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Selective and clean synthesis of aminoalkyl-H-
phosphinic acids from hypophosphorous acid by
phospha-Mannich reactiont

Peter Urbanovsky, Jan Kotek, (2 (iD

Ivana Cisafova and Petr Hermann =
Aminoalkyl-H-phosphinic acids, also called aminoalkylphosphonous acids, are investigated as biologically
active analogues of carboxylic amino acids and/or as valuable intermediates for synthesis of other
aminoalkylphosphorus acids. Their synthesis has been mostly accomplished by phospha-Mannich
reaction of a P—H precursor, an aldehyde and an amine. The reaction is rarely clean and high-yielding.
Here, reaction of HzPO, with secondary amines and formaldehyde in wet AcOH led to aminomethyl-H-
phosphinic acids in nearly quantitative yields and with almost no by-products. Surprisingly, the reaction
outcome depended on the basicity of the amines. Amines with pK, > 7-8 gave the desired products. For
less basic amines, reductive N-methylation coupled with oxidation of HzPO, to HzPOsz became
a relevant side reaction. Primary amines reacted less clearly and amino-bis(methyl-H-phosphinic acids)
were obtained only for very basic amines. Reaction yields with higher aldehydes were lower. Unique
carboxylic—phosphinic—phosphonic acids as well as poly(H-phosphinic acids) derived from polyamines
were obtained. Synthetic usefulness of the aminoalkyl-H-phosphinic was illustrated in P-H bond
oxidation and its addition to double bonds, and in selective amine deprotection. Compounds with an
ethylene-diamine fragment, e.g. most common polyazamacrocycles, are not suitable substrates. The X-
ray solid-state structures of seventeen aminoalkyl-phosphinic acids were determined. In the reaction
mechanism, N-hydroxyalkyl species R,NCH,OH and [R,N(CH,OH),]*, probably stabilized as acetate
esters, are suggested as the reactive intermediates. This mechanism is an alternative one to the known
phospha-Mannich reaction mechanisms. The conditions can be utilized in syntheses of various
aminoalkylphosphorus compounds.

Introduction

Phosphorus acid analogues of common amino acids have been
studied for a long time."* Within the compound family, the
aminoalkylphosphonic acids are more frequently investigated
than the others and some of them, e.g. glyphosate, are well
known. Aminoalkylphosphinic acids have been less studied and
they can be divided into two groups: (i) those containing two
P-C bonds, i.e. bis(aminoalkyl)-phosphinic acids, and (ii) those
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with one P-C and one P-H bonds which are called aminoalkyl-
H-phosphinic or aminoalkylphosphonous acids. Syntheses of
the latter compounds have been the least studied among all
kinds of aminoalkylphosphorus acids® although they are the
most suitable precursors in syntheses of the (unsymmetrical)
phosphinic acids through further substitution of the P-H
bond®™ or can be also used for synthesis of phosphonic acids
by oxidation of the P-H bond to P-OH bond."*™

Phosphinic acid are analogues of carboxylic acids and,
formally, they mimic tetrahedral intermediates in reactions
involving carboxylic acid derivatives in biological systems, e.g.
peptide bond hydrolysis. The acids are naturally occurring and
their biosyntheses have been studied.** Aminoalkylphosphonic
and aminoalkylphosphinic acids are biologically active
compounds and there are a number of their applications in
biology and medicine as peptidomimetics, enzyme inhibitors,
antiviral or antibacterial agents, herbicides, etc.>*™*°

Aminoalkylphosphorus acids are usually prepared by
reaction of a precursor with a P(O)-H bond, an aldehyde and
a primary/secondary amine.>>'*” The most common P-H
reagents for synthesis of the aminoalkyl-H-phosphinic acids
are hypophosphorous acid, its esters or trivalent phosphines
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derived from the acid. The esters of hypophosphorous acids
are generally not very stable, they are often prepared in situ
and can be used only under very mild conditions.**>® Their
addition to imines leads to esters of 1-aminoalkyl-H-phos-
phinic acids.*® However due to their instability, the H;PO,
esters cannot be considered as reagents of choice, unlike
diesters of H3PO; (i.e. dialkyl/diaryl phosphites) which are the
most common precursors for synthesis of amino-
alkylphosphonic acids. Dialkoxyphosphines of general
formula H-P(OR), are highly unstable pyrophoric compounds
and only trimethylsilyl derivative, H-P(OSiMej3),, is widely
used as it can be very easily generated in situ.”* Its addition to
imines gives (after hydrolysis of the trimethylsilyl groups)
directly the desired 1-aminoalkyl-H-phosphinic acids.”
Phosphites derived from H;PO, with one P-H bond protected
have been also used in addition reactions to the imine double
bond;** however, the phosphites have to be prepared by
special procedures and there is necessary a deprotection step
which might be problematic. The cheapest and the most easily
accessible reagent, H;PO,, has been frequently used as
a nucleophile in addition to imines derived from primary
amines.>*® This approach has been used to obtain many H-
phosphinic acid analogues of common amino acids but in
variable, and mostly only moderate yields."»***° The most
simple one-pot reaction of an amine, an aldehyde and H;PO,
has been used in the syntheses less frequently.** Generally, all
these reactions lead to complicated reaction mixtures which
are hard to purify and the desired amino-H-phosphinic acid
(AHPA) might be only a minor product in the mixtures. The
most of the above reaction procedures have been used for
reactions of primary amines and, surprisingly, syntheses of
AHPA derived from secondary amines are much less explored.
As given above, the AHPA's are of an interest themselves and
they are valuable intermediates in syntheses of wide range of
other aminoalkylphosphorus acids. Therefore, any improve-
ment of their synthesis, mainly from a view of clean reaction,
is valuable.

For a long time, we have been involved in investigation of
complexing properties of polyazamacrocycles modified with
phosphonic/phosphinic acid pendant arms. The ligands can
serve as carriers of metal ions for utilizations in biology or
medicine. The phosphorus substituents in the pendant arms
are used to finely tune various properties of the ligands as e.g.
MRI related parameters,®** complexation rate,* ligand
bifunctionality®*?® or targeting properties.***” To further
explore possibilities offered by P-aminoalkyl substituents on
the phosphinic acid pendant arms (e.g. tuning basicity of
amino group or its bifunctionality), the AHPA's would be the
most valuable precursors. However, missing general proce-
dure for their synthesis is a limiting factor for those purposes.
Recently, we have found that acetic acid was a suitable solvent
for phospha-Mannich reaction of H3;PO,.** Therefore, we
decided to investigate in more details these conditions of
phospha-Mannich reaction of H;PO, (sometimes called Moe-
dritzer-Irani-Redmore reaction). Scope of the reaction and
investigation of the reaction mechanism are described in this

paper.
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Results

We have recently successfully used acetic acid as a solvent
(at 40 °C) for reaction of H;PO,, paraformaldehyde and Bn,NH
to get a gram amount of N,N-dibenzyl-aminomethyl-H-phos-
phinic acid 1.** Under these conditions, no formation of the
most expected by-products, i.e. Bn,N-Me, HOCH,-P(O)(OH)-
CH,NBn,, H;PO; or Bn,NCH,-PO;H,, was observed. As the
reaction led to almost pure product, purification of the reaction
mixture could be carried out by a simple chromatography on
strong cation exchanger. Such a clear synthesis was rather
surprising and, with our best knowledge, AcOH as a solvent has
not been used for this kind of phospha-Mannich reaction
before. The most traditional solvent for the reaction is water.
Thus, influence of water content in the reaction mixture was
tested in the reaction with Bn,NH (Table S1 and Fig. S1t). Under
the aforementioned conditions, a small amount of water was
always present due to utilization of commercial 50% aq. H;PO,.
Utilization of crystalline H;PO, (i.e. under fully anhydrous
conditions) did not improve conversion to the product or
shorten reaction time. Therefore, small water content (up to
~5% wiw) does not alter the reaction outcome. Increased
amount of water in acetic acid progressively slowed down the
reaction and lowered the yield. Oxidation of H;PO, to H;PO;
was not detectable in wet AcOH and, thus, reductive N-methyl-
ation is efficiently suppressed under these reaction conditions.
The aqueous phospha-Mannich reaction with H3;PO; is
commonly carried out in 1 : 1 aq. HCI (i.e. in ~18% aq. HCI).*®
Here, addition of only one equiv. of HCI (as Bn,NH-HCI) led to
much lower conversion and observation of by-products and,
with more HCI, almost no conversion was observed (Table S2
and Fig. S21). In the reaction with 1 equiv. of HCI, bis-
substituted H;PO, (i.e. (Bn,NCH,),PO,H,) and the N-methyl-
ated amine (i.e. Bn,N-Me) were clearly detected after the reac-
tion (Fig. S31). If mixture with ten equiv. of HCI was heated to
60 °C, a complicated reaction mixture was obtained where
HOCH,PO,H, and AcOCH,PO,H, were major components; the
desired compound 1 was only a minor product (~7%). Without
HCI in solution and in the presence of all three components,
formation of the HOCH,PO,H, was observed only after the
complete consumption of the amine and if an excesses of
formaldehyde and H;PO, over the amine were used, and after
long reaction times.

Reactivity of H;PO; as H-P precursor was tested as well.
Some small conversion was observed for Bn,NH and
(Ce¢H11).NH (i.e. Cy,NH) but the reactions were slow (H3POj3
consumption was not complete even after several days). The
desired aminomethylphosphonic acids (APON's) were formed
together with a significant amount of H;PO, and it was con-
nected with extended reductive N-methylation of the used
amines (Fig. S471). Elevated temperature (60 °C) accelerated
consumption of H;PO; but mainly due to its oxidation. The
pure product, Bn,NCH,PO;H, (A) and Cy,NCH,PO;H, (B), were
isolated in a zwitter-ionic form, albeit in a low yields (~25%).

Similarly to H3POj3;, the P-H bond in H-phosphinic acids is
much less reactive than that in H3;PO,. Anyway, some H-

This journal is © The Royal Society of Chemistry 2020
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phosphinic acids were tested in reaction with Bn,NH (40 °C, 1 d).
The Ph-PO,H, and PhtNCH,-PO,H, gave the corresponding bis-
substituted phosphinic acids, (Ph)(Bn,NCH,)PO,H (C) and
(PhtNCH,)(Bn,NCH,)PO,H (D), and the phosphonic acids, Ph-
PO;H, and PhtNCH,-PO;H,, in molar ratios ~1: 8 and ~3: 2,
respectively. Thus, reductive N-methylation of Bn,NH (with
simultaneous oxidation of the H-phosphinic acids) was significant.
Despite complex reaction mixtures, these bis-substituted phos-
phinic acids (C) and (D) were purified and characterized. With
HO,CCH,CH,PO,H,, the corresponding phosphonic acid was
almost exclusively formed and only a small amount of the desired
bis-substituted phosphinic acid (~5%) was detected in the reac-
tion mixture. In addition, AHPA prepared in this work were also
tested. Thus, 1 was reacted with an equiv. of Bn,NH and formal-
dehyde at 40 °C and (Bn,NCH,),PO,H (ref. 39) was obtained
together with the corresponding “redox” products, Bn,NCH,PO3-
H, and Bn,N-Me (Fig. S51). At higher temperature (60 °C), the
starting materials were consumed faster but more extensive
oxidation (~60%) and even P-hydroxymethylation (~10%) of 1
were observed. Reaction of Cy,NCH,PO,H, (5, see below) with
Bn,NH and formaldehyde led to the (Cy,NCH,)(Bn,NCH,)PO,H
(E) and no phosphonic acid, Cy,NCH,PO;H,, was observed.
However, the reaction at 40 °C was very slow and a full conversion
of 5 could not be achieved even after heating at 60-80 °C up to four
days and, at the temperatures, (HOCH,)(Cy,NCH,)PO,H was also
formed in a significant amount.

Reaction of secondary amines, formaldehyde and H;PO,

As our goal was to get an access to a small library of N-substituted
(1-aminomethyl)-H-phosphinic acids giving us a possibility to
tune properties of pendant arm(s) in polyaza-macrocyclic ligands
with the macrocycle-CH,PO,H-CH,NR, fragment, a range of
amines in the reaction was investigated. First, reactions of
H;PO,, formaldehyde and various secondary monoamines were
tested (Scheme 1). Acetic acid as a solvent has one practical
advantage - it is a good solvent for even very hydrophobic amines
which are not soluble in water or diluted aq. HCl which have been
used as solvents earlier. The secondary amine, H;PO, (1.1 equiv.)
and paraformaldehyde (2 equiv.) were mixed in acetic acid and
the suspension-to-solution (paraformaldehyde slowly dissolved
during the reaction course) was heated at 40 °C in oil bath till *'P
NMR spectroscopy showed no changes in composition of the
reaction mixture. Conversions were estimated from *'P NMR
spectra of the reaction mixtures (large P-H doublet of triplets for
AHPA with “Jpy; ~ 520-570 Hz, non-split triplet of H;PO, with “Jpy
~ 530 Hz, or non-split doublet of H;PO; with “Jpy ~ 650 Hz).
Completion of the reactions required several hours up to 1-2
days. Most of the AHPA's were isolated as solids or thick oils after

AcOH RO A~/
RoN-H + H3PO, + (CH,0)y ——————> N R~0OH
1 11 - 2 1 day, 40 °C R \H
molar ratio amino-H-phosphinic
acid (AHPA)

Scheme 1 Reaction of secondary amines, paraformaldehyde and
HzPO..
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a simple ion exchange on strong cation exchanger (Dowex 50).
The results are summarized in Table 1. Higher reaction
temperature led to some reductive N-methylation of the starting
amines (and concomitant oxidation of H;PO, acid to H;PO;), to
formation of hydroxymethyl-H-phosphinic acid which can be
acetylated (ie. formation of AcOCH,PO,H,). Therefore, the
temperature was kept at 40 °C despite longer reaction times were
necessary to finish the reactions. Slight excess of H;PO, some-
what reduced risk of the “redox” reaction of the desired AHPA (i.e.
formation of the corresponding aminoalkylphosphonic acids,
APON's) as H3PO, is preferentially oxidized over the AHPA.
Despite utilization of an only small excess of H;PO, and larger
excess of formaldehyde, no P-hydroxymethylation of AHPA was
observed. Under the used conditions (wet AcOH, 40 °C), the P-
hydroxymethylation occurred only on H;PO, and only after
complete consumption of the starting amine.

Dialkylamines (Entries 1-6, Table 1) gave the high/quantitative
conversion to the corresponding APHS's 16 as well as good iso-
lated yields, despite an increasing steric hindrance brought by the
alkyl substituents. Simple cyclic amines (Entries 7 and 8) reacted
similarly to give the desired products 7 and 8. Introducing
a strongly electron withdrawing 2,2,2-trifluoroethyl group on the
amine nitrogen atom (Entries 9 and 10) resulted in dominant
oxidation of HzPO, together with N-methylation of amines
(Fig. S61) and the corresponding N-methylated amines were iso-
lated. In the case of (benzyl)(2,2,2-trifluoroethyl)amine (Entry 9),
only a small amount of the corresponding phosphonic acid 9 was
isolated in a reasonable purity to identify it and the isolated 9 was
contaminated with a small amount of the corresponding
H-phosphinic acid (see ESL characterization spectra). Thus
under the conditions, any formed AHPA was probably quickly
oxidized to phosphonic acid. Amino acids (N-Me-Gly, N-Bn-Gly,
Hyida or i-proline; Entries 11-14) gave the corresponding
H-phosphinic acids 10-13 with great conversions and in high
isolated yields. Reaction with amines containing 2-hydroxyethyl
group(s) (Entries 15 and 16) surprisingly led mainly to bis(ami-
nomethyl)phosphinic acids 14b and 15b even in molar ratio of the
reactants 1:1:1. In the case of (HOCH,CH,)(Me)NH, mono-
substituted product 14a was obtained after ion-exchange column
chromatography purification in a low yield. With diethanolamine,
the desired P-monosubstituted amino acid 15a was formed only
as a very minor component of the reaction mixture and could not
be isolated. The main product was bis(aminomethyl)phosphinic
acid derivative 15b and, in the crude reaction mixture, it is
partially present as an intramolecular ester and, thus, an esteri-
fication of the phosphinic acid group probably took place. To
simplify the mixture, these impurities were hydrolysed with hot
azeotropic aq. HCl and, afterwards, pure bis-substituted phos-
phinic acids 14b and 15b were isolated.

Reaction of N-methyl-piperazine (Entry 17) led to a small
yield of 16 (25% conversion) and a significant N-methylation
was observed; the N,N'-dimethyl-piperazine was identified as
a main product. Thus, fragment N-C-C-NH seems to be not
suitable for the reaction (see also below). However if one amine
of the N-C-C-N fragment is fully protected as in (Pht-NCH,-
CH,),NH (Entry 18), the reaction underwent smoothly and the

RSC Adv, 2020, 10, 21329-21349 | 21331
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Table 1 Reaction of secondary amines (1.0 mmol), HzPO, (as 50% ag. solution) and paraformaldehyde in molar ratio1: 1.1 :

AcOH at 40 °C followed by purification on Dowex 50, if not stated otherwise
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2, respectively, in

Conversion® Isolated yield log K, of the
Entry Amine Product (after 24 h, %) (%) starting amine”
1 Bn,NH Bn,NCH,PO,H, (1) 95 78 8.5
2 Me,NH® Me,NCH,PO,H, (2)* 88 >85¢ 10.8
3 Et,NH Et,NCH,PO,H, (3)" 92 >85° 11.0
4 iPr,NH iPr,NCH,PO,H, (4) 89 >85°¢ 11.1
5 Cy,NH Cy,NCH,PO,H, (5) 98 78 11.3
6 Bn(Me)NH Bn(Me)NCH,PO,H, (6) 98 >85° 9.6/
7 Piperidine C5H,,NCH,PO,H, (7)* 92 >85° 11.0
8 Morpholine O(CH,CH,),NCH,PO,H, (8)° 92 >85¢ 8.6
9 (CF3CH,)(Bn)NH (CF3CH,)(Bn)NCH,PO3H, (9) 0¢ 5y 5.4
10 (CF3CH,),NH — 1 — 1.2
11 HO,CCH,(Me)NH (sarcosine) (HO,CCH,)(Me)NCH,PO,H, (10) 90 69 10.0
12 HO,CCH,(Bn)NH (N-Bn-glycine) (HO,CCH,)(Bn)NCH,PO,H, (11) 75 57 9.2
13 (HO,CCH,),NH (H,ida) (HO,CCH,),NCH,PO,H, (12)’ —J 89 9.3
COOH
LH
. N—CH,~PO,H,
14 L-Proline (13)* 88 73 10.4
15 HOCH,CH,(Me)NH HOCH,CH,N(Me)CH,PO,H, (14a)’ 53 (14a) 33 (14a)° 9.9
[HOCH,CH,N(Me)CH,],PO,H (14b)' 40 (14b) 30 (14b)°
16 (HOCH,CH,),NH (HOCH,CH,),NCH,PO,H, (15a) 6 (15a) — (15a) 8.9
[(HOCH,CH,),NCH,],PO,H (15b)’ 70 (15b) 46 (15b)°
17 N-Me-piperazine MeN(CH,CH,),NCH,PO,H, (16) 25°% 20°¢ 9.0 and 4.8
18 (PhtNCH,CH,),NH (PhtNCH,CH,),NCH,PO,H, (17) 70 63 8.5
19 Ph(Me)NH — Mixture? — 4.9
20 Imidazole — 0 — 7.0

4 Determined by * P NMR spectroscopy, based on amine.

b Basicities of the amines were taken from databases® or predicted.” © 40% aq. solution of

MeZNH was used. ¢ Ref. 31a. ¢ Isolated as a thick oil. / Ref 42. ¢ Significant oxidation of H;PO, accompanied by N- methylatlon was observed

" Isolated yield of the corresponding phosphonic acid. ‘ Ref. 34b and 43. 7 Product precipitated during the reaction.

purification procedure was used, see ESI.

desired amino acid (17) was isolated in a good yield and no N-
methylation was observed.

Utilization of a simple aromatic amine (N-Me-aniline, Entry
19) led to a complicated reaction mixture which was not
possible to purify. A significant oxidation of H;PO, was clearly
observed. Imidazole, an example of a simple heterocyclic amine
(Entry 20), did not react at all (even no oxidation of H;PO, was
observed). Simple amides with different electron donating
effect and bulkiness of the N-alkyl groups were also tested. None
of N-Me-formamide, N-Me-acetamide, N-Et-acetamide, N-t-Bu-
acetamide, and N-Cy-acetamide reacted under the used condi-
tions and, thus, even the electronically rich secondary amides
did not produce N-acyl-AHPA.

Reaction of secondary amines, higher aldehydes and H;PO,

In the reactions shown in Scheme 1, only formaldehyde was
used as the carbonyl component. To determine scope of the
reaction while utilizing other aldehydes, the reaction was
carried out with several aliphatic and aromatic aldehydes
(Scheme 2 and Table 2) and with a model secondary amine, N,N-
dibenzylamine. Utilization of the aldehydes generates a chiral
centre and, thus, the AHPA's were obtained as racemic
mixtures.

21332 | RSC Adv, 2020, 10, 21329-21349

k Ref. 44. ! Special

All reactions had to be performed at higher temperature
(60 °C) than with formaldehyde as, otherwise, the reactions
were too slow. Even under these conditions, no significant P-
hydroxyalkylation of H;PO, or the formed AHPA was observed,
as well as no oxidation of H;PO, or the AHPA (Fig. S71). Reac-
tion with acetaldehyde (Entry 21) afforded the desired AHPA 18
with a high conversion and in a good yield. Use of its cyclic
trimer, paraldehyde, did not change the outcome of reaction
(Entry 22). Paraldehyde is not stable under the acidic conditions
and slowly depolymerizes.*> Use of longer carbon-chain alde-
hyde, n-butyraldehyde (Entry 23) gave the desired amino acid 19
with a lower conversion and isolated yield, and it might be
explained by a lower reactivity of the higher aldehydes. Freshly
distilled phenylacetaldehyde (Entry 24) required more harsh
conditions (80 °C, three days) and, anyway, the conversion to

R1
O *
BroNH + R4 + Hap0, —o2 5 g N7 CH\P/S
H 2d,60°C \~OH
H

Scheme 2 Reaction of Bn,NH, aldehydes and HzPO,.

This journal is © The Royal Society of Chemistry 2020
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Table 2 Reaction of Bn,NH (1.0 mmol), HzPO, (as 50% ag. solution) and aldehydes (molar ratio 1:1.1:2; AcOH, 60 °C, 2 d) followed by

purification on Dowex 50, if not stated otherwise

Conversion” Isolated yield
Entry Aldehyde Product (after 48 h, %) (%)
21 Me-CHO Bn,NCH(CH;)PO,H, (18) 85 69°
22 Paraldehyde (acetaldehyde trimer) Bn,NCH(CH;)PO,H, (18) 88 71?
23 n-Pr-CHO Bn,NCH(CH,CH,CH;)PO,H, (19) 55 42?
24 PhCH,-CHO%? Bn,NCH(CH,Ph)PO,H, (20) 33 16
25 tBu-CHO — 3 —
26 CF;-CHO®* CF;CH(OH )PO,H, (21a) 5%/ (24)®
[CF3;CH(OH )],PO,H (21b) <5 —=

“ Determined by *'P NMR spectroscopy, based on amine. ? Isolated as a thick oil. ¢ Freshly distilled aldehyde was used. ¢ At 80 °C, 3 d. ¢ Used as
a monohydrate (fluoral hydrate).” Conversion based on H;PO,. ¢ Prepared and characterized after reaction with an excess of fluoral hydrate (see

ESI).

the desired AHPA 20 and the isolated yield were low. The lower
conversion may be contributed to a preferential polymeration of
the aldehyde under the given conditions.*® Addition of more
aldehyde into the reaction mixture during the reaction time
improved the conversion only slightly. Surprisingly, commercial
phenylacetaldehyde stabilized with citric acid (only 0.01%) did
not react at all. Sterically hindered pivalaldehyde, ¢tBu-CHO,
(Entry 25) did not afford any desired amino acid even at
higher temperature (80 °C) and on prolonged reaction time
(three days). Only H3PO, P-hydroxyalkylation and the hydroxy-
acid acetylation (i.e. formation of tBuCH(OAc)-PO,H,) were
observed. Reaction of other secondary amines, Cy,NH, piperi-
dine, or Me,NH, with pivalaldehyde did not lead to any desired
AHPA. Aromatic aldehyde, benzaldehyde, afforded the desired
product with only a small conversion (~10%) and PhCH(OAc)-
PO,H, and PhCH(OH)-PO,H, were observed as major compo-
nents of the reaction mixture. If higher temperature (80 °C) and
longer reaction time (three days) were used, conversion to the
desired amino acid reached ~30% but together with many side
products (Fig. S81). Other secondary amines (Cy,NH, piperidine
and Me,NH) were also tested but no improvement in the
conversion or composition of the reaction mixture were
observed (max. ~20% of AHPA, 3 d, 80 °C) and a significant
oxidation of H3;PO, to H;PO; was always observed. More
importantly, the phospha-Mannich products, (R,N)(phenyl)
methyl-H-phosphinic acids, decomposed during purification of
these reaction mixtures. Utilization of aromatic aldehyde with
more electron withdrawing group, p-nitrobenzaldehyde, led to
no observable change in *'P NMR spectra during reaction time.
Trifluoroacetaldehyde (Entry 26) was tested as the most
electron-poor aldehyde. At 60 °C after one day, no reaction was
observed in *'P NMR spectrum. At 80 °C after one day,
P-hydroxyalkylation took place giving the compound 21a, CF;-
CH(OH)-PO,H,, as a main product together with a small
amount of compound 21b, [CF;CH(OH)],PO,H (Fig. S91). If the
reaction was carried out without presence of amine, molar ratio
of 21a and 21b was ~2 : 1 (Fig. S9t). With high excess of fluoral
hydrate, 21b was isolated in a high yield (see ESI{). Interest-
ingly, no significant oxidation to H;PO; was observed in these
reactions. Finally, reaction with the simplest ketone, acetone,

This journal is © The Royal Society of Chemistry 2020

was tested. No change in *'P NMR spectrum of the reaction
mixture was observed even after heating at 80 °C for three days.

Reaction of primary amines, formaldehyde and H;PO,

In the next step, reactivity of primary amines was tested (Table 3).
Aliphatic amines were used and reaction conditions (various
ratio of reactants, temperature etc.) were widely altered. Reactions
with methylamine always led to mixtures which were hard to
purify. For higher amines as BnNH, (Entry 27), PhCH,CH,NH,
(PhenNH,, Entry 28), CyNH, (Entry 29), tBuNH, (Entry 30) or
AdNH, (Entry 31), the expected N,N-bis(methyl-H-phosphinic
acids) 22-26 (Scheme 3) could be obtained if the reactions were
carried out with slight excesses of H;PO, (2.2 equiv.) and para-
formaldehyde (2.2 equiv.). The conversions were only moderate
(26-46%, Table 3, e.g. Fig. S101) as well as isolated yields (~35%).
Utilization of higher excesses of H;PO, or paraformaldehyde led
to a higher extent of side reactions (e.g. P-hydroxymethylations)
and the mixtures were hardly separable. Pure monosubstituted
amino acids, R-NHCH,PO,H,, could not be obtained during
these attempts. Generally, purification of the alkylamine-
bis(methyl-H-phosphinic acids) was problematic as these
compounds are not retained on Dowex 50; the AHPA's, the simple
phosphorus acids and P-hydroxymethyl phosphinic acids were all
eluted together with water and they had to be separated by
chromatography on silica, leading to low isolated yields.

The NH,CH,PO;H, was tested as amino acid with basic
primary amine group (Entry 32). Surprisingly, it reacted
smoothly with some excess of H;PO, (4 equiv.) and para-
formaldehyde (2.5 equiv.) to give the desired bis(H-phosphinic
acid) 27 with an excellent conversion (94%); isolated yield of
a crude product was ~70% (the amine containing by-products
could not be fully removed). As the aminomethylphosphonic
acid is not soluble in AcOH, sodium acetate (2 equiv.) was added
to dissolve it. Surprisingly, reactions with glycine afforded rich
mixtures with a significant oxidation of H;PO, to H;PO;.

Reaction of N-alkyl-aminomethylphosphorus acids,
formaldehyde and H;PO,

Other amino acids with a secondary amine group were tested as
well (Scheme 4 and Table 4). A simple amino-methyl-H-

RSC Adv, 2020, 10, 21329-21349 | 21333
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Table 3 Reaction of primary amines (0.5 mmol), HsPO, (as 50% aqg. solution), paraformaldehyde in molar ratio 1: 2.2 : 2.2 (AcOH, 2 d, room
temperature) followed by purification on Dowex 50 and/or silica, if not stated otherwise

Entry Amine Product Conversion” (after 48 h, %) Isolated yield” (%) log K, of starting amine®
. —POH,
n—N
27 Bn-NH, NP0y 22) 44 34 9.3
" _—POH,
28 Phen-NH, en/ "\ poss ) 44 32 9.8
_—POH,
- N
29 Cy-NH, Q NI 48 33 10.6
_—POH,
30 tBu-NH, N 26 20 10.5
POM; (25)
_—POH,
1 Ad-NH Aa=N 44 1 10.
3 d-NH, \_rost g, 3 0.5
.’ _—POH,
32 H,0,P-CH,-NH,* How  —POMy (5 94 ~70° 10.0

“ Determined by *'P NMR spectroscopy, based on amine. ” Isolated as thick oils. © Basicities of the amine groups were taken from database® or
predicted.*” ¢ 2 equiv. of anhydrous AcONa was added to dissolve the amino acid in AcOH; molar ratio of amino acid, aq. H;PO,, and
paraformaldehyde was 1 : 4 : 2.5. ¢ Yield of not fully purified product (~85% purity).

o
-
R N/H+(CH O +HpPO, — M o N >
_ _
H 2T T o d,RT N0
P—0H
1 : 2.2 22 |
. H
molar ratio

amino-bis(methyl-
H-phosphinic acid)

Scheme 3 Reaction of primary amines, paraformaldehyde and HzPO,.

phosphinic acid, BnNH-CH,PO,H, (for an improved synthesis,
see ESIt), was reacted under the above conditions and a non-
separable mixture of products was obtained. The starting
amino acid is, in principle, intermediate in the reaction of BnNH,
discussed above. If aminophosphonic acid BnNH-CH,PO;H,
was used (Entry 33), the reaction led to a mixture where the
desired AHPA 28a and P-disubstituted phosphinic acid 28b as
a by-product (Fig. S11}) were present in molar ratio ~3 : 1; both
compounds were isolated. Thus similarly to the (2-hydroxyethyl)-
amines (Entries 15 and 16), the *"N-CH,PO;H, fragment accel-
erates the double substitution of H;PO, and the reaction was
clearly preferred even if amino acid-to-H;PO, molar ratio was
1: 1. However if a higher excess of H3PO, (3 equiv., see Table 4)
was used, conversion to the desired AHPA 28a was improved and
the compound was isolated in a moderate yield. In the crude
reaction mixtures, almost no N-methylation was detected (<5%).
Similarly, N-phosphonomethyl-glycine (Entry 34) gave a deriva-
tive 29 where H-phosphinic, phosphonic and carboxylic acid
functions are attached to the same nitrogen atom. Despite the
high conversion, isolated yield was low due to problematic
separation of the highly polar and acidic components of the
reaction mixture. Purification on the strong cation exchange
resin separated only by-products derived from HzPO, (e.g

21334 | RSC Adv, 2020, 10, 21329-21349

HOCH,PO,H,) and the amine-containing components could not
be fully separated. Highly basic diphosphonic acid, H,idmpa,
reacted smoothly (Entry 35) to give diphosphonic-H-phosphinic
acid product 30 in ~70% isolated yield. In the Entries 34 and 35
where starting zwitter-ionic amino-methylphosphonic acids
insoluble in AcOH were used, sodium acetate was added and the
starting amino acids slowly dissolved and reacted.

Reaction of linear secondary polyamines, formaldehyde and
H,PO,

Reactions with linear secondary polyamines were also tested
(Table 5) as the reaction can lead to interesting polydentate

Bn._ /PO3H;
H3PO, : (CH,0), 3:1.1 N
‘ AcOH, 2 d, RT 4 40
Ph 0 HO/P\H
N\ /, major
H/\P\/\OH 28a product

OH
‘ H3PO, : (CH,0), 1:1.1

» op{ N _TPOsH,),
HO Bn

AcOH, 2 d, RT )
major
28b product
R— /O B P
N/\P\\ HgPO; : (CHp0), 1:1.1 N PO;H,
H
bl AcOH, 2d, RT P:/o
/ TH
R=CO,H glyphosate HO
POsH,  Hdmpa R=COH 29
POsH, 30

Scheme 4 Synthesis of phosphorus amino acids containing N-
methylphosphonic-N-methyl-H-phosphinic acid pendant group.
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Table 4 Reaction of phosphorylated secondary amines (1.0 mmol), HzPO, (as 50% aq. solution) and paraformaldehyde in molar ratio1: 3: 1.1
(AcOH, 2 d, room temperature)

Conversion” Isolated yield
Entry Amine Product (after 48 h, %) (%) log K, of starting amine®
_—PO3H,
Bn—N c
PO, (252) 93 49
33 H,0;PCH,-NH-Bn —POH; 10.0
HO P% ™ > <5 —
2 Bn 2 (28b)
_—POgH,
34 H,0;PCH,-NH-CH,CO,H (glyphosate)°’ . 2 92 (<5) ~60% 10.0
_—POgH,
35 (H,0;PCH,),NH (H,idmpa)° /N pos 85 (<5) ~70% 11.5"
2U3 2)2 4 P H,05P 2M2 (30) .

“ Determined by *'P NMR spectroscopy, based on amine. ? Basicities of the amines were taken from database® or predicted.” ¢ Isolated by using
C18 silica column chromatography. ¢ Prepared and isolated under different conditions, see ESI. * Two equiv. of anhydrous AcONa per phosphonate
group were added to dissolve the amino acid in AcOH. f Conversion to AHPA; conversion to bis-substituted phosphinic acid is in parenthesis.
¢ Phosphorus acids were partially co-eluted with the product and repeated chromatographic purification was necessary. The yields of not fully
purified product (purity ~85% and ~90% for 29 and 30, respectively) are given. ” Ref. 47.

ligands. Simple linear secondary diamine, N,N'-dibenzyl- ~2.5:1 (Fig. S12}). The products were separated by C18 reverse-
ethylene-diamine (Bn,en, Entry 36) afforded two products phase silica column chromatography as both compounds are
(Scheme 5), the desired N,N'-bis-substituted (31) and N-methyl- strongly stuck to the cation exchange resin. When spacer between
ated mono-substituted (31-Me) amino acids in molar ratio the amines was longer as in N,N'-dibenzyl-propylene-diamine

Table 5 Reaction of secondary polyamines (0.25 mmol), HzPO, (as 50% aq. solution) and paraformaldehyde in molar ratio 1: 1.1x : 2x (x is
a number of secondary amino groups) in AcOH (2 mL) at 40 °C, 1 d, followed by purification on Dowex 50, if not stated otherwise

Conversion® Isolated yield log K, of
Entry Amine Product (after 24 h, %) (%) amine group”
Bn \N/ \N, Bn
58 51°
Hi00P” PO, (39
36 Bn-NH(CH,),NH-Bn (Bn,en) 8.9 and 6.0
Bn\N/ \N _Bn
me” 11 10°
POz (31-Me)
Bn_ NV)Z_\N _Bn
37 Bn-NH(CH,);NH-Bn (Bn,pn) 82 687 9.7
H0,P PO (32)
Bn_ NW;\N _Bn
38 Bn-NH(CH,)sNH-Bn (Bn,hn) 88 807 10.1°
H,0,P POM, (33)
39 Bn-NH(CH,),NH(CH,),NH-Bn (Bn,dien) — Mixture — 9.4¢
Bn\N/ 2 \N/ !?N/Bn
40 Bn-NH(CH,);NH(CH,),NH-Bn (Bn,dipn) 91 854 10.1°
PO,H, POsH, POM, (34
Bn\N/ S \N/ 2e”N/Bn
41 Bn-NH(CH,)sNH(CH,)sNH-Bn (Bn,dihn) ¢ < 93 824 10.8°

POH; POH; POM; (35

“ Determined by *'P NMR spectroscopy, based on amine. ” Basicities of the amines were taken from database® or predicted.” © A special
purification procedure, see ESIL ¢ Isolated as thick oils. ¢ Only the first log K, could be predicted;" basicities of the other amine group(s) are
several orders of magnitude lower than (ethylene) or rather similar to (propylene, hexamethylene) the value in the table.
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Bn VAN _Bn  (CH0)p, H3PO,

H ” AcOH, 1d, 40°C
n=1 Bnyen
n=2 Bnypn
n=5 Bnyhn

B 7\ /N _Bn (CH,0),, HPO,
H H N —— o

H AcOH, 1d, 40°C
n=2 Bnydipn
n=5 Bnydihn
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Bn\N/ n \N/Bn Bn\/N/ \N/Bn

> & ud <
H,0,P PO,H, PO,H,

n=1 31 31-Me

n=2 32

n=5 33
Bn_ /" / \)” _Bn

N N N

¢

PO,H, PO,H, PO,H,
n=2 34
n=5 35

Scheme 5 Reaction of linear secondary polyamines, formaldehyde and HzPO..

(Bnypn, Entry 37), the reaction afforded the expected amino-
bis(H-phosphinic acid) 32 as a major product and no reductive N-
methylation and H;PO; were detected in the reaction mixture.
The product 32 was easily isolated on ion-exchange resin. Further
extension of the spacer between the secondary amines in N,N'-
dibenzyl-hexylene-diamine (Bn,hn, Entry 38) favoured formation
of the a,w-bis(H-phosphinic acid) leading to almost quantitative
conversion and a very good isolated yield of 33. Triamines were
used as well (Scheme 5). Reaction of the N,N’-dibenzyl-
diethylene-triamine (Bn,dien, Entry 39) led to an intractable
reaction mixture of various products (Fig. S13t). Reaction of
N,N"-dibenzyl-dipropylene-triamine (Bn,dipn, Entry 40) or N,N"-
dibenzyl-dihexylene-triamine (Bn,dihn, Entry 41) afforded the
desired amino acids 34 and 35 (Fig. S13t), respectively, in good
yields.

Reaction of cyclic secondary polyamines, formaldehyde and
H,PO,

The simplest cyclic secondary diamine, piperazine, gave two
AHPA products which were separated using strong anion
exchanger. The desired bis(H-phosphinic) acid (16a, Fig. 1)**
was isolated in a moderate yield (37%) and other product was H-
phosphinic acid with the other amine N-methylated, 16 (22%).
Presence of a closely located secondary amine probably trig-
gered unwanted “redox” process with H;PO, (Fig. S14t), thus,
piperazine-N-methyl-H-phosphinic acid was more prone to
further N-methylation (i.e. forming product 16). Surprisingly if
piperazine was used, preparation of N-methylated H-phos-
phinic acid 16 proceeded with a similar yield as reaction where
N-Me-piperazine was the starting amine (Entry 17, Table 1).
Reaction with 1,4,7-triazacyclononane (tacn) was dependent
on the reactant molar ratio. The tacn was reacted with 2.2 equiv.
of formaldehyde per amino group and various molar amount of
H3PO,. If H3PO, acid was equimolar to tacn, formation of
a compound with ép < 0 ppm was observed (i.e. with a P-O-P
moiety) and no H-phosphinic acid was detected (Fig. S157).
With more H;PO, (3-5 equiv., based on tacn) as well as form-
aldehyde, no P-O-P compound was observed and major prod-
ucts were methyl-H-phosphinic acids. In these mixtures, 1,4,7-
triazacyclononane-1,4,7-tris(methyl-H-phosphinic ~ acid) 36
(Fig. 1) was a major product (~70% conversion for 5/5 equiv. of

21336 | RSC Adv, 2020, 10, 21329-21349

H;PO,/formaldehyde) and it was isolated in a moderate yield
(~50%). Reactions with twelve-membered tetraazamacrocycle,
cyclen, led to very complicated reaction mixtures which cannot
be purified and a significant oxidation to H;PO; was always
detected. If paraformaldehyde was added gradually, some H-
phosphinic acids were observed but only after addition of
several equiv. of (CH,0), (Fig. S161). However during the time,
H3;PO, was continuously oxidized to H3;PO; and N-methyl
derivatives of cyclen were formed. Reaction of cyclen with excess
of paraformaldehyde and H;PO, (6 equiv. each) did not improve
the conversion to any amino-H-phosphinic acid even at 40 °C for
three days. Reaction of 1,7-bis(benzyloxycarbonyl)-cyclen with
paraformaldehyde (3 equiv.) and H3;PO, (3 equiv.) gave a rich
mixture (40 °C, two days). The mixture could be partially sepa-
rated on C18-silica to get the desired bis(H-phosphinic acid)
derivative and a N-methylated by-product which were directly
deprotected in aq. HCI to give cyclen-1,7-bis(methyl-H-phos-
phinic acid) 37 (Fig. 1) and 7-methyl-cyclen-1-(methyl-H-phos-
phinic acid) 37-Me (Fig. 1) in only a small overall yield (~5 and
~15%, see ESIT). Reaction of 1,7-dimethyl-cyclen proceeded
with N-methylation of the remaining amine groups and only
4,7,10-trimethyl-cyclen-1-(methyl-H-phosphinic acid) 38-Me
(Fig. 1) was detected in the reaction mixture with a low
conversion (~20%) and it was isolated in a low yield (~15%, see
ESIf). Fourteen-membered tetraazamacrocycles, cyclam,
produced bis(formaldehyde)-diaminal*®* as a single product

o) H_ vo
H\IFJ/\N/\ o p A
\ K/ IHu —N /7 F=°
OH N _P N
OH
16a 36 ?\ H
O=P—OH NN\~
/ N N \
H [ j OH
o o)
H H
\ i\ N N
/~ N\ ~p / N\ 4
NH N \ NH N/\P\ NN
OH OH 38-Me
QSN mn
N HN
R~ s
H
OH 37 37-Me

Fig. 1 Structures of the isolated amino-H-phosphinic acid derived
from cyclic secondary polyamines discussed in the text.

This journal is © The Royal Society of Chemistry 2020
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under these conditions. This bis-aminal is probably formed
immediately by reaction of cyclam with formaldehyde and it
does not react with H;PO, at all. Under the used conditions,
only signal of H;PO, was detected in *'P NMR spectra with no
change with time even at 40 °C. Excess of paraformaldehyde and
H;PO, (6 equiv. each) did not lead to the conversion to any
AHPA's. The 1,4,8-trimethyl-cyclam*®* did not reacted under our
conditions and only unchanged H;PO, was observed in the *'P
NMR spectra.

Reaction mechanism investigations

To get more information about the reaction, mechanism of
the reaction was investigated with model secondary amine,
Me,NH. Thus, changes in mixture of H;PO,, Me,NH (1 equiv.)
and formaldehyde with time were followed in more details by
NMR spectroscopy in AcOH-d, (Fig. 2). If only para-
formaldehyde (1.5 equiv.) was added to the amine solution, 'H
NMR signal of the methyl groups of the (CH;),N fragment
(~2.79 ppm, the starting amine) was slowly transformed to
signals at ~2.82 and ~2.86 ppm, and two new signals assigned
to a methylene group at ~4.60 and ~4.66 ppm appeared (their
methyl-to-methylene intensity ratios were 6:2 and 6:4,
respectively; Fig. 2, traces 2 and 3). The "H NMR spectrum
slowly evolved to an equilibrium state (during several hours)
but intensity ratios of each signal pair was not changed. In
a separate experiment, paraformaldehyde was gradually
added to (Me),NH solution (Fig. S171) and intensity of 2.82/
4.60 ppm pair vs. 2.86/4.66 ppm pair increased with more
formaldehyde added. Only explanation of the results is
a gradual formation of Me,NCH,OH and [Me,N(CH,OH),]"
intermediates (with methyl-to-methylene intensity ratios 6 : 2
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and 6 : 4, respectively). As the reaction was carried out in
AcOH-d,, both compounds might be stabilized by acetylation
of the alcohol group and, therefore, Me,NCH,OAc and
[Me,N(CH,0Ac),]" could be also considered as products of the
reaction of Me,NH with formaldehyde. After addition of the
last reactant, aq. H;PO, (2 equiv.), into the amine and form-
aldehyde mixture (Fig. 2), the desired Me,NCH,PO,H, started
to be formed immediately and the reaction mixture did not
change after ~150 min with a complete conversion of the
starting amine. Only a small amount of product of bis-
substitution of H3PO, (i.e. (Me,NCH,),PO,H) was observed.
The "H and *'P NMR spectra mutually correspond (Fig. 2). If
analogous experiment was carried out in D,0, a quick
formation of the amine-formaldehyde intermediates was also
observed but their reaction with H;PO, was very slow
(Fig. S18%).

Reaction of H3;PO, with the presumed intermediates,
Me,NCH,OR and [Me,N(CH,OR),]", was further investigated. If
H3PO, (1 equiv.) was added to the already prepared (at 40 °C for
1 d) mixture of Me,NH (1 equiv.) and paraformaldehyde
(2 equiv.), the reaction did not change after 5 h at 40 °C and two
H-phosphinic acids were formed in molar ratio ~8.5:1
(Fig. S19%). These H-phosphinic acids were identified as
Me,NCH,PO,H, 2 and [Me,N(CH,OR)(CH,PO,H,)]" (R = H or
Ac, a minor product) on the basis of 2D NMR spectra (Fig. S207).
This cationic derivative could be for