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Abstract:

Tetrakis(hydroxymethyl)phosphonium chloride (THPC) and sulfate
(THPS) are of importance in the textile industry as flame retardants,
in the oil industry as scale-removers, as biocides for water systems,
in the leather industry as tanning agents, in nanochemistry as
reductants and stabilizers of nanoparticles, and as oxygen-
scavengers in medical uses. In the majority of cases, THPC and THPS
themselves are not chemically active and solely play a role of
reservoirs for the more reactive species
tris(hydroxymethyl)phosphine (THP) and/or formaldehyde. The
contents of THPC/THPS solutions greatly depend on pH, which is
now recognized as a key factor, e.g., in metal hydrosol
preparations, biocidal activity, and ecotoxicity. This review is
intended to reveal and explain the complex behavior of THP and
(HOCH,)4P* salts in aqueous solutions, conditions that might lead to
potential hazardous compounds such as formaldehyde, hydrogen
gas, phosphine PH3, and bis(chloromethyl)ether. Literature data on
their toxicities are reviewed.
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Abbreviations

THP — tris(hydroxymethyl)phosphine

THP-h — monohemiacetal of tris(hydroxymethyl)phosphine
THPC — tetrakis(hydroxymethyl)phosphonium chloride
THPS — bis[tetrakis(hydroxymethyl)phosphonium] sulfate
THPO - tris(hydroxymethyl)phosphine oxide

'THPOH' — a 1:1 mixture of THP and formaldehyde

MHP — mono(hydroxymethyl)phosphine

BHP — bis(hydroxymethyl)phosphine

BHPO - bis(hydroxymethyl)phosphine oxide

BHMPA — bis(hydroxymethyl)phosphinic acid

HMPA — hydroxymethylphosphonic acid

BCME - bis(chloromethyl)ether

LDso — median lethal dose
ICso— the half maximal inhibitory concentration
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1. Introduction

2021 will be the 100-year anniversary of hydroxymethyl
phosphonium salts. Reaction of PHz with formaldehyde (CH.O) in
the presence of HCl was first studied in 1921, and resulted in the
isolation of a new compound, tetrakis(hydroxymethyl)phosphonium
chloride, (HOCH,)4PCl (THPC).[! There are more than 2700 scientific
papers, reports and patents, in which (HOCH,)sP* phosphonium
salts, mostly the chloride (THPC) and sulfate (THPS), and/or the
tertiary phosphine (HOCHy)sP (THP) (Fig. 1) are the reported and
discussed reactants or products. Interest in THP and (HOCH,)4P*
salts began in the 50’s from the need to impart fire retardance to
cotton materials; untreated cotton can be ignited accidentally by
matches, cigarette lighters, cigarettes, and gas burners leading to
fire injuries and deaths.28 In the 80's, THPS was reported to
effectively control microorganisms in aqueous systems.[7-111 THPC
and THPS are also of importance in the leather industry as tanning
agents,[12-13] for the oil industry as scale-removals,[16-18l for the wool
industry as effective reductants of the -S-S- bonds in keratin,[19-22
and for medical uses as oxygen-scavengers in the preparation of
normoxic gels applied in polymer gel dosimetry.[23-271 THPC reduces
Aud* to stable Au® nanoparticles.l28-31 The phosphine THP is an
effective ligand in making water-soluble metal complexes!31-3] that
can be used to remove metals from an organic phase after
syntheses,[3638] and is recognized as an effective crosslinking agent
in biochemistry.[3%-421 Qur interest in THP and (HOCH,)4P* salts arose
from an accidental finding that these water-soluble compounds
were effective pulp-bleaching agents.[#3-49 This discovery led us to
interest in the fascinating and complex chemistry of these

compounds compared to that of other water-soluble
phosphines,[46.50-55]
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Figure 1. Chemical structures of tetrakis(hydroxymethyl)phosphonium salts
and tris(hydroxymethyl)phosphine.
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The highly water-soluble and air-stable THPC and THPS are
among the most accessible organophosphorus compounds that are
readily made in quantitative yield from PH; and CH,O in the
presence of the corresponding acid (Egs. 1 and 2).[15661 THP is a
unique, small tertiary phosphine (regarded as relatively air-
stablel3462-641) ‘which can be obtained directly from PH3; and CH20 in
high yields either under pressurel®571 or in the presence of a metal
catalystl347274] (Scheme 1). THP is the only water-soluble and
relatively stable tris(a-hydroxyalkyl)phosphine. Synthesis of tris(a-
hydroxyethyl)phosphine, [CHsCH(OH)]sP, was reported,[75761 but in
aqueous solutions it readily decomposes into a secondary
phosphine and acetaldehyde.[7"]

PH; + 4 CH,O + HCI (HOCHy)4PCI (1)
2PH; + 8CH,0 + H,SO, — [(HOCH,),P],SO, 2
40-100 °C
40 atm

PH3 + 3 CH,0 (HOCH,)sP

Cat

Scheme 1. Synthesis of THP from PHz and CH.O; Cat = a metal salt or
complex.

There are several reviews on THP and related chemistry, the
most comprehensive and authoritative being published in 1982,[78
81] There are also smaller reviews that focus on different aspects of
THP/(HOCH,)4P* applications, for example, as a biocide,[11.8283] an
antioxidant,’?” and a flame retardant.[84-88] No other hydroxyalkyl
phosphines or phosphonium salts have received so much attention,
with interest in them growing exponentially since 1990. Inspired by
the complex chemistry of THP and (HOCH2)sP* salts, and the fast-
growing interest in these species, we decided to assess the almost
100-year literature on THP and (HOCH,)4P* salts and to write a
review that summarizes and discusses the literature data on
properties, hazards and toxicity of THPC, THPS, and THP in the light
of their behavior in aqueous media.

2. Properties of (HOCH,).P* salts and THP

2.1. Solid state properties

THPC is a hygroscopic, crystalline compound with reported melting
points of 151 °CI57.58] or 153 °C,[871 and is highly water-soluble (8.7 g
in 1 mL at 20 °C[4). THPS is described as a semisolid oil;[88 however,
needle crystals of THPS can be obtained by recrystallization from a
36% acetic acid.[ During isolation, THP is often obtained in the
form of an oily residue, which solidifies to form a wax-like
substancel™ or colorless, hygroscopic needles;591 melting points
reported are 54-55 °Cl9-92] and 58 °C.[3472 THP is highly water-
soluble; a 68% aqueous solution!®3] and a 3 M stock solution of
THP4 are mentioned, but the exact solubility is not reported.

In solid state, THPC is stable to oxygen, while, in the literature,
THP is regarded as relatively air-stable[3462-641 compared to other
small trialkylphosphines such as MesP and EtsP, which are
pyrophoric.[®! The IR spectrum of THP showed no noticeable
increase in P=0 absorption after 4 h of exposure to dry air in a
desiccator or to humid air on the refractometer plates, but its
refractive index dropped from 1.5564 to 1.5491 in 5 min, and to
1.5353 in 4 h.[?6] Unlike other trialkylphosphines, THP is a weak base
because of the electron-withdrawing effect of OH groups. Further,
donor-acceptor interaction between a lone pair of the phosphorus
atom of THP with protons of the CH,OH groups, noted for other a-
hydroxyalkyl phosphines,®7] could obstruct interaction with oxygen.

2.2. Properties of aqueous solutions

Aqueous solutions of (HOCH,)4P* salts are acidic: the pH of 80-85%
commercial samples of THPC is < 2,14.98-101] while the pH of 70-75%
commercial samples of THPS is ~ 3-4.[7192] Neutralization of THPC
with NaOH produces an equivalent point reported at pH 8.3,1203]
8.5,[104] ~ 8,8,[96.105] or ~ 9,[206] Neutralization of THPS requires two
moles of NaOH and provides the equivalence point at pH 8.9.[79.107]
These equivalent points are associated with the deprotonation of
(HOCH)4P* to the zwitterion (HOCH,)sP*CH,O- (1) (Scheme 2), and
have been characterized with apparent pK, values of 4.41-
5.07[%6.108] or 55,[79.109110] For THPS, a pK, value of 5.18 s
reported.[11] Formation of 1 precedes the overall dissociation of
(HOCH2)4P* to THP and CH,O (Scheme 2), with pKq values of
7.06(79.96.108,110] and 7.13[112] obtained by titration with NaOH. 31P{1H}
NMR analysis of diluted, buffered THPC solutions gave pKq values of
7.07 and 7.09,5% where Kq for diluted aqueous solutions of THPC is
represented by Equation 3. In aqueous solutions, CH,O is mostly
present as methanediol CH2(OH), with an equilibrium constant Keqm)
of ~2 x 103.113 CH,O also reacts with THP to form the THP-
hemiacetal (THP-h) (Scheme 2), but this reaction becomes apparent
only in concentrated solutions (see below). Dissociation of the
(HOCH2)4P* cation is most likely independent of the acid
counterion.[59]

-H* +H,0
(HOCH,),P* === [(HOCH,);P*CH,O | === (HOCH,)sP + [CHZO —<> CHy(OH),

1 eq(h)
(HOCH,),PCH,0OCH,0OH
THP-h

Scheme 2. Dissociation of the (HOCH.)4P* cation to THP.

_ [(HOCH,);PI[CH,(OH),][H"]
- [(HOCH,),P*]

~8x 1078 M2 ®)

Analysis of the infrared spectra of 80% and 66.7% aqg. THPC
solutions revealed two distinct types of associated water
molecules.!14 The 80% composition shows a strong IR band at 3197
cml, with a weak shoulder at 3464 cm?, in a ~5:1 ratio,
corresponding respectively to bound water, with a smaller amount
of less tightly bound water — neither band are identical to that of
“free” water. The 66.7% solution shows shifted bands at 3195 cm-!
and 3412 cm-L, in a ~1:1 ratio, implying that the water present in the
solution is not “free”, and is strongly hydrogen-bonded to the ions
present (either the anion and/or the cation); the 80% solution of
THPC was described as an ionic liquid.114]

The variation of the (HOCH,)4sP*/THP content of aqueous 0.001,
0.01, 0.1, and 1.0 M THPC solutions with pH, based on K4 = 8 x 108
M2, is shown in Figure 2. The experimental data for diluted solutions
are generally in agreement with the calculated ones: e.g., in a 5%
gelatin solution (pH 4-5), 2-20 mM THPC is completely dissociated
to THP and HCI, because the same concentration of THPC and HCI
leads to the same pH change.[!3] In a 0.0125 M solution of pure
THPC, (HOCH)4P* is not observed at pH > 6.5 in the 31P{iH}
spectrum, while at pH of 4.8, the 3!P{H} resonances of THPC and
THP are almost of equal intensity, i.e. (HOCH,)4P*/THP = 1.10, as
predicted (Fig. 2).5% THPC at millimolar concentrations is an
effective oxygen-scavenger because THP, as an active species, is
present even under acidic conditions, whereas concentrated THPC
and THPS solutions are air-stable (see below). A commercial 80%
THPC solution (~ 5.6 M) at pH 5 has only a trace amount of THP.[116]
In a 40% THPC solution (~ 2.4 M) at pH 4.2, THPC and THP were
found in 95.3 and 2.5%, respectively 59, In the 3P spectrum of a
mixture of (HOCH,)4P* phosphate-acetate (1.84 M) and 25% excess
of CH,0 in 1 M acetate buffer at pH 5.0, only the (HOCH,)4P* cation
is observed.[!17] In agreement with the calculations (Fig. 2),ina1l M
THPC solution at pH 3.0, THP is not detected, while adjusting the pH
to 6.0 with 6 M NaOH generates THP and its hemiacetals;18] the



ratio between THPC and tertiary phosphines was not given, but the
31p{1H} spectrum indicates that the relative concentration of THPC in
the mixture (40%) is below the calculated 75% (Fig. 2). Because of
the parallel reaction between CH,O and THP that leads to THP-h
(Scheme 2), Equation 3 is unlikely to work for concentrated THPC
solutions. The content of commercial samples of THPC versus pH is
studied in several reports but results are not clearly
presented.[119.120] THPC and THPS at concentrations of 0.01-1 moles
in 9 N HzSO, can liberate THP, which can then reduce NaClOs to
ClO,.[r21]

Acidity values reported for aqueous solutions of THP are
somewhat variable: pH ~ 6.565.7274] for crude THP, pH of 6.4[%! and
6.5(34 for 0.5 and 0.01 M THP, respectively, pH of ~5.5 for 0.008 M
ag. THP,5% and pH of 5.6-6.0 for a 1% solution of commercial
THP.[1221 Reported pK, values for THP are < 3,[9108] and one of 5.5
with no experimental details.['23] Based on the acidity of tertiary
phosphines in nitromethane, using the Taft substituent constants
(pKa = 7.85 — 2.67 36*),[124 a pK, of 3.40[9125] for 2 (Scheme 4) was
calculated using o* = +0.555 for the CH,OH group.['26] Reported pKa
values for CHsP(CH,OH), and (CHs).PCH,OH in water-alcohol
solutions are 7.18 and 7.95,[°% while (CH3)sP in methanol-water has
a pKa of 8.67.11271 Based on general linearity of the dependence of
pKa values of phosphines (CHz)nPRs.n (n = 0-3; R = CH2CH2CN, Ph, H)
on the Taft substituent constants (Fig. 3),[124128] g pK, value for THP
in water-alcohol solutions can be estimated as ~6.4. Of note, the pKa
of tris(3-hydroxypropyl)phosphine, (HOCH2CH2CH)sP, in water is
._7.2_[50‘129]

In water, THP establishes an equilibrium with CH,O and the
secondary phosphine (HOCH2):PH (BHP) (Scheme 3).[501 At pH 7-8,
this equilibrium is on the side of THP, and no BHP resonance is
detected by 3'P{*H} NMR. Acids facilitate decomposition of THP
because CH,0 preferably reacts with this tertiary phosphine to form
(HOCH,)4P*, rather than reacts with the secondary phosphine, BHP
(Scheme 4). There is no evidence for the existence of the
tris(hydroxymethyl)phosphonium cation (HOCH,)sPH* (2) that
possibly decomposes rapidly into *CH,OH and BHP (Scheme 4). In
0.10 M HCI, THP disproportionates rapidly and completely to
(HOCH_2)4P* and BHP.159 Similar to this, BHP disproportionates slowly
to THP and the primary phosphine, HOCH,PH, (MHP) (Eq. 4).[59
Extreme cases are reported, where THP in the presence of HCI
disproportionates to THPC and PHs; formation of the latter was
confirmed by IR spectroscopy!’® and reaction with AgNO3.[130]
CH20-scavengers such as NaHSOs, NazS;04,1551 or NH3l131.132] can
cause deformylation of THP and generation of PHs.

H,0.
(HOCH,);P === (HOCH,),PH + {CHZO e CHZ(OH)Z}

BHP
Scheme 3. Dissociation of THP to BHP.

+ . THP
(HOCHy)4P = [(HOCH,);P*H] === (HOCH,),PH +{ CH20H+<:><HOCH2)4P*}

2
Scheme 4. Disproportionation of THP under acidic conditions.

2 (HOCH,),PH === (HOCH,)sP + HOCH,PH, )
MHP

Under acidic conditions, (HOCH,)4P* salts are air-stable. Aqueous
THPC and THPS solutions are stable over a 4 h reflux.[79125133] An
80% ag. THPC solution is reported to be stable at 100 °C over 24
h:[1141 75% THPC and 72% THPS are stable for 2 weeks at
temperatures up to 60 °C.[99111134 The pH of THPC and THPS
solutions affects their stability under ambient conditions, because
with increasing pH, the amount of the reactive species THP
increases: observed half-lives of THPS in sterile aqueous/buffered
medium are: 131 days at pH 5, 72 days at pH 7, and 7 days at pH
9.[8399.102] Neutralization of 35% aqueous THPS with NaOH
accelerates gradually the rate of oxidation (Fig. 4),11971 whereas
under an inert atmosphere, neutralized THPC solutions are stable
for several months.['351 An aqueous solution with 3750 ppm THPS,

neutralized with NaHCO3 up to pH 7.3, showed no changes after
being stirred for 24 h in air.[136]
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Figure 2. Calculated relative concentration of THPC and THP in aqueous
solutions vs. pH, with initial THPC concentration: (A) 0.001 M, (B) 0.01 M, (C)
0.1 M, and (D) 1.0 M.

9 4 (CHs)sP
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Figure 3. The dependence of pKa values of tertiary phosphines on the Taft
substituent constants; estimation of a pKa value for THP in water-alcohol
mixture.
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Figure 4. Effect of pH on stability of aged 35% THPS solution. Reproduced
with permission from Ref. [107] via Copyright SAGE Publications Ltd.



In agueous and alcoholic solutions, THP can be easily oxidized to
THPO in air,[137-139] put in aqueous media, the conversion rate and
oxidation mechanism depend greatly on pH. In buffered solutions at
pH 7-8, CH,O-free THP at millimolar concentrations is air-stable for
a long period (Fig. 5); e.g., after one week at pH 7.5, 7% THPO is
detected by NMR.59 Under acidic conditions, THP is oxidized by
atmospheric oxygen, while under basic conditions, anaerobic
oxidation by water with an evolution of H, takes place (Scheme 5).
Air-oxidation of THP solutions accelerates with increasing acidity of
solutions, and is accompanied by disproportionation to (HOCH2)4P*
and BHP (Scheme 4, Figs. 5 and 6), the latter being oxidized to
(HOCH,)2P(O)H [bis(hydroxymethyl)phosphine oxide, BHPO].I5% The
air-stability of THP and 'THPOH' solutions clearly differs: acidifying
the 'THPOH' solutions would lead exclusively to air-stable
(HOCH2)4P*, while at pH 6-8, the CH.O in 'THPOH' solutions would
bind with THP to form THP-h (Scheme 2), which is a more basic
phosphine than THP, and could react faster with O, and/or via a
different mechanism than does THP. Use of Na,SOs3 as a base, which
reacts with CH,O, improves air-stability;*4 e.g., a 32% THPC
solution, neutralized with a mixture of Na,SOz and Na,S;0s (10:1
w/w), was stable for several months.[141]

+050,
[(HOCH, )P === (HOCH,),P (HOCH,);PO
Nemo
“H,

100% 1

80% T

60% T

40% A

Relative concentration

20% T4

0% L
39 50 59 65 69 75 7.8 8.0 83 95 10.011.0
pH
Figure 5. Phosphorus-containing components of buffered solutions of THP
and their relative concentration vs. pH after 24 h at room temperature (r.t. ~
20 °C) in air. Reproduced with permission from Ref. [50] via Copyright 2011
Elsevier B.V.
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Figure 6. Relative concentration of P-containing compounds vs. time in a
buffered solution of THP at pH 5.0. Reproduced with permission from Ref.
[50] via Copyright 2011 Elsevier B.V.

3. Probable hazards derived from (HOCH,)4P* salts and
THP

Use of THPC and THPS as fire-retardants for children's sleepwear
initiated investigation of the hazard of these salts, because solutions
such as sweat, urine, and saliva might extract some free THPC, and
thus some children could be subjected to long-term, low-level
exposure of this chloride.%] Although THPC and THPS themselves
could be dangerous to health and the environment, the contents of
their solutions depend on pH. In the majority of cases, THPC and
THPS are chemically inactive and solely play a role of reservoirs for
the reactive species THP and/or CH,O that can be released into the
media upon addition of a base. Thus, hazards of THPC and THPS can
be attributed to their degradation products such as THP, CH,0, HCI
or H,S0a. Further, CH20 and HCI might form bis(chloromethyl)ether
(BCME), a known carcinogen,142144 while THP under certain
conditions can generate highly flammable H or toxic PHs (Fig. 7).
Aqueous solutions of (HOCH,)4P* salts are acidic, and thus handling
them requires rubber gloves and goggles.

Figure 7. Potential hazards derived from (H_Oi(:HZ)APJr salts, illustrated by GHS
pictograms (https://pubchem.ncbi.nlm.nih.gov/).

Heating THP without a solvent may lead to an explosion that
results from an exothermic oxidative isomerization reaction.[145146]
The nitrate (HOCH,)4P(NO3) can explode on drying at ~ 110 °C,[147]
and tris(hydroxymethyl)phosphine oxide trinitrate, a product of
reaction of THPC with fuming nitric acid, should be handled in an
explosive’s facility.[148.149]

3.1. Anaerobic oxidation of THP with evolution of H,

Known since the discovery of THPC is that, in the presence of excess
base at r.t. or with gentle heating, one mole of THPC evolves one
mole of H, the reaction stopping with the formation of
THPO.[1.109150] - An uncontrolled stoichiometry of the reaction
between THPC or THPS with a base, such as NaOH, may lead to a
rapid liberation of H.. Fully neutralized (HOCH,)4P* solutions release
some H; during preparation and storage, and this can be hazardous
if the gas is not removed.[40] A storage container of unpurified 40—
44% aq. THP with a pH of 6-7 is stated to have a slight swelling
because of release of Hz, measurements ruling out PH3.[151]

The pH threshold for visible H, evolution generally lies
above 9.5 and depends on concentration, the base used, and the
presence of CH.O. For example, neutralization of a THPC solution
with trialkylamines produces H; at pH 9.7-9.9, whereas with NasPO.
or NaOH, pH values of 10 or 10.5, respectively, are needed.[1%]
During potentiometric titration of THPC with NaOH, H, formation
has been observed at a pH just above 11;1%1 however, formation of
H, can also occur at pH < 9.5, particularly during preparation and
storage of 'THPOH' solutions, and is evidenced by pressure increase
in a container.[107.140152] Eyolution of H; is reported for mixtures of
THP and CH,0 at pH 8.5.253.154] Heating aqueous THP in an autoclave



at 130-140 °C, in the presence of catalytic amounts of CH,0, leads
to pressure increase by generation of H, in ~ 90% yield.[155]
Hydrogen is observed on boiling aqueous mixtures of THPC and
BaCQO3,5887.150156,157] gnd also in a reaction of THPC with excess of a
strongly basic anion exchange resin.[103.104.158] Bojling an aqueous
solution of the oxide THPO with NaOH or Na,COs leads to formation
of bis(hydroxymethyl)phosphinic acid (BHMPA) and H, (Scheme
6),[1:58150] whereas there is no reaction at r.t.[10]

o]
OH"
(HOCH,)3PO + H,0 —— > (HOCHZ)zF{’ + CHO + Hy
OH

BHMPA
Scheme 6. Base-catalyzed oxidation of THPO to BHMPA by water.

Patents have reported that at pH > 10, THP and 'THPOH' are
oxidized rapidly and completely to THPO;[159-162] pH > 12 is called
critical for conversion of THPC into THPO.[163164] |n buffered THP
solutions (8-9 mM), THPO is ~80% formed at pH 10.0 after 24 h; at
pH 11.0, the oxidation is complete within 5 h, and in 0.1 M NaOH
within 10 min (Fig. 5).15% There are several potential applications of
THP or (HOCH)4P* salts requiring a pH of 9-10.193.165-167] Surprisingly,
in reactions of THPC or THP with sodium salts of amino acids
performed at pH ~ 11-12, no H, evolution, or oxidation of the
starting compounds, is mentioned.[163164 Anaerobic oxidation of
THP to THPO under alkaline conditions is important for formation of
stable metal nanoparticles; unfortunately, pH numbers are often
not mentioned, and Hp-generation is rarely reported.!168.169]

Base-catalyzed, anaerobic oxidation appears to be a feature of
all water-soluble phosphines.[50.159.170-173] The proposed mechanism
is similar to that proposed for cleavage of phosphonium hydroxides
in the presence of NaOH, and includes formation of a pentacovalent
phosphorus intermediate containing a P-H bond (3) (Scheme 7).1270

R3P
%
3
Scheme 7. Base-catalyzed oxidation of water-soluble tertiary phosphines.

RsP + H,0 == OH_ Ryp=0 + {H,0 + H —=Hj + OH']

3.2. Phosphine-like odor issue in reactions of (HOCH,)4P* salts and
THP

In some applications of THP, or (HOCH,)4P* salts, generation of a
garlic-like odor associated with PH3 has been reported.[55.103.130.174] A
strong, phosphine-like smell has prevented application of a mixture
of THPS and NazS,0; for a pulp bleaching process.l*7®! Formation of
PH3 is confirmed (as an orange precipitate with HgCl,) in reactions of
THPS with ammonia,[t31132] gand in reaction of THP with HCI.[103.130]
An odor is also reported for aqueous solutions of THPS.[13¢] THP
itself has an unpleasant smell,3464.1761 and PHjs is released during
exothermic decomposition above 130 °©C.[341771 Heating other a-
hydroxyalkyl phosphines also generates PH3178] and, due to
reversibility of THP formation, generation of PHs in the presence of
CH,0-scavengers is also possible.l55] A garlic-like odor of THP and
(HOCH,)4P* salts has also been attributed to trace amounts of long
chain phosphinates and phosphonates, such as compound 4 that is
formed during the synthesis of (HOCH,)4P* salts in the presence of
excess CH,0.59 Pyrovatex 3762, an oligomer of THPC formed by
self-esterification, was withdrawn from the market because of an
odor.l'79 A related odor case is reported for a pad bath prepared
from 75% THPS and urea at pH ~ 7.5.[18)] The fresh pad smells
strongly and, if the mix tank is not covered and the pad area is not
well ventilated, odors will be prevalent; after 2-4 h aging, the pad
odors disappear for ~ 2 days, after which they begin to reappear.
The type of the odors was not specified, but the use of urea was
thought to ‘tie up’ CH,O to produce an odorless pad bath. An
unspecified, unpleasant odor is also reported for products of
reaction between THPS and imidazolidine-2,4-dione derivatives.[!81

Phosphine, a precursor in the synthesis of THP and (HOCH2)4P*
salts (Scheme 1, Egs, 1 and 2), is a colorless, flammable, toxic gas.
Pure PH3 is odorless at concentrations up to 282 mg/m3 (200
ppm),[182183] hyt may contain P,H, with the odor threshold in the
range 0.14-7.0 mg/m3.[82] Threshold for lethality by inhalation,
tested on animals, occurs at ~ 7 mg/m3,[184 and exposure to a
concentration of 1000 ppm in air for 5 minutes can be fatal to
humans. [185]

To reduce the odor, partial conversion of PCH,OH groups into
the less hydrolysable PCH,N has been suggested,!’d and a
significant reduction in solution odor was noted upon addition of
activated carbon.['36] THPC-urea condensation products or THPC
self-condensation products show an unpleasant odor that can be
eliminated by an oxidative after-treatment of the condensation
products, e.g., by passing air/O; into the reaction mixture, or by
adding oxidants such as H,O, or KS,04.1186-188]

3.3. Formaldehyde release

CH20 is used in synthesis of THP and (HOCH2)4P* salts (Scheme 1,
Egs, 1 and 2). Commercial THPC and THPS solutions are typically
marketed with < 1% of CH,O content;[99111.189] byt some reports
state < 0.1%.199 The high solids content of fire retardant
compositions, based on THPC or THPS, causes some CH.O to be
released during padding and drying;[*4%.191 such release is also
observed in THPC- and THPS-based leather tanning
processes.[120.192193] |n all cases, the amount released increases at
higher pH (Scheme 2),[98120.193] whereas heat and/or ammonia
curing significantly reduce the amount. Reaction of THPC with
NazSOs is a method of preparation for CH,O-free THP (Eq. 5)('%! or
"THPOH' solutions with low CH,0 release.[14% Several techniques are
used to reduce the residual level of CH,O (< 50 ppm) in leather
tanned with (HOCH,)4P* salts: precondensation with amino
acids,[1%] the use of Laponite nanoclay,1%! the essential oil of
Origanum onites,[192 and glucose.[1%! Also of interest, the release of
CH20 during the application of THPS as a biocide is thought to be
responsible for the reduction of H,S concentrations in oil-production
systems. [197.198]

(HOCH,)4PCl + Na,SO3 —= (HOCH,)3P + HOCH,SO;3Na + NaCl (5)

The toxicity of CHO is acute: e.g., the oral LDso for rats and
guinea pigs are 800 and 260 mg/kg, respectively;[199-201] two dermal
LDso values for rabbits — 270 mg/kg*®! and > 2000 mg/kg2%% — are
reported; inhalative LCsq (exposure 4 h) for rats is 1070 mg/m3,[200]
Human exposure to CH,O occurs most commonly by dermal and
respiratory routes, with > 90% of inhaled CH,O being absorbed in
the upper respiratory tract.2021 The aldehyde, which can cause
nasopharyngeal cancer in humans, is an irritant via all routes of
exposure, effecting the eyes, nose, and throat in healthy humans at
concentrations as low as 0.2 ppm, and there is limited
epidemiological evidence that CH,O causes sinonasal cancer in
humans. The level of CH,0 in air within houses is typically 0.02-0.06
mg/m3,[202] and there is significant evidence for a causal association
between leukemia and occupational exposure to CH.0; this
aldehyde is also genotoxic, and causes mutation and chromosomal
aberrations in a wide variety of bacteria, yeasts, fungi, and insects,
as well as in some human cell systems with and without metabolic
activation. Mutations or DNA damage caused by CH,O may be
related to its ability to cause crosslinks in nucleic acids.199.202]



3.4. Possible formation of bis(chloromethyl)ether during the
synthesis of THPC

Bis(chloromethyl)ether (BCME), classified as a human carcinogen
(Group 1),[142144] could be formed during the manufacture of THPC
from CH.O and HCI (Eqg. 6) and could thus be a potential hazard in
the synthesis, industrial use, and end-product use of THPC and
THPC-treated fabrics.[999 This possibility of BCME formation was
the reason for replacement of THPC by THPS as an industrial flame
retardant.[6.203.204]

2CH,0 + 2HCI — CICH,OCH,CI + H,0 (6)
BCME

BCME undergoes rapid hydrolysis in aqueous media at ambient
temperature to yield CH,O and HCI.[144.205] |n humid air, the highest
hydrolysis rate of BCME is < 0.00047 min (or ti> > 25 hours),[206]
but data regarding BCME formation from low levels of
formaldehyde and HCI are inconsistent.[2071 BCME is formed at < 0.5
ppb from 20 ppm of both gaseous CH,0O and HCI in moist air under a
variety of conditions of humidity, temperature, and UV
radiation.[208] At 100 ppm of each reactant, [BCME] ranges from <
0.4 to 8.3 ppb up to 24 h; with 300 ppm of each reactant, the data
range from 5-59 ppb. However, another research group, using the
100 ppm levels, did not detect any BCME, although at high
concentrations  (500-3000 ppm), low ppm levels were
recorded;[207.209 in contrast, another study at concentrations up to
2000 ppm resulted in no detectable BCME in either the aqueous
phase, or the gas phase above the solution.[207.2101 A more recent
computational investigation of the thermodynamics and kinetics in a
vapor-phase mixture of CH,0, HCI, and H,O implies that formation
of BCME is unlikely.[211]

The ether was not detected in concentrations > 0.1 ppm in
commercial 80% THPC solutions at pH 0.4 containing 16.1% CI.[9.99]
Use of a gas chromatographic method for analysis of BCME in air,
with detection limit of 0.5 ppb, reported that BCME was not
detected in end fabrics treated with THPC, or in the processing of
the fabrics.[2031 BCME, however, was found in the reactors where
THPC was produced, and in the aqueous effluent stream from the
evaporators; occasionally BCME has been detected occasionally at
very low levels in the head space in drums of product, but data from
repeat samples were not reproducible.

4. Toxicity of THPC, THPS and THP

4.1. Oral toxicity and metabolism

Reports on acute oral toxicities of hydroxymethyl and other alkyl
phosphorus compounds are listed in Table 1. The toxicities of THP,
which is thought to be responsible for chemical and biochemical
activity of the phosphonium salts, and of 'THPOH' (a mixture of THP
and CH,0), are identical to those of THPC; this might indicate that
THP is responsible for toxicity of all the Table 1 hydroxymethyl
compounds. All these are moderately hazardous (Class Il according
to WHO) or moderately toxic (Class 3 according to the Hodge and
Sterner scale). Based on the LDsg values for rats, THPC is seemingly
more toxic than THPS. Of note is that the dose mixtures of THPC and
THPS (mg/mL) used for the studies were prepared by dilution of
weighed commercial aqueous THPC and THPS solutions;134 1 g of
pure THPC contains ~7% more THP than 1 g of THPS and thus, since
THP is an active ingredient, THPC should be the more toxic, as
found. Further, the diluted solutions (stored up to 14 days) were
considered as stable, on the basis that the starting concentrated
solutions were stable. No pH data of the diluted solutions were
presented; THPC solutions are generally more acidic than those of
THPS, and are thus expected to be more air-stable (Section 2). The
few reports on the toxicity of other phosphonium salts and tertiary
phosphines show they are less toxic than THP and (HOCH,)4P* salts

(Table 1). According to their safety data sheets, the water-soluble
tris(3-hydroxypropyl)phosphine and tris(2-carboxyethyl)phosphine,
often used in biochemistry, are 14 times less toxic than THP,
possibly because of the ability of THP to react with amino
compounds.[212.213]

Table 1. Acute oral toxicity of hydroxymethyl and some alkyl phosphorus
compounds.

Compound Acute oral LDso, mg/kg References
THPC 161-282 (rats) [99,134,214]
280-600 (mice) [99,134,215]
THPS 248-622 (rats) [99,111,134,215,216]
200-493 (mice) [134,217]
THP 178-243.7 (rats) [151,218,219]
316.8 (mice) [218,219]
"THPOH' 232 (rats) [220]
THPO > 2000 (rats) [111]
[n-BusP]CI 830-1002 (rats) [221]
[n-BusP(CH2)1sCH3]Cl 611 (rats) [222]
(HO2CCHzCH2)sP - HCI 3500 MSDS
(HOCH2CH2CH2)sP 3500 (rats) MSDS
n-BusP 750 (rats) [223]

In a 90-day oral study with Fischer rats, body weight decrements
were observed at THPS doses as low as 5 mg/kg a day, whereas in
chronic studies conducted with mice and the rats, no effects on
body weight were seen at doses up to 10 mg/kg a day.[111] In similar
14-day studies, tremors and loss of hindlimb movement were noted
at high doses (=100 mg/kg day).[111 With the oral treatment using
THPS (50 mg/kg a day), 9 of 12 mice died after the fifth
treatment.[?24] Gavage of THP at 10% of LDsy (~25 mg/kg) for 1.5
months caused no deaths in rats.[218.219]

The liver appears to be the critical/primary target organ in
distribution of (HOCH2)sP* salts.[99111216]  The absorption,
metabolism and excretion of THPS was investigated in Sprague-
Dawley rats using labeled 14C-THPS, administered by gavage at
single doses of ~ 1 or 50 mg/kg.[%111] Absorption was relatively
rapid (0.5-2 h), while elimination from blood and plasma was much
slower (Ti2 = 126-195 h and 59-74 h, respectively). Some
pharmacokinetic parameters were also affected by dose. Primary
excretion routes over 24 h included urine (12-31%) and faeces (4—
37%). Expiration in air reached 13% over 2 days, but was postulated
to account for 30% when unaccounted mass balance was
considered. No parent compound was detected in either urine or
faeces, whereas 9 metabolites were detected in urine, 7 of which
were also detected in faeces; the major metabolite was THPO in
both urine and faeces (~ 10% and 14-24%, respectively, of the
administered dose). Two other metabolites were postulated to be
BHMPA and a formaldehyde adduct of THPO.[111]

The oxide THPO is of low toxicity via the oral route (Table 1).
The reactivity of the CH,OH groups in THPO is reduced significantly
compared to that in THP; THPO is less reactive than THP in Mannich-
type condensation reactions with amines.[122225227] Chemically,
tertiary phosphines R,P(CH,0H)s., (n = 0, 1, 2) behave as RnPHz.n,
while oxides or sulfides act as alcohols.[228230] |n vivo studies in
normal CF1 mice have demonstrated that THPO is stable, and is
excreted exclusively in urine without undergoing any
metabolism;[231 the peak concentrations in the liver and kidneys
were reached within 15 and 60 min, respectively, and THPO was
completely cleared from the blood within 2 h. These results imply
that BHMPA, if one of the 9 metabolites of THPS, is probably formed
via oxidation of the secondary phosphine BHP (Scheme 8), a
decomposition product of THP (Scheme 3). To the best of our
knowledge, toxicities of BHMPA, BHP and BHPO have not been
reported.

0
O 2 O /7
(HOCH,),PH L1, (HOCH2>2P\/ Lol (HOCH,);R

\
BHPO H OH
Scheme 8. Oxidation of BHP to BHMPA via BHPO.



4.2. Dermal and inhalation toxicities

Dermal toxicity of THPC and THPS is classed as low.[%.111] For
example, the dermal LDsy of THPC in albino rabbits after a 24 h
exposure is > 4084 mg/kg, and there were no deaths of rats treated
with THPS at 2000 mg/kg body weight.[#92141 THPS is relatively toxic
when applied to the skin of Swiss ICR mice (male),[224 with a marked
reduction in body weight and subsequent death of the animals
treated at 700 and 1000 mg/kg doses. Daily dermal exposures to a
30% THPC solution were fatal to rats 9 days after the first
dose.[232.233] THP s readily absorbed through skin causing death in
mice and rats after one week (dosage was not reported).[218]

Studies with Sprague-Dawley rats revealed that THPS (75%) was
of slight toxicity via the inhalation route with LCso values of 0.628
and 0.551 mg/L for male and female rats, respectively.l!11 An LCsq, 4
h dose of 5.5 mg/L reported for THPS in rats,[®d was considered
unacceptable because of problems with achieved particle size.[111]
Intoxication and death in rats or mice by inhalation of THP were not
observed because effective concentrations in vapor were not
reached.[218]

4.3. Skin and eye irritation

Administered as a single dose (0.5 mL of 75% ag. solution), THPS
caused no skin irritation with New Zealand white rabbits over a 4 h
period 99, whereas in a 28-day dermal study with THPS on Sprague-
Dawley rats, slight to severe irritation was observed at all doses;
similar irritation data were seen using guinea pigs.[99111.234] Related,
THPC (15-30% ag. solution) caused intensive skin reactions in male,
white rats,[233 but was not a sensitizer for albino guinea pigs, tested
using the Buehler method with patches containing 0.5 mL of a 1%
v/v dilution of the commercial THPC.[218] THP is also a skin irritant
that can cause sensitization and burns.[151.218219.235 |n g 28-day
dermal study with THPO, signs of irritation, increasing in incidence
and/or severity with increasing dose, were noted at the lowest dose
(300 mg/kg a day).[111]

THPS is a severe eye irritant in New Zealand rabbits.[99.1111 When
0.1 mL of 75% THPS was introduced to an eye, opacity was observed
24 h after application, and lasted at least for another 24 h; a red
coloration of the conjunctiva, accompanied by considerable
swelling, was also observed.[%®] Similar symptoms in rabbits were
reported for THP.[218.219]

4.4. Carcinogenicity and other toxicities

The carcinogenicity of (HOCH,)4P* salts to humans (Group 3) is not
classified,232236] and no evidence for carcinogenicity was found in
female ICR/Ha Swiss mice, treated topically with 2 mg THPC
dissolved in 0.2 mL acetone/water 3 times/week for 496 d,[216.237]
but the same system did have moderate tumor-promoting activity
in a mouse skin carcinoma assay.[98.214] After 2-year gavage studies
on experimental animals, no evidence of carcinogenicity of THPS (5
or 10 mg/kg) or THPC (3.75-30 mg/kg) in either sex of rats or mice
was found.[134.238]

One case of squamous cell carcinoma of the palm is reported in
an elderly man who had chronic dermal exposure to THPC-
containing flame retardants; over a 2-year period, the man, had
regularly used bare hands to wring out fabrics soaked in THPC.[23]

THPS is a potential endocrine disruptor.[2491 Both THPC and THPS
have mutagenic potential in vitro, but the latter is not mutagenic in
vivo.[?9111] Both salts were not active in a Salmonella typhimurim
reverse mutation test, with and without S9 liver homogenate
activation,[111.134,180,214,216,241-243] No evidence of mutagenic potential
of THPS was seen in an unscheduled DNA synthesis assay with rat
hepatocytes!!1% and, in a chromosomal analysis test, there were no
statistically significant increases in the frequency of structural
aberrations.[99.214.243] THPC and THPS both show genotoxic activity in
mammalian cells, and both induce forward mutations in mouse
lymphoma L5178Y cells without metabolic activation,[111.134243-245]

Both salts increased the frequency of sister-chromatid exchanges
and chromosomal aberrations in Chinese hamster ovary cells in the
presence and absence of exogenous metabolic activation; THPC
induced the aberrations only at toxic concentrations, while the
lowest effective doses of THPS in the exchanges and aberrations are
lower than those of THPC.[134246247] |n an in vivo study, THPS did not
induce micronuclei in a mouse micronucleus assay,[!1224 and
mutations were not induced in silkworms treated with THPC.[216]

The mutagenicity of THP, the primary metabolite and active
ingredient of (HOCH,)4P* salts, and of the CH,O-containing 'THPOH',
have been poorly investigated. Stated is that THP is hot mutagenic
in Salmonella typhimurium strains TA100, TA98, TA1535, and
TA1537.[99248] Of note, Mannich-type condensation of THP with
amino compounds, which are parts of DNA, is mediated by
CH0.1117.249-251] THPO was not mutagenic in the same strains, the
Escherichia coli strain WP2 uvrA, or in the mouse lymphoma
assay.[99111248] However, the bacterial gene mutation test was not
considered acceptable for any of the strains, because of the absence
of inadequate, positive controls,*2] and no strains were used to
detect cross-linking mutations. The non-genotoxic THPO did not
produce chromosomal aberrations in Chinese hamster ovary cells
cultured in either the presence or absence of metabolic
activation,[99.111]

A dominant lethal assay of THPS using ICR mice at the highest
dose (1000 mg/kg) revealed a substantial decrease in the number of
pregnant females and an increase in the number of deaths per
pregnancy; no differences in the average number of implants per
pregnancy in the treatment and control groups were seen.[214.243]
THPC was found positive for genotoxicity in the Bacillus subtilis rec-
assay, with or without metabolic activation.[216]

An in vitro cytotoxicity assessment of a hydraulic fracturing fluid
containing 0.08 mM THPS, using a human gastrointestinal cell line,
revealed that the fluid is cytotoxic, with half ICsq values ranging from
25 to 51 mM.[%32 - Among chemicals added to the fluid, THPS was
the most toxic (ICso < 0.1 mM). Cytotoxic activity of THP toward the
human tumor cell lines HL60, A549, MCF-7, A375, and LoVo (ICso of
58-89 uM) is lower than that of its Cu(l) complexes.[?53] The ICsq
values for the A549 cell line, after 4 and 24 h treatment with
(hydroxymethyl)diphenylphosphine Ph,PCH,OH and Ph,P(O)CH,OH
are ~ 74 uM.[254]

In a general toxicity test, agueous solutions of THPC and THPS at
a concentration of 32 pg/mL and adjusted with NaOH to pH 7,
showed complete cytolysis of Hela cells after 3 days, but no cellular
damage was observed using 3.2 pg/mL.[215] At pH 7, THPC at 32
pg/mL also causes complete cytolysis of skin fibroblasts from
humans, and FM3A and L cells from mice. DL1 and DL1 clones 20
cells derived from a rat normal liver are more sensitive to THPC than
the cells mentioned above: complete cytolysis is observed at
concentrations of 1.0 and 0.32 pg/mL, respectively. Tests on
primary cultured cells from the liver, kidney, brain, and muscle of
new-born rats revealed that THPC at pH 7 is cytotoxic above 10
pg/mL to all these cell lines, and 32 pg/mL generally causes
complete cytolysis or degeneration. THPC, at 0.285 mM in a
phosphate-buffered saline at pH ~ 7.4, exhibited an extremely low
cytotoxicity level in red retention of canine epithelial cells.[255]
Worth noting, and not mentioned in these studies, is that at pH 7-8
both THPC and THPS are converted to THP (Section 2).

5. Conclusions

Quaternary (HOCH,)4P* phosphonium salts and the tertiary
phosphine (HOCH,)sP are unique water-soluble compounds with
interesting, but complicated chemistry. Their extensive use in
synthetic chemistry, and proven applications, reveal that these
compounds are likely excellent choices for studies in environment-
friendly processes. It is bewildering how the salts can be air-stable
and used as effective oxygen-scavengers at the same time! The
composition and properties of aqueous solutions of the (HOCH,)4P*
salts greatly depend on pH and the initial concentration, and these



parameters should be carefully evaluated prior to any application of
the salts. Under alkaline conditions, the (HOCH,)sP* cation
dissociates to THP and CH0 and, if the pH of a neutralized solution
is not controlled, THP is oxidized by water with liberation of
flammable H, and a pressure increase in a closed container.

The (HOCH,)4P* salts and THP, prepared form PH3z and CH,0, are
kinetically unstable in aqueous media, being in rapid equilibria with
CH20, secondary and primary phosphines. In the presence of
compounds that react rapidly with formaldehyde “CH,0-
scavengers”, THP may decompose to PHs, a highly toxic gas that is
poorly soluble in water. There are applications of hydroxymethyl
phosphorus compounds, in combination with salts of sulfur oxoacids
such as NazS;04, NaHSO3 or NayS;0s, that are able to deformylate
(HOCH,)4P* salts and THP and, thus, to cause generation of PHs. The
secondary and primary hydroxymethyl phosphines are assumed also
to be toxic, and great care should be made when working with these
materials.

Both (HOCH,)4P* salts and THP are moderately toxic to rats and
mice. The close LDsp values for THP and THPC/THPS perhaps indicate
that the toxicity of the salts is caused by THP, the primary
metabolite of the chloride and sulfate. The oxide THPO, the major
final metabolite, is of low acute toxicity. The overall toxicity of
(HOCH_2)4P* salts and THP may consist of toxicities of other possible
degradation products of THP such as BHP and BHPO. The
(HOCH,)4P* salts are not carcinogenic to humans.
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