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Chemistry of 1,2-Thiaphosphole 2-Sulfides I. Cycloaddition
Reactions of 1,2-Thiaphosphole 2-Sulfides
with Some Dienophiles

Hideyuki Tanaka, Shunichi Kamerani, Takao Sarro, and Shinichi Motokr*

Department of Chemistry, Faculty of Science, Science University of Tokyo, Kagurazaka, Shinjuku-ku, Tokyo 162
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2,9-Dithia-1-phosphabicyclo[4.3.0]nona-3,7-diene 1-sulfides have been prepared by the reaction of «,B-
unsaturated ketones with P,S;, in the presence of NEt;. 1,2-Thiaphosphole 2-sulfides generated by the thermoly-
sis of the phosphabicyclo compounds underwent cycloaddition reactions with acrylonitrile, styrene, butyl vinyl
ether and norbornene to give the [4+2]cycloadducts, respectively.

During the course of the work on the preparation
of a,B-unsaturated thione dimers and the cycloaddi-
tion reactions of their monomers with various dieno-
philes,? it has been found that attempts to isolate
monomeric l-arylmethylene thiopinacolones 2 result-
ed in the formation of the unexpected phosphorus-
(V)-containing compounds 3.2 In boiling benzene 3
generated «,B-unsaturated thione monomers 2 and
1,2-thiaphosphole 2-sulfides 4, both of which could be
trapped by acrylonitrile as [4+2]cycloadducts 5 and 6.9
To our knowledge, the proposed intermediates 4 are
the first representatives of five-membered heterocyclic
dienes, S -P(=8)=C-C= C though analogous -

bonded phosphorus compounds, - (S=)P=C{, have
been prepared recently.?

In the present paper, we wish to report the detailed
study on the cycloaddition reactions of this interest-
ing cyclic heterodienes 4 with a variety of dienophiles
leading to P-S-C bridging [4+2]cycloadducts.

Results and Discussion

Ac first, some additional phosphabicyclo com-
pounds were prepared as starting materials. The results
are summarized in Table 1. The yields increased with
an increasing electron donating property of the para-
substituents of the aromatic rings as in the case of the
preparation of the thione dimers.9 X-Ray difraction
analysis was performed for 3a® and the structures
of 3b, 3c, 9, and 10 were confirmed by comparison of
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TABLE 1. PREPARATIONS OF PHOSPHABICYCLO COMPOUNDS .3, 9, AND 10
Compound® Ar Ar’ Reaction time/h Mp(dec) 6/ °C Yield/%
3a Ph (t-Bu) 20 206—209 20
3b p-CH3CeH4 (¢-Bu) 20 210—212 30
3c p-ClCeH4 (¢-Bu) 10 220—223 10
9a Ph Ph 2 155—159 43
9b p-CH30CeH4 Ph 2 144—146 57
9c p-CHaCeH4 Ph 2 165—167 45
9d p-ClCeH4 Ph 2 178—180 39
9e Ph p-CH30CeH4 2 157—158 70
9f Ph p-CH3CeH4 2 161—162 41
9g Ph p-ClCeH4 2 178—179 14
10a Ph — 2 172—174 6
10b p-CH30CsH4 — 2 189—191 22
10c p-ClCsH4 — 2 144—146 8
a) All the compounds are colorless crystals.
TasrLe 2. 1H anDp 13C NMR SPECTRAL DATA OF 3, 9, aND 10 (8(J Hz))

Compound H(4) H(5)  H(7) Jun Juap 3Juep 3Jup C(5) C(6) 2Jcse Jcew
3a 6.26 4.76 5.76 5.5 5.5 19.5 41.0 55.5 75.5 2.4 42.7
3b 6.24 4.72 5.76 5.5 5.5 20.¢ 42.0 54.7 75.4 2.4 42.7
3c 6.17 4.67 5.66 55 5.5 20.0 42.0 54.9 74.8 2.4 43.9
9a 6.82 5.06 6.35 5.0 5.5 18.0 42.0 56.7 77.2 29 42.7
9b a) 4.96 6.30 5.0 a) 18.0 42.0 55.9 77.0 2.4 41.5
9c 6.82 5.00 6.33 6.0 5.5 20.0 42.0 56.2 77.1 4.0 41.5
9d 6.74 4.96 6.23 6.0 5.5 20.0 42.0 56.2 76.6 2.4 41.5
9e a) 5.02 6.22 5.0 a) 18.0 42.0 56.7 77.4 2.4 43.9
9f 6.78 5.04 6.29 5.0 5.5 18.0 42.0 56.7 77.2 2.4 41.5
9g 6.82 5.04 6.32 5.0 5.5 18.0 42.0 56.8 77.4 2.4 41.5

10a — 4.28 — — — 28.0 — 56.4 71.9 3.7 41.5
10b — 4.89 — — — 38.0 — 56.5 75.5 = 41.5
10c — 4.30 — — — 28.0 — 55.5 71.2 2.4 53.7

a) Superimposed on Ar-H. b) Chemical shifts of the signals of C-3, C-4, C-7, and C-8 were not assigned.

their NMR spectral data with those of 3a (Table 2).
The signals of the hydrogen atoms attached to the
bicyclic skeleton (H-4, H-5, and H-7) and those of the
skeletal saturated carbon atoms (C-5 and C-6) show-
ed characteristic H-P and C-P couplings.”

Treatment of the thione dimers with P4Si0 and
NEt in refluxing carbon disulfide also produced the
phosphabicyclo compounds. P4Syo is cleaved by liquid
NHs or NEts to produce diverse complex species con-
taining P, S, and N, e.g., (NH4)[PS2(NHz)z2], (NHy)e-
[PS3(NH32)].® Therefore it is assumed that the attack
of NEts upon PsSi;o generates the reactive species,
X~-(8=)P=S (e.g., X=EtNH*S™), which reacts with
a,B-unsaturated thiones to form an intermediate I
in a similar manner to Lawesson’s Reagent (L.R.)?
(Scheme 2). In the case of L. R. (X=p-CH30CsHy), 1
is actually obtained as a stable compound. But when
X is P4S10 fragment as in the present study, it would
be an effective leaving group and can be removed readi-
ly under suitable reaction conditions. Accordingly it
1s rationally considered that by action of a base, NEts,
H-3 proton is eliminated with X to form 1,2-thiapho-
sphole 2-sulfide II which subsequently undergoes
cycloaddition reaction as 27 system with the thione
monomer (4m) to afford the phosphabicyclo com-
pound III.

The reaction of 3a with acrylonitrile in refluxing
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benzene gave 1,4-cycloadducts 5a, endo-6a and a small
amount of exo-6a without the formation of any regio-
isomers (Table 3). The cycloadduct 5a was easily
identified by comparison with the authentic com-
pounds reported previously? and the structure of endo-
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TaBLE 3. REACTIONS WITH ACRYLONITRILE, STYRENE, BUTYL VINYL ETHER AND NORBORNENE

i Product
Material Dienophile Rfeacuon rocd
time/h Mp 8./°C  Yield/% Mp (dec) 6x/°C Yield/%
3a ZCN 26 5a 137—138 96 endo-6a 142—143 54
exo-6a 135—136 3
3b " 18 5b 156—157 37 endo-6b 174—176 15
3c " 27 5c 149—151 86 endo-6¢ 145—147 45
9a " 2 15a 131—132 94 exo-16a 155—156 13
9c " 2 15b 154—155 86 exo-16b 155—156 14
endo-16b 164—167 29
10a 4 172 223—225 90 exo-18a 175—177 23
10b " 1.5 17b 126—128 68 exo-18b 171—172 25
9a A ~Ph 2 19 129—131 69 endo-20 a) 86
10a " 3 2la 176—178 717 22a 134—135 44
10b " 1 21b 143—144 72 22b 177—179 56
9% OB 45 23 a) 15 24 a) 7
10a " 7.5 25 a) 19 26 148—149 36
9a Lb 2 27a 140—142 75 exo-exo-28a 160—161 72
9c " 4.5 27b 126—127 84 exo-exo-28b 179—181 34
endo-exo-28b 150—151 39
10a " 8 29a 99—100 53 exo-30a 229—-230 48
10b " 1.5 29b 124—125 27 exo-30b 211-213 23
a) Oils.
t t
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6a was confirmed by X-ray analysis.® The cycload- molecular ion peaks and the fragments due to retro

ducts endo- and exo-6a showed sharp IR absorptions  cycloaddition reaction. In the 3C NMR spectra of
of ven at 2250cm™!, and their mass spectra showed  endo- and exo-6a, the signals of the methylene carbon
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TABLE 4. 13C NMR SPECTRAL DATA OF CYCLOADDUCTS (8 (J/Hz))
Adduct C(2) C(3) C4) C(5) C(6) CN Jeap  ecar  capr  2csp  Jeer  3Jpen
endo-6a 146.1 141.1 74.9 33.4 42.4 119.6 59.8 9.8 19.5 3.7 42.7 7.4
exo-6a 146.4 1414  a) 344 424 1198 610 122  a) 6.1 440 37
endo-6b 145.9 140.1 75.4 33.6 42.4 119.7 59.8 11.0 19.5 3.7 44.0 8.5
endo-6¢ 144.9 141.6 75.4 33.4 42.4 119.5 59.8 9.8 19.5 3.7 44.0 7.3
exo-16a 147.0 144.6 68.8 41.0 40.6 118.3 58.6 11.0 24.4 49 42.7 3.7
exo-16b 146.6 143.5 68.8 41.0 40.5 118.4 58.6 11.0 24.4 4.9 42.7 3.7
endo-16b 148.2 141.3 66.6 38.7 40.3 118.0 =0 9.8 =0 2.4 42.7 9.8
¢ :0-18a 139.8 155.5 66.2 40.1 41.3 118.2 64.6 11.0 24.4 49 41.5 3.7
exo-18b 139.4 154.2 66.2 40.3 41.2 118.3 64.7 12.2 24.4 49 42.7 3.7
endo-20 145.3 142.0 69.7 56.3 44.2 — 58.6 9.8 24.4 49 42.7 —
22a 137.6 155.7 67.5 56.4 41.8 — 63.5 9.8 25.6 4.9 42.7 —
22b 143.4 154.3 75.1 56.4 41.7 — 60.0 11.0 25.6 49 42.7 —
24 138.2 144.0 67.0 84.4 42.1 — 52.5 8.6 22.0 2.4 42.7 —
26 140.3 155.5 70.2 80.8 44.0 — 64.7 13.4 24.4 3.7 41.5 —
exo-exo-28a 147.0 149.7 69.9 58.1 55.4 —_— 57.4 9.8 29.3 6.1 40.3 —
exo-exo-28b  146.7 148.7 69.9 58.2 55.3 — 58.6 9.8 30.5 6.1 40.3 —
endo-exo-28b 145.1 145.4 68.2 58.7 59.2 — 52.5 9.8 29.3 6.1 40.3 —
exo-30a 139.0 155.7 66.0 62.3 57.4 — 58.6 9.8 29.3 6.1 40.3 —
exo0-30b 138.3 154.6 66.0 62.3 57.5 — 52.5 11.0 29.3 6.1 39.0 —
a) Superimposed on CDCls.
(endo-6a; 6=42.42, exo-6a; 6=42.40) showed large C- Ph Ph
P coupling constants (endo-6a; Jcp=42.7 Hz, exo-6a; /fj/ Ph ;ﬁ 1 5
Jcr=44.0 Hz). This suggests that the methylene carbon Ph-=S P f\ 6 Ph
is directly bonded to the phosphorus atom.” The 'H
NMR spectrum of endo-6a showed double double dou- 19 endo-20
blets of three sets of protons at 8=2.51 (Jun=3.5, 14.0 Hz,
Jur=7.5Hz), 3.07 (Jun=9.5, 14.0 Hz, Jup=14.0 Hz) and r
3.64 (Jun=3.5, 9.5 Hz, Jup=4.5 Hz), which are assigned Ph
to the Hi, Hs, and H. by spin decoupling experiments, | S 4
. . Ph

respectively. The coupling constant value of H.agreed S5
with those of exo proton in 2-substituted norbornene A |§1
ring system.1® The 1H NMR of exo-6a showed signals 21 g 22
of H-5 proton at 6=3.08—3.32 and of H-6 (gem-AB)
protons at 6=2.70—2.86. The coupling pattern was 21,22 a, Ar=CH, b, Ar=p-CH,0C_H,
unambiguously different from that of endo-6a. Endo
configuration of cyano group in 6b and 6¢c was deter- Ph
mined by comparing their coupling pattern of H.~H. Ph s AL oBu™
with that of endo-6a. Neither exo-6b nor exo-6¢ was J:'\,L @
obtained. Ph"~ S gBy™ Ph2™ Ry

Similarly, the thermolysis of 9 or 10 in the presence of S
acrylonitrile yielded 15 and 16, or 17 and 18 (Table 3). 23 2
The reactions proceeded more rapidly than that of 3.
The products 15 and 17 were identfied as [4+2]-
cycloadducts of 11 and 12 with acrylonitrile, respective- Ph
ly.? The structure and configuration of the adduct 16 f n
were determined by comparing their spectral data N T | S 0Bu
with those of 6a (endo, exo) as described above. The Ph2 pE
13C NMR spectral data of 18 indicated that the cyano 25 § 2

group was linked to the carbon atom at 5-position. It
is difficult to determine exactly the configuration of
cyano group in 18 by 'H NMR spectra, however, it was
presumed to be exo because C-P coupling constants of
endo cyano carbon were 7.3—9.8 Hz in the adducts 6
and 16, whereas those of the exo were 3.7 Hz (Table 4).

With styrene 9 or 10 produced 19? and 20 or 21? and
22, respectively. Table 3 shows that the orientation of
the 1,4-cycloadducts (20, 22) agrees with that of the

acrylonitrile-adducts (16, 18). The 'H NMR coupling
pattern of 20 agreed with that of the endo-adduct 6 or
16.

The thermolysis of 9 with butyl vinyl ether gave
23V and 24. In the adduct 24, the 13C NMR spectral
data proved that butoxyl group was linked to the C-5
carbon. The signal of the C-5 carbon showed small
coupling constant 2J¢sp(2.4 Hz) as compared with
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31!) (Table 5).

Jeep and shifted downfield owing to the butoxyl
group (Table 4). Similarly, the reaction of 10 with
butyl vinyl ether afforded 25? and 26. The configu-
rations of 24 and 26 could not be determined.

The reaction of 9 with norbornene gave 27 and
28. In the case of 9¢, two stereo isomers of 28b were
obtained. In general, the chemical shift of the bridged
carbon of exo substituted norbornane should shift up-
field from that of norbornane 31 due to steric repulsion.1?
One isomer showed the resonance of the C-11 carbon
at 6=34.8 shifted upfield by 4.1 ppm from that of 31.
The other isomer had the resonance at §=30.4 shift-
ed upfield by 8.0 ppm. The chemical shifts of the C-8
and C-9 carbons of both isomers did not change from
those of 31 (Table 5). Therefore, both of the isomers
would be exo with respect to the norbornyl skeleton.
On the other hand, the C-2 and C-3 olefinic carbons!?
of the latter isomer resonated upfield by 1.6—3.3 ppm
as compared with those of the former, hence the configu-
ration of the latter with respect to 1-phospha-7-thiabi-
cyclo[2.2.1]heptene 1-sulfide ring system would be
endo; namely the former isomer is exo-exo-28b and
the latter is endo-exo-28b. The reaction of 10 with
norbornene gave 29 and 30. In the 13C NMR of 30, the
chemical shifts of the C-8 and C-9 carbons did not
change, while the C-11 carbon resonated upfield by 6.3
ppm from that of 31. Therefore, the configuration
should be exo with respect to norbornyl ring.

As described above, it has been found that 1,2-thia-
phosphole 2-sulfides react as cyclic heterodienes readi--
ly and regioselectively with acrylonitrile, styrene or
butyl vinyl ether.!? Besides the cycloaddition, other
varied reactions can be expected for the 1,2-thiaphos-

TABLE 5. 13C NMR CHEMICAL SHIFTS OF NORBORNANE 3]
AND CYCLOADDUCTS 28b (Jcp/Hz)

31 exo-exo-28b endo-exo-28b
Carbons

é é Jcp é Jecp
C-2 — 146.7 58.6 145.1 52.5
C-3 — 148.7 9.8 145.4 9.8
C-7(C-1) 36.8 39.1 38.5
C-8(C-2) 30.1 30.7 17.1 32.1 15.9
C-9(C-3) 30.1 30.7 32,9
C-10(C-4) 36.8 36.6 3.7 36.2 2.4
C-1(C-7) 38.7 34.8 30.7

phole 2-sulfides. The reaction with some nucleophiles
are now under investigation.

Experimental

All the melting points are uncorrected. IR spectra were
measured on a Hitachi Model 260-10 spectrometer. 'H and
1BC NMR spectra were recorded on a JEOL JNM-FX 100
spectrometer in CDCIls solution using MesSi as internal
standard (*H; at 100 MHz, 3C; at 25 MHz). 13C NMR spectral
data are shown in Tables 2, 4, and 5. 3P NMR spectra were
recorded at 40 MHz on a JEOL JNM-FX 100 spectrometer
using 85% HsPO, as external standard. Mass spectra were
recorded on a Hitachi double focusing mass spectrometer
(RMU-7M) operating at an ionizing potential of 70eV. Ele-
mental analyses of sulfur and phosphorus were performed
for some representative compounds. All &,8-unsaturated ke-
tones were prepared by the Aldol condensation of the corre-
sponding ketone with aldehyde.!® Acrylonitrile, styrene,
butyl vinyl ether and norbornene were obtained commercially.

General Procedure for the Preparation of 2,9-Dithia-1-phos-
phabicyclo[4.3.0nona-3,7-diene 1-Sulfides. A suspen-
sion of a,B-unsaturated ketone (0.04 mol), P4S;0 powder (12g)
and NEts (24 cm?) in dry carbon disulfide (320 cm3) was gent-
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ly refluxed (50—55°C) under a nitrogen atmosphere (Reaction
times are shown in Table 1). The reaction mixture was filter-
ed and the filtrate was evaporated. The residue was chro-
matographed on silica gel (Wakogel C-200). The solvent
was evaporated and the residue was recrystallized from chlo-
roform-ethanol giving the product as colorless crystals.
3,8-Di-t-butyl-5,6-dip henyl-2,9-dithia-1-phosphabicyclo[4.3.0}-
nona-3,7-diene 1-Sulfide (3a). Chromatographed by eluting
with benzene-hexane (2:3); 'H NMR (CDCls) 6=1.22 (s, 9H),
1.27 (s, 9H), 4.76 (dd, 1H, Juw=5.5Hz, Jup=19.5Hz), 5.76
(d, 1H, Jup=41.0 Hz), 6.26 (dd, 1H, Jun=>5.5Hz, Jup=>5.5 Hz),
and 7.00—7.30 (m, 10H); 31P NMR (CDClIs) 6=117.1 (dd,
pu=41.0, 19.5 Hz); MS m/z (rel intensity) 470 (M*; 3), 266
(19), 234 (47), 204 (34), 203 (32), and 147 (100). Found: C,
66.33; H, 6.48; S, 20.46; P, 6.43%. Calcd for CoeH3:S3P: C,
66.35; H, 6.64; S, 20.43; P, 6.58%.
3,8-Di-t-butyl-56-bis(p-methylphenyl)-2,9-dithia-1-phosphabi-
cyclo[4.3.0nona-3,7-diene 1-Sulfide (3b). Chromatographed
by eluting with benzene-hexane (2:3); 'H NMR (CDCl;) 6=
1.21 (s, 9H), 1.27 (s, 9H), 2.23 (s, 3H), 2.29 (s, 3H), 4.72 (dd,
lH. ]HH=5-5 HZ. ]Hp=20.0 HZ), 5.76 (d, IH, ]Hp=42.0 HZ), 6.24
(dd, 1H, Jun=5.5Hz, Jup=5.5 Hz), and 6.90—7.30 (m, 8H); MS
m/z (rel intensity) 498 (M+), 280 (8), 248 (65), 218 (22), 203
(41), and 161 (75). Found: C, 67.50; H, 7.12; S, 19.39; P, 6.31%.
Calcd for CesHssSsP: C, 67.43; H, 7.07; S, 19.28; P, 6.21%.
3,8-Di-t-butyl-5,6-bis(p-chlorophenyl)-2,9-dithia-1-phosphabi-
cyclof4.3.0nona-3,7-diene 1-Sulfide (3c). Chromatographed
by eluting with benzene-hexane (2:3); tH NMR (CDCl3) 6=
1.22 (s, 9H), 1.27 (s, 9H), 4.67 (dd, 1H, Jun=5.5 Hz, Jur=20.0
Hz), 5.66 (d, 1H, Jup=42.0Hz), 6.17 (dd, 1H, Jus=5.5Hz,
Jur=5.5Hz), and 6.90—7.30 (m, 8H); MS m/z (rel intensity)
538 (M+), 300 (20), 268 (54), 238 (27), 233 (94), and 181 (100).
Found: C, 57.90; H, 5.43; S, 18.16; P, 5.80%. Calcd for C2sHzo-
CleSsP: C, 57.88; H, 5.42; S, 17.83; P, 5.74%.
3,5,6,8-Tetraphenyl-2,9-dithia-1-phosphabicyclo[4.3.0 jnona-
3,7-diene 1-Sulfide (9a). Chromatographed by eluting
with benzene-hexane (1:1); 1H NMR (CDCls) §=5.06 (dd, 1H,
Jun=5.0Hz, Jur=18.0Hz), 6.35 (d, 1H, Jup=42.0 Hz), 6.82
(dd, 1H, Juw=5.0Hz, Jur=5.5Hz), and 7.18—7.58 (m, 20H);
31P NMR (CDCl3) 6=116.8; MS m/z (rel intensity) 254 (100),
224 (15), 223 (30), and 191 (60). Found: C, 70.61; H, 4.78; S,
19.12; P, 5.56%. Calcd for CzoH23SsP: C, 70.56; H, 4.54; S,
18.83; P, 6.07%.
5,6-Bis(p-methoxyphenyl)-3,8-diphenyl-2,9-dithia-1-phosphabi-
cyclo[4.3.0jnona-3,7-diene  1-Sulfide (9b). Chromatog-
raphed by eluting with benzene-hexane (1:1); 'H NMR
(CDCl3) 6=3.70 (s, 3H), 3.74 (s, 3H), 4.96 (dd, 1H, Jus=5.0 Hz,
Jur=18.0Hz), 6.30 (d, 1H, Jup=42.0 Hz), and 6.66—7.54 (m,
19H); 3'P NMR (CDCI3) 6=116.6; MS m/z (rel intensity) 284
(100), 269 (25), 254 (18), and 253 (19). Found: C, 67.18; H,
4.83%. Calcd for Cs2H2702SsP: C, 67.35; H, 4.83%.
5,6-Bis(p-methylphenyl)-3,8-diphenyl-2,9-dithia-1-phosphabi-
cyclo[4.3.0nona-3,7-diene I-Sulfide (9c). Chromatographed
by eluting with benzene-hexane (1:1); tH NMR (CDCl3) 6=
2.26 (s, 3H), 2.30 (s, 3H), 5.00 (d, 1H, Jun=6.0 Hz, Jup=20.0
Hz), 6.33 (d, 1H, Jup=42.0Hz), 6.82 (dd, 1H, Jun=6.0 Hz,
Jur=5.5Hz), and 6.92—7.56 (m, 18H); MS m/z (rel intensity)
300, 268 (100), 238 (13), 237 (18), and 205 (29). Found: C,
71.27; H, 5.20%. Calcd for C32H27S3P: C, 71.34; H, 5.05%.
5,6-Bis(p-chlorophenyl)-3,8-diphenyl-2,9-dithia-1-phosphabi-
cyclo[4.3.0 nona-3,7-diene 1-Sulfide (9d). Chromatographed
by eluting with benzene-hexane (1:1); TH NMR (CDCl;) 6=
4.96 (dd, 1H, Jus=6.0Hz, Jup=20.0 Hz), 6.23 (d, 1H, Jup=42.0 Hz),
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6.74 (dd, 1H, Jus=6.0 Hz, Jur=5.5 Hz), and 6.96—7.54 (m, 18H);
MS m/z (rel intensity) 288 (100), 258 (24), 257 (28), and 225
(36). Found: C, 62.32; H, 3.81%. Calcd for CsHa2:Cl2S3P: C,
62.71; H, 3.65%.
3,8-Bis(p-methoxyphenyl)-5,6-diphenyl-2,9-dithia-1-phosphabi-
cyclo[4.3.0lnona-3,7-diene 1-Sulfide (%e). Chromatographed
by eluting with benzene-hexane (1:1); 'H NMR (CDCls) 6=
3.77 (s, 3H), 3.78 (s, 3H), 5.02 (dd, 1H, Jus=5.0 Hz, Jup=18.0
Hz), 6.22 (d, 1H, Jup=42.0 Hz), and 6.66—7.50 (m, 19H); 31P
NMR (CDCls) 8=117.0; MS m/z (rel intensity) 284 (100), 253
(25), and 221 (9). Found: C, 67.58, H, 4.97%. Calcd for
C32H2702S83P: C, 67.35; H, 4.77%.
3,8-Bis(p-methylphenyl)-5,6-diphenyl-2,9-dithia-1-phosphabi-
cyclo[4.3.0Jnona-3,7-diene 1-Sulfide (9). Chromatographed
by eluting with benzene-hexane (1:1); tH NMR (CDCl;) 6=
2.33 (s, 6H), 5.04 (dd, 1H, Jus=5.0 Hz, Jup=18.0 Hz), 6.29 (d,
1H, Jur=42.0 Hz), 6.78 (dd, 1H, Jus=5.0 Hz, Jup=>5.5 Hz), and
7.06—7.44 (m, 18H); MS m/z (rel intensity) 268 (100), 238
(27), 237 (49), and 205 (29). Found: C, 71.35; H, 5.34%. Calcd
for Ca2H27SsP: C, 71.34; H, 5.05%.
3,8-Bis(p-chlorophenyl)-5,6-diphenyl-2,9-dithia-1-phosp habi-
cyclof4.3.0nona-3,7-diene 1-Sulfide (9g).  Chromatographed by
eluting with benzene-hexane (1:1); 'H NMR (CDCl3) 6=5.04
(dd, 1H, Jun=5.0 Hz, Jup=18.0 Hz), 6.32 (d, 1H, Jur=42.0 Hz),
6.82 (dd, 1H, Jus=5.0 Hz, Jup=5.5Hz), and 7.16—7.56 (m, 18H);
MS m/z (rel intensity) 288 (100), 258 (1), 257 (2), and 225 (29).
Found: C, 62.38; H, 3.74%. Calcd for C3oH21Cl2S3 P: C,62.17;
H, 3.65%.
6b,7-Diphenyl-5,6,6b,7,8,9-hexahydro-14,15-dithia-14a-phos-
phabenz[4,5]indeno[1,2-b jphenanthrene 14a-Sulfide (10a).
Chromatographed by eluting with benzene-hexane (2:3); 1H
NMR (CDCls) 6=1.24—2.98 (m, 8H), 4.28 (d, 1H, Jup=28.0
Hz), and 6.86—7.60 (m, 18H); 31P NMR (CDCls) 6=123.7;
MS m/z (rel intensity) 530, 312 (30), 280 (100), 250 (9), and
249 (17). Found: C, 72.70; H,4.70; S, 17.62; P, 5.12%. Calcd
for C34H27S3P: C, 72.44; H, 5.01; S, 17.06; P, 5.49%.
6b,7-Bis(p-methoxyphenyl)-56,6b,7,8,9-hexahydro-14,15-dithia-
14a-phosphabenz{4,5Jindeno[1,2-b Jphenanthrene  14a-Sulfide
(10b). Chromatographed by eluting with benzene-
hexane (2:3); *H NMR (CDCl3) 6=1.54—2.74 (m, 8H), 3.75
(s, 6H), 4.89 (d, 1H, Jup=38.0 Hz), and 6.66—7.52 (m, 16H);
31P NMR (CDCls) 6=109.4; MS m/z (rel intensity) 310 (100),
279 (25). Found: C, 69.43; H, 5.32%. Calcd for C3sH3;10253P:
C, 69.32; H, 5.17%.
6b,7-Bis(p-chlorophenyl)-5,6,6b,7,8,9-hexahydro-14,15-dithia-
14a-phosphabenz{4,5]indeno[1,2-bjphenanthrene  14a-Sulfide
(10c). Chromatographed by eluting with benzene-
hexane (2:3); 'H NMR (CDCls) 6=1.57—1.84 (m, 8H),4.30
(d, 1H, Jup=28.0 Hz), and 7.00—7.58 (m, 16H); MS m/z (rel
intensity) 314 (100), 285 (22), and 283 (22). Found: C, 64.63;
H, 3.97%. Calcd for C34H27Cl2S3P: C, 64.65; H, 3.99%.
General Procedure for the Cycloaddition Reactions of the 2,9-
Dithia-1-phosphabicyclo[4.3.0 nona-3,7-diene 1-Sulfides with
Dienophiles. A solution of the 2,9-dithia-1-phosphabi-
cyclo[4.3.0]nona-3,7-diene 1-sulfide (2 mmol) and dienophile
(6 mmol) in dry benzene (5cms3) was refluxed under a nitro-
gen atmosphere until all the phosphabicyclo compound had
been consumed as indicated by TLC. The solvent was evap-
orated and the residue was chromatographed on silica gel
(Wakogel C-200). The solvent was evaporated and the resi-
due was recrystallized from ethanol to give the cycloadduct.
6-t-Butyl-3-cyano-4-phenyl-3,4-dihydro-2H-thiopyran (5a).
Chromatographed by eluting with benzene-ligroin (1:1); IR
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(KBr) 2250cm~! (CN); 'H NMR (CDClz) 6= 1.22 (s, 9H),
3.00—3.40 (m, 3H), 3.78 (dd, 1H, Jus=4.8 Hz), 5.66 (d, 1H,
Jun=4.8 Hz), and 7.20—7.30 (m, 5H); MS m/z (rel intensity)
257 (M+; 30), 203 (63), and 147 (100). Found: C, 74.68; H, 7.47;
N, 5.37; S, 12.74%. Calcd for Ci16H1sNS: C, 74.66; H, 7.44; N,
5.44; S, 12.46%.
6-1-Butyl-3-cyano-4-(p-methylphenyl)-3,4-dihydro-2H-thiopyran
(5b). Chromatographed by eluting with benzene-hexane
(2:1); IR (KBr) 2250 cm~! (CN); tH NMR (CDCls) 6=1.21 (s,
9H), 2.34 (s. 3H), 2.90—3.40 (m, 3H), 3.60—3.80 (m, 1H), 5.63
(d, 1H, Juu=5.0Hz), and 7.00—7.20 (m, 4H); MS m/z (rel
intensity) 271 (M*; 29), 218 (22), 203 (100), and 161 (70).
Found: C, 75.39; H, 7.85; N, 5.17%. Calcd for Ci7H21NS:
C. 75.23; H, 7.80; N, 5.16%.
6-t-Butyl-3-cyano-4-(p-chlorophenyl)-3,4-dihydro-2H-thiopyran
(5¢). Chromatographed by eluting with benzene-hexane
(1:1); IR (KBr) 2250 cm~! (CN); 'H NMR(CDCls) 6=1.22 (s,
9H), 2.98—3.36 (m, 3H), 3.78 (dd, 1H, Jun=4.6 Hz), 5.60 (d,
1H, Juy=4.6 Hz), and 7.06—7.36 (m, 4H); MS m/z (rel inten-
sity) 291 (M+; 25), 238 (41), 203 (40), and 181 (100). Found:
C, 65.79; H, 6.02; N, 4.77%. Calcd for C16H1sNCIS: C, 65.85;
H, 6.22; N, 4.80%.
4-t-Butyl-endo-5-cyano-2-phenyl-7-thia-1-phosphabicyclo[2.2.1 |
hept-2-ene 1-Sulfide (endo-6a). IR (KBr) 2250 cm™! (CN);
'H NMR (CDCls) 6=1.34 (s, 9H), 2.51 (ddd, 1H, Jun=3.5,
14.0 Hz, Jur=7.5Hz), 3.07 (ddd, 1H, Jun=9.5, 14.0 Hz, Jur=
14.0Hz), 3.64 (ddd, 1H, Jus=3.5, 9.5Hz, Jup=4.5Hz), and
7.05—7.72 (m, 6H); 31P NMR (CDCls) 6=—28.9; MS m/z (rel
intensity) 319 (M*; 2), 266 (100), 251 (22), 234 (52), 219 (85),
and 203 (18). Found: C, 60.18; H, 5.77; N, 4.41; S, 20.02; P,
9.78%. Calcd for CieHisNS2P: C, 60.16; H, 5.68; N, 4.39; S,
20.07; P, 9.70%.
exo-6a: IR (KBr) 2250 cm~! (CN);H NMR (CDCls) 6=1.39
(s, 9H), 2.70—2.86 (m, 2H), 3.08—3.32 (m, 1H), and 6.72—
7.70 (m, 6H); MS m/z (rel intensity) 319 (M+; 2) 266 (100),
251 (22), 234 (29), 219 (22), and 203 (17). Found: C, 60.32;
H, 5.60; N, 4.35%. Calcd for C1¢Hi1sNSzP: C, 60.16; H, 5.68;
N, 4.39%.
4-t-Butyl-endo-5-cyano-2-(p-methylphenyl)-7-thia-1-phosphabi-
cyclo[2.2.1 Jhept-2-ene 1-Sulfide (endo-6b). IR (KBr) 2250 cm™!
(CN); tH NMR (CDCls) 6=1.32 (s, 9H), 2.36 (s, 3H), 2.48 (ddd,
lH, ]HH=3-0, 13.0 HZ, ]Hp=7.5 HZ), 3.04 (ddd, lH, ]HH=10-0,
13.0 Hz, Jup=13.0 Hz), 3.60 (ddd, 1H, Jux=3.0, 10.0 Hz, Jup=
4.0 Hz), and 6.92—7.64 (m, 5H); MS m/z (rel intensity) 333
(M+; 2), 280 (100), 265 (21), and 248 (39). Found: C, 61.56; H,
5.97; N, 4.18%. Calcd for C17H20NS2P: C, 61.24; H, 6.05; N,
4.20%.
4-t-Butyl-endo-5-cyano-2-(p-chlorop henyl)-7-thia-1-phosp habi-
cyclo[2.2.1 Jhept-2-ene 1-Sulfide (endo-6c). IR (KBr) 2250
cm~! (CN); 'H NMR (CDCls) 6=1.34 (s, 9H), 2.50 (ddd, 1H,
Jun=3.0, 14.0 Hz, Jup=7.5Hz), 3.08 (ddd, 1H, Jux=10.0, 14.0
HZ, ]Hp=l4.0 HZ), 3.64 (ddd, lH, ]HH=3-0, l0.0HZ, ]Hp=4.5
Hz), and 7.04—7.68 (m, 5H); MS m/z (rel intensity) 355 (M*;
1), 302 (44), 287 (11), 270 (23), and 255 (37). Found: C, 54.25;
H, 5.00; N, 3.94%. Calcd for C;sH17NCIS:P: C, 54.31; H, 4.84;
N, 3.96%.
ex0-5-Cyano-2,4-diphenyl-7-thia-1-phosphabicyclo[2.2.1 Jhept-
2-ene 1-Sulfide (exo-16a). Chromatographed by eluting
with benzene-ligroin (1:1); IR (KBr) 2250 cm~1(CN); 'H NMR
(CDCls) 6=2.82—3.04 (m, 2H), 3.54—3.80 (m, 1H), and 6.82—
7.68 (m, 11H); 3'P NMR (CDCl3) 6=—52.6; MS m/z (rel inten-
sity) 286 (15), 254 (100). Found: C, 63.90; H, 4.35; S, 19.35;
P, 8.88%. Calcd for C1sH14NS2P: C, 63.70; H, 4.16; S, 18.89; P,
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9.13%.
exo-5-Cyano-2-(p-methylphenyl)-4-phenyl-7-thia-1-phosphabi-
cyclof[2.2.1 Jhept-2-ene 1-Sulfide (exo-16b). Chromatographed
by eluting with benzene-ligroin (1:1); IR (KBr) 2250 cm~1 (CN);
1H NMR (CDCls) 6=2.36(s, 3H), 2.64—3.12 (m, 2H), 3.50—3.80
(m, 1H), and 7.04—7.60 (m, 10H); MS m/z (rel intensity) 353
(M+; 1), 300 (30), and 268 (100). Found: C, 64.44; H, 4.32%.
Calcd for Ci9sH16NS2P: C, 64.57; H, 4.56%.
endo-16b: IR (KBr) 2250 cm~! (CN); 'H NMR (CDCl3) 6=
2.38 (s, 3H), 2.58 (ddd, 1H, Jus=4.0, 13.0 Hz, Jur=8.0 Hz), 3.12
(ddd, 1H, Jux=9.0, 13.0Hz, Jup=13.0Hz), 4.06 (ddd, 1H,
Jun=4.0, 10.0 Hz, J4p=3.0 Hz), and 7.12—7.70 (m, 10H); MS
m/z (rel intensity) 353 (M+), 300 (24), and 268 (100). Found: C,
64.38; H, 4.28%. Calcd for C1sH16NS2P: C, 64.57; H, 4.56%.
ex0-10-Cyano-7-phenyl-2,3-benzo-11-thia-8-phosphatricyclo-
[6.2.1.0"8Jundec-6-ene 8-Sulfide (exo-18a). Chromatograph-
ed by eluting with benzene-hexane (3:2); IR (KBr) 2250
cm~}(CN); 'H NMR (CDCls) 6=2.58—3.52 (m, 7H) and
7.14—7.67 (m, 9H); 31P NMR (CDCls) 6=—52.1; MS m/z (rel
intensity) 365 (M+), 312 (34), and 280 (100). Found: C, 65.75;
H, 4.71; S,17.96; P, 8.28%. Calcd for C20H16NSzP: C, 65.73; H,
4.41; S, 17.55; P, 8.48%.
exo0-10-Cyano-7-(p-methoxyphenyl)-2,3-benzo-11-thia-8-phos-
phatricyclo [6.2.1.018 Jundec-6-ene 8-Sulfide (exo-18b). Chro-
matographed by eluting with benzene-hexane (1:2); IR (KBr)
2250 cm~! (CN); 'H NMR(CDCls) 6=2.40—3.56 (m, 7TH), 3.82
(s, 3H), and 6.80—7.72 (m, 8H); MS m/z (rel intensity) 395 (M*),
342 (3), and 310 (100). Found: C, 63.87; H, 4.89%. Calcd for
C21H1s0ONS2P: C, 63.87; H, 4.58%.
endo-5-Phenyl-2,4-diphenyl-7-thia-1-phosphabicyclo[2.2.1 |-
hept-2-ene 1-Sulfide (endo-20). Chromatographed by elut-
ing with benzene-hexane (1:2); 'H NMR (CDCls) 6=2.48—
4.20 (m, 3H), 6.60—6.76 (m, 1H), and 6.80—7.92 (m, 15H);
MS m/z (rel intensity) 390 (M+; 1), 287(2), and 254 (100).
7,10-Diphenyl-2,3-benzo-11-thia-8-phosphatricyclo[6.2.1.0*8 -
undec-6-ene 8-Sulfide (22a). Chromatographed by eluting
with benzene; !H NMR (CDCl3) 6=1.42—3.80 (m, 6H), 4.42—
4.60 (m, 1H), and 6.34—7.79 (m, 14H); 3P NMR (CDCl3) 6=
—49.6; MS m/z (rel intensity) 416 (M*), 312 (6), 280 (100), and
249 (10). Found: C, 71.83; H, 5.34; S, 15.47; P, 7.26%. Calcd
for CosH21S2P: C, 72.09; H, 5.08; S, 15.39; P, 7.44%.
7-(p-Methoxyphenyl)-10-phenyl-2,3-benzo-11-thia-8-phosphatri-
cyclof6.2.1.0'8 jundec-6-ene 8-Sulfide (22b). Chromatographed
by eluting with benzene-hexane (1:1); tH NMR (CDCls) 6=
1.40—3.60 (m, 5H), 3.86 (s, 3H), 4.40—4.64 (m, 1H), and 6.75—
7.82 (m, 13H); MS m/z(rel intensity) 446 (M*), 342 (6), and 310
(100). Found: C, 69.82; H, 5.41%. Calcd for CesHa30S2P:
C, 69.93; H, 5.19%.
5-Butoxy-2,4-diphenyl-7-thia-1-phosphabicyclo[2.2.1 [hept-2-
ene I-Sulfide (24). Chromatographed by eluting with
benzene-hexane (1:1); tH NMR (CDCl3) 6=0.60—1.48 (m, 9H),
2.00—2.32 (m, 1H), 2.76—3.00 (m, 1H), 3.12—3.40 (m, 1 H),
and 7.00—7.76 (m, 11H).
10-Butoxy-7-phenyl-2,3-benzo-11-thia-8-phosphatricyclof6.2.1.0' 8 -
undec-6-ene 8-Sulfide (26). Chromatographed by eluting
with benzene-hexane (3:4); tH NMR (CDCls) 6=0.39—1.56
(m, 7H), 2.34—3.00 (m, 7H), 3.12—3.36 (m, 1H), 3.80—
4.16 (m, 1H), and 7.00—7.60 (m, 9H); MS m/z (rel intensity)
412 (M*), 378 (1), 346 (1), 312 (13), 280 (100), and 215 (31).
Found: C, 66.84; H, 6.20%. Calcd for Ca3H250S8:P: C, 66.96;
H, 6.11%.
8,10-Diphenyl-11-thia-1-phosphatetracyclo[6.2.13:8.027 [dec-9-
ene 1-Sulfide (exo-exo-28a). Chromatographed by eluting
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with benzene-hexane (3:2); tH NMR (CDCls) 6=0.94—3.10 (m,

10H), 7.03—7.67 (m, 11H); 3:P NMR (CDCls) 6=—44.4; MSm/z"’

(rel intensity) 380 (M*; 2), 286 (100), 254 (8), 223 (10), and 121
(14). Found: C, 69.71; H, 5.82; S, 17.18; P, 7.88%. Calcd for
C22H21S2P: C, 69.45; H, 5.56; S, 16.85; P, 8.14%.
10-(p-Methylphenyl)-8-phenyl-11-thia-1-phosphatetracyclo-
[6.2.138.027[dec-9-ene  1-Sulfide (exo-exo-28b). Chro-
matographed by eluting with benzene-hexane (1:2); 'H
NMR (CDCls) 6=0.92—3.07 (m, 10H), 2.36 (s, 3H),and 6.97—
7.66 (m, 10H); MS m/z (rel intensity) 394 (M+; 3), 300 (100),
and 268 (19). Found: C, 70.33; H, 5.92%. Calcd for CasH2sS2P:
C, 70.02; H, 5.88%.
endo-exo-28b: 'H NMR (CDCls) 6=0.68—3.40 (m, 10H),
2.36 (s, 3H), and 6.90—7.68 (m, 10H); MS m/z (rel intensity)
394 (M+;5), 300 (100), and 268 (15). Found: C, 70.30; H, 5.82%.
Calcd for CzsH2sS2P: C, 70.02; H, 5.88%.
9-Phenyl-13,14-benzo-15-thia-8-phosphapentacyclo[6.6.1.13:8.-
010,027 Jhexadeca-9,13-diene  8-Sulfide (exo-30a). Chro-
matographed by eluting with benzene; 'H NMR (CDCls)
6=0.82—3.32 (m, 14H) and 7.16—7.58 (m, 9H); 3P NMR
(CDCl3) 6=—41.3; MS m/z (rel intensity) 406 (M+; 3), 312
(100), 280 (9), and 249 (10). Found: C, 70.94; H, 5.75; S, 15.55;
P, 7.80%. Calcd for CasH23S:P: C, 70.91; H, 5.70; S, 15.77;
P, 7.62%.
9-(p-Methoxyphenyl)-13,14-benzo-15-thia-8-phosphapentacyclo-
[6.6.1.13:8.01.10,027 |hexadeca-9,13-diene 8-Sulfide (exo-30b).
Chromatographed by eluting with benzene-hexane (1:1); 'H
NMR (CDCls) 6=1.78—3.32 (m, 14H), 3.80 (s, 3H), and 6.80—
7.64 (m, 8H); MS m/z (rel intensity) 436 (M+; 1), 342 (100), and
310 (10). Found: C, 69.01; H, 6.01%. Calcd for CasH2s0S2P: C,
68.78; H, 5.77%.
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