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Abstract. Remarkably mild conditiom have been discovered for quantitative sulfhr removal

from dibenzothiophene and other organosulfur systems using relatively cheap elemental sodium.

Project objectives.

A. Optimize the coaf desuh-ization reaction with respect to time, temperature, coal type and

Coal(S) + excess PR3 ~ coal + s=PR3/PBu3 (1)

the R groups (including R = H), and also on extraction, impregnation and sonication

conditions.

B. Optimize the conditions for the HDS reaction

Hz + S=PR3 ~ H2S + PR3 (2)

(which allows the PRj to function as an HDS catalyst for coal) with respect to R group,

temperature, pressure, H2 gas flow rate and inert solvent presence.

c. Determine the product(s) “andthe pathway of the novel redox reaction that appears to

m ‘PR3- ‘=’’3+’ ‘3)
DBT
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D.

E.

F.

G.

H.

quantitatively remove sulfiu from dibenzothiophene (DBT) when R = Bu when FeCl 3is

used as a catalyst.

Impregnate sulfur-laden coals with Fe3+to ascertain if the PR3 desulfurization rate

increases.

Determine the nature of the presently unextractable phosphorus compounds formed in solid

coals by PR3.

Explore the efficacy of PR~/Fe3+in removing sulfur from petroleum feedstocks, heavy ends

(whether solid or liquid), coal tar and discarded tire rubber.

Explore the possibility of using water-soluble PR3 compounds and Fe3+to remove sulfur

from petroleum feedstocks and heavy ends in order to remove the SPR3 (and Fe3+catalyst)

by water extraction (for subsequent HDS of the SPR3).

Explore the possibility of using solid-supported PR3 compounds @lus Fe3+catalyst) to

remove sulfur from petroleum feedstocks and heavy ends in order to keep the oil and the

SPR3 (formed in the reaction) in easiIy separable phases.

Results

Using gc analysis we have discovered that elemental sodium (which is about five times

cheaper per mole than PBu3) cleanly removes sulfur from dibenzothiophene, DBT (and other

organic swlfi.ucompounds) under very mild conditions (reaction 4). We have also shown

m ‘2Na- H ‘Na2S (4)
DBT diphenyl

that BT l~ses part of its sulfur in liquid ammonia at –78 *C (reaction 5).

I
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sulfur.

m -78 ‘C, 6 h

Kl””

\
+ 2Na ~ + Na2S

1 NH3
(5)

BT

Amoco sent us some petroleum distillate samples that contain less than 1‘%0organic

If we were able to successfully remove the sulfbr, Amoco indicated a strong interest in

supporting our research efforts and if the economics were favorable, the process could become

commercial. We spent considerable time and effort optimizing conditions for applying our

process to Amoco’s samples. Because of their volatility, we developed experimental conditions

for desulfbrization using metallic sodium in a sealed ampoule which was contained in a

pressurized steel pressure vessel. We sent our treated samples to Amoco but never heard fi-om

them again despite repeated phone calls and emails.

An Aldrich Chemical Co. catalog lists the compound below as a 31PNMR derivatizing

agent for speciating and quantitating mixtures of alcohols. T’hecatalog cites our publication in

which we describe its development and use in derivatizing and analyzing phenoIs in CONSOL
.-

coal liquefaction samples. 1

Removal of Sulfur from Or~anosulfur compounds with Li and Na. To appreciate the results we

obtained in these experiments, some background is appropriate. HDS processes are carried out

at room temperatures above 400 ‘C and at high pressures,273and are practiced on an immense

industrial scale. Considerable effort aimed at developing new types of transition metal catalysts

for these processes has been expended,x and until very recently,s these investigations did not

appear to be very promising for effective desulfurization of benzo~]thiophene (BT, 1),



dibenzo~,d]thiophene (DBT, 2), or their derivatives (Chart 1) many of which occur in

substantial amounts, particularly in heavier crudes and distillation residua.

Chart 1

mmqzl
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1 2 3
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/

4 5: X= NH;6: X=0 9
7: X= S;8X=C=0

Because these polycyclic aromatic sulfiu compounds are so recalcitrant to conventional

HDS processes, a variety of other approaches directed at this goal have been explored including

direct catalytic hydrogenation, molten hydroxide treatment, oxidative and reductive processes,

acid-promoted hydrolysis and single electron transfer reactions.b Among these methodologies,

reductive desulfirrization has been considered to possess potential. k early report on the

desulfhrization of DBT (2) and its derivatives over fiesldy prepared Raney nickel in ethanol

seemed to be an ideal method,’ but it has been found diflicult to reproduces In our hands this

approach provided only a 1.5°/0yield of the desulfurized product, namely, biphenyl. Although

the reductive desulfi.lrization of DBT (2) with lithium in refluxing dioxane was reported to

produce biphenyl in 41% yield,8 our attempts to repeat this experiment resulted in a 2% yield of

this product and only a 5’?4.conversion of the starting material. Sulfur removai from aromatic

hydrocarbons has been reported by treatment with molten Na at 150-250 ‘C and ca. 30 bar H2 in

an autoclave, after which only 1 ppm sulfur remained.9 In the presence of Hz, > 99% sulfur

remova~ from DBT with Na was achieved giving biphenyl as the major product. 1° It is known
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that diphenyl sulfide can be cleaved by potassium in 1,2-dimethoxyethane and hydrocarbon

solvents such as benzene and toluene with the formation of phenyl and thiophenolic anions and

phenyl radicals. 11 In this case, PhSH was the primary product, although benzene (except in the

case where benzene was used as the solvent), biphenyl and DBT (2) were identified as by-

products. Using Li/biphenyl solutions in THF, aromatic carbon-suIfur bonds (e.g., of DBT) were

predominantly cleaved at O‘C within 2 hours but without desulfurization. 12 Mixtures of NaH or

LiH with a nickel compound efficiently desulfhrized a variety of organosulfur compounds

including DBT. 13 Recently, several other reducing systems involving nickel compounds were

reported for desulfiuization, namely, nickelocene/LiAlH4, 14nickel boride generated in situ from

the reaction of NiC12*6H20/NaBH@ieOH,15y’bnickel and cobalt boride,17 a Raney

nickel/sodium hypophosphite system,’8 and [(i-Pr2PCHzCH2)zNiHlz19which promoted the

desulfiization of DBT at room temperature. Aquathermolysis of arenethiols and aryl sulfides in

the presence of sodium also afforded sulfur-free compounds.20 Microbial desulfhrization of

DBT sulfone resuIted in complete sulfbr remova121while plasma desulfh.rization of DBT

produced products such as toluene and benzene in moderate yields.”

Treatments of petroIeum fractions with Na can be roughly divided into two categories,

namely, the distillates that are generally relatively free of thiophenes, and the high-boiling

fractions and residua that tend to concentrate them. In the former category, up to 99°Asulfkr

removal by sodium at 250-325 ‘C in a pressure vessel has been reported for gasolines.23

Naphthalene fractions have also been desulfurized by Na: 93% desulfurization at 140-220 ‘C,24

-1 OO?4Oat 150-250 ‘C under 10-30 bar H2 pressure,25 and 91’%at 310-340 “C at 500-1000 PSI of

H2.26A phenanthrene fraction was quantitatively desulfurized with Na at 125 to 200 “C27and a

hydrocarbon oil fiacti_onwas >90’?40desulfbrized by a mixture of excess Na and NaOR-28
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Residua treated with Na lost 75-95% of their sulfhr at 350-400 “Cat Hz pressures of ca. 200

PSIZ9and virtually all of their sulfur at 350 ‘C under 10000 PSI.30 Rates of sulfiu removal by Na

from organic sulfides and thiophenes at 200 ‘C in organic solvents in sealed tubes have been

recorded.31 Solutions of (n-Pr)zS, n-BuSH and petroleum were essentially completely

desulfirized by passage through a layer of liquid Na in a column at 165 0C.32 However,

thiophene under these conditions lost only part of its sulfur.32 The desulfurization of a

concentrated gasoline by reaction with Na metal on AlzOJ was investigated at 1 atm and 200-300

‘C 33 Here the removal of thiophenic compounds is dependent on the Na content of the reagent

and the reaction temperature. Treatment of heavy oil with Na at 340-450 ‘C under H2 pressure

(250 PSi) essentially desulfhrizes the oil with formation of Na&.34 An improved process for tlhe

desulfurization of petroleum feeds utilizing Na at -250 ‘C in the presence of excess of H2to Na

was recently reported by Brons, et aL35

Whereas Li in EtNH2 effectively reduces sulfide links in asphaltenes,36 kerogens3Gand

episulfides,37 only 35-85% sulfur removal was accomplished with Li for high-boiling petroleum

fractions and this metal was ineffective at room temperature in separate experiments on several

thiophenes and on PhSPh.3g

Trivalent organophosphorus compounds (e.g., triphenylphosphine,39 tributylphosphine,40

trialkylphosphites,39c741and tns(dialkykunino) phosphines 39fsJ2)have been reported to desulfurize

acyclic organosulfiu compounds. Thus dialkyl trisuUides are converted to the corresponding

disulfides or mono$ulfides, ~-keto sulfides are transformed to ketones, and sulfenimides are

converted to arnines in moderate yields. However, these reagents do not desulfi.u-izepolycyclic

aromatic sulfhr compounds. A MeOH/t-BuLi mixture has been shown to be effective in

desulfi.u-izingtrienyl and allenyl phenyl sulfoxides.43
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We have found~ that reactions of polycyclic aromatic sulfhr compounds (including BT

and DBT) as well as a variety of acyclic organosulfir compounds with lithium or sodium in a

hydrocarbon solvent at the comparatively low temperature of 254 and 150 ‘C, respectively, lead

to remarkably effective desulfurization without requiring added hydrogen gas.

The reaction of DBT (2) with lithium (mp 180 “C) in refluxing dioxane (bp 100 “C) or

with sodium (mp 97.8 ‘C) in refluxing THF (bp 67 ‘C) gave poor conversions of starting

materials and yields (GC) of the desulfurized product biphenyl (Table 1). However, by raising

the reaction temperature well above the melting point of the metals (Table 1), biphenyl was

formed in essentially quantitative yield. A plausible reaction pathway is shown in Scheme 1 in

which intermediate A has been shown to form when DBT is treated with Li at O“C in TIZF.45

The detection of a trace of o-mercaptobiphenyl (10) in the quenched reaction mixture indicates

Scheme 1

I1) MeOH

I

1) MeOH
2) H20 2) H20

Q–C) CM
s
H

10

that A is an intermediate that easily loses 1M2Sin the presence of excess alkali metal to form B

which in tum produces biphenyl upon solvolysis. Gilman et al.8 also conilrrned the formation of

intermediate A by quenching the reaction of lithium and DBT in refluxing dioxane with COZ.

After carbonation and hydrolysis, about equal amounts of 10 and biphenyl were obtained.

indicating a two-step cIeavage. The participation of radicals in this mechanistic scheme is also
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possible in view of evidence for such a process put forth for a reaction in which 50’?40

desulfhrization of PhSPh was accomplished in benzene by K.il In the reaction of DBT with K

in THF, 10 and biphenyl were obtained as the products.J5 A radical anion mechanism was

proposed for the desulfurization of DBT with Na in decahydronaphthalene.l” At temperatures

above the melting point of the metal, the metal was observed to be dispersed into miniscule

molten beads which would be expected to enhance the reaction rate. Although oleic acid is well

known to improve the dispersion of the alkali metals in hydrocarbon solvents, our attempts to

improve product yields by the addition of this dispersant were not successful (Table 1).

Molten Li and Na in inert hydrocarbons also showed very high desulfurization properties

toward other polycyclic aromatic sulti compounds (Table 1). Reactions of BT (l),

dibenzothiophene sulfone (3), and 1,2-benzodiphenylene sulfide (4) cleanly gave styrene,

biphenyl and 2-phenylnaphthalene, respectively. In the presence of Li or Na the organosulfur

heterocycles 5-8 containing an additional bridging heteroatom or group gave the variety of

reactions (via the postulated pathways) shown in Scheme 2. The inititii cleavage of the C-S bond

generates intermediate C which then follows two predominating pathways to form 2 and 11-13

(via MzS elimination and ring-closure) and the organometallic intermediate D which is

subsequently solvolyzed to-give the ring--opened products 14-16. Compounds-2 and 12 ean

undergo ring-opening by the metal to form intermediate A which (as in Scheme 1) can provide

biphenyl, 10 and 17. The reactions of phenothiazine (5) and thioxanthen-9-one (8) produced the

ring-opened products diphenylamine (14) and benzophenone (16), respectively, as the minor

products, and the ring-closure products carbazole (11) and 9-fluorenone (13), respectively, as
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Scheme 2

K-’’””
m

x
2s

11 NH
12 0
13 C=o

‘M

\

-M2S

CCD
MM

D

1) MeOH

I2j H20

Cr’0

x
14 NH
15 0
16 C=O

J, do
10, X= S;17,X=O

themajorproducts (Table l). Phenoxathiin (6)wasselectively desulfurizedto thering-opened

diphenyl ether (15) by lithium, but its reaction with sodium resulted in the production of phenol,

15 and 17 at the lower temperature of 150 “C. Here phenol could arise from cleavage of C-O

bond of the intermediate C to give sodium phenolate and sodium thiophenolate (which then

undergoes desulfurization with additional metal). Diphenyl ether (15) is expected from

solvolysis of intermediate D (X = 0), and o-hydroxybiphenyl (17) can arise from a C-O bond

cleavage of dibenzofuran (12) by the metal. The lack of detectable amounts of dlbenzofhran in

these experiments is consistent with an earlier report of its cleavage by an alkali metal.g An
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intermediate in the reaction of thianthrene (7) with Li in refluxing tetradecane and Na in BU3Pat

150° (Table 1) is DBT (2) which can then be further desulfurized to biphenyl.

Except for diphenyl sulfide, reactions of organosulfur compounds containing one or more

phenylthio groups with sodium generaIly underwent quantitative conversions, giving thiophenol

as the major product at 110 “C or 150 ‘C (Table 2). Although diphenyl sulfide showed the

lowest reactivity in this reaction, quantitative conversion to biphenyl was observed at 254 “C. At

this temperature conversions of the remaining substrates to hydrocarbon products were veV

good, except for 1,3-bis(phenylthio)propane which gave thiophenol as the major product.

Interestingly in this respect, PhSCH2SPh is more readily converted to PhCH2Ph, Ph-Ph and

@esurnably) CI& under similar conditions while (PhS)3CH requires 15 h at 254 “C for

quantitative reduction to Ph-Ph and (presumably) CT&. Support for the pathway shown in

Scheme 3 and a similar pathway shown in Scheme 4 comes ilom a study under similar

conditions in which benzyl thiol and triphenyIrnethyl thiol were desulfurized with Na to form

PhMe and (PhCH2)2, Ph3CH and (Ph3C)2,respectively!5 It is also known that phenyl benzyl

sulilde can be desulfurized to form benzene, toluene and bibenzyl, as well as thiophenol as C-S

cleavage products.43

It is reasonable to suppose that the phenyl anion of PhM formed by cleavage of the

aromatic carbon-sulfur bond of Ph2S nucleophilically attacks PhSM to eliminate M2S and form

biphenyl (Scheme 3). If such a nucleophilic reaction is quenched before completion, thiophenol

and benzene would be obtained as observed. A similar explanation applies to the mechanism

shown in Scheme 4. It is interesting that raising the reaction temperature leads to the reaction of

PhSM and PhM to form Ph-Ph.
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Apparently Ar-S bonds in acyclic organosuhr compounds are comparatively stable to

cleavage by Na and Li at relatively low temperatures, thus accounting for sodium thiophenolate

as the main intermediate at 110 ‘C or 150 ‘C, which subsequently converts to thiophenol via

methanolysis as shown in Scheme 4 for PhSPh and PhS(CH2)~SPh, respectively.

Scheme 3

PhSPh ~
-M2S

PhSM + PhM c PhPh

L1) MeOH
2) H20

PhSH + PhH

Scheme 4

PhS(CH2)nSPh *
2M

PhSM + PhS(CH~nM — 2PhSM + M(CH~nM

I1) MeOH
2) H20

2PhSH + H(CH&H

L-2M PhSM (PhM) + PhS(CH2)nM (PhS(CHJnSM) ~ Ph-Ph + M(CH~nM
-MS

I

1) MeOH
2) H20

H(CH2).H

Scheme 5

R3P=S + 2M
-M2S

— R31pM — R3P

R = n-Bu, Ph M = Na, Li
M

Although only small amounts of biphenyl were detected with substrates treated with

sodium at 110 “C or 150 ‘C, both sodium and lithium revealed a much higher activity for

cleaving Ar-S bonds at 254 ‘C. Apparently the phenyl metalate formed subsequently attacks the

corresponding metal thiophenolate present in the reaction mixture to form biphenyl and metal

sulfide. Dibenzyl sulfide, disulfide and trisulfide were easily desulfurized to form toluene as the

major product and bibenzyl- as the minor product (Table 2). In the reaction of dibenzyl disulfide

with lithiurn, a 20.9°/0 GC yieId of dibenzyl monosuIfide was formed with only 80°/0conversion
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of the starting material. The substantially complete reaction of benzyl sulfone with sodium at

254 ‘C to generate toluene required a relatively long time (23 h).

Although triphenylphosphine was reported to desulfurize diphenyl disulfide to diphenyl

sulfide,2bno other reports have appeared describing the desulfurization of phenylthio-containing

organosulfu.r compounds by means of trivalent organophosphorus compounds. Such reagents are

known, however, to desulfurize dialkyl trisulfides to disulfides or monosulfides, and dialkyl

disulfides to monosulfides.J9’40>42Interestingly, Li and Na at 254 “C quantitatively desulfurize

tributylphosphine sulfide and triphenylphosphine sulfide. A plausible pathway is shown in

Scheme 5. This procedure is substantially more convenient than that involving trifluoroacetic

anhydride,4GLiAlF&47 or hexachlorosilane48 for such phosphorus-sulfbr compounds.

It is unclear whether tributylphosphine played a role in the desulfbrization of BT (l),

DBT (2) and thianthrene (7) (Table 1) when it was used as the solvent. Thus although product

yieIds were not improved, it was effective in dispersing the metaI. However, PBu3 did not
I

significantly affect the rates of these reactions, nor did PBu3 itself desulfixize BT or DBT.

The reactions of N-(phenylthio)phthalirnide (9) produced no detectable quantities of N-

phenylphthalimide (Table 2). While cleavage of the N-S bond by sodium gave an 84% GC yield

of thiophenol and a 90°/0yield of ph&alimide as the major products, the reaction with lithium

gave a more complicated reaction mixture containing additional unidentified products.

Removal of Sulfur from Or~anosulfur Compounds with Na in Liquid NHl, Reactions of DBT

and BT with Na in liquid ammonia are proving to be quite surprising in preliminary experiments.

The sequence of steps in the experiment is shown in Scheme 6. In the case of DBT, a black
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Scheme 6

liquid NH3
R(S) + Na c

-38 ‘C, 6 h

sat’d NH”C1 ether

evaporate the MeOH
*

liquid NH3 O“C-+room
temp.

dry with concentrate
‘-F

+ —— — do ~c

extraction MgS04 the solution

polymeric residue is obtained from which 77% of the sulfur has been removed and 99.2’%oof the

DBT has been destroyed.

Conclusions

We have shown for the first time that thiophenes (1, 2,3 and 4) are quantitatively

desulfurized cleanly to styrene, biphenyl and 2-phenylnaphthalene, respectively, with Na or Li in

tetradecane at 150 or 254 *C, respectively, without necessitating the presence of hydrogen or a
*

hydrogen-donor solvent. Interestingly, Li at 254 *C was somewhat more efficacious than

sodium for cyclic 5, 6 and 8 which is probably due to the lower temperature empIoyed with Na.

Neither metal did very well against 9. At 254 ‘C, both metals quantitatively desulfbrized PhSPh,

PhSSPh, BusP=S and Ph~P=S, while one of the metals did so in the case of PhSCHzSPh,

PhS(CH2)3SPh and PhCH2SCH2Ph. Although starting material conversions were 100’%for

(PhS)3CH, PhCHzSSCH2Ph, PhCH2SSSCH2Ph and (PhCH2)2S02 for at least one of the metals at

254 “C, only 95-98% of sulfur-free products could be identified. Whether the unidentified

remainder products are sulfur free is not known at this time. The procedure described here

provides an attractive potential route for desulfuriz~g coal and petroleum liquids, as well as for

sulfur-containing intermediates in organic synthesis.

These reactions may offer the possibility of desulfurizing coaI since liquid NH3 dissolves

the sodium and the resultant solution might easily penetrate &e coal matrices since liquid
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ammonia has been shown by other investigators to readily do so. Although our liquid ammonia

reactions take place at –37 ‘C, it would perhaps be more practical to carry out reactions with coal

at room temperature in sealed vessels where the liquid ammonia would exert its vapor pressure

of 9.75 atmospheres. At this relatively elevated temperature, the reaction maybe expected to

proceed more quickly, and less than 3 h might well suffice. The coal could be washed with

liquid NH3 to remove excess sodium, and both the excess sodium and the liquid ammonia could

thus be recovered for recycling. The coal could be water washed to remove traces of NH3 and

Experimental Section.

Gas chromatographic analyses were carried out on a Hewlett-Packard 6980 GC system

with a 25 m 200 p diameter HP fused silica capillary column coated with HP-1 cross-linked

methyl silicone (0.3 3 pm). Column chromatography was periiormed on silica gel. Solvents were

dried over 4A molecular sieves. AU the products were identified by comparison of their&

traces witi those of authentic samples. Quantitation of the desulfurized products listed in Tables

1 and 2 was accomplished by comparison of peak areas with those of authentic samples obtained

in separate GC runs. NMR-pure biphenyl and bibenzyl were isolated by column

chromatography in several cases.

Reactions of Orwmosulfur Com~ounds with Li and Na. Under argon, the metal (10.0 mrnol),

organosulfur compound (1.0 mmol) and solvent (3 mL) of tetradecane, BU3P,or 15 rnL of

toluene) were added to a 50 mL Schlenk bottIe fitted with a condenser connected at the top to an

argon line. The reaction mixture was vigorously stirred at the temperatures and times indicated

in Tables 1 and 2. After cocrling the reaction mixture to room temperature, the unreacted metal

was destroyed with methanol (1() ~) at O‘C under argon. Then saturated aqueous Nl&Cl (40
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mL) was added to the mixture followed by extraction with EtzO (3 x 60 mL). The organic phase

was dried over MgS04, filtered, and concentrated by rotary evaporation for GC analysis or for

isolation by column chromatography. For substrate 1 in Table 1 and for dibenzyl organosulfur

compounds (Table 2), the organic phases were used directly for product analysis.

To demonstrate that the methanolic NaOMe solutions generated during the room-

temperature work up procedure are not responsible for desulfurizing the aromatic sulfur

compounds, DBT was treated with Na in MeOH and also with Na plus BU3Pin MeOH for 1.5 h.

This was followed by the workup procedure given above and GC analysis. Only starting

material could be detected in both cases and no BU3PSwas detected in the second experiment.

Reactions of DBT or BT with Na/liquid NH2. Under Ar, Na (30.0 m.mol) was added in portions

to the stirred mixture of DBT or BT (0.5- 1.0 mmol) and liquid ammonia (60 mL) at –38 “C. In

some cases BU3P(2.0 mmol) was present. The reaction was carried out for 6 hours. The excess

NH3 was sIowly evaporated by allowing the reaction mixture to warm to room temperature. The

unreacted Na was quenched with MeOH (10 mL) at O“C, the reaction mixture was allowed to

warm to room temperature, and then saturated aqueous N&CI (40 rnL) was added. The mixture

was extracted with Et20 (3 x 60 mL) and the organic phase was separated and then dried with

MgS04. After filtering and concentrating the solution it was subjected to gc analysis. The black

residue collected during the extraction in the case of the DBT reaction was washed with water (4

x 5 mL) MeOH (3 x 5 a) and dried in vacuo. The dry residue was used for the elemental

sulfur analysis.
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Tablel. Desulfurization of Cyclic Organosulfir Compounds with Naor Li.a

substrate Mb solvent temp conversion product

(“q (%) yield (%)’

1 Na

Na

Na

Li

2 Li

Na

Na

Na

Na

Na

Li

3 Na

Li

4 Li

5 Na

Li

toluene

BujP

tetradecane

tetradecane

dioxane

THF

toluene

toluened

Bu~P

tetradecane

tetradecane

tetradecane

tetradecane

tetradecane

tetradecane

tetradecane

110

150

150

254

100

67

110

110

150

150

254

150

254

254

150

254

96.4

90.4

100

100

5.0

10.0

75.2

38.8

99.3

100

100

100

100

100

77.5

100

styrene (95.4)

styrene (86.7)

styrene (99.0)

styrene (99.0)

biphenyl (2.0)

biphenyl (7.8)

biphenyl (75.0)

biphenyl (38.4)

biphenyl (99.0)

biphenyl (99.2)’

biphenyl (99.0)’

biphenyl (99.9)’

biphenyl (98.0)

2-phenylnaphthalene (99.9)

11 (54-0),14 (23.3)

11 (85.1),14 (13.5)
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6 Na

Li

7 Na

Na

Lif

8 Na

Li

9 Na

Li

tetradecane

tetradecane

tetradecane

BUJP

tetradecane

tetradecane

tetradecane

tetradecane

tetradecane

150

254

150

150

254

150

254

150

254

. .

25.7 phenol (16.7), 15 (7.0),17 (1.8)

100

100

99.1

100

100

100

100

100

15 (99.5)

biphenyl (99.8)

2 (0.6), biphenyl (98.0)

2 (O.1), biphenyl (99.7)

13 (70.8),16 (9.2)

13 (94.0),16 (5.0)

phthalimide (90.0)

PhSH (84.0)

phthaIimide (2.6)

PhSH (42.7)

‘The reaction time (24 h) was not optimized. ~he molar ratio of metal to organosulfur

compounds is 10:1 unless indicated otherwise. CGCanalysis. ‘1Omg of oleic acid was added.

‘Isolated yield (eluate, hexane, 1$ = 0.62). ‘The molar ratio of Li to 7 is 20:1.
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Table 2. Desulfurization of Acyclic Organosulfur Compounds with Na or Li.

substrate Ma solvent temp tim conversion productb

e

(“C) (h) (%) yield (%)

PhSPh Na toluene 110

Na tetradecane 150

Na tetradecane 254

Li tetradecane 254

PhSSPh Na toluene 110

Na tetradecane 254

Li tetradecane 254

PhSCH2SPh Na tetradecane 150

Na tetradecane 254

24

24

24

21

24

17

17

8

5

13.2

48.4

100

100

100

100

100

100

100

PhSH (12.0)

Ph-Ph (0.8)

PhSH (43.6)

Ph-Ph (4.0)

Ph-Ph (99.0)

Ph-Ph (99.0~

PhSH (94.5)

Ph-Ph (0.3)

Ph-Ph (99.0)

PhSH (2.0)

Ph-Ph (97.0)

PhSH (85.8)

PhCH,Ph (0.4)

PhSH (2.0)

Ph~Ph (96.0)
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PhCH2SSSCHzPh

(PhCH,),S02

Bu~P=S

P113P=s

Na tetradecane 150

Li tetradecane 254

Li tetradecane 254

Na tetradecane 254

Na toluene 110

Na tetradecane 254

Li tetradecane 254

Na tetradecane 150

Na tetradecane 254

Li tetradecane 254

4

4

5

5

24

24

24

24

24

24

100

100

100

(PhCH,), (43.3)’

Phiie (46.0) ~

(PhCH,), (14.5)

PhMe (81.5)

(PhCH2), (7.2)

Phiie (88.0)

PhMe (95.0)

Bu~P (81.9)’

100

81.9

100

100

5.0 PhqP (5.0)

Bu~P (100)’

BuqP (100)’

100 PhqP (100)

100 Ph,P (100)

‘The molar ratio of metal to organosulfur compound is 10:1. bGC analysis. ‘Isolated yield

(eluate, hexane). ‘Isolated yield (eluate, hexane, Rf = 0.57). ‘Partially oxidized to BUJP=Oby air

exposure.

.
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Li tetrad~~ar!e 254

(PhS)3CH Na tetradecane

Na

Li

PhS(CH2)#Ph Na

Na

Li

PhCHzSCHzPh Na

Li

50

tetradecane 254

tetradecane 254

tetradecane 150

tetradecane 254

tetradecane 254

tetradecane 150

tetradecane 254

PhCHzSSCHzPh Na tetradecane 150

Li tetradecane 254

5

8

5

5

7

7

7

3

3

3.5

3.5

100

100

100

100

100

100

100

100

100

100

80.0

1

a 6

PhCH2Ph (1.2)

Ph-Ph (96.1)

PhCH2Ph (0.2)

PhSH (76.7)

Ph-Ph (18.3)

Ph-Ph (97.8)

Ph-Ph (94.0)

PhSH (88.5)

PhSH (66.8), Ph-Ph (32.0)

PhSH (60.2); Ph-Ph (21.1)

(PhCH& (16.2)

PhMe-(82.0)

(PhCH,), (11.4)

PhMe ‘(85.1)

(PhCH,)2 (36.4)

PhMe (61.5)

(PhCH,), (9.5)

PhMe (45+5)

(PhCH2)2S(20.9)


