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Abstract

Complexes (u-L)[Mo(CO),(P"Bu,),], with cis-carbonyl ligands and symmetrically bridging bis(a-diimine) chelate ligands
L =2,2'-bipyrimidine (bpym) and 2,5-bis(2-pyridyl)pyrazine (2,5-bppz) were synthesized and studied in different oxidation states
by cyclic voltammetry, '"H NMR, EPR, IR and UV-Vis-NIR absorption spectroscopy. The combination of two very electron
rich d® metal centers with one 7 accepting bridging ligand results in rather small HOMO-LUMO energy gaps, as evident
from differences of about 1 V between the potentials for reversible oxidation and reduction and from intense charge transfer
absorptions at about 1 eV, i.e. in the near-infrared (NIR) region. Whereas the shifts of the carbonyl vibrational bands are
about equal for the reduction (low-energy shift) and the oxidation (high-energy shift) of the more stable bpym complex, the
EPR results reveal occupation of the o-diimine #* orbitals in the anionic forms and an Mo(I)/Mo(0) mixed-valent state with
a comproportionation constant K greater than 108 for the cation {(bpym)[Mo(CO),(P"Bu;),].}*. Electronic transitions observed
by UV-Vis-IR spectroelectrochemistry confirm these assignments of the redox orbitals; the maximum of the weak metal-to-
metal charge transfer band of the mixed-valent complex {(bpym){Mo(CO),(P"Bu,),],}* was found at 3700 nm (2700 cm™").
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1. Introduction

Compounds with efficient narrow-band absorption of
near-infrared (NIR) radiation are of interest as dyes
for diode lasers and corresponding applications in in-
formation technology [1-3]. One possible way to con-
struct such species is to use metal complexes with
intense charge transfer transitions [1,3]. In particular,
metal-to-ligand charge transfer (MLCT) excited states
are attractive for photophysical applications because
they are known to be relatively inert with respect to
dissociation [4]. Long-wavelength MLCT bands require

(i) one or more very electron rich metal center(s),

(ii) an acceptor ligand with rather low-lying unoc-
cupied orbitals, and
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(iii) a kind of interaction (e.g. via 7 orbital overlap)
between metal and ligand which is strong enough to
allow intense NIR absorption without causing a too
large energy splitting of metal and ligand # orbitals.
Polynuclear complexes with bridging acceptor ligands
can display two additional effects for narrowing the
HOMO-LUMO gap [3b], viz.,

(iv) the metal-metal interaction can split the donor
levels, thereby destabilizing the HOMO [5], and

(v) multiple metal coordination can further stabilize
the #* orbitals, in particular the LUMO of the acceptor
ligands [6].

In the following we describe two dinuclear Mo(0)
complexes, 1 and 2, which meet all requirements (i)—(v).
cis-Dicarbonylbis(trialkylphosphine)molybdenum(0) is
known to be an electron rich metal complex fragment
which can bind to aromatic and non-aromatic a-diimines
[7-9] and related unsaturated chelate ligands such as
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tetraaza-1,3-dienes [10]. On the ligand side, 2,2'-bi-
pyrimidine (bpym) and 2,5-bis(2-pyridyl)pyrazine(2,5-
bppz) are compounds which have rather low lying 7*
orbitals and which can form symmetrically dinuclear
complexes with modest ligand-mediated metal-metal
interaction [11-15]. The relatively small 7* molecular
orbital coefficients at the coordinating nitrogen centers
of bpym and 2,5-bppz [11] ensure that requirement
(iii) is fulfilled; accordingly, the previously reported
mononuclear complex (bpym)Mo(CO),(PR;),, R=n-
butyl, already showed a bathochromically shifted MLCT
absorption with respect to other related compounds
[8]. In contrast, ligands L with large 7* MO coefficients
such as 2,2'-bipyrazine [8], 3,3'-bipyridazine [8], 1,4-
diazadienes [7,9] or tetraazadienes [10] have yielded
complexes (L)Mo(CO),(PR;), with relatively high en-
ergy charge transfer transitions.
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In addition to the optical absorption data of complexes
1 and 2 and, in the case of the more stable system 1,
of its neighboring oxidation states, we report their
electrochemistry, 'H NMR and IR spectroscopy and
the EPR of paramagnetic forms in order to confirm
the MLCT character of the long-wavelength transi-
tions. In particular, the singly oxidized species
{(bpym)[Mo(CO),(PRs),L}* (1*) is an Mo(I)/Mo(0)
(d°/d®) mixed-valent complex; there are few examples
for this particular oxidation state combination [16-18]
and for mixed-valent dimolybdenum species in general
[17,19,20] while the related Ru(IITI)/Ru(II) systems are
very well established [5,12,21-24].

2. Results

Complexes 1 and 2 were obtained as fairly labile but
isolable species by the stepwise reaction of two equiv-
alents of Mo(CO),(CH,CN)(PBus,), with the free bis(a-
diimine) ligands in hexane. The "H NMR spectra re-
corded in non-coordinating Cy,D, confirm the sym-
metrically dinuclear arrangement (Fig. 1, Table 1); well

X
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Fig. 1. '"H NMR spectrum of complex 1 in C¢D; (X: solvent signal).

Table 1
'H NMR data of ligands and complexes

Compound 8 (ppm) J (Hz)
a-diimine P(n-Buj) ®

bpym * 8.32 (H4,6; d) 4.8
6.21 (H5; t)

1® 9.10 (H4,6; d) 1.37 (PCH,) 53
5.94 (H5; ) 1.25 (CH,)

0.89 (CHs)

2,5-bppz © 8.45 (H3; d) 8.3 (H3/H4)
7.86 (H4; dd) 7.2 (H4/H5)
7.37 (HS; dd) 5.5 (H5/H6)
8.74 (H6; d)
9.66 (Hyy; 5)

20 7.95 (H3; d) 1.47 (PCH,) 8.3 (H3/H4)
6.85 (H4; dd) 1.33 (CHy) 7.5 (H4/HS)
6.43 (HS; dd) 0.80 (CH,) 5.6 (HS/H6)
9.50 (H6; d)
9.99 (H,,; s)

* From measurements in CgDs.
® Multiplet signals.
¢In CDCl,.
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Fig. 2. (a) IR spectra in the CO stretching region for the redox
system 1'% as obtained by FTIR spectroelectrochemistry in CH,Cl,/
0.1 M Bu,NPF,. (b) Spectral changes during the conversion 1°—>1*.

Table 2
Carbonyl vibrational data from IR spectra

Complex HCO) (cm™?) Medium

blu b2u
1 1840 1785 hexane
1 1811 ¢ 1754 CH,C1,/0.1 M Bu,NPF,
1* 1891° 1808 CH,Cl,/0.1 M Bu,NPF,
1~ 1757 1684 CH,Cl,/0.1 M Bu,NPF
2 1815 1770 hexane

* Shoulder at 1840 cm™'.
* Reduced intensity, additional small band at 1921 cm™*.

separated doublets in the carbonyl vibrational spectra
(Fig. 2,, Table 2) further indicate the presence of
symmetrical species with cis-carbonyl configuration
[7-10].
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Although rather labile, complexes 1 and 2 show quite
reversible waves of equal intensity for the first oxidation
and reduction steps in their cyclovoltammograms (Fig.
3, Table 3). Processes beyond the first oxidation and
reduction are irreversible; in particular, there is a large,
essentially irreversible oxidation wave at about +0.27
V versus SCE (Fig. 3).

The monoanionic and monocationic paramagnetic
states could be generated electrochemically or chem-
ically, e.g. via reduction with K, in order to be studied
by EPR spectroscopy (Fig. 4, Table 4). The anions 1"~
and 2°~ gave extensively hyperfine-structured EPR spec-
tra which are typical for anion radical complexes [25]
and which can be simulated (Fig. 4) using established
(bpym'~, [26]) or calculated hyperfine parameters. For
the anion radical of the 2,5-bppz ligand with at least
seven different coupling nuclei we carried out a Hiickel
MO/McLachlan [27] perturbation calculation of the =

"By p..Bu’

Q: | /N\ _.c0o
N/m,

Bu,P P By Mo"/Mou

Mo’bpym™"Mo°

Mo™* /Mo
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Fig. 3. (a) Cyclic voltammograms of complex 1 in CH,Cl,/0.1 M
Bu,NCIO, at 50, 100, 200 and 500 mV s~! scan rate. (b) Extended
potential scale, showing the irreversible second oxidation at 100 mV
s~I. (*: signals due to decomposition products).

Table 3
Electrochemical data* of ligands and complexes

Compound E,. (le) E.. (le) E.. Solvent ®

bpym —1.73 (80) DMF

1 —-1.37 (80) —0.28 (60) +0.27¢ CH,Cl, or DCE
2,5bppz —1.49 (80) DMF

2 —1.46 (100) —0.40 (170) +0.27¢ DCE

® Potentials in V vs. SCE from cyclic voltammetry at 100 mV s~!
scan rate. Peak potential differences (in mV) in parentheses.

®0.1 M Bu,NCIO, as electrolyte; DCE = 1,2-dichloroethane.

¢ Peak potential for irreversible process with high anodic current
(see Fig. 3).
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Fig. 4. (a) EPR spectrum of 1'™ at 295 K in THF solution. (b)
Computer-simulated spectrum with the data from Table 4 and 0.06
mT linewidth.

(b)

Fig. 5. m spin populations p, for 2,5-bppz radical anion from HMO/
McLachlan calculations, using the Coulomb integral value Ay of the
four nitrogen centers as perturbation parameter.

spin populations (Fig. 5), the variation of the Coulomb
integral parameter hy reflecting the effect of double
chelate coordination by electrophilic metal centers
[25,26]. According to these results we made the
tentative assignments of coupling constants for {(2,5-
bppz)[Mo(CO,],} ~ as listed in Table 4; the spectrum
of 2"~ with additional *'P coupling and a total of 30 375
theoretical lines (!} could not be fully analyzed.

In contrast to the monoanionic species, the cation
1'* displayed an intense EPR signal only in the frozen
state; this and the almost axial g anisotropy at low
temperatures with g, ,>2 and g, <2 are characteristic
features of mixed-valent d°/d® species [18,23,28].

Use of a spectroelectrochemical cell [29] allowed us
to study the carbonyl vibrational and UV-Vis-NIR
absorption spectra of the more stable two-step reversible
redox system 1~/%*. The carbonyl stretching bands are
shifted by almost equal amounts to lower (anion) or
higher (cation) energies (Fig. 2, Table 2); re-generation
of 1 and the presence of isosbestic points confirm the
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Table 4
EPR data of paramagnetic species *
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Complex g a (mT)
JXP 14N IH
bpym'~"® 2.0030 0.143 0.492 (H5)
0.015 (H4,6)
(bpym™™)[Mo(CO),], ¢ 2.0023 0.228 0.495 (HS)
0.053 (H4,6)
1- 2.0011¢ 1.440 0.225 0.450 (HS5)
f (H4,6)
(2,5-bppz’ ")[Mo(CO),]. © 2.0028 0.374 (pz) 0.163 (H5)
0.163 (py) 0.108 (H3, H,,)
0.052 (H6)
2~ 2.0020 1.650 ! f
1* 2117¢ f f f

2 Measurements for anion radicals at room temperature in THF solution.

® From Ref. {26].
€a(®***’Mo)=0.105 mT.
¢ No g anisotropy observed at 110 K.

¢ Tentative assignments based on MO calculated = spin populations (Fig. 5).

‘Not sufficiently resolved.

& From electrochemical oxidation in CH,Cl,/0.1 M Bu,NPF: g, =2.216, g,=2.16, g,=1.97 at 110 K.

reversible nature of the electron transfer equilibria. In
the electron absorption spectra, both neutral complexes
exhibit intense charge transfer bands at very low energies
in the NIR region (Fig. 6, Table 5); one-electron
reduction and oxidation of 1 caused these features to
disappear. While reduction produces bands typical for
bpym ~ and its complexes [30], the one-electron oxi-
dation of 1 results in the formation of new bands at
800 and 543 nm; the expected [18,21-23,31] intervalence
or metal-to-metal charge transfer (MMCT) band could
not be observed in the region between 800 and 2500
nm. However, a careful inspection of the FTIR spectra
(Fig. 7) from spectroelectrochemistry in the mid-infrared
(MIR) region [32] revealed the reversible appearance
of a broad hump on oxidation (Table 5).

20000 15000 10000

v [em’]
Fig. 6. UV-Vis-NIR spectra from spectroelectrochemistry of 1°— 1+
in CH,Cl,/0.1 M Bu,NPF,. (*: detector switching).

30000 25000

3. Discussion
3.1. Spectroscopy of neutral complexes

Complexes 1 and 2 were synthesized via a standard
procedure as well soluble but rather labile and air-
sensitive materials. The P"Bu, ligands which were used
in order to avoid the common problem of poor solubility
of dinuclear complexes [18c] created difficulties in the
crystallization of compound 2; this complex also showed
very high dissociative lability, presumably due to the
non-equivalent coordination of individual molybdenum
centers by the pyridine and pyrazine nitrogen atoms.

'H NMR and carbonyl vibrational spectra confirm
the typical [7-10] cis-carbonyl/trans-phosphine arrange-
ment in symmetrically dinuclear complexes (cf. Fig. 3).
The comparatively [7-10] low values of #(CO)<1850
cm ™! for the neutral complexes illustrate the moderate
[11] = acceptor capability of the bpym and 2,5-bppz
ligands, rendering the Mo(0) centers still fairly electron-
rich. A comparison of the solvent-dependent values of
the neutral complexes confirms that the 2,5-bppz ligand
is a slightly poorer m acceptor ligand in that situation
than bpym. On the other hand, the spread-out chemical
shifts for the ‘aromatic’ protons already suggest that
there are close-lying (metal-to-ligand) charge transfer
excited states present. In particular, the two kinds of
protons of the dinucleating bpym ligand in 1 are quite
separate from each other in the '"H NMR spectrum
(Fig. 1). The protons H(4,4’,6,6') at carbon = centers
with a very small negative spin density in the reduced
state (7§ = b,, singly occupied [26]) are shifted downfield
to 6>9 ppm whereas the nuclei H(5,5') are shifted
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Table 5
Electronic absorption data for dimolybdenum complexes

Complex Amax (M) Solvent

MLCT1 MLCT2 ‘LF @
(bpym)[Mo(CO),], 670 452 392 toluene
1 1212, 1030sh 611 390 toluene
1 1195, 1025sh 604 388 CH;Cl;/0.1 M Bu,NPF¢
| S 800sh 543 375 CH,C1,/0.1 M Bu,NPF,
(2,5-bppz)[Mo(CO).}; ¢ 695 490 toluene
2 1350, 1140sh 795 530 toluene

™7)—>m9) ¢ m(7)— m(10) (6} - m(7)
(bpym’~)[Mo(CO),}, ¢ 819 480 356 DMF/0.1 M Bu,NBF,
1- 820 495 350 CH,Cl,/0.1 M Bu,NPF,

* Solvent-independent ‘ligand-field’ transition (tentative assignment, see Refs. {34,35]).

® Additional band (MMCT) at 3700 nm (Av;, 1300 cm™").
¢ From Ref. [11].

9 Values and assignments as intra-ligand (IL) transitions from Ref. {30].

nBUJP P"Bu; _]O/+ ‘

T T T T
3500 3000 2500 2000
v [em']
Fig. 7. NIR-MIR spectra from FTIR spectroelectrochemistry of
1“>1% in CH,Cl,/0.1 M Bu,NPF,.

upfield to §<6 ppm. The carbon = centers in 5,5
(para) position are known to exhibit a rather large spin
density in the anion radical state as evident from EPR
spectroscopy [26]; the contributions from close-lying
paramagnetic excited states [33] are therefore believed
to be quite strong for these compounds.

As expected [3b,7-9] for systems with long-wavelength
MLCT transitions, the replacement of Mo(CO), by the
more electron rich Mo(CO),(P"Bu;), fragment dras-
tically lowers the energy of those transitions. The
MLCT1 bands now lie in the NIR region, shifted by
7000 cm~ ! and thus reduced to about one half in energy
at the absorption maximum; these bands are resolved
into a main absorption feature (d —»m* [13,34]) and a
clearly visible high-energy shoulder. This shoulder can
be assigned either to an overlap-disfavored transition
from a different d orbital [9] or to the transition from
a different combination of d orbitals [13], considering
the possibility of metal-metal (d-d) interaction across
the bpym ligand (see below).

The second, more intense MLCT?2 bands are also
bathochromically shifted in the dicarbonyl complexes

relative to the tetracarbonyl analogues albeit to different
extents, viz., by about 5750 cm ™' for the bpym system
and by almost 8000 cm~' for the complexes of 2,5-
bppz. This result and the fact that the solvent insensitive
band (‘ligand field (LF) transition’ [35]) of bpym com-
plexes at about 390 nm remains unchanged lead to a
clear separation of the major absorption bands which
are considerably overlapping in the tetracarbonylmetal
analogues [13,34,35]. In view of the certainly diminished
ligand field splitting of the dicarbonyl relative to the
tetracarbonyl complexes the assignment of the rather
intense 390 nm feature to an LF transition [35] seems
quite unlikely. Further arguments for assignments in
the particularly intricate bpym system [13,34] are based
on spectroelectrochemical results which will be discussed
below.

3.2. Electrochemistry

The dinuclear complexes 1 and 2 exist only in a
remarkably narrow electrochemical potential range of
less than 1.1 V; they are reduced and especially oxidized
at easily accessible potentials. The reductions are typical
one-clectron processes of coordinated heterocyclic li-
gands [11] as confirmed by EPR spectra of the resulting
anions (see Fig. 4); the potentials are slightly more
positive than those of the corresponding free ligands
but distinctly more negative than the values of dinuclear
bpym and 2,5-bppz complexes with the less electron-
rich tetracarbonylmolybdenum fragment [11]. This
result indicates that the = backdonation from
Mo(CO),(P"Bus), almost compensates [18a] for the
polarizing o acceptor effect of the electrophilic metal
centers.

The first oxidation waves with the same current
intensity as the ligand-centered one-electron reduction
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signals have to be interpreted as a conversion to mixed-
valent, i.e. Mo(I)/Mo(0) cations. While d°/d® mixed-
valent dimers are well established for the elements of
Group 8, the number of Mo(I)/Mo(0) species is quite
limited [16-18]. The expected second oxidation wave
to the Mo(I)/Mo(lI) state is assumed to lie within the
intense, largely irreversible wave at about +0.27 V
versus SCE (Fig. 3).

According to Eq. (1), the difference between the
anodic peak potentials for first and second oxidation
of 1 yields an estimate for the comproportionation
constant K, of 6x10% This value is much larger than
the K. =5 X 10* determined for the related bpym-bridged
4d°/4d® dimer {(bpym)[Ru(bpy).].}’* [12,36], a result
which suggests considerably stronger metal/bpym/metal
(d/=*/d) orbital interaction [5] in the case of the low-
valent molybdenum fragments with their very much
destabilized 4d orbitals.

Kc — [M + ]2/[M] [M2+ ]
log K. = AE/0.059 V 1)

The slightly less negative value of the oxidation
potential for 1 relative to 2 reflects the stronger donor
ligand bpym [6,11] with its symmetrical chelate coor-
dination; asymmetrical coordination of the individual
metal centers by the 2,5-bppz ligand may weaken the
metal-ligand bonds in 2.

In agreement with previous practice [6,11,18¢,37],
the energies E,, of the long-wavelength absorption
bands (MLCT1) can be correlated with the separations
Eox —E.ca=AE .40 the remaining difference y in ap-
proximation (2) being ascribed to contributions from
intra- and intermolecular reorganization after ‘vertical’
optical excitation.

Eop (lIl eV) = AEred/Ox (ln V) +X (2)

When comparing electrochemical and spectroscopic
data (Tables 3 and 5) for complexes 1 and 2, the y
values come out unexpectedly as small negative numbers
(—0.05 and ~0.14 (e)V, respectively), indicating the
approximative nature of relation (2); an alternative
explanation based on two different m* orbitals involved
[34] is given further below. In any case, the correlations
of optical and electrochemical data suggest a small
reorganization energy which is not unexpected in view
of similar observations for the related complexes
(1-L)[M(CO)5(P'P13),],, L = pyrazine or 4,4'-bipyridine;
M=Mo, W [18c].

3.3. EPR and UV-Vis—IR spectroelectrochemistry

Unambiguous information about the oxidation state
distribution in paramagnetic species, including radical
ion complexes [25,38] and mixed-valent systems [39],
canbe obtained from EPR spectroscopy. In fact, complex

1 is one of the few well-documented examples in metal
carbonyl chemistry where reversible one-electron re-
duction and oxidation allow the exact determination
of the kind of frontier or ‘redox’ orbitals and thus, in
the one-electron approximation, the MLCT nature of
the lowest lying excited state.

The anion radical complex 1~ = (bpym ~)-
[Mo°(CO),(P"Bus,),], has EPR characteristics similar
to those of the bis(tetracarbonylmolybdenum) analogue
[26], with the addition of a quintet hyperfine splitting
from four equivalent *>'P nuclei (Fig. 4, Table 4). The
magnitude of that splitting in 1"~ and 2°~ is in the
expected range for systems with M-PR; bonds parallel
to the 7 system representing the singly occupied mo-
lecular orbital (SOMO) [7,8,18c¢]; the a(*'P) splitting
for 1"~ is only slightly smaller than the value of 1.593
mT [8] for the corresponding mononuclear radical
complex. Both anion radical complexes show the ex-
pected [25] decrease of the g factor due to the presence
of triorganophosphine ligands with their low-lying un-
occupied orbitals [8,40].

While the anionic complexes did not exhibit a de-
tectable g anisotropy in frozen solution, the low-tem-
perature spectrum of the cationic species 1* shows an
essentially axial signal without ligand hyperfine splitting.
The perpendicular features of the g tensor components
(g, and g, in Table 4) are distinctly higher than those
(gL 2.0655) of the related, recently reported Mo(I)/
Mo(0) mixed-valent compound {(u-pz)[Mo(CO),-
(P'Pr3),].}*, pz=pyrazine [18b,c]; the g, values, on the
other hand, are comparable at about 1.97. This result
may be due to different geometrical deviations from
ideal octahedral symmetry, however, it is probably also
a consequence of the more pronounced metal character
of the singly occupied MO in 17 because of only two
‘covalent’ bonds to CO from each metal instead of
three in the mentioned pyrazine-bridged complex. Che-
late ligand-bridge 4d°/4d® mixed-valent systems com-
pletely without backdonating co-ligands such as 3 display
a still more pronounced g anisotropy [23].

Ru\ —| 5+
I N\_ /4 N\ ¢\
=N = —_—
Ru
(NH,),
3

Carbonyl vibrational spectroscopy and spectroelec-
trochemistry have frequently been used to study the
effects of one-electron reduction or oxidation [41] or
of (de)localization in symmetrical mixed-valent systems
[42]. Given the clear evidence from EPR about the
electronic structures of anions and cations we obtained
the corresponding 1(CO) data in order to evaluate this
method for the question of electronic delocalization
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and oxidation state assignment. The results summarized
in Table 2 show the expected [18c,41,42] shifts of »(CO)
to lower energies on reduction and to higher energies
on oxidation of 1; furthermore, the complete disap-
pearance of Mo°(CO), features on oxidation to 1*
strongly suggests a valence-delocalized species Mo(0.5)/
Mo(0.5) on the vibrational time scale [18b,c,42] (Class
I behavior [31]).

It is surprising however, that the difference A»(CO)
between 1 and the corresponding anion with its bpym-
centered SOMO is about the same as that of the cation
with its carbonylmetal-based spin. Evidently, the car-
bonyl vibrational frequencies are not directly useful in
determining the predominant site of electron transfer
(metals or ligands), specific metal-carbonyl bonding
effects probably being responsible for that situation.
The splitting of the two dicarbonylmetal bands (b,
b,,) is not very variable; it is largest for the cation and
smallest for the neutral complex 1.

The UV-Vis-NIR spectroelectrochemical results are
straightforward in the case of the reduction of 1; the
positions, shapes and intensities of the new bands for
1’ are very similar to those of the bis(tetracarbonyl-
molybdenum) analogue (Table 5). Electron transfer to
the ligand 7* orbital reduces the intensity of the MLCT
band (the target orbital is now singly occupied) and
shifts this transition to higher energy because of strongly
increased ligand donor strength and thus stabilized d
orbitals [30].

On oxidation, all three well discernible long-wave-
length bands of 1 shift to higher energies, especially
the MLCT1 feature. Such a behavior is not unexpected
for MLCT bands in dinuclear complexes which undergo
an oxidation to the mixed-valent state [18c,43]; it simply
reflects the stabilization of d orbitals on oxidation. In
view of the similar relative intensities, ligand and solvent
sensitivities, we assign the MLCT1 and MLCT2 bands,
respectively, as listed in Table 5. In agreement with a
previous detailed study on (bpym)[M(CO),],, M=Mo,
W [34], we have to identify the MLCT1 band with the
d,, —a, transition and the more intense MLCT2 band
with the d.—b,, transition although it is clearly the
b,, orbital which is the singly occupied MO in the
anion 1'~. This orbital reversal between the excited
versus the reduced state would explain the negative y
values according to Eq. (2) because the ‘redox’ orbital
b,, of the anionic state would then not be identical
with the ‘optical’ target orbital a, of the lowest-lying
MLCT excited state.

onel

Mixed-valent complexes like 1* with similar and
potentially interacting metal sites should be distin-
guished by a special, usually long-wavelength absorption
band which may be described as an MMCT or inter-
valence transition (IT) in the localized formulation,
here Mo(I)/Mo(0), or as a transition between two
different metal MO combinations in the delocalized
form, here Mo(0.5)/Mo(0.5) [18¢,21,43,44]. The intensity
and energy of such bands has often been indiscriminately
correlated with the electrochemically determined com-
proportionation constant, K., regardless of differences
in the metal-ligand orbital orientation; however, our
recent results on complex 3 showed a rather weak,
apparently overlap-disfavored MMCT band at 1453 nm
(e 500 M~' cm™') despite an enormous K, value of
10" [23]. It was not completely unexpected, therefore,
to finally discover the MMCT feature of 1" with its
smaller K. of 6X10® as a rather weak band at very
low energies of 2700 cm™’, corresponding to 3700 nm,
in the MIR region (Fig. 7). While the molar extinction
could not be determined in this case, the bandwidth
at half-height Av,, of about 1300 cm~" is fully com-
patible with the expected electronic transition
[18c,21,43].

Both the energy and the intensity of the MMCT
transition of the mixed-valent cation 1* are thus un-
usually small, despite the fact that the electrochemical
constant K, is at least as large as that of the
Creutz-Taube ion, {(u-pz)[Ru(NH,),,}’* [21,43-45].
As pointed out previously [23], the relation between
K. and optical data is only valid for compounds with
comparable metal-ligand interfaces, i.e. with similar
orbital overlap features. As 3 and now 1% show, the
situation in bis(chelate) ligand-bridged systems is very
different from that in the more familiar non-chelate
ligand-bridged complexes of the kind of the
Creutz-Taube ion [18c,21,43-45]. In both instances,
however, a three-site model [5,44] can describe the
interaction between two metal centers and a bridging
ligand system with low-lying 7* acceptor orbitals; bridg-
ing by  electron-donating ligands such as bis(chelating)
diacylhydrazido compounds leads to very different spec-
troscopic effects [5,22,46].

4, Experimental

4.1. Materials and syntheses

2,2'-Bipyrimidine was used as commercially avail-
able; 2,5-bppz [47], (2,5-bppz)[Mo(CO),], [11] and
Mo(CO),(PBu,),(CH,CN) [48] were prepared accord-
ing to literature procedures.
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4.1.1. (p-bpym)[Mo(CO),(PBu;).], (1)

135 mg (0.85 mmol) 2,2'-bipyrimidine and 1400 mg
(1.74 mmol) acetonitriledicarbonyltris(tri-n-butylphos-
phine)molybdenum(0) were suspended in 25 ml hexane.
Immediate formation of a blue—purple color indicated
the rapid reaction via the mononuclear complex [8].
After 3 h the solution was slowly concentrated in vacuo
to about 5 ml and the precipitated complex was filtered
from the solution to give the dark, highly soluble material
in 60% yield. Anal. Found: C, 55.95; H, 9.13; N, 4.06.
Calc. for CgoH,;,.M0,N,O,P, (1271.4): C, 56.68; H, 9.04;
N, 4.41%.

4.1.2. (pu-bppz){Mo(CO),(PBus),]. (2)

200 mg (0.85 mmol) 2,5-di(2-pyridyl)pyrazine and
1400 mg (1.74 mmol) Mo(CO),(PBu;);(CH,CN) were
reacted in 100 ml hexane. After 180 min the solvent
was removed to yield a dark and very sensitive, non-
crystalline material in about 50% yield. "H NMR spec-
troscopy (Table 1) showed the formation of 2 but
suggested also that small amounts of free PBu,; were
responsible for the reluctance to crystallization. At-
tempts to remove PBu, by extraction with hexane
remained unsuccessful; an elemental analysis of the
extremely air-sensitive viscous product was not possible.

4.2. Instrumentation

EPR spectra were recorded in the X band on a
Varian E9 spectrometer and on a Bruker System ESP
300, equipped with a Bruker ER035M gaussmeter and
an HP 5350B microwave counter. NMR spectra were
taken on a Bruker WH 270 spectrometer. Cyclic vol-
tammetry was carried out in dry DMF, dichloromethane
or 1,2-dichloroethane (DCE)/0.1 M Bu,NCIO,, using
a three-electrode configuration (glassy carbon working
electrode, SCE reference, Pt counter electrode) and
a PAR 273/175 potentiostat/function generator. For
complex 1 the ferrocene/ferrocenium couple FeCp,”*
was used as internal standard (Fig. 3).

IR spectra were measured on Perkin-Elmer 684 and
Philips PU9800 FTIR systems, UV-Vis~-NIR spectra
were recorded on a Bruins Instruments Omega 10
spectrophotometer. EPR [49], UV-Vis-NIR and IR
spectroelectrochemistry [29] was performed using pre-
viously described cells and CH,Cl,/0.1 M Bu,NPF, as
electrolyte.
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