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[. Introduction

The subject of this overview is the chemistry of
heterocyclic systems having an aromatic heterophos-
phole ring fused with another five- or six- or in one
case seven-membered ring. The heterophosphole ring
may be thought of as derived from the classical
heteroles such as pyrrole, furan, or thiophene by
substituting one ring -CH= by an sp?-phosphorus
atom (-P=). The two-coordinate phosphorus contrib-
utes one s-electron only to the aromatic sextet, but
the donation of two s-electrons by an additional
heteroatom like N(R), O, or S (Se, Te) furnishes a
neutral five-membered 6x system. Furthermore, as
in diazoles, oxazoles, thiazoles, or triazoles, there may
be one or more two-coordinate nitrogen or even two-
coordinate phosphorus in the ring.! Likewise, the
anellated heterophospholes? may be perceived as
derived from the classical fused systems® such as
indole, indolizine, benzofuran, benzothiophene, benz-
imidazole, benzoxazole, benzothiazole, or azapenta-
lenes. The aromatic anellated phospholide anions
that contain no other heteroatom than phosphorus
in the five-membered ring are similarly related to
pentalenide, indenide, or azulenide anions by a CH/P
exchange.®

The diagonal relationship between the elements in
the periodic table is well documented, but its exist-
ence in the carbon—phosphorus pair has been real-
ized only lately.#~® The participation of >C=P-78 and
-C=P? in the pericyclic reactions is found to be as
facile as that of the >C=C< and -C=C- functional-
ities. The heterophospholes have been termed as a
postscript chapter of the heterocyclic chemistry due
to their close resemblance with the related non-
phosphorus analogues.’® The presence of a two-
coordinate phosphorus in the heterocyclic ring intro-
duces a functionality in the system that can undergo
analogous but also different or additional reactions
leading to a wide variety of organophosphorus com-
pounds. Heterocyclic compounds having an anellated
five-membered ring constitute a large body of the
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organic compounds that display distinguished char-
acteristic structural and reactivity patterns that are
governed by the type of anellation as well as the
relative positions of the heteroatoms. During the past
few years, some useful general synthetic methods
have been developed for a variety of anellated het-
erophospholes that are often parallel to those used
for their non-phosphorus analogues.'' In a recent
review, this analogy existing between the synthetic
methods used for phosphaindolizines and those for
indolizines have been highlighted.*? The difference
in the reactivities of 2-phosphaindolizine and indoli-
zine has been explained on the basis of semiempirical
calculations.'® A survey of the literature provides still
much more information for illuminating the scope
and limits of the analogies of the classical anellated
heterocycles to their phosphorus analogues in syn-
thesis, structure, and reactivity and other aspects
which can be extrapolated to the hitherto inaccessible
anellated heterophospholes.

An earlier comprehensive review on anellated
heterophospholes covers the literature up to 1994 and
includes a detailed list of these systems.? Some
further reviews place special emphasis on syntheses
of anellated heterophospholes through [4-+1]cyclo-
condensation of 2-substituted cycloiminium salts!%4
or [3+2]cyclocondensation and [3+2]cycloaddition
methods! and on analogies between the syntheses
of indolizines and phosphaindolizines.'? The reviews
on heterophospholes in general cover anellated de-
rivatives in a limited manner.251¢ Anellated hetero-
phospholes accessible from the reactions of phospha-
alkynes are mentioned in reviews dealing primarily
with the synthetic uses of these synthons.® Similarly,
a review!’ devoted to cycloadditions only at the C=P
functionality includes those on some anellated het-
erophospholes. The 3P NMR chemical shifts of a
large number of anellated heterophospholes are
compiled in two reviews.?18

In the present review, it is intended to highlight
the analogy between the syntheses, structures, and
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reactivities of the anellated heterophospholes with
those of the related non-phosphorus systems com-
prising an up-to-date account (June 2001) of all the
heterocycles that have a five-membered ring contain-
ing at least one two-coordinate phosphorus anellated
to a five-, six-, or seven-membered ring. The latter
may be an aromatic ring or it may be partially
saturated. As phospholide anions with one or more
phosphorus atoms are isoelectronic with heterophos-
pholes and have been found to display interesting
coordination behavior®=22 that should be compared
with that of heterophosphol(id)es, the anellated
mono- and diphospholide anions are also included.

ll. Synthetic Routes

A. General Survey

Two synthetic strategies, formation of one new
bond or two new bonds, have been commonly em-
ployed for the construction of a five-membered ring.?3
Also, nearly all syntheses of anellated heterophos-
pholes follow these principles. Whereas cycloaddition
reactions are much more important for nonanellated
than for anellated heterophospholes, the latter profit
from the usually much higher stability or even
exclusive accessibility of suitable three- and particu-
larly of four-atom fragments for [3+2]- and [4+1]-
condensation reactions, for instance 2-amino-, -hy-
droxy-, or -mercaptoarylphosphines in the latter
strategy. Related olefins are not stable. Another route
is to build up the anellated ring from reactions of
functionally substituted heterophospholes, but due
to the high reactivity of P=C or P=N bonds in many
heterophospholes, attempts to use this strategy have
been made only very rarely.?4-26

1. One New Bond

The reductive cyclization of o-nitrobenzyl ketones
involving the formation of a bond between N—C(2)
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is a preferred method for preparing indole.?” A related
strategy has been recently developed for 1,3-benz-
azaphospholes from reductive cyclization of N-acyl-
2-aminobenzenephosphonic acid esters.?® Another
method for the construction of an anellated pyrrole
ring involving formation of one new bond is 1,5-
electrocyclization of N-allylpyridinium ylides to give
indolizines.?%% A similar synthesis for 2-phospha-
indolizines has been reported from N-pyridinium di-
chlorophosphinomethylides through disproportion-
ation followed by 1,5-electrocyclization.3!

2. Two New Bonds

The second synthetic strategy involving formation
of two new bonds is based on [4+1]atom fragments
or [3+2]atom fragments. For the construction of an
anellated five-membered ring, the four-atom frag-
ment or the three-atom fragment has to be a part of
the already existing ring. The [4+1]cyclocondensation
of a two-substituted cycloiminium salt with a car-
boxylic acid anhydride or acyl chloride has been
commonly used for the construction of an anellated
pyrrole,3922 imidazole,® pyrazole,3*% or even tria-
zole® ring. Likewise, a variety of anellated hetero-
phospholes having bridgehead nitrogen have been
prepared in this manner using a phosphorus reagent
such as PCl; or P(NMey); in place of carboxylic acid
derivatives.'*** The use of o-disubstituted benzenes
as the four-atom fragment makes benzo-anellated
heterophospholes accessible.’® The [34+2]atom frag-
ments method may be either [3+2]cyclocondensation
or [3+2]cycloaddition. In [3+2]cyclocondensation,
a-halocarbonyl compounds have been frequently used
as the two carbons fragment which condenses with
o-alkyl or alkoxycarbonyl-pyridine3? or with a-ami-
nopyridines and -diazines®® to afford the anellated
pyrrolo- and imidazolo-ring, respectively. Active
methylene esters have also been used as the two
carbons fragment in the preparation of indolizines.%’
Chloromethyldichlorophosphine®3° has been found
as a reagent of choice for furnishing the C—P frag-
ment in the synthesis of anellated diazaphospholes.*°
The [3+2]cycloaddition of N-cycloiminium ylides and
imines with acetylenic or olefinic 1,3-dipolarophiles
has been employed to prepare anellated pyrrole and
pyrazole systems.**=43 Likewise, tert-butylphospha-
ethyne has been found to undergo [3+2]cycloaddi-
tions with a variety of N-cycloiminium ylides to afford
anellated 1,3-azaphospholes.®

3. Anellation of Heterophospholes

This method has been only rarely used. First
examples were pyrrolo-anellated 1,3,2-diazaphos-
pholes formed by the reaction of dimethylammonium
4,5-dicyano-1,3,2-diazaphospholide with secondary
amines.?#?> Other interesting examples are the syn-
theses of phospha-analogous nucleobases with phos-
phorus replacing one of the N atoms of the five-
membered ring by fusion reactions of functionally
substituted 1,3-azaphospholes with formamidinium
acetate, formamide, or urea affording 1,3-azaphos-
pholo-pyrimidines.2¢
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B. Synthesis by Formation of One New Bond
1. Reductive Cyclization

N-Secondary 2-acylamidobenzenephosphonic acid
esters 1, obtainable from the reaction of 2-bromo-N-
acylanilides with triethyl phosphite, on reduction
with excess LiAlIH, followed by hydrolysis give 1H-
1,3-benzazaphospholes 3 as the main product (Scheme
1). Small amounts of N-secondary 2-phosphinoani-
lines 4 are also formed. It is assumed that the
reaction proceeds via primary reduction at phospho-
rus followed by intramolecular attack of the resulting
phosphido group at the C=N bond of the metalated
amido group in 2 yielding a benzazaphospholide
anion that is hydrolyzed to give 3.2 The cyclization
step may be compared with the base-catalyzed Made-
lung cyclization of N-acyl-o-toluidide.** N-Alkyl de-
rivatives of 1, e.g., with a NMe group, are unable to
undergo reductive cyclization.?®

An interesting example of the reductive cyclization
resulting in the formation of a P—P bond has recently
been reported. Benzyltriphenylphosphonium bromide
5 reacts with phosphorus trichloride or tribromide
in the presence of triethylamine to give 1,2-dihalo-
3-triphenylphosphoranediyl-1,2-diphosphaindane 8
through a self-reductive cyclization of the intermedi-
ate 7 through loss of a halogen molecule. The corre-
sponding reaction of (3-methylbenzyl)triphenylphos-
phonium bromide yields a mixture of two regioisomers.
The bromide derivative 8 (X = Br) could be reduced
with magnesium in THF to give the 3-triphenylphos-
phonio-1,2-diphosphaindenide 9 (Scheme 2).45 The
formation of 9 is also observed besides other products
in the sulfide-initiated disproportionation of the
primary product 6.4

A similar reaction takes place when 3-(ethoxycar-
bonyl)methylbenzothiazolium bromide 10 is treated
with one equivalent of PCl; in the presence of two
equivalents of EtsN. The 3P NMR spectrum reveals
the formation of 12 (6a = 275.75, 6g = 134.68, Jpp =
424.8 Hz), which exists in a dissociation equilibrium
with the ylide 11 (Scheme 3). It could however not
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be separated from the ammonium salt.*” The ben-
zothiazolium methylide formed in the reaction acts
possibly as the reducing agent by taking up a halogen
molecule leading to the P—P bond.

2. 1,5-Electrocyclization

Pyridinium dichlorophosphinomethylides 13, gen-
erated from the reaction of PCl; with N-alkylpyri-
dinium bromides in the presence of EtsN,*® undergo
dismutation followed by 1,5-electrocyclization to give
2-phosphaindolizines 15.3! The formation of the
intermediate 1,5-dipolar species, bis(pyridinium
ylidyl)phosphenium chloride 14, which could also be
generated from the reaction of 13 with pyridinium
methylide 16 (Scheme 4), is proved by carrying out
a crossed reaction using 13 (R' = CO;Me) and a
precursor of 16 (R* = CO,Et) yielding the expected
four products 15a—15d including the two cross-
products 15c¢ and 15d with different R'. Formation
of the phosphonium analogue of 14, bis(triphenylphos-
phonium ylidyl)phosphenium halide, from dispropor-
tionation of the corresponding triphenylphosphonium
dihalophosphinomethylides*® has been reported.

The above method has been extended to the syn-
thesis of 1,3-azaphospholo[5,1-a]Jisoquinolines 17
(R = Me, Et) as well (Scheme 5).%°

Attempts to generate a bis(N-dichlorophosphino-
iminopyridinium ylidyl) phosphenium chloride, an
analogue of 14 with N=P—N~ in place of C(R')=P—
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Scheme 6
R R2 R3 R2
CgHg, reflux
/ VRt P(Me)y —— G ==
N= - MeoNH, T N
/ - -2 Me,NH 7N
HoN NHy ! Ng N
(65-70%)
18
Me /+ S CgHs, reflux Me~ 7
- ot PXg ——— »
H N/N4<NH ° S N‘<
-3HX
2 2 (73%) \P/

19

C(RY)~, from disproportionation of the N-dichloro-
phosphinoiminopyridinium ylide failed.5* The corre-
sponding carbon analogues, however, are available
and have been used in the synthesis of 3-azaindoli-
zines from 1,5-electrocyclization of N-vinyliminopyr-
idinium ylides.29:5253

Some further cyclocondensation reactions of acyl-
iminium salts with PCl; have been reported where
intermediates could be isolated which with excess
base undergo intramolecular condensation at acyl-
activated CH,-groups. These reactions are presented
in the next section since normally excess base is
already used in the initial step so that intermediates
are not observed.

C. Synthesis by Formation of Two New Bonds

1. [4+1]Cyclocondensation

This strategy comprises two approaches. In the
first, the one-atom fragment being phosphorus, either
an electrophilic phosphorus reagent such as P(NR3)s,
P(OPh);, and PCl; or a nucleophilic reagent like
phosphines, alkaliphosphides, or silylphosphines,
condenses with a four-atom fragment, which in part
belongs to the already existing ring, to form an
anellated heterophosphole. In the second approach,
phosphorus is a substituent of the ring which acts
as a four-atom fragment and will be anellated after
ring closure with a non-phosphorus one-atom frag-
ment, in the known cases, a carbon electrophile.

1. [4+1]Cyclocondensation Using Electro-
philic Phosphorus Reagents. This strategy uses
carbo- or heterocyclic compounds containing four-
membered chains terminated at both ends by an
amino, hydroxy, mercapto, phosphino, or active meth-
ylene group or a tautomer thereof as a four-atom
fragment.

NNCN + P. 1,2-Diaminopyridinium iodides®+5°
condense with P(NMey)s on refluxing in benzene to
give 1,2,4,3-triazaphospholo[1,5-a]pyridines, i.e., 1,3-
diaza-2-phosphaindolizines 18 (Scheme 6), in high
yields.%® 1-Amino-2-imino-1,2-dihydropyridines have
also been used in place of the pyridinium salts.®’
1,2,4,3-Triazaphospholo[5,1-b]Jthiazole 19 has been
obtained in a similar manner. In the latter case, the
reaction has been carried out also with PCl; in place
of P(NMey); as the electrophile.5” The method can be
possibly extended to other diaminocycloiminium
salts.>®

NCCN + P, O/SCCN+P and SCCS +P. The
condensations of a phosphorus reagent, P(NMe,); or
PHalsz, with NCCN, OCCN, SCCN, or SCCS proceed
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Scheme 7
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in a similar manner. N-Monoalkyl-o-phenylenedi-
amines when refluxed with P(NMe,); form oligomers
20 of 1,3,2-benzodiazaphospholes. The monomer ben-
zodiazaphospholes 21 (X = NR) are less stable than
the similarly synthesized pyrido- or thiazolo-anel-
lated triazaphospholes 18 or 19 but exist in equilib-
rium with the oligomers 20 at elevated temperatures
and could be trapped by the Lewis acid BF; as stable
adduct 22 (X = NR) (Scheme 7).5° The N-phenyl
derivative also preferably forms the oligomeric prod-
uct.5° The monomer, however, could be stabilized by
complexation with AICI5.° 20 could also be produced
from condensation of an iminophosphorane generated
from 2-(dimethylamino)-1,3,2-dithiaphospholane and
phenyl azide through reductive disulfide elimina-
tion.8 o-Aminophenol and -thiophenol behave analo-
gously affording oligomers which on treatment with
BF; (X = S) or AICI; (X = O) give stable adducts 22
(X = S) or 23 of the monomers. 23 on reacting with
a base generates free benzoxazaphosphole that oli-
gomerizes again after some time.>®® Formation of
anellated 1,3,2-diazaphospholes has also been claimed
from the condensation of diaminopyrimidine and
-pyridine with triphenyl phosphite although physical
properties indicate their oligomeric nature.®?

This ring closure principle is analogous to the
preparation of benzimidazoles,®® benzoxazoles,®* or
benzothiazole®® from the condensation of o-phenylene-
diamines, o-aminophenols, or o-aminothiophenol with
carboxylic acids or their derivatives, but the presence
of a two-coordinate phosphorus in the above systems
induces oligomerization due to the higher polarity of
the bonds within the X—P=N (X = O, S) structural
unit and the electron donor character of nitrogen on
the one and the rather electrophilic behavior of two-
coordinate phosphorus on the other side.

In the reaction of N,N’-dimethyl-o-phenylenedi-
amine with PCl3, the 2-chloro-benzodiazaphosphole
24 (X = Y = NMe) could be obtained.®® Halide
abstraction with AICI; furnished the diaminophos-
phonium tetrachloroaluminate 25 (X = Y = NMe)®’
(Scheme 8), which is an analogue of the recently
reported benzimidazoline-2-ylidenes, the first repre-
sentatives of an isolable anellated cyclic diaminocar-
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bene.®® Analogous condensation reactions of o-amino-
thiophenol with PCl; or PBr3® and of o-phenylene-
dithiols with PCI;"° and the halide abstraction with
AICI; or AlBr; to give the carbene-analogous 1,3,2-
benzothiazaphospholium 25 (X = NH, Y = S)® and
benzodithiaphospholium salts 25 (X = Y = §),’*" 73
respectively, have also been reported. The 1,3-disel-
ena-analogue of 25 (X =Y = Se) has been mentioned
as an unpublished compound.5®

NCCP + P. 1,2,3-Benzazadiphospholes 26 (E = P)
have been obtained from the condensation of o-
aminophenylphosphines with P(NMey)s (Scheme 9).7475
Reaction with As(NMe,); makes the 2-arsa derivative
26 (E = As) accessible, whereas with Sb(NMe,); a
dimer of the less stable 2-stiba heterocycle was
formed.” Attempts to synthesize a related 1,2,3-
benzoxadiphosphole from di-tert-butyl-2-phosphino-
phenol and P(NMey); failed and led instead to a P—P
bridged bis(dihydrobenzoxadiphosphole) and a cyclic
phosphinidene-phosphorane.’®

NNCC + P. The hydrazones of cyclic ketones
provide a four-membered chain with a methylene
group at the carbon end, activated by the a-imino
function. The cyclocondensation of cyclopentanone
methylhydrazone with PCl; leads to two isomeric
diazaphospholes 28 and 29 through the intermediate
salts 27a,b (Scheme 10).”” The latter have been
isolated and characterized.” Their formation is un-
derstood in terms of an acid mediated isomerization
of the hydrazone to an H,N—NMe*t=CR, CI~ species
prior to the attack of PCls. A cyclohexane-anellated
1,2,3-diazaphosphole has been prepared in a similar
manner.”

In analogy to the synthesis of pyrazolo[1,5-a]-
pyridines from the condensation of 2-alkyl-1-ami-
nopyridinium iodides 30 with acyl halides,** 1,2,3-
diazaphospholo[1,5-a]pyridines, i.e., 3-aza-2-phospha-
indolizines 31, have been obtained from 30 and PCl;
in the presence of EtzN (Scheme 11).8° The reaction
of 1-amino-2-methylpyridinium iodide 30 (R = R? =
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H) with 2 equivalents of PCl; under these conditions
affords the 1-dichlorophosphino derivative 31 (R! =
PCl,, R? = H).8 It should be possible to extend this
method to other N-aminocycloiminium salts.®

NCNC+P. 3-Alkyl-2-aminothiazolium and -benzo-
thiazolium bromides condense with PCl; in the
presence of Et3N to give thiazolo[3,2-d][1,4,2]diaza-
phospholes 33 and the benzoanellated derivatives 35,
respectively. Likewise, 3-alkyl-2-aminodihydrothia-
zolium bromides give 5,6-dihydrothiazolo[3,2-d][1,4,2]-
diazaphospholes 37 under these conditions (Scheme
12).81 The reaction occurs through the intermediate
2-(3-alkyl)-2,3-dihydrothiazolylidenamino-dichloro-
phosphine 32, 34, and 36, respectively, which could
be isolated under mild conditions.®283 The latter can
be cyclized intramolecularly to the respective anel-
lated diazaphospholes on reacting with additional
Et;N, provided the N-methylene group is sufficiently
activated. The non-phosphorus analogues of 33, imid-
azo[2,1-b]thiazoles, have been prepared through [3+2]-
cyclocondensation of 2-aminothiazoles and a-bro-
moketones or bromoacetic acid or intramolecular
[5+0]cyclocondensation of the N-phenacyl intermedi-
ates.®* In a [4+1]cyclocondensation approach, 2-ac-
etaminothiazole was used.?

The above reaction has been extended to 1-alkyl-
2-aminopyridinium halides 38 (X = CI, Br; R! =
COOEYt), which give 1,4,2-diazaphospholo[4,5-a]pyr-
idines, i.e., l-aza-2-phosphaindolizines 40, under
these conditions. In this case also, the intermediate
2-(1-alkyl)-1,2-dihydropyridinylidenamino-dichloro-
phosphines 39 could be isolated which on reaction
with EtzN were converted to 40 (Scheme 13).85 The
N-methylene group should again be sufficiently ac-
tivated, otherwise the reaction stops at the stage of
39 and cyclization does not take place even on
prolonged heating.

The above procedure is analogous to the synthesis
of imidazo[1,2-a]pyridines from 1-alkyl-2-aminopyr-
idinium salts.3?

NCCC + P. Recently, a chiral anellated 1,2-
azaphosphole 43 has been prepared from the con-
densation of the Schiff base 41 with MePBr; in the
presence of a base followed by reduction of the
resulting salt 42 with sodium in THF (Scheme 14).8¢
Reduction of 42 with Mg proceeds differently with
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C—C coupling (adjacent to nitrogen) and gives a
dimer useful in the Ni-catalyzed asymmetric hy-
drovinylation of styrene.8” Attempts to utilize 43 in
catalysis have not been mentioned. 41 was prepared
from the reaction of (—)-(R)-myrtenal with (+)—(R)-
phenylethylamine.8®

CNCC + P. 1,2-Dialkylpyridinium bromides con-
dense with PCl3 in the presence of Et;N to give 1,3-
azaphospholo[1,5-a]pyridines, i.e., 2-phosphaindoli-
zines 15.13888 Depending on the relative activation,
the reaction may start either at the N-methylene
group or the 2-methylene group. In the case of
2-ethyl-1-(ethoxycarbonylmethyl)pyridinium bromide
44, R' = Me, R? = COOEt, and R® = R* = H, bearing
a mildly activated N-methylene group, an intermedi-
ate pyridinium dichlorophosphinomethylide 13 could
be isolated under mild conditions using toluene as
the solvent. It underwent ring closure to 2-phos-
phaindolizine on heating with additional Et3N.'3 But
in other cases, such as 44 with R? = C(O)tBu, C(O)-
Ph, CN, 4-O,NCsHy,, the corresponding ylide could not
be isolated though its formation was revealed by 3P
NMR (6 =~ 140). Thus, the pyridinium salt bearing
an activated N-methylene group first changes into
the pyridinium ylide which subsequently reacts with
PCl; to generate 13. In the case of N-benzyl-2-
methylpyridinium bromide 44 (R34 = H, R? = Ph),
the reaction starts at the 2-Me group as indicated
by the isolation of 45, which in the presence of more
Et;N undergoes cyclization to 1-dichlorophosphino-
3-phenyl-2-phosphaindolizine 15e (Scheme 15).48

The reaction may be extended to anellated pyri-
dinium salts as shown for the condensation of 5,6,7,8-
tetrahydro-1-phenacylquinolium bromide with PCl;
to give 46.13 Introduction of a second nitrogen atom
into the six-membered ring seems to disfavor the
process. 2,5-Dimethyl-1-phenacylpyrazinium bromide
gives 1,3-azaphospholo[1,5-a]pyrazine 47 under these
conditions only in low yield (Scheme 16).13 The
behavior of the related pyridazinium and pyrimi-
dinium salts toward PCl; and EtzN has not been
investigated so far. The bicyclic amidinium salt 48
did not undergo cyclocondensation with PCl; and
EtsN.%°
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1,2-Dialkylcycloiminium ether and thioether 49
X=0,R'=Me, R?=PhCO; X=S,Rl=H,R?2=
COOEt) as well as N-alkyl iminium salts of z-exces-
sive benzothiazoles 51, with the N-alkyl groups
activated each by an a-carbonyl substituent, con-
dense however in reasonable yields with PCl; in the
presence of EtsN and provide the corresponding 1,3-
azaphospholo[5,1-bJoxazoline,* -thiazoline,*? and -ben-
zothiazole®? derivatives 50 and 53, respectively
(Scheme 17). Like in 44 (R = H), mentioned above
(Scheme 15), the methyl substituent in 49 (X = S,
R! = H, R? = COOEt) is preferably attacked and
leads to the 1-dichlorophosphino-substituted deriva-
tive 50 (X = S, R! = PCl,, R? = COOEt) instead of
the product with R = H, even when only one
equivalent of PCl; is used.%2 In the reaction of 51
(R* = Me, R? = 4-O,NCgH4, CN), the intermediate
benzothiazolium dichlorophosphinomethylides 52 could
be isolated.?? The non-phosphorus P — C analogues
of 50 (X = S), the pyrrolo[2,1-b]thiazoles, have been
prepared by different routes, namely, through [5+0]
or [3+2]cyclocondensations.3-9%

In the above examples, the activation of the carbon
ends of the CNCC fragments was accomplished by
electron withdrawal, by an a-carbonyl and the im-
inium function. Activation by metalation was used
up to now only in the synthesis of heterophosphole
precursors. Two equivalents of tert-butyllithium added
to benzoisonitrile in the presence of TMEDA generate
in an addition—orthometalation sequence a 1,4-
dilithium reagent that undergoes consecutive disub-
stitution with RPCI, (R = Me, tBu, Ph) at the two
different nucleophilic sites forming 3H-1,3-benzaza-
phospholes.®97 The tert-butyl derivative on flash
vacuum pyrolysis (fvp) eliminates the P-substituent,
and the remaining fragment gives 2-tert-butyl-1H-
1,3-benzazaphosphole 3a (Scheme 18).96
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CCCC + P. Phospholide anions, extensively used
in coordination chemistry,>19722 are isoelectronic to
heterophospholes and similar to classic organic het-
erol(id)es.?® They have been prepared from reductive
cleavage of the exocyclic P—C bond of phospholes. The
latter have been synthesized, e.g., from the cycload-
dition of a diene with dibromophosphine followed by
dehydrobromination with a strong base like DBU or
from substitution of 1,4-dilithium-1,3-dienes or zir-
conacyclopentadienes with RPX,.599:100

Cationic or neutral fused phospholides are less well
investigated but find increasing interest in coordina-
tion chemistry and in the preparation of alkylene-
bridged anellated diphospholes for use in transition
metal diphosphine catalysts. o-Xylylenebis(triphen-
ylphosphonium) bromide condenses with PCl; in the
presence of Et3N to give 1,3-bis(triphenylphosphonio)-
benzo[c]phospholide, which was isolated as the bro-
mide 55 (R = Ph, X = Br). The intermediate 54 could
be detected by 3'P NMR. As analogues have also been
synthesized.'®* More representatives 55 (R = Ph,
2-pyridyl, X = CI, Br, F3CSO3) having other substit-
uents at the phosphonio group and counteranions
have been prepared in a similar manner.1®> The
neutral monophosphonio species 56, 57, and alkali
benzophospholide 58 have been obtained from the
reduction of 55.19%-19 Alkali naphthalenide,'*® mag-
nesium,'®® and NaBH,!®* have been used as the
reducing agents (Scheme 19).

Potassium tetrahydrophosphindolide and dihy-
dronaphtho[2,1-b]phospholide, respectively, with an
isolated phospholide 7-system were synthesized from
the respective P-phenyl compounds and potassium
in THF.2% Lithium phosphindolide 59 is formed
analogously from reductive cleavage of 1-phenylphos-
phindole with lithium in THF.1971%8 The generally
long classic syntheses of the phosphindole ring
system'% have been replaced recently by the zircona-
cyclopentadiene method using RPCI, as electro-
phile.1% The reductive cleavage of the phenyl groups
from dianellated phenylphospholes, usually obtained
from corresponding dilithiumbiaryls and PhPClI,,109-111
with alkali metals in THF, leads to salts of dibenzo-
[b,d]phospholide (9-phosphafluorenide) 60 (M = Li,
Na, K, Cs)199110 and dinaphtho[2,1-b;1',2'-d]phospho-
lide 61 (M = Li)*! (Scheme 20). The reaction can also
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be carried out in liqguid ammonia.l%%® A samarium bis-
(dibenzo[b,d]phospholide bis(THF) solvate was ob-
tained from reductive P—P bond cleavage of the
respective heterocyclic diphosphine with Sm acti-
vated by HgCl,.1% The required heterocyclic precur-
sors are available from cyclocondensation of tetra-
phenylphosphonium bromide in the presence of excess
amide or reaction of dilithiodiaryls with PhPCI..

1.2. [4+1]Cyclocondensation Using Nucleo-
philic Phosphorus Reagents. Phosphines or their
metal or silyl derivatives participate in a [4+1]-
cyclocondensation to afford a heterophosphole ring.
A four-membered chain may condense with a phos-
phorus reagent, or alternatively phosphorus may be
a member of the four-membered chain which incor-
porates a carbon to complete the ring. The method
is analogous to the synthesis of the benzo derivatives
of pyrroles using amines.?’

(a) [4+1]Cyclocondensation with P being Incorpo-
rated. The reagent of choice is P(SiMe3)s. In one case,
potassium dihydrogenphosphide has been used.

CNNC + P and CCNC + P. 1,3,4-Oxadiazolo[3,2-
alpyridinium salts condense with P(SiMe3); to give
1,2,4-diazaphospholo[1,5-a]pyridines, i.e., 3-aza-1-
phosphaindolizines 62.12 Using the zwitterionic 1,3,4-
oxadiazol-2-olato[4,5-a]pyridine (R = O, no Y") as
the starting material, the 2-trimethylsilyloxy deriva-
tive 62 (R = OSiMey) is obtained which on reacting
with methanol furnishes the corresponding hydroxy
derivative. This can subsequently be O-acylated.'!?
The methodology is applicable to 1,3-oxazolo[3,2-a]-
pyridinium salts also which give 1,3-azaphospholo-
[1,2-a]pyridines, i.e., 1-phosphaindolizines 63 under
these conditions (Scheme 21).1%2

CCCC + P. The reaction of phthaloyl dichloride
with P(SiMes3); leads to 3-trimethylsilyloxy-1H-iso-
phosphindol-1-one 64 which is stable at low temper-
ature but dimerizes at room temperature.!'4115 Other
isophosphindoles having a partially or fully saturated
six-membered ring have been prepared in similar
manner.'?® Diethyl phthalate condenses with a stron-
ger nucleophilic reagent, potassium dihydrogenphos-
phide, in the presence of 18-crown-6 to give the po-
tassium 1H-isophosphindolin-1,3-dionide 65 (Scheme
22)_116
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An uncommon [4+1]cyclization, involving addition
and intramolecular 1,5-cyclocondensation, was ob-
served in the reaction of aryllithium phosphides with
tolane in ether. Whereas in DME a stable salt with
isolated phosphaallyl anion and Li(DME);* cation
was obtained,'*’ in diethyl ether lithium 2,3-diphenyl-
phosphindolides 66 (R = H, tBu) were formed prob-
ably via an insufficiently stable #3-coordinated Li*-
(OEt,), species by elimination of hydrogen and
concomitant loss of isobutene in the case of 2,4,6-tri-
tert-butyl substituents (R = tBu) (Scheme 23).118

(b) [4+1]Cyclocondensation with P in the Four-
Membered Chain. This strategy was applied in
condensations of phenylphosphines having an ortho-
substituent like NHR, OH or SH with a suitable
carboxylic acid*®~1?* or carboxylic acid derivative!?>~131
or aldehyde®32133 to form benzoheterophospholes. 1,2-
Diphosphinobenzene gives benzodiphospholes in re-
lated reactions.

NCCP + C. N-Primary o-aminophenylphosphines
combine with various carboxylic acid derivatives to
give 1,3-benzazaphospholes. For example, condensa-
tion with O-methylimidate hydrochloride leads to 67
(R =H, Me; R = H, Mg, Ph) (Scheme 24).28124.127.128
Imidoyl chlorides are also suitable C1 building blocks
for the ring closure affording 67 (R! = tBu).*?8
Cyclization is favored by elimination of stable am-
monium or anilinium salts, respectively. As shown
for the related arsenic heterocycles 68, the imidate
hydrochlorides react primarily at the amino group
whereas imidoyl chlorides add first to the E—H
function.’34135 Secondary o-ethylphosphino- and o-
alkylarsinoanilines differ in their reaction with im-
inoester hydrochlorides giving 67?7 by loss of the P
ethyl group and nonaromatic 3H-3-alkyl-1,3-benz-
azarsoles,'3* respectively, which reveals much higher
stability of two-coordinate phosphorus heterocycles
as compared to the arsenic analogues.*?* Also, benz-
aldehyde'?* and veratraldehyde2® have been used in
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this condensation to give benzazaphospholes after
elimination of hydrogen. In another approach, o-
aminophenylphosphine was first persilylated. The
resulting product on reaction with diphenylcarbodi-
imide followed by the action of MeOH gave 2-anilino-
1,3-benzazaphosphole 67 (R = H, R = NHPh) in high
yield (Scheme 24).12

O/SCCP + C. 1,3-Benzoxaphospholes 70 have been
prepared from the reaction of o-hydroxyphenylphos-
phines with either acyl chlorides followed by dehy-
dration?® or with arylimidoyl chlorides.'?>126 |n one
of the latter cases, the intermediate 69 could be
isolated. Whereas the primary phosphaalkene formed
from o-phosphinophenol and dimethylformamido-
acetal, possessing E-configuration (?Jp=cn = 13.5 Hz),
by steric reasons failed to give 70 (R = H) in favor of
1,3-diphosphetane,'?® the related but softer o-mer-
captophenylphosphine condenses with amidoacetals
or with benzaldehyde to give 1,3-benzothiaphospholes
71 (R = H, Me, Ph) (Scheme 25).1%

PCCP + C. The above methodology has been used
successfully also for the synthesis of 1,3-benzodiphos-
pholes and their anions starting from o-diphosphi-
nobenzene or its more reactive silyl or alkali metal
derivatives 72. The anions 73 and 74 are expected
to be aromatic, and in P-silyl derivatives 75 a con-
siderable stabilization by hyperconjugation and low-
ering of the barrier for planarization of phosphorus
may be anticipated. The parent 1,3-diphosphindolide
anion 73 was synthesized from 72 (R' = Ph) and
dichloromethane followed by metalation with Et,NLi
and cleavage of the phenyl groups with lithium.36
Reaction of o-bis(lithiophosphino)benzene 72 (R! =
H) with diphenylcarbodiimide and subsequent sily-
lation of the intermediate dilithio 2-anilino derivative
74 (XR = NPhLi) affords the disilylated derivative
75 (X = NPh).*° Products of this type are formed also
from persilylated o-diphosphinobenzene and phos-
gene imides (RN=CCI,).??°® o-Bis(lithio-trimethylsi-
lylphosphino)benzene 72 (R! = SiMes), obtainable
from the reaction of P-persilylated o-diphosphinoben-
zene with tBuLi, reacts with electrophilic carbon
reagents such as CO,,'*° carbodiimide,'?? or an acyl
chloride!??123 to form 1,3-benzodiphospholides 74,
such as in the case of CO,, 74 (XR = OSiMej3), which
can be silylated or alkylated to give 75 (X = O) or
P-alkyl derivatives (Scheme 26). The latter can also
be obtained from the corresponding monosodium
phosphide with alkoxy-dimethylaminocarbenium tet-
rafluoroborate.’?®13! The cyclocondensation of o-
diphosphinobenzene derivatives is often accompanied
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by side products resulting from oxidative P—P bond
formation.3°

2. [4+1]Cycloaddition

[4+1]Cycloaddition reactions leading directly to
anellated heterophospholes are unknown, but an
example was reported to use this method for the
access of suitable precursors. 1-Vinyl- and 2-vinyl-
1,3,5-cycloheptatrienes on condensation with benzyl-
dichlorophosphine in the presence of copper stearate
give two isomeric dichlorotetrahydro-1°-phosphazu-
lenes 76 which undergo dehydrochlorination with
o-picoline to form the 1-benzyl-dihydro-1-phosphazu-
lenes 77 (Scheme 27, one isomer shown). The latter
on thermolysis in xylene yield 2-benzyl-1-phosphazu-
lene 78a through a 1,5-sigmatropic shift of the benzyl
group and elimination of hydrogen,*3” while their gas
phase pyrolysis in the presence of Pt/C gives exclu-
sively the unsubstituted 1-phosphazulene 78b (Scheme
27).138

3. [3+2]Cyclocondensation

Chloromethyldichlorophosphine furnishes a C—P
fragment in the construction of a heterophosphole
ring by condensing with a three-membered chain. Its
action parallels, although partially, that of a-halo-
ketone in the construction of anellated azole rings.
In contrast to the synthesis of anellated pyrroles
from the condensation of 2-alkylazoles®951%° and
-azines®?140 with a-haloketones, chloromethyldichlo-
rophosphine, lacking a -M effect, appears to be
unreactive toward these substrates. For example, it
does not react with a-picoline in the presence of EtsN
even after several days.'*? But on the other hand, its
condensation with 2-aminoazoles and -azines is found
to be as facile as that of o-halocarbonyl com-
pounds33939 furnishing a variety of anellated 1,4,2-
diazaphospholes. Furthermore, reaction of chloro-
methyldichlorophosphine, like that of a-halocarbonyl
compounds, proceeds often regioselectively. Regiose-
lectivity of the reaction has been explained on the
basis of the relative nucleophilicities of ring nitrogen
and amino group.**?2 This route has an additional
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advantage over the [4+1]cyclocondensation strategy—
it gives access to the representatives having an
unsubstituted carbon ring member adjacent to phos-
phorus.

2-Aminopyridines 79 (X = Y = CH) condense with
chloromethyldichlorophosphine in the presence of
Et;N to give 1,4,2-diazaphospholo[4,5-a]pyridines,
i.e., l-aza-2-phosphaindolizines 80, regiospecifically
(Scheme 28).40.142.143 | jkewise, 1,4,2-diazaphospholo-
[4,5-a]pyrimidines 82,0142 1,4,2-diazaphospholo[4,5-
a]pyrazine 83,42 5,7-dimethyl-1,4,2-diazaphospholo-
[4,5-c]pyrimidine 85,'* and 1,4,2-diazaphospholo[4,5-
aJquinoline 862 are obtained regiospecifically from
the condensation of CICH,PCI, with the respective
amino derivatives. In the reaction of 4,6-dimethyl-
2-aminopyrimidine 79 (X =N, Y = CHMe, R = 6-Me),
it is possible to isolate the intermediate diazadiphos-
phetidine 81 (R = 4,6-Me,).*>142 The formation of 83
is accompanied by minor amounts of the bis(diaza-
phospholyl)-substituted phosphine 84 (Scheme 28).14?

I
N7 NN AN
P
MeJ\/kN/ [ \N/P
(24%) 85 (76%) 86

2-Aminothiazole and its 4,5-dihydro- and -benzo
derivatives also react with chloromethyldichlorophos-
phine to give anellated heterophospholes, but the
regioselectivity is different. The first two systems are
attacked by the dichlorophosphino group preferably
at the ring nitrogen atom and CH,CI at the amino
substituent. While the reaction of 4,5-dihydro-2-
aminothiazole proceeds regiospecifically affording
5,6-dihydro-1,3-thiazolo[3,2-d][1,4,2]diazaphos-
phole 87 only, two regioisomers, 88, 89 and 91, 92,
respectively, are formed each in the case of ami-
nothiazole and aminobenzothiazole (Scheme 29). In
the reaction of 2-aminothiazole, bis(diazaphospholyl)-
phosphine 90 is detected as a minor side product. The
regioselectivity of the condensation of 2-aminoben-
zothiazoles is influenced by the substituents in the
benzene ring and is found to be opposite to that of
the 2-aminothiazole.*9142

The above synthetic method appears to be quite
general and it should be possible to extend it to other
cyclic amidines.144145

4. [3+2]Cycloaddition

[3+2]Cycloadditions of azomethine ylides and -im-
ines with appropiate 1,3-dipolarophiles lead to anel-
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lated pyrroles and pyrazoles, respectively.30.32:3441.93,140
This synthetic strategy has been recently employed
to introduce a two-coordinate phosphorus as a ring
member by the use of phosphaalkynes as 1,3-dipo-
larophiles.® Azomethine ylides, o-diazoketones, and
heptafulvene have been used as 1,3-dipoles, but no
report has so far appeared about the application of
azomethine imines. 1,3-Dipoles have been generated
in situ from photolysis of selenadiazole and from
diphenylmetallocenes also.

NNN + CP. Phenyl azide undergoes [3+2]cycload-
dition with phosphaalkynes to give 3-phenyl-1,2,3,4-
triazaphospholes 93 which on flash vacuum pyrolysis
change to 1,2-benzo[d]azaphosphole 95 and 1,3-
benzazaphosphole 3a through the loss of nitrogen
followed by 1,5-electrocyclization of the intermediate
carbene 94 and phosphinidene 96, respectively
(Scheme 30). 3-Naphthyl-1,2,3,4-triazaphosphole
formed from the reaction of naphthyl azide with
phosphaalkynes shows similar behavior.46.147

NNC + CP. The cyclic a-diazolactam 97 adds tert-
butylphosphaethyne to form the spirocyclic product
98 which rearranges through a 1,5-sigmatropic shift
to the anellated 1,2,4-diazaphosphole 99 favored by
cyclodelocalization. Likewise, 100 and some other
saturated or partially saturated anellated hetero-
phospholes have been obtained (Scheme 31).148-150

OCC + CP and SeCC + CP. The presence of two
electron withdrawing carbonyl groups lowers the
reactivity of o-diazo-g-dicarbonyl compounds 101
toward tert-butylphosphaethyne considerably, and
catalysis by Rhy(Oac),; induces a change of the
selectivity. Instead of anellated diazaphospholes (cf.
Scheme 31) the anellated 1,3-oxaphospholes 102
(Scheme 32) are obtained.®* Formation of a rhodium
carbene complex followed by successive cycloaddition
and 1,5-electrocyclization has been suggested as the
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likely mechanism.*®! As shown with a selenium
compound, similar products are accessible by elimi-
nation of nitrogen from anellated 1,2,3-heterodiazoles
in the presence of a phosphaalkyne. Bicyclic 1,2,3-
selenadiazole 103 on photolysis or thermolysis gener-
ates an electron deficient selenocarbene species which
is trapped by a phosphaalkyne to form anellated 1,3-
selenaphospholes 104 regiospecifically (Scheme 32).152

CNC + CP. Pyridinium bis(ethoxycarbonyl)meth-
ylide 105 (X =Y = CH, R = H, R! = CO,Et) reacts
with tert-butylphosphaethyne to give 2-phosphain-
dolizine 15f regiospecifically.'>® The reactions of the
pyridinium 105 (X = Y = CH, R! = CN), pyrid-
azinium 105 (X = N, Y = CH, R! = CN), and
pyrazinium 105 (X = CH, Y = N, R! = CN) dicyano-
methylides with tert-butylphosphaethyne are how-
ever not regiospecific, a mixture of two regioisomers
106 and 107 being formed in each case. But regiose-
lectivity is observed again on introducing a tert-butyl-
or isopropoxy group in the o-position of the iminium
fragment of 105 (X = Y = CH, R = tBu or iPrO)
(Scheme 33).153

[3+2]Cycloadditions of isoquinolinium and phthal-
azinium ylides with phosphaalkynes lead to iso-
quinoline- and phthalazine-anellated 1,3-azaphos-
pholes, respectively.>® Similarly, ylides 108> gener-
ated from the deprotonation of 3H-pyrido[1,2,3-de]-
quinoxalinium bromides undergo [3+2]cycloaddition
with phosphaalkynes to give azaphosphaullazines,
i.e., 4,9b-diaza-2-phosphacyclopenta[c,d]phenalene 109
regiospecifically (Scheme 34).1%5
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CCC + CP. 8-Methoxyheptafulvene reacts with
phenylphosphaethyne or its precursor 1-chloro-2-
phenyl-2-trimethylsilylphosphaethene to give 2-phos-
phazulene 110 regiospecifically (Scheme 35). The
reaction is carried out in the presence of KF and [18]-
crown-6.156

MCC + CP (M = Ti, Zr). Bis(cyclopentadienyl)-
diphenyltitanium and -zirconium 111, M = Ti, Zr
react with tert-butylphosphaethyne to give benzo-
metallaphospholes 113. The reaction proceeds through
dehydrobenzometal complex 112 which undergoes
[3+2]cycloaddition with phosphaalkyne to form the
final product (Scheme 36).1%7

D. Synthesis by Anellation of a Heterophosphole
Ring

The high reactivity of P=C or P=N bonds in many
heterocycles with low-coordinated phosphorus may
be the reason that attempts to build up fused rings
at functionally substituted phospholes or heterophos-
pholes have found little attention. However, the
resistance of some sw-excessive heterophospholes to-
ward addition reactions of NH- or OH-functional
compounds enables such reactions. An early example
is the ring closure reaction of dimethylammonium
4,5-dicyano-1,3,2-diazaphospholide 114, prepared from
the condensation of diaminomaleodinitrile with
P(NMey)s, with secondary amines which affords 4,6-
bis(dialkylamino)-1,3,5-triaza-2-phosphapentalenes
115 (Scheme 37). A similar reaction takes place with
2-chloro-dihydro-diazaphosphole 116.2425

Broader use of this strategy was made recently in
a patent claiming syntheses of phospha-analogous
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Scheme 38
NH, H
P(SiMes); NC C(NH,),"ac” &

oy e gk i SO

[¢] [18]crown6 HyN
117 118

lun. NaOH
Q ’I‘ o] T fo) Ii{
HCONH, N urea N
HN HoN HN
L, )*— JI y—= "1 T
H,N” TP o) N P
120 1. PhCONCS 1 121
2. Mel
P 1 2 !
HoN NH;
—_—
MeS. /iji > /I\ >
7/ |
PhC(O}N  H 122

nucleobases, mainly pyrimidine-anellated 1,3-aza-
phospholes, but also some pyrimidine-anellated 1,3,2-
diazaphospholes and phospholes as well as triazine-
anellated 1,3-azaphospholes.?61%8 1-Amino-1H-1,3-
azaphospholo[4,5-d]pyrimidine 118 (Scheme 38) and
some of its derivatives have therapeutic potential as
cytokine inhibitors and exhibit, e.g., superior activity
against TNF-o and IL-14 production in some cell
cultures but is not toxic to mice in a five-day study.
Some compounds, documented by a detailed descrip-
tion of synthesis and characteristic analytic and
spectroscopic data, are depicted in the following. The
key compounds for syntheses of various 1,3-azaphos-
pholo[4,5-d]pyrimidine derivatives are 4-amino-1H-
1,3-azaphosphole-5-carbonitrile 117, obtained by O,P-
exchange from the respective nitrile-activated oxazole
and P(SiMej3); in the presence of naked fluoride (KF/
[18]crown-6), and its hydrolysis product 119. Con-
densation of 117 with formamidinium acetate affords
the NH-tautomer 118 of phospha-adenine, whereas
fusion of 119 with formamide or urea gives the
hypoxanthine or xanthine analogues 120 and 121,
respectively. The guanine analogue 122 is formed
from the reaction of 119 with benzoylisothiocyanate
followed by S-methylation and ring closure with NH3
in DMF (Scheme 38).26158 Derivatives of 1,3-azaphos-
pholo[5,4-d]pyrimidine have also been claimed, but
neither full procedures nor substance data are given
in this case.

lll. Structural and Spectral Characteristics

A. NMR Spectra

The 3P NMR chemical shifts of a large number
of anellated heterophospholes covering the litera-
ture up to mid-1993 are compiled in a review.? Two
earlier overviews on low-coordinated phosphorus
compounds?®%® also include some of these systems.
The 3P NMR chemical shifts of two-coordinate
phosphorus in fully unsaturated anellated hetero-
phospholes lie in the range 6 = +495 to —5, but the
majority of the values fall between 6 = +300 and
+50. The actual value of the chemical shift is
influenced by several factors, such as ring members
adjacent to P, additional heteroatoms, size of the ring
anellated, position of anellation, and nature of the
a-substituent. To illustrate the effects of these struc-
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Figure 1. 3P NMR Chemical Shifts of Some Anellated
Heterophospholes

tural features, 63'P values of some selected anellated
heterophospholes are reproduced in Figure 1.

The 3P values depending on the nature of the ring
members adjacent to two-coordinate phosphorus tend
to shift downfield in the order C < N < P, As < S(Se)
(cf. 21a, 264, 26b, 25a, etc.). With identical adjacent
atoms, anellation of heterophospholes to a five-
membered ring causes a downfield shift by about 20
ppm as compared to anellation to a six-membered
ring (cf. 15, 53; 40, 33; R = COOEt). However, more
examples are necessary to generalize this aspect. The
31p value is remarkably influenced by the type of
anellation of the heterophosphole ring, which is
illustrated by pyrido- or benzo-derivatives of 1,3-
azaphospholes, respectively, for which all the three
types of anellation have been accomplished (cf. 15
(R = COOEt), 63a, 3b). It is found that two-
coordinate phosphorus in 63a (1,2-anellation) and in
3b (4,5-anellation) is highly shielded as compared to
that in 15 (1,5-anellation). As shown by MNDO
calculations, the z- and total electron density is
higher in 1- than in 2-position of indolizine and
particularly its 1- or 2-phospha-analogues.’® Besides
the electronic effect, the adjacent bridgehead carbon
atom in 63a and 3b may effect the shielding. Fur-
thermore, the substituents have a strong influence
on the phosphorus resonance. The effect of an a-sub-
stituent on %P in anellated heterophospholes is
similar to that in monocyclic heterophospholes!é160
and in acyclic two-coordinate phosphorus com-
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pounds.t69:161 This is well documented for 1-unsub-
stituted or 1-methyl-1H-1,3-benzazaphospholes with
various substituents in 2-position. A group with a +M
effect like the amino group in 2-anilino- (6 = 7.6%%)
or 2-(dimethylamino)-1,3-benzazaphosphole (6 =
—4.6%?%) causes a strong shielding effect, whereas
conjugated -M substituents induce efficient deshield-
ing (cf. 2-carboxy-1-methyl-1,3-benzazaphosphole,
0 = 127.4,'%2 A9 ~ 57). The electronic influence of
the substituents in 2-phosphaindolizines is demon-
strated by a nearly linear correlation between 3P
NMR chemical shifts and the total charge density on
phosphorus with different substituents in 3-position,
established by PM3 calculations.?? The 3P NMR
signal of the two-coordinate phosphorus shifts further
downfield on introducing one more phosphorus in the
heterophosphole ring.”47%120.123 |n 1,3-benzodiphos-
pholes, the three-coordinate phosphorus does not
participate in the s-delocalization, as revealed by its
chemical shift and also by the absence of any effect
on the strong downfield shift of two-coordinate phos-
phorus when three-coordinate P is oxidized.'?® But
in 1,3-diphospholide anions both phosphorus atoms
are equivalent and give a signal at much higher
field,*?® which may be attributed to z-coordination
of alkali metal counterions. The one bond P—P
coupling constants in 1H-1,2,3-benzazadiphospholes
(Jpp = 493—496 Hz*75) and in 3-triphenylphospho-
nio-1,2-benzodiphospholides (Jpp = 476—480 Hz*%)
compare well with those in diphosphenes.6%161 The
two bond P—P coupling constants in 1H-1,3-benzo-
diphospholes vary from 9 to 39 Hz.119.120.123.131 Byt in
1-phosphino substituted 2-phosphaindolizines 2Jpp is
influenced by the substituents on the exocyclic phos-
phorus.62

31p solid-state NMR studies of benzodithiaphos-
pholium and benzo-1,3,2-thiazaphospholium salts
indicate phosphorus chemical shift anisotropy in
excess of 500 ppm. Orientations of the principal
components of the 3P chemical shift tensor agree well
with the ab initio chemical shielding calculations. The
results also confirm integration of the two-coordinate
phosphorus in the 10z system.163

13C and '*H NMR data for a number of anellated
heterophospholes are available. The characteristic
feature of the 13C NMR spectrum is the coupling of
the heterophosphole ring carbons with phosphorus.
The typical magnitudes are for one bond P—C cou-
pling 1Jpc = 38—64 Hz (formal single bond Jpc =
38—47 Hz, formal double bond *Jpc = 45—64 Hz) and
for two bond P—C coupling 2Jpc = 2—18 Hz. Phos-
phorus coupling to carbon atoms of the anellated ring
over three (1—20 Hz), four (1—5 Hz), five (1—-4 Hz),
and even six bonds (1 Hz) has been observed.13:31.89.92
In the anellated heterophospholes with a -P=CH-
structural unit, 2Jpy ranges from 29 to 56 Hz which
is of the same order as in 2-phosphaalkenes.6°

The structural similarity between the anellated
heterophospholes and the related non-phosphorus
systems is exemplified by 3C and H chemical shifts
of a few representatives of each type (Table 1). The
presence of phosphorus causes significant deshielding
of the adjacent carbon and o-hydrogen nuclei which
results from the field effect associated with its
unshared electrons. The ring current is not much
affected by the CH/P exchange as indicated, e.g., by
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Table 1. 3C and 'H Chemical Shifts of Selected
Anellated Heterophospholes and the Related
Non-Phosphorus Analogues

6 7

7N

Q a Q

3 1 N

<\FZ/N g/\N P NN
BC  (CDCl3)2  (neat)%s  (CDsOD)2’  (CDCls)7
1H (CDCl3)*? (CDCl3)%6  (CD3OD)'?” (acetone)®®
C-1
C-2 134.05 159.5 123.7
C-3 151.2 113.41 101.8
C-14 142.1 119.9
C-5 127.8 126.96 129.4 121.1
C-6 112.7 112.19 120.8 119.0
C-7 126.5 124.59 125.3 110.4
C-8 119.3 117.62 115.3 127.0
C-9 152.1 145.6 144.0 134.8
H-1 >10 10.12
H-2 7.77 8.53 7.27
H-3 8.87 7.60 6.45
H-5 8.14 8.05 7.86 7.55
H-6 6.73 6.55 7.07 7.00
H-7 7.17 6.97 7.07 7.08
H-8 7.52 7.97 7.45 7.40

the similar typical low-field signals of NMe protons
of 1-methylindole (0 = 3.65'%*) and 1-methyl-1,3-
benzazaphospholes (6 = 3.47—3.79%28), which are not
directly subjected to the anisotropic influence of the
P=C fragment. ®N chemical shifts of 1,4,2-diaza-
phospholo[4,5-a]pyridines®®>4® and 1-phenyl-1,3,2-
benzodiazaphospholium tetrachloroaluminate®® have
been reported.

B. X-ray Crystal Structures

X-ray crystal structures of a variety of anellated
heterophospholes are now available which reveal
some general patterns of these molecules. The bond
distances in the heterophosphole ring and the bond
angle at the two-coordinate phosphorus of a few
representative anellated 1,2- and 1,3-heterophos-
pholes are given in Table 2.

The CH/P exchange in the five-membered ring does
not disturb its planarity. The angle at the phosphorus
atom, which ranges from 88 to 100°, is much smaller
than the respective angle in the non-phosphorus
analogues and decreases further on going to arsenic
analogues, 83.3° in the strictly planar 1H-1,3-benz-
azarsole.’®® This may be attributed to the longer
bonds at phosphorus (or arsenic) and the inert s-pair
effect.’® The other angles within the five-membered
rings are in the range 110° and 116°, halfway
between the average pentagon angle of 108° and 120°
of ideal sp? hybridization. The P—C distances range
from 170 to 180 pm as compared to 167 and 185 pm
for the localized double and single PC bonds in
phosphaalkenes.® The two bonds at phosphorus are
usually not equal; the difference in lengths is influ-
enced by the s-delocalization and symmetry within
the ring. Thus, the 3-tBuCO group in 2-phosphain-
dolizine 15 (R! = Mg, R =tBuCO, R® = R*=H) alters
the lengths of the two bonds at phosphorus by
affecting the s-delocalization within the ring through
exocyclic conjugation.® The Cr(CO)s complex of this
compound exhibits a much smaller difference in the
two P—C bond lengths since the coplanar arrange-
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Table 2. Bond Lengths (in pm) and Angles (°) at
Phosphorus in Selected Anellated Heterophospholes

53

m\ °

s
=
O

Me_L Q
Ph /:c@\ R{ \dMe R Me

P e
R= tBuC(O) Crico, ° N
R = BuC(0) fBU
a: 136.7(1) 140.0(4) 138.2(3) 136.5(4)
b: 170.6(1) 174.7(3) 172.4(2) 173.4(4)
P 171.2(1) 170.8(4) 171.7(2) 175.4(3)
d 140.8(1) 139.5(5) 138.7(3) 137.1(5)
e 137.7(1) 139.5(4) 140.4(3) 137.2(2)
be: 90.2(1) 91.9(2) 93.51(11) 89.9(2)
ref. 86 89 171 153
Li(THF)3 Me H
{ 4 { o
) R
w0 0
P Me P P
[dimer (THF), solv.] R=4-CiCeH,
a. 135.3(5) 138.3(3) 135.1(11H) 136.9(3)
b: 174.1(5) 173.1(9) 169.5(9) 171.2(7)
¢ 177.8(5) 178.9(3) 180.7(7) 178.8(4)
d 142.8(6) 140.2(3) 142.2(9) 139.3(3)
e 138.7(3) 138.8(3) 137.1(9) 137.4(9)
be: 88.0(2) 92.26(11) 88.2(4) 88.1(1)

176 17: 7. 174
ref. 5 172

ment of the tBuCO group is sterically prevented.'’*
The quite different P—C bond lengths in 1H-1,3-
benzazaphosphole'”? are in part due to the low
symmetry. The ratio of these two bonds, adjacent and
nonadjacent to the benzene ring, is found in the same
(1H-1,3-benzazarsole'®) or only slightly reduced mag-
nitude also in indole!”® and even in the somewhat less
aromatic 2-p-chlorophenyl-1,3-benzoxaphosphole.’
Repulsion of z-charge density from C2 toward the
benzene ring in 2-lithium-1-methyl-1,3-benzazaphos-
pholide, a dimer with C-bridged Li*(THF), cations,
reduces these differences.’’> Also in the monomer
lithium 2,5-dimethyl-1,3-benzazaphospholide, with
lithium coordinated at nitrogen and three THF
molecules, the differences are smaller.'’® The angle
at phosphorus depends on the size of the other
heteroatom(s) in the ring. In the case of O,N, it
ranges from 88 to 92°, but increases to 94—100° when
S or additional P is present. Coordination on phos-
phorus increases the endocyclic angle on it slightly.1"
The experimental and PM3 calculated structures of
1,5-, 1,2-, and 4,5-anellated 1,3-azaphospholes have
been compared.®?

Complexes with phospholide ligands are structur-
ally well investigated, and a variety of coordination
modes is known,>19722.98 hut the knowledge of struc-
tures of fused phospholides and heterophospholides
is quite limited and growing only since the mid-90s.
Lithium phosphindolide forms two independent si-com-
plexes with %% and n3-coordination,*'® and similarly
a samarium(ll) indolide complex prefers 5*>-coordina-
tion.1%® In samarium(ll) dibenzophospholide, the
metal is bound to phosphorus.®® The preference of
the #(P) coordination mode was attributed to the
lower aromaticity due to dianellation. The feasibility
of mz-complexes of phosphonioisoindolides was shown
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very recently by preparation and X-ray structural
characterization of a #° coordinated LCr(CO); com-
plex.1% The majority of the recently reported and
structurally investigated (di)phosphonioisoindolide
complexes are however 7*(P) [Cr(CO)s,*** Ag(THF)-
(OS0,CF3), and Ag(OSO,CF3),19%¢] or dinuclear u»(P)
bridging Cu'”” and Ag'®* complexes. A #*(P)-benzo-
diphospholide-W(CO)s as well as a 55-benzodiphos-
pholide-Mo(CO); complex have been characterized by
X-ray crystal structure analysis.'??1%® z-Complexes
of anellated heterophospholes containing other het-
eroatoms than phosphorus have not been reported
so far.

C. Quantum Chemical Calculations and PE
Spectra

Heteroaromaticity has been a subject of controver-
sial discussion since it has not been satisfactorily
defined, but investigations by Schleyer et al.1’® have
shown that it reflects well-correlated structural,
thermodynamic, and magnetic properties of the
unsaturated five-membered heterocycles including
phospholes. Theoretical calculations have been car-
ried out also of a limited number of anellated het-
erophospholes. Close similarity of P=C with C=C
rather than with N=C analogues has been estab-
lished by ab initio calculated ionization energies of
several heterocycles including 1,3-benzazaphospholes
and 1,3-benzoxaphospholes® as well as cyclohexa[d]-
and cyclohepta[d]-1,3-selenaphosphole!” and their
corresponding non-phosphorus analogues. The simi-
lar conjugative interaction between the P=C or the
C=C unit and the rest of the ring and the similar
delocalization energy of P=C and C=C moieties have
been confirmed also by investigations of isodesmic
reactions, i.e., ab initio calculated energies of isodes-
mic reactions, bond-separation reactions, and ring
fragmentation reactions.®17%18 He(l) PE spectra of
1,3-benzazaphospholes and -arsoles,*®! 1,3-benzoxa-
phospholes and -arsoles,'®! as well as of 1,2,3-benz-
azadiphospholes™ and cyclohexa[d]- and cyclohepta-
[d]-1,3-selenaphospholes'™ correlate well with the
calculated orbital energies using either MNDO, CN-
DOJ/S, or ab initio methods and indicate strong
interactions between the E=C bond (E = P, As) and
the z-system of the molecule. In isomeric ¢3-1,3-
benzazaphospholes and -arsoles, interaction of the P
or As lone pair with the z-system is weak.'8! Recent
guantum chemical studies (B3LYP-6-311+G** level)
reveal however low or even zero inversion barriers
for the bridgehead tricoordinated phosphorus of
phosphaindolizines, diaza- and diphosphaindolizines
(3.5, 2.8, 0 kcal/mol), and appreciable aromaticity of
the planar or nearly planar rings. It is likely that
the chemistry of such, up-to-now experimentally
unknown compounds, differs considerably from that
of the phosphines or nonplanar phospholes.18

Semiempirical calculations confirm the close simi-
larity of indole!®18 and indolizine%?184185 with their
P analogues, 1,3-benzazaphosphole!® and 2-phos-
phaindolizine,*® respectively, and the maintenance of
the electron-rich character of the five-membered ring,
but the distribution of - and total charge densities
in the five-membered ring being somewhat changed
(Table 3). The introduction of the phosphorus atom
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Table 3. Comparison of Selected Calculated Total and
n-Charge Densities and HOMO-LUMO Energies of
Some Benzo- (A)? and Pyrido-anellated (B)
Heterophospholes and Their Non-Phosphorus

Analogues
X1 - ‘X‘
N2 R Z
e oY
A H B8
total
(7r-electron)
charge at A (N) A (CH) A (P)
@) X —-0.218 —-0.114 0.111
(—0.223) (—0.092) (—0.258)
2cC 0.107 0.126 —0.074
(0.050) (—0.035) (0.031)
(3)N —0.268 —0.235 —0.226
(0.322) (0.365) (0.357)
HOMO (eV) —8.86 -8.71 —8.60
LUMO (eV) —0.02 0.14 -0.37
total
(7r-electron)
charge at B (CH/CH) B (P/CH) B (CH/P)
(1) X —0.122 0.092 -0.237
(—0.102) (=0.277) (—0.075)
@Y —0.097 —0.203 0.146
(—0.058) (—0.024) (—0.198)
3)C —0.046 —0.049 —0.147
(—0.123) (—0.118) (—0.060)

aMNDO (MOPAC 6.0, Stewart, J. J. P. QCPE, Nr 455,
1989), minimum control by FORCE.'® » MNDO (Thiel, W.
QCPE, Nr 353, 1978) calculated values.*?

lowers the mw-charge density at the adjacent carbon
atom somewhat in favor of phosphorus while the
opposite is found for the total charge density in this
case.®® The local differences between the C/P ana-
logues as well as lower HOMO energies and HOMO—
LUMO gaps of the heterophospholes are reflected in
the different reactivity of the latter (see Section 1V)
and their non-phosphorus analogues. Similarly, re-
activity patterns of 1,3-benzazaphospholes and 1,3-
benzodiphospholes and their anions have been ex-
plained by MNDO calculations of the model systems.18”
MNDO calculations of a 1,3,5-triaza-2-phosphapen-
talene derivative confirm its zwitterionic character
and locate HOMO and LUMO at the anionic 1,3,2-
diazaphosphole part and the cationic 1,3-diamino-2-
azaallyl part of the molecule.?® Theoretical calcula-
tions of the carbene-like 1,3,2-benzodiaza-, 1,3,2-ben-
zothiaza-, and 1,3,2-benzodithiaphospholium cations
show that the HOMO—LUMO gap decreases in this
order and that the LUMO is localized mainly on
phosphorus which makes it the preferred site for
nucleophilic attack. Energy levels and atomic coef-
ficients in the s-orbitals of 1,3,2-benzodithiaphos-
pholium cations and its carbon analogue are very
similar.%® A close relationship with these systems was
shown for the isophosphindolide anion and the
diphosphonioisophosphindolide cation by ab inito
calculations, except that the closely spaced mz4- and
ms-orbitals are exchanged for the latter. Homodesmic
reaction energies reveal that s-electron delocalization
is more important in isophosphindolide anions but
adds also significantly to the stability of diphos-
phonioisophosphindolide cations.%2¢ MINDO/3 and
extended Huckel calculations of the isophosphindo-
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Table 4. Amax Values of Some Anellated
Heterophospholes and Their Non-Phosphorus
Analogues

NS N P Og/g O\(P
Me Me

Aoae [nm} 216 (454)'% 226 2.79)'7 246 (4.09)'®  272(3.59)'%
(loge)  (EtOH) (MeOH) (EtOH) (MeOH)

EEE

700 (2.43)"%7
(Hexane)

677 (2.11)'*
(Hexane)

730 (2.23)"%#
(Heptane)

Amax [nm] 695 (2.25)'%
(log €) (Hexane)

lide-1,3-dione anion have been carried out to explain
its maroon color.16

D. UV Spectra

UV spectra of only a few anellated heterophos-
phOles have been reported.25,62,114,121,123,1257128,137,156
The available data, however, confirm the related
electronic nature of the analogous CH/P and even As
heterocycles by similar band shapes and regular shift
trends. The CH/P exchange induces a bathochromic
shift in the long-wave Amax Values (Table 4) which is
enhanced in the As analogues and corresponds with
a decreasing HOMO—LUMO gap (for indole/benzaza-
phosphole cf. Table 3).

E. IR Spectra

IR spectra have not been used much in the struc-
ture elucidation of anellated heterophospholes, al-
though data are available for a few of these com-
poundsl62,69,71773,107,1137115,123,124,128,146,149 They are valu-
able to characterize functional groups, e.g., esters, but
the coupled P=C valence vibrations cannot be as-
signed easily as is the case of species with isolated
P=C bonds.

F. Mass Spectra

It has been found that the fragmentation of 3-aza-
2-phosphaindolizine occurs similar to that of its non-
phosphorus analogue, pyrazolo[1,5-a]pyridine.’® In
analogy to the loss of HCN from the molecular ion
of the latter, the molecular ion of 3-aza-2-phospha-
indolizine splits off P=N, as supported by the ap-
pearance of a metastable ion.8 Mass spectral frag-
mentation patterns of 2-phosphaindolizines,® 3-aza-
2-phosphaindolizines,®® 1,3-diaza-2-phosphaindoli-
zines,*®® 1,3-azaphospholo[5,1-a]isoquinoline,* 5,6-
dihydro-1,3-azaphospholo[5,1-b]Joxazole,®* and 1,3-
benzoxaphospholes'® have also been described. Mass
spectral data are available for many further hetero-
phospholes (1,3-benzazaphospholes,*?7:128 1-phos-
phaindolizines,*? 3-aza-1-phosphaindolizines,*? 1-aza-
2-phosphaindolizines,'#? 1,3-benzodiphospholes,'?313!
1,2,3-benzazadiphosphole,’* 1,2,3-benzazarsaphos-
phole,”® 1,3,2-benzazathiaphospholium tetrachloro-
aluminate,®® 1,3,2-benzodithiaphospholium tetrachlo-
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Scheme 39
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roaluminate,”? 2-benzyl-1-phosphaazulene,®¥” and 1,3-
benzometallaphospholes [M = Ti, Zr]**").

IV. Reactivity

Chemical reactivity of the anellated heterophos-
pholes in comparison to their non-phosphorus ana-
logues has been investigated to much lesser extent.
The results obtained so far, however, confirm analogy
on one hand but at the same time reveal some
distinct dissimilarities on the other hand. The CH/P
exchange in the five-membered ring does not alter
its electron-rich character, which makes it, like in
indole!®:192 and indolizine,30321%3 the center of reac-
tivity. But some reactions commonly observed for
heterocyclic compounds are not given by anellated
heterophospholes or they occur less readily and
therefore, or due to some other reasons, they proceed
more selectively.'®? Thus, in contrast to indolizines
which form complex mixtures on bromination,®?
2-phosphaindolizines undergo bromination in 1-posi-
tion regioselectively,'6? probably due to slightly lower
m-charge excess in this position as compared to
indolizine.'® Furthermore, presence of a polar P=C
(as compared to C=C) and easier polarizable moiety
and the lone electron pair at phosphorus introduce
additional functionalities in the system which let
these compounds undergo some reactions that are not
shown by the related non-phosphorus systems. Ex-
amples are 7%, 5%, or N-coordination in indole or
indolide transition metal complexes,®®1% while in
case of its phosphorus analogous 1,3-benzazaphos-
phol(id)e complexes only P-coordination is observed.

A. Substitution Reactions

1. Substitution at Carbon

2-Phosphaindolizines are much less reactive than
indolizine toward electrophilic substitution. In con-
trast to the latter,®? 1-unsubstituted 2-phosphain-
dolizines fail to react with MeCOCI, PhCOCI, or
Me;SiCl even on prolonged heating in the presence
of EtsN.1% The reduced reactivity of 2-phosphain-
dolizines has been correlated with the decrease of
m-charge at the 1-position.’® 2-Phosphaindolizines
however react with stronger electrophiles such as Br»
and PCls. In contrast to indolizine, which reacts with
bromine to form a complex mixture of several prod-
ucts,'% the reaction of 2-phosphaindolizines 15 occurs
regioselectively to give 1-bromo derivatives 123,
although in poor yields. The yields are improved by
the reaction with bromine in the presence of EtzN or
with N-bromosuccinimide (Scheme 39).162.1%

Like indolizines,'®” 1-unsubstituted 2-phosphain-
dolizines can be phosphinylated by PCl; or PhPCI,
(but not by Ph,PCI) in the presence of EtzN to give
124.%%2 A similar reaction is given by a 1,3-azaphos-
pholo[1,5-a]pyrazine derivative.’®? 1-Dichlorophos-
phino-2-phosphaindolizines 124 (R = CI) tend to
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disproportionate in solution to form bis(2-phosphain-
dolizinyl)chlorophosphines 125.162 Furthermore, meth-
anolysis of 124 yields 1-dimethoxyphosphino deriva-
tives 126 which undergo Mel-catalyzed Arbuzov
rearrangement to form 127 or can be oxidized by
sulfur at the exocyclic phosphorus to yield 128
(Scheme 40).162 Two-coordinate phosphorus remains
unaffected under these conditions.

3-Unsubstituted 1-aza-2-phosphaindolizine 80a re-
acts with PCI; to form 129 which exists in equilib-
rium with 130 and 131 in the presence of PCl; at
room temperature (Scheme 41).%° Exocyclic phospho-
rus in 129 can be oxidized with oxygen, sulfur, or
selenium.#°

2-Phosphaindolizine 15 and 1-aza-2-phosphain-
dolizine 80a react with selenium homologues of
Lawesson’s reagent (RPSez), (R = Ph, 4-MeOCgHy,
4-Me;NCgH,) in the presence of EtzN to form sele-
nophosphinates 132 and 135, respectively (Scheme
42). 3P NMR studies show that in the absence of
Et;N, 2-phosphaindolizine 15 forms a mixture of two
diastereoisomers of the selenoanhydride 133 and the
zwitterionic diselenophosphinate 134 as well.19819°

2-Lithioindoles are useful intermediates for the
preparation of a variety of 2-substituted indoles.?00.20
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A related approach is possible for 1,3-benzazaphos-
pholes and -arsoles as well. tBuLi attacks 2-unsub-
stituted N-alkyl derivatives to form regioselectively
and nearly quantitatively the 2-lithio derivatives
which are isolable and belong to the most stable
C-lithiated E=C compounds (E = P, As). As shown
by X-ray crystal structure analysis of the bridging
dimer 67a, lithium is bonded to carbon indicating a
lower stability of an alternative lithium phosphi-
doaminocarbene structure. Substitution reactions of
67a with various electrophiles occur regioselectively
at carbon to give 2-functionalized derivatives 67b—d
as well as organoelement and organometallic substi-
tuted representatives 67e (ER,, = SiMes, PPh,, P(O)-
Ph,, SMe) and 67f (MR, = SnMe; Fe(CO).Cp)
(Scheme 43).128.135.175 The carbinol 67b as well as the
acid 67c are surprisingly stable; their OH groups do
not add to the P=C bond. 67c does not form a
zwitterion but exists in the COOH form indicating
integration of the N lone electron pair into the
aromatic s-system. A crystal structure analysis gives
evidence that the carbene and benzazaphosphole
m-planes in 67d are perpendicular, and thus the
metals have no contact to phosphorus. Attempts to
replace the SiMe; group of 67e (ER, = SiMe3) by
acetylation were not successful; bromination of this
species led to a mixture of products.?8175

2. Alkylation and Substitution at Nitrogen or Phosphorus

The +M effect of the exocyclic diethylamino groups
in 1,3,5-triaza-2-phosphapentalene 115 (R = R' = Et)
induces the nitrogen atom of the diazaphosphole ring
to undergo methylation to give 136 (Scheme 44). In
this case, even reaction with Mel occurs.?®

1,4,2-Diazaphospholo[4,5-a]pyridines 40 do not re-
act with Mel, but reaction with Me,SO, leads to 6°N-
methylated salts 137 (Scheme 45).4085 1,2 3-Diaza-
phospholo[1,5-a]pyridines,® thiazolo[3,2-d][1,4,2]diaza-
phospholes,® and 5,6-dihydrothiazolo[3,2-€][1,2,4]-
diazaphospholes*® show similar behavior.

2-Phosphaindolizines do not show any reactivity
toward methyl iodide,*® but 1-phosphaindolizine as
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well as 3-aza-1-phosphaindolizine react with methyl
iodide to give salts which, however, have not been
isolated in pure form.? 1-Methyl-2-phenyl-1,3-benz-
azaphosphole 67g does not react with Mel, but the
reaction with Et;OTBF,~ gives the P-ethylated 1,3-
benzazaphospholium salt 138 in rather low yield
(25%) (Scheme 46).1%5 Substitution at nitrogen of
1,3-benzazaphosphole 3 (R! = R? = H) was reported
to take place in its direct reaction with PCl; affording
a N-dichlorophosphino derivative. On heating 3
(R = Ph, R? = H) with sulfur, a product is formed
which is described to have the nitrogen atom of two
benzazaphosphole molecules bonded to a Sg bridge.*?*

Lithiation of 1-unsubstituted 2-alkyl(aryl)-1,3-
benzazaphospholes 3 can be achieved with strong
bases such as Et,NLi.*** Problems with equilibrium
amounts of diethylamide or residual Et,NH in reac-
tions with acyl or organoelement halides are over-
come by the use of tBuLi while nBuLi gives mix-
tures.'”® The analogous 1,3-benzazarsole behaves
differently and forms a dilithiated metalation-addi-
tion product with tBuLi.'® The benzazaphospholide
anions 139 are ambident and can react at N or P
depending upon the nature of the electrophile and
the reaction conditions. Reaction with Mel gives
P-methylated products.t?4#176  Acetylation of 139
(R* = Ph, R? = H) was claimed to occur on nitrogen*?*
but 139 (R! = Ph, R? = Me) was recently found to
afford a P-substituted product 140 having a charac-
teristic one-bond P—C coupling constant (49.7 Hz) for
the carbonyl 3C signal.'’® The pivaloylation that
works in case of 1,3-benzazarsolide on nitrogents®
takes place on phosphorus with 139 (R! = Ph, R? =
Me).2’6 The difference may be attributed to the higher
nucleophilicity and smaller size of the P as compared
to the As atom. The course of the reaction in trimeth-
ylsilylations depends on the sequence of addition of
the reagents and steric or electronic effects of the
substituents in 2-position. Clean N-silylation of 3
(R = Me, R?2 = H, Me) to 141 occurs if tBuL.i is added
to the benzazaphosphole in the presence of Mes-
SiCl. Lithiation of the bulkier substituted 3 (R! =
tBu, R?> = H) with tBuLi followed by addition of
Me;SiCl, however, leads to a mixture of 3, the
P-silylated product 142, and only traces of the N-
silylated product 141 (Scheme 47). The results have
been explained by proposing formation of intermedi-
ate lithium clusters containing NLi/tBuLi units which
are more reactive and undergo clean N-silylation in
contrast to the rather ionic lithium compounds 139.
In the crystal 139 (R! = R? = Me) was found to be a
monomer with Li* coordinated to nitrogen and three
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The 1,3-azaphospholo[4,5-d]pyrimidine-7-one 120
is claimed to react with POCI; to give 143 which is
converted by thiourea into the thiopurine analogue
144 (Scheme 48).

Treatment of 120 with Me;NCH(OMe), in DMF
leads to permethylation at all three nitrogen atoms.
The phospha-adenine tautomer 118 is claimed to be
selectively N-alkylated by simple or suitably pro-
tected functional alkyl halides after metalation with
NaH in DMF or by glycosyl derivatives after pre-
treatryent with excess (MesSi);NH in pyridine (Scheme
49).15

If nitrogen in 1,3-position to phosphorus is replaced
by oxygen, the reactivity toward electrophilic substi-
tution is lowered. 2-tert-Butyl-1,3-benzoxaphosphole
does not react with Mel, CCl,;, MeCOCI, MesSiCl, or
PCl; at room temperature or even on mild heating.
Only the more reactive arsenic analogue forms 1:1
addition products with Mel and with CCl,4.2%2

Anionic anellated mono- and diphospholides have
been found to undergo substitution reactions at
phosphorus easily. Dibenzo[b,d]phospholide 60 (M =
Li, Na)!'% and dinaphtho[2,1-b;1',2'-d]phospholide 61
(M = Li)** react with asymmetric linear or cyclic
ditosylates affording diphosphine ligands for use in
transition metal catalyzed asymmetric hydroformyl-
ation. Lithium 2-tert-butyl-1,3-benzodiphospholide
145 reacts with ethyl bromide or pivaloyl chloride to
give 1-substituted products 146 (R = Et, tBuCO)

Bansal and Heinicke

Scheme 50
N
©i C—tBu —» /C—tBu
R=Et p\
/
g s
@[ /C Bu 146 147
PL_ ECI
i
145 \ P
c Bu —> C E
P
I
E
148 149

which can be oxidized by sulfur to 147. Hydrogen
chloride (but not EtOH) reacts with 145 to form 1,3-
benzodiphosphole 148 (E = H) which, as confirmed
by NMR, undergoes an unusual rearrangement to
149 (E = H). Analogous results (E = MesSi, Ph,P)
are obtained in reactions with Me3SiCl and Ph,PCI
(Scheme 50).122:123

Bis(lithium)-2-anilide-1,3-benzodiphospholide 74
(XR = NPhLIi) reacts with Me3SiCl to give 2-(phenyl-
trimethylsilylamino)-3-trimethylsilyl-1,3-benzodiphos-
phole 75 (X = NPh) (cf. Scheme 26).1%

B. Addition Reactions

1. 1,2-Additions on C=P- or N=P-Bond and Oxidative
Additions at Phosphorus

The chemistry of anellated non-phosphorus aro-
matic heteroles such as indoles?®® and benzimida-
zoles® is characterized by a variety of substitution
reactions. Except rare examples of 2,3-hydrogenation
in indoles, 1,2-addition reactions seem to be strongly
disfavored while the reversal, aromatization of the
dihydro derivatives by oxidative elimination, is a
favored reaction. With some limitations, this is found
even for the less aromatic benzofurans?®® and benz-
oxazoles.?%* Indolizines®® are protonated by strong
acids yielding a saturated carbon atom adjacent to
the ring junction N atom. A polar >C=P- or -N=P-
moiety in anellated heterophospholes makes these
compounds generally more susceptible to the attack
of protic reagents leading to 1,2-addition, the proton
being bonded to carbon or nitrogen. Heterocycles with
P—N bonds and even 2-phosphaindolizines are at-
tacked by water and get hydrolyzed. Bis(phosphonio)-
isophosphindolides, which display a related but sym-
metric m-excessive aromatic system with charge
compensation by substituents, lack this high sensi-
tivity to water or alcohol.'°* However, electron with-
drawal from phosphorus by coordination to transition
metal cations or by oxidation enhances the reactivity
and promotes rapid reaction with H,0, alcohols, or
H,S.102¢,105205-207 |n 1 3-benzazaphospholes and 1-phos-
phaindolizines, the +M effect of the nitrogen electron-
pair reduces the polarity of the C=P bond and makes
these compounds more resistant to hydrolysis. Analo-
gously, 1,3-benzoxaphospholes are stabilized by the
+M effect of the O-atom. Thus, 1-phosphaindolizines
could be purified by repeated chromatography on
silica gel**? and 1,3-benzazaphospholes as well as 1,3-
benzoxaphospholes are in most cases at ambient
temperature stable to water and even to dilute
sulfuric acid or alkaline hydroxide solutions.?8.127.128
In the presence of oxidizing agents, however, addition
reactions are also strongly facilitated.
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1,3,2-Benzodiazaphosphole-BF; complexes 22 form
1,2-addition products with alcohols in the presence
of Et3N. In the reaction with butanol, the intermedi-
ate 1,1-addition product could be observed. A 1,2-
addition product was obtained with diethylamine.
The reaction with ethylene glycol leads to a spirocy-
clic 6°P product 150 through 1,2-addition followed by
the 1,1-addition of the other hydroxy group (Scheme
51).5% A cyclohexane-anellated 1,2,3-diazaphosphole
is reported to undergo 1,2-addition with MeOH, but
as the product is unstable it loses phosphorus to form
a hydrazone.?08

1-Aza-2-phosphaindolizine 80a undergoes 1,2-ad-
dition with methanol to form 151 which could be
oxidized to 152.40143 Similar behavior is shown by
4,6-bis(diethylamino)-1,3,5-triaza-2-phosphapenta-
lene.'52% The reaction of 80a with Et,NH is revers-
ible and can be completed only with concomitant
oxidation of phosphorus to yield 153 (Scheme 52).40.143

3-Aza-2-phosphaindolizine 318° and 1-aza-2-phos-
phaindolizines 408 or 80%%143 are hydrolyzed involv-
ing ring opening at the P=C bond to form phosphi-
nates 154 and 155, respectively. The structure of 155,
R?, R3-R® = H, has been confirmed by X-ray crystal
studies.**® In the case of 155, R* = CO,Et, further
hydrolysis occurs to form the N-pyridinium salt 156
(Scheme 53).

The hydrolysis of 2-phosphaindolizines 15 (R? =
PhCO) proceeds in similar manner to initially form
zwitterionic 157 which is finally converted to the
N-pyridinium salts 158.12 Interestingly, the hydroly-
sis of the 1-bromo-substituted 2-phosphaindolizine
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123a involves debromination of C-1 accompanied by
oxidation of phosphorus to give a phosphonic acid
derivative 15962 (Scheme 54). A similar observation
has been made in the hydrolysis of 4-bromo-1,2,3-
diazaphospholes.%

2-Phosphaindolizines 15 react with H,S in the
presence of elemental sulfur to give zwitterionic
pyridinium dithiophosphinates 160 through 1,2-ad-
dition of H,S with concomitant oxidation of phospho-
rus followed by a 1,3-proton shift. A mixture of two
diastereoisomers is formed with 15, R = Me, R? =
CO;Me, 4-NO,C¢H,4, R® = R* = H. In some cases the
S-methylated products 161 were obtained on reaction
of 160 with Mel (Scheme 55). A selenium analogue
of 160 has also been obtained.1%91%°

2-Unsubstituted as well as 2-methyl- and 2-phenyl-
1,3-benzazaphospholes are resistant to cold dilute
sulfuric acid but somewhat more P-basic 2-tert-butyl
derivatives add water under these conditions, e.g.,
3a forms 162 diastereoselectively (Scheme 56).28

2-tert-Butyl-1,3-benzoxaphosphole 70b, although
itself resistant to water or alcohols, adds these
reagents in the presence of oxygen and undergoes
ring-opening to form the phosphinate derivative 163.
The reaction is assumed to proceed via 1,2-addition
of oxygen followed by [2+2]cycloreversion to a short-
lived ¢2-P=0 intermediate which is trapped by ROH.
A small quantity of 164 (mixture of diastereocisomers)
is formed as side product via an intermediate o3-
benzoxaphosphol-3-oxide (Scheme 57). 164 can be
obtained in pure form from oxidation of 70b with
H,0, (30%) in ethanol and subsequent alkylation
with Meerwein salt. Oxidation in absence of alcohol
yielded oligomeric phosphine oxides.?*® An investiga-
tion of addition reactions of 70b with further polar
hydrogen compounds revealed that HX with soft
higher-row substituents X (X = ClI, I, PhS, PhAsH,
SnMe;) are added to the P=C bond to give 2,3-
dihydro-1,3-benzoxaphospholes 165 while Ph,PH re-
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acts only with the more reactive As=C analogues.
Addition of HCl is reversible; heating of 165 (X = Cl)
with DBU regenerates the benzoxaphosphole. 165
(X = CI) on reaction with MeOH gives the methoxy
derivative which is otherwise not accessible by direct
addition of MeOH. The product 165 (X = AsPhH)
formed primarily with phenylarsine undergoes dis-
mutation under the reaction conditions to give the
cyclic secondary phosphine 166 and (AsPh)s. Addition
of Me3zSnH to 70b is catalyzed by azobis(isobutyroni-
trile) and proceeds stereospecifically to the trans-2,3-
dihydro-1,3-benzoxaphosphole 165 (X = SnMes) which
is reduced to 166 by heating with excess MesSnH
(Scheme 57). The silicon hydride Et,PhSiH does not
add to 70b or its As-analogue, even on prolonged
heating.?%?

Reaction of 2-tert-butyl-1,3-benzoxaphosphole 70b
with tBuLi leads to the 1,2-addition product 167
(X = O, R = tBu), which is solvolyzed by water or
MeOH affording 168. Because of steric reasons the
addition proceeds with high diastereoselectivity to
give mainly the trans-product (E/Z ca. 93:7%).2°? The
formally related but nonaromatic 1-ethyl-2-tert-butyl-
1,3-benzodiphosphole 146 (R = Et) displays similar
1,2-addition reactions but is generally more reactive.
With nBuLi, it gives 169 (X = PEt) and on hydrolysis
170 (X = PEt, R = nBu) (Scheme 58). HCI and even
methanol are easily added to form 1,2-addition
products.1?2:123

The reaction of lithium-1,3-bis(diphenylphosphino)-
isophosphindolide 58 (M = Li) with Mel leads to
disubstitution at both of the exocyclic phosphorus
atoms.193.105 1 3-Bis(triphenylphosphonio)isophos-
pholide 55a (X = OTf) is resistant to electrophilic
alkylation by [Me;O1][BF,] in absence of water. In
the presence of water, the oxonium salt decomposes
forming an acid which attacks 55a. Equimolar
amounts of TfOH lead to an equilibrium with two
species, in which one or both carbon atoms adjacent
to phosphorus are protonated. Addition of small
amounts of water to the acidic THF solution causes
rapid hydrolysis yielding the acyclic bis(phospho-
nium) salt via a cyclic phosphinoxide and a phospho-
nous acid intermediate detected by NMR.?%¢ The
hydrolytic sensitivity of 55a (X = l3) is markedly
increased by the mildly oxidizing counterion giving
rise to a cyclic phosphinic acid derivative if the
solution is exposed to moist air. The dithioanalogous
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derivative 171 (Y = S) is obtained on treatment of
55a with a polysulfide formed in situ from sulfur,
Et;N, and H,S when the latter is bubbled in the
methylene chloride solution.?°®¢ Complexes of 55a are
also much more sensitive to hydrolysis or alcoholysis
than 55a itself as shown by the easy formation of
172. Addition of MeOH in the presence of HgX, (X =
Oac, ClI, Br, OTf) proceeds via an assumed complex
[55a—HgX;] and the structurally characterized (X =
Oac) MeOH/HgX,-adduct 173 to the dimethoxyphos-
phonium salt 174 (Scheme 59). On using triethylene
glycol, an analogous macrocyclic phospha crown ether
is formed.2% The metal-assisted oxidative addition of
alcohols to 55 can also be achieved in the presence
of oxygen and catalytic amounts of Cu(l).2%b Oxida-
tive halogenation of 55 (R = Ph) by Cl, and Br; is
accompanied by substitution of the benzene ring,
whereas PhICI, affects selective P-dichlorination.105207

2. Cycloadditions

In cycloaddition reactions, the anellated hetero-
phospholes exhibit distinct dissimilarities from the
related non-phosphorus systems. In contrast to many
[2+4]cycloadditions given by properly activated in-
dole derivatives with 1,3-dienes,?°° no such reaction
has been reported so far for 1,3-benzazaphospholes.
Although benzo[b]furans do not take part in Diels—
Alder reactions,? 2-tert-butyl-1,3-benzoxaphosphole
reacts with 2,3-dimethylbutadiene under forced con-
ditions to give a [2+4]cycloadduct.?!! Indolizine does
not undergo [2+4]cycloadditions; instead, it forms a
[8+2]cycloadduct with dimethyl acetylenedicarbox-
ylate (DMAD).?12213 However, 1,3-bis(alkoxycarbon-
yI)-2-phosphaindolizine as also its isoquinoline ana-
logues react with 1,3-dienes to form [2-+4]cyclo-
adducts.5%?'4 As phosphaalkenes are known to take
part in [2+4] cycloadditions under milder conditions
than their carbon analogues,?*® the ability of the more
reactive heterophospholes for [2+4]cycloadditions
may be attributed to similarities with phosphaal-
kenes in the frontier orbitals (cf. HOMO of 1,3-
benzoxaphospholes!®?). But this similarity is limited
as phosphaalkenes have energetically closely spaced
7- and o-orbitals, HOMO and HOMO-1,2*¢ while
benzoxaphospholes are cyclodelocalized 107-systems
with the three highest occupied orbitals being
m-orbitals.’®2 A striking difference of heterophos-
pholes and its non-phosphorus analogues is that o?-
phosphorus in some of the heterophospholes such as
1,3-benzazaphosphole,?'’” 2-phosphaindolizines,9:217
and 1,3,5-triaza-2-phosphapentalenes!®2% may act
as the center of cheletropic (see later) [1+4]cycload-
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ditions?1821° leading to spirocyclic ylides or zwitter-
ionic o%P species. A strongly electron demanding
heterodiene prefers the [1+4]route involving the
o-orbital on phosphorus. In benzoxaphospholes (high
P=C character of HOMO), however, even with chlor-
anil [2+4]cycloaddition takes place, as given by
phosphaalkenes.?!®> The mechanistic aspects of these
reactions are not yet clear. Different modes of addi-
tions across the X =P (X=CR, N, P; Y = CR7, NR,
PR, O, S, Se) moiety in the heterophosphole ring
leading to the final cycloadduct are outlined in
Scheme 60.

2.1. Cycloaddition on C=P/P=P Bond. Anel-
lated diazaphospholes are comparatively more reac-
tive toward [2+4]cycloaddition than anellated aza-
phospholes. 1-Aza-2-phosphaindolizine 80 (R = 7-Me)
forms a [2+4]cycloadduct 175a with 2,3-dimethyl-1,3-
butadiene.*%1% 1,4,2-Diazaphospholo[5,4-b]thiazoline
37 and its benzothiazole analogue 35 react analo-
gously affording 175b,c, respectively, which have
been converted to the corresponding sulfides or
selenides 176b,c (Scheme 61). Cycloaddition with
isoprene occurs regioselectively.?

1,3-Bis(alkoxycarbonyl)-1,3-azaphospholo[5,1-a]iso-
quinolines® 17 react with 2,3-dimethyl-1,3-butadiene
in the presence of sulfur at room temperature to give
the [2+4]cycloadduct 178. Selenium or methyl iodide
can also be used instead of sulfur. In the absence of
the oxidizing agent, reaction with 2,3-dimethylbuta-
diene could be completed by refluxing in CHCI; for 4
days. The role of the oxidizing agent appears to be
to push a reversible reaction between 17 and the
diene in the forward direction by oxidizing o3P of the
initially formed [2+4]cycloadduct 177. Isoprene re-
acts regiospecifically; the structure of 178, R = Et,
R! = H, X = S, has been confirmed by X-ray crystal
studies (Scheme 62). 1,3-Bis(alkoxycarbonyl)-2-phos-
phaindolizines show similar behavior.5%214 However,
3-ethoxycarbonyl-1-methyl-2-phosphaindolizine does
not react with 2,3-dimethyl-1,3-butadiene in the
presence of sulfur, even on refluxing in toluene for
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several days.'®® On the basis of PM3 calculations, it
has been shown that the relative reactivities of mono-
and bis-alkoxycarbonyl substituted 2-phosphaindoli-
zines as well as of 1,3-azaphospholo[5,1-a]isoquino-
lines depend on the energy gap between the HOMO
of the diene and the LUMO of the phosphaindoli-
zine.®® Ab initio investigations of a model [2+4]-
cycloaddition of phosphaethene with 1,3-dienes, which
confirm the aromatic character of the transition
states in these reactions by *H NMR chemical shifts
and nucleus independent chemical shifts (NICS)
values, also support these conclusions.??°

The [2+4]cycloaddition of 1,3-azaphospholo[5,1-b]-
benzothiazole with 2,3-dimethylbutadiene or isoprene
could be accomplished only in the presence of O, S,
or Sen. The reaction with isoprene occurs regioselec-
tively.? 1,3-Benzazaphospholes did not react with 2,3-
dimethylbutadiene, even in the presence of sulfur.
Only the more reactive As-analogues undergo a [2+4]-
cycloaddition to 2,3-dimethylbutadiene on prolonged
heating in a closed tube.??!

1,3-Benzoxaphospholes 70 form [2+4]cycloadducts
179 and 180 with 2,3-dimethyl-1,3-butadiene on
prolonged heating and with tetrachloro-o-benzoqui-
none (TCQ) at room temperature, respectively.?!* The
structure of 180 (R = Me) has been confirmed by
X-ray crystal studies which reveal cis-anellation.???
On reacting the cycloadduct 180 with more TCQ
oxidative [1+4]cycloaddition occurs on phosphorus to
give the 1:2 adduct 181 (Scheme 63).%11

[2+4]Cycloaddition takes place between 1H-1,2,3-
benzazadiphosphole 26 (E = P) and 2,3-dimethyl-1,3-
butadiene to afford 182.747 Likewise, 1,3-benzo-
diphosphole 146 (R = Et) reacts with 1,4-diphenyl-
1,3-butadiene to give the [2+4]cycloadduct 183.122.123

Me P
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P{§/Me ’Q
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The isophosphindole derivative 64 which is stable
up to —20 °C dimerizes in head to head mode to form
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184 (Scheme 64).115 The structure of the latter has
been confirmed by X-ray studies which corrected an
earlier report suggesting head to tail dimerization''4
and revealed trans-orientation of the two OSiMes
groups.t®

1,3-Dipolar cycloadditions of diazoalkanes on a
cyclohexane-anellated 1,2,3-diazaphosphole have been
reported. The products are, however, unstable and
lose nitrogen to form a mixture of acyclic bis(hydra-
zones) and ¢°P compounds.?08

2.2. Cheletropic Cycloaddition on the P Atom.
Anellated heterophospholes having high m-charge
density on phosphorus undergo oxidative cheletropic
[1+4]cycloadditions with heterodienes such as o-
quinones, a-diketones, a-diimines, and azodicarbox-
ylic esters to give spirocyclic products. The less
electron-rich phosphorus in 1,3,2-benzodiazaphos-
pholes 21 combines with only one equivalent of
a-diimines?2 or benzil??# to form spirocyclic adducts
185 and 186, respectively (Scheme 65). The sub-
strates 21 were generated from their tetramers by
heating (see Scheme 7). Similar reactions are given
by AICIl;-complexed 1-phenyl-1,3,2-benzodiazaphos-
phole®® and 1,3,2-benzoxazaphosphole??® with o-di-
imines.

The reactions of a cyclohexane-anellated 1,2,3-
diazaphosphole with cyclohexanone and phenyl azide
leading to 1,1-additions on phosphorus have been
reported.?%8

4,6-Bis(diethylamino)-1,3,5-triaza-2-phosphapen-
talene 115a forms the zwitterionic 1:2 adducts 1872%°
and 189'% with 3,5-di-tert-butyl-o-benzoquinone (TBQ)
and azodicarboxylic esters, respectively, the latter via
a monoadduct 188 (Scheme 66). NMR studies reveal
each product to be a mixture of three stereoiso-
mers. 196,209

2-Phosphaindolizines 15 (R! = Me or Ph) undergo
double [1+4]cycloadditions at phosphorus with two
equivalents of tetrachloro-o-benzoquinone (TCQ) to
give the zwitterionic products 191 that have a hexa-
coordinate phosphorus atom (6P = —134 to —141).
The reaction cannot be stopped at the stage of the
1:1 addition product even if one equivalent of TCQ
is used. But 1,3-bis(alkoxycarbonyl)-2-phosphain-
dolizines 15 (R! = R? = COOEt/Me) form only the
1:1 adducts 190 (03P = 45 to 46) even if excess TCQ
is used. The -M effect of the 1-alkoxycarbonyl group
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in the latter which suppresses the electron-donating
effect of the pyridinic nitrogen is responsible for this
difference in reactivity (Scheme 67).196.217

The reaction of 1,3-benzazaphospholes 3 with TCQ
also leads to the formation of the zwitterionic 1:2
adducts 192. The reaction cannot be stopped ata 1:1
product even if the reactants are used ina 1:1 or 1:0.5
molar ratio (Scheme 68). The two tetrachlorocatechol
groups differ from each other by trans-orientation
either toward C2 or the benzene ring, respectively,
and thus exhibit two sets of 3C resonances. Excess
TCQ (1:4) leads to degradation. Crystals of an 1:3
intermediate allowing a structure determination
displayed cleavage of the P—C2 bond by addition of
a third equivalent of TCQ to C2.27

C. Coordination to Transition Metals

The coordination chemistry of anellated hetero-
phospholes is very limited and has started to develop
only recently. Even the knowledge on anellated
phospholide complexes is relatively small as com-
pared with the extended complex chemistry of
nonanellated phospholides.>19-2298 Complexes of
fused heterophospholes or phospholides with Cr-
(O),13,104,124,171,226,227 MO(O),123’171’226’227 W(0)1123,171,176,226,227
W(I1),Y6 Mn(1),%%7 Ni(0),8¢ Ni(11),8%227 Cu(l),}” Ag-
(1),192¢ Au(1),19%¢ and Hg(11)?°® have been reported. On
the basis of structural investigations of the com-
plexes, it is possible to make some generalizations.
Non-anellated and anellated heterophospholes seem
to have a very low tendency to form (semi)sandwich
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complexes, whereas their carbon-analogues, pyrroles,
indoles, or thiophenes and anellated rings there-
of,%8:194.225 a5 well as non- or benzo-anellated phos-
pholides®19-22.98.225 gre able to enter 7°- and 7'-, in
benzo derivatives sometimes also 7°-coordination
modes. Only 1,3-bis(phosphonio)isophosphindolides
are restricted to weak #n'-coordination of coinage
metals by steric factors.?? The coordinating ability of
heterophospholes is usually controlled by the ¢?P
atom and is comparable to that of the electron-poor
phosphanes. Both are weak o-donor and more ef-
ficient w-acceptor ligands. These features are mani-
fested by the 3'P coordination chemical shifts Ad. In
general, the magnitude and sign of the ¢3'P values
of phosphine complexes depend on the nature of the
substituents at the a-position as well as on the
coordinated metal. In Cr(CO)s complexes of the
anellated heterophospholes, the downfield shift on
coordination is comparatively small. Increasing size
of the group 6 metal causes increasing shielding of
the phosphorus and results in reduced downfield or
even small upfield shifts in the case of Mo(CO)s
complexes and generally in upfield shifts of the
W(CO)s species. The 1J(P—W) coupling constants
range between 254 and 268 Hz.17%226227 Coordination
does not disturb the planarity of the heterophosphole
ring appreciably. In contrast to three-coordinate
triorganophosphanes, the three-coordinate phospho-
rus in these complexes remains planar supporting
back-bonding from the metal to a suitable #*-orbital
of the ligand. Thus, the properties of neutral hetero-
phospholes resemble those of ¢°P compounds with
high acceptor strength like phosphites but small
Tolman angle. Attempts to use the 2-phosphaindoli-
zine 15 (R! = H, R? = COOEY) in the Rh-catalyzed
hydroformylation of styrene failed but a more bulky
0,0'-disubstituted phosphabenzene derivative with
larger Tolman angle furnishes a highly active cata-
lyst.??8 For bulky a,a'-disubstituted heterophospholes
similar properties may be expected. The recent
development of a cyclobutene-diphosphene-Pd chelate
catalyst for the polymerization of ethene raises
expectations that low-coordinated phosphorus com-
pounds will find more use in catalysis.??°

The anellated 1,2-azaphosphole 43 reacts with (i73-
allyINiCl), yielding the 1:1 adduct 193 through
P-coordination. The reaction with (1,5,9-cyclododeca-
triene)Ni(0) affords the L4Ni(0) complex 194. The
structures of the complexes have been confirmed by
X-ray crystal structure investigations.®

Me. _Ph Me. ""I _Ph
N **\\ N
Y S N\ .
/PflIu I P—rNi
Cl
4
193 194

The 5(P)(2-phosphaindolizine)M(CQO)s complexes
195 have been obtained from the reaction of 2-phos-
phaindolizines 15 with M(CO)s(THF) (Scheme 69).17*
The 7*(P)-(1,3-azaphospholooxazoline and -thiazo-
line)M(CO)s complexes 196 (X = O, S) have been
synthesized in a similar manner from 50 (X = O, S)
with M(CO)s(THF).??6 In one case, (2-cyclooctene)Cr-
(CO)s was used as the transfer reagent.'® The struc-
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ture of 195 (R! = Me, R? = CO-tBu, R® = R* = H,
M = Cr) has been investigated by X-ray crystal-
lography.'” The heterophosphole ring retains its
planarity with a trigonal planar geometry at phos-
phorus. However, the pivaloyl group, in contrast to
that in the ligand,® is rotated to a staggered confor-
mation. The difference between the two P—C bond
lengths as compared to that in the ligand decreases
showing more effective delocalization in the hetero-
phosphole ring on complexation. Whether this is only
due to the changed orientation and loss of the -M
effect of the a-acyl substituent or also due to the lack
of repulsion by the phosphorus lone electron pair is
still not clear and needs further structural studies
on complexes of the nonfunctional substituted het-
erophospholes.

The reaction of 15 (R* = Me, R? = CO,Me, R® =
R* = H) with (norbornadiene)Cr(CO), affords the cis-
L>M(CO)s complex 197. An analogous complex was
formed in the reaction of 15 (R* = Me, R? = CO,Et,
R3 = R* = H) with Cr(CO)s(THF) as a minor product.
An attempt to obtain z-complexes from the reaction
of 15 with (cycloheptatriene)Mo(CO); or (mesityl-
ene)W(CO); failed; instead a variety of complexes of
the types L,M(CO), or LsM(CO)s (197—199) were
formed.1"*

Ij_ L b L l|' L
OEC7M4050 OEC—/M/—L OEC—/MLCEO
g <
o” . [0) I o L
O c¢is O fac mer
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1,3-Benzazaphospholes exhibit analogous behavior
and form the #*(P)-coordinated M(CO)s complexes on
reacting with M(CO)s(THF) (M = Cr, Mo, W).124171.172
As studied with the tungsten complexes 200 (R = Me,
tBu), lithiation with tBuLi provides ambident anions
that undergo substitution reactions with Mel or soft
complex metal halides ML,X like CpW(CO);Cl at
phosphorus to give 201 and the mixed W(0),W(II)
complex 202 (Scheme 70).176
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Attempts to lithiate (N-methyl-1,3-benzazaphos-
phole)W(CO)s at C2, like the noncomplexed ligand
(cf. Scheme 43), or to trap the lithiated product with
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Me;SiCl failed however. Even the W(CO)s complex
of the 2-stannyl derivative 203, accessible from the
ligand 133 (ER,, = SnMe3) and W(CO)s(THF), decom-
poses slowly on repeated crystallization.'”® 133
(ERn = PPhy) reacts with W(CO)s(THF) preferably
at the more basic phosphino-P atom to give 204.17°

\'/:l’V(CO)s W(CO)s
o X

N

‘ "

Me 203 e 204

The noncomplexed lithium benzazaphospholides
139 react similarly affording monomer phosphido
complexes 205 (M =Fe,n=2; M =W, n = 3). The
tungsten complex is oxidized in THF by air or
peroxide to give the respective monomer tungsta-
phosphine oxide complex 206 characterized by a
crystal structure analysis.'”® Benzazaphospholes 3 on
heating with nickelocene provide directly the benz-
azaphospholide complexes 207. NMR and MS data
are consistent with a dimer structure and u-P coor-
dination of the NiCp fragment, which is confirmed
by a crystal structure analysis of 207 (R! = tBu,
R?2 = Me). The two benzazaphospholide rings are
arranged nearly perpendicular to the Ni,P; ring and
adopt a trans configuration.??”

Cpl\lll(CO)n CpW(CO)g Cpl}l'r--
P -0 R P----
T T {U%J
N N N 2
205 (M=Fe,n=2) 206 207

(M=W,n=3)

Coordination compounds of some anellated mono-
phospholide anions have been reported. 1,3-Bis-
(triphenylphosphonio)isophosphindolium bromide 55a
(X = Br) fails to react with neutral metal carbonyls
or W(CO)3(MeCN); and forms salts 55a (X = CpM-
(CO);) with the carbonylmetalates NaCpM(CO);
(M = Mo, W). However, with AuCl the triflate 55a
(X = CF3S03) affords the »*(P)-LAUCI complex 208,
which on reaction with a second equivalent of AuCl
gives a mixture of ionic complexes [(55a)AuX][AUYZ]~
(X, Y, Z=Cl, Br) and compared to the ligand displays
enhanced reactivity toward MeOH and water to form
1,2-addition products.’?¢ The reaction of 55a (X =
Br) with CuBr gives a binuclear complex 209 with a
u2,m*(P) bridge. The structure of the latter, also
determined by X-ray crystal analysis, shows a planar
four-membered ring consisting of P and Br~ bridges
and two trigonal planar Cu(l) atoms (Scheme 71).1772
CuCl reacts similarly, whereas Cul, as shown by
X-ray structural investigation, furnishes a solid salt
(55a),[Cuylg] and a complex [(55a),Cuyls] with a
terminal #*(P)-coordinated ligand. In solution, how-
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ever, in all cases binuclear complexes [(55a)Cu,X3]
were detected by 3P NMR studies.'’”® Reactions of
the ligands 55a with Ag(l) salts yielded both, mono-
nuclear and dinuclear complexes; structures of two
of them have been determined by X-ray crystal
studies.102¢

1-Triphenylphosphonio-isophosphindolide 56, ob-
tainable from the reduction of 55a, gives the o(P)—
LCr(CO)s complex 210 on reaction with (cyclooctene)-
Cr(CO)s, whereas reaction with (naphthalene)Cr(CO);
yields the #°-LCr(CO);z semi-sandwich complex 211
(Scheme 72). The structures have been confirmed by
X-ray crystal investigations.®* The reaction of lithium-
1,3-bis(diphenylphosphino)isophosphindolide 58 with
Ni(CO), leads to coordination of the exocyclic phos-
phorus atoms.103.105

The reaction of the phosphindolide ion 59 with
bromomanganese pentacarbonyl leads to a mixture
of the binuclear complexes 212 and 213. Attempts
to synthesize a benzoanellated diphosphaferrocene
from reaction of 59 with FeCl, failed, which under-
lines the lower tendency of anellated phospholes to
undergo m-coordination. The #%-phosphindolide—
manganesetricarbonyl semi-sandwich complex 214
could however be obtained from a direct reaction of
1-phenylphosphindole with dimanganese decacarbo-
nyl in refluxing xylene (Scheme 73).2%7 An analogous
cleavage of the P-phenyl substituent from a doubly
hexene-fused phosphole derivative gave a n°>-dihex-
enophospholide—Mn(CO); complex.23° A bis(r°-phos-
phindolide) samarium(I1)(THF), complex was syn-
thesized from the reaction of a lithium phosphin-
dolide with SmI;(THF),. However, the Sm(ll) com-
plex with double-anellated dibenzophospholide ligands
formed by P—P cleavage of bis(dibenzophosphole)
with activated Sm prefers o-coordination.%®

1-Lithio-145 as well as 1-ethyl-2-tert-butyl-1,3-
benzodiphosphole 146 (R = Et) react with W(CO)s-
(THF) to form the »*-W(CO)s complexes 215. Treat-
ment of the lithium compound with Mo(CO)3(MeCN)s,
however, leads to replacement of all three acetonitrile
ligands and gives the semi-sandwich complex 216
(Scheme 74).122.123
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heterophospholes reported so far are given along with NN 1,4,2-Diazaphospholo[4,5-a]- :
- \I/ \ pyrimidine
their IUPAC names and relevant references. For \ N\//P
ordering and classification of the ring systems, ring
. . . . . . . 42
indices given in the Comprehensive Heterocyclic A~ N 1»432-!(311_azaphosph010[475-Cl- :
Chemistry-1 and -113 have been followed. The exist- N P pyrimicine
ence of anions is indicated. Some of the systems are AT
known only as anions. H 1,3-Azaphospholo[4,5-d]pyrimidine 138
N7 N
A. 55 Ring Systems ngp>
p 1,3-Azaphospholo[5,4-d]pyrimidine '3
Structure Name References N/j[ >
s N Thiazolo[2,3-¢][1,2,4,3]triaza- 57 KN N
\|/ p phosphole H
\
N 1.4.2-Diazaphospholo[4,5-a]- 4085142143198,
s N Thiazolo[3.2-d][1,4,2]diaza- 40.81-83.142 i \P pyridine 199
q \/;P phosphole N (1-Aza-2-phosphaindolizine)
1,2,3-Diazaphospholo[ 1,5-a]- 80
S N Thiazolo[2,3-¢][1.4,2)diaza- w0142 PN\ pyndine phospholo1,5-a]
<\IP> phosphole x N\N// (3-Aza-2-phosphaindolizine)
. H 24.25,196,209
7 ~=N\ fly r;;l?r[:;."‘ %]é_l’ifgdﬁiziﬂl;zzt?le p 1,2,4-Diazaphospholo[1,5-a}- 1213
N L P 2o HriazaS-pROSPRAp PN pyridine
N =~ _N /> (3-Aza-1-phosphaindolizine)
O = 1,3-Azaphospholo[5,1-b]oxazole 91.226 N
</\|/\ P - 5,6-Dihydro derivative i
N\ N p 1,3-Azaphospholo[ 1,2-a]pyrazine 133
Se_— 1,3-Azaphospholo[5,1-b]thiazole 92226 N/Y :
mp - 5,6-Dihydro derivative K/N Y
T~ 1,3-Azaphospholo[ 1,5-alpyrazine 153
. P
B. 5,6 Ring Systems K/N\//
p 1,3-Azaphospholo[ 1,2-b]pyridazine  '**
= =
Structure Name References = N~ N\)
1,2,4,3-Triazaphosphoto[ 1,5-a}- 3657 ) ) L 153
P /N\F> pyridine A~ 1,3-Azaphospholo( 1,5-b]pyridazine
Bt " . .. P
= N\N// (1,3-Diaza-2-phosphaindolizine) \N/N\//
1H-1,3,2-Benzodiazaphosphole 3960 . -
P 1,3-Azaphospholol 1,2-a]pyridine

LH-1,2,3-Benzazadiphosphole 475 13.50.88,89.153,162

1,3-Azaphospholo[ 1,5-a]pyridine

P (2-Phosphaindolizine) 171.195.196.198,
N o N\//P 199214
H

N

\
O: /P Z N (1-Phosphaindolizine)
C :P

1H-1,2,3-Benzazaphosphaarsole s 1H-1,2-Benzo[c]azaphosphole 86

P P
@E kAs = \NH - 4,5,6,7-Tetrahydro derivative
N/ 2
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1H-1,2-Benzo[d]azaphosphole

1H-1,3-Benzazaphosphole

146,147

28,96,121.124.127.

P
@E N\ - 1,3-Benzazaphospholide 128.146.147.172.
175.176.187.217,
ﬁ 27
P 1,3-Benzoxaphosphole 125.126.151, 174,
@E > 202,210
0O
P 1,3-Benzothiaphosphole 152
0
S
P 1,3-Benzoselenaphosphole 152
(I > 4,5,6,7-Tetrahydro derivative
Sé
R 1H-1,2-Benzo[c]diphosphole 4
/F’ (1H-1,2-Diphosphaindene)
P - 1,2-Benzo|c]diphospholide
H
P 1,3-Benzodiphosphole 119.120.122.123.
@[ > (1,3-Diphosphaindene) 129,131,136
p - 1,3-Benzodiphospholide
H
\ 1 H-Benzo[b]phosphole 106-108,118.230
(Phosphindole)
P - Phosphindolide
H
A 1H-Benzo[c]phosphole 101-105, 114-116,
P (1H-Isophosphindole) 203-207
- Isophosphindolide
P 1,3-Benzometallaphosphole 157
©[ > M =Ti,Zr)
M
Cp2
C. 5,7 Ring Systems
Structure Name References
p 1-Phosphazulene 137.138
N\
SN
2-Phosphazulene 136
=
P P
D. 5,5,6 Ring Systems
Structure Name References
S 1,4,2-Diazaphospholo[5,1-b]benzo- %%
O: >_ thiazole
B
N~
Sp
40.81.82.142

1,4,2-Diazaphospholo(5,4-b]benzo-

s hiazol
@i >=N thiazole
N\7P

s 1,3-Azaphospholo[5,1-b]benzo-

Oi >_ thiazole
N P

92
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E. 56,6 Ring Systems

Structure Name References
H 1,2,4-Diazaphospholo[ 1,5-c]- 148150
NYQ quinazolin-5(6H)-one
N
N
I N
P
@Ej 1,4.2-Diazaphospholo[4,5-a]- 142
quinoline
N \N
b/
P
SN 1,3-Azaphospholo[5,1-a]phthalazine 13
)
N
2
P
N 1,3-Azaphospholo[5,1-a]- s
isoquinoline
N
L7
P
LH-Naphtho[2,1-d][1,2]aza- 146,147
O‘ phosphole
“
Vi
HN—p
1H-Naphtho[2,1-d][1,3]aza- 146,147
“ phosphole
Zp
HN—/
Dibenzophosphole 108-110
O O (9-Phosphafluorene)
- Dibenzophospholide
P
H
F. 5,6,6,6 and 5,6,6,6,6 Ring Systems
Structure Name References
P 7H-Benzo[de)[1,2,4]diaza- 148-150

A\

phospholo[ 5, 1-alisoquinolin-7-one

pd
\
Z=

(e}

4,9b-Diaza-2-phosphacyclopenta- 155

[¢.dlphenalene
(Azaphosphaullazine)

/

=
/

Z

4
.
-0

Dinaphtho[2,1-b,1’,2-a]phosphole By
- Dinaphtho{2,1-5,1°,2"-a]-
phospholide

S0
O

IT

VI. Conclusion

Anellated heterophospholes display a close analogy,
particularly in the synthetic and structural aspects,
with their non-phosphorus analogues. It is expected
therefore that by applying various synthetic strate-
gies available for the latter many new P hetero-
cycles would become accessible in the coming years.
The additional reactivity characteristics due to the
presence of a 0>-P in these heterocycles, based mainly
on higher polarity and polarizability of P=C versus
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C=C bonds and the availability of a lone pair at
phosphorus, have so far been investigated to a limited
extent. The synthesis of P—C or P—N analogues of
natural anellated heterocycles, cycloadditions, and
coordination chemistry are such areas that deserve
more attention, particularly since a variety of these
compounds can now be synthesized easily or will
become readily accessible in the future. Catalytic
applications of complexes with anellated heterophos-
pholes have to our knowledge not yet been reported,
but endeavors to find catalysts with these ligands
should be increased considering the useful properties
of recently developed catalysts with low-coordinated
phosphorus or of metallocene polymerization cata-
lysts bearing indolide ligands. We hope that this
article will stimulate more activity in the hitherto
unexplored areas and shed more light upon the
analogies as well as the distinguished specific fea-
tures of the anellated heterophospholes and their
carbon analogues.
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