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Direct conversion of phosphorus(V) chlorides to the corresponding phosphorus(V) fluorides was achieved
using a solid reagent, tetrabutylammonium tetra (tert-butyl alcohol) coordinated fluoride. The phospho-
rus(V) fluorides were directly synthesized and efficiently isolated in very good yields.
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Organophosphorus–fluorine compounds (OPFCs) bearing P–F
bond have evinced considerable interest among researchers due
to their chemical reactivity, which allows them to be used either
as mechanistic probes or as potent inhibitors of enzymatic reac-
tions. Organophosphorus insecticides and nerve agents act primar-
ily by inhibiting acetyl cholinesterase enzyme (AChE).1–5 The
biological activity of these compounds is highly structure depen-
dent.6 Most of them are moisture sensitive and toxic in nature.
Therefore, in order to investigate the effective medical and protec-
tive counter measures against fluoridates, it is desirable to have an
efficient and rapid method for the synthesis of a variety of structur-
ally related P–F compounds.

Several methods have been developed for the synthesis of
OPFCs7–14 from the chloro analogs by halogen metathesis with a
fluoride source. However, these methods have several drawbacks
viz., variable yields (12–77%), use of expensive and excessive quan-
tity of reagents, applicability to a limited number of substrates,
requirement of different and extreme reaction temperatures
(�50 �C to 200 �C), and inert atmosphere. The reactions with metal
fluorides are heterogeneous in nature. Hence, even with the use of
excess quantity of reagents, high temperature and long reaction
time are required and the conversion is low. All of these reactions
are moisture sensitive and result in the formation of mixture of
ll rights reserved.
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compounds, posing difficulty in isolation of the pure products.
Prompted by these limitations of the aforesaid methods and our
interest in exploring new synthetic routes to the synthesis of
OPFCs we present herein an efficient protocol for their synthesis.

Reagents containing un-solvated fluoride ion are efficient for
the halogen metathesis reactions. The solid reagents and solid-sup-
ported reagents have been extensively used in organic synthe-
sis.15–21 They often react in a fashion similar to their unbound
equivalents, but with reduced solvent requirements. Further the
solid-supported reagents suffer from low and non-uniform loading
of the reactive functionality. Hence, new reagents for these reac-
tions are required which possess the following properties: (i) they
should react under homogeneous conditions, in organic medium or
under solvent-free conditions (ii) the reaction should be fast with
minimal byproducts, and (iii) the reagent should be stable and easy
to handle. Recently Kim et al. reported the use of tetrabutylammo-
nium tetra (tert-butyl alcohol) coordinated fluoride (TBAF(tert-
BuOH)4),22 synthesized from commercially available TBAF hydrate
and tert-BuOH/hexane for the fluorination of mesylate and various
sulfonylated ethers. The salient features of this reagent are that it is
a fluoride source, a free flowing solid with low moisture sensitivity
and solubility in organic medium. This prompted us to try the re-
agent for the synthesis of the OPFCs of our interest (Table 1).

This reagent has not been explored for the synthesis of these
OPFCs. A model reaction for the synthesis of N,N-dipropyl-P-isopro-
pyl phosphonamidic fluoride was tried using 55.7 mg (0.1 mmol) of



Table 1
Fluorination of substrates with different fluoride sources

Entry R R0 Fluoride ion source 31P{1H} NMR d (ppm) JP–F (Hz)

TBAF(tert-BuOH)4 TBAF�xH2O KF

Time (min) Yielda,b (%) Time (min) Yieldb (%) Time (min) Yieldb (%)

1 iC3H7 NEt2 5c 88 5 78 45 35 44.82 992.14
2 iC3H7 NPr2 5c 92 5 74 45 37 44.87 982.25
3 C3H7 NPr2 5c 87 5 70 45 42 43.72 972.16
4 C2H5 NEt2 5c 88 5 77 45 39 41.79 996.24
5 C2H5 NPr2 5c 91 5 71 45 42 41.82 987.17
6 NEt2 NEt2 5c 92 5 76 45 34 18.30 943.19
7 NPr2 NPr2 5c 94 5 77 45 45 20.70 946.23
8 CH3 OnC3H7 5c 90 5 64 120 70 30.40 1071.50
9 CH3 OiC3H7 5c 90 5 65 120 70 28.15 1046.30

10 C2H5 OC2H5 5c 93 5 64 130 67 31.80 1067.50
11 C3H7 OC3H7 5c 87 5 65 130 64 30.67 1069.00
12 iC3H7 OiC3H7 5c 85 5 69 100 68 32.43 1085.70
13 OCH3 OCH3 10d 91 10 74 180 65 �8.23 975.24
14 OC2H5 OC2H5 10d 87 10 72 210 58 �8.25 970.14
15 OiC3H7 OiC3H7 10d 85 10 69 240 62 �10.2 969.16

The NMR and GC–MS data compared well with authentic samples.
a 100% conversion was observed for the reaction with TBAF(tert-BuOH)4 by 31P{1H} NMR prior to isolation.
b The yields depicted for the reactions with the reagent TBAF(tert-BuOH)4 represent isolated yields and NMR yields for the TBAF�xH2O and KF.
c These reactions were found to be almost instantaneous with TBAF(tert-BuOH)4.
d These reactions occurred at 70 �C within 10 min.
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Scheme 1. Synthesis of N,N-dialkyl-P-alkyl phosphonamidic fluorides, O-alkyl alkyl
phosphonofluoridates and O,O0-dialkyl fluorophosphates from their corresponding
chloro compounds.
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TBAF(tert-BuOH)4 and N,N-dipropyl-P-isopropyl phosphonamidic
chloride 11.25 mg (0.05 mmol) at room temperature in MeCN, the
reaction was monitored by 31P NMR and GC–MS.23 (Scheme 1).

Complete conversion of the N,N-dipropyl-P-isopropyl phospho-
namidic chloride to the corresponding fluoride was observed with-
in 5 min. Encouraged by this initial finding, we focused on the
reaction with various N,N-dialkyl-P-alkyl phosphonamidic chlo-
rides, bis(N,N-dialkyl)phosphoramidic chlorides, O-alkyl alkyl-
phosphonochloridates, and O,O0-dialkyl chlorophosphates. The
reactions of the N,N-dialkyl-P-alkyl phosphonamidic chlorides
and O-alkyl alkylphosphonochloridates with the reagent afforded
the corresponding fluorides within 5 min in excellent yields (Table
1, entries 1–12). The chlorophosphates were found to react com-
pletely in 10 min at 70 �C (Table 1, entries 13–15). It is noteworthy
that the use of TBAF(tert-BuOH)4 in slight excess is always advis-
able to ensure complete conversion. To establish the efficiency of
this reagent over commonly used KF and TBAF, comparison for
the fluorination of same substrates was also carried out. It was also
observed that when these substrates were subjected to fluorine ex-
change, using TBAF�xH2O and KF, the yields remain low with both
these reagents. Whereas, with KF, the reaction resulted in lower
yields (65–75%) even after refluxing the reaction mixture for an ex-
tended period of up to 240 min in some cases. This can be attrib-
uted to the biphasic nature of the reactants. The reaction with
TBAF�xH2O resulted in lower yields with formation of undesired
pyrophosphonamidates and pyrophosphoramidates. The proposed
reagent being remarkably less hygroscopic than TBAF�xH2O, does
not lead to the formation of any hydrolytic products. On the other
hand TBAF�xH2O is a deliquescent solid, which leads to lower avail-
ability of free fluoride ions and the formation hydrolytic degrada-
tion products can be attributed to the moisture present therein.
As revealed in Table 1, all the phosphorus(V) chlorides reacted
smoothly in short reaction times to produce the corresponding
phosphorus(V) fluorides in very good yields. In addition, scale up
of the procedure (0.1–10 mmol) did not show any significant
change in the isolated yield for the phosphorus(V) fluorides. De-
spite all the reactants showing complete conversion with the pro-
posed reagent, as observed by 31P{1H} NMR spectroscopy, the
isolated yield was found to be lower. This can be attributed to
the loss of the product during the work-up procedures. Neverthe-
less the isolated yields obtained from the proposed reagents were
higher than those obtained from the other two reagents. The
important advantage of this reaction is the completion of reaction
within 5 min at room temperature for N,N-dialkyl-P-alkyl phos-
phonamidic chlorides and O-alkyl alkylphosphonochloridates and
10 min for chlorophosphates at 70 �C.

In conclusion, we have developed a rapid, efficient and conve-
nient synthesis of a variety of phosphorus(V) fluorides from the
corresponding chlorides utilizing a new and efficient source of
fluoride ion under mild conditions. Moreover, the procedure offers
several advantages including excellent yield, clean reaction, opera-
tionally simple and high conversion, which makes it a useful and
attractive process for the synthesis of phosphorus(V) fluorides.
More importantly, this reaction can be carried out as and when re-
quired, yielding pure products. This minimizes the risk of exposure
of these potent AChE inhibitors to the personnel.
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