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Phosporamidate oligonucleotides are among the most promi-
nent synthetic derivatives that have been considered for diagnostic
and therapeutic applications within the scope of the antisense con-
cept.1,2 The development of phosphoramidate-substituted nucleo-
side analogs has also become an area of intense interest due to the
anticancer, antiviral (anti-HIV), and spermicidal activities of the
nucleoside analogs.3

In addition, phosphoramidates play a significant role in synthe-
sis. One of the most important fields for dialkyl-, dibenzyl-, and di-
phenyl phosphoramidates is the protection of amino groups.4

Many synthetic applications of N-arylphosphoramidates rely on
the properties of their stabilized anions. For example, N-aryl-
phosphoramidates have been used for the preparation of imines
by aza-Wittig reactions.5 Another example is the alkylation of
diethyl phosphoramidates as a simple method for the synthesis
of secondary amines.6 Other applications come from the field of
heterocycles and include the preparation of 2,4-(1H,3H)-quinazol-
inediones.7 Recently N-arylphosphoramidates have been used to
synthesize functionalized aziridines by means of nucleophile-in-
duced cyclization.8 Baylis–Hillman adducts have been reacted with
N-arylphosphoramidates to afford 1,2-disubstituted azetidines in a
highly diastereoselective manner.9 Treatment of aza-Michael ad-
ducts with N-arylphosphoramidates yielded 1,2,4-trisubstituted
azetidines in a one-pot procedure.10

Despite this interest in phosphoramidates the number of known
synthetic approaches is limited. The standard method dates back to
Todd and Atherton who published the reaction of ammonia, pri-
ll rights reserved.
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mary and secondary amines with a dialkyl or dibenzyl phosphite
and a halogen source like CCl4 (Scheme 1).11 Weak bases like ani-
line can be phosphorylated only if an extra equivalent of a strong
base like a tertiary amine is added. Valuable modifications of the
original method have been introduced that are based on the use
of alternative halogen sources12 and phase transfer catalysts.13

Other methods for the synthesis of phosphoramidates include
the phosphorylation of amines by condensation with phosphate
diesters in the presence of PPh3 and CCl4,14 the nucleophilic substi-
tution of phosphate diesters by alkylamines,15 and the oxidation of
phosphite triesters with I2 in the presence of alkylamines.16 All
methods for the synthesis of phosphoramidates mentioned so far
have in common that amines are used as starting materials and
that they are subjected to phosphorylation.

Recently we needed to convert nitroarenes into N-arylphosph-
oramidates. Much to our astonishment we found that the number
of synthetic methods for this kind of transformation is rather lim-
ited and that the reports in the literature are inconsistent. Cadogan
et al. reported that they obtained mixtures of the corresponding
dialkyl N-arylphosphoramidates (RO)2P(@O)NHAr (5–26%), dialkyl
N-alkyl-N-arylphosphoramidates (RO)2P(@O)NRAr (8–30%), dialkyl
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Scheme 1. Synthesis of phosphoramidates according to Todd and Atherton.



Table 2
The influence of the reaction time on the transformation of 1a into 3aa

Entry Equiv (EtO)3P Time (min) Yield 3a (%)

1 6.0 3 —
2 6.0 5 —
3 6.0 10 —
4 6.0 15 78
5 6.0 20 78
6 6.0 30 76
7 6.0 40 75

aMicrowave irradiations were performed at 300 W/200 �C/20 bar.

Table 3
The influence of the microwave power on the transformation of 1a into 3aa

Entry Equiv (EtO)3P Time (min) Power (W) Yield 3a (%)

1 6.0 15 50 —
2 6.0 15 150 —
3 6.0 15 200 —
4 6.0 15 250 35
5 6.0 15 300 78

aMicrowave irradiations were performed at 200 �C/20 bar.
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N-alkyl-3H-azepin-7-ylphosphonates (0–18%) and dialkyl aryl-
phosphonates (RO)2P(@O)Ar (0–7%) when substituted nitroarenes
were refluxed with an excess of a trialkyl phosphite (RO)3P.17,18

In contrast to these findings, Sundberg isolated triethyl N-aryl-
phosphorimidates (EtO)3P@NAr instead of diethyl N-arylphosph-
oramidates (EtO)2P(@O)NHAr as the main products when o-
alkylnitrobenzenes were boiled with excess (EtO)3P.19,20 A report
on the two-step transformation of nitroarenes to anilines with
diethyl chlorophosphite as a reagent21 seemed to be a promising
alternative since the corresponding phosphoramidates had been
identified as intermediates. Although the scope of this method is
quite limited and the reagent is very expensive we repeated some
of the reactions reported by Fischer and Sheihet. However, we
were unable to reproduce their yields. With p-nitrotoluene as the
substrate the corresponding aniline was isolated with only 45% in-
stead of >95%. Without the second step, that is, the hydrolysis, it
was possible to isolate the corresponding N-arylphosphoramidate
(RO)2P(@O)NHAr; the yield, however, amounted to only 49%. With
these results in mind we were certain that there is no practical and
reliable method available yet for the transformation of nitroarenes
into N-arylphosphoramidates (RO)2P(@O)NHAr.

Here we demonstrate that the reaction of nitroarenes with ter-
valent phosphorous reagents can be used for the efficient synthesis
of dialkyl N-arylphosphoramidates in a single step if performed un-
der suitable conditions.

To begin with, nitrobenzene (1a) and triethyl phosphite (2a)
were reacted under different reaction conditions (Scheme 2, Table
1). Under microwave conditions at 200 �C (300 W) in toluene as a
solvent the formation of 3a was observed only if an excess of 2a
was employed. With 2.5 or 3.0 equiv of 2a the starting material
was consumed only partially. Thus mixtures of the substrate 1a
and diethyl N-phenylphosphoramidate (3a) were isolated after col-
umn chromatography. With an excess of 6 equiv 2a the reaction
could be forced into completion and the product 3a was exclu-
sively formed in 78% yield (Table 1, entries 1–3). Comparable re-
sults were observed when the transformations were performed
in a sealed tube under thermal conditions (Table 1, entries 4–6).
Since the microwave transformation resulted in slightly higher
yields than the sealed tube reaction all further transformations
were run in a microwave oven.

Then the reaction time of the transformation 1a?3a was opti-
mized (Scheme 2, Table 2). The highest yields were obtained when
the microwave-assisted reactions were run for 15–20 min (Table 2,
entries 4 and 5). With shorter reaction times (3–10 min) no prod-
uct was formed (Table 2, entries 1–3); with longer reaction times
the yields dropped slightly (Table 2, entries 6 and 7).
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Scheme 2. Reaction of 1a with (EtO)3P 2a in toluene.

Table 1
The influence of the amount of (EtO)3P (2a) on the transformation of 1a into 3a

Entry Equiv (EtO)3P Reaction conditions;
temp (�C)/time (min)

Yield 3a (%)

1 2.5 MWa; 200/15 38
2 3.0 MWa; 200/15 43
3 6.0 MWa; 200/15 78
4 2.0 Sealed tube; 200/15 34
5 4.0 Sealed tube; 200/15 51
6 6.0 Sealed tube; 200/15 71

a Microwave irradiations were performed at 300 W/20 bar.
Further experiments revealed that the power of the microwave
irradiation affects the transformation outcome (Scheme 2, Table 3).
With microwave irradiation of up to 200 W no product formation
was observed after 15 min (Table 3, entries 1–3). With 250 W a
mixture of 35% N-arylphosphoramidate 3a and starting material
1a was isolated (Table 3, entry 4). It was found that it takes
300 W to ensure complete conversion of 1a within 15 min and a
high yield of N-arylphosphoramidate 3a (Table 3, entry 5).

Last but not least the influence of the reaction temperature on
the formation of 3a was studied. It could be established that no
reaction between 1a and 2a could be observed until 200 �C
(Scheme 2, Table 4, entries 1–4).

Optimizing the reaction of 1a and 2a resulted in a practical and
efficient procedure for the synthesis of 3a in a high yield. The
workup was very easy. First the volatiles were removed by distilla-
tion in vacuo and then the dichloromethane soluble residue was
washed with water and purified by flash chromatography.22

Triethyl phosphite (2a) could be replaced by other trialkyl phos-
phites like trimethyl phosphite (2b). Under the optimized reaction
conditions described above the transformation of nitrobenzene
(1a) with trimethyl phosphite (2b) delivered the dimethyl N-phen-
ylphosphoramidate (4a), which was isolated with 58% after col-
umn chromatography (Scheme 3).
Table 4
The influence of the temperature on the transformation of 1a into 3aa

Entry Equiv (EtO)3P Time (min) Temp (�C) Yield 3a (%)

1 6.0 15 50 —
2 6.0 15 100 —
3 6.0 15 150 —
4 6.0 15 200 78

aMicrowave irradiations were performed at 300 W/20 bar.
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Ar NO2 + (EtO)3P Ar NO +

Ar NO + (EtO)3P Ar N +
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Scheme 5. Proposal for the reaction mechanism.
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To evaluate the scope of the transformation of nitroarenes into
phosphoramidates we examined the effects of substitution on the
aromatic ring. A range of substituents at different positions of the
aromatic ring was tested. To this end the transformation was per-
formed with a number of mono-, di- and trisubstituted nitroarenes
using the optimized protocol (Scheme 4, Table 5). It could be estab-
lished that a number of nitroarenes carrying one or two methyl
groups can be successfully transformed into the corresponding
N-arylphosphoramidates 3b–g. However, the method is not re-
stricted to methyl-substituted nitroarenes. It is also possible to
successfully convert substrates with methoxy-, halide-, methoxy-
carbonyl-, and cyano-substituents (1h–o) into the corresponding
N-arylphosphoramidates 3h–o.23 Yields were in the range between
52% and 79%; side product formation was negligible.

The structures of diethyl N-arylphosphoramidates 3a–o
described here have been elucidated unambiguously by NMR-
spectroscopic methods including HH-COSY, HMBC, and HSQC
experiments.

We assume that in the first step of the reaction cascade the
nitroarene 1 is reduced with triethyl phosphite (2a) to the corre-
sponding nitrosoarene 5 and triethyl phosphate (6a) (Scheme
5).24 Further reduction with triethyl phosphite (2a) gives the aryl-
nitrene 7 which reacts with 2a to yield the N-arylphosphorimidate
8 as an intermediate. The latter undergoes hydrolysis under the
conditions of workup/purification by chromatography to afford
the N-arylphosphoramidate 3. In accordance with this proposal
the N-arylphosphoramidates 3 could not be obtained when aniline
(9) was treated with an excess of either triethyl phosphite (2a) or
triethyl phosphate (6a) under various reaction conditions.

Our results demonstrate that—in contrast to previous reports—
the reaction of nitroarenes with trialkyl phosphites is a practical
and reliable method for the selective preparation of dialkyl N-aryl-
phosphoramidates if performed under suitable reaction conditions.
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Scheme 4. Reaction of nitroarenes 1 with (EtO)3P 2a in toluene under microwave
conditions.

Table 5
Synthesis of diethyl N-arylphosphoramidates 3a–o in a single step reaction of 1a–o
with 2a under microwave conditions

Entry 1 R1 R2 R3 R4 R5 Time
(min)

3 Yield 3a (%)

1 a H H H H H 15 a 78
2 b Me H H H H 15 b 68
3 c H Me H H H 15 c 73
4 d H H Me H H 15 d 66
5 e Me H H Me H 15 e 75
6 f H Me H Me H 15 f 79
7 g Me H Me H H 15 g 77
8 h H H OMe H H 15 h 71
9 i H H Cl H H 10 i 52

10 j Br H H H H 10 j 68
11 k I H H H H 10 k 56
12 l H H CO2Me H H 10 l 62
13 m H H CN H H 10 m 63
14 n Br H H OMe H 10 n 73
15 o Cl Me Cl H H 10 o 57

a Isolated yields.
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