twist is rather small since the V. is
decreased by only ca. 10% from that of the [Mo,X;]* ions.
The observed torsion angles are a result of a small
internal twist with added distortion due to internal
crowding. The presence of § bonding opposes twisting
around the Mo-~Mo bond, and, fortunately, the energy of
the system as a wheole is minimized at a small internal
rotation accompanied by unsymmetrical distortion of the
melecule to relieve the strain, with little loss of §
interaction.

(ii) The (P-C,~P} Bridge

Very differently, when n=2, a balance between the &
bonding demanding eclipsing and the steric factors
favouring staggering is struck at larger twist angles of
essentially equal magnitude, with symmetrically distorted
Mo-P and Mo-Mo-P parameters., Consequently, the true
internal +twists are larger, as seen by the lower
torsional parameters needed in the calculations.

The steric strain when n=2 can only ke alleviated at the

axpense of 26-36% of the § interaction. These molecules
are not able to overcome steric forces by distorting
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unsymmetrically at small internal rotations as was seen

for n=1.
(£) General Conclusions

Fruitless attempts by Cotton et al. to obtain an
empirical correlation between the observed Mo~Mo distance
and cos 2y are now understandable. Scatter in the data
occurs. This is probably due to the incorporation of
compounds containing disorder; including the erroneous
assumption that the observed bond length will be linearly
proportional to the strength of the § bond. As mentioned
earlier, the observed torsion angles differ in the

Mo, (P-C;~P) rihgs because each results from the combined
effects of a true internal rotation and other steric
distorsions. Cotton assumed that these steric distortions
will tend to be random, so that averaging the four
individual +torsional angles will give a meaningful
estimate of the true internal twist, x.

Indeed, there are compounds with small twists having
Mo-Mo distances longer than those with larger twists,
contrary to Cotton’s éttempt at directly relating the
Mo-Mo distance to the degree of rotation. In fact, the
equilibrium structure, including the Mo-Mo distance, is
the result of complex interplay of electronic and many
nonbonded forces. It is therefwre an oversimplification
to expect the observed Mo-Mo distance to be a function
simply of the § bond strength.

It is safer only to consider electronic distances without
steric complications. The electronic Mo-Mo distance, r,,
is fixed at the guadruple-bond value for twists from 0°
to ca. 26°; and reduces to that characteristic of a
triple bond for a twist of 26°.
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6.2.4 The Unigue (k.,r;) Couple for Mo-4-Mo

It is wvery intriguing to consider the combinad set of
solution curves for the formally quadrupie compounds, The
overlap region of the {k.,r }uc-uo solution sets is seen
in Figure 6.6. Only the curves needed to define the
koundaries of this region are shown; all others obvicusly
occur within the envelopes shown.

5.0
-------- unbridged Mo,
—-— bridged Mo,
4.5 k-
- 4.0
®
fid
)
£
" 3.5 -
o
3.0 b
2.5 = - ) |
. 1.86 1.88 2.00 2.02 2.04
o (A)

Figure 6.6 Combined wolecular mechanics {k.,x,}
solution curves for the set of quadruply
bonded Mo, compounds.

The narrow overlap region, K,.:4.64 - 3.5 mivne/A and

r,:2.02 ~ 2,01 A, is very rewarding considering the
nunber of compounds investigated. The average,
(Kpr ol pyono = (4.07 mdyne/R, 2.02 &), is accepted as the
most likely couple, for the quadruple bond.
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Thus, for any given hond order between a given pair of
metal atoms, there is a range (0.1 & for Mo-(4)-Mo) of
observed internuclear distances , but only one electronic
separation, r,.

'e2.5 Experimental vy, .. and the Molecular Mechanics
4.07 mdyne/A.

The molecular mechanics value for k,(Mo-Mo} is the result
of assuming harmonic distortion of the Mo-Mc bond. The
values of the harmoni. force constant that would yield
the experimentally observed frequencies for these
guadruple Mo, compounds are given in Table 6.13.

Table 6.13 E}rﬁerimental vibrational Freguencies and
corresponding diatomic force constants
Gompound ¢ {cm'™ (m:;h::;il Ref.
Mo, (0,CCFy) ¢ 398 4.45 127
Mo, (0,CH), 403 4.59 29
Mo, (0,CCH;} 4 404 4.81 128
Mo, (O,0CF;) . {pY) 2 358 3.83 127
[0, (50,)41% 371 3.8Y% 52
Mo, (MEP) 425 5.11 129
Mo, (CHrd, _ 405 4.64 129
Mo, (FAP}  (THF) 430 5.23 39
{Mo,CL 1+ 350 . 3.46 130
{Mo,Br;1+ 335 3.17 130
[MoMe, 1+ 336 3.19 131
Mo,C1, (P¥Me,), 155 3.56 20
Mo,Br, (PMe;) 4 352 3.50 20
' Mo,T; (PMey}, 43 3.33 20
a :solid-state Raman spectroscopy *
b :sojution study by infra-red spectroscopy

) ssolution study by Raman spectroscopy 122




The pyme Values vary over a considerable range of
95 cm?, even though they are all of the guadruple order.

Raman spectroscopy supports a previously held view that
the Mo-Mo bond is stronger in the Mo,(X2Y), species where
the gy frequencies are about 400(30) cm! as compared
with about 345(10) cm! for the ([Mo,X]* set and 371 cm®
for the sulfate.

With respect to the evaluation of force constants there
are the difficulties that frecgquency data can rarely be
corrected for anharmonicity, and that they rarely refer
to isolat. 1 mudes of vibration. It is therefore
problematic to calculate force constants from cobserved
fregquencie: .

Except in the case of gaseous diatoms, M-M bonds are
embedded in a polyatomic matrix and coupling with motions
of neighbouring atoms must be considered in analyzing the
vibrational spectrum. For most compounds of integest, the
modes which mix substantially with M-M stretching may be
characterized as M-ligand stretching and M-iigand
deformation. Mixing is generally slight if the
frequencies of +these modes are far from the M-M
frequencies or if the ligand atoms are much lighter than
the metal atoms. As the frequencies approach one another,
and as the ligand masse. "~ fe comparable to the metal
masses, the modes bect @ iirongly coupled, to the point
where it may be misleadin.g to speak of M-M freguencies at
all, except as a crude approximation.

The amount by which these so-called wy, »odes are
essentially limited to vibration of the Mo~Mo bond is
somevhat uncertain and may well vary from case to case.
Complete normal coordinate calculations from which a
raliable potential energy distribution matrix (U matrix)
could be derived would be informative, but the amount of
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experimehtal and computational work required for this is
formidabkle, and only very incomplete normal coordinate
analyses have been published.

Although it is typical to denote the guadruple bund with
the notation o*r%6? this is an oversimplification.

In the [Mo,X3]* ions the M-M bonding comes close to the
ideal gualitative picture, but the orbital characters
become more complicated in other cases. In the
carboxylato compounds, the Mo~Mo o bonding is provided by
two MO’s. This is in contrast to [Mo,Clg]* where the

~highest filled ag, orbital, with 83% metal character, is

mainly responsibie. So, in many cases the Mo-Mo- bonding
interactions are distributed over more “han one MO of the
appropriate symmetry - a more complex orbital mixing
pattern emerges. ' |

Ketteringham et al [132] concluded that the Mo-Mo stretch
contains about 1%5% contribution from the OM-MO,
deformation, whe:eas Cotton and coworkers assigned the
Raman feature at 404 cm! as the symmetric Mo-Mo stretch ;
with no significant contribution from other stretching or
bending modes. In the case of Mo,(0,CCH;), there is direct
experimental evidence showing that the strong Raman band
at 404 cn! is due to a motion that is virtually pure
Mo-Mo stretching [128]. On comparing the Raman spectrum
of the acetate having the natural distribution of Mo
isotopes (effectively %Mo) with that of a sample
containing 97.4% 92Mo, a shift of 9+1 om! was found,
which agrees well with the value of 8.7 om! calculated
for a completely isolated Mo-Mo vibration.

Of course, this result cannot be considered general,
since hers the Mo-Mo-0Q,, angles are very close to 90° and

the 0 atoms are very much lighter than the Mo atoms.

In [Mozcls]“', the Mo-Mo~Cl angles are about 103° and the
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ligand atoms heavier, both of which could lead to more

coupling between the ryomer Pumeci 804 Spomocy totally

symmetric modes.

Since the Mo-Mo-X angles in the Mo,X,(FMe,), species are

also significantly > 90° the diatomic approximation for

extracting the Mo~Mo force constant is inaccurate for two
reasons:

* the effective reduced mass of the Mo-Mo system
changes because of contributions from the ligand
masses and,

* G-matrix mixing of the M-M and M-X coordinates
becomes appreciable.

Thus comparisons of simple diatomic force constants, from
obgserved frequencies, among Jomplexes c¢ontaining
different ligand sets, must be viewed with caution in
seeking meaningful information regarding the relative M~M
bonding in these systems.

Metal isotope shifts in the Ramén spectrum of [M02(504)4]4'
also demonstrate a rather ’‘pure’ Mo-Mo stretch for this
compound, yet it has a “ower observed ry,m, frequency
than the Mo,(0,CCHy), species.

The possibility of anharmonic deformation of the Mo-Mo
bond as opposed to harmonic displacement, cannot be
discounted.

In resonance Raman spectroscopy, the measured values of
so many overtones of the wy,m, Mode allow an accurate
assessment of the anharmonicity constant and this, in
turn, can give us some idea of the wvalidity of our
molecular mechanics harmonic potential for bond
deformation. To the extent that some ., 1s mixed in
with ppop and rpomeL: the latter may alse experience some
resonance enhancement,
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The resonance Rawan spectra of [Mo,%]* (X = cl, Br), and
MosBr,(PMe,),, suggest that the Mo-~Mo stretching
fundamental is very close to being harmonic in these
complexes., However, other progressions arising from the
M~X stretching fundamental are seen; an outcoma of mixing
of different modes.

The existence of harmonic stretching of the Mo-Mo mode in
these Imolecules, validates the use of harmonic potentials
in the molecular mechanics force field.

Expafimental force constants are molecule-specific
quantities and therefore dependent on the environment of
the respective molecules. The difference in observed
frequencies is not due to a real diffarence in force
constant for the Mo-Mo bond, but simply a consequence of
coupling of the Mo-Mo stretch to Mo-ligand displacement
coordinates. In most cases the mode responsible for the
observed band is only roughly approximated by the
description ’‘Mo-Mo stretching’, though it undoubtedly
incorporates a substantial proportion of the HMo-Mo
symmetry coordinate. Possible anharmonic deformation of
the Mo-Mo bond is an added complication,

The force counstants obtained for Mo~Mo quadruple bonds in
the normal coordinate analyses [131, 132] range over

3 - 5 mdyne/A; the mean value being that obtained ky
molecular mechanics.

Perhaps it is best to consider the average diatomic

k.(Mo-Mo) calculated from these observed frequencies,
namely 4.04 mdyne/A. Very surprisingly, this is the exact
value obtained by mslecular mechanics inspection of these

guadruple compounds.
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6.3 Molscular Mecshanics Caleulations on the Mo~Mo Baond
of Order 3.5.

6.3.1 Introduation

To improve our understanding of fhe bonding 1in
dimolybdenum compounds, several attempts have been made
to study the monopositive ions that can be derived from
them and to compare the parent molecules and the daughter
ions.

The [M02(804)4]3'-and [Moz(DMF)4]+ ions have structures
very similar to that of their parents. The 3- ion is
paramagnetic and e.s.r. spectra show that the unpaired
elactron is evenly distributed over two magnetically
eguivalent Mo atoms. The use of the same force field
parameters for each Mo?+* atom in these ¢?7%§l compounds
is in accord with the unpaired electron being evenly
distributed between the two Mo nucleli. The parent
molecules have authentic guadruple Mo, centres. Loss of
one electron from these guadruple compounds neans we are
certainly dealing with Mo, centres of order 3.5.

As discussed in Chapter 2, there are gquantitativ-. changes
on going from the parent molecules to the daughters. The
Mo-Mo bond lengthens and tﬁé Mo-L distances shorten. Tha
former is due to the lower bond order; the latter a
result of the increased formal charge on the Mo atom.

6.3.2 Force Field Parameters

The bridging framework is modelled using the same
parameters as for the quadruply bonded compounds. The
only additional information pertains to the Mo-L_,,
Mo-lIy, and Mo-Mo bonds. This is given in Tables 6.14 -

6'15'
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Coulombic interactions are not necessayy, and the lack of
a torsional parameter for rotation about the Mo-Mo bond
is expected on the basis of the previous explanations
given for the quadruple compounds. The H positions were
located in the crystal structure of the sulfate, and the
axial water molecules have a tetrahedral arrangement
ahout 0,

Table 6.14 Force field parameters specific to Mo?-3*
Bond k, (mdyne/3) xr, (R
Mo-Ny . " 0.84 2.08
Mo~0p,. 0.50 2.05
Mo-0,,, 0.80 ' 2.53
Mo-Cl,, 0.50 2.86
Mo=-Br, 0.50 2.90
0-H 5.00 0.96
angle kg (mdyne.}) " 9, (rad.)
H~0~-H 0.40 1.911
H—O—LP‘ 0.40 1.511
Mo—oax—H(LP) 0.40 1.911
fable 6.15 Nonwonded parameters
Interaction a (u) b (ﬁ“lj & (u.i)
- Cl--8 2706.2 3.80 15.4

Br=~-S 950.4 3.27 22.1

As can be seen the (Mo-0,,)*?'5 and (Mo~N,.)*?'® have
shorter r, values than the corresponding Mo*? bonds, in
accord with the smaller intrinsic size of the higher
charged ion. Again, the Mo-L,, r, values are long
compared to the equatorial Mo-L bonds, implying weak
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axial donation.
6.3.3 {k,,r,} Solutién Curves for the Mo, Centre

The force field for these compounds is well established
from the quadruple set, and generation of the {k., ¥, }uo-uo
solution curves proceeded rather swiftly.

The solution curves for the Mo-Mo interaction are shown
in Figura 6.7. Once again the Mo-Mo bond distance was
reproduced to within 0.001 & as seen in Table 6.16.

4.5 -~ - A O
a8 one
o two
== three
4.0 -
for
1=
g-\ 35 F
4k
le.
3.0+ Fy o/
2.5 Al L I
2.06 ) 2.07 2.08
r, (&)
Figure 6.7 Molecular mechanics solution courves

{k,.r¥o} for the Mo-Mo bond of order 3.5.
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Table 6.16 Calculated and observed Mo-Mo distances

Molecula (T ) Cale. - Obs. Figure
ax’2 (3) Q) Label
Mo, (DMF) ,3* - 2.120 2.122(3) three
H,0
Mo, {S0,) 413 2 2.166 2.167(1 £wo
[Moz (804241 (isolated) (1)
H,O
Mo, (SO 3- 2 2.162 2.162(1 one
(Mo (S04) 4] {chains) (1)
cl
Mo., (SO 3~ 2.166 2.167(2 two
[Moz (804) 4] {chains) (2
B
(M0, (50,) 413~ * 2,166 2.169(3) two
{chains)

The crystal structure of [Mo,(S0,),(H,0),]1%", reveals the
presence of two crystallographically independent
molecules. Each ls approached by the O atom of a water
molecule approximately along the extended Mo-Mo axis, but
only at a considerable distance (2.55 A). The
nonequivalence results from differences in the packing.
One molecule packs as isolated units with one water
molecule attached to each Mo atom, whereas the other
melzcule forms an infinite chain of ions linked together
by water bridges. The same (k_,r,) value models the

Mo-0,, bonding, but the molecules have different solution

curves.
6.3.4 Piscussion

In [M02(504)4X]4' (X = Cl, Br) there are infinite chains
of the type (-Mo-Mo---X--Mo-Mo-), with very long axial
bonds: 2.881(1) A for Mo--Cl and 2.926(1) A for Mo--Br.
The Mo-Mo distance is the same within experimental error,
and so it is not surprising that their molecular
mechanics solution curves coincide. In fact, the isolated
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sulfate molecule has an identical Mo-Moc separation and
the same solution curve,

The slopes of the solution curves are all positive
indicative of the Mo-Mo bond being stretched, as was the
case in the corresponding quadruple Mo, compounds. The
slope of the solution curve for the [Me,(DMF),]* molecule
iz steeper than the sulfate molecules having axial
ligands. This is the result of +the axial ligands
reinforcing the stretching of the Mo~Mo bond by the
bridging group to the 'bite' distance.

The observed Mo-Mo distance is longer in the sulfate
compounds than the DMF molecule because of the larger
'bite? of the sulfate ligand and the presence of axial
ligands. |

How the Mo-Mo electronic separation changes upon
oxidizing a Moy%* complex to a Mo,®" complex is quite
interesting. The difference in electron population is
expected ton occur in the § orbital. The role of the §
component of the quadruple bond in contributing to the
extraordinary shortness of such bonds can therefore be
assessed by observing the change in r, (Mo-Mo) when the -
bond order changes from 4.0 to 3.5. Beveral attempts have
been made to assign a value to the change upon loss of
half of the § bond, but all considered the observed Mo-Mo
distances,

No one point of intersection occurs. However, the
solution curves are closely packed together to be
considered of the same order. The narrow overlap region
permits the assumption that the average value,

(KXo yomo = (3-63 mayne/d, 2.07 Ay, is characteristic
of a Mo-Mo bond of order 3.5.

Loss of half of the §2 component to quadruple bonding
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resulte in a 0.05 A lengthening of the electronic Mo-Mo

distance.

As was the result for the quadruple Mo-Mo bond, neither
the inductive nature of the bridging group nor the
presence of axial ligation alters the Mo-Mo bonding.

6.3,5 Experimental »y,,, and the Molecular Mechanics
3.63 mdyne/A.

The weakening of the Mo-Mo bond should? manifest itself in
other ways besides the increase in Mo Mo bond length. Cne
of the more obvious additional effects of lowering the
bond strength should be a decrease in the force constant
of the Mo-Mc bond and this might be expected to reveal
itself in the Raman spectra.

Solid~state Raman spectra have been recorded for the
sulfate compounds [52, 53, 133}.

For [Mo,(S0,),(H,0),1*, the greater number of bands
observed adds to the complexity of the spectrum. However,
much of this complexity may be rationalized if most bands
are congidered to be split intoc two compounds. A
straightforward interpretation of this splitting is
possible by relating it to the existence of the two
arystallographically distinct species in the solid of
this substance. The Mo-Mo vibration is ohserved as a
single Raman band at 371 om! for Mo,** and as a doublet at
373 cn! and 386 cm! in the spectrum of Mo,’*. The

Mo-Mo vibration frequency is higher in the Mo* sulfate.
A lower bond order would imply a lowering of the Mo-Mo
frequency. OCbviously the coupling of modes and anharmonic
effects must be the cause of this discrepancy. Coupling
between one sulfate ion and the next is also possible in
the sulfates linked by common axial ligation.

Both [M02(504]4X]‘“ ions display sharp, strong Raman bands
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at essentially the same frequency, 370(1) cm’.

Metal isotope studies for X=Cl were done, *to determine
how much the modes ordinarily described as wy,, may in
fact deviate from that character as a result of mixing
with other a,, modes. The observed shift in the Mo-Mo
frequency, upon isotopic substitution, is egual to the
calculated shift for pure Mo-Mo stretching (uncoupled
with any other internal modes). This implies 1little
mixing of other modes with the Mo-Mo stretch. The Mo
sulfate was also found to have a relatively ’pure’ Mo-Mo
freguency from isotopic studies. It was concluded that
“in both [Mo,(80,),]* species, the Raman band at ca.

370 cm® is a virtually pure wy.yu mode and that the
explanation for the negligible difference from one of
these species to the other is that very small variations
in the dynamics of the two vibrating systems could easily
ckascure the inherent differences'. This in itself tells
us that the observed Mo-Mo fregquencies are not a direct
measure of the strength of the bond.

The average of the three fregquencies, 377 cm!, gives a
k {Mo-Mo) of 4.00 mdyne/A, of the same order, but
significantly higher than the derived value of

3.63 mdyne/A.

One must also be aware that there is some uncertainty as
to the assignment of the observed bands in the Raman
spectra. In most cases it is sinply assumed that the most
intense band be assigned to the Mo-Mo stretching
freguency.
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6.4 The Triply~-bonded Mo, Centre

Each of the structurally different Mo=Mo compounds will
be discussed separately.

6.4.1 ' Phe Mo,L, Compounds

The simplest of complexes containing the oZr* Mo=Mo
bonding configuration are the unbridged, ethane-like,
a*-3® dinuclear compounds of Mo. The existence of these

unbridged X;Mo=MoX; compounds emphasizes the importance

- of M-M bonding.

{a) Force Field Parameters

The essential trigonal symmetry on each end of the
molecules (Mo-Mo-I= 98.3°-107.2°; L-Mo-L= 111°-121°)}
demands the geometry of each MoL; unit to be trigonal
planar in the molecular mechanics force field.

In the (Mo=Mo)®%' compounds, either one or both of the in-
plane Mo atomic orbitals (&ayes Gyy) are available for RN-
to-Mo and RO~to~Mo 7w bond formation. Structural
parameters suggest the presence of such an interaction.
The Mo-NC, moieties are planar and deviate little from
the Mo-Mo~N planes. Also, the methylene carbons of the
neopentoxy groups deviate little from the Mo-Mo-0 planes.
Both these structural observations recquire the influence

" of an electronic element in the force field. Steric

factors alone does not allow for a match of the
calculated and observed structures.

The planar N in NMe,, and planar O in OCH,CMe;, are
modelled by trigonal planar (sp?) geumetries. All othwr
atoms adopt the well-known tetrahedral arrangement.

Force field paramebters not already defined, are given in
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Table 6.17.

Table 6.17 Force field parameters for bond and angle
deformations

Bond X, (mdyne/3) r, (&)
Mo-(1.6)~0 0.84 1.85
Mo~ (1.6)-N 0.384 1.96
Mo=N 0.84 1.80
Mo-Cl 0.70 2.34
Mo~C 2.00 2.13
C~0 3.00 1.42

Angle kg - (mdyne.A) 8, (rad.)
Mo-M¥o-L 6.20 1.571
L-Mo~1L 0.10 2.094
C-O—LP 0.40 2.094
c~-C~0 0.16 l.911
o~-C-H 0.65 1.911
C-N~-C 0.10 2.054
N~-C-H 0.65 1.911
MO-O-LP 0.40 2.094
Mo-0-C 0.20 2.094
Mo-N=-C 0.20 2.094
Mo-C-H 0.10 1.911
Mo~N-C .20 2.094
Mo—-C-C 0.10 1.911

The Mo-L bonds have been modelled with the same force
constants as in quadruple and 3.5 Mo,, but now the r,
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values are shorter as a result of the increased. oxidation
gtate of the Mo atom to +3.

The gualitative proposal of the different modes of Mo-N
bonding in the Moz(NMez)ﬁ' and Mo,0,(N¥Me,}, molecules
{Chapter 2) is confirmed not only by the regquired
modelling of trigonal planar geometries about N and 0,
but also by the g&ifferent (K, Y.)}mon values needed to
match the observed Mo-N bond distance in each melecule
(Table 6.17). This bonding scheme probobly extends to the
Mo—-0 bonding in Mo, (OCH,CMe,;),.

The presence of multiple Mo-N and Mo-O bonding is also
confirmed by the need for restriction of the angular
movement (&) of one of the Me groups from the plane of
the remaining Mo-N-C unit in 'MoNMez; and of the lone pair
from the plane of the Mo-0-C unit in Mo, (OCH,CMe;),.

For o*, the Mo-Mo triple bond is cylindrical and does
not exhibit a preference for staggered or eclipsed
geometries with respect to each end of the molecule. The
cbserved conforgations are determined by ligand
interactions across the MWo-Mo bond. The staggered
conformation is therefore the favoured arrangement. The

three repulsive torsional potentials, V .-, for rotation

x
about the Mo-Mo bond is 0.0049 kcal/mol.

(b} sSteric Accommodation of the Blectronically Demanded
styructure

All these molecules exhibit a ‘propeller’ arrangement of
the Mo-NC, and Mo~0(C} (L,) planes about each Mo{NMe;); or
MoX (NMe,), group, and Mo(OCH,CMe;); group, respectively.
This arrangement is clearly demanded by the electronic
interaction between Mo and N/O, as seen by the force
field parameters,
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The orientations of each planar MoNC, unit leads to a
proximal and a distal Me group with respect to the Mo=Mo
bond. This obviously introduces steric crowding within
the molecule. The steric interaction between the planar
NC, units, or Ler.een the planar NC, unit and Cl, Me or Et
ligand, on adjacent Mo atoms, is minimized by the bending
away of the NG, group(s}, as recognizz2d by the distortion
of the Mo-N-C angles. The (Mo-N-C),uni angles open to ca.
132°, while the (Mo-N-C);.. angles close to ca. 115°.
Obviously the opening of the Mo-Mo-N and/or Mo-Mo-X
{¥=Cl, Me, Et) angles also alleviates the steric strain.

In the Mo,{OCH,CMe,), molecule, four of the methylene
carbons are distal and two are proximal with raspect to
the Mo=Mo bond. Also, the proximal carbon on one Mo atom
is adjacent to the distal carbons on the other Mo. This
obviously allows for minimum steric congestion. 3teric '
repulsion causes the [Mo-0-C(L,} ), uiwm a@ngles to upen to
ca. 134° and the [Mo-0-C(L,) lawy tC close to 115°; and the
Mo-Mo-C angles open up too, however, more so for the C
with a distal Me group.

All of the eguilibrium structures achieve a minimum
strain energy at cossentially the same Mo-Mo separation.
Slight differences in internal steric congestion amongst
these molecules is compensated for hy other distortions.

Steric factors impede rotation about the Mo=Mo bond,
leading to the isolation of either anti- or gauche-
rotamers. All structures, except Mo,Et,(NMe,),, adept the
anti-conformation. | '

The steric bulkiness of the Et groups favour the gauche
rotamer, with litcle effect on the distances and angles
associated with the MoNC, skeleton. The methyl groups of
the Et ligands are distal from the Mo=Mo bond, minimizing
steric crowding within the molecule.
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In short, steric congestion is successfully minimized

within the electronically favoured arrangement of tha NC;

and OCH,CMe; units.

The influence of packing forces in the crystal on the
equilibrium structure, believed by some [55], is clearly
refuted by matching the observed arrangement with an
intramolecular molecular mechanics force field.

6.4.2 The [Mo,(EPO,),]* Tom:

The structure of the [Mo,(HPO,),}* ions is reminiscent of

that found for the [Mo,(S0;)41™ (n = 4, 3) ions of oxder

4 and 3.5, respectively, but the.e are significant
differences in detail. The Mo-Mo bond has lengthened and
the Mo-0Q,, distances have ghortened, a comsgeguence of the
lower bond order and higher oxidation suate of the Mo

atom, respectively.
{a) Forece Field Parameters

Because of the structural similarity to the sulfates ; the
force field used is much the same, except for the Mo-0,.
bond and the presence of a P atom instead of sulfur.

The [Mo,{HPO4),]* 4ion has the familiar paddle-wheel

structure. There are axial ligands, but these are loosely
bonded with terminal HMo-OH; distances of 2.46(1) and
2.53(1) &, and infinite chains of Mo-Cl distances of
2.910(1) A. The insensitivity of the Mo, bond to the

ligand environment is expected to persist in these triple

compounds. The geometry modelled about the Mo atow is

again octahedral.
The hydrogen positions were not given in the structural

data. The water molecule can have orientations consistent
with either a planar (sp?) or a tetrahedral (sp°)
fragment, donating either two or oine lone pairs into
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| antiponding Mo orbitals. Hence, both geometries are

modelled for the axial water molecule.

Additional force field parameters are given in Tables
6018 - 6019»

Table 6.18 Force fleld parameters specific to
'[lkh(HPUQ4(L“)2] (Lu = HED, Cl)

Bond k. {(mdyne/R) r, (A)
Mo-0,, 0.90 2.00
Mo-0,, 0.80 2.45
Mo-Cl,, 9.50 2.86
P-0 3.50 1.52
P=0 3.50 _1.46
angle %, {mdyne.d) 8, (rad.)
H-0-H Q.40 _ .2.094
P~Oy-Ty, 0.40 1.911
Oy ~P—0y 1.50 1.911
O, —P-0 1.00 1.911.
0-P=0 0.840 1.911
P-0-H 0.40 1.911
Mo-0,~P 0.20 1.911
Mo-0,~H Q.40 2.094

The bond deformation parameters for the axlal ligands
once again demonstrate their weak donor properties.

Table 6.19 Nonbonded parameters
Interaction a {(u) b (A1) ¢ (u.2%9
P-=0 3507.0 4,27 5.19
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The ¥o-0,, bond has the same force constant as the Mo,
units of order 4.0 and 3.5, but the r, distance is
shorter. In fact, the r, value decreases from 2.10 & for
Mo*?, to 2.05 A for Mo™3, and finally to 2.00 A for Mo*,
The direction of change is in perfect accord with the
decreased intrinsic size of the Mo ion as n increases.

The same (X,,r,) value for the Mo-0, bond is used for the
tetrahedral and planar geometries, 1In fact, both
geometries have identical ({k,r }y.m Solution curves,
illustrating the insensitivity of the Mo, unit to the
extent of axial donation.

There is no barrier to internal rotation about a triple
Mo-Mo bond. Consequently, a staggered conformation

{x = 45°) would be favoured. The four repulsive torsional
potentials used, V,_,., have a value of 0.0033 kcal/mol.
However, the observed conformation is eclipsed. This is
purely a steric preference of the four bulky bridging
ligands bound to the central Mo, unit.

6.4.3 The Mo,(0,CCH;),(CH,Bu'), Molecule

This malecule retains the Mo,{0,CMe), core supplemented by
two mononegative neopentyl ligands, one bonded to each Mo
along the Mo-Mo axis.

The Mo-C, distances, which fall in the range 2.17-2.213,
are typical of those sean for alkyl ligands bonded to
(Mo=Mo) b+ centres.

(a) TForce Pield Parameters
The carboxylato framework has the same force field used

previously. Additional force field parameters are given
in Table 6.20.
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Table 6.20 Additional force field parameters
Bond k, (mdyne/A) r, (&)
Mo~Oyy 0.95 2.05
Mo—C,, 2.00 2.13 -
Angle k, (mdyne.3) ¢, (rad.)
MO“Cax-H 0.40 1.911 !
Mo-C,,~C 0.20 1.911 :
The (k,r,} for the M-C,, bond is identical to that used
to model the Mo-C bend in the Mo,R;(NMe,}, molecules. The
axial bonding here is therefore of a different nature
from that encountered previously. A typically strong Mo-C
interaction is present.
\ It has been suggested [G11 that this molecule has a m%s?
i valence electron configuration. The lack of a formal
- ; Mo-Mo o component to the triple bond is believed o
u result from the formal cancellation of the Mo-Mo ¢ and ¢
‘ bonding components. Unfortunately, the molecular

mechanics calculations cannot reinforce nor refute this
idea, since the eclipsed conformation persists despite
the presence cor absence of an electronic contribution to
this arrangement. If a torsional potential were demanded
in the gquadruple carboxylato compounds to render the
- eclipsed conformation energetically favoured, the
presence of such an electronic element in the triply
i bonded carboxylate would have substantiated the w*s?

|I configuration.

o Whatever the electronic configuration, the
: l Mo, (0,CCH;) 4 (CH;BuY) , molecule has a triple Mo-Mo bond. We
: have already seen that assignment of the bonding to
\\ specific orbitals is an oversimplification, anyway.

141




. —

T T e e e R LT R y—

6.4.4 The {X.,¥,}aem Solution Curves

As before, the Mo-Mo distances match the observed values
to within 0.001 RX. cCertain crystals contain two
independent molecules virtually identical in structure.
The two Mo,(NMe;), molecules have identical solution
curves., Unnacessary calculation was avoided by matching
the calgulated structure to the average Mo-Mo distance
for Mo,Cl, (NMe,)s.

The {K. Tolmome S0lution curves for these formally triple-
kond compounds 1s seen in Figure 6.8. The compounds
corresponding to the solution curves are listed in Table
6.21.

Table 6.21 Calculated and cobserved Mo~Mo distances
calc. Cbs. Figure

Molecule (D),
(3) (3) Label

2.214 2.211(2)
Mo, (NMe,) 4 - two
2.218 2.217(2)

Mo, (OCH,CMes) 4 - 2.219 2.222(2) two

Mo,Cl, (NMe,) , - 2.200 2.201(2) one
Mo,Me, (NMe, ) 4 - 2.700 2.201(1) one
Mozﬁt,(NMeq),, - 2.201 2.203(1) one
[Mo, (HPO,) 41* H,0 2.226 2.223(2) four
[Mo, (HPO,),1* cl 2.230 2.232(1) four
Mo, (0,CMe) , CH,Bu! 2,130  2,1302(6) thré_e
Mo,Br, (dmpe), - 2.169 2,169(2) -
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Figure 6.8 Molecular mechanics solution curves

{k,,r,} for the triply bonded Mo, 5*
centre.

Recall that the formally quadruple Mo,Br,(dmpe),, has a
rotational twist about the Mo-Mo bond of 36°, which
totally destroys the 62 component of the bond, as
evidenced by the absonce of an electronic contribution to
the ckserved conformation. This molecule has a

{X s Tolyo-so Solution curve shifted down to x, values
characteristic of the triple Mo, molecules.

The positioning of the solution curves is similar to that
for the quadruple corpounds, with the bridged speciles
shifted down to longer r, values for smaller k. with
steeper curves. Again, compounds with similar Mo-Mo
distances have coinciding solution curves.

Since the curves are clustered togathei, separate from
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the higher bond orders, we may assume them to be of the
same order.

The average (X, T yome = (3.37 mdyne/A, 2_20 &) of the

overlap region is the most likely couple for the Mo-Mo
triple bond. '

The complete destruction of the & component results in
a lengthening of the intrinsic Mo-Mc distance from 2.02
to 2.10 & i.e. 0.08 A/&%.

6.4.5 Experimental »,,, and the Xk, (Mo~3-Mo) of
3.37 mdyne/i.

The vibrational spectra of the Mo,; molecules are not
subject to any simple, ' first-order’ assignments. The
Mo-Mo stretching mode appears to be extensively coupled
to other internal coordinates, such as Mo-N(0) stretching
or M-NC, rocking modes, thus precluding any simple
assignment.

It is particularly interesting that these molecules do
not show strong Raman bands which can be simply assigned
to MM Since inorganic chemists have become accustomed
to thinking that compounds with M~-M bonds, especially
those with multiple bonds, characteristically show easily
recognizable Raman active bands assignable to M-M
stretching frequencies. This reminds us of the care
needed in empirically relating the observed frequencies
to bond order.

However, the strongest feature in each solid-state Raman
spectrum of the [Mo,(HPO,),]* ions [134], is a line at
358 cm? for L, = H,0, and a line at 361 cm' for L, = Cl.
These are assigned to py,y, by analogy to the previously
reported Mo-Mc stretching frequency of ca. 371 ewm! for
the sulfates. The Mo-Mo fredquency for the phosphate
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compounds is clearly lower than the previous values seen,
in accord with its lower bond order.

The values of the harmonic force constants, 3.62 and

3.68 mdyne/A, that yield the observed frequencies, 358
and 361 cml ;, respectivealy, are guite close to the derived
value of 3.37 mdyne/A. Coupling of vibrational modes and
possible anharmonic Mo-Mo bond deformation account for

the small discrepancies.
6.5 The Mo-Mo Double Bond

Whenever the M-M bond is spanned by bridging ligands, it
becomes difficult to distinguish unegquivocally between
the direct coupling of electron spins (M~M bonding) and
indirect coupling through the bridges. No compound with
a double bond, unsupported by bridging ligands, is
available to serve as a landmark for the position of the
{X1 ¥o InmoaMe S0lution curves.

From simple electron counting (Chapter 2), it is proposed
that the Moz(OBu‘)ﬁ(p-COJ molecule has a double Mo-Mn
hond. Structural evidence (Chapter 2} argues irrefutably
for a direct bond between the Mo atoms in MO-?_(OP]‘.‘i)s, and
simple electron counting predicts a o*n? electron
configuration. The Mo-Mo distances, 2.498(1) & in
Mo, (OBu') ¢ (p~CO) and 2.523 (1) & in Mo,(OPrl)y, fall between
those of Mo=Mo and the single Mo-Mo bond, suggesting the
possibility of a double bond.

6.5.1 Molecular Mechanics Modelling

These molecules were treated somewhat differently to
previously modelled molecules. The adopted force field is
rather incomplete, since the Mo-Mo-L and Mo-L,-Mo angles

are excluded from the force field i.e. they are a
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consequence of the Mo-Mo and Mo-I,,. distances, and other

structural parameters. No lone pairs were included in the
force field. They are not sterically iwportant in
matching the calculated and observed structures,

As discussed in Chapter 2, the configuration of oxygen
atoms about each Mo atom in MOZ(OPri)B is a slightiy
distorted trigonal bipyramid (Figure 2.19). The Mo,04
central portion of the structure is therefore rodelled as
twe MoOg trigonal bipyramids joined along a common axial-
equatorial edge. The three equatorial bonds make almost
perfect (120°) trigonal angles, the actual values being
120.9°%, 120.2° and 118.¢°, and the MoQ; unit is planar
within experimental error.

The coordination polyhedron about each Mo aton in
Mo, (0Bu®) ¢ (4-CO) is a distorted square pyramid with the
carbonyl C atom at the apex. The Mo atom is therefore
modelled as having an ideal square pyramidal disposition
of the attached ligands.

Force field parameters are given in Table 6.22.

The torsional parameter about all bonds is repulsive,
vxnson = (.0049 kcal/mo:‘.- )

The distortion from ideal square pyramidal and trigonal
bipyramidal arrangements is a conseguence of steric
interactions.

The Mo-Mo-L and Mo-L, .-Mo angles match the observed
values despite their exclusion from the force field. The
Mo-Mo and Mo-(0/C)y, distances ensure the observed
acuteness of the Mo-I, .-Mo angles.
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Table 6.22 Details of the force field
Bond K, {(mdyne/i) r, (X
MO-Ogqy - Z.00  1.88
Mo-0,, 2.05 1.98
Mo~Cy,. 2.00 2.00
Mo-Op e 1.50 '1.88
C=0 5.00 1.20
Angle ks (mdyne.d) 8, (rad.)
Mo-0~C ' 0.10 2,094
Mo-C, =0 0.10 2.994
0,4,~M0-0, 0.20 3.1416
Oape~M0=0yq 0.80 1.571
OpqMo-0g 1.00 2.094
Capex M2=Opygq 0.9 | | 1.780
Opase—M0=Opace 0.80 2.723
Opase~MO=Opase 0.80 1.524
6.5.2 The {K,_,T }yo.ue Solution Curves

It is rewarding to see the solution curves of these two
molecules, in Figure 6.2, almost coinciding, indicative
of them having at least identical Mo~Mo bond orders,
Unfortunately, no unique {K,, ¥ }yo-ue value is irmediately
obvious from the results. The Mo-Mo distances match the

observed distances within 0.001 A.

However, in Chapter 7, we will see how the unique

{k. 1T yo-e Obtained from the solution curves for the
Mo-Mo bond of orders 4.0, 3.5 and 3.0, enable the
formulation of relationships between k, and r,, N and k.,
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and finally between N and r,.

Application of these relationships to the non-
intersecting solution curves of these molecules, very
interestingly reveals the presence of a double Mo-Mo

hond.

The intersection of the k. vs. r, analytical sampiing
curve, k = 137.4/(x,)3, with the solution curves is shown

in Figure 6.9.

2.5 :
_ % IS
k. = 137.4/(r )
2.0 b o e
<
&
cC
Z
£
‘xl_
1.5 p~
—— Moy (0-iPr)g f
: : t
P Mo, (u—C0)(0Bu )Bl
10 L ] ! ! {
2.16 2.24 2.28 2.32 2.36
ry (&)
Figure 6.9 Molecular mecharics sclution curves

{k.,x,} for the double Mo-Mc bond.

The average of the two intersections, (2.04 mdyne/3,
2.32 ﬁ), is the unigue couple for a Mo-Mo double bond.
Verification of the bond order is obtained from the N vs.
k. or N vs. r, analytical curves (see Chapter 7).
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6.6 The Unbridged Mo-Mo Single bond

These Mo,(n°-CsRs),Is (R = H, Me, (CH,),CH,(OH); L = CO,
CNCH;) complexes are typical piano-~stool dimers in which
two units share the leg coincident with the Mo-Mo vector.
The Mo-Mo separations (ca. 3.2-3.3 3) are guite long, ca.
0.5 & longer than the sum of the metal radii.

The unsupported Mo-Mo bond cbviously necessitates some
Mo-Mo interaction. Simple electron~-counting ideas and a
recent {19292) molecular orbital approach based on
extended~Hiickel molecular orbital calculations with
frontier molecular orbital analysis {135], suggest a o®

electron configuration.
6.6.1 Force Field Parameters

The molecular geometry is best modelled by attributing a
square pyrarnidal configuration to each half of the
molecule, with the Cp ring occupying the apical position,
and the three L. ligands and Mo-Mo bond completing the

square base,
The adopted force field is given in Table 46.23.

Successful modelling of the Cp ring was achieved by
specifying a bond between Mo and an interactionless
‘pseudoaton’ (Cen) at the centroid of the five membered
ring. The Mo-Cen-C angles were restricted to 90° by
specifying large force constants. Rigidity of the ring
was ensured by fiwing bond lengths in the same way.
Interactions between Mo and carbons of the Cp ring were
therefore ignored. This force field method preoduces
correct structural features, as reportef previously by
Boeyens et al [1386].
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Table 6.23
Bond k, (mdyne/3) r, (A)
Mo-CC 2.00 | 1.93
Mo~Cen 15.00 2.00
Mo-CNMe: 2.05 1.98
C=0 3.00 1.14
c=C (Cp) 999.0 1.39
Cen-C 7.50 1.19
Angle kg (mdyne.}) 8, (rad.)
Mo-Cen—-C | 999.0 =‘ﬁ71. )
Mo~-C=0 1.00 3.1416
Mo~-C=N 1.00 3.1416
Cen-Mo-Mo 0.20 1.780
("en~Mo-CO 0.20 1.780"
Cen-Mo-CNCH, 0.20 1.78Y
Mo-Mo-CO (CNMe ) 0.20 2.723
0C-Mo-CO 0.20 2.723
Mo-Mo-CO 0.30 1.524
(MeNC) 0C~Mo-CO 6.30 1.524
C-C-C (Cp) 0.50 1.885
c-C-L {Cp) 0.50 2.199
c=N-C 1.00 3.1416
C-0-H(Is,) 0.40 1.911

Torsional interactions,
ring, were set at Vy=g0e =

except those involving the <p
0.0049 kcal/mol. The ring has

attractive interactions across the C-C bonds, with
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Vx,on = 0,05 keal/nol.

Constraints were placed on the angular movement (§) of
the atoms bound to cyclopeitadienyl carbons cut of the

plane of the ring, with k; = 0.80 mdyne.d for hydrogens,

and 1.20 mdyne.i for carbon atoms cn the Cp ring.

6.6.2 The {K.,T }lyo-ne Solution Curves

The Mo-Mo boid was reproduced within 0.001 A of the
obgerved values (Table 6.24).

Table 6.24 Calculated and cbserved Mo—-Mo distances
Calc. 2bs. Figure
Molecule
(&) (3) Label
(nS-C5Hg) Mo, (CO) ¢ 3.233  3.235(1) two
(n3-CgMeg) Mo, (CO) ¢ 3.280 3.281(1) three
(n5-CgH; ) Mo, (CO) 5 (CNMe) 3.231  3.230(1) two

{In53CgH, ((CH,) ,CH,0H) ]

3.22 3.213 one

The {k.,rylyo-po S0lution curves in Figure 6.10, are close
together and separated from higher order solution curves.

However, as was the case for the double Mo-Mo bond, the
curves are non-intersecting, precluding the deduction of
the unique (k,.,r,) couple for a single hond.

Intersection of the k, vs. r, analytical sampling curve
with the solution curves is shown in Figure 6.10. The
unigque couple for a single bond is (K.,r_ )yo-po =

{1.01 mdyne/&, 2.67 A). Very intriguing, is the
asslgnment of a strong Raman band at 193 cn™! to the
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Mo-Mo stretching freguency in Moz(ns-cgg)z(COJM'_The
corresponding diatomic force constant value of 1.05
mdyne/l, prokably justifies the chemical validity of the

analytical sampling curves.

1.5
=< //ﬂ
s 5
g 100 ko= 137.4/() P
il
=]
é
xl... ...............
— pna
----- WO
camwa three
0.5 L t ] L ]
2.85 2.60 2.85 . 2-70. 2.75
7, (A)

Moleculayr mechanics solution curves for
the Mo~l-Mo bond.

Figure 6.10

The solution curves are of positive slope impiying
stretching of the Mo-Mo bond by steric forces, Because of
the lower force constant (1,01 mdyne/A), the Mo-1-Mo bond
is more flexible and easily stretched from 2.67 & to the
observed 3.2 - 3.3 A.

This contradicts +the proposal made by the Itallan
researchers [135), that the observed Mo-Mo separations
are a direct consequence of mainly electronic forces, and
that steric factors are minor.
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6.6.3 The Egquilibrium structures

-The observed molecular geometry is pseudo-sguare

pyramidal because of the distorting effects of steric
interactions within the molecule. The long Mo-Mo
distances are a result of the molecule being under
considerable steric strain.

Additional features of interest are the trans disposition
of the cyclopentadienyl rinags, obviously sterically
demanded, and the nonlinearity of the Mo—-C=0 and Mo-C=N
groups,

There is considerable repulsicon between the Cp ring and
L; groups [L; = (CN),, (CO),(&iMe)) on a given Mo atom, let
alone what steric crowding occurs in the presence of
another such bulky MoCp(C0); or MoCp(CO),(CNMe) group.
Steric crowding between the Cp ring and CO groups {or CO
and CNMe groups) on a given Mo atom is so large as to
force two of the three CO groups (or fhe two CO groups)
to lie over the Mo-Mo bond. This conseguently introduces
immense gteric crowding and repulsion between these CO
groups cis to the Mo-Mo bond and the Cp ring on the
adjacent Mo atom. 'The other CO (or CNMe group) points
well away from the region of contact, but contributes
indirectly because its presence imposes a buttressing
effect on the other two CO groups and Cp ring that make
direct contact with the ligands on the adjacent Mo atom.
The end against end repulsion is obviously severe.

The nonbonded interactions zsause gulte marked bending of
the Mo-C=0 groups cis to the Mo-Mo, ca. 173°, and slight
bending for the CO (or CNMe} trans te the Mo~Mo bond,
ca.178°, The direction of bend is obviously away from the
neighbouring MoCplLy group.

It is evident that these molecules are under considerable
internal strain, and streiching of the Mo-Mo bond is a
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direct consequence of the need to move, the already

crowded, halvas away from each other.
6.7 Brief Overview of the Mo-Mo Bond

The Mo-Mo bond order depends solely on the formal number
of electrons avallable for bond formation. The ligand
environment has an insignificant effect on this formal

bonding.

There is overlap of observed Mo-Mo distances between
bonds of different order, but each bond order has a

characteristic r, value.

We can conclude this chapter coatent that the
availability of unigue couples for, at least, the bonds
of order four +to three, allow for tha derivation of
analytical sampling curves fo rationalize the wide range
of observed dichromium distances.
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Chapter 7 |
THE RELATIONSHIPS BETWEEN M-M

BONDING VARIABLES FOR GROUP VIA
METALS

7.1 Previous Analytical Curves

bagsed on the empirical

- Two analytical sampling curves,
[128] have been

rules of Badger [137] and of Goxdy
proposed [(139],. Reformulated in terms of X,, r, and bond

: order, N, these relationships have the form
| k{xr,)? = constant {Badyer)

{ : k(x,) ¥/N = constant (Gordy)

! k%
&_,a//) In their original form both of these relationships are
} more complicated than shown here, to allow for

) o differences in periodic position, electronegativity and
oxidation state.

The Gordy curve represents a functional relationship for

constant effective bond order. Since bonds of the same

effective order have identical force constants, this is

b not a realistic relationship. Whatever the relationship,

¢ there clearly is a progressive decrease in force constant

with bond order.

* - Badger’s rule has been shown to apply to third row

‘ ¢ diatomic species and to transition metal oxides. However,
tnis does not imply general extension of the relationship

to compounds possessing dimetal bonds from period VIA.
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Fortunately, a range of dimolybdenum crystal structures
for each Mo, bond order hag accumulated over the years,
and a molecular mechanics method of directly probing the
electronic component of the dimetal bond is available. We
theretore do not need to rely on empirical relationships
snecific to other systems; the relationship appropriate
to dimetal bonding within commlexes is experimentally

avail‘hbl~.
7.2 Tho Rela.tionr LT ; " veen kr and ro for the Mo~-Mo
Bond '

The relationships derive? from the experimental results
on the Mo, system are assumed as representative of M-M
bonding for all group VIA metals.

Also, tnese expressions are specific to the Fforce field
applied to the dimetal systems. '

The three unigue (k. (mdyne/l), Ty (ﬁ)] values

(4.07, 2,02), {3.63, 2.07) and (3.37, 2.10), for
quadruple, 3.5 and triple Mo-Mo bonding respectively,
serve as data points in the derivation of our
relationships. The molecular mechanics force constant for
Mo-1-Mo bonding is expected to be of the same magnitude
as thet derived from the experimentally observed Raman
band, namely 1.05 mdyne/A. This assists in validating the
adopted expressions.

The experinental data obviously demands an inverse
relationship between k. and r,. Two possible expressions

are:

*  a linear, inverse relationship between k. and 1 :
k, = -ar, + c, or

* a nonlinear, inverse relationship of the form
k, = ¢f(x,)%.

The forwmer results in a k., value for Mo-l1-Mo ca. a tenth
of that expected from Raman studies. Also, the existence
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of a linear relationship ssems too simple.

The latter expression is adopted. The relationship with
the best fit to the experimental data is of the form

X, = 137.4/(x,)° | 7.1

The analytical curve together with the experimental
solution curves for the Mo-Mo bond of orders 4.0, 3.5 and
3.0 is shown in Figure 7.1.

3.0

4.5

=
o
I

k. (mdyne/A)
L
2
T

3.0 |-
2.5
2.0 ' ' | I ! |
1.95 1.88 2.01 2.04 2.07 2.10 2.13
ry (A)
Figure 7.1 The Kk, vs. ¥, analytical curve and the

solution curves for the Mo-Mo bond of
orders 4.0, 3.5 and 3.0.
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In Figure 7.2 error bars show the range of k., and r,
values in the overlap regions of the solution curves for
the Mo-Mo bond of orders 4.0, 2.5 and 3.0.

Figure 7.3 shows the analytical curve derived from the
experimental (k,., r,) couples (filled circles) and the
average of the points of intersection with the solution
curves for the so-called double and the single Mo-Mo

' - compounds (open circles).
5.0 ’-
;ﬂ
_ 45 - :
P 5
Eo k. = 137.4/(r )
% .
o L
!_ ‘..:‘ 4'0 :
| » -
" c
f )
E
~ R .
=< M
3.5 [~
Nt N=3.5
3.0 \—d * . T I
2.01 2.04 2.07 2,10 2.13
) ry (A)
v Figure 7.2 Error bars showing the range of k. and r,

values for each Mo, bond nrder.
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Figure 7.3 The relationship between Xk, and r, for the

Mo-Mo bond of different orders.

7.3 The Relationships between N and Xk, and N and r, for
the Mo-Mo Bond

From formal electron counting and molecular orkital
calculations it is almost certain that the piano-stool
compounds are held together by a single Mo-Mc bond.
Uncertainty only exists for the so-called doubly bonded
Mo, centres because of the presence of bridging ligands.

The experimental data suggests a near 1:1 relationship
between kond oxrder, N, and force constant, k,. Using the
data for the guadruplie, 3.5, triple and single Mo-Mo bond
the best fitted expression relating N and k, has the
form:

N = 0.9537 (k) | 7.2
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This relationship is shown in Figure 7.4.
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Figure 7.4 Relationship between N and k,
for the Mo-Mo bond in dimetal complexes.
The true bond order for the so-called
double Mo, bond is deduced from the
experimental force constant.

From the k, vs. r, and N vs. Xk, relationships, it follows

that the relationship between N and r, is:

N = 131.8/(xr,)" | 7.3

The relationship is seen in Figure 7.5.
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Relationship between N and r, for the
Mo~Mo bond. The true bond order for the
so-called double Mo; bonds is deduced from
the experimental r, value.

Figure 7.5

The value of Xk, for the so-called double Mo-Mo bkond
corresponds to a N of 1.95. We therefore conclude that
these so-called double Mo, compounds are, within
experimental error, of that order.

7.4 The General Relationships for Dimetal Bonds from
~ @Group VIA

Assuming the bonding in the dimolybdenum centre to be
representative of that for M-~M bonding between group VIA
metals, we can generate more general expressions from

those specific to Mo,.
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These eguations are :

cf(rb}s 7.4

k.

N=>b (k) | 7.5

and

N =be/(5)° | 7.8

where the constants b and ¢ are specific to the dimetal

bond.

_ There may be other relationships that adequately fit the
b experimental data of the dimolybdenun system. The fact
- that +the above relationships provide chemically
reasonable explanations for the varliability of the Cr,
bond lengths, justifies their application to modelling

dimetal bonding.
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- Chapter 8
THE Cr, SYSTEM AS ANALYZED BY THE M-M
| BONDING MODEL

8.1 Introduction

We have been interested for some time in the general
guestion of how M-M boud strength in dimer.c compounds is
atfected by the more important wariables in the systenm,
namely, the position of the metal in the periodic table,
and the nature of the ligand environment.

In avery case where there are relevant data, the length
of a M-M miltiple bond is increased by the introduction
of axial ligands. However, the magnitude of the effect
varies remarkably from one metal to anothar. The extent
to which different M-M bonds vary in their sensitivity,
to the presence of axial ligands has been illvstrated in
Chapters 2 and 3.

There are very interesting contrasts between dichromium
and dimolybdenum species. For the bridged Mo,(XZY), the
Mo-Mo distances are affected by only a few hundredths of
an Augstrom. The Cr,(XZ¥), units, however, seem to have a
powerful attraction for axial ligands, and the Cr-Cr bond
lengths are markedly affected by the presence of such
ligands. The Cr-Cr bond lengthens by ca. 0.7 A in the
presence of axial donors. Th's wide range has not yet
been fully interpreted.

Ab initio calculations {104] show the guadruple bond
configquration as wmaking only a 16% contribukion to the
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ground electronic state at Cr-Cr distances of 2.16 -
2.56 A. On the other hand, an S5CF-Xa-SW calculation [103]
for Cr,(0,CH), at Cr-Cr = 2.20 and 2.36 & gives an
unambiguous result, showing that the ground state of the
molecule does correspond to a olr*$? quadruple bond, but
weaker than in the Mo compound. The ab initio
calculations also suggest that only bridging ligands more
basic than carboxylates will support ’supershort! Cr-Cr
bonds. The electron diffrxction study of Cr,(0,CMe), with
a dichromium distance of 1.96(1) A appears to be
completely at variance with the predictions from ab
initio ecalculations.

From the experimental cryztallographic results, it would
seem difficult to escape the conclusion that while
changes in both the bridging ligands and the axial
ligands each have some influence on the Cr-Cr distance,
the overwhelmingly more important factor seems tc be
whether there are any axial iigands present, and how
strongly they donate.

Whatever the cause, such large differences in the Cr-Cr
distances indicate that behind the formal concept of
gquadruple bonding the real bonding situation may be quite
different.

8.2 Transfer of Mo, Forc. Field Parameters to the Cr,
System

The briduing framework for a given (X2Y)! ligand is
comparatively insensitive to changes in ‘he dimetal bond
length. All structures of this type can therefore be
simulated by a virtually transferable force field.

Similarly, structural parameters for *he ligating Me

groups in [MMe;1* are transferable. The parameters k and
p, (p, = bond or angle) for different structures are
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assumed to remain constant for all interactions, except
those involving the M-L and M~-M units. These parameters
transferred from the Mo, system tu Cr,, afford a match of
the calculated and observed structure parameters within
0.1 A for bond distances, and 3° for angles.

Obviously, bond length parameters involving the Cr centre
are expected to change due to the different intrinsic

sizes of Mo and Cr.

The geometry about each Cr atom in Cr,(X2Y), and [Cr,Megl*
is trected as being square planar; and octahedral for
Cr,(X2Y),L,. The k, and f, parameters for angles about the

Cr atoms are the same as for the Mo, species.

Similarly, the torsional potential for rotation about a
M-ligand or ligand-llgand bond, and out-of-plane
deformation constants, is no different from that of the
Mo, system. These observed parameters are matched *o

within %°.

As was observed in the calculations for Mo,(XZY),, no
torsional parameter is needed to render the near-eclipsed
conformation energetically favoured, due to the
delocalization of the negative charge over the entire X2Y

group.

Coulombic interactions are needed in the simulation of
the [Cr,Meg)* ion, but are ignored if not present on
atoms directly bonded to the Cr, centre. This i= also an

extension from Mo,.

In short, the transfer of many parameters from the Mo, to
the Cr, system greatly facilitate the molecular mechanics

calcoulations.

Additional parameters are summarized in Tables 8.1 - 8.3,
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Table 8 .1 Force field parameters forr .'interacting_
pairs of atoms specific tec {Cr,Mey]™ and
Cry (XZ¥} L, (n = 0, 1 or 2;

Bond k. (A) r, (&)
cr-cH 2.08 2.18
Cr=Np, 0.84 2.03
Cr-oy,, 0.84 1.97
Cr-Cy,. - 2.08 2.05
Cpe=0 (CC3) 3.06 1.26
Car—N 3.00 1.30
Cr-Br,, 0.30 3.30
Cr-cl,, 0.20 3.20
Cr-0,, 0.60 2.29
Cr-0,, (inter.}, 0.40 2.30
Cr-0,, (inter.), 0.40 ' : 2.36
) cr-N,. 2 0.70 2.32
or-N,,P 0.70 o 2.27
Cr-0,, (Et,0),  0.60 2.22
Cr-N,,° 0.70 2.24

a :L,x = pyrazine, 2-CN-py, 4-CN-py, pY
1Ly, = 4-NH,-py, 4-CMe,-py, 4-NMe,-py
e 10,CR = 0,C(CFyH) and L,, = 4-NMe,-py

o
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Table 8.2 Angle bending parameters specific to Cr,
species
Anyle ' kp (mdyne.d) 6, (rad.)
Cc-N-C 0.10 1.911
C-N-T, 0.40 1.911
Opr~Cpr~0 1.00 2.094
N Ope=Chr=Caz : 1.00 ' 2.094
: c-c-cl | 0.65 1.911
H~C-Cl 0.52 1.911
: Cr—O—LP 0.40 1.911
i ) Cr-0-C 0.20 1.911
o c-0-C G.10 1.911
i | o C~0-Ly, 0.40 1.811 s
' Cap~N-H - 0.60 2.054
H-N-H 0.50 2,094
H-C-F 0.52 | 1.511
Cyp=N-C _ 0.20 2.094

Table 8.3 Nonbonded parametiers

Interaction =& (w) b (A1) ¢ (u.d%
Cr—QCr 682.9 3.28 2.20.
Cr—--0 1485.0 3.89 2.22
I Cre~H{Ly,) 341.9 3,86 0.710
} ; Cr--C 1907.6 3.88 2.13
5’( Cr--N 1350.0 3,89 2.25
g Cr=-Br 348.8 3.02 §5.22
: Cr--Cl 1179.3 3.51 5,74
| 4 Cr——¥F 697.6 3.0 1.323
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One can be confident that all the calculated parameters
are of the correct order of magnitude and hence suitable
for the generation of {k,r }c.c, Solution curves and

calculation of barriers to rotation.

Within the Cr, system the supporting framework, including
the Cr-X, bonds, is comparatively insensitive to changes
in the Cr-Cr bond length. The force field pa”meters are
assumed to remain constant for all interactions, except
those involving bhoth Cr centres. Observed structures are
therefore simulated by energy minimization and adjustment
of the force constant, k., and strain-free bond length,

r

or Of the dichromium bond only.

8.3 The Quadruple Cr-Cr Bond

8.2.1 The Delta Contribution te the Quadruple Bond
Btrength

The only formally guadruple dichromium compound
unsup.rted by bridging ligands 1is [CrZMes}“‘. The
compound is isostructural and isoelectronic with the
analogous Mo, compound. The presence of a § bond recelves
strong support from the eclipsed nature of the Me ligands
across the Cr-Cr bond.

The results of a driver calculation on [CrMegl* is
shown, together with that for Mo;, in Figure 8.1.

Again, the potential energy has a maximum at ; = 0°, viz.
the eclipsed conformation. This shows conclusively that
an electronic factor, i.e. § bonding, is also responsible
for the stabilization of the observed conformation in
Cr,. The difference in potential energy, {Uy—pe=Upagpe) =
9.5 kcal/mol, defines a lower 1limit for +the ¢
contribution to the gquadruple bond strength in Cr,. This
value is larger than the 7.5 kcal/mol for the analegous
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. Figure 8.1

Mo, compound; a reflection of the greater steric
congestion in Cr, due to its smaller intrinsic size.

Steric Strain (kcal/mol)
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Angular variation of steric strain in
gquadruply bonded [M2X3]4' ions.

8.3.2 {k,.,x,} Solution Curves for the Cr, Centre

studies, it was
and N~N-

From the molecular mechanics {X.,Yoler-cr
found that Cr-Cr compounds spanned by C~O-
bridging ligands have solution curves intersecting that
of the [CrZMe3]4“ ion at the shortest r, (Figure 8.2), and
is therefore accepted as the most likely overlap region
for a true gquadrupie Cr-Cr bond. The other Cr, bridged
complexes have solution curves positioned at longer Iy,
clearly separated from the C*0- and N*N-bridged
compounds, indicative of a decrease in Cr-Cr kond order.

The calculated Cr--Cr distances match the cbserved values
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within 0.001 A&. The calculated and observed Cr-Cr
distances for compounds possessing true gquadruple bonding

are given in Table 8.4.

50 -~
25+
~— =
.{ - CrzMea
g o] ang
2 ¢ two
‘E- [ thres
o — four
a five
2.0 :
1.5 ] —
1.77 1.79 1.80 1.81
ro )
Figure 8.2 Molecular mechanics solution curves

{k,,ro} for the quadruple Cr-Cr compounds.

The slopes of the solution curves are all positive,
-Cr bond being stretched from its

indicative of the Cr
the observed distance by steric

electronic separation to

forces.

The Br~ ions lie approximately along the extensions of

the Cr-Cr axes (Cr-Cr-Br = 171°}, but at such a great

2.266(2)A, that they are only weakly, if at all
n is reminiscent of

distance,
bonding. This weak axial interactio

that for Mo-L,, interacticns.
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Table 8.4 Calculated and observed distances for the
quadruple Cr-Cr centre

Molectule c§lc. Chs. Figure

() (1) Label

[Cr Meg14” 1.982 1.980(5) o
Cr, (DMP) , 1.847 1.847(1) two
Cr, (TMP} 4 1.847 1.849{2) two
Cr, (2Me0-5MeCeHy) 4 1.830 1.828(2) one
Cr, (PhN-N-NPh} , 1.858 1.858(1) four
Cr, (MAP) 4 1.870 1.870(3) five

) Cr, (DMF) , 1.930 1.930(2)  three:
{crz(o—ceﬁﬁc}4(5r)2js“ 1.831 1.830(4) one

8.3.3 Steric Deformations

As discussed for Mo,, thz bridging group stretches the
Cr-Cr bond toward the natural 'bite! distance. Partial
/} stretching of the Cr-Cr bond to the 'bite’ separation is

compensated for by the opening of the Cr-Cr-¥%,. angles.

! This opening is symmetrical for the N-N-bridged

complexes, but in the case of C~0O-bridged compounds, the
excessive 'bite' is compensated for almost entirely by
the more ocbtuse Cr-Cr-0,, angles (ca. 102°) compared to
the near orthogonal Cr-Cr-C,. angles {ca.92°). However,

s all the Cr-Cr-X,. angles are more obtuse (by ca. 3°) than

the corresponding Mo-Mo-X,., due to the shorter Cr-Cr and

! C Cr-¥%,,. bonds.

Further structural evidence of the increased steric
crowding within the Cr, compounds is demonstrated by the
lirger N-Cr~Cr-N torsion angles in Cr,(PhN-N-NPh),
¢ (10.4°, 10,5°, 12.9°¢, 14.8°) and Cr,(DMF), (8.4°, 8.7°),
compared to the near-eclipsing in the corresponding Mo,
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compounds. However, these small rotations have no effect
on the strength of the §? component of the gquadruple Cr,
bond, a result already demonstrated for the Mo, quadruple
bond.

The Cr, bond in [CrMe,]* experiences greater steric
congestion than the analogous Mo, compound. This is
demonstrated by the larger Cr-Cr-C* angles and the Cxr-Cr
bond being stretched further from its electronic
geparation. The lenathening of the Cr-Cr distance upon
rotation azbout the Cr-Cr bond from 30° to the ocbserved
eclipsed conformation is also greater than that for

[MoMe;]*.

8.3.4 " The Unigque (k.,Xr))e.c, Couple for Quadruple
Bonding

The overlap region in Figure 8.2 results in an average
(%) crce = (2.45 mdyne/d, 1.79 &); accepted as the most
likely couple for a quadruple Cr-Cr bond. This rather low
force constant explains the longer observed Cr-Cr
separations than might have been expected from the Mo-Mc
bond lengths in comparable compounds. The ratio
r,(Mo):x,(Cr) = 1.13, is almost exactly the ratio of the
covalent radii, namely 1.10.

Unfortunately, and wvery surprisingly, ne wvibrational
frequency data are avallable for these guadruple Cr-Cr
bonds +to permit a comparison of experimental and
calculated harmonic force constants. The calculated force
constant implies a pg Of 400 em! for a ‘pure’ Cr-Cr
stretch.

Very interestingly, calculations at the SCF level on
Cr,{0,CH), {1027, show the SCF ground state to correspond
to a guadruple bond configuration at Cr-Cr distances
smaller than 1.8 A. Beyond this distance, the nonbonded
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configuration has a lower energy. This value is in accord
with our electronic separation of 1.79 A for a guadruple
Cr-Cr bond.

8.4 The Relationships between Bonding Vvariables for Cr,
The fixed gquadrunle (Xk,,r,) point allows for the

generation of expressions specific to the Cr, system. The
result is the following edguations:

k., = 45.02/(x,}° | 8.1

N =1.633 (k] | 8.2

N = 73.51/(x,)’ 8.3

The relationship 8.1, together with error bars showing
the experimental variation in k, and r, for the overlap
region, is displayed in Figure 8.3.

&
[}
'
B

b
L=
T

h, {mdyne/A)
i
T

AN

. E]
%, = 45.02/(c,)

0.5 i 1 t I 1
.82 1.95 2.08 2.2% 1.34

ro A

Fiqura 8.3 Ralationship between k, and r, for Cr-Cr
bonding in dimetal complexes. The
(K.,T,) couples for cr-Cr bonds of order
4 through o 1 is shown.
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¥ Figure 8.4 Molecular mechanics solution curves
{k.,t,} for the supported Cr, bond, in the
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Seeiny that the larger the constant ¢ is, the less
sensitive is the M~M bond, we suggest that ¢ bhe called
the ’index of inflexibility’.

8.5 Formally Quadruple, . it Effectively of Slightly
Lower Order

8.5.1 Molecular Mechanic”, Results

The molecular mechani¢s calculations indicate an
electronic influence of the nature of the X*Y group (.
the Cr-Cr bond, a result predicted previously by ab
initi¢ calculations.

The solution curves for the Cr, compounds bridged by
(N~0),, {(C~0),(0*0},, and (0~0), groups are shown in
Figures 8.4 and 8.5. The solution curves for the ¢*0~ and
N~N-bridged Cr, compounds are included in Figure 8.4.

k, (mdyne/A)

absence of strong axial ligation.
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Clearly they intersect the Jsolution curve 7 the
quadruple [Cr2Mea]4" ion at the shortest r, value,
therefore being the most 1likely overlap region for
quadruple Cr-Cr bonding. It is also obvious that the
solution curves of the different X*Y-bridged compounds do
not intersect. A gradual change in Cr—-Cr bond order on
going from the C~0- and N*N- to N*O0- to (C*0/0*0)- and
finally to the 0~0-bridging groups is implied by the
relative positions of the solution curves.

2.0 r
& ofe
E iwo
a thres
— four
¢ five
— 2.5 v  six . d
BNy ¢ seven
a
=
P
2
E
=~ —
- R
2.0 - 4&02/Uo) »
1.5 it o = ; L ¢ I I
1.80 i.81 1.82 1.83 1.84 1.85 1.8286 1.87
o {A)
~‘gure 8.5 Molecular mechanics solution curves

{K.,r,} for the Cr-Cr bond of different
bond ord::vs. Intersection of the k, vs. r,
relationship with the seolntion curves is

shown.

The calculated Cr-Cr distances match the observed
separations within 0.001 4 (Takle 5.5). Again, molecules
wita esimilar Cr-Cr r,,  have essentially coinciding
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solution curves. |
Table 8.5 Calculated and observﬁd Cr-Cr separations -
calc. obs. Figure
X-~3-Y L -
( 'a (Bax) 2 (4 (3) Label
(PhN~C (Me) ~0) ; - 1.871  1.873(1) three
(MHP) , - £890  1.889(1) one
P (DMHP) , - . 1,903  1.907(3) one
r 2, 6xylyl)N- | -
[(2,6xylyl) - 1,938 1.937(2) g
. C(Me)=0], :
: 2,6xylyl)N=- '
L2, exy1yl) CH,Cl, . 1.950  1.949(2)  five
J C{Me)-Cl,
2, 6xylyl) N- |
L L(2,6xylyd) CHyBr, .,.9538 1.961(2) four
- C(Me) 0]y -.
(CHP) , - L.957 1.955(2) four
(o=-ButoC.H - .
( & 4)2 - 1.863  1.862(1) sil
(0,CMe) , (9) - 1.96 1.96(1)  seven

By extrapolation from the fiked point for a guadrup.e

Cr-Cr bond, (2.45, 1.79), specific solutions, (kr;ro},
for the family of cowpounds in Figure 8.5 can be obtained
by systematic sampling, using the derived expressions for
Cr-Cr bonding. Force constants and reference bond lenyths

5

AN

( were accordingly read from the points of intersectidn of
Mo the %, = 45.02/(5:0)5 relationship with the molecular

§~C mechanics solution curves.

|

§ Application of either equation 8.2 or 8.3 to the k. ¢r r,

; values, respectively, allows the determination of the

g ¢ true bond orders. The solution curves for the N*O~-

bridged compounds are sufficiently close together to be
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considered of the same Cr-Cr bond order, and cbviously
‘he average of the overlap region is used in the bond
order determination. The deductions arrived at by
applying the relationships are sum - *ized in Table 8.6
and presented graphically in Figure 8.6.

Table 8.6 The sampled (k,,r,) couples and effective Cr-Cr
bond orders for different bridging gioups

' | Bond v
Cr-Cx
XeB—¥ ) S o
¢ Yo (Kys1To) crece order (cm~i)2

-

(C"'C_D) ar (N"'N"N) At

(2.45, 1.79) 4.00 400
- (N-C-N},
| (N-C=0) 4 (2.26, 1.82)  3.70 384
)
) (C~-C-0),
' {(2.21, 1.83) 3.60 380
+ (0-C-0),
_l
| (0~C~0) 4 (2.02, 1.86) 3.30 363
w ) a  tlocalized harmonic¢ Cr-Cr stretch

------ N3 bridged

........ - $*0/0°0 bridged
e (10D bridged |

Bond crder {i)

Al
=
/\

ry (8}

i
f=

8]

Pigure 8.4 Deduction of bond order from experimental
strain-free distances, r,, for the (N~Q)4~
[(e"0)z(0"0),]~, and (0*0),-bridged cr,
hond.

- ——
oo
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Clearly, the electron density at the Cr, centre is being
modified by the X-Z~Y bridging groups. These compounds
are qualitatively similar to the corresponding WMo,
compounds, but guantitatively there 1is a major
difference, namely, the sensitivity of Cr, to the ligand
environnent.

8.5.2 Discussion

'_ _ The results obtained allow a strict classification of the
Cr, compounds in terms of the donor ability of the
bridging group. The donor strengths of the bridging
ligands are mainly a function of the kind of atoms
(i.e. C, ¥, or 0) in the 1 and 3 positions of the bridge,
with the acidity decreasing in the order OH > NH > CH and

_ the donor strengths of the corresponding anions

; increasing in the order 0" < N~ < C”. The electron donor

S ability of the bridging groups, as deduced £rom the

3 _J molecular mechanics calculations, ¢*0 = NN > N*O >

- (0o~0/C*0) > 070, 1is exactly that expected on

electronegativity grounds.

u It is very interesting that the Cr; bond spanned by
P [ (C*0},(0%0),]) ligands has a bond prder halfway between
that of the Cr, bond bridged by (C~0), groups and that
spanned by (0~Q), groups.

The solution curves are all of positive slope due to the

;fﬁ stretching of the Cr-Cr bond from r, to the natural
' 'bite! distance of the bridging ligand. The impartial
< deformation of Cr-Cr to this 'bite', is compensated by
the opening of the Cr-Cr-Iy,. angles, more so than in the

corresponding Mo, compounds. This again is due to the

ghorter Cr-Cr and Cr-I,, bonds. For the N“O-bridged and

‘ the ¢*0 portion of the (C*0),(0%0), bridge, the 'bite! of

C
: the bridging group is larger than the Cr-Cr distance and
_x\“ the necessary increase in the Cr-Cr-0y, and Cr-Cr-(C/N).
178

™



R L i P

b ey e B . [E——— i a - ——

angles over 90° cccurs mostly in the former.

The Cr—-Cr bond exhibits sensitivity to the nature of the
bridging group, however, the (k,.,r,) used to model the
Cr-L,,. bonds in these compounds of different bond order,
remains unchanged.

The N+O-bridged compounds with remote axial donation by
CH,X, (X = €1, Br) (Cr-~X ca. 3.4 3) has the same Cr-Cr
bond order as those lacking axial ligation. This clearly
implies very weak, if at all, donation by these ligands.
The slightly longer Cr-Cr distance in these axially
coordinated compounds over that of the parent molecule is
purely of steric origin.

It is now clear, that axial coordination is not uniquely
influential in determining the strength of the Cr-Cr
bond, the nature of the bridging ligand, X~¥, also plays
a role. '

The solid state Raman spectrum of Cry(MHP), shows a very

strong band at 556 cm™l. This band was originally

assigned to v, .o, However a band occurs at 548-554 cm™!
in the infra-red and Raman spectrum of all M, (MHP) 4
compounds. 2Also, the electronic spectrum of Cr,(MHP),
exhibits a progressional orlig:".n having a spacing of ca.
320 cm™}, Theme experimental observations clearly rules
out the previous 556 cm™! assignment for the ground-state
Cr-Cr stretch. It was concluded that the wvibrational
structure be assigned to a Cr-ligand stretching vibration
in the excited electronic state. It appears that there is
no band in the Raman spectrum that can be assigned to a

pure Cr—-Cr stretch.
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8.5.3 The Existence of Fractional Cr-Cr Bond Orders

" A common problem in the field of metal—-metal bonding is

the assignment of exact bond orders. In many cases bond
orders actually appear to be fractional rather than
integral. This is not always easy to rationalize in terms
of the established models of multiple bonding. In terms
of the screening mechanism proposed by Boeyens [140],
bonds of exact integral order would be the exception
rather than the rule. The method assumes that bond order
derives essentially from changes in the repulsive part of
covalent interactions and more specifically from a
modification of the internuclear repulsion due to
electronic screening. This electron density must be
sensitive to the natur~ of any ligands attached to the
bonded metal atoms. One therefore expects M-M bond orders
spanning the whole region of orders instead of well-
defined integral bond orders only. This is exactly what
the Cr, system is experiencing.

8.5.4 Comparison with Previous Predictions

From studies of the photoelactron spectra of dimolybdenun
and dichromium carboxylato-bridged compounds, it is
believed that these two metal compounds have different
electronic structures [100). In contrast to the
photeoelectron spectra of the corresponding carboxylato
complexes, essentially the same spectral profile is
observed for both Mo, (MHP)}, and Cr,(MHP), [141].

The assignment problems encountered for the gas-phase
photoelectrori spectrum of Cr, carboxylatc compounds,
probably lies in the expectation of observing ionizations
characteristic of a guadruple Cr-Cr bond. Assigmment of
the ionization bands should be clearer, now that the
Cr-Cr bond is known to be of order 3.30.

The Cr,(MHP), compound is closer to being quadruple and
therefore has similar ionization bands to the guadruple
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Mo, (MHP), molecule.

Ab initio calculations including a limited amount of CI
have predicted that the Cr, bond in the carboxylato
compound has a minimum in the potential energy curve at
ca. 2.40 A [102] and has an effective bond order of 1.10.
The potential energy mninimum occurs at 1.92 3 for
Cr,( (NH),CH), corresponding to a Cr-Cr bond oroiv of 2.57
[142]. The weight of the guadruple bond configurati.m in
the C.I wavefunction is only 16% for the carboxylate, but
makes up nearly 50% of the wavefunction for Cr,((NH),CH}.

- Clearly there has been a dramatic change in the bonding.

Similarly [Cr,Megl]* exhibits a minimum in the potential
energy curve at 2.16 A, with a calculated bond order of
only 2.0 at 1.980 A. The weight of the guadruply bonding
configuration is only 42% at 1.980 A. It was concluded
[1L05] that the "/strong Cr-Cr quadruple bond’ apparently
does not exist".

Clearly the theoretical work is still seriously waating,
at least with respect to predicting Cr-Cr distances and
bond orders. Quadruple Cr-Cr bonds do exist.

The shallow potential energy well found in the ab initio
caloulations, iz one of the most frequently stated
reasons for the wide range of Cr-Cr bond lengths since
small changes in the compounds can create large changes
in the Cr-Cr bond length without changing the total
energy significantly. The bonding is explained as
quadruple, but only as strong as a ‘typical’/ double bond
for [Crzues]“‘, and as strong as ‘typical’ 2.57 and 1.10
¢r-Cr bond order for the (N-C-N)- and (0-C-0)-bridged
compounds, respectively.

This is ludicrous; either the Cr-Cr + - _.s guadruple or
of lower order. Perhaps more realis : results will be
accomplished from further ab initio calculations now that
the true bond orders are known.
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At least the ab initio calculations predict

¥* a difference in Cr-Cr bonding for different bridging
groups, and .
* the existence of fractional Cr~-Cr bond orders.

8.6 Further Electronic Weakening of the Cr-Cr Bond by
Azial pDonatiomn.

8.6.1 Introduction

The Cr-Cr bonds with axial ligation, are far longer than
might have been expected from the Mo-Mo bond lengths in
conmparable compounds. Since accepted bond radii of
whatever specific form or origin are always at least a
little smallexr for Cr than for Mo, the Mo-Mo bond lengths
night well have been considered an upper limit for the
Cr-Cr bond in a homologous compound. The enorngus
observed lengthening of the Cr-Cr bond for a given (XZY)
bridging type, shows that axial coordination is an
important determining factor for the strength of the
Cr-Cr bond. '

Stretching of t+he dimetal centre originates purely from
steric forces for the Mo, compounds. Since the Cr,
bonding is modified simply by changes in the inductive
nature of the X*Y bridging unit, electronic weakening by
axial donation is more than expected. o

The axial ligands affect the Cr-Cr bond primarily by
introducing electrons into the d,.-4,, o* component of the
bond. This first order effect is probably accompanied by
2nd-order effects stemming less directly f£rom the
additicn of negative charge to the metal atoms.

It is notable that, without exception, the bonds to axial
ligands are relatively long, indicating that even at
their strongest, these bonds are weaker than those to the
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equatorial ligand atoms. This is clearly evident from the
longer r, values for Cr-L,, than Cr=Leg in the force field
uzed for the molecular mechanics calculations (Table
8.1). These r, values for M-L, are, however, shorter for
Cr than Mo, as expected from the intrinsically smaller

size of chromium, although greater electronic Cr-L,

interaction cannot be ruled out.

B.6.2 The Amidato-bridged Cr, Bond and 2Axial
Coordination

All amidato-bridged Cr, compounds have Cr~Cr distances

| below 1.96 A in the absence of axial ligands. Axial

ligation increases this distance by ca. 0.3 A.
{a) Molecular Mechanics Calralations

In is noteworthy that the CroC, fragment of the axial THF
molecules was modelled with a sp? geometry. Both oxygen
lone pairs therefore ceontribute to the anti-bonding.

The {k.,¥x,} solution curves are shown in Figure 8.7,
together with the K, vs. r, sampling curve.

The observed Cr-Cr distances are reproduced to within
0.001 &, as seen in Table 8.7.

The results of applying the relationship between bond
order and X, or r,, are shown in Table 8.8. Graphical
presentation of the {k,r,) values are displayed in Figurse
8.8,
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Figure 8.7 Molecular mechanics solution curves for

the Cr-Cr centre spanned by N~0 ligands,
in the presence of axially coordinated
THF.

Table 8.7 Calculated and observed Cr-Cxr distances

(X3Y) (L) tale. Obs. FPigure
4 ax’a (&) (R} Label
4NMe,~C.H, ) N-
(47Me,~CeHy ) (THF) 2.006  2.006(2) 1
C{Me)-0
2,6xylyl) N-
(2,6xylyl) (THF) 2.022  2.023(1) 2
C(Me) -0 -
3, Exylyl)N-
(2, Fxylyl) (THF) , 2.220 2.221(3) 3
C(Me) -0
FHP (THF) 2.151  2.150(2) 4
PhN-C(NHPh)-O  (THF), 2.246  2.246(2) 5
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Table 8.8 Unique (k,, I,)¢. and deduced bond orders for
the N~O~bridged dichromium complexes,
coordinated axially by THF

Bond Yeoror
X2Y L ko,
( ba (Lax) o (Kes o) order tom™)*
ANMe,-CgH,) N~
(4NMe,~Cell,) (THF), (1.44, 1.99) 2.36 307
C{Me} -0
2,6Xylyl)N-
(2, 6xylyl) (THF), (1.41, 2.00} 2.30 303
¢ (Me) -0
2,6xylyl)N-
(2, 6xylyl) (THF), (1.3, 2.02) 2.19 296
C(Me) -0 :
FHP (THF), (1.34, 2.02) 2.19 296
PhN-C(NHPh)~0  (THF), (1.24, 2.05} 2.03 285
a :localized harmonic Cr-Cr stretch
T
¢ (picnar THF),
A (planar THF),
h Axicl figands
~
1.4 -
e 5
§ P 45.02/{r,)
é imnticat (k(.ru) B (30w )
ol end (2 )
L3+ Bridgina greup
1 L{#NMePr)N—C(Me)—0]
2 [{2.6xyigi)N—C{Me}-C]
3 fhe
4 [PhN=C{NHPK)-0] \i\\
1.2 i 1 L !
1.28 2.00 2.02 2.04 2.06
ro (A)
Figure 8.8 Graphical presentation of the variation in

k. and r, for the Cr-Cr bond in the N~O-
bridged compounds, coordinated axially by
one or two THF molecules.
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(b} Discussion

The results clearly reveal further weakening of the Cr~Cr
bond bridged by N~0 ligands due to axial denaticn by THF.
In fact, the Cr-Cr bond strength is inversely related to
the number of axial THF molecules, asg demonstrated by the
lower bond order for the Cr,[(2,6xylyl)NC(Me)0], molecule
with two THF molecules as opposed to only one.

For the N*O-bridged Cr, compounds effectively lacking
Cr-L,, interaction, the bond order remains 3.70
regardlees of changes in the substituents on the bridging
atoms.

Now, in the presence of axial interactions, these factors
are somewhat enhanced by the fact that as the Cr-Cr bond
weakens, it becomes more sensitive to such changes as
ligand substitution. This is exemplified by the gyradual
decreage in Cr-Cr bond order on going from the bridging
group [ {4NMe,)N-C(Me)-0] to [(2,8xylyl)N-C(Me)-0] to
(FHP), all having only one axial THF molecule. In fact
the bond order for Cr. ¥HP),(THF}; is identical to that
of Cr,[(2,6xylyl)}NC(Me)0] (THF),, despite -the lesser
degree of axial donation in the former c¢ompound. This
illustrates the powerful effect on the Cr-Cr bond of the
kind of substituents on the N-C~0 bridge. There is
obviously a synergic effect here, with weakly donating
N~O dgroups causing increased donation by the axial ©
atoms of the THF 1ligands. The presence of the wvery
electron-withdrawing ¥~ in the former complex enhances
the axial donation by the sole THF, weakening the "r-Cr
bond to the order of 2.19 occurring in a compound having
two axial THF molecules and a electron rich bridge.

The solution curves are all of positive slope due to the
stretching of the Cr-Cr bond by both the bridging ligand
toe the natural 'bite', and the additional steric
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congestion caused by the presence of axial ligands. The
excessive 'bite' is once again compensated for almost
entirely by the more obtuse Cr-Cr-0,, angles.

When there is only one axial THF molecule present, the
Cr~Cr-Ly,, angles are more obtuse about the Cr atom having
no Ci-L,, interaction. This 1is purely a steric

conseguence.

_ The (X.,r,) couple for the Cr-l;,. bond is unchanged hy
' the varying Cr-Cr bond order. Any change in the observed
Cr-L,,. bond distances is of steric nature only.

. It 1s guite remarkable that such weakly bound axial THF
molecules can actually influence the Cr-Cr bonding
pattern.

The bridging and axial ligands do not affect the Cr-Cr
onding independently, but cooperatively. It is therefore
difficult to assign the weakening of the Cr-cr bond to
the interaction of specific orbitals. One possibility is
donation of electron density by the axial ligand into
Cr-Cr ¢ orbitals.

B.6.3 The Carboxylato-bridged ir, Bond and Axial
Coordination

The change in the Cr-Cr distance upon axial coordination
_ is even more drastic for the carboxylato-bridged
’ & compounds, namely 0.6 A compared to the 0.3 A variation
r 3 2 for the amidato-bridged complexes.

_4'.. Previous experimental attempts at correlating Cr-Cr bond
strength (as observed by changes in the Cr-Cr distance)
with the nature of the bridging ligands, or the nature
and proximlty of axial donation in these carboxylato
compounds, are rather looce and erratic. However, the
results do seem to bear out the generally accepted
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concept, that increased strength of axial coordination
and/or decyreased donation by bridging groups lead to
decreased strength of the M~M bond. '
It was hoped that exclusion of steric factors would
produce more intelligible results.

; ; (a) Molecular Mechanics Calculations

A large range of crystallographically solved structures
L for the dichromium carboxylato-bridged compounds, with
axiul coordination, is available. This large data set
allows for a stuly of the response of the Cr-Cr bond in
Cry (O,CR) 4 (L), tn = 1, 2)‘ compounds to the character of R
and to the strenogth of axial coordination.

As noted before, axial THF and H,0 can have orientations
consistent with either a planar (sp?) or a tetrahedral
' (sp®) CroR, fragment, donating either two or one lone
pairs into antibonding ¢r orbitals. Fortunately, the H
positions for all the axial water molecules were found in
the crystal structure making it possible to consider the
detailed mode of interaction between the water molecule
and Cr atom. Force field parameters for both arrangements

have already been defined,

Al] structural parameters A . ~odelled with the same

accuracy as the previous r .. weations.
The molecular mechanics SO.UCIOn curves are presented in
-‘/’ = Figure 8.9 for the Cr, unit coordinated axially to oxygen
P donors, and in Figures 8.10 - 8.13 for the axial donors

@ of pyridine and substituted pyridine. The corresponding
' calculated Cr-Cr di.tances are given in Tables 8.9 and
8.10.

The {Kk.,T,)ce “olution curve for Cr,Cp,{CO),, which is

¢ isostructural and isoelectronic to the analogous Mo,
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compotind, is also given in Figure 8.2. The calculated
Cr-Cr separation of 3.283 &, is within 0.001 A of the

observed separation of 3.281(1) A.

1.30 r N
. \
S (07 =CyredyCr,fCO),
9\ s
\\ .
HG,?S pon E f
; =
| T : - ‘
s £ i
2 k, = 45.00/(r ) AN
n =
Q9.5¢ // -.‘ a
‘
0.28 i oy
A : 22 2.3 . 2 z8
b ry (A}
L
Figure 8.3 Molecular mechanics solution curvas for

the carboxylato~bridged Cr-Cx bond with O-
donor axial ligands,

Table 8.9 Calculated and observed Cxr-Cr distances for the
Cr; (0,CR) 4 compounds with axial G-donors

R By calo, Obs., Figure
i Ay 4 Labal
garbonate [4:0) B
2.214  2.214(1 &
(0) (sp) <
hiph {inter.},* 2,349 2.348(2) 7
Mo (inter.),®  2.286  2.288(2) 9
CHe; (inter.},®  2.3%0  2.388(4) 8
f'— 0
: ;/ Me By 3}’ 2.360  2.362(1) 11
? a (Ep )
¥
THF
% Q biph ¢ 3’2 2.316  2.316(3) 10
'i . {sp”)
| (Et,0),
o o1 2.490  2.490(3 12
! ? (sp?) =2
; cFy (Et,0), 2.541  2.541(1) 13
£
ot
s a :dimer of Cx,(O,biph), dimers
! b :intermolecular O donation from neighbouring

molecule
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Figurae 8.10 Molesular mechanics solution curves for
Cr, (0,CCHe;) 3Ly with pyridine or
substituted pyridine as axiai denors.
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Molecular mechanics solutilon curves for
Cry (OyCH) 41y with pyridine or substituted
pyridine as axial donors.
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Molecular mechanics solution curves for
Cr, (04CR) 4L, with N~donor axial ligands.
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Table 8.10 Calculated and observed Cr-Cr distances
' for Cry(0,CR), 1, with axial N-—donors
R {L;x)z. Calc. Obks.
(3) (R)

CMe, 2-cﬁ§y 2.327 2.327(1)
CMe, A-CNpy 2.335 2.335(1)
CMey PY 2.358 2.359(3)
CMe, 4~NH,pYy 2.380 2.379(1)
Me pyrazine? 2,295 2.295(2)
Me 4-CNpy 2.315 2.315(2)
Me Py 2.370 2.369(2)
Me 4-NMe,py 2.410 2.411(1)
H 4-CNpy 2.385 2.385(3)
H pY 2.408 2.408(1)
H 4—-NMe,py 2.443 2,.443(1)
CH,CL 4~CNpY 2.408 2.408(4)
Me/CH,C1 py 2,369 2.367(2)
CF,H 4-CMe Py 2.514 2.534(1)
CF,H 4-NMe,py 2.500 2.500(1)
a tbifunctional pyrazine forms a 1l:1 complex with

Cry (OAC) 4, linking the Cr, units into chains

The force constants and reference bond lengths are read
from the points of intersection of the sampling curve
with the molecular mechanics solution curves. The values
so obtained ar presented in Figure 8.14.
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summarized in Tables 8.11-8.12 and exemplified in Figure
8'15.
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Table 5.11 Bonding parameters for the Cr-Cr hond in
Cra {O,CR) 4Ly compotnds with axlal d-donars

Bonid Vs gy

R “"tx’n ‘kr"rol order {m-l.}n
) H,O
¢ 22}’ {0.85, 2.21)  1.39 2386
{carbonate) (sp*)
niph {inter.;,; {0.81, 2.36) 1,00 200
Che, {inter.), (0.57, 2.40) 0.92 193
Me (inter.}, (06.56, 2.41) 0.91 191
i ’ H.D
! He ( 23}” (0.46, 2.50} 0.75 173
{sp”}
{THEF) 4
biphk (0.43, 2.53) 0.71 168
(sp%) ’
{Et,0) 4
CF,H (0-35, 2.63}) 0.38 351
2 {5p%) '
Et,0
CF, ( 32)2 {u.31, 2.71) 0.50 142
{sp*}
a :lavalized harmonic Cr-Cr stretch
Table 8,12 Bonding parametars for Gr-Cr in

G, (04C0R) 4Ly with axial N-dunors
2\UatRleha

Bond Vopeor

R Baxl2 Ute %) oxder (om~l)*
CMe, 2-CNpy  (0.53, 2.43)} 0.88 186
CHe, 4-CHpy  (0.5%, 2.44) 0,85 184
; : CHa, DY (0.47, 2.49}) 0.77 175
S ' CHe, 4-NH,py  {0.42, 2.55] 0.68 1686
’ ' Me pyrazine {0.53, Z.43} 0.87 186
[ Me 4~CHpy (0.51, 2.48) 0.84 182
: He Py (0.47, 2.50)  0.76 175
!F e He 4~NMe, (0,40, 2.57) D0.66 162
F“' 1 P 4-CNpy  (0.49, 2.47) 0.81 179
' % o H Y {0.44, 2.52) 0.73 169
. i H 4-NMe,py  (0.38, 1.60}  0.62 188
| 1 CH,CL 4-CNpy  {0.47, 2.49}  0.77 175
i He/CH.C1 pY (0.44, 2.52) 0.73 189
: CF,H 4-CHespy  (0.41, 2.56)  0.46 164
§ O CF,R 4-NMa,py  (0.35, 2.83) 0.58 153
I
g\\“ a slocalized harmenic Cr-Cr stretch
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It should be noted that the experimental results are
reported to two decimals oniy; consequently identical
reported (k. 1,) values may have dif. erent reported bond
orders.

{(b) Dbiszcussion

It is noteworthy that the sampling curve intersects the
solution curve of Cr,Cp,{C0); at (0.61, 2.36),

' corresponding to a Cr~Cr bond order of exactly 1.00. This
result, in itself, leaves no doubt that the egquations
moedelling the M-M bonding in these dimetal complexes are
chemically valid. This molecule is discussed further in
a later section.

“he most obvious observation is that all Cr,~carboxylato
compounds with one or two Cr-L, interactions have much
lower bond orders than the gaseous Cr,(0,CMe), molecule.
This confirms the strong influence of axial coordination
on the bonding nature of Cr atoms in the binuclear
complexes.

ot The electronic bond distance, r,, for the carkonate is
/ practically independent of k..

| | The r, value for the each of the other compounds is
longer than the observed Cr-Cr separation. The molecular
mechanics slopes are different to those generated for
previous Cr,-bridged compounds., In these low-order Cr,

; _/*2"-' compounds the Cr-0 bonds of the Cr0, units are bent
F' i towards the Cr-Cr bonds simply because the Cr-Cr bond
Q@ length is greater than can be accommodated without
o _ distortion by the ’bite’ of the carboxy ligands. In fact,
' ;' the bridging groups work to compress the Cr-Cr bond from
! | the long r, values to the shorter natural ‘bite’ distance
: of ca. 2.2 A,
)} 0
| i\\‘ Sterically bulky ligands in the axial positions
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counteract this compression. Thus, it is reasonable to

see a weakly donating axial ligand have a long observed
Cr-Cr distance, longer than a stronger axial donor,
sinmply because it has a greater steric resistance to
contraction of the carboxylate framework. This is
illustrated by the effect of axial pyridine. For R = Me,
it is less effective than water in electronically
weakening the Cr-Cr bond, but since it sterically
inhibits contraction of the carboxylate framework, the
observed bond length is longer than for the hydrate.

The equilibrium Cr-Cr separation is a result of rather
complex steric forces, and simple dedustion of the Cr-Cr
bend strength from inspection of these observed Cr-Cr
distances is totally misleading and unscientific.

The negative slopes show, however, that the steric forces
exerted by the bridging ligands are still more important.

Even though the axial donation is relatively weak, as
demonstrated by the long r, wvalues for the Cr-L,
interactions, they have a decisive influence on the Cr-Cr
bonding. Although the Cr-Cr bond is modified by the
electronic influence of the coordinated ligands, the
Cr-0,, force field parameters remain unchanged.

The force constants obtained from the molecular mechanics
calculations can ke used to derive »p.., assuning
localized harmonic vibration. Unfortunately, there is no
vibrational spectral data on Cry(0,CR),~type compounds,

gaseous or solid.

The calculated bond order of 0.5 for Cr,(0,CCF;} (Et,0), is
in accord with its experimentally observed paramagnetism
(top = 0.85 BM at 25°C). This serves to justify the
chemical validity of the relationships used to model the
M~-M bond in these binuclear complexes.
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{¢) cCr-¢r Bond Order Trends within the Cr, Carboxyiates

The variations in Cr-Cr bond order cannot be accounted
for s=olely by postulating linear and independent
dependencies on the inductive effect of the R groups and
the donor ability of the axial ligands.

The pK, of the acid from which the bridging ligand is
derived gives an appropriate measure of the donor
strength of the bridging ligand. On this basis, weak
acide yield strongly donating anionic ligands and strong
acids weakly donating anionic ligand..

The more electron-withdrawing the character of R, the
greater the donation by a given axial ligand. There is
obviously a synergic effect here, as was observed in the
amidato-bridged compounds kound axially by THF molecules.
In the presence of axial ligands, the sensitivity of the
Cr-Cr bond to the nature of the substituents on the 0-C-C
bridging atoms is enhanced, a conseguence of the weaker
Cr-Cr bond.

The role played by the axial and bridging ligands can be
investigated by enmploying sets of compounds in which the
carboxyl groups remain unchanged while the axial ligands
are varied, or, conversely, the axial ligand is fiwxed and
the R groups are varied.

The carboxylato-~compounds with pyridine or its
derivatives as axial 1ligands provides such an
opportunity.

The dependence of the Cr-Cr bond strength on the pX, of
the acids, from which the bridging ligand is derived, is
clearly demonstrated in Figure 8.16. Here, compounds with
the same bridging ligand are located at the same
ordinate, of course, and the Cr-Cr bond order for a given
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axial ligand is decreased as the bridging ligand becomes
a weaker donor. The compounds with the same axial ligands
give essentially straight lines (experimental error may
cause slight deviations). The positive slope indicates a
positive relationship between Cr~Cr bond order and the
donor strength of the bridging ligands. In fact, the
change in bond crder for a given change in axial N-donor
is approximately constant for any given pair of bridging
groups. -

5.5 -

5o L .. 4-—N'HZPY ,Z—Cpr
+Pyz

45

4.0 |-

PY

pK, (RCO,H)
¢
4]
!

3.0
4—CNpy
25 r&--NMezpy 4-C:4espy
2.0 F
1.5 1 i il d
D.6 0.7 0.8 0.9

Bond order {N)

Figure 8.16 Relationship bhetween pK, (RCO,H) and
calculated bond order for the dichromium
carboxylates with N-donor axial ligands.

It might be expected that as the axial ligand becomes a
better donor (i.e. more basic, as evidenced by a higher
value of pK, for the protonated base) the Cr-Cr bond
order would decrease. For a given bridging group, the
axial donation is approximately a linear functicn of its
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g-donor ability as shown by the [pX, (axial ligand) vs.
bond order] plot in Figure 8.17. Here, compounds with the
same bridging ligand are located on essentially straight
lines. It is clear from the data that as the bridging
group becomes Jless electron donating, so the Lewis
acidity of the Cr-Cr bond towards a given axial ligand
increases, as indicated by the decrease in bond order.
This increase in acidity is essentially constant for a
given change in bridging eroup, irrespective of the axial

N-donor.
10 —
: ol
B -
b o Tr
c
3 o
i 2 6
f 5
! S 5F
: " Axial ligand, L
a 4 O pyrazing
& 2—CNpy
3F v 4-—Chpy
oy
2 L + 4—CMe,py v
e 4—NH,py CHCl  H
1} |4 4—NMe,py Mey
o I l L Me |
_ 0.6 0.7 0.3 0.9
S Bond order (N)
b
é Figure 8.17 Relationship between pK, (axial ligand)
o
j and calculated Cr-Cr bond order for
14 €17, (0,CR) 415, compounds with axial N-donors.
!
i
! The nolecular mechanics data suggest that the Cr-Cr bor 1
C O strength is more sensitive to the change in bridging
t ligand for a given axial donor, than to the change in
X axial ligation for a given bridge. This is supported by
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the steeper slopes for the [pK (L.} '{rs ] plot.

It would have been interesting to plot the r, values for
the Cr-Cr bond against those of Cr-N,,. However, the
observed structures were reproduced with (k. r,} values of
(0.70, 2.32) for pyridine, pyrazine, 2CN- and 4CN-
pyridine; and (0.70, 2.27) for the 4NH,~, 4CMe;—, aud
4NMe,~ derivatives of pyridine. These values need not
necessarily be the unique couples; they only provide a
matching of the observed Cr-N,, distances. However, the
different r, needed to model the two seis of N-donors
clearly demonstrates the greater basicity of the latter
sat. | '

The Cr,(0,CR), compounds with O-donation by intermolecular
association have bond orders greater than all the ather
oxygen axial donors, besides that of the carbonate. The
formation of a 4-membered ring containing two Cr atonms
and two bridginy oxygens forces the axial oxygen off the
Cr-Cr axis. This together with the longer Cr-0Q,, distance,
works to strengthen the ¢ contribution of the Cr-Cr bond.

_,/ Interestingly though, the dimer of dimers,
[Cr,(0,Chiph},];, has a stronger Cr, bond than the
compounds with intermolecular association at both cCr
atoms. Here, the nature of the axial donation dominates.
Also R = CMe; has a stronger Cr-Cr bond than R = Me, both

having intermolecular association.

The (C0;}" bridging group represents the one extreme of
o) the donor strength of bridging groups. The axial water
'[ molecules donate two lone palrs to the Cr atoms, and yet
! this molecule has the strongest Cr-Cr bond. This
demonstrates the decisive role played by the bridging
i group here. The strongly electron donating (CO;)° group
C results in poor axial donation, poorer than even
intermolecular association.
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At the other extreme we have the R = CF, bridging group
with planar Et,0 droups axially coordinated to the Cr
atoms. This molecule has the weakest Cr-Cr bond, as
expected from the greater axial donation by two lone
pairs and the weaker inductive character of the bridging
group.

Between these two extremes are found the R = Me,

Ly = {sp’ H,0),; and R = biph, L, = (sp’ THF), molecules,
with Cr-~Cr bond orders of 0.75 and 9.71 respectively.
These axial ligands donate only one lone pair to each Cr
aton, yet the Cr-Cr bond is of a lower order than the
carbonate. The explanation lies in the fact .that the
weaker bridging groups (Me, biph) promote greater axial
donation, so that the Cr-Cr bond ewperiences greater
weakening by a single oxygen lone pair, than two in the
presence of the stronger carbonate bridge.

One may perhaps conclude that for bridging groups of
intermediate donor strength the nature of the axizl
donation is more important, as demonstrated by the
decreased Cr-Cr strength in the order of axial donation:
{intermolecular 0); > (intermolecular 0); > (1 L, 0),, for
R = CMe;, Me, and biph. However, strongly donating
bridging groups, such as carbonates, may reverse the
expected donor strength of an axisl ligand. Very weakly
donating bridging groups, such as CF,H and CF,, would just
reinforce the expected donor abkility of an axial ligand,
resulting in a weaker Cr-Cr bond for axial donation by
only one oxygen lone pair, than that for axial donation
by two lone pairs in the presence of bridging groups of
intermediate strength.

In short, there is a cooperative electronic influence of
the axial and bridging groups on the Cr, bond. As stated
before, it is therefore difficult to assign the weakening
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of the Cr-Cr bond to the interaction of specific

orbitals.

8.6.4 Conparing the Carboxylato-and Amidato-bridged

Compoui:ds

The N~O-bridged Cr; bond is less weakened by axial
coordination than the 0*0-bridged compounds. In fact, the
difference in bond order between the N~0- and 0~0-bridged
compounds is enhanced in the presence of axial donation.
Since 070 is a weaker doncr than N~0, the Cr, unit in the
carboxylates is an even stronger Lewis acid and so axial

donation is greater.

However, carboxylato and carboxanilide complexes of Cr,
both show a marked sensitivity toward axial coordination.
The molecular mechanics calculations have clearly
elucidated the cooperative role played by the ligand
environment in determining the effective Cr-Cr bonding.

B.6.5 Comparison with Previous Predictions

Ab initio calculations caused some controversy as to the
effect of axial ligands on the Cr-Cr bond.

In 1983, Benard [102] calculated a change of only 0.05 &
upon addition of axial water ligands te Cr,(0,CH), ucing
CI calculations on HF orbitals, whereas changing the
bridging ligand from formato to formamidato causes a
decrease of 0.5 A in the equilibrium bond length. This
implies that the influence of bridging ligands is far

more important.

However, in 1989, Davy et., al. {1431, using the GVB
method of calculation, predict a lengthening of the Cr-Cr
bond by .11 A for formato and 0.18 A for amidinato upon
addition of axial water molecules. Thus, in their
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caloulations, the amidinato complex is twice as sensitive
to axial ligation as the formato complex. This is quite
the reverse of the molecular nmechanics results. It is
logical that the weaker carboxylates be more sensitive.
They did, however, predict a steady increase in the Cr-Cr
bond strength as the basicity of the bridying ligand
increases.

The prediction of Kok et. al. [107] from generalized
molecular orbital and CI caloclations that "the amidato
species do not bind axial ligands as readily as the

carboxylato species do", is in agreement with our
results.

8.7 The Unsupport:ed Cr-Cr 8ingle Bond

As mentioned in Section 8.6.3 (b), th: sampling curve
intersects the {k,¥,}q.cr Selution curve of

Cr,{ S-CHs),(CO)s at a bond order of exactly 1.00,
justifying the equations used to model M-M bonding.

8.7.1 Force Field Parameters

The force field parameters defined for the Mo, system are
transferable to the analogous Crp, molecule. The only
differences are the Cr-L parameters given in Table 8.13.

Table 8.13 Force field parameters for Cr-L bond
deformations
Bond k, (mdyne/3) r, (&)
Cr-C0 2.08 1.85

Cy=Cen 15.00 1.84

203




v

A e Y i A R,

{

bt i e 4 st e  +

T L e % B T IR e RN Y S

8.7.2 gteric Deformations

The most arresting feature is the very long Cr-Cr
dlstance, 3.281(1) A, It is longer by several tenths of
an A than would naively have been expected by simple
reference to the Mo-Mo separation in the analogous
compound. The explanation is teo be found in the presence
of substantial nonbonded repulsions.

The M,Cp,(CO), molecules are exceptionally' sterically
crowded, particularly with regard to the interaction
between the two halves., It is well to stress that this
interaction results from the proximity of three ligands
on each metal, viz., the two CO groups which are cis to
the M~-M bond and the Cp group, with the corresponding
three ligands on the other metal atom. The other two CO
groups point well away from the region of contact and
make no direct contribution to it, although they
contribute indirectly because their presence imposes a
buttressing aeffect on each set of three ligands that do
make the direct contacts.

The end-against-end repulsion is more severe for the Cr
compound because the various Cr-ligand distances are all
shorter than the corresponding Mo-L distances by ca.
0.15 A,

Because of its lower force constant, 0.61 mdyne/A, the
Cr-1-Cr bond is more flexible and easily stretched from
2.36 A to minimize steric strain at 3.281(1) A.
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o Chapter 9
CONCLUDING REMARKS OF GROUP VIA
METAL-METAL BONDING

9.1 Overview

Important differsnces have heen noticed in the M-M
honding of the binuclear complexes of transition metals
belonging to the same group in the periodic table.

In the case of Mo,, the 1ligand environment does not
influence the bonding character of the Mo atoms. The
situation is not so simple in the case of binuclear
complexes of Cr. The extreme variability in observed
Cr-Cr distances, not cbserved for corresponding Mo and W
com;,pounds, is a direct consequence of the electronic
weakening of the Cr~Cr bond.

The range of Cr-Cr bond orders has been explained by the
perturbing effects of the ligands, axial and equatorial,
on the bonding character of the Cr, centre. These Cr,**
centres are all formally gquadrupls, but the ‘true’ Cr-Cr
bonding is an extremely sensitive function of the amount
of electron density donated aleong both the equatorial and
outer extensions of the Cr-Cr bond. This donation by the
bridging and axial ligands is cooperative, with weakly
donating bridging groups enhancing the donation by axial
ligands.
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9.1.2 Effect of Torsion on the Delta Bond

Another interesting facet of this elaborate molecular
mechanics study concerns the barrier to rotation about
the M-M bond. The structures of several MoyX,(L"L),
molecules in which the steric properties of the bridging
bidentate ligand, L~L, serve tc change the torsion angle,
facilitated a study of this effect. It was found that the
guadruple bond cuuld withstand rotation about the Mo-Mo
axis as large as ca. 26°, but a twist of 36° destroyed
the § bond and a triply bonded Mo, centre resulted.

9.1.3 Other Aspects

Concern has been shown in the lLitewrature as to the exact
role played by the bridging (XZY) groups in restricting
the M-M separation. It is clear f£rom the ranga of Cr-Cr
bond orders supported by such ligands, that the bridging
ligands merely keep the metal atoms close enough to
interact according to their own electronic requirements,
but allow the actual M-¥ distance to vary enormously as
those electronic requirements may dictate.

The last point concerns the relationship between cbhserved
M-M distances and M-M bond orders. Bond order is a purely
electronic concept whereas bond length dépends net only
on bond order but also on steric factors. These steric
factors become progressively less important with
increasing bond order, bond strength, and force constant.
Each M-M bond order therefore has a unigue electronic
separation, r,, but a range of sterically-modified M-M
distances. The efforts of many experimental and
theoretical chemists at correlating observed M-M
separations with bond strength are in vain, and have
resulted in several erroneous attempts at resolving the
dichromium controversy.
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9.2 What makes Cr; Unique?

Chromium exhibits a remarkable and unique variability of
bond order not seen for the analogous compounds of Mo.
The obvious question raised by this result is "what makes
chronium so different?”

The precise reason for this difference in behaviour of -

the formally quadruple Mo-Mo and Cr-Cr bonds is still
under study.

It has been suggested from SCF-Xo-SW studies on M;(0,CH),
[144], that there is increased (ntl)s contribution to the
M-M o bonding for Mo, and W, over that in Cr,. In fact,
there is essentially no 4s atomic orbital participation
to the 3d-3d ¢ bond of Cr,(0,CH)4, whereas they [144] f£ind
a significant contribution of Mo 5s and W 6s atomic
orbital participation to the 4d-4d4 and 5d4-5d o bond,

respectively.

The importance of the s-s ¢ bonding orbital in the Mo and
W systems, is that it provides another mechanism by which
the symmetric (L,), orbital can interact with the dimetal
core, without electronic weakening of the M-M bond. This,
of course, 1s a possible explanation for the
insensitivity of Mo, to axial ligation. What about the
insensitivity of Mo, to the inductive nature of the

bridging groups?

We defined the constant in the equation relating k. to r,
to be the ‘index of flexibility’. This constant is
smaller for the Cr, system (45.02), than the Mo, system
(137.4). This means that the Cr, bond is more flexible
and hence more sensitive to the perturbing effects of the

ligand environment.
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2.3 The Value of Molecular Mechanics

Theory has hot yat been able to give explicit compound- jH-
by-compound predictions. It iz therefore very rewarding E '
to present the results of the molecular mechanics 'i
calculations done in this thesis. 'ﬂ

H
Molecular mechanics has proved to be a useful technigue : ng,
in probing the nature of M~M bonding in these dimeric
complexes. A wealth of information has originated from i
these studies. The molecular mechanics force constants i
are presented as a guide to further experimentation, such

as photoelectron and M-M vibrational spectroscopy.

oy 9.4 Purther Studies
The ’index of inflexibility’ ie seen to increase as one

descends group VIA in the periocdic table. It is expected
that the W, system will be less flexible than Mo, and

s would therefore have a larger force constant for a given
Ea bond order. This could be verified by similar molecular
o mechanics caleulations for the range of W, complexes

available in tha literature.

: In fact, this method can be extended to dimetal complexes
i _ belonginé.to‘other groups in the periodic tabkle. In this
' way, the ’true’ boiAding within any given dimetal complex
can be firmly deduced. from simple inspection of its
ligand environment.
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Chapter 10
MOLECULAR MECHANICS OF SINGLE BONDS
IN TETRAKIS(CARBOXYLATO)DIRHODIUM
SYSTEMS

The work discussed in fthis Chapter forms part of the
publication:
Frangoise M. 0’Neill, Jan C.A. Boeyens, Inorganic
Chemistry, 1980, 29, 1301.

' £  | 10.1 Introduction

o i_ For a dirhodium(II) compound isostructural with
: Mo,(0,CR},, there are 14 electrons available for
~occupation of the M-M MO’s. Thus in terms of the simple
gualitative M-M bonding picture, the Rh-Rh bond order is

one.

On the basis of comparisons with Rh-Rh bonds which are
unambiguously single and have bond lengths in the range
2.68 ~ 2.94 A, it has been suggested that the Rh,-
carkoxylato compounds have multiple Rh-Rh bonds, probably
of ordar three.

However, extensive SCPF-Xo-5W calculations [145] are in
favour of a single Rh-Rh bond, which is now believed to
have settled the longstanding bond order controversy.

S TP LTS

It is interesting that paralleling the ambiguity about
the bond order, there has also bheen uncertainty about the
o frequency of the Rh-Rh stretching mode.
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The initial indications of San PFilippo and 8Sniadoch
[127], subsequently supported by Kharitonov et. al. [146]
and Kireeva et. al. [147] were in favour of the range
150-170 em? for ypo, in a variety of complexes of the
type Rh,(0,CR).I,. This value seems guite consistent with
a single bond.

‘On the other han_d, Ketteringham and Oldham [148], who

algo studied a range of complexes of this sort, favoured
the range 288-~351 ¢m’! for vy, which seems somewhat high
for a single bond,

Recent eliectronic, infrared, Raman and resonance Raman
studies [149, 150] have shown that ppyp, should rather be
assigned to the band at ca. 300 cml.

10.2 Molecular Mechanics Caleulations

It is of interest to see if this assignment could be
sustained by molecular mechanics simulation of the known
dirhodium systew ,, using the corresponding harmonic force
constant of 2.73 mdyne/A.

Calculations were done on a series of Rh,{0,CR)., systems
[151-155], allowing for the variation of both the
carboxyl group and the axial ligands. '

Force field parameters not already defined for Mo,~ and
Cry,-carboxylato compounds and transferable to the Rh,
system, are summarized in Tables 10.1 and 10.2.

Since the hydrogen positions were not found in the
crystal structure of Rh,(0,CR),(H,0),;, both sp® and sp?
geometries were modelled for the O atom.

Since we have a single Rh~Rh bond, the torsions are of a
repulsive nature with V,.; = 0.0033 kcal/mol.




2 e S R TN S N - S B T

Table 10.1 Force field parameters for bond and angle

~
J

O

JEEEY SN UV P

o

deformations
Bond k, (mdyne/3) ro (B)
Rh-0,,,. 0.84 2.03
§~C 3.50 1.80
S—Ly, 6.00 1.00
As—C 3.50 1.90
Sh-C 3.50 2.08
Rh-0,, (H,0) 0.80 2.29
Rh-0,, (Me,S0) 0.80 2.21
Rh~S,, 0.80 2.35
Rh~P,. 0.80 2.44
Rh-As,, 0.50 2.55
Rh-8b,,, 0.80 2.71
Angle kg (mdyne.d) 8, (rad.)
L,-0= 1.00 2.094
Liy—S=0 1.00 1.911%
0=8-C 1.00 1.911
C=8-C 0.10 1.911
Ly~S-C 1.00 1.911
S-C-H 0.65 1.911
Cop=Diny®—Cap 0.1 1.911
Lax —Cgr=Car 0.65 2.094
Rh-0=8 0.20 2.094
Rh-8=0 0.10 1,911
Rh~S-C 1.00 1.911
Rb=Lig*~Cyr 0.10 1.911
a tL,, = As, 5b, P
211
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Table 10.2 Nonbonded parameters

Interaction a (u} - b (&Y e (u.i%)
Rh“;Rh 24.0 | 2.40 4.00
r’h=-—0 217.0 3.32 2.46

Rh--H (L) 42.7 3.13 1.17
Rh--C 220.0 3.22 2.88
Rh—~F 215.6 3.44 1.90
rRh--5 25.0 3.02 7.48
Rh--p 516.1 3.17 6.50
Rh--Ag 129.12 2.70 10.21

Rh--Sh 125.5 2.53 1&6.5

The results are summarized in Table 10.3.

Table 10.3 Calculated and owserved Rh-Rh distances
(kx, = 2.73 mdynefd) together with the
tabulated values of r,

k_,,a’#) | R L) Calc. Obs. x, Ref
? (Puda 3 (4 )

H,0

CMe, 2.371  2.371(1) 2.42 151
(sp*)
H,0
cMe, * 2,371  2.371(1) 2.41 151
{sp”)
o
L Me H 2,385  2.3855(5) 2.43 152
oo (sp)
' "0
i G Me q’z 2.385  2.3855(5) 2.42 152
) (sp?)
l ol Ne,08 2.407  2.407{1) 2.43 153
Me Me,08 2.406  2,406(1) 2.44 151
Me PPh, 2.450  2.4505(2) 2.46 154
¢ Me AsPh, 2.427  2.427(1) 2.44 155
Me SbPh, 2.420  2.421(4) 2.43 155
N CF, Me,$0 2.420  2.419(1) 2,45 153
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All structures were simulated satisfactorily by using
valuez of r, within the range 2.41 - 2.46 A, which is
considered to be within experimental error.

10.3 Discussion

The conclusion to be drawn is that the Rh-Rh bond crder
is ﬁnity in all cases and that the observed variations in
bond length are due entirely to steric factors that are
governed by the nature of the bridging or axial donor
groupe. The [RCO,1" ligands have the effect of drawing the
metal atoms together, which is obviously coi nteracted by
the presence of axial ligands, more so for the bulky LPh,
(L= P, As, S8b) ligands.

The compression of the Rh-Rh bond from a long r, distance
to the natural ’bite’ of the bridging group, provides a
rationale for the shortness of the Rh, bond, which in the
absence of bridging ligands would be closer to 2.7 A. The
study on Rh, has revealed, once again, the extreme
caution needed in assuming that observed distances
reflect bond strength.

In 4 previous analysis [122] of the dirhodium centre by
molecular mechanics, a harmonic force constant of

0.88 mdyne/A, calculated from a measured Rh~Rh vibration
frequency of 170 cm!, was used in the force field for Rh-
Rh single bonds.

It is therefore necessary to point out, once again, that
any given molecular property can always be simulated in
molecular mechanice by a metched pair of parameters

(k,p,}), consisting of a force constant and a
characteristic value. In general, where neither is fixed
by experimental evidence, a sclution set can be chosen
over an extensive range without affecting the simulation.
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This is exactly what was done in the analysis of M-M
bonding for the Mo, and Cr, systems. The ultimate aim is
to have both parameters fixed experimentally. This has
been achisved, via elaborate molecular mechanics
calculations, for the group VIA Mo, and Cr, bonds of
various orders. A shorter means to the unique couple is
frustrated by wrong vibrational band assignments, and, if
correctly assigned, by extensive coupling of different
nodes.
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',. when the tangled web of our experience is transfoxmed

. into symmetries of pristine order and the chenical
. ) equivalent of the rich diversity of pattern of an
| oriental carpet - it is then that one encounters a moment
of *: tellectual pleasure that really makes one feel good

. about being a chemist.' :

t\) Ronald Hoffman (1982)
i
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APPENDIX A

Refinement of the Standard Expression for Threefold
Rotational Barriers

The molecular mechanics program currently used by our
research group is not too well adapted to the study of
dimetal compounds and delocalized systems.

In the original software, all torsional contributions to
steric straln are simply calculated from the expression
commonly used for threefold rotational barriers, ie,

U = V/2[{1 + cos3(x~{x, -~ 1807))], with this term being
consgidered to be zero for all torsicn angles, x, greater
than 60°.

This potential adeguately models the repulsive torsional
interactions between bonding electron groups adjacent to
the M-M bond (bond order 3.0 or less) in I,M-ML, dimers.
Here, the repulsion between the electron groups favours
a staggered (x, = 60') conformation.

However, this threefold potential has minima at x = |60° |
and x = ]180°|, which can result in false energy
ninimization of the molecular structure. The symmetry of
the original expression was therefore reduced to ensure
a single minimum at x = [60°].

The original threefold potential has, however, no
physical meaning when applied to rotation about the M-M
bond (bond order 4.0 or 3.5) in IM-MI, dimers, or to
delocalized systems. Here, it is not the repulsion but
rather the attraction of the electron groups adjacent to
the reference bond that favours the eclipsed
conformation. Hence, onefold torsional potentials which

216

TR T M T L s Sl T e g

A B T R e

o L PN R R R et




BRI AT e e S e

o i— ,..’I_.. e . _f

describe the attraction of the electron groups (x, = 0°)
are physically more correct.

For L,M-MI, dimers with a M-M bond order of 3 or less, a
repulsive interaction between electron groups adjacent to
the M-M bond favours a staggered (x, = 45°) conformation.
The original threefold potential has therefore neo
physical meaning in such a system. A onefold potential
describing the repulsion between the electron groups at
X < |45°), is more correct. Here, the repulsive
interactions approach zero as y - 45°.

In summary, the original threefold potential has been
refined so as to provide a more meaningful analysis of
various systems, as well as to eliminate possible false
energy minimization,
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