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The [4+2] cycloaddition reactions of 1-alkyl-2,3,4,5-tetraphenylphosphole derivatives with 
N-phenylmaleimide were studied for the fi rst time. The reactions of 1-alkyl-2,3,4,5-tetra-
phenylphosphole oxides and sulfi des with N-phenylmaleimide leads to tricyclic 10-phospha-
norbornenes with high stereoselectivity, giving only one diastereomer in the racemic form. At 
the same time, 1-alkyl-2,3,4,5-tetraphenylphospholes and their W(CO)5L complexes do not 
undergo [4+2] cycloaddition reactions even upon prolonged heating. 
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Phosphacyclopentadienes (phospholes),1 phosphorus 
analogs of cyclopentadiene, attract close attention, since 
they are convenient synthons for the preparation of poly-
cyclic phosphorus-containing compounds,2 phospha-
cyclopentadienide anions and phosphametallocenes,3 
phosphabenzenes.4,5 Cycloaddition reactions of phos-
phacyclopentadienes have been successfully used for the 
synthesis of new chiral polycyclic phosphorus compounds 
such as phosphanorbornenes and phosphanorbornadienes, 
which have found application as ligands for transition 
metal complexes6—9 and organocatalysts10 for asymmetric 
catalysis. Besides, the cycloaddition reactions of phos-
pholes to substituted acetylenes are a convenient method 
for the generation of phosphorus analogs of carbenes, 
phosphinidenes,11—13 and the synthesis of phosphaben-
zenes, the phosphorus analogs of pyridine, which are 
a promising class of phosphorus ligands for homogeneous 
catalysis.14—16 

At present, out of all phospholes the chemical behav-
ior of monophosphacyclopentadienes is most fully studied, 
which allowed one to reveal signifi cant diff erences in the 
reactivity and stability of two tautomeric forms, namely, 
1H- and 2H-phospholes. While 1H-phospholes possess 
high thermal stability and undergo cycloaddition reactions 
only under extremely harsh conditions, giving low yields 
of the target products, 2H-phospholes formed from 
1H-phospholes by the R-[1,5]-sigmatropic shift at high 
temperatures, contain a highly reactive P=C bond and 
readily undergo cycloaddition reactions with both dienes 

and dienophiles.17,18 Several methods have been described 
to increase the reactivity of phospholes in cycloaddition 
reactions.1 One of them is the replacement of the carbon 
atom in the exocyclic P—C bond of monophospholes with 
a more electronegative heteroatom (N, O)19,20 or the 
introduction of electronegative substituents in the hetero-
cycle,21 which reduces the eff ect of hyperconjugation with 
the double bond and activates phospholes in cycloaddition 
reactions. Another method is to block a lone electron pair 
(LEP) of the phosphorus atom by coordination with 
a metal,1,22 sulfur,23 or oxygen atoms.24 —26 

Earlier, we have developed a new method for the syn-
thesis of 1-alkyl-2,3,4,5-tetraphenylphospholes based on 
the alkylation of alkali metal 2,3,4,5-tetraphenylmono-
phospholides obtained by the reaction of white phospho-
rus or sodium polyphospholides with 1,4-dilithiumbuta-
1,3-diene27 or diphenylacetylene,28 respectively. In this 
connection, it was of interest to study [4+2] cycloaddition 
reactions of 1-alkyl-2,3,4,5-tetraphenylphospholes and 
their derivatives (oxides, sulfi des, and metal complexes) 
in order to obtain new polycyclic phosphorus compounds. 

Results and Discussion 

The starting 1-alkyl-2,3,4,5-tetraphenylphospholes 1, 
their oxides and sulfi des were obtained according to the 
described procedures.27,28 To obtain complexes of mono-
phospholes 1 with W(CO)6, we used a technique of "indi-
rect" photochemical substitution of the carbonyl group, 
which is based on UV irradiation of a solution of tungsten 
hexacarbonyl in THF with the formation of a labile com-
plex W(CO)5THF existing only in solution. The addition 
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to the latter of the corresponding ligands 1a and 1b allows 
one to replace the THF molecule without irradiation and 
to obtain monosubstituted tungsten carbonyl complexes 
2a and 2b containing monophospholes 1 and isolated as 
red powders in 89—92% yield (Scheme 1). 

Scheme 1 

R = Pri (a), n-C8H17 (b) 

The structures of complexes 2 were determined by IR, 
1Н, 31Р, and 13С NMR spectroscopy, their composition 
was confi rmed by elemental analysis. Thus, the 31P{1H} 
NMR spectrum of complex 2a exhibits a singlet at δP 45.4 
with the spin-spin coupling constant 1JW,P = 215.9 Hz. 
The 1Н and 13С NMR spectra unambiguously confi rm the 
structure of complex 2a. The IR spectrum of (1-isopropyl-
2,3,4,5-tetraphenylphosphole)tungsten pentacarbonyl (2a) 
contains four absorption bands (KBr), (СО)/cm–1: 1937, 
2019, 2070, 2128 characteristic of complexes with the 
formula W(CO)5L. 

The reactivity of 2,3,4,5-tetraphenylphospholes 1 and 
their derivatives 2—4 was investigated using the [4+2] 
cycloaddition reaction to N-phenylmaleimide as an ex-
ample. We found that 2,3,4,5-tetraphenylphospholes 1 
and their tungsten complexes 2 do not undergo the 
[4+2] cycloaddition to N-phenylmaleimide even upon 
prolonged heating at 170 C for 20 h, probably, due to the 
σ—π-hyperconjugation between the molecular orbital of 
the P—R fragment and the diene system.29 Note that 
2,3,4,5-tetraphenylphospholes 1 do not undergo R-[1,5]-
sigmatropic shift to form highly reactive 2H-phospholes 
with the Р=С  double bond, as is observed in the case of 
3,4-dimethyl-1-phenylphosphole.17 

At the same time, 1-alkyl-2,3,4,5-tetraphenylphosp-
hole 1-oxides 3 and 1-alkyl-2,3,4,5-tetraphenylphosphole 
1-sulfi des 4 undergo cycloaddition reactions to N-phenyl-
maleimide. It was found that the products of [4+2] cyclo-
addition reaction are formed upon heating of compounds 
3 and 4 with N-phenylmaleimide at 110 C for 2 days in 
high yields (81—87%) (Scheme 2). 

The structures of cycloadducts 5 and 6 were determined 
by IR, 1Н, 31Р, and 13С NMR spectroscopy, their com-
position was confi rmed by mass-spectrometry and elemen-
tal analysis. Thus, the 31P NMR spectra of reaction 
mixtures and isolated products exhibit a singlet at δP 97 
for phosphanorbornene oxides 5a,b and a singlet at δP 116 
for phosphanorbornene sulfi des 6a,b, which indicates 

a high selectivity of this reaction. Analysis of the 1H NMR 
spectra confi rmed the formation of only one diastereo-
isomer in racemic form: only one group of signals is ob-
served in the range of δ 4.25—4.38, namely, a doublet with 
3JP,H  7.5 Hz for the protons of the N-phenylmaleimide 
fragment of products 5 and 6. The 13C NMR spectra exhibit 
a singlet at δ 62 for carbon atoms C(2) and C(6) of the 
N-phenylmaleimide fragment and a doublet at δ 73 with 
1JC,P  34 Hz for carbon atoms C(1) and C(7) of the 
phosphanorbornene fragment of the [4+2] cycloaddition 
products. Although we did not succeed in obtaining crys-
tals suitable for X-ray diff raction, we presume the forma-
tion of anti-, endo-isomers, as occurs in the case of 
structurally similar 1-alkyl-3,4,5-triphenyl-1,2-diphos-
pholes.30,31 We note that in the case of oxides and sulfi des 
of 2,3,4,5-tetraphenylphospholes 3 and 4, no formation 
of endo-dimers occurs by the [4+2] cycloaddition reaction 
between two phosphole molecules, as is observed in the 
case of 1-alkyl-3-methylphospholes.24,25 

In conclusion, we have shown that 1-alkyl-2,3,4,5-
tetraphenylphospholes 1, as well as their complexes 
W(CO)5L 2, do not undergo the [4+2] cycloaddition reac-
tion to N-phenylmaleimide. At the same time, the oxida-
tion and thiooxidation of the phosphorus atom in 1-alkyl-
2,3,4,5-tetraphenylphospholes 1 increases their reactivity, 
leading to the formation of [4+2] cycloaddition products 
with N-phenylmaleimide upon prolonged heating at 
110 C, which are tricyclic 10-phosphanorbornenes 5 and 
6. This occurs due to the blockage of the LEP of the phos-
phorus atom by the oxygen or sulfur atom, which leads to 
a decrease in the aromaticity of monophosphole ("aroma-
ticity — antiaromaticity" transition32) and an increase in 
its reactivity. 

Experimental 

All the works related to the preparation of starting reagents, 
synthesis, and isolation of products were carried out under an 
inert atmosphere using standard Schlenk equipment. All the 
solvents were distilled over Na/benzophenone or P2O5 immedi-
ately before use. NMR spectra were recorded on a Bruker MSL-

Scheme 2 

X = O (3, 5), S (4, 6) 
R = Pri (a), n-C8H17 (b) 
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400 spectrometer (1H 400 MHz, 31P 121.7 MHz, 13C 100.6 MHz) 
using SiMe4 as an internal standard for 1H and 13C NMR spec-
tra and 85% Н3РО4 as an external standard for 31P NMR spec-
tra. The spectra were recorded for 10—20% solutions in inert 
solvents (CDCl3). Elemental analysis was performed using an 
EuroVector EA 3000 CHNS-O automated analyzer. 1-Alkyl-
2,3,4,5-tetraphenylphospholes 1a,b, their oxides 3a,b and sulfi des 
4a,b were obtained according to the described procedures.27,28 
Tungsten hexacarbonyl and N-phenylmaleimide are commer-
cially available reagents and were used without additional puri-
fi cation. 

Synthesis of (1-isopropyl-2,3,4,5-tetraphenylphosphole)tung-
sten pentacarbonyl (2a) (general procedure). A solution of 0.35 g 
(1 mmol) of tungsten hexacarbonyl in tetrahydrofuran (100 mL) 
was irradiated with UV light in a quartz reactor for 3 h at 5 С 
under continuous fl ow of argon. A solution of 1-isopropyl-
2,3,4,5-tetraphenylphosphole (1a) (0.42 g, 1 mmol) in tetra-
hydrofuran (10 mL) was added to the resulting lemon-yellow 
solution and the mixture was stirred for 12 h. The solvent was 
evaporated in vacuo, the residue was extracted with n-hexane 
(40 mL) and fi ltered. The hexane extract was concentrated under 
reduced pressure, the residue was dried in vacuo to obtain 2a as 
a red powder The yield was 0.67 g (89%), m.p. 134 С. 31P NMR 
(CDCl3), δ: 45.4 (s, 1JP,W = 215.9 Hz). 1H NMR (CDCl3), δ: 
1.26 (dd, 6 H, СН3, 3JP,Н = 7.2 Hz, 3JH,Н = 15.9 Hz); 2.71—2.81 
(m, 1 H, СН); 6.81—7.57 (m, 2 H, Ph); 7.01—7.32 (m, 14 H, 
Ph); 7.46—7.65 (m, 2 H, Ph); 7.80—7.87 (m, 2 H, Ph). 13C NMR 
(CDCl3), δ: 20.2 (s, CH3); 28.2 (d, СН, 1JC,P = 23.1 Hz); 126.7 
(s, p-CPh); 127.4 (s, p-CPh); 127.9 (s, m-CPh); 128.3 (s, m-CPh); 
129.6 (s, о-CPh); 130.5 (s, о-CPh); 131.6 (s, ipso-CPh); 137.9 
(s, ipso-CPh); 145.1 (s, C(3)/C(4)); 151.4 (d, C(2)/C(5), 
1JC,P = 17.2 Hz). IR (KBr), (CO)/cm–1: 1937, 2019, 2070, 
2128. Found (%): C, 57.64; H, 3.93; P, 4.17. C36H27O5PW 
(M 619). Calculated (%): C, 57.31; H, 3.61; O, 10.60; P, 4.11; 
W, 24.37. 

(1-n-Octyl-2,3,4,5-tetraphenylphosphole)tungsten pentacarb-
onyl (2b). A similar reaction of tungsten hexacarbonyl (0.35 g, 
1 mmol) and 1-n-octyl-2,3,4,5-tetraphenylphosphole 1b (0.50 g, 
1 mmol) gave compound 2b (0.75 g, 92%) as a red powder with 
m.p. 142 C. 31P NMR (CDCl3), δ: 40.2 (s, 1JP,W = 223.1 Hz). 
1H NMR (CDCl3), δ: 0.87 (t, 3 H, СН3, 3JH,H = 7.0 Hz); 
1.13—1.43 (m, 12 Н, (СН2)6); 2.14—2.18 (m, 2 Н, Р—СН2); 
6.98—7.37 (m, 2 H, Ph); 7.01—7.32 (m, 14 H, Ph); 7.46—7.70 
(m, 4 H, Ph). 13C NMR (CDCl3), δ: 14.2 (s, СН3); 22.4, 24.7, 
28.5, 28.9, 29.2, 30.1 (s, СН2); 34.8 (d, P—СН2, 1JP,C = 20.1 Hz); 
126.7 (s, p-CPh); 127.4 (s, p-CPh); 127.5 (s, m-CPh); 128.6 
(s, m-CPh); 129.1 (s, о-CPh); 130.5 (s, о-CPh); 131.6 (s, ipso-CPh); 
134.4 (s, ipso-CPh); 145.2 (d, C(3)/C(4), 2JC,P = 6.6 Hz); 152.9 
(d, C(2)/C(5), 1JC,P = 17.5 Hz). IR (KBr), (CO)/cm–1: 1933, 
2048, 2072, 2136. Found (%): C, 60.01; H, 4.33; P, 3.85. 
C41H37O5PW (M 824). Calculated (%): C, 59.72; H, 4.52; 
O, 9.70; P, 3.76; W, 22.30. 

Synthesis of 10-isopropyl-10-oxo-1,4,7,8,9-pentaphenyl-4-
aza-10-phosphatricyclo[5.2.1.02,6]dec-8-en-3,5-dione (5a) (gen-
eral procedure). N-phenylmaleimide (0.077 g, 0.45 mmol) was 
added to compound 3a (0.20 g, 0.45 mmol) and the mixture was 
heated in toluene at 110 С for 50 h. After two days, a light yel-
low precipitate was formed, which was collected by fi ltration and 
dried in vacuo. Recrystallization from hot toluene (5 mL), fi ltra-
tion, and vacuum drying of the precipitate gave 5a as a light 
yellow powder (0.24 g, 86%), m.p. 175 С. 31P NMR (CDCl3), 

δ: 98.7 (s). 1H NMR (CDCl3), δ: 1.26 (dd, 6 H, CH3, 3JH,Н = 
= 13.8 Hz, 3JP,Н = 6.9 Hz); 2.83—2.88 (m, 1 H, CH); 4.33 (d, 
2 Н, C(2)—H/С(6)—H, 3JP,H = 7.4 Hz); 7.05—7.22 (m, 5 H, 
Ph); 7.35—7.43 (m, 12 H, Ph); 7.46—7.55 (m, 8 H, Ph). 13C 
NMR (CDCl3), δ: 16.3 (d, СH3, 2JC,P = 6.9 Hz); 28.0 (d, CH, 
1JC,P = 31.8 Hz); 63.2 (s, C(2)/С(6)); 75.1 (d, C(1)/С(7)); 126.1 
(s, p-CPh); 126.4 (s, p-CPh); 127.4 (s, p-CPh); 127.6 (s, m-CPh); 
127.8 (s, m-CPh); 128.3 (s, m-CPh); 129.1 (s, о-CPh); 129.2 
(s, о-CPh); 130.5 (s, о-CPh); 130.8 (s, ipso-СPh); 134.1 (s, ipso-СPh); 
137.5 (d, ipso-СРh, 2JC,P = 7.5 Hz); 148.2 (d, С(8)=С(9), 
2JC,P = 6.9 Hz); 175.7 (d, C(3)/С(5), 3JC,P = 2.9 Hz). IR (KBr), 
/cm–1: 1262 (m, P=O); 1768 (s, CO). Found (%): C, 79.64; 
H, 5.93; N, 2.42; P, 5.54. C41H34NO3P (M 619). Calculated (%) 
C, 79.47; H, 5.53; N, 2.26; P, 5.00. 

10-n-Octyl-10-oxo-1,4,7,8,9-pentaphenyl-4-aza-10-phos-
phatricyclo[5.2.1.02,6]dec-8-en-3,5-dione (5b). A similar reaction 
of compound 4b (0.41 g, 0.79 mmol) and N-phenylmaleimide 
(0.14 g, 0.79 mmol) gave compound 5b (0.44 g, 81%) as a light 
yellow powder with m.p. 181 C. 31P NMR (CDCl3), δ: 96.7 (s). 
1H NMR (CDCl3), δ: 1.07 (t, 3 H, СН3, 3JH,H = 8.0 Hz); 
1.18—1.49 (m, 12 Н, (СН2)6); 2.04—2.15 (m, 2 Н, Р—СН2); 
4.25 (d, 2 Н, C(2)—H/С(6)—H, 3JP,H = 7.5 Hz); 7.03—7.21 (m, 
5 H, Ph); 7.33—7.51 (m, 20 H, Ph). 13C NMR (CDCl3), δ: 14.6 
(s, СН3); 22.4, 24.6, 28.5, 28.7, 29.4, 30.2 (s, СН2); 29.8 
(d, P—СН2, 1JP,C = 38.2 Hz), 62.6 (s, C(2)/С(6)); 71.7 
(d, C(1)/С(7), 1JC,P = 34.8 Hz); 126.8 (s, p-CPh); 126.9 
(s, p-CPh); 127.4 (s, p-CPh); 127.8 (s, m-CPh); 128.1 (s, m-CPh); 
128.7 (s, m-CPh); 129.0 (s, о-CPh); 129.2 (s, о-CPh); 130.3 
(s, о-CPh); 130.8 (s, ipso-СPh); 134.8 (s, ipso-СPh); 137.1 
(d, ipso-СРh,2JC,P = 7.6 Hz); 147.2 (d, С(8)=С(9), 2JC,P = 6.9 Hz); 
172.9 (d, C(3)/С(5), 3JCP = 2.9 Hz). IR (KBr), /cm–1: 1258 
(s, P=O), 1770 (m, CO). Found (%): C, 79.84; H, 6.33; N, 2.12; 
P, 4.84. C46H44NO3P (M 689). Calculated (%): C, 80.09; H, 6.43; 
N, 2.03; P, 4.49. 

10-Isopropyl-1,4,7,8,9-pentaphenyl-10-thioxo-4-aza-10-
phosphatricyclo[5.2.1.02,6]dec-8-en-3,5-dione (6а). A similar 
reaction of compound 4a (0.29 g, 0.62 mmol) and N-phenyl-
maleimide (0.11 g, 0.62 mmol) gave 6а (0.35 g, 87%) as a light 
yellow powder with m.p. 176—177 C. 31P NMR (CDCl3), δ: 
118.3 (s). 1H NMR (CDCl3), δ: 1.23 (dd, 6 H, CH3, 3JH,Н = 
= 13.7 Hz, 3JP,Н = 6.9 Hz); 2.74—2.81 (m, 1 H, CH); 4.36 
(d, 2 Н, C(2)—H/С(6)—H, 3JP,H = 7.4 Hz); 7.09—7.22 (m, 5 H, 
Ph); 7.35—7.55 (m, 20 H, Ph). 13C NMR (CDCl3), δ: 16.9 
(d, СH3, 2JC,P = 6.6 Hz); 29.6 (d, CH, 1JC,P = 31.8 Hz); 61.2 
(s, C(2)/С(6)); 74.8 (d, C(1)/С(7)); 126.1 (s, p-CPh); 127.1 
(s, p-CPh); 127.7 (s, p-CPh); 127.9 (s, m-CPh); 128.3 (s, m-CPh); 
128.7 (s, m-CPh); 129.3 (s, о-CPh); 129.7 (s, о-CPh); 131.5 
(s, о-CPh); 132.8 (s, ipso-СPh); 134.1 (s, ipso-СPh); 136.3 
(d, ipso-СРh, 2JC,P = 7.3 Hz); 146.9 (d, С(8)=С(9), 2JC,P = 7.1 Hz); 
174.1 (d, C(3)/С(5), 3JC,P = 3.2 Hz). IR (KBr), /cm–1: 1774 
(s, CO). Found (%): C, 77.64; H, 5.12; N, 2.17; P, 5.41. 
C41H34NO2PS (M 635). Calculated (%): C, 77.46; H, 5.39; 
N, 2.20; P, 5.03. 

10-n-Octyl-1,4,7,8,9-pentaphenyl-10-thioxo-4-aza-10-phos-
phat ricyclo[5.2.1.02,6]dec-8-en-3,5-dione (6b). A similar reaction 
of compound 4b (0.28 g, 0.53 mmol) and N-phenylmaleimide 
(0.09 g, 0.53 mmol) gave 6b (0.31 g, 83%) as a light yellow pow-
der with m.p. 179—180  C. 31P NMR (CDCl3), δ: 115.6 (s). 
1H NMR (CDCl3), δ: 0.97 (t, 3 H, СН3, 3JH,H = 7.1 Hz); 
1.25—1.62 (m, 12 Н, (СН2)6); 1.98—2.03 (m, 2 Н, Р—СН2); 
4.38 (d, 2 Н, C(2)—H/С(6)—H, 3JP,H = 6.5 Hz); 7.07—7.22 
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(m, 5 H, Ph); 7.33—7.42 (m, 12 H, Ph); 7.48—7.55 (m, 8 H, Ph). 
13C NMR (CDCl3), δ: 15.5 (s, СН3); 20.4, 22.3, 25.5, 26.7, 
28.4, 30.2 (s, СН2); 31.1 (d, P—СН2, 1JP,C = 36.2 Hz); 62.7 
(s, C(2)/С(6)); 72.7 (d, C(1)/С(7) , 1JC,P = 31.2 Hz); 126.5 
(s, p-CPh); 126.9 (s, p-CPh); 127.4 (s, p-CPh); 127.9 (s, m-CPh); 
128.3 (s, m-CPh); 128.6 (s, m-CPh); 129.0 (s, о-CPh); 129.2 
(s, о-CPh); 130.2 (s, о-CPh); 131.0 (s, ipso-СPh); 134.2 (s, ipso-СPh); 
137.7 (d, ipso-СРh, 2JC,P = 7.6 Hz); 147.8 (d, С(8)=С(9)), 173.3 
(d, C(3)/С(5), 3JC,P = 2.9 Hz). IR (KBr), /cm–1: 1778 (m, CO). 
Found (%): C, 78.24; H, 6.33; N, 2.05; P, 4.74. C46H44NO2PS 
(M 706). Calculated (%): C, 78.27; H, 6.28; N, 1.98; P, 4.39. 
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