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Aminoalky! Organophosphorus Compounds
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Data on the met!'\ods of preparation of aminoalky! compounds of phosphorus (by transformation of functional groups and
by aminoalkylation of tervalent phosphorus compounds) and their physical and chemical properties are presented and the prac-
tical applications of substances of this type are briefly described.
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I. INTRODUCTION

Aminoalkyl organophosphorus compounds are used as
complex-forming agents with chelating properties, extrac-
tants, herbicides, insecticides, wetting agents, pharma-
ceutical preparations, ion exchangers, etc. A number of
novel methods have now been proposed for their synthesis.
However, there are no reviews dealing with compounds
of this class either in Soviet or foreign literature, These
considerations and also the potential practical and theore-
tical value of these compounds led to the publication of this
review.

. METHODS OF SYNTHESIS

A wide variety of numerous methods of synthesis have
been proposed for amino-substituted organophosphorus
compounds, some of which are simple and can be used to
prepare such compounds in large amounts. The methods
of synthesis can be usefully divided into two groups in
terms of the starting materials and the mode of introduc-
tion of the amino-group. The first group includes methods
analogous to those used for the introduction of the amino-
group into any organic compounds. They are based on the
transformation of various functional groups in organo-
phosphorus compounds into amino-groups, these reactions
are classified as amination of organophosphorus com-
pounds without the formation of new phosphorus—carbon
bonds.

The second group includes methods specific to organo-
phosphorus compounds, leading to the formation of phos-
phorus—carbon bonds. These are classified as amino-
alkylation of phosphorus compounds with formation of
phosphorus-carbon bonds.

1, Amination of Organophosphorus Compounds without
the Formation of New Phosphorus—Carbon bonds

The method of conversion of carboxy- and carbonyl
groups into the amino-group (the Curtius, Hofmann, Los-
sen, and Beckmann reactions) has been frequently used
to synthesise amino-substituted organophosphorus com-
pounds. By treating phosphonocarboxylic acid esters in
succession with hydrazine and nitrous acid, one obtains

azides, which are converted into aminophosphonic acids
aftelrzthe Curtius rearrangement, alcoholysis, and hydroly-
sis "

N,H, HNO,

R—CH—P (0) (OEt),

— R—CH—P (0} (OEt),

—

COOEt CONHNH,
- R—CH—P (0) (OEt), —22H' o _cH—p (0) (0EY), 228, @
CON, co
- R—CH—P (0) (OEt), — 80, p_cu_poyH, ,
NHCOOEt f!IH,

where R = H, Me, PhCH;, or Me(CHz)n and# = 9-15. The
yields of the desired products in this procedure are
31-83%.'™

The Schmidt rearrangement, which is of a similar type,
has bseen used to synthesise w-aminodecylphosphonic
acid ™

HOLC (CHy)so POgH, — 22— H,N (CH)ig POsH, + CO; + N (2

The synthesis of diethyl a-aminobenzylphosphonate by the
Hofmann degradation of a-(00-diethylphosphono)phenyl-
acetamide has been described ®:

NaBrO

PhCHP (O) (OEt)s - Ph(llHP (0) (OEt); . (3)
ICONH, NH,

This method is applicable also to the synthesis of g-amino-
alkylphosphonates and phosphonic acids ”®. For example,
2-aminoethylphosphonic acid Ras been obtained by this
method in 71% yield.

NN'-Bisdiphenylphosphinylmethylurea and N -diphenyl-
phosphinylmethylurethane were obtained by the Lossen
reaction, which has a mechanism similar to those
described above, in 20 and 29% yields respectively °:

(EtO)sCH

PhyP (O) CH,C (O) NHOH - Ph,P (0) CH,NCO —

CY)
—BOHHO _, 1oy P (0) CH,NH]; CO + PhyP (O) CH,NHCOOE! .
The Beckmann rearrangement has been used to syn-
thesise N-acyl-aa-dimethyl-g-aminoethyldiphenylphos-
phine oxides "'

R—C—CH,CMeP (O) Ph,
\NOH

polyphosphoric acid or PCls - R—CONHCH,CMe,P (0) Ph, ,

(5)
where R = Me, or Ph.P(O)CMe:CH:.
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Other methods of synthesis of the substances under
consideration are based on the reduction of nitrogen-
containing organic compounds of phosphorus. Thus
a -aminobenzylphosphonic acid has been obtained ***® in
yields up to 50% by the reduction of the p -nitrophenyl-
hydrazone of diethyl benzoylphosphonate with sodium
sulphide or, better, with aluminium amalgam and subse-
quent hydrolysis:

Al/H
pNOLCHANH-N=C——P (0) (OED), L HNCHPOH, .

(6)
Ph Ph

The reduction of the p -nitrophenylhydrazone of diethyl
formylphosphonate with zinc in acetic acid and subsequent
hydrolysis lead to aminomethylphosphonic acid®.

The oximes and O-methyloximes of a—ketoyhosphonates
can also be reduced to a-aminophosphonates ***%;

B)Hg or Al/Hg
R—C—P (0) (OEt)y —————————> R—CH—P(0) (OEt), .
I !
NOX NH, (7)

(X=H, Me; R=Alk C,—Cy, Ar)

The yields of the desired products amount to 48-90% in
this case. The catalytic reduction of a-nitrobenzyldiphen-
ylphosphine oxide with hydrogen to ¢ -aminobenzyldiphenyl-
phosphine oxide in 50% yield has been described *®. The
employment of the relatively more available §- and
y-nitroalkylphosphonates constitutes a convenient method
of synthesising - and y-aminoalkylphosphonates '~
Thus the reduction of diethyl y-nitropropylphosphonate
with hydrogen over Raney nickel at the normal pressure
leads to diethyl y-aminopropylphosphonate in 82%:

Hy/Ni-Re

O:N (CH,)s P (O} (OEt), H,N (CH,)s P (O) (OEt), . (8)

2-Nitro-1-phenylethyldiphenylphosphine was reduced with
lithium aluminium hydride to 2-amino-1-phenylethyldi-
phenylphosphine *. The reduction of cyanoalkyl organo-
phosphorus compounds resulted in the formation of
bis-3-aminopropylphenylphosphine ** and w-aminoethyl-
and w-aminopropyl-phosphonates ‘. 4-(00-dialkyl
phosphono)-2-azetidinones can be obtained %% in 17-40%
yields by the reaction of a-iminophosphonates with
phthaloylaminoacetyl chloride in the presence of triethyl-
amine:

NEt
RN=C(CgHR'-p) P(O)OR"), 2
~NEt,- HCl

co
N ! "
— NCH—C(CgH,—R =p) P(OMOR),
/ ] ) (9)
co .
0=C--—-N—R

(R = Me, Ph; R' =H,Me Cl,Br,OMe; R''= Me, Et)

All the methods discussed suffer from many disadvant-
ages, the main ones being as follows: low availability of
the starting materials, low yields of the desired products
in many instances, and considerable restrictions in the
synthesis of complex aminoalkyl organophosphorus com-
pounds. For these reasons, the methods are of secondary
importance and are rarely used.

The synthesis of amino-substituted organophosphorus
compounds by the Hofman reaction, which involves the
alkylation of ammonia and amines by halogenoalkyl
organophosphorus compounds, is more important than
those listed above. Amino-1-phenylethylphosphonic acid
was obtained in this Way12 (by treating 1-chloro-1-phenyl-
ethylphosphonic acid with aqueous ammonia at 20°C) in
12% yield:

PhMeC (Cl) POsH, —HiC_, b MeC (NHy) POSH,8 - (10)
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Chloromethylphosphonic acid is frequently used for phos-
phorylation. For example, phosphonomethyliminodiacetic
acid has been obtained by the reaction of chloromethyl-
phosphonic acid with iminodiacetic acid in an alkaline
medium *°:

1) HN(CH,COOH),,OH~

CICH,POgH, gl 28 H,0,PCH,N (CH,COOH), . (11)

Comparison of data for the interaction of chloromethyl-
phosphonic and chloroacetic acids with aqueous ammonia
solutions showed that in the first case the chlorine atom
is less mobile than in the second because of the passivat-
ing effect of the phosphono-group®”. The esters of halo-
genomethylphosghonic acids are even less reactive in
this process®>”*, However, when the reactions of chloro-
methylphosphonic acid with high-boiling amines *®?°, for
example with ethylenediamine, are carried out in an aque-
ous alkaline solution (pH of medium 10-11) at 90-100°C
or, better still, in the presence of a catalyst [copper(II)
salts] ***°, it is possible to obtain aminophosphonic and
polyphosphonic acids in yields ranging from 25 to 90%.
The acids are isolated and purified using their lead salts
or ion-exchange resins.

Apart from chloromethylphosphonic acid, di(chloro-
methyl)phosphinic 3132, chloromethylphosphonous 32, and
iodomethylphenylphosphinic ** acids, the esters and
amides of di(chloromethyl)phosphinic acid®®, chiorometh-
y1dipheny1(benzyl)ph0sghine oxides***", di(chloromethyl)-
methylphosphine oxide 8 and tri(chloromethyl)phos-
phine*° have been used in the phosphonoalkylation of
amines. Inthe last case a pseudoallyl rearrangement
takes place instead of substitution and di(chloromethyl)-
methylphosphine oxide is formed. A rearrangement of a
similar type is observed when methyl chloromethylphos-
phonite is treated with amines *°:

CICH,P(O)H)(OMe) -2 HN (R) Me — MeP (O)(OMe)N(R) Me + HN (R) MeHCl . (12)
(R=H, Me)

The following amines (or ammonia) have been intro-
duced into this reaction: ammonia3¥3%3%3¢

, aliphatic
amines*"*»**3%38  gkvienediamines and alkylenepoly-
amineg2%30741-48

, aromatic amines*"***°, polyethylene-
imine ¥, hgdroxyalkylamines and poly(hydroxyalkyl)-
amines *~%, and heterocyclic amines *~*, Agziridine
could not be made to undergo this reaction *’. The phos-
phonoalkylation of tertiary amines leads to organophos-
phorus ammonium alkyl compounds %,

The use of w-halogenoalkylphosphonates and
w-halogenoalkylphosphonic acids **’*’®" as phosphonoalkyl-
ating agents leads to the corresponding w-aminoalkyl
organophosphorus compounds in satisfactory yields.
B-Aminoethyltrialkyl(aryl)phosphonium salts can be
obtained by treating s-aryloxyethyltrialkyl(aryl)phosphon-
ium salts with secondary amines in dimethy!l sulphoxide 5% °°,

A significant disadvantage of the above method, and of
the Hofmann alkylation in general, is the formation of a
mixture of products which is difficult to separate. How-
ever, the ready availability of the starting materials,
primarily of chloromethylphosphonic acid, and the wide
range of amines which can be used as well as the sim-
plicity of the conditions of the synthesis make this method
promising.

Certain unsubstituted aminoalkyl derivatives of phos-
phorous can be conveniently synthesised by the Gabriel
method. Thus tri(chloromethyl)-™>"™, di(chloromethyl)-
phenyl- ", and diphenyltosyloxymethyl-phosphine oxides

57560~66
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have been introduced into the reaction with potassium
phthalimide in dimethylformamide:

< 2 :
DMF 2Hy
C[ >u( # (XCH,),PtO)Phy_y —> (@ /NcH2—> P(O)Phy, ——3
co cO n

(13)

— (H,;NCH,), P(O)Phy_p «

(n=2,3; X=Cl; n=1,X= OTs)

The corresponding phthalimidomethylphosphine oxides,
which are formed in 46-81%yields, can be readily con-
verted by treatment with hydrazine into aminomethyl-
phosphine oxides in 70-95%.
Phosphonoethylation of the sodium derivative of diethyl
B -acetamidomalonate led after hydrolysis to y-amino-y-
carboxypropylphosphonic acid in 46% yield ::
BrCH,CH,P (O) (OEt), - Na*C~ (COOEt), NHCOMe — 14)
- (E10); P (O) CH,CH,C (NHCOMe) (COOE#); — 2249, H,0,PCH,CH,CH (CO,H) N(H, .
The addition of amines to vinylphosphonates constitutes
a specific method for the synthesis of S-aminoalkylphos-
phonates *7%>®:™=7% Thyg the corresponding diethyl
B-aminoethylphosphonates have been obtained in 53-83%
yields by the reaction of diethyl vinylphosphonate with a
number of amines in the presence of sodium ethoxide as
the catalyst or in its absence on heating "™

HNRs_, R,NCH,CH,P (0) (OEb)s , (15)

CH,=CH—P (O) (OEt),

where R = H or Me and R, = (CH3): or (CHs)s. The esters
of vinylphosphonothioic acid®’, the amides of vinylphos-
phonic and vinylphosphonothioic acids 8 acid esters of
vinylphosphonous acid, vinylphosphonites & vinylphos-
phinates, vinylphosphines ®*~*, vinylphosphine oxides ®~%,
and trialkyl(aryl)vinylphosphonium salts ®'~% have also
been used in this reaction. In all cases, the amino-group
adds to the g-carbon atom of the vinyl group and an
increase of the electron-donating properties of the sub-
stituents at the phosphorous atom significantly reduces

the rate of reaction. The addition of lithium amides to
diphenylvinyl- and diphenylallyl-phosphines, 1-phenylphos-
phorin-3-ene and 3,4-dimethyl-1-phenyl-3-phospholene
also leads after hydrolysis to s-aminoalkylphosphines %,
Epoxyethylphosphonates and the corresponding diphos-
phonates readily react with amines to form mixtures of
1-amino-2-hydroxy- and 2-amino-1-hydroxy-isomers *»%;

[o} X

CH/\ / OH NR'R" NR'R* OH
'3’

|
€PO (OR)g + R'R'NH — J:H.——CP (0) (OR); + éﬂa——CPO (OR); . (16)
b
(X=H, P (0) (OR)s)

Phosphonates with an active methylene group readily add
to azomethines in the presence of acid or basic catalysts
with formation of B-aminoalkylghosphonates 8=98  The
yields obtained by this method ®’*, which resembles the
first stage of the addition of olefins to the P-O group,
amount to 32-88%:

RCH,P (0) (OR'); + PhCH=NAr —2™. AINHCH (Ph) CH(R) P (0) (OR) . (17)

(R=Ph, COOEt CN; R'=Et, i-Pr; Ar=Ph, C;H,Cl-p,m, C;H,OMe-p, m)
Diphenylbenzylphosphine oxide reacts similarly with
Schiff bases®. Alkylation of benzylphosphonate carbanions
with dialkyl-2-chloroethylamines yielded the corresponding

a-(y’ -aminopropyl)-a -phenylphosphonates **°:

PHCH,P (0) (OEt)s =R Risci— PHCH (GHWNRy) P (0) (OEt); . (18)
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2. Aminoalkylation of Phosphorus Compounds with Forma-
tion of Phosphorus~Carbon Bonds

A common feature of this group of methods for the
formation of aminoalkyl organophosphorus compounds is
the employment of phosphorus(Ill) compounds, including
tautomeric P-H acids, as one of the reactants. The
mechanisms of these reactions probably resemble those
of Michaelis—Becker and Arbuzov reactions and the addi-
tion of phosphorus(III) compounds to systems with multiple
bonds, which are widely used in phosphorus chemistry.

The Michaelis~Becker and Arbuzov Reactions

The reactions of dialkyl phosphites and sodium or
potassium phosphites with w~halogenoalkylamines and the
corresponding amides proceed via the usual Michaelis—
Becker mechanism and lead to the corresponding w-amino-
alkylphosphonates ®5%°'~1%5,  Thys diethyl phthalimido~
methylphosphonate was obtained in 40% yield by the reaction
of sodium diethyl phosphite with N -bromomethylphthal-
imide '

co. CO.

/ / \E\
(EtO), PO] BrCH,N. - (Et0), C . (19
) PONa 4 BN | J| JaP (0) H.N\CO/ J (19)

oS

The more reactive a-chloroalkylamines can react
directly with dialkyl phosphites to form the hydrochlorides
of aminophosphonates in 47-95% yields '®*%:

RyNCH (R’) C! 4- (R"0) PHO — R,NCH (R) P (O) (OR"), - HCI , (20)

where Rz = (CHz)4 or (CHz)s, R’ = H, Et, i-Pr, or
CONC:H,o, and R” = Me or Et,

The reaction of diaryl phosphites with diphenylbromo-
ethyl isocyanate in the presence of triethylamine led to
the formation of diaryl isocyanatodiphenylmethylphos-
phonates '°" in 32~88% yields. Sodium dialkyl phosphites
readily react with acridinium salts to form dihydro-
acridylphosphonate esters ' (yield 63-68%):

R ‘f 21)
7/
SVZLNPAN 2N (
r | ‘ | X- 4 (R'0) PONa — E || (j .
N\ AN N
S
H P (0)(OR),

(R=H, Me; R'=Et, {=Pr; X=SOMe, I, Br)

The reaction of lithium, potassium, sodium, and mag-
nesium phosphides with w-chloroalkylamines has been
proposed as a general method for the synthesis of
w-aminoalkylphosphines '°*~!'®,  2-Diethylaminoethyl-
dialkyl(phenyl)phosg)hines have been obtained in this way
in 40-65% yields "'’

EtyNCH;CH,Br - MPR; — Et;NCH,CH,PR, +

(M=Li, K; R=Et, Ph, C;Hy- cylo.) (22)

The Arbuzov reaction is widely used for the synthesis
of aminoalkyl organophosphorus compounds. Triethyl
phosphite readily reacts with N -chloromethylpiperidine
to form piperidinomethylphosphonate in 52% yield *'”:

(Ft0)3 P + CICH,NCgHyp > (EtO)y P (O) CHy;NCsHzo + EACI . (23)

Aminoalkylation of neutral phosphites by halogenoalkyl
amines has been used successfully to synthesise amino-
alkylphosphonates with various functional groups '®21°%1°%
118-12.  aminomethyltriphosphonates were obtained in
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71-77% yield by the reaction of tr1ch10r0methylammes with
triethyl phosphite in chloroform at —40° c:!

3 (E10), P + Ry;NCCl, —H 4, 1(£10), P (0)]; CNR, +3ELCI (24)

where R = Me and Rz: = (CHz)s.

The reaction of N -halogenomethylphthalimides with
trialkyl phosphites gave rise to the formation of phthal-
imidomethylphosphonates in 82-94% yields 5 '2471%8,
Treatment of the latter with hydrazine leads to ammo-
methylphosphonates:

\\
NCH,X + P(OR) ——> NCH, PlO)(ORD —-)-
@:/ : (I/

—> H,NCH,P(0)(OR); .

(25)
(X=Cl, Br; R=Me,Et)

When dialkyl phosphonites and alkyl phosphinites are
used instead of trialkyl phosphites, the products are
ammoalkyg)hosphinic acids and aminoalkylphosphine
oxides**"!, The reactions of chloromethyl isocyanate
with trialkyl phosphites and alkyl phosphinites takes place
similarly. Isocyanatomethylphosphonates and isocyanato-
methylphosphme ox1des were obtained by this procedure
in 7-40% yields

RyP (OR’) + CICH;NCO — R,P (0) CH,NCO +R'C! .
(R=OR’, Pr)

(26)

Dialkyl phosphorochloridites and phosphorofluoridites and
alkyl phosphorodichloridites and phosphorod1f1uor1d1tes also
react with chloromethyl isocyanate ** When di- and
tri-chloromethyl isocyanates instead of chloromethyl iso-
cyanate are used in the reaction with phosphites, products
phosphorylated to different extents are obtained, dependmg
on the ratio and reactivities of the reactants ®**™**8, The
method has been used also to synthesise w-aminoalkyl-
phosphonates ' 5%10% 1397141 9_aminoethylphosphonic acid
has been synthesised in 50% yield by the reaction of

N- (2-bromoethyl)phtha11m1de with triethyl phosphite and
subsequent hydrolysis ':

CO. CO.
NS -
€0, P+| | \\/N (CHy)s Br — g |L | >N (CHy)s P (O) (OED), -~
N \co” 7\co
— HeN (CH‘I)I POyH,. . (27)

Apart from halogenoalkylamines and the corresPondmg
amides, N -trlmethylammomumrnethy].formamide
l\«—acetoxymethylamides , and the corresponding
amines '** have also been introduced into this reaction.
Trialkyl phosphites ***, triphenyl phosphite, and phos-
phorous hexaethyltr1am1de 4% have been used as the phos-
phorus-containing components. In the reactions with
triphenyl phosphite and phosphorous hexaethyltriamide the
desired products were isolated in 54 and 73% yields res-
pectively:

PX, -+ MeCOOCH,NE, — [XsP+CH,NEtMeCOO™] 2 [XsP+CH;NEts (OCOMe) X~} -

—> X,P (0) CHyNEt; 4 MeCOX - (28)
(X=OPh, NEts)

N -Hydroxymethylamides are also capable of aminc-
alkylating trialkyl phosphites at 100-160°C with a 30-59%
yield of the desired products **¥*%, It is suggested that
under these conditions the phosphlte is either alkylated
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directly or there is a preliminary transesterlﬁcation and
a subsequent Arbuzov rearrangement

{RCONHCH,P*(OR"),0H"}
N

RCONHCH,;0H + (R'0);P RCONHCH,P(O)(OR'), + (29)

2 ,
%\ [RCONHCH,OP(OR"),]
(R=Me, Ph; R'z Me, Et, Pr, Bu)

A mixture of an amide and paraformaldehyde can be
introduced into the reaction instead of N-hydroxymethyl-

amides™’. Aminophosphonates have been obtained under
the same conditions from secondary ammesl,soaldehydes,

and trialkyl phosphites in 21 -94% yields "~
RR'NH - R"CHO + (R”0); P - RR'NCH (R") P(O) (OR”), +-R"0H,  (30)

where R and R’ = Me or Et, RR’ = (CH2)s, R” = H or Ph,
and R” = Et, Pr, or Bu.

In the presence of acetic acid at 100-160°C trialkyl
phosphites are capable of being aminomethylated by
aminoacetals of formaldehyde and by diethylaminoaceto-
nitrile **1%;

MeCOOH

(RO)s P 4+ R'R'NCH,X = R'R"NCH,P (O) (OEt); -+ MeCOOEt 4 HX « (31)
(X=CN, OR; R=Me, Et, Pr, Bu; R’, R"=Me, Et, Ph)

The yields of aminophosphonates are 50~65%. The authors
believe '*’'® that the role of acetic acid reduces either to
an increase of the polarity of the medium, which promotes
the ionisation of the aminoalkylating agent, or to trans-
esterification of the latter and a subsequent reaction of
type (28).

N -Aminomethyl- and N -alkoxymethyl-amides of carbox-
ylic acids are also capable of reacting under these condi-
tions with trialkyl phosphites to form carbamoylmethyl-
phosphonates in 52—-85% yields 133,154,

N -Aminomethylamides of carboxylic acids containing
a hydrogen atom at the amide nitrogen atom readily react
with trialkyl phosphites also in the absence of acetic acid,
forming acetamidomethylphosphonates '™ (50-70%); a

secondary amine and an alcohol have been isolated as
side products:

RCONHCH,NR; + P (OR"); - RCONHCH,P (0) (OR"); + HNR +-R'OH +R'NR, , (32)

where R = Me, Ph, or CH,=C(CHg)—, R’ = Me or Et, and
R” = Et or Bu.

The authors suggest that this is caused by acid catalysis
due to the imidine form (I).

In the presence of acid agents, trialkyl phos thtes are
capable of being aminoalkylated by Schiff bases°%!%,
Thus trialkyl phosphites react with benzylideneaniline in
the presence of phenol at 100-130° Ci 5glving rise to
20--30% yields of ammophosphonates

(RO)3 P + ArN==CHPh H . (RO), P (O) CH(Ph)NHAr + PHOR .
(Ar=Ph, CgH,Me-p; C;H.Cl-m; R=<Et, Pr).

(33)

When aminoacetals are treated with PCls, aminoalkyl-
phosphonates are also formed ultimately s e
suggested that the reaction proceeds v1a the formation of
a~-chloromethylamine and a nhosphite '®

3 R;NCH,OR - PCl; — 3R;NCH,CI - P (OR)s ,
P (OR); -+ R;NCH;C! — R;NCH,P (0) (OR); -+ RC! »

where R = Et R' = Et and R = (CH2)5

The occurrence of the first stage was demonstrated by
the isolation of a@-chioromethylamines®** Phosphoro-
chloridites '**** and chlorophosphines react similarly
with aminoacetals **°. An analogous mechanism probably

(34)
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operates in the reactions of diaminals and aminoacetals of
formaldehyde with mixed anhydrides of diethylphosphorus
acid on the one hand and acetic, benzoic, and diethyl-
phosphoric acids on the other and with tetraethyl pyro-
phosphite **':

(E0)y POY -+ R,NCH,X — X (EtO) P (O) CH;NR, + YOEt ,

where Y = COMe, COPh, P(OEt);, or P(O)(OEt)., X =

OBu, NMe:, or NEt;, R = Me, and R. = (CHz)s. The

yields of aminophosphonates in these reactions amount to

43-65%.
1,3-Dialkyl-4-halogeno-2,4-dioxo-1,3,4-diazaphospholans

have been obtained in 40-86% yields by the reaction of

phosphorus trihalides with NN’-dialkylalkoxyalkylureas *®:

(35)

o )
i 7 f
/C\ HX —R:X p
R NHR P~ RN R g
Ch, Gy P dipbeo GO
OR® ORs )&
(X=Cl, Br)

The reaction of N-hydroxymethylamides with phosphorus
trichloride, which probably proceeds via the formation of
the corresponding phosphorochloridite and its rearrange-
ment, leads to amidomethylphosphonic acids after
hydrolysis 101,163-167 (yields 20-34%):

RCON (R’) CHyOH - PCly — [RCON (R’) CHyOPCla|
H,0

- [RCON (R’) CH,P (0) Cl] - RCON (R’) CH,POSH, , (37)
where R = Me, Me(CHz)n (# = 10-16), or B-pyridyl and
R’ = H, alkyl, or aryl.

The reaction of diethyl phosphorochloridite and chloro-
diphenylphosphine with N-hydroxymethylamidine, which is
similar to those already discussed, leads to amidomethyl-
phosphonates and amidomethylphosphine oxides in yields
llp tO 80%':37,145

, __NEt

RyPC! + HOCH,;NHCOR' —E' > R,P (0) CH,;NHCOR’® +
(R=OEt, Ph; R’ =Me, Ph)

(38)

The reaction of dialkyl phosphorochloridites with
4-(NN -diethylamino)but-2-yn-1-ol in the presence of bases
proceeds with isomerisation and the formation of dialkyl-
(a-NN -diethylaminomethyl)allenylphosphonates ***°;

(RO), PCI -+ HOCH,C = CCH,NEty —fzfi— [(RO)s POCH,C = CCHyNEt,] -

~> CHy=C=CP (0) (OR)s . (39)
CH,NEt,
(R=Et, Pr)

The a-aminoalkylation of tertiary phosphines, leading
to a -aminoalkylphosphonium salts, can be carried out only
when effective a -aminoalkylating agents, such as a-halo-
genoalkylamines and the corresponding amides 102,170-1%
and ureas'™ "%, are used:

RNCH (R) X + R(P —» R;NCH (R')P*R}X~ . (40)

The yields of the «-aminoalkylphosphonium salts are
40-98%.

Reactions of Dialkyl Phosphites and Their Analogues with
Amines and Carbonyl Compounds

In 1952 Kabachnik and Medved' ™ and Fields '™ pro-
posed independently a new general method for the synthesis
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of a-aminophosphonates by the reaction of dialkyl phos-
phites and aldehydes or ketonest with ammonia (Kabachnik
and Medved') and amines (Fields):

(RO); PHO + HN ¢4 C=0 — (RO); P (O) (:J-N <+HO . (41)

Aminophosphopates are obtained after only brief heating
of the reactants in solvents (water, alcohol) or in their
absence. The yields of aminophosphonates vary within
wide limits and depend on the structures of the initial
reactants. The desired products are isolated from the
reaction mixture by distillation in the form of hydro-
chlorides or picrates.

By varying the amines, aldehydes, ketones, and the
phosphorus-containing component, it is possible to obtain
by this method a wide variety of a-aminoalkyl phosphorus-
containing compounds. The following amines (or ammo-
nia) were introduced into the reaction: ammonia *’®'78"1%%;
aliphatic primary and secondary amineg °®'77180,187,10-202
aromatic and heterocyclic amines *"”* 2" ajkvlene-
diamines and alkylenepolyamines 8208=213 " “and hydroxy-
alkylamines “**~**,

’

(Et0)3 PHO - CH,0 - NH; — [(EtO), P (O) CHy]y NH +- [(EtO)s P (O) CH,J3 N «

Aziridine *” and carboxamides '’ could not be made to
undergo this reaction. Formaldehyde ***(114 7 (Ed. of
Translation)] 1771801879190 -1939195-197y199-2045209y211,218,219,221

as a 40% aqueous solution or paraformaldehyde, aliphatic
and alicyclic aldehydes and ketones 78,177 178,180, 01, 183, 186 18,
194,199 2067208210213 and aromatic and heterocyclic alde-
hydes and ketones 178,178,179,183,185, 189,190,205y 210 have been

used as the carbonsyl complonents. Aegart from diallgyl or
diar 1£h08?hites7 9 176179y 181 =184, 187~189, 194, 198y 199, 203,203,
2087214,2167222 other compounds with a phosphorus-hydro-
gen bond readily enter into the reaction: dialkyl phosphoro-
thioites %6189, monoalkyl phosphonites 2 dialkyl(aryl)-
phosphine oxides *2%! ’2°°6 dialkylphosphine sulphides ',
hypophosphorus acid *25#®1205-2025"227¢ © o4 phos-

phines 71115 190,195201,228 1, 411 cages the reaction proceeds
via mechanism (41), i.e. with formation of a product
resulting from the substitution of a hydrogen atom at the
phosphorus atom by an a-aminoalkyl residue. 2-Amino-
ethylphosphines with hydrogen atoms at nitrogen and
phosphorus readily react with carbonyl compounds to form
intramolecular aminoalkylation products—1,3-azaphos-
pholidines 14 11%22%%0 (vields 47-91%):

CHQ—CHQ\
R'P(H)CH,CH,NHR? + R’COR' —> R'P. NR?
~——
R \rt

(42)

where R' = H, Et, Bu, or Ph, R°=H or Et, R® and R* =
H, Me, Et, or Ph, and R°R* = (CH,); (» = 4—6) or

tKabachnik and Medved' studied this reaction in rela-
tion to ketones somewhat later 1%,

fWhen ammonia, a primary amine, and a sterically
unhindered aldehyde are used, products substituted to
different extents at the nitrogen atom are obtained,
dependin§ on the reactant ratio and the reaction condi-
tions 18241 7,209,220.

§The aminoalkylation of hypophosphorous acid with a
mixture of an amine and an aldehyde leads to mono- and
bis-aminoalkylation products-—aminoalkylphosphonic and
di(aminoalky!)phosphinic acids respectively 193,208,22;

HgPO; -CH;0 -+ Ry;NH — R;NCH,P (0) (H) OH —R=NEHCHO , b NCH,), POOH .

R=Me, Ei; Ry= (CHy)s, (CHy)s O (CHa)s; R:N=N (CH,CHy)sN .
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(CH2)2O(CHz)>. o-Aminophengl})hosphines23‘, 3-amino-

: 32=-234 :
propylphenyl(butyl)s)hosphme , and 4-aminobutyl-
phenylphosphines *° react similarly with aldehydes and
ketones.

Compounds containing a phosphorus-—phosphorus bond
are readily aminoalkylated under these conditions with
formation (among other products) of mixtures of organo-
phosphorus compounds with different degrees of amino-
alkylation and oxidation of the phosphorus atom **1972%%
235-238  Thys the reaction of tetraphenyldiphosphine with
formaldehyde and diethylamine yields diethylaminomethyl-
diphenylphosg)hine and phosphine oxide together with other
products ® %>

PhyP—PPh, 4 CH,0 -+ HNEt, — 2% Ph,PCH,NEt, + PhyP (O) CH,NEt; +-

- Ph,PH + Ph,PHO . (43)

.an even more complex mixture of products is formed in
the aminoalkylation of white phosphorus *®'720%236,

P, + CH,0 + HNR, —*%-— R,NCH;POsf, + (RiNCHa); PON + (RINCHy)s PO -

- (R;NCHy); PH - (RNCH,)s P - (HOCHj), POy H 4 HOCH;POsH, ,  (44)
where R = Me, Et, Bu, or cyclo-CsHz1 and Rz = (CHz)s,
(CH)s, or (CH3)20(CHsz)2.

Depending on the reactant ratio and the type of amine
employed, the main product (trisdialkylaminomethyl-
phosphine oxide) is obtained in yields up to 47%.*®’23¢
It is believed that the dialkylhydroxymethylamine, formed
from formaldehyde and a secondary amine, initially cleaves
the phosphorus—phosphorus bond and then aminoalkylates
the dissociation products?**°;

RyNH + CHy0 —> R,NCH,0H,

Ph,P—PPh,
Ph,P—PPh, + R,NCH;OH —> Lo -
R,NCH,—O0—H

(45)

—> Ph,POCH,NI", + PhyPH,
PhyPOCH,NR, 0> Ph,PHO + HOCH,NR, 5
PhyPHO + HOCH,NR, —> PhyP(O)CH,NR;

PhyPH + HOCH,NR, —> Ph,PCH;NR, »

The aminoalkylation of phosphorus acid must be con-
sidered in connection with the practical importance of
aminoalkylphosphonic acids formed by this method in high
yields in a single stage and readily isolated from the
reaction mixture *°

HgPO; + H—N< +CHO 2 H,O,PCH2N< 4+HO . (46)

A significant difference between the method for the
aminoalkylation of phosphorous acid and those discussed
above is that a satisfactory reaction is achieved only in
strongly acid media (pH 1-3). The reaction is carried
out with heating to 120-150°C in the course of 1-2 h and
goes a most to completion. The yields of the products
of exhaustive phosphonomethylation amount to 49-96%
when primary amines and polyamines are used °,
Ammonia (in the form of ammonium salts) 297241, primary
amines 2%2%27**%  othanolamine **%%, glycine ®%**",
diethanolamine 259’246, iminodiacetic acid®%%*", alkylene-
diamines %% polyethyleneimines?®®, and other
amines "#2%"?* were used in the reaction. Apart from
formaldehyde (in the form of the 40% solution)z. other
aldehydes and ketones can be made to react 2*72*42%~2%
25%2% A promising method for the aminomethylation of
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phosphorous acid is its reaction at 100-160°C with amino-
polyacetic acids**"~**°, For example, nitrilotri(methyl-
phosphonic) acid was obtained in 93% yield bss; heating
phosphorous acid with nitrilotriacetic acid2>:

N (CH,COOH); -+ HgPOy 2 N (CH;POsH,)s . (47)

In the presence of phosphorus trichloride, the reaction
proceeds under milder conditions.

Two views have been expressed about the mechanism
of reaction (41), which in many respects resemn.bles the
Mannich reaction®®°, One of these is based on a study of
the reactions of diethyl phosphite with benzaldehyde and
ammonia: it is suggested that in the first stage the
dialkylphosphite adds to the carbonyl compound [reac-
tion (48a)] under the influence of the catalyst (ammonia)
and then the hydroxy-group in the a-hydroxgalkylphos-
phonate is substituted by the amino-group '"”*® [reac-
tion (48b)].

NH,

(48a)
(48b)

(RO), PHO + R'R"'CO - (RO), P (O) CR'R’OH ,
(RO)3 P (0) CR'R"OH + NH, — (RO), P (O) CR'R'NH; + Hy0 «

This hypothesis was put forward because the main
product of the reaction of diethyl phosphite with ammonia
andbenzaldehyde inthe coldis a-hydroxybenzylphosphonate
(Et0).P(O)CH(Ph)OH; the formation of a-aminobenzyl-
phosphonate (EtO).P(O)CH(Ph)NH; is observed only on
heating the reaction mixture'™. Stage (48a) constitutes
the addition of dialkyl phosphites to carbonyl compounds
in the presence of a base (in the present case ammonia),
which has been thoroughly investigated*®'. The possibility
of the second stage—the nucleophilic substitution of the
hydroxy-group by the amino-group—has been demonstrated
by the formation of a -~aminobenzylphosphonate on heating
a-hydroxmenzylphosphonate with an alcoholic solution of
ammonia """,

The second view is based on the reaction of dialkyl
phosphites with formaldehyde and secondary amines; it is
suggested that the first stage involves the addition of the
amine to formaldehyde with formation of hydroxymethyl-
amine [reaction (49a)] and the subsequent interaction of
the latter with the dialkyl Phosphite, leading to the dialkyl-
aminomethylphosphonate '*" [reaction (49b)]:

(49a)
(49b)

R;NH + CH,0 7 R;NCH,0H
(R'0), PHO - R;NCH;OH — (R’O); P (0) CHy NR, ++ Hs0 .

This hypothesis arose in view of the absence of the
exchange of the hydroxy-group for the dialkylamino-group
on heating diethyl hydroxymethylphosphonate with diethyl-
amine . The possibility of stage (49b) was demonstrated
by the formation of aminophosphonates in high yields on
reaction of dialkyl phosphites with bisaminals and amino-
acetals of formaldehyde "%

RyNCH, X + (EtO) PHO —> R;NCH,P (0) (OEt), + HX .
(R=E, i-Pr, Bu; X=OMe, NRj)

(50)

Thus on the basis of this mechanism the reaction can
probably be regarded as a process of the Michaelis—
Becker type in which the amine catalyses the formation of
a highly nucleophilic dialkyl phosphite anion and the
dissociation of a-hydroxyalkylamines at the C—O bond

leads to a stable carbonium—immonium ion 26272
RyN —CH,OH 2 [R,N—CH} > R;N+=CH,]4- OH-, (51)

(R'0), P (0) H = [(R'Q), PO}~ + BH*
[(R'0), POJ~ -+ ReN+=CH; — (R'O), P (O) CH,NR,; -«

There are at present no data for the mechanism of the
reactions of phosphorous acid with formaldehyde and
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amines [reaction (46)] in a highly acid medium. One can
only suppose that in this case the aminoalkylating species
is the carbonium-immonium ion and the object of electro-
philic attackis phosphorous acid [ containing phosphorus(III)],
the reversible formation of which is promoted by the

high acidity of the medium.

In conclusion one should note that, despite the conflict
between mechanisms (48) and (49) although there is evid-
ence in support of each), the proposed versions of reac-
tion (41) —amination of the a-hydroxyalkyl organophos-
phorus compounds [reaction (48)] and aminoalkylation of
organophosphorus compounds with a phosphorus-hydrogen
bond by aminoacetals and bisaminals [reaction (50)]—are
of preparative value. The first version—the amination of
a-hydroxyalkylorganophosphorus compoundsf —has been
investigated mainly for hydroxymethyl derivatives of
phosphines and for hydroxymethylphosphonium salts. The
value of this method is due to the availability of such
compounds, which obviates the necessity for the employ-
ment of the relatively inconvenient phosphines: heating of
hydroxymethylphosphines with diethylamine in a sealed
tube at 150-160°C for 8 h leads to diethylaminoethyl-
phosphines in 57-88% yields %5:

Pr,P (CH,OH),_,, + (3— 1) EtNH — Pr,P (CHNEty),_, -+ (3—n) H,0 . (52)

When tri(hydroxymethyi)phosphine is treated with
aniline under the conditions of azeotropic distillation of
water, tri-(N-phenylaminomethyl)phosphine is formed
in 81% yield %%

P (CH,OH)s +3 PhNH, — P (CH,;NHPh)s -3 H,0 . (53)

Acetoxymethylphosphines can be used in the reaction
instead of hydroxymethylphosphines. In this case the
reaction is carried out in an aqueous or aqueous alcoholic
medium in the presence of potassium hydroxide and
involves the preliminary hydrolysis of the acetoxymethyl-
phosphines to the corresponding hydroxymethylphos-
phines *”2%8 Ap advantage of this method compared with
those described above is the ease of the purification of the
initial acetoxymethylphosphines, which has a siagnificant
influence on the purity of the desired products®”. The use
of hydroxymethylphosphonium salts instead of hydroxy-
methylphosphines leads to aminomethylphosphines %™,
This method is used also to synthesise aminomethylphos-
phine oxides: diethylaminomethyldiphenylphosphine oxide
was obtained in a quantitative yield by heating hydroxy-
methyldiphenylphosphine oxide with diethylamine *™:

PhyP (0) CH,0H -+ HNEt, — PhyP (O) CHgNEty + H;O « (54)

There are patent data concerning the condensation of
hydroxymethylphosphonium salts and tri(hydroxymethyl)-
phosphine oxide with amines to form high-molecular-
weight compounds 2™-2"™,

The second version of reaction (41) (aminoalkylation of
compounds with a phosphorus—hydrogen bond by bis-
ami als and aminoacetals) has also found applications in
the synthesis of a wide variety of aminoalkyl derivatives
of phosphorus. The high yields of the desired substances,
the absence from the reaction mixture of water which is
difficult to remove, and the possibility of employing
aminals with different functional groups make this
synthetic procedure extremely useful and in many cases
the only one possible. Aminophosphonoacetate esters have

1 This method is probably not general, since in many
cases the corresponding @-aminoalkyl compounds could
not be obtained by treatinﬁ hBydroxyalkyl organophosphorus
derivatives with amines " 6% 1%,
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been obtained in yields of 73-82% from the aminoacetals
of glyoxylic acid esters'®:
R;NCHCOOMe - (EtO)y PHO — (EtO); P (O) (I:Hcoom + MeOH.  (55)
Me NR,
(R=Me; Ry= (CH,)y)

The reaction of the dimethylacetal of dimethylformamide
with diethyl phosphite leads to a 62% yield of aminomethyl-
enediphosphonate 2727

Me;NCH (OMe)s -2 (Et0); PHO ~ [(E1O); P (0)], CHNMe; +2 MeOH . (56)
Cyclic bisaminals ana aminoacetals readily react with
dialkyl phosphites, forming aminophosphonates containing

amino- and hydroxyalkyl substituents at the nitrogen
atom *"7"*%;

CH—X
(Et0), PHO + c'H. HR - (Et0), P (O) CH (R) N (R") CH,CH,XH ,  (57)
AN
\RI
(R=H, Me; R'=H, CH,CH,0H; X=0, NH)

Aminoalkylphosphonamides were obtained bg this method
from phosphoramidites in 35-79% yields 25*~%:

(RaN)s PHO + (R{N); CHR"—~ (RyN), P (O) CH (R)NR; +RiNH . (58)
(R=Me, Et, Bu; Ry= (CH,);; R'=Me, Et; R"=H, Ph)

Apart from dialkyl phosphites and phosphorodiamidites,
hypophosphite esters**¥?%, dialkyl(aryl)phosphine
oxides*®?®,  alkylphosphonous and phosphonothious
acids®®, and phosphines ®®° react readily with bisaminals
and aminoacetals.

The Addition of Compounds with a Phosphorus—~hydrogen
Bond to Multiple Carbon-nitrogen and Carbon-carbon
Bonds

Dialkyl phosphites readily add to aromatic Schiff bases,
forming o -aminoalkylphosphonates in 67-91% yields 22%2%°;

(RO)g PHO -~ ATHC=NAr" — (RO), P (0) CH (Ar) —NHAYr’ . (59)

The reaction proceeds slowly even when the reactants are
mixed in the cold in the absence of a solvent and is rapid
in the presence of catalytic amounts of alkali metal
alkoxides ***?% or acids (HC1, SnClz)?*~*® in alcohol.
When carefully purified reactants are used, the desired
products can be obtained in nearly quantitative yields by
the reaction without a solvent and without heating *,

The above method of synthesis is of undoubted interest,
although its applications are limited to the formation of
N-monosubstituted o -aminoalkyl derivatives of phos-
phorus. Its usefulness is primarily due to the ready
availability of the aromatic Schiff bases and the high yields
of the desired products.

Under the conditions described above, dialkyl phos-
phites readily add not only to Schiff bases obtained from
aromatic amines, aldehydes, and ketones *®*7?°° hut also
to those synthesised from aromatic amines and hetero-
cyclic aldehydes®®~*®, from heterocyclic amines and
aromatic aldehydes3%:3%  from aliphatic amines and
diamines and aromatic aldehydes*® "', and from aliphatic
amines and aldehydes®'#*'*=*1*,  Certain heterocyclic
compounds containing multiple carbon-nitrogen bonds are
capable of combining with dialkyl phosphites to form
phosphorus-coniaining heterocycles®'»*'®, For example,
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the addition of two dialkyl phosphite molecules to quinox-
aline in sodium ethoxide leads to 1 4-d1hydro 2 3-bis-
(diethoxyphosphinyl)quinoxaline in 77% yield**

u

Vava \cu AN \c_p (O) (OEt),

U

Imines containing functional groups at the nitrogen and
carbon atoms also readily combine with dialkyl phosphites,
forming a-aminoalkyl phosphonates with different func- :
tional groups in 23-84% yields*'""**°}:

(60)

2 (Et0); PHO —
+ (E©) L" C——P(O) (OEt)y

PHN=CXY -+ (RO)sPHO — PhNHC (X) (Y) P (Q) (OR); (61)

where X = H, P(O)(OEt), or P(O)Ph: and Y = P(O)(OEt).
or P(O)Ph:.

The synthesis of optically active a-aminobenzylphos-
phonic acid by the addition of diethyl phosphite to the
Schiff base derived from benzaldehyde and a-phenylethyl-
amine enantiomers has been described. The reaction
proceeds with asymmetric induction; subsequent hydrolysis
and hydrogenolysis of the addition product resulted in the
formation of the enantiomers of a-aminobenzylphosphonic
acid3®%2f:

PHCHO + PhC*H (Me) NH, — PhCH=NC*H (Me) Ph ~E2PHO_,

{1In
—(EtO),P (0) C*HPhNHC*HMePh 212, 41 0,PC*HPhNHC* HMePh

— HO3PC*HPhNH, .
[alp= —18,1° [from (+) - II];
[a] = + 18,1° [from (=) - Jf].

Apart from dialkyl phosphites, other organophosphorus
compounds with a phosphorus—hydrogen bond readily add

H..Pd/C_’)

(62)

to azomethines: diaryl phosphites 291’324::6,3sgnon0a1ky1
phosphites®?’, dialkyl phosphorothioites 205, 206’227,%-3 336

phorodiamidites **!, hypophosphorous acid
alkylphosphonites® 7, d1a1kyl(ary1)phosph1ne oxides
and sulphides®*®%®, dialkyl(aryl)phosphines®'®**’, and
triphenylphosphine hydrobromide**®. Instead of diaryl
phosphites, the more readily available triaryl phosphites
can be introduced into the reaction in the presence of water
and hydrochloric acid®*'. The imides of a-aminoalkyl-
phosphonates have been synthesised in 36-95% yields by the
addition of the anilides and phenvlhydramdes of dialkyl-
phosphorous acids to Schiff bases®

b
180,318,320

(Et0),PNHX - PhCH=NC,H,R — (Et0),P (=NX) CH (Ph) NHC,HRR .
(R=H, Me, NO»; X=C{H,R, NHC,H,R)

a -Aminoalkyl organophosphorus compounds are formed
also following the addition of compounds with a phosphorus-
hydrogen bond to enamines®***™**%; for example, the reac-
tion of diphenylphosphine oxide with 2-dialkylaminovinyl-
diphenylphosphine oxides resulted in the formation of
tetraphenylchalkylamlnoethylenediphosphine dioxides in
67-75% yield®*

Ph,P (O) CH=CHNR, + Ph;PHO — Ph,P (O) CH,CH (NR,) P (O) Ph, .
(R=Me, Et)

It is noteworthy that the mode of addition to 1-acet-
amidoacrylic acid is determined by the presence of an

(63)

(64)

TSubsequently it was concluded on the basis of spectro-
scopic data that the reverse order of addition obtains for
X, Y = P(O)(OEt): and P(O)Ph: [Eqn. (61)].%*

iDiethyl a-aminobenzylphosphonate was resolved into
its enantiomers by the fractiona crystalhsatmn of its
salt with dibenzoyltartaric acid®®
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electron-accepting substituent and leads after hydrolysis
to f-amino-B-carboxyethylphosphonic acid in 50% yield *:

CH,=C—COOH + P (OMe); — CH,=CCOOMe -+ (MeO);PHO —

NHCOMe NHCOMe
—s (MeO);P (0) CH,—CHCOOMe B HC_, HLO4PCH,CHCOOH . (65)
NHCOMe NH,

The addition of dialkyl phosphites and phosphorothioites
to aziridine has been proposed as a method for the synthe-
sis of 2—am1noethy1phosphonates and 2-aminoethylphos-
phonothioates **

(Ro),PHx + c{z—/CH2 —> (RO),P(X)CH,CH,NH,

NH X
(66)
(X=0,S; R=Et,Pr, i -Pr,Bu)
232,284,3 52~3 55

Phosphine *%3%, alkyl(phenyl)phosphmes , and
dialkylphosphines®® add to allylamines in the presence of
radical catalysts® c’Ontrary to the Markovnikov rule with
formation of 3-aminopropylphosphines.

Several studies have been maq%l;)n the mechanism of the
addition of compounds with a phospherus~hydrogen bond
to Schiff bases. The following mechanism-has been
proposed for reaction (59) catalysed by alkoxides.=2®®:

(RO),PHO -+ RONa > (RO),PONa + ROH , (67)
(RO);PONa + R'R"C=NR"” — (RO)sP (0) C (R") (R") N (Na)R" ,

(ROYP (0) C (R) (R") N (Na) R” 4 (RO);PHO — (RO);P (0) C (R') (R") NHR" - (RO),P (0) Na.
etc.
Recently this mechanism was confirmed by kinetic investi-
gations®®. The catalytic effect of acids in reaction (59)
has been explained both by the enhancement of the electro-
philicity of the Schiff base and by an increase of the dialkyl
phosphite content in the reactive symmetrical [with
phosphorus(Ill)] form *°

The employment of an equimolar mixture of the amine
and the carbonyl compound instead of the complete Schiff
base 2943199924325 5 o "the reaction carried out under condi-
tions analogous to those described in the preceding section,
constitutes a modification of the process discussed above.
This evidently shows that the methods are related: one
cannot rule out the possibility of the occurrence of reac~
tions of type (41) employing primary amines and ammonia,
via a stage involving the formation of an azomethine and
their subsequent course in accordance with Eqn. (59).

Synthesis of a-Aminoalkylphosphorus Derivatives by the
Reaction of Phosphoramidites with Carbonyl Compounds

The full ester-amides and triamides of phosphorus(III)
acids react with carbonyl compounds to form a-amino-
alkylphosphorus derivatives in many instances. Such a
reaction was investigated for the first timef in relation to
dialkyl NN -dialkylphosphoramidites, aldehydes®®, and
ketones®®. In such cases the desired products are formed
in 9-53% yields %35

(RO);PNR; +R” (R") €O — (RO);P (0) C (R") (R") NR, , (68)

where R = Pr, By, or Pe, (RO:) = C:H«O;, R’ = Me or Et,
R” =H, Me, or Et, R” = H, Et, Pr, CeHis, or Ph, and -
R"R'” = (CH2)4 or (CHz)s

§The formation of an adduct in the reaction of o-phen-
ylene N -phenylphosphoramidite with benzaldehyde was
described as early as 1959.%%°%® [Later it was shown
that the proposed structure of-the adduct is incorrect and
that the reaction product is an-aminophosphonate >,



992

It has been shown that reaction (68) probably does not
involve the preliminary hydrolysis of the initial phos-
phoramidite by traces of water to the dialkyl phosphite and
the amine with subsequent interaction via mechanism
(41).°%* Dialkyl N -arylphosphoramidites®***, propyl
NN -diethylghenylphosphonamidite 36367 phosphorous
triamides**, and diphenylphosphinamidous acids**%*%®
react similarly with aldehydes. Acid alkylphosphoramidi-
tes can also react with aldehydes and ketones to form the
acid esters of phosphonamidic acids®*®® (45-65%):

(RO) (R;N) PHO+R" (R") CO - HO (RO) P (0) C (R") (R") NR; » (69)

where R = Me, Et, Pr, or Bu, R’ = Me or Et, R” = H or
Me, R” = Me or Ph, and R"R” = (CHz)s.

The reaction of benzaldehyde with 2-alkoxy-3-methyl-
1,3,2-oxazaphospholans takes place with ring expansion
and leads to 2-alkoxy-2-0xo0-3-phenyl-4-methyl-1,4,2-
oxazaphosphorinanes®™:

Me Me

& N
y NP1
| oo +pco- | b . (70)
No” o’ \or

It is noteworthy that the formation of aminophosphonates
in reactions of phosphorus(Ill) amides and carbonyl com-~
pounds is by no means observed in all cases and frequently
other processes take place®™. This factor and also the
relatively low availability of the initial amines reduce the
practical value of this method.

Several hypotheses have been put forward concerning
the mechanism of reaction (68). Some workers suggest a
preliminary nucleophilic attack by the phosphorus atom
on the carbonyl carbon atom with a subsequent series of
rearrangements®®%® while others believe, on the basis
of experimental data, that nucleophilic attack by the nitro-
gen atom (analogous to that in the Wittig and PO-olefin
addition reactions) is most likely with a subsequent
rearrangement of the adduct in accordance with mech-
anism (71) to an aminoalkyl compound ***;

PhCHO < Ph,PNHPh = Ph,P—N* II'!Ph =
O—CHPh

Ph,p+H—NPh
~0—CHPh

PhPO™ PhCl-f£N+HPh PhPHOPhCH=NPh .  (71)

Ph,P(O)CHPhNHPh

The catalytic effect of amine hydrochlorides in reac-
tions of type (68) can also be accounted for 84 within the
framework of a mechanism analogous to mechanism (71).

Synthesis of Aminoalkyldiphosphonic Acids by the Reaction
of Phosphorus(III) Trihalides with Nitriles

When nitriles are heated with phosphorus trihalides in
the presence of organic and inorganic oxygen-containing
acids with subsequent hydrolysis of the reaction mixture,
aminoalkyldiphosphonic acids are formed®”™™*"

1e*

R—CN -+ P (Hal)s 775~ (H20sP):C (R)NHs « (72)

The desired products were obtained in yields of 28 and
51% respectively by the reaction of phosphorus tribromide
with acetonitrile (R = Me) and benzonitrile (R = Ph)*™,

If instead of being hydrolysed, the reaction mixture is
subjected to alcoholysis, acid esters are formed®™*%,
The reaction of cyanomethylated polystyrene copolymers
with phosphorus trihalides and phosphorous acid in the
presence of carboxylic acids leads after hydrolysis to
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phosphorus-containing complex-forming ion-exchange
resins®™, The reactions with phosphorous acid of the
adducts of HC1 or HBr and nitriles [(H.N— CRHal)*Hal"]

or the products of the interaction of PCls, COClz, (COCl).,
etc. with carboxamides [(RR”"N=CRHal)*Hal"] are modifica-
tions of the method under consideration. These also lead
to aminoalkyldiphosphonic acids (4-78%); in the latter case
nitrogen-substituted aminoalkyldiphosphonic acids are
produced®”’. Formamides react directly with PCls to

form aminomethyldiphosphonic acids, which are or are

not substituted at the nitrogen atom stoputs

III. PHYSICAL AND CHEMICAL PROPERTIES

PHYSICAL PROPERTIES

The first members of the series of aminomethylphos-
phonates [RR’'NCH.PO(OR”)z2, R,R’ = H, Me, or Et and
R” = Me or Et) are soluble in water *""; their salts (hydro-
chlorides, hydrobromides, and picrates) are much more
soluble in water and are sparingly soluble in organic
solvents (alcohol and ether). The latter properties are
frequently used for their isolation and purification.
Aminophosphinates and phosphine oxides are oily liquids
or solids which dissolve in organic solvents and are
sparingly soluble in water; they are isolated from the
reaction mixture by distillation, crystallisation, or in the
form of salts.

Acid esters of aminophosphonic acids and aminophos-~
phonic and aminophosphinic acids are to some extent
soluble in water and much less so in organic solvents.
The surfactant 8Eroperties of these compounds have been
investigated #*®, Infrared spectroscopic and NMR data

for many substances of this class have been published *’'*%
20192675320y363,381=385

CHEMICAL PROPERTIES

The chemical properties of aminoalkyl organophos-
phorus compounds are determined by the presence in
their molecules of the phosphorus-containing residue, the
amino-group, and the methylene or methylidyne groups
linked directly to nitrogen and phosphorus atoms. In many
reactions these groups behave in the same way as in the
corresponding compounds with a single heteroatom,
exhibiting in a few instances certain chemical properties
due to the mutual influence resulting from the close
proximity of the nitrogen-.and phosphorus-containing
fragments.

Reactions Involving the Organophospherus Fragment

One of the most important reactions involving the
organophosphorus fragment is hydrolysis of a-aminoalkyl-
phosphonic acid esters to the free acids on heating the
esters with hydrochloric acid at 100-140°C for several
hours:

HCLH.O

H,NC(R) (R") P (0) (OR")y — HyNC (R) (R") POgH, .

178,179,181

(73)

Aminoalkylphosphonic acids are obtained in
35-85% yields. The hydrolysis of N-mono- and N-di-
substituted a-aminoalkylphosphonates 1875208,210,386 o 1nd the
analogous _phosphinates® »387 " - and y-aminoalkylphos-

’

phonates '?°, and w-trialkylammoniumalkylphosphonates®®
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proceeds similarly. a-Aminoalkylphosphonothionates are
converted into aminoalkylphosphonic acids under these
conditions *®®. To remove hydrogen chloride from the
hydrochlorides of aminoalkylphosphonic acids, the latter
are treated in some cases with silver oxide and then with
hydrogen sulphide ** or epoxyalkanes %%,

The method described above has been used to eliminate
both alkyl groups from dialkylaminoalkylphosphonates.
The method involving the thermal decomposition of the
hydrochlorides and hydrobromides of aminoalkylphos-
phonates until the complete elimination of the alkyl
halide has proved convenient for the removal of only one
alkyl group, i.e. for the preparation of the acid ester®®™**.
Thus acid esters were obtained in 78-97% yields by heat-
ing the hydrochlorides and hydrobromides of dialkyl-
aminomethylphosphonates *°:

R;NCH,PO (OR’),-HX — R;NCH,PO (OR’) (OH) + RX .
(X=Cl, Br; R=Me, Et; R"=Et, Bu)

(14

This method proved to be unsuitable for aminophos-
phonates containing aromatic substituents at the nitrogen
atom and at the a-carbon atom owing to their complete
cleavage in an acid medium. Such aminophosphonates
are hydrolysed in an alkaline medium ******%  gince under
these conditions both the esters themselves and their
hydrolysis products are fairly stable®*’. The hydrolysis
is usually carried out in an aqueous or alcoholic solution
of alkali; the acid is isolated from the resulting salt by
acidification®¥**, It is noteworthy that in the alkaline
hydrolysis of alkyl esters it is possible to obtain only the
acid esters*°**®, Phenyl esters, which are completely
hydrolysed under severe conditions in an alkaline medium,
are used for the synthesis of the free acids *%:

R=Alk ’
X KoH — ArNHCH (Ar’)P(O)(OR)OH
ArNHCH (Ar")P(0)(OR);—— o,

r (A")POYOR)™ ppn _ ArNHCH (AF)POH, - (75)

(Ar=Ph, m, p-CsH Me; Ar’'=Ph, p-C;H,CHMe,)

Acid esters and acids are obtained in 63-92% yields.
This method is also suitable for the synthesis of acid
esters of N -alkylaminoalkylphosphonic acids®*. The
resulting w-aminoalkylphosphonic acids have three dis-
sociation constants corresponding to the protonation of the
phosphonate anion in the titration with an acid (pK.), the
second dissociation of the phosphonate group (pK:), and
the dissociation of the betaine proton in the titration with
alkali (pKs):**

.HsN* (CH,),POgH 4 H* 2 HyN* (CH,),,POH, pK, ,

HyN* (CH,),POH 2 HyN* (CHy), POR™ - HY  pK,

HyN* (CH,),,PO;™ 2 HN (CH,), PO}~ 4-H*  pKy .

(n=1, 2,4, 5,10)

For the compounds under consideration, the above dis-
sociation constants aregQK, = 2.35-2.6, pK: = 5.9-8.0,
and pKs = 10.8~11.25.° For comparison, we may quote
the first and second dissociation constants of alkylphos-
phonic acids: pK, = 2.35-2.6 and pK. = 7.1-8.25 for
Me(CHz)n-1POsH: (n =1, 2, 6, or 12), Owing to the high
pKs values of such acids, due to the high basicity of the
amino-residue, they are titrated as mono-basic acids in
the presence of indicators®%®. y-Anilinopropylphosphonic
acid also has the betaine structure, but, owing to the low
basicity of the nitrogen atom, it is titrated as a dibasic
acid [pK, = 2.10, pK, = 4.25, and pK, = 7.15 for
PhNH;(CH.),POsH|.*™ The same observations have been
made also for the acid esters of aminophosphonic acids:
whereas the acid esters of dialkylaminomethglphosphonic
acids are neutral in an aqueous medium ****%, the acid
esters of N -arylaminophosphonic acids behave as acids

(76)
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themselves %, Owing to this difference, the former acid
esters do not form stable salts with many metals®*%®, The
acid properties of polyaminopolyalkylphosphonic acids
and mixed polyaminopolyalkylphosphonic and polyacetic
acids are characterised by a large set of digsociation
constants whose values are determined both by the nature
of the dissociating functional groups and by their mutual
influencef.

Other reactions involving the phosphorus atom have
been well investigated. Thus aminophosphonic acids are
esterified by expoxyalkanes®®” and orthoformates '*,

Phenyl N -arylaminobenzylphosphonates are readily
transesterified by alcohols in the presence of alkoxides *®:

ArNHCH (Ar') PO (OPh), et 208, ArNHGH (Ar*) PO (OR), «

Ar=Ph, m, p-CgHyMe, p-CgH,Cl, p-CiH,CHMe,; Ar’=Ph,
p-CeHaMe; R=Me, Pr, Bu.

Treatment of diethyl w-dialkylaminomethyl(ethyl)phos-
phonates with phenyl-lithium leads to w-dialkylamino-
methyl(ethyl)diphenylphosphine oxides®%®, Phthalimido-
benzyl(methyl)phosphonates are quantitatively converted
into ester-acid chlorides by reaction with phosphorus
pentachloride ***3%°

(77)

N0 0
“ l NCH (R)P (O) (OEt), 2 | NCH (R) P(O) (OEt) C1.  (78)
o o

(R=H, Ph)

The resulting acid chlorides were used to synthesise
peptides containing aminoalkylphosphonic acid moieties
in 70-88% yields *»*°%;

/\//CO NEt,
|L | NCH (R) PO (OE) Cl + [H,N*CH (R") COOE{] CI= ~=t—
oo’
VA Vans
~>" I NCH (R) P (O} (OEt) NHCH (R’) COOEt . (79)
N7 \¢

(R=H, Ph; R’=H, d, I-Me, I-CH,Ph)

B-Phthalimidoethylphosphonyl chloride, obtained by
treating the corresponding acid with thionyl chloride or its
diethyl ester with phosphorus pentachloride, has been
used to synthesise lipids and keghalins containing amino-
ethylphosphonic acid residues ****°!,

The conversion of pyrimidinylmethylphosphonic acids
into the dimethyl and dibutyl esters and NN’-diphenyl-
diamide in 29-50% yields by successive treatment with
thionyl chloride, meth&l or butyl alcohol, and aniline
has been described *'*%;

[} [0}
Il il

Ry— l/ \\l—NCHgF'O,Hg 1.Soc) Rl—“/ \\—Ncﬂzposxa .
2..
Me— }—OH Me—{ J—OH

(80)

(R;=H, Br; X=0Me, OBu, NHPh)

Treatment of N -substituted @ -aminobenzylphosphonates
with thionyl chloride and then with p -nitrophenol and tri-
ethylamine is accompanied by the cleavage of the phos-
phorus—carbon bond and leads to di(nitrophenyl)phos-
phate*®. Phosphorus pentachloride completely cleaves
nitrilotri(methylphosphonic)acid to tri(chloromethyl)-
amine and phosphoryl chloride; the hexaethyl ester is
cleaved similarly =.

TDetailed data on their acid dissociations are quoted in
the review of Kabachnik et al, 39¢
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Like other phosphines, w-aminoalkylphosphines are
converted into the corresponding sulphides and oxides on
treatment with sulphur or hydrogen peroxide 24p 11051115 114y
230y 2349265, 267y34093 529358355

Phosphinic and phosphinodithloic acids are formed
under these conditions from di-(8-aminoethyl)phosphines
and S-aminoethylphenylphosphines **445,

1,3-Azaphospholidines containing a hydrogen atom at
the phosphorus atom are converted into inner salts of
phosphinodithioic acids in 71-81% yields by treatment with
sulphur in benzene **

H—] /—_\N——R + 28 —> —}P +/H 3 (81)

o P

where R' = H or Et, R®* = H, R® = Ph, and R°R® = (CHa)s.

The oxidation of NNN’N’-ethylenediaminetetra(methyl-
enephosphonous) acid with mercury(Il) chloride to the
phosphonic acid has been proposed as a method of
synthesising the latter in an analytically pure form **

The alkylation of 5- diethylam1noethy1d1a1kyl(ary1)phos-
phines by ethyl iodide involves the phosphorus atom and
results in the formation of aminophosphonium salts in
74-87%yields *

Et,NCH,CH,PR, + EtI —> [Et,NCH,CH,P+ (R) Et] I~ . (82)
{(R=Et, Ph, cyclo-CgH}])
Aminoalkylphosphonimidates readily exchange the
imino-residue for oxygen and sulphur on treatment with
carbon dioxide and carbon disulphide; treatment with
acids leads to ester-amides®*
NAr -9 _, (Et0),P(O)CH(Ph)NHAr
(EtO)zﬁ’ca(Ph)NHAr' — |-~ (EtO)P(S)CH(Ph)NHAT’ (83)

AOH _, (EtO)(ArNH)P(O)CH(PR)NHAT' «

Reactions Involving the Nitrogen Atom

The amino-group of aminoalkyl phosphorus derivatives
enters into many of its characteristic reactions. N-Alkyl-
substituted and unsubstituted aminoalkyl organophosphorus
compounds form stable salts with acids. In contrast to
alkylation, the protonation of aminoalkylphosphines also
takes place at the nitrogen atom *’**,  The alkylation of
the nitrogen atom is of preparative interest. Thus, on
reaction with dimethyl sulphate (DMS) in an alkaline
medium and subsequent acidification, NN -di(carboxy-
methyl)ammomethylphosphomc acid is converted into its

N-methylbetaine %

1 NaOH Me,SO,
. HY

H304PCH,N (CH,COOH), — HOZPCH,N* Me (CH,COOH); . (84)

Depending on the methylating agent, aminoalkylphos-
phonic acid containing an unsubstituted amino-group are
converted into dimethylaminoalkylphosphonic acids
(formaldehyde and formic acid) or into fully methylated
derivatives—betaines (DMS in an alkaline medium or
methyl iodide in methanol) ****°®, It has been suggested
that polyaminoalkylpolyphosphonic and polyaminoalkyl-
polyphosphonicpolyacetic acids be obtained by alkylating
aminoalkylphosphonic acids with alkylene dlhalides and
chloroacetic acid in an alkaline medium *®-°6~*

The full esters of d1a1ky1am1noalkylphosphonic acid
are readily alkylated by alkyl halides and DMS even at
room temperature in inert solvents (dioxane, ether) or
in the absence of a solvent on heating with formation of
salts of trialkylammoniumalkylphosphonates & 7%4+7444,
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Thus alkylatica of diethyl w—dimethylammoalkylphos-
phonates with methyl iodide in ether at 0°C leads to the
corresponding methiodides in 61-81% yields *®*:

MeaN (CHy),P(O)(OEt); ~=— MegN* (CH),PO)OE)I™ « (85)

A characteristic feature of these compounds is their
tendency to undergo dealkylation to the betaines—slowly at
room temperature and rapidly on heating *'?*'**'5, For
example, when trimethylammoniummethylenediphosphonate
is refluxed for 3 h in benzene, the betaine is formed in
97% yield “'*:

(EtO},P (O)CHP (0) (OEt), > (EtO)(O)PCHP (O)O)OEt), + EtI .« (86)
+*NMesgl™ -6 +NMe;

It has been noted that the tendency towards betaine
formation depends not only on the type of substituent in the
alkoxy-group (increases with decrease of the length of
the substituent) but also on the nucleophilic properties
of the anion: the perchlorates and methyl sulphates are
more stable than the bromides and iodides **

A simple method for the synthesis of such betaines is
the coupled N -alkylation and O-dealkylation of aminophos-
phonates occurring when these are heated**®*'%; a betaine
was obtained in 50% yield by heating dimethyl a-dimethyl-
aminoisobutylphosphonate %

(Me0);P(O)CH [CHMe,] NMe, = (MeO)O, PCH [CHCMe,IN*Me, (87)

Toluene-p -sulphonic acid is used as a catalyst for this
process*®, The N -dealkylation of aminoalkyl phosphorus
derivatives has been less thoroughly investigated.

N -Benzylaminoalkylphosphonic and the analogous phos-
phinic acids are readily dealkylated®'® by hydrogenolysis
in glacial acetic acids over a palladium catalyst at a
temperature as low as 20°C, the yields being 92-98%:

PhCH,NHCH(R)P(O)OH) X A2EHPE=C_, 4y neH RPO)OH) X - (88)

(X=O0H, Ph; R=Me, Et, Pr, Bu, Ph)

When the iodide of diethyl triethylammoniummethyl-
phosphonate is heated with triethylphosphite, the latter is
alkylated and an ethyl group is removed from the nitrogen
atom*'®, The ethyl esters of N-t-butylaminomethylphos-
phonic and N -t-butyliminodi(methylphosphonic) acids are
hydrolysed and cleaved by hydrochloric acid to amino-
methylphosphonic and iminodi(methylphosphonic) acids
respectively *'#%*,

Aminoalkyl organophosphorus compounds, both unsub-
stituted and mono-substituted at the nitrogen atom, are
readily acylated. Thus, on heating with acetic anhydride,
aminomethylphosphomc acid is converted mto acet-
amidomethylphosphonic acid in 57% yield **

H,NCH,POsH, < (MeCO);0 — MeCONHCH;PG;H; . (89)

Fusion of this acid with phthalic anhydride leads to
phthalimidomethylphosphonic acid**”. In this case the
chlorides of chloroacetic, benzoic, and # -aitrobenzoic acids
are also effective acylating agents in an atlkaline medium 417,418,
The full esters of aminoalkylphosphonic and aminoalkylphos-
phonothioic acids are smoothly acylated by acetic anhydr-
ide 417,418 gcyl chlorides in the presence of pyridine and by the
Schotten—-Baumann reaction %% aryl jsocyanates **°,
keten**, mixed anhydrides of aminocarboxylic and
carbonic acids “****, phthalimidoacetic acid in the pres-
ence of dicyclohexylcarbodi—lmlde % and phosgene ***,

The acylatios: ol ammoalkylphosghmates and phosphme
oxide has also heen described ™°®

Phosphonic rids containing a tertlary nitrogen atom
can be converted by treatment with hydrogen peroxide in
alkaline or neuviral aqueous and aqueous alcoholic media
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into the N -oxides of aminophosphonic acids and into their
salts 25*% for example, the oxidation of nitrilotri-
(methylphosphonic) acid With hydrogen peroxide leads to
the N -oxide in 49% yield **

NICH,PO,Hy); 222~ ON(CH,POsH,)s . (90)

The oxidation of NN -disubstituted ammomethylphos-
phine oxides takes place similarly ®*2, The oxidation of
aminoalkylphosphonic acids and their esters, containing
a primary amino-group, with sodium hypochlorite leads to
azodi(alkylphosphonic) acids and their esters®*

2 (RO):P{0) C (R") (R") NH» 222> (RO),P (0) € (R') (R)N=NC (R’} (R")P (O) (om.( o)
(R=H, Alk)

The diazotisation of aminoalkyl organophosphorus
compounds with a primary amino-group is of considerable
preparative interest. The reaction with a-aminoalkyl-
phosphonic acids proceeds with evolution of nitrogen and

the formation of @-hydroxyalkylphosphonic acids*® %387
H,O4PCH (R) NH, 02, nittogen oxides , 1y 60K (R) OH + N, « (92)

(R=H, Ph)

Aminomethylphosphonate esters are converted into
diazomethylphosphonates in 46-64% yields on diazotisa-
tion with sodium nitrite in aqueous acetic acid ***™**"

(RO)sP (0) CHaNH, ' (RO),P (0) CHN, (93)
(R=Me, Et)
a -Diazoalkylphosphine oxides were obtained similarly in
45-90% yields bg the diazotisation of a-aminoalkylphos-
phine oxides '#3%

ReP (0) CH (R)) NH, 222 R,P (O) C(R) N, . (84)
(R=Ph, CH,Ph, R'=H; R=Ph, R'=Ph)

The possibility of such diazotisation of aminophos-
phonates and phosphine oxides is probably due to their
high a-C—H acidity and the considerable stability of the
resulting a-diazoalkyl derivatives of organophosphorus
compounds: comparison of the thermal stabilities of
a-diazoalkyl organophosphorus compounds with those of
the carbonyl analogues showed that the former are just as
stable and in some cases even more stable than the
latter ©°

The diazotisation of f~amino-aea -dimethylethyldiphen-
ylphosphine oxide takes place with deamination and is
accompanied by the isomerisation of the intermediate
carbonium ion, to a large extent owing to the migration
of the diphenylphosphmyl group %

NaNOy, H,50,
PhyP(0)CMeyCH,NH,

[Ph,P(0)CMe, CH] —»
or CgHy ONO

—_— Pth(O)CHg—CQAe‘—“CHg (25%) + Ph;P(O)CH=CM€2 (8%) +
+ PhyP(O)CH,CMe,OH (38,8%) + Ph,P(O)CMC;CHQOH (6,8%) +
H?
+ Ph,p(0)C(Me) e . (95)
CH,

The primary amino-group in aminomethylphosphonates
and aminomethylphosphine oxides is converted in the
usual way into the isonitrile group in 72-80% yield ****¢;

RyP (0) CH,NHCHO Soe2 = RyP (0) CH;N=C « (96)
(R=Ph, CH,Ph, OE)
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Reactions Involving the a-Carbon Atom

These reactions are usually accompanied by the dis-
sociation of carbon-nitrogen and phosphorus-carbon bonds
or the elimination of an a-hydrogen atom and the formation
of phosphorylated nitrogen yields.

When the carbon—nttrogen bond in aminoalkyl deriva-
tives of organophosphorus compounds is broken, the
amino-group is substituted by other organic residues.

For example, heating of tri(dimethylaminomethyl)phos-
phine with aniline leads to tri(anilinomethyl)phosphine in
45% yield *

(Me,NCH,),P -+ 3H,NPh

—sreNT (PhNHCH,)sP « (97)

The substitution of the diethylamino-group in NN -dieth-
ylaminomethylphosqhines by the diphenylphosphine residue
has been suggested'®™ as a method for the synthesis of
compounds with a P—C-P bond system (yields 31-100%):

Ph,P [CHNEtyl;_, + mHPPhy o PP (CHyNEtsly. ,_y, CH:PPhyl,, « (98)
(n=0-2,m=1-3)

The formation of a cyclic product in 76% yield on
dehydrochlorination of tetra(anilinomethyl)phosphonium
chloride with triethylamine probably proceeds via a
mechanism involving the cleavage of the P-C and C-N

bonds %6;
PhNCH CH,NHPH
Et;N NS
“EtyN-HCI \V /5\
® | PhNHCH, CH,NHPh

!
(pmrcn? Paiid N—cH, ;
— P — & _PCHNHPh + PhNH, « (99)
! PhNZ-—’—->CH2-C?\IHPh N—CH,
—H - l;h

(PhNHCH,)P¥CI

The removal of the amino-group from aminoalkyl deriva-
tives of phosphorus is facilitated in the ?resence of an
acid hydrogen atom in the 8-position ‘**”**®, For example,

a-amino-y-oxophosphonates are spontaneously deaminated
to the corresponding vmylphosphonates in 18-44% yields
even at room temperature **

(E{O),P (O) CH [NMe] CHiCOR s (EHO),P (0) CH=CHCOR, (100)

where R =p-C¢HsX (X = Br, H, or OMe) or CH = CHPh.

1-Ethoxyphosphole 1-oxide has been synthesised by
treating the iodide of 1-ethoxy-4-tr1methylam1n0 -2-phos-
pholen 1-oxide with sodium ethoxide *

*/NMe,I‘
) BONa /TN .
NS T NS (101)
AN
{ OEt OEt

The aminoacetals of formylphosphonic acid esters and
formyldiphenylphosphine oxides react with diethyl phos-
phite and diphenyl‘ghosphme oxide to form diphosphorylated
trimethylamines'® in 52-60% yields:

OMe

R,P (oy:/{x + RyP (0) H =grzo™ (ReP (O)] [RP (0)] CHNMe, . (102)
NMe,
(R.R’=OE}, Phj
NN O-Trimethylaminoacetal of formyldiethylphosphine
readily disproportionates on heating to bisdiethylphos-
phmyldimethylaminometha.ne and the dimethyl acetal of
dimethylformamide (DMF) “*

2 Et,PCH (OMe) NMe, —> (Et;P),CHNMe, + HC (OMe)sNMe, . (103)
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Immoniumphosphonates were synthesised by treating amino-
acetals of formylphosphonic acid esters with thionyl
chloride *®:

oM
(RO),P (0) CI-I<NMe SOCl_, (RO)P (0) CH=N*Me,Cl + SO, + MeCl . (104)
2
* (R=Me, Et)

The products are very reactive with respect to compounds
with a mobile hydrogen atom **%:

(ELO),P (0) CH=N*Me,Cl~ + RH —giysi— (E1O),P (O) CH R)NMe, . (105)
(R=R'S,R;N, R’ O, RP(0), (MeCO),CH, ArCOCH,)

The chemical and thermal instability of certain amino-
alkyl organophosphorus compounds is due to the lability
of their phosphorus~carbon bond. The lability is
manifested most clearly in a-aminoalkylphosphonium
salts*™~'®: NN -disubstituted aminomethyltriphenylphos-
phonium halides are unstable even at room temperature
and are fully hydrolysed by water '™:

PhyP+CH,NR,X~ = PhyP 4 CHy = N*R,X~ QPP 4 CH,0 + HNR,X . (108)
X=Cl, Br; R=Me; Ry = (CHa)s, (CH2):0 (CHa)a

The replacement of the phenyl groups at the phosphorus
atom by alkyl groups'™ '™ (i.e. an increase of the basicity
of the initial phosphine) and a decrease of the stability of
the carbonium-immonium ion by the introduction of acyl
groups at the nitrogen atom '™ appreciably stabilise such
compounds, but they too decompose in an alkaline medium
or under the influence of powerful nucleophilic agents
(MeONa, NEts, MeLi,,3 t-BuOK) with formation of trialkyl-
(aryl)phosphines*™ ™", The introduction of substituents
stabilising the positive charge (for example, the £ -dimeth-
ylaminophenyl group) at the a~carbon atoms reduces
sharply the thermal and hydrolytic stability of a-amino-
alkylphosphonium salts ™ An ethynyl group at the phos-
phorus atom is cleaved *%:

Bu,PC=CH -+ HOCH,NEt; — [Bu,TS (C=CH) CH,NEt,] OH- — Bu,P (0) CH;NEt; + C;H, .
(107)
The stability of the carbonium-immonium ion formed
determines also the lability of the carbon-carbon bond in
p-aminoalkylphosphonium salts ®:

-+
[PhsPC (Ph) = CHs] Br~ - HNCyH;q = [Phy PCH (Ph) CH,NCgHyo]Br~ —
+
> PhgP = CHPh -+ [CH, = NCyHy] Br~.  (108)

On heating (distillation), certain a-aminoalkylphos-
phonates undergo partial cleavage of the phosphorus—
carbon bond with formation of enamines and dialkyl
phosphites *%73%;

R,NCHP (Q) (OR")s 55 R;NCH=CR'R" + (R"0),PHO , (109)
HRRe
where Rz = (CHz)s, R'R” = Me, and R” = Etor R, =
(CHz)s, R’ = H, R”= Me, and R” = Me.

Aminophosphonates containing aromatic groups at the
nitrogen and a-carbon atoms are relatively stable in an
alkaline medium “**", but, when treated with acetic or
hydrochloric acid at 40-60°C, they are fully decomposed
into an amine, aldehyde, alcohol, and phosphorus acid®®’**:

AfNHCH (Ar’) P (O) (OR), 21O MeCOOH _ 5 NH, + Ar'CHO - HyPO; + 2 RoH (110)

p-Aminoalkylphosphonates, which are intermediates in
the PO-olefin addition reaction (17), undergo a further
conversion into an olefin and a phosphoramidate in the
presence of bases ** or acids *:

PhCHP (O) (OEt); “Np-— PhCH -+ PhN (Na) P (0) (OEY), . (111)

CHPh HCPh

|
NHPh
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Like a-aminocarboxylic acids, aminomethylphosphonic
acid is cleaved by ninhydrin with formation of a blue dye
and a mixture of phosphates *®,

The phosphonate carbanions obtained from aminophos-
phonates readily enter into the PO-olefin addition reac-
tion?"8,319,441 For example, phosphorylated enamines
were obtained in 60-75% yields by treating dimethyl-
aminoethylenediphosphonates with sodium hydride in
dioxane and then with aldehydes (ketones do not enter into
this reaction) *"%

[(E{0),P (O),CHNMe, Zoer» (Et0),PO,Na + RCH=(|3P (0) (OEt); » (112)

NMe,
where R = Ph, ¢t -C¢HsNO,, PhCH=CH, or 3,4-(OCH:O)Ph.
When nitroso-compounds are introduced into this reaction
instead of aldehydes, amidines are formed in 45-97%
yieldssm,sza,«;:
(PhO),P (0) CH (NHR") R % (PhO);PO,Na + R'N=C (R) NHR" .,
{R=Ph, p-CgHNO,; R’ = Ph, 0-CgH Me; R"=Ph,
p-CoHNO,, 0-CeHeMe, p=CgH,OMe) (113)
Phosphorylated nitrogen ylides have been obtained by
the reaction of a~ammoniumalkylphosphonates with
bases *'**%;

(RO)P (0) CH (R)) N*R(X~ =gz~ (RORP (O)C- R)N*R; . (114)

In this case, where R’ is a group capable of stabilisingthe
negative charge [COR’, COOR’, PO(OR’):], the formation
of the ylide is observed even on treatment with potassium
carbonate *****, whereas stronger bases (sodium hydride
or dimsyl sodium) are needed when R’ = H.**® 'The chem-
ical properties of these compounds have been little inves-
tigated: only alkylation with methyl iodide leading to a
C-methylated ammoniumalkylphosphonate *** and PO-olefin
addition on treating N-diphenylphosphinylmethylpyridinium
salts with aromatic aldehydes in the presence of diethyl-
amine *** have been described. The carbanions obtained
by the reaction of diethylphosphinylmethyl isocyanide
with butyl-lithium also react with carbonyl compounds to
form vinyl isocyanides*** (68—84%).

IV. APPLICATIONS OF AMINOALKYL ORGANOPHOS-
PHORUS COMPOUNDS

Owing to their ready availability and their chemical
properties, compounds of this class can find extensive
applications in various branches of science and engineer -
ing. Much interest is shown at present in the employment
of aminoalkylphosphonic acids as effective complexones
with electron-donating functions of the nitrogen atoms and
the oxygen atoms in the phosphoryl groups, which are
capable of forming chelate rings and of assuming various
conformations depending on the configurations_of the
metal ions being chelated. Numerous publications have
been devoted to this problem and have veen described
exhaustively in the review of Kabachnik et al.’*® Here only
some data on the employment of these compounds as
complexones are guoted.

Polyaminoalkylpolyphosphonic acids [for example
(O1)~(VI)], which are analogous of polyaminoalkylpoly-
acetic acids, are capable of effective complex formation
with many metal ions:

OR RO o) IR RI o
L 1 .
(HO),'{) (IZNH (CH;5),NHC P (OH), (HO),P(]ZNHCHZCHQXCHz‘AHzNH? {L (OH),
i !

R R R R
(n=2 — 5; R=H, Me) 1)
(i,
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(X=0,5,NH, NCR,P (O) (CH),; R=H, Me)

N [CHalﬁ (OH):ls [(HO),PCH,1;NCH,CH,N [CHglﬁ (OH), ),
I

V)
(V)
L
(Ho)alll’-(;z——ll’ (OH),
|

O NH, O [—CH,—~CH-CgH,CH,NHCH (Me) P (OH)),],,
It

(R=Alk, Ar)

viy (v

However, owing to their stereochemical characteristics and
the high electron-donating capacity of the phosphonate
group, they form relatively unstable complexes with alka-
line earth metal ions, while their complex-forming capa-
city with respect to transition metal, lanthanide, and
beryllium ions is very high "®10437%%%6,44574%  pp
important feature of organophosphorus complexones is the
formation of very stable “acid” or “hydrogen” complexes
at low pH in which the metal is not coordinated to the
nitrogen atom owing to the protonation of the latter %,
This property is of undoubted interest in studies with
readily hydrolysable salts. For these reasons, certain
organophosphorus complexones [for example (III) and (VI)]
can be used for the extraction of valuable elements and for
the separation of lanthanides and actinides within their
respective groups **#7*%,

The high complex-forming capacity of these compounds
is used also in the ion-exchange resins (VIII)-(XII) con-
taining aminophosphonic acid residues 30,79,249,378,453-459
For example, ion exchangers of the type (VIII)-(XI)
effectively extract Cu®" ions from an acetate buffer (capa-
city 1.1-1.4 mequiv. of Cu®* per gram of resin) ****;

| —N—CH,—CH;—
CH
[ POsH, (CH,),—PO3H
n 2
2,4,1—(”0)2(]:51{—(:1‘48 n

NHEL (r=1,2) (X)
(1X)

| /POt éH—CHQ—
**CHQ—CH*CGH‘NHC{I
CsHN-2 . CH;—C(NHg)(POsH), |
(xn (xi1)

Aminophosphonic acids can also find application in
most cases where it is necessary to bind metal ions giving
rise to undesirable effects. It has been suggested that
they be used for water softening and to prevent the forma-
tion of scale®’”**° [compounds of type (V) and (VID], as
antioxidants [compounds (XIII)] **” and as corrosion
inhibitors *®*, for the removal of rust and for the etching
of aluminium alloys [ compounds (VII) and (XIV)], ***%
for the passivation of metals*® [compounds (V), (VI) and
(XV)], and as metal deactivating additives to lubricating
oils [ compounds (XIIT)]. “***" The effective dispersing and
deflocculating properties of salts (Li, Na, K, NH4) of
aminophosphonic acids **”***%® permit their employment
for the formation of oil gels '* [compounds (XIII)], as
components of a boring solution [ compound (V)], ™ for
the prevention of ice formation in water-containing hydro-
carbon fuelsJ;compounds (XV)], *** and in detergent com-~
positions ****"** [ compounds (V) and (XV)]. Their
manganese, copper, zinc, etc. salts can be used as
microfertilisers in agriculture ®°%,

RC (O} NHCH,P (O) (OH), (HOR)-N—Y—-P (O) (OH),
(R=Al, Ar) (R, Y=alkylene)
XII (XIV)
(¢]

1
(HO),P (O) CH,N (R) CHzP (0) (OH);  RyR:NC (X) (Y) P (O) (GH),
(R=Alk)

(XV) (XVI)
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Aminophosphonic acid N -oxides [of the type of com-
pound (XVI)] and their salts have been suggested as com-
plexones ¥¥*%%!  giapilisers of peroxide compounds,
antioxidants for oils and soaps, water softening agent_s§
metal corrosion inhibitors, and metal passivators**®™*%,
In view of its ability to form complexes soluble in ligroin
with a number of metal atoms, mono-octyl anilinobenzyl-
phosphonate (XVII) has been proposed as an effective
extractant at the interface between organic and aqueous

phases 385,463 =465
7 OH 0 0
I I 0
4 P<oc H & p<om
PhNHCH st RR'CHCH e
\ph “\N+R'R"Me
(XVII) (XVIID

Inner salts of aminophosphonates (XVIII) are suitable as
stabilisers of esters*'®,

Aminophosphonates obtained from hydroxyalkylamines
and polyamines [for example (XIX)] and also the hydroxy-
alkyl esters of aminophosphonic acids [for example (XX)],
which contain hydroxy- and amino-groups, have been
suggested as fire-resistant polyhydroxy-comgonents in the
manufacture Of polyurethanes213,215,218-220,277, 79,2&),397,466,467-

(Et0),P (O) CH,N (CH,CH,OH),
(XIX)

[HO (RO),, 1P (O) CH,N (R'OH),
(R, R'=alkylene) (XX)

Their non-combustibility and thermal and chemical
stability permit the employment of certain aminophos-
phonates as hydraulic liquids, heat exchangers, lubricators,
and plasticisers *® 1954 * Thege compounds can also
be used as surfactants, emulsifying agents #4222/ and
extractants *%,

Aminoalkylphosphonous acids and their salts of the
general type (XXI) have been suggested as surfactants,
antioxidants, and complex-forming agents 32°%20622,

R .
RR'NC—P (O)H 4=X—C,H,NHCMe,P (0) H
| |

R” OM OH
(M==H, Na, NH,) (X=HO, RR'N)
(XXI) (XXI1)

Compounds of the general type (XXII) have been patented

as photographic developers which are stable in air,

readily soluble, and free from allergic effects “*®,
Aminoalkylphosphine oxides and N-oxides of type (XXII)

are promising extractants suitable for the extraction of

uranium and for the separation of lanthanides and

actinides within their respective groups 286,433,470,

RR’P (0) (CH,),,NR} (R;NCH);PO
, ” (R = dodecyl or stearyl)
RR'P (0) (Cﬂn)nII'Rz (XX1V)
0
(n=1, 2) REHNC (R) (R') P (S) R?R*
(XXII1) (XXV)

Tri(aminomethyl)phosphine oxides (XXIV) have been
proposed as additives which reduce the static electric
charge of synthetic fibres and impart fire resistance to
them®”, Aminoalkylphosphine sulphides (XXV) are suit-
able as lubricating materials and additives to oil *®,
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Aminoalkylphosphines of the general type (XXVI) can be
employed to modify carbonyl catalysts in oxo synthesis*”™.

R R 0

St —NR—CHy—B—Chy—
OISR S CH, 0

NeH—n R—N—CHy—P—CHy—

bk tr

(XXVI) (XXVII)

Products obtained by the condensation of tetra(hydroxy-
methyl)phosphonium halides, tri(hydroxymethyl)phosphine
and the corresponding phosphine oxide with nitrogen-
containing compounds (primary amines, ammonia, urea,
guanidine, melamine, etc.) of type (XXVII) and (XXVIII)
are thermostable non-combustible resins suitable for
impregnating veneers, wool, textiles, etc, 272 24727477,

(o] + ,CH,0H

I (2CHy)y—PL H
—CHy—P—CH,NHC;H,;NH— ) \cH,N<R x-
CHy—  NHCH,—
(Z=O0H, NHR; NHR —dye residue
(XXVIII)

(XXIX)

When the aim was to make fabrics non-combustible,
best results were obtained by condensation directly on the
fibre*™, Dyes with amino-groups give rise to wear-
resistant colours on cellulose fibres on treatment with
tetra(hydroxymethyl)phosphonium halides (XXIX),*™
Certain polyamides based on di(aminoalkyl)phosphine
oxides and phosphinic acids have the self-quenching

;;oggrty and exhibit an enhanced adhesion to metals

355y

The biological activity of aminoalkyl organophosphorus
compounds has been comparatively little studied. It has
been established that 2-aminoethylphosphonic acid and
some of its derivatives enter into the composition of the
proteins and polysaccharides of some marine animals and
lower organisms®®~**®, Many aminoalkyl organophos-
phorus compounds exhibit a low toxicity to warm-blooded
animals*®, Their much higher toxicity to plants and
insects permits the employment of some of them [for
example (V), (XVI), (XXI), (XXX)~(XXV)] as insecticides,
fungicides, antiparasite agents, herbicides, érowth
regulators, and defoliantg 3’ !9205,209%431,490°4% = pp o
chelate complexes formed by aminoalkylphosphonic acids
with iron(III) ions are suitable for the protection of plants
from chlorosis ®*%°, The low toxicity of aminoalkyl-
phosphonous acids (XXI) and ammoniumalkylphosphonates
(XXXT1I) to warm-blooded animals permits their use as
antibacterial agents %20%2433¢338 * 14 hag been suggested
that salts of aminophosphonic acids of the type (V) and
(XmI) be used to improve the contrast of X-ray photo-
graphs*® and to increase the concentration of 5-hydroxy-
tetracycline in blood ***; their salts with microelements
are suitable for the introduction of the latter into the
organism'®°. The high complex-forming capacity of
polyaminoalkylpolyphosphonic acids [for example (III),
(IV), and (VI)] with respect to beryllium and certain heavy
elements gives rise to the possibility of using them for the
effective treatment of intoxications caused by the presence
of these metals in the organism *%,

[(RO);P—CH,,NCH,CH;N [Cﬂz}r (OR);]; (RO)allTCHzN\’ JNX
l 1
le) ] [0} R’ R
(XXX) (XXXI)
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R
+ [ SR
RyNCH,P (OEt),Cl- R"NHC—P{
U [ “NHR"
o RO
(XXXI) (XXXIII)
(HO),E’CH,NHCH,COH [(HO)sPCH,], NCH,COH
1l i
o} o)
(XXXIV) (XXXV)

---000---

After the review had been sent to the editors, a number
of publications dealing with methods for the synthesis and
properties of aminoalkyl organophosphorus compounds
appeared.

p-Dialkoxyphosphinylethyl isocyanate was obtained by
the Curtius rearrangement of the azide of g-dialkoxy-
phosphinylpropionic acid**®,

A number of a-aminophosphonic acids were synthesised
by the Hofmann degradation of the amides of a-diethoxy-
phosphinylcarboxylic acids %%,

o -Aminophosphonates, tri-(y-aminopropyl)phosphine,
and the corresponding phosphine oxide were obtained by
reducing the oximes of a-ketophosphonates *®®, tri-(5-
cyanoethyl)phosphine, and the corresponding phosphine
oxide **°,

1-Alkyl-4-alkoxy-4-oxo~1,4-azaphosphorinanes and
silicon-containing §-aminoethylphosphonic acid esters
have been synthesised by the addition of primary amines
and silicon-containing amines to divinylphosphinic *° and
vinylphosphonic ' acid esters.

The interaction of alkali metal derivatives of benzyl
phosphonates and phosphine oxides with 8- and y-chlor-
amines led to the formation of a number of phosphorus
analogues of methadone and their analgesic activity was
studied ¥

The synthesis of dialkylphosphinobis(dimethylamino)-
methanes by the reaction of NNN’N’-tetramethylform-
amidinium chloride with lithium dialkyl phosphites and
their disproportionation to bis(dialkylphosphino)dimethyl-
aminomethane and tris(dimethylamino)methane have been
described ™.

The condensation of trialkyl(aryl) phosphites with
thiourea and urea has been suggested as a general method
of synthesising a -ureidophosphonates .

Methods have been patented for the synthesis of nitrilo-
tri(ethylenephosphonic) acid by the reaction of sodium and
potassium dialkyl phosphites with tri-(2-chloroethyl)-
amine ®° and for the synthesis of ureidomethylphosphonyl
halides by the reaction of phosphorus trihalides with
alkoxymethylureas ©°. They have been suggested as fire
resistant agents.

New polydentate PN-ligands have been obtained by the
reaction of N-substituted ethylenediamines with diphenyl-
phosphine and formaldehyde and their properties have
been investigated *”,

The phosphonomethylation of silicon-containing
and heterocyclic **° amines and glycine *** with phosphorous
acid and formaldehyde in hydrochloric acid has been
described. The compounds thus obtained have been sug-
gested as inhibitors of corrosion and scale formation and
as complex-forming agents.

Dialkyl 1-(N -acylamino)-2,2,2-trichloroethylphos-
phonate esters have been obtained by treating N-1,2,2,2~
tetrachloroethylbenzamide and N -acetyltrichloroacetal-
dimine with trialkyl phosphites and dimethyl phosphite % *3,

It has been shown that magnesium derivatives of
phosphorodianiidites readily add to Schiff bases 34;

508y 509
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N -allyl- and N -pyridyl-aminophosphonates have been
synthesised by the reaction of dialkyl phosphites with
Schiff bases3!%516, A new method has been proposed for
the synthesis of a-aminobenzylphosphonates by heating
benzaldazines with an excess of diethyl phosphite in the
presence of sodium diethyl phosphite—in the course of
the reaction two molecules of diethyl phosphite add to the
C=N bonds with subsequent reduction of the resulting
1,2-bis(diethoxyphosphinylbenzyl)hydrazine *7,

The kinetics and mode of the reactions of dialkyl(?henyl)
phosphites with Schiff bases have been discussed *® %,

The chromatographic determination of many amino-
phosphinic acids has been described 32,521, and it is
suggested that they be identified with the aid of crystalline
N-di- and N -tri-nitrophenyl derivatives ®?; the infrared
and 'H NMR spectra of certain aminoalkyldiphosphonic
acids have been investigated = ®¢,

It has been shown that the deamination of 2-amino-1-
hydroxy-1-phenylethylphosphonic acid involves appreciable
rearxs;%ngement with formation of phenylacylphosphonic
acid ™.

Ion-exchange resins based on chloromethylated styrene-
divinylbenzene copolymers containing f~aminoethyl-
phosphonic 5% and (-)-a-aminobenzylphosphonic %’ acid
groups have been synthesised and investigated; the
synthesis and polymerisgation of N -methacryloyl-p-amino-
ethylphosphonic acid has been described w28,
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