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Oxidative cleavage of Estonian kukersite kerogen, model 5-alkyl-1,3-
benzenediols and their dialkyl ethers under alkaline KMnOy and ruthenium
ion catalyzed oxidation conditions, followed by CP/MAS "*C NMR and GC-
MS studies of products, was carried out. Based on the stability of ether model
compounds under alkaline KMnO, oxidation conditions, full oxidizability of
kerogen into low-molecular acidic products and similar carbon type compo-
sition of KMnOy treated and intact kerogen, it was assumed that alkylben-
zenediols are bound to the kerogen structure via cross-links in alkyl chains
(and possibly via aryl-aliphatic monoether bonds as well). Location of free
phenolic hydroxyl groups is determined by hydrogen bonds. Earlier determi-
nations of “apparent” aryl-aliphatic ether bonds, using ether-cleaving HI
and bulk AlBr; reagents under severe conditions, were discussed and the ac-
tion of trimethylsilyliodide and AlBr; on the model compounds was examined
as well.

The presence of phenolic structures in the Estonian kukersite kerogen (fur-
ther kerogen) especially S-alkyl-1,3-benzenediols is well established [1, 2
and citations therein]. However the question of how the phenolic structural
elements are built into the structure of kerogen is not clear. So far the ex-
perimentally best-founded view suggests the role of phenolic alkylethers as
main structural elements in kerogen. This view is based mainly on the fol-
lowing properties of kerogen:

Lack of reactivity towards diethylsulfate in basic media
Presence of signals at 75 and 155 ppm in the solid-state '’C NMR
spectrum

Reactivity towards selected ether-cleaving reagents (concd HI, bulk lig-
uid AlBr;)
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In the cleavage of kerogen upon KMnO, oxidation in basic media the
aryl-aliphatic ether bonds are believed to be stable, and the phenolic ethers
are supposed to remain in the unoxidized residue [3]. Interestingly, more
selective ruthenium ion catalyzed oxidation (RICO) in case of prolonged
reaction times and high molar cooxidant/substrate ratios degrades aromatic
ring smoothly to carboxylic group [4]. On the other hand it is known that the
unoxidized residues of permanganate oxidations of kerogen have more or
less constant elemental composition close to that of intact kerogen, and the
carbon in kerogen can be nearly fully oxidized into aliphatic carboxylic acids
and CO, [5, p. 122, 145-146], suggesting the cleavage of all rings.

Based on these observations we decided to check the stability of aryl-
aliphatic ether bond upon oxidation and tried to demonstrate the increasing
concentration of this structural element in the oxidation residue of kerogen.
Having reached negative answer on the latter point we tried to get some in-
sight on the stability of a representative free phenol and phenolethers to-
wards AlBr; and iodotrichloro- and iodotrimethylsilane, respectively. The
latter reagents are modern HI analogues acting under very mild conditions

[6].

Experimental

Sample of Kerogen. Flotation concentrate of technological kukersite (92 %
of organic matter) was used.

Model Compounds. 5S-Methyl-1,3-benzenediol (I) (Institute of Chemistry at
Tallinn Technical University), 2-n-nonyl-, 5-n-decyl-, 2-n-nonyl-5-n-decyl-
1,3-benzenediols (II), (IIT) and (IV), respectively, originated from the collec-
tion of pure alkyl-1,3-benzenediols synthesized via selective metallation of
dimethyl ether of (I) followed by coupling with corresponding iodoalkanes
and demethylation [7, 8].

Phenol ethers 5-methyl-1,3-dimethoxybenzene (V), 5-methyl-1,3-dihep-
toxybenzene (VI) and 5-methyl-1,3-di(1-methyl)heptoxy-benzene (VII) were
prepared alkylating (I) with dimethylsulfate in the presence of anhydrous
KCO; [9], with n-bromoheptane and 2-bromooctane in aqueous solution of
NaOH in the presence of tetradecyltrimethylammoniumbromide [10], re-
spectively. 1,4-Diheptoxybenzene (VIII) was prepared by the latter method.
Undecanal (IX) originated from Sigma.

NMR studies. Solid-state '’C NMR measurements were carried out in a
4.7 T magnetic field using upgraded Bruker CXP-200 spectrometer and
home-built MAS-NMR probehead. The samples were spun at 5 kHz spin-
ning rate in standard 7 mm zirconia rotors. '°C magnetization was enhanced
via cross polarization (CP) technique using a contact time of 1 ms. This con-
tact time results in adequate intensity distribution of resonance lines in "°C
MAS-NMR spectra of this low maturity kerogen [11]. Our comparison of
CP spectrum to the spectrum recorded without CP technique showed no re-
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markable differences. Since cross polarization sequence gives better baseline
and signal to noise ratio the usage of CP enhanced spectra for quantitative
carbon type analysis is generally accepted [11, 12]. The analysis of the spec-
tra can be significantly improved using a second spectrum recorded by the
pulse sequence which includes dipolar dephasing (DD) period #pp = 50 us
between the CP pulse and the beginning of data acquisition [13]. In the DD
spectrum the resonances from carbons, which are strongly coupled to pro-
tons, are almost absent, and only nonprotonated carbons plus mobile methyl
carbons contribute to the spectrum.

In order to determine statistical weight of different carbon types in kero-
gen we followed the procedure described earlier by Mann et al. [11]. Ac-
cording to this procedure we first accumulated ordinary CP/MAS spectrum
(Fig. 1), then DD spectrum was obtained from the same sample with the
same set-up of the spectrometer. Next we applied a computer fit to the DD
spectrum of nonprotonated and methyl carbons using appropriate number of
Gaussian lines. Then the DD spectrum was subtracted from the ordinary
CP/MAS spectrum. The resulting spectrum of protonated carbons was fitted
by another set of Gaussian lines. Statistical weight of different types of car-
bons was determined as the ratio of the area of certain carbon line to the sum
of all lines.

The quantification of spectral data was controlled additionally by the
determination of aromaticity ratio (f,) for model compounds (II), (IIT) and
(IV), which is obtained by summation of the signal due to aromatic carbons
divided by the total signal of the CP/MAS NMR spectrum.

The spectrum of (IV) gave f, = 22.7 % instead of 6/25 = 24 %.

The spectrum of (III) gave f, = 42.7 % instead of 6/13 = 46.2 %.

The spectrum of (II) gave f, = 37.1 % instead of 6/15 = 40 %.

These examples show that CP/MAS NMR spectra give almost correct
aromaticity numbers, although we note the tendency to get few percent
smaller ratio than in reality.

NMR solution studies were performed on a Bruker AMX-500 instrument
to check the purity of synthesized compounds and composition of soluble in
chloroform products from the conversion reactions.

Elemental Analysis was performed on a Perkin-Elmer 2400 CHN analyzer.

IR Spectral Measurements. IR spectra were obtained in KBr pellets using
Hitachi 270-30 instrument.

GC-MS Analysis. Gas chromatograph double-focusing mass spectrometer
Hitachi M-80-B. GC column: Alltech AT-5, 30 m, ID 0.32 mm. Tempera-
ture programming: 80-300 °C, 12°/min. MS conditions: electron impact,
70 eV, scan range : 0-500 m/e, scanning speed: 1 scan/s. MS libraries: Hi-
tachi M0101 and Benchtop library with 130,000 and 230,000 public refer-
ence spectra, respectively.
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Table 1. Results of KMnQO, Oxidation

No. | Reaction conditions Products, %
Substrate, mg Excess of KMnOy, w/w | T,°C | t,hr | Extract | Residue

1 I (50) 18 95 4 Full conversion
2 VEREG0) 18 95 24 98** none
3 VI (50) 24 75 72 95%+ none
4% VII (300) 12 75 72 1005 none
5 Kerogen (700) 12 75 72 9 none
6 Kerogen (1000) 4 7S 48 n.d. 1

7 Kerogen (1000) 4 75 48 36 18

* Experiment performed in --BuOH showed similar results.
** [dentical to the starting compounds, checked by R, (V) and NMR data (VI), (VII). Very weak
spot with R/ lower in comparison to that of starting material was observed.

Oxidation with KMnO, was carried out in one step using conditions as re-
ported in [3]. 0.7-1.0 g of kerogen was stirred in 115 mL of water containing
1 % of KOH and excess of KMnO, at 75 °C 48-72 h (Table 1). From the
remaining solid residue obtained by filtration, MnO, was removed by treat-
ment with an excess of 5 % oxalic acid and 2M - H,SO, (5 : 1) solution and
after drying at 70 °C unoxidized kerogen as dry residue (if remained) was
obtained and analyzed by NMR (Table 2) From the solution the acids were
extracted with diethylether and dichloromethane. Dried material obtained
from combined extracts was methylated with CH,N, and analyzed by
GC-MS as shown above. Model compounds (I), (V)—(VII) in amounts of 50
to 300 mg were oxidized similarly using reaction times up to 75 h and 12—
24-fold (w/w) excess of permanganate.

RICO was performed as reported in [14]. 100 mg of sample, 2.0 g of NalO4
(Fluka 71839), 20 mg RuCl; aq (Fluka 84050) in mixture of 4 mL MeCN,
4 mL CCly and 6 mL water was sonificated 3 min and stirred at room tem-
perature 48 h. The acids obtained after work-up (ca 40 wt.% of the kerogen)
were methylated with CH,N, and analyzed by GC-MS. The solid residue
(130 mg, 22 wt.% of the kerogen) was obtained in a separate 3-fold in-
creased scale experiment carried out twice with oxidation time of 24 h and
analyzed by NMR (see Table 1) and CHN analyzer. This residue (elemental
composition, %: C — 41.08, H — 5.13, N — 0.08) was fully soluble in pyri-
dine, and in boiling 20 % KOH water solution, less soluble in ethanol. The
total amount of acids in this experiment was of 221 mg (37 %). Model com-
pounds (VI)—(IX) in amounts of 10 to 40 mg were oxidized similarly during
48 h [4]. Molar ratio of periodate and substrate 30 : 1 was used.

Treatment with Iodotrichloro- and Iodotrimethylsilane Reagents. Ethers
(V)=(VIID) in quantities of a few mmoles were treated with tetrachlorosi-
lane/Nal in toluene/acetonitrile (1 : 1) solvent under reflux 48-72 h and with
trimethylchlorosilan/Nal in acetonitrile at 60 °C as described in [6] and [15],
respectively.
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Table 2. Structural Units and Relative Intensities of Corresponding Resonances
in ®C CP MAS-NMR Spectra of Kerogen and of the Solid Residues

of Alkaline KMnO, and RICO Oxidation

Structural unit | Location | Kerogen MnO, treated kerogen | RuO, treated kerogen
Chemical | Relative | Chemical |Relative |Chemical |Relative
shift area, % | shift area, % | shift area, %
(width), (width), (width),
ppm ppm ppm

Methyl ~CH, 13.7(4) 1.4 13.8(5) 1.4 13.9(2) 0.6

21.6(5) 1.6 21.6(5) 1.9 26.4(17) 9.1

Methylene C, 22.6(3) 1.1 22.6(3) 1.8 23(17) 20.5

—eH= 30(7) 272 30(8) 28.6 29(9) 37.9
= 31(20) 38.2 32(21) 3510
!
Methine —CH 42(11) 15.1
|
|
Quaternary —(|: - 29(4) 1.8 29(5) 2.2 29(5) 21
71.3 70.9 85.4
S 76(17) | 45 76(17) 5.6 76(8) 1.0
OJY_)Y_
Methine H(,: =05
oxy- I
Quaternary —(I3 =0 91(27) 3.1
4.5 5.6 4.1
ortho-
Oxyaromatic 108(13) Sl 107(12) 4.5 -
protonated
ortho-
Oxyaromatic é/ 118(13) 3.0 117(12) 3.6 -
branched
Aromatic O 126(11) 2.4 127(15) 3.6 -
protonated 137(16) 3.0 143(10) 1l
Aromatic
s Q | 4an | 39 | 1oan |39 -
oxy-Aromatic é 155(7) 43 156(7) 5.2
21.7 21.9 0
Carboxyl —COOH | 174(16) 1.3 176(10) 0.7 167(10) 1.2
178(8) 55
Carbonyl B C=00|F216018) 1.2 211(14) 0.9 208(15) 37
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Treatment with AlBrs;. Under a N, stream 120 mg of (IV) were added to
the bulk liquid of AlBr; (890 mg, Soyuskhimreaktiv) at 100 °C and stirred
for 30 min. The formation of gas bubbles was observed. After cooling the
reaction medium was diluted with water and extracted with CH,Cl, Extract
was washed with water and dried on sodium sulfate. After evaporation of the
solvent 65 mg of amorphous material was obtained.

Results and Discussion

“Carbon type” analysis based on solid-state *C NMR was carried out for
characterizing the starting kerogen (see Table 2). Up to 76 % of kerogen
carbons corresponds to aliphatic carbons located mostly in methylene groups
of alkyl chains and saturated cycles. Unfortunately, these groups cannot be
distinguished. Oxygen-bound aliphatic carbons represent 4-5 % and ca 3 %
is located in methyl groups. Aromatic carbons represent 20-22 % including
nearly equal amounts of protonated and nonprotonated aromatic carbon, car-
bons in carbonyl and ester functions account for 2-3 %. Noteworthy, the part
of nonprotonated aromatic carbon bound to oxygen, ca 4 %, is high enough
to explain the presence of abundant aromatic oxygen compounds including
phenols in the retort oil. The minor part of olefinic carbons, possibly present
in kerogen, cannot be distinguished from the aromatic carbons by NMR. In
general, the results of this analysis were explicable in the light of other
chemical information not discussed here.

Contrary to the free phenol (I), the primary (V), (VI) and secondary (VII)
phenolic ethers were stable upon KMnO, oxidation under rather severe con-
ditions (see Table 1). Indeed, atomic oxygen acting as reactive species in
permanganate-type oxidation did not cleave aryl-aliphatic ether bond in
these model compounds. Oxidation of kerogen under the same conditions
did not give any solid residue. It follows that the stable to this reagent aryl-
aliphatic ether bond type is not characteristic for kerogen. By shorter oxida-
tion time, ca one fifth of the kerogen remained as unoxidized residue show-
ing NMR spectrum rather close to that of the starting kerogen (see Table 2).
It is in agreement with earlier observations that in the alkaline permanga-
nate-type stepwise oxidation the composition of the insoluble residue is
close to that of kerogen. This phenomenon can be explained by the high ac-
tivity of atomic oxygen forming strict reaction front, which causes the “peel-
ing” action of this reagent to kerogen. Such action mechanism excludes the
assumed conservation of stable aryl-aliphatic ether bonds in the oxidation
residue, which in the presence of these bonds should reach up to 20 % of
oxygen-bound aromatic carbon. In fact the slight increase in the intensity of
the signals at 76 and 155 ppm remained within the limits of analysis error.
However, taking into account the full oxidation of kerogen, the presence of
structural units similar to dialkylethers of 1,3-benzenediols is very unlikely.
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The signal at 155 ppm seems to be caused by the benzene ring carbons
carrying covalently free OH group. This signal cannot be unambiguously
distinguished from that of ether-linked aromatic carbons resonating in the
same region [16]. Such interpretation is supported by the IR spectrum of
kerogen [17] and by the loss of benzenediols in alkaline aqueous conversion
of kerogen [18]. The lack of reactivity towards diethylsulfate can be ex-
plained by secondary intramolecular interactions in the macromolecule of
kerogen, e.g. sterically protected esters inaccessible to hydrolytic attacks
were found in torbanite [19]. In coals using vacuum FT-IR four types of hy-
drogen bonds ordered by thermal stability in the 100-500 °C range were
identified [20]. Apparently hydrogen bonds existing in kerogen were elimi-
nated by total trimethylsilylation of hydroxyl groups in kerogen with hexa-
methyldisilazane/pyridine in sealed ampoule at 150 °C [21]. The release of
hydroxyl groups observed upon heating kerogen at 250 °C [22] and the in-
crease of dielectric permeability of kerogen during its bituminization [23, p.
26-27, 46] seem to be the result of H-bond cleavage. We note relatively high
bond energy of C,—O bond (ca 355 kJ/mol) [24]. From the thermolysis re-
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Fig. 2. Mass chromatogram of m/z 74 showing mono- and dicarboxylic acids
(KMnOy oxidation extract). Monoacids: C6 — 111, C7 = 152, C8 — 201, C9 — 254,
C10 - 305, C11 - 353, C12 — 400, C13 — 443, C15 — 484; diacids: C6 — 264, C7 —
317, C8 — 367, C9 - 412, C10 - 455, C11 —495, C12 - 533
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sults of (VI) in sealed ampoule at 350-420 °C [25] one can estimate its high
stability at 250 °C. Furthermore, unspecified ether functions were identified
in pyrolysis residues of torbanite [19].

The signal at 76 ppm is assigned to oxy-methine group (aliphatic
sec-alcohol/sec-ether type carbon). Interestingly, this type was found in other
algal/bacterial derived kerogens in lesser amounts in comparison to that of
linear alcohol/ether type, which is a dominant oxygen-containing carbon
type in these kerogens [11]. In the light of the present work the part of ether
oxygen in kerogen is considerably less than estimated so far as oxygen in
apparent aryl-aliphatic ether bond [26]. It seems that really the action of
concd HI on kerogen in sealed ampoules at 175-180 °C resulting in the for-
mation of ether-soluble units of kerogen [27] is more complex than the
cleavage of C—O bonds and reduction of aromatic rings. In this connection it
can be noted that treatment of p-hydroxydiphenyl under the same conditions
yielded 40 % of oil boiling in a rather wide range [28].

The composition of the soluble oxidation product showed the usual well-
known distribution of di- and monocarboxylic acids (Fig. 2). To our surprise
monitoring the mass chromatogram by the m/z 124 ion, characteristic for
S-alkyl-1,3-benzenediols [29], we could observe two close peaks with elu-
tion time ca 19 min, scan numbers 682 and 701 (Fig. 3).
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Fig. 3. Mass chromatogram of m/z 124 showing alkyl-1,3-benzenediols 682 and
701, other peaks cannot be ascribed to benzenediols (KMnOy extract)
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Molecular ions of these compounds had m/z values 348 and 320, which
might be ascribed to n-heptadecyl- and n-pentadecyl-1,3-benzenediols, re-
spectively. However, their reversed elution order from unpolar GC column
remains unclear. It should be a structural factor differentiating these com-
pounds by their solubility in the nonpolar liquid phase of the GC column (the
latter compound was supposed to be n-5-pentadecyl-1,3-benzenediol, the
former is probably a branched-chain alkyl-1,3-benzenediol with two addi-
tional methyl groups). It seems that benzenediols are bound in kerogen via
cross-links in alkyl chain and these compounds observed in trace quantities
had escaped the oxidative cleavage. We note that phenolic hydroxyl groups
react with diazomethane slower than carboxyl groups, and dimethylethers of
5-alkyl-1,3-benzenediols show main ion with m/z value 152 [30] not seen in
this experiment.

Under RICO conditions selective cleavage of aromatic rings in various
classes of organic compounds into CO, is well documented [31-33]. The
same was observed in the case of phenolethers (VI) and (VII) which yielded
as observable products only corresponding aliphatic alcohol and a mixture of
aliphatic products not identified, respectively. Undecanal (IX) yielded unde-
canoic acid. The solid residue of kerogen oxidation was soluble in pyridine
and in boiling 20 % KOH water solution, partially soluble in ethanol, insolu-
ble in benzene. Its CP/MAS “C NMR spectrum showed the absence of
structural elements of kerogen containing aromatic carbon, a fact showing
the absence of phenyl groups with electron withdrawing substituents [32],
the signal at 76 ppm is still noticeable (see Table 2).

Changes in the resonances below 50 ppm are seen as well, e.g. the signal
at 43 ppm indistinguishable in the spectrum of starting kerogen is now
clearly seen showing the increase in alicyclic ring junction and cross-link
carbon relative to methylene carbons. IR spectrum showed absorbances at
3400-3500 (OH), 2850-2950 (CH,, CHj3), 1720 (shoulder at 1640, carbonyl
and carboxyl), weak bands 1480 and 1420 (CH,), broad band centered at
1210 (aliphatic ether) and bands at 790 and 730 cm” (CH,0).

One can see that the structure of the solid residue of RICO reaction is
very different from that of KMnO, oxidation residue obtained nearly with
the same yield from the kerogen. The front of action in RICO reaction is
similar to that of molecular oxygen and nitric acid [5, p.177]. It is quite logi-
cal since molecular species are involved in the initial oxidative attack. All
aromatic rings including these of benzenediols were fully cleaved to CO.,.
Carboxyl- and carbonyl-functions were formed partly probably at the ex-
pense of aliphatic ether function. The residue is a highly oxidized substance
containing more than 50 % oxygen residing as shown above in various oxy-
gen functionalities.

Acids formed in RICO oxidation of kukersite kerogen were recently stud-
ied carefully [2]. Consistent with this above study in the present work, using
selective m/z 74 monitoring, we identified two main series of these acids
shown below (Fig. 4).
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Fig. 4. Mass chromatogram of m/z 74 showing n-mono- and n-dicarboxylix acids
(RICO extract). Monoacids: C7 — 134, C8 — 178, C9 — 230, C10 — 280, C11 — 338,
C12 - 391, C13 - 442, C14 - 489, C15 - 535, C16 — 579; diacids: C6 — 241, C7 —
284, C8 — 354, C9 — 407, C10 - 456, C11 - 502, C12 — 548, C13 — 591

The formation of other minor series, i.e. 2-methylsubstituted acids
(m/z 88) and carbonyl-containing acids (m/z 58), was observed as well. It is
essential to note that in parallel oxidation experiments significant variations
in distribution of acids per carbon numbers were observed, caused appar-
ently by variations in cooxidant/substrate ratios [32]. It seems that necessary
attention was not given to this factor in our experiments. To use the full po-
tential of this oxidative cleavage reaction experiments with varying cosub-
strate/substrate ratio, an improved analysis of cleavage products excluding
the loss of low-molecular-mass compounds, e.g. [33] and internal standardi-
zation is necessary.
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The couple of above-mentioned alkyl-1,3-benzenediols with molecular
masses 320 and 348 eluted in this case at scan numbers 723 and 701, respec-
tively, was observed under RICO conditions as well. However, in this case
an additonal characteristic ion with m/z values 222 and 235 was observed in
their mass spectra, respectively.

Cleavage of ethers (V)—(VII) with iodosilane reagents yielded corre-
sponding monoether and uncleaved diether as the main products, the yield of
free phenols remained low. Therefore the action of these reagents on kero-
gen was not studied.

In the bulk liquid AlBr; at 100 °C the representative free phenol, model
compound (IV), characterized by ions with m/z values 137 (main peak), 250,
263 and 376 (molecular ion), underwent deep changes. The formation of
5-alkyl- and 2-alkyl-1,3-benzenediols (monitored by ions 124 and 123, re-
spectively) and of alkylated hydroxybenzofurans (monitored by ions 175 and
189) was observed. NMR chloroform solution spectrum revealed the forma-
tion of a complex mixture of phenols (Fig. 5). In this context it is of interest
to note that the solid-state NMR spectra of kerogen treated with AlBr; under
the same conditions [34] showed a remarkable increase in resonances caused
by aromatic carbons in kerogen as well. Thus the action of AlBr; under those
conditions on the kerogen structure is not selective cleavage of aryl-aliphatic
ether bonds but a complex one including cleavage of C—C bonds and
cyclization reactions.

The obtained results lead to profound changes in the views on kerogen
structure. We are aware that our conclusions are based on the assumption
that the reactivity of supposed aryl-aliphatic ether functions upon alkaline
KMnO, oxidation in kerogen is not increased in comparison to that of indi-
vidual low-molecular-mass model compounds, i.e. dialkylethers of ben-
zenediols (keeping in mind the activating role of hydroxyl group the pres-
ence of monoethers cannot be ruled out). In aquathermal reaction conditions
the reactivity of this function was increased in the presence of mineral matter
[35]. Such type of catalytic activity is unknown for oxidative cleavage reac-
tions. However, certain caution is needed before making final conclusions.
Further research including vacuum FTIR and action of selective reagents is
necessary to get more information on the hydrogen bonds and oxygen func-
tions of kerogen.

Conclusion

Primary and secondary dialkylethers of 1,3-benzenediols are stable under
alkaline KMnO, oxidation conditions up to 95 °C. It is assumed that alkyl-
1,3-benzenediols are connected to the kerogen structure via cross-links in the
side chains (and possibly via aryl-aliphatic monoether bonds as well). Loca-
tion of phenolic hydroxyl groups is determined by hydrogen bonds. The na-
ture of these cross-links and hydrogen bonds needs further research.
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