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Abstract

Initially, the Atherton—Todd (AT) reaction was applied for the synthesis of phosphoramidates by reacting dialkyl phosphite with a
primary amine in the presence of carbon tetrachloride. These reaction conditions were subsequently modified with the aim to opti-
mize them and the reaction was extended to different nucleophiles. The mechanism of this reaction led to controversial reports over
the past years and is adequately discussed. We also present the scope of the AT reaction. Finally, we investigate the AT reaction by
means of exemplary applications, which mainly concern three topics. First, we discuss the activation of a phenol group as a phos-
phate which allows for subsequent transformations such as cross coupling and reduction. Next, we examine the AT reaction applied
to produce fire retardant compounds. In the last section, we investigate the use of the AT reaction for the production of compounds
employed for biological applications. The selected examples to illustrate the applications of the Atherton—-Todd reaction mainly
cover the past 15 years.

Review

1. Introduction

The reaction of dialkylphosphite with primary or secondargarbon tetrachloride by its treatment with an aqueous ammonia
amines in the presence of a base in carbon tetrachlorgidution. They observed the formation of a precipitate that was
produces phosphoramidates. This reaction, initially studied lentified as O,0-dibenzyl phosphoramidate. However, no reac-
F. R. Atherton, H. T. Openshawand, and A. R. Todd [1] in 194®n occurred when dibenzyl phosphite was mixed alone with

(Scheme 1) and now identified as the Atherton—Todd (ATgmrbon tetrachloride, whereas an exothermal reaction occurred
reaction, was actually discovered by chance. Indeed, thélsgaseous ammonia was passed through this solution or if this
authors attempted to purify a solution of dibenzyl phosphite #olution was shaken with an aqueous ammonia solution, with
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chloroform and ammonium chloride as byproducts. Thehlorophosphate 2 as a possible intermediate species. The pref-
replacement of ammonia with primary and secondary amine®nce for mechanism 1 was justified by the existence of some
yielded N-substituted phosphoramidates (Scheme 1). It is nas@militude with the reactivity of carbon tetrachloride reported in
worthy, that less nucleophilic amines like aniline can also tigerature (e.g., the synthesis of arylcarboxylate according to a
engaged in the AT reaction, but the expected phosphoramid&esmer—Tiemann reaction [3,4]) and because the second step
are only produced in modest yields if a tertiary amine is add@ce., the nucleophilic substitution on the electrophilic phos-
to the reaction media. These findings were published in thhorus) shares some characteristics with the reactivity of
initial works of Atherton and Todd and completed in 1947 [2ftichloroacetophenone (haloform reaction [5]). Moreover, the
absence of the reactivity of alcohol when mixed with dialkyl
phosphite and carbon tetrachloride in the presence of trialkyl-

amine convinced the authors to prefer this first mechanism 1 (i).
Q o el Q o Nevertheless the same authors [2] revised their preference two
O\g + RRNH ——2 O\g\ R years later and mentioned that the reaction may probably occur
<jv / ™H @\/O/ T/ following mechanism 2 (Scheme 2-ii). This assumption was
© R based on the observation that the replacement of carbon tetra-
chloride by bromotrichloromethane enhanced the reaction rate.
Scheme 1: Pioneer works of Atherton, Openshaw and Todd reporting They explained this increase of reactivity by the easier nucleo-
on the synthesis of phosphoramidate starting from dibenzylphosphite philic attack of the dialkylphosphite salt on the bromine atom of

dapted from [1]). . . .
(adapted from [1) CBrCl3 when compared to the reaction with CCly. It is also

noteworthy, that the use of bromotrichloromethane allowed the
To the best of our knowledge, we herein report the first compihosphorylation of ethanol. The formation of tetrabenzyl
lation of the works which studied or used this reaction. First tigrophosphate, observed by Atherton and Todd during the reac-
question of the mechanism of the Atherton-Todd reacticimn that engaged benzyl phosphite, potassium hydroxide and
which has been widely discussed in literature, is addressearbon tetrachloride (or bromotrichloromethane), is also more
Then, the scope of this reaction is presented. Finally seleceasily explained by mechanism 2. Moreover, the impossibility
applications of this reaction are discussed. This selection maitdyisolate the intermediate species in this reaction incited
covers the applications of the past 15 years. A special focud\tberton and Todd to prefer mechanism 2 (ii) because diethyl
put on the synthesis of flame-retardant materials and the desipiorophosphate 2 is a more reactive intermediate.
of phosphorus-based amphiphilic compounds.

After these pioneering works, the first investigation of the
2. Mechanism of the Atherton—Todd reaction  mechanism of the Atherton-Todd'’s reaction was reported by
In their initial publication, Atherton and Todd have suggestesteinberg in 1950 [6]. In this work, the synthesis of dialkyl
two possible mechanisms to explain the formation of phosphahlorophosphate 2 is reported by reacting dialkyl phosphite with
amidate [1]. The first one (Scheme 2-i) was based on a two-stapbon tetrachloride in the presence of 10 to 15 mol percent of
sequence with the formation of dialkyl trichloromethylphosphdrialkylamine acting as a catalyst. These authors proposed a
nate 1 as the intermediate species. The second mechanmore detailed mechanism for the formation of dialkyl
which was not preferred at that time by these authochlorophosphate 2 with the suggestion of two distinct pathways
(Scheme 2-ii), was based on the formation of dialkyScheme 3). One possibility included the nucleophilic attack of

@ R
o base baseg o HN,
. R-O_n R' O
(i) R-O.1 M > R-O_1i R
R+ CCl _o"~ca P-N|  + HcCl
R-O \H R 01 3 R_o’ \R' 3
R
@ .
base base-H o HN\R °
o R-O.n ) ' R
(i) R-O.II N B . cCl R-OI o
R—O/P\H  Ccl R—o’2 Cl ’ R-0" N\R, + HCCl + Cl

Scheme 2: Mechanisms 1 (i) and 2 (ii) suggested by Atherton and Todd in 1945; adapted from [1].
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the deprotonated dialkyl phosphite on one chlorine atom of
carbon tetrachloride (Scheme 3-i), whereas the second syn- E
thetic pathway (Scheme 3-ii) involved the nucleophilic attack of ccl, CHClg

the base on carbon tetrachloride as a preliminary step. Th&) R-O\|C|) R_Oﬂ N ® \ 2. R-O\|c|)
kinetic data reported by Steinberg did not allow for discrimin- R-O’P\H+ - R_O?P [BH] _P—Cl
ation between these two possibilities. Beside the kinetic study, 2
Steinberg accumulated further interesting information relative
to the mechanism of the Atherton—Todd reaction. First, Stein- B
berg indicated that no reaction occurred when dialkyl(i) B + ccCl, —~ [BCI]@ o
trichloromethylphosphonate, prepared unambiguously by Occly R-O\lg_CI
another method, was mixed with ammonia. This claim is in RO ﬁ (l? © R-O’2
contradiction with one previous publication by Kamai [7,8], “P. r\}r R-O-p

. . . | RO H R-O
stipulating that phosphoramidate was produced by the reaction CHCI,

of dialkyl trichloromethylphosphonate and a selected amine.
Steinberg has also shown that the structure of the amine has an occl,
influence on the rate of the reaction. Indeed, triethylamine is a GNH2+ CCly— GNH'CCM — @NH
much more efficient catalyst (1000 fold) than pyridine. Interest- cl
ingly, tributylamine or tripentylamine catalyzed this reaction
with the same rate than triethylamine. This last observation  scheme 3: Two reaction pathways (i and ii) to produce chlorophos-
Steinberg is in favor of the first mechanism (Scheme 3-i), sin phate 2. Charge-transfer complex observed when hexahydroazepine
. . was used as a base (jii); adapted from [6] and [9].
differences of the reaction rate should be expected for t
nucleophilic addition of trialkylamine on carbon tetrachloride
(Scheme 3-ii) depending on the structure of the alkyl chairdtempts were never able to identify trace amounts of diethyl
The works of Steinberg eliminated the possibility of a mechtrichloromethylphosphonate (mechanism i, Scheme 2), thereby
nism proceeding by radical processes. Indeed, the use of UMavoring mechanism 2 (Scheme 2). Additional experiments with
radiation or radical initiators in the absence of trialkylamintghe aim of discarding the involvement of a carbene species as an
was found to be unsuccessful to produce phosphoramidatetermediate were carried out. The reactions achieved in cyclo-
Recently, Krutikov et al. [9] have reported that hexahykexene (a solvent with the capacity to trap any traces of
droazepine (a secondary amine with a pK,; of 1lchrbene) produced the same conversion rate. One exception to
(Scheme 3-iii), used as a base in the AT reaction) proballys last observation was found when the experimental condi-
reacted first with carbontetrachloride to produce a chargéens combined both the use of strict aprotic conditions (use of
transfer complex (this type of interaction was confirmed byodium hydride for the deprotonation of phosphite) and
refractometric titration). However, in this reaction thelimethyl phosphite as a substrate. This result might be rational-
trichloromethylphosphonate, which would result from the reatzed by the instability of trichloromethanide in aprotic media
tion of the anion CClz' with chlorophosphate, was nevevhich in the presence of dimethyl phosphite or dimethyl
observed because CClz! probably reacted as a base in the miel®rophosphate produced a significant amount of carbene. It
ence of dialkylphosphite (Scheme 3-ii). This experiment indimust be mentioned that methyl esters of phosphate or phospho-
cates that the basicity/nucleophilicity of the amine has awate have a particular reactivity since the methyl group can be
impact on the first step of the mechanism (a charge-transéasily removed by trimethylamine as illustrated by the dealkyla-
complex was not observed with a less basic amine liken of O,0-dimethyl phosphoramidate [11,12] or by the
2-aminopyridine) while the chlorophosphate 2 was assumedtbh@rmal sensitivity of dimethyl chlorophosphate as mentioned
be one common intermediate independent from the nature of lthyeSteinberg et al. [6]. However, no trace amount of carbene
initial step. was detected when triethylamine was replaced with sodium
hydride as a base, while all other parameters were identical.
Almost 35 years after the work of Steinberg, Engel et al. [1These results indicated that the carbene pathway is unlikely to
have re-investigated the mechanism of the Atherton—Todd reaceur under the classical conditions of the Atherton—Todd reac-
tion, more specifically the first step (reaction of dialkyl phogion (dialkyl phosphite, trialkylamine, alkyl- or dialkylamine
phite with carbon tetrachloride and a base) by using CPG asaawal carbon tetrachloride or bromotrichloromethane).
analytical tool. Triethylamine or sodium hydride was used as
base. With sodium hydride the deprotonation occurs inTée use of dimethyl phosphite as a substrate in the AT reaction
preliminary step to produce sodium dialkyl phosphite. All theseas also studied by Roundhill and co-workers in a series of arti-
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cles. They investigated the role of the salt 3 (Scheme 4phite was considered in this study. It is indeed well-established
which can be produced by reacting trialkylamine with dialkythat dimethyl phosphite has a singular reactivity when
phosphite [13]. Indeed, it was previously reported that this satimpared to others dialkyl phosphites [6,11]. Moreover, only
can catalyze (2 mol percent) an AT reaction [14,15]. Howevemnsubstituted amine (ammonia) and monosubstituted amine
there is no evidence that this mechanism could have a genarate considered in this theoretical study.
scope. Roundhill et al. [16] have first studied the consequences
of the replacement of carbon tetrachloride by a member of th@re recently, dialkyl trichloromethylphosphonate was again
chlorofluorocarbon class of compounds. In this study, thgyoposed as an intermediate species in a reaction producing
observed that the introduction of a fluorine atom in place ofdsalkyl phosphate (Scheme 5-i) [18]. The authors postulated its
chlorine atom reduced the reactivity leading to the followinfprmation on the basis of 31P NMR analysis. The 3P chemical
relative reactivity: CClg > CFCI 3 > CF,Cl, >> CHCl3. In thisshift reported for the intermediate in this study (113 ppm) was
study, dimethyl phosphite was primarily used as a substrate, amd consistent with the chemical shift of dialkyl
cyclohexylamine as a nucleophilic amine. The formation of thechloromethylphosphonate reported in other studies (6.5 ppm
salt 3 was observed when cyclohexylamine was added[18,20]). A 31P chemical shift at 113 ppm would be more likely
dimethyl phosphite, thus pointing out the influence of the ordettributed to a pyrophosphate (i12.6 ppm, R = Et) [1], whereas
of addition of the reactants. diethyl chlorophosphate is observed at 3.5 ppm [21]. The for-
mation of pyrophosphate could be explained by the presence of
Roundhill et al. [17] used computational chemistry to furthédrace amounts of water concomitantly with the absence of
investigate the mechanism of the Atherton—Todd reaction (Hucleophile species. Then, the addition of acetic acid produced
6.31G* level of theory and Moller—Plesset (MP2) to corre@ mixed anhydride as suggested by the authors (Scheme 5-i). In
correlation effects). They found that the calculation supportedother recent study, chloro- and bromophosphate intermedi-
the mechanism shown in Scheme 4 that starts with the dealkgles were characterized by 3P NMR thus supporting the mech-
tion of dimethyl phosphite by an amine (Scheme 4-i). Then, thasism 2 (Scheme 2). In this study, Ddring et al. reported that the
salt acted as a base to deprotonate dimethyl phosplstéelding effect of bromine was also correlated to its higher re-
(Scheme 4-ii), which subsequently reacted with CCl, tactivity (Scheme 5-ii) [22].
produce chlorophosphate 2 as an intermediate species. In the
last step, the salt 3 is regenerated by deprotonation with trialklyeringa et al. developed a methodology for the determination of
amine (Scheme 4-v). Nevertheless, the scope of this theorettb@ enantiomeric excess of a chiral amine based on the use of
study may be regarded as limited, since only dimethyl phgshosphorinanes derivatives. Two synthetic pathways i) the AT

o @R!
: R—O\9 31 R-0O.n A
@) P + - — >P.. R'N-R
R-0" “H RN-R @O 3 H é
0 0
(ii) R-0O.1 + R—O\('F?) e — R—O\('F?) + R—O\ll:l)
©0" "H R-0" “H H-0" H R-0" ©
3
O o}
@iy R-O.U + CCly —— R-OJ + O
R_O/P@ R_O/ \CI 3
2
O
. o R R-O_n o
(iv) R_O:II:I’\ + HN '+ @CCI3 - . R—O/P\N/R + HCCl; + Cl
R-0 Cl R i
2 R’
0] 1 0 R!
(v) ROL 4 R1E o RO i @i
-_— <N - - - |
H-0" “H 00 H

Scheme 4: Mechanism of the Atherton—Todd reaction with dimethylphosphite according to Roundhill et al. (adapted from [13] and [17]).
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(0] o) (0]
() RO CONEty g o CHy-COOH_R-O.] j\ RO
R0 T H PPN TTNEG . RO O CHs . R-O7 OH

E

) 00 CBrCly, NEts, CCly, NEts,
(il ><: 174 CHCl; 0 0  cHcl R

d Br /P\ > s\

o H o ¢
31P: -12.0 ppm 31P: 1.4 ppm

Scheme 5: Synthesis of dialkyl phosphate from dialkyl phosphite (i) and identification of chloro- and bromophosphate as reaction intermediate (ii)
(adapted from [18] (i) and [22] (ii)).

reaction and ii) the direct use of chlorophosphate were evafipecies present, which are water, ethanol and amine. Different
ated for the derivatization of chiral amine (or alcohol) asxperimental parameters listed below are in favor of the exis-
reported in Scheme 6. For the AT reaction (i) [23] they used ttence of competitive reactions that could have crucial conse-
conditions of Ji et al. [24], who have previously reported thguences on the issue of the reaction and on the nature of the
the AT reaction can proceed in aqueous organic solvents (watetérmediate species: i) the addition of the phosphorinane and
ethanol or water/DMF). Accordingly, a mixture of phosphoritrialkylamine was achieved at 0 °C (this should favor the forma-
nane and CCl, was added dropwise on a cooled (0 °C) solutitan of the kinetic product). ii) Phosphorinane and trialkyl-
of amino derivative and triethylamine in a water/ethanol mixamine were added dropwise on the primary amine (this is the
ture. For this reaction, the volume of the solvent mixture musest condition to have an excess of the nucleophilic amine
be limited as mentioned in a review published by Feringa etarsus the chlorophosphorinate intermediate and consequently
[25]. The use of aqueous organic condition for the AT reactioa favor its addition on the chlorophosphate), iii) the low quan-
led the authors to postulate trichloromethylphosphonate astaies of solvent used (this is also in favor of the addition of the
intermediate species because it is less sensitive to water whanleophilic amine, which is in competition with water and
compared to chlorophosphate (Scheme 6) [26,27]. ethanol).

It must be noted that the intermediates were not characteridMdreover, these experimental details are also consistent with
by NMR spectroscopy. Furthermore, we can hypothesize tlilag reaction rate of chlorophosphate with nucleophiles reported
when aqueous organic conditions are used, competitive rebg-Corriu et al. [28]. Indeed, they have shown that the second-
tions could take place on the chlorodioxaphosphorinane asader rate constants for the solvolysis of diethyl chlorophos-
intermediate that would involve the different nucleophiliphate with different nucleophiles including water, ethanol,

%ph

O\P/O
& S+ ccl %@/ph %Ph
() NHyR + EtN (1.15 equiv) (5.2 equiv) I
O\ /O - ~ -
(1 mmol) water (0.2 mL) X //P\
EtOH (0.2 mL) o~ CCly g~ NH-R
0°C
Ph Ph
?4( + NH-R+ Et3N THF
ii 27 3N >
W 0.,.-0 reflux O/\P/O
g7 ¢ 07 "NHR

Scheme 6: Synthesis of chiral phosphoramidate with trichloromethylphosphonate as the suggested intermediate (i) and directly from a chlorophos-
phate used as a substrate (ii) (adapted from [25-27]).
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phenol and diethylamine were 0.35-10'4, 0.12-10 ', 0.38-1Qdfopyl methylphosphonite 7-1 (Scheme 7-i) as a substrate. This
and 0.28-:10 ' L mol'1s 1, respectively. These data do not takebstrate was purified by distillation with no racemization.
into account the effect of an organic base present in the redowever, rapid racemization was observed when 7-1 was
tion media of an AT reaction. It reveals, however, that the sdpeated with sodium methoxide in methanol. The use of 7-1 in
ondary amine is much more reactive than phenol, water athé AT reaction in the presence of CCly, tributylamine and
ethanol in a reaction with chlorophosphate. Consequently, theiline as a nucleophile produced 7-2 with full stereocontrol
existence of the trichloromethylphosphonate as an intermediétete: due to the substitution of a hydrogen atom by an aniline
species in the experiments of Feringa et al. must be considerealety, the numbering used to determine the chirality at the
with caution because several experimental details are in favopbbsphorus atom was changed; consequently, the (R) configur-
the existence of a competitive process that could, actually, betion is preserved in the course of this reaction). The authors
favor of the addition of the nucleophilic amine on chlorophosiso observed a racemization (Scheme 7-ii) when the same reac-
phorinane as intermediate. tion was achieved without the addition of a nucleophile (aniline
in the present case). The use of similar reaction conditions
All the studies reported above shed some light on the meck@cl,, NEts) led Mikolajczyk et al. [30] to observe the forma-
nism of the AT reaction. None of these studies, howevdign of a mixture of diastereoisomers due to a racemization at
focused on the chirality at the phosphorus atom. The fitdte phosphorus atom. However, this racemization was not
investigation of the stereochemistry of the AT reaction wadways observed which points out the different stability of
reported by Reiff and Aaron [29]. They used enantiopure O-istiastereoisomeric species (cyclic phosphite in the present case).

NH, (0]
Q 25°C Beoip
i + + + -NOIPr
M iproyPy, T CCl T BusN © @H e
Me
7-1(Rp) 7-2(Rp)
.. rt (0]
(”) Iil) + CC|4 + Eth —— ||3|
A 7 % c
/\
7-3(Rp) 7-4
diastereoisomeric mixture
(70/30)
9 THF, 25 °C 9
(iii) wP. + CuCl, ——— 2~ Ph""‘P\
e H 0.5h fh¢ ¢
7-5(Sp) 7-6
: g
i wPs .+ CCly + EtN + n-BuNH, —= n-Bu-N" \.Ph
(iv) tl?gu/ “H 4 3 n-Bu-NH; n-Bu H \t-Bu
7-5(Sp) 7-7(Rp)
(0] O O
V) gy, * NuH _CCls, BN N — PoR
RY ™ H t & cl Nu™ ™
retention of inversion of
configuration configuration

Scheme 7: Selection of results that address the question of the stereochemistry of the AT reaction (adapted from [29-32]).
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Other conditions of chlorination such as the use of N-chlorosuases, the authors concluded that the first step (i.e., the forma-
cinimide or, as reported more recently, CuCl, produced, in ttien of a phosphoryl chloride intermediate) was achieved with
latter case, 7-6 with full stereocontrol (Scheme 7-iii) as unametention of configuration (Scheme 7-v). Then, a subsequent
biguously determined by X-ray diffraction analysis [31]. Thattack of the nucleophilic substrate (amine, alcohol or thio-
addition of nucleophilic species (amine, alcohol, alkyllithiunphenol) occurred at the opposite side of the phosphorus—chlo-
etc.) on 7-6 or other chlorophosphonites was stereocontroligge bond to afford the substitution product with high stereo-
with the inversion of the configuration at the phosphorus atospecificity and an inversion of configuration.
In another publication it is reported on the AT reaction starting
from enantiopure (S)-phenyl tert-butyl phosphinous acid 7Zhao et al. have also investigated the stereochemistry of the AT
(Scheme 7 iv) [32]. In that case the final product 7-7 waeaction by using chiral valine hydrospirophosphorane as a sub-
isolated with full stereocontrol. This result indicates that bostrate and phenol derivatives as nucleophiles [34]. The mecha-
steps (i.e., the chlorination and subsequently the substitutiom&fm described in their publication suggested the formation of a
the chlorine atom with the nucleophile) were stereocontrollechlorinated spirophosphorane species as an intermediate, which
The detailed mechanism of each step, which may involve pentatains the configuration at the phosphorus center. This hypoth-
coordinated phosphorus intermediates [28], is not well estadsis is strongly supported by X-ray diffraction analysis of a
lished. From a stereochemical point of view, these results csingle crystal structure of the P—CI intermediate species
be summarized as shown in Scheme 7-v. (Scheme 8). Thereafter, the reaction with phenol proceeds with
an inversion of the configuration after a nucleophilic attack at
Other recent studies have reported stereocontrolled AT re#tee opposite side of the phosphorus—chlorine bond.
tions. Han et al. [33] described the preparation of optically
active organophosphorus acid derivatives from menthyl-baskedconclusion, all studies which have investigated the mecha-
H-phosphinates (or secondary phosphine oxides) and a nucleism of the Atherton—-Todd reaction resulted in a summary of
philic species (amines or alcohols) under AT reaction condhe likely reaction mechanism in Scheme 9. This mechanism
tions. The reaction proceeded with a full stereoinversion at theems to be general, but a different mechanism can take place
phosphorus atom and led to the isolation of optically pure P+ithen dimethyl phosphite is used due to its reaction with amine
coupling products with nearly quantitative yields (94%). Thas shown in Scheme 4. On the basis of all these results, the
chemical structure and the stereochemistry of the products weypothesis of the formation of dialky! trichloromethylphospho-
unambiguously established by X-ray diffraction analysis. It isate as an intermediate of the Atherton—Todd reaction must be
noteworthy that such coupling conditions have been extendedliiscarded.
a wide variety of substrates including nitro-, methoxy-, trifluo-
romethylphenol or thiophenol with an almost similar reactivind. Scope and synthetic conditions
However, an exception was made when considering the re@¢l, was the first solvent used in AT reactions. It plays a
tion with aliphatic thiols (e.g., n-alkylthiols) [33]. In all studieddouble role since it also acts as a halogenating agent that reacts

" O
O \NH  ccly, KO, Q NH AOH HN\S_
Hi&é
Y

H_|:|>’\NH CI—Fl’\NH O—Ar
| 0 oH
o 0 68-80%
(Dp) (Dp) (Lp)
retention of configuration inversion of configuration

OH

OH OH OH OH

ArOH : H
o oo™ Q oy
NO,

CHO

Scheme 8: Synthesis of phenoxy spirophosphorane by the AT reaction (adapted from [34]).
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(0] O 1 CCly
Il ©) Il
rRO%P~, * B —  |BH-H* ROO
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- base 0 3 RO"P~c
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rRo H stereoretention
® o
B + CCly, —> |B-Cl + CCl3
nucleophilic H-CCl3+B
base
<)
B-H
B or or 0
o e(:c:|3 H-CCl; Nllal
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. , R'—HN'\
(i RowPg * RNH; OR
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Scheme 9: Suggested mechanism of the Atherton—Todd reaction, (i) and (ii) formation of chlorophosphate with a hindered or nucleophilic base;
(iii) nucleophilic substitution at the phosphorus center with stereoinversion.

with phosphite to produce chlorophosphate as an intermedigeamployed. However, there are also a few reports on AT reac-
However, many other solvents, including dichloromethangégns in water—organic solvent mixtures when reactive nucleo-
chloroform, diethyl ether [35], THF [31], acetonitrile [34],philic species were used (primary amine) and under biphasic
DMF [36] and toluene [37] were also used. In that case a stognditions with a phase-transfer agent as shown in Scheme 10
chiometric amount of the halogenating agent (CCls, CBrCls) [88]. In this study, water and CCl, were used to produce the
usually employed. Among these solvents, those that are bgthasic system. NaOH is the base and benzyltriethylammo-
miscible with water are usually a good choice (e.g., CH,Chium bromide acted as a phase-transfer agent. This procedure
CHCI3). At several occasions, alcohol (methanol, ethanol) wass applied to the synthesis of N-arylphosphoramidate. It was
also used as a solvent even though it may compete with tieserved that the classical AT reaction (CCly, base, anhydrous
nucleophilic species. This choice was made when the reagestlvent) applied to ortho-substituted anilines was not successful.
were poorly soluble in other solvents (e.g., reagents like amnidewever, the use of formanilide (R = H) or chloroacetanilide
nium chloride salts). When this type of solvent is employed, tie = CH,Cl) as a substrate (Scheme 10) produced the expected
addition order of reagents can influence the result. Indeed, ipisosphoramidate by a mechanism which simultaneously
better to add CCl4 (or CBrCl3) and the tertiary amine at the eimdolved deacetylation. The higher reactivity of formanilide and
to be sure that the nucleophile (e.g., an amine) will be presehtoroacetanilide, when compared to aniline, was explained by
when the chloro- or bromophosphate derivatives will be formeide higher acidity of the remaining N—H bond. But the isolated
in situ. The mixture of reagents is usually achieved at 0-5 4@elds were usually modest (50-70%) and only occasionally
Then, an additional stirring period of a few minutes to a fehigh (85%). With respect to the reactivity of chlorophosphate
hours at rt (20 °C) is applied. The use of an anhydrous solvenivith water, Strawinski et al [21] reported that chlorophosphate
usually preferred in order to avoid the hydrolysis of chlorophosan be placed in THF with 0.5 equiv of water without any trace
phate to pyrophosphate or phosphate. It is also possible to afildegradation but the addition of a base immediately gives rise
molecular sieves (4 A) to the reaction medium to remove tradesthe formation of pyrophosphate (3P NMR around 112 ppm
of water, which can be useful when a poor nucleophilic specig&yl pyrophosphate and 125 ppm tetraaryl pyrophosphate) and

® e
0 0 Ph—CH,—NEt; Br .
Ar\N)J\R RO Ny - . AN - erOEt
H EtO 30% NaOH in water/CCly H OFEt
rt, 4 h
R = H, CH,-Cl 30-85%

Scheme 10: AT reaction in biphasic conditions (adapted from [38]).
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to phosphate in the presence of additional water (31P NM®&”]. As shown in Scheme 11, gaseous anhydrous ammonia was
dialkyl phosphate 0.4 ppm and diaryl phosphate 19.6 pprpassed through a solution of diethyl phosphite and iodoform in
With the use of a biphasic system it is likely that the reactidoluene to produce the expected phosphoramidate in good yield
takes place in the CCl, phase because all the reagents, ex(&3#). In an independent experiment the authors have identi-
the hydroxide anion, are soluble in CCl,. The hydroxide anidied the iodophosphate (31P at i41.0 ppm), a compound which
is actually transferred to the organic phase thanks to the phatszomposes when stored for a few hours at rt.
transfer agent.

With respect to the base used for the AT reaction, it can be
Different halogenating agents were used to produce in sitaticed that a trialkylamine is generally the best choice. This
chlorophosphate from phosphite. CCl4 was used systematicaltyine is frequently triethylamine or diisopropylethylamine
for a long period of time. However, Atherton and Todd [2] havgllinig's base, DIPEA). It must be noted that the use of this
shown that reaction rates were increased by using CBrCls. Thisdered base (DIPEA) could favor the mechanism detailed in
last halogenating agent is likely the reagent of choice wherBaheme 3 instead of a mechanism that would involve a nucleo-
stoichiometric amount or a slight excess is employed. Othghilic attack of the amine on the alkyl chain of the phosphite
halogenating agents were studied for the AT reaction. CBr4 [38cheme 4). Some authors add catalytic quantities of dimethyl-
is also able to produce reactive bromophosphate as an intminopyridine (DMAP). For instance, this procedure was used
mediate species. However, it is more expensive compareddoproduce arylphosphate by reacting phenol with dibenzyl
CBrCl3 and, to the best of our knowledge, better results with thhosphite [40]. The presence of DMAP and limited excess of
use of CBr4 have not been published yet. The AT reaction w@€l, (5 equiv) produced the expected aryl phosphate in excel-
also reported with the use of trichloroacetonitrile as a halitlnt yield even at a low temperature (110 °C). Interestingly, this
source [35]. Accordingly, the chlorophosphate was formed &tudy illustrates that the AT reaction is chemoselective since
the presence of triethylamine. lodoform (CHI3) is anothemly the phenol reacts even in the presence of primary or sec-
reagent that can be used as a halide source for the AT reactindary alcohols (Scheme 12).

9 toluene 9 E
Bo Ny foCHs v N = g E07™
EtO excess t
83% intermediate
31P: -41.0 ppm
Scheme 11: AT reaction with iodoform as halide source (adapted from [37]).
9 CCly (5 equiv), -10 °C E
Bnoy N, *  ArOH BnO7 ™ o_ar
BnO DIPEA, DMAP (10%) BnO

CH3CN 87-97%

OH —~0 e
o POXOBR: '90%370
WA a0
0 R 0
H o) o 5 \<
OH £ o
MeO OMe /@\

O. MeO OMe
P(O)(OBn),

88% 90% 87% Oo
P(O)(OBn),

Scheme 12: AT reaction with phenol at low temperature in the presence of DMAP (adapted from [40]).
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With the AT reaction, the order of addition of reagents camiline can be used. However, ortho-substituted aniline reacts
impact its efficacy. Usually, the phosphite or the halide souregth more difficulties according to Lukanov et al. [38]. Indeed
(CBrClj) is added dropwise to a mixture of the nucleophilde aniline must be activated as a sulfonamide (or acetamide) to
(amine, phenol), trialkylamine (e.g., DIPEA) and a solvemtroduce the expected phosphoramidate [42]. The authors, who
cooled at 110 °C to 5 °C. According to this procedure, thesed a phase-transfer agent, postulated that this activation
chlorophosphate formed as an intermediate immediately reacsulted from the increase of the acidity of the N-H bond
with the nucleophile already present in the reaction mediumdkspite the evident reduction of the nucleophilic character
is noteworthy that another synthetic procedure consists to firstficheme 14).
prepare the chlorophosphate and then add the nucleophilic
species (Scheme 13) [41]. Following this procedur@p further illustrate AT reactions with aniline, the work of
chlorophosphate was first prepared at a low temperatudemitrascu et al. [43] is worth mentioning. Recently, they have
(110 °C) by reacting dibenzyl phosphite with CCl, in theeported on the preparation of an aryl phosphoramidate with a
presence of DIPEA and a catalytic amount of DMAP. Then, tlséyryl moiety from the corresponding aniline (Scheme 15). The
nucleophile (in that case a phenol) is added dropwise to thigosphoramidate was isolated with an excellent yield (90%),
chlorophosphate solution at 110 °C to produce, aftand this product was subsequently used to prepare polymers.
purification, the triphosphate in 68% yield. Generally, the first
protocol is preferred to avoid any hydrolysis of chloropho®ther nitrogen-based nucleophiles were also engaged in AT
phate, which could be explained by the presence of tra@actions. Hydrazine is a substrate which produces phosphor-
amounts of water. amidate in high yield. The first example, reported by
Prokof’eva et al. [44], used arylhydrazine as a substrate. The
As indicated above, a tertiary amine is the preferred base for thaction proceeded in CCly in the presence of triethylamine and
AT reaction. However, primary or secondary amines can peoduced phosphoramidates in 60-82% yield. Unsubstituted
also used when they simultaneously act as a nucleophile artdydrazine can also be used as a nucleophile in the AT reaction
base. In that case, two equivalents of amine must be ad@#s47]. The best synthetic conditions employed phase-transfer
(Scheme 11). The use of NaOH as a base was also repodaialysis [48]. Accordingly, CCl4 was used as a solvent or
(exemplified in Scheme 10) in a protocol involving phaseso-solvent, triethylbenzylammonium chloride acts as a phase-
transfer catalysis. transfer agent, and K,CO3 was used as a base. Hydrazine
hydrate was the source of hydrazine. The expected
Initially, the nucleophile engaged in the AT reaction was a pudiethoxyphosphinylhydrazine was isolated in almost quantitat-
mary or secondary alkylamine. However, the use of othine yield (99%) after a purification step by liquid/liquid extrac-
nucleophilic species was reported. First, as illustrated abotien (Scheme 16). This procedure was also recently used by

OH
OB .
: BnO"7P~g
BnO
OH OBn
§P? ccl,, DIPEA 0 OH 0
w —_— \I"'P
BIOY H DMAP BIOY ci 0—P0Bn
10°C -10°C o, OBn
PiOBn
g” NoBn
68%

Scheme 13: Synthesis of a triphosphate by the AT reaction starting with the preparation of chlorophosphate (adapted from [41]).

® BP 0
o - PgrOEt
HY ., s Ph—NEt Ar-N" OEt
ArN—S-Ph EtE?C\S “H 30% KOH irr1twater/CCI4 O=\§-Ph
(0]

Scheme 14: AT reaction with sulfonamide (adapted from [42]).
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NH,
(0]
(lp? + CCl + NEt i I H@J
e 4 3 «P—N
MeO" \H 0°C to rt MeO/
MeO MeO
NN 90%

Scheme 15: Synthesis of a styrylphosphoramidate starting from the corresponding aniline (adapted from [43]).

0
Etou--/'P\H in CH2C|2 9
K2COj3 + NoHy (H20) + CCly + CH,Cly EtO ~  EOPN
0-5 °C, 30 min Etg  NH-NH;
then rt overnight 99%

Scheme 16: Use of hydrazine as nucleophile in AT reactions (adapted from [48]).

Matthews et al. to produce the same compound (diethoxyphf&s4]. Another interesting example, reported by Selikhov et al.,
phinylhydrazine) in a slightly lower yield (90%) [49].involved an AT reaction between a functionalized coumarine
O-Methoxyhydroxylamine is another nitrogen-based nucleand dioleyl phosphite [55]. In this reaction the authors used a
phile engaged in AT reactions. The first example reported hyixture of a solvent (CH3CN/CHCI3) and an excess of CCly.
Wadsworth et al. produced low yield [50]. The procedure w&84PEA and a catalytic amount of DMAP were also added in the
improved by the addition of a phase-transfer agent (triethylbeeaction medium. The expected phosphate was isolated with
zylammonium chloride). Accordingly, a series of phosphorg7% yield (Scheme 17-i). Better yields are usually obtained
lated O-alkylhydroxylamine was produced in medium to gooalith phosphite possessing two shorter alkyl chains as exempli-
yield (45-97%) [51]. fied by a reaction reported by Taylor et al (Scheme 17-ii) [56].

The use of alcohol as a nucleophile has been rarely reporféee phosphorylation of phenol by the AT reaction was also
indicating that its nucleophilicity is not good enough to produgeported under biphasic conditions in the presence of a phase-
the expected phosphate in good yield. This reaction waansfer agent. Interestingly, the study of llia et al. [57], reports
observed when CBrCl3 or CBry were used as a halide soutke use of both liquid/liquid and liquid/solid biphasic systems.
according to the initial works of Atherton and Todd [1,2]They observed that the second reaction conditions (i.e., the ones
Nevertheless, this reaction is limited and successful only wittithout the addition of water) produced better results with
an alcohol such as methanol or ethanol. In our group we haields between 72 and 86%. In this reaction NaOH or K,CO3
occasionally employed methanol as a solvent for selected reaas used as a base, tetrabutylammonium bromide as a phase-
tions due to the low solubility of certain substrates (e.g., amitiansfer agent and CCl, as a reagent and solvent. Finally,
acid hydrochlorides). In that case, a noticeable amount eriolate is another nucleophilic species that was engaged in the
diethyl methyl phosphate was observed originating from t#eT reaction as shown in Scheme 18. In this reaction, an
reaction of methanol on the chlorophosphate intermediasdienylketone was mixed with NaH in THF at i10 °C. After
Because the AT reaction is not efficient to produce alkylphodeprotonation (30 min), diethyl phosphite in CCl, was added
phate from alkylalcohol, an alternative is the usage adfopwise. Treatment with acetic acid and purification on silica
chlorophosphate in the presence of a Lewis acid catalyst. lget finally afforded the -alkynyl-enolphosphate in 61-75%
this purpose, Ti(t-BuO),4 was identified as an effective catalygield [58].

[52,53]. The use of phenol as a nucleophilic species resulted in

better yields. Hence, the AT reaction applied to a substrateide, nitrile and thiocyanate were three other nucleophilic
possessing both alcohol and phenol functional groups, produspscies used to produce pseudohalogenated phosphorus species
the phosphate that engaged the phenol function as showibynthe AT reaction. Among them, the commercially available
Scheme 12. AT reactions with phenol are further illustrated blyphenyl phosphorazidate (DPPA) and diethyl phosphoro-
the work of Charette et al. who used this reaction in the firsyanidate (DEPC) are widely employed as peptide coupling
step of a multistep synthesis to produce chiral arylphospholaieagents [59-62]. DPPA was also used in many organic reac-
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B O=P.
(i) = o” H

o)
L
2h;-10°C
+
HO O =

CCI4/CH3CN/CHCI3 (1/1/1)
0]

DIPEA (7 equiv)
DMAP (0.3 equiv)

67%
D okt
i)y iPro OH (EtO)2P(O)H iPro 0—P_
OFEt
CCly +Et3N
OiPr CH5CN OiPr
92%

Scheme 17: AT reaction with phenol as a nucleophilic species; synthesis of dioleyl phosphate-substituted coumarine derivative (i) and synthesis of
diethyl aryl phosphate (ii) (adapted from [55] and [56]).

phase-transfer catalysis. The catalyst was either TBAB (tetra-

ﬁ OEt butylammonium bromide), TBAI (tetrabutylammonium iodide),
<OEt TMAC (tetramethylammonium chloride) or 18-crown-6. The
1) NaH, THF &\// best result was obtained with TBAB and 18-crown-6 catalysts
Ph)K/ ) (EtO),POH Ph - in a CHyCly/water or AcOEt/water mixture (yields included
CCI4 61-75% from 72 to 85%).

Scheme 18: Synthesis of -alkynyl-enolphosphate from allenylketone
with AT reaction (adapted from [58]).

R./O cCCl, EtN  [RO. . 0 NaX RoO. O
. _ _ “H RO™ ~ClI _ RO™ ~X
tions such as the Curtius rearrangement [59], the thiol ester syn- ; = El:?\l
thesis [63], the azidation of alcohol and phenol [64], and the X;SCN 77-88%

synthesis of phosphoramidate [65]. The most common way t& = Et, Ph, OEt, OPh
prepare pseudo-halogenated phosphorus species involves a
nucleophilic substitution on chlorophosphate with sodium sa Scheme 19: Synthesis of pseudohalide phosphate by using AT reac-

L . tion (adapted from [67]).
(NaN3, NaCN or NaSCN) [66]. Due to the reactivity o
chlorophosphate and its difficulty of storage, its production in
situ by the AT reaction was studied by Shi et al. as depictedTihe carbamate anion is another nucleophilic species recently
Scheme 19 [67]. (RO),P(O)CI is generated from phosphiéagaged in the AT reaction with hydrospirophosphorane as sub-
(RO),P(O)H, CCl4 and a catalytic amount of EtzN. Thistrate [69]. This nucleophilic species was generated in situ by
chlorophosphate is immediately engaged in a reaction witlreacting a secondary amine and CO,. Then, it reacted with
sodium salt NaX (X = N3, CN or NCS) to afford the pseudazhlorospirophosphorane produced in situ from hydrospirophos-
halide phosphorus species in satisfactory yields (77-88%Mhorane, CCl, and Cs,CO3 (Scheme 20). This reaction can be
Interestingly, the same authors reported that pseudo-halidewed as an activation of CO, by an amine to produce the
phosphate can also be obtained by using phase-transfer catatieophilic carbamoyl moiety. The major product of this reac-
ysis [68]. Accordingly, NaX (X = N3, CN or NCS) reacts withtion corresponds to an inversion of the configuration at the
dialkyl phosphate in water—organic solvent mixtures undehosphorus with diastereoisomeric excess included from 6.8 to
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< o) o
0 (Ap)
stereoinversion
(Ap) (AP) major product
P stereoretention

Scheme 20: AT reaction with hydrospirophosphorane with insertion of CO, in the product (adapted from [69]).

1. It is noteworthy that the usage of a primary amine as an edabbsphinous acid (R,POH) was less extensively studied as a
in this reaction did not lead to the insertion of CO, , and tiphosphorus-based substrate in AT reactions. However, one full
product resulted from the reaction of the amine on trstudy was reported by Bondarenko et al. [72]. These authors
chlorospirophosphorane. This result may be explained by tteported three different methods to produce phosphinic amides
higher nucleophilicity of the primary amine in this reactioy reacting primary or secondary amines with phosphinous acid
media. in the presence of CCl, and aqueous NaOH. The first protocol
was applied when methylamine or ammonia was used as a
The phosphorus species engaged in AT reactions maimlycleophile (Scheme 23-i). In that case, a 50% aqueous solu-
include dialkyl phosphites. It must be noted that the alkyl-chation of NaOH was slowly added to a biphasic solution
length can be changed and extended to lipid chains as exemmimposed of aqueous methylamine, CCl, and dichloromethane.
fied in Scheme 17 (oleyl chains). Diaryl phosphite can also Bee second protocol (Scheme 23-ii) is almost similar to the first
used for AT reactions as illustrated in a recent exampb@e except that a hydrochloride salt (e.g., ethylamine
published by Gaan et al. (Scheme 21) [70]. hydrochloride) was used as a substrate without prior solubiliza-
tion in water. Finally, for the third protocol (Scheme 23-iii), the
O-Alkyl phosphonite can also be engaged in AT reactions posphinous acid is added to a mixture of the other substrates
recently illustrated by Montchamp et al. in a study dedicatedptaced in a biphasic solution (water/CH»Cl5). The yields were
the hydrophosphinylation of terminal alkenes (Scheme 22) [7hgtween 77 to 97%.
Shi et al. have also reported the reactivity of O-alkyl arylphos-
phonite in AT reactions with azide as the nucleophilic specigbiophosphorus-based precursors can also be engaged in AT
[67]. reactions. Recently, secondary phosphinethiooxide has been

HoN
o 2 CCly (1.1 equiv) 9 @
M
i w-P—N
PhO“"/'P\ + NEt3(1.1 equw! PhO /P '

H PhO
PhO THE H
89%

Scheme 21: AT reaction with diaryl phosphite (adapted from [70]).

HoN o
EtO—P. CCly Elo—P=N
tO—PZ + -
\H /\/
Hex rt Hex

Scheme 22: AT reaction with O-alkyl phosphonite (adapted from [71]).
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0 NaOH 50%
Phx” in water Ph 1
0) _P~H + Me-NH, + CCly(2equiv) —» ;P\N—M
Ph in CH2C|2 0-5°C Ph H €
88%
0 NaOH 30% o
1l i 11
(i) PP-P_y + EtNH, HCl + CCly(2 equiv) " W& Phop
Ph in CH,Cl, 05°c_ PHH
88%
Ph~”
PN O

Ph H Ph.\
(i) NaOH + CgHy7-NHz2 + cCl, (2 equiv) — 5 /P\N—C8H17
in water in CH,Cl, 0-5°C H

Scheme 23: Use of phosphinous acid in AT reactions (adapted from [72]).

engaged as a phosphorus-based precursor in the AT reaction

[73]. The reaction proceeds in good yield (80%) with CCl, as a (l)l o 9 o

solvent, an amine as a nucleophile and triethylamine as a b.asEtO—FI>—S + EtOH + CBry + NEt3 Eto—llD—s

The use of secondary phosphineselenoxide was also reported by H THE OEt

the same authors but the yields were lower (35-38%) [74]. The

procedure was also applied to alcohol [75] or diphenol deriv Scheme 25: Use of H-phosphonothioate in the AT reaction (adapted

tives acting as a nucleophile as shown for hydroquinone from [78)).

Scheme 24 [76]. O,0-dialkyl thiophosphite was also engaged in

AT reactions to produce dinucleotide designed as an anti-Hi¥ported by Beletskaya et al. [79]. This activation was applied

prodrug [77]. to AT reactions which used --aminophosphonate as a nucleo-
phile in the presence of CCl4 and triethylamine. The authors

H-phosphonothioates are intermediates considered for the ssgported that no reaction occured at rt, whereas phosphor-

thesis of nucleotide analogues. This functional group can dmidate was obtained in low yield (15-20%) when classical

used as a nucleophilic species in a coupling reaction with a greating (24 h, 110 °C) was applied. However, phosphorami-

mary alcohol. This coupling reaction is usually achieved by tlates were isolated in 63-93% yields with MW heating. The

acting as an oxidant, but Stawinski et al. also tested other halidaction time was significantly shorter with MW since a full

sources including CCly and CBry4 [78]. Despite iodine is theonversion was reached after only 30 to 40 minutes of heating.

reagent of choice in this reaction, CBry4 is also efficient to

produce the coupling product (Scheme 25), whereas CCl, Wide recent works of Hayes et al. reported on the synthesis of

inefficient. phosphoramidates starting from dialkyl phosphite and primary
amine without a halogen source [80]. Instead of using CCly4 or

AT reactions usually proceed at 0-5 °C but lower temperatu@Br4, the authors employed a catalytic amount of Cul as

(110 °C [41]) and higher temperatures (50°C [76]) were alstepicted in Scheme 26. These new synthetic conditions, that

reported. The use of microwave (MW) activation was alsequired O for the reoxidation of copper, can be viewed as an

. g
—
P 0
Ph s 50 °C
\/\lg + + CCly + NEt; 89%
o~ ~H 4h
Ph
OH Ph\/\p/o
[l
P4

Scheme 24: AT reaction with secondary phosphinethiooxide (adapted from [76]).
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extension of the AT reaction which facilitates the avoidance oflated deoxygenated derivatives represent an important family
a halide source. Even though the yield is usually lowef natural or synthetic compounds exhibiting, for example, anti-
compared to classical AT conditions, this result opens naumor or antiallergic activities. The reduction of a phenol group
perspectives for the development of green processes. implies its activation as a good leaving group. Phosphate is one
of the possible activating groups. Its use for the desoxygenation
of phenol was first reported by Kenner et al. [81] who imple-
o mented the reaction with liquid ammonia as a solvent in the

H 1
NH N—POEt i .g. -i).
2 Cul (20 mol %) \OEt pres_,er.lce of metal as a reducing agent (e.g., Na) (Scheme 27-i)
o A similar methodology was used to produce 2-substituted
A o 0, . . -
| P + EtO“;P\H —chcN bornane in a three-step sequence as shown in Scheme 27-ii [82].
EtO 55 3C 4h Firstly, a Friedel-Crafts reaction produced the para-substituted
2 equiv 1 equiv ' 67% phenol in 42% vyield. Then, the phenol group was transformed
in diethyl aryl phosphate with an AT reaction in 99% yield.
Scheme 26: AT-like reaction with Cul as catalyst and without halide Finally, the reduction of the phosphate was achieved in 74%
source (adapted from [80]). . _— . . .
yield. Similar synthetic schemes (AT reaction and reduction
with Li/NH3) were also reported in another publication [83].
4. Applications This procedure was recently improved by Lusch et al.
4.1 Synthetic utilities of AT reactions (Scheme 27-iii) by using a lithium di-tert-butylbiphenylide

In this section we will discuss the use of AT reactions tadical anion [84]. Accordingly, a wide panel of phenol deriva-

produce aryl phosphates or phosphoramidates which are impores was first transformed in diethyl aryl phosphate with the

tant intermediates for a variety of subsequent transformationsAdr reaction (yields from 76 to 96%), and then these phos-

can be used as organocatalysts. phates were reduced to the corresponding aromatic hydrocar-
bons with moderate to good yields (10 to 83%).

Aryl dialkyl phosphates, prepared by the AT reaction from

phenol derivatives, were employed to reduce phenol functioridle phosphoramidate group can also be used to enhance the re-

groups. It is noteworthy that phenol compounds and theictivity of an amine. This activation role of phosphoramidates

o)
on (EtO),P(OH I OEt  +2M+NHsliq M
(i) S0P ok |
cCly +EtN 7

75%
oM

OMe 1) 70% CH,SOsH, 80 °C ©
i OH  2) HP(O)(OEt),, NEts, CCly
(ii) OH + 0°Ctort

OMe
H OMe ]
3) Li/NH3, 78 °C H

exo-norborneol
73% (last two steps)

(E10),P(OH D opt  LDTBB
Ar—0O—PZ

(i)  Ar—OH —O0-P_ ——> Ar—H
CCl, +Et;N t
(76-96%) NHCOGH; CH,CH=CH,

oy

80% 28%
NEt,

DTBB = (H3C)3CC(CH3)3 \©/

61%

Scheme 27: Reduction of phenols after activation as phosphate derivatives (adapted from [81] i ; [82], ii; and [83], iii).
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was illustrated for the synthesis of medium and large-sizetlown in Scheme 29. This example shows that the AT reaction
cyclic diaza-compounds by Zhao et al. [85]. This sequeneas achieved with CCl, as a halogenating agent. Then, the stan-
started with the AT reaction (Scheme 28) to produce %-difunglation reaction produced the arylstannane in 75 to 90% yield
tionalized phosphoramidatecarboxylic acid. In the last step, 88].
phosphoramidate group activates the amine which is cyclized
by a copper-catalyzed N-arylation. In the last step, the phd$ie Suzuki—Miyaura cross-coupling reaction is another type of
phoramidate is cleaved by an acidic treatment. This sequeneaction with the phosphate group acting as a leaving group. As
illustrates that the AT reaction is compatible with the presenegemplified in Scheme 30, the aryl dialkyl phosphate was
of free carboxylic acid functional group. produced in good yield by an AT reaction [89]. Then, this phos-
phate group reacted with aryl Grignard, as a Kumada—Tamao-
Aryl dialkyl phosphate, easily prepared starting from phenol @orriu cross-coupling, in the presence of a nickel catalyst [90].
an AT reaction, can also be transformed into arylstannane
derivatives by a Sgn1 reaction by the photostimulation @yl dialkyl phosphate, which was readily obtained by the AT
trialkyl [86] or triarylstannyl [87] ion in liguid ammonia asreaction from phenol as shown in Scheme 31 [91], can be

o)
Q NEt, CCla P
wP L+ HoN- COOH Pr—0"%" “NH COOH
Pro0vg Sy MG wate/EtOH ~ iPr-O (CHz)T—
n=2-11 85-89%
Cul (%) 0
(i[NHZ o) O proline (10%) NH‘CI3
& KoCO3 (2 equiv)
- (i[NH SroaE P\(;Qigﬁpr toluene, 110 °C r\ll/(CHZ)"
(PhO),POH Z Sy o=Ro—ipr
Pyr —iPr

0
NH. <

CH3COOH, HCI @ ,C
NH’(CH2)II

Scheme 28: Synthesis of medium and large-sized nitrogen-containing heterocycles (adapted from [85]).

OH o- P OEt SnMej;
OO (EORPOH _ “ Me3SnNa hv
CCls BN
93%

Scheme 29: Synthesis of arylstannane from aryl phosphate prepared by an AT reaction (adapted from [86]).

B(OH),
o)
I N
OH CY/P:()Et | <
P (Et0),P(O)H OFt R J\ KR
=
\\I CCly +EtN | Ni(PCy3),Cl, (cat) R = \_/
R NSR K3PO,

_ QR0
dioxane, 110 °C 59-95%

Scheme 30: Synthesis and use of aryl dialkyl phosphate for the synthesis of biaryl derivatives (adapted from [89]).
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Scheme 31: Synthesis of aryl dialkyl phosphate by an AT reaction from phenol and subsequent rearrangement yielding arylphosphonate (adapted
from [91]).

employed for the production of aryl phosphonate by applyingBeside the use of phosphorus species as a substrate in reactions
phospho-Fries rearrangement (a rearrangement initially reportesdithose reported above, phosphoramidates, prepared by AT
by Melvin et al. [92]). This rearrangement proceeds by aractions, can also act as an organocatalyst. Indeed, with the
ortho-metallation that can be characterized at a low temperatsteongly polarized P-O bond on one hand, and the P-N or
[93]. Then, the o-lithium species rearranges to produ&e-NH bond on the other hand phosphoramides are good Lewis
2-hydroxyarylphosphonate [94]. bases [96-98]. Hexamethylphosphoric triamide (HMPA) (or
analogues) was the first phosphoramide derivative that was
The recent publication of Yang et al. [95] reports the aminati@xtensively studied as an organocatalyst [98,99]. However,
of either triaryl phosphate or dialkyl aryl phosphate catalyz¢tMPA was classified as a human carcinogen [100]. One of the
by nickel organometallic complexes. It is an additional illustrdirst examples of the use of chiral phosphoramide ligands
tion of the use of aryl phosphate, which can be readily obtaingtheme 32-i) in organocatalysis was described by Denmark et
by AT reactions. al. who studied the enantioselective crossed aldol reaction of

Scheme 32: Selected chiral phosphoramidates used as organocatalyst; i) chiral phosphoramidate used in the pioneer works of Denmark et al. [101];
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aldehydes with trichlorosilyl enol ethers. They obtained the2 Flame retardants
aldol products in high yields with moderate to good enanti&ince the early age of the development of synthetic fibers, the
selectivities [101]. The chiral phosphoramidates used in tipsoduction of flame retardants became an industrial and acad-
study and tested in many other enantioselective reactions (aleiic challenge aiming to identify efficient compounds for this
reaction [102], Michael addition [103], Diels—Alder reactiompurpose but also to elucidate the mechanisms involved in the
[104], Friedel-Crafts alkylation [105]) illustrate the use oburning process of polymers. This goal was also extended, for
phosphoramidates as organocatalysts. These phosphoramidatetent safety reasons, to natural fibres (e.g., cotton). Halogen-
were not synthesized by an AT reaction. Instead, the reactiorbased flame retardants were extensively employed (e.g.,
an amine with an electrophilic phosphorus species (P—Cl basattaBDE) but for safety reasons that pointed out carcinogenic
compounds) afforded the phosphoramidates. Only a few examsks and/or to the production of toxic fumes when burning
were synthesized with the AT reaction likely due to theithdrawn from the market (e.g., octaBDE) [109]. Phosphorus-
commercial accessibility of some chlorophosphine drased compounds [110] are another class of flame retardants.
chlorophosphate that render the AT reaction pathway leBkis type of compounds contributes to the extinction of the
attractive. However, as reported in Scheme 32-ii, some chifi@me by, at least, two distinct mechanisms. First, some phos-
phosphoramidates and thiophosphoramidates can be reagitprus compounds (e.g., DOPO, Scheme 34) act on the gas
synthesized with the AT reaction in high yield (85-88%) fromhase by the production of non-flammable compounds (e.g.,
dimethyl phosphite or O,O-dimethyl thiophosphite [106]. Whewater) or by the production of reactive species that act as
the chiral amine was functionalized with a thiol groufydroxyl radical scavengers. Alternatively, phosphorus-based
(Scheme 32-iii), the expected phosphoramidate was joinflame retardants may act on the solid phase by forming a
isolated with 5 to 10% of thiophosphoramidate resulting fromthermal barrier between the solid phase and the gaseous phase.
cyclization reaction. The chiral phosphoramidate¥his charring process results from the formation of polyphos-
(Scheme 32-ii and iii) were tested as a chiral catalyst for thhoric acid derivatives. Interestingly, the association of phos-
nucleophilic addition of diethylzinc [107] on benzaldehyde grshorus and nitrogen-based flame retardants proved to be effi-
for the asymmetric borane reduction of a prochiral ketone. Thient probably due to synergic effects. Melamine polyphos-
phosphoramidate (Scheme 32-iii) was the most efficiephate (MPP, Scheme 34), illustrates this possibility: melamine
catalyst for these two reactions (ee: 95-98%, conversidacomposes endothermically and produces NH3 when burning
87-98%). (a gas-phase active agent), while polyphosphate, which is
simultaneously produced, favors the charring process. The
In relation with asymmetric synthesis, the determination of tlsgnergic effects of phosphorus and nitrogen-based flame retar-
enantiomeric excess (ee) is usually achieved by differeddnts led scientists to investigate the synthesis of organic com-
methodologies including chiral HPLC or CPG. In a recemounds characterized by the presence of these two elements.
study, Montchamp et al. used the AT reaction for the determifsecordingly, phosphoramidates constitute an interesting family
ation of the ee of P-chiral H-phosphinates by the formation of potential flame retardants and the AT reaction is an efficient
diastereoisomers (Scheme 33) [108]. The ee determined by thi for the production of this type of compounds.
method, which can be achieved directly in the NMR tube before
recording 31P NMR spectra, was consistent with those detPhosphoramidate derivatives were investigated as flame retar-
mined by other methods (e.g., chiral HPLC). dants for many years [111,112]. However, some recent studies,

Scheme 33: Determination of ee of H-phosphinate by the application of the AT reaction with a chiral amine (adapted from [108]).
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Scheme 34: Chemical structure of selected flame retardants synthesized by AT reactions; (BDE: polybrominated diphenyl ether; DOPO: 9,10-
dihydro-9-oxa-10-phosphaphenanthrene-10-oxide; DEPA: diethyl phosphoramidate; PAHEDE: phosphoramidic acid-N-(2-hydroxyethyl) diethyl ester;
EHP: diethyl 3-hydroxypropylphosphoramidate; MHP: dimethyl 3-hydroxypropylphosphoramidate; PAEDBTEE: phosphoramidic acid-1,2-
ethanediylbis-tetraethyl ester; PAPDBTEE: phosphoramidic acid-1,4-piperazinediyl tetraethyl ester; DMAPR: dimethyl allylphosphoramidate; DPAPR:
diphenyl allylphosphoramidate; DMAPR: dimethyl diallylphosphoramidate).

which will be discussed below, have reinvestigated the usegrbups (MHP) was more efficient [115]. The mechanism of de-
this type of compounds. We focus on the synthetic proceduggadation states that the MHP produced covalent bonds with
of phosphoramidates. These derivatives can be divided in tamtton cellulose while the diethyl analogue (EHP) did not
broad categories depending on the presence of polymerizaieduce any such bonds. In this study, MHP was produced by
groups. When polymerizable groups are present, the fire-resis- AT reaction as reported for PAHEDE [113]. For the syn-
tant molecule can be included in polymers by copolymerizatidihesis of MHP, the aminoalcohol engaged in the AT reaction
or can act as a crosslinking agent. This type of compoundsidibited complete chemoselectivity since no trace amount of
also employed for the surface modification of fibers or polyhosphate was reported. Some bis(phosphoramidates) were also
mers (e.g., plasma technique). Without a polymerizable grogpnsidered as flame retardants. PAEDBTAEE and PAPBDTEE
phosphoramidates can be used as an additive in polymers. G&neme 34) were compatible with cotton acetate and enhance
et al. [113] have studied the thermal decomposition of cotttime formation of char [116]. These two bis(phosphoramidates)
cellulose treated with different phosphoramidates. More specifiere produced at a 0.1 mol scale (31 g of pure PAEDBTEE)
cally, they have shown that a secondary phosphoramidate (evith the AT reaction carried out in THF with a stoichiometric
PAHEDE) was more efficient than a primary phosphoramidageanount of CCls (0.2 mol) and diethylphosphite (0.2 mol).
(DEPA; Scheme 34). Additional results reported by Rupper ¥ields greater than 95% were reported for these crystalline
al. [114] indicated that PAHEDE produced phosphoric ackblids.

moieties at the surface of cellulose after burning. Moreover,

cellulose interacts with phosphoramides to produce C—O<€Rher studies reported the modification of DOPO (a flame retar-
bonds. In these studies, secondary phosphoramidate (edgnt in epoxy resins, Scheme 35-i) with the aim to react the
PAHEDE) was synthesized by reacting diethyl phosphite with-H bond (phosphinate) to incorporate either nitrogen or
ethanolamine in CCl, and with one equivalent of triethylaminexygenated groups. Attempts to produce P—N bonds by using
After filtration and concentration, the phosphoramidate walse AT reaction with diethanolamine (DEolA) failed because no
isolated in quantitative yield after distillation. It is noteworthghemoselectivity was observed between the secondary amine
that the synthesis is readily achieved and can be appliedatod the primary alcohol [117], whereas in other studies
large-scale productions. More recently, the comparison of tiivolving dialkyl phosphite a chemoselectivity was observed
flame-retardant properties of MHP and EHP (Scheme 34), IH®7]. It can therefore be concluded that the phosphinate modi-
to the conclusion that phosphoramidate with two methoxies the reactivity of the phosphorus group leading to this
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Scheme 35: Transformation of DOPO (i) and synthesis of polyphosphonate (ii) by the AT reaction (adapted from [117] and [118]).

absence of selectivity. This surprising reactivity of DOPO witand in vivo transfection assays. For the synthesis of cationic
alcohol functional groups inspired the authors to produce cycligids, simple, efficient, modular procedures must be developed
phosphonates with the AT reaction. Accordingly, polymer Pliecause the current applications require multifunctional
obtained by polycondensation was functionalized by an Adarrying systems. Indeed, many nano-carriers are designed to
reaction to produce polymer P2 in 65% vyield (Scheme 35-i@spond to a specific stimulus (pH, red/ox, light) to trigger the
[118]. drug release. To achieve the synthesis of polyfunctional
amphiphilic compounds, the synthetic scheme must therefore be
All these recent studies, which report flame-retardant proefficient, flexible and versatile. The AT reaction, which was
erties of phosphorus-based compounds illustrate that the A3ed as a key step for the synthesis of neutral or cationic lipids,
reaction is easy to implement and, interestingly, high yields aretches several of these properties. As a first example, cationic
usually obtained. Accordingly, phosphoramidates are cheaplipphosphoramidates can be produced in a three-step sequence
manufacture and we assume that this reaction will be employtkdt includes an AT reaction (Scheme 36). First, dioleyl phos-
to design novel flame retardants. phite can be readily prepared by a transesterification-like reac-
tion between diphenyl phosphite and oleylalcohol. This reac-
4.3. Phosphorus-based amphiphiles and biological tion tolerates a large panel of lipid alcohol. These phosphite
applications intermediates can be produced on a large scale (more than 50 g)
Cationic lipids are a promising class of compounds with ttend can be stored for a long period of time without any degrad-
capacity to carry nucleic acids (DNA, RNA) for both in vitraation in contrast to dialkyl chlorophosphate (another possible
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Scheme 36: Synthesis of lipophosphite (bisoleyl phosphite) and cationic lipophosphoramidate with an AT reaction (adapted from [119]).

intermediate to produce amphiphilic compounds), which ageoups from the nucleic acids. The replacement of trimethylam-
water sensitive. In a second step, these phosphites canmomium with either trimethylphosphonium or trimethylarso-
engaged in the AT reaction as illustrated in Scheme 36. Bigum offers better transfection efficacies probably owing to a
oleyl phosphite was reacted with dimethylaminopropylamine tetter compromise between the stability and the instability of
produce the expected phosphoramidate in good yield (80fipjoplexes [120]. The synthesis of trimethylarsonium-based
[119]. The reaction is carried out by adding DIPEA to a miphosphoramidate was also achieved by using the AT reaction
ture of dioleyl phosphite, the nucleophilic amine and CBrCl3 which proved to be an efficient tool to link the lipid part with
anhydrous dichloromethane. This addition was conductedthé polar head region of the cationic lipid as exemplified in
5 °C followed by stirring the solution at 5 °C for 1 h. The&scheme 37. With the same synthetic scheme, guanidinum-based
concentration and extraction with a low polar solvent (hexanigophosphoramidates [121] obtained from natural amino acids,
diethyl ether), produced the expected phosphoramidatenmethylimidazolium [122], spermine-based amphiphile [123],
almost quantitative yield. Purification was then achieved kgicationic lipophosphoramides [119] and arsonium or phospho-
column chromatography. In the last step, the cationic lipid wagim [120] cationic lipids were synthesized.
produced by reacting the tertiary amine functional group with
iodomethane. Again, a simple washing (e.g., Et,O/wateFhe lipid domain of lipophosphoramidates also influences the
produced the expected cationic phosphoramidate with gowednsfection process by acting on the physic-chemical prop-
purity and in good yield (>80%). erties of the supramolecular aggregates. Indeed, it was observed
that bisphytanyl derivative BSV18 was particularly efficient for
In this sequence (Scheme 36) the AT reaction occupies a ceritralivo experiments. Presumably, this efficacy is based on the
place and with some adaptations a series of cationic lipids wéramation of an inverted hexagonal phase [124]. Once more, the
synthesized, each of which characterized by different polAT reaction is a versatile reaction that allows for the produc-
heads. These cationic lipids interact with nucleic acids mairtipn of a large panel of cationic lipids with unsaturated (e.g.,
by electrostatic interactions, while the hydrophobic domaikd_N47 [125,126]), polyunsaturated (e.g., BSV4 [127]) or
help to produce supramolecular aggregates (lipoplexes). Ideadlybstituted alkyl chains (BSV18 [124]) as shown in Scheme 38.
these aggregates must be as strong as possible to protect and to
compact nucleic acids when these lipoplexes are localized in theassociation with cationic lipids, helper lipids are frequently
systemic circulation (in vivo experiments) or in the supernataatided to liposomal solutions with the aim to enhance transfec-
media (in vitro experiments). However, after cell internalizaion efficacies. DOPE (1,2-dioleyl-sn-glycero-3-phospho-
tion, presumably by endocytosis processes, these lipoplerg¢isanolamine) is a natural phospholipid that was frequently
must be as fragile as possible in order to escape lysosomaletaployed as a helper lipid, since it favors the formation of a
gradation. Consequently, the stability of the lipoplexes must hexagonal phase at a pH of 6 [128,129]. In addition to natural
carefully tuned. The nature of the cationic polar head is onetddlper lipids synthetic co-lipids were also developed. Neutral
the molecular features of the cationic lipids which directllipophosphoramidates were synthesized by AT reactions
influence the stability of lipoplexes by acting on the strength 8cheme 39) [130]. These helper lipids were obtained in a one-
the ionic interactions with the anion charge of the phosphatep reaction with 29-30% yield from dioleyl phosphite. The
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Scheme 37: Use of AT reactions to produce cationic lipids characterized by a trimethylphosphonium, trimethylarsonium, guanidinium and methylimi-
dazolium polar head.

Scheme 38: Cationic lipid synthesized by the AT reaction illustrating the variation of the structure of the lipid domain. The arrows indicate the bond
formed by the AT reaction.
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Scheme 39: Helper lipids for nucleic acid delivery synthesized with the AT reaction (adapted from [130]).

low yield was explained by the low solubility of the amindjpids were destabilized in the presence of a reducing agent
which imposed the use of methanol as a solvent. Consequemhgsumably caused by the breakdown of the S-S bond.
methanol acts as a second nucleophilic agent competing with
the amine (histidine methyl ester or histamine). These yield@ike introduction of a lipid domain on a molecule exhibiting
can be improved (up to 50%) by reducing the volume apecific properties (e.g., fluorescent or targeting group) is
methanol used as a solvent in this reaction [131]. Interestingdnother goal needed to design tools for vectorization purposes.
the liposomal solutions which incorporated the histamine-bas€de use of click reactions for the production of polyfunctional
helper lipid were also efficiently used to prepare lipopolyplexesnphiphiles (e.g., Huisgen cycloaddition) is very attractive. The
(association of cationic lipid, cationic polymers and nucleicombination of the AT reaction and click reaction (CuUAAC)
acid) employed for pDNA [132], RNA [133] and siRNAwas reported to produce fluorescent lipids. The ‘clickable’
delivery [134]. lipids (N3 or alkyne-functionalized phosphoramidates) were
obtained by an AT reaction (Scheme 41-i). These intermediates
The question of the destabilization of lipoplexes after cell intervere isolated with moderate to good yields (67-92%) ata 1 g
nalization can also be addressed by designing red/ox-sensiteale after a purification step on silica gel [136]. These inter-
cationic lipids. Accordingly, the incorporation of a disulfidemediates were then engaged in copper-catalyzed Huisgen cyclo-
bond, which can be cleaved by reducing agents naturadgdition to produce efficiently a series of fluorescent lipids like
present in cytosol (glutathione), can induce a destabilizationtbbse shown in Scheme 41-ii.
the supramolecular aggregates. The AT reaction was also used
for the synthesis of such red/ox-sensitive amphiphiles as illlRecently, Le Gall et al. [137] have reported that some lipophos-
trated in Scheme 40 [135]. The synthesis of lipophosphitpeoramidates synthesized by AT reactions exhibited a remark-
incorporating two disulfide moieties was a key step. Thesdle bactericidal effect even on clinically relevant strains (S.
phosphites were then engaged in the AT reaction to produmeeus N315). Interestingly, the bactericidal effect was inde-
ammonium (BSV76) or phosphonium (BSV42 and BSV69) regendent of the resistance profile of bacteria (e.g., MRSA). In a
ox-sensitive cationic lipids in one or two steps. It was subs&fucture—activity study it has been shown that the presence of a
quently shown that lipoplexes prepared from these catiorticmethylarsonium polar head combined with a lipid domain
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Scheme 40: AT reaction used to produce red/ox-sensitive cationic lipids (adapted from [135]).

Scheme 41: Alkyne and azide-functionalized phosphoramidate synthesized by AT reactions,(i); illustration of some fluorescent lipids synthesised from
these intermediates, (i) (adapted from [136]).
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were two structural features deeply influencing the bactericideve a toxic effect on bacteria (bactericidal action) and a trans-
efficacies. The most efficient bactericidal agents were BSVT&ction capability for eukaryotic cells [137].
and BSV4 (Scheme 42). Moreover, it was shown that

lipoplexes, formed by the association of pDNA with BSV4,-Cyclodextrin ( -CD) is another molecular platform that was
kept its bactericidal action. Additional experiments demomhemically modified with a lipid moiety introduced by an AT
strated that BSV4-based lipoplexes were able to simultaneousgction [138]. As exemplified in Scheme 43, Djedaini-Pilard et

Scheme 42: Cationic lipids exhibiting bactericidal action — arrows indicate the bond formed by the AT reaction (adapted from [137]).

Scheme 43: -Cyclodextrin-based lipophosphoramidates (adapted from [138]).
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al. reported the use of the AT reaction to introduce a lipophaserization of 4-methyl-2-oxo-2-hydro-1,3,2-dioxaphopsholane
phoramidate fragment on a permethylated -cyclodextrimith triisopropylaluminium (Scheme 44) [139]. Then, the AT
possessing one primary amine (Scheme 43-i). After purificeeaction was carried out in a mixture of DMF/CCl4 with doubly
tion on silica gel, the expected lipophosphoramidate wasotected spermidine (protection with trifluoroacetamide
isolated with 35% yield. The use of a spacer placed between gneups) as a nucleophile to produce a polyphosphoramidate.
lipophosphoramide and the -CD moiety (Scheme 43-ii)he deprotection of the primary amine with NH3 yielded the
produced another permethylated -CD with a better yiefiblyphosphoramidate branched with polyamine, which was
(66%). It is noteworthy that for this last reaction, an excess @ibsequently used as a gene carrier. The functionalization of the
CBrCl3 and DIPEA was used, which might explain the bett@olyphosphite with the AT reaction was compatible with a large
yield. Finally, the same reaction achieved on non-methylatpenel of primary and secondary amines [140]. The post-func-

-CD produced the lipophosphoramidate with very low yieltdonalization of this polyphosphoramidate with monosaccharide
(4%). It is probable that the alcohol functions and the residual disaccharide groups has also been reported as a better trans-
water molecules compete as nucleophilic species in the Adction agent, especially for hepatocytes [141].
reaction.

Chitosan is another type of polymer functionalized with an AT

The AT reaction was also employed for the functionalization oéaction as shown in Scheme 45 [142]. The primary alcohol
polymeric materials that were subsequently used as a gémections of chitosan were first protected with a trityl group.
carrier. A polyphosphite was synthesised by ring-opening polyhen, the protected chitosan was engaged in an AT reaction that

Scheme 44: Polyphosphate functionalized by an AT reaction (adapted from [139]).

Scheme 45: Synthesis of zwitterionic phosphocholine-bound chitosan (adapted from [142]).
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used a mixture of solvent (isopropanol/DMA), triethylamine asr CBCl3 instead of using them as a solvent. AT reactions can
a base and CCl, as a halogenating agent. The deprotectiobenfised by chemists as a tool to activate phenol or amine func-
the trityl group under basic conditions (NH3, H>0) led to th&onal groups, which may subsequently be engaged in reactions
loss of one choline moiety. such as cyclization, reduction, cross coupling, the production of
organometallic species or for the synthesis of arylphosphonates.
The AT reaction was also used to produce prodrugs as exempkside these synthetic applications, phosphoramidates or phos-
fied by the works of Zhao et al (Scheme 46), who reported thkates produced by AT reactions can be used for a variety of
synthesis of phosphoramidates that included two lipid chaiapplications including organocatalysis, improvement of the fire
and one AZT moiety [143]. All phosphoramidates produced bigsistance of polymers, prodrugs, and vectorization purposes.
this synthetic scheme exhibited high anti-HIV activities. Th&mong the recent published works, we would like to point out
AT reaction can also be used to produce nucleoside phosphame promising domains, in which the AT reaction seems excep-
amidate monoester [144] or thiophosphoramidates-based ditianally attractive and worthwhile to be studied in depth. First,
cleotides [77]. Other prodrugs were prepared by functionalizéire current developments of vectorization systems aiming at
tion of polymers via a phosphoramidate tether. Yang et al. haweing applied in the realm of personalized medicine require the
reported the synthesis of chitosan functionalized with d4dynthesis of amphiphilic derivatives with several functionalities,
(stavudine), a nucleoside reverse transcriptase inhibiteg., fluorescent moieties, targeting groups, and PEG fragments,

[145,146]. to produce stealthy nanoparticles. The accessibility of phos-
phite with two lipid chains renders the AT reaction very attrac-
Conclusion tive for the incorporation of hydrophobic domains and thus

The discovery of the reaction of dialkyl phosphite with amine iprovides a synthetic path to functionalized amphiphilic com-
the presence of a base and CCl, by Atherton, Openshaw andnds. The second domain concerns the activation of small
Todd in 1945 opened the way to a series of studies, which warelecules like CO, as recently illustrated by Y. F. Zhao et al. In
initially focused on the investigation of the mechanism of thibese works, hydrospirophosphorane reacts with CO, and a sec-
reaction. The most likely mechanism produced chloro- @endary amine to produce a phosphorylated carbamate deriva-
bromophosphate as intermediate reactive species. This intere. Currently, the hydrospirophosphorane is used stoichiomet-
mediate reacts in situ with a nucleophile in the presence ofieally. The development of a catalytic system characterized by
base, which is involved to trap hydrochoride or hydrobromideydrospirophosphorane or analogues acting as organocatalyst
the byproducts of the AT reaction. The synthetic conditionepresents an alternative to organometallic catalysis in the field
were improved by employing stoichiometric quantities of CClaf CO»-based chemistry.

Scheme 46: Synthesis of AZT-based prodrug via an AT reaction (adapted from [143]).
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