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Anna Brol and Tomasz K. Olszewski *

An effective protocol for the quaternization of simple 1-aminoalkylphosphonic acids under basic con-

ditions using Me2SO4 as a convenient alkylating agent is reported. During the course of the reaction,

phosphonic acid quaternary ammonium derivatives, along with their corresponding monoesters are

formed. Subsequent direct acidic hydrolysis of the crude reaction mixture leads to the desired novel N,N,

N-trialkyl-N-(1-phosphonoalkyl)ammonium salts with overall yields of up to 88%. The developed protocol

is general in scope and the products are purified by simple crystallization to give stable solids. Novel qua-

ternary ammonium salts bearing a phosphonic group are generally unreactive in acidic and alkaline

media. However, some of them undergo Hofmann elimination and substitution reactions in the presence

of a base.

Introduction

Quaternary ammonium compounds are well known to have
various applications,1 and are often employed as surfactants,
fabric softeners,2 electrolytes3 and supramolecular structures,4

and also in organic synthesis as solvents, catalysts or starting
materials.5 However, their biological activity as herbicides and
pesticides6 and most importantly their activity against a wide
range of bacteria, viruses, yeasts, and fungi are the most likely
reason for the growing interest in this class of compounds.7

Among the known quaternary ammonium compounds, the
organophosphorus based derivatives represent an interesting
subclass endowed with equally interesting properties.8 Simple
N,N,N-trialkyl-N-(1-phosphonoalkyl)-ammonium salts, as well
as their longer alkyl chain homologs comprising of a penta-
valent phosphorus atom (RP(O)(OH)2) attached to a sp3 carbon
atom spacer adjacent to a quaternary ammonium group, have
found applications as petroleum recovery agents,9 fungicides10

and for the treatment of abnormal calcium and phosphate
metabolism.11 They are also successfully used as scale inhibi-
tors,12 phase transfer catalysts (PTC)13 and antimicrobial
agents (Fig. 1).14 It is worth mentioning that there has recently
been a high demand for non-leaching antimicrobial materials
and monolayer coatings containing biocidal quaternary
ammonium compounds with anchors, such as phosphonates,
allowing for attachment to metal oxide surfaces to further
enhance infection control efforts. This application is particu-

larly important in institutional and hospital environments in
which metal surfaces often come into contact with potentially
pathogenic organisms.8,15 Owing to the important applications
of phosphonic acid quaternary ammonium compounds, their
preparation in an effective manner plays a crucial role. The
synthesis of long chain substituted phosphonic acid quatern-
ary ammonium compounds is quite well described in the lit-
erature and is based on three step combination of the Arbuzov
reaction followed by a quaternization involving reaction
between a tertiary amine and an alkyl halide (the Menshutkin
reaction)16 and finally bis-dealkylation of the resulting qua-
ternary ammonium phosphonate esters (Scheme 1a).15

Surprisingly there are very few structures of simple N,N,N-
trialkyl-N-(1-phosphonoalkyl)ammonium salts reported in the

Fig. 1 Representative structures of organophosphorus based quatern-
ary ammonium compounds with potential applications.

†Electronic supplementary information (ESI) available. See DOI: 10.1039/
d1ob00703c
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literature and their syntheses are rarely described. Quinlan
reported the quaternization of various cyclic aminophosphonic
acids with methyl iodide by heating for 8 h in ethanol, leading
to the desired quaternary ammonium derivatives, however, no
yields or spectroscopic characterisation data were provided
(Scheme 1b).17 Medved and Kabachnik reported that the qua-
ternization of (1-amino-1-methylethyl)phosphonic acid with
methyl iodide by heating in methanol in a sealed tube at
130 °C does not produce the desired product. In turn heating
above that temperature led to decomposition of the starting
material and isolation of tetramethylammonium iodide and
phosphoric acid (Scheme 1c).18 The authors briefly mentioned
the use of dimethyl sulfate, but the product of quaternization
was isolated with only a 27% yield. In turn, Redmore demon-
strated that quaternization of N,N-dialkylaminomethyl-
phosphonic acid esters can be performed with methyl iodide,
and subsequent dealkylation of the phosphonic acid esters
leads to the desired phosphonic acid quaternary ammonium
derivatives, however, the yields were not reported and the
description concerns only derivatives of the simplest acid,
aminomethylphosphonic acid (Scheme 1d).12

Our continuous interest in the preparation of novel organo-
phosphorus compounds and their applications19 prompted us
to investigate effective methods leading to novel phosphonic
acid quaternary ammonium compounds. Herein, we report the

results of our study on the development of an effective protocol
for quaternization of easily available 1-aminoalkylphosphonic
acids with dimethyl sulphate, as an effective alkylating
reagent, under basic conditions and leading, after dealkylation
under acidic conditions, to novel phosphonic acid quaternary
ammonium compounds with high yields. Additionally, we
present the results of our studies on the stability of this sub-
class of quaternary ammonium compounds in acidic and alka-
line media.

Results and discussion
Synthesis of novel N,N,N-trimethyl-N-(1-phosphonoalkyl)
ammonium salts

We started our experimentations by examining whether the
procedures found in the literature can be applied for the qua-
ternization of 1-aminoalkylphosphonic acids (Scheme 1).
Quinlan reported the quaternization of cyclic aminophospho-
nic acids (bearing a tertiary nitrogen atom) by heating in
ethanol and water with simple alkylating agents such as
benzyl chloride or methyl iodide, however, this method failed
in our case.17 Only the starting material was recovered when 1-
(dimethylamino)ethylphosphonic acid was used as a substrate,
even when the reaction medium was alkalized (Scheme 2a).
Therefore, we decided to change the starting material to 1-ami-
nophosphonic acid 1a, bearing a free amino group and to use
methyl iodide or dimethyl sulfate (Me2SO4) as alkylating
agents to examine the protocol reported by Kabachnik and
Medved (Scheme 2b–e).18 Preliminary experiments with MeI
performed in a mixture of boiling ethanol and water for 4 h
did not produce the desired product of quaternization
(Scheme 2b). Alkalization of the reaction mixture with NaOH
and the use of an excess of volatile methyl iodide led to quater-
nization of the nitrogen atom with a 91% yield (Scheme 2c).
In turn, with dimethyl sulfate and neutral conditions, only
product 3 was observed as a result of the mono-alkylation
of the phosphonic acid group (Scheme 2d). However, in alka-
line medium, the desired phosphonic acid quaternary
ammonium salt was generated and accompanied by the
product of mono-alkylation [O-alkylation] 4a (Scheme 2e). The
latter could be easily dealkylated under acidic conditions and
thus converted into the desired phosphonic acid quaternary
ammonium salt.

Despite the fact that both methods gave positive results, we
decided to use the protocol employing less volatile dimethyl
sulfate. We found the iodide ion unacceptable for further
research as it exhibits strong reducing properties and its
removal requires laborious operations (precipitation of AgI
with Ag2O or the use of ion-exchange resins) while methyl sul-
fates are easier to remove by hydrolysis and the precipitation
of BaSO4.

During optimization of the quaternization reaction we
observed that an excess of a base and dimethyl sulfate were
required to ensure successful quaternization. Furthermore, the
mono-alkylated by-product was indeed easily dealkylated in

Scheme 1 Known methods leading to phosphonic acid quaternary
ammonium compounds.
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the presence of HCl and converted to the desired phosphonic
acid quaternary ammonium salt. Under these conditions a set
of the desired phosphonic acid quaternary ammonium com-
pounds was obtained with yields of up to 88%. The developed
protocol was found to be quite general and structurally
different, 1-aminoalkylphosphonic acids 1a–j undergoes suc-
cessful quaternization with only slight modification of the
optimized conditions (Table 1). In general, the 1-aminoalkyl-
phosphonic acids 1 were reacted with NaOH and Me2SO4 in
aqueous solution in a ratio of 1.0 : 5.0 : 4.0 over 48 h at room
temperature (Table 1). After that time, for simple unhindered
substrates a full conversion of the starting material was
observed and the reaction led predominantly to the desired
phosphonic acid quaternary ammonium compounds 2
(Table 1, entries 1, 2, 4, 5, 7 and 10), for example, phosphonic
analogues of glycine (Table 1, entry 1), alanine (Table 1, entry
2) or phenylglycine (Table 1, entry 4), and only around 20% of
the monoesters 4 were detected. However, in the case of more
sterically hindered, labile substituents present in substrates 1,
for example, the phosphonic analogue of the valine (Table 1,
entry 3) reaction could not reach completion unless an
additional portion of NaOH and Me2SO4 was added (Table 1,

entries 3, 6, 8, 9).20 This could be explained by the fact that the
rising steric hindrance in the substrate results in a reduced
N-alkylation reaction rate, while the reaction rate of Me2SO4

hydrolysis to MeOH and MeSO4H remains the same. After
completion of the quaternization reaction the mixture com-
posed of phosphonic acid quaternary ammonium compounds
2 and the corresponding monoesters 4 were directly submitted
for dealkylation under acidic conditions to produce the
desired phosphonic acid quaternary ammonium compounds
2′ accompanied by MeOH and H2SO4. We have found that all
the prepared compounds were stable under acidic conditions
and heating with 4 M HCl (4 h, 100 °C) did not lead to any
decomposition. H2SO4 was conveniently removed by the
addition of BaCl2 and separation of the precipitated BaSO4.
Subsequent removal of NaCl, evaporation of the filtrate and
crystallization of the crude product from EtOH and Et2O
resulted in isolation of the pure phosphonic acid quaternary
ammonium compounds 2′a–j with good to high yields
(40–88%). In comparison with the protocol reported by
Kabachnik and Medved,18 our method leads to significantly
higher yields of the isolated quaternary compounds 2′.

Stability studies of the novel N,N,N-trimethyl-N-(1-
phosphonoalkyl) ammonium salts

As most of the phosphonic acid quaternary ammonium com-
pounds 2′ synthesised herein have not been described in the
literature previously, their stability in alkaline media was
tested after their isolation. Quaternary ammonium compounds
2′a–2′e were stable under prolonged exposure to NaOH
(100 °C, 35 h, aq. 3.3 M NaOH). However, in the case of com-
pounds having β-protons such as 2′f, 2′g and 2′h decompo-
sition products were clearly observed under these conditions,
such as olefins and hydroxyphosphonates, as a result of
Hofmann elimination and additional nucleophilic substi-
tution (Scheme 3).21 Likewise, for compounds 2′i and 2′j,
detectable by NMR, traces of decomposition products were
also observed (1% and 7% respectively).

The Hofmann elimination is often used in organic syn-
thesis for the transformation of quaternary ammonium salts
into olefins,22 however, scarce reports in the literature describe
Hofmann elimination in the case of the quaternary
ammonium phosphonates23 and to the best of our knowledge,
this is the first report describing Hofmann elimination and
nucleophilic substitution in the case of quaternary ammonium
phosphonic acids.

The formation of elimination products 5, 7a, 7b and 9 from
phosphonic acid quaternary ammonium compounds 2′f, 2′g
and 2′h was unambiguously confirmed using NMR analysis
and compared with the literature data.24,25 The presence of
olefins was confirmed by 31P NMR registered without decou-
pling from 1H and the formation of the corresponding multi-
plets, for example, for olefin 5 (δP 10.41, doublet of doublets,
3JHP(cis) = 18.3 Hz, 3JHP(trans) = 36.0 Hz),24a for 7a (δP 14.90,
doublet of quartets, 3JHP(cis) = 20.6 Hz, 3JHP = 13.1 Hz) and 7b
(δP 14.90, doublet of quartets, 3JHP(trans) = 37.4 Hz, 3JHP = 10.7
Hz)24b and for 9 (δP 10.23, doublet, 3JHP(cis) = 19.6 Hz).24a This

Scheme 2 Evaluation of the reaction conditions of the quaternization
reaction.
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Table 1 The substrate scope for the quaternization of 1-aminophosphonic acid 1 with Me2SO4
a

Entry Substrate Quaternization reaction composition 2c (%) + 4c (%) Dealkylation product 2′ conversionc (%)/yieldd [%]

1

2

3b

4

5

6b

7

8b

9

10

a Reaction conditions for quaternization: 1-aminoalkylphosphonic acid 1 (5 mmol), aq. NaOH (25 mmol), Me2SO4 (20 mmol), 48 h at room temp-
erature. Dealkylation was performed with aqueous 12 M HCl at 100 °C for 4 h. b Six equivalents of both NaOH and Me2SO4 were used.
c Calculated based on 31P NMR spectra of crude reaction mixture. d Yield of the pure isolated product.
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assignment was additionally confirmed using 1H NMR in
which signals from the olefinic protons clearly appeared, for
example, for olefin 5 (δH 5.54, JHH = 1.2 Hz, 3JHP(cis) = 18.3 Hz;
5.34, JHH = 1.2 Hz, 3JHP(trans) = 36.7 Hz),24a for 7a (δH 6.72,
3JHP(cis) = 20.8 Hz) and 7b (δH 6.41, 3JHP(trans) = 37.6 Hz)24b and
for 9 (δH 5.88, 3JHP(cis) = 19.0 Hz).24a

Additionally, we have clearly observed the presence of
hydroxy phosphonates 6, 8, 10 as a result of the nucleophilic
substitution.25,26 From the literature, the classical examples of
nucleophilic substitution under the conditions of Hofmann
elimination include transformation of gramine methiodide
into 3-hydroxymethylindole26a or the synthesis of hydroxy-
methyl-ferrocene.26b This process is believed to follow the
SN2 mechanism (Scheme 4, left).26d However, in our case, salts

2′f, 2′g and 2′h are significantly crowded, not only owing to the
presence of bulky trimethylamine groups, but also because of
the tetrahedral, negatively charged phosphonic group. Taking
into consideration these steric and electronic effects, nucleo-
philic access (OH−) to both the β-protons and α-carbon will be
difficult. These arguments, along with similar examples
described previously in the literature for non-phosphorylated
compounds,27 led us to propose an alternative mechanism, in
which a shift from SN2 to SN1 occurs and the first step is the
dissociation of the C–N bond in compound 2″f and the for-
mation of the carbocation 11 (Scheme 4). The carbocation 11
may in turn undergo one of the typical reactions, namely the
addition of a nucleophile to form 1-hydroxyalkylphosphonic
acid 6 or the elimination of a proton to yield a derivative of
vinylphosphonic acid 5. The SN1 mechanism seems to be
plausible, as it explains the formation of both reaction pro-
ducts. Additionally, carbocations derived from 2′f, 2′g and 2′h
may be stabilized by delocalization or hyperconjugation,
unlike carbocations derived from other salts 2′ (Scheme 4,
right).

Conclusions

We have reported a simple and high yielding two-step one-pot
method for the quaternization of 1-aminoalkylphosphonic
acids 2′, for example, phosphonic analogues of glycine,
alanine, phenylalanine and valine, with the use of dimethyl
sulfate under aqueous alkaline conditions. Although quaterni-
zation is accompanied by unwanted alkylation of the phospho-
nic acid group, the undesired monoesters undergo easy dealky-
lation after treatment of the crude reaction mixture with
aqueous HCl. The desired quaternary ammonium compounds
2′ were conveniently isolated and purified by crystallization.
Most of the obtained compounds were synthesised and fully
characterised for the first time. All the obtained compounds
were stable under acidic conditions. In the presence of NaOH,
most of the synthesized salts were unreactive; however, com-
pounds 2′f, 2′g and 2′h underwent elimination resulting in the
formation of the corresponding olefins and, surprisingly,
nucleophilic substitution yielding 1-hydroxyalkylphospho-

Scheme 3 Degradation of quaternary ammonium compounds 2’f, 2’g
and 2’h in the presence of NaOH (100 °C, 35 h). Conversion calculated
based on the 31P NMR spectra of the crude reaction mixture.
aConversion of 2’ was 57%.

Scheme 4 Classical (E2 and SN2; left) and carbocationic (right) mechanisms of degradation of the phosphonic acid quaternary ammonium com-
pounds using the example of 2’’f.
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nates. To the best of our knowledge, this is the first report
describing Hofmann elimination and nucleophilic substi-
tution in the case of quaternary ammonium phosphonic acids.
A carbocation with a phosphonic group was proposed to be
the reactive intermediate formed during the course of the
degradation of the phosphonic acid quaternary ammonium
compounds.

Experimental section
Materials and methods

Solvents and NaOH were purchased from Chempur and
Stanlab and used without purification. Dimethyl sulfate and
deuterium oxide were purchased from Sigma-Aldrich.
Reactions that required heating were performed on a heating
mantle or in heating block apparatus with external tempera-
ture control. The 1H, 13C{1H} and 31P NMR spectra were col-
lected on a Jeol 400yh instrument (400 MHz for 1H NMR,
162 MHz for 31P NMR and 100 MHz for 13C NMR) and were
processed with dedicated software (Delta 5.0.5). NMR experi-
ments recorded in D2O were referenced to the respective
residual 1H signal of the solvent. Multiplicities are reported
using the following abbreviations: s (singlet), d (doublet), t
(triplet), q (quartet), and m (multiplet). The reported J values
are those observed from the splitting patterns in the spectrum
and may not reflect the true coupling constant values. High
resolution mass spectra were collected using electrospray
ionization on a Waters LCT Premier XE TOF instrument. As all
compounds 2′ melted with vigorous decomposition the
melting/decomposition points were determined using a con-
stant 5 °C min−1 rate using Digimelt Apparatus.

Synthesis of starting materials

1-Aminoalkylphosphonic acids 1a–1j were obtained using
Sorokas’ protocol28 and the reaction of an appropriate carbo-
nyl compound with acetamide, acetyl chloride and PCl3 in
acetic acid.

Experimental procedures

Caution: Dimethyl sulfate is extremely toxic. Contact with the
liquid or inhaling the vapor should be avoided. This reagent
should be handled with great caution and all actions should
be performed under a fume hood.

Synthesis of quaternary ammonium methylsulfates 2 and 4

Method A: The appropriate 1-aminoalkylphosphonic acid 1
(5.0 mmol) was dissolved in NaOH solution (25 mmol, 1.00 g
in 8 ml of water) and stirred for 10 min. Subsequently, Me2SO4

(20 mmol, 2.52 g, 1.89 ml) was added dropwise over 3 min.
The initially two-phase mixture was homogenized after
60 min. Stirring was continued for 48 h at 20 °C. The progress
of the reaction was controlled by means of 31P NMR.

Method B: The appropriate 1-aminoalkylphosphonic acid 1
(5.0 mmol) was dissolved in NaOH solution (30 mmol, 1.20 g
in 10 ml of water) and stirred for 10 min. Subsequently,

Me2SO4 (30 mmol, 3.78 g, 2.84 ml) was added dropwise over
3 min. The initially two-phase mixture was homogenized after
60 min. Stirring was continued for 48 h at 20 °C. The progress
of the reaction was controlled by means of 31P NMR. If the
conversion was not satisfactory, another portion of the NaOH
solution (10 mmol, 0.40 g, in 2 ml of water) was added to a
stirred solution and after 10 minutes Me2SO4 (10 mmol,
1.26 g, 0.95 ml) was added dropwise. The progress was moni-
tored by means of 31P NMR. This step was repeated until the
result was satisfactory (full conversion of the substrate).

Hydrolysis of quaternary ammonium methylsulfates 2 and 4
and isolation of 2′a–2′j

The reaction mixture was added to aq. 12 M HCl (1 ml of acid
per 1 ml of mixture) and subsequently refluxed for 4 h. After
that, the reaction was cooled down and an aqueous solution of
BaCl2 (1.0 mmol per 1.0 mmol of Me2SO4) was added dropwise.
After 1 h, the precipitated BaSO4 was removed by centrifugation
(5000 rpm, 5 min), washed with water and centrifuged again.
The combined aqueous layers were evaporated under reduced
pressure to dryness. EtOH (10 ml, 99.8%) was added to the
resulting semisolid residue and the mixture was refluxed for
3 min. After cooling, the precipitated NaCl was removed by
suction and washed with EtOH (99.8%) (4 × 3 ml). The collected
filtrates were evaporated under reduced pressure, yielding the
crude phosphonic acid quaternary ammonium derivatives 2′.
The crude products 2′ were purified by crystallization from
EtOH (99.8%) (1.5 ml of EtOH per 1.0 g of crude product) and
precipitated by the addition of Et2O (4.5 to 6.0 ml) and cooling
at −20 °C. The precipitated products were filtered off, washed
with cold Et2O (4 × 2 ml) and dried in vacuo.

N,N,N-Trimethyl-N-(phosphonomethyl)ammonium chloride
(2′a).29 Compound 2′a was prepared by following the procedure
for method A, starting from 1a (1.11 g, 10.0 mmol). 2′a was
obtained (0.88 g, 48% isolated yield) as a white solid that
decomposes at 146 °C. 1H NMR (50 mg, 0.60 ml D2O): δ 3.39
(d, 2H, J = 12.8 Hz), 3.05 (s, 9H). 31P NMR (50 mg, 0.60 ml
D2O): δ 6.75 (t, J = 13.1 Hz). 13C{1H} NMR (50 mg, 0.60 ml
D2O): δ 62.3 (d, J = 136.1 Hz), 55.3 (3C). HRMS (TOF-ES+) calcd
for C4H12NO3P [M + H]+ m/z: 154.0633, found: 154.0627.

N,N,N-Trimethyl-N-(1-phosphonoethyl)ammonium chloride
(2′b). Compound 2′b was prepared by following the procedure
for method A, starting from 1b (0.63 g, 5.0 mmol). 2′b was
obtained (0.60 g, 60% isolated yield) as a white solid that
decomposes at 200 °C. 1H NMR (22 mg, 0.60 ml D2O): δ 3.47
(doublet of quartets, J = 7.3 Hz, J = 14.1 Hz, 1H), 3.10 (s, 9H),
1.45 (dd, 3H, J = 7.3 Hz, J = 13.8 Hz). 31P NMR (22 mg, 0.60 ml
D2O): δ 10.92 (quintet, J = 14.0 Hz). 13C{1H} NMR (22 mg,
0.60 ml D2O): δ 67.8 (d, J = 137.3 Hz), 53.0 (3C), 11.5. HRMS
(TOF-ES+) calcd for C5H14NO3P [M + H]+ m/z: 168.0790, found:
169.0794.

N,N,N-Trimethyl-N-(2-methyl-1-phosphonopropyl)
ammonium chloride (2′c). Compound 2′c was prepared by fol-
lowing the procedure for method B (8.0 moles of NaOH and
Me2SO4 per 1 mole of 1-APA in total), starting from 1c (0.77 g,
5.0 mmol). 2′c was obtained (0.91 g, 67% isolated yield) as a
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white solid that decomposes at 120 °C. 1H NMR (17 mg,
0.60 ml D2O): δ 3.22 (d, J = 16.8 Hz, 1H), 3.11 (s, 9H), 2.26–2.33
(m, 1H), 1.14 (d, J = 7.0 Hz, 3H), 1.07 (d, J = 7.3 Hz, 3H). 31P
NMR (17 mg, 0.60 ml D2O): δ 8.50 (dd, J = 16.8 Hz, J = 22.4
Hz). 13C{1H} NMR (21 mg, 0.60 ml D2O): δ 77.4 (d, J = 134.4
Hz), 53.7 (3C), 26.6, 22.9, 18.6 (d, J = 5.8 Hz). HRMS (TOF-ES+)
calcd for C7H18NO3P [M + H]+ m/z: 196.1103, found: 196.1100.

N,N,N-Trimethyl-N-[phenyl(phosphono)methyl]ammonium
chloride (2′d). Compound 2′d was prepared by following the
procedure for method A, starting from 1d (0.94 g, 5.0 mmol).
2′d was obtained (1.01 g, 76% isolated yield) as a white solid
that decomposes at 188 °C. 1H NMR (31 mg, 0.55 ml D2O): δ
7.70 (d, 1H, J = 7.0 Hz), 7.25–7.42 (m, 4H), 4.49 (d, 1H, J = 17.1
Hz), 3.07 (s, 9H). 31P NMR (31 mg, 0.55 ml D2O): δ 7.68 (d, J =
16.8 Hz). 13C{1H} NMR (31 mg, 0.55 ml D2O): δ 134.4 (d, J = 9.8
Hz), 130.5, 130.1 (d, J = 3.5 Hz), 129.7 (d, J = 1.7 Hz), 129.3,
129.0, 76.0 (d, J = 135.6 Hz), 53.8 (3C). HRMS (TOF-ES+) calcd
for C10H17NO3P [M + H]+ m/z: 230.0946, found: 230.0942.

N,N,N-Trimethyl-N-(1-methyl-1-phosphonoethyl)ammonium
chloride (2′e).18 Compound 2′e was prepared by following the
procedure for method A, starting from 1e (0.70 g, 5.0 mmol). 2′e
was obtained (0.85 g, 78% isolated yield) as a white solid that
decomposes at 213 °C. 1H NMR (33 mg, 0.55 ml D2O): δ 3.04 (s,
9H), 1.41 (d, 6H, J = 13.1 Hz). 31P NMR (33 mg, 0.55 ml D2O): δ
14.93 (septet, J = 13.1 Hz). 13C{1H} NMR (33 mg, 0.55 ml D2O): δ
71.4 (d, J = 142.5 Hz), 51.1 (3C), 19.4 (2C). HRMS (TOF-ES+)
calcd for C6H17NO3P [M + H]+ m/z: 182.0946, found: 182.0947.

N,N,N-Trimethyl-N-(1-phenyl-1-phosphononoethyl)ammonium
chloride (2′f). Compound 2′f was prepared by following the pro-
cedure for method B (8.0 moles of NaOH and Me2SO4 per
1.0 mole of 1-APA in total), starting from 1f (0.50 g, 2.5 mmol).
2′f was obtained (0.47 g, 67% isolated yield) as a white solid,
that turns into a yellow gum during storage. 1H NMR (40 mg,
0.60 ml D2O): δ 7.40–8.40 (m, 2H), 7.10–7.20 (m, 3H), 2.98 (s,
9H), 1.95 (d, J = 13.1 Hz, 3H). 31P NMR (40 mg, 0.60 ml D2O): δ
12.67 (quartet, J = 13.1 Hz). 13C{1H} NMR (40 mg, 0.60 ml
D2O): δ 133.1 (broad, 1C), 131.9, 130.3 (2C), 128.4 (broad, 2C),
76.7 (broad d, J = 138.5 Hz), 51.8 (3C), 17.6. HRMS (TOF-ES+)
calcd for C11H18NO3P [M + H]+ m/z: 244.1103, found: 244.1099.

N,N,N-Trimethyl-N-(1-methyl-2-phenyl-1-phosphonoethyl)
ammonium chloride (2′g). Compound 2′g was prepared by fol-
lowing the procedure for method A, starting from 1g (0.51 g,
2.5 mmol). 2′g was obtained (0.59 g, 80% isolated yield) as a
white solid that decomposes at 140 °C. 1H NMR (21 mg, 0.60 ml
D2O): δ 7.16–7.33 (m, 5H), 3.37 (dd, J = 9.6 Hz, J = 14.8 Hz, 1H),
3.22 (dd, J = 14.4 Hz, J = 14.4 Hz, 1H), 3.12 (s, 9H), 1.47 (d, J =
13.8 Hz, 3H). 31P NMR (21 mg, 0.60 ml D2O): δ 14.05 (doublet of
doublets of quartets, J unmarked). 13C{1H} NMR (21 mg, 0.60 ml
D2O): δ 135.5 (d, J = 6.3 Hz), 131.6 (2C), 128.4 (2C), 127.4, 75.6
(d, J = 139.0 Hz), 52.1 (3C), 36.7, 16.4. HRMS (TOF-ES+) calcd for
C12H20NO3P [M + H]+ m/z: 258.1259, found: 258.1251.

N,N,N-Trimethyl-N-(1-phosphonocyclohexyl)ammonium chlor-
ide (2′h). Compound 2′h was prepared by following the pro-
cedure for method B (10.0 moles of NaOH and Me2SO4 per
1.0 mole of 1-APA in total), starting from 1h (0.90 g,
5.0 mmol). 2′h was obtained (0.51 g, 40% isolated yield) as a

white solid that decomposes at 183 °C. 1H NMR (23 mg,
0.55 ml D2O): δ 3.06 (s, 9H), 2.01–2.17 (m, 2H), 1.41–1.80 (m,
7H), 0.97–1.15 (1H). 31P NMR (23 mg, 0.55 ml D2O): δ 14.88 m.
13C{1H} NMR (21 mg, 0.60 ml D2O): δ 76.7 (d, J = 138.5 Hz),
50.9 (3C), 26.6 (2C), 23.0, 22.1 (2C). HRMS (TOF-ES+) calcd for
C9H20NO3P [M + H]+ m/z: 222.1259, found: 222.1255.

N,N,N-Trimethyl-N-(1-phosphonocyclopentyl)ammonium
chloride (2′i). Compound 2′i was prepared by following the
procedure for method B (6.0 moles of NaOH and Me2SO4 per
1.0 mole of 1-APA in total), starting from 1i (0.83 g, 5.0 mmol).
2′i was obtained (1.04 g, 86% isolated yield) as a yellowish
solid that decomposes at 201 °C. 1H NMR (29 mg, 0.55 ml
D2O): δ 3.03 (s, 9H), 1.93–2.15 (m, 4H), 1.52–1.66 (m, 4H). 31P
NMR (29 mg, 0.55 ml D2O): δ 16.48 (tt, J = 10.3 Hz, J = 15.0
Hz). 13C{1H} NMR (40 mg, 0.55 ml D2O): δ 81.5 (d, J = 144.8
Hz), 51.5 (3C), 21.7, 21.6. HRMS (TOF-ES+) calcd for
C8H18NO3P [M + H]+ m/z: 208.1103, found: 208.1105.

N,N,N-Trimethyl-N-[(4-methoxyphenyl)(phosphono)methyl]
ammonium chloride (2′j). Compound 2′j was prepared by fol-
lowing the procedure for method A, starting from 1j (0.94 g,
5.0 mmol). 2′j was obtained (1.29 g, 88% isolated yield) as a
white solid that decomposes at 182 °C. 1H NMR (33 mg,
0.55 ml D2O): δ 7.63 (dd, 1H, J = 8.9 Hz, J unmarked), 7.21 (dd,
1H, J = 8.6 Hz, J = 2.1 Hz), 6.92 (dd, 1H, J = 8.9 Hz, J = 2.8 Hz),
6.88 (dd, J = 8.6 Hz, J = 2.8 Hz), 4.45 (d, 1H, J = 17.1 Hz), 3.68
(s, 3H), 3.03 (s, 9H). 31P NMR (33 mg, 0.55 ml D2O): δ 7.96 (d, J
= 16.8 Hz). 13C{1H} NMR (24 mg, 0.55 ml D2O): δ 160.4, 136.0
(d, J = 9.8 Hz), 131.6 (d, J = 2.9 Hz), 122.0 (d, J = 1.7 Hz), 114.6,
114.4, 75.5 (d, J = 136.7 Hz), 55.4, 53.5 (3C). HRMS (TOF-ES+)
calcd for C11H18NO4P [M + H]+ m/z: 260.1052, found: 260.1058.

Testing the stability of compounds 2′ in alkaline medium

A solution of N,N,N-trialkyl-N-(1-phosphonoalkyl)ammonium
salt 2′ (0.15 mmol) in 3.3 M NaOH in D2O (2.0 mmol, 0.60 ml)
was heated at 100 °C for 35 h. An inorganic solid was precipi-
tated in the test tube. Subsequently, 1H and 31P NMR spectra
were recorded. Afterwards, reference materials (corresponding
hydroxy-phosphonates) were added, and the spectra were
recorded again. In the case of salt 2′h, a crude product con-
taining 6%mol of phosphonic acid, was used.

Identification of degradation products

The degradation products (olefins) were identified by compari-
son of the chemical shifts in the 1H and 31P NMR spectra with
values reported in the literature for exact or similar structures
and the formation of 1-hydroxyalkylphosphonic acids 6 and 10
was confirmed by the addition of prepared standards.

1-Phenylvinylphosphonic acid (5). 1H NMR (in 3.3 M NaOH,
D2O): δ 5.54 dd, J = 1.2 Hz, JHP = 18.3 (Hz), 5.34 (dd, J = 1.2 Hz,
JHP = 36.7 Hz). 31P NMR (in 3.3 M NaOH, D2O): δ 10.41 (dd, JHP

= 18.3 Hz, JHP = 36.0 Hz).
(E)-1-Methyl-2-phenylvinylphosphonic acid (7a). 1H NMR (in

3.3 M NaOH, D2O): δ 6.72 (doublet of quartets, J = 1.5 Hz, JHP =
20.8 Hz, 1H), 1.65 (dd, J = 1.5 Hz, JHP = 12.8 Hz, 3H). 31P NMR
(in 3.3 M NaOH, D2O): δ 14.90 (doublet of quartets, JHP = 20.6
Hz, J = 13.1 Hz).
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(Z)-1-Methyl-2-phenylvinylphosphonic acid (7b). 1H NMR (in
3.3 M NaOH, D2O): δ 6.41 (d, JHP = 37.0 Hz, 1H), 1.75 (dd, J =
1.5 Hz, JHP = 10.7 Hz, 3H). 31P NMR (in 3.3 M NaOH, D2O): δ
10.23 (doublet of quartets, JHP(trans) = 37.4 Hz, JHP = 10.7 Hz).

2-Hydroxy-3-phenylpropan-2-ylophosphonic acid (8). 1H
NMR (in 3.3 M NaOH, D2O): δ 2.60 (dd, J = 13.8 Hz, J = 3.1 Hz,
1H), 0.79 (d, J = 12.8 Hz, 3H). 31P NMR (in 3.3 M NaOH, D2O):
δ 21.43 (doublet of doublets of quartets, J = 12.6 Hz, J = 6.5 Hz,
J = 2.8 Hz).

Cyclohex-1-enylphosphonic acid (9). 1H NMR (in 3.3 M
NaOH, D2O): δ 5.88 (broad doublet, JHP = 19.0 Hz, 1H), 31P
NMR (in 3.3 M NaOH, D2O): δ 14.18 (doublet of quintets, J =
19.6 Hz, J = 3.7 Hz).

Synthesis of 1-hydroxyalkylphosphonic acids used as reference
materials (standards)

1-Hydroxy-1-(phenyl)ethylphosphonic acid (6)30 was obtained
using the method previously reported by Sekines’ et al.,31 start-
ing from tris(trimethylsilyl)phospite and acetophenone
(1.20 g, 10.0 mmol). Crude 6 (contaminated with 12%mol of
phosphonic acid and 5%mol of phosphoric acid) was obtained
(1.59 g, 72% yield) as a white solid. Crystallization attempts
failed, therefore crude 6 was used as a reference material. 1H
NMR (17 mg, 0.55 ml D2O): δ 7.36–7.44 (m, 2H), 7.14–7.29 (m,
3H), 1.62 (d, J = 15.3 Hz, 3H). 31P NMR (17 mg, 0.55 ml D2O): δ
23.51 (quartet, J = 15.3 Hz). 13C{1H} NMR (27 mg, 0.55 ml
D2O): δ 141.3, 128.3, 128.3, 127.7 (d, J = 2.9 Hz), 126.0, 125.9,
73.2 (d, J = 159.7 Hz), 24.0 (d, J = 3.5 Hz). HRMS (TOF-ES+)
calcd for C8H11O4P [M + H]+ m/z: 203.0473, found: 203.0478.

1-Hydroxycyclohexylphosphonic acid (10)24a was synthesized
according to Goldeman and Sorokas’ protocol and subsequently
dealkylated by heating in 8M HCl (100 °C, 4 hours).32

Compound 10 was obtained (1.20 g, 70% isolated yield) as a
white solid. 1H NMR (17 mg, 0.55 ml D2O): δ 1.58–1.69 (m, 2H),
1.30–1.55 (m, 7H), 0.97–1.14 (m, 1H). 31P NMR (17 mg, 0.55 ml
D2O): δ 27.3 (broad s). 13C{1H} NMR (22 mg, 550uL D2O): δ 70.7
(d, J = 163.2 Hz), 30.4, 30.4, 24.7, 19.6, 19.5. HRMS (TOF-ES+)
calcd for C6H13NO4P [M + H]+ m/z: 181.0630, found: 181.0632.
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