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The review is devoted to aminophosphonic, aminophosphinic, and aminophosphonous acids and their derivatives. The interest
in these compounds is in many respects because some of them have been detected in Nature and have an appreciable bioactivity.
The review deals with the methods of synthesis of aminophosphonic, aminophosphinic, and aminophosphonous acids and

with the properties of these compounds, attention being specially concentrated on the phosphorus analogues of natural

w-aminocarboxylic acids.
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1. INTRODUCTION

g-Aminoethylphosphonic acid (ciliatine)—the first natural
product with a P—C bond—was isolated from natural sources
in 1959.! Subsequently other natural aminophosphonic,
aminophosphinic, and aminophosphonous acids and their
derivatives were discovered.?~'® The appreciable bio-
activity of these compounds stimulated interest in the study
of their chemistry and bioreactions. The phosphorus
analogues of natural aminocarboxylic acids have attracted
special attention. These compounds belong to the class of
aminoalkyl organophosphorus compounds, whose chemistry
has been considered in a number of reviews.!!™?® At the
same time, the presence in their structure of the free amino-
group, frequently in combination with other functional
groups (hydroxy-, mercapto-, etc.), imposes definite limita-
tions on the choice of methods and frequently requires special
approaches to their synthesis. Stereochemical aspects are
also important.

The chemistry of a~aminophosphonic acids has been
examined in a review'* published in 1975, but during the
intervening period has been significantly supplemented by
new results. A later review!® on the chemistry of amino-
phosphinic acids is extremely concise.

This review deals with the methods of synthesis of amino-
phosphonic, aminophosphinic, and aminophosphonous acids
(APA) and their properties. Attention is concentrated on
the phosphorus analogues of natural a-aminocarboxylic acids.

11, METHODS OF SYNTHESIS OF AMINOPHOSPHONIC,
AMINOPHOSPHINIC, AND AMINOPHOSPHONOUS ACIDS

1. Amino- and Amido-alkylation of Hydrophosphoryl Com-
pounds; the Kabachnik—Fields Reaction

At the beginning of the 1950's, Kabachnik and co-work-
ers!®721 gnd independently the American investigator Fields2?
showed that the interaction of ammmonia (or an amine), a
carbonyl compound, and a dialkyl phosphite leads to the
formation of c~aminophosphonic acid esters (the Kabachnik-—
Fields reaction):

R O R! I
R‘><;,=o + RNH, + (R*0), P<H - R'>$N;Z (OR%;

It has been suggested that the reaction mechanism involves
the initial formation of an a-hydroxyalkylphosphonic acid
ester with the subsequent replacement of the hydroxy-group
by the amino-group.?® Another view on the mechanism of
this reaction has been described in a monograph,?* where the
reaction is treated as aminoalkylation of a hydrophosphoryl
compound (HPC) by an electrophilic intermediate formed form
the carbonyl compound and the amine.

The range of compounds which can be involved in this
process is extremely large.?®®* We shall deal only with
studies where the synthesis of a-APAt with an unsubstituted
amino-group has been described. The most convenient
method for the synthesis of these compounds uses ammonia
as the amino-component.®~2%25 When benzaldehyde, an
alcoholic ammonia solution, and diethyl phosphite are heated
in a sealed tube at 100 °C, diethy! a-aminobenzylphosphonate
is formed, its hydrolysis leading to free a-aminobenzylphos-
phonic acid:'®18
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0 o] il fl
Pecd - NHy+ (EIO), p{H - phtT*H‘p (OEH),—22%, pheHP (OH),

H
NH, NH,

Phosphonic analogues of alanine (AlaP) and phenylalanine
(PheP) have been obtained by this method.?® The yields of
a-aminophosphonic acid esters synthesised in this way do not
usually exceed 45%. Diethyl a-aminoethylphosphonate has
been obtained in 76% yield by a somewhat modified method
(stirring of a mixture of acetaldehyde—ammonia, diethyl phos-
phite, and ammonia in a sealed tube at room temperature).?’
The use of acid esters of phosphonous acids makes it possible
to obtain derivatives of a-aminophosphinic acid.?® The phos-
phonic and phosphinic analogues of cycloleucine were obtained
in this way, starting from the diethylketal of cyclopentanone

+The APA which are analogues of natural aminocarboxylic
acids are designated by the generally accepted three letter
abbreviations with the superscript P. For the phosphorus
analogues of aspartic and glutamic acids, the additional sub-
seripts o, B8, and vy, denoting the position of the phos-~
phorus-containing group, are introduced. For the phos-
phine analogues, a superscript indicating the position of the
substituent at the phosphorus atom is added.
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and diethy! phosphite or ethyl methylphosphonite respec-
tively:2®

0 o
% Me g Me
OEt Me. ,0 — _
./ . \p? NN B0t | NN
+ NH, + P - OEt OH .
—NoEt" ' Et0” “H L—/<NH, — " \NH,

The a-phosphonic and o-phosphinic analogues of a-methyl-
glutamic acid has been synthesised analogously by the amino-
alkylation of diethyl phosphite and ethyl methylphosphonite:2°

RINp#0
1 P74 NH,
(”) )ElO/ \H+ s )ilefo! N
2) B0+ /S
MeOCOCH,CH,CMe d HOCOCH,CHQC—P\
| OH
NH,
R = OH, Me

Overall, the Kabachnik—Fields reaction is a convenient
general method for synthesis of c-aminophosphonic and
o~aminophosphinic acids; the important advantages of the
method are a single-stage process and the availability of the
starting compounds.

The aminoalkylation of HPC has been extended to tervalent
phosphorus acids—hypophosphorus, phosphorous, and
phosphonous acids, which made it possible to obtain directly
free g-aminophosphonous,3%3 g-aminophosphonic,3? and
a-aminophosphinic, 3% acids. However, this approach has
not found extensive application in the synthesis of a~APA
with a free amino-group because it is restricted almost
exclusively to the aminoethylation reaction. The repor
of the synthesis of a series of a~(N-benzylamino)alkylphos-
phonic acids by the aminoalkylation of phosphorous acid was
subsequently judged to be erroneous.?® It is noteworthy
that the aminoalkylation of phosphorous acid is used
extremely widely for the synthesis of APA derivatives with
valuable complex-forming properties.'??*?

The reaction involving the amidoalkylation of tervalent
phosphorus halides has found very extensive application in
the synthesis of a~APA. When a carbonyl compound, phos-
phorus trichloride [or an alkyl(aryl)dichlorophosphinel],
and a compound containing the amide group interact in acetic
acid, an intermediate is formed, whose hydrolysis leads to
the formation of a-aminophosphonic or a-aminophosphinic acid
in 40-60% yield:®’

t35

o]
RY, 1) AcOH R M R
N\C=0 4 R®PCl, - RICNH, L HO* >C—P<
Rz/ 1 R} OH
(6] NH;
R3 = Cl, Alk, Ar; R} = EtO, PhCH,0;

R = OH, Alk, Ar

The use of acetals instead of carbonyl compounds and of
carboxylic acid amides (acetamide, benzamide) instead of
carbamates lowers the yield of a-~APA. It is of course not
permissible to employ amines and ammonia in this reaction.’’
The process can be carried out successfully also in trimethyl-
acetic acid.?® Aminomethylphosphonic acid (GlyP) ?° as well
as the phosphonic and phosphinic analogues of cycloleucine,?®
proline,*® serine,*! a-methylaspartic, o-methylpyroglutamic,
glutamic, and pyroglutamic acids,*? and ornithine*? have been
obtained by this method. The use of N-alkylbenzylcarba-
mates as the amide components makes it possible to synthesise
a-(N-alkylamino)alkylphosphonic and the corresponding phos-
phinic acids.** The attempts to employ NN'-dialkylbenzyl-
carbamates in the reaction were unsuccessful.**

The amidoalkylation of phosphorous acid in acetic anhydride
has been used to obtain phosphonic analogues of alanine,
valine, and also other o-aminophosphonic acids (yields from
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10 to 75%):%°

o]
1} Ac,O

o i
RC<H + HgN(l‘.R‘ + HyPO, _DHbE Rcal (OH),
|

0 NH,
R = Me, iso-Pr, Ar; R! = PhCH,;0, Ph, Me

The interaction of N-hydroxymethylamides with phosphorus
trichloride or alkyl(aryl)dichlorophosphines in acetic acid
leads to the formation of aminomethylphosphonic or amino-
methylphosphinic acid, including N-alkylated derivatives, in
25—80% yield:*6™48

o}
1) PCl/AcOH N
o 2 Ho~ R*NHCH,P (OH),
0
RCNCH,0H —|
i 1) R’PEI'/ACOH I R2
R! A0 RiNHCHPS

“ou

2. The Arbuzov and Michaelis—Becker Reaction

The Arbuzov and Michaelis—Becker reactions have been of
fundamental importance for the chemistry of organophos-
phorus compounds and historically were the first methods of
synthesis of aminomethylphosphonic acid—the phosphonic
analogue of glycine (GlyP):28:*°

0 o
] I
c c
N/ ravs
[ 7 NGB + (B0, PONa - | I citb (0B, 0t
A4 N4
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i
— H,NCH,P (OH),

The use of dialkyl phosphonites makes it possible to obtain
aminophosphinic acids.’® The use of the Arbuzov and
Michaelis—Becker reactions for the synthesis of 8~, y-, and
w-APA has been described.*®5%~55

For example, the Arbuzov reaction has been the key stage
in the first synthesis of phosphinothricin—a phosphinic
analogue of glutamic acid (GluY FMe);s

B NSONES | Me\ I
BrCH,CH,CHCOOMe —2- 20880, HO>PCH,CH,(':HCOOH

NHCOCFy NH,

Diethyl a~-ethoxycarbonylaminomethylphosphonate—an
important intermediate in the synthesis of cephalosporin—has
been obtained by the reaction of the ethyl ester a-bromo-N-
t-butoxycarbonylglycine with triethyl phosphite: 5857
o)

1) POEt) o
t- BIOCONHCHCOOEt 2 HCI/EOH__ 1 NCHP (OEY),

Br COOEt

The phosphonic analogues of alanine containing from one to
three chlorine atoms®® or fluorine atoms®® at the 8-carbon
atom have been obtained by the Arbuzov reaction.®® The
long duration and relatively severe reaction conditions can be
regarded as disadvantages of the Arbuzov reaction as a
method of synthesis of APA. In certain cases this method
does not yield satisfactory results. Thus the phosphinic
analogue of alanine (AlaP~ Phy nhas been obtained by the
Arbuzov reaction in only 5% yield.*®

The Arbuzov reaction in its classical form is used for the
synthesis of a-APA as a rule only in order to obtain amino-
methylphosphonic and aminomethylphosphinic acids and their
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derivatives. On the other hand, the non-classical variants
of the Arbuzov reaction, where electrophiles other than

alkyl halides are introduced into the reaction with tervalent
phosphorus acid esters, have found extremely extensive
applications in the synthesis ¢f phosphonic and phesphinic
analogues of a-aminocarboxylic acids. Thus it has been
found that, on heating with aldehydes and ureas, phosphites
and phosphonites give rise to esters of a-ureidophosphonic
end the corresponding phosphinic acids. Mono- and di-sub-
stituted ureas produce only monophosphonates, while unsub-
stituted urea gives rise to a mixture of mono- and di-phos-
phonates. Instead of urea, thiourea may be employed. The
reaction is facilitated in the presence of acid catalysts. The
following process mechanism has been discussed:®°

o O oH K O
i
R + HNONH, B RiCH— NHCNH, —5g>
o o
ol o i
~ RICHNHCNH —— 0, RICH (OR),
*P (OR), NHCNH,
!
O

This process is the basis of a series of methods of synthesis
of a-APA and their derivatives. Thus, when an aldehyde,
N-phenylthiourea, and triphenyl phosphite are heated in
acetic acid, the diphenyl esters of a-thioureidoalkylphos-
phonic acid esters are formed and their hydrolysis leads to
the free o-aminoalkylphosphonic acids:

/0 1) AcOH ?
RC\ + PhNHCNH, + (PhQ)y P —2HO% | RCHP (OH),
|
NH,

A series of 0~APA, including the phosphonic analogues of
alanine, valine, phenylalanine ,** methionine,®%%* cysteine, and
cystine,®" have been obtained by this method. Instead of
N-phenylthiourea, unsubstituted thiourea,®! N-(o-phenyl-
ethyl)thiourea,®® and ethyl- or benzyl-carbamates®® can be
used in the reaction. The N-benzyloxycarbonyl derivatives
of a-APA formed when benzylcarbamate is used are smoothly
converted into the diphenyl esters of u-aminophosphonic acids
on treatment with hydrogen bromide in glacial acetic acid,
which constitutes a convenient method of synthesis of these
compounds :%¢

o]
(e) 1 1) HBr/AcOH i
RC{H + PhCH.O(IZINH, + (PhOy P —_, RCHP (OPh), _2NAYEGO | peHB(OPh),
NHCOOQCH,Ph NH,

The phosphonic analogues of valine and phenylglycine have
been obtained by the hydrolysis of a-ureidoalkylphospho-~
nates, formed on heating a mixture of N-phenylurea, tri-
ethyl phosphite, and the corresponding aldehyde in toluene
in the presence of boron trifluoride etherate.®’” When an
N-monosubstituted urea, obtained from the optically active
o~phenylethylamine, is used in this reaction, asymmetric
induction is observed and the optically active a-aminophos-
phonic acid is formed (but the enantiomeric excess is small).®®

4-Acetoxyazetidin-2-ones readily react with phosphites and
phosphonites to form 2-oxoazetidin-4-ylphosphonates and
the corresponding phosphinates; the acid hydrolysis of the
resulting compounds affords the phosphonic and phosphinic
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analogues of aspartic acid (Asp®F and Asp®—P-Me) 69-7

0 i

POR), _~__/F'1 (OR), ICHP{ (OH),
_u NHa

— /OAC_ o/
NH o) o
o | werome,  — ”<2; LS HOC‘OCH,(IZHP< e
A NH,
0

The esters of tervalent phosphorus acids enter into the
Arbuzov and Michaelis—Becker reactions with N-acyl- or
N-sulphonyl-aziridines to form derivatives of a-aminoethyl-
phosphonic and the corresponding phosphinic acid:’2~7*

0
R o
R\ pona- 4 N=CO~Y — \P—CH,CH NaceY e,
rRO” N\ R0/ Ny
Rz/
2 O 0
I i
- B
PCH,CHNHC—Y
ro’ " I

On interaction with phosphites, N-(trimethylammoniamethyl)-
formamide gives rise to esters of N-formylaminomethylphos-
phonic acid.”® The reaction of diethyl methylphosphonite
proceeds analogously.!®

3. The Addition of Hydrophosphoryl Compounds to Carbon—
Nitrogen and Carbon—Carbon Multiple Bonds

The addition of HPC to the carbon—nitrogen double bond is
an important general method for the formation of the P-C~—N
bond system.!!:}%2* The addition of HPC to Schiff bases,
choosing a substituent at the nitrogen atom which can be
removed with formation of a free amino-group, is most often
employed for the synthesis of a-APA. Many a-aminophos~
phonic and a-aminophosphinic acids, for example, have been
obtained by the addition of acid phosphites and phosphonites
to aldimines based on benzylamine, since the N-benzyl group
is readily removed by hydrogenolysis in the presence of the

palladium catalyst:’%77
" RIN /0
5‘8’ NH i R ” R?
RCH==NCH,Ph —2 chp< —Ha/pd Rcap/
OH | O
NHCH,Ph NH,

R! = OAlk, Alk, Ar; R? = OH, Alk, Ar

The N-o-phenylethyl group is also removed by catalytic
hydrogenolysis.”® 8 The addition of dialkyl phosphites to
aldimines, obtained from the optically active a-phenylethyl-
amine, is accompanied by appreciable asymmetric induction,
which has been used for the asymmetric synthesis of
a-aminophosphonic acids.”®7%5  The highest degree of
asymmetric induction (up to 80% optical purity) has been
observed in acid catalysis (HCl, AcOH); with increase of
temperature, the stereoselectivity of the addition diminishes
appreciably. Diethyl phosphite can be replaced in this
reaction successfully by tris(trimethylsilyl) phosphite.®®

Together with dialkyl phosphites, mono-, bis-,*? and tris-
(trimethylsilyl) phosphites®® also add to Schiff bases. The
silyl esters of o~aminophosphonic acids formed are readily
hydrolysed under neutral conditions (on heating with water
or alcohol) to the free acids, which facilitates the isolation of
the latter.
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The addition of acid esters of methylenediphosphonic acids
to Schiff bases has been described:®®

0
Me Hl I Me NEN
SCHCH=NCHPh + p—cr—p( _HOt
Me iso-PrO OPr-iso
o °o
[ 1 Me
>CH<I3H—P—-CH,—P<
, )
NH, OH OPr-iso

Phosphorous acid usually reduces Schiff bases to secondary
amines and products of addition to the C=N bonds can be
obtained in satisfactory yields only in isolated instances.®*
In contrast to phosphorous acid, hypophosphorous acid adds
fairly smoothly to Schiff bases with formation of N-sub-~
stituted o-aminophosphonous acids.?® Many a-aminophos-
phonous acids, including the phosphonous analogues of all
the most important natural o-aminocarboxylic acids, have

Me
-
Me

been obtained in this way:%6~8%
T | H
9% HBe L2
RCH=NCHPh, + HP0, » RCHP]  ——— RCHP
+t HPO, \oH | NoH *
NHCHPh, NH,

Catalytic hydrogenolysis is unsuitable in this instance for
the removal of the protecting group owing to the poisoning of
the catalyst by the hydrophosphoryl compound and for this
reason azomethines with the N-diphenylmethyl substituent,
which is readily removed in an acid medium, are employed.

The addition of dialkyl phosphites to azomethines with the
acid-removable N-diphenylmethyl] substituent has been used
to synthesise phosphonic analogues of alanine, valine,
phenylalanine, and cycloleucine;®® mono- and di-aminodi-
phosphonic acids, including the diphosphonic analogues of
aspartic and glutamic acids, have been synthesised in this
manner.%

The application of other N-protecting groups, removable
by acid hydrolysis, for the synthesis of a~APA has been
described, namely the t-butyl,®? i-phenyleyclopentyl,®® %
and ao-disubstituted benzyl®® groups.

The addition of HPC to azomethines has been used widely in
the synthesis of various a-APA, in particular potential
bacteriostatic compounds,® analogues of morphactins (plant
growth regulators),*’~%% phosphorus analogues of penicil-
lamine %! and spin-labelled compounds.!®?

Hexahydrotriazines react with acid phosphites and phos-
phonites to form esters of N-substituted a-aminophosphonic
and the corresponding phosphinic acids:333%9%2,103

Etg> \H ﬁ)/R iy I R
—_— N 2 NCH,P:
PhCHg\r? /\lf /CH.Ph PhCH;| HCH’p\OE! HyNCH,| o
W
!
CH,Ph

Phosphinic analogues of glycine (Gly? ~R) (R = Me or Et) %
as well as the phosphonic analogue of proline’®” have been
obtained by this method. The latter compound has also been
synthesised by the addition of diphenyl phosphite to mono-
meric 1-pyrroline.”” Aminomethylphosphonous acid (GlyF ~H)
has been synthesised by adding hypophosphorous acid to
1,3,5-tris(diphenylmethyl )hexahydrotriazine in 10% yield.®®
Hydrobenzamide combines with two equivalents of dialkyl
phosphite or a monoester of phenylphosphonous acid to form
phosphorus-containing aminals, the controlled hydrolysis of
which affords the esters of a~aminobenzylphosphonic and
the corresponding phosphinic acids:195%¢

N=CHPh
H/

PhC
\N=CHPh

Hy

Ry ps© o o
—EOe M, | Nucub N s phcub¢ N
Eu N NoEt| W NoEt
P
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NN'-Dialkylidene-1, 2-diaminoalkanes, formed from ammonia
and aliphatic aldehydes, behave similarly, which has been
used to obtain the esters of certain o-aminophosphonic
acids, including the dialkyl esters of the phosphonic
analogues of valine.!??

o- Aminophosphonic acid can be obtained also from
aldazines by adding HPC to the C=N bond with subsequent
reductive cleavage of the nitrogen—nitrogen bond. Aromatic
aldazines combine with two equivalents of dialkyl phosphite
and the resulting adducts are reduced with an excess of
sodium dialkyl phosphite to esters of a-aminobenzylphos-

phonic acids:198-320

(RO).P<° +(RO);PONa
XCeH¢—~CH=N—N=CH—CHX — H |

[o] o]
i HO+ I

— XCgH—CHP (OR)y ——=~ xc,H.—slHP (OH), .
NH, X&H,

This method has also been used to obtain a series of
a-aminobenzylphosphinic acids.}** Aliphatic aldazines react
with dialkyl phosphites to form only monoadducts, from which
o-hydrazinophosphonic acids can be obtained by acid hydro-
lysis!'? or a-aminophosphonic acids can be produced by
hydrogenation on Raney nickel;!?%113

mw(ﬁ (R10);PONa ﬁ’
RCH=N—N=CHR - RCH=N~-NHCHP (ORy)s—
R
1; H;IoN'f 1
B HO* | R(;.HP (OH),
_ NH,
1) GNOH»#(:]
HHOT _, RCHP (OH),
NHNH,

Acid phosphonites interact similarly with aliphatic aldazines,
which makes it possible to obtain o-aminophosphinic acids.''"*
This method has been used to obtain phosphonic and phos-
phinic analogues of alanine, valine, and leucine. The phos-
phonic and phosphinic analogues of cycloleucine have been
synthesised analogously by adding one mole of diethyl phos-~
phite or ethyl methylphosphonite respectively to the ketazine
based on cyclopentanone.?®

HPC can also be added to a series of other compounds with
a C=N bond, which has been employed to synthesise a~APA.
For example, benziminoethyl ether combines with two equiva-
lents of dialkyl phosphite to form the ester of the N-phos-
phorylated a-aminobenzylphosphonic acid.*'® It has been
suggested that iminoesters are intermediates in the reaction
of orthoformate, a primary amine, and a dialkyl phosphite
(or a monoalkyl phosphonite), which results in the formation
of aminomethylenebis(phosphonates) or aminomethylenebis-
(phosphinates).}5:118

Dialkyl phosphites add to N-acylimines to form the esters
of N-acylated o-aminophosphonic acids.*”:}1® Hydrolysis of
these compounds leads to o-aminophosphonic acids; it is
sometimes possible to remove selectively the N-acyl group
with formation of esters of o-aminophosphonic acid:*?

(o]
I
HCOOH/EtOH __ b ~iip (OEb),
(101, 7° o !

H i NH,

RCH=NSO,f — RCHP (QEt); - o
|

NHSO,F {l

HOY RCHP (OH), -+
NH,
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N-Acyliminothicesters are capable of reacting with dialkyl
phosphites analcgously to N-acylimines. The reductive
elimination of alkylthio~groups from the sdducts and sub-
sequent hydrolysis lead to a-aminophosphonic acids:**"

e P (O)(OEY). ok o
‘ ‘ @0 1 ¢ - j,&i’é‘iﬁ:_) 0
Me(l:ﬁl\COOEL -&)(lafl“HF . .'ME~~T-NHLOOE1 N&}L{HP (OH); .
SMe SMe NH,

This method has been used to synthesise the enantiomers of
the phosphonic analogue of phenylalanine.!?!

Under the conditions of alkaline catalysis, oximes combine
with two equivalents of dialkyl phosphite to form N-phos-
pherylated o-aminophosphonates as a result of tie postulated
amincphosphonate—amidophosphate [phospheramidate?]
rearrangement.’?® The addition of hypophosphorous acid to
oximes, which leads to the formation of o-aminophosphonous
acids, is of considerable interest. The phosphonous ana-
logues of alanine, valine, and glutamic acid (Glu®~P~H) have
been obtained by this method:*23

o)
R 3 H
er>c=NOH + H,PO, — Rl>vT“~—P<OH
NH,
The mechanism of this reaction has not been elucidated.
The addition of dialkyl phosphites to N-glycosylnitrones
has been used for the asymmetric synthesis of dextrorotatory
phosphonic analogues of serine, valine, and alanine:'?*

X0 X0

(]
o -+ (Em)’l(/}{ ° o ﬂ ﬁ
N=CHR ~—— “‘\'— BP(OE(), —> RCHP(OI) -
- OH NH,

Dialkyl phosphites*?® and phosphorous acid'?®27 add to
nitriles with formation of aminomethylenediphosphonic acids
or their esters. Under the conditions of base catalysis,
dialkyl phosphites react with arylisonitriles to form N-aryl-
aminomethylenediphosphonates.?2®

The ability of HPC to undergo Michae! addition to activated
carbon—carbon double bonds has also been used to syn-
thesise a-, 8-, and y-APA, The phosphonic analogue of
aspartic acid Asp S‘P, where the B-carboxy-group has been
replaced by the phosphono-group, has been obtained by the
interaction of a-acetamidoacrylic acid with phosphite:*?®

A0

CH,;=CCOOH +- P(OMe); — CH;=CCOOMe 4 (McO), P\H —
NHAc NHAe
o] o]
Il HO+ Il
- (MeQ), PCH,ICHCOOMe - (HO), PCH.,C‘HCOOH
NHAc NH,

The addition of esters of methyl- and ethyl-phosphonous
acids to a-acetamidoacrylic acid proceeds with formation of
the corresponding phosphonic analogue of aspartic acid
(AspfP~Me gng AspB~P~Ety 130 The phosphonic and phos-
phinic analogues of aspartic acids, in which the phosphono-
or phosphino-group replaces the o-carboxy-group, have been
obtained by the addition of dialkyl phosphites or acid phos-
phonites to acetamidomethylenemalonate with subsequent

hydrolysis and decarboxylation of the adducts:%%13!
R o] [¢]
E(0> P(g ] /R H,0+ I /R
(EtOC0),C=CHNHAc —gi5ra—~* (E1OCO), CHlCHP\ T HOCOCH’?HP\OH
NHAc NH, )

The esterification of the carboxy-groups in these com-
pounds with subsequent ammonolysis leads to the formation
of the phosphonic and phosphinic analogues of aspara-
gine.}?%1%  The phosphonic and phosphinic analogues of

863

o-methylaspartic acid have been obtained by adding the
corresponding HPC to B-aminocrotonate.?® The same
approach has been used to obtain the phosphinic analogue

of glutamic acid—phosphinothricin (GluY™ ~Mey .25
N Me\P/O
S'g«{ \H Me\ i
CHy=CHCHCOOR —- ™ o PCHCHCHCOOH .
NHAc NH,

4. Amination of a-Oxophosphonates (The Oxime Method)

A number of methods of synthesis of a-aminophosphonic
and o~aminophosphinic acids are based on the use of a-oxo-
alkylphosphonates and the corresponding phosphinates, which
are converted into oximes and then reduced (the oxime
method ):

) o 0
i y i g
RC—P (ORY), —2=R, pep (ORY), — 21 RCH—P (ORY),
I i |
0 N—OR? NH,

The oxime group can be reduced by a wide variety of
reductants. Thus o~aminobenzylphosphonic acid and its
derivatives'®? and also the phosphonic analogue of dihydroxy-
phenylalanine (DOPA) !%% have been obtained by the reduc-
tion of the corresponding oximes with aluminium amalgam.
Diborane has also been used as the reductant;*3* the phos-
phonic analogues of alanine, valine, leucine, and isoleucine
have been obtained in this way. The oximes can be reduced
by hydrogenation on Raney nickel,*3%1%% which has been used
in the synthesis of the phosphonic analogues of tryptophan?3®

In the reduction of oximes with zinc in formic acid, the
amino-group formed is partly formylated; to achieve
deformylation, the reaction mixture is treated with hydro-
gen chloride in methanol.’®” The esters of phosphonic
analogues of alanine, valine, leucine, phenylalanine, glutamic
acid, and methionine,'3” as well as the phosphonic analogue
of cysteine*®® have been synthesised by this procedure.

The reduction of oximes with zinc in formic acid has also
been employed for the synthesis of a~aminophosphonic
acids.*?

o-Oxophosphonates can be converted into hydrazones,
whose reduction with aluminium amalgam®®? or zinc in a mix-
ture of acetic and trifluoroacetic acids**? as well as catalytic

hydrogenation'®%**? lead to a-aminophosphonates:
Q (¢]
0 st 9 gm0
RC—P (ORY), - RC—P (ORY), ~———— RCHP (OH),
) i R2 |
0 N-N{ NH,
\R?

The single-stage method for the direct conversion of a-oxo-
phosphonic acids into o-aminophosphonic acids on treatment
with ammonia and sodium tetrahydroborate'*! is undoubtedly
attractive:

o [¢]

I NH,.NaBH, il
RC-— (OH), r:'m—‘EE? RCIHP (OH),

NH,

The phosphonic analogues of alanine, valine, leucine, phenyl-
alanine, and glutamic acid (Gluo‘"P) have been obtained in
this way. Instead of ammonia, primary amines can be used
in the reaction. It is of interest that the mono- and di-esters
of a-oxophosphonic acids do not enter into this reaction.

The use of NaB’H, makes it possible to obtain tritium-labelled
a-aminophosphonic acids.*?
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5. Synthesis of Aminophosphonic Acids using the Curtius
and Hofmann Rearrangements

One of the most frequently employed methods of synthesis
of a-APA is that from the esters of a-phosphonocarboxylic
acids, whose key stage is the Curtius rearrangement of the
corresponding phosphonocarboxylic acid azides. The
general scheme of this multistage synthesis, which is usually
carried out as a "single flask" process, i.e. without the
isolation of intermediates, is presented below:}2%%3

0 0o G
i ) W
(Et0); PCRR!COOEt ————"— (Et0); PCRRICN; ~—=;~

o
i
— (EtO), PCRRINCO

pEot
B HOT , (HO); PCRR'NH,

The phosphonic analogues of glycine, alanine, phenylalanine,
valine, a-methylalanine, tyrosine, lysine, ornithine, etec.
have been obtained by this procedure.'2%1*3=1%S  The method
has also been used to synthesise o-aminoethylphosphonic acid
(ciliatine) and y-aminopropylphosphonic acid (the phosphine
analogue of y-aminobutyric acid !*®). The broad limits of its
applicability, in particular the possibility of synthesising a-,
B-, v-, and w-APA as well as aw-diaminophosphonic acids
must be regarded as advantages of the methods. Its dis-
advantage is its multistage nature, which is frequently the
reason for the moderate overall yields of the aminophosphonic
acids.

If the rearrangement of the phosphonocarboxylic acid azides
is carried out in the presence of alcohols, it is possible to
isolate the corresponding carbamates derived from the amino-
phosphonic acids, which has been used to synthesise N-ben-
zyloxycarbonyl derivatives of a- and B-aminophosphonates:*’

o o
[/ hO)POIN, i
RCH (CHoP (0D, — A= RCH (CHy),,P (OEt),
COOH NHCOOCH,Ph
n=01

The Hofmann degradation of phosphonocarboxylic acid
amides can also be used to synthesise aminophosphonic acids.
This method has been used successfully to obtain g-amino-
ethylphosphonic acid!*® and its derivatives.'*%?%° On the
other hand, there are contradictory literature data concern-~
ing the possibility of using the Hofmann degradation for the
synthesis of a-aminophosphonic acids. The successful prepa-
ration by this method of a series of a~aminophosphonic acids,
including the phosphonic analogues of a-alanine, has been
reported.’®’ However, it has been shown that, depending on
the structure, the phosphonoacetamides (EtO,)P(O)CHRC(O).
NH, either undergo the Hofmann rearrangement with formation
of a-APA (for R =Et or Ph) or are brominated at the a-carbon
atom (for R =Me or PhCH,). The phosphonic analogue of
a~alanine could not be obtained by this method.'%?

6. Syntheses Using Acetamidomalonic Ester and Vinylphos-
phonates or Vinylphosphinates

In one of the first specific syntheses of phosphonic ana-
logues of natural aminoacids, the alkylation of acetamido-
malonic ester with f-bromoethylphosphonate was used to
obtain the analogue of glutamic acid (GluY~F):1%?

o)

i
AcNHCH(COOEU), + BrCHCH,P (OEt), —2
o

i I
- (EtOCO), c‘cu,cn,p (OED), —2%, HOCO(l:HCH,CH,P (OH),
NHAc NH,
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The introduction of B-bromoethylphosphonates into this reac-
tion entailed the formation of phosphinic analogues of
glutamic acid (GluY~P-R, R = Me, Et, or Ph).15%2%%

Aminophosphonic and aminophosphinic acids can probably
be obtained from the acetamidomalonic ester also via the
mechanism involving addition to the corresponding vinyl
compounds of phosphorus, as has been achieved in the syn-
thesis of phosphinothricin (GluY~P~Me).156

Me ] Me 1§
SPCH=CH, —AcNHCH(COORD, , \BCH,CH;C (COOE); —
CICH,CH,0 CICH,CH;0”
NHAc
Me !
O T NPCH,CH,CHCOOH
Ho” !

NH,

The same method has been used to obtain phosphinic ana-
logues of glutamic acids containing various substituents at
the phosphorus atom, including functional groups [GluY‘P‘R,
where R = CH,COOMe, CH,COOH, CH,CH,CH(NH,)COOH,
CH,C¢H,Br-p, or PhCH,1.*?® Certain Schiff bases also
undergo Michael addition to methylvinylphosphinate, which
has been used successfully to synthesise phosphino-

thricin:?%7

0
Me._§ _NCH Me I
e "CH=CH: s e MeO>PCH,CH2CHCOOE! LN
N=CHPh
)
Me\u
- )PCH,CH,CHCOOH
no” |

NH,

The addition of chiral Schiff bases to vinylphosphonates
and vinylphosphinates has been used for the asymmetric
synthesis of o-amino-y-phosphonobutyric acid [(+)—GluY'P]
and (+)-phosphinothricin [(+)-GluY~"P~Me], as well as their
(-)~-enantiomers.'%®

Ammonia adds to a-bromovinylphosphonate with formation
of B-amino-o-bromoethylphosphonic acid, which cyclises in an
alkaline medium to aziridinylphosphonic acid. The opening
of the aziridine ring in this acid by treatment with water or
hydrogen sulphide leads to the formation of the phosphonic
analogues of serine*5%%° and cysteine®®® respectively:

)
s HNCH,CHD (01, ~2 7-1‘! (OH), —
b NH
)
MO, ocH,CHP (OH),
Nty
0
S HSCH,cmg (OH),
Net,

i 1 il
CH,=CP (OE!), a0t

i
Br

7. Other Methods of Synthesis of Aminophosphonic, Amino-
phosphinic, and Aminophosphonous Acids

The traditional methodology for the synthesis of aminocar-
boxylic acids has also been applied to the synthesis of APA.
For example, the phosphonic and phosphinic analogues of
aspartic and glutamic acids (Asps'P and GluY‘P) have been
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synthesised from 8- and y-oxophosphonates and the corre-
sponding phosphinates using the Strecker reaction:6%,162

1) KCN,NH,
) Hy

R
\p CH _L»
Y HO

R=0OH, Me, Et; n=1,2

]
>P (CH.),,C'HCOOH
NH,

The phosphonic and phosphinic analogues of a-methylaspartic

and a-methylglutamic acids can be obtained in the same way.?®

The use of (-)-a-phenylethylamine in the Strecker synthesis
makes it possible to obtain phosphonic analogues of aspartic
and glutamic acids enriched in the (+)-enantiomers.!é3

8- and y-Aminophosphonic acids have been synthesised by
condensing benzylamines with f- and y-oxophosphonates with
subsequent reduction of the resulting azomethines with
sodium cyanohydroborate and the removal of the P-ester and
N-benzyl groups by acid hydrolysis and hydrogenation over
a palladium catalyst respectively:*®*

(] o

1 0 N 1
(Et0),P (CH,\,,C{H —PRCHHe , (E10), P (CHal,CH=NCH,Ph —»

(0] O

i
—_— (HO),P (CH,),,CH,NH,

a [}
—IBHEN . (ELO)P (CHy),CH,NHCH;Ph

n=1,2

o~Aminophosphonic acids can also be synthesised by the
direct substitution of the halogen atoms in o-halogenoalkyl-
phosphonic acids or their derivatives by the amino-group.
However, this method is not used frequently, possibly
because the substitution by the amino-group in chloro-
methylphosphonate on treatment with ammonia proceeds
under extremely severe conditions and aminomethylphosphonic

acid is formed in a moderate yield (20—48%):16%166
o) ° 0
I
CICH,D (OEt), — N0 11 b1, b(OH) (OB —— NCH,b (OH)s

Aminomethylphosphonous acid has been obtained analo-
gously by the reaction of chloromethylphosphonous acid with
ammonia.’®? The interaction of ammonia and amines with
di(chloromethyl)phosphinic acid has been investigated in a
number of studies.'®®”171 The products of the reaction of
this acid with aqueous ammonia proved to be N-methylamino-
methylphosphonic acid, which has been explained by the
initial formation of the azaphosphetidine oxide ring, which is
cleaved by water at the P—C bond:!5®

O _wuymo
clesp{ | —ne

o
[HN<>POH] e, MeNHCH,P (OH),

On reaction with di(chloromethyl)phosphinic acid, benzyl-
amine gives rise to di(benzylaminomethyl)phosphinic acid,
the catalytic hydrogenolysis of which affords di(amino-
methyl)phosphinic acid.'®® The substitution of a halogen
atom by the amino-group has been used in the synthesis of
phosphonic and phosphinic analogues of glutamic acid
(GluY~P and GluY~P-Me);172

Rl 1) Br/PCl, R
“\PCH.CH,CH,COOH _nNms | o

I
PCH,CHsCHCOOH
HO” / i

NH,

a-Aminoalkylphosphonic acids can be obtained from the
readily available a-hydroxyphosphonic acids, which are
formed from carbonyl compounds and HPC. The substitution
of the hydroxy-group by the amino-group is achieved by
means of the Mitsunobu reaction between the a~hydroxyphos-
phonate and phthalimide in the presence of triphenylphos-
phine and diethyl azodicarboxylate and subsequent removal
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of the phthalimide group by the standard treatment with
hydrazine:17®

9
VaYs
(m
0 Y / (¢]
1 1 i D EE 1
RCIHP (OEt), — OB —N=N—COOET PR~ RCIHP (OEt), iad RC‘HP {OH,)
OH N NH,
0=™_o h
0=./=°

The amino-group can be introduced directly into the
oa-position in the molecules of phosphonoacetates, which
produce stabilised carbanions, by treatment with reagents
such as O-(mesitylenesulphonyl)hydroxylamine *’* and
O-(diphenylphosphinoyl)hydroxylamine.’’> The o-amino-
phosphonoacetates formed are important intermediates in
the synthesis of cephalosporins:

o 1) NaH/THF

i d i
(E10),PCH,COOCH,Ph —2ERPOONH: (EtO),PICHcoocn,Ph

NH,

Treatment with trifluoromethanesulphonyl azide results in
the introduction in the a-position of phosphonoacetates of the
azido-group, whose reduction by catalytic hydrogenation
affords a-aminophosphonoacetates.!”8

Approaches based on the modification of the P—C~N bond
system already formed can also be used in the synthesis of
a~aminophosphonic acids. Thus the reaction of a Grignard
reagent with o-(N-ethoxycarbonylimino)-o-(ethylthio)methyl-
phosphonate leads to the formation of an adduct, which is
converted into an a-aminoalkylphosphonic acid after the
reductive elimination of the ethylthio-group and hydrolysis.!”’
The phosphonic analogues of alanine, valine, and phenyl-
alanine have been synthesised in this way:

(o] R O
1) NaBH,
. I RMgX L) 2) HO+ I
E{tOCON=CP (OEY), —» EtOCONHE~P (OEt), -~ R(I:HP (OH),
|
SEt SEt NH,

The aldimine obtained from aminomethylphosphonate can be
alkylated by halogenoalkanes; the hydrolysis of the resulting
compounds leads to the a-aminophosphonic acids AlaP, PheP,
and As-%"P;278

o 1) (iso-Pr)yNLi/THF O o
PhCH=NCH,P (OEY, —22X - PhCH=NCHP (OE), —2%—, RCHP (OH)g
! |
R NH,

The oxazoline method of synthesis of a~aminoacids has been
applied to the synthesis of the phosphonic analogues of
derivatives of serine, the oxazolinylphosphonates necessary
for this purpose being formed as a result of the addition of
carbonyl compounds to isocyanomethylphosphonates:1??

o S OHR! O

1l SN CuO l | 0 HO+ oL
R‘(I‘HP (ost),-;-RJ JC=0—""- R~ 1P (OEV), ———R?—C—C—P (OH)

N--C R R NH,

The cycloaddition of ethylene to C-dialkoxy-N-glycosyl-
phosphonoylnitrones, which proceeds with appreciable stereo-
selectivity, has been used to synthesise laevorotatory phos-
phonic analogues of homoserine, aspartic acid, and
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asparagine:!®°

Y >< 0
X113 X
O 0, Q 0
+ I CHy=CH, +

N==CHP(OR), ————>~ N, H

d (X
P(OR)
! e
* 0
{
Hocuzcu,?dp(o)(omz

NH,

o~ (N-Formylamino)vinylphosphonate, obtained by the
Horner—Wittig reaction from N-formylaminomethylenediphos-
phonate and paraformaldehyde, gives rise to o-(N-formyl-
amino)ethylphosphonate as a result of hydrogenation on a
complex rhodium catalyst (Rh*) in the presence of the chiral
ligand (+)-2, 3-dihydroxy-2, 3-O-isopropylidene-1, 4-bis~
(diphenylphosphino)butane (DIOP). Hydrolysis of the
product leads to the optically active (-)-o-~aminoethylphos-
phonic acid (with an enantiomeric excess of 76%):1%

(“) (“) 1) e'\l:'lt%Na/MtOH (”) HyRhe
(Me0);PCHP (OMe), —2 - CHy=CP(OMe), (25705~
NHCHO NHCHO
0 0
[ HO* ii
—» MeCHP (OMe), — McCHP (OH)s
|
NHCHO NH,

Many aminophosphonic acids have been obtained by modify-
ing particular functional groups present in the phosphonates.
For example, the phosphonic analogue of arginine has been
obtained from the phosphonic analogue of ornithine by con-
verting the §-amino-group into the guanidino-group.®?
Derivatives of f-aminoethylphosphonic acid have been
obtained by reducing the nitro-group in f-nitroethylphos-
phonates'®®28* and the nitrile group in phosphonoaceto-
nitriles.’® Catalytic hydrogenation of a-hydroxy-g-nitro-
ethylphosphonates has been used to obtain derivatives of
g-amino-o-hydroxyethylphosphonic acid.®%®7 This acid is
also formed on ammonolysis of oxiranylphosphonates.®®

As can be seen from the foregoing, there is at present a
fairly wide set of methods of synthesis of APA based both on
the specific properties of individual phosphorus-containing
reagents and on the application of the "standard"” methodology
for the synthesis of aminocarboxylic acids. Phosphorus
analogues of many natural a-aminocarboxylic acids have been
obtained by these methods. However, one should note that
a-APA containing additional functional groups (analogues of
serine, threonine, lysine, ete.) are still difficult to obtain
and the phosphorus analogues of certain important natural
aminoacids have not been described hitherto. The problem
of the asymmetric synthesis of a-APA also remains urgent
and requires new solutions.

i11. THE PROPERTIES OF AMINOPHOSPHONIC, AMINOPHOS-
PHINIC, AND AMINOPHOSPHONOUS ACIDS

Aminophosphonic, aminophosphinic, and aminophosphonous
acids are white high-melting crystalline substances, soluble
in water and sparingly soluble in ethanol and other organic
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solvents. On recrystallisation from aqueous solvents, some
of them are isolated as hydrates.’»'®® The potentiometric

titration curves for aminophosphonic acids have three breaks
corresponding to the three ionisation constants of these com-

pounds 129,190

(o] [e] O
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The ionisation constants and isoelectric points of valine and
its phosphonic and phosphonous analogues are presented in
Table 1.

Table 1. The ionisation constants and isoelectric points of
valine and its phosphorus analogues.®®

Acid pKa PKs PKs pl
Me,CHCHCOOH 2.28 9,36 - 5.82
|
NH,
0
I
Mechcl}lP(OH), 1.23 5.68 10.46 3.46
NH,
" H
Me,CHCHp< 1.19 7.79 - 4.49
I OH
NH,

The ionisation constants of a-aminophosphonic acids in
water?*%1% indicate the greater acidity of the phosphonic
acid group in these compounds compared with the corre-
sponding phosphonic acids themselves,'®* which is due to
the influence of the amino-group. As was to be expected,
aminophosphonic, aminophosphinic, and aminophosphonous
acids have a zwitter-ionic structure, which has been con-
firmed by the NMR study of their aqueous solutions®®!%2 and
an X-ray diffraction study of crystalline specimens.®®

Like aminocarboxylic acids, a-aminophosphonic acids are
able to form complexes with many metal cations, in particular
with Ni?* and Cu?*.}*® In their chelating capacity, a-amino-
phosphonic acids are close to aminocarboxylic acids and, with
increase of the number of phosphono-groups in the molecule,
the compliex-forming capacity also increases, polyaminopoly-
alkylphosphonic acids being effective complexones.*1%
Aminomethylphosphonic acid reacts with the Co?* ion to form
the compound [Co(H,NCH,POH,),.2H,0]H,0, which crystal-
lises in the monoclinic system and is a coordination polymer
produced as a result of the formation of ~O~P~0O bridge

' bonds between the cobalt atoms.'%®

The IR spectra of the APA and their esters have charac-
teristic absorption bands due to the P=0 (1150—1250 cm™?),
P—0O-C (1040~1060, 1165 cm™ ), and P—O~ (1000—1100 cm™?')
groups.®®®? The IR spectra of aminophosphonous acids also

' contain the absorption band due to the P—H group (2300 to
{ 2400 cm 1).8%8 The amino-group in free APA is protonated,
{as a result of which the IR spectrum exhibits broad absorp-
tion bands due to the *NH; group (2000—3200 cm~3, 1560 to
1600 cm™?), which usually overlap in the region of approxi-
mately 3000 cm™! with the absorption due to the stretching
vibrations of the C—H and O-H bonds.3”s1%® The IR spectra
of APA esters show absorption bands due to the NH, group
(32803380 ecm~*, 1500—1620 cm™*).%®
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The P NMR chemical shifts for certain APA and their
esters are presented in Table 2. The table shows that these
chemical shifts depend on the pH of the medium, which can
be explained by the formation of protonated forms of these
compounds in an acid medium and the deprotonated forms in
an alkaline medium,3%88,168,199

Table 2. The chemical shifts and spin—spin coupling con-
stants for the 3!P NMR spectra of certain aminophosphonic,
aminophosphinic, and aminophosphonous acids.

Compound 6(311’)*. p.p.m. (salvent) Refs.
0
f 21.0 (2N K gl
Me,C +21.0 (2N KOH) {61]
{e,CHCHP(OH), + 16.36 (85% H3PO4) (t34]
NH,
o}
i
PhCH4|CHP(OH), +21.2 (2N KOH) 1771
NH,
o}
i H
Me,CHCHP{ +18.6, Jp_y 540 Hz (D20) [85)
L\'mz OH +31.2, Jp_y 301 Hz (N2OD) [88]
| /H
PRCH,CHPL +19.2, Jp_y 543 Hz (D20) {88]
I\IJH OH +31.7, Jp_y 513 Hz (N2OD) (88]
2 +24.8, Jp_y 574 Hz (DCD) [88]
o
# -
v +29.77 (D,0) (t68]
(H,NCH,),POH 1706 (NaOH) (168]
+20,36 (HCYH {168}
o)
il
Me,CHCHP(OC,Hy), +28.36 (CH.Cl,) {1404
\gH +19.7 (AcOH) {140}
Ny

*§ > 0 when the signal is in a low field relative to the
external standard—85% H,PO,.

o-Aminophosphonic, a-aminophosphinic, and a-aminophos-
phonous acids contain a chiral centre—the a-carbon atom—
and exist in the form of two enantiomers. Almost all the
methods of synthesis examined above lead to racemic mix-
tures with the exception of the instances of asymmetric syn-
thesis where one of the enantiomers predominates in the
product,®8,78-81,124,158,183,180,181 1y order to obtain optically
active a-APA, mixtures of diastereoisomers, formed on treat-
ment of the racemate with an optically reactive reagent, are
separated by repeated recrystallisation. The reagent of this
kind most often employed is dibenzoyl-L-(+)-tartaric acid,
which forms mixtures of diastereoisomeric salts on reaction
with esters of a-aminophosphonic and the corresponding
phosphinic acids. The (-)-diethyl ester of o-aminobenzyl-
phosphonic acid with an optical purity in excess of 97%,1%%:20°
the (+)- and (-)-diethyl esters of the phosphonic analogue
of phenylalanine, formed on hydrolysis of the enantiomeric
PheP,®® other optically active a-aminophosphonates,?5:2%%
and also the (+)-ethyl ester of a-aminobenzylphenylphos-
phinic acid?°? have been obtained in this way. On reaction
with the diphenyl esters of a-aminophosphonic acids, the
anhydride of dibenzoyl-L-(+)-tartaric acid gives rise to mix-
tures of diastereoisomeric amides (or imides), which afford
optically active a-aminophosphonic acids after separation and
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The enantiomers of the phosphonic analogues of

hydrolysis.
203,204

alanine, valine, leucine, phenylalanine, phenylglycine,
and serine*! have been synthesised by this procedure. The
monoalkyl esters of N-acylated a-aminobenzylphosphonic acid
have been separated into their enantiomers via the diastereo-
isomeric salts with R-(+)~ and S-(-)-a-phenylethylamines 2%
and (-)-ephedrine.2’® The (+)- and (-)-o-phenylethylamines
have also been used to obtain optically active o-aminophos-
phonous acids.®®

The acylation of the amino-group in racemic a-aminophos-
phonates by derivatives of optically active a-aminocarboxylic
acids gives rise to diastereoisomeric phosphonodipeptides,
which can be separated by chromatography on ion-exchange
resins?%®297 or silica gel;*’® a method based on the separa-
tion by column chromatography for unprotected or fully
protected phosphonodipeptides with subsequent acid hydro-
lysis of the resulting diastereoisomers has been proposed for
the synthesis of optically active a-aminophosphonic acids.?%?
The possibility of the enzymic separation of N-acyl deriva-
tives of a-aminophosphonic acids has also been reported.20°

The absolute configuration of certain optically active
a-aminophosphonic acids has been determined by X-ray
diffraction. The S-configuration of the chiral centre has
been observed for (-)-Valf and (-)-o-aminobenzylphosphonic
acid;’®’® (+)-PheP also has the S-configuration and the bond
lengths and angles do not differ significantly from the usual
values and are close to the analogous parameters of phenyl-
alanine derivatives;®? (+)-AlaP likewise has the S-configura-
tion,2!?

Comparative analysis of the NMR data and of the specific
rotations of the glycosidic precursors made it possible to
attribute the R-configuration to the laevorotatory enantiomers
of the phosphonic analogues of homoserine, asparagine, and
aspartic acid {(-)-Asp®~P]1.18® From the chromatographic
behaviour of diastereoisomeric phosphonodipeptides contain-
ing the N-terminal L-Phe residue and the P-terminal LeuP,
MetP, and PheP residues, the R-configuration was also
attributed to the laevorotatory enantiomers of these o-amino-
phosphonic acids.??® The absolute configurations of a series
of optically active a-aminophosphonic acids, namely S-(+)-
SerP, S-(+)-aziridinylphosphonic acid, S-(+)-a-amino-8-
chloroethylphosphonic acid, R-(—)—Phep, and R—(-)—Tyrp,
have been established by means of chemical correlation with
a-aminophosphonic acids having known configurations.2%*

The laevorotatory enantiomer of the phosphonous analogue of
alanine has the R-configuration, because it is oxidised to
R-(-)-AlaP

The asymmetric esters of a-aminophosphonic acids contain
two asymmetric centres, Cy and P, and exist in the form of
diastereoisomers which are clearly distinguishable by the NMR
spectra.?°%,21L,212  Mixtures of diastereoisomers are formed
similarly in the case of a-aminophosphinic acid esters. It
has been established by X-ray diffraction that the asym-
metric centres of the (+)-isomer of ethyl a-aminobenzyl-
phen;yolzphosphinate have the absolute R(C,), S(P)-configura-
tion.

1. Reactions of the Amino-group in Aminophosphonic, Amino-
phosphinic, and Aminophosphonous Acids

a-Aminophosphonic acids are protonated at the amino-group
in acid media, but it is not possible t6 isolate the salts, in
particular the hydrochlorides, in a pure state, since the ratio
a-APA/HCI is greater than unity.!*® After prolonged heating
of the hydrochlorides of aminophosphonic acids, hydrogen
chloride is fully eliminated with formation of free aminophos-
phonic acids, which can be accounted for by the appreciable
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acidity of the phosphono-group.'®?® o-Aminophosphonic
acid esters form hydrochlorides,?%%7 picrates,®” and acid
oxalates3%13%,175 ywith characteristic melting points, which
are used for their isolation, purification, and identification.
Racemic o~-aminophosphonates and the corresponding phos-
phinates react with optically active acids to form diastereo-
isomeric salts, which are used for their resolution into
enantiomers ., 25:106,189,200,201

o-Aminophosphonic acids and their esters are alkylated at
the amino-group on treatment with methy! iodide or dimethyl
sulphate; exhaustive alkylation of a-APA leads to the forma-
tion of "phosphonobetaines".?*3=2'5 The full esters of
o~aminophosphonic acids are gradually converted into the
monoesters even at room temperature:

o
RCHP (ORY), - RCHP( Rt
| ' No-
NH, +NH,R!

The rate of this process depends on the nature of the group
R! and diminishes in the sequence Me > Et > n-Pr > iso-Pr.*%7
The N-arylation of a-aminophosphonic acids by 1-nitro-9-
phenoxyacridine has been described.?'®

On interaction with an excess of acetic anhydride, a-amino-
phosphonic acid esters give rise to N-acetyl derivatives,
while their reaction with benzoyl chloride or tosyl chloride
in the presence of pyridine affords N-benzoyl and N-tosyl
derivatives respectively.??7»21® N-Benzyloxycarbonyl deriva-
tives of o-aminophosphonic acid esters have been obtained
by the Schotten—Baumann acylation,?*® by reaction with
N-(O-benzyloxycarbonyl) hydroxysuccinimide,?°® and by
acylation with benzyloxycarbonyl chloride in chloroform in
the presence of triethylamine.??%221 On heating with acetic
anhydride, the free a-aminophosphonic acids produce N-acetyl
derivatives;'%2'7 N-chloroacetyl,?*® N-benzoyl,*2%143,217
N-tosyl,2??2 and N-benzyloxycarbonyl derivatives?22~22* of
o-APA have been obtained by the Schotten—Baumann acyla-
tion with the corresponding acid chlorides in agueous alkaline
media. o-Aminophosphonic acids are formylated by 100%
formic acid in acetic anhydride and are converted into N-tri-
fluoroacetyl derivatives on interaction with trifluoroacetic
acid anhydride.**' On fusion with phthalic anhydride,
N-phthaloyl derivatives of a-aminophosphonic acids are
formed.?*%222  The interaction of a-aminophosphonic acids
with t-butoxycarbonyl azide in aqueous dioxan in the presence
of triethylamine leads to the formation of N-t-butoxycarbonyl

derivatives:225

o
g 1 ELN i
t-BuOCN; + R<'2HP (OH)e —g 7m0 RFHP (OH),

NH, NHOCOBu-t

The amino-group in g-aminophosphonic acids??® and their

esters??’ condenses with aldehydes to form the corre-
sponding aldimines.

On interaction with eyanamide, a-aminophosphonie, o-amino~
phosphinic and a-aminophosphonous acids give rise to
a-guanidinophosphonic,??® a-guanidinophosphinic,??® and
a-guanidinophosphonous??® acids:

mancrb? Py sanen - mnensicrp?
NCHPQR H NN = IR
R NH R .
R = OH, Alk, Ar, H
a-Guanidinophosphonic acids have also been synthesised
by the reaction of a-aminophosphonic acids with S-ethyliso-
thiourea.??® o-Aminoalkylphosphonates can be oxidised to
the corresponding a-nitroalkylphosphonates.?*> The diazoti-
sation of aminophosphonic and aminophosphinic acids leads to
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the formation of carbonium ions, which fragment or rearrange

depending on their structure:%,232
OHO OHO
. HNO; ]
HzNCHaC‘——P (OH) —x,; “CHQIC——P (OH), —
Ph Ph
o
+H,0 ]
—— HPO, - MeCPh
— o o
. i il
- PhC*—CH,P (OH), —pz~ Ph(‘:CH,P (OH),
! i
OH 0

Like aminocarboxylic acids, a-APA produce a characteristic
purple-violet colour on interaction with ninhydrin, which is
used for their detection.!%88,12%,233

2. Reactions of the Phosphorus-containing Fragments of
Aminophosphonic, Aminophosphinic, and Aminophosphonous
Acids

The di- and mono-esters of a~aminophosphinic acids can be
obtained by the esterification of the phosphono-group in
N-protected a-aminophosphonic acids. The dimethyl esters
are formed when N-acylated N-aminophosphonic acids are
treated with diazomethane.???225 The interaction of diazo-
methane with the monoesters of N-acylaminophosphonic acids
affords asymmetric esters.205,211,222,23%,235  pjg 0ethane 208
and diphenyldiazomethane?3®2%7 interact with N-acylated
o-aminophosphonic acids and their monoesters like diazo-
methane. In the presence of [tritiated? (Ed.of Translation)]
ultra-heavy water, diazoethane esterifies the monoethyl
esters of N-benzyloxycarbonylaminophosphonic acids with
formation of tritium-labelled diethyl esters.?®® Ethyl ortho-
formate is used to introduce the ethyl group in the synthesis
of diethyl and asymmetric alkyl ethyl esters,206,211,224,284
Asymmetric ethyl methyl, benzyl ethyl, and cyanomethyl
ethyl esters have been obtained by the reaction of the tetra-
methylammonium salts of the monoethyl esters of N-acylated
o-aminophosphonic acids with corresponding alkylating

agents:?%°

5 OEt
RX ﬂ/ Ef
RCHP\O

|
. NHOCOCH,Ph
RX = Mel, PhCH,Br, NCCH,0S0,Ph .

N-Acylated a-aminophosphonic acids give rise to monoesters
on esterification with hydroxy-compounds in the presence of
pyridine in trichloroacetonitrile?1,23"235,240,241 gng on con-
densation with alcohols in the presence of dicyclohexyl-
carbodiimide (DCC).1*%2%2

Another approach to the synthesis of the monoesters of
o-aminophosphonic acids involves the partial hydrolysis of
the diesters. When the diethyl ester of the phosphono-
analogue of phenylalanine was heated with 80% acetic acid,
the monoethyl ester was obtained in 10% yield.'** The
alkaline hydrolysis of N-acylated dialkyl aminophosphonates

proceeds more successfully:221s243
1 E
] J JOEt
PhCHP (OEf), —2OW/EOH PhCHP\/Z o
NHOCOCH,Ph NHOCGOCH,Ph

In many instances, the monoesters of N-acylated a-amino-
phosphonic acids can be obtained by the non-hydrolytic
cleavage of the diesters by treating the latter with reagents
such as boron tribromide in methylene chloride, lithium
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bromide in pyridine, sodium thiophenoxide in ethanol, or a
45% solution of HBr in glacial acetic acid.?** 7The monoesters
of N-acylated a-aminophosphonic acid are also formed when
the ester groups in asymmetric diesters are removed seclec-

tively:206,211,23%,235

0 o o)
Ll AOR _ HBr/AcOH f /OM'e Ho/Pd I OMe
RCHP( L 124 —or~  RCHP(

L ocHca, OCH,CCly i OH

‘,\.\/1\‘;/,\) N N>/O o;,\,N O

N =
< 5 N N
N N A N F
o 19) o}
OMe \ i OMe

R(‘HP/ 0.5M LBr/Py RCHP( SMNH o

“NOCH,CH,CN OCH,CH,CN |
NHOCOCH,Ph NHOCOCH,Ph NHOCOCH,Ph

The monoethyl ester of the phosphonic analogue of valine
has been obtained by heating the hydrochloride of its diethyl
ester.**’  The monoethyl ester of N-phthaloylaminomethyl-
phosphonic acid is formed on hydrolysis of the corresponding
chlorophosphonate obtained on treatment of the diethyl ester
with phorphorus pentachloride.?*?

a~Aminophosphonic acids have been made to react with
nucleosides and nucleotides, The N-benzyloxycarbonyl
derivatives of AlaP and PheP (in the form of pyridinium
salts) condense with the free 2’- or 3'-hydroxy-groups of
N-dimethylaminomethylene-5'-O-trityladenosine in the pres-
ence of DCC. After the removel of the protecting groups
and chromatographic purification on DEAE-cellulose,
adenosine derivatives phosphorylated in the 2'- and 3'-posi-
tion by the corresponding o-aminophosphonic acids were
obtained in 20-38% yield:2*®

N=CHNMe,

Qo

R=Me, PhCH,: Ade = 9-adeninyl.

1) I\CHP(OH) /pee/py

NHOCOCH;?h R
2) unblockmg

0. Ade Ho 0, de
S
| O
i |

RCHP— OH HO O0—PCHR

1N 01(

N—}3enzyloxycal‘bonyl—AlaP interacts with 2',3'-O-isopro-
pylideneuridine or the corresponding adenosine derivative

in the presence of mesitylenesulphonyltriazole as the con-
densing agent with formation of the corresponding 5'-0-
(a-aminoethylphosphonoyl) ribonucleosides in 40—50% vield.?*®
When 2,4, 6-triisopropylbenzenesulphonyl chloride is used as
the condensing agent, the yield of the phosphorylated
ribonucleosides is low; only traces of the target product

are formed in the presence of DCC.2*¢ valP condenses

with adenosine monophosphate (AMP) in the presence of

DCC to form a mixed anhydride (in 20% yield):**2
M 0 0
Il . | I
M Q (HO),P o, Ade y /CH(‘,H—'P——O-—P—-O 0. Ade
i b DCC/Py M
CHCHP(OH), + —5 M NH, OB OH
M7 N,
OH OH HO OH

The mixed anhydrides of AMP with PheP and MetP were
obtained analogously (in yields of 17—24%).%*7 In the con-
densation of the trioctylammonium salts of AMP with the
imidazolides of o-aminophosphonic acids, the yield of the
corresponding mixed anhydrides is somewhat higher (26—35%).
The highest yields of the mixed anhydrides (50—62%) were
attained in the reaction of N-protected a-aminophosphonic
acids with AMP imidazolides.?*” In the condensation of AMP

HO NH,,
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with the monoethyl ester of the phosphonic analogue of
valine, the phosphono-group of the latter was activated by
treatment with phosgene; the yield of the condensation
products was 45%.2*7 The chemical and enzymic syntheses
of the mixed anhydride of f-aminoethyl phosphonic acid and
cytidine 5'-phosphate have also been described.?*®

The esters of a-aminophosphonic and the corresponding
phosphinic acids are converted into the free acids usually
by hydrolysis in acid media. The rate of hydrolysis depends
on the nature of the O-alkyl (O-aryl) groups split off (for
example, in acid hydrolysis the C-isopropyl groups are
eliminated much more readily than the O-ethyl groups®’®)
and the character of the acid employed (the rate of hydroly-
sis falls in the sequence HI > HBr > HCl *3), In those
cases where the aminophosphonate is unstable in an acid
medium, the hydrolysis is carried out with alkalies®®® or the
compound is O-dealkylated by treatment with halogenosilanes
in acetonitrile:?36-159

I} } LiOH/H,0
Y
i i~ CHLCHP (OB e~ ) pesicreNat cHCN |
| “ I =) H/EOH
T \‘1\’"4 NH, ’
H
[0}
SN
] Y= —CH.CHP (OH),
i i
NN NH,
H

Phenyl,?*? benzyl,?*® diphenylmethyl,23%237 and trichloro-
ethyl?!! P-ester groups can be removed by catalytic hydro-
genolysis. The diphenyimethyl group is eliminated also on
refluxing with ethanol or on treatment with trifluoroacetic
acid at room temperature.?®’” The p-methylbenzyl group is
eliinated by treatment with 98% formic acid.?®* 00-Disilyl-
aminophosphonates are converted into free aminophosphonic
acids after prolonged heating with alcohols or a water—alcohol
mixture.®%% The diethyl esters of N-alkylaminophosphonic
acids, which are extremely resistant to hydrolysis by
aqueous solutions of acids and bases, have been converted
into the free acids by treatment with dry hydrogen chloride
at an elevated temperature.®”:1%2

The diphenyl esters of N-acylated a-aminophosphonic acids
can be converted into the dialkyl esters by transesterification

in the fluoride—crown ether—alcohol system:20%253
o o
i KF/18-crown-6 ether/R lOH "
RCHP (OPh),  —————————=> RCHP (ORY),
U
NHOCOCH,Ph NHOCOCH,Ph

R = Me, Et, Pr, Bu, CH,CH=CH,

The N-protecting groups and peptide bonds are not involved
in such transesterification, which makes it possible to employ
this process for the modification of phosphonopeptides,2*?
N-Protected aminophosphonates can be converted into the
corresponding aminophosphonochloridates by treatment with
phosphorus pentachloride?*®:25%:2%% 5¢ thionyl chloride:220:221

0 )
B I o
N I AN OE
(1 NcHP (0E), == NCH,P(
N/ \)‘/ A\ Vg \../ Cl
t
0 0
) o 0
i e ] i oMe .
PhCH,OCNHCH,P/ on —_seel, PhCH,OCNHCH;P<
a

These phosphonochloridates interact readily with nucleophiles
and are used for the synthesis of phosphonopeptides and
other derivatives of ammophosphomc acids. For example,
the a-aminophosphonic acid LeuP has been converted into
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ethyl substituent

the a-sminophosphinic acid with a car ﬁy
) in accordance with

at the phosphorus atom (Leu
the following scheme:25%

o)
OMe Me, I ,OMe
/CHCH.CHP/ —PhSH.ELN, >CHCH,CHP/
} Me
NHOCOCH.Ph NHOCOCH,Ph
1) LiCHCOOBu-t 0 OM
3) CF.COOH \CHCH ,CH \ .
CH,COOH
NHOCOCHPh

o-Aminophosphonous acids are oxidised with mercury(Il)
chloride or bromine water to the corresponding a-aminophos-
phonic acids with retention of the configuration of the chiral

a-carbon atom ;688,123
T OH
H HgClp/H20 I
Mecupe TR0 chp <
| NOH 1 oH
NH, A8, .
(R) R)

3. Reactions of Other Groups Present in Aminophosphonic and
Aminophosphinic Acids

The carboxy-group in carboxylated aminophosphonic and
aminophosphinic acids can be esterified without involving the
phosphorus-containing fragment.®**%3% Sych esterification
of the carboxy-group in Asp® = with subsequent ammonolysis
has been used to obtain the phosphonic and phosphinic ana-
logues of asparagine:*3%:13

O

RO N P
N BcticH,CooH PCHCH
Ho/ AN T S
fn, NH,
R=OH, Me, Et

In the presence of diazabicycloundecene and alkyl halides
or diazomethane the carboxy- and phosphono-groups in car-

boxylated aminophosphonic acid are esterified simultaneously.'®

When aminophosphonic and aminophosphonic acids are
heated with an excess of hexamethyldisilanzane, the tri-
methylsilyl derivatives are formed.*°° A method has been
proposed for the purification of APA, consisting in their
silylation with subsequent distillation and removal of silyl
groups by hydrolysis or alcoholysis:%25%¢

0 0

R I
pcn,cu.cucoou e, \PCH,CH;CHCOOSiMe, —

Ho/ Me;Si [
an NR!
1) distillation 0
210 >PCH,CH,CHCOOH .
HO
NR!

On treatment with phosphoryl chloride, N-formamidomethyl-
phosphonates are converted into isocyanomethylphosphonates
containing the readily metallated methylene group:”®

0 0

)
—pocmEN | o deune 2 (i), BeHN=C Na*

(ELO), PCH,NHC/
The interaction of the resulting anion with electrophiles leads
to the heterocyclic P—-C—N systems: the esters of oxazolyl-
phosphonic acids (reactions with acid chlorides and carbonyl
compounds) and the ester of mercaptothiazolylphosphonic acid
(reaction with carbon disulphide).”®2%7:2%®  Analogous reac-
tions have been described for N-formamidomethylphos-
phinates.S
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On treatment with a mixture of acetic and hydrobromic
acids, the phosphonic analogues of serine and isoserine give
rise to the O-acetyl derivatives without affecting the amino-
group.'®® The oxidation of the g-hydroxymethylene frag-
ment of the phosphonic analogue of homoserine has been used
to synthesise the phosphonic analogues of asparagine (AsnP)
and aspartic acid (Asp®~P);18°

) o
i KMaOs )
HOCH,CH,CHP (OEt); —» HOCOCH;CHP (OEt); —
[
NHOCOCH,Ph NHOCOCH,Ph
0
o, HOCOCH,(;HP (OH),
_ NH,
1) i80-BuOCOCI
3 HBr/}A’::?)H \ I
| >CCH,,c':Hp (OH),
: NH,

The ozonolysis of the phosphonic analogue of phenylalanine
followed by oxidative treatment results in the decomposition
of the benzene ring and the formation of the phosphonic ana-

logue of aspartic acid (Asp® T ):20
1} AcO 0
i S0
—CH.(':HP (OH,) —2H, HOCOCH,ICHP (OH),
NH, " NH,

The phosphonic analogue of phenylalanine has been con-
verted into the phosphonic analogue of tyrosine via the
following scheme:2%*

o o)

il HNO, . HyS04 i
, /“CH’?HP (OH), —TNOHSOL, N_\ﬂ>—-CH3<l:HP (OH); -

NH, Nt '
1) Hy/Pd (Ii)
4 .
202, 0N cH,CHP (OH),
N’ ]

NH,

Since these reactions do not involve the chiral centre, they
have been used to determine the absolute configurations of
the optically active aminophosphonic acids Asp®~P, Asn% P,
PheP, and TyrP, 180,201

As can be seen from the foregoing, the chemistry of APA
constitutes at the present time an independent chapter in the
chemistry of organophosphorus compounds with its own tasks
and approaches to their solution. Both traditional methods
of synthesis of OPC and the "phosphorus" versions of the
classical methods of synthesis of aminocarboxylic acids are
widely used in the chemistry of APA. The advances in the
chemistry of APA have made available a wide range of phos-
phorus analogues of natural aminoacids, although many
problems, for example the synthesis of polyfunctional and
optically active APA, have still not had optimal solutions.

A characteristic feature of this field of HPC is that it
adjoins closely bio-organic chemistry and biochemistry. This
is related not only to the structural similarity of the amino-
acids and APA but also to the existence of natural APA,
which confirms their definite biological role. The develop-~
ment of research into the field of APA has already led to the
creation of highly active herbicides (glyphosphate, phos-

| phinothricin) and promising medicinal drugs (the antibiotic
alaphosphin).

Presumably further studies in the field of APA will involve
primarily the development of methods of synthesis of APA
and the complex analogues of the most important biologically
active natural products containing APA fragments.
.Secondly, they will involve the wide-scale employment of
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these compounds in biv-orgenic research and, finally, they
will be associated with the search for new substances of
practical use in medicine and agriculture.
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