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In organophosphorous chemistry, phosphoryl amides and

esters are important due to their broad ranges of biological

properties and presence in bioactive molecules, such as

natural products, amino acid analogues, pharmacological

agents, and synthetic precursors.1 These phosphate motifs

are often used as prodrugs to enhance the water solubility2a

or therapeutic potential of parent drugs.2b-d Phosphoramides

play significant roles in modern organic chemistry, as they

can be used in enantioselective catalytic processes that are

activated by Lewis bases,3 including aldol additions4 and

allylation reactions.5 An important use of dialkyl, dibenzyl,

and diphenyl phosphoramidates is protecting amino groups.6

Phosphoric acid esters are among the most valuable

substances in material and medicinal chemistry. Owing to

their widespread use, general and convenient access to these

compounds is desirable. 

Numerous chemical approaches can synthesize phosphor-

amides, for example alcoholysis of phosphoramidic acid

dichloride,7 reacting N,N'-dialkyl phosphoramidic dichloride

with sodium methoxide,8 amidating phosphorochloridate9

and O,O'-dialkyl phosphorocyanidate,10 Lewis acid-cata-

lyzed phosphorimidate rearrangement,11 and reducing N-

phosphoryl imines.12 These methods, however, have intrinsic

problems, including harsh reaction conditions, low yields,

and hazardous materials. Typical methods for generating

alkyl phosphates rely on reacting an alkyl halide with

corresponding dialkyl/trialkyl phosphites,13 directly esterify-

ing phosphoric acid,14 or treating phosphorochloridate with

alcohol.15 Although some of these methods are easy to carry

out in a laboratory, most require long reaction times, strong

bases, high temperatures, or tedious work-ups. Thus, there is

a great demand to develop a practical method to synthesize

phosphoryl amides and esters. 

Combined used of trichloroacetonitrile and triphenyl-

phosphine is a versatile chlorinating system that is used to

prepare amides and esters in situ from aromatic carboxylic

acids and sulfonic acids.16 We hypothesized that this chlori-

nating agent could amidate and esterify phosphoric acids. To

continue our previous work developing novel methodo-

logies, we report a mild, efficient, one-pot procedure to

synthesize of N-alkyl phosphoramides and alkyl phosphates

using Ph3P and Cl3CCN (Scheme 1). 

Initially, we amidated diphenyl phosphoric acid, using

benzyl amine as a model to establish optimal reaction

conditions. To do so we chlorinated diphenyl phosphoric

acid (1 equiv) using Ph3P (2 equiv) and Cl3CCN (3 equiv),

and subsequently reacted with benzyl amine (1.15 equiv)

and triethyl amine (TEA) (3 equiv) in dichloromethane at

room temperature. This reaction generated an 81% yield of

diphenyl benzylphosphoramidate (Table 1, entry 1). Increas-

ing the reaction time increased the yield to 88% (Table 1,

entry 2). The highest yield (93%) was obtained when we

used 2 equivalents each of Ph3P and Cl3CCN for 1.5 h (Table

1, entry 4). 

After establishing the optimal reaction conditions to

amidate diphenyl phosphoric acid, we investigated the

generality and scope of this reaction using various aliphatic

amines, as summarized in Table 2. All aliphatic amines gave

excellent phosphoramidate yields. Aniline, however, had

low yield, likely because of its low nucleophilicity. Alicyclic

and cyclic secondary amines had somewhat higher yields

than primary amines. The relative reactivity of all aliphatic

amines was consistent with a mechanism involving the –NH

moiety attacking the phosphorous atom of the phosphate

group.

This reaction can also amidate other phosphorylated

compounds (Scheme 2). Diphenyl phosphine oxide and

Scheme 1

Table 1. Amidation of diphenyl phosphoric acid with benzyl amine
under various reaction conditionsa

 Entry
 Cl3CCN 

 (equiv)

 Ph3P 

 (equiv)

 Time 

 (h)

 Yield 

 (%)b

 1  3  2  1.5  81

 2  3  2  2.0  88

 3  2  2  2.0  89

 4  2  2  1.5  93

aReaction conditions: Diphenyl phosphoric acid (1 mmol), CH2Cl2 (6
mL), benzylamine (1.15 mmol) and TEA (3 mmol) at room temperature
for 1.5 h. bIsolated yield.
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diphenyl phosphinic acid reacted with diethyl amine under

these conditions, generating amides in 83% and 78% yields,

respectively.

Next, we applied this methodology to the general syn-

thesis of alkyl phosphates from diphenyl phosphoric acid.

Firstly, we established the optimal reaction conditions by

examining different mole ratios of reagents, bases, and

reaction times (Table 3). Treating Ph3P (2 equiv), Cl3CCN (3

equiv) and n-butanol (1.5 equiv) with diphenyl phosphoric

acid in the presence of pyridine generated the highest yield

(92%) of ester (Table 3, entry 6). Other bases, such as TEA

(Table 3, entry 4) and imidazole (Table 3, entry 7), were

equally effective for affording esters.

Based on our preliminary results, a number of other

alcohols were tested under optimal reaction conditions to

evaluate the scope and limitations of this reaction (Table 4).

Primary and secondary alcohols reacted smoothly and

produced high product yields, whereas tertiary alcohols were

too bulky and did not react efficiently (Table 4, entry 10).

All of the esters were characterized and confirmed with 1H

and 13C NMR, IR, and mass spectrometry.

In conclusion, we developed a simple, convenient, one-pot

synthetic method to synthesize phosphoramides and phos-

phates. This protocol has many attractive features, such as

mild reaction conditions, short reaction times, and operational

simplicity.

Table 2. Syntheses of various N-alkyl phosphoramides from
diphenyl phosphoric acida

 Entry  Amine  N-Alkyl phosphoramide  Yield  (%)b

1  90

2  88

3  78

4  89

5  87

6  93

7  94

8  95

9  53

aAll compounds were characterized by NMR, IR, and MS. bIsolated
yield.

Table 3. Esterifying diphenyl phosphoric acid with n-butanol under
various reaction conditionsa

Entry
Cl3CCN 

(equiv)

Ph3P 

(equiv)

Time 

(h)
 Base

Yield 

(%)b

1 2 2 2.0  TEA 50

2 3 2 3.0  TEA 70

3 3 2 4.0  TEA 78

4 3 2 5.5  TEA 86

5 2 2 5.5  pyridine 83

6 3 2 5.5  pyridine 92

7 3 2 5.5  imidazole 83

8 3 2 5.5  4-picoline 51

aReaction conditions: Diphenyl phosphoric acid (1 mmol), CH2Cl2 (6
mL), n-butanol (1.3 mmol), and base (3 mmol) at room temperature.
bIsolated yield.

Table 4. Syntheses of various alkyl diphenyl phosphates from
diphenyl phosphoric acida

Entry Amine Alkyl phosphate Yield (%)b

1 93

2 90

3 81

4 92

5 91

6 89

7 88

8 86

9 85

10 trace

11 78

aAll compounds were characterized by NMR, IR, and MS. bIsolated
yields.Scheme 2
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Experimental Section

Typical Experimental Procedure for Phosphoramides.

A solution of triphenylphosphine (530 mg, 2 mmol) in

CH2Cl2 (3 mL) was added to a mixture of diphenyl phos-

phoric acid (250 mg, 1 mmol) and trichloroacetonitrile (200

mL, 2 mmol) in CH2Cl2 (3 mL) at room temperature. The

mixture was stirred for 30 min. A mixture of amine (1.15

mmol) and triethylamine (0.42 mL, 3 mmol) was added to

the above mixture. The reaction mixture was stirred for

another 1 h at room temperature and monitored with TLC.

When the reaction was complete, the organic layer was

extracted with 1 M HCl and saturated NaHCO3, dried over

anhydrous MgSO4, and evaporated in vacuo. The residue

was purified by silica gel column chromatography, eluting

the phosphoramide with hexane/EtOAc.
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