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Organophosphorus compounds are an important structural
feature in pharmaceutical chemistry, biological and materials
chemistry."” Among organophosphorus compounds, phos-
phoramidates are prevalent organic structural motifs widely
applied in industry as pharmaceutical prodrugs, medicinal
areas that have potent antifungal, antitumor, and anti-HIV
activities, and in analytical chemistry to restrain matrix-
related ion effects in MALDI-TOF mass spectrometry and
improve ionization efficiency. Additionally, phosphoramidates
are also important precursors for the synthesis of flame retar-
dants.>® Moreover, in recent years, phosphoramidates have
become important chiral ligands for several metal-catalyzed
reactions.” For these reasons, the synthesis of phosphor-
amidates is of great importance. Generally, synthetic proce-
dures for the preparation of phosphoramidates rely on the
reaction of phosphorus halides and amines, P(m) as the reagent
and corrosive materials but low functional group tolerance and
complex operations have limited this application.’ To over-
come these problems, alternative methods for phosphor-
amidates synthesis have been developed.'**® The Atherton-
Todd reaction represents an alternative route for the synthesis
of phosphoramidates, but this approach also is far from ideal
due to the use of stoichiometric CCl,, which presents a limita-
tion to an environmentally friendly method." Recently, a cata-
lyzed oxidative dehydrocoupling of P(O)H bonds with amines
reaction has emerged as a green synthetic tool. However, tran-
sition metals, halogen or additional additives are required."
Other methods include a Lewis acid-catalyzed phosphorimidate
rearrangement to N,N-disubstituted phosphoramidates,
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system. The process uses easily available amines as a N source and offers a new opportunity for P-N bond

nucleophilic addition of TMSCCI; to N-phosphinoyl benzaldi-
mines,* the addition of diarylphosphine oxides to azobenzenes
to construct a N-N-P unit,"* and a lanthanum-catalyzed direct
double hydrophosphinylation of unactivated nitriles to phos-
phoramidates.”® Although these protocols have widespread
utility, they usually suffer from some intrinsic disadvantages, as
they rely on transition metals or are sensitive to water or oxygen.

Recently, transition metal catalyzed C-H phosphor-
amidation of different substrates with a phosphoryl azide to
provide various N-aryl phosphoramidates has been developed.*®
However, transition metal catalysts are toxic, especially for use
in the drug and pharmaceutical industries. Therefore, a metal-
free condition, convenient and green method to synthesize
phosphoramidates is still desired. Herein, we report an envi-
ronmentally friendly approach for the preparation of phos-
phoramidates via amination of phosphoryl azide (eqn (1)). Our
system covers a wide range of amine substrates under mild
conditions for preparing highly functionalized phosphor-
amidates with ease.
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To explore the practicability of this novel amination phos-
phoryl azide protocol, we choose diphenyl phosphoryl azide (1a)
and n-propylamine (2a) as model substrates to optimize the
reaction conditions, and the obtained results are compiled in
Table 1. First, Cs,CO; was used as a base to attempt the ami-
nation phosphinyl azides reaction when dioxane was used as
solvent at 120 °C, and 3a was obtained in 31% yield (Table 1,
entry 1). Next, various solvents including THF, toluene, CH;CN,
CH;COOC,Hs;, C,H;0H, DMF, and DMSO were screened (Table
1, entries 2-8), and DMF was found to the best choice to give
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Table 1 Optimization of the reaction conditions®

(0]
I [l
O—F"—Na + HaN_ o~ . O—P—NH
OO 0
1a 2a 3a
Entry Solvent Additive Yield of 3a”
1 Dioxane Cs,CO;3 31
2 THF Cs,CO; 25
3 Toluene Cs,CO;3 44
4 CH;CN Cs,CO;3 51
5 CH,;COOC,H; Cs,CO; 36
6 C,H;OH Cs,CO;3 —
7 DMSO Cs,CO3 —
8 DMF Cs,CO 69
9 DMF CuCl, 30
10 DMF DBU 46
11 DMF — 84
12°¢ DMF — 32
134 DMF — —

“ Reaction conditions: diphenyl phosphoryl azide 1a (0.2 mmol), n-
propylamine 2a (0.4 mmol), base (2.0 equiv.), dioxane (2 mL), in
a 25 mL Schlenk tube, 120 °C, 12 h. ? Isolated yields. ¢ 80 °C. ¢ 60 °C.

product 3a in 69% yield (Table 1, entry 8). Then, CuCl or DBU
was used instead of Cs,CO; but lower yields of 3a were isolated
(Table 1, entries 9 and 10). The best results were observed when
an additional additive such as Cs,CO, CuCl, or DBU was not
added to reaction system, then 3a was obtained in 84% yield
(Table 1, entry 11). Thus, it was deduced that external base was
not necessary and the starting material amine perhaps acted as
an efficient enough base. This amination phosphinyl azide
protocol was also dependent on the temperature; for example,
when this reaction was performed at 80 °C, 3a was obtained only
in 32% yield (Table 1, entry 12) and at 60 °C 3a was not obtained
at all (Table 1, entry 13). So, the optimal reaction condition was
at 120 °C for 12 h without any additive.

With the optimized reaction conditions in hand, we then
evaluated the scope of amination using phosphoryl azides with
various amines. As shown in Table 2, substrates with a variety of
primary amines and second amines afforded the products in
good to excellent yields under the optimum reaction conditions.
First, a range of primary amines, such as n-propylamine, n-
butylamine, isobutylamine and isopropyl amine, were reacted
with diphenyl phosphoryl azide to furnish 3a-3d in excellent
yields under the optimized reaction condition. In contrast, tert-
butylamine required a longer time of 24 h to afford only a 55%
isolated yield of 3e. The reason is that tert-butanol exhibits weak
nucleophilicity. Primary amines containing electron-donating
substituents, e.g., methoxy (-OCH;) and electron-withdrawing
(-CF3), were tolerated and react with diphenyl phosphoryl
azide to give good yields of phosphoramidates 3f-3g in 85% and
52%, respectively.
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Table 2 Amination phosphoryl azides used for the synthesis of
phosphoramidates®
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¢ Reaction conditions: diphenyl phosphoryl azide 1a (0.2 mmol), amine
2a—20 (0.4 mmol), DMF (2 mL), in a 25 mL Schlenk tube, 120 °C, 12 h.
b 24 n.

When secondary cyclic amines such as tetrahydropyrrole,
piperidine and morpholine were employed, the corresponding
phosphoramidates yields turned out to be 85%, 78% and 90%,
respectively (3h-3j). A benzylamine bearing an electron-
donating substituent (Cl) or electron-withdrawing substituent
(OCH3;) proceeded smoothly to afford the corresponding prod-
ucts in 92% and 85% isolated yields, respectively, and there was
no sharp difference. 3-(Aminomethyl)pyridine and 2-thio-
phenemethylamine also served as good substrates to produce
the corresponding phosphoramidates 3n-3o in excellent yields.
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Next, the reaction scope was extended to different phos-
phoryl azides; for example, diisopropyl phosphoryl azide also
reacted with n-propylamine and benzylamine smoothly,
affording the desired products 3p and 3q in 83% and 75%
yields, respectively.

To get more information on the reaction mechanism, the
next control experiment was performed with diphenyl phos-
phoryl azide 1a, diisopropyl hydrogen phosphate 1b and n-
propylamine 2a subjected to the reaction under standard
conditions. As shown below, 3a was obtained in 55% yield,
while 3p was not detected at all (eqn (2)), indicating that
phosphoryl azide was not transformed to hydrogen phosphate
and then attacked by amine to phosphoramidate, so hydrogen
phosphate is not an intermediate. To investigate the sources of
nitrogen-atoms and the alkyl group, diphenyl phosphoryl azide
1a, triethylamine 2r and n-propylamine 2a were reacted under
the standard conditions. 3a was obtained in 71% yield, whereas
3rwas not detected at all, showing that the reaction proceeds via
a direct nucleophilic substitution at the P center, with the azide
anion serving as the leaving group (eqn (3)).

|
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1a, 0.2 mmol NN T 000 3a, 55%
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Based on the present results and the reported literature,"”
a possible mechanism for the amination of phosphoryl azides
in the synthesis of phosphoramidates is suggested in Scheme 1.
First, phosphoryl azide 1 is attacked by amine 2 to form inter-
mediate m via a nucleophilic addition, with the azide anion

H
I H R O?)P’/'\TS R-0 (IF)I’ N'R1
R-0-P—N3 + _;-N_ TUNRT —— = PTTR
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Scheme 1 Plausible reaction pathway for the synthesis of phosphor-
amidate 3.
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serving as the leaving group by P-N; bond cleavage affording
the desired phosphoramidate 3.

Conclusions

In summary, we have developed a simple and highly efficient
method for the synthesis of phosphoramidates via amination
with phosphoryl azides under metal and base free conditions.
The presented method exhibits a series of attractive features:
good functional-group tolerance, metal and base free condi-
tions and phosphoramidates synthesis via one reaction system.
This is a straightforward, efficient and environmentally friendly
alternative method for the preparation of industrially useful
phosphoramidate derivatives.
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