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In order to quantify the contribution of mainly, but not only,
diimine ligands to the electronic properties of the corre-
sponding complexes, two novel indices, namely modified
electronic parameters (ModEP) and electrophilicity, o, are in-
troduced and discussed in this report. First, we introduce the
concept of ModEP, a novel scale relating to the electronic
properties of diimine ligands. Mainly on the basis of well-
characterized M(diimine)(dithiolato) complexes (M = Pt, Pd,
or Ni), we derive the contribution of the diimine ligand to the
reduction potentials of the complexes, and incorporating its
contribution to the main charge-transfer band of the UV/Vis
spectra, we obtain our ModEP values. The applicability of
the introduced scale to several other classes of diimine com-
pounds (W, Re, and Ru) is then tested. The performance of
our scale in predicting the values of the reduction potentials
and the position of the charge-transfer bands is very satisfac-
tory. With this approach, some interesting aspects of ligand

coordination were revealed. Next, we employ the recently
introduced electrophilicity index o, in order to correlate our
ModEP scale with various other empirical scales that are al-
ready known and extensively used. This permits us to unify
most known scales, which were primarily derived for dif-
ferent types of ligands (e.g. ModEP for diimines, Tolman's for
phosphanes). The proposed method of w calculation (at the
semiempirical AM1 level) avoids any experimental limitation
and can be employed even for ligands that are not yet experi-
mentally available, whereas its correlation to the known
scales would immediately provide the properties of the com-
pound. This supports the idea that the electrophilicity index
could become a powerful tool in coordination and organome-
tallic chemistry.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2007)

Introduction

All the properties of inorganic and organometallic com-
plexes and their potential applications, from the field of
homogeneous catalysis to materials and from photochemis-
try to DNA binding and intercalation are determined by
the combination of metal and ligand. However, for a given
series of homologous compounds with the same metal, the
role of the ligand in terms of both electronic and steric ef-
fects becomes dominant. For decades, coordination and or-
ganometallic chemists have been trying to find a way to
predict the effect of a ligand change upon the properties of
a complex,"”7 trying to avoid the need for extensive syn-
thetic work. This essential need for knowledge of ligand
effects on a certain core or fragment is extended not only
to different types of known ligands, but also to ones that
have merely been considered for future work. In this sense,
great effort has been put into the development of ligand
parameters, on the basis of which properties of known com-
pounds would be documented and properties of new ones
could be predicted.

[a] Inorganic Chemistry Laboratory, Chemistry Department,
National and Kapodistrian University of Athens,
Panepistimiopolis, Zografou 157 71, Greece
E-mail: cmitsop@chem.uoa.gr

4176 @ InterScience"

© 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Of known importance is Tolman’s electronic parameter
(TEP) relating to phosphanes (PR5).11 It was derived on the
basis of the A; v(CO) stretching vibration of (R;P)Ni(CO);
complexes. As it is justified by backbonding theory, the
greater the donor power of the phosphane the lower the
stretching mode becomes. TEP has found wide usage over
the years, but the expansion of the model is limited by the
requirement that a new ligand L along with the correspond-
ing NiL(CO); complex should be synthesized and spectro-
scopically investigated, and this is not always an easy task.

This limitation is overcome by Crabtree’s calculated elec-
tronic parameters (CEP).”! In this approach, the A, v(CO)
frequency is no longer experimentally derived, but it is cal-
culated by means of density functional theory (DFT). The
relative donor powers of a wide variety of cationic, neutral,
and negatively charged ligands are reliably predicted; ex-
panding the model, these parameters also correlate well
with other empirically derived parameters. Even though the
method avoids any experimental limitations, it incurs com-
putational costs and provides no values for bidentate li-
gands, such as diimines.

Lever’s electronic parameters (LEP)P! are based on the
electrochemical E° value for various redox couples, notably
Ru/Ru'’, in series of complexes containing the ligands of
interest. LEP cover a much wider set of ligands than Tol-
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man’s scale, including anionic, O- and N-donor ligands. On
the other hand, it has the disadvantage that an electrochem-
ical apparatus for measurements is necessary, which is not
always available. Another disadvantage of LEP is that elec-
trochemical irreversibility can degrade the quality of the
data for certain ligands, and solvation and ion-pairing ef-
fects could interfere to some extent.

Hammett substitution constants ¢ have found wide usage
both with organic and inorganic compounds.’’] These were
defined by the ionization constants of the appropriately
substituted benzoic acids. The most extensively employed
are o, and o, relating to para- and meta- substituent ef-
fects, respectively. Hammett constants in most of the cases
have only qualitative value, providing synthetic chemists
with trends, but not with accurate properties of compounds
under preparation. Moreover, they are limited by their own
nature. They provide the trends that would arise by the sub-
stitution of a ligand in certain positions, but they can not
show which effects would arise from a different ligand.
Thus, in the case of the 2,2’-bipyridine ligand, for example,
Hammett substitution constants might work if the substitu-
ents are added in the 4 and 4’ positions, but they will fail
to predict what will happen if bipyridine is replaced by 1,10-
phenanthroline or an aliphatic ligand, such as diiminosuc-
cinonitrile.

Recently, Arca et al.l° gave a quantitative description of
the effect induced by both the metal and the ligands to the
value of A,., in a series of dithiolene complexes of the
M(R,R'timdt), type and Poé et al.l”) presented an analysis
of CO dissociative kinetics of Ru(CO),L (L = P-donor li-
gands).

Keeping all of the above in mind, herein we present our
efforts to obtain a unified ligand properties scale. Our
investigation for a quantitative analysis of ligand effects
(QALE)®-14 was carried out at two levels. In the first, we
introduce the concept of modified electronic parameters
(ModEP), a novel scale relating to the electronic properties
of diimine ligands. Mainly on the basis of the well-charac-
terized M(diimine)(dithiolato) complexes (M = Pt, Pd, or
Ni), we derive the contribution of the diimines to the re-
duction potential of the complexes; in the next step, we in-
corporate their effect on the main charge-transfer band of
the visible spectra of the complexes, and then we obtain our
ModEP values. There are two reasons for choosing this
class of complexes for our analysis. First of all, an extensive
series of this type of compounds has been presented.['572
Furthermore, the interest toward mixed diimine—dithiolato
complexes of d® metals is related to their unique properties,
which include solution luminescence, solvatochromism,
large molecular hyperpolarizabilities, and large excited-state
oxidation potentials. Because of these properties, they are
considered to be very promising candidates for nonlinear
optical (NLO) materials, molecular photochemical devices
(MPD), and photosensitizers for solar cells.

The electronic properties depend most likely on the exis-
tence in the same molecule of two different unsaturated che-
lating ligands, one of which is a good n*-donor (the dithiol-
ato ligand) and the other a good n*-acceptor (the diimine).
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The possibility of applying mixed diimine—dithiolato com-
plexes to any of the above-mentioned technologies mainly
relies on the intense solvatochromic, visible absorption in
the neutral state, Eyivrcn caused by the mixed-metal-
ligand-to-ligand-charge-transfer (MMLL'CT)P transition
between the HOMO and LUMO, where the former is a
mixture of metal and dithiolato ligand orbital and the latter
a m* orbital of the diimine. This assignment has been con-
firmed by TD-DFT calculations,[® 72 and both experimen-
tall'®34 and theoretical results®®7? indicate that its fre-
quency can be tuned from near-Vis to NIR by changing
the substituents both at the diimine and dithiolate moieties.
These complexes face a reversible, diimine-based, reduction
process, which is well characterized.

Up to now, despite the extensive study of M(diimine)(di-
thiolato) complexes, only some general trends of the nature
of the substituent groups on the main substrate of the di-
imine or dithiolato ligand have been revealed, but none of
this data is in quantitative form. Between the two ligands,
the one that is less studied from the point of view of its
effect on the properties of a molecule is certainly the di-
imine.

The applicability of the introduced scale is then tested on
several other types of W, Re, and Ru diimine compounds.
The performance of our scale in predicting the value of the
reduction potentials and the position of the charge-transfer
bands is very satisfactory.

In the next level of investigation, we employ the recently
introduced electrophilicity index @[3l in order to correlate
our ModEP scale with various other empirical scales that
are already known and extensively used. This procedure
gives us the chance to unify all these scales, which were
derived by investigating different types of ligands (e.g. Mod-
EP on diimines, Tolman’s on phosphanes). This supports
the idea that the electrophilicity index could become a
powerful tool in coordination and organometallic chemis-
try.

Computational Details

All the experimental data presented are taken from al-
ready published reports. In the following discussion, the ab-
breviations used for compounds are as follows: tdt = tolu-
ene-3,4-dithiolato, bpy = 2,2'-bipyridine, php = 1,10-phen-
anthrolinopyrrole, tmphen = 3,4,7,8-tetramethyl-1,10-phen-
anthroline, 3,5,6,8-tetramethyl-1,10-phenanthroline, /Pr-pya
= N-isopropylpyridine-2-carbaldimine, dmphen = 4,7-di-
methyl-1,10-phenanthroline, Bu-pya = N-butylpyridine-2-
carbaldimine, 6,6’-dmbpy = 6,6’-dimethyl-2,2’-bipyridine,
dbbpy = 4,4'-di-tert-butyl-2,2'-bipyridine, dmbpy = 4,4'-di-
methyl-2,2'-bipyridine, 5,5'-dmbpy = 5,5'-dimethyl-2,2’-bi-
pyridine, 2,9-dmphen = 2,9-dimethyl-1,10-phenanthroline,
5,6-dmphen = 5,6-dimethyl-1,10-phenanthroline, 2,9-dm-
4,7-dpphen = 2,9-dimethyl-4,7-diphenyl-1,10-phenan-
throline, mphen = 5-methyl-1,10-phenanthroline, dpphen =
4,7-diphenyl-1,10-phenanthroline, pphen = 4-phenyl-1,10-
phenanthroline, phen = 1,10-phenanthroline, dpbpy = 4,4'-
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diphenyl-2,2'-bipyridine, Cl-phen = 5-chloro-1,10-phenan-
throline, Br-phen = 5-bromo-1,10-phenanthroline, Br,-bpy
= 4,4'-dibromo-2,2'-bipyridine, Cl,-bpy = 4,4'-dichloro-
2,2'-bipyridine, NO,-phen = 5-nitro-1,10-phenanthroline,
bipym = 2,2'-bipyrimidine, EHC-bpy = 4,4’-bis(2-ethylhex-
yloxycarbonyl)-2,2'-bipyridine, 7Bu-DAB = tert-butyl-
N,N'-bis(1,4-diazabutadiene), EC-bpy = 4,4'-bis(ethoxy-
carbonyl)-2,2'-bipyridine, dcphen = 4,7-dicarboxy-1,10-
phenanthroline, dcbpy 4,4'-dicarboxy-2,2'-bipyridine,
BABA = biacetylbisaniline, dthdi = N,N'-ditolyl-3,4-hexa-
nediimine, (CF5),-bpy = 4.,4'-ditrifluoromethyl-2,2’-bipyr-
idine, (NO,),-bpy = 4,4'-dinitro-2,2'-bipyridine, disn = di-
iminosuccinonitrile, bbqdi = semi-4-benzoylbenzoquinone-
diimine.

The calculation of the ground-state electronic structure
of a Pt(bpy)(tdt) complex has been performed by using den-
sity functional theory!’>74 methods with the GAUSSIAN
1998 software package.l””! The functional used throughout
this study is the B3LYP, consisting of a hybrid exchange
functional as defined by Becke’s three-parameter equa-
tion”®l and the Lee-Yang—Parr correlation functional.[’”]
The ground-state geometry was obtained in the gas phase
by full geometry optimization, under no symmetry con-
straint. The VeryTight option was used, which demands
tighter convergence criteria than the default ones, while nu-
merical integration was performed with the UltraFine op-
tion, which requests a pruned (99,590) grid. The optimum
structures located as stationary points on the potential en-
ergy surfaces were verified by the absence of imaginary fre-
quencies. The derived wavefunctions were found to be free
from internal instabilities. The basis set used for all non-
metal atoms was the well-known valence triple-zeta 6-
311+G*.I"87] The quasi-relativistic Stuttgart-Dresden ef-
fective core potential of the type ECP60MWB was used for
Pt, and complemented by the corresponding valence basis
sets.[8% Percentage compositions of molecular orbitals from
the three contributing fragments were calculated with the
AOMix program.[81-821

Ground-state electronic structure calculations of all
other compounds including the net ligands have been per-
formed by using the AM13 and PM3[B4-85] semiempirical
techniques, with MOPAC20008¢ as implemented in the
CAChe software package.[®”] Structures have been preopti-
mized under the MM3 force field.[®] The ground-state geo-
metries were obtained in the gas phase by full geometry
optimization, under no symmetry constraint. Structures of
the 2,2'-bipyridine derivatives and nonaromatic bidentate
ligands have been considered under their planar arrange-
ment (the binding N-C-C-N dihedral angle was set to
zero). These geometries correspond to the first-order saddle
point (transition state) that links the two energy minima at
the potential energy surface through rotation of the CIl-—
C1’ bond. We preferred to use this structure, because the
compounds have this structure at the time of complex for-
mation. For the rest of the compounds under study, the
optimum structures were verified by the absence of imagi-
nary frequencies. Frontier orbital contour plots presented
herein were prepared with the aid of MOLEKEL.[®]
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Results and Discussion

Deriving the Model — Modified Electronic Parameters

Our methodology for obtaining a structure-to-properties
relation (SPR) will be based on Lever’s arguments! and the
general theory of ligand properties additivity,?%3 starting
from electrochemical data. According to the additivity
theory, redox potentials of the complexes can be regarded
as an additive property made up of the contributions of
both the metals and the coordinated ligands. The weight
of these contributions is defined by the percentage of each
component of the LUMO orbital of the complex, since the
relation between E° and LUMO energy is well documen-
ted.[°7-%81 Our approach has five levels and provides the fol-
lowing equation [Equation (1)].

ModEP = ~0.0001343 Eypvipcr + 1.1671129 (R? = 1) (1)

(1) As we have already mentioned, we set the basis of our
reasoning on the M(diimine)(dithiolato) complexes and es-
pecially on those with Pt, not only for their plethora, but
also because they are more important candidates for poten-
tial applications.!'”! In these compounds, the LUMO orbital
is localized mainly on the diimine core as has been indicated
both experimentally and theoretically.[®® 7?1 Moreover, we
needed a model compound, and Pt(bpy)(tdt) contains all
the necessary prerequisites for this. First of all, platinum is
coordinated to two bidentate ligands; both of them are
good o-donors, having medium m*-donating (the dithiol-
ato)/m*-accepting (the diimine) ability. Secondly, there is a
series of eight Pt(diimine)(tdt) complexes that are well char-
acterized, with defined electrochemical and spectroscopic
behavior (vide infra).[?4

(2) The origin of our model is based on reduction poten-
tials. Pt(bpy)(tdt) has a reversible reduction wave at
~1.339 V in a DMF solution.?¥ This value arises from the
contribution of both the diimine and the Pt/tdt fragment.
In order to determine the contribution of diimine to this,
we performed ground-state electronic calculations for the
complex under investigation at the DFT level of theory. The
frontier orbital energies along with the contributions from
the two ligands and the metal are given in Table 1, while
the HOMO and LUMO are presented in Figure 1.

The HOMO, a b, orbital in the local sense, is composed
mainly of sulfur 3p. orbitals on the chelating ring, while the
LUMO is calculated to be located almost on the diimine
with a limited contribution from the metal and dithiolato
ligand. The calculated contribution of 2,2'-bipyridine to the
LUMO orbital is 87%. Thus, we dissect the first reduction
potential into two parts and credit by definition a value of
E; = -1.165V to the diimine, according to its contribution
to the whole potential (87% of E(Pt”"). The remaining E,
= -0.174 V is attributed to the system Pt/tdt. Once these
values are well defined, we can obtain the corresponding
values for all diimine ligands that are bound to the Pt(tdt)
fragment, bearing in mind that the experimental conditions
for the derivation of the corresponding potentials must be
the same.
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Table 1. Contribution of different fragments to Pt(bpy)(tdt) valence
orbitals. The HOMO and LUMO are shown in bold.

MO E [eV] Metal Dithiolato  Diimine
Unoccupied

95 —0.64 38.7 2.4 58.9
94 -1.02 44.9 47.4 7.7
93 -1.78 1.4 0.5 98.2
92 -2.02 1.4 0.5 98.1
91 -2.90 5.4 7.4 87.2
Occupied

90 —4.67 9.5 80.5 10.0
89 -5.05 13.8 84.5 1.7
88 -6.37 68.5 23.9 7.6
87 —6.60 28.5 67.2 4.3
86 —-6.74 33.7 60.5 5.8
85 -7.23 43.6 52.6 3.8

(b)

Figure 1. Contour plots of HOMO (a) and LUMO (b) orbitals of
Pt(bpy)(tdt).

(3) Assuming that the E, value is kept constant along the
series of eight Pt(diimine)(tdt) complexes,**! we obtain the
corresponding electronic parameters (EP) / contributions
for the diimine ligands (taking the E° values from Table 2)
according to Equation (2).

EP = Ered (of each complex) — 0-13Ered/(dpy)Pl(tdt) (2)

Thus, we get EP = —1.321 V for tmphen, —1.224 V for
dbbpy, -1.197 V for dmbpy, —1.165 V for bpy, —1.145 V for
phen, —1.083 V for Cl-phen, -0.869 V for Cl,-bpy, and
-0.788 V for EC-bpy.

On the basis of the well-documented interconnection of
LUMO, E,.4, and Eypvi ot there should be a linear rela-
tion between the derived EP and the observed values of
Eyimir ot for the main low-energy solvatochromic band of
these compounds. As a matter of fact, this is true, and an
excellent correlation coefficient of 0.98 is derived (Figure 2).
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Figure 2. Graphic representation of the function Eymppcer =
f(=EP) for M(diimine)(tdt) complexes. Spectra of Pt(EC-bpy(tdt)
(1), Pt(Cly-bpy)(tdt) (2), Pt(Cl-phen)(tdt) (3), Pt(bpy)(bdt) (4),
Pt(phen)(tdt) (5), Pt(dmbpy)(tdt) (6), Pt(dbbpy)(tdt) (7), and
Pt(tmphen)(tdt) (8) were recorded in CH,Cl,.

(4) Using the regression line derived from the original data,
we recalculated EP values for any prespecified Eyivir ot
This recalculation was done in order to predict the EP val-
ues of the ligands not included in our primary data, on the
basis of their Eyxivpr ot values and also to reduce the error
introduced by the assumption that the contribution of the
Pt/tdt fragment to the reduction potential of the compound
is the same.

So, EPs are reevaluated for these eight diimines, and the

obtained values are called, for the needs of our discussion,
modified electronic parameters (ModEP). Thus, ModEP
becomes -1.359V for tmphen, -1.220V for dbbpy,
—1.215V for dmbpy, —1.126 V for bpy, —1.138 V for phen,
—-1.054 V for Cl-phen, —0.966 V for Cl,-bpy, and -0.812 'V
for EC-bpy, according to Equation (1).
(5) Mainly on the basis of a large number of data for M(di-
imine)(dithiolato) compounds (Table2) and the eight
“starting” values derived in the previous paragraph, we
have obtained the ModEP values for a satisfactory number
of diimines (Table 3).

Explanation and Physical Basis

Up to now, we have indicated the formulation employed
in order to obtain ModEP values. In this section, we shall
try to explain the properties of the new scale and the neces-
sary prerequisites that a complex should satisfy in order for
the additivity concept to be valid. First of all, ModEP val-
ues are given in V, but as soon as they are calculated they
no longer depend on any experimental condition. This fact
is justified, because ModEP values correspond to differ-
ences in reduction potentials and shifts in the energy of a
charge-transfer band, measured under the same experimen-
tal conditions. So, for a series of compounds with different
diimines, ModEP should correlate well with a ligand-based
reduction potential and with the corresponding charge-
transfer band as long as the experimental conditions are the
same, no matter what these are. Subsequently, the ModEP
values were calculated in order to provide the link between
the ligands and the properties of the corresponding com-
plexes. In this sense, diimines with large ModEP values
when coordinated to a metal lead to easier reduction of the
4179
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Table 2. Electrochemical and spectroscopic results for M(diimine)(dithiolato) complexes. Please consult the original literature for the
precision and the experimental conditions. The solvent provided refers to A,.x, since compounds under study are highly negatively
solvatochromic.

Complex Solvent Amax [nm] Eypvirrcr [em™'] Erear [V] Erean [V] Eox [V] Ref.
Pt(bpy)(tdt) CH,CI, 586 17065 Z1.339r ] +0.376qr 4]
Pt(bpy)(bdt) CHCl, 600 16667 —1.31¢M! —1.99ir +0.40/0.701-¢l (e8]
—1.775r1b-dl - +0.025[0-d1 [09]
Pt(bpy)(dpdt)t CH,Cl, 614 16287 _ - +0.26r [35]
Pt(bpy)(bbdt)i! CH,Cl, 590 16949 - - +0.22r ]
Pt(phen)(mnt)! PhNO, 510 19608 -1.21r —1.75r +1.15irlm (331
Pt(phen)(i-mnt)l! PhNO, 43 23641 1.2 173 +1.15ir [33)
Pt(phen)(qdt)@l DMSO 458 21834 —1.06r - +0.95ir 25.26]
Pt(phen)(tdo)! CH-Cl, 583 17153 _1.319¢ r +0.376gr™! (2.2441)
Pt(phen)(dpdt)l CH,CI, 620 16129 - - +0.30r 351
Pt(phen)(bbdt)!c! CH,Cl, 627 15949 - - +0.24r 1331
Pt(bipym)(mnt)l DMSO 493 20284 +1.32ir [441
Pt(bipym)(dmit)[c! DMSO 560 17857 +0.80ir (441
Pt(BABA)(mnt)™ CH,Cl, 620 16129 -0.70r ~1.50qr!t +0.8ir!" (431
Pt(BABA)(tdt)! CH,Cl, 682 14663 0.94r _1.66q:!0 +0.64irl0 [43)
Pt(dmbpy)(ecda)! CHCI, 450 202 1.28yl2) 177 +0.83ire] 341
_1.21gre N +0.8 jrleh 29)
Pt(dmbpy)(mnt)™! CH,Cl, 492 20325 ~1.17qr!el +1.22qrlel (291
—1.29rleal —1.78r +1.07irle2] 133]
Pt(dmbpy)(i-mnt)l! CH,Cl, 417 23981 —1.28r —1.83r +1.16ir 133]
Pt(dmbpy)(tdt)&l CH,Cl, 563 17762 —1.371r r +0.390ir [22.24.41]
Pt(dpbpy)(mnt)! CH,Cl, 513 19493 1.18r _1.68r +0.70 [33)
Pt(dpbpy)(i-mnt)! CH,CI, 448 22321 1l 171 +0.72 53]
Pt(dbbpy)(tbeda)@! CH,Cl, 437 22883 -1.302r r +0.963ir (241
Pt(dbbpy)(cpdt)! CH,CI, 434 23041 ~1.274r r +0.957ir 24
Pt(dbbpy)(endt)l! CH,Cl, 480 20833 —1.484r r +0.431ir (24]
Pt(dbbpy)(dmqdt)t CH,Cl, 481 20790 _1.334r r +0.814ir 4]
Pt(dbbpy)(mnt):] CH,CI, 497 20121 ~1.266r r +0.944ir 4]
Pt(dbbpy)(tdt)! CH,CI, 563 17762 ~1.398r r +0.38%ir 4
Pt(dbbpy)(S-4-py),t CH,CI, 452 2124 173 - +0.66ir [20]
Pt(Cl,-bpy)(tdt) CH,Cl, 630 15873 ~1.043r r +0.380ir 24
Pt(EC-bpy)(tdt)? CH,Cl, 679 14728 -0.962r r +0.412ir [24]
Pt(dcbpy)(ecda)le! EtOH/MeOH 440 22727 ~1.1irfl - +0.95ir 37.38]
Pt(dcbpy)(qdt) EtOH/MeOH 460 21739 —1.1irf - +0.85ir [37-39]
Pt(debpy)(tdo)el EtOH/McOH 580 17241 1.2l - +0.45ir (37-39)
Pt(dpphen)(ecda)l®! CHCl,4 468 21368 —1.12rlel —1.68r +0.83irlel (341
—1.24qrlen +0.81irlehl (291
Pt(dpphen)(mnt)U! CH,Cl, 520 19231 ~1.17qrlel +1.22qrlel [29.33]
—1.15rl & —1.72r +0.72irl €l 1331
Pt(dpphen)(i-mnt)l#! CH,Cl, 444 22523 C118r 1.73r +0.75ir [33]
Pt(tmphen)(tdt) CH,CI, 532 18797 1.495¢ r +0347ir 241
Pt(Cl-phen)(td)t CH,CI, 605 16529 1,257 r +0.359qr 241
Pt(dcphen)(ecda) EtOH/MeOH 436 22936 —1.2irfl - +0.98ir [37-39]
Pt(dephen)(qd)®! EtOH/MeOH 480 20833 ~1.0ir!1 _ +0.90ir [37-40]
Pt(dcphen)(tdt)le! EtOH/MeOH 568 17606 —1.2irfl - +0.49ir [37-39]
Pt(dcphen)(bdt)le! EtOH/MeOH 565 17699 ~1.1irl - +0.52ir [37-39]
Pt(Et-pya)(dmit) DMSO 580 17241 )
Pt(iPr-pya)(dmit) DMSO 570 17544 51
Pt(Bu-pya)(CgH,Sg) CH,Cl, 808 12376 [42.:49]
Pt(C;o-pya)(dmit)t! CH,Cl, 660 15152 +0.36K (531
PU(Cyo-pya)(CsHaS)!  CH,Cl, 770 12987 +0.2614 (53]
Pd(bpy)(bdt)! CHCl, 510 19608 —1.846r - +0.165ir (671
Pd(BABA)(tdt)t! CH,Cl, 688 14535 -0.98r —1.66qrl1 +0.58irt1 [62]
+1.20ir [62]
Pd(BABA)(mnt)t CH,Cl, 600 16667 0.78¢ ~1.50qr!" +1.18irl0 f62]
Ni(bpy)(bdt) CHCl, 557 17953 —1.828r - +0.084ir (671
Ni(BABA)(tdt)! CH,Cl, 696 14368 ~1.00r ~1.66qr! +0.48irl" f62]
+1.20ir!f [e2]
Ni(dpphen)(tbeda) CH,Cl, 465 21505 22
Ni(dpphen)(tfd) CHCl, 543 18416 [43.50]
Ni(dthdi)(mnt) CHCl, 651 15361 [41.50)
Ni(dthdi)(tfd) CHCl,4 671 14903 [41,50]
Ni(disn)(tfd) CHCl 703 14225 [41.50]
Ni(EHC-bpy)(mnt) CHCI, 583 17153 [41.50)
Ni(EHC-bpy)(tfd) CHCI, 602 16611 [41.50]
Ni(bbqdi)(tfd) CHCl, 745 13423 [41,50]
Ni(NO,-bpy)(tfd) CHCI, 742 13477 [41.50)

[a] Observed potential vs. NHE. [b] The observed differences are quite substantial. [c] Two oxidations 1/2e". [d] Observed potential vs.
Fc*/Fc (0.400 V vs. NHE). [e] Observed potential vs. SCE, Hg/Hg,Cl, (KCI sat.) and E?°°C = 0.2444 V. [f] Value for E,,. [g] There is a
difference in the assignment of the wave. [h] Observed potential vs. SSCE, Hg/Hg,Cl, (NaCl sat.). [i] Value for E,,. [j] Observed potential
vs. Ag/AgCl (ac— = 1 M) and E?°°C = (.22234 V. [k] Value for Ey’. [1] The wave corresponds to a two-electron procedure. [m] The symbols
1, ir, and qr stand for reversible, irreversible, and quasi reversible waves, respectively.
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Table 3. Modified electronic parameters (ModEP) for the most fre-
quently used diimines in synthesis.

Diimine ModEP [V]
php —-1.408
tmphen -1.359
3,5,6,8-tmphen -1.297
iPr-pya -1.284
dmphen -1.270
Bu-pya -1.270
6,6'-dmbpy —1.241
dbbpy -1.220
dmbpy -1.215
5,5'-dmbpy -1.203
2,9-dmphen -1.199
5,6-dmphen -1.194
2,9-dm-4,7-dpphen —1.188
mphen -1.172
dpphen -1.150
pphen —-1.143
phen -1.138
dpbpy ~1.132
bpy ~1.126
Cl-phen ~1.054
Br-phen -1.044
Br,-bpy -0.980
Cl,-bpy —0.966
NO,-phen -0.963
bipym -0.956
EHC-bpy -0.926
EC-bpy -0.812
dcphen -0.799
dcbpy -0.787
tBu-DAB —-0.785
BABA -0.729
dthdi -0.703
(CF3)2-bpy -0.681
(NOz)z-bpy -0.582
disn -0.514
bbqdi —-0.508

resultant complexes in a way that can be accurately pre-
dicted. Moreover, they stabilize the LUMO of the com-
plexes. In other words, they cause a red shift of the main
charge-transfer band, and its 4,,,, is accurately predicted by
correlations of the Enivprcr = AModEP) type.

Furthermore, ModEP values are indicative of the o- and
n- bonding ability of the diimines, covering a range of
1000 mV. In addition to this, when comparing diimines of
the same core, such as 1,10-phenanthroline derivatives (e.g.
dpphen and phen), ModEP values could be used as indices
of only m-effects, provided that in these ligands the o-donat-
ing ability is almost the same.

On the basis of the aforementioned discussion, we can
set up the necessary arguments in order for the additivity
concept to be valid and the expected accuracy of a predic-
tion to be high. Thus, (i) reduction potentials under con-
sideration must be reversible or at least quasi-reversible, (ii)
the reduction process must be described by the scheme
ML(diimine ), (iii) the reduction must occur to the same
unoccupied orbital (from an energetic and symmetry point
of view). In the complexes under study, this is the diimine-
based LUMO. Further, (iv) the charge-transfer band must
be attributed to the same orbital, for example, in the case of
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M(diimine)(dithiolato) compounds, the main UV/Vis band
arises from a singlet state well described by the HOMO —
LUMO notion,[® 72l and (v) the effect of the solvent must
be taken into account: comparison between either spectro-
scopic or electrochemical results is only possible if the same
solvent is used. The reason for this is quite obvious. M(di-
imine)(dithiolato) complexes are greatly solvatochromic as
a result of their polar ground state, and the nonpolar (or
even polar in the opposite direction) excited state and this
solvatochromism affects also their redox behavior.

Before testing the applicability of ModEP, we investi-
gated its correlation to Hammett constants, since the latter
meet a general acceptance and have found wide application.
These were defined by the ionization constants of the ap-
propriately substituted benzoic acids. In the case under
study and in order to find out whether there are any corre-
lations, we had to make a concession that had to do with
the applicability of Hammett constants. Hammett constants
can find application only in cases of ligands that have the
same core, differing in terms of the substituting groups in
exact positions, e.g. 4,4'-X,X-2,2"-bipyridines. In order to
partly overcome this problem, we employed o, values, as
defined by Equation (3), where g, 0,,, and o, represent
para-, meta-, and ortho- substituent effects, respectively.

oy = z"O'p + 2O-m + 200 (3)

It is obvious that the ModEP scale surpasses Hammett
constants in the sense that the former contains at the same
time aromatic (e.g. 1,10-phenanthroline), “semi-aromatic”
(e.g. N-butyl-pyridine-2-carbaldimine), and aliphatic (e.g.
diiminosuccinonitrile) entries, while the latter gives the rela-
tion among ligands that are derivatives of the same parent
compound. The Hammett constants employed are pre-
sented in Table 4 (vide infra). For 13 bipyridine derivatives,
we obtain the relation in Equation (4) (Figure 3).

o, = 2.74 ModEP + 3.10 @)
2.00
nt
. atE 1.00
T T 0.00
-1.500 ‘7”‘“ -1.000
-1.00
ModEP

Figure 3. Graphic representation of the relation g, = f{ModEP) for
13 2,2'-bipyridine derivatives (R> = 0.96).

The fit is excellent (r = 0.96). Moreover, in Figure 4, the
corresponding correlation for 14 1,10-phenanthroline deriv-
atives is depicted. A linear relation is also evident (r = 0.93)
here [Equation (5)].
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r 2.00
CrI
- F 1.00
/
—1.500 .//f— —1.000 o
L_100

ModEP

Figure 4. Graphic representation of the relation g, = f{(ModEP) for
14 1,10-phenanthroline derivatives (R> = 0.93).

o, = 2.68 ModEP + 3.09 )

Comparing Equations (4) and (5), we conclude that the
same substituent groups on both aromatic ligands, namely
phen and bpy, have a similar effect. Moreover, assuming
that o- donation is identical along the same series, this sup-
ports our belief that ModEP values are indicative of n- ef-
fects.

For an extensive series of M(diimine)(dithiolato) com-
pounds, keeping the M(dithiolato) fragment constant and
correlating ModEP with the experimentally derived re-
duction potentials and the charge-transfer energies, we con-
clude that our scale works fine with the compounds under
consideration. The maximum error in the ligand-based re-
duction potential is 43 mV (the experimental error in most
cases is around 10 mV) and a few nm in the case of the UV/
Vis spectra. As a result, we are able to predict the properties
of compounds that are not yet prepared. As an example,
we employ again the series of Pt(diimine)(tdt) compounds
mentioned earlier and three 1,10-phenanthroline deriva-
tives, namely NO,-phen (ModEP = -0.963 V), pphen
(ModEP = -1.143V), and 5,6-dmphen (ModEP =
—1.194 V). Equation (6) gives the relation E,.q4 = f(ModEP)
and Equation (7), the relation Enyyvy ot = AModEP).

Eved = 1.049 ModEP — 0.107 (©6)

EMMLL’CT = 7742 ModEP + 8685 (7)

NO,-phen is anticipated to have a reduction potential of
—1.117V and a CT band at 631 nm, whereas the corre-
sponding values for pphen and 5,6-dmphen should be
—1.306 V and 582 nm, and —1.360 V and 569 nm, respec-
tively. The standard deviation in all cases is around 39 mV
and less than 1 nm (the low value for the latter comes also
from the modification employed).

From all the experimental data available, we conclude
that the ModEP scale finds application in M(diimine)(dithi-
olato) complexes. On the other hand this class of com-
pounds was used in order for this scale to be extracted. So,
the potential use of the ModEP scale must be tested on
other classes of compounds. In the next two sections, sev-
eral examples will be presented along with a discussion on
the way in which the ModEP scale could be enriched and
what its chemical meaning really is.
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Potential Applications

Trying to investigate the potential applications of the
ModEP scale, we tested its response in several classes of
compounds. In all cases, the rules i—v formulated in the pre-
vious section were observed to hold. The cases where the
overall correlation was very good were employed to enrich
the ModEP scale.

M(diimine) (CO), (M = W, Mo, Cr)

The first class of compounds on which we tested our
model was M(diimine)(CO)4. These compounds are known
for their negative solvatochromism and luminescence in
solution and find potential applications in material sci-
ence.’4191 They have a solvatochromic band that is attrib-
uted to a MLCT transition. On the basis of data from
ref.P41011 we obtain the correlation shown in Figure 5.

20500
-
E
19500 meet
- - , , - 18500
-1.300 —1.200 -1.100 -1.000 -0.800 -0.800
ModEP

Figure 5. Graphic representation of the relation Eyjpcr =
A(ModEP) for a series of W(diimine)(CO), complexes (R> = 0.98).
Transition energies were collected in benzene.

The relation Eyypcr = fiModEP) is linear and is de-
scribed by Equation (8).

Enper = —4502 ModEP + 14449 ®)

The maximum error anticipated for this range of transi-
tion energies is only 2 nm. Analogous relations hold also in
the case of Mo and Cr, shown in Equations (9) (R?> = 0.97)
and (10) (R? = 0.92), respectively. Transition energies were
collected in benzene.

Envicr = 5111 ModEP + 14536 )

Emvcr = 4832 ModEP + 13561 (10)

The maximum errors in these cases are slightly larger, 3
and 5 nm, respectively, but they are certainly at a more than
acceptable level. This fact supports the use of the ModEP
scale for prediction purposes. For example, the charge-
transfer band for the complex W(5,6-dmphen)(CO),,
which, to the best of our knowledge, has not been prepared
yet, is anticipated to be 504 = 1 nm in benzene, on the basis
of the ModEP value of the ligand (-1.194 V).

fac-[Re(CO) ;( CNx ) (diimine) J*

Rhenium(I) tricarbonyl complexes containing bidentate
heterocyclic ligands have been a source of interest for sev-
eral years, largely because of their potential use in solar
energy conversion.”>1921 These compounds display intense
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luminescence in the visible region of the spectrum and have
long emission lifetimes. Recently, Rillema et al. prepared
a series of fac-[Re(CO);(CNx)(diimine)]” complexes.!'03100]
These complexes have a diimine-based reversible reduction
process. We tested the ModEP scale, searching for a corre-
lation of the type E..q = f{iModEP). In Figure 6, this corre-
lation is schematically depicted, and Equation (11) gives the
corresponding linear regression. The maximum deviation
from linearity in this case is 42 mV.

Eveq = 1.027 ModEP — 0.035 (11)

ModEP
=1.500 =1.300 =1.100 =0.800
=0.70
- *
Fro—1.20 E'v"
L]
- =1.70

Figure 6. Graphic representation of the relation E,.q = f{ModEP)
for a series of fac-[Re(CO);(CNx)(diimine)]* complexes (R = 0.98).
Potentials are reported vs. SSCE in CH;CN at room temperature,
taken from ref.[103-106]

[{(diimine)Re(CO)3};(n-L) |*

The good correlation of E,.q = f{ModEP) obtained in the
previous case, was tested also in a more demanding case.
Sun and Lees prepared recently a series of trinuclear di-
imine Re! tricarbonyl complexes bridged by 1,3,5-tris-(4-
ethenylpyridyl)benzene (L1) and 1,3,5-tris(4-ethynylpyr-
idyl)benzene (L2).['71 These compounds have one or two
reduction potentials, the first one representing the addition
of one electron to the diimine ligands. Equations () and ()
give the corresponding correlations for the L1 and L2 brid-
ges, respectively, and Figure 7 provides a graphic represen-
tation for the latter.

Epeq = 2.638 ModEP + 1.546 (12)
Eveq = 3.002 ModEP + 1.902 (13)
1300 -1.200 -1.100 -1.000 -0.800
. L _0.90
Emd
L_1.40
‘l\
L-1.80
ModEP

Figure 7. Graphic representation of the relation E,.q = f{ModEP)
for a series of [{(diimine)Re(CO)3}3(u-L2)]* complexes (R* = 0.92).
The triangular point corresponds to bpy. Data taken from ref.['%7]
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For both cases very good correlations have been ob-
tained. On the other hand, reduction potentials of the bpy
complexes seem to deviate from linearity, but we can not
provide a satisfactory explanation for that. Moreover, the
slope of the linear relation is three times larger than the
corresponding slope in fac-[Re(CO);(CNx)(dmbpy)]*,
which was previously described.

Cu'" Uroporphyrin I Complexes

In 1983, Shelnutt reported Raman shifts of copper uro-
porphyrin I induced by complex formation with phenan-
throline derivatives.'%! We correlated these Raman shifts
with our ModEP scale. A linear relation was obtained (Fig-
ure 8). Bulky derivatives have been excluded from the corre-
lation. Shelnut observed an analogous relation to the Ham-
mett constants and assigned this inconsistency to the fact
that sterically hindered ligands can not lie flat on the por-
phyrin ring.
- 3.0
2.5
L 20
- 1.5
L 1.0
05

T 0.0
-1.050 -1.000

Raman shifts [em™]

=1.100
ModEP

=1.250 =1.200 -1.150

Figure 8. Graphic representation of the relation Av = f{(ModEP) for
the 1637 cm! line for a series of 1,10-phenanthroline derivatives
(R? =0.96). Data taken from ref.['°8 The experimental error is less
than 1.0 cm™.

The Case of [ Ru(diimine) ; ]**

[Ru(diimine)s]** complexes have proved to be one of the
most important classes of photosensitizers ever synthe-
sized.['9-1131 Here, we shall investigate the applicability of
the ModEP scale to these complexes and the way their
properties could be predicted. First of all, this class of com-
pounds is completely different in nature from those pre-
viously described. In their UV/Vis spectra, they have at least
one MLCT band of a clear d — 7* (diimine) type. This
means that both the HOMO (a; and e with D3 symmetry)
and the LUMO (a, and e with D3 symmetry) depend on
the nature of the ligand. Thus, a correlation between Eyp ot
and ModEP or reduction potential is not expected. More-
over, more than one reversible reduction process is detected,
but only one oxidation potential is present. The latter refers
to the couple Ru'"/Ru'"" and can be assumed to involve the
nonbonding or slightly n*-antibonding t,, (a; and e) metal-
centered orbital.3-82-109-1151 Firstly, we tested the ModEP
scale on the oxidation process, for which a large amount of
data is available.''1 Although this process deviates from
the rules previously established, it is evident that E,, is
greatly dependent on the ligand. Thus, stronger c-donors
cause a lower oxidation potential of the Ru' complex,
whereas more efficient m*-acceptors have the opposite ef-
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fect.''9 Lever employed E,, also in order to derive his LEP
parameters (vide infra). A graphic representation of the cor-
relation E,, = f{ModEP) is provided in Figure 9. A re-
gression coefficient of 0.92 is derived for this relation.

2.00
1.50
_’,’-f’{b’r"_,’/‘ Euu:
1.00
[ T T T T T 0.50
-1.400 -1.300 -1200 -1.100 -1.000 -D.900 -0.800
ModEP

Figure 9. Graphic representation of the relation E,, = f{ModEP)
for a series of [Ru(diimine);]** complexes (R?> = 0.92). Data taken
from ref.[116]

A linear relation is obtained by employing data from
ref.l''®1 Analogous results are extracted by employing data
from ref.!!'9 [Equation (14)].

E.q = 1.133 ModEP + 2.535 (14)

Trying to find a net ligand process that could be corre-
lated to the ModEP scale, we ended up with the excited-
state oxidation potentials. E,* refers to an abstraction of
an electron from the LUMO, and this process must cer-
tainly be dependent on the ligand, surpassing delocalization
problems. An almost perfect correlation is observed (Fig-
ure 10).

ModEP
. . : . -0.50
-1.500 ~1.300 -1.100 -0.900
-0.70
-090 E*
=1.10
-1.30

Figure 10. Graphic representation of the relation E, * = {AModEP)
for a series of [Ru(diimine)s;]** complexes (R? = 0.99). Data taken
from ref.[11¢]

The corresponding linear regression is given by Equa-
tion (15).
E,* = 1.109 ModEP + 0.397 (15)

Equation (15) is of great importance since the excited-
state oxidation potential of these complexes determines
their ability to act as photosensitizers, and according to the
best of our knowledge, it is presented for the first time.

The same trend is observed for M(diimine)(dithiolato)
complexes, as given by Equation (16) (» = 0.92).

Eo* = 0.790 ModEP — 0.561 (16)
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Interaction of [ Ru(NH;) ,(diimine) |** with CT DNA

In 2004, Mahesvari and Palaniandavart''>!13] reported
the interaction of a series of mixed ligand complexes of the
type [Ru(NH;),(diimine)]** with calf thymus DNA. Our
ModEP scale correlates well with the oxidation and formal
peak potentials of the complexes both with and without
DNA. Moreover, a good correlation is obtained in the case
of the reduction potentials of the complexes, but not with
reduction potentials in the presence of DNA, a fact that is
an indication that the nature of the reduction in the DNA-
bound form is not the same. These correlations are pro-
vided in Equations (17), (18), (19), (20), and (21).

E,, = 0.576 ModEP + 1.044 (R> = 0.94) 17)
Ereq = 0.452 ModEP + 0.761 (R2 = 0.94) (18)
Eyjp = 0.514 ModEP + 0.883 (R* = 0.99) 19)

Eo = 0.700 ModEP + 1.135 (R> = 0.95) (in the presence of CT
DNA) (20)

Ei» = 0.515 ModEP + 0.853 (R?> = 0.97) (in the presence of CT
DNA) 21)

The ligand 2,9-dmphen has been excluded from the re-
gression analysis because of its deviation from linearity.
This is in accord with its relatively high values for the ratio
Ipalipe (1.39 in the case of DNA interaction) and AE,
(192 mV for the complex), which are strong indications of
irreversible processes.

The Role of the Coordinating Ligand — Expanding the
Model

In the previous sections, we set up the basis of the Mo-
dEP scale and tested its applicability to several demanding
cases. Moreover, we showed that ModEP finds potential ap-
plication in the description of every ligand-based/deter-
mined process.

From all the examples mentioned above, covering a range
of diimine compounds from material to biochemical sci-
ence, we conclude that the role of the ligand in a complex
can be predicted in a quantitative manner. In addition, the
previously extracted correlations imply that the ligands act
in a completely analogous way regardless of the metal frag-
ment to which they are coordinated; this refers to all classes
of ligands. Let’s demonstrate a provocative example. From
the previous discussion and the way ModEP is derived, we
should expect that the energy of the MMLL'CT band in
the M(diimine)(dithiolato) complexes correlates well with
[Ru(diimine);]** excited-state oxidation potentials. This ar-
gument has proved correct (r = 0.998). This idea is the re-
sult of a simple mathematical/numerical regression, but it
also possesses an inherent chemical meaning. It denotes
that ligands act in a fully predictable way upon coordina-
tion to a metal, and this is because of their electronic char-
acteristics. Under this prism, the coordination of a metal to
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a ligand determines a general property of a complex (e.g.
luminescence) and causes the stabilization of ligands
towards, for example, reduction, but it is the nature of the
ligands that determines the extent of these properties. In
other words, if we synthesize one or two compounds of a
new family, we can predict with high accuracy their elec-
tronic properties with an extensive series of ligands, without
the need to synthesize them individually.

In view of the above discussion, we conclude that a uni-
fied scale of ligand properties is what must become our
main objective. In the Introduction, we mentioned some of
the most widely accepted ligand scales. The major draw-
back of all of them is that they are oriented to certain types
of ligands, e.g. diimines, phosphanes, and dithiolates. If we
select one as the most appropriate, e.g. CEP or TEP, we
must develop synthetic or computational routes in order to
derive parameters for other types of ligands. In a different
approach, for a large-scale comparison of data for different
classes of compounds having different types of ligands, we
could enrich the ModEP scale. However, both approaches
are time consuming and constrained by experimental errors
or different experimental conditions.

Herein, we suggest a different approach that can be em-
ployed for every type of ligand used or is under consider-
ation for future work. This approach will be based on the
electrophilicity index .

Electrophilicity Index & — Application to Diimine Ligands

On the basis of an idea given by Maynard et.al.,l''” in
1999, Parr and co-workers defined the electrophilicity in-
dex, @, as a measure of the electrophilicity of a ligand["!
[Equation (22)].

w = u’2n (22)

where ¢ = chemical potential, defined by u = [0E/dN], (and
i = —y, y = electronegativity) and # = chemical hardness
defined by 5 = [0*E/ON?,.

Following Parr’s arguments, Equation (23) is presented,
where @ corresponds to the energy produced from the
maximal flow of electrons between the donor and acceptor,
where I is the compound’s ionization potential and A is its
electron affinity.

I+ Ay
TR(I-A)

(23)

Moreover, maximal electron flow is given by Equa-
tion (24).

I+ A
2(1-A)

AN L =

max

24

Both @ and electron affinity measure the capability of
an agent to accept electrons. Nevertheless, the latter is by
definition related strictly to a one-electron process, whereas
the electrophilicity index measures the total energy lowering
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of a ligand due to maximal electron flow (AE = —*/2n, AE
< 0, charge transfer being a spontaneous process), a value
that could be different from unity.”3) The model was com-
pleted by Contreras et al., who introduced solvent ef-
fects,'18-1211 and the importance of the electrophilicity in-
dex is well documented by Chattaraj et al.l'??]

First of all, we tried to investigate the applicability of
the electrophilicity index, w, to large molecules and, more
precisely, in the detection of the behavior of the complexed
diimines. To the best of our knowledge, this approach is
employed for the first time.

We employed Koopmans’ theorem, as given by the fol-
lowing relations [Equations (25) and (26)].

(25)

I = -FEyomo

A = -Er umo (26)

Equation (26) is not really part of the theorem. Neverthe-
less, it is usually used in the literature as a good approxi-
mation. In a first approach to the problem, the semiempir-
ical AM1 model was employed (the PM3 model gave sim-
ilar results). Although neither method matches the high
precision of ab initio calculations, their main advantage is
low computational cost and wide acceptance in the descrip-
tion of organic molecules. Some first calculations of diimine
properties at the HF and MP2 level of theory gave similar
results, but their application was not possible as soon as the
structures became more complex.

In Table 4, the parameters for the diimines under study
calculated at the AM1 level are presented. It is obvious that
electron-accepting groups increase the electrophilicity and
maximal electron flow of the diimine, whereas good c-do-
nors contribute to their reduction.

Both w and ModEP give a measure of the maximal elec-
tron flow that a ligand can accept, and on the basis of this
fact we anticipate the function ModEP = f(w) to be linear.
Figure 11 shows the linear correlation between ModEP and
the computed w; a good correlation coefficient is found (R?
= 0.92), and Equation (27) is obtained.

ModEP = 1.151 @ — 3.085 (27)

Thus, both ModEP and w can find application as quanti-
tative indices of a ligand’s electronic behavior. The great
advantage of w is that it can be easily calculated for a broad
range of ligand types. Thus, by definition it must correlate
satisfactorily with the electronic descriptors of all other li-
gands, either experimentally derived (TEP and LEP) or
computed (CEP).

Employing data points from ref.?! (Table 5), we derived
the linear relations that are obtained for 17 molecules that
are often used in synthesis as ligands. These relations are
given by Equations (28), (29), (30), and (31). The majority
of the entries are for phosphane ligands, because TEP and
CEP have been derived for these types of compounds. The
last column in Table 5 corresponds to ModEP values com-
puted from Equation (27) for the given molecules.
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Table 4. Ionization potentials, electron affinities, electrophilicity in-
dex, and maximal electron flow calculated with the AM1 model,
along with Hammett’s constants and modified electronic param-
eters for the diimines under study. Energy values are provided in
eVv.

Diimine 1 A w AN pax o,  ModEP
php 10.691 0.491 1.532 0.548 - —1.408
tmphen 10.716  0.521  1.548 0.551 -0.48 -1.359
3,5,6,8-tmphen 11.106 0.601  1.631 0.557 -0.28 -1.297
iPr-pya 11.245 0271 1511 0.525 - -1.284
dmphen 11.044 0.658 1.648 0.563 -1.270
Bu-pya 11.256 0293  1.521 0.527 - -1.270
6,6'-dmbpy 11.180 0.481 1.589 0.545 -0.26 —1.241
dbbpy 11.126  0.449  1.569 0.542 040 -1.220
dmbpy 11.202 0.508 1.603 0.548 -0.34 1215
5,5'-dmbpy 11.260 0.566  1.635 0.553 -0.14  -1.203
2,9-dmphen 11.040 0.662 1.649 0.564 026 -1.199
5,6-dmphen 11.173  0.692  1.679 0.566  -0.14 -1.194
2,9-dm-4,7-dpphen  10.918 0.648  1.628 0.563 -0.28 -1.188
5-mphen 11.175 0.706  1.685 0.567 -0.07 -1.172
dpphen 11.027 0.695 1.662 0.567 -0.02  —-1.150
pphen 11.091 0.707 1.676 0.568 0.06 -1.143
phen 11.158 0.719  1.689 0.569 0.00 -1.138
dpbpy 11.120  0.560 1.615 0.553 -0.02  -1.132
bpy 11.271 0.585 1.644 0.555 0.00 -1.126
Cl-phen 11480 0945 1.832 0.590 037 -1.054
Br-phen 11.489 0.998 1.858 0.595 039 -1.044
Br,-bpy 11.741 0989 1.884 0.592 046  -0.980
Cl,-bpy 11.743 0952 1.867 0.588 046  -0.966
NO,-phen 11.331 1.136  1.906 0.611 0.71  -0.963
bipym 11.524 0942 1.836 0.589 - -0.956
EHC-bpy 11.699 1.059 1912 0.600 0.90  -0.926
EC-bpy 11.700 1.070 1918 0.601 090 -0.812
dephen 11.508 1.503 2.115 0.650 0.82  -0.799
dcbpy 11.822 1203  1.997 0.613 0.82  -0.787
tBu-DAB 12.296 0.889  1.905 0.578 -0.40 -0.785
BABA 12.900 0.998  2.029 0.584  -036 -0.729
dthdi 12.889 0957 2.008 0.580  -0.40 -0.703
(CF3),-bpy 12.076  1.388  2.120 0.630 .02 -0.681
(NO»),-bpy 10411 1.853  2.197 0.717 1.56  -0.582
disn 13.620 1.099 2.163 0.588 132 -0.514
bbqdi 11.873 1399  2.102 0.634 - -0.508

The majority of the ligands in Table 5 are strong or weak
n-donors. Hence, ModEP values are more negative than the
corresponding values for the diimines.

@
1.200 2.200

0.000 :

—=1.000

ModEP

—2.000-

Figure 11. Graphic representation of the function ModEP = f(w)
for all compounds under study.

LEPy, = 0.9261 o + 0.7124, R? = 0.90 (28)
TEP 1) = 73.662  + 1989.2, R = 0.95 (29)
CEP o1y = 76.833 @ + 2074.3, R* = 0.94 (30)
CEP* 1) = 72.722 @ + 2077.1, R? = 0.93 31)

These relations enable us to express any experimental or
computed parameter as a function of any other through the
intermediacy of the easily computed w. In this way, existing
empirical parameters like ModEP or LEP that express con-
trary properties of the ligands can be combined and enrich
each other. This fact demonstrates that our attempt was
successful and at the same time establishes the electrophilic-
ity index as one of the most promising tools in the effort of
synthesizing both inorganic and organometallic complexes
with predefined properties. The combination of the above
parameters would enrich not only the ModEP scale but also
any other scale.

Table 5. Electrophilicity index @ and ModEP for the ligands studied. Values for TEP [em '), LEP [V]3, CEP [cm '[P, and CEP*?! were
taken from the corresponding references, while values in italics have been calculated from the corresponding linear regressions of the functions

TEP = f{CEP) and LEP = f{CEP) as described in ref?!

L 1 A ] AN max CEP LEP TEP CEP* ModEP
Ph- 5.126 -5.991 0.008 -0.039 2085.8 -0.62 2000.5 2085.5 -3.075
MeS~ 2.572 -8.132 0.361 -0.260 2097.1 —0.48 2011.3 2097.0 -2.670
CN- 3.150 -10.096 0.455 -0.262 2115.0 0.02 2028.5 2115.8 -2.561
MeO~ 3.573 -10.894 0.463 -0.253 2099.0 —0.46 2013.2 2098.9 -2.552
HS- 2.258 -8.654 0.469 -0.293 2102.5 -0.42 2016.5 2102.5 -2.546
P(NMe,); 11.953 -1.618 0.984 0.381 2151.0 0.19 2061.9 2150.5 -1.953
SbMe; 13.413 -2.240 0.997 0.357 2155.9 0.25 2067.6 2155.7 -1.938
PMe; 12.861 -1.874 1.024 0.373 21524 0.33 2064.1 2152.0 -1.907
NMes 15.707 -3.192 1.036 0.331 2155.9 0.25 2067.6 2155.9 -1.893
P(OMe); 13.311 —1.758 1.107 0.383 2171.3 0.42 2079.5 2170.9 -1.811
PHMe, 13.438 -1.669 1.146 0.390 2158.1 0.28 2069.6 2157.9 -1.766
AsMe; 13.790 —1.404 1.262 0.408 2155.2 0.24 2067.0 2154.9 -1.633
PH-Me 14.017 —1.481 1.268 0.404 2164.3 0.35 2075.3 2164.2 -1.626
PHF, 13.624 -1.155 1.315 0.422 2190.0 0.67 2100.8 2189.9 -1.572
PH,F 13.927 -1.225 1.331 0.419 2179.6 0.54 2090.9 2179.6 —-1.553
PH; 14.387 -1.320 1.359 0.416 2170.8 0.43 2083.2 2170.9 -1.521
cO 16.302 -0.942 1.710 0.445 2210.6 0.99 2120.0 2193.2 -1.117
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The main advantage of the electrophilicity index w over
the only other computed parameter, namely CEP, is on one
hand the very low computational cost and on the other the
fact that the information provided is not only for the ligand
as a unit but also for the given complex.

Conclusions

In this paper, we report the derivation of a new empirical
scale, namely the modified electronic parameters, and pro-
vide the necessary criteria for its use. The basis for our
analysis was the electrochemical and spectroscopic data for
M(diimine)(dithiolato) complexes, which are known for
their peculiar electronic structure and are possible candi-
dates for use in the NLO materials industry and as photo-
sensitizers. Modified electronic parameters provide, by defi-
nition, the contribution of the ligand to the reduction po-
tential of the corresponding complexes and can be em-
ployed in order to predict those properties of the complexes
that are ligand-based. ModEP values for homologous com-
pounds correlate with Hammett’s o, constants. This corre-
lation implies the same behavior in response to a change in
the n-bonding properties of aromatic ligands as a result of
changing their substituents.

ModEP was tested in several classes of compounds. Its
high applicability denotes that ligands act in a fully predict-
able way upon coordination to a metal and this is due to
their electronic characteristics. In other words, when a given
series of ligands is coordinated to a metal fragment, it
causes a fully predictable change in the ligand-based prop-
erties of the complex.

Trying to extrapolate our approach to other types of li-
gands, we introduced the relatively new concept of the elec-
trophilicity index w and proved its efficiency as a measure
of the capability of a molecule to accept electrons. Thus, w
can become an important index for describing the behavior
of the complexes, an approach that is referred to for the
first time in this manuscript.

The general correlation between w and all other elec-
tronic parameters such as ModEP, LEP, TEP, CEP, and
Hammet’s o, provides us with a useful tool to enrich each
one of the aforementioned scales in a quantitative manner.
On the basis of this fact, we conclude that, in our effort to
find a unified ligand scale, the electrophilicity index, o,
should play a central role.

More contributions to these results will enrich and fully
establish our study.
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