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Tris(dimethylamino)phosphine (4a) desulfurizes 3-keto sulfides to afford a variety of products including ke-
tones and enol ethers. The mechanism probably involves a phosphonium salt. Benzyl thiocyanate was readily
desulfurized by 4a in a complex reaction to afford benzyl cyanide and dibenzyl sulfide as the main products.

The reaction of trivalent phosphorus compounds with a
wide variety of sulfur-containing molecules has received
considerable attention in recent years, particularly as a
technique for modifying the substrate by extrusion of the
divalent sulfur atom.2 While simple sulfides are inert to
phosphines and phosphites, activated sulfides of type 1
are desulfurized in the presence of triphenylphosphine
and base.® The reaction is widely applicable to the prepa-
ration of secondary vinylogous amides or enolizable 8-di-
ketones 3. It has been suggested that 1 is first converted to
an episulfide 2 which is then desulfurized.*
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Related work has shown that tris(dialkylamino)phos-
phines (4) are particularly useful reagents for smoothly
extruding sulfur from a variety of molecules. These in-
clude disulfides,? thiosulfonates (RSSO2R),5 sulfenyl thio-
sulfonates (RSSSO3R),%0 thiosulfinate esters [RS(=0)-
SR),® trisulfides,” sulfenimides [RSN(C(=O0)R):],® and
sulfenate esters (RSOR).?
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The desulfurization reactions are in some cases known
to be two-step processes? as shown below. '
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Reactions of 3-Keto Sulfides. If the above pathway
could be used to generate carbanions which fulfilled the
dual role of leaving group and nucleophile, a new proce-
dure for carbon-carbon bond formation would be avail-
able. Accordingly, a number of 3-keto sulfides were pre-
pared and their reaction with tris(dimethylamino)phos-
phine (4a) was examined. Previous work2:5-% suggested
that the proposed reaction would probably involve a phos-

phonium salt intermediate 5.158-¢
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To facilitate displacement of the carbanion of 5, a phe-
nyl group was used at Rp. It appeared that a benzyl moi-
ety at Ry might encourage easy displacement of tris(di-
methylamino)phosphine sulfide (6). a-Benzoyl-a-phenyl-
methyl benzyl sulfide (7a)1° reacts extremely slowly with
phosphine 4a (in a variety of solvents), giving deoxyben-
zoin (C¢HsCOCH2CgHs, 9) as the principal product.

When the reaction was carried out in the absence of sol-
vent, the starting materials were consumed in less than 1
hr to give three products as analyzed by quantitative vpc:
1-benzoyl-1,2-diphenylethane (8a, 69%), deoxybenzoin (9,
22%), and tris(dimethylamino)phosphine sulfide (6, 86%).
8a was subsequently isolated in 43% yield.
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It appears that 5 (R; = Ry = CgHs; Ry = C¢HsCHa;
Rs = H) is formed, but that the anion is partially diverted
by proton abstraction to give deoxybenzoin (9). The pro-
ton attached to the « carbon atom in 7a is likely to be the
one abstracted. This was confirmed by isolation of
PhCOCDyPh after the reaction of keto sulfide 7b with
aminophosphine.

To determine whether alkylative coupling could occur
for a B-keto sulfide that did not have a benzyl group as
the second substituent on the sulfur atom, «-benzoyl-a-
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Table I
Reaction of Tris(dimethylamino)phosphine with 3-Keto Sulfides

Starting material

Products (%)

(o]
I o o
~—————RiCCHRSCH:Re—————— f [(CH&):N |:P=S
Compd R, R. Rs RICCHR:CH:Rs CsHsCCH:R: (6) Other
7a CsH; C:H; C:H; 69s (43)b 22¢ (12)% 86
10 CeH; C¢Hs CH; 31¢ 9s 672 13, 14¢
12, 28¢
15 Ce¢Hj H Ce¢Hs 5e 302 47a (CsHsCHz)QS, 50¢

* Crude yield (estimated by isolation of product and/or quantitative vpc and nmr of impure fractions). * Isolated pure. ¢ Per

cent of vpc integral trace.

Scheme |
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phenylmethyl ethyl sulfide (10) was prepared® and treat-
ed with aminophosphine 4a. Although 1-benzoyl-1-phe-
nylpropane (11) was formed in reasonable yield (TableI), it
proved difficult to isolate, as it and deoxybenzoin (9) be-
have in a very similar manner on column, thin layer, and
gas chromatography. A third unidentified material 12 also
had very similar chromatographic properties. The fourth
product, trans-1-ethoxy-1,2-diphenylethene (13), gives fur-
ther credence to the carbanion mechanism.!
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In an attempt to simplify the mixture of products
formed in the desulfurization of 10, effects of solvent on
the reaction were considered. It has been reported?? that
C-alkylation of ketonic anions is promoted by the use of
hydroxylic solvents (such as water, polyfluorinated alco-
hols, or phenols). It is unlikely that the proportion of ke-
tone 11 could be increased by the use of such solvents, as
the anion of 14 would become irreversibly protonated, giv-
ing deoxybenzoin as the major product. Polar aprotic sol-
vents, such as N,N-dimethylformamide or dimethyl sulf-
oxide, have a tendency to increase the proportion of O-
alkylation.1? Finally, use of volatile aprotic solvents such
as benzene or 1,4-dioxane gives slow desulfurization to
form a product mixture very similar to that obtained by
treatment of 3-keto sulfide 10 with neat aminophosphine.

It was found that temperature has little effect on prod-
uct distribution; the major effect is on reaction rate. This
observation suggests that the rate-determining step is the
attack of phosphorus on sulfur to give 14, or (less likely)
that this step is fast and that the subsequent reactions of
this intermediate all have similar thermodynamic param-
eters.

To test whether the «-phenyl group is required for
desulfurization to occur, a-benzoylmethyl benzyl sulfide
(15) was prepared!® and treated with aminophosphine 4a
(Scheme I) to give benzyl sulfide (50%) as the only prod-
uct isolable from the reaction. The reaction was slower
than for the previous keto sulfides; starting material (2%)
was present even after heating for 3 hr at 150°. Acetophe-
none (30%) was the other major product; only a small
amount of 1.-benzoyl-2-phenylethane (16, 5%) was pro-
duced.

The observed products (6, 16, and 19) can be rational-
ized (Scheme I) in a similar fashion as in the reaction of 7
and 10 with phosphine 4a. This would yield 17, the anion
of which would not in this case be expected to attack
starting material displacing benzyl mercaptide ion, since
the more stable deoxybenzoin anion formed from 7a and
10 does not undergo such an intermolecular reaction. Ke-
tone 20 in fact is not observed in the reaction mixture.14

A plausible source of benzyl mercaptide ion involves an
SN2 process (Scheme II) analogous to that proposed for
some reactions of trialkyl phosphites with aromatic thio-
cyanates.15¢.d If this type of mechanism were in operation,
mercaptide ion formation should be encouraged by the use
of a B-keto sulfide containing an a-phenyl moiety. Also, if
an ion pair such as 17 were formed, its fate should be simi-
lar to that of the corresponding ion pairs invoked as inter-
mediates in the desulfurization of the a-phenyl-8-keto sul-
fides 7 and 10. Finally, if phosphorus were attacking car-
bon, a low yield of phosphine sulfide 6 would be expected;
this was, in fact, observed.
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Table II
Reaction of Aminophosphines with RSXR
pK, of pKa of
X RXH X RXH
—SOz"'a b 2 —S-s 102
I
—S—ab >26 —Q-¢ 17
i
-S8—¢ 8 —CH,C-b 19
~-NHCO-- 08 -CH,CO,-¢ 23

«Smooth desulfurization to give RXR in good yield.
¢ If X can provide an ambident anion (e.g., -SO;~), more
than one product may be formed. ¢ Some desulfurization,
competition from side reactions. ¢ No reaction.

Scheme 11
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A direct substitution reaction such as that invoked in
the thiocyanate-phosphine reaction would be encouraged
by the reduction in crowding at the o carbon atom pro-
duced by removal of the phenyl group. Removal of this
group would also increase the activation energy for the at-
tack of phosphorus on sulfur to displace the carbanion of
17, which is less stable than the anion formed from 7a and
10, This is probably the major factor in changing the di-
rection of the reaction. No other compounds could be iso-
lated from the reaction mixture because several of the
products had similar chromatographic properties.

The reaction of S-substituted thioglycollic acid esters
with aminophosphines was also investigated. Ethyl 4-phe-
nyl-3-thiabutanoate (22)1¢ gave no reaction with neat tris-
(dimethylamino)phosphine (4a), even when a mixture of
the two compounds was maintained at high temperature
for extended periods of time. The lack of reactivity of the
ester can be rationalized by the relatively high pK, asso-
ciated with —:CH2CO2Et (pK, = 24),17 which must be
displaced by phosphine for desulfurization to occur. The
anion of 17 is more stable (pK, = 19),'7 and is hence a
better leaving group than the anion that must form from
22. A nucleophilic substitution reaction involving attack
of phosphine on the carbon atom « to the carbonyl group
would be much slower for the ester than for the ketone.18
Thus, the limit of the reaction of aminophosphines with
sulfur-containing molecules emerges (Table II). Amino-
phosphines will not displace groups with a pK, = 20.
Where the pK, is near 20, higher temperatures and neat
reactants are usually required to effect displacement.

Reaction of Thiocyanates. Cyanide ion is similar to
sulfide ion in that it is a good leaving group and nucleo-
phile. It was thus felt that thiocyanates might be convert-
ed readily to nitriles on treatment with an aminophos-
phine. Early reports exist in the literature for the desulfu-
rization of thiocyanates2® and isothiocyanates?! on treat-
ment with trialkylphosphines, although few experimental
data were given. More recently, the reactions of thiocy-
anates with trialkyl phosphites have been studied.1®
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Table III
Reaction of Benzyl Thiocyanate with
Aminophosphine 4a

Products, %b ——

(CeHs- CH,-  [(CHy»

Solvent Time, min CH2)sS CH.CN NP=S
None 40 45 9 32
Acetonitrile 40 42 17 30
Dichloromethane 30 25 22 38
p-Dioxane 60 25 11 41
Benzenes 130 21 6 28

e Time for the reaction mixture to attain constant com-
position (vpc). * Determined by quantitative vpc. ¢ Reflux.

Desulfurization accompanied by rearrangement was obser-
ved.1%® Sheppard obtained evidence that the rearrange-
ment occurs through an ionic pathway and proposed the
following mechanism.150

+
(RO)P + RSCN — (RO),PSR’ + RCN

<(|)/—- IEIJCN

Pilgram and Phillips, in a detailed study of the reaction
of a number of aryl thiocyanates with trimethyl phosphite,
found that another reaction path is possible.25¢ Instead of
preferentially attacking sulfur to form intermediate 23,
phosphorus can attack the carbon atom of the thiocyanate
group, displacing a mercaptide ion to give intermediate

24,
[———ArSCN + ( CH30)3P———1
+ - +
[ArSP(OCH;), :CN] [ArS™(CH,0);PCN]
23 24
0 Lo
ArP(OCH,), + CHCN ArSCH, + (CH,0),PCN

Treatment of benzyl thiocyanate (25) with tris(di-
methylamino)phosphine gave an immediate exothermic
reaction that produced a deep red color, even at room
temperature. Vapor phase chromatography indicated that
the reaction mixture was extremely complex (at least ten
products). Preparative thin layer chromatography yielded
only benzyl sulfide (26) and tris(dimethylamino)phos-
phine sulfide (6) as isolable materials. A large quantity of
brown oil" was obtained which contained many compo-
nents. Vapor phase chromatography showed that benzyl
cyanide was one of the major products.

The reaction was repeated in a variety of solvents. The
yields of the major constituents of the mixture are shown
below (Table IIT). The rate of formation of the red color
increased with the polarity of the solvent.

If the appearance of the red color is indicative of the
rates of the major reaction pathways, then it would seem
that the mechanism is ionic. A plausible pathway is out-
lined below.

CH:CH,SCN —» csﬂscnzsp[wcm)s]—-l

25
lzs CH,CH,CN + 6
CH,CH,S™ + (CN),
(CH:CH;),S + T:SCN "L' "CN + (CH;CHS),

26
Benzyl cyanide could be formed by attack of amino-
phosphine on the sulfur atom, followed by attack of the
displaced cyanide ion on the intermediate phosphonium
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ion, in accord with the mechanisms of the other desulfuri-
zation reactions discussed. Attack of cyanide on this phos-
phonium ion may also give some isocyanide; although vpc
did not rule out the presence of this compound, none was
isolated. ,

If cyanide attacks a second molecule of thiocyanate in-
stead of the phosphonium ion, it could displace mercap-
tide ion. The mercaptide ion could then attack the start-
ing material to give either the observed sulfide or benzy!
disulfide. Again, vpc did not rule out the presence of di-
sulfide, but it was not isolated from the reaction mixture;
if formed, it would be desulfurized by aminophosphine to
give benzyl sulfide.2

Attack by 4a on the carbon atom of the thiocyano group
is also possible.1®c Such an attack would lead to displace-
ment of mercaptide ion, which could react with 25 to give
benzyl sulfide.

Experimental Section2?

Action of Tris(dimethylamino)phosphine on 5-Keto Sulfides.
a-Benzoyl-a-phénylmethyl Benzyl Sulfide. A. In the Presence
of a Solvent. Refluxing a solution of a-benzoyl-a-phenylmethyl
benzyl sulfide (7a, 0.318 g, 1.0 mmol) and tris(dimethylamino)-
phosphine (4a, 0.16 g, 1.0 mmol) in benzene or 1,4-dioxane (1
ml) for 8 hr gave small amounts of deoxybenzoin (9) as the major
product (qualitative vpc). A similar result was obtained using di-
chloromethane as solvent, either stirring for 24 hr at room tem-
perature or refluxing for.12 hr.

B. Without Solvent. a-Benzoyl-c-phenylmethyl benzyl sulfide
(7a, 1.00 g, 3.2 mmol) and tris(dimethylamino)phosphine (4a,
0.510 g, 3.2 mmol) were heated on an oil bath at 120°. After 30
min all starting material had been consumed (vpc). The mixture
was then chromatographed on silica gel (60~100 mesh) using hex-
ane (100 ml), hexane-dichloromethane mixtures (9:1, 100 ml; 4:1,
100 ml; 3:2, 500 ml; 1:1, 500 ml) and dichloromethane (100 ml) as
eluents. The fractions collected were monitored by vpc. Separa-
tions were not completely efficient; combination of the first el-
uents and crystallization from ethanol gave 1-benzoyl-1,2-diphen-
ylethane (8a, 0.39 g, 43%) as colorless needles, mp and mmp
119-120° (lit.23 mp 120-121°). It was identical in all respects
(vpe, tle, ir, nmr) with an authentic sample. A later fraction
was crystallized from aqueous ethanol to afford deoxybenzoin
(9, 0.075 g, 12%), mp and mmp 55-56°, identical in all respects
with an authentic sample.

a-Benzoyl-a-déuteriomethyl Benzyl Sulfide (7b). 8-Keto sul-
fide 7a (2.0 g) was crystallized from deuterioethanol (EtOD) to
which a small piece of sodium had been added. The product was
dissolved in carbon tetrachloride (10 ml); the resultant solution
was filtered and evaporated to give, after crystallization (EtOH),
the title compound 7b (1.4 g, 70%) as colorless needles, mp 73-74°,
and no detectable absorption in the nmr spectrum at & 4.72,
suggesting quantitative deuteration at the « position.

A portion of this material (0.79 g, 2.5 mmol) was mixed with
tris(dimethylamino)phosphine (4a, 0.456 g, 2.8 mmol) and heated
on an oil bath at 150° for 1 hr. The resulting mixture was chroma-
tographed to give (a) 1-benzoyl-1l-deuterio-1,2-diphenylethane
(8h, 0.389 g, 55%), mp 121-123° after crystallization (ethanol)
(mmp with nondeuterated material 121-122°, identical with 8a by
tlc and vpc); (b) CeHsCOCD2CeHs (9, 0.045 g, 9%), mp 47-51°,
pure by tlc (CCly) and vpe, containing 80% deuterium at the ben-
zylic position (nmr, CCly); (¢) a mixture of these two materials
(0.130 g, tle, vpe); and (d) tris(dimethylamino)phosphine sulfide
(6,0.340 g, 81%), identified by vpc and nmr.

«a-Benzoyl-a-phenylmethyl Ethyl Sulfide. «-Benzoyl-o-phe-
nylmethyl ethyl sulfide (10, 0.128 g, 0.5 mmol) and tris(dimethyl-
amino)phosphine (4a) were mixed and heated on an oil bath for
various time intervals and temperature conditions. Above 120°
using varying molar amounts of phosphine (consumed in ~10
min) virtually constant yields of 9, 11, 12, and t3 were obtained.

The reaction was also examined using benzene, 1,4-dioxane,
and N, N-dimethylformamide as solvents (1 ml) and 1 mmol of
each of the starting materials. Again, yields were approximately
constant with each solvent.

Isolation of Products. «-Benzoyl-a-phenylmethyl ethyl sulfide
(10, 640 mg, 2.5 mmol) and tris(dimethylamino)phosphine (4a,
450 mg, 2.7 mmol) were heated on an oil bath at 150° for 1 hr.
The resulting mixture was chromatographed on silica gel (60-100
mesh, 60 g) using hexane (500 ml) and hexane-dichloromethane
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mixtures (9:1, 21.; 8:2, 21.; 7:3, 11.; 6:4, 1 1.; and 5:5, 11.) as el-
uents. The fractions collected were monitored by vpc. Separations
were not completely efficient; however, the first fraction, a color-
less oil (80 mg), was pure by tlc (hexane) and vpe; ymax (liquid
film) 2978, 1638, 1604, 1689, 1497, 1452, 1120 (v broad), 925, 772,
and 700 em~1; nmr gave signals (CCly) at § 1.8-2.8 (multiplet, 10
H), 3.8 (singlet, 1 H), 6.1 {(quartet, 2 H), and 8.7 (triplet, 3 H});
mass spectrum showed P+ at 224, This information indicates that
the material is an enol ether, C¢gHzCH=C(CgHs)OCHj5. Identifi-
cation of a band characteristic of trans alkyl enol ethers in the
ir?5 at 925 cm-1 suggests that this compound is trans-1-ethoxy-
1,2-diphenylethylene (13, 14%). The second fraction was rechro-
matographed to give a sample of 1-benzoyl-1-phenylpropane (11,
61 mg, 11%) (vpc, tle, nmr); after crystallization (EtOH) mp and
mmp 49-52° (lit. mp 57°,23¢ 58° 24); g mixture of 11 and 12 (160
mg) (vpc, tlc) was also obtained. Ketone 11 was also present in
the next two fractions (vpc, tle, nmr). Tris(dimethylamino)phos-
phine sulfide (6, 327 mg, 67%) was isolated in a further fraction
(pure by vpc and tle).

a-Benzoylmethyl Benzyl Sulfide. «-Benzoylmethy!l benzyl sul-
fide (15, 2.42 g, 10 mmol) and tris(dimethylamino)phosphine (4a,
1.80 g, 11 mmol) were heated on an oil bath at 150° for 3 hr. The
resulting mixture was chromatographed on silica gel (60-100
mesh) (250 g) using as solvents hexane (1.5 1.), hexane-dichloro-
methane mixtures (1:10, 11.; 1:9, 1 1,; 3:17, 11.; 1.4, 11.; 3:7, 1 15
2:3, 11.; 1:1, 1 1,; 7:3, 1 1), dichloromethane (1 1.), chloroform (1
1), ethyl acetate (1 1.), and methanol (1 1.). Efficient separation
proved impossible; however, dibenzyl sulfide (540 mg, 50%) was
isolated as yellow prisms, mp and mmp 47-49°, identical in all
respects ‘(tlc in benzene, vpe, ir, nmr) with an authentic sample
of the sulfide.

Further fractions were obtained containing acetophenone, di-
benzyl sulfide, 1-benzoyl-2-phenylethane (16),28 starting material,
and traces of other unidentified materials (vpc, tle in cyclohexane
or benzene, nmr).

Tris(dimethylamino)phosphine sulfide (6, 911 mg, 47%) was
isolated in an almost pure state, Large quantities of polar materi-
al containing many unidentified components were also obtained.

Benzyl Thiocyanate. Benzyl thiocyanate (0.149 g, 1 mmol) and
tris(dimethylamino)phosphine (0.163 g, 1 mmol) were mixed. An
immediate reaction ensued, turning the mixture deep red. Mixing
these materials in methylene chloride (1 ml) or acetonitrile (1 ml)
gave a similar result. When benzene (1 ml) was used as solvent
the reaction was much slower; the mixture turned yellow, orange,
then red.

The methylene chloride solution obtained in this manner was
separated into five fractions by preparative tlc on silica gel [sol-
vents cyclohexane-ethyl acetate (1:1) and then benzene].

Dibenzyl sulfide, identical with an authentic sample (vpc, tle,
nmr, ir), and tris(dimethylamino)phosphine sulfide (6) (vpc,
nmr) were isolated.

The other three fractions contained many components that
were not identified, as they proved inseparable.

The reaction was then repeated in a variety of solvents; the
product mixtures were analyzed for benzyl sulfide, benzyl cya-
nide, and 6 by quantitative vpc, using cumene as an internal
standard. The results of these experiments are summarized in
Table III.
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Both 1- and 3-homoadamantanol yield homoadamantane, 1- and 2-methyladamantane, and 1-adamantylcar-
binol in the reactions with 75% sulfuric acid (70°). The mechanism very likely involves formation of the 1- and
3-homoadamantyl cations, followed by hydride transfers and rearrangements of the resulting classical homo-
adamantyl cations into the corresponding bridged cations. A simple, good-yield preparation of 1-homoadamantan-

ol is described.

Reactions with sulfuric acid leading to adamantane de-
rivatives attracted considerable attention in the last few
years.1-® endo-2,6-Trimethylene-exo-2-norbornanol in sul-
furic acid was reported to rearrange smoothly into 1-ada-
mantanol,? bicyclo[3.3.1]nonane-2,7-diol into 2-oxaada-
mantane,? while 3-hydroxymethylbicyclo[3.3.1lnonan-7-o0l
produced a mixture of 2-adamantanol, di(2-adamantyl) eth-
er, and adamantane.? 2-Hydroxy-2-methyladamantane in
98% sulfuric acid gave various mixtures of methyladaman-
tanones or methyladamantanes and hydroxymethylada-
mantanes depending on the temperature.* Synthetically
useful reactions are also encountered. Treatment of delta-
cyclane with sulfuric acid gave either 1- or 2-noradaman-
tanol or noradamantane, depending on conditions.5 The
reaction of adamantane or 1-adamantanol with 96% sulfu-
ric acid (80°) resulted in a 50% yield of adamantanone,5&
providing a very convenient method for the functionaliza-
tion of the methylene position of adamantane. Both ada-
mantanone oxime? and lactone 4-oxahomoadamantan-5-
oned with sulfuric acid were reported to give fair yields of
4-hydroxyadamantan-2-one.®

The reaction of adamantanols with sulfuric acid were
extensively investigated by Geluk and Schlatmann.® 2-
Adamantanol was shown to rearrange to l-adamantanol
(>98%) at 28° in concentrated sulfuric acid.52-1° An equi-
librium mixture containing small amounts of 2-adamanta-
nol was rapidly achieved from either direction. However,
with 70% HzSO4 (90°) a mixture of 1,4-adamantanediol,
adamantane, 1-hydroxy-4-adamantanone, and adamanta-
none was obtained.f® 1-Adamantanol, under essentially
the same conditions, disproportionated into 1,3-adaman-
tanediol and adamantane.®® The mechanism of these
reactions appears to involve an intermolecular hydride
transfer of a bridgehead hydrogen from one molecule of
the starting alcohol to an adamantyl cation which is gen-
erated from another molecule of the alcohol and is trans-
formed into adamantane.1!

An analogous mechanism would be reasonably expected
to operate in reactions of homoadamantyl alcohols with
sulfuric acid. However, the 3- and 4-homoadamanty! cat-
ions, if formed, could rearrange into the corresponding
nonclassical cations, which may lead to adamantane de-



