
Supported by

A Journal of

Accepted Article

Title: Mechanistic Insights into Selective Oxidation of Polyaromatic
Compounds using RICO Chemistry

Authors: Ewa Nowicka, Niamh Hickey, Meenakshisundaram Sankar,
Robert L. Jenkins, David W. Knight, David J. Willock, Graham
J. Hutchings, Manuel Francisco, and Stuart H. Taylor

This manuscript has been accepted after peer review and appears as an
Accepted Article online prior to editing, proofing, and formal publication
of the final Version of Record (VoR). This work is currently citable by
using the Digital Object Identifier (DOI) given below. The VoR will be
published online in Early View as soon as possible and may be different
to this Accepted Article as a result of editing. Readers should obtain
the VoR from the journal website shown below when it is published
to ensure accuracy of information. The authors are responsible for the
content of this Accepted Article.

To be cited as: Chem. Eur. J. 10.1002/chem.201800423

Link to VoR: http://dx.doi.org/10.1002/chem.201800423

http://crossmark.crossref.org/dialog/?doi=10.1002%2Fchem.201800423&domain=pdf&date_stamp=2018-05-22


 

Mechanistic Insights into Selective Oxidation of Polyaromatic Compounds 

using RICO Chemistry 

 

Ewa Nowicka,a,b* Niamh W. Hickey, b Meenakshisundaram Sankar,b Robert L. Jenkins,b 

David W. Knight,b David J. Willock,b* Graham J. Hutchings,b Manuel Franciscoc† and Stuart 

H. Taylorb 

 
a Institut für Chemie, Technische Universität Berlin, Straße des 17. Juni 124, 10623 Berlin, 

Germany. 

 
b Cardiff Catalysis Institute, School of Chemistry, Cardiff University, Main Building, Park 

Place, Cardiff, CF10 3AT, UK. 

 
c ExxonMobil, Research & Engineering Company, 1545 Route 22 East, Annandale, New Jersey 

08801, USA. 

 

 

 

 

*Corresponding Authors:  Email: nowicka@tu-berlin.de      Tel: +49 (0)303 1424 097 

           willockdj@cardiff.ac.uk    Tel: +44 (0)29 2087 779  

 

 

 

† Deceased March 9, 2016. 

 

  

10.1002/chem.201800423

A
cc

ep
te

d 
M

an
us

cr
ip

t

Chemistry - A European Journal

This article is protected by copyright. All rights reserved.

mailto:nowicka@tu-berlin.de
file:///C:/Users/Ewa/Downloads/willockdj@cardiff.ac.uk


Abstract 

Ruthenium ion catalyzed oxidation (RICO) of polyaromatic hydrocarbons (PAHs) has been 

studied in detail using experimental and computational approaches to explore the reaction 

mechanism. DFT calculations show that regioselectivity in these reactions can be understood 

in terms of the preservation of aromaticity in the initial formation of a [3+2] metallocycle 

intermediate at the most isolated double bond. We identify two competing pathways: C-C bond 

cleavage leading to a dialdehyde and C-H activation followed by H migration to the RuOx 

complex to give diketones. Experimentally, the oxidation of pyrene and phenanthrene has been 

carried out in monophasic and biphasic solvent systems. Our results show that diketones are 

the major product for both phenanthrene and pyrene substrates. These diketone products are 

shown to be stable under our reaction conditions so that higher oxidation products (acids and 

their derivatives) are assigned to the competing pathway through the dialdehyde. Experiments 

using 18O-labelled water do show incorporation of oxygen from the solvents into products, but 

this may take place during the formation of the reactive RuO4 species rather than directly during 

PAH oxidation. When the oxidation of pyrene is carried out using D2O a kinetic isotope effect 

(KIE) is observed implying that water is involved in the rate determining step leading to the 

diketone products.  

 

 

 

Keywords: RICO, polynuclear aromatic hydrocarbons, pyrene, phenanthrene, DFT, reaction 

mechanism, catalysis
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Introduction 

In 1953, Djerassi and Engle reported a ruthenium tetroxide catalytic system for the oxidation 

of a number of organic substrates.[1] This discovery opened up an entirely new area of chemistry 

in the oxidation of organic compounds now known as ruthenium ion catalysed oxidation 

(RICO). In RICO chemistry, RuO4 is generated in situ by the combination of a ruthenium ion 

and an oxidizing agent[2] usually in a biphasic mixture of dichloromethane and water. 

Following on from this early work, Sharpless et al. [3] reported that the addition of acetonitrile 

as a co-solvent improves both catalytic activity and selectivity for the oxidation of alkenes to 

carboxylic acids so that much lower metal loadings could be used. It was suggested that 

deactivation of the catalyst takes place when carboxylate species, formed as side-products 

during these reactions, coordinate to the Ru centre, rendering it inactive. Acetonitrile can 

compete with the carboxylate for vacant coordination sites at Ru and so prevent deactivation. 

To date RICO has been reported to be effective for many reactions, including the 

dihydroxylation of olefins,[4] dehydrogenation of alcohols and amines,[5] selective 

monooxidation of vicinal diols,[6] keto-α-hydroxylation,[7] oxidative cyclization of polyenes,[8] 

oxidative cleavage of double and triple bonds,[9] oxidation of heteroatoms[10] and oxidation of 

saturated hydrocarbons and aromatic hydrocarbons.[11] 

The strong oxidising power of RuO4 can be understood from the redox potentials measured for 

the various electrochemical reduction steps in the series:[12]  

RuO4  
  1.00 𝑉  
→     RuO4

−

  0.59 𝑉  
→     RuO4

2−

  0.20 𝑉  
→     RuO2(aq.) 

The two electron reduction from Ru(+8) to Ru(+6) giving a total reduction potential of 1.59 V 

while the Ru(+6) to Ru(+4) step gives only 0.20 V. Hence in the RICO system, a strong oxidant 
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capable of maintaining Ru in oxidation state +8 while being unreactive with the organic 

substrate is required. A convenient choice is sodium periodate, NaIO4, which we employ in 

this work.[3]  

Bakke and Frøhaug[13] investigated the mechanism of RuO4 oxidation of saturated 

hydrocarbons and found that the reaction is first order in both substrate and catalyst. They also 

showed that oxidation occurs preferentially at tertiary carbon atoms, but with a dependence on 

solvent that suggests that carbocations are not generated in the reaction pathway. The strong 

primary kinetic isotope effect (KIE), found from a comparison of normal and deuterated 

substrates, was explained by a two-step mechanism. Here hydrogen is abstracted from the 

alkane to form a ruthenium ester with a reduction of the metal from Ru(+8) to Ru(+6). The 

precursor to this ester species is in pre-equilibrium with the reagents. Alcohol products are then 

formed on hydrolysis of the ruthenium ester intermediate. 

In the area of polyaromatic hydrocarbons (PAHs), RICO chemistry has largely been used for 

the complete digestion of aromatic compounds as part of a quantitative aromatic/alkane ratio 

determination for heavy crude oil fractions.[14] We have previously reported how RICO 

chemistry can be used in a more controlled manner such that partial oxidation of the PAH takes 

place to generate aldehydes, ketones and acid functional groups with low levels of oxidation 

of any alkyl substituents.[15] We further explored this subject by studying the role of aromatic 

ring number in reaction kinetics and product distribution using RICO chemistry.[16] In the 

present contribution, we aim to use a combination of density functional theory (DFT) 

calculations and isotopic labelling experiments to identify the mechanistic steps that lead to 

these products in the initial stages of the oxidation reaction using pyrene and phenanthrene as 

exemplar PAH molecules. 
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Previous findings related to RICO mechanism for PAH oxidation suggested that C-C bond 

scission is involved in the first step of the reaction. Plietker suggested that the mechanism may 

be similar to the oxidative cleavage of double bonds, where RuO4 adds to a double bond to 

form a ruthenium (VI) compound.[17] Frenking and co-workers have used density functional 

theory calculations to show that RuO4 will form stable ruthenium(VI) adducts with ethene 

through a [3+2] cycloaddition of RuO4 across the double bond.[18] C-C bond cleavage then 

leads to formaldehyde. A similar [3+2] initial complex has also been found for oxidative 

cyclisation for both RuO4 and the related OsO4 and MnO4
- oxo complexes. [19] 

In the present work, we show how a [3+2] cycloaddition intermediate can be formed for both 

of the model PAH compounds pyrene and phenanthrene. The experimentally observed 

selectivity for oxidation at the 4,5 and 9,10-positions in pyrene is consistent with the 

cycloaddition taking place at the ring position that least disturbs aromaticity and the same 

argument can be used to understand the experimentally observed selectivity for phenanthrene. 

We also show that C-H activation is competitive with C-C cleavage in these adducts explaining 

the experimental observation that a dione is the major product observed in the early stages of 

reaction. Experimental selectivity data is consistent with this model and shows that the dione 

products are relatively stable under our experimental conditions, but that the dialdehydes are 

readily oxidised further to acids. Reactions using diones as substrate confirm the stability of 

this PAH oxidation product. Using experiments with D2O included in the solvent mix we show 

that water is implicated in the H atom removal leading to the dione product through kinetic 

isotopic effect experiments. 

Computational and experimental details 
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All calculations have been carried out using the Gaussian09 software suite [20] at the hybrid 

DFT (B3LYP[21]) level with a 6-31G(d,p) basis set on atoms other than Ru. The LANL2DZ 

basis set is used for ruthenium along with the corresponding effective core potential (ECP). 

These potentials also conveniently account for the core contraction due to relativistic effects. 

Single point energy calculations were also carried out for some key structures using the meta-

GGA hybrid functional, M06 [22] with the same basis set as discussed above. This served as a 

cross check on the effect of the choice of functional on the relative barrier energies reported. 

The M06 functional has been shown to perform well for barrier calculations on a large data set 

of organic reactions.[23]However, for transition metal complexes the ordering of alternative 

multiplicities appears reliable with B3LYP.[24] 

Optimisation criteria were set so that forces on any atom will be below 0.0045 a.u. and the root 

mean square (rms) force across all atoms will be below 0.003 a.u.. Transition state searches 

were carried out using a constrained optimisation procedure to follow a reaction pathway 

defined using two atoms which are involved in bond breaking or formation for the particular 

elementary step of the reaction. Scans along the reaction coordinates typically used atom 

translations of 0.1 Å. This was followed by a transition state search using the normal modes 

calculated at the highest point on the coordinate scan. Minima and transition states were 

confirmed using frequency calculations with transition states accepted only if a single 

imaginary mode was present. Imaginary modes were visualised to ensure that the 

corresponding motion was consistent with the reaction step being studied. 

The binding energy, Eb, for the [3+2] complex discussed in the Results section was calculated 

using the relation: 

𝐸𝑏 = 𝐸[3+2] − 𝐸𝑅𝑢𝑂4 − 𝐸𝑃𝐴𝐻       (1) 
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where 𝐸[3+2] is the energy of the [3+2] complex formed and 𝐸𝑅𝑢𝑂4 and 𝐸𝑃𝐴𝐻 are the energies 

of the RuO4 oxidising agent and the polyaromatic hydrocarbon in isolation. All reaction 

energies are calculated relative to the relevant [3+2] complex. We report free energy 

differences, ΔG, based on the calculated electronic energy difference with the inclusion of zero 

point energy and vibrational entropy from the calculated real frequencies using the harmonic 

approximation along with the usual thermal corrections for rotational and translational degrees 

of freedom at 298 K.    

Monophasic and biphasic oxidation reactions of PAHs (0.164 mmol) were carried out at 295 

K and 308 K, respectively. Temperature control was achieved using a jacketed reactor 

(thermostated water bath, Julabo F25-ME Refrigerated/Heating Circulator). In a typical 

reaction, the reactor was charged with 0.164 mmol of substrate and the appropriate amount of 

solvent and the reactor temperature set at the required temperature. Solvent compositions of 

acetonitrile (MeCN) (20 ml) and H2O (10 ml) were used to give the monophasic system and 

acetonitrile (7 ml), dichloromethane (16 ml) and H2O (7 ml) were used for the biphasic solvent 

system. To this mixture an aqueous solution of NaIO4 (280 mg, 1.312 mmol dissolved in 10 ml 

H2O) was added and stirred for 1 min at a speed of 500 rpm. Then RuCl3·xH2O (2.5 mg, 0.012 

mmol) was added as catalyst and stirring recommenced. The addition of the ruthenium chloride 

was taken as time zero for the reaction. During the course of the reaction, small aliquots of the 

reaction mixture (0.5 ml) were withdrawn at regular times and immediately quenched by the 

addition of an aqueous solution of Na2SO3 (0.1 ml, 1.403 mmol of a solution in 6 ml H2O) and 

quantitatively analyzed by gas chromatography (GC). To this end, 0.1 μl of the solution was 

injected into the GC fitted with a VF-5ht (30 m, 0.25 mm) column. For reactions with H2
18O, 

experiments were scaled down to give total solvent volumes of 3 ml, keeping the ratio of 

substrate: oxidant: catalyst constant. For HPLC-MS analysis, after the desired time, the reaction 
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was quenched and the organic and aqueous layers separated. The organic layer was evaporated 

to dryness, and the resultant solid was redissolved in 1 ml of acetonitrile and added to the 

external standard: benzophenone (0.1 ml, M=0.01 mol l-1). For the aqueous layer, a portion of 

sample (0.6 ml) was combined with acetonitrile (0.4 ml) and benzophenone to make a total 

volume of 1.1 ml prior to injection. 

Gas Chromatography-Mass Spectrometry (GC-MS) analyses were performed using a Waters 

GCT premier instrument fitted with an Agilent HP-5MS column (30 m x 0.25 µm), carrier gas 

was He (1 ml min-1) and temperature was programmed from 313K to 553 K. 

HPLC-MS analyses were carried out using a Waters HPLC system fitted with reverse phase 

C18 column (4.6 × 17.5 mm) and a UV detector (λ = 254 nm) coupled to a ZQ mass 

spectrometer. The mobile phase was 95% H2O/5% MeCN changing to 95% MeCN and 5% 

H2O over a 20 min period. The flow rate was set as 1 ml min-1. 

Results and discussion 

DFT calculations  

B3LYP calculations aimed at understanding the mechanism of RuO4 oxidation of PAH 

compounds were carried out using phenanthrene, 1, and pyrene, 2, as typical substrates (Figure 

1). B3LYP calculated binding energies (Equation (1)) with both phenanthrene and pyrene for 

coordination of the complex at the symmetry unique C=C bond positions are shown in Figure 

2. In all cases showing a favourable (negative) binding energy, the singlet state for the [3+2] 

adduct is found to be at least 10 kcal mol-1 lower in energy than the triplet, and so all studies 

of reactivity have focused on the singlet potential energy surface as a starting point. We note 

from Figure 2a that there is clear regioselectivity for the 9,10 C=C bond in phenanthrene which 
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has a binding energy 9.2 kcal mol-1 lower than the next lowest energy site (3,4). Figure 2b also 

shows that binding of RuO4 to the 9,10 bond in pyrene is also the lowest energy option with a 

calculated free energy some 15 kcal mol-1 below that of the next most favourable position (1,2). 

The origin of this effect can be understood in terms of the aromaticity of the ring system: when 

RuO4 is coordinated; in the [3+2] addition intermediate at the 9,10 positions of phenanthrene 

or pyrene, aromaticity is only lost in the corresponding ring, while formation of this adduct at 

any other position results in the loss of aromaticity in at least two rings. The free RuO4 complex 

is a perfect tetrahedron with calculated Ru=O bond lengths of 1.709 Å. On coordination to 

pyrene in the 9,10 position the Ru-O(C) bond lengths are notably longer (1.894 Å and 1.902 

Å), while the 9,10 C=C bond length is also increased from 1.362 Å to 1.522 Å.  These changes 

are consistent with the formation of the [3+2] adduct being accompanied by reduction of Ru 

from the +8 to the +6 oxidation state. 

The initial coordination of RuO4 at the 9,10 position is also consistent with the experimentally 

observed oxidation products previously reported where oxidation was found to give diketones, 

dialdehydes or acids at these positions both in pyrene and phenanthrene.[16] To see how this 

[3+2] complex may lead to the observed products we have mapped out the reaction steps for 

oxidation of the PAHs starting with the [3+2] adduct in the 9,10 positions using the same DFT 

approach. Scheme 1 shows the mechanistic steps considered in calculations carried out for this 

work. As we have seen, the formation of the [3+2] adduct, 3, leads to a reduction of the Ru 

centre from an oxidation state of +8 to +6. Ring opening at the 9,10 position leads to the 

dialdehyde, 4, with Ru reduced to oxidation state +4 in RuO2. Alternatively, H migration from 

pyrene to one of the Ru oxo group oxygen atoms will form a ketone group leading to the mono-

ketone intermediate, 5. This intermediate is analogous to the Ru ester proposed by Bakke and 
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Frøhaug who suggested that, for alkane substrates, the ketone can then be transformed into an 

alcohol by hydrolysis.[13] However, for the present polyaromatic systems, there is the 

alternative of a second H abstraction leading to the dione 6, which is the experimentally 

observed major product (Scheme S1-SI).  

In both cases, taking this direct route from adduct to dione requires the reduction of the Ru 

centre from an oxidation state of +6 to +4. Figure 3 shows the calculated free energy barriers 

for either C-C bond cleavage or C-H activation in the oxidation of pyrene and all calculated 

data is summarised in Table 1. For the C-H activation we consider two possible reaction 

pathways. In pathway A the C-H hydrogen atom is transferred to the nearest O atom in the five 

membered ring formed by the [3+2] adduct formation. This leads to a constrained three 

membered ring transition state which was found to be relatively high in energy (ΔG = 58.4 kcal 

mol-1). As an alternative we also considered the transfer of the C-H hydrogen to one of the Ru 

oxo oxygen atoms through a folding of the ring which gave a lower barrier by more than 10 

kcal mol-1 (ΔG = 47.1 kcal mol-1). The lowest barrier identified for oxidation from the Ru(+6) 

[3+2] adduct was for C-C cleavage at the 9,10 position with a barrier of  ΔG = 44.8 kcal mol-

1. These results indicate that direct reaction after coordination of RuO4 to the PAH ring systems 

would be slow at room temperature.  

As mentioned in the Introduction, the reduction potential for Ru(+8) to Ru(+6) is considerably 

greater than that for the transformation of Ru(+6) to lower oxidation states. Accordingly, we 

also considered the possibility that, once the [3+2] adduct has formed, the Ru centre is re-

oxidised to Ru(+8), by the NaIO4 oxidising agent used in these experiments, before further 

reaction takes place. In this case the oxidation process may start from a [3+2] adduct with 

ruthenium in the Ru(+8) state, 7, (Scheme 1) rather than 3. The energetics of the iodate 
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oxidation of the [3+2] adduct are difficult to follow using DFT as it will be strongly dependent 

on solvation of the reactants and transitions state. As a simple check we have calculated the 

reaction free energy using our standard method for the overall process:  

RuO4C16H10+ IO4
- = RuO5C16H10 + IO3

- 

where RuO4C16H10 is the Ru(+6) [3+2] adduct of RuO4 with pyrene in the 9,10 position, 3, and 

RuO5C16H10 is the corresponding structure for Ru(+8), 7. For the free molecules the reaction 

free energy for this oxidation process is found to be 29.8 kcal mol-1 and with the addition of 

polarisable continuum model (PCM) with the dielectric constant of water the reaction energy 

is found to be 34.0 kcal mol-1. We note that this range of energies is below the barrier calculated 

for the oxidation reactions to proceed from the Ru(+6) [3+2] adduct shown in Figure 3. We 

also note that RuO4 is formed from RuCl2 by IO4
- and so it is reasonable to assume that this 

oxidation is relatively facile.  

From the Ru(+8) adduct, 7, the dialdehyde, 4, can be formed by C-C bond cleavage in the 5-

membered metallocycle ring or H transfer can occur to form a Ru ester intermediate 8, both 

pathways lead to the reduction of Ru(+8) to Ru(+6). This H abstraction was not considered by 

Frenking and co-workers who only used ethene as a model substrate. However, they did come 

to a similar conclusion regarding the requirement that the Ru centre in the [3+2] intermediate 

has to be oxidised to Ru(+8) before C-C bond cleavage can take place.[18]  

Again, for the C-H activation step to produce a ketone group, we consider two pathways. 

Firstly, the transfer of an H atom to an oxygen in the five membered ring which is directly 

bonded to the same C atom. Secondly, H transfer via a folding of the ring to deliver the H atom 

to an oxo group on the Ru centre. Figure 4 shows the calculated transition state geometries for 
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these two possibilities as insets on the calculated potential energy surface. Comparing Figures 

3 and 4 shows that the calculated barriers for these steps are considerably lower than found 

when the same transformations take place without first re-oxidising the Ru ion. We also note 

that, in the absence of additional solvent molecules in the models, the C-C cleavage barrier is 

lower than that for the H transfer, 9.3 kcal mol-1 compared to 11.2 kcal mol-1. In addition, we 

used the transition state for the ring folding to check our assumption that the reaction proceeds 

on the singlet potential energy surface. This transition state was re-optimised in the triplet state 

and the electronic energy of the resulting structure was found to be some 5 kcal mol-1 higher in 

energy than the singlet structure shown in Figure 4. Given the small energy difference 

calculated between C-C and C-H bond activation barriers we also carried out single point 

energy calculations at using the M06 meta-GGA functional at the structures optimised using 

B3LYP. The M06 calculated free energies gave the same energetic ordering of the calculated 

barriers with an energy difference of 2.7 kcal mol-1 between the lowest C-H activation barrier 

and that for the C-C cleavage pathway. 

The observed difference between the barriers for C-C cleavage and H abstraction would 

suggest that the major experimental product should be the dialdehyde, 4. The dialdehyde and 

its further oxidation products are preferred in biphasic solvents but in monophasic solvent the 

diketone, 6, is more usually observed (Schemes S1 and S4, SI) [16]. In the next section we will 

compare experimental data for pyrene and phenanthrene in monophasic and biphasic solvent 

systems in more detail and present isotopic labelling studies that give more insight into the 

mechanism of these reactions. 

Oxidation of pyrene and phenathrene using RICO in monophasic solvent 
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Analysis by 1H NMR spectroscopy of the products from the pyrene oxidation reaction carried 

out in the monophasic solvent system showed two major products: pyrene-4,5-dione, 6, and 

pyrene-4,5-dialdehyde, 4, as expected from Scheme 1. Similarly, analysis of the oxidation 

product mixture when using phenanthrene, 1, as substrate suggested that the main product, in 

the monophasic solvent system, is the dione (9,10-phenanthrenequinone, 9) along with a trace 

amount of biphenyl-2,2'-dicarbaldehyde, 10 (Scheme S2-SI).[16] These products are consistent 

with the two primary products expected from the mechanism discussed in the DFT section 

above. The DFT results suggest that the calculated free energy barrier for C-C cleavage in the 

[3+2] adducts, which leads to the dialdehyde products, was seen to be around 2 kcal mol-1 

lower than the C-H activation required on the route to dione. This difference is within the 

accuracy of the DFT methodology used here. We had, therefore expected quite close 

competition between the reaction pathways leading to dialdehyde or dione in the oxidation of 

each PAH whereas in monophasic solvents we observe the dione to be the major product. 

However, the small energy difference in the calculated barriers also suggests that factors not 

included in the models, such as solvent environment and participation of solvent molecules in 

the reaction, may be important in determining reaction selectivity. Experimentally we have 

considered the role of solvent by comparing monophasic and biphasic reactions.  

Oxidation of pyrene and phenathrene using RICO in biphasic solvent 

To begin the study of solvent influence on selectivity we compare the product distributions in 

monophasic and biphasic solvent systems. Reactions for phenanthrene and pyrene oxidation 

were carried out in the biphasic solvent system (H2O (7 ml), acetonitrile (7 ml), DCM (16 ml)) 

and detailed product analysis was performed using HPLC-MS. In the case of phenanthrene, 

two main products were obtained in the organic layer which were identified as 9,10-
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phenanthrenequinone, 9 and diphenic anhydride, 11. In addition, diphthalic anhydride, 12, was 

detected in the aqueous layer. (Scheme S3-SI). Diphenic anhydride is a product formed by 

dehydration of biphenyl-2,2'-dicarboxylic acid, which is the expected final product of 

phenanthrene oxidation at the 9,10 position. No phenanthrene-4,5-dialdehyde was detected 

during GC-MS analysis, in agreement with the experiments reported by Kasai et al. [25] This 

suggests that either the reaction proceeds only via the dione route or that the dialdehyde is 

rapidly oxidised under our experimental conditions. To distinguish these alternatives, we also 

considered reactions starting from the 9,10-dione as a reactant. 

Scheme 2 summarises the products observed for pyrene oxidation using RICO catalysis in both 

biphasic and monophasic solvent systems using the DFT calculation results to rationalise the 

likely order in which each product is produced. Oxidation of pyrene in biphasic solvent resulted 

in a broader range of products than seen in the monophasic case (Scheme S4-SI) After 

analysing the reaction mixture using 1H NMR, signals corresponding to pyrene 4,5-dione, 6, 

were identified in the organic layer along with; 9,10-dioxodihydrophenanthrene-4,5-

dialdehyde, 13, 2’,6,6-triformyl-2-carboxylic acid, 14 and the 6,6’-diformylbiphenyl-

2,2’dicarboxylic acid, 15. In addition, analysis of the aqueous layer shows the presence of the 

tetra-acid, 16. Based on HPLC-MS analysis the selectivity to pyrene-4,5-dione, 6, in this 

reaction was above 90%. This suggests that, although further oxidation to products beyond the 

dione, 6, in Scheme 2 do appear, the processes leading to these products are considerably 

slower than the initial oxidation of the pyrene substrate to the dione, 6. This is in agreement 

with literature reports, where pyrene-4,5-dione is reported as a major product using similar 

reaction conditions.[26] Our product distributions also indicate that different water 
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concentrations in the monophasic and biphasic reactions strongly influence the product 

distribution and, by inference, the reaction pathway. 

Oxidation of pyrene-4,5-dione 

Scheme 2 has assumed, based on our DFT calculations, that the oxidation of pyrene to dione 

and dialdehyde represent two parallel routes that the reaction can take, rather than sequential 

oxidation products. Pyrene-4,5-dione, 6, is the major product observed from pyrene oxidation 

in a monophasic solvent system (Scheme S1-SI). The DFT calculations suggest that the initial 

oxidation, following the formation of the [3+2] adduct, can follow two competitive pathways 

leading to either dione or dialdehyde, with some kinetic preference for dialdehyde according 

to the calculated barriers. The oxidation products set out in Scheme 2 and the high selectivity 

to the dione product in both monophasic and biphasic solvent systems suggest that the aldehyde 

product leads easily on to higher oxidation products, whereas the dione is a stable, long lived 

species. To consider this point further we decided to study the oxidation of pyrene-4,5-dione 

itself in order to get a better understanding of reaction mechanism and test the stability of the 

dione functional groups under our reaction conditions.  

It was found that the reaction, in the monophasic solvent system, resulted in the formation of 

one major product: pyrene-4,5,9,10-tetraone, 10. It appears, then, that the oxidation of only one 

ring can take place at any one time and that oxidation of the PAH ring system at the most 

vulnerable position is preferred over further oxidation of the dione functionality. Therefore, in 

the case of pyrene-4,5-dione oxidation, we observed products containing two oxygen activated 

rings, while products derived from the oxidation of pyrene contain only one oxygenated ring. 

In addition, we also studied the time evolution of tetraone formation and dione consumption as 

presented in Figure 5. It is clear that pyrene-4,5-dione is directly converted to tetraone with 
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selectivity as high as 80% after 1 hr reaction time. In our discussion of mechanism using DFT 

calculations we have pointed out that we should expect competitive C-H and C-C bond 

cleavage leading to ketones and aldehyde products respectively. However, the solvent 

environment seems to bias the reaction toward the dione against the expectations of the 

calculated barriers for the isolated reagents. 

In order to study the behaviour of substrates with activated and non-activated aromatic rings, 

we also perform kinetic studies using pyrene and pyrene 4,5-dione and monitored both product 

formation and substrate consumption (Figure 6). 

It is noteworthy that, as was previously described, pyrene 4,5-dione is the major product of 

pyrene oxidation, while pyrene tetraone is the major product of pyrene 4,5-dione oxidation. 

Hence, 4,5-dione only slowly decreases even though the tetraone product is increasing at the 

same time, which means that the rate of oxidation of pyrene to 4,5-dione and the rate of 4,5-

dione oxidation to tetraone are roughly the same; so that the ring systems are being oxidised 

independently of one another. This suggests that RuO4 only attacks one ring at a time and the 

simultaneous oxidation of 2 rings does not take place in the monophasic solvent system. Also, 

further oxidation to the diacid is not observed confirming that the dione is a stable product 

under these conditions. 

The differences in product distribution in monophasic and biphasic systems led us to 

investigate the reaction mechanism with a focus on the involvement of water in key reaction 

steps. In the monophasic solvent system, water accounts for 33% of the total volume, 

suggesting formation of aldehydes. In the biphasic solvent system only 22% of the solvent is 

water and so a different product distribution may be expected. Earlier reports have suggested 

that C=C cleavage is involved in the first step of the reaction.[17] However, our own DFT 
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calculations point out that initial C-H activation can also be a competitive process. The 

differences in the monophasic and biphasic results highlight that water could play a crucial role 

in the reaction and so led us to carry out experiments using isotopically labelled water as a 

component of the solvent system. First, H2
18O was used in the monophasic solvent system with 

phenanthrene as a model PAH. There are two reasons for this choice of substrate: Firstly, we 

avoid solubility problems in the monophasic solvent system and secondly, we reduce the 

number of products, thereby simplifying the analysis. We also considered deuterium 

incorporation from D2O into the products and performed KIE studies using D2O to identify the 

involvement of this component of the solvent in the rate determining step for PAH oxidation 

using RICO chemistry.  

Studies using H2
18O  

As mentioned in the experimental section, H2
18O was used in a scaled down version of our 

standard reaction conditions with a total solvents volume of 3 ml to reduce the cost of the 

labelled solvent. Studies using GC-MS showed no difference in product distribution between 

the normal and the scaled down experiment, which indicated the data from the latter can be 

used to inform our discussion of the mechanism of PAH oxidation (Figure S2). It has been 

previously reported that the major product from phenanthrene oxidation is 9,10-

phenanthrenequinone.[27] Therefore, our studies focused on the formation of this molecule. 

Based on the MS analysis of this peak from reactions run in both H2
16O and H2

18O, a difference 

in the molecular ion peak was observed, which indicates incorporation of 18O into the product. 

The intensity of peaks m/z 182.05 and m/z 212.06 (Figure S2) suggests that not only 18O is 

incorporated into products, but also 16O which can come from the NaIO4 oxidant. 
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Knowing that peak intensities correspond to concentration of the ionized fragments, we were 

able to calculate the percentage of 9, 10-phenanthrequinone containing only 16O, 16O and 18O 

or only 18O. The peak intensities were as follows: 14.3% :9.6% :76.1% for m/z 208.0430, 

210.0573 and 212.0606 respectively (Table 2). From this comparison, we can clearly state that 

most of 9,10-phenanthrenenquinone produced has ketone oxygen atoms derived from H2
18O 

(>76%).   

These results emphasize the role of water in PAH oxidation using RICO chemistry and suggest 

that the presence of H2O is crucial for reaction to occur. However, it is not yet clear that water 

itself is implicated in the oxygen transfer process between RuO4 and the PAH substrate. NaIO4 

is insoluble in MeCN, so it is understandable that oxygen from water and from sodium 

periodate will be in equilibrium so that, in H2
18O enriched solvents, the RuO4 complex will 

contain a mixture of 16O and 18O. Therefore, it is likely that 18O incorporation into reaction 

products comes from water involved in the RuO4 formation process rather than during the 

reaction steps involving the PAH substrate. 

Experiments with deuterium labelled water 

The 18O labelling results can be understood via the incorporation of oxygen in the generation 

of the catalytic RuO4 complex but this does not imply a direct role for water in the oxidation 

of PAHs. To consider this more closely, D2O was included in the reaction mixture.  

First, the GC chromatograms from reactions conducted in a monophasic solvent system in both 

H2O and D2O were compared. No changes in product distribution were observed for either of 

the compounds tested. Using GC-MS, each chromatographic peak from the reaction conducted 

in H2O was analyzed by MS and compared with the mass spectra from each peak generated in 

D2O. No changes in these were observed when phenanthrene was used as the substrate in 
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individual oxidation reactions (Figures S3). Indicating that deuterium was not incorporated into 

the reaction product in phenanthrene oxidation. Assuming that the oxidation mechanism is the 

same in monophasic and biphasic solvent systems, no deuterium incorporation should be 

observed in the products when the reaction is carried out in a DCM/MeCN/D2O solvent system. 

However, oxidation of phenanthrene in the biphasic solvent system leads to at least three 

products: 9,10-phenanthrenequinone 9, phthalic acid detected as diphthalic anhydride, 12 and 

diphenic acid detected as its diphenic anhydride, 11.[25, 28] The presence of acids already 

suggests that oxidation proceeds further in the biphasic solvent than in the monophasic system. 

This is likely related to the solubility of the oxidation products in the aqueous layer. To confirm 

this, the GC chromatograms from oxidation of phenanthrene run in DCM/MeCN/H2O, 

DCM/MeCN/H2O/D2O mixture and DCM/MeCN/D2O were compared. GC chromatograms 

and mass spectra for product found in the organic layer showed no changes in product 

distribution between reactions with different water composition. Using GC-MS, each 

chromatogram peak from the reaction run in DCM/MeCN/H2O was analyzed by MS and 

compared with the MS of products for the reaction conducted in DCM/MeCN/D2O. No change 

in the mass distribution was observed in either layer (Diphenic anhydride shown as an example: 

Figure S4). These findings indicate that, as expected for this oxidation, H/D from water is not 

incorporated into products; however, water may still be involved in the reaction mechanism. 

In order to answer this question, we observed the conversion of pyrene as a function of time in 

H2O and D2O containing solvents so that the magnitude of any KIE could be estimated.  

Kinetic Studies using D2O and H2O 

After performing reactions in the presence of H2O or D2O, we compared the rate of 

phenanthrene consumed during the reaction and expressed it as a kinetic isotope effect (KIE). 
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The calculated KIE value for these reactions was kH/kD=1.71, which suggests a primary kinetic 

isotope effect and the involvement of water in the rate determining step.  

We have suggested that the reaction mechanism is independent of the solvent system used, 

therefore kinetic studies using H2O and D2O were also performed in a biphasic solvent system 

with phenanthrene as substrate. Figure 7 compares the consumption of phenanthrene in the 

reaction performed in the presence of H2O and D2O. Here, the calculated KIE value for 

phenanthrene oxidation was found to be kH/kD=1.54 which is also consistent with a primary 

kinetic isotope effect. Taking into account the fact that in both solvent systems no deuterium 

incorporation into the products was observed during phenanthrene oxidation, we assume that 

the mechanism of the reaction is the same in the monophasic and in biphasic solvent systems 

and therefore similar KIE value should be observed.  

 

Summarizing all the information obtained from mechanistic investigations it is clear that water 

is involved in the rate determining step. Hydrogen from water is not incorporated into the 

products whereas oxygen is incorporated from this source but probably during the formation 

of the RuO4 oxidising species. 

To look at a possible origin of the kinetic isotope effect, further DFT calculations were 

undertaken. In these calculations two water molecules were added to the [3+2] intermediate for 

pyrene with Ru in the +8 oxidation state, 3a. These were placed to hydrogen bond to the oxygen 

atoms of the complex and to each other. We then used a combination of coordinate scans, 

transition state optimisation and frequency calculations to obtain transition states for the C-C 

cleavage and H abstraction pathways with the water molecules present. The resulting structures 

are shown in Figure 8. In this case a transition state has been found in which the H atom 
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abstracted during the formation of a ketone group is received by a water molecule, Figure 8a. 

This sets off a proton-shuttle resulting in the formation of the ketone group and protonation of 

one of the oxygen atoms coordinated to Ru. The rate following this type of mechanism would 

clearly be affected by H/D exchange. However, the calculated barrier in this case is higher (by 

some 7.3 kcal mol-1) than seen in Figure 4 for the corresponding step without solvent present 

in the model. We expect that the low energy pathway observed in the absence of solvent in 

which the five membered ring “folds” to transfer the H atom to an Ru=O oxygen atom may 

actually be hindered in the presence of solvent. However, when a model was constructed to 

test this by placing a water molecule between the H atom and the receiving oxygen atom no 

transition state could be located. For the C-C cleavage pathway Figure 8b shows that the 

calculated barrier was also increased by the inclusion of water molecules in the calculation, 

from 9.3 kcal mol-1 (Figure 4) to 15.1 kcal mol-1. This is probably because of the re-

arrangement of the water hydrogen bonding pattern that must accompany the C-C bond 

cleavage. Even so, the barrier to C-C bond cleavage which leads to the dialdehyde product 

remains 3.4 kcal mol-1 below that for H abstraction. The inclusion of the water molecules 

increases considerably the configuration space for these calculations and so further work is 

underway to look at the effect of the number and arrangement of solvent molecules and 

continuum representations of solvent. We may expect that improved solvation models should 

identify lower energy pathways. Even so the current calculations provide insight into the likely 

origin of the experimentally observed kinetic isotope effect.  

Conclusions 

Studies related to mechanistic investigation helped to reveal and understand the chemistry of 

aromatic C=C bond cleavage. DFT calculations suggested that the [3+2] complex formation at 
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the 9,10 position on phenanthrene or pyrene can explain the observed regioselectivity in terms 

of preserving the aromaticity of the substrate. For oxidation of pyrene starting from this adduct 

there is a branching of the pathway to either form diketones or dialdehydes, the latter being 

further oxidised to diacids. DFT calculations suggest that the Ru centre is first oxidised to 

Ru(+8) before oxidation of the substrate takes place. Once this has occurred, reaction to ketone 

or aldehyde occurs via barriers that are within 2 kcal mol-1 of one another so that the selectivity 

is difficult to predict from calculations alone. Experimentally the product distribution is 

strongly affected by the solvent choice with the diketone seen to be dominant when monophasic 

solvents are used but the dialdehyde and its oxidation products are preferred in biphasic 

solvents, in which the reaction mixture contains less water. This suggests that the balance 

between the two pathways identified by the DFT calculations can be influenced by factors not 

included in the model, such as the solvent choice, because the calculated barriers are the same 

within the limits of accuracy expected from the DFT method. 

Radio labelling experiments also shows the importance of water in the rate determining step of 

the diketone formation. Studies with H2
18O showed incorporation of 18O into reaction products, 

emphasizing the role of water. From experiments with D2O, we observe a KIE for phenanthrene 

and further DFT calculations show how this may be explained by a proton shuttle style 

mechanism for the abstraction of the first H atom from the PAH.  
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Captions for Figures 

Figure 1. Structure of phenanthrene and pyrene showing standard atom numbering scheme. 

Figure 2. The calculated binding free energies for RuO4 forming a [3+2] adduct at each 

symmetry unique C=C bond in a) phenanthrene, 1 and b) pyrene, 2. Solid lines are for 

calculations in the singlet and dashed lines calculations for the triplet spin states of the 

complexes. Model inset in (b) shows the calculated structure of the [3+2] adduct at the (9,10) 

position with atoms show in ball representation coloured Ru: green, O: red, C: grey and H: 

white, pyrene atoms not part of the five membered metallocycle ring are coloured light grey 

and drawn as sticks only. 

Figure 3. Calculated reaction barriers for C-C and C-H activation of the [3+2] adduct formed 

between RuO4 and pyrene at the (9,10) position calculated with the Ru(+6) adduct as starting 

point. Inset graphics have atoms show in ball representation coloured Ru: green, O: red, C: 

grey and H: white, pyrene atoms not part of the five membered metallocycle ring are 

coloured light grey and drawn as sticks only. 

Figure 4. Calculated reaction barriers for C-C and C-H activation of the [3+2] adduct formed 

between RuO4 and pyrene at the (9,10) position calculated starting with a Ru(+8) adduct. 

Atom representations as described for Figure 3. 

Figure 5. Pyrene-4,5-dione (■) oxidation and pyrene-4,5,9,10-tetraone (□) formation.  

Reaction Conditions: Pyrene 4,5-dione 0.0349 mmol, NaIO4 0.174 mmol, RuCl3 0.0002 mmol, 

MeCN 20 ml, H2O 10 ml (i.e. monophasic), T=295 K, Stirring speed 500 rpm. 

 

Figure 6. Competitive oxidation of pyrene (●) and pyrene-4,5-dione () Pyrene-4,5,9,10-

tetraone (□) also marked on the graph as a product. 

Reaction Conditions: Substrate 0.0349 mmol, NaIO4 0.554 mmol, RuCl3 0.0006 mmol, MeCN 

40 ml, H2O 20 ml, (i.e. monophasic), T=295 K, Stirring speed 500 rpm. 

 

Figure 7. Kinetic isotope effect experiments for the oxidation of phenanthrene a) with 

monophasic solvent composition: MeCN 20 ml, D2O(Δ)/H2O(▲) 10 ml and b) using biphasic 

solvent system composition: H2O(▲)/D2O(Δ) 7 ml, DCM 16 ml, MeCN 7 ml. 

Figure 8. Calculated transition state structures for a) C-H and b) C-C activation of the [3+2] 

adduct formed between RuO4 and pyrene at the (9,10) position calculated starting with a 

Ru(+8) adduct including two water molecules. The values refer to the calculated free energy 

for the barrier to reaction along the respective pathways (kcal mol-1 units). Atom 

representations as described for Figure 3. 
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Figure 1. Structures of a) phenanthrene and b) pyrene showing standard atom numbering 

scheme.  
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Figure 2. The calculated binding free energies for RuO4 forming a [3+2] adduct at each 

symmetry unique C=C bond in a) phenanthrene, 1 and b) pyrene, 2. Solid lines are for 

calculations in the singlet and dashed lines calculations for the triplet spin states of the 

complexes. Model inset in (b) shows the calculated structure of the [3+2] adduct at the (9,10) 

position with atoms show in ball representation coloured Ru: green, O: red, C: grey and H: 

white, pyrene atoms not part of the five membered metallocycle ring are coloured light grey 

and drawn as sticks only. 
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Figure 3. Calculated reaction barriers for C-C and C-H activation of the [3+2] adduct formed 

between RuO4 and pyrene at the (9,10) position calculated with the Ru(+6) adduct as starting 

point. Inset graphics have atoms show in ball representation coloured Ru: green, O: red, C: 

grey and H: white, pyrene atoms not part of the five membered metallocycle ring are 

coloured light grey and drawn as sticks only. 
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Figure 4. Calculated reaction barriers for C-C and C-H activation of the [3+2] adduct formed 

between RuO4 and pyrene at the (9,10) position calculated starting with a Ru(+8) adduct. 

Atom representations as described for Figure 3. 
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Figure 5. Pyrene-4,5-dione () oxidation and pyrene-4,5,9,10-tetraone (□) formation  

Reaction Conditions: Pyrene 4,5-dione 0.0349 mmol, NaIO4 0.174 mmol, RuCl3 0.0002 mmol, 

MeCN 20 ml, H2O 10 ml, (i.e. monophasic), T=295 K, Stirring speed 500 rpm. 
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Figure 6. Competitive oxidation of pyrene (●) and pyrene-4,5-dione (), product pyrene-

4,5,9,10-tetraone (□).  

Reaction Conditions: Substrate 0.0349 mmol, NaIO4 0.554 mmol, RuCl3 0.0006 mmol, MeCN 

40 ml, H2O 20 ml, (i.e. monophasic), T=295 K, Stirring speed 500 rpm. 
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Figure 7. Kinetic isotope effect experiments for the oxidation of phenanthrene a) with 

monophasic solvent composition: MeCN 20 ml, D2O(Δ)/H2O (▲) 10 ml and b) using biphasic 

solvent system composition: H2O(▲)/D2O(Δ) 7 ml, DCM 16 ml, MeCN 7 ml. 
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Figure 8. Calculated transition state structures for a) C-H and b) C-C activation of the [3+2] 

adduct formed between RuO4 and pyrene at the (9,10) position calculated starting with a 

Ru(+8) adduct including two water molecules. The values refer to the calculated free energy 

for the barrier to reaction along the respective pathways (kcal mol-1 units). Atom 

representations as described for Figure 3. 

 

 

  

18.5 

a) 

15.1 

b) 

10.1002/chem.201800423

A
cc

ep
te

d 
M

an
us

cr
ip

t

Chemistry - A European Journal

This article is protected by copyright. All rights reserved.



Captions for Tables 

Table 1. Calculated energetics for pyrene oxidation using RuO4. 

Table 2. Comparison of selectivity in phenanthrene oxidation under different conditions in 

monophasic solvent system. 
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Table 1. Calculated energetics for pyrene oxidation using RuO4. 

 B3LYPa 

 ΔEb 

/kcal mol-1 

ΔGc 

/kcal mol-1 

 Pyrene (Ru(VI))   

[3+2] – 4, TS 48.8 44.8 

RuO2-dialdehyde, 4  16.2 10.2 

[3+2] – 5, TS(A)d 64.0 58.4 

[3+2] – 5, TS(B)e 51.3 47.1 

alcohol Ru-ester   3.4 -0.7 

   

Pyrene (Ru(VIII))   

[3+2] – 4, TS    9.8    9.3 

RuO3-dialdehyde, 4 -20.8 -24.4 

[3+2] – 8, TS(A)d 36.4  35.8 

[3+2] – 8, TS(B)e 10.6  11.2 

ketone Ru-ester, 8 -71.0 -72.2 

   

 

Notes: a) B3LYP/6-31G(d,p)/LANL2DZ, b) calculated energy difference including ZPE, c) calculated free 

energy difference based on ZPE correction and standard thermochemistry at T=298 K. d) C-H activation to O in 

five membered ring, figure 4, route A, e) C-H activation to Ru oxo O via ring folding, figure 4, route B. 
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Table 2. Comparison of selectivity in phenanthrene oxidation under different conditions in 

monophasic solvent system. 

 

Reaction Product Selectivity (%) 

Phenanthrene 

9,10-dione 

Phenanthrene 

9, 10-dialdehyde 

Other 

Standard Reactiona 

with 10 ml H2O 
87 9 4 

Standard Reactiona 

with 5 ml H2O, 5 ml D2O 
85 8 7 

Standard Reactiona 

with 10 ml D2O 
84 9 7 

Scale down reactionb  

with 1 ml H2O 
88 10 2 

Scale down reactionb  

with 1 ml H2
18O 

87 7 6 

Notes: a) Standard reaction: Phenanthrene 0.164 mmol, NaIO4 1.312 mmol, RuCl3 0.012 mmol, MeCN 

20 ml, 295 K, with H2O/D2O composition as noted. b) Scaled down reaction with H2
16O or H2

18O as 

noted: Phenanthrene 0.0164 mmol, NaIO4 0.1312 mmol, RuCl3 0.0012 mmol, MeCN 2 ml. 
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Captions for Schemes 

Scheme 1.  Representations of mechanistic steps considered during oxidation of pyrene to 

pyrene 4, 5-dione. 

Scheme 2. Pyrene Oxidation: Sequence of oxidation based on 1H-NMR of monophasic, 

HPLC-MS analysis of biphasic reaction and DFT calculations.  

Reaction Conditions: Pyrene 0.131 mmol, NaIO4 1.048 mmol, RuCl3 0.01 mmol, DCM 16 ml, 

MeCN 7 ml, H2O 7ml, T=295 K, Stirring speed 500 rpm, t=4 h. mono. indicates product seen 

in monophasic reaction, org./aq./not seen indicate product found in organic/aqueous layer or 

not detected in biphasic reaction (T=308 K) respectively. 
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Scheme 1.  Representations of 

mechanistic steps considered 

during oxidation of pyrene to 

pyrene 4, 5-dione. 
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Scheme 2. Pyrene Oxidation: Sequence of oxidation based on 1H-NMR of monophasic, HPLC-MS 

analysis of biphasic reaction and DFT calculations.  
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