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Pseudo-halogen behavior of thiophosphoryl azides as a tool for
the functionalization of phosphorus macrocycles
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Abstract—Phosphoryl azides are known as azide-transfer agents in organic chemistry; such behavior denotes the pseudo-halogen
character of the azide group when linked to a tetracoordinated phosphorus atom, but it was considered up to now only for the
functionalization of organic substrates by N3. We show in this paper that the azide can also be considered as a good leaving
group, which facilitates the functionalization of the phosphorus atom which bore it. This reaction is first demonstrated on a small
thiophosphoryl azide, then applied to the functionalization of more complex macromolecules, i.e. macrocycles incorporating in
their structure thiophosphoryl azido groups.
© 2003 Elsevier Ltd. All rights reserved.

Covalent azides are known for a wide range of elements
over the periodic classification, but their chemical prop-
erties vary considerably, mainly depending on the ele-
ments to which the azide group is linked. Considering
for instance main group elements, the reactivity of
aluminum, tin, lead and antimony azides generally
induces the lost of the three nitrogen atoms, whereas
for boron, silicon, phosphorus, germanium and arsenic,
one nitrogen remains often linked to the element.1

Tetracoordinated phosphorus azides are well studied
main group element azides; their reactivity mainly per-
tains to two types of reactions: Staudinger reactions2

and Curtius rearrangements. Staudinger reactions with
phosphines occur with elimination of N2, thus without
cleavage of the P�N bond;3 Curtius type rearrange-
ments lead to a variety of structures, depending at
which step the rearrangement occurs. If it occurs on the
phosphorus derivative, the P�N bond is preserved.4

However, the rearrangement often happens on an
organic substrate, after the cleavage of the P�N bond.
Indeed, phosphorus azides, and more precisely
diphenylphosphonic azide ((PhO)2P(O)N3), are consid-
ered as azide-transfer agents in organic chemistry;
examples are known in which the azide group is entirely
preserved in the final product,5 or is further trans-
formed.6 In both cases, the azide behaves like a pseudo-

halogen; such behavior is not surprising in view of the
comparison between the absolute electronegativity
according to Mulliken for Cl (8.3 eV), Br (7.5 eV) and
N3 (7.7 eV).7 However, to the best of our knowledge,
this fact was considered up to now only from the point
of view of the functionalization of the organic substrate
by N3, and not as a way to functionalize the phospho-
rus derivative which bore the azide. Nevertheless, con-
sidering the N3 function as a leaving group should
allow carrying out nucleophilic substitutions on the
phosphorus. Of course, P�Cl functions, which are often
more easily available than P�N3 functions, are widely
used for nucleophilic substitutions, including for the
synthesis of P�N3 derivatives with NaN3. However, for
practical synthetic purposes, it may be useful to have
diversified leaving groups. We will illustrate this fact,
first on a small compound, then on various complex
macrocyclic structures.

In the course of our researches about phosphorus-con-
taining macromolecular structures such as macrocycles8
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and dendrimers,9 we were interested in synthesizing
compounds possessing several types of functional
groups, often of type AB2, such as the trifunctional
derivative 3 [(OHCC6H4O)2P(S)(OC6H4PPh2BH3)]. The
most obvious way to synthesize such compounds
should consist in reacting NaOC6H4PPh2BH3 210 with
(OHCC6H4O)2P(S)Cl. However, this latter compound is
often difficult to obtain in a pure form, and is too
sensitive to be purified by chromatography on silicagel.
Nevertheless, we attempted the above-mentioned reac-
tion with crude (OHCC6H4O)2P(S)Cl. The expected
product 3 was obtained in the mixture, but attempts to
purify it were unsuccessful. On the other hand, the
azide 1 (OHCC6H4O)2P(S)N3 is obtained in a pure
form after column chromatography,11 by reaction of
NaN3 with crude (OHCC6H4O)2P(S)Cl. Thus, we tried
to obtain the trifunctional phosphorus derivative 3
starting from 1 and 2 (Scheme 1). The substitution
reaction occurred within 2 h at room temperature, in
the way expected, with elimination of NaN3. The com-
pletion of the reaction was shown by 31P NMR, which
displays a shielding of the signal corresponding to the
thiophosphoryl group from �=57.7 ppm for 1 to �=
50.1 ppm for 3. Even if a few impurities due to side-
reactions were also observed, compound 3 was isolated
in pure form after column chromatography (eluent:
AcOEt/hexane: 3/7).12

This very simple reaction could be particularly useful
for the functionalization of more complex structures,
such as macrocycles. We tested first the reaction on the
diazide macrocycle 4, which was obtained by cyclocon-
densation reaction of the dialdehyde 1 with the phos-
phorhydrazide (H2NNMe)2P(S)(OC6H4(CH2)7CH3).
This cyclization reaction occurs selectively between two
molecules of each reagent, as we have already shown in
many cases,8,13,14 and affords the macrocycle 4 in nearly

quantitative yield. For the reason mentioned previously
concerning the purification of the P�Cl dialdehyde, the
bisazide macrocycle 4 is more easily obtained than the
one having Cl functions in place of the N3 groups. The
macrocycle 4 undergoes very cleanly the expected sub-
stitution reaction within 12 h when reacted with the
sodium salt 2; no side reaction was observed in this case
(Scheme 2). As already indicated for the synthesis of 3,
the substitution reaction induces the shielding of the
signal corresponding to the phosphorus atoms which
undergo the reaction, from �=59.3 ppm for 4 to �=
52.0 ppm for 5, whereas no modification is observed for
the other phosphorus atoms included in the macrocyclic
chain (�=68.3 ppm for 4 and 5).15 The occurrence of
the expected reaction is also shown by IR spectroscopy,
with the disappearance of the signal corresponding to
the azide groups at 2161 cm−1 for 4.

In the literature, the use of phosphorus azides as azide-
transfer agents is practically limited to (PhO)2P(O)N3;
the pseudo-halogen behavior of our thiophosphoryl
derivatives show that changing P(O) for P(S) has no
influence on the type of reactivity, but what could
happen when changing ArO by nitrogen derivatives? To
answer this question, we synthesized macrocycle 6,
which possesses two types of phosphorus azides,
(ArO)2P(S)N3 and (>N)2P(S)N3. In spite of the presence
of 4 N3 groups, the substitution was attempted with
only two equivalents of 2, in order to check a possible
selectivity (Scheme 3). The reaction is monitored by 31P
NMR, which indicates that the substitution reaction
occurs cleanly on only one type of phosphorus azide.
Indeed, macrocycle 6 displays two singlets on the 31P
NMR spectrum at �=59.1 ppm for (ArO)2P(S)N3 and
�=67.2 ppm for (>N)2P(S)N3. The macrocycle result-
ing from the substitution also displays two singlets at
�=51.8 ppm and �=67.2 ppm. These data show with-
out any ambiguity that only the azides linked to
(ArO)2P(S)N3 were substituted, leading to macrocycle

Scheme 2. Scheme 3.
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7. Thus, the substitution appears very clean on the
crude product, but our attempts to isolated compound
7 failed. Indeed, the simple evaporation of THF gives a
white powder impossible to dissolve again in any sol-
vent. Even if no signal corresponding to free phosphi-
nes or to P�N�P linkages was observed in solution by
31P NMR, we believe that some BH3 groups are trans-
ferred from phosphorus to the nitrogen atoms of the
macrocycle, giving free phosphines, which react imme-
diately with the azide of another macrocycle by a
Staudinger reaction. Such reaction should give poly-
mers by creating P�N�P links; this could explain the
insolubility observed during the work-up of macrocycle
7.

In order to avoid such problem, and to check a possible
selectivity between P�Cl and P�N3 groups in nucle-
ophilic substitutions, we synthesized macrocycle 8,
which possesses two (ArO)2P(S)N3 and two
(>N)2P(S)Cl groups. In this case also, only 2 equiv. of
the sodium salt 2 were used. Monitoring the reaction by
31P NMR allows to show that the substitution occurs
cleanly within 12 h at room temperature on the
(ArO)2P(S)N3 groups, whose chemical shift varies from
�=59.1 ppm for 8 to �=51.9 ppm for 9, whereas no
change is observed for the (>N)2P(S)Cl groups (�=74.8
ppm for both compounds). In this case, the macrocycle
9 is isolated in very good yield, and fully characterized
without any problem (Scheme 4).15

We should have tried to substitute the chlorine using
more drastic conditions, but in view of relative instabil-
ity of the P�BH3 bond shown by the polymerization of
7, we preferred to carry on the comparative test in the
absence of such function. Thus, we used again macro-
cycle 8 as the starting compound, to be reacted with the
sodium salt of hydroxybenzaldehyde 10. Our aim in
this case, as in the previous case, was to graft on the
macrocycle functional groups usable for further func-

tionalizations. Four equivalents of 10 were used, in
order to try to substitute both the N3 and the Cl
functions. After 12 h, 31P NMR displays only two
singlets at �=52.1 and 74.8 ppm, indicating the pres-
ence of a single type of macrocycle. In view of the
values of these chemical shifts, we can conclude again
that only the phosphorus bearing the N3 groups have
reacted, leading to macrocycle 11. We did not
attempted to isolate compound 11, and we left it several
days in the presence of unreacted sodium salt 10.
Signals corresponding to a new macrocycle progres-
sively appear on the 31P NMR spectra. The reaction
went to completion after one week. The substitution of
Cl by 10 induces the shielding of the signal correspond-
ing to the (>N)2P(S)Cl groups, from �=74.8 ppm for 8
and 11 to �=67.6 ppm for 12. Macrocycle 12, possess-
ing four aldehyde groups, was easily isolated in very
good yield.15 All these new compounds are character-
ized by multinucleus NMR (31P, 1H, and 13C) and gave
satisfactory elemental analyses. Mass spectrometry (CI,
FAB, electrospray) was found unsuitable to check the
purity of these compounds: even if the molecular ion is
generally observed, it has a weak intensity, since it is
accompanied with a lot of fragmentations.

In conclusion, we have shown that the azide group can
be considered as a good leaving group for functionaliz-
ing tetracoordinated phosphorus derivatives by nucle-
ophilic substitutions. Its reactivity is very similar to that
of chlorine, and it constitutes an alternative when the
corresponding Cl derivatives are difficult to isolate.
This reaction is particularly suitable for the regioselec-
tive functionalization of macromolecular structures
such as macrocycles. Obviously, other types of func-
tionalized phenols can be used and presumably also
other types of nucleophiles in such reactions. Work is in
progress to apply this new tool for the selective func-
tionalization of other macromolecules possessing com-
plex architectures, such as dendrimeric species.

Scheme 4.



G. Magro et al. / Tetrahedron Letters 44 (2003) 7007–70107010

References

1. Bertrand, G.; Majoral, J. P.; Baceiredo, A. Acc. Chem.
Res. 1986, 19, 17–23.

2. Gololobov, Y. G.; Kasukhin, L. F. Tetrahedron 1992, 48,
1353–1406.

3. See for instance: (a) Galliot, C.; Prévôté, D.; Caminade
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IR (KBr): 1700 (�C�O) cm−1. Anal. calcd for
C60H52N8O12P4S4 (1329.3): C, 54.22; H, 3.94; N, 8.43.
Found: C, 54.43, H, 4.02, N, 8.34.
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