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1. Introduction

A. Purpose of the Review

There is at present an emphasis on the relationship between
reactivity and molecular structure.

Most of the information on the latter has been traditionally
obtained from dielectric measurements (electric dipole moments
and dielectric losses). With this technique, in recent years, many
results have been obtained that are very often included in articles
of different nature, which are not easy to find even though they
are very useful to many workers in very different fields of
chemical research.

The present review aims to collect, classify, and, whenever
possible, correlate and discuss the relevant experimental results
on dielectric measurements with reference to inorganic com-
plexes, on which nothing has been written in the last 10 years.
The period covered starts from 1968, when two interesting
reviews on dipole moment measurements of inorganic com-
plexes appeared.’?

As far as possible, results on individual compounds will be
reduced to a minimum and the accent will be placed on the type
of information obtainable in the various cases. This choice is

appropriate because the classical texts®*® usually do not ade- -

quately cover inorganic complexes. In fact, only in the last few
years, following the widespread use of this technique in this
field,>~ " have specialized publications appeared.'>'?
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The material has been divided in an empirical way, as it cannot
be satisfactorily discussed entirely in terms of type of compounds
nor entirely in terms of the specific problem involved. In addition,
a systematic comparison with the results obtained from other
techniques, although it would have been interesting, is not
possible here. These results are reported only when necessary.

Finally, quantum-mechanical calculations on the dipole mo-
ments and on the conformational aspects of inorganic complexes
will not be covered; there is a useful recent review on this topic.™

B. Dielectric Measurements in Inorganic
Chemistry

The use of electric dipole moments (and in part also of di-
electric losses) for studying inorganic complexes is often fraught
with even more difficulties, both experimental and theoretical,
than is the case for organic substrates. These include the
following: the solubility in common nonpolar solvents is often
minimal, or aimost negligible; the magnitude of the atomic po-
larization (P,) to be used may be critical in interpreting the results
obtained for low-polarity molecules; series of closely similar
molecules are virtually nonexistent—this makes it difficult to
obtain reliable group or bond moments necessary for interpreting
the experimental results for other molecules; the bonds in each
complex have particular individual characteristics (from an
electronic point of view).

The problem of the knowledge of group and bond moments
is of fundamental importance in the vectorial analysis of a
molecule. The greater the similarity, the more the various in-
formation to be obtained by means of them is reliable and
supported. If these values were not available, the technique
would be limited, though nevertheless of extreme interest and
usefulness.

On the contrary, the question of atomic polarization should
not be exaggerated. In fact, in those cases in which low mo-
ment values are predicted (and there are a few in inorganic
complexes), it is possible to resort to dielectric loss measure-
ments or to microwave spectroscopy, when possible, for which
a knowledge of the atomic polarization is not necessary. On
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the other hand, for large moments the uncertainty deriving from
having assumed the atomic polarization equal to zero Is irrele-
vant.

Notwithstanding these objective difficulties, and all the as-
sumptions which are also necessary (which also pertain to other
techniques), dielectric measurements are still widely used with
success.>'" This is due to the fact that they provide important
information on the molecules in the state in which reactions
usually occur (i.e. in solution).

As to the inorganic complexes, this information refers to the
geometric structure of the complex, the spatial arrangement of
ligands, the type of bond and the mobility of its electrons, the
detection of equilibria between polyhedral forms, the thermo-
dynamic parameters of conformational and configurational
equilibria, the potential energy barriers to internal rotation, and
the thermodynamic parameters and time of dielectric relaxation.

Finally, at the present time theoretical moments worked out
by means of quantum-mechanical calculations are compared
with those obtained experimentally in order to measure the
efficiency of the calculations carried out and at the same time
the information obtained from them.

II. Chelates

The term "chelate”, proposed by Morgan in 1920, refers to
the cyclic structure originating from the bonding of a bi- (tri-,
tetra-) dentate ligand with a metal ion.

- Dipole moment measurements reported in the period covered
here are usually concerned with identifying the spatial configu-
ration of the "centre” of such componds, i.e., of the few atoms
directly involved in forming these compounds.

The information obtained in this way is very important because
magnetic measurements have been found to be often insensitive
or not suitable for the purpose. Unfortunately it is generally
indicative only, because the structures of such molecules in
solution are not known. Consequently it has not yet been
possible to extract group and bond moments necessary for
studying molecules of unknown structure.

The literature covered is divided according to the ligand type
to facilitate a more immediate consultation and because there
is- no significant difference between the chelates of the few
metals studied in this period.

A. Azo and Azomethlne Derivatives

These ligands represent one of the widespread types of ni-
trogen-containing organic compounds capable of forming com-
plexes with the transition metals. The approach used in in-
terpreting the experimental results is based on the relationship
between the observed dipole moment and the « value, which

is the angle between the two planes NMO and N’ MO, 1. If
o’ }
N~
o N’
a b
tetrahedral trans square planar

1

o approximates to 90°, i.e., the chelate has the tetrahedral
configuration, the dipole moment must have the maximum value.
On the contrary, if & approximates to 0°, so that the chelate
has a planar configuration, in the trans isomer, which is pre-
ferred, the dipole moments of the O-M and O'-M bonds and
N-M and N’-M bonds compensate one another and the observed
moment tends to zero.

Sorriso
TABLE[. Observed Moments,” in Benzene, of
Some Azo Chelates (2)
u u
R Cu(l) Co(l) NidI) R Cudl) Co(ll) Nidl)
H 2.25'5 3.12'¢ 0.98'7 2-Cl  2.57'°% 1.54'%
2-Me 0.89'7 3-Cl 3.48'5 2.03!'3
3-Me 2.65'% 3.19's 147'7 4C1 3.54'¢ 2,66'®

4-Me 3.05'% 3.26'¢ 1.56'7 2-OMe 3.96'° 5.30'¢
2,3-Me, 1.74'° 1.98'¢ 0.71!'7 3-OMe 3.34'¢
24Me 1.76'% 2.60'¢ 0.84'7 4-OMe 3.13'5 3.48'¢ 291"
246Me3 1.14'¢ 1.16'¢ 0.83'7

¢ uin debye units and P, = 0.15P, (P, and P, are, respectively,
the atomic and electronic polarizations).

Many azo chelates of Co(II), Ni(II), and Cu(II) with various
phenyl substituents in different positions have been thoroughly
studied (2 and Table I). It is generally agreed that unsubstituted

a
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molecules, In the case of Co(II) and Cu(Il) derivatives, have a
moment which is high enough to exclude the presence of sig-
nificant amounts of the centrosymmetric trans-square-planar
form, 1b, having zero dipole moment. (For the cis-planar
configuration, see 3). At the same time, in methyl-substituted
derivatives there is a decrease in the moment with an increase
in the steric hindrance (Table I), which is much higher in the
Co(Il) chelates.'®'” According to the above statement this
behavior may be rationalized on the basis of equilibrium 1,
between a tetrahedral and a square-planar form.

From Table I a substantial difference may be seen between
the moments of Cu(II) and Co(Il) chelates and those of Ni(II).
In the first two series the observed moment decreases on
increasing the steric and electrostatic effects, while it does not
change in the corresponding Ni(II) chelates. This indicates that
the tetrahedral form is not predominant. So, taking into account
also the increase of the observed moments with the temperature
of Ni{II) chelates, an equilibrium between three forms (tetra-
hedral, transsquare planar, and polymeric trans octahedral, 4)

s n
Y </
L °

trans octahedral (monomeric)
5

trans octahedral (polymeric)
4

is possible.'” The position of this equilbrium Is affected by the
structure of the ligand (electronic and steric effects of the
substltuents), the nature of the solvent, and the temperature.
The presence of the trans-octahedral form (polymeric) in solution
is suggested by the fact that the observed moments do not
change on introducing bulky substituents in the ortho positions

of the phenyl ring. This behavior could not be explained in the
presence of only the tetrahedral and trans-planar forms because
in this case ortho substituents should shift the equilibrium toward
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TABLE II. Observed Moments,? in Benzene, of Some Copper(II)
Azomethine Chelates (6a)

R u R u R u

H 2,775 24-Me, 2.06'% 2-Cl 2,57
2-Me 1.69'3 24,6-Me, 1,27'5 3-Cl 2.55%
3-Me 3.37'5 2-OMe 4.24!'5 4-Cl 2.39'¢
4-Me  3.29'°  4-OMe 3.60

@ u in debye units and P = 0.15P,.

the planar form, with zero moment. And this is not the situation
of Ni(Il) complexes, as may be seen from Table I.

On the basls of the above results, in azo chelates of Co(lI)
and Cu(Il) the introduction of a large group such as a methoxy
group Iin the ortho positions of phenyl should shift equilibrium
1 toward a planar configuration. Experimentally, the opposite
trend is observed. It is possible’™'® that an equilibrium between
the tetrahedral, trans-octahedral (8), and square-pyramidal
configurations exists in solution, as has been observed for
chelates with ethylenediamine derivatives.'®

Finally from a comparison of the electric and magnetic mo-
ments of the 0-, m-, and p-chloro chelates it is suggested that
in the case of the Ni(II) chelates supplementary interaction of
chlorine with nickel for the ortho compound is absent.™

Azomethine chelates are structurally very similar to azo
chelates, of which they are iso-m-electronic analogues. They
may be divided into two groups, 6, depending on whether they

%°Q°\ @ w2
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hydroxyl ortho to the phenyl group is bonded to the aldehyde,
6a, or to the aromatic amine, 6b, of the ligand. Table II shows
some moments of type 6a. A series of complexes of this type
and analogues has been studied, the results being substantially
in agreement, 1518.20-24 Ag for the corresponding azo chelates,
an equilibrium of type 1 is usually set up in which the steric and
electrostatic effects exerted by the groups ortho to the phenyl
ring favor planar (or pseudoplanar) forms. In conclusion, the
regular varlation of the observed dipole moments of azomethine
(as well as the corresponding azo) chelates with the stereo-
chemistry of that part of the ligand which Is near the metal
cannot be explained by an equilibrium between spin states,
polymeric association, coordination of the solvent molecules,
or acentric pyramidal structure that were considered the reasons
for the paramagnetism of the nickel complexes and of the
polarity of various azomethine chelates.

Eight bis(N-alkylsalicylideniminato)beryllium(II) complexes with
alkyl groups Me, Et, n-Pr, i-Pr, n-Bu, i-Bu, sec-Bu, and t-Bu
have been studied® in benzene at 25 °C by means of dielectric
loss measurements. The values of atomic polarization were
found to range from 28 cm® (when the akyl groups have straight
chains) to about 10 cm?® (when the alkyl groups are branched).
This atomic polarization may be attributed to concerted motion
of the atoms of the chelate rings. The decrease in the deriv-
atives where the alky! groups are branched very probably is due
to intramolecular steric interactions.

Zinc(Il) chelates of o-aminobenzeneselenol anils (u =
2.3-2.75 D) have a tetrahedral structure, as do those of Ni(II)
with 4-(aminomethylene)-2-pyrazoline-5-thiones?’ (u = 3.2-5.1
D) and Co(II) with thiosalicylaldimines?® (u = 3.93-6.82 D).

The chelates formed between vanadyl and salicylarylimines
adopt a particular configuration, similar to a tetragonal pyramid
with the oxygen at the apex,? by analogy with the structure
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found from X-ray measurements.

No significant differences in configuration were found between
these chelates, which are derived from o-hydroxyaldehyde, 6a,
and those derived from o-hydroxyaniline, 6b. Chelates of the
latter type with Cu(II), NiII), and Co(II) have been studied®! (u
= 3.46-5.85 D). In theory, there are three possible configu-
rations: a tetrahedral structure (with a high moment), a trans-
octahedral (with a zero moment), and a cls-octahedral one
(polymeric, with a high moment). The second and third may be
excluded, respectively, on the basis of the observed moments
and of the experimental molecular weight (cryoscopy).

The analogous complexes of Cd(II), Zn(II), and Pb(II)*? and
Co(11) and Mn(I)*® are also tetrahedral for the same reasons.

B. Derivatives of Formazan and Related
Molecules

The tetrahedral configuratlon in solutlon is arrived at by ex-
clusion for the chelates between Ni(II), Zn(I1),* Co(1I), Cu(II),*®
and formazans, 7. As to the Ni(II) chelates it may be observed

/M/z E_j" R\N\
Ory @ S @
\ N\

\ R
R

7

that the presence of paramagnetism is incompatible®-” with
a planar structure. Besides, cryoscopic measurements in di-
oxane rule out the posslbility of a polymeric structure, while an
octahedral configuration is excluded from the observed moments
(1.96-2.48 D).*® The presence of a tetrahedral structure is in
agreement with the fact that the analogous monomeric zinc(lI)
chelates (for which a planar structure is excluded because of
the electronic configuration of the metal (d'°), and a tetrahedral
one, on the contrary, is very characteristic) have dipole moments
similar to those of the nickel complexes.

The same results have been found® for similar complexes
of Ni(II), Co(II), and Zn(II) with N-azolylformazans.

Both copper(II) pyrrolecarbaldehyde aryliminates (8, with M
= Cu and R = Ar)®+% and nickel(Il) pyrrolecarbaldehyde al-
kyliminates (8, with M = Niand R = akyl)*' exist in apotar solvent
in the form of an equilibrium between square-planar and
pseudotetrahedral configurations. The position of this equilibrium
depends on the steric and electrostatic effects of the group R.
The thermodynamic parameters of this equilibrium, in benzene,
have been calculated from dielectric measurements*? starting
from the expression gy = Xiz?2, in which i . is the observed
moment and X the mole fraction of the tetrahedral form, as-
suming that the moment of the latter equals the moment of zinc
chelate (uz,). Apart from this assumption, the results so obtained
seem uncertain because of the small temperature range used
(15-45 °C) and the few measurements performed. In all cases,
the observed increase In moment with temperature (0.2-0.4 D
from 15 to 45 °C) indicates the presence of an equilibrium. With
regard to thermodynamic aspects of this equilibrium, we observe
a constant predominance of the probabilistic conditioning factor
(entropy) over the energetic one (enthalpy).

Electronic spectra have been used to obtain independent
information on the conformation of these molecules. It has been
found that in the complexes of type 8, in methanol, absorption
bands which can be assigned to electron transition in the
pseudotetrahedral configuration are absent in the long-wave
region. On the contrary, an inflection is observed at 780 nm
for the copper pyrrolecarbaldehyde cyclohexyliminate, in which
the pseudotetrahedral structure might be favored by the
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branching of the N-alkyl radical. Very probably, the present
complexes, with the exception of the cyclohexylimine derivative,
show mainly a square-planar configuration in methanol.*'

C. Derivatives of 3-Diketones and
Mercapto-(-diketones

These ligands (9) bond to metal cations, the metal substituting
the alcoholic hydrogen atom avallable after keto-enol tautom-
erism, giving rise to a cyclic structure with six atoms, 10.

AN N\
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Thallium(I) complexes*® have been studied. The observed
dipole moments (1.87 D for (2,4-pentanedionato)thallium and 1.98
D for (1,3-diphenylpropanedionato)thallium) are in agreement with
the assumption that these molecules are monomeric in solution
and that thallium-oxygen bonds are only moderately polar (less
than 2 D). In both molecules the positive direction is taken as
that point away from the metal ion towards the ligand.

The complexes of the type CuL, (L indicates a (-diketone
molecule) are usually square planar.*#** The complex with L
= ethyl acetoacetate ion (1.07 D) has been proved to contain
38% symmetric structure (1.73 D) and 62 % unsymmetric (0.0
D).*# In the same way, the moment of the corresponding chelate
with EtOC(O)CH,C(O)Me gave,* respectively, 48% and 52%.

Similar results have been obtained for berylium bis(3-keto
enolate) complexes*®*® from dielectric measurements and IR
spectra.

In the case of fluorinated (G-diketone chelates CulL, (L =
RCOCH,COCF;,, with R = 2-thienyl, Ph, p-MeCgH,, p-CIC¢H,,
p-BrCgH,, and m-BrCg¢H,), the presence of a single
configuration—the unsymmetric square planar—has been
suggested on the basis of the observed moments (2.0-4.3 D,
corrected for the contribution due to atomic polarization).
Nevertheless, the moments of the two chelates Cu(p-
MeCeH4CO=CHCOCF3)2 and CU(C4H3SCO=CHCOCF3)2, de-
termined at the temperatures of 10, 25, and 40 °C, gave,
respectively, the following results: 4.59, 4.54, 4.66 D; 4.85, 4.82,
5.17 D. According to the authors*® this indicates the absence
of a cis—trans equilibrium in solution or, if there is an equilibrium,
it has a very small enthalpy variation associated with it. In our
opinion the possibility of an equilibrium should not be excluded
both by analogy with the results obtained for the zinc(II) che-
lates***5 and because of the fact that from 10 to 40 °C we
observe an increase of 0.3 D, which might be significant if the
uncertainty in the observed moments is 0.1 D.

For the following acetylacetonate (L) complexes MnL;, Fels,
Col;, and CrL,, both atomic polarization and dipole moments
have been found to be independent of the distortion of the
octahedral structure.?® Iron(III), chromiumyIIl), and aluminum
complexes do not possess®' a component of orientation po-
larization resulting from the existence of a permanent dipole
moment in the molecule. Only for the cobalt(III) complex has
a possible exception been suggested. However, for aluminum
tris(2,4-pentanedionate)®? a moment value of 1.1 D has also been
determined.

Several complexes containing both 3-diketones (L) and other
ligands (R) have been studied.

Dielectric loss measurements have shown® that (u-cyclo-
octatetraene)(2,4-pentanedionato)dirhodium(I) (u = O D) and
(2,4-pentanedionato(cyclooctatetraene)rhodium(I) (u = 0.9 £
0.1 D) have structures 11.
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The dipole moments of boron chelates®* with tropolone and
1,3-diketone derivatives, 12, indicate that the positive charge

stabilization decreases in the order tropolone > (PhCO),CH, >
{(MeCO),CH; moiety.

Among compounds of the general formula R,;ML,, a great
amount of study has been spent on those of tin. Diphenyl-,
dimethyl-, diethyl-, and dibutyltin acetylacetonates, dibenzoyl-
methanates, and hexafluoroacetylacetonates have moments
(2.05-3.86 D)% which can be explained only in terms of the
predominance of cis-type structure (C,), 13. Analogous com-

ﬁZ-->- ) s/././.--_B.sll
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plexes of tin, titanium, zirconium, and hafnium (6.19-8.15 D)%
have the same stereochemistry.

Complexes Re(acac),Cl,, Re{acac),Br,, and Re{acac),l, are
monomer and can exist in cis and trans configurations, which
can be synthesized by means of different methods.5® Tropo-
lonate derivatives of these compounds and of tin, titanium, and
zirconium have structures very similar to those of the corre-
sponding acetylacetonate ones.5”5

No significant difference exists between the chelates of 3-
diketones and those of mercapto-G-diketones. Many complexes
of the latter ligands with the metals Ni(II), Pd(II), P{(II), Cu(II),
and Zn(II) have been studied (general formula ML,), and also
of Cr(I1I), Fe(III), Co(IlI), Ru(Ill), and Rh(III) (general formula
ML,).8-% The relatively large moments indicate a cis-square-
planar configuration for the nickel, palladium, platinum, and
copper complexes, and a fac-octahedral one, 14, for those of
chromium, iron, ruthenium, cobalt, and rhodium. The significantly
lower values obtained for the zinc complexes were considered
to be consistent with a tetrahedral structure. The copper
complexes® have moments 0.5-1.0 D lower than the mean
value for the corresponding nickel, palladium, and platinum
complexes; this decrease of the moment is attributed to sig-
nificant distortion from the square-planar toward the tetrahedral
configuration. It may be useful to know that the solid-state
determinations show a cis-square-planar structure each for a
palladium and a platinum complex®” and for four nickel com-
plexes,®7! the fac-octahedral for a cobalt’? and two Iron
complexes,”™ and a tetrahedral configuration for a zinc(Il)
complex.”™

The cis-square-planar and fac-octahedral configurations are
two examples of the interesting principle of anti symbiosis.”®""
According to this principle, in chelates containing ligands with
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both S and O donors, each S-donor atom has an O-donor atom
in a trans position with respect to it for planar and octahedral
complexes of class B metal ions.8%

Dielectric loss measurements have been made with the aim
of obtaining information on the atomic polarization and on the
possible relaxation mechanism®.57.81.63.81-8 jn 3_diketone and
mercapto-(3-diketone chelates. In general, a high atomic po-
larization has been found, largely due to the bending of the
metal-oxygen (sulfur) bonds and in part to the Infrared ab-
sorption. Very often the order of the relaxation time (7) is in
accordance with increasing bulk of the ligand. For the same
ligand and configuration 7 is approximately constant with the
change of the metal.

From the above results it may be seen that both -dlketone
and mercapto-$-diketone chelates have the same structure.
Only minor differences are observed between these two classes
of compounds.

Experimental dipole moments (in D) for copper complexes
of fluorinated (-diketones Cu(RCO—CHCOCF,), and the cor-
responding mercapto-3-diketones Cu(RCS==CHCOCF,), are,
respectively (R, uo, ug): C4H3S, 4.82, 4.96; p-MeCgH,, 4.54,
5.12; Ph, 4.01, 4.39; p-BrCgH,, 2.47, 2.45. The slightly higher
values found for the mercapto derivatives with respect to the
(-diketone complexes may be due to the greater electronega-
tivity of oxygen compared to sulfur. This difference may be seen
because in the monothio-G-diketone compounds the sulfur is
bonded to C-4 of the ligand, i.e., on the side of the square plane
farthest from the electron-withdrawing CF; group. So the
presence of the latter cannot excessively influence the electronic
behavior of C-S-M and C-0O-M bonds.

Whereas metal chelates of mercapto-(3-diketones are usually
quite soluble in nonpolar solvents, the corresponding derivatives
of G-diketones mostly have low solubilities in the same solvents.

These differences are not too important. In fact, for all metal
chelates of both types of ligands it has been found that the dipole
moments decrease according to the following order of the R
group: p-MeCgH, > 2-thienyl (C,HzS) > m-MeCgH, > m-CIC¢H,
> m'Br05H4 > p'FCGH4 > p'CICeH4 > p'CeH4 > m,p'clzceHs.
The vector analysis shows that this variation in the values of
the moments with change in the R groups cannot depend only
on the magnitude and direction of substituent group moments,
but also on the presence of inductive and mesomeric effects.
The latter might be relevant because of the electron mobility
of the examined systems.

D. Derivatives of Other Ligands

Bis(acyloxy)dialkyl- and bis(acyloxy)diarylstannanes® have
relatively low dipole moments (1.37 and 1.39 D, respectively),
although these molecules contain groups such as Sn—0 (u =
2.7 D)and C=0 (u = 2.4-2.7 D). The low moments of these
compounds indicate a mutual compensation and a high degree
of symmetry. So an octahedral coordination is very probable,
and both cis (15a) and trans (15b) octahedral configurations with
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respect to the aryl groups are possible. Vector analysis suggests
that structure 15b is the most probable. This Is in agreement
with the results obtained by means of IR spectra according to
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which the introduction of substituents into the para positions of
the phenyl has scarcely any influence at all on the state of
coordination of the acyloxy groups.

Finally magnetic and electric moments together with EPR, UV,
and CD spectra were used in determining the structure of metal
chelates of C-hetaryl-substituted monosaccharides.®’

E. Conclusions

The results of dielectric measurements, many times confirmed
by evidence of a different nature, have made it possible to
establish some behavior common to different categories of
chelates. The most regular are reported below.

The symmetry of the central part of the complex depends
essentially on the type of metal and on the stereochemistry of
the part of the ligand immediately near it. In other words, the
configuration assumed Is a compromise between the require-
ment of the maximum overlapping between the orbitals involved
In the bonds and the steric requirements of the ligand.

The configuration of the complexes in solution in general is
fairly different from that in the solid state. This is due to mo-
lecular packing in the condensed state and not to the influence
of the solvent. The latter does not modify the position of the
equilibrium, when present.

When an equilibrium between two or more configurations is
present, its position is highly conditioned by steric factors
connected with the characteristics of the central part of the
chelate. In the few equilibria, of which thermodynamic pa-
rameters have been determined, it has been found that the
entropic conditioning factor is, generally, predominant on the
enthalpic one.

Finally, the bonds responsible for the formation of the chelate
are not generally very polar and very probably present a con-
siderable degree of covalence.

III. Adducts of the Halides of Group 2—-6
Elements as Acceptors

A. General

These complexes originate from a charge transfer between
donor (D) and acceptor (A) molecules. In our case the acceptor
is an organometallic or inorganic molecule. Given the intrinsic
nature of these compounds, the importance of dielectric mea-
surements is obvious. This technique is essentially used for
revealing the formation of the complex or any other intermo-
lecular interaction, determining its stoichiometry, estimating the
stability, measuring the dipole moments, even when the com-
plexes cannot be isolated, and calculating the charge transferred
from the donor to the acceptor.

In practice there are difficulties when the rate, at which the
equilibrium between donor and acceptor is established, is low.

Concerning the interpretation of the experimental results, there
might be some minor uncertainty due to the unknown atomic
polarization of the complex and to the deformation of the
structure undergone by the two partners. These difficulties,
however, are of no importance because of the high moment
of the present complexes.

Literature data can be discussed according to both the donor
and acceptor type. Both have advantages and drawbacks. We
shall follow the classification according to the type of acceptor
because it is more schematic. In addition, a comparison will
be made among the various donors.

B. Complexes Examined
1. Group 2

Compound ZnBr,, which is apolar in the gas phase,®® in ethyl
ether has a large moment, which depends on the temperature
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(8.44 D at 25 °C and 8.92 D at -5 °C).*® This behavior has
been interpreted with the presence of an equilibrium between
two forms: one with one molecule of solvent and the other with
two. The first is stable at room temperature and the latter at
low temperature. However, If we take into account the an-
isotropy of the solvent, the observed variation might have a
different origin.®°

Mercuric halides also are linear in the gaseous phase®' and
in benzene and in dioxane show definite dipole moments (HgCl,,
1.01 D in benzene and 1.27 D in dioxane; Hgl,, 1.87 D in
dioxane).??® Taking into account that the value of atomic po-
larization is 6-7 cm? in the gas phase,®® very probably these
molecules are bent in solutlon, forming donor-acceptor com-
plexes with the dioxane. The value of 140-160 °C for the angle
hal-Hg-hal has been suggested from theoretical calculations.
Previously, however, from Kerr constant measurements some
authors®® argued that the apparent dipole moment may be due
to unjustified assumptions on the atomic polarization and sug-
gested that this might be much larger than the 10% or so usually
assumed. These objections do not seem to hold because to
reduce the dipole moment values to zero, atomic polarization
values of more than 20 cm® would be assumed and these are
very different from the values of 6-7 cm® found in the gas
phase.’®

2. Group 3

Complexes between borane (BH,) and trimethylamine,®*®
aziridine,*® and dimethylphosphine®” have been studied. The
trimethylamine complex, which has been examined also by
means of IR, Raman, and microwave spectra,’® has a moment
of 4.45-4.92 D, depending on the method employed and on the
state (liquid or gaseous). This molecule has C;, symmetry. From
the point of view of the polarity and, consequently, of the charge
transferred from the donor to the acceptor, aziridine-borane
(4.45 D)* and dimethylphosphine-borane (4.78-4.85 D)*’ behave
like the trimethylamine complex. This indicates that in all three
complexes the moments derive essentially from the charge
transfer and not from a rearrangement of the structure of the
"partners”.

A great deal of complexes, having trihalides of Al,%%1%7,
899.102.109—114 Ga,99-‘°2-‘°3-"5-‘2‘ and 1—'117.118 elements as acceptors
and amines, ethers, and sulfides as donors, have been studied
(Table III). From these works the following information has
been obtained, besides that reported at the beginning of the
present section.

Concerning the electronic structure of aromatic donors it has
been found that, on complexation, the pm conjugation between
the heteroatom lone pair and the 7 system of the phenyl is
interrupted.®®1%-1% There are two pieces of evidences for this.
(i) Benzene has a very intense absorption band (with fine
structure) in the region 259-261 nm; this band remains the same
in mono derivatives in which the substituent does not conjugate
with the 7 system of the phenyl. Instead, when the conjugation
exists (as in amines, ethers, and sulfides), this band is measurably
shifted to higher wavelengths and Is less intense. After com-
plexation, it appears that the situation existing in unsubstituted
benzene and in its noninteracting derivatives is established. (ii)
The dipole moments of complexes with donors of the aliphatic
series are very close to those for the corresponding complexes
with aromatic donors (for the same acceptor). Given this ev-
idence it is reasonable to take the difference between the
formation enthalpies of the two complexes (with the same ac-
ceptor, but one with an aliphatic donor and the other with an
aromatic one) as a measure of the energy of pm conjugation
in the aromatic amines, ethers, and sulfides.

In addition it has been found that the effect of pm conjugation
in aromatic amines, ethers, and sulfides is clearly reflected In
the complexing reactions. In fact, whenever the energy of that
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TABLE III. Complexes of Trihalides of Group 3 Elements

acceptor donor ref

AlBr, ethers 98-102
amines 98, 99
sulfides 98,102, 103
phosphines 103
ketones 104
nitrobenzenes 105
acetylenic sulfones 106

AlCl, ethers 99
amines 99
sulfides 99
ketones 107

BBr, sulfides 102, 108-110
amines 104,109
ethers 102, 104,109
selenides 109
phosphines 110

BCl, ethers 104
phosphines 103

BF, ethers 111,112
amines 111,113
esters 114
phosphines 103

GaBr, amine oxides 115

GaCl, ethers 99,102, 116
amines 99, 116
sulfides 99,102, 116
phosphines 103
amine oxides 117

TICl, tri-n-butyl phosphite 118

conjugation is of the same order as (or greater than) the for-
mation enthalpy of the complex, the latter cannot be formed.
This Is the case for the acceptors I,, SnCl,, and TICI,.*®

For sufflclently strong acceptors such as, in general, most
of the halogen derivatives of the elements of group 3 the for-
matlon enthalpy of the donor-acceptor bond Is considerably
greater than the energy derlving from the pm conjugatlon.
However, this is only the condition necessary to enable the
complex to form (it does not mean It Is actually formed). From
a thermodynamic point of view it is also essentlal that this
energetic factor is predominant over the probabllistic one which,
In our case, is agalnst the actual formatlon of the complex. In
fact, the latter presents a lower entropy than the sum of the
contributions of the two free "partners”.

An analogous pm conjugation has been observed In aromatic
phosphines. In fact, the dipole moments of the donor-acceptor
bonds and consequently the charge transfer are close to one
another In complexes between phosphines (aromatlic and all-
phatic) and AlBr;. However, the values of the heats of formation
of the complexes with aromatic phosphines {21.6 kcal moi=')1%®
are much lower than those for the complexes with the allphatic
phosphines (33.7 kcal mol-"). Now, the heats of formation of
the donor-acceptor bonds being close, it follows that the dlf-
ference in the heats of formation between the complexes with
aliphatic phosphines and those with the aromatic ones might
derive from the difference in the rearrangement energy of the
phosphines. The rearrangement of aromatic phosphines is the
breakdown of pw conjugation on complex formation. Other
factors, such as steric and inductive effects, are not signlficant.

Another interesting and controversial toplc concerns the
relative stability of the complexes as a function of the donor type.
For aliphatic R, the following order has been obtalned: R;N-ABr;
> R,0-AIBr; > R,S-AlBr3, In agreement with the calculated
overlap Integrals of the atoms taking part to the donor-acceptor
bond (N-Al 0.48, O-Al 0.42-0.40, S-Al 0.38).% The same trend
is observed with the acceptor BF,, which is again in agreement
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with the overlap integrals (N-B 0.60, O-B 0.54, S-B 0.47).""
In the case of the acceptor GaCl, (and also GaBrs, Gals, I,
SnCl,, TiCl,) the order changes: R;N-GaCl; > R,S:GaCl; >
R,0-GaCl;. In this case, the overlap integrals (N-Ga 0.49, O-Ga
and S-Ga 0.41)'"€ do not account for this partial inversion. The
transferred charge and the heat of formation of the complexes
(AH) are in agreement with the trend of the stability. For ex-
ample, AH = -32.3 (mean), 23.3, and 17.5 kcal mol™, re-
spectively, for complexes of aliphatic amines, ethers, and sulfides
with AlBr,.%® Wae feel that in the formation of complexes such
as those examined here, it is first necessary to take into account
the donor capacity of the organic molecules (for a given ac-
ceptor). In addition, for this donor power to become operative,
there should be favorable overlap between the oribtals directly
involved in the formation of the complex. If both of these factors
are taken into account, then the above results (which otherwise
appear to be in conflict) become understandable.

It has generally been observed that in complexes not sterically
hindered there is a linear proportionality between the degree of
charge transfer (upa/ er, in which up, is the dipole moment of
the donor-acceptor link, e the electron charge, and r the dis-
tance between the centers of the positive and negative charges)
and the heat of formation of the donor-acceptor bond.

Some aromatic and heteroaromatic ketones with AlBr; glve
rise'® to complexes D-AlBr, (D is a donor molecule) and D-
2AIBr;. The first AlBr; molecule bonds to carbonyl oxygen and
the second one probably bonds according to the type of a 7
complex. However, it is useful to remember that several
structures have been proposed for 1:2 complexes between
aromatic ketones and chloroaluminum compounds. All these
structures have been correlated with experimental data (see ref
107 and references therein).

The observed dipole moments for the complexes between
GaCl; and aromatic amine oxides are smaller than those for the
corresponding GaBr, derivatives.''®''” This may be due to
various reasons such as a minor polarity of the donor-acceptor
bond, a minor dipolar contribution of the acceptor, and a dis-
sociative effect.

In addition to the halogen derivatives of the elements of group
3B (as acceptors), the corresponding alkyl and aryl derivatives
have been studied.!8-123

The moment and stability of complexes of trimethyl- and
triethylaluminum are similar to and slightty lower than the moment
and1 1sgtability of the corresponding triphenylaluminum complex-
es.

Triphenylboron complexes 2° with pyridine, 2- and 4-picoline,
2,4-lutidine, and Et;N but does not complex with Pr,S, Bu,S,
tetrahydropyran, and 2,6-lutidine. Thermodynamic parameters
(AH, AG, AS) for the reaction of formation of these complexes
have also been determined. In the complexes between tri-
methyl-, triethyl-, and triphenylboron with pyridines we have a
substantial charge transfer (the moments of the donor-acceptor
bond are 2.6-3.4 D)."*' The fact that these moments of triethyl-
and triphenylboron complexes are comparatively close and the
heats of formation (17.6-18.0 kcal mol™") are the same, within
the limits of experimental error, indicates that the energy required
to disrupt the pm conjugation in triphenylboron during formation
of the complex with pyridine is not great. With the same donors
the triallylboron forms complexes'? whose stability has the order
3-methylpyridine > pyridine > trimethylamine > 2-methylpyridine.
A linear relation has been found between Au values (difference
in the dipole moments of the complex and the free donor), the
activation energies of assoclation processes leading to the
formation of the complexes, and the chemical shifts of BCH,
protons and of ''B.

Finally, interesting results have been obtained'®® on the
complexes between the trimethyl derivatives of certain group
3B elements, MMe; (M = Al, Ga, In) and the azoles, 16. The
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reaction between these two classes of substances gives rise
to completely different compounds depending on whether or not
the azole contaln mobile hydrogen, 16a and 16b. In the case
where azoles of type 16a are used, i.e., with mobile hydrogen,
this hydrogen of NH group is replaced by the organometallic
MMe, group and methane is liberated.

3. Group 4

Of the acceptors in this group, it has been SnCl, that has been
studied, almost exclusively, and rarely SnBr,, TiCl,, and ZrCl,.
The acceptors SnCl,, SnBr,, and ZrCl, form complexes with
ketones in the ratio of 1:2 (u = 6.0-7.5 D).'** The same
behavior has been observed among the complexes between
SCl,, SnBr,, and the aldehydes'? (naphthalenecarboxaldehyde,
cinnamaldehyde, furancarboxaldehyde, benzaldehyde, salicyl-
aldehyde), with moments between 5.9 and 6.5 D except for the
two complexes with naphthaldehyde which have a zero moment
and a 1:1 stoichiometry. In all these adducts the coordination
of carbonyl oxygen to the metal halide is evidenced by a large
shift (100-150 cm™") to lower frequency of the carbonyl
stretching absorption, in agreement with previous results, 212
The spectrum of the two complexes with phthalaldehyde, in solid
and in dioxane, does not show any C=0 stretching band in the
zone of the free aldehydes, indicating that both carbonyl groups
are involved in the bond with the metal and explaining, in this
way, its stoichiometry. The dipole moment of the acceptors is
zero, while that of the aldehydes and ketones is 2.6-3.0 D;
therefore the high values observed for the complexes are
consistent only with cis octahedral structures. Only in the case
of the complexes with naphthalenecarboxalkdehyde, which have
a zero moment, it is right to suggest a trans octahedral con-
figuration due to the presence of a bulky donor group.'®°

The same cis octahedral structure is to be assigned'' to the
six complexes with the general formula SnCl,-2R,COO0R, (R, is
an alkyl group and R; is’an alkyl or aryl), whose moments are
about 9.5 D.

For the complex SnCl,0,C H; (dioxane) the moment of 2.95
D can be ascribed to the donor-acceptor bond moment only
provided the conformation is a tetragonal pyramid. However,
such an.assignment is arbitrary in the absence of X-ray data.
In fact, in the case of molecules such as SnCl, which have zero
dipole moment in the gas phase, the existence of a high dipole
moment In a complex can be ascribed to the contribution of a
highly polar donor-acceptor bond on the one hand and, on the
other, to a change in the structure of the original molecule during
complex formation.'32

The behavior of the acceptors SnCl, and TiCl, with RS-
(CH,),SR, n = 1-10, has been studied through dielectric and
calorimetric measurements.'®® The results are analogous to
those found above for simllar molecules.

Alkoxysilanes with SnCl, form two types of complexes:
SnClL and SnCl,2L. The high values of the dipole moments
(5.4-7.2 D) and the high difference (Au = 3.5-5.6 D) between
dipole moments of the complex and that of the free donor
indicate the presence of strongly polarized O-Sn bonds. For
the equimolecular complexes a cls octahedral structure, 17, may
be suggested. '

{Vinyloxy)anilides {L) give rise to the SnCl-2L complexes (n
= 6.3-9.5 D).’ The conslderable increase In the dipole mo-
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ment of the complexes compared to that of the donor indicates
the formation of a new and highly polarized donor-acceptor
bond, of which the oxygen of the carbonyl group is primarily
responsible.

Dipole moments and formation constants were calculated for
MCl,-nD complexes (M = Sn, Te, Ti; n= 1, 2; D Is the donor,
ether or sulfide) from dielectric measurements.’®® Limitations
of the method with respect to concentration of partners and
stability of the obtained complexes are discussed.

For D = (C4H9)3P, (C4H9)3PO, (C4H9)3PSe, (C4H9)3PS, the
complexes SnCl,:D (1 = 8.1-11.3 D)™ are consistent with a
trigonal-bipyramidal structure, while the SnCl,-2D (2.36-5.2 D)
are found in a mixture of the cis and trans isomers. The same
type of complex is obtained between SnCl, and R,R,R;AsS. ™8
This behavior of the acceptor SnCl, seems very common. In
fact, also with dialkyl selenides SnCl, gives rise to SnCl,-R,Se
and SnCl,2R,Se complexes. It has been suggested that
equimolecular adducts are trigonal bipyramidal and SnCl,.2R,Se
are mixtures of isomers with cis and trans arrangements of the
R,Se molecules in a octahedral configuration'® (18).

4. Groups 5 and 6

Complexes where group 5 elements are involved, in the period
we have reviewed, concern essentially the antimony chlorides
(acceptors) and organic carbonyl compounds—aldehydes and
ketones (donors). Antimony(V) chloride forms 1:1 complexes
with ketones '** (acetone, methyl ethyl ketone, acetophenone,
benzophenone) (u = 8.3-9.1 D) and with aldehydes'*® (na-
phthalenecarboxaldehyde, benzaldehyde, salicylaldehyde, cin-
namaldehyde, furaldehyde) (u = 7.7-8.8 D), with phthalaldehyde
it gives rise to a 2:1 adduct (9.76 D). These high moments are
consistent with octahedral structures. The site donor of the
carbonyl compounds (oxygen) has been indicated by the lowering
of the stretching frequency of the carbonyl stretching vibration
and from the increase in the C-C vibration of the complexed
ligand compared to the free one. For these complexes both
the initial decomposition temperature and heat of formation (-AH)
show the following order for the relative stability of the adducts:
naphthalenecarboxaldehyde > benzaldehyde > furaldehyde >
cinnamaldehyde.

Pyridine N-oxides give rise™ to 1:1 and 2:1 complexes with
SbCl; and to 1:1 complexes with SbCls. The dipole moments
(8.2-10.5 D) for 1:1 complexes of SbCl; suggest a bipyrami-
dal-trigonal structure with a lone pair of the central atom in a
coordination position. For 2:1 adducts of SbCl; the observed
moments (8.5-11.4 D) are considered too low for an octahedral
structure with two donors cis. Therefore, we must consider a
certain part of the trans isomer. For the complexes of SbCl;,
a C,, structure is suggested. In all these complexes the shift
of the (N-O) stretching frequency toward lower frequencies
indicates that the coordination takes place through the N-O
oxygen.

Complexes of m-allylpalladium chloride#? (RC;H,PdCl,) with
pyridine have the structure shown in 19. The introductlon of
an amine does not disrupt the 7 bonding of the allyl group to
palladium. In contrast with previous reports, the group moment
u(allyl-Pd), which is of the order 2-2.5 D, goes from the allyl
to the metal, i.e., the allyl group carries a positive charge with
respect to the metal.

Sorriso
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Dipole moments together with conductivity measurements in
solution and IR spectra'®® of solide complexes MXg:nL (M =
Nb,X=Cl,bn=1,3,4X=Br,n=1,3,M=Ta, X =Br,
n = 1, 3) with amides L = RCONH;, (R = H, Me, Ph) indicate
that L bonds to the metal atom through the oxygen atom. The
values of M-O bond moments indicate that the basicity of the
ligand L increases as R = H < Ph < Me. The dipole moments
of the bis{pentane-2,4-dionato)oxovanadium{IV) In benzene (3.27
D) and in dioxane (3.79 D) determined from dielectric loss
measurements indicate the presence of the complex
{acac),VO-dioxane.**1**  The relaxation time found for
(acac),VO in dioxane (130 ps) is much larger than that in
benzene (56 ps); this might also be explained by the formation
of the adduct with the dioxane. Concerning the configuration
of this complex, it has been suggested that very probably the
dioxane coordinates via the oxygen to the sixth position of the
vanadium, as in the solid.'®

The results obtained'¥-'' on the complexes between TeCl,
(acceptor) and certain donors are not in agreement with each
other and, according to some authors, they could seem con-
tradictory. Very probably, this is due to the fact that the con-
figuration of these compounds depends in considerable measure
on the environment of the molecules. In benzene, the low
conductivity values as well as the magnitude of the observed
moments (5.4-8.4 D)'¥" of TeCl;R,S and TeCl,«R,SO (R Is an
alkyl group) indicate that these complexes are molecular com-
pounds of the donor-acceptor type, in which all the Te-Cl bonds
are predominantly covalent.

1V. Carbonyis and Nitrosyis

There have been relatively few dipole moment studies on this
class of compounds over the past 10 years. Most of the
structures of mono- and polynuclear carbonyls and carbonyl-
nitrosyls were examined before 1968."2 In the last few years
there has been a more thorough investigation of the outstanding
questions left unanswered, such as group and bond moments,
as well as the study of some new structures.

For the complexes of general formula M(CO),L,, in which L
is a monodentate ligand, the dipole moments confirm an octa-
hedral configuration, in solution. In this, the relative arrangement
of the L ligands to each other, for which the partial moment is
quite high, depends on both the nature of the metal M and of
the ligand L.

Complexes of the type M(CO),(PMe,Ph), with M = Cr, Mo,
or W are readily prepared by heating the hexacarbonyl with
dimethylphosphine. A cis configuration regarding the relative
positions of ligands has been assigned to these complexes (u
= 6.3-7.1 D);"*? only for the chromo derivative a certain isom-
erization to the trans form may be suggested in solution. The
corresponding complexes with L = AsPMe,Ph (u = 6.7-7.1 D)
are also cis for M = Cr, Mo, and W; that with L = P(OMe),Ph
and M = Cr is trans with a little cis impurity and that with L =
P(allyl),Ph is trans (1.1 D). The configuration of these complexes
is often obtained from the number and intensity of the carbonyl
stretching absorptions. In fact, while cis complexes of this type
show a sharp band at highest frequency and a complex of three
bands which may not be completely resolved and at least one
of which will be intense, 1%>-'* trans complexes show one intense
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band and two weaker ones at higher frequencies.
Complexes of the type M(CO),L,, with M = Cr, Mo, W and
L = PMe,Ph, AsMe,Ph, PMe;, P(OMe).Ph, have been synthesized
by substitution of the cycloheptatriene'®® in the complex M-
(CO)4(C;Hg). Of these only the derivatives with P(OMe),Ph, having
a single strong carbonyl band in IR are believed to be of the
mer type, 20. On the basis of the observed moments (7.3-8.3
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D) and IR evidence (an intense band and a further more intense
one in the carbonyl region) the others may be assigned a facial
configuration, 21.

For the complexes Mo{CO)sL, cis-Mo(CO),L,, fac-Mo(CO);L;
(L = PPhg, AsPhg, and SbPh;) as well as cis- (22) and trans-
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Mo(CO),(SbPh,), (23), the infrared data for stretching as well
as deformation vibrations do not clearly explain the difference
in stability, the ease of substitution, or the observed dipole
moments.™ In order to get this information, the dipole moments
have been utilized by using the model of variable donor-acceptor
ability of ligands together with that of nonretention of charges
on the metal. A comparison between the L-M-CO group mo-
ments has been made by assuming that the same structure is
present for all the complexes examined. From these calculations
it was found that multiple substitution affects both the L-Mo
moment and the Mo-Co one. The critical factors of the stability
of these complexes are the donating power of the ligand, which
is related to the L-Mo group moment, and the steric effects,
which become important whenever large ligands bond to the
metal. Finally, in a tentative separation of the ¢ and 7 bonding
capacities of the ligands examined, it was found that they be-
come more ¢ donor (7 acceptor) in the sequence PPh; > AsPh,
> SbPh,.

Carbonyl complexes of general formula (CO);MC(SR)R’ (with
M = Cr, W; R = Me, Et, Ph; R’ = Me, Ph) have been thoroughly
studied'®® by IR, NMR, electronic and mass spectroscopy, and
electric dipole moments (4.53-5.14 D). Various lines of evidence
are consistent with an octahedral configuration of these com-
plexes. The higher »{CO) stretching frequency, the energy barrier
for rotation about the carbene carbon-sulfur bond, the ionization
potentials, and the dipole moments show that the capacity of
the thiocarbene ligands to transfer charge along L-M-CO is
intermediate between that of alkoxycarbene and aminocarbene
ligands.

An increasing capacity of ligands to transfer charge on the
W(CO); group is suggested'® from the observed dipole moments
of the compounds (CO)sW[C(OMe)Me] (3.75 D), (CO)W[C-
{SeMe)Me] (4.82), (CO)sW[C(SMe)Me] (4.95) and (CO)s;W[C-
(NHMe] (6.34).

Dipole moments have been utilized'®° for finding the config-
uration of the compounds obtained by the reaction of cis-
MeMn(CO),L or cis-MeCOMN(CO),L with the ligands L = P-
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(OCH,),CMe, PPh,H; PPh,Me, P(OPh),, PEt;; PPhMe,, P(OMe)s.
For the first group of ligands the single product MeCO(CO),L.,
with a facial configuration 24, has been obtained; with the second
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group a meridional-trans complex, 25, MeCOMN(CO),L,, is ob-
tained; and with the third group facial complexes are obtained
which rapidly rearrange to meridional ones, 25 and 26. These
conclusions are further supported by the infrared and NMR
spectral properties of the complexes examined.

Information has been obtained™' on the charge transferred
in formation of the bond Co-M’ (covalent) and Fe-M'"' (coor-
dinative), (M’ and M'’ are elements of groups 4B and 5B, re-
spectively), from a comparative study of the two series of
molecules (CO),CoM’X; and (CO),FeM''X;, where X = CI, OMe,
Ph, or an alkyl group. On the assumption that the central metal
remains electronically neutral after complexation, the charge
transfer 7 (in terms of electrons) in the bond M-M' {(or M-M""),
is connected to the group moment by eq 1, in which dand d’

4
T= #(coww(m) )]

are the M-M’ (M-M'"") and M-C distances (in A), respectively.
Another virtually linear relationship has been found between
Mo (OF Heo)mmv) and the average stretching frequency,
NCO)yy. From poiame = f[#{(CO)] plot a relationship, (2), has
been obtained for calculating the charge transfer.

_ Vo - UCO)yy ”
TT a2 10 2

In (2) v, is the hypothetical CO stretching frequency in the
absence of ligands. Given the various assumptions in obtaining
these two relations, the values calculated in this way acquire
an interesting significance only when they are utilized for a
comparison within a homologous series. So, it is found that,
for the same X the charge transferred to the transition metal
is always greater in the coordination bond M-M''X, than in the
covalent one. For a highly electronegative X (X = Cl) the charge
transferred along the bond M"" — M tends to zero, when this
is in the opposite direction, M’ — M, in the covalent bond. This
difference in behavior is explained if we remember the different
origin of the electrons that are present in the M'-M and M"'-M
o bonds.

The effect of the ligands bonded to the tin on the nature of
the Co-Sn'® and Fe-Sn'®%'® honds has been established from
the group moments. It has been shown that the charge transfer
in these bonds is determined more by the electronic properties
of the ligands than by the nature of the central metal and the
structure of the complexes.

The group moments u({L=M), where M = Co, Fe and L = PPh;,
have been extracted'®® from the values observed for CoCO-
NO(PPh3), and Fe(NO),PPhs), assuming 0.5 D for u(M2CO) and
1.0-1.3 D for u(M=NO). The u values obtained assuming tet-
rahedral structures [u({L2Co) = 3.3 D and u(L2Fe) = 3.7 D] are
much smaller than the calculated ones (~ 8 D) for an exclusively
dative L — M bond. This was ascribed to the strong metal-
to-ligand back-bond. Taking the same group moments a vec-
torial analysis has been carried out'® on the molecules -
(CH,CXCH,)FeCONOL (X and L are, respectively: H, CO; H,
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PPhg; Me, CO; Cl, CO; Br, CO).

In the complexes w-tetracarbonylmonoolefinjiron, w-LFe{CO),,
(with L = trans-PhCH=—CHCOMe, trans-PhCH=CHCOPNh,
trans-PhCH=CHCHO, CH,=~CHCHO) it has been found'®" that
the ketone maintains the conformation present in the free ligand,
while the aldehyde gives both rotamers, in equillbrium. As
regards the latter equilibrium, from IR measurements the en-
thalpy change (AH) for the interconversion s-cis = s-trans is:
m-(CH;~CHCHO)Fe(CO), # 943 + 200 cal mol' and =-
{PhCH=CHCHO)Fe(CQ), 1066 = 200 cal mol-'. In the com-
plexes 7-LFe(CO); the same ligands bond to the iron via the 7
doublet of the olefinic ligand and the carbonylic one.™®®

Analysis of the electric moments of blis(1,3-butadiene)-
carbonyliron, bis(2,3-dimethyl-1,3-butadiene)carbonyliron, bis-
(1,3-cyclohexadiene)carbonyliron, bis(1,3-butadiene)trimethyl
phosphite)iron, and (trimethyl phosphite)tetracarbonyliron allows
an assessment of the magnitude of the u(Fe®CO) group moment
{(ca. 2 D) in these molecules.'®®

Dipole moments and IR and NMR spectra have been used
to identify the structure of the octahedral (cls and trans) com-
plexes Ru(CO),L,X, (where L = organo derivatives of group 5B
and 6B elements; X = Cl, Br, or I).'° The cis Isomers show
dipole moments which fall distinctly Into three groups, enabling
the exact assignment of the three possible cis CO structures
to be made. Group and bond moments are also derlved.

Analogous measurements have been made on the complexes
[IrX5(CO)L,), where X = Cl, Br, or I, L = PMe,Ph, AsMe,Ph,
obtaining'”" similar results.

The cis configuration of the complexes PtX,(CO)PR; (where
X = Cl, Br, or I and R = akkyl or aryl group), obtained by scission
of the corresponding dimer (eq 3), has been suggested (u =

ol
R3P ol o
0
>P#< >P¢/ = a—Pt—Co 3)
RsP o o
PR3

9.1-9.65 D).""? In the complexes PtCI,(CO)PR,, with PR, =
PhsP, (CgH11{CeHs)2P, (CgH11)2(CeHs)P, the carbonyl stretching
frequency of the (CgHs)sP complex is highest and that of the
(CgH,1)sP complex is lowest. Presumably, the less basic (CgHs)P
competes most effectively for the metal d electrons, thus re-
ducing donation of metal d electrons into the antibonding orbitals
of carbon monoxide.

V. Sandwich Complexes and Related Molecules

The structures of the parent molecules have been known for
a long time."”® In the period covered here few dipole moment
studies have been carried out on the derivatives; most refer to
ferrocene.

A. Iron and Chromium Complexes

A thorough discussion of the present position for various
(benzene}-, (thiophene}-, and other (arene)chromium tricarbonyl
compounds has appeared.'’+17® The vector analysis of the
observed moments reveals that the arene-Cr(CO); group mo-
ment depends on the nature of the arene substituent in a precise
manner. An almost monotonic relationship has been found
between increase in the ligand-metal bond moment (excluding
the contribution of the substituent) compared to that of the
unsubstituted complex and the carbonyl stretching frequency.
This is explained by the fact that the blgger this Increase the
greater the charge transfer from the ligand to the metal and,
consequently, the metal d, — CO 7* electron donation must
be higher. Conformationally it has been found that for the
tricarbonyl{aniline)chromium [and tricarbonyl(p-phenylenedi-
amine)chromium] complex a conformer with the two hydrogen
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atoms pointing toward the center of the molecule (in the eclipsed
form 27) is present.
co

l

~N- SN

¢ co

eclipsed staggered

27

Dipole moments and CO stretching frequencies suggest that,
for unsubstituted (arene)tricarbonylchromium complexes LCr-
(CO),, with L = diphenyl, fluorene, and cis-stibene, the 7 basicity
to be considered is that of the ring directly unlted to the metal
and not that of the arene as a whole. In general the substituent
effect in para-substituted diphenyltricarbonyichromlum complexes
(L = 4-methyl-, 4-amino-, and 4,4'-dimethyldiphenyl), In which
the tricarbonylchromium group is bonded to the substituted phenyt
ring, Is markedly weaker than that in the corresponding (benz-
enejtricarbonylchromium complexes.

2-Ferrocenyimethylene-1,3-indandione has a moment of 2.03
D,"® to be compared to 1.17 for 2-benzylidene-1,3-indandione.'”
In agreement with this the two carbonyl stretching frequencies
show a significant shift (Av; = -12 and Ay, = =13 cm™' In
CH,Cl; Av; = -7 and Ay, = -8 cm™' in CCl,) when compared
with 2-benzylidene-1,3-indandione. This evidence led to the
suggestlon that in the former compound there is a contribution
of extreme polar forms having negative charge on the oxygen.

The temperature dependence of the NMR spectra and the
dipole moments as well as the circular dichroism'® of the
"ferrocene band” indicate that in [3]ferrocenophanes (28) the

My o K O
0 A it !
N 7 ~
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0 0
H,C { AL
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28

methyl in the « position determines the configuration of the
bridge between the two cyclopentadienyl rings while that in the
8 has no influence. Consequently the activation energy of the
inversion decreases in the same order. The conformational
aspects of many bridged and nonbridged ferrocene derivatives,
29, have been examined by other authors.'® The interesting
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results obtained for the bridged complexes cannot be summa-
rized briefly. As concerns nonbridged complexes, a comparison
between the moments of benzene derivatives and those of the
corresponding ferrocene derivatives shows that, with the ex-
ception of acetyl and benzoylferrocenes, the ferrocenyl com-
pounds are more basic. Acetyl- and benzoylferrocenes (1,1’
diderivatives) may exist in two conformational situations, meso
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(30a) and racemic (30b).’® Since the dipole moments of these

a, meso

b, racemic
30 '

compounds are compatible with the moment of the racemic
bis(1,2(1',2"-{a-ketotetramethylene)ferrocene and not with the
corresponding meso Isomer, it was inferred that 1,1'-diacyl-
ferrocenes exist malnly in dand /conflguration. The potential
energy barrler to Internal ring rotation was calculated to be
highest for the meso structure.

The problem of the presence or otherwise of the internal
rotation of ferrocene, about which contrasting oplnions ex-
ist, 18118 has been explored closely by means of the examination
of the behavior of some 1,1'-dihalo derlvatives (halogen = Cl,
Br, or I) in apolar solvents,'8%'87-18 Measurements of the
dielectric constant for a wide temperature range have shown
clearly that, in benzene and in n-decane, the Internal rotation
of the cyclopentadienyl rings is restricted. Thls suggests that
In the parent molecule the internal rotation is completely free.
From the point of view of the energy barrier to Internal rotation,
the moment values at the various temperatures have been
treated in two ways, assuming that (l) the interactlon between
the two rings takes place through the carbon and hydrogen
atoms and (ii) that the only existing interactlon takes place
through the two halogens. The values of the potential energy
for the rotation and their trend have shown that the real situation,
In polar solvent, lies somewhere between the two shown In the
calculation, i.e. (i) and (ii)."®

B. Complexes of Other Metais

Several complexes of the type (7-CgHs),MX, (M = Ti or Zr,
X = NCS, OCN, or Cl) have been studied in various solvents,'®®
The dipole moments show that u[(m-CsHg),TINCS),]/u[(m-
CsHs),TICl, = u[(m-CsHs),ZrNCS),]/u[(m-CsHs),ZrCl,, suggesting
that the titanocene and zirconocene complexes have the same
structure and bond type of thiocyanate ion. IR measure-
ments '%1°1 show that the NCS groups bond via the nitrogen
atom. On the other hand, it is found that u[(m-CsHg),Ti-
(OCN),]/u[(m-CgHs),TICI, 7 u[(m-CsHs),Zr(OCN),]/p [(7r-
CsHs),ZrCl,]. This may indicate that the structure of the com-
plexes and/or the bonding of the cyanate lon are different in
titanocene and zirconocene. These results together with those
obtained from IR measurements may indicate that titanocene
cyanate most likely contains N-bonded groups, whereas those
In the zirconocene cyanate are most llikely O-bonded. The high
dipole moment of the complexes (CsHs),TICl, (6.25 £ 0.39 D
In benzene'®? and 5.8 £ 0.3, in dioxane ), (CsH5),2ZrCl, (5.90
+ 0.38, in benzene'®? and 4.87-4.93 % 0.03, in benzene'®),
and (CsHs).HgCl, (4.66 + 0.03, in benzene ™) makes it possible
to conclude that these compounds have a tetrahedral configu-
ration, with an angular arrangement of the cyclopentadienyi rings,
connected by a "central” o bond.¥*1% Such a structure has
been suggested also on the basis of the electron-diffraction
measurements, 19419

The (CsHs)-Ti bond moment in (CgH;5),TiCl, (3.1-3.2 D) and
in (CsH5)TIiCl; (2.8-2.9 D) has been calculated™® from the ob-
served dipole moments of (CgHs),TICl, (6.1 D), (CsHg)TICI; (4.31
D), and (CsH;),TICI (4.23 D), and it has been deduced that
(CsHs)2TICI does not form a centrosymmetric association in
benzene solution.

Chemical Reviews, 1980, Vol. 80, No. 4 323

The problem regarding the kind of bond existing in these types
of complexes has been tackled by studying tetracyclo-
pentadienylzirconium and -hafnium complexes.™ For these
compounds, on the basis of the NMR and IR spectra it was
impossible to establish the configuration unequivocally.’® In
fact, the presence in the NMR spectra of a sharp singlet of the
protons is in agreement with the assumption of a highly sym-
metrical structure, with four equivalent rings. On the contrary,
IR spectra show a greater number of bands than is required
for this configuration. The high values of the dipole moment
(3.41-3.79 D) indicate asymmetric structures and agree with
results obtained for the zirconium derivative from X-ray mea-
surements.’” On the basis of the structural parameters we are
led to believe that three cyclopentadienyl rings are connected
to the metal by a normal o bond.

Still on the subject of this kind of molecule, the NMR and ESR
spectra suggest™ that, in the (CsHz)V(C,;H,) complex, the carbon
atoms in the pentatomic ring are more negatively charged than
those in the heptatomic one. This is in agreement with the fact
that the metallation takes place predominantly in the pentatomic
ring."®® The same is true for the corresponding chromium
compound, even though the reaction is more difficult,?® while
with the titanium derivative the metallation is again quick but
takes place in the heptatomic ring. On the basis of dipole
moments (1.6 = 0.1, 1.2, and 1.0 D, respectively, for the tita-
nium, vanadium, and chromium derivatives)?®' we can establish
that the behavior of these complexes is a consequence of the
fact that the negative charge on the carbon atoms in the hep-
tatomic ring Increases in the order Cr < V < Ti. Finally, con-
cerning the true precise structure of these molecules, the mo-
ment values, which would have been extremely useful, cannot
be used because of their uncertainty due to the fact that the
atomic polarization has not been taken into account. The effect
of this contribution can, in fact, be critical for such low moments.

VI. Unclasslfiable Complexes

This section reports results on some less easily classifiable
complexes. Many of these are recognizable in their similarity
to the charge-transfer complexes (see section III on the mo-
lecular adducts) since they produce donor-acceptor type bonds.
We have put them in a separate section because they have
been studied differently.

The classification is made according to the central element.
Unfortunately, because of the paucity of information available,
It is not possible to have details of the characteristics of the
various groups of the periodic table, as we should have wished.

A. Compounds with Group 2B Elements

The dipole moments of the complexes of type MX,2pyridine,
where M = Znand X = Cl, M = Cd and X = I, in benzene and
dioxane have values in the range 8.4-9.2 D, consistent with both
a tetrahedral and cis-square-planar structure.2°22%3 There is
evidence (X-ray structure and diamagnetic character of the
complex in the solid state)?°+-2% that indicates that the zinc
complex is monomeric and that the bonds around the central
atom have an almost tetrahedral arrangement. The closeness
of the moments of the zinc and cadmium derivatives suggests
the same configuration for the latter compound too. On this
the results of vibrational spectra®®’ and dielectric polarization
measurements are in agreement.?82% n these two complexes,
measurements of the Kerr constant show that the two pyridine
rings are parallel to each other and assume an equal spatial
arrangement, where ¢ = 51-60° (¢ = 0° for the structure
having the two CsN rings coplanar).

A tetrahedral structure can be suggested from the moments
even for the analogous complexes (N,N,N’,N’-tetramethyl-
ethylenediamine)cadmiunyl1l) iodide, CAI,TMED,2% and ZnClyL,,
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TABLE IV. Observed Moments® and Inferred Configurations of
Some Organotin(IV) Complexes

Cco-

ord arrang

complex I X group no. of X  ref
X,Sn(NCS), 6.2 Bu 4 tetrah 212
X,Sn(NCS), 5 Ph 4 tetrah 212
X,Sn(NCS),(bpy)®? 13.3  Bu 6 trans 212
X,Sn(NCS), (bpy) 7.2 Ph 6 cis 212
X, Sn(NCS),(o-phen) 15.0 Bu 6 trans 212
X,Sn(NCS), (0-phen) 6 Ph 6 cis 212
X,Sn(NCS) ,(o-phen) 6 NCS 6 trans 212
X,Sn(NCS)(0x) 78 Bu 5 cis 212
X,Sn(NCS)(0x) 6.20 Pn 5 cis 212
X,SnCIl(Ox) 476 Ph S cis 212
X,Sn(0x), 5.48 Ph 6 cis 212
X,Sn(0x), 463 Bu 6 cis 212
BuSnX,(bpy) 10.2 NCS 6 trans 213
PhSnX, (bpy) 10.0 NCS 6 trans 213
BuSnX,(o-phen) 10.1 NCS 6 trans 213
PhSnX,(o-phen) 8.9 NCS 6 trans 213
BuSn(NCS)(0x), 9.1 6 213
PhSn(NCS)(0x), 8.4 6 213
BuSnCl(0x), 7.69 6 213
PhSnCl(Ox), 7.4 6 213
BuSnCl, (bpy) 9.8 [ 213
BuSnCl(2-Spy0), 7.63 6 213
BuSnCl(2-Spy0), 5.0 6 213
BuSnCl1(2-Spy0), 5.0 6 213
PhSnCl(2-Spy0), 7.49 6 213
Bu,SnCl,(Bu,P0), >11.9 Bu 6 trans 214
Bu,SnCl,(Ph,PO), >11.0 6 cis 214
Bu,SnCl, (Ph, AsO), >125 O 6 cis 214
Bu,Sn(NCS),(Ph,As0), 7.4  allligands 6 trans 215
Bu,Sn(NCS),(Bu,P0), 7.4 allligands 6 trans 215
Ph,Sn(NCS), (Ph, AsO), 5.8 allligands 6 trans 215
Ph,Sn(NCS), (Bu,PO), 6.0 allligands 6 trans 215

@ In benzene, determined by means of Higasi method*'! uin D.
b Bpy = o, -bipyridyl; o-phen = o-phenanthroline; Ox = oxinate;
2-SpyO = 2-pyridinethiol 1-oxide.

with L a substituted phenylhydrazine.2'

B. Compounds with Group 4A Eiements

Tetra-, penta-, and hexacoordinated tin complexes have been
studied thoroughly from the point of view of the configura-
tion?"-22" in solution and in the solid state. Regarding the results
obtained from dielectric measurements, in Table IV we have
a drawing of the main molecules and the structure deduced from
the observed dipole moments. We must state in advance that
in solution the NCS ligand is monodentate and utilizes a lone pair
of the sulfur and not of the nitrogen to bond to the central atom,
as can be deduced by the absence of the CN stretching vibration
band in the region 2005-2035 cm™",

From Table IV we can see, apart from the NCS ligands that
are always in a trans arrangement, that the other ligands assume
a relative position depending on their nature and that of the other
ligands present. We notice that the complexes between
R,Sn(NCS), and the o-phenanthroline or 2,2'-dipyridyl reveal a
change from trans C-Sn-C bonds in dibutyl compounds to cis
C-8n-C bonds in divinyl and diphenyl compounds; on the con-
trary, the corresponding R,SnCl, complexes are all trans.

From the moments of the complexes Bu,SnCl,(o-phen) (11.3
D),%'® Bu,SnCl, (4.37 D),2'® and Bu,Sn(NCS), (6.2 D)*'? we can
calculate a moment of 13.5 D for the complex Bu,Sn{NCS)(o-
phen) whose observed moment is 15.0 D. The difference be-
tween the observed and calculated moment can be mainly due
to an Increased N*==CS~ character for the isothiocyanate group
in the octahedral structure with respect to the tetrahedral one.

Regarding the pentacoordinated complexes R,SnXOx (Ox =
oxinate), the theoretical moments, calculated from the group
and bond moments, are consistent with trigonal-bipyramidal
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structures with the R groups cis to each other. The NMR, IR,
and UV results,?'¢-2'® not In agreement with this, are unanimously
interpreted In favor of a blpyramidal structure but with the groups
trans to each other. Against this interpretation it could be
affirmed that, In the case of R trans to each other, the angle
of the chelate ring (74°)*® would allow a large distortion of the
bipyramidal conflguration.

In the hexacoordinated tin complexes the compounds??'
R,SnX(OC,H,), and R,SnX(SC,H,),, in which X = NH, NMe, NEt,
NPh, have been studied. The NMR spectra and the dipole
moments (2.56-4.16 D) are consistent with octahedral structures
31, chosen from various theoretical ones.
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C. Compounds with Group 8 Elements

A zero moment®? in benzene indicates unequivocally a
symmetric trigonal-bipyramidal structure for the complex
RuCly(AsPhs),, with three chiorine atoms in the equatorlal plane
and two triphenylarsine ligands along the z axis, in a trans
position to each other. Such a structure had been found from
the same evidence for the complex CoCl;(PEts),. Trigonal-bl-
pyramidal structures are common for electronic configurations
d°, d® and d'® and quite rare for configurations d°, which is the
one present.??*

Ruthenium also forms many hexacoordinated, neutral and
monomerlc complexes with tertiary phosphines and ar-
sines.??5-2%  Among these the dipole moments for the three
complexes RuClx{AsPh,).(py) (7.54 D), RuCly{(AsPhzXpy), {(7.69
D), and RuCly(AsPh,Xbipy) (7.6 D) have been determined. ' If
we compare these moments with those found for similar
molecules, whose structures have been verified,?25:228.232-234 g
can suggest the following octahedral configurations. In the first
complex the chloride groups are mer with a trans arrangement
of the arsine groups. In the other two compounds a mer ar-
rangement of the chlorine atoms and a cis arrangement of the
pyridine rings are again observed.

The same problem of the relative arrangement of the ligands
in the ambit of the hexacoordinated and tetracoordinated
structure has been tackled with the complexes of rhodium,
iridium,%* palladium, and platinum.2®® The structure of rhodlum
and Irdlum derivatives®® MCly(SEt,); may be derived in the
following way. If we assume that the partial moments CI-M-SEt,
(M = Rh or Ir) and CI-Pt-SEt, are of the same order, taking
the value 9.5 D for the complex®®” cis-PtCl,(SEt,),, we arrive,
via a simple vector calculation, at the values 6.7 and 11.6 D,
respectively, for the mer and fac isomers of the two complexes
in question. Now, since there have been observed moments
of 5.1-5.2 D, we deduce that they have a mer-type configuration.
This structure is also suggested for the complex RhCl(SMe,)s,
whose observed moment is 4.72 D. The quality of the results
obtained is also shown from indirect proofs. In fact the com-
plexes RhCly(SEt,); and IrCly(SEt,)s are isomorphous®® to each
other and structurally very similar to a RuCly(SEt,),, for which
a mer configuration was suggested from ESR measurements.?*®
The other, more valid, evidence has been obtained from 'H NMR
spectra.?® Fac isomers of complexes of this type have three
equivalent diaky! sulfide molecules while the mer isomers present
these ligands in two different environments; more precisely, two
equivalents in a trans posltion to each other and a third trans
with respect to the chlorine atom. Less univocal is the proof
of the IR spectra of these molecules at low frequency (400-90
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cm™"). Group theory indicates that in MX,L, complexes (X =
halogen; L = ligand) three normal modes involving metal-halogen
stretching would be expected to be active for the mer config-
uration, and only two for the fac configuration. Now, rhodium
mer isomers generally show?* three such modes while the mer
isomers of iridium have two rather than the expected three
bands. Consequently, for the iridium complexes it is often not
possible to distinguish between mer and fac isomers on the basis
of the number of the metal-halogen stretching vibrations.

For the tetracoordinated complexes of palladium and plati-
num?3® [MX,(TeEt,),, where X = Cl, Br, or I] having moments
of 1.8-1.9 D, the problem consists in seeing whether the
structure is cis and/or trans in solution. Since the situation, from
this point of view, is not very clear, it is useful to cite other
results. So 'H NMR spectra show the presence of only one
isomer in solution for all complexes except PtBr,(TeEt,), for
which a second, very short-lived, isomer is evident. In phenyl
chloride Raman spectra are in agreement with a trans config-
uration. In the solid state, IR spectra suggest the presence of
a trans isomer for the complexes Ptl(TeEt,),, PdBr,(TeEt,),, and
PdI,(TeEt,), and a cis for the other three. Gathering together
all this evidence, the only satisfactory situation seems to be a
trans structure which, as shown by the nonzero dipole moments,
must be partly distorted.
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