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ABSTRACT: A series of tertiary phosphine sulfides
and selenides have been synthesized in excellent yields
(88-99%) via a three-component reaction between
secondary phosphines, electron-rich alkenes (styrene,
vinyl chalcogenides), and elemental sulfur or sele-
nium, proceeding under solvent-free conditions (80-
82°C, 4-44 h). The interaction occurs via initial oxida-
tion of secondary phosphines with elemental sulfur or
selenium followed by noncatalyzed anti-Markovnikov
addition of the generated R,P(E)H (E = S, Se) species
to alkenes to afford the corresponding adducts with
high chemo- and regioselectivity. © 2015 Wiley Pe-
riodicals, Inc. Heteroatom Chem. 27:48-53, 2016;
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INTRODUCTION

Tertiary phosphine sulfides and selenides consti-
tute an important class of organophosphorus com-
pounds [1]. They are widely used as popular pre-
cursors and stabilizing agents for semiconductive
nanoparticles [2-4], extractants of noble metal ions
[5,6], versatile ligands for metal complexes [7,8] (in-
cluding catalysts [9, 10]) as well as reagents for or-
ganic synthesis [11, 12]. In addition, tertiary phos-
phine sulfides are offered as additives to electrolytes
[13], modifiers for rubbers [14], and sensitizers in
photographic materials [15].

Although a number of synthetic approaches to
tertiary phosphine sulfides and selenides were de-
scribed [1, 16], most of them are environmentally
hazardous or require application of hardly avail-
able materials. Therefore, the development of more
efficient and environmentally benign routes to the
phosphine chalcogenides (especially, functionalized
ones), starting from accessible compounds, still rep-
resents a certain challenge and remains a subject of
steadily growing investigations.

In this line, it was reported a radical and nucle-
ophilic addition [17] of secondary phosphine sulfides



Straightforward Solvent-Free Synthesis of Tertiary Phosphine Chalcogenides 49

and selenides to various alkenes and alkynes [18-
24] leading to the corresponding anti-Markovnikov
adducts, tertiary phosphine chalcogenides. Later,
a noncatalyzed version of this reaction was im-
plemented [25-27]. a-Hydroxylated tertiary phos-
phine chalcogenides were synthesized by catalyst-
free addition of R,P(E)H (E = S, Se) species to the
C=0 bond of aldehydes under solvent-free condi-
tions [28]. In the last year [29], the noncatalyzed
three-component synthesis of functionalized phos-
phine sulfides was published from diphenylphos-
phine, sulfur, and enones in the absence of solvent.
Recently [30], a series of tris[2-(aryl)ethyl Jphosphine
sulfides was prepared directly from red phospho-
rus, sulfur, and aromatic alkenes under microwave-
assisted superbasic conditions.

Following the approach in [29], herein we report
a straightforward synthesis of tertiary phosphine
sulfides and selenides via the three-component re-
action between secondary phosphines, electron-rich
alkenes, and elemental chalcogens (S or Se).

RESULTS AND DISCUSSION

We have found that the secondary phosphines 1, 2
react with electron-rich alkenes 3-5 and elemental
sulfur or selenium in equimolar ratio to deliver the
corresponding tertiary phosphine chalcogenides 6a—
1 in almost quantitative yields (Table 1). Notably,
the reaction successfully occurs without any solvents
under moderate heating (80-82°C). The order of the
reactants mixing affects chemo- and regioselectively
of the three-component reaction just negligibly be-
cause both main and possible side reactions (vide
infra) do not take place at room temperature.

Table 1 reveals that the three-component re-
action (earlier exemplified only by Ph,PH, sulfur,
and enones [29]) tolerates also electron-rich alkenes
(such as 3-5) and elemental selenium as well as other
secondary phosphines (for instance, 2). As for re-
activity within the alkene series, vinyl sulfides and
selenides appear to be more reactive than styrene.
Interestingly, the phenyl vinyl ether (an oxygen ana-
logue of alkenes 3 and 4) under similar conditions
reacted with phosphine 2 and sulfur (or selenium)
nonselectively to give a complex mixture of prod-
ucts (conversion of 2 being 100%), among which
the expected tertiary phosphine chalcogenides were
identified by 3'P NMR. Apparently, such behavior of
phenyl vinyl ether is due to its high tendency to the
hydrolysis under the action of acids (e.g., R,P(S)SH),
which can be formed in trace amounts from sec-
ondary phosphines and elemental chalcogens (in 1:2
mol ratio).
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Generally, the tertiary phosphine selenides are
formed faster than the phosphine sulfides, probably
due to the lower dissociation energy of the P-H bond
in the secondary phosphine selenides (actual reac-
tion intermediates, vide infra), as compared with
that in the secondary phosphine sulfides.

Common side products of the reaction, accord-
ing to 3'P NMR monitoring, are dichalcogenophos-
phinates, R',P(E)ECH(Me)R? (E = S, Se), forming
in up to 10 mol% via previously reported a three-
component reaction [31,32], in which 2 equiv of ele-
mental chalcogen is employed (Scheme 1). In this
reaction, in situ generation of dichalcogenophos-
phinic acids R';P(E)EH (from secondary phos-
phines and elemental S or Se) takes place; the fur-
ther addition of which to alkenes gives the esters of
dichalcogenophosphinic acids [31, 32].

The selective formation of the tertiary phos-
phine chalcogenides (under the solvent-free condi-
tions studied) is likely due to the higher rate of the
addition of the intermediate secondary phosphine
chalcogenides (vide infra) to alkenes compared to
the rate of competitive reaction of these intermedi-
ates with elemental chalcogen.

The products 6a-1 were characterized by X-ray
diffraction (for 6h, Fig. 1), NMR ('H, 3C, 3'P, and,
if appropriate, ’’Se) and FT-IR spectroscopy, which
proved their structures.

The 3'P NMR monitoring of the three-
component reaction shows that the secondary phos-
phine sulfides and selenides are its actual interme-
diates. These species are formed by well-known oxi-
dation of phosphines 1 and 2 with elemental chalco-
gens. As anticipated, elemental sulfur reacts faster
than selenium: its full dissolution is observed within
10-20 min, whereas 1-1.5 h is necessary for 100%
conversion of selenium. Moreover, in the reactions
with sulfur, a self-heating (up to 40-45°C for 1 mmol
loading) of the reaction mixture is observed under
the stirring at room temperature.

Therefore, formation of products 6a-l in the
three-component reaction can be rationalized as
anti-Markovnikov addition of secondary phosphine
chalcogenides A, generated from secondary phos-
phines 1, 2 and elemental sulfur or selenium, to the
double bond of alkenes 3-5 (Scheme 2).

Noteworthy, although noncatalytic addition of
diphenylphosphine to alkenes is known [33], the
possible formation of products 6a-l in the three-
component reaction via initial addition of secondary
phosphines 1, 2 to alkenes 3-5 is less probable,
since, as demonstrated in [29], the secondary phos-
phines at the beginning of reaction are rapidly and
completely converted into the secondary phosphine
chalcogenides.
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TABLE 1 Three-Component Synthesis of Tertiary Phosphine Sulfides, and Selenides?

without catalyst
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4Reaction conditions: secondary phosphine 1,2 (1.0 mmol), alkene 3-5 (1.0 mmol), elemental sulfur or selenium (1.0 mmol), inert atmosphere,

stirring, 80—82°C, 4-44 h
bisolated yield.
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R’ o RZ Se
\ 100°C, 1.5h I
P-H + A R2 - P~
R 7 R% * 28e 1,4-dioxane Me)\se/ “ 1R1
R

R' = alkyl, aryl, etc.
R? = Ar, OR, SR', SeR!, efc.

SCHEME 1

7

oz
ot A

up to 99% [31, 32]

Three-component reaction between secondary phosphines, alkenes, and elemental selenium.

FIGURE1 ORTEP drawing (30% thermal ellipsoid) of phosphine selenide 6h (one of the two crystallographically independent

molecules is shown).

R1\ Sg or Se R1\ /) E
/P_H - /P\
R! R'" H
1,2 A

SCHEME 2 A tentative reaction pathway.

CONCLUSIONS

Thus, we have developed a straightforward atom-
economic synthesis of tertiary phosphine sulfides
and selenides based on the three-component reac-
tion between secondary phosphines, electron-rich
alkenes, and elemental chalcogens, proceeding un-
der mild solvent-free conditions. The actual in-
termediates of this reaction are secondary phos-
phine chalcogenides [29]; the noncatalytic addition
of which to the alkenes leads to tertiary phosphine
chalcogenides. The accessibility of the starting mate-
rials and their potential structural diversity as well as
excellent isolated yields and high chemo- and regios-
electivity of this reaction allow it to be considered as
one of the most efficient methods for preparation of
various tertiary phosphine chaclogenides. The lat-
ter are useful precursors and stabilizing agents for
nanoparticles [2-4], prospective extractants of no-
ble metal ions [5, 6], and ligands for metal com-
plexes [7, 8].
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EXPERIMENTAL
General

The 'H, 3C, 3'P, and 7"Se NMR spectra were
recorded on a Bruker AV-400 spectrometer (400.13,
100.62, 16198, and 76.31 MHz, respectively).
Eighty-five percent H3;PO4/H,0 was employed as ex-
ternal standard for 3'P NMR, HMDS was used for 'H
and 13C NMR, and Me,Se was the external standard
for 77Se NMR. FT-IR spectra were run on a Bruker
Vertex 70 instrument. The C and H microanalyses
were performed on a Flash EA 1112 elemental ana-
lyzer, whereas P, S, and Se contents were determined
by combustion and spectrophotometric methods.

All experiments were carried out in an inert at-
mosphere (dry argon). Bis(2-phenethyl)phosphine
(1) was prepared from red phosphorus and styrene
[34]. Vinyl sulfide 4 and vinyl selenide 5 were syn-
thesized as published in [35] and [36], respectively.
Diphenylphosphine (2), styrene, elemental sulfur,
and selenium are commercial products.
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Synthesis of Tertiary Phosphine Chalcogenides
6a-1 (General Procedure)

A mixture of secondary phosphine 1, 2 (1.0 mmol),
alkene 3-5 (1.0 mmol), and elemental sulfur (Sg) or
selenium (1.0 mmol) was stirred at 80-82°C for 4-44
h. After the reaction completion, the crude product
was purified by flash chromatography (neutral alu-
mina, hexane/Et,O 1:1 mixture as an eluent) to give
pure products 6a-1 in 88-99% yields.

X-Ray Crystallography of 6h

The XRD data were obtained on a Bruker Kappa
Apex IT CCD diffractometer using ¢, w scans of
narrow (0.5°) frames with Mo K« radiation (A =
0.71073 A) and a graphite monochromator. The
structures were solved by direct methods and refined
by the full-matrix least-squares method against all
F? in anisotropic approximation using the SHELX-
97 programs set [37]. The H atoms positions were
calculated with the riding model. Absorption cor-
rections were applied empirically using SADABS
programs. Compound 6h is triclinic, space group
P-1, a = 7.6775(7), b = 18.006(2), ¢ = 18.281(2)
A, o = 63.802(4), 8 = 89.779(4), y = 82.341(4)°,
V = 2243.0(4) A3, Z = 4, C,4H»;PSSe, D, = 1.355
g/em3, u = 1.845 mm~', F(0 0 0) = 944, crystal
size 0.8 x 0.60 x 0.04 mm?, independent reflections
8050, wR, = 0.1860, S = 1.02 for all reflections (R
= 0.0754 for 4859 F > 40). Tables listing detailed
crystallographic data, atomic positional parameters,
and bond lengths and angles are available as CCDC
1404950 from the Cambridge Crystallographic Data
Centre via www.ccdc.cam.ac.uk/data_request/cif.

ACKNOWLEDGMENTS

This work was supported by the President of the Rus-
sian Federation (program for the support of leading
scientific schools, grant NSh-156.2014.3). The spec-
tral data were obtained using instrumental park of
Baikal Analytical Center SB RAS.

REFERENCES

[1] Hartley, F. R. The Chemistry of Organophosphorus
Compounds, Vol. 2: Phosphine Oxides, Sulphides,
Selenides and Tellurides; Wiley: Chichester, UK,
1992.

[2] Cho, K.-H.; Sung, Y.-M. Nanoscale 2013, 5, 3690-
3697.

[3] Koh, W.; Yoon, Y.; Murray, C. B. Chem Mater 2011,
23, 1825-1829.

[4] Garcia-Rodriguez, R.; Liu, H. J Am Chem Soc 2014,
136, 1968-1975.

[5] Men’shikov, V.1.; Voronova, I. Yu.; Proidakova, O. A.;
Malysheva, S. F.; Ivanova, N. I.; Belogorlova, N. A.;
Gusarova, N. K.; Trofimov, B. A. Russ J Appl Chem
2009, 82, 183-189.

[6] Baker, R. J.; Fuchs, J.; Richards, A. J.; Ogilvie, H. V.
J Environ Manage 2011, 92, 2781-2785.

[7] Pop, A.; Silvestru, A.; Gimeno, M. C.; Laguna, A.;
Kulcsar, M.; Arca, M.; Lippolis, V.; Pintus, A. Dalton
Trans 2011, 40, 12479-12490.

[8] Canales, S.; Villacampa, M. D.; Laguna, A.; Gimeno,
M. C. J Organomet Chem 2014, 760, 84-88.

[9] Das, P.; Bora, U.; Tairai, A.; Sharma, C. Tetrahedron
Lett 2010, 51, 1479-1482.

[10] Aizawa, S.; Fukumoto, K.; Kawamoto, T. Polyhedron
2013, 62, 37-41.

[11] Mayhew, D. L.; Clive, D. L. J. Triphenylphos-
phine Sulfide. In e-EROS Encyclopedia of Reagents
for Organic Synthesis [Online]; Wiley-VCH: Wein-
heim, Germany, 2001. DOI: 10.1002/047084289X
rt379.

[12] Mayhew, D. L.; Clive, D. L. J. Triphenylphosphine
Selenide. In e-EROS Encyclopedia of Reagents for
Organic Synthesis [Online]; Wiley-VCH: Weinheim,
Germany, 2001. DOI: 10.1002/047084289X.rt378.

[13] Inagaki, H.; Takami, N. JP Patent 119260, 2004;
Chem Abstr 2004, 140, 342110.

[14] Cao, A.; Liu, Y.; Fan, X.; Feng, S. X.; Schmitt, P,;
Zhou, Z. WO Patent 018161, 2011; Chem Abstr 2011,
154, 260605.

[15] Simpson, S. M.; Burleva, L. P.; Sakizadeh, K. US
Patent 0123870, 2005; Chem Abstr 2005, 143, 50673.

[16] Kilah, N. L.; Wild, S. B. In Science of Synthesis;
Mathey, F. (Ed.); Georg Thieme Verlag: Stuttgart,
Germany, 2009; Vol. 42, pp. 595-633.

[17] For review, see: Arbuzova, S. N.; Gusarova, N. K.;
Trofimov, B. A. Arkivoc 2006, (v), 12-36.

[18] Dingwall, J. G.; Tuck, B. J Chem Soc, Perkin Trans 1
1986, 2081-2090.

[19] Parsons, A. F.; Sharpe, D. J.; Taylor, P. Synlett 2005,
2981-2983.

[20] Oparina, L. A.; Gusarova, N. K.; Vysotskaya, O. V;
Kolyvanov, N. A.; Artem’ev, A. V.; Trofimov B. A. Syn-
thesis 2012, 44, 2938-2946.

[21] Oparina, L. A.; Vysotskaya, O. V.; Kolyvanov, N. A,;
Artem’ev, A. V.; Gusarova, N. K.; Trofimov, B. A. J
Sulfur Chem 2015, 36, 227-233.

[22] Artem’ev, A. V.; Oparina, L. A.; Gusarova, N. K;
Vysotskaya, O. V.; Tarasova, O. A.; Gatilov, Yu. V;
Albanov, A. I.; Trofimov, B. A. Tetrahedron 2015, 71,
1998-2003.

[23] Arbuzova, S. N.; Gusarova, N. K.; Bogdanova, M. V ;
Ivanova, N. I.; Ushakov, I. A.; Malkina, A. G.; Trofi-
mov, B. A. Mendeleev Commun 2005, 15, 183-184.

[24] Trofimov, B. A.; Gusarova, N. K.; Arbuzova, S. N.;
Ivanova, N. I.; Artem’ev, A. V.; Volkov, P. A.; Ushakov,
1. A.; Malysheva, S. F.; Kuimov, V. A. J Organomet
Chem 2009, 694, 677-682.

[25] Malysheva, S. F.; Gusarova, N. K.; Artem’ev, A. V;
Belogorlova, N. A.; Albanov, A. I.; Borodina, T. N.;
Smirnov, V. L; Trofimov, B. A. Eur J Org Chem 2014,
2516-2521.

[26] Malysheva, S. F.; Gusarova, N. K.; Artem’ev, A. V;
Belogorlova, N. A.; Albanov, A. I.; Borodina, T. N.;
Smirnov, V. I; Trofimov, B. A. Synthesis 2014, 46,
2656-2662.

Heteroatom Chemistry DOl 10.1002/hc



Straightforward Solvent-Free Synthesis of Tertiary Phosphine Chalcogenides 53

[27] Artem’ev, A. V.; Malysheva, S. F.; Gusarova, N.
K.; Belogorlova, N. A.; Shagun, V. A.; Albanov,
A. 1.; Trofimov, B. A. Synthesis 2015, 47, 263-
271.

[28] Gusarova, N. K.; Ivanova, N. I.; Volkov, P. A;
Khrapova, K. O.; Larina, L. I.; Smirnov, V. I.; Borod-
ina, T. N.; Trofimov, B. A. Synthesis 2015, 47, 1611-
1622 and references therein.

[29] Alonso, F.; Moglie, Y. Curr Green Chem 2014, 1, 87—
93.

[30] Kuimov, V. A,; Malysheva, S. F.; Gusarova, N. K;
Korocheva, A. O.; Trofimov, B. A. J Sulfur Chem 2014,
35, 137-144.

[31] Gusarova, N. K.; Artem’ev, A. V.; Malysheva, S. F;
Tarasova, O. A.; Trofimov, B. A. Tetrahedron Lett
2011, 52, 6985-6987.

Heteroatom Chemistry DOl 10.1002/hc

[32] Artem’ev, A. V.; Chernysheva, N. A.; Gusarova, N. K.;
Yas’ko, S. V.; Liao, J.-H.; Liu, C. W.; Albanov, A. L;
Trofimov, B. A. Heteroatom Chem 2014, 25, 135-139.

[33] Alonso, F.; Moglie, Y.; Radivoy, G.; Yus, M. Green
Chem 2012, 14, 2699-2702.

[34] Trofimov, B. A.; Brandsma, L.; Arbuzova, S. N.; Maly-
sheva, S. F.; Gusarova, N. K. Tetrahedron Lett 1994,
35, 7647-7650.

[35] Gusarova, N. K.; Chernysheva, N. A.; Yas’ko, S. V,;
Trofimov, B. A. Russ Chem Bull 2013, 62, 438-440.

[36] Gusarova, N. K.; Potapov, V. A.; Amosova S. V.; Trofi-
mov, B. A. Zh Org Khim 1983, 19, 2477-2480; Chem
Abstr 1984, 101, 6574r.

[37] Sheldrick, G. M. SHELX-97, Programs for Crys-
tal Structure Analysis (Release 97-2), University of
Gottingen, Gottingen,Germany, 1997.



