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A new parameter set for the INDO model is proposed for ruthenium as well as a general way to obtain parameters
for any transition metal. The ionic state of the transition metal rather than the atomic state has been used to
obtain ionization potentials. A rather large series of ruthenium complexes are treated in this work, ranging from
[Ru(NHz)g]?" to [Ru(phen)dppzF™ (phen= phenanthroline, dppz dipyrido[3,2a:2',3-c]Jphenazine) and the
so-called Creuz Taube ion ([Ru(NH)s-pyrazine-Ru(NH)s]**5*). In all the complexes, Ru has a formal oxidation
state of 2 or 3+. Geometry optimizations at both ab initio and semiempirical INDO levels are presented. The

proposed parametrization of the INDO model reproduces both the geometry and the absorption spectra of ruthenium
complexes with good accuracy. Bond length changes upon changing the oxidation state of the metal are not

fully reproduced. The ab initio calculations predict-Rd bond lengths that are 0-D.15 A too long compared

to observations. The corresponding bond lengths are calculated in better agreement with observations with the

INDO model. The effect upon DNA binding on the calculated spectrum of the [Ru(amBf™ complex was
investigated. The DNA binding was modeled by a molecular mechanics energy minimization of a [Ru-

(phen¥dppzf+t—poly(dA-dT) complex.

Introduction

Ruthenium complexes, especially [Ru(bgyy, are among

the most experimentally studied organometallic complexes, due

to their uniqgue combination of chemical stability, redox proper-
ties, electron and energy transfer properties, and excited stat
reactivityl Few quantum chemical investigations of ruthenium
complexes have been published. This list of computational
work on ruthenium complexes is certainly not complete, and
many works have probably escaped our attention. Until
recently, only semiempirical methcd¢and density functional
theory methods have been used. Part of the problem in
applying ab initio quantum chemical methods to second-row
transition metals is the relatively large size, in terms of basis
functions, of the metal complexes. Another aspect is the
importance of relativistic effects on the electron structure of
the metal, which is not properly accounted for in a traditional
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Hartree-Fock calculation. Yet another important factor is the
so far unclear role of electron correlation on geometry and
binding energy of second-row transition metaldlowever,
attempts have been made to clarify the effect of electron
correlation on the geometry of second-row organometallic
complexe$. An alternative to ab initio calculations on these
complicated systems are semiempirical methods, which also
have been used in the past. Among the most popular semiem-
pirical methods, MNDO, AM1, PM3, CNDO, SINDO, and
INDO, only the CNDO- and the INDO-based methods can
handle transition metafs.However, transition metals, especially
second-row transition metals, have not been carefully param-
etrized to reproduce both geometry and absorption spectra so
far. In this work, we propose a parametrization for ruthenium
using the INDO model Hamiltoniah.For this parametrization,
we have selected a number of ruthenium complexes with
different bonding properties (see Chart 1).

The simplest complex is the [Ru(N}4]?+ cation, where the
metal-ligand bond is ofs type. In [Ru(bpy}]?", botho and
7 type bonding occurs. The RN bonds in [Ru(bpyj?" are
shorter than the RuNH3 bonds, which indicates a significant
backbonding between the Ry brbitals and ther* orbitals of
the bipyridines. The geometries of these complexes have been
determined by X-ray crystallograpfiy, and the absorption
spectra are known and fully understodd! We have also
calculated the geometry of some rutheniuwater complexes
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Chart 1 Table 1. lonization Potentials3 Values, and STO Type Orbital
Exponents; for Ruthenium
1 [Ru(NH3)6]2+/3+ I [Ru(bpy)3]2+ I [Ru(NH3)5-pyz|2+
IV [Ru(NH3)5-pyl2+ vV [Ru(NH3)5-pyz-Ru(NHB)5I4+/5+ VI [Ru(py)s]2+ IPs OeV
- - 1Py OeVv
VII  [Ru(phenj]2+ VIII  [Ru(phen)dppz2+ IX [Ru(bpy)(py)212+ (trans) 1Py —6.98 eV
- + ﬂs = /))p -5.0eV
X  [Ru(phenpbiquin]2+ XI  [Ru(H20)6]2+/3+ XI1 [Ru(bp)’)z(OH)(HzO]JZ ﬁd —15.0 eV
& 1.47
& 1.47

4.259 (coeff= 0.5342)

by = N@ oyre N©N phen = Q O . 2.0940 (coeft= 0.5927)
N N

SBK+STO-3G and SBK-6-31G, respectively. The semiempirical

calculations, both geometry (INDO/1) and absorption spectra (INDO/
Q O S), were performed with the ZINDO program packageSolvent

N N " effects on absorption spectra were estimated by using the self-consistent
bpy = B reaction field (SCRF) method. We have used the simple Onsager
dppz = model with a spherical cavitif. The rationale for using a spherical

~ cavity rather than a cavity which follows the molecular shape more
faithfully is that we assume that the solute rotates in the solvent and,
thus, creates a spherical cavity “on average”. This assumption is, of
course, a simplification. Furthermore, no specific solvent solute
interactions can occur in this model. This specific interaction might
be important in some cases.

Z

®
O

biquin =

Results

INDO Parametrization. Transition metals are not as easy
to parametrize as first- and second-row atoms, since the
transition metals can adopt several different oxidation states.
One way to handle this problem is to search for parameters that
reproduce known data from all the different oxidation states. A
Yecond way is to assume one oxidation state, e.g., the non-
charged atomic state. In the latter case, care has to be taken to
also include all close-lying atomic states. In general, transition
metals have an?d" atomic configuration, but the'd™* and
Pdnt2 states are usually close in energy to tRe"state and
Computational Details will contribute to the measured ionization potentials, which are

) ) ] used as a part of the INDO parametrization. In this work, the

In a!l the_ ruthenium complexes, the ligand field around the gentral first approach has been adopted.

;(;J:]hﬁglsugt;’loer:’ ga;jgleeﬂ?ogcéizﬁdL?g%ijgm&e(ltg' O:T;(:}Z;?'C;Jnm In most of the ruthenium complexes, the ruthenium ion is in
9 ' ! the 2+ or 3+ oxidation state. In the vast majority of the

configuration, Ru(lll). Three d orbitalscz, yz, andxy, are occupied, . B . S A
and t%\lovxz_yz anEj 227 are unoccupied. mya perfe)éth ligand filzld, complexes in this study, the ruthenium ion is in tRe @idation

the occupied d orbitals are degenerate and hg@ymmetry, and the ~ State, but some complexes with Ru(lll) ions are investigated.
unoccupied d orbitals are also degenerate and &gsgmmetry. When ~ We have thus used théd8 ionic state (Ru(ll)) to obtain the

the perfectO, symmetry is broken by the ligands, the occupied d ionization potentials which are used in the formulas for the Fock
orbitals, as well as the two unoccupied metal orbitals, will not remain matrix elements (see the Appendix). The ruthenium parameters
degenerate but will rather be separated in energy. All the Ru(ll) that we propose are collected in Table 1. The parameters are
complexes are assumed to have low-sgimetal configuration, since explained in the Appendix.

the amine group and the nitrogen heterocycles are known to produce [Ru(NH3)e]23+ (). The INDO/1 method predicts a RIN

a rather large ligand fieltf. The Ru(lll) complexes are assumed to )4 gistance of 2.091 A for the Ru(ll) complex and 2.078 A
have a low-spin @imetal configuration, which is also observed in most for the Ru(lll) complex. All Ru-N bonds and ammine groups

Ru(lll) complexes for the same reason. dicted to be al identical h h
The ab initio geometry optimizations were performed with the ar€ Predicted to be aimost identical, even though no symmetry

GAMESS program? The Ru ions were described using the relativistic 1S @ssumed in the calculations on the Ru(ll) complex. For the
effective core potential of Stevens et al., which includes 28 core Ru(lll) complex, a small distortion of the geometry is obtained.
electrons and the associated valence doghtesis set* The basis This distortion occurs since the Ru(lll) system has one odd
set for the other atoms was either the minimal basis set STO-3G or theelectron. The reported bond length is the average bond length.
split valence 6-31G basis sét.The two basis sets are abbreviated as  The N—H bond distance is predicted to be 1.057 A for the Ru-
() complex and 1.060 A for the Ru(lll) complex. The

(10) fgg‘év ;0'; Eusd?d’ D. F. P.; Gaunder, R.; TaubeJHAm. Chem. Soc  H—N—H bond angle is predicted to be 106.#nd 105.5 for
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modern inorganic chemistryinternational Textbook Co.: London, (15) STO-3G: Hehre, W. J.; Stewart, R. F.; Pople, JJAChem. Phys.

in order to test the generality of the proposed parametrization.
Only a few ruthenium complexes have been used in the training
set for the parameter determination. If, then, a larger set of
metal complexes are well described regarding geometry and
absorption spectra using these parameters, the parametrizatio
has a good chance to be as general as ever possible.

In addition to the semiempirical calculations, we have
performed ab initio geometry optimizations of [Ru(b)&?>"
and [Ru(pheng?* for reference purposes.
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mental Ru-N bond lengths are 2.144 A for the Ru(ll) complex
and 2.104 A for the Ru(lll) comple¥®

The ab initio geometry optimizations, with the SB#&-31G
basis set, predict a RtN bond length of 2.286 A, which is in
surprisingly bad agreement with the experimental findings. With
the smaller basis set, SBKSTO-3G, the Rt-N bond distance
is predicted to be 2.239 A, which is in slightly better agreement
with the experimental data. Those rather disappointing ab initio
results have also been observed in other HartFerck studies
of transition metal complex, but then for first-row transition
metal complexe®. In most of these cases, a much better
agreement between experiment and theory is obtained by
including electron correlation in the calculation. However, it
is believed that correlation effects are of less importance for
second-row transition metal complexes (see, for example, ref
4. The importance of basis set and electron correlation on the
geometry of [Ru(NH)g]2™ has been investigated in greater detail
by one of ug® When electron correlation is included in the
calculation (MP2), the predicted RN bond lengths decrease
by 0.04 A compared to the HartreEock predicted bond
lengths, using the same effective core potential (ECP) basis set.
With an all-electron basis set, the geometry is predicted in better
accord with the observed geometry already at the HF level. At
the MP2 level of theory, using an all-electron basis set, the Figure 1. Comparison of the INDO/1 predicted geometry of [Ru-
geometry is predicted in good agreement with the observed (bpy)]?* W|thgthe x-ray crystallographic determined geometry of [Ru-
geometry. Bro&® suggested that the reason for the rather bad (bPYXI[PFe2
results obtained with the ECP basis set is that the core potential'rab|e 2. Summary of the Predicted Absorption Spectrum of
is obtained for the atomic state of the metal. The core potential [Ru(bpy)]?*, Compared with the Experimental Spectrum Taken in
obtained in this way is not suitable to describe the core electrons1.0 M HCIO; Solutiort23#
in an ionic state of the metal. This is one of the reasons that calcd
we use an ionic state of ruthenium for the parametrization since energy
most of the interesting organometallics have the metal in an (cm™)
ionic state. 18 000

Meyer used absorption spectroscopy to determine the ligand 19 400
field splitting of the [Ru(NH)g]2*/3+ complexeg! The absorp- 13 388
tion spectrum of the Ru(ll) complex has a very weak band at ;g ggg
3.10 eV € = 30 M1 cm™1) and a somewhat stronger band at 27 800
4.51 eV € = 630 M1 cm™1); both transitions are symmetry 27 800
forbidden. The INDO/S calculation predicts three transitions 28 000
at about 3.08 eV and a second band of three transitions at about28 990

4.18 eV. Both bands are due to thrgg-te; (d—d*) transitions. Sg 208

(2.056) 116.1

(114.6)

81.7
(78.7)

exptl
energy
(cm™)

18 200 sh

assignment

At
At
At
At
At
At
At
At
At
At
At

€mol  assignment

~600

fUSC

0.005
0.082
0.080

triplet

22000b 13800

A

29100 sh d-d*

31100 sh a>d*

The oscillator strengths are predicted to be very small for all 34 200
the bg—ey transitions, since the transitions are symmetry 34 300
forbidden. The observed intensities are due to vibrations, which 35 400

d—n* + a—m*
At + a—a*
A—a* + a—a*

34900 b

79000 gm—a*

At

ﬂn*
0.680 m—n* + tog—m*
0.050 7—m*

decrease the symmetry. The calculated absorption spectrum of3/ 800
the Ru(lll) complex is more complicated. The INDO/S model g; 288
predicts 10 transitions with energies between 3.66 and 5.52 eV, 4q gg0
all with very small oscillator strengths. Meyer found two bands 40900 0.050 z—x*
in the absorption spectrum of the Ru(lll) complex located at 41600 0.285 nz—n* 41100s 25000
3.87 € =100 Mt cm™) and 5.08 eV{ = 479 Mt cm™1). 2 a Abbreviations used: sh, shoulder; s, sharp, b, bangdmetal-
[Ru(bpy)z]2t (I1). Our second test molecule for the param- centered MO withtyg-like symmetry;r and #* denote ligand MOs
etrization is [Ru(bpyy?* (). The x-ray crystallographic ~ Wwith mostly z character.
geometry has been determined by Rillema ét ahe INDO/1 The absorption spectrum @if as predicted by the INDO/S
predicted geometry is compared with the experimental geometry yqqe| is summarized in Table 2. The first transition at about
in Figure 1. The agreement between theory and experiment iS1g oo cntt may be identified with the shoulder in the low-
remarkably good, except for the outermost part of the bpy ligand, energy tail of the observed absorption spectrum, which has been
where we predict somewnhat longer bond lengths than observedassigned to a triplet state due to the long lifetime of the first
We believe that this deviation may partially be due to the fact gycited statd. However, we predict the lowest triplet state at
that the accuracy of the experimentally determined geometry 13 990 cntL. The shoulders at 29 100 and 31 100émwere
decreases with increasing distance from the central metal ion.gyggested to be due to metatd* transitionst but we calculate

several M—L transitions and no-e+d* transitions at all in that

39600sh 21800 of—n*

25—» .7-[*

(19) Peresie, H. J.; Stanko, J. 8hem. Commuri97Q 1674.

region of the spectrum.
(20) i3lrgo A.Int. J. Quantum. ChemQuantum Chem. SymfA996 30, [Ru(NH3)5-pyz]2+ (Il). The X-ray crystallographic geom-

(21) Meyer, T. Ph.D. Dissertation, Stanford University, Stanford, CA, 1966; €y of [Ru(NHs)spyz](BF4). has been determined by Gress et
p 30. al24 In the crystal, the RttNy, bond is significantly shorter
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Figure 2. Comparison of the geometry of [Ru(NJpyzP*, as
predicted by the INDO/1 model Hamiltonian, with the X-ray determined
geometry of [Ru(NH)spyz][BF].2*

than the rutheniumammine bonds, and the ruthenititrans
ammine bond is even somewhat longer than the other four Ru
NH3 bonds. The predicted geometry is compared with the X-ray
geometry in Figure 2. The calculated geometry has the same
Ru—N bond length relation as the experimental geometry;
however, the backbonding contribution to the-R\yy, bond
seems to be smaller in the calculated geometry than observed
Using the theoretical geometry, we have calculated the
absorption spectrum of [Ru(NH@yz** in a vacuum. The
experimental spectrum is taken in dimethylformamide soluffon.
Two bands occur in the UV/vis spectrum: the first and most
intense band is located at about 21 200 &ife = 10 700 Mt
cm™ 1), and the second band is found at about 39 000Gcm
Furthermore, the position of the first peak is sensitive to the
solvent and is shifted to the lower energies with increasing
polarity of the solvent® The gas phase calculation predicts a
metal-to-ligand charge transfer (MLCT) transition at 28 600
cm? (fose = 0.35) and a second band at 41 800 értfosc =
0.29). The second band has predominanthyzz* character
and a small contribution from a MLCT transition. In order to

estimate the solvent effect on the absorption spectrum, a SCRF

calculation was performed. Indeed, the MLCT band is calcu-
lated at much lower energy in DMF solution than in vacuum.
The first band is now located at 25 900 thff,s.= 0.60), which

still is 5700 cnT?! too high, and the second band is found at
39 100 cnrt (fosc= 0.26). A similar solvent shift was calculated
by Broo and Larsson using a similar SCRF model and the
CNDO/S model Hamiltoniaf® Unfortunately, in the work by
Broo and Larsson, the calculated solvent shift fir was
compared with the experimental solvent shift for.

[Ru(NH3)spy]?* (IV). To the best of our knowledge, no
experimental geometry has been published for comipMex he
predicted geometry is very similar to the geometrylbf The
Ru—N,y bond length is 2.037 A, the RtNH; bonds are 2.091
A, and the Re-NHg(trans) is 2.094 A.

Ford et al. have investigated the spectroscopy\ofin a
number of polar solvent¥. Several attempts have been made
to simulate the red shift of the absorption spectrum due to
solvent interactiondde42 Stavrev et al. reported INDO/S
calculations with a different set of parameters for ruthenium
than those used in this work, where they suggest that part o
the solvent shift is due to charge transfer from the solvent to
the solute®® They simulated the solvation process by including
several water molecules in the calculation. In vacuum we
predict two strong bands: at 30 100 chif,sc= 0.34) we find
the MLCT band, and at 43 100 cth(fosc = 0.28) ther—n* is

f

located. Using the SCRF model to include nonspecific solvent Y
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Table 3. Important Bond Lengths of the CrewtZaube lon {) As
Predicted by the INDO/1 Model, Compared with the Experimental
Bond Lengths Presented by fRolz et al?®

V-Cls V-(tos) INDO/1
Ru(1)-Npy: 2.002 1.971 2.056
Ru(2)~Npy, 2.002 1.995 2.067
Ru(1)-NH(trans) 2.135 2.134 2.079
Ru(2)—NHs(trans) 2.119 2.094
Ru(1)-NHs(cis) 2.110 2112 2.085
Ru(2)-NHs(cis) 2.114 2.096

effects in the calculation, we predict the MLCT band, in water,
at 26 300 cm? (fosc = 0.41) and ther—x* at 41 500 cnr?t
(fosc= 0.21). In the experimental spectrum, recorded in water
solution, the charge transfer band is found at 24 600qm=
7800 Mt cm™1), and ther—x* band is located at 41 000 crh
(e = 4600 M~1cm™1). Our “gas phase” transition energies and
oscillator strengths differ very much from the values that were
predicted by Stavrev et &.and by Zeng et @9 The large
differences are due to the differences in the Ru parameters used
in this work and the Ru parameters used in the two other works.
Furthermore, when the “standard INDO” Ru parameters are
used, the d(dx. in our coordinate system) interactions with the
pyridinesr andz* orbitals are small. For most of the previously
reported complexes in this work, the MLCT transition has been
calculated at 2000 cnt too low energy. FotV, we predict
the MLCT band too high in energy by about the same amount.
We believe that specific solvensolute interactions are needed
to sufficiently account for all the solvent shift observed ifar,
as was suggested and modeled by Stavrev &t al.
[Ru(NH3)s-pyz-Ru(NHz)s]*>+ (V). The question of whether
the odd electron in the5 complexV is localized or delocalized
has been debated for a long time (see, for instance, ref 4a and
references in there). Now, both experimefitahd theoreticdf-42
investigations support the delocalized picture. In the work by
Zhang et al., no geometry optimization was performed; however,
different geometries were used to investigate whether a localized
or a delocalized description &f5" is suitable3d Here, for the
first time, we present a full geometry optimization of the so-
called CreutzTaube ion. In Table 3, the theoretical RN
bond lengths are compared with the corresponding experimental
bond lengths reported by Flz et al?> Thep-toluenesulfonate
salt of the Creutz Taube ion has two different ruthenium sites,

while the chloride salt has indistinguishable sites. The INDO/1

model predicts a somewhat nonsymmetric geometry; as a
consequence, a small localization of the Ru d electrons occurs.
The total Mulliken charges of the two ruthenium sites differ by
0.2 electron. Our result indicates that the ground state of the
Creutz-Taube ion is unsymmetric, in contrast to what was
found by Zhang et &9 Zhang et al. performed Hartre€&ock—
Slater calculations on a symmetric and an asymmetric geometry
of the Creutz-Taube ion. They did not observe any charge
localization when using the asymmetric geometry. The asym-
metric geometry was constructed from the crystallographic
geometry of the 4 and 6+ complexes oV, which is much
more asymmetric than the INDO/1 predicted geometry presented
in this work.

The absorption spectra af4*/5+/6+ were first reported by
Creutz and Taub®. They reported that the absorption spectrum
of V5" was rather different from those &f*" and V&". At
ery low energy (6400 cmi, ¢ = 5500 M~ cm™1), a rather
intense band appears that is not observed for the other two

(22) Durham, B.; Wilson, S. R.; Hodgson, D. J.; Meyer, T1.JAm. Chem.
Soc.1980 102 600.

(23) Baddock, J. N.; Meyer, T. J. Am. Chem. Sod973 95, 3158.

(24) Gress, M. E.; Creutz, C.; Quicksall, C. Morg. Chem.1981, 20,
1522.

(25) Fuholz, U.; Birgi, H.-B.; Wagner, F. E.; Stebler, A.; Ammeter, J.
H.; Krausz, E.; Clark, R. J. H.; Stead, M. J.; Ludi, A.Am. Chem.
Soc.1984 106, 121.

(26) Creutz, C.; Taube, Hl. Am. Chem. S0d.969 91, 3988.
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Table 4. Predicted Absorption Spectrum of [Ru(Nstpyz-Ru(NH)s]>", Compared with the Observed Spectfum

this work CASSCF HFS-DVM exptl
E (cm™) foscand assignment E (cm™) E(cm™) E (cm™)
5900 sf—N 2260 tg—N 2000 MCD
6000
6200 sfg—N 2900 t—N 4000 MCD
6200
4900 0.007 B>N 3000 6600 IT(B-N) 6400 IT
9600 12 000 sh
16 300-18 200 8 transitions, sfg—N 12 800 MCD
20500 0.003 N-A + tog—mr* 17 400 MCD
21100 0.538 N~A 19 700 19 000 N~A 17 700 bg—m*
21 200 tg—A 20 400 MCD
33900 0.071 mixed 33 500,tey 37 000 sh
39 300 0.126t—m* 37 700 B—ey
40 4007—A
39400 0.0774—m* 42 800 r—m* 39 700 r—m*
T—*

aB, A, and N denote a bonding, an antibonding, and a nonbonding combination of Ru{1),4thd Ru(2) 4¢d. Mixed means mixed character,
large contributions of double excited determinants; sf denotes spin-forbidden transition.

; A Table 5. Predicted Absorption Spectrum of One Conformer of
complexes. That band was ascribed to a Ru(ll)-to-Ru(lll) [Ru(py)]2*, Compared with the Observed Spectrum Taken in

intervalence transition, which indicates that the odd electron Acetonitrile?”
should be localized on one of the metal sites. Later, this band osd band
was described as a transition from a MO that has both metal ., . 0bsc ban
. this work maximum €mol

and pyraziner character to an MO that has the same type of g m1) assignment  E(cml)  (M-lcm?
character, thus, a complete delocalized picture. Furthermore,

L . ; L 16900 0.051 #—n*
the band position is solvent independent, which also indicates 77509  0.089 o
a delocalized pictur&?® Broo and Larsson calculated the 22900 0.121 #—x*
transition energies for the two first allowed transitions¥6r, 23100 0.250 g—a*
using a complete active space self-consistent field (CASSCF) 24400  0.359 " 29300 22 80045—7*
model with a minimal basis sét. They found that the second %g 288 8-85’ A
band was described by a rather complicated mixture of single 31000 0489 i_,z* FIpN—
and double excited determinants. Furthermore, a method that 35300  0.001 A
only includes single excited determinants (CIS) will not be 34500 0512 j—a* +a—a*
suitable to model the spectrum @f*. We have performed a 35200 0.060 #—x*

INDO/S calculation followed by a configuration interaction that ~ 37300 0.891 a—z* 36 800 5700
includes all single and double excitations (CISD) in an active gg 288 8'822 f’_:ﬁ

space containing all occupied metal MOs, the pyrazine 39700 0043 m—u*

orbitals, and the three unoccupied pyrazirfeorbitals. The 41500 0.075 a—x*

predicted absorption spectrum is reported in Table 4. The 42500 1.004 n—x* 41200  22800r—x*

relative importance of the double excited determinants for the

description of the second strong band was confirmed by a CIS 37 700 {,sc= 0.018) and 38 700f{sc = 0.269), we predict two
calculation of the absorption spectrum, which gives a rather #—n* peaks.

different spectrum. The crystallographic geometry was used [Ru(py)s]®" (VI). A geometry optimization oW is very

for the spectrum calculation for comparison reasons, but if the complicated, since there are several possible conformers due
INDO/1 geometry is used, the predicted spectrum is almost to the free rotation of the pyridine ligands. We have optimized
unchanged, even though some localization of the MOs before one geometry assuming four of the pyridines to be oriented
the CI is observed. Thus, the CI treatment restores the alongy andz axes, and the remaining two pyridines’ planes
delocalized picture. We conclude that the reported spectrumform a 45 angle with thez andy axes. The trans pyridines
agrees well with the observed spectrum in almost all details, in were placed in a coplanar conformation. The final geometry
contrast to previous theoretical work. However, the intensity has two different RetN bond lengths, 2.070 (four) and 2.039
(oscillator strength) of the “intervalence” charge transfer transi- A (two). In an X-ray crystallographic study of [Ru(i)BF 4]2.

tion is calculated much too low compared to the second strong Templeton determined the RIN bond lengths to be between
metal-tosz* transition. We believe that vibration borrowing 2.10 and 2.14 A, with an average bond length of 2.118 A.
could account for the “missing” intensity. Moreover, the trans pyridine was oriented in such a way that

The absorption spectrum d#* is, perhaps, less interesting the ring planes formed angles of 98.85.5, and 29.9. We
since no spectacular absorptions are reported for this complex.have not tried to obtain the global energy minimum, but rather
However, we reproduce the observed spectrum with good kept a high symmetry. It is very likely that there are several
accuracy. Creutz and TawSeeported two bands fov4*, a local energy minima close in energy and geometry. Thus, the
MLCT band at about 18 300 cr (e = 30 000 M~ cm2) and reported geometry represents one possible geometry out of
band at 38500 cmi (m—x*) with about one-third of the  Several possible conformers.

intensity of the MLCT band. A shoulder at about 37 000ém The predicted absorption spectrum is summarized in Table
is also observed. We predict a MLCT peak at 20 2000em 5. Unfortunately, only band maxima rather than the full
(fosc= 1.068) and a second MLCT peak at 24 400 érffosc= observed spectrum were reported by Templétoithat makes

0.014). The second MLCT peak might be responsible for the
small asymmetry of the observed intense MLCT band. At (27) Templeton, J. LJ. Am. Chem. Sod.979 101, 4906.
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INDO 1.417
[HF/SBK+STO-3G]
{HF/SBK+6-31G}
(Experimental)

1.402 1.382
[1.410] [1.367]

(1.421]
{1.410}

1.436
(1.455]
{1.438)

1.363
[1.340]

{1.347}
0 121.1

1.382

1.415

1.436

Figure 3. Comparison of the geometry of [Ru(phgj predicted by
the INDO/1 model Hamiltonian and ab initio HartreBock calcula-
tions, using two different basis sets.

1.363

a comparison between that calculated and observed spectra :
troublesome. The observed band at 29 300cmay originate 121.1

from several metal-to-ligand transitions that are calculated to Figure 4. INDO/1 predicted geometry of [Ru(phedppzP*.
lie between 16 000 and 31 000 ck Several of the predicted

transitions are close in energy, and the weak peaks (small [Ru(bpy)2(py)z]2* (trans) (IX). Two different Ru-N bond
oscillator strength) would not be possible to resolve due to more lengths are obtained in the geometry optimization; Rigp, =

intense overlapping bands. Solvent motions and internal 5 199 A and RerNpy = 2.040 A. Ther backbonding effect is
motions, due to the rather free rotation of the pyridine ligands, larger for the pyridine ligands since they are not as sterically
will make the MLCT band very broad. The calculated spectrum reqirained as the bpy ligands are to interact with the metal.

suggests that the observed MLCT band should have some The . - . .
) - predicted absorption spectrumi¥fis reported in Table
structure, with two maxima at about 25 000 and 31 000tm 7. Some new assignments of the first observed peaks are

and a long tail to the low-energy side. The observed band at - :
1 . . proposed. Especially notable is the shoulder at about 23 900
36 800 cnt! was not assigned in the work by Templefdiwe cm-L, which has previously been assigned tagtr* opy charge

suggest that the calculated transitions at 34 506~¢* and transfer transitiod? while we find a * e h
. ; o ; g7 py transition with
MLCT) and at 37 300 cm' (z—*) may be identified as the large oscillator strength at 24 100 citn Experimentally, no

observed band at 36 800 cfp giving the band a mixed o f : -
’ . tog—7* py transition has been assigned in that energy region.
character. The agreement between the predicted and observed [Ru(phen)biquin]2* (X). The predicted geometry of is

spectrum is good at the high-energy side, but the low-energy e L
. .=~ reported in Figure 5. Metal binding reduces the local symmetry
partis reproduced rather poorly. A better resolved absorption of the biquin due to induced ring strain and steric effects. All

spectrum is needed for a more reliable comparison. three ligands are predicted to be somewhat nonplanar. The
[Ru(phen);]** and [Ru(phen),dppz]** (VII and Vill). The biquin ”g and is twisf)ted 6.7around the central €C bo%d aﬁd
geometry ofVIl has been optimized with the INDO/1 model thg heg | rina planes aée forming an anale of about xluﬁh
and with ab initio calculations using two different basis sets. h P 'dy gll P Th Ig h gl ast i
The predicted geometries are reported in Figure 3. The ab initio € pyndine pianes. the complex has aimastsymmetry,
but the total symmetry i€;. The symmetry lowering affects

calculations predict much longer RN bond lengths than does the ab i i ] i i il be all d

the INDO/1 model, which was also the case for the [Ru- dueea}[ost?\rs :gg;f:; ;;m;g‘tfi ;Og%prggn;cljl?onsfcﬁl ex:n?plogvfhe
2+ iah- itV X i , )

(NH3)g)?* complex. No high-quality x-ray crystallographic data Ru(bpy) and the Ru(pheg)complexes that havBs symmetry.

are available foWIl , but preliminary worR? indicates that the The predicted absorotion spectrum %fis compared to the
INDO/1 predicted Re-N bond lengths are in better agreement P rp P P
observed spectrum in Table38.

ith tall hic data than the ab initi dicted-Ru
with crystallographic data than the ab initio predicte [RU(H;0)73* and [Ru(bpy)oOH)(H0)12* (X1 and XI).

bond lengths are. All three models predict similar ligand g for th heni
geometries. The largest differences are found close to the metaf*S @ consistency test for the proposed ruthenium parameters,

ion. The INDO/1 geometry o¥Ill is reported in Figure 4. (28) Lincon, P Broo, A Nort B... Am. Chem,. 504998 118 2644

i i H Incoin, P.; broo, A.; Norae, b.J. Am. em. SO .

The predicted z_;lbsorptlon_spec_trum\df, together with th.e (29) Bryant, G. M.; Fergusson, J. E.; Powell, H. KAlist. J. Chem1971,
spectrum oiVIll, is summarized in Table 6. A more detailed 24 257.

discussion about these spectra has already been pubffshed. (30) Klassen, D. MChem. Phys. Lettl982 93, 383.

121.7
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Table 6. INDO/S Predicted Absorption Spectra of [Ru(phgfi) and [Ru(phenyppzf* 2

Broo and Lincoln

[Ru(pheny]?* [Ru(phen)dppzP*
calcd expth calcd expfisa
E(x10°cm™) fosc D3 E(x10°cm™) €l10° E(x10°cm™) foscC2 assignment  E(x10cm™?) €l10°
19.7 0.08 E 19.6 0.17A 2" 21.6
19.7 0.09E 22.3 18.4 19.7 0.12B 2gtT* 22.3
20.1 0.12E 20.0 0.17A 2" 23.3 20.0
20.1 0.12E 20.2 0.09B 2f
24.3 0.24E 24.2 021B  a¢—Tpnen
24.3 0.27E 23.7 17.6 24.3 0.05B 2§ P TTphen 23.8
24.8 0.16 A 24.6 0.10 B 4—TTphen
25.5 0.25A $5—Tappz 26.6
27.0 022A  7—*4p 27.0 21.8
27.4 0.13B  7—a*gpp:
33.2 023B 71— 4p
33.6 LI7TA 7T aope 355
33.6 0.11A TT—7T* dppz
36.6 0.06 B mixed
36.6 0.29 A TT—7T* dppz
37.0 045E 37.1 0.16 A 77" dppz 37.1
37.0 0.45E 38.2 112 37.2 0.14 A 2g 7 Tphen
38.7 1.86 A 37.3 0.30B 1= Tphen
37.8 0.09B  7—7*4pp
38.2 0.05A  7—7*4op
38.8 1.42B T phen 37.7 117

aThe D; symmetry labels have been used to classify the transition of the [Rugpheodmplex, and theéC, symmetry labels have been used
for the [Ru(phenydppzF" complex.

Table 7. Comparison of INDO/S Predicted Absorption Spectruntrahs[Ru(bpyk(py)z]?" with Observed Absorption Spectrum of

[Ru(bpy)k(py):] Taken in Methanol Solutici

INDO/S obsd

E(cm™) fosc assignment E(cm™) e(Mtcm assignment
17 800 0.287 A TTopy 21740 7840 & TTopy
24100 0.637 KTy 23920 4520 sh

26 300 0.072 A TTopy

27 600 0.349 A TTopy 29 870 11100 A TTopy
30300 0.028 A TTopy + T bpy

34 400 1.211 T—=7T* bpy T tog=TTopy 34 530 50 200 TT—7T* bpy
36 800 0.334 A TTopy + T bpy 36 100 17 500 sh
41100 0.368 A—TTopy 39370 sh

T ppy

42 200 0.674 T py + tog—7Tpy 40980 23 850 T ppy
42 400 0.331 TT—>7T* bpy

we have also optimize the geometry of [Ru@Js]23" and
For [Ru(HO)s]?", we obtain an
average ReO bond distance of 2.013 A, compared to the
observed 2.122 Al The predicted geometry is close By,
symmetry, and if th®,, symmetry is enforced, the geometrical
parameters are not altered significantly. The predictedt ®u

[Ru(bpy}(OH)(H0)J**.

A, and the Ra-OH bond length is 1.925 A; the average-RD
bond length is thus 1.984 A, which should be compared with
the observed average bond length of 2.007 A. The Ribond
lengths are calculated to be 2.098 and 2.094 A, which also are
in good agreement with the observed 2.090 and 2.099The

bpy ligands are calculated to be planar. The deviation between

bond lengths are too short by more than 0.1 A compared with the theoretical and observed geometry of the bpy ligands is likely
due to crystal packing forces.
predicted to be 2.008, 1.967, and 1.965 A (average is 1.980 Modeling DNA Binding of [Ru(phen)dppz]?*. It has been
shown that the [Ru(phesdppzF™ and the [Ru(bpydppzE"

A. Thus, we predict a bond length change by only 0.033 A complexes bind with DNA in an intercalating mo#fe3:34
compared to the observed 0.093 A when the oxidation state is There has been an ongoing debate over from which groove the

the experimental data. The Ru(HD bond lengths are

A), compared to an average Ru(HP bond length of 2.029

changed. For [Ru(bpy(OH)(H,O)]?", we have assumed a

intercalation occurs. Barton and co-workers have suggets that

singlet ground state. Other spin states are possible since thehe binding occurs from the major gro¥e. However, we
believe that there are firm evidences for the minor grove
(1) complexes are low-spin complexes. The crystallographic intercalation of the DNA heliX834 To estimate the geometry
geometry is somewhat distorted, and the bpy ligands are twisted,of the [Ru(phenydppzFt—DNA complex, a partial geometry
optimization of the complex was done using the molecular

ruthenium has formally an oxidation state of 3out most Ru-

so that the pyridine planes form an angle of.#0 Only the
average metatligand bond lengths are reported. The calcula-
tion gives naturally two RtO distances due to the differences
in the ligands. The RuOH, bond length is predicted to 2.042

(31) Bernhard, P.; Bui, H.-B.; Hauser, J.; Lehmann, H.; Ludi, Aorg.

Chem.1982 21, 3936.

(32) Personal comunication with"@mn Svensson, Inorganic Chemistry,

CTH, Gaeborg.

(33) (a) Hjort, C.; Lincoln, P.; Norde B. J. Am. Chem. S0d.993 115
3448. (b) Hagq, I.; Lincoln, P.; Suh, D.; NomgB.; Chowhry, B. Z;
Chaires, J. BJ. Am. Chem. Socl995 117, 4788. (c) Tuite, E;
Lincoln, P.; Norde, B.J. Am. Chem. S0d.997, 119 239.

(34) Freidman, A. E.; Kumar, C. V.; Turro, N. J.; Barton, J. Mucleic
Acids Res1991 19, 2595. Hartshorn, R. M.; Barton, J. K. Am.
Chem. Soc1992 114, 5919. Turro, C.; Bossmann, S. H.; Jenkins,
Y.; Barton, J. K.; Turro, N. JJ. Am. Chem. Sod995 117, 9026.
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1.420

120.9

1.374

Figure 5. INDO/1 predicted geometry of [Ru(bppiquin]**.

Table 8. Comparison of INDO/S Predicted Absorption Spectrum
with Observed Absorption Spectrum of [Ru(phgaiguin]?+ 3©

INDO/S obsd spectrum and assignments

E(cm™?) fosc assignment  E(cm™?) e(M™tcm™)
18900 0.235 A—7*piquin 19100 948047 biquin
19200 0.051 #—=*

21000 0.103 #—7*phen 22 800 96304—77* phen
23900 0.153 g—a* 26500 22500

25100 0.085 #—n*

25500 0.050 —n*

27300 0.168 #—n* 27900 19800

29300 0.910 7—a* +t,g—a* 29800 21900

33800 0.304 A—x* 32700 20900

33900 0.161 A—x*

35600 0.063 7—x* + tog—m*

36800 0.518 m—n*

37400 0.081 7—x*

37500 0.221 n—n*

37700 0.515 g—x* + tyg—a*

38300 0.121 z—n*

38600 0.963 7—x* 37700 97 400r—n*
38900 0.181 m—n*

39200 0.137 z—x*

39200 0.137 z—n*

40800 0.602 m—x*

41200 0.152 7—m*

41700 0.219 g—m*

mechanics (MM) module in the HyperChem 4.5 molecular

modeling program packagé. The AMBER force

used for the DNA part of the complex. The geometry of the
[Ru(phen)dppzF*™ complex was kept as predicted by the INDO

field was

(35) HyperChem Release 4.5, Hypercube Inc. 1995.
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Figure 6. Molecular mechanics predicted geometry of the 12-mer poly-
(dA-dT) double helix with a [Ru(phes)ppzF+ complex intercalated
in the minor grove.

method geometry, and the 12-mer of poly(dA-dT) was allowed
to fully relax in the geometry optimization. An atomic charge
of +1.2 was assigned to the ruthenium ion, and an atomic charge
of —0.2 was assigned to each nitrogen atom bonded to the metal
ion. All other atoms of the [Ru(phesppzF™ complex were
given a zero atomic charge. These charges correspond ap-
proximately to the Mulliken charges from INDO calculation of
the [Ru(phemdppzF™ complex. The AMBER iron van der
Waals parameters was used for ruthenium. Since the [Ru-
(phen}dppzF™ complex was not allowed to move in the MM
calculation, no extra parameters were required.

The final geometry of the [Ru(phemlppzE™—poly(dA-dT)
is depicted in Figure 6. The DNA double helix has been partly
unwound by the insertion of the metal complex. A pocket has
been formed, and two base pairs up and down from the pocket
have been heavily distorted. The ends of the poly(dA-dT)
double helix are also partly unwound. The present study
represents just a rough description of [Ru(pheénpzFt—DNA
intercalating.

The two base pairs closest to the [Ru(phdppzF+ complex
were extracted from the MM minimized geometry. The effect
of DNA binding on the calculated absorption spectrum of the
[Ru(phenydppzE" complex was then calculated using the
INDO/S method. The base pairs were represented by point
charges located at the MM predicted positions for these atoms.
The magnitude of the charges was taken as the atomic charges
from the AMBER force field. The first band of the absorption
spectrum of [Ru(phemippzE™ was found to be slightly red
shifted, with respect to the free solution spectrum, upon DNA
binding?® The band form of the two first bands are also
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Table 9. Comparison between the Predicted Spectrum of Free in very good agreement with observations. The largest differ-
[Ru[phen)dppzF* and DNA Bonded [Ru[phesjippzf* ences between the predicted spectra and the observed spectra
[Ru(phen)qped® are found in cases when the INDO model produces a geometry
Ru(phen)appd?* bonded to DNA which agrees less well with the observed geometry (e.g., [Ru-
E E (py)s]?"). Some new assignments are proposed. The most
(x10cm™)  fo assignment (x10cm ) f,e assignment important are listed below.
19.6 017 iyn* 18.8 0.18  by—7* phen For [Ru(bpy.);]”, we find a weak MLCT transition in the
19.7 012 4—a* 20.1 0.12 7" phen low-energy region at about the same energy as an experimentally
20.0 0.17 j5—m* 22.3 0.25 pg—m* assigned triplet state.
gg-g 8-22 iiz:z* 2223% %%g g::g:phen For [Ru(bpy)(py)z]?*, we predict the low energy MLCT band
243 0.05 ig—vrs::: 26.5 007 ig_,n*phe" to consist of two transitions, one Wltbgfbpy character, and
24.6 0.10  45—Tpnen 28.1 012  ig—7* oo the other having:t—m,y character. Experimentally, a band and
255 0.25  4—Tdppz 30.4 0.08 17" dopz a shoulder are observed at about the same energies, but both
27.0 0.22 77" 4oz 331 011 a—n* are assigned tad—mppy transitions.
g;g 8-53 Z:ZIdppz gi-g 8-82 e We believe that the proposed parametrization is superior to
336 117 n__n*gzz 351 016 previously used parameters for ruthenium, as have been
336 011 7—7* oz 352 0.48 demonstrated for the [Ru(Nftpy]>" complex. We have good
36.6 0.06 mixed 35.3 0.28 confidence in the INDO method and think that, with a careful
36.6 0.29 77" dppz 35.6 0.17 parametrization, as presented here, the method has predictive
37.1 0.16 7—*dppz 35.6 0.10 power. Furthermore, at present, more accurate ab initio
g;g 8:%3 2:2::: 2(73:&13 8:2 methods, where the electron correlation is sufficiently accounted
37.8 0.09 7% ooz 37.3 0.20 for, such as CAS.PTZ, CC;SD, CCSD(T), and MPr_l methqu,
38.2 0.05 7—7* ppz 37.9 0.21 cannot be to applied to this type of problems. It still remains
38.8 1.42  7—7* phen 38.2 0.38 a lot of work to investigate the importance of electron correlation
39.0 0.17 =7 phen 38.9 0.38 and basis set effects on the geometry and absorption spectra of
gg'é ég? second-row transition metal complexes. In our opinion, at

present, INDO-based models are the only methods that can
handle this type of complexes.

The effect on the electron structure and absorption spectrum
of [Ru(phen)dppzf" of DNA binding was also studied. The
ligand-centered MOs were found to be more localized to the
d individual ligands in the DNA-bonded complex compared with
the free complex, where the MOs are delocalized over all
ligands. In both the observed and calculated absorption spectra
the first band is slightly red shifted, and the band shape is
changed upon DNA binding.

changed slightly upon DNA binding. The predicted spectra of
free [Ru(phemdppzft and [Ru(phenyppzf" in the field of

the two closest base pairs are compared in Table 9. The first
band in the observed spectrum has been assigneg-tort
transitions in both the free complex and the DNA-bonde
complex. By inspection of the MOs and the CI eigenvectors,
it is clear that the character of the transitions is changed upon
DNA binding. In the DNA-bonded complex, theorbitals are
localized to each ligand, in contrast to the free complex, where

manyﬂ* orbitals were delocalized on all three Iigands. The Acknow|edgment_ This work was financed by grants from
charge transfer character of most of thg-t7* transitions is ~ the Swedish Natural Science Research Council (NFR). The
increased upon DNA binding. Center for Parallel Computers (PDC) at Stockholm, Sweden,
Summary is acknowledged for generous supply of computer time.

We propose a set of parameters for ruthenium, which treats Appendix
the ruthenium in its R# ionic state rather than the Ratomic
state. The aim is to obtain a set of parameters that can predic
both geometry and absorption spectrum of complicated ruthe-
nium organic complexes. We have used known data for two neA 1
complexes, [Ru(Ng)e|>" and [Ru(bpyj]?*, in the fitting process ~ F,,=U,, + Z PM’(WAM) - —(,u/1|/4/1)] +
of the 8 values for ruthenium. The remaining organometallic 2
complexes have been used as test cases to determine the quality N neB
of the parametrization. Z[ZPUU — Zglyag (A1)

In general, the INDO optimized geometries agree well with o
observed geometries where experimental data are available. m 1
Geometry changes upon reduction/oxidation of the metal ion Fu = SIPu[3viuv) = (uulvw)]] (A2)
are calculated in less good agreement with observed data. Some
of the complexes were also optimized with ab initio calculations, AB BatBe) 1
using a relativistic effective core potential for the ruthenium Fuow =Su - EP,WVAB (A3)
ion. The ab initio calculations predict metdigand bond 1
lengths to be much longer than both the INDO model and _ o 0 _ o _ 1~ _
observed bond lengths. The ligand geometries obtained using Uss= 1Py = (I = DFss m[FSp 6G5p] :

( With the intermediate neglecting of differential overlap
(INDO) approximation, the Fock matrix elements are given by

2

1
ng - 1_0(35:1]

the two methods do not differ very much. Furthermore, the (A4)
agreement between theory and observations is good for the
ligand part of the ruthenium complexes. _ _ U,=IP —(m— 1)[,:0 - EFZI - |’|:0 - 161] -

The general trend for the predicted absorption spectra is that " P s 25 PP 6P
the first MLCT band is too low in energy by about 2000 T¢m n[FO _ iGl _ QGQ, (A5)
for most of the complexes. The—x* transitions are calculated pd  15-pd 70 Pd
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u =|P—(n—1)F°—3(F2+F4 =
uu dd 63 dd d)

[Fe 1 ] R~ Gl — =G | (46)

occ

w = zni G .Gy (AT)
I

wiio)= [ [ %,,(1)%1(2)%2%(1)%”(2) dr, dr, (AB)
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Sw=[1m, dr (A9)

where Z, is the nuclear charge on atom A&, is an atomic
parameter, IRis the ionization potential of atomic orbital,
Fos Fop Glsp €tc. are atomic SlatetCondon factors, and the
mdexesl m, andn are integer numbers corresponding to the
atom configuration's p™, and d. F integrals are calculated
exactly for the basis set used. The other Sta@wndon factors

are taken as semiempirical in the way described in ref 7f.
1C961193N





