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ORGANOPHOSPHORUS SYNTHESIS WITHOUT
PHOSPHORUS TRICHLORIDE: THE CASE FOR THE
HYPOPHOSPHOROUS PATHWAY

Jean-Luc Montchamp
Department of Chemistry, Texas Christian University, Fort Worth, Texas, USA

GRAPHICAL ABSTRACT

Abstract The vast majority of organophosphorus compounds is currently synthesized from
phosphorus trichloride (PCl3), even though the final consumer products do not contain reac-
tive phosphorus—chlorine bonds. In order to bypass phosphorus trichloride, significant interest
has been devoted to functionalizing elemental phosphorus (P4, the precursor to PCI3), red phos-
phorus (Py.q), or phosphine (PH3). Yet, other industrial-scale precursors are hypophosphorous
derivatives (H3PO; and its alkali salts), but their use as phosphorus trichloride replacements
has been completely overlooked. Here, the case is made for an alternative approach to the
industrial synthesis of organophosphorus compounds based on hypophosphites.
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INTRODUCTION

Organophosphorus compounds are of great economic importance due to their many
applications, such as materials, pesticides, medicines, extractants, and flame retardants, as
well as synthetic intermediates or phosphine ligands.! Currently, virtually any compound
containing a phosphorus—carbon, phosphorus—oxygen, or a phosphorus—hydrogen bond
is synthesized from elemental “white” phosphorus (P4).2 P4 is made on an industrial
scale through electrothermal manufacturing. In this process, phosphate (calcium phosphate,
apatite) is reduced with coke and silica, through a combination of heat and electricity in
a highly energy-consuming process (1). Calcium silicate and carbon monoxide are also
produced

2Ca3(POy4), + 10C + 6Si0, — 6CaSiO3 4 10CO + Py. (1)

Elemental phosphorus is then converted into a variety of different inorganic phospho-
rus compounds, such as red phosphorus (P,.q), phosphorus trichloride (PCl3), phosphorus
pentoxide (P,0Os), sodium or calcium hypophosphite (M(H,PO,),), and phosphine (PH3),
which are the basis of all current organophosphorus manufacturing (Scheme 1).2 A large
portion of Py is also oxidized back to prepare high-purity phosphoric acid. For the prepa-
ration of phosphorus—carbon-containing compounds, phosphorus trichloride is by far the
major intermediate, even though the final products do not contain the highly reactive
phosphorus—chlorine bond. PCl; is produced through the direct exothermic chlorination
of P, with chlorine, and is purified by fractional distillation. However, PCl; is a highly
reactive and hazardous compound, and it has already been implicated in major accidents.?
Furthermore, chlorine is even more dangerous,* and its preparation is energy-demanding
since it is made through electrolysis. Some outdated chlorine plants are also responsible
for a significant portion of preventable mercury pollution.

12 HCI
Energy > 6Clp, A 4PCI _Z> organophosphorus
/ 3 compounds
- - 350000ty v
c giO R o
Phosphate e /lL\ M Pred I
electric furnace p—p ~10,000tfy .-
2 CaSiO,
~ 1 million t/y
50, +6 Hy,0 PH, g Methodology
50, 4» 3 H,PO,"
4HPO, o 30H +3H,0  ° 2 - H -
—_—
» 300 °C 40H +4H0_ 41 ooy alins e
MH,PO, ~ 50,000 t/
2H, 2FU; y
2 PQSS 2 PZOS
~ 300,000 t/y ~ 15,000 t/y

Scheme 1 Elemental phosphorus as a key intermediate, and other compounds of industrial relevance. t/y = metric
ton/year (estimated) annual worldwide production. (Color figure available online).
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Hypophosphorous derivatives (alkali hypophosphites and hypophosphorous acid) are
prepared through the alkali (NaOH or Ca(OH),) hydrolysis of P,. This process is actually
a complex reaction and is the source of PHj3 as well, a compound used in small amounts in
the electronics industry, and as a starting material for trialkylphosphines (R3P) and related
compounds. Even though the amount of hypophosphite annually produced is only about
10% of that of PCI; (by weight), currently almost all of the hypophosphorous manifold goes
into a single application: metal (mostly nickel) electroless plating, known as the Kanigen
process. Therefore, it might not be unreasonable to increase production if hypophosphorous
compounds can be used for the preparation of other important phosphorus intermediates.
The main drawback is the cryptic chemistry involved during the hydrolysis of Py4, so
improvements in this process would be desirable.’

The elaboration of PCl; into organophosphorus compounds always results in the
formation of wasteful hydrogen chloride (HCI) and therefore is never atom-economical.
For example, the manufacture of glyphosate (the world’s most widely used herbicide and a
major user of PCl3) is a prime example, outlined in Scheme 2.°

Original Monsanto PCl; Process /—COzNa
HN
a® HO 1o 9 \_co,Na HOQ  /—COM
PCl; + CH,0 ~B. a “B_ cl o PN
clr S2HCI HO™W -Hcl \—COLH
variation: Ho‘ﬁ ol l Oy, catalyst
/CN HO" " o0  —CN
NHg + CH,0 + HCN HN ——F PN — Hokﬁ H

“CN  -HCI HO “oN ~— » no PN COH

Phosphorous Acid Route

O,, catalyst
/—COH  HgPOz + CH,0 HO\g N COH
HO™™"\_coH
\—CO,H -H0 2
Chinese Process using Dimethyl H-Phosphonate and Glycine
MeO»E_H +CHy0
MeO” MeO 0 4 hydrolysis |, o
HO,C._ NH»*HCI —- SP._N.__CO.H SP.__N.__CO.H
i - H,0, - HCI MeO HO
glycine 2
o]
Note: all phosphorus reagents  H,PO, 8o PCl, e MeO. % _
are derived from PCly at this time -3 HCI -3 HCI MeO”

Scheme 2 Industrial preparation of the herbicide glyphosate.

RESULTS AND DISCUSSION

Because of phosphorus trichloride’s obvious drawbacks (hazardous, energy and
chemically wasteful, etc.), significant research efforts have been devoted to bypass its
use. A popular proposal relies on the so-called “P4-activation” pathway.” Since Py is al-
ready the precursor to all other organophosphorus compounds, as well as most inorganic
phosphorus reagents, this appears to be a logical strategy. However, a fundamental problem
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with P4-activation is the fact that not all phosphorus atoms can be used (the only exception
being its conversion to PCls). This is because as the phosphorus tetrahedron is broken, the
reactivity of the P-P bonds decreases. Furthermore, Py is toxic and pyrophoric, and thereby
better employed in situ, and it is also insoluble in standard organic solvents (carbon disul-
fide is not a convenient solvent because of its extremely low flash point and autoignition
temperatures).

Two other pathways which have received significant attention to bypass PCl; in the
preparation of organophosphorus compounds are: (a) the use of PH3,® and (b) the use of
P..a’ Both have found some support in the literature and in practice. However, PHj3 is a
highly toxic and pyrophoric gas requiring very careful handling, and P,¢q uses “superbasic”
conditions (aqueous KOH/DMSO, the Trofimov-Gusarova reaction)® for functionalization.
Additionally, the latter P.4-based approach requires heating white phosphorus to prepare
Preq, and it does not solve the issue of phosphorus atom economy.

Here, we argue that hypophosphites are superior, perhaps ideal, alternatives to any
other intermediates, including their P4 precursor. This is because hypophosphorous com-
pounds (acid and salts) are stable to air and water (H3;PO, is sold as a 50% w/w solution
in water), nontoxic, and yet still chemically reactive so that numerous transformations
can be conducted, and they are already produced on an industrial scale. Furthermore, hy-
pophosphites can have significant solubility in various organic solvents and ionic liquids.
Additionally, of all the possible alternatives to PCl; (Scheme 1), only two have the potential
to incorporate all of the phosphorus content into an organic product: PH3 and MH,PO, (M
= H, metal, or alkyl).

Another possibility to consider would be a pathway based on phosphorous acid
(H3PO3), however, it and its derivatives are all currently mostly produced from the hy-
drolysis/alcoholysis of PCls, and H3PO3 is much less reactive than H3PO,. Perhaps
with the recycling of HCI into Cl,, either via the direct oxidation of HCI (Kel and
Shell processes), or through NaCl and electrolysis, such a process might be sustainable,
although significant energy is still required for the recycling. However, even if a chlorine-
free preparation of H-phosphonates (RO),P(O)H, R = H, Alk) was developed, the re-
activity manifolds would intrinsically be more limited than those of hypophosphorous
compounds.

Figure 1 shows some commercial prices of various phosphorus intermediates.'”
Although prices from a fine chemical supplier are probably not proportional to those from
an industrial supplier, it is interesting to note that hypophosphite derivatives are quite
inexpensive, and always cheaper than any other P-Cl-containing compound.

H,PO, $ 7.6 / mol Ca(H,PO,), $ 7.4 / mol P NaH,PO, $ 7.6 / mol NH,OPOH, $ 8.8 / mol
P, $3.3/mol
PCI, $ 14.8 / mol PCI, $ 13.4 / mol H,PO, $ 5.5 / mol
(Et0),P(O)H $ 10.5 / mol (MeO),P(O)H $ 10.6 / mol

(EtO),P $ 5/ mol (MeO),P $ 8.5/ mol

Figure 1 Commercial prices from the Sigma-Aldrich catalog, as of June 2012. The price per mol of phosphorus
is calculated from the cheapest quantity of compound. (Color figure available online).
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Hypophosphorous compounds (hypophosphites/phosphinates) are inexpensive, avail-
able on an industrial scale, and are highly versatile reagents. In order to bypass PCl;, the
formation of phosphorus—carbon and phosphorus—oxygen bonds is imperative. Our lab-
oratory (Scheme 3),'! and others,'? have been employing these reagents in a variety of
reactions. Yet, for no apparent reason, hypophosphites have not received the attention they
deserve for use in the industrial manufacturing of organophosphorus compounds, even
though, as pointed out above, they are likely superior to any of the alternatives (P4, Preq,
PH3). The AIBN-initiated radical addition of H3PO, to olefins is probably the exception
since it is employed in the manufacture of the heart drug monopril (fosinopril sodium).'3

Metal-Catalyzed P-C bond formation Metal-Catalyzed
X " Allylation/ reductive Allylation
] R! R2 | xantphos/Pd [e] RPh, o " :
PPhy/Pd | R' R3 = | E ; dppf/Pd
5/Pd | i dppifPd O—N)LN 0 by >:(— j  dep
dppp/Pd ! ,3*( dienes | NiCl» H 5 A i NiCly(PPhs),
dppf/Pd Y 2 i NiCly/dppe PPhy | xantphos/Pd
(X=Br.OTLI) || @lenes ' ;o Chem. Soc. 2002, 1279386 U=l OAc,OH):
(X OTH, I, Br, CH,Cl) Org. Lett. 2004, 6, 3805 Tetrahedron 2005, 61,6315
J. Am. Chem. Soc. 2001, 123,510 J.0rg. Chem. 2008, 70, 4064 @ Org. Leit. 2006, 8, 4169
J. Organomet. Chem. 2002. 653,252 J. Org. Chem. 2008, 73,2292 Org. Synth. 2008, 85, 96
@ C.R. Chimie 2004, 7, 763 Org Biomol. Chem. 2010 8,5541 J. Org. Chem. 2008, 73,2292
Tetrahedron 2005, 61,6315 J. Or; Chem. 2011 696 106
Radical Reactions _ Cross-coupling o hydrophosphlnylauon allylation  Pd-catalyzed Benzylation
R! ‘;R? 0 . 3 ( KOH xantphos/Pd
EtyBlair | = ro-b-H -
| “H -
or El e 2 4101
AlBNheat i R R? dical benzylation - Org: Lhem: 2008,
AR : ‘/:5 v r: 'Cé;_l_ i Phosphomle-Borane
) rophospninylation '=
L8 R? yeraphosphiny HeH s b Al Org. Letr. 2011, 13,3134
J. Org. Chem. 2001, 66, 6745 o R = Aryl, Alkenyl, Allylic, Alkyl... % ] J. Org. Chem. 2009, 74,3758
Org. Lett. 2005, 7, 5909 RO- 'l:\' H P h%lH Tetrahedron Lett. 2008, 49, 5909
Synthesis 2006, 3080 “H RZP-OR zgﬂmﬁfﬂ"g’ggo%égwgml
1t
addition/ "SR! Ore-Le
Nucleophilic Reactions substitution "P-H activation” Alkylation
o] EWG ! base: @ O or | 1)LHMDS
I | FPRNEt R-PZ i 2)RX
ROCRY [ O RX gy R
@ ' DBU Pd-catalyzed 2nd P-C bond 1. Org. Chem. 2007, 72,2851
J. Organomet. Chem. 2002, 643-644, 154 »
Synthesis 2006, 2,325 R. " ” -OR Rl “ _OR Cross-coupling
@ L [ e
J \ xantphos/Pd, E
Oxidation/Catalytic P-O Bond Formation i P\Ar/Hel L 322593.5 Dl\iE .
xantphos/Pd : Org. Lent. 2011, 13,3270
Reviews:
H Org. Len:. 2008, 10,1123 J. Organomet. Chem. 2008, 690, 2388
K ) Tetrahedron Leit. 2007, 48, 5755 @ Eur.J. Org. Chem. 2008, 4101 Sperii[ty Chemicals Magazine 2006, 26, 44
< ) Tetrahedron Lett. 248,575 Adv. Synth. Caral. 2011, 353, 1883 Eur. J. Org. Chem. 2008, 3601

Scheme 3 Methodology summary from the Montchamp laboratory, based on hypophosphorous derivatives and
H-phosphinates. (Color figure available online).

Over the past 12 years, our laboratory has invented and developed numerous reac-
tions of hypophosphites and H-phosphinates (Scheme 3).!! This includes the inexpensive
and versatile synthesis of alkyl phosphinates through esterification with an alkoxysilane,
or with an alcohol under Dean—Stark conditions. A key advantage of hypophosphite-based
methodologies is the fact that H-phosphinates can be formed selectively under a variety of
conditions (radical, nucleophilic, metal-catalysis), and that the H-phosphinates themselves
can be selectively converted into other important compounds, such as phosphonates, phos-
phinates, thiophosphonates, and phosphonite-borane complexes. Because H-phosphinates
exist in an intermediate phosphorus oxidation state, they can be functionalized into virtually

any major organophosphorus functionality (Scheme 4).'*
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Scheme 4 Synthetic versatility of H-phosphinates.

Some of the most powerful methodologies involve metal-catalyzed or radical-initiated
hydrophosphinylation (addition of ROP(O)H; to alkenes and alkynes), and cross coupling
(reaction between ROP(O)H, and CSPQ—X).” Furthermore, the direct cross coupling of
allylic and benzylic alcohols is general and only produces water as the by-product. The
further development of a broadly useful and reusable palladium catalyst,''Y and more
recently of inexpensive nickel-based catalysts,!"" bode well for potential applications on
large scales.

A simple example of the power of the hypophosphorous pathway for both P-C and
P-O bond-formation is illustrated in Scheme 5''" for the synthesis of n-octylphosphonic
acid. Several methods, from standard Arbuzov reaction with (RO)sP, to Pd-catalyzed hy-
drophosphonylation with pinacol H-phosphonate, to metal-catalyzed radical hydrophos-
phinylation, all require PCl; as the initial phosphorus reagent, and involve a protecting
group strategy.'

2ROH+H,0 9Q0R
o~ H-P
-3 HCI OR various 9,09 conc. HCl (,D.,OH
PC|3 >—> OCI—P\ OCt_P\
\ 3ROH OR methods OR heat OH

R
-3 HCl “OR

Pd/xantphos

- Single step
(2 mol%) QOH . No protecting grou
aq. H3P02 + Hex/\ DME oc h OCt—P\/ . Lesg waste 99 P
@ 1gir )24 * H3PO, instead of PCl3
100%

Scheme 5 Synthesis of n-octylphosphonic acid. (Color figure available online).
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In the past, H-phosphinates have been derived mainly from the hydrolysis or ester-
ification/hydrolysis of RPCl,. However, the situation has changed significantly based on
the plethora of reactions now available from hypophosphorous compounds. In fact, the
conversion of H-phosphinic acids into RPCIl, may now very well be a better method than
the reverse reaction.

CONCLUSIONS

Hypophosphites ROP(O)H, are viable and versatile intermediates for the synthe-
sis of a broad variety of organophosphorus compounds, including the all-important H-
phosphinates R'P(O)(OR)H, phosphinates R'R?P(0)(OR), phosphonates R'P(O)(OR),,
phosphines R'R?R3P, and sulfur-containing compounds. In spite of the rapidly growing
methodologies based on hypophosphites and H-phosphinates, potential industrial applica-
tions to replace the environmentally problematic phosphorus trichloride are still lagging.
It is hoped that this paper will promote a critical (re)evaluation of alternative strategies,
especially those based on the previously neglected hypophosphorous pathway. Whereas
P-C bond-forming reactions through “P4-activation,” P4-elaboration through superbasic
conditions, and PH3-addition to olefins have all been touted in the literature as panaceae; it
appears that hypophosphites are the neglected orphans, even though they might very well be
the ideal solution to redesigning an environmentally friendlier, safer, more energy—efficient,
and sustainable phosphorus economy. Improvements in optimizing the conversion of P4
into hypophosphites would also be an important and desirable step. At the very least, there
is a growing consensus that using chlorine, and therefore phosphorus trichloride, could and
should be avoided or minimized if at all possible. In the end, current industrial processes
delivering many thousands of metric tons of materials yearly are not likely to be changed
in the near future. The modification of large-scale industrial processes is neither trivial
nor cheap. Nonetheless, increased awareness and concerns about environmental impact
and economic sustainability in industrial chemical processes might very well change this
situation in the long term. If or when this takes place, it is predicted that hypophosphorous
compounds could and should play a major role in revolutionizing the phosphorus industry
for the better.
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