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The reactions of phosphinylidene-containing compounds
with unactivated unsaturated hydrocarbons are reviewed.
The review is organized by phosphorus-containing func-
tional group types. Free-radical and metal-catalyzed ad-
ditions of R*R?P(O)H to alkenes, alkynes, and related com-
pounds deliver functionalized organophosphorus compounds

RP(O)RR?, including H-phosphinates, phosphinates, tertiary
phosphane oxides, and phosphonates. The review covers the
literature up to February 2008.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2008)
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1. Introduction

Phosphorus—carbon bond-forming reactions have been
the object of intense interest in recent years.[*l This review
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E-mail: j.montchamp@tcu.edu

specifically covers reactions in which a phosphinylidene
[P(=0)H] functionality! is added to an unactivated unsatu-
rated hydrocarbon under various conditions, including
transition-metal catalysis and free-radical processes. Ad-
ditions to carbonyls, imines, and Michael acceptors
and cross-coupling processes are not covered in this re-
view.Bl Hydrophosphination* (the addition of R'R?PH)
and related reactions are also beyond the scope of the
review.

The review is organized by phosphorus functionalities on
the basis the degree of oxidation. Additions of a phospho-
rus atom bonded to one or two oxygen atoms are termed
hydrophosphinylations, whereas hydrophosphonylation in-
volves addition of a phosphorus atom bonded to three oxy-
gen atoms (Scheme 1). The literature sometimes uses the
term “hydrophosphorylation”, but we feel this term is a
misnomer for a P-C bond-forming reaction and is better
adapted to the formation of P-O-C motifs. However, the
relevant results have been included in this review.
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Scheme 1. Hydrophosphinylation and hydrophosphonylation reac-
tions.

2. Addition of Phosphinates (RO)P(O)H,

Phosphinates are derivatives of hypophosphorous acid
(H3PO,, HPA, phosphinic acid). They include salts of the
parent acid, as well as its esters. Hypophosphorous acid
is an industrial commodity and is sold as aqueous solu-
tions.®! It is prepared from elemental white phosphorus (P,)
through reaction with an inorganic base, followed by acidi-
fication (Scheme 2). HPA and its salts are therefore readily
available, and their preparation is much more environmen-
tally benign than that of phosphorus trichloride (P, + Cl,
+ heat), which is the precursor of many organophosphorus
reagents currently used in P-C bond forming reactions,
even if the chlorine atoms are typically not part of the final
products (Scheme 2). Hypophosphorous derivatives are also
more easily handled and less toxic than white phosphorus.
With this in mind, methodologies based on HPA for the
preparation of P-C bonds are nearly ideal and most atom
economical. They also provide added flexibility in terms of
the organophosphorus functionalities accessible from the
same intermediate. In that sense, H-phosphinate derivatives
are rather unique in that they possess an oxidation state in
the middle of the range and can be derivatized into a pleth-
ora of other important functional groups.®

6 Cl, heat 4pCl,

electric
furnace

Phosphate P,

JOH 4O 4ppo, +2H,

Scheme 2. Industrial preparation of phosphorus trichloride and hy-
pophosphites.
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Scheme 4. Piettre’s synthesis of a DNA dimer.
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2.1. Alkenes

The addition of HPA to olefins under radical conditions
was described in 1955 by Williams and Hamilton.[”? Some
improvements and extension in scope were subsequently
made, chiefly by Nifant’ev.] A modification of these condi-
tions is currently used industrially for the side-chain prepa-
ration of the drug Monopril (Scheme 3).°! Sodium hypo-
phosphite has also been used directly in radical reactions,
although its low solubility in organic solvents and the need
for high initiation temperatures and large amounts of initia-
tor make this reaction impractical. With alkyl hypophos-
phites, disubstitution is also often observed, as the harsh
conditions are able to activate the intermediate H-phosphi-
nate for further reaction (see Section 3).1*% In spite of this,
Piettre reported an interesting study of this radical process
for the synthesis of a DNA-dimer analog (Scheme 4).[*1
The radical chain reactions of hypophosphorous com-
pounds are generally inefficient.*?

50% aq. H3PO; (5 equiv.) POH
32

AIBN (0.05 equiv. PO3H
P X quiv.) P NN T3 o
MeOH, reflux
(1 equiv.) 93 % 0.4-2.8%
1) CICH,CO,H, HMDS, TMSCI
¢} 2) BnOH, H', heat
b_com | OO
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O, it iPr
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E 2) H, Pd-C OH o
t - .
3) resolution <:>
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H O 0.0
COo © \\]/ CO,yNa
Et
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Scheme 3. Preparation of Monopril (Fosinopril).

A few years ago, we reported novel conditions to effect
the radical addition of hypophosphorous derivatives under
neutral conditions and at room temperature by using a tri-
alkylborane and air as the initiator.*3 This reaction has a
broad scope in terms of alkene and phosphinate reagent.
Excellent selectivity for monoaddition is observed, even
when an excess amount of the alkene is employed. The par-
ticularly mild conditions allow the presence of a variety of
functional groups in the alkene substrate. Even alkyl phos-
phinates can be used as the phosphorus partners. In this
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Scheme 5. Coward’s radical hydrophosphinylation of vinylglycine.
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particular case, a lower amount of initiator is satisfac- j\
tory.[’81 Sodium, anilinium, and ammonium hypophos- 9 on 1,¢7 TR B F Qo
A . ~ONa 1,
phites are all useful reagents to hydrophosphinylate alkenes H’P\H 0 l>—C—P\H
- L Initiator (0.3 equiv.) R
under radical conditions. (13 equivy degassed MeOH, reflux

Coward and coworkers successfully applied our reaction
to the hydrophosphinylation of vinylglycine. This inter-
mediate was then elaborated into a potent inhibitor of
folylpoly-y-glutamate  synthetase (Scheme 5).241  Piettre
similarly applied our reaction to the preparation of poten-
tially biologically important a,a-difluoro-H-phosphinates
(Scheme 6).1%9

More recently, the reaction of alkyl phosphinates was
further developed by using AIBN as the initiator.[*8! The
reason for the success of these conditions lies in the excep-
tional thermal resistance of the alkyl phosphinates prepared
by using our alkoxysilane esterification method.[*7]

We also discovered and developed the hydrophosphin-
ylation of alkenes by using palladium and nickel cata-
lysts.'8 This reaction is akin to metal-catalyzed hydro-
silylation. One special aspect of the reaction, which is most
often not associated with other metal-catalyzed addition
processes, is the competitive transfer hydrogenation (re-
duction) pathway that always competes with hydrophos-
phinylation (addition). Fortunately, hydrophosphinylation
can be achieved efficiently by using appropriate ligands.
Several ligands can be used with palladium, although
xantphos is the most general in terms of scope, both from
the standpoint of unsaturated hydrocarbon and the hypo-
phosphorous reagent employed. In some cases, the reaction
even proceeds at room temperature, and it is water tolerant.
This novel P-C bond-forming reaction provides a major
and novel entry into the preparation of H-phosphinic acid
derivatives (including the Monopril side chain). Monosub-
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Scheme 6. Piettre’s preparation of a,o-difluoro-H-phosphinates.

stituted and gem-disubstituted alkenes are generally excel-
lent substrates, but internal alkenes react poorly, except
with HPA and anilinium hypophosphite. In the case of in-
ternal alkenes, our radical hydrophosphinylation is better
suited, and the two types of hydrophosphinylations comple-
ment each other in terms of scope.

O
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CHCN, reflux
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5:1(66 % de)
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Scheme 7. P-chiral H-phosphinate synthesis from chiral phosphinates.
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The reaction of chiral phosphinates was investigated as
a way to prepare P-chiral H-phosphinate intermediates. A
range of chiral auxiliaries has been tested and the best re-
sults thus far were obtained with 8-phenylmenthol
(Scheme 7).191 These studies lay the ground work for the
use of a racemic auxiliary with a chiral catalyst to desym-
metrize one of the two P-H bonds.

The palladium-catalyzed hydrophosphinylation proceeds
with low catalyst loading (as little as 0.025 mol-% Pd).[t8al
In spite of this, we developed a polystyrene-supported cata-
lyst that can be prepared easily, in one step, from commer-
cially available reagents.[*8?] The supported catalyst was
mainly applied to hydrophosphinylation with aqueous
HPA, although alkyl phosphinates can be used as well
(Scheme 8). This provides a green approach to H-phos-
phinic acid synthesis, because the catalyst can be recovered
and reused in multiple runs, and it is water tolerant. Nickel-
based catalysts were not competitive for alkene hydrophos-
phinylation as only about 70% conversions were ob-
tained.[*8A As will be discussed later, the situation with in-
ternal alkyne is different.

EX
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v sl inonad pafladiam) tedal bl il bl

Scheme 8. Polystyrene-supported hydrophosphinylation catalysts
and application to the synthesis of the Monopril side chain.

Very recently, we developed a tandem hydrophosphin-
ylation/air-oxidation process to prepare phosphonic acids
directly from the corresponding alkene or other H-phos-

(|), H  alkene, alkyne (1 equiv.) 0 DMF 9 ol
HO-F 5ot —pL
H Pd,dbay/xantphos (2 mol-%) “H 110 °C, air OH
(2 equiv.) DMEF (85 °C, Nj)
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vield [%]
O oun
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Scheme 9. Environmentally friendly synthesis of phosphonic acids.
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phinic acid precursors derived from our various methodolo-
gies (Scheme 9).2° This appears to be an important mile-
stone resulting in the first environmentally benign, direct
synthesis of phosphonic acids. Because it proceeds mechan-
istically through initial formation of the H-phosphinic acid,
this cannot be considered as the direct addition of phos-
phorous acid (in fact phosphorous acid does not add under
our conditions); therefore, the reaction is discussed in this
section. This catalytic hydrophosphinylation/oxidation reac-
tion could become an important process to prepare phos-
phonic acids, as current methods always rely on protection/
deprotection sequences (see hydrophosphonylation in Sec-
tion 5) or the hydrolysis of P-CI bonds, which thus tremen-
dously increases the cost and environmental impact.

2.2. Allenes and Conjugated Dienes

Hydrophosphinylation of 1,2- and 1,3-dienes was also in-
vestigated.l*8 With 1,3-dienes, the reaction is typically not
very useful, as some mixtures of isomers are obtained and/
or reduction takes place. Isoprene does give a good yield of
methallyl-H-phosphinic acid [Equation (1)]. With 1,2-
dienes (allenes),i*8! the reaction appears more general, al-
though it largely depends on the substrate, and isomers are
also usually formed.

CHy 9 on
PhNH,H;PO, + N Pdydba;_ xantphos (I mol-%) Y\/'P': It
H
(3 cquiv.) (1 cquiv.) DMF, 85 °C
then acidic workup
57 %
2.3. Alkynes

The radical addition of hypophosphorous compounds
has been examined with alkynes. Nifant’ev explored the re-
action of HPA with alkynes [Equation (2)].2Y By using our
R3B/air conditions, in general, only terminal alkynes react
satisfactorily. Reaction with sodium hypophosphite gives
the novel 1,1-bis-H-phosphinates in good vyield [Equa-
tion (3)], and these products precipitate from the reaction
mixture, which allows easy purification.??l These com-
pounds have great potential as bis(phosphonate) precursors,
and other compounds such as 1,1-bis(phosphinomethane)
derivatives.?3! Interestingly, anilinium hypophosphite tends
to give 1,2-disubstitution instead. Alkyl phosphinates do
not react under the trialkylborane conditions, but they react
with AIBN as initiator to form alkenyl-H-phosphinate es-
ters with E selectivity.[1]

=R R
H;PO, o Nk HOPTY @
H, peroxide PO,H,
heat major (40-50 %) minor (25 % max)
? on:
R—== (1.0 equiv. pZ a
NaH,PO,-H,0 (19 cquiv) S )
) Et:B (1.0 equiv.) p-H
(6 equiv.) MecOH/dioxane (5:1) & ONa
r.t,air,4h
42-87%

The palladium-catalyzed hydrophosphinylation of ter-
minal alkynes can be employed to selectively form either
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the linear (E)-1-alkenyl-H-phosphinates or branched 2-alk-
enyl-H-phosphinates, depending on ligand and solvent
choice (Scheme 10).241 Very good selectivities on the order
of 10:1 can be achieved. Internal alkynes only react in good
yield with HPA and anilinium hypophosphite, but not with
alkyl phosphinates. Fortunately, a nickel-catalyzed reaction
was developed to use alkyl phosphinates and internal al-
kynes [Equation (4)].12%9] Nickel chloride (0.5-4 mol-%) cat-
alyzes the addition of alkylphosphinates in excellent yield,
in the absence of added ligand. Regioselectivity is only good
with sterically or electronically biased alkynes. With ter-
minal alkynes, regiocontrol is poorer than in the alternative
palladium-catalyzed reaction. Some tandem two- or three-
step reaction sequences were demonstrated. Both palladi-
um- and nickel-catalyzed hydrophosphinylations proceed
under microwave heating to deliver a high yield of product
in minutes.84.241

O
RO, '/ ! 0y H—==p' ROy "
H” > < <— )P T —— .
Pd,dba; (0.5 mol-%) 1 Pdadba; (0.5 mol-%)
H dppf (1 mol-%) xantphos (1 mol-%) H R!
branched toluene, reflux R =Et, Bu CHACN, reflux E linear

Scheme 10. Regiocontrolled hydrophosphinylation of terminal al-

kynes.

Cul (10 mol-%)
O H,NCH,CH,NH, (15 mol-%) 0O
ph—p OF + =—pn . ph—p P @)
H DMSO, 90 °C, 10 h OEt
(1 equiv.)  (1.5equiv.) 70 %

3. RY(RO)P(O)H H-Phosphinates
3.1. Alkenes

The free-radical addition of H-phosphinates to alkenes
is relatively well known.?] There are a few examples in the
literature (see Scheme 4, for example), but careful analysis
shows that these reactions are inefficient, often require spe-
cialized radical initiators or forcing conditions, and a waste-
ful stoichiometry (a large excess of one of the reactants is
used, usually the alkene). There is a lack of methods (in-
cluding radical additions) that are both general and atom
economical and which take place under mild conditions.
Although Aaron reported?®! the photoinitiated addition at
low temperature (and incidentally with retention of stereo-
chemistry at the P-chiral center), the reaction has appar-
ently not been used preparatively. From our work on the
free-radical reactions of hypophosphorous compounds, we

radical

European Journal
of Organic Chemistry

noted that even in the presence of an excess amount of al-
kene, disubstitution does not take place to a significant ex-
tent.[*318] This indicates the higher P-H bond dissociation
energy in H-phosphinates and phosphites (a significant
amount of free-radical work has been done recently with
phosphites, see Section 5) versus hypophosphites. It also ex-
plains why PhP(O)(OR)H are much more reactive, as there
might be a benzylic-like stabilization of the intermediate
radical (computations show significant contribution of the
aromatic ring to the SOMO) and the associated decrease in
the bond-dissociation energy. Early on, when we reported
our EtgB/air protocol,*3 we showed that H-phosphinates
do not undergo the reaction (similar results have generally
been observed®), with the notable exception of phenyl-H-
phosphinate esters.[*®! Thus, the development of general,
practical, and mild conditions for the radical reactions of
H-phosphinates remains a largely unresolved problem. Piet-
tre reported the radical functionalization of a,0-difluoro-H-
phosphinic acids (Scheme 11).1271

0
ii_OMe

CeHy - F2C-P,
WO

53%

0

il OH

CeHyp- FoC- B )
H

I .

TBPP (0.3 cquiv.), McOH

0
2. Cli3N,, Et,0 I_OMe

? _OH R CioHyo- F2C-PC
C\oHyor F20-BC < (CH3)4—®

80%

Scheme 11. Piettre’s radical reactions of H-phosphinic acids.

In recent investigations, we probed the concept of radical
translocation (Scheme 12) to improve the efficiency of these
radical reactions through the use of 1,5-hydrogen transfer.
As can be seen in Scheme 13, the idea seems to be quite
successful, as the direct allylation of propyl octyl-H-phos-
phinate with allyl tributyltin under standard radical condi-
tions does not proceed at all, whereas the 3-bromopropyl
ester gives a very high yield of allylated product.?®! It ap-
pears that the concept can be applied to intermolecular re-
actions, although we have not yet fully investigated it.[2%!

Most recently, Han reported the anti-Markovnikov ad-
dition of H-phosphinates to alkenes induced by trace
amounts of air (Scheme 14).2°1 Interestingly, the reaction
proceeds with complete stereoselectivity, as demonstrated
by the addition of optically pure (Rp.)-PhP(O)(OMen)H to
1-octene. However, experimental details and isolated yields
are conspicuously lacking. The reaction probably proceeds
by a free-radical mechanism.

H
0 AR PR I K

5 “ il ” H trdnslocatlon R‘-E' R R'—p\/\/ —= R ﬁ)
o . o R XR Y
X=C.N,0 o

B . ,5-hydrogen
Y = Hal, H 0, H atom transfer o, H

o) O

Scheme 12. The concept of radical translocation to improve the efficiency of chain reactions.
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Scheme 13. Radical translocation vs. standard conditions on the
radical allylation of an H-phosphinate ester.
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120-200 °C, 2-12 h
NMR vyields 72-91 %
H-Phosphinate R NMR  7[h]/1[°C)
yield [%]
0
OFEt
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Scheme 14. Han’s radical addition of H-phosphinates esters.

3.2. Alkynes

The only literature examples of H-phosphinate P-H
bond activation were reported by Tanakal*® and Han[34
(Scheme 15). In both cases, excellent regioselectivity was
achieved. However, in both cases, only phenyl-H-phosphi-
nate esters were employed, and as mentioned above these
substrates are rather special. Although mechanistically dif-
ferent from the radical processes, the metal-catalyzed reac-
tions of phenyl-H-phosphinates likely benefit from the ben-
zylic-like position to facilitate P-H bond activation. Cur-
rently, there is still no general catalytic addition of H-phos-
phinates to unsaturated hydrocarbons.

A related reaction, but with the use of copper (10 mol-
%) as the catalyst, was reported by Fu [Equation (5)].2
Again, a phenyl-H-phosphinate ester was employed. A sin-
gle example was provided.

*Q/OMen RI——R? (I cquiv.) ,
PR=Ps M, Pd(PPhMey), (3 mol-%)
Ph,P(OYOH (5 mol-%)
toluenc, 70 °C

60-96 % (de >99 %)

_IOI/O R

P R
T
R2 or

Cul (10 mol-%)

Q — H,NCH,CH,NH; (15 mol-%) 0 <__Ph
phpsOEt + =—Ph PSP ()
“u DMSO0, 90 °C, 10 h OFL
(1 equiv.) (1.5 equiv.) 70 %

4. Addition of Secondary Phosphane Oxides
R'R?P(O)H

Mixed or symmetrical secondary phosphane oxides are
important intermediates for the generation of bis(phos-
phane oxide)s and alkenylphosphane oxides. These two
classes of compounds have a wide spectrum of practical ap-
plications in biology, ecology, and chemistry as extractants
for the former and as fire retardants and ligands for homo-
geneous catalyst for the latter. Diphenylphosphane oxide
[Ph,P(O)H] has been the most studied.

4.1. Alkenes

The addition of secondary phosphane oxides to unacti-
vated olefins has been reported recently, and only under
radical conditions in the absence of radical initiators [Equa-
tion (6)]. In all the examples, the anti-Markovnikov product
is formed. Kostina described the addition of diphenylphos-
phane oxide to terminal alkenes in 1-octanol at high tem-
perature (200 °C) in good yield.[*3! More recently, Han dis-
covered and developed an efficient air-induced addition.[?]
This method has a larger scope [Equation (6)] for secondary
phosphane oxides and also alkenes (terminal or internal).
A variety of functionalities are tolerated and yields are
good to excellent (although only NMR spectroscopic yields
are reported and detailed conditions are absent). The study
of the reaction mechanism showed it is consistent with a
radical chain mechanism initiated by oxygen.

Air/N.
RPOH + ZOR ? RO~ 16
80-130°C
R =nBu, Ph, ‘Bu 18-48h

63-89 %
R' = Alk, (CHy)4OH, (CH,),CN, (CH,),COOEL, cyclohexene

4.2. Alkynes

The addition of secondary phosphane oxides to alkynes
has received more attention [Equation (7)]. It has been
achieved in the presence of radical initiators, superbase, and
transition metals to obtain alkenylphosphane oxides 1
(anti-Markovnikov addition) and 2 (Markovnikov addition)
or 1,2-bis(phosphane oxide)s 3.

Q ot

%

Ph—P\H

R'——R? (1 equiv.)

1

Ni(PPh,Me), EtOH, r.t.

Ni(cod),/PPhMe,/Ph,P(O)OH
87-95 %

Scheme 15. Alkyne hydrophosphinylation with phenyl-H-phosphinate esters.
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In 1985, Nifant’ev published the only studies concerning
the radical approach.3¥ He described addition of dibu-
tylphosphane oxide and diarylphosphane oxides to ter-
minal alkynes in the presence of a small amount of benzoyl
peroxide at 90-95 °C in dioxane. Dibutylphosphane oxide
leads to mixtures of (1-alkenyl)dibutylphosphane oxides 2
with a slight predominance of the trans isomer in yields of
45-70%. Diarylphosphane oxides tend to form bis(diphen-
ylphosphane oxide)s 3 and quantitative reactions are ob-
served when they are used in excess (3 equiv.).

In superbasic conditions (DMSO, KOH), reported by
Indzhikyan,® diphenylphosphane oxide reacts with ter-
minal alkynes to form exclusively bis(diphenylphosphane
oxide)s 3 in good yield (62-72%). The authors suggested
that the electron-withdrawing effect of the diphenylphos-
phinoyl group favors further addition of a nucleophile,
which drives the reaction to the di-addition product. Re-
cently, Bunlaksananusorn and Knochel reported one exam-
ple of phosphane oxide in their tBuOK-catalyzed addition
of phosphanes to alkenes.*®! In the presence of tBuOK in
DMSO, the reaction of diphenylphosphane oxide with a
trisubstituted unsaturated pyridine yields one diastereoiso-
mer in 50% [Equation (8)].

= =
| 0 fBUOK (20 mol-%) 1o |
N I ot
N7 4 PhPH N (8)
DMS0,60°C, 15h
PPh,

50 % Il
transicis 299:1 o

More recently, the use of transition metals allowed regio-
and stereoselective control in the addition of secondary
phosphane oxides to alkynes. Tanaka and coworkers
studied the addition of diphenylphosphane oxide to internal
and terminal alkynes under Pd and Rh catalysis.®”:38] They
reported the regio- and stereoselective synthesis of (E)-alk-
enylphosphane oxides 1 in high yields by using [Pd(PPhs),]
and [RhBr(PPhs)s] (Scheme 16). These conditions are mild
and compatible with different functionalities like halides,
nitriles, protected amines, esters, and unprotected alcohols.
Addition to internal alkynes proceeds also in excellent
yields, but higher and longer heating is necessary.

Pd(PPh;),
(5 mol-%)
81 %
benzene, 35 °C
20-22h fo)

O . Ph N i;’ Ph
=== + H— P\Ph ] n'C()Hl}/\/ ~Ph
RhBr(PPh;)
(1-3 mol-%})

toluene, r.t.
40 min

n-CeHpy—==

91 %

Scheme 16. Palladium- and rhodium-catalyzed addition of Ph,P-
(O)H to 1-octyne.

In 2006, Love and coworkers published a study of rho-
dium pyrazolylborate complexes in addition of phosphane
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oxides to alkynes.®® The authors showed these complexes
catalyze the reaction but not as efficiently than [CIRh-
(PPhg)4].

By adding a trace amount of phosphinic acid, dibutyl
phosphate, or phosphoric acid to the Pd-catalyzed reaction,
Tanaka and coworkers changed the regioselectivity of the
reaction (Scheme 17).1°1 Markovnikov addition compounds
2 were mainly obtained. Terminal and internal alkynes react
in these conditions, albeit the latter react more slowly. cis-
[Me,Pd(PPhMe,),] gave the best yields. To explain this new
reactivity, the authors proposed a mechanism where a new
palladium species 4 is involved (Scheme 17). Alkyne would
insert into the Pd-P(O)Ph, bond to form alkenylpalladium
species 5, which leads to the Markovnikov addition product
by protonolysis with Ph,P(O)H.

Ph,P(O)H (5 mol-%)
benzene, 70 °C, 24 h

0 cis-[PdMe,(PPh,Mes),] (4 mol-%)
nCH—= + H-p )Ln Ph
O \Ph \ - (J(,Hlﬂ, \
92 %
R
=\ 2 A

Phy(O)P ll’dOPPh2 Ph;PO'PId-Pth

L L

5 4

e R

Scheme 17. Proposed mechanism in the Markovnikov hydrophos-
phinylation.

In 2007, Zhao and coworkers reported addition of sec-
ondary phosphane oxides to alkynes in the presence of a
copper catalyst to form regio- and stereoselectively (E)-alk-
enylphosphane oxides 1 (Scheme 18).[44 After a screening
of different amines and copper salts, the system Cul/ethyl-
enediamine in a ratio 10 mol-%/15 mol-% in DMSO
emerged as the optimum choice. Alkynes with unprotected
alcohols undergo the reaction without leading to side prod-
ucts.

Cul (15 mol-%)

RY EDA (10 mol-%) i_R
- NG
n-CeH 3 + R _JP-H n-C(,Hn/\/ “R
DMSO0, 90 °C ’
R Isolated yield [%]  Reaction time [h]
Ph 67 12
CH,Ph 7 18

Scheme 18. Copper-catalyzed hydrophosphinylation.

Interestingly, in all three above-mentioned metal-assisted
reactions (Pd, Rh, Cu), 1-ethynylcyclohexene underwent se-
lective addition of diphenylphosphane oxide at the triple
bond. Nickel catalysis has also been explored for alkyne
hydrophosphinylation. In 2004, Han and coworkers re-
ported the nickel-catalyzed addition of diphenylphosphane
oxide to alkynes.BY By slightly tuning the conditions (Ni
catalyst, solvent), anti-Markovnikov or Markovnikov ad-
dition products are formed preferentially [Equation (9)].

WWW.eurjoc.org 3607



MICROREVIEW

L. Coudray, J-L. Montchamp

OH

OH [e)

. Rh Catalyst N {I"Ph
Ph . e “ph
_P-H ,
Ph Microwave
o o
Solvent free Water THF Ethyl lactate
Catalyst (PhsPLRACT (MeoPhPRRhMe;  (PhsPRRRCT  (MeoPhP)sRhMe;
Reaction time [min] 60 10-15 10-15 20
Isolated vield [%0] 80 86 80
Scheme 19. Microwave-assisted addition to ethynyl steroids.
. 5.1. Alkenes
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T — Fh Cﬁnmv/\‘i,ph . g © In 1958, Stiles and coworkers published the first study
' _ “Ph Ph of radical addition of H-phosphonates to alkenes.[**] The
A : Ni(PPh,Me), (0.5 mol-%) . CeHys g ;
EtOH, 20 °C. 5 b 96 % (88:12) authors reported the addition of different H-phosphonates

B : Ni(cod), (1 mol-%)
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Lin and coworkers reported the synthesis of bis(phos-
phane oxide)s 3 by using Pd catalysis.*?l Treatment of ter-
minal alkynes with diphenylphosphane oxide (2.4 equiv.) in
the presence of [Pd(PPhs)4] (5 mol-%) led to bis(diphenyl-
phosphane oxide)s in good yields.

Microwave-assisted addition was used in this area. Stock-
land and coworkers studied first the reaction conditions of
Tanaka and then those of Lin under microwave irradiation
and also with the use of supported catalysts.*! They re-
ported that microwave-assisted solventless reactions are
faster (few minutes) and give good-to-high yields (60-90 %)
with both homogeneous or solid-supported catalysts. More-
over, they studied the mechanism of the formation of the
bis(diphenylphosphane oxide)s. They proved the first ad-
dition reaction is a metal catalysis, whereas the second ad-
dition is promoted by irradiation due to the presence of the
activating —-P(O)Ph, group, as in the superbasic conditions.
More recently, Stockland and coworkers applied microwave
heating to the addition of secondary phosphane oxides to
propargyl alcohols and ethynyl steroids, in the presence of
rhodium as catalyst, in various solvents.*4l Ethynyl steroids
showed very good reactivity under these conditions to af-
ford anti-Markovnikov addition products 2 in high yields
(71-86% depending on the solvent, Scheme 19).

5. Addition of H-Phosphonates (RO),P(O)H

H-Phosphonates are important synthetic intermediates
to obtain phosphonates as Wadsworth—-Horner—-Emmons
reagents or numerous bioactive compounds. Their addition
to alkenes, allenes, and alkynes has been, and continues to
be, an area of intensive research, because it is the most
atom-economical way to prepare organophosphonate dies-
ters. As for the previous class of phosphorus compounds,
radical addition, base-promoted, and transition-metal-
catalysis reactions have been explored.
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(diethyl, dimethyl, dibutyl) to various terminal and internal
alkenes in the presence of di-tert-butyl peroxide (5 mol-%)
at 120-190 °C in moderate yields (25-77%). The proposed
mechanism is addition of phosphite radical to the double
bond then abstraction of the hydrogen atom from the H-
phosphonate to complete the chain reaction. Therefore, the
best yields are obtained when an excess amount of H-phos-
phonate is used to avoid polymerization. Some years later,
Nifant’ev and coworkers reported an improvement in the
radical reaction induced by decomposition of the benzoyl
peroxide, by addition of a catalytic amount of acetic or ox-
alic acid (Scheme 20).18246] Reactions of diethyl and di-
isopropyl H-phosphonate with terminal and internal unac-
tivated double bonds are faster and proceed in good yields
(75-90%). For terminal double bonds, only anti-Markovni-
kov products are obtained, and this result was also reported
by Skortsov and coworkerst*”l but in the case of internal
double bonds, the regioselectivity is poor. Nifant’ev and co-
workers studied regio- and stereoselectivity with different
substituted pentenes and cyclohexenes.*8! They concluded
that addition is influenced by the nature of the cycloalkene
and the nature of the H-phosphonate, but trans addition is
favored by increasing alkyl group size in the H-phos-
phonate.

(tBuO), (5 mol-%)

e ————

130°C, 16 h 0
. 9 ] EtO. 1
EtO~ P—H -+ P
Et0” EtO
PhCOO0), (5 mol-%
( ) Gmol-%) o
CH;COOH (10 mol-%)
80-85°C,4h

52%

(2 equiv.)

Scheme 20. Stiles and Nifant’ev radical additions.

More recently, in 2004, a very nice and efficient radical
hydrophosphonylation was reported by Ishii and coworkers
with the use of Mn(OAc), in air (Scheme 21).81 The au-
thors suggested Mn'' is oxidized by oxygen from air to
Mn'"", which catalyzes the addition. Under these condi-
tions, reactions of different H-phosphonates (diethyl, di-
methyl, and dibutyl) to terminal alkenes led to anti-Mar-
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kovnikov compounds 6 in good yields (61-82%). Internal
alkenes were also studied: cyclooctene, a symmetric alkene,
forms one product in 78%, but in the case of cis-2-octene,
a mixture of two regioisomers is obtained. The authors also
reported the cyclization of 1,5-cyclooctadiene under these
conditions to give the cis-octahydropentalene product in
72% vyield (Scheme 21).

Mn(OAc); (5 mol-%
R'o\ucu) n(OAc), (5 mol-%) RO\

1+ {=CH - P
P—H RCH=CH, — . v R
(3 equiv.) 90 °C, 1 h, air p
R': Et, Bu, Me 61-82 %
R : C4Hy3, CH,CH(CO,EL),, CH,Ph o
k'),OEt
EO.5 O Mn(OAC), (5 mol-%) “OEt
"P—H { >
EtO 5 oo 100°C, 3 h
(3 equiv.) air (1 atm.)

2%

Scheme 21. Radical hydrophosphinylation of H-phosphonates with
Mn(OAC),.

Parsons and coworkers reported also the cyclization of
acyclic dienes by addition of H-phosphonates in the pres-
ence of AIBN.I*! Yields are moderate to excellent, de-
pending upon the substitution of alkenes [Equation (10)].

o]
1
Ei09 0 AIBN EO- 3 R (
- »~ kO R? 10y
EtO
cyclohexane
ni0orl 5 equiv.) 80 °C <),
X : (CH,)| or 2, O, NBz, C(CO,Et),
R', R?: Hor Alk 35-87 %

Two groups, Russell® and Knochel,3® reported the ad-
dition of H-phosphonates under basic conditions (tBuOK,
DMSO) to styrene systems, which led to the anti-Markovni-
kov addition product in good yields.

Transition metals, like palladium, nickel, rhodium, and
platinum, have also been used to increase selectivity. It was
not until 2000 that Tanaka and coworkers published the
first palladium-catalyzed addition to terminal and symmet-
rical cyclic internal alkenes (Scheme 22).5% Anti-Markovni-
kov addition products are mainly obtained in high yields
except for styrene. Under similar conditions, acyclic internal
alkenes appeared to be inert. Nickel and rhodium showed
moderate activities: Ni(PPhs),, 26% yield (10 mol-% cata-
lyst); [RhCI(PPhs)3], 49% yield, but [Pt(CH,=CH,)(PPhs),]
was inactive. It is the air-sensitive cis-[PdMe,{PPh,(CH,),-
PPh,}] that showed the best results. This work is the basis
of all the studies in this area, because the authors reported
the first and only H-phosphonate that proceeds in this reac-
tion: the five-membered cyclic H-phosphonate 7 (4,4,5,5-
tetramethyl-1,3,2-dioxaphospholane 2-oxide, pinacol-H-
phosphonate). The authors suggested that the high reactiv-
ity of this compound is associated with the reductive elimi-
nation step in the catalytic cycle, but to date, the exact
reason remains unclear.

Eur. J. Org. Chem. 2008, 3601-3613

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

European Journal
of Organic Chemistry

R Y\ R
O=:P\O

S

P
N
50

100 %

PdMe,[Ph,P(CH,),PPh,],
(3-5 mol-%)

1. 4-dioxane, 100 °C, 15 h

Yo

v p
7

\_ n—C(,ng—\_ 0

||\ E\

00 00

100 % 89 %

) /
P, P\ F\
Og\o So 00

100 %
(regioselectivity 95 %)
PdMe,(PPh,Cy),

87 % 83 %
44 h 100 % exo

Scheme 22. Tanaka’s Pd-catalyzed hydrophosphinylation.

In 2004, Skvortsov and coworkers published an excep-
tion to the nonreactivity of the other H-phosphonates.[*”]
Diethyl H-phosphonate was found to react with 2-allyl-
malonate in the presence of [Pd(PPhs),] to yield mainly the
Markovnikov addition product. Recently, the authors re-
ported additional studies on this reaction.>?

In the specific case of vinylarenes, Beletskaya and co-
workers discovered [CpPd(allyl)]/CyPPh, (1:3 ratio, prein-
cubated at 100 °C in dioxane over 40 min) led mainly to the
Markovnikov addition product in excellent yields.[>%] In the
same publication, the authors reported the study of asym-
metric addition by using chiral mono- or bidentate ligands.
Bidentate ligands such as josiphos ligands were identified as
promising, and (R,S)-binaphos with [CpPd(allyl)] afforded
more than 90% regioselectivity and enantioselectivities in
the 50% range [Equation (11)].

CpPd(allyl) (5 mol-%)

Ar\/ + 7
(2 equiv.)

Q
AP0 an
T’

dioxane, 100 °C, 35-70 h
L2
(0]
] O PPh,

In 2006, Xu and Han reported a palladium-catalyzed
enantioselective addition to norbornenes by using josiphos
ligands [Equation (12)].°Y The authors modified five-mem-
bered cyclic H-phosphonate 7 by increasing the size of the
substituents in order to enhance the enantioselectivity, but
the reaction did not proceed. Thus, five-membered cyclic
H-phosphonate 7 in the presence of Pd(OAc)./josiphos/
Et;N in a 1:1.5:4 (5 mol-%) ratio in dioxane heated at
100 °C for 81 h gave the best results in terms of enantio-
selectivity and yield [Equation (12)].
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Following the work of Tanaka, Pagenkopf and coworkers
reported a rhodium-catalyzed addition of H-phosphonate
7 to alkenes.’® In the presence of a catalytic amount of
Ph,P(CH,),PPh, (dppb) (5 mol-%), Wilkinson’s catalyst
{[(PPh3);RNhCI], 2.5 mol-%} gave, with 1-octene, the anti-
Markovnikov addition product in excellent yield (95%).
Under these conditions, trans internal double bonds remain
intact, and only terminal alkenes react. An interesting result
was obtained by using enyne compounds (Scheme 23). Un-
der these conditions, only addition to the triple bond was
observed (compound 9) but alkyne substitution with a TMS
group prevents addition and only the double bond reacted
(compound 8).

R

0
\ ri
\90 P\)§<
o
. ‘ﬁf\/o
H/\ (PPh)sRRCI (2.5 mol-%) 8

a1 e‘l“’V) DPPB (5 mol-2%) o
A o
1,4-dioxane O H o
7 100°C, 20 h S
0 R 3 3
9
R Yield of 8 [%]  Yield of 9 |%)]
1 0 85
™S 99 0

Scheme 23. Pagenkopf’s regioselectivity studies.

The same regioselectivity (=99%) was observed with
various vinylarenes (twofold excess), both electron-rich or
electron-deficient by Beletskaya and coworkers by using
Wilkinson’s catalyst (5 mol-%).51 Carpentier and cowork-
ers also explored the transition-metal-catalyzed hydrophos-
phonylation of an acyclic 1,6-diene system.[5¢! As Tanaka
had reported, they observed by using cyclic H-phosphonate
7, the steric discrimination between unreactive internal
double bonds and reactive terminal double bonds. The lat-
ter reaction proceeds smoothly at 100 °C in dioxane, with
palladium catalysts, and more rapidly with Wilkinson’s cat-
alyst, but cobalt or iridium catalysts were inactive. By add-
ing phosphanes [monodentate tricyclohexylphosphane, bi-
dentate 1,6-bis(diphenylphosphanyl)hexane] or carbene li-
gands [IPr: 1,3-bis(2,6-diisopropylphenyl)-4,5-dimethyl-
imadozol-2-ylidene], they reported conversions above 90%
with a rhodium catalyst loading as low as 0.04 mol-%.

5.2. Allenes and Conjugated Dienes

Tanaka and coworkers also published the palladium-cat-
alyzed addition of H-phosphonates to various allenes.>”1 As
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with alkenes, addition to allenes was only possible with five-
membered cyclic H-phosphonate 7. PdMe,(dppf) appeared
to be the best catalyst. Under these conditions, trans-allyl
phosphonates are obtained regio- and stereoselectively in
good-to-excellent yields (Scheme 24).

PdMe,(dppf) (3-5 mol-%)

R/\ + O\\P,O ﬂg . R/\/\
H o 1, 4-dioxane, 100 °C N

[¢]
ABu” XN P/O Bu NN P/O\\K/ X > p(

o d 0 o

87 % (92:8) 81 % (99:1) 61 % (94:6)

/K/\ /Oi
LN
00 o \
66 % 89 %

Scheme 24. Tanaka’s allene hydrophosphonylation.

From NMR spectroscopic studies in deuterated solvents,
the authors suggested the presence of z-allyl complex 11
formed between palladium-hydride 10 and the allenes
(Scheme 25).

Scheme 25. Proposed catalytic cycle in the Pd-catalyzed allene hy-
drophosphonylation.

Tanaka further reported the transition-metal-catalyzed
addition of pinacol-H-phosphonate 7 to 1,3-dienes.>8 Un-
fortunately, this reaction is neither stereoselective nor re-
gioselective [Equation (13)]. The authors suggested a
mechanism similar to the one shown in Scheme 25.

PdMe,(dppf) I,,o 9’0
jg st \ZL Y
o] (13)
H’ N ] 4-dioxane
60°C,12h
(10 equiv.) 82 % 16 %
-/Z, 81:19
5.3. Alkynes

Radical additions have been reported but surprisingly
only recently. First, Ishii and coworkers described one ex-
ample of a terminal alkyne in their addition catalyzed by
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Mn'"" in air.#8 Only the anti-Markovnikov regioisomer is
obtained, but the two stereoisomers are formed [Equa-
tion (14)].

0
Mn(OAc), g 9 E10.4
R P 4
L Etoﬁ? (5 mol-¥%) ELO . EtO | (14)
CHy—= + . P~H |
EtO air, 90 °C, 1 h CeHyy  Cotlis
(3 equiv.) 16 % 159%

The second example was reported by Renaud and co-
workers for the formation of cyclopentyl derivatives, which
proceeds through radical translocation in the presence of
dilauroyl peroxide (DLP) [Equation (15)].5°] Moderate-to-
good diastereoisomeric excesses were observed, depending
on the alkyne substrate.

McO\(I?_ [¢]

. R
= . I_OMe
R . MeO” (5 equiv.) MeOL i’\ ¢
£ MeO,C OMe (15
MeO,C ,C
MeO,C R" DLP (1 equiv.) R
cyclohexane, 80 °C, 6 h "R

55-91%

A much larger number of studies have been published on
the transition-metal-catalyzed addition of H-phosphonates
to alkynes. These reactions are done in equimolar condi-
tions, and depending on the metal employed, it gives the
opportunity to change the regio- and stereoselectivity of the
addition. Tanaka and coworkers reported the first example
of such a reaction by using a palladium catalyst
(Scheme 26).1%%1 Both Pd® and Pd'' with less basic ligands
{cis-[PdMe,(PPhs),], [Pd(CH,=CH,)(PPhy),], and
[PA(PPhs),4]} gave the best results, but [Pt(PEt;)s] also was
successful. With aliphatic and aromatic terminal alkynes,
H-phosphonates add regioselectively to the internal carbon
of the triple bond, except in the presence of bulky groups
such as a TMS, when only the terminal carbon is phos-
phonylated. Under these conditions, internal alkynes also
react, albeit slowly, which leads to the cis isomer stereo-
selectively (in the case of 4-octyne). Alkenes appeared tot-
ally unreactive to the addition, consistent with the finding
that only pinacol-H-phosphonate reacts with alkenes.

9
MeO: P~H
MeO
cis-PdMe,(PPh,Me), (3 mol-%) JL _OMe
R ﬁ\OMe
THF, 67 °C, 15-20 h O
83-95 %

RhCI(PPhy), (1-2 mol-%
(PPhy)s ( o) RO
toluene, 100-110 °C, 2-6 h o"P\o
L
P
AN
H %

Scheme 26. Alkyne hydrophosphonylation.

75--98 %

Eur. J. Org. Chem. 2008, 3601-3613

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

European Journal
of Organic Chemistry

By changing from palladium to rhodium catalysts,
Tanaka and coworkers inverted the regioselectivity of the
addition (Scheme 26).151 By using the highly reactive five-
membered cyclic H-phosphonate 7, they obtained (E)-alk-
enylphosphonates in high yields with excellent regio- and
stereoselectivities. Wilkinson-type complexes [RhX(PPhs),]
presented the highest catalytic activity. Under these condi-
tions, internal alkenes are unreactive.

Genet, Beletskaya, and coworkers reported an improve-
ment in Tanaka’s reaction.[®2 By using commercially avail-
able [Pd,(dba)s]-CHCI; (1.5 mol-%) in the presence of tri-
phenylphosphane (6-12 mol-%), the authors showed Mar-
kovniknov addition products are obtained in yields as good
as with the air-sensitive [Pd(PPh;),] used by Tanaka.

In 2004, Han and coworkers published a nickel-catalyzed
addition of dimethyl H-phosphonates to alkynes.** Excel-
lent regiocontrol was obtained by slightly tuning the condi-
tions (Scheme 27). Thus, anti-Markovnikov or Markovni-
kov addition products are formed by changing the Ni cata-
lyst and the solvent.

0
Ni(PPhoMe)g (0.5 mol-%) ~ MeOs )l

—_— = MCOI
— EtOH, 20 °C, 5 h R
91-96 %
N _—
(6]
MeO. 1t . o
MeO” P—H Ni(cod), (1 mol-%) McO:ig/\/ R
PPhMe, (4 mol-%) MeO
72-91 %

Ph,P(0)OH (2 mol-%)
THF, 20 °C, 2 h

Scheme 27. Ni-catalyzed addition of H-phosphonates to alkynes.

Lin and coworkers reported the bis(addition) of H-phos-
phonates to electron-deficient terminal alkynes to obtain
bis(phosphonate)s, in the presence of [Pd(PPh3).]
(Scheme 28).1%31 Only diethyl- and diisopropyl-H-phos-
phonates are able to undergo this bis(addition).

0
EtO\B
0 PA(PPh)y (5 mol-%) EtO”
o EtO.n 0]
Ar—EE p—H OB
RtO” o
E toluene, 110 °C, 19-71 h Ar P\OEI
Ar: /k
X X
CN b o
_ _
& N
NO, CN

90 % 89 % 87 % 87 % 72%

Scheme 28. 1,2-Bis(phosphonate) synthesis by hydrophosphonyl-
ation.

Finally, Han and coworkers just reported the double pal-
ladium-catalyzed dehydrogenative hydrophosphonylation of
terminal alkynes with cyclic H-phosphonate 7, which leads
to (Z)-bis(phosphonyl)-1-alkenes (Scheme 29).164
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Scheme 29. Dehydrogenative Pd-catalyzed hydrophosphonylation of terminal alkynes.

6. Conclusions & Outlook

Although P-C bond formation is often considered a
mature area of research because of the historic reactions
(Arbuzov, Michaelis—Becker, etc.), tremendous progress has
been made over the last 15 years in metal-catalyzed and
free-radical processes. As a result, a variety of organophos-
phorus compounds are becoming more and more available,
and in ever more efficient and environmentally benign ways.
Addition of phosphinylidene functionalities to unactivated
unsaturated hydrocarbons is probably the most atom-eco-
nomical process conceivable. In the opinion of the authors,
the modern research results and future directions may well
lead to the challenging of, or at least the rethinking of, the
current phosphorus trichloride based economy. This is par-
ticularly true of hypophosphorous acid based methodolo-
gies, which bypass the need for PCl; entirely. In contrast,
hydrophosphonylation reactions, while becoming competi-
tive with the classical Arbuzov phosphonate synthesis, still
rely on PCls-based dialkyl phosphites and protecting-group
strategies.

As can be seen in this review, traditional organophos-
phorus chemistry based on partially oxidized precursors
has found a renewed youth and relevance for the prepara-
tion of a wide variety of important compounds. There is
little doubt that efforts will continue in order to deliver ever
more efficient, high-yielding, and industrially relevant pro-
cesses. After well over 100 years since the birth of organo-
phosphorus chemistry, the 21st century should continue to
see significant and steady improvements resulting from con-
tributions in laboratories worldwide.
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