Preface

The present volume on New Aspects in Phosphorus Chemistry is the third one
devoted to this field of research. Just like the others, this volume is intended
to provide coverage of some of the highlights of contemporary phosphorus
chemistry chosen from the entire range of current interest. Several aspects are
emphasized: the chemistry of low coordinated neutral or cationic phosphorus
systems, the synthesis of new chiral phosphorus ligands and their use in asym-
metric catalysis, the reactivity of primary phosphines or phosphorus ylides, the
preparation of imido analogues of phosphorus oxo and chalcogenido anions,
and the versatile behavior of difunctionalized phosphorus and sulfur com-
pounds. Profound insight into phosphorus chemistry is indeed given.

Research in the field of catalytic asymmetric reactions is still vigorously grow-
ing and phosphorus derivatives occupy a central position in this hot topic. In
volume 1, Buono et al reported the use of several chiral organophosphorus cata-
lysts. The first chapter of this volume, written by K. V.L. Crepy and T. Imamoto, is
concerned with the synthesis and the applications of other new optically active
phosphine ligands mainly obtained from P-boranes derivatives which have
emerged as indispensable intermediates. These methodologies provide efficient
alternatives to the difficult synthesis of a variety of P-chiral phosphine ligands.
Asymmetric transition metal catalyzed reactions with very high enantioselec-
tivity are presented thus allowing P-chiral phosphine ligands to range amongst
the leading ligands for the preparation of enantiomerically pure compounds.

The second chapter (M. Taillefer and H.J. Cristau) is dedicated to new trends
in ylide chemistry. The preparation and the reactivity of phosphorus ylides,
C-substituted by heteroatoms is presented, ylides being substituted by groups 1
and 2 elements, by transition metals or by elements of groups 13 to 16. A rich and
versatile chemistry is thus reported.

The third chapter (W.W. Schoeller) reviews the latest developments in the
area of donor-acceptor complexes of low coordinated cationic m-bonded phos-
phorus systems, a topic which attracts the interest of many researchers, both
from theoretical and experimental points of view.

The following chapter concerns another kind of low-valent organophos-
phorus compounds, namely phosphinidenes. Little is known about free phos-
phinidenes in contrast to the corresponding transition metal complexes . Many
new reagents have been generated exhibiting either electrophilic or nucleophilic
properties. The reactivity of these carbene-like reagents is evaluated (K. Lam-
mertsma).
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VIII Preface

Chapter 5 discusses recent developments in the synthesis and properties of
primary phosphines. The utility of bromo and aminopropyl phosphines as well
as that of carboxylate functionalized primary bisphosphines, the latter for incor-
poration onto peptides and for their potential applications in catalysis, is under-
lined by K. V. Katti, N. Pillarsetty and K. Raghuraman.

The chemistry of homoleptic polyimido and heteroleptic imido-oxo- or
-chalcogenido anions of phosphorus is described in chapter 6 (T. Chivers).
Emphasis is placed on the versatile coordination behavior of these multident-
date ligands, which have both hard (NR) and soft (S, Se, Te) centers.

The last chapter (M. Gulea, S. Masson) is devoted to recent results concerning
the synthesis and reactivity of organocompounds substituted by both phos-
phorus and sulfur functional groups. The association between the phosphonate
and dithioester functions induces a very versatile reactivity giving access not
only to a variety of phosphorylated heterocycles but also to a number of new
(a-sulfanylalkyl) or (f-sulfanylaryl) phosphonates, phosphine oxides or phos-
phorodiamidates in which chirality can be introduced on phosphorus, on the o
carbon, or on sulfur. The use of phosphonothioformates as radical trapping
agents and as o RAFT reagents for controlled polymerization certainly opens
new perspectives of applications for such dithioesters.

We all hope that you the readers will find this collection interesting to read
and a useful source of information for further studies and rewarding applica-
tions.

Toulouse, January 2003 Jean-Pierre MAJORAL
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New P-Chirogenic Phosphine Ligands and Their Use
in Catalytic Asymmetric Reactions
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Chiba 263 - 8522, Japan. E-mail: imamoto@faculty.chiba-u.jp

This chapter is concerned with an update on the preparation and applications of optically
active phosphine ligands which bear the chiral center at a phosphorus atom. A great deal of
P-chirogenic ligands have been reported over the past ten years, and their unique structure
reproduced here. However, only syntheses of ligands which have been the subject of several
literature reports in terms of applications to asymmetric catalysis have been summarized. This

review also aimed to introduce the latest results in the field of enantioselective reactions.
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LDBB 4,4’-Di-tert-butylbiphenyl

m-CPBA  m-Chloroperoxybenzoic acid

Me Methyl

Men Menthyl

MiniPHOS Bis(alkylmethylphosphino)methane

MOP Monodentate phosphine

nbd Norbornadiene

Nu Nucleophile

PAMP 2-Methoxyphenyl(methyl)phenylphosphine
Ph Phenyl

rt Room temperature

TangPHOS (1S,15',2R,2R’)-1,1"-Di-tert-butyl-[2,2’]-diphospholanyl
Tf Trifluoromethanesulfonyl (triflyl)

THF Tetrahydrofurane

TMEDA  N,N,N’,N’-Tetramethyl-1,2-ethylenediamine
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1

Introduction

Optically active compounds must be endowed with suitable functionality, con-
tiguration, and conformational rigidity or flexibility to produce the desired stere-
oselectivity, and engender the required biological responses and physical func-
tions. Therefore, discovery of truly efficient methods to obtain chiral molecules
is a substantial challenge for synthetic chemists. Asymmetric induction by the
use of a chiral catalyst is recognized as being a valuable strategy since only cat-
alytic amounts of the chiral mediator are required, offering obvious economic
and practical advantages. Due to the fact that the chiral information in the or-
ganic products prepared by enantioselective catalysis derives from the optically
active ligands bound to the transition metal, the design of these ligands consti-
tutes a meticulous research. However, relatively few catalysts giving both high
enantiomeric excess and accepting a wide range of substrates are available.
Therefore, much effort by synthetic organic chemists over the course of the past
three decades have been focused on the design of new chiral catalysts or the tun-
ing of existing ligands to meet almost perfect selectivity, excellent reactivity,and
high productivity.

A number of excellent reports which deal with synthesis of optically active
phosphine ligands are available to date, and have been referenced in this chap-
ter. Therefore it is not the intention here to overlap with them, but rather to de-
scribe recent advances in the field. Thus, this chapter is intended to serve as a re-
view to the preparation of some efficient P-chirogenic compounds which have
been developed over the past ten years, by either resolution or asymmetric syn-
thesis. Considerable progress has been made in the preparation and use of P-
stereogenic compounds. Use of newer methods is stressed here; however an at-
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tempt is also made to provide an overview. Section 2 of this chapter comprises a
brief survey of chiral phosphines ligands, including phosphine oxides and phos-
phine-boranes. Section 3 is concerned with preparation of P-chirogenic phos-
phines. Section 4 describes recent applications of P-chirogenic ligands in transi-
tion-metal catalyzed stereoselective reactions.

2
P-Chirogenic Phosphine Ligands

2.1
Generalities

2.1.1
Types of Ligands

A comparative literature study led to the observation that the most effective cat-
alysts present some similar featural requirements. Indeed, it is almost universally
observed that ligands with C, symmetry elements perform excellent stereo-
chemical control owing to the reduced number of conformations the ligand can
assume in the coordination sphere of the metal (ordered environment) - an ef-
fect beneficial for the optical induction on product formation [1,2]. For the same
reason, ligands used in enantioselective catalyses are usually bidentate. In some
occasions, however, there are advantages in using monodentate ligands [3,4]. In-
deed, there exist transition-metal catalyzed reactions where the bidentate-metal
complexes cannot be used because of their low catalytic activity and/or low se-
lectivity toward a desired reaction pathway. Moreover, chelating bidentate ligands
are incompatible with the catalytic reactions where the metal catalyst can provide
only one coordination site during some steps in the catalytic cycle. Thus, power-
ful chiral monodentate ligands are sometimes required for the realization of a
high level of enantioselectivity.

Finally, although other ligand types continue to be employed in some enan-
tioselective catalysis, optically active phosphines play a key role as chiral ligands
in various transition metal-catalyzed asymmetric synthesis, such as hydrogena-
tion, hydrosilylation, hydrocarbonylation, C-C coupling reactions, and isomer-
ization [5, 6], because of their steric and electronic variability. The chelation of
the ligand on the metallic center can also occur through a phosphorus atom and
another binding group such as sulfide or amine. The two donors atoms play dif-
ferent roles from each other, and the principal advantages in using such chiral hy-
brid ligands lie in high structural tuning in both steric and electronic means
[7-10]. Such structural diversity realizes various reactivity and stereoinduction
ability.

In the ligand design, it is important to keep a suitable distance between the two
chelating atoms in order to generate a five- to eight-membered ring with the
transition metal. If the ring is too large, the ligand tends to bind in a monoden-
tate fashion or form a bridge between the metals [11]. Moreover, it has been re-
ported that sterically congested phosphine ligands remarkably increase the cat-
alytic activities of the metal complexes [12-17].
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In the skeleton of many chelating diphosphines, the phosphorus atoms bear
two aryl substituents, not least because the traditional route to this class of com-
pounds involves the nucleophilic substitution with alkali metal diarylphosphides
of enantiopure ditosylates derived from optically active natural precursors, ap-
proach which is inapplicable to the preparation of P-alkylated analogs. The cor-
rect orientation of these aryl substituents in the coordination sphere has been
identified as a stereochemically important feature contributing to the “recogni-
tion ability” of the metal complex [11,18-20].

The numerous chiral phosphine ligands which are available to date [21] can
be subclassified into three major categories depending on the location of the chi-
ral center: ligands presenting axial chirality (e.g., BINAP 1 and MOP 2), those
bearing a chiral carbon-backbone (e.g., DIOP 3, DuPHOS 4), and those bearing
the chiral center at the phosphorus atom (e.g., DIPAMP 5, BisP* 6), as depicted
in Fig. 1.

Several fall into the third category, not least because their synthesis presents
challenging hurdles. The chiral characteristic encountered in P-chirogenic lig-
ands is however extremely interesting given the direct binding of the chiral atoms
to the metal atom. This factor eliminates potentially inefficient secondary trans-

C.,.. CO
O ..\Pth l I .PPh,

(R)-BINAP (R)-MOP
1

H
_ O3 "PPh, @ :
Chiral Carbon-Backbone >< RR
o PPh, 6
H

Axial Chirality

R"
(R.R)-DIOP DuPHOS
3 4
OMe
P P P, P P..
P-Chiral Center 4\ / \Ph ome R/ \__/ \'Me

Ph Me R
(R,R)-DIPAMP (S,8)-BisP*

5 6

Fig. 1. The three main categories of chiral ligands
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fer of chirality from the ligand backbone of the majority of chiral phosphines
and, thus, provides a more effective chiral environment at the site where the
enantioselectivity takes place. The most impressive P-chirogenic phosphines syn-
thesized to date are listed in Fig. 2, with their common names and a reference to
the paper where the preparation was described or quoted.

2.1.2
Brief Historical Overview of P-Chirogenic Phosphine Ligands

In 1968, Horner et al. [22] and Knowles and Sabacky [23] independently demon-
strated that low but definite enantiomeric excesses (up to 15% ee) were produced
in the rhodium-catalyzed asymmetric hydrogenation of simple alkenes using
methylpropylphenylphosphine 7 as chiral ligand (Scheme 1).

Me H
Rh/L* - H,
- L* = P"'C H
/“\R PhXR P N
38 39 7

R = Et, 8 % ee

CO,H, 15 % ee

Ph

Scheme 1. First use of P-chirogenic phosphine ligands in asymmetric hydrogenation reaction

In the early 1970s, P-chirogenic monophosphines, such as CAMP 8 and
PAMP 9 [24], were designed, and ee up to 90% were demonstrated in the re-
duction of N-acetyl dehydrophenyl alanine. In 1975, the C,-symmetric P-stereo-
genic diphosphine DIPAMP 5, discovered by Knowles et al. [25] was the first
P-chirogenic ligand to exhibit exceptional activity and high selectivity in catalytic
asymmetric hydrogenation of a-(acylamino)acrylic acids [54-56]. Discovery of
DIPAMP enabled the first industrial asymmetric synthesis, and thus the com-
mercial process for the amino acid (S)-DOPA (3,4-dihydroxyphenylalanine), a
drug used for treating Parkinson’s disease.

Thereafter, however, P-chirogenic phosphine ligands were the subject of less
investigation since the synthesis of highly enantiomerically enriched P-stereo-
genic phosphines often proves difficult. Another reluctance lies in the fact that
this class of phosphines, especially diaryl- and triarylphosphines, is conforma-
tionally unstable and gradually racemize at high temperature [57,58]. In contrast,
optically active trialkylphosphines are known to be optically stable even at con-
siderably elevated temperature.

Significant advance in the field of asymmetric catalysis was also achieved with
the preparation of 1,2-bis(phospholano)benzene (DuPHOS 4) and its confor-
mationally flexible derivative (1,2-bis(phospholano)ethane, known as BPE) by
Burk et al. [59]. Two main distinctive features embodied by these ligands, as com-
pared to other known chiral diphosphine ligands, are the electron-rich charac-
ter of the phosphorus atoms on the one hand and the pseudo-chirality at phos-
phorus atoms, on the other. These properties are responsible for both the high
activity of the corresponding metal complex and an enantioselection indepen-
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dent of the conformation properties of the chelate cycle [59]. Exceedingly high
ees were achieved in the hydrogenation of a wide selection of unsaturated sys-
tems [60]. Nevertheless, these ligands present only pseudo-chirality at phospho-
rus atoms and thus will not be included in this chapter.

On the basis of the conclusions accumulated over the years, novel highly effi-
cient P-chirogenic phosphines were designed, synthesized, and tested in a vari-
ety of enantioselective reactions. These issues will be stressed in the following
paragraphs.

2.2
Optically Active Phosphine Oxides

2.2
Synthesis

Synthesis of optically active phosphine oxides has been well-documented [58].
Among them, phosphine oxides 40 were one of the first key intermediates in the
synthesis of bidentate phosphine ligands (Scheme 2). They are usually synthe-
sized by the reaction of diastereomerically pure menthyl methylphenylphosphi-
nate with Grignard reagents [61] or organolithium reagents [62, 63]. Yet this
methodology limits the range of substrates, and the level of optical yield varies
with the method employed. We developed a versatile method for the construction
of tertiary phosphine oxides via fractional recrystallization of diastereomeric in-
termediate menthyl 2-phosphinylacetates 44 (synthesized from the correspond-
ing unsymmetrical secondary phosphine oxides 43) [64-66],in exceedingly high
enantiomeric purity (Scheme 2) [67]. The subsequent hydrolysis and decar-

o] o) 0
1! 1) strong base il I reduction
a) Ph//P‘ 2} Culll Ph//P\ /P\\R Ph//P\_/P\\R
R CH ) Cu(ll) R Ph R Ph
40 41 42
—
0 CICH,CO. —< z o
IPI . L' —/ fractional
r———
b) Ph; / “H NaH Ph;/ \CHZCOO crystallization
43 44
o)
i ~/ 0 0
P % KOH 1l heat i
Ph*4 “ch,co0 — P TN
R Phid “cn,con Pd "o,
o 44a 45a 40a
8 ~ I heat I
s KOH ea
R" / N _ = - P —— Iy P
pn  CrbCO0 —Q R/ “crcoH PR “cH,
44b 45b 40b

Scheme 2a, b. Efficient route to enantiomerically pure phosphine oxides
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boxylation proceeded smoothly without any racemization. This method favor-
ably competed with the other reported procedures.

2.2.2
Reduction to Free Phosphines

Stereoselective reduction of optically active phosphine oxides enables isolation
of the free phosphines which will be complexed with a transition-metal to yield
chiral catalysts for use in enantioselective reactions. Silane reagents were the
reducing agents originally used [68-71],but in most cases the transformation is
accompanied by partial racemization of the products. LiAIH, is also a powerful
reducing agent, leading to racemized compounds (except in the presence of an
activator), owing to the pseudo-rotation of the pentacoordinate intermediates
[50, 72, 73]. On the other hand, when methyl triflate is used as an activator in
DME and left reacted at —60 °C for 2 h prior to addition of LiAlH,, the reduction
occurs in high yield with almost net inversion of configuration at the phospho-
rus atom for a wide range of enantiomerically pure phosphine oxides (Scheme 3)
[74]. This methodology constitutes a powerful tool. For example, (R)-2-methoxy-
phenyl(methyl)phenylphosphine, most commonly known as (R)-PAMP 9, was
produced in 98% ee (85% yield) by stereoselective reduction of (R)-2-metho-
xyphenyl(methyl)phenylphosphine oxide [74]. Reduction of trialkylphosphine
oxides also proceeds smoothly, although chemical yields are less satisfactory.
From mechanistic view points, as represented in Fig. 3, it is likely that the
phosphine oxide is methylated by methyl triflate. The resulting phosphonium salt

0
Il 1) MeOTf, DME, -60 °C
N . A
R4 “cH, 2)LiAH, R "o,
40 46
88-98% ee

55-97% yield
R = Ph, 0-MeOC¢H,, 1-naphthyl, 0-iPrC¢H,, -Bu, c-C¢H,,
R' = 1-naphthyl, ¢-C4H,,, Ph, (CH,),Ph

note (R)-PAMP 9 , R = 0-MeOC¢H, and R' = Ph, 98% ee, 85% yieid

Scheme 3. Stereoselective reduction of phosphine oxides

OMe R'

(' + R\-"+ ,CH3

R. ) P N —— P —_— R “7 ~
! ‘Q N RY Ot
47 48 46

Fig. 3. Proposed mechanism for stereoselective reduction of phosphine oxides
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47 is subjected to hydride attack from the backside of the methoxy group to give
the reduction product of inverted configuration.

Although the success of this methodology constitutes an improvement over
the previously employed protocols, it has become common practice to synthesize
phosphine-boranes instead of the corresponding phosphine oxides. This subject
is the focus of Sect. 2.3. Note, however, that attempts to convert enantiomerically
enriched tertiary phosphine oxides directly into the corresponding phosphine-
boranes have been shown to proceed in good yields by reaction with LiAlH,,
NaBH,, and CeCl; [73]. Unfortunately, the phosphine-borane produced often is
a racemate, due to the use of LiAlH,. Cerium chloride is believed to coordinate
to the phosphine oxides, facilitating the deoxygenation with LiAlH,, and to co-
ordinate NaBH, to transform the intermediate phosphines into phosphine-
boranes.

23
Phosphine-Borane Complexes as Stable Intermediates

Tricoordinate phosphorus compounds in low oxidation states are usually air-sen-
sitive, making their handling and storage difficult. Moreover chiral phosphines
bearing stereogenic phosphorus are prone to racemization especially at high
temperature [57, 58], and therefore require additional stabilization. Temporary
protection of the phosphorus with BH; is in most cases the solution to these
problems [75, 76]. The phosphine-boranes obtained are air-stable compounds,
and hence they can be conveniently isolated, purified, and stored. Furthermore,
owing to their remarkable inertness and resistance to a wide range of reactions
conditions P-boranes have emerged as indispensable intermediates for the prepa-
ration of P-chirogenic phosphines [77].

Besides its protective function of the labile phosphine group, the BH; group
activates the adjacent substituents such as methyl group or P-H bond to depro-
tonation with a strong base [78]. This methodology provides an efficient alter-
native to the difficult synthesis of a variety of optically active tertiary phosphine
derivatives, as will be described in Sect. 3.

2.3.1
Boranation — Deboranation

Boranation of P-stereogenic phosphines is readily and quantitatively performed
from the corresponding free phosphines by treatment with, usually, BH;. THF
complex, and occurs with complete preservation of the stereochemical integrity
at phosphorus (Scheme 4). Liberation of the enantiomerically pure phosphines
is achieved from the corresponding borane complexes in a stereospecific man-
ner with retention of configuration, using two main methods (Scheme 4). The
first consists of the cleavage of the P-B bond by treatment with an excess of amine
which has strong nucleophilicity [73, 78]; pyrrolidine, morpholine, or DABCO are
frequently employed [73, 79]. The second method is due to the research under-
taken by Livinghouse et al.. They demonstrated that removal of more inert P-B
bonds of electron-rich phosphines is most effectively accomplished by the reac-
tion with strong acids such as CF;SO;H or HBF,-~OMe,, followed by treatment
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BH
1 BH,-THF I amine or ;o
g R Rlz R3 1) acid R R
2) base
46 air-stable 46
49

Scheme 4. Boronation/deboranation of phosphines

with NaOH or NaHCO; [80, 81]. It should be noted that both methods are carried
out under mild conditions and hence, in most cases, the stereochemical integrity
or stereogenic phosphorus remains intact [73].

2.3.2
Purification - Complexation

After deboranation it is usually necessary to purify the free phosphine before
treating it with a transition-metal complex to produce a transition-metal/phos-
phine ligand catalyst. In the case of deboranation using an amine, simple evap-
oration of the unreacted amine (which also serves as the solvent) precedes the
purification. On the other hand, extraction with a degassed organic solvent in ar-
gon atmosphere is required when the phosphine complex has been treated with
an aqueous base. The organic extract obtained is subsequently dried over com-
mon drying agents, and the filtered solution evaporated. In both cases, the
residue obtained from evaporation is passed through a short column of basic alu-
mina or silica gel eluting with degassed solvent under an inert atmosphere. Af-
ter removal of the solvent, the purified free phosphine is immediately complexed
with a stable (commercially available or readily synthesized) transition-metal
complex in a degassed solvent. These two species combine to give the active cat-
alyst within minutes. The catalyst formed is either isolated or used in situ. After
addition of other substrates, the asymmetric reaction takes place. One advantage
of in situ preparation is the possibility of changing the metal-to-ligand ratio. On
the other hand, isolated catalysts sometimes provide better chemical or optical
yields. They also enable unambiguous mechanistic studies, where questions may
remain unsolved in the case of catalyst generated in situ.

3
Routes to P-Chirogenic Phosphines

3.1
The Great Potential of the P-OMen Functionality

3.1.1
Synthesis and Structural Modifications

It is now well-established that unsymmetrical substituted menthylphosphinates,
RR’P(O)OMen, as well as the corresponding phosphine-boranes RR’P(BH;)OMen
and phosphinothioates RR’P(S)OMen, can be separated readily into the di-
astereomeric forms, and subsequently reacted with Grignard reagents to afford
P-chirogenic tertiary phosphines with a high degree of stereospecificity [57]. The
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pioneering work in this area is due to Nudelman and Cram [82], and to Mislow
and co-workers [61, 83]. The majority of these menthyl intermediates are pre-
pared by successive treatments of dichlorophenylphosphine with (-)-menthol
and other electrophiles. Displacement of the OMen group by organometallic
reagents occurs with inversion of configuration at phosphorus. For example, the
reaction of methyllithium and diastereomerically pure I-menthyloxy(o-ani-
syl)phenylphosphine-borane 50 produced optically active o-anisylmethyl-
phenylphosphine-borane 51 in high yield with inversion of configuration and
without any loss of enantioselectivity (Scheme 5a) [73]. It was demonstrated
that the o-methoxy group remarkably enhances the rate in the nucleophilic
substitution reaction thanks to the coordination of the methoxy oxygen to the
lithium ion. In other words methyllithium is brought more closely to the reaction
site [84].

We discovered a complementary procedure for conversion of OMen to other
functional groups. The ester P-OMen bond was shown to be cleaved in a stere-
oselective manner reductively [85,86]. The cleavage takes place with almost com-
plete preservation of stereochemical integrity at phosphorus. The reducing agents
are usually sodium or lithium naphthalenide, lithium biphenylide, and lithium
4,4'-di-tert-butylbiphenyl (LDBB). The species produced is then quenched with an
alkyl halide or methanol to afford tertiary or secondary phosphines, respectively
(Scheme 5b). Overall, the displacement reaction proceeds with retention of con-
figuration.

a) Inversion of configuration

BH
! : 3 eq. MeLi BHs ome
Ph —_— P
“OMen  penzene, it, 3 PRA P
e
OMe 95%

(S)-50 (R)-51
100%de Me 100% ee

52
b) Retention of configuration .
BH, ) . BH, ) BH,
,': Li*{C1qHg] |P MeOH or R'X [
. _— B | ————— -
Ph'/ “OMen orLi- NH, Phy H PhYy R
R R R
R = Me, o-An R'=H, Me, CH,Ph
50 53 54

Scheme 5a, b. Syntheses of P-chirogenic intermediates from menthylphosphines
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For example, precursor (S)-57 may be prepared by reaction of (R)-56 with
methyllithium or by reduction of (S)-56 with lithium naphthalenide and subse-
quent methylation with iodomethane, making the overall transformation of the
diastereomeric mixture 56 nearly quantitatively (Scheme 6) [87].

BH,
1) (-)-menthol / pyridine ,!_. separation
PCl, ~OMen ——*™
2) 0-MeOC4H,MgBr en
55 3) BH,-THF OMe
56
OMe !|3H3 E|3H3
MelLi
P —_— WP
@v ~OMen O “cH,
OMe
(R)-56 (S)-57
?Hs tlaH3
“"P\OMen Li*[CoHg]” RSN Mel
108, O H (S)-67
OMe OMe
(S)-56 58

Scheme 6. Representative example of the synthesis of P-chirogenic intermediates from men-
thylphosphines

Synthesis employing diastereomerically pure menthyloxy(phenyl)phosphine-
borane 60 as the starting material is worth pointing. Indeed, deprotonation of the
(Sp)-precursor 60 and quenching of the anion obtained with methyl iodide af-
forded (menthyloxy)methylphenylphosphine-borane 50 with retention of con-
figuration (Scheme 7a) [73]. Interestingly, the palladium-catalyzed (Pd[PPh;],)
coupling reaction of the same starting material 60 with o-iodoanisole in the pres-
ence of a base occurred either with complete retention of the configuration of the
phosphorus or with almost complete inversion depending on the solvent used
(acetonitrile and THE, respectively. Scheme 7b) [88]. Reaction using the (R)-
enantiomer of the starting substrate followed the same trend under the same
conditions (Scheme 7c¢). In other words both coupled diastereomers can be syn-
thesized by either starting diastereomer. The results suggest that the stereo-
chemistry of the reaction is not controlled by the chirality of the /-menthyl group
and it is likely that the configuration of the product is determined during the
transmetallation step in the catalytic cycle [88].
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- BH, BH,
1) (-)-menthol / pyridine | CH,l / NaH I
a) PhPCI, R N
2) BH,-THF Ph'/ ~OMen Ph*/ ~OMen
59 3 LiAH, H H,C
(S)-60 61
100%de 100%de
BH
BH, BH, :
l’D 1) o-iodoanisole / base ‘L Qe . F|’\
MenO 7 “H ) pd(pph,), MenO 4 T MenOg P
Ph Ph OMe
(S)-60
(S)-50 (R)-50
BH, BH,8 PHa owme

I 1) o-iodoanisole / base

P P
c) P Meno 7~ + -
MenO y ~Ph 2) Pd(PPhy), en Ph Mengh/
H OMe
(R)-60
(R)-50 (S)-50

solvent time(h) yield (R)-50 : (S)-50

CH,CN 16 98 100: O
THF 48 67 4: 96

Scheme 7a-c. Switch in enantioselectivity with the reaction conditions

3.1.2
Examples

Ligands 23 which are represented in Scheme 8b-d serve as a synthetic example
of the above facts [41]. Monodentate phosphines possessing 2-biphenyl group
have been employed as effective ligands in asymmetric catalyses such as Pd-cat-
alyzed carbon-carbon bond forming reactions [13-16]. Their key precursors 62
were synthesized from the reaction between the corresponding alkyl- or
phenyldichlorophosphine, 2-lithiobiphenyl, lithium I-menthoxide, and borane-
THEF to afford diastereomer mixtures (ca. 1:1) in 62-74% yields (Scheme 8) [41].
Pure diastereomers were obtained by separation by preparative HPLC or re-
crystallization, and their structure unequivocally assigned by single crystal X-ray
analyses.

Phosphine-borane 63a (75% ee) was obtained by reduction of compound (Sp)-
62a using LDBB at -60°C and nucleophilic substitution with iodomethane in
72% yield. The observed loss of optical purity may be ascribed to stereomutation
of the generated tricoordinated phosphorus species. Recrystallization afforded
(8)-63a in >99% ee. On the other hand, severe racemization was observed using
the same method with (Rp)-62b. An alternative strategy consisted of deborana-
tion of (Rp)-62b using N-methylpyrrolidine, methylation with methyl triflate,
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stereospecific reduction with LiAlH, [74], and temporary protection employing
borane-THF complex to afford (R)-63b in 97% ee (>99% after recrystallization)
and high yield. Finally, (S)-63c was readily prepared from (R;)-62c by treatment
with methyllithium [41]. Usual deboranation reactions employing N-methyl-
pyrrolidine were applied to all three ligands to afford (S)-23a, (R)-23b, and (S)-
23c¢ which must be immediately complexed with a suitable transition-metal com-
plex for application in asymmetric catalysis.

e ?H3 Ph ?Ha Ph
) 1) 2-iithiobiphenyl / THF / -78 °C p R P
a o we
RPCl ™2) Lithium menthoxide /THF / ta R/ Meno™ /
59 3) BH,-THF MenO R
(Ro)-62a R = t-Bu (Sp)-62a R = t-Bu
(R-)-62b R=Cy (Sp)-62b R=Cy
(Ro)-62¢ R=Ph (Sp)-62¢c R=Ph
BH
Ph
1) LDBB / THF / -60 °C N- mﬂhylpyrrohdlne P
MenO* Me* / Me “'/
/ 2) Mel /-60 oC g
tay u tBy
(Sp)-62a (S)-63a (S)-23a
75% ee
(> 99% after recrys)
BHa Ph ?H3 Ph Ph
9 b 1) N-methylpyrrolidine /50°C P N-methylpyrrolidine P
v — Ccy
oy 2) MeOTt, DME y / r
B e Me
MenO 3) LiAIH,
4) BHy-THF (R)-63b (R)-23b
(Re)-62b 97% ee
(> 99% after recrys)
BH, Ph ?Ha Ph Ph
| MeLi/ THF / 40 oC P N-methylpyrrolidine
d) .P —_—_— Me"“ —_—_— ‘|--P
Ph* / / Me™ [
Ph o
MenO
(Re)-62¢ (5)-63¢ (S-23¢
94% ee

(> 99% after recrys)

Scheme 8a-d. Representative example of the synthesis of P-chirogenic ligands using men-
thylphosphines

In conclusion, the potential of optically active menthylphosphino compounds
is vast since the OMen group may be substituted for aryl-, alkyl substituents, or
even the H atom. In particular, replacement by a methyl group and H enables one
to obtain key intermediates which have been found to be extremely important in
the synthesis of other substituted monophosphines or diphosphines, as will be
shown in the sections which follow.
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3.2
P-CH; as Key Functional Group

3.2.1
Chiral Starting Phosphines

The methyl group borne on chiral phosphine-borane precursors may be easily
deprotonated on treatment with a strong base such as s-BuLi [89], permitting the
synthesis of a variety of functionalized chiral phosphine-boranes. Indeed, the
generated carbanion may be subjected to C-alkylation [89] using various elec-
trophiles such as allyl bromide, chlorotrimethylsilane, or carbonyl compounds,
and usually high yields of the corresponding monophosphine-borane are pro-
duced [73]. Alternatively the same metallated species can undergo a copper(II)-
promoted oxidative coupling [90] (without impairment of the borane function-
ality) to give symmetrical 1,2-bis(boranatodialkyl/arylphosphino)ethane in high
yields [73]. Some examples of this method are demonstrated below (Scheme 9).

p
RX
P
— = Ph¢ 67
Rl \—R'
BH, BH, BH, OH
b s-BuLi ! RICOR? }L\A\
Ph\l" ~ —— i RULEN . —_————— Ph“.- 2 68
o SCH, Phe Schti of RIN
65 66 BH, BH,
CuCl, ,L IID
—— ph—~, FCR 69
R Ph

Scheme 9. Introduction of functionality in P-chirogenic phosphines

It is worth pointing out that the sequence deprotonation/oxidative coupling
is a vehicle for the asymmetric synthesis of C,-symmetric P-chirogenic di-
phosphines (Scheme 10). For example, enantiomerically pure DiPAMP 5 can be
easily synthesized starting from enantiomerically enriched (89% ee) (S)-o0-ani-
sylmethylphenylphosphine-borane (51). Similarly, synthesis of (S,S)-1,2-bis[cy-
clohexyl(o-methoxyphenyl)phosphino]ethane (71), which structurally resembles
DiPAMP, was devised using precursor 70 [87]. Enantiomerically pure (S,S)-1,2-
bis[(o-ethylphenyl)phenylphosphino]ethane 10, which skeleton also is similar to
(S,S)-DiPAMP but possesses no oxygen functional group, was prepared via a sim-
ilar strategy [26]. The results obtained in the asymmetric hydrogenations of a-
(acylamino)acrylic acids catalyzed by the Rh-complex of the latter ligand were
comparable to those obtained with DiPAMP (opposite configuration was how-
ever obtained), ruling out the speculated argument that the weak binding of the
methoxy group borne on DiPAMP with the Rh-metal plays a role in the stereo-
regulation of the reaction. Steric effects seem to be more important that the co-
ordinative interaction.
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Scheme 10. Representative examples of the synthesis of C,-symmetric phosphines

3.2.2
Achiral Starting Phosphines

Ever since Evans et al. discovered that prochiral alkyl(dimethyl)phosphine-
boranes may undergo enantiodifferentiating deprotonation of one methyl group
using butyllithium in the presence of (-)-sparteine as the chiral inductor [27],
these compounds have become attractive key precursors to the synthesis of P-
chirogenic phosphine-boranes. Indeed, synthetic manipulations of the chirally-
induced lithiated species obtained provide a simple route to new P-stereogenic
phosphines (Scheme 11). Alkyl(dimethyl)phosphine-boranes are readily pre-
pared in high yields via three-step one-pot synthesis by successive treatments of
PCl; with alkyl Grignard reagent, methylmagnesium bromide, and BH,-THF
complex. The crude products are recrystallized in suitable solvent to give the de-

BH,
E* |
s R"'P
4 \_
BH, BH, Me
| 1) RMgX | s-BuLi / (-)-sparteine | 75
—— A
? 2)MeMgBr R e R'4 SCHyLi BH,  BH,
43 3 BHSTHF Me74 Me o6 CuCl,  _.P Pt
A VAN / N Me
Me R
6

Scheme 11. Enantioselective deprotonation of prochiral phosphines
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sired precursors in good yields averaging 75% depending on the nature of the
alkyl group. The aim of the following paragraphs is to explore the synthesis of
newly developed chiral diphosphine ligands employing this strategy.

3.2.2.1
Example: Introduction of a Heteroatom

Alkyldimethylphosphine-boranes 74 underwent enantioselective deprotonation
employing (-)-sparteine/s-BuLi, followed by oxidation with molecular oxygen
[91, 92] in the presence of triethyl phosphite (Scheme 12) to afford moderate
yields of enantiomerically enriched alkyl(hydroxymethyl)methylphosphine-bo-
ranes 76, with 91-93% ee in the case of a bulky alkyl group and 75-81% ee in
the case of cyclohexyl or phenyl groups [93]. Except for the adamantyl derivative
(in which the ee increased to 99%), no major improvement in the ee was ob-
served after recrystallization.

Quenching of the same lithiated species with CO,, followed by reduction of the
carboxylic acid functionality obtained with BH;-THF complex, yielded the next
higher analogues 78 to these alcohols [94]. Subsequent treatment of the depro-
tonated alcohols with TsCl or MsCl afforded (R)-1-boranato[alkyl(methyl)phos-
phinoJethanol-2-tosylates or the mesylate phosphine-boranes in over 90% ee and
excellent overall yields.

P-Chirogenic phosphine/sulfide hybrid phosphine-boranes 80 were synthe-
sized from the reaction between (R)-tosylates 79 [94] and sodium thiolate in
DMF at ambient temperature as depicted in Scheme 12, or alternatively by a one
pot synthesis consisting of the nucleophilic attack of the chirally induced lithium
salt of 74 on phenyl disulfide. Both methodologies provided the desired sul-
fide/phosphine boranes in excellent yields [10].

BH, . . BH,
é s-BuLi/ (-)-sparteine 1) (EtO),P | oH
— P
R “Me  E,0/-78°C 2) 0, Ry~
Me Me 76
R = Ph, t-Bu
. BH, O BH
1-Ad, Cy co, P e BH,-THF ! : p-TsCl/ Py
——— —_— e
74 Ry OH RY"""SoH or
Me Me MsCl/ CH,Cl,
77 78
BH,
PhSSPh ?H“ R'SH / NaH / DME FI,
—_— .P SR’ -— RPN
. ‘
’:A ¢, Me ox
° 79
80
R' = Ph, t-Bu, o-tolyl, 2-naphthyl, X=Ts, Ms
p-NO,-C¢H,, Cy, Bn
n=1,2

Scheme 12. Introduction of functionality in prochiral phosphines
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3.2.2.2
Synthesis of BisP* and MiniPHOS

BisP* (which is the common name for 1,2-bis(alkylmethylphosphino)ethanes 6a)
and MiniPHOS (bis(alkylmethylphosphino)methanes 13a) are electron-rich, C,-
symmetric P-stereogenic ligands which have been designed and prepared almost
four years ago (Scheme 13) [29, 31]. One of the important features of these li-
gands is that a bulky group and the smallest alkyl group (Me) are borne on each
phosphorus atoms. Also, the steric bulk imposed by the substituents borne on the
phosphorus atoms may be readily changed without affecting the electronic na-
ture of the metal. Facile variation of the substituents enables optimization of the
enantioselectivity by conferring correct steric matching between the ligand and
the incoming substrate.

Alkyldimethylphosphine-boranes 74 were subjected to enantioselective de-
protonation using s-BulLi in the presence of (-)-sparteine [27], followed by cop-
per-promoted oxidative coupling [90] of the generated anion (Scheme 13). Since
oxidative coupling proceeds through a radical intermediate, the reaction leading
to homochiral isomers ((S,S) or (R,R)) has almost the same rate as that to pro-
duce meso isomer (RS) [73]. Thus, the diphosphines obtained ((S,S)-BisP*-bo-
ranes 8la) were accompanied by a small amount of meso-diastereomer (>95%
ee for R=t-Bu, 1-Ad, Et;C, and 70-80% ee for R=c-CsH,, c-C¢H,;, i-Pr) which
was readily removed by direct recrystallization or by flash chromatography fol-
lowed by recrystallization to afford the enantiomerically pure diphosphines [31].
The lower enantiomeric purity observed with some R substituents may be ex-
plained by a less selective enantioselective deprotonation of the corresponding
starting alkyl(dimethyl)phosphine-boranes. The overall yields ranged from 20 to
40% depending on the alkyl groups borne on the diphosphines.

BH BH, BH
| °  sBuli/(-)-spartei cucl R
s-BulLi/ (-)-sparteine ucl;
_p rvP P..me R=tBu, EtC 81a
R/~ / €
me  Me Et,0/-78°C me’ /R 1-Ad, c-C4Hs,
74 (S.5)-BisP* o-Cotlyy, FPT
BH, BH,
1) RPCI, b R=iPr,Ph, tBu 82a
—————» R \’ Me -
2) MeMgBr Mel ~ \R ¢-CgHyy
3) BHy-THF symmetrical
MiniPHOS
BH, BH,
1) RPCI, b b R = t-Bu, 1-Ad 82b
——— Ag ' Me
2) MeMgBr e 7 N
3) BHy-THF unsymmetrical
MiniPHOS

Scheme 13. Representative examples of the synthesis of P-chirogenic ligands from prochiral
phosphines
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The same phosphine-borane used for the synthesis of BisP* acted as the start-
ing materials of the construction of MiniPHOS, the next smaller analogue to
BisP* (Scheme 13). The chirally induced lithium salt was treated with alkylphos-
phorus dichloride, methylmagnesium bromide, and borane-THF complex to
afford enantiomerically pure MiniPHOS-borane 82a. Recrystallization enabled
elimination of a small amount of corresponding meso-diastereomer formed [29].
Yields were generally low, ranging from 13 to 28%.

We further synthesized unsymmetrical MiniPHOS derivatives 13b (Scheme
13) [30]. Thus, enantioselective deprotonation of 1-adamantyl(dimethyl)phos-
phine-borane (74, R=1-Ad), followed by treatment with fert-butyldichlorophos-
phine or 1-adamantyldichlorophosphine, methylmagnesium bromide and bo-
rane-THF complex afforded the optically active diphosphine-boranes 82b as a
mixture with the corresponding meso-diastereomer. Enantiomerically pure un-
symmetrical MiniPHOS-boranes 82b were obtained by column chromatography
on silica gel or separation by recycling preparative HPLC.

3.3
Secondary Phosphine Boranes

3.3.1
P-H as Key Functional Group

Similarly to the P-CH; group, secondary phosphine-boranes react smoothly in
the presence of a base (BuLi, NaH) under mild conditions to afford other kinds
of functionalized phosphine-boranes in good to high yields, without racemi-
zation. Yet the success of deprotonation/treatment with an electrophile pro-
cess to afford substituted phosphine derivatives without any loss in optical
purity may depend on the deprotonation agents employed. Use of butyllithium
usually provides the products with high enantiomeric excess in good to high
yields [73].

The deprotonated species can be involved in a broad range of nucleophilic re-
actions, using various electrophiles amongst which reactive alkyl halides, epox-
ides or benzyne are the most frequently used reagents (Scheme 14) [73,87]. The
Michael-type addition of deprotonated secondary phosphines to olefins bearing
an electron-withdrawing group also proceeds smoothly in almost perfect ee
[73, 87]. Reactions with acid chlorides give mixed acid anhydride possessing a
chiral, optically active component, which may serve as potentially useful enan-
tioselective acylation agents [87]. Nucleophile attack on carbonyl groups is pos-
sible, although this method is generally limited to aldehydes, strained rings and
less sterically crowded ketones [73].

As mentioned in Sect. 3.1.1, secondary phosphine-boranes also react effi-
ciently with aryl iodides in palladium-catalyzed substitution reactions
(Pd(PPhs),) [73]. In all cases the boranato functional group remains un-
changed.
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Scheme 14. Introduction of functionality in secondary P-chirogenic phosphines

3.3.2
Examples

Bischirogenic unsymmetric (S,S)-BisP* 6b (cf. (S,S)-BisP#*-borane 81b) were
synthesized from the coupling reaction between synthon 79 and the lithiated
(S)-alkylmethylphosphine-boranes 87 in reasonable to quantitative yields
with enantioselectivity over 97% (Scheme 15) [94]. These phosphines
constitute the unsymmetric version of BisP* in that they bear different
groups on both phosphorus atoms, breaking the C,-symmetry character of
BisP* [32, 94].

P-Chirogenic diphosphine 19, which rhodium-chelate complex forms a seven-
membered ring (rare case for P-stereogenic ligand), was also prepared in rea-
sonable yield (68%) using the wide chemistry of secondary phosphine borane
[37]. Deprotonation of the enantiomerically enriched tert-butylmethylphos-
phine-borane 88 (Scheme 15) followed by quenching with a,a’-dichloro-o-xylene
and recrystallization afforded optically active diphosphine-borane 89 (precursor
of free phosphine 19).
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Scheme 15. Representative examples of the synthesis of P-chirogenic ligands from secondary
phosphines

3.33
Improvement of the Synthesis of P-H Compounds

The majority of newly designed P-chirogenic diphosphine ligands are prepared
by the use of naturally occurring (-)-sparteine as a chiral source. However, the
synthesis of their counter-enantiomers remains difficult mainly owing to the un-
availability of (+)-sparteine as a chiral source. Investigation of the synthesis of
optically active secondary dialkyl-substituted monophosphine-boranes 87 in
both enantiomeric forms, which serve as key intermediates to both (R)- and (S)-
trisubstituted monophosphines and (R,R)- and (S,S)-trisubstituted diphos-
phines, identified this problem (Scheme 16a) [95]. On the basis that the men-
thyloxy group of diastereomerically pure (menthyloxy)alkylphenylphosphine
borane can be reductively removed to produce optically active alkylphenyl-
phosphine-borane (cf. Sect. 3.1) [85], diastereomeric mixtures of bornylthio-
(alkyl)methylphosphine-boranes were synthesized from the corresponding
alkyldichlorophosphine by successive electrophilic additions and protection with
borane-THF complex (93% combined yield) [95]. Diastereomerically pure 90a
and 90b were obtained by separation by preparative HPLC. Reduction with
lithium naphthalenide and cleavage of the P-S bond at low temperature occurred
with virtually net retention of the configuration at the phosphorus atom. Storage
of these compounds at ambient temperature for one week constitutes no prob-
lem in terms of stereochemical stability. In contrast to the lithiated secondary
phosphine-boranes bearing an aromatic substituent, the racemization half-life of
the lithiated-87 species is quite long and calculated to be 7.4 days at 20.0°C [95],
data which is consistent with the results on the racemization of tertiary phos-
phines [96].

The use of these dialkyl lithiated species enabled the first synthesis of the
(R,R)-counter-enantiomer of (S,S)-BisP* in almost perfect ee and reasonable
yield (Scheme 16b) [31, 95].
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Scheme 16. a Production of both enantiomeric forms of secondary phosphines. b First synthesis
of (R,R)-BisP*

The advantage that lies in this method is that both enantiomers can simulta-
neously be prepared. Yet separation of the mixture of diastereoisomers means
that 50% is the highest expected yield. Moreover, use of preparative HPLC is not
applicable on a large scale. Therefore, an alternative route to the construction of
the (S)-enantiomer of the same secondary alkylmethylphosphine borane was
conceived employing alkyl(hydroxymethyl)phosphine-boranes 76 as the starting
materials (Scheme 17a) [93]. The transformation is a one-carbon oxidative
degradation of the primary alcohol moiety performed in the presence of hy-
drated ruthenium trichloride, potassium hydroxide, and potassium persulfate to
produce the desired secondary phosphine-borane derivatives 85 in high yields
(80-90%), with no degradation of the borane moiety and no racemization. The
complex [Ru(VI)O,]*~ generated in situ from RuCl;- x H,0 in excess aqueous base

iy
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Scheme 17. Improved synthesis of optically active secondary phosphine-boranes



New P-Chirogenic Phosphine Ligands and their Use in Catalytic Asymmetric Reactions 25

by persulfate is considered to be the oxidation agent [97]. Although this method
proves efficient to alkyl(hydroxymethyl)methylphosphine-boranes, overoxida-
tion is observed in the case of the corresponding phenyl(hydroxymethyl)methyl-
derivative 93, and compound 96 is isolated instead of the secondary phenyl-
(methyl)phosphine-borane 94. This can be ascribed to the rather acidic
character of the initially formed 94, suggesting that deprotonation occurs and the
generated phosphorus anion oxidizes [93].

Base-promoted deformylation (KOH/A) to afford the same secondary phos-
phine-boranes is less effective and an acceptable compromise between yield and
selectivity is difficult to reach. When the reaction proceeds smoothly, it is ac-
companied by significant racemization [93].

3.4
Examples of Other Interesting Ligands

3.4.1
P-Chirogenic Diphosphine Oxides

As mentioned in Sect. 2.2, phosphine oxides are air-stable compounds, making
their use in the field of asymmetric catalysis convenient. Moreover, they present
electronic properties very different from the corresponding free phosphines
and thus may be employed in different types of enantioselective reactions. m-
Chloroperbenzoic acid (m-CPBA) has been showed to be a powerful reagent
for the stereospecific oxidation of enantiomerically pure P-chirogenic phos-
phine-boranes [98], affording (R,R)-97 from Ad-BisP* 6 (Scheme 18) [99].
The synthesis of (R,R)-98 and (S,S5)-99, which possess a ¢-Bu substituent, differs
from the precedent in that deboranation precedes oxidation with hydrogen
peroxide to yield the corresponding enantiomerically pure diphosphine oxides
(Scheme 18) [99].

BH, BH, o o
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1\_/\ CcHC, Ad ,\ ,\Me
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Bu" \ E/)\Me 2) KOH \—(/)t \_(_/)t
n=0, 82 n=0,13 n=1, (R,R)-98
n=1,81 n=1,6 n=0,(S,S)-99

Scheme 18. Example of synthesis of enantiomerically pure phosphine oxides
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3.4.2
(R,R)-BisP*

The combined use of the oxidation of a free phosphine [99] and stereospecific
reduction of the phosphine oxide [74] was employed for the synthesis of (R,R)-
t-Bu-BisP* from (S,S)-BisP* itself. Specifically, (S,S)-BisP* was deboronated
(TfOH/KOH), oxidized (H,0,), and reduced (MeOTf{/LiAlH,) [74], producing, un-
fortunately, low yields of the desired counter-enantiomer.

3.43
Enantiomerically Pure 1,2-Bis(isopropylmethylphosphino)benzene

Burk and co-workers demonstrated that the added rigidity of DuPHOS, as com-
pared to BPE, was translated to excellent enantioselectivity in the rhodium-
catalyzed asymmetric hydrogenation of a wide range of N-protected enamide
esters and acids with selectivity approaching 100% [59]. 1,2-Bis(isopropyl-
methylphosphino)benzene 18, which is a rigid analogue (1,2-phenylene back-
bone) to BisP*, was therefore tested by us (Scheme 19) [36]. Enantiomerically
pure ligand (S,S)-18 was prepared starting from 1,2-bis(methylphosphino)ben-
zene 100 [100] by deprotonation using BulLi followed by treatment with 2-bro-
mopropane and subsequent oxidation with hydrogen peroxide. The racemic
phosphine oxides obtained were separated from their meso-analogues by re-
crystallization. Optical resolution of (rac)-101 was achieved using dibenzoyl-d-
or [-tartaric acid ((+)- or (-)-DBT) followed by decomposition with NaOH to af-
ford enantiomerically pure (R,R)-101 or (S,5)-101, respectively. Reduction of
(R,R)-101 with phenylsilane produced (S,S)-18 accompanied with small amounts
of meso compound [36]. Recrystallization of the Rh complex of this mixture af-
forded enantiomerically pure [Rh((S,S)-18)(COD)]BE,.

H Me iPr Me iPr Me
\/ 7 \/
1) n-BuLi then i-PrBr ©: So e
b 2) H,0, P//O 0% o
\ /N \
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\ / ".P/ '»,P/
p
(0]
o7 0 2) NaOH /P.// /P
\ ) . “
Me/ iPr ipr Me ipr Me
racemic-101 (R,R)-101 (S,5)-18

Scheme 19. Example of synthesis of a structurally rigid phosphine ligand



New P-Chirogenic Phosphine Ligands and their Use in Catalytic Asymmetric Reactions 27

3.44
Ferrocene Type Diphosphine Ligand

1,1’-Diphosphine substituted ferrocene ligands have a large P-M-P bite angle at
the transition complex, and thus are attractive ligands. P-Chirogenic ferrocene
diphosphine 32 was synthesized from 1,1’-dilithioferrocene-TMEDA complex by
sequential treatments with fert-butyldichlorophosphine, methylmagnesium
bromide, and borane-THF complex to afford a mixture of the di-form (50%) and
the meso-form (10%) in good yield (Scheme 20) [48]. After resolution of the dI-
form by preparative recycling HPLC, the (S,S)-form of 104 was reacted with
pyrrolidine at 70 °C to furnish the free phosphine ligand (S,S)-32 almost quanti-
tatively and complexed with [Rh(nbd),]BF, to produce the desired chiral
rhodium cation complex.

tgy tBy
S (S—deme we (S
1) t-BUPClz BH | | BH.
Fe - TMEDA ———» | 3 Fe BH. + BH, Fe 3+ meso-104
U 2) MeMgBr b s 3 L.
= 3 B, THE Mol Y TR
U
103 (S,S)-104 (R,R)-104
Bu
(SD—dme
pyrrolidine Fe
($,9)-104 ———»
v
tBu
(8,5)-32

Scheme 20. Example of synthesis of a ferrocenyl-based P-chirogenic phosphine ligand

The wide choice of new methods for the synthesis of P-chirogenic phosphines
can be appreciated from the above results,. The synthetic description of this
chapter ends here and gives place to the great catalytic potential of these
ligands.

4
Asymmetric Transition-Metal Catalyzed Reactions

As mentioned in Sect. 2.3, cleavage of the P-B bond is required prior to com-
plexation with a transition-metal. The following section provides an example for
the preparation of two rhodium complexes. Such synthesis, however, may be gen-
eralized to almost any other transition-metal/ligand complexes.

4.1
Synthesis of BisP* and MiniPHOS Catalytic Precursors

The phosphorus-boron bond of BisP*-BH; 81 is cleaved by treatment with tri-
fluoromethanesulfonic acid in toluene followed by treatment with aqueous KOH
or, alternatively, with tetrafluoroboronic acid in dichloromethane and subsequent
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cleavage with aqueous saturated K,COs, to leave the free phosphine in quantita-
tive yields (Scheme 21) [31, 101]. The absolute configuration of (S,S)-diphos-
phines with R=#-Bu and R=Cy were determined by X-ray analysis of the corre-
sponding TfOH salt (t-Bu-BisP*-2TfOH) and Ru complex (CyBisP*-Ru(C,H),),
respectively. Precatalysts 105 were obtained from the immediate complexation of
free phosphines 6 and [Rh(nbd),]BF,. X-ray crystallography testified that a sin-
gle molecule of BisP* binds to the rhodium metal. Although [BisP*Rh(nbd)]BF,
can be, in some cases, contaminated with substantial amounts of bischelate com-
plexes [Rh(BisP*),]BF,, enantiomerically pure [BisP*Rh(nbd)]BF, precatalysts
are obtained by recrystallization in appropriate solvent. In test asymmetric re-
actions, the contaminated mixture may be employed directly since both Rh-cat-
alysts contain the same ligand and thus do not affect the optical outcome of the
reactions. The following important structural features of the newly designed cat-
alysts were also confirmed: i) the coordinated diphosphines are C,-symmetric
and possess a (S,S)-configuration; ii) the bulky alkyl groups occupy the quasi-
equatorial positions and the methyl groups the quasi-axial positions, fixing the
chelate cycles in a A-conformation.

The borane group of MiniPHOS was removed using the same protocol
(Scheme 21). In contrast, however, reaction of free diphosphines 13 with
[Rh(nbd),]*X" (X=BEF,, PF,) afforded in all cases, and independently of the re-
action conditions, bischelate complexes 106. James and Mahajan demonstrated
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Scheme 21. Example of deboronation of P-stereogenic phosphine-boranes
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that, although slower, rhodium-catalyzed asymmetric hydrogenation employing
bis(DIOP) species led to higher optical yields than the corresponding mono-
chelate complex [102]. Observation of the X-ray structure of the #-Bu-
MiniPHOS-rhodium complex showed evidence for (R,R)-configuration and
overall C,-symmetric environment, where the two bulky groups occupy two di-
agonal quadrant and the smaller groups the two other quadrant [56]. The
MiniPHOS-Rh complex is structurally more rigid than BisP* and forms a highly
strained four-membered ring chelate.

4.2
Asymmetric Hydrogenation Reactions

Amongst the several catalytic asymmetric reactions which have been developed
to date, enormous progress has been achieved in catalytic enantioselective hy-
drogenations of the unsaturated bonds [5, 6, 103]. Typically, rhodium(I) and
ruthenium(II) complexes, and most often diphosphine-based chiral ligands,
have been extensively employed in asymmetric hydrogenation, achieving high re-
action rate and excellent enantioselectivity in optimized reaction conditions.
This on-going progress constitutes the subject of this section.

4.2.1
Rh-Catalyzed Asymmetric Hydrogenation Reactions

4.2.1.1
Dehydroamino Esters and Itaconic Acid

Enamide hydrogenations have become a routine test reaction for evaluation of
the effectiveness of new chiral ligands [5, 11, 20, 56, 59, 104]. In addition to being
a test reaction, it stands as one of the most powerful and economic methods for
the production of enantiomerically pure a-amino acid derivatives. Our group
[29, 31, 32,101] and others [35, 42,43, 45, 47, 52] carried out an extensive series
of hydrogenation reactions of dehydroamino acids using the rhodium complexes
of P-chirogenic ligands, achieving enantiomeric excesses up to 99.9% (BisP* 6)
[31,101],99% (MiniPHOS 13 [29, 101], TangPHOS 17 [35], Jugé’s ligand 24 [42]
and Nagel’s ligand 36[52]), 92% (Brown’s ligand 25) [43], and 84% (BIPNOR 27)
[45], as shown in Scheme 22.

Conclusions which were drawn from our screening are that the Rh-BisP* 6
and Rh-MiniPHOS 13 are extremely efficient catalysts for the asymmetric hy-
drogenation of various dehydroamino acids, allowing exceedingly high ees for
PB-unsubstituted, f-monosubstituted, and f-branched enamines (Scheme 22) [29,
31, 101]. On the other hand, BisP*-Rh catalysts present higher catalytic activity
than the corresponding MiniPHOS analogues so that hydrogenation is completed
in short reaction time (1-2 h) under moderate H, pressure (2 atm) and ambient
temperature. However, hydrogenation of f-branched dehydroamino acids re-
quires higher pressure and a longer reaction time. The relatively lower catalytic
activity of MiniPHOS can be compensated by carrying out hydrogenation at high
pressure, without any loss of optical purity. Interestingly, the enantioselection
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COR Rh/L* CO,R
H, (1-2 atm), conversion = 100%
N(H)COMe S/C = 500 N(H)COMe
107 108
R=H, Me t-Bu-MiniPHOS 13 >99.9% ee
COR? Rh/L* / H, (1-2 atm) COR2
R ™ R R? R
N(H)CR3 N(H)CCR?
11
R l(::gh Ar t-Bu-BisP* 6 0 96-99.9% ee, S/C 500
R2=Me H t-Bu-MiniPHOS 13 95-99% ee, S/C 500
RS = Me. Ph TangPHOS 17 > 99% ee
’ Juge's L* 24 up to 99% ee
Nagel's L* 36 87-99% ee
BIPNOR 27 84% ee
Brown's L* 25 77-92% ee, S/C 100
Me Me
. - CO,Me RhL - CO,Me
Me H, (1-2 atm), conversion = 100% Me
N(H)COMe S/C =500 N(H)COMe
111 112
Cy-BisP* 91% ee
AdCy-BisP* 91% ee
Rh/L*
X COMe H, (1-2 atm), conversion = 100% CO,Me
: SIC = 500 n
N(H)COMe N(H)COMe
114
113

n =0, AdCy-BisP* 98.2% ee
n =1, +-Bu-MiniPHOS  94% ee

Scheme 22. Examples of Rh-catalyzed asymmetric hydrogenation reactions of dehydroamino
esters

power of BisP*-Rh shows a pressure dependence in which the ee decreases as the
pressure increases.

Methanol is the solvent usually chosen for the best compromise between enan-
tioselection and reaction yields. It is interesting to note that the BisP*-Rh pre-
catalysts which give the worse results in the asymmetric hydrogenation of S-un-
substituted a-dehydroamino acids 107 or f-monosubstituted ones 109 give the
best enantioselectivities for the asymmetric hydrogenation of S-disubstituted a-
dehydroamino acids 111 and 113, and vice versa. Thus ¢-Bu-BisP* and ¢-Bu-
MiniPHOS provide optimal results for the hydrogenation of f-unsubstituted and
B-monosubstituted dehydroamino acids with almost perfect ees. On the other
hand, the Rh-complexes of CyBisP*, AdCyBisP*, and t-Bu-MiniPHOS prove the
most effective catalysts for the reduction of S-disubstituted dehydroamino acids.
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The X-ray crystallographic analysis of the unsymmetrical BisP* shows a strong
distortion of the five-membered chelation ring as compared to that of symmet-
ric BisP* [32]. The large difference in the steric repulsions between the bulky sub-
stituent borne on one phosphorus atom and the neighboring atoms on the one
hand and the other (different) bulky substituent borne on the other phosphorus
atom and the same neighboring atoms on the other hand is believed to be re-
sponsible for better steric matching with some substrates.

The rigid analogue to BisP*, (S,S)-1,2-bis(isopropylmethylphosphino)benzene
18, complexed with rhodium was found to be effective in the asymmetric hy-
drogenation of the same dehydroamino acid methyl esters affording excellent
enantioselectivities (up to 98%) [36]. On the other hand, only modest enantios-
election (up to 76% ee) was achieved with the rhodium/flexible ligand 19 com-
plex, suggesting that the conformational flexibility of the seven chelate mem-
bered chelate ring favoring conformations deviating from the C,-symmetry is a
detrimental factor to obtaining high enantioselectivity [37].

Although the asymmetric hydrogenation of itaconic acid derivatives is a po-
tential synthetic approach to many useful product [105], lower enantioselectiv-
ities are often reported. In contrast with other catalysts, t-Bu-BisP*, Ad-BisP*,
t-Bu-MiniPHOS, BIPNOR 27, and Brown’s ligand 25 gave high to almost perfect
ees in the hydrogenation of these substrates (Scheme 23) [101].

CO,R' H, /1t CO,R
— —_—
CH,CO,R Rh-chiral ligand CH,COR
115 116
R, R =Me orH t-Bu- or Ad-BisP*, 98.6-99.6% ee

t-Bu-MiniPHOS, 99.9% ee
Brown's L* 25 80-95% ee
BIPNOR 27 93% ee

Scheme 23. Rh-catalyzed asymmetric hydrogenation reactions of itaconic acid derivatives

4.2.1.2
Enamides

Several interesting results stemmed from the hydrogenation of various aryl-
substituted and alkyl-substituted enamides catalyzed by Rh-BisP* and Rh-
MiniPHOS. First, phenylenamides gave the corresponding optically active amides
with 96-99% ee (Scheme 24) [106, 107]. However, optical yields of ortho-substi-
tuted compounds were drastically decreased as compared to the meta- or para-
substituted ones, suggesting that less hindrance around the double bond is
favorable for successful asymmetric catalysis. Second, all the studied aryl-sub-
stituted enamides gave the R-hydrogenated products whereas the enamides bear-
ing bulky alkyl groups such as tert-butyl or adamantyl gave the S-products in the
same reaction conditions (Scheme 24) [106, 107]. This striking difference in the
sense of stereoselection was first reported by Burk et al. in the rhodium-catalyzed



32 K.V.L. Crépy - T.Imamoto

H
NHCOMe . MeCON. H
. 1 [Rh((S, S)-t-Bu-BisP*)(nbd)]BF, N -, R
Ar H, (3 atm), MeOH Ar
R2 S/C =100 R2
117 (R)-118
Ar = Ph, 3-MeOC¢H,,
4-MeOC¢H,, 4-CICgH, t-Bu-BisP*6  96-99% ee
R'orR2=H. Me TangPHOS 17 97-99.8% ee
NHCOMe H NHCOMe
. H same conditions
R R Me
H
119 (S)-120
R = t-Bu, 1-Ad 99% ee

Scheme 24. Examples of Rh-catalyzed asymmetric hydrogenation reactions of enamide deriv-
atives

asymmetric hydrogenation of 1-acetamido-1-phenylethene and 2-acetamido-
3,3-dimethyl-1-butene employing (S,S)-Me-DuPHOS [108, 109]. (R)-Absolute con-
tiguration was also assigned when the Rh-TangPHOS 17 system was employed
for the hydrogenation of a-arylenamides, with exceedingly high TON (10,000)
and ees (up to 99.8%). From these results, it seems that the stereochemical envi-
ronment of the double bond of the enamide considerably affects the sense of the
stereoselection. Mechanistic studies based on meticulous NMR studies led to the
conclusion that a different mode of coordination of the substrate to the metal is
responsible for the opposite sense of stereoselection [106, 107].

The rhodium complex of the (R,R)-counter-enantiomer of (§,S)-BisP*
achieved a high level of ee (97%) in the asymmetric hydrogenation of 3-
methoxy-substituted substrate (S)-122 (Scheme 25), which constitutes a precur-
sor to the acetylcholinesterase inhibitor SDZ-ENA-713 (123).

Me
OCOMe OCOMe |

MeCONH MeCONH

H o} N
2 - ——=  MeN \n/ et
[Rh{(R,R)-t-Bu-BisP*)(nbd)]BF,

121 (S)-122
97% ee

123
SDZ-ENA-713

Scheme 25. Rh-catalyzed asymmetric hydrogenation reactions leading to a biologically active
compound
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4.2.1.3
(E)-B-(Acylamino)acrylates

A wide range of optically active natural and unnatural a-aminoacids have been
synthesized in excellent ees by catalytic asymmetric hydrogenation. On the other
hand, the same approach for obtaining $-aminoacids has been the subject of less
attention [110, 111]. Yet these are key precursors to the synthesis of S-lactams
[112], B-peptides [113, 114], and some medicinally important natural products
[116-118]. The rhodium complexes of (S,S)-BisP* and (R,R)-MiniPHOS proved
to be excellent catalysts for the asymmetric hydrogenation of (E)-pB-(acyl-
amino)acrylates, affording both excellent to almost perfect (R)-enantioselectiv-
ity and remarkable catalytic efficiency (Scheme 26) [119]. The reaction proceeds
smoothly, and is tolerant to both change in solvent and variation in the nature of
the substituents (ester and alkyl groups) of the starting substrate. The electron-
rich character of BisP* and MiniPHOS results in an increased affinity of their
rhodium complex to dihydrogen and thus faster hydrogenation as compared to,
e.g., (R,R)-Me-DuPHOS [111].

R20,C R20,C

J\ [Rh(ligand)(nbd)]BF, ~
H, (3 atm), THF, 2h, S/C = 100 :
R! NHCOMe 2 (3 atm) R~ “NHCOMe
124 Ligand = t-Bu-BisP* (R-125
R' or R2 = Et, Me, Pr or +-Bu-MiniPHOS 95.6-99.7% ee

Scheme 26. Rh-catalyzed asymmetric hydrogenation reactions of (E)-p-(acylamino)acrylates

4.2.1.4
Ethenephosphonate

The Rh(I)-catalyzed asymmetric hydrogenation of dimethyl 1-benzoyloxy-
ethenephosphonate 2 using t-Bu-BisP* as the chiral ligand gave the correspond-
ing (S)-product in 88% ee (Scheme 27) [120], enantioselectivity being compara-
ble to those observed by Burk et al. [121].

OCOPh
OCOPh [Rh(nbd)(S, S)-t-BuBisP*|BF, )\
P(OMe), H, - P(OMe),
I O
(@]
126 127
88% ee

Scheme 27. Example of the Rh-catalyzed asymmetric hydrogenation reaction of ethenephos-
phonate
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4.2.2
Ru-Catalyzed Asymmetric Hydrogenation of B-Ketoesters

The broad applicability of BisP* complexed to a transition-metal was further
exemplified by the ruthenium-catalyzed asymmetric hydrogenation of B-keto
esters [122]. The BisP*-RuBr, precatalyst can be readily prepared by reaction
between BisP* and (COD)Ru(2-methylallyl),, followed by treatment with
methanolic HBr. Several kinds of keto esters were subjected to asymmetric hy-
drogenations under mild conditions (6 atm H,,50-70°C), yet only p-keto esters
were smoothly hydrogenated, with high chemical yields and enantioselectivities
up to 98% (Scheme 28). The general trend was that the best ees were obtained
with #-Bu-BisP*. -Keto amides and f-keto phosphonates provide also high
enantioselectivities. Furthermore, the Ru-BIPNOR complex permitted ees
between 74 and 95% in the hydrogenation of acetophenone and acetonaph-
thanone [45].

0] (o] OH O

M t-Bu-BisP*-RuBr, )\MJ\
R » TOR?Z  50.709C, H,(60atm) R "% “OR?
129
128 n ee yield
n=0,1,2
R! = Me, Et, MeOCH,-, Ph, C¢H,, 0 50-70% 77-90%
R2 = OMe, OEt 1 81-89% 86%-quant.
2 - no reaction
(o] (o] OH O
same conditions
OMe R OMe
R R
130 131

R = Me, 98% ee, 81% yield
R =H, syn 96% ee (39% yield)
anti 97% ee (45% yield)

o o OH O

same conditions
OMe - OMe

133
syn 91% ee (13% yield)
anti 96% ee (70% yield)

132

Scheme 28. Examples of Ru-catalyzed asymmetric hydrogenation reactions of -keto esters
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4.3
Rh-Catalyzed Asymmetric Hydrosilylation

The rhodium complex of P-chirogenic diphosphine ferrocene (S,S)-32 enabled
one to obtain the highest selectivity in the rhodium-catalyzed asymmetric hy-
drosilylation of ketones amongst the known cis-chelating diphosphine of that
time [48, 123]. Other cis-diphosphine ligands only led to low-to-moderate ees,
whereas trans-diphosphine ligands were known to exhibit high selectivity [124].
Thus asymmetric hydrosilylation of substrates such as acetophenone, substituted
phenyl methyl ketones, naphthyl methyl ketones, and phenethyl methyl ketones
proceeded in the presence of a 100:1:150 ratio of ketone/Rh catalyst/naph-
thylphenylsilane to afford the (S)-alcohol in excellent yields (Scheme 29). Greater
selectivity was achieved by the use of 1-naphthylphenylsilane as opposed to
diphenylsilane (probably due to greater steric hindrance), and by the use of aryl-
substituted methyl ketones as opposed to alkyl-substituted ones. In such cases,
ees up to 92% were demonstrated [48]. Similarly to the rhodium-catalyzed
asymmetric hydrogenation of enamides using Rh-BisP* mentioned previously
[107], ortho-substituted tolyl methyl ketone gives low enantiomeric excess (44%
ee) as compared to the corresponding meta- and para-substituted derivatives
(84-85% ee).

Similar asymmetric hydrosilylation reactions were also performed using
Rh-(R,R)-t-Bu-MiniPHOS, and the enantioselectivities obtained (80-97% ee)
[29] are comparable with those obtained by use of the most effective ligands [125].

0O OH

J\ 1-Np(Ph)SiH, HCI )\
R CH, Rh-L* catalyst R CH,

134 (S)-135

ferrocene P-chirogenic ligand 32, 68-92% ee

(R,R)-t-Bu-MiniPHOS , 80-97% ee

R = Ph, m-CH;CgH,, p-CH,CgH, p-CICgH,,
1-naphthyl, 2-naphthyl, CgHsCH,CH,

Scheme 29. Example of Rh-catalyzed asymmetric hydrosilylation reactions

4.4
Pd-Catalyzed Asymmetric Allylic Alkylation

Pd-catalyzed asymmetric allylic alkylation is a typical catalytic carbon-carbon
bond forming reaction [126 - 128]. The Pd-complex of the ligand (R)-3b bearing
methyl, 2-biphenyl and cyclohexyl groups as the three substituents attached to
the P-chirogenic phosphorus atom was found to be in situ an efficient catalyst in
the asymmetric allylic alkylation of 1-acetoxy-1,3-diphenylprop-2-en (4) with
malonate derivatives in the presence of N,O-bis(trimethylsilyl)acetamide (BSA)
and potassium acetate, affording enantioselectivity up to 96% and quantitative



36 K.V.L. Crépy - T. Imamoto

yields (Scheme 30) [41]. The reaction was revealed to be merely affected by the
change in the nature of the additive, but performed best in dichloromethane as
the solvent.

The Pd-complexes of P-chirogenic phosphine/sulfide hybrid ligands 14a,b
were also employed in situ and tested in the same reactions. Ligand 14 possess-
ing the #-Bu group on the phosphine atom and the phenyl substituent on the sul-
fur atom was revealed to produce the best compromise between chemical and op-
tical yields, achieving the (R)-adduct in almost quantitative yields and high
enantioselectivity up to 90%. Interestingly, ligand 14b, in which the two donor
atoms are linked by an ethylene bridge, as opposed to the methylene chain in 14a,
gave adducts of opposite configuration at the carbon center, likely because of a
different orientation of the phenyl group on the sulfur atom in the five-mem-
bered chelate ring structure [10].

Nu = CH,(CO,R),

Ph Ph PdCKC.H JL* Ph Ph
\/Y %. \/\( C(NHAC)(CO,Me),
u, , C

OAc Nu CH(COMe),
136 137 R = Me, -Bu
Ph
c e t P SPh  n=1, 14a
y - =1,
. e/ R i n=2, 14b
(R)-23b n : ee % config. product yield (%)
e SR IR T
| 0, o |
v o prod 11 8590 R 94-99
-y 2 | 5374 (S) 50-99

Scheme 30. Example of Pd-catalyzed asymmetric allylic alkylation

4.5
Michael-Type Reactions

The enantioselective 1,4-addition addition of organometallic reagents to a,f-
unsaturated carbonyl compounds, the so-called Michael reaction, provides a
powerful method for the synthesis of optically active compounds by carbon-
carbon bond formation [129]. Therefore, symmetrical and unsymmetrical
MiniPHOS phosphines were used for in situ preparation of copper-catalysts, and
employed in an optimization study on Cu(I)-catalyzed Michael reactions of di-
ethylzinc to a,f-unsaturated ketones (Scheme 31) [29, 30]. In most cases, com-
plete conversion and good enantioselectivity were obtained and no 1,2-addition
product was detected, showing complete regioselectivity. Of interest, the enan-
tioselectivity observed using Cu(I) directly in place of Cu(II) allowed enhanced
enantioselectivity, implying that the chiral environment of the Cu(I) complex
produced by in situ reduction of Cu(II) may be less selective than the one with
preformed Cu(I).
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0 Q n | ee (%) yield (%)
(R,R)-t-Bu-MiniPHOS/ CuOT#-1/2 CgH, 0w -
Et,Zn / THFtoluene (1:1) 1| 85 92
n n 2| 75 92
n=0-2 n=0, 139
138 n=1 140
n=2 141

Scheme 31. Example of Cu-catalyzed asymmetric Michael addition

The best conditions defined permitted isolation of (S)-3-ethylcyclopentan-1-
one (139) in 43% ee (71% yield), (S)-3-ethylcyclohexan-1-one (140) with 85% ee
and high yield, and (S)-3-ethylcycloheptan-1-one (141) in 75% ee (92% yield)
[30]. These results were satisfactory given the fact that the same enantioselective
Michael addition using other chiral disphosphine ligands such as BINAP or
DuPHOS is known to have so far proceeded in low enantioselectivity [130].
Moreover, since until very recently [131], the catalytic conjugate addition of alkyl-
metals to a five-membered ring has been reported as being significantly less
efficient and selective than reactions of larger rings [132-136].

5
Conclusion

The considerable number of P-chirogenic ligands which have been synthesized
in the past ten years and described in this chapter testifies to the increasing im-
portance of the catalysts bearing such phosphines in the field of asymmetric
catalysis. Not only have been designed novel ligands shaped for excellent enan-
tioselection but also new methodologies have been elaborated to make their syn-
thesis economically valuable and comfortable. The direct contact between the
chiral center and the transition-metal (i.e., the reaction site), achieving exceed-
ingly high levels of enantioselectivity, along with the great affinity of hydrogen
for electron-rich metal catalysts bearing trialkylated P-chirogenic phosphine lig-
ands, enabling attractive turnover numbers, are considered to be the main ad-
vantages in using ligand bearing the chiral center at a phosphorus atom. Due to
the sudden interest that synthetic chemists have shown in this particular type of
phosphine ligands, research focus has been devoted to a large extent to the syn-
thetic part. Thus the full potential of these chiral catalysts has not been explored
yet, and it is expected that exceptionally high enantio-, diastereo-, regio-, and
chemoselectivities may be obtained in future, placing the P-chirogenic phosphine
ligands amongst the leading ligands for the preparation of enantiomerically pure
compounds.
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1

Introduction

Disregarding the still tremendous applications in the Wittig carbonyl olefination,
the latest trends in the chemistry of phosphonium ylides, including exclusively
P-C bonds, concerns mainly the chemistry of cumulene ylides, the preparation
and reactivity of stabilized ylides, and also the chemistry of phosphorus ylides
C-substituted by metal, metalloids, and nonmetals. We have reviewed the last two
tields for a period covering the works published in the last three years, thus up-
dating a part of the book of Oleg I. Kolodiazhnyi “Phosphorus ylides, chemistry
and application in organic synthesis”, published in 1999 [29]. Our first section is
mainly dedicated to the preparation and reactivity of stabilized ylides C-substi-
tuted by an electron-withdrawing group (COR, CO,R, CN, etc.). The second -
which concerns the chemistry of phosphorus ylides C-substituted by het-
eroatoms - is extremely varied. Indeed almost all the groups of the periodic table
are represented in the C-substitution (Li, Ba, Ca, Ti, Zr, Nb, Mo, Re, Fe, Ru, Rh, Pd,
Pt, Au, Zn, Hg, B, Si, Sn, N, P, As, Sb, O, S, Te) thus leading to a variety of different
properties and applications for the corresponding ylides.

2
Phosphonium Ylides: Preparation and Reactivity

2.1
Preparation of Stabilized Ylides

2.1.1
Preparation by Addition of Tertiary Phosphines to Acetylenic Compounds Substituted
by Electron-Withdrawing Groups

Triphenylphosphine gives Michael additions to the activated triple bond of acety-
lene dicarboxylic esters in presence of acidic compounds HY (Scheme 1). The
reactions take place easily at room temperature, even at -10°C [1], through
formation of intermediate activated vinylic phosphonium salts, which undergo
a subsequent Michael addition of HY. The reactions afford various stabilized
ylides which can be isolated in high yields or undergo possibly evolution, for ex-
ample by intramolecular Wittig reaction [2].
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The acidic compounds used can be compounds with N-H bonds (aromatic
primary amines [1], azole heterocycles [2-5], sulfonamides [6]), or enolizable
compounds with activated C-H bonds [7, 8].

A related preparation of specific stabilized phosphonium ylides corresponds
to the reaction of triarylphosphines with acetylene dicarboxylic esters in pres-
ence of fullerene, which affords a cyclopropanyl-fullerene substituted stabilized
phosphonium ylide [9] or the corresponding evolution products [10].

2.1.2
Preparation by Addition of Tertiary Phosphine Oxides to Acetylene Dicarboxylic Esters

The reaction takes place probably by a kind of “inverse Wittig reaction”, corre-
sponding to the thermal dissociation of an oxaphosphetene resulting from a
[2+2] cycloaddition between the phosphine oxide and the activated acetylenic
compounds (Scheme 2) [11,12].

COMe A
r R Ar
A C °c |R_/ COMe ~ps
el o+ ‘(Ll 14°C R:P | 2 — R-P_COMe
R/ \O o '
I 07 > co,Me
CO,Me COMe 2

R, R': Aliphatic groups (cyclic or not) [11, 12]
Ar: 2,4 6-trisubstituted pheny!
Scheme 2
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The reaction affords in variable yields (19-85%) a stabilized phosphonium
ylide exhibiting two electron withdrawing substituents on the ylidic carbon a to
the phosphorus atom, and requires apparently a dialkylarylphosphine oxide in-
corporating an overcrowded 2,4,6-trisubstituted aryl group.

213
Preparation by Modification of the Side Chain

Among various modifications of the side chain of stabilized ylides [13, 14] can be
pointed out the preparation and transformation of the phenyliodonio a-substi-
tuted phosphonium ylides (Scheme 3) [15]. These compounds represent a po-
tentially useful class of reagents, in which the iodonium group can be further
substituted by nucleophiles such as PhSLi.

PhI(OTH), , 2 py

(CHCly, 3h, r.t.) X= OTf
S
PhyP=CH-Gp propec’  x©
NC)
PhI(OH)OTs I-Ph
( X= OTs _
(CH20|2, 12h, I't) PhSLi
(CH,Cl,, 20h, 0-20°C)
S
[15] ; Gp = COMe, CO,Me, CN ph3p=c\
S-Ph
Scheme 3
2.14

Preparation by Acylation of Phosphonium Ylides

Since the pioneering work of H.]. Bestmann and coworkers in the 1960s, acyla-
tion of phosphonium ylides is a well known process for the preparation of §-ox-
ophosphonium ylides. The classical way (a) using acylating agents such as acyl
chlorides and in situ transylidation is still useful (Scheme 4) [16, 17].

However, an interesting variant (way b) avoiding the loss of one equivalent
of the starting ylide as a consequence of the transylidation reaction was re-
cently developed using a zinc promoted acylation of stabilized ylides by acyl
chlorides [18].

Further, Wasserman and coworkers developed a direct acylation of stabilized
phosphonium ylides by carboxylic acids in presence of the EDCI/DMAP (way c).
This last method allows the introduction of a-aminoacid structures into the re-
sulting B-oxo phosphorus ylides [19-25], opening the way to the total synthesis
of depsipeptide elastase inhibitors [22, 24] or cyclic peptidic protease inhibitor
Eurystatin A [20].
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2.2

Reactivity of Stabilized Ylides

2.2.1
Thermolysis of -0xo Phosphorus Ylides

Savignac et al. [26] excellently reviewed this topic, but Aitken and coworkers in-
vestigated further the flash vacuum pyrolysis (FVP) of the -oxophosphorus
ylides (Scheme 5).

The thermolysis of various substituted phosphonium ylides between 600 °C
and 900 °C can afford either substituted alkynes [16, 25,27] or cyclic dienes [20]
by extrusion of Ph;PO, or new stabilized ylides by cyclization of the functional
groups [27, 28].

Particularly interesting are the results obtained with the phosphonium ylides
including an acyl rest derived from aminoacid: if the N-H bond reactivity is
blocked by an amide protection, the alkyne formation takes place [25,27], but if
the N-H bond is not deactivated, an intramolecular cyclization occurs to give a
new stabilized ylide [27, 28].
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Scheme 5

It must also be pointed out that the alkyne synthesis through the FVP process
can also be extended to bis(f-oxo phosphonium ylides) for the preparation of
1.3-diynes compounds [16].

2.2.2
Oxidation of Phosphonium Ylides

Oxidation is an important preparation process in the phosphonium ylide chem-
istry, which can be performed with a lot of oxidizing agents [29].

With a-disubstituted ylides the reaction results in the formation of a carbonyl
compound and a tertiary phosphine oxide (Scheme 6).

Interestingly, after oxidation of the a-cyano substituted ylides, the resulting a-
ketonitriles can undergo a substitution of the cyano group, acting as a leaving
group, by various amines to afford the corresponding amides. Wasserman and
coworkers applied the sequence of reactions (acylation, oxidation, aminolysis) to
the a-cyanomethyl phosphonium ylide in order to synthesize various peptidic bi-
ological active compounds [19,20,21,24] or oxomalon diamides derivatives [23].
For their own part, Lee and Kawamura prepared 1,2,3-tricarbonyl compounds by
oxidation of disubstituted stabilized ylides [30-32].

With a-monosubstituted ylides the oxidation results in the formation of
alkenes (by subsequent Wittig reaction on the intermediate aldehyde). A recent
example of such synthesis is found in the preparation of all-(Z)-cyclododecate-
traene by oxidation of the appropriate bis-ylide [33]. It must be pointed out that
an approach of the same macrocycle based on ring closing metathesis was found
ineffective.
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2.23

Reaction of Stabilized Phosphonium Ylides with Activated C=C Double Bonds

D.K. Taylor and co-workers investigated thoroughly a new route to diastere-
omerically pure functionalized cyclopropanes utilizing stabilized phos-
phonium ylides and y-hydroxyenones derived from 1,2-dioxines (Scheme 7)
[34-38].

v 0
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R'=H, Me, OR"

Scheme 7
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Key features of the cyclopropanation include the ylide acting as a mild base
to isomerize the 1,2-dioxines into cis-y-hydroxy enones, followed by Michael
addition of the ylide and last by cyclization of the intermediate enolate [35].
It must be noted that the trans-y-hydroxyenones do not give the cyclopropana-
tion.

In a related work, the same authors present an expeditious synthesis of func-
tionalized dihydronaphtofurans starting from dihydronaphtodioxines and sta-
bilized phosphonium ylides [39].

In the case of alkenes simply substituted by an electron-withdrawing group
(without a y-hydroxy group), the stabilized ylides give first a Michael addition
and most often a subsequent prototropic shift resulting in new functionalized
ylides (Scheme 8). Then a possible evolution of the resulting ylides can occur to
give the final products [40-44].

1
!
9 _C-R
R—CH=CH—Gp + PhsP=C—C-R — PhaP:C\
CH—CH,-Gp
R/

-

N
Gy = COR" [4042], —( j@ [43,44]
S

R'=H, Me, Et, Ph, OMe, OEt

Possible evolution

Scheme 8

3
C-Substituted Phosphonium Ylides

3.1
Ylides Substituted by Group 1 and 2 Elements; Phosphonium Yldiides and Diylides

The lithium phosphonium diylides 1, first described by Wittig and Rieber (R=H)
[45] were until recently mainly used as ligands in coordination chemistry [46].
These species also constitute excellent tools in organic synthesis [47], still re-
cently attested by works described below (Scheme 9).

Thus unsubstituted (R=H) and substituted (R =alkyl) non-stabilized diylides
1 react with phenylisocyanate and dicyclohexylcarbodiimide (R!INCX), leading
to the formation of new monoylide type intermediates. These last ones react in
situ with carbonyl compounds through a Wittig type reaction leading respec-
tively to a,-unsaturated amides 2 and amidines 3, with a high E stereoselectiv-
ity, the double bond being di- or tri-substituted [48, 49]. By a similar reactional
pathway, diylides also react with carbonic acid derivatives, with the synthesis as
final products of E-a,-unsaturated esters 4 and acids 5 [50].

Optically active vinyl sulfoxides 6 were also produced from the reaction of
1 (R=H) with(-)-(S)-menthyl sulfinate, via the intermediate formation with in-
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version of configuration of the corresponding a-sulfinyl ylide and its subsequent
reaction with carbonyl compounds (Scheme 10) [51].

The mixed lithium aminophosphonium azadiylides 7 [47] are known to be in-
volved in reaction with various electrophiles specifically at the carbon center. The
reaction with carbonyl known to form betaine adducts was recently used for the
first time in Wittig type reactions for the synthesis of di-, tri-, and tetrasubsti-
tuted alkenes 8 [52].

Diylide 1, by reaction with a phosphorus electrophile, Ph,PCl, lead instanta-
neously via a nucleophilic substitution and intramolecular prototropy to the for-
mation of functionalized monoylides 10 (Scheme 11).

In presence of carbonyl derivatives various Z-a,f-unsaturated phosphines 11
have been synthesized in very mild conditions [53-55]. The extension of this
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study to other phosphorus electrophiles such as Ph,P(O)Cl, Ph,P(S)Cl, and
(EtO),P(0O)Cl allowed the E-stereoselective synthesis of the corresponding
styrylphosphine oxide 12, sulfide 13 and dialkyl styrylphosphonates 14. The
method has been extended to a very efficient one pot synthesis of various buta-
dienyl phosphines 15, in some cases optically active, and difficult to obtain by
other ways [56].

Recently the ylide 16 or the corresponding protonated ligands allowed, in pres-
ence of metallated bases of groups I and II (Li, K, Ba), the synthesis of the first
phosphonium bridged metallocene 17 (dicyclopentadienylide) (Scheme 12).
Chiral kalocene and barocene, observed only in racemic forms, have thus been
obtained [57].

The barium phosphonium dibenzylide 18, first organobarium compound not
belonging to the cyclopentadienyl series, was isolated at the same time
(Scheme 12) [58]. In the latter, the Ba** ion is encapsulated by two C,-symmet-
ric phosphonium ligands of opposite chirality.

Atlast,barium and calcium complexes of phosphonium bifluorenylide 19 was
obtained from the corresponding phosphonium iodide (Scheme 12). The anion
displays weak nucleophilicity toward both cations which prefer to coordinate
with neutral oxygen of THF and with iodide. Located outside the coordination
sphere of the metals, it represents thus the first example of uncomplexed phos-
phonium diylide [59].

As the phosphonium diylides, lithium phosphonium yldiides, first described
by Schlosser and Corey (Ph;P=CR-Li; R=H, C;H;) [60-62], have a high nucle-
ophilicity and reactivity. Recently, the a-silylated lithium phosphonium yldiide
20 has been prepared from the stable phosphanyl-(silyl)carbene 19 and alkyl-
lithium (Scheme 13). The first crystal X-ray diffraction study of such a reagent
was proposed for 20 and its reaction with methyl iodide or phosphorus elec-
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trophiles allowed the synthesis of the corresponding C-substituted ylides [63].
Another yldiide 21, of stabilized type, was also synthesized and its reaction with
tin derivatives (R;SnCl, R,SnCl,, or SnCl,) resulted in the formation of two types
of isomers corresponding to covalently C- and O-bonded tin substituted ylids
(Scheme 13) (respectively 22 and 22”) [64].
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Concerning the yldiide Ph;P=CH-Li, the question as to whether it could be ob-
tained by direct lithiation of the ylides 23 (Y=H), for a long time in debate be-
tween Schlosser and Corey, could have found an answer. Effectively NMR stud-
ies seem to show that a directed ortho-metallation occurs on an aromatic ring
when 23 is reacted with #-BuLi [65], leading thus to the formation of 24 whose
evolution does not afford Ph;P=CH-Li (Scheme 13).

3.2
Phosphonium Ylides in Coordination Chemistry

A review concerning the coordination and organometallic chemistry of P- and
As-carbonyl stabilized ylides was published in1998. The references quoted inside,
being previous to the period concerned by our article, are not detailed here but
they represent a very interesting basis to the results described below [66].

3.2.1
Ylides and Group 4 Transition Metals

Complexation studies of phosphonium ylides and early transition metals of
group 4 (titanium, zirconium, and hafnium), until now mainly concerning cy-
clopentadienyl species and non-stabilized ylides (Ph;PCH,), have been recently
extended to a-keto-stabilized ylides 25 (Scheme 14). The latter (R=thiazolyl) in
presence of TiCl,(THF), or ZrCl, forms new complexes 26 in which it acts as a lig-
and in a chelating manner through a N,0O-coordination [67]. Compound 25
(R=Me, Ph) also reacts with tetrakis(dimethylamino) titanium or zirconium to
give unstable complexes which evolve respectively to the formation of the new
ylide 27 or the phosphinoxide 28, via the transfer of a NMe, group [68]. From the
reaction of the salt 29 with Ti(NMe,),, another ylide was obtained in which the
carbonyl oxygen binds the metal center [68].

PhPO)_ <Ph Zr(NMe,), Ti(NMe,), Me,N
H; NMe _ _ _ ., C=CHy
2 R=Ph R=Me  PhP=CH
28 27
TiCl(THF
iCl(THF), ESP:CH‘C(O)R ] \ Ph3PQCH2-C(O)Ph Br@l
or ZrCl, )
25 29
PhgP
’ o PhP® H
~ 3
H—“zc—o0, ¢ Ti(NMey),
)\ mcl,
R[N o .C
NS (Me,N),Br,Ti—O” Ph
26 30

Scheme 14
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Stable zirconate complexes of type 31 have also been described by the [3+2]
cycloaddition of a-phosphino zirconaindene with alkyne derivatives, and the
method has been extended to the synthesis of zirconium complexes from vari-
ous heterocumulenes X=C=Y (X,Y=0, S, CyN) (Scheme 15) [69, 70].

R-C=C-COMe
[3+2]
+ = Ogle = (UL 4s
olle
Zr” PPh, Zr° "PPhy
©

sz} ! Cp2 Vo
@m\ MeOLC TR MeOL R
Zr”  pph,

Cp2 31 31

Scheme 15

3.2.2
Ylides and Group 5 Transition Metals

The first complexes of a-keto ylides and group 5early transition metals
have only recently been obtained by reaction of Nb(III) derivatives
[{NbCl;(dme)}(R"C=CR”)] with 25 (R=thiazolyl) (Scheme 16). The chelation of
the ylide occurs through an N,O-coordination to the metal center and in presence
of MeLi a deprotonation of a phenyl ring takes place with the loss of alkyne, lead-
ing to the formation of a new ortho-metallated binuclear compound 32. The two
ylides involved in the complexation behave as tridentate anionic ligands and are
mutually in a trans disposition in order to minimize the steric hindrance [71,72].
Another binuclear niobium complex 33 has been obtained from 25 (R=Me, Ph)
with this time an O-coordinated a-keto ylide [68].

25 Pth CH-C TMS
NbCI3 dme
a) [NbCl3(dme)PhCCMe]
b) MelLi
Ph3P @

\C/

..... h /
- 5 le>/2 TMS\V\Nb 2
7
R= [S\ S>§N ‘ Cl:\C|

32 trans, Ci 33 R= Me, Ph
Scheme 16
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3.2.3
Ylides and Group 6 and 7 Transition Metals

The diamagnetic ylide complexes 34 have been obtained from the reaction of
electron-deficient complexes [MoH(SR);(PMePh,)] and alkynes (HC=CTol for
the scheme), via the formal insertion of the latter into the Mo-P bond. The struc-
tural data show that 34 corresponds to two different resonance-stabilized ylides
forms 34a (o-vinyl form) and 34b (carbene ylide form) (Scheme 17) [73]. Con-
cerning the group 7 recent examples of cis ylide rhenium complexes 36 (cis-
Me-Re-Me) have been reported from the reaction of the corresponding trans
cationic alkyne derivatives 35 with PR’ via a nucleophilic attack of this phos-
phine at the alkyne carbon.

(@]
H H u
SR
\C RS- Il\lllc?/SR R=amy \C @ Mo H
Ph,P ..C P Z
\M / = Me C
e tol tol tol~
ol
34a 34b

35 R"=Me, Ph 36a 36b
Scheme 17

As in the preceding case with molybdenum, the spectroscopic and X-ray
crystallographic data suggest that the complexes obtained can be described as
organometallic analogs of resonance-stabilized phosphonium ylides [74].

3.24
Ylides and Group 8 Transition Metals

New examples of dinuclear organoiron phosphonium ylide complexes, the
species having already been known for about 20 years, have been obtained with
the synthesis and X-ray structural characterization of iron compounds 37 (bridg-
ing ylide ligands) (Scheme 18) [75-77]. An interesting reaction corresponding to
the first example of a cationic ligand migration to a cationic phosphenium phos-
phorus, has also been reported starting from another iron complex 38. This one
in presence of a Lewis acid (Me;SiOTf) gives a dicationic phosphenium complex
39 and the intramolecular migration of the cationic phosphorus ylide occurs
from the iron to the phosphenium (Scheme 18) [78].
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However an unexpected new cyclic ruthenium phosphorus ylide half-sand-
wich complex 42 has been obtained by reaction of 41 with dichloromethane as
solvent [79]. The cyclisation involves a C-Cl activation and corresponds to the
incorporation of the methylene moiety in the P-C bond and to the ortho-metal-
lation of one phenyl of the phosphine. An other novel unusual phosphonium
ylide ruthenium complex 43 has also recently been described [80].

3.2.5
Ylides and Group 9 Transition Metals

A novel chiral dissymmetric chelating ligand, the non-stabilized phosphonium
ylide of (R)-BINAP 44, allowed in presence of [Rh(cod)Cl], the synthesis of a new
type of eight-membered metallacycle, the stable rhodium(I) complex 45, inter-
esting for its potential catalytic properties (Scheme 19) [81]. In contrast to the
reactions of stabilized ylides with cyclooctadienyl palladium or platinum com-
plexes (see Scheme 20), the cyclooctadiene is not attacked by the carbanionic
center. Notice that the reactions of ester-stabilized phosphonium ylides of BINAP
with rhodium(I) (and also with palladium(II)) complexes lead to the formation
of the corresponding chelated compounds but this time with an equilibrium be-
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tween a chelate form (described below with non-stabilized ylide) and an open
and dicoordinated form [82].

©Q " P a) [Rh(cod)Cl], Ph._ i Pph2>Rh
P=CH, @\
— . CHy

@ @ PPh, b) AgBF4 S @@ BF.©

44 45
Scheme 19

3.2.6
Ylides and Group 10 Transition Metals

The reaction of the stabilized ylide 46 (a-vinyl substituted) with the cycloocta-
dienyl Pd(II) allows the synthesis of a novel complex, the (r*-allyl)palladium 47,
in which the olefinic double bond participates in the coordination (Scheme 20)
[83]. The coordination of the bis-ylide 48 with the same starting Cl,Pd(COD)
leads to the formation of another new palladium complex 49 via COD exchange
reactions. A C-coordination mode takes place between the carbanionic centers of
the bis-ylide and the soft palladium and two stereogenic centers of the same
configuration are thus created [83]. In contrast to the example described in
Scheme 19, the CI,M(COD) (M=Pd or Pt), in presence of a slightly different car-
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bonyl-stabilized ylide 50, gives a monomeric cyclooctenyl complex 51 resulting
from the nucleophilic exo-attack of the COD by the ylide [84]. The formation of
51 constitutes the first example of a nucleophilic attack of an ylide at olefinic
bond coordinated to Pd(II) or Pt(II).

Other works have shown that phosphonium ylides a-stabilized by a cyano or
keto group can behave as ambidentate ligands towards palladium complexes
(Scheme 21) [85-89].

Thus, the reaction of the cyclometallated palladium(II) 52 with the stabilized
ylide Ph;P=CH-C(O)Me gives the cationic complex 53 whose structure shows the
presence of a O-bonded ylide trans to a soft arylic carbon of the dmba ligand. In
contrast, the more nucleophilic ylide Ph;P=CH-CO,Me is selectively C-bonded
(54) to the palladium via the ylidic carbon in trans position to the hard nitrogen
of NMe,. Finally, the cyano-stabilized ylide Ph;P=CH-CN, depending on the sto-
ichiometry of the reaction, leads to the mononuclear (or dinuclear) complex 55
in which both a C- and an N-coordination of the ylide are established (respec-
tively trans to the NMe, and trans to the C,,).
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Scheme 21

The fact that the coordination of a hard “N” donor atom is preferred in a trans
position to the soft “C” donor atom and reciprocally, constitutes a good illustra-
tion of the antisymbiotic effect which seems here to occur in presence of the soft
Pd(II) metal. Similar observations have also been made in Pt(II) complexes.
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The bis-phosphonium salt 56 in presence of Pd(OAc), leads to the formation
of the neutral bis-ylide 57 which reacts with TIC1O, to give the dinuclear cationic
complex 58 (Scheme 22) [89, 90]. The bis-ylide part, which has potentially two
carbons and one oxygen donor atoms, acts as a C,C-chelating ligand through its
two soft ylidic carbons.

Subsequent reactions involving 58 allowed the synthesis of various mono- or
dinuclear complexes with ligands in trans position to the bis-ylide. All these
ligands possess donor atoms behaving as borderline or hard bases (pyridines,
N-bonded ylides, Cl-, acac, NCMe, pu-OH). For example the reaction of the
cyano-stabilized ylide Ph,P=CH-CN leads systematically to an N-coordination
(59) and never to a C- one. Moreover strong C-donor ylides are unable to break
the chlorine in 58 and the p-hydroxo ligand in the dimer 62 is also strongly sta-
bilized.
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Scheme 22

Thus it appears that the presence of two soft carbons on the palladium
stabilizes the trans coordination of hard ligands and drives the selective
coordination of ambidente ligands through their hardest atom. These re-
sults, as those described in the previous scheme, constitute other examples
of the antisymbiotic effect which can be observed in soft palladium(II) com-
plexes.

It is interesting to notice that the complex 58 is also able to react with soft
donor ligands such as triphenylphosphine resulting in the formation in very mild
conditions of the unexpected orthometallated complex 59 (Scheme 23) [89, 91,
92]. The ligand here is linked to the metal through both an aromatic and an ylidic
carbon. Other transformations are realized from 58 leading, including the
compounds of the previous scheme, to four different structures for the bis-ylide:
(i) C,C-chelate; (ii) C,C-orthometallated; (iii) C,C-orthometallated and free ylide;
(iv) C,C,C-terdentate (Scheme 23).
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Carbonyl-stabilized ylides and the cyano-stabilized ylides Ar;P=CHCN in
spite of their low nucleophilicity are able to give stable complexes. By compari-
son, very few complexes involving the second category of ylides are known. How-
ever a new example has recently been described by reaction of the cyano-ylide
60 with palladium(II) to give the complex trans-[PdClL,{CH(PTol;)CN},] 61
(Scheme 24) [93].

Others complexes (63), also recently described, constitute the first ex-
amples known of alkenyl phosphorus ylides of palladium (Scheme 24) [94].
The latter are obtained by reaction of the (dppm)Pd (II) 62 with various alkynes
(substituted by electron-donating or electron-withdrawing groups). The re-
action corresponds to an unprecedented apparent insertion of alkynes into a
palladium-phosphine bond. This insertion is highly regiospecific since only
alkenyl ylides with the terminal alkyne carbon bonded to the phosphorus
center are formed. The formation of this thermodynamically stable alkenyl
ylide is potentially interesting in the field of deactivation catalysis
for palladium catalyzed organic transformations using unsaturated hydrocar-
bons.

A related unprecedented double insertion of electron-deficient alkynes
has also been reported in the reactions of the linear Pt,Pd heterotrimetallic
complex 64 with 65 (RO,CC=CR) (Scheme 24) [95, 96]. A series of unsymmetri-
cal A-frame clusters 68 has thus been obtained in which a first insertion of the
alkyne takes place site-selectively into the Pt-Pd bond vs the Pt-Pt bond (66).
After a zwitter-ionic polar activation of the resulting inserted alkene (67),a sub-
sequent reaction with the phosphine unit of the dpmp allows one to obtain the
products 68 via the nucleophilic migration of the terminal P atom from the Pd
center to the CH terminal carbon (formation of the P-C bond).
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Works developed by Navarro and coworkers for the palladium and stabilized
ylides complexes have been extended to the platinum chemistry (Scheme 25)
[97,98].

Related platinum compounds such as 69 have thus been synthesized from a-
keto or cyano-stabilized ylides. A selective C-coordination trans to the P phos-
phorus atom of the ligand is observed, probably resulting from steric interac-
tions.

The compound 70 has also been reported showing the ambident character
(both C- and N-coordination) of the cyano-stabilized ylide as ligand. The authors
have also transposed their work concerning the keto-bis-ylide and palladium,
with the synthesis of the C-bonded complex 71 or the new cycloplatinated or-
thometallated compound 72. The latter by various treatments allows one to ob-
tain other ylidic cationic complexes of platinum such as 73. A C,C,C-terdentate
coordination of the keto bis-ylide, already observed with the palladium is also
obtained from the reaction of 73 with gold derivatives.

3.2.7
Ylides and Group 11 Transition Metals

Complexes of phosphorus ylides with gold have been known for a long time
[29, 46]. Two related reviews, recently published, are especially dedicated to
dinuclear gold species held together in most of the cases by the diphenylphos-
phonium diylide ligand, the complex 74 being by far the most studied
(Scheme 26) [99, 100]. A very rich chemistry has been developed around these
diauracycle systems and the objective of one of these reviews concerns the im-
plications of these species for the understanding of oxidative addition processes
in dinuclear and polynuclear complexes [100]. The second review is more par-
ticularly dedicated to the reactivity of the diauracycle systems and their impli-
cation in the preparation of chains of gold atoms [99].

Recent works have been reported in the field of these dinuclear complexes.
Thus new products of type 76 have been described resulting from the substitu-
tion of brominated dinuclear gold(II) and gold(III) diylides complexes by the
lithium methylenediphenylthiophosphinate Li[CH,P(S)Ph,] (Scheme 26). For
example starting from 75 (R=Me) a one-electron reduction of each gold atom of
the Au/Au™ metallacycle occurs to produce the corresponding homovalent
Au/Au" metal-metal bonded complexes 76 [101].

A related dinuclear species 77, recently described, constitutes the first dinu-
clear gold(I) complex with heterobridged phosphor-1,1-dithiolato moieties and
bis(ylide) bridging ligands [102]. It is obtained by reaction between [AuS,PPh,]
and the diylide gold complex 74 (R=Me). No intermolecular Au-Au interaction
is observed in 77 but the oxidative addition of chlorine to the product leads to a
new complex 78 in which a single bond is formed between the two Au(II) centers
(Scheme 26).

Very few examples of bridging non-cyclic methanides of gold are known.
Among them the complex 79 has been reported as the result of the reaction of
phosphine-phosphonium derivatives with acetylacetonate derivatives of gold(I)
[103, 104]. The complexes 80 [89, 98], already seen in previous paragraphs, cor-
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Scheme 26

respond to a C,C,C-terdentate coordination of a keto bis-ylide both to a gold atom
and to a palladium or a platinum one. Finally another compound has been de-
scribed which also combines the coordination to two different metals. It consists
of a gold eight-membered diauracycle linked to two tripodal tris(amido)tin frag-
ments [105].

3.2.8
Ylides and Group 12 Elements

When the phosphonium ylide 81 is reacted with zinc amide, the corresponding
a-zincated phosphorus ylide is formed. Thermally unstable, it evolves almost
quantitatively to zincatacyclobutane 82 which in presence of pyridine leads to the
formation of the zincataphosphoniaindane 83. In order to explain this unprece-
dented cyclometallation reaction, a mechanism is proposed involving a low
coordinated zinc center. The new product, reacted with benzaldehyde leads to the
diphenylallene 84 (Scheme 27) [106-108].

Usually, C-mercury substituted phosphorus ylides are monomers and in or-
der to stabilize these complexes the presence of a second substituent on the car-
bon is necessary to balance the electron-donating effect of the metal. However a
dimeric complex 85 has been obtained by the reaction of mercuric halides HgX,
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with a diketo-ylide (Scheme 27) [109]. The latter is regiospecifically coordinated
to the soft mercuric center via the acetyl oxygen and this is the first example of
an O-coordination of any keto phosphorus ylide to Hg(II).

The compound 86 constitutes an interesting compound in which a bis keto-
ylide coordinates both a palladium (through an aryl and an ylidic carbon) and
a mercuric center (through an ylidic carbon) [89, 110]. This C,C,C-terdentate
coordination has also been observed with gold complexes.

33
Phosphonium Ylides Substituted by Elements of Groups 13-16

3.3.1
Ylides C-Substituted by Elements of Group 13- 14

Tris(pentafluorophenyl)borane B(C¢Fs)s, like the other compounds of group 13,
is a strong Lewis acid which can react with an ylide such as 87 to give the corre-
sponding adduct 88. The formation of the latter is reversible and under pro-
longed thermolysis it evolves to the thermodynamic product 89 which results
from the ylide nucleophilic attack at one of the ~C¢F; rings followed by a fluorine
transfer (Scheme 28) [111].

For group 14, C-tin-substituted phosphorus ylides have been studied in the
past but less than the corresponding C-silyl ylides which, owing to their stabil-
ity and reactivity, are of considerable interest. Indeed a recent review concerning
the silylphosphanes with one part concerning the synthesis and applications of
silylated phosphorus ylides has been published [112].
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As a recent result an example of C- and O-covalently bonded tin substituted
ylides (respectively 90 and 91) has been reported, the adducts resulting from the
reaction of a stabilized yldiide with tin derivatives (R;SnCl, R,SnCl,, or SnCl,)
(Scheme 28) [64].

Some ylides 92 among them C-silylated ones have been synthesized in order
to compare the stabilization influence on the carbanionic center of various C-
substituents (I, SiMe;, Ph;P*) [113]. It appears from this study that the stabiliza-
tion due to the electron-withdrawing C-substituents (R or R’) is not so negligi-
ble by comparison with the hyperconjugative stabilization between the ylidic
carbon and the phosphonium group [114]. This is particularly true for the iodine
substituent.

Triphenylphosphonium ylide reacts with the silylene complex 93 which has a
highly electrophilic silicon center, to give the corresponding cationic adduct 94
[115]. The lengthening of the PC bond indicates a loss of the double bond char-
acter of the ylide and corresponds to the formation of a tetrahedral silicon cen-
ter with four covalent bonds (Scheme 28).

Q
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Scheme 28

Trimethylsilyl ylide 95 reacts with PCl; or AsCl; to give respectively the cor-
responding halophosphorus ylide 96 and the first example known of haloarsanyl
ylide 97 [116]. In various stoichiometric conditions the 1:1 condensation of 95
with AsCl, is realized to give haloarsanyl ylides with either a dimeric structure
(diarsenate 98) or trimeric and tetrameric cationic compounds 99 and 100
(Scheme 29).
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A corresponding chemistry with the formation of oligomeric halophosphanyl
ylides 101 has been developed by the same authors [117, 118].

The symmetrical bis(ylidyl)phosphenium chlorides 103, obtained from the re-
action of trimethylsilyl ylides 102 with PCl; are the first phosphenium salts which
do not need counterions of low basicity such as AICI; to be isolated (Scheme 30)
[119]. The explanation of their stability lies in the delocalisation of the phosphe-
nium charge in the two phosphonium parts. The reactivity study of these species
is reported and for example the phosphenium 103 (R=Ph) adds ortho quinones
to the central phosphorus to give the corresponding dioxaphospholenium salts
104 via a [4+1] cycloaddition.

R R
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P e
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R = alkyl, Ph Phap//J\ F’éL\PPh3
c®e
Scheme 30

3.3.2
Ylides C-Substituted by Elements of Group 15

Important literature is available for this type of ylides which are usually thermally
stable in the case of phosphorus, arsenic or stilbene C-substituents. This is dif-
ferent for ylides C-substituted by nitrogen atoms which have a destabilizing ef-
fect.

As recent results we can mention the reactions of ylides 105 in presence of
PCl;, AsCl;, or SbCl; which lead to the formation of 1:1 adducts (Scheme 31)
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[120]. With PCl; the form corresponding to a dissociation of the adduct in two
ions is obtained (106"). Starting from AsCl; structures 106 with different degrees
of transition from a zwitterionic y-trigonal-bipyramide to a cationic yp-tetra-
hedron are observed depending on the substituents R and R’. Finally from SbCl,
an asymmetric dimer type 106 whose structure is close to a square-pyramidal
geometry is obtained. Dicationic phosphorus (107) or arsenic (108) adducts are
also described from various types of ylides 105 (Scheme 31).
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Scheme 31

The bis(phosphanyl)ylide 105 (R,R’=PPhCl), whose chlorination destroys the
chirality can be reduced in 1,2,4,5-tetraphosphinane 109 [121] and the same
starting ylide by reaction with LiCH(PPh,), leads to the synthesis of the 1,2,4,5-
tetraphosphinine 110 [122].

Other ylides C-substituted by phosphorus atoms, after reduction react with
carbon disulfide to give in presence of bases the ylidylphosphinyl dithioformate
112 (Scheme 32) [123]. The same starting ylide in presence of PtCl, gives the cor-
responding platinum complex (two diastereomers) [123] and with trimethylsi-
lyl phosphines, ylides 114 substituted by diphosphines are obtained. A cyclisation
product is also observed when 111 (R=CH,Cl) is reacted with 2 equiv. LIN(PPh,),
to give the 1,2,3,5-azatriphosphole 115 (Scheme 32) [122]. Other works con-
cerning the study of the reactivity of triphenylphosphonium allylides toward
PCl; have been reported, thus allowing the synthesis of new examples of 1,2-
diphospholes and of ionic phenalene structures [124].

Various compounds of type 116 have been obtained by the reaction of PF, with
bidentate ligands incorporating a bridging > C=PPh; group (Scheme 33) [125].
Thanks to the increased electron density of the latter the chelating ability of these
ligands is better than the corresponding bases with >C=CH, and > CHX bridges.
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Biphilic ylides 117 can enter in cyclocondensations with carboxylic acid chlo-
rides, carbon disulfide, and acyl isothiocyanates [126]. Certain corresponding
heterocyclic products 118 obtained are described for the first time (Y’=N(CO)Ph;
Y=S) and are precursors of the new 1-(2-phenylthiazol-5-yl)-5-phenyltetrazole
119 (Scheme 33).
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3.33
Ylides C-Substituted by Elements of Group 16

Phosphorus ylides C-substituted and stabilized by elements of group 16 are of-
ten used for the synthesis of natural substances. For example, the synthesis of
simplified analogs of artemisinin, used against chloroquine-resistant malaria, has
been recently described from methoxymethylphosphonium ylide 120 [127,128].
The later is able to convert aliphatic nitriles into a-functionalized ketones 122
which are the precursors of the target compounds. Starting from the aromatic ni-



68 M. Taillefer - H.-J. Cristau

triles the reaction has been extended to the synthesis of a-methoxyacetophe-
nones 124 which are of interest as synthetic intermediates in organic chemistry.
This method offers a good alternative to the use of organometallic compounds
(tin derivatives) which allow the same type of transformation (Scheme 34).

R
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\ ArCN L H0 A~
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LiCt .l CH - PhsPO
PPh; '3 0
123 124

Scheme 34

In Sect.2.2.1 we described the thermolysis of various -oxophosphorus ylides
affording either substituted alkynes or cyclic dienes by extrusion of Ph;PO, or
new stabilized ylides.

In contrast to this behavior stabilized sulfonyl ylides 125 lose Ph;P under flash
vacuum pyrolysis conditions to give sulfonyl carbenes 127 which evolve to the
formation of various products among which the alkenes 129, observed in all the
cases (Scheme 35) [129].

Starting from sulfinyl stabilized ylides 126, a loss of Ph;P was also observed to
give the intermediate formation of the corresponding sulfinyl carbene 128.Via a
1,2-oxygen transfer in the latter, thioesters 130 were this time obtained [130].
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126 (Y = SO) 128 (Y=S0) SR
130
mixtures

Scheme 35
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Finally the new ylides stabilized with sulfinyl but alkoxy carbonyl groups
also behave in a more complex manner than for the simple sulfinyl ylide and
the loss of both Ph;PO and Ph;P is observed [131]. Mixtures of products are ob-
tained among which are alkenyl sulfides as major products but also sulfides and
thioesters (Scheme 35).

The cycloaddition of alkynes with the tributylphosphine-carbondisulfide
adduct 131 results in the in situ formation of the ylides 132 which react with al-
dehydes to give the novel 2-arylidene or 2-alkylidene-1,3-dithioles 133
(Scheme 36) [132]. Concerning ylides C-substituted by sulfur we can also men-
tion a publication on the behavior of various keto-stabilized ylides towards
acyclic and cyclic cis-disulfides allowing the synthesis of substituted thiazoles,
thiols, and dithiols [133].

Finely symmetrical divinyl tellurides 135, especially useful in transmetallation
reactions, have been prepared in situ by sequential reaction of an excess of the
ylide 134 with TeCl, and aldehydes (Scheme 36) [134]. These compounds what-
ever their geometry lead in presence of n-Buli to the formation of E-a,f-unsat-
urated aldehydes.
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134 135 Sc= cl
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Scheme 36
4
Conclusion

Although the preparation of phosphonium ylides has been widely studied in the
past, the works reported in this article dealing with the synthesis of stabilized
ylides by the modification of phosphorus ylides, the addition of tertiary phos-
phines to multiple bonds or the modification of the side chain, still attest to the
current importance of this subject. Moreover the study of the reactivity of these
stabilized ylides with their thermolysis, their oxidation (synthesis of ketones), or
their reaction with activated double bonds (cyclopropanation reaction) still en-
larges the application field of these reagents in organic synthesis. Concerning
phosphorus ylides C-substituted by heteroatoms of groups 1-16, the recent
works presented in this article show for this reagent a very large application do-
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main in organic synthesis as well as in coordination chemistry. Taking into ac-
count the extreme variability of C-substitution, a very promising investigation
area can still be expected for this type of ylide.
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1
Introduction, the Nature of the Donor-Acceptor Complex

Donor-acceptor compounds have been known for a long time [1] and their
understanding has existed long on the basis of the acid-basis theory [2]. The
appearance of a standard textbook in 1961 by Briegleb [3] had a great impact in
this field, since it was a comprehensive review at this time. The modern under-
standing of donor-acceptor complex formation [4] or more general the nature of
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76 W.W. Schoeller

donor-acceptor bonding was initiated by Mulliken in a series of publications
[5-7]. Notable contributions to the theory of molecular complexes have also
been made by Weiss [8], Brackmann [9] and Dewar [10]. Several reviews on the
subject of donor-acceptor complexes have been published, the most recent one
is the late contribution of Haaland [11].

An exemplary view of a donor-acceptor complex is given in 1 (Scheme 1).

R -®
SNE—= P _
R7Y [ —
R 1y
R" R
1
R= alkyl, aryl
MEZN
Me;,N NMe;
L @/ R\ Z z
MeoN—P| —3»= R, R——NI |
/ N / s N
MezN NM82 R N N
2 3a 3b 3c

Scheme 1

Electron density is transferred from a Lewis donor to a Lewis acceptor, here
shown for an amine (donor) interacting with a phosphenium cation (acceptor).
The lone pair orbital at the amine dives into the empty p-orbital of the phosphe-
nium cation. Following the ideas of Mulliken the donation towards an acceptor
can be viewed as sketched in Scheme 2.

— LUMO

HOMO /
\ J A\ J
Y Y
donor acceptor
A B

Scheme 2
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The donor-acceptor formation can be considered by transfer of electrons from
the donor to the acceptor. In principle one can assume donor-acceptor interac-
tion from A (donor) to B (acceptor) or alternatively, since B (A) has also occupied
(unoccupied) orbitals, the opposite charge transfer, from B to A. Such a view
refers to mutual electron transfer and has been commonly established for the
analysis of charge transfer spectra of m-complexes [12]. A classical example for
a donor-acceptor complex, 2, involving a cationic phosphorus species has been
reported by Parry et al. [13]. It is considered that the triaminophosphines act as
donor as well as an acceptor towards the phosphenium cation. While 2 refers to
a P-donor, N-donors are in general more common, as for example amines, 3a,
pyridines, 3b, or the very nucleophilic dimethylaminopyridine (DMAP) [14], 3c.
It is even a strong donor towards phosphorus trichloride [15].

In more detail, the interaction energy between donor and acceptor is deter-
mined by the ionisation potential of the donor and the electron affinity of the ac-
ceptor. The interaction energy increases with lowering of the former and raising
of the latter. In the Mulliken picture (Scheme 2) it refers to a raising of the HOMO
(highest occupied molecular orbital) and lowering of the LUMO (lowest unoc-
cupied molecular orbital). Alternatively to this picture donor-acceptor formation
can be viewed in a Born-Haber cycle, within two different steps (Scheme 3).

Dl + A —» D + A a
ve . ® 0
D + A —» D—A b

Scheme 3

First one electron is transferred from the donor to the acceptor (Scheme 3,a)
and then both fragments form a covalent, but polar two-electron two-centre
bond (Scheme 3,b) [16]. As we will show in further discussion this view has some
advantages over the formulation of a donor-acceptor as a charge transfer com-
plex, as has been originally viewed by Mulliken [5] and Dewar and Lepley [12].
The step a is a one-electron redox process and is determined by the ionisation
potential of the donor and the electron affinity of the acceptor, i.e. intrinsic
properties of both fragments. The larger the electron affinity - as a rule cations
possess much larger electron affinities than neutral Lewis acceptors - the more
important are these considerations. In the final step b the covalent bond is
formed. This can be attributed to the bond energy which would result from the
recombination of two radicals plus the electrostatic energy between a positively
charged D and a negatively charged A.

In practice one can differentiate between two kinds of donors, the resulting
donor-acceptor bonds can be largely ionic (class I) or covalent (class II) [16].
Donors of the first type (class I) stem from the first row of the periodic table of
elements, such as amines, ethers, in detail structures in which the Lewis basis cen-
tre possessing the non-bonding lone pair is strong electronegative. Donors of the
second type are constituted from elements of the second row of the periodic table
of elements, such as phosphines, thioethers, etc. (class IT). These Lewis donors are
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less electronegative compared with their first row counterparts but tend to form
stronger covalent donor-acceptor bonds. These bonding facettes are emerging
mainly from theoretical considerations [16]. In most experimentally reported
cases donors are restricted to N-donation (amines, pyridines, etc.) towards elec-
tron accepting precursors. The only experimental detailed study in which dif-
ferent cases of donors (N-donors, O-donors, etc.) were probed, was made only
recently [17] for the case of formation of trigonal -bipyramidal coordinated sil-
iconium ions, 4 (Scheme 4).

D

' s )
RE sr"”RR —8< O—Ql%)
0 >
D
D
4 A B

D = Lewis donor
Scheme 4

Even for this case most of the experimental reports refer to N-donation at the
siliconium ion [18, 19]. It must be noted that organosiliconium ions are very
strong acceptors and can be stabilized by various donors [20], o-donors [21, 22]
and m-donors [23-25]. The strong electrophilicity of the siliconium ion [26]
as well as N-donation [27] were studied also in detail by quantum chemical
considerations. The systematic study of the addition of the various donors
towards Lewis acid cations in phosphorus chemistry is in fact lacking. Since
the electron affinities of cationic species are much larger than those of neutral
Lewis acids, one expects that overall the resulting donor-acceptor complexes with
cationic species are essentially more strongly bound as compared with neutral
Lewis acids.

Bis-coordination of two donors towards the silyl cation is determined by the
formation of two axial bonds, with formation of predominantly p-electron con-
taining axial bonds, A, as emphasized in the Musher concept [28] and additional
s-contribution, B. This is the consequence of the tendency of the higher main-
group element silicon towards orbital non-hybridization [29-31] and induces a
hydridic character of the hydrogen (at Si) by coordination of the donors at the
electrophilic siliconium ion R,Si®”H. All these aspects are well characterized for
the siliconium ion and await corresponding characterization for the low-coor-
dinated phosphorus cations. The stability of the two axial bonds is depending on
the electronegativities of the donor-centres and the accepting centre. It increases
with increasing electronegativity of the former and decreasing electronegativity
of the latter.
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2
Cationic t-Bonded Species

2.1
Theoretical Consideration of Cation Stabilities and Electronic Structures

It is informative to begin the further discussion with a consideration of the var-
ious cations which will be the aim of the following sections. The most prominent
examples of the low-coordinated cations in phosphorus chemistry are the
phosphenium (phosphanylium) cations. They were scrutinized in recent reviews
[32-35], and hence will not be discussed in details in the present review.

For the m-bonded cationic species under discussion it is of importance to have
knowledge about (a) the intrinsic stability of the cation itself and (b) the elec-
tronic nature of the frontier orbitals. The intrinsic stability of the cation is de-
termined by the extent of delocalisation of the positive charge over the entire
structure and the frontier orbitals should give some information on its reactiv-
ity towards nucleophiles (Lewis bases). The donors should approach the posi-
tions of the highest electrophilicity (energy lowest LUMO with the highest orbital
coefficient at the approaching atom) within a given structure. An attempt to ra-
tionalize various cationic structures in low-coordinated phosphorus chemistry
has been provided on the basis of quantum chemical calculations [36] and has
been extended lately to cyclic T-systems of the Arduengo-type [37] (Fig. 1).

A quantitative measure of the stabilities of cations 5-11 is provided by reac-
tion 12 (Fig. 1, bottom). It sets the intrinsic cation stabilities in reference to the

P @
Ha =N—
’I\‘/®\N,H | P=N—H
H H
-92.1 -94.7
5 6
.H.
© M OR _Gl
1P==C__ Na——} tP==0}
H
-27.5 -37.9 -66.2
7 8 9
P
® o /e
IP==s, HC cH
-67.2 -73.1
10 1
HPR'R? + PH,™)  — =  PR'R™™ + HPH, + AE 12)

Fig. 1. Relative stabilities (in italic, kcal/mol) of m-bonded cations, as obtained from quantum
chemical calculations, according to reaction 12
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unsubstituted phosphenium cation H,P™). Although these data were computed
for the gas phase they nevertheless yield the first-order effects of the cation
stabilities. In practice they also help one to understand the different reactivity
patterns of the various cations.

According to these consideration the diamino-substituted phosphenium (an
alternative suggestion for its nomenclature is phosphanylium) cation, 5, and the
phosphanetriylammonium (iminophosphenium) cation, 6, possess the largest in-
trinsic (gas phase) stabilities. Since in the X-ray structures the molecules are to
a first-order isolated, this theoretical stability scale determined for the gas phase
should also mimic the various trends of the stabilities of the cations and their
chelation behaviour. The methylenephosphenium, 7, and the P,H* cations, 8, suf-
fer from poor stabilities. On the other hand the phosphirenium cation, 11, is con-
sidered to be fairly well stabilized. It is due to m-electron delocalisation of the
positive charge in the phosphirenium cation. Intermediate cases in stability are
the PO* (9) and PS* cations (10). Of further interest are the frontier orbital con-
siderations, as shown in Fig. 2.

Accordingly, various classes of cations can be differentiated. The cations 5 and
11 are carbene types (Fig. 2A), in other words they possess a o-orbital (filled with

—_— P
o _ﬂ_ A
g

e

A

Qi

[+

+ ¥

Fig. 2. Frontier orbitals of different types of cations
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two electrons) and an empty p-orbital, perpendicular to it. The singlet character
of these species is ensured by the considerable energy separation between these
two frontier orbitals. A nucleophile (or Lewis base) should add perpendicular to
the plane spanned with the phosphorus atom. Possible dicoordination of a donor
is expected to occur in a bis-axial orientation of the two donors. In contrast, 7
possesses an empty p-orbital in plane with the PCH, unit, (Fig. 2B). Again a dif-
ferent situation (Fig. 2C) is provided in 6,9 and 10. These cations bear a degen-
erate set of Ti-, m*-orbitals, which gives rise to bis-donor-addition in an orthog-
onal fashion. In other words the first donor adds to one polarized m-bond and the
second one to its orthogonal counterpart. Hence, both donors are not axially ori-
ented, as is well known for the arrangement of the trigonal bipyramide (e.g. in
the siliconium cation); rather they span an angle ZDPD (D =donor) of approx-
imately 90°. These considerations have to be regarded as rules for donor-addition
to these species. As will be shown by the experimental structural data for 6, these
principal considerations which emerged from the quantum chemical calculations
are followed. More details on these aspects (charge densities, etc., on the investi-
gated cations) can be found in the cited paper [36]. A particular case is given for
8; in its free form it is predicted to adopt a bridged or a strongly bent structure,
depending on the substituent attached at phosphorus (see below).

In the first part of this review we report on the species of the type PE*,6-10
(Scheme 5).

)

P——E

E:6NR;7CR,; 8PR;90;10S.
Scheme 5

2.2
Cationic Species of the Type PNR*, Mono-Coordination

The best investigated cationic species is the phosphanetriylammonium system,
6 (E=NR). The electrophilic attack of AICl; on the P=N double bond [38, 39] of
the aminoiminophosphane R,N-P=NR (R=SiMe;) generated the internal salt
R,N-PH)-N(AICI{”)R. Since that time the reaction of iminophosphanes with
Lewis acids has being considered as a promising synthetic pathway to phos-
phanylium species [34]. Furthermore, it was reported [40] that the reaction of the
chloroiminophosphane CIP=NMes* (here and further Mes* =2,4,6-tris(t-Bu)-
C¢H,) with AICI; leads to a stable AICl; adduct, instead of the expected phos-
phanylium cation (Scheme 6).

pP——N AlCl;
/ \ —> [P=__N—Mes*] [AICI4]
Mes*  0°Citoluene

Cl
6a
Scheme 6
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The solid structure of 6a indicates the presence of an ion pair, the cation mol-
ecule is only weakly surrounded by two AICl; units. The PNCPs°(Ar) angle (177°)
refers to the almost ideal sp-hybridization at the nitrogen. The fairly short PN
bond (1.475 A) indicates a high degree of triple-bond character and is in agree-
ment with quantum chemical calculations [41] (1.476 A). Consequently 6a can be
considered as isolobal to the diazonium salts of the type [Ar-N=N]* [X]" or to
phosphalkynes [42]. The cation 6a possesses positive charge mainly localized at
phosphorus and an energetically low-lying set of * orbitals.

As has been shown the structure and reactivity of the iminophosphanes of the
general type X-P=N-Mes* are considerably dependent on the substituent X
bonded to the two-coordinate phosphorus [43, 44]. According to the size of the
dialkylamino group in aminoiminophosphanes (R,N)-P=NMes*, cis (Z) 13a or
trans (E) isomers 13b are stable in the solid state (Scheme 7). In a cis configura-
tion the s-character of the phosphorus-nitrogen multiple bond is more pro-
nounced than in the trans configuration. Within the series compounds RO-
P=NMes*, 14 (Fig. 3), the electronic nature of the substituent R exerts a
shortening of the PN bond with concomitant lengthening of the PO bond. In ad-
dition the angle Z/PNR increases. The increase in the electronegativity of the RO
group leads from structures with a covalent P-O bond to those where the [RO]~
anion is separated from the cationic fragment [PNMes*]* [45].

These effects are also accompanied by a shielding of the *'P nuclei. These data
lucidly describe the change of the iminophosphane to the cation; the results of

/Mes*
P N P——N
/ \
Mes*
R R
13a 13b
Scheme 7
Mes*
/P N/
RO
14
R PN PO Z 0PN ZPNC
Me;Si 1520 1585 1158 1444
tBu 1528 1.601 110.0 1447
tBuzC 1487 1615 1100 1753
0-Me-CgH, 1497 1641 1118 164.1
2,6-tBu-4-Me-CgH, 1500 1.658 1103 173.7
p-Me-CgH4-SO, 1492 1728 107.2 150.1
CF3-S0, 1.467 1.923 1084 1764

Fig. 3. Selected bonding parameters (bond lengths in Angstréms, bond angles in degrees) of
substituted iminophosphanes, 14



Donor-Acceptor Complexes of Low-Coordinated Cationic t-Bonded Phosphorus Systems 83

another investigations were reported [46] which confirm the previous sugges-
tion. Similar effects are observed for iminophosphanes of the type C;Me;-P=NR,
15, with increasing donor ability of the nitrogen [47,48].It results in a T-complex
between a cyclopentadienyl anion and an imino-phosphenium cation (E)
(Scheme 8). The distances between the phosphorus atom and the centre of the
aromatic ligand results to 2.69 and 3.03 A and decreases with increasing m-donor
contribution of the aromatic ligand R (at N). Besides the Cp(”-coordination just
mentioned, the iminophosphenium cation forms m-complexes with the neutral
arenes [49], 16. Thus this donor-adduct can be related to 15.

®

P

N—R p

=

Scheme 8

While these reports are mainly concerned with an evaluation of the peculiar
structure of the iminophosphenium cation, this species also reveals cycloaddi-
tion properties. The cation shows a [2+1] cycloaddition behaviour towards
alkynes [50]. With iminophosphanes and alkylazides the cations react with the
formation of four- and five-membered heterocyclic ring systems [51], as shown
for example in Scheme 9.

RQN {BU

N

+ N
Mes*—N=P + P=N —_— p/<+\P_NR2
tBu Ny

1
Mes*
17
Scheme 9

The product 17 of the [2+2] cycloaddition reaction can be alternatively con-
sidered as an intramolecular donor-acceptor complex.

The iminophosphenium cation was also of interest for more physical in-
vestigations. It was noted to be a stable entity in gas phase experiments [52],
the 3P parameters were investigated in detail [53] and a systematic study of the
nucleophilic addition of CH, NH and OH bonds was performed [54] with
a concomitant interpretation of the 3!P chemical shifts (at the dico-
ordinate phosphorus centres). The latter authors also confirmed the loose
interaction of a triphenylphosphine with the iminophosphenium cation
(PP=2.625 A).
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2.3
Cationic Species PNR*, Dicoordination

The first product of dicoordination, 18, was synthesized via treatment of phos-
phinoiminophosphanes with selenium. The latter then inserted into the PP-bond
and formed finally a bis-coordinated donor-acceptor complex [55]. The overall
synthetic route is shown in Scheme 10.

Se Se
/P N —_— Rp—— P\
R,P NMes*
R = Bu f}
®
. es
P NMes*
/Sg Se P=——N—Mes"
R,P! €] —-—————
\S:e RyP—— Se

Scheme 10

The two selenium atoms are attached to the low-coordinated phosphorus
atom, with two lengthened dative bonds (2.788 and 2.637 A). Interestingly the
phosphorus atom is here strongly pyramidalized, the £ SePSe angle was 80.6°.In
other words the lone pair orbital at the electrophilic phosphorus atom remains
stereochemically active, as one would expect on the basis of the quantum chem-
ical theory of bonding within this species.

Reactions of the iminophosphenium cation tosylate with an equimolar
amount of quinuclidine or 2,2’-dipyridyl proceed almost instantaneously and
quantitatively to a bis-coordinated adduct 19 [56] (Scheme 11).

The N — P dative bonds are weak and different in lengths (1.800 A on aver-
age), and the triflate anions are effectively extended to consider interaction with
the counter ion. Again the phosphorus atom is strongly pyramidalized and
features the aspects of an inert nonbonding electron pair.

The product of bis-coordination, 20 at phosphorus, could be also achieved uti-
lizing the more nucleophilic p-dimethylamino pyridine (DMAP) [57, 58]. As
shown in Scheme 12, bis-coordination of the two donors occurs in general by tak-
ing up the two orthogonal positions of the PN mi-bonds [58].

Similar structural results are obtained if one donor is neutral (e.g. DMAP)
and the other donor is anionic (Cl7) (structure 21). The adducts possess
extremely soft potentials and in solution the 3'P NMR shifts are strongly tem-
perature dependent [59]. It confirms the assertion that the adducts are very
labile.



Donor-Acceptor Complexes of Low-Coordinated Cationic t-Bonded Phosphorus Systems 85

| AN 7 N Me2
® |
»~ AN

Mes*—N=—/=P Mes*—N=——=x=P
/N ’d
X N
<
NMe2
19 20
Yz ' NMe,
® Nx
Mes* N=P/
o
[Cll
21
Scheme 11
®
D
P——N—R
Lo”
D = donor
Scheme 12

Overall the quantum chemical calculations predict that one has to differenti-
ate between three different types of donors adding to the iminophosphenium
cation, types A to C (Scheme 13), which can be formally attributed to bis-donor
complexes. In type A and B the two donors add almost orthogonal to each other
and the bonding facettes of the PN moiety (a short PN distance and an almost
linear arrangement with the adjacent ligand) are retained. Alternatively when an
anionic donor adds, type C, the PN bond is lengthened, the PNCP*°(Ar) increases,
and negative charge builds up at the imino-nitrogen.

D D
ol ol
P—N—Ar P——N—Ar
b / G)D el
A B

Scheme 13a,b
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@D D
P=—N—-aAr - P——N——Ar
G)D / D/
c
Scheme 13¢
24

The Phosphanetriylphosphonium Cation, Mono-Coordination

In contrast to the iminophosphenium cation, 6, described in the previous section,
the corresponding phosphaphosphenium (the alternative nomenclature to this
species is phosphanediylphosphenium or phosphanetriylphosphonium), cation
8, shows only a modest intrinsic stability, as suggested by the quantum chemical
calculations (see Fig. 1). They predict that a protonated P, should have a bridged
structure [60-66], 8a (Scheme 14).

H R
/@ ®© /
\P P, | P——F,
8a 8b

R = alkyl, amino
Scheme 14

On the other hand the alkyl- or amino-substituted congeners should adopt a
more classical structure, in which the twofold coordinated phosphorus atom is
bent, 8b. A first hint of the cation was reported by mass-spectroscopic investiga-
tions [67]. The synthetic verification of this prediction starts from amino-sub-
stituted diphosphene 22 via protonation with CF;SO;H [68] (Scheme 15).

In the structure 24a, the triphenylphosphine is strongly bound to the elec-
trophilic phosphorus centre (PP=2.206 A) which indicates a strong covalent
character of this bond. Upon warming the solution to 20 °C decomposition takes
place and a mixture of bicyclotetraphosphanes is formed. Interestingly, some
structural trends towards the formation of ion pairs between a donor and an
acceptor were also reported in the ,,push-pull“ diphosphene structures 25-27
[69] (Fig. 4).

With increasing electronegativity of one ligand in the diphosphene the ZPPR
angle shrunk and decreased finally below 90° for the diphosphene 27. The ex-
perimental findings were accompanied by the quantum chemical calculations.
There are no other reports regarding further experimental investigations or pos-
sible dicoordination in these compounds.
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®
NR; NHR,
/ CF,S0,0H /
P P — p——p
/ / CF3SOZO@
Mes* Mes*
22 23

CF480,0H} -[CF3SO,0TINH R,

PR',R"
C]
/PR‘ZR"
P P
/ o
K CF380,0
Mes 24a-c

RoN = iPr;N; 2,2,6,6-tetramethylpiperidine (TMP); cyclohexyiN
24: a R'=R"=Ph; b R'= t-Bu, R"= H; ¢ R'= H R"=Mes*

Scheme 15
R@
i {

7 pé e (i-Pr)gN—F"__F’Zea

(i-Pr);N

25.27

Compound | R I‘ PTP? G ZNP'P? ZRP?P!
25 i Mios® 2.018 ‘ 012 923
26 | (SiMestBu),| 2.011 1105 89.8
27 ‘ TMP 2.029 ‘ 114.8 89.4

Fig. 4. Push-pull substituted diphosphanes, bonding parameters in Angstréms and degrees

The investigations indicate that, in agreement with the calculations on the
cations, the push-pull substituted diphosphenes tend to form a bridged structure
of one ligand; the other substituent can easily depart under formation of an ion

pair structure.

2.5
The Methylenephosphenium Cation

A phosphine-donor stabilized adduct 29 of the methylenephosphenium ion, 7,
was synthesized [70] in a way similar to the iminophosphenium cation 6 from the
corresponding chloroderivative 28 and PPh; with addition of AICl;. Interestingly
the base-free methylenephosphenium cation has recently been observed in the

gas phase [71] (Scheme 16).
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SiMeg PPh3 SiMe3
AICl;
P c —> P C
/ SiMe3 SiMe3
cl PhsP o
AIC,
28 29

Scheme 16

The unequivocal support for the constitution as an ion pair came from the
structure analysis. It indicated the formation of an isolated anion [AICl,];
interestingly the shortest CI(1)-P(1) contact (3.69 A) falled outside the sum of the
van der Waals radii. However the PP bond to the phosphine donor was only
slightly longer (2.27 &), as compared with other related species, such as the phos-
phino-substituted methylenephosphane. An alternative species 29a was de-
scribed with a triflate as anion. While the former remained unchanged at room
temperature the latter decomposed quantitatively to the phosphaalkyne
P=C-SiMe; (30) by loss of PPh; and CF;SO;SiMe; (Scheme 17). The reaction con-
ditions differ markedly from the generally very drastic reaction conditions re-
quired in the synthesis of phosphaalkynes (via an elimination reaction) [72].
From the donor-adduct a cationic Ni-metal complex could also be synthesized.
The donor-stabilized cation offers a synthetic route for mild synthesis of hitherto
unknown phosphaalkynes. Amine coordination has a stronger catalytic effect on
this reaction than phosphine coordination [73].

SiMes
P— C\ — P=——=C——SiMe;
SiMes -CF380,08iMe;
PhsP ® -PPh,
CF330206
29a 30

Scheme 17

Another approach to a donor adduct of the methylene phosphenium cation is
the addition of a phosphonium cation to the phosphaalkyne. The reaction of the
protic cation [HPPh;]*[CF;S0;]~ with C,,H,;CP produced a white powder which
was identified as the P-phosphonio-substituted phosphaalkene [74]. Alternatively
to the elimination reaction the phosphaalkynes were protonated. C-protonation
of adamantylphosphaacetylene and tert-butylphosphaacetylene occurred in su-
peracid media under formation of phosphavinyl cations. From these spirocyclic
betaines by reaction of 1-Ad-C=P (Ad =adamantyl) with B(OTf), a phosphavinyl
cation could be detected [75].
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Overall, for the free methylenephosphenium cations quantum chemical cal-
culations predict particular bonding properties, depending on the nature of the
substituents attached at the carbon position [76] (Scheme 18). With R=phenyl
(7a), phosphino (7c) or amino group (7b) as substituent a bridged structure is
predicted while by the silyl substitution at carbon (7d) the C-Si bond is consid-
erably lengthened by hyperconjugative interaction with the neighbouring posi-
tively charged phosphorus atom.

o

R: 7a Ph: 7b NRy; 7¢ PR;.

Scheme 18

2.6
The Phosphirenylium Cation

In contrast to the cyclopropenylium ion, which has been known for a long time,
its phosphorus analogue was first synthesized just recently. The phosphirenylium
cation, 32, can be obtained by addition of the strong Lewis acid B(OTf); to a
solution of the 1H-phosphirene, 31, in liquid SO, [77] (Scheme 19).

Ph Ph

B(OSO,CFa),
P——H ——»
-BH(OSO,CF3),

® 0
P OSOZCF3

Ph Ph

31 32
Scheme 19

It is the only example of a free, persistent phosphirenylium ion, and also, only
one stable transition-metal complex of this species was published [78,79]. Quan-
tum chemical calculations [80, 81] indicated that in the halogeno-phosphirenes
the P-X bonds already possesses a high ionic character and can be described as
interactions between phosphirenylium and halide ions. The aromatic character
of the phosphirenylium ion was shown to be based on a three-centre two-elec-
tron bond of m-type and the resonance energy was assessed by calculation to
38 kcal/mol. Before the generation of 32, substituted phosphirenylium ions were
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noticed in the mass spectra of 1H-phosphirenes [77] and the parent ion was
found in an ion gas-flow reaction of PH;f and P; cluster ions in the mass spec-
trometer [82, 83]. From the calculations it has been stated that amino substitu-
tion should stabilize the phosphirenylium ion and hence reduce the strength of
the P-X bond. Furthermore the cation is stabilized by complexation with one or
two SO, molecules. While the phosphirenylium cation has been studied in detail
in superacid media as well as by quantum chemical calculations, no further re-
ports are recorded on the formation of donor-acceptor complexes.

It must be noted that the saturated ring system, the 1-chloro-A*-phosphirane
was synthesized [84]; a cyclic phosphenium cation was postulated which is
stable towards ring opening [85]. A corresponding cation could not be isolated,
due to a methanid shift from a trimethylsilyl substituent.

2.7
Protonation of the Tetraphosphacubane

Photoelectron spectroscopy, ab initio calculations [86] and NMR spectroscopy
[87] support the contention that in the tetraphosphacubane, 33, n P— o P-C
delocalisation occurs (Scheme 20).

Scheme 20

Ethyl triflate and benzyl triflate react with the cubane at room temperature
and yield phosphonium salts. Upon protonation even di- and trications could be
observed [88, 89].

3
Allylic Type Cations

According to quantum chemical calculations the cations PO; and PS; should be
linear [90, 91] while in the corresponding 2-phosphallyl cation the central phos-
phorus atom is reluctant to sp-hybridisation [92] and is bent. Bis-donor adducts
34-36 were reported for a variety of these cations with dimethylaminopyridine
(DMAP) (Scheme 21).

The investigations included donor adducts with PO{*) [93], 34, PS{") [94], 35,
and P(NMes*){") [95], 36. While 34 was only formulated as an intermediate
species, the other donor-acceptor complexes, 35 and 36, were characterized by X-
ray investigations. To complete this series it may also be compared with bis(ylide)-
substituted phosphonium halides [96], 37. For these cases the donors refer to
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34-36
E: 34 O; 35 S; 36 NMes*; D= p-dimethytamino pyridine

37a,b
D:aCl;bBr
Scheme 21

halogen anions (D=CI*), Br®)). If one considers the P-Cl bond as very polar 37a
can be alternatively viewed as a bis-donor acceptor complex of the 2-phosphaallyl
cation with two Cl~ anions. These donor-adducts have a remarkable characteris-
tic. The plane DPD (D =donor) is not perpendicular to the plane spanned by the
allyl moiety. It is the consequence of a weak Jahn-Teller distortion, operating in
these structures, as suggested by quantum chemical calculations [97].

4
Conclusions

In this progress report we have reviewed the latest developments in the large area
of cationic low-coordinated species and their coordination with Lewis donors. It
is clear that these species are of a broad interest, in particular for catalysis. In
some cases, e. g. the methylene phosphenium cation, the donor adducts also open
new routes for synthesis. Regarding the mechanism for the diverse donor-addi-
tion reactions, the structural details are only poorly understood and need a bet-
ter classification. In particular the variation of the Lewis-donor has to be estab-
lished. Hitherto in most cases N-donation is studied. It includes amines or
pyridines. Obviously the effect of other donors, such as phosphines, thioethers
needs to be studied as well. The siliconium cation for which these effects are
better known could provide an understanding for further investigations within
this field.
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Of the low-valent organophosphorus compounds phosphinidenes occupy a special place. In
‘free’ phosphinidenes the phosphorus atom carries a single substituent. Such species prefer a
triplet electronic ground state. Little is known about these species experimentally in contrast
to those that carry a transition metal group. Depending on the ancillary ligands these carbene-
like reagents can have electrophilic or nucleophilic properties. The comparison with Fischer-
type and Schrock-type carbene complexes is tempting. In this survey, an analysis is given on
the electronic characteristics of the phosphinidenes with and without transition metal groups.
Synthetic approaches to the terminal complexed phosphinidenes are summarized and their re-
activities are evaluated.
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1

Introduction

Phosphinidenes [1] are low-valent organophosphorus compounds that have at-
tracted attention since the early 1980s when they were first discovered [2]. They
are known in two classifications, one being the six-electron singly substituted
phosphorus species (A) and the other in which the phosphorus atom carries an
additional n'-stabilizing group, typically, but not necessarily, a transition metal
group (B). Much has been learned about the reactivities of the complexed phos-
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phinidenes B, particularly those that have electrophilic properties. Concise re-
views have highlighted the synthetic potential of the reactive electrophilic inter-
mediates [3,4] and the structural properties of the more robust nucleophilic ones
[5]. The flurry of activities in this area of low-valent organophosphorus com-
pounds has been fueled by the recognition that they behave like the corre-
sponding hydrocarbons. Phosphorus is even slightly more electropositive than
carbon. Because of this diagonal relationship, phosphorus has also been coined
as the carbon copy [6]. In this survey we elaborate on the distinction between dif-
ferent types of phosphinidenes and highlight their special properties.

’MLn

A B

Phosphinidenes (R-P) differ from other low-coordinate organophosphorus
compounds, such as phosphaalkynes (R-C=P), phosphaalkenes (R,C=PR), and
phosphaaromatics, in that the phosphorus atom carries only a single o-bonded
substituent [7-9]. They relate to carbenes, nitrenes, and silylenes and likewise can
exist as singlet and triplet species. The advances that led to stable carbenes [10,
11] and silylenes [12] stimulated an exploration of the chemistry of phos-
phinidenes.

Phosphinidenes differ from carbenes because of the additional lone pair. This
lone pair enables interactions with, e.g., a transition metal group for increased
stability, while maintaining carbene-like behavior. These terminal n!-complexed
phosphinidenes differ from the p,-, j15-, and p-complexes, which are not part of
this survey. Phosphinidenes that are stabilized by a transition metal group also
relate to carbene complexes. A distinction in Fischer and Schrock-type complexes
has been advanced to distinguish phosphinidene complexes with nucleophilic
properties from those that are electrophilic [13]. In this survey we address this
topic in more detail.

ML, ML, ML, ML,
/ / / | L
R—P R=R, R-R., R—poML,
ML, \"mL, | ML,
ML, ML,
1
n ) u3 Mg

2
‘Free’ Phosphinidenes

Phosphinidenes have either a singlet ground state with two lone pairs and an
empty p-orbital on the phosphorus atom or a triplet ground state in which the
phosphorus has instead one lone pair and two singly occupied p-orbitals. Not
surprisingly, the electronic preference, i.e., the singlet-triplet energy gap (AEsr)
and thus the stability and reactivity of a phosphinidene, is determined by its sub-
stituent.
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0 Y

Singlet 'A Triplet °s

Phosphinidenes much prefer a triplet ground state, which is in striking
contrast to silylenes for which a triplet only becomes viable on enforcing large
angles between its substituents [14]. The experimentally determined AEg;
(3XZ--'A) difference for PH amounts to 22 kcal/mol [15] with even larger theo-
retical estimates, ranging from 28 kcal/mol (QCISD(T)/6-311++G(3df,2p)) [16]
to 41 kcal/mol (MP2/LanL2DZ) [13]. For comparison, SiH, prefers a singlet
ground state by as much as 21 kcal/mol [17], while CH, and NH (*3-) have
triplet ground states with AEg; values of 9 [18] and 36 kcal/mol [19]. Simple alkyl
or aryl substitution hardly influences AEgr, except for the nitrene [20],and is still
estimated at a formidable 24 kcal/mol for PhP [21, 22]. Gaspar and coworkers
[23] obtained an EPR spectrum for MesP by irradiation of phosphirane 1 in
a glassy matrix (77 K) and thereby confirmed its favored triplet state. Photoly-
sis in the presence of acetylenes and olefins gave the three-membered ring struc-
tures phosphirenes and phosphiranes, respectively, which suggests MesP to
be electrophilic [24]. Photolysis of phospholenes [23], phosphorus bis(azides)
[25],and diphosphenes [26], and thermolysis of triazaphospholenes [27] and ox-
azaphospholenes [27] presumably also render phosphinidenes, but the syn-
thetic applicability of these methods has remained very limited. Triplet phos-
phinidenes are considered less desirable synthons due to their anticipated lack
of selectivity.

Stabilization of the singlet ground state of phosphinidenes can be induced by
proper substitution. Such an approach has been applied to carbenes with great

I\{Aes
Mes R
$ )
R /N
/\ Ft—==Et Et Et
1
hvl h{les
O i
[ Mes—P]
+
CoH, Mes Mes
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Table 1. Bond lengths (A) and singlet-triplet energy differences (in kcal/mol) for triplet phos-
phinidenes

P-H P-Me P-Ph P-OH P-NH, P-PH,
dp_g® 1.474 1.855° 1.818 1.700 1.748 2.199°
AEg; (BP)® -34.8 -30.1° -24.3 -19.7 -34 -6.9°
AEg (QCI)® -28.0 -26.0 - -16.9 -1.2 -1.2
a [21].

b [16,28].

success, as illustrated by the stable Arduengo- and Bertrand-type carbenes [10,
11]. Theoretical calculations show the same effect for phosphinidenes [16,21,28].
Thus, amino and phosphido substituents give a significant reduction in AEg;
values (Table 1), suggesting that the singlet species may be experimentally ac-
cessible. Electropositive groups have the largest effect because they enable a more
favorable distribution of electron density due to their m-interaction with the
phosphinidene center. Such effects are well known to stabilize carbenes [29].
However, we are unaware of experimental work in the condensed phase on free
singlet phosphinidenes.

Theoretical studies have been devoted to the reaction of the parent singlet
phosphinidene 'PH with ethylene, water, hydrogen sulfide, hydrogen fluoride, and
hydrogen chloride. The reaction coordinate for the highly exothermic formation
of phosphirane from 'PH and C,H, (75 kcal/mol at CIPSI/4-31G*) showed no en-
thalpic barrier [30]. However, the exothermic insertion of PH into the X-H bond
of OH,, SH,, HE, and HCl occurs with small negative activation energies [31]. The
initial interaction with these solvent molecules can be described as donor-ac-
ceptor complexes, which have very small barriers for hydrogen migration to the
thermodynamically much more stable phosphines. Only the HP-SH, complex
shows some ylide character. These reaction profiles for !PH are very similar to
those for 'CH, [32],!SiH, [33],and !NH [34], which also have negative activation
energies for X-H bond insertion.

3
Phospha-Wittig Reagents

Phosphinidenes can be stabilized by a phosphine group. Such compounds relate
to the Staudinger complexes R;P=NR’ and the Wittig reagents R;P=CR’,. The two
resonance structures of the phospha-Wittig reagent are illustrative of its multi-
ple bonded character between the differently charged phosphorus atoms. A the-
oretical study on the parent P,H, showed that this results in a very short PP dis-
tance of only 2.087 A for the ylide at MP2/6-31G* [35]. This ylide is 27.6 kcal/mol
less stable than H,P=PH, at MP4. Stabilization of a phosphinidene by an am-
monium group is similarly effective as in the Staudinger complex where the ni-
trene is stabilized by a phosphine group, but the NP bond distance of HP-NH; is
much longer. An indication of the potential for generating phosphinidenes from
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these ylid structures can be extracted from an early study on phosphanylphos-
phinidene 2 [36]. This species, thermally generated from phosphanylidene-o*-
phosphorane 3, reacts with olefins to give phosphiranes, thereby illustrating its
electrophilic carbene-like nature.

Wittig Staudinger Phospha-Wittig

® © @ O @ 0
HgP=CHy «— H3P—CH, HgP=NH <— HsP—NH  HsP=PH <—» HP—PH

dFZ-AP)/N 2.210 2.087 1.954 1.720 1.571
H,P=PH, <—-> H3P—PH HP—NH; <— H,P=NH, <— H3P—NH
AE 0.0 276 32.3 0.0 29.7
(kcal/mol)
I?tBuz
P
‘BugP-P=P'BuyBr C> <1f>
3
f
l P Bu2 tBUgP\ \\PlBuz

2
7~ & |
[ 'Bu2P-P] , PR
2 \_;
+
PBu,Br

Recent studies have shown that phospha-Wittig reagents can behave like
common Wittig reagents, besides their potential dissociation that renders a
free phosphinidene. Access to the reagents from simple precursors has recently
been expanded by a simple Zn-mediated condensation of dihalophosphines
with phosphines as shown in [37]. The earlier Mg-mediated condensation of
Mes*PCl, has been extensively used to generate diphosphenes [38]. Their forma-
tion can be explained by assuming the intermediacy of a free phosphinidene
(Mes*P), but a recent study questions this hypothesis [39]. Decomposition of
ArP=PR; 4, which is promoted by oxygen, leads to the formation of diphosphenes
ArP=PAr, presumably via an intermediate phosphinidene oxide ArPO [40]. Reac-
tion of ArP=PMe; with aldehydes gives the corresponding phosphaalkenes, but no
reactions have been observed with ketones [37]. The nucleophilic behavior of the
phosphanylidene atom was confirmed in reactions with BF;, alkyl and silyl iodides
and tosylates, and acids [41]. A limitation of most phospha-Wittig reagents is their
thermal instability that leads to dissociation into their constituents.

(‘BuoP-P),
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O, |ArP—PMe; ArP=PMe;
ArP=PMez; —=» | ArPO ArP=PAr

4 0—-0 —[O=PMe3] —[O=PMe3]

Phosphanylidenephosphoranes have been reviewed by Schmidpeter [42],
while Shah and Protasiewicz [40] addressed their Wittig reactivity. Very recently,
it was reported that photolysis of DmpP=PMe; (Dmp=2,6-Mes,C¢H;) gives
DmpP=PDmp, while both Mes*P=PMe; and DipP=PMe; (Dip=2,6-Is,CsH3)
give intramolecular C-H and C-C insertions, respectively, which suggests the
formation of free phosphinidenes [43]. Instead, a dimer is obtained from
DmpP=PMes* [44].

o hv oo
Ar—Pe = AF_P\ == Ar—Pe
PR3 * 6

5 *MesP=PMe; 0
6 DmpP=PMe;

Potentially, phosphaalkenes can be precursors to phosphinidenes in the same
manner that carbenes can be formed from alkenes. This latter metathesis route
deserves more attention in light of the recognition that stable carbenes can be in
equilibrium with their dimers [11]. However, a discussion on phosphaalkenes is
outside the scope of the present survey.

4
Transition Metal Complexation

Adding a transition metal group to the phosphinidene in a n'-fashion gives sin-
glet species that are more palatable for use in chemical syntheses. Theoretical
studies substantiated their preferred singlet nature, the extent of which depends
on the substituent on phosphorus. When the transition metal group is M(CO),
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the phosphinidenes are bent with the triplet species having larger angles between
the substituent and the metal group than the singlet ones. For (OC);W=PH this
difference amounts to 20.8° and for the Cr complex this is 11.4°, both calculated
with the economical BP density functionals with a large basis set [21]. Substitu-
tion of the singlet tungsten complex enlarges the angle from 102.5° for P-H to
121.7° for P-Ph. The AEg; value for (OC);Cr=PH amounts to 8.4 kcal/mol at the
formidable CASPT2(12/12)/CASSCF [28] and to 9.5 kcal/mol using BP [21];
B3LYP with a smaller basis set gives a AEg; of 6.0 kcal/mol. Electron donating
substituents increase AEg; (BP) for the (OC);W=PR complex from 9.3 (R=H) to
22.7 kcal/mol when R is an alcohol group and to 29.9 kcal/mol for the amine de-
rivative, thereby following the same trend found for the uncomplexed phos-
phinidenes (Table 2). Clearly, any unencumbered (OC);sM=PR complex will re-
act as a singlet species.

2.4»1?O

2.459
(OC)sW (OC)sW
1.458 1.436
102.7 H 123.5 H
Singlet Triplet

The interaction between the transition metal group and the phosphinidene is
influenced by metal-phosphorus m-back-donation. Simply determining bond
dissociation energies (BDE) for, for example, singlet (OC);M=PR (M=Cr, Mo, W)
is not adequate (Eq. 1 in Scheme 1), because the phosphinidene and M(CO);
fragments favor different electronic ground states. Hence, AEg; for the presum-
ably fast singlet-triplet relaxation of PR has to be added to the BDE; of the
singlet complex (boxed in Eq.2 in Scheme 1),identified as BDEgy in Table 2 [21].
Alternatively, the singlet-triplet promotion energy for singlet (OC);sM=PR can
be added to the BDE; of the triplet species (boxed in Eq. 3 in Scheme 1) and
these are listed as BDE. The two values differ slightly due to non-linear addi-
tivities.

Table 2. Singlet-triplet energy differences (AEg;) and singlet (BDE;), triplet (BDEr), and com-
posite (BDEgyrs) bond dissociation energies for phosphinidenes and their W(CO); complexes,
calculated with BP/TZP

Complex AE or BDE P-H P-Ph P-OH P-NH,

None AEg; -34.8 -24.3 -19.7 -34

W(CO); AEg; 9.3 10.3 22.7 29.9
BDE, 77.8 67.4 71.8 62.4
BDE, 35.6 35.4 31.4 35.5
BDEg; 43.0 43.1 52.1 59.0

BDE 449 45.7 54.1 65.4
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(OC)sM=PR — = (OC)sM + °PR (1)
singlet singlet triplet

(OC)sM=PR ——  (OC)sM 4 |'PR BDEs (2
singlet singlet

(OC)sM=PR| —  (OC)sM  , °PR BDEr (3)
triplet singlet

Scheme 1

These composite BDE values increase strongly on substituting the phospho-
rus atom with T-electron donating groups. However, this substitution effect
does not relate to strengthening of the M=P bond, but rather reflects a reduction
in the AEg; of the free phosphinidene or conversely an increase in the AEgy for
the complexed phosphinidene. Still, as a point of reference, it is noted that simi-
lar CASPT2 and BP values of 41.1 and 40.5 kcal/mol, respectively, have been
deduced for the dissociation of the parent Cr complex (OC);Cr=PH into Cr(CO);
and *PH.

Multiple M=P bonding in (OC);M=PR becomes evident with ADF’s bond en-
ergy analysis in terms of electrostatic interactions, Pauli repulsion, and orbital
interactions from which the o,m-separation is obtained using a symmetry
decomposition scheme [21]. For singlet (OC);Cr=PR, which has a BDEg; of
40.5 kcal/mol, the o- and Ti-components are 62.4 and 40.9 kcal/mol, respectively.

The amine substituent in the corresponding tungsten complex reduces AE,, to
21.3 kcal/mol, while the effect on AE,, is negligible.

Depending on the ancillary ligands of the transition metal, the properties of
terminal complexed phosphinidenes range from electrophilic to nucleophilic, in
analogy with the well-known Fischer and Schrock type carbene complexes. Il-
lustrative are the tungsten complexes Cp,W=PMes*, which is very stable and nu-
cleophilic, and (OC);W=PR, which is only known as a transient and highly re-
active electrophilic reagent.

A DFT study provided insight into the factors governing the philicity of the
phosphinidene complex ML, =PH by varying the metal (M=Ti, Zr, Hf, V, Nb, Ta,
Cr, Mo, W, Fe, Ru, Os, Co, Rh, Ir) and the ligands (L=CO, PH;, Cp). The philicity
is influenced by the spectator ligands L and hardly by the metal M [45]. Ligands
with strong o-donor capabilities on the metal increase the electron density on the
phosphorus atom, raise the m*-orbital energy, and enhance its nucleophilicity.
Conversely, strong Ti-acceptor ligands lower the charge on phosphorus, stabilize
the m*-orbital energy, and enhance its electrophilicity. The extent of o- and m-
character of the ML =PH bond, determined with the noted bond energy analy-
sis and symmetry decomposition scheme for the orbital interactions, show the
phosphinidenes to be strong m-acceptors and even stronger o-donors. The in-
teraction between ML, and the phosphinidene is stronger for the second- and
third-row transition metals than for those of the first-row for which the impor-
tant interactions are shown in Table 3.
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Table 3. Bond lengths (A), bond dissociation energies (kcal/mol), o- and m-bond strengths
(kcal/mol), charges on phosphorus (e), and orbital energies (eV) for first row transition metal
complexes ML,=PH

ML,=PH Cp,Ti ~ Cp(PH,),V Cp(PH;)Co Cp(CO)Co Cp(CO),V (CO),Fe
M=P 2352 2.326 2.085 2.090 2.307 2192
BDE 60.0 495 66.1 65.8 52.8 61.7
AE, -91.0  -98.0 -88.0 -85.4 -94.3 -90.7
AE, -33.9  -342 -27.9 -28.6 -37.2 -32.2
Charge P 027 021 0.17 0.12 0.08 0.06
E(HOMO-ML,)  -321  -3.47 -3.47 -4.39 -5.34 -5.60
E(LUMO) -2.16  -2.93 -3.12 -3.72 -4.09 -4.41

Electrophilic and nucleophilic phosphinidene complexes have been related to
the corresponding carbene complexes of which the Fischer-type is usually con-
sidered as a singlet-singlet combination and the Schrock-type as a triplet-triplet
combination. However, both the strongly preferred triplet state of R-P and the
M=P bond analysis suggest this schematic interpretation to be less appropriate
for transition metal complexed phosphinidenes.

Fischer Schrock

Tl-back O T
./ °
Electrophilic Nucleophilic

5
Electrophilic Phosphinidene Complexes

The most widely employed electrophilic phosphinidene complexes are generated
from M(CO); (M=W, Mo, Cr) complexed 7-phosphanorbornadienes 7, which
were reported by Marinetti et al. in 1982 [46]. They trapped the transient phos-
phinidene complex 8 at 110 °C (or at 55 °C if CuCl was used as catalyst) with
olefins and alkynes to obtain three-membered phosphiranes and phosphirenes,
respectively.

Cheletropic elimination of the in situ generated phosphinidene complex 8
from the 7-phosphanorbornadiene precursor is believed to be the rate-deter-
mining step before 1,2-cycloaddition occurs to the unsaturated hydrocarbon.
Without catalysts these are first-order processes that depend only on the con-
centration of the precursor and not on that of any substrate [47]. The configu-
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ration of Z- and E-substituted olefins is retained during the cycloaddition [48].
The small and negative Hammett reaction constants of -0.76 (PhPW(CO)s) [49],
-0.60 (MePW(CO)s) [50], and -0.55 (MeOPW(CO);) [51] for CuCl-catalyzed
addition to styrenes support the notion that the reactive intermediates are
electrophilic carbene-like species. It is noted, however, that no intermediate
(OC)sM=PR (M=W, Mo, Cr) phosphinidene complex has been observed spec-
troscopically. In the absence of trapping reagents, dimers, trimers, and tetra-
mers are formed [47, 52, 108]. A recent computational study suggests that
the electrophilic species in the CuCl activated decomposition is in fact an
(OC)sW=PR...CuCl complex [53]. Support for such a species can be inferred
from dimer 9 that results from reaction with phospholenes [54].

W(CO
Ph\ th /CI R f ( )s\MeMe
F)®\Pe—Cu :Cu—Pv@P
Me—§ \ \
/ i bh \
M W(CO)s Ph

9

Amino-substituted phosphirane complexes undergo retro-cycloaddition at
70-90 °C to give the ‘trappable’ (OC);WPNEt, phosphinidene complex [55]. Other
substituted phosphiranes are not suited to generate phosphinidenes because they
require elevated temperatures, which typically induce thermal degradation in-
stead.

Complexed azaphosphirenes have been used by the Streubel group to gener-
ate at 45-75 °C in situ phosphinidene complex (OC);W=PCH(SiMe;), (10) to-
gether with nitrilium ylid 11 [56].

/CH(SiMes)g
(OC)sW—=P + Ar—=N
(OC)sW,  CH(SiMeg),
p’ 10
A 45-75°C
Ar N
® o,N(CO)s
Ar—=N—-PR_
CH(SlMe3)2

1
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Cowley’s group reported in 1987 the condensation of a dichlorophosphine
with Collman’s reagent to form stable complex 12, for which they obtained an X-
ray crystal structure [57]. However, the two nearly equally long P-N bond lengths
of 1.777(7) and 1.764(7) indicate that 12 is not an unencumbered species.

N N
GN; PCl, + NayFe(CO), EN; P~Fe(CO)4
N

N
12

In 2001 Carty and coworkers reported the synthesis and crystal structures of
several cationic phosphinidene complexes 13-15 having AICI; as counterion
[58-60]. These complexes all contain a single Cp* ligand and have M=P bond
lengths that are longer than expected for double bonds due to the stabilizing ef-
fect of the N'Pr, group (Table 4). The extremely low field >'P NMR chemical shifts
of these phosphinidene complexes are characteristic. As of yet little information
is available about their reactivity other than that the reaction of 14 with phenyl
acetylene gives cationic metalaphosphacyclobutene complex 16 [42].

+ _ + _
‘ —| AlCI, / —‘ AICI,
Mo- R “M=R

~ AN
EPod| NP 0cod|  NPr
co co
M=Mo,W
13 14
+ _ + _
é ﬁ -| AICly -| AICl,
\RU:P
o’ NPr
co 2 OC/ I)\
NIPFQ
15 16

Recently, the group of Lammertsma developed an alternative route, using
Collman’s reagent and dichlorophosphine 17, to generate Fe(CO), complexed
phosphinidene 18 in situ [61]. This reactive amino substituted species is trap-
pable at about 0 °C with alkynes and terminal alkenes to give stable phosphirene
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Table 4. M=P bond distances, M=P-R bond angles, and P NMR chemical shifts of stable
cationic terminal phosphinidene complexes

Cmpd 13 (Mo) 14 (Mo) 14 (W) 15 (Ru)
d(M=P) 2.3816(4) 2.4506(4) 2.4503(6) 2.2654(5)
a(M=P-R) 121.49(5) 118.79(5) 118.69(8) 119.58(6)
5(31P) 957 1007.5 939.4 932
NayFe(CO), ‘
. -30°50°C ,NPry
PPr,NPCI, (OC)4Fe=-P

17

18
NS K

oroN, /Fe(COs

A
) R
’PrZN/ \

R R
19 21

Fe(CO)4

(19) and phosphirane complexes, respectively. Reaction with diallene 20 gives
phospholene 21, presumably via an intermediate 1,2-adduct followed by a 1,3-
sigmatropic shift [62].

The first report on an iron complexed phosphinidene appeared in 1984 by
Bertrand and coworkers [63]. They reported that abstraction of Cl- from 22 with
Ph;C*PF; at -90 °C presumably results in cationic phosphinidene complex 23,
which was based on its downfield 'P NMR resonance at 954 ppm. Above -68 °C
the phosphorus center inserts into a isopropyl C-H bond to give 24 as only isolable
product. Dehalogenation with AICl; resulted directly in the AICI; salt of 24.

A plethora of reactions has been reported for the in situ generated
(OC)sW=PPh, many of which have been the topic of previous reviews [2-4]. A
typical account of the versatility of this reagent with olefinic and acetylenic
bonds is visualized in the ‘wagon wheel’. Only a brief account with selected ex-

+ —
—‘ PFé T’PFS_
< ,Cl PhsC*PFg™ < >-68 °C ~H
Fe=R - Fe=R _ Fe=R

/ j -90°C EENY TN
OCC{O N'Prs OCC!O N'Pr, OCC{O A

22 23 24
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amples is given here. The best-known reaction is the olefin 1,2-cycloaddition that
gives three-membered phosphiranes in which the configuration of the olefin is
maintained [47]. Three-membered ring structures with saturated and unsatu-
rated CCP, CNP [56, 64], COP [56], CPSi [65], CPS [66], CPP [67] have been syn-
thesized either by direct addition of the phosphinidene complex to the C=X het-
eroolefinic bond or via an ylid intermediate. There is little or no selectivity for the
addition to differently substituted olefins [68], which is in agreement with gen-
erating the phosphinidene complex being the rate determining step [47]. As
noted, cycloaddition of 'PH to ethylene occurs without barrier. Likewise, there is
little selectivity in reactions with exocyclic double bonds [69]. These yield re-
markably stable spiro compounds of which complexed phosphaspiropentane
25 is the smallest member [69]. Even a complexed bispirophosphirane, phos-
pha[3]triangulene 26, has been generated from the addition of biscyclopropyli-
dene [70]. Addition to allenes results in complexed methylenephosphiranes 27
[71], which have been shown to undergo ring opening by both strong base [72]

M R, A
\P/ M BR M
s v

R R-P=W(CO) (= R M
% //_‘\\/ 5 Q‘C ¢ W .
— T~ %
B R D= C=N P
M R M R
>= VR R
R M / {X) \P/
\P/ ( ~
L&V N~/
M
25 M N/
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and Ru;(CO),; [73]. Reaction with cumulenes occurs at its terminal double bonds
giving complexed vinylidenephosphiranes 28, which rearrange to the corre-
sponding phosphal[3]radialanes 29 [74]. Subsequently, the phosphinidene inserts
in selected cases into the C-P bond to give 30.

Phosphinidene (OC);W=PPh adds to 1,3-dienes in both a 1,2- (major) and
1,4-fashion (minor), giving complexed vinylphosphiranes 31 and the thermody-
namically favored phospholenes 32, respectively [48]. The five-membered rings
are the only products resulting from addition to a,f-unsaturated ketones [48]
and 1-azadienes [75]. Phospholenes are also formed from the 1,2-adducts via a
1,3-sigmatropic shift. A study on 1-methoxy-1,3-cyclohexadiene suggests that
this rearrangement occurs in a pericyclic manner, with inversion of the phos-
phorus configuration [76]. Instead, the 1,2-adducts of differently sized cyclic 1,3-
dienes undergo only epimerization at the phosphorus center, which suggest a di-
radical process [77]. A kinetic study on the formation of 1,2- and 1,4-adducts 33
and 34 from a cisoid diene suggested a diradical pathway for the 1,3-shift of the
1,2-adduct and a concerted pathway for the CuCl catalyzed process [78]. There
is a remarkable analogy between the rearrangements of complexed vinylphos-
phiranes with those of vinylcyclopropanes. This is supported by an extensive the-
oretical study, which concluded that neither the epimerization of Cr(CO);s-com-
plexed vinylphosphiranes 31 nor the rearrangement to phospholenes 32 occur
via diradical intermediates [79]. Just as for the hydrocarbons, the transition
states display diradical behavior and hence the rearrangements occur in a non-
pericyclic manner, despite that the products seemingly result from a concerted
process.

When 1,3-dienes remain in an anti orientation, inhibiting a [1,3]-shift of the
first formed vinylphosphirane, a second phosphinidene addition can occur to
give bisphosphiranes 35 [80]. Bis- and trisphosphirenes (36-38) result from ad-
dition to alkyne substituted phosphirenes (39) [81, 82].

So far, only one reaction with an aromatic substrate has been reported in the
literature. This concerns the addition of (OC);W=PPh in a 1,4-fashion to

Ph. ~W(CO)s
P
[PhPW(CO)s) LPh
_— + | PQ
W(CO)s
33 34
| A{CuCl) 4
Ph Ph
Ph Ph 7~
Ph Ph 7~ P Ph
7~ P Ph v
[PRCCPW(CO)s] Ve \_7/ PrPw(co)  (OCIsW
00) W/P\ ——————= (OC)sW y LA ,P\_//Ph
° Ph W™ X (OCIW L.
39 s (0C)sW

38
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[5]metacyclophane [83]. In this remarkable reaction the phosphinidene complex
is transferred from one benzene derivative to another with toluene as solvent.
Removal of the transition metal group resulted in the as yet only known free 7.A*-
phosphanorbornadiene 40 [84]. The moderate stability of this system results
from the unfavorable thermodynamics for retro-addition to the highly strained
hydrocarbon.

OC)5W\ _Ph b Ph
R
[PhPW( 00)5] 7% PI-\i
Fe M(CO)s
2 e =
40 41

The only other reaction with an aromatic substance is the C-H insertion into
ferrocene [85], giving 41,which illustrates the highly electrophilic character of the
phosphinidene complex. Other aromatic C-H insertions have been observed, but
these likely occur by means of intermediate P,O- and P,N-ylids, such as the reac-
tion of (OC);W=PR with benzophenone and azobenzene that give 42 and 43, re-
spectively [56a, 86].

R
Ph R v
[RPW(CO)s) © —~W(CO)
=0 ——= G;\:P»W(CO)5 e ; °
PH o N
Ph H
R = CH(SiMeg) Ph 42

N N
[RPW(CO)q] @7@@ Q. Q N
@N\\ \ e N—Ph

~R—H
N—Ph R,P\? R\
R =M, Ph W(CO)s (CO)
43

C-H insertion also occurs in the reactions with acetone and acetophenone,
presumably through the rearrangement of transient OH-substituted phosphi-
ranes [87]. C-C insertions occur for diketones to give 45 and have been postulated
to occur via initial 1,2-addition to the conjugated enol 44 [87]. Diimines 46 also
undergo C-C insertions [88]. Based on a theoretical evaluation, the products 47
are considered to result from a 2,3-sigmatropic rearrangement of initial formed
P,N-ylids.

An intriguing [3,3]-phospha-Cope rearrangement has been suggested to un-
derlie the formation of 49 [89]. The initial step is considered to be the addition
of transient (OC);W=P-C(CH;)=CH, to 2,3-dimethyl-1,3-butadiene to give 48,
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which then ring expands and subsequently undergoes a Diels-Alder addition
with the diene.

Of the many reactions that have been performed with heteroolefinic systems
we mention the addition to 1,3,5-triphosphabenzene, because of the special rela-
tionship between the 1,4-adduct 50 and the corresponding quadricyclane 51 [90].

Bu (OC)5W\ P/ Me (OC)5W\ P/ Me
P)\ p  [MePW(CO)s] o lhigu » lkfu
A /”\ a P~/< P
Bu P Bu Bu Bu By .

50 51
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6
Nucleophilic Phosphinidene Complexes

Since the mid-1980s many more phosphinidene complexes have been prepared
with nucleophilic than with electrophilic properties. An important contributing
factor is their significant stability enabling even crystal structure determination.
A 1997 review, focusing on structural, electronic, and spectroscopic aspects, sug-
gested that the quest for terminal phosphinidenes is over [5]. Much has happened
since, making it relevant to address some issues that are pertinent in the present
context. The displayed structures are a simplified compilation of currently known
complexes, all of which were characterized by crystal structures (Table 5). Com-
mon to all these structures is the presence of at least one m-donating ligand,
which distinguishes these complexes from the electrophilic ones.

In 1987 Lappert et al. reported the first stable Mo and W complexed phos-
phinidenes 52 with two Cp ligands on the transition metal from the reaction of
Mes*PCl with Cp,M(H)Li [91]. Niecke et al. approached the syntheses of similar
compounds with instead a NHMes* substituent using Mes*NPCl and Cp,M(H)Li

@ Mes* & Mes* ,& Mes*
N— Zr=p" U=

SOPTE (I <
OPM93
M=Mo,W PMes

52 53 54
/% / Mes® N /% /Mes*
/| r=p’ /|I'= P\ ?h: p
PhsP 0C  Mes® PhsP
55 56 57

Mes* @ Mes* Mes

\?O:P/ \OS:P/ ?U:P
PhsP PhgP PhgP
58 59 60
Mes* "q Ph
! TMS/ P TMS 'L R / Mesﬁ
PtheF’n,,, 1} _‘\\PMeth TMS\ New.. Ta_“ 7|[_|a 4\ \\N| P Mes
BugSiO™y/

7 . i l
c” [ ~co " \) : OSiBu
4 Q/ BU,SIO 5 R ol
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Table 5. M=P bond distances and *'P NMR chemical shifts and Jpp coupling constants of
stable nucleophilic terminal phosphinidene complexes

Cmpd 52 (Mo) 52 (W) 53 (Zr) 54 (U) 55 (Ir) 56 (Ir) 57 (Rh)

d(M=P) 2370(2) 2.349(5) 2.505(4) 2.562(3) 2.2121(5) 2.1783(8) 2.1903(4)
a(MPR) 115.8(2) 114.8(5) 101.4(1) 143.7(3) 113.73(7) 113.77(10) 113.94(5)
5(G'P) 7995 661.1 792.4 71.1 686.6 804.6 867.6

- -/153.5 23 102 59.4/68.6

Cmpd 58 (Co) 59 (Os) 60 (Ru) 61 (W) 62 (Ta) 63 (Ta) 64 (Ni)

D(M=P) 2.1102(8) 2.2196(7) 2.1989(7) 2.169(1) 2.145(7) 2.317(4)  2.0772(9)
a(MPR) 109.00(9) 106.56(9) 107.80(7) 168.2(2)

5('P) 866.9 667.5 845.9 193.0 209.8 334.6 970
Topomt 76 80 40 50/649 134

as starting materials, but were only able to obtain *'P NMR data (Mo: 663; W: 770)
[92]. In the early 1990s an analogous Zr complex 53 with an additional stabiliz-
ing phosphine ligand was reported by the group of Stephan [93], which was fol-
lowed by the synthesis of a U complex 54 that carries instead an additional
OPMe; ligand [94]. The formation of these complexes have in common that LiCl
(or KCl) is abstracted in the reaction of either the Li (or K) salt of the metal com-
plex with a dichlorophosphine or conversely the halogenated metal complex with
a Li (or K) phosphide. The dehalogenation approach is not always successful. For
example, treatment of CpyHfX(PHR) with bases such as nBuLi, KH, and
NaN(SiMe;), did not afford the desired phosphinidene complex [95] and likewise
Me;SiCl could not be eliminated from Cp,ZrCl{P(SiMe;)Mes*} [96]. It may well
be that these attempts failed due to the absence of an additional stabilizing
ligand, like PR; in 53 or OPR; in 54. Without a phosphine ligand, Cp§Zr=PMes*
has only been detected by its *’P NMR resonance at 537 ppm [93b], which is
254 ppm shielded from phosphinidene complex 53. Majoral et al. reported
similar 3P NMR resonances at 465.2 and 438.2 ppm for respectively Cp,Zr=PR
and Cp3Zr=PR (R=C¢H,(OMe);), but could not exclude the formation of
dimers [97].

The formation of the single Cp* containing phosphinidene complex
Cp*(Cl),Ta=PIs (Is=C4H,(CHMe,);) by dehydrohalogenation of Cp*Cl,Ta(PH,Is)
has been described by Hey-Hawkins and coworkers, including a crystal structure,
but no details are yet available [98]. Treatment of the slightly less congested
Cp’(Cl),Ta=PIs (Cp’=Cs;H,Me) with DBU results instead in a dimer, [Cp"TaCl{p-
PIs}], [99]. Similar dimers were obtained from the reaction of Cp*TaCl, with
LiPHR (R=Cy, t-Bu, Ph, Mes) [100]. Using a strong base induced H-migration en-
abled Malisch et al. to generate Cp(CO),HW=PMes* from Cp(CO),W=PHMes*
[101]. Even though the compound was too sensitive to be isolated, its *'P NMR
chemical shift of 819.9 ppm (Jpw=123.1 Hz) is characteristic for a bent phos-
phinidene.

Using a dehydrohalogenation-ligation sequence, the group of Lammertsma
generated phosphinidene complexes with group 8 (Ru, Os) and group 9 (Co, Rh,
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Ir) transition metals following the outlined reaction scheme [102-104]. Both E
and Z conformers can be formed depending on the size of the substituent R
(Mes* or Is) and the ligands L and Ar (Cp* for group 9; °-C¢H, or pCy for group
8). For example, iridium complex 55 prefers the E form, while the less congested
56 has a Z configuration. Ir complexes Cp*(L)Ir=PR have been synthesized with
L being PPh;, PH,Mes*, PMe;, P(OMe)s, dppe, AsPhs, t-BuNC, XyNC, and CO
(Xy=2,6-dimethylphenyl) [102]. Those with the ligands PMe; and P(OMe); are
formed as E/Z-mixtures. The *P NMR chemical shifts and %/, coupling constants
are diagnostic with the more shielded phosphinidene resonances and larger cou-
pling constants being typical for the E isomers. Rh complexes Cp*(L)M=P have
been synthesized with PPh; and PMe; ligands and Mes* (57) and Is as phos-
phinidene substituents [103]. One Co complex 58 with a PPh; ligand has
been isolated, while a P NMR resonance at § 1047 ppm has been attributed
to Cp(CO)Co=PMes* [103]. Theoretical calculations on geometries, >'P NMR
chemical shifts and Jpp coupling constants for the Co, Rh, and Ir phosphinidene
complexes E/Z-Cp(L)M=PH (L=PHj;, CO) showed good agreement with those
observed for the experimental structures [103]. Four osmium phosphinidene
complexes Ar(L)Os=PMes* (Ar=benzene, pCy; L=PPh;, CO) have been syn-
thesized with pCy(CO)Os=PMes* as a mixture of E/Z-isomers [104]. Likewise
four stable ruthenium complexes Ar(L)Ru=PMes* (Ar=benzene, pCy; L=PPh,
t-BuNC) have been isolated while (7%-C4Hg) (CO)Ru=PMes* was only identified
by its low field *'P NMR resonance at § 896 ppm [104]. Crystal structures were re-
ported for 59 and 60.

In addition, W and Ta complexed phosphinidenes have been synthesized
with ligands other than the Cp or Cp* group. For example, Cowley et al. [105] ob-
tained stable W-complex 61 from reacting WCl,(PMePh,), with Ar¥*P=C=0 and
a variety of Ta-complexes 62 (with various R groups) were reported by Schrock
and coworkers [106] that contain the tetradentate triamidoamine ligand
(Me;SiNCH,CH,);N*". Related Ta-complex 63, having instead three tert-Bu,SiO
groups, was synthesized by Wolczanski and coworkers [107]. These three com-
plexes 61-63 are linear M=P-R phosphinidenes with short M=P bonds and contrast,
e.g., the bent M=P-R forms of 52-60 (Table 5); 63 has also a distinctly shorter W=P
bond length than 53. The difference is also reflected in the much more shielded *'P
NMR chemical shift of the linear phosphinidene as compared to bent ones that can
have very low field resonances. A representative example of this is found in the
S(*'P) of 970 ppm for Ni complex 64 that was reported recently by Hillhouse and
coworkers [108]. Related cationic Ni complex [(Ph,P);Ni=P=CH,]*AICl;-, reported
earlier by Niecke and coworkers, has a *'P NMR resonance at 504 ppm (Jpp=35 Hz)
and is assumed to posses P=C double bond character [109].
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Extremely little chemistry has been explored with these nucleophilic phos-
phinidene complexes. Schrock and coworkers showed that the R substituent of 62
can be exchanged with Li/RX, presumably via the “[N;N]Ta=PLi”, and that these
react with pivaldehyde to give trans-phosphaalkenes [106b]. Hey-Hawkins and
coworkers reported that acetone inserts into the Ta=P bond of Cp*Cl,Ta=PIs
to give Cp*Cl,Ta{(OCMe,),PIs} [98]. Of all the nucleophilic phosphinidenes Zr
complex 53 is the most extensively studied one [110]. A compilation of its reac-
tions is given in the ‘wagon wheel’. The most prominent ones are the halide dis-
placement reactions of organic halides that enable access to a spectrum of phos-
phiranes, phosphirenes, and phospholenes [93c]. Four-membered ring structures
(PSn), and (PGe), are obtained from dialkyl tin and germanium dihalides, re-
spectively, while in the absence of trapping reagents or with less bulky substi-
tuents the (ZrP), dimer is formed [93c, 111]. Reactions with aldehydes result in
phosphaalkenes. Interestingly, 53 reacts with alkynes, but not with olefins, to give
a four-membered metallocycle presumably formed via initial t-complexation of
the alkyne to the transition metal center [112].
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The group of Protasiewicz, who has reported Cp,Zr complexed phosphi-
nidenes with very bulky substituents and phosphine ligands, has explored the in-
terchange of ligands and the formation of diphosphenes [113].

The reactivity of the Cp*(L)Ir=PMes* (L=PPh;, CO) phosphinidene com-
plexes is much less diverse than those with Zr. Only the formation of phos-
phaalkenes has been observed in the reaction with CH,I, and CHI; [102]. This re-
duced reactivity of the Ir complexes as compared to Zr complex 53 has been
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attributed to the much stronger binding of the ‘additional’ stabilizing phosphine
ligand [103]. The convenient interchange of the phosphine ligand and the for-
mation of the Zr,P, dimer from 53 is illustrative.

Dehydrohalogenation of (Ar)MCl,(Mes*PH,) has also been explored in the
absence of a stabilizing ligand and shown to result in the formation of 66 in the
case of the Ru complex, presumable via the Ru,P, dimer 65 [104]. The formation
of 68 was shown to result when the dehydrohalogenation was executed in the
presence of 2-butyne, which has metallocycle 67 as likely intermediate [104].

(Ar)RuCly(Mes*PH,) Ar = n®-benzene
lDBu
Ar(C)RuU—P(H)Mes* Ar .
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|oBU s Ru—PL
Ru—P O Bu | | H
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Mes*/ N A
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(5-CgHg)RUCI,(Mes*PH,)
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_C=C_ /\(
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7
Conclusion

As recently as 1982 the first terminal complexed phosphinidene complex was gen-
erated. The ensuing 20 years have seen an incredible development in this new area
of low-valent organophosphorus chemistry. Many new reagents have been gen-
erated. The electrophilic ones are the most reactive. A very diverse spectrum of
applications has evolved resulting in many hitherto difficult to access organophos-
phorus compounds. The mechanistic pathways by which they are formed relate to
those of the hydrocarbons, which is due to the diagonal relationship of carbon and
phosphorus. More recently, much progress has been made in developing the
chemistry of nucleophilic phosphinidenes. However, the exploration of their re-
activity is still trailing. It should be evident though that many new discoveries are
still to be made in this still rather young area of reactive intermediates.
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List of Abbreviations

CVD  Chemical Vapor Deposition

D-Lys D-Lysine

Gly Glycine

HBTU O-Benzotriazol-1-yl-N,N,N’,N’-tetramethyluronium hexafluoro-
phosphate

HMPB 1,2-Bis[hydroxymethyl phosphinobenzene]

HMPE 1,2-Bis[hydroxymethyl phosphinoethane]

HPLC High Performance Liquid Chromatography

LHRH Lutenizing Hormone Releasing Hormone

PTC  Phase transfer catalyst

SPPS  Solid Phase Peptide Synthesis

TFA  Trifluoro acetic acid

1
Introduction

Design and development of new chemical vectors that provide fundamental in-
sights in chemical science, and also whose unique properties impact vital appli-
cations in multiple areas of catalysis, new materials and biopharmaceuticals, will
be of paramount importance for the scientific growth and futuristic prospects of
modern chemistry. One such class of compounds is primary phosphines
(R-PH,). The high reactivity of P-H bonds in primary phosphines with chemi-
cal reagents such as acid halides, carbonyl compounds, Michael acceptors, alkyl
halides, halogens, and Lewis acids (e.g., boranes) etc. has been extensively uti-
lized to produce a myriad of functionalized organophosphorus compounds
[1, 2]. Specifically, phosphorus-carbon functionalized compounds obtained via
transformations across P-H bonds are versatile in various applications that in-
clude: (a) ligands for use in the development of catalytically useful tertiary phos-
phines [3-8], (b) chelating frameworks for use in the development of new
chemotherapeutic and radioimaging agents in nuclear medicine [9-11], (c) pre-
cursors for applications in chemical vapor deposition (CVD) processes [12-14],
and (d) chemical precursors or synthons of antimicrobial and bactericidal agents
[15]. Primary phosphines (RPH,), especially alkyl phosphines, are, in general, air-
sensitive compounds. Therefore, their backbone modification to afford new
classes of alkyl-substituted phosphines are often challenging. Representative re-
actions of primary phosphines that result in a plethora of novel organophos-
phorus compounds are outlined in Scheme 1 [16-24]. Despite their versatile
chemistry and important applications, synthetic and structural investigations on
new chemical architectures of functionalized primary phosphines are limited
[25-30].

We have a long standing interest in the design and development of heteroatom
and organic groups functionalized primary phosphines [31-33].In particular, in
recent years we have addressed promising and versatile synthetic strategies for
producing air/thermally stable multifunctional and multinuclear primary phos-
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Scheme 1. Reaction versatility of P-H bonds in primary phosphines

phines and demonstrated their utility as effective synthons for the development
of a new generation of water-soluble highly functionalized phosphines via form-
ylation reactions of P-H bonds [31-33].

This review account will summarize latest research results on the design, de-
velopment and properties of functionalized primary phosphines. In particular,
the focus would be centered around recent results from our laboratory on the
chemical architecture of heteroatom functionalized primary bisphosphines. We
will also discuss synthetic protocols for the formylation reactions of functional-
ized primary phosphines to produce structurally diverse water-soluble hydrox-
ymethyl phosphines. Finally, we will discuss the utility of carboxylate function-
alized primary bisphosphines for incorporation on to peptides and their
potential applications in catalysis and biomedicine.

2
Synthesis of Phosphines

2.1
Synthesis of Simple Alkyl/Aryl Primary Phosphines

Reduction of halophosphines [34-37] or alkyl phosphonates [38] using lithium
aluminum hydride is commonly employed for the preparation of alkyl or aryl
substituted primary phosphines (Egs. 1-4):
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2RPX, + LAHy  — 2RPH, + LiAIX, ()

4RPOCI,

4RPH2 + 2LiA|C|4 +LiA|(OH)4

+ 3LIAIH, 2

4RPO(OR), + 3LAH, — 4RPH, +LIA(OH); + 2LIAIOR), (3)

2RP(OR), . LiAH; —— 2RPH, + LIAI(OR), (4)

Reactions of alkyl halides with alkali metal phosphides [39-41], addition reac-
tions of olefins with PH; [42] or the pyrolytic cleavage of P-O bonds in RPO,H,
[43] are also reported for the preparation of alkyl/aryl functionalized primary
phosphines (Egs. 5-7):

MPH,  + R-X RPH, + MX (5)

RCH=CH; + PH; . H;PCHRCH; o RCH,CHPH,  (6)

pyrolysis

3RPO,H, RPH, + 2RPOH, )

Synthesis of primary phosphines via the direct alkali metallation of red phos-
phorus has also been reported (Eq. 8) [44]:

RX

Ps + 12Na 4+ 8NH.Br NHa(lig) 4NaPH, + 8NaBr + 8NH; R-PH,

(8

As shown in Eq. (9), sodium dithionite abstracts formaldehyde from hydrox-
ymethyl phosphine (R-P(CH,0H),) to produce a primary phosphine [26]:

R-P(CHOH), _ NaS20s(1ea) g ©)

Lithium aluminum hydride is a powerful reducing agent and often reduces car-
bonyl or other reduction susceptible functionalities present in the organo-
phosphorus framework. Therefore, coexistence of -PH, and ~-COOH or ~-CONH,
groups within the same molecule will require careful reaction strategies or the
application of highly selective reducing agents as discussed in the following sec-
tions.

2.2
Amide Functionalized Primary Bisphosphines

Several different types of primary bisphosphines functionalized with mono-
or diamides have been synthesized recently. The simplest among this series
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consists of a bisprimary phosphine appended to phenylamides as depicted in

Scheme 2.
COOH
CONHPh CONHPh CHNHPh
(i) (COCl),,, PhNH, LiAtH,
Br  Br (i)P(OEt),,90%C  EtO:p p:OEt  Et0,0°%C *
(PO B0 Yy o OEt PH,  PHy PH,  PH,
1 2

Scheme 2. Synthesis of bisprimary phosphines 1 and 2

The bisphosphonate — upon reduction with lithiumaluminum hydride in ether
at 0°C - produced the amide functionalized primary bisphosphine (1) in good
yields [45]. This reaction proceeded to reduce the amide group in 1 to produce
the amine functionalized primary bisphosphine (2) in <5% yields. The amido
bisprimary phosphine 1 is an air stable crystalline solid whereas the amine com-
pound 2 is an oxidatively stable liquid. Separation of 1 and 2 in pure forms was
achieved using column chromatography. The amidic bisprimary phosphine 1 was
crystallized from chloroform and exhibits remarkable stability not only in the
solid state but also in solution as well. The crystal structure of the air stable pri-
mary bis-phosphine 1 as shown in Fig. 1 is unprecedented to date.

L
fg@

Fig. 1. Crystal structure of the amide functionalized bisprimary phosphine

Almost, all of the reported crystal structures of free primary phosphines have
a bulky group attached to the phosphorus, thereby sterically crowding the phos-
phorus atom and rendering stability to P-H bonds [25-30]. In this context, the
amide functionalized primary bis-phosphine 1 is the first example of its kind
demonstrating excellent oxidative and thermal stability in the absence of any
bulky substituent. The phosphine hydrogens in 1 did not show any hydrogen
bonding with either the C=0 or PH, groups. The P-C bond lengths are in the ex-
pected range of 1.80-1.89 A, found in other primary phosphines [25-30].
Scheme 3.

Aminopropyl phosphine H,N(CH,);PH, 3, synthesized via the LiAlH, reduc-
tion of the corresponding phosphonate, serves as an excellent building block for
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the generation of novel amide functionalized bis/tris primary phosphines as out-
lined in Scheme 3 [46]. The reactions of aminopropyl phosphine 3 with func-
tionalized organic esters produced a new generation of air stable thiol and amide
functionalized (mono) 4, (bis) 5, and dendritic (tris) 6 primary phosphines in
good yields (Scheme 3). The amidolysis of organic esters, as outlined in Scheme
3, exemplifies the rich chemistry of functionalized primary phosphines and also
demonstrates the unique selectivity of the -NH, group in H,N(CH,);PH, (3) to-
ward reactions with ester groups [46].

23
Thioether Functionalized Primary Bisphosphines

The thioether functionalized bisphosphonates, 7 and 8, upon reduction with
LiAlH, produced the corresponding S,P, and S;P, primary bisphosphine frame-
works 9 and 10 respectively in good yields (Scheme 4) [47, 48].

~ Br(CH,)3P(O)(OE), <: :> LiAH, (S S—>
SH SH ~OEt PHz 1
EO Ot OFt
; 9

s
s Br(CH,)sP(O)(OEY), S( 1

o Choy o Coo

EtO' O OEtOEt

8 10

Scheme 4. Synthesis of thioether functionalized primary phosphines 9 and 10

These thioether functionalized primary bisphosphines 9 and 10 showed mod-
est oxidative stabilities and have found applications as novel precursors in the de-
velopment of functionalized water-soluble phosphines via formylation reactions
across P-H bonds (see below) [47].

Additional examples of thiol (11) [49] and thioether (12) functionalized pri-
mary phosphines are outlined in Scheme 5.

— Br -~ OEt N\ /N
SH o "okt HS a LiAIH, HS S Mel,NaH 8 s—>

EtO HaP H,P
OEt 1 12

Scheme 5. Synthesis of thiol and thioether functionalized primary phosphines 11 and 12
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2.4
Mixed Phosphonate and Aromatic Amide Functionalized Primary Phosphines

The nucleophile assisted ring-opening reactions of phosphonate bearing
phthalimide 13 has been utilized in the synthesis of mixed primary phosphine-
phosphonate and aromatic amide functionalized primary bisphosphines as out-
lined in Scheme 6 [50].

For example, the interaction of aminopropyl phosphine (3) with the phthal-
imide 13 produced rare example of a phosphonate functionalized primary phos-
phine 14 in excellent yields (Scheme 6) [50]. The corresponding reaction of the
phthalimide phosphonate 13 with 0.5 equivalent of hydrazine resulted in the bis-
phosphonate species 15 which upon further reduction with LiAIH, produced the
primary bisphosphine 16 functionalized with aromatic amides. It is interesting
to note that the reduction of the bisphosphine 15 with LiAlH, in dry THF at 0°C
was selective in terms of reducing only the phosphonate groups in 15, although
amide groups are susceptible for reduction under these conditions. The novel bis-
phosphine 16 was obtained in 80% yields, as an air stable, pale yellow solid [50].

2.5
Carboxylate Functionalized Primary Bisphosphines

Carboxylate,-COOH, and primary phosphine, -PH,, groups represent the highly
oxidized and reduced groups respectively within the chemical spectrum. Indeed,
the coexistence of phosphanyl and carboxyl groups within the same molecule
would be difficult because the reaction conditions that are used to reduce
-P(O)(OEt), group to a -PH, group can also reduce ~-COOH groups. In this con-
text, preformed primary phosphine building blocks that contain reactive func-
tionalities, such as halogens or amines, would be versatile for direct incorpora-
tion into carboxylated compounds. A schematic reaction sequence outlined in
Scheme 7 provides a “nuts and bolts” strategy for the direct incorporation of car-
boxyl group within primary bisphosphine backbone.

This approach makes use of bromopropyl phosphine 17 as a key synthon ob-
tained via the reduction of 3-bromopropyl phosphonate with dichloroaluminum
hydride [10]. Reaction of bromopropyl phosphine 17 with the dianion of 6,8-
dithiooctanoic acid produced the ~-COOH functionalized P,S,-primary bispho-
sphine framework 18 in >80% yields (Scheme 7) [10].

The application of 3-aminopropyl phosphine (3) [41, 46] as a building block
for incorporation into ~-COOH functionalized frameworks provides an excellent
example of the utility of preformed primary phosphine frameworks (Scheme 8)
[46]. The reactions involved Michael addition of fert-butyl acrylate to malonic
acid dimethyl ester to produce the intermediate adduct, 2-methoxycarbonyl-
pentanedioc acid 5-tert-butyl ester 1-methyl ester, which upon treatment with
trifluro-acetic acid (TFA) produced the corresponding diester acid, 2-methoxy-
carbonyl-pentanedioic acid 1-methyl ester, in near quantitative yield. It is
remarkable to note that the reaction of NH,(CH,);PH, (3) with the diester acid
is highly selective as the -COOH group remained unattacked whereas the
reaction occurred smoothly and selectively at the -COOMe groups to pro-



129

New Vistas in Chemistry and Applications of Primary Phosphines

91

yzi ‘1o ‘HO3
(Ainba 1) NIn_/\/\zw_._

%56

1¥ 'Yzl ‘HO13
(Mnba 6°0) SHN-N°H

vi
o P
d, °Hd
(o)
NH HN
o)
o) o)
B A~ N
o)
%88 %G6
yz1 xnyoy
£(330)d
£ 5
130, %G. 130
d NeH
3o~ i~ 1 ‘Uzl ‘HOW 13O
o (anba 01) 2HN-NCH 0
o)

Scheme 6. Synthesis of amide functionalized primary phosphines



130 K. V. Katti et al.

P(OEY); LiAlH, + 3AICI;
Br Br Br P(O)(OEt)2 Br PH,
17
! NaBH, (\/\/\/COOH NaH, THF S S
B e
PH, HP
H
Br P 2 18

Scheme 7. Synthesis of carboxylate functionalized primary phosphine 18

duce the novel carboxylate functionalized diamide bisprimary phosphine, 4,4-
bis-(3-phosphanyl-propylcarbamoyl)butyric acid 19 in 51% yield (Scheme 8)

[46].
(0] O\[<
(e} O 0
W + \)J\ J< K,COy/benzene
0O 0L 0 O 0]
PTC,
85% O 0L
COOH
6] OH
O,
TEA, Heat, 70°C,40h o o
97% (@) (0] HaN_~_ PH2 NH HN
; ¢
0 oL PH, H,P
19

Scheme 8. Synthesis of carboxylate functionalized primary phosphine 19

3
Properties

3.1
Oxidative Stability of Functionalized Primary Phosphines

Primary phosphines, in general, exhibit extreme hydrolytic thermal and
oxidative instabilities. In fact, alkyl- mono (e.g., CH,PH,) or bis- (e.g.,
H,P(CH,),PH,) phosphines are extremely dangerous during handling as they
violently ignite in air. Efforts to improve oxidative/thermal stability have in-
volved incorporating bulky alkyl/aryl substituents on the P! center [25-27,30].
For example, alkyl primary phosphines, as shown in Fig. 2, exhibit increased ox-
idative stability, presumably as a result of steric assistance of their bulky benz-
abarellene [25], iron dicyclopentadienyl [26], triptycyl [27], or a '‘Bu;CsH, [30]
substituents (Fig. 2).
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PH,

< CHPH,
|

Fe O ‘
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PH,
Fig. 2. Examples of air stable primary mono phosphines

It is striking to note that the new generation of amide, thioether and car-
boxylate functionalized primary bisphosphines, 1,10, 16,18, and 19 as shown in
Fig. 3, provide examples of primary bisphosphines with unprecedented oxidative
inertness.

In fact, the primary bisphosphines 1, 10,16, and 19 (Fig. 3) are air stable solids
demonstrating exceptional oxidative stabilities. Recently, a primary bisphosphine
20 produced by dimerization reaction of anthracenyl primary phosphine has
been shown to possess good oxidative stability [29].

Preliminary AM1 calculations carried out with the MOPAC program on 18 and
related molecules suggest that there are atomic orbital contributions from the
heteroatom (e.g., S in 18) to the frontier molecular orbitals. It is conceivable,
therefore, that there is negative hyperconjugation involving specific orbitals of S
and the P centers in 18. This electronic effect may explain the unusual stability
towards oxidation of 18 and other heteroatom functionalized primary bisphos-
phines as described above [51].

CONHPh

Con p? M
PH2 PH2 PHZ H2P PH2 H2P

N

e o o .@

o e viea
PH, H,P H,P

PH; H,P
18 19 20

Fig. 3. Examples of air stable primary bis phosphines
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3.2
Formylation Reactions of Primary Phosphines

The formylation of P-H bonds in mono and multiprimary phosphines, which re-
sult in the formation of hydroxymethyl phosphines, is among the facile useful re-
actions in organophosphorus chemistry. As shown in Scheme 9, formaldehyde in
the presence of platinum catalysts transforms P-H bonds into hydroxymethyl
(P-CH,0H) functionalities (Scheme 9) [52].

N\ HO—_/ 1\
HP  PH,  KgPtCly ™ g OH
Ho—/ \—oH
HCHO, H,0 MPE
KoPtCly
-
HCHO, H,O HO
HP  PH, P P\’:OH
HO—/ OH
HMPB

Scheme 9. Catalytic formylation of P-H bonds

Recent studies in our laboratory have demonstrated that formylation of P-H
bonds can be achieved without the aid of transition metal catalysts under mild
reaction conditions [47]. For example, amide and thioether functionalized
primary phosphines, 5 and 9 respectively, upon treatment with 37% formal-
dehyde produced the corresponding amide/thioether functionalized water
soluble phosphines 21 and 22 respectively in near quantitative yield
(Scheme 10) [47].

OWO OWO
HCHO/EtOH

NH HN T NH HN
RT <:
PH, H,P fP (F’
HOHOOH OH
5 21
Q HCHO/EOH @s
— D
( _> RT PP
H,P
PHz M2 I
HOHOOH OH
9 22

Scheme 10. Synthesis of hydroxymethyl phosphines from primary phosphines
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Fig. 4. Coordination modes of hydroxymethyl phosphines

Indeed, these reactions proceed at 25 °C in ethanol-aqueous media in the ab-
sence of transition metal catalysts. The ease with which P-H bonds in primary
phosphines can be converted to P-C bonds, as shown in Schemes 9 and 10,
demonstrates the importance of primary phosphines in the design and devel-
opment of novel organophosphorus compounds. In particular, functionalized hy-
droxymethyl phosphines have become ubiquitous in the development of water-
soluble transition metal/organometallic compounds for potential applications in
biphasic aqueous-organic catalysis and also in transition metal based pharma-
ceutical development [53-62]. Extensive investigations on the coordination
chemistry of hydroxymethyl phosphines have demonstrated unique stereospe-
cific and kinetic propensity of this class of water-soluble phosphines [53-62].
Representative examples outlined in Fig. 4, depict bidentate and multidentate co-
ordination modes and the unique kinetic propensity to stabilize various oxida-
tion states of metal centers, such as Re(V), Rh(III), Pt(II) and Au(I), in aqueous
media [53-62]. Therefore, the importance of functionalized primary phosphines
in the development of multidentate water-soluble phosphines cannot be overem-
phasized.

4
Phosphorus NMR Spectroscopy

Phosphorus NMR spectroscopy serves as a valuable diagnostic tool in the char-
acterization and structural elucidation of primary phosphine compounds. As
shown in Table 1, RPH groups resonate in the -125 ppm to -150 ppm range with
direct one bond *'P-'H coupling constants of 193-197 Hz.

It is interesting to note that, despite drastic changes in the chemical frame-
works of primary bisphosphines, there are minimal/no differences in the chem-
ical shifts and *'P-'H coupling constants (Table 1). The proton coupled *'P NMR
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Table 1. 3'P NMR spectroscopic data of primary phosphines

Compound Compound §7'P Yp_n (Hz)
number
1 CONHPh -143.0 197
PH, PH,
2 CH,NHPh -149.6 197
PH, PH,
3 HaN_~_PH, 1353 194
4 e} O -134.6 195
NH NHj
PHz ps
5 -135.6 194
o} 0}
Coese”)
PH,H,P
6 H -135.6 195
HaP ~_ N0
H H
HoP ~_N N _~_PHz
o o}
9 (\I -137.5 192
Co v
PH2 H2P
10 rSW -136.3 194
G
PHy HP
11 P ~140.6 195
HS S
HoP
12 /~ \ -141.1 192
s s
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Table 1 (continued)

Compound Compound 5P Jp_u (Hz)
number
14 -135.1 194
(o} o}
NH HN
C O\\>
PHy PC
/
EtO OEt
16 -135.6 193
o) e}
<jNH HNj>
PH, H,P
17 Bre_~_PH, 1384 -
18 00 -136.3 193
Cone)
PH, H,P
19 o on -135.6 194
O O
Coone)
PH, HoP
23 H\)?\ -135.9 194
Os_N o
N
(0]
o} O
NH HN
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Fig. 5. Proton-coupled *'P NMR spectrum of 23

spectrum of a peptide-conjugated primary bisphosphine 23 as depicted in Fig. 5,
shows the presence of unoxidized primary bisphosphine functionality. This
figure exemplifies the diagnostic utility of the >'P NMR spectroscopic technique
to infer that the -PH, units are oxidatively inert even after subjecting the
P,N,COOH primary phosphine precursor to harsh reaction conditions routinely
used in the peptide synthesis [10, 46].

5
Biomedical and Catalytic Implications of Carboxylated Primary
Bisphosphines

The carboxylate functionalized primary bisphosphines P,S,COOH 18 and
P,N,COOH 19 (Schemes 7 and 8) provide new opportunities for use in catalytic
and biomedical motifs. The carboxylate groups in 18 and 19 can be used to con-
jugate these phosphine ligating units on to peptides or proteins.

It is important to note that the secondary and tertiary structure of peptides to
which they are attached may subsequently help in controlling the reactivity of
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phosphine-coordinated transition metals. Specifically, the chirality and related
important stereospecific characteristics associated with biomolecules (e.g., pep-
tides or proteins) may be transferred to the transition metals if peptides are im-
mobilized with chelating units that are capable of coordinating with transition
metals [63]. This approach of conjugating catalytically active transition metals to
chiral biomolecules provides a straightforward synthetic route to harvest chiral
compounds with potential applications in enantioselective catalysis. The in-
corporation of phosphines onto peptides will also help to engineer metal bind-
ing sites that may eventually provide conformational integrity, biospecificity,and
enhanced enzymatic activities [64 - 68]. Additionally, bioconjugation of cytotoxic
transition metals to receptor active peptides may eventually provide effective
vehicles for delivering cytotoxic moieties to specific tumors through receptor-
mediated agonist or antagonist interactions [69]. In this context, peptides (or re-
ceptor-binding biomolecules) containing phosphine substituents are important
in the design and development of tumor-specific radiopharmaceuticals [70,71].
Despite significant catalytic and biomedical applications offered by phosphines
functionalized with peptides, synthetic strategies for producing such bioconju-
gates are still in their infancy. To demonstrate the feasibility of linking -COOH
groups with peptides (and proteins), a synthetic protocol for linking compound
19 with a dipeptide, gly gly ethyl ester hydrochloride, has been developed
(Scheme 11).

0
H
Os__OH o Nv”\ O~
Y

H o) HBTU, °©
NH HN CH3CN NH HN
CHy gt I B >
PHz Hz o 63% PH HoP

Scheme 11. Synthesis of peptide containing primary phosphine 23

This method involved activation of the carboxylate of P,N,~COOH 19 using
HBTU followed by interaction with the -NH, group of gly-gly peptide. The re-
sulting P,N, gly-gly peptide conjugate, {2-[4,4-bis-(3-phosphanyl-propylcar-
bamoyl)-butyrylamino]-acetylamino}-acetic acid ethyl ester 23, was produced in
63% yields. The dipeptide conjugate 23 retained PH, units for direct complexa-
tion with catalytically or biologically useful metals.

To demonstrate the feasibility of linking P,S,~COOH compound 18 to bio-
molecules, a P,S,-D-Lys conjugate of a lutenizing hormone releasing hormone
peptide, the p-LysS-LHRH conjugate 24, was synthesized by automated solid-
phase peptide synthesis (SPPS; Scheme 12). This method involved repeated use
of variety of chemicals in high concentrations (including trifluroacetate (TFA))
for cleavage of peptide bound to the resin. Peptide conjugate 24 was purified by
HPLC and analyzed by 3'P NMR spectroscopy and mass spectrometry. These data
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Scheme 12. Synthesis of peptide containing hydroxymethyl phosphane 25

demonstrate that the peptide conjugate 24 was formed in high yields with no
modification of PH, groups. These results also confirm that the PH, groups of 18
and 19 are resistant to oxidation and are unreactive towards other functional
groups in the peptides and the reagents used in SPPS [10]. The synthesis of such
biomolecules which contain -PH, groups allows their conversion to hydrophilic
alkyl phosphanes. Thus formaldehyde reacted rapidly with the PH, groups of 24
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to produce the peptide-functionalized phosphane 25 (Scheme 12) via formyla-
tion of P-H bonds. Either PH, groups or their formylated analogues PR, may be
used as a part of the chelator framework of biomolecules to form well-defined
metalated conjugates by complexation with transition metals for potential cat-
alytic or biomedical applications [10].

6
Concluding Remarks

The sequence of reactions summarized in Schemes 2-6 provides only a ‘tip of ice-
berg’ on the structural diversity and functional versatility of primary phosphines.
Primary phosphines were once thought to be pyrophoric and highly unstable lig-
uids. However, we have come a long way in producing ‘designer’ primary phos-
phines to suit the need of a specific chemical objective. The availability of new
generations of primary phosphines will pave the way for future studies on com-
parisons in reactivity between ‘P-H’ and ‘C-H’ bonds by experimentalists and
theoreticians. Unlike the carbon-hydrogen bonds, phosphorus hydrogen bonds
display excellent reactivity toward both nucleophiles and electrophiles. It is this
aspect of primary phosphines chemistry that makes them highly unique as
chemical synthons for a variety of chemical transformations.

Functionally active preformed primary phosphines (e.g., H,N(CH,);PH, 3 or
Br(CH,);PH, 17) will provide important building blocks to functionalize sim-
ple/complex molecules with primary phosphine functionalities. The ‘user
friendly’ nature of the air stable primary bisphosphines (e.g., 1,10, 16,18-20) will
open up new realms of exploratory research that utilize primary phosphines. It
is also conceivable that the high oxidative stability and the ease with which pri-
mary phosphines can be incorporated on chiral backbones or peptides provide
new opportunities for their applications in catalysis and biomedicine.
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Se, Te). The emphasis is on the wide variety of coordination modes exhibited by these poly-
dentate ligands, which have both hard (NR) and soft (S, Se or Te) centers. Possible applications
of their metal complexes include new catalytic systems, coordination polymers with unique

properties, and novel porous materials.

Keywords. Anionic ligands, Phosphorus,Imido, Chalcogenido, Metal complexes

1 Introduction . . . . .. .. . . . ... e e

2 Homoleptic Polyimido Anions of Phosphorus . . . ... ... ...

2.1  Bis(imido)phosphorus(III) Anions [P(NR),]= . . . ... .. .. ...
2.2 Tris(imido)metaphosphate Anions [P(NR);]~ . . ... ... .. ...
2.3 Tetrakis(imido)phosphate Anions [P(NR),]*~ . . ... ... .....
2.4  Tris(imido)phosphonate Anions [R'P(NR);]>- . . . . ... ... ...
2.5 Bis(imido)phosphinate Anions [R5P(NR),]= . . . . . ... .. .. ..

3 Heteroleptic Imidochalcogenido Anions of Phosphorus . . . . . ..

3.1 Imidochalcogenido Analogues of the Metaphosphate Ions

PE; (E=0,5,5€) .« v v v oo e e e e e
3.2 Imidochalcogenido Analogues of the Orthophosphate Anions

PEF (EZ0,8) - v v v e e e e e e e e e e
3.3 Imidochalcogenido Analogues of the Phosphonate Anions

[RPE;]> (E=0,5,56,Te) « v v v v v it e e e e et e e e e e
3.4 Imidochalcogenido Analogues of the Phosphinate Anions

[R,PE,]"(E=0,S,S€e,Te) . . . o v v vttt et e e e e e e
4 Conclusions and Future Directions . .. ... ............
5 References . . . . . . . o i i i i i i e

© Springer-Verlag Berlin Heidelberg 2003


Verwendete Mac Distiller 5.0.x Joboptions
Dieser Report wurde automatisch mit Hilfe der Adobe Acrobat Distiller Erweiterung "Distiller Secrets v1.0.5" der IMPRESSED GmbH erstellt.
Sie koennen diese Startup-Datei für die Distiller Versionen 4.0.5 und 5.0.x kostenlos unter http://www.impressed.de herunterladen.

ALLGEMEIN ----------------------------------------
Dateioptionen:
     Kompatibilität: PDF 1.3
     Für schnelle Web-Anzeige optimieren: Ja
     Piktogramme einbetten: Nein
     Seiten automatisch drehen: Zusammen pro Datei
     Seiten von: 1
     Seiten bis: Alle Seiten
     Bund: Links
     Auflösung: [ 600 600 ] dpi
     Papierformat: [ 439 666 ] Punkt

KOMPRIMIERUNG ----------------------------------------
Farbbilder:
     Downsampling: Ja
     Berechnungsmethode: Bikubische Neuberechnung
     Downsample-Auflösung: 150 dpi
     Downsampling für Bilder über: 225 dpi
     Komprimieren: Ja
     Automatische Bestimmung der Komprimierungsart: Ja
     JPEG-Qualität: Mittel
     Bitanzahl pro Pixel: Wie Original Bit
Graustufenbilder:
     Downsampling: Ja
     Berechnungsmethode: Bikubische Neuberechnung
     Downsample-Auflösung: 150 dpi
     Downsampling für Bilder über: 225 dpi
     Komprimieren: Ja
     Automatische Bestimmung der Komprimierungsart: Ja
     JPEG-Qualität: Mittel
     Bitanzahl pro Pixel: Wie Original Bit
Schwarzweiß-Bilder:
     Downsampling: Ja
     Berechnungsmethode: Bikubische Neuberechnung
     Downsample-Auflösung: 300 dpi
     Downsampling für Bilder über: 450 dpi
     Komprimieren: Ja
     Komprimierungsart: CCITT
     CCITT-Gruppe: 4
     Graustufen glätten: Nein

     Text und Vektorgrafiken komprimieren: Ja

SCHRIFTEN ----------------------------------------
     Alle Schriften einbetten: Ja
     Untergruppen aller eingebetteten Schriften: Ja
     Untergruppen bilden unter: 100 %
     Wenn Einbetten fehlschlägt: Warnen und weiter
Einbetten:
     Immer einbetten: [ ]
     Nie einbetten: [ ]

FARBE(N) ----------------------------------------
Farbmanagement:
     Farbumrechnungsmethode: Alle Farben zu sRGB konvertieren
     Methode: Standard
Arbeitsbereiche:
     Graustufen ICC-Profil: None
     RGB ICC-Profil: sRGB IEC61966-2.1
     CMYK ICC-Profil: U.S. Web Coated (SWOP) v2
Geräteabhängige Daten:
     Einstellungen für Überdrucken beibehalten: Nein
     Unterfarbreduktion und Schwarzaufbau beibehalten: Nein
     Transferfunktionen: Beibehalten
     Rastereinstellungen beibehalten: Nein

ERWEITERT ----------------------------------------
Optionen:
     Prolog/Epilog verwenden: Nein
     PostScript-Datei darf Einstellungen überschreiben: Ja
     Level 2 copypage-Semantik beibehalten: Ja
     Portable Job Ticket in PDF-Datei speichern: Nein
     Illustrator-Überdruckmodus: Ja
     Farbverläufe zu weichen Nuancen konvertieren: Ja
     ASCII-Format: Nein
Document Structuring Conventions (DSC):
     DSC-Kommentare verarbeiten: Ja
     DSC-Warnungen protokollieren: Nein
     Für EPS-Dateien Seitengröße ändern und Grafiken zentrieren: Ja
     EPS-Info von DSC beibehalten: Nein
     OPI-Kommentare beibehalten: Nein
     Dokumentinfo von DSC beibehalten: Ja

ANDERE ----------------------------------------
     Distiller-Kern Version: 5000
     ZIP-Komprimierung verwenden: Ja
     Optimierungen deaktivieren: Nein
     Bildspeicher: 524288 Byte
     Farbbilder glätten: Nein
     Graustufenbilder glätten: Nein
     Bilder (< 257 Farben) in indizierten Farbraum konvertieren: Ja
     sRGB ICC-Profil: sRGB IEC61966-2.1

ENDE DES REPORTS ----------------------------------------

IMPRESSED GmbH
Bahrenfelder Chaussee 49
22761 Hamburg, Germany
Tel. +49 40 897189-0
Fax +49 40 897189-71
Email: info@impressed.de
Web: www.impressed.de

Adobe Acrobat Distiller 5.0.x Joboption Datei
<<
     /ColorSettingsFile ()
     /LockDistillerParams false
     /DetectBlends true
     /DoThumbnails false
     /AntiAliasMonoImages false
     /MonoImageDownsampleType /Bicubic
     /GrayImageDownsampleType /Bicubic
     /MaxSubsetPct 100
     /MonoImageFilter /CCITTFaxEncode
     /ColorImageDownsampleThreshold 1.5
     /GrayImageFilter /DCTEncode
     /ColorConversionStrategy /sRGB
     /CalGrayProfile (None)
     /ColorImageResolution 150
     /UsePrologue false
     /MonoImageResolution 300
     /ColorImageDepth -1
     /sRGBProfile (sRGB IEC61966-2.1)
     /PreserveOverprintSettings false
     /CompatibilityLevel 1.3
     /UCRandBGInfo /Remove
     /EmitDSCWarnings false
     /CreateJobTicket false
     /DownsampleMonoImages true
     /DownsampleColorImages true
     /MonoImageDict << /K -1 >>
     /ColorImageDownsampleType /Bicubic
     /GrayImageDict << /HSamples [ 2 1 1 2 ] /VSamples [ 2 1 1 2 ] /Blend 1 /QFactor 0.9 >>
     /CalCMYKProfile (U.S. Web Coated (SWOP) v2)
     /ParseDSCComments true
     /PreserveEPSInfo false
     /MonoImageDepth -1
     /AutoFilterGrayImages true
     /SubsetFonts true
     /GrayACSImageDict << /VSamples [ 2 1 1 2 ] /HSamples [ 2 1 1 2 ] /Blend 1 /QFactor 0.76 /ColorTransform 1 >>
     /ColorImageFilter /DCTEncode
     /AutoRotatePages /All
     /PreserveCopyPage true
     /EncodeMonoImages true
     /ASCII85EncodePages false
     /PreserveOPIComments false
     /NeverEmbed [ ]
     /ColorImageDict << /HSamples [ 2 1 1 2 ] /VSamples [ 2 1 1 2 ] /Blend 1 /QFactor 0.9 >>
     /AntiAliasGrayImages false
     /GrayImageDepth -1
     /CannotEmbedFontPolicy /Warning
     /EndPage -1
     /TransferFunctionInfo /Preserve
     /CalRGBProfile (sRGB IEC61966-2.1)
     /EncodeColorImages true
     /EncodeGrayImages true
     /ColorACSImageDict << /VSamples [ 2 1 1 2 ] /HSamples [ 2 1 1 2 ] /Blend 1 /QFactor 0.76 /ColorTransform 1 >>
     /Optimize true
     /ParseDSCCommentsForDocInfo true
     /GrayImageDownsampleThreshold 1.5
     /MonoImageDownsampleThreshold 1.5
     /AutoPositionEPSFiles true
     /GrayImageResolution 150
     /AutoFilterColorImages true
     /AlwaysEmbed [ ]
     /ImageMemory 524288
     /OPM 1
     /DefaultRenderingIntent /Default
     /EmbedAllFonts true
     /StartPage 1
     /DownsampleGrayImages true
     /AntiAliasColorImages false
     /ConvertImagesToIndexed true
     /PreserveHalftoneInfo false
     /CompressPages true
     /Binding /Left
>> setdistillerparams
<<
     /PageSize [ 595.276 841.890 ]
     /HWResolution [ 600 600 ]
>> setpagedevice


144 T. Chivers

List of Abbreviations

p-cymene 1-Methyl, 4-ethylbenzene

naph Naphthyl

THF Tetrahydrofuran

TMEDA  Tetramethylethylenediamine
1

Introduction

Phosphorus forms a wide variety of oxoanions, which outnumber those formed
by any other element except silicon [1]. Many of these anionic ligands are of in-
dustrial importance and their derivatives are essential components of numerous
biological processes. Some of the more common examples include orthophos-
phate PO}~ (1), phosphite HPO% (2) and metaphosphate POj3 (3).

3- _ -
0, o | H 2 o |
e P, !
o o o (l) (o] o 4P§~o
(M @ 3)

The imido group NR (R=H, alkyl, aryl) is isoelectronic with an oxo (O) ligand.
This simple relationship raises the possibility of a related series of polyimido an-
ions of phosphorus in which the oxo ligands are replaced by imido substituents.
Partial replacement gives rise to heteroleptic imidooxo anions, for which sulfur
or selenium analogues can be envisaged through the replacement of oxygen by
a heavier chalcogen. Complete replacement generates homoleptic polyimido an-
ions of phosphorus such as [P(NR),]*-, [HP(NR),]?- and [P(NR),]~.2

Since the mid-1990s investigations of polyimido anions of p-block elements
have become an active area of main group chemistry [2, 3], and increasing at-
tention is being accorded to phosphorus-centered anions[4]. The purpose of this
overview is to survey these recent advances for both homoleptic and heterolep-
tic systems with emphasis on the conceptual thinking that has resulted in sig-
nificant progress.

@ Tris(imido)phosphonates [R’P(NR);]*~ and bis(imido)phosphinates [R’,P(NR),] are not,
strictly speaking, homoleptic anions. In this article, however, homoleptic refers to anions that
contain only imido (NR) ligands, in addition to the H or R’ substituent directly attached to
phosphorus (if any), whereas the term heteroleptic is used for anions that involve both imido
and oxo (or chalcogenido) ligands.
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2
Homoleptic Polyimido Anions of Phosphorus

2.1
Bis(imido)phosphorus(lll) Anions [P(NR),]

From a historical perspective the first example of a polyimido anion of phos-
phorus, the 1,3-diaza-2-phosphaallyl anion [P(NMes*),]” (Mes*=2,4,6-
Bu;C4H,), isoelectronic with the hypothetical PO; anion was reported by Lappert
et al. [5]. The lithium derivative Li[P(NMes)%] is prepared by lithiation of
Mes*PN(H)PNMes* with Li"Bu (Eq. 1), a procedure that has also been used for
the synthesis of unsymmetrical derivatives {Li[P(NR)(NMes*)]}, (R=CPh;,
1-Ad, 'Bu) [6]. In a similar manner the lithiation of cis-"BuN(H)P(y-N'Bu),.
PN(H)'Bu in toluene yields the tetramer {Li[P(N'Bu),]}, which contains the
[P(N'Bu),] anion [7]:

"BuLi + Mes*N=P(NHMes*) ———= LiP(NMes*), + "BuH )

The unsolvated complexes {Li[P(NR)(NR")]}, may adopt monomeric, dimeric
or tetrameric structures as indicated by the examples (4) [7], (5) [6] and (6) [7].
Variable temperature NMR studies reveal that the tetramer (6) dissociates into
the corresponding dimer in solution [7]. The dimeric cubic structure is stabilized
in the THF-solvated complex {THF - Li[P(N'Bu),l}, (7) [8].

P
P wo D
Mes*N/ \NM . es T TR
es o
N, 7 Li.. L
Li | ™
RN_  NMes*
(4) \P/
(6) (R=1-Ad, Bu)
tﬁu tB
t =N ; u
BuN- II.IN/Li ! N'Bu (THF)LI\—tBuN\ .

Bul | Bu 'Bu| | N Li(THF)
N —i” ‘BuN; | —P_
N—Li—\—" P——N'Bu
Bu tBU

(6) @

With the exception of a brief report of a dimethylaluminum complex [5], the
coordination chemistry of the monomeric anion in (4) has not been investigated.
By contrast, Stahl and co-workers have carried out extensive studies of both main
group element and transition-metal complexes of the chelating dianion in the
cube (7), which have been summarized in a recent review [9]. A noteworthy fea-
ture of the ligand behaviour of this N,N” chelating dianion is the additional in-
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volvement of a third (endocyclic) N'Bu group in coordination (8) [10-13]. An-
other interesting observation is the involvement of the monomeric anion
[P(N'Bu),], generated by the cycloreversion of (7),in the formation of the spiro-
cyclic gallium complex (9) [13].

Group 4 metal complexes of the dianion ['BuNP(y-N'Bu),PN'Bu]* polymer-
ize ethylene in the presence of a co-catalyst, but they are readily deactivated
[10, 14]. This behaviour is attributed to coordination of the lone-pair electrons
on the phosphorus(III) centers to Lewis acid sites, which initiates ring opening
of the ligand [15].

t Cl P
Eu / t 7N t
DN BuN N'Bu
t __——F \ /
. BUT Lo 73\
BuNz|—P_ t
N Ay N Bu
P——N'Bu ‘BuN |
(8) E = Sb, Bi, Ga '‘BuN- | —P
\ \
P N'Bu
(9)

2.2
Tris(imido)metaphosphate Anions [P(NR);]-

Niecke et al. have prepare polyimido analogues of the metaphosphate ion, PO3,
by lithiation of the corresponding amido compounds [16]. Thus the monomeric
solvent-separated ion pair [(THF),Li][P(NMes*);] (10) is obtained by treatment
of (Mes*N),P(NHMes*) with "BuLi [16]. A monomeric contact ion pair (11)
containing the unsymmetrical anion [P(N'Bu),(NMes*)]~ has also been reported
[16]. By contrast the dilithium derivative of the trisimidometaphosphate
[P(N'Bu),;]- forms a dimer (12) [17], with a cubic structure reminiscent of that
of (7).

Mes* t
N r%u Li(thf)
: L
Mes* - | (thf)Li/I Bﬁ/|
N BUNTY - NN N t
; Li*(thf), BuN,: = N Bu BUP——NBu
2P Lit 'BuN P
Mes*N ~~NMes* AN 1
MeO, OMe N
\—/ Bu
(10) (11) (12)

The potentially versatile ligating ability of trisimidometaphosphate anions is
manifested in the formation of either dispirocyclic (13) or heterocubane (14) rhe-
nium complexes from the reaction of [(Me;Si),NP(=NSiMe;),] with Re(CO);Cl
[18, 19]. Both (13) and (14) contain the dianionic [(RN),P(u-NR),P(NR),]*
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(R=SiMe;) ligand. Apparently, the loss of a CO ligand on each rhenium atom
causes the bis(N,N")-chelated complex (13) to rearrange to a cube (14).

co
. oc., | ..€0
CO g R CO Re
oc, I N, N N, [ .co RN<‘?°>NR
/Re\ /'P\ /P\ Re; Py
oc” | N N N” | co OC_InIco
CO R R R CO PR
RN SN NNWg
(13) R =SiMe, R
(14) R =SiMe,

Dispirocyclic systems (15) are also formed from the reaction of cis-
['BuNH(ArN)P(y-N'Bu),P(NAr)NH'Bu] (Ar="Ph, p-tolyl) with two equivalents of
trimethylaluminum [20].

‘B u @ Bu
) ~ /P( \
N /
HC |
f B“ Ar

(15) (Ar=CgH;, 4-CH,CH,)

2.3
Tetrakis(imido)phosphate Anions [P(NR),]*-

The first example of a tetrakisimido analogue of the orthophosphate ion,
PO}, the solvent-separated ion pair [(THF),Li][(THF),Li,P(Nnaph),] (16),
was reported by Russell et al. [21]. This complex was isolated in low yield
from the reaction of P,I, with a-naphthylamine in THF/NEt;, followed by the ad-
dition of "BuLi. The mechanism of this remarkable redox process is not under-
stood.

A more rational approach to the synthesis of tetrakisimido phosphates in-
volves the trilithiation of Me;SiN=P(NH'Bu); (prepared from Cl;P=NSiMe, and
LiNH'Bu) with three equivalents of "BuLi in THF (Eq. 2) [22]. This method is
potentially applicable to a variety of anions of the type [P(NSiMe;)(NR);]*"
(R=alkyl, aryl). Although the complex (17) was prepared in THF solution, it is
noteworthy that the Li* ions are not solvated by THE The structure of (17) can
be described as a hexagonal prism (or cyclic LigN4 ladder) bicapped on the two
hexagonal faces by p> PNSiMe; groups. Thus the structure bears a striking re-
semblance to those of the dimeric trisimidopnicogenite clusters [Li;{E(N‘Bu);}],
(E=As, Sb) [23, 24]:

THF
Me;SiN=P(NH'Bu); + 3 "BuLi By {Lis[P(N'Bu);(NSiMe3))}2  (2)
—_— n u
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SiMe
|\l| 3
P— .
naph oo B N e
N ap 1- v LN
+ SN\ o N\ . l L~ Li
[(thf),Lil" (thf),Li P tittn), By |
ANV Y Li—|_!Bul-Lj
N naph AN AL SN
naph 'BuUN = Li—NBu
16) \\P/
\
N
SiMe,
(17)

2.4
Tris(imido)phosphonate Anions [R’P(NR);]*

The first example of a trisimido analogue of the phosphite HPO3~ dianion was
obtained recently by Russell et al. from the reaction of PCl; with three equivalents
of 2-MeOC4H,NH, and subsequent treatment with "BuLi [25]. The dimeric com-
plex {Li,[PH(NR);]}, (R=2-methoxyphenyl) (18) forms a lantern-like structure
in which two tetrahedral [HP(NR);]?~ anions are linked by four Li* ions. Al-
though all four Li* ions are tetracoordinate, there are two distinct lithium envi-
ronments. In one coordination sphere lithium is linked to one imido nitrogen
atom from each [HP(NR);]*~ anion and is additionally complexed by two
methoxy sidearms of the aryl substituent. The second coordination mode in-
volves two nitrogens from one [HP(NR);]?" anion, one nitrogen from the other
[HP(NR);]* anion and one methoxy sidearm. The P-H groups in (18) are
likely generated via proton shift from an amido group to the phosphorus(III)

center [25].

|
AP
N\ o NAr
Li/ArN\ i \
\ \ Li
\ b /
AN NATNAr

(18) Ar = 2-CH,0CH,

2

Y,
N_/ON_ N

7N
— o

7
NN
%

ae}
=2

N'Bu

N'Bu

4

N'Bu

(19)

Although alkali-metal salts of trisimido organophosphates [R"P(NR);]?>- have
not been isolated and structurally characterized compelling evidence for their
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formation has been presented by Bailey et al. [26]. The reaction of a (trialky-
lamino)phenylphosphonium salt with three equivalents of "BuLi in THF pro-
duces a yellow solution which, when treated with methyl iodide, yields the
trimethylated phosphonium cation PhP[N(Me)Pr]; (Eq. 3):

_ (i) 3 "BuLi 4
[PhP(NH'Pr);]Br W—Md> [PhP{N(Me)Pr}s]l + LiBr + 2Lil  (3)

The reaction of the in situ generated reagent Li,[PhP(N'Pr);] with [(n-p-
cymene)RuCl,], yielded, after work-up, [(n-p-cymene)Ru{n?-(‘PrN),PPh-
(NH'Pr)}][BPh,] (26). Apparently, mono-protonation of the initial reaction prod-
uct occurred during the isolation procedure.

The only structurally characterized derivative of a trisimido organophos-
phonate anion is the spirocyclic tellurium(IV) complex (19), which is obtained
from the interesting redox reaction between PhPCl, and [Li,Te(N'Bu)s], [27]. The
phosphorus(V)-centered ligands are generated by imide transfer from tellurium
to the phosphorus(III) atoms with concomitant reduction of one-half of the tel-
lurium in the Te(IV) reagent to elemental tellurium [27].

2.5
Bis(imido)phosphinite Anions [R’,P(NR),]"

Although the prototypical bisimido analogue of the hypophosphite anion H,PO;
is not known, the organic derivatives [R;P(NR),]~ (R=alkyl, aryl) have been stud-
ied extensively [4]. The bisiminophosphinate anion [Ph,P(NSiMe;),] behaves as
a chelating ligand towards tellurium(IV) [28] and in complexes with lanthanides
or actinides [29, 30]. Steiner and Stalke have shown that alkali-metal derivatives
of the same anion may adopt chelated structures (20) or dimeric, stair-shaped
arrangements (21) in the solid state [31]. In the case of sodium a bis-chelated, sol-
vent-separated ion pair [Na(THF)4][Na{(NSiMe;),PPh,},] is formed [31].

Ph, Mes (thf) Me,
P Si__PRo_ Si
/SN N—Fb—R
Me,SiN NSiMe, / ~~PPh
AN 2
M thP\
(thf), N—pgp—N
Si (thf) Si
Me, Me,
(20) M=Li,n=2 (21)
M=K n=4
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3
Heteroleptic Imidochalcogenido Anions of Phosphorus

3.1
Imidochalcogenido Analogues of the Metaphosphate lons PE; (E=0, S, Se)

The replacement of one or two of the chalcogen atoms in the metaphosphate an-
ions PE; (E=0, S, Se) by imido groups generates heteroleptic anions of the type
[PE,(NR)]™ or [PE(NR),], respectively. There is an extensive chemistry of poly-
metaphosphimates (PO,NH)2", which has been reviewed recently by Schnick et
al. [32]. Like the cyclometaphosphates (PO;) 2", the metaphosphimates may exist
as six- or eight-membered rings (22) and (23), respectively, with a variety of con-
formations; the NH groups form part of the ring system. A more detailed dis-
cussion of the structures and metal complexes of polymetaphosphimates is given
in [32].

1+

o ,0 7% o0
"'p’ =) H
HN” NH HN/P“N\P»O
o/l,,lL IL“\\\O | | ~O0
o7 NN, OT"P‘N—P’NH
H O H 1”0
o)
(22) (23)

By contrast to the metaphosphimates, the metaphosphate analogues in which
two chalcogens are replaced by imido groups form dimeric, dianionic ligands
(24). There is only one example of a metal complex of the oxo system (24,E=0).
An N,O-chelated bis(dimethylaluminum) complex is prepared by the reaction
of two equivalents of trimethylaluminum with cis-['BuNH(O)P(y-N'Bu),P-
(O)NH'Bu] [20]. The structure of this complex is comparable to that of (15).

B '‘Bu t t

- 'Bu N Bu ¢ Bu
\\ ~N. /¢ N ?\lu /!\l -
:_\‘ P““‘ ”IIIP ‘:'_ ‘% \\““. '.'““P ,”
.,7 \N/ \\ —’ﬂ' P \ /

E g E / tN

u E Bu

(24) E=0, S, Se, Te (25) E=Se, Te

The dianions containing heavier chalcogens (24, E=S, Se) have been investi-
gated more extensively by Chivers et al. [33]. Alkali-metal derivatives are
prepared by the treatment of cis-['BuNH(E)P(y-N'Bu),P(E)NH'Bu] with two
equivalents of MN(SiMe;), (M =Na, K) [34] or "BuLi[35] (Eq. 4). Bis(dimethyla-
luminum) complexes are obtained from the corresponding reaction with two
equivalents of trimethylaluminum [20]. The use of elevated temperatures in the
reaction of cis-['BuNH(Se)P(u-N'Bu),P(Se)NH'Bu] with "BuLi in THF results in
deselenation to give (25) (E=Se) [35]. This mixed oxidation state [P(III)/P(V)]
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dianion is better prepared by lithiation of the monoselenide ['‘BuNH(Se)P-
(u-N'Bu),P(NH'Bu)] [36]. Interestingly, the mixed oxidation systems (25) can be
viewed to result formally from the cycloaddition of the hypothetical monomers
[P(N'Bu),]" (see Sect. 2.1) and [EP(N'Bu),]” (E=Se, Te):

cis-[(‘'BuNH)(E)P(u-N'Bu),P(E)NH'Bu] 4
(E=S8, Se)
2 M[N(SiMe;),] (M =Na,K)
THF

{(THF)K{[(‘BuN)(E)P(u-N'Bu),P(E)(N'Bu)]JK(THF),}
(E=S,x=1,E=Se,x=2)

The synthesis of the tellurium analogues of (24) and (25) requires a different ap-
proach, since it is not possible to prepare the necessary amido precursors
in significant yields by telluration of ['BuN(H)P(y-N'Bu),PN(H)'Bu]. However, the
prior lithiation of this P(III)/P(III) system to give (7) followed by reaction with el-
emental tellurium generates the dianion (24, E=Te) as its dilithium salt (Eq. 5) [37]:

[Li(THF)]o['BuNP(u-N'Bu),PN'Bu] (5)
Te, TMEDA toluene, 80°

[Li(TMEDA)]2['BuN(Te)P(u-N'Bu)P(Te)N'Bu]

The versatile coordinating ability of the ambidentate ligands (24) is illustrated
nicely by the structures of their alkali-metal complexes. The mode of coordina-
tion is determined by the size of the alkali metal cation as well as the nature of
the chalcogen. Thus the dilithium derivatives form bis(N,E)-chelated complexes
(26) for E=S, Se, whereas the dianionic ligand is N,N” and E,E” coordinated to the
alkali metal in the disodium and dipotassium complexes (27) [34, 35]. In the
potassium derivatives further aggregation of the building block (27) occurs via
K-E interactions to give dimers [34]. Intriguingly, the ditelluride ligand (24,
E =Te) engages in a unique bonding mode in the dilithium complex (28). One
Lit cation is coordinated in a Te,Te’ fashion, while the second Li* cation is N,
Te-chelated [37]. A preference for binding to the soft centers of the dianion (24,
E=3S) is displayed by platinum in complex (29) [38], whereas the Me,Sn group in
(30) is coordinated by the hard (N,N”) centers [39].

(th f)z (tmeda)
) ' \

ﬁ ﬁu ﬁ RN\/ ﬁ / / Bu &

~N., A
thf)le\ / \ / \ /L|(thf)2 /P\N,P\ //\ ,P\ Li(tmeda)

Bu E. R _E N 'Bu N

., t

'Bu Bu
(26) o,

(27) E=S, Se; M=Na, K (28)
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'‘Bu Bu
(29) (30)

N,N’-Chelation is also exhibited by the dianionic P(IIT)/P(V) ligands (25) in
the Me,Sn complex (31) [39] and in the magnesium complex (32) [40], which is
prepared by oxidation of {Mg(thf),['BuNP(y-N'Bu),PN'Bu]} by elemental tel-
lurium [40]. One of the endocyclic N'Bu groups in (32) is also weakly coordinated
to magnesium, thus providing an intramolecular base-stabilization similar to
that observed for complexes of type (8).

Me, (th),
Sn
BuN"" g, NBu ‘BuNgu| N'Bu
\ /
P\N/P\\ \‘N/ %
Bu 'S Bu Te
(31) (32)
t
Bu (thf)
% /N\K'/ N 2 N'B
y u
Se”, E\N‘Bu/ thf B”N\ 'Bul /
thf),_\ BUN., | N,
( )\ n, N P
Pt NT N\
K Bu BUN
S/ \S/e \ Sﬁ
€, (thf),K
'‘Bu_p7’ N Z\ _Knf),
N" 1 ”NBu | sel \yg
|'BUNG \_WNBY
thiag | DUV, ~S¢ /PLN/P\
N \K ‘Bu N'B
Se Ig‘u BUN\}'(/
(thf),
(33) (34)

A comparison of the structures of (33) [36] and (34) [34] is informative.
These complexes are dipotassium salts of the P(V)/P(V) and P(III)/P(V)
dianions (24, E=Se) and (25, E=Se), respectively. Both complexes form dimers
with a central K,Se, ring. However, the absence of a second Se donor site in (34)
results in a change of coordination mode from Se,Se” to y-N,Se for the K* ions
that form the K,Se, ring. In addition, the second K* cation is N,N’,N” coordi-
nated. Thus, both bridging N'Bu groups of the P,N, ring are involved in bonding
to K* ions.



Imido Analogues of Phosphorus Oxo and Chalcogenido Anions 153

3.2
Imidochalcogenido Analogues of Orthophosphate Anions PE3- (E=0, S)

The reagents EP(NHR); (E=0, S; R=alkyl, aryl) are easily prepared and repre-
sent a potential source of the orthophosphate analogues [EP(NR);]*~. However,
in contrast to the behaviour of (Me;SiN)P(NH'Bu); (see Sect.2.3), complete
metallation of the tris(alkylamido) derivatives cannot be achieved with organo-
lithium reagents. The reaction OP[N(H)'Bu]; with one equivalent of
Li[N(SiMe;),] brings about monodeprotonation and the trimer (35) is isolated
[41]. The *'P NMR spectrum of (35) in dg-THF shows a singlet a 6 5.8 indicating
that dissociation occurs in solution to give a more symmetrical species, possibly
a centrosymmetric dimer. In the light of this suggestion, it is pertinent to note
that treatment of OP[N(H)'Bu]; with two equivalents of "BulLi results in double
deprotonation to give the dimeric box-shaped structure (36). Double deproto-
nation also occurs in the reaction of OP(NH'Bu); with LiAlH, in boiling toluene
to give the twelve-membered ring (37) [42]. The dianionic [OP(N'Bu),(NH'Bu)]*-
ligands in this heterobimetallic complex adopt two different chelating modes
(N,N and N,0) towards the aluminum center thus forcing the bulky N'Bu groups
to the periphery of the structure.

'B “
u‘ N'Bu t
P~ H Bu
‘BuN\/ \O 9N‘ 'BuN
. th
L~ SLi—o—p - NBu \PT—-O—(Li)
'B r!J (|) ||_ r!J‘B |\Bu \'-i \NtBU
N e BUNA—Lit=N, |
/- (thf) \L' N BN
t Mt =0
BU” u Bu (thf) \NtBU
(35) (36)
‘Bu tBU
'_;ﬁu ‘\\NI/, /NH
\ /O_LI\ /P\
P o) \
N NBu
BuN N'Bu AI/
- f A
AN 'BuN  N'Bu
BuN o "-P
RO SN
_ P SL—o0 JE‘;‘H
HN 'N Y
‘Bu Bu
(37)

As indicated in Scheme 1 the outcome of the lithiation of trisamidothiophos-
phates SP[N(H)R]; with organolithium reagents is influenced by the steric bulk
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of the R groups [43]. When R=Pr both mono- and dilithiated complexes (38) and
(39), respectively, may be obtained by using the stoichiometric amount of "BuLi.
The centrosymmetric dimer (38) forms a step-shaped ladder in a transoid con-
formation via Li-N interactions. Significantly, chelation of Li* ions by TMEDA lig-
ands in (39) prevents laddering via Li-N interactions. The polycyclic cluster (40)
contains both mono- and di-anions [SP(N'Bu),(NH'Bu);]*" (x=1,2). By contrast
to the dimer (38), which aggregates via Li-N interactions, the central feature of
(40) is a central cisoid Li,S, ladder. The lability of the P=S bond in trisamidoth-
iophosphates is illustrated by the formation of the cubane (12) upon reaction of
SP[N(H)'Bu] with two equivalents of "BuLi [43]. The trianion [SP(NR);]*~ may
however be generated by changing the R substituents to aryl groups, e.g. by
trilithiation of SP[N(H)p-tolyl] [41]. The electron-withdrawing aryl substituents
enhance the acidity of the NH; protons.

SP[N(H)R], + Li"Bu

THF
R
N .
R L T~L—
(RNH),P—N—Li—§ / \R /\R
(RNH>2F’\S N- /—PNH
S——Li—N—P(NHR), \/
_ Li—$S
(38) (R = Pr) @0)(R="Bu) /= /
/S\—/LI
0 1 HNP—H RS~
P(NHR
SR / (NHR),
(\;‘JMez Mezl‘{/w N—Li—
Me,N—Li——S Li—NMe, (i) 1 R
N 3
Ly TRZSL
(39) (R="Pr) RN3b I
RN<p /NR
Il
N
R
(12) (R = Bu)
Scheme 1
3.3

Imidochalcogenido Analogues of Phosphonate Anions [RPE;]>~ (E=0, S, Se, Te)

Organophosphonate anions RPO3- are important ligands in the formation of lay-
ered structures [44]. Although little is known about metal complexes of the
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trisimido analogues [RP(NR),]?~ (see Sect. 2.4), Chivers et al. have reported that
heteroleptic dianions of the type [PhP(E)(N'Bu),]?* (40, E=0, S, Se) are readily
generated by the treatment of PhP(E)[N(H)'Bu], with two equivalents of "BuLi
in THF [45]. The tellurium analogue (41, E=Te) is conveniently prepared by the
reaction of {Li,[PhP(N'Bu),]}, [46] with elemental tellurium:

THF

PhP(E)(NH'Bu), + 2"BuLi ———#= [Li(THF)}[PhP(E)(N'Bu),]  (6)
(E =8, Se)
. t THF . t
Li,[PhP(N'Bu),] + Te ————m [Li(THF))2[PhP(Te)(N'Bu);} @)
THF THE Ph
j 2- N / N ./E\P{,
Ph Uz, w | NBU
| t l r;hBU BUN H
\\"‘.P"'/ t Bu \E LI/ \l:_l
E NBu P—Eg—" \ N
N'Bu / THF THF
Ph
41) E=0, S, Se, Te (42) E=Se, Te

The dilithium derivatives (42, E=S, Se, Te) all form dimers that are linked
through Li-E interactions. The selenide and telluride (42, E=Se, Te) contain cen-
tral transoid Li,E, rings, whereas the sulfide (42, E=S) has only very weak,
transannular S...S interactions [45]. By contrast, the dilithium derivative of the
oxide (41, E=0) is obtained as an Li,O-templated tetramer with a ys-OLi¢* core
(43) (see Fig.1). This structural feature has been observed in a variety of lithium-
nitrogen clusters, e.g. Li,["BuC(N'Bu),] - Li,O [47],in which the source of Li,O has
been shown to be adventitious water. The structure of (43) provides a nice illus-
tration of the potentially versatile ligating ability of the phosphonate analogue
(40,E=0). The four phosphonate anions in (43) are on the periphery of the clus-
ter and display two different coordination modes. In each mode the phosphonate
ligands coordinate five different Li* ions through the two imido nitrogens and the
single oxygen atom. One pair of phosphonate ligands is N,N’-chelated to one Li*
ion, while the other pair is N,O-chelated to a Li* ion; further coordination occurs
through both the oxygen and nitrogen atoms to four other Li* ions. When the
solvent used for the lithiation of PhP(O)[N(H)'Bu], is changed from THF to
diethyl ether the tetrameric cluster (44) is obtained (see Fig. 2) [45]. The low
symmetry of (44) is indicated by the variety of coordination numbers observed
for Li (3 and 4),0 (3 and 5) and N (3,4 and 5) in the monosolvated structure.

Analogous to the formation of (15), the reaction of PhP(E)[N(H)'Bu], with one
equivalent of trimethylaluminum produces the complexes (45, E=S, Se) in which
the ligands (41, E=S, Se) are N,E-chelated to aluminum [20].
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Fig. 1. X-ray structure of {(THF)Li,[PhP(O)(N'Bu),]},- Li,O (43). Only the a-carbon atoms of
the "Bu groups, the ipso-carbons of phenyl groups and the oxygen atoms of THF molecules are
shown

Fig.2. X-ray structure of {(Et,0),sLi,[PhP(O)(N'Bu),]}, (44). Only the a-carbon atoms of the
‘Bu groups, the ipso-carbons of the phenyl groups and the oxygen atoms of OEt, molecules are
shown
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3.4
Imidochalcogenido Analogues of the Phosphinate Anions [R,PE,]" (E=0, S, Se, Te)

The coordination chemistry of dithiophosphinates (R,PS;) has attracted con-
siderable attention because of the ability of these anionic ligands to chelate
and/or bridge metal centers. Only a few investigations of the hybrid systems (46),
which combine hard (N) and soft (E=S, Se, Te) centers, have been reported. The
anion (46, E=S,R=SiMe;) has been structurally characterized as the Ph,As™ salt,
which was prepared by the reaction of Ph,P(S)N(SiMe;), with one equivalent of
KO'Bu in THF followed by metathesis with [AsPh,]Cl (Eq. 8) [48]. The potassium
derivative of the selenium analogue (47) has been synthesized in a similar man-
ner and shown to have a dimeric structure with a central K,Se, ring [49]. Anions
of the type (46, E=S) behave as chelating ligands in the octahedral tin(IV)com-
plex [(‘Pr,P(S)NSiMe;),SnClL,] [50] and in square planar to tetrahedral nickel(II)
and cobalt(II) complexes [51]:

Ph,As]Cl
Ph,P(S)N(SiMes), + KO'Bu [—45_]_> [PhsAs][PhoP(S)NSiMe;] ®)
+ MesSiO'Bu + KCl
‘Bu,P(Te)NHR' + "BulLi ———s= Li['Bu;P(Te)NR'] + "BuH )
Ph,
P (thf)
R’ ]\Se—K
N MeSiN-_| | “NsiMe,
R, K—Se_|
AN (thf) P
E Ph,
(46) E=S, Se, Te (47)

The tellurido ligands (46, R="Bu, E=Te, R’=Pr, C¢H,;) have been investi-
gated in metal complexes that are potential single source precursors for the
generation of binary metal telluride films [52, 53]. Unlike (42, E=Te) the
lithium derivatives Li['Bu,P(Te)NR’] can be synthesized by treatment of
Bu,P(Te)NHR’” with "BuLi (Eq. 9). N,Te-chelates of iron(II) or nickel(II) are
obtained by metathesis with MCl,(PMe;), (M =Fe, Ni). Alternatively, Cr, Mn, Co,
Zn or Cd complexes can be prepared by the direct reaction of ‘Bu,P(Te)NHR’
with M[N(SiMe;),].
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4
Conclusions and Future Directions

The development of the chemistry of homoleptic polyimido and heteroleptic
imido-oxo or -chalcogenido anions of phosphorus is at an early stage. The avail-
ability of a convenient NMR probe, i.e. *'P, is a major advantage in the study of
phosphorus-centered polyimido anions compared to those based on other p-
block elements. The metallation of appropriate amido precursors by reagents
such as "BuLi or MN(SiMe;), provides a facile, high yield method of generating
isoelectronic analogues of common, as well as metastable, oxo anions of phos-
phorus, e.g. POz, P03, PO}, RPO2" and R,PO;. The structural information avail-
able to date is primarily restricted to alkali-metal derivatives. Nevertheless, the
versatile coordination behaviour of these multidentate ligands is already appar-
ent, especially for the heteroleptic imidochalcogenido systems. Complexes of
these novel anions with p- or d-block metals have received little attention. Top-
ics that merit investigation include (a) the influence of these novel anions on the
catalytic behaviour of transition metal centers, (b) the stabilization of unusual
geometries in heavy p-block element complexes, and (c) the incorporation of di-
anions, such as (24) or (25), into metal-containing polymers with extended struc-
tures. The heteroleptic systems studied to date are those with a high RN:E ratio
(E=chalcogenido). Important target species include anions with a low RN:E
ratio, e.g. [P(NR)O;]*, in order to investigate the influence of the replacement of
an oxo ligand by an NR substituent on the structure and properties of porous
materials like aluminophosphates. Finally, it is noted that some of these cluster
molecules, e.g. (17) and (36) [22], form intensely coloured solutions upon expo-
sure to oxygen suggested the formation of radical systems. This observation is
reminiscent of the behaviour of the analogous chalcogen-containing systems
{Li,[E(N'Bu);]}, (E=S, Se) [54, 55]. The identification of these phosphorus-con-
taining radicals is a worthwhile challenge.
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1
Introduction

Organophosphorus and organosulfur compounds occupy a broad area in organic
chemistry: reagents for well-known reactions or useful synthetic intermediates
(phosphines, phosphonates, sulfoxides, sulfones, sulfonyl chlorides, thiocarbonyl
compounds, etc.), bioactive molecules or organic materials, which have been the
subject of numerous books and monographs. As far as mixed phosphorus and
sulfur molecules are concerned, they are well known as reagents for sulfurization
(P4S,, Lawesson and Davy’s reagents), pesticides (thio- and dithiophosphate
derivatives: malathion, fenthion, carbophenothion, demeton) and also, more
recently, as interesting bio-active molecules. Some examples of the latter are pre-
sented in Scheme 1: I (tiludronate), anti-inflammatory and anti-rheumatism
agent [1]; I, inhibitor of threonine synthase [2]; III, inhibitor of endopeptidase
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24.11 [3]; IV and V, inhibitors of cholesterol biosynthesis [4]; VI, anti-inflam-
matory agents [5].

In the recent literature, an increased interest for mixed phosphorus and sul-
fur substituted synthetic tools or building blocks has emerged, and also new
interesting properties and applications have been recently developed from
these compounds. Previous overviews dealing with the chemistry of phospho-
nodithioformates [6a] and with the reactions of phosphites with thiocarbonyl
derivatives [6b] have been written by one of us. Beside, reviews related to a-phos-
phoryl-substituted organosulfur compounds [7a], a-phosphonate carbanions
[7b], and some applications of phosphorus and sulfur compounds in organic
synthesis [7c] have been published by Mikolajczyk and Balczewski. As a com-
plement, our article summarizes the more recent results (last ten years) related
to difunctionalized organo-phosphorus- and -sulfur compounds in which each
function has an influence on the other (this effect inducing specific reactivities)
or when properties of both functions are usefully involved in synthetic applica-
tions. This, of course, implies compounds in which the two functions are close to-
gether in the molecule, i. e., more often, when they are substituents of carbons in
alpha or beta position. A phosphonate, phosphonamide, phosphine-oxide, or
phosphine function together with a thiol, sulfide, sulfoxide, dithioester, or
thioamide group are frequently encountered in these compounds. Our review
will focus on four main subjects which are: the rich chemistry of phosphonylated
dithioesters and three type of reactions which have been the subject of recent stud-
ies: carbanionic sigmatropic rearrangements, radical reactions, and asymmetric
syntheses, all involving mixed organo-phosphorus and -sulfur compounds.

2
Phosphonodithioesters

Beside thioamides, dithioesters are the most stable and accessible thiocarbonyl
compounds. Their specific reactivity, in particular towards nucleophilic reagents
and their applications to the formation of carbon-carbon bonds, have already
been reviewed [8]. However, as shown below, the presence of a phosphonate func-
tion alpha or beta to the thiocarbonyl group in phosphonodithioformates and
phosphonodithioacetates makes these difunctional compounds very versatile
building blocks. Moreover, for the phosphonodithioacetates, the substitution of
the methylenic hydrogen atoms by fluorine increases again their potential as in-
termediates for the synthesis of modified natural and bioactive phosphorylated
structures.

2.1
Phosphonodithioformates

Alkyl (0,0’-dialkylphosphono)methanedithioates or phosphonodithioformates
1 (R!=Et or iPr) are stable and easily accessible compounds from dialkylphos-
phites and carbon disulfide [9]. Most of the synthetic applications of these di-
functional compounds result from their reactivity towards nucleophiles and
dienes.
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2.1.1
Reaction with Nucleophilic Reagents

In these a-phosphorylated dithioesters, the electron-withdrawing effect of the
phosphono group, which strongly increases the electrophilic character of the
thiocarbonyl group, makes the latter more prone to the thiophilic attack of nu-
cleophiles and stabilizes the resulting carbanion. The main reactions of 1 with
nucleophiles are summarized in Scheme 2.
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Scheme 2

The thiophilic addition of organolithium compounds (a) to the thiocarbonyl
group of 1 leads to lithiated phosphonodithioacetals 2, which are Horner-
Wadsworth-Emmons reagents for the synthesis of ketene dithioacetals [10].
Treated by two equivalents of a trialkylphosphite (b), dithioformate 1 is con-
verted, through desulfurization, to a stable phosphonium ylide 3, which is a pre-
cursor of various methylenediphosphonate derivatives. For example, the reaction
of the ylide 3 with HCI (b,) leads to a C-protonation, together with an Arbuzov
type dealkylation of the phosphonium moiety, giving alkylthiomethylene
diphosphonates 4. On the other hand, by addition of Mel (b,), an S-methylation
and the Arbuzov type dealkylation gives quantitatively the highly stabilized sul-
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fonium ylides 5. When iodomethane is replaced by an allylic bromide (b;), the S-
allylation of 3 is followed by a spontaneous [2,3]-sigmatropic rearrangement and
finally C-allylic alkylthiomethylene diphosphonates 6 have been obtained. Allenic
analogues can also be prepared by reaction of 3 with a propargylic halide [11].
Again, due to the electron-withdrawing effect of the phosphono group, thiophilic
addition of thiols (c), catalyzed by triethylamine, occurs readily (this thiophilic
addition is not observed with non-activated dithioesters) to give stable phos-
phonodithioacetal-disulfides 7. However, with amines (d), the usual C-addition
and elimination of the alkythio group is observed leading to phosphonoth-
ioamides (or thiocarbamoylphosphonates) 8.

Me gR?
7 O SMe
1 Il 4
R’ O)zp_i . —> (R'O),P SR
SR2 R?
10
1 Mel
SR* SR*
Q3 LDA S Mel Qs
(910)2P4l—24 ﬁ’ "'l_ <> ® O)zP»—i—Me
- 2
7 R 9 R
R*="'Bu
R = aryl, alky
1)MeSL| SR
R
12
Scheme 3

Several applications of reactions listed in Scheme 2 have been developed. For
example, it has been shown that the phosphonodithioacetal-disulfides 7 can be
lithiated (Scheme 3). Although, due to the reversibility of the addition of alkylth-
iolates, the carbanion formed 9 is in equilibrium (strongly favoring 9) with the
starting dithioformate and the lithium alkylthiolate, it can be alkylated or added
to a carbonyl compound. Amazingly from carbanion 9, no alkylation on carbon
is observed but only the formation of (trialkylthiomethyl)phosphonate 10. This
is explained by the alkylation of one of the sulfur atoms of the disulfide function
followed by a [1,2]-Stevens type rearrangement of the intermediate sulfonium
ylide. Treatment of carbanion 9 (R*=tert-butyl) by an aldehyde leads to a ketene
dithioacetal-disulfide 11, the latter being easily cleaved by lithium methylthiolate
to give, after protonation, dithioesters 12. As dithioesters can be easily trans-
formed into dithioacetals by thiophilic addition of Grignard reagents, this reac-
tion is the equivalent of one-carbon homologation with respect to the starting
aldehyde [12].

The thioacylating properties of phosphonodithioformate 1 were applied to a
variety of functionalized amines as shown in Scheme 4. Phosphonothioacylated



166 M. Gulea - S. Masson

' 2
(R'0);P, N\|/COOH i (R'0),R__N__COOH
w T — w7

il 11
R'ORP S, i Q vi (R'0);P:
.5 .J <——| (R'O),P_ S \f NH,
N~N
1§2

(R 0)2 / \
(R’ 0)2 \r
1.=°
H
i) aminoacid, NEtg; i) NiClo/NaBH,; iiiy NHzCH,C HoBr: iv) NHoCH,C HoNH,
v) NHaNHCONH,; vi) NHoNHCSNH,

Scheme 4

aminoacids 13 can be readily prepared. Desulfurization of 13 by NiCl,/NaBH,
allows the preparation of N-phosphonomethylglycine (glyphosphate, Round-up)
and other aminoacid derivatives of type 14 [13]. When the thioacylation of
amines, functionalized with an appropriate function, is followed by spontaneous
cyclization and elimination, new phosphonylated heterocycles such as thiazoline
15,imidazoline 16, thiadiazolone 17, amino thiadiazole 18 are obtained [14].
The sodium salt of sulfanylmethylphosphonate 19 can be easily prepared by
reduction of phosphonodithioformate 1 with NaBH, in refluxing acetonitrile
(Scheme 5); the reduction can be halted at the hemidithioacetal stage if the re-
action is performed at room temperature [15]. From 19, various derivatives such
as thiol 20, trithiocarbonates 21, allylic sulfides 22, or phosphonomethyl phos-
phorothiolate 23 can be obtained. Compounds 22 and 23 are starting materials
for C-C and C-P bond formation via carbanionic sigmatropic rearrangements
(see Sect. 3). The salt 19 can also be obtained directly by reduction with NaBH,

K
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of the preformed sodium phosphonodithioformate. We should mention that the
latter gives, with amines in the presence of BCl; as catalyst, the expected phos-
phonothioamides 8. Surprisingly, from the reaction of the same sodium phos-
phonodithioformate with a thiol and the same catalyst, the disulfide of 20 has
been obtained [16]. This reaction does not occur with a dithioester non-activated
by an electron-withdrawing group and again a mechanism involving thiophilic
addition of the thiol to the thiocarbonyl group is proposed.

The reactivity of phosphonodithioformates towards radicals is reported in
Sect. 4.

2.1.2
Phosphonodithioformates as Heterodienophiles

The dienophilic properties of thiocarbonyl compounds have been recently re-
viewed and it is known than dithioesters are less reactive than thioaldehydes or
thioketones in [4+2] cycloadditions [8c]. However, due to the electron-with-
drawing effect, which lowers the LUMO of the thiocarbonyl group, phospho-
nodithioformate 1 (R'=iPr) is a good heterodienophile (Scheme 6). It reacts with
butadiene, isoprene, or dimethylbutadiene at room temperature to give phos-
phonylated and sulfanylated dihydrothiopyrans 24 in excellent yields [17]. With
cyclopentadiene a 70/30 mixture of bicyclic adducts, in favor of the exo-phos-
phono derivative, has been isolated. These hetero Diels-Alder cycloadditions can
be very efficiently catalyzed by Lewis acids such as ZnCl, or BF;.Et,0 which, very
probably, are mainly chelated to the oxygen of the P=0 group, the electron-with-
drawing effect of which is increased. Cycloadducts 24 can be selectively desul-
fanylated via a radical process (see Sect. 4) into phosphonodihydrothiopyrans 25.
Starting from diacetoxybutadiene, this sequence, cycloaddition-desulfanylation,
has been applied to the synthesis of a diastereomeric mixture of diacetoxy

R R

o
(R'O)A / i N os ™ o sy "
—— @mopfl N —= ropiJ |
1 SMe MeS R R
24

H 2
AcO—//_\\—OACJ i

OAc OAc OAc
0s . 0s o +OAC
(R‘O)zlg I N 5 (R1O)2Ig l —>V’ MNG 1 (l?/ij
MeS H (R'O)P "OAc
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i: THF or CH,Cly, r.t, 24h for R= Me ; ii: Bu3SnH / AIBN / benzene or foluene, reflux
iii: THF, reflux, 7 days; iv: BuzSnH / AIBN / benzene, reflux; v: OsO4/Py, r.t., 2h
vi: (AcO),0, Py, reflux: vii: Py reflux or NaH, THF, r.t.

Scheme 6
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thiopyran 26. After selective cis-dihydroxylation (trans to the acetoxy substituents),
acetylation and elimination of one AcOH group in basic medium, the phospho-
nylated thiaglycoside 27, a phosphono and thio analogue of a shikimic acid
ester, has been obtained [18].

2.2
Phosphonodithioacetates

Two methods can be used to prepare phosphonodithioacetate 28 (Scheme 7).
One method consists of the addition of methyl chlorodithioformates to the
cuprate of a diethyl methylphosphonate [19], the other is the addition of HCI gas
and EtSH to a diethyl (cyanomethyl)phosphonate followed by a sulfhydrolysis in
pyridine [20].

(o] o S

o}
. O . O
(EtO), ﬁ'\Me _ W (EtO), P\/U\SR2 <"V (EO), R_CN
R2=Me R? = Et
28

i: n-BuLi/THF, -60°C then Cul, -30°C; ii: CIC(S)SMe, -70°C tor.t;
iii: HCI gaz, EtSH / toluene; iv: HS/Py, 0°C tor.t.

Scheme 7

In these type of dithioesters, the phosphonate function does not have a strong
influence on the reactivity of the thiocarbonyl group. However, the two functions,
which can be used successively in different reactions, are both associated with the
high acidity of the methylene protons, making these compounds prone to reac-
tions with carbonyl compounds in basic medium such as Horner-Wadsworth-
Emmons (HWE) or Knoevenagel olefinations. Although, as reported below, phos-
phonodithioacetates such as 28 have been found very efficient in the
Knoevenagel reaction, they are poor HWE reagents, as shown by the scarcity of
described applications and modest reaction yields [19, 21]. Moreover, the o, f-un-
saturated dithioesters obtained from this olefination reaction are not very stable
if the double bond is not sufficiently substituted (dimerization or polymeriza-
tion) [8a]. Three main recent developments of the chemistry of phospho-
nodithioacetates are herein reviewed - the synthesis of new functionalized HWE
reagents via the thioacylation of amino substituted compounds, the hetero Diels-
Alder cycloaddition of a,B-unsaturated phosphonodithioesters (obtained from
28 via Knoevenagel reactions), and the preparation and reactivity of fluorinated
phosphonodithioacetates opening the way to the synthesis of a variety of new
analogues of phosphorylated bioactive molecules.

2.2.1
New HWE Reagents from Phosphonodithioacetates

Thioacylation of primary and secondary amines, including aminoacids and
aminoalcohols, has been readily carried out from phosphonodithioacetate 28
(R?=Et) and the resulting phosphorylated thioamides (thiocarbamoyl-
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methylphosphonates) have been applied to the olefination (with functionaliza-
tion) of various aldehydic substrates (Scheme 8). HWE reaction can be per-
formed using NaH/THF or K,CO5/H,0 [22]. Three interesting applications of this
reaction are worth noting. The phosphorylated thioamides 29 derived from
amino acids have been used for the synthesis of aminoacid-terminated den-
drimers 30 (first, second, and third generations) [23]. From the phosphorylated
thioamide 31, prepared from piperidine, a B-pD-mannofuranosyl-ethanethio-
amide 32 has been synthesized and converted into the corresponding dithioester
33, the first C-glycoside derivative with N-thioacylating properties, in particular
towards aminoacids [24]. From the hydroxy-substituted phosphorylated
thioamide 34 obtained by thioacylation of homochiral aminoethanols, phos-
phonomethylthiazolines 35 have been prepared using the Mitsunobu procedure
and these thiazolines have been used for the preparation of enantiopure a,f-un-
saturated thiazolines 36 [25].
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Scheme 8

2.2.2
Phosphonodithioacetate Derivatives as Heterodienes

Phosphonodithioacetate 28 has been found to be a good reagent for Knoevenagel
reactions with aromatic aldehydes (or their aminals) and the corresponding
heterodienes 37 (E) have been stereoselectively prepared in good yield [26a]
(Scheme 9). At 125°C or alternatively, at 20 °C under high pressure (11 kbar), in-
verse-electron demand hetero Diels-Alder reactions have been performed with
enol and thioenol ethers leading to new phosphonosubstituted dihydrothiopy-
rans 38. With ethyl vinyl ether (or thioether), an interesting inversion of the
stereoselectivity of the reaction is observed between the thermal conditions (exo-
approach of the dienophile) and the hyperbaric conditions, which favors the
more compact transition state (endo-approach). Moreover, under high pressure,
another switching of the stereocontrol of the cycloaddition is observed in the
presence of pyridine. This is explained by a transient Michael-adduct triggering
of an in-situ isomerisation (E — Z) of the heterodiene 37 and a higher reactivity
of the Z isomer [26D].
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2.2.3

Fluorinated Phosphonodithioacetates

The reactivity of difluoro phosphonodithioacetate 39 has been recently studied
and its use as building block allows the preparation of a variety of new molecules
functionalized by the difluorophosphono group which is a good mimic of the
phosphate moiety of some bioactive molecules [27]. In dithioester 39, the elec-
tron-withdrawing effect of the fluorine atoms also increases the electrophilic and
dienophilic characters of the thiocarbonyl group. Thus, 39 has been found to be
a good heterodienophile leading to dihydrothiopyranic compounds such as 40
and 41 [27a]. These cycloadducts are potential precursors of new thiaglycosides
substituted by a difluoromethylphosphono group via their desulfanylation and

cis-dihydroxylation (Scheme 10).
S
S
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(EtO), %SM I\ijZP(OEt)Z
FF
F,P(OEt), de =60 %
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quinuciidine, H,O/tBuOH.

Scheme 10

Fluorinated dithioester 39 has also been involved in thioacylation reaction
of enantiopure aminoalcohols leading to the corresponding hydroxylated
thioamides. The later, treated either by SOCL,/pyridine, CH;SO,Cl, or
Ph;P/DEAD, cyclise into thiazolines 42 without epimerisation and in excellent
yields. An interesting application of this reaction is the synthesis of a new type
of modified nucleotides such as 43 and 44 by a one pot reaction simply by mix-
ing the dihydroxy substituted thioamide (obtained from 39 and the 2-amino-1,3-
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propanediol) with a nucleic base, using Mitsunobu’s conditions. In this process,
one first hydroxy group is involved in the formation of the thiazoline ring and the
second is substituted by the nucleic base [27b] (Scheme 11).
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During the thioacylation of less reactive amines by the phosphonodifluo-
rodithioacetate 39, a small amount (< 10%) of its monofluoro analogue has been
detected. The formation of this by-product has been attributed to a thiophilic ad-
dition of the methanethiolate anion to 39 followed by a -elimination of one flu-
orine atom [27b]. From this observation, a direct access to the monofluoro phos-
phonodithioacetate 45 by treatment of 39 with two equivalents of EtSLi has been
recently achieved (Scheme 12). Compound 45 is a new P,S,F-substituted building
block which, through applications similar to that performed for its difluoro ana-
logue, is a precursor of a variety of new functionalized monofluoromethylphos-
phonates (such as monofluorinated analogues of 42, 43, and 44). The latter are
potential HWE olefination reagents, which can lead to new functionalized fluo-
rovinylic derivatives [28].
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Scheme 12
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3
Sigmatropic Rearrangements

3.1
[2,3]-Sigmatropic Rearrangement

The [2,3]-sigmatropic rearrangement of a-(allyloxy), -(allylamino) or -(allylthio)
carbanions and ylides (also called Wittig, thia-, or aza-Wittig rearrangement) is
a well-known process which has been widely used for regio- and stereocontrolled
formation of carbon-carbon bonds. [29]. Numerous functional groups (aryl,
alkenyl, alkynyl, or carboxylic moieties) have been used with the aim to stabilize
the a-hetero-substituted carbanion, but it is only in the 1990s that this re-
arrangement has been studied in the phosphonate series. The reactivities of al-
lyloxy- [30-33], allylamino- [34-37], and allylthio-methylphosphonate [38-42]
carbanions and ylides have been systematically examined. It is interesting to note
that the [2,3]-sigmatropic rearrangement has been observed only, with the car-
banions for the O-allylic methylphosphonates, with the ylides for the N-allylic
methylphosphonates, and with both carbanions and ylides in the sulfur series.
Herein, are summarized the results obtained with allylthio-methylphosphonates,
as an original preparation of new a-sulfanylphosphonates.

Thia-[2,3]-Wittig sigmatropic rearrangement of lithiated carbanions 47, ob-
tained by deprotonation of the S-allylic sulfides 46, affords the thiols 48 or their
alkylated derivatives 49. The corresponding sulfonium ylides 51, prepared by de-
protonation of the sulfonium salts 50 also undergoes a [2,3]-sigmatropic shift
leading to the same sulfides 49 [36,38] (Scheme 13). As far as stereochemistry is
concerned, with crotyl (R}, R*=H, R?=Me) and cinnamyl (R}, R*=H, R?=Ph) de-
rivatives, it has been shown that the diastereoselectivity depends on the nature
of the R? substituent and on the use of a carbanion or an ylide as intermediate.

Q- Q .
_POPY, ~_POPr) S _P(OiPr)
1 BuLi/THF '1 [23]c | g
=5} X R -20°C P S » A
R2 R2
46 47
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MeCN HyO™ or Me
Mel
) Q
"é"e Q Me Q RS___P(OiPr),
- i S__P(OiPr)
BF, +\/P(O|Pr)2 P~ 2
BuLi/THF, -60°C - 23} B !
R3 x_R' R P xR —> R -
R? R2 48 (R = H)
50 51 49 (R = Me)

Scheme 13
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The thiol 48 (with R, R?,R®*=H) undergoes intramolecular cyclisation in THE, in
the presence of AIBN under UV irradiation, to give a 2-phosphonothiolane [36],
a phosphorus and sulfur analogue of proline. More recently, an asymmetric ver-
sion of the sequence, [2,3]-sigmatropic rearrangement and radical cyclisation,
has been carried out (see Sect. 5.1.1.) [41].

The rearrangement has also been extended to the bis(phosphonate) substrate
[37]. The failure of the carbanion derived from 52 to undergo a spontaneous
[2,3]-0 shift is ascribed to its strong stabilization by the two adjacent electron-
withdrawing phosphono groups. However, the sigmatropic shift leading to 56,
readily occurs from the S-allylic intermediate ylides 54, resulting from the treat-
ment of sulfonium salts 53 with sodium hydride. The rearranged products 56 can
also be obtained starting either from the carbanion of the methylsulfanyl-meth-
ylene bis(phosphonate) 55 and allyl bromide or from the carbanion of 52 and
methyl iodide. In both pathways, the assumed identical intermediate ylide 54 (re-
sulting from a methylation or allylation of the sulfur atom instead of the a-an-
ionic carbon) has not been detected (Scheme 14).

i 9| AgBF, (n? 9
(RO)zPYP(OR)z Mel (RO),P~__P(ORY),
S BF,
o > NONaH/THE TN
20°C 53
m JNaH/THF
2 9 29 Joee 99
(RO),P~_ _P(OR), » |(RORP~._POR), [ 231C (RO),P.__P(OR),
\b( 1) NaH / THF Y
~ 20°C /§_\/\ —S
55 2) AllylBr 54 ™

Scheme 14

A more direct access to the unstable and non isolated sulfonium ylides 58a-c
is the reaction of diisopropyl diazomethylphosphonate 57 with allylic sulfides,
catalyzed by Cu(II), Rh(II) [39], or ruthenium porphyrins.[40] For example, the
a-phosphorylated y,6-unsaturated sulfides 59-61 are obtained through the [2,3]-
sigmatropic rearrangement of 58a-c. This method allows the use of a greater
variety of starting allylic sulfide substrates, such as 2-vinyl tetrahydrothiophene,
or propargylic sulfides (Scheme 15).

A nice application of this reaction for the synthesis of cyclic a-sulfanylphos-
phonates 63 has been reported [42]. It involves a Rh(II)-catalyzed [2,3]-sigmat-
ropic rearrangement and a ring-closing metathesis of the resulting a-(S-allyl)
y,0-unsaturated phosphonates 62 (Scheme 16). However, the last step occurs with
alow yield (19%) when R!=H.
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3.2
[1,2]-Sigmatropic Rearrangement

In the oxygen series, the rearrangement phosphate<>hydroxyphosphonate in-
volving a [1,2]-sigmatropic shift are known, on both sides, in basic media. How-
ever, in the case of the bis(phosphonate) derivatives, the conversion of hydro-
xymethylene bis(phosphonate) into the corresponding phosphonomethyl phos-
phate is usually favored (see references cited in [43]). In the sulfur series, the re-
verse rearrangement of lithium carbanion 65 (generated by deprotonation of the
S-phosphonomethyl phosphorothiolate 64) into the thiolate bis(phosphonate) 66
readily occurs at -35°C [43]. Although thiolate 66 can readily loose sulfur at
higher temperature (to give the methylene bis(phosphonate) carbanion), the cor-
responding thiol and various sulfides 67 have been prepared by careful proto-
nation or addition of alkylating agents at — 40 °C (Scheme 17).

The [1,2]-0 rearrangement of phosphinothioates into (alkylsulfanyl-
methyl)phosphine oxides using a chiral phosphinoyl group has also been re-
ported (see Sect.5.1.1.).

A recent paper [44] shows that the treatment of silyl thioketones 68 with
lithium diethylphosphite proceeds via a thiophilic attack followed by a thio-
phosphate — mercaptophosphonate (69 —70) carbanionic rearrangement and
the migration of the silyl group from the carbon to the sulfur atom leading to the
S-silylated sulfanylphosphonate carbanion 71. The last step represents the first
example of the thia-Brook rearrangement (Scheme 18).
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[1,3]-Sigmatropic Rearrangement

The oxygen to carbon 1,3-migration of the phosphoryl group (also called
arylphosphate - o-hydroxyarylphosphonate rearrangement) associated with the
ortho-lithiation of diethyl aryl phosphates by LDA has been published and de-
veloped in the 1980s [45]. First studies related to the transposition of this re-
arrangement in the thiophosphate series have been unsuccessful due to a pre-
dominant attack of the base to the P=0 group and cleavage of the P-S bond
leading to thiophenol [46]. The substitution of the ethyl substituents of the phos-
phoryl moiety by more bulky isopropyl groups overcomes this restriction and o-
sulfanyl arylphosphonates 72 or other aryl- or heteroaryl-phosphonates pre-
sented in Scheme 19 have been obtained in good yield via the o-lithiation-
[1,3]-sigmatropic rearrangement. This process has then been extended to S-het-
erocyclic phosphorothiolate and thio-substituted pyridyl and thienyl phospho-
nates have been prepared [47]. Recently, from the (o-methylsulfanylphenyl)
phosphonate, new heterocycles 74 and 75 have been synthesized [48a]. The five-
membered ring 74 is obtained by a nucleophilic attack of the sulfur stabilized car-
banion of 73 on the phosphoryl group activated by a Lewis acid. The six-mem-
bered ring 75 results from the monohydrolysis of the phosphoryl group of sulfide
73, oxidation of the latter into sulfoxide, and then a Pummerer type reaction in-
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volving the participation of the oxygen of the phosphonic function as nucle-
ophile. A first example of the chelating properties of the ortho-P,S-difunctional
compounds has been the isolation and characterization of a new dimeric plat-
inum complex from sulfide 73 [48b]. Besides, from 73 (R=Me), an enantiopure
(8)-(-)-sulfoxide (o-methylsulfinyl phenylphosphonate) has been prepared (see
Sect. 5.2.1).

The same type of o-lithiation-sigmatropic rearrangement has also been ob-
served from N,N,N’,N’-tetramethylphosphorodiamidothiolate 76 with sec-
Buli as the base and addition of methyl iodide. The latter reagent alkylates
the assumed arylthiolate formed by the S-C migration of the phosphor-
amido group (Scheme 20). However, the thiol corresponding to the rearrange-
ment of 76 has not been prepared [49]. From the phosphorodiamidothiolate
77 derived from (S)-(+)-2-(anilinomethyl)-pyrrolidine, the same o-lithiation by
LDA followed by protonation, leads to the expected o-sulfanyl derivative but
in a low yield (20%) [50]. Recently, it has been shown that in the same condi-
tions, no 1,3-migration occurs from the o-lithiated chiral phosphorodiamid-
othiolate 78, unless an alkylating agent or a Lewis acid is added to the o-lithiated
intermediate [48a]. Therefore, the use of such reagents promoting the re-
arrangement should allow its generalization to a variety of chiral phosphorodi-
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amidothiolates, which could be prepared from various enantiopure C,-symmet-
ric diamines.

The rearrangement has also been extended to P-chiral S-phenyl phos-
phinothiolate 79 and O-phenyl phosphinothioate 80 (Scheme 21). With these
asymmetric compounds, the C-P bond formation was found to occur stereose-
lectively and with retention of configuration at phosphorus [51].

y
‘Ph i S ’\\Ph
Bu D / Ph B
SH S
45% 79 22%

i LDA, 4equiv.,, THF, -78°C, 30min then Hs0"; ii: +Buli, 5 equiv.-78 to 20°C, THF then H;0"
Scheme 21

All these results show that the o-lithiation followed by [1,3]-sigmatropic re-
arrangement is a valuable process creating an aromatic C-P bond and providing
access to new difunctional chelating compounds. Owing to the possibility of
introducing asymmetry both at the sulfur or phosphorus sites, these bidentate
ligands should find applications in catalytic asymmetric reactions as it has been
already exemplified with some of their oxygenated analogues [52].
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4
a-Thio-Substituted Phosphonates as Synthetic Tools in Radical Chemistry

Both organosulfur and organophosphorus compounds are known as impor-
tant reagents in radical chemistry: radical acceptors (vinylphosphonates,
vinylsulfoxides or sulfones, thiocarbonyl derivatives), heteroatom stabilized
free radicals (centered on sulfur, on phosphorus, or on carbon atom bearing
a sulfanyl or phosphoryl group), or precursors of radicals by cleavage of a car-
bon-heteroatom bond. This is the main reason why a-thiosubstituted phospho-
nates have emerged over the past few years as interesting tools in radical-based
chemistry. Some typical reactions and their applications in organic synthesis are
here reported.

4.1
Cleavage of the C-S bond a to a Phosphoryl Group

Barton et al. [53, 54] have developed a new radical based methodology for the
synthesis of sugar and nucleoside phosphonates, analogues of the correspond-
ing monophosphates. Using the ester of N-hydroxy-2-pyridinethione such as the
thiohydroxamic uronic ester 81, the method consists of the generation of a
tetrahydrofuranic carbon centered radical. Addition of this radical to a vinyl
phosphonate leads to a new phosphorylated C-radical, which is trapped by
pyridinethione. Removal of the pyridinesulfanyl residue by homolytic cleavage
of the C-S bond using Bu;SnH/AIBN and further functional group transforma-
tions lead to the nucleotide analog 82 which mimics AZT-5" monophosphate
(Scheme 22) [53]. This chemistry has also been used to prepare a protected
6’-(pyridin-2-ylthio)-homouridine phosphonate which is then oxidized to the
sulfone, fluorinated in a position of phosphorus with Selectfluor to give, after
desulfonylation and deprotection, the first reported 6’-deoxy-6"-fluorohomo-
nucleoside 6’-phosphonate [55].

?Et \g H OIE'( NH C|)H
EBO—P=0 . t EtO—P=0 ’go HO—-P=0 ,l%

0o i, p—
% 92 % 5 steps
TBDPS BDPS TBDPS 3

iz (Et0),P(0)CH=CH,, hv, (°; it Bu;SnH, AIBN, C¢Hg under reflux.

Scheme 22

In another version of this method, the radical generated by radical exchange
from the aryl telluride carbohydrate 83 and the N-acetoxy-2-thiopyridone af-
fords, after intramolecular cyclization and desulfanylation, the polyhydroxylated
and phosphorylated pseudo sugar 84 [54] (Scheme 23).



Recent Advances in the Chemistry of Difunctionalized Organo-Phosphorus and -Sulfur Compounds 179

Pho\ﬁ,OPh @ )N:)
—= S Pho\ﬁ s BuySnH, AIBN, ppo Q

BnO

600\49 PhO~ 0OBn toluene reflux PhO™ 0Bn
Bn CH,Cly, hv 50 % \
Bn 92% BnO  OBn Bnd  ©Bn
asT eAN  An= p-MeO-Cehb 4 dias. 84
Scheme 23

A general study of the a-desulfanylation (and deselanylation) of phosphonates
using Bu,SnH/AIBN has been carried out [56]. The reduction turns to operate
through the attack of the tin radical on the sulfur atom and generally requires
two equivalents of Bu;SnH. The cleavage occurs in the case of a-phosphoryl sul-
fides, but not for the sulfoxides and sulfones derivatives. Chemoselectivity has
been studied in the case of various phosphonates additionally functionalized in
the a-position. Main results show that sulfanyl groups can be selectively removed
from a-phosphoryl O,S- and S,S-acetals (phenylthio is reduced in preference to
methylthio), and also from alkyl-, aryl-, or ketophosphonates. Moreover, the re-
duction of halogen tolerates the presence of the sulfanyl group (Scheme 24).
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The method has then been efficiently used to remove selectively the exocyclic
methylsulfanyl group from phosphorylated thiopyranyl derivatives 85 resulting
from hetero Diels-Alder reaction of a phosphono-dithioformate or dithioacetate
(see Sects. 2.1.2 and 2.2.3). Functionalized thiopyrans 86 [17, 18, 27a] are thus
obtained (Scheme 25). Owing to this selective desulfanylation, phospho-
nodithioesters can be used as heterodienophiles in place of the corresponding
phosphonothioaldehyde, not described so far and probably very unstable.

Y= H, Alkyl, Aryl, COMe, OR, SR (R

=R)



180 M. Gulea - S. Masson

P 2 BUaan, AIBN 2

MeS SR benzene reflux PN SR

RN R 78-92% RV N R
R* R

gs P=(PrO),P(O), (E10),P(O)CF, 4
R'=R?=H, OAc; R'R? = CH,
RS, R*=H, Me
Scheme 25

4.2
Generation and Addition Reactions of Phosphorylated C-Radicals

The synthesis of a-substituted phosphonates 89, via the electrophilic addition of
phosphorylated C-radicals 88 (generated by reaction of Bu;SnH to the readily
accessible a-phosphoryl sulfides (or selenides)) and electrophilic addition to
electron rich alkenes, has been described [57] (Scheme 26). A large excess of
alkene is necessary to minimize the competitive formation of the undesired com-
pound 90 resulting from direct reduction of the initial radical 88. The ratio 89/90
has been measured for each example. The synthesis of the a-mono- or a,a-di-
substituted (R! or R?#H) phosphonates 89 shows that the free radical approach
complements the commonly used Arbuzov reaction. This methodology has been
nicely illustrated by the synthesis of methylenomycin B [58].
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Scheme 26

Another interesting application is the C-S (or C-Se) homolytic cleavage from
(a,a-difluoro-a-sulfanyl)methylphosphonates 91 (and selanyl analogues) which
generates a phosphonodifluoromethyl radical (Scheme 27). A large variety of un-
activated and electron-rich alkenes has been successfully used as radical accep-
tors to give new difluoromethylphosphonates derivatives 92-95, analogues of the
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corresponding phosphates [59]. One electron-poor alkene (ethyl acrylate) leads
also to the expected addition product in 33% yield, proving both the electrophilic
and nucleophilic character of the phosphonodifluoromethyl radical.

4.3
Phosphonodithioformates as Radical Trapping Agents

The preferential thiophilic attack of nucleophiles (organometallics, trialkyl-
phosphites, thiolates) to the thiocarbonyl group of phosphonodithioformates has
been highlighted in Sect. 2.1.1. The behavior of these dithioesters towards radi-
cal addition has also been investigated [60-64]. The reaction of methyl (di-
ethylthiophosphono)dithioformate 96a and methyl (diethylphosphono)dithio-
formate 96b with a number of alkyl, alkoxy, thiyl, and organometallic radicals
species (Scheme 28) results in the regiospecific thiophilic addition leading to
rather persistent spin adducts 97. The only exception is provided by manganese
decacarbonyl, which only reacts with 96a to give a binuclear adduct 98. All the
radicals have been characterized by EPR (electron paramagnetic resonance)
spectroscopy [60].

The investigation has then been extended to triphenymethyl-, allyl-, benzyl-
and but-3-enyl (diethylphosphono)dithioformates [61]. Besides, the transient

OEt OEt
i Xe X
y=p — Y=I% 4
OEt SMe OEt SMe X = Me, tBu, Bn, Ph, SR(R= Ph, Me),
96a Y <S o7 OtBu, M(Ph); (M = Si, Ge, Sn, Pb)
96b:Y =0
Mn( CO)

ea Mu(COp P_<S | c

Oet i co

98 ©

Scheme 28
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EPR signals observed for the reaction of these dithioesters with a Grignard
reagent is attributed to a radical anion formed by a single electron transfer from
the organometallic to the thiocarbonyl group. Moreover, the same radical anions
have been generated by electrochemical reduction of the phosphonodithiofor-
mates and studied by voltammetry and EPR spectroscopy [62]. Diarylphos-
phono- and di(2-menthyl)phosphono-dithioformates exhibit an excellent spin
trapping ability (proved in ESR experiments), the latter yielding a radical adduct
particularly persistent because of the steric hindrance provided by the bulky
menthyl groups. Their remarkable property to act as process stabilizers, tested in
the extrusion of polypropylene is also demonstrated [63a]. Benzyl (diethylphos-
phono)dithioformate and its thiophosphono analogue have been studied as Re-
versible Addition Fragmentation Transfer (RAFT) agents for a controlled radical
polymerization of styrene [63b]. More recently, the reactivity towards free radi-
cals of phosphono thiolformates and thionformates has also been examined [64].
Spin adducts are also observed by EPR for the thionesters which, are remarkably
less efficient radical traps than the corresponding dithioesters.

5
Chiral Phosphorus and Sulfur-Containing Compounds
in Asymmetric Synthesis

The wide application of chiral P,S-containing molecules as tools in asymmetric
synthesis are closely linked to the strategies which allow the creation of a stere-
ogenic center on phosphorus, on sulfur, or on the carbon bearing these het-
eroatoms. The following section summarizes recent methods described for the
generation of such asymmetric difunctional compounds (a- and S-thio-substi-
tuted organo-phosphorus compounds, chiral P,S-ligands) and some of their ap-
plications. More often, in the selected structures the sulfur atom is on a carbon
a or Bto the phosphorus.

5.1
a-Thio-Substituted Organophosphorus Compounds

Chiral phosphoryl and sulfinyl groups are known as efficient auxiliaries in asym-
metric synthesis. As reported below, their asymmetric induction in the a-posi-
tion has been used to prepare chiral non-racemic organophosphorus compounds
a-substituted by a sulfur function. Such compounds can also be obtained from
their a-hydroxy analogues by OH — SR stereoselective transformation.

5.1.1
Asymmetric Induction of the Chiral Phosphoryl Group

Starting from the (allylsulfanyl)methylphosphonate 99 and using dimenthyl-
phosphonyl ester as chiral auxiliary in carbanionic [2,3]-sigmatropic rearrange-
ment (see Sect. 3.1), a-mercaptophosphonate 100a and sulfide 100b have been
obtained with high diastereoselectivity [65]. Radical intramolecular 5-endo-cy-
clization of thiol 100a leads to the corresponding thiolane 101 without epimer-
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ization (Scheme 29). The oxidation of 2-phosphonothiolane 3 into the corre-
sponding sulfoxide 102 is totally stereoselective with a complete transfer of the
asymmetry from the chiral a-carbon to the sulfur. The relative trans configura-
tion of the C-P and S-O bonds has been demonstrated. It is interesting to note
that the same thiolane 101 has also been prepared from thiolane S-oxide and
trimenthylphosphite using a new Pummerer-phosphorylation reaction, but no
diastereoselectivity was observed in this process [66].

1) s-BuLi/ HMPA, R=H
mo. 9 . 2 ;i)-l(F, -7°C, M*O:g . ![J_I\_:[,:AIBN, M*O\ﬁ _rggoFgéTmF M*Ofﬁ g
M0~ ~°N ——= MO ————  wo™~Sy = wor
P A % 60 % quant.

99 100a:R= Hde = 88°% 101de=88% 102 (only trans)

M'OH = L-Menthol 100b: R =Me de = 70% $©) S(C), R(S)
0 &FCBCO)ZO M*O\ﬁ
—_— T M"O’
(M"ORP é 4% | |
101de=0%

Scheme 29

In the asymmetric version of the [1,2]-o Wittig rearrangement (see Sect. 3.2),
the deprotonation of S-methyl (tert-butyl)arylphosphinothioate 103 followed by
alkylation affords the corresponding (alkylthiomethyl)phosphine oxides 104
together with over-reacted products 105 (no diastereomeric excess is observed
for this compound) and 106 [67] (Scheme 30).

t-Bu\(g) 1)LDA; 2) RX f-BU\%)\/ "B“\cﬂ) R tBuy
Il R AN e R \(s + Ph/'LR
103 104 105 R 106
40-80% 5-10% 0-10 %

Scheme 30

In their work concerning the anions derived from chiral phosphonamidates,
Denmark and Chen [68] obtain a high diasteromeric excess of 88% for the com-
pound 108 resulting from the addition of the carbanion of phenylsulfenyl phos-
phonamidate 107 to 4-tert-butylcyclohexanone (Scheme 31).

0 +BuLi, Et,0 o oH
@rqp PMDTA / -78° to -90°C @,]’P\:)m/t'm
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Scheme 31
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a-Phosphono sulfonate 109 (BMS-188494) is a potent squalene synthase in-
hibitor [4b]. Both enantiomers have been prepared using a diastereoselective
alkylation or sulfanylation of the C2-symmetric phosphonamide substituted car-
banions of 110 (pathway A) and 111 (pathway B) [69] (Scheme 32).
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A stereoselective radical reaction of the ester of N-hydroxy-2-pyridinethione
(see also Sect. 4.1) to chiral vinylphosphine oxides has also been described and
moderate to good diastereomeric ratios have been obtained for the compound
112 [70] (Scheme 33).
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5.1.2
Asymmetric Induction of the Sulfinyl Group

Among bifunctional compounds bearing phosphorus and sulfur centers, the
a-phosphoryl chiral sulfoxides are undoubtedly the most widely used, in par-
ticular for the insertion of the sulfinyl group (used then as a chiral auxiliary) in
a substrate by Horner-Wadsworth-Emmons (HWE) olefination. The very large
number of examples does not allow us to include this reaction in the present re-
view. Many studies of the asymmetric induction using chiral nonracemic a-phos-
phoryl sulfoxides concern especially the generation of a stereogenic carbon cen-
ter o to the sulfinyl group. One of the most commonly used method for the
preparation of chiral a-phosphoryl sulfoxides 113, described by Mikolajczyk et
al., consists of the addition of methylphosphonate lithium carbanions to the
enantiopure menthyl p-toluenesulfinate [71]. The reactivity of enantiopure 113
has been widely examined and then involved in various synthetic applications.
For example, the stereochemical study of the a-chlorination of this compound
shows that the reaction occurs with prevailing retention of the configuration at
the sulfur atom and the diastereomeric ratio at the chiral carbon is approximately
3:1,with the less thermodynamically stable diastereomer slowly isomerizing into
the more stable one 114 [72]. The enantiomeric excess of the acetoxy-substituted
phosphonate 115, obtained from 113 by the Pummerer reaction, can be improved
by replacing acetic anhydride [73] with ethoxy vinyl acetate [74] (Scheme 34).
The sulfanylation of 113 with S-methyl methanethiosulfonate leads to the phos-
phonoformate dithioacetal mono-S-oxides 116 with a moderate diastereomeric
ratio [75].
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Scheme 34

An a-fluorinated phosphinyl sulfoxide derivative, prepared as a mixture of
diastereomers by the treatment of lithiated (a-fluoromethyl)diphenylphosphine
oxide with menthyl p-toluenesulfinate, has been used for the preparation of enan-
tiomerically pure 1-fluorovinyl and 1-fluoromethyl sulfoxides [76]. (R)-Diethyl
tert-butylsulfinylmethylphosphonate 117 has been prepared by the sulfinylation
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of the lithium carbanion of diethyl methylphosphonate with the (R)-tert-butyl
tert-butanethiolsulfinate. Sulfoxide 117 has then been used to introduce the chi-
ral sulfinyl group as a chiral auxiliary in sulfinylated enynes, which are substrates
for asymmetric Pauson-Khand reactions [77] (Scheme 35).

0
E‘O:ﬁ_CHS 1) n-BuLi EtO\] \ O
EtO —_ EtO” ~" ““t-Bu
2) \ 0 (AX117
t-Bu—S_
~S—t-Bu 70 % (ee =98.5 %)
Scheme 35

An alternative synthesis of the chiral non-racemic a-phosphoryl sulfoxides is
the enantio- or diastereoselective oxidation of the corresponding sulfides. For ex-
ample, asymmetric oxidation using (+)-8,8-dichlorocamphorylsulfonyloxaziri-
dine, cumene hydroperoxide in the presence of titanium/diethyl tartrate (DET)
complexes or involving the asymmetric induction of a chiral phosphorus bear-
ing one menthyloxy group, have been used for this purpose [78]. Resulting a-
phosphoryl sulfoxides 118 and 119 are precursors of enantiopure dialkyl sulfox-
ides 120 via their reaction with Grignard reagents, the phosphonomethyl moiety
being used as the leaving group (Scheme 36).
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Oxidation of cyclic phosphonoformaldehyde dithioacetal, using the Modena
protocol, yields the trans disulfoxide 121 in excellent enantiomeric excess. Then
121, via HWE olefination and oxidation of the double bond has been used for the
diastereoselective preparation of spirocyclic bis-sulfinyl oxiranes (new versatile
intermediates in asymmetric synthesis) [79] (Scheme 37).
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The optically active a-sulfinyl vinylphosphonate 122 prepared in two differ-
ent ways (Scheme 38) is an interesting reagent for asymmetric synthesis [80].
This substrate is an asymmetric dienophile and Michael acceptor [80a]. In the
Diels-Alder reaction with cyclopentadiene leading to 123, the endo/exo selectiv-
ity and the asymmetry induced by the sulfinyl group have been examined in var-
ious experimental conditions. The influence of Lewis acid catalysts (which also
increase the dienophilic reactivity) appears to be important. The 1,4-addition of
ethanethiol gives 124 with a moderate diastereoselectivity.
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Scheme 38

The 1,3-dipolar cycloaddition of diazoalkanes to enantiopure sulfoxide 122 (or
homologues monosubstituted on the double bond) has been described as a new
synthetic route to 3-phosphorylpyrazoles such as 125. In contrast, using di-
phenyldiazomethane, the reaction occurs with elimination of nitrogen leading to
the chiral phosphoryl and sulfinyl cyclopropane 126 with total diastereoselec-
tivity [81] (Scheme 39). The cyclopropane derivatives 127 (R=D) and 128
(R=Me) have been prepared using respectively the fully deuterated dimethyl-
sulfoxonium methylide and the diphenylsulfonium isopropylide [82a]. More re-
cently, E-(S)-(1-diethylphosphono-2-phenyl)vinyl p-tolyl sulfoxide 122b has been
found to undergo cyclopropanation with three sulfur ylides (dimethoxy(oxo)sul-
fonium methylide, diphenyl sulfonium isopropylide, and ethyl(dimethyl-
sulfuranylidene)acetate) in a highly diastereoselective manner. From the major
cyclopropanic diastereomer obtained with the third ylide, an enantiopure
constrained analogue of the GABAjy antagonist, phaclofen, has been synthes-
ized [82b].
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5.1.3
Stereoselective OH— SR Transformation

Compared to a-amino- or a-hydroxyphosphonates for which various asymmet-
ric syntheses have been proposed, no general and efficient method giving access
to optically active a-sulfanylphosphonates (or derivatives) have been described
until recently. One example of the asymmetric synthesis of an a-sulfanylphos-
phonate is given by the preparation of (1-sulfanyl-but-3-enyl) phosphonate 100
from a [2,3]-sigmatropic rearrangement (Sect.5.1.1). Another example is the Mit-
sunobu reaction from R-a-hydroxyphosphonate 130 which gives 131 with a high
diastereoselectivity but in low yield [65] (Scheme 40).
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An S-a-acetoxyphosphonate, potential precursor of the biologically active
BMS-188494 109 (see Sect. 5.1.1,scheme 32) has been prepared by lipase-catalyzed
stereoselective acetylation [83]. However, to our knowledge, its conversion into the
corresponding S-a-phosphono sulfonic acid has not been performed so far. Very
recently, an efficient and general method allowing the conversion of a-hydroxy-
phosphonate to the corresponding sulfanyl analogues has been proposed [84]
(Scheme 41). Thus, starting from enantiopure a-hydroxyphosphonates 132 ob-
tained by enzymatic resolution, optically active a-sulfanylphosphonates 135a and
their corresponding methylsulfides 135b have been prepared in three stereoselec-
tive transformation steps involving a p-nitro-tosylate 133 and a thiocyanate 134 as
intermediates. An important point to note in this process, in order to avoid epi-
merization during the reducing cleavage of 134, is the addition of two equivalents
of trimethylchlorosilane or methyl iodide together with the lithium borohydride.
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SR' SCN
135a: R' = H 134
135b: R' = Me
Scheme 41
5.2

PB-Thio-Substituted Organophosphorus Compounds

Among f-thiosubstituted organophosphorus compounds bearing chiral groups,
phosphono methyl thiazolines (Sect. 2.2.1, Scheme 8) and o-sulfanyl aryl phos-
phonamides or phosphinoxides (Sect. 3.3, schemes 20 and 21) have already
been mentioned. As a complement to this, some recent synthesis of non racemic
B-sulfinyl phosphines and phosphonates and thiazolidinyl phosphonates are re-
ported below. Moreover, some chiral -thio-substituted phosphines have been
used as metal ligands in asymmetric catalysis and are listed in Sect. 5.3.

5.2.1
B-Sulfinyl Phosphonates and Phosphines

Optically active (o-alkylsulfinylaryl)phosphonates, as well as their analogues
phosphines, have been recently prepared (Scheme 42). Following the [1,3]-
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sigmatropic rearrangement described in Sect.3.3, non racemic (2-methyl-
sulfinyl)phenylphosphonic acid mono- and dimethyl esters (-)- and (+)-138 have
been obtained by resolution of the corresponding racemic monoester 136 via its
cinchonine diastereomeric salts 137 [85]. Besides, the enantiopure phosphine-
sulfoxide ligand 139 has been obtained in two steps from 2-fluoroiodobenzene,
menthyl p-tolyl sulfinate and potassium diphenylphosphide [86].

A sulfinyl-substituted phosphine chelate 140, containing three carbons, one
phosphorus and one sulfur stereogenic center, has been prepared by a Pd-pro-
moted asymmetric Diels-Alder reaction (Scheme 43) [87a]. Hetero Diels-Alder
reaction between the same Pd-complex of the phospha-substituted cyclic diene
and a thiocarbonyl dienophile generates only one stereomeric cycloadduct [87b].
The same group describes the synthesis of both enantiomerically pure forms
of the phosphine ligand (R)- and (S)-141 by cycloaddition between 3,4-dimethyl-
1-phenylphosphole and phenyl vinyl sulfide in the presence of a chiral
organopalladium template [88a]. In vitro cytotoxicity tests of the gold(I) com-
plexes (S)- and (R)-142 of these phosphines have shown their potential as anti-
cancer agents [88b].
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5.2.2
Phosphono Substituted Chiral Thiazolidines

The 4-thiazolidinyl phosphonates 143 (Scheme 44) are known for their thera-
peutical properties, in particular as anti-inflammatory agents [5,89]. Their asym-
metric synthesis by hydrophosphonylation of 3-thiazolines has been described
using various chiral auxiliaries: chiral phosphites such as (2S,4R)-2H-2-0x0-5,5-
dimethyl-4-phenyl-1,3,2-dioxaphosphorinane (de=2-8%) [90] or BINOL-phos-
phite (de=65-90%) [91] and also chiral catalyst such as titanium or lanthanide
chiral complexes (ee=29-98%) [92]. Hydrophosphonylation of C2-chiral 3-thi-
azolines has also been performed (de=32-38%) [93].
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Scheme 44

5.3
Chiral P,S-Ligands in Asymmetric Catalysis

Many recent books and reviews cover the literature concerning asymmetric
catalytic processes, often classified by type of reaction and including the prepa-
ration and the role of chiral ligands [94]. Among chiral bidentate mixed-donor
ligands containing a phosphine function such as P,O-, P,N-, and P,S-ligands, the
latter are less described because sulfur has long been considered as catalyst poi-
son [95]. This idea has been partly denied by several recent examples of ligands
containing phosphorus and sulfur as donor atoms for metal catalysts. A selection
of the main structures synthesized for this purpose is presented in Scheme 45.
The synthesis of heterobidentate axially chiral P,S-binaphthyl derivatives 144
has been reported [96]. This class of ligands has been tested in the enantioselec-
tive Rh(I)-catalyzed hydroformylation (10-25% ee), hydrosilylation of styrene
(54% ee) [97], addition of diethylzinc to aldehydes (14% ee), conjugate addition
of Grignard reagents (20% ee) and Pd-catalyzed allylic substitution [98]. Starting
from the enantiopure ferrocenylphosphine thiol 145a and the diastereoisomers
of N-methyl ephedrine, four corresponding sulfides 145b have been isolated and
used in the Au(I)-catalyzed synthesis of oxazolines (13-89% ee) [99]. An analo-
gous ferrocenylphosphine ligand 146 derived from thioglucose has also been pre-
pared and tested in the Pd-catalyzed allylic substitution (88% ee) [100]. Kagan
et al. have synthesized and used 1,2-disubstituted ferrocene bearing both a chi-
ral p-toluenesulfinyl group (obtained from menthyl p-toluenesulfinate) and a
phosphinoborane group for the preparation of enantiopure ferrocenyl bis(phos-
phanes) ligands with planar chirality [101, 102]. Analogues bearing a chiral tert-
butyl sulfinyl group (obtained by enantioselective oxidation of the correspond-
ing sulfide) has also been prepared [103]. However, to our knowledge these
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phosphino-ferrocenyl sulfoxides have not been tested as ligands in asymmetric
catalysis. New P,S-ligands 147, formed by the opening of chiral episulfides with
phosphorus nucleophiles, have been reported and their Rh-complexes have been
used in the asymmetric hydrogenation of a-enamide methyl esters, providing
enantioselectivities up to 51% [95a]. Phosphinite-sulfide bidentate ligands 148
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described by Evans et al. give excellent results (91-99% ee) in Pd-catalyzed
allylic substitution [104]. Starting from natural (+)-pulegone, the ligand 149
(PuPHOS) bearing the phosphino group and the sulfur on the same carbon has
been synthesized and its dicobalt tetracarbonyl complex used in asymmetric in-
termolecular Pauson-Khand reaction [105]. The preparation, by Pd-promoted
asymmetric Diels-Alder cycloaddition, of the optically active ligand 150 with five
stereogenic centers and its chelation with Pd(II) has been studied [106]. Pd-com-
plexes of P,S- heterobidentate phosphine ligands 151 endo-(Rp) and exo-(Sp)
containing thiocarbonyl sulfur donor have also been described [107]. Enantio-
pure benzene sulfoxide ligands 152 and 153, ortho-substituted by a phosphino
or a phosphamino group, have been recently synthesized [86] and their rather
good efficiency in Pd-catalyzed allylic substitution is demonstrated. The same
authors have also described (S)-proline-derived ligands 154 and 155 with phos-
phanyl, sulfanyl, or sulfinyl chelating functionalities and enantiomeric excess up
to 84% are observed for the Pd-catalyzed allylic alkylation [108]. For the same
catalytic reaction, isoborneol- (or borneol) based phosphinooxathiane ligand
156 or pulegone-based ligand 157 have been successfully used (ee up to 90%)
[109] whereas only 44% of enantiomeric excess is obtained with the monophos-
pholane bearing pendant #-BuS group ligand 158 [110].

Although sulfur is unlikely to chelate the metal in this case, it is worth men-
tioning the axially chiral diphosphine ligands, based on bi-thienyl systems which
increase the electronic density at phosphorus such as: 159 (used in Ru-catalyzed
reduction of fS-keto esters with 99% ee) [111a], BITIANP 160,and TMBTP 161 (in
a Pd-catalyzed Heck reaction, the regio- and enantioselectivity are high with 160
but low with 161) [111b].

6
Conclusion

Although non-exhaustive, this review shows that a large variety of new difunc-
tionalized mixed phosphorus and sulfur molecular structures have been de-
scribed during the last ten years. It also demonstrates that such compounds are
powerful synthetic tools or building blocks and, in some cases, molecules (or pre-
cursors of more complex molecules) with potential biological activities.

The association between the phosphonate and dithioester functions induces
a very versatile reactivity. From the phosphorylated dithioesters, beside the thio-
philic addition of organometallics and soft nucleophiles, which generates stabi-
lized carbanions or ylides, the hetero Diels-Alder and thioacylation reactions
give access to a variety of phosphorylated heterocycles (imidazolines, thiazolines,
thiopyrans precursors of thiaglycosides, etc.). HWE reaction of phosphono-
dithioacetate derivatives (in particular phosphorylated thioamides derived from
aminoacids or aminoalcohols) allows olefination of carbonyl compounds with
functionalization. This chemistry is again enriched by introduction of fluorine
on the carbon linking the P and S functions. In particular, the methyl monoflu-
orophosphonodithioacetate is a promising building block for the synthesis of a
variety of new monofluorophosphonates (including analogues of monophos-
phorylated nucleosides) and fluorovinylic derivatives.
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Well known carbanionic sigmatropic rearrangements, applied to mixed P and
S compounds, regio- and/or stereoselectively lead to new (a-sulfanylalkyl) or (S-
sulfanylaryl) phosphonates, phosphine oxides, or phosphorodiamidates. In these
difunctional compounds, chirality can be either introduced on the phosphorus,
on the a-carbon, or on the sulfur atom.

It is worthy of note that a-sulfanyl phosphonic acids, which can now be ob-
tained enantioselectively from corresponding a-hydroxyphosphonates, are ana-
logues of the a-sulfanyl carboxylic acids, which, for some of them, are metallo-
P-lactamases inhibitors [112]. To our knowledge, it does not seem that biological
activities of a-sulfanyl phosphonic acids have been examined so far.

The (a-sulfanylalkyl)phosphonates and their difluorinated derivatives are
also, by easy radical cleavage of the C-S bond, useful precursors of phospho-
nomethyl or phosphonodifluoromethyl radicals, which can be added to double
bonds and so, introduced in a variety of structures. Besides, the use of phospho-
nodithioformates as radical trapping agents and their use as RAFT reagent for
controlled polymerization open a new interesting field of application for these
dithioesters.

In addition to the HWE reactions leading to asymmetric vinylic sulfoxides
(not reviewed here), new recent applications of enantiopure a-sulfinylphospho-
nates, such as their use as precursors of optically active di-alkyl or arylalkyl sul-
foxides and also of 1-sulfinyl-phosphonocyclopropanes, increases again their
synthetic potential.

The last ten years have also seen - or y-thio-substituted phosphines (the sul-
fur function being a thiol, sulfide, or sulfoxide) increase in importance relative
to their oxygen and nitrogen analogues as chiral bidentate ligands in asymmet-
ric catalysis, and probably this is only a beginning. In particular, the use of the
corresponding thio-substituted phosphonates, phosphine oxides, or phospho-
nodiamidates with chirality on phosphorus or/and sulfur (oxidizable into the
sulfoxide function which can be either hard or soft ligand) would need further
investigation. As far as the metal complexing properties are concerned, the elab-
oration of new metal sequestering drugs or radiopharmaceutics (technetium,
rhenium complexes) is another potential field of applications for the variety of
available polydentate phosphorus and sulfur ligands. Therefore, we are confident
that the following years will again see new developments of the rich chemistry of
mixed phosphorus and sulfur compounds.

7
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