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Abstract

The differences between the molecular structures of the PCP-pincer complex [RuCl{C6H3(CH2P(C6H5)2)2-2,6}(PPh3)]
([RuCl(PCPH)(PPh3)], 1) and its tetrakis-pentafluorophenyl substituted analogue [RuCl{C6H3(CH2P(C6F5)2)2-2,6}(PPh3)] ([RuCl-
(PCPF20)(PPh3)], 2) have been rationalised by performing calculations on the cations [Ru(PCPH)(PPh3)]+ (1cat) and [Ru(PCPF20)-
(PPh3)]+ (2cat). The molecular interactions between the chloride ligand and the axial rings, as found in 1 and 2, respectively, have been
studied computationally in the model systems [(C6X5PH2)2Cl�] (X = H, F). The calculations on 2cat show that in 2 it is most likely the
attractive electrostatic interaction between the chloride ligand and the fluorinated phenyl rings that forces the Cipso atom to occupy an
axial position rather than an equatorial one in the observed (X-ray of 2) square pyramidal arrangement. In 1, however, repulsive steric
hindrance forces the PPh3 ligand to take the apical position. The applicability of the TD-DFT method for the calculation of the elec-
tronic spectra of the PCP-pincer compounds 1 and 2 has been tested. The results indicate that the excitation energies calculated for both
complexes are in a reasonable agreement with the experimental absorption maxima. However, for 1, all the calculated transition energies
are underestimated.
� 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Late transition metal complexes containing monoan-
ionic, terdentate coordinating PCP-pincer ligands
([C6H3(CH2PR2)2-2,6]�) are increasingly applied as cata-
lysts in various organic transformations [1]. Among them,
square-pyramidal PCP–Ru(II) complexes, incorporating
electron-donating alkyl and aryl substituents on the phos-
phorus donor atoms, have attracted considerable attention
due to their versatile catalytic activity [2]. In particular, the
complexes [RuCl{C6H3(CH2PPh2)2-2,6}(PPh3)] ([RuCl-
0022-328X/$ - see front matter � 2006 Elsevier B.V. All rights reserved.
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(PCPH)(PPh3)], 1, Fig. 1) [3] and [RuCl{C6H3(CH2PCy2)2-
2,6}(PPh3)] [4] were found to be very active in the reduction
of ketones to the corresponding alcohols.

Fine tuning of the electronic and steric properties of
PCP-pincer compounds is a topic of current interest.
Recently, it was shown that the introduction of strong
p-accepting substituents to the ruthenium centre has a pro-
found impact on the molecular structure and reactivity of
corresponding PCP-pincer complexes [5,6].

We reported the synthesis of a novel, monoanionic
strongly p-accepting ligand [C6H3(CH2P(C6F5)2)2-2,6]�

(PCPF20) [7] and some aspects of its chemistry with palla-
dium [7] and ruthenium [6]. It was pointed out that the
fluorinated complex [RuCl(PCPF20)(PPh3)] (2, Fig. 1) is
remarkably air and moisture stable. The redox and elec-
tronic properties, as well as the structural features of 2

differ significantly from those of its protio analogue 1 [8]
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Fig. 1. Monoanionic, terdentate coordinating PCP-pincer ruthenium
complexes [RuCl{C6H3(CH2PPh2)2-2,6}(PPh3)] (1) and [RuCl{C6H3-
(CH2P(C6F5)2)2-2,6}(PPh3)] (2).
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(Fig. 1) and other PCP-pincer Ru(II) complexes [4,9]. In
the distorted square-pyramidal molecular geometry of 1

(Fig. 2, left), the PPh3 ligand occupies the apical position,
while the other two phosphorus centres, together with the
chloride and the Cipso atom form the base of the square
pyramidal configuration. The complex has a mirror type
arrangement of the two fused five member chelate rings.
The phosphorus centre in each of the puckered chelate
rings has one phenyl ring equatorially and one axially
(opposite to the apical PPh3 ligand) oriented [8]. Jia and
co-workers postulated that the geometry of 1 is strongly
influenced by steric factors and that the crowding between
the PCP ligand and PPh3 is minimised in the resulting
structure, in which the PPh3 takes the apical position [8a].

Contrary to this assumption, substitution of the PCPH

ligand by PCPF20 does not change the metal coordination
environment in the molecular structure of 2 (Fig. 2, right)
[6]. Similarly to what was found for 1, also in complex 2

the C6F5-rings have an axial/equatorial positioning. The
crystal structure of 2 shows the ruthenium centre to be in
a distorted square-pyramidal geometry. However, it now
appears that the PCPF20 ligand adjusted its effective bulki-
ness by promoting the migration of the chloride in a posi-
tion trans to the PPh3. This results in the apical position
being occupied by Cipso while the basal plane is formed
by the three phosphine groups and the chloride [6]. Hin-
dered rotation between the phenyl rings of the PPh3 and
the C6F5 axial rings observed in solution for 2 by temper-
ature dependent 19F NMR, is in line with the larger overall
Fig. 2. ORTEP drawings (30% probability atomic displacement ellipsoid) of
steric bulk of C6F5 versus C6H5 [6]. Yet, in the molecular
structure of 2, Cipso of the cyclometalated PCPF20-pincer
ligand rather than the PPh3 takes the apical position.

The motivation of the work presented in this paper was
to investigate the observed structural changes in complex 2

compared to 1 and to rationalise why the replacement of
C6H5- by C6F5-groups determines the preference of the
r-donating aryl ligand to occupy an axial, rather than an
equatorial position.

Theoretical calculations showed that attractive electro-
static interactions exist between perfluoro aromatic com-
pounds, such as hexafluorobenzene, and several anions
[10]. These results prompted us to investigate whether this
type of interaction is present in 1 and 2 and to which extent
this can influence the geometry of PCP-pincer Ru(II)
complexes.

Here, we report a theoretical study carried out on
model systems for 1 and 2, demonstrating how the
structural features of 1 and 2 are governed by Coulomb
interactions between the chloride ligand and the phenyl
rings of the phosphorus atoms of the PCP-pincer ligand.
The TD-DFT is a very popular approach for calculating
electronic excitation spectra and has been applied to var-
ious molecular systems [11]. However, it has been proven
that the applicability of this method to medium-sized and
large metal-containing molecules is still limited [11]. The
applicability of the TD-DFT method in the interpretation
of the UV–Vis spectra of 1 and 2 is evaluated. Thus,
these fundamental knowledges may allow for a better
understanding of the photophysical properties of novel
energy transfer systems incorporating photo- and redox
active organometallic PCP-pincer Ru(II) building blocks
[12].

2. Computational details

Geometries of 1 and 2 were optimised with GAMESS-
UK [13] at the B3LYP level of theory. The LANL2-DZ
basis set was selected for ruthenium, and for the other
atoms the SV Dunning basis set was used [14]. Natural
1 (left) and 2 (right) [6]. Hydrogen atoms have been omitted for clarity.
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population analysis (NPA) [15] was performed with the
NBO-3.0 program [16] as implemented in GAMESS-UK.

To clarify which factors force the ligands in 2 to adopt
the observed coordination geometry, four models have
been constructed. All models ([(C6X5PH2)2Cl]�, X = H,
F; vide infra, Fig. 5) are composed of two phosphorus
atoms each with its axial phenyl ring and the chloride anion
positioned according to their orientation in 1 or 2. In all
models the P–H bond lengths were chosen to be 1.42 Å.
The two model compounds m1 have been constructed in
such a manner that the two rings are, with respect to each
other, in the same position that they have in 1 and with the
chloride anion trans to Cipso. While m1-H contains two
C6H5-rings ([(C6H5PH2)2Cl]�), m1-F has two C6F5-rings
([(C6F5PH2)2Cl]�; C–F length fixed at 1.38 Å). Analo-
gously, also in the two model compounds m2, the phenyl
rings are positioned with the respect to each other as they
are in 2, having the chloride anion positioned in between.
Again, m2-H contains two C6H5-rings ([(C6H5PH2)2Cl]�;
C–H bond length fixed at 1.08 Å), m2-F has two C6F5-rings
([(C6H5PH2)2Cl]�).

The interaction energies between the chloride ion and
the two aryl C6X5PH2 (X = H, F) rings, were calculated
at the MP2/cc-pVTZ levels of theory. The calculated inter-
action energies were corrected for the basis set superposi-
tion error (BSSE) [17] using the counterpoise procedure
[18]. Polarisation dispersion energies were determined fol-
lowing the procedure outlined in Ref. [19], and the interac-
tion energies between the fragments were further analysed
in Coulomb and exchange energies using the Morokuma
analysis of the RHF reference wave function [20].

The UV–Vis spectra were calculated using the TD-DFT
approach and were performed with DALTON [21]. The
LANL2-DZ basis set was used for the ruthenium atom,
and the SV Dunning basis set on the other atoms [14].
The first 10 excited states were determined and only those
Fig. 3. B3LYP optimised geometries of 1 and 2. Natural p
with an oscillator strength larger than 0.002 are mentioned
in the text.

3. Results and discussion

3.1. Molecular geometries and charge distribution

In Fig. 3, the optimised geometries for 1 and 2 are
shown, together with NPA [15] charges on selected atoms.
Comparison between the geometry optimization results
with the available experimental X-ray [6] data show that
the bond lengths and angles in 1 and 2 are reproduced quite
well (Table 1). The general trends observed in the experi-
mental geometries are well reproduced by the calculated
ones (Table 1). Thus, a change in relative orientation of
the chloride, a significant shortening of the Ru–Cl bond
and a lengthening of the Ru–PPh3 bond are observed in
2 compared to 1. For both 1 and 2, the NPA charges on
the chloride are negative (Fig. 3). The charge inversion that
occurs at the carbon atoms of the fluorinated aryl rings in 2

reflects the higher electronegativity of the fluorine atoms
compared to the hydrogen atoms.

As a first attempt to explain why the chloride anion
occupies a different position upon fluorination of the phe-
nyl rings, we carried out calculations on the cations of 1

([Ru(PCPH)(PPh3)]+, 1cat) and 2 ([Ru(PCPF20)(PPh3)]+,
2cat). The geometries of 1cat and 2cat are very similar (a
selection of calculated bond lengths and angles is reported
in Table 2), as well as their frontier orbitals (Fig. 4).

The LUMO points to the position trans to the PPh3

ligand in both cations, suggesting that the chloride anion
would preferably bind in this position. Indeed, the chloride
occupies this position in 2. However, in 1, the chloride
occupies the position to which in 1cat the LUMO + 1
points, i.e., trans to Cipso (Fig. 4). In both cations the
energy gap between the LUMO and the LUMO + 1 is
opulation charges on Ru, Cl, and Ph–C are indicated.



Table 1
Comparison of selected calculated bond lengths (Å) and angles (�) for 1 and 2 with corresponding experimental crystallographic data [6]

Bond lengtha Calculated Experimental Anglea Calculated Experimental

Compound 1

Ru(1)–C(1) 2.080 2.0730 P(1)–Ru(1)–P(2) 151.21 154.87
Ru(1)–P(1) 2.394 2.3039 Cl(1)–Ru(1)–P(3) 121.08 121.08
Ru(1)–P(2) 2.395 2.2937 Cl(1)–Ru(1)–C(1) 153.35 157.19
Ru(1)–P(3) 2.358 2.2174 Cl(1)–Ru(1)–P(1)–C(1) �157.40 �154.03
Ru(1)–Cl(1) 2.590 2.4797 Cl(1)–Ru(1)–P(2)–C(1) 157.0 156.65

P(1)–Ru(1)–C(1)–P(3) �100.7 �103.06
P(2)–Ru(1)–C(1)–P(3) 98.7 99.11

Compound 2

Ru(1)–C(1) 2.058 2.0330 P(1)–Ru(1)–P(2) 159.0 155.42
Ru(1)–P(1) 2.394 2.2905 Cl(1)–Ru(1)–P(3) 166.9 166.93
Ru(1)–P(2) 2.395 2.3410 Cl(1)–Ru(1)–C(1) 96.46 95.24
Ru(1)–P(3) 2.358 2.3154 Cl(1)–Ru(1)–P(1)–C(1) �96.2 �96.81
Ru(1)–Cl(1) 2.484 2.4121 Cl(1)–Ru(1)–P(2)–C(1) 96.1 97.50

P(1)–Ru(1)–C(1)–P(3) �96.6 �91.51
P(2)–Ru(1)–C(1)–P(3) 98.5 95.13

a See Fig. 2.

Table 2
Selected calculated bond lengths (Å) and angles (�) for 1cat and 2cat

Bond length Angle

1cat

Ru–Cipso 2.040 PPh2–Ru–PPh2 155.54
Ru–PPh2 2.410/2.416 PPh3–Ru–Cipso 92.44
Ru–PPh3 2.366 PPh2–Ru–C–PPh3 �100.8/99.1

2cat

Ru–Cipso 2.043 P(C6F5)2–Ru–P(C6F5)2 158.41
Ru–P(C6F5)2 2.431/2.435 PPh3–Ru–Cipso 97.55
Ru–PPh3 2.394 PPh2–Ru–C–PPh3 �97.4/99.2
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rather small, yet smaller in 1cat (DE = 0.57 eV) than in 2cat

(DE = 0.99 eV). This suggests that 1cat is more indifferent
to the position of the incoming nucleophile than 2cat.

The obtained results do not provide an answer to our
question on the position of the chloride. Therefore, addi-
tional calculations on the interaction between the chloride
and the two axial phenyl rings in its vicinity may explain
the different bonding modes of the chloride. Four models
have been constructed (Fig. 5). Models m1-H ([(C6H5-
PH2)2Cl]�) and m2-H ([(C6H5PH2)2Cl]�) have been made
in order to match the orientation of the two axial C6H5-
rings and the chloride in the geometries of 1 and 2, respec-
tively. Analogously, in the models m1-F ([(C6F5PH2)2Cl]�)
and m2-F ([(C6F5PH2)2Cl]�) the orientation of the two
axial C6F5-rings and the chloride correspond to what was
found in the geometry of 1 and 2, respectively.

The interactions between the chloride and the C6H5PH2-
moieties are small in both m1-H and m2-H. However, in the
relative geometry of 1 it still attractive. Importantly, the
interaction between the chloride and the C6F5PH2-moieties
is only repulsive in the geometry that matches that of 1, and
attractive in the orientation that matches that of 2.

The MP2 interaction energy includes the polarization
energy. For all the complexes a considerable dispersion
energy is found (Table 3). The RHF interaction energies
are naturally more repulsive than those evaluated at the
MP2 level. The polarisation dispersion energies lowers
the repulsion interaction energy significantly, and make
the interaction in m2-F more favourable. The dispersion
energy is largest for the m2-H and m2-F models, with the
ion situated between the two phenyl-rings.

The attractive interaction found at the RHF level for
m2-F, suggests an attractive electrostatic interaction
between the chloride and the C6F5PH2-moieties, whereas
the interaction between the chloride and the C6H5PH2-
moieties is highly unfavourable. These findings are in
accordance with the work reported by Alkorta et al. [10].

Further partitioning of the RHF interaction energies
using the Morokuma scheme [20] is presented in Table 4.
Note that the total RHF interaction energies shown in
Table 4 are less repulsive than those in Table 3, due to
the inclusion of BSSE correction [17] in the latter.

A survey of the energy contributions (Table 4) reveals
that in both relative geometries, upon fluorination, the
electrostatic contribution becomes attractive. Fluorination
leads only to an increase in exchange repulsion in the rela-
tive geometry of 1. The other contributions remain practi-
cally identical upon fluorination. Apparently, substitution
of hydrogen for the electronegative fluorine atoms in the
phenyl rings leads to a significant charge separation. The
latter can favourably interact with the chloride when it is
placed between the two rings, as is the case in m2. The
exchange repulsion (steric hindrance) is not influenced by
this substitution. Hence, m2-F is stabilised with respect to
m2-H by Coulomb interactions. Although the electrostatic
interaction is favourable for m1-H, the increase in
exchange energy compensates for this attraction: the fluo-
rine atoms are in too close contact with the chloride. Com-
parison of the contributions for m1-H and m2-H shows
that, although a decrease in electrostatic energy is found,
the exchange contribution increases dramatically, prevent-
ing this geometry to be energetically favourable. For m2-F,



Fig. 4. Selected frontier orbitals of 1cat ([Ru(PCPH)(PPh3)]+) and 2cat

([Ru(PCPF20)(PPh3)]+).

Fig. 5. Representation of the two m1 models ([(C6X5PH2)2Cl]�, X = H
(m1-H), F (m1-F)) and the two m2 models ([(C6X5PH2)2Cl]�, X = H (m2-

H), F (m2-F)) having geometries that resemble 1 and 2, respectively.

Table 3
Interaction energies (kcal/mol) calculated at RHF and MP2/cc-pVTZ
levels of theory and polarization dispersion energy (kcal/mol)

Model RHF MP2 Polarisation dispersion

m1-H 6.45 �0.49 �4.96
m1-F 8.30 1.02 �6.16
m2-H 17.04 2.52 �11.79
m2-F �8.17 �18.25 �11.61

Table 4
Partitioning of the interaction energies (kcal/mol) using the Morokuma
scheme [20]

Interaction m1-H m1-F m2-H m2-F

Electrostatic 7.49 �4.88 �0.74 �25.50
Exchange 10.48 25.75 35.92 35.25
Polarisation �11.07 �12.12 �16.47 �16.46
Charge transfer �4.60 �6.41 �13.09 �12.36
Coupling term 1.81 3.44 8.13 7.60

Total 4.11 5.78 13.76 �11.46
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the electrostatic contribution makes this geometry the most
stable, compared to m1-F. It can be concluded that in 2 the
orientation of the chloride trans to the PPh3 ligand, may be
ascribed to the attractive electrostatic interaction between
the anion and the fluorinated phenyl rings. In 1, which
lacks this electrostatic interaction, the chloride atom is
placed trans to Cipso, due to steric hindrance.

3.2. Electronic spectra

The electronic properties of 1 and 2 are sensitive to the
p-acceptor properties of the substituents directly bound to
the phosphorus [6]. The UV–Vis spectra of 1 and 2 in
CH2Cl2 solution (Fig. 6) are dominated by absorptions,
not assigned uniquely before [6], which position depend
only slightly on the nature of the solvent. Introduction of
electron-withdrawing C6F5-groups in 2 results in a shift
of its electronic transitions to higher energy compared to
that of 1. TD-DFT calculations have been performed to
assign the experimental features of the UV–Vis spectra.
To the best of our knowledge this is the first time that
the TD-DFT approach has been applied to investigate
the spectroscopic properties of E,C,E-pincer (E = N, P,
O, S) complexes. Interestingly, the results show that the



Fig. 6. UV–Vis absorption spectra of complex 1 (——) and complex 2

(- - - - -) measured in CH2Cl2 at 298 K [6].

Table 5
TD-DFT excitation energies (E) and non-vanishing oscillator strengths (f)
calculated for 1 and 2

State Composition Wavelength
(nm)

Experimental
kmax (nm)

f

Compound 1

2A 92% (H! L) 816 633 0.007
4A 90% (H-2! L) 570 449 0.004
6A 32% (H-1! L + 2) 383 359 0.023

18% (H-1! L + 17)
16% (H-1! L + 1)

8A 86% (H! L + 3) 355 0.003
9A 36% (H-4! L) 352 0.017

12% (H-5! L)
10A 58% (H-1! L + 1) 350 0.008

13% (H-1! L + 3)
11A 48% (H-3! L) 349 0.005

19% (H-6! L)
11% (H! L + 5)

Compound 2

2A 30% (H! L + 5) 559 523 0.004
17% (H! L + 7)
15% (H! L + 3)
11% (H! L + 4)

3A 65% (H! L + 2) 528 0.003
14% (H! L)

6A 44% (H-1! L + 2) 458 403 0.007
15% (H-2! L + 2)

7A 34% (H-2! L + 2) 440 0.012
14% (H-1! L + 2)

10A 23% (H-1! L + 5) 394 0.008
14% (H-1! L + 3)
11% (H-1! L + 7)
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TD-DFT approach is able to reproduce reasonably well the
absorption bands observed experimentally in the case of 2.
All the transition energies calculated for 1 are underesti-
mated. This might be ascribed to the use of a small basis
set or to possible multireference character [11]. RPA calcu-
lations, performed using the Stuttgart RCS ECP basis set
[22] for ruthenium and Dunning for other atoms [14], gave
essentially identical results. Thus, this underestimation is
not caused by the incorrect asymptotic behaviour of the
exchange correlation functional [11]. The calculated
absorptions for 1 and 2 which are associated with their
excitation energies and oscillator strengths, as well as their
assignments, are given in Table 5.

To clearly discuss the absorption spectra, a contour plot
of the frontier orbitals involved in the assigned transitions,
have been presented in Fig. 7.

A comparison between the frontier orbitals of 1 and 2

shows that the three highest occupied molecular orbitals
of both complexes are very similar and have dominant con-
tribution from the ruthenium. The HOMO of 1 and 2 is
mainly localised on the metal and partly on the p orbitals
of the PCP-pincer ring and on the chloride. The
HOMO � 1 of both complexes resides mainly on the metal
and on the chloride while their HOMO � 2 are exclusively
metal in character. By contrast, the LUMO of 1 differs sig-
nificantly from the LUMO of 2: the first is exclusively
localised on the metal and the second is ligand in character.
The LUMO + 2 of 2 possesses mainly metal character,
while the remaining low-lying unoccupied orbitals are
mainly localised on the ligands.

Based on the above description of the frontier orbitals,
the transitions calculated for 1 can be assigned as followed:
the lowest energy band at 633 nm can be ascribed to the
transitions to the 2A state having predominantly d–d char-
acter. The band at 449 nm can be attributed to the transi-
tions to the 4A state and possesses exclusively d–d
character. The transitions calculated at 383, 355, 352, 350
and 349 nm may all contribute to the experimental broad
and poorly resolved band at 359 nm. However, the larger
contribution comes from the transition to the 9A state,
having p�Ru=Cl=PCP ! p�PCP (MLCT/L 0LCT) character and
oscillator strength of 0.017.

According to the obtained TD-DFT results (Table 5),
the lowest energy band at 523 nm in the spectrum of 2
arises mainly from the p�Ru=Cl=PCP ! p�Ru=PCP excitations to
the 2A and 3A states and can be assigned as having pre-
dominantly d–d and partly metal-to-ligand-charge-transfer
(MLCT) character. Therefore, its position is not affected to
a great extent by the nature of the substituents on the phos-
phorus atoms and by the arrangement of the ligands
around the Ru(II) centre. The band at 403 nm, formed
from the excitations to the 6A, 7A and 10A states, pos-
sesses also predominant d–d character.

The DFT calculations reveal that the replacement of the
C6H5 groups for C6F5 causes a decrease of the energy of
the molecular p�Ru=PCP orbitals whereas the energies of the
d(Ru) orbitals remain the same. The red shift of the lowest
energy transition in the spectrum of 1, compared to what is
observed in the spectrum of 2, can be understood by taking
in consideration their construction starting from the mod-
els 1cat and 2cat. In 1, steric hindrance forces the chloride
to be located in a position trans to Cipso. To form 1, the
chloride has to interact with the LUMO + 1 of 1cat,



Fig. 7. Selected frontier orbitals involved in the lowest transitions of 1 and 2.
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leaving the LUMO of 1cat the LUMO of 1. In contrast, to
form 2, the chloride interacts with the LUMO of 2cat. This
results in a smaller gap between occupied and virtual orbi-
tals in 1 than in 2. An interesting consequence is that 1 is
expected to be more reactive than 2, which is indeed
observed [6].

4. Conclusions

Our calculations establish that in 1 repulsive steric hin-
drance between the C6H5-rings and the chloride forces
the anion to be located in position trans to the Cipso atom.
As a result, the PPh3 ligand occupies the apical position of
the square pyramidal arrangement. In 2, attractive electro-
static interactions between the axial C6F5-rings and the
chloride allow the anion to be located trans to the PPh3

ligand and Cipso in the apical position.
The UV–Vis spectroscopic features of 1 and 2 have been

interpreted with the TD-DFT method. These calculations
show that for both complexes the lowest energy transition
has predominantly d–d character. The nature of the sub-
stituents on the phosphorus atoms, as well as the change
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of the local arrangement of the ligands around the
ruthenium centre, caused by steric interactions, results in
a smaller energy gap between the frontier orbitals in 1. This
is reflected in the shift of its absorption bands to lower
energy with respect to 2 and in its higher reactivity. Anal-
ysis of the TD-DFT calculations indicate that the
exchange-correlation functional B3LYP is appropriate to
get satisfactory results for the absorption spectra. How-
ever, the transition energies calculated for 1 are underesti-
mated. Further studies should be devoted to the accurate
calculation of absorption spectra of 1 and PCP-pincer
Ru(II) complexes having analogous structural features.
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