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I. Introduction

The different classes of compounds presented in
this review have octahedral arrangements as a
common structural feature as shown in Figure 1. The
close interrelation between geometric structure, mo-
lecular symmetry, and spectroscopic properties can
be demonstrated comprehensively and systematically
by the properties of octahedral mixed-ligand com-
plexes, such as the hexahalogeno metalates formed
by two different halide ligands X and Y. Such
complexes, given by the formula [MXnYs-n]?>", where
n = 0—6 (Figure 1a), define a series of two homoleptic
and eight heteroleptic species: six of which belong
to three pairs of sterecisomers for n =2, 3, 4. These
10 complexes display a descent in symmetry from
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point group O to Dg4p, Cay, Cs, down to Cyy, (Table 5).
Through substitution and the subsequent mutual
influences of different ligands, the chemical and
physical properties of the complexes are altered
incrementally, resulting in predictable changes in
reactivity, electronic structure, and bonding proper-
ties. This alteration of molecular symmetry and the
magnitude of the interactions causes specific split-
tings and shifts of bands or signals in the electronic,
vibrational, and nuclear magnetic resonance spectra.

Of central importance to this phenomenon are the
mutual interactions, described by the terms cis or
trans effect, and cis or trans influence. These inter-
actions have been the subject of numerous research
and review articles, and are still a subject of
controversy.' 8 Here, the trans effect is reserved for
a kinetic phenomenon, best described as the ability
of a ligand to enhance the attachment of another
ligand at the coordination site directly opposite the
original one, while the trans influence refers to a
thermodynamic phenomenon in which the mutual
interactions of trans coordinated ligands cause re-
distributions in the molecular ground state electronic
structures. These redistributions result in changes
in electronic absorptions and emissions, redox po-
tentials, bond strengths, bond lengths, molecular
vibrations, force constants, NMR shifts, and cou-
plings. In this context it should be noted that the
terms trans effect and trans influence have been
previously used in the limited sense of trans weaken-
ing of an opposite ligand, only. However, it should
be emphasized that these interactions are mutual
indeed, in that one metal to ligand bond is weakened
while the opposite one is strengthened. The usage
of cis with the terms effect and influence have
corresponding meanings for mutual interactions of
ligands cis coordinated to each other.

The formation and existence of such mixed-ligand
complexes have been known for quite a long time,
but the preparation, separation, and identification of
individual species have been of more recent realiza-
tion. In his pioneering work at the beginning of this
century, A. Werner established the beauty, sym-
metry, and simplicity of octahedral coordination, and
became the founder of the theoretical concept of
coordination chemistry.® Without the aid of modern
spectroscopy or X-ray diffraction techniques, which
are so often taken for granted now, he proved his
theory by observing the reactions of octahedral
mixed-ligand complexes, in particular such stereo-
isomeric pairs as the green trans or the violet cis
forms of [Co(NH3)4Cl;]JCl. These compounds were

© 1996 American Chemical Society
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formerly designated by their colors as praseo and
violeo salts by Fremy.0

Mixed-ligand octahedral cluster compounds also
offer opportunities for studying the effects of mutual
interactions of ligands. For example, the closo-
hexahydrohexaborate anion, [BeHs]?>~, and its halo-
geno-substituted derivatives, create an octahedral
cage around which an octahedral ligand sphere can
be distributed (Figure 1b). Also, the two prototypes
of octahedral metal clusters, [(MsXg)Y3]?~ and
[(MeXi12)Y3]?~, where X and Y are halides (Figure
lc,d) can give rise to hundreds or thousands of
distinct species, constructed from the three building
units: the octahedral metal core Ms, the inner ligand
sphere Xi, and the octahedral outer ligand sphere Y2,
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Figure 1. Archetypes of mixed complexes and clusters.

if two different metals or ligands are used, respec-
tively.

Although there is a vast number of mixed-ligand
octahedral complexes and clusters with many differ-
ent kinds of ligands other than the halide ions, which
may be of importance to the applicability of theory
and practical use, this review will focus on basic
research of classical paradigms of mixed-halogeno
systems and the special case of linkage isomerism.
Special emphasis will be placed on the systematic
behavior of complete series and the unique and
detailed understanding of the physical properties
that these provide. It is hoped that this will lead to
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an improved understanding of the mutual interac-
tions in these compounds in a chemical as well as in
a physical sense.

Il. Mixed-Hexahalogeno Complexes

A. Synthesis Routes
1. General Comments

Although hexahalogeno transition metal complexes
provide an excellent medium for synthesizing com-
pounds of systematic chemical variation while main-
taining the primary octahedral environment, it is not
possible to synthesize pure species by straightforward
chemical reactions. Instead, mixtures are inevitably
produced, the compositions of which depend upon the
rate constants. However, these difficulties can be
overcome either by detection techniques allowing the
unambiguous in situ identification, characterization,
and quantification of individual species within such
mixtures, or by separation and isolation of individual
species, followed by physical characterization.

Unfortunately, with regard to direct analysis of
mixed-component systems, most bulk analysis meth-
ods are unable to distinguish pure substances from
mixtures of such closely related compounds. For
example, the very similar mixed-hexahalogeno com-
plexes form continuous series of mixed crystals,
which obey Vegard's rule!? sufficiently, and therefore
behave like homogeneous phases which cannot be
differentiated by powder X-ray diffraction. Even
single-crystal X-ray structure analysis fails for alkali
salts of stereoisomers because they form crystals of
high, mostly cubic symmetry. The resulting statisti-
cal orientation of the complex anions in such lattices
makes them indistinguishable.'213

Similarly, electronic and vibrational spectroscopy,
which respond to molecular properties or building
groups, are of rather limited value for the identifica-
tion or elucidation of multicomponent mixtures.
Often, the ranges of vibrational frequencies or maxima
in electronic spectra are too close, and the band
widths are too broad; thus, resolution and assignment
of distinct transitions from individual species is not
possible. Even simple problems, such as the unam-
biguous assignment of a mixture of a pair of stere-
oisomers like cis- and trans-[OsCl41,]?>~ by means of
UV-—vis and IR spectroscopy is possible only if the
spectra of the pure isomers are previously known.'*
This severely limiting factor has also been found for
the IR and Raman spectra of the pairs of stereoiso-
mers in the chlorobromoosmate(IV) series.!> A prime
example of this can be found in the literature, where
what had been reported as the pure cis complexes
have actually been shown to be statistical mixtures.
Therefore, it seems risky to deduce the existence of
Cis-[MX4Y2]?>", M = Sn, Ti, X = Y = Cl, Br, I, from
the vibrational spectra,’® because the more numerous
bands of the cis isomer obscure the few observable
vibrations from the trans isomer, especially if it is
present in only small amounts (see section 11.B.2).
Thus, the wish of Sillen'” to have a method which
allows the distinct in situ detection of different
species coexisting in complex equilibria has not yet
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been fulfilled, even with the availability of modern
high-resolution spectrometers. Also, the potential of
laser Raman spectroscopy, once anticipated by
Schlafer'® to be able to solve this problem, is of rather
limited use. Nevertheless, Sillen’s intention has been
realized by multinuclear NMR spectroscopy in the
case of suitable nuclei (see section 11.D.1).

The other approach to the problems presented by
the case of mixed-hexahalogeno metalates, the direct
preparation of pure species, is burdened with dif-
ficulties, and any reports of such must be considered
with severe scepticism.’® Not only in early publi-
cations,?°~24 put even recently,?® there have been
many reports of direct synthesis of unique mixed
complexes that are actually mixtures of several
components, regardless of a correct gross analytic
composition, which implies the presence of only the
desired species. The fundamental error is the sup-
position that by the reaction of educts in distinct
molar ratios, distinct substances of defined composi-
tion are obtainable. This is especially true for Nb-
(V), Ta(V), Ti(1V), and Sn(1V) which form kinetically
labile complexes which interconvert by a fast ex-
change in dynamic equilibria.16.26-30

Mixed compounds with ionic and neutral ligands
like [MCI,(NH3)s-n]*", n = 0—6, where the charges
of the complexes alter within the series, and enable
chemical separation by different counter ions and
solubilities, stand in marked contrast to mixed-
hexahalogeno series, where this opportunity is ruled
out by the very similar solubilities of the components
and their already mentioned tendency to form mixed
crystals. Therefore, powerful and efficient separation
techniques are indispensable for studies on systems
defying in situ investigations. Fortunately, diverse
forms of ionophoresis and particularly ion exchange
chromatography have been successfully utilized dur-
ing the past three decades (see section 11.A.5). By
allowing the separation of octahedral mixed-ligand
complexes and the isolation of appreciable amounts
of the individual species in high purity, these tech-
niques have paved the way for systematic investiga-
tions of complete series of the mixed-halogeno met-
alates. Furthermore, optimized syntheses utilizing
the trans effect, in stereospecific or stereoselective
reactions, are of crucial importance. However, the
limiting factor in the separation and isolation of pure
individual heteroleptic complexes is their Kinetic
stability, i.e. the rates of ligand exchange reactions
and interconversion processes must be slow. This so-
called inert behavior is common with electronic
configurations from d? to d®, especially for Cr(111), Co-
(111), and the platinum group metals.®

2. Complex Equilibria

As stated, an understanding of the equilibria
responsible for the formation of individual mixed-
halogeno compounds is crucial in any attempt at
systematic syntheses and investigations. Therefore,
with reference to Bjerrum3®:3? six interdependent
equilibria must be considered for the successive
formation of mixed octahedral complexes. The re-
sulting six stepwise stability constants k; (i = 1—6)
define the molar ratios of the seven species in a
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Figure 2. Equilibrium diagrams for the series [OsCl,Brg—n]?>~ (1), [OsClnls-n]?~ (I1), and [OsBrylg—n]?~ (111), n = 0—6.

Table 1. Stepwise Stability Constants k; and Overall
Stability Constants K, for the Mixed-Ligand Complex
lons, [OsXnYs-n]?, X=Y =CI, Br,I,n =0-6

[OsCl\Bre-n]?~ [Os1,Cls-n]?~ [Os1,Brs-n]?~

kq 5.56 7.75 13.22
ko 3.03 4.72 7.03
ks 1.67 341 4.48
Ka 1.00 2.26 2.37
ks 0.58 1.15 1.43
Ke 0.32 0.712 0.872
Ksoa) 5.2 230 1225

a Extrapolated.

system MX,Ys-n, N = 0—6 (eq la—1f). The product

MXg +Y =MXY + X w_k 1
; : x4
MX.Y + Y = MX,Y, + X
MX,Y,1IX] _
W =k, ... (1b)
MXYe Y = MY, + X ellX] (19
; SR 27 I

of the six kj is the overall stability constant K¢, which
describes the equilibrium of the two homoleptic com-
plexes (eq 2). The calculation of k; requires four cor-

[MYIIXI°

MXg + 6Y =MYg+6X —— =
[MX][Y]

Ks (2)

responding concentrations from the respective equi-
libria, viz. two of the free ligands X and Y and two of
the successive mixed-ligand complexes. In every
case, several components coexist in equilibria, as will
be shown later in detailed quantitative studies.
Equilibration in series of kinetically inert com-
plexes, [OsX,Ys-n]?~, (X =Y = ClI, Br, I, n = 0—6),
has been accomplished in HX/HY mixtures at 80 °C
within a few days. Below 20 °C the exchange
reactions cease, enabling ionophoretic separation and
gquantitative determination of the individual species
by y-radiometry of the ¥50s nuclide.®® From these
data and the given X and Y concentrations the k; and
Ks have been calculated, as shown in Table 1. The
fraction of the two successive k; corresponds ap-
proximately to those expected for statistical occupa-
tion of equivalent coordination sites.3* The ratios of

Table 2. Stepwise Stability Constants k; and Overall
Stability Constant Ks for [RhBr,Cls-n]>~, n = 0—6

k1 142.8
ko 11.1
ks 7.1
Ka 4.0
ks 1.92
ke 0.42
Ks@rici 36 500
100
0
% |
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Figure 3. Equilibrium diagram for the series [RhCl,-
Brefn]3_, n=0-6.

the stereoisomers are close to statistical expectations,
being cis:trans = 4:1 and fac:mer = 2:3.

Differences between these series can be visualized
by equilibrium diagrams computed from the k;, as
shown in Figure 2. Accordingly, the mixed complexes
in the three series are present at 25—35% maximum.
In wide ranges of the free ligand mole fractions, all
components coexist in appreciable amounts, proving
impressively the inaccessibility of a defined individ-
ual species by adjustment of fixed stoichiometric
ratios.

Quantitative 1%°Rh NMR in situ measurements are
also very useful for the elucidation of complex equi-
libria and stereoisomeric ratios. Individual stability
constants have been obtained for the [RhCI,,Brs_,]3~
series (Table 2) with k; differences of successive
complexes exceeding those of the Os(1V) series. The
overall stability constant Ks = 36 000 indicates the
greater stability of [RhBrg]®~ in comparison to
[RhCIg]®~.%5 Correspondingly, the equilibrium dia-
gram is more asymmetric (Figure 3). Again, it is
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Figure 4. Stereospecific ligand exchange reactions in the system, [OsClnlg-n]?2~, N = 0—6 (a corresponds to cis/fac, b
corresponds to trans/mer) half-lives at 20 °C, dotted lines for weakened bonds, fat lines for strengthened bonds due to

trans influence.

shown that individual complexes may be enriched to
some extent, in this case up to a 65% maximum for
[RhCIsBr]3~. The stereocisomeric ratios of cis:trans =
3:1 and fac:mer = 1.5 deviate from statistical expec-
tation.

3. Substitutive Ligand Exchange

In 1926 Chernyaev? discovered the trans effect,
which had been exclusively applied to quadratic
planar complexes for a long time. However, over the
past 25 years this effect has been transferred to
octahedral complexes and their substitution reac-
tions, as has been demonstrated for many mixed-
ligand series of the heavier transition metals, espe-
cially for the platinum metals. With regard to the
halides considered here, trans effects increase within
the series, F < ClI < Br < I. A complete reaction
scheme with 18 possible substitution steps is pre-
sented for the [OsCl,le-n]?>~ series in Figure 4.

The kinetics, including all consecutive reactions,
have been investigated at several temperatures in the
range from —10 to +90 °C, revealing reaction rate
constants and activation energies. The half-lives
depicted in Figure 4 refer to 20 °C. Through the use
of 180s and '10s radiometry, all reaction pathways
have been studied quantitatively by monitoring the
decrease of the individual species, which had been
obtained as pure substances by preceding high-
voltage paper ionophoresis.® With regard to the ClI
and I mixed Os complexes, due to the much stronger
trans effect of | in comparison with CIl, and the
resulting weakening of the Os—CI* and strengthening
of the Os—1I' bonds of the asymmetric Cl*—Os—1" axes,
two stereospecific routes of substitution are possible
with respect to the stereoisomers. By starting with
[Osle]?™, and reacting it via the cis route with HCI,
only the cis/fac isomers are formed. Because the
Os—1' bonds trans positioned to CI* are strengthened,
the progress of substitution reaches a kinetic barrier
at fac-[OsCls13]?~ (3a). On the other hand, by follow-
ing the trans route, [OsClg]?~ initially reacts with HI
to the trans/mer isomers in alternatingly slow and
fast steps. These processes are governed by the ease
of substitution of CI* along the CI*—Os—I" axis (the

T T T T T T T
101 102 103 104 105 106  t[min]

0 T
101 100
Figure 5. Percent—time diagram for the reaction of

[Oslg]>~ with 5 N HCI (cis route) at 20 °C to give
[OsClnle-n]?~, n = 0—6 (a corresponds to cis/fac).

fast steps), and the more difficult attack on the stable
symmetric CI-0Os—CIl and 1-0Os—1 axes (the slow
steps). With the exception of cis-[OsClyl,]?>~ (4a) and
trans-[OsCl1,4]%>~ (4b), which react strictly in only one
direction, all neighboring complexes are reversibly
interconvertible by reaction with HCI or HI, respec-
tively. Additionally, the isomeric series are revers-
ibly cross connected by cis-[OsCl4l;]?~ (4a) and mer-
[OsCls13]?~ (3b) (Figure 4).

Once the reaction rate constants for all consecutive
steps are known, the percent—time diagrams can be
computed, revealing the optimal conditions for the
enrichment of special mixed-ligand complexes, as
presented for the cis and trans route at 20 °C in
Figures 5 and 6.3’ Table 3 gives a compilation of
reaction times and achievable maximum amounts at
three different reaction temperatures. Clearly, it is
easy to obtain 60—95% yields of the cis/fac species,
while the trans isomers are more difficult to prepare,
such as mer-[OsClzl3]?~, whose 1% yield is worst. This
yield can be improved, however, if cis-[OsCl4l,]>~
instead of [OsClg]?>~ as starting material is treated
with HI resulting in enrichments of 26% for mer-
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Table 3. Reaction Times t and Maximum Percentage of the Mixed-Ligand Complex lons, [OsCl,Bre-n]>~, N = 1-5,

at 20, 40, and 60 °C

20°C 40 °C 60 °C
nd t (min) max (%) t (min) max (%) t (min) max (%)
cis-series: [Oslg]>~ +5 N HCI (Figure 5)
1 12 63.3 0.9 64.2 9.0 x 1072 64.9
2a 69 73.3 5.2 72.3 5.2 x 1071 71.7
3a 900 93.8 60 88.8 5.2 88.8
4a 4.6 x 104 87.2 2100 86.4 142 87.6
5 1.1 x 108 85.7 495 x 10* 85.9 3300 84.1
trans-series: [OsClg]>~ + 5 N HI (Flgure 6)

5 370 43 30.5 7.0 4 12.5
4b 2400 35.8 147 37.2 13 38.4
3b 2400 0.46 150 0.8 13 1.3
2b 3600 15.0 220 14.8 18 16.0
1 - <0.01 - <0.01 - <0.01

aa corresponds to cis/fac; b corresponds to trans/mer.

100
[0slg]2

% ] [0sClg]2

60 -

50 |

40 1

30 4 trans-[0sClglo]2”

20 1 trans-[0sClol4]2”

[0sCl5N2,
01/ [0Cl3l3]2"

0
0 1000 3000 5000 7000 t[min]

Figure 6. Percent—time diagram for the reaction of
[OsClg]>~ with 5 N HI (trans route) at 20 °C to give
[OsClnle-n]?~, n = 0—6.

[OsClsl3]?~ and 84% for trans-[OsCl;14]%7; the latter
of which reacts with HCI yielding 65% of mer-
[OSC|3|3]2_.37

However, because of the significantly smaller dif-
ference between the trans effects of Cl and Br, the
corresponding reactions in the [OsCl,Brs_,]?>~ system
are no longer stereospecific but only stereoselective.
Regarding both the cis and trans routes, there are
24 single steps shown in Figure 7, 12 of which are

unambiguous, while the others, depicted as a and b,
result in mixtures of isomers.38

In comparison with symmetrically occupied axes,
the mutual interactions of strengthened Br' and
weakened CI* in the CI*—Os—Br' axis are insufficient
for stereospecific control, and a statistical substitu-
tion results. The reaction rate constants have been
determined for all consecutive and parallel reac-
tions,®® from which parameters have been deduced
indicating the predominance of the trans effect with
regard to the minor cis effect.3® Inspection of the
percent—time diagrams computed for the cis route
(Figure 8) and the trans route (Figure 9) show strong
overlap of the individual species and unavoidable
mixtures of the respective stereoisomers within the
two series. This clearly demonstrates the necessity
of separation techniques for the preparation of pure
species. Nevertheless, the diagrams do show the
optimal reaction conditions for a specific species.

The strategies of optimal syntheses using the
kinetic data and trans effects have been applied
successfully to the very complicated family of 3-fold
mixed-ligand complexes, [OsCl,Brmle—n-m]?>~, N + m
= 2-5, which comprises 29 individual complexes,
including a pair of optical isomers for all-cis-[OsCl,-
Br,1,]?".%° Reaction rate constants have been calcu-
lated, and from them the percent—time diagrams
have been computed for the consecutive and parallel
routes. These have been shown to be in good agree-

130,
cis route S+ +§' >’< >‘<Br — C'>’<
r

//Qa A

Br Br
Br>‘< 18, Br>’< 3b 6a Cl
Br ‘1_ cl

Br C

\1.,

Ma
>’< 2 >’< >‘< fBr trans route

Figure 7. Stereoselective ligand exchange reactions in the system [OsCInBrG_n]Z ,h=0-6.
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Figure 8. Percent—time diagram for the reaction of
[OsBrg]>~ with 5 N HCI at 20 °C (cis route) to give
[OsCl\Brg—_n]>, n = 0—6 (a corresponds to cis/fac; b
corresponds to trans/mer).
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— T

T

0 500 1000 1500 2000 t [min]

Figure 9. Percent—time diagram for the reaction of
[OsClg]>~ with 5 N HBr at 20 °C (trans route) to give
[OsCl\Brg_n]>~, n = 0—6 (a corresponds to cis/fac, b
corresponds to trans/mer).

ment with experimentally determined concentrations
of the individual species.®® An illustrative example

Br
Br: |
Br [ GI>$< CI>‘<CI
2a ¢l

Br // Br
Br | Cl
—_—
Cl | Cl
Br Br
Br

b
Br
Cl |
Br- Cl
30Br
Figure 11. Reaction sequence of cis-[OsBryl,]>~ with CI~.

::*\ *
X
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Figure 10. Percent—time diagram for the reaction of cis-
[OsBr4l,]2~ with CI~ (see Figure 11).

of deliberate syntheses with predictable maximum
yields is given in Figures 10 and 11 for the reaction
sequence initiated by HCI treatment of cis-
[OSBr4|2]Z_.41

Obviously, under similar conditions, the reaction
of cis-[OsCl4l,]>~ with HBTr results in other products.*
This is shown in Figures 12 and 13.

The preparation of mixed-fluoro complexes by
substitution of the heavier halides with F~ has been
a special challenge. Because of its considerable
hydration energy, F~ is too inert in aqueous solution
with respect to metal coordination. Fortunately, this
problem has been overcome by phase transfer of F~
and complex anions by means of long-chain alkylam-
monium cations in solvents of low or no polarity like
chloroform, toluene, or benzene. The resulting inti-
mate ion pairs are marginally solvated and thus very
reactive.*?~* For instance, in toluene, fast intramo-
lecular isomerizations of pure cis- and trans-chloro-
bromoosmates(l1V) as tridodecylammonium(TDDA)
ion pairs occur even at room temperature. Under
such strictly nonaqueous conditions, the mixed series,
[OsCl,\Bre_n]?~, has been obtained not only by reaction
of (TDDA),[OsCl¢] with gaseous HBr(g) or (TDDA)-
Br, but also by reaction of (TDDA),[OsBrg] with HCI-

cl
cl I
cl I
60 \d |
cl cl
cl
g 9 N
GI I cl cl
cl cl cl cl
cl cl
g 7T N\ gy M
>~< cl cl
B C' cl cl
cl
Br / 10
c| cl
cl cl
Br

8
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Figure 12. Percent—time diagram for the reaction of cis-
[OsCl4lz]?~ with Br— (see Figure 13).

T
100 t [min]

(g) or (TDDA)CI. However, all of these pathways
yield the different members of the [OsCl\Brg_n]>~
series in various concentrations. Another success of
this nonaqueous approach is the elusive series
[OsF.Brs_n]?>", which has been obtained by the reac-
tions of (TDDA),[OsF¢] with HBr(g).*4*> By planned
sequences of concerted substitution reactions in
agueous and nonaqueous media, nearly every mixed-
hexahalogeno complex with an unambiguous geo-
metric arrangement of ligands can be synthesized.
This is illustrated in Figure 14 by the 4-fold mixed
species [OsFCI3Brl]?~.

It is important to note that these mixed species are
not only obtained by solution syntheses, but also by
reactions in the solid state. For instance, through
the use of n,y -processes of radioactive recoil atoms,
it has been possible to form mixed-hexahalogeno
complexes of crystalline systems such as K;[ReClg)/
Kz[ReBrg] or K;[OsClg])/K;[OsBrg]. These n,y-reac-
tions utilized 35Cl — 36Cl, %Cl — 38Cl, 8Br — 8B,
185Re — 186Re, and 19°0s — 1910s, and the subsequent
replacement schemes have been interpreted in terms
of billiard ball processes.*® However, at energies
tremendously lower, it is possible to thermally ini-

Br Br
ol | Bre| |
ol | o TN
)/ 2a ol // Sa(’l
ol o ny
cl| Br '
CI>KI i
1 o S o O \\ 3O\
ol cl
O] Bre| I
o[> Br

Cl |
Br- Br

3CCI

Figure 13. Reaction sequence of cis-[OsCl4l;]2~ with Br-.
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tiate such intramolecular isomerizations. These
isomerizations have been observed by tempering pure
stereoisomers of the series, K;[OsCl,Ye-n], N = 2, 3,
4,Y = Br, I, at temperatures in the range of 115—
135 °C, with half-lives between 0.5 and 6 h.*’
Elevated temperatures of 170—190 °C initiate inter-
molecular solid-state exchange reactions, resulting
in the formation of all of the complexes with n =0-6
and statistical distribution of the ligands to all of the
species at equilibrium. However, for complexes
containing many | ligands, the exchange rates are
low, with half-lives on the order of a few hours, but
increase as the number of Cl increases, and reach
maximum values for complexes with many Br ligands.
Crucial to the exchange mechanism are the octahe-
dral vacancies in the antifluorite lattice.*®

For the intramolecular exchange rates, the series,
K3[OsClg] < K3[0OsBrg] < K;[Oslg], is observed, while
for intermolecular exchange the series, K,[Oslg] < Kz-
[OsClg] < K;[OsBrg], is found.*® Also, heterogeneous
solid-state reactions have been observed on temper-
ing alkali halide pellets of K;[OsXs]/KY, X =Y = ClI,
Br, 1.5 Finally, such solid-state isomerizations can
also be photochemically induced. For example, the
tetra-n-butylammonium(TBA) salts of cis- and trans-
[OsCl,14]?~ are completely isomerized at —50 °C after
a few hours of irradiation by a mercury lamp.5?

Clearly, the most noticeable and important aspect
of all of these items is that the preparation and
handling of pure species are in no way trivial. Even
during apparently routine operations, such as dis-
solving or grinding and pressing pellets for spectro-
scopic investigations, the special circumstances pre-
viously discussed must be considered, and appropriate
precautions in sample preparation and measuring
techniques must be taken.

4. Oxidative Ligand Exchange

Another synthetic route to mixed-ligand complexes
is the removal of ligands by oxidation with subse-
guent occupation of the free coordination sites by
other donor atoms. In some special cases, the re-
duced form of the oxidizing agent can itself act as

Br
Br. |
Br |

Br I/ 6% ™
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Figure 14. A route to a 4-fold mixed hexahalogeno
complex.

the donor atom, such as in the hexahalogenoosmates-
(1V). Corresponding to the increasing normal poten-
tials 0.53 (1), 1.09 (Br»), 1.36 (Cly), 1.80 (Fy) V, the
respective lighter halogens oxidize the heavier halide
ligands and serve in their reduced forms as new
ligands. Thus, mixed complexes are formed by
oxidation of [Oslg]>~ with aliquot amounts of Cl, in
aqueous HCI or Br; in HBr. To prevent substitution
reactions, the oxidations must be carried out at —30
°C. Inconcentrated solutions, mainly two respective
neighboring species have been stepwise obtained. The
desired product distribution may be controlled by
limiting the reaction time. It is important to note
that in dilute solutions and at elevated temperatures,
hydrolysis occurs.%?> The observed exclusive forma-
tion of the cis/fac isomers is surprising from a
mechanistic point of view, because a statistic attack
of the oxidizing agent is expected. A possible expla-
nation is the participation of a 5-fold coordinated
transition state after oxidation. This molecule rap-
idly rearranges in a Berry rotation manner via
trigonal-bipyramidal configurations to a tetragonal-
pyramidal arrangement. Characteristic of this ar-
rangement is that the most trans-active ligand, in
this case I, occupies the trans position to the vacant
coordination site. This vacancy then behaves like a
ligand with a very weak trans effect, while the trans
Os—1 bond is considered to be very stable.5? There-
fore, at low temperatures, the octahedral coordination
is restored by nucleophilic attack of that halide ion
originating from the oxidizing halogen, because it is
inevitably in close vicinity to the vacant site.

From a preparative point of view, oxidative ligand
exchange is of great interest, especially for the trans/
mer isomers of the series, [OsCl\Brs_n]>~, n =2, 3, 4,
which are elusive by substitutive ligand exchange.
However, these complexes have been obtained ste-
reospecifically and quantitatively by oxidation with
Br; in HCI solution at —20 °C from the respective
[OsCl,ls-n]?>~ species, which can be obtained as pure
stereoisomers (vide supra). In the same manner
[OsCIBrs]?~ and [OsClsBr]?~ are formed from the
respective chloroiodoosmates(1V).5?

Oxidative ligand exchange is not only restricted to
solutions, but is also possible in solids. Finely
powdered K;[Oslg] reacts with Cl, or Br; via a total
exchange mechanism, and forms K;[OsClg] or K-
[OsBre], while K,[OsBrg] does not react with Cl,. By
controlled exposure to the oxidizing agents reactions
may be interrupted and the intermediately present
mixed complexes can be observed. These principles
can be clearly seen in the case of K;[OsClls-n], such
as for the trans and mer isomers and cis-K;[OsCl,l5].
In these compounds, oxidation by Br, results in the
exclusive replacement of I, and the corresponding
chlorobromo homologues can be obtained quantita-
tively and stereospecifically. However, from fac-K,-
[OsClsl3] a 70:30 mixture of fac/mer-K;[OsCl3Brg] is
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obtained, while in the case of cis-K,[OsCl,l4] the
massive interchange of four I results in the intermix-
ing of the entire coordination sphere, and all of the
possible K;[OsCl.Bre_,] species are formed.5>?

A more common type of oxidative ligand exchange
is the preparation of fluoro-mixed complexes utilizing
BrF;. The postulated stereospecific formation of fac-
K,[PtFsCl3]*® as the sole oxidation product of K-
[PtClg] with BrFs has never been verified.'*%* De-
pending on the reaction conditions, other mixed
species [PtF,Cls-n]?>~ have been detected; however, for
n = 2, 3, 4, only the cis/fac isomers have been
present.>> Corresponding fluorochloro complexes are
known for Re(IV,V), Os(I1V,V), and Ir(IV,V).56-60
Octahedral complexes containing the heavier halides,
Br or I, together with F are rare, but are known for
Pt(1V) and Os(1V),134245 and most notably Re(1V), for
which there are many examples of 3-fold mixed
species.b!

At first glance, the oxidative addition to quadratic
planar systems seems a promising route to octahe-
dral species with trans configuration, but caution
should prevail. As has been demonstrated on the
oxidation of [PtCl4]>~ by Br», only under strict obedi-
ence of distinct reaction conditions is it possible to
synthesize trans-[PtCl,Br,]>~ stereospecifically.62-64

5. Separation Methods

Apart from a very few exceptions, the preparation
of mixed-ligand complexes results in mixtures of
several or even all of the conceivable components.
This is true especially for equilibrium reactions, but
also for substitution sequences under kinetic control
and for oxidative ligand exchange. As the series
under discussion contains closely related compounds
with respect to their physical and chemical proper-
ties, the preparation of distinct pure species inevi-
tably demands powerful and specific separation
techniques. Good introductions to the various sepa-
ration techniques and basic principles are given in
refs 65—67.

lonophoresis. Initially, high-voltage paper iono-
phoresis was applied to the separation of mixed-
hexahalogeno complexes. Here, migration in the
electric field is based on different ionophoretic mo-
bilities supported by specific interactions with the
paper and depends mainly on the mass, size, degree
of hydration, and effective charge. In this way, the
series, [MCI,Brg—n]>~, M = Re, Os, Ir, Pt, n = 0—6,
have been separated for the first time.586° By paper
ionophoresis, seven equidistant zones appear, with
the hexachloro complex being the fastest and the 20%
slower hexabromo complex being last. The stereo-
isomers have not been separable and are only avail-
able as pure substances if their preparation can be
carried out along a stereospecific route (see sections
I1.A.3 and 4). From the separated zones, the indi-
vidual complexes have been obtainable on a low
milligram scale thus requiring multiple runs for the
isolation of sufficient quantities for characterization.
Attempts to improve yields by carrier-free continuous
flow ionophoresis have failed because of insufficient
differences in the mobilities. This difficulty has
proven unsurmountable even by counterflow iono-
phoresis.67.70-72
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Some physical effects and chemical requirements
oppose each other in ionophoretic methods, resulting
in general drawbacks with respect to mixed transi-
tion metal complexes. On one hand, high voltages
are required for acceptable and rapid separation, as
well as a high electrolyte concentration to suppress
hydrolysis. However, on the other hand, the inevi-
tably produced Joule heat is proportional to the
square of the electrical current, which rises with the
electrolyte concentration.®” With respect to the elec-
trolyte a compromise between suppression of hy-
drolysis and specific mobility of the complex ions
must be found, with dilution being the favored
variable. In every case, efficient cooling is necessary
to dissipate the heat produced. In summary, iono-
phoresis is a quick, inexpensive method for qualita-
tive investigations of the aforementioned problems,
but unsuitable for the separation of pairs of stereo-
isomers.

lon Exchange Chromatography. lon exchange res-
ins, composed of synthetic polymers with large num-
bers of ionic functional groups, are unsuitable for the
separation of the mixed-hexahalogeno metalates
because the strength of the interactions between the
complex ions and the stationary phase renders the
ions completely immobile. The most useful compro-
mise of possible stationary phases is [(diethylamino)-
ethyl] cellulose (DEAE cellulose), because of its
weakly basic anchor groups. As mobile phases, ~2
M acids or salt solutions are sufficiently appropriate
to suppress hydrolysis even of sensitive compounds,
especially when combined with cooling. Due to the
interactions of the stationary phase with the complex
anions, which is mainly dependent on their effective
charge and size, very subtle differences in mobility
result, and render possible the separation of stere-
oisomers.”® The technique of column chromatogra-
phy’* is favorable, because the separation is very
suitable for gram scale preparation. In the majority
of cases, colored zones are observed as the result of
separation. For pale colored or colorless compounds,
such as the multiple F-substituted species, spray
agents or UV light allow the different zones to be
located. To avoid large elution volumes and excess
dilution of species by break-through elution, a more
convenient technique has been used. After complete
separation of the zones the aqueous eluent is re-
moved, the wet cellulose material is ejected from the
column, the complex containing zones are cut out,
and the complexes are gathered from the DEAE
cellulose by displacement elution. Appropriate elu-
ents for this purpose are tetraalkylammonium salts
in organic solvents such as acetone or dichlo-
romethane.™

The velocities of [OsClg]?~, [OsBreg]?~, and [Oslg]?>~
on DEAE cellulose are 8:4:1; and thus decrease with
increasing ionic size and mass. Because the mixed
species are arranged between the respective homo-
leptic complexes, the problem of separation is easiest
for the [OsCl,ls_]?>" series, enabling the clean sepa-
ration of even the sterecisomeric pairs, with the
trans/mer isomers being faster than their corre-
sponding cis/fac congeners. All 10 species migrate
as totally independent zones of characteristic colors,
which contrast strongly with the white stationary
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Table 4. lon Exchange Chromatography? of Mixed
Chloroiodoosmates(1V) on DEAE Cellulose

complex ion VpP VP color
[OsClg]?~ 266 112 yellow
[OsCls 11>~ 412 122 green
cis-[OsCl4l2]>~ 674 110 blue-grey
trans-[OsCl4l2]>~ 834 124 blue
fac-[OsClsl3]?~ 1085 61 russet
mer-[OsClzl3]%>~ 1277 150 light-blue
cis-[OsCla14]%~ 1869 205 pale-green
trans-[OsCl,14]%>~ 2180 400 blue-green
[OsClIs]?~ 2703 440 grass-green

[Osle]>~ — - violet

a Diameter of column, 20 mm; packing height, 150 mm;
eluent, 2 N HCI; temperature, —5 °C; pressure, 1 bar; flow
velocity, 3 mL/min. ® Total break-through volumina Vp and
volumina Ve (mL) necessary for complete elution of a special
complex ion.

phase. An example of the typical data found for this
series is given in Table 4.7

Thin-layer chromatography”™ and high-perfor-
mance liquid chromatography(HPLC) are other tech-
niques,’®”” although much smaller quantities are
separable than those isolated by low-pressure column
liquid chromatography on DEAE cellulose. Addition-
ally, it should be mentioned that for the separation
of cationic complexes, carboxymethyl cellulose with
weakly acid anchor groups is a suitable stationary
phase.’

B. Vibrational Spectroscopy

The interpretation and complete assignment of
vibrational spectra of molecules in accordance with
given or anticipated structures and symmetries is
based on group theory and selection rules. The two
techniques for the experimental investigation of
molecular vibrations, IR and Raman spectroscopy,
are complementary, and should be jointly applied.
General introductions with respect to basic theory,
instrumentation, sampling techniques, and special
applications are given by Rossiter and Hamilton
and by Ebsworth et al.8® Special texts on Raman
spectroscopy and Fourier transform techniques are
to be found in refs 81-84. A valuable data base, as
well as an excellent introduction to theory of normal
vibrations, is Nakamoto's textbook.8> A comprehen-
sive treatise of quantum mechanical and group
theoretical fundamentals and formalisms is pre-
sented in ref 86 while Herzberg's Infrared and
Raman Spectroscopy®” and Cotton’s Chemical Ap-
plications of Group Theory® may serve as the stan-
dard references on the fundamentals of these sub-
jects. The GF matrix method as the common basis
of normal coordinate analysis has been dealt with in
detail by Wilson, Decius, and Cross.2® Computer
calculation programs for the solution of the vibra-
tional secular equation often originate from an
algorithm developed by Shimanouchi;*® however,
modifications and other programs are frequently
used.91-93

1. Vibrational Spectra

Complete series of octahedral mixed hexahalogeno
complexes [MX,Ys-n]*~ are well-suited for IR and
Raman spectroscopic studies. In combination with
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normal coordinate analyses, total assignments of
observed frequencies to normal modes of vibration,
their numerical calculation, the determination of
force constants, and the elucidation of the inherent
problems of vibrational coupling is achieved in most
cases, because (1) the monoatomic ligands are in
stereochemical arrangements with well-known sym-
metries; (2) the number of normal modes is limited
to 15; (3) the number of force constants remains
tractable; (4) each series consists of 10 individual
species with graduated chemical and physical prop-
erties and point groups descending from Oy, to Dy,
Cav, Cay, or Cy, symmetry; (5) in the case of chloro
complexes additional data for normal coordinate
analyses are provided by isotopic labeling with 3°Cl
and 3’Cl; and (6) empirical parameters quantifying
the mutual interactions of the ligands, in particular
the trans influence, are revealed.

It is important to emphasize that all components
of a series must be isolated as salts containing the
same cation for the sake of comparable frequencies.
For isotopic shift experiments a precise internal
referencing, best done by laser plasma lines, as well
as high resolution by low-temperature measurements
are necessary (Figure 15). In the case of Raman
spectroscopy, enhanced resolution is achieved at 80
K on rotating samples.®*~% Further improvement is
attained by a moving Raman cell at 10 K.%” Another
advantage of these devices is that deeply colored
compounds can be measured without decomposition
even by irradiation of absorption maxima, which
enables the observation of resonance Raman effects.

The reducible representations of vibrations and
depictions of IR and Raman activity for the individual
species of the general series [MX,Ys-n], N = 0—6, are
compiled for the respective point groups in Table 5.

With the exception of the modes Ty, in Oy, Az in
Cay, and By, in D4y, Which are inactive, all vibrations
are allowed. In centrosymmetric molecules, the rule
of mutual exclusion states that all vibrations with
even (g = gerade) parity are Raman active, and that
those with odd (u = ungerade) parity are IR active,
exclusively. In absence of a center of inversion,
certain vibrations are allowed in both the IR and the
Raman spectrum. Unfortunately, in spectra of these
compounds, fewer bands than theoretically expected
may be observed, or more bands may appear due to
hot bands, overtones, combination or difference bands,
Fermi resonances, resonance Raman effects, band
splittings by solid-state effects, and lattice vibrations.
Thus, complete and accurate assignment is difficult
and may be improperly done if only a single com-
pound from a series is studied. On the whole, these
difficulties can be overcome by considering an entire
series and the provided systematics therein. Also
useful to this problem of assignment is the compari-
son of spectra measured at various temperatures in
both the solution and the solid state. Furthermore,
a comparison of homologous series with the same
central atom, but in different oxidation states, or with
different central atoms, can be insightful, as has been
proven by mixed-hexahalogeno complexes of the
platinum metals.

An impressive example for the combination of IR
and Raman spectroscopy with normal coordinate
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analysis is the series, [PtF,Cls-n]?>~, n = 0—6, which
has been synthesized with "2Cl (natural abun-
dance)®® and in isotopic labeling with *Cl and 3"CI.%8
The vibrational spectra of the "2Cl series are pre-
sented in Figure 15. The notation of the vibrations
is adopted from ref 56, where the involved point
groups, the irreducible representations, IR and Ra-
man activities, degrees of depolarization, and il-
lustrations of all normal modes are given.

The corresponding spectra of the isotopically la-
beled compounds are to be found in ref 98. The
Raman spectra and normal coordinate analyses data
of the complete series of the stereospecifically syn-
thesized pure individual isotopomers, [Pt3°Cl,*’Cls_n]?",
n = 0—6, are given in ref 97.

In comparison with the other platinum metals, the
fluorochloroplatinates(lV) possess by far the sharpest
and most intense lines. Thus, splitting of certain
bands according to the chlorine isotopes has been
observable, e.g. of v; in the complexes mer-[PtFsCls]?~
(3b) and [PtFCIs]>~ (5), with intensities being in
agreement with the natural abundance ratio of 35Cl:
S7Cl = 3:1. This can be seen even in the IR spectrum
of [PtFCIs]?~ (5) in the case of v, although the IR
bands naturally have larger half-widths. The three
possible chlorine isotopomers of trans-[PtF,Cl,]?~
(4b), with the axes 3°Cl—-Pt—3%Cl, %°CIl-Pt—3Cl, and
87Cl1-Pt—3"Cl, are resolved by the Raman active Pt—
Cl stretching mode v, into three lines with intensities
in agreement with the statistical ratio of 9:6:1 for
na.Cl| (see inset in Figure 15). It is noteworthy, that
even without detailed normal coordinate analysis,®°
the sole application of the Teller—Redlich product
rule provides excellent agreement between the ob-
served and the calculated isotopic shifts, allowing
unambiguous assignment of all stretching modes and
most of the bending modes.>®

Another advantage of the fluorochloroplatinates-
(1V), with respect to complete assignment and de-
pendable frequency data for normal coordinate analy-
ses, is that the F~ ligand has low mass and short
bonds to the central ion in comparison to the heavier
halides. Therefore, the stretching vibrations of Pt—
F, found in the region between 590 and 500 cm™,
are clearly separable from those of Pt—Cl, found in
the region between 380 to 310 cm™. The bending
modes of F—Pt—F fall in the range between 270 and
215 cm™%, which are seperable from the CI—Pt—Cl
modes, found in the region between 190 and 160
cm™1, although they do overlap with the modes of F*—
Pt—CI' which are between 280 and 180 cm™:. The
lattice vibrations are below 100 cm™! and of low
intensity in the Raman spectra.

Of special interest in mixed-ligand complexes are
the mutual interactions of the different ligands acting
along the octahedral axes as either a trans influence
or between ligands in vicinity as a cis influence. This
can be seen clearly in the spectra of these compounds
(Figure 15). The stretching vibrations originating
from symmetric F—Pt—F or CI-Pt—Cl axes remain
relatively unaffected, whereas the mutuality of the
trans influences on F*—Pt—CI' axes causes shifts of
the Pt—F vibrations 40—55 cm™! toward lower
frequencies, and shifts of the Pt—Cl' vibrations
toward higher frequencies by 25—40 cm™. mer-
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Table 5. Point Symmetry and Characters of Normal
Vibrations for [MX,Ye-n], N = 0—6

n2 symmetry characters®
6,0 On A+ Eg+ 2T+ Tog + Tou
51 Cay 4A; + 2B; + B, + 4E
4a, 2a Cz\, 6A1 + 2A2 + 3Bl + 4B,
4b,2b  Dan  2Aig+ 2Azu + Big + Bag + Baw + Ey + 3E,
3a C3V 4A, + A, + 5E
3b Coy 6A; + A, + 4B; + 4B;

aa corresponds to cis/fac; b corresponds to trans/mer. ° IR
activity, bold; Raman activity, italics.

Cs;[PtF3Cl3] (3b) because it contains the aforemen-
tioned three different axes, is an excellent example
of this. For this compound, the streching vibration
v, of the trans weakened Pt—F* bond is found at 500.6
cm~1, while the corresponding mode v; of the sym-
metric F—Pt—F axis is located at 554.7 cm~. Simi-
larly, v4 of the trans-strengthened Pt—CI' bond, found
at 379.9 and 372.4 cm™, is shifted higher by about
40 cm™! in comparison to v3 of the CI—-Pt—Cl axis,
which lie at 343.9, 336.0, and 333.6 cm™:. The
observed splittings are in accordance with the "2Cl
isotopomers. A detailed discussion of all spectra in
Figure 15 would be too time consuming, therefore we
refer to refs 55 and 99. For [PtF¢]?~ it must be
considered that its alkaline salts crystallize in the
Ky[GeFg] type (Dasg),t%%1%1 and as a result of the
lowered symmetry, splittings of degenerate vibrations
are observed. Furthermore, the observed frequencies
are very dependent on the cation present.®®
Similar investigations, sometimes supported by
crystal structure determinations, have been per-
formed on many series of the fluorochloro metalates
[MF.Cls_n]* of Ta(V),1%2 Os(1V),%6 Os(V),5 Ir(1V),%8 Ir-
(V),5969 and Pt(1V),%% fluorobromoosmates(lV),44°
chlorobromometalates [MCI,Brs_n]*~ of Nb(V),%? Ta-
(V),192 T¢(1V),%4 Ru(1V),1% Rh(111),1% Os(1V),*5107 |r-
(111,198 1r(1V),1%8 and Pt(1V),5219°-111 hromoiodomet-
alates [MBrpls—n]?~ of Re(1V),**? and Os(1V)13114 and
the unique chloroiodo series [OsCl,lg_n]%.107:115
Besides these mixed-hexahalogeno metalates, there
are several series of molecular compounds of the
heavier transition metals and actinides, [MF,Cls_n]
(M = Mo, W, Re, U, and Th),16-120 some of which
are volatile and stable in the gas phase. These
properties allow supplementary information on the
molecular structure to be gathered by other tech-
niques, such as by microwave spectroscopy as in case
of [MFsCI], M = Te, W.1¥° It has also been reported
that mixed hexahalogeno complexes of main group
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elements Sn 16 Sb 121 S 122—-126 Se 122,123,127 and
Tel?4128-130 have been studied by vibrational spec-
troscopy.

2. Normal Coordinate Analysis

Due to the availability of very efficient and inex-
pensive personal computers, and the development of
diverse programs,®~2 normal coordinate analysis
has become more and more popular. The general
course of force field calculations, along with the
necessary requirements and common results is pre-
sented in Scheme 1.

A practicable approach to this problem is based on
the GF matrix method introduced by Wilson, Decius,
and Cross.® Different kinds of force fields are used
to treat intramolecular and, in more advanced cal-
culations, intermolecular forces. Most common are
the generalized valence force field (GVFF), the Urey—
Bradley force field (UBFF), the orbital valence force
field (OVFF), and their respective modifications
(MVFF, MUBFF, and MOVFF).**1 The GVFF and
MVFF are the most straightforward ways to deal
with force fields and utilize a simple potential func-
tion of valence and angle sustaining forces and their
interactions, neglecting anharmonicity. While in the
GVFF, the F matrix must consider all of the force
constants, in the MVFF interaction force constants
are either partially or totally neglected. The UBFF
and MUBFF use another approach, based on a
different potential function, which takes into consid-
eration stretching and bending force constants, as
well as repulsive force constants between nonbonded
atoms. In close resemblance to the UBFF, the OVFF
and MOVFF also account for distortions of bonding
orbitals. Evidently, the values of force constants
depend on the force field initially chosen, and thus
deviate from one another. A comparative study of
the three aforementioned force fields applied to
homoleptic halogenometalates is presented in refs
132 and 133.

Normal coordinate analyses are performed either
to determine force constants by fitting calculated and
observed frequencies or to calculate frequencies from
a set of force constants. The fitting can be done via
a Jacobi matrix by interactive adjustment of force
constants or by iteration with appropriate algorithms.
By calculation of the potential energy distribution,
the type of coupling, and especially the degree of
coupling can be found.

In application to mixed octahedral complexes, the
Cartesian coordinates of the seven-atom molecules
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Table 6. Number and Types of Force Constants f for [MX,Ye-n], N = 0—6%%

n2 Sym m etry fd fu fdd’ fdd fda fda‘ fdu fa(x f(xu f(xu” f(m”’ Zf
0,6 On 1 1 1 1 1 1 1 1 1 1 1 11
2b, 4b Dan 2 2 2 2 3 2 3 2 3 2 2 25
1,5 Cuv 3 3 2 3 5 4 5 4 4 2 3 38
3a Csv 2 3 1 3 4 6 4 2 5 2 4 36
2a, 4a Coy 3 5 2 5 8 7 8 5 7 3 7 60
3b Coy 4 5 3 5 10 6 10 7 6 3 6 65

aa corresponds to cis/fac; b corresponds to trans/mer.

17 | 4
27 [12] 3 ot
37 |11 1

by | v 2
47 | s]10] 8] 2 ~_!_~
57 112 7] 9/10] 3 M7
67 (11 9] 5] 8! o] 1 N \xs
172 | 40|42 | 54] 61/ 60 |54 |17 v’

273 | 5043 45|53 59|63[25]14 1

374 |56 |51 /464851 |6534|27]13
475 | 57|58 |65| 49|44 | 55|33 |36,30]16
576 |50 59|63 53|43 /453531382914
671 415264625247 |26 |37 132,39 ,28|15
173 |41 |52 47|62|52|64]26]28|24|39(37|19]15
274 |57 |44 |55) 49|58 5523 29(30|20|36,39|39{16
375 {5059 |45/53|43|63|35/21|27]29|21|37,28|36}14
476 |56 |51{65)48|51/46(3438|18/30/27/24|32/30|38}13
571 {4060 |54 61(42 54|22 |35|34|23|25)/26)26/33,25|34|17
672 |50 143 |63 |53/59 (45|25 |21)38|36|21|28|37,29|31]27 35|14
17 |27 | 37| 47|57 | 67 |172)|273|374|475(5761671|1731274 375|476 |571|672

Figure 16. F matrix for a mer-[MXzY3] complex (Ca).

are transformed into a matrix of internal coordinates,
containing the six bonds and 12 angles of the system.
The G matrix is then defined as the inverse matrix
of the kinetic energies. The corresponding F matrix
of the potential energies is partitioned into five areas,
two of which are reserved for the valence and
deformation force constants, while the remaining
three are assigned to the force constants of valence—
valence, valence—angle, and angle—angle interac-
tions. In total there are 171 elements in the trian-
gular matrix. Depending on the symmetry of the
species, a maximum of 65 different elements is
obtained, as in the case of a mer-[MX3Y3] species,
with point group C,, (see Figure 16). This F matrix
has been chosen, because it demonstrates the most
complicated case within the mixed [MX,Ys-n] series.
For species with higher symmetries, the number of
different force constants decreases and reaches a
minimum of 11 different elements for O, symmetry
(see Table 6).

Furthermore, the meridional species are notewor-
thy, in that they represent the only example of a
molecule containing three different axes X—M—X,
X—M-=Y', and Y—M-Y. Thus, they are especially
well-suited for studies of the different mutual influ-
ences, particularly the trans influence and its effect
on the force constants.

The intrinsic problem of underdetermination due
to a deficient number of experimentally available
frequencies makes it impossible to set up a meaning-
ful general valence force field without further infor-
mation. This problem can be moderated either by
simplification of the GVFF or by providing supple-
mentary experimental data, although a combination
of both approaches is the most beneficial. The first

path is to establish a modified valence force field by
deliberate neglect of some force constants. For this
approximation, the interaction force constants are
either partially or totally omitted. As there is no
generally valid algorithm to deal with this problem
of restricting the number of force constants to a
MVFF, personal decisions which seem most plausible
must be made. Here, the greatest advantage of
complete and closely related series becomes evident.
By comparison of the data from different species
within a given series, as well as from isostructural
species of different series, insight into systematic
behavior can be found. At this point, the Jacobi
matrix is a very useful tool for a meaningful selection
of force constants, because the effect of changes in
the various constants becomes immediately evident
by the calculated frequency shifts.

The second approach, especially required for the
determination of interaction terms, is to acquire
supplementary spectroscopic data from the measure-
ment of isotopically labeled systems, which have
identical force fields to a first approximation. The
resulting two different G matrices contain the recip-
rocal masses of the isotopes and additional sets of
eigenvalues are obtained. This, together with the
increased number of experimental frequencies, ex-
tends the number of determinants for the force
constants. One unavoidable condition is that the
mass differences between the isotopes must be suf-
ficient to cause an observable shift of valence vibra-
tions and, whenever possible, of deformation bands.
With respect to stable isotopes, there are only a few
examples within the transition metals, e.g. ®Mo and
100Mo, %Ru and %“Ru, 1°2Pd and *'°Pd. In the case
of molybdenum, this has been evidenced by distinct
isotopic shifts on labeled MoFg and confirmed by
normal coordinate analyses.'?>%34 Within mixed-
hexahalogeno metalates, only isotopic labeling
with 38Cl and %7Cl results in sufficient frequency
shifts of up to 9 cm™! (Figure 15), as has already
been discussed for the "aCl spectra of the fluorochloro
platinates(lV). Of special notice, the spectra
of the corresponding isotopically pure compounds
[PtF35Cls_n]>~ and [PtF.3"Cls_]>~ are much more
informative and serve as an extended data basis for
dependable normal coordinate analysis.®® The va-
lence force constants are compiled in Table 7 and
reveal a systematic dependence on the degree of
substitution.

A remarkable example of a mixed series is pre-
sented by [Pt33Cl,¥Cle-n]?~, n = 0—6, for which all
individual species have been prepared as pure com-
pounds®” (Figure 17).

The most striking feature of these data is the
splitting of the “Ey” mode v, in the spectrum of
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Table 7. Valence Force Constants fq (mdyne/A) for
Fluorochloroplatinates(1V)

compound fa(Pt—F) fq(Pt—F) f4(Pt—CIl) fq(Pt—CI")
CSz[PtCle] - - 1.87 -
Cs2[PtCIsF] - 2.66 1.90 2.18
cis-Cs,[PtCl4F;) - 2.67 2.00 231
trans-Cs;[PtCl4F;] 3.13 - 2.03 -
mer-Cs;[PtCl3F3] 3.12 2.50 2.08 2.56
fac-Cs,[PtClsF3] - 2.65 - 243
Ccis-Cs,[PtCl,F,) 3.27 2.68 - 2.45
trans-Cs;[PtCl;F,4] 3.25 - 2.00 -
Cs;[PtCIFs] 3.33 2.86 - 2.43
Cs;[PtFe] 3.40 - - -
N
lg
g M
Mg | B
g 2g
Al
0]
37C1\I/37Cl
Pt
37Cl/ |\37Cl
3701
- - L
B,,E
Ay 3501
B A sa | _o%a
Pt
sa”” |\35c1
37C1
d L
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Figure 17. Raman spectra (10 K) of Cs,[Pt35Cl,3"Clg_p]:
naCl (a), n =6 (b), 0 (c), 5 (d).

Cs;[Pt"aClg]. The limits of this band are clearly
defined by Cs,[Pt%Clg] and Csy[Pt3"Clg], with a shift
difference of 8.6 cm™2, while Cs,[Pt3*Cls3"Cl] reveals
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Figure 18. Comparison of the measured spectrum of
[PtraClg]2~ (1) and the superposition (11) of calculated
spectra of [Pt3°Cl,3"Cls_,]?>~, n = 3—6 (a corresponds to cis/
fac; b corresponds to trans/mer) according to statistic
probabilities.®®

instead of “Egy”, the A; and B: modes, as derived by
group theory. On the basis of the precise frequencies
available from the individual species of this series,
the spectrum of Cs,[Pt"2Clg] has been simulated by
superposition of the spectra of the most frequent
isotopomers according to their statistical probabilities
for "aCl. This is shown to correspond excellently
with the observed spectrum in Figure 18.

A survey of MVFF-based normal coordinate analy-
ses on mixed-hexahalogeno complexes is given by the
force constants in Table 8, which have been averaged
within the respective series for a rough elucidation
of general trends.

Not yet thoroughly considered is the dependence
of the trans influence on the valence-shell electron
configuration of the central atom, which exhibits
some new systematic trends. A comparison of the
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Table 8. Averaged Valence Force Constants f4(M—X) (mdyne/A) for Complete Series of Hexahalogenometalates,

[MXnYes-n]*~

series? F F Cl Cl cI' Bre Br Br' | I’ ref
[TcClnBre-n]?~ 1.32 1.47 1.06 1.12 104
[ReBruls-n]? 1.24 1.33 0.82 0.89 112
[ReClnlg_n]?~ 1.52 1.67 0.80 0.90 142
[ReFnCle—n]?~ 2.98 3.23 1.67 1.80 142
[ReFnBro-—n]?~ 2.92 3.23 1.33 1.38 142
[RUCI,Bre_n]*~ 1.36 1.45 1.00 1.08 135
[RhCI,Bre_n]3~ 1.29 1.44 1.17 1.33 135
[OsClBre-n]?~ 1.60 1.70 1.31 1.39 135
[OSClnle—n]? 1.55 1.66 0.88 0.96 115
[OsBrals—n]>~ 1.27 1.31 0.88 0.93 113
[OSFnClg-n]?> 2.80 3.07 1.69 1.93 135
[OSFnCls-n]~ 3.50 3.90 1.94 2.35 135
[1rClBre-n]3 1.55 1.61 1.25 1.44 135
[IrClBres_n]>~ 1.66 1.75 1.37 1.43 135
[IrFnCls—n]?~ 2.74 3.12 1.80 2.14 135
[IrFnCls—n]~ 3.42 3.85 2.31 135
[PtClBrs_n]> 1.79 1.91 1.54 1.63 135
[PtFnCls_n]?~ 2.67 3.25 1.98 2.39 135

a X' corresponds to weakened ligand; X' corresponds to strengthened ligand.

Table 9. Influence of Oxidation State on Valence
Force Constants fy (mdyne/A) of [OsFCls-n]?",z=1, 2

Os(1V) Os(V) A (%)
f4(OsF) 3.07 3.90 27
f4(OsF?) 2.80 3.50 25
f4(OsCl) 1.69 1.94 16
f4(OsCI") 1.93 2.35 22

5d3, 5d*, 5d°, and 5d°® series, [MF,Cls_,]> of Re, Os,
Ir, and Pt, respectively, reveals in that order an
increase in f4(Cl) from 1.67 to 1.98 mdyne/A and in
f4(CI") from 1.80 to 2.39 mdyne/A, while f4(F*) for the
trans weakened Os—F* bond decreases from 2.98 to
2.67 mdyne/A. However, the changes of f4(F) are
small and not systematic. Thus, the mutual influ-
ences along the F~—M—CI' axes referred to the
F—M-—F or CI-M—CI axes, respectively, are stron-
gest for d® Pt(1V) by ~21% and lowest for d® Re(IV)
on the order of 8% (Table 8). These conspicuous
effects are greatly reduced and disarrayed in the
comparable chlorobromo series, [MCI,Brs—n]*~, with
4d3 Tc(1V), 4d* Ru(1V), and 4d® Rh(ll1) or with 5d*
Os(1V), 5d° Ir(1V), and 5d® Pt(IV). However, they
become more pronounced again in the [MClyle-n]?~
and the [MBr,ls_n]?>" series {M = 5d® Re(1V) and 5d*
Os(IV)}. The massive effect of the central ions’s
oxidation state is clearly demonstrated by the series,
[OsFCle-n]?>~ and [OsF.Cls_n]~. As expected, the
higher oxidation state causes bond strengthening, as
well as shortened bond distances and increased
valence force constants (Table 9). Interestingly, the
mutual trans influence in the Os(IV) series is of
nearly the same magnitude, weakening the Os—F*
bond by 9% and strengthening the Os—CI' bond by
14%, taking the respective symmetric axes as a
reference. However, in the Os(V) system Os—F" is
weakened by 10%, while Os—CI' is strengthened by
21%.

Normal coordinate analyses, which have been
performed previously on single compounds or only a
few members of a series, lack the certainty that can
be found by studying the systematic trends of a
complete series. Such examples are given by some
mixed-hexahalogeno osmates(IV)%” and platinates-
(1Vv).110.111.136,137 The reported force constants of the

osmates(lV) deviate slightly from the values in Table
8,115135 hut the trans influence is of comparable order.
The Os—CI force constants of symmetric axes are
approximately 1.45 mdyne/A, while the Os—CI* force
constants of asymmetric axes are 1.25 for I'=0s—CI*
and 1.40 mdyne/A for Br'—Os—CI. However, the
reported force constants for the platinates(1V) vary
greatly, and deviate considerably from those in Table
8. For example a GVFF calculation on trans-[PtCl,-
Br;]?~ resulted in dubious force constants of 1.25
mdyne/A for Pt—Cl and 3.53 mdyne/A for Pt—Br.13

In the case of molecular compounds, besides nor-
mal coordinate analysis for [UFsCI],'?° different
calculations on [WFsCI] have led to contradictory
statements on the trans influence. Specifically, trans
weakened F has been reported,'® while other authors
postulate just the opposite with trans strengthened
F.11813% A similarly confusing situation is found for
analogous S, Se, and Te compounds. While for [SFs-
Cl] trans weakened F is stated,'38 trans strengthened
F is reported for [SeFsCl] and [TeFsCl].1?> Additional
data for trans-[TeF,Cl;] and trans-[TeF,Cl,] have
been reported.'?* However, in contrast to transition
metals, it must be conceded that for main group
central atoms the cis influence might play a greater
role, and may even become more important than the
trans influence (section 11.D.2). Taken together,
these latter examples clearly indicate the ambiguity
of calculations based on insufficient experimental
data and the uncertainty of any interpretation based
on them.

Certain problems in normal coordinate analyses on
heteroleptic complexes also arise from the lack of
single-crystal X-ray structures and molecular param-
eters such as bond lengths and bond angles. In
practice, however, these problems are not very severe
if the structural parameters of the homoleptic ter-
minal members of a series are available. Indeed,
recent X-ray work on AB-type salts of the fluorochlo-
roplatinates(1V) with divalent dipyridiniomethane
cations, which promote an ordered arrangement of
the complex anions in the lattices, reveals rather
small mutual trans influences on the bond lengths.14°
As an example, it has been found for fac-[PtF;Cl3]%,
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Figure 19. Shift of vibrational frequencies (%) resulting

from bond length changes (%) in the ClI*—Os—Br' axis of
mer-[OsCl3Br3]2—; vy unaffected modes.

that trans weakening of the Pt—F* bond results in
an elongation of 1.8%, while the Pt—CI' bond is
shortened due to the trans strengthening by only
1.2%. Detailed calculations with a constant force
field have clearly shown that such alterations of the
respective bond distances result in only small changes
in the observed frequencies. This is also generally
true for the mixed-hexahalogeno complex series
under discussion. For example, the ClI*-0Os—Br' axis
in mer-[OsClsBr3]?~ (Figure 19) exhibits, at most, a
maximum frequency shift of 2.5% for a bond length
increase of + 10% for trans weakened Os—CI* and a
10% decrease for trans strengthened Os—Br'.

The stretching vibrations, v;, of the Os—CI* bond
and the v, of the Os—Br' bond are unaffected by
changes of bond length, while the bending modes v,
v14, and v15 show shifts of varying degree. Altogether,
the effects are so small that calculations on the basis
of approximated bond lengths and their changes by
mutual trans influences of <2% with respect to the
homoleptic compounds seem to be justified. Gener-
ally, it has been found that the trans influence
changes the bond lengths by about 1%, the frequen-
cies by up to 10% and the force constants by up to
20%.19% This clearly demonstrates the advantage of
combined vibrational spectroscopic and normal co-
ordinate analytic investigations on this phenomenon,
with respect to the rather minimal changes revealed
by X-ray structure analysis. In a similar manner, it
has been proven that changes in bond angles caused
by distortions of the octahedral arrangement as a
consequence of substitution result in negligible fre-
quency shifts. Also the splittings of the primary
degenerate modes by lowered symmetry are calcu-
lated to be <2 cm™1, which in most cases are barely
resolvable in the vibrational spectra.’*® Therefore,
the assumption of idealized symmetries for the het-
eroleptic species seems to be justified.

One of the great benefits of normal coordinate
analysis, besides the advantage of having fitted
frequencies or force constants, is the possibility of
visualizing the vibrations by using the Cartesian
displacement vectors. As an example, the 15 normal
modes of vibration for mer-[PtF;Cls]?~ are presented
in Figure 20. The calculated atomic motions are
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Figure 20. Normal vibrations of mer-[PtCl3F3]2~; atomic
displacements in picometers.

visualized by arrows and the amplitudes are given
in picometers. It should be mentioned, however, that
the applied force fields are based on a harmonic
approximation, and certain inaccuracies must be
considered, especially in cases of light atoms with
large amplitudes.

A valuable tool is the PED matrix, which reveals
the distribution of potential energy on the normal
modes with respect to the force constants or internal
coordinates, and allows the clear identification of the
stretching and bending modes. However, the eluci-
dation and quantification of couplings is even more
important. This can be seen clearly for mer-[PtFs-
Cl3]?~ by the PED in Table 10.

Obviously, there are only two genuine modes,
namely v; and v;, while the remaining vibrations are
more or less coupled. Thus, the v, mode is composed
of 93% Pt—F* and 5% Pt—CI' stretching as well as
2% F—Pt—F bending (Figure 20). The participation
of the respective trans positioned F* appears in vy, of
course, with 88% Pt—CI' and 6% Pt—F* stretching.

From thorough analyses of the vibrational spectra
of the available complete systems of hexahalogeno
metalates, which have been confirmed by normal
coordinate analyses, generally valid sequences of
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Table 10. Potential Energy Distribution (PED) for
mer-[PtCIl;F3]>~ with Respect to Internal Coordinates
(contributions < 3% neglected) (See Figure 20)

1 Pt—F 100%

v2 Pt—F 93% Pt—CI' 5%

vz Pt—ClI 97%

vs Pt=CI' 88% Pt—F 6%

vs CI'-Pt—F 57% F—-Pt—-F 34% Pt—CI' 6%
ve CI-Pt—CI' 62% CI-Pt—F 35%

vz  CI-Pt—F 100%

vg Pt—F 99%

vg Cl-Pt—F 84% F-Pt—F 12% CI'-Pt—-F 3%
vio F—Pt—F 81% CI'-Pt—F 11% CI-Pt—F 8%
v CI'-Pt—F 2% F—-Pt—F  28%

v1> Pt—ClI 92% Cl-Pt—F 4%

vz CI-Pt—F 76% CI-Pt—CI' 16% Pt—ClI 8%
via CI-Pt—ClI' 64% CI-Pt—-F 22% CI-Pt—-F 13%
vis ClI—-Pt—F 71% CI-Pt—CI' 26%

vibrations are derived and compiled in Table 11 for
fluorochloro metalates and in Table 12 for chloro-
bromo metalates. The numeration is outlined in ref
56 and Figure 20.

Finally, the efficiency of normal coordinate analy-
sis, based on dependable sets of force constants
obtained in the described manner, has been demon-
strated for 3-fold mixed complexes of the type
[ReX*Y4Z']?~ with point group C4.'*? These com-
plexes are built up from a ReY, plane and an
asymmetrical X*—Re—Z' axis with trans weakened X*
= F, ClI, Br, and trans strengthened Z' = X* = ClI, Br,
I. By means of the well-known force constants from
the homoleptic compounds [ReY;s]?~ and the 2-fold
mixed species, MVFFs have been set up, which
already describe the threefold systems fairly well and
need only little modifications. In a first approach to
a generally valid incremental system of force con-
stants, the observed stretching vibrations for the 2-
and 3-fold mixed hexahalogeno rhenates(1V) have

Preetz et al.
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Figure 21. Valence force constants (mdyne/A) and their
changes (%) due to trans influence for heteroleptic 3-fold
mixed rhenates(lV); asterisk indicate estimated values.

been reproduced within a few reciprocal centimeters
by the force constants in Figure 21.

Generally, it has been shown that in the case of
the hexahalogeno complexes of the heavier transition
metals, the cis influence is negligibly small in com-
parison to the trans influence. If main group ele-
ments are the central atoms, and the ligands are the
chalcogens, pseudohalogens and especially hydride,
a more differentiated consideration is necessary since
the cis influence may become increasingly important
or even predominant.

In principle, a generally valid quantification and
incrementation of force constants, aimed at the
calculation of expectation spectra of previously un-
measured or even unknown compounds must take
into account the mutual influences of the diverse
ligands, as well as the dependence on the oxidation
state of the different central atoms. Ultimately this
requires the separation of two distinct effects on the
observed or calculated frequencies, namely the elec-
tronic effect and the mass effect.''® Such very
extensive calculations are not yet possible, because
more experimental data are required. However, in
combination with new data and theoretical models,
these calculations should be accessible in the future.

Table 11. Sequences of Observed and Calculated Frequencies v; of [MF,Cls-n]?", n = 0—6, M = Os(1V), Os(V),

Ir(1V), Ir(v), Pt(IV), z = 1, 2

na

On 6 V1> V3> V2> V4> Vs > Vg
0 V1> V3> V2> V4> V5 > Ve

Dan 4b V1> Vg > Vs> V3> V2> V4> V7 > Ve R Vip > Vg > Vi1
2b V3> V2> V1> Vg > Vs > Vi1 > Vg > Vg~ V4 R Vi > V7

Cav 5 V1> Vg > V2> Vs> V3> V4> Vg Vg V77 Vip ~ Vil
1 V3> V2> V1> Vg > V5~ Vi1~ Vio ~ VaR V7 > Vg > Vg

Cay 3a V1> Vg = V2= V7> V3> Vg > Vig = Vs = Vg = Vg

Coy 3b V1> Vg > V2> V4> Vig ~ V3~ V5 > V13 > Vis ~ Via ~ V7~ Vio ~ V11 > Ve ~ Vo
4a V1> V9 > V2= V12 > V3> Vi3 > V4~ Via ~ Vs R V19 > V7~ Vis > V11 < Vg > Ve
2a V3> V13 > V2 > V12 > Vg > V1 > Vg = Vi1 > Vg > V15 Z Vs R Vi > V7 > V4 R Vg

2 a corresponds to cis/fac; b corresponds to trans/mer.

Table 12. Sequences of Observed and Calculated Frequencies v; of [MCI\Brs-n]?", n = 0—6, M = Re(1V), Os(1V),

Ir(111), Pt(1V), Ru(lV), z = 2, 3

na

On 6 V1> V3> V2> V4> Vs > Vg
0 V3> V1> V2> V4> Vs > Vg

Dan 4b V1> V9> Vs> V3> V2 > Vg > Vg > V4R V7 R Vg > Vi
2b V3R V2 > Vg > V1> Vs > V11 R Vg > V4 > Ve > Vig = V7

Cav 5 VL> Vg > V2R Vs > V3 > V7 > Vig > Vo R Vg4 > Vg > Vi1
1 V3> Vg > V2 > V1> Vs > Vi1 > V7 > Ve R Vi > Vg > Ve

Cav 3a V1> Ve > V2 > V7 > V3R Vg > Vig > Vs > V4 > Vg

Cov 3b V1> Vg > V2 > V12 Z V4> V3> V11 > V7 2 Vis > Vs > Vi3 > Vi ~ V14~ Ve ~ Vg
4a V1> Vg > V2 V12 > V3> Vi3 > V7 R Vi Z V5 T Va R V14 ~ Vi1 > Vis ~ Vg > Ve
2a V3> Vig > Vg > V2 7 Vi T V1> Ve Z Vg R V11~ Vis ~ V5 R Vig ~ V7 T Va R Vg

2 a corresponds to cis/fac; b corresponds to trans/mer.
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Figure 22. Absorption spectra of trans-(TEA),[ReCl,l;] in
2 N H;SO4 (a), as a KBr pellet at 293 K (b), and at 10 K
(©).

C. Electronic Spectroscopy

The most obvious feature of the mixed hexahalo-
geno complexes of the heavier transition metals are
the characteristic, beautiful colors of the individual
species, which are observed impressively during ion
exchange chromatography on DEAE columns (see
Table 4). The markedly different colors of the ste-
reoisomers underline the decisive influence of mo-
lecular structure and symmetry on the electronic
transitions. Thus, electronic spectroscopy is clearly
the tool of choice for the investigation of these excited
states. For an introduction to the fundamentals,
comprehensive textbooks on inorganic electronic
spectroscopy,**® on ligand-field theory,**4~%47 and on
group theory® are available.

The spectral range is roughly divided into two
distinct regions. The first range, from the higher
energy UV range down to the visible region, is
dominated by the very intense ligand to metal
charge-transfer (LMCT) bands. The second range,
from the visible region down to the lower energy of
the near infrared region are dominated by the mark-
edly weaker d—d transitions. Generally, strong
enhancement of spectral resolution is gained by
measuring the compounds in environments of as low
polarity as possible and at low temperatures. This
is exemplified by Figure 22 on the tetraethylammo-
nium (TEA) salt trans-(TEA),[ReCl,l;].248

The spectrum of trans-(TEA)2[ReCl4l;] in 2 N Ha-
SO, solution shows broad, marginally structured
bands. However, when the solid compound, embed-
ded in a KBr pellet, is measured, some absorption
maxima are observed. These maxima become even
more pronounced upon cooling to 10 K, where even
the vibronic fine structure is revealed. The vibronic
progressions of ~290 cm™! are consistent with over-
tones of the totally symmetric Re—Cl stretching
vibration (Ay) at 333 cm™ in the electronic ground
state, and decrease by ~13% in the electronic excited
state. Well suited for low temperature spectroscopy
are complex salts formed with long-chain alkylam-
monium cations,*° because optically isotropic samples
can be obtained either by dissolving the compounds
in appropriate organic solvents and preparing thin
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layers on quartz disks by solvent evaporation or by
squeezing these solids to transparent films between
two sapphires. With respect to the very intense
LMCT bands, in most cases optical dilution is neces-
sary, which is accomplished by mixing the samples
with materials like KBr or, if cation or ligand
exchange is suspected, other appropriate alkali ha-
lides.

1. Ligand-to-Metal Charge-Transfer Transitions

LMCT transitions of hexahalogeno complexes are
observable in the visible and near-UV range of the
absorption spectra as metal reduction bands, because
electronic transitions occur from ligand 7 (tig,tzg, tiu,tou)
and o (tw,egaig) orbitals into partially occupied d
(t2g.€g) levels of the central ion. As an example the
low-temperature absorption spectra of (TBA),-
[OsFCls—n], n = 0—6, are presented in Figure 23.

Here, the u — g transitions are parity allowed, and
thus the absorption bands are very intense. From
analysis of the electronic spectra, along with theo-
retical calculations on the homoleptic octahedral
species, [MXg]*~, X = ClI, Br, I, the following series of
molecular orbitals with increasing energies has been
deduced:147:150

Oog < Qipg < Ty < (T + 0)yyy < Tipy < (0 + M)y <

€g
ntZg < Ueg < Ualg

In principle, the same order can be used to interpret
the LMCT spectra of mixed hexahalogeno complexes,
[MXnYs-n]?~. However, degenerate states are split
according to the respective lowered point symmetry
of the heteroleptic species. By virtue of the different
optical electronegativities of Cl =3.0and F =39 a
partitioning of the six o and 12 s ligand orbitals into
those belonging to F and others belonging to Cl is
possible in the [OsF.Cls_n]>"series.’®* The energy
levels of F are so low that corresponding transitions
from these orbitals are below the limits of normal UV
equipment at 200 nm = 50 000 cm~. Consequently,
the LMCT bands are clearly assigned to transitions
from CIl orbitals. With increasing number of F
ligands, the number of involved Cl orbitals decreases,
resulting in simplified spectra, as can be seen in the
short wave regions of Figure 23. Furthermore, a
systematic hypsochromic shift of corresponding bands
with increasing number of F ligands within the series
is observed due to progressively impeded charge
transfer because the averaged optical electronega-
tivities of all ligands increase. An interesting feature
is the analogous band pattern of [OsCl¢]?>~ (0) and fac-
[OsFsCls)?> (3a), which suggests that holohedrized
symmetry (pseudo-Oy) should be applied to the latter,
as was already done on fac-[OsCl3Br3]>~.*%2 This
implies that the absorption spectrum of fac-[OsF;-
Cl3]? corresponds to an octahedral complex with six
hypothetical ligands (F + CI)/2 of optical electrone-
gativity 3.45.

Vibrational spectroscopy has proven, by virtue of
the trans influence, that the bond to CI in an
asymmetric F*—M—CI' axis is stronger than in the
symmetric CI—M—CI axis (see section 11.B). This can
bee seen qualitatively by the splitting and broadening
of respective bands in the LMCT spectra of the
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Figure 23. Absorption spectra (10 K) of [OsF,Cls—]>~, n = 0—6 (a corresponds to cis/fac; b corresponds to trans/mer).
LMCT transitions of the (TBA) salts in the UV—vis range (nm); intraconfigurational transitions of the (TEA) salts in the
NIR range; + = quartz absorption; * = hot bands; ER = electronic Raman bands.

complexes [OsFCls]?~ (1), cis-[OsF2Cl4]?~ (2a), and shift within a respective split band is assigned to
mer-[OsF3Clz]?~ (3b), which have F*—Os—CI' axes as trans strengthened Os—CI', which has a shortened
well as CI-Os—Cl axes. Logically, the bathochromic bond distance and thereby easier transitions, while
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the hypsochromic shift is due to transitions from the
Clin normal ClI-0s—Cl bonds. Correspondingly, the
complexes trans-[OsF,Cl4]?~ (2b) and trans-[OsF;-
Cl,]?~ (4b), which possess Da, symmetry and exclu-
sively symmetric axes, exhibit simpler spectra than
the other stereoisomers. Thus their LMCT transi-
tions are observed at relatively high energies with
respect to the low-energy transitions of fac-[OsF3-
Cl3)?~ (3a), cis-[OsF4Cl,)?> (4a), and mer-[OsFsCl]?~
(5), all of which exclusively contain trans strength-
ened Os—CI' bonds.

In addition to the complete series, [OsF,Cls-n]?",
n = 0-6, with the central metal ion in the d*
configuration, LMCT spectra from the corresponding
d® complexes of Os(V)*2 and d® complexes of Ir(1V),%*
and even some species from the d* Ir(V) system have
been recorded.®® Spectra of analogous complexes
from the different series are essentially similar,
although resolution is of a different quality, and there
are no vibronic fine structures in the spectra within
the Os(1V) and Os(V) series. However, distinctly long
progressions of overtones on two LMCT bands of the
tetramethylammonium (TMA) salt trans-(TMA),[IrF.-
Cly] are present,*®* which have been assigned by
taking account of spin orbit coupling.*®> Similar fine
structures have been observed on the Ir(V) com-
plexes, (TEA)[IrFsCl] and cis-(TEA)[IrF4Cl.], diluted
as mixed crystals with nonreducing (TEA)[OsFg],
which has been chosen because it is transparent in
the LMCT region.°

In spite of the different occupation of the highest
occupied molecular orbital (HOMO) of Ir(1V):tye®; Ir-
(V),0s(1V):1o4% and Os(V):ty® arising from the respec-
tive d°, d*, and d® configurations for the low-spin case,
the order of LMCT bands is quite similar for different
central ions with identical coordination spheres. Due
to the lowered symmetry in the heteroleptic com-
plexes, the octahedral 3-fold degenerate ty4 state is
split into two levels for Dgp, Cay, Cay, and into three
levels for C,, symmetry. A distinct assignment of the
broadened or split LMCT bands to definite molecular
orbitals demands supplementary information on their
respective symmetry from polarized electronic ab-
sorption spectra. Unfortunately, these spectra are
not easily obtainable because of the need for large
single crystals. However, an illustrative example has
been presented for trigonally distorted [ReClg]?~.1%6

By comparison of LMCT bands of the isostructural
species from the d?, d*, and d® systems characteristic
shifts have been correlated to the optical electrone-
gativity and the oxidation state of the central ions.
According to the strongly oxidizing power of the
pentavalent metals, which facilitates charge transfer
from the ligands, bathochromic shifts of ~8000 cm™1
between Ir(V) and Ir(1V), 7000 cm~! between Os(V)
and Os(1V) and 15 000 cm™? between corresponding
d* species of the fluorochloroiridates(V) and -osmates-
(1V) have been observed.60.151,153,154

The minor differences of the electronegativities
between the heavier halides, CI, Br, and I, make the
assignments of LMCT transitions to the respective
ligands in mixed coordination spheres impossible.
Nevertheless, for the sake of an overall spectroscopic
characterization, the spectra have been measured in
solution and at low temperature in solid state for the
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following series: [ReCl\Brg_n]>",%%" [ReCl,lg_n]>~, 48
[OsCl,Bre-n]?~,*%8 [IrClBre_n]?>,1%8 [OsClple-_n]?~,*%°
and [RuCl,Brgs_,]>".2%° In every case, substitution of
a halide by a heavier one is accompanied by a
bathochromic shift. Generally, spectra of trans spe-
cies with point symmetry Dgy, are simpler than those
of the corresponding cis complexes with C,, sym-
metry. Some chlorobromo complexes of Ir(IV) and
Os(1V) have been interpreted on the basis of MO
theory.1521%5.159 A" detailed assignment of LMCT
bands has been achieved by investigation of the
magnetic circular dichroism on chlorobromo and
chloroiodo complexes of Ir(1V) and Os(1V).161

2. Intraconfigurational Transitions

The series, (TEA),[OsF.Cls—n], may serve as an
example of the fundamentals required for an inter-
pretation of d—d spectra in the long wave range of
Figure 23. For the low spin ty4* configuration of Os-
(IV) in point group Oy a triplet ground state, 3T,
has been derived from magnetic data.’%2163 There-
fore, transitions occur into the singlet states, 1Ty, 1Eq,
and A, By virtue of spin—orbit coupling, with a
coupling constant &osgv) ~ 3200 cm™1, the 3Ty is split,
according to the octahedral double group On* and
Bethe’s nomenclature, into the terms, T'y, I's, T4, and
I's, with T'; as the ground state, while the singlet
states belong to the irreducible representations Is,
I, and T'; (see Figure 24). As a consequence of
selection rules for electric dipole radiation, intracon-
figurational transitions are orbital forbidden as d—d
transitions between states with the same orbital
momentum quantum number and are parity forbid-
den as g—g transitions. All in all, they are Laporte
forbidden and thus have small oscillator strengths.
A further selection rule, regarding the spin multiplic-
ity, demands that transitions between states of equal
spin multiplicity are allowed, but are spin forbidden
between those of different multiplicity, and therefore
also affect spectral intensities. Thus, in the d*
configuration transitions between levels of the spin—
orbit split ground state are spin allowed, while the
triplet to singlet transitions are spin forbidden.
However, these become formally spin allowed by
spin—orbit coupling, although, in general, they are
10 times less intense. Because of the descent in
symmetry from On* to the respective double sub-
groups, Dasn*, Dan*, Ca*, Cs*, and Cy*, within a
complex series like [OsF,Cls_n]?", the orbital-degen-
erate levels are split additionally as given in Figure
24,

The Don* group has been included into the series
in order to account for the Jahn—Teller distortion of
the homoleptic members. As a consequence of the
lowered symmetry, transitions of noncentrosymmet-
ric complexes become formally parity allowed.'>* The
approximate positions and intensities of the d—d
absorptions of the fluorochloroosmates(1V) correlate
well with the comprehensively investigated spectra
of [OsClg]?>~ 164166 and complexes of lower symmetry
such as the [0sX40x]?>~, [OSXnY4-n0X]>", X = Y = Cl,
Br, I; ox = chelating oxalate,'6’7'%° and linkage
isomeric mixed halogenothiocyanatoosmates(lV).170.171
The transitions within the series, [OsF,Cls_n]?",
derived from On* for the corresponding subgroups,
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appear in four clearly separated ranges. They are
observed for the excitations from 1I's, 1I'; between
4700 and 7300 cm™1, from 2I's, 2’3 between 10 700
and 13 500 cm~! and from 2TI'; between 17 000 and
22 500 cm~1. The lowest energy transition, 1I'; —
1I'4, calculated to occur near 3000 cm~2, has not been
observed. Corresponding to the respective point
symmetries, the heteroleptic species reveal the group
theoretically demanded splittings of electronic states.
They are located in relatively narrow ranges between
the terminal members of a series with expected
nephelauxetic shifts for the different ligands. In the
energy level diagram (Figure 24) the transitions both
predicted by group theory and those experimentally
observed are compiled. A distinct assignment of the
split terms is not possible without polarized electronic
absorption spectra from single crystals, which un-
fortunately have not been available. Nevertheless,
a systematic hypsochromic shift on increasing sub-
stitution of Cl by F within the [OsF,Cls_n]?" series is
observed, according to the nephelauxetic series and
the decreasing covalent nature of the metal to ligand
bonds.'4’

A striking feature of these d—d absorptions is the
vibrational fine structure, which arises from a cou-
pling with appropriate normal modes and relaxes the
parity selection rule. In centrosymmetric molecules,
these are vibrations of odd parity. To address this
subject, many different experimental and fundamen-
tal theoretical investigations have been performed.172
As a point of prime importance, in some cases the
electronic origins, or in other words the 0—0 transi-
tions, can be deduced reliably and assigned correctly
only if vibrational fine structure is present. For
instance, the centrosymmetric complexes trans-[OsF,-
Cly]>~ (2b) and trans-[OsF4Cl,)?>~ (4b) have Laporte-
forbidden 0—0 transitions of extremely low intensities
(e <1 cm?mmol), which result in fairly intense bands
by coupling with “promoting modes” like stretching
and bending vibrations of odd parity. The origin of
these vibrational bands have been falsely assigned
as the virtual 0—0 transitions, and thus are so-called
false origins.'”® Upon strong vibrational coupling,
with vibrations of even parity, serving as “progress-
ing modes”, long series of overtones are built up from
appropriate electronic transitions, as observed for
trans-[OsO2(CN)4]?>~ 17 and trans-[OsFCI4(NCS)]?~.1"t

An unambiguous assignment of 0—0 transitions
can also be accomplished if the electronic Raman (ER)
spectra are known, because d—d transitions are
allowed as Raman scattering process. However, the
detection with a photomultiplier and excitation with
visible light limits the shift range to <7000 cm™.
Verified 0—0 transitions are marked by arrows
amended by ER in Figure 23. Corresponding to the
observed absorption bands, solid (TEA),[OsCl¢] ex-
hibits five sharp ER signals, while in a CH,Cl;
solution only two lines are observed, as is expected
for the octahedral case, On*. Therefore, in the solid
state an orthorhombic distortion, resulting in Dy*
symmetry, has been deduced,>! because the degen-
eracy is completely suspended. Analogous to this, a
similar change from solution to solid state has been
presumed for (TEA),[OsFg].1"®> Coupling of normal
modes with ER transitions has been demonstrated
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for the pair of linkage isomers, (TBA),[OsCIls(NCS)]/
(TBA)2[OsClIs(SCN)].2® Another special effect in ER
spectra has been explained for (TBA);[OsBrs(SCN)],
which belongs to the double group Cs*. Group
theory demands different polarization behavior, and
this has been proven experimentally by a clear
distinction between inverse polarization of the 1I";
— 1T, transition at 2390 cm~* and depolarization of
the 1I'; — 1I's transition at 2190 cm~1.171

In some cases hot bands occur, which are very
useful in the assignment of 0—0 transitions. Notice-
ably, a comparison of the 298 and 10 K absorption
spectra of [OsFCls]?>~ (1), cis-[OsF.Cl4)>~ (2a), cis-
[OsF4CL)?~ (4a), and [OsFsCl]?~ (5) shows a loss of
the hot bands, which vanish completely at 10 K and
thus are clearly identified (see Figure 23). This
allows the assignment of the very weak 0—0 transi-
tions by the symmetrical appearance of vibrational
bands at higher and lower frequencies. In the same
manner, the intraconfigurational transitions of the
individual species within the series, [OsF,Cls_n]~,*%®
[OsCl\Bre—n]?~, ¢ [IrF,Clg—n]?~,*%* [IrFrCle-n] ~,° and
[RuCl,\Brs_,]?~,1%0 have been measured and assigned.

3. Luminescence Spectra

While luminescence spectra of homoleptic transi-
tion metal complexes have been studied exhaus-
tively,}’7~17° there are only a few investigations of
mixed-ligand complexes. In order to avoid fluores-
cence quenching, which takes place when pure com-
pounds are measured, these samples must be pre-
pared in a highly diluted form (<1%). This can be
achieved by formation of mixed crystals in host
lattices such as Cs,[SnXe] or Cs,[TeXe], X = ClI, Br.
For high resolution, it is necessary to record the
spectra at low temperatures (10 K or lower). As an
example, the 10 K luminescence spectra of the
heteroleptic complexes, [OsCl.\Bres-n]>~, n = 1-5, in
Cs,[TeClg], are presented in Figure 25,180

With the use of a laser source, 1o = 488 nm, the
[1(*Aqg) — T1(3Tyg) or the respective subgroup transi-
tion (compare Figure 24) is excited, serving as the
starting point of luminescence. The compilation of
the 0—0 transitions in Table 13 reveals nephelauxetic
shifts to higher wave numbers as the number of ClI
ligands increases. Apart from a small luminescence
shift due to the host lattice these observations are
in good agreement with the corresponding data from
the electronic absorption spectra.l’® All species
exhibit typical fine structures by vibrational coupling,
which have been assigned in Table 14.

The electronic origins, which are very strong for
the noncentrosymmetric species, have been unob-
servable for the two centrosymmetric complexes,
trans-[OsCl,Br4]?~ (2b) and trans-[OsCl4Br2]?~ (4b),
and therefore have been deduced from analyses of
the vibronic couplings. If the spectra of pure com-
pounds are known, even small impurities may be
detected, as is demonstrated in Figure 25 by trans-
[OsCIlBr,)?>~ (2b) containing small amounts of mer-
[OsCl3Br3]?> (3b) and by [OsCIBrs]?~ (1) containing
small amounts of cis-[OsCl,Bry]?~ (2a). Very weak
emissions with distances of 30—70 cm™ to the
electronic as well as to the vibronic origins correlate
well with the lattice vibrations, v, and vibron—
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Figure 25. Luminescence transitions T'1(*Ayg) — T'1(3T1g)
of Cs,[OsCl\Brg-n], n = 1-5 (a corresponds to cis/fac; b
corresponds to trans/mer) in the host lattice Cs;[TeCl¢] at
10 K, Ao = 488 nm.

Table 13. Point Symmetry and Electronic Origins of
the Luminescence Transitions I'1(*Aig) — [1(5Tyg) of
Cs,[OsClnBrs-n], n = 0—6

n? symmetry T1(*A1g) — T1(3T1g)°
6 On 16955 (17030)
5 Cav 16816 (16860)
4a Cay 16608 (16695)
4ab Dan 16653 (16750)
3a Cav 16412 (16445)
3b Cov 16445 (16585)
2a Cay 16263 (16340)
2b Dan 16382 (16400)
1 Cu 16116 (16210)
0 On 16018 (16000)

a a corresponds to cis/fac, b corresponds to trans/mer, doped
in Csy[TeClg]. P In parentheses, assignments from electronic
absorption spectra (cm1).176

phonon modes.’® The emission spectra of some
selected hexahalogeno complexes like [OsClsX]?>~ and
cis-[OsClsX2]?~, X = Br, 1,81 trans-[OsCl,l,]?~,'8 and
mer-[OsClzl3]?~ 182 have been analyzed in detail. The
energy differences, determined for transitions from
the 1Ayq level (tzg*) to the ground state and to some
lower lying multiplets, as well as from the latter to
the ground state, fit very well to the energy level
diagrams derived from the absorption spectra. Thus,
an independent confirmation of the spectroscopic
results has been given by these two complementary
methods.

From the weak S-emitter *°Tc all species of the
series, [*°TcCl,\Bre-n]?~, have been prepared in a pure
form by anion exchange on DEAE cellulose. In host
lattices of Cs,[SnClg] and Cs;[SnBrg], the lumines-
cence transition, T'7(3T,g) — ['s(*Azg), of Tc(1V) exhibits
distinct vibrational fine structures. The promoting
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Table 14. Assignment of the Luminescence Bands in
Figure 24

no. v (cm™) A (cm™) assignment
C4v, 5, Csz[OsCIsBr]
0 16816 0 Origin
1 16708 108 (106) +v1, E
2 16678 138 (138) +vg, E
3 16656 160 (160) +v10, E
4 16645 171 (166) +v7, B2
5 16603 213 (205) +v3, A

C4v: ly CSZ[OSCIBr5]

0 16116 0 Origin
1 15994 122 (117) +v7, B2
2 15967 149 (144) +vi, E
3 15924 192 (188) +v1, A1
4 15897 219 (217) +vo, Ad/+vg, E
5 15812 304 (307) +vs, Ar
6 15786 330 (217+106) +V2+V4, A1/+V3+V4
Cay, 44, cis-Csy[0sCl4Br3]
0 16608 0 Origin
1 16501 107 (99) +V3, A1/+’V15, Bz
2 16469 139 (139) +vs (host), Ty
3 16440 168 (160) +v7, Az
4 16392 216 (210) +vs, Ar
Cay, 24, Cis-Csz[OsCl;Bry]
0 16263 0 Origin
1 16161 102 (94) +v7, Az
2 16141 122 (119) +v1s, Bz
3 16124 139 (138) +V11, Bl
4 16107 156 (159) +ve, A1
5 16076 187 (180) +v1, Ar
6 16060 203 (196) +v12, Bz
7 16043 220 (217) +vg, By
Dan, 4b, trans-Cs,[OsCl4Br»]
0 16653 0 Origin (not obs.)
1 16547 106 (97) +v11, Ey
2 16511 142 (134) +va, Aoy
3 16493 160 (157) +v10, Eu
4 16430 223 (217) +vs, Aoy
5 16336 317 (307) +vq, Ey
6 16303 350 (157+186) +V10+V2, Alg
Dan, 2b, trans-Cs,[OsCl,Br,]
0 16382 0 Origin (not obs.)
1 16282 100 (98) +v10, Eu
2 16261 121 (125) +ve (host), Tayu
3 16224 158 (141) +v11, Ey
4 16161 221 (216) +vg, Eu
5 16074 308 (306) +vs, Ay
Casy, 33, fac-Cs,[OsClsBr3]
0 16412 0 Origin
1 16291 121 (118) +vs, Az
2 16271 141 (133) +v10, E
3 16248 164 (163) +vs, Ad/+vs, E
4 16207 205 (198) +v7, E
5 16190 222 (219) +va, A1
Cav, 3b, mer-Cs;[OsCl3Br3]
0 16455 0 Origin
1 16347 108 (105) +v14, B2
2 16321 134 (132) +v13, B2
3 16297 158 (156) +v11, Bs
4 16243 212 (210) +va, A1
5 16138 317 (210+105) +vatvia

aln parentheses, vibrational frequencies of pure
(TBA),[OsClBrs-n], n = 1-5,% or of the host lattice Cs,[TeClg].

modes are determined to be normal vibrations,
combination tones and overtones of the respective
complexes.*® By comparison with previous lumines-
cence spectra measured on mixtures of the chloro-
bromotechnetates(lV), some misassignments have
been revealed, which may easily arise from super-
positioned bands of such similar compounds.*® For
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the same reason the interpretation of the spectra
taken from mixtures of the related series, [ReCl,-
Brs_n]?", is doubtful 185

D. NMR Spectroscopy

1. General Considerations

In the early 1960s NMR spectrometers, operating
in the continous wave mode at 1.4 T = 60 MHz for
'H and 56.4 MHz for °F, became commercially
available. Consequently, the first investigations on
mixed-ligand compounds focused on °F NMR spec-
troscopy taking into account the central importance
of fluorine in the field of coordination chemistry.186-188
Because of this low magnetic field, only the most
sensitive and 100% abundant spin Y/, nuclei *H and
31p beside °F were initially investigated. However,
in pioneering studies the indirect observation of low
sensivity spin 1/, nuclei like >’Fe, 1°Rh, 10710979, and
183\W subsequently became possible by means of the
internuclear double resonance (INDOR) technique'&®a-—¢
via the aforementioned highly abundant and sensi-
tive nuclei. An extension to direct measurement of
other, especially quadrupolar nuclei became possible
with the introduction of the first truly multinuclear
spectrometers in 1967 and the pulse Fourier trans-
form technique in 1969. Recommended textbooks
with emphasis on inorganic and multinuclear aspects
are Mason Multinuclear NMR,**° Harris and Mann
NMR and the Periodic Table,'%! Pregosin Transition
Metal Nuclear Magnetic Resonance,®? Lambert and
Riddel The Multinuclear Approach to NMR Spectros-
copy,'® and as a practical guide, Brevard and Granger
Handbook of High Resolution Multinuclear NMR.1%4

Since NMR spectroscopy responds to the magnetic
properties of individual isotopes in a local electronic
environment, the observed nucleus is an atomic probe
of the molecule. Because of this, NMR spectroscopy
has become one of the most important methods for
structural analysis of pure substances, for the quali-
tative and quantitative determination of individual
species within multicomponent mixtures, and for the
elucidation of intra- and intermolecular dynamics of
exchange processes and chemical equilibria. If sepa-
ration is impossible, often NMR spectroscopy is the
only reliable method, because UV—vis, IR, and Ra-
man spectroscopy are unable to determine individual
species in mixtures due to broad line widths and band
overlaps along with insufficient resolution.

As with the other experimental techniques already
discussed, the unique properties of the 10 closely
related species of octahedral mixed series are of
primary interest to NMR spectroscopy. Some of the
best advantages of NMR spectroscopy applied to
these mixed- ligand species are as follows:

(i) The number of signals due to NMR-active
ligands or central atoms is indicative for the presence
and completeness of an octahedral series. The most
favorable situations occur if the central atom, as well
as one or several ligand atoms, are NMR active.

(ii) The individual species are readily characterized
and distinguished from byproducts utilizing the
systematics of the chemical shift. Further support
arises from analyses of multiplicities, coupling con-
stants, or line forms in combination with signal
intensities.
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(iii) The ratios of the individual species and the
pairs of stereoisomers give evidence for reaction
schemes or the preference of distinct reaction paths.

(iv) Time- and temperature-dependent measure-
ments reveal kinetic and thermodynamic data, thus
complex stability constants and enthalpies of forma-
tion become accessible.

(v) By temperature-variant measurement, transi-
tions between rigidity and fluxionality can be verified
and inter- and intramolecular exchange processes can
be identified and elucidated.

(vi) Empirical correlations of chemical shifts with
ligand parameters like electronegativity or polariz-
ability provide practical hints for measurements of
unknown substances, and reveal interesting phe-
nomena, like the normal or inverse halogen depen-
dence (NHD or IHD), the normal or inverse elec-
tronegativity dependence (NED or IED), and the
normal or inverse polarizability dependence (NPD or
IPD). Normal behavior is characterized by a central
atom shift to high field in the series, F < Cl < Br <
I, or in the order of high electronegativity < low
electronegativity, and poor polarizability < good
polarizability, respectively.

(vii) Important results are obtained by correlating
the systematics of the chemical shift with the sys-
tematics from other spectroscopic methods, such as
those observed for the spectrochemical and nephe-
lauxetic series or for the trans influence.

(viii) The evaluation of the influences of the mo-
lecular properties, their systematic variation and the
mutual interactions on observed central atom NMR
shifts lead to the electronic origin and the mechanics
of the chemical shift. Thus, the paramagnetic and
diamagnetic contribution to the chemical shift can
be quantified, and a better understanding of the
theory with respect to the Ramsey equation!®® or
derived approaches is possible. Finally, a verification
of experimental data and assumed models by ab
initio calculations have become tractable.1%

(ix) Valuable support in the assignment of NMR
spectra of mixtures is provided by empirical relations,
which have been confirmed for many series of octa-
hedral mixed-ligand complexes. For ligand atoms the
Dean—Evans relation,'®® and for central atoms the
pairwise additivity method'®” and the trans or axis
method'® have to be mentioned, which will be
explored in detail in the following section.

2. Main Group Elements

The first systematic investigation on ~100 mixed-
fluoro stannates(lIV) with ligands like OH™, H,0, CI—,
Br~, 17, NCS~, NCSe~, NCO~, N3~, C;0,7, and
RCOO™ by ®F NMR spectroscopy has already dem-
onstrated the power of this method and the need for
data from a complete series for accurate assignments
and a full understanding.'®®¢ After suitable reaction
conditions for fluorine-containing mixed complexes
had been found by NMR spectroscopy, analysis of the
reaction mixtures revealed the following general
trends that are valid for ligands like the halogens
and pseudohalogens.

(1) Increasing substitution of F ligands results in
an increasing downfield shift of the °F resonances.
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Table 15. Observed and Calculated by the
Dean—Evans Relation (eq 4) °F Chemical Shifts
(ppm) for the Series [SNF,Clg-n]?>", N = 0—6, in
Methanol?

Preetz et al.

Table 16. Observed and Calculated Chemical Shifts
0(**°Sn) (ppm) of the Series [SNCI,Brs-n]>~, N = 0—6,
Pairwise Additivity Method (pa), and Axis Method

(am)

Oo(*°F) o(*°Sn)
nb p q calcd obsd nd pairs calcd (pa)® obsd calcd (am)® (axes)
6 0 0 —-161.9 —-161.9 6 12u —729.3 —729.3 —729 (3x)
5 1 0 —136.8 —-136.5 5 8ut4v —-917.4 —916.1 —924 (2x +y)
5 0 1 —153.5 —154.9 4b  4u+8v —1105.4 —1106.6 —1177 (2x + 2)
4b 2 0 —-111.7 —-109.8 4a 5u+6v+w —-1123.4 —1120.5 —1119 (x + 2y)
4a 2 0 -111.7 -113.1 3b 2u+8v+2w —1329.5 —1330.1 -—1372(x+Yy +2)
4a 1 1 —-128.4 - 3a 3u+6v+3w —1347.6 —1344.0 —1314 (3y)
3b 3 0 —86.6 —88.5 2b  8v+4w —1553.6 —1560.6 —1625 (x + 2z)
3b 2 1 —103.3 —100.5 2a u+6v+5w —-1571.7 —1571.0 —1567 (2y + 2)
3a 2 1 —-103.3 —104.5 1 4v+8w —1813.8 —18155 —1820(y + 22)
2b 4 0 —61.5 — 0 12w —2074.0 —2074.0 —2073 (32)
2a 3 1 —78.2 - a .
1 4 1 _531 _ a corresponds to cis/fac; b corresponds to trans/mer. ® u

a8 5(9F)res = —161.9 ppm; C = 25.1 ppm; T = 8.4 ppm. P a
corresponds to cis/fac; b corresponds to trans/mer.

(2) °F resonances of F—Sn—F axes are at lower
field than those of F—Sn—X axes.

(3) 1I(**°Sn,*°F) coupling constants, obtainable from
the Sn satellites, are considerably greater for F—Sn—F
axes than for F—Sn—X axes.

(4) Signals of F atoms are shifted more downfield
the more polarizable the cis positioned Sn—X bond
is.

(5) lons of the types, [SnFsX]?, cis-[SnF4X,]%>~, and
mer-[SnF3X;3]?~, with two sets of inequivalent F atoms
can be identified if the signal intensities and the
multiplicity analysis by calculation of the spin sys-
tems are taken into account.

The generally valid Dean—Evans relation (eqs 3
and 4, respectively) is particularly important for the
identification of species with only one °F signal like
trans-[SnF,4X;]?", fac-[SnF3X3]?~, cis- and trans-
[SNF2X4]?~, and [SNFXs]?.

0(*°F) =pC +qT (3)
O(**F) = 0(°F)f + pC +qT (4)

where 6(*°F) is the chemical shift of the F atom under
consideration referred to [SnFs]?~, 6(*°F).s is the
chemical shift of [SnFg]?~ referred to a primary °F
standard like CFCls, p is the number of ligands X in
cis position to F (0—4), q is the number of ligands X
in trans position to F (0 or 1). C and T are solvent-
dependent empirical increments of the chemical shift
and are characteristic for a substituent X. For
systems containing more than one substituent ex-
tended relations are available.!® Within each series,
good agreement between calculated and observed
shifts has been found, on the basis of these relations.
Therefore, the implied additivity of the cis and the
trans influences of the other ligands on the °F
chemical shift has been proven. An example is given
in Table 15 by the series, [SNF,Clg-n]>~, n = 0—6. It
is especially important to note that the relative
positions within the pairs of stereoisomers, with the
cis/fac isomers found at a higher field than the
corresponding trans/mer isomers, are derived ac-
curately.

From quantitative evaluations the cis/trans and
the fac/mer ratios have been determined for various

= —60.78; v = —107.79; w = —172.83 ppm. ¢ x = —234; y =
—438; z = —691 ppm.

series. In general, they are nearly constant for
different solvents but do deviate from the statistical
values in most cases. Furthermore, equilibrium
constants and relative kinetic stabilities have been
deduced. The increasing °F downfield shift with
increasing polarizability of the ligand in the cis
position has been rationalized by its intramolecular
van der Waals interaction with the resonating F
atom. For that reason, the responsible electric field
effects caused by time-dependent dipole moments
have been calculated approximately.1%

Additionally, the series, [SnCl,Brs_,]?",199.200
[SNFCle-n]?~,**° and [SnX,Ys-n]>, X =CI, Br, Y =
CN, NCS,?°! have been characterized by *°Sn NMR.
A complete system is offered by [SNCI,Bre-,]?~, n =
0—6, with the stereoisomers in statistical ratio and
the cis/fac isomers resonating about 11—14 ppm
higher than the respective trans/mer complexes. The
assignment was strongly supported by the pairwise
additivity method, which is based on the summation
of the contributions of the 12 pairs of substituents
residing on the edges of the octahedron. Thus, this
approach takes into account the mutual influences
of cis-positioned ligands with respect to the electron
distribution in the ligand wave functions and their
effect on the chemical shift of the central atom. As
an example, the °Sn NMR shifts for the series,
[SNCI,Brs-n]?~, n = 0—6, have been calculated by a
fitted set of additivity parameters, u, v, and w, for
the CI-CI, CI-Br and Br—Br pair, respectively. The
trans or axis method is based on the contributions of
the three possible axes in an octahedron built up by
two different ligands, thus it mainly reflects the
mutual trans influence. In order to perform this
calculation, a set of fitted axis parameters, x, y, and
z, for the CI-Sn—Cl, CI-Sn—Br, and Br—Sn—Br axis
has been used, respectively. The results of both
methods are comparatively compiled with the ob-
served shifts in Table 16.

Evidently the succession of signals, especially those
of the stereoisomers with the cis/fac isomers reso-
nating at higher field than the corresponding trans/
mer isomers, is described very well by the pairwise
additivity method, while the trans or axis method
fails. This can be explained in terms of cis and trans
influences, in that the cis influence is of primary
importance in main group element complexes, while
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Figure 26. Plot of 6(*19Sn) vs n in the series [SNF,Cls_]?",
n =0-6 (c = cis, f = fac, m = mer, t = trans).

the trans influence is of minor relevance. Although
mer-[SnF3Cl3]%™ is missing in the 11°Sn spectra of the
flourochloro series,'* it has been identified in the 1°F
spectrum. The assignment of the partially overlap-
ping signals has been achieved by multiplicity analy-
sis with the known *J(*°F,1*Sn) couplings from the
°F spectra'®® and was strongly supported by the
pairwise additivity method, which again results in
an upfield 11°Sn shift of the cis isomers in comparison
to the trans isomers. A remarkable result, which is
always observed for mixed-fluoro complexes, is the
deviation of observed shifts from the calculated for
both the *°F and the central atoms. Thus, the CI-F
pairwise additivity term, derived from experimental
shifts of individual species, increases systematically
with increasing number of F atoms. This may be
ascribed to a nonlinear additional mutual influence
of the F ligands, for which the three-parameter model
of the pairwise additivity method is not sophisticated
enough. Therefore, the validity of the pairwise
additivity method is not indicative of a linear cor-
relation of the degree of substitution with the chemi-
cal shift (Figure 26).

In the case of [SnFsCI]?>~ and cis- and trans-[SnF;-
Cl,)?, the *J(*°F,*1°Sn) coupling constants could be
determined from the °Sn spectra, although this was
not possible by *°F spectroscopy. With respect to the
halogen dependence of the '°Sn shift, special atten-
tion must be drawn to the fact that [SnF¢]?>~ resonates
at higher field than [SnCls]?~, which resonates down-
field from [SnBrg]?>~. Therefore, the halogen depen-
dence of 11°Sn in the order, Cl < F < Br, is unusual.
Although mixed fluoroiodostannates(lV) have been
identified by °F NMR, attempted '°Sn measure-
ments of mixed iodostannates(1V) remained unsuc-
cessful, and even for [Snl¢]>~ no 119Sn signal has been
observable. This was attributed to the large quad-
rupole moment of iodine, which causes rapid relax-
ation of the °Sn nucleus by quadrupolar coupling.?%®

Some mixed octahedral halogeno stannates with
presumed cis configuration, like [SnCIl,Br,]%",
[SNCl214]%7, [SNCI4Br,]?~, and [SnBr.14]?~, have been
characterized by '°Sn Mossbauer spectroscopy, and
cis configuration has been presumed.*® As another
result, the observed line broadening in the spectra
of [SnF,Cl4)?~ and [SnF,Br4]?~ has led to the conclu-
sion that these compounds are to be found in the
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trans configurations.?92203 The Mdssbauer isomer
shift correlates linearly with the sum of the Pauling
electronegativities of the ligands.

The application of the Dean—Evans relation for the
assignment of 1°F shifts and the pairwise additivity
method for the central atom shifts has become a
common procedure in NMR assignment of mixed
series and much of the following discussion is based
upon these principles. For the following main group
elements, Si, Ge, P, As, Sb, S, Te, octahedral mixed-
fluoro complexes have been characterized by °F
NMR spectroscopy, and a comprehensive discussion
is given by Berger et al.?%

In group 14, only a few monosubstituted products
of [SiFg]?~ like [SiFs(CsHs)]?~,2% [SiFs(NH3)]~, [SiFs-
(NH(C2Hs)2)]17,2% cis-[SiF4(bipy)], cis-[SiF4(0x)]?, cis-
[SiF4(mal)]?~, and cis-[SiF,(0x)2]>7,2°72%8 have been
identified as octahedral species by ®F NMR spec-
troscopy. For Ge only a few single fluoro complexes
and the incomplete series, [GeFnXs-n]?", N = 3—6, X
= NCS7, and n =4—6, X = CN~, N3, including the
pairs of sterecisomers for n = 3 and 4, are known.?%®
The mode of bonding of the thiocyanate has not been
discussed explicitly, but was assumed to be the N
coordination. The '°F chemical shifts obey the Dean—
Evans relation, in that the direction and magnitude
of the effects of the substituents correlate to the
corresponding Sn complexes.

As stated previously, one of the ideal situations for
NMR spectroscopic examination would be if two NMR
active nuclei can be found within one series. This,
fortunately is the case for the group 15 elements, E
= P, As, Sbh, with several complete series of the type,
[EFnXs-n]~, which have been studied by °F and by
31p, 5As, and 12'Sh NMR spectroscopy. Series of the
type [EXnYe-n]", X,Y = F, have been characterized
by 3P and ?'Sb NMR. 3P, which is an easily
observable nucleus, has been extensively utilized, and
many single octahedral mixed complexes have been
identified by 3P NMR spectroscopy.?1°=24 The mixed
series, [PF,Cls_n]~,2*52% [PF(NCS)s-n] ,%'¢ and [PF,-
(N3)s—n]~,?*® have been studied by °*F NMR and
confirmed by the Dean—Evans relation.?*® A subse-
guent 3P study revealed complementary results, and,
additionally, the identification of the homoleptic
species, [P(NCS)s]~ and [P(N3)s], has been achieved.?”
Non-first-order °F spectra of some [PFs(N-base)]
compounds have been analyzed and theoretically
fit.28 The following 3-fold mixed species, [PFs-
Cls_nXn]7, n =1-3; [PF.Cl4—nXn] ", n =1-4, X = N3,
NCS™; and [PFCls-n(N3)s]", n = 1-5, had been of
special interest, because several of the species exhibit
fluxional behavior.?!® The 3P signals have been
assigned utilizing the multiplicities and the pairwise
additivity method. Generally, it has been found that
the highly fluorine-substituted NCS-mixed species
are fluxional at 307.2 K, while the species, [PFs-
Cl3—nXn]™ with n = 0—2, and those with two or one F
atom are rigid. Also, the structures and fluxionality
in the series, [PF,(CN)s-n]~, have been investigated
by °F and 3P NMR, revealing fluxional behavior by
a 3P sextet for [PFs(CN)]™ and a 3'P quintet for cis-
[PF4(CN);]- at 307 K. These compounds become rigid
at 178 K, as indicated by a doublet and a quintet for
[PFs5(CN)]~ and two triplets for cis-[PF4(CN).]~. Ad-
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Figure 27. Plot of 6(*°F) vs n in the series [SbF,Cls_n]",
n=1-6.

ditionally, some mixed species of the type, [PF3Clz_n-
(CN)n]~, n = 1-3, have been synthesized. From the
three possible isomers for n = 1, one fluxional and
two rigid complex ions have been found, while for n
= 2 only one rigid species has been observed. For n
= 3, the mer isomer has been clearly identified as
the only existing species. Similarly, the 3-fold mixed
compounds, [PRCIs-,(CN),], R = C;Hs, C¢Fs, and
CCls, have been examined by 3P NMR with respect
to their structure, stability, and reaction paths.??° For
several special cases, namely the series, [PCln(N3)s-n]
n = 0—4;%* [PCIy(CN)s-n]~, N = 2—6;%?? and [PCl,-
(NCS)6-n]~, n = 0—6, special reaction pathways have
been proposed.??? For the stereocisomers of the chlo-
roazido series the usual cis (n = 4)—fac (n = 3)—cis
(n = 2) substitution pattern has been discussed, such
as that found in [PF,Cle-n]~ 2%¢ and [SbCI,,Bre_,]~,%%¢
while for the chlorothiocyanato series the alternative
sequence trans (n = 4)—mer (n = 3)—cis (n = 2) has
been proposed. With exception of cis-[PCI,(CN)4]-,
all chlorocyano species have been identified. For all
cases, the observed shifts are fitted very well by the
pairwise additivity method. A great number of
additional 3'P data is to be found in ref 223. From
As and Sb, the series, [AsF,Cls—n]~, [SbF1Cls—n]~, and
[SbCI.Brs—n]~, n = 0—6, are known. The mixed fluoro
systems of As??* and Sbh??®> have been studied by °F
NMR and reinvestigated by °F, >As, and !?'Sh
NMR.??6 The assignments of the more recent, and
more dependable, multinuclear study 2?6 can be
summarized as follows:

(i) The *°F resonances obey the Dean—Evans rela-
tion (see Figure 27).

(i) The chemical shifts of the central atoms in the
mixed-fluoro complexes depend nonlinearly on the
number of F ligands. Plots of the "5As and the 12Sh
shift, respectively, versus n give U-shaped curves
with highfield maxima for n = 5 and n = 3, respec-
tively (see Figures 28 and 29).

(iii) Apart from trace amounts of mer-[AsF;Cls]~ the
cis/fac isomers are present exclusively in all three
series. This is concluded unambiguously from the
multiplicities of the ">As and ?'Sb signals, as well
as from the quadrupole quartets in the °F spectra
due to As (I = 3/, 100%) and the partially overlap-
ping quadrupole sextets due to '2!Sb (I = 5/,, 57.25%)
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Table 17. Quadrupolar Line Broadening Factor gb in
Dependence of the Symmetry Due to Invariants of
the Electric Field Gradient Tensor, g4?, in 2-fold
Mixed Octahedral Complexes, qb = gq?/(e2/r2® — eilri3)?

pointgroup Op Ca Dan Cy(cis) Cy (mer) Csy (fac)
gb 27 0

0 9 36 16

and the quadrupole octects due to 23Sh (I = 7/,,
42.75%).

The half-widths of the ®As and !?'Sb signals
increase as the number of Cl ligands increase and is
attributable to more efficient relaxation by two
qguadrupolar effects: first, by the influence of the
electric field gradient on the relaxation of the quad-
rupole central atoms on deviation from cubic envi-
ronment (see Table 17); and second, by coupling to
the quadrupole nuclei, *°Cl and 3'Cl. The quadru-
polar coupling to the Cl isotopes may be the reason
that the fac-F3; complexes, with a broadening factor
gb = 0 (see Table 17), exhibit lines no narrower than
those found for the other mixed species.?2¢

The 21Sb resonances of the series, [SbCl.Brg_n]",
span a wide range, from 0 ppm for [SbClg]~, which
serves as reference, to —2430 ppm for [SbBrg]~ at
highest field, thus showing NHD. Seven systemati-
cally succeeding resonances have been found with
statistical intensities according to the molar ratios
of Br/Cl (see Figure 30). Due to the high quadrupole
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Figure 30. Plot of 6(*21Sb) vs n in the series [SbCl\Brs-n] -,
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moment of the '2'Sb nucleus, the signals are very
broad. The narrowest lines possess half-widths of
350 Hz and are present for the homoleptic terminal
members, but in environments of lower than cubic
symmetry considerable broadening occurs. By the
pairwise additivity method, the cis/fac isomers have
been postulated as the exclusively formed stereoiso-
mers.??” It should be mentioned, however, that at
the low measuring frequency of 14.37 MHz, the
calculated shift differences of 11 ppm between two
corresponding stereoisomers result in a value of only
158 Hz. Therefore, overlapping signals of stereoiso-
meric pairs cannot be ruled out (cf. the [NbCI,Brs_n]~
series in the following section).

Except for some cis/trans isomers of the sulfur
compounds, [SF4CIR], with organic ligands, R, which
have been characterized by **F NMR,??® in group 16
there are only a few octahedral mixed series of Te
like [TeFL,(OH)s-n], N = 0—6, and [TeF,Cls_pn], N =
1-6. The reaction of [Te(OH)g] with HF??° and the
hydrolysis of [TeFs] and [TeFsCI]23%23! were studied
by ®F NMR. For the hydrolysis cis stereospecificity
was observed. Also, by combining *°F and *Te NMR
spectroscopy and by deliberate synthesis of some
single species of the series, the order of thermody-
namic stability of the pairs of stereoisomers was
found to be trans-F, > cis-F4, cis-F, > trans-F, and
fac-F3z > mer-Fz. The '°F resonances of [TeFg], at 73
ppm, are shifted upfield for [TeFs(OH)] and are found
at higher field for F—Te—F axes than for F—Te—OH
axes. Couplings of remarkable magnitude are
observed: with 2J(*°F,'°F) coupling constants of 132—
190 Hz, and *J(*°F,*?°Te) coupling constants of 3715
Hz for [TeFs] to 2754 Hz for the asymmetric axis in
[TeFs(OH)]. Thus the coupling constants of the
F—Te—F axes are greater by 35% than those of the
F—Te—OH axes. With Te(CHs3); as a reference, the
highest 1?5Te signal is found at 544 ppm for [TeF],
while the lowest is found for [Te(OH)¢] at 707 ppm,
thus showing IED. Also, by °F and *5Te NMR the
3-fold mixed series, [TeFs—n(OH),CI], n = 1-3, has
been characterized.?3!

3. Transition Metals

In group 3, “Sc NMR data for several octahedral
complexes have been reported showing IHD with
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[ScClg]®~ at 249 ppm and [ScBrg]*~ at 288 ppm.
Consequently, IED is presented by the series,
[ScCln(H20)6-n]¢"MF, N = 0—6, with [Sc(H,0)e]*" at
0 ppm, and inverse behavior has been proposed to
be generally valid for d° systems.?32233 |n the series,
[ScClg—x—y(NCS)x(CH3CN),]¢ -, 10 different species
have been characterized.?®* From the actinides, a few
series of U(VI), like [UF,(OTeFs)s-n], N = 0—6;%
[UFL(OCH3)6-n];2%¢ and [UFCls-pn], n = 1—-5,%%7 have
been investigated by °F NMR spectroscopy with
regard to their potential for uranium enrichment.
The Dean—Evans relation is valid for the oxofluoro
tellurate and the methoxy mixed series, but it fails
for [UF,Clg-n]. Plots of 6(*°F) vs the total number of
F atoms or the substituents in cis position to the
resonating F result in U-shaped curves.?35-2%7

In group 4, some single species of the type,
[TiFs(OR)]>~, R = alkyl, aryl, cis- and trans-[TiF-
(LL)]?, LL = oxalate, malonate, have been charac-
terized by °F NMR spectroscopy. The equilibrium
constants and changes of the free energy AG have
been calculated and compared to corresponding com-
plexes of Si, Ge, and Sn.?2%” In liquid SO, at 213 K,
for the series, [TiFy(NCX)s—n]>~, X =S, O; n = 1-6,
all species including the stereoisomers except trans-
[TiF2(NCS)4]?>~ have been obtained by distribution
studies of [TiFs]?~ with [Ti(NCX)e]?2~, and the dimeric
species, [TiF11]%7, [Ti2F10]?>~, and [Ti>F¢]~, have been
found as byproducts.?®® From the validity of the
Dean—Evans relation, it has been concluded that the
constant T (eqs 3 and 4) is a measure of the p-donor
ability of the substituents, and that the °F shift is
largely determined by the degree of the pe—d+i back-
donation in the remarkable order F > NCS > NCO.
The Dean—Evans constants, C and T (egs 3 and 4),
for complexes with the central atoms, P, Ge, Sn, and
Ti, have been compared and critically discussed.?%®

From the transition metals of group 5, the series
[MF:Xs-n], M = Nb, Ta, X = CI, Br, have been
characterized by °F NMR.2%-24L Only the fluoro-
chlorotantalate(V) series is complete. Calculations
of the complex stabilities revealed trans/mer isomers
more stable than cis/fac isomers. Furthermore,
stability decreases with increasing number of CI
ligands and to an even greater extent of Br ligands.
The following stability series have been obtained for
[TaF,Cls—n]~ and for [TaF,Bre-n]": trans-F, > trans-
F, > Fs > mer-F; > cis-F, > cis-F, > fac-F;; and
trans-F, > trans-F; > Fs > mer-F3; > cis-F; > cis-F;
> fac-F3;. Furthermore 19 3-fold mixed species of the
type, [TaF,Cl,Br;]7, x + y + z = 6, and 16 species
out of the system, [TaF,RyR';], x +y +z=6,R =
OC,Hs, R' = C,Hs0OH, CH3CN, have been identified
by ®F NMR and assigned by means of the Dean—
Evans relation.?*2 The properties of %Nb (I = 9,
100%, Q = 0.32 barn) as the fourth most sensitive
nucleus after °H, 'H, and °F 1** has attracted the
attention of coordination chemists despite its high
guadrupole moment, Q, and the resulting broad lines.
The inverse halogen dependence (IHD) has been
discovered on the °Nb shifts of [NbCls]~ and
[NbBrg] .24 Later on this phenomenon has been
found to be common for elements with s?, d3, d4, d®,
(d*°s?) valence electron configurations. The common
feature of these configurations are less than half- or
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half-filled shells and negative spin—orbit coupling
constants.?** Despite line width on the order of 5—7
kHz in the case of mixed species with noncubic
symmetry, the shift ranges defined by the respective
terminal members, Fs = —1550 ppm, (NCS)s = —1342
ppm, (SCN)s = —780 ppm, Cls = 0 ppm, and Brg =
+725 ppm (Avyz < 30 Hz for all homoleptic com-
plexes), are sufficient for in situ measurements and
the distinction of species with different running
numbers n, although the resolution of stereoisomers
is difficult. By reaction of (NbCls), and (NbBrs), with
HF in CH3;CN, the two series, [NbF,Cls_n]- and
[NbF.Brs_n]-, n = 0—6, have been obtained.?*1:245
Also, by reaction with KSCN and KOCN in CH3CN,
the series [NbX,(NCS)s-n] -, X =CI, Br, n =0-6; and
[NbX,(NCO)s-n]~, X = CI, Br, n = 1-6, have been
prepared. The sterecisomers of the mixed-fluoro
species, which have been clearly identified by °F
spectra, could not be resolved by ®*Nb spectroscopy.
In the cases of mixed-pseudohalogeno/Cl or Br com-
plexes, all three pairs of sterecisomers have been
definitively characterized for the mixed-thiocyanato
species, while for the cyanato series cis-[NbCl,-
(NCO)4]~ has yet to be identified. As byproducts,
solvate complexes with CH3;CN have been found, and
the formation of [Nb(NCS);]>~ has been suggested.?*®
In a reinvestigation of these reactions, it was not
possible to synthesize [Nb(NCS);]?~ using very pure
(NbCls), with KSCN in rigorously dried CH3CN
under an N, inert atmosphere.?*® Furthermore,
considerable deviations in the assignments in the
[Nb(NCS).Cls—n]~ series became apparent, which
have been attributed to the different preparation
techniques.’®® As the most essential result, thiocy-
anate has been found to behave as an ambidentate
ligand in this series. This was expressed by the
formulation of the series, [Nb(NCS)n(SCN)mCls—n+m)] -
From the 65 possible individual species, 16 have been
identified and assigned by the pairwise additivity
method, with interaction terms optimized by linear
regression analysis. As a further result of prime
importance, the existence of the series, [Nb(NCS),-
(SCN)s—n]~, N = 0, 2, 4, 5, has been demonstrated
stringently?#¢ (see section 111.C).

The octahedral series, [NbCIl,Brs—n]~ and [NbCl,-
Brs_n(CH3CN)], have been studied by ®*Nb CW NMR
spectroscopy at 1.4 T, and the pairwise additivity
model has been applied for the first time to octahe-
dral complexes.?*” Seven, nearly equidistant, **Nb
resonances have been found, and the intensity pat-
terns behave according to the statistical distribution
of the starting molar ratios of CI/Br. With respect
to the stereoisomers, a decision favoring the cis/fac
isomers has been made. However, a reinvestigation,
with the pulse Fourier transform technique at 2.35
T, revealed the existence of the three pairs of stere-
oisomers in nearly statistical ratios and calculated
shifts that were clearly overestimated by the pairwise
additivity method.*®® It was possible to assign all
species by the combination of the axis method and a
sophisticated line-shape analysis based on T, and T,
relaxation time determinations. Additionally, the
dependence of the quadrupolar broadening factors
(gb) on the symmetry has been calculated. By the
point charges of two ligands, e, and e;, with distances,
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r, and ry, from the resonating nucleus, the invariants
of the tensor of the electric field gradient, g4, have
been calculated and are given in Table 17 for the
respective point groups.98248

Perhaps one of the most impressive examples of
the benefits of combining theoretical and experimen-
tal NMR is the ab initio calculation of ®*Nb shifts for
the series, [NbCIl,Fs-n]~ and [NbBr,Cls_,]~, n = 0—6,
for which the calculated and observed values fit
extremely well.1% The unusual feature of nonlinear,
more or less U-shaped correlations between observed
shifts and the degree of substitution in the case of
the fluoro mixed series, which has been mentioned
several times previously, can be attributed to the
calculated net Nb charge and the 4d population,
which also show nonlinear dependence on n in the
fluoro series. As has been shown in detail, the
paramagnetic term, o2, contributes primarily to the
9%Nb shift and is determined by the nonlinear 4d
population. Correspondingly, ¢”@@ changes nonlin-
early by —1748 ppm from [NbFg]~ to [NbClg]~. The
diamagnetic term, ¢%2, depends solely on structural
parameters and changes linearly by only +150 ppm.
However, it is not yet possible to generalize these
results. Therefore similar calculations should be
performed on series, for which experimental data are
already available from previous NMR studies.

In group 6, there are only a few, but very good,
examples of mixed halogeno complexes like the W(V1)
series, [WFqCle-n], n = 1-6,?*® and [WF,(OCHz3)s-n],
n = 1-5,250.251 which have been studied by °F NMR,
and shown to fit well according to the Dean—Evans
relation. Additionally, combined *H and °F NMR
spectroscopy has been used to determine the stere-
ochemical paths in the system, [WF,(OCH3)s-n],2%?
and the INDOR technique has been used to deter-
mine the 18W shifts.?®® In this context the pulse
Fourier transform approach to indirect observation
of spin '/, nuclei with low gyromagnetic ratio y like
SFe, 93Rh, W, and *¥’0Os should be mentioned,
which is known as inverse or reverse INEPT. This
two-dimensional polarization transfer experiment is
exceedingly apt for complexes of such nuclei with
ligands that are or contain spin '/, nuclei of high
abundance and sensitivity like 'H, °F, and 3!P.1%?

In group 8, there are numerous examples of mixed
hexahalogeno complexes, such as the following mixed
fluoro series: [OsF,Clg_n]?",%5%32% [RhF,Clg_n]3,2557257
and [PtF,Xe-n]?>", X = Cl, Br.?82% These series have
been investigated by *°F NMR spectroscopy, and the
latter two have also been studied with regard to their
hydrolysis products. The paramagnetic Os(I1V) com-
plexes are of special interest, because the line widths
of the °F resonances remain sufficiently narrow to
observe the 1870Os satellites with 1J(*°F,8"Os) coupling
constants of about 240 Hz.253:2%4

Because of its low gyromagnetic ratio, ®Rh (I =
1,, 100%) is very difficult to observe by direct
measurement. Nevertheless, many °Rh NMR in-
vestigations have been carried out, especially due to
great interest in the catalytic properties of the metal
and its coordination compounds.?®® Therefore, the
hydrolysis of RhCl; to octahedral aquachlororho-
dates(l11) has been studied by °°Rh and YO NMR
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Table 18. Chemical Shifts 6(*°*Rh) (ppm) in the Series
[RhCIBrs-n]?~, n = 0—6 Observed and Calculated by
the Pairwise Additivity Method

0(1°3Rh)
n2 pairsP calcd obsd
6 12u 7836 7836
5 8u + 4v 7700 7704
4b 4u + 8v 7564 7563
4a 5u + 6v +w 7556 7559
3b 2u + 8v + 2w 7412 7411
3a 3u + 6v + 3w 7404 7407
2b 8v + 4w 7260 7257
2a u+ 6v + 5w 7252 7252
1 4v + 8w 7092 7091
0 12w 6924 6924

aa corresponds to cis/fac; b corresponds to trans/mer. ® u
= 653; v = 619; w = 577 ppm.

spectroscopy.?®® The deliberate hydrolysis of [RhXg]3™,
X = CI, Br, results in the complete series, [RhX,-
(H20)6-n]*"", n = 0—6, which have been analyzed by
103SRh NMR. Some species exhibit split signals ac-
cording to the 3°Cl, 3’Cl isotopomers.?57:261-263 Be-
cause nitro complexes are used during the separation
of rhodium from the other platinum metals a sys-
tematic multinuclear study on the hydrolysis of
[Rh(NO)e]*~ by *N, *N, 70, 35Cl, and °*Rh NMR
spectroscopy should be mentioned.?542%> The com-
plete series, [RhCI,Brs_n]*", including the three pairs
of stereoisomers, has been characterized by °°Rh
NMR, and reveals NHD.?%¢ Also, a quantitative
investigation with respect to the stepwise complex
equilibria and stability constants has been per-
formed.®> A good agreement of the observed and the
calculated shifts by the pairwise additivity method
is found and presented in Table 18. The interaction
terms, u, v and w, have been used for the CI-ClI, Cl—
Br, and Br—Br pairs, respectively.

In this context, attention should be brought to a
similar utilization of chemical shift increments, which
is based on different interactions of terminal and
bridging ligands in dinuclear complexes.?67:268 This
has allowed the assignment of all 64 1°°Rh reso-
nances, which are attributed to the 40 possible
individual species of the system, us-[Rh,Cl,Brg_n]*",
n = 0-9.25" As a reference for 1°Rh, the calculated
absolute frequency, =(*°®Rh) = 3.16 MHz, has been
generally accepted.1!

The properties of the %Pt nucleus (I = /5, 33.8%)
and its very large shift range of nearly 14 000 ppm
make platinum complexes ideal for NMR studies. A
generally accepted reference now is the absolute
frequency of Z(*%°Pt) = 21.4 MHz. The mixed chlo-
robromoplatinates(IV), [PtCl,Brs_,]?~, have been stud-
ied by °5Pt NMR as isolated compounds?®® and in situ
in mixtures.?’0271 The 9Pt shift depends strongly
on the temperature, the nature of solvent, the ionic
strength, the kind of counterions, the concentration
of Pt itself, and in aqueous solutions, on the
pH.259.272.190c Geries of the type, [PtX,(NO2)s-n]?>", N
= 1-5,2"% and [Pt(CN)Xs-n]?>", n = 0—3,2* X = Cl,
Br, including the pairs of stereoisomers, have been
characterized by °>Pt NMR. Hydrolysis of [PtClg]?>~
produces the series, [PtCl,(OH)s-n]>", N = 0—6, which
has been studied with respect to the pH influence.?’®
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By dissolving the products of the heterogenous reac-
tion of K3[PtBre] with BrF;, besides hydrolyzed
complexes, [PtFsBr]?>~ and cis-[PtF4Br;]°>~ have been
identified by 1°F and 1°Pt NMR.?® These compounds
are of special interest with regard to the stability and
the trans influence in comparison with the complete
series, [PtF,Cls-n]>", n = 0—6, which has been
analyzed by a combined °F—1%Pt study.?’? The
individual species of this family, separated on DEAE
cellulose® and isolated as bis(triphenylphosphin-
iminium) (PPN) salts, have been measured in CD-
Cl; at 9.4 T in equimolar solutions, while maintaining
temperature and field homogeneity as constant as
possible. The %Pt signals cover the range from
11 816 ppm for [PtFs]?~ to 4731 ppm for [PtClg]?~ with
the cis/fac resonances at higher field than those of
the respective trans/mer isomers (see Figure 31).

Due to the coupling of %Pt and *°F, all fluorochloro
complexes exhibit %Pt multiplets. Depending on the
point symmetry, two Kinds of chemically different
and magnetically inequivalent F ligands are present,
namely those on symmetric F—Pt—F axes and those
which have a mutual trans interaction with Cl on
asymmetric F*—Pt—CI' axes. According to the sets
of inequivalent F atoms, the nature of the individual
species is indicated directly by the multiplicity of
their Pt resonances with the exception of n = 2,
for which a triplet is observed for both the cis as well
as the trans isomer. However, these are easily
distinguished by their characteristic *J(*°F,'%Pt)
coupling constants, which are in the order of 1890
Hz for F—Pt—F axes and 1300 Hz for F*—Pt—ClI' axes.
On average of all species of this series, the coupling
constants for asymmetric axes are diminished by 33%
due to the trans influence of Cl. The half-widths,
Avyp, of the Pt signals reflect the different contribu-
tions of the chemical shift anisotropy to the relaxation
of the 1°5Pt nucleus in complexes of different point
symmetries (Table 19).

As has been exemplified by a comparative %Pt
study on [PtCl¢]>~ at different field strengths, the
35CI,%7Cl isotopomers are clearly resolved at 9.4 T.276
This has been confirmed by the spectra of the
isotopically pure species, [Pt3Cls]>~ and [Pt37Clg]?,
which are shown together with [Pt"2Clg]?~ in Figure
32. The intensities are in accordance with the
statistical distribution of "&Cl. On average, a high
field shift of 0.18 ppm per °7Cl is observed.?’?

The '°F resonances are typical satellite spectra and
appear as pseudo triplets (intensity ratio = 1:4:1).
They are formed by a central singlet of F nuclei,
which are attached to the 66.2% NMR-inactive Pt
isotopes and are flanked by a doublet, which arises
from coupling to %Pt with 33.8% natural abundance.
Because the species with n = 1, 2, 3 (fac), 4 (trans),
and 6 contain only one set each of chemically and
magnetically equivalent °F nuclei, only one signal
group is observed. In the case of n =3 (mer), 4 (cis),
and 5, with two sets of inequivalent F atoms each,
two signal groups result, and the resonances of the
F—Pt—F axes are always found at higher fields than
the respective F*—Pt—CI' axes (Figure 33, Table 18).
At high resolution, splittings due to 2J(*°F,'°F) cou-
plings in the order of 40 Hz are observable. For
[PtFsCI]?~, the pseudo triplet of F* is split by coupling
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Figure 31. 1%5Pt NMR spectra of the series (PPN),;[PtF,Cle-n], N = 0—6: overview (bottom), highly resolved multiplets
(top).

Table 19. Chemical Shifts 6(**°Pt) of the Series (PPN),[PtF,Cls-n], n = 0—6, at 283 + 0.3 K vs E(**°Pt) = 21.4 MHz
and d(*°F), d(*°F) at 297 + 0.3 K vs d(*°F)(CF3*CI,*'Cl) = 0 (ppm)?

species O0(*5Pt) mP Jptr e O(F°F) signal group JS(*°F) signal group Jepr  Jepr e Avip

[PtF]2- 11816 s 1961 - -357 pst - - 1961 - - 9
[PtFsCI]>~ 10582 dofqgi 1914 1376 —360 pst of d —268 pst of gi 1916 1377 36 9
trans-[PtF,Cl,]2~ 9616 qi 1877 - —367 pst - - 1877 - = 44
cis-[PtF,Cl;]?~ 9276 toft 1882 1317 —364 pstoft —267 pstof t 1885 1320 39 74
mer-[PtF3Cl3]%~ 8278 doft 1859 1270 —372 pst of d —273 pstof t 1860 1285 44 49
fac-[PtFsCls]2~ 7918 q - 1282 - pst —266 - - 1293 - 82
trans-[PtF,Cl )%~ 7258 t 1847 - —382 pst - - 1850 - - 54
cis-[PtF,Cl,]2~ 6895 t - 1266 - pst —276 - - 1280 - 69
[PtFCIls]2~ 5837 d - 1262 - pst —287 - - 12711 - 62
[PtCle]> 4731 — - - - - - - - - - 1
averaged values 1890 1296 1892 1304 40

a Coupling constants 1Jp¢r,

e, YJret, 1Iept, 2Jre (Hz); multiplicities, m; and half-widths, Avyj,, of 1%Pt signals (Hz) 35 mmol

in CD,Cl,. (") denotes F in F*—Pt—Cl axes. ? d, doublet; t, triplet; q, quartet; qi, quintet; s, septet; pst, pseudotriplet.
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Figure 32. 195pPt NMR spectra of (TBA),[Pt3°Clg] (99.6%
35CI) and (TBA),[Pt¥’Clg] (95.7% 37Cl) (a) and of the
isotopomers, (TBA),[Pt**CI,*’Clg_p], n = 2—6, for "2Cl.

to the four equatorial F atoms into quintets, which
exhibit at highest resolution the theoretical 3:1pat-
tern according to the 3°CI:3’Cl ratio of "2Cl (Figure
33, inset). Interestingly, the signal due to the 3°Cl
isotopomer is found 0.007 ppm at higher field than
that of the 3’Cl isotopomer. Thus, this isotopic effect,
which operates across two bonds of the octahedron,
is of the same magnitude as observed for tetrahedral
CFCls, but the shielding of the °F nucleus is opposite.
In comparison to the effect across one octahedral
bond, which has been found as a downfield shift of
0.18 ppm per 3Cl, it is 1 order of magnitude lower
and also opposite in shielding in the 1°5Pt spectrum
of [PtClg]%.

Although there is a systematic trend in the °°Pt
shifts, they cannot be calculated with sufficient
certainty, neither by the pairwise additivity method
nor by the axis method. Also, the '°F resonances do
not obey the Dean—Evans relation to an acceptable
extent (Figure 34). An exponential dependence on
the total number of F atoms in the individual species
has been found for the '°F shifts of F*—Pt—CI' axes,
while a logarithmic dependence is found for the
F—Pt—F axes. Similar U-shaped curves have already
been mentioned for the fluoro complexes of Sn, As,
Sb, Te, U, W, and Nb. Also, the correlation of the
LJ(*°F,1%5Pt) coupling constants with the respective
number of F atoms in Figures 35 and 36 is nonlinear.

lll. Linkage Isomers

A. Fundamental Considerations

In this section mixed complexes will be discussed,
which are formed exclusively by an ambidentate
ligand. Complexes of this type are known with the
thiocyanate ligand as [M(NCS),(SCN)e_J7~ 74246:277-286
and with the selenocyanate ligand as found in the
unique series [Os(NCSe)n(SeCN)p_n].28"

By definition, linkage isomerism requires the exist-
ence of at least two coordination compounds of the
same composition with ambidentate ligands, which
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Figure 33. °F NMR spectra of mer-(PPN),[PtF;Cl;], cis-
(PPN),[PtF4Cl;], and (PPN),[PtFsCI] with highly resolved
multiplets due to 1J(FPt) and 2J(F*F) couplings.

are attached to the central atom by two different
donor atoms or even by two chemically inequivalent
atoms of the same kind.?®® This isomerism was
discovered by S. M. Jgrgensen on the nitro/nitrito
pair, [Co(NH3)5(NO,)]SO, and [Co(NH3)5(ONO)]SOy,,
at the end of the last century,?®® and long remained
the only example of its kind. Then, in 1964, [Pd-
(AsPh3)2(SCN),] and [Pd(bipy)(SCN),] were isolated
in addition to the already known N-bonded species,
[Pd(AsPh3),(NCS),] and [Pd(bipy)(NCS),].2°%2%1 With
these two more pairs of linkage isomers a renewed
sense of enthusiasm was brought into this area of
research. The results have been summarized in
several reviews with many examples of further
ambidentate ligands.?88:292-2%

The thiocyanate ion is the most common and most
comprehensively investigated ambidentate ligand,
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Figure 34. Plot of 6(*°F) vs n in the series (PPN),-

[PtF.Cls—n], N = 1—6, with the resonances of F*—Pt—CI'
axes (a) and of F—Pt—F axes (b).
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Figure 35. Plot of the 1J(2%°Pt,19F) coupling constants of
F—Pt—F axes vs n in the series (PPN);[PtF.Cls-p].

because it is easily available, stable, and exhibits an
especially decided ambidentate behavior. Referring
to Ahrland, Chatt, and Davies,?*® or according to
Pearson’s concept of hard and soft acids and bases
(HSAB),?®" the ambidentate thiocyanate ion should
coordinate to hard Lewis acids with its N atom as a
hard Lewis base and to soft Lewis acids with its S
atom as a soft Lewis base. In this manner, it may
serve as a probe for the classification of the Lewis
acid character of the central atoms, especially if no
other ligands participate in the coordination sphere,
since these may influence the bonding of the thiocy-
anate by electronic effects like the symbiotic®®® or
antisymbiotic?® effect or by steric effects.3%°

The electronic structure of thiocyanate, with ex-
tensive delocalization of the 16 outer electrons, is
exemplified by the following three resonance forms.
The percentages indicate the states of the free ion
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Figure 36. Plot of the 1J(*%5Pt,°F) coupling constants of
F*—Pt—CI' axes vs n in the series (PPN);[PtF,Cls-y].

that are primarily involved:

76% 5% 1947301

71% 12% 17%302

For the thiocyanate complexes, it has generally been
found by X-ray structure determinations41295:303,304
that linear or almost linear M—N—C—S arrange-
ments are typical for N coordination, while bent
M—-S—C—N arrangements, with a M—S—C angle
around 105°, are common with S coordination. The
three thiocyanate atoms form angles between 160°
and 180°, and in most cases are very near to 180°. It
is generally agreed that S coordination occurs via o
and s donation, while opinions vary for the mode of
N bonding from pure ¢ donation®% to a combination
of o donation along with 7 acceptance.®°6307 For a
visualization of the bonding relations in metal com-
plexes we refer to resonance structures,3% which are
given for S coordination mainly by

M=S—C=NI+>M—S—C=N+>M—$=C=N
v \% VI

Preferentially, forms IV and V are the predominant
mesomers. Thus, in vibrational spectroscopy, a shift
to higher wavenumbers for the CN stretching vibra-
tion and a shift to lower wavenumbers for the CS
stretching vibration, in comparison to the free thio-
cyanate ion, are expected and observed indeed.853%

In case of N coordination, the following resonance
structures must be considered:

The predominance of the forms VIII and IX is
responsible for a decrease in wavenumbers of the CN
and an increase of the CS stretching vibration with
respect to the free ion. As indicated by the above
resonance structures, in particular by forms IV and
IX, electron density is distributed to the central atom
in the case of S coordination and to the complex
periphery in the case of N coordination. These
properties manifest themselves and can be observed
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Figure 37. Molecular orbital diagram for the SCN~ ion
(left) and the hardness and softness of the orbitals ¢ and
o* on the N and the S atom of the SCN~ ion in dependence
of the dielectricity constant ¢ of the solvent.

by the separability of the different species by means
of ionophoresis or ion exchange chromatography and
by significant 1>N NMR shifts. A more sophisticated
description of the electronic ground state of the
thiocyanate ion has been given by a SCF-LCAO
calculation,®®® (see Figure 37), and an interesting
approach to the chemical reactivity of the thiocya-
nate, depending on the dielectric constant of the
solvent,?®*3% has been made on the basis of a many-
electron perturbation calculation.®° As a result, the
view of the thiocyanate ion as a hard base with its N
atom and as a soft base with its S atom is too
simplified. Actually, the N atom is the hardest as
well as the softest donor, while the S atom is
intermediate in terms of hardness and softness (see
Figure 37).

B. Preparation and Separation

An inspection of the empirical material shows that
four groups of determining factors are responsible for
the appearance of linkage isomers: (i) the electronic
properties of the ambidentate ligand; (ii) the proper-
ties of the central atom; (iii) the steric demands and
electronic properties of other ligands;3'1312? (iv) sec-
ondary effects caused by the phase, solid or liquid,
in solution or melts,32313 by the properties of the
solvent,2%4314-320 hy counterions,®?'=32 and by the
environmental conditions, such as temperature3?1322
and pressure.3?*

The separation of these factors is by no means
trivial, and in many cases it is impossible. In
particular, the secondary effects are decisive for
isomerization reactions if the primary effects (i—iii)
are balanced in such a manner that a stable complex
with a distinct coordination sphere and a defined
bonding mode of the ambidentate ligand is fixed.

Generally, thiocyanato complexes are prepared
from metal halides, mostly chlorides, or halogeno
complexes by reaction with SCN~ ions in solution or
melts. Besides mere substitution processes, in some
cases the central atom is reduced by SCN~. This
reduction can be the initial step or occur at the same
time as substitution proceeds, resulting in mixed-
halogenothiocyanato complexes, which may be link-
age isomers.?®? Usually the SCN™ ion is utilized as
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a salt with Na*, Kt or (NH4)"™ or as HSCN in aqueous
solution. Oxidative ligand exchange of | or Br by
(SCN), in organic solvents, preferably dichloro-
methane, have been performed on mixed-hexahalo-
geno metalates in the case of Os(IV)70.171.325 gnd
Re(1V)326-328 resulting in mixed-halogenothiocyanato
linkage isomers. The addition of SCN~ to Pt(ll)
during electrochemical oxidation®® and oxidative
addition by (SCN), to bis(malonato)platinate(ll),
[Pt(mal),]?~,32° exclusively forms S-bonded octahedral
mixed-thiocyanate species.

At the borderline of the hard and soft acids, the
preparation of pure individual species is only mar-
ginally feasible. Normally, mixtures of linkage
isomers of the type, [M(NCS)n(SCN)s-n]*", N = 0—6,
are obtained. As an example of this, high-voltage
paper ionophoresis proved at a very early date
that the postulated [Os(NCS)g]®~ 2%3331 and [Ru-
(NCS)g]3~ 293331332 gre actually mixtures of linkage
isomers. In the case of Ru, linkage isomerism has
been supposed on the basis of 14C tracer experiments
and vibrational spectroscopy. However, the reported
pure trans-[RU(NCS),(SCN),J3~ 333334 actually has
been a mixture of linkage isomers.?%3331.332 Because
reactions in solution did not yield complete series of
the type, [M(NCS)n(SCN)s-n]?>~, N = 0—6, isomeriza-
tion reactions in the solid state have been investi-
gated. On tempering of TBA or PPN salts of pure
compounds as well as of mixtures of those systems,
stepwise rearrangements occur, which result in an
increasing amount of complexes with increased num-
bers of N-bonded thiocyanate ligands. Thus, the
respective terminal members of the series are acces-
sible; namely, for Ru n =5 (TBA salt), n = 6 (PPN
salt); Rh n = 4; Os n = 6; and for Ir n = 5.278-284
Clearly, it is important to temper below the melting
point, not only to limit decomposition, which can
occur at elevated temperatures, but also because
mixtures of [M(NCS)n(SCN)e-n]3~ with lower values
of n are rearranged or thiocyanate bridged dinuclear
complexes are formed during melting.33®

Very efficient methods are required for separation
of the extremely similar linkage isomers, and even
more for their stereoisomers. Suitable techniques for
ionic species are ionophoresis as a basic analytical
tool?’7278 and DEAE ion exchange column chroma-
tography for larger scale preparations of pure com-
pounds. Through this, the series, [M(NCS),-
(SCN)B_n]3’, M=RuU n= 1_5;74,277,280,283 Rh, n =
0—4;281286 Qg n = Q—6;277-279.284285 | n = Q—5 282
have been separated into the individual linkage
isomers, or in some cases, into highly enriched
stereoisomers,?78:279,284,285

The reciprocal behavior of the mixed [M(NCS),-
(SCN)s_n]*~ complexes during separation by high-
voltage paper ionophoresis and by ion exchange
chromatography,?® as well as the extreme differences
between the migration velocities?’7:2”® and retention
times?278-285 of the individual species, are attribut-
able to the different electron densities according to
the resonance structures IV—IX (see Table 20).
Therefore, linkage isomers with increasing number
of N-bonded ligands and high electron density at the
complex periphery must migrate faster in the electric
field during ionophoresis and interact more strongly
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Table 20. Characteristics of the System
[OS(NCS)n(SCN)s-n]®~ 2

n color mb DEAEP EF°
0 raspberry-red 220—-225 83 decomp.
1 red 200—-205 53 29.5

2 red-orange 175-180 28 33.0

3 orange 155-160 12 35.0

4 yellow-orange 160—165 4.6 36.0

5 yellow 175-177 1.7 37.0

6 bright yellow 185(sharp) 0.5 37.2

aColors and melting behavior (mb) (°C) of TBA salts,
migration distance on DEAE anion exchanger (cm), and in an
electric field (EF) during high voltage paper ionophoresis (cm).
b At —3 °C and a flow rate of 100 mL/h 1.5 N aqueous KSCN.
¢ At 0 °C, special paper impregnated with 0.2 M KH,HPO, and
electric field of 50 V/cm.

Table 21. Half-Wave Potentials Ej, (mV),
Anodic—Cathodic Peak Potential Difference AE (mV),
and Peak Current Ratio of Oxidation and Reduction
Step iox/ired fOr the Linkage Isomers
[Os(NCS)n(SCN)s—n]™, N =0-6, m = 2, 3, 4, and Colors
of (TBA)2[Os(NCS)n(SCN)s-n]

OSII/OSIII OSIII/OSIV

n2 El/zb AE ioxliredc El/gb AE iox/ired Os'V color
0 —1144 162 <1 + 378 80 ~1  turquoise

1 -—1072 144 I +380 72 ~1 deepblue

2a —1022 119 | +399 60 ~1 violet-blue
2b —1038 129 I +343 75 ~1  blue-violet
3a —972 147 | + 422 60 ~1 blue-violet
3b —981 127 I +379 59 ~1  blue-violet
4a —921 120 | + 415 59 ~1 blue-violet
4 —925 119 I +395 65 ~1  blue-violet
5 —-869 109 ! +432 71 ~1 blue-violet
6 —-817 94 1 +450 71 ~1 blue-violet

a a corresponds to cis/fac; b corresponds to trans/mer. ® At
293 K, Pt-bead working electrode, Pt-rod auxiliary electrode,
Ag/AgCI/LIClsy in EtOH reference electrode (E° = 143 mV),
du/dt = 100 mV/s, electrolyte 0.1 N (TBA)CIO, in CH.Cl,.
Under the same conditions the ferrocene/ferrocenium couple
has Eiz = 515 mV. ¢ igl/ireq increases from <1 to 1.

with the stationary phase during ion exchange, and
thus are eluted slower. In addition to the effect of
charge dislocation, different degrees of protonation
and/or hydration should be considered.

This migration behavior is quite different from that
of the mixed-hexahalogeno complexes described in
section 11.A.5, which migrate in a similar manner
during ionophoresis and ion exchange chromatogra-
phy.11.67.3%6337  Eyrther support for the discussed
charge dislocation is given from the characteristic
redox behavior of the individual species and the
extreme differences within the pairs of stereoisomers
(see Table 21). This can easily be explained by
optimal synergetic enforcement of S ¢ and sz donation
and mutual N & acceptance in the asymmetric SCN—
M—SCN arrangement compared to the symmetric
axes, SCN—M—NCS or NCS—M-—SCN (see resonance
structures VI and IX).

C. Characterization

Although, common methods of characterization
have been applied to linkage isomers, further discus-
sion is required because of the special properties of
these compounds in comparison with the simple
mixed-halogeno metalates. Most frequently, single-
crystal X-ray structure determination, UV—vis, IR,
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Raman, and NMR spectroscopy are used. However,
due to the great similarities between these com-
pounds, all of the other techniques, except NMR
spectroscopy, require pure substances. These simi-
larities result in electronic and vibrational spectra
which are so closely related for the members of a
series that these techniques must lead to invalid
conclusions, if they are applied to mixtures. This is
true with regard to both the bonding mode of the
ambidentate ligand, as well as any systematic trends
pertaining to the number n in [M(NCS),(SCN)s-n]*~
systems. Nevertheless, if separation into pure indi-
vidual species is accomplished, as in the case of
the series, [M(NCS),(SCN)s—n]*, M = Ru, n =
1-5;74277280283 Rph n = (0—4;28128 Qs n =
0—6;2777279.284285 gnd Ir, n = 0—5,%%2 a definitive and
consistent characterization by vibrational (IR and
Raman) and electronic spectroscopy is possible. For
the two series, [OS(NCS),(SCN)e-n]3~2~, n = 0—6, the
electrochemical reversibility of all 20 different indi-
vidual complex ions has been studied by cyclic
voltammetry.?8> Furthermore, the correct assign-
ment in the system, [OsS(NCS),(SCN)s_n]3", has been
verified by an extended X-ray absorption fine struc-
ture (EXAFS) investigation on samples of the pure
linkage isomers.®3 Although single-crystal X-ray
structure analysis is considered to provide the ulti-
mate characterization, special considerations must
be given to the fact that the crystal selected from a
mixture may not be representative of the species
being examined. Furthermore, the bonding mode
may be influenced by the solid phase, and if the
species is isolated as a salt, by the kind of counterions
used. Finally the bonding mode may not only be
different in solution, but also solvent dependent.

The final conclusion for these systems is that no
single analytical method can provide confirmation of
a species, identity and structure. For example, a
high-voltage paper ionopherogram of the reaction
products of K3[RhClg] with aqueous KSCN, obtained
in 1 h, may be more informative than the X-ray
structure of K3[Rh(SCN)g], since the single crystal
measured may be the primary component of the
precipitate only because it forms crystals more easily
than other species. Another astonishing example of
this type of confusion can be found on the X-ray
photoelectron spectroscopy of [Os(SCN)e]3~, in which
a 6-fold S-coordinated complex is postulated,’® al-
though the cited reaction of K;[OsClg] with aqueous
KSCN does not yield this species, not even in trace
amounts.284.285

As already mentioned, NMR spectroscopy on solu-
tions and on solids®# is very efficient for the elucida-
tion of mixtures of diamagnetic and, with restrictions,
of weakly paramagnetic complexes.®*! Suitable nu-
clei are NMR active metals like 5°Co, **Nb, %3Rh and
195pt and ligand atoms like N, 7’Se, and 13C.342:343
However, incomplete or ambiguous results are ob-
tained, if NMR spectroscopy on less sensitive nuclei
like 103Rh or 3C is performed with insufficient
number of scans or pulse repetition times.

Well-established evidence of mixed complexes,
[Nb(NCS)n(SCN)e-n], N =0, 2, 4, 5, 6, including the
cis/trans isomers for n = 2 and the trans isomer for
n = 4, has been given by *Nb NMR spectroscopy in
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From the available mixed systems, [M(SCN),-
(NCS)6-n]?", the following series of increasing hard-
ness in the borderline range of hard and soft acids is
derived: Rh®" < Ir¥" < Rut < Nb®" ~ Os3" < Os**.
The influence of the nephelauxetic ratio of the ligands
on the metal shift by explicit incorporation of this
parameter into the Ramsey equation3*® explains the
increased shielding of a central nucleus with decreas-
ing electronegativity and increasing polarizability of
the ligands according to the series, F > Cl > NCS >
Br > SCN > I, and thereby NHD, NED, and NPD.
The optical electronegativities of NCS ~ 2.8 and SCN
~ 2.6 have been approximated from electronic spectra
of mixed linkage isomers of halogenothiocyanatoos-
mates(IV).17%171 On this basis, a not unexpected, but
interesting result arises from a comparison of the
metal shifts in the two series, [M(NCS)n(SCN)s-n]*,
with M = %Nb and °3Rh. In full confidence of the
correct assignment in the Nb system, a Nb high-
field shift from [Nb(SCN)s]- at —780 ppm to
[Nb(NCS)s]~ at —1342 ppm is observed,?*¢ while 103-
Rh of [Rh(SCN)g]®~ resonates at highest field with a
downfield shift as the number of N-bonded ligands
increases.?®® With respect to electronegativity and
polarizability, °>Nb exhibits inverse behavior in
agreement with its already discussed IHD, while 193-
Rh exhibits NED and NPD in agreement with its
already discussed NHD (compare with section 11.D.3).

IV. Mixed Octahedral Clusters

A. General Comments

Originally, clusters were defined as compounds
“containing a finite group of metal atoms that are
held together entirely, mainly, or at least to a
significant extent, by bonds between the metal atoms,
even though some non-metal atoms may be associ-
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ated intimately with the cluster”.3*° Generally, how-
ever, the term cluster can be applied to compounds
where other atoms like nonmetals as boron or phos-
phorus are held together by direct bonds. Similar to
the classic Wernerian one-center coordination com-
pounds, the chemistry of these multicenter, non-
Wernerian coordination compounds®*° has grown and
become another area of extensive research.

For example, the chemistry of molybdenum diha-
lides started as early as 1826, when Mol, was
mentioned,*®! followed by investigations on MoCl,
and MoBr,.3%2353 Further progress with respect to
analytical and structural aspects was made until the
early 1900s,%%47360 and then by establishing wet-
chemistry techniques for these compounds®61-364 and
an extension to the tantalum congeners.365-367 Pigp-
neering X-ray investigations®%-3"1 revealed as a
common structural feature octahedral groups of
metal atoms with short metal—metal distances—even
shorter than in the metals themselves. The two
building principles of an octahedral metal core sur-
rounded by an inner ligand sphere X' and an outer
ligand sphere Y2, as in [(MsX'12)Y3]*~ for M = Nb,
Ta, and in [(MeXig)Y3]2~, X = halide, Y = or = X,
and M = Mo, W, are presented by Figure 1c,d.

The family of compounds derived by chemical
modification of these species led to numerous publi-
cations in this field37273% and the discovery of other
cluster compounds composed of other cluster building
elements with ligands other than the halides.3%-401
An important inspiration for this was the discovery
of strong metal—metal bonds by Cotton in the early
1960s,%%0 especially with respect to bonding theory
and numerical calculations of the electronic struc-
tures.*92-416 Not only because of the aesthetic nature
of these structures and the interesting chemistry of
these compounds, but also due to their importance
in the field of photochemistry,*7-422 and even more
so, their strong potential in catalysis,*?>~42¢ this area
is of high actuality. Because a plethora of these
compounds is known, the ensuing discussion will be
limited to spectroscopic investigations of octahedral
clusters with mixed-halide coordination spheres or
mixed-metal cages.

B. Preparation and Separation

The metal halide clusters are almost always pre-
pared at high temperatures in heterogeneous solid-
state reactions or in melts, so that there is little doubt
that the products are thermodynamically favored and
stable phases. Starting materials are the metal
pentahalides or hexahalides, which are reacted with
the respective metals or are reduced by other metals,
e.g. Al in salt melts. By these synthetic techniques,
mixed-metal cages and mixed inner ligand spheres
may be obtained from appropriate mixtures of the
educts. The considerable stability of the inner ligand
sphere is reflected by the inability to prepare pure
[(MogBrig)Br4] by the reaction of [(MogClig)Cls] with
LiBr.#?” Although there has been no evidence for
byproducts from analytical and vibrational spectro-
scopic data, *°F NMR spectroscopy has clearly indi-
cated the existence of mixed species, [(Mog-
{Bri,.Clig_n})F3]%-, at least with n = 6 and 7.427- 428
The more labile outer ligand sphere, Y3, may be
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mixed by common ligand exchange reactions, or by
ligand redistribution between two respective terminal
members (see section 1V.C).

The mixed closo-hexahalogenohexaborates, [BeXn-
Ys-n]?", N = 0—6, X = Y = ClI, Br, 1, have been
prepared by treatment of partially halogenated hy-
drohexaborates, [BsHnXs-n]?",4°74%2 with a second
halogen, followed by separation of the obtained
mixtures by means of anion exchange on DEAE
cellulose, or more conveniently, by reaction of the
respective N-halogenosuccinimides with individual
halogenohydrohexaborates, [BsHnXs-n]?~, Obtained by
preceding DEAE anion exchange chromatography.
The compounds have been characterized by 1'B NMR
spectroscopy.?°

Three additional examples for the separation of
mixed-metal clusters have also been reported. The
first one, composed of Ta and Mo, has used the
different properties and possible oxidation states of
the group 5 and group 6 metals, and is given by the
three individual species, (TEA)s[({ TasMo} Cli12)Cl3],
(TEA)2[({ TasMo,} Cli1p)Cl%], and (TBA),[({ TasMo} -
Cl'1,)CI%], which fortunately are separable on the
basis of their different formal charges by means of
ion exchange of aqueous/ethanolic solutions on Dowex
in H™ form.*3® These compounds have been charac-
terized by their Gauss deconvoluted far infrared and
UV spectra, and by Faraday measurements of their
magnetic susceptibilities. Their properties have been
discussed in context with their archetypes, [(Tas-
Clij,)CI3]*~ and [(TasCli12)CI%]3, respectively. Again,
inspection of the complex spectra emphasizes that
these methods are useful only in the case of pure
individual species, and are useless for analysis of
multicomponent mixtures. The second example,
[{NDb,Tag_n} Cli1)F3%]*~, n = 0—6, exhibits the highest
degree of enrichment for the seven individual com-
plexes, with the exception of the stereocisomers. This
has been achieved by repeated UV-monitored ion
exchange chromatography on DEAE cellulose and
final energy dispersive X-ray microanalysis.*** The
third approach utilizes counterflow distribution over
550 steps of a statistical mixture of [(Moe-
{Clinlig_})CI3,], and yields the individual species with
n = 5—7; although the geometric isomers for n = 5
and 6 have not been separable.*3

C. Spectroscopic Characterization

Generally, preparations of clusters aiming at spe-
cies with defined mixed building units are rather
improbable, and separations are very difficult or
impossible. Nevertheless, there are some examples
of clusters with defined mixed outer ligand spheres,
which have been characterized by single-crystal X-ray
structure analyses like the tetraphenylarsonium salts
of trans-[(MogClig)C12,Br2,]2-,3%2 trans-[(MogClig)C12,-
(PR3)a2], R = n-C3H7, n-C4Hg, n-CsH14, inClUding sip
NMR data,*3® trans-[(MosClig)CI2,(OR)2;]>~ R = CHj,
CH2C14H9437 and CiS-[(M06C|ig)C|a4{ P(Csz)g}az] in-
cluding Raman data.*®® Cis phosphine ligation of the
outer sphere seems to depend on the phosphorus
substituents, R. This most likely accounts for the
results of the investigation of the series, [(MogClig)-
CI3(PR3)?;]. With R = n-CzH; the cis form is ob-
tained only as a 3% byproduct of the trans form,*3
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while for R = P(C,Hs); the cis form has been obtained
in 97% yield from the reaction of trans-[(MogClig)Cl24-
{P(n-C5H11)3}a2] with P(C2H5)3 in tetrahydrOfUran
(THF).“%8  Attempts to conclusively define the inner
and outer sphere of mixed clusters like the series,
Pb[MosClBris—n], n = 0—14, by X-ray diffraction and
IR spectroscopy and to identify species like Pb-
[(Mos{ CI'sBris} )CI2:Bra;]439440 are less convincing in
the light of the following °*F NMR spectroscopic
investigations on the [(Mos{ Cli\Brig_.} )F3]?~ series.*?®
With the aforementioned difficulties of vibrational
and electronic spectroscopy, and the problems of
separation in mind, it is clear that there are only a
few examples of UV—vis, IR, and Raman investiga-
tions on mixed clusters. High enrichment by DEAE
anion exchange chromatography of the species,
[(Nb,Tas-n} Cli12)F3]*~, n = 1-5, without separation
of the stereoisomers, and work on [({Nbp-
Tas-n} Cli12)Bra;]-8H,0,4* has enabled an IR, Raman,
and UV—vis spectroscopic study of these compounds
in comparison to the terminal members of these
series, [(NbgCli;2)Br3;]-8H,0 and [(TasCl'12)Bra,]-
8H,0.44

The series, [BsClnBrs—n]?~, [BeClnls—n]?>~ and [BeBrn-
ls-n]?>~, n = 0—6, have also been separated by means
of DEAE cellulose??® and investigated by IR and
Raman spectroscopy.**> On the basis of the known
spectra and force constants of the homoleptic com-
pounds, [BsCls]?~, [BsBrs]?~, and [Bgls]?~, 44 normal
coordinate analyses reveal force constants between
1.3 and 1.5 mdyne/A for the B—B bonds of the mixed
species.*? In this context, the closo-hexahydro-
hexaborates may be considered as a special case of a
mixed cage as is done for Cs,[1°B,!'Be-nHe].**3744° By
using the vibrational spectra and normal coordinate
analysis data of isotopically pure Cs,[*°B¢Hs] and Cs,-
[**BeHe], the observed spectra of Csy["2BgHg] (Figure
41) have been accurately reproduced by a statistically
weighted superposition of the calculated spectra of
the ten isotopomers, Cs;[*°Bn'Bs_nHg], N = 0—6. The
10B,11B isotopic pattern according "B with 80.22%
1B and 19.78% °B has been verified by the IR and
Raman spectra of Csy['°B,'Bs_nls], N = 0—6, analo-
gously.*46

As already demonstrated for mononuclear octahe-
dral mixed-fluoro complexes, '°F NMR spectroscopy
is a very specific, sensitive, and high-resolution
method for the elucidation of reactions, the structures
of the reaction products and the distribution of the
individual species within a series (see section 11.D).
Therefore the application of this technique to the
more complicated mixed hexanuclear metal halide
clusters was very obvious, because these systems
could not be completely analyzed in previous stud-
ies.393:394.435447 The respective terminal members of
possible series, [(MeX'12)Y%] or [(MeXi12)Y%]* and
[(MeXig)Y3,] or [(MeXig)Y3%]>~, Y = X or Y = X, have
been studied extensively by X-ray structure anal-
yses®72737 and by electronic and vibrational spectros-
copy.*4844% Apart from the condition Y = X, the three
cluster units of [(MeXg)Y3]?~ are known from Mo and
W (see Figure 1c) and present three opportunities for
systematic variations. Firstly, the outer octahedral
coordination sphere Y2; can be a mix of two ligands,
which results in 10 species, where, preferentially, one
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Figure 42. Plot of §(*°F) vs the number of F atoms in the
outer-sphere mixed cluster series (TBA),[(MoeClig)(Fa,Cl%_p)]
(@), (TBA)[(MocClig)(Fa,Bras_,)] (b), and (TBA)2[(Moe-
Clig)F21%-n)] (©).

of the outer sphere ligands is F to allow for 1°F NMR
spectroscopy. Secondly, the cube of the inner coor-
dination sphere Xig can be a mix of two halides, which
results in 22 species and can be studied via 1°F NMR
of the six F atoms in the outer sphere. Finally, the
octahedral metal core Mg may be a mix of two metals,
which results in 10 species, and can also be studied
by means of 1°F NMR if the outer sphere is F3.

For the sake of clarity only one building unit has
been varied at a time, while the two other remained
unaltered; simultaneous mixing of all three building
units in the manner, [{Mo,Ws_n}{XimX'lz_m})-
Y2,Y'3%_p]27, n,p = 0—6, m = 0—8, with the prepara-
tive feasible halides, X, X'' = CI, Br, I, and Y3, Y'a =
F, Cl, Br, I, would result in 6570 individual cluster
ions.

By intermolecular ligand exchange in solution
between (TBA),[(MogClig)F3s] and (TBA)2[(MosClig)-
Y%], Y = CI, Br, |, the complete three series,
(TBA)z[(MO5C|ig)FanYaﬁfn], n = 0-6, including the
three pairs of sterecisomers, have been obtained.*>°
Besides the unequivocal characterization of the in-
dividual species, equilibration within the systems has
been determined by time-dependent quantitative 1°F
NMR spectroscopy. Interestingly, as in the case of
one-center octahedrons, the Dean—Evans relation is
valid for these octahedrons with a multicenter in the
form of an octahedral metal core (see Figure 42).

Analogous to the trans influence, an influence of
opposite ligands in the outer octahedron has been
found and introduced as the antipodal influence in
accordance with Hermanek’s formulation of an an-
tipodal effect on boron clusters.*®® Because this
influence acts across the cage instead of along
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octahedral axes, it is considerably weaker. Starting
from the N-bonded thiocyanato derivative, (TBA),-
[(MosClig)(NCS)3s], which has also been synthesized
N enriched, the four series, (TBA),[(MosClg)-
(**NCS)2,Y3%_p], n =0—6, Y2=F, Cl, Br, I, comprised
of 37 individual cluster anions, have been obtained
by reaction with (TBA),[(MosCl'g)Y?3], Y = F, ClI, Br,
I, in acetonitrile solution and characterized by °N
as well as by time-dependent °F NMR spectroscopy.
The °F spectra have been evaluated quantitatively
with regard to equilibration, and all spectra have
been interpreted with respect to the antipodal influ-
ence, as well as to the dependence on n of the mutual
interactions of the outer-sphere ligands.**? Toward
different aims, the compound, (MeS,TTF*),[(MogCl's)-
(NCS)%], has been isolated with the cation radical
methyltetrathiafulvalen. It has been structurally
characterized by single-crystal X-ray analysis and,
with regard to zero field splitting and mobile Frenkel
excitation, investigated by electron spin resonance
(ESR) spectroscopy.**® The following three single
clusters are mentioned because of their synthetic
utility as starting materials for new derivatives.
(TBA);[(MosClig)(CF3CO0)?%] dissolved in CD,Cl, was
characterized by its very sharp °F resonance at
—73.38 ppm (Aviz < 1 Hz), while (TBA)CF;COO
resonates under the same conditions at —74.46 ppm
vs CFCl3.4%* With six labile outer-sphere (CFsSO3)~
Iigands, (TBA)z[(MO(;Clig)(CF3SO3)a6] and (TBA)z[(Tae-
Cli15)(CF3S03)%] have been fully characterized by
X-ray structure, fast-atom bombardment (FAB) mass
spectrometry, and UV—vis and IR spectroscopy.*55456

The inner-sphere mixed system, [(Mos{Bri,-
Clis_n})CI3]?~, has been prepared by ligand exchange
reaction in the solid state and transformed into
(TBA),[(Moe{ Br',Clis_,} )F3%], n = 0—8.%2® The com-
plete series consists of 22 species with 55 1°F reso-
nances theoretically expected, which have been ob-
served in the high resolution 1D-°F NMR spectrum
with characteristic homonuclear couplings. By uti-
lization of incremental systematics of the chemical
shift, the relative intensities of signals which belong
together, and multiplicity analysis, all resonances
have been assigned unequivocally and definitively
confirmed by the required correlations in the 2D-1°F-
F-COSY spectrum. The quantitative evaluation
indicates statistical formation of the individual spe-
cies.*?® In the same manner, the system, (TBA),-
[(Mog{ Clisl's_n} )F3%], n = 1—8, containing 21 indi-
vidual cluster ions with 54 °F resonances, has been
analyzed by means of 1D- and 2D-*°*F NMR spectros-
copy. The quantitative evaluation reveals significant
deviation from statistical distribution with clear
preference of I neighbors on the edges of the inner-
sphere cube if compared with diagonals across the
cube faces. The terminal member of the series,
(TBA),[(Mosl's)F3], has been synthesized separately,
and fits in the system as expected with respect to its
properties and its °F shift.457

The mixed-metal cage system, [{Mo,We-n}-
Clig)Y3]%~, n = 0—6, has been investigated indepen-
dently in the forms, [({M0,Ws_n} Clig)CI3]%>~, by LSIMS
(liquid secondary ion mass spectroscopy),**® and
[{M0,Ws_n} Clig)F3]%~, by 1D- and 2D-°F-NMR spec-
troscopy.*®® The series, [({ Mo,Ws_n} Clig)CI%]?~, has
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Figure 43. °F NMR spectra of the series (TBA)2[({ M0,Ws_n} Clig)F3s], n = 0—6, in acetone-dg at 297 K referred to 6(*°F)

(CF35CI,37Cl) = 0 ppm: observed (top), expected (bottom).

been obtained by reaction of MoCls and WClg with
Al in an AICIs/NaCl melt. The well-resolved mass
spectra reveal the seven species for n = 0—6, natu-
rally without the stereoisomers, which are not resolv-
able by this method. Each species evidenced two
signals corresponding to [({ Mo,We_n} Clig)CI%]?>~ and
[{M0,Ws_n} Clig)CI2s]~ and showed markedly decreas-
ing intensity with an increasing number of W atoms.
This is in qualitative agreement with the more robust
nature of [(MoeClig)Cl3]2~ in comparison with
[(WeClig)CI3]2~, but in contrast to the relative metal—
metal bond energies in Mo and W metal.*® This
observation deviates significantly from the distribu-
tions obtained from the following NMR study, but
may be due to the different synthetic routes. From
the reaction of Mo powder and WClg at 600 °C, the
complete metal mixed-cluster system, [({ Mo \We-n}-
Clig)Clsa)?~, has been prepared and transformed into
(TBA)2[({ MonWs—n} Clig)F3].  All 10 individual cluster
ions have been identified by 1D- und 2D-°F NMR
spectroscopy (see Figures 43 and 44).

The expected 24 signals are observed in two clearly
separated ranges with twelve signals each. The low-
field range is attributed to those F atoms coordinated
to the more electronegative W (Pauling electronega-
tivity, EN = 2.36) and shows !°F signals with
characteristic satellites of ¥W (I = 1/,, 14.28%).
Consequently, the resonances in the high-field range
are attributed to F atoms attached to the more
electropositive Mo (EN = 2.16) without observable
couplings to the two quadrupolar nuclei, ®*Mo and
9’Mo (see Figures 43 and 44). As an inspection of
the W range of the 1D spectrum shows, resolution is
insufficient for an unambiguous assignment of the

stereoisomeric pairs of cis- and trans-Mo,W, as well
as of fac- and mer-MozW3;. However, the resonances
have been assigned unequivocally by the 2D-°F
spectrum via correlations to the respective reso-
nances in the Mo range. From the integrated inten-
sities, a nonstatistical distribution of the 10 cluster
ions has been proven. Species containing sym-
metrical trans positioned Mo—Mo and W-W ar-
rangements are favored to those with an asymmetri-
cal Mo—W arrangement; the Mog and Ws species are
found to a considerably higher degree than statisti-
cally expected. A thorough analysis of the 1°F shifts
and shift differences has brought to light two signifi-
cant effects. First, F atoms attached to W of W—Mo
arrangements resonate at higher fields than those
of W—W arrangements. This increased shielding,
due to Mo, has been termed the positive antipodal
influence of molybdenum. Exactly the reverse is
observed for F atoms coordinated to Mo, namely a
downfield shift of their respective resonances for
Mo—W arrangements in comparison to Mo—Mo ar-
rangements, thus corresponding to the negative
antipodal influence of tungsten. Second, the antipo-
dal influences and the resulting shifts are different
for the individual species, but the difference of the
antipodal influences of two successive substitution
products has been found to be a characteristic
constant of the series and has been called the
antipodal shift constant (ASC).*° This phenomenon
has also proven valid for other cluster systems.29:45°
(see Tables 23 and 24). Interestingly, the relation,
ASCm/ASCw = ENwW/ENw,, is valid. Furthermore,
it seems worthwhile to mention that the °F shifts
are to be calculated by a Dean—Evans relation
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Figure 44. Two-dimensional 1°F,19F-COSY 45 spectrum of the series (TBA),[({ M0,Ws_} Clig)F2s], n = 0—6; conditions see

Figure 43.

Table 23. Chemical Shifts 6(*°F) (ppm) of

[ MonWe_n} Clig)F35]2~ Fitted by Linear Regression
from Observed Values for F Atoms Coordinated to Mo
and W in Symmetric F—Mo—Mo—-F and F—W—W-F
Arrangements and Asymmetric F—Mo—W-F
Arrangements [The Differences Reveal the Antipodal
Influences (A) and the Antipodal Shift Constants
(ASO)]

O(*°F) (ppm)

symmetric asymmetric A (ppm) ASC (ppm)
Mo
MosW —173.887 —172.549 +1.338 ~0.290
MosW,  —175.490 —174.442 +1.048 —0.287
MosWs  —177.094 —176.333 +0.761 —0'289
Mo,W, —178.697 —178.225 +0.472 ’
W
MoWs —164.178 —164.869 —0.691 —0.311
Mo,W, —162.957 —163.959 —1.002 0313
MosW;  —161.735 —163.050 —1.315 _0'312
MosW,  —160.513 —162.140 —1.627 ’

modified by implementation of the ASC.459:460
As already stated with emphasis on mononuclear
octahedral mixed-ligand complexes, it is absolutely

impossible to prepare defined mixed species by simple
adjustment of distinct molar ratios of the educts (see
section Il1.A.1). This statement is also valid for
clusters, as has been demonstrated unambiguously
by the NMR results of the substitution of the three
cluster building units. Therefore, the postulated
possibility of preparing defined mixed clusters*35:447
is ruled out; at best enrichments may be achieved.

For molybdenum, the three series, [(MoeClig) Y3]?,
[(MOGBriB)Yae]Z_, and [(MOslig)Yae]z_, Y =F,Cl,Br, I,
have been characterized by means of ®*Mo NMR
spectroscopy, with the shifts referred to 2 M NaMoO,
in D,O and compiled in Table 25,372:450.460

The correlation of the °*Mo shifts with the Pauling
electronegativities EN(Y?) of the outer sphere ligands
results in the following three linear functions:

[((Mo,Cl'g)Y3]* . o(*Mo) = 618 x EN(Y?) + 988
[((MogBrig)Y?,]?: 6(**Mo) = 720 x EN(Y?) + 1066

[(Mogl'e) Y311 0(**Mo) = 822 x EN(Y?) + 1116
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Table 24. Chemical Shifts 6(*'B) (ppm) of
closo-[BeXnYs-n]?", X = Y = Cl, Br, I, Fitted by Linear
Regression of the Observed Values for Symmetric
X—B—B—X and Asymmetric X—B—B-Y Arrangements
[The Differences Result in the Antipodal Influences
(A) and Antipodal Shift Constants (ASC).]

o(*B) (ppm)

symmetric asymmetric A (ppm) ASC (ppm)

Cl.Br  —17.00 ~17.18 ~0.18

ClLBr, —1654 ~16.38 +0.16 iggj
Cl.Brs  —16.08 ~15.58 +0.50 o
ClLBr, —1562 ~14.78 +0.84 :
ClBrs  -19.31 ~19.42 —0.11

ClLBr. —19.95 ~20.04 ~008 18'82
ClBrs  —2061 ~20.66 ~0.05 o.08
ClLBr, —2126 —21.28 ~0.02 :
Clgl ~15.97 ~13.82 +2.15

Clal, ~14.50 ~11.99 +251 ig'gg
Clals ~13.03 ~10.16 +2.87 0%
Chol, ~11.57 833 +3.24 :
Clls —26.57 ~27.28 —0.71 0,02
Chl, 28,58 ~29.31 ~0.73 s
Clals ~30.59 ~31.34 ~0.75 o0
Clals —32.60 ~33.37 ~0.77 :
Brsl ~17.50 ~16.78 +0.72 053
Bral ~16.57 ~16.38 +0.19 o
Brsls ~15.65 ~15.98 ~0.33 922
Br,l, ~14.72 ~15.58 ~0.86 :
Brls —26.00 —25.86 +0.14 0.22
B, —27.26 —27.34 —0.08 oo
Brsls 28,52 —28.82 ~0.30 o
Bral, ~20.78 ~30.30 ~0.52 :

Table 25. Electronegativity Dependence of 4(°**Mo)
(ppm) in [(MosXig)Y3]?>~, Xi = CI, Br, I, Y2=F, Cl, Br, |

Xifya F Cl Br |
Cl 3450 2933 2812 2639
Br 3926 3353 3202 2970
| 4368 3757 3569 3262
EN(Y?) 3.98 3.16 2.96 2.66
A
EN(Y)
i

3,5 4

x TBAy[(MogClg)Ya]
0 TBAy[(MogBrg) Y]

i.a
254 o TBA[(Moglg) gl

>
—>

1
%Mo [ppmi

T T
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Figure 45. Plots of 6(°®Mo) vs the Pauling electronega-
tivity EN of the outer-sphere ligands Y2 in the series
(TBA),[(MogXig)Y3], Xi = CI, Br, I, Y2 =F, Cl, Br, I.

Thus, NHD is observed for ®®*Mo with respect to the
outer ligand sphere, present in these clusters accord-
ing to a high-field shift trend, F2 < CI2 < Br2 < |2
(see Figure 45 and rows in Table 25). A comparison
of the ®®*Mo shifts with an identical outer coordination
sphere but with the three different inner spheres,
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Figure 46. Plots of (®*Mo) vs the Pauling electronega-
tivity EN of the inner-sphere ligands X' in the series
(TBA),[(M0sX's)Y%], X' = CI, Br, I, Y2 =F, CI, Br, I.

Clig, Brig, and l'g, (see columns in Table 25) reveals
in all four cases a highfield shift of ®®Mo according
to the series, CI' > Bri > I, thus exhibiting IHD with
respect to the inner coordination sphere (see Figures
45 and 46).

V. Concluding Remarks

This paper has not only reviewed various aspects
of mixed octahedral complexes and clusters, but has
demonstrated the advantages and the special insight
that can be provided by studying complete series of
these compounds. The evolution of ideas and fun-
damental concepts with regard to the preparation,
characterization, and basic theory of these series
offers classic examples of some of the most important
aspects of coordination chemistry and may serve as
paradigms of high educational clarity.

For instance, the application of the trans effect, as
a kinetic phenomenon, has been extensively utilized
in stereospecific ligand exchange reactions. Also, the
use of ion exchange chromatography on DEAE cel-
lulose has been shown to be an extremely useful tool
in the separation of pure mixed-ligand complexes.
The combination of these and other synthetic ap-
proaches mentioned in the text have made it possible
to isolate the ten individual members of many
[MXnYe-n], N = 0—6, series, including their three
pairs of stereoisomers. Of these compounds with
finely graduated properties, the relations between
molecular structure, molecular symmetry, and spec-
troscopic properties have been investigated. The
resulting systematics of stepwise substitution and
descent in symmetry have been demonstrated by the
group theoretically demanded splittings of degener-
ate terms in the electronic and vibrational spectra.
Additionally, these systematics have enabled the
assured assignment of electronic transitions and
molecular vibrations and the reasonable application
of normal coordinate analysis. By the experimental
data of high reliability, progress has been made in a
more detailed insight and the quantitative descrip-
tion of a phenomenon known as trans influence. This
thermodynamic phenomenon of mutual interactions
of two different ligands, which constitute asymmetric
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axes in the mixed octahedral coordination sphere, is
responsible for the special ground-state properties
observed for these compounds and reveals distinct
effects of different magnitudes on observable param-
eters. For example, in the fluorochloroplatinate(lV)
series, the bond distances vary by 1—-2%, the vibra-
tional frequencies by 10%, the force constants calcu-
lated by normal coordinate analysis by up to 20%,
and the 'J(*°F, %Pt) NMR coupling constants by
about 35%.

With regard to NMR spectroscopy, the study of
complete series has enabled the calculation of chemi-
cal shifts of central and ligand nuclei by means of
incremental empirical relations, revealing distinct
dependences of the chemical shift and of the coupling
constants on the degree and type of substitution.
Because of the greater number of electronic states
in the clusters in comparison with the mononuclear
complexes, the effects of electron redistribution due
to chemical variation and mutual influences are
considerably more difficult to identify. However, if
a sufficiently sensitive probe is used, such as the
fluorine nucleus in °F NMR spectroscopy, it is
possible to unequivocally and consistently identify
mixed-metal and mixed-halogeno clusters. From
such experiments, the antipodal influence, which is
analogous to the trans influence, has been found,
resulting in the formulation of an antipodal shift
constant.

Historically, the evolution of this work, which has
been outlined from the beginning of coordination
chemistry and the discovery of clusters with strong
metal—metal bonds to the use of modern instrumen-
tal techniques together with better and better theo-
retical models, has depended first on the skill of
synthetic chemists. Clearly, the study of these mixed
compounds presents in and of itself a historical
backdrop of how synthetic and analytical techniques
have worked together to provide crucial insight into
the workings of such fundamental aspects like the
structure, bond conditions, symmetry, and spectro-
scopic properties in dependence of systematically
varied ligand spheres or cluster units. Thus, the
future of the work in this field rests in the skilled
hands of synthetic and analytic chemists, who will
undoubtedly continue to provide new substances and
to advance our understanding of the fundamental
principles controlling coordination chemistry.
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