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1. Synthesis of secondary and tertiary phosphine
selenides based on the Trofimov—Gusarova reaction.
Secondary and tertiary phosphine selenides are
attractive as ligands for design of multipurpose metal
complexes [1-4], precursors of physiologically active
compounds [5-9], building blocks of organophos-
phorus compounds [10—15], intermediates of elemental
selenium preparation, and convenient models to study
the physicochemical properties of complex molecules
[19-24]. Conventional methods of phosphine selenides
synthesis utilizing aggressive phosphorus halides and
organometallic compounds are inconvenient, multi-
stage, and environmentally unfriendly. However, these
compounds have been successfully prepared [25-30]
via the Trofimov—Gusarova reaction (direct phos-

phorylation of electrophiles with elemental phosphorus
or the phosphine generated therefrom in the presence
of strong bases) [31-35].

1.1. Synthesis of secondary phosphine selenides
from red phosphorus, styrenes, and elemental
selenium. The synthesis of target secondary phosphine
selenides is based on oxidation of the corresponding
secondary phosphines 1-4 with elemental selenium.
The reaction occurs under mild conditions (ambient
temperature, 0.5-1.5 h, toluene, argon), the yield of
secondary phosphine selenides 5-8 is practically
quantitative [19, 36, 37] (Scheme 1).

The original method of preparation of the starting
secondary phosphines has been elaborated based on

Scheme 1.
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nucleophilic addition of phosphine to weakly
electrophilic styrenes in the presence of a superbasic
KOH-DMSO system [36-39]. Phosphine and
hydrogen have been generated in ~1 : 1 ratio from red
phosphorus and potassium hydroxide in a water—
toluene medium [36]. In order to achieve the proper
chemical selectivity of the reaction and to stop it at the
stage of the secondary phosphines formation, the
styrene substrate should be slowly introduced in a
heated KOH-DMSO (H,O) suspension, phosphine
being vigorously passed through the mixture.

The following conditions have been suggested for
the synthesis of secondary phosphines 1-3: 60-75°C,
3 h, ratio of alkene : KOH : H,O [1 : 3 : 6.8 for 1 [38],
1:52:28for2[37]orl:28:6.2 for 3 [39]in
DMSO. The yield of the secondary phosphines has
been 79 (1), 63 (2), and 67% (3) (Scheme 2).

4-tert-Butylstyrene has been less reactive towards
hydrophosphination than unsubstituted styrene. The
reaction has been performed at 70°C using the ratio
alkene : KOH : H,O (1 : 3 : 1.6) in DMSO. The
conversion of fetr-butylstyrene under the said condi-

200 W, 15 min

QTN

.
=
2,54%

tions has been as low as 75%. The process is
chemically selective, and the yield of the secondary
phosphine 4 is 87% (accounting for the conversion of
tert-butylstyrene) [36] (Scheme 3).

Using o-methylstyrene as an example, it has been
demonstrated that secondary phosphine selenide can be
prepared from phosphine, styrene, and elemental
selenium without isolation of the intermediate
secondary phosphine from the reaction mixture [40].

The synthesis of the secondary phosphine 2 via
activation of red phosphorus under combined action of
a strong base and microwave irradiation (200 W,
15 min) has been reported as well. The approach has
allowed for direct phosphorylation of a-methylstyrene
in the P,—~KOH-DMSO(H,0) system affording the
secondary phosphine 2 in 54% yield [37] (Scheme 4).

The reaction does not occur in the absence of KOH,
the fact evidencing the nucleophilic mechanism of the
process that can be expressed by the Schemes 5, 6.

The first stage consists in the generation of
phosphide and phosphinite anions from red phos-
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Scheme 5.
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phorus under the action of the superbase and micro-
wave irradiation.

Phosphide anions further react with o-methyl-
styrene in a superbasic KOH-DMSO system forming
sequentially the primary and the secondary phosphines
(Scheme 6).

1.2. Synthesis of tris(2-pyridyl)phosphine selenide
from 2-bromopyridine, elemental phosphorus, and
elemental selenium. Oxidation of tris(2-pyridyl)phos-
phine 9 with elemental selenium under mild conditions
(ambient temperature, 0.5 h, toluene, argon) has
resulted in quantitative formation of tris(2-pyridyl)phos-
phine selenide 10 (Scheme 7).

The starting tertiary phosphine 9 has been synthe-
sized via direct phosphorylation of 2-bromopyridine

with elemental (red or white) phosphorus via the
Trofimov—Gusarova reaction [41-43] in a KOH-
DMSO (H,0) system at heating (100°C and 3 h in the
case of red phosphorus, 75°C and 3 h in the case of
white phosphorus; argon). The phosphine yield is 62
(red phosphorus) and 50% (white phosphorus) [41, 42].
The activation with microwave irradiation (300 W) has
decreased the duration of the red phosphorus reaction
with 2-bromopyridine down to 20 min [43] (Scheme 8).

The described reaction occurs likely via initial
splitting of elemental phosphorus by weakly solvated
hydroxide ions yielding phosphorus-centered anions.
Interaction of the latter with 2-bromopyridine via
aromatic nucleophilic substitution mechanism leads to
the formation of tris(2-pyridyl)phosphine (Scheme 9).

This is the first example of formation of the Cg—P
bond directly from elemental phosphorus and hetaryl-
halide.

Hence, the Trofimov—Gusarova reaction is a
convenient approach towards synthesis of organophos-

Scheme 6.
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phorus compounds (first of all, organic phosphines and
phosphine chalcogenides) based on direct phos-
phorylation of electrophiles (electrophilic alkenes,
acetylenes, and organylhalides) with elemental phos-
phorus (or the generated phosphine) in the presence of
superbases.

2.1. Conformational analysis of secondary aryl-
phosphine selenides. Comprehensive conformational
analysis of complex polyfunctional organic com-
pounds (in particular, organophosphorus compounds
with several axes of internal rotation) has been rarely
reported in the literature; at the best, mutual spatial
arrangement of the molecule fragments has been
discussed. Detailed conformational analysis can be
assessed by the study of the molecules structure in
solution taking advantage of complementary physical
methods; such approach was used in this work.

In view of the scarce data on the structure of
compounds containing P=Se bonds, we performed
conformational analysis of phosphine selenides 5-8
using the method of dipole moments and quantum
chemical calculations [DFT B3PW91/6-31G(d) and
B3PW91/6-311++G(3df,3pd)] [20-23, 44] as well as
IR spectroscopy of compound 6 in different states of
matter [20].

Experimental dipole moments of compounds 5-8
were determined in solutions of benzene and dioxane
(Table 1). Polarity of the selenides 5-8 was typical of
compounds containing tetracoordinate phosphorus
atom, 2.5-5.0 D [45].

In order to base the experimental values of dipole
moments, we calculated all possible conformers of
phosphine selenides 5-8 using the density functional
theory method DFT B3PW91/6-31G(d).

The values of relative energy and dipole moments
(theoretical as well as calculated via the vector-ad-
ditive scheme) of the possible conformers of com-
pound 5 (Fig. 1) are collected in Table 2. The lowest
energy corresponded to the symmetric conformer 5a
with the Se=P—C,;;—C,,s dihedral angles of 47° and
—47° (the g" and g orientation of the P=Se and

593

Table 1. Experimental dipole moments of compounds 5-8

Compound Solvent Hexps D
5 Benzene 2.65
Dioxane 3.25
6 Benzene 4.16
Dioxane 4.68
7 Benzene 3.94
Dioxane 4.63
8 Benzene 3.78
Dioxane 3.69

Cyp3—Cys bonds, respectively) [20, 21, 44]. Such
mutual orientation of the bonds is typical of the most
of the tetracoordinate phosphorus compounds [49].
Conformers Sb and 5c¢ exhibited similar energy values.
Neither theoretical nor calculated values of dipole
moment of the possible conformers of phosphine
selenide 5 coincided with the experimental data, even
though a series of model compounds with different
surroundings of the phosphorus atom and the reported
polarity were considered to determine the dipole
moment of the P=Se bond (Table 2). It should be noted
that the use of the conformationally uniform rigid
bicyclic selenophosphate [47] as the model compound
was less appropriate, since that molecule contained no
P—C bonds. Even with the lowest dipole moment of the
P=Se bond (2.50 D) [47] used for the calculation, the
theoretical and calculated dipole moments of all the
conformers of compound 5 were lower than the
experimental value. This fact deserves further
investigation involving the extended range of the
phosphorus compounds containing the P=Se bond.
Accounting for the close values of energy of
conformers Sa—Se, they likely contributed almost
equally to the conformational equilibrium.

X-ray diffraction analysis of phosphine selenide 5
[19] showed that the 5e form with the gauche-
orientation of the P=Se and C,:—C,,s bonds (Fig. 2a)
exists in crystal. The crystal packing of the compound

Scheme 9.
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Fig. 2. Geometry of compound 5 molecule (a) in the crystal according to the X-ray diffraction data [19] and (b) crystal packing of
phosphine selenide 5 [19].

(Fig. 2b) showed no m-stacking interactions between
the parallel benzene rings.

Since the experimental and theoretical values of
dipole moments of compound 5 were different, we
calculated the theoretical dipole moments of the preffered
in energy conformer 5a using a variety of quantum
chemical methods and basis sets (Table 3). In general,
the values determined using different non-empirical
methods were fairly close. Hence, we failed to under-
stand the deviation from experimental of the theo-
retical dipole moments of phosphine selenide 5 conformers.

IR spectral data (KBr) for phosphine selenides 5
and 6 have been reported in [19, 40]. An absorption
band of medium intensity at 440 to 600 cm ™' has been
generally assigned to the P=Se bond stretching
vibrations. Comparative analysis of IR spectra of

el

compound 6 [20] recorded in different states of the
specimen (crystal, melt, and solution in CCl; or
CH,Cl,) showed that the number of the bands was the
same for solid and liquid samples (Fig. 3) evidencing
the presence of a single major conformer in all states
or the identity of the spectra of the rotamers in the
400-1600 cm ' range. It should be noted that the
position of the band assigned to the P=Se bond
vibration (440 cm ™) [19] in IR spectra of compound 6
was the same irrespectively of the state of the
specimen (Fig. 3). That vibration was observed as a
strong band with a maximum at 442 ¢cm™' in Raman
spectrum of compound 6 (Fig. 4).

According to the DFT B3PW91/6-31G(d) quantum
chemical simulation, twelve conformers were possible
for phosphine selenide 6, the 6a-RR, 6a-RS, 6a-SR, and

RUSSIAN JOURNAL OF GENERAL CHEMISTRY Vol. 86 No. 3 2016
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Table 2. Relative energy and dipole moments (theoretical and calculated using the vector-additive scheme) of compound 5

conformers
m(P=>Se), D (model compound)
Conformer kJA/rEn ’01 H t;‘;’r’ 4.00 [45] (Et;P=Se) | 3.73 [46] (Ph;P=Se) (E?)t.COﬁIEi’é]e) [Me C?gl?lz[(é)li]P: Se]
Heales D
5a 0.0 | 436 4.64 4.38 3.67 3.20
5b 1.0 | 433 4.80 4.53 3.81 3.31
5¢ 57 | 442 4.66 4.39 3.67 3.18
5d 7.0 | 441 4.74 4.47 3.75 3.26
Se 7.5 | 438 4.73 4.46 3.74 3.25
5f 10.3 | 4.34 4.88 4.61 3.89 3.39

6a-SS forms being the most favorable (Table 4 and
Fig. 5) [21, 23, 44]. These were non-symmetrical
structures showing the Se=P—C,,3—C,,s dihedral angles
of 40-60° (gauche-orientation of the P=Se and
Cy3—Cgps bonds); the 6b-RR, 6b—6d-SR conformers
were close in energy as well.

Dipole moments of the possible conformers of
compound 6 were calculated using the P=Se bond
polarity values given in Table 4. As expected, the
bicyclic selenophosphate was not a suitable model
compound. The obtained results coincided fairly well
with the experiment (Table 4). Similarly to the case of
compound 5, the equilibrium of the coexisting
conformers close in the energy could not be excluded
for compound 6. That was a reason for the no changes
in IR spectra of compounds 5 and 6 depending on the
state of the specimen (crystal, melt, or solution) [20]:
evidently, the spectral parameters of the conformers in
equilibrium were close.

The simple 6-31G(d) and the extended 6-311++
G(3df,3pd) basis sets were used in the quantum
chemical calculation of the possible conformers of bis-
[(4-tert-butylphenyl)ethyl]phosphine selenide 7 and bis-
[(4-chlorophenyl)ethyl]phosphine selenide 8 [22]. The
resulting most probable conformers are shown in ~ Fig. 6.

In the case of the phosphine selenide 8, the
B3PW91/6-31G(d) results showed that the lowest
energy corresponded to the symmetrical 8a conformer,
however, the simulation in the extended basis set
evidenced the preference for conformer 8b (Table 5).
The dipole moment of the conformer 8b determined in
both sets was in better agreement with the experiment

than the values for conformer 8a; hence, the conformer
8b was likely the preferred one. The dipole moments
of the conformers calculated via the vector-additive
scheme disagreed with both the theoretical and the
experimental data. Probably, conformers 8a—8c existed
in the conformational equilibrium, since their relative
energies were close.

Similarly, in the case of the phosphine selenide 7
the simulation using different basis sets predicted the
energy preference for different conformers, even
though the simulated dipole moments were close.
Accounting for the slight energy difference between
the conformers (4 kJ/mol as determined in the ex-
tended basis set), the equilibrium of three conformers
of compound 7 in the solution could be expected.

Hence, the dipole moment measurement, IR spec-
troscopy, and quantum chemical calculation showed

Table 3. Dipole moments (Leo) Of the favorable by energy
conformer 5a (AE = 0.0 kJ mol ") determined via various
quantum chemical methods

Calculation method Htheors D
PM3 5.35
HF/6-31G(d) 5.04
HF/6-311++G(3df,3pd) 5.17
B3PW91/6-31G(d) 4.36
B3PW91/6-311++G(3df,3pd) 4.36
B3PW91/cc-pVTZ 4.46
MP2/6-31G (d) 493
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Fig. 3. IR spectra of compound 6 in the crystal (1), the melt
(2), and the solution in CH,Cl, (3).

that compounds 5-8 in the solution were mixtures of
several conformers close in energy; the gauche-orient-
tation of the P=Se and C,,3—C,,s bonds exists in all the
coexisting conformations, typical of the rotation
around the P—C,; bond in the compounds containing
tri- and tetracoordinate phosphorus atom [49].

2.2. Conformational analysis of tris(2-pyridyl)-
phosphine and tris(2-pyridyl)phosphine selenide.
Tris(2-pyridyl)phosphine and its chalcogenides have
been used as convenient models in the study of

0.3}
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Fig. 4. Raman spectrum of compound 6 in the crystal.

conformational behavior of organic compounds of tri-
and tetracoordinate phosphorus [24]. The -earlier
undefined polarities of tris(2-pyridyl)phosphine 9 and
tris(2-pyridyl)phosphine  selenide 10 have been
determined, quantum chemical calculation of the
dipole moments of the possible conformers of these
compounds has been performed, and their polarity has
been calculated using the vector-additive scheme [24].

Figures 7 and 8 display the values of relative
energy and experimental as well as theoretical dipole

Table 4. Relative energy and dipole moments (theoretical and calculated using the vector-additive scheme) of compound 6

conformers
m(P=>Se), D (model compound)
AE cors | 4.00 [45] (Et;P=Se) | 3.73 [46] (Ph3P=Se 3.00 [47 2.50 [48
Conformer | =\ (o1 Hﬂf) HRIERTY HOLERTY (EtClzlEZS]e) [MeC(CHz[O)jP:Se]
Heales D
6a-RR 0.0 4.22 4.56 4.29 3.57 3.07
6b-RR 1.9 4.14 4.63 4.36 3.63 3.13
6¢c-RR 7.6 4.24 4.68 441 3.68 3.18
6a-SS 0.0 4.19 4.58 4.32 3.59 3.09
6b-SS 13.0 4.29 4.77 4.50 3.78 3.28
6a-RS 0.0 4.19 4.57 4.30 3.58 3.08
6b-RS 8.0 4.22 4.61 4.34 3.62 3.12
6a-SR 0.0 4.13 4.73 4.46 3.74 3.25
6b-SR 3.1 4.23 4.86 4.59 3.87 3.37
6¢-SR 5.5 4.23 4.93 4.66 3.94 3.45
6d-SR 2.2 431 4.16 3.90 3.19 2.70
6e-SR 6.3 5.22 4.56 4.29 3.58 3.09
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Fig. 5. Preferred conformers of compound 6 according to the B3PW91/6-31G(d) calculation.

moments of the possible conformers of compounds 9
and 10. The experimental dipole moment of compound
9 was unexpectedly high (4.16 D); dipole moments of
the trivalent phosphorus compounds typically do not
exceed 3 D [45]. *'P NMR spectrum of phosphine 9
registered under similar conditions (dioxane, dp =
—1.44 ppm) was practically identical to that reported in
the literature (—1.98 ppm) [42]; thus, the compound did
not undergo any transformations under the experi-
mental conditions. Further studies confirmed that tris
(2-pyridyl)phosphine was in fact very polar.

According to the calculation data, tris(2-pyridyl)-
phosphine 9 and its selenide 10 have the pyramidal
structure, the pyridyl rings being located in the
propeller shape with respect to the P=Y fragment (Y =
lone-electron pair or Se atom).

In the case of the unsubstituted phosphine 9
(Fig. 7), two conformations corresponded to the energy
minimum: 9a with the nitrogen atoms of all the three
pyridyl rings being directed towards the P=Y fragment
and 9b with only two pyridyl nitrogen atoms directed
towards P=Y. The cis-Y—P—C,>—N dihedral angles
were of 50°—60°, corresponding to the gauche,gauche, -
gauche-orientation of the pyridyl rings rotating around
the P-C,,. (cycle) bond. The proportion between the
theoretical and experimental dipole moments
evidenced the conformational equilibrium of the 9a
and 9b forms in solution. According to the X-ray
diffraction data [50], weak intermolecular C-H-'N
interactions were operative in compound 9, likely
responsible for its high polarity in comparison with the
other trivalent phosphorus compounds [45]. The low
dielectric constant (and, thus, dipole moment) values

Table 5. Relative energy and dipole moments (theoretical and calculated using the vector-additive scheme) of compounds 7

and 8 conformers

B3PW91/6-31G(d) B3PW91/6-311++G(3df,3pd)
Conformer Heale D

AE, kJ/mol Hheors D AE, kJ/mol Wiheor, D

7a 0.00 4.40 0.92 4.63 4.90

7b 5.65 4.57 0.00 4.69 491

Tc 0.96 4.38 4.14 4.65 4.85

8a 0.00 5.69 0.35 5.02 5.79

8b 6.42 3.71 0.00 3.51 4.28

8c 0.72 4.25 3.51 3.79 4.71
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Fig. 7. Possible conformers of compound 9 (jiex, =4.16 D, dioxan).
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are typical of compounds with the intramolecular rings directed oppositely with respect to the P=Se

hydrogen bonding [51].

group (the frans,trans,trans-orientation of the pyridyl
cycles with respect to the P=Se bond) was the most

In the case of tris(2-pyridyl)phosphine selenide 10,  favorable conformation (Fig. 8). The 10b conformer
the 10a form with the nitrogen atoms of all the pyridyl  had the trans,trans,cis-orientation of the pyridyl rings
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with respect to the P=Se bond. The 10¢ conformer
with the highest relative energy showed the
gauche,gauche,gauche-orientation of the pyridyl rings
with respect to the P=Se bond (Fig. 8). Comparative
analysis of the theoretical and experimental dipole
moments of compound 10 evidenced the predominant
presence of the 10a conformer in the solution, the 10b
conformer being the minor component.

It should be noted that tris(2-pyridyl)phosphine
oxide and tris(2-pyridyl)phosphine sulfide existed in
the form of the predominant conformer (the pyridyl
rings in gauche- or trans-orientation with respect to the
P=0O or P=S bond) in the equilibrium with the second
minor form in the solution [24].

The m(Het—P) group moment of 3.41 D was
determined using the unsubstituted phosphine 9 as the
model compound. If primary pyridylphosphine ([eor =
2.83 D) or secondary bispyridylphosphine (Upheor =
3.26 D) were used as the model compounds, the
m(Het—P) group moment was of 5.31 and 3.54 D,
respectively. The closeness of the first and the third
mentioned dipole moment values was remarkable.
However, the vector-additive calculation of dipole
moment of the phosphine selenide 10 using those
values did not afford the dipole moment coinciding
with the experimental data. All the calculated dipole
moments were significantly higher (by at least 2 D)
than the experimental value. It should be noted that the
vector-additive dipole moment value was independent
of the direction of the nitrogen atoms of the hetero-
cycles with respect to the P=Y fragment [24].

Hence, the method of dipole moments and quantum
chemical calculations revealed that the preferred
conformations of tris(2-pyridyl)phosphine and its
selenide (gauche and trans forms with the propeller-
like orientation of the pyridyl rings with respect to the
P=Y fragment) were in line with the general
conformational behavior of tri- and tetra-coordinate
phosphorus compounds containing alkyl or thioalkyl
substituents.

EXPERIMENTAL

Experimental dipole moments of compounds 5-9 in
solution of benzene or dioxane were determined using
the Debye II method [20-24]. The vector-additive
calculation of the dipole moments of compounds 5-9
was performed using the geometry parameters derived
from the quantum chemical calculation as well as the
dipole moments of the bonds and groups given in
[45, 52, 53].

The quantum chemical calculations were performed
as follows. First, the fast search for the possible
conforma-tions of the studied compounds was carried
out applying the DFT B3PW91/6-31G(d) method, and
then the refining calculation was run in the extended 6-
311++G(df,p) basis set. However, in certain cases the
B3PWO91/6-311++G(df,p) and the B3PW91/6-31G(d)
calculations evidenced the different conformations
corresponding to the energy minimum. In those cases,
modern wB97XD DFT method was used, including
the exchange functional accounting for the dispersion
intramolecular interactions [54]. When combined with
the extended basis set, the latter method gave better
agreement of the calculated data with the experimental
ones; however, it was more time-consuming.

In the case of the B3PW91 method, the dipole
moment values were practically independent of the
applied basis set, including the set of the Slater
functions. Dipole moments determined using the semi-
empirical PM3 method were somewhat higher than in
the cases of the non-empirical methods. The dipole
moments determined by the different non-empirical
methods were generally close.

Quantum chemical calculations were performed
using GAUSSIAN 09 software [55], with full
geometry optimization. The correspondence of the
found stationary points to the energy minimum in all
cases was confirmed by the calculation of the second
derivatives of the energy over the atomic coordinates;
all equilibrium structures corresponding to the
stationary points of the potential energy minimum had
only positive frequencies.

ACKNOWLEDGMENTS

The calculations were performed at the Kazan
Branch of Joint Supercomputer Center of the Russian
Academy of Sciences.

This work was financially supported by the Russian
Foundation for Basic Research (project no. 16-03-00100a).

REFERENCES

1. Lobana, T.S., Mahajan, P., Pannu, A.S., Hundal, G., and
Butcher, R.J., J. Coord. Chem., 2007, vol. 60, p. 733.
DOI: 10.1080/00958970600914754.

2. Kilpin, K.J., Henderson, W., and Nicholson, B.K.,
Dalton Trans., 2010, vol. 39, p. 1855. DOI: 10.1039/
B916755B.

3. Pop, A., Silvestru, A., Gimeno, M.C., Laguna, A.,
Kulcsar, M., Arca, M., Lippolis, V., and Pintus, A.,
Dalton Trans., 2011, vol. 40, p. 12479. DOI: 10.1039/
CIDT11268F.

RUSSIAN JOURNAL OF GENERAL CHEMISTRY Vol. 86 No. 3 2016



600

10.

11.

12.

13.

14.

15.

16.

MALYSHEVA et al.

Canales, S., Villacampa, M.D., Laguna, A., and
Gimeno, M.C., J. Organomet. Chem., 2014, vol. 760,
no. 15, p. 84. DOI: 10.1016/j.jorganchem.2013.12.017.
Xu, Q., Zhou, Y.-B., Zhao, C.-Q., Yin, S.-F., and Han, L.-B.,
Mini Rev. Med. Chem., 2013, vol. 13, p. 824. DOI:
10.2174/ 1389557511313060005.

Volkov, P.A., Pogodaeva, N., N., Ivanova, N.L,
Khrapova, K.O., Larina, L., 1., Sukhov, B.G., Gati-
lov, Yu.V., Gusarova, N.K., and Trofimov, B.A,
Tetrahedron Lett., 2014, vol. 55, p. 4927. DOI: 10.1016/
j.tetlet.2014.07.016.

Oparina, L.A., Malysheva, S.F., Gusarova, N.K.,,
Vysotskaya, O.V., Stepanov, A.V., Belogorlova, N.A.,
Albanov, A.L, and Trofimov, B.A., Synthesis, 2009,
no. 20, p. 3427. DOLI: 10.1055/5-0029-1216964.

Gusarova, N.K., Malysheva, S.F., Oparina, L.A.,,
Belogorlova, N.A., Tantsyrev, A.P., Parshina, L.N.,,
Sukhov, B.G., Tlege-nov, R.T., and Trofimov, B.A.,
Arkivoc, 2009, no. 7, p. 260.

Volkov, P.A., Ivanova, N.I., Gusarova, N.K., Sukhov, B.G.,
Khrapova, K.O., Zelenkov, L.E., Smirnov, V.,
Borodina, T.N., Vakul’skaya, T.I., Khutsishvili, S.S.,
and Trofimov, B.A., Heteroatom Chem., 2015, vol. 26,
no. 5, p. 329. DOI: 10.1002/hc.21264.

Trofimov, B.A., Gusarova, N.K., Arbuzova, S.N.,
Ivanova, N.I., Artem’ev, A.V., Volkov, P.A., Ushakov, LA.,
Malysheva, S.F., and Kuimov, V.A., J. Organomet.
Chem., 2009, vol. 694, p. 677. DOI 10.1016/
jJjorganchem.2008.11.043.

Trofimov, B.A., Artem’ev, A.V., Malysheva, S.F., and
Gusarova, N.K., J. Organomet. Chem., 2009, vol. 694,
p-4116. DOI: 10.1016/j.jorganchem.2009.03.010.

Gusarova, N.K., Malysheva, S.F., Belogorlova, N.A.,
Parshina, L.N., and Trofimov, B.A., Synthesis, 2011,
no. 11, p. 1777. DOI: 10.1055/5-0030-1260025.

Artem’ev, A.V., Malysheva, S.F., Gusarova, N.K,
Belogorlova, N.A., Shagun, V.A., Albanov, A.lL, and
Trofimov, B.A., Synthesis, 2015, vol. 47, no. 2, p. 263.
DOI: 10.1055/s-0034-1379207.

Artem’ev, A.V., Malysheva, S.F., Belogorlova, N.A.,
Protzuk, N.I., Albanov, A., 1., Bagryanskaya, 1.Yu.,
Schmidt, E.Yu., Gusarova, N.K., and Trofimov, B.A.,
Heteroatom Chem., 2015, vol. 26, p. 455. DOL
10.1002/hc.21281.

Gusarova, N.K., Ivanova, N.I., Volkov, P.A., Khrapo-
va, K.O., Larina, L.I., Smirnov, V.I., Borodina, T.N.,
and Trofimov, B.A., Synthesis, 2015, vol. 47, p. 1611.
DOI: 10.1055/5-0034-1380408.

Karpova, E.A., Sukhov, B.G., Kolesnikova, L.I,
Vlasov, B.Ya., Artem’ev, A.V., Lesnichaya, M.V.,
Pogodaeva, N.N., II’ina, O.P., Saivanova, S.A., Kuzne-
tsov, S.V., and Trofimov, B.A., RF Patent 2557992,
2015, Byull. Izobret., 2015, no. 21.

RUSSIAN JOURNAL OF GENERAL CHEMISTRY Vol. 86

17

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

. Koh, W., Yoon, Y., and Murray, C.B., Chem. Mater.,
2011, vol. 23, p. 1825. DOI: 10.1021/cm1033172.

Vaughn, D.D., In, S.-1., and Schaak, R.E., ACS Nano,
2011, vol. 5, p. 8852. DOI: 10.1021/nn203009v.
Sukhov, B.G., Gusarova, N.K., Ivanova, N.I., Bog-
danova, M.V., Kazheva, O.N., Aleksandrov, G.G.,
D’yachenko, O.A., Sinegovskaya, L.M., Malysheva, S.F.,
and Trofimov, B.A., J. Struct. Chem., 2005, vol. 46,
no. 6, p. 1066. DOI: 10.1007/s10947-006-0243-6.
Vereshchagina, Ya.A., Klimovitskii, A.E., Ishmaeva, E.A.,
Alimova, A.Z., and Malysheva, S.F., Russ. J Org.
Chem., 2012, vol. 48, no. 7, p. 1003. DOI:10.1134/
S1070428012070184.

Vereshchagina, Ya.A., Chachkov, D.V., Alimova, A.Z.,
Ishmaeva, E.A., and Malysheva, S.F., Russ. J. Org.
Chem., 2012, vol. 48, no. 10, p. 1320. DOI: 10.1134/
S1070428012100090.

Vereshchagina, Ya.A., Alimova, A.Z., Chachkov, D.V.,
Malysheva, S.F., and Ishmaeva, E.A., Russ. J. Org.
Chem., 2013, vol. 49, no. 11, p. 1709. DOI: 10.1134/
S1070428013110262.

Vereshchagina, Ya.A., Ishmaeva, E.A., Chachkov, D.V.,
Gusarova, N.K., Malysheva, S.F., and Alimova, A.Z.,
Phosphorus, Sulfur, Silicon, Relat. Elem., 2013, vol. 188,
p- 95. DOI: 10.1080/10426507.2012.743132.
Vereshchagina, Ya.A., Chachkov, D.V, Alimova, A.Z,
Malysheva, S.F, Gusarova, N.K, Ishmaeva, E.A., and
Trofimov, B.A., J. Mol. Struct., 2014, vol. 1076, p. 285.
DOI: 10.1016/j.molstruc., 2014.07.081.

Sukhov, B.G., Malysheva, S.F., Vakul’skaya, T.IL,
Tirsky, V.V., Martynovich, E.F., Smetannikov, Yu.V.,
and Tarasova, N.P., Arkivoc, 2003, vol. 13, p. 196.
Tarasova, N.P., Zanin, A.A., Smetannikov, Yu.V., and
Vilesov, A.S., C.R. Chim., 2010, no. 13, p. 1028. DOI:
10.1016/j.crci., 2010.05.013.

Artem’ev, A.V., Malysheva, S.F., Korocheva, A.O., and
Bagryanskaya, 1.Yu., Heteroatom Chem., 2012, vol. 23,
p- 568. DOI: 10.1002/hc.21051.

Fisher, H.C., Prost, L., and Montchamp, J.-L., Eur. J.
Org. Chem., 2013, no. 35, p. 7973. DOI: 10.1002/
€joc.201301412.

Montchamp, J.-L., Acc. Chem. Res., 2014, vol. 47,
no. 1, p. 77. DOI: 10.1021/ar400071v.

Artem’ev, A.V., Korocheva, A.O., Vashchenko, A.V.,
Smirnov, V.1., and Malysheva, S.F., Phosphorus, Sulfur,
Silicon, Relat. Elem., 2015, vol. 188, p. 1455. DOI:
10.1080/10426507.2014.990014.

Trofimov, B.A., Rakhmatulina, T.N., Gusarova, N.K.,
and Malysheva, S.F., Russ. Chem. Rev., 1991, vol. 60,
no. 12, p. 1360.

Gusarova, N.K., Brandsma, L., Arbuzova, S.N.,
Malysheva, S.F., and Trofimov, B.A., Zh. Org. Khim.,
1996, vol. 32, no. 2, p. 269.

No. 3 2016



33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

SYNTHESIS AND CONFORMATIONAL ANALYSIS OF PHOSPHINE SELENIDES

Sovremennyi organicheskii sintez (Modern Organic
Synthesis), Rakhmankulov, D.L., Ed., Moscow:
Khimiya, 2003, p. 160.

Trofimov, B.A. and Gusarova, N.K., Mendeleev
Commun., 2009, vol. 19, p. 295. DOI: 10.1016/
j-mencom.2009.11.001.

Gusarova, N.K., Arbuzova, S.N., and Trofimov, B.A.,
Pure Appl. Chem., 2012, vol. 84, p. 439. DOI: 10.1351/
PAC-CON-11-07-11.

Trofimov, B.A., Malysheva, S.F., Gusarova, N.K.,,
Kuimov, V.A., Belogorlova, N.A., and Sukhov, B.G.,
Tetrahedron Lett., 2008, vol. 49, no. 21, p. 3480. DOI:
10.1016/j.tetlet.2008.03.097.

Artem’ev, A.V., Malysheva, S.F., Gusarova, N.K.,
Belogorlova, N.A., Sukhov, B.G., Sutyrina, A.O.,
Matveeva, E.A., Vasilevsky, S.F., Govdi, A.L, Gatilov,
Yu.V., Albanov, A.L., and Trofimov, B.A., Tetrahedron,
2016, vol. 72, p. 443. DOI: 10.1016/j.tet.2015.11.009.

Trofimov, B.A., Brandsma, L., Arbuzova, S.N.,
Malysheva, S.F., and Gusarova, N.K., Tetrahedron
Lett., 1994, vol. 35, no. 41, p. 7647. DOI: 10.1016/
S0040-4039(00)78365-1.

Artem’ev, A.V., Malysheva, S.F., Gusarova, N.K.,
Korocheva, A.O., Timokhina, L.V., and Trofimov, B.A.,
Russ. Chem Bull., 2013, vol. 62, no. 11, p. 2495. DOI:
10.1007/s11172-013-0361-1.

Malysheva, S.F., Artem’ev, A.V., Gusarova, N.K,
Timokhin, B.V., Tatarinova, A.A., and Trofimov, B.A.,
Russ. J. Gen. Chem., 2009, vol. 79, no. 8, p. 1617. DOI:
10.1134/S1070363209080052.

Trofimov, B.A., Artem’ev, A.V., Malysheva, S.F,
Gusarova, N.K., Belogorlova, N.A., Korocheva, A.O.,
Gatilov, Yu.V., and Mamatyuk, V.1., Tetrahedron Lett.,
2012, wvol. 53, no. 19, p. 2424. DOI:. 10.1016/
j-tetlet.2012.03.004.

Malysheva, S.F., Artem’ev, A.V., Belogorlova, N.A.,
Korocheva, A.O., Gusarova, N.K., and Trofimov, B.A.,
Russ. J. Gen. Chem., 2012, vol. 82, no. 7, p. 1307. DOI:
10.1134/S1070363212070213.

Trofimov, B.A., Artem’ev, A.V., Malysheva, S.F,
Gusarova, N.K., Belogorlova, N.A., Korocheva, A.O.,
Kazeva, O.N., Alexandrov, G.G., and Dyachenko, O.A.,
Mendeleev Commun., 2012, vol. 22, no. 4, p. 187. DOL:
10.1016/j.mencom.2012.06.004.

Vereshchagina, Ya.A., Ishmaeva, E.A., Chachkov, D.V.,
Gusarova, N.K., Malysheva, S.F., Alimova, A.Z,
Abstracts of 19 Int. Conf. Phosphorus Chem.,
Rotterdam, Netherlands., 2012, p. 59.

Ishmaeva, E.A., Timosheva, A.P., Timosheva, N.V_,

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

601

and Vereshchagina, Ya.A., Spravochnik po dipol’'nym
momentam fosfororganicheskikh soedinenii (Handbook
of Dipole Moments of Organophosphorus Compounds),
Kazan: Kazan. Univ., 1998.

Carlson, R.R. and Meek, D.W., Inorg. Chem., 1974,
vol. 13, no. 7, p. 1741. DOI: 10.1021/ic50137a042.

Shagidullin, R.R., Vandyukova, LI., Nuretdinov, L.A.,
and Davletshina, Kh.Kh., Dokl. Akad. Nauk SSSR,
1975, vol. 225, no. 4, p. 886.

Shagidullin, R.R., Vandyukova, LI., and Nuretdinov, LA.,
Izv. Akad. Nauk SSSR, Ser. Khim., 1978, no. 6, p. 1407.

Vereshchagina, Ya.A., Ishmaeva, E.A., and Zverev, V.V.,
Russ. Chem. Rev., 2005, vol. 74, no. 4, p. 297. DOI:
10.1070/RC2005v074n04ABEH000890.

Keene, F.R., Snow, M.R., and Tiekink, E.R.T., Acta
Crystallogr. (C), 1988, vol. 44, p. 757. DOI: 10.1107/
S0108270187012162.

Pimentel, G.C. and McClellan, A.L., The Hydrogen
Bond, W.H. Freeman, 1960.

Gribov, L.A. and Popov, E.M., Dokl. Akad. Nauk SSSR,
1962, vol. 145, no. 4, p. 761.

Osipov, O.A., Minkin, V.I., and Garnovskii, A.D.,
Spravochnik po dipol’'nym momentam (Handbook of
Dipole Moments), Moscow: Vysshaya Shkola, 1971.

Chai, J.-D. and Head-Gordon, M., Phys. Chem. Chem.
Phys., 2008, vol. 10, p. 6615. DOI: 10.1039/B810189B.

Frisch, M.J., Trucks, G.W., Schlegel, H.B., Scuseria, G.E.,
Robb, M.A., Cheeseman, J.R., Montgomery, Jr., J.A.,
Vreven, T., Kudin, K.N., Burant, J.C., Millam, J.M.,
Iyengar, S.S., Tomasi, J., Barone, V., Mennucci, B.,
Cossi, M., Scalmani, G., Rega, N., Petersson, G.A.,
Nakatsuji, H., Hada, M., Ehara, M., Toyota, K., Fukuda, R.,
Hasegawa, J., Ishida, M., Nakajima, T., Honda, Y.,
Kitao, O., Nakai, H., Klene, M., Li, X., Knox, J.E.,
Hratchian, H.P., Cross, J.B., Adamo, C., Jaramillo, J.,
Gomperts, R., Stratmann, R.E., Yazyev, O., Austin, A.J.,
Cammi, R., Pomelli, C., Ochterski, J.W., Ayala, P.Y.,
Morokuma, K., Voth, G.A., Salvador, P., Dannenberg, J.J.,
Zakrzewski, V.G., Dapprich, S., Da-niels, A.D., Strain, M.C.,
Farkas, O., Malick, D.K., Rabuck, A.D., Raghavachari, K.,
Foresman, J.B., Ortiz, J.V., Cui, Q., Baboul, A.G.,
Clifford, S., Cioslowski, J., Stefanov, B.B., Liu, G.,
Liashenko, A., Piskorz, P., Komaromi, 1., Martin, R.L.,
Fox, D.J., Keith, T., Al-Laham, M.A., Peng, C.Y,,
Nanayakkara, A., Challacombe, M., Gill, PM.W.,
Johnson, B., Chen, W., Wong, M.W., Gonzalez, C., and
Pople, J.A., GAUSSIAN 09, Pittsburgh PA: Gaussian
Inc., 2009.

RUSSIAN JOURNAL OF GENERAL CHEMISTRY Vol. 86 No. 3 2016



