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Oxygen atom transfer reaction between ML3dO and ML3 (L = 2,4,6-trimethylphenyl (Mes) for M = Ir and L = 2,6-
diisopropylphenylimide (NAr) for M=Os) was theoretically investigated by DFT method. The optimized geometry of
(Mes)3Ir-O-Ir(Mes)3 agrees well with the experimental one, although those of (CH3)3Ir-O-Ir(CH3)3 and Ph3Ir-
O-IrPh3 are much different from the experimental one of the Mes complex. These results indicate that the bulky ligand
plays important roles to determine geometry of the μ-oxo dinuclear Ir complex. Theoretical study of the real systems
presents clear pictures of these oxygen atom transfer reactions, as follows: In the Ir reaction system, (i) the μ-oxo
bridged dinuclear complex is more stable than the infinite separation system in potential energy surface, indicating this
is incomplete oxygen atom transfer reaction which does not occur at very low temperature, (ii) unsymmetrical transition
state is newly found, in which one Ir-O distance is longer than the other one, (iii) unsymmetrical local minimum is also
newly found between the transition state and the infinite separation system, and (iv) activation barrier (Ea) is very
small. In the Os reaction system, (v) the transition state is symmetrical, while no intermediate is observed unlike the Ir
reaction system, and (vi) Ea is very large. These results are consistent with the experimental results that the reaction
rapidly occurs in the Ir system but very slowly in the Os system, and that the μ-oxo bridged dinuclear intermediate is
detected in the Ir system but not in the Os system. To elucidate the reasons of these differences between Ir and Os
systems, the Ea value is decomposed into the nuclear and electronic factors. The former is the energy necessary to
distort ML3 and ML3dO moieties from their equilibrium geometries to those in the transition state. The latter depends
on donor-acceptor interaction between ML3dO and ML3. The nuclear factor is much larger in the Os system than in
the Ir system and it contributes to about 70% of the difference in Ea. The energy gap between the donor orbital of ML3
and the acceptor orbital of ML3dO is much larger in the Os system than in the Ir system, which also contributes to the
lower Ea value of the Ir system than that of the Os system.

Introduction

Oxygen atom transfer reactions mediated by transition
metal complexes (eq 1) are of considerable interest in syn-
thetic and biomimetic chemistries.1-3

M - O þ R f M þ O - R ð1Þ
Because the oxygen atom is removed from metal center and
added to substrate as shown in eq 1, this reaction deeply
relates to catalytic oxygenation processes such as olefin

epoxidation4-6 and hydroxylation.7-10 This process is also
important in biological systems; actually a number of imp-
ortantmetalloenzymesmediate atom transfer reaction as key
step.11,12 One of the typical examples is cytochrome P-450
class of enzymes.13-16 Also, oxygen atom transfer reactions
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between nonheme iron-oxo and iron complexes are repor-
ted.17-20 Another important example is activation of dioxy-
gen molecule,4-6 in which the O-O bond cleavage occurs
and one of the two oxygen atoms is utilized for oxidation
reaction via oxygen-atom transfer reaction.
To utilize effectively the oxygen atom transfer reaction in

catalytic, biomimetic, and biological chemistries, correct
knowledge of this reaction such as transition state geometry,
its electronic structure, and determining factor of reactivity is
indispensable. In this regard, several experimental and theo-
retical studies have been carried out to present such knowl-
edge and clarify the determining factors so far.17-24

Recently, the oxygen atom transfer reactions between late
transition metal complexes and their oxo-complexes (Scheme
1A-D) were investigated experimentally and theoretically by

Fortner et al. and several interesting results were reported,25

as follows; the oxygen atom transfer between trimesityliri-
dium(III) complex Ir(Mes)3 (Mes= 2,4,6-trimethylphenyl)
and its oxo-complex Ir(Mes)3dO very rapidly occurs,
while that between similar tris(2,6-diisopropylphenyl)imide
osmium(V) complexOs(NAr)3 (Ar=2,6-diisopropylphenyl)
and its oxo-complex Os(NAr)3dO very slowly occurs; the
rate constant is 5 � 107 M-1 s-1 at 20 �C for the former
reaction but 1.8 � 10-5 M-1 s-1 for the latter reaction. This
significantly large difference cannot be understood from
thermodynamic point of view, since the IrdO bond energy
is little different from the OsdO bond energy by only
0.86 kcal/mol.26 Also, another interesting result was reported
about the reaction behavior, as follows; Because the oxygen
atom is transferred from onemetal complex to the other one,
it is likely that the transition state takes μ-oxo bridged
dinuclear geometry. Interestingly, such μ-oxo bridged
dinuclear complex (Mes)3Ir-O-Ir(Mes)3 (IMIrMes, see
Scheme 1) was isolated in the reaction of the iridium system
and analyzed by the X-ray crystallography.25 The linear
μ-oxo bridged dinuclear complex was also spectroscopically
observed in the reaction of the iridium system below
-80 �C.25 Because of the formation of the μ-oxo bridged

Scheme 1. Molecular Structures of Iridium and Osmium Complexesa

a (A) Trimesityliridium (Ir(Mes)3), (B) Oxotrimesityliridium (Ir(Mes)3dO), (C) Tris(2,6-diisopropylphenylimide)osmium (Os(NAr)3), (D) Oxo-tris-
(2,6-diisopropylphenylimide)osmium (Os(NAr)3dO), (E) μ-oxohexamesityldiiririum (IMIrMes): (Mes)3Ir-O-Ir(Mes)3.
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dinuclear complex, this reaction is experimentally under-
stood to be “incomplete” oxygen atom transfer reaction.1

This incomplete oxygen atom transfer reaction changes to a
“complete” oxygen atom transfer reaction at higher tempera-
ture. On the other hand, such μ-oxo dinuclear intermediate
has been neither isolated nor detected in the osmium reaction
system. It is of considerable interest to characterize reaction
features of these iridium and osmium complexes including
the transition state and the intermediate, and to elucidate the
reasonswhy the oxygen atom transfer reaction rapidly occurs
in the iridium system but very slowly in the osmium system25

despite of their similar geometries andMdObond energies.26

Forter et.al. also theoretically investigated these reactions
and presented fundamental explanation on differences in
reorganization energy and frontier orbitals based on DFT
computational results of model systems.
In this paper, we wish to report theoretical study of above-

described oxygen atom transfer reaction between Ir(Mes)3
and Ir(Mes)3=O and that between Os(NAr)3 and Os-
(NAr)3=O. Our purposes here are to elucidate the reaction
features, to make clear comparison between the reactions of
iridium and osmium complexes, and to provide the clear
understanding for the reasons of the significantly large
differences between these two reaction systems. We wish to
emphasize that unsymmetrical transition state and intermedi-
ate are newly found in the iridium reaction system.Webelieve
that these theoretical results are valuable for designing
efficient atom transfer reaction and making further develop-
ment of this type of reaction.

Computational Methods

All these Ir(Mes)3, Ir(Mes)3=O, Os(NAr)3, and Os-

(NAr)3=O are experimentally reported to be neutral.37,39

For all compounds, the singlet state was calculated to be the
most stable; see Table S2 in Supporting Information.
We employed real complexes and their small models in

calculations. In model complexes, the mesityl groups of the
iridium complexes and the 2, 6-diisopropylphenyl groups of
the osmium complexes were replaced bymethyl groups. These
trimethyl iridium and osmium complexes and their oxo com-
plexesare representedby Ir(CH3)3,Os(NCH3)3, Ir(CH3)3=O,
andOs(NCH3)3=O, respectively. All these model complexes
are neutral and their ground states are singlet, too.
In both model and real systems, we optimized geometries

and evaluated energy changes with the density functional
theory (DFT) using B3LYP functional.27,28 In model sys-
tems, two basis set systems (BS-I and BS-II) were employed
for calculation. In BS-I, Stuttgart-Dresden-Bonn effective
core potentials (ECPs) were used to replace core electrons
of iridium and osmium atoms, and (311111/22111/411) basis
sets were used for their valence electrons.29 Usual 6-31G (d)
basis sets30 were used for carbon, oxygen, nitrogen, and
hydrogen atoms. In BS-II, Dunning cc-pVDZ basis sets31

were used for carbon, nitrogen, oxygen, andhydrogen atoms,
while the same basis sets and ECPs as those of BS-I were
employed for the metal atoms. BS-I was used for geometry
optimization and calculation of vibrational frequency and
BS-II was used for evaluation of energy changes.

In the real systems, moderately smaller basis set systems
(BS-III and BS-IV) were employed: In BS-III, Los Alamos
ECPs and (341/321/21) basis sets were used for core and
valence electrons of metal atoms,32 respectively. Usual
6-31G(d) basis sets were used for oxygen and nitrogen atoms
of imide group, and 6-31G for carbon and hydrogen atoms of
phenyl ring. STO-3Gbasis sets were used formethyl group of
mesityl ligand and isopropyl group of imide ligand. The BS-
III was used for geometry optimization and evaluation of
vibrational frequency. BS-IV was almost the same as BS-I,
while d polarization function was deleted from carbon atom
ofmethyl and isopropyl groups to saveCPUtime.Zero-point
energy was evaluated with the DFT/BS-III method under
assumption of harmonic oscillator.
Solvation effects of dichloromethane and benzene were

evaluated with PCM method,33 where the geometries
were reoptimized in solution with the PCM method at the
DFT/BS-III level. All the computations were performed by
Gaussian 03 program package.34

In this oxygen atom transfer reaction, the transition state
and intermediate are formed as adduct of ML3 andML3dO
(M=Ir or Os; L=Mes or NAr). Because the entropy of
reactants considerably decreases in this process, we must
present discussion based on the Gibbs free energy change,
ΔG0. Though the ΔG0 value is evaluated in gas phase by
Gaussian 03 program, the ΔG0 value in solution is much
different from that in gas phase because translation move-
ment is considerably suppressed in solution and hence the
translation entropy is much smaller than that in gas phase.
Here, we evaluated the translational entropy in solution by
considering free space available for the translationmovement,
according to the method proposed by Whitesides et al.35 The
molecular volume of solvent is estimated by DFT/BS-I-
calculated electronic density; see Supporting Information
page S4 for the details.

Results

Preliminary Investigation with Model Systems, Ir-
(CH3)3, Ir(CH3)3dO, Os(NCH3)3, and Os(NCH3)3dO.
Both Ir(CH3)3 and Ir(CH3)3=O have tetrahedral-like
structures withC3v symmetry, which agree well with their
experimental structures of the real complexes, as shown in
Figure 1.36,37 On the other hand,Os(NCH3)3 has trigonal
planar structure with D3h symmetry unlike Ir(CH3)3,
while Os(NCH3)3=O has tetrahedral-like structure with
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C3v symmetry like Ir(CH3)3=O. These geometries also
agree well with the experimental structures of the real
complexes except for the Os-N-Me angle (Figure 2);38

the optimized Os-N-Me angle is 157�, whereas it is
linear in the experimental structure. The bending geome-
try was reported in previous computational study of
similar smallmodel.39 In further smallermodel, Os(NH)3,
the optimized Os-N-H angle (134�) becomes much
smaller. From these results, it is concluded that the Os-
N-Rbending geometry is favorable from the viewpoint of
electronic structure but bulky substituent leads to the
formation of the linear geometry. In the later half of this
work, we employed a real substituent.

In the iridium system, we optimized the μ-oxo bridged
dinuclear complex, (CH3)3-Ir-O-Ir-(CH3)3, IMIrMe.
The optimized geometry of IMIrMe agrees well with the
experimental geometry except for too small C-Ir-O and
C-Ir-C angles, as shown in Figure 1. These small angles
are easily interpreted in terms of much smaller methyl
group than mesityl group. This result again indicates that
the electronic factor favors this bending geometry and the
bulky substituent is necessary for the linear geometry.
IMIrMe is calculated to be more stable than the infinite
separation system by 18.2 kcal/mol with the DFT/BS-II
method. This computational result of the iridium model
system suggests that the oxygen atom transfer reaction of
the iridium system is “incomplete”.
In the osmium system, the transition state could not be

optimized. Instead of the transition state, the μ-oxo di-
nuclear complex (CH3N)3Os-O-Os(NCH3)3 was opti-
mized unexpectedly, in which the Os-O-Os moiety is

Figure 1. Selectedbond lengths (in Å) andangles (indegree) of the iridiumreaction systemwhere hydrogenatoms are omitted. (a) Thedisplacement vector
corresponding to imaginary frequency is shown by arrow.

Figure 2. Selected bond lengths (in Å) and angles (in degree) of the osmium reaction system where hydrogen atoms are omitted. (a) The displacement
vector corresponding to imaginary frequency is shown by arrow.
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bent like IMIrMe. This geometry possesses no imaginary
frequency. We optimized the linear μ-oxo dinuclear os-
mium complex under constraint of the linear Os-O-Os
moiety.However, it exhibits imaginary frequencyof about
49.8i cm-1, whichmainly involves theOs-O-Os bending
motion. Moreover, the linear structure is much less stable
than thebent structure by 44.4 kcal/mol. These results lead
to conclusions that this linear μ-oxo dinuclear osmium
complex is not the proper transition state for the oxygen
atom transfer reaction, and that the transition state
cannot be successfully optimized with the model system.
It is likely that the above problems observed in both

iridium and osmium model systems arise from the over-
simplification of the ligand. The importance of the bulky
ligand for the oxygen atom transfer reaction was also
experimentally suggested.40 Thus, the real system should
be employed for theoretical study to present the correct
understanding of the oxygen atom transfer reaction.

Geometries of Reactant, Intermediate, and Transition
States of Real Systems. Optimized geometries of Ir(Mes)3,
Ir(Mes)3=O, and intermediate IMIrMes agree well with
their experimental ones,25,36,37 as shown inFigure 1. IMIrMes

possesses no imaginary frequency, indicating that this is
equilibrium structure. It is noted that the Ir-O-Irmoiety is
linear in IMIrMes unlike that of IMIrMe. We carried out
geometry optimization of other model systems, Ir(Ph)3 and
Ir(Ph)3=O, in which mesityl groups were substituted for
phenyl groups. In this model, the μ-oxo bridged Ir-O-Ir
moiety is bending unlike the real system, although the
potential energy surface is flat; see Supporting Information
Figures S1 and S2. Thus, it should be concluded that the
mesityl groups play important roles to determine the geo-
metry of the intermediate; in other words, the geometry of
the μ-oxo bridged dinuclear iridium intermediate is deter-
mined by delicate balance between electronic and steric
factors. The transition state (TSIrMes) was newly optimized
in this work. It has unsymmetrical μ-oxo bridged dinuclear
geometry in which one Ir-O distance is 1.784 Å and the
other one is 2.660 Å, as shown in Figure 1. This transition
state exhibits only one imaginary frequency, in which the
oxygen atom is moving from one iridium center toward the
other center. Besides this transition state and the symme-
trical μ-oxo bridged dinuclear intermediate, we found the

unsymmetrical local energy minimum (LMIrMes) in which
one Ir-Odistance is 1.752 Å and the other one is 3.500 Å, as
shown in Figure 1.
In the osmium real system, the optimized geometry of

Os(NAr)3 also agrees well with its experimental struc-
ture,25 as shown in Figure 2. Optimized transition state
(TSOs) is symmetrical. It possesses one imaginary fre-
quency, in which the oxygen atom is moving from one
osmium center toward the other osmium center, too.
It is noted that the serious disagreements between the

optimized geometries of small models and the experimen-
tal ones disappear in the optimized geometries of real
systems; for instance, the Os-N-C moiety is bending in
Os(NCH3)3 but becomes almost linear in Os(NAr)3, and
the Ir-O-Ir moiety is bending IMIrMe but becomes
almost linear in IMIrMes.

Potential Energy Curves (PECs) of the Oxygen Atom
Transfer Reaction. The PEC of the real system is evaluated
against one M-O distance, where the other moiety was
optimized without any constraint. Potential and Gibbs free
energies were calculated for important molecular structures
such as two intermediates and transition state are shown in
Table 1. It is noted that the μ-oxo dinuclear intermediate
(IMIrMes) is more stable than both the local minimum
(LMIrMes) and the infinite separation system. The activation
barrier of this reaction is quite small (3.9 kcal/mol).41 Thus,
the presence of the stable IMIrMes indicates that the oxygen
atom transfer reaction does not occur at low temperature.
Entropy effect should be considered to discuss the

reaction. In gas phase, the Gibbs free energy change
(ΔG0) of IMIrMes is much larger (12.4 kcal/mol) than that
of the infinite separation system at 298.15 K, but it
decreases to 1.5 kcal/mol at 100 K and -1.2 kcal/mol at
50 K. The ΔG0q value is 0.7 kcal/mol at 50 K and 13.6
kcal/mol at 298.15 K.41

In solvent, we need to correctΔG0 value because transla-
tion movement is considerably suppressed in solution and

Table 1. Relative Values of Calculated Thermodynamic Parameters (kcal/mol) for Ir and Os Real Systems in Gas Phase

Ir system Os system

temperature/K IMIrMes TSIrMes LMIrMes Ir(Mes)3 þ Ir(Mes)3dO TSOs Os(NAr)3 þ Os(NAr)3dO

electronic energy (e0) -4.2 -2.1 -3.2 0.0 33.6 0.0

e0 þ zero point energy -3.9 -1.9 -4.1 0.0 33.3 0.0

e0 þ zero point energy þ thermal energy 50 -4.0 -2.0 -3.8 0.0 33.2 0.0
100 -3.9 -1.9 -3.6 0.0 33.2 0.0
298.15 -2.9 -1.2 -2.8 0.0 34.5 0.0

thermal enthalpy 50 -4.1 -2.1 -3.9 0.0 33.2 0.0
100 -4.1 -2.1 -3.8 0.0 33.0 0.0
298.15 -3.5 -1.8 -3.4 0.0 33.9 0.0

Gibbs free energy 50 -1.2 0.7 -2.3 0.0 33.3 0.0
100 1.5 3.2 -0.3 0.0 39.8 0.0
298.15 12.4 13.6 8.0 0.0 52.6 0.0

(40) William, D. S.; Schrock, R. R. Organometallics 1963, 12, 1148.

(41) In iridium system, the activation barrier in the potential energy
surface is defined as the zero-point corrected energy difference between the
infinite separation system and the intermediate (IMIrMes), because the
transition state is more stable than the infinite separation system. On the
other hand, the activation barrier in the free energy surface (ΔG0q) is defined
as the energy difference between the transition state and the infinite
separation system because the intermediate is less stable that the infinite
separation system in the free energy surface.
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the translation entropy is much smaller than that in
gas phase. We employed here the method proposed by
Whitesides et.al.35 to evaluate entropy in solution. Eva-
luated ΔG0 value of IMIrMes is -1.0 kcal/mol at 50 K,
1.4 kcal/mol at 100 K, and 8.8 kcal/mol at 298.15 K. The
ΔG0q value is 2.9 kcal/mol at 50 K, 5.2 kcal/mol at 100 K,
and 12.1 kcal/mol at 298.15 K, as shown in Table 2. These
computational results are consistent with the experimental
fact that IMIrMes is isolated at 100 K, but the oxygen atom
transfer reaction occurs at higher temperature.
On the other hand, no intermediate is observed in

the osmium system, in which only transition state (TSOs)
was optimized, as shown in Figure 2. It is noted that
the activation barrier is very large. The ΔG0q value was
evaluated to be 35.0 kcal/mol at 100 K and 43.8 kcal/mol
at 298.15 K as shown in Table 2. These computational
results reproduce well that the reaction behavior
is completely different between iridium and osmium
reaction systems.

Discussion

Apparently, the oxygen atom transfer reaction occurs with
very small activation barrier (Ea) in the iridium reaction
system but with very large Ea value in the osmium reaction
system, as shown in Tables 1 and 2. These results are
consistent with the experimental results that the reaction

rapidly occurs in the iridium system but very slowly in the
osmium system.
It is worth elucidating the reasons why the significantly

large difference is observed between the iridium and osmium
systems in spite of their similar geometries and similarMdO
bond energies.25,26 Here, we make analyses by decomposing
the Ea value into nuclear and electronic parts, like the
discussion presented by Fortner and his co-workers.25 To
exchange an oxygen atom, ML3 and ML3dO complexes
have to change their geometries into those of TS. The
destabilization energy induced by the geometry change
corresponds to the reorganization energy in atom transfer
event, which is considered as the nuclear factor. The electro-
nic factor basically relates to the interaction between electron
donor orbital of ML3 and electron acceptor orbital of
ML3dO.Decrease of the reorganization energy and increase
of the interaction lead to decrease of the activation barrier of
the reaction.

Nuclear Factor. In various geometry changes, the
largest change is observed at the pendent angle, definition
of which is given in Scheme 2. This means that the
pendant angle can be taken as reaction coordinate. We
evaluated the reorganization energy as the energy differ-
ence of the reactant between the fully optimized geometry
and the partially optimized one in which only the pendant
angle was fixed to be the same as that of the transition
state.
The reorganization energy of the osmium system is

much larger than that of the iridium system, as shown in

Table 2.Relative Values of Calculated Thermodynamic Parameters (kcal/mol) for Ir and Os Real Systems in Solution aWhere the Translational EntropyWas Corrected by
Whitesides’ Method35

Ir system (in dichloromethane) Os system (in benzene)

temperature/K IMIrMes TSIrMes LMIrMes Ir(Mes)3 þ Ir(Mes)3dO TSOs Os(NAr)3 þ Os(NAr)3dO

electronic energy (E0) -3.9 0.5 -0.2 0.0 31.2 0.0

E0 þ zero point energy -3.0 1.0 -0.7 0.0 30.3 0.0

E0 þ zero point energy þ thermal energy 50 -3.1 1.0 -0.6 0.0 30.3 0.0
100 -3.0 1.1 -0.3 0.0 30.3 0.0
298.15 -2.1 1.7 0.5 0.0 31.3 0.0

thermal enthalpy 50 -3.2 0.9 -0.7 0.0 30.1 0.0
100 -3.2 0.9 -0.5 0.0 30.1 0.0
298.15 -2.7 1.1 -0.1 0.0 30.7 0.0

Gibbs free energy 50 -0.5 3.4 1.4 0.0 33.2 0.0
100 2.2 5.9 3.4 0.0 36.3 0.0
298.15 12.6 15.9 10.9 0.0 48.3 0.0

corrected Gibbs free energy 50 -1.0 2.9 0.9 0.0 32.6 0.0
100 1.4 5.2 2.7 0.0 35.0 0.0
298.15 8.8 12.1 7.1 0.0 43.8 0.0

aGeometry optimization and energy evaluation were carried out by the PCM method at B3LYP/BS-III and BS3LYP/BS-IV levels, respectively.

Table 3. Pendant Angles (θ)a of MLn, MLndO, and Transition-State (M= Ir or
Os; L= 2,4,6-trimethylphenyl for Ir and tris(2,6-diisopropylphenyl)imide for Os)
and Reorganization Energies (Ereorg) (in kcal/mol)

θ Ereorg

MLn MLndO TS MLn MLndO

Ir 109.2 110.3 113.0 109.2 110.3
Os 90.9 108.0 100.8 90.9 108.0

aSee Scheme 2 for the pendant angle.

Scheme 2. Definition of the Pendant Angle
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Table 3; in particular, the reorganization energy of Os-
(NAr)3 is very large. This difference is easily interpreted in
terms of the geometries of the reactant, transition state,
and product. In the iridium system, Ir(Mes)3, Ir-
(Mes)3=O, and TSIrMes all have tetrahedral-like struc-
tures around the Ir center, as shown in Figure 1, in which
the pendant angle is similar to each other. As a result, the
geometry change does not necessarily occur so much
upon going from Ir(Mes)3 and Ir(Mes)3=O to TSIrMes,
leading to the small reorganization energy. In the osmium
system, on the other hand,Os(NAr)3 is trigonal planar, as
shown in Figure 2, but TSOs and Os(NAr)3=O have
tetrahedral-like structure around the Os center. Thus,
the structure of Os(NAr)3 considerably changes upon
going to TSOs from Os(NAr)3. This is the reason why
the reorganization energy of Os(NAr)3 is considerably
large.
To investigate howmuch the nuclear factor contributes

to the activation barrier, the PECwithout the reorganiza-
tion energy was calculated in the osmium system, as
shown in Figure 3, where one of the Os-O distances
was taken as the reaction coordinate and the pendent
angle was fixed to that of TSOs. This PEC still represents
the activation barrier of about 10 kcal/mol, which is
about 30% of the total activation barrier. Hence, it is
concluded that the nuclear factor contributes to 70% of
the activation barrier of the osmium reaction system and
the electronic factor still contributes to 30% of the
activation barrier.

TheReasons that theGeometry ofOs(NAr)3 is Trigonal-
Planar but That of Ir(Mes)3 is Tetrahedral-like. Because
the large reorganization energy of Os(NAr)3 arises from
its trigonal planar geometry and the small reorganization
energy of Ir(Mes)3 arises from its tetrahedral-like geome-
try, as discussed above, it is worth investigating the reason
why the geometry of Ir(Mes)3 is tetrahedral-like but that
of Os(NAr)3 is trigonal planar. The frontier orbital
energies of Ir(Mes)3 and Os(NAr)3 are shown in
Schemes 3 and 4, respectively. Metal d orbitals play
important role to construct these frontier orbitals, as
follows: the HOMO (a1) of Ir(Mes)3 mainly consists of
the Ir dz2 orbital. Because of the presence of the π orbitals
of the mesityl ligand, π-type bonding and antibonding
molecular orbitals (MOs) are formed in the HOMO-2
(2e) and the HOMO-1 (3e), respectively; indeed, the
HOMO-1 largely consists of Ir dπ orbital into which

the π orbital of the mesityl ligand mixes in an antibonding
way. The HOMO-2 (2e) largely consists of the occupied π
orbitals of the mesityl group into which the Ir dπ orbital
mixes in a bonding way. Because the Ir(III) center has six d
electrons, these dπ-pπ bonding and antibonding orbitals
are doubly occupied. The bonding orbital (HOMO-2) is
stabilized by the geometry change to the tetrahedral-like
structure from the planar one, because the overlap between
the Ir dπ and the mesityl π orbitals increases by this
geometry change, as shown in Scheme 3. Usually, the
dπ-pπ antibonding orbital energy rises when the dπ-pπ
bonding orbital energy becomes lower. However, the
HOMO-1 energy becomes moderately lower by this geo-
metry change, unexpectedly. This energy stabilization can
be understood in terms of themixing of theπ* orbital of the
mesityl into the dπ-π antibonding orbital; for detailed
discussion see Supporting Information S3. The HOMO
energy also decreases by this geometry change (Scheme 3).
The reason is interpreted as follows: The HOMO involves
antibonding interaction between the Ir dz2 orbital and the
mesityl sp2 orbital. Because this antibonding interaction
becomes weaker in the tetrahedral-like structure, the
HOMO energy becomes lower by this geometry change.
This is also important factor to stabilize the tetrahedral-like
structure relative to the trigonal planar structure.
Though the MOs of Os(NAr)3 are similar to those of

Ir(Mes)3, interesting differences in MO energy are ob-
served between Ir(Mes)3 and Os(NAr)3, as shown in
Schemes 3 and 4(A). Because the imide ligand has two
doubly occupied π orbitals but no unoccupied π-type
orbital, the imide forms strong π-donating interaction
with the empty dπ orbitals of osmium, to raise the dπ-pπ
antibonding orbital energy; see the 3eMO in Scheme 4(A).
As a result, the 3e MO energy becomes higher than the
osmium dz2 orbital energy. This is completely different
from the dπ-pπ antibonding orbital of the Ir complex,
which is not destabilized very much because the mesityl
group is not strongly π-donating. Also, the π* orbital of
the mesityl group participates in the π-type interaction to
stabilize the iridium dπ orbital but the imide group does
not have such π-type unoccupied orbital. Because the

Figure 3. Potential energy curves against the Os-O distance in the Os
system with and without reorganization energy. (a) The geometry was
fully optimized except for the reaction coordinate, the Os-O distance.
(b) Geometries ofOs(NAr)3 andOs(NAr)3=Owere taken to be the same
as those in the transition state.

Scheme 3. SelectedMolecularOrbitals of Ir(Mes)3 at Tetrahedral and
Trigonal Planar Geometriesa

aThe 4e and 4e0 orbitals are degenerate in model complex (Ir(CH3)3).
Splitting of these orbitals in Ir(Mes)3 is induced by the symmetry
deviation of mesityl ligand.
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Os(VI) center has d2 electron configuration, only the dz2
orbital (2a1) is doubly occupied and the π antibonding
orbitals (3e) are unoccupied. This means that the dπ-pπ

antibonding orbital does not contribute at all to the
energy stabilization of the tetrahedral-like structure un-
like it in Ir(Mes)3. It is noted that the HOMO-1 (dz2)
energy rises by the geometry change to the tetrahedral-
like structure, as shown in Scheme 4(A). This result is
interpreted, as follows: Though the antibonding interac-
tion between the osmium dz2 orbital and the imide
σ-orbital becomes weak by the geometry change, the
antibonding interaction between the osmium dz2 orbital
and the imide π orbital is newly formed, as show in
Scheme 4(B). In other words, four-electron repulsion
newly occurs between doubly occupied dz2 and imide π
orbitals in the 2a1 MO of the tetrahedral-like structure.
This four-electron repulsion is large because the imide is
strongly π-electron donating. As a result, the net energy
stabilization is not produced by the geometry change to
the tetrahedral-like structure. Thus, the trigonal planar
structure ismore stable than the tetrahedral-like structure
in Os(NAr)3.
In conclusion, Os(NAr)3 has the trigonal planar struc-

ture because of the presence of the doubly occupied π
orbitals of imide and the d2 electron configuration of

Scheme 4. (A) SelectedMolecular Orbitals ofOs(NAr)3 at Tetrahedral-like and Trigonal Planar Geometries and (B) ImportantMolecular Orbitals of
the Tetrahedral-like Geometry

Figure 4. Electron donor orbitals of Ir(Mes)3 andOs(NAr)3 and accep-
tor orbitals of Ir(Mes)3=O and Os(NAr)3=O.
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Os(VI). This leads to the large reorganization energy of
the osmium reaction system.

Electronic Factor. The electronic factor deeply relates
to the interaction between wave functions of ML3 and
ML3dO. Because the electron-deficient MLndO inter-
acts with the electron-rich MLn, the charge transfer (CT)
occurs from MLn to MLndO. Actually, the iridium and
oxygen atomic populations of Ir(Mes)3=O increase by
0.25 and 0.19 e, respectively, upon going to TSIrMes, but
the iridium atomic population of Ir(Mes)3 decreases by
0.23 e, where Mulliken population analysis was em-
ployed. The osmium and oxygen atomic populations of
Os(NAr)3=O increase by 0.13 and 0.08 e, respectively,
while the osmium atomic population of Os(NAr)3 de-
creases by 0.34 e upon going to TSOs. In this CT interac-
tion, the σ-type acceptor orbital of ML3dO and the
σ-type donor orbital ofML3 play important role, because
the M-O-M is almost linear in the transition state.
The iridium and osmium complexes possess the similar
σ-type occupied and unoccupied orbitals along z-axis, as
shown in Figure 4. This means that the donor orbital
overlaps with the acceptor orbital in a similar extent
between iridium and osmium systems. However, the
energy gap between the donor and the acceptor orbitals
is much smaller in the iridium complex than in the
osmium complex (Figure 4). Because of this small energy
gap in the iridium system, strongCT interaction is formed
between Ir(Mes)3=O and Ir(Mes)3, which leads to the
large electronic factor. In the osmium system, on the
other hand, the CT interaction between Os(NAr)3=O
and Os(NAr)3 is considerably weak because of the large
energy gap, which leads to the small electronic factor.
We calculated ionization potentials (IPs) of Ir(CH3)3

and Os(NCH3)3 and the electron affinities (EAs) of Ir-
(CH3)3=O andOs(NCH3)3=O. The IP ofOs(NCH3)3 is
larger than that of Ir(CH3)3 by 0.27 eV, and the EA of
Os(NCH3)3=O is smaller than that of Ir(CH3)3=O by
0.24 eV. These results also suggest that the CT interaction
occurs much easier in the iridium system than in the
osmium system.42

The next issue to be discussed is the reason why the
energy gap is large in the osmium system. This large
energy gap of the osmium reaction system arises from
the fact that the acceptor orbital of Os(NAr)3=O exists
at higher energy and the donor orbital ofOs(NAr)3 exists
at lower energy than those of Ir(Mes)3=O and Ir(Mes)3,
respectively; see Figure 4. The acceptor orbital of Os-
(NAr)3=O involves the quasi dz2-p antibonding overlap
between the osmium dz2 and nitrogen p orbitals

(Figure 4), as proposed in a previous study.25 As dis-
cussed above, this antibonding interaction arises from the
presence of the doubly occupied pπ orbitals of the imide
group; in other words, the doubly occupied pπ orbitals of
the imide group raises the σ-type acceptor orbital energy
of Os(NAr)3=O through the dz2-p antibonding overlap
to decrease the electronic factor. In Ir(Mes)3=O, such
antibonding interaction is not involved in the σ-type
acceptor orbital because the mesityl group does not
possess strongly π-donating orbital, as discussed above.
As a result, the acceptor orbital of Ir(Mes)3=O is not
destabilized very much.
The donor orbital of Ir(Mes)3 mainly consists of Ir dz2

orbital into which the sp2 orbital of mesityl ligand mod-
erately mixes in antibonding way. On the other hand, the
donor orbital of Os(NAr)3 consists of the Os dz2 orbital
without any orbital mixing of ligand. Moreover, the
osmium center takesþ6 oxidation state, while the iridium
center takes þ3 oxidation state. As a result, the donor
orbital of Os(NAr)3 is at lower energy than that of
Ir(Mes)3.

Conclusions

The oxygen atom transfer reactions of iridiumandosmium
complexes were theoretically investigated with the DFT
method. In small model systems, in which bulky substituents
were replaced with methyl groups, the μ-oxo dinuclear
iridium and osmium complexes were optimized as stable
species, indicating that the oxygen atom transfer reaction
does not occur inmodel systems. In real systems, on the other
hand, the transition states of both iridium and osmium
reactions were successfully optimized. It is noted here that
the transition state is unsymmetrical in the iridium systembut
symmetrical in the osmium system. Interestingly, symmetri-
cal μ-oxo bridged dinuclear intermediate was optimized in
the iridium system, geometry of which agrees well with
experimental one. Besides the transition states and the
symmetrical intermediate, unsymmetrical intermediate was
newly optimized in the iridium system, while no intermediate
was optimized in the osmium system.
The activation barrier in gas phase is calculated to be 3.9

and 33.3 kcal/mol for the iridium and osmium reaction
systems, respectively, in the potential energy surface.40 The
ΔG0q value is evaluated to be 8.8 and 43.8 kcal/mol for the
iridium and osmium reaction systems, respectively, in solu-
tion at 298.15 K. These results are consistent with experi-
mental results that the oxygen atom transfer reaction rapidly
occurs in the iridium system but very slowly in the osmium
system.25

The origin of the large difference in the activation barrier is
discussed in terms of nuclear and electronic factors. The
nuclear factor arises from reorganization energy, which is
defined as the destabilization energy necessary to distort the
reactant from the equilibrium structure into the transition
state structure. The nuclear factor is much larger in the
osmium system than in the iridium system. In the osmium
reaction system, the activation barrier without reorganiza-
tion energy is about 70% of the total activation barrier,
indicating that the nuclear factor largely contributes to the
difference in the reactivity between the iridium and osmium
complexes but the electronic factor also contributes to the
difference. The larger nuclear factor of osmium system arises

(42) In IrMe3 and Os(NMe)3, the σ-type donor orbitals are HOMO, and
in IrMe3=O and Os(NMe)3=O, the σ*-type acceptor orbitals are LUMO.
We evaluated the IPs of the former HOMOs and the EAs of the latter
LUMOs with the DFT/BS-II and CCSD(T)/BS-II; see Supporting Informa-
tion Table S4.We also tried to evaluate the IPs of the σ-type donor orbitals of
Ir(Mes)3 andOs(NAr)3, but failed it; though we started the SCF calculation
with the singly occupied σ-type donor orbital, the π-orbital became singly
occupied and the σ-type donor orbital became doubly occupied during the
SCF calculation. This is because the HOMOs of Ir(Mes)3 and Os(NAr)3 are
the π orbital of the ligand. Also, we tried to evaluate the EAs of the σ-type
acceptor orbitals of Ir(Mes)3=O and Os(NAr)3=O, but failed it: The π*
orbital of the ligand became the singly occupied and the σ*-type acceptor
orbital became unoccupied during the SCF calculation, even though we
started the SCF calculation with the singly occupied σ*-type acceptor
orbital. Thus, we presented discussion based on the IPs and EAs of model
systems.



Article Inorganic Chemistry, Vol. 48, No. 17, 2009 8163

from the fact that substantially large structural changes must
occur upon going from trigonal planar Os(NAr)3 to the
tetrahedral-like transition state. The small reorganization
energy of the iridium systemarises from the fact that structural
change little occurs upon going from IMIrMes to TSIrMes

because Ir(Mes)3, Ir(Mes)3=O, TSIrMes, and IMIrMes all take
tetrahedral-like structure around the iridium center.
The electronic factor was discussed in terms of the inter-

action between the donor orbital of ML3 and the acceptor
orbital ofML3dO. Since the donor and acceptor orbitals are
similar between the iridium and osmium complexes, it is
likely that the extent of orbital overlap is similar between
these two systems. However, the energy gap between the
donor and acceptor orbitals is much larger in the osmium
reaction system than in the iridium reaction system, which
leads to the smaller electronic factor in the osmium system
than in the iridium system. The large energy gap in the
osmium system arises from both the electron donor and
electron acceptor orbitals; the electron donor orbital of
Os(NAr)3 is at much lower energy than that of Ir(Mes)3 since
osmium center takes þ6 oxidation state while iridium center
takes þ3 oxidation state. Similarly, the electron acceptor
orbital ofOs(NAr)3=O is at much high energy than that of

Ir(Mes)3=O because of the quasi-dz2-p antibonding overlap
between the osmium dz2 and nitrogen p orbitals.
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