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Mixed Valency in Binuclear Cyano-Bridged Manganese Bis(carbonyl) Complexes and
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Molecular orbital calculations at the extended Hiickel level have been carried out on the model binuclear cyano-
bridged cationic complexes of the type {{Mn]-CN-[Mn]}*, where [Mn] = cis- or trans-mer-Mn(CO),(PH3);*. The
results are consistent with a weak Mn- - -Mn interaction mediated by the CN bridge. The energy and composition
of the highest occupied orbitals are determined by the stereochemistry and so is the Mn atom at which the HOMO
islocalized. A good correlation is found between these data and the experimental electrode potentials and the effects
of the ancillary ligands corresponding to the real complexes with [Mn] = cis- or trans-mer-Mn(CO),(diphos)L
(diphos = dppm or dppe, L = PR; or P(OR);). An explanation is also found for the fact that the oxidatively induced
isomerization of the cis-Mn(CO), fragments occurs even when the oxidation is centered at the other Mn center.
The calculations also indicate that the dications formed upon the first oxidation can be considered as very weakly
coupled class II mixed-valence complexes, with a different degree of electron delocalization depending on the
stereochemistry of the Mn(CO),L; fragments bridged by the cyanide ligand.

The importance of electron-transfer (ET) processes' has
promoted an increasing interest in the synthesis and the elec-
trochemistry of polymetallic complexes having two or more metal
atoms connected through a bridging ligand.2? Duetoits electronic
characteristics, the bridging cyanide (CN) ligand has been the
subject of many recent studies, especially in the examination of
intramolecular energy-transfer processes.’

Molecular orbital calculations at different levels of sophisti-
cation are highly valuable for the understanding of ET processes®
and for analyzing the electronic structure of binuclear mixed-
valence complexes with different types of bridging ligands,2” as
well as their stability.?

Recently we showed that the results of the chemical and
electrochemical oxidation of several CN-bridged binuclear Mn®
and Mn and Fe'0 complexes of the types {{Mn]-(u-CN)-[Mn]}*
and {{Mn]-(u-CN)—[Fe]}*, where [Mn] = cis- or trans-mer-
Mn(CO),(diphos)[P(OR);] and [Fe] = Fe(diphos)(n-CsHs)
(diphos = diphosphine), indicate that there may be some electronic
interaction between the two metal centers. In order to examine
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the nature of this interaction in more detail, we have carried out
anextended Hiickel molecular orbital study on the model binuclear
{{Mn]-CN-[Mn]}* complexes where [Mn] = cis or trans-mer-
Mn(CO),(PH;);. In this paper we describe the results of these
calculations and discuss the stereochemical control of the oxidation
of binuclear CN-bridged manganese carbonyl cationic compounds
in terms of their electronic structure.

Computational Details

Extended Hickel molecular orbital calculations'' were carried out on
the model binuclear CN-bridged complexes 1-5 with an eclipsed
conformation, as represented in Figure 1, and using the modified
Wolfsberg-Helmholz formula.!? The atomic parameters used for C, O,
H, and P were the standard ones, while those for Mn were taken from
the literature.'> The averages of chemically equivalent bond distances
from the experimental structure of the cyanide-bridged complex {{Mn-
(CO)i(phen)}2(u-CN)}PF; (phen = phenanthroline)'4 were used in our
calculations: Mn-N(cyanide) = 2.064, Mn-C(cyanide) = 2.004, Mn—
C(carbonyl) = 1.810, and C-O = 1.135 A. In our structural model we
substituted phen groups for the PH; groups with bond distances!s Mn-P
= 2.305 and P-H = 1.435 A, and for the asymmetric complex we used
P(OH); with bond distances Mn-P = 2.216, P-O = 1.595, and O-H =
0.967 A. The angles around the manganese atoms were those of an
idealized octahedral configuration, and the angles of the —-PH; ligands
were those of the tetrahedral geometry. The calculations were carried
out on a Micro VAX 3400 computer at the Scientific Computer Center
of the University of Oviedo, with a locally modified version of the program
ICON.

Frontier Orbitals of the [L3(CO),;Mn(u-CN)Mn(CO),L,]*
Isomers

The nature and energy ordering of the frontier orbitals of several
geometrical isomers of the [L;(CO);Mn(u-CN)Mn(CO),L;1*
ion (1-5, Figure 1), obtained in our MO calculations, can be
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Figure 1. Model compounds used in our molecular orbital calculations.
P represents PH3, and P* is P(OH);.
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Figure 2. Frontier orbitals (t55-like block) of the (left) trans- and (right)
cis-[Mn(PH;)3;(CO).]* fragments. Thecoordinatesystem is asin Figure
1.

easily understood by building them up stepwise from the orbitals
of the Mn(CO),;L;* fragments and the cyanide ion.

The uppermost occupied orbitals of the cis- and trans-Mn-
(CO),L;* fragments, shown in Figure 2, can be described as a
pseudo-t,, set of an octahedral fragment,'¢ Mn—P nonbonding
and Mn-CO = bonding. Their energies differ because of the
different interactions with the empty =* orbitals of the CO
ligands: d,; and d,, of the trans fragment, as well as d,, of the
cis fragment (labeled xz, yz, and xy, respectively, from now on),

(16) Albright, T.; Burdett, J. K.; Whangbo, M.-H. Orbital Interactions in
Chemistry; J. Wiley: New York, 1985.
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Figure 3. Splitting of the tog-like orbitals of two zrans-{Mn(PH;)(CO),] *
fragments upon interaction with the = orbitals of the bridging cyano
ligand in the model compound 1. The N of the CN bridge is the atom
bonded to the Mn on the right.

interact with two CO ligands and appear at lower energy; xy and
yzofthe cis fragment interact with only one carbonyl ligand each
and are less stabilized, and finally, xy of the trans fragment does
not interact at all with CO and is the highest occupied orbital.
Let us stress that the relative energies of the pseudo-t,, orbitals
are only determined by the x-acid character of the CO ligands
and the number of d/x* interactions and are therefore independent
of the approximations involved in the extended Hickel meth-
odology. These results are consistent with the qualitative!” and
quantitative!® analysis of the bonding in mononuclear octahedral
dicarbonyl complexes and with other calculations carried out by
us on [Mn(CN)(CO),(PH3);] complexes.!?

Even if some direct d—d interaction between the two Mn atoms
could have been expected in the case of the short CN bridging
ligand,? the values for the corresponding overlap integrals are
zeroat the Mn- - -Mn distance (5.175 A) used in the calculations
(the Mn- - -Mn distance'® in the compound {[fac-Mn(CO);-
(phen)]2(u-CN)}PF; is 5.2 A). If we let the pseudo-ty, orbitals
of the two Mn centers interact with the = orbitals of the bridging
cyanide, we must pay attention to only xy and xz orbitals, the
ones directed toward the bridging region. Let us take as an
example the model compound with a trans geometry at both Mn
atoms (molecule 1) for which a simplified interaction diagram
isshownin Figure 3, where the size of the lobes of each contributing
atomic orbital is roughly proportional toits corresponding electron
population obtained from a Mulliken analysis. A combination
of the xy orbitals of the two Mn atoms interacts with the =,*
orbital of CN and is therefore stabilized. Another combination
of such d orbitals interacts with the occupied =, orbital of CN
and is consequently destabilized, becoming the HOMO of the
binuclear compound. A similar splitting pattern results for the
xzorbitals (Figure 3). Considering the different orbital ordering
of the cis fragment (Figure 2), the interaction diagrams for the
remaining model compounds (Figures 4-6) can be easily un-
derstood. In all cases, the orbital composition of the HOMO
indicates that there is a weak interaction between the two
manganese atoms mediated by the CN bridge. The resulting
energies of the HOMO of each model compound are shown in
Table I and will be discussed later inregard to the redox potentials
corresponding to the oxidation of the real complexes.

For the purpose of the present work, it is of the utmost
importance to analyze the localization of the HOMO’s of the
different isomers. In Table I we present the electron populations
of the HOMO’s associated with the xy and xz atomic orbitals,

(17) Wimmer, F.L.;Snow, M.R.; Bond, A. M. Inorg. Chem.1974,13,1617.
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Chem. 1984, 23, 4361).
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Figure 4. Splitting of the ty;-like orbitals of one trans- and one cis-
[Mn(PH;)3(CO),]* fragment upon interaction with the = orbitals of the
bridging cyano ligand in the model compound 2. The N of the CN bridge
is the atom bonded to the Mn on the right.
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Figure 5. Splitting of the ty;-like orbitals of one cis- and one trans-
[Mn(PH;);(CO),]* fragment upon interaction with the = otbitals of the
bridging cyano ligand in the model compound 3. The N of the CN bridge
is the atom bonded to the Mn on the right.
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Figure 6. Splitting of the ta-like orbitals of two cis-[Mn(PH3)3(CO),}*
fragments upon interaction with the » orbitals of the bridging cyano
ligand in the model compound 4. The N of the CN bridge is the atom
bonded to the Mn on the right.

as obtained from a Mulliken population analysis. There it can
be seen that such orbitals are spread throughout the two Mn
centers, but with a larger localization on the one with a trans
geometry. For molecules 1 and 4, in which the two fragments
have the same geometry, the HOMO is mostly localized on the
N-bound metal atom. Therefore the lowest degree of delocal-
ization corresponds to the cis—CN-trans isomer 3. The prefer-
ential localization of the HOMO’s on the trans fragments is a
direct consequence of the higher energy of the xy orbital in that
geometry as discussed above (Figure 2). On the other hand,
when both [Mn(CO),L]* fragments present the same geometry,
the asymmetry of the bridging ligand becomes relevant. Since
the = orbital of CN is mostly localized on the nitrogen atom
because of its greater electronegativity, it interacts mainly with

Carriedo et al.

Table I. Orbital Energy and Main d-Orbital Contributions (Charge
Matrix Elements) to the HOMO's of the Binuclear Complexes 1-5
(Figure 1)°

complex & (eV) xy€ xyN xz€ xzN
1 (trans—trans) -11.28 0.573 1.213 0.000 0.000
2 (trans—cis) -11.47 1.268 0.368 0.000 0.016
3 (cis—trans) -11.36 0.149 1.584 0.006 0.000
4 (cis—cis) -11.69 0.428 0.910 0.036 0.073
§ (trans*—is) -11.50 1.204 0.419 0.000 0.017

2 The major contribution toeach HOMO s boldface. Thesuperindexes
C and N refer to the atomic orbitals of the Mn atom at the C and N ends
of the cyano bridge, respectively.
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Figure 7. Energies of the highest occupied molecular orbitals of model
compounds 1-4 plotted as a function of the first oxidation potentials of
the corresponding geometrical isomers of the complexes {[P(OPh);]-
(dppm)(CO):Mn-CN-Mn[P(OPh);](dppm)(CO).}*. The potentials
were measured in CH,Cl, with reference to SCE (see ref 9).

the xyN orbital rather than with the in-phase combinations of the
two xy orbitals, and the opposite happens with the =* orbital of
the CN, resulting in a HOMO localized at the N-side of the
binuclear molecule.

Orbital Control of the Electrode Potentials

This simple analysis of the HOMO’s of the model compounds
1-5 provides a basis for understanding the chemical and
electrochemical oxidation of the monocationic binuclear cyano-
bridged manganese carbonyl complexes to the corresponding di-
and trications and the trends observed in their redox potentials.?
In all the following discussion it should be borne in mind that the
solvation effects that take place in solution during the oxidation
of the real complexes have been neglected. It is well-known that
the solvent plays an important role in the electrode potentials of
the redox couples and in the relative stability of the different
isomers, but in addition, the solvent also affects the electronic
properties of the ligand-bridged mixed-valence complexes.?® We
have considered that those effects should be very similar for all
the isomers in our study or, at least, that the existing differences
are not sufficiently pronounced to affect significantly our
conclusions. In a first approximation, the relative values of the
first electrode potentials for the different isomers (1-4) are
expected todepend on the energies of the corresponding HOMO's.
In Figure 7 we present the energies of the t,; orbitals of the model
compounds 1-4 as a function of the experimental potentials of
the corresponding geometric isomers with L = L’ = P(OPh); and
L-L = L’-L’ = dppm. A nice correlation is found between the
electrode potential of the first oxidation of each complex (E°;)

(20) See, for example: Hupp, J. T.J. Am. Chem. Soc. 1990, 112, 1563 and
other references given in ref 1.
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and the energy of the corresponding HOMO. Let us recall that
the energy of the HOMO is essentially determined by the
stereochemistry of the Mn(CO),L,* fragments. Hence, the
highest HOMO and the lower redox potential are those of complex
1, which has two trans fragments, and the lowest HOMO and
highest redox potential are those of complex 4, having two cis
fragments.

The second oxidation can in principle remove the second electron
from the HOMO (6), thus producing a singlet state, or from the
next occupied orbital (7), resulting in a triplet state. Given the

xy" et —_
_
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6
xy" - -
[———3
Xy© == ——
7

small energy difference between the two highest occupied orbitals,
the triplet state is expected to be more stable than the singlet one,
and it is likely that the second oxidation step proceeds as in 7
(because of the instability of the tricationic binuclear complexes,
it was not possible to measure their magnetic moments to confirm
experimentally this conclusion). On the other hand, due to the
localization of the molecular orbitals, process 6 would imply the
formation of a Mn!-Mni!! compound, whereas oxidation as in 7
corresponds to the formation of a Mn!'-Mn!! complex. Thesecond
case agrees with the fact that the electrode potential for the first
oxidation of the complexes is affected by changes in the ligands
of one Mn site, whereas the potential for the second oxidation is
affected by changes in the ligands of the other site. If the second
oxidation proceeds as in 7, the second electrode potentials should
follow the order of the second occupied orbitals. This is what is
found for the family of compounds with L = L’ = P(OPh); and
L-L = L’-L’ = dppm, as shown in Figure 8, where the first and
second potentials are represented as a function of the corre-
sponding orbitals. Considering all the analogous compounds
studied previously by cyclic voltammetry, those having L,L’ =
P(OR); and L-L, L’-L’ = bidentate diphosphine, their first two
electrode potentials (28 experimental data) are roughly linearly
related to the energies of the two highest occupied orbitals of the
corresponding model compounds. Deviations from linearity can
beattributed to the presence of different ligands since each family
of geometrical isomers bearing the same ligands shows a good
correlation (the worst regression coefficient of three families with
at least four data sets is 0.97).

Removal of the electron from the complex increases the net
charges of the two manganese atoms but, because of the different
degree of localization of the HOMO at each fragment, the charge
increase is larger in one of them (see Table II). As an example,
the data in Table II show that, in the case of the species [cis—
CN-trans], the oxidation of the trans-Mn is almost unnoticed by
thecis-Mn. Itisthusclearthatthe first oxidation of each complex
takes place mainly at one or another metal center depending on
the sterecochemistry (preferential oxidation of a trans site relative
to a cis one) and on their positions relative to the CN bridge
(N-bonded sites are more readily oxidized than C-bonded sites
with the same stereochemistry). The detailed analysis of the
cyclicvoltammetry data, the CO stretching frequencies,and ESR
data allowed us to establish at which Mn atom occurs the first
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Figure 8. Plot of the first and second oxidation potentials® of the
geometrical isomers of the cations {L(L-L)(CO);Mn-CN-Mn(CO),L’-
(L"-L")]* as a function of the calculated orbital energy of the HOMO
and second occupied orbital, respectively, of the model compounds 1-4.
The triangles correspond to the family with L = L’ = P(OPh); and L-L
= L’-L’ = dppm, and the squares to other compounds with L, L’ =
P(OR); and L-L, L"-L’ = diphosphine. The line shown is the least-
squares fit of the 28 experimental data set (E°; = -15.66 — 1.446;, where
& is the orbital energy; regression coefficient = 0.92).

Table II. Calculated Net Atomic Charges

cation Mn€ C(CN) N(CN) MnN
[trans—CN-trans]* 1 0235 0.144 -0.629 -0.227
[trans—CN-trans]?* 0.051 0.155 -0.592 0.380

[trans—-CN—cis]* 2 -0.232 0.155 —0.662 -0.060
[trans—CN—cis] 2+ 0402  0.155 -0.598 0.132
[cis~CN-trans]* 3 0122 0.114 -0.618 -0.224
[cis—CN-trans]?* —0.044 0.142 —0.599 0.568
[cis—CN—cis]* 4 -0.121 0.125 —0.652 -0.060
[cis—CN—cis] 2+ 0.112 0.138 —0.609 0.432
[trans*-CN—cis]* 5 -0.250 0.153 —0.665 -0.060
[trans*—~CN-—cis]2* 0.352 0.153 —0.602 0.159

oxidation for each binuclear compound,? in full agreement with
the orbital picture presented above. The theoretical prediction
that the oxidation of the binuclear complexes is preferentially
located on one of the Mn centers, but also noted by the other, is
also in agreement with the observation® that the first electrode
potential (£°)) is highly dependent on the monodentate phos-
phorus donor ligand L attached to the Mn(CO);(diphos)L
fragment being oxidized and only slightly (but noticeably)
dependent on the nature of the fragment at the other side of the
bridge (stereochemistry and ligand L). This is another example
of the use of different ligands at the twosides of bimetallic ligand-
bridged complexes to induce a redox asymmetry to probe the
degree of coupling between the metal centers.?!

Oxidation of the binuclear complexes results in a decrease of
ca. 50 cm™! for the stretching vibration of the bridging cyano
group of those compounds for which this band could be assigned.®
This fact is in agreement with the participation of a x-bonding
orbital of the bridging cyanide in the HOMO of the binuclear
complex (Figures 3—6), since removal of an electron therefrom
must produce a weakening of the CN bond strength. On the
other hand, the changes observed in the »(CO) frequencies when
the complexes are oxidized clearly parallel the calculated increase
in the net charges on the two Mn atoms upon the removal of an
electron from the binuclear complexes (Table IT). Thus, in those
cases where the oxidation takes place in one trans-Mn(CO),
fragment, the computed charge of the Mn atom increases by ca.

(21) dela Rosa, R.; Chang, P. J.; Salaymeht, F.; Curtis, J. C. Inorg. Chem.
1988, 24, 4229.
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0.6, and the corresponding »(COQ) frequency increases by ca. 70
cm!, while if the oxidation occurs on the other metal fragment
(at the other side of the CN bridge) the charge is raised by ca.
0.2, and the increase of the stretching frequency is only 10 cm™!
(the average of the two strong v(CQ) absorptions of the cis
fragments behaves similarly). However, there is not a simple
direct relationship between the composition of the MO of the
complexes and the variations in the »(CO) frequencies.

The clear (though small) variations in £°, with the nature of
the fragments at each side of the CN bridge of the binuclear
complexes and the changes in the v(CO) stretching frequencies
in both fragments upon oxidation suggest some electronic
communication between the two manganese atoms. Consistently,
as mentioned above, the numerical results of our calculations
suggest that the two Mn(CO), sites are weakly coupled. The
dications formed after the first oxidation can therefore be
considered as class I mixed-valence complexes in the Robin and
Day classification.2 This is in agreement with the differences
observed? between E°, and E°, for each complex, although no
band assignable to the intervalence transfer absorption could be
detected in the electronic spectra of the complexes.?2 The results
of the ESR measurements® are also consistent with this general
picture, in supporting the localization of the unpaired electron
mainly on one of the two metal centers.

Finally, knowing the electronic structure of the complexes helps
in an understanding of the observed oxidatively induced isomer-
ization processes.>' The main experimental observations are (i)
when the oxidation affects a cis-dicarbonyl site, it is followed by
a rapid isomerization of that site to the trans form, and (ii) the
[trans—CN—cis]?* dications (2), for which the oxidation takes
place at the trans site, spontaneously isomerize to [trans—CN-
trans]?* at a rate that markedly depends on the monodentate
ligand L coordinated to the cis-dicarbonyl moiety, being faster
for better donor L ligands.

Theisomerization of a cis site upon oxidation has been observed
for the [cis—CN-trans]* isomer (3) after two one-electron
oxidation steps. Itis well-known that in the oxidized mononuclear
dicarbonyl complexes the trans forms are thermodynamically
preferred?? and that the barrier for an octahedral — trigonal
prism — octahedral isomerization pathway?* decreases with
electron configuration in the order d¢ > d5 > d*. Similarly, the
oxidation of the octahedral tricarbonyls d-M(CO);L, gives the
merisomeric form, which is favored in the higher oxidation states,
althcugh recently the first example of a tricarbonyl species having
equally stable fac- and mer-tricarbonyl oxidized species has been
reported.?S It is also believed that those isomerization processes

(22) The UV /vis spectra of the mixed-valence dication {rrans-[P(OPh);}-
(dppm)(CO);Mn—CN-zrans-Mn(CO),(dppm)[P(OPh);}}** recorded in
CH,Cl, showed two intense absorptions at 436 (¢ 2500) and 640 (e
3850) nm and a very intense broad absorption in the UV region. The
spectrum of the very freshly generated trication showed, in addition of
the intense high-energy band, two bands at wavelengths almost identical
to those of the dication, but with roughly double extinction coefficients,
i.e. 440 (¢ 3900) and 630 (e 8500) nm, while the spectrum of the
monocation showed only the intense and broad UV absorption with a
shoulder at ca. 400 nm. Therefore, it appears that the spectrum of the
dication is the simple addition of the contribution of one Mn(I)
chromophore and one Mn(11) chromophore and does not include any
feature that could be attributed to an IT absorption band.

(23) Geiger, W. E. Prog. Inorg. Chem. 1988, 33, 275.

(24) Hoffmann, R.: Howell, J. M_; Rossi, A. R.J. Am. Chem. Soc. 1976, 98,
2484,
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consist of an intramolecular twist mechanism?¢ that has a lower
rotation barrier if the charge of the metal center is increased.

Since the oxidation of [trans—CN—cis]* (2) affects in part the
cis site (Table II), the barrier for the octahedral-trigonal twist
should be somewhat decreased, but the calculated barriers, 3.52
and 2.94 eV for the mono- and dications, respectively, are quite
similar, suggesting that a different pathway for the isomerization
must exist. An alternative mechanism consists in the excitation
of an electron from xyN (or yzV) to the semioccupied HOMO
(xy©), formally an intramolecular oxidation of the N-bonded
cis-Mn!(CO), fragment by the C-bonded trars-Mn!(CO), (see
the calculated charges in Table II), which is akin to an inner-
sphere oxidation mechanism. The isomerization of the oxidized
MnN fragment can then proceed readily, as happens for other
Mn!! compounds. Thebarrier for such electron-transfer processes
can be estimated at the extended Hiickel level from the energy
difference between the two highest occupied orbitals (roughly
0.5V for compound 2, Figure4). Insummary, both isomerization
and electron-transfer processes occur and may be represented by
the equation

[trans-Mn'-CN—cis-Mn'}** —
[trans-Mn'-CN-trans-Mn'"']?*

a process in which the isomerization is driven by the electron
transfer, although the qualitative nature of our study does not
allow us to draw definitive conclusions and further experimental
data might be needed to fully understand these oxidatively induced
isomerization processes.

As might be expected, it is observed that the isomerization
process is easier in the cases where the redox potential of the
C-bonded fragment is higher or where the redox potential of the
N-bonded fragment is lower (i.e., when the difference between
the redox potentials of the two fragments is smaller?!9), It is
therefore clear that the rate of the isomerization can be finely
modified by adjusting the redox potentials at each site of the
bridge (by changing the ligands on each Mn), and therefore these
complexes can be useful for the study of intramolecular electron
transfer in asymmetrical systems.?’

Notice that the orbital control of the oxidative isomerization
allows us to attempt a fine-tuning of the isomerization rates. A
calculation carried out on the model asymmetrical complex [trans-
P(OH);(PH;),(CO);Mn—CN—cis-Mn(CO),(PH;);]* (8, Tables
I'and IT) indicates that its HOMO has a larger contribution from
frontier orbitals of the cis fragment than in the case of the
analogous derivative with PH; as ligands. Consequently, the
dication produced upon oxidation is more delocalized, and the
increase in the charge of the cis-Mn site is more pronounced,
thereby increasing the rate of the isomerization process.
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