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THE REACTION OF PYRITE WITH DIPHENYL ETHER

Peter A. S. Smith*, Raphael M. Munavu and Scott R. Gilbertson
Department of Chemistry, University of Michigan, Ann Arbor, Michigan 48109

Summary: Diphenyl ether is converted into diphenyl sulfide (largely},
dibenzofuran, phenoxybiphenyls, diphenoxybiphenyls, and several other sulfur-

containing compounds by reaction with pyrite at 350-360°.

Pyrite, FeS,, is present to some extent in virtually all coal. 1In the
various processes for converting coal to liquid or gaseous fuels, pyrite has
traditionally been treated as unreactive toward organic components, although

it is reduced to pyrrhotite, FeS in such processes.l’2 Evidence has

2-x'
accumulated in recent years that pyrite promotes the liquefaction process

and may have other catalytic effects.l’z’3

The possibility that pyrite can
be a reactant as well as a catalyst toward organic constituents has been
recognized,2 but it has not been explored. The fragmentary information in
the literature is that, apart from catalytic effects, it reacts in uneluci-
dated ways with some halogen and unsaturated compounds,4 that it oxidizes ore
flotation agents, such as xanthates,5 and that it can be made to react with
hot hydrocarbon gases,6 such as acetylene, to produce thiophene and/or CSZ'

We have begun screening representative organic strucutres for re-
activity toward pyrite. Some hydrocarbons, such as diphenylmethane and
stilbene, are essentially inert up to temperatures at which they undergo
spontaneous decomposition. Diphenyl ether (I), however, ordinarily an un-
usually stable substance, reacts with pyrite above 300° to give a variety of
compounds, some of which contain sulfur. We report our preliminary experi-
ments with it, for they demonstrate, we believe for the first time, the
conversion of inorganic, pyritic sulfur to organic sulfur under conditions
milder than those obtained in coal liquefaction processes.

Mixtures of pyrite with diphenyl ether, from which the dissolved oxygen
had been removed by heating in nitrogen, were kept in sealed pyrex tubes at
360-360° for 20 to 86 h, in duplicate experiments. Both synthetic and
ground mineral pyrite were used, with similar results. After cooling, the
tubes were opened, and the brown organic material was separated from mineral

matter by extraction with methylene chloride. The odor of hydrogen sulfide
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was evident. The solutions were analyzed by interfaced GC/MS. The products
were identified by matching retention times and mass spectra with those in
the library bank of the instrument or with those of authentic samples, or

by inference from the mass spectrum fragmentation patterns. Nineteen GC
peaks of significant magnitude were obtained, all bu ttwo of which (both
minor) corresponded to single compounds (II-IX). One of the lesser peaks
appeared to be a mixture of dibenzothiophene (V) and phenoxathiin (XI) and
one to a mixture of 2,2'-diphenoxybiphenyl (VIIIf) and 1,4-bis{phenylthio)-
benzene (X). The major components are shown in Table I; benzene also ap-
peared to be present, but was not determined. When diphneyl ether was

heated by itself (360°, 60 h, under N it was reco&ered unchanged.
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In contrast to our results, diphenyl ether has been previously re-
ported7 to withstand treatment with pyrite (in the form of a component of
low-temperature coal ash) at 450° without detectable reaction. This may
be due to the fact that tetralin was also present, and may have reduced the
pyrite more rapidly than the latter could react with the diphenyl ether.

We consider the most significant feature of our results to be the fact
that diphenyl sulfide (III) was the most abundant product (ca. 15 to 26% of
the conversion) and that other sulfur-containing compounds made up an ad-
ditional ca. 9.4 to 20% of the conversion mixture. This is direct evidence
that pyrite is an active reagent toward organic compounds, and has the po-
tential for increasing the organic sulfur content of coal under geologic
conditions and of substances derived from coal by industrial processes.
(Coal is known to contain aryl ether structures,l’8 and it is believed that
much of the organic sulfur is present in aryl sulfides and thiophenes.z)

The nature of our products implies the intermediacy of radicals. These

may be derived from initial transfer of sulfur to oxygen (Eg. 1).
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Table I. Products from the Reaction of Diphenyl Ether with Pyrite.

Compound M;ss ‘ Composition,a %

o. Expt.: I IT III Iv \Y
IT Phenol 94 1.50 b 1.88 1.10 a
I Diphenyl ether 170 78.8 96.7 87.3% 92.69 97.0
iv Dibenzofuran 168 1.69 0.30 0.73 0.66 0.20
ITI Diphenyl Sulfide 186 4,05 0.50 3.48 1.57 0.48
VIia 2-Phenoxybiphenyl 246 0.18 0.07 0.07 0.07 0.04
VIb 4-Phenoxybiphenyl 246 0.40 0.08 0.80 0.27 0.04
VIc 3—PhenoxybiphenylC 246 0.18 0.04 0.04 0.10 0.09
VIIa 1—Phenoxy-2—(phenylthio)benzenec 278 0.76 0.10 1.04 0.25 0.21
VIib l—Phenoxy—4—(phenylthio)benzenec 278 0.76 0.10 1.04 0.25 0.21
VIIIa 2,3'—Diphenoxybiphenylc 338 2.38 0.45 0.76 0.66 0.31
VIIIb 2,4'—DiphenoxybiphenylC 338 0.62 0.16 0.25 0.25 0.13
VIIIc 3,3'—Diphenoxybiphenylc 338 3.60 0.66 0.86 1.24 0.48
VIIId 3,4'—Diphenoxybiphenylc 338 2.76 0.55 0.72 0.83 0.37
VIIIe 4,4-'Diphenoxybiphenyl 338 0.26 0.08 0.11 0.07 0.07
IXa 2,2'—Bis(phenylthio)biphenylc 370 0.12 trace 0.18 0.04 0.03
IXb 2,4'—Bis(phenylthio)biphenylc 370 0.15 trace 0.13 0.09 0.03

Conditions: I, 115 mg PhZO, 161 mg FeS
50 mg Fes,, 350°, 40 h; 1II, 1.50 g Ph
Ph20, 108 mg FeS

5r 350°, 40 h; II, 115 mg tho,
20, 2.0 g Fes,, 360°, 86 h; IV, 298 mg
X 350°, 20 h; v, 50 mg Ph20, 30 mg Fes,, 350°, 300 h.

Footnotes: ‘Uncorrected for differences in the GC response proportional-
ity constants. bNot determined. cIdentity deduced from MS fragmentation and
GC retention times in comparison with isomeric model compounds, such as VIa
and VIIIe.

+
Ph-0-Ph + FeS, —> FeS + Phy0-S~ —L Ph-S-0-Ph (1)
Rearrangement of the resulting ylide, analogous to the Stevens rearrangement,
would give phenyl benzenesulfenate (XII). Such a reaction is "forbidden" as
a concerted process, but could take place by migration of a phenyl radical,
either in the coordination sphere of the iron from which the sulfur came, or
in a solvent cage. The solvent in our experiments is also the substrate; its
interception of a portion of the radicals could readily lead to the higher
ethers that were formed. The sulfenate could be a source of PhO- and PhS-
radicals by homolysis, and might be the source of diphenyl sulfide by rear-
rangement to diphenyl sulfoxide and subsequent deoxygenation by the several

oxygenophiles present (Eg. 2). Allylic and benzylic sulfenates rearrange to
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PhS: + PhO. ¢— Ph-5-0-Ph —— Ph,8=0 —> Ph,S (2)

sulfoxides under mild conditions;9 it is not unreasonable to suppose that an
aryl sulfenate would do so at 350°.

Diphenyl sulfide has been reportedlO as the product from heating di-
phenyl ether with elemental sulfur, but since no other products besides black
resin were reported, comparison with our results is not possible. However,
the possibility that the products from our experiments might have arisen from
initial decomposition of pyrite into sulfur and FeS is inconsistent with the

fact that pyrite by itself is stablez'll

up to 470°. It may nevertheless be
true that the reactions of sulfur and pyrite have in common the initial step
of transfer of a sulfur atom to the ether oxygen.
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