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Abstract

When comparing [Ru(LL),;]>* with [Ru(NH,),(LL)]**, the question is raised whether the
replacement of the relatively poor LL (LL = 2.2"-bipyridine, 2,2’-bipyrazine or o-benzo-
quinonediimine) m-acceptor and c-electron ligands by the c-electron rich ammonia ligands
permits a significant improvement in coupling/n-back donation to the remaining LL. Using
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a ZINDO analysis of the electronic structures of these species, it is shown that 2,2’-bipyridine
is unable to accept the extra electron density from the ruthenium center, while o-benzo-
quinonediimine can readily do so. The ligand 2,2'-bipyrazine is slightly more able to accept
the electron density than 2,2"-bipyridine. © 2000 Elsevier Science S.A. All rights reserved.

Keywords: m-Acceptor; o-Electron; o-Benzoquinonediimine; ZINDO; Semi-empirical calculations; Elec-
tronic spectra

1. Introduction

Electronic coupling in ruthenium(II) complexes and the prediction of electronic
spectra in both mononuclear and dinuclear species has been a topic of considerable
topical interest from many groups including, most recently, Zerner and co-workers
[1], Hush and co-workers [2—4], Vos and co-workers [5], Boxer and co-workers
[6,7], Creutz, Sutin and co-workers [8—12], Broo and Lincoln [13], Sizova and
co-workers [14—18], Hoffman, Clarke and co-workers [19], Ferretti and co-workers
[20-22] and Launay, Sauvage and co-workers [23] and mostly using INDO/S or
variants thereof. We have demonstrated in a series of publications [25-35] that the
o-benzoquinonediimine fragment (bqdi) is an excellent m-accepting ligand both in
the parent species [24—27] and in a series of homologues [28—-32]. In a comparison
of the parent species [Ru(LL);]** (LL = 2,2-bipyridine (bpy), 2,2"-bipyrazine (bpz)
and bqdi (Scheme 1) back donation can be monitored by the square of the
coefficient of the ruthenium 4d(e) contribution to the ©* MO, to the lowest lying e
symmetry ©* orbitals (LUMO + 1,2) of these D5 species. This increased from 6 to
8 to 21% in the sequence LL = bpy < bpz « bqdi [35].
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Table 1
Comparison of experimental and predicted data for the principal visible region MLCT transition

Calculated Av (f) Experimental /v Refs.
[Ru(NH;),(bpy)]** 26 300 (0.08) 19 200* [55]
cis-[Ru(NH;),(bpy),]*~ 23100 (0.19) 20 500* [54]
[Ru(bpy)s** 21700 (0.12); 21 500 (0.08) 22 200° [55]
[Ru(NH;),(bpz)]** 24 500 (0.05) Unknown compound
cis-[Ru(NH;),(bpz),]** 22 600 (0.16) Unknown compound
[Ru(bpz);** 22 000(0.11); 21 400 (0.05) 22 800° [56]
[Ru(NH;),(bqdi)]** 22700 (0.47) 21 300° [29]
trans-[Ru(NH;),(bqdi),]**+ 22300 (0.08); 16 900 (0.83) Unknown compound
cis-[Ru(NH;),(bqdi),]**+ 18 100 (0.66) Unknown compound
[Ru(bqdi);]** 18 300 (0.50); 15 500 (0.13) 20 600, 15200¢ [57]

4 Data collected in water; agreement between calculated and experimental data is poor due to solvent
effect.

b Data collected in acetonitrile.

¢ Datum collected in methanol.

Table 2
Percentage Ru contributions to frontier molecular orbitals

HOMO-2 HOMO-1 HOMO LUMO LUMO+1

[Ru(NH;),(bpy)]** 95 o 83 n 84 3 35w 18
[Ru(bpy)sP* 79 72 (o) 72 (o) 0 7 (o)
[Ru(NH;),(bpz)]** 95 o 82 80 6 28
[Ru(bpz);]2+ 71 (e) 71(e) 76.5 0 8.5 (¢)
[Ru(NH;),(bqdi)]*+ B o 6l n 58 & 20 1
trans-[Ru(NH;),(bqdi),]**+ 93 o 67 1t 558 0.4 24 1t
cis-[Ru(NH;),(bqdi),>* 62 61 58 10 215
[Ru(badi);]? 50.5 (e) 50.5 (e) 60.5 0 2 n
Table 3

Intra-ligand n*-n* coupling energies (cm~—!)*®

Complex Coupling energy
cis-[Ru(NH;),(bpy),J> 1020
[Ru(bpy)s]** 1660
cis-[Ru(NH,),(bpz),> * 1060
[Ru(bpz),]** 2100
cis-[Ru(NH;),(bqdi),** 3840
trans-[Ru(NH;),(bqdi),]*© 8800
[Ru(bqdi)s ]+ 6230

 Splitting between n* MOs.
® The trans-[Ru(NH;),(LL)]**, LL = bpy, bpz are excluded because the LL rings are distorted due to
steric hindrance.
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Another qualitative probe of the interaction of the metal 4d shell with the w*
orbitals is the energy separation between the a, and e symmetry ©* orbitals of the
(LL); set. If there were no metal interaction, the three n* orbitals (one on each LL,
of equal energy since the ligands are equivalent) could only couple through space
and this would generate a splitting of the order of 0.1 eV. In fact the splitting
increases from 0.23 to 0.28 to 0.78 eV in the same sequence as above [35].

Yet another measure of delocalization is the magnitude of the quantum mechan-
ical exchange energy, K [36—38], which may be derived from the singlet and triplet
metal to ligand charge transfer (MLCT) transition energies of specific Ru d - n*
transitions. In such a transition, if there is no mixing between the specific d orbital
from which the electron is excited and the ©* MO into which it goes, then there is
a net electron transfer and the time average distance of the electron in the excited
state from the filled d orbitals in ground state will generally be large. Since K
decreases exponentially with this distance, it will be small. Conversely, if the specific
d orbital is mixed with the n* orbital involved in the transition, then the electron
in the excited state will spend some time back on the metal, the time average distant
apart will be small, and K will be large. Thus, the magnitude of K is a qualitative
measure of the extent of delocalization of a specific d orbital over a specific ©*
ligand orbital. A preliminary analysis of this has been reported [35] and we discuss
it in more detail below.

Table 4
Variation in exchange, 2K and Coulomb J parameters (cm ') with symmetry®

2K, J 5-2K, J c-2K, J
[Ru(NH,),(bpy)]?* 4160, 30 500 1480, 30 500 310, 29 400
[Ru(bpy)s>* ((E(1))® 1460, 27 900
[Ru(NH,),(bpz)>* 6400, 32 350 2050, 32 550 600, 31250
[Ru(bpz)sP+ ('E(1))° 1540, 28 500
[Ru(NH;),(bqdi)>* 17700, 39 250 6500, 38 200 1900, 36 750
trans-[Ru(NH,),(bqdi),]>* 9000, 31 000 3850, 35 600 2300, 37200
[Ru(bqdi),* (‘E(1))® 5415, 29 600

@ The 8- and o-data are undefined for the [Ru(LL);]** species.
®See Table 5 and footnotes therein.

Table 5
Variation in exchange, 2K and Coulomb J parameters (cm ') with ligand in the [Ru(LL),]** series as
a function of electronic state

State® LL = Bipyridine, 2K, J LL = Bipyrazine, 2K, J LL =BQDI, 2K, J
A1) 630, 28 300 680, 28 800 2000, 29 850
E(1) 1460, 27 900 1540, 28 500 5415, 29 600
EQ2) 1100, 30 100 1270, 30 950 2960, 33 850

4 Excitations giving rise to states are: A,(1), a; —a,; E(1), e—>a,; E(2), a; >e. Analysis of e—e
transitions is excluded, see Ref. [58].
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Table 6
Orbital energies and mixing in [Ru(bpy);]**

MO number Eigenvalue (eV) Ru (%) bpy (%)
100 —4.271 0.2 99.8
99 —5.034 1.3 98.7
98 —5.034 1.3 98.7
97 —5.225 0.0 100.0
96 —5.393 2.7 97.3
95 —5.414 0.7 99.3
94 —5414 0.7 99.3
93 —6.193 6.8 93.2
92 —6.193 6.8 93.2
91 L —6.398 0.1 99.9
90 H —12.401 72.3 27.7
89 —12.401 723 27.7
88 —12.426 79.6 20.4
87 —13.924 0.5 99.5
86 —13.924 0.5 99.5
85> —14.034 2.0 98.0
84 —15.547 0.4 99.6
83 —15.547 0.4 99.6
82 —15.554 0.1 99.9
81 —15.636 0.0 100.0
80 —15.636 0.0 100.0

* An a, symmetry wavefunction; in D3 symmetry, the 4d(t,,) metal contribution would be zero. The
contribution indicated refers to the Ru 5p, (a,) orbital.

®a, symmetry wavefunctions. In all these tables the Ru content reflects the total 5s, 5p and 4d
contribution, but the 5s and 5p components are very small.

The earlier comparative analysis [35] investigated species of the type [Ru(LL);_,,
(LL),** where LL’ and LL were the above ligands and also azodipyridine. This
presented a competitive situation were delocalization over both LL" and LL could
occur. In this Note we explore species of the type [Ru(NH;)s ,,(LL),]** to
remove this competition and to ask the question ‘does back donation/delocalization
increase substantially, as the electron richness of the ruthenium center increases
with increasing number of bound ammonia residues?’

2. Methodology

We have used the zZINDO method (modified INDO) [39-45] to understand these
complexes. This method gives excellent predictions of trends in electronic transition
energies and good predictions of absolute band energies for visible region bands
[28,29,35,46—52]. Our application of this method has been discussed previously
[28,30,34,35] and is only summarized here.
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2.1. Geometry optimization

Structures of all the complexes were derived using the modified INDO/L semiem-
pirical method (zZINDO/L) using the developmental version of ZINDO running on an
SGI Origin 2000 computer. The convergence gradient was lower than 30 cal mol ~!
A-'. The recommended value of the ‘resonance’ integral parameter for Ru,
B(4d) = — 26.5 eV [53] overestimates the Ru—N bond strength yielding rather short
Ru-N distances. A value of P(4d)= —20 eV was used [35]. In addition, we
adjusted the equatorial and axial Ru—NH; distances to 214 and 216 pm, respec-
tively, to agree with literature X-ray data. Using somewhat shorter distances had
very little impact on the data and no impact on the conclusions. All other ZINDO/L
parameters were the default parameters in the program. The bond lengths and
angles in the geometry optimized structures are consistent with X-ray data for
complexes of this type. (see website for xyz files).

2.2. Molecular orbital energies, coefficients and electronic spectra calculations

These were obtained using the modified INDO/s (zZINDO/s) method in the Hyper-
chem program, and incorporating the Ru INDO/S parameter set obtained by
Krogh-Jespersen et al. [50]. Other atomic parameters were the default parameters of
the Hyperchem program. The SCF convergence tolerance was 10 ~* kcal mol —!.

Table 7
Orbital energies and mixing in cis-[Ru(NH;),(bpy),]**

MO Number Eigenvalue (eV) Ru (%) NH; (%) bpy (%)
80 —3.174 0.2 0.1 99.7
79 —3.764 339 5.4 60.7
78 —3.839 474 16.3 36.4
77 —4.595 0.0 0.0 100.0
76 —4.615 0.1 0.0 99.9
75 —5.405 1.0 0.0 99.0
74 —5.530 0.3 0.1 99.6
73 —5.787 1.9 0.0 98.0
72 —5.804 0.5 0.0 99.5
71 —6.605 6.5 0.2 93.2
70 L —6.731 2.1 0.3 97.6
69 H —12.942 76.4 1.5 22.1
68 —13.070 82.1 0.8 17.2
67 —13.108 83.8 0.9 15.2
66 —14.290 0.9 0.0 99.1
65 —14.356 2.2 0.0 97.8
64 —15.927 0.3 0.0 99.6
63 —15.988 0.3 1.1 98.7
62 —16.141 0.4 0.0 99.6
61 —16.373 5.8 1.2 93.0

60 —16.380 6.1 0.8 93.0
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Table 8
Orbital energies and mixing in [Ru(NH;),(bpy)]**+

MO number Eigenvalue (eV) Ru (%) NH; (%) bpy (%)
55 —3.642 0.1 0.0 99.9
54 —4.528 47.4 15.5 37.0
53 —4.800 62.7 30.3 7.0
52 —5.103 0.1 0.0 99.9
51 —5.965 0.4 0.1 99.5
50 —6.293 0.9 0.0 99.0
49 L —7.208 3.0 0.3 96.7
48 H —13.868 85.5 2.4 12.1
47 —13.873 84.4 2.4 13.2
46 —13.995 95.2 2.4 2.4
45 —14.834 2.7 0.1 97.3
44 —16.549 0.3 0.1 99.7
43 —16.842 5.7 0.7 93.6
42 —16.908 7.4 29 89.7
41 —18.002 4.3 4.1 91.6
40 —18.200 5.6 8.0 86.3
39 —19.550 1.0 5.7 93.3
38 —19.585 1.0 1.7 97.3
37 —20.348 5.8 72.2 22.0
36 —20.478 3.4 27.3 69.3
35 —20.528 1.6 4.5 93.9

Electronic spectra included single excitation configuration interaction (CIS) [37].
The number of configurations used was generally ca. 1800 (e.g. ca. 30 x 30 occupied
X unoccupied orbitals). An increase in the number of configurations had little
effect on the predicted visible region absorption energies. The overlap weighting
factors c—oc and n—m were set at 1.267 and 0.585, respectively. Oscillator strengths
were calculated in the dipole length approximation including the one-center sp and
pd atomic terms.

2.3. Calculation of J and K

Configurational interaction was not used since it was important to obtain
energies of the un-mixed excited states. Thus, the excitation energies of the
transitions of each of the three 4d(t,,) orbitals to the LUMO n* orbital localized
mainly on the ligand LL were calculated to generate the six excited spin singlet and
triplet states. In these closed shell Ru(Il) species, the difference between the singlet
and triplet state energies for each excitation is equal to 2K [37,38,45]. The
magnitude of the Coulomb potential, J, can then be derived from the expression:

hv(singlet) = E_ . — E; — J + 2K (1)

where E_. and E, are the orbital energies of the acceptor LUMO and donor d
orbital, respectively [37,38,45]. When degenerate orbitals are involved, one-electron
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excitation can give rise to several excited states. This situation is met in the
[Ru(LL);]>* species and is discussed in more depth below.

3. Results and discussion

3.1. d-Orbital mixing

We explore delocalization in the series [Ru(NH;)s_,,(LL),)J**. Note that the
trans-[Ru(NH;),(LL),]** species, LL = bpy, bpz are omitted since the LL ligands
are buckled by steric interference. In all the species under investigation, the LUMO
is mostly localized on the LL =n* orbital and the HOMO, HOMO-1 and HOMO-2
are mostly the 4d(t,,) Ru set. However, in some cases, these d orbitals are dispersed
over several additional © and n* ligand orbitals.

In the LL = bpy and bpz complexes, the Ru 4d(t,,) set can readily be identified
in these Tables as HOMO, HOMO-1 and HOMO-2 having predominantly Ru
character. In these specific species; the most mixed is [Ru(bpz);]* ", but even here
the Ru character does not drop below 71% (Tables 6-11).

Table 9
Orbital energies and mixing in [Ru(bpz);]**

MO number Eigenvalue (eV) Ru (%) bpz (%)
100 —4.973 0.0 100.0
99 —5.751 0.5 99.5
98 —5.751 0.5 99.5
97 —5.901 0.0 100.0
96 —6.522 3.6 96.4
95 —6.571 1.5 98.5
94 —6.571 1.5 98.5
93 —7.211 8.6 91.4
92 —7.211 8.6 91.4
91 L —7.471 0.1# 99.9
90 H® —13.513 76.5 23.5
89 —13.545 71.2 28.8
88 —13.545 71.2 28.8
87 —14.458 1.9 98.1
86 —14.458 1.9 98.1
85> —14.590 5.8 94.2
84 —16.105 0.3 99.7
83 —16.105 0.3 99.7
82 —16.137 0.2 99.8
81 —16.163 0.4 99.6
80 —16.208 1.4 98.6

4 An a, symmetry wavefunction; in D, symmetry, the metal d contribution is zero. This contribution
is from Ru p..
b a, symmetry wavefunctions.
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Table 10
Orbital energies and mixing in cis-[Ru(NH;),(bpz),]**

MO number Eigenvalue (eV) Ru (%) NH; (%) bpz (%)
80 —3.868 0.2 0.0 99.8
79 —4.388 37.9 5.9 56.2
78 —4.542 51.0 16.9 32.1
77 —5.145 0.0 0.0 100.0
76 —5.172 0.0 0.0 100.0
75 —5.972 0.4 0.0 99.5
74 —6.066 0.1 0.0 99.8
73 —6.762 3.1 0.0 96.8
72 —6.812 0.9 0.0 99.0
71 —7.478 8.3 0.3 91.4
70 L —7.612 3.6 0.3 96.2
69 H —13.822 74.9 1.4 23.8
68 —13.947 81.1 0.9 18.1
67 —13.968 80.8 0.9 18.3
66 —14.691 2.8 0.0 97.2
65 —14.774 6.5 0.1 933
64 —16.322 0.3 0.1 99.7
63 —16.328 0.4 0.1 99.5
62 —16.449 0.6 0.7 98.7
61 —16.451 1.3 0.1 98.6
60 —16.556 0.6 0.4 99.0

For LL = bqdi, on the other hand, the Ru content of this group of three orbitals
can drop to as low as 50% and there are several other orbitals with substantial Ru
character (see Tables 12—15). Table 1 compares the experimentally observed
principal intense visible region MLCT band with the predicted energy. However,
not all the complexes have been reported in the literature. It is not the intent of this
article to discuss these electronic spectra, but solely to show that the theory
reproduces the available experimental data in a satisfactory manner.

Table 2 reveals the percentage 4d metal contribution (square of coefficient
normalized to 100%) being data abstracted from the more extensive listing in Tables
6—15. With the exception of the [Ru(LL);]** and cis-[Ru(NH;),(LL),]** species,
the symmetry is axial and it is possible to distinguish the d orbitals which are o-,
- and m- with respect to the LL plane. In these axial cases, the 4d(t,,) c-orbital
remains fairly pure (unmixed). The 6— and n—d orbitals are more extensively mixed
with ligand orbitals, and to a similar degree. The conclusion which may be drawn
reflects our earlier picture that the m-accepting character of these species increases
in the sequence bpy < bpz « bqdi. Irrespective of which homologous series we
consider, the ‘purity’ of the 4d(t,,) set decreases in that sequence. This is true for
each value of ‘n’, but is most marked in the [Ru(LL),;]** series (n = 3) where the e
pair from 4d(t,,) is most strongly affected by interaction both with filled = and
empty 7* ligand orbitals of e symmetry. The a, orbital (HOMO in Ru(bqdi);]**)
is also significantly mixed (but less so than e) through interaction with a lower but
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closely lying filled m-orbital of a; symmetry (see Table 12). This is also true, but to
a much less extent for the [Ru(bpz);]* = species (Table 9, orbitals # 85,91), but such
mixing is largely absent for LL = bpy, n =3 (Table 6).

Back donation to the low lying ligand m* orbitals also falls into the same
sequence for each series. However, it is revealing to consider the average back-do-
nation per ligand by dividing the percentage mixing by the number of LL ligands
in the complex. The question then arises whether decreasing the number of LL
ligands and increasing the electron richness of the ruthenium by replacing LL with
2 NH; molecules, leads to increased back donation to the remaining LL ligands.
Can the LL ligand take advantage of the extra electron richness? For bpy,
consideration of the data in Table 2 shows that the back donation per bpy ligand
is essentially independent of ‘n’, the number of LL ligands. Thus, the bipyridine
ligand is incapable of adapting to the more electron rich Ru atom by accepting
more m-electron density. For bpz, there is a slight increase in back-donation with
decreasing ‘n’, and so bpz can adapt to a limited degree. For bqdi however, there
is a dramatic increase in back-donation per LL ligand increasing from 7% to 10—12
to 20% in the sequence [Ru(bqdi);]**, cis- and frans-[Ru(NH;),(bqdi),]** and
finally to [Ru(NH,),(bqdi)]? . Thus, by this criterion, bqdi can readily adapt to the
extra electron richness and will delocalize more electron density off the metal
center.

Table 11
Orbital energies and mixing in [Ru(NH;),(bpz)]**

MO number Eigenvalue (eV) Ru (%) NH; (%) bpz (%)
60 —3.091 7.9 4.1 88.0
59 —3.373 19.9 8.3 71.8
58 —3.607 40.8 36.8 22.4
57 —3.748 0.2 0.0 99.8
56 —3.895 9.1 5.5 85.5
55 —4.169 0.2 0.0 99.7
54 —4.811 444 15.4 40.2
53 —5.241 62.2 30.4 7.4
52 —5.474 0.0 0.0 100.0
51 —6.326 0.3 0.0 99.7
50 —7.113 1.9 0.0 98.1
49 L —7.888 6.1 0.5 934
48 H —14.348 79.9 2.3 17.8
47 —14.409 82.3 2.4 15.3
46 —14.481 94.7 2.3 29
45 —15.068 8.2 0.2 91.6
44 —16.617 0.4 0.6 99.0
43 —16.784 0.6 0.9 98.6
42 —16.856 1.0 0.2 98.8
41 —18.263 4.8 1.1 94.1

40 —18.341 5.1 5.4 89.5




A.B.P. Lever, S.I. Gorelsky / Coordination Chemistry Reviews 208 (2000) 153167 163

Table 12
Orbital energies and mixing in [Ru(bqdi);]**

MO number Eigenvalue (¢V) Ru (%) bqdi (%)
75 —3.440 1.1 98.9
74 —4.188 40.6 59.4
73 —4.188 40.6 59.4
72 —4.887 0.8 99.2
71 —4.887 0.8 99.2
70 —4.913 0.0 100.0
69 —5.115 0.9 99.1
68 —5.135 0.3 99.7
67 —5.135 0.3 99.7
66 —7.880 21.0 79.0
65 —17.880 21.0 79.0
64 —8.650 0.12! 99.9
63 H®! —13.514 60.5 39.5
62 —13.666 50.5 49.5
61 —13.666 50.5 49.5
60 —14.719 6.5 93.5
59 —14.719 6.5 93.5
581 —15.100 223 71.7
57 —16.826 0.2 99.8
56 —17.292 5.8 94.2
55 —17.292 5.8 94.2

% An a, symmetry wavefunction; in D, symmetry, the metal d contribution is zero. This contribution
is from Ru p..
b a, symmetry wavefunctions.

3.2. n*—n* Coupling

Table 3 shows the energy separation between the two lowest lying ©* orbitals on
the collective ligands. For each homologous series, this increases in the sequence
bpy < bpz « bqdi, and is a maximum in the species trans-[Ru(NH;),(bqdi),]**
where a single d orbital can bind to the out-of phase n*-7m* combination and
destabilize it with respect to the in-phase combination, which cannot interact with
a Ru d-orbital (but can with a Ru p-orbital).

3.3. Analysis of the exchange and Coulomb potentials

Table 4 shows the values of 2K and J for the various complexes. The same
pattern emerges. There is an overall increase in 2K for each series from bpy to bpz
to bqdi. The transitions from the c-orbitals generate the smallest 2K values as
expected. While the mixing coefficients are rather similar for the - and n—d-or-
bitals, the 2K values are seen to be significantly higher for the n-type transitions
than for the §.

This arises because the m-type transitions (in frans-[Ru(NH;),(LL,]** and
[Ru(NH;),(LL)?*) occur between orbitals in which the d orbital from which
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excitation occurs, is identically the same as the d orbital which couples to the ©*
orbital into which excitation proceeds. This is never true for the é-type excitation.

The 2K values for the bqdi complexes, especially [Ru(bqdi);]** (A, state) and
[Ru(NH;),(bqdi)]** are dramatically large indicating thereby extensive delocaliza-
tion. Note that the 2K values for [Ru(LL);]* ™ (LL = bpy, bpz) are also fairly large,
but that, unlike for LL = bqdi, passing to [Ru(NH;),LL)?" the 2K values
decrease significantly, supporting the above view that these ligands cannot take
advantage of the extra electron richness of the Ru center.

In D5 symmetry, the m-type transition involves an e —e transition giving rise to
A, + A, + E states. Taking into account the other d — n* transitions (into n*(a, +
e)), there are six possible MLCT transitions, A;, 2 x A, and 3 x E each of which
gives rise to spin singlet and triplet states. The 2K values for each (unscrambled)
state can be determined [58] and these are shown in Table 5. Data are in general
agreement for LL = bpy from a density functional theory study [59].

The Coulomb J values depend inversely on the time average distance of the
excited electron from the Ru center and are less sensitive to delocalization. The J
values for the o-type MLCT bands tend to be lower than the 8- and m-type, but
otherwise there is little variation (Table 4).

In conclusion, these studies confirm the view that bqdi is a much better
n-acceptor than either bpy or bpz and that it is capable of increasing the extent of
delocalization with increasing electron richness of the ruthenium center. We have

Table 13
Orbital energies and mixing in cis-[Ru(NH;),(bqdi),]**

MO number Eigenvalue (eV) Ru (%) NH; (%) bqdi (%)
60 —3.616 3.1 22 94.7
59 —4.563 44.7 5.9 494
58 —4.865 53.6 18.0 28.5
57 —5.135 0.8 0.1 99.1
56 —5.161 0.6 0.2 99.1
55 —5.393 0.9 0.0 99.1
54 —5.408 0.6 0.1 99.3
53 —8.212 21.5 0.7 77.7
52 L —8.688 9.9 0.7 89.4
51 H —13.909 58.1 1.0 40.9
50 —14.067 61.4 0.8 37.8
49 —14.214 61.9 0.8 37.3
48 —15.019 12.8 0.3 86.9
47 —15.287 24.3 0.6 75.0
46 —17.334 3.8 1.8 94.3
45 —17.799 10.2 1.8 88.0
44 —18.084 22 0.9 96.9
43 —18.206 2.0 0.8 97.2
42 —18.452 5.2 0.8 94.1
41 —18.803 4.2 4.2 91.5

40 —18.908 9.0 2.0 89.0
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Table 14
Orbital energies and mixing in trans-[Ru(NH;),(bqdi),]**

MO number Eigenvalue (eV) Ru (%) NH; (%) bqdi (%)
60 —3.781 1.3 0.0 98.6
59 —4.324 334 0.0 66.5
58 —5.056 59.7 27.2 13.1
57 —5.187 0.9 0.0 99.1
56 —5.233 0.2 0.1 99.8
55 —5415 1.1 0.0 98.9
54 —5.513 0.1 0.0 99.9
53 —7917 24.3 0.2 75.5
52 L —9.009 0.4 1.3 98.4
51 H —13.592 64.6 8* 0.9 34.5
50 —14.043 56.7 n* 0.9 424
49 —14.232 933 0.1 6.7
48 —14.935 0.1 0.0 99.9
47 —15.360 19.6 8 0.7 79.7
46 —17.269 0.0 6.3 93.7
45 —17.855 104 1.4 88.2
44 —17.977 2.3 0.5 97.2
43 —18.355 0.1 0.1 99.9
42 —18.493 4.7 1.3 94.0
41 —18.516 2.3 0.9 96.8
40 —18.876 11398 3.5 85.2
Table 15

Orbital energies and mixing in [Ru(NH;),(bqdi)]**+

MO number Eigenvalue (eV) Ru (%) NH; (%) bqdi (%)
48 —2.652 17.9 81.2 1.0
47 —3.434 0.1 0.0 99.9
46 —3.740 9.0 7.9 83.1
45 —3.794 55.4 38.2 6.4
44 —4.715 46.4 16.5 37.1
43 —5.372 0.5 0.0 99.4
42 —5.581 61.4 30.8 7.8
41 —5.659 0.6 0.0 99.4
40 L —8.685 20.1 =* 1.2 78.7
39 H —14.241 57.7 &* 1.3 41.0
38 —14.628 61.4 n* 1.7 36.9
37 —14.850 93.0 o* 2.2 4.8
36 —15.564 27.7 8 1.0 71.3
35 —17.969 109 n 3.7 85.4
34 —18.467 2.4 3.0 94.6
33 —19.204 9.0 % 3.0 88.0
32 —19.211 5.0 6.1 88.9
31 —20.219 4.1 17.4 78.6
30 —20.603 5.2 56.5 38.3
29 —20.737 5.3 45.1 49.6
28 —21.910 5.7 51.5 42.7

27 —22.347 6.8 39.7 53.5
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demonstrated that d—n* mixing coefficients, n*—n* splitting of equivalent orbitals
and 2K integrals can all be used to assess the extent of electronic coupling between
metal and ligand and that all give qualitatively the same picture.

Website: note that the structures for all the species, as xyz files, can be found on
our web site and can be viewed with CHIME software. Visit http://
www.chem.yorku.ca/profs/lever and follow links to this paper.
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