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ABSTRACT: The cycloaddition reactions namely,
[2 + 4], [4 + 2], [2 + 3] and [1 + 4] given by the
heterophospholes, which are five-membered 6w aro-
matic heterocycles containing at least one o2, N> phos-
phorus, are reviewed in the present article. Different
aspects of these reactions such as stereoselectiv-
ity, regioselectivity, relative reactivities and theo-
retical correlations thereof are included. The liter-
ature has been surveyed up to December 2003.
© 2004 Wiley Periodicals, Inc. Heteroatom Chem 15:271-
287, 2004; Published online in Wiley InterScience
(www.interscience.wiley.com). DOI 10.1002/hc.20002

INTRODUCTION

Heterophospholes are five-membered 6w aromatic
systems having a two-coordinate, tervalent (o2, \3)
phosphorus which contributes one electron to the
aromatic sextet [1-4]. In the neutral heterophosp-
hole ring, besides sp?*-phosphorus, there must be at
least one heteroatom like NR, O, or S(Se,Te) con-
tributing two m-electrons. In view of the close resem-
blance between carbon and phosphorus [5-8], het-
erophosphole ring may be thought as derived from
the classical heteroles such as pyrrole, furan, or thio-
phene by substituting one ring =CH— by =P—. Fur-
thermore, as in diazoles, oxazoles, thiazoles, or tria-
zoles, the heterophosphole ring may contain one or
more two-coordinate nitrogen atoms or even more
than one two-coordinate phosphorus atom. Like-
wise, the anellated heterophospholes [9,10] may be
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perceived as phosphorus analogues of the classical
fused systems such as indole, indolizine, benzofu-
ran, benzothiazole, benzimidazole, benzoxazole, or
azapentalenes.

In heterophospholes, two functionalities: >C=P—
or —N=P— and lone pair on phosphorus, give a
variety of cycloaddition reactions. 1,2-Addition on
C=P leads to [2+ 4], [2+ 3], or [2+ 2] cycload-
ditions whereas 1,1-addition on phosphorus re-
sults in cheletropic [1 + 4] cycloaddition. In some
cases, the heterophosphole ring reacts as the di-
ene component with acetylene and phosphaacety-
lene derivatives to form [4 + 2] cycloadducts. The
mode of cycloaddition (1,2- or 1,1-addition) de-
pends on the HOMO/LUMO combination of the het-
erophosphole available to the reagent [11,12]; how-
ever, no sufficient theoretical calculations appear to
have been carried out so far to make a definite pre-
diction in this regard. The results reported indicate
that normally electron-rich dienes such as butadi-
enes, cyclopentadiene, etc. give [4 + 2] cycloadducts,
whereas electron-deficient heterodienes including o-
quinones form [4 + 1] cycloadducts. There are, how-
ever, exceptions, particularly in the cycloadditions
with heterodienes.

Sometimes two of the above mentioned cycload-
ditions occur successively, e.g. a [2 + 4] addition on
>C=P— is followed by [1 + 4] addition on phospho-
rus leading to the product having a five-coordinate
phosphorus [13,14]. In some other cases, particu-
larly if the >C=P— unit is not sufficiently activated,
[2 + 4] cycloaddition is preceded by a [1 + 4] addi-
tion on phosphorus [15-20]. An initial [1 + 4] addi-
tion on phosphorus may be followed by dimerization
across the —N=P— moiety [21,22]. In a limited num-
ber of cases, particularly in those heterophospholes
which have a strong electron-donating centre at the
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B-position (e.g. NR), cheletropic [1 + 4] cycloaddi-
tion on phosphorus occurs successively twice giv-
ing a zwitterionic product having a six-coordinate
(o, \3) phosphorus [23,24, Bansal, R. K.; Gupta, N.;
Surana, A. (unpublished results)].

Different modes of cycloadditions of the het-
erophospholes have been outlined in Scheme 1.

The cycloaddition reactions given by the het-
erophospholes will therefore be described under the
following five categories:

. [2 + 4] Cycloadditions
. [4 + 2] Cycloadditions
. [2 + 3] Cycloadditions
. [2 + 2] Cycloadditions
. [1 + 4] Cycloadditions

u bW N =

An earlier review on “cycloadditions on \3,o2-
phosphorus multiple bonds” includes cycloaddition
reactions of heterophospholes [25]. Other later re-
views [1-4,9,10] also cover these reactions, though
in a limited manner.

In the present review it is intended to high-
light different aspects, namely stereoselectivity, re-
gioselectivity, relative reactivities, theoretical calcu-
lations, etc., of the cycloaddition reactions of the het-
erophospholes. Although greater emphasis has been
placed on the results reported during the last 5-6
years, earlier results have also been described wher-
ever necessary. The literature has been covered up to
December 2003.

[2 + 4] Cycloadditions

The >C=P— moiety in the heterophospholes, as in
acyclic phosphaalkenes [26-29], acts as dienophile
and undergoes [2 + 4] cycloaddition with a variety
of 1,3-dienes, such as 2,3-dimethylbutadiene, 1,4-
diphenylbutadiene, isoprene, cyclopentadiene, 1,4-
diphenylazabutadiene and o-quinones [13,30-39].
The reaction with unsymmetrical diene such as iso-
prene or 1,4-diphenylazabutadiene proceeds regios-
electively, the regioselectivity in many cases being
100%. In the reaction with a cyclic diene, like cy-
clopentadiene, the kinetically preferred endo-isomer
is formed at low temperature.
1,3-Bis(ethoxycarbonyl)-1,3-azaphospholo[5,1-
alisoquinoline 1 reacts with 2,3-dimethylbutadiene
in the presence of sulfur or methyl iodide at room
temperature to give [2 + 4] cycloadducts 3 and 4
respectively [37,38]. The reaction with isoprene
in presence of sulfur proceeds regiospecifically to
give 3 only, but in presence of methyl iodide the
regioselectivity is lowered and two regioisomers 4
(62%) and 4’ (38%) are formed (Scheme 2). The
structure of 3 (R* = H) has been confirmed by X-ray
crystal studies [38]. Although 3-ethoxycarbonyl-
1,3-azaphospholo[1,5-a]pyridine was found to
be unreactive towards 2,3-dimethylbutadiene
[Bansal, R. K.; Gupta, N. (unpublished results)],
1,3-bis(ethoxycarbonyl) derivative 2 reacted with
2,3-dimethylbutadiene and methyl iodide smoothly
at room temperature to give 4 [38]. This difference
in the reactivities was correlated qualitatively
with FMO energies calculated by semiempirical
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PM3 method [37]. The reaction of 1 with 2,3-
dimethylbutadiene alone was found to be sluggish
at room temperature and could be completed (6 3'P
= 14.1) only on refluxing in chloroform for 4 days
[38]. The role of sulfur or methyl iodide therefore
appears to push a reversible reaction between the
1,3-azaphosphole ring and diene in the forward
direction by oxidizing ¢® P atom of the initially
formed [2 + 4] cycloadduct.

The [2+ 4] cycloadditions of 1,3-bis(ethoxy-
carbonyl)-1,3-azaphospholo[5,1-aJisoquinoline with
2,3-dimethylbutadiene and with isoprene in pres-
ence of sulfur could be accomplished under mi-
crowave irradiation in much shorter times (10—
22 min) without affecting the yields. The reaction
with isoprene occurs regiospecifically under these
conditions as well [39].

Similar pattern of regioselectivity has been ob-
served in several other cases. 1,3-Azaphospholo[5,1-
blbenzothiazole 5 undergoes [2 + 4] cycloaddition
with 1,3-dienes, only in the presence of oxygen,
sulfur, or selenium, the reaction with isoprene oc-

SCHEME 3
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curring with 100% regioselectivity (Scheme 3) [40,
Bansal R. K.; Karaghiosoff, K.; Mahnot, R.; Gupta,
N. (unpublished results)].

5-Ethoxycarbonyl-2-phenyl-1,3,4-thiazaphos-
phole 6 forms [2+ 4] cycloadducts with 1,3-
butadienes [2, Bansal, R. K.; Gupta, S. (unpublished
results)] and 1,4-diphenyl-1-azabutadiene [2], 100%
regioselectivity being observed in the reaction
with isoprene and 1,4-diphenyl-1-azabutadiene
(Scheme 4).

Diazaphospholes have been found to react
with 1,3-dienes without the aid of an oxidizing
agent. 1,4,2-Diazaphospholo[4,5-a]pyridines (R = H,
CO,Et) 7, -[5,4-b]benzothiazole (R = CO,Et) 8, and
-[5,4-b]thiazolines (R = CO,Et) 9 form [2 + 4] cy-
cloadducts with 1,3-butadienes (R! = Me, H). The
initially formed cycloadducts are, however, oxidized
during workup and hence the reactions have been
carried out in the presence of sulfur or selenium.
The cycloaddition with isoprene in all these cases
proceeds regioselectively, as indicated by 3P NMR
(Scheme 5) [9,32, Bansal R. K.; Karaghiosoff, K;
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Gupta, N.; Mahnot, R.; Sharma, D. C.; Gandhi, N.
(unpublished results)]. The reaction of 7 with iso-
prene in presence of methyl iodide also leads to
the corresponding two regioisomers in 70:30 ratio
[Bansal R. K.; Karaghiosoff, K.; Gupta, N.; Mahnot,
R.; Sharma, D. C.; Gandhi, N. (unpublished results)].

Similarly, complete regioselectivity has been re-
ported in the reaction of 2-acetyl-1,2,3-diazaphos-
phole with isoprene [33]. The reaction of 2-
acetyl-1,2,3-diazaphosphole with cyclopentadiene
gave an endo-product immediately (15 min, 15°C)
which, after 3 days in solution at room temper-
ature, changed to the thermodynamically more
stable exo-product through cycloreversion [34]. 2-
tert-Butyl-1-ethyl-1,3-benzodiphosphole [30,31] and
1H-1,2,3-benzazadiphosphole [41] have been re-
ported to form [2+4] cycloadducts with 1,4-
diphenylbutadiene and 2,3-dimethylbutadiene re-
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spectively. 1,3-Benzoxaphospholes behave likewise
and yield [2 + 4] cycloadducts with 2,3-dimethyl-
butadiene and with tetrachloro-o-benzoquinone
(TCQ) [13]. Structure of the cycloadduct of 2-
methyl-1,3-benzoxaphosphole with TCQ has been
confirmed by X-ray crystal structure [14]. The [2 + 4]
cycloadduct of 2-fert-butyl-1,3-benzoxaphosphole
with TCQ on reacting with more TCQ undergoes
cheletropic 1,1-addition on phosphorus to give a
product with a five-coordinate phosphorus [13].

An attempt has been made to explain reactiv-
ities and regio- and stereoselectivities observed in
these reactions on the basis of the theoretical calcu-
lations of the model [2 + 4] cycloadditions of phos-
phaethene with 1,3-butadiene and isoprene [42]. The
DFT(B3LYP/6-311+G**) activation energies of these
reactions, 12—-14 kcal/mol, are much lower than that
of the parent ethene-butadiene reaction, 28 kcal/mol,
even though the exothermicities of all lie in the same
range, —29 to —33 kcal/mol. Thus introduction of o>
P in the dienophile, as in the diene [43,44], lowers
the activation energy relative to that of the hydrocar-
bon systems due to the weakness of the C=P 7 bond
compared to the C=C w bond. Moreover, it is indi-
cated that the approach of the reactants with endo
P—H group is kinetically more favorable than the at-
tack with an exo P—H [42,44]. However, computed
activation barriers and exothermicities of the reac-
tions (endo and exo) of phosphaethene with isoprene
suggest that the experimentally observed regiose-
lectivities of the products (having phosphorus and
methyl group in meta position) cannot be accounted
for by the closed shell pericyclic mechanism, i.e.
concerted [2 + 4] cycloaddition. Instead, alternative

R1=H, % of Regioisomers (31P NMR)
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radical cation mechanism involving stepwise ad-
dition of the isoprene radical cation with phos-
phaethene could explain high regioselectivities
[42].

[4 + 2] Cycloadditions

The [4 + 2] cycloadditions in which heterophosphole
acts as the diene component are described in this
category.

It has been found that the hetero-1,3-diene sys-
tem present in those heterophospholes and het-
erodiphospholes which have an heteroatom (N, O,
S, Se) adjacent to the two-coordinate phosphorus
react with an electron deficient dienophile such as
alkene, acetylene, or phosphaacetylene to yield a
[4 + 2] cycloadduct. The cycloadduct formed with
acetylene usually undergoes cycloreversion accom-
panied by the loss of a nitrile or similar molecule
to furnish a new heterophosphole (Scheme 6). The
initially formed cycloadduct with phosphaacetylene,
however, undergoes further [2 + 2 + 2] cycloaddi-
tion, i.e., homo Diels-Alder reaction by reacting
with more phosphaacetylene to give interesting cage
compounds.

The hetero-1,3-diene behavior was first ob-
served for 1,2,4,3-triazaphospholes 10 which re-
acted with dimethyl acetylenedicarboxylate to give
1,2,3-diazaphosphole derivatives 12. Monoalkyl es-
ters of acetylenedicarboxylic acid formed both re-
gioisomers. The reaction involves the initial forma-
tion of a [4 + 2] cycloadduct 11 which undergoes
cycloreversion accompanied by the loss of a nitrile
molecule to yield the final product (Scheme 6) [45].

1,3,2-Diazaphosphole-4,5-dicarbonitriles ex-
hibit similar behavior which on reacting with
electron deficient acetylene derivatives afford 1H-

1,2-azaphosphole-5-carbonitriles through [4 + 2]
cycloaddition/reversion [46]. An analogous re-
action has been reported for 1,3,2-diaza- and
1,2-azaphosphinines [47]. 1H-1,2-Azaphospholes
13, however, form stable [4 + 2] cycloadducts with
electron-deficient acetylenes (Scheme 7) [48]. The
structure has been confirmed by X-ray crystal
structure determination of a representative (14,
R' =¢Bu, R? = CF;) [48].

1,2-Thiaphosphole-2-sulfides 16, generated in
situ from thermolysis of 2,9-dithia-1-phospha-
bicyclo[4.3.0]nona-3,7-diene-1-sulfides 15 [49] in
absence of a phosphine, form stable [4 4 2] cy-
cloadducts with a variety of dienophiles such as acry-
lonitrile, norbornene, norbornadiene, phenylethyne,
and dimethyl acetylenedicarboxylate [50,51]. In
many cases, double Diels-Alder cycloadducts are
produced, or the initially formed [4 + 2] cycloadduct
undergoes secondary reactions like ring expansion
or Michael addition [52]. Reaction with acrylonitrile
[50] and phenylethyne [51], occurring regiospecifi-
cally are shown in Scheme 8.

1,2-Thiaphosphole, acting as heterodiene, shows
interesting reactivity towards cyclopentadiene [53]
and cyclooctyne [54]. With cyclopentadiene no re-
action occurs at 20-80°C, but at 120°C in a sealed
tube, 3,5-diphenyl-1,2-thiaphosphole 19 combines
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with dicyclopentadiene (dienophile) to form a [4 + 2]
cycloadduct. The latter undergoes subsequently suc-
cessive ring expansion and further [4 + 2] cycload-
dition either with dicyclopentadiene to form 22 or
with cyclopentadiene to produce 23. The structure
of 22 was confirmed by X-ray crystal studies [53]
(Scheme 9).

1,2-Thiaphosphole 24 (R = tBu) reacts with
twofold excess of cyclooctyne 25 to give polycyclic
compounds 28 and 31 through successive [4 + 2]
cycloaddition, cycloexpansion, and again [4 + 2] cy-
cloaddition. *'P NMR although indicated the forma-
tion of 30 also in the reaction mixture, it could not be
isolated, however [54] (Scheme 10). The reaction of
other 1,2-thiaphosphole derivatives 24 (R = CMe,Et,
Me€Pen, Me“Hex) under similar conditions gener-
ated the corresponding 28 in much smaller extents
which, however, could not be isolated in pure form
[54].

The [4 + 2] cycloaddition of 1,2,4-thiadiphos-
pholes 32 (X = S) [55] and of 1,2,4-oxadiphosphole
32 (X = O) [56] are followed by retro Diels-Alder
reaction accompanied by the loss of phosphaacety-

lene to give 1,2-thiaphosphole 33 (X = S) and 1,2-
oxaphosphole 33 (X = O), respectively (Scheme 11).
In the case of 1,2,4-thiadiphosphole (32, X = S; R
= tBu) side products 35 are also formed as a result
of the [2 + 4] cycloaddition of the phosphaacetylene,
liberated in the reaction, with 1,2,4-thiadiphosphole,
followed by [2 + 2 + 2] cycloaddition of 34 with
acetylene derivative [55].

Unlike 1,2,4-thiadiphospholes, 3,4-bis(trifluoro-
methyl)-1,2,5-thiadiphosphole forms stable [4 + 2]
cycloadducts with bis(trifluoromethyl)acetylene and
with maleic anhydride [57]. Phosphaacetylenes have
also been used as dienophiles in the [4 + 2] cy-
cloadditions of 1,2,4-oxadiphosphole 32 (X = O)
[56], 1,2,4-thiadiphosphole 32 (X = S) [55,58],
and 1,2,4-selenadiphosphole 32 (X = Se) [59,60];
the initially formed [4+ 2] cycloadduct 36 in
these cases undergoes homo Diels-Alder reaction
with second molecule of phosphaacetylene to af-
ford the hetero-tetraphospha cage compounds 37
(Scheme 12). In the case of 1,2,4-thiadiphosphole
[55,58], the homo Diels-Alder reaction of the in-
termediate bicyclodiene 36 with phosphaacetylene
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occurs regiospecifically, but 1,2,4-selenadiphosphole
[59,60] and 1,2,4-oxadiphosphole [56] give both re-
gioisomers 37 and 37'.

The X-ray crystal structures of the final prod-
ucts produced by 1,2,4-thiadiphosphole [55,58] and
1,2,4-selenadiphosphole [59] have been determined.
It may be mentioned in this connection that the in-
termediate 36 could not be detected by 3P NMR.
However, a structurally related molecule, 1,3,5-
triphospha-Dewar-benzene, has been found to un-
dergo homo Diels-Alder reaction, i.e., [2 + 2 + 2] cy-
cloaddition with acetylene in similar manner [61].

1-Triphenylstannyl-1,2,4-triphosphole 38 also
undergoes successive [4+2] and [2+ 2+ 2] cy-
cloadditions with two molecules of tert-butylphos-
phaacetylene (Scheme 13). Both cycloadditions oc-
cur regiospecifically [62].

The structure of 39 has been confirmed by X-ray
crystal studies [62].

[2 + 3] Cycloadditions

The [2 + 3] cycloadditions of heterophospholes have
been carried out with a variety of 1,3-dipoles.
The reactions with nitrilimines, nitrile oxides, and
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nitrile ylides proceed regiospecifically, carbon of
the 1,3-dipole being bonded to the phosphorus of
the heterophosphole. Addition of the diazoalkanes,
R!'R?CN,, to the C=P unit of the heterophosphole
may, however, lead to both products having C—N or
P—N bonding, the actual course depending upon the
substituents R! and R?. The cycloadducts resulting
from addition of diazoalkanes and azides are usually
stabilized by proton shift or loss of nitrogen. 1,2,4-
Oxazaphospholes 40 and 2H-1,2,3-diazaphospholes
42 undergo [2 + 3] cycloaddition with nitrile oxides
regiospecifically to give cycloadducts 41 [63,64] and
43 [65,66], respectively (Scheme 14).

2H-1,2,3-Diazaphospholes 42 form [2 + 3] cy-
cloadducts regiospecifically with nitrilimines [67]
and nitrile ylides [68] also. The cycloadduct 45
formed with nitrilimine on heating eliminates ben-
zonitrile and the resulting 4-anilinodiazaphosphole
46 undergoes [2 + 3] cycloaddition with one more
equivalent of nitrilimine to give the final product 47
[67] (Scheme 15).

The regio-orientation of the diazoalkane
(R3R*CN,) in its cycloaddition to 2H-1,2,3-diaza-
phosphole depends on the nature of the substituent
groups, R?®, R* [25]. In the case, CR’R* = CH,
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[69], CMe, [70-72], CMePh [73], CPh, [74], fluo-
renediyl [69], and CHPO(OEt), [75], nitrogen of
the diazoalkane is bonded to the carbon of the
C=P functionality of 42 to form the product 48.
But, if CR*R* = CHiPr [74], CHtBu, CHCOMe [76],
and CHCO,Et [77], the regio-orientation of the
diazoalkane is reversed resulting in the formation
of 49. The cycloadduct with CR*R* = CHPO(OE),,
CHCOMe, and CHCO,Et undergo two successive
R2

R2
N
/ N—/<_
R1’N\j\ D — / +
N R=Np”
R“A_N 42

R3

N—
R2 /
H/ \ R1/N\
R1/N\ R3
p NH R4
_N/ 53
R3
50
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1,3-prototype shifts to give 50 and 51, whereas in
other cases elimination of nitrogen occurs leading
to 4-alkyldiazaphosphole 52 or bicyclic phosphirane
53 [74] and other products (Scheme 16).

The [3+2] cycloadditions of diphenyldia-
zomethane with 1,3,4-thiaazaphosphole 6 [74] and
1,2-thiaphosphole 19 [78] also lead to bicyclic phos-
phiranes 54 and 55 respectively (Scheme 17). The
latter readily formed the pentacarbonyltungsten
complex 56, which was characterized by single crys-
tal X-ray diffraction studies [78].

The [2+ 3] cycloadduct 57 formed by 2-
methyl-5-phenyl-1,2,4,3-triazaphosphole 10 with
diphenyldiazomethane yields after hydrolysis, 3,4-
dihydrotriazaphosphole-3-oxide 60 presumably via
the P-ylide 58 produced as an intermediate by loss
of nitrogen from 57 [25] (Scheme 18).

Cyclohexane-anellated 1,2,3-diazaphosphole
forms unstable cycloadducts with diazoalkanes
which eliminate nitrogen to form mixtures of
acyclic bis(hydrazones) and ¢*P compounds [79].
The cycloadduct of 1,2,3-diazaphospholes with
phenyl azide splits off nitrogen to generate phos-
phinimine which trimerizes [80].

Recently [3 + 2] cycloadditions of (1-diazo-2-
oxoalkyl)silanes have been investigated with 2H-
1,2,3-diazaphospholes [81], 3H-1,2,3,4-triazaphos-
pholes [82], and 1,2-thiaphospholes [53]. The silanes
61 are in equilibrium with minor amounts of dia-
zocumulenes 62 which are much more reactive 1,3-
dipoles than the former [83]. Their reaction with
2H-1,2,3-diazaphospholes 63 affords the [3 + 2] cy-
cloadducts 64. The latter on thermolysis change into
the tricyclic heterocycles 65 through loss of nitrogen

R2
RS [
~ 3
e —> N R
4
\ R
N=—N
_ y 49
3
R2 R4 = Hf
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7 s 7/_5 and [3 + 2] cycloreversion followed by a [3,, + 2,.]
N )*co g+ PhCN, o NG, ot cycloaddition [81] (Scheme 19).
? No Per, z The reaction of 62 with 5-tert-butyl-3-phenyl-
6 Ph 3H-1,2,3,4-triazaphospholes 66 leads to dispiroan-
54 nulated 1,3-diaza-2,4-diphosphetidines 67, the struc-
ture of the latter being confirmed by single crystal
Ph Ph X-ray studies of a representative (R! =¢Bu, SiR;
)_> . ° - = SiiPr;). However, 3-alkoxycarbonyl-3H-1,2,3,4-
S\P PR+ TR, S\P Ph triazaphospholes 68 afford 4-alkoxy-4-isocyanato-
19 sl 1,2,4N°-diazaphospholes 69 under these conditions
55 [82] (Scheme 20). The suggested mechanism in-
volves loss of nitrogen from the initially formed [3 +
Phe 2] cycloadduct to generate the intermediate 4-imino-
W(CO)THF S‘\ ﬁ.Ph 1,2,4\5-diazaphosphole which, depending on the
20° P~-Ph nature of the imino substituent, undergoes dimer-
(C0)5VIVPh ization across P=N (imino substituent Ph) to yield
5 67 or a 1,3(C — P) OR migration (iminosubstituent
COOR) to generate 69 [82].
SCHEME 17
Ph Ph
N=— Phy,CN, ,N/ N -N ,N’ N
/ — 2 M AN  MeN
Me—N_2N i
P PhA_N Ph)j\Ph
Ph
10 57 58
l H,O
Ph Ph
= =
et M T et _NH
Ph,CH” SO Ph,C? “OH
60 59
SCHEME 18
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61 R N
,N—j CHCly 20°C g \eR
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+  Re- R4 P N
]t A 3
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R5Si0O 62
R3
R1 =1Bu, 1-Ad /N
R2= Ac, Bz - — Ac—N R3
R3 = Me, Ph \ ] P »«
SiR; = SiiPr;, SiMe,Bu R2=Ac, Ri=H JoN
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SCHEME 19
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N\P ! R! = {Bu, 1-Ad Np/ o
66 SiR; = SiiPry, SiMe,!Bu, ‘Bu\< \7_(
SiPh,fBu N—N_ R1
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67
iPrySiy
N=N Ri N—N
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+ 62 > N R2
3 - 2
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68 R=/Pr
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SCHEME 20

The reaction of diazocumulenes 62 with 1,2-
thiaphospholes 19 furnishes the tricyclic compound
70 as the major product (36-83%). In the case of
62 (R;Si = iPr;Si), the bicyclic alkylidenephosphi-

ranes 72 were also isolated in low yields (4-8%).
The structure of 70 (R! = tBu, R;Si = iPr;Si, Ar =
Ph) was confirmed by X-ray crystal studies [53]. In
the reaction of 62 (R' = tBu, R;Si = iPr;Si) with 19
(Ar = Ph), trace amount of 71 was also isolated [53]

Ph (Scheme 21).
/ \P . @ A simple FMO (frontier molecular orbital) analy-
ArNg” sis of 1,3-dipolar cycloaddition of diazo compounds
19 with various classes of heterophospholes suggests in
R'=1Bu, 1-Ad most cases HOMO(dipole)-LUMO(dienophile) con-
i'rnf ::';P;:;zz":ftm trol of the reactivity. But exceptions may be expected
T o in the reaction of heterophospholes of higher HOMO
energy with more electrophilic diazo dipoles such as
Ph Ph diazocarbonyl compounds [84].
Ar—(\l/ \\N / \P
s~ osin, M2 AN ey OSRe [2 + 2] Cycloadditions
R : There are not many reports concerning [2 + 2] cy-
cloadditions of the heterophospholes. It has been
Ph Ph reported that isophosphindole derivative 73 dimer-
A A NE -""»Ar izes at >—20°C in head to head mode across >C=P—
N p. hnd to give 74 (Scheme 22). Structure of the latter was
confirmed by X-ray studies [85], which revealed
R” ~OSiR, +19 trans orientation of the two OSiMe; groups and
70
+ R=iPr
pn Ph oR
ArMAr Ph R A\ > 20°C
S—P_ P—s 2 P
I f osiR, R = SiMe,
: AN AT
R “OSiR, S [o)
71 72 73 74

SCHEME 21
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corrected an earlier report [86] suggesting head to
tail dimerization.

Acceptor substituted 1,2-thiaphospholes 75
undergo [2 + 2] cycloaddition with electron-rich
acetylenes 76, exclusively across the P=C bond, the
reaction occurring regioselectively to give 77 [54]
(Scheme 23). The structure of the product is con-
firmed by the X-ray crystal studies of 77 (R' = tBu,
R? = NEt,, Acc = CO,Me). Acceptor substitution
of the P=C bond appears to be essential, as 3,5-
diphenyl-1,2-thiaphosphole fails to react with 76 (R?
= NEt,) [54]. The cycloadducts form metalcarbonyl
complexes [54].

Hy{CeN

[1 + 4] Cycloadditions

Heterophospholes undergo oxidative cheletropic
[1 + 4] cycloadditions with electron-deficient hetero-
dienes such as o-quinones, a-diketones, a-diimines,
and azodicarboxylic esters to give spirocyclic prod-
ucts. The latter dimerize across —N=P— bond or it
may again undergo [1 + 4] cycloaddition with one
more equivalent of the heterodiene giving zwitteri-
onic products having a six-coordinate phosphorus.
The latter course is observed, particularly in those
cases, where a nitrogen lone pair is conjugated to
the >C=P— bond.

P
17—5
7\ /
NCeft N P)\COZEt

N—COR

\j

H1 1C6_N N—CGH1 1

Ps_ RO,C=—N
S 2C—
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Y
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Ph
O
Ph - N7/\_)\002Et
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5-Ethoxycarbonyl-2-phenyl-1,3,4-thiazaphos-
phole 6 reacts with glyoxal bis(cyclohexylimine)
and azodicarboxylic esters to form 1:1 spirocyclic
[1+ 4] cycloadducts 78 and 79 respectively. The
reaction with phenol having a heterodiene moiety in
the ortho-position leads to tricyclic phosphorane 80
through [1 + 4] cycloaddition of the heterodiene on
phosphorus and 1,2-addition of the phenolic group
on >C=P— bond [2] (Scheme 24).

2-Acetyl-5-methyl-1,2,3-diazaphosphole reacts
with N,N'-dipropyldiacetyldiimine in similar man-
ner [18].

1,3,2-Benzodiazaphospholes, generated in situ
by heating their tetramers, form 1:1 [1+4] cy-

cloadducts with o-diimines [18] and benzil [21].
Similar reactions are given by AlCl;-complexed
1-phenyl-1,3,2-benzodiazaphosphole [87] and 1,3,2-
benzoxazaphosphole [18] with a-diimines. A cyclo-
hexane anellated 1,2,3-diazaphosphole reacts analo-
gously [79].
2-Methyl-5-phenyl-1,2,4,3-triazaphosphole 10
forms a stable [1+4] cycloadduct 81 with «-
diimines [18,88,89], but the [1+4] cycloadduct
produced with a-diketone dimerizes to give a
diazadiphosphetidine derivative 82 having five-
coordinate phosphorus [21]. Likewise, reaction with
azodicarboxylic esters leads to 83 via[1 + 4] cycload-
dition followed by dimerization [22] (Scheme 25).

EtO

tBU )\

N—COEt Ph o

Ph EtO,C—N’ ’ N N
)j\ 2 _ P anl o CO,Et

tpu—N\_ ~1B EL,0, 25 °C
BN, u 20, 28 tey \ >—0Et
(-]
EtOzc
84
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1,2-Azaphosphole 13 is, however, reported to
undergo double [1 + 4] cycloaddition with diethyl
azodicarboxylate to give a zwitterionic product 84
that has a six-coordinate phosphorus (Scheme 26),
as confirmed by 3'P NMR (6 = —41.0) and other spec-
tral data [48].

4,6-Bis(diethylamino)-1,3,5-triaza-2-phospha-
pentalene 85 gives the zwitterionic 1:2 adducts
86 and 88 with 3,5-di-tert-butyl-o-benzoquinone
(TBQ) and azodicarboxylic esters respectively; in
the latter case the monoadduct 87 could also be
observed (Scheme 27). The 3P NMR studies reveal
each product to be a mixture of three stereoisomers
[23,24].

2-Phosphaindolizines 89 (R! = Me or Ph) exhibit
similar behavior and react with two equivalents of
tetrachloro-o-benzoquinone (TCQ) to give the zwit-
terionic products 91 that have a six-coordinate phos-

phorus, as revealed by P NMR (6 = —134 to —141).
The reaction cannot be stopped at the stage of 1:1 ad-
dition even if one equivalent of TCQ is used. But 1,3-
bis(alkoxycarbonyl)-2-phosphaindolizine 89 (R!
R? = CO,Et/Me) form only the 1:1 adducts 90 (6 3'P =
45-46) even if excess of TCQ is used (Scheme 28).
The —M effect of the 1-alkoxycarbonyl group in the
latter appears to nullify the electron-donating effect
of nitrogen and thus prevents the formation of the
1:2 adduct [23, Bansal, R. K.; Gupta, N.; Surana, A.
(unpublished results)].
2-Methyl-5-phenyl-1,2,4,3-triazaphosphole [21]
and 1,3-benzazaphosphole [89] behave analogously
and give zwitterionic 1:2 adducts. The reaction can-
not be stopped at the 1:1 stage, even if the reactants
are used in lesser molar ratios. In the reaction of
1,3-benzazaphosphole, excess TCQ leads to degrada-
tion. X-ray crystal investigation of an intermediate

o

“YY / \ / N\

/ \ cl cl N Teq XY

e T, e

)\ R2 Z~R1 R2 - R1
N7 TR o/P\o o—J\~0
..’ ! ~,p O\_I'
R!' = R2 = CO,R R! = Me/Ph
89 90 91

SCHEME 28
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1:3 adduct revealed cleavage of the P—C-2 bond ac-
companied by addition of a third equivalent of TCQ
to C-2 [13, Heinicke, J. (Personal Communication)].
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