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The mutual influence of ligands in complexes is one of the fundamental
problems in coordination chemistry as it determines the relative changes in
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propertics of the complex that occur upon replacement of one ligand by
another. The variety of known coordination compounds is so large that
general regularities in the mutual influence of ligands can bo established
only for some serios of related compounds.

In view of this the quasi-square MXLj3 and quasi-octahedral MXLy transi-
tion metal complexes are most favourable. In such complexes a direct in-
fluence of the ligand X upon the trans ligand L (in the linear X—M—L,,.
fragment) is usually stronger than that on the cfs ligand L (in the triangu-
lar X~M—L,, fragment). I.I. Chernyaev was the first [1] to reveal such a
regularity in 1926 in substitution reactions of Pt¥XL,; complexes, These in-
vestigations lead to the conclusion that although the aforementioned regu-
larity of trans-influence is of rather general character, there are no (and
cannot be) universal series of ¢trans-influence since such series wouid de-
pend not only on the ligands X and L and the metal atom M, but also on
the properties of the complex. In particular, it is reasonable to distinguish
the equilibrium properties of the M—L bond (e.g., the internuclear distance
Ry, the spin-spin coupling constantJ, the force constant Kypy;,) from those
appearing in kinetics of substitution reactions of the L ligand. The first
group of properties is determined by the structure of the MXL, complex
itself (in the ground and excited states), while the second group is deter-
mined by the reaction transition state and thus depends on the reaction
mechanism and in principle upon all reactants. Therefore, it is convenient
to introduce different terms: the trans-influence of ligand X on the equi-
librium properties of the M—Ly,.,», bond and the ¢rans-effect of ligand X on
the rate of L;,q.,ligand substitution by some nucleophile. We shall use this
terminology in the ensuing discussion*.

Since the reactivity of complexes has drawn the attention of chemists
for a long time whilst precise measurements of various properties of the
metal—ligand bond (and especially their interpretation) have been pub-
lished much later, we find the trans-effect series more often in the litera-
ture than the trans-influence.

The trans-effect series should, in principle, be more characteristic, and
this uppears to be true [5—7]. For example, such a series depends not only
on the nature of the metal [8], but on the strength of the nucleophile [9].
The trens-influence series, however, 'is not very characteristic. Other condi-
tions being equal, it depends on what property of the M—L,,,,, bond is
being used as an indicator, since different properties are determined by dif-
ferent features of the electronic structure of the complex, among which an
unequivocal correlation does not always exist [3,6].

One can think that the relative weakening of some bonds and the

* We accept the terminology of the papers {2,3], but we consider the trans-influence in
both the ground and excited stetes of the complex (the latter is important, ¢.g., when
considering its photochemical excitation). In general, however, this terminology is not
generally accepted. Some authors make no difference between trans-influence and trans-
effect {4 ], or consider the trans-effect to be of broader concept than the trans-influence

{5].
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strongthening of other bonds is the most genoral ovidence of mutual ligand
influonce. Therefore, it would be most convenient to adopt trans-lengthon-
ing (shortoning) of the M=L..,,. bond caused by its trans-weakening
(strengthening) as a measure of the trans-influonce of the ligand X. In fact
the internuclear distances are the only bond characteristics directly ob-
served, Thus, the internuclear M—X and M—L distances give a basis for es-
tablishing the trans-influence series experimentally, Mason and co-workers
have proposed such a series for some square [10] and octahedral [11]
complexes, A theoretical interpretation of the series described {10,11] will
be discussed in section B (ili). Now we note only that such a series of
trans-influence has been suggested for ligands which form no more than
one covalen; o-bond with the metal atom (e.g., for acidogroups Cco%,
S0%™, Hal™, NO3, NCS™, CN™ and for CO, C,H,, PRy, H,0, NH,, H, CRg,
SiRj ete.). Even if some multiple metal—ligand bonds occur, then their z-
components are of the donor-acceptor or dative character *. Experiments
show that for such ligands the maximum trans-lengthening (A;,,,) i8 no
more than 0.2 A and for some members of the series the difference in
Atrans may become 0.01—0.02 A. It is rather hard to separate such small
differences from the effects of purely steric factors (and from the experi-
mental errors). All this complicates the theoretical interpretation of the na-
ture of the trans-influence.

The effects of trans-lengthening are much more explicit in complexes
with covalent multiple metal—iigand bonds. First of all they include the
nitrido-, oxo- and imino-transition metal complexes MXLg (X = N, O, NR)
and the binuclear clusters with a multiple metal-—metal bond. The trans-
lengthening caused by multiple bonds has been established for a great num-
ber of compounds: both in various mono- and polynuclear complexes and
in the infinite coordination structures of the double oxide type and their
analogues. The stereochemistry of these compounds, including the empirical
regularities of trans-lengthening and mutual location of the multiple bonds
in the compiexes and coordination polyhedra, has been widely covered
[12—177 in the annual “Advances in Crystallochemistry of Complex Com-
pounds” since 1966. However, only recently did the possibility arise of
considering and classifying this vast and rapidly growing experimental ma-
terial on a general theoretical basis.

* It is true that the terms ‘‘donor-acceptor’ and ‘‘dative’ mean the same thing as they

describe bonding between a lone pair of the donor and a vacant orbital of the acceptor.
However, in such a bond AB, if we wish to distinguish hetween A:—B and A~:B, we
have to use two different terms. The term ““donor-acceptor bond AB" is preserved only
for the case A~:B {where A is an acceptor), whilst for the case A:~B (where A isa
donor) the term “dative (back-donation) bond AB” is introduced. In particular, if we
speak about metal—ligand bonds, the term “donor-acceptor” always corresponds to the
M+L bond (where the ligand is a donor) and '‘dative’” corresponds to M—~L (where the
metal atom is a donor). So, throughout the manuscript the term ‘‘dative’’ always means
“back-donation'’, but the term *‘donor-acceptor” will be used indiscriminately.



The present review contains the results of this analysis, Part B gives the
general theoretical approach to the structure of complexes with multiple
metal—ligand bonds in terms of the model of trans-influence based on the
nodal pattern of molecular orbitals (both ¢- and n-types). The analytical
form of this model is more advantageous than other existing versions of the
thaory of trans-influence (it will be demonstrated in section B (lii)). Parts C,
D and E deal with various stereochemical peculiarities of the compounds
with multiple bonds. Parts I, G, H and “*Note added in proof" give some re-
ln;elzd materful and concluding remarks on the problem of the mutual influence
of ligands.

B.THEORY
(1) General considerations

We have mentioned already that we are interested in systems where the
mutual influence of ligands is predominantly the trans-influence. The theory
of trans-influence should give answers to at least two questions: 1) why
(other conditions being equal) the directed influence of ligand X affects the
trans-position more than the cis, 2) how the properties of the X—M and M—L
bonds in the linear X—M—L fragment depend on the nature of X, M and L.

Until recently an answer to the first question was that the spatial proper-
ties of p and d orbitals favour the transmittance of influence in the trans-posi-
tion. As there is a greater number of cfs-ligands (twice the number in square
and four times in octahedral complexes), the relative influence on the cls-
ligands is weaker (see, e.g. ref. 4). However, in such a general form this sup-
position should be valid for both transition and non-transition element com-
plexes. A lot of experimental material is available for the transition elements
that confirms the regularity of trans-influence. However in the case of non-
transition elements this problem has not been adequately studied experimen-
tally due to the lack of relevant data. Meanwhile, a model [18] has re-
cently been suggested azcording to which the ¢rans-influence should take
place only in transition metal complexes while for non-transition element
compounds the cis-influence should be observed *,

In any event, the answer to the first question for transition metal com-
plexes seems, if not sufficiently clear, then at least non-contradictory. We
may consider the trans-influence as a fundamental experimental regularity
and thus deal with the analysis of linear X—M—L fragments. For a better un-
derstanding of our approach and its comparison with the approaches of oth-
er authors we note the following.

1. An analytical model of the trans-influence is more desirable since in

* The model [18] has been developed in terms of the equivalent orbital theory for a-
honds of the central atom with acidoligands including only one-center matrix elements
(for the central atom). The model duves not take into account the donor-acceptor inter-
actions and w-bond formation. The role <f these factors will be discussed here. (See also
“Note added in proof”.)
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principle an analytical relationship among difforent parameters of the ligands
and the metal is unequivocal.

2. There is no gense in using a sophisticated computational method for the
analysis of such a model since separation of the X—M—IL fragment from the
actual complex makes any direct quantitative comparison of the results ob-
tained with experimental data impossible (see, e.g. similar discussion in ref,
19). In particular it is reasonable to employ the MO Htickel approsnch with
Coulomb integrals a, specifying the energy levels and resonance intograls fay
(proportional to tho overlap integrals Soy) being the interaction energies of
the levels, In terms of such an approximation and In first order perturbation
theory, the stabilization (destabilization) energy of the lower (upper) level
may be found as (see, o.g. ref. 20)

FEap~ Bin/lea —apl (8

3. The parameters of the model (the above mentioned integrals, the MO—
LCAOQ coefficients, ete.) should depend on the nature of the M=X and ML
bonds, i.e. whether their 0- and m-components are bonding or anti-bonding
and whether they are covalent, donor-acceptor or dative.

Here and later the term “‘covalent’ will be used for the bond (or its compo-
nent) formed by the interaction of unpaired electrons. For the purpose of
this work it is essential to distinguish such a covalent bond from the donor-
acceptor and dative bonds, If we consider a polar covalent hond X—M (where
an acidoligand X is more electrogegas_ive than a metal atom M) the other rep-
resentation of q\is bond will be X:-M. In this sense we can compare the
structures X:-M, X:->M and X<« :M for covalent, donor-aceceptor and dative
bonds MX, vespectively. Then in the first case the increase of overlap popula-
tion (which is a measure of mixing and overlapping of interacting levels)
leads to a decrease of bond polarity, while in the last two cases the bond po-
larity increases, Consequently only such a ‘“‘covalent’ bond can be distin-
guished from an ‘‘ionic’ hond while the distinction between the covalent and
ionic character of donor-acceptor or dative bonds is meaningless ™.

From general quantum mechanical considerations it follows that the mix-
ing of inferacting levels {x, and xg) is greater when their energies («, and og)
are closer and their interaction is stronger (84p ~ Sag) Which is partially de-
scribed by eqn. (1)**. Since the bond formation results in an electron density
redistribution with the changs of initial energy levels, the nature of this bond-
ing directly affects the bond strength and the MO—LCAO structure corre-
sponding to this bond.

* Only with the simultaneous formation of donor-acceptor and dative honds due to op-
posite shifts of charges (the synergistic effect) may the high overlap population take
place with low polarity of the resulting multiple bond as in the case of a covalent (or-
dinary or multiple) bond.

** In general {211 for MO—LCAOQ y =caxa+ cgxp the relation is valid (cg/cy 2 =
(3(a — (a2+4)1/2)12 where g = (ap —aB)/EaB-
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(ii) Trans-influence and the nodal structure of molecular orbitals

Let us consider the linear X—M—1. fragment. Since the trans-influence of
the ligands X and L is mutual, X alters the equilibrium properties of the M—L
bond and vice versa. If, however, the M—X bond is essentially stronger than
the M—L bond then the influence of ligand X would be more pronounced,
i.e. the changes in properties of the M~—L bond wouid be the more sensible
indicator. In this case we are able to distinguish the true “influencing’ ligand
X and the ““influenced” ligand L. This case is the subject of the present paper.

In view of symmetry in the linear X—M—L fragment both o- and n-three-
center MO’s are formed. Let us consider how trans-influence modifies the
structure of these MO’s. We shall start with the analysis of o-type orbitals.

I. A nodal structure of 0-MQO’s [22,23]

Let us accept that the valence 0—MO’s of the X—M—L fragment result
from an interaction of some hybrid ligand xyx and x;, orbitals with hybrid
x{¢ and x{¥’ orbitals of the metal. The 0-MO’s formed (two lower, bonding,
(¥1 and ¥,) and two upper, antibonding, ('3 and ¥ ,) have the general form:

Vi= Cixxx + el + e tex,  (1=1,2,8,4) (2)

where the ¢;, coefficients and the composition of hybrid orbitals x,’s may
be found by the variation method (in principle using the conventional SCF—
MO—LCAO scheme). When X # L the self-consistent orbitals x{}’ and x{?’ are
not equivalent. However in the starting approximation we make them equiv-
alent and take into account the differences in M—X and M—L bonds only
with c§ and ¢’ coefficients.

Let us begin with the structure of ¢-MO’s for the identical ligands X = L.
In this case the bonds M—X (M—L) are completely equivalent. The central
atom gives at least two orbitals which should have different symmetry, name-
ly, symmetric and anti-symmetric with respect to inversion at the center of
the X—M—X fragment. A symmetric orbital x{;’ will be of an s or d type, an
anti-symmetric orbital x{#> of p type. Both x{7’ and x§#® take part in bond-
ing by participating in the formation of bonding MO’s. As is obvious from
Fig. 1a, if the nodeless LCAO with x§ has the form

Y1~ xx + X%+ XL (3)
then the nodeless LCAO with x%#S must have the form

Y2~ xx + 1Y — x (4)
The respective antibonding (two-nodal} LCAO—MO’s will be

Pa~xx—x% +xo (5)
Ya~xx— x>0 —x (6)

(normalizing coefficients are omitfed).
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Fig. 1a. The formation of o0-molecular orbitals in the linear fragment X—M—L in the case
X=L. The nodal structures of bonding (¥/1-and {¥5) and anti-bonding (i3 and {*4) molec-
ular orbitals are shown. See text for significance of formulae.

Let us emphasize that the four-orbital MO’s of type (2) transform into the
three-orbital MO’s (3)—(6) only due to the fact that in this case the hybrid
metal orbitals

VP ~ XD + xS 1)
VP ~ X — x4 ®)

are completely equivalent and c§if = ¢&. At the same time when X # L, due
to cf? # ¢, the MO (3) would necessarily contain an admixture of anti-
symmetric orbital 5x{;S while MO (4) would have an admixture of symmetric
orbital §x§?, i.e.

U1~ xx X+ 6xidS + xp 3"
P2~ xx +8x8 + xS — xu 4"

The effect of such admixtures on the properties of M—X and M—L bonds is
always opposite: a loop in the region of one bond corresponds to a node in
the region of the other bond. In other words, one bond is strengthening at
the expense of the weakening of the other bond while the electron density
redistribution in the X—M—L fragment (with respect to an “initial” state
with X = L) would be more significant with increase of the contribution of
such admixtures. Let us estimate this contribution.

If the line X—M—L is chosen as z-axis then the equivalent hybrid metal or-
bitals will be written in the form

X = as +agda + app, = X8 + xS (7)
-— = S s
X = as +a,d.2 —a,p, = XN — xS (8")

where, with the slight difference of (3)—(8), the symmetric x5’ and the anti-
symmetric x{#S’ components are given in the explicit and normalized form.
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Neglecting the overlap integrals the orthonormalized two-center 6-MO’s may
be given as

¢y = Axft’ + Cxx 9)
92 = Bxft’ + DxL (10)
v3 =Axx — Cx{ (11)
ws = Bxy — Dx{%’ (12)

where A2 + C2 = B2 + D? = 1, the coefficients A, B, C and D are positive;
thus ¢, and . are bonding while ¢3 and g4 are antibonding MO’s.

The bonding (¢, and ¢ ;) and antibonding (¢ 3 and ¢ 4) three-center canon-
ical 0-MO’s may be generated by mixing the respective localized ¢; MO’s:

V1 =pupy tAgz (13)
Ve = Ayy — M@z (14)
Y3 = pog t 1oy (15)
V4 =T¢3 T PYs (16)

where p? + A2 =p2 + 72 = 1 and the coefficients u, A, p and 7 are positive.
Combining (7)—(12) with (13)—(16) we have

Py =puCxx + (A +AB)x{P + (4 —AB) xS + A\Dxv anmn
¥z =ACxx + QA —uB)x§’ + A4 +uB)x\{S — uDxy (18)
Y3 =pAxx — (tD +pC)x{P’ + GD —pC)xitS + rBxy (19)
Wy =TAxXx + (0D —7C)x{y’ — (0D +7C)xi1® — pBxr (20)

The energy level diagram for all the o-levels mentioned is shown in Fig. 1b.

AEpmy,

~ -
~. ¥ -

Fig. 1b. Enezgy level diagram forthe X—M—L fragment 6-MO formation (see explanation
in the text).



Equation (1) was taken into account while constructing this diagram.

Let us estimate the relative values of the coefficients in MO—LCAQO’s (9)—
(20). Since X and L are more electronegative than M, in equations (9)—(12)
A < C and B < D. We have already mentioned that it is reasonable to explain
the bond strengthening by the increase of overlap population (the degree of
mixing and overlapping of interacting levels). For the typical cases discussed
here (see part C) lag] > lax! > lam! and I8mx| > 18me!. Taking into account
eqn. (1), we obtain A > B and therefore D > C. For the same reason, AEux
> AEpyy, thus the energies of levels ¢; and ¢, tend to become closer, while
the level ¢3 should move above v, (see Fig. 1b). Thus in egns. (13)—(16) u=~Rx
and p < 7, hence in MO—LCAO’s (17)—(19) all coefficients in brackets are
positive and only in egn. (20) the coefficient pD — rC may have both positive
and negative sign. Thus, the sign distribution in -MO—LCAOQO’s (17)—(20)
would result in the distribution of nodes in the M—X and M—L bonds shown
in Table 1.

The-formation of two o-bonds, M—X and M—L, corresponds to the occupa-
tion of the lower (bonding) orbitals ¢ ; and ¢, by four electrons. As seen
from Table 1 (and relations (3'}—(4') for 1> § > 0) the nodes appear only in
the region of the M—L bond, thus the M—L bond should be weakened.

So, the proposed model clearly reveals the general mechanism of transmit-
tance of the trans-influence through the ¢-MO’s. Any strengthening of the
X—M bond results in an increase in the electron density in the X—M region
and in a decrease in the M—L region. The degree of non-equivalence of the
X—M and X—L bonds (and their mutual influence) may be estimated from
the relevant algebraic coefficients.

It should be pointed ot here that in the modem theory of trans-influence

TABLE 1

The character of overlap of c-orbital components in the M—X and M—L bond regions

¥ Symmetry A bond?®)
of a central atom
component M—X M—L
V1 s + +
AS 5+ &5—
Yo S 5+ 5
AS + +
¥a 8 - -
AS 5+ &5—
U S 5% 8%
AS - —_

a) The sign + means nositive overlap (the absence of node), the sign — means negative
overlap (the presence of node).
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ihere still exist two opposite viewpoints where the trans-weakening is ex-
plained either by the increase of the sd- or p-contributions in the hybrid met-
al orbital respectively. The appropriate quantitative estimations are rather
ambiguous and sometimes contradictory; in any case the nature of metal
{and ligands) may play a significant role [3—8].

In our discussion we combine both extreme viewpoints since from eqgns.
(17) and (18) it follows that all hybrid components take part in the strength-
ening (weakening) of the non-equivalent bonds. If the M—X and M—L bond
strengths differ slightly, the u4 —AB and A A —uB differences may, in gener-
al, have opposite signs, thus the sd- and p-contributions to the strength of the
same M—Y bond would be partly cancelled (see also refs. 340, 341).

Taking into account the values of the coefficients and the nodal structure
of antibonding ¥ ; and ¢ , orbitals it follows that their occupation by elec-
trons should simultaneously weaken both the M—L and M—X bonds with pos-
sible change and even reversion of their relative strength. These facts may be
responsible for the frans-influence in complexes where the nuraber of valence
eiectrons exceeds 18, and in the photochemical excitation of ordinary com-
plexes (with only bonding orbitals occupied in the ground state ™). We would
like to emphasize here that in principle the features of complex structure
mentioned above may be explained only by our model of trans-influence
that takes into account the peculiarity of both bonding and antibonding
MO’s through their nodal structure.

Let us come back to the bonding ¢ ; and ¢, MO’s. We have already men-
tioned that y = A, hence

¥y~ Cxx + (A+B)x{y’ + (A —B)xitS? + Dxy, a7
Yo~ Cxx +(A B)xﬁ?’ + (A +B)x{#S) — Dxy, (18)

Although there is no direct relation between the 4 and B coefficients, it is
reasonable to assume their changes to be opposite (thus, levelling donor and
acceptor electron density shifts in the M—X and M—L bonds). In part F we
shall see that the effective metal atomic charges in such complexes do not
usually change significantly. Thus, one may assume that the sum A + B (or
A2 + B?) changes slightly and the mutual influence of ligands X and L is de-
termined first of all by the A — B difference.

As stated above, the quantity A should increase with the decrease of 1o x|
and the increase of {8y x|. The quantity B decreases with increase of |ay | and
the decrease of |8yl **. The changes in these parameters evidently relate to
the nature of metal—ligand bonding, namely, the formation of a covalent
M—Y bond (with participation of unpaired electrons) results in the decrease

* In particular, if the ligand L is more labile in the ground state, then the ligand X could
display the higher lability in the excited state [24]. (AS)

** Naturally one should distinguish the parameters {3 Y and pifN’ (Y = X, L) in the quantita-
tive calculations.
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Fig. 2. Energy level diagram for the metal M—ligand interaction: the self-consistent differ-
ence Aa = layg—oy| decreases for (a) a covalent bond and increases for (b) donor-acceptor
and (c) dative bonds.

of lay| (due to the increase of the electron density on Y). On the other hand,
the formation of a donor-acceptor M« Y bond increases |ay| (due to the de-
crease of the electron density on Y). The quantity lap! changes in the oppo-
site way. Thus upon the formation of a covalent M—Y bond the initial ener-
gies of levels «p; and oy become closer, but they grow further apart when the
donor-acceptor M« Y bond is formed (Fig. 2). Thus, a self-consistent differ-
ence |ay — ay| for a covalent bond is small but for a donor-acceptor bond is
large. However, a self-consistent sum lay + ay| (or any other average value of
ay and ay ) tends to be approximately constant.

The last point is essential in estimating the value of 8y . Let us remember
that most approximations for g, g include the product of an overlap integral
and some average value [25] of ¢, and ap ™. The tendency towards retention
of average values of ap and ay (their self-consistent change) justifies the use
of the simplest relation Sy ~ Symy- One can assume that in typical cases of
covalent bonding, the value Sy will be larger than that for the typical donor-
acceptor bonds due to two reasons. Firstly, at a given internuclear distance
the integral Sy is usually smaller for the donor-acceptor interaction since
the vacant orbitals are more diffuse. Secondly, the integral Sy is quite sensi-
tive to an internuclear distance that changes self-consistently depending on
the M—Y bond strength. In comparison with a donor-acceptor bond, an inter-
nuclear distance in a covalent bond is shorter **, We may add here that the
increase in the total M—X multiplicity (of interest to us) results in the
strengthening of its c-component (due to the bond shortening), i.e. in the
growth of fyx ~ Smx- Since AE\x versus fyx is quadratic, the trans-influ-
ence of the ligand X should increase.

Thus, on the basis of eqn. (1) and the arguments given one may state that

* The dependence of fag on a4 and ag becomes more obscure with more accurate consid-
eration taking into account the two-center kinetic energy [25—27].

** This is easily seen if one compares relevant bonds with the same atoms, e.g. with

NCS™ and NH3 or OH ™ and OHj; ligands (see part C).
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a trans-weakening of the M—L ¢-bond is favoured by the covalent character
of M—X and the donor-acceptor character of the M—L bond. From eqgns.
(17') and (18’) it is seen that the weakest M—L bond corresponds to the
maximum A and minimum B coefficients. Formally A,.,.. =1 and B.,;, = 0.

- The first condition corresponds to the presence of the metal lone electron
pair, the second one corresponds to the vacant metal orbital. However, such
formal extrapolation is beyond the model in question.

Actually, our main point is that the bond strength is determined by mixing
and overlapping of the interacting levels regarded to be equivalent hybrid or-
bitals of the metal. The presence of a lone pair at A = 1 means the absence of
ligand X, but the relative energies of levels, corresponding to the coordinate
axis M—X, will change while the coordination number of the complex
changes. Thus the starting approximation of equivalent hybrid orbitals could
become unsatisfactory, i.e. the wave functions x§}’> and x§?’> would have struc-
ture far from that of (7')—(8’). Then, the relations (17')—(18") become mean-
ingless and the value A is no more an indicator of the degree of trans-weaken-
ing.

In particular, we can judge the rehybridization in tetragonal pyramidal
transition metal complexes by the different angular distortions in such com-
plexes and in similar polyhedra of non-transition elements (Fig. 3). In the lat-
ter cases the equatorial ligands always diverge towards an apical ligand (the
angles L.,—M—L,, < 90%), and this fact (along with cthers) may be quite
successfully interpreted in terms of the localized electron pair theory [28] as
a result of the interaction between the “bulky’ lone pair at the sixth vertex
of the octahedron and the electrons of the M—L,, bonds (see, however, crit-
icism of this theory [29]). Transition metal complexes reveal opposite devia-
tion of the equatorial bonds (the angles [30,31] L.,—M—L,,>90°) which
is inconsistent with the idea of a metal lone pair localized in the hybrid orbi-
tal extending to the sixth vertex of the octahedron.

Since ligand X is not less electronegative than the central atom M, in eqn.
(9) we have A < C. Thus, the physicaily reasonable maximum value of A is
Ampa S 1/A/2, as a further increase in A should result in a decrease of the
M—X bond strength.

The value A characterizes a shift of the electron density towards the metal
and thus reflects a g-donor ability of the ligand X. In this sense the trans-
influence of the ligand is determined by its o-donor ability. If A < 1/3/2, this
statement becomes equivalent to the fact that the trans-infiluence of the li-

9>90°
8<g0°

a b

Fig. 3. The stereochemistry of tetragonal pyramidal complexes of (a) non-transition and
(b) transition elements. The (a) case is true for 12 s-electron complexes only.
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gand is determined by the strength of its o-bond with the central atom. How-
ever, for A > 1/4/2 these statements become non-equivalent. The extreme
value A = 1 (i.e. the presence of a lone pair on the central atom) corresponds
to the maximum o¢-donor ability of the ligand and to the minimum strength
of its o-bond with the metal atom (due to the absence of such a bond). Such
an alternative permits us to check easily what is the most general reason for
trans-influence. Unfortunately an experimental check of the influence of a
lone pair is obscured by the fact that, for symmetry considerations, pure
ione pairs do not usually occur. The real pairs occupy various MO—LCAO’s
with the orbital composition and with the bonding character determined by
a minimum of the total energy of a complex.

Rossi and Hoffmann [32] have shown that in Cy-complexes ML the rela-
tive strength of the M—L,, and M—L,, bonds must depend on electronic
{n—1)d™ configuration of the metal atom. Namely, the M—L,, o-bond may be
both stronger (in the case of d°—d® and d'°) and weaker (in the case of d%)
than the M—L,, bond. Really, in the known C4-complexes MLy one observes
both possibilities while all these complexes have geometry shown in Fig. 3b
[323.

The analysis of the influence of a ““vacant orbital” is connected with sim-
ilar difficulties. Formally, the presence of a vacant metal orbital for B = 0
means the absence of ligand L. More precisely, two cases may occur:

1) the o-donor ligand L forms an infinitely weak donor-acceptor bond with
the metal atom; such a case of the “infinitely large’ trans-influence is trivial;

2) the covalent M—L bond becomes extremely ionic; in terms of the “co-
valent’” model the energy of such a bond is equal to zero. The latter is certain-
ly incorrect (due to the electrostatic interaction).

In general, however, there exist certain relations between the metal—ligand
bond strength and the value of negative charge on the ligand {see part F).
They could be understood only if we also take into account #-bond forma-
tion, which we now discuss.

II. A nodal structure of #-MO’s {23,33]

Let us consider the formation of valence n-MO’s in the linear X—M—L frag-
ment. Unlike the four-orbital ¢-MO basis set, the #-MO basis set is three-orbi-
tal. Let this basis include the initial #-orbitals {x, ¢{i and ¢y, which give three
7-MO’s:
=Mx{x tmaln tmely (=1,2,3) (21)
where the coefficients m;4 are determined by the variation method (the same
is true for { 4 ’s which, in principle, are the hybrid orbitals, but their composi-
tion is insignificant for the discussion).

Taking into account only the signs of the m;, coefficients we adopt, by de-
finition, that the MO

i~ $x +im L (22)
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is nodeless and bonding, while the MO
ns~&x—{m T (23)

having two nodes (between each nuclear pair M—X and M—L) is anti-bonding.
The third MO 7, should have one node (from the orthogonality condition),
namely

A~ ¢x +tm — L or (24)
¥~ tx —¢im — L (25)

The MO 71, will be occupied (after MOn,) if four electrons are located in the
starting orbitals ¢x, { and §y,-

Let the bond M—X be multiple while to a first approximation the M—L
bond is singie. In sucii a case one may start from a strong M—X =n-bond per-
turbéd by the ligand L. Assume that an initial energy difference for the bond-
ing (¢{x + ¢{x) and antibonding ({5 — ¢,;) combinations would be larger than
energy splittings due to their interaction with the ¢; orbital (Fig. 4a). There-
fore the form 7§’ should be adopted for MO 7,. In other words, for AO’s of
19 it is more favourable energetically to have a node (negative overlap) in the
region of the weaker M—L bond (with the larger internuclear distance) rather
than of the stronger M—X bond (with the smaller internuclear distance). The
occupation of MO %! by electrons should result in the weakening of the
M—L bond and in the strengthening of the M—X bond (with respect to the
state when only MO 7, is occupied).

In principle it is not excluded that if due to some factors the M—X bond
is weakened (elongated) and the M—L interaction is large, then the MO n§2’
energy would become lower than that of n5'’? (see Fig. 4b). In such a case the
M—X bond would become weaker while the M—L bond gets stronger.

One should remember however that regardless of the MO 7, type ((24) or
(25)) the order of the M—L n-bond is always positive. Actually, using the
general relation

oce vac

E m;aM;g = E m;am;gp {(26)
i i

L

(where the indices i and j refer tc the occupied and vacant MO’s respectively)
and the form of the vacant MO n; (23) we immediately obtain

PRy, = 2(m vy, Y MoyMmoy) = —2mgmmsay > 0 27
s 3

Ex =T : B =8 . N

b 2\ \

e ~.. N2 1 Ty - PR 5\ "z(;) N\

-i':‘—f, \\\\ \\ ¢ r}(2) \:\\ z
: 2N - AN
~ ., I 4
o.M - ~ M

Fig. 4. The X—M—L fragment 7-MO formation as a result of the perturbation {{a) weak or
(b} strong) of the X—M bond by ligand L (designations are given in the text).
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This implies that the n-interaction may only strengthen the initial ordinary
M—L bond (whose w-order is equal to zero) at the expense of the decrease of
the n-order of the initial multiple M—X bond. In such a case the trans-influ-
ence through o- and n-orbitals gives opposite resulits.

In general if both X and L ligands have n-orbitals, then the M—X and M—L
w-bonds formed are competing, i.e. one is becoming stronger at the expense
of the other. In this sense the pattern of n-interaction is similar to that of o-
interactions. The orders of both ¢- and n-bonds M--L, as it is easy to show,
depend in a similar manner on the parameters ay and fpy. Namely, the value
of Py, decreases (increases) with increase (decrease) of o] and ifuxl and
with decrease (increase) of lax | and |fyi!| (for Pyx the corresponding permu-
tation of the indices is quite obvious) ™.

However although the covalent and donor acceptor origin appears in the
strength of both ¢- and n-components of the M—Y bonds in the same quali-
tative manner, a quantitative contribution of g-interactions to the strength of
the M—L bond should usually be decisive (since the M—L n-bond is the result
of minor perturbation of the M—X n-bond). Thus for typical multiple M—X
bonds the weakening influence of c-interactions should be more significant
than the strengthening influence of w-interactions. In general the resulting
trans-weakening of the “multiple” M—L bond would increase with the de-
crease of both Pg%;;, (more weakening of the o-bond) and Py, (less strenthen-
ing of the w-bond). Therefore, in particular, if the ligand L has no w-orbaitals,
then P, = 0 and (other conditions being equal) the trans-weakening of such
a M—L bond should be more significant than that for the ligand L', having n-
orbitals (whether occupied or vacant).

The metal—ligand o-bonds are almost always covalent or donor-aceeptor,
while the m-bonds are dative as well. Let us consider a dative M~X bond and
its influence on the trans-weakening of the M—L bond. In typical cases, e.g.
for X = CO, CyH,4, PR3, the vacant n-orbital {x is essentially higher than the
occupied one {y . Therefore, a self-consistent energy difference lax—w | be-
comes still larger (as in the case of donor-acceptor interaction, but with an
opposite sign of ax—ay ) and the n-bond is relatively weak. Since here the o-
bond is donor-acceptor, then the actual multiplicity and the strength of the
M—X bond are rather small. Thus its trans-influence should be insignificant.

From ESCA data [34] it can be seen that as a whole the ligand PR3 be-
haves as an electron donor while CO and C,H, behave as acceptors. The lat-
ter means that the metal—ligand n-back-donation prevails over the donor ¢-
interaction. This explains the ncticeable trans-effect of CO and CoHy (which
is larger than that of PR3) in tetracoordinated Pt compounds. Let us re-
member that in this case substitution reactions occur most likely via the te-
tragonal pyramid transition state and the d,-density concentration in the

* This conclusion comes from analysis of a relevant secular equation [33] as well as from
our quantitative calculations for a wide range of these parameters (the results may be
communicated by request).
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M—X region facilitates an attack [6,7] of the trans-ligand L by a nucleophile
A7, At the same time the trans-influence of CO and C;H, (i.e. their
M—L,,.ns bond weakening) is insignificant since the M—CO or M—C,H4
bonds themselves are generally weak. This is especially true of their g-com-
ponents which play the dominant role in the frans-weakening mechanism. Of
these ligands, only the trans-influence of NO is of interest to us (see section
C (ii)).

Thus, the behaviour of a dative bond is simuar to that of a donor-acceptor
bond. Therefore, summing up, we come to the following conclusion.

The M—L bond weakening becomes more important, i) the higher the total
M—X bend multiplicity and the larger its covalent (the smaller donor-accep-
tor and dative) character and, ii) the lower the total M—L bond multiplicity
and the larger its donor-acceptor and dative (the smaller covalent) character.

(iii) Comparison with other versions of the trans-influence theory

The modern theory of irans-influence is not monolithic. The existing ap-
proaches differ in both the initial points and the conclusions obtained. Now
we shall discuss how the concepts, described in the previous section, relate to
other authors’ viewpoints concerning the nature of trans-influence¥.

Mason and co-workers [10,11] have developed the most detailed model.
These authors have suggested that the trans-influence is most distinct in sys-
tems in which the “influencing” ligand (X) is essentially electroneutral with
substantial inductive g-donor and weak mesomeric m-acceptor properties,
while the “influenced” ligand (L) is invariably highly electronegative and is
a poor o-donor and n-acceptor. In such systems, on the basis of simple MO
theory, the electron density of the X—M—L o-molecular orbital will lie prin-
cipally between the ligand X and the metal M (leading to a strongly covalent
X—M bond) and on the ligand L (conferring an increased degree of ionicity
to the M—L bond) (ref. 11, p. 1611)*%*,

These authors were the first to propose a relation of the type (1) as a
measure of the metal—ligand o-bond strength in the form S2/1a€l, where S is
an overlap inwegral for orbitals with the energy gap |Ael. In this case the rele-
vant sp3, sp? or sp hybrid atomic orbital (of the terminal atom) has been
adopted for the ligand o-orbital, while the pure np,-AO serves as the metal
o-orbital. The values |A ¢} have been estimated as differences of the relevant
valence state ionization potentials (cf. p. 21, however).

* We do not consider these viewpoints here as they have recently been reviewed in detail
[3,5]. We would like to note only the pioneering work of Langford and Gray {6] (though
it concerns trans-effect rather than trans-influence). These authors were the first to pay
attention to the correlation of the bond trans-weakening with relevant overlap integrals
and to non-coincidence of the o- and n-effects.

** For the sake of convenience we use our designations for the “influencing” and “influ-
enced” ligands (cf. p. 6} although reverse designations (L and X) are used elsewhere [11 ].
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The authors themselves agree that their model ““usually predicts a higher
relative trans-influencing ability for ligands which possess good n-acceptor
properties, e.g., PR3, CO and C=C. This may be explained by assuming that,
in such ligands, the n-acceptor orbitals compete, by a back-donation process,
with the ligand L for the excess of charge on the metal, thereby detracting
from the effect caused by any inductive g-donor ability’’ (ref. 11, p. 1611).
The authors have concluded that in both square and octahedral complexes
“the trans-influence of a ligand arises principally from its inductive ¢-donor
ability, transmitted to the trans-ligand by the appropriate metal p;-orbital”
(ref. 11, p. 1613).

Our ideas agree with these to a certain extent if an increase of g-donor
ability of the ligand X is understood as an increase in the coefficient A (cf.

p. 12, 13). Further, we also come to the conclusion that there is a competition
of ¢- and m-interactions.

Meanwhile there are a number of points where we disagree. Firstly, it is use-
ful to distinguish covalent and iouic bonds only for the interaction of un-
paired electrons (see p. 5). Therefore one cannot consider the statement
“the M—L bond ionicity increases as the M—L bond weakens’ to be general.
Moreover, the purely clonor ligands, such as NH; or H, 0, and also bridging
halogen atoms show considerably higher trans-weakening than the most elec-
tronegative ligands — terminal halogen atoms with the more polar bonds (cf.
experimental data in part C). Secondly, in transmittance of the trans-influ-
ence our model is not limited to the metal p,-orbital, but alsc takes into ac-
count the s- and d-orbitals, the contribution of which may be even more sig-
nificant (see lower). Thirdly, the role of n-interaction is more complicated
than the simple 7-donor or n-acceptor charge transfer.

We would like to emphasize that one of the main differences of our model
from that of Mason and co-workers is the use of a charge distribution pattern
determined not only by the absolute values of MO—LCAO coefficients but
also by the nodal structure of molecular orbitals defined by the signs of these
coefficients (giving important additional information).

It has been mentioned already that in the Mason and co-workers model the
trans-influence is transmitted through the central atom p;-orbital (which
agrees with Langford and Gray’s suggestion [6]). However in transition metal
atoms the s- and d-orbitals lie below the p-orbital and most likely make the
major contribution to bond formation. This leads to the idea (first proposed
by Syrkin [35] as early as 1948) that in the formation of non-equivalent
M—X and M—L o¢-bonds, the bond strengthening (weakening) is a result of
the increase (decrease) of s and d character of the hybrid metal orbital.

One has to bear ia mind, however, that although an increase of x-character
(s p or d) in the hybrid x‘x’ means a decrease of this character in the hybrid
x{¥? (due to normalization), such a relation is not necessarily valid for rele-
vant canonical MO—LCAO coefficients (see eqn. (2)). In other words, there
is no direct correlation between x-characters of the bonds M—X and M—L
since the x-component population (determined by the variation method
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within the total SCF—MO—LCAO scheme) is not constant, but depends on
the nature of ligands and the metal.

The approximate character of the calculations and ambiguity in the popu-
lation analysis procedure results in rather contradictory statements on the
relative role of various components in the basis set (e.g. see the reviews
[25,361). However, the fact that the Sidgwick 18-electron rule suits the tran-
sition metal complexes, shows clearly that not only the ns- and (n—1)d- but
also np-orbitals of the central atom participate in the formation of chemical
bonds. This can be easily understood since their energies do not usually differ
very much (no more than 5—6 eV, e.g., for elements of the first transition
series {37] ). On the other hand, this (or a similar) rule is not valid for non-
transition element compounds and contributions of s, p and d orbitals are
quite different. This phenomenon can be easily understood since here np-or-
bitals are considerably above ns- and far below nd-orbitals. The appropriate
energy differences for elements of group 1V and the following groups may ex-
ceed [36—39] 10 eV; thus np-orbitals should play a decisive role in bond for-
mation. Thus the sp™d™ hybridization scheme of the central atom may prove
to be adequate only in transition metal coordination compounds and not ac-
ceptable even as a starting approximation in non-transition element com-
pounds™. (See p. 85 and refs. 320—323.)

Let us discuss again rehybridization as the reason for frans-influence. Un-
fortunately, only one systematic theoretical study devoted to rehybridiza-
tion in the series of frans-PtCla(L){INH;) complexes (where L = NH3, H,0,
H,S, CH3 ', H™) has been published [40]. The calculation has been carried
out in the framework of the extended Hiickel method for the fixed geometry
of complexes and with the incomplete iterative procedure (which certainly is
not very accurate). The results reported demonstrate that the trans-weaken-
ing of the Pt-NH; bond is associated with a lower overlap population at the
expense of the contribution of the s- and d-platinum orbitals. On the other
hand, the trans- and cis-weakening proved to be very close. It would be wrong
to accept this as a general statement. As for the compounds in question, it is
rather hard to check these conclusions due to the indirect character of the
experimental data (IR spectra)**.

Therefore, up to now a decrease of nuclear spin-spin coupling constants
JuL in the NMR spectra serves as the only experimental evidence of the de-
crease of s-character with the weakening of the trans-bond M—L, though the
relevant experimental material is limited and its interpretation is based on

* Fo: example, the concept of almost pure p-character of the (three-center) bonds in poly-
halides and in the noble gas compounds is already widely adopted. It is rather novel and
unexpected that the 2s-carbon electron pair in CH, is practically lone, thus the tetrahedral
structure of CH,4 is by no means determined by sp3 hybridization [29].

** See also the theoretical analysis of trans- and cis-influence in Pt" complexes in the
series of papers by Baranowvskii et al. [41].
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rather approximate theory (see the reviews [3,5])*.

In conclusion it is worth mentioning the Pearson approach [43] to the
problem of trans-influence (and trans-effect) in terms of the concept of hard
and soft acids and bases (HSAB). It is easy to show that the regularities dis-
cussed by Pearson (in particular, the ligand competition for cis- and trans-
positions) are explained quite naturally in terms of our model. This is im-
portant as the HSAB concept itself reveals a number of vulnerable points
[44].

(iv) The trans-weakening series in MXLg complexes with multiple M—X bonds

By definition, in an isolated linear X—M—L fragment the mutual influence
of the X and L ligands is trans-: both concepts are identical here. However in
any real quasi-square or quasi-octahedral complex (MXL,,, MX,L, etc.) the
trans-influence is a result of the mutual influence of all ligands. Hence for a
non-contradictory discussion one should bear in mind the following.

The trans-influence (the change of properties of the M—L,.,, bond) ap-
pears only as a relative characteristic, namely by comparison with properties
of the M—L . bond** or with those of some conventional ‘‘standard’’ or-
dinary M—L bond. This complicates the choice of any unequivocal criterion
for the estimation of the trans-influence and requires special care when com-
paring compounds which differ by more than one component (X, M and L).

In particular, various steric factors may prove to be of importance, name-
ly non-valence interactions of atoms (groups) to which certain covalent, Van
der Waals’ and other radii are assigned. Undoubtedly the role of steric factors
increases with an increase in the total asymmetry of the complexes. In part C
it will be shown, however, that steric factors (in such a sense) are not pre-
dominant and do not explain the regularities observed.

Let us consider the structure of quasi-octahedral MXLg complexes where
the X—M bond is multiple covalent and the ligands L (the same or different)
are coordinated (in the first approximation) to the atom M by essentially or-
dinary o-bonds. The latter means that the ligand L has either one unpaired
electron (e.g. halogens, OH or CN) or no such electron at all (e.g. NH;, HO
or PR 3 ).

In the nitrido-, oxo- and iminocomplexes (X =N, O, NR respectively) the
M—X bond has one ¢- and two w-components (r7) and thus is triple. In ni-
tridocomplexes all three components are covalent (M=N), in the oxo- and
iminocomplexes one of the components is donor-acceptor (M=O and MENR).
In such complexes a transition metal atom forms eight two-center bonds

* et us remember that this interpretation takes into account only the contact (Fermi)
contribution to J4p within the approximation of average excitation energy, which at pres-
ent causes a lot of doubt (see, e.g., ref. 42).

** In this sense one can speak of the cis-influence of the ligand X. However, we shall not
consider this problem since it is insufficiently developed and the arguments are offen con-
tradictory (see the reviews [3,5]).
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with orie valence orbital, namely d_,,, unused if the molecule has a fold
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z symmetry axis [45]. Thxs d., orbital may take partina -mteracmon with
the equatorial ligands. This fact should be added to the mutual ligand influ-
ence scheme described above.

In some transition metal dimeric compounds M, LgL, with a linear
L.—M—M—L fragment the d,, orbital participates in M—X bonding (in this
case X is M as well) thus this bond becomes [46] quadruple covalent M=M.
Since, however, th.e fourth bond component is of §-symmetry it has no ana-
logue at the ligand L and therefore does not directly influence the M—L
bond. This influenze is only indirect: through the strengthening of the ¢- and
- components of the metal—metal bond.

We have pointed out at the beginning of this paper that there exists no
universal series of trans-influence and comparisons can be reliable only if all

athor nanditinng are eqgual. Rearing in mind bhoth this and the last conclusion
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of section B(il) (which summarizes the dependence of trans-weakening on the
bond multiplicity and covalency)} we may generate a geries of trans-weaken-

ing of the M—-—L bond dependmg on all three conceivable components X, M
and L.

Let us choose a number of ligands that form bonds of formally equal mul-
tiplicity (say, iriple} with the metal atom. To obtain unequivocal results we
shall consider the elements X of the same period (e.g. the second one as the
most typical). Then one may predict that M—L,_,,. bond weakening would
increase according to X in the sequence:

OCE, NE<K<ONZ<RNZKOZIN= (28)
which correspords to the increase of the M—X bond covalency. However,
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high. However this happens only in 20 electron compounds where (see p. 43)
the destabilization is due to the influence of the last “‘antibonding’’ electron

pair and the nature of X is less important. Thus to maintain “other equal
conditions” it is generally only necessary to compare isoelectronic complexes.

If atoms O and N are bridging, they form quasi-double bonds with the
metal atom (M = O = M and M = N = M). Therefore their trans-influence
should become somewhat lower while the larger influence of a nitrogen
bridge is retained (due to the same reasons that N = has a stronger influence
than O 2).

The trans-influence of a metal—metal bond (X = M) has a special place. In
typical cases when both M atoms have the same ligand environment we may
take ax = ap; then in egn. (9), A = A, .. = 1//2. In principle, one may im-
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(see also ref. 18) with, however, a special peculiarity. Namely, if the M—M o-
bond is not very strong, i.e, AEpy is rplnhvplv small, then due to lax! =

laal <€ layg,| the Ievel o1 would be cons1derab1y above Ievel va (cf. Fxg. 1b). But
in this case in eqgns. (13), {14), (17) and (18) u < A and it is possible that
uA — AB < 0, thus the M—L s-bond would be weakened due to the sd-metal
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component but would be strengthened due to the p component *_ Therefore,
noticeable frans-weakening should be expected only for strong (mulitiple)
metal—metal bonds. Experiment readily proves these theoretical predictions
(see part C).

- Consider the dependence of M—L bond weakening on the nature of L. For
example, the g-component of the metal—halogen bond is covalent and the
bond as a whole can be partially multiple. At the same time the metal—NHj
bond is only ordinary and donor-acceptor. Therefore, trans-weakening for
halogens (or OH) should always be lower than that for NH; (or H,O, CH;CN,
dioxan etc.). For the same reason, M—L bond lengthening for the terminal
ligand L should be less than that for the same bridging ligand. In general, the
weaker M—L bond should show the greater lengthening due to the smoother
slope of its potential curve.

Finally, let us consider the influence of the nature of metal atom M. We
may make the general statement that the greatest trans-influence would be
displayed by such a metal atom whose orbitals (of appropriate energy, sym-
metry and occupancy) provide maximum M—X bond strength and minimum
M—L bond strength. Therefore the effect of M upon the M—L bond trans-
weakening should depend on the ay, Bux and By, parameters although we
used them only for the estimation of the mutual influence of X and L. In
principle, the values ay; are most characteristic of the metal atom but it is
rather difficult to establish even their relative magnitudes (for different M’s).
Let us remember that a diagonal matrix element ay includes both one- and
two-center integrals, the latter corresponding to the Madelung ligand field
corrections. They are.not at all small, so almost all purely atomic {(one-
center) approximations of ay have a number of disadvantages [25,26] **.

Hence for the estimation of ay¢ the average ionization energies of valence
orbitals are more often used (moreover, due to a lack of spectroscopic data
for heavy elements these energies are systematically calculated only for the
first transition series [37]). It is well known, however, (e.g. refs. 27, 48)
that a diagonal element in the one-electron model correlates with Mulliken’s
electronegativity 3(I + A) (A is electron affinity) rather than with ionization
energy [. But even if one of these quantities is identified with the ay; param-
eter, such information can rarely be used even when comparing entirely sim-
ilar XML, polyhedra where the metal atoms M are analogues of the same
group. In particular, the widespread assumption that the trans-influence (and
trans-effect) increases from top to bottom within a group should be clarified
(see part F). As far as comparing metal atoms along a period (say, W and Pt),
is concerned, this makes little sense.

* Moreover, taking into account n-strengthening, the M—L .., bond could be even
stronger (shorter) than M—L;s bonds.

** Moreover, for essentially heteropolar molecules (which, by the way, include many com-
plexes with acidoligands) a better approximation may be reached by neglect of covalent
bonding and by estimation of the total energy from imposition of the Madelung poten-
tials of fractional atomic charges [47].
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The fact is that if the complexes MXL, have the same charge, then
they are not isoelectronic, and this difference always affects bond properties
due to different occupancy of the bonding and anti-bonding orbitals (see,
e.g. p. 43). If MXL,, complexes are isoelectronic, then the metal atoms exist
in different oxidation states. Hence the complicated iterative dependence of
ay on the varied effective charges of all atoms should be taken into account
(see e.g. ref. 25).

Finally, one should remember that for metals in the beginning, the middle
and the end of the period, the prefered ligands will vary (simply due to dif-
ferent occupancy of the metal valence shell). Therefore, in reality one has to
compar- rather different complexes where valence states of the metal (and
energies of its levels) may vary considerably. Therefore it makes little sense
to ascribe certain numerical values to parameters ay,’s for a given metal or, as
is often done, to assume them monotonously changing along the period (cf.
also the discussion in ref. 19). Therefore we shall make no attempt to state
quantitative correlations but point out only two qualitative effects.

The first of these concerns the structure of linear X—M—X fragments.
From the analysis of the relevant three-orbital secular equation it follows [33]
that there may exist some conditions when an asymmetric linear configura-
tion XM—M—X) is more advantageous than a symmetric one (for example,
when g{¢x = exp(—tR{}x) where R{}% = R + AR and R{34 = R — AR). Since
the values R‘? and, consequently, 8¢ depend on the structure of the entire
molecule and even on its environment, the molecular X—M—X fragments
may be in principle both symmetric and asymmetric.

The simplest example is the linear I3 anion which, depending on some
subtle effects (mainly on its environment in the crystal), may be symmetric
or asymmetric [49]. Another example is the linear FHF™ anion which (along
with the well-known symmetric configuration) has the recently discovered
asymmetric configuration stabilized by considerable asymmetry of the envir-
onment in the crystal {50].

The same group of phenomena may include existence of linear metal—
oxygen chains with both equivalent and alternating internuclear distances
{5 11, €.8.y '

E02ME02ZME and < O0OZ2ZM«-O0O=ZM+«

In such cases the difference in the structure is determined by the r-interac-
tion delocalization energy dependent on the nature of the metal. This fact is
directly associated with the problem of trans-influence, since in our model
the larger n-interaction localization in the M—X bond causes the larger trans-
weakening of the M—L bond. For example in MO oxides and some oxocom-
pounds, rhenium forms equivalent O—M—O bonds, while molybdenum forms
alternating bonds. If one assumes that the higher 7-bond localization is in-
trinsic for Mo rather than Re compounds, the trans-influence in the Mo com-
plexes should be more clearly expressed than in the Re compounds; this ap-
pears to be so (see sections C—E).
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The second effect considers the peculiarity of the metal—cis-ligand inter-
action (though this extends somewhat the validity of our model formally
limited to the linear X—M—L fragments). This case involves the stereochem-
ical consequences of the d,, orbital population.

If the d,, orbital is vacant (d2,), then it would attract the relevant n-elec-
tron pairs of the cis-ligands (their v-bonds are directed along the x and y
coordinate axes). In such a case the trans-weakening of the M—L bond would
be great (especially if one compares frans- and cis-bonds with the same li-
gands). On the other hand when the d,, orbital is occupied (partially as d%,
or completely as dZ,), then the repulsion of d,, electrons from electron pairs
of the equatorial ligands would result in little M—L trans-weakening (or none
at all). Thus, other conditions being equal, the trans-weakening for m-donor
ligands should increase in the sequence

d2, < di, < dg, (29)

In part C we shall see that the admittedly incomplete experimental data
demonstrate that relation {29) is true but limited. There is, after all, the ste-
reochemical problem — the MO, group geometry in dioxocompounds —
where the d” metal configuration is decisive. The d° configuration stabilizes
the angular (cis) geometry, while the linear (truns) configuration is preferable
for the d? configuration.

C. STRUCTURAL DATA ON THE TRANS-INFLUENCE OF MULTIPLE BONDS
(i) A comparison of metal—ligand distances. General remarks

1. The ‘‘standard’ M—ligand distances

Comparison of internuclear distances in various complexes or in different
directions in the same complex requires consideration of many factors which
are not related directly with the trans-influence of multiple bonds. In prin-
ciple, account should be taken of the fact that bond iengths depend on the
metal valence state and nature, size and mutual arrangement of all the (differ-
ent) ligands in the complex as well as on the nature of ocuter ions and their
location in the structure. Complications caused by such a dependence have
been briefly reviewed [52] (see also original references cited therein). To try
and avoid such complicavions comparison should be made only within a lim-
ited number of similar compounds; this of course results in a considerable
decrease in the amount of data which can be compared.

To extend the number of compounds involved in an analysis of internuclear
distances one has to introduce this or that subjective estimation of “ordinary”
or “expected” M—ligand bond length in the absence of the trans-infiuence.

In the discussion which follows we rely on the following points.

1 The data available on Pd, Pt, Rh and Ir complexes {15—17] demonstrate
that mutual bond labilization in the linear CI—M—CI fragments is negligible.
It is assumed that this situation may be extended fo other transition metal
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complexes (Re, Mo, W, Nb, V) and to a certain extent to other trans-halogen-
ides. It is also suggested that an internuclear M—ligand distance changes neg-
ligibly with change of metal oxidation state over one or two units (usually
within electronic configurations d°, d!, d2). Structural data on the complexes
of the aforementioned metals do not contradict such an assumption [12—14].

On the basis of these assumptions the mean M—Cl, M—F and M—Br dis-
tances in trans-[MX(Hal),L] "™ complexes may be used as standards. The
averaging omits the data on trans-{MX(Hal),LsL]"~ complexes where L' =
PR; or a similar ligand which may affect the MO electron distribution while
descending from Cy, to Cy,.

2 The structural data available for Pd and Pt compounds permit us to con-
struct a table of approximate differences in M—Cl and M—L distances for
some ligands whose trans-influence is relatively small. It is assumed that such
differences are more or less the same for other transition metals of groups VI
to VIIL. Such transfer enables us to extend the number of standard distances
and in particular to estimate the “ordinary’” M—H,0 and M—NRj; distances.
The respective numerical values with some corrections accounting for thz
available experimental data are listed in Table 2. Certainly it should be noted
that such values are a matter of convention since ““ordinary”’ or ‘‘standard”
distances cannot be precisely defined.

The standard distances for metals of the first transition period are not in-
cluded in Table 2. They could be found approximately by subtracting the
vaiue 0.1 A from the respective metal—ligand distances in complexes of met-
als located lower in the same groups.

2. The role of steric factors

Another problem which is also expected to be analysed in advance is the
separation or a priori estimation of the comparative role of electronic and purely
steric factors in the mutual influence of ligands. For the majority of complexes to
be discussed further steric hindrance via contacts of peripheral atoms of poly-
atomnic ligands is absent. Thus we can afford to take into consideration only
those atoms which are directly bonded to the central atom. Conventionally

TABLE 2

The standard (expected) M—ligand distances in comple.;:es of transition metals of the
Vth and Vith periods (&)

F Cl Br ORg NRg OH
Nb, Ta 1.83 2.41 2.54 2.10 2.02
Mo, W 1.82 2.40 2.53 2.09 212 2.01
Re, Tc 1.81 2.39 2.52 2.08 2.11 2.00
Ri, Os 1.78 2.36 2.49 2.05 2.08 1.97
Ir, Rh 2.34 2.47 2.02 2.05

Pd, Pt 2.31 2.45 2.00 2.03
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such an interaction may be reduced to the M—ligand bond repulsion and to
the repulsion of ligand atoms when they approach too closely in the course
of formation of the metal—ligand polyhedron*,

Numerous structural data show quite convincingly that in complexes with
different ligands, steric hindrance may yield angular distortions in the metal-
lic polyhedron (e.g. refs. 12—17). In particular, in all octahedral mono-
nitrido- or mono-oxo-transition metal complexes shortening of the N=M or
OsM distances always leads to an inclination of the M—L,, bonds towards
the trans-ligand. As examples we shall cite only the series [MoOL5]?>~ where
L = F, Cl, Br**, where the mean OMoL,, angles are equal respectively to
93.4, 94.8 and 95.6° (Mo displacement out of the plane of four L, ligands
is 0.11, 0.20 and 0.25 A respectively). The distortions increase from F to Cl
to Br. The first steric factor seems to be prevailing, since electron pair repul-
sion in the bonds should enhance with decreasing polarity (and increasing or-
der) of the bond. On the ofher hand repulsion of atomic electronic shells
should be more important with increasing differences between the sums of
atomic Van der Waals’ radii of ligands (O and Hal in this case) and their sep-
aration in the complex in the absence of angular distortions. For the series
considered these differences are practically equal (nearly 0.15 A).

A question may arise then whether an interligand interaction noticeably
affects not only the angular but also the linear characteristics of the complex.
In principle the inclination of all four M—L,, bonds to the trans-partner of
the multiply-bonded ligand always generates a resultant force along the
M-—Ltmus line.

However, the structural data give us no hint of any important difference in
M—L,;, and M—L,,,,; distances in the complexes MLLg5, MLL}L" etc. with
“ordinary”’ ligands having different Van der Waals’ radii (e.g. chloroammoni-
ates). The same could be said for the binuclear complexes Ci;M=0=MCl;
where M = Re, Ru (Table 3). An interligand interaction O...Cl,, increases the
OMCI,,, angles to 94° and 94.6° in the first and second compounds respec-
tively. However, the bond lengths M—Cl,, and M—Cl,,,,,, are equal.

The situation may change only when the bond with the trans-partner is al-
ready considerably loosened by electron redistribution over the bonds (the
case of a strong trans-influence). Then the dynamic equilibrium in the sys-
tem would be different: the interligand “‘repulsion’’ forces acting along the
line of the least resistance lead to a greater increase in the M—L,,,,., distance
than in M—L., .

In other words an electron redistribution over the bonds in the presence
of a strongly “‘influencing’” ligand results in changing the energy curve char-
acteristics of the metal—L,,,,, interaction: the depth of the minimum di-

* Naturally both these factors are taken into account automatically in an accurate quan-
tum chemical computation of an equilibrium geometry of the complex, but in the model
developed here they act as additional steric effects.

** Qriginal structural studies are referenced in Tables 3—17.
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minishes, the curvature decreases and the minimum position is shifted some-
what towards higher values of Ry;.irqans- A decrease in the curvature (bond
force constant) facilitates an additional M—L,,,,,. elongation owing to inter-
ligand interaction.

In spite of the fact that such an approach artificially separates the factors
responsible for the equilibrium configuration of a complex, it is nevertheless
convenient to allow us to understand one of the possible (and probably most
significant) reasons for the large scattering in frans-elongation in complexes
of similar structure and electronic configuration.

The above implies that one may not expect any unequivocal dependence
of the trans-elongation on the nature of the X, M and L;,... components
(forming a linear fragment) independently of the composition of the equator-
ial ligands not only because of their influence on the electren density distri-
bution along the bonds but also due to the different steric conditions. Thus
such dependences should only be discussed qualitatively and include statist-
ics of a sufficiently large number of compounds.

The situation is simplified by the fact that in nitrido- and oxo-complexes
and some other classes of compounds trans-elongation is so clearly expressed
that some weak additional effects would not spoil the general pattern.

For the same reason we pay no special attention to the accuracy of the
distances obtained and their objective estimation in the original papers. The
principle differences in M—L,,,,, and M—L,, considerably exceed their stand-
ard deviations. On the cther hand we are not going, as a rule, to dwell on the
tiniest details *. It is important to outline that steric interaction along the line
L.q---L¢rans may in general only increase the effect of trans-elongation, since
the weaker the metal—L,,..s bonds the more their energy curve slopes and
thus the greater is the L, o, shift from the point of minimum under the action
of equatorial ligands.

3. Experimental data

The complexes which are of interest to us have been investigated rather ir-
regularly. Few data are available on interatomic distances in the nitrido- and
imino-complexes and in binuclear complexes with symmetric linear (oxygen
qQr nitrogen) bridges. The situation is somewhat better for nitrosyl com-
pounds and binuclear complexes with multiple metal—metal bonds al-
though their structural data are rather irregular for different metals (rutheni-
um compounds occur more often among nitrosyls, while complexes with
multiple M—M bonds more often involve rhenium compounds). Most struc-
tural data deal with oxocomplexes: oxohalides, oxocomplexes with donor
ligands, oxoperoxocomplexes, oxooxalate complexes, oxocomplexes with
polydentate organic ligands etc. Molybdenum oxocompounds have been stu-

* Standard deviations are not shown in the tables which follow. A possible round off ervor
in the distances does not usually exceed 5 units in the last significant figure.
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died most intensively, with tungsten, rhenium and niobium {in that order)
having been less studied.

The monooxo- and dioxocomplexes of Mo have been widely investigated.
Structural data are also avaliable on trioxocomplexes. With these compounds
there arises the problem of how the arrangement of multiple metal—ligand
bonds is regulated. This problem is specially considered in one of the follow-
ing sections.

Considerable structural data have been published recently on Mo and W
{as well as Nb and V) oxygen-containing compounds: complex oxides, binary
and ternary salts including those of iso- and heteropolyacids. The crystals of
such compounds may have both island structures with finite anionic polynu-
clear complexes and polymeric structures with infinite metal—oxygen chains,
layers or three dimensional frameworks.

Although the model discussed in the previous section is strictly valid only
for mononuclear complexes we do not abandon the fact that the same depen-
dences govern equally interatomic distances in mononuclear complexes and
polynuclear formations as a consequence of the localization of w-interaction
over certain M—O bonds. With this in mind the last part of the review will concern
the stereochemistry of oxygen-containing compounds, generally those of
molybdenum and tungsten. A more detailed description of crystal structures
in Mo and W coordination compounds and analysis of their structural and
stereochemical dependences (including the distribution of multiple bonds in
the coordination polyhedra and the trans-influence of multiple bonds) may
be found elsewhere [53].

(ii) The role of the multiply bonded ligand X

1. The general series of trans-influence

To reveal the dependence of the M—L,,,,.. bond length on the various fac-
tors which affect the electronic structure cf the complex, it is important to
compare only those complexes in which the equivalence of the action of other
factors is ensur- 1. This requirement effectively limits use of the experimen-
tal data available. Nevertheless, the role of ligand X (the number and charac-
ter of its n-bonds with the metal atom) is sufficiently explicit. Table 3 lists
the X—M, M—L,,,,,, and M—L,, distances for 27 compounds. The first 23
compounds are subdivided into three groups. In each of them: 1 ligand L,,,,,,
is the same (Cl in the first two groups, H,O in the third), 2 the cis-environ-
menst is kept constant wherever possible (halogen and carboxylato-halogen in
the first and third groups and halogen phosphine in the second), 3 the num-
ber of valence electrons is kept constant wherever possible. In most complex-
es a non-bonding orbital (generally metal d_,) is occupied by an electron pair.
Compounds 20 (d},) and 1, 16, 17 are exceptions (the last three contain an
M=M bond, i.e. an electron pair in the bonding &-orbital instead of a lone
pairdZ,).

In the table the trans-elongation is specified by the differences A and A’.
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Column A shows the differences of M—~ligand distances for the same type of
ligands in ¢rans- and cis-positions, column A’ shows the M—L,,,,,. bond elon-
gation with respect to a standard taken from Table 2. Both characteristics
have certain disadvantages, each being in its way (more or less) a matter of
convention. However, the relevant differences are rather smail and thus the use
of both measures should not yield inconsistency.

It can be seen from these data that trans-elongation undoubtedly decreases
in the series:

M=EM, N=M>0O5M>RN3M, =O5M>0ONZM

According to the data listed in Table 3 the quadruple MEM bond causes near-
ly the same elongation as does a nitride ligand. This is in agreement with the
fact that the 5-component of the quadruple M=M bond has no bonding
analog in the M—L,,,,,s bond and thus produces no direct influence upon
such a bond.

Table 3 includes data on two similar oxomolybdenum complexes (com-
pounds 11 and 12). In 1970 two forms were found for MoOCl,{(PMe,Ph);
crystals which are of different stability, colour and spectra [80]. The blue,
more stable complexes show the band vy, at 954 cm™? in the IR spec-
trum while the less stable green compounds exhibit absorption at 943 cm™?;
on heating, the green form converts tc the blue one. The crystals MoOCl,-
(PEt,Ph); containing ethyl groups instead of methyl groups are analogous
to the green form of the former compound (also green [€5], vymo—o0 =
940 cm™?). Investigation of the structure demonstrates that the arrangement
of ligands in complexes 11 and 12 is identical but the Mo—O bond lengths
are different: 1.676 (7) A and 1.803 (11) A in the first and second complex-
es respectively. The difference exceeds 11-times the standard deviations. The
weakening of the O—M bond on going from the blue to the green isomer
causes a noticeable decrease in trans-elongation (by 0.12 A), while the M—L,;,
bonds are practically the same (only one Mo—P bond becomes 0.04 A longer).

It is hardly possible to overestimate the importance of this result; two iso-
meric forms were discovered which have the same ligand arrangement in the
complex but completely different equilibrium internuclear distances and thus
different spectroscopic properties, as evidence of the change in electronic
structure in passing from one form to the other. It is surprising however that
the difference in vy, g is so small. It is also worth mentioning that the elec-
tronic structure of the second (green) form causes a trans-elongation in the
O3M—Cl fragment close to that in the RNSRe—Cl fragment (compounds
13—15).

Table 3 also presents data on nitrosyl complexes and those with oxygen
and nitrogen bridges. In the three nitrosyl complexes (7, 8 and 23) and in
two oxygen bridge complexes (5 and 6) virtually no trans-elongation was ob-
served. The last fact is specific for all nitrosocomplexes with a linear ON—M
fragment (see section 4) while trans-elongation is clearly expressed in at least
one oxygen bridge complex {4) and one nitrogen bridge compound (22).
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Hence one may conclude that in general the N and O atoms participating in
the formation of symmetric linear bridges cause a somewhat greater pertur-
bation in an octahedral electronic structure than does the “linear’ nitroso
group.

The last part of Table 8 contains data on two groups of compounds sepa-
rated from the rest. The structure of these complexes is shown schematically
in Fig. 5a and b. Tungsten sulfotetrachloride dimer is as yet the only struc-
ture studied with multiply bonded sulfur. Considering the M—Cl bridge dis-
tances in the position trens to the multiple bond in this complex and in oxo-
complexes of similar composition (but unfortunately with different electron-
ic configuration) one is likely to conclude that sulfur leads to a greater elon-
gation than does oxygen.

The data on the trans-influence of the imino-group RNS are specific. This
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Fig. 5. The structures of polynuclear complexes with halogen bridges: a, [MoOCl_;.;],,;
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TABLE 4

Trans-elongation in mono- and dioxo-complexes

Nos Compound dyy MO,
28 Ko[NbOF5] d® NbO
29 Ky[MoOF51.Ho0O at MoO
30 Kp[MoO(02)F 41.H,0 d° MoO
31 (NH4)3F[MoO(O5)F4] @ d° MoO
322 KoMoO,F,b) d® MoO,
33 KoMoO,F 4. Ha0 a° MoOy
34 (VOF3).. d° VO
35 (ReOF,).. d ReO
36 (TcOF4)3 d* TcO
37 (MoOF,).. d° MoO
38 Ko[VOoF3] d° VO,
39 NH,4[MoO,F3] d° MoO,
40 (WOF4)s € a9 WO,
(20) ReOC!4H,0 at ReO
(21) (Et 4N)[ReOBr H,0] d? ReO
41 K[MoOC14Hs0] at MoO
42 (Ph4As)[MoOBr H,0] dt MoO
43 {(MoO,Cl,He0)., d° MoO,
44 MoO3Cl,H,0.KCl1 d° MoOsy
45 MoO3Cly(H0),.2KCl d° MoO,
46 MoO3Cly(DMF), a9 MoO,
47 {MoO2CH{DMF)5},0 a° MoOg
48 Cs{NbO(C204)2(H,0)2].2H20 @ d® NbO
49 Ko[{Mo05(C204)H201}501 d° MoO,
50 RbNbO(S0,). d° NbO
51 CsNbO(SO4)2 a° NbO
52 Mo4ClgQg(OPr)g a9 qt MoO
53 HgMoO, a° MoQ,
54 Nag{MogP2023].13H0 a° MoO,
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Nos Distances, A A A’ Ref., fig.
o0—M M-Lgrons M—Lequ
28 1.68 2,06 F 1.84 F 0.22 0.23 [82]
29 1.66 2.03F av. 1.86 F 0.17 0.20 [83]
av. 1.997 F
30 1.64 2,01 F {av’ 1.935 O, 0.18 [84]
av. 1.96 F
31 1.67 2,03 F { 1.91 O, } 0.20 [85]
32 1.67 1.99 (F) 1.87 (F) 0.12 0.16 [86]
33 av. 1.71 av.1.97F av.1.925 F 0.05 0.14 {87}
1.70 F,
34 1.57 2.34 Fy 1.81 Fy
av. 1.94 Fy, 0.40 0.40 [88},5¢
av. 1.86 F,
35 av, 1.645 av.2.295F,  {_ ' ]'gg Fr } 0.30 0.35 [89],54d
. av. 1.81 F
36 1.66 2.26 Fy { 1.89 Fy, } 0.37 0.32 [90], 5e
av. 1.83 F,
37 av. 1.635 av. 2.29 Fy, { av. 1.945 o } 0.34 0.35 [91],5d
38 1.636 2.187 Fy av. 1.8 F, 0.25 [92}],5f
39 av. 1.68 2,14 Fy av. 1.92 F, 0.20 {93],5f
40 1.63 2.10 Fy av. 1.845 F, 0.16 [94],5g
(20) 1.63 2.27 H,0 av, 2.29 Cl 0.19 [721
(21) 1.71 2.32 Ho0O av, 2.51 Br 0.24 [73]
41 1.72 2.27 H,O av. 2.37 Cl 0.18 [58]}
42 1.78 2.39 Hy0 2.516 Br 0.30 [95]
1.65 O, 2.26 Hp0
43 { 1.77 Oy, 2.20 O } av. 2.34 Ci 0.17 [96],8a
1.68 O, 2.30 0y
44 { 183 o, 2.25 Ha0 } av. 2.38 Cl 0.16 [97],8b
45 av. 1.715 av. 2.25 HoO av. 2.40 Cl1 0.16 [98]
46 1.68 2.20 OpnF 2.341 ClI 0.11 [99]
1.90 0y
47 1.68 2.27 OpmF 2,464 1 0.18 [100]
) av. 2.114 Og, . '
48 1.691 2.328 H2O {5 gq HO 1 0.2+ [101]
2.330 H,0 1.88 Oy 0.24
49 av. 1.69 { 3300, 2.09,, 0.10 ~o0.18} [102]
50 1.73 2.26<0sg, av. 2.00 Ogo, 0.26 . ~0.20 {103},6a
51 1.56 2.835+0sg, av. 2.03 Ogo, 0.32 ~0.30 [104],6a
52 av. 1.626 av. 2.21<-0Z av. 1.978 Opd) 0.23 ~0.16 [105]}
53 1.72 2.23+0< 1.94 Oy, 0.29 ~0.18 [106],6b
1.72. 2.280pg, 1.94 Oy 034 ~0.23
54 av, 1.725 av. 2.201<0pq, av. 1.917 Oy 0.28 ~0.15 } [107]
av. 1.725 av. 2.309<0pq, 1.917 Oy 0.3 ~0.26 .
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TABLE 4 {continued)

Nos .Compound di, MO,
55 [(MoO)a(l~S)2EDTA 1.2H,0 d° MoO
56 H[MoOsN(CH,CH,0)31 a° MoOg
57 Na,y[(MoO3),EDTA].8H,0 a MoOj3
58 MoQ3zNH(CH,CHoNH3 ) d° MoO3g
59 (NH)[VO(O2 )} C5H3N(COO), }H,0].1.3H,0 ) d° VO
60 [MoO(02)2{OP(NMes )3 }H,0] 2 d° MoO
61 K2{{McO(03)H30}501.2H0 2 d° MoO
62 (PyH)[{M0O(02)sH20},0] ) a° MoO
63 Ko[{WO(0Q3)9H20150] 2 a® wOo
64 (PyH)o{{M0O(O2)2}2(00H )21 ® d® MoO
65 (NH)4[{VO(02)2}201 ® ‘ a® VO
66 [CrO(Q3)sPhen] @) a° CrO
67 [Mo0O(02)2{OP(NMes)3}Py1 2 20 MoO
68 Ka[M00(02)2(C204)1 d° MoO

a) Pentagonal bipyramid coordination with X—M~Lyrans fragment along the axis of
bipyramid.

b)Probably Lipans is F and Ly, are %0 + %F. )

¢) By assuming the alternation MoOoF ;—MoFg—MoO,F 4—MoFg in the cluster with some
mixing of terminal O and F.

d) The distances from metal to other cis-ligands: to Cl 2.382 (av.}, OPr 2.165 {(av.)and 1.983
(av.), o 2.669 A. L :

group causes virtually no elongation of the frans-partner in the case of ter-

- minal chlorine and the metal with d? configuration (compounds 13—15), but
it causes a considerable elongation if a bridging chlorine occupies the same
position and the metal electronic configuration is d® (27). Here the effect of
other partners in the X—M—L,,,,.. fragment is quite clear (see below). In any
event the difference in the action of the O3 and RN3 groups is quite evident:
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Nos Distances, A A Al Ref., fig.

o—M M—Lrans M—L g
55 1.683 2448 Ny, (372101 QEDTA 0.33 [108}, 6c
1.815 2.43 Ny,
56 { 176 2.34 Oy, } awv. 1.94 Oy (0.38) 0.32 [109]
57 av. 1.74 { v g";g g‘i 3y - 0.28 ([110],6d
58 av. 1.737 av. 2.323 Np, — ) 0.20 [111]
V av. 1.871 O
59 1.579 2.211 HpO 2.058 Oy, ~0.2  [112]
2.088 Ni.
60 1.662 2347H0 {3 05707 ) 0.26 [113),7a
61 av.1.663  av.2.445H,0 {2V 1083 g;"; } 0.35 [114],7b
62 1.674 243H,0 (21 5o7 8?) } 0.34 [115],7b
63 av. 1.70 av. 2.355 H,0 {Zz igg; g: } 0.26 [116],7b
64 1.669 2.391 OOH, { * ;937 ggﬂb 1 034 030 [115],7c
av. 1.863 (O3),
65 av. 1.61 av. 2.505 (Og)y, | av. 1.875 (Oa)p 0.63 ~0.40 [117],7d
av. 2,005 Oy
66 1.57 2.26 Nppen (" é'ﬁsN% -} 015 ~025 ([118],7a
1 |
67 1.658 2450 Npy, {*% 1270 gi } 0.35 [113],7a
68 1.68 2.26 0g, (2% ;'835023 } 018 ~0.26 [119],7a

the former group causes frans-elongation almost always and with any trans-
partner, while certain conditions are required for elongation in the case of
the second group. :

2. Mono- and dioxocompounds

The oxocomplexes form the largest group of those compounds structurally
studied with multiple M—ligand bonds in mono- and binuclear complexes. Struc-
tural data include nearly 45 mono- and 40 dioxocomplexes. Trioxocompounds
are less well known: only the structures of the crystals MoO;NH(CH;CH,;NH,)2
(compound 58, Table 4) and Nay [(MoO3); EDTA].8H,0 (57) have been de-
termined. One may also include here polynuclear complexes with one or two
(of the three) oxygen atoms per metal atom acting as asymmetric bridges
M+« 0O = M, e.g. NH;Na[MoO,(u-0)C20,4]1.2H,0 (76, Table 5).



36

TABLE 5

Trans-elongation in complexes with oxygen bridges

Nos Compound ds, ?(or;il i
69 B-TeVO, al ~0=x
70 V40 d%—gt «0s
71 VO(Salpn) 2 dat «~0=
72 MoO5Srg al S
73 wOCly d° “~0=
74 [VO(u—O)FBipy1, o ¢ 93
75 WO.Cly d° {292
(43) (MoO2CIH20),, a® { o 83
(44) 1 (M004ClpH20)31.KCl d°® { con
76 ‘NH4Na[MoOa(u—0)C20,41.2H0 a° { o=
Q=
77 Kg[M07055(02)2].8H,0 d° { :8 =
78 (NH4)10[HaW120421.4Ho0 © d° «0=
os
«~Q=
(8) K4[(ReCl5),01P d2y =0=
(5) K4 (RuClg)e0]1? d%y =0=
(4) CS4[(OSC15)20]Q d_sy =0=
(47) {MoO,CIDMF),},0 d° { 02
= O
o 05
(49) K[{M0o03(C204)H20}20] d oz
FO
o=
79 {MoO(S2COEt)3}0 dat { P Z
80 {MoO[SsP(OEt)2 ]2}20 dl { Fg:
(22) K3[{RuCl4(H20)}2N]P d3y =N=
81 Ko [{Ti(02)NC5H3(CO0)2(H,0)},01.3H,0 9 do =0=

82 ({Cr(NH3)5}20]Cl4. HaO d,gy =0 .

83 [ {(MnPcPyl,01.2PyD d2y +=0=



]
-]

Nos Distances, A A A’ Ref., fig.
X—M M—L¢ans M_Lequ
69 1.61 2.77 Oy av. 1.99 Oy 0.78 ~0.8 [120}, 8c
70 1.63 2.23 Oy, av. 1.940 Oy, 0.29  ~0.25 (121}
71 ) . av. 1.945 Ogy ~
1.63 2210 { v 2.053 N } 0.27 0.25 [1221,8d
. 2.41 Br
72 1.85 2.31 Oy { 261 B._,t } 0.22 [1231], 8e
73 ~1.8 ~2.2 O av. 2.286 Cl ~0.1 [124}],8f
1.60 2.35 O 181 F
74 1.68 219N 2.14 N } oos ~o2 [125}, 8¢
75 1.63 2.34 Oy av. 2.31 C1 0.25 {1261, 8h
1.65 2.26 H,0
(43) 177 2.20 Oy } av.2.34Cl 0.11 [961, 8a
44 1.68 2.300, o 2% i P c571 81
(44) 1.83 2.25 H,0 } av.2.38Cl1 0.16 {971,
o av. 1.83 av. 2.238 Oy, » _ na F107 . O
! 1.88 2.230 Oy, v.is Liedq,va
77 b ;g 2320y } av.1.8950y 0.44 0.24  [128],14d
1.75 2.19
78 178 21600 1} av. 1960, 0.20 0.07 } [129], 14e
1.72 2.30 }
181 20206 } av.1.8904 0.13 0.05
(6) 1.86 2.38 Cl av. 2.38 Cl 0 —0.01 (591
(5) 1.80 2.36 Cl av. 2.36 Cl 0 0 [581
4) 1.778 2.433 Cl av. 2.370 Cl 0.06 0.07 571
1.68 2.27 OpMmF (0.18) 1
47) 1.68 2.27 Opmr - (0.18) } [100]
1.90 2.464 Cl 0.06
1.680 2.330 H,0 (0.24) 1
49) 1.700 2.187 Oy - (~0.18) 3 [102]},9b
1.700 2.087 Oy ~0.08
75 av. 1.645 av. 2.697 S av. 2.486 S (0.21) (1301, 9¢
av. 1.861 av. 2.535 S 0.05 ! LEb gl
80 165 2.801% av. 2.470 § (0.33) 4 [181},9¢
(22) 1.72 2.18 H,0 av. 2.36 Cl 0.13 [74]
{ av. 1.888 (02) )
81 1.825 2.183 HyO | av. 2.073 Oy, ~0.20 {132}, 8d
i 2.172 Ny, }
82 1.803 2.14 NH, av. 2.10 NH4 0.04 ~0.12 [133]
83 1.71 2.15 Npy av. 1.96 Np, ~0.14 [134]
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TABLE 5 (continued)

Nos Compound dg, Bond @)
XM

84 [{Fe(C15H23N5)H20 }501(Cl0y), 9P 0=

85 (enHa)o[{Fe(HEDTA)}501.6Hy0 £ dZ, =0=

a) Salpn = N, N'-propylene-bis(salicylaldiminate).
b} In one of four independent Mo—oxygen polyhedra.
€) In two of six independent Mo—oxygen octahedra

The available data show that multiple OSM or O=M bonds always produce
considerable elongation. Only in a few oxofluorides — where some disorder
in the O and F location at the vertices of the polyhedron is observed — is this
effect less clearly evident. An example [81] is RboM0oO,F4.

Table 4 shows metal—ligand distances in those mono- and dioxocompounds
which have similar composition. They include oxofluorides, oxoagquohalogen-
ides and their analogs *, oxoaquooxalates and some other complexes. Unfor-
tunately, the oxocomplexes most often studied structurally contain polyden-
tate ligands or oxygen bridges. Simple comparison of the values of trans-elon-
gation in such dissimilar cases is of little value. We have, however, included
several such compounds in Table 4 (with related compositions where possi-
ble) mainly for a comparison of the trans-influence in di- and trioxocomplex-
es. Table 4 also gives the data on monooxoperoxo complexes. Since no struc-
tural data are available for similar dioxocomplexes these data are only a sup-
plement. The structures of polynuclear and some oxoperoxo complexes listed
in Table 4 are shown in Figs. 5—8.

In principle one would expect that transfer from mono- to dioxocomplex-
es of the same metal at constant oxidation state will result in some elongation
of the oxygen—metal distances due to a decrease of formal multiplicity of
such a bond. However, no such dependence is revealed by the data in Table 4.
1t is quite probable that the change of bond length is concealed in the errors
in determined distances **.

* Witk oxoaquohalides one does not retain the requirement of constant electronic config-
uration of the metal. However, this does not seem to be important (see section C (iv)).

** The large and hardly interpretable deviations in X—M distances in different compounds
observed by many workers lead to the idea that the actual accuracy in the determination
of heavy—light atom distances in the region of 1.5—1.8 A is far below that formally esti-
mated from the reciprocal matrix formulae. The problem arises when fixing the maxima
of electron density. The first false maxima that appear as a result of the Fourier series ter-
mination are usually located at a distance of 1.5—1.8 A from the center of the heavy atom.
In refinement by least squares, error may be caused by an increase of covariation coeffi-
cients in the matrix of normal equations if the distance between the given (light) and neigh-
bouring (heavy) atoms becomes too short.
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Mos Distances, A A Al Ref., fig.
X—M M~—Litrans M—Lege

84 1.8 2.15 HaO av, 2.2 Np ~0,17 [135]

85 1.80 2.27 Ngpra { 2.20 Nepra 0.07 ~0.30} [136],9

av. 2.04 OEDTA

d) Pentagonal bipyramidal coordination

€) The symmetrical oxygen bridges are designated by+—0= irrespective of the number of
valence electrons in the system.
The formal metal electronic configuration is d” with n > 2.

On the other hand a comparison of M—L,,,,,; distances in each group of re-
lated compounds shown in Table 4 illustrates unequivocally that on passing
from mono- to dioxo-complexes there occurs a small but quite definite de-
crease in the distance to the frans-partner (only structures with the oxygen
atom of the SOy, PO, or Oy;ae. Eroups as frans-partner are exceptions). As an
average the M—F,,,,.. distances decrease over 0.05 A for terminal F and over
0.15 A for bridged F, while the M—(H,0),,4,. Pond diminishes over 0.08 A.
One of the obvious reasons for the weakening of the trans-influence by oxy-
gen atoms in dioxocomplexes is a decrease in the oxygen—metal bond order
(bond strength) because of their competition in p,-d. interactions (see also
section E). It is rather difficult to judge if a further reduction in M—Ly, g,
distances occurs in passing from di- to trioxocomplexes. The data for com-
pounds 55—58 certainly do not provide sufficient proof since in these in-
stances the ligands are polydentate and the number of compounds is rather
small.

o TO\O/HQ/
(SO“}'O\iL/O(SO“” /HQ/O\LO/O
son'o" ,\0(503)“ e —
o —Ha™ \(’:‘)\MO/
(504)
a b
=N i i
o s o O
ST H/O') /[,/”
K/M"\\S/MQ\ 0:7}M°”N‘c/<EN7M°=:O
L | e I =
\N N_/ o ©
\_~_/

[+ d

Fig. 6. The structures of polynuclear complexes with polydentate ligand bridges: _
a, [NbO(SO4)2]; b, HgMoOy; ¢, [(MoO)a(u-S)2EDTA]; d, [(MoOs)zEDTA]‘*‘".
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Fig. 7. The structures of oxoperoxocomplexes: a, [MO(Og)gLL ] and [MO(Og)gLL 1B
b, [{MO(02)2H20},01; ¢, [{MoO(02)2}2(1-00H)21%7; d, [{VO(03)2}201%.

All oxoperoxocomplexes (compounds 59—68) have the structure of a pen-
tagonal bipyramid (PBP), the OSM+«L fragment being invariably oriented
along a bipyramidal axis. An increase in the number of equatorial ligands
from 4 to 5 (or quite possibly, a specificity of these ligands) increases
the trans-influence. The mean trans-elongation of the M—H,0 bond in octa-
hedral monooxocomplexes (for the compounds shown in Table 4) is equal
to 0.22 A, and that observed in the pentagonal bipyramid is 0.31 A.

3. Complexes with oxygen bridges

Bridge oxygen atoms may play a different function in the structure of
crystals. At present we are interested in cases where the oxygen atom con-
nects only two metal atoms forming a multiple bond with one or both of
them; the fragments may be described by canonical formulae M<OSM (or
M<—O—M) and M«<=O=M (or M—O—M)

The first case is usually realized in polynuclear complexes or in crystals
with infinite metal—oxygen structures (chain, layer or three dimensional
frameworks). Since such a case includes almost all oxygen-containing com-
pounds of Mo, W, Nb and some other metals, many examples could be given.
Table 5 contains only the data on some of the more simple compounds and
several oxycompounds of complex composition investigated of late. In sec-
tions D and E the specificity of stereochemistry of such compounds is dis-
cussed in more detail.

The lower part of Table 5 gives structural data on the binuclear complexes
with symmetric linear oxygen bridges (in 22 with a nitrogen bridge). Besides
the six compounds mentioned in Tables 3 and 4, this table includes seven
new compounds.

As expected, the trans-influence of the “multiply bonded” side in an asym-
metric cxygen bridge is greater than in the case of a symmetric linear bridge,



41

Ct ci
o Ci o o H20
o O=zpmoe— Oz pmoe" M%\o Ci /[
Ct \I/O Ci
¢l Hzo <t hgo P
O/i \Hzo
a ct b

TC v
02/?\0 O/t\ £ U\Br
0} o o

I . T .
t o
Q N\l /F
C'\\L[,/C' <N/\{\O
c:/1\cx 0\\\}’/51
It SN >
I | w
t o g
! |
tﬁ cl (ﬁ _c o °
/ —— B ol
%?Wz/w ozn\és/o\g/s/rqoz
o T N\ R
O"““\l&[l/ctl) \lIIV{f‘ 02N / o \\ NO,
—/'~t 7? o o
Cli Ci

Fig. 8. The structures of polynuclear complexes with oxygen bridges: a, MoO3Clz.H0;
b, (MaQ3ClaH0)3.KCl; ¢, 8-TeVOy; d, VO(salpn); e, MoOBry; f, WOCl,; ¢, VOoFBipy;
h, WOCly; i, [Os206(NO32)4 14"

being frequently close to that of a terminal oxygen atom. This, however, de-
pends primarily on the degree of bridge asymmetry and as far as complex
oxides are concerned on the general electron density distribution over all
bonds.

On the other hand Table 5 shows that an oxygen atom in M=O=M or
M—O—M bonds (two-electron three-center m-bonding with metal atoms of
d* configuration) exhibits a weak but noticeable trans-influence. The xantho-
genate and diethoxydithiophosphate complexes (79,80) are most illustrative:
their sulfur atoms occupy three kinds of octahedral vertices: in trans-position
to each other, to a bridging oxygen and to terminal oxygen atoms. On aver-
age, the Mo—S distances along the coordinate *=02=Mo—S are 0.06 A longer
and 0.20 A shorter than those along S—Mo—S and O=Mo—S8, respectively.
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Fig. 9. The structures of complexes with single oxygen bridges and polydentate ligands:
3, [MoO2(1+0)C2041*7; b, [{M0O3(C204)H20},01°7; ¢, {MaO(S2COEL)5}50 and
{MoO[SP(OEt)212}20; d, [{Ti(02)NC5H3(CO0)a(H20)}201% 5 €, [{Fe(HEDTA)}201%.

In general, the trans-influence of symmetric bridges upon such trans-
ligands as H,O, NH; and Py considerably exceeds the similar influence upon
Cl and C,0,. This problem will be discussed in section C (iii).

4. Nitrosyl complexes

The stereochemistry of transition metal nitrosyl complexes and particular-
ly the structure of the M—NO group has been studied quite intensively. The
crystal structures of nearly 70 nitrosocompounds of different metals have
been determined. Octahedral coordination has been demonstrated for about
20 compounds and tetragonal-pyramidal structure for 10 complexes. The
other structures cantain trigonal bipyramidal and tetracoordinated complex-
es or m-complexes and cluster groups which are beyond the scope of the pres-
ent review.

Recent structural investigations confirm the existence of two configura-
tions of the M—NO fragment. Table 6 lists the data on octahedral nitrosyl
complexes®. In the first (large) group of compounds the fragment M—NO
is linear or almost linear; the M—N distance is relatively short which corre-
sponds to multiple bonding. Here the MNO angle lies within 163—180°, the
M~—N distance ranging from 1.67 to 1.82 A for the metals of the second tran-
sition period (Ru, Mo) and from 1.63 to 1.71 A for metals of the first transi-
tion period (V, Cr, Mn, Fe)**. A different configuration of the M—NO frag-

* In Mo(NO)(S3CNR3)3, R =Me, Et the molybdenum polyhedron is a pentagonal bipyramid.
For additional data, see p. 86, paragraph 5.

** We do not account for the data on K4[Mo(NO)(CN)s] having order-disorder character,

nor for the structure of Mo(NO),Ci>(PPhg}); in which one of the nitrosogroups is fixed

with poor accuracy owing to a disordersd arrangement of this group and a chlorine atom

along the ON—Mo—Cl coordinate.
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ment has been found in three cobalt complexes (compounds 99—101) and in
two binuclear platinum complexes: [Pt,(NO),Clg]1*~ (compound 102) and
Pty (NO),ClZ~ (see p. 86). Here the M—NO group is essentially non-linear
(.MNO = 112—135°) and the M—N distances are 1.82—1.87 A in the Co
compounds and 2.15 and 1.98 A in two Pt complexes. The elongation of the
M—N bond in passing from the first to the second group of complexes (tak-
ing account of the difference in metal atomic radii) is 0.2 A for metals of the
fourth period and about 0.2—0.4 A upon replacement of Ru by Pt.

The difference in configuration and hence in the electronic structure of
the metal—nitrosyl group is accompanied by a considerable difference in
trans-elongation. Although in ruthenium compounds with linear M—NO frag-
ments the substitution reactions involve mainly the position t{rans to the ni-
troso group [157] (large trans-effect), elongation of the trans-partner has not
been observed at all (negligible trans-influence). Trans-elongation was reveal-
ed only in nitroso-tris-dithiocarbamates of Mo and Ru (compounds 97 and
91): in PBP-complexes of MoNO(S,CNR;); A = 0.06 A, in octahedrzal com-
plexes of RuNO(S,CNR;); A = 0.02 A. Moreover, the value of A increases
gradually from —0.02 to +0.04 A in [MNO(CN);]™ complexes in the series:
Fe, Mn, Cr. On the other hand, the Ru—Cl,,,,,, bond in M, [RuNOCls1],
where M=NH,, K (7 and 8) is shorter with respect to Ru—Cl,, bonding: by
0.019 A in ammonium and by 0.013 A in potassium salts, the accuracy of dis-
tance determination being 0.001 A*.

Unlike the linear M—NO group the angular group displays considerable
trans-influence: trans-elongation amounting to 0.2—0.4 A. It is particularly
noticeable in binuclear Pt complexes. Figure 5h shows the structure of the
[Pt,(NO),Clg12~ complex. Here the Pt—Cly ;4. distance trans to Clieyminar
is 2.35 A, whereas in trans-position to NO it is equal to 2.74 A. In the
[Pt,(NO),Cls]1% complex the similar bond irans to (NO)erminai has the
length of 2.62 A.

Thus the n.troso group differs from the other ligands discussed. It exhibits
maximum ¢rans-influence in the case of relatively weak bonding with the
metal. According to our model the specificity of the nodal character of the
occupied MO’s in the three-center X—M—L fragments serves as a fundamental
basis for explaining such a difference in the frans-influence in nitrosyl com-
plexes of the two types. Assuming the complex valence shell to be composed
of three electrons from the nitroso group (ONzZM), one electron from each
acid ligand and two electrons from each donor ligand, one will find that the
total number of valence electrons is equal to or less than 18 in all the octa-
hedral complexes with a linear configuration of the M—NO fragment, where-
as it increases to 20 in all complexes with the angular M—NO structure. In the
last case the extra pair of electrons is placed into a third (anti-bonding) three-

* An abnormally short [85] V—CNgy,,; bond (1.853 A} in Ko VNO(CN);5] is explained
by a disordered arrangement of nitroso- and cyano-groups along the axis of a bipyramid.
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TABLE 6

Structural parameters and frequencies ¥y in octahedral nitrosyl complexes

Nos Compound N3a) Distances, A

M-Nyo M—Ltrans M—Lequ

(7) (NHy)2[RuNOClg] 18 174 2.357 Cl1 av. 2.376 Ci
1.747 2.359 av. 2.372
(8) K2[RuNOCls] 18 {709 2.369 ¢! av.2.357 ¢!
2.42 ¢l
86  OsNOCIls(HgCl)(PPhg)s 18 1.79 2.37 Cl av. 2.395 P
2.677 Hg
87 Ka[RuNO(OH)(NO3)4] 18 1.79 1.99 OH av, 2.08 Nno,
88 Nap[RuNO(OH)(NO3)4] 18  1.75 1.95 OH av. 2.08 Nyo,
av. 2.056 Nyo
89 [RuNO(OH)(NO2)a(NH3z)s] 18  1.76 1.95 OH av. 2.126 NHaz
(23) (NH4)o[RuNO(Ho0)ClJCLH,O 18  1.67 2.06 H,O0  av. 2.35 Cl
90 [RuNO(NHj3)s]Cl3.H20 18 1.80 2.19 NHz  av. 2.08 NH3
91 RuNO(S2CNEty);3 18 1.72 2.415 8 av. 2.395 S
92  Nag(FeNO(CN)g).2H20 18 1.63 1.90C av. 1.92C
93 K3[MnNO(CN)g].2H20 18  1.66 2.01C av. 1.98 C
94 [Coeng}[CrNO(CN)s].2H,0 17 1.71 2.076 C av. 2.033C
95 Kz[VNO(CN)z]P 16 1.66P) 1853C® av,2.17C
26 K4[MoNO(CN)51®’ 18 1.956 2,20 C av. 2.13C
97 MoNO(S3CNRg)3 © 18 1.73 2.668 8 av. 2.61 8
b 1.82 2.477
88 Mo(NO)gClg(PPhg)g @’ 18 {1918 p420b)Cl av.2.696P
99 [CoNO(NHg)s1Cly 20  1.87 2,220 NHg av. 1.98 NH,3
100 [CoNOCleny]CiOy4 20  1.82 2.675 Cl av. 1.96 Ngn
101 [CoNO(NCS)(DAS)3J(NCS) 20 1.86 2,10 Nygs  av. 2.36 As
102 (CgHNH)a(Pt2(NO)sClgl 20 2.16 2740, &V g'gg 8}:’

1) N is the total number of valence electrons (see the text).

b) Partly disordered structure and the distances between statistically distributed atoms.
€) Mo c.n. is equal to 7, PBP polyhedron.

<) The second reference for the IR data,

center (0 or 7) orbital* having nodes both in the M—Ly,,,, and X—M regions
resulting in a simultaneous weakening of both bonds.

Occupation of this antibonding orbital not only elongates the two bonds,
but also stimulates dative electron transfer from the metal to the nitroso
group. This last fact is responsible for the change of configuration in the
M—NO fragment (reduction of the symmetry of the MNOLj complex from
Cy4, to C, via the second order Jahn—Teller mechanism [158]).

* In the 20-electron nitrosyl complexas with purely donor trans-ligands NHj and en, the
upper occupied orbital is probably o — y3. (See p. 8).
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Nos A A’ N—O L MNO® wng,em™ 1 Ref, fig.

(7) —0.02 0 1.13 176.7 1887 [(60,137]
(8) —0.02 0 . 1.12 176.8 }  1g05 (61a]
0.01 0.01 .09 171 [61b)
™ ~—0.05 0.01 )
=S 1.03 178 1820 } [138]
87 ~0.02 1.12 171 1800 [139]
88 ~0.02 1.13 180 1907 [140]
89 ~—0.02 1.12 176.6 1869 [141]
LU0
(23) 0.01 1.16 176 - [142]
90 0.11 011  1.11 167 1922 [143]
: ' : 1935 L%
91 0.02 1.17 170 1830 [144]
92 —0.02 1.13 178 1039 [145]
93 0.03 1.21 174.3 1730 [146]
94 0.04 1.207 175.6 1645 [147]
95 1.29 171.4 1530 [148]
96 (0.07) 1.23 176 1465 [148,149]9
97 0.08 1.15 173.2 1630 [1501
1.22 163.1 1774 01d
o8 (0.08) 1.16 ® 160.4 1652 } [161,162] %)
99 0.24 ~0.27 1.16 119 1646 {163]
100 ~0.33 1.04 120 1611 [164]
101 ~0.20 1.01 136 {166}
102 0.38 1.18 112 1750 [166], 6h

The data on tetragonal-pyramidal (TP) nitrosyl complexes also agree with
such an interpretation. Complete loss of a donor ¢rans-ligand with its electron
pair may be regarded as an extreme case of trans-influence in the 20-electron
octahedral complex. Indeed, in all the 18-electron TP-nitrosocomplexes inves-
tigated the NO group occupies an axial position and the M—NO fragment is
found to be angular, the only exception being 113 (Table 7)%. When the
number of electrons is smaller, this fragment becomes linear and the choice
of a vertex by the nitroso group depends on the composition of the complex
and other t‘actors. In particular, the complexes (Ru(NO)zCl(PPha)Z]* and

PR Sy, DU WPy ¥ SV TSI Ta

{Os(NO)(OH){(PPhj3)2]* (111 and 112) each contain two nitroso groups. It

* For additional data, sce p. 86, paragraph 5.
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TABLE 7

Structural parameters and frequencies ¥y of tetragonal pyramidal transition metal nitro-
syl complexes

Nos Compound N®) Distances, A
M—NO (ax)
103 {FeNO[S,Co(CN)3 12}~ 17 1.56
104 FeNO(S,CNEtg)s 17 1.69
105 FeNO(S,CNMey)s 17 1.720
106 CoNO(S,CNMey), 18 1.746
107 [Ir(NO)CI(CO)(PPh3),]BF, 18 1.972
108 (Ir(NO)I(CO)(PPh3); 1 BF 4.CgHg 18 1.89
109 [Ir(NO)I(CH3)(PPh3)s] 18 1.91
110 {Ir(NO)C1;(PPh3),] 18 1.94
1.859
111 [Ru(NO),Cl(PPhy), ] [PFg] 18 { (1.738)
112 [Os(NO)o(OH)(PPh3)2 ] [PFg] 18 {(12?1?) .
113 {Ru(NO)(Diphos),][BPh4].Me,CO 18 1.735

a) N is the total number of valence electrons.
b} Parameters for linear NO groups in the base of pyramid are given in parentheses.
¢) The second reference for the IR data.

is quite logical that here an ““angular” group NO resides at the pyramid axis,
while the “linear” one occupies a vertex of the base. The ligand in the posi-
tion trans to the latter group (Cl and OH, respectively) is at an ordinary dis-
tance from the metal.

When comparing the iron and cobalt nitroso-bis-dimethyldithiocarbamates,
the correlation between the geometry of the M—NO fragment and electronic
occupation appears to be most convincing. The crystals are pseudo-isostruc-
tural: their molecular location and orientation are similar. A decrease of the
M—NO angle from 170.4 to 136° when the electron number increases by uni-
ty appears to be the only difference*.

In conclusion, it seems useful to point out two other features of the crystal
structures of nitrosyl compounds.

1. An interligand interaction. In all octahedral complexes with the linear
M~—NO fragment the M—L_; bonds are inclined towards the frans-partner of

* A question arises whether there exists a correlation between the MNO angle and M—N
distance in the angular complexes. In most of these the MNC angle lies between 119—
128°, and the M—N distance between 1.82—1.87 A (for Co) and between 1.89—1.98 A for
Ir and Os. Only two compounds (106 and 111) do not fit this series. In CoONO(S2CNMegy),
and [Ru(NO);Cl(PPh3)2](PFg) the angles MNO are greater (136°) and, accordingly, the
M—N distances are shorter {1.746 and 1.859 A, respectively). A state, to a certain extent
intzrmediate between the two extremes, is likely to occur here.
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Nos  Distances, A LMNO Yno Ref,
MLy N—O
103 av. 2.27 S 1.06 168 1645  [159)
104  av. 2.28 S 1.16 174 1673 [160,161]°
105 av. 2.294 S 1.102 170 1670  [162]
106 av.2.263 S 1.16 136 1626  [163]
107 1.86 Cgg, 2.343 Cl, av. 2.408 P 1.16 124 1680  [164]
108  1.70 Cgg, 2.666 I, av. 2.360 P 1.17 125 1720 [165]
109 2.055 CHg, 2.726 1, av. 2.340 P 1.23 120 1525  [166]
110  av. 2.348 Cl, av. 2.376 P 1.03 123 1560  [167]
2.365 Cl, av. 2.428 P 1.17 136 1687 }
111 (1.162) ( 179.5) (1845) [168]
2.00 OH, av. 2,435 P 1.12 127.5 1632 <)
112 (1.25)  (~180)  (1842)) [169,170]
113  av.2.388 P 1.197 174 [171]

the nitroso group (Nyo—M—L,,, > 90°). In particular, the metal atom is
shifted over 0.13 A from the cis-ligand plane in [RuNO(H,0)Cl;]™ (23), and
over 0.20,0.16 and 0.13 A in the series of [M(NO)(CN)5;]3~, M = Fe, Mn
and Cr (92—94), respectively.

In octahedral complexes with the angular M—NO fragment displacement of
the metal from the equatorial plane is considerably smaller: 0.09 A in
[CoNOClen,}* (100), 0.05 A in [CoNO(NH;3)51%* (99), 0.01 A in
[Pt,(NO)2Clg]1?™ (102). Thus a displacement takes place due only to the
shortening of the M—NO bond, and does not depend on its trans-influence.
On the one hand, it confirms that an interligand interaction is the main reason
for the angular distortions in MX; complexes, on the other it shows that the
“pressure” of equatorial ligands on a trans-ligand cannot be a primary reason
for trans-elongation (p. 25).

In the 18-electron TP-complexes with an angular M—NO fragment the
metal atom is shifted from the plane of the base towards a nitrosyl vertex.
Since steric pressure of the NO-group on the other ligands in this case is min-
imal, this fact may serve as good evidence of essential rehybridization upon
the replacement of a hexavertex polyhedron of C; symmetry by a pentaver-
tex one (p. 12).

This is even more obvious from the change of the angular characteristics
of the nitrido-halogenide complexes on going from [MNHal;]" to
[MNHal, ]9 V~. Replacement of the sixth halogenide vertex by a lone pair
retaining the hybrid state of the complex would enhance resistance to repul-
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sion between N and Cl atoms, i.e. decrease the bond angles NMCl,,,. However,
on going from Ko, [OsNCl5] [55] to (Ph4As)[OsNCl,] [172] an increase in
these angles from 96.2 to 104.6° was observed. It is quite obvious that the
lone pair electron density is not localized at the sixth vertex of the octahe-
dron,

2. Intermolecular contacts. The electron density transfer from metal to a ni-
troso group upon replacement of the linear M—NO by the angular fragment
was confirmed by an analysis of the intermolecular contacts in crystals. In all
structures with the linear M—NO fragments the nitroso groups are in contact,
with the negatively charged atoms (Cl, Ono,, Nen ). Typical examples are the
ruthenium nitroso compounds listed in Table 6 (see e.g. ref. 141). On the
other hand, in crystals of compounds 99—102 the nitrosyl oxygen does not
touch electronegative atoms. For example, in crystals of
(CoH;NH), [Pt;(NO),Clg] (102) the nitroso group is surrcunded by carbons
of the quinolinium cations, in [CONO(NHj)5]Cl, (99) its neighbours are the
NHj; groups. For a more detailed discussion of this problem and the correla-
tion of the data of structural analysis, IR spectra and ESCA spectra see ref.
1990,

5. Carbonyl and molecular nitrogen comgplexes

The majority of carbonyl compounds studied are 7-complexes where
the term “‘coordination number” is rather artificial and the trans-influence is
obscured by the complicated pattern of multi-center interactions. On the oth-
er hand most of the carbonyl complexes which do not belong to this class are
overloaded by carbonyl groups with a relatively small number of other ligands
L, the latter being quite often atypical for ordinary transition metal complex-
es (Table 8). In addition, all these compounds contain metals in low oxida-
tion states for which the “ordinary” (“‘standard’’} M—L distances (or the re-
spective metal covalent radii) differ from the analogous distances and radii for
metals in the highest oxidation state. The choice of such radii is rather ques-
tionable and the discrepancies among the published values are so considerable
that they overlap the scope of the possible trans-elongatior. effect (standard
metal radii in carbonyl and n-complexes have been discussed {191,192]).

One may, however, use another route. i.e. to trace the relative influence of
the OC—M and L—M bonds on the identical {rans-parzners. This is more favour-
able because of the presence of a large number of carbonyl groups in the
complexes. It can be seen from Table 8 that the M—CO distance along the
OC—M—CO coordinate is always 0.02—0.10 A longer than along the
L—M—CO coordinate. For Mn, e.g. in the first case the Mn—CO distances are
within the range 1.79—1.87 A (mean value 1.840) while in the second case
they are within the range 1.73—1.82 A (mean value 1.786). Here the carbonyl
group is a ligand subjected to the action of a ¢rans-partner. Since its bonding
with the metal is mainly n-acceptor (with a relatively weak ¢-donor compo-
nent), this case is somewhat unique: the trans-influence of a multiple bond is
conveyed by 7 instead of a g-mechanism. It is quite natural that the maximum



49

‘uaA1d jou st D(QIW )W 03 uoljised-suoyy Ut QO UL (e

{681] ¥0°0 ug 98’1 06'T Eapugt(OD)n (o ug nyE(0D)ugtol 081
[g81] ¥0°0 0 96°1 00°% 9(00)24(0)0VH?D 631
[281] L0°0 N SLLT LV8'T Y(00)u(EHOHNOD) (EHOZHN) 821
[981] 50°0 m 68L'T ¥8'T ¥(00)uwPudd(H)uW¥(00) L31
[egr1] up - 181 (1) (00U ¥(0D)(dk1) 921
[o¥81] L070 £08°'1 gL8'1
{a¥81] v0°0 up 781 98'1 %(0D)uWuN(0D) 931
[evg1] ¥0°0 641 £8'1
[es1] £0°0 ay 08'1 £8'1 S(00)u¥(00)2yH2¥%(0D) b2l
[z81] €0°0 o 6081 GS8'T S(00UNY(0D)2JuN(0D) 821
[181] L0°0 24 6vL1 678’1 S(00)UINB(00)RI(%HD-1) 221
[o81] S0°0 ug 641 P81 S(0D)uNGYqusoD¥(00) 121
[eL1]) 90°0 0 gL1 6L'T 9(0D)UN(HZI%D) 021
{g21] 01°0 g 09L°1T 698’1 Y(00)uWeguiNP(0D) 611
{ee1] 20°0 H 1281 ov8't 9(00)UNH 8T1
[911] 80°0 d £6°1 103 Y(0D)om(2d91H) L1t
[eL1] N 918’1 "ae - €(00) (uar)1) 911
[ve1] £0°0 (ed £8'1 98’1 ¥(00)10(Budd){D( 0PI} q1L
[eL1] S0°0 H 281 9881 [Y(00)08HEgH(NYoIN) P11
00—-N—1 00—-W-00
u:o?. m:o~<
‘39 v 1 ¥ ‘soaueisip OD—IN punodwo) SON

$3JRUIPI00D ())—N—T PUE OI—N—D0 Suole seouessip dnoad {Kuoqied—jejput ayg,

B ATHVL



50

effect is observed if the trans-influencing ligand is also a n-acceptor (i.e., a CO
group), but this does not occur if a o-component predominates in the bond-
ing of this ligand. In particular, even the g-bonded carbon atom, generally the
most powerful trans-labilizer does not greatly influence the carbonyl group
{compounds 115, 120, 129).

Structural data on transition metal molecular nitrogen complexes are rath-
er poor, Table 9 lists only eight compounds. Five of them contain the termi-
nal N, group, two compounds have a bridge with the linear M« N=N-+M frag-
ment, and one complex has the bridge with a “perpendicular” structure

N
M «ijl- M
N

These data are rather obscure and contradictory with regard to the structural
manifestation of the trans-influence. In ruthenium pentaammeoniate (133)
the groups N, and NH; are distributed statisticaily at the vertices of an octa-
hedron, and it is difficult to discern a trans-elongation. In the similar osmium
compound (135) the Os—NHj; distances along the trans- and cis-coordinates
are almost the same, but they are somewhat longer than those in the ordinary
Os" compounds. The same holds in the case of the binuclear ruthenium am-
moniate (136). In the ruthenium azido-ethylenediamine complex (134) N is
in a trans position to Np. The Ru—Ny, and Ru—N,, bond lengths are nearly the
same, but it is not clear how large the “normal’” Ru—Ny, distance should be.
Finally, in the mixed binuclear complex of Re and Mo (137) no trans-elonga-
tion is observed. However, unlike the other (in particular, the second) binu-
clear complexes, this compovnd has particularly long N—N and short M—N
bonds.

In Mo(N, ), (Ph,PCH,CH;PPhy ), (131) the two Ny groups are in trans po-
sitions to each other. The M—Ny, distances are 0.15—0.20 A longer than
those in other compounds. In this case one may draw an analogy with carbo-
nyl compounds: in both cases the M—X distances are elongated when the two
X groups (X = CO or N;) are in trans positions to each other. The Re—Cl
bond in Re(N, )Cl(PMe,Ph), (132) is also greater than the normal one. How-
ever, in the structural investigation [194] it was assumed that the distribu-
tion of Cl and N, is not quite regular in the two ¢rans-positions of the octa-
hedral complex; since upon inversion-of the Cl—Re—M—N axis the chlorine
atoms falls between two N atoms, this irregularity may account for the appa-
rent decrease of the N—N, and increase of the Re—N, distances. Judging by
the structural parameters (see Table 9) such an effect is really observed. But
an opposite effect of the N atoms on the Cl coordinates revealed in the treat-
ment of the experimental data is not excluded either. Thus the conclusion
concerning the Re—Cl distance is not entirely reliable.

6. Metal—metal bonds
In principle metal—metal bonds of different multiplicity should exhibit a
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TABLE 10

The trans-influence of the metal—metal multiple bond in binuclear complexes

Nos Compound an q Distances, A
M—M
139 K4[Mo2(SO4)4].2H,0 a* 4 2.110
(16) Cs4[RegClg(H20)31{ReyClgl at 4 2,111
a7) ReyCly(MeCOO)o(H,0), da* 4 2.224
140 K3[Mo02(S04)41.3,5H,0 dtd’® 3.5 2.164
141 RegCls(MeoCoH 4Ss)n d*-d® 3.5 2.293
142 Rhy(MeCOO0)4(H20)2 d’ <3 2.386
143 Rho(HCOO)4(Ho0) d’ <3 2.38
144 Rho(C4H7N5O9)4(PPh3)9oH20.C3H,0H d’ ~1 2.934
145 Cog(PhCO0)4(CoH7N), d’ ~1 2.832
(1) (NH4)2[Rea(HCOO)oClg] da* 4 2.260
146 Rea(PhCOO0)4Cly.2CHClg d* 4 2.235
147 Reg(PrCO0)3ClsRe0 at 4 2.259
148 Re,(PrCO0)4(Re0y)a at 4 2.251
(141) ReoCls(MeoCoHyS0)a dt.a® 3.5 2.213
149 Rusy(PrC0O0)4CI d®.d® 2.5 2.281
150 (CN3Hg)o[Rho(MeCOO)4Clo] d’ <3 2.47
151 (NH4)4[Rha(MeCOO)4Brs1Bra d’ <3 2.47
152 Baz[Cos(CN);0].13H,0 d®.d8 ~1 210

q = the multiplicity of the bond (see explanation in the text).

different labilizing effect on L.,,.. ligands. However, no such data were pre-
sented in Table 3, not only because of limitations in composition, but also
because of the uncertaint:r of bond order. The last is not uniquely deter-
mined by the d” configuration, but depends on the sequence of bonding and
antibonding M—M orbitals of different types (o, 7, ¥ and §) (cf. [202]).
Additional data on binuclear clusters with different d” metal orbitals are
shown separately in Table 10. The uapper section presents compounds with
acid partners of the M—M bond. Besides illustrating the general M—L,,,,.,
bond elongation caused by M—M bonding, these data demonstrate (with ac-
count taken of the aforementioned limitation) a gradual decrease of ¢rans-
influence with weakening (elongation) of the metal—metal bond *.

* Replacement of the at—d* configuration by d*—d% does not affect the value of A. As
mentioned above the effect of a 6§ -bond on the trans-M—L bond is rather weak.
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Nos Distances, A A .y Ref., fig.
M-Lirans M—Lequ
139 2.593+-0g0, 2.13 Ogo, 0.46 0.50 [203], 10a
(16) 2.44 H,0 { 13'33) a |} 0.36 [68], 10b
(17)  av. 2.507 H,0 av. 2.30 Cl 0.43 {691, 10c
140 2.55 H,0 2.064-Ogo,  0.49 0.46 [2041, 10a
141 3oz-cl, (238701 ) g 083  [205], 10d
142 2.302 Hy0 2.04 O, 0.26 0.28 [206,16,207], 10a
2.20 Hy0 0.17 0.18
143 5450 2.03 O, o 45 o3 (2081, 10e
144  av.2.438P av. 1.99 N ~0.05 [209], 10f
145 2.102 N av. 2.02 O, ~0.2 [210], 10a
(1) 2.71 Cl av. 2.22 O, 0.39 0.32 [54], 10c
146 2.489 Cl (av.20180, 0.10 {2117, 10a
2.29
147 2.280 Opeo, [  2.22 y .27 0.20 (2121, 10g
2.01 O,
148 2.18Opeo, ([ 2040, 014 0.10 [213], 10a
2.337 Cl
(141) 2.493 Cl, S 0.15 0.10 [2051, 10d
149 2.587 Cly av. 2.00 O, (0.23)  [214], 10h
150 2.49 Cl 2.06 O, 0.16 [215,16], 10a
151 2.53 Br 2.08 O, 0.08 [215,16], 10a
159 1.946 C av. 1.885 C 007 ~0.1 [216a],10b
1.961 C av. 1.886 C 0.08 ~0.1 [216b]

Structural investigation shows as well that some form of trans-influence
may take place in M,, clusters with n > 2. The weakest M—L bonds in such
clusters are those in a trans-position from the center. In particular, this in-
cludes the trinuclear rhenium clusters [ RezHal;»}®~ and their derivatives
(Fig. 10i). Table 11 shows that the distances from Re to the terminal atoms
in the plane of the rhenium triangle (Re—L.qn,) considerably exceed those
to the atoms above and under the triangular plane (Re—L,;). Halogen ion
substitution or elimination in [RezHal 513~ complex always takes place in
Liyans positions [224].

The value of A in a triangular cluster is considerably smaller than those in
binuclear complexes of rhenium. This is quite natural, since the formal met-
al—metal bond multiplicity decreases with the number of metal atoms. In
particular, in octahedral clusters almost no structural trans-influence has
been observed. For example [225], in [MogBrgBrs(H;0)2] the Mog octa-
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Fig. 10, The structures of complexes with metal—metal bonds: a, My(LL)4L5; b, MaLgLy;

¢, Ma(LL)oL4La; d, ReaCls(Meg CoHgS2)s; e, Rho(HCOO)4H 05 f, Rho(C4H7N202)4(PPh3)s;
g, Reg(PrCO0)3C1,Re0y4; h, Rua(PrCOO0)CI; i, [Reglia]” 7 k, Rejlg.

hedron inscribed in the cube of Br bridge atoms has four Br atoms and two
water molecules in trans-positions with respect to the centre of the cluster.
The distances Mo—Br,,,,,s and Mo—H30,,,,.s are equal to 2.589 and 2.19 A

‘respectively, the valuss of A’ being 0.05 and 0.10 A. In WgBr;¢ the similar
W—Br,,,,s distances are equal to 2.56 A (A’ = 0.03), in MaCl, the Mo—Cly4p
distances [227] are reduced to 2.38 A (A" = 0).

The carbonyl clusters may serve as an additional illustration of the depen-
dence of A on the formal M—M bond multiplicity. The data on
(CO)YsM—M(CO);, (CO);M—M(CO),—M(CO);5 and some other clusters have
already been given in Table 8. As commented previously in all cases the
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Fig. 11. The formation of M5O~ fragments: a, Re3O7; b, Reg04.2H,0; ¢, [M0207(I-120)2}2".

M—CO distance in the trans-position to the M—M bond is shorter than the
distance along the OC—M—CQ coordinate. This means that the structural
trans-influence of the ordinary metal-—metal bond in the zero-valent metal
complexes is weaker than that of the carbonyl group.

(iit) The role of L g, ligand

In view G- the model (section B), the weakening (elongation) of the M—L
boxnd should depend both on the possibilities of competing with ligand X for

“20\“ O ” _0 o\\ O //0
o= | o Ho0 ¢ Mo\ o
a b
o . o O\\ o
! e
\X ;\Kjo /o o0 o o
AERA

Fig. 12. The structures of complexes with double oxygen bridges and polydentate liganqdj: )
a, [{MoO(C204)(Ha0)}2021°7; b, [{(M0oO2(CsHy02)2} 20125 ¢, [Mog011(CqHz05)21 .
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TABLE 11

The trans-influence of the metal—metal bond in trinuclear rhenium complexes

Nos Compound Distances, A
M—M M—L prans
153 ReClg(PEt,Ph)g 2.49 270 P
154 ResClg 2.49 2.66+Cly—
2.440
155 Re3Ig 2. 507 2.94'—15—"
156 (Ph4As)a[ResCly1(H20)] 2 2.40 Ha0
157 (CgH,NH)>[ReBrg][RegBrg(HoO)3] av. 2.460 2.40 HoO
av. 2.477 av. 2.52 Cl
158 Cs3[Re3Cliz] { av. 250 2.60 Cl
128 Csp[ResBriq] { g:‘;g } 2.79 Br
(156) (Ph4As)[ResCly1(H20)] { gig } 2.56 Cl

participation in ¢-bonding MO’s and on its ability for n-interaction with the
central atom.

The first is readily traced by comparing the M—L,,.,.. distances in the com-
pounds of identical composition with acid and donor ligands in the position
trans to X. Table 12 shows data for about 40 compounds of different metals,
the ligand L being F, Cl, Br anions or H,O, NCR and NH3; molecules. Com-
pounds of similar composition (the same X and M, identical cis-ligands) are
divided into groups¥*. It is quite clear that donor ligands are more trans-influ-
enced than acidic ligands. The same difference is observed in the binuclear
(M,) and trinuclear (M3) clusters (Tables 10 and 11). The molybdenum oxo-
chlorides and oxobromides are an exception. In these compounds the Cl;, 4,4
and Bry,.,; bonds are weakened to the same extent as the bonds with
(H30),;1ans- One may also exclude ruthenium nitrosyi complexes which display
practically no trans-influence even in the case of a donor trans ligand.

Additional data confirming considerable weakening of bonds of the metal
with water and other monodentate donor ligands have been given already in
Table 4 and other tables.

The result is less convincing in the case of polydentate ligands where the
difference between the donor and acidic parts of a ligand is smoothed or van-
ishes absolutely while the steric factors could be quite significant. For an il-

* The majority of compounds have already been listed in Tables 3-7. Te provide a clearer
comparison the principal data for these compounds are re-presented here. More detailed
"data on compounds absent in the previous tables are given in Table 12a.
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Nos Distances, A A A’ Ref., fig.
M—L, M—Ls
153 av, 2.31 Cl av. 2.38 Cl ~0.4 [2171}, 10i
2,29 Clg
154 2.40 ~Clg 2.46 Cl 0.26 0.27 {218], 10k
= av. 2.604 I, -
155 2.744 I, av. 2,739 1 0.20 0.3 {2191, 10k
156 av. 2.30 Cl av, 2.35 Cl 0.32 [220], 10i
1587 av. 2.445 Br av. 2.533 Br 0.32 {211], 10i
158 av. 2.36 Cl av. 2.39 Cit 0.26 0.13 {222a], 101 }
av. 2.35 Cl av. 2.43 C1 0.25 0.21 [222b]
159 av. 2.43 Br av, 2,56 Br 0.18 [223}
(156) av. 2.30 Cl1 av. 2.36 Cl 0.17 [220], 10i

lustration, Table 13 shows the distances from M to O or N atoms (of polyden-
tate ligands) occupying positions trans to terminal (or bridging) oxygen atoms
in the complexes, the formal type of bonding (acidic or donor) is also noted.

Table 13 is divided into two parts: the first part includes complexes with
planar (unsaturated) bidentate ligands; the second part contains non-planar
(saturated) polydentate ligands. Each part, firstly, tists the purely acidic poly-
dentate ligands or those with formally acid atoms in trans-position to the
multiple bond, then mixed “acid-donor” ligands and, finally, the purely do-
nor ligands or those with donor atoms in trans-position to the multiple bond.
As a whole, once again the distances from metal to donor-bonded atoms are
somewhat longer than those to acid, or formally acid, ligands.

In this respect, Mo (and Nb) complexes with unsaturated ligands are most
illustrative. The acid ligands are represented mainly by oxalate, while the do-
nor ligands are bipyridine and phenanthroline. The Mo—O distances lie with-
in 2.05—2.24 A, the Mo—N and Nb—N distances ranging from 2.26 to 2.45 A.
The difference in the mean values (2.167 and 2.337 A) exceeds by about an
order of magnitude the usual difference in Mo—O and Mo—N distances in
complexes with planar bidentate ligands. Secondly, attention may be drawn to
the great difference (0.2 A) between the Mo—O and Mo—N distances in tri-
oxomolybdenum-EDTA complexes (57).

It goes without saying that the inequivalence of M—ligand bonds in metal
chelate rings may be caused for different reasons and also arise in the absence
of multiple metal—ligand bonds. A trans-influence however, may increase
such an inequivalence, thereby indicating the direction of shift of electron
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TABLE 12

Elongation of bonds with acid and donor ligands

Nos Lirqns—acid ligand
in
tables Compound M—Lrans A A’
160 (Ph;As)(NhO(NCS);] 2.27 NCS 0.21
( 28) K2[NbOFs] 2.06 F 0.22 ~0.2
( 29) Ko[MoOFgl.HyO 203F C.17 ~0.2
161 Ko[MoGCig} 2.631 Cl 0.23 0.23
162 {NH4)2[MoOBr; ] 2.83 Br 0.27 .0.30
( 10) ReOCI3(PEtyPh)s 2.47 Cl 0.05 "0.08
( 3) K2[ReOClg ] 2.47 C1 0.08 0.08
( 9) ReNCIy(PEt,Ph)y 2.56 CiI 0.11 0.17
{ 2) KaOsNClg 2.50 C1 0,14 0.11
(146) 'T{eg(PhCOO)‘;Clg.ZCHCla 2.489 Ci 0.10
(141) ReqCly(S2C4H10)2 2.493 Cl 0.16 0.19
(150) (CN3Hg)[Rha(MeCO0)4Clo] 2.49 Cl1 0.15
(151) (NH4)3[Rho{MeCOO)4Bro]Bry 2.53 Br 0.05
163 Rep0O4 av. 2.12 O ~0.05
164 R8207(H20)2 2.06 Ob ~0
{ 8) Re(NMe)Cla(PEtPhg)s 2.411 Cl1 —0.01 0.02
{ 13) Re(NCgH4CGCH3)Cl3(PEtsPh), 2.41Cl1 —0.02 0.02
{ 14) Re(NCgH4OCHg)Clg(PEtoPh), 2.43 Cl 0.01 0,04
( 15) K3;[RuNOCig} 2.369 C1 0.01 0.02
( £) K4{RusClyg0O1] 2.36 Cl 0 0
( 4) Cs4[0s5Cl1410] 2.433 Cli 0.06 0.07
( 6) K4(R€20[100}.H20 2.38C1 0 ~—0.01

a) Pentagonal bipyramidal coordination with the X—M—Ly, ., fragment along bipyramid
axis, -

density in the metal chelate. In particular, this refers to planar chelates which
have a symmetric composition and unequal M—L distances. In Table 13, dis-
similar metal ligand distances in oxomolybdenum xanthogenate (79) and di-
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Nos Li¢rans—donor ligand
in
tables Compound M—Lgans A a’
( 41) K{MoOCIl4(H0)] 2.27 HyO 0.18
( 42) (Ph4As)[MoOBr4(H,0)] 2.39 Hp0 0.30
( 20) ReOCl4(Hz0) 2.27 H,O 0.19
( 21) (Et4N)[ReOBr4(H20)} 2.32 H,0 0.24
165 (Ph4N)[ReOBrNCMel 2.31 NnoMe ~0.25
166 {VO(acac)y}p(dioxan) 2.51 Ogjox 0.52 ~0.50
167 VO(NO3)3(NCMe) = 2.24 NncoMe 0.21 ~0.30
( 61) K2[{MoO(03)a(Hz0)},01 2 av. 2.45 HoO 0.36
( 62) PyH[{McO(Q32)2(Hz0)}201 2.43 Ha0 0.34
( 64) (PyH)2[{MoO(03)2}2(-O0H )5 ] @ 2.39 OOH 0.34 ~0.3
168 K2 [ReN(NC);].Ho0 2.44-N— ~0.33
( 18) K[OsNCl4(H20)] 2.50 HyO 0.45
( 19) K[OsNBr4(H,0)] 2.42 Hy0 0.37
(17) Re,Clg(MeCOO)o(H70), 2.502 H,0 0.42
(141) RegClg(S2C4H10)2 3.22-Cl— 0.88 0.83
(142) Rhy(MeCOQ)4(H20), 2.302 Hp0 0.26 0.28
2.20 Ha0 0.17 0.18
(143) Rh3(HCOO0)4H 0 2.45--0% 0.42 0.43 |
169 VOS04.5H,0 2.223 HoO 0.18 ~0.30
(164) Rep07(H0), 2.21 HpO 0.13
av. 2.305 Oy 0.35 ~0.25
170’ (UO2){Mo207(Hz0)21H20 (v, 2.295 H,0 0.20
170 [MoO(u-0)5(Hz0)].Hz0 2.293 H,0 0.20
171 W(NC2Clg)Cl4(NCCCly) 2.37N ~0.3
( 23) (NH4)2[ RuNOC14H,0]CL.H,0 2.06 HyO 0.01
(22) Ka[RuaClg(H20),N] 2.18 HyO 0.13
{ 82) {Cro(NH3)1001Cl4.HoO 2.14 NH3 0.04 0.12

ethoxydithiophosphate (80) complexes are designated by — and ~. Similarly
(although tentatively) the oxygen atoms are so designated in the complex of
molybdenum trioxide with a malic acid anion (186).
Structural.data on complexes with a monodentate trans-ligand L capable
of n-interaction with the metal atom are rather limited. No such data are
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unds with RN, NO. Only three binu-

clear complexes with the linear O3 Re—O—Re=0 fragments are known (come
pounds 189191, 'I"able 14). In all three compounds the Re—Oy gy dis-
tances exceed those in K4t ReyOC1 1. Hz0 by 0.06—0.0566 A. This difference
is smaller than the elongation of a trans-partner in any of the rhenium oxo
compoinds where X i8 Oepming and L., i8 the usual acid or donor ligand
(Table 12).

Tabie 14 aiso iists data for severai mononuclear transdioxo compiexes.
The M- L,,.‘,,,, distances in these ccmpounds, in three previous ones and in

auinerous XVLALJ4F!2U &UIHI)IBKUS §OIrVE a8 uuuxuunu!. t.vu,u,nu, U& bllﬂ, gruuuul

increase in grans-inﬂuencg upon L« replacement in the sories
& ==& «QH, or « =, Tha lagt cago includoes all comnle with

Oiorminai ~ OH; . last case includes all comploxes with
very ssymmetric oxygen bridges, the longer bond of the fragment M=OQ=M
being in the position trans to the multiple X=M bond. Some examples of
pelynuclear complexes and chains with <O = M« 0O = M fragments were list-
ed in Table 5. Soveral structures in Table B also contain the fragments
0,5M+0O;,=M, In all cases the bond to the bridge O atom (rans to terminal
O3 M is considerably lengthened. This confirms indirectly the predominantly
donor character of the M« Q=M bond, Electron density transfer from such
an oxygen atom to the metal is smaller than in the case of an ordinary M—Q
oona.

It is quite natural to assign the honds with bridge haiogen atoms (rans to X
in the fi'asusnut X—-M+~Hal—M) tc the same guuuf.‘v of “donor” bonds, The da-
a on oxofluorides and oxochlorides are shown in the upper part of Table 4

nd in Table 3, respectively.

2 232 AR o, LTINS

Compamson of polymeric oxohalogenides with mononuclear oxohalogen-
ides in these tables reveals that trans-elongation of the M—Halyjae bond is
definitely greater than for the M—Hal,.,,.,ina; bond. Such a difference in trans-
elongation is retained evan if the M—Haly, ,i4.. distance is compared not with
M—Hal;epnina) but with M—Haly, 44, in the cis-position to ligand X.

As a whole, comparison of M—1L,;,,,, distances in complexes with the same

multiple-honded ligands X shows that frans-elongation increases in the series:

e

llﬁ

Lacido < L'donor < Lbridge

The specific nature of the carbonyl group as the L,,,,., ligand has aiready
heen discussed on PpP. 850 and 54,

(iv) The role of electronic configuration and of the nature of the metal atom

Comparing the M—L,,.,., distances in molybdenum and rhenium oxopenta-
chlorides and bearing in mind the numerous examples of a strong trans-influ-
ence in the hexavalent molybdenum oxocomplexes Glovak [56] has come
to the conclusion that weakening of a bond trans to oxygen is enhanced in
the series d? < d! < dY. The experimental data, however, do not provide suf-
ficient evidence for such a conclusion. For comparison one has to include
compounds of the same metal (but of different valency) with the same ligand
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TABLE 13

The trans-influence of the multiple bond in complexes with polydentate ligands in trans-
position to oxygen

Nos Compound da? MO,
172 (NH4)3[VO2(C204)2] d° Vo,
173 (NH4)2[VO(C204)2H501.2H,0 dt vo
MoO
(49)  K[{MoO2(C;04)H30},0] d°  (MoGy)
MoO
( 76) NH4Na[MoO,(1-0)C5041.2Ho0 d° (1\1?0023)
174 Ba[{McO(C304)H20},021.3H,0 dl MoO
( 68) K2[MoG(02)2(C204)1 ¥ d° MoO
175 K2[MoOg(CgH402)2 1.2H,0 d° MoO,
MoO
176 (NH4)2[{M0O2(CgH402)2}201 d® @’0023)
177 MoOa(acac), d° MoO,
178 MoOy(3;,CNEt,), d° MoOy
MoO
( 79) {MoO(S2COEL)5},0 al (M°002)
MoO
( 80) {MoO[8,P(OEt)2]2}20 at (Mo05)
179 MoO2(CoHgNO), d° MoO,
180 MoQ,BroBipy a° MoOy
: . o NbO
181 NbO(OEt)Ci,Bipy d (NbO,)
. 0 VO
( 74) {VOzFBipy}, d (VO3)
( 66) CrO(03)2(Phen) d° Cro
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Nos Distances, A A Ref., fig.
XM M—Ltrans Litrans M"'chu
0, 1.526 2.186  —O 0.18
172 Lo; 1667 2258  —op E-20050L oo 1 [23%9a]
O, 1.635 2.185  —Of 0.20
{0, 1.648 2235  —Gp 819800y 45 )} [239b]
—- av. 1,960 0y, 0.22
173 O, 1.61 2.18 on (V308 15 } [240]
O, 1,700 2,187 -0y, 0.22 0
( 49) | Oy 1.876 2.087  —Or - - (1021
(O, 1.680) (2.330)  Hg0 (0.36)®
O; 1.815 2.235  —Op
( 76y | O¢ 185 2.242  —Oy, - {127}, 9a
(O 1.88) (2.230) Oy
2.14 0y, —0.03
174 O 1.70 2.11 —0, 2.22 Hg0 {2411, 12a
av. 1,905 Oy
2.080;,  0.18
e o eSO
¢ 1. . L . L .
175 { o) 177 2.16 —oy, 206 0. o010 | [242]
0, 1.66 2.15 L 0.239)
176 | 0, 1.70 2.35 - 0.43b) | [243],12b
Oy, 1.90 1.94 -0y, -
T o, 162 2ae | on . ieao o174 [244a]
7 Lo in 2.24 oF  aw1990n e ) [aaan)
. O¢ 1,63 2.63 Sy, av. 2.44 Sy, 0.19
178 { o, 1.63 2.63 Sy 019 - [245]
O, av.1.647 av. 2.697 «8y, 0.21
€79 { ol av.1.862 av. 2585  —s;, 224865 g5 } [130), 9¢
O 1.65 2.801  -SL 0.33
( 80) { Oy, 1.86 2547 _s, o 24708y, 48 1} [181],9¢
0, 171 232 “Noy o veme T ey
O, 1.64 2.26 “~Ng, 2.461 Br
180 { 5, 183 2.45 Ny 2.781 Br | [247]
0, 1.71 2.35 “Nyp,
181 { gt 1.87 2.32 oNp ) av-2.445C [228]
(O; 1.60) (2.35) 0, 1.81 F
(74 { "o, 1.68 2.19 N, e14Ny, 005 | [125).8¢
’ _ . 211Ny 0.5
( 66) O, 1.56 2.26 NL oy 1835 Gy } 1118}, 7a
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TABLE 13 (continued)

Nos - Compound d" MO,
182 Nag[{MoO(L—SCHpCH(NH3)C00)}303 ] d? MoO
183 Nag{ {MoO(L.~SCH3CH(NH3)C00)}4S2 ] dt MoO
184 {MoO[NHCHNHCHC(CH,CHNH,C00)1},02 d! MoO
186 {MoO{NHCHNHCHC(CH,CHNH,C00)1},8, d! MoO
188 (NH,)4{Mo4011(C4HyOp)z] O N
( 56) H[MoOaN(CH,CHO)3 ] d° MoO,
( 57) Nn4[(MoO3):EDTA1.8H20 d° MoOj
(66)  [(MoO)e(u-S)EDTAL2H:0 d' " Moo
( 58) MoOgNH(CH,CHaNHa)p d® MaOg
187 NH4{VO3(HEDTA)].3H0 d° VO,
188 Nag[VOa(EDTA)].4H,0 a° VO,

a) Pentagonal bipyramidal coordination,
A in comparison with av. M—O in ¢is position to M—0,

X, equivalent L., ligands and equivalent or at least similar L,, ligands, i.e.
the complexes [MXL4L]™ with different charge n. No structural data satis-
fying all these requirements are available. Table 15 summarizes a few exam-
ples where one requiremen., the same metal, is neglected. It can be seen from
these examples that the trans-influence series d? < d* < d° applies only for
Lirens = F, Cl and Br, but does not manifest itself when water or a bridging
fluorine occupies the trans-position. Probably, in the case of donor ligands
trans-elongation is sensitive to many other factors which are more significant
than electronic configuration.

However, even in complexes [MOHalg ]™ the experimental data can hard-
1y be interpreted unequivocally since in the series of complexes investigated
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Nos Distances, A A Ref., fig.
XM M~Ligrans Litrans M—L, qu
av. 1.93 0,)  0.37
182 O¢ 1.71 2.30 -0y, 2.23 N, [248]
2.‘(9 SL
. L2
183  O.av.1.62  av. 2.385 -0 {‘“’ 2352 f};} (2491
) 2,496 84,
184 0, 1.71 2.21 -0, {260]
i av, 2,318 8y,
185 O,av.1.71  av. 2.23 O, {uv 2235 Nx,} [261)
““"’{”‘6{ 178 232 “op o '6.—57“}” I
O, 1.80 2,21 -0y, 0.26 | h)
Oy 1.85 2.00 -0y, _ 0.06 o
186 § ¢ o, 1.08 2.38 -0y, 043 j[252h 12¢
0, 1.70 2.31 -0y, 0.36 [h)
Qr r7e %24 % 1.940 098
¢ L ) -0, av, 1.940 Oy, 0.38
(60) (5! 1815 2.43 ~Ny, } (109]
O, 1.75 2,18 -0y,
(67) {0 175 2,22 -0y, - {110}, 6d
0, 1.78 2.40 ~Np,
( 56) O, 1.688 2.448 Ny, (M 210101 [108], 6¢
0, 1,735 2.32 Ny,
( 58) { O, 1,785 2,32 N, —~ [111})
0 1.740 2.33 Ny,
0, 1.623 2.351 «NL
187 {5 1l657 2,362 } av. 2,002 Oy, [268]
0O 1.639 2.366
188 ¢ O, 1.657 2.359 "‘NL } av, 2,000 O, [264]

apart from the electronic configuration, the nature of the metal also changes.
Thus it is not clear what is causing the trans bond to shorten: additional elec-
trons in the valence shell, or specificity of level interaction upon replacement of
Nb and Mo nuclei by Os (in oxofluorides) or Mo by Re (in oxochlorides and
oxobromides). The last explanation seems to be more suitable for two rea-

sons.

1. A change from d° to d* and d? should mainly result in a relative de-
crease of the trans-influence, namely elongation of the M—L,;, bond rather
than shortening of the M—L,,,,,, bond due to repulsion between p,-electrons
of donor cis-ligands and d,, metal electrons. The structural data do not con-
firm the existence of such an elongation.
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-3

A comparison of the trans-elongation in complexes of transition metals with d d1 and
d“ configurations of similar composition

Nos Compound d”  Distances, A A Al ref.
M~ Ltrans
( 28) K,[NbOFg} dg 2.06 F 0.22 0.22 [82]
( 29) Kz{MOO)F5]H20 d 2.03F 0.17  0.21 [83]
199  OsOFg2 d 1.72F (0) ~—0.06 —0.06 [265]
(162)  (NH4)2[MoOBrg] d! 2.83 Br 0.28  0.30 [229]
(161) K,[MoOCig] d; 2.631 Cl 0.23 0.23 [56]
( 3) Ky[ReOCls] d 2.47 C1 0.08 0.08 [56]
( 20) ReOCIH.0O at 2.27 Hp0 0.19 [72]
{ 41) K[MoOCi4H,0] d* 2.27 HoO 0.18 ([56]
{ 42}  (Ph As)MaOBrH.0O1 d? 2.39 H,0 0.306 {95}
( 21)  (EtsN)[ReOBryH;01] d 2.32H,0 0.24 [73]
( 34) (VOF,).. d° 2.34 Fy, 0.40 ~0.40 [88]
o 2.31 Fy,
( 37) (MoOFy).. do { g97 °1} 034 0.35 [91]
{ 40) (WOF4)4® d 2.10 Fy, 0.16 [941
( 35) (ReOFy).. dl  av. 2.295 Fy 0.30  0.35 ([89]
( 36) (TcOFy4);3 dt 2.26 Fy, 0.37 ~0.32 [90]

a) With partial disorder in the distribution of O and F atoms at the octahedron vertices.
The Os—0O and Os—Fequ distances are 1.72 and 1.78 A respectively.
b) See Table 4, note ©

2. In crystal structures of metal oxides the metals of groups V and VI dis-
play a different stereochemical behaviour from metals of groups VII and
VIIL In particular, the former exhibit a tendency to localize the 7-interac-
tion more often and more distinctly than does the second type of metal.
The latter argumeant appears to be less convincing if we take into account the
difference in stability of the highest oxides of the related compounds (see
section E).

D. THE ARRANGEMENT OF THE MULTIPLE BONDS IN DI- AND TRIOXO TRANSI-
TION METAL COMPLEXES

The role of the electronic configuration of the metal is much more appar-
ent in choosing a mutual arrangement for two or three M=0 bonds in a com-
plex. This problem was first discussed for molybdenum oxocomplexes in

va‘c 1 ‘) nhr‘ ‘)RR Innt_\ alen vn? =1 \ Oin tho hacic Af Aata availahla 11n +4 108K
\Sik yllb Jasis Ui wava dvaudne up v 1909

the authors [12] tormulated three general rules for the structure of oxocom-
plexes of hexa- and pentavalent molvbdenum

R A QA2 223Y) LILAE

1, cis-arrangement of oxygen atoms forming the multiple bonds,
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2, trans-bond elongation and
3, correlation between the formal M—O bond multiplicity and bond length
(see also ref. 267).

Analysis [13,288] of structural data on oxides and oxohalides of Mo, W,
Nb and some other metals made it possible to extend these rules to a wider
class of meials and compounds. The dependence of the mutual arrangement
of multiple bonds in transition metal complexes upon the metal electronic
configuration has been considered [269].

In an octahedral complex possessing O,, symmetry M—ligand =-bonding is
generally realized through the ¢y, (d.,, d... d,.) metal AO’s. All three orbitals
could be used in principle in the d° configuration. If only two oxygens are
available, then only their cis-location could utilize all three orbitals. With
three oxygen atoms their cis—cis {facial) location is usually more preferable
than the cis—trans (rib) arrangement, since only in the first case are all three
atoms equivalent i.2. the equivalence of the three 7-orbitals is retained in
ideal C3, symmetry).

This statement may be considered to be general. It is confirmed by a large
number of di- and trioxo-complexes of hexavalent molybdenum and tungsten
(see Tables 4, 5 and 13) and by many data on molybdates and tungstates with
“complexes” joined together to produce an infinite framework*. Unfortu-
nately structural data on dioxocompounds of other transition metals with d°
configuration are rather scanty. For rhenium we can mention only the oxides
Re,0, (163) and Re,0,.2H,0 (164, Table 12). The crystal structures of
both oxides contain tetrahedra and octahedra linked via common vertices.

In the former structure they form infinite layers, the second structure con-
tains binuclear moiecules. The octahedra have the same type of structure. In
Re, O, there are two terminal oxygen atoms and a shortened bond with a
bridge oxygen, whiie Re;07.2H,0 has three terminal oxygens in an octahe-
¢ron. In both cases they occupy the adjacent vertices of an octahedron (‘‘fa-
cial isomers’’) (see Fig. 11).

No structural data are available on dioxocompounds of heptavalent tech-
netium. Similar compounds of RuV™! and OsV'™ (with octahedral metal co-
ordination) seem to be unknown.

Dioxocompounds of pentavalent vanadium are known. The cis-arrange-
ment of oxygen atoms [270] in K3[VO,F4] and [271]
(NH,)3[VO(C204)5]1.2H,0 was revealed through IR spectra. Somewhat
later, this was confirmed for the second compound by direct structural inves-
tigation [239]. A similar configuration of the VO, group is observed in
K, VO, F; (compound 38), NH4[ VO2(H,EDTA)].3H,0 (187),
Naz[VO,EDTA].4H,0 (188) and [ VO, FBipyl. (74) (see Tables 4, 5 and
13).

Angular VO, fragments were found in K,Zn[V;¢00,53].16H,0 [272],

* Details are given in the next section.
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Ca;[V100,:]1.16H,0 [273] and other oxygen compounds of pentavalent va-
nadium.

Niobium structures containing dioxocomplexes have not been investigated,
but there are data on the chain and framework structures of several nicbium
(V) oxohalogenides, e.g. Nb;O,F [317], Nb;O,Cl[318], MoNb;504F
[319] and other oxygen compounds of niobium (V). One may consider sep-
arately the NbO, groups (with terminal O atoms) in these structures. In all
cases such groups have the same cis-construction.

In the oxoethoxocomplex NbO(OEt)CIl(Bipy) the Nb—OEt distance (1.87
A) as well as the Nb—O,¢;nina1 bond (1.71 A) are somewhat shortened, which
may be regarded as a consequence of some d,—p,, interaction in the Nb—OEt
bond. Once again the oxygen atoms Oyermina and Og g occupy adjacent ver-
tices of an octahedron ™.

In transition metal dioxocomplexes with a d2 electron configuration only
two of the three t,, orbitals can take part in 7-bonding. In principle, a #-
interaction may occur for both the trans- and the cis-arrangement of oxygen
atoms. However, in MO,X, complexes with equivalent or quasi-equivalent X
ligands interaction of the n-clectrons of the O and X ligands with the metal
pair makes a trans-configuration preferable. In this case the energy of electron
repulsion of the M=0 bonds with each other and with the metal lone pair is
minimal [45,275] **. This is true of complexes of tetravalent Mo and W, pen-
tavalent Re and Tc, hexavalent Ru and Os and trivalent V, Nb and Ta.

Structural data in Table 14 are rather scanty as yet. In all cases the com-
plexes actually have a trans-structure.

NaK;[MoO2(CN)41.6HzO (192) is the only structurally studied molyb-
denum (IV) dioxocompound. But it is quite evident that the fragment MoO,
is also linear in K 4JIMoO»(CN)4]1.6H,0, the crystallographic and spectral data
of both compounds being similar {276]. The frans-structure of ReO;A,; com-
plexes, has been confirmed, by the structural investigation of six compounds
(Table 14), and also on the basis of spectroscopic characteristics for a large
group of ReY dioxotetramine compounds [277—280]. The same holds true
for hexavalent osmium dioxocomplexes confirmed by structural study of
three compounds (Table 14).

An a priori statement on the stereochemistry of transition metal dioxo-
compounds with a d* electronic configuration is less unequivocal. If an un-
paired electron is retained during complex formation both configurations
are, in principle, possible. If a diamagnetic binuclear complex with single or
double oxygen bridges is formed and there is a direct or superexchange in-
teraction between the metal atoms then again all three f,, metal orbitals par-
ticipate in n-bonding. In this case the terminal oxygen atoms (atom) should
again occupy cis-positions with respect to each other and to the bridging oxy-

* For the same reason the ethoxygroup OEt replaces cis- (instead of trans-) fluorine in
MoV! and WVT monooxofluorides [274].

** Ligand L inequivalence, steric hindrance or limitations concerning matal binding with
polydentate ligands may stimulate a cis configuration for the oxygen atoms.



70

gen atom (atoms). On the basis of structural data one may conclude that
such a structure is preferable for MoV oxocompounds than a mononuclear
structure with an unpaired electron (compounds 79, 80, 174, 182—185, Ta-
ble 18). Similar structures may be expected in the case of dioxocompounds
of other metals with a d configuration. Unfortunately no structural data
are as yet available. Judging from the IR spectrum the group (ReO, )2* is also
non-linear in (iWH4)[ReO,Cl1,]1S0,Cl,: the Re—O stretching mode is split in-
to two bands [281], 960 and 997 cm . An analogous splitting has been ob-
served in the spectrum of a similar TcV! compound [282].

The available data are in good agreement on the whole, with the general
points stated above; thus one may predict the structure of a dioxo group in
compounds which have not yet been investigated. In particular, the linear
O—M—O configuration should be observed not only in (0s0,)%*, (ReO,)*
and (Mo0O,)°, but also in (VO,) ™, while the angular structure should occur
with VV, MoV, WVI, ReV" and also with OsV!"! and RuV'"! compounds.

E. MAIN FEATURES OF THE STRUCTURE OF METAL—OXYGEN OCTAHEDRA IN
MOLYBDENUM AND TUNGSTEN OXYGEN COMPOUNDS

(i) Localization of the n-interaction in transition metal oxygen compounds

The multiple bond trans-influence model proposed in this work is, strictly
speaking, only applicable to mononuclear complexes. In general, polymeric
structures require an essentially different theoretical approach based on the
band structure of the energy spectrum. However, in previous sections we
have already discussed, not only mononuclear, but also di-, tri-, tetra- and
polynuclear structures analysing the mutual atomic influence within the
fragments composed of the metal and its closest environment. Such wide use
of the model is based on the well-known relationship between the stereo-
chemistry observed in mononuclear complexes and that observed in coordina-
tion structures in the broad sense, in particular, the three-dimensional structures
of simple and complex oxides, sulphides, halogenides and so on. Such an anal-
ogy manifests itself not only in the specifically preferred coordination poly-
hedra for different metals, but also in the structure of certain classes of
chemical compounds. For example, the comparatively rare trigonal prismatic
metal coordination in simple Nb, Ta, Mo and W sulfides has its analogue in
tris-dithiolate and related complexes with sulfur-containing five-membered
chelate rings. Th2 cluster structures typical for the same metals in simple ha-
logenides are observed in their complex halogenides as well. The same anal-
ogy is seen between the mixed oxocomplexes and simple oxygen or complex
ox:des of V, Nb, Ta, Mo and W in their highest oxidation states. For oxygen
octahedra linked into a polymeric framework the trans-influence may be de-
scribed most readily as localization of the m-interaction in one, two or three
bonds of an octahedron resulting in turn in the inequivalency of o-bonds.
That is the o-bonds become stronger where the M—O distances are shorter
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due to n-interaction, and such strengthening, in its turn, may loosen other
M—O g-bonds via the mechanism considered.

In this respect metals of groups V and VI differ sharply from those of VII
and VIII. As already mentioned, this stereochemical difference becomes par-
ticularly obvious, if we compare the structural characteristics of ReO3 and
WO; crystals. The rhenium trioxide structure is cubic, composed of
—O—Re—0—Re—O chains crossed in three perpendicular directions with rhe-
nium atoms in the nodes. The chains are strictly linear, all Re—O distances
being equivalent (1.876 A). On the other hand the structural patterns of all
modifications of tungsten trioxide are similar but distorted; the chains are
non-linear, and the W—QO distances to the opposite vertices of the octahedron
are unequal. For example, they are 1.72 and 2.16; 1.79 and 2.13; 1.89 and
1.91 A (in one of the independent octahedra) and 1.75—2.15, 1.85—2.01,
1.85—1.92 A (in another octahedron) in the monoclinic modification [283,
2841. Such a difference between WO; and ReQ; may be a reflection of the
general tendency towards increasing the localization of the m-interaction in
the metal oxygen polyhedra in passing from group VIII to group VI in the
periodic chart, and upon change of electron configuration d” in the series
n=2,1,0.

It is not obvious which of these two factors is dominant. The difficulty in
solving this problem is connected with the fact that the highest oxidation
states of group VII and VIII metals are not very specific and their oxygen
compounds have not been studied adequately. However, attention should be
drawn to the following facts.

1. Asymmetric oxygen bridges often appear in MoY! oxocomplexes, while
MoV and Mo'Y compounds are usually built up of binuclear complexes with
symmetric oxygen bridges.

2. Passing from MoQj to Mo(Ogg,Fg2) due formally to a decrease in met-
al valency from 6 o 5.4 causes all six Mo—X bonds in a Mo octahedron to
become equivalent {315].

3. Re; 04 has a network of octahedra and tetrahedra in which the former
have the 3 + 3 distortion typical of the d° metals (compare ReO3 where
all the bonds are equivalent).

These data may demonstrate as far as the problem of localization or delo-
calization of the n-interaction is concerned that the electron configuration
of the metal is no less important than the transition from groups V and VI
to VII and VIII.

(ii} Structural studies

The molybdates have been studied most thoroughly among the oxygen
compounds of the transition metals. Since tungsten is, as a rule, isostructural
with molybdenum the general pattern is even more clear. Fewer data are
available on the structures of niobium and vanadium oxygen compounds.

Numerous Mo and W oxides of complex composition including the mixed
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Mo and W oxides as well as the mixed oxides of one of these metals with nio-
bium have been investigated. Molybdenum and tungsten oxygen comrpounds
containing alkali metals, ammonium and its analogs, monovalent Cu, Ag and
Tl, alkaline-earth metals, bivalent transition metals (Mn, Fe, Co, Ni, Zn, Cd),
trivalent transition metals, aluminium and the lanthanides have also been stu-
died in detail. Recently, the structures of anions of many salts of the iso-

and heteropolyacids have been established. An interesting group of molyb-
denum and tungsten phosphates has also been studied thoroughly. Alfogether
nearly 120 structural types have been found. Considering isostructural species
this embraces about 300 different compounds.

Among these structures one can distinguish a family of layer and column
structures based on ReGg, a family of polygonal network structures, the
packet structures related to the MoOg4 pattern, the family of block structures
with octahedra linked by edges, structures with anion chains of octahedra
and tetrahedra etc. Nevertheless, in spite of the variety of these crystal struc-
tures, they have some common features. Leaving aside the molybdates and
tungstates with mononuclear tetrahedral anions (MO,4)?™, all include some
type of combination of molybdenum—oxygen octahedra having common ver-
tices or edges (rarely faces) either with each other or with other polyhedra or
with polyhedra of other metals. It should also be noted that quite often the
unit cell contains several symmetrically independent metal—oxygen octahe-
dra (e.g. in M04gOs, there are 17 of them *). This means that the special geo-
metric features of the oxygen polyhedra of Mo and W {as well as Nb and Ta)
which will be discussed below are based on an extremely large amount of
statistical data.

A more detailed list of Mo and W oxygen compounds, with a description
of their crystal structures and their structural classification has been publish-
ed [53]. Here we deal only with the stereochemical aspect of the structures
of these compounds.

(iii) The geometry of metal—oxygen octahedra in molybdenum and tungsten
compounds

The analysis of the stereochemistry of Mo and W oxygen compounds re-
quires knowledge of the structural function of oxygen atoms at the different
vertices of octahedra. The oxygen atoms may link together different numbers
of polyhedra, thus having different coordination numbers with regard to the
metal atoms. They may be terminal (coordination number = 1) or bridging.
In the latier case the oxygen atems may join together from two to six metal

atoms simultaneously.
The oxide structures of the ReO; family are mainly composed of octahedra

whose vertices are the linear bridges (c.n. = 2). Octahedra with oxygen c.n.

* Refarences for this and other oxygen compounds are given in Tables 16, 17 and the
schemes of Fig. 16.
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Fig. 13. Fragments of crystal structures of some molybdenum oxides: a, MogOag;
b, M017047; ¢, MoOg3.

equal to 2 and 3 occur only at layer (column) boundaries. As an example,
Fig. 18a shows a fragment of the MogQ33 structure. The same is more or less
true for polygonal network structures. Here, we also come across oxygen
atoms with c.n. = 2 forming non-linear bridges. In addition, in some of these
structures (e.g. Mo,;,;04,, Fig. 13b) there may also occur terminal oxygen
atoms (one per octahedron). -

Structures of the MoQj; family are mainly composed of such octahedra.
Figure 13c shows the structure of MoOj itself, as an example. Here, the typ-
ical octahedron involves one terminal oxygen atom, two oxygens with c.n. =
2 (linear bridges) and three oxygen atoms with c.n. = 3.
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Most differeni rombinations of octahedra occur in block structures. Here,
the oxygen vertices may possess all possible coordination numbers from 1 to
6 (the latter number is observed in (BuyN);{WgO;51). In this family typical
octahedra-have one, two and even three terminal oxygen atoms. As examples,
Fig. 14 shows the block of octahedra in (BU4N)2[w6019}, (NH4)6{M07O24}.
4H,0, (Li;;,Fe)(W0,4)3[W4016]; K6[M07022(C2).].8H,0 and
(NH;)10[HoW15,0,45].4H,0 (compounds 77 and 78 in Table 5). The family of
chain structures is also composed of similar octahedra. In this case, however,
oxygen atoms of other octahedra vertices usually have c.n. = 2 (but not
higher as in the block type structures). The alkali metal double oxides
Na,Mo0,0, [285,286] (Fig. 15a) and K;Mo,0, {287] (Fig. 15b) serve as ex-
amples

In spite of these diverse oxy en functions and thus variety of “‘stereochem-
ical” types of MOg octahedra they ail have some feature typical of Mo and
\KT Na mal"

LY .

1. The molybdenum— and tungsten—oxygen octahedra are always distort-
ed: the M—O bond lengths are quite different, the bond directions not
being perpendicular fo each other‘ This concerns not only octahedra with
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Fig. 15. Examples of chain structures in oxygen compounds of molybdenum:
a, NagMog0O4q; b, KoMosO4.

oxygen vertices having different structural functions, but also those with
equivalent vertices: with the oxygen atoms playing the role of linear (or pseu-
dolinear) bridges (ReO3 family).

Among the several hundred independent MOg octahedra investigated one
could find no regular octahedra and moreover no octahedra with relatively
small difference in bond lengths (less than 0.1—0.2 A).

Distortion of metal oxygen octahedra proves to be a specific feature of
molybdenum and tungsten in their highest oxidation states*. This feature
is no less typical for Mo and W than distortion of octahedra and tetrahedra
in any compound of divalent copper (although the type of distortion is cer-
tainly different). Such constant inequality in the Mo—O and W—O distances
is the most direct evidence for the tendency of metals towards localization
of the n-interaction in certain bonds of the octahedron™™.

2. To a first approximation, distortions in metal—oxygen octahedra in
hexa- and pentavalent Mo and W compounds can be described as a shift of
the metal from the center of an octahedren to some vertex, edge or face. In
other words, the shortened M—O bonds are always in a cis-position to each
other, their trans-sites always being occupied by the longest (thus weakest)
bond. No example can be found among the numerous hexavalent Mo and W

* It also includes the M,,0,,, oxides with indefinite metal oxidation state (between 5 and 6).
** Some exceptions have been ohserved in the case of tungsten, however. They include
ternary oxides MM5WOg, in particular MBa,WOg, where M = Ca, Co and Ni (ReO3 family)
[288,289]. In this case the WOg are regular octahedra. Half of the tungsten atoms in
Nd4W30,5 [290] have almost regular octahedral coordination (1.92, 1.94 and 1.96 &).
These exceptions might be explained by statistical orientation of the distorted octahedra
or by collective vibrational displacements of metal atoms with respect to oxygen atoms
ir: the distorted octahedra. Alternatively, in MBagWOg the high symmetry may be due to
the fact that Ca, Co and Ni atoms demanding regular octahedral coordination orercome
the tungsten resistance to delocalization of the =-interaction.
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compounds with a trans-allocation of the two shortened M—O bonds.

This is true not only for octahedra with terminal oxygen atoms at some
vertices, but also for those with all oxygen vertices linked with neighbouring
polyhedra.

Thus we see that the oxygen octahedral polyhedra of these metals and
their complexes (in particular, oxo halides and organooxo compounds) have
identical geometrical features. This concerns not only the general arrange-
ment of “short’’ and “long’’ bonds, but also numerical data for the bond
lengths. As an illustration, Table 16 gives the Mo—Oterminat and Mo—Orans
distances in octahedra observed in the four most precisely investigated struc-
tures: MoQO3, Mo;505, and M0,0,, (OH), (MoO; family) and Mo;7;04; (the
family of polygonal network structures). Each octahedron here contains one
terminal oxygen atom. Table 17 lists all Mo—O distances in the octahedra
with structurally equivalent vertices (all oxygen atoms have c.n. = 2 with a
linear arrangement of bonds). These data refer to the structures of two modi-
fications of Mo4011, MogO,; (ReO5 family) and Mo,704, (the family of poly-
gonal network structures). As a rule, in these octahedra two or even three cis-
honds are shortened®.

These data demonstrate that in octahedra with terminal oxygen the
lengths of the shortened bonds range between 1.64—1.72 A (only in one of
20 octahedra is it 1.83 &), the weakened bonds in the trans-positions are
2.19—2.40 A (shorter only in three cases) and those in the cis-positions are
1.87—2.06 A. In octahedra without terminal oxygen the same bond lengths
are: 1.75—1.84, 1.98—2.37 and 1.91—2.07 A respectively (however, since
the two cis-bonds are not entirely equivalent, these last limits are not precise-
ly defined).

These results are so convincing that they need no further comment.

It may be worth noting that similar distortions of the metal—oxygen octa-
hedra were observed in crystals of ferroelectrics with the perovskite structure.
In particular, above the Curie point barium titanate has a cubic structure with
regular octahedral titanium coordination. Below this point each of the three
consecutive ferroelectric phases is specific in the direction of displacement of
titanium atoms from the centers of octahedra: to a vertex, to an edge and to
a face. This permits us to make a supposition that the same theoretical inter-
pretation has to exist for both isolated complexes with multiple bonds and
three-dimensionally coordinated ferroelectric crystals.

3. Localization of the w-interaction is most evident in octahedral chains
having common vertices. This can be distinctly seen in comparing data on the
distorted octahedra in two modifications of Mo4044 to those observed in
MogOs3 and M0;70,4+. None of the octahedra in Mo4Oy; contain two trans-

* In accordance with the numbering order the following bonds are in the trens-position to
each other: 1 and 4, 2 and 5, 3 and 6.



TABLE 16

The Mo—O and O...0 distances in octahedra with one terminal oxygen vertex

i

Compound Atoms
Mo—0Oy Mo—Oans Ot...Ctrans Oequ---oequ

Mo18052 I 1.70 2.39 4.09 3.88

4,02

II 1.69 2.30 3.99 3.93

3.92

j344 1.69 2.26 3.95 3.96

3.89

v 1.63 2.39 4.02 " 3.88

3.93

v 1.65 2.40 4.0 3.85

3.95

A2 1 1.71 2.33 4.04 3.91

3.94

vil 1.68 2.24 3.92 3.99

4.03

VI 1.66 2.39 4.05 3.88

3.9¢

IX 1.69 2.35 4.03 3.88

3.97

X 1.66 2.27 g.e3 3.93

3.95

XI 1.67 2.32 3.99 4.04

3.96

XII 1.64 2.456 4.09 4.02

3.87

X1 1.66 2.09 3.75 3.76

4.02

XIiv 1.72 2.25 3.87 3.84

3.86

XV 1.83 2.19 4.02 3.92

4,06

XVI 1.54 2.47 4.01 3.89

4.02

XViI 1.72 2.40 4.01 3.89

4.02
MoQO3 1.671 2,332 4.003 3.985
3.896
Mo317047 1.677 2.165 3.842 3.992
3.977
Mo:O1o(0H)2 1.687 2.332 4.129 3.900
3.740
Mezn value 1.678 2.310 3.990 3.913

lationally equivalent oxygen atoms. In all octahedra in MogO,3 such oxygen
atoms are present (in Figs. 13a and b the appropriate translation axis is nor-
mal to the projection plane). Molybdenum atoms are mainly displaced along
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the octahedral axis connecting the translationally equivalent atoms. This holds
true not only in the case of Mo;;0,, but for all other polygonal network
structures and refers not only to octahedra but also to the chains along the
axes of pentagonal bipyramidal polyhedra (e.g. in M044047, cf. Fig. 13b)*.
Thus the density redistribution along the simple (linear) chain —Mo—O—Mo—0O
is likely to occur more easily and intensively than in the case where several
crystallographically independent metal and oxygen atoms act simultaneously
in the bonding. Here we return again to the analogy with the stereochemistry
of mononuclear oxocomplexes: trans-elongation in monooxocomplexes is
somewhat stronger than in di- and trioxocomplexes.

4. One peculiar detail in the distortion of molybdenum octahedra with
terminal oxygen proves to be the inequality of its dimensions along the three
axes. As can be seen from Table 16, the distance between the oxygen atoms
in Oarrn=MO0—Oy ¢ IS usually somewhat longer than in the O,,—Mo—O,,
fragment. For the examples listed in the table the mean values are 3.99 and
3.91 A, respectively. This difference is in agreement with the general concept
of multiple bond trans-influence: decreasing the energy of the M—O,,,,, bond
stimulates the additional shift of O,,,,s to the point corresponding to an
equilibrium between M—O,4,s and O,,—O¢qns interactions. Here again the
“cis-bonds”’ are always inclined somewhat to a trans-partner, thus levelling
the mean Oerminar " Oeq a0d Oypyns O, distances, as was earlier observed with
mononuclear complexes.

5. In the family of block structures the distribution of oxygen atoms with
different coordination numbers is governed by quite distinct rules. These lat-
ter can be seen readily from the patterns of blocks in various isopolymolyb-
denum compounds and in some other related structures shown in Fig. 16.
These patterns expose the arrangement of “‘different” vertices of octahedra
in the blocks. For the sake of simplicity the terminal oxygen atoms are de-
signated by t, while bridged atoms are labelled by digits from 2 to 6 accord-
ing to the number of metal atoms combined by oxygen. The linear and non-
linear oxygen bridges with c.n.= 2 are given as 2gand 2,,.. The shortened
bonds of high multiplicity are shown by solid lines. )

If the point group symmetry of the block is considered to be ideal, then
for the eleven species given in Fig. 16 we would find 28 independent octa-
hedra. The total number of octahedra actually reaches 72%*, Most of the octa-
hedra contain terminal, along with bridging, oxygen atoms: one terminal cxy-
gen atom in 29 cases, two terminal oxygen atoms in 37 cases, and three ter-
minal oxyger: atoms in four cases (in [W,0,6]™ anion). Among the 72 octa-
hedra only two contain only bridging oxygen atoms.

Analysis of Fig. 16 demonstrates the following common rules valid in all
cases:

* Compare with the specific distortions of Mo and W pentagonal bipyramidal oxoperoxo-
complexes.

*+ In the infinite blocks in AggMo1g033 and K2Mo 40,33 only symmetrically independent
species are taken into account.
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Fig. 16. The structures of blocks and the analysis of linkage of octahedral vertices in some
isopolyanions and related complexes.

1. The shortened M—O bonds in cis-positions to each other refer to oxygen
atoms of the lowest bridge multiplicity: either to terminal t, or bridged 2, or
(in the absence of the latter) to bridged 2,,. The 2, bridges are asymmetric.

2. The oxygen atoms of maximum bridge multiplicity are always found in
a trans-position to t atoms. In particular, such positions are occupied by oxy-
gens connecting 4, 5 or 6 metal atoms. There is one exception. In one of the
Ko.26M0O; octahedra the atom with cn.3isina trans-position to t, although
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there is an oxygen atom connecting four metal atoms. However, this atom is
also in a ¢rans-position to a pseudo-terminal one 2;.

These rules could, of course, be regarded as a trivial sequence of the block
structures of crystals. It is natural that t atoms are located on the “outer”
sides of blocks, while the oxygen atoms with maximum bridge multiplicity
are situated ‘“‘inside’ the blocks. It should be noted, however, that the block
structure itself (in particular, the existence of polyatomic isopoly- and hetero-
polyanions) is basically a feature of group V and VI transition metals. This
can be easily understood. Loealization of the n-interaction and its resultant
trans-influence stabilize most such structures in which the ““hardest’ donors are
situated in a trans-position to MZO bonds. These are naturally the oxygen
atoms participating in bonds with several metal atoms simultaneously. This
results in the formation of closed blocks.

Thus the very fact of the existence of stable polyatomic anions of iso- and
heteropolyacids is based on two general regularities: the tendency of groups
V and VI metals (or metals with d°>—d? configuration) towards localization
of n-interaction and the trans-influence of the multiple bond.

The rules of distribution of the various oxygen atoms in block structures
are in apparent agreement with the general differentiation of Mo—O and
W—O distances in the family of ReQg structures where most of the octahedra
are linked only via the vertices (all vertices) and thus all oxygen atoms are ot
the same type. On the other hand, the block oxygen compounds are stereo-
chemically more close to the mononuclear complexes with multiple M—li-
gand bonds. Their analysis is the next step after transition from the mononu-
clear oxocomplexes to the binuclear ones [ (MOL4),0]" or [(MO3zL3)201"™
and other similar compounds. Thus we again point out the community of
rules which govern the stereochemistry of metals of the sixth (and apparent-
ly fifth and neighbouring groups) in compounds with ligands capable of =-
interaction with the metal independently whether the crystals contain iso-
lated complexes or a continuous net of bonds.

F. ADDITIONAL COMMENTS
(i) Trans-influence and position of the metal in the periodic chart

In sections B(iii) and C(iv) difficulties were mentioned that arise if we try
to compare the trans-influence in complexes of metals arranged in the same
period in the periodic chart. Such a comparison is impossible to make with
all other factors equal; the metal oxidation state, or total charge of the com-
plex or its composition would change. At first sight it seems more favourable
to compare metals of the same group: their compounds could be equivalent
in all the parameters but for the identity of the metal. It is well known, how-
ever, that the change in electronic (and gecmetric) characteristics of atoms in
passing from the first to the lower transition series is rather great. It may de-
cisively affect not only the stability and magnetic state of the complex but
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also its composition. Thus the data which could provide, in principle, a com-
parison of physical and in particular structural parameters are very limited.
The bulk of information on crystal structures actually investigated is even
more limited.

Indeed, among 200 complexes listed in the tables of this review, nearly 60
compounds contain Mo, less than 10 contain W, and there are only a few Cr
compounds. For group VII there are about 40 Re, one Tc and about 10 Mn
(generally carbonyl) compounds. For group V there are about 20 V, 6 Nb
and no Ta complexes. Moreover, the Cr and Mo, Mn and Re or V and Nb
complexes, all have rather different composition. The absence of analogy in
composition and structure is also characteristic of complexes which contain
no multiple-bonded ligands. Most typical are the differing magnetic states
and /oy coordination numbers of the metal in compounds with the same li-
gands (e.g. in Ni, Pd and Pt compounds). There are very few structural data
for completely analogous complexes with different metals of the same group.
Such data mainly involve ML, complexes with identical ligands L (e.g. Ni,
Pd and Pt tetracyanides) and some other compounds which are of no special
interest for the problem of trans-influence.

Among the Ni, Pd and Pt compounds the most interesting might be the
chelate complexes M(AX)2 where AX is a chelating hgand linked to the met-
al via different atoms. Among such compounds low-spin nickel complexes
are found quite frequently. However, in chelates the problem of the mutual
influence of ligands is complicated by the problem of distribution of the n-
interaction over the chelate rings. Virtually, no trans-influence was observed
in the bis-salicylaldiminates studied in detail. The molecules of cis-bis-mono-
isobutyryl acetonate of nickel {3071 and cis-bis-monothiodibenzoylmetha-
nate of palladium [308] seem to be the only pair permitting comparison.
The alternation of distances in these compounds corresponds to a canonical
formula:

\ yd
8 _S—C
P

Nel A~ NA
/C— O O= C\
In the nickel compound the M—S and M—O bond lengths are 2.15 and 1.87
A&, respectively, for palladium they are equal to 2.23 and 2.10 A, respectively.
Elongation of the former bond on going from Ni to Pd is only 0.08 A with
respect to the 0.23 A in the second bond. It is not clear, however, whether
such a difference is due to the change of irans-influencing ability on going
from Ni to Pd or is a result of different conditions in the chelate rings inde-
pendently of the nature of the trans-partner in the central unit. The last as-
sumption seems more reasonable if one takes into account that in a third re-
lated compound, the mesoallyl-monothiodibenzoylmethanate of palladium
[309] the Pd—-S and Pd—O distances are practically the same as in the above
compound (2.29 and 2.067 A), although the trans-partner here is quite dif-
ferent.
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In principle, the trivalent cobalt, rhodium and iridium series is most fa-
vourable for comparison: Co'! unlike its neighbours in the period forms
many low-spin compounds. There are many stucturally studied compounds
with octahedral complexes: more than 150 Co'!!, nearly 30 Rh'" and about
20 Ir'"! compounds (according to the data available). However, among them
complexes of the same type are very rare, and those contammg strong trans-
influencing ligands are almost absent.

One of the commonly adopted concepts predicts an increase in trans-in-
fluence on proceeding down the periodic chart. The above remarks show that
such a concept has insufficient experimental evidence at least as far as the
structural evidence for this effect is concerned. Probably the same is true
with other physical parameters specifying the mutual ligand influence in iso-
lated (non-interacting) complexes. It seems that confidence in this concept
is based on the intuitive transfer of results, obtained while studying the ki-
netic trans-effect, to the properties of an isolated molecule and on the fact
that both the trans-effect and #rans-influence have up to now been studied
mainly with platinum complexes.

(ii) Effective atomic charges and bond lengths

It is well known that atomic charge is an artificially defined quantity rath-
er than a directly observed physical property (see, e.g. ref. 310). Neverthe-
less, being rather careful, one may interpret electron density distribution in
molecules in terms of effective atomic charges. In particular, binding ener-
gies of the core atomic electrons, determined by ESCA (X-ray photoelectron
spectroscopy) [311], prove to be a very convenient indicator of the change
of effective atomic charge.

The relevant experimental data have recently been reviewed [34]. For
transition metal complexes the most important conclusion is the fact that the
electron density redistribution over the ligands usually results in no impor-
tant change of electron density of the central atom. Moreover, at a given co-
ordination number an increase in the formal oxidation state does not neces-
sarily result in a higher effective charge of the central atom. For example the
Re 4f5p binding energy is not changed [312] in going from ReCl4{PPh3), to
ReOCI;(PPhj), or to ReOBr;(PPhj3), (recall that in the last two compounds
the trans-influence of the “ylic”” oxygen is very important).

The relationship between trans-lengthening and the ionic character of the
bond is more complicated. In principle, weakening of the M—ligand covalent
bond corresponds to a higher ionic character and hence to negative charge ac-
cumulation on the acidoligand. In this case one should expect a lower ioniza-
tion energy for an appropriate ligand level, say Cl 2p. In general, this conclu-
sion has been confirmed experimentally [34], however, most data on the
trans-influence are indirect. Firstly, differences in effective charges (shifts of
the Cl 2p level) of trans- and cis-chlorine atoms are usually too small to be
experimentally distinguished. Secondly, strong trans-influencing ligands
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{such as O2 or N=) may sometimes cause a smaller decrease in the Cl 2p
binding energy than ordinary weak trans-influencing g-donors (such as PR,
or thiourea) (see, e.g. ref. 312). Besides, cven relative estimations of the bond
ionic character are complicated due to the noticeable dependence of the x-
lavel shifts (for both the ligand and the central atom) on spin—orbit compo-
nents of the split level ™ x 1.y

As has already been mentioned in section B (ii), when donor-acceptor or
dative bonds are formed it is meaningless to speak of their ionic character.
If an atom (say, oxygen) simultaneously forms both covalent and dative
bonds then its resulting effective atomic charge should be higher than that
of an atom forming only a covalent bond. Thus, e.g. the O = M triple bond
formation in the terminal oxogroup should result in a higher O 1s binding
energy than in the case of double bonds in the linear O=M=0 dioxogroup.
Similarly, in the O=M+0=2 M= 0 fragment the O 1s binding energy of the
bridge oxygen atom should exceed that of the terminal oxygen atoms. Exper-
imental data confirm this conclusion [312]. However, in the first case the
bond between the metal and the more positive oxygen is stronger, while in
the second case the bond is weaker. For the same reason, the 2p binding en-
ergy of the bridging chlorine should be greater than that of the terminal
atom. The relevant ESCA data on rhenium [313] and platinum [814] chlo-
rides are rather convincing illustrations of this conclusion. In the examples
cited above the bridging O and C! atoms are less negative than the terminal
ones. Though the relevant bridge bonds are less polar, they are, however,
known to be considerably weaker (longer) than the terminal bonds. Thus, it
is impossible to establish a simple a priori correlation between effective atom-
ic charges and M—ligand bond length**.

G. SUPPLEMENT ***

1. In non-transition element complexes, as the latest ab initio SCF—~MO—
LCAQO calculations have shown, the contribution of virtual nd-orbitals of the
central atom in bonding is insignificant. Moreover, while taking into account
nd-orbitals the decrease in the total SCF energy of the complex is due mainly

* In general, energy shifts in X-ray photoelectron spectra are not a sensitive stereochemi-
cal indicator. For example, one cannot establish non-equivalency of the Re atoms in the
anion Reaclﬁ_ or non-equivalency of ‘‘apical” and *‘equatcrial” terminal Cl atoms in the
anions RezClf{” and RezClfz (though in Re3Clis the difference of the relevant Re—Cly
bond length {313] is 0.15 A.

** In the bridged compounds of non-transition elements (whose acceptor abilites thanks to
the use of outer orbitals are very small) as well as probably in most compounds with bridg-
ing fluorine (which is the pocrest donor), bridging atoms are more negative than terminal
ones [34]. In such cases the correlation of effective atomic charge with bond length may
be unequivocal.

=+ This supplement contains some independent parts which cover a number of important
papers published after this review had been written,
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to changes of interelectronic integrals, while the energies of almost all one-
electron MO’s may even increase. For such complexes the scheme of ‘“hyper-
valent™ bonds with only np, and (partly) ns, orbitals of the central atom
would be the best (see discussion in refs. 320—323). Lately systematic calcu-
lations of different coordination compounds have been performed in the
framework of the SCF—SW—Xa method. This method [324—326], in com-
parison with the usual SCF—MO—LCAO technique, is very encouraging for
quantitative treatment of large moiecules. For example, the SCF—SW—Xa
population analysis shows that in SFg and SO%~ molecules one can neglect
participation of sulphur 3d orbitals in bonding [324]. At the same time in
MnOj all valence orbitals of the transition metal atom (including its virtual
4p orbitals) are involved in Mn—O bonds [324].

2. The application of X-ray photoelectron spectroscopy to inorganic chem-
istry has recently been reviewed [327]. This review article contains a number
of new and interesting examples that confirm our previous statements con-
cerning the nature of chemical bonding in both transition and non-transition
element complexes. In particular, discussing the role of nd orbitals of non-
transition elements, the author concludes: “All in all, the data offer little
support for the use of d orbitals in the bonding of silicon compounds. The
same conclusion can be drawn from analogous data for germanium com-
pounds’ (ref. 327, p. 70).

3. The problem of the definition of effective atomic charges in molecules
has been further developed. On the one hand, an approach unifying both main
schemes of population analysis — by Mulliken and by Lowdin — has been put
forward [328]. On the oilier hand, a new approach has been developed using
the technique of projection and electron density operators [329,330].
Though the latter approach has a number of intrinsic advantages (namely, the
procedure is rather general, results are invariant to any orthogonal transfor-
mations, etc.) the results obtained are not always easy to interpret in accept-
ed terms. For example, all atomic charges (even in homonuclear two-atomic
molecules from Li, through F,) prove to be negative [329].

4. A molecular orbital study of the trans-effect in Pt!! XYCl, complexes
in the framework of the CNDO approximation has recently been published
[331].1t was found that the trans-effect and trans-influence series coincide
only for o-bonding ligands. Further, the trans-weakening of the Pt—Cl bond
can be correlated with its Wiberg’s index only if the series of neutral and of
acid ligands are considered separately. It is rather curious that in Zeise’s salt,
Pt(C.H,)Cl3, the Pt—Cl, bonds proved to be more ionic and weaker than
the Pt—Cl,,q,s bond (the existing experimental data do not confirm such a
conclusion). The main contribution in the strength of Pt—Cl bonds is attri-
buted to 5d rather than to 6p orbitals of the platinum atom in conformity
with the results of ref. 40.

5. New structural, investigations of nitrosyl complexes provide additional
data for characterization of the trans-influence in complexes with linear and
angular M—NO fragments.
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Refinement [332] of the structure [Ru(NO)(NH;);1Cl3.H,0 previously
solved with low accuracy (see Table 6, compound 90) shows that in the
[Ru(NO)(NHj3)513* complex as well as in other complexes with linear
Ru—NO fragments, trans-elongation is absent: the Ru—(NHg),,,n, bond
length is 2.017 A, the Ru—(NHj),, distances range from 2.042 A to 2.133 A,
the average shortening is 0.075 A. The Ru—NO bond length is 1.770 A, the
Ru—N—O angle is equal to 172.8°.

A similar result was obtained in the course of the structural investigation
[332] of [Ru(NO)(NHj3)4(OH)]Cl,. Here the distances were found to be:
Ru—NO = 1.736 A, Ru—(OH),,qns = 1.961 A, Ru—(NHj),;, = 2.099~—2.106 A;
the Ru—N—O angle is 173.8°.

Besides the three cobalt complexes and the binuclear platinum compound
[Pt2(NO),Clg]>~ mentioned in Table 6, the second platinum compound
(3331 (Et4N),[Pto(NO),Clg] may serve as another example of a complex
with an angular structure of the M—NO fragment. This platinum compound
contains binuclear complexes which are built of Pt'! and Pt'V (instead of two
Pt!V atoms as in the case of [Pt,(NO),Clg]*™):

o i ?

PH(II) Pt(IV)<N

a” cr | Cl
Cl

Divalent platinum has the usual square coordination, tetravalent platinum
has an octahedral one. The coordination polyhedron of this latter comprises
terminal NO, bridging NO and four CI atoms. The Pt'Y —(NO)epmina; fragment
has the angular structure: the angle at the N atom is equal to 122°, the
PtV —N distance is 1.98 A. The bridge Cl atom is in a trans-position to this ni-
trosogroup; the Pt!V—Cly 4. distance is 2.62 A. The Pt'"Y—Clieymina distances
cis to terminal (NO) are 2.33 to 2.38 A. The Pt!V—(NO), iage distance is 1.93
A in length, and the Pt!V—N-—Opiqge angle is 118°.

Table 7 contains examples of the complete loss of the sixth vertex of an
octahedron trans to the angular M—NO group. The following complexes may
serve as additional examples: Co(NO)(EA), Co{NO)(AB) where EA = N,N"-
ethylenebis(acetylacetoneiminate), EB = N,N -ethylenebis(benzoylacetone-
iminate) [334,335], Co(NO)(TPP) [336] and Fe(NO)(TPP) [337] where
TPP is a, 8, 7, 6 -triphenylporphin. i

In the four cases the tetradentate ligand forms the base of a tetragonal pyr-
amid, the nitrosogroup being arranged at its vertex. The metal atom is shifted
from the center of the base towards the vertex by 0.1—0.2 A. Tne Co—NO
bond lengths are 1.821 to 1.833 A; the Co—N—O angles vary between 122.4
* and 135.2°.
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TABLE 18

The trans-weakening series of the M—L bond in the X—M~—L fragment (dependence on X
and L)

X (CO,N2)S<ONZT<RN=<O=E<N=
E02cEN=<«0O=
M- Mt<MZE
L — L (acid ) < « L (o-donor)

Terminal L. < Bridging L

H. CONCLUSION

The model developed to discuss the mutual influence of ligands is general
enough for an understanding of the most important features of the structure
of transition metal coordination compounds with multiple metal—ligand
bonds. Yet, this model is sufficiently explicit to describe the peculiarities of
various classes of these compounds. On this basis we may compose a trans-
weakening series which depends on different components of the complexes.
Table 18 summarizes the principle results of our work.

In conclusion we should note the following. The energetic and geometric
structure of coordination compounds depends on the mutual influence of all
ligands (and the central atom) which is determined by the combination of
many factors. They are often difficult to separate and their effects are small.
In such cases healthy caution and thorough analysis cf the vast statistical ma-
terial is necessary. Therefore it is of great importance to find a field where
one can discover a dominating factor, the influence of which could be anal-
yzed unequivocally. In compounds with multiple metal—ligand bonds such a
factor does exist and this is the three-center interaction in the X—M—L,,,,.,
fragment. The model developed on this basis permits us to interpret without
contradiction all available experimental data (several hundred compounds
studied by the X-ray method). Thus, one may assume that this model is suf-
ficiently adequate for the description of the electronic structure and stereo-
chemistry of the compounds in question.
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NOTE ADDED IN PROOF

trans-Influence is usually regarded as the influence of the ligand X on equi-
librium properties of the M—L,,... bond [2,3]. Since in MXL,, complexes sub-
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stitution of the ligand X influences all M—L bonds, this definition needs to be
changed. We deal with the ¢rans-influence in an MXL, complex (where the
positions of formally identical ligands L are non-equivalent) if the influence
of the ligand X on the equilibrium properties of the M—L,,,,; bond is stronger
than that on the properties of the M—L,;; bond. Similarly, in the case of a cis-
influence the properties of the M—L_;, bond are more sensitive to influence of
the X ligand. Let us stress the fact that in the framework of such a definition
the trans{cis}-influence can result in either weakening or strengthening of the
ML ans{M—L.;s) bond, given that the corresponding changes in the M—L, ;-
(M--Ly.ns) bond are less significant.

If the strength of M—X bonds in MXL,, complexes increases in the series

K <Ky < <K< LX< Xisn 0 (30)

then in the case of a trans-influence we must see the weakening (lengthening)
of the M—L,,,,s bond beginning with X;,; and the strengthening (shortening)
of this bond up to X;. In other words, while moving along series (30) the val-
ues of A; = R(M—Lyyaps) — R(M—L¢isstanay) (for X;) will increase monotoni-
cally in series (31) with change of the sign of A; at the point L (X; < L < Xj41)

b Al < A2< b Af < AL = 0 < Ai-l-l < Ai+2 b (31)

trans-shortening increases | trans-lengthening increases

Multiple covalent Mz-X bonds, discussed in the present review article, in-
clude a strong ¢-component and therefore cause (as a rule) #rans-lengthening.
However, weak M—X o-bonds may cause the trans-shortening which is obvi-
ously expected for donor—acceptor M+« X bonds. Actually, for loosely bound
donors such as H,O or NH; one observes trans-shortening which, for example,
in [RuCls(H,0)12~ [338] and [Fe(CN)5(NH;3)}2~ [339], reaches 0.04 and
0.05 &, respectively. In quasi-triple MENO and MZCO bonds the g-compo-
nents are of donor—acceptor character (these o-bonds are weak due to very
low energies of the relevant donor orbitals) and trans-shortening in some ni-
trosyls and carbonyls therefore takes place (see Tables 6 and 8 and the rele-
vant pages of the text).

In general, the degree of the infiuence of the X ligand in MXL, complexes
may depend significantly on the nature of both the metal atom M and other
ligands L. For some ligands X (such as H—, H;C—, N=, MZ) considerable
weakening (lengthening) of the M—Ly,,,s bond is always observed. The typi-
cal picture is that for the same ligand X in different MXL,, complexes the
M—Lrans bond may be weakened, unchanged, or even strengthened. In spite
of the seeming chaos in the display of the mutual influence of iigands in tran-
sition metal complexes this display always corresponds to a trans-influence
(in the sense of our definition) because regardiess of changes (in both direc-
tions) of the M—Ly,,,,s bond length the corresponding M—L.;; bond lengths re-
main less sensitive.

For transition metal complexes MXL,, all theoretical models (in agreement



with experiment) predict frans-influence. but for non-trans
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plexes AXL, the picture is rather obscure and here different models give dif-
ferent conclusions [13,340,3411. If for non-transition element complexes we
accept the model of hypervalent orbital-deficient bonds {320,323] one can
expect that trans-influence will dominate though in some cases cis-influence
may occur [341]. In the context of this review, one should point out first
the difference between the influence of the multiply bonded ligand X in non-
transition AXL, compared to transition MXL, element complexes. Let us re-
member that, for example, in Cyrcomplexes MXL; the formation of M—X =-
bonds takes place due to metal (n—1)d orbitais (d,., d,,) practicaily without
involving metal equatorial np orbitals (p,, py) which participate in the forma-

+ian of M—T cr-honds A+ tha coame time in gimilar AVYT saranlavaon (oo
valix Uz M Xipig F-D0INGs. Av L€ same viine in simuar L2030 kap COMTIPICAED (\SdYy,

in IOF; or TeOFy) the formation of the m-component of the multiple A—X

bhond reauiras the narticination of the relevant eguatorial p orbital of the cen-
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tral atom and this results in weakening of A—L,;, bonds. Therefore in such
AXL, complexes, contrary to MXL,, the trans-lengthening must be insignifi-
cant; moreover, some {rans-shortening may even take place. Unfortunately,
there are no experimental data concerning bond lengths of the compounds in
question. However this conclusion agrees with some indirect data, for exam-
ple, from NMR °F spectra of complexes ReOF;5 and IOF; where chemical
shifts of axial and equatorial F atoms prove to be inverted [342].

With orbital-deficient C,,-complexes ALsg, the A—L,, bond must be
stronger (shorter) than the A—L,, bonds regardless of the presence of a ““lone
pair” or ‘‘vacarit orbital”’ on the central atom [341] The only difference is
alspxayea in valence haxﬂl-'eq angles, as shown in rlg 3a and 3b, ‘r‘éspC(,th:Ly.
The 12 electron complexes XeFj3, IF; or TeF5 [343] and 10 electron com-

nlavnc Qh TA447 and Tn12— 12481 ave tunical avamnlas af tha “lans
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pair” and *‘vacant orbital’’ cases, respectively. Experimental (X-ray) data
agree completely with this theoretical prediction. This means that it would
be wrong to attribute the non-equivalency of A—L bonds in ALy complexes
to the influence of ““lone pair’’ or ‘“‘vacant orbital”. It proves again (see p. 13)
that directed influence is determined by the strength of M—X (A—X) bond
rather than by the donor ability of the X ligand (because *“‘lone pair” and
‘‘vacant orbital” may be regarded as the opposite extreme cases of the donor
ability of the X ligand).
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