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Abstract

To study the Ru-M interactions and their effects on >'P NMR, complexes [Ru(CO)s(Ph,Ppy),] (py = pyridine) (1) and
[Ru(CO)3(Ph,Ppy),MCl,] (M = Zn, 2; Cd, 3; Hg, 4) were calculated by density functional theory (DFT) PBEO method. Moreover,
the PBE0-GIAO method was employed to calculate the *'P chemical shifts in complexes. The calculated *'P chemical shifts in 1-3 follow
2 >3>1 which are consistent to experimental results, proving that PBEO-GIAO method adopted in this study is reasonable. This
method is employed to predict the *'P chemical shift in designed complex 4. Compared with 1, the *'P chemical shifts in 2-4 vary result-
ing from adjacent Ru-M interactions. The Ru — M or Ru «+ M charge-transfer interactions in 2-4 are revealed by second-order per-
turbation theory. The strength order of Ru — M interactions is the same as that of the P-Ru— M delocalization with
Zn > Cd > Hg, which coincides with the order of *'P NMR chemical shifts. The interaction of Ru — M, corresponding to the delocal-
ization from 4d orbital of Ru to s valence orbital of M>™, results in the delocalization of P-Ru — M, which decreases the electron density
of P nucleus and causes the downfield *'P chemical shifts. Except 2, the back-donation effect of Ru «— M, arising from the delocalization
from s valence orbital of M*" to the valence orbital of Ru, is against the P-Ru — M delocalization and results in the upfield *'P chemical
shifts in 4. Meanwhile, the binding energies indicate that complex 4 is stable and can be synthesized experimentally. However, as complex
[Ru(CO)5(Ph,Ppy),HgCI]" 5 is more stable than 4, the reaction of 1 with HgCl, only gave 5 experimentally.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction bis(dimethylphosphino)methane(dmpm) [10],

enylphosphino)methane(dppm) [2,4].

bis(diph-

Over the past two decades, heterometallic complexes
containing metal-metal bond have been extensively studied
due to their unique structures and properties including
catalysis [1-6] and spectroscopy [2,5,7-9]. Much interest
is focused on the study of polydentate ligands with main-
group donors that are able to form various polynuclear
complexes, such as 2-(diphenylphosphino)pyridine (Ph,-
Ppy) [2,3,5], 2,6-bis(diphenylphosphino)pyridine [2,5],
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Ph,Ppy is an unsymmetrical and neutral bidentate
ligand with a nitrogen donor atom and a phosphorus atom
that can connect two identical or different metal centers. It
is also a rigid short-bite ligand because of the presence of
the pyridyl ring. As a result, it has small flexibility and
can be used to stabilize binuclear complexes, especially
heterobinuclear ones, by forming a metal-metal bond
and acting as a bridging ligand [7]. The heterobinuclear
complexes generally contain a donor-acceptor M — M’
bond between an electron-rich metal M and a high
oxidation-state metal M. Since the coordination
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chemistry of Ph,Ppy was first developed by Balch et al. [11-
13], a lot of studies have been done by several groups. For
example, Cotton et al. [14], Faraone et al. [15] and Zhang
et al. [16,17,7] have synthesized various novel binuclear
complexes involving almost all metal atoms in VIB, VIIB,
VIIIB, 1B, IIB groups such as palladium, platinum, ruthe-
nium, rhodium, iridium, silver, gold, copper, rhenium,
molybdenum, etc. To our knowledge, there has been no
theoretical study on the complexes of Ph,Ppy reported.
Experimentally, Che and Zhang [16] got heterometallic
complexes [Ru(CO)3(Ph,Ppy),ZnCl,] (2) and [Ru(CO)s-
(Ph,Ppy),CdCL] (3) by complex [Ru(CO)s(PhyPpy),] (1)
with Lewis acids such as ZnCl, and CdCl,. Complexes 2
and 3 can be considered as simple Ru— M?" donor—
acceptor bonding adducts via infrared spectra and X-ray
crystallography. It was also shown that the strength of
Ru — M bonding interaction follows the order as 3 ~ 2.
Although Hg is an element of IIB group as well as Zn
and Cd, the reaction of 1 with HgCl, readily afforded
[Ru(CO)5(Ph,Ppy)>(HgCH]" (5) but did not get
[Ru(CO);(Ph,Ppy),HgCl,] (4). Is the complex 4 stable?
Meanwhile, Che and Zhang [16] also found that there are
downfield *'P NMR chemical shifts in 2 and 3 contrasted
to mononuclear complex 1. It is not known whether the
Ru-M interactions affect the *'P NMR and how the Ru—
M interactions affect the *'P NMR. In the present study,
the stability of 4 and 5, the nature of Ru-M interactions
and their effects on >'P NMR chemical shifts in binuclear
complexes were investigated with theoretical methods.

2. Computational details

Considering that the electron configuration on Ru(0) is
4d’5s', the spin states of complexes, such as singlet, triplet
and quintet, were examined with PBEO [18,19] method
and SDD [20] basis sets for Ru, Zn, Cd, Hg atoms, 6-
311G™ basis set for Cl and P, and 6-31G™ basis set for C,
N and H atoms. The optimization geometry parameters
of singlet states in all complexes were close to crystal data
[16], while the distances of Ru—P and Ru-M in triplet and
quintet states increased, getting more different from crystal
data during the optimizations. Meanwhile, on basis of crys-
tal data of every complex, we calculated the single point
energies of singlet, triplet and quintet. It can be seen from
Table 1 that the single point energies of singlet states in
all complexes were the lowest. The results suggested that

Table 2
Optimized geometrical parameters in complexes 2 and 3

Table 1
Computed energies (a.u.) of different spin states of complexes by PBEQ
method based on the crystal structures

Complex Singlet Triplet Quintet

1 —2536.9257 —2536.8203 —2536.6793
2 —3684.2172 —3684.1041 —3683.9522
3 —3624.9958 —3624.8764 —3624.7200
5% —3150.4256 —3150.2855 —3150.1303

4 Cation complex [Ru(CO);(Ph,Ppy),HgCl]" were employed to analyze
the stability contrasted to 4.

the singlet states of all complexes in this study were the most
stable on the basis of above calculations. Therefore, the sin-
glet states of all complexes were calculated and analyzed.

The efficiency of the functional and basis sets were con-
sidered to describe the geometries of the complexes 1-4.
The B3LYP functional and LANL2DZ basis sets, which
were usually employed to calculate the geometries and elec-
tronic structures in many complexes, were taken as a refer-
ence point. Molecular geometry of 2 was optimized at the
B3LYP [21] and PBEO level. Mecanwhile, the 16, 20, 20
and 20 valence electron LANL2DZ [22]and SDD basis sets
for Ru, Zn, Cd, Hg atoms, respectively, 6-311G™ basis set
for Cl and P, and 6-31G™ basis set for C, N and H atoms
were employed. Some calculated geometry parameters of
2 and 3 are listed in Table 2.

The data in Table 2 indicates that the optimized geom-
etries of 2, performed at both B3LYP and PBEO levels with
LANL2DZ basis sets for metal atoms, reproduces experi-
mental structural parameters well except the Ru-Zn dis-
tance which is longer than that in crystal data [16]. But
the Ru-Zn distance of 2.769 A calculated at PBEO level is
closer to the crystal data of 2.660 A compared to that of
2.813 A calculated at the B3LYP level. Hence, the PBEO
method gives slightly better Ru-Zn distance in 2. While
comparing the optimized geometries of 2 and 3 performed
at PBEO level with SDD and LANL2DZ basis sets for
metal atoms, the larger basis set SDD gives Ru-Zn dis-
tance with 2.722 A and Ru-Cd distance with 2.849 A,
which are closer to the crystal data of 2.660 and 2.771 A
contrast to those calculated at LanL.2DZ basis set. Hence,
structural parameters obtained by the PBEO method with
SDD basis set are closer to experimental values. Therefore,
all the results presented in this study were obtained at the
PBEO levels of DFT theory and SDD basis sets for metal
atoms with the caussian 03 package [23]. A counterpoise

Bond length (A) [Ru(CO)3(Ph,Ppy),ZnCl,] (2)

[Ru(CO);(Ph,Ppy),CdClL] (3)

Exp. B3LYP/ LANL2DZ PBEO/LANL2DZ PBEO/SDD Exp. PBEO/LANL2DZ PBE0/SDD
Ru-M 2.660 2.813 2.769 2.722 2.771 2.927 2.849
P-Ru 2.344 2417 2.368 2.354 2.361 2.380 2.366
Ru-C(2) 1.913 1.955 1.939 1.914 1.932 1.941 1.909
Ru-C(1) 1.954 1.964 1.948 1.925 1.942 1.941 1.928
M-Cl1 2.328 2.374 2.347 2.290 2.454 2.500 2.476
M-N 2.320 2.374 2.332 2.337 2.503 2.491 2.496
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correction was carried out for the basis-set superposition
error (BSSE) on the interaction energies [24]. The PBEO-
GIAO [25-29] method was adopted to calculate the *'P
chemical shifts.

3. Results and discussion
3.1. The structures of complexes

The optimized structures of complexes 1-5 are presented
in Fig. 1. The P,Ru unit is nearly linear with P(1)-Ru-P(2)
angles range from 170.88° to 179.81° in complexes 1-4. Three
CO moieties, Ru and M lie on a plane perpendicular to the
P,Ru axis. In complex 1, the coordination geometry of Ru
exhibits a trigonal-bipyrimidal configuration. However, 2—4
show a distorted octahedral geometry about the Ru atom,
and M is a trigonal bipyramid (M = Zn, Cd, Hg). The Ru-
Hg distance (2.774 A) in designed complex 4 is shorter than
Ru-Cd distance (2.849 A) in 3 and close to Ru-Zn distance
(2.722 A) in 2. As contrasted with the sum of covalent radii
of Ru and M, this shorter Ru-Hg distance indicates the
stronger Ru-Hg interaction than Ru-Cd and Ru-Zn.

3.2. The stability and Ru—M interactions

To depict the stabilities of 2—4, the binding energies AE
between [Ru(CO);(Ph,Ppy),] and MCl, were calculated

with Counterpoise (CP) corrections for basis-set superposi-
tion errors (BSSE) according to Eq. (1):

[Ru(CO); (PhoPpy),MC] = [Ru(CO); (PhsPpy),] + MCl,
ab a

AE = (E; + Ep) — EY
(1)

It is obvious that the AE involves not only Ru—M inter-
action, but also N-M-N interaction. In order to analyze
the strengths of Ru—M bonding interaction, three simpli-
fied model complexes [Ru(CO);3(Ph,PH),MCl,] (M = Zn,
Cd and Hg), which were obtained by replacing the py
groups in 2-4 with H atoms, were also studied. The inter-
action energies AEy between [Ru(CO)s;(Ph,PH),] and
MCI, fragments were then calculated according to Eq. (1)
and are showed in Table 3, which represent more exactly
the Ru-M bonding interactions. And OF, the difference
between AE and AFEy, denotes the N-M-N interactions
of binuclear complexes.

The larger AEy of 4 (61.50 kcal/mol), compared with
those of 2 (56.48 kcal/mol) and 3 (55.72 kcal/mol), indi-
cates that the strength order of Ru—-M interactions is Ru-
Hg(4) > Ru-Cd(3) ~ Ru-Zn(2). Moreover, the Wiberg
bond indices of Ru-M follow the similar order as 4
(0.1794) > 3(0.1031)2 =~ (0.0953) in Table 4.

The OFE values ranging from 11.30 to 30.43 kcal/mol
indicate that the N-M-N interactions of binuclear

Fig. 1. Optimized structures of complexes 1-5 by PBEO method.
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Table 3

Binding energies (kcal/mol) of complexes 2-5 with BSSE corrections
AE* AEy® OE°

2 81.76 56.48 25.29

3 86.16 55.72 30.43

4 72.79 61.50 11.30

54 182.10 156.81 25.29

# The binding energies between 1 and MCl,.

® Binding energies like AE, in which the py groups were instead with H
atoms.

¢ The difference between AE and AEy.

4 Cation complex [Ru(CO)s(Ph,Ppy),HgCI]" were employed to analyse
the stability contrasted to 4.

complexes are weaker than Ru-M interactions. The bind-
ing energies AE between [Ru(CO);(Ph,Ppy),] and MCl,,
as shown in Table 3, suggest that complexes 1-4 are all sta-
ble and the stabilities follow the order 2 ~ 3 > 4. Although
the interaction strength of Ru—Hg is stronger than those of
Ru-Zn and Ru-Cd, the N-Hg-N interaction (11.30 kcal/
mol) is the weakest for 2-4. Hence, the rather weak N—
Hg-N interaction decreases the stability of 4. To further
study the stability of Ru—-Hg complex, the structure of cat-
ion complex [Ru(CO);(Ph,Ppy),HgCl]" 5 was calculated at
the same level as well as 2-4. The binding energies AE
(182.10 kcal/mol) and AEy (156.81 kcal/mol) of 5 in Table
3 show that cation Ru-Hg complex 5 is more stable than 4.
Therefore, the reaction of 1 with HgCl, readily afforded 5
but did not get 4, which favors the conclusion by Zhang
et al. [16].

3.3. 3P chemical shifts

Nuclear magnetic resonance (NMR) spectroscopy is
becoming an increasingly important tool in studies of inter-
molecular interactions. In the past decade, it has become
possible to carry out theoretical calculations on NMR
chemical shifts with increasing accuracy. The application
of density functional theory (DFT) has been especially use-
ful for large organic molecules or molecules with transition
metal atoms [30-33]. Among methods employed to calcu-
late the NMR parameters such as CSGT, IGLO, GIAO
and IGAIM, the GIAO method shows the best basis-set
convergence and is employed by most quantum chemistry
programs capable of computing nuclear shielding [30,34].
A number of applications have shown that the GIAO-
DFT method is capable of reproducing experimental val-
ues for chemical shifts of transition metal complexes. The
calculated deviations of the NMR shielding in compounds
containing heavy elements are usually increased compared

Table 4

The NBO Wiberg bond indices of complexes 2-4

Complex Ru-M M-N
2 0.0953 0.0624
3 0.1031 0.0622
4 0.1794 0.0420

with general molecules. For example, Ruiz-Morales and
Ziegler [35] calculated the *'P chemical shifts of complexes
containing Cr or Mo atom and achieved results with devi-
ations of 10-20 ppm. The 13-22 ppm deviations of *'P
chemical shifts were also calculated by Eichele et al. [36]
in the complexes containing Ru atom.

Phosphorus chemical shielding ¢ in 1-3 and reference
H;PO,4 were carried out by PBE0O-GIAO method in this
paper. The calculated *'P chemical shielding in H3POy is
306.82 ppm which is close to 315.5 ppm calculated by
Ruiz-Morales and Ziegler using DFT(BP-LDA)-GIAO
method [35]. The *'P chemical shifts (J) relative to the ref-
erence H3;PO, can be given by 6 = ou,p0, — Gcomplex- As seen
in Table 5, the calculated *'P chemical shifts (dca) in 1-3
are in good agreement with experimental values [16]. The
largest deviation is only 10 ppm which is much less than
that calculated by Ruiz-Morales and Ziegler [35] and Eic-
hele et al. [36]. In addition, the order of calculated *'P
chemical shifts coincides with the experiment results as
2>3>1 [16]. Therefore, PBEO-GIAO method adopted
in this work is valid and was thus employed to predict
the *'P chemical shift in 4 as well. The *'P chemical shift
of 52.09 ppm in 4 is comparable with experimental value
of 48.70 ppm in similar structure of 5 [16]. Due to the adja-
cent Ru-M interaction, the *'P chemical shifts in binuclear
complexes 2-4 are changed contrasted with mononuclear
complex (see Table 5). However, it does not mean that,
as Ru-M interaction is stronger, there will be larger down-
field *'P chemical shifts.

It is known that the deshielding arising from less elec-
tron density of phosphorus moves >'P chemical shifts
downfield. Although the NPA charges around P nucleus
(see Table 5) in the binuclear complexes are almost
unchanged compared with mononuclear complex 1, the
deviation of *'P chemical shifts in 2 and 3 contrasted with
1 can be illustrated by means of the second-order perturba-
tion energy E(2) according to Eq. (2) [37], for a general
donor NBO (i) and an acceptor NBO (j):

SN2
E(2) = By = g, 20 )

i
gj_gi

where g; is the donor orbital occupancy, ¢; and ¢; are diag-
onal elements (orbital energies), and F(i, j) is the off-diago-
nal element in NBO Fock matrix. The second-order
perturbative stabilization energy FE(2) has been proved
efficient in illustrating the relationship between the do-
nor—acceptor interactions in two NBOs’ of adjacent atoms

Table 5
The calculated *'P NMR chemical shift and NPA charge of P atom (Qp)
for complexes 1-4

Complex 6Pexp 6Pcal QP

1 50.09 60.70 1.187
2 61.20 67.63 1.182
3 59.40 66.00 1.174
4 52.09 1.191




X. Xu et al. | Journal of Organometallic Chemistry 691 (2006) 1927-1933 1931

or bonds and NMR chemical shifts [38-40]. As can be seen
from Table 6 that the deshielding for P nucleus in complex
2 is caused by the delocalization of the P-Ru occupied ¢
bonding orbital into the acceptor 4s orbital of Zn(II)
through the Ru — Zn interaction, with E(2) amounting
to 28.56 kcal/mol. This delocalization from P-Ru to Zn
can also be observed in Fig. 2. As a result, there is a down-
field *'P chemical shift in 2 contrasted with 1. Through the
Ru — Cd interaction, the similar deshielding for P nucleus
in 3 is derived of the o(P-Ru)— 5s(Cd) and o"(P-
Ru) — 5s(Cd) delocalization and E(2) amounts to 1.81
and 17.76 kcal/mol, respectively. The total delocalized ef-
fects from P-Ru to Cd are a little less than that from P-
Ru to Zn. Therefore, there is slightly less downfield *'P
chemical shift in 3 than that of 2. However in 4, there are
6(P-Ru) — 6s(Hg) and 6s(Hg) — ¢"(P-Ru) delocalizations
with 17.51 and 28.59 kcal/mol, respectively. In view of the
stronger 6s(Hg) — ¢"(P-Ru) delocalization that shields P
nucleus, the upfield *'P chemical shift in 4 is calculated
compared with 1.

As the deshielding on P nucleus is derived from the delo-
calized effect of P-Ru — M through the Ru — M interac-
tion, the nature of Ru-M interactions should be studied.
The detailed information on the Ru-M (M =Zn, Cd)
charge-transfer interactions can be obtained through
NBO analyses by means of the second-order perturbation
energy E(2), which has already succeeded in illustrating
the weak bonding interaction [41-44]. For example, Koch
et al. estimated the stabilization energies E(2) of Ni—Ni
interactions at the range of 156-252kJ/mol (37.3-
60.3 kcal/mol) in a series of complexes [41].

As shown in Table 7 for complex 3, two types of Ru-Cd
charge-transfer interactions were revealed by second-order
perturbation energy E(2). The first one is Ru — Cd charge-
transfer interaction corresponding to the delocalization
from the occupied lone-pair 4d orbital on Ru(0) atom into
the acceptor 5s orbital on Cd(II) atom with 27.08 kcal/mol
second-order perturbation energy E(2). This Ru— Cd
interaction pulls the charges on P-Ru bonds to Cd atom,
which decreases the electron density on P nucleus and
causes the downfield >'P NMR chemical shifts. The second
one is an additional back-donation Ru « Cd effect deriv-
ing from the delocalization of 5s orbital on Cd(II) into
the 35s'4d®!' hybrid on Ru(0) atom amounting to
77.61 kcal/mol second-order perturbation energy, which
is to a certain extent against the P-Ru — Cd delocaliza-
tion. However, the E(2) indicates that there is only

Fig. 2. Contour plots of the overlap of NBOs: Ru-P ¢ bonding orbital
and Zn anti-lone-pair orbital (4s) in complex 2.

Ru — Zn charge-transfer interaction in 2 corresponding
to 4d (Ru) — 4s(Zn>") delocalization. The Ru — Zn inter-
action with 49.73 kcal/mol second-order perturbation
energy is stronger than Ru — Cd interaction, which
resulted in the stronger P-Ru — Zn delocalization and lar-
ger downfield *'P chemical shifts in 2. Since the attraction
by nucleus for 4s electron on Zn(II) atom is stronger than
that for 5s electron on Cd(II), there is no Ru « Zn interac-
tion. Similarly to 3, there are two types of interactions in 4,
Ru — Hg and Ru+« Hg. However, the interaction of
Ru — Hg is much weaker than those of Ru— Cd and
Ru — Zn, while the interaction of Ru — Hg (C-Ru «— Hg,
P-Ru «+ Hg) is much stronger than that of Ru «+ Cd and
Ru — Hg, the later in particular. As a result, there is a
upfield *'P chemical shifts in 4 compared to 1.

Overall, the strength order of Ru - M (M = Zn, Cd,
Hg) interactions in 2-4 is the same as that of the P-—
Ru — M delocalization with Zn > Cd > Hg, which also
coincides with the order of *'P chemical shifts. The charge
on P-Ru bonds was pulled to M(II) atom owing to the
Ru — M interactions, which decreases the electron density
of P nucleus and causes downfield *'P chemical shifts.
However, the P-Ru+« M delocalization caused by
Ru — M interaction results in upfield *'P chemical shifts
to a certain extent.

Table 6

Second-order perturbation energy E(2) (kcal/mol) of donor-acceptor P-Ru-M interactions in the NBO basis

Complex Occupancy Donor NBOs Occupancy Acceptor NBOs E(2)

2 1.82 ORu_P 0.54 n (4s 99.87%, Zn) 28.56

3 1.91 ORu P 0.57 n (5s 99.86%, Cd) 1.81
0.77 ORup 0.57 n (5s 99.86%, Cd) 17.76

4 1.84 ORuP 0.87 n (6s 99.09%, Hg) 17.51
0.87 n (6s 99.09%, Hg) 0.56 ORup 28.59

‘n’ denotes the lone pair electron orbital.
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Table 7

The second-order perturbation energy E(2) (kcal/mol) of donor—acceptor interactions about Ru-M in the NBO analysis

Complex Occupancy Donor NBOs Occupancy Acceptor NBOs E(2)

2 1.69 n (4d 97.65%, Ru) 0.54 n (4s 99.87%, Zn) 49.73

3 1.53 n (4d 99.99%, Ru) 0.57 n (5s 99.86%, Cd) 27.08
0.57 n (5s 99.86%, Cd) 0.53 n (sd®!!, Ru) 77.61

4 1.70 n (4d 99.89%, Ru) 0.87 n (6s 99.09%, Hg) 1.02
0.87 n (6s 99.09%, Hg) 0.84 ORu ) 141.07
0.87 n (6s 99.09%, Hg) 0.62 TRu () 25.84
1.93 ORu-C(1) 0.87 n (6s 99.09%, Hg) 4.56
1.92 ORu-C(2) 0.87 n (6s 99.09%, Hg) 10.56

4. Conclusion

This study attempted to calculate the structures of com-
plexes 1-4 by using PBEO method, with the purpose of elu-
cidate the stabilities, the nature of Ru—M interactions and
the effects of Ru—M interactions on *'P chemical shifts. The
following conclusions can be drawn.

The stability follows 2(Zn) ~ 3(Cd) > 4(Hg) due to the
rather weak N-Hg-N interaction in 4, while the order
of Ru-M interaction strength is 2(Ru-Zn) =~ 3(Ru-Cd) <
4(Ru-Hg). Hence, 4 is theoretically stable and experimen-
tal synthesis is in turn possible. However, 5 is more stable
than 4. As a result, the reaction of 1 with HgCl, readily
afforded 5 but did not give 4.

The calculated *'P chemical shifts in 1-3 follows the
order 2>3>1 which are consistent to experimental
results. Therefore, the PBEO-GIAO method adopted in this
study proved to be valid and was employed to predict the
31P chemical shift with 52.09 ppm in designed complex 4.

The *'P chemical shifts in 2-4 are changed as a result of
the adjacent Ru—-M interaction contrasted with 1. The
Ru — M and Ru < M charge-transfer interactions in 24
were revealed by second-order perturbation energy E(2).
The strength order of Ru — M interactions is the same
as that of P-Ru — M delocalization with Zn > Cd > Hg,
which coincides with that of *'P chemical shifts. The
Ru — M interactions, corresponding to the delocalization
from 4d orbital of Ru to s valence orbital of M, result
in the delocalization of P-Ru — M which decreases the
electron density of P nucleus and causes the downfield
3P chemical shifts. Except for 2, the Ru < M back-dona-
tion effect, arising from the delocalization from s valence
orbital of M*" to the valence orbital of Ru, is against the
P-Ru — M delocalization and results in the upfield *'P
chemical shifts in 4.
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