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Density functional calculations at the B3LYP level of theory, using the SDD basis set, pro-
vide satisfactory description of geometric, energetic, electronic and spectroscopic properties
of the Pt(NO)/Pt(NO,) redox couple. The neutral Pt(NO) species adopts a bent 2 ground
state, while the cationic [Pt(NO)]* species adopts a linear I+ ground state. The B3LYP/SDD-
predicted Pt-N bond lengths are 2.016 and 1.777 A for Pt(NO) (°A") and [Pt(NO)]* (*=*), re-
spectively, while the OPt-N-O bent angle for [Pt(NO)] (2A’) is 119.6°. On the other hand,
the anionic [Pt(NO)]™ species adopts the bent ar ground state with a Pt-N bond length of
1.867 A and a OPt-N-O bent angle of 122.5°. The computed binding energies of the NO,
NO* and NO™ ligands with Pt(0) were found to be 29.9 (32.8), 69.9 (78.4) and 127.4 (128.7)
kcal/mol at the B3LYP/SDD and CCSD(T)/SDD (numbers in parentheses) levels of theory, re-
spectively. Moreover, the structure of the [Pt(NOz)]+ component of the Pt(NO)/Pt(NO,) re-
dox couple and its transformation to [Pt(NO)]* upon reaction with CO was analysed in the
framework of the DFT theory. The coordination of the CO ligand to [Pt(NOZ)]+ affords the
cationic mixed-ligand [Pt(CO)(NOZ)]+ complex, which is stabilized by 66.6 (60.5) kcal/mol,
with respect to the separated [Pt(NOz)]+ and CO in their ground states. The O-transfer reac-
tion from the coordinated NO, to the coordinated CO ligands in the presence of the
[Pt(NOz)]+ species corresponds to an exothermic process; the heat of the reaction (AgH) is
-85.2 (-80.5) kcal/mol and the activation barrier amounts to 27.7 (33.0) kcal/mol. Finally,
the equilibrium structures of selected stationary points related to the transformation of NO
to NO, ligand located on the potential energy surfaces of the [Pt(NO),0,], [Pt(NO)*,OZ], and
[Pt(NO)~,0,] systems were analysed in the framework of the DFT theory. The computed in-
teraction energies of O, with Pt(NO), [Pt(NO)]" and [Pt(NO)]™ species were found to be 106.9
(105.3), 49.2 (48.4) and 26.9 (26.5) kcal/mol, respectively. The O, ligand is coordinated to
the Pt central atom in an end-on mode for [Pt(NO),0,] and [Pt(NO)~,0,] systems and in a
side-on mode for the [Pt(NO)+,02] system. The transformation of NO to NO, in [Pt(NO)]”
species upon reaction with dioxygen corresponds to an exothermic process; the heat of the
reaction (AgH) is -60.6 (-55.8) kcal/mol, while the activation barrier amounts to 35.5 (30.2)
kcal/mol. Calculated structures, relative stability and bonding properties of all stationary
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points are discussed with respect to computed electronic and spectroscopic properties, such
as charge density distribution and harmonic vibrational frequencies.

Keywords: DFT; Nitrosylplatinum; Nitroplatinum; Redox couple; Electronic structure; Ab in-
itio calculations.

The chemistry of transition metal coordination compounds containing the
nitrosyl (NO) ligand has seen a tremendous revival since the discovery? of
NO as an essential biological molecule?. More recent is the interest in
nitrosyl complexes as drugs that release the neurotransmitter and mamma-
lian bioregulator NO (ref.2) as model complexes for metal enzymes such as
nitrile hydrase*, cytochrome oxidase® and nitrogenase®, and as a potential
waste gas purification catalyst’. Catalytic cycles involving alkali® and alka-
line earth® metals have been proposed for the destruction of NO in combus-
tion exhaust gases. The NO ligand can act as diamagnetic, strongly
T-accepting NO*, as equally diamagnetic NO-, or as paramagnetic, neutral
NO. As a consequence, specific electronic, structural, and reactivity features
of the transition metal nitrosyl complexes have aroused interest since the
early days of coordination chemistry. The timely and important areas of
NO chemistry, from physical and computational studies to the biological
role in living systems, have exhaustively been covered by a number of re-
view articles published in a very recent issue of Chemical Reviews!® devoted
to NO chemistry. A variety of ---M-NO, or --M-NO* type of complexes,
where M = metal, have recently been studied, using the density functional
theory (DFT) at various levels~18, but surprisingly enough, the number of
ab initio studies is very limited!®?? and not systematic enough. The goal of
this work is to understand the possible bonding modes (bent, linear and
bridging) of the nitrosyl ligand coordinated to Pt metal centers, and explore
the structure, properties and thermodynamics of the Pt(NO)/Pt(NO,) redox
couple related to the intimate mechanism of the catalytic function in
O-transfer reactions.

COMPUTATIONAL

Structural, electronic and energetic properties of all compounds were com-
puted at the Becke’s 3-Parameter hybrid functional®® combined with the
Lee-Yang-Parr correlation functional®* abbreviated as the B3LYP level of
theory, using the SDD basis set that includes Dunning/Huzinaga valence
double-zeta on the first-row atoms and Stuttgart/Dresden ECPs on the plati-
num atom. Control calculations were also carried out for simple Pt—-NO tri-
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atomic systems using the LANL2DZ basis set?® that includes Dunning/
Huzinaga full DZ on first-row atoms and Los Alamos ECPs plus DZ for plati-
num atom as well as using the compact effective potential (CEP) basis func-
tions with ECP triple-split basis, namely CEP-121G 26-28, The hybrid B3LYP
functional was used, since it gives acceptable results for molecular energies
and geometries as well as for proton donation and weak and strong
H-bonds?°. In all computations no constraints were imposed on the geome-
try. Full geometry optimization was performed for each structure using
Schlegel’s analytical gradient method®°, and the attainment of the energy
minimum was verified by calculating the vibrational frequencies that result
in the absence of imaginary eigenvalues. All stationary points have been
identified as minima (number of imaginary frequencies NIMAG = 0) or
transition states (NIMAG = 1). Furthermore, to check the reliability of the
B3LYP/SDD results, single-point energy calculations were performed at the
CCSD(T) level using the SDD basis set. For most of the cases, the
CCSD(T)/SDD results were in satisfactory agreement with the B3LYP ones
(deviations range from 1 to 15%). All calculations were performed using the
GAUSSIAN9S series of programs®!. Moreover, the qualitative concepts and
the graphs derived from Chem3D program suite®? highlight the basic inter-
actions resulting from the DFT calculations.

RESULTS AND DISCUSSION

Preliminary Studies of the Equilibrium Geometry, Electronic Structure and
Bonding Mechanism of Neutral Pt(NO), Cationic [Pt(NO)]" and Anionic
[Pt(NO)]” Model Compounds

To assess the ability of B3LYP and particularly the quality of basis sets used
to successfully model the Pt-NO bonding and related properties in the
nitrosyl complexes of Pt(Il) we looked first at the NO molecule and its in-
teractions with Pt and Pt* in the simple triatomic Pt(NO), [Pt(NO)]* and
[Pt(NO)]~ systems.

There are three geometries possible for NO binding to a bare Pt atom: lin-
ear, bent and side-on. NO has a 2l ground state, and thus when a Pt atom
interacts with a NO molecule, the state can split into a 2A’ and a 2A" state,
depending on whether the unpaired electron is in-plane or out-of-plane. In
the linear n1-NO bonding mode, the NO ligand is bound to the Pt atom via
a donor o bond, comprising of the N lone pair delocalizing into an empty
metal o orbital and a covalent 1 bond, formed from the unpaired 21 elec-
tron (primarily N 2p) and a metal d electron (Fig. 1a). Here we have a “har-
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poon-like” bond of ¢ character and a second bond of 1 character. In the
bent n'-NO bonding mode of C, symmetry, the NO ligand utilizes its 2mun-
paired electron and a metal o electron to form a covalent o bond, leaving
the 50 or N 2s lone pair non-bonding (Fig. 1b). In the side-on bonding
mode of NO to Pt atom one would expect a drastic change in the character
of the orbitals of Pt(NO) and [Pt(NO)]* species. The 1a’' orbital is a o-type
bonding MO formed from the in-plane, formerly d, orbital, interacting
with both the nitrogen and oxygen components of the in-plane 1 orbital
of NO. The out-of-plane d, orbital forms a m-type bond, 1a", with the
out-of-plane NO 1* orbital (Fig. 1c). The NO ligand could also act as a bridg-
ing ligand. In the p-NO bonding mode, the 50 lone pair and the unpaired
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Fic. 1
Qualitative depiction of bonding between NO and a Pt atom: linear 25* Pt(NO) (a); bent 2A" or
2A’ end-on Pt(NO) (b); A" side-on Pt(NO) (c); bridging Pt(u-NO) (d)
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21 electron are used respectively to form a coordination ¢ bond to one
metal atom and a covalent o bond to another metal atom. In effect, the ac-
tual bonds are a linear combination of two resonance structures (Fig. 1d).

The computed geometric, energetic and spectroscopic properties of the
NO ligand at the B3LYP level of theory using three different basis sets are
summarized in Table | and are compared with previously reported theoreti-
cal data and experiment. It can be seen that both SDD and LANL2DZ basis
sets give identical results which are in close agreement with the
GVB(3/6)-PP 2! and experimental data33. The predicted N-O bond length at
the B3LYP/SDD and B3LYP/LANL2DZ levels of theory is 0.048 A longer
than that observed experimentally33, while the predicted harmonic vibra-
tional frequencies are within 7% of the experimental value®3. The predicted
value of 0.093 D for the dipole moment of NO at both the B3LYP/SDD and
B3LYP/LANL2DZ levels is in excellent agreement with ab initio calculations
of Walch and Goddard?®*, which predict a value of 0.10 D, but it is signifi-
cantly smaller than the experimental value of 0.153 D. The B3LYP/CEP-121
value, 0.139 D, is much closer to the experimental value, but still slightly
too small.

Pt has a D ground state, which suggests that linear 2=* or bent 2A’ (or
2A") PtNO structures could be adopted. Indeed, we find the bent ?A’ state to
be the global minimum in the potential energy surface (PES) of Pt(NO) for
all basis sets used. The calculated properties of Pt(NO) states at the B3LYP

TABLE |
Calculated properties of NO (2ﬂ) at the B3LYP level using the SDD, LANL2DZ and CEP-121
basis sets

Parameter SDD LANL2DZ CEP-121 GVB(3/6)-PP @ Expt

E () -129.85698  -199.85627  -25.74650  -129.32958  —
R.(N-0), A 1.199 1.199 1.208 1.157 1.151P
W(NO), cm™  1771.4 1770.5 1756.6 1813.4 1904.2°
Hy D 0.093 0.093 0.139 0.017 0.153°
e 0.20 (0.07)  0.20 (0.07)  0.21(0.02) - -

a0 -0.20 (-0.07) -0.20 (-0.07) -0.21 (-0.02) - -

BOPf 0.217 0.206 0.128 - -

3 Ref.32. P Ref.33, ¢ Ref.34. 9 Natural charges. ¢ Numbers in parentheses are the Mulliken net
atomic charges. T Mulliken bond overlap population.
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level using the three different basis sets are summarized in Table Il. In gen-
eral terms, the predicted properties of the A’ ground state of Pt(NO) using
the SDD basis set are in close agreement with those computed using the
CEP-121 basis sets, but differ significantly from those computed with the
LANL2DZ basis set. The computed B3LYP/SDD and B3LYP/CEP-121 proper-
ties for the 2A’ ground states of Pt(NO) are also consistent with those of the
2A’ ground state computed at the GVB-PP level of theory?l. Thus, the equi-
librium bond angle of 119.6 and 119.3° using the SDD and CEP-121 basis
sets, respectively, is in close agreement with the GVB-PP value of 112.9°.
Similarly, the predicted B3LYP/SDD and B3LYP/CEP-121 equilibrium Pt-N
bond lengths of 2.016 and 2.024 A, respectively, are in better agreement
with the GVB-PP value?! of 2.16 A than the B3LYP/LANL2DZ value of 1.832 A.
This is also reflected in the computed binding energies, which were found
to be 29.9, 24.7 and 52.9 kcal/mol using the SDD, CEP-121 and LANL2DZ
basis sets, respectively. It is worth noting that the predicted binding ener-
gies at the B3LYP/SDD and B3LYP/CEP-121 levels are in good agreement
with the GVB-PP value of 20.4 kcal/mol. Finally the w,(PtN-O) vibrational
frequencies of 1771, 1769 and 1757 cm™! computed at the B3LYP/SDD,
B3LYP/LANL2DZ and B3LYP/CEP-121 levels, respectively, are in good agree-
ment with the experimental value of 1712.6 cm™ in solid neon matrix3®.

The sequence of Kohn-Sham molecular orbitals (MOs) deduced for the
2A' ground state of Pt(NO) using, respectively, the SDD, CEP-121 and
LANL2DZ basis sets is

--(9a')3(3a")3(4a")3(10a')? (11a)3(12a")2(13a’)!

--(7a")?(3a")?(4a")?(8a")?(9a')?(10a")?(11a’)! and

-++(2a")?(10a")?(3a")?(11a")? (4a")?(12a')*(13a")*.

The SOMO (singly occupied molecular orbital) of a' at -6.516, —6.479 and
—6.436 eV using the SDD, CEP-121 and LANL2DZ basis sets, respectively,
corresponds to a o-type Pt-N bond resulting from the interaction of the
polarized 6s orbital of the Pt atom with the out-of-plane NO 1 orbital
(Fig. 2a). On the other hand, the 5a”" LUMO (lowest unoccupied molecular
orbital) at -3.840, -3.759 and -3.727 eV using the SDD, CEP-121 and
LANL2DZ basis sets, respectively, corresponds to a -type Pt-N bond result-
ing from the interaction of an out-of-plane d,; orbital of the Pt atom with
the out-of-plane NO 1 orbital. Depending on the basis set used, the total
atomic spin density of the 2A’ ground state is either mainly located on the
central Pt atom (=1.17) and much less on the N-donor atom (= -0.09)
(Fig. 2b) or it is delocalised over the entire nuclear skeleton, with the Pt, N
and O atoms acquiring 0.411, 0.340 and 0.250 spin densities, respectively
(Fig. 2c).
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According to the natural bond orbital (NBO) and Mulliken population
analyses (Table II), there is a significant charge transfer of about 0.17 charge
units of natural charge from Pt to the N-donor atom of Pt(NO) molecule at
both the B3LYP/SDD and B3LYP/CEP-121 levels of theory. In contrast, the
Mulliken population analysis predicts a small net charge transfer from Pt to
the N-donor atom amounting to 0.07 and 0.03 charge units at the B3LYP/
SDD and B3LYP/CEP-121 levels of theory, respectively. The predicted metal-
to-ligand charge transfer results in the weakening of the N-O bond (cf. the
bond overlap populations of the free and coordinated NO ligands), because
electron density is accumulated on the antibonding 1*-MO of the coordi-
nated NO ligand.

HOMO LUMO

FiG. 2
The singly occupied (SOMO) and lowest unoccupied (LUMO) molecular orbitals of the 2
ground state of Pt(NO) (a) along with the atomic spin densities (isospin surface of 0.002 a.u.)
computed at the B3LYP/SDD (b) and B3LYP/LANL2DZ (c) levels of theory, respectively. The
highest occupied (HOMO) and LUMO of the linear s+ ground state of [Pt(NO)]* (d) along
with the atomic spin densities (isospin surface of 0.002 a.u.) computed at the B3LYP/SDD and
B3LYP/LANL2DZ levels of theory (e), respectively
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Pt* in its 2D ground state having only d valence electrons would be ex-
pected to stabilize the linear =* state in the [Pt(NO)]* cationic species. In
effect, we find the linear 1=* state to be the global minimum in the PES of
[Pt(NO)]* at the B3LYP/SDD and B3LYP/LANL2DZ levels of calculations, but
roughly bent (174.3°) at the B3LYP/CEP-121 level. On the other hand, in
the excited triplet state [Pt(NO)]* adopts the bent 3A’ configuration. At the
B3LYP/CEP-121 level, the excited bent 3A’ configuration was predicted to
be unbound. In contrast to the predictions of the DFT theory that the
[Pt(NO)]* cationic species exhibits the linear 1=* as the ground state at the
B3LYP level, the GVB(4/8)-PP level?! predicts the bent A’ configuration as
the ground state with the linear 1Z* state about 13 kcal/mol above the bent
1A' ground state. However, all M-NO* species for M = Cr—Ni were recently!
predicted to adopt the linear '=* as the ground state at the DFT level of the-
ory. The calculated properties of [Pt(NO)]* states at the B3LYP level using
the three different basis sets are summarized in Table Ill. Generally, the pre-
dicted properties of the linear X'Z* ground states of [Pt(NO)]* cationic spe-
cies using the SDD basis set are in close agreement with those computed
using the LANL2DZ basis sets, but differ significantly from those of the 1A’
ground state computed with the CEP-121 basis set. The computed binding
energies, found to be 69.9 and 68.9 kcal/mol using the SDD and LANL2DZ
basis sets, respectively, compare well with the binding energies of 46.75 and
49.26 kcal/mol computed at the CCSD(T)AW/cc-pVTZ and CCSD(T)AANO/cc-pVTZ
levels for the 1Z* ground state of [Ni(NO)]* species'. In contrast, the pre-
dicted binding energy of 24.7 kcal/mol for the 1A’ ground state of [Pt(NO)]*
computed at the B3LYP/CEP-121 level seems to be too low. The computed
binding energies, being higher in the [Pt(NO)]* than in the neutral Pt(NO)
species, strongly suggest that upon ionization the Pt-N bond becomes
stronger as expected for a linearly coordinated NO™ ligand. This is also re-
flected in the computed Pt-N bond lengths, which are shorter in the
[Pt(NO)]* species by 0.24, 0.06 and 0.24 A using the SDD, LANL2DZ and
CEP-121 basis sets, respectively. The shortening of the Pt-N bond is also ac-
companied by a shortening of the N-O bond by 0.06, 0.05 and 0.06 A using
the SDD, LANL2DZ and CEP-121 basis sets, respectively, as expected for a
NO* ligand. Finally the w,(Pt-NO) and w,(PtN-O) vibrational frequencies of
169 and 1949 cm™1, respectively, computed at the B3LYP/SDD level are in
quite good agreement with the corresponding vibrational frequencies of
189 and 2013 cm™ for the 'Z* state of [Pt(NO)]* computed at the
GVB(4/8)-PP level?l. The experimental value of the w,(PtN-O) vibrational
frequency in solid neon matrix3® is 2019.6 cm™™.
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The sequence of Kohn-Sham molecular orbitals (MOs) deduced for the
X1s* state of [Pt(NO)]* using the SDD and LANL2DZ basis sets is
--(3M*(18)*(80)2, while that of the A’ ground state computed with the
CEP-121 basis set is ---(3a")?(10a')?(4a")?(11a')?(12a")2. The HOMO (highest
occupied molecular orbital) of o(a') symmetry at -14.476, -14.526 and
-14.432 eV using the SDD, LANL2DZ and CEP-121 basis sets, respectively,
corresponds to a o-type Pt-N bond resulting from the interaction of the
polarized 6s orbital of the Pt atom with the out-of-plane NO 1 orbital
(Fig. 2d). On the other hand, the LUMO (lowest unoccupied molecular or-
bital) of m(a’) symmetry at -10.440, -10.651 and -10.613 eV using the SDD,
LANL2DZ and CEP-121 basis sets, respectively, corresponds to a ttype Pt-N
bond resulting from the interaction of an out-of-plane d,, orbital of the Pt
atom with the out-of-plane NO 1* orbital. In the bent 3A’" excited state, the
total atomic spin density (Fig. 2e) is mainly located on the central Pt atom,
the computed values being 2.58 and 1.29 using the SDD and LANL2DZ ba-
sis sets, respectively, and much less on the N-donor atom (-0.36 and 0.40
using the SDD and LANL2DZ basis sets, respectively) and on the O atom
(-0.22 and 0.31 using the SDD and LANL2DZ basis sets, respectively).

According to the natural bond orbital (NBO) and Mulliken population
analyses (Table Il1), there is a significant charge transfer of about 0.23-0.27
charge units of natural charge from the NO ligand to Pt* ion, while con-
comitantly both the N-donor and O atoms lose 0.13-0.15 and 0.25-0.27
charge units of natural charge, respectively. The predicted ligand-to-metal
charge transfer results in the strengthening of the N-O bond (cf. the bond
overlap populations of the free and coordinated NO ligand), because elec-
tron density is accumulated on the bonding T=-MO of the coordinated NO
ligand. At all levels of theory, the NBO analysis assigns a 6s°-385d887,
2s1:552p321 and 2s1752p*16 population to Pt, N and O atoms in the X'=*
state of NO. On the other hand, the NBO analysis assigns a 6s'-405d7-9,
2s1742p289 and 2s772p*17 population to Pt, N and O atoms in the bent 3A’
excited state of [Pt(NO)]* species at the B3LYP/SDD level of theory. Note
that the total natural populations on the Pt, N and O atoms, being 9.25,
6.82 and 7.92, respectively, are in excellent agreement with those com-
puted at the GVB(4/8)-PP level?’.

According to our preliminary studies it can be concluded that the quality
of the basis sets used is important to successfully model the Pt—-NO bonding
and related properties in the nitrosyl complexes of Pt(ll). A thorough in-
spection of the results reveals that the SDD basis set models better most of
the properties of the Pt(NO) systems and, therefore, we decided to use this
basis set in our study of the more complex Pt(Il) nitrosyl complexes.
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Finally, the geometric, energetic and spectroscopic properties of the sin-
glet (ground) and triplet (excited) state of the anionic [Pt(NO)]~ species
have been computed at the B3LYP/SDD level of theory and the results are
summarized in Table IV. It was found that the singlet A’ state is the global
minimum in the PES of [Pt(NO)]~ species with the excited triplet 3A’ state
being about 96 kcal/mol higher in energy. Both states adopt the bent struc-
tures, the bending angles being 122.5 and 125.0° for the A’ and SA’ states,
respectively. The predicted binding energies with respect to Pt(3D) and NO-
ground states are 127 and 32 kcal/mol for the 1A’ and SA’ states, respec-
tively. The higher Pt-N bond dissociation energy of the anionic species
with respect to that of the neutral and cationic species strongly suggests
that the extra electron contributes to the covalent o bond between Pt and
NO. This is mirrored in both the computed Pt-N bond lengths and the
w,(Pt-NO) vibrational frequencies. The computed w,(PtN-O) vibrational fre-
quency of 1384 cm™ for the 1A’ ground state of [Pt(NO)]- species is in good

TABLE IV
Calculated properties of the [Pt(NO)]™ states at the B3LYP/SDD level

Parameter In N

E () —249.32625 -249.17379
AE, kcal/mol 0.00 95.66
D.(Pt-NO), kcal/mol 127.4 31.70
R,(Pt-NO), A 1.867 2.595
Re(PtN-0), A 1.265 1.296
8,(Pt=N-O), ° 1225 125.0
0,(Pt-NO), cm™? 348.4 78.0
0,(PtN-0), cm™? 1384.3 1292.8
0,(Pt-N-O bend), cm™ 679.8 195.7

He, D 1.49 4.72

QprP -0.55 (-0.65) -0.15 (-0.43)
qn P -0.06 (-0.08) -0.42 (-0.22)
90*° -0.39 (-0.27) -0.43 (-0.35)
BOP(Pt-NO)° 0.270 0.160
BOP(PtN-O) 0.178 0.110

3 Natural charges. ® Numbers in parentheses are the Mulliken net atomic charges. ¢ Mulliken
bond overlap population.
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agreement with the experimental value of 1462.1 cm™ in solid neon ma-
trix3®36, According to the natural bond orbital (NBO) and Mulliken popula-
tion analyses (Table 1V), there is a significant charge transfer of about 0.55
(0.65) and 0.15 (0.430) charge units of natural, net-atomic charge from the
N-donor atom to Pt for the A’ and SA’ states of [Pt(NO)]- species, respec-
tively. The predicted ligand-to-metal charge transfer results in strengthen-
ing of the Pt-N and the weakening of the N-O bonds. The NBO analysis
assigns a 6s1:°55d8936s997 and 6s'945d7-996s%-07 natural electron configura-
tion of Pt atom for the 1A’ and 3A’ states of [Pt(NO)]- species, respectively.

The [Pt(NO,)]" Component of the Pt(NO)/Pt(NO,) Redox Couple and Its
Transformation to [Pt(NO)]" upon Reaction with CO

Another goal of this work is the study of the oxygen carrier component of
the Pt(NO)/Pt(NO,) redox couple, namely the [Pt(NO,)]* species 1, and its
reverse transformation to the [Pt(NO)]* component upon reaction with CO
resulting in the oxidation of CO to CO,. The energetic and geometric pro-
file of the reaction of [Pt(NO,)]* with CO is depicted schematically in Fig. 3.
The coordination of the CO ligand to [Pt(NO,)]* affords the mixed-ligand
carbonylnitroplatinum complex 2, being stabilized by 66.6 (57.9) kcal/mol,
with respect to the separated [Pt(NO,)]* and CO species in their ground
states. This value corresponds to the binding energy of the CO ligand to the
[Pt(NO,)]* metal-containing fragment. Noteworthy is the V-type (bent) co-
ordination in 2, the ON-Pt-O bond angle being equal to 115.0°. Moreover,
the NO, ligand seems to adopt a n?-O,N coordination bond with the Pt-N
and Pt-O bond distances being 1.299 and 2.265 A, respectively. In complex
2, an intramolecular O-migration from the NO, to CO ligand occurs via the
transition state TS1 affording the mixed-ligand (carbon dioxide)nitrosyl-
platinum complex 3 with the CO, molecule coordinated to the central Pt
atom in a n'-OCO bonding mode. In contrast to [Pt(CO)(NO,)], the
[Pt(CO,)(NO)] complex adopts a N-Pt-C linear configuration with the coor-
dinated CO, ligand deviated from linearity by only 6°. The computed inter-
action energy of the CO, molecule with [Pt(NO)]* was predicted to be 37.3
(37.2) kcal/mol. In summary, the oxidation of CO to CO, in the presence of
the [Pt(NO,)]* species corresponds to an exothermic process; the heat of the
reaction is -85.2 (-80.5) kcal/mol and the activation barrier is 27.7 (33.0)
kcal/mol. In TS1, the coordinated CO ligand approaches the O atom of the
NO, ligand forming a cyclic transition state involving a planar four-
membered metallacycle ring. The imaginary frequency of TS1v; = 371 cm™
corresponds to the stretching of the Pt—-CO bond with concomitant bend-
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ing of the ONO group. The normal coordinate vectors (arrows) of the vibra-
tional mode are shown in Fig 3. In TS1, the C-O and one of the N-O bonds
including the O atom to be transferred are lengthened by 0.02 and 0.06 A,
respectively, while there is a strong bending of the OPt-C-O bond angle by
about 26°. Moreover, there is a remarkable lengthening of the Pt-C bond
amounting to 0.04 A. Finally, upon coordination of the CO ligand to Pt
atom of the [Pt(NO,)]* fragment, there is a significant charge transfer of
about 0.16 charge units of net atomic charge from the CO ligand to Pt cen-
tral atom, while the Pt-N bond is lengthened by 0.02 A. In TS1, 0.05 charge
units are transferred back to the CO ligand because of its intramolecular in-
teraction with the O atom of the NO, ligand being migrating to CO ligand.
Let us now go deeper into the orbital interactions along the reaction
pathway of the O-transfer reaction. The frontier molecular orbitals (FMOs)
of all species involved in the O-transfer reaction are shown in Fig. 4. It can
be seen that the LUMO of the [Pt(NO,)]* species being primarily localized
on the Pt central atom could interact with the o-type donor MO of CO to

&u ( {

HOMO a LUMO
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P L -
o
“ / L]

HOMO LUMO

% :z'g

HOMO LUMO
C
e §00-ee
®
HOMO d LUMO

FiG. 4
The HOMO and LUMO of all species involved in the intramolecular O-transfer reaction from
the NO, ligand to CO in the cationic mixed-ligand [Pt(CO)(NOz)]+ complex
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form a o-coordination Pt~ CO bond. Because of the cylindrical symmetry
of the LUMO, the interaction leads to a bending N-Pt-C coordination
mode, the bending angle being 115.0°. Moreover, the HOMO of the
[Pt(NO,)]* species, being also localized on the Pt central atom, could inter-
act with the ™-MO of the CO ligand, thus forming a t=back bond. This is
reflected in the nature of the HOMO of species 2, which is a T=MO localized
on the Pt-C bond (Fig. 4). The HOMO of the transition state TS1 is similar
to that of species 2, but with a slight polarization towards the migrating O
atom of the NO, ligand. Finally, the HOMO of complex 3 resembles that of
the linear Z* state of the [Pt(NO)]* cationic species, but involving weak
bonding interactions with the appropriate o-MO of the CO, ligand corre-
sponding to a o-coordination Pt~ O bond. Upon the formation of the c-co-
ordination Pt O=C=0 bond, electron density is transferred towards the Pt
central atom, which brings a consequence of weakening the adjacent C=0
bond of the coordinated CO, ligand (cf. C-O bond lengths of 1.203 and
1.170 A). The HOMO-LUMO energy gap for the isomeric compounds 2, TS1
and 3, being 3.59, 3.44 and 3.82 eV, respectively, reflect relative stability of
the compounds.

Interaction of the Pt(NO), [Pt(NO)]" and [Pt(NO)]™ Species with Dioxygen

Let us now explore the potential energy surfaces of the [Pt(NO),O,],
[Pt(NO)*,0,], and [Pt(NO)~,0,] systems. The equilibrium structures of se-
lected stationary points related to the transformation of the NO to NO,
ligand located on the PES of the [Pt(NO),O,] system are depicted schemati-
cally in Fig. 5. The interaction of the neutral Pt(NO) species with dioxygen
in its triplet ground state affords complex 4 in a doublet ground state with
the dioxygen ligand being coordinated to the central Pt atom in a side-on
bonding mode. The computed interaction energy was found to be 106.9
(105.3) kcal/mol. Upon coordination of dioxygen to the Pt central atom,
the O-O bond distance is lengthened by 0.13 A illustrating that the O,
molecule has been strongly activated. Moreover, the O, coordination
strengthens the Pt-N bond, probably as a result of the increased t-back
bonding effect. The Pt-N bond length is shortened by about 0.05 A, while
the Pt-N bond overlap population increases from 0.070 to 0.081. Interest-
ingly, the significant charge transfer of about 0.40 (0.28) charge units of
natural (net atomic) charge from the Pt central atom to coordinated O,
ligand seems to be the reason for the activation of O, upon coordination.
Such a m-back bonding effect is supported by the HOMO-4 (at -9.70 eV)
shown in Fig. 6a. The computed bond overlap population (BOP) value of
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0.053 for the O-O bond of the coordinated O, is much lower than the cor-
responding value of 0.089 of the free O, molecule. The total spin density is
mainly located on the dioxygen ligand (0.56) and much less on the Pt cen-
tral atom (0.10) (Fig. 6a). On the other hand, the computed isotropic Fermi
contact couplings for O, and Pt range from -34.9 to 0.0 MHz.

The migration of one of the O-donor atoms of the coordinated O, ligand
to the N-donor atom of the NO ligand results in the formation of complex
5 involving a coordinated NO, ligand. Noteworthy is the slightly bent
structure of complex 5, the bending angle being 169.5°. The nitro-
oxoplatinum complex 5 is 33.7 (30.8) kcal/mol more stable than the
(dioxygen)nitrosyl platinum complex 4. Obviously, the O migration is pre-

2.147 1610

1.753 1.199
1
398 71.0 0_.:‘

v; =127 cm™?

Fic. 5
Equilibrium structures (bond lengths in A, bond angles in °) of the stationary points located
on the PES of the [Pt(NO),0,] and [Pt(NO),02]+ systems
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dicted to be an exothermic process. Unfortunately, all attempts to locate on
the PES the respective transition state for the migration process were not
successful.

In effect, we were able to locate on the PES complex 6, which involves a
n-O instead of a n*-N coordinated NO, ligand. Complex 6 could be better
described as a loose association of the NO* ligand with a PtO, species. The
computed N---O separation distance (2.008 A) is much longer than the N-O
bond length in the NO, ligand (1.25 A). Moreover, the N-O bond length of
1.132 A is very close to that of the free NO* ligand (1.107 A) computed at
the same level of theory. These observations are also mirrored on the BOP
values of the respective bonds. Thus, the N---O BOP value of 0.022 suggests
weak interactions, while the N-O BOP value of 0.363 is very close to that of
the free NO* ligand (0.410). The nature of the weak interactions of the NO*
ligand with the PtO, moiety are clearly described by the nature of the
HOMO and LUMO of 6 shown in Fig. 6b. The global minimum on the PES

& <&

HOMO-4 a Spin Density
HOMO LUMO
b
. =
- "
HOMO LUMO
c
4" <%
HOMO-5 HOMO-2

d
Fic. 6
The HOMO-4 corresponding to t=back bonding and the atomic spin density (isospin surface of
0.002 a.u.) of complex 4 (a), the HOMO and LUMO of complexes 6 (b) and 7 (c), HOMO-5 and
HOMO-2 corresponding to m-back bonding to O, and NO ligands of complex 8 (d), respec-
tively
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of the [Pt(NO)*,0,] system corresponds to complex 7, which involves the
dioxygen ligand coordinated to the central Pt atom in an end-on bonding
mode. The Pt-O bond in 7 is almost perpendicular to the Pt—-N bond, the
0O-Pt-N bong angle being 91.0°. Both the NO and O, ligands are coordi-
nated to Pt central atom in a bending mode, the 0OPt-N-O and [OPt-O-O
bond angles being 118.3 and 124.0°, respectively. The computed interac-
tion energy of the end-on bonded O, ligand in 7 was found to be 49.2
(48.4) kcal/mol. Interestingly, there are weak interactions between the ter-
minal O atom of the O, ligand and the N atom of the NO ligand, due to the
bonding orbital interactions involved in the HOMO of 7 (Fig. 6¢). The
T-back bonding effect is less pronounced in the end-on bonded dioxygen
compound; the charge transferred from the Pt central atom to dioxygen
ligand was found to be about 0.07 (0.14) charge units of natural (net
atomic) charge. Because of the weaker teback bonding effect, the O, mole-
cule is activated to a lesser extent upon coordination; the O-O bond length
of 1.270 A is similar to that of the free ligand (1.268 A). This is also reflect-
ed in the computed BOP value (0.081) of the O-O bond, which is exactly
the same as that in the free ligand. Finally, the weak interactions between
the terminal O atom of the O, ligand and the N atom of the NO ligand are
expected to support the migration of the O atom to the N atom of the NO
ligand. In effect the migration proceeds through the transition state TS2
(Fig. 5) with an activation barrier of 33.6 kcal/mol. TS2 is a product-like
transition state. The imaginary frequency of TS2, v; = 127 cm™, corresponds
to movements of all atoms except platinum. The normal coordinate vectors
(arrows) of the vibrational mode are shown in Fig. 5.

Finally, the energetic and geometric profile of the reaction of [Pt(NO)]~
with O, is depicted schematically in Fig. 7. The coordination of the O,
ligand to [Pt(NO)]~ affords the mixed-ligand (dioxygen)nitrosylplatinum
complex 8, involving a side-on coordinated dioxygen ligand analogous to
the one found in complex 4. Complex 8 exhibiting a planar configuration
is stabilized by 26.9 (26.5) kcal/mol with respect to the dissociation to
[Pt(NO)]- and O, in their ground states. However, the interaction of the O,
ligand with the [Pt(NO)]™ species is much weaker than the interaction with
the neutral Pt(NO) species. The computed binding energy of the O, ligand
to the [Pt(NO)]- metal-containing fragment amounts only to 26.9 (26.5)
kcal/mol. Noteworthy is the side-on coordination mode of the NO ligand
in 8 corresponding to a [0Pt-N-O bending bond angle of 88.9°. The bending
OPt-N-O bond angle in the [Pt(NO)]~ species is 122.5°. In complex 8, an
intramolecular O-migration from the O, to the NO ligand occurs via the
transition state TS3 affording the anionic mixed ligand nitrooxoplatinum

Collect. Czech. Chem. Commun. (Vol. 68) (2003)



Karipidis, Tsipis A. C., Tsipis C. A.:

442

A109y1 Jo 18A8] Aaas/(1)asoDd @yl 1e pawndwod salfilaus ayl ate sasaylualded ul siaquuinN “Al0ayl JO [9A3] AAS/dAIESD
ay1 1e paindwod (jow/1eay ul uaAlb ate saifisua) O yum sarads _[(ON)1d] Jo uonoeas ayl Jo sjiyoid o1inswoah pue anabisus ayl

ARSI
6

el
&€l

- LT6'1 Y4
18T ggpr oorl ap, T

00)
00

(8'ss)
v (6°€9) 9°09
\ 769 .|
N
[ WO TTG = 'a €SL

89T1 | +

Collect. Czech. Chem. Commun. (Vol. 68) (2003)



Pt(NO)/Pt(NO,) Redox Couples 443

complex 9 with a structure analogous to that of the neutral complex 5.
However, the electron attachment affects the structural parameters in com-
plex 9 with respect to complex 5. Thus the O-Pt-N bending angle is low-
ered by about 20°, and both the Pt-N and Pt-O bond lengths are shortened
by 0.14 and 0.09 A, respectively. In summary, the transformation of NO to
NO, in the [Pt(NO)]~ species upon reaction with dioxygen corresponds to
an exothermic process; the heat of the reaction is —-60.6 (-55.8) kcal/mol
and the activation barrier is 35.5 (34.6) kcal/mol. In TS3, the coordinated
O, molecule approaches the N atom of the NO ligand forming a cyclic
transition state involving a planar four-membered metallacycle ring. The
imaginary frequency of TS3, v; = 511 cm™, corresponds primarily to the
stretching of the O-O bond. The normal coordinate vectors (arrows) of the
vibrational mode are shown in Fig 7. In TS3, the O-O bond is lengthened
by about 0.29 A, while the bending Pt-N-O bond angle increases by about
31°. Moreover, there is a remarkable lengthening of the Pt—-N bond amount-
ing to 0.18 A. Upon coordination of the O, ligand to Pt central atom of the
[Pt(NO)]~ fragment, a significant charge transfer of about 1.13 (0.73) charge
units of natural (net atomic) charge from the Pt central atom to dioxygen
ligand occurs, which is responsible for the strong activation of the O,
ligand. Note the elongation of the O-O bond by ca 0.26 A, thus becoming a
single O-O peroxo bond (the O-O bond length in H,0, is 1.513 A at the
B3LYP/SDD level). Such a rm-back bonding effect is supported by the
HOMO-5 (at -3.49 eV) shown in Fig. 6d. The analogous m-back bonding
effect with respect to the NO ligand is supported by the HOMO-2 (at -2.57 V).
The computed BOP value of 0.028 for the O-O bond of the coordinated O,
is much lower than the corresponding value of 0.089 of the free O, mole-
cule.

CONCLUSIONS

The use of DFT computational techniques at the B3LYP level of theory, us-
ing the SDD basis set, provides a satisfactory description of the geometric,
energetic, electronic and spectroscopic properties of the Pt(NO)/Pt(NO,) re-
dox couple. It was predicted that the neutral Pt(NO) species adopts a bent
2A’ ground state, while the cationic [Pt(NO)]* species a linear 1=* ground
state. The B3LYP/SDD equilibrium Pt-N bond lengths were found to be
2.016 and 1.777 A for Pt(NO) (?A’) and [Pt(NO)]* (*=*), respectively, while
the Pt-N-O bent angle in Pt(NO) (?A’) is equal to 119.6°. The anionic
[Pt(NO)]~ species adopts a bent A’ ground state with equilibrium Pt-N
bond length of 1.867 A and a Pt-N-O bent angle of 122.5°. The computed

Collect. Czech. Chem. Commun. (Vol. 68) (2003)



444 Karipidis, Tsipis A. C., Tsipis C. A.:

binding energies of the NO, NO* and NO~ ligands with Pt(0) were found to
be 29.9 (32.8), 69.9 (78.4) and 127.4 (128.7) kcal/mol, respectively, at the
B3LYP/SDD and CCSD(T)/SDD (numbers in parentheses) levels of theory.
Moreover, the structure of the [Pt(NO,)]* component of the Pt(NO)/Pt(NO,)
redox couple and its transformation to [Pt(NO)]* upon reaction with CO
were analysed in the framework of the DFT theory. The coordination of the
CO ligand to PtNO," affords the cationic mixed-ligand [Pt(CO)(NO,)]* com-
plex, which is stabilized by 66.6 (60.5) kcal/mol, with respect to the sepa-
rated [Pt(NO,)]* and CO species in their ground states. The O-transfer
reaction from the coordinated NO, to the coordinated CO ligand in the
presence of the [Pt(NO,)]" species was predicted to be an exothermic pro-
cess; the heat of the reaction amounts to —-85.2 (-80.5) kcal/mol, while the
activation barrier is relatively low and amounts to 27.7 (33.0) kcal/mol.
Finally, the equilibrium structures of selected stationary points related to
the transformation of the NO to NO, ligand located on the potential en-
ergy surfaces of the [Pt(NO),0,], [Pt(NO)*,O,] and [Pt(NO)~,0,] systems
were also analysed in the framework of the DFT theory. The computed in-
teraction energies of O, with Pt(NO), [Pt(NO)]* and [Pt(NO)]~ species were
found to be 106.9 (105.3), 49.2 (48.4) and 26.9 (26.5) kcal/mol, respect-
ively, at the B3LYP/SDD and CCSD(T)/SDD (numbers in parentheses) levels.
The O, ligand was found to be coordinated with the Pt central atom in an
end-on mode for the [Pt(NO),0,] and [Pt(NO)~,0,] systems and in a side-on
mode for the [Pt(NO)*,O,] system. The transformation of NO to NO, in the
[Pt(NO)]~ species upon reaction with dioxygen corresponds to an exother-
mic process; the heat of the reaction is -60.6 (-55.8) kcal/mol, while the ac-
tivation barrier amounts to 35.5 (30.2) kcal/mol. Calculated structures,
relative stability and bonding properties of all stationary points are dis-
cussed with respect to computed electronic and spectroscopic properties,
such as charge density distribution and harmonic vibrational frequencies.
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