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Figure S1. *H NMR spectrum of complek in CDCl.
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Figure S2. 'H NMR spectrum of comple in acetoneds.
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Figure S3. Accumulation of a sum of oxygenates (predominacyiylohexyl hydroperoxide) with
time in the cyclohexane oxidation with®, catalyzed by complek in acetonitrile at its different
concentrations: 1 x IH(grapha), 5 x 10° (graphb), 1 x 10° (graphc) and 1 x 1& M (graphd).
The dependence is presented in Figure 3. Conditjpgs = 0.05 M, [cyclohexang]= 0.46 M,
[H2Ooo = 2.2 M, [HO]iota = 4.15 M, 60 °C. The concentrations were meas@®d sum
cyclohexanol+cyclohexanone after reduction of #action sample with PRh
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Figure $S4. Accumulation of a sum of oxygenates with time tie tyclohexane oxidation with
H,O, catalyzed by complet in acetonitrile at different concentrations of addyridine: 0.01
(grapha), 0.025 (graptb), 0.05 (graptc), 0.10 (graphd), 0.20 (graphe) and 0.03 (grapf) M.
The dependence is presented in Figure 4. Conditjths= 5 x 10° M, [cyclohexane]= 0.46 M,
[HOoo = 1.1 M, [HOJwr = 2.1 M, 60 °C. The concentrations were measur®d asum
cyclohexanol+cyclohexanone after reduction of thaction sample with PRhThe experiment
carried out under the stream of argon instead ro&tanosphere is shown by dotted curve A in

graphf.
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Figure S5. Accumulation of a sum of oxygenates with time tie tyclohexane oxidation with
H,0, catalyzed by compled in acetonitrile at different initial concentratorof HO,: 0.55
(grapha), 1.10 (graplb), 2.20 (grapic) and 3.10 (grapkl) M. The dependence is presented in
Figure 5. Conditions:1]o = 5 x 10° M, [cyclohexang] = 0.46 M, [HO]ia = const= 5.9 M, 60
°C. The concentrations were measured as a sumhepaaool+cyclohexanone after reduction of
the reaction sample with PPh
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Figure S6. Accumulation of a sum of oxygenates with time tie tyclohexane oxidation with
H.O, catalyzed by complek in acetonitrile at different totals of water: Zdrapha), 4.0 (graph
b), 5.9 (grapit) and 7.7 (grapk) M. The dependence is presented in Figure 6. @ondi [1], =

5 x 10° M, [py] = 0.05 M, [HO,]o = 1.1 M, [cyclohexang]= 0.46 M, 60 °C. The concentrations
were measured as a sum cyclohexanol+cyclohexarftaraeduction of the reaction sample with
PPh.
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Figure S7. Accumulation of a sum of oxygenates with time tie tyclohexane oxidation with
H.O, catalyzed by comples in acetonitrile at different initial concentrat®mf cyclohexane:
0.12 (grapha), 0.23 (graphb), 0.46 (graphc), 0.70 (graphd) and 0.92 M (graple). The
dependence is presented in Figure 6. Conditidjg=[5 x 10° M, [py] = 0.05 M, [HO,], = 1.1
M, [HOJoa = 2.1 M, 60 °C. The concentrations were measuresl a sum
cyclohexanol+cyclohexanone after reduction of gection sample with PRh
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Figure S8. The Arrhenius plot for the cycohexane hydroperati@h with HO, catalyzed by
complex1 and pyridine. Conditionsi], = 2.5 x 10° M, [py] = 0.05 M, [HO]o = 1.1 M, [HOJota

= 2.1 M, [cyclohexang]= 0.46 M. This dependence corresponds to theteféeactivation energy
E. = 10 + 2 kcal mot. The original kinetic curves at different temperat are presented in Figure
S9.
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Figure S9. Accumulation of a sum of oxygenates with time tie tyclohexane oxidation with
H.O, catalyzed by complek in acetonitrile at different temperatures: 30 fyra), 40 (graphb),

50 (graphc), 60 (graphd) and 70 °C (graple). The dependence is presented in Figure S8.
Conditions: Lo = 2.5 x 10° M, [py] = 0.05 M, [HO.Jo = 1.1 M, [HOJow = 2.1 M,
[cyclohexang] = 0.46 M.
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Figure S10. Dependence of initial ratéd, of the cyclohexane oxidation with,@, catalyzed by
complexl on initial concentration of cyclohexane in the atese(curvel) and in the presence of
benzene (0.2 M; curvg). Conditions: 1Jo = 5 x 10°> M, [py] = 0.05 M, [HO,]o = 1.1 M,
[H2O]tota = 2.1 M, 60 °C.
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Table S1 Cyclohexane oxidation with J&, in acetonitrile catalyzed by various osmium compkeand certain

enzymes.
Entry Catalyst Concentration Time TON Initial TON Initial TON Ref.
(M) (h) per 1 h (AY per 1 min (minY

1 1 1 x 107 24 200,200 16,200 270 this work
2 Os(CO); 2 5 x 10° 13 60,000 24,000 400 3g,h
3 Cp*0s” 1x10° 24 51,000 6,000 100 3]
4 Cytochrome P450BM3 PFC9 110 9
5 Alkanew-hydroxylase (AIkB) 210
6 Soluble methane monooxygenése 222

& Cyclooctane was used instead of cyclohexane.

® Decamethylosmocene, Cp* is pentamethylcyclopentgtiie
°n-Octane was used instead of cyclohexane.

4 Methane was used instead of cyclohexane.
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Figure S11. Products obtained in the methylcyclohexane oxidattop) and chromatogram of
the reaction mixture of the oxidation with thé4,0./py system (bottom)Concentrations (M) of
products (after 1 h)P1 (0.00007),P2 (0.00052),P3 (0.00065),P4 (0.00032),P5 (0.0018),P6
(0.0011),P7 (0.0018),P8 (0.0011),P9 (0.0005),P10 (0.0016),P11 (0.0008),P12 (0.0004).The
selectivity parameter based on concentrationsanfhalls (after reduction of the reaction mixture

with PPh) is 1°9:20:3° = 1:5.2:13.8.
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Appendix. Products of the cyclohexane over-oxidation with the H,°0,/**0, system

Usually, the isomers of cyclohexanediols and hygecgglohexanones are the most abundant by-
products in the oxidation of cyclohexane by hydrogeroxide as shown by equation (14).

OOH
oH o 1) Overoxidation
2) PPh,
+ +
O

)

SHCME

The analysis of chromatographic patterns (Figur2) $dvealed five main byproducts. Their

peaks become noticeable starting from the 0.06 Meotration of the main products (cyclohexanol
and cyclohexanone). This corresponds to 13% yiakkd on the cyclohexane. The identification of
the oxidation byproducts was made using the chrognaims of reaction mixtures obtained under
proper conditions. With the cyclohexyl hydroperaxi¢ycloCsH;;00H) as the main reaction
product one may expect the formation of isomericlayexane dihydroperoxidesgyclo
CeH1o(OOH),, as the main overoxidation products which produt@-, 1,3-, and 1,4-

cyclohexanediols upon reduction with BPh

16,3 36k 105 30.8
Retention time (min)
Fig. S12. The oxidation of cyclohexane by thepy—H0, system in art?O, the atmosphere.
Chromatograms of the reaction samples taken gitmific time intervals and reduced with RPh

show the accumulation of overoxidation productse Tl mass-spectra of the produttd/ are
presented in Figure S13a-e).
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Figure S13a. Electron impact mass spectra of a mixture ofbelled and®0-labeled 1,2-
cyclohexanediols.
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Figure S13b. Electron impact mass spectra of a mixture of heiled and®0-labeled 1,3-
cyclohexanediols.
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Figure S13c. Electron impact mass spectra of a mixture of beiked and®0-labeled 1,4-
cyclohexanediols.
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Figure S13d. Electron impact mass spectra of a mixture of beiked and®0-labeled 3-
hydroxycyclohexanones.
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Figure S13e. Electron impact mass spectra of a mixture of helked and®0-labeled 4-
hydroxycyclohexanones.

The molecular ion peaks in the spectra of 1,2-BAecyclohexanediols are strong enough to

estimate the isotopic distribution of labeled oxygeithin the hydroxyl groups (Figure S14). In

contrast, the molecular ion of 1,3-cyclohexanedanuch less stable and appears with only 0.2%

intensity (Figure S13b). These results are in agesg with the reported mass-spectra of unlabeled

1,3-cyclohexanedio*** Such a low intensity has not allowed us to colyeevaluate the intensity

ratio of peaks 114 : 116 : 118 (attributed to ualad, single-labeled and double-labeled diols,

respectively). To the best of our knowledge, thecbn-impact mass spectra of isomeric 1,2-

cyclohexanediols are the only ones studied in datamiong all cyclohexanediols and therefore,

unfortunately, the lack of data does not allow asestimate thé®O distribution mode in 1,3-

cyclohexanediol. However, we assume that it isectoshe distribution found for 1,2- and 1,4-diols.
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Fig. S14. Selected electron impact mass spectra (molemrigreaks) of the
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overoxidation products.

Taking into account our observation that the majadation mechanism results in ca. 60 %
of %0 incorporation one may expect the following disation of labeled diols: 16 : 48 : 36 % for
1%0-%0, 020 and*®0-*0 combinations, respectively. The respective r&to®veroxidation
productd andlll (Figure S12) measured after 370 min reaction {0e 50 : 30 and 28 : 39 : 33
for I andlll, respectively) are in a good agreement with theeeted distribution. The mass spectra
of the sample taken at 170 min show increased ats@ifim doubly-labeled diols (Figure S14) as
well as hydroxyketones. These results are in ageaemith the general dependence of fi@
incorporation into the cyclohexanol and cyclohexsn@~igure 11).

The molecular ion peaks of 1,3- and 1,4-hydroxyalyekanones in the sample taken at 350
min clearly demonstrate that the doubly-labeledcise are almost absent, with ca. 55%
incorporation of'®0 into the single-labeled ones (Figure S14). Thisld be understood if we
consider the reaction scheme where ketones areetbuna a minor pathway which does not involve
the reaction with @(see the main text). In such case, both ketowizaif cyclohexyl hydroperoxide
Cy-*0"0H and hydroxylation of ketoneyclo-C¢H1="°0 should afford hydroxycyclohexanone
having only labeled hydroxy group. The peak of Hydiroxycyclohexanone (produtf) is well
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separated from other peaks in the chromatogranuf&i§12) and due to this its mass spectrum was

used in order to determine if the labeled oxygdonaated either in the ketone or alcohol group.

The mass spectra of 1,4-hydroxycyclohexanone (mtodl) obtained from the catalytic

oxygenation of §H1, under®0,, CsH1- under air and D1, under air are shown in Figure S15.
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Figure S15. Electron impact mass spectra of pure 4-hydroxptyexanoneV, top), a mixture of
unlabeled and labeléd (middle) and deuterated (bottom).
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It has long been known that compoukWdundergoes oxygen rearrangement on electron
impact forming species andd at 60 and 73 m/z, respectively (Scheme $¥)Although the
mechanism of such rearrangement was proved by musexperimental data these species do not
help us to identify the location of the labeled gey which can be present both in ketone and
alcohol groups. Cyclohexanone itself is known tinelate the propyl fragment through twe
cleavages producing specigst 55 m/z.*® One may expect the existence of such mechanism in
the decomposition of hydroxycyclohexanones undectedn impact. However, the relatively low
intensity of the corresponding 58 m/z peak in ghecsrum of deuterated produétindicates that the
proposed attribution is doubtful for the case ahpoundV.

(ON OH*
Il | OH o
HzC:< | [CeHgOI™
| | OH*
CH, CH, OH
55 57 60 73 96 m/z
a b c d e

Scheme S1. Possible ions which are formed from 4-hydroxyckeloanone upon electron
impact.

The peak at 57 m/z was definitely assigned to tpecies b in the spectra of
cyclohexanol*" Further, it was shown that the higher homologpefciesb is easily formed from
4-methyl-4-hydroxycyclohexanoné® Considering the presence of a peak at 61 m/z hén t
spectrum of deuterated prodi{specied containing three D atoms) with an intensity egoahat
for non-deuterate we assume that the lowering of the peak 61 m/mf82 to 62 % could be
attributed to 57— 59 m/z shift due td®0O labeling of the hydroxy group (here and furthee t
percentage intensities will be given relative te tmolecular ion peak intensity). However, the
intensities of the respective 59 m/z peak are armagsal for both labeled and unlabeled compound
V (Figure S15). This effect can be explained byghesence of some unidentified species at 59 (63
%) for normal and 61 (39 %) m/z for labeled compbMn From these data the estimated intensity
of 59 m/z peak in the spectrum of the labeled pcodulabeled specied plus unlabele@) is ca. 61
%. This value is very close to the observed intgrefi 63 % (Figure S15). These data show that the
over-oxidation produc¥ should be labeled preferably into the hydroxylugro

Further, it is known that cyclohexanol shows aersive peak of speciesddi™ at 82 m/z
which is formed by elimination of HOH from the molgar radical cation**"? Therefore, the peaks
at 96 and 104 m/z (for “light” and deuterated coonpis, respectively) in the spectra of proddct
can be attributed to fragmeat{M—HOH]" (Scheme S1) in which the oxygen atom is preferably
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originated from the ketone group. Due to the abseot'®0 atoms the spectra of unlabeled
compoundv do not show any noticeable peak® at2m/z In the case of labeled produttthe low
intensity peak at 98 m/z is observed which cantbébated to*®0-containing particle. From the
relative intensities of the peaks at 96 and 96 timézisotope labeling ratio of ketone and hydroxyl
groups can be estimated to be ca. 30 : 70. How&lang onto account the complexity of the HOH
elimination process which can proceei different mechanisms*' we cannot exclude the
elimination of the oxygen atom from the ketone graluring the formation of species [M—HOH]
Therefore, the real portion of tH8O-ketone in the labeled produ¢t could be much lower than
30%. Such an assumption is confirmed by the evaliabf the 57-61 m/z peaks intensities

described above.

Interestingly, noticeable amounts of hydroxyacdtdaiHO-CH~CN were detected by the
chromatograms of benzene oxidation samples (Fi§u&). This byproduct has never been detected
in the oxidation of saturated hydrocarbons using tachnique described here although the
interaction of hydroxyl radical with GH€N is always taken into account when describing the
reaction mechanisms (see above, Section 3.5). Wadfthat according to the mass-spectral data

(Figure S17) hydroxyacetonitrile contains ca. 55%he *%0 isotope.
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Figure S16. Chromatogram of the reaction mixture at 4.5 hetiftaken after PRhaddition).
Three largest peaks correspond to pyridif@,labeled hydroxyacetonitrile and unlabeled phenol,

respectively.
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Figure S17. Electron impact mass spectrum of a mixture ofabeled and'®O-labeled
hydroxyacetonitrile.
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Spectr.1971, 5, 383-388. (h) Ward, R. S.; Williams, D. H. Org. Chem1969, 34, 3373-3377.

Page S27 of 27



