Mono- and di-nuclear complexes of molybdenum carbonyl derivatives with
pyridine-2-carbaldehyde azine and phosphines: syntheses, structure,
spectroscopic and electrochemical characterisation and solvatochromic

effectst

Juan Granifo,** Moisés E. Vargas,® Elaine S. Dodsworth,** David H. Farrar,® Scott S. Fielder® and

A. B. P. Lever®

4 Departamento de Ciencias Quimicas, Universidad de La Frontera, Casilla 54-D, Temuco, Chile
> Department of Chemistry, York University, North York, Ontario, Canada M3J 1P3
¢ Department of Chemistry, University of Toronto, Toronto, Ontario, Canada M5S 3H6

Complexes containing phosphorus-donor ligands, [Mo(CO)5(PPh;)(pa)] (pa = pyridine-2-carbaldehyde azine),
[Mo,(CO),(PPhy),(k-pa)], [Mo,(CO),(PPhs)(u-pa)] and [Mo,(CO)(n-dppe)(u-pa)] [dppe = 1,2-
bis(diphenylphosphino)ethane], have been characterised by infrared and electronic spectroscopy, cyclic
voltammetry and for the [Mo,(CO)¢(u-dppe)(p-pa)] complex a single crystal X-ray structure. All of the
complexes show strong solvatochromism which has been analysed both by using the empirical parameter
E*yLcr and by using McRae’s equation. The results are compared with those of their parent complexes
[Mo(CO),(pa)] and [Mo,(CO)g(u-pa)], and with the results of extended-Hiickel calculations with charge

iteration.

Polynuclear complexes involving chelating polypyridyl ligands
have been of increasing interest recently,’ and a number of
molybdenum and tungsten carbonyl derivatives have been
studied.? ® The nature of the bridging ligand, in these
multimetallic complexes, has a significant influence upon the
communication between the metal centres.” In the case of a
weak interaction the properties of the polynuclear complexes
are simply the addition of their molecular components. In the
case of strong interaction, the properties are different when
compared with those of the mononuclear components. In a
series of ligands reported by Haga and Koizumi® pyridine-2-
carbaldehyde azine (pa) was found to have a strong interaction
between the two ends of the ligand; it was therefore expected to
facilitate interaction between the two metals in the [Mo(CO),]
derivatives.

We report here the behaviour of this system when CO groups
are replaced by phosphines, which make the metal more
electron-rich so that it should interact more strongly with the
bridging ligand n* system **-3¢® and might also interact more
strongly with the second metal in the dinuclear species. For
comparison with the respective mononuclear parent complexes
we have also prepared the new tetracarbonyl complex
[Mo(CO)4(pa)]. Thus, the triphenylphosphine complexes
[Mo(CO);(PPh;)(pa)] (mononuclear), [Mo,(CO)s(PPh;),(u-
pa)] (symmetric dinuclear) and [Mo,(CO),(PPh;)(u-pa)]
(asymmetric dinuclear) have been isolated and investigated by
spectroscopic and electrochemical methods. In addition, the
diphosphine-bridged compound of formula [Mo,(CO)(u-
dppe)(p-pa)] [dppe = 1,2-bis(diphenylphosphino)ethane] has
been isolated; the crystal structure of this species shows a
dinuclear complex with an intramolecular dppe bridge and
thus a more rigid structure than the analogous [Mo,(CO),-
(PPh;),(p-pa)] complex. The electronic structures of all these

t Supplementary data available (No. SUP 57177, 3 pp.): electronic
absorption maxima of the molybdenum pyridine-2-carbaldehyde azine
complexes in various solvents. See Instructions for Authors, J. Chem.
Soc., Dalton Trans., 1996, Issue 1.

Non-S1 unit employed: eV = 1.60 x 1071° J.

pa

species have been modelled by using extended-Hiickel
molecular orbital (EHMO) theory with charge iteration. We
were interested to know how well this theory would model the
behaviour of this type of complex.

These complexes are also of interest from the point of view of
their solvatochromic behaviour.””!? The dinuclear species
contain two dipoles which may, in principle, be parallel,
antiparallel, orthogonal, or somewhere in between (subject to
steric constraints). We have previously discussed the question of
whether the two halves of such a dinuclear species interact
essentially independently with the solvent and whether the
excited state is localised on one or both metals ezc.® The data
presented here help to clarify some of these issues.

Experimental
Preparation of complexes

All the reactions were carried out under nitrogen and with
deaerated solvents. The compounds [Mo(CO)4], PPh; and
Ph,PCH,CH,PPh, (dppe) were purchased from Aldrich
Chemical Co. Pyridine-2-carbaldehyde azine,'* [Mo(CO),-
(pip),] (pip = piperidine)'* and [Mo,(CO)g(u-pa)]® were
obtained following similar methods to those described in the
literature. The complexes, [Mo(CO);(NCMe)(pa)] and
[Mo,(CO)s(NCMe),(u-pa)] were isolated according to the
procedure described in the literature !> for preparing aceto-
nitrile derivatives by refluxing [Mo(CO),(pa)] or [Mo,(CO),-
(u-pa)] in MeCN for 2 h.

[Mo(CO) (pa)]. A mixture of pyridine-2-carbaldehyde azine
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Table 1  Analytical and IR spectroscopic data for the molybdenum pyridine-2-carbaldehyde azine complexes

Compound Analysis® (%) IR”/cm !
C H N v(C=0)

[Mo(CO),(pa)] 45.3 (46.0) 2424 13.5(13.4) 2005, 1915, 1875, 1820
[Mo(CO),(PPh;)(pa)] 60.1 (60.7) 3739 8.8 (8.6) 1910, 1825, 1790
[Mo0,(CO)¢(PPh;),(p-pa)] 58.9(59.2) 3737 5.4(5.1) 1910, 1830, 1795
[Mo,(CO)g(p-dppe)(p-pa)]-0.6CH,CI, 52.2(52.5) 3.5(.5) 5.5(5.5) 1915, 1830, 1795
[Mo,(CO),(PPh,)(p-pa)] 52.0(52.7) 2.8(2.9) 6.6 (6.5) 2010, 1920, 1880, 1825, 1790

“Required values are given in parentheses. ® As KBr discs.

(1.18 g, 5.6 mmol) and [Mo(CO),(pip),] (1.77 g, 4.7 mmol) in
diethyl ether (100 cm?®) was stirred overnight. The resulting
purple solution with a dark precipitate {mainly [Mo(CO),(pa)]
and [Mo,(CO)g(p-pa)]} was filtered and the solid was washed
twice with 10 cm?® portions of diethyl ether. The complex
[Mo(CO)4(pa)] was obtained by soxhlet extraction with diethyl
ether for 5 h. The crystalline dark brown [Mo(CO),(pa)] was
filtered off and washed with diethyl ether. Yield 0.44 g (22%).

[Mo(CO)y(PPhy)(pa)],  [Mo,(CO)(PPhy),(n-pa)]  and
[Mo,(CO)s(n-dppe)(p-pa)]. These complexes were prepared by
similar methods from fresh samples of the above acetonitrile
derivatives. The following procedure is typical.

[Mo,(CO)¢(u-dppe)(p-pa)]-0.6CH,Cl,. To a solution of
freshly prepared [Mo,(CO)s(NCMe),(u-pa)] (0.26 g, 0.40
mmol) in CH,Cl, (90 ¢cm?®) was added dppe (0.159 g, 0.40
mmol) and the mixture was stirred for 2 h. The dark green
solution was then filtered, 45 cm?® of MeOH were added to the
filtrate and the solution was refrigerated overnight. Dark green
crystals were separated by filtration, washed with three portions
of MeOH (10 cm?) and dried in vacuo. Yield 0.30 g (74%).

[Mo,(CO),(PPh;)(u-pa)]. To a solution of [Mo(CO),(PPh)-
(pa)] (0.125 g, 0.019 mmol) in CH,Cl, (10 cm?®) was added
[Mo(CO)4(pip),] (0.073 g, 0.019 mmol). The green-blue
solution was stirred for 1 h, filtered and evaporated to dryness.
The solid was washed three times with hot MeOH (10 cm?) and
the black residue was dissolved in CH,Cl, (10 cm?) and the
solution filtered. Upon addition of petroleum cther (b.p. 40-
60 °C, 50 cm?) black crystals formed. Yield 0.05 g (30%).

Elemental analyses of all compounds isolated are presented
in Table 1.

Instrumentation

Infrared spectra were recorded on a Perkin-Elmer 577
spectrophotometer, and electronic spectra on a Spectronic 3000
or HP 8452 diode array spectrophotometer or a Varian-Cary
2400. Cyclic voltammograms were obtained in dimethylforma-
mide (dmf) containing tetrabutylammonium hexafluorophos-
phate (0.1 mol dm3) as supporting electrolyte. Three-electrode
measurements were carried out with a RDE 3 potentiostat (Pine
Instruments) and an X-Y recorder. A platinum-disc working
electrode, platinum wire auxiliary electrode and a AgCl-Ag
reference electrode [with internal reference ferrocenium—
ferrocene, 0.493 V vs. saturated calomel electrode (SCE) in
dmf*¢] were used in the cyclic voltammetry experiments.

Theoretical methods

Electronic structure calculations were performed at the
extended-Hiickel or semiempirical levels on a Silicon Graphics
4D/35 or R4000 Indigo computer. Semiempirical AMI
calculations were performed using the SPARTAN 3.1 system of
programs (Wavefunction Inc., Irvine, CA). Constrained
optimisations were carried out using the method of Baker.!”
Geometry optimisations at the AMI level used a BF,"
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fragment to mimic the effect of the metal.'® It was necessary to
constrain the B-N distances to prevent the boron from being
three-co-ordinate. Extended-Hiickel calculations with charge
iteration'® and oscillator strength calculations?%2! were
carried out using in-house code, with parameters from Vela and
Gazquez,?? from geometries obtained from the SPARTAN
molecular mechanics routine. Our method?! of calculating
oscillator strengths differs slightly from that of Calzaferri and
Rytz.2° The Mo—CO distances were constrained to be 1.94 A
(Mo-N and Mo-P obtained from SPARTAN agree well with
the crystal structure data) and dihedral angles were constrained
where necessary. Methyl groups were used instead of phenyl
rings in the dppe and PPh; model complexes to simplify the
structures.

Crystal-structure determination of [Mo,(CO),(u-dppe)(n-pa)]l:
0.6CH,CL,.

Dark green crystals of C,,H3,Mo0,N,O.P,-0.6CH,Cl,, were
grown from CH,Cl,-MeOH by slow cooling. A malformed
dihedron of approximate dimensions 0.17 x 0.18 x 0.45 mm
was mounted on a glass fibre.

Crystaldata. C,,H,,Mo,N,OP,-0.6CH,Cl,, M = 1019.56,
monoclinic, space group C2/c¢, a = 23.017(5), b = 12.219(4),
c=17.2924) A, B = 95.15(2)°, U = 4844(2) A, Z = 4, D, =
1.40gem 3, T = 25°C, M(Mo-Kx) = 0.710 73 A, p(Mo-Kx) =
0.70 mm !, F(000) = 2052.8.

Data collection and processing. Accurate cell dimensions and
crystal orientation matrix were determined on a CAD-4
diffractometer by a least-squares treatment of the setting angles
of 25 reflections in the range 14 < 6 < 29°. Intensities of
reflections with indices # —24 to 24, k 0-13, [ 0-18 with
1 < 6 < 22.5° measured, ®-20 scans, o scan width (0.9 + 0.35
tan 0)°; graphite-monochromatised Mo-K« radiation; intensi-
tics of three reflections measured every 2 h showed an average
decrcase of 15.6%. The 3158 reflections measured were
corrected for Lorentz and polarisation effects. Data were
corrected for decay. Crystal faces were identified as the forms
{110} and {001}. 2948 Data with / > 3o(/) were labelled,
observed and used in the structure solution and refinement.
Due to the malformed nature of the crystal, the data were
corrected for absorption by the program DIFABS (minimum,
maximum correction 0.851/1.091).2% This correction lowered
the R factor by approximately 0.01 and slightly improved the
Mo and P thermal parameters.

Structure analysis and refinement. An examination of the
statistics associated with the intensities suggested that the space
group was centrosymmetric. The space group C2/¢ was
determined by the systematic absences (hk/ absent if & + k =
2n + 1, h0l absent if / = 2n + 1) and by a successful structure
solution and refinement. The structure was solved by the heavy
atom method. Refinement was by full-matrix least-squares cal-
culations on F, initially with isotropic and then with anisotropic
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Table 2 Sclected bond lengths (A) and angles (°) for [Mo,(CO)4(u-
dppe)(pu-pa)]-0.6CH,Cl, with estimated standard deviations in
parentheses

Mo-C(1) 1.927(7) Mo-C(2) 1.939(7)
Mo-C(3) 1.972(7) Mo-N(1) 2.255(5)
Mo-N(2) 2.239(5) Mo-P 2.5347(18)
C(2)-Mo-C(1) 87.96(30)  C(3-Mo-C(1) 85.87(30)
N(1)-Mo-C(1) 100.97(25)  N(2)-Mo-C(1) 172.82(25)
P-Mo-C(1) 93.04(23)  C(3)-Mo-C(2) 87.58(30)
N(1)-Mo-C(2) 170.90(24)  N(2)-Mo-C(2) 99.20(24)
P Mo-C(2) 88.38(23)  N(1)-Mo-C(3) 94.76(23)
N(2)-Mo-C(3) 94.82(24)  P-Mo-C(3) 175.84(20)
N(2)-Mo-N(1) 71.86(18)  P-Mo-N(1) 89.39(14)
P-Mo-N(2) 86.77(14)  C(11)-N(1)-Mo 118.0(4)
C(12)-N(2)-Mo 116.8(4) C(12-C(1D-N(1)  117.4(6)
N@Q2)-C(12)-C(11)  115.8(6) C(4)-P-Mo 114.03(22)
C(4)-C(4)-P 110.2(3)

Fig. 1 Perspective view of the [Mo,(CO)¢(u-dppe)(n-pa)] complex
showing the atom numbering scheme. Phenyl rings are omitted for
clarity. 25%, Probability ellipsoids are shown

thermal parameters. The lattice also contains a disordered
molecule of CH,Cl,. The major orientation of the solvent
molecule refined to an occupancy factor of 0.5 with three other
orientations at a total site occupancy of 0.1. In the final rounds
of calculations the hydrogen atoms were positioned on
geometric grounds (C—H 0.95 A) and included (as riding atoms)
in the structure factor calculation. These atoms were assigned
general isotropic thermal parameters; U;,, 0.07 A2. The final
cycle of refinement included 301 variable parameters, R =
0.051, R’ = 0.057, goodness of fit 3.89, w = l/[cX(F,) +
0.000 08(f,)*]. Maximum shift/e.s.d in final refinement cycle
0.07: density in the final difference map in the range —0.59 to
0.80 ¢ A *: the largest peak at position (0.4148, 0.2479, 0.1644)
was associated with the disordered solvent molecule. No
correction was made for secondary extinction. Selected bond
distances and angles are given in Table 2. All calculations were
carried out on an Apollo computer using SHELX 76 and
SHELX 86.%*

Complete atomic coordinates, thermal parameters, and bond
lengths and angles have been deposited at the Cambridge
Crystallographic Data Centre (CCDC). See Instructions for
Authors J. Chem. Soc., Dalton Trans. Issue 1, 1996. Any request
to the CCDC for this material should quote the full literature
citation and the reference number 186/247.

Results and Discussion

The new compounds isolated in this work (Table 1) are dark
blue or green crystalline solids, which are air-stable and soluble
in common organic solvents.

Crystal structure of [Mo,(CO)4(u-dppe)}(p-pa)]-0.6CH,CI,

A diagram of the structure of the dinuclear complex
[Mo,(CO)¢(u-dppe)(u-pa)] is shown in Fig. 1. The structure
consists of a double bridge bonding the two metal centres. The
pa ligand is not planar [dihedral angle C(11),N(1),N(1"),
C(11"),1is —141(1)°] due to the shortness of the P-C(4)-C(4")-P’
chain of the dppe ligand linking the metal atoms. The ligand is
closer to the trans than to the cis configuration. The co-
ordination around the molybdenum atoms is distorted
octahedral, as is typical for this type of system.?* The distortion
1s produced by the five-membered ring of the bonded pa ligand
in which the N(1)-Mo-N(2) angle is only 71.86(18)°. The Mo-P
distance of 2.5347(18) A is in the range expected for complexes
involving molybdenum carbonyl derivatives and diphos-
phines 2® and is comparable to a mean value of 2.52(6) A
obtained for the 1606 Mo—P(phosphine) distances reported in
the Cambridge Structural Database.?” The two Mo-N bonds,
2.255(5) and 2.239(5) A, are chemically different but statistically
equivalent. The distances associated with the three Mo-C=0
groups are statistically indistinguishable and comparable to
other molybdenum carbonyl derivatives.”® The bond angles
and lengths in the ligands do not vary greatly from expected
values.?®

Infrared spectra

The carbonyl stretching frequencies of the new compounds are
given in Table 1. The bands of the monometallic complex
[Mo(CO),(pa)] are typical of [Mo(CO),(diimine)] species.?’
The [Mo(CO)3(PPh;)(pa)], [Mo,(CO)s(PPh;),(p-pa)] and
[Mo,(CO)¢(u-dppe)(u-pa)] complexes show similar v(CO)
absorptions which reveal the facial conformations of their CO
groups.®® In the asymmetric dinuclear complex, [Mo,(CO),-
(PPh;)(p-pa)], the five bands are probably duc to the super-
position of the bands of the cis and fac structure of its carbonyl
groups.

Theoretical results

AMI1 Calculations were carried out on pyridine-2-carbaldehyde
azine and the mono- and di-nuclear BF, " complexes in order to
find the lowest energy conformations of the ligand prior to
using the EHMO method for two model complexes. The BF,*
group has been used previously to mimic the net electron
withdrawing effect of co-ordinating a metal fragment to a
ligand.!®

The azine has a lowest energy conformation with a dihedral
angle, C(11),N(1),N(1"),C(11"), of 102° in the centre, and
neither end is planar; the pyridine rings are twisted out of the
plane of the central part of the ligand by about 50°. Therefore
pa cannot be described as either cis or trans, though it is closer
to the trans configuration. When BF, " is co-ordinated both the
mono- and di-nuclear species are essentially planar (and trans)
after performing a gecometry optimisation (with B-N distances
constrained) at the AM1 level. The choice of B-N distances did
not affect the results qualitatively. Thus we will assume pa to be
planar in all complexes except the dppe-bridged species. This
assumption is consistent with the spectroscopic data (see
below).

Extended-Hiickel molecular orbital calculations have been
carried out for mono- and di-nuclear [Mo(CO),] complexes,
PMe;-substituted species to model the PPh; complexes, and a
dppe-bridged model (using Me,PCH,CH,PMe,, dmpe, in
place of dppe). The results (metal-ligand interactions, energies
and transition intensities) are similar for the carbonyl and
phosphine-substituted species. Calculated orbital energies and
percentage composition data are given in Tables 3 and 4.

Both AMI1 (BF,” complex) and extended-Hiickel (Mo
complexes) calculations show the lowest unoccupied molecular
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Table 3 Calculated energies of the valence orbitals*

Mononuclear complexes

HOMO-2 HOMO-1 HOMO LUMO LUMO+1
[Mo(CO),(pa)] —11.03° —10.99° —10.63 —10.07 —9.07
[Mo(CO),(PMe,)(pa)] ~10.18 ~10.12 ~10.09 —9.74 —8.89
Dinuclear complexes
HOMO-5 HOMO-4 HOMO-3 HOMO-2 HOMO-1 HOMO LUMO LUMO+1
[Mo,(CO)(n-pa)] —~11.07 —11.065 —11.03 —~11.02 ~10.68 —10.63 —10.31 —9.46
[Mo,(CO)¢(PMes),(u-pa)]¢ —10.21 —10.16 ~10.12 —10.11 —10.08 —~10.06 —9.79 —9.05
[Mo,(CO)4(p-L)(u-pa)]* —10.23 —10.17 —10.13 —10.11 —10.09 —10.03 —-9.67 —9.09
[Mo,(CO),(PMe,)(u-pa)] —11.02¢ ~10.99¢ —10.62° —10.307 ~10.237 —~10.197 ~10.03 —9.21

“ Energies are given in eV. ® The pyridine-based o orbital that is calculated to be the HOMO-1 in [Mo(CO),(pa)] has been omitted to avoid confusion
since it lies below the Mo d levels in all the other complexes. ¢ Data given for C; symmetry isomer, energies for C, isomer are the same within + 0.01
eV.*L = dmpe or dppe. ° Orbital localised on [Mo(CO),] end of the complex. / Orbital localised on [Mo(CO),(PMe;)] end of the complex.

Table 4 Calculated percentage composition of the valence orbitals®

Complex HOMO-5 HOMO-4 HOMO-3
[Mo(CO).(pa)]
[Mo(CO);(PMe;)(pa)]
[Mo,(CO)g(p-pa)] 41.1 39.8¢ 41.9
6.0 8.6 3.6
[Mo,(CO)s(PMe;),(p-pa)]? 333 44.6 47.1
33.8 11.3 2.1
[Mo,(CO)4(p-L)(p-pa)]¢ 34.4 45.1 47.0
30.6 10.5 4.5
[Mo,(CO)5(PMe,)(u-pa)] 40.77 42,07 48.37
6.3/ 3.2/ 3.0/

HOMO-2 HOMO-1 HOMO LUMO LUMO+1
40.3° 41.7* 483 1.0 0.1
7.3 3.2 33 96.1 98.5
38.0 46.7 47.4 7.0 0.9
25.0 32 2.6 84.1 96.5
42.5 48.3 48.8 1.7 0.5
24 2.3 34 94.4 959
47.1 473 47.4 11.9 24
3.5 2.6 3.1 73.6 91.6
47.3 47.6 44.0 12.4 2.8
2.0 2.8 6.0 72.6 90.3
36.5¢ 47.5° 47.6° 8.3 1.7
27.6¢ 3.0 2.8¢ 81.4 93.3

¢ For each complex the first line contains the percentage Mo and the second line the percentage pa. ® The pyridine-based o orbital that is calculated to
be the HOMO-1 in the [Mo(CO),(pa)] complex has been omitted as in Table 3. ¢ This orbital is the in-phase combination of Mo d, . orbitals, which
always has the lowest percentage Mo since it mixes most strongly with the pa ligand-based LUMO; in the other complexes the in-phase combination
lies lowest. ¢ Data given for C; symmetry isomer, percentages for C, isomer are the same within +0.2%. * L = dmpe. / Orbital localised on
[Mo(CO),] end of the complex. ¢ Orbital localised on [Mo(CO),(PMe;)] end of the complex.

orbital (LUMO) and LUMO + 1 in the dinuclear species to be
a pair of n* orbitals extending over the whole pa ligand and
differing only in the presence or absence of a node bisecting the
central N-N bond (Fig. 2). As the central dihedral angle
increases the relative energies of these two orbitals change, the
LUMO increases and the LUMO +1 decreases in energy and
they become a degenerate pair at a dihedral angle of 90°.

Similar results are obtained for the mononuclear complexes.
Both the LUMO and LUMO+1 are distributed over the
whole ligand when it is flat, though in this case they are not
equally spread over both halves because of the presence of
the metal. The LUMO increases in energy as the
C(11),N(1),N(1"),C(11") dihedral angle becomes closer to 90°,
and at 90° the LUMO is almost entirely localised on the half of
the ligand with the Mo co-ordinated. The LUMO and
LUMO+1 are not degenerate in this case, though they are
close in energy, and the LUMO +1 is largely localised on the
unmetallated half of the ligand.

The metal valence orbitals (t,, in O, symmetry) in the
mononuclear species appear like those of a complex with C,,
symmetry !?-*! (pa ligand lies in xz plane and C,, z, axis bisects
the N-Mo-N angle). All three orbitals are stabilised by strong
n-backbonding to CO n* orbitals (see Fig. 2) and there are
much weaker interactions with pa m and n* levels (Table 4). The
Mo-pa n mixing is enhanced in the phosphine-substituted
species, and in the dinuclear relative to the mononuclear
complexes.

We use a d orbital set in which the metal valence (dn) orbitals
are d,:_,: and d,, and the unoccupied do orbitals are d,: and
d,.. As shown in Fig. 3, the ‘a,” (d,>_:) level, which lies in the
plane of the pa ligand and overlaps with a pa o level, is highest,
next is the ‘a,’ (d,,) which interacts with the pa n system in a *§’
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manner, but is non-bonding with respect to both the LUMO
and LUMO+1 of pa, and the lowest of the three is b, in
C,.(d,,) which is stabilised by backbonding to the LUMO. This
calculated ordering differs from that published previously for
complexes of this type;°”3! the d,, is normally placed lower
than d,, in spite of its weaker interaction with the diimine
ligand. This was probably because for many [Mo(CO),(di-
imime)] complexes the lowest charge-transfer band shows a
shoulder to higher energy in non-polar solvents, which was
attributed to the transition from d,,, with the main transition
being from d,,. However, the ordering of the transitions may
not be the same as the ordering of the orbitals because of
differences in the vibrational reorganisation energies associated
with the transitions, differences in the Coulombic and exchange
contributions,3? and the effects of configuration interaction.

In the dinuclear species the two sets of t,, orbitals combine
in- and out-of-phase, with the strength of the interaction
depending on the relative orientations of the two d orbitals
(Fig. 3, Table 3). The strongest interaction occurs between the
d,:_,.:» orbitals which lie in the o plane of the pyridine-2-
carbaldehyde azine ligand. Although the energies obtained
from the EHMO method are only a crude approximation, the
interaction between the two metals appears to be quite weak as
the pairs of in- and out-of-phase combinations have very similar
energies. Due to interactions with lower-lying levels the in-
phase combination is not always calculated to be the lower of a
given pair, particularly in the [Mo(CQO),] complexes where the
dn levels are lower and closer to the pa n levels. Some of the
molecular orbital surfaces are shown in Fig. 2.

When a PMe; ligand replaces a CO the Mo dn levels come
closer together in energy in both mono- and di-nuclear species,
and in the latter the out-of-phase d,:_.: and d,, combinations
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Fig. 2 Molecular orbital surfaces for the LUMO (a) and the in-phase
Mo orbital combinations, HOMO (6), HOMO-3 (¢) and HOMO-4 (d),
for [Mo,(CO)y(p-pa)]

mix due to the lowering of the symmetry. However this should
have little effect on the electronic spectra since the transitions
involving these orbitals are predicted to be very weak (see
below).

The EHMO calculations show the LUMO and LUMO+ 1
to be 5000-8000 cm™' apart, depending on the coligands,
dihedral angle and number of metals co-ordinated. The
experimental differences are approximately 7000-9000 cm™,
based on the differences between the peak positions of the two
charge-transfer bands (see below). As mentioned above, since
this latter is a difference between states it is only an
approximation of the orbital energy difference. The calculated
splitting decreases on phosphine-substitution, dinucleation and
twisting about the centre of the pa ligand. The ordering of
calculated energies of this gap agrees remarkably well with the
observed order; [Mo(CO).(pa)] =~ [Mo(CO);(PR;)(pa)] >
[Mo,(CO)4(p-pa)] > [M0(CO)s(PR;),(u-pa)] > [Mo,-

-8
1 WMo+t —
bO
-10 —
- | Lumo
° —a,
“ a g
11 - 3ty b,
9 a
b, ﬁ ba at
C2v C2h
2
[Mo(CO)4(pa)]  [Mop(CO)g(i-pa)}

Fig. 3 Diagram showing orbital symmetries and calculated energies
for the mononuclear and dinuclear [Mo(CO),] complexes. The
symmetry and the calculated ordering of energy levels differs slightly in
the phosphine-substituted complexes; for C; symmetry: LUMO+ 1
(a,), LUMO (a,), HOMO (a,, d.:_.:), HOMO-1 and HOMO-3 (2a,,
mixed d,:_ 2 and d,,), HOMO-2 (a,, d,,), HOMO-4 (a,, d,.), HOMO-5

x' -z

(a,, d,,)

(CO)e(u-dppe)(n-pa)], although the observed differences are
smaller and less well defined because the higher energy charge-
transfer band is only clearly observed in the two phosphine-
substituted dinuclear complexes. The significant decrease in the
LUMO-LUMO +1 gap for the dinuclear species compared to
the mononuclear complexes is probably due to the LUMO +1
being more localised on the unmetallated half of the ligand so
that it is not lowered in energy by the co-ordination of the metal
as much as is the LUMO (note that the Mo carries a net positive
charge even though it is formally Mo°).

In [Mo,(CO),(PMe,)(u-pa)] the metal d orbitals are
apparently sufficiently different in energy that they are
effectively non-interacting. Each set has approximately the
same energies as in the corresponding mononuclear species
while the LUMO and LUMO + 1 energies are intermediate
between those of the octacarbony! dinuclear and the bis(PMe;)
analogue.

Electronic spectra

In common with other species of this type, all the new molyb-
denum pa complexes and the parent complex, [Mo,(CO)g(p-
pa)],® show intense, solvatochromic absorptions in the visible
region (Table 5, Fig. 4). These are assigned to metal-to-ligand
charge-transfer (m.l.c.t.) transitions from the Mo ‘t,/’
orbitals to the pa ligand n* system (LUMO and LUMO+
1);2°6% they will be referred to as m.l.ct. 1 and m.lect. 2
respectively. Both bands are about 1000 cm ! lower in energy in
the dinuclear than in the mononuclear species for the
tetracarbonyl and the phosphine-substituted complexes; the
corresponding calculated orbital energy differences are about
600 and 1000 cm™* for the PMe,-substituted and tetracarbonyl
species respectively. These shifts are much smaller than the
>3000 cm™ shift which occurs in the bipyrimidine-bridged
[Mo(CO),], analogues.5?* As a result of the lowering of the
n* levels both m.l.c.t. 1 and m.l.c.t. 2 can be observed in the
visible region in the dinuclear species, whereas in the
mononuclear analogues the m.l.c.t. 2 bands occur as shoulders
which are most clearly seen in spectra obtained in
solvents of low polarity and in the spectra of [Mo(CO);-
(PPh;3)(pa)] (e.g. 417 nm in diethyl ether).

The m.l.c.t. bands in the phosphine derivatives are shifted to
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Table 5 Electronic absorption maxima of the molybdenum pyridine-2-carbaldehyde azine complexes®

m.lc.t 2/cm™! (¢/dm® mol"tem'!) f* m.lc.t l/em™ (¢/dm®* mol ' cm™) f*
[Mo(CO).(pa)]* 18 200 (4 400) 0.09
[Mo,(CO)s(n-pa)] 25000 (sh) 17 000 (6 300)
[Mo(CO),(PPhs)(pa)] 23250 (sh) 15 600 (3 700) 0.08
[Mo,(CO)¢(PPhs),(u-pa)] 21 800 (6 500) 14 400 (5 000) 0.15
[Mo0,(CO).(p-dppe)(p-pa)] 21 500 (4 900) 14 550 (6 500) 0.11

[Mo,(CO),(PPh;)(n-pa)]

21 300 (sh)
25750,%21 850

16 450 (br), 13 900 (sh)
17 800,% 14 500¢

“ Data are for dichloromethane solutions except where noted; sh = shoulder, br = broad. & values show little variation with solvent. * Experimental
oscillator strengths were estimated from the equation,®® /= 4.6 x 10°° ¢ Ay, where A; is the bandwidth at half height. For m.l.c.t. 2 the half
bandwidth was estimated by doubling the width of the lower energy half of the band. ¢ In diethyl ether m.l.c.t. 2 = 27 050 (sh)and m.l.c.t. 1 = 17 750
cm™!. ¢ Values obtained from Gaussian deconvolution of the spectrum in acetonitrile.

Table 6 Calculated oscillator strengths for molybdenum pyridine-2-carbaldehyde azine complexes

Transition® Complex?
[Mo(CO),- [Mo(CO)5- [Mo,(CO)s- [Mo,(CO)s- [Mo,(CO)s(p-  [Mo,(CO),-
(paj] (PMe;)(pa)] (n-pa)] (PMey),(u-pa)]©  dmpe)(p-pa)]®  (PMe;)(u-pa)]
d,:_,»—— pa(m,*) 0.000 0.002 0.000 0.000 0.001 0.000¢
0.000 0.000 0.001 0.0007
d,, —— pa(m,*) 0.000 0.001 0.000 0.001 0.002 0.000°
0.008 0.000 0.004 0.0007
d,, — pa(n,*) 0.068 0.104 0.000 0.139 0.202 0.068°¢
0.065 0.000 0.005 0.0457
m.l.c.t. 1 total 0.068 0.11 0.073 0.14 0.21 0.11
dye p»— pa(n,*) 0.000 0.002 0.000 0.000 0.010 0.008°
0.000 0.008 0.012 0.000”
d,, — pa(m,*) 0.028 0.015 0.022 0.000 0.000 0.011¢
0.000 0.006 0.000 0.018/
d,, — pa(n,*) 0.062 0.232 0.152 0.000 0.000 0.275¢
0.000 0.423 0.367 0.0557
m.lc.t. 2 total 0.090 0.25 0.17 0.44 0.39 0.37

“ For the dinuclear species the two rows of figures for each transition correspond to the transitions from the out-of-phase and in-phase combinations
of the Mo d orbitals. ® Dihedral angles at centre of pa ligand, C=N-N=C, are 180° unless otherwise noted. ¢ C; symmetry isomer (PMe; on opposite
faces of complex). ¢ Dihedral angle C=N-N=C = —141° as in crystal structure. ¢ Transition from [Mo(CO),(PMe,)] group. * Transition from

[Mo(CO),] group.

e/dm® mol cm'™
H
o
o
o
1

2000 - \
v
~ a) \\ \
\.
\
O———T— T T T 7T
25000 20000 15000 10000
E/cm?
Fig. 4 Electronic spectra of (a) [Mo(CO),(PPh;)(pa)], (b)

[Mo,(CO)¢(PPhy),(u-pa)] and (c) [Mo,(CO)e(p-dppe)(p-pa)] in
dichloromethane

the red compared to the parent tetracarbonyl species due to the
destabilisation of the Mo 4d levels by the strongly donating
phosphines.*?*33 This shift, of 3000 cm™, is almost exactly equal
to the calculated shift (based on orbital energy differences) for
both pairs of complexes. The asymmetric dinuclear complex
[Mo,(CO),(PPh;)(u-pa)] shows a complex spectrum as a result
of the overlapping of the bands from the two distinct metal
centres. Gaussian deconvolution of the spectrum in acetonitrile
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shows four strong bands, as predicted by the EHMO
calculations (Table 6), in the region 350-900 nm (Table 5).

Oscillator strength calculations, while not expected to give
accurate absolute numbers using this level of theory, should be
reasonably reliable for giving relative intensities of transitions
from the various d orbitals to the pa n* levels, although the
experimental oscillator strengths will be affected by configura-
tion interaction since the transitions are between states rather
than orbitals. We have found good agreement between
experimental data and values calculated by our program for a
variety of complexes.****% For the pa complexes (Table 6) we
calculate that 69-999 of the intensity of m.l.c.t 1 and m.l.c.t. 2
derives from transitions from the d,, orbitals (the percentage is
always lower for m.l.c.t. 2 than for m.lc.t. 1 for planar
complexes). Transitions from d,, and d,:_,: are relatively very
weak; the latter is o to w in nature (overlap forbidden), whereas
the former is formally allowed but weak perhaps because of
poor overlap.31:36-37 '

In the mononuclear species m.l.c.t. 1 can be assigned to
Mo(d,,) — pa(n,*), b, —b,* in C,, symmetry, and
m.l.ct. 2 is Mo(d,;) — pa(n,*), b, — b,* in C,,. In the
tetracarbonyl dinuclear complexes with planar pa the real
symmetry is C;, and the LUMO and LUMO+1 have a, and
b, symmetry respectively. The metal orbital in- and out-of-
phase combinations give symmetries as shown in Fig. 3. In the
flat dinuclear species, as in the mononuclear, only one transi-
tion to each pa m* orbital is allowed, from the b, d,,
combination to the a, (LUMO) resulting in m.l.c.t. 1, and from
the a, d,, combination to the b, LUMO+1, giving m.l.c.t. 2.
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Table 7 Redox potentials for the molybdenum pyridine-2-carbalde-
hyde azine complexes

Compound Potentials/V vs. SCE*
Eredb
EOX
[Mo(CO)4(pa)] +0.84 (irr) —0.85(70), —1.58 (irr)
[Mo,(CO)g(p-pa)] c —0.60 (70), —1.12(70)
[Mo(CO),(PPh;)(pa)] +0.53 (irr) —1.04 (70), —1.62 (irr)
[Mo,(CO)((PPh3),(p-pa)] +0.58 (irr)  —0.75 (60), —1.39 (irr)
[Mo0,(CO)¢(p-dppe)(p-pa)] +0.61 (irr) —0.78 (60), —1.29 (70)
[Mo,(CO),(PPh;)(p-pa)] +0.55 (irr)  —0.62 (60), —1.25 (irr)

“ Data obtained from cyclic voltammograms recorded at 100 mV s™* in

dmf. ® Peak to peak separations (mV) are given in parentheses. ¢ Very
broad peak.

Thus in the dinuclear species, unlike the mononuclear, the
strong transitions originate from molecular orbitals that do not
mix with the orbitals on which the transitions terminate.

The symmetry of the PMe; (PPh;) dinuclear complexes is C;
if the phosphines are on opposite faces of the molecule, and C,
if they are on the same face. None of our theoretical or
experimental data can distinguish between these two
possibilities; the calculated spectroscopic intensities are almost
identical for the two cases, and give the same pattern of
intensities as the C,, case. Therefore the effective symmetry is
higher than the actual symmetry, as is often the case,>® and the
determining factor in the ‘allowedness’ of the m.L.c.t. transitions
is the parity, or g — u nature, of the transitions in the parent
C,, species.

The dppe-bridged complex also has C, symmetry in spite of
the 141° twist angle, and again the pattern of intensities is
similar to that in the C,, parent octacarbonyl complex except
that there is more intensity in the d,, —— pa(n*) transitions. In
all solvents, except Me,SO and cyclohexanone, m.l.c.t. 1 lies at
slightly higher energy in the dppe-bridged complex than in the
bis(PPh;) analogue (see SUP No. 57177). In contrast m.l.c.t. 2
is red shifted in the dppe-bridged species compared to the
bis(PPh,) analogue. This is the behaviour predicted by the
calculations if the bis(PPh;) complex has a planar pa ligand and
the dppe species has a dihedral angle between 180 and 90° at the
centre; (see above) the LUMO and LUMO + 1 become closer
in energy as the dihedral angle becomes smaller whereas there is
little effect on the metal orbitals.

Theoretical and experimental intensities

The theoretical oscillator strength or integrated intensity of a
transition is calculated from equation (1). The term in

f = (8n%mc/3h) v Q* )

parentheses is made up of constants (the symbols have their
usual meanings), v is the energy of the transition, in m~! if SI
units are used for the constants, and Q is the transition dipole
moment which we estimate using the extended-Hiickel method
with charge iteration. Thus, as mentioned above, the
calculation is based on orbitals rather than states and the true f
values will be affected by configuration interaction. The value
of @ depends on the degree of overlap of the metal and ligand
orbitals, and on the change in dipole moment between the
ground and excited state, ie. the degree of charge-transfer
character.?8

Experimental oscillator strengths were estimated for the
visible region bands of four complexes (see Table 5).
Remarkably good agreement is found between observed and
calculated intensities for m.l.c.t. 1 in all complexes for which we
have data. Calculated intensities for m.l.c.t. 2 are significantly
higher than those observed (see below).

The presence of two m.l.c.t. bands of comparable intensity in
the visible region, separated by at least 7500 cm ?, for both
mono- and di-nuclear species supports our assertion that the pa
ligand is flat, or nearly so, in all species except the dppe-bridged
complex where the separation of the two m.lc.t. bands is
smallest. Any twisting of pa away from planarity moves the two
transitions closer together, as in the dppe-bridged species.

The bands in the dinuclear species have significantly larger
oscillator strengths than the analogous bands in the mono-
nuclear species. We have previously found similar behaviour for
the corresponding bipyrimidine [Mo(CO),] and [W(CO),]
complexes.t-°® Our calculations predict slightly larger intensities
for the dinuclear pa complexes compared to the mononuclear
analogues, due to increases in the contributions of the d,, —
pa(n,*) and d,, —— pa(m,*) components. The reasons for this
are not clear, but probably relate to better overlap in the
dinuclear complexes. There are considerable differences
between the composition of the orbitals from which the electron
is excited in the mono- and di-nuclear species but there are
corresponding differences in the nature of the LUMOs and the
net change or degree of charge transfer is calculated to be
essentially the same.

Some intensity difference between m.l.c.t. | and m.l.c.t. 2 in
the dinuclear species is also predicted by the calculations,
though the calculated difference is larger than that observed;
m.l.c.t. 2 is calculated to be more intense than m.l.c.t. 1 due to
increases in the intensities of both the d,, —— pa(n*) and
d,, — pa(n*) transitions. However, these results are distorted
by the energy term in equation (1). Our EHMO with charge
iteration results routinely give energy gaps between (occupied)
metal and (unoccupied) ligand levels that are around 10 000
cm' too small. For low-energy transitions this error appears to
fortuitously cancel an error in the estimation of the Q°
term 3*3° whereas for higher energy transitions the calculated
energy is relatively closer to the observed energy and the error is
not cancelled completely. When the energy term is factored out
the Q2 values for m.l.c.t. 1 and m.l.c.t. 2 are very similar for
both dinuclear phosphine-substituted complexes.

We have considered in detail the pattern of the m.l.c.t. bands
in the two dinuclear phosphine-substituted complexes; while
the overall intensities are similar for all four bands (m.l.c.t. 1
and 2 in both species) the half bandwidths vary considerably.
However, based on the calculations (splitting of the d orbitals,
pattern of intensities) we are unable to find a satisfactory
explanation for the variation. In general the dppe-bridged
species is predicted to have broader bands because relatively
less of the intensity is concentrated in the main transitions.

Cyclic voltammetry

Electrochemical results for the pa complexes in dmf are
presented in Table 7. In the range 0-1.0 V all the complexes
exhibit irreversible oxidation waves; only the first peaks are
listed. In contrast all complexes display a one-electron,
reversible first reduction process, centred on the pa ligand.® The
potentials of the dinuclear compounds, [Mo,(CO)g(u-pa)]j and
[Mo,(CO)s(PPh,),(u-pa)] are shifted positively compared to
their respective mononuclear species. Substitution of a carbonyl
by a phosphine ligand causes small negative shifts in the pa
reduction potentials and larger negative shifts in the
(irreversible) oxidation potentials, correlating with the red
shifts in the electronic spectra for both the mono- and di-
nuclear species and with the EHMO results.

The asymmetric complex, [Mo,(CO),(PPh;)u-pa)], is
reduced at a potential between that of the octacarbonyl

t+ Previously we noted ®® that the total m.l.c.t. 1 + m.lLc.t. 2 intensity for
the dinuclear bipyrimidine complexes was double that of the
mononuclear species. Our recent calculations suggest that this is
fortuitous.
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Table 8 Fits of the solvatochromism data to McRae’s equation and correlations with Lees’s E*,y o7 parameter

McRae parameters**

Lees parameters **

Complex A+ B C
[Mo(CO),(pa)] 11200 4100
[Mo(CO);(PPh;)(pa)] 1900 3300
[Mo,(CO)s(p-pa)]
[Mo,(CO)(PPh3),(u-pa)]
mlc.t. 1 8 800 2300
mlc.t. 2 2900 2200
[Mo,(CO)4(p-dppe)(p-pa)]
mlc.t. | 500 2200
m.lct. 2 200 2100

Ega R G F R
14500 0974 3400 16500  0.967
13600 0925 2300 14100 0.988
3800 1505  0.954
11700 0.932 1 800 13300 0.959
20200 0934 1720 20700 0.995
13500  0.894 1600 13600 0979
20600  0.881 1700 20500 0972

“ Dataincm™'. ® The standard errors are 3000, 300-400 and 150-300 cm ! for the 4 + B, Cand E,.s terms respectively, except for the second complex
which has a standard error of 4500 cm™ for 4 + B and 450 cm™ for C. © Standard errors are 60-300 cm™' for the slope and 40-250 cm ! for the

constant.

20500

20000 4

19500 4

19000

18500 4

Calculated m.l.c.t.1/cm-!

18000 1

17500 " T . . T
17500 18000 18500 19000 19500 20000 20500

Observed m.l.c.t.1/cm
Fig.5 Fit to McRae’s equation for [Mo(CO),(pa)]

dinuclear and the bis(phosphine) species, but close to the value
for the octacarbonyl complex, suggesting that the LUMO in the
reduced species is not equally distributed over both ends of the
pa ligand, in agreement with the calculations. The oxidation
potential, albeit irreversible, is very close to that of
[Mo(CO),(PPh;)(pa)], as predicted by the EHMO calculations
(HOMO energies are similar). Similar behaviour occurs for the
heterodinuclear [(bipy),Ru(u-bipym)Mo(CO),]1** (bipy =
2,2'-bipyridine, bipym = 2,2’-bipyrimidine) complex; the re-
duction of the bipym ligand occurs at an average value of
the homodinuclear analogues [Ru,(bipy),(p-bipym)]** and
[Mo,(CO)g(u-bipym)] while the metal centres, Ru and Mo, act
independently. >

The doubly bridged complex, [Mo,(CO)¢(u-dppe)(u-pa)],
and the bis(PPh;) complex [Mo,(CO)4(PPh;),(n-pa)] show
quite similar redox behaviour, though the dppe-bridged species
has a slightly more positive oxidation potential and a slightly
more negative reduction potential, as predicted by the EHMO
calculations which show that the LUMO is raised and the
HOMO is lowered when the dihedral angle changes from 180 to
— 141° (due to less interaction between the two ends of the pa
ligand). In the dppe-bridged complex both reductions are
reversible; by contrast in the bis(PPh;) complex only the first
one is reversible, perhaps because the bridging dppe blocks a
following reaction that occurs in the singly bridged bis(PPh;)
species.

Solvatochromism

Two methods were used to evaluate the solvatochromic
behaviour of representative species (see Table 8 and SUP No.
57177): the method of Manuta and Lees3° by using the
empirical solvent parameter F*\; cr, and the more fundamental
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method of McRae,*° based on the dielectric continuum model.
Both methods proved reasonably successful, giving straight
lines which reproduce most of the observed electronic
spectroscopic peak positions to within about 200 cm™ (c.f.
experimental error of 50-80 cm™). In most cases the empirical
parameter E*\; cr gives better correlations than McRae's
equation, but it is less useful for elucidating the causes of the
solvatochromism. A fit to McRae’s equation for one complex is
shown in Fig. 5.

The linear correlations with the Lees parameter can be
expressed by equation (2), where E,, signifies the optical

Eop =F+ GE*MLCT (2)

charge-transfer energy (m.l.c.t. 1 or m.lc.t. 2), and the
sensitivity towards the solvent is given by the slope G. The
slopes are lower for the phosphine-containing complexes than
for the tetracarbonyl species, and, in the case of
[Mo,(CO)e(PPh;),(u-pa)] compared with [Mo(CO);(PPh,)-
(pa)], are lower for the dinuclear than the mononuclear
species. These differences are probably due to increases in the
amount of mixing of the metal and pa n* orbitals, and decreases
in the amount of charge-transfer character, in the dinuclear
species compared to the corresponding mononuclear species
(due to lowering of the pa n* level) and in the phosphine
complexes compared to the tetracarbonyls (due to raising of the
Mo d orbital energies on phosphine substitution*). This
explanation is supported by our calculations [ we calculate more
metal character to be in the LUMO in the dinuclear compared
to the mononuclear species and more metal character in the
LUMOs of the phosphine-substituted complexes compared to
the carbonyls (Table 4)]. However, for the tetracarbonyl
species, [Mo(CO),(pa)] and [Mo,(CO)g(u-pa)], the difference
in the slopes is fairly small and within experimental error.

The slopes for the two related dinuclear complexes,
[Mo,(CO)s(PPh;),(n-pa)] and [Mo,(CO)s(u-dppe)(p-pa)l,
are the same within experimental error, indicating that the
change in dihedral angle has no measurable effect on the
interaction with the solvent. The solvatochromism of the
asymmetric complex [Mo,(CO),(PPh;)(u-pa)] was not evalu-
ated because of the difficulty in measuring the band energies
with several overlapping bands.

McRae’s equation uses dielectric continuum theory,
assuming the solute to be a point dipole in a spherical cavity
embedded in a dielectric continuum of the solvent,*? i.e. it does
not allow for ordering of the solvent around the solute
molecules. Neglecting the Stark effect term, McRae’s equation
can be written as in equation (3), where E_, is the charge

EOP = Egas + (A + B)[(Dop - 1)/(2D0p + l)] +
CUD, = DD + 2) — (Do — D/(Do, + 2] (3)
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transfer energy in the gas phase, 4, B and C are constants
characteristic of the solute, D,, is the optical relative
permittivity (square of the refractive index) and D is the static
relative permittivity.

The first term (involving 4) describes the contribution to the
solvatochromism due to changes in dispersion forces. This term
can be calculated °#%#! and it is usually small and negative and
can be neglected for highly polar species. The second (B) is the
solute dipole-solvent induced dipole term which contributes
if either the ground or excited state has a dipole moment. The
third (C) is the dipole-dipole interaction term which can be
non-zero only if the ground state effectively has a dipole
moment. B and C can be expressed as in equations (4) and
(5). where a is the effective cavity radius of the solute

B = (p-g2 - “’ez)/a3 (4)
C= Z“g(p’g - “’e)/a3 (5)

and p, and p, are the ground and excited state dipole moments
of the solute molecule, the latter referring to the initally formed
unequilibrated excited state. If the first term is neglected p, and
M. can, in principle, be calculated from a two parameter fit to
the data. However, if B is larger than C imaginary results are
obtained.

The McRae equation data show the contribution from
dipole-dipole forces to be largest in the mononuclear
[Mo(CO),(pa)] complex, followed by [Mo(CO);(PPh;)(pa)]
and then the dinuclear, phosphine-containing species. This
ordering is similar to that obtained from the E*ycr
correlations.

As usual we have used only ‘select solvents’, as defined by
Kamlet e/ a/.,** for the McRae correlations because inclusion of
chlorinated and aromatic solvents makes some of the
correlations significantly worse and changes all of them. If a
new line is defined which includes these solvents, they still give
the largest differences between the calculated and observed
values. It appears that the polarisability of these solvents is not
adequately accounted for in McRae’s treatment, or that higher
order terms are important for these solvents.

The observation that the (4 + B) term is very large in the
mononuclear species, [Mo(CO),(pa)], is useful in that it
demonstrates that this is not a feature specific to the dinuclear
CO complexes as we thought previously.®? This is presumably
an artefact due to the very ‘sloppy’ fit found for this term (see
below).

The E*y.cp correlation also indicates that the solvato-
chromism is dominated by dipole—dipole interactions since
recent work by Eisenberg and co-workers*® showing
correlations between the solvatochromism of platinum thiolate
complexes (without carbonyl groups) and E*y,; oy shows that
this parameter does nor describe specific solvent-solute
interactions with the CO groups of the solute, or if it does it is
only to the extent that these interactions are dipole—dipole in
nature; we cannot distinguish experimentally between dipole—
dipole interactions involving the molecular dipole and those
involving individual bond dipoles and the solvent dipole.

The superior fit for the Lees parameter can be explained by
the fact that it is an empirical parameter describing the dipole—
dipole interactions, as well as weaker interactions, between
solvent and solute in a situation where the solvent is strongly
ordered {around [Mo(CO),(bipy)] which has p, of about 10
D3*!!. The static and optical relative permittivities are bulk
parameters which average the behaviour of the different parts
of a solvent molecule. Thus, for a large solvent molecule
containing a polar group and a hydrocarbon chain, the Lees
parameter *? should describe mainly the behaviour of the polar
group, which is largely what the solute ‘sees’, whereas D, and
D,, describe an average property of the whole solvent molecule.
Some support for this explanation comes from an analysis of

the differences between observed and calculated transition
energies which shows that the solvents containing the most C
atoms or the longest hydrocarbon chains rend to have the
largest deviations (however removing these solvents would
change the correlation because there are few small, polar
select *2 solvents, so this observation should be treated with
caution).

This work provides further evidence that complexes which
have no formal ground-state dipole moment interact with
solvent as two individual polar halves. The various possibilities
for the treatment of dinuclear species using McRae's equation
have been discussed in an earlier publication.®® We conclude
here from symmetry and the fact that the calculations indicate a
small interaction between the two metal centres that the initial
excited state is delocalised over both Mo centres as in a class ITI
mixed-valence system.** In the time-scale of vibration(s) after
the excitation it is likely that the complex relaxes to a localised
state, formally Mo%-pa~-Mo', based on the work of Turner
and co-workers,** using time-resolved infrared spectroscopy,
on a related complex containing a weakly coupling bridging
ligand (4,4'-bipyridine).

If this conclusion is correct, the angle between the two
ground-state dipoles of the complex should not affect the
solvatochromism, except for a slight modification of the sites
available for interaction with the solvent, as we would conclude
from the similar solvatochromism in the two different dinuclear
complexes.

The solvatochromic behaviour of the mononuclear and
dinuclear species is very similar in spite of (i) differences in the
formal symmetry and the composition of the orbitals involved,
(ii) the fact that approximately twice as many solvent molecules
may interact with the dinuclear species compared to the
mononuclear analogues, (iii) no formal permanent dipole
moment in the planar dinuclear species, (iv) twice as many
carbonyl groups being present in the dinuclear species, and (v)
the orbital from which the electron moves being spread over
two metals in the dinuclear species. McRae *® has pointed out
that the lack of a net dipole moment in the ground state will not
result in the electric field (due to the ordering of the solvent
molecules) being zero for a large molecule containing highly
polar groups. The field due to the solvent around each half of
the dinuclear complex will be similar to that around the
corresponding mononuclear species if the overall electron
distributions (net charges on the various atoms) are similar, and
they are calculated to be quite similar.

The solvatochromism of highly polar complexes is largely
determined by the magnitude of the ground-state dipole
moment and thus the solvent stabilisation of the ground state,
which is maximised in highly polar solvents with high D values.
The composition of any given orbital (such as the one from
which the electron is promoted) is not a factor in determining
this interaction; it is the overall charge distribution that matters.
The net movement of charge in the transition will, however, be a
factor and we have shown this to be similar in related mono-
and di-nuclear complexes (Table 4). This, as well as the electric
field created by the solvent ordered around the ground state of
the molecule, will determine the degree of destabilisation of the
excited state, which will also vary with solvent.

In the dinuclear complexes there is movement of half a unit of
charge from each end of the molecule, with each end being in an
electric field equivalent to that in the mononuclear analogue.
Summing the change over the two ends gives a pattern of
change equivalent to the movement of one unit of charge from
one Mo atom to pa in the mononuclear complex.

Conclusion

We have shown that EHMO theory with charge iteration is
useful for understanding the properties of these Mo complexes.
In combination with AM1 calculations the EHMO results have
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shown the pa ligand to be planar except in the case where it is
constrained by the presence of a second bridging ligand.
Although the energy gaps between the occupied and
unoccupied manifolds are not reproduced well (this is also the
case for much higher levels of theory!) trends such as energy
changes when ligands are changed are modelled extremely well.
The theory has also been useful for gaining more detailed
insights into the electrochemistry of the asymmetric dinuclear
complex, and the electronic spectra and solvatochromic
behaviour.
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