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ABSTRACT: A detailed study of the selective oxidation of cyclohexane has been performed using bimetallic gold-palladium 
catalysts supported on magnesium oxide. Mono-metallic supported gold or palladium catalysts show limited activity for 
cyclohexane oxidation. However, a significantly enhanced catalytic performance is observed when supported gold-palladium 
alloy catalysts are used for this particular reaction. This synergy is observed for alloys spanning a wide range of gold-to-
palladium molar ratios. Mechanistic studies reveal a promotion effect that occurs from alloying palladium with gold on the 
supported catalyst, which significantly improves the homo-cleavage of the O-O bond in cyclohexyl hydroperoxide, an 
important intermediate species in cyclohexane oxidation. 
 
Keywords: gold catalysis.  cyclohexane oxidation,  EPR,   STEM,   oxidation.

1. Introduction 

Aerobic oxidation of cyclohexane is of vital importance due to its use in nylon production [1]. In the present industrial 
production process, a facile aerobic alkane oxidation method is used, wherein materials such as cobalt naphthenate are utilised 
as an initiator to promote a radical autoxidation pathway [2,3]. Nevertheless, the autoxidation is not easily controlled, which 
means that the conversion must typically be kept below 5% in order to achieve > 80% selectivity to the desired alcohol and 
ketone products [4]. Unfortunately, the development of new efficient and green catalysts is significantly hindered due to 
kinetic inertness of both the alkane and O2. Furthermore, a limited understanding of both the autoxidation and the catalytic 
oxidation routes exists in the literature as these reactions can be difficult to study. This often causes confusion and 
misinterpretation concerning the oxidation reaction which is complicated by autoxidation [5]. In order to develop new catalysts 
for this reaction that are capable of enhanced selectivity, more effective catalytic approaches and product analysis protocols are 
needed. 
   
Gold catalysts are promising candidates for cyclohexane oxidation as they can activate molecular oxygen and enable oxidation 
under mild conditions [6-9]. However, a detailed study of the oxidation of cyclohexane by Hereijgers and Weckhuysen [10] 
pointed out inconsistencies in the literature concerning critical aspects of product analysis and mechanistic studies. They 
concluded that supported gold nanoparticles do not operate as a catalyst in the cyclohexane oxidation reaction, but rather as 
initiators which have a poor performance compared to the standard commercial cobalt naphthenate promoter [10]. On the other 
hand, we have recently shown that such behaviour can realistically be considered as falling somewhere in between these two 
extreme situations [11]. In fact, gold was found to be capable of accelerating the reaction, without the need for additional 
initiators, and so by definition could be considered to be a catalyst for the cyclohexane oxidation. However, the acceleration 
occurs by virtue of increasing the concentration of the intermediate species, which are chain carriers in the radical pathway of 
the reaction, and therefore promote catalytic autoxidation processes via a radical chain mechanism [11]. In addition, the 
enhancement in conversion caused by monometallic gold is limited when compared to autoxidation. This apparent dual nature 
of gold in cyclohexane oxidation prompted us to perform further studies in an attempt to achieve more efficient catalysts and 
gain deeper insights into both gold catalysis and catalytic aerobic oxidation when using gold-based alloy catalysts. In addition, 
a mechanistic study on promoted autoxidation is warranted due to the importance of this process in industrial nylon production, 
and could have a direct impact on other radical reactions, such as cobalt-mediated radical polymerization [12].  
 
Previous studies have shown that the promising properties of Au can be manipulated by the addition of Pd to form Au-Pd 
bimetallic alloys as green catalysts [13-17]. Herein we report that Au-Pd nanoparticles supported on MgO can improve both 
conversion and product selectivity in the cyclohexane oxidation reaction as compared to the commercial cobalt naphthenate 
promoter. Furthermore, the improvements afforded by the MgO-supported Au-Pd particles are effective over a wide range of 
nominal Au:Pd compositions. Investigation of the reaction mechanism by means of electron paramagnetic resonance (EPR) 
and spin trapping experiments on the catalytic decomposition of cyclohexyl hydroperoxide (CHHP) are used to elucidate the 
origin of these beneficial effects.  

mailto:hutch@cardiff.ac.uk
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2. Experimental 

Chemicals. HAuCl4, PdCl2, cyclohexane and other chemicals were purchased from Aldrich and used without further 
purification unless otherwise specified. 

Catalyst Preparation 1 wt% Au-Pd/MgO catalysts were prepared by using a modified sol-immobilisation method as reported 
previously [18]. The desired amount of HAuCl4 and PdCl2 were added to 800 mL water. After stirring for 15 min, 1.3 mL PVA 
solution (0.01 g/mL) was added and the solution was stirred for an additional 15 min. Subsequently, 3.295 mL freshly prepared 
NaBH4 solution (0.1 M) was added to generate the Au-Pd nanoalloy particles. After reduction for 45 min, the MgO support 
(1.98 g) was added to immobilise the nanoparticles. After filtration and washing, the solid obtained was dried (110 ºC, 16 h) 
before use. The relative amount of gold and palladium salts used was varied in order to obtain a systematic series of supported 
catalysts with different molar ratios of Au-to-Pd, ranging from 20:1 to 1:20. Mono-metallic Au- or Pd- supported catalysts 
were also prepared for comparative purposes, using the same total metal loading (i.e. 1 wt%). Catalyst Testing. Catalytic 
oxidation of cyclohexane (Alfa Aesar, 8.5 g, HPLC grade) was carried out in a glass bench reactor using 6mg of catalyst. The 
reaction mixture was magnetically stirred at 140°C and 3 bar O2 for 17 h. Samples of the reaction mixture were analysed by 
gas chromatography (Varian 3200) with a CP-Wax 42 column. Adipic acid was converted to its corresponding ester for 
quantification purposes, and chlorobenzene was added as an internal standard. Furthermore, CBrCl3 (150 mg) was used as a 
carbon centred radical scavenger for studying the mechanisms in these oxidation reactions. CBrCl3 was added into the reactor 
prior to the catalytic oxidation under identical reaction conditions. The product distribution as a function of reaction time was 
monitored by studying a systematic series of reaction batches subjected to different reaction times under the same conditions of 
temperature and oxygen partial pressure.  Re-usability testing was also performed in an identical glass reactor. Cyclohexane 
(8.5g) and an additional amount of 1wt%Au-Pd/MgO (6mg) were added into the batch reaction and catalytic oxidation was 
carried out at 140°C and 3 bar O2 for 17 h. After reaction, the ‘used’ catalyst was washed with cyclohexane and dried. 
Afterwards, the catalytic activity of the used Au-Pd/MgO catalyst was tested under the same reaction conditions (6 mg 
AuPd/MgO, 8.5 g cyclohexane, 140°C and 3 bar O2 for 17 h). The obtained reaction mixture was analysed by gas 
chromatography[19, 20, 21]. Subsequent re-usability tests were carried out on the same material by following same procedure. 

EPR Experiments. X-band continuous wave (CW) EPR spectra were recorded at room temperature in deoxygenated 
cyclohexane, using a Bruker EMX spectrometer. The typical instrument acquisition parameters were: centre field 3487 G, 
sweep width 100 G, sweep time 55 s, time constant 10 ms, power 5 mW, modulation frequency 100 kHz, and modulation 
width 1 G. Quantitative spectral analysis was carried out using WinSim software [22, 23]. The spin trapping experiments were 
performed using the following procedure: 5,5-dimethyl-1-pyrroline N-oxide (DMPO) (0.1 mL of 0.1 M solution in 
cyclohexane) was added to the substrate (0.1 mL of 2.5 molar % solution of CHHP in cyclohexane) in an EPR sampling tube. 
The mixture was deoxygenated by bubbling N2 for 1 min prior to recording the EPR spectrum in order to enhance the signal 
[24]. For the reactions involving the Au/MgO, Pd/MgO and Au-Pd/MgO catalysts, de-oxygenation was carried out at room 
temperature 5 min after the mixing of the catalyst with the reaction mixture. Cyclohexyl hydroperoxide, was synthesized by a 
Grignard reagent-oxygen reaction [23, 25]. Finally, a solution of 2.5 mol% cyclohexyl hydroperoxide in cyclohexane was 
obtained. 

Electron Microscopy Characterisation. Samples of catalysts were prepared for TEM/STEM analysis by dry dispersing the 
catalyst powder onto a holey carbon TEM grid. Bright field (BF) imaging experiments were carried out on JEOL 2000FX 
TEM operating at 200kV. High-angle annular dark field (HAADF) imaging experiments were carried out using a 200kV JEOL 
2200FS scanning transmission electron microscope equipped with a CEOS aberration corrector.  This latter microscope was 
also equipped with a Thermo-Noran X-ray energy dispersive spectroscopy (XEDS) system for compositional analysis. 

 

3. Results and Discussion 

3.1 Morphologies and catalytic performance of bimetallic catalysts. 

Our initial studies were centreed on 1wt% Au-Pd/MgO catalysts prepared by sol-immobilisation. A representative bright-
field (BF) electron micrograph of the as-prepared 1wt%Au-Pd/MgO material (with Au:Pd molar ratio of 1:1) is shown in 
Figure 1a. The mean size of the Au-Pd nanoparticles was found to be ca. 5.0 nm (Figure 1b). Aberration corrected STEM-
HAADF imaging (Figure 1c) and XEDS analysis of individual particles (Figure 1d) in the bimetallic materials indicate that the 
supported particles are in fact homogenous Au-Pd random alloys. By comparison, the BF-TEM images of mono-metallic 
catalysts were also shown in Figure 1e and f. All three catalysts have very similar mean diameters of 5.0 nm (Au-Pd), 5.3 nm 
(Au) and 4.2 nm (Pd), respectively, confirming that particle size is unlikely to be the main reason for any measured differences 
in catalytic performance. 
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Figure 1. TEM images of various MgO supported metallic catalysts and their corresponding particle size distributions (PSDs). 
(a) Representative bright field TEM image of a 1wt% Au-Pd/MgO sol-immobilized catalyst; (b) particle size distribution 
(PSD) derived when sampling within the 1-10 nm size range; (c) representative HAADF-STEM image of an individual 
nanoparticle in the 1wt% Au-Pd/MgO catalyst; and (d) its corresponding XEDS spectrum, confirming that it is a Au-Pd alloy; 
e) BF image iof 1wt% Au/MgO (left) and corresponding particle size distributions (right): f) BF-TEM image of 1wt% Pd/MgO 
(left) and corresponding particle size distributions (PSDs) (right); 

We investigated these catalysts for cyclohexane oxidation. 1wt%Au-Pd/MgO (Au: Pd molar ratio = 1:1) exhibited a 
conversion of 11% and a total selectivity of 95% which represents a potential improvement over the commercial cobalt 
naphthenate initiator (Table 1 and Figures 2a and 2b; for full by-product analysis and methodologies see supporting material, 
Figure S1 and S2, and Tables S1 and S2).By comparison, the monometallic Au/MgO and Pd/MgO counterparts display a much 
poorer catalytic performance, which confirms that neither Au nor Pd alone, act as an effective catalyst [9, 11, 26]. Moreover, 
the supported Au-Pd catalyst displayed excellent stability, maintaining a 12% conversion and 98% selectivity even after being 
re-used multiple times (Table 2). We also tested the catalytic performance by means of GC [19, 20, 21] of a series of supported 
Au-Pd alloys having different nominal molar ratios (Figure 2b). It was found that the catalysts display a consistent catalytic 
performance over a wide spectrum of Au:Pd molar ratios (i.e. from 10:1 to 1:10). However, extremely Au-rich or Pd-rich 
catalysts are considerably less active, and tend towards the poorer performance exhibited by the two monometallic catalysts. 
The superior catalytic performance of 1wt%Au-Pd/MgO might be attributable to the modified exposed metal surface 
containing a mixture of Au and Pd atoms. As the enhanced activity is observed over a broad range of Au-Pd compositions, the 
precise Au:Pd ratio does not seem to be a crucial factor.  

 

Table 1. Catalytic performance characteristics of cyclohexane oxidation over a variety of different catalyst materials (a). 

a

c

b

c

e

f

d
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Catalyst 

 

Conversion 
(%) 

Selectivity (%) 

A K CHHP AA Total 

1wt%AuPd/MgO 11 58 37 1 0 95 

Co-naphthenate 9 45 37 0 2 85 

Fe(acac)3 7.7 35 48 0 0 82 

Blank 1.1 22 19 57 0 98 

MgO 1.0 40 35 20 0 95 

1wt%Au/MgO 0.3 - - - - - 

1wt%Pd/MgO 0 - - - - - 
[a] Reaction conditions: 6 mg catalysts, 8.5 g cyclohexane, 140 °C, 3 bar O2, 17 h; Fe(acac)3 represents Fe(III) acetylacetonate. 
The acronyms A, K, CHHP and AA represent cyclohexanol, cyclohexanone, cyclohexyl hydroperoxide and adipic acid, 
respectively.  
 
 

 

 

 

 

 

 

 

 

 

Figure 2. a) Comparison of various catalysts for 
cyclohexane oxidation, including a commercial Co 
promoted system (see supporting material, Table S2); 
b) Catalytic performance for cyclohexane oxidation using 
MgO supported Au-Pd as a function of the nominal Au:Pd molar ratio. The acronyms A, K and CHHP represent cyclohexanol, 
cyclohexanone, and cyclohexyl hydroperoxide respectively.  
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Table 2. Re-usability of the supported Au-Pd/MgO catalyst for cyclohexane oxidation. 

Catalyst 

1wt%AuPd/MgO 

Conversion 
(%) 

Selectivity (%) 

A K CHHP AA Total 

1st use 11 49 37 1 6 93 

2nd use 11 49 37 1 6 93 

3rd use 10 51 36 2 5 94 

4th use 12 58 37 0 5 98 

Reaction conditions: 6 mg catalyst, 8.5 g cyclohexane, 140 °C, 3 bar O2, 17 h. The acronyms A, K, CHHP and AA represent 
cyclohexanol, cyclohexanone, cyclohexyl hydroperoxide and adipic acid, respectively. To test catalyst reusability, a reaction 
was conducted under the same reaction conditions but using a 120 mg batch of catalyst. After reaction the catalyst was 
collected and washed..Following this, 6 mg the used catalyst was tested for re-usability. A similar procedure was followed for 
subsequent re-cycle runs. 

 

3.2 Mechanistic studies using EPR.  

In our previous studies, we have used EPR to investigate the chemical nature of autocatalysis in cyclohexane oxidation [11]. 
EPR spectroscopy combined with the use of cyclohexyl hydroperoxide (C6H11OOH; CHHP) as a molecular probe has been 
used to definitively identify the different CHHP 
decomposition pathways. CHHP is a key intermediate in 
cyclohexane oxidation when the reaction is performed in the 
presence of noble metals or a cobalt salt [1]. This 
methodology offers a way to collect information on the the 
reaction mechanism of this reaction due to the large 
number or radical species involved [5]. In the current work, our 
EPR methodology has been extended, through both 
qualitative and quantitative studies of CHHP decomposition in the 
presence of cobalt naphthenate, Au/MgO, Pd/MgO and Au-
Pd/MgO catalysts.  (see Figure 3, and supporting information, 
Figures S3-S5).  
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Figure 3 A EPR spectra of the DMPO spin adducts formed during the decomposition of CHHP in the presence of  (a) Au-
Pd/MgO, (b) Pd/MgO, (c) Au/MgO, (d) autoxidation and (e) Co-naphthenate (this final spectrum is reduced in scale by a factor 
of six in relation to the other plots);(.) 

Figure 3B Deconvoluted EPR spectra of the 5,5-dimethyl-1-pyrroline N-oxide (DMPO) spin adducts obtained during the 
decomposition of  CHHP in cyclohexane in the presence of 1wt% Au-Pd/MgO: (a) experimental spectrum and (b) simulated 
spectrum. Several species can be identified as follows- (c) A species with aN = 14.31 G, which is a di-tertbutyl-nitroxide 
derivative, that can form by oxidation of DMPO) [27]; (d) a DMPO-O-C6H11 spin adduct (aN=13.37, aH(く) =6.01, aH(け)=1.90 G) 
[e];  (e) a DMPO-OO-C6H11 adduct (aN=14.49, aH=10.64 G) [29]; and (f) carbon centered adduct (aN=15.74, aH=25.61 G), 
which is possibly a DMPO-C(OH)R2 adduct [30]  .  

Figure 3C Deconvoluted EPR spectra of the 5,5-dimethyl-1-pyrroline N-oxide (DMPO) spin adducts obtained during the 
decomposition of  CHHP in cyclohexane in the presence of Co-naphthenate: (a) experimental spectrum and (b) simulated 
spectrum. The species identified are as follows:- (c) a di-tertbutyl-nitroxide derivative (aN = 14.18 G) [31]; (d) an unidentified 
nitroxide from DMPO with coupling constant aN = 14.30, aH = 2.81 G that could arise from decomposition of the spin trapping 
molecule [32]: (e) a DMPO-O-C6H11 spin adduct (aN=13.97, aH(く)=7.01, aH(け)=2.2 G); (f) a DMPO-OOR/OOH adduct 
(aN=12.54, aH=9.15 G) and (g) a carbon centred adduct (aN=15.67, aH=25.67 G),which is possibly a DMPO-C(OH)R2 adduct 
[30]. 

Simulation of the EPR spectrum and comparison with literature values allows us to identify all the radical intermediates 
which were anticipated to be present in the autoxidation of cyclohexane to cyclohexanone and cyclohexanol; namely: a di-tert 
butyl-nitroxide derivative (aN = 14.2G); a DMPO-O-C6H11 spin adduct (aN=13.4, aH(く)=6.01, aH(け)=1.80G); a DMPO-OOC6H11 
adduct (aN=14.2, aH=10.9G);  and a DMPO-C carbon centred adduct, possibly of a carbon hydroxylated species (aN=15.8, 
aH=25.7G) that could account for adipic acid (Figure 3 and supporting information, Figures. S3-S5) [33]. We note a significant 
difference between CHHP decomposition in the presence of Au-Pd and Co naphthenate in Figure 3. The relative concentration 
of the species found in presence of Au-Pd are: di-tertbutyl-nitroxide derivative: 3.7%; DMPO-O-C6H11: 87.8%; DMPO-
OOH/R adduct: 2.9%; and a possible DMPO-C(OH)R2 adduct: 5.6%. However, the relative concentration of the species 
generated when using the Co salt are: di-tertbutyl-nitroxide derivative: 44.4%; nitroxide from DMPO decomposition by 
peroxides: 36.4%; DMPO-O-C6H11: 8.3%; DMPO-OOH/R adduct: 8.9%; and a possible DMPO-C(OH)R2 adduct: 2%. This 
analysis confirms that the role of Au-Pd is different from the commercial promoter in this reaction. However,  It should be 
stressed that the spin trapping technique only allows for semi-quantitative determination of the spin adducts detected, and it is 
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not a direct measurement of the actual amount of radical species present in solution. Therefore it is not possible to 
quantitatively correlate reactivity, or lifetime, of a radical to its correspondent spin adduct, but qualitatively only This is a 
consequence of various factors such as: the life-time of the spin adduct, the nature of the solvent, temperature, pH and 
importantly, the efficiency of the capture reaction which is different for each radical [35,36]. For example, literature values 
comparing the capture of ·OOH versus ·OH species for DMPO in aqueous media at room temepruare and pH close to 
neutrality indicated kinetics constants in the range of 101 and 109 M s-1 for ·OOH and ·OH respectively [37]. Therefore, the 
detection of spin adducts of similar intensity for these species actually means that the concentration of peroxides is of some 
order of magnitude higher than the concentration of hydroxyl species. Moreover, when heterogeneous catalysts are used, spin 
trapping molecules may also be capable to abstract species weakly bound over the catalyst surface [38]. With these limitations 
in mind, the deconvoluted spectra simulations led to the values reported in Table 3 for the various catalysts used. 

The species trapped in the presence and absence of Au/MgO, Pd/MgO and Au-Pd/MgO catalysts are basically the same in 
all sets of experiments, with the exception of the detection of the carbon parent radical (spin adduct: C6H11-DMPO) when 
Au/MgO was used (ca. 3% amount of DMPO spin adduct). However, the most remarkable difference noted between these data 
sets is the increased amount of DMPO-alkoxyl (C6H11-O-DMPO) species versus DMPO-peroxyl (C6H11-OO-DMPO) species 
from ca. 2 to > 10 when Au or Pd containing materials are used compared to the pure autoxidation or blank test materials. This 
indicates that the MgO supported metal catalysts are capable of homo-cleavage of the O-O bond in CHHP.  

Moreover, the co-existence of Au and Pd in the form of an alloy significantly promotes the O-O bond dissociation, wherein 
the ratio of alkoxyl species to peroxyl DMPO spin adduct species doubles compared to that of monometallic Auor Pd(Table 3). 
It should be further stressed that because also of the kinetics of the spin trapping reaction, these are relative changes. However, 
considering the kinetics of the capture reaction the be the same because the reaction media is the same, regardless the metal 
promoters used, we consider our reasoning still valid. This suggests that the Au-Pd alloy has an intrinsically stronger chemical 
affinity for cyclohexyl hydroperoxide, resulting in homo-cleavage of the O-O bond. In order to explain this effect, the 
electronic structure at the surface of Au-Pd nanoparticles needs to be considered. In fact, both Au and Pd are capable of 
enhancing the formation of alkoxide intermediates, when compared to autoxidation, although it is only the MgO supported Au-
Pd alloy that displays an enhanced conversion, i.e. a higher turnover frequency. Unlike the monometallic case, if Au and Pd are 
alloyed, a shift of electron density from Pd to Au atoms can occur [14, 39], while preserving a higher electronegativity on the 
Au [40]. (i.e. in case of the simultaneous presence of Au and Pd, Au is the more electronegative). Hence, the adsorption of 
CHHP over an active site comprising neighbouring Au and Pd atoms will more favourably lead to the cleavage of the O-O 
bond in CHHP due to the difference in induced charge between the two metal components, which exist as a Au--Pd+ couple 
(Scheme 1) and this we consider gives an electronic basis for the origin of the synergistic effect that is clearly observed when 
Pd is added to Au (and vice versa) for this, and possibly other, redox reactions. This enhancement can be observed for a broad 
range of Au:Pd compositions, rather than a narrow composition where synergy has been observed in previous studies for other 
redox reactions [15-17]; but clearly requires a minimum level of either metal since compositions with either low amounts of 
Au or Pd are ineffective in the bimetallic catalysts.  

 

 

 

 

Table 3. Quantification and characterization of the DMPO spin adducts from EPR spin trapping experiments. 

Catalyst Nitroxide RO· ROO· Carbon 
radicals  

RO·/ 
ROO· (a) 

Autoxidation 2.3 63.2 29.6 4.9 2.1 

1wt%Au/MgO 5.9 82.5 5.3 6.3 15.6 

1wt%Pd/MgO 5.5 82.1 6.4 6.0 12.8 

1wt%AuPd/MgO 3.7 87.8 2.9 5.6 30.3 

Co-naphtenate 44.4(36.4)c 8.3 8.9 2.0 0.9 
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Scheme 1: Specific surface substrate adsorption of CHHP in the case of a bimetallic Au-Pd catalyst (left) and non-specific 
surface substrate adsorption of CHHP in case of a monometallic catalyst (right). As a consequence, a promoted, or in our case 
catalytic, decomposition of CHHP occurs (see eq. 1) thus favouring alkoxide formation at a faster rate, and in turn a higher 
level of conversion. 

C6H11-OOH s C6H11-O· + ·OH        (eqn.1) 

A similar decomposition route operates in manganese aluminophosphate catalysts, where CHHP decomposes by adsorption 
on a Mn+-O- moiety [41]. Despite the obvious differences between a metal nanoparticle and an aluminophosphate surface, for 
the latter system it was proposed that an orienting effect on the CHHP molecule was induced by the dipolar nature of the Mn 
and O neighbours. We postulate that an analogous effect can take place in the case of Au-Pd bimetallic nanoparticles. In fact, 
for the case of monometallic Au or Pd where an active site such as Au-Au or Pd-Pd will be present, the cleavage solely results 
from the adsorption of the hydroperoxide, but without any specific orientation of the substrate. By way of direct comparison, 
cobalt-initiated autoxidation predominantly produces peroxide species, including cyclohexyl peroxide and derivative nitroxide 
radicals, whereas the amount of alkoxy radicals generated is only 8.3%. This is evident from figure 3-C, spectra (c) and (d), 
which are indicative of a peroxide amount in solution that is so high that it causes degradation of the spin probe [32]. Even so, 
the fraction of the peroxy radicals detected in case of Co naphthenate is still significantly higher than in the presence of the 
supported Au-Pd catalyst. The strong production of peroxide species was attributed to the cobalt species favouring the attack of 
CHHP and the generation of ROO· in agreement by the Haber-Weiss cycle.[42,43]. Which is preceded by cyclohexyloxyl 
radical formation. It should also be considered that peroxide species ROO· are known to be less reactive than RO· radicals 
[32,34] which could lead to a slower reaction rate and lower conversion. A usually accepted Haver-Weiss cycle and 
termination reaction of the alkyl peroxide intermediate is reported below[42,43]: 

 

R-OOH + CoII  CoIII -OH + RO   (eqn. 2) 

CoIII -OH + R-OOH  CoII + ROO + H2O (eqn. 3) 

with the nett resulting equation: 

2C6H11-OOH s C6H11-OO· + C6H11-O· + H2O  (eqn. 4) 

Disproportionation [2, 3] 

2C6H11-OO·  s C6H11-OH + C6H10=O + O2  (eqn. 5) 

As a consequence of this set of reactions, a commonly used way to estimate radical species lifetime, which would affect both: 
the amount of spin adducts detected and the efficiency of the oxidation reaction, is to use the equation:[44] 

 

 

  

where kt is the average termination kinetic parameter and [X·]s  is the steady-state radical concentration. This well apply to 
polymerizarion reaction, however, by definition it also assumes a steady state radical concentration, in this case the chain 
carrier (wich in our case would be ROO·) and the prodcuts formation at the termination step[45] (which in our case would be 
eq. 5). On the other hand, recent studies by Hermans and co-workers showed that a more accurate pcitures of the cyclocheance 
oxidation should not be limited to steady state considitons, but rather the use of quasi-steady state concetrations[46]. which in 
our cae and for ROO· would lead to: 
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 Where kinit and kterm are the rate constants of the initiation and termination reaction respectively. This is more complex than 
a classical scheme based on termination only and on the final [ROO·] concentration. In fact, whereas the termination step 
proceed with a very low activation barrier [2] and a pure association of two radical species, the term kterm is unlikely to be 
affected by significant traces of additives/metals. In contrast, the initiation reaction has a high activation energy (usually 
estimated in the range of ca. 170 kj/mol) [47] therefore Even a relatively small decrease of the effective barrier, operated in our 
case by different metals, should therefore lead to a substantial increase in [C6H11OO·]qss and hence to an increase in the 
hydrocarbon (R-H) oxidation rate [46]. This has obvious consequences on: effective radical lifetime and in turn the species 
actually trapped by DMPO and importantly the catalytic nature of the oxidation reaction (vide infra), with quantitative effects 
that are difficult to predict a priori. 

 

 In fact, as a consequence of these usually accepted reaction schemes, this suggests that both alkoxyl and peroxyl radicals 
are primary products of the Co-promoted decomposition of CHHP, (and this either the Haber Weiss cyle takes palce via a pure 
radical pathway [42,43] or involving H+ or OH- species [48]) And once the peroxide radical has formed, disproportionation 
(eq. 5) would follow and initiate the autoxidation process again (eqns. 6-9). However, our work shows that for MgO supported 
Au-Pd nanoparticles present a much higher amount (in relative terms) of alkoxyl adducts rather than peroxyl adducts. This is 
evident from Figure 3-B where the spectrum is entirely dominated by alkoxide species (spectrum d)  andwhich would suggest a 
dominance of eq. 6. 

Initiated autoxidation: 

C6H11-O· + C6H12 s C6H11· + C6H11-OH           (eqn. 6) 

However for completeness we consider important to describe other sptes that are involved in the autoxiation process and 
that could help to clarify differences and similarities between Co and AuPd systems, as well as pure autoxidation. In fact once 
the C6H11· radical is formed (eiter at the initiation stetp or from eq. 6) this will immeditately react under diffusion control [49] 
with any oxygen present in solution. 

 

C6H11· + O2 s C6H11-OO·      (eqn. 7) 

On the other hand, pure radical combinations are not the only pathways that operatives in these reaction and of particular 
importance are eq 8 and eqn 9 below [2, 46] 

C6H11-OO· + C6H11-OOH s C6H11-OOH + C6H10(·)OOH   (eqn. 8) 

C6H10(·)OOH s C6H10=O + ·OH     (eqn. 9) 

In this case, cobalt does not have any further direct contribution to the subsequent autoxidation after it has reacted with 
peroxide (eq. 1). Of particular importance is eq. 8, in fact, recent studies[50] shows that these reactions take place by means of 
solvent cage and once the product from abstraction of a H in  is obtained (C6H10(·)OOH) the ketone is obtained (eq. 9) 
without the need of a ‘standard’ termination step (eq. 4). This will necessarily need to the ketone as product an without the 
need of any additioan metal species in solution. 

On the other hand Au-Pd bimetallic catalysts are capable of an enhanced selectivity to  cyclohexanol compared to Co and 
Fe thus suggesting an enhanced cleavage of the O-O bond of CHHP.. Consequently, even in the autoxidation, the supported 
metallic catalysts still participate in the selective decomposition of CHHP (see Scheme 1), and lead to improvements in overall 
conversion and selectivity, minimizing uncontrollable ring-opening reactions, which would lead to the production of acids and 
esters [48,50]. (.) 

To further prove this important aspect, we have also used a carbon-centred radical scavenger, CBrCl3, to quench the 
autoxidation pathway, in order to differentiate the autoxidation process from the catalytic oxidation [11] As CBrCl3 can quench 
carbon centred radicals by means of bromo-hydrocarbon formation.[51] It should be noted that the use of dialkyl nitroxides for 
the capture of carbon cantered radicals has been avoided for this particular reaction. This because reaction conditions (solvent 
free and reaction temperature of ca. 140 oC), and the presence of metal centres can trig hydrogen abstraction reactions[52] as 
well as oxidation of the alcohol to the ketone,[53] and we wanted to minimize the presence of parallel and undesired reaction 
pathways. 

When an excess amount of CBrCl3 (150 mg) was added, no oxidation of cyclohexane was observed in the presence of 
cobalt naphthenate, which confirms that the cobalt salt acts as promoter rather than a catalyst. By way of comparison, with the 
Au-Pd/MgO material, both oxygenation and bromination of cyclohexane took place from the very beginning of the reaction in 
the presence of CBrCl3 (Figure 4), which demonstrates that the supported Au-Pd particles have a strong resistance to this 
radical scavenger, which would suggest a different oxidation pathway with an enhanced CHHP decomposition compared to Co. 
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(.)In any case, we consider that any new reaction pathways induced by AuPd is not involving a direct O2 activation/adsorption. 
In fact, once the C6H11 radical is formed, this would react with O2 under diffusion controlled conditions [54,55], and the C6H11-
OO radical or C6H11-OOH species will only adsorb to the catalyst surface afterwards. This diminishes the possibility of 
oxidation occurring via an 2 oxygen intermediate (i.e. with both oxygen atoms of molecular oxygen adsorbed over the 
catalyst surface), as it would involve a switch in the oxidation state of the metal [56]. Furthermore this process would be 
slower than for a diffusion controlled route where O2 reacts directly with the C6H11· radical [18].  

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. Formation of various products as a function of reaction time in the presence of CBrCl3 when using the Au-Pd/MgO 
catalyst.  Key to the shorthand notation used:- A, K, and BCH represent cyclohexanol, cyclohexanone, and bromocyclohexane 
respectively.   

Oxygen, could still in principle play a role if hydride intermediates are present, as in the case of -elimination of alcohols 
[22]  since it would be involved in the regeneration of the active metal site, via formation of non-alkyl hydroperoxide 
intermediates. However, the spin trapping experiments do not show any evidence of pure hydroperoxide intermediates, only 
alkyl peroxide species, thus supporting the notion of adsorption of ROO or ROOH substrates onto the catalyst surface. 

Nevertheless, the enhanced CHHP decomposition still lead to species that are detected also in presence of Co (ROO· and 
RO·) and therefore this is still an autoxidation pathway. However, our data would suggest that while Co operates a promotion 
to autoxidation by means of peroxyl species, AuPd would operate by enhancing the amount of alkoxyl species.   

3. Conclusions 

For the selective oxidation of cyclohexane, we consider that it is possible to classify the supported Au-Pd material both as a 
catalyst, as well as an initiator, since the bimetallic material remains persistently active during the whole oxidation process for 
peroxide decomposition.. The presence of Au-Pd nanoparticles clearly has a significant positive influence on the overall 
catalytic performance in cyclohexane oxidation, and in particular, inhibits production of unwanted by-products. We show that 
the free radical chain pathway can be manipulated by selectively decomposing the peroxide intermediate to improve the overall 
catalytic performance and productivity. Our data suggest a cooperative effect between Au and Pd that could induce an 
orienting effect of the CHHP intermediate moiety..  
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Highlights 
 
• Unique catalytic performance of Au-Pd bimetallic catalysts on MgO for cyclohexane oxidation 
 
• Identification of evolution of an intermediate by using EPR 
 
• Evident difference  between Co catalyst and Au-Pd nano alloy 
 
• Pd modified by alloying with Au has a higher activity for O-O catalytic dissociation. 
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