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ABSTRACT: Photolysis (380 nm) of trans-Pt-
(PEt3)2(Cl)(OH)(OOH)(4-trifluoromethylphenyl) (1)
at −78 °C in acetone-d6 or toluene-d8 yields HOOOH
(16−20%) and trans-Pt(PEt3)2(Cl)(4-trifluoromethyl-
phenyl) (2). Also observed in acetone-d6 are H2O2,
(CD3)2C(OH)(OOH), and (CD3)2C(OOH)2. Thermal
decomposition or room-temperature photolysis of 1 gives
O2, water, and 2. Computational modeling (DFT)
suggests two intramolecular hydrogen-bonding-dependent
triplet pathways for the photolysis and two possible
pathways for the thermolysis, one involving proton transfer
from the OOH to the OH ligand and the other homolysis
of the Pt−OOH bond, abstraction of the OH ligand, and
decomposition of the resulting H2O3. Trapping studies
suggest the latter pathway.

We recently reported the first synthesis of the Pt(IV)
hydroxo-hydroperoxo complex trans-Pt(PEt3)2(Cl)-

(OH)(OOH)(4-tft) (1) (4-tft = 4-trifluoromethylphenyl) by
oxidation of the Pt(II) complex trans-Pt(PEt3)2(Cl)(4-tft) (2)
with H2O2.

1 We now report the thermal and photochemistry of
1, which includes reductive elimination of HOOOH (H2O3,
dihydrogen trioxide or trioxidane), a rare example of O−O bond
formation by photoreductive elimination. (Other examples
feature H2O2 elimination.2−6). We extend our discussion with
computational modeling studies on the thermodynamics and
mechanisms for these unusual reactions.
Although the existence of H2O3 has been proposed for many

years, its solution synthesis, identification, and characterization
are relatively recent.7 Laboratory synthetic procedures involve
the hydrogenation of ozone with various reagents,8 including
H2O2, where the mixture is known as a powerful oxidizing system
(peroxone process).9 H2O3 has also been proposed to form in an
antibody-catalyzed reaction of singlet oxygen with water.10,11 It is
unstable in solution at room temperature, decomposing to water
and singlet oxygen, but it is stable in organic solvents at low
temperatures (−60 °C). It can be readily detected by its
distinctive 1H NMR chemical shift (δ 13.4 in acetone-d6).

8 The
chemistry below describes a novel method for H2O3 formation
by coupling of an OOH ligand and an OH ligand.
Irradiation (380 nm) of 1 at ambient temperature for ∼8 min

in C6D6 results in reduction of the Pt center, yielding the Pt(II)
complex 2, water, and presumably O2 (eq 1). This observation
caught our attention, as there are at least two possible pathways
to water and O2. One would be directly through photodriven
abstraction of a hydrogen atom from the OOH ligand by OH.

(We initially considered this to be the more likely pathway.) The
other would be by decomposition of H2O3, the expected
photoreductive elimination product if the photochemistry of 1
follows that of the analogous hydroxo-halo complexes trans-
Pt(PEt3)2(Cl)(OH)(X)(4-tft) (X = Cl, Br)1 and bromo
complexes trans-Pt(PEt3)2(Br)3R.

12 With these possibilities in
mind, the photolysis of 1 was reexamined at −78 °C.
An acetone-d6 sample of 1 in an NMR tube was cooled to −78

°C and irradiated at 380 nm. 1H NMR analysis was then carried
out at −60 °C and revealed a singlet at δ 13.4 that reached a
maximum at 40−60% conversion of 1 into 2 and then declined
and disappeared as the irradiation continued. The peak also
disappeared when the sample was warmed to RT. The
experiment was repeated in toluene-d8, where H2O3 gives a
singlet at δ 9.9.8 A singlet at this chemical shift was observed at
−60 °C, confirming the formation of H2O3 from the photolysis
of 1 (eq 2). 1HNMR spectral integration indicated H2O3 yields

13

of 16 ± 2% in toluene-d8 and 6 ± 2% in acetone-d6 at 40−60%
conversion of 1. However, it was noticed that the OOH signal of
1 was considerably diminished (by 70%) in acetone-d6 and that a
signal for HOD was present. We interpret this as a result of
deuterium exchange of the OH and OOH ligands with residual
D2O from the acetone-d6 preparation.

14,15 Correcting for this
exchange increased the H2O3 yield in acetone-d6 to 20%, similar
to that in toluene-d8.
Also detected in the low-temperature acetone-d6 sample were

1H NMR peaks in the δ 9−12 region attributed to H2O2 (9%)
and acetone adducts 3 (16%) and 4 (36%), giving a total product
yield of 81%. (Yields13 include adjustment for H/D exchange.)
Acetone adducts 3 and 4 are known to form in reactions of H2O2
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with acetone.16−18 (Adduct 4 could also form by net addition of
OOH and OH from 1 across the acetone double bond. We have
observed similar photoreactions of alkenes with halogen
analogues of 1.19) No high-shift peaks, other than that of
H2O3, are observed in the toluene-d8 samples, but the H2O2

1H
NMR signal is in the aromatic region and is broad, making it
difficult to observe in toluene-d8.

Room-temperature photolysis of 1 was also conducted in the
presence of the singlet oxygen traps 2,5-dimethylfuran (DF) and
2,3-dimethyl-2-butene (TME). The DF singlet oxygen trapping
product, endoperoxide 520,21, is not observed in the photolysis of
1 in the presence of DF (C6D6). Instead, its dimer 6 is formed in
25% yield13 (Scheme 1). Dimerization of 5 has been reported to

be slow at room temperature but rapid above 55−60 °C.14 It is
possible that monomer 5 is the initial product and dimerizes
under the photolytic conditions. With TME (CD2Cl2), the
expected singlet oxygen product, hydroperoxide 7,22,23 is
observed in 8% yield13 along with tetramethyl-1,2-dioxetane
(8)24 (9%) and acetone (4%) (Scheme 1). Further photolysis
converts 8 to acetone,24 indicating that acetone is likely a
secondary product and that the dioxetane is actually produced in
11% yield.13 Dioxetane 8 is not an expected product from singlet
oxygen, but its formation does occur from the direct reaction of
H2O3 with TME. This reaction has not been reported, but we
found that addition of TME to a photogenerated solution of
H2O3 at −60 °C yields 8 [see the Supporting Information (SI)].
Complex 1 is also thermally active toward elimination. Heating

of a toluene-d8 solution shows no immediate change until about
80 °C, at which point gas evolution is observed. As for the
photolytic reactions, 31P and 1H NMR spectroscopy show the
formation of 2 and water, indicating that the thermal reaction
products are similar to those of the photolytic reaction (eq 1).
We again tested for singlet oxygen by repeating the
decomposition in the presence of TME and DF (Scheme 2).
The decomposition rate is unaffected, showing that there is no
direct reaction between the traps and 1. A 15% yield13 of
dioxetane 8 is produced in the TME reaction. Again, this is not
the expected product from singlet oxygen but is one of the same
products of the photolytic reaction and a product of the reaction
of H2O3 with TME (see above). Photolytic conversion of 8 to
acetone was confirmed with this sample. The DF thermal
reaction gives a 10% yield13 of endoperoxide dimer 6, which is
the expected singlet oxygen product above 55−60 °C.14 A kinetic
study of the decomposition (no trap) revealed a reaction that is

first-order in 1with activation parametersΔH⧧ = 19(1) kcal/mol
and ΔS⧧ = −18(4) cal mol−1 K−1.
The chemistry of 1 was modeled using density functional

theory (DFT) computations with PMe3 in place of PEt3
(indicated with a prime on the complex numbers). An issue
that immediately arises is the hydrogen bonding in 1. While the
solid-state structure of 1 is a dimer with intermolecular OOH
hydrogen bonding,1 a diffusion-ordered spectroscopy (DOSY)
NMR experiment (see the SI) in acetone-d6 indicates negligible
dimer formation in solution. However, there are still options for
intramolecular hydrogen bonding of the OH and OOH ligands
(Figure 1). In model complex 1a′, the OH ligand is the donor

and the OOH ligand the acceptor. This is the intramolecular
hydrogen-bonding pattern in the solid-state structure of 1.1

Complex 1b′ has the reverse pattern. Gas-phase optimization of
1a′ and 1b′ converged to minima with 1b′ at 3.6 kcal/mol higher
free energy, suggesting that, at least in nonpolar, non-hydrogen-
bonding solvents, the majority hydrogen-bonding structure for
monomeric 1 is of type 1a′, the same intramolecular hydrogen-
bonding pattern observed in the solid-state dimer.1

Reductive-elimination thermodynamic values (gas phase) for
1a′ were calculated and are given in Table 1. H2O3 elimination is
endergonic by 14.4 kcal/mol. Water and 1O2(

1Δg) elimination is
exergonic with ΔG = −11.4 kcal/mol. Expectedly, 3O2(

3Σg
−) and

water elimination is more favorable, with a calculated ΔG of
−28.2 kcal/mol. The energy difference between 1O2 and

3O2
elimination corresponds to the O2 singlet−triplet energy gap.

Scheme 1. Photolytic Trapping Reaction

Scheme 2. Thermal Trapping Reaction

Figure 1. Intramolecular hydrogen-bonding models for 1 with
calculated relative energies in kcal/mol in parentheses.

Table 1. Free Energies (DFT) for Reductive Elimination from
1a′ (Gas Phase, 25 °C, 1 atm)

productsa ΔG (kcal/mol)b

2′ + H2O3 14.4
2′ + H2O + 1O2 (

1Δg) −11.4c

2′ + H2O + 3O2 (
3Σg

−) −28.2

a2′ = trans-Pt(PMe3)2(Cl)(4-tft).
bThese values will be somewhat

more positive in solution because of the entropy difference between
solution and the gas phase.28 cOn the basis of the known O2 singlet−
triplet energy gap, this value is likely ∼6 kcal/mol too low (see the
text).
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Thus, our calculated gap value is 16.8 kcal/mol, which is
somewhat smaller than the experimental value of 22.5 kcal/
mol.25,26 The fault likely lies with the singlet oxygen, as DFT
methods are known to have difficulty with open-shell
singlets.11,27 Thus, the ΔG value of −11.4 kcal/mol for
conversion of 1a′ to 2′, H2O, and

1O2 is likely ∼6 kcal/mol
too low.
As Pt(IV) complex photochemistry usually involves the

lowest-energy triplet excited state, obtained either through direct
excitation or through rapid (fs) internal conversion and
intersystem crossing,29,30 structures 1a′ and 1b′ were optimized
as triplets. No intact structure is found for the triplet from 1b′.
Instead, optimization rapidly yields a “plateau” structure with a
five-coordinate Pt−(η1-O2) complex and a hydrogen-bonded
water molecule (Figure S21 in the SI). Further optimization gives
2′, 3O2, and H2O, although a stationary point was not achieved.
In contrast, the triplet from 1a′ optimizes to a stationary point

(37.8 kcal/mol above 1a′) with minimum structure 31a′
containing intact OOH and OH ligands (Figure 2). A

comparison of the metrical parameters of 31a′ with those of
1a′ shows that the bonds along the Cl−Pt−OH axis have
lengthened and that the O−O bond has shortened. The shorter
O−O distance in 31a′ is similar to that in the OOH radical,31

suggesting OOH radical character in 31a′. This is supported by
the Mulliken atom spin densities (Figure 3), which show nearly a

full electron spin on the OOH ligand. Substantial spin density is
also located on the OH ligand. Thus, 31a′ is a likely model
precursor to H2O3 by coupling of the radical-like OH and OOH
ligands. (H2O3 formation fromOH andOOH radical coupling in
photolyzed mixtures of H2O2 and O3 in an argon matrix has been
proposed.32) Triplet 31a′ should also be a good OOH radical
donor.
The thermal reductive elimination from 1 was also examined

with DFT computations. Three pathways to dioxygen, water, and

2 were considered: (1) concerted H2O3 reductive elimination
from 1a′ or 1b′ followed by rapid H2O3 decomposition to singlet
oxygen and water, (2) intramolecular proton transfer from the
OOH ligand to the OH ligand of 1b′ to give dioxygen and water,
and (3) OOH radical dissociation from 1a′ followed by
abstraction of the OH ligand to form H2O3.
A concerted H2O3 reductive elimination pathway was found

but can be eliminated because the transition state is prohibitively
high (68.3 kcal/mol; see the SI). Relaxed potential energy scans
(unrestricted) to promote proton transfer in 1b′were conducted
to probe the second pathway but failed to directly yield singlet
oxygen. Instead, a scan along the O−H−OO coordinate gave η2-
O2 complex 9′ (optimized to a stationary point) and water
(Scheme 3). We have not been able to locate a transition state,

but the scan suggests a ∼25 kcal/mol barrier, consistent with the
experimental free energy of activation (24 kcal/mol at 298 K).
The negative entropy of activation would also be consistent with
the required hydrogen-bonding interaction. Separated water and
9′ lie 15.5 kcal/mol above 1b′. (It should be noted that 9′ is
isoelectronic with known Ir(III) dioxygen complexes.33) A
transition state for dioxygen loss from 9′ (TS9′; see the SI) was
located 7.6 kcal/mol above 9′, showing that formation of 9′ and
water would be rate-limiting.
Thermolysis of the Pt−OOH bond of 1a′ was evaluated by

calculating the energy difference between 1a′ andOOH radical +
doublet Pt(PMe3)2(Cl)(OH)(4-tft) (10′). (Cl or OH radical
loss is higher in energy.) Geometry optimization of 10′ yielded
three square-pyramidal isomers with an axial Cl ligand (10a′), an
axial OH ligand (10b′), and an axial 4-tft ligand (10c′). The
lowest-energy isomer is 10b′ (4.1 kcal/mol below 10a′ and 11.7
kcal/mol below 10c′), and with an OOH radical it lies only 22.8
kcal/mol above 1a′, making Pt−OOH bond homolysis a viable
first step in the thermal decomposition (Scheme 4). Coupled

isomerization with Pt−OOH bond breaking could account for
the experimental negative activation entropy. Additionally, the
spin density in 10b′ is strongly localized on the OH ligand
(Figure 3), suggesting facile OH abstraction by the OOH radical
and formation of H2O3. Crossing of the singlet thermal pathway
and the photochemical triplet pathway to H2O3 may occur at this
point.
Finally, it should be noted that thermal access to the triplet is

possible, although triplet 31a′ is calculated to be nearly 40 kcal/
mol above singlet 1a′. If the analogous triplet for 1 is situated at a
similar energy relative to 1, then thermal access to the triplet

Figure 2. Optimized model structures 1a′ and 31a′ (bond distances in
Å; blue = Pt, green = Cl, orange = P, red = O, gray = C, white = H;
carbon-bonded H atoms omitted). Calculated relative energies in kcal/
mol are given in parentheses.

Figure 3. Mulliken atomic spin densities in 31a′ and 10b′ (blue = Pt,
green = Cl, orange = P, red = O, gray = C, white = H; carbon-bonded H
atoms omitted).

Scheme 3

Scheme 4
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would not be consistent with the activation parameters for the
thermal elimination.
In conclusion, hydroperoxo-hydroxo complex 1 has been

found to photoreductively eliminate H2O3 in ∼20% yield at −60
°C. DFT results suggest that the photoreaction occurs through a
triplet excited state (modeled using 31a′) with high OOH and
OH radical character, leading to coupling of OH and OOH.
(H2O2 and acetone peroxides 3 and 4, also formed in acetone-d6,
may be produced by “leakage” of OOH radicals from the excited
state or, in the case of 3 and 4, by direct reaction of acetone with
the excited state.) The DFT results also suggest that the
photolysis products may depend on the intramolecular hydro-
gen-bonding state of 1, with the lowest-energy state yielding the
H2O3 products and a slightly higher state giving water and
dioxygen. Thermolysis and room-temperature photolysis of 1
give water and dioxygen as final products, but in both cases
trapping experiments with DF and TME give results generally
consistent with initial formation of H2O3. The low yield of singlet
oxygen trapping product 7 observed with TME in the room-
temperature photolysis may result from partial decomposition of
H2O3 to singlet oxygen and water prior to reaction with TME.
Singlet oxygen emission experiments should provide information
on the involvement of singlet oxygen in these reactions.26 On the
basis of the above results and our previous results1,12,19 with
analogous complexes, the trans-Pt(IV)L2(R)X3 system is proving
to be a versatile platform for elimination chemistry. Other
complexes that should eliminate unusual molecules are currently
under investigation.
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