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A. INTRODUCTION 

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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proporth of tho complex that occur upon roplacomant of one ligand by 
unathcr. ‘l’ho variety of known coordination compounds is 80 large that 
gonoral regularities in tha mutual influanco of ligands can bo oritablitlhcd 
only for Born@ soriae of rolatad compounds. 

In view of thift the qua~ig~qu~e MXLn and qua~i~octahedral MXLb transi- 
tion metal complexes are mast favourable. In mch complaxss a direct in- 
fluence af the ligand X upon the tru~rs l&and L (in the linear X-M-L(,,,, 
fragment) is usually strongor than that on the cls l&and I, (in the triangu- 
lar X--M-L,I, Pragment), 1.1. Chornyaov was the first [l] to reveal such a 
regularity in 1926 in substitution reactions of Ptl*XLs complexes, These in- 
vestigations lead to the conclueion that although the aporementioned regz- 
larity of trans.influence is of rather general character, there are no (and 
cannot be) universal series of trans-influence since euch series would 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 
&ML, the spin-spin coupling constant Jb+ the force constant KML) from those 
appearing in kinetic8 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), whi!e 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-L,,“# bond and the trans.effect of ligand X on 
the rate of L rranaligand 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 me~uremen~ of various properties of the 
metal-ligand bond (and especially their interpretation) have been pub- 
lished much later, we find the tmns-effect series more often in the litera- 
ture than the truns-influence. 

The trans-effect series should, in principle, be more characteristic, and 
this appears to be true [5-‘71. For example, such a series depends not only 
on the nature of the metal [ 81, but on the strength of the nucleophile [ 91, 
The &ens-influence series, however, ‘is not very characteristic. Other condi- 
tions being equal, it depends on what property of the M-Lt,cna bond is 
being used as an indicator, since different properties are determined by dif- 
ferent features of the eiectroniz structure of the complex, among which an 
unequivocal correlation does not always exist [3,5]. 

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 trons-influence in 
both the ground and excited states of the complex (the latter ie important, 0.g.. when 
considering lta photochemical excitation). In general, however, this terminology is not 
generally accepted. Some authors make no difference between Irons-influence and trans- 
effect (4 J, or consider the Irana-effect to be of broader concept than the ~~u~6-lnfluenc~ 
fbl- 
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strangthoning of other bond8 ia tho meet ganoral ovfdcnca of mutual iigand 
Influanco. Thoreforo, it would be ma& convoniont to adopt tru~zs=lengthon= 
ing (Ahortsning) of the M-Ll,.l,,,l bond cauRod by itR trans=wcakoning 
(strengthening) aa a meaauru of the t,wns-inllluonce of the ligand X, In fact 
the intern~lcl~ar diatancs8 ara tha only bond c~taracteri~ti~~ directly ob= 
trervcd, ‘l’hue, the internuclear M-X and M-L distanced give a ba& for OR- 
tablishing the trrrne=influence series experimentally, Mason and co=warkors 
have propofied such a aories for some Rquare [lo] and octahedral [ ll] 
complexes. A theoretical interpretation of the series described [lO,ll] will 
be discussed in section B (iii). Now WQ note only that such a aorios of 
~~u~zs-influence has been suggested for ligands which form no more than 
one covalen; u-bond with the meta! atom (e.g., for acidogroups COV, 
SO$-‘, Hal-, NOF, NCS-, CN- and for CO, CzH4,PR3,H20,NH3, H,CR3, 
SiRs etc.). Etien if some multiple metal-&and bonds occur, then their IT- 
components are of the donoraacceptor or dative character *. Experiments 
show that for such ligands the maximum trans-lengthening (Almna) is no 
more than 0.2 A and for some members of the series the difference in 
A trans may become 0.01-0.02 K. 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 MXLs (X = N, 0, 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 complexes and coordination polyhedra, has been widely covered 
[ 12-17 J 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. 

l 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 G bond AB, if we wish Co distinguish between A:+B and A-:B, we 
have to use two different terms. Tke 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 is a 
donor) the term “dative (back-donation) bond AB” is introduced. In particular, if we 
speak about metal-ligond bonds, the term “donopacceptor” 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 
“beck-donation”, but the term “donor-acceptor” will be used indlscriminatoly. 



The present review contains tho results of this analysis. Part B gives the 
genornl theoretical approaah to the structure of complexes with multiple 
Mets-~igand bonds in terms of tha model of ~~a~s.in~u~ncff baaed on tho 
nadal pattern of molecular orbitals (both u- and n-types), The analytical 
form of this model is more ndvantagoaue than othor existing version8 of the 
theory of truns4nfiuence (it will be demonstrated in section B (iii)). Parts C, 
II and E deal with various stereochemical poculiaritice of tho compounds 
with multiple bonds, Parts F, G, fl and “Note added in praof” give some re- 
fntod mat~riai and ~on~~udin~ remarks on the problem of the ~nutual infi~l~n~~ 
of fignnds. 

B. rl-reonv 

Wo have mentioned already that we are intorostsd in systome where the 
mutual influence of ligande is prcdominnntly the Imns=influenco. The theory 
of tmnd=fnfIuonca should give answers to st least two questions: 1) why 
(other conditions being equal) the directed influence of l&and X affeete the 
~~u~s-p~s~tion more than the ~18, 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 orbital8 favour the transmittance of influence in the trans-posi- 
tisn. As them is a greater number of c/s.ligands (twice ths number in square 
and four times in octahedral complexes), the relative influence on the cls- 
ligande is weaker (see, a,g;. ref. 4). Hawever, in such a general farm 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 af non- 
transition elements this problem has not been adequately studied experimen- 
tally due to the lack of yelcvant data. Meanwhile, a model Jl8J has re- 
cently been suggested according to which the trans-influence should take 
place only in transition metal complexes while for non-transition element 
compounds the c&-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 tmns-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. _4n analytical model of the Pans-influence is more desirable since in 

* The model [ 18 ] has been developed in terms of the equivalent orbital theory for O- 
bonds of the central atom with acidoligands including only one-center matrix elements 
(for the central atom). The model does not take into account the donor-acceptor inter- 
actions and n-bond formation. The role i-f these factors will be discussed here. (See also 
“Note added in proof”.) 



principle an analytical relationship among dilfcrant parameters of tha ligands 
and the metal is unequivocal. 

2. There is no sense in using a sophisticnted camputatiuna~ method Por the 
Rn~ts~i~ of such a model since separation of the X---M-L fra~ent from tho 
actual complex makes any direct quantitative comparison of the results ob+ 
tamed with axporimantal datn impossible (see, o.g, simllnr dlscusslon in reP, 
19). tn particulur it is reasonable to employ tho MO Nlickol upprouch wlth 
Coulomb integrals ‘Y,, tipecifying the energy lavels and resonanca intagrole @b&1 
(proportional to tha overlap integrals SAti) being the interaction an~r~Ies of 
the iovots, In tame of such an approximatian and in PIret order perturbation 
theory, the etabilizution (destubiilaution) energy of tha lower (upper) level 
muy be found ae (see, e.g, ref. 20) 

EAI) h &alkcA --aal (1) 

3, The p~~meters of the model (the above mentioned ~~t~g~~t6, the MO- 
LCAO coefficients, etc.) Rhould depend on ths nnturo of thu M-X and M-L 
bonds, 1.0. whether their o- and n-components are bonding or anti-bonding 
and whether they nro coval nt, donor-acceptor or dative. 

Here and later the term “covalent” will la5 used for the bond (or its compo- 
nent) formed by the interaction of unpaired electrons. For the purpose of 
this wark it is essential to d~stin~~sh such a covalent bond from the donor- 
acceptor and dative bonds. If WQ consider a polar covalent bond X-M (where 
an acidoligand X is more alectraEega$ive than a metal atom M) the other rep= 
reaentation_sf tj$s bond will be X. l *M. In this sense we can compare the 
structures XP M, X:+ M and X+ :M for cavalent, donor-acceptor and dative 
bonds MX, respectively, Then in the first case the increase of overlap popula- 
tion (which is a measure of mixing and overlapping sf interacting levels) 
leads to a decrease of bond polarity, white in the last two cams tha band po- 
larity increases, Consequently only such a “covalent” bond can be diatin- 
guished from an “ionic” bond 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 interacting levels (Q, and ~a) is greater when their energies (cyA and rug) 
are closer and their interaction is stronger (&a - SAa) which is partially de- 
scribed by eqn. (1) **. Since the bond formation results in an electron density 
redistribution with the change 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 Ponds 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 I21 ] for MO-LCAO rp = CA FA + cBxS the relation is valid (cg/cA)’ = 
[$(q - (q2+4)112)]2 where q = (aA - ag)li?A& 



(ii) Trans-influence and the nodal structure of molecular orbitals 

Let us consider the linear X-M-L 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 would be the more sensible 
indicator. In this case we are able to distinguish the true “influencing” ligand 
X and the “influenced” Iigand L. This case is the subject of the present paper. 

In view of symmetry in the linear X-M-L fragment both c- 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 u-type orbitals. 

I. A nodal structure of a-MO’s [22,23] 
Let us accept that the valence o-MO’s of the X-M-L fragment result 

from an interaction of some hybrid ligand xx and xL orbitals with hybrid 
xp and fi) orbitals cf the metal. The u-MO’s formed (two lower, bonding, 
(I$~ and +‘2) and two upper, antibonding, ( $3 and ti4) have the general form: 

3/i= CiXm + C#&‘+ C#df’+ C&XL (i = 1,2,3,4) (2) 

where the ciA coefficients and the composition of hybrid orbitals xA’s may 
be found by the variation method (in principle using the conventional SCF- 
MC+LCAO scheme). When X f L the self-consistent orbit& &) 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 c,@ coefficients. 

Let us begin with the structure of o-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&f) will be of an s or d type, an 
anti-symmetric orbital & As) of p type. Both #) and as) take part in bond- 
ing by participating in the formation of bonding MO’s As is obvious from 
Fig. la, if the nodeless LCAO with B’has the form 

h-xxfXiY+xL (3) 

then the nodeless LCAO with as) must have the form 

$2 - xx + xP’- XL (4) 

The respective antibonding (two-nodal) LCAO-MO’s will be 

h-xx-xt?+xL (5) 

@4-xx-XM 
c-i% - XL 

(normalizing coefficients are omltt&?. 



Fig. la. The formation of u-molecular orbitals in the linear fragment X-M-L in the case 
X=L. The nodal structures of bonding (J/l-and $8~) and anti-bonding ($3 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 orbit& 

s&P - x&F + Xhl (AS) 
(7) 

d?- XM (S) _ x$$S, 03) 
are completely equivalent and c‘# s cZQ_ At the same time when X # L, due 
to ci# P cH, the MO (3) would necessarily contain an admixture of anti- 
symmetric orbital Sx@‘) while MO (4) would have an admixture of symmetric 
orbital Sxg , i.e. 

$1-Xx+ XP + 6x& As) + XL (3’1 

@z-xx + a# f xp- XL (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 “in&il” state 
with X = L) would be more significant with increase of the contribution of 
s-uch admixtures. Let us estimate this contribution. 

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

x$n”’ = ag + add=2 + a,,p, = xi:) + xgs’ (7’) 

x;:’ = a$ + add22 - a,p, = &’ - xLAs) (8’) 

where, with the slight difference of (3)-(8), the symmetric xgs’ and the anti- 
symmetric xg^“) components are given in the explicit and normalized form. 
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Neglecting the overlap integrals the orthonormalized 
be given as 

rpl= A&)+Cxx 

42 =BXg'+DYL 

p3=Axx-Cx$9 

~~=Bx~---Dxg~ 

two-center o-MO’s may 

(9) 

(10) 

(11) 

(121 
where A2 +C2 =B2 -t-D2 = 1, the coefficients A, B, C and D are positive; 
thus ql and q2 are bonding while (1s and q4 are antibonding MO’s. 

The bonding ($ 1 and IJJ 2) and antibonding ($J s and J/ *) three-center Canon- 
ical U-MO’S may be generated by mixing the respective localized SPA MO’s: 

$1 =ClsCrr +&32 (13) 

$2 = h, -w2 (14) 

$3=Pv3+794 05) 

*4 = 7973 - PI94 WI 

wherep2 +A2 =p2 +T~ = 1 and the coefficients p, A, p and 7 are positive. 
Combining (7)-(12) with (13)-(16) we have 

+, =/Xxx + (@A t-h13)~~~+-(~A---hB)x~~')cXDx~ (17) 

Gz = hCxx + (~A-_E.IB)x@ (aA “I.IB~x$,$~)--ELDxI, (18 

Jig = pAxx - (TO +pC)xg’ + (TD--PC)X@~) + TBXL (19) 

‘lj14 =7Axx + (~D--TC)X&:~- (~13-t TC)X$,?-- @XL (20) 

The energy level diagram for ail the o-levels mentioned is shown in Fig. lb. 

Fig. lb. Energy level diagram for.4hp X-M-L fragment O-MO formation (see exptanation 
in the text). 
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Equation (1) was taken into account while constructing this diagram. 
Let us estimate the relative values of the coefficients in MO-LCAO’s (9)- 

(20). Since X and L are more electronegative than M, in equations (9)-(12) 
A < C and B < I). 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 +he typical cases discussed 
here (see part C) laLI > I(Y~I > lcv~l and Ifl& > I&,&. Taking into account 
eqn. (l), we obtain A > B and therefore D > C. For the same reason, AI&x 
> AI&, thus the energies of levels cpl and p2 tend to become closer, while 
the level p3 should move above q4 (see Fig. lb). Thus in eqns. f13)-(16) & e X 
and p < 7, hence in MO-LCAO’s (1’7)-(19) all coefficients in brackets are 
positive and only in eqn. (20) the coefficient pD -HZ may have both positive 
and negative sign. Thus, the sign distribution in a-MO-LCAO’s (l?)-(20) 
would result in the distribution of nodes in the M-X and M-L bonds shown 
in Table 1. 

Theformation of two a-bonds, M-X and M-L, corresponds to the occupa- 
tion of the lower (bonding) orbitals I$ 1 and $ 2 by four electrons. As seen 
from Table 1 (and relations (3’)--(4’) for 1> S > 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 ~~~s-~fIuence through the cr-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-%4 and X-L bonds (and their mutual influence) may be estimated from 
the relevant algebraic coefficients. 

It should be pointed out here that in the modern theory of truns-influence 

TABLE 1 

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

*i Symmetry 
of a central atom 
component 

A bonda) 

M-X M-L 

01 S t 4. 

AS 6+ 6- 

$2 s 6+ 6-- 

AS i- + 

$3 S - - 

AS 6+- 6- 

&4 S Sk 6^+ 
AS - - 

a) The sign + means positive overlap (the absence of notie), the sign - means negative 
overlap (the presence of node). 
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*here 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 hgands) may play a significant role [3--8] _ 

In our discussion we combine both extreme viewpoints since from eqns. 
(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 PA --XB and XA -pB 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 candelled (see also refs. 340,341). 

Taking into account the values of the coefficients and the nodal structure 
of antibonding 9 s and JI n orbit& 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 truns-influence in complexes where the number of valence 
eiectrons exceeds 18, and in the photochemical excitation of ordinary com- 
plexes (with only bonding orbit& 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 tram-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 Jt i and rfi s MO’S We have already men- 
tioned that II = h, hence 

UJl - Cxx + (A +B)# + (A-B)x~~’ +DxL (17’) 

rcrz- Cxx + (A --B)# + (A +B)# - _DxL (13’) 

Although there is no direct relation between the A 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 
sbsll 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 lax I 
and the increase of IpMxl. The quantity B decreases with increase of I& and 
the decrease of Ip& **. 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 1. 
* * Naturally one should distinguish the parameters P@ and &” (Y = X, L) in the quantita- 
tive cafcuIation.5. 
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-- _-ac 

-a0 t-f - a:: 
_-a; 

a;--_ _- 
--- 

1 
as- 

Aa Aa 

a’;_-_--- + I Aa 
0 

-54 
a!$ - a? - I. - -- -nr”i 

a$+- ’ _--- 

a b c 

Fig. 2. Energy level diagram for the metal M-hgand interaction: the self-consistent differ- 
ence ACY = ~CYM--CY,/ decreases for (a) a covalent bond and increases for (b) donor-acceptor 
and (c) dative bonds. 

of 1~~~1 (due to the increase of the electron density on Y). On the other hand, 
the formation of a donor-acceptor M+Y bond increases loryl (due to the de- 
crease of the electron density on Y). The quantity 1~~~1 changes in the oppo- 
site way. Thus upon the formation of a covalent M-Y bond the initial ener- 
gies of levels Q, M and cry become closer, but they grow further apart when the 
donor-acceptor M+Y bond is formed (Fig. 2). Thus, a self-consistent differ- 
ence ICY~ -ayl for a covalent bond is small but for a donor-acceptor bond is 
large. However, a self-consistent sum IaM + cvyI (or any other average value of 
Q~ and &v) tends to be approximately constant. 

The last point is essential in estimating the value of phiy. Let us remember 
that most approximations for PAB include the product of an overlap integral 
and some average VahI&? [25] Of (YA and (Yg *. The tendency towards retention 
of average values of orlLl and CY~ (their self-consistent change) justifies the use 
of the simplest relation pEny - SNy _ One can assume that in typical cases of 
covalent bonding, the value SMy will be larger than that for the typical donor- 
acceptor bonds due to two reasons. Firstly, at a given intemucloar distance 
the integral SMy is usually smaller for the donor-acceptor interaction since 
the vacant orbitals are more diffuse. Secondly, the integral SMY 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 u-component (due to the bond shortening), i.e. in the 
growth of P&IX - Snix. Since A&x versus &x 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 pm on gA and CY~ becomes more obscure with more accurate consid- 
eration taking into account the two-center kinetic energy [25-271. 
l * This is easily seen if one compares relevant bonds with the same atoms, e.g. with 
NCS- and NH, or OH- and OHa tigands (see part c). 
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a trans-weakening of the M-L u-bond is favoured by the covalent character 
of M-X and the donor-acceptor character of the M-L bond. F’rom eqns. 
(1’7’) and (18’) it is seen that the weakest M-L bond carresponds to the 
maximum A and minimum I3 coefficients. Formally A,, = 1 and Bmt, = 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, o’ur 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 xi:) and x$$) would have struc- 
ture far from that of (7’)-(8’). Then, the relations (1’7’~(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 others) may be quite 
successfully interpreted in terms of the localized electron pair theory f 283 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 130,311 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 i; C. Thus, the physicaily reasonable maximum value of A is 
A may \( i/42, 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 u-donor ability of the ligand X. In this sense the trans- 
influence of the ligand is determined by its u-donor ability. If A < l/d2, this 
statement becomes equivalent to the fact that the trans-influence of the li- 

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 cl-eiectron complexes only. 





is nodeless and bonding, while the MO 

773 - 3‘k - CM f bL (23) 

having two nodes (between each nuclear pair M-X and M-L) is anti-bonding. 
The third MO v2 should have one node (from the orthogonality condition), 
namely 

(241 

775L2) - rx -i-M -CL m5) 

The MO 7~~ will be occupied (after MOu,) if four electrons are located in the 
starting orbitals cx, g&l and CL. 

Let the bond M-X be multiple while to a first approximation the M-L 
bond is single. In such a case one may stzt from a strong M-X n-bond per- 
turbed by the ligand L. Assume that an initial energy difference for the bond- 
ing (fx + 5x1) and antibonding (sx - iM) combinations would be larger than 
energy splittings due to their interaction with the CL orbital (Fig. 4a). There- 
fore the form nbl) should be adopted for MO 772. In other words, for AO’s of 
q2 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 vi’) 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 v1 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 qL2) 
energy would become lower than that of 71 $r’ (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 v2 type ((24) or 
(25)) the order of the M-L n-bond is always positive. Actually, using the 
general relation 

E llZiAmiB j = - 5 mjAmjB (2‘3 
i 

(where the indices i and j refer to the occupied and vacant MO’s respectively) 
and the form of the vacant MO 773 (23) we immediately obtain 

&L = 2tmlMmlL +f%M@ZL) = -2m3Mm3L > o 

Q3 93 

Fig. 4. The X-M-L fragment n-MO formation as a result of the perturbation 
(bt. strong) of the X-M bond by Iigand L (designations are given in the text). 

f(a) weak or 

(27) 
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This implies that the n-interaction may only strengthen the initial ordinary 
M-L bond (whose n-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 a- and tr-orbitals gives opposite results. 

In general if both X and L ligands have s-orbitals, then the M-X and M-L 
n-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 u- 
interactions. The orders of both u- and n-bonds M-L, as it is easy to show, 
depend in a similar manner on the parameters cry and pILIy. Namely, the value 
of PM, decreases (increases) with increase (decrease) of 1~1 and Ifi& and 
with decrease (increase) of ltlrxl and I@ hlLl (for Pbfx the corresponding permu- 
tation of the indices is quite obvious) *- 

However although the covalent and donor acceptor origin appears in the 
strength of both u- and n-components of the M-Y bonds in the same quali- 
tative manner, a quantitative contribution of u-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 cr-interactions should be more significant 
than the strengthening influence of n-interactions. In general the resulting 
tralzs-weakening of the “multiple” M-L bond would increase with the de- 
crease of both P& (more weakening of the o-bond) and P& (less strenthen- 
ing of the z-bond). Therefore, in particular, if the ligand L has no n-orbit&, 
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 7~ 
orbitals (whether occupied or vacant). 

The metal-1igar.d u-bonds are almost always covalent or donor-acceptor, 
while the n-bonds are dative as well. Let us consider a dative M+X bond and 
iI% influence on the trans-weakening of the M-L bond. In typical cases, e.g. 
for X = CO, CZHq, P&J, the vacant n-orbital fx is essentially higher than the 
occupied one CM. Therefore, a self-consistent energy difference 1c~x-c~~~ I be- 
comes still larger (as in the case of donor-acceptor interaction, but with an 
opposite sign of ffx -eM) and the n-bond is relatively weak. Since here the CJ- 
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 PRs be- 
haves as an electron donor while CO and C&H4 behave as acceptors. The lat- 
ter means that the metal-ligand Ir-back-donation prevails over the donor u- 
interaction. This explains the noticeable trans-effect of CO and CzH4 (which 
is larger than that of PRs) in tetracoordinated Pt” compounds. Let us re- 
member that in this case substitution reactions occ’ur most likely via the te- 
tragonal pyramid transition state and the &-density concentration in the 

* This conclusion comes from analysis of a relevant secular equation [ 333 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 
A-. At the same time the trans-influence of CO and C,H4 (i.e. their 

~+--LlIS bond weakening) is insignificant since the M-CO or M--C2H4 
bonds themselves are generally weak. This is especially true of their o-com- 
ponents which play the dominant role in the trans-weakening mechanism. Of 
these ligands, only the trafzs-influence of NO is of interest to us (see section 
C (ii)). 

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

The i&I-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 tram-influence theory 

The modern theory of pans-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 Pans-influence*. 

Mason and co-workers [lO,ll] 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 u-donor and weak mesomeric n-acceptor properties, 
while the “influenced” ligand (L j 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 tr-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 u-bond strength in the form S2/lAel, where S is 
an overlap integral for orbitals with the energy gap IA e I _ In this case the rele- 
vant sp3, sp2 or sp hybrid atomic orbital (of the terminal atom) has been 
adopted for the ligand u-orbital, while the pure np,-A0 serves as the metal 
u-orbital. The values IAEI 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 
[3,53. We would like to note only the pioneering work of Langford and Gray [ 6 ] (though 
it concerns truns-effect rather than tram-influence). These authors were the first to pay 
attention to the correlation of the bond trams-weakening with relevant overlap integrals 
and to non-coincidence of the (I- and n-effects. 
** For the sake of convenience we use our designations for the “influencing” and “influ- 
enced"Iigands (cf. p. 6)although xverse designations(L and X)areused elsewhere 1111. 
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The authors themselves agree that their model “usually predicts a higher 
relative truns-influencing ability for ligands which possess good n-acceptor 
properties, e.g., PR,, 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 u-donor ability” (ref. 11, p. 1613.). 
The authors have concluded that in both square and octahedral complexes 
“the trans-influence of a ligand arises principally from its inductive u-donor 
ability, transmitted to the trans-iigand by the appropriate metal p,-orbital” 
(ref. 11, p. 1613). 

Our ideas agree with these to a certain extent if an increase of u-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 u- and n-interactions. 

Meanwhile there are a number of points where we disagree. Firstly, it is use- 
ful to distinguish covalent and ionic 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 donor ligands, such as NH, or HsO, 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 truns-influ- 
ence our model is not limited to the metal p,-orbital, but also takes into ac- 
count the s- .and d-orbit&, the contribution of which may be even more sig- 
nificant (see lower). Thirdly, the role of n-interaction is more complicated 
than the simple n-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 
tmns-influence is transmitted through the central atom pa-orbital (which 
agrees with Langford and Gray’s suggestion 161). However in transition metal 
atoms the s- and d-orbit&s he below thep-orbital and most likely make the 
major contribution to bond formation. This leads to the idea (first proposed 
by Syrkin 1351 as early as 1948) that in the formation of non-equivalent 
M-X and M-L u-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 in mind, however, that although an increase of x-character 
(s, p or d) in the hybrid xg ) means a decrease of this character in the hybrid 
&‘j (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 



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 
[ 25,367 ). However, the fact that the Sidgwick l&electron rule suits the tran- 
sition metal complexes, shows clearly that not only the ns- and (n--l)& 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, JJ and d orbitals are 
quite different. This phenomenon can be easily understood since here Ep-or- 
bitals are considerably above ns- and far below nd-orbitals. The appropriate 
energy differences for elements of group IV and the following groups may ex- 
ceed [36-391 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- 
ponnds*. (See p. 85 and refs. 320-323.) 

Let us discuss again rehybridization as the reason for trans-influence. Un- 
fortunately, only one systematic theoretical study devoted to rehybridiza- 
tion in the series of trans-PtCI,(L)(NH,) complexes (where L = NH3, H20, 
HsS, CHF, HI) has been published [40] . The calculation has been carried 
out in the framework of the extended Htickel 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-NHs bond is associated with a lower overlap population at the 
expense of the contribution of the s- and d-platinum orbit&s. On the other 
hand, the trarzs- and &s-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 
JhlL 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 

* FOY 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 Ps-carbon electron pair in CI& is practically lone, thus the tetrahedral 
structure of CH* is by no means determined by sp3 hybridization [ 29 J. 
** See also the theoretica analysis of fruns- and &-influence in Pt” complexes in the 
series of papers by Baranovskii et a!. 1411. 
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rather approximate theory (see the reviews [3,5])*. 
In conclusion it is worth mentioning the Pearson approach 1431 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 
[441* 

(iv) The trans-weakening series in MXLB 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 co;lcepts are identical here. However in 
any real quasi-square or quasi-octahedral complex (MXL,, MX2L, etc.) the 
trans-influence is a result of the mutual kfluence of all ligands. Hence for a 
non-contradictory discussion one should hear in mind the following. 

The trans-influence (the change of properties of the M-Lrmns 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 criterioh 
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 MXL, 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=, I&O 
or PRs). 

In the nitrido-, oxo- and iminocomplexes (X = N, 0, NR respectively) the 
M-X bond has one u- and two n-components (n%) and thus is triple. In ni- 
tridocomplexes all three components are covalent (MrN), in the oxo- and 
iminocomplexes one of the components is donor-acceptor (Me0 and MZNR). 
In such complexes a transition metal atom forms eight two-center bonds 

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

l * In this sense one can speak of the c&-influence of the ligand ?r. However, we shall not 
consider this problem since it is insufficiently developed and the arguments are often con- 

tradietoty (see the reviews [ 3,5 ] ). 
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with one valence orbital, namely dxy , unused if the molecule has a four-fold 
z symmetry axis [45]. This d,, orbital may take part in a n-interaction with 
the equatorial ligands. This fact should be added to the mutual ligand influ- 
ence scheme described above. 

In some transition metal dimeric compounds MaLkLa 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 f46] quadruple covalent MZM. 
Since, however, the fourth bond component is of 6-symmetry it has no ana- 
logue at the ligand L and therefore does not directly influence the M-L 
bond. This influence is only indirect: through the strengthening of the o- and 
n-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 
other conditions are equal. Rearing in mind both this and the last conclusion 
of section B(G) (which summarizes the dependence of tram-weakening on the 
bond multiplicity and covalency) we may generate a series of trans-weaken- 
ing of the M-L bond depending on all three conceivable components X, M 
and L. 

Let us choose a number of ligands that form bonds of formally equal mul- 
tlpiicity (say, triple) with the metal atom. To obtain tmequivocal 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-Lt,,,S bond weakening would 
increase according to X in the sequence: 

OC$E, N,~<ON~<RN~<Od<N= (28) 

which corresponds to the increase of the M-X bond covalency. However, 
there are comple, ?s where the trans-influence of the NO group is abnormally 
high. However this happens only in 20 electron cornsounds 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 0 and N are bridging, they form quasi-double bonds with the 
metalatom(M~O~MandM= R T 2 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 Nr has a stronger influence 
than 02). 

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 czx = “M ; &hen in eqn. (31, A = A,, = l/42. In principle, one may im- 
mediately foresee a strong trans-influence of any homonuclear M-M bond 
(see also ref. 18) with, however, a special peculiarity. Namely, if the M-M u- 
bond is not very strong, i.e. AE MB~ is relatively small, then due to lcrxl = 
lcvnr I 4 taL J the level q1 would be considerably above Ievel ~2 (cf. Fig. Ib). But 
in this case in eqns. fl3), (141, (17) and (18) y < X and it is possible that 
PA - hB < 0, thus the M-L o-bond would be weakened due to the s&metal 
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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 
&M 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 (Y~‘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 X(‘)--M-XC2) is more advantageous than a symmetric one (for example, 
when pfjx = expf-gIZ$$x) where R$& = R + CR and R& = R - AJZ). Since 
the values R’” and, consequently, po) 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 13 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 
[511, e.g., 

t03-M402Mk and +O=rM+_O&‘hir+- 

In such cases the difference in the structure is determined by the n-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 n-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-c&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 (dz,,), then it would attract the relevant n-elec- 
tron pairs of the cis-ligands (their u-bonds are directed along the x and y 
coordinate axes). In such a case the tnzns-weakening of the M-L bond would 
be great (especially if one compares trams- and &s-bonds with the same Ii- 
gands). On the other hand when the d,, orbital is occupied (partially as d&. 
or completely as d,, .,, s \ then the repulsion of dzy 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 n-donor 
ligande should increase in the sequence 

dg < d& < d!&, (29) 

In part C we shall see that the admittedly incomplete experimental data 
demonstrate that relation @9) is true but limited. There is, after all, the ste- 
reochemical problem - the MO2 group geometry in dioxocompounds - 
where the d” metal configuration is decisive. The do configuration stabilizes 
the angular (cis) geometry, while the linear (trc;ns) configuration is preferable 
for the d2 configuration. 

C. STRUCTURAL DATA ON THE ZXANS-INFLUENCE OF MULTIPLE BONDS 

(i) A comparisdn 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 Iruns-influence of multiple bonds. In prin- 
ciple, account should be taken of the fact that bond lengths depend on the 
metal valence state and nature, size and mutual arrangement of ail the (differ- 
ent) ligands in the complex as well as on the nature of outer ions and their 
focation 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 complicaSons comparison should be made only within a lim- 
ited number of similar compounds; this of course results in a considerabIe 
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-influence. 
In the discussion which follows we rely on the following points. 

1 The data available on Pd, Pt, Rh and Ir complexes [ 15-171 demonstrate 
that mutual bond labilization in the linear Cl-M-C1 fragments is negligible. 
It is assumed that this situation may be extended to 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 O, d’, d2). Structural data on the complexes 
of the aforementioned metals do not contradict such an assumption [U-14]. 

On the basis of these assumptions the mean M-Cl, M-F and M-Br dis- 
tances in trans-[MX(Hal)4L] *- complexes may be used as standards. The 
averaging omits the data on trans-[MX(Hal)zLiL]“- complexes where L’ = 
PRa or a similar &and which may affect the MO electron distribution while 
descending from Cdv to Czv. 

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 
someligands whose fruns-influence is relatively small. It is assumed that such 
differences are more or less the same for other transition metals of groups VI 
to VIII. Such transfer enables us to extend the number of standard distances 
and in particular to estimate the “ordinary” M-He0 and M--N& distances. 
The respective numerical values with some corrections accounting for thr 
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 
value 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- 
atomic 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-ligond distances in complexes of transition metals of the 
Vth and VIth periods (A) 

Nb, Ta 
MO, w 
Re, Tc 
R::, OS 
Ir, Rh 
Pd, Pt 

F 

1.83 
1.82 
1.81 
1.78 

Cl Br OR2 NR3 OH 

2.41 2.54 2.10 2.02 
2.40 2.53 2.09 2.12 2.01 
2.39 2.52 2.08 2.11 2.00 
2.36 2.49 2.05 2.08 1.97 
2.34 2.47 2.02 2.05 
2.31 2.45 2.00 2.03 
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minishes, the curvature decreases and the minimum position is shifted some- 
what towards .higher values of RM _irans- A decrease in the curvature (bond 
force constant) facilitates an additional M-Lt,,, 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 Pans-elongation in complexes 
of similar structure and electronic configuration. 

The above implies that one may not expect any unequivocal dependence 
of the Pans-elongation on the nature of the X, M and Ltmns components 
(forming a linear fragment) independently of the composition of the equator- 
ial Iigands not only because of their influence on the electron 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 IvI-L~,,,~ and M-L,, considerably exceed their stand- 
ard deviations. On the &her 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 Llrorrs 6?i?*-- may in general only increase the effect of trarzs-elongation, since 
the weaker the metal-L,,,, bonds the more their energy curve slopes and 
thus the greater is the Ltrons 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 I&,~ --teratomic distances in the nitrido- and 
imino-complexes and in binuclear complexes with symmetric linear (oxygen 
c(r 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 error 
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 avaiiable 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 rr-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 of the complex, it is important to 
compare only those complexes in which the equivalence of the action of other 
factors is ensure -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 l&ts 
the X-M, M-Lt,,, and M-L,, distances for 27 compounds. The first 23 
compounds are subdivided into three groups. In each of them: 1 ligand Ltrons 
is the same (Cl in the first two groups, Hz0 in the third), 2 the cis-environ- 
ment 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 ton&ant wherever possible. In most complex- 
es a non-bonding orbital (generally metal d,,) is occupied by an electron pair. 
Compounds 20 (dj;,) and 1,16,17 are exceptions (the last three contain an 
MZM bond, i.e. an electron pair in the bonding S-orbital instead of a lone 
pair d.& ). 

In the table the trcrns-elongation is specified by the differences A and A ‘_ 



TABLE 3 

The infiuence of ligand X on 1 ran-elongation 

Nos Compound d& Bond 
X-M 

Distances, A 

X-M M-Lfrons M-&q, 

A A’ Ref., fig. 

1 (NH~)2(Re2C14(HCOO)zCi2 J fd S2 MZM 2.260 2.71 Cf av. 2.32 Cl 0.39 m2 [84]‘ 1oc 
2 0.24 K2(OsNC15] d$ NzM 1.75 ;*& Cl :; ;*g2 Cl 0.24 (66a] 

1.614 ’ ’ 0.24 0.24 (55b] 
3 K2( ReOC&, ] OSM 1.66 2:47 Cl av. 2.39 Cl 0.08 0.08 
4 CS4[OfQOCllo ] 4 d& FOTM 1.778 2.433 Cl av. 2.370 Cl 0.06 0,07 

(661 

K4[Ru20C110 ].H20 *) 
d eJt 

5 
6 

+ ?=O=rM 1.60 2.36 Cl av. 2.36 Cl 0 0 
[57] 
WI 

FO=SM (59] 
7 

K~~Re~O~l~~],H~O a) dd:: 1.86 2.38 Cl av, 2.32 Cl 0 -0.01 
(NH4)[RuNOC15] a) ONS-M I.74 2.357 Cl av. 2.376 Cl -0.02 0 [CO1 

8 K2(RuNOC16] a) d:y ON$M 1.747 ;*;;9” Cl ;* g;; Cl -0.01 0 WI 
1.799 * . . 0.01 0.01 [61bl 

----.. _-_--_ -- ._..._ ” -^ ._” __..- __. . .----.---.I--~_- _ ̂ _^_I. - _- .-._ _-- 
9 ReNC12(PEt2Ph)s N=M 1.788 2.66 Cl 2.46 Cl 0.11 0.17 [62] 

10 ReOCl~(PEt2Ph)2 2 04M 1.60 2.47 Cl av. 2.42 Cl 0.05 0.08 
MoOC12(PMezPh)s(blue) df,” OSM 1.676 2.551 Cl 2.464 Cl 0.09 0.15 

1631 
11 (641 
12 MoOCl2(P&Ph)&recn) $Y O%M 1.803 2.426 Cl 2.479 Cl -0.05 0.03 [66] 
13 Re(NMe)Clg(PEtPh2)2 RN-7M 1.685 2.411 Cl av. 2.418 Cl -0.01 0.02 [66] 
14 Re(NCGH&OCH3)C13(PEt2Ph)Z d$; RN%M 1.690 2.410 Cl av. 2.416 Cl -0.01 0,02 (671 
15 Re(NC#40CH3)C13(PEt2Ph)2 d& RN%M 1.709 2.432 Cl av. 2,421 Cl 0.01 0,04 [67] 
- --_I-- -,._ _ - ““*_ -- - - _. . _llll.___- --_____“_---I-__C_.L~-I__----__.-_---- -I_-- 

16 Cs2Re2Cls(H20) 0) s2 MZM 2,211 2.44 Hz0 nv. 2.289 Cl 0.36 [68], lob 

17 Re~Cl~(CH,$OO)~(H$Y)~a) a2 MEM 2.224 nv. 2.507 H20 ;;* ;;$“cP” 0.43 (691, 1Oc 

18 K[OsNC14H20] d& N& 1.74 2.50 Hz0 av: 2:345 Cl 0,46 (701 
19 K( OsNBr*HgO] &y NZM 1.67 2.42 Hz0 av. 2.48 Br 0.37 (711 
20 ReOCl4H20 d&t O?M 1.63 2.27 H20 av. 2.29 Cl 0.19 (721 
21 (Rt4N)~R~Br4H20] $Y 0-5iM I.71 2.32 Hz0 av. 2.51 Br 0.24 1731 
22 Ka[RuzNCls(HzD)21a) FN= M I.72 2.18 Hz0 av. 2.36 Cl 0.13 [74] 
23 (NH4)2(RuNOC14H20] Cl.H20 al d$: ON%M 1.67 2.06 Hz0 av. 2.35 Cl 0.01 [75] 

-,ll”~_- ____I-- . ___~_. - 
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Column A shows the differences of M-ligand distances for the same type of 
ligands in trans- and b-positions, column A ' shows the M-Ltmns 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 small 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: 

MZM, N=M>O*SM>RNSM, ~O=SM>ON$M 

According to the data listed in Table 3 the quadruple MZM bond causes near- 
ly the same elongation as does a nitride ligand. This is in ae;reement with the 
fact that the 6-component of the quadruple MEM bond has no bonding 
analog in the M--l;t,,,s bond and thus produces no direct influence upon 
such a bond. 

Table 3 includes data on two similar oxomolybdenum complexes (com- 
pounds 3.1 and 12). In 2970 two forms were found for MoOCl,(PMe2Ph)s 
crystals which are of different stability, colour and spectra [SO]. The blue, 
more stable complexes show the band YM@ 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 to the blue one. The crystals MoOC12- 
(PEt,Ph), containing ethyl groups instead of methyl groups are analogous 
to the green form of the former compound (also green [G] ) vMulo-_o = 
940 cm-l). Investigation of the structure demonstrates that the arrangement 
of ligands in complexes 11 and 12 is identical but the No-0 bond lengths 
are different: 1.676 (7) A and 1.803 (11) a in the first and second complex- 
es respectively. The difference exceeds IX-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- 
merit forms were discovered which have the same ligand arrangement in the 
complex but completely different equilibrium internuclear distances and thus 
differenr; 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 vhf-0 is so small. It is also worth mentioning that the elec- 
tronic structure of the second (green) form causes a truns-elongation in the 
OZM-CI fragment close to that in the RNZRe-Cl fragment (compounds 
13-15). 

Table 3 also presents data on nitrosyl complexes and those with oxygen 
and nitrogen bridges. rn 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 0 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 3 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 trans 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 ieads to a greater elon- 
gation than does oxygen. 

The data on the trans-influence of the imino-group RN% are specific. This 

F F 

F g 

Fig. 5. The structures of polynuclear complexes with halogen bridges: a, [MoOCl,], ; 
b, fMXCl412; c, D’OF3lm; d, W’F,],, M = MO, Re; e, [TcOF4]3; f, ([M0$?3]-)s; 
g. [WOF414; h, [PtNOCi&-. 
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TABLE 4 

Tram-elongation in mono- and dioxo-complexes 

Nos Compound GY MO, 

28 %WO%l 
29 K2[MoOF5].H20 

30 K2[Mo0(02)F4].H20 a) 

31 WW3WJo0(0dF41 a) 
32 K2hTo02F4b) 
33 K2Mo02F~.H20 

34 O’OF3k.a 

do 

da 

$ 

do 

NbO 
MOO 

MOO 

MOO 

MoOa 
Moo2 

vo 

35 (ReOF& 

36 WcOF‘413 

37 WOOF,), 

d1 

d1 

do 

ReO 

TcO 

MOO 

38 
39 
40 

:;‘l’; 
41 
42 

43 

WVO~FBI 
NH4[Mo0 F3] 
WOF414 C'4 

ReOC!aHzO 
(Et4N)[ReOBr4H20] 
K[MoOC14H20 ] 
(Ph&s)[MoOBr4H20] 

(MoO&l~H~0L 

vo2 

do 
Moo, 

wo2 
dl '- ReO 
d2 ReO 

$ 
MOO 
MOO 

do Moo2 

44 MoO&12H20.KC1 

45 Mo02C12(H20)~.ZK~~ 
46 Mo02C12(DMF), 

47 (MoO~C~(DMF)~]~O 

do 

$ 

do 

48 Cs[NbO(C204),(H20),].2H20 a) 

49 K&Mo%(Cz%)HzO)zO 1 

50 RbNbO(S04)2 
51 CsNbO(S04)2 
52 Mo.&lq06(OPr)S 
53 HgMoO, 

54 Na6[hIo5P2023].13~~20 

do 

do 

$ 

do d= 
do’ 

do 

NbO 

MoOz 

NbO 
NbO 
MOO 
Moo2 

MoOz 
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Nos Distances,A A A' Ref., fig. 

28 1.68 2.06 F 1.84 F 0.22 0.23 [82] 
29 1.66 2.03 F av. 1.86 F 0.17 0.20 [83] 

30 1.64 2.01F E av. 1.997 F 
av. 1.935 02 

I 0.18 (843 

31 1.67 2,03 F E av. 1.96 F 
1.91 02 

1 0.20 (851 

32 1.67 1.99(F) 1.87 (F) 0.12 0.16 (861 
33 av. 1.71 av. 1.97 F av.1.925 F 0.05 0.14 [87] 

__--_--- 
1.70 F, 

34 1.57 2.34 Fb I 1.81 F, av. 1.94 F, I 3.40 0.40 [88],5c 

35 av.1.645 aV. 2.295 Fb (z ;*;; ;' 1 0.30 0.35 [89],5d 
. - b 

36 1.66 2.26 F,, (""' :.;; 2 } 0.37 0.32 [90].5e 

37 av.1.635 W. 2.29 Fb c av. 1.83 Fr 
8%‘. 1.945 Fb 

) 0.34 0.35 [91],5d 

38 1.636 2,187 Fb av. 1.89 F, 0.25 192],5f 
39 av. 1.68 2.14 Fb av.1.92 F, 0.20 i931,Sf 
40 1.63 2.10 Fb av. 1.845 Ft 0.16 [94],5g 

(20) 1.63 2.27 I-I20 av. 2.29 Cl 0.19 [72] 
(21) 1.71 2.32 H20 av. 2.51 Br 0.24 [73] 
41 1.72 2.27 H20 av. 2.37 Cl 0.18 [56] 
42 1.78 2.39 H20 2.516 Br 0.30 [SS] 

43 I 1.65 0, 
1.77 Ob 

2.26 H20 } av. 2.34 Cl 
2.20 Ob 

0.17 [96],8a 

44 ' 1.68 ot 
1.83 Ob 

2.30 Ob } av. 2.38 Cl 
2.25 Hz0 

0.16 [97],8b 

4.5 av. 1.715 av. 2.25 Hz0 av, 2.40 Cl 0.16 1981 
46 1.68 2.20 ODMF 2.341CI 0.11 [SS] 

47 1.68 2.27 0,-,&Q= 1.90 Ob 
2.464 Cl 

0.18 [loo] 

48 

49 

50 
51 
52 
53 

54 

1.691 2.328H20 { =v. ;-:;; ;o-, 1 0.23 IlOll 

av. 1.69 { 2.330 H20 0b2 
1:ss 

2.19 oox 2.090, 0.10 _$;;:I llO21 

1.73 2.26+0s04 av. 2.00 OSO* 0.26 ?I.20 [103],6a 
1.56 2.35+0~04 av. 2.03 0~0~ 0.32 -0.30 [104],6a 

av. 1.626 av. Z.Zl+a( av.1.978 o#) 0.23 -0.16 [105] 
1.72 2.23+(X 1.94 O,, 0.29 -0.18 [106],6b 
1.72. 2.28+Upo, 1.94 O,, 0.34 

av. 1,725 av. 
av. 1.725 

2.2Oltop0, av.';.;;; C$ 0.28 
av.2.30S+Opo4 . b 0.39 

- -- 
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Nos Distances, A A A’ Ref., fig. 

O-M ~-hxzs M--Letza 

55 1.683 2.448NL {a$-;'g;zEDTn } 0.33 ilO81,6c 
. .d 

iif5 ’ 1.815 2.43 NL 
1.76 2.34 OL 

I av. 1.94 0~ (0.38) 0.32 [log] 

57 

58 

av. 1.74 ( 2.40 NL 
av.2.3.9 0~ 

1. - 0.28 [IlO& 6d 

av. 1.737 av. 2.323 NT. - c&o 11111 

59 

60 1.662 

61 av. 1.663 

52 1.674 

63 av. 1.70 

64 1.669 

65 av. 1.61 

66 

67 

68 

1.579 

1.57 

1.658 

1.68 

av.1.87102 
2.211Hz0 2.058 OL 

2.088 NL 

2.347Hz0 {Ef.;;;g; . . 

av. 2.445 Hz0 (z f-z:: z: 
. . 

2.43 H20 {av- i-i;; g: 
. 

2.39100Hb~av.:.~~77~;fnb . 
av.1.863 (Oz)t 

av.2.505 (O& 

0.34 

I 0.63 
‘av.1.835 0; 

2.26N,,, { 2.llN 
0.15 

2.450 Nhr fav- ;-I;; 2 

2.26 00.x i av. 1.945 0; 
2.08 ocl, 

) 0.18 

-0.2 El121 

0.26 [113],7a 

0.35 [114],7b 

0.34 [115],ib 

0.26 [1161,7b 

0.30 [115],7c 

-0.40 [ 117],7d 

-0.25 [118],7a 

0.35 f113],?a 

-0.26 [119],7a 
- 

the former group causes trans-elongation almost always and with any @zns- 
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-hgand bonds in mono- and biiuclear complexes. Struc- 
tural data include nearly 45 mono- and 46 dioxocomplexes. TXoxocompounds 
are less well known: only the structures.of the crystals Mo03NK(CK2CK,NHa)a 
(compound 58, Table 4) and N~&MoO~)~EDTA] .8HzO (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 asymm&ric bridges 
M ~0 = M, e-g. NH~Na[MoO&O)C~O~].2Hz0 (76, Table 5). 
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TABLE 5 

Duns-elongation in complexes with oxygen bridges 

N-OS Compound Bond ef 
X-M 

69 &TeVO4 
70 V&e 

71 VO(Salpn) a) 

72 

73 

74 

75 

(43) 

(44) 

76 

77 

78 

-- 

$3; 
(4) 

(47) 

(49) 

79 

80 

(22) 

81 

82 
83 

MoOSr3 

8OCl4 

IVOCEr--O)~~ipyl~ 

WO2Cl2 

( ;Mo02C12H20), 

[ (Mo02C12H20)3 ].KCl 

do f 

(-JZ 

o= 
t I-o= 

do { r;: 
do 

&y 

do 

do 

d1 

d' 

d:, 
do 

F03. 
-O=F T- 
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Nos Distances,A A At Ref., fig. 

X-M M--L,, M-L-q, 

69 

70 

71 

72 

73 

74 

75 

(43) 

(44) 

76 

77 

78 

1.61 
1.63 

1.63 

1.65 

-1.8 
1.60 
1.68 

1.63 

2.77 0, av. 1.99 Ob 0.78 
2.23 Ot, av. 1.940 0, 0.29 

2_21 Ob c =v- 1-945%ti I 
av.2.053 N,a 

0.27 

2.310b { 
2.41Brt 
2.61% ) 

-2.2 0, av.2.286 Cl 
2.35 O,, 1.81 F 
2.19 N 2.14 N I 0.05 

2.340b av. 2.31CI 

1.65 
1.77 
1.68 
1.83 

2.26H20 
2.20 O,, 

} av. 2.34 Cl 

2.30 O,, 
2.25 Hz0 

) av.2.38 Cl 

av. 1.83 av.2.238 0, 
1.88 2.230 Ob 1 - 

1.76 
1.76 

1.75 
1.79 
1.72 

~:~~C&, } av.l.895 Ob 

2.19 
2.16 Ob ) av. 1.96 Ob 

2.30 
2.02 Ob ) av.1.89 0, 

0.44 

0.20 

0.13 

-0.8 [120],8c 
-0.25 11.311 

-0.25 [122],8d 

0.22 [123],8e 

-0.1 [124],8f 

-0.2 [1251,8g 

0.25 [126],8h 

0.11 CQOI, 8a 

0.16 [971,8b 

0.14 

0.24 

0.07 

-0.05 

[1271,9a 

[128],14d 

I 

[129].14e 

(6) 
(5) 
(4) 

(47) 

(491 

79 

80 

(22) 

81 

1.86 
1.80 
1.778 
1.68 
1.68 
1.90 
1.680 
1.700 
1.700 

av. 1.645 
av. 1.861 

1.65 
1.86 
1.72 

1.825 

82 1.803 
83 1.71 

2.38 Cl av.2.38 Cl 
2.36 Cl av. 2.36 C1 
2.433 Cl av.2.370 Cl 
2.27 ODMF 
2.27 ODMF - 

2.464 Cl 
2.330 H20 
2.187 O,, - 

2.087 O,, 

0 -0.01 C5Ql 
0 0 (583 
0.06 0.07 [571 

(0.18) 
(0.18) Cl001 
0.06 
(0.24) 

(-0.18) 1 [1023,9b 
-0.08 

av. 2.697 SW'- 
av. 2.535 S 

av. 2.486 S 

2.801 S 
2.547 S 

av.2.470 S 

2.18 Hz0 av.2.36 Cl 
av.1.888 (02) 

2.183 Hz0 av. 2.073 0~ 
2.172 NL 

2.14 NH3 av, 2.10 NH3 
2.15 NPy av. 1.96 Np, 

(O-21) ) 

0.05 
[130],9c 

(0.33) ) 
0.08 

[131],9c 

0.13 1741 

-0.20 (132],9d 

0.04 -0.12 11331 
-0.14 Cl341 
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TABLE 5 (continued) 

Nos Compound Bond e) 
X-M 

a) Salpn = N, ~‘-propylen~bis(~iicyl~diminate). 
b) In one of four independent MO-oxygen polyhedra. 
c) In two of six independent MO-oxygen octahedra 

The available data show that multiple 03M or O=M bonds always produce 
considerable elongation. Only in a few oxofluorides - where some disorder 
in the 0 and F location at the vertices of the polyhedron is observed - is this 
effect less clearly evident. An example [81) is RbsMoOsF4. 

Table 4 shows metal-ligand distances in those mono- and dioxocompounds 
which have similar composition. They include oxofluorides, oxoaquohalogen- 
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 @an.+elon- 
g&ion 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 Pans-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 vetal at constant oxidation state will result in some elongation 

of thz 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. 
It is quite probable that the change of bond length is concealed in the errors 
in determined distances **. 

* Witb 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 heavrlight 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 Ieast 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. 



39 

lTOS Distances, A 
-^_- 

X-M M--Leans M-L!,, 

--- 
A A’ Ref., fig. 

84 1.8 
85 1.80 

2.15 Hz0 a~. 2.2 NB -0.17 11351 
2*2’ NEDTA ’ 2.20 NEDTA 0.07 av. 2.04 Oxor~ -0.30 } [136], Qe 

~- 

d) Pentagonal bipyramidal coordination 

_I- 

e) The symmetricat oxygen bridges are designated by sZO=S irrespective of the number of 
valence electrons in the system. 

f, The formal metal electronic configuration is d” with n 7 2. 

On the other hand a comparison of M-Ltrans 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 trans-partner (only structures with the oxygen 
atom of the S04, PO4 or Obridge gr oups as trans-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-(H20)t,,, bond diminishes over 0.08 A. 
One of the obvious reasons for the weakening of the tmrzs-influence by oxy- 
gen atoms in dioxocomplexes is a decrease in the oxygen-metal bond order 
(bond strength) because of their competition in pn-d, interactions (see also 
section E). It is rather difficult to judge if a further reduction in M-Ltrons 
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. 

(SO&, ii ,“‘so4’” 
Nb 

(SO,)‘O------ ‘O(SOal” I 
0 

(SO,) 
0 

M”\O__/ W-- I 
,HgjO, 1 y” 

$"\o_HC- 
_Ho---*~ / 

0 MO 
b 

c d 

Fig. 6. The structures of poiynucfear complexes with polydentate ligand bridges: _ 
a, [NbO(SO&2]-; b, HgMoOq; c, ((MOO)&-S)@DTA]; d, [(MoO&EDTA]~-. 



0 c cl 

Fig. 7. The structures of oxoperoxocomplexes: a, [IvIO(O&LL’] and [MO(O,)zLi’]; 

h, I{MO(O&W&O]; =, IIMo0(O~)2)2(~-OOt‘f)212-; d, WW2~2~201? 

All oxoperoxocomplexes (compounds 59-68) have the structure of a pen- 
tagonal bipyknid (PBP), the OZM+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 tracans-influence. The mean trans-elongation of the M-H20 bond in octa- 
hedral monoaxocomplexes (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 d&bed by canonical formulae M-+OSM (or 
M+O=M) and MFOSM (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 Tab12 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 
nev compounds. 

As expected, the truns-influence of the “multiply bonded” side in an asym- 
metric oxygen bridge is greater than in the case of a symmetric linear bridge, 
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Fig. 8. The structures oE polynuclear complexes with oxygen bridges: a, MoO#~HzO; 
b, (MoO~C~~H~O)~_KCI; c, fli?VOd; d, VO(salpn); e, MoOBra; f, WOC14; g, VOzFBipy; 
h, WC&%; i, [Cs&+j(NC2)4) - 

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 tpe other hand Table 5 h s ows that an oxygen atom in M+=O‘-M or 
M-O-M bonds (two-electron three-center n-bonding with metal atoms of 
d1 configuration) exhibits a weak but noticeable trans-influence. The xantho- 
genate and diethoxydithiophosphate complexes (7930) 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 %FMo-S are 0.06 A longer 
and 0.20 A shorter than those along S-MO-S and 0=340-S, respectively. 
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d 

Fig. 9. The structures2e complexes with single oxyge bridges and polydentate Iigands: 
8% @+fo%@-O)C2O41 ; b, [EMoOz(C204lH20)20 1 ; c, (MoO( S2COEt)2)20 and 
{MoO[S~P(OEt)Q J&O; d, ~{Ti(O~)NC5H~(C00)~(H~O)~~O12-; e, [{Fe(HEDTA))# 12-. 

In general, the trans-influence of symmetric bridges upon such trans- 
ligands as H20, NHs and Py considerably exceeds the similar influence upon 
Cl and CsO4. 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 nitrosocompouncis of different metals have 
been determined. Octahedral coordination has been demonstrated for about 
20 compounds end tetragonal-pyramidal structure for 10 complexes. The 
other structures cantain trigonal bipyramidal and tetracoordinated complex- 
es or 7r-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 MN0 angle lies within 163-180”, the 
M-N distance ranging from L67 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 difierent configuration of the M-NO frag- 

* In Mo(NO)(SsC!NR2)s, 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)sJ having orderdisorder character, 
nor for the structure of Mo(NO)sCi;t(PPhs)s in which one of the nitrosogroups is fiied 
with poor accuracy owing to a disordered arrangement of this group and a thtorine atom 

along the ON-Ma-Cl coordinate. 
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ment has been found in three cobalt complexes (compounds 99-101) and in 
two binuclear platinum complexes: [Pt2(N0)&ls]~ (compound 102) and 
Pts(NO)&l~- (see p. 86). Here the M-NO group is essentially non-linear 
(LMNO = 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 trans to the ni- 
troso group [1573 (large trans-effect), elongation of the trans-partner has not 
been observed at all (negligible trans-influence). Dens-elongation was reveal- 
ed only in nitroso-tris-dithiocarbamates of MO and Ru (compounds 9’7 and 
91): in PBP-complexes of MoNO(S&NR& A = 0.06 & in octahedral 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)b 1” complexes in the series: 
Fe, Mn, Cr. On the other hand, the Ru-Cl,,,, bond in Ms[RuI?;OCls] , 
where M=NH4, K (7 and 8) is shorter with respect to Ru-Cl,, bonding: by 
0.019 .& 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 
tmns-influence: truns-elongation amounting to 0.2-O-4 A. It is particularly 
noticeable in binuclear Pt complexes. Figure 5h shows the structure of the 
[Pt,(NO),Cl,]2- complex. Here the Pt-Clbridge distance trans to Clte-inai 
is 2.35 a, whereas in &ens-position to NO it is equal to 2.74 K. In -Lhe 
[Pts~N%~l,12- complex the similar bond &ans to (NO)t,-al has the 
length of 2.62 A. 

Thus the mtroso group differs from the other ligands discussed. It exhibits 
maximum trans-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 trans-influence in nitrosyl com- 
plexes of the two types. Assuming the complex valence shell to be composed 
of three electrons from the nitroso group (ONZM), 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- 

* Anabnormally shoti[95] V--CNh,, bond (1.853 A) in K2EW’lO(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 +O in octahedral nitrosyl complexes 

Nos Compound Na) Distances, A 

M --NNo M--Ltmm M--Leau 

-- -- 

(7) 

(8) 

86 

87 
88 

89 

(23) 

90 

91 
92 

:4” 
96 
96 
97 

98 

99 
100 
101 

102 

WH.&[RuNOC161 18 

K2[RuNOC15] 18 

0sNOC12(HgCl)(PPh3)2 18 

K2UWWOWWW41 18 
Na2[RuNO(OW(N%hl 18 

[RuNO(OH)(NO,)z(NH3)2] 18 

(NH~)2~RuNO(H*O)Cl~]CI.~~0 18 

[ RuNO( NH3)6 jC13.H20 18 

RuNO(S2CNEtpla 18 
Na2(FeNO(CN)5].2H20 18 
K3[MnNO(CN)6].2HZO 18 
[Coeng][CrNO(CN)I;].ZHzO 17 
K~[VNO(CN)5] b, 16 
K4[MoNO(CN)6] b, 18 
MoNO(S2CNR& =) 18 

Mo(N0)#12(PPh3)2 b’ 18 

[CoNO(NH&lC12 20 
[CoNOCIen2]CfOq 20 
[CONO(NCS?~DAS)~](NCS) 20 

(C~H~NH)~[P~~(NO)~C~EI 20 

1.74 

f 
1.747 
1.799 

1.79 

1.79 
1.76 

1.76 

1.67 

1.80 

1.72 
1.63 
1.66 
1.71 
1.66 b) 
1.96 
1,73 

( 
1.82 
1.91 b) 

1.87 
1.82 
1.86 

2.15 

2.357 Cl av. 2.376 Cl 

f.;;; Cl 
. 

; ;*;;7” Cl 

’ 2:42 Cl 
2.37 Cl av. 2.396 P 

2.677 Hg 
1.99 OH av. 
1.98 OH 

2.08 NNO~ 
av. 2.08 NNO,, 

1 

1.96 OH 
av. 2.056 NNO~ 
av. 2,126 NHn 

2.06 Hz0 

2.19 NH3 

2.415 S 
1.90 c 
2.01 c 
2.075 C 
1.853 C b’ 
2.20 C 
2.668 S 

- av. 2.35 Cl 

av. 2.08 NH3 

av. 2.395 S 
av. 1.92 C 
av. 1.98 C 
av. 2.033 C 
av. 2.17 C 
av. 2.13 C 
av. 2.51 S 

g*;;;b) Cl av. 2,696 P 

2.220 NHs av. 1.98 NH3 
2.676 Cl av. 1.96 N,, 
2.10 NNCS av. 2.36 As 
2.74 C&, av. 2.30 Clt 

2.36 Clb 
-- __-_ ___. * .___- -. ~-- --- 
11) N is the total number of valence electrons (see the text). 
t)) Partly disordered structure and the distances between statistically dietributed atoms. 
c) MO c.n. is equal to ‘7, PBP polyhedron. 
d) The second reference for the IR data. 

center (a or n) orbital” having nodes both in the M-Llrons 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 la& fact is responsible for the change of configuration in the 
M-NO fragment (reduction of the symmetry of the MNOLb complex from 
CqV to C, via the second order Jahn-Teller mechanism [168] ). 

* In the 20.electron nitroayl complexes with purely donor trots-ligande NH3 and en, the 
upper occupied orbitat ia probably a - @a. (See p. 8). 
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-. “_ --- 

Nos A A’ N-O L MNOO VNOt cm 
-1 Ref., fig. 

(7) 

(8) 

86 

:;: 

89 

(23) 

90 

91 

:3" 
94 
96 
96 
97 

98 

1:: 
101 

102 

-0.02 
-0.02 
0,Ol 

-0.06 

0 
0 
0.01 

0.01 

1.13 
1.12 
1.09 

1.03 178 

1.12 171 
1.13 180 

1.12 176.6 

1.16 176 

0.11 

0.02 
-0.02 
0.03 
0.04 

(0.07) 
0.06 

-0.02 
-0.02 

-+I.02 

0.01 

0.11 1.11 167 

(0.08) 

1.17 170 
1.13 178 
1.21 174.3 
1.207 176.6 
1.29 171‘4 
1.23 176 
l.lG 173.2 
1.22 163.1 
1.16 b) 160.4 

0.24 -0.27 1.16 
-0.33 1.04 
-0.20 1.01 

0.38 1.18 

176.7 
176.8 ) 
171 

119 
120 
136 

112 

1887 

1905 

1820 
I 

1900 
1907 
1869 
1900 
- 

1922 
1935 
1830 
1939 
1730 
1646 
1630 
1466 
1630 
1774 ) 
1662 

1646 
1611 

i760 

[60,1371d) 

Pa] 
16lbl 

f1331 

;:s:; 

11411 

t1421 

I1431 

I1441 
I1451 

t::q 
P481 
‘r:;;;‘491 d, 

[lGl,lW]d) 

The data on tetragonal-pyramidal (TP) nitrosyl complexes also agree with 
such an interpretation. Complete loss of a donor trans.ligand with its electron 
pair may be regarded as an extreme case of transeinfluence 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-NQ 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 depend8 on the composition of the complex 
and other factors. In particular, the complexes [ Ru(NO)sCl(PPhs)s]+ and 
[Os(NO)s(OH)(PPhs)s]* (111 and 112) each contain two nitroso groups. It 

* Foradditionaidata,eeep. 86, paragraph 6. 
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Structural parameters and frequencies vNo of tetragonal pyramidal transition metal nitro- 
syi complexes 

_._--_-_-_-_~ 

NOS Compound N a) Distances, A 

M-NO (ax) 
-- _I--_ ~I___ l 

103 ~FeNOES&~(CN)&]=- 17 1.56 
104 FeNO(S2CNEt& 17 1.69 
105 FeNO(S$NMe& 17 1.720 

106 CoNO( &CNMe& 18 1.746 
107 [Ir(NO)Cl(CO)(PPh&JBF4 18 1.972 
108 [Ir(NO)I(CO)(PPh~)~]BF&$-Is 18 1.89 
109 tlr(NO)I(CH3)(PPh3)2] 18 1.91 
110 [~r(NO)Cl2(PPhs)~l 18 1.94 
111 fRu(N0Wi(PPh,),l U'Fc51 18 { 1.859 

(1.738)b’ 
112 IWNC)2(CWW’W21 PFsl 18 1 1.98 

(1.71)b) 
113 [Ru(NO)(Diphos)z] [BPh.+].MeaCO 18 1.735 

- _- 
a) iV is the total number of valence electrons. 
b) Parameters for linear NO groups in the base of pyramid are given in parentheses. 
c) 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 Iigand in the posi- 
tion tram to the latter group (Cl and OH, respectively) is at an ordinary dis- 
tance from the metal. 

Winen comparing the iron and cobalt nitroso-bis-dimethyldithiocarbamates, 
the correlation between the geometry of the M-NO frament and electronic 
occupation appears to be most convincing. The crystals are pseudo-isostruc- 
tural: their molecuIar 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 trans-partner of 

* A question arises whether there exists a correlation between the MN0 angle and M-N 
distance in the angular complexes. In most of these the MN0 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 CoNO(S&NMe& 
and [Ru(NO).$l(PPhs)2](PFs) the angles MN0 are greater (136”) and, accordingly, the 
M-N distances are shorter (1.746 and 1.859 A, respectively). A state, to a certain extent 
inkrmediate between the two extremes, is likely to occur here. 
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NO8 Distances, A LMNO VNO Ref. 

M-Lbas N-O 
----. -- 

103 av. 2.27 S 1.06 
104 av. 2.28 S 1.16 
105 av. 2.294 S 1.102 

106 
107 
108 
109 
110 

111 

112 

113 

av. 2.263 S 
1.86 C~0,2.343 C1,av. 2.408 P 
1.70 C,,,2.666 1,av. 2.360 P 
2.06~ CH3.2.726 1,av. 2.340 P 
av. 2.348 CI,av. 2.376 P 
2.365 Cl.av.2.428 P 

2.00 OH,av.2.435 P 

av. 2.388 P 

1.16 136 
1.16 124 
1.17 126 
1.23 120 
1.03 123 
1.17 136 
(1.162) ( 179.5) 
1.12 127.5 
(1.25) (-180) 
1.197 174 

168 1645 
174 1673 
170 1670 

1626 
1680 
1720 
1525 
1560 

(:::X,l 
1632 
(1842)' 

[1591 
[160,16lp 
I1621 

[1631 
11641 
11651 
(1661 
El671 

I1661 

[169,170]=) 

11711 

the nitroso group (NNo-M-LeGu > 90”). In particular, the metal atom is 
shifted over 0.13 A from the cis-ligand plane in [RuNO(H,O)CIB]- (23), and 
over 0.20;0.16 and 0.13 A in the series of [M(NO)(CN),]*, 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 R in 
[CoNOCiensjf (IOO), 0.05 A in [CoNO(NHs)s]‘+ (99), 0.01 A in 
[Ptz(NO)&ls]2- (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 MXB 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 [MNHalS]” to 
[MNHa141W1)-. 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,I,. However, 
on going from K2[OsNCls] [55) to (Ph4As)[OsNC14] [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, ONOZ, NcN). 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 
(CsH7NH)s[Ptz(NQ)sCls] (102) the nitroso group is surrounded by carbons 
of the quinolinium cations, in [ CoNO( NHs )s ] Cls (99) its neighbours are the 
NH3 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. 
190. 

5. Carbonyl and molecular nitrogen complexes 
The majority of carbonyl compounds studied are n-complexes where 

the term “coordination number” is rather artificial and the Crans-influence is 
obscured by the complicated pattern of multi-center interactions. On the oth- 
e.r 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,X92] ). 

One may, however, use another route. i.e. to trace the relative influence of 
the OC-M and L-M bonds on the identical trans-pmners. 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 trans-partner. Since its bonding 
with the metal is mainly n-acceptor (with a relatively weak u-donor compo- 
nent), this case is somewhat unique: the trans-influence of a multiple bond is 
conveyed by x instead of a u-mechanism. It is quite natural that the maximum 



TABLE 8 

The metal-carbonyl group distances along OC-M-CO and L-M-CO coordinates 

Nos Compound M-CO distances, JI 

Along Along 
OC-M-CO L-M-CO 

L A Ref. 

114 @WWW%Cr(CO 14 3 
116 ~Me(MeO)C}(PPh3)Cr(CO)~ 
116 Cr( Dien) (CO)3 
Il.1 (EtrjPri)Mo(CO)lr 
118 HMn(CO)r, 
119 (CO)4MnBr2Mn(CO)4 
120 (GF2H)Mn(CO )e 
121 (CO)4CoSnPh2Mn(~O)5 
122 (n-C~H~)Fe(CO)2Mn(CO)5 
123 (CO)sMnFe(CO)4Mn(CO)rj 
124 (CO)gReHRe(CO)4Mn(CO)5 

126 (CO)gMnMn(CO)a 

126 (Et~P)(CO)4Mn~n(CO)4(PEt3) 

127 (CO),Mn(H)PPh2Mn(CO)4 

128 (NH&H3)(CONHCH3)Mn(C0)4 
129 CeCaH&( O)Re( CO)6 
130 Me$n(CO)~Ru(SnMe&Ru(CO)$nMea 

1.885 
1.86 

- 

2.01 
1.840 
1.865 
1.79 
1.84 
1.825 
1.855 
1.83 
1.83 
1.86 
1.873 
1.81 

1.84 

1.847 
2.00 
1.90 

1.83 
1.83 

av. 1.816 
1.93 
1.821 
1.760 
1.73 
1.79 
1.749 
1.805 
1.80 
1.79 
1.82 
1.803 

1.785 

1.775 
1.96 
1.86 

H 
P”) 
N 
P 
H 
Br 
C 
Sn 
Fe 
Fe 
Re 

Mn 

Mn 
H 
P 
N 
C 
Sn 

0.05 
0.03 

[1731 
(1741 

0.08 
0.02 
0.10 
0.06 
0.05 
0.07 
0.05 
0.03 
0.04 
0.04 
0.07 

0.05 

0.07 
0.04 
0.04 

t:Y 
u791 
[1801 
[1811 
tlf=l 
11831 
[184a] 
[ 184b] 
[ 184c] I 
W51 

WI 

W71 
W81 
w91 

a) The M-CO in transposition to Me(MeO)C is not given, 
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effect is observed if the trans-influencing l&and is also a rr-acceptor (i.e., a CO 
group), but this does not occur if a u-component predominates in the bond- 
ing of this ligand. In particular, even the u-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 Nz 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 +-Ill-+ M 

N 

These data are rather obscure and contradictory with regard to the structural 
manifestation of the trans-influence. In ruthenium pentaammoniate (133) 
the groups Ns and NHs are distributed statistic&y at the vertices of an octa- 
hedron, and it is difficult to discern a trans-elongation. In the similar osmium 
compound (135) the Os-NH3 distances along the frans- and c&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) Na is 
in a trans position to N, The Ru-N,, and Ru-N,, bond lengths are nearly the 
same, but it is not clear how large the “normal” Ru-NN, distance should be. 
Finally, in the mixed binuclear complex of Re and MO (137) no tians-elonga- 
tion is observed. However, unlike the other (in particular, the second) binu- 
clear complexes, this compound has particularly long N-N and short M-N 
bonds. 

In Mo~N~)~(Ph~PCH~CH~PPh~)~ (131) the two Na groups are in tram po- 
sitions to each other. The M-NN, 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 N2) are in tram positions to each other. The Re-Cl 
bond in Re(N~)Cl(P~Ie~Ph~~ (132) is also greater than the normal one. How- 
ever, in the structural investigation [ 194 J it was assumed that the distribu- 
tion of Cl and Nz is not quite regular in the two trans-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 truns-influence of the metal-metal multiple bond in binucleat complexes 
~I 

Nos Compound d” 9 Distances, A 

M-M 

139 K~W~dS%),1.2H20 

(16) Cs~I*%~*sfW&l [Re2Cl81 

(17) Re2Cl~(ILIeC00)Z(H20)2 
140 Rs~M~z(SW~l.3,5RaO 
141 ~G&~M%W-L&h 

142 RhAM~C00MH20h 

143 RbOf~00MHz0) 

144 Rh~(C~H7N,02)4(PPh3)2H20.C~H,0~ 
145 Co2(PhC00)4(CgH,N)z 

cl4 
d4 

d4 
d4-d5 

d4-d5 

d’ 

d’ 

_- 
(1) (NH4)2[Re2(HCOO)2Clsl 

146 Res(PhCOO)&ls.PCHCls 

147 

143 

(141) 

;49 
150 
151 

152 

d4 

d4 

d4-d5 

d'-d6 

$ 

d5-d6 

4 

4 

4 
3.5 

3.5 

G3 

<3 

-1 

-1 

4 
4 

4 

4 

3.5 

2.5 
=G3 
s3 

-1 

2.110 

2.111 

2.224 
2.164 

2.293 

2.386 

2.38 

2.934 

2.832 

2.260 
2.235 

2.259 

2.251 

2.213 

2.281 
2.47 
2.47 
2,794 
2.798 

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

different labilizing effect on Ltrans 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 dR configuration, but depends on the sequence of bonding and 
antibonding M-M orbit& of different types (u, 71, F and 6) (cf. [ZOZ] ). 

Additional data on binuclear clusters with different d” metal orbitals are 
shown separately in Table 10. The upper section presents compounds with 
acid partners of the M-M bond. Besides illustrating the general M-Ltrans 
bond elongation caused by M-M bonding, these data demonstrate (with ac- 
count taken of the aforementioned limitation) a gradual decrease of trans- 
influence with weakening (elongation) of the metal-metal bond *. 
* Replacement of the d4-d4 configuration by d4--d5 does not affect the value of a. As 
mentioned above the effect of a s -bond on the trtm.+M-L bond is rather weak. 
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Nos Distances,.-% A A' Ref., fig. 

M--Gxms ~~-b?CW 

139 2.593+OS(-j4 2.13 Osod 0.46 0.50 [203],10a 

(16) 2.44 Hz0 ( (;-;;,Cl 1 0.36 [SS], lob 

(17) av. 2.507 Ha0 av:2:30 Cl 0.43 [69],lOc 
140 2.55 Ha0 2_064+OSo4 0.49 0.46 [204],10a 

141 3.22+-C],., 1 2.337 Cl 2.439 s ) 0.88 0.83 [205],10d 

142 

143 

144 
145 

(1) 
146 

147 

148 

(141) 

149 
150 
151 

152 

2.302 H20 2.04 0, 
2.20 Ha0 
2.45 0, 2.03 0, 

av. 2.438@ av. 1.99 N 
2.102 N av. 2.02 0, PI_ 
2.71Cl av. 2.32 0, 
2.489 Cl t av. 2.018 0, 

2.2800Reo4 
c1 

( "z*;; . 
2.01 0, 

2.18 OReO* { 2.04 0, 
2.493 Clb 2.337 Cl 

2.439 S 
2.587 Clb av. 2.00 0, 
2.49 Cl 2.06 0, 
2.53 Br 2.08 0, 
1.946 C av.1.885 C 
1.96lC av. 1.886 C 

0.26 
0.17 
0.42 

0.28 
0.18 
0.43 

-0.05 
-0.2 

0.39 

1 

1 0.27 

1 
0.14 

0.15 

0.07 
0.08 

0.32 
0.10 

0.20 

0.10 

0.10 

(0.23) 
0.16 
0.08 

-0.1 
-0.1 

[206,16,207],10a 

[208],10e 

[209],lOf 
[210),10a 

[54],1Oc 
[211],10a 

]2f21,lOlz 

]213],lOa 

(205],lOd 

[214],10h 
[215,16],10a 
[215,16],10a 
]216a],lOb ] 
]216b] 

Structural investigation shows as well that some form of Pans-influence 
may take place in M, clusters with n > 2. The weakest M-L bonds in such 
clusters are those in a truns-position from the center. In particular, this in- 
cludes the trinuclear rhenium clusters [ ResHalla J * and their derivatives 
(Fig. lOi). Table 11 h s owsthatthedistances from Retothe terminalatoms 

in the plane of the rhenium triangle (Re-Ltrons) considerably exceed those 
to the atoms above and under the triangular plane (Re-L,,). Halogen ion 
substitution or elimination in [Re,Hal,2]3- complex always takes place in 
L tmns 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 12251, in [MosBrsBr4(H20)2] the Mos octa- 
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Fig. 1021%e structures of compiexes with metal--metaI bonds: a, M&k)qL;; b, MzLsLh; 
c, MztLLI2LkLz; d, Re$1~fMe2C2H&&; e, R~2(HCOO)~H20; f, Rhz(C4H7N202)4(PPh312; 
g, Re~(PrCOtS)$X~ReO~; h, Ruz(PrCOO)&i; i, [ReaLlzf -; k, Re& 

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-Brt,,, and Mo--H~O~,,~ are equal to 2.589 and 2.19 k 
respectively, thevaluzs of A’ being 0.05 and 0.10 A. In W613rX6 the similar 
UT---Brlmns distances ue equal to 2.56 A (A‘ = 0.03), in MoClz the MO--C.&,, 
distances [2279 are reduced to 2.38 Ii (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),M-M(CO),, (C~)~M-M(CO~*-M(CO)s and some other clusters have 
already been given in Table 8. As commented previously in all cases the 
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0 b 

C 

Fig. 11. The formation of Mz07 fragments: a, Re203; b, Re2072H20;c, [McJ~O+X~O),]~-. 

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

(iii) The role of Lt,,, l&and 

In view G.Z the model (section B), the weakening (elongation) of the M-L 
bond should depend both on the possibilities of competing with &and X for 

b 

Pig. 12. The structures of complexes with double oxygen bridges and polydent+e ligands: 
a, ~fMo~(~~Oa~(H~0~~~0~12--; b, [@40WC3%02)232012-; c, ~M~&IGVWW~I~. 
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TABLE 11 

The truns-influence of the metal-metal bond in trinuclear rhenium complexes 

NOS Compound 

153 Be&Ig(PEt2Ph)3 

254 Re&X9 

Distances, A 

M-M 

2.49 

2.49 

M-L,,, 

2.70 P 

2.66---C&.,- 

155 Be& 
2.440 
2.507 

2.94- ib- 

156 (-Ph4As)2[Re3C11l(Hz0)1 2.44 
2.48 

2.40 Hz0 

157 (CsH7NHf3EReBrsI[Re3BrgfH20)31 av. 2.460 2.40 N20 

158 { 
av. 2.477 av. 2.52 Cl 

av. 2.50 2.60 Cl 

XI: 

(136) 

~~2[Re&rll I 

(Ph4As)zlRe3Clll(HzO)j 

c 2.43 
2.50 

t 2.72 Br 

{ 
2.44 2.48 1 2.56 Cl 

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

The first is readily traced by comparing the M-Ll,,S distances in the com- 
pounds of identical composition with acid and donor ligands in the position 
tram to X. Table 12 shows data for about 40 compounds of different metals, 
the ligand L being F, Cl, Br anions or H20, NCR and NH, 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 (Me) clusters (Tables 10 and 11). The molybdenum oxo- 
chlorides and oxobromides are an exception. fn these compounds the Cltrnns 
and Brtrans bonds are weakenoc! to the same extent as the bonds with 
(H#)~ronu. One may also exclude ruthenium nitrosyi complexes which display 
practically no trans-influence even in the case of a donor tram 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 a!ready been listed in Tables 3-7. To provide a clearer 
comparison the principal data for these compounds are represented 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--Lb 

153 
154 

155 

156 

157 

158 

159 

av. 2.31 Cl 
2.29 Clt 
2.40 --clp 

av. 2.604 It 
2.744 I,, 

av. 2.30 Cl 

av. 2.445 Br 

av. 2.36 Cl 
av. 2.35 Cl 

av. 2.43 Br 

(156) av. 2.30 Cl av. 2.36 Cl 0.17 [220], l.Oi 

av. 2.38 Cl -0.4 [217], 1Oi 

2.46 CI 0.26 0.27 [2X8], 1Ok 

av. 2.739 I 

av. 2.35 Cl 0.32 

av. 2.533 Br 0.32 

av. 2.39 Cl 0.26 0.X.3 
av. 2.43 Cl 0.25 0.21 

av. 2.55 Br 0.18 

0.20 -0.3 [219], 10k 

[220], 1Oi 

[211],1Oi 

[222a], 1Oi 1 
[222b ] 

t2231 

lustration, Table 13 shows the distances from M to 0 or N atoms (of polyden- 
tate ligands) occupying positions lrans 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, ii&s 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 Srans-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, whiie 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 bide&ate 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 ~~a~~s-in~uence 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 
in 
tables 

L trrrW--acid &and 

Compound M-Ltrona A A’ 

. 
160 (Ph.&)ENbO(NCS), J 2.27 NCS 0.21 

( 28) KzfNbCFrJ 2.06 F 0.22 -0.2 
( 29) K2[MoOFlj].H20 2.03 F G.17 -0.2 

161 K2[MoOCIS] 2.631 Cl 0.23 0.23 
162 ~NH&fWoOBr~l 2.83 Br 0.27 _ 0.30 

( 10) ReOC1s(PEt2Ph)g 2.47 Cl 0.05 .0.08 
( 3) K2[ReOCl6] 2.47 Cl 0.08 0.08 

f 9) ReNC12(PEt2Ph)3 2.56 Cl 0.11 0.17 
( 2) K20sNC15 2.50 Cl 0,14 0.11 

- (146) ~e2(PhC00)&12.2CHCl~- 2.489 Cl 0.10 
(141) RezCle(SzC4Hlo)a 2.493 Cl 0.16 0.10 
(150) (CNaHe)[Rha(MeCOO)&Izl 2.49 Cl 0.15 

(151) (NH4)4IRh2(MeCOO)qBrzlBrz 2.53 Br 0.05 

163 Re207 av. 2.12 Ob -0.05 
164 Re&WW)2 2.06 Ob -0 

Re(NMe)CI3(PEtPh2)2 2.411 et -O.Ul 0.02 
Re(NCaH&OCHg)C13(PEt$‘h)2 2.41 Cl -0.02 0.02 

( 14) Re(NCaH43CHa)Cls(PEt2Ph)2 2.43 Cl 0.01 0.04 
-- -~-__-.I_-_._“-_-~-- 

( 15) Ka[RuNOCig] 2.369 Cl 0.01 0.02 

-_ K4CRuzCkoCJ 2.36 Cl 0 0 
~~4~~~2~~10~~ 2.433 Cl 0.06 0.07 
K4[ Re2Cilo0 &Hz0 2.38 Cl 0 -0.01 

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

density in the metai chefate. In particufar, fhis refers to pIanar cheIates which 
have a symmetric composition and unequal M-L distances. In Table 13, dis- 
similar metal l&and distances in oxomolybdenum xanthogenate (79) and di- 
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Nos 
in 
tables 

L trons-donor Iigand 

Compound M-Lti,ons A AS 

( 41) 

I 4202; 
( 211 
‘165. 

166 
167 

( 61) 
( 62) 
( 64) 

K[MoOC14(H20)] 2.27 Hz0 
Ww’WWoO%U%O)l 2.39 H20 

ReOC14(H20) 2.27 Hz0 
(Et$I)EReOBr&W)l 2.32 Hz0 
(PheN)ZReOBqNCMel 2.31 NNCM~ 

{VO(acac)&@ioxan) 2.51 Odlox 
VO(NO&(NCMe)a) 2.24 NNCMe 
KzC{MoO(O2)2(HzO))20] “‘., av. 2.45 Hz0 
PYH[{MGO(O~)~(H~O))~O 1 2.43 H,O 
(P~H)z[iMoo(o,),~,(~-OOH)zl*) 2.39 OOH 

0.18 
0.30 
0.19 
0.24 

-0.25 
0.52 -0.50 
0.21 -0.30 

0.36 
0.34 

0.34 -0.3 

168 
( 18) 
t 19) 

II::; 
(142) 
(143) 

___-~ 
K2[ReN(NC)4].H20 

--~1--- 
2.44-N- 

K[OsNC14~H20)] 2.50 Hz0 
KfOsNBr&HzO)] 2.42 Hz0 

--_ -~ --- --.- 

Re$&(MeC00)2(H20)2 Ra$WW4H1o)2 2.502 3.22~Cl- H,O 
RhdMeCOO)&Wh 2.302 Hz0 
RII~(HC!OO)~H~O ( 2.20 Hz0 

2.46-O: 

-0.33 
0.45 
0.37 

0.88 0.42 0.83 
0.26 0.28 
0.17 0.18 
0.42 0.43 

) 

--_- ~--_-~~ ____.______-Y-F ._I~ 

169 VOSOd.SH20 2.223 H20 0.18 -0.30 

(164) 

170 

170’ 

- - 
Re207fHzOh 

(UOz)lMozO7(Hz0)21HzO 

[MoO(P-~)S-~Z~)I.H~O 

2.21 H&I 0.13 

1 av. 2.305 ob 0.35 -0.26 av. 2.295 Hz0 0.20 1 

2.293 Hz0 0.20 

171 W(NC2C15)C14(NCCCI,f 2.37 N -0.3 

-- _.-__- 
( 23) (NH4)2[RuNOC14H20]C1.H20 2.06 Hz0 0.01 

( 22) --- K~[Ru~C~~(H~O)~N] --~ 
__--~_ 

- 2.18 Hz0 0.13 
( 82) Wr2(NH&oOICI4.H20 2.14 NH:, 0.04 0.12 

ethoxydithiophosphate (80) compIexes 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). 

Structuraldata on complexes with a monodentate trans-ligand L capable 
of n-interaction with the metal atom are rather limited. No such data are 



TABLE 12a 

The M-X, M-L,,, and M-L,@, distances in compounds not &ted pretiousIy in the tabks 

Nos Compound d” Distances, A d A” ref., fig. 

X-M M-Ltrans U-L& 

160 
161 
162 

163 

164 

166 
166 
167 
168 

169 

1.70 
1.67 

a’ 1.86 
’ 0 ’ av. 1.69 Ot 

av. I.746 0, 
do 

( 
1.74 
1.76 

$ 1.73 1.62 
;I 1.53 1.55 

0.21 r22a1 
0.23 0.23 [SS] 
0.27 0.30 (2291 

T5 ] [230], lla 

_y3 j [231],llb 

-0.25 [232] 
0.52 -0.59 [233f 
021 %.3 [234] 

“0.33 I2351 

a) Pentagonal bipyramidal coordination. 
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available on compounds with X = N or 0 and L = RN, NO. Only three binu- 
clear complexes with the linear OzR~R.e=cO fragments are known (coma 
pounds 189-191, Table 14). In all three compounds the R@+brkfpe dis- 
tances c,xceed those in K~:RezOCllaj.HaO by O.06-0.06g A, This difference 
is smaller than the elongation of a tmne-partner in any of the rhenium oxo 
compoilnde where X is Otermlnnl and Llrdna ia the usual acid or donor lignnd 
(Table 12). 

Table 14 also liatst data for sever81 mononuclear transdiaxo complexes. 
‘rhe M-=Lw~ distances in these compounds, in three previous ones and in 
numerous MXL4H20 complexes serve as ~~dditi~nal evidence of the ~adual 
incrcaae in ~~~~infl~~nce upon I&(l,,d replacement in the ~~ri~~ 
0 trr,,,ltl*i c -0=-c bOI=Iq or +=Ol”i # The lust case includes all comploxos with 
very asymmetric oxygen bridges, the longer bond of the Prugmcnt M-Q= M 
being in the position Iran8 to the muitiplc X-M bond Some examples of 
pslynuolenr complexes and chains with d-8 = M-Q 3 M fra moms were list- 
cd in Table 6,. Sovoral strl~ot~~res in Tnblo B nleo contain the fragments 
0t.3M*-0,,=M. In at1 cases the bond to the bridge 8 ntsm trans ts terminal 
CEM is considerably lcngthcned. This confirms indirectly the predominantly 
donor character of the M+-Oi,=M bond, Elcctran density transPar fram such 
an oxygen atarn to the mctnl is smaller than in the ease of an ordinary M-O 
band. 

It is quite natural to assign the bonds with bridge hniogen atoms trnn@ ta X 
(in the fragment X-M&Hal-M) to the same group of “donor” bonds, The da- 
ta on axofluorides and oxochloridcs are shown in the upper part of Table 4 
and in Table 3, respectively. 

Comparison of polymeric oxohalogenidea with mononuclear oxohalogen- 
ides in these tables reveals that kens-elongation of the M-Halbrfdge bond is 
definitely greater than for the M-Halt,rminnl bond. Such a difference in trans- 
elongation is retained ev+n if the M-Halbr~se distance is compared not with 
M-Halterrnina~ but with M-Halbridge in the cis-position to ligand X. 

As a whole, comparison of M-Ltrans distances in complexes with the same 
multiple-bonded ligands X shows that trans-elongation increases in the series: 

Lacido< I'donor< Lbridge 

The specific nature of the carbonyl group as the LtranG ligand has aiready 
been discussed on pp. 50 and 54. 

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

Comparing the M-Ltrans 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 (561 has come 
to the conclusion that weakening of a bond trans to oxygen is enhanced in 
the series d2 < d1 < do. 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 tmns-influence of the multipie bond in complexes with palydentate ligands in truns- 
position to oxygen 

Nos Compound d” MOn 

172 

176 

d9 V02 

cl’ vo 

CP MOO2 
(MO%) 

do Moo2 
(MoO3) 

d’ MOO 

do 

do 

do 

MOO 

MOO2 

Moo2 
Wo%) 

._~-_.__-__-___- _ _* 

do Moo2 

do Moo2 

d’ MOO 
&foOd 

d1 MOO 
(MoOa) 

--__ 

179 

180 

M~O~@Q&~NO)~ do Moo2 

MoO2Bt@ipy do Moo2 

181 NbO(OEt)C12Bipy do 

( 74) WWBipyIz do 

NbO 
(NbW 

cvvoo2, 

( 66) Cr0(02)2(Phen) 10 do CrO 
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NOS Distances, A A Ref., fig. 

X-M M-Ltmns Ltrana M---Law 
-_.-- --- 

( 0, 1.626 
172 l Ot 1.667 

{ 0% 1.635 
Ot 1.648 

173 Ot 1.61 

( ot 1,700 
( 49) O,, 1.876 

(0, 1.680) 
Ot 1.816 

( 76) (g:, ;:;& 

174 ot 1.70 

( 68) Ot 1.68 2.26 

175 { ot 1.77 
ot 1.77 
ot 1.66 

176 ot 1.70 
Ob 1.90 

2.16 
2.16 
2.1s 
2.35 
1.94 

177 { Ot 1.62 
ot 1.71 

17’ e t Ot 1.63 
01 1.63 

( 791 E 0; av.1.647 
ob av. 1.862 

. 

2,186 
2.268 
2.186 
2.236 

2.18 

2.187 
2.087 

(2.330) 
2.235 
2.242 

(2,230) 

2.11 

_. ._.-_--.-- 
2.16 
2.24 
2.63 
2.63 

av. 2.697 
av. 2.535 

2.801 
2.547 

- 

-0L 
-Or. 

av. 2.005 0~ ti: 1 j239a) 
. 

av. 1.980 OL ;;; } [239b] 
. 

-%.4 { 
av. 1.960 0~ 

2.04 Hz0 
o’22 ) [240] 

---<IL 0.22 b) 

-0L 
- [IO21 

b20 (0,361 b, 

-0.03 

[127],9a 

[241],12a 

--OL i 
2.08 OL O-l8 1 7R 

av. 1.946 02 
[119], 

0.23b) 
0.43 b) 

- 

I [ 243). 12b 

_..-. --. _-___-__.._____ .-.- -__-_..l_--_ - ._ -._ e-e 

OL 
OL 
St 
SL 
'SL 

-sL 

av. 1.99 0~ 

av. 2.44 St 

av. 2.486 SL 

0.17 
0.25 

1 l244al 
[244bj 

0.19 
0.19 > [2451 

‘SL 
-sL 

av. 2.470 SL 

179 { 0, 1.71 2.32 +NL 
ot 1.71 2.32 -NL 

1 av. 1.98 0~ 

18o { Ot 1.64 2.26 'NL 
2.461 Br 

ot 1.83 2.45 +NL 2.781 Br 1 

18' i ot 1.71 2.35 &NL 
OEt 1.87 2.32 +NL 

1 av. 2.445 Cl 

( 74j I tot 1.60) 
Ob 1.68 

( 66) Ot 1.56’ 

(2.36) O,, 1.81 F 
2.19 *NL 2.14 NL 
2.26 -NL ; 2.11 NL 

av. 1.835 02 

-.--- . . .._-_. ___-- _.--.-. -“-- 

[2461 

[247 I 

[2281 

oo5 1 [1251.8g . 

0J5 } [118],7a 
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TABLE 13 (continued) 

.~~-~-------~ 
Nos Compound d” MO, 

182 

183 

I.84 

18G 

__i.- 

186 

( 66) 

( 67) 

__._ ._.. 
( 66) 

( 58) 

187 

188 

__.__ 

._. _.... 

N~~~[{MoO(L-SCH~CH(NH~)COO))~O~ I d1 

Nn2[fMoO(L--SCH,CH(NHz)coo))zsat d1 

{MoO[NHCHNHCHC(CH2CHNH2COO)]j202 d’ 

{MoO[NHCHNHCHC(CH,CHNH,COO)])~S~ d’ 

fNkiq)~IMolOii(ed2isOn)l) d” 

H[Mo02N(CH2CHCI)~] d” 

Nn4~(MaO3)2~~TA].6H20 do 

,,^ __“_ _. _.... ._. .._ ____. _. _. . --_s_~.__-. .-- .___~_ .c---- - 

[(Mao)B(~.B)2EDTA],2HzQ d1 

Ma03NH(CH2CH2NH~)2 do 

NHq[V02(H#DTA)].3H20 do 

NQ[VO~(EDTA)].IH$~ do 

-.- l~~-.- 
I___- .--_. - 

Ma0 

Ma0 

Ma0 

MoO 

MOO2 
(Moo31 

MoCa2 

MaOa 

.____ _ -_ _- ..--... __ 
MoO 

MOOS 

vo2 

v02 

12) Pentagonal hipyramidal coordination. 
b, A in comparison with av. M-O in cis positiou to M-0,. 

X, equivalbnt Llrens ligands and equivalent or at least similar L,, ligands, i.e. 
the complexes [MXL> L] ,z- with different charge n. No structural data satis- 
fying all these requirements are available. Table 15 summarizes a few exam- 
ples where one requirement, the same metal, is neglected. It can be seen from 
these examples that the trans-influence series d2 < cl1 < do applies only for 
L Imns = F, Cl and Br, but does not manifest itself when water or a bridging 
fluorine occupies the truns-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 [ MOHal, ] If- the experimental data can hard- 
ly be interpreted unequivocally since in the series of complexes investigated 
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Nos 
.P_ --_____ I~- ---~- 

Distances, A A Ref., fig. 

-~.I --~_---___.____ ~_______ -- __- 

0a3' 162 ot 1.71 2.30 -Ot (“‘;::i; f”) [248] 

184 

186 O,nv.1.71 

L______ _“._____ _in._... ____ J _ . _ ..._i___ _- __.. ._ _.. _ .a.- _ . . ..-. ._.___~.__._" 
2.32 
2.21 
2.00 
2.38 
2,Sl 

d - 

0.37 
0.2u b) 
0.00 1 0.49 I 

0,36 b) 
0.09 I 1 
0.38 1 I1091 

II2561 
12611 
_ _ _. _ _.. _ m.7 

zcial, 12c 

2.32 2.32 1;; - 
2.33 +-NL 1 
2.351 
2.362 

--",; } av.2.002OL 

2.366 2.359 tlv. 2.000 OL 

.___.-__--_-------_-~- 

[108],6c 

t1111 

[2631 

12641 

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 elee- 
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 do to d1 and d2 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-Lt,,, bond due to repulsion between p,-electrons 
of donor cis-figands and d,, metal electrons. The structural data do not con- 
firm the existence of such an elongation. 
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TABLE 15 

A comparison of the trans-eiongation in 
d2 configurations of similar composition 

complexes of transition metals with do, d’ z-md 

Nos Compound do Distances, A A A’ ref. 

M-Ltrans 

t 23) KdNbOFsl 2.06 F 0.22 0.22 [82] 
U;’ WM~OFSIH,O 2.03 F 0.17 0.21 1831 

OsOF, a) 
d2 

1.7’2 F (0) -0.06 -0.06 1265) -~ ~ ----__ ._-__ 
(162) WWdMoOBr51 d1 2.83 Br 0.28 

(161) &[MoOCi,] 
( 3) K_&ReOc!ls] 

$ 

0.30 [229] 
2.631 Cl 0.23 0.23 [56] 
2.47 Cl 0.08 0.08 [56] 

( 20) ReOCldH20 1 

:I 
2.27 Hz0 0.19 [72] 

( 41) K[MoOCX4H20] 
( 42) (Ph~~)(MoOBr4~20] 
( 21) (Et+N)[ReOBr..&O] $ 

2.27 H20 0.18 [56] 
2.39 H20 0.30 (95) 
2.32 H20 0.24 [73] 

-.--. ~_________~_____ ___.--- 
( 34) WOE‘,), do 2.34 Fb 0.40 -0.40 [88] 

( 37) (MoOI?& do c ;I;; Fb 1 0.34 0.35 [91] 

( 40) tWOF4)4b) 2.10 Fb 0.16 [94] 
t 35) WeOF.& av. 2.295 I?:, 0.30 0.35 [89] 
( 36) (TcOF& 2.26 Fb 0.37 -0.32 [SO] 

a) With partial disdrder in the distribution of 0 and F atoms at the octahedron vertices. 
The OS-0 and 0sF,*, 

b) See Table 4, note c). 
distances are 1.72 and 1.78 A respectively. 

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 
VIII. In particular, the former exhibit a tendency to localize the n-interac- 
tion more often and more distinctly than does the second type of metal. 
The latter argumlmt 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=O bonds in a com- 
plex. This problem was first discussed for molybdenum oxocomplexes in 
refs. 12 and 266 (see also ref. 51). On the basis of data available up to 1965 
the authors El23 formulated three general rules for the structure of oxocom- 
plexes of hexa- and pentavalent molybdenum 
I, c&arrangement of oxygen atoms forming the multiple bonds, 
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2, Pans-bond elongation and 
3, correlation between the formal M-O bond multiplicity and bond length 

(see also ref. 267). 
Analysis [13,268] 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 metals 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 0, symmetry M-ligand n-bonding is 
generally realized through the tw (d,,,, d,,, dyz) metal AO’s. All three orbitals 
could be used in principle in the do configuration. If only two oxygens are 
available, then only their c&location could utilize all three orbitals. With 
three oxygen atoms their ciscis (facial) location is usually more preferable 
than the cis-trans (rib) arrangement, since only in the first case are all three 
atoms equivalent i.,. Q the equivalence of the three n-orbitals is retained in 
ideal Cs, 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 do 
configuration are rather scanty. For rhenium we can mention only the oxides 
ResO, (163) and Re207.2H20 (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 molecules. The octahedra have the same type of structure. In 
RezO, there are two terminal oxygen atoms and a shortened bond with a 
bridge oxygen, whiie Rez0,.2HzO has three terminal oxygens in an octahe- 
dron. 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 RuVm and Osv”’ (with octahedral metal co- 
ordination) seem to be unknown. 

Dioxocompounds of pentavalent vanadium are known. The cis-arrange- 
ment of oxygen atoms [ 2701 in Ks [ VOsF4 ] and 1271 J 
(NH4), [VO(Cs04)z J .2HsO was revealed through IR spectra. Somewhat 
later, this was confirmed for the second compound by direct structural inves- 
tigation [ 2391. A similar configuration of the VOZ group is observed in 
Ks VOs Fs (compound 38), NH4 IVOs(HzEDTA)] .3HsO (187), 
Naa[VOzEDTA].4HsO (188) and [VOzFBipy]z (74) (see Tables 4, 5 and 
13). 

Angular VO, fragments were found in KsZn[ VloOss] .16HzO [ 2721, 

* Details are given in the next section. 
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Ca,[VloOzs].16H20 [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 niobium 
(VI oxohalogenides, e.g. Nb,O,F E31.71, Nb,O,C1[318], MoNblIi040F 
[319] and other oxygen compounds of niobium (V). One may consider sep- 
arately the NbO, groups (with terminal 0 atoms) in these structures. In all 
cases such groups have the Fame c&construction. 

In the oxoethoxocomplex NbO(OEt)CI(Bipy) the Nb-OEt distance (1.87 
A) as well as the Nb--Ot,minal bond (1.71 A) are somewhat shortened, which 
may be regarded as a consequence of some c&,--p, interaction in the Nb-OEt 
bond. Once again the oxygen atoms Oterminal and OoEt occupy adjacent ver- 
tices of an octahedron*. 

In transition metal dioxocomplexes with a d’ eIectron configuration only 
two of the three tzS orbitais can take part in r-bonding. In principle, a 7~ 
interaction may occur for both the tram- and the &s-arrangement of oxygen 
atoms. However, in MOzX, complexes with equivalent or quasi-equivalent X 
ligands interaction of the n-electrons of the 0 and X ligands with the metal 
pair makes a Pans-configuration preferable. In this case the energy of electron 
repulsion of the M=O 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- 
tavaient 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,[MoO,(CN),].6HgO (192) is the only structurally studied molyb- 
denum (IV) dioxocompound. But it is quite evident that the fragment MoOz 
is also linear in Ka[Mo0z(CN)4].6H20, the crystallographic and spectral data 
of both compounds being similar [276]. The trans-structure of Re02A4 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 Rev dioxotetramine compounds [277-2801. 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 d1 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 singIe or 
double oxygen bridges is formed and there is a direct or superexchange in- 
teraction between the metal atoms then again all three tlg metal orbit& par- 
ticipate in n-bonding. In this case the terminal oxygen atoms (atom) should 
again occupy c&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 
MO”’ and WV’ monooxofluorides 12741. 
* * Ligand L inequivalence, steric hindrance or limitations concerning metal binding with 
polydentate figands may stimulate a cis configuration for the oxygen atoms. 
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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 13). Similar structures may be expected in the case of dioxocompounds 
of other metals with a d1 configuration. Unfortunately no structural data 
are as yet available. Judging from the IR spectrum the group (ReOz )‘+ is also 
non-linear in (i?H4)[ReO~C1,]S02C12: the Re-0 stretching mode is split in- 
to two bands [ 2811,960 and 997 cm -‘. An analogous splitting has been ob- 
served in the spectrum of a similar TcVx compound [282]. 

The available data are in good agreement on the whole, with the general 
points stated above; thus on* 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 (OSO~)~+, (RxO~)~+ 
and (Mo02)‘, but also in (VOz)-, while the angular structure should occur 
with Vv, MoVx, WV’;ReV*” and also with 0~~“’ and RuV”’ compounds. 

E. MAIN FEATURES OF THE STRUCTURE OF METAL-OXYGEN OCTAHEDRA IN 

MOLYBDENUM AND TUNGSTEN OXYGEN COMPOUNDS 

(i) Localization of the sr-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 andsrelated complexes with sulfur-containing five-membered 
chelate rings. Thz 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 
oxides of V, Nb, Ta, MO and W in their highest oxidation states. For oxygen 
octahedra linked into a polymeric framework the tram&influence may be de- 
scribed most readily as localization of the n-interaction in one, two or three 
bonds of an octahedron resulting in turn in the inequivalency of u-bonds. 
That is the u-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 u-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 ReOa and 
WOs crystals. The rhenium trioxide structure is cubic, composed of 
-0-Re-O-Re-0 chains crossed in three perpendicular directions with rhe- 
nium atoms in the nodes. The chains are strictly linear, all Re-0 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-O 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, 
l-85-1.92 ft (in another octahedron) in the monoclinic modification [283, 
2841. Such a difference between WOs and ReOs may be a reflection of the 
general tendency towards increasing the localization of the n-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 
soiving 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 MoV’ oxocomplexes, while 
MoV and Man’ compounds are usually built up of binuclear complexes with 
symmetric oxygen bridges. 

2. Passing from MoOa to Mo(OQ~,F~_~) due formally to a decrease in met- 
al valency from 6 to 5.4 causes all six MO-X bonds in a MO octahedron to 
become equivalent [ 3151. 

3. ResO, has a network of octahedra and tetrabedra in which the former 
have the 3 + 3 distortion typical of the do metals (compare ReOs where 
all the bonds are equivalent). 

These data may demonstrate as far as the probfem of iocalization or delo- 
c&&ion 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 me+&s. 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 compounds 
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. Altogether 
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 ReO,, a family of polygonal network structures, the 
packet structures related to the MOO, 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 (M04)2-, all include some 
type of combinafion 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 MoXsOS2 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 f 531. 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 latter case the oxygen atoms may join together from two to six metal 
atoms simultaneously. 

The oxide structures of the ReOs family are mainly composed of octahedra 
whose vertices are the linear bridges (c.n. = 2). Octahedra with oxygen c-n. 

* References for this and other oxygen compounds are given in Tables 16, 17 and the 
schemes of Fig. 16. 
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Fig. 14. The structures of blocks in crystals: a, (Bu,N),[WeOlg];b, (NI&)e[Mo$&].4HeO; 
c, LillFe(w041aCW40~61; d. Ks[RIo7022(02)21.8HzO; e, (NH4)lo[H2W120421.4H20. 

Most different 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 (Bu,N)s[W60,,] ). In this family typical 
octahedra.have one, two and even three terminal oxygen atoms. As examples, 
Fig. 14 shows the block of octahedra in (B~qN)e[WsOxs], (NH&JlU07024]. 
4H20, (Lill,Fe)(WOB)3EW401sItK6fMo7022t02)21.8H20 and 
(NH4)10[H2W12042].4H20 (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 
Na2M0207 [285,286] (Fig. 15a) and K2M020, [287] (Fig. 15b) serve as ex- 
amples. 

In spite of these diverse oxygen functions and thus variety of “stereochem- 
ical” types of MO6 octahedra they ail have some features typical of MO and 
W. Namely: 

1. The molybdenum- and tungsten-oxygen octahedra are always distort- 
ed: the M-O bond lengths are q&e different, the bond directions not 
being perpendicular to each other. This concerns not only octahedra with 
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a b 

Fig. 15. Examples of chain structures in oxygen compounds of molybdenum: 
a, NaZMo207; b, KzMo207. 

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 (ReOs family). 

Among the several hundred independent MOs octahedra investigated one 
could find no regular octahedra and moreover no octahedra with relatively 
small difference in bond lengths (Iess 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 No 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 localiiation 
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 octahedron to some vertex, edge or face. In 
other words, the shortened M-O bonds are always in a c&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,O, oxides with indefinite metal oxidation state (between 5 and 6). 
** Some exceptions have been observed in the case of tungsten, however. They inctude 
ternary oxides MMZWOG, in particular MBazWO 6, where A4 = Ca, Co and Ni (ReO3 famity) 
[ 288,289]. In this case the W06 are regular octahedra. Half of tha tungsten atoms in 
NdaW3015 12901 have almost regular octahedral coordination (1.92, 1.94 and 1.96 A). 
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 
in the distorted octahedra. Alternatively, in MBazWOs the high symmetry may be due to 
the fact that Ca, Co and Ni atoms demanding regular octahedral coordination oyrercome 
the tungsten resistance to delocakation of the Gnteraction. 
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TABLE 16 

The Ma-C and O...O distances in octahedra with one terminal oxygen vertex 

Compound Atoms 

MO--$ M-%-ens Ot-..Otrons Cequ---Cequ 

M0113052 I 

II 

III 

IV 

V 

VI 

VII 

VIII 

IX 

X 

XI 

XII 

XIII 

XIV 

XV 

XVI 

XVII 

Moo3 

Mo17047 

Mo4Ol~OH~2 

1.70 

1.69 

1.69 

1.63 

1.65 

1.71 

1.68 

1.66 

1.69 

1.66 

1.67 

1.64 

1.66 

1.72 

1.83 

1.54 

1.72 

1.671 

1.677 

1.687 

2.39 4.09 

2.30 3.99 

2.26 3.95 

2.39 4.02 

2.40 4.0s 

2.33 4.04 

2.24 3.92 

2.39 4.05 

2.35 4.03 

2.27 3.93 

2.32 3.99 

2.45 4.09 

2.09 3.75 

2.25 3.87 

2.19 4.02 

2.47 4.01 

2.40 4.01 

2.332 4.003 

2.165 3.842 

2.332 4.129 

3.88 
4.02 
3.93 
3.92 
3.96 
3.89 
3.88 
3.93 
3.85 
3.95 
3.91 
3.94 
3.99 
4.03 
3.8s 
3.99 
3.83 

3.97 
3.93 

3.95 
4.04 
3.96 
4.02 
3.87 
3.76 
4.02 
3.84 
3.86 

3.92 
4.06 
3.89 
4.02 
3.89 
4.02 
3.985 
3.896 
3.992 
3.977 
3.900 
3.740 

Mean value 1.678 2.310 3.990 3.9.13 

lationally equivalent oxygen atoms. In all octahedra in Mo,O= such oxygen 
atoms are prekent (in Figs. 13a and b the appropriate translation axis is nor- 
ma1 to the projection plane). Molybdenum atoms are mainly displaced along 



TABLE 17 4 
0, 

The MO-O and O..,O distances in MOOG octahedra conjugated at all vertices 

Atoms MogOll, rhombic MoqOll, monoclinic MO8023 Mo17047 
modification modification 

I II III I II III I II I II III 

No-O1 1.858 1.781 1.750 1.866 1.751 1.748 1.663 1.695 1.757 1.794 1.857 
MO-O2 1.893 1.807 1.759 1.871 1.775 1.750 1.872 1.825 1.806 1.882 1.896 
Mo-O3 1.913 1.832 1.772 1.924 1.810 1.770 1.907 1.839 1.938 1.954 1.925 
MO-04 (0;) 1.993 2.090 2,107 2.023 2.092 2.150 2.369 2.362 2,199 2.157 2,096 
MO-O:, 1.989 2.079 2.164 1.983 2.057 2.145 1.923 1.972 1.988 1.882 1.957 
MO-O6 2.007 2.112 2.069 2.005 2.056 2.110 1.967 2.039 2.056 1.964 1,931 

(MO--O),. 1.942 1.950 1.936 1.945 1.933 1.944 1.953 1.955 1,957 1.937 1.943 
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the octahedral axis connecting the translationally equivalent atoms. This holds 
true not only in the case of Mo1,04, but for all o-ther polygonal net.work 
structures and refers not only to octahedra but also to the chains along the 
axes of pentagonal bipyramidal polyhedra (e.g. in Mo~~O.+~, cf. Fig. 13b)“. 
Thus the density redistribution along the simple (linear) chain -MO-O-MO--O 
is likely t0 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 Oterrn-Mo-0trans 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 ii, respectively. This difference is in agreement with the general concept 
of multiple bond trans-influence: decreasing the energy of the M-Otrons bond 
stimulates the additional shift of OOtrons to the point corresponding to an 
equilibrium between M-Otrons and Ocq--Otrons interactions. Here again the 
“&s-bonds” are always inclined somewhat to a Pans-partner, thus levelling 
the mear! Oteminai**Oeq and Olmns e-*0,, 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.IL = 2 are given as 2aand 2,. The shortened 
bonds of high multiplicity are shown by solid lines. 

If the point group symmetry of the block is consider& to be ideal, then 
for the eleven species given in Fig. 16 we would find 28 independent o&a- 

hedra. The total number of octahedra actually reaches 72**. Most of the octa- 
hedra contain terminal, along with bridging, oxygen atoms: one terminal oxy- 
gen atom in 29 cases, two terminal oxygen atoms in 37 cases, and three ter- 
minal oxygert atoms in four cases (in [WqOIB]r’ 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 Ag6Mo100a and K2Mo40~ only symmetrically independent 
species ~(3 taken into account. 



A:No.n=27. 
A:NH,,n=lO 

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 &-positions to each other refer to oxygen 
atoms of the lowest bridge multiplicity: either to terminal t, or bridged 29 or 
(in the absence of the latter) to bridged 2,. The 2p bridges are asymmetric. 

2. The oxygen atoms of maximum bddge multiplicity are always found in 
a truns-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.~MoOa octahedra the atom with cn. 3 is in a 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 trams-position to a pseudo-terminal one 2p. 

These rules could, of course, be rqarded 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. Localization of the x-interaction and its resultant 
tmns-influence stabilize most such structures in which the c‘hardest” donors are 
situated in a &ens-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 do-d1 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 No-0 and 
W-O distances in the family of ReOs structures where most of the octahedra 
are linked only via the vertices (all vertices) and thus all oxygen atoms are of 
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 hinuclear ones [ (MOL4)20] n- or [ (MOs La )sO] n- 
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 n- 
interaction with the metal independently whether the crystals contain iso- 
lated complexes or a continuous net of bonds. 

F. ADDITIONAL COMMENTS 

(i) Truns-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 geometric) 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/or 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 a$ Pt compo%ds the most interesting might be the 
chelate complexes M(AX)a where AX is a chelating ligand 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 7r- 
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 13073 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: 

In the nickel compound the M-S and M-C) bond lengths are 2.15 and 1.87 
& 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 i.s only 0.08 i\ 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 @ens-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 
[3093 the Pd--S and Pd-0 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 Corn, nearly 30 Rh” and about 
20 Irrn compounds (according to the data available). However, among them 
complexes of the same type are very rare, and those containing 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 tmns-effect, to the properties of an isolated molecule and on the fact 
that both the trans-effect and frans-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 f34]. 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 4fSn binding energy is not changed f312] in going from ReCl4(PPhs)s to 
ReOCls(PPhs), or to ReOBra(PPhB)s (recall that in the last two compounds 
the truns-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 ae- 
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 trarzs- and &s-chlorine atoms are usually too small to be 
experimentally distinguished. Secondly, strong trarrs-influencing ligands 
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(such as Ot or Ns) may sometimes cause a smaller decrease in the Cl 2p 
binding energy than ordinary weak trans-influencing o-donors (such as PRs 
or thiourea) (see, e.g. ref. 312). Besides, =ven relative estimations of the bond 
ionic character are complicated due to the noticeable dependence of t.he x- 
level shifts (for both the ligand and the central atom) on spin-orbit compo- 
nents of the split level* xlltUs. 

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 0 =t M triple bond 
formation in the terminal oxogroup should result in a higher 0 Is binding 
energy than in the case of double bonds in the linear 0= M= 0 dioxogroup. 
Similarly, in the 0= M+IO* M= 0 fra,ament the 0 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 fist 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 [ 3141 chlo- 
rides are rather convincing illustrations of this conclusion. In the examples 
cited above the bridging 0 and Ct 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- 
LCAO 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 

SInneral, energy shifts in X-ray photoelectron spectra ale not a sensitive stereochemi- 
cal indicator. For example, one cannot establish nowequivalency of the Re atoms in the 
anion ReaCl&- or non-equivalency of “apical” and “equatorial” terminal Cl atoms in the 
anions Re3Cl& and Re3C& (though in Re,$l& the difference of the relevant Re---Cl% 
bond length 13131 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 fkorine (which is the poorest donor). bridging atoms are more negative than terminal 
ones [3d]. 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, orbital5 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 [324-3261, in com- 
parison with the usual SCF--MO-LCAO technique, is very encouraging for 
quantitative treatment of large moiecules. For example, the SCF-SW-XQ 
population analysis shows that in SF, and SOT molecules one can neglect 
participation of sulphur 3d orbitals in bonding [324]. At the same time in 
MnO, all valence orbit& of the transition metal atom (including its virtual 
4p orbitals) are involved in Mn-0 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 Ldwdin - has been put 
forward [328]. On the other 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 exampl,, 0 all atomic charges (even in homonuclear two-atomic 
molecules from Liz through Fz) prove to be negative [ 3291. 

4. A molecular orbital study of the trans-effect in Pt” XYCla complexes 
in the framework of the CNDO approximation has recently been published 
[331] . Pt was found that the tmns-effect and trans-influence series coincide 
only for u-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,)C$, the Pt-Cl,,, bonds proved to be more ionic and weaker than 
the Pt-Cltmns 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 charactari&tion of the truns-influence in complexes with linear and 
angular M-NO fragments, 



Refinement 13321 of the structure [Ru(NO)(NH~)~)C&.H~O previously 
solved with low accuracy (see Table 6, compound 90) shows that in the 
ZRu(N0) tNHi&13* complex as well as in other complexes with linear 
Ru-NO fragments, tmns-elongation is absent: the Ru-(NH&,,, bond 
length is 2.017 13, the Ru-(NH~),~ distances range from 2.042 a to 2,133 a, 
the average shortening is 0.0’75 A. The Ru-NO bond length is 1.770 .r8, the 
Ru-N-O angle is equal to 172.8”. 

A similkr result was obtained in the course of the structural investigation 
[332] of [Ru(NO)(NHa)4(OH)]Cla. Here the distances were found to be: 
Ru-NO = 1.736 A, Ru-(OH),,,, = 1.961 A, Ru-(NHa),[, = 2.099-2.106 A; 
the Ru-N-O angle is 173.8". 

Besides the three cobalt complexes and the binuclear platinum compound 
IPtz(NO)&l#-- mentioned in Table 6, the second platinum compound 
[333] (I$t4N)2[Ptz(N0)2C1B] 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 PtlV (instead of two 
Pt’” atoms as in the case of [Ptz(NO)aCl~]‘-): 

0 Cl 0 

Cl\ /k 
Pt(II) 

U 

‘CIY 
Pt(IV) 

cl’ 
I 

‘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 Cl atoms. The PtlV-(NO)termlnnl fragment 
has the angular structure: the angle at the N atom is equal to 122”. the 
Pt’“-N distance is 1.98 A. The bridge Cl atom is in a trans-position to this ni- 
trosogroup; the PtiV-Clbtiage distance is 2.62 A. The PtxV-Cltemrlnal distances 
cis to terminal (NO) are 2.33 to 2.38 A. The Pt’V-(NO),tiidge distance is 1.93 
A in length, and the Pt’V-N-Obridge 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(N0) (EA), Co(N0) (AB j where EA =: N,N’- 
ethylenebisfacetylacetoneiminate), EB = N, N’-ethylenebis(benzoylacetone- 
iminate) [334,335], Co(NO)(TPP) 13363 and Fe(NO)(TPP) 13373 where 
TPP is (Y, p, y, 6 triphenylporphin. 

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 I.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) 

L - L (acid ) c + L (a-danor) 
Terminal L < Bridging L 

W. 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 peculiaritiee of 
various classes of these compounds. On this basis we may compose a trans- 
weakening series which depend8 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 of 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-LI,,, 
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-Lt,,, bond [2,3] _ Since in MXL, complexes sub- 
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stitution of the ligand X influences all M-L bonds, this definii;ion needs to be 
changed. We deal with the trans-influence in an MXL, complex (where the 
positions of formally identical ligands L are non-equiv~ent) if the influence 
of the ligand X on the equilibrium properties of the M-Ltrons 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(cts)-influence can result in either weakening or strengthening of the 

- tmns(M-Lcis) bond, given that the corresponding changes in the M-L,i,- 
s”M% Imns) bend are less significant. 

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

--‘XI < x2 < -_* < Xi < L < Xi+* < X;+a -‘. 9 (30) 

then in the case of a Pans-influence we must see the weakening (lengthening) 
of the M-Ltmns bond beginning with Xj+1 and the strengthening (shortening) 
of this bond up to Xi. In other words, while moving along series (30) the val- 
ues of Aj = R(M-LI,,J - R(M-L,i,(,r,,d) ) (for Xj) will increase monotoni- 
cally in series (31) with change of the sign of Aj at the point L (Xi < L < Xi+r) 

-*- A, < Aa < *** Ai < AL = 0 < Ai+1 < Ac\i+a *e* (31) 
< + 
trans-shortening increases Pans-lengthening increases 

Multiple covalent ME-X bonds, discussed in the present review article, in- 
clude a strong o-component and therefore cause (as a rule) Irons-lengthening. 
However, weak M-X a-bonds may cause the Pans-shortening which is obvi- 
ously expected for donoracceptor M-X bonds. Actually, for loosely boun-d 
donors such as Ha0 or NH3 one observes Pans-shortening which, for example, 
in [RuC~~(H,O)]~- [338] and ]Fe(CN),(NHg)J2- [339], reaches 0.04 and 
0.05 a, respectively. In quasi-triple Mm0 and MZCO bonds the o-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 infisence 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&-, Nz, MZ) considerable 
weakening (lengthening) of the M-Lr,,S bond is afways observed. The typi- 
cal picture is that for the same ligand X in different MXL,, complexes the 
M-Lti-zns 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 Pans-influence 
(in the sense of our definition) because regardiess of changes (in both direc- 
tions) of the M-Ltrans bond length the corresponding M-L,i, bond lengths re- 
main less sensitive. 

For transition metal complexes MXL, all theoretical models (in agreement 
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with experiment) predict frcms-influence, but for non-transition element com- 
plexes AXL, the picture is rather obscure and here different models give dif- 
ferent conclusions [l&340,341]. If for non-transition element complexes we 
accept the model of hypervalent orbital-deficient bonds 1320,323 J one can 
expect that Pans-influence will dominate though in some cases c&-influence 
may occur [ 3413. In the context of this review, one should point out first 
the difference between the influence of the multiply bonded Iigand X in non- 
transition AXL, compared to transition MXI;, element complexes. Let us re 
member that, for example, in C4,-complexes MXL, the form&ion of M-X s- 
bonds takes place due to metal (n-1)d orbitals(d,,, dyz) practically without 
involving metal equatorial np orbitals (p, p,) which participate in the forma- 
tion of M-Lci, a-bonds. At the same time in similar AX& complexes (say, 
in IOF or TeOG:) the formation of the a-component of the multiple A-X 
bond requires the participation of the relevant equatorial p orbital of the cen- 
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 %-ans-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 ReOF5 and LOF, where chemical 
shifts of axial and equatorial F atoms prove to be inverted [342]. 

With orbital-deficient Cd,-complexes AL,, the A-L,, bond must be 
stronger (shorter) than the A-L,, bonds regardless of the presence of a “lone 
pair” or “vacant orbital” on the central atom [ 3411. The only difference is 
displayed in valence L,,AL,, angles, as shown in Fig. 3a and 3b, respectively, 
The 12 electron complexes XeF& IF, or TeF, 13431 and 10 electron com- 
plexes Sb(CeH& [344] and InClg 13453 are typical examples of the “lone 
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 AL5 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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