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The influence of aryl, heterocyclic, amide, alkyl, alkoxyl, thioalkoxyl, and ferrocenyl
substituents at the phosphorus atom on its electron-donating ability was studied by the mea-
surement of direct 3'P—77Se spin-spin coupling constants for the corresponding selenides.
Series of diphenylorganylphosphines and their selenides were studied.
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Tertiary phosphines are widely used for preparation of
transition metal complexes employed as catalysts in ho-
mogeneous catalysis. The influence of phosphine ligands
on the properties and reactivity of metal complexes was
established to be mainly determined by electronic and
steric effects. Several reviewsl—3 are devoted to the influ-
ence of steric factors, whereas electronic effects are poorly
studied. To estimate the electron-donating ability of phos-
phine ligands, researchers use frequencies of stretching
vibrations v(CO) of coordinated CO in monosubstituted
transition metal carbonylphosphines,%3 direct 3/P—195Pt
spin-spin coupling constants (SSC) of the platinum phos-
phine complexes, %7 and direct 31P—77Se SSC constants
of the corresponding selenephosphines.® In our opinion,
the latter is most available among the listed approaches.

According to the studies,S the !Jp g, values for se-
lenides depend on the nature of substituents at the P
atom: electron-withdrawing groups increase and electron-
donating groups decrease this parameter. Note that these
regularities were observed® for the restricted number of
phosphine samples. Since search for new ligands is an
urgent problem, it seemed of interest to extend the scope
of studied organophosphorus compounds and to study
more specifically how the substituent nature affects a
change in the electron-donating ability of the P atom
(Table 1).

We synthesized a group of compounds related to Ph;P,
whose molecules contained the heterocyclic, aryl, alkyl,

ferrocenyl, amido, alkoxy, or thio fragment instead of one
Ph group. The indole, imidazole, or thiophene residues
were used as heterocyclic substituents. Diphenylorganyl-
phosphines 12, 13, and 16—19 were synthesized by the
reactions of the corresponding magnesium or lithium salts
with Ph,PCl. On boiling with selenium in chloroform,$
compounds 12, 13, and 16—19 were transformed into the
corresponding selenides (Scheme 1).

Scheme 1
Mg Ph,PCI
R—Br ? RMgBr ——> Ph,PR
12,13
Buli, Et,0 Ph,PCI
R—H ——— RLI —> Ph,PR
TMEDA
16—19
Ph,PR Se Ph,P(Se)R
98—99%
1—21 1a—21a
Compound R Yield (%)
12 2-Methyl-5-thienyl 92
13 2-Methyl-4-thienyl 61
16 N-Methylindolyl 74
17 N-Phenylindolyl 54
18 N-Methylimidazolyl 33
19 N-Phenylimidazolyl 27
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Table 1. 3'P NMR spectroscopic data for organophosphorus compounds Ph,PR 1—21 and their selenides Ph,P(Se)R 1la—21a

(CDCly)
Ph2PR ) lJP,Se AlJp,sea Ph2PR 8, M.IO. lJP,Se AlJp,sea
Ph,PR Ph,P(Se)R Hz Ph,PR Ph,P(Se)R T
PhsP (1) —80 326 730 —
—47b 3596 732 @Pph (14) —266° 1695 7545 24
-8.0¢ 2
BN
Me PPh, (2)  —88  32.1 726 —4 N PPh, (15) 2976 17.50 7280 -2
I
Me Me
Oﬂnphz 3) -13t 326 730 0 m"% 16 307 163 731 .
y . .
Me
F PPh,  (4) -9.3 31.6 734 4 m
PPh —30. .
Bu'PPh, (5) —431 540 717 —I3 N, e (D =307 AT 17
Ph
<:>—Pth 6)  —63 428 726 -4 7 'j\
18) -332 154 737 7
Ph,PNEt, (7) 59.0 646 747 17 N PPhy (18)
Me
CN-Pth 8) 4487 637 748 18 N
XN
Bu'SPPh, (9) — 392 M 4 N" TPPh, 19) -320 166 754 24
Ph,POE (10) 108.4 817 79 66 Ph
I\ b b b
QPth (11)  —19.3%  206° 743 13 @Fe PPh, @0 _192 21 1 )
I\ @
Me s Npen, (1) 219 193 733 3
ﬂpphz F:e PPhy (21) -19.8 282 737 7
13) -202 203 728 -2 PPh
Me” s (13) <

@ Difference of the 3'P—77Se SSC constants for Ph,P(Se)R and Ph;PSe.

b See Ref. 6.
¢ See Ref. 8.
4 C¢Dy is solvent.

Organophosphorus compounds containing ferrocenyl
alkyl, amino, alkoxy, or thio group and their selenides
were synthesized using standard procedures. The data of
31P NMR spectroscopy for the synthesized selenides and
published data®38 are presented in Table 1.

The influence of a substituent was qualitatively evalu-
ated by comparison of the 1Jp’se values for the studied
compounds and Ph;P (direct 3'P—77Se SSC constants for
all considered compounds are positive). The following
conclusions were made.

The introduction of the Me group into both the
ortho- and para-positions of the Ph ring increases the
electron-donating ability of phosphine. The appearance
of the F atom in the para-position of the Ph ring makes
the phosphine more electron-withdrawing than Ph;P:
1Jp’se for p-FC¢H4P(Se)Ph, is 734, and that for Ph;PSe
is 730. However, it should be mentioned that when the

benzene ring was modified, the detected changes in the
constant turned out small.

The replacement of one Ph group in the Ph;P mol-
ecule by the amido, alkoxy, or thio group enhances the
electron-withdrawing ability of the phosphine. The high-
est constant is observed in the case of alkoxy group intro-
duction, which is due to a higher electronegativity of the
O atom than those of N and S. On going from thio- to
amidophosphines, !Jp g, decreases, and the constant value
is independent of the amino group structure.

Special attention should be given to the results for
phosphines containing the heterocyclic fragment. It has
previously been mentioned? that ligands containing elec-
tron-withdrawing substituents dissociate from the metal-
lic center more easily to favor the acceleration of the
catalytic reaction. Among all heteroarylphosphines pre-
sented in Table 1, compounds 14 and 19 are most elec-
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tron-withdrawing. Phosphines with nitrogen-containing
heterocycles are characterized by the following regularities:
all nitrogen heteroarylphosphines, except for N-methyl-
pyrrole heteroarylphosphine, are less electron-donating
than PhsP; the replacement of the methyl group at the
N atom by the phenyl group increases the electron-with-
drawing ability of the phosphine (for the indole and imi-
dazole derivatives, the direct 31P—77Se SSC constant in-
creases by 16 and 17 Hz, respectively); the electron-with-
drawing ability of phosphines decreases in the series imi-
dazolyl > indolyl > pyrrolyl. Comparing heteroaryl-
phosphines containing the thiophene fragment (11—13),
one can note the following: 3-thienyl groups are less elec-
tron-withdrawing than their 2-isomers; introduction of
the Me substituent into position 5 of the thiophene ring
(compound 12) makes phosphine less electron-withdraw-
ing, which is reflected as a decrease in 'Jp g, of selenide;
diphenylphosphino group in position 3 facilitates thienyl-
phosphine (compound 13) to become even more elec-
tron-donating than Ph,P.

The introduction of the ferrocenyl substituent makes
phosphine slightly more electron-withdrawing than Ph;P
(1/p se of selenide 20 differs from the direct constant in
Ph;PSe by 2 Hz only). The appearance of the diphenyl-
phosphino group in the second ring of ferrocene increases
1Jp’se of the corresponding selenide.

The replacement of the Ph group in Ph;P by a satu-
rated hydrocarbon radical substantially changes the elec-
tronic properties of phosphine. For example, the intro-
duction of the tert-butyl or cyclohexyl group favors an
increase in the electron-donating ability of phosphine,
which is reflected as a decrease in the direct 3'P—77Se
SSC constant of selenide. This fact agrees completely
with previous results.®

Thus, we can conclude that the electron-donating abil-
ity of tertiary phosphines can substantially be varied due
to a change in heterocyclic radicals in molecules of these
compounds.

Experimental

All experiments were carried out in argon. Solvents were
purified as follows!?: ethereal solvents were stored and distilled
over KOH and then over sodium benzophenone ketyl; CHCI,
was washed with water, concentrated H,SO,, and water to neu-
tral reaction, dried over CaCl,, and distilled over P,O5; benzene
was dried by refluxing and distillation over sodium. Commercial
reagents available from Lancaster, Merck, and Fluka were used.
IH, 31P, and 3C NMR spectra were recorded on a Varian
VXR-400 instrument. For measurements of 8p of organophos-
phorus compounds and their selenides, 70% H3;PO,4 was used as
external standard (a sealed capillary was immersed in a solution
and centered). The measurement of 1Jp,Se was carried out at
20 °C (£1—2 °C). The accuracy of measurement of the direct
3Ip_77Se SSC constant was +0.5 Hz. The reproducibility of
results was sufficiently high. The temperature and concentra-

tion dependences of 1-]})’86 for selenide were not studied. The
element composition of all compounds was determined using an
automated Carlo—Erba analyzer at the MONTELL Research
Center (Ferrara, Italy).

2-Methyl-5-bromothiophene,!! 2-methyl-4-bromothio-
phene,12:13 N-methylindole, 4 N-phenylindole,!S and N-phenyl-
imidazole!® were synthesized using known procedures. p-Tolyl-
diphenylphosphine (2),16 (4-fluorophenyl)diphenylphosphine (4),17
tert-butyldiphenylphosphine (5),!8 cyclohexyldiphenylphos-
phine (6),1° N,N-diethyl(diphenyl)phosphinamide (7),20
ethyl(diphenyl) phosphinite (10),2° ferrocenyldiphenylphosphine
(20),2! and 1,1"-bis(diphenylphosphino)ferrocene (21)2% were syn-
thesized using standard methods.

1-(Diphenylphosphino)pyrrolidine (8) was synthesized simi-
larly to compound 7 20 from pyrrolidine (3.8 mL, 0.045 mol),
Et;N (6.3 mL, 0.045 mol), Et,0O (200 mL), and Ph,PCI (8.1 mL,
0.045 mol). The product was obtained in 48% yield (5.53 g) asa
colorless liquid, b.p. 142 °C (0.6 Torr). Found (%): C, 75.23;
H, 7.21; N, 5.38. C;4HsPN. Calculated (%): C, 75.27; H, 7.11;
N, 5.49. 'H NMR (C¢Dy), &: 2.50—2.60, 3.00—3.10 (both m,
4 H each, CH,); 7.15—7.30 (m, 6 H, CH=, Ph); 7.50—7.60 (m,
4 H, CH=, Ph).

tert-Butylthio(diphenyl)phosphine (9) was synthesized simi-
larly to compound 7 20 from HSBut (5.1 mL, 0.045 mol), Et;N
(6.3 mL, 0.045 mol), Et,0 (200 mL), and Ph,PCl (8.1 mL,
0.045 mol). Due to its easy hydrolyzability and oxidizability, the
product was used for the synthesis of selenide without additional
purification.

(2-Methyl-5-thienyl)diphenylphosphine (12). A solution of
Ph,PCI (3 mL, 0.02 mol) in THF (5 mL) was added on cooling
to —40 °C to a solution of 2-methyl-5-thienylmagnesium bro-
mide prepared from Mg (0.45 g, 0.019 mol), dibromoethane
(0.15 mL, 0.0017 mol), and 5-bromo-2-methylthiophene (3 g,
0.017 mol) in THF (20 mL). The reaction mixture was stirred
for 12 h at ~20 °C, then water was added (10 mL), the organic
layer was separated, and the aqueous layer was extracted with
Et,O (3x10 mL). The combined organic fractions were washed
with water and dried above MgSQy,; the solvents were removed
at reduced pressure. The obtained yellow oil was purified by
column chromatography (silica gel 60, benzene—AcOEt, 4 : 1).
The solvents were removed at reduced pressure. Compound 12
was obtained in 92% yield (4.41 g) as a yellowish oil, which crys-
tallized during prolonged storage, m.p. 49—50 °C. Found (%):
C, 72.15; H, 5.41. C;;H;5PS. Calculated (%): C, 72.32; H, 5.35.
IH NMR (CDCl,), &: 2.55 (s, 3 H, Me); 6.86 (m, | H, CH= of
thiophene ring; 7.26 (dd, 1 H, CH= of thiophene ring, J =
3.4Hz, J=6.7 Hz); 7.40—7.44, 7.47—7.52 (both m, 10 H, Ph).

(2-Methyl-4-thienyl)diphenylphosphine (13) was synthesized
similarly to compound 12 from Mg (1.49 g, 0.062 mol),
dibromoethane (0.5 mL, 0.0057 mol), 4-bromo-2-methyl-
thiophene (10 g, 0.057 mol), THF (70 mL), and Ph,PCI
(12.2 mL, 0.068 mol). The product was obtained in 61% yield
(9.73 g) as a yellowish oil. Found (%): C, 72.18; H, 5.19.
C,7H,sPS. Calculated (%): C, 72.32; H, 5.35. 'H NMR
(CDCly), &: 2.55 (d, 3 H, Me, J = 1.1 Hz); 6.79 (m, 1 H,
CH= of thiophene ring), 7.09 (dd, 1 H, CH= of thiophene ring,
J=1.4Hz,J=4.7 Hz); 7.40—7.51 (m, 10 H, Ph).

(N-Methyl-2-indolyl)diphenylphosphine (16). A 1.6 M solu-
tion of Bu"Li in hexane (11.1 mL, 0.018 mol) was added on
cooling to —70 °C to a solution of N-methylindole (2.2 g,
0.017 mol) and TMEDA (2.7 mL, 0.018 mol) in Et,0O (15 mL).
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The reaction mixture was stirred for 4 h at ~20 °C, cooled to
—40 °C, and a solution of Ph,PClI (3.2 mL, 0.018 mol) in Et,0
(5 mL) was added dropwise. Cooling was stopped, and the reac-
tion mixture was left for stirring for 12 h. Water (10 mL) was
added to the mixture, the organic layer was separated, and the
aqueous layer was extracted with Et,O (3x10 mL). The com-
bined organic fractions were washed with water (2x10 mL) and
dried above MgSQy; the solvents were removed at reduced pres-
sure. The solid residue was purified by column chromatography
(silica gel 60, benzene), and the solvent was evaporated at re-
duced pressure. The product was obtained in 74% yield (4 g) as a
white crystalline substance, m.p. 120—122 °C. Found (%):
C, 80.10; H, 5.70; N, 4.36. C,;H gyNP. Calculated (%): C, 79.98;
H, 5.75; N, 4.44. '"H NMR (CDCly), &: 3.70 (s, 3 H, Me); 6.14
(s, 1 H, CH= of indole ring); 7.08 (t, I H, CH=, Ar, J =
8.0 Hz); 7.21 (m, 1 H, CH=, Ar); 7.29—7.41 (m, 11 H, CH=,
Ar); 7.51 (d, 1 H, CH=, Ar, J = 10.0 Hz).

(/N-Phenyl-2-indolyl)diphenylphosphine (17) was synthe-
sized similarly to compound 16 from N-phenylindole (1.34 g,
6.95 mmol), TMEDA (1.1 mL, 7.3 mmol), a 1.6 M solution
of Bu"Li in hexane (4.6 mL, 7.3 mmol), Ph,PCl (1.4 mL,
7.7 mmol), and Et,O (15 mL). The precipitate, which was formed
after water (10 mL) was added to the reaction mixture, was
filtered off, washed with water (3x10 mL) and hexane (15 mL),
and dried in high vacuum. The product was obtained in 54%
(1.42 g) as a white crystalline substance, m.p. 183—184 °C.
Found (%): C, 82.83; H, 5.40; N, 3.62. C,sH, NP. Calcu-
lated (%): C, 82.74; H, 5.34; N, 3.71. 'H NMR (CDCl,), &: 6.38
(s, 1 H, CH=ofindole ring); 7.16—7.22, 7.26—7.30, 7.36—7.44,
7.60—7.62 (all m, 19 H, CH=, Ar).

(N-Methyl-2-imidazolyl)diphenylphosphine (18). A 1.6 M so-
lution of BuLi in hexane (10 mL, 0.016 mol) was added on
cooling to —70 °C to a solution of N-methylimidazole (1.25 g,
0.015 mol) and TMEDA (2.4 mL, 0.016 mol) in Et,0 (12 mL).
The reaction mixture was stirred for 4 h at ~20 °C, cooled to
—40 °C, and added by a solution of Ph,PCI (2.9 mL, 0.016 mol)
in Et,0 (5 mL). Cooling was stopped, the reaction mixture was
left for stirring for 12 h, and water (10 mL) was added to the
mixture. The organic layer was separated, and the aqueous layer
was extracted with Et,O (3x10 mL). The combined organic
fractions were washed with water (2x10 mL) and dried above
MgSO,; solvents were removed at reduced pressure. The solid
residue was purified by column chromatography (silica gel 60,
benzene—AcOEt (4 : 1 — I fraction, 1 : 1 — II fraction)). All
solvents were removed under reduced pressure. Fraction II con-
tained compound 18. The product was obtained in 33% yield
(1.36 g) as a white crystalline substance, m.p. 73 °C. Found (%):
C, 72.05; H, 5.73; N, 10.39. C(H;5N,P. Calculated (%):
C, 72.17; H, 5.68; N, 10.52. '"H NMR (CDCl,), &: 3.80 (s, 3 H,
Me); 7.11 (m, 1 H, CH= of imidazole ring); 7.35 (br.s, 1 H,
CH= of imidazole ring); 7.42—7.46 (m, 6 H, CH=, Ph);
7.53—7.58 (m, 4 H, CH=, Ph).

(N-Phenyl-2-imidazolyl)diphenylphosphine (19) was synthe-
sized similarly to compound 18 from N-phenylimidazole (2 g,
0.014 mol), TMEDA (2.2 mL, 0.015 mol), a 1.6 M solution of
BuLi in hexane (9.1 mL, 0.015 mol), Ph,PCI (2.6 mL,
0.015 mol), and Et,0 (25 mL). The precipitate, formed after
water (10 mL) was added to the reaction mixture, was filtered
off, washed with water (3x10 mL) and Et,O (20 mL), dried in
high vacuum, and purified by column chromatography (silica

Table 2. 3C NMR spectroscopic data for organophosphorus compounds Ph,PR 8, 12, 13, and 16—19 (CDCl5)

Com- R 8 (J/Hz)
pound Ph,P R
8 Pyrrolidyl* 128.36 (CH=, J = 5.7); 128.43, 132.49 (CH=,  26.46 (CH,, J = 5.3); 49.81 (CH,,
J=19.5): 139.96 (=C<, J = 14.3) J=13.0)
12 2-Methyl-5-thienyl 128.17 (CH=, J = 7.0); 128.48, 132.78 (CH=,  15.36 (Me); 126.25 (CH=, J = 8.7);
J=19.4); 138.10 (=C<, J = 8.3) 134.96 (=C<, J = 27.0); 136.83 (CH=,
J=28.9); 147.06 (=C<)
13 2-Methyl-4-thienyl 128.25 (CH=, J = 6.9); 128.45, 133.12 (CH=,  15.03 (Me); 129.07 (CH=, J = 17.0);
J=19.5): 137.56 (=C<, J = 9.9) 129.52 (CH=, J = 23.1); 136.23 (=C¥,
J=13.1); 140.93 (=C<, J = 6.2)
16 N-Methyl-2-indolyl 128.48 (CH=, J = 7.0); 128.96, 133.59 (CH=,  31.02 (Me, J = 13.7); 108.99 (CH=,
J=19.8); 135.20 (=C<, J = 6.9) J=2.0); 110.36 (CH=, J = 2.5): 119.40,
120.46, 121.96 (CH=); 127.80 (=C<,
J=12.5); 136.97 (=C<, J = 3.6); 139.83
(=C<,J=12.6)
17 N-Phenyl-2-indolyl 128.29 (CH=, J = 7.3); 128.85 (CH=, 110.40, 111.90, 120.14, 120.41, 122.53,
J=12.5); 133.78 (CH=, J = 20.5); 135.75 127.81 (CH=); 127.94 (=C<); 128.26,
(=C<,J=1.5) 128.41 (CH=, J = 2.7); 137.95, 138.46
(=C<, J = 5.3): 140.60 (=C<)
18 N-Methyl-2-imidazolyl 128.27 (CH=, J=7.7); 128.81, 133.44 (CH=,  33.67 (Me, J = 14.2); 123.35, 130.70
J=20.3); 134.72 (=C<, J = 4.2) (CH=, J = 3.0); 145.54 (=C<)
19 N-Phenyl-2-imidazolyl 128.26 (CH=, J = 7.6); 128.84, 133.69 (CH=,  123.60, 126.17 (CH=, J = 3.7); 128.30,

J=20.7); 135.43 (=C<, J=5.3)

128.84, 131.19 (CH=); 137.78, 146.52
(=C<,J=1.0)

* Cg¢Dg was used as the solvent.
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gel 60, benzene—AcOEt, 1 : 1). The solvents were removed at
reduced pressure. The product was obtained in 27% (1.25 g) asa
white finely crystalline substance, m.p. 124—125 °C. Found (%):
C, 76.92; H, 5.84; N, 8.42. C,;H;N,P. Calculated (%):
C, 76.82; H, 5.22; N, 8.53. 'H NMR (CDCl,), &: 7.28—7.31,
7.32—7.33, 7.38—7.42, 7.43—7.47, 7.50—7.56 (all m, 17 H,
CH= of imidazole ring, Ph).

The 13C NMR spectra of the above organophosphorus com-
pounds are presented in Table 2.

Synthesis of selenides was carried out using a known proce-
dure.® A solution of an organophosphorus compound (0.001 mol)
in CHCI; (for 1, 2, 4—6, 12, 13, and 16—21) or in benzene
(for 7—10) was boiled with selenium (0.3 g, 3.8 mmol) for 5h. A
selenium excess was filtered off, and the solvent was removed at
reduced pressure. The yields were 98—99%. The characteristics
of the synthesized selenides are presented below.

Selenide 2a. White crystalline substance, m.p. 150 °C.
Found (%): C, 64.14; H, 4.89. C¢H;PSe. Calculated (%):
C, 64.23; H, 4.82. 'TH NMR (CDCls), &: 2.44 (s, 3 H, Me); 7.29
(dd,2 H, CH=, Ar,J=2.8 Hz, /J=8.4 Hz); 7.44—7.55 (m, 6 H,
CH=, Ar); 7.62—7.69 (dd, 2 H, CH=, Ar, /= 8.0 Hz, J=13.5
Hz); 7.73—7.80 (dd, 4 H, CH=, Ar, /= 7.5 Hz, /= 13.6 Hz).

Selenide 4a. White crystalline substance, m.p. 137—139 °C.
Found (%): C, 60.24; H, 4.02. CgH,FPSe. Calculated (%):
C, 60.18; H, 3.93. 'H NMR (CDCl,), &: 7.14—7.20 (td, 2 H,
CH=, Ar, J=4.0 Hz, J=10.0 Hz); 7.46—7.58 (m, 6 H, CH=,
Ar); 7.72—7.82 (m, 6 H, CH=, Ar).

Selenide 5a. The product was purified by column chroma-
tography (silica gel 60, benzene). Light yellow crystalline sub-
stance, m.p. 66 °C. Found (%): C, 59.71; H, 6.09. C;4HoPSe.
Calculated (%): C, 59.82; H, 5.96. 'H NMR (CDCl,), &: 2.40
(d, 9 H, Me, J = 17 Hz); 7.45—7.55 (m, 6 H, CH=, Ph);
8.01—8.08 (m, 4 H, CH=, Ph).

Selenide 6a. White crystalline substance, m.p. 138—139 °C.
Found (%): C, 62.39; H, 6.04. C3sH,,PSe. Calculated (%):
C, 62.25; H, 6.09. 'H NMR (CDCl,), &: 1.20—1.40 (m, 3 H,
cyclo-CgH,); 1.60—1.80 (m, 5 H, cyclo-C¢H;;); 1.80—1.90
(m, 2 H, CH,, cyclo-C¢Hyy); 2.60—2.70 (m, 1 H, CHX,
cyclo-CgHyy); 7.40—7.60 (m, 6 H, CH=, Ph); 7.90—8.10 (m,
4 H, CH=, Ph).

Selenide 7a. White crystalline substance, m.p. 88§—89 °C.
Found (%): C, 57.02; H, 5.95; N, 4.28. C;sH,,NPSe. Calcu-
lated (%): C, 57.15; H, 5.99; N, 4.17. "TH NMR (CDCls), 8: 1.15
(t,6 H, Me, J=9.2 Hz); 3.04—3.13 (qd, 4 H, CH,, J=12.3 Hz,
J=~1Hz); 7.46—7.54 (m, 6 H, CH=, Ph); 8.04—8.12 (m, 4 H,
CH=, Ph).

Selenide 8a. White crystalline substance, m.p. 137—139 °C.
Found (%): C, 57.54; H, 5.57; N, 4.09. C;(HgNPSe. Calcu-
lated (%): C, 57.49; H, 5.43; N, 4.19. 'H NMR (CDCl,), &:
1.90—2.00, 2.95—3.05 (both m, 4 H each, CH,); 7.44—7.52 (m,
6 H, CH=, Ph); 8.11—8.18 (m, 4 H, CH=, Ph).

Selenide 9a. The product was purified by column chroma-
tography (silica gel 60, benzene). Orange crystalline substance,
m.p. 73—75°C. Found (%): C, 54.43; H, 5.51. C;¢H¢PSSe.
Calculated (%): C, 54.39; H, 5.42. 'TH NMR (CDCl,), &: 1.60
(s, 9 H, Me); 7.45—7.55 (m, 6 H, CH=, Ph); 8.05—8.15 (m,
4 H, CH=, Ph).

Selenide 10a. Colorless oil. Found (%): C, 54.29; H, 4.95;
0O, 5.01. C;4H;50PSe. Calculated (%): C, 54.38; H, 4.89;
0, 5.17. 'H NMR (CDCl,), &: 1.90 (t, 3 H, Me, J = 7.1 Hz);
4.13—4.21 (qd, 2 H, CH,, J=9.1 Hz, J= 1 Hz); 7.46—7.56 (m,
6 H, CH=, Ph); 7.92—7.99 (m, 4 H, CH=, Ph).

Selenide 12a. White crystalline substance, m.p. 128 °C.
Found (%): C, 56.61; H, 4.12. C;;HsPSSe. Calculated (%):
C, 56.51; H, 4.18. 'TH NMR (CDCls), &: 2.56 (s, 3 H, Me); 6.90
(m, 1 H, CH= of thiophene ring); 7.32 (dd, 1 H, CH= of
thiophene ring, J = 3.7 Hz, / = 8.8 Hz); 7.46—7.58 (m, 6 H,
CH=, Ph); 7.80—7.86 (m, 4 H, CH=, Ph).

Selenide 13a. White crystalline substance, m.p. 161 °C.
Found (%): C, 56.64; H, 4.21. C;HsPSSe. Calculated (%):
C, 56.51; H, 4.18. 'TH NMR (CDCly), &: 2.51 (s, 3 H, Me); 7.02
(d, 1 H, CH= of thiophene ring, J = 3.6 Hz); 7.42 (d, 1 H,
CH= of thiophene ring, /= 9.1 Hz); 7.46—7.56 (m, 6 H, CH=,
Ph); 7.76—7.84 (dd, 4 H, CH=, Ph, /= 8.0 Hz, /= 16.0 Hz).

Selenide 16a. White crystalline substance, m.p. 176 °C.
Found (%): C, 64.05; H, 4.51; N, 3.69. C,;HgNPSe. Calcu-
lated (%): C, 63.97; H, 4.60; N, 3.55. "TH NMR (CDCls), 8: 3.93
(s, 3H, Me); 6.28 (d, 1 H, CH= of indole ring, / = 4.7 Hz); 7.20
(t, 1 H, CH=, Ar, /= 8.0 Hz); 7.36—7.44 (m, 2 H, CH=, Ar);
7.52—7.64 (m, 7 H, CH=, Ar); 7.90—7.98 (m, 4 H, CH=, Ar).

Table 3. 13C NMR spectroscopic data for selenides Ph,P(Se)R 2a, 4a, 5a—10a, 12a, 13a, and 16a—21a (CDCl,)

Com- R 8 (J/Hz)

pound Ph,P(Se) R

2a p-Tolyl 128.30 (CH=, J = 12.7); 131.32 (J = 2.9); 21.29 (Me); 128.10 (=C<, J = 79.0);
131.91 (=C<, J = 77.0); 132.41 (CH=, 129.12 (CH=, J = 13.0); 132.53 (CH=,
J=10.7) J=10.8); 142.02 (=C<, J = 3.0)

4a 4-Fluorophenyl 128.42 (CH=, J = 12.7); 131.47 (=CX, 115.59 (dd, CH=, J = 13.9, J = 21.7);
J=177.5); 131.53 (CH=, J = 2.8); 132.32 127.50 (dd, =C<, J = 2.9, J = 79.4);
(CH=, J=10.7) 134.92 (dd, CH=, J = 8.8, J = 12.6);

164.58 (dd, =C<, J = 3.2, J = 254.1)

5a tert-Butyl 127.90 (CH=, J = 11.3); 129.79 (=C<, 26.42 (Me); 35.43 (>C<, J = 42.1)
J=65.6); 131.00 (CH=, J = 2.6); 133.25
(CH=,J=9.1)

6a Cyclohexyl 128.28 (CH=, J = 11.5); 129.96 (=C<, 25.42,25.79, 25.96 (CH,); 37.46 (>CH,

J=168.7); 131.11 (CH=, J = 2.6); 131.88
(CH=,J=9.7)

J=148.0)

(to be continued)
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Table 3 (continued)
Com- R $ (J/Hz)
pound Ph,P(Se) R
7a Diethylamino 128.04 (CH=, J=12.7); 131.35 (CH=, 13.27 (/= 15.9) (Me); 41.04 (CH,,
J=2.9);132.09 (CH=, J=11.0); 132.98 J=3.1)
(=C<, J=92.3)
8a Pyrrolidyl 128.08 (CH=, J = 12.6); 131.41 (CH=, 25.88 (CH,, J = 8.1); 47.65 (CH,,
J=2.9);131.99 (CH=, J=11.0); 132.85 J=2.1)
(=C<,J=934)
9a tert-Butylthio 128.12 (CH=, J=13.2); 131.36 (CH=, 32.22 (J =4.3) (Me); 53.79 (>C<,
J=13.2); 131.79 (CH=, J=11.2); 134.20 J=4.0)
(=C<, J=174.1)
10a Ethoxy 128.07 (CH=, J = 13.5); 130.89 (CH=, 15.80 (J = 8.4) (Me); 61.99 (CH,,
J=11.9); 131.57 (CH=, J = 2.5); 134.57 J=15.3)
(=C<,J=098.2)
12a 2-Methyl-5-thienyl 128.28 (CH=, J=13.0); 131.50 (CH=, 15.41 (Me); 126.81 (CH=, J = 13.1);
J=209); 131.91 (CH=, J=11.5); 132.56 130.54 (=C<, J = 86.6); 137.94 (CH=,
(=C<, J=80.8) J=9.2); 150.17 (=C<, J = 4.2)
13a 2-Methyl-4-thienyl 128.31 (CH=, J = 12.8); 131.41 (CH=, 15.09 (Me); 127.52 (CH=, J = 15.3);
J=12.7);131.93 (=C<, J=178.6); 132.01 132.05 (=C<, J = 80.5); 133.23 (CH=,
(CH=,J=11.1) J=13.7); 142.46 (=C<,J = 14.7)
16a N-Methyl-2-indolyl 128.44 (CH=, J = 13.0); 130.37 (=C<, 32.35 (Me); 109.59, 113.76 (CH=,
J=180.3); 131.82 (CH=, J = 2.9); 132.48 J=13.7); 120.26, 121.56, 124.15 (CH=);
(CH=, J=11.4) 125.98 (=C<, J = 12.6); 127.91 (=C¥,
J=192.2); 141.08 (=C<, J = 7.4)
17a N-Phenyl-2-indolyl 128.27 (CH=, J=17.9); 130.67 (=CX<, 111.03, 115.67 (CH=, J = 13.7); 120.90,
J=280.8); 131.53 (CH=, J = 2.8); 132.76 121.37, 124.59 (CH=); 125.82 (=CX,
(CH=,J=11.1) J=12.4); 128.10, 128.23 (CH=); 129.49
(=C<, J=93.7); 129.67 (CH=); 136.71,
142.42 (=C<, J = 6.6)
18a N-Methyl-2-imidazolyl 128.35 (CH=, J = 13.2); 130.01 (=C<, 35.55 (Me); 126.44, 129.72 (CH=,
J=281.8); 131.81 (CH=, J = 3.0); 132.31 J=16.1); 137.57 (=C<, J = 124.6)
(CH=,/J=114)
19a N-Phenyl-2-imidazolyl 128.22 (CH=, J = 13.7); 130.41 (=C<, 126.64, 127.02, 128.02, 128.67, 129.94
J=79.2); 131.54 (CH=, J = 3.2); 132.56 (CH=, J = 15.9); 137.05, 139.07 (=C¥,
(CH=, J=11.4) J=121.6)
20a Ferrocenyl 127.98 (CH=, J = 12.5); 131.03 (CH=, 69.95, 71.75 (CH=, J = 10.0); 73.11
J=3.0); 131.83 (CH=, J=10.9); 133.32 (CH=, J=12.6); 73.64 (=C<, J = 89.0)
(=C<, J=78.5)
21a Ferrocenylene 128.08 (CH=, J = 12.5); 131.19 (CH=, 74.26 (CH=, J = 12.0); 75.06 (=C<,

J=13.0); 131.68 (CH=, J=10.9); 132.74

J=186.9); 75.21 (CH=, J=19.7)

(=C<, J=178.6)

Selenide 17a. White crystalline substance, m.p. 142—143 °C.
Found (%): C, 68.29; H, 4.31; N, 3.15. C,4H,oNPSe. Calcu-
lated (%): C, 68.43; H, 4.42; N, 3.07. 'H NMR (CDCl5), 8: 6.66
(d, 1 H, CH=of indole ring, /= 4.8 Hz); 7.04 (d, 1 H, CH=, Ar,
J=8.3Hz);7.14—7.34 (m, 7 H, CH=, Ar); 7.44—7.58 (m, 6 H,
CH=, Ar); 7.64 (d, 1 H, CH=, Ar, J= 7.9 Hz); 7.86—7.96 (m,
4 H, CH=, Ar).

Selenide 18a. White crystalline substance, m.p. 116 °C.
Found (%): C, 55.69; H, 4.27; N, 8.25. C;cH;5sN,PSe. Calcu-
lated (%): C, 55.66; H, 4.38; N, 8.11. 'H NMR (CDCl,), &: 3.83
(c, 3 H, Me); 7.14 (br.s, 1 H, —CH= of imidazole ring); 7.22
(br.s, 1 H, —CH= of imidazole ring); 7.50—7.60 (m, 6 H,
—CH=, Ph); 7.82—7.90 (m, 4 H, —CH=, Ph).

Selenide 19a. Light pink crystalline substance, m.p. 195 °C.
Found (%): C, 62.03; H, 4.34; N, 6.80. C,;H;;N,PSe. Calcu-

lated (%): C, 61.92; H, 4.21; N, 6.88. 'H NMR (CDCl;) 3,:
7.15—7.27, 7.30—7.35, 7.42—7.54, 7.86—7.94 (all m, 17 H,
—CH= of imidazole ring, Ph).

Selenide 20a. Orange crystalline substance, decomposes at
temperatures above 120 °C. Found (%): C, 58.63; H, 4.32.
Cy,H,gFePSe. Calculated (%): C, 58.83; H, 4.26. 'H NMR
(CDCly), &: 4.18 (s, 5 H, ferrocenyl rings); 4.47 (dd, 2 H,
ferrocenyl rings, /= 2.1 Hz, J=4.0 Hz); 4.54 (dd, 2 H, ferrocenyl
rings, J = 1.7 Hz, J = 3.5 Hz); 7.40—7.50 (m, 6 H, CH=, Ph);
7.70—7.77 (m, 4 H, CH=, Ph).

Selenide 21a. Orange crystalline substance, decomposes at
temperatures above 140 °C. Found (%): C, 57.19; H, 4.02.
C34H,5FeP,Se,. Calculated (%): C, 57.33; H, 3.96. 'H NMR
(CDCl,), &: 4.34 (dd, 4 H, ferrocenyl rings, J = 1.0 Hz, J =
4.0 Hz); 4.73 (dd, 4 H, ferrocenyl rings, J/ = 1.0 Hz, J =
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4.0 Hz); 7.37—7.50 (m, 12 H, CH=, Ph); 7.60—7.68 (m, 8 H,
CH=, Ph).

The 13C NMR spectra of the synthesized selenides are pre-
sented in Table 3.
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