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a b s t r a c t

Tris(hydroxymethyl)phosphine, P(CH2OH)3, a water-soluble compound, has been known for about 50
years but development of its coordination chemistry has been slow and relatively recent. During some
collaborative studies with a pulp and paper research institute on testing water-soluble catalysts for
hydrogenation of lignin in pulp and the unsaturated functionalities in lignin model compounds, with
the aim of bleaching pulps, we discovered new, in situ, Ru-P(CH2OH)3 hydrogenation catalysts. Inter-
est in the coordination chemistry of this phosphine thus ensued, and this review covers this topic as
well as the coordination chemistry of a diphosphine analogue, bis[bis(hydroxymethyl)phosphino]ethane,
(HOCH2)2P(CH2)2P(CH2OH)2. The applications of the water-soluble metal complexes of these two phos-
phines in the areas of catalysis and medicinal drugs are also described. These phosphines, in the absence
of metals, were found serendipitously to be effective bleaching agents for pulps (and also brightness
stabilizing agents), and some relevant organo-phosphorus chemistry from our group is also briefly pre-
sented, particularly because of its possible significance in hydroformylation and hydrogenation processes
catalyzed by metal–phosphine complexes.

© 2009 Elsevier B.V. All rights reserved.
Pulp-bleaching
Rhodium
Ruthenium
O
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. Introduction
Tris(hydroxymethyl)phosphine, P(CH2OH)3, which will be
bbreviated as THP, is a water-soluble compound that has been
nown for about 50 years [1], but the first report (from Chatt’s
roup) on its coordination via the P-atom to a metal (Rh, Pd,

∗ Corresponding author. Tel.: +1 604 8226645; fax: +1 604 8222847.
E-mail address: brj@chem.ubc.ca (B.R. James).

010-8545/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.ccr.2009.07.008
Pt) did not appear until 1973 [2], and then it was not until the
late 80s that Pringle’s group developed further the coordination
chemistry of this phosphine (to the Group 10 metals) [3]. Interest
in this phosphine in our laboratory arose in the mid-90s through
some collaborative work with a pulp and paper organization,

with the aim of designing some water-soluble metal complexes
for catalytic hydrogenation of lignin components in pulps. This
led us to study the chemistry of water-soluble coordination
compounds of THP, their potential for catalytic hydrogenation,
and eventually reactions of THP itself with unsaturated organics

http://www.sciencedirect.com/science/journal/00108545
http://www.elsevier.com/locate/ccr
mailto:brj@chem.ubc.ca
dx.doi.org/10.1016/j.ccr.2009.07.008
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nd carbonyl-containing organics. This review covers these top-
cs with emphasis on the new findings from our laboratories,
s well as a summary of the coordination chemistry of the
iphosphine analogue bis[bis(hydroxymethyl)phosphino]ethane,
HOCH2)2P(CH2)2P(CH2OH)2, which will be abbreviated as DHMPE
4]. Section 2 briefly introduces the THP and DHMPE phosphines;
ection 3 describes our development of some Ru–THP hydro-
enation catalysts for lignin and lignin model compounds (LMCs);
ection 4 describes our efforts to develop catalytic hydrogenation
rocesses using cheaper metal–THP species and the discovery of
he bleaching activity of the free (non-coordinated) hydroxyphos-
hines; Section 5, the major section, describes our advances in
h–THP chemistry; Section 6 summarizes related literature work
n metal complexes containing THP or DHMPE not mentioned in
ections 4 and 5; Section 7 describes the bleaching activity of THP
nd DHMPE, and some relevant organo-phosphorus chemistry;
ection 8 describes some chemistry of secondary phosphines,
ossibly relevant to THP chemistry; and finally some conclusions
re given in Section 9. Also mentioned in Sections 3–6 are other
ssociated, more general applications of water-soluble metal com-
lexes containing these two phosphines in the areas of catalysis
nd development of medicinal drugs.

. P(CH2OH)3 (THP) and (HOCH2)2P(CH2)2P(CH2OH)2
DHMPE)

The subject of this review focuses mainly on the coordination
hemistry of the title phosphine THP, although the abbrevia-
ion THMP has been used by other groups [e.g. [3,5,6]]. This

onophosphine and the corresponding tetrakis(hydroxymethyl)
hosphonium salts are prepared from phosphine and formalde-
yde by the essential hydroformylation chemistry outlined in Eq.
1) [1,7,8]; catalysts such as [PtCl4]2− [8], and NiCl2 in the pres-
nce of ethylenediamine (en) [9], have been used to promote the
H3 reaction. THP is most readily available via addition of base
o the air-stable phosphonium salts (chloride or sulfate); these
ater-soluble salts are inexpensive, being available commercially

n >3000 tonnes/year for use as flame-retardants, and as biocides
or oil and waste-water industries [10].

H3 + 3CH2O → P(CH2OH)3

CH2O,H+
�

base
[P(CH2OH)4]+ (1)

Despite the long-known, commercial recognition of THP, and
he interest in applications of water-soluble phosphines, develop-

ents in its coordination chemistry are relatively recent, perhaps
ecause of complicated ‘side effects’ of the compound (e.g. Sec-
ions 3, 5, and 6). Although THP is usually described as ‘moderately
ir-stable’ in the solid state and in aqueous solution [e.g. [8,11]],
ur studies reveal more specifically that there is no oxidation at
5 ◦C over 24 h at pH 7, but at pH 10 the phosphine is oxidized
t1/2 ∼ 30 min) by OH− to the oxide (THPO) with H2 being the co-
roduct [12,13]; of note, THPO has been known for about 80 years
12]! At lower pH, THP slowly decomposes with loss of CH2O to give
he secondary phosphine; see Eq. (2) [13,14], which alludes to the
everse of the stepwise formation of THP from PH3, via H2P(CH2OH)
nd HP(CH2OH)2.

(CH2OH)3 → HP(CH2OH)2 + CH2O (2)

The other hydroxyphosphine that attracted our attention

uring our pulp-bleaching studies (see Section 7) is DHMPE
4,15,16]. This diphosphine is synthesized by reaction of CH2O with

2P(CH2)2PH2, via chemistry analogous to that shown in Eq. (1) for
H3; [PtCl4]2− has again been used to catalyze the reaction [15], but
e [17] and others [16] have found that a metal-based catalyst is
ot necessary for effective conversion.
istry Reviews 254 (2010) 420–430 421

3. Ruthenium–THP systems

Our interest in THP chemistry was generated through a col-
laborative research project, initiated about 15 years ago, with
the Pulp and Paper Research Institute of Canada (Paprican, now
called FP Innovations-Paprican) on the bleaching of pulps, work
that has been reviewed [18]. The goal was to catalytically hydro-
genate aromatic residues or conjugated C C–C O moieties within
lignin with the aim of decreasing conjugation and hence the yellow
colouring in pulps; all that was needed was a water-soluble, recy-
clable catalyst, a non-trivial objective! Our studies revealed that
in situ Rh- and Ru-based species in 1-phase aqueous/alcohol and
2-phase aqueous/organic systems under H2 could reduce under
mild conditions organics with a reactivity order: C C > aromatic
C C ≈ C O bonds. However, the optimum catalysts were colloidal,
zero-valent metal species stabilized by long-chain tetraalkylam-
monium salts or polyvinylpyrrolidone (for Rh0), or long-chain
trialkylamines (for Ru0) [19]; such colloidal catalysts are impracti-
cal for pulp-bleaching in that they eventually precipitate as inactive
black metal, and any such partially hydrogenated pulps always
had a greyish tinge! Arene–Ru species, including water-soluble
polyhydrido-Ru4 cluster complexes, initially reported to be effec-
tive homogeneous hydrogenation catalysts for aromatics [20], were
tested but found to be colloidal [19], and later, more detailed stud-
ies by other groups [21] have confirmed this finding. With ancillary
(sulfonatophenyl)phosphine ligands, arene–Ru species did main-
tain homogeneity in aqueous isopropanol solution, but the systems
showed marginal activity for hydrogenation of lignin moieties [19].
This led us to investigate in situ water-soluble, transition metal sys-
tems incorporating low-cost THP for hydrogenation of pulps and
LMCs, and to survey the literature on transition metal–THP com-
plexes (see below and Sections 4–6).

A key finding was that an in situ Ru–THP catalyst under H2
did effect visible bleaching of a so-called thermomechanical pulp
[22,23], of which Canada is the world’s largest manufacturer; such
pulp is formed by the action of mechanical forces on wood. The in
situ catalyst was prepared by a ligand exchange reaction utilizing
THP in water and [RuCl2(PPh3)3] in CH2Cl2 (exemplified ideally by
Eq. (3), although none of the complexes shown has been identified).
The air-stable, yellow-brown aqueous phase containing the Ru–THP
catalyst was effective in alkaline aqueous or aqueous/EtOH solution,
typically at 80 ◦C and up to 340 psi H2, for homogeneous hydro-
genation of activated olefins, carbonyl groups and, of more interest,
hydrogenolysis of some aromatic alcohols (Eq. (4), Ar = aromatic,
R = H or Me) [23]; all these organic functionalities are present in
lignin. The hydrogenolysis step, which requires the presence of a
p-OH in the aromatic moiety, is thought to be a concerted pro-
cess rather than a 2-stage process via dehydration to the alkene
followed by hydrogenation. Although the composition of the solu-
tion Ru–THP solution changed with time at room temperature, even
for a fixed THP:Ru ratio, the catalytic activity did not vary under the
relatively severe conditions used, implying that the various in situ
catalyst precursors are converted to the same active hydride species
[23].

RuCl2(PPh3)3 + nTHP → nPPh3 + RuCl2(THP)n(PPh3)3−n

(n = 1.0–6.0) (3)

Ar–C(R) O → Ar–CH(R)OH → Ar–CH2R (4)

Efforts to determine the nature of the catalyst have thus far been

unsuccessful, and this may be related to the fact that THP can be a
non-innocent ligand when coordinated to Pt-metals, including Ru
(see below).

Hydrogenolysis of an aldehyde or ketone C O group to CH2
(Eq. (4)) is an important transformation and, although there are
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rocedures for doing this [24], we are unaware of any earlier
eported homogeneous systems that catalyze such hydrogenolysis;
his is a key process when applied to carbohydrate and fatty acid
ubstrates in terms of renewable resources, and recently other
ater-soluble Ru catalysts, including (sulfonatophenyl)phosphine

pecies, have been found effective for such substrates in 2-phase
queous/organic or neat substrate media under conditions similar
o those we reported for our THP catalyst systems [25].

During our studies on the above Ru–THP systems, other groups
eported on a structurally characterized, water-soluble complex
Ru(THP)2[PH(CH2OH)2]2Cl2}, synthesized via the essential chem-
stry outlined in Eq. (3) [26,27]; note here that two THP groups
ave eliminated formaldehyde (cf. Eq. (2)). This complex effects
atalytic hydrogenation of supercritical CO2 to formate, while
Cp*RuCl(THP)2] in the presence of dimethylamine catalyzes hydro-
enative amidation of scCO2 to give DMF; both systems operate
nder scCO2/H2O multi-phase conditions at 100 ◦C, ∼8 atm H2, and
20 atm CO2 [27]. Other water-soluble Ru complexes with intact
HP ligands are known within species containing: (a) ancillary
rene ligands, e.g. [(arene)RuCl(THP)2]Cl [28,29], which catalyze in
-phase aqueous/organic media isomerization of allylic alcohols
o ketones, and in iPrOH/H2O the hydration of terminal alkynes
28]; and (b) ancillary Cp* ligands, e.g. [Cp*RuCl(CO)(THP)] [30],
hile an in situ cationic species formed from this chloro-complex by

reatment with Ag salts catalyzes in a 2-phase aqueous/n-heptane
ystem, at ∼100 ◦C and ∼100 atm H2, the selective hydrogena-
ion of olefinic moieties of sorbic acid, CH3CH CH–CH CH–CO2H
30]. The cluster complex [H4Ru4(CO)8(THP)4] has been synthe-
ized from a phosphine ester analogue during studies on catalyzed
ydrogenolysis of carboxylic acids in the absence of solvent, again
nder relatively harsh conditions [31]. A structurally character-

zed dimer, {Ru(�-PCH2OH)[�-P,O–P(CH2O)(CH2OH)2]Cl2}2, has
een isolated from a RuCl3/THP reaction, and contains bridged-
hosphido groups and bridged-monoalkoxides, thus revealing
xtensive THP decomposition during the synthesis of the com-
lex [32]. There is no report of a Ru-DHMPE complex, but the
ater-soluble Ru(III) complex trans-[RuCl2(P–P)2]Cl, where P–P

s the P,P-chelated [HO(CH2)4]2P(CH2)2P[(CH2)4OH]2, has been
ynthesized from RuCl3 [33]; during the synthesis, there is no
ecomposition of the diphosphine ligand, a property that likely
epends on the absence of a hydroxyl group ˛ to the P-atom [34].

. Tests using water-soluble cobalt, nickel, and copper
ystems

Our finding of the pulp-bleaching by the Ru–THP catalysts
[22,23], see Section 3) encouraged us to test for the catalytic
ydrogenation activity in 1- or 2-phase systems of water-soluble
pecies of the cheaper metals Co, Ni and Cu, either with or with-
ut ancillary THP ligands [35]. However, only marginal activity for
ydrogenation of a range of LMCs (aromatic ketones and aldehy-
es typically containing OH or OMe substituents in the aromatic
ing, styrenes, propenylbenzenes, �,�-unsaturated organics, etc.
23]) was usually observed under conditions that varied from
mbient (1 atm H2 at room temperature) to 35 atm H2 at 80 ◦C.
lefinic but not carbonyl moieties were sometimes readily reduced,
nd thus pulp systems were not investigated. Transition metal
pecies tested included those of known hydrogenation activity such
s [Co(CN)5]3− and [Co(en)(CN)3]− [36], NiCl2, which was tested
lso for hydrogen-transfer catalysis from iPrOH [37], and in situ

iCl2/en/THP and [Cu(MeCN)4]+/en/THP systems; the addition of
n to promote hydrogenation activity is not uncommon (see Section
). The reported catalytic activity of [CuH(PPh3)]6 for hydrogena-
ion of olefinic and carbonyl groups, depending on conditions [38],
rompted us to try and synthesize a water-soluble THP analogue,
Scheme 1. Outline of some Cu(I)–THP chemistry.

and this led to the chemistry of Scheme 1 [35]. A phosphine lig-
and exchange reaction with the hexamer gives the zwitterionic
tetrahedral complex 1 that contains a non-bonded CH2O− alkoxide
moeity, which is readily protonated to give 2, a regular tetrahedral
Cu(I) complex; both water-soluble complexes were characterized
crystallographically [35], while another group simultaneously syn-
thesized 1 using [Cu(MeCN)4]ClO4 as precursor [11]. Although
neither 1 nor 2 was effective for hydrogenation activity, the zwit-
terion was tested with a mechanical pulp at 80 ◦C and 340 psi H2,
and visible bleaching became evident [39]. Subsequently, control
experiments revealed that neither H2 nor the Cu complex was
needed; i.e. the phosphine itself was the bleaching agent [39]!
The use of THP in bleaching led us into new organo-phosphorus
chemistry, a topic that is outside the scope of coordination chem-
istry, but will be summarized in Section 7 of this review, because of
the potential relevance of organo-phosphorus chemistry to hydro-
genation and hydroformylation processes catalyzed by transition
metal–phosphine complexes.

The [Cu(THP)4]PF6 complex (cf. 2 in Scheme 1) has very
recently been shown to possess anti-tumour properties, and
the 64Cu-labelled analogue has been used for positron emission
tomography (PET) imaging [40,41]. Copper(I) species of the type
[Cu(THP)2(N–N)], where N–N is a scorpionato-type ligand, have
been similarly tested [40], while [Cu(DHMPE)2]PF6 also tests posi-
tive against several human tumour cell lines [40].

5. Rhodium–THP chemistry

Our findings on the hydrogenation activity of the Ru–THP
species (see Section 3) encouraged us to investigate such activity
of THP complexes of Rh (perhaps the metal ‘par excellence’ for cat-
alytic hydrogenation and hydroformylation), particularly for poten-
tial application in the areas of aqueous or 2-phase aqueous/organic
catalysis—cf. the Rührchemie/Rhône-Poulenc propylene hydro-
formylation process, which employs (sulfonatophenyl)phosphine
ligands to maintain aqueous solubility of the Rh catalyst [42,43];
an attractive factor for the use of THP is its low cost. Another topic
of interest is the use of THP in the design of water-soluble drugs (see
end of Section 4, and Section 6) and, in particular, 105Rh has appro-
priate �-emitter properties for use as a cancer radiotherapeutic
agent [44].

Some interesting chemistry of Rh–THP systems was elucidated
during our attempts to devise water-soluble hydrogenation cata-
lysts. As a follow-up to our Rh-colloid work (Section 3), we first
tested hydrogenation of LMCs (e.g. crotonic acid, acetovanillone,
and substituted styrenes) using in situ RhCl3·3H2O or [RhCl(diene)]2
(diene = 1,5-cyclooctadiene (cod) or 1,5-hexadiene) with added THP
in aqueous or aqueous/ethanol solution, and varied the THP:Rh
ratio, pH, and [Cl−]; active systems were evident at 80 ◦C and
500 psi, but Rh metal precipitated during the hydrogenation [35],
implying that THP (certainly more basic than PPh3) was not an effec-
tive phosphine for stabilizing Rh-hydride species. These findings
generally agree with early data from Chatt et al. who tested in situ

Rh(I)–THP systems in EtOH and who also isolated fac-[RhCl3(THP)3]
[2], a complex that has been recently “rediscovered” and char-
acterized crystallographically [44]. We then found that addition
of en to in situ Rh(III)– or Rh(I)–THP systems (Rh:en:THP = 1:1:2)



n Chem

i
t
[
t
t
a
s
d
c
c
R
w
p
e
a
d
w
p
e
a
h
a
s
[
t
g
T
i
n
s
h

i
w
s
f
c
l
s
s
l
w
[
c
l
I
t
o
e
n
c

B.R. James, F. Lorenzini / Coordinatio

n aqueous solutions gave active species for olefin hydrogena-
ion at ambient conditions, and prevented precipitation of metal
35]. During the work-up procedure after a catalytic hydrogena-
ion of 3,4-dimethoxystyrene, a serendipitously formed crystal of
rans-[RhCl2(en)(THP)2]Cl was isolated and characterized by X-ray
nalysis [35]. The complex, more readily isolated from a methanol
olution containing a 1:1:2 mixture of RhCl3·3H2O/THP/en, when
issolved in aqueous solution, regenerated under H2 the catalyti-
ally active system that was presumed to require a Rh(I) precursor
atalyst [35,45], but we were unable to elucidate details of the
h(III)/en/H2 chemistry involved. Of interest was whether the en
as playing a role in a so-called ‘bifunctional mechanism’ where a
roton for the hydrogenation process derives from the –NH2 moi-
ty; this process is well documented within Ru(II) systems [46],
nd has been invoked for some Rh–diamine systems but with no
irect evidence [47]. As an alternative approach to this problem,
e decided to try to synthesize Rh(I)–THP complexes for use as
recursor catalysts. There were literature reports that reaction of
xcess THP with [RhCl(cod)]2 in aqueous CH2Cl2 or THF gener-
ted mixtures containing cis-[RhIII(H)2(THP)4]+, the source of the
ydrido ligands being considered as either THP or water [5,48], but
t this stage of our studies (late 2006) the only reported RhI–THP
pecies were the carbonyls, square-planar trans-[RhCl(CO)(THP)2]
2,48] and the trigonal bipyramidal [Rh(CO)2(THP)3]Cl with
rans-carbonyls [48], and neither had been characterized crystallo-
raphically. Further, reactions of [RhCl(cod)]2 with THP at defined
HP:Rh ratios had been stated to give “a complicated mixture and

solation of products was unsuccessful” [5]. This same reference
otes that cis-[RhIII(H)2(THP)4]Cl in biphasic aqueous/benzene
olution does catalyze the hydroformylation of pent-1-ene to alde-
yde products at 100 ◦C under 20 atm of both CO and H2 [5].

Our accomplished Rh(I)–THP chemistry, carried out under an
nert atmosphere, is shown in Scheme 2, with isolation of the

ater-soluble complexes 3, 4, 6, and 7, and determination of crystal
tructures for 3 and the known carbonyl species 7; good evidence
or intermediate 5 leading to 6 was also found [45]. Although the
hemistry appears simple, the isolation of the complexes was chal-
enging, and involved a judicious choice of solvents and reagent
toichiometries. For example, 4 is best prepared via the 1:1 THP/Rh
hown, rather than the more obvious 2:1 stoichiometry, and simi-
arly 7, a bis-THP complex, is optimally isolated from reaction of CO

ith 3, a mono-THP species! Complexes [RhCl(cod)(THP)] (3) and
Rh(cod)(THP)2]Cl (4) are the first useful precursors into Rh(I)–THP
hemistry, by direct replacement of the diene with other ancillary
igands, or under H2 to remove the cod as cyclooctene/cyclooctane.
n attempts to probe the Rh(I)/THP/en hydrogenation catalyst sys-

em (see above), addition of one equivalent of en to 3 in acetone
r MeOH generated immediately in situ [RhCl(en)(THP)] with lib-
ration of free cod but the species decomposes in solution and has
ot been isolated; further, we have not been able to simulate the
atalytic hydrogenations using this in situ system [45]. Of note, the

Scheme 2. Synthetic pathways for
istry Reviews 254 (2010) 420–430 423

CH2OH moiety of THP can undergo condensation reactions with
amines [49], which represents a further non-innocent aspect of
THP ligand chemistry (see Sections 3 and 6). Addition of pyridine
to 3 yields [Rh(cod)(THP)(py)2]Cl [50]. Complexes 5 and 6 both
readily react with H2 in MeOH to generate the known dihydride
[RhIII(H)2(THP)4]Cl [50] noted above, while complex 3 catalyzes
slowly the selective hydrogenation of cod to cyclooctene (coe) in
acetone at ambient conditions [50].

Some novel chemistry exemplified in Scheme 3 was unearthed
during our attempts to synthesize mixed THP/PR3 complexes of
Rh via reaction of 3 with PR3 (R = aryl, alkyl or mixed alkyl/aryl)
in MeOH or acetone [51]. The expected, initial, rapidly formed
product was [RhCl(PR3)2(THP)], but this was followed by slow,
THP-promoted P–C bond cleavage of a coordinated PR3 to gen-
erate an equilibrium mixture of the water-insoluble species
trans- and cis-{RhCl(PR3)[P,P-R2POCH2P(CH2OH)2]} containing a
chelated P,P-phosphine–phosphinite ligand [51]. The cis- and trans-
designations refer to the orientation of the PR3 ligand and the
R2POCH2 derived from the second PR3 ligand; one R group has been
converted to hydrocarbon co-product (RH), the hydrogen coming
from a THP-hydroxyl group that becomes the alkoxy group at the
residual PR2 moiety. In CD3OD, the THP exists as P(CH2OD)3 and
the hydrocarbon product is deuterated (e.g. C6H5D for the PPh3
reaction, Scheme 3). Of note, each isomer contains three differ-
ent P-atoms, each of which is seen as a doublet of doublets of
doublets in the 31P{1H} NMR spectrum, and so assignment of the
P-signals was a challenging exercise! The generation of the equilib-
rium mixture was much slower for an alkyl-containing phosphine
than for a P(aryl)3 system, which is consistent with more gen-
eral facile, metal-catalyzed cleavage of P–aryl bonds versus P–alkyl
bonds, at least as substantiated under homogeneous hydrogenation
and hydroformylation conditions, where such cleavage is critical in
determining catalytic activity [52].

Cleavage of a P–C bond concurrent with formation of a P–O bond
is rare. A related example to our work is formation of a cis/trans
mixture of {M[P,P-(HOCH2)2POCH2P(CH2OH)2]2}Cl2 (M = Pt, Pd)
from reaction of cis-[MCl2(THP)2] with excess THP, again in MeOH;
the findings within this non-mixed phosphine system (in which all
the substituents at each P-atom are hydroxymethyl) resulted from
studies on metal complex-catalyzed addition of PH3 to formalde-
hyde to give THP (see Eq. (1)) [53]. Analogous to our Rh system, a
phosphine–phosphinite ligand is formed. The suggested multistep
mechanism involved initial formation of a binuclear metal alkoxide
derived from deprotonation of a coordinated THP, and a final ring
closure by nucleophilic attack of a coordinated PCH2O− moiety at
a second (mutually cis) coordinated P-atom [53]; the proton was

incorporated into a phosphonium species, while in our Rh system
the proton becomes a component of a hydrocarbon product.
A similar proton loss from the THP and ring closure by nucle-
ophilic attack at a cis-P moiety is likely the essential mechanism
in the Rh system; none of the commonly proposed mechanisms

some Rh(I)–THP complexes.
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Scheme 3. Synthesis of trans- and cis-{RhCl(PR3)[P

or metal-catalyzed P–C bond cleavage (oxidative insertion of a
ow-valent metal into a P–C bond, electrophilic substitution, and
rthometallation processes [54]) seems appropriate. In contrast to
he Pt/Pd systems, the corresponding reaction of [RhCl(cod)(THP)]
ith THP in MeOH generates [RhCl(THP)4] (6 in Scheme 2) and no

ond cleavage is seen [45]. A related example is P–C bond cleavage
f a OTf–RuII–P(OH)Ph2 moiety induced by external MeOH to form
species containing the Ph–RuII–P(OH)(OMe)Ph moiety with HOTf
s co-product: the MeOH proton has removed coordinated triflate
hich is replaced by a Ph of the phosphine and methoxide replaces

he phosphine phenyl [55]. There are other less germane examples
f P–C bond cleavage with co-formation of a P–O bond at IrIII and
dII centres, where MeOH is not involved [56].

We subsequently reacted 3 with Ph2P(CH2)2PPh2 (diphos) to see
hether the –PPh2 moiety of a chelated diphosphine (P–P) would

ndergo a similar cleavage process with the THP-hydroxyl pro-
on; however, on coordination of the diphos, the water-insoluble
RhCl(P–P)(THP)] was formed, in which the diphos retained its
ntegrity (cf. the cis-intermediate in Scheme 3) and no subse-
uent cleavage was observed [50]. We then tested, for the same
eason, reaction of a P–N ligand with 3 using o-diphenylphosphino-
,N-dimethylaniline (Fig. 1). This generated [RhCl(P–N)(THP)] (8)

hat was structurally characterized, but again no subsequent THP-
romoted cleavage was seen [57]; quite remarkably, crystals of
were best obtained by subjecting an acetone solution of the

omplex to an atmosphere of H2! The observed, immediate pre-
ipitation of crystals was a completely reproducible phenomenon,
nd was evident only when using H2. The absence of any 1H NMR-
ydride resonance in a CD3OD solution of the crystals and in an
cetone-d6 solution from which they were obtained showed (dis-
ppointingly!) that no Rh-hydride derivatives were formed; indeed
he 1H- and 31P{1H}-NMR spectra measured in CD3OD under H2
ere identical to those seen for a CD3OD solution of 8 under Ar.
e speculate that a seeding process (presumably involving the for-
ation of an undetectable amount of a hydride derivative) is the

ikely cause of the crystallization. Aerial oxidation of an acetone
olution of complex 8 yielded [RhCl(OP–N)(THPO)] (9) contain-
ng now two O-bonded phosphine monooxide ligands. In contrast,
he triphenylphosphine analogue of 8, [RhCl(P–N)(PPh3)], readily
ndergoes oxidative addition of O2 to form a stable Rh(III)–peroxide
omplex, although this reaction was performed in toluene solu-
ion [58]. The oxidized complex 9 showed no reactivity toward
2 under mild conditions, and no serendipitous crystallization

rom its solutions was observed. An acetone solution of 8 reacted

ith 1 atm CO to give a mixture of products, which included

he known species [RhCl(CO)(P–N)] [59]. The reactions with H2
nd with CO were carried out to investigate potential catalytic
ydrogenation/hydroformylation activity of 8 and 9, but the find-

ngs [57], coupled with the insolubility of 8 and 9 in aqueous
OCH2P(CH2OH)2]}, illustrated for the PPh3 system.

solution, are not promising for any activity promoted by the
presence of the THP or THPO ligand. There is, of course, vast lit-
erature on the use of complexes containing either P–N or P–O
type ligands, or oxidized phosphine ligands in catalysis, espe-
cially carbonylation and hydroformylation systems (see Refs. within
[57]).

While the reaction of [RhCl(cod)(THP)] (3) with PRPh2 [R = Me,
cyclohexyl (Cy)] in MeOH or acetone solution under Ar fol-
lowed the chemistry of Scheme 3, the corresponding reaction
(at phosphine:Rh = 2.1) in a 1:1 MeOH/acetone mixture under
H2 precipitated crystals of the tris(phosphine) complex cis-mer-
[Rh(H)2Cl(PRPh2)3] (10) in ∼80% yields based on the phosphine
[60]. Of note, the more obvious route to the dihydrides by reacting
(under H2) [RhCl(cod)]2 with the phosphines (PRPh2:Rh = 3), or by
reaction of 3 (under H2) with 3 mol equivalents of phosphine, does
not precipitate a dihydride and affords a more complicated mix-
ture of products. The THP ligand clearly plays a role and appears to
promote oxidative addition of H2 to a [RhCl(PRPh2)2(THP)] inter-
mediate (cf. Scheme 3) to give cis-[Rh(H)2Cl(PRPh2)2(THP)], which
was detected by NMR spectroscopy; displacement of the THP of this
species by PRPh2 would generate 10, the product, as shown in Eq.
(5) [60], which in essence implies a synthetic reaction catalyzed by
THP. However, free THP was not detected as co-product, and the
observation of a 2-phase solvent system where the dihydride crys-
tals formed suggests that other factors are involved. An important,
unanswered question in the syntheses of the dihydrides is the fate
of the THP; that it is a reducing reagent (Section 7), can lose CH2O
to give HP(CH2OH)2 (Eq. (2)), and can readily form phosphonium
salts [53], makes prediction difficult.

3 + 2PRPh2
(R=Me,Cy)

−cod−−→RhCl(PRPh2)2(THP)
H2−→ PRPh2−−−→

−THP
Rh(H)2Cl(PRPh2)3

10
(5)

Formation of trace amounts of trans-[RhCl(CO)(PR3)2] via decar-
bonylation of the CH2O has been seen in systems outlined in
Scheme 3 [51], as well as in the systems that generate the dihydrides
[60,61]. Further, reaction of 3 with PEtPh2, P(p-tolyl)3, P(p-F-C6H4)3,
and PnPr3 under the same conditions used for the reactions of Eq.
(5), yielded a complicated mixture of products, and so why the for-
tuitous high yield syntheses are seen for 10 remains a mystery. Such
dihydrides are of importance in catalyzed olefin hydrogenation
using [RhCl(PR3)3] complexes [62], and yet only [Rh(H)2Cl(PPh3)3]
had been previously characterized crystallographically in a study
where the hydride ligands were not located [63]; the hydrides were

located in the structures of 10 containing either PMePh2 or PCyPh2
[60].

It was the above investigations into Rh–THP chemistry that first
led us to realize that THP was not a ‘normal’ tertiary phosphine and
that it appeared to play ‘non innocent’ roles even in its ‘integral’
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Fig. 1. The P–N and carben

tate, while the Ru–THP literature presented in Section 3 [26,27,32]
nd the P–C cleavage chemistry of the cis-[MCl2(THP)2] complexes
M = Pt, Pd) mentioned above [53] had also established processes
esulting from its decomposition chemistry. The reported synthe-
es and reactivity of the complexes [M(THP)4] (M = Ni, Pd, or Pt [[8],
ee Section 6]) and cis-[PtR2(THP)2] (R = alkyl or aryl [53,64]) appear
normal’, although the acidity of the CH2OH alkoxide proton is sug-
ested to lead to instability of the latter complexes by protonation
f the Pt–R bond [64]. Brief general descriptions of these Ni–, Pd–,
nd Pt–THP complexes and other transition metal–THP complexes
ill be presented in Section 6.

A research project concurrent with that of the Rh–THP work
n our group has been focusing on Rh–carbene complexes, both

ith and without ancillary phosphine ligands, and especially their
eactivity toward H2, O2, and CO [58,65,66]. The carbene lig-
nds employed are shown in Fig. 1. An obvious study was to
ynthesize Rh–carbene–THP complexes, and thus THP dissolved
n CD3OD was added to a C6D6 solution of [RhCl(coe)(IMes)]2
THP:Rh = 2); this immediately gave clean, quantitative conver-
ion to the unexpected 1:1 complex [RhCl(coe)(IMes)(THP)] as
videnced by 31P{1H}- and 1H-NMR data [50]. Corresponding addi-
ion of THP to [RhCl(coe)(IPr)]2 generated about a 1:1 mixture of
RhCl(coe)(IPr)(THP)] and cis-[RhCl(IPr)2(THP)] [50]. The isolation,
ull characterization, and reactivity of these carbene/THP species
re on-going studies within our group.

. Other metal complexes containing THP or DHMPE

Literature data on some characterized THP complexes of Ru, Cu,
nd Rh have been discussed in Sections 3–5, respectively, during
he presentation of recent studies from our group. This section will
ummarize relevant literature on other metal–THP systems, and
lso metal-systems containing coordinated DHMPE (see Section
). Our interest in these two specific (hydroxymethyl)phosphines
tems from the facts that these phosphines were the ones we
iscovered to be effective pulp-bleaching agents (Section 7), and
hat pulps do contain trace transition metals.

A review of metal–(hydroxymethyl)phosphine complexes
ocusing on their use in homogeneous catalysis, covering the
iterature up to 2001, appeared in 2003 [42]. The few cited publi-
ations involving Ru–, Rh–, and Ir–THP systems are also covered
n this current review, respectively, in Sections 3 and 5, and this
ection. As far as we are aware, the first report on a transition metal
omplex containing phosphorus-coordinated THP was in 1973 by
hatt’s group on fac-[RhCl3(THP)3] [2] (see Section 5). There is,
owever, a 1969 report (unearthed via SciFinder) that mentions
he oxygen-coordinated, alkoxide complex {Ti[OCH2P(CH2OH)2]4}
67], while equally poorly characterized [(HOCH2)3P·HgX2] adducts
X = halide) had been noted in 1966 for use in detecting the presence
f THP [68]. The number of coordination compounds containing
-bound THP ligands, including those of Ru, Cu, and Rh mentioned
n Sections 3–5, is limited. Several complexes containing THP have

een associated with their potential in biomedical applications,
articularly development of water-soluble drugs because THP

s a water-soluble, crystalline solid at room temperature (m.p.
8 ◦C) that is oxidatively stable in air; not often noted, however,

s that its stability in aqueous media is very dependent on pH
ds referred to in Section 5.

(see Section 1). Indeed, a recent report questions the usefulness of
(hydroxymethyl)phosphines in general for commercial radiophar-
maceutical applications because of their poor oxidative stability,
with concomitant generation of closely related by-products [69]
(cf. Section 2, and Eqs. (1) and (2)).

The prospect of using radiometals of diagnostic and therapeu-
tic importance within nuclear medicine (e.g. 99mTc, �-emitter;
188Re, �-emitter) has thus encouraged synthesis of the Re(V)
and 99mTc(V) complexes of the type trans-[M(O)2(THP)4]Cl,
and the pyridyl derivatives trans,cis,cis- and trans,trans,trans-
[ReO2(THP)2(py)2]Cl [6,70]. A tetranuclear [Re(V)]4 species
containing a bridging �2-P,O-[P(CH2OH)2(CH2O−)] ligand has
also been isolated [70]; the same �2-moiety was noted in a
dinuclear [Ru(II)]2 complex ([32], see Section 3), while the
�1-P-bound form of the ligand exists in the zwitterionic Cu(I)
complex 1 shown in Scheme 1 [11,35]. The cationic Tc(I) species
[99mTc(CO)3(THP)(peptide)], where the peptide is an N,N-chelated
moiety, has been shown to target specifically receptor sites, for
example, within human prostate cancer cells [71]. The com-
plexes fac-[ReBr(CO)3(DHMPE)] and trans-[Re(O)2(DHMPE)2]Cl
have also been made for potential use in nuclear medicine
[70,72]. The DHMPE ligand is also found in: the Mo(II) complex
[H3N+CH2CH2Cp)Mo(CO)2(DHMPE)]2+ [16] (where Cp implies a
substituted cyclopentadiene ring); and the Mo(IV) cluster complex
[Mo3S4Cl3(DHMPE)3]Cl which, on dissolution in water, forms what
is thought to be [Mo3S4(DHMPE)(DHMPE-H)2(H2O)]2+ (where
DMHPE-H represents loss of a proton from a CH2OH moiety
with formation of a chelated �3-P,P,O-ligand [73]). Synthesized
also are the complexes: [Ni(DHMPE)2]Cl2 [16], [M(DMHPE)2]Cl2
(M = Pd, Pt) [74], and [Au(DHMPE)2]Cl and [Au2(�-DHMPE)2]Cl2
where again potential chemotherapeutic applications were
suggested [75]. The related bis(hydroxyalkyl)phosphinoethane
ligands [HO(CH2)n]2P(CH2)2P[(CH2)nOH]2 (n = 2–4; abbreviated
here as P-P) have been used to form the water-soluble com-
plexes [Ni(P-P)2Cl]Cl, [Rh(P-P)2]Cl, trans-[RuCl2(P-P)2]Cl [33], and
trans-[FeCl2(P-P)2] [76]. Other well characterized THP complexes
of Fe include the water-soluble complexes [FeCl(NO)2(THP)],
[Fe(NO)2(THP)2], [Fe(NO)3(THP)]PF6 and [Fe(NO)2(DHMPE)], these
species being synthesized as potential NO-releasing drugs, though
the published formal oxidation states for the metal [77] are incor-
rect. A range of ferrocenyl-derived (hydroxymethyl)phosphines,
where a “CH2P(CH2OH)2” substituent is present on the Cp ring,
have also been well characterized [78], and some have been used
as in situ added ligands in Pd-catalyzed formation of methyl
propionate from C2H4, CO, and MeOH [79].

Pharmacokinetic studies on 199Au-based agents in general
reflect that most of these compounds are hydrophobic, and
this has limited their use in therapeutic applications in can-
cer treatment; the hydrophilic [Au(THP)4]Cl was thus studied
and found to be active against a range of tumour cells [80].
Gold complexes formulated as [AuL(THP)]NO3, where L is a
nucleoside (adenosine, cytidine, guanosine) have been synthe-

sized from [AuCl(THP)] [81], and the complexes [Au(THP)2R2]X
and [AuX(THP)R2] (R = Me, Et; X = Br, I) have also been synthe-
sized from the corresponding [AuXR2]2 precursors [82]. Gold
nanoparticles capped by THP bind effectively to DNA for use
in fabrication of DNA-templated nanowires in which hydrophilic
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nteractions between THP and DNA are thought to play a key role
83].

Within the Group 10 metals, the [M(THP)4] complexes (M = Ni,
d, Pt) are well characterized including an X-ray structure of the
d complex, and indeed the complexes catalyze the addition of
H3 to formaldehyde for the synthesis of THP [3,8,53]. The Ni and
d complexes in aqueous solution catalyze the oligomerization of
eat 1,3-butadiene [84]. The Pt complex can undergo a net oxida-
ive addition of water to generate in solution [PtH(THP)4]OH [3,8].
ther synthesized complexes within the Group 10 metals are cis-
nd/or trans-[MX2(THP)2] (X = halide) [2,3,53,85], [PtCl(Me)(THP)2]
nd [PtR2(THP)2] (R = Me, Et, Ph) [8,64]. From solutions contain-
ng [Pt(H2O)2(THP)2]2+ (with readily replaceable aqua ligands),
he hydroxy-bridged species [Pt2(�-OH)2(THP)4]2+ and [Pt3(�-
H)3(THP)6]3+ were likely formed by addition of base [86]. The Pt(II)
omplex [Pt(malonato)(THP)2] has been shown to damage bacterial
NA and have potential for anti-cancer activity [87].

Formation of {M[P,P-(HOCH2)2POCH2P(CH2OH)2]2}Cl2 (M = Pt,
d), containing the phosphine–phosphinate ligand, from reaction
f cis-[MCl2(THP)2] with excess THP [53], which has some similar-

ties to our Rh chemistry illustrated in Scheme 3, was discussed
n Section 5. Much of the reactivity of these Group 10 complexes
resented in the references arises because of their water-solubility
3,8,53,64]. Extensive inter- and intra-molecular hydrogen-bonding
nvolving the hydroxyl groups is observed in the solid state struc-
ure of most metal–THP complexes, as exemplified by structures
f Pd(THP)4 [3,8], the {Ru(THP)2[PH(CH2OH)2]2Cl2} complex men-
ioned in Section 3 [26], the rhodium–THP complexes 3 and 7 shown
n Scheme 2 [45], and the Cu–THP complexes 1 and 2 shown in
cheme 1 [11,35].

Worth noting is that addition of THP to [IrCl(cod)]2, unlike the
orresponding chemistry with [RhCl(cod)]2 (Scheme 2), results in
he formation of [Ir(cod)(THP)3]Cl with no displacement of the cod
5]. This Ir complex catalyzes the hydrogenation of cinnamalde-
yde in a biphasic water/benzene medium and, in the presence
f excess THP, conditions were found for selective formation of
innamyl alcohol (90 ◦C and 125 atm H2); the catalyst remains in
he aqueous layer that was re-used twice without loss of activity
5]. Iridium carbonyl clusters bound to THP grafted on a silica sur-
ace, and represented by [Ir4(CO)10(THP-SiO2)2], effect (i) catalytic
ydroformylation of C2H4 to propanal (with C2H6 as by-product)
t sub-atmospheric pressures of gases (CO, H2, and C2H4) at
60 ◦C, and (ii) catalytic O2-oxidation of propene to acetone under

onditions similar to those used for the hydroformylation [88].
imilar silica-supported dimetallic Rh/Co clusters and Rh clusters,
ncluding a supposed [Rh4(CO)10(THP)2] complex, reveal impres-
ive hydroformylation activity with high selectivity for propanal
roduct from C2H4 [89].

To the best of our knowledge, no studies on Co–THP or –DHMPE
ystems have been reported, although Co(II) complexes of the oxide
HPO are known [90].

. Bleaching activity and organo-phosphorus chemistry of
HP

We described in Section 4 our serendipitous finding, after test-
ng many transition metal–THP systems for catalytic hydrogenation
f unsaturated moieties in LMCs and of lignin itself within pulps,
hat THP was an effective bleaching agent for certain pulps. Indeed,
he bleaching power (for spruce thermomechanical pulps) was

ound to be similar to that of the industrially used dithionite
Na2S2O4, called ‘hydrosulfite’ in the pulp and paper industry) at
imilar loadings, but THP has advantages in that it can be used
ver a wider range of pH (∼4–9, despite the sensitivity of THP to
xidation at the higher pH values), temperature (20–130 ◦C) and
istry Reviews 254 (2010) 420–430

consistency (1.5–20%, i.e. the weight % of pulp in a pulp/water
mixture), without the need for removal of O2 or transition met-
als [39]. Whether transition metal–THP interactions are involved
in any way in the bleaching process, which seems plausible, is
currently an unanswered, important question. For the bleaching
treatment, THP can be readily formed in situ from the air-stable
tetrakis(hydroxymethyl)phosphonium salts by addition of base to
a pulp slurry (reverse of Eq. (1)). A further benefit is that THP-
bleached pulps show higher heat-, moisture- and light-stability
than those bleached with S2O4

2−; i.e. THP is also a brightness
stabilizing agent [39], a finding compatible with a report that
[P(CH2OH)4]Cl prevents yellowing of fluorescently whitened wool
in simulated sunlight [91].

Analysis of phosphorus introduced into the pulp and pulp waste-
water showed that the bleaching results from organo-phosphorus
moieties formed in the pulp, and the brightness gain correlates
with the amount of covalently bonded-P; qualitative UV–vis data on
LMCs, and lignin isolated from the bleached pulp, suggested that the
phosphorus interacts with coniferaldehyde (cinnamaldehyde with
m-OMe and p-OH substituents, see Fig. 2) and p-quinone units, both
important chromophores within pulp [92]. Such interactions have
been substantiated by detailed NMR and crystallographic studies on
LMCs that include these chromophores, and this work in organo-
phosphorus chemistry, although outside the scope of this journal,
did increase our appetite for transition metal–THP chemistry and so
is summarized below. The interaction of tertiary phosphines with
unsaturated (including carbonyl-containing) organics is also highly
relevant within catalytic processes homogeneously catalyzed by
transition metal-phosphine complexes, a vast research area that is
frequently covered by articles in this journal [93]. A relevant exam-
ple is reactivity of phosphines toward �,�-unsaturated aldehydes
under hydroformylation conditions [94].

We have shown that the relatively basic P-atom of THP acts
toward LMCs as a reductant and, compatible with this, also as a
strong nucleophile. The (hydroxypropyl)phosphine P[(CH2)3OH]3,
which is also a bleaching agent [39], is less prone to decomposi-
tion than THP, and was thus mostly used as a reactant rather than
THP itself, since this resulted in cleaner reactions. Reactions were
generally studied in H2O/D2O solutions by 31P, 1H, and 13C NMR
spectroscopies (including 2D-correlation methods), product isola-
tion and, when possible, X-ray analysis of isolated compounds or
their derivatives. There is extensive literature on nucleophilic attack
by phosphines on unsaturated organics and carbonyl-containing
organics, typically in non-aqueous solvents (for the relevant refer-
ences see our papers [95–97]), and this includes considerable, early
Russian work (1960–75) that was devoid of 31P NMR data. Our stud-
ies, especially those in aqueous media, have revealed many novel
findings, which are summarized below.

Aromatic aldehyde moieties present in lignin, exemplified by
the LMC 3 (Fig. 2) can be reduced by (hydroxyalkyl)phosphines in
water to the corresponding alcohols (4), with co-production of the
phosphine oxide; in D2O, the –CH(D)OD moiety is formed selec-
tively [95]. The mechanism proceeds via a phosphonium species
formed by initial nucleophilic attack of the P-atom at the carbonyl
C-atom, i.e. via ArCH(OH)P+R3, where Ar is the aromatic residue and
R is the hydroxyalkyl substituent [95]. When the aldehyde contains
a p-OH substituent, the alcohol product subsequently reacts with
the phosphine more readily than the aldehyde precursor to give a
phosphobetaine; in D2O, exchange of both benzyl protons of the
phosphobetaine occurs to give 5 via phosphorus ylide intermedi-
ates, which can also lead to exchange of the R–CH2 protons adjacent

to the P-atom [95]. Treatment of species such as 5 with aqueous
HCl protonates the phenolate group and gives the phosphonium
chloride salt [4-OH-3,5-(OMe)2-C6H2CH2P+R3]Cl, which was struc-
turally characterized in the case where R = Et. The occurrence of the
novel redox reaction requires the key role of OH− in forming the



B.R. James, F. Lorenzini / Coordination Chemistry Reviews 254 (2010) 420–430 427

roup,

p
[
d
t

w
t
m
t
a
D
s
h
p
o
a
h
s
t
a
s
n
c
X
p
t
a
a
w
t
i
(
P
a
g
i
t

Fig. 2. Structures of typical organic substrates used by our g

hosphonium intermediate and the phosphine oxide co-product
95]. Any such aldehyde reduction or phosphobetaine formation
ecreases the extent of conjugation, and could thus contribute to
he bleaching of pulp.

Reaction in water of P[(CH2)3OH]3 with cinnamaldehyde (6),
hich has the phenyl-unsaturated propanoid backbone similar to

hat found in lignin [98], revealed self-condensation of 6 to the iso-
ers 7 and 8. The reaction occurs via initial nucleophilic attack of

he phosphine at the �-carbon (the one adjacent to the Ph); in D2O,
ll but the Ph and –CHO protons in the products are exchanged by
[96]. NMR data are consistent with formation of a carbanion and

ubsequent condensation of two phosphonium-containing alde-
ydes to generate the products with concomitant elimination of
hosphine oxide, in which OH− provides the O-atom [96]. In aque-
us DCl, phosphine attacks at the aldehyde C-atom first forming 9,
nd then the bis(phosphonium) salt 10; species 9 and 10, although
aving up to three chiral carbon centres, are formed with high
tereoselectivity in just enantiomeric forms, which is attributed
o electrostatic interactions between a phosphonium centre and
carbanion lone-pair [96]. When the phenyl group of 6 has a p-OH

ubstituent, quite different chemistry is seen because of deproto-
ation of the OH-substituent; substrates studied were the lignin
omponents: coumaraldehyde (11, X = Y = H), coniferaldehyde (11,
= OMe, Y = H), and sinapaldehyde (11, X = Y = OMe) [97]. Initial
hosphine attack is now at the �-carbon, but the product is now
he zwitterionic 12, and this undergoes self-condensation to give

zwitterionic di(phosphonium) diphenolate that can react with
queous HCl to give the dichloride of 13. All the intermediates
ere well characterized, and X-ray structures were obtained for

he PEt3 and PMe3 derivatives of 13; elucidation of this chem-
stry involved addition of a range of neat tertiary phosphines
not necessarily water-soluble) to aqueous suspensions of 11. The

-atoms of 13, being adjacent to chiral C-centers, are prochiral
nd thus contain magnetically inequivalent, diastereotopic Et/Me
roups; this results in ‘exotic’ NMR spectra that were successfully
nterpreted [97]. Again, there is extensive literature describing reac-
ivity of phosphines with �,�-unsaturated carbonyl compounds,
and their products from reactions with tertiary phosphines.

but the aqueous medium leads to novel chemistry seen with
phosphines including P[(CH2)3OH]3, and the chemistry again real-
izes decreased conjugation [96,97]. A phosphobetaine of type 14
is formed from p-quinones with OMe and/or Me substituents
[13], the essential chemistry of which has long been known
[96].

The above organo-phosphorus chemistry exemplifies how
bleaching activity likely occurs by loss of conjugation, and the less
conclusive data on lignin itself lead to the same conclusion. The
hydrogenations of C C and C O functionalities of the LMCs in the
Ru–THP/H2 catalytic system (Section 3) similarly lead to decreased
conjugation; whether the pulp-bleaching by these systems involves
any catalytic hydrogenation process is an interesting question that
requires further study, particularly using 1H and 31P NMR data from
experiments with isolated lignin. It should be noted that THP in con-
junction with dithionite has led to commercial use within a pulp
mill [99,100].

The presence of a hydroxymethyl substituent within a tertiary
phosphine was shown to be essential for optimum bleaching activ-
ity for mechanical pulps [39], and the diphosphine DHMPE [4,16]
was shown to have a bleaching power greater than that of THP
at the same phosphorus loading and reaction conditions [39,101].
This diphosphine has good oxidative stability and excellent metal
complexation ability ([4,11,12,73], see Section 6) but, unlike THP, is
currently not available commercially. Syntheses of the diphosphine
and the diphosphonium salts correspond to those shown in Eq. (1)
for THP, but the required precursor is now H2P(CH2)2PH2.

Our studies on the pulp-bleaching, and a report that THP
had been used to remove trace Ru species from polymers syn-
thesized by Grubbs-type Ru–carbene catalysts [102], led us to
extend the (hydroxymethyl)phosphine theme by synthesizing the
new oligophosphine 15 and the corresponding tetra- and hexa-

phosphines, and the corresponding phosphonium salts such as
16 (Scheme 4; [103]). Treatment of the salts with base (cf. Eq.
(1)) should yield ‘poly-THP’ compounds, which are expected to be
powerful metal sequestering agents. More generally there is consid-
erable literature on the syntheses of (hydroxymethyl)phosphorus
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Scheme 4. An example of conversion of an oligophosphine to its phosphonium salt.
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ig. 3. (a and b) Structural diagrams of unpublished studies on two crystallograph-
cally characterized complexes synthesized in our group (see Section 8).

ompounds, and relevant references are listed in our publication
103] and in an earlier review [104].

. Secondary phosphine systems

As mentioned in Section 3 dealing with Ru systems, and illus-
rated in Eq. (1) of Section 2, HP(CH2OH)2 can be generated in
olutions of THP, and indeed this secondary phosphine was also
etected during our studies on the use of THP in the bleaching of
ulps ([17,99], Section 7). This enforced us to investigate reactions of
econdary phosphines with LMCs such as cinnamaldehyde, a study
hat led to isolation of new tertiary-phosphines and -diphosphines
f type 17 and 18, respectively (Eq. (6), R = H, Me; * = chiral cen-
re). For example, a 1:1 reaction of Ph2PH with cinnamaldehyde
tself (R = H) using neat reagents gives, via hydrophosphination
f the olefinic bond, the new tertiary phosphine 17 (R = H) as a
acemic mixture, while a 2:1 reaction shows hydrophosphination
f both the C C and C O bonds to give the new diphosphine 18
s a diastereomeric mixture with a diastereomeric ratio of ∼2.3
105]. Both reactions lead to loss of conjugation in �,�-unsaturated
arbonyl compounds, and could play a role in lignin bleaching.
he new phosphines 17 and 18 promise to show rich coordination
hemistry, including insight into stereochemical aspects. Struc-
urally characterized thus far are: trans-[PdCl2L2] where L is the
cetal derivative of 17 formed in MeOH (R = Me; Fig. 3a; [106]), the
PdCl2(P − P)] complex, where P–P represents chelated 18 (R = H;
105]), and hydrido-acyl complexes of Rh(III) and Ir(III), formed by
xidative addition of the aldehyde group of 17 (R = Me) to Rh(I) and
r(I) precursors. This last mentioned type is exemplified by the prod-
ct made from [RhCl(cod)]2 and the phosphino-aldehyde in MeOH
106]; the oxidative addition is observed within one (presumably
nitially chelated) 17 ligand, while a second 17, converted in the

eOH to the hemi-acetal, chelates via the P-atom and the O-atom
f the hemi-acetal-OH (Fig. 3b; [106]).

. Conclusions

The review describes how our group at UBC, through collab-
ration with a pulp and paper research group, became involved

n studies on the use of transition metal–water-soluble phosphine
ystems to effect bleaching/brightness stabilization of pulps via
atalytic hydrogenation of aromatic moieties in lignin. Such stud-

es revealed that stabilized colloidal Ru and Rh were effective
atalysts for such hydrogenation, while Ru–THP species proved
seful for hydrogenation of olefinic and carbonyl groups, and for
ydrogenolysis of certain alcohol groups. Subsequent control/blank
istry Reviews 254 (2010) 420–430

experiments led to the serendipitous finding that THP itself (in
the absence of metals) was an effective bleaching and brightness
stabilization agent for certain pulps, indeed to the extent that
THP has been used commercially in a pulp-mill. This discovery
forced us to study the interaction of hydroxyphosphines with a
wide range of lignin model compounds and lignin itself, and this
has led to significant advances in the area of organo-phosphorus
chemistry. The related (hydroxymethyl)diphosphine DHMPE was
also found effective as a bleaching agent. That pulps can con-
tain trace metals led us to study the literature on, and extend the
chemistry of, transition metal complexes of THP and DHMPE; such
(hydroxymethyl)phosphine ligands are not ‘innocent’ because of
pH-dependent decomposition pathways under anaerobic or aero-
bic conditions. The review attempts to cover principally our work
on metal–THP chemistry, with incorporation of literature findings
on such systems and the related DHMPE studies, and the organo-
phosphorus chemistry. It remains to be seen whether such metal
complexes become commercially useful in (a) aqueous or 2-phase
aqueous/organic catalytic systems, or (b) as water-soluble medici-
nal drugs.

On a philosophical point, the research described all evolved from
a short application, about 15 years ago, for funding from the pulp
and paper industry to study hydrogenation of aromatics. On-going
findings subsequently and slowly led to significant broadening of
the research topic(s), and much fundamental and novel chemistry
has evolved from the initial collaborative, more applied work with
Paprican—seemingly the reverse of the more typical scenario. A
retrospective look at the compulsory ‘milestones’ required for the
initial commercial application now makes for amusing reading!
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