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Abstract: A review focused on recent advances in intramolecular aza-Wittig reaction of phosphazenes with several car-

bonyl or analogous compounds is reported. Phosphazenes afford intramolecular aza-Wittig reaction with different groups 

within the molecule as aldehydes, ketones, esters, thioesters, amides, anhydrides and sulfimides. One of the most impor-

tant applications of this reaction is the synthesis of a wide range of heterocyclic compounds, ranging from simple mono-

cyclic compounds to complex polycyclic and macrocyclic systems. 

1. INTRODUCTION 

In 1919, Staudinger and Meyers prepared PhN=PPh3, the 
first example of an aza-Wittig reagent [1], the nitrogen ana-
logue of a Wittig reagent (Scheme 1). Although aza-Wittig 
reagents (

5
-phosphazenes, iminophosphoranes, phosphine 

imines) were first prepared at the beginning of past century, 
it was not till Wittig’s work more than 30 years later that the 

reaction became accepted practice. 

 

 

 

 

 

 

 

 

Scheme 1. 

 
Since then, the Wittig and aza-Wittig reactions have un-

dergone tremendous development and have become a power-
ful tool in organic synthetic strategies directed towards the 
construction of nitrogen-containing heterocycles, mainly 
because the reaction is conducted in neutral solvents in the 
absence of catalysts, generally at mild reflux temperatures, 

and usually results in high yields. 

Special interest has been focused on those aza-Wittig re-
actions of compounds 5 (Scheme 2) where both phosphazene 
moiety and carbon-oxygen double bond (C=O) (aldehydes, 
ketones, esters, amides, anhydrides...), or heteroatom-oxygen 
double bond (S=O) (sulfoxides...) are found within one 
molecule. This strategy involving intramolecular aza-Wittig 
reactions allows a method for the preparation of five- to dif-
ferent size heterocyclic compounds 6 in very mild reaction 

conditions (Scheme 2). 
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Scheme 2. 

 
The reactivity of functionalized 

5
-phosphazenes varies 

in several factors depending on substituents at the carbonyl 
group or at the phosphorus atom of the phosphazene moiety. 
Aldehydes and ketones react better than other carbonyl de-
rivatives (esters, amides) with phosphazene linkage, how-
ever, even amides and esters can undergo intramolecular 
reaction despite their low reactivity. On the other hand, sub-
stitution on the phosphorus atom in phosphazene moiety is 
also important. It is noteworthy that compounds derived 
from PPh2Me, PPhMe2, PMe3 are more reactive than the 
triphenyl-counterpart since the electron-donating methyl 
group(s) decreases the positive charge on the phosphorus 
atom and concomitantly increases the negative charge on the 
nitrogen atom or that P(OR)3 derivatives are less reactive [2]. 
The most commonly used substituted phosphorus group, 
triphenylphosphazene, may then be replaced by other trisub-
stituted phosphazene groups with a consequent increase or 
decrease in the nucleophilicity of the phosphazene moiety 
and/or other desired effects affecting reaction rates as steric 

effects. 

Numerous research papers and several reviews [3] have 
appeared describing the general use of 

5
-phosphazenes as 

reagents and intermediates in organic synthesis. The aim of 
this review is thoroughly cover exhaustively the work done, 
mainly in the two last decades, by the use of this methodol-
ogy as well as the revision of heterocycles prepared, among 
them heterocyclic natural products and others, and the work 
has been classified taking into account the carbonyl group 

involved in the intramolecular key process. 
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2. PHOSPHAZENES DERIVED FROM ALDEHYDES 

Functionalized phosphazenes containing an aldehyde 
group are excellent starting material for the formation of 

C=N double bond of heterocyclic systems [3h]. 

2.1. Synthesis of Six-Membered Ring Systems 

Aza-Wittig reaction of phosphazenes has been success-
fully used for an elegant synthesis of six-membered nitrogen 
heterocycles with rigorous control of various asymmetric 
centers. For example, piperidine systems 9 (R = H), precur-
sors in the synthesis of polyhydroxylated nitrogen heterocy-
cles such as (–)-adenophorine, 1-epi-adenophorine as well as 
hydrophobically modified deoxynojirimycin (DNJ) variants, 
have been recently synthesized through the Staudinger/aza-

Wittig sequence as shown in Scheme 3 [4]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 3. 

 
By combining a Staudinger/intramolecular aza-Wittig 

and an Ugi three-component reaction (SAWU-3CR), the 
construction of piperidine-based bisamides has been recently 
reported [5]. The preparation of these functionalized piperi-
dine-based bisamides 13 starts with reaction of trimethyl-
phosphine with azido aldehydes 10. At this stage, the inter-
mediate imine 12 was brought to –78ºC upon which carbox-
ylic acid or amino acid and alkyl isocyanide were added to 
afford SAWU-3CR product 13 as a single diastereoisomer 

(Scheme 4). 

In a similar fashion, the intermediate imine 15, formed by 
Staudinger/aza-Wittig reaction of azido aldehyde 14, was 
condensed with carboxylic and alkyl isocyanides to give the 
morpholine-based bisamides 16 (Scheme 5). The versatility 
of this procedure was demonstrated in the preparation of a 
small library of diverse, chiral and enantiomerically pure 
functionalized piperidines and morpholines [5]. 

Functionalized phosphazenes derived from aldehydes can 
also be used for the preparation of pyridine ring in polycyclic 
systems. 1-Hydroxypyrazolo[3,4-c]isoquinolines 20 have 
been prepared through the tandem Staudinger/intramolecular 
aza-Wittig reaction of 4-azido-5-aryl-substituted 1-benzyl-
oxypyrazole 18, obtained from pyrazole 17 (Scheme 6) [6]. 
The pyridine ring of pyrazoloisoquinolines 20 was created 
via cyclization of a formyl group in a 2-formylphenyl-
substituent at C–5 with a phosphazene group installed at C–4 
of 1-benzyloxypyrazole obtained from Staudinger reaction of 

18 with tributylphosphine. 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 4. 

 

 

 

 

 

 

 

 

Scheme 5. 

 

 

 

 

 

 

 

 

Scheme 6. 
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2.2. Synthesis of Seven-Membered Ring Systems 

Synthetic applications of aza-Wittig reaction of phos-
phazenes containing an aldehyde group are not restricted to 
the preparation of six-membered heterocycles, and for ex-
ample Yadav et al. [7] have developed the synthesis of the 
optically active (3S,4S)-hexahydroazepine core of balanol 
and ophiocordin by ring expansion to the seven-membered 
azepine through intramolecular aza-Wittig process. Azido 
aldehyde 22, obtained by removal of tert-butyl ether protect-
ing group in tetrahydropyrane 21, was treated with triphen-
ylphosphine in toluene at reflux and the resulting imine 24 
was reduced with NaBH4 in methanol to yield seven-

membered azepine 25 in 75% yield (Scheme 7). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Scheme 7. 
 

Intramolecular aza-Wittig reaction with aldehyde func-
tion allowed the stereocontrolled total synthesis of the poly-
cyclic Stemona alkaloid, ( )-stemospironine (28) [8]. The 

required aldehyde was prepared from starting azide 26 by 
cleavage of benzyl ether and Dess-Martin oxidation of ob-
tained primary alcohol (Scheme 8). Subsequent addition of 
triphenylphosphine and reduction of imine bond formed in 
the intramolecular aza-Wittig reaction gave a seven-
membered ring 27 precursor of the expected alkaloid 28. 

The intramolecular aza-Wittig reaction is also a valuable 
tool for the construction of seven-membered-heterocyclic 
rings of polycyclic compounds like pyrazino[2,3-e]pyrrolo 

[1,2-a][1,4]diazepin-5-one derivatives 31 [9] (Scheme 9). 

Similarly, this approach has been used for the synthesis 
of 5-azaazulene derivatives 35 [10].  (Scheme 10). An initial 
nucleophilic reaction between phosphazenes 32 and alde-
hydes 33 could afford intermediates 34, which after in-
tramolecular aza-Wittig reaction gave the condensed bicyclic 
compounds 35. 

Likewise, the antibiotic DC-81 (38) can be synthesized 
by using the same strategy [11]. Treatment of azide 36 with 
triphenylphosphine at room temperature afforded the in-
tramolecular aza-Wittig compound 37, which in turn could 
be converted into DC-81 (38) in a straightforward manner 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 8. 

 

 

 

 

 

 

 

Scheme 9. 

 

 

 

 

 

 

 

 

 

 

Scheme 10. 
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(Scheme 11). The same strategy has been used for the prepa-
ration of the antibiotic DC-81 (38) by intramolecular reduc-
tive cyclization with polymer-supported triphenylphosphine 

[12]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 11. 

2.3. Synthesis of Eight-Membered Ring Systems 

O´Neil et al. [13] reported the synthesis of eight-
membered heterocycles such as benzodiazocine 40 through a 
Staudinger/intramolecular cyclization process (Scheme 12). 
This is, as far as we know, the first example of the use of 
Staudinger/aza-Wittig protocol for the construction of an 

eight-membered ring. 

 

 

 

 

 

 

 

Scheme 12. 

3. PHOSPHAZENES DERIVED FROM KETONES 

Phosphazenes having a ketone substitution cyclize by in-
tramolecular aza-Wittig reaction to give heterocyclic com-
pounds. The first example was the formation of pyridine ring 
in the last step for the synthesis of the alkaloid nigrifactine 
[14], and has been widely applied in the preparation of 5-, 6- 
and 7-membered heterocycles [3h]. 

3.1. Synthesis of Five-Membered Ring Systems 

In the total synthesis of (–)-dendrobine (44), the five-
membered nitrogen heterocycle can be formed by in-
tramolecular aza-Wittig reaction of azido ketone 41 [15]. 
Thus, treatment of 41 with triphenylphosphine gave poly-
cyclic imine 43. Reduction of the imine moiety with sodium 
cyanoborohydride from the less hindered -face followed by 
reductive methylation of amine with paraformaldehyde and 
formic acid afforded enantiomerically pure (–)-dendrobine 
(44) (Scheme 13). In this synthesis, six stereogenic centres 

were induced, each in a stereoselective fashion, from a single 

chiral centre of the starting material. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 13. 

 
Nitta et al. [16] have reported enamine-type alkylation of 

vinylic phosphazenes onto C–  of conjugated ketones for the 
preparation of fused nitrogen heterocycles. Thus, 5H-
dicyclohepta[b,d]pyrrole ring system 48 can be obtained 
through an enamine-type alkylation of the phosphazene 45 
onto C–  of cyclic conjugated ketone 46 to give a keto-
functionalized phosphazene 47 (Scheme 14). This intermedi-
ate 47 then undergoes an intramolecular aza-Wittig reaction 

followed by hydrogen migration to give tricycle 48. 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 14. 

The same group has demonstrated the versatility of the 
enamine-type alkylation of vinylic phosphazenes/intra-
molecular aza-Wittig protocol, for the preparation of other 
fused nitrogen heterocycles [17]. Thus, the synthetic strategy 
for the preparation of 11H-cyclohepta[b]indeno[2,1-
d]pyrrole 52 (R = R

1
 = H), and acenaphtho[1,2-b]cyclo-

hepta[d]pyrrole 52 [RR
1
 = (CH=CH-CH=)] (Scheme 15), 

involved the reaction of (tributyl)phosphazenes 49, respec-
tively, with 2-chlorotropone 50, to afford bicyclic com-
pounds. After subsequent intramolecular aza-Wittig reaction 
and subsequent aromatizing dehydrohalogenation gave the 
fused heterocycles 52. This methodology has been also used 
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for the construction phenyl-substituted and annulated 5-

azaazulene (cyclopenta[c]azepine) derivatives [18]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
Scheme 15. 

 

The formation of five-membered heterocycles through 
Staudinger/intramolecular aza-Wittig reaction can also be 
performed by solid-phase synthesis and has been applied to 
the first synthesis of lanopylin B1 (56) [19]. The total synthe-
sis, which takes only four steps, starts with a phase-transfer 
alkylation of diethyl 2-oxopropylphosphonate (53) with 2-
iodoalkyl azide affording azido phosphonate 54, which un-
dergoes a phase-transfer Horner-Emmons-Wittig reaction 
with heptadecanal to provide azido enone 55. Intramolecular 
aza-Wittig reaction of enone 55 with polymer-supported 
triphenylphosphine in toluene completed the first total syn-

thesis of lanopylin B1 (56) in 76% yield (Scheme 16). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 16. 

Substituted pyrrolines 59 can be synthesized in a simple 
one-pot procedure by microwave assisted intramolecular 
aza-Wittig reaction of phosphazene derived from -chloro-
butyrophenone 57 [20]. Therefore, functionalized ketone 57 
was treated with sodium azide and triethylphosphite in 
DMSO under microwave irradiation to give in high purities, 
yields and short reaction times substituted pyrrolines 59 

(Scheme 17). 

 

 

 

 

 

 

 

 

 

 

 
Scheme 17. 

3.2. Synthesis of Six-Membered Ring Systems 

Intramolecular aza-Wittig reactions of phosphazenes with 
ketone substitution also affords an excellent method for the 
preparation of six-membered heterocycles. 

Unsaturated ketones 60 (R
2
 = R

3
 = H) can be easily con-

verted into seleno azides 61 regiospecifically. The in-
tramolecular aza-Wittig reaction of these seleno azides 61 
seemed to be an easy route to seleno derivatives of tetrahy-
dropyridines 63 [21]. This approach has been extended to -
allyl- -ketoesters 60 (R

3
 = CO2Et). Thus, seleno azides 61 

obtained from these unsaturated compounds gave rise to 
ring-closure reactions through the ketonic function affording 

tetrahydropyridines 63 (Scheme 18). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 18. 
 

Optically active piperidine ring has been constructed by 
intramolecular aza-Wittig reaction of phosphazene 65, ob-
tained by Staudinger reaction of azide 64 with triphenyl-
phosphine, in refluxing THF. The non-isolated imine 66 was 
reduced with sodium borohydride in ethanol to give anhy-

dronupharamine (67) stereoselectively (Scheme 19) [22]. 
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Scheme 19. 

Eguchi et al. [23] reported the development of a new 
general route to pyridones as well as indolizines and quino-
lizines carrying a trifluoromethyl group on the bridgehead 
carbon of those skeletons. The strategy involves the in-
tramolecular aza-Wittig reaction of easily available acyl-
phosphazene 69 for the generation of 6-(trifluoromethyl)-
4,5-dihydro-2(3H)-pyridones 71 or 72 (Scheme 20). These 
lactams have been applied to the synthesis of some fused-
nitrogen heterocycles via radical cyclization of dihydropyri-

dones. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 20. 
 

Microwave assisted intramolecular aza-Wittig reaction 
was used by De Kimpe et al. [24], for the synthesis of prin-

cipal bread flavour component, 6-acetyl-1,2,3,4-tetrahydro-
pyridine. An approach towards acetal protected 6-acetyl-
tetrahydropyridine 75 involved initial azidation of chloro- -
ketoacetal 73 under classical conditions, followed by a 
smooth intramolecular aza-Wittig type reaction via the in-
termediacy of a phosphazene. The use of microwave irradia-
tion [20] seems to favour the intramolecular aza-Wittig reac-
tion and, shorter reaction times and better yields were neces-

sary (Scheme 21). 

 

 

 

 

 

 

 

Scheme 21. 

This methodology can also be used for the synthesis of 
polycycles containing a six-membered ring. Cryptand com-
pound 77 has been prepared by intramolecular aza-Wittig 
reaction of ferrocenyl substituted azido ketone 76 [25]. [5]-
Ferrocenephane 76 underwent intramolecular aza-Wittig 
reaction by treatment with tributylphosphine at room tem-
perature to give compound 77 bearing a 1,1’-disubstituted 

ferrocene bridge (Scheme 22). 

 

 

 

 

 

 

 

Scheme 22. 

Likewise, six-membered nitrogen heterocycles have been 
formed by direct cyclization, via intramolecular aza-Wittig 
reaction of the non-isolable phosphazene 79 obtained by 
reaction of precursor azide 78, to afford isoxazolo[4,3-

c]quinolines 80 [26] (Scheme 23). 
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This approach has been also used as the key step for the 
enantioselective synthesis of the marine indole alkaloid ha-
macanthin B (84) [27] (Scheme 24) and the antipode of ha-
macanthin A [28]. The central pyrazinone ring was achieved 
by reaction of azide 81 and tributylphosphine in toluene at 
room temperature followed by heating to provide the ex-
pected cyclized product 83 keeping the configuration of the 
C–  of starting azide. Detosylation of 83 with L-selectride 

provides hamacanthin B (84). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
Scheme 24. 

Reaction of N-vinylic phosphazenes such as (inden-3-
ylimino)tributylphosphazene (85) with , -unsaturated alde-
hydes and ketones 86, and 5 mol% Pd-C gave 5H-
indeno[1,2-b]pyridines 89 (Scheme 25) [29]. Formation of 
compounds 89 could be explained by the initial enamine-
type alkylation (Michael addition) of substrate 85 onto the -
carbon atom of enones 867. Intramolecular aza-Wittig reac-
tion of keto functionalized phosphazenes 87 gave the dihy-
dropyridines intermediates 88, which are dehydrogenated 
with Pd-C to give compounds 89. The same authors de-
scribed the preparation of 7,12-methanocyclodeca[b]pyridine 
ring systems [30] through reaction of annulene phosphazene 
with , -unsaturated ketones, in a similar way to that de-

scribed before. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 25. 

 
Intramolecular aza-Wittig reactions mainly involve phos-

phazenes generated by Staudinger reactions. In this context, 
a new efficient synthesis of thiadiazinones 92 has been re-
cently reported by means of functionalized ketophos-
phazenes [31]. However, in this case phosphazenes were 
prepared by Kirsanov reaction (Scheme 26) [3h]. The syn-
thesis implies treatment of 3-amino-4H-imidazol-4-ones 90 
with triphenylphosphine, hexachloroethane, and triethy-
lamine to afford directly 2H-imidazo[2,1-b]-1,3,4-thiadiazin-
6(7H)-ones 92. The conversion involves initial transforma-
tion of 90 into phosphazenes 91 as reactive intermediates, 
which easily undergo intramolecular aza-Wittig reaction to 

give 92 (Scheme 26). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 26. 

3.3. Synthesis of Seven-and Eight-Membered Ring Sys-
tems 

The synthesis of the enamine-aminal heterocyclic core 95 
found in the zoanthamine alkaloids has been reported 
through an enantiocontrolled construction of the seven-
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the tetrahydroazepine 94 in excellent yield (Scheme 27). 
Hemi-aminal 95 was produced by desilylation of 94, which 
resulted in ketalization, amination, and dehydration to the 

tetracyclic core 95 of the zoanthamine alkaloids. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 27. 

 
An efficient synthetic route to the spirally fused AG-ring 

model of pinnatoxin A has been devised using the in-
tramolecular cyclization of an epoxy nitrile for the construc-
tion of the G-ring, followed by an aza-Wittig reaction to 
form the seven-membered cyclic imine [33] (Scheme 28). 
The cyclization of A-ring took place, when 99 was treated 
with triphenylphosphine and heated at 55ºC, to give 101 in 

43% overall yield. 

Intramolecular aza-Wittig reaction of phosphazenes 103 
derived from amino azide derivatives with a keto function 
102 led to 2,3,6,7-tetrahydro-1H-1,4-diazepines 104. Reduc-
tion of these compounds with lithium aluminium hydride 

afforded the corresponding saturated heterocycles 105 

(Scheme 29) [34]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 29. 

 

In the same way, the intramolecular aza-Wittig reaction 
is a valuable tool for the construction of seven-membered 
heterocyclic compounds like benzodiazepines and ben-
zothiadiazepines 107 (Scheme 30) [35]. 

A straightforward intramolecular aza-Wittig reaction of 
azido- -ketoesters for the preparation of heterocyclic secon-
dary enamines has been recently developed by Wang et al. 
[36]. Thus, reaction of azido- -ketoesters 108 with triphen-
ylphosphine furnished the seven-membered (n = 1) or eight-
membered (n = 2) heterocyclic enamines 111 through the 
Staudinger/intramolecular aza-Wittig tandem reaction and 
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subsequent imine-enamine tautomerization of cyclic imine 

110 (Scheme 31). 

4. PHOSPHAZENES DERIVED FROM ESTERS 

It is well known that the carbonyl group of esters is less 
reactive than the carbonyl group of aldehydes and ketones in 
an aza-Wittig reaction. However, some examples have been 
reported for the preparation of 5- and 6-membered heterocy-
cles through intramolecular aza-Wittig reaction of phos-

phazenes derived from esters [3h]. 

4.1. Synthesis of Six-Membered Ring Systems 

The preparation of oxazolo[5,4-b]pyridines 118 [37] was 
accomplished by using vinylic phosphazenes 112. Thus, 
phosphazenes 112 and oxazolones 113 reacted smoothly in 
refluxing benzene or anisole leading to the formation of bi-

cycles 118 (Scheme 32). Phosphazenes 112 with ambident 
nucleophilicity react in this case as carbon nucleophiles 
rather than as nitrogen nucleophiles. Thus, the first step of 
the reaction can be envisaged as a conjugative addition (1,4-
addition) of the phosphazene 112 to the exocyclic double 
bond of oxazolone 113. The dipolar intermediate 114 thus 
produced is transformed into 115 by hydrogen shift and then 
into 116 by an aza-Wittig reaction. Tautomerization of 116 
affords the dihydro-derivative 117. Dichlorodicyanoquinone 
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(DDQ) was found satisfactory as an oxidizing agent and, 
products 118 were obtained in goods yields. However, 
treatment of the 4-ethoxymethyleneoxazol-5(4H)-ones 113 
(R

2
 = OEt) with phosphazenes 112 directly affords the corre-

sponding oxazolopyridines 118. In this case after the nucleo-
philic addition of the phosphazene, ethoxide was eliminated 
from intermediate 119 producing 120 from which products 
121 are formed on deprotonation of the CH2 group. The aza-

Wittig reaction of compounds 121 affords 118 (Scheme 32). 

The same strategy has been applied for the preparation of 
isoxazolo[4,3-c]quinolines 124 [26] through direct cycliza-
tion, via intramolecular aza-Wittig reaction of the non-
isolable phosphazene containing an ester function 123, ob-
tained by reaction of precursor azide 122 (Scheme 33). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 33. 

4.2. Synthesis of Seven-Membered Ring Systems 

Methods for the preparation of nitrogen seven-membered 
ring systems by the use of intramolecular aza-Wittig reaction 

have increased in the last decade. 

In this way, benzodiazepines may be prepared from N-(o-
azidobenzoyl)- -amino acid esters [38-40], and this metho-
dology has been also applied for the first total synthesis of 
( )-benzomalvin A (130) (Scheme 34) [41, 42].

 
Both the 6- 

and 7-membered ring skeletons were efficiently constructed 
by the intramolecular aza-Wittig reactions as the key reac-

tions. 

Eguchi et al. [9, 43] have synthesized pyrazino[2,3-
e][1,4]diazepin-5-one derivatives 133 and/or 134 via the 
corresponding phosphazene 132 derived from 3-amino-
pyrazine-2-carboxylic acids and -amino acid derivatives, 

by the intramolecular aza-Wittig methodology (Scheme 35). 

Analogously, the preparation of 1,3-benzoxazepines 137 
has been developed via intramolecular aza-Wittig reaction of 

phosphazene 136 (Scheme 36) [44]. 

This methodology can be also applied to the preparation 
of pyrrolo[1,4]benzodiazepines in their imine form, and in 
general of [1,4]benzodiazepines fused to a saturated hetero-
cyclic ring (Scheme 37) [11, 45]. Likewise, functionalized 
phosphazenes 138 were converted, by heating, into the poly-
cyclic iminoethers 139, in yields ranging from 82–95%. This 
intramolecular aza-Wittig reaction involving an ester func-
tionality as a key step for the preparation of pyr-
rolo[1,4]benzodiazepines 139 [11], was carried out in tolu-

ene in a sealed tube at 140ºC or at reflux (Scheme 37). 

Highly functionalized 1,4-benzodiazepin-5-one deriva-
tives have been synthesized by solid-phase methods [12, 46]. 
Bicyclic 142 and tricyclic heterocycles 144 were obtained by 
cyclization of azides 140 and 143, respectively, with poly-
mer-supported triphenylphosphine, via the corresponding 
phosphazenes, at room temperature in toluene (Scheme 38). 
Subsequent heating at 100ºC in the same solvent without 
further purification steps produced the intramolecular aza-
Wittig products 142 and 144. The use of polymer-supported 
triphenylphosphine provides a more simplified purification 
procedure, relative to the corresponding solution-phase 

method [38]. 
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The synthesis of 1,4-benzodiazepine-2,5-diones 148 from 
polymer-supported o-azidobenzamides has been described 
by the split-and-mix method on solid-phase synthesis [47]. 
By using this approach and with the intramolecular aza-
Wittig reaction of phosphazenes 146 as the key step, diverse 
of hybrid molecules combining a benzodiazepinedione nu-

cleus with an appended N-substituted glycine side chain have 

been synthesized (Scheme 39). 

4.3. Synthesis of Heterocycles Larger Than Seven-

Membered Ring Systems 

More recently, the intramolecular Staudinger/aza-Wittig 
reaction of -azido pentafluorophenyl (pfp) esters 149 has 
been successfully applied to the construction of seven to ten-
membered lactams 150, demonstrating the generality and 
efficiency of the present tactic for the synthesis of medium-
sized lactams (Scheme 40) [48]. Cyclization of -azido pfp 
esters 149 proceeded smoothly at room temperature to give 
the corresponding 7- and 8-membered lactams 150, when 
Bu3P (5 equiv) as the reagent in high-dilution conditions was 
used. On the other hand, formation of much challenging 
larger 9- and 10-membered lactams called for elevated tem-

perature conditions to attain satisfactory yields. 
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The formation of complex 13-membered macrocycles 
through Staudinger/intramolecular aza-Wittig reaction has 

been applied to the total synthesis of (–)-ephedradine A 
(orantine) (154) [49, 50]. The formation of the 13-membered 
iminoether 152 was successfully obtained by treatment of 
azide 151 with Ph3P in refluxing toluene under high-dilution 
conditions (Scheme 41). Hydrolysis of 152 by refluxing in 
MeCN/H2O afforded the desired 13-membered macrolactam 
153. Removal of the Ns group and simultaneous cleavage of 
Cbz group and benzyl ester with BCl3 yielded (–)-

ephedradine A (154). 

5. PHOSPHAZENES DERIVED FROM THIOESTERS 

5.1. Synthesis of Five-Membered Ring Systems 

Recently, in developing a synthetic entry to the thia-
zoline-containing domain of the aprotoxin natural products, 
Forsyth et al. [51, 52] converted vicinal azido-thiolesters 155 
into 2,4-disubstituted thiazolines 157 via sequential Staud-
inger reduction/intramolecular aza-Wittig reaction (Scheme 
42). This method of the novo thiazoline formation provides a 
mild and versatile process that is particularly well suited to 
acid-sensitive substrates, and supports the application of the 
Staudinger/aza-Wittig process to thiazine formation in the 

context of a total synthesis of the apratoxin natural products. 
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5.2. Synthesis of Seven-Membered Ring Systems 

This methodology could be also applied to the prepara-
tion of pyrrolo[1,4]benzodiazepines in their imine form 159, 
and in general of [1,4]benzodiazepines fused to a saturated 

heterocyclic ring (Scheme 43) [11, 45]. 

 

 

 

 

 

 

 

 
 

Scheme 43. 

6. PHOSPHAZENES DERIVED FROM AMIDES 

6.1. Synthesis of Five-Membered Ring Systems 

Some examples of intramolecular aza-Wittig imination 
reactions involving less reactive amide carbonyl groups have 
been reported, usually suffering from low yields. One of 
them is a convenient combination of intramolecular aza-
Wittig strategy and a microwave technology for the prepara-
tion of the alkaloid cryptotackieine (163) [53, 54]. Thus, 
treatment of 3-(o-azidophenyl)quinolin-2-one (161) with 
trimethylphosphine in nitrobenzene at 150–180ºC under mi-
crowave irradiation, after five-membered ring construction, 
afforded cryptotackieine (163) in 40% yield (Scheme 44). 

 

 

 

 

 

 

 

 

 

Scheme 44. 

6.2. Synthesis of Six-Membered Ring Systems 

Six-membered heterocycles have also been prepared by 
using this approach. In this way, a general synthesis of func-
tionalized quinazolino[3,4-a]perimidines which is capable of 
modification to allow the introduction of a wide range of 
substituents has been developed by Molina et al. [55]. These 
perimidines 166 were obtained when phosphazene 164 re-
acted with aroyl chlorides in the presence of triethylamine in 
a sealed tube at 160ºC (Scheme 45). These rigorous condi-
tions suggest that the conversion of 164 to 166 involves ini-
tial acylation of the perimidine ring instead of formation of 
an imidoyl chloride. Intramolecular aza-Wittig reaction be-
tween the carbonyl group of the amide moiety and the phos-

phazene group in 165 provides the cyclized product 166. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 45. 

In addition, employment of bisphosphazenes has under-
gone intramolecular aza-Wittig reaction to give phosphazene 
168 derived from the 2-(o-azidophenyl)-4(3H)-quinazoli-
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none [56]. When bisphosphazene 167 was heated in dry 
toluene at reflux temperature, the phosphazene 168 was ob-
tained in 65% yield (Scheme 46). This conversion involved 
an intramolecular aza-Wittig reaction where an amido group 

acted as the carbonyl partner. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 46. 

This methodology has been used also for the synthesis of 
imidazo[4,5-b]quinolin-2-one ring [57]. When the E/Z azide 
169 was treated with tributylphosphine in CH2Cl2 at room 
temperature and the resulting phosphazenes 170 and 171 
were heated at reflux temperature the 1,2-dihydroimidazo 

[4,5-b]quinolin-2-one 172 and the benzylidene hydantoin 
derivative 173 were isolated in a 23 and 35% yield, respec-
tively (Scheme 47). Formation of compound 172 can be ex-
plained by intramolecular aza-Wittig reaction of the initially 
formed E-phosphazene, which could not be isolated, whereas 
the Z-phosphazene was hydrolyzed during the work-up to 

give 173. 

N-(o-Azidobenzoyl)- -amino acid esters could afford 
also pyrrolo[2,1-b]quinozaline derivatives 176 or pyr-
rolo[2,1-c][1,4]benzodiazepine derivatives 177. The forma-
tion ratio of heterocyclic compounds (6-membered ring ver-
sus 7-membered ring) was considerably dependant on car-
bonyl function (X = OMe, NEt2) and phosphorus reagents. 
Exclusive formation of six-membered ring to give compound 
176, through intramolecular aza-Wittig reaction with cyclic 
amide, has been observed for exocyclic amide derivatives (X 
= NEt2). However, a mixture of both compounds 176 and 
177 was obtained for ester derivatives (X = OMe), obtaining 
compound 176 as a major product when triethyl phosphate 
(R = OEt) was employed, which may be due to a less steric 
hindrance and mild reactivity (Scheme 48) [40, 58]. Thus, 
seven-membered ring compound 177 was predominantly 

formed with use of Ph3P or Bu3P. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 48. 

Molina et al. [59] also reported the intramolecular aza-
Wittig reaction of a -lactam carbonyl group. The in-
tramolecular aza-Wittig reactions involving amide carbonyl 
group was applicable to the preparation of azeto[2,1-
b]quinazolines or quinazolin-8-ones 180 (Scheme 49). The 
method represents the first example of an aza-Wittig reaction 
of the -lactam carbonyl group and requires the intermediacy 
of a highly reactive N-aryl-trimethylphosphazene 179, and it 
has only proven useful when it results in the formation of the 
six membered rings. 

Simple quinazoline alkaloids and quinazoline alkaloids 
containing indole skeleton such as rutercarpine, tryptanthrin 
[60] and antitumor agent Batracylin (NCS-320846) [61] 
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have been constructed via intramolecular aza-Wittig reaction 
of amide derivatives (Scheme 50). The fused quinazoline 
ring could be synthesized efficiently via the consecutive 
Staudinger/intramolecular aza-Wittig reaction of correspond-
ing azides 181 with phosphine to afford heterocyclic com-

pounds 183 under very mild reaction conditions. 

Likewise, heterocycles such as circundatin F, scleroti-
genin and ent-fumiquinazoline G (187) have been prepared 
by the intramolecular aza-Wittig procedure [62]. The se-
quence provides a short and efficient route to the fused 
quinazolinone ring system 186 (Scheme 51). 

For the last step in the synthesis of benzomalvin A (189), 
azide derivative 188 was treated with triphenylphosphine to 
generate the corresponding phosphazene which reacted with 
the amide function to afford ( )-benzomalvin A (189) 
(Scheme 52) [42]. Comparison of the spectral and physical 
data of the synthetic product and those reported for the natu-
ral product ( )-benzomalvin A (189) gave satisfactory 

matching results. 

Intramolecular aza-Wittig reaction of amide carbonyl 
group has also been used for the preparation of six-
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membered ring of benzopolyazamacrocycles by Eguchi et al. 
[63]. The quinazolinone annelation of lactams 190 provides 
compounds 191. Further reductive ring enlargement se-
quence provides a novel route to benzofused polyazamacro-

cycles (Scheme 53). 

Similarly, formation of six-membered heterocycles 
through intramolecular aza-Wittig reaction has been used for 
the preparation optically active (S)-(–)-vasicinone (194) 
(Scheme 54) [64]. After O-TBDMS protection, o-azido-
benzoylation followed by treatment of compound 192 with 
tributylphosphine and a subsequent desilylation afforded (S)-
(–)-vasicinone (194) via the tandem Staudinger/intra-
molecular aza-Wittig reaction (Scheme 54). Recently, de-
oxyvasicinone and related heterocycles have been synthe-
sized through the solid-phase intramolecular aza-Wittig reac-
tion employing a polymer-supported triphenylphosphine 

[46]. 

Synthetic approaches to 1-arylmethylenepyrazino[2,1-
b]quinazoline-3,6-diones 196 have been studied and the best 
results were obtained when azido heterocycles 195 were sub-
jected to intramolecular aza-Wittig reaction (Scheme 55) 
[65]. The cyclization to heterocycles 196 took place through 
the amide group and the phosphazene moiety in the starting 
precursors. The same group has applied this approach to the 
synthesis of hexacyclic 7,10,16,16a-tetrahydro-11H-
quinazolino[2’,3’:3,4]pyrazino[1,2-b] -carboline-5,8-diones, 
dihydro-C-homo analogs [56], and other analogues of N-
acetylardeemin [67, 68], inhibitor of multi-drug resistance 

(MDR) to antitumor agents. 
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Scheme 55. 

A concise building block approach to a diverse multi-
arrayed library of the circumdatin family of natural products 
has been recently reported [69]. This synthetic strategy relied 
on an efficient formation of the fused quinazolinone ring 
system using polymer-supported phosphine in an in-
tramolecular aza-Wittig reaction as a key step. In this man-
ner, a diverse library of benzodiazepine-quinazolinone alka-
loids (circumdatins) 198 has been prepared by treatment of 
azides 197 with polymer-supported triphenylphosphine 
(Scheme 56). Following the same strategy, the libraries in-
corporating pentacyclic derivatives, such as derivatives 199 

and 200 were also prepared. 

6.3. Synthesis of Seven-Membered Ring Systems 

By means of intramolecular aza-Wittig reaction between 
phosphazene and amide moiety of compounds 202 seven-
membered ring can also be constructed. However, in this 
case higher temperatures are required for the synthesis of 
1,3-benzodiazepines 203 comparing with temperatures re-
quired for analogous phosphazenes but with ester substitu-

tion (Scheme 57) [44]. 
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7. PHOSPHAZENES DERIVED FROM ANHYDRIDES 

The carboxylic acid anhydrides derivatives are able to 
undergo lactamization by intramolecular aza-Wittig reaction 
with the phosphazene moiety; however, only one example 
has been reported showing this behaviour. Azido acid de-
rivatives, after activation of the carboxyl groups as mixed 
anhydrides 204, can be converted to macrolactams 207 in 
good yields by treatment with tributylphosphine (Scheme 
58) [70]. This procedure has been fruitfully applied to other 
difficult to cyclise substrates, such as secondary azides (R = 
Me) and a reluctant 10-membered ring, sterically hindered 

azides (R = hexyl) and a 13-membered lactam, and a more 
reactive primary azide (R = H) and a more accessible 14-

membered ring. 

8. PHOSPHAZENES DERIVED FROM SULFIMIDES 

Finally, the use of phosphazenes in other intramolecular 

aza-Wittig type reactions for the formation of hetero bonds 

other than C=N is rare. In particular, there is only one exam-

ple, recently reported, that details the synthesis of the N=S 

(sulfimide) bond involving the use of S=O functionality. 

Thus, the synthesis of a cyclic sulfimide 209 involving an 

intramolecular aza-Wittig type ring-closure process between 

a sulfoxide and a phosphazene moiety of compound 208 is 

reported [71]. Treatment of compounds 208 in anhydrous 

toluene at reflux gave triphenylphosphine oxide together 

with the isoxazolo[4,3-c][2,1]benzothiazines 209 (Scheme 

59). 

CONCLUSION 

In summary, this review has presented recent progress in 

the synthesis of heterocyclic compounds based on the in-

tramolecular aza-Wittig reaction of phosphazenes with sev-

eral carbonyl or analogous substituents. These results indi-
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Scheme 59. 
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cate the importance and utility of these phosphazenes as ver-

satile building blocks in heterocycle construction, ranging 

from simple monocyclic compounds to complex polycyclic 

and macrocyclic systems. In many cases, synthesis is carried 

out stereoselectively and the resulting compounds are 

physiologically active or are potential intermediates in the 

synthesis of physiologically active compounds including 

analogues of natural products. 
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