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ABSTRACT: A series of Cp*Ir complexes are active pre-
catalysts in C−H oxidation of cis-decalin, cyclooctane, 1-acetyl-
pyrrolidine, tetrahydrofurans, and γ-lactones. Moderate to
high yields were achieved, and surprisingly, high selectivity for
mono-oxidation of cyclooctane to cyclooctanone was observed.
Kinetic isotope effect experiments in the C−H oxidation of
ethylbenezene to acetophenone yield kH/kD = 15.4 ± 0.8 at
23 °C and 17.8 ± 1.2 at 0 °C, which are consistent with C−H
oxidation being the rate-limiting step with a significant tunneling contribution. The nature of the active species was investigated by
TEM, UV−vis, microfiltration, and control experiments. DFT calculations showed that the C−H oxidation of cis-decalin by
Cp*Ir(ppy)(Cl) (ppy = o-phenylpyridine) follows a direct oxygen insertion mechanism on the singlet potential energy surface,
rather than the radical rebound route that would be seen for the triplet, in good agreement with the retention of stereochemistry
observed in this reaction.
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■ INTRODUCTION
C−H activation1−5 plays a growing role in modern chemistry.
This reaction is of importance for the efficient functionalization
of alkanes,6−9 which is needed to transform raw materials like
natural gas and oil into feedstock chemicals. Among the
methods developed to perform this challenging process, C−H
oxidation catalyzed by transition metal complexes is one of the
most promising. In one such approach, a high-valent metal−
oxo active species10−18 is generated in situ with a sacrificial oxi-
dant. Metal-oxo complexes of this sort can act as potent oxi-
dizing agents not only in C−H oxidation, but also in alkane
desaturation19,20 and water oxidation.21−32

We recently reported a series of Cp*Ir (Cp* = C5Me5)
complexes that are efficient precatalysts for water oxidation.33,34

We then showed that some of these complexes are also active in
catalytic C−H oxidation.35 With ceric ammonium nitrate,
CAN, as sacrificial oxidant, and water as the oxygen source,
C−H oxidation of several substrates was achieved under mild
conditions with yields up to 72%. Remarkably, the Cp*Ir(ppy)
Cl (ppy = o-phenylpyridine) precatalyst, 1, catalyzes the hydro-
xylation of cis-decalin with retention of its stereochemistry
(Scheme 1).
The rebound pathway (Scheme 2), the textbook mechanism

for C−H oxidation by high-valent metal−oxo complexes, would
imply the formation of an Ir(V)O intermediate in our
catalytic system. Originally postulated by Groves,36,37 this path-
way involves two key steps: (i) H abstraction from the C−H
bond by the metal−oxo complex to give M−OH and a

substrate C-centered radical, followed by (ii) the rebound step,
in which the OH group is transferred to the radical to form
C−OH. The initial H abstraction step may involve tunneling.38−41

The chemistry of the metal−oxo active species has been studied
extensively, both experimentally42−55 and theoretically,56−67 in
relation to methane monooxygenase (MMO) and cytochrome
P450 (CYP450) hydroxylases and their biomimetic complexes.
Recent studies68−72 have shown that the hydroxo intermediate
may also give rise to desaturase activity73−79 by abstraction of a
second H atom adjacent to the initial radical site.
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Scheme 1. Cp*Ir-Catalyzed Hydroxylation of cis-Decalin
with Retention of Stereochemistry
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In our case, the formation of a tertiary radical in the rebound
mechanism is expected to give fast cis- to trans- decalyl radical
isomerization, with a rate constant of >108 s−1.80 This pathway
is inconsistent with the very high stereoretention we observe
(Scheme 1). Highly selective hydroxylation has nevertheless
been justified in bioinorganic Fe systems by adopting one of
two hypotheses: either (1) oxygen rebound is extremely fast,
preventing radical rearrangement; or (2) the rebound barrier
vanishes if the spin state of the system permits this, and the
reaction becomes effectively a direct oxygen atom insertion,
in which no rearranging free radicals are formed (Scheme 2).
Fast rebound, hypothesis 1, was invoked by Friesner and
Lippard to rationalize selective C−H oxidation by MMO,81

whereas direct O atom insertion, hypothesis 2, was originally
proposed by Shaik in his two-state reactivity model for cyto-
chrome P450.82−84

Oxidation catalysis by organometallic species can be hard
to interpret because of the possibility that the real catalyst
is an oxidation product of the precursor, perhaps involv-
ing oxidative degradation of one or more ligands and even
formation of a heterogeneous nanoparticulate metal oxide.
We have recently obtained quartz crystal nanobalance
evidence for the homogeneity of Cp*Ir(2-(2′-pyridyl)-2-
propanolate)trifluoroacetate, an analogue of 3 (Scheme 3),85

under electrochemical conditions, at least at short times
(minutes), and have adopted the model that the present

system derived from precursor 1 is also homogeneous;
certainly the high selectivity observed seems much more
easily explained in that way.
In this article, we report more detailed experiments on

Cp*Ir-catalyzed C−H oxidation with additional precatalysts
and substrates. The mechanism has been studied theoretically
at the DFT(B3LYP) level. In agreement with the experiments,
we propose a direct oxygen insertion pathway in which the
substrate is oxidized by an Ir(V)−oxo active species in a closed-
shell singlet state, without the participation of radical
intermediates. Kinetic isotope effect experiments suggest that
significant tunneling effects are involved.

■ EXPERIMENTAL RESULTS
Cp*Ir-Catalyzed C−H Oxidation. We previously showed

that Ir(Cp*)(phpy)(Cl), 1 (Scheme 3) selectively catalyzed the
cis-decalin hydroxylation with retention of configuration.35 We
now report the product cis-decalol yield, the percent of
recovered starting material (RSM), and mass balance at three
time points for the cis-decalin hydroxylation catalyzed by 1
(Table 1). The product yield initially increased (10% to 15%)

but decreased at longer time (15% to 7%), but the mass balance
decreased over time (77% to 57%). A control reaction over
11 h without a catalyst gave 61% RSM and no cis-decalol or
significant amount of other products extractable by organic
solvent.
A series of Cp*Ir complexes, 1−5 (Scheme 3), catalyze the

oxidation of cyclooctane under the same conditions. With 1,
the substrate is oxidized to cyclooctanone with eight turnovers
and 20% yield (Table 2). Precatalyst 2 shows similar but lower

performance. The results improve with 3, which gives 10
turnovers and 25% yield. Raising the loading of 3, the amount
of CAN, or both did not improve the yield (see the Supporting
Information). With cyclooctanone as the starting material
under the catalytic oxidation conditions, 8% cyclooctanone was

Scheme 2. Alternative Reaction Mechanisms Postulated for
Iridium-Catalyzed C−H Oxidation

Scheme 3. Cp*Ir Precatalysts for the C−H Oxidation of
Cyclooctane

Table 1. cis-Decalin Hydroxylation Catalyzed by 1 over
Timea

time (h) yield,b % RSM,c % mass balance,d %

2 10 67 77
5 15 45 61
24 7 49 57

aConditions: 4% 1, 5 equiv CAN, 10 mL tBuOH/H2O 1:1, rt, N2,
dark, analyzed by GC−FID. bYield = product/total starting material.
cRSM = recovered starting material/total starting material. dMass
balance = yield + RSM.

Table 2. Yield and Turnover in Cyclooctane Oxidation
Catalyzed by 1−5a

precatalyst 1 2 3b 4 5
yieldc 20% 17% 25% (15%)d 3% 8%
turnover 8 7 10 1 3

aConditions: 5% catalyst loading, 50 μL cyclooctane, 9 equiv CAN in
10 mL 1:1 tBuOH/H2O, under N2 and at room temperature for 24 h.
bSide product analysis: cyclooctanol, not detected; 1,2-cyclooctadione,
not detected; 1,3-cyclooctadione, <0.1% yield; 1,4-cyclooctadione,
<1% yield; 1,5-cyclooctadione, not detected; suberic acid, <1% yield.
cYield = product/total starting material, by 1H NMR integration with
1,3,5-trimethoxybenzene as the internal standard. dWith 23% RSM by
GC-FID.
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recovered at the end of the reaction. Precatalysts 4 and 5 are
ineffective, giving turnovers below 5 and yields lower than 10%.
Without a catalyst, no cyclooctanone or cyclooctanol was
detected. Other byproducts, one of which predominated, were
detected but could not be identified.
Different byproducts were detected for the reaction catalyzed

by 3, the most efficient precatalyst. Cyclooctanol, thought to
arise from the initial oxidation of cyclooctane, was not detected,
presumably because of rapid further oxidation to cyclooctanone.
The reaction is highly selective for cyclooctanone, and sur-
prisingly, little of the expected double-oxidation product, cyclo-
octadione, is formed. Neither 1,2- nor 1,5-cyclooctadione was
detected, whereas the 1,3 and 1,4 isomers were obtained only in
yields below 1%.
Heterocycles containing more reactive C−H bonds were

also tested (Table 3). Despite the higher activity of 3, 2 was

preferred as the precatalyst because of its ease of synthesis
and comparable activity. In most cases, 2 was used at 1%
loading, and the reaction was performed in the dark to avoid
potential photochemical oxidation by stoichiometric Ce(IV)
alone.86 Several substrates gave excellent yields. For example,
1-acetylpyrrolidine was converted to 1-acetyl-2-pyrrolidone in
90% yield (entry 1). When pyrrolidine itself was the substrate,
however, no product was detected.35 The possibility that the
pyrrolidine was binding to the metal and shutting down
reactivity was tested by looking at a pyrrolidine-THF mixture,
THF being a good substrate. This unexpectedly showed that
THF was oxidized in the presence of pyrrolidine (see
Supporting Information), so pyrrolidine does not act as a
catalyst poison. The oxidation of THF in the presence of

pyrrolidine does not seem consistent with reversible binding
of pyrrolidine because we would then expect pyrrolidine to
be oxidized, contrary to experiment. Under the conditions of
entry 2, THF was oxidized to γ-butyrolactone (a) and the over-
oxidation product succinic acid (b) in 72% and 18% yield,
respectively.
When the reaction time was raised from 20 min to an hour

(entry 3), the amount of succinic acid formed increased from
18% to 41% yield at the expense of the γ-butyrolactone, which
went from 72% to 51% yield, suggesting that γ-butyrolactone
was further converted to succinic acid as the reaction
continued. We therefore explored the C−H oxidation of pure
γ-butyrolactone (entry 4), and indeed, 33% yield of succinic
acid was obtained. Control reactions without a catalyst gave less
efficient conversion, with the yield decreasing to 13% (entry 5).
Unsymmetric 2-methyl THF gave 19% yield of γ-valerolactone
(c) and 78% levulinic acid (d) (see Scheme 4) under the same

oxidation conditions (entry 6). Precatalyst 1 was similarly
effective in this reaction (entry 7). Higher catalytic turnovers
were observed for entries 1, 2, 3, 6, and 7 of Table 3, up to 280
in the oxidation of 2-methyl THF, thanks to the higher
reactivity of these substrates with respect to cyclooctane.
In view of these results, we explored the oxidation path-

way that gave rise to levulinic acid (Table 3 and Scheme 4).
Levulinic acid can be thought to form by regioselective
oxidation of the secondary C−H (Ha) of 2-methyl THF,
followed by further oxidation of the tertiary C−H (Hb) of an
initial γ-valerolactone product (pathway 1). Alternatively, it can
form by regioselective oxidation of the tertiary C−H (Hb) of
2-methyl THF, followed by the oxidation of the initial oxo-
alcohol product to give levulinic acid (pathway 2). We
envisioned that pathway 1 would require that C−H oxidation
of γ-valerolactone be facile. Experimentally, however, the

Table 3. C−H Oxidation of Heterocycles with 2a

aConditions: 1% 2, 8 equiv CAN, 50 μL substrate, in 10 mL D2O
solvent under N2, rt, dark, 30 min, unless noted otherwise. bYield =
product/total starting material, by 1H NMR integration with 1,3,5-
trimethoxybenzene as the internal standard. c20 min, in 20 mL D2O.
d1 h. eMass balance >98%. fNo catalyst was used. gPrecatalyst 1 was
used, and the reaction was not run in the dark.

Scheme 4. Alternate Pathways in the C−H Oxidation of
2-Methyl THFa

aPathway 2 is preferred.
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sluggish oxidation of γ-valerolactone to levulinic acid (15%
yield, entry 8) together with the large amount of levulinic acid
(78% yield, entry 6) produced by 2-methyl THF oxidation
suggests that γ-valerolactone is not the key intermediate. In
addition, no reaction occurred for γ-valerolactone without a
catalyst (entry 9). Pathway 2, involving regioselective oxidation
of a tertiary C−H, is likely to go faster than pathway 1,
involving the oxidation of a CH2 group, which is typically less
reactive.
As a control experiment for homogeneity, we showed that a

preparation of 25 nm IrO2 nanoparticles was ineffective as a
catalyst for cis-decalin hydroxylation.35 We recently reported
the anodic deposition of a highly active amorphous hetero-
geneous water oxidation catalyst from complex 2 on a con-
ductive ITO (indium tin oxide) glass plate (the so-called
“blue layer” {IrO(2‑x)} or BL).

87 We found that the authentically
heterogeneous BL catalyst gave complete conversion of THF to
γ-butyrolactone and succinic acid in a ratio of 1:0.7, but was
ineffective and unselective in cis-decalin oxidation (see
Supporting Information), despite the high activity of BL in
water oxidation (Scheme 5).

Nature of the Active Species. A UV−vis absorption
feature was found at 580 nm (see Supporting Information) in
the reaction mixture containing CAN and (Cp*IrCl2)2 (eq 1,
Scheme 6). The band is in the typical range of that of iridium

oxide particles.88,89 An attempted direct TEM study on the
solution mixture was unsuccessful because of crystallization of
CAN (see Supporting Information). Fortunately, TEM studies
can be performed indirectly on the sample because the blue
material that corresponds to the 580 nm band irreversibly
absorbs onto commercially available 25 nm TiO2 nanoparticles

(confirmed by UV−vis in the diffuse reflectance mode; see
Supporting Information). A blue powder, obtained by stirring
the 25 nm TiO2 in the presence of (Cp*IrCl2)2 and CAN (eq 2
Scheme 6) gave a TEM image that did not differ significantly
from the starting material 25 nm TiO2 (see Supporting
Information). Given that the detection limit of TEM was 1−2 nm,
the result is consistent with the 580 nm species absorbed onto
TiO2 nanoparticles smaller than 2 nm. In addition, a suspension
of 2 nm IrO2 nanoparticles

89 also gave a blue powder in the
presence of 25 nm TiO2 (eq 3, Scheme 6) and gave similar
TEM images. The 580 nm species easily passed through a
220 nm filter.
Similar comparison experiments were carried out for com-

plexes 1 and 3 (see Supporting Information). Complex 3 also
produces a 580 nm species in solution, and its TEM image,
where the 580 nm species was again absorbed onto TiO2
nanoparticles, was similar to that from (Cp*IrCl2)2. This 580 nm
species also passed through the 220 nm filter. Direct TEM
study was applied to the filtered (220 nm) solution from
complex 3 in the absence of 25 nm TiO2 particles, but no
nanoparticles were observed. Of course, a low concentration of
nanoparticles cannot be excluded. In contrast, addition of
complex 1 to CAN in solution does not give rise to any
significant yield of the 580 nm species (UV−vis), and no color
change was observed in added TiO2 nanoparticles. Control
experiments in cis-decalin hydroxylation were performed for
complexes 1, 3, and (Cp*IrCl2)2 (see Supporting Information).
At the end of the initial 12 h catalytic reaction, when the 580 nm
band was present, additional CAN was added to allow for
further reaction over 12 h. The effect of the additional CAN
was determined by comparison with a separate but identical
sample in which no additional CAN was added after the initial
12 h reaction; the reaction time was extended to 24 h to match
the comparison sample. After 24 h, both the yield of cis-decalol
and the amount of recovered starting material were only slightly
lower in the case with additional CAN than those in the case
without additional CAN, except for precatalyst (Cp*IrCl2)2,
where the amount of recovered starting material is 10% larger
with additional CAN. The results for this part of the study are
summarized in Table 4. The 580 nm species therefore does not
seem to be a good catalyst.

Kinetic Isotope Effect. Precatalyst 1 was chosen for further
study because it does not give the 580 nm species in significant
amount, even after 5 h of reaction, and the calculations were
also carried out on this species. We previously showed that 1
catalyzes the stereoretentive oxidation of cis-decalin to cis-9-
decalol (Scheme 1). These results suggest that the reaction
does not involve radical species. With the aim of shedding light
on the reaction mechanism, we performed a kinetic isotope
effect (KIE) study. The KIE in the oxidation of ethylbenzene to
acetophenone catalyzed by 1 was studied by competitive
oxidation of ethylbenzene and deuterated ethylbenzene
(Scheme 7, eq 1) with quantitation by 1H and 2H NMR with
MeNO2 and MeNO2-d3 as internal standards (see Supporting
Information). The experiments give kH/kD = 15.4 ± 0.8 at
23 °C and kH/kD = 17.8 ± 1.2 at 0 °C, consistent with C−H
oxidation being the rate-limiting step with a significant tunnel-
ing contribution.
A tunneling-enhanced KIE is normally associated with a low

and narrow C−H activation barrier (vide infra). High KIEs have
also been observed in ethylbenzene oxidation by synthetic iron heme
and nonheme systems.90,91 We attributed our KIE to the harder
step, initial oxidation of ethylbenzene to sec-phenethyl alcohol.

Scheme 5. THF and cis-Decalin Oxidation by the “Blue
Layer” {IrO(2‑x)}

Scheme 6. The Formation of the 580 nm Species
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The KIE is expected to be little affected by the subsequent
fast oxidation of sec-phenethyl alcohol to acetophenone. In-
deed, competition experiments (Scheme 7, eq 2) showed
that sec-phenethyl alcohol oxidation is >3 times faster than that
of ethylbenzene (see Supporting Information). In control re-
actions without catalyst, CAN gave only 7% yield of aceto-
phenone from sec-phenethyl alcohol oxidation, but with a 1%
loading of 1, the yield rose to 98% under the same condi-
tions. A higher mass balance (89%) than those of alkane
oxidations was obtained for the catalytic oxidation of ethyl-
benzene to acetophenone. No acetophenone product was
found in the ethylbenzene oxidation when air is the terminal
oxidant instead of CAN in the presence of 1 (see Supporting
Information).

■ COMPUTATIONAL STUDIES
Rebound Mechanism. The reaction mechanism of Cp*Ir-

catalyzed C−H oxidation was studied at the DFT(B3LYP) level
including the solvent effect (see Computational Details for
further information). The results will be discussed by using the
potential energies because they are more appropriate to
compare the electronic states of the catalyst. This choice is
also possible because the pathways being compared have similar
molecularity. Consequently, both the potential and Gibbs
energies (reported in the Supporting Information) vary in a
parallel manner along the reaction pathways.92 The remarkable
stereoretentive hydroxylation93 of cis-decalin to cis-9-decalol
catalyzed by 135 (Scheme 1) is selected as the case study. In the
calculations, the experimentally used Cp* ligand is modeled as
Cp (see Computational Details). The initial oxidation of the
catalyst yields the Ir(V)-oxo complex94,95 [IrO(ppy)(Cp)]+

(Scheme 2), which is postulated as the model active species.
The agreement between experiment and theory is consistent
with a homogeneous catalyst rather than a heterogeneous one,
such as Ir oxide or BL nanoparticles. As discussed above, we
used these materials in control reactions without seeing activity
and selectivity for cis-decalin.
The singlet, S; triplet, T; and quintet, Q, states of the model

active species are optimized. T has the lowest energy, with
S and Q being 2.3 and 43.0 kcal mol−1 higher, respectively. Both
S and T are thus accessible and may hydroxylate cis-decalin,

whereas Q is excluded because of its high energy. The Ir(V)-
oxo moiety of T has a local spin density of 1.81, which is more
than 90% of the total. Most of this spin density, 1.16, accumu-
lates upon the oxygen atom, thus showing that the oxo ligand
has strong radical character, also known as oxyl character. Oxyl
character promotes C−H oxidation through the rebound mech-
anism (Scheme 2), as shown in previous studies by us96−98 and
others.99−102

The hydroxylation of cis-decalin by T starts with radical H
abstraction. In the weak prereaction complex,103 cis-T-1, which
is 3.9 kcal mol−1 below reactants (Figure 1), the oxygen of T
makes a H-bond with the substrate; d(O···H) = 2.85 Å. In the
transition state, cis-T-TS1 (Figure 2), the C−H involved in
the H-bond of cis-T-1 is cleaved, and the H is transferred to the
oxyl group; d(H···C) = 1.32 Å, d(O···H) = 1.27 Å. The
relaxation of cis-T-TS1 to products yields the hydroxo
intermediate cis-T-2; d(IrO-H) = 1.01 Å. In this species, the
organic fragment has a local charge and spin density of 0.05 and
0.93, respectively, and it can be thus formulated as the neutral
decalyl radical (C10H17

●). The hydrogen abstraction step,
cis-T-1→ cis-T-TS1→ cis-T-2, has a low energy barrier, ΔE‡ =
12.4 kcal mol−1, and is exothermic, ΔE = −2.1 kcal mol−1.
After H abstraction, the decalyl radical in cis-T-2 may be

oxidized to cis-9-decalol by OH rebound (Figure 3). In the
transition state, cis-T-TS2 (Figure 3), the hydroxo ligand is
transferred from the metal to the radical; d(Ir···OH) = 2.04 Å,
d(C···OH) = 2.41 Å. On the reactant side, cis-T-TS2 is con-
nected to the hydroxo complex cis-T-2′. The main difference
between this species and the H abstraction product, cis-T-2,
arises from a change in the orientation of the OH ligand.
This suggests that the rebound step requires a proper orien-
tation of the OH ligand relative to the radical.72,104,105 The
relaxation of the transition state toward products yields inter-
mediate cis-T-3, in which the cis-9-decalol product is formed
and O-bound to Ir; d(Ir−OH) = 2.54 Å, d(C−OH) = 1.52 Å.
The OH rebound step, cis-T-2′ → cis-T-TS2 → cis-T-3,
involves a significant energy barrier, ΔE‡ = 9.3 kcal mol−1,
and is much more exothermic than H abstraction, ΔE =
−27.3 kcal mol−1.
Before OH rebound takes place, cis-T-2′ is expected to

rearrange to trans-T-2′ by cis → trans isomerization of the

Table 4. Data Relating to the Nature of the Active Species

Cp*Ir complexes and
IrO2 nanoparticles resultsa

1 No significant 580 nm band observed with CAN. No color change was seen in the TiO2 NPs. No reactivity was detected after 12 h with
additional CAN.

(Cp*IrCl2)2 A 580 nm band was observed with CAN, and the 580 nm species passed through a 220 nm filter. Nanoparticles (>2 nm) were not found by
TEM (indirect method by absorption onto TiO2 NPs). No reactivity was seen after 12 h with additional CAN.

3 A 580 nm band was observed, and the 580 nm species passed through a 220 nm filter. Nanoparticles (>2 nm) were not found by TEM either
by direct observation or via the indirect method with TiO2 NPs. No reactivity was seen after 12 h with additional CAN.

IrO2 (2 nm NPs) Shows a 580 nm band that absorbs onto TiO2 NPs upon mixing.
aNP = nanoparticle.

Scheme 7. Kinetic Isotope Effect Experiments
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decalyl radical, which is extremely fast, k > 108 s−1.80 OH
rebound from trans-T-2′ yields the trans-9-decalol product
(Figure 3) through the transition state trans-T-TS2 (Figure 2)
and the intermediate trans-T-3. The geometrical parameters
associated with the bonds being cleaved and formed in this
pathway, Ir−O and O−C, are very similar to those found in
the cis pathway. However, the whole trans pathway runs at
lower energy than the cis. The energy differences between
these pathways are significant: 3.5 kcal mol−1 for the reactant,
2.6 kcal mol−1 for the transition state, and 2.5 kcal mol−1 for the
product, all favoring the formation of trans-9-decalol, which is
the minor experimental product. The final decoordination of
this alcohol from iridium has an energy cost of ∼7 kcal mol−1

and yields T-4. From T-4, the active species, T, would be
recovered by binding of water and Ir(III) → Ir(V) oxidation
(Scheme 2).
Oxygen Insertion Mechanism. The singlet state of

[IrO(ppy)(Cp)]+ is only 2.3 kcal mol−1 above the triplet and
is thus energetically accessible. Unlike T, S does not have the
oxyl character needed for radical H abstraction. Nevertheless,
S promotes the reaction by oxygen insertion (Scheme 2). This
reaction is initiated by the formation of cis-S-1, in which the

Ir(V)-oxo moiety is H-bound to a tertiary C−H of the substrate
(Figure 1). cis-S-1 is connected with the transition state cis-
S-TS1 (Figure 2), in which the C−H making the H-bond is
cleaved to transfer the H atom to the oxo ligand; d(H···C) =
1.15 Å, d(O···H) = 1.59 Å. This transition state was located by
reoptimizing cis-T-TS1 in the singlet state and by careful
examination of the imaginary frequency and IRC calculations.
The geometries of cis-S-TS1 and cis-T-TS1 are similar, with the
former being more reactant-like, since the C−H bond is hardly
elongated. The relaxation of cis-S-TS1 toward products leads
directly to cis-S-3, in which the cis-9-decalol product is already
formed and coordinated to Ir through O; d(C−O) = 1.54 Å,
d(O−H) = 0.98 Å, d(Ir−O) = 2.20 Å.
The barrier for the oxygen insertion pathway, cis-S-1 →

cis-S-TS1 → cis-S-3, is only 3.4 kcal mol−1. The overall hydro-
xylation reaction (Figures 1 and 3) is much more exothermic in
the singlet state, ΔE = −49.1 kcal mol−1, than in the triplet,
ΔE = −26.3 kcal mol−1 (cis) and ΔE = −27.2 kcal mol−1

(trans). The oxygen insertion mechanism has been also studied
for methane, the most inert of the alkanes. In this case,
however, the reaction involves a much higher energy barrier,
ΔE‡ = 25.7 kcal mol−1 (see the Supporting Information for

Figure 1. Energy profiles, in kcal mol−1, for the C−H oxidation of cis-decalin in the triplet (black) and singlet (blue) states, with the MECP
(minimum energy crossing point) between the singlet and triplet surfaces.
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further details). So far, there is no experimental evidence that
methane can be oxidized by the precatalysts used in this study.
The transition state for oxygen insertion in the singlet state is

lower than the highest transition state for the two-step rebound
pathway in the triplet state. Thus, it could be a mechanism of
choice if the triplet-to-singlet intersystem crossing is accessible.
The feasibility of this process is estimated from the energy of
the minimum energy crossing point (MECP), which is deter-
mined by the computational method of Harvey et al.106−109 An
MECP of 4.7 kcal mol−1 above T was located for the T → S
intersystem crossing. The low energy of the MECP, similar to
that of cis-S-TS1, suggests that the concerted oxygen insertion
involves a lower energy pathway when compared with the OH
rebound mechanism. The singlet and triplet surfaces may also
cross before the transition state for C−H activation. This
MECP, whose calculation is very challenging, should be similar
to the first MECP, since the metal fragments at these two
points have rather similar structures. Therefore, we conclude
that the reaction can occur on the singlet state surface.

■ DISCUSSION

Experimental Section. In the catalytic cis-decalin hydrox-
ylation with 1, the initial increase in the yield of product cis-
decalol followed by its decrease is consistent with product
overoxidation. The decrease in mass balance over time corrob-
orates this hypothesis. Although CAN acting alone without a
catalyst did not produce cis-decalol or significant amounts of
other products extractable by our procedure, we saw only 61%
recovered starting material, suggesting that CAN alone does
react to a significant extent with cis-decalin. This significant
background reaction by CAN likely explains why the catalytic
reaction consumed the starting material while not producing
cis-decalol product. In cyclooctane oxidation, where more
equivalents of CAN are present, the effect of overoxidation is
more prominent. With complex 3, when 15% yield of product
cyclooctanone was obtained, only 23% starting material was
recovered, suggesting high conversion of starting material but
low yield of product obtainable from the organic layer by our

procedure. Cyclic ketones such as cyclohexanone and cyclopen-
tanone undergo oxidative C−C cleavage with CAN,110 there-
fore, the product cyclooctanone is most likely consumed as the
reaction proceeds. In addition, CAN on its own reacted with
cyclooctane but no cyclooctanone or cyclooctanol was pro-
duced. The catalytic reaction was more selective than the un-
catalyzed one, however. In contrast, the mass balance for
catalytic ethylbenzene oxidation is high, 89%, and KIE values
were obtained via this reaction.
Catalytic oxidation of heterocycles, containing weaker C−H

bonds than those of alkane,111,112 gave better yield and turn-
over number. Oxidative transformations of heterocycles can be
useful for organic synthesis.17 The precatalyst is far more active
for THF than for butyrolactone, perhaps because the C−H
bonds α to oxygen in the lactone are less reactive with the
proposed electrophilic oxo intermediate. For example, after
20 min, 72% lactone and 18% succinic acid were formed from
THF, but with butyrolactone as starting material under
identical conditions after 30 min, only 33% yield of succinic
acid was seen. Control experiments in the absence of Ir gave
13% yield of acid from butyrolactone as substrate as a result of
the oxidation by CAN only.
To investigate the active species involved in the catalytic

reaction, we tested relevant and known heterogeneous

Figure 3. Energy profiles, in kcal mol−1, for cis (black) and trans (red)
rebound in the triplet state.

Figure 2. Optimized geometries of the transition states. See Figure 1
for labels.
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catalysts.113 We found that neither 25 nm IrO2 nanoparticles
nor BL was active and selective for cis-decalin hydroxylation,
even though BL is capable of catalyzing the oxidation of THF
(containing weaker C−H bonds111,112). This contrasts with
what we found for the Cp*Ir precatalysts.
A band near 580 nm in the UV−vis was found in the catalytic

reaction mixture with (Cp*IrCl2)2 and complex 3, but not
significantly with 1. This means we cannot exclude the
formation of small IrOx particles88,89 from all the Cp*Ir
precatalysts tested, except 1. The activity of 1 without the
appearance of the 580 nm material shows that C−H oxidation
can occur without formation of this as yet unidentified species.
TEM and microfiltration at 220 nm suggests that any parti-
culate species is <2 nm in diameter. Control experiments
showed that after 12 h, no catalytic activity was seen when
additional CAN was added, which indicates that the presence of
the 580 nm species is not necessarily associated with alkane
oxidation. We tentatively interpret the observations from 3 and
(Cp*IrCl2)2 as consistent with the formation of an IrOx
nanocluster (<2 nm) that is inactive for catalysis of cis-decalin
hydroxylation. However, we cannot exclude smaller clusters
being formed at an early stage of the reaction that are more
reactive than the ones present at the end of the reaction.113

A proposed Ir(IV) aqua complex,114 having a 584 nm band in
the UV−vis spectrum, is another attractive candidate for the
observed 580 nm feature in our systems.
Theoretical. In the singlet state of the active species, S, the

HOMO and LUMO are the antibonding π* orbitals associated
with the IrO multiple bond (Figure 4). These π*(IrO)

orbitals are perpendicular to the Ir(ppy) plane; the HOMO is
oriented along the Ir−N bond, π*N, whereas the LUMO is
oriented along the Ir−C bond, π*C. These orbitals are the out-of-
phase combinations of the metal dπ orbitals with the oxygen
pπ lone pairs. In the triplet state, T, π*N and π*C are the
SOMOs, each being occupied by a single electron. The S and T
states have different occupation of the same antibonding
π*(IrO) orbitals and are therefore close in energy; the
electronic configuration of S is (π*N)

2(π*C)
0, whereas that of T

is (π*N)
1(π*C)

1. C−H oxidation by S and T is promoted by the
presence of low-energy electron vacancies in these π*(IrO)
orbitals, which make the IrO moiety electrophilic. In addition,
the double and single occupation of π*(IrO) in S and T,
respectively, weakens and activates the IrO bond. However,
each spin state promotes C−H oxidation by a different reaction
mechanism. The singlet state, S, as a closed-shell species, in-
volves a direct oxygen insertion mechanism, whereas the triplet
state, T, as an open-shell species, involves an OH rebound
mechanism.
The significant contribution of oxygen to the SOMOs of T

accounts for the radical oxyl character of this species. This

radical oxyl promotes C−H oxidation through the oxygen
rebound mechanism (Figures 1-3), in which electrons are
transferred one by one. Ir(V) is first reduced to Ir(IV) by H
abstraction and then to Ir(III) by OH rebound. Unlike T,
which has two one-electron holes in its SOMOs, S has one two-
electron hole in its low-lying LUMO. Therefore, S may oxidize
the substrate by accepting two electrons in a single step, in
which Ir(V) is directly reduced to Ir(III). This mechanism,
which is supported by the calculations (Figure 1), is described
as a direct oxygen insertion mechanism because the oxygen of S
inserts into the C−H bond of the substrate in a single
concerted step. Privalov proposed a similar mechanism for
C−H oxidation by a closed-shell ReVIIOO peroxo species, in
the methyltrioxorhenium catalytic system.115 We believe that
the unique reactivity of S stems from its characteristic electronic
configuration, in which one of the two π*(IrO) orbitals, π*N,
is doubly occupied at the HOMO level, whereas the other, π*C,
is a low-lying LUMO. S is, indeed, isolobal with singlet oxygen,
which, having two degenerate π*(OO) orbitals, one filled
and one empty, also inserts into C−H bonds.116

Despite the extremely fast cis → trans isomerization of the
decalyl radical, k > 108 s−1,80 the rebound mechanism could in
principle yield the high selectivity observed in our experiments
if the energy barrier for OH rebound was either very low or,
depending on the spin state, nonexistent.81−84 However, the
calculations exclude this scenario because the rebound barrier is
found to be significant, 9.3 kcal mol−1, only 3.1 kcal mol−1 lower
than that of H abstraction (Figures 1 and 3). In addition, OH
rebound is more favorable in the trans pathway than in the cis,
both thermodynamically and kinetically. Therefore, if the
reaction had occurred in the triplet state via the rebound
mechanism, the product would have been either trans-9-decalol
or, at best, a trans-9-decalol/cis-9-decalol mixture, with the
trans isomer predominating. This prediction does not fit the
experiments, in which cis-9-decalol is the major product,
thus suggesting that the reaction operates through a different
mechanism.
In the singlet state, cis-decalin undergoes stereoretentive

hydroxylation to cis-9-decalol by S because the direct oxygen
insertion mechanism does not involve radical intermediates
(Figure 1). To take an organic analogy, singlet carbenes, which
have an electronic configuration similar to that of S, undergo
C−H insertion with retention of configuration.117,118 As in the
two-state reactivity model proposed by Shaik for FeIVO,119,120

the oxidation of cis-decalin by [IrO(ppy)(Cp)]+ may follow two
competitive mechanisms, each yielding different reaction
products, depending on the spin state of the system: the
singlet pathway yields cis-9-decalol, whereas the triplet yields
trans-9-decalol.
The experimental cis/trans product ratio may be determined

by the energy difference between the transition states for
oxygen insertion, cis-S-TS1, and H abstraction, cis-T-TS1.
The calculations predict that this energy difference equals
4.4 kcal mol−1, reasonably close to 3.0 kcal mol−1, which is the
value that, assuming a Boltzmann distribution at room temper-
ature (298 K), yields the 160:1 cis/trans ratio observed in the
experiments.35 Alternatively, if the reaction starts in the triplet
state and finishes in the singlet, the selectivity of the reaction
may be controlled by the intersystem crossing rate.
A remarkable feature of oxygen insertion is the very low

energy barrier involved in this pathway, ΔE‡ = 3.4 kcal mol−1.
This barrier is much lower than that found for H abstraction in
the rebound mechanism, ΔE‡ = 12.4 kcal mol−1. In addition, the

Figure 4. The antibonding π*N(IrO) and π*C(IrO) orbitals of
[IrO(ppy)(Cp)]+.
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oxygen insertion transition stated(H···C) = 1.15 Å, d(O···H) =
1.59 Åis more reactant-like than the H abstraction one:
d(H···C) = 1.32 Å, d(O···H) = 1.27 Å. This suggests that the
energy barrier for oxygen insertion is not only lower but also
narrower than that of H abstraction. Nonclassical KIE due to
tunneling121−123 would be therefore expected if oxygen inser-
tion is the operative mechanism in this reaction.124 In line with
this, large kH/kD values, up to 17.8 ± 1.2 at 0 °C, are found
in our experiments (vide supra). This gives further support to
the predominance of the retention insertion pathway over the
epimerization rebound pathway.

■ CONCLUSIONS

Cp*Ir complexes selectively catalyze the oxidation of a variety
of organic substrates, such as cis-decalin to cis-9-decalol,
cyclooctane to cyclooctanone, 1-acetylpyrrolidine to 1-acetyl-
2-pyrrolidone, tetrahydrofurans to γ-lactones, and γ-lactones to
carboxylic acids. The large kinetic isotope effect in ethyl-
benzene oxidation is consistent with C−H oxidation being the
rate-limiting step with a significant tunneling contribution.
TEM, UV−vis, microfiltration and control experiments for 3
and (Cp*IrCl2)2 do not allow us to exclude the formation of
iridium oxide particles (580 nm species) that are <2 nm in
diameter or an Ir(IV) aqua complex and are not active for cis-
decalin hydroxylation after 12 h. However, we cannot rule out
that particles active for alkane oxidation are formed in the initial
stage of the reaction. No significant 580 nm species was ob-
served for 1, however, so this catalyst is regarded as authenti-
cally homogeneous under our conditions. The mechanism of
stereoretentive C−H hydroxylation of cis-decalin was studied
by DFT calculations in which a direct oxygen insertion pathway
is found to be more favorable than radical rebound, in line with
the experiments.

■ COMPUTATIONAL DETAILS

Calculations were performed at the DFT level, by using two
distinct hybrid functionals: the B3LYP,125−127 as implemented
in Gaussian03,128 to optimize the geometries and compute the
frequencies; and the M06,129,130 as implemented in Gauss-
ian09,131 to refine the energies. The B3LYP calculations were
carried out with basis set I (Stuttgart−Bonn scalar relativistic
ECP with associated basis set for Ir,132,133 and the all-electron
6-31G for N, O, C, and H134). All geometries were fully
optimized at this level of theory without any symmetry or
geometry constrains. The nature of all stationary points was
confirmed by the analytical calculation of their frequencies,
which showed no imaginary frequencies for the minima and a
single imaginary frequency for the transition states. The inter-
mediates connected to each transition state were determined by
means of IRC calculations.135,136 The zero-point, thermal, and
entropy energy corrections were determined with basis set I by
calculating the Gibbs energy within the harmonic approx-
imation for vibrational frequencies. These corrections are given
in the Supporting Information. The energy of the optimized
geometries was refined by M06 single point calculations with
basis set II (the same as I but with polarization functions added
to Ir and the all-electron 6-311++G** for N, O, C, and
H137−141). Solvation effects were also introduced in these
calculations by using the parametrized continuum SMD
model.142,143 All energies given and discussed in the text
were computed at the M06/SMD/6-311++G** level. Local
charges and spin densities were obtained from NPA (natural

population analysis) calculations.144 The MECP calcula-
tions were carried out with the program developed by J. N.
Harvey.145
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