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Stereochemistry, mechanisms and applications of electrophilic
reactions of organophosphorus compounds
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The review summarizes and systimatizes data on the stereochemistry, mechanisms and applications of electrophilic reactions
of organophosphorus compounds. Asymmetric versions of the Michaelis — Arbuzov, Michaelis — Becker, Hirao, Staudinger,
Pudovik and other reactions are considered. Key issues of asymmetric electrophilic catalysis are discussed. The reaction
conditions, catalytic systems and structures of the reaction products are presented. Asymmetric electrophilic reactions are
used in organic synthesis and in studies of the mechanisms of chemical processes involving organophosphorus compounds.
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1. Introduction

Electrophilic reactions play an important role in the chem-
istry of trivalent phosphorus compounds.!~3 For example,
the Michaelis—Arbuzov, Staudinger, Atherton—Todd,
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Appel, Pudovik, phospha-Mannich reactions and phospha-
aldol condensation begin with the electrophilic attack on
the phosphorus atom, which is the site of the highest
electron density.3=3 Electrophilic reactions are used to
synthesize products of practical value, such as phosphine
ligands and pharmaceutical agents, and substances for
agricultural purposes.*~©

Of special interest are asymmetric reactions involving
chiral reagents, in particular, asymmetric electrophilic cat-
alysis, which provide a route to chiral compounds that are
difficult to synthesize by other methods. In this regard,
asymmetric electrophilic reactions have attracted increasing
attention of synthetic chemists. According to the guidelines
of the US Food and Drug Administration (FDA), all
pharmaceuticals, agrochemicals, food additives, ezc. should
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be applied and patented in enantiopure form. Many com-
mercial chiral ligands, trivalent phosphorus derivatives
(DIOP, DuPhos, PAMP, DIPAMP) and catalysts based
on these compounds were synthesized by electrophilic
alkylation, arylation, etc. reactions. The Staudinger liga-
tion, which can occur directly in living cells, is of paramount
importance for biological chemistry. Of great interest are
electrophilic reactions of phosphorus compounds with a
positively charged halogen atom (Appel, Atherton—Todd,
Corey—Fuchs, efc. reactions), which are commonly used in
the synthesis of natural compounds and their analogues.

Electrophilic reactions are characterized by high stereo-
specificity and proceed with retention of the absolute con-
figuration at the chiral phosphorus. This is the difference
from nucleophilic SN2(P) reactions, which generally occur
with inversion of configuration. This distinguishing feature
of electrophilic Sg2(P) reactions provides a powerful tool
for studying the mechanisms of organophosphorus proc-
esses. The stereospecificity of electrophilic reaction is essen-
tial for highly complicated syntheses of natural compounds,
in which chiral organophosphorus reagents are being
increasingly used. Hence, an analysis and systematic review
of stereospecific electrophilic reactions are of great theoret-
ical and applied importance.

Despite a large body of publications on classical exam-
ples of electrophilic transformations involving the phospho-
rus atom, a systematic review of the stereochemistry of
electrophilic reactions is still lacking. In 1968, Warren ©
published a paper, where he considered some electrophilic
reactions of organophosphorus compounds known at that
time; however, the stereochemistry and chirality were not
discussed. Consequently, there is a need to draw general
conclusions on the stereochemistry and mechanisms of
electrophilic reactions. This review discusses issues concern-
ing the stereochemistry, mechanisms and applications of
electrophilic reactions involving chiral phosphorus com-
pounds.

The following abbreviations and designations are used
in the review:

Ad — l-adamantyl,

AIBN — azobis(isobutyronitrile),

0-An — o-anisyl (2-methoxyphenyl),

ARCM — asymmetric ring-closing metathesis,

B — base,

BINAP — 2,2"-bis(diphenylphosphino)-1,1’-binaphthyl,

Boc — tert-butoxycarbonyl,

Cat — catalyst,

DABCO — 1,4-diazabicyclo[2.2.2]octane,

dba — dibenzylideneacetone,

de — diastereomeric excess,

DIOP —  2,3-O-isopropylidene-2,3-dihydroxy-1,4-
bis(diphenylphosphino)butane,

DIPAMP — 1,2-bis[(2-methoxyphenyl)phenylphosphi-
nolethane,

DIPE — diisopropyl ether,

DIPEA — diisopropylethylamine,

DMAP — 4-dimethylaminopyridine,

DME — dimethoxyethane,

dmpe — 1,2-bis(dimethylphosphino)ethane,

DMT — 4,4'-dimethoxytrityl,

dppf — 1,1’-bis(diphenylphosphino)ferrocene,

DPTA — diisopropyl tartrate,

dr — diastereomeric ratio,

E — electrophile,

EA — elimination —addition,

ee — enantiomeric excess,

er — enantiomeric ratio,

es — enantiospecificity;

Fc — ferrocenyl,

Fu — furyl,

HBPin — 4,4,5,5-tetramethyl-1,3,2-dioxaborolane,

Inversion — inversion of the absolute configuration,

Ips — 2,4,6-triisopropylphenyl,

LDBB — lithium 4,4'-di-tert-butylbiphenylide,

L — ligand,

L* — chiral ligand,

LDA — lithium diethylamide,

Mes — mesityl (2,4,6-trimethylphenyl),

Mnt — (1R,2S,5R)-menthyl,

MTBE — methyl tert-butyl ether,

Naph — naphthyl,

NCS — N-chlorosuccinimide,

Ni-Ra — Raney nickel,

NMM — N-methylmorpholine,

PAMPOP — 4,5-bis[di(o-anisyl)phosphinomethyl]-2,2-
dimethyl-1,3-dioxolane,

Phnt — phenanthryl,

PTC — phase-transfer catalysis,

Py — pyridyl,

QuinoxP —
noxaline,

rac — racemate,

Retention — retention of the absolute configuration,

rt — room temperature,

Sg2 — bimolecular electrophilic substitution,

SN2 — bimolecular nucleophilic substitution,

TADDOL — a,a,0/,0/-tetraaryl-1,3-dioxolane-4,5-dime-
thanol,

TBDMS — tert-butyldimethylsilyl,

TC — transition complex,

TEMPO — (2,2,6,6-tetramethylpiperidin-1-yl)oxyl,

Tf — trifluoromethanesulfonyl,

TFA — trifluoroacetic acid,

TMEDA — tetramethylethylenediamine,

TMS — trimethylsilyl,

Tol — tolyl,

Ts — 4-toluenesulfonyl (tosyl),

TS — transition state,

m-Xyl — m-xylyl (3,5-dimethylphenyl),

US — ultrasound.

2,3-bis(tert-butylmethylphosphino)qui-

2. Alkylation and arylation

2.1. Electrophilic alkylation and arylation reactions

Electrophilic substitution reactions Sg(P) are common and
highly important transformations of trivalent phosphorus
compounds. An electrophilic reaction is a reaction in which
a phosphorus-containing substrate is initially attacked by
an electrophile. In electrophilic substitution reactions, the
leaving group of the substrate is removed without bonding
electrons, and the vacant orbital of the electrophilic reagent
accepts electrons, resulting in the formation of a new bond.
Lewis acids are the most reactive electrophiles. Generally,
electrophilic substitution reactions Sg2(P) include the fol-
lowing two steps: the addition of an electrophile and the
elimination of an electrofuge. In some cases, the reaction
stops at the first step giving a stable phosphonium cation.
The electrophile providing a vacant orbital to the substrate
attacks the phosphorus reaction centre from the front side,
where a lone pair is located. In most of Sg(P) reactions, the
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first step is rate-determining. Most often, electrophilic ; Scheme 3
reactions of P compounds occur via addition—elimina- R\ H /H R1\+ H
tion, i.e., the electrophile first adds to the phosphorus atom RZ“‘;PQ + D?@ Retontion] R2m: PfB\*H
giving a positively charged intermediate followed by the R3 H R3/ H
removal of the leaving group. 7 10
In organic chemistry, a nucleophile and an electrophile BH BHsM
are generally considered as attacking species for aliphatic [ 3 AlkM \ R3X
and aromatic compounds, respectively. Electrophilic reac- R“‘y ~q — R, P T 10
tions of organophosphorus compounds proceed through the R2 9 R2 8 (Retention)

formation of a positively charged phosphonium intermedi-
ate, occur with retention of the absolute configuration at
the phosphorus atom and involve a P! compound as the
substrate and an electrophile as the attacking reagent, which
allows the consideration of the electrophilic attack on the
phosphorus nucleophile. It should be noted that electro-
philic reactions of P! compounds, Sg2(P), are similar to
electrophilic substitution reactions of aromatic compounds,
SE2(Ar), in that both types of reactions include two steps
and proceed through the formation of a positively charged
arenium intermediate. Trivalent phosphorus compounds
can act as both electrophiles and nucleophiles. For example,
both nucleophilic and electrophilic reactions of tertiary
phosphine 1a readily occur to form products 1b and 2 or
product 3, respectively (Scheme 1).43

Scheme 1
H3B
Meli_ B(S) BHs fC
(Sn2) Ph" \ Me Ph'" | “Me
R Bu* But
5 t““FiLE)a 1b 2
u n
Ph Me
1a | 1=
Mel ‘_P+\
se2) But" L Bn
(Se2) Ph
3

In Sg2 reactions, the positively charged electrophile Y *
interacts with the electron-rich phosphorus reaction centre
of compound 4 from the front side, attracting the lone pair
and forming a new P—Y bond. This gives rise to positively
charged intermediate 5 with retention of the absolute con-
figuration. The latter can be transformed into compound 6
or remain as a phosphonium salt (Scheme 2). For example,
the reaction of tertiary phosphines 7 with borane leads to
the formation of the additive bond, resulting in pyramidal-
ization of the borane moiety to produce an approximately
tetrahedral geometry, with a change in hybridization at
boron from sp? to sp3. Metal-substituted intermediate 8,
generated in the reaction of phosphine borane 9 with AlkM,
is a trivalent phosphorus compound, which reacts stereo-
specifically with an electrophile. Both these pathways afford
product 10 with retention of the absolute configuration at
the phosphorus atom (Scheme 3).3-¢

Therefore, as opposed to bimolecular nucleophilic reac-
tions, which generally proceed with inversion of the chiral

Scheme 2
R1 1 1
\ (Addition) R \ 4 (Elimination) \
R2=—P: + Y* — > R2Zep—Y — > RZ=P: + X*
X X Y
4 5 6

Here and below, unless otherwise indicated, R” = Alk, Ar, OAlk, etc.

R3X = AIKCI, AIkBr, AIKTs, etc.; M = Li, Na;
Ts is p-toluenesulfonyl (tosyl)

centre due to the orientation of bonding orbitals and
electron pairs, the electrophilic substitution generally occurs
with retention of the absolute configuration. An electro-
phile having a vacant orbital attacks the phosphorus centre
from the front side, where the lone pair is located. This leads
to electron density redistribution and the formation of a
new bond without changing the arrangement of substituents
at the phosphorus centre, i.e., with retention of the absolute
configuration, as shown in Scheme 2.

2.2. Alkylation and arylation of secondary phosphines

The alkylation and arylation of chiral tertiary phosphines
are generally stereospecific and occur with retention of the
absolute configuration at the phosphorus atom. The alky-
lation or arylation of metal phosphides provides a conven-
ient route to tertiary phosphines.®>~° Initial metal
phosphides 11 can easily be prepared via a C—P bond
cleavage of tri- and diarylphosphines with various reagents,
such as alkali metals in mineral oil, sodium in liquid
ammonia, sodium naphthalenide, sodium suspended in
THF, sodium or potassium adsorbed on silica gel (M-SG
reagent), and by other methods (Scheme 4).8 Metal phos-
phides thus synthesized can be used as synthetic blocks for
the preparation of various tertiary phosphines 12. For
example, menthyl(methylphenyl)phosphine eq-13 was syn-
thesized by the alkylation of neomenthyl(methylphenyl)-
phosphine ax-13 followed by the reduction of phosphine
oxide 14 (Scheme 5).19-15 The reaction of sodium methyl-

phenylphosphide with (+)-(R)-1-chloroethylbenzene
Scheme 4
A‘\r A‘\r Ar
N /
P M-SG pr RX _p
Ar Ar  —[ArM] M~— Ar Ar
11 12
M = Li, Na
Scheme 5
Me
i " i P\ Mel
pri ], pri ], "Ph :
igl Ph(Me)PNa "Iy NaOH (aq.)
Me Me
ax-13
O\\ “‘\Me H
. P\ Si2C|5 i z
—> Pri_ ], Ph Ze, Pr i Me
H P
o~
Ph
Me Me
14 eq-13
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Structures 15-20

L110-An E CHzPPh;
el jA R
WP ‘ “‘M Me
| "Ph CH2PPh2
0-An
15 16 (see®) 17(DIOP
Ph
o-An,, /— \_,Ph I‘D H
P P Ty,
‘ ‘ o-An "
Ph oAn N—Boc
Ph-_p
| H
18 (DIPAMP) 10 An-o 19 (Ref. 14)
I\‘/Ie A TPS
» P X =CH, N
Ips/F> X “Me
20

0-An is o-anisyl (2-methoxyphenyl), Boc is tert-butoxycarbonyl,
Ips is 2,4,6-triisopropylphenyl, DIOP is 2,3-O-isopropylidene-2,3-
dihydroxy-1,4-bis(diphenylphosphino)butane,

DIPAMP is 1,2-bis[(0-anisyl)phenylphosphino]ethane

afforded, after the oxidation, (—)-(Sp,Sc)-phosphine oxide
with an enantiomeric excess (ee) of 25%.° This method was
used to synthesize phosphine ligands 15-20, including
bisphosphines  (4,5-bis[di(0-anisyl)phosphinomethyl)-2,2-
dimethyl-1,3-dioxolane, PAMPOP), 17 (DIOP), 18
(DIPAMP), etc.'>'* Some bisphosphines are applied in
the chemical industry to perform catalytic asymmetric
hydrogenation.?>7 The alkylation and arylation of chiral
tertiary phosphines afford chiral phosphonium salts, which
have various applications in practice: as chiral phase-trans-
fer catalysts, organocatalysts, ligands and chiral
reagents.%> 16-18

A method was developed for the synthesis of chiral
phosphonium salts (e.g., salt 21) by the quaternization of
the corresponding phosphine with arenes generated in situ
from 2-(trimethylsilyl)aryl triflates (Scheme 6). Chiral phos-
phonium salts were synthesized from P-stercogenic phos-
phines. For example, compound 23 derived from phosphine
oxide 22 gives salt 24 (Scheme 7). Phosphonium salts 2527
were synthesized in a similar way. The reactions were
stereospecific and occurred with retention of the absolute
configuration at the P reaction centre and with high product
yields.10-20

Scheme 6

P ™S CsF
AN Myl O TN
e s
Ph oTf

0-An

Ph\i"rp+

Ny aYatd
m-Xyl

21 (58% —95%)

m-Xyl is m-xylyl (3,5-dimethylphenyl), TMS is trimethylsilyl,
Tfis trifluoromethanesulfonyl (triflyl)

Scheme 7
Bn
ﬁ (Et0)sSiH, | B
/PQ Me JTiOPr)a /PQMe _BBr __PliMe
Ph 0-An %-An  (Retention) PP 0-An
22 23 24 (76— 93%)

Structures 25-27

Me
TfO~ Me
\
/Z‘ R*NH \ H‘But f‘ﬂ‘Ph e

OAnU‘ P\ Ph i T\Me
26 Pr Bn
27
25

= (S)- or (R)-CH(Pr)CO,Me

The successive electrophilic alkylation of benzodiphos-
phetane 28 with methyl triflate and nucleophilic alkylation
with methylmagnesium bromide afford a symmetric
P-stereogenic bisphosphine ligand. Benzodiphosphetane 28
is configurationally stable and does not undergo racemiza-
tion when heated in toluene to 105 °C for 18 h. The
formation of the Cjs-symmetric P-stereogenic ligand
BenzP* (29) is stereospecific and occurs with a diastereo-
meric excess (de) >90% (Scheme 8).%!

h
B Me Eut Scheme 8
1) MeOTf N\~
@:P 2) MeMgBr ©:P
P - P
7 7
But But Me
28 (er = 10:1) 29 (er =10:1)

er is enantiomeric ratio

Interesting observations were made in studying the
P-alkylation of alkoxycarbonylphosphine 30 with methyl
triflate.??-23 This alkylation reaction in dichloromethane in
the temperature range from —78 to 20 °C followed by
hydrolysis of intermediate alkoxycarbonylphosphonium
gave tertiary phosphine 31 as a mixture of (Rp)- and (Sp)-
diastereomers with a low de value. However, stereoselective
dynamic crystallization of the resulting mixture of diaster-
eomers from ethanol at room temperature made it possible
to enrich the mixture with one diastereomer. The diastereo-
meric ratio (dr) changed from 25:1 at room temperature to

Scheme 9
v |
OR* Ow_OR* 0y _OR* H,0
f MeOT!_ h( i B e
SR L (S - _P\()
o-An\‘ \Q o-An” \''Me  Ph\"'Me o-An" \ Me
Ph Ph 0-An Ph
30 o 31
H
R'= M::po
Me
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91:1 on heating to 50 °C for 22 h. After the removal of the
BH; group, product 31 was transformed into the (o-anisyl)-
methylphenylphosphine ligand (PAMP) with an enantio-
meric purity of 99.5% ee in 74% yield (Scheme 9).%2-23

2.3. Alkylation and arylation of phosphine boranes
Phosphine boranes comprise an important class of organo-
phosphorus compounds due to their high reactivity and
extensive use in organic synthesis.?42> These compounds
can be employed as precursors of chiral tertiary phosphines.
Phosphine boranes readily form lithium or sodium deriva-
tives, which undergo electrophilic substitution at the phos-
phorus atoms when treated with appropriate electrophiles
(Scheme 10). Alkylation reactions generally proceed with
retention of the absolute configuration, which indicates that
the electrophile attacks the electron-rich phosphorus atom
from the front side. Apparently, the reaction proceeds via
the formation of unstable five-coordinate transition state
32, which its stabilized through removal of an electrofuge
(Li*) giving final substitution product 33. Phosphine bor-
anes are Lewis acid —base complexes that are formed via an
interaction between the phosphorus lone pair and the
unoccupied molecular orbital of boron. In solution, lithium
is coordinated by hydride ions of the BH3 group in a n?
fashion, as demonstrated in relation to structure 34 derived
from complex 35 (Scheme 11).2¢ Generally, phosphine bor-
anes are quite easily available compounds, which are widely
used in practice. A convenient procedure for their synthesis
is based on the reduction of secondary phosphine
oxides.?®~ 3% Phosphine boranes are configurationally stable
and do not undergo racemization at room temperature,
although racemization is sometimes observed at elevated
temperature. Experimental studies showed that the racemi-
zation occurs via the pyramidal inversion mechanism
(Scheme 12).31-34

A conventional method for the synthesis of tertiary
phosphines involves the electrophilic substitution of phos-

Scheme 10
BH BHaLi
[ ° Buli [T Akt
R1/P\\H HE R
R2 R2
, BHs 17 R!
> R \}L\/Alk Li* M» R2—;|:)iBH3 + Li+
RZ/ S /
Alk
32 33
Scheme 11
BH Ph
| ° BunLi = PN Alk*
P —— MntO=—P—B==H---Lj ——>
ph” \H THF . \H/
OMnt 34
35
Ph,
—> MntO=P—BH3z + M*
Alk Mntis (1R,2S,5R)-menthyl
Scheme 12
RZ
BH A
[ R R
RﬁyP\Rs \
R BH3

phide anions with alkyl halides derived from phosphine
borane complexes. Livinghouse and co-workers 33-3¢ devel-
oped a procedure for the enantioselective synthesis of chiral
tertiary phosphine boranes from racemic secondary phos-
phine borane 36.3%-3° Compound 37 was prepared by the
deprotonation of phosphine borane 36 in the presence of
(—)-sparteine. The subsequent alkylation of phosphide 37
was performed with high enantiocontrol via dynamic reso-
lution. The predominant formation of a single enantiomer
was accomplished via thermodynamic resolution induced by
sparteine. The stirring of the suspended (—)-sparteine
lithium complex at 25 °C for 1 h led to an increase in the
optical purity of alkylation product 38 from 40% ee to
82% —95% ee (Scheme 13).

Scheme 13

BH3 BunLli, BH3 BH3
I‘:’ (—)-spartein I‘D EHal |‘3

Ph” % “H Ph" N Ph" L E
But But But

rac-36 (S)-37 (R)-38

EHal Yield (%) ee (%)
Me Me

Br N

Phosphine borane complexes react with alkyl(aryl) hal-
ides under mild conditions in the presence of alkene to form
quaternary phosphonium salts. Thus, the reaction of the
complex (R)-PAMP-BHj3; (31) with alkyl bromides affords
enantiomerically pure phosphonium salts 24 and 39 with
retention of configuration at the P reaction centre
(Scheme 14).37

Scheme 14
|‘3H3 C‘HZR
P BrCH2R H_p*\ Br—
o-AN | "Me oo i ene THE OANT L Me
Ph Ph
31 24,39

R = Ph (24), CN (39)

The samarium carbenoid, derived from diiodomethane
and samarium, reacted with secondary phosphine boranes
40a—f to give P-methylated tertiary phosphines 41a—f. The
reaction occurred with retention of configuration at the
stereogenic phosphorus atom. Experiments with deuterium
demonstrated that the methylene group is inserted directly
into the P—H bond through transition state 42. The P—H
bonds in secondary phosphine boranes 40 are subjected to
methylene insertion with the carbenoid (Scheme 15).38

Recently, a number of stereospecific methods were
developed for the transformation of phosphine oxides into
phosphine borane. For example, phosphine oxides and
sulfides having the (R) configuration were transformed
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Scheme 15
I
BHs  CH,lp, Sm, BHs , ~. BHs
‘ THP | f_->Sml |
wPhP — Pz -—CH2™ — P
R" \"H _40-20°C N R" '\ Me
Ph H
Ph Ph
40a-—f 42 41a—-f

(86%—90%)

R = cyclo-CgH11 (a), Me (b), Pr" (c¢), Bu™ (d), Pr' (e) , Ph (f)

into the corresponding phosphine boranes by the treatment
with oxalyl chloride followed by the reduction with sodium
borohydride. The reaction proceeded through the formation
of secondary phosphine dichlorides, which were reduced to
final phosphine boranes (R)-2, (R)-31 and (R)-43a—c in
high yields without loss of optical purity (Scheme 16).39-44
The treatment of P-stereogenic phosphine oxides with
Meerwein’s salt (triethyloxonium tetrafluoroborate) and
the subsequent reduction with sodium borohydride
also yielded chiral phosphine boranes (S)-2, (S)-31 and
(S)-43a—c¢ but with inversion of configuration.*! Therefore,
both optical antipodes of the corresponding phosphine
borane can be derived from one and the same P-stereogenic
phosphine oxide.

Scheme 16
BH3 X (COCl)a, BH3
b Et:OBF4 1 PhMe b
IO e — I RN VRN
R" \"Ph  NaBH,, Ph'/ "R NaBH, Ph'/ 'R
Me diglyme Me diglyme Me
(S)-2, (S)-31, (R) Confi- (R)-2, (R)-31,
(S)-43a—-c guration (R)-43a—c

(62% —76%) (86%—91%)
R = Bu!(2), 0-An (31); X=0,S;

43: R = o-Tol (a), 2-PhCgHa4 (b), Mes (c); Tol is tolyl (methylphenyl),
Mes is mesityl (2,4,6-trimethylphenyl)

Compounds 44a—d and 45a—d containing the
L-menthyl group at the phosphorus atom are highly config-
urationally stable due to the presence of a bulky group
preventing the interconversion of two stereoisomers
(Scheme 17). The energy difference between the stereoiso-
mers (Sp)-46 and (Rp)-46 evaluated by quantum chemical
calculations is 91.47 kJ mol—'.3° Owing to the configura-

Scheme 17
i it
P (COCl),, PhMe P
TGN > LY N
Mnt ,éh R "ZaCl NaBH, PN ,\ﬂnt R
44a—-d 45a—-d

(de 92% —98%)

R = Bn (a), p-TolCHz (b), p-Bu'CsH4CH> (c), 4-CICsH4CH> (d);
de is diastereomeric excess

BH3 Me BHs
b(R) _BUOK ButOK l‘j(s)
Ph\“l\H Pri O ~— Mnt"'4 H
Mnt wstF’*Ph Ph
(R)-46

47

tional stability, the transformation of phosphine borane 46
into different P-stereogenic compounds occurs stercospe-
cifically under ambient conditions. The absolute configura-
tion at the phosphorus atom was confirmed by an X-ray
diffraction study of compound 45 (R = Bn), which showed
that the alkylation proceeded with retention of the absolute
configuration at the phosphorus atom.*° In the presence of
a base, the alkylation of phosphine boranes 46 occurs
stereospecifically without loss of chirality to give P-stereo-
genic tertiary phosphine oxides through transition state 47.
Due to stabilization by the L-menthyl group, the alkylated
products can be reduced stereospecifically to phosphine
boranes without loss of optical purity.?® 4! These methods
were applied to prepare bidentate and monofunctional
phosphine ligands, including bisphosphine oxides as single
stereoisomers.

The reaction of menthyloxyphenylphosphine borane 35
with alkyl halides in the presence of sodium hydride in THF
proceeds with complete stereospecificity =43 to form
menthyl (Rp)-methylphenylphosphinite borane 48 with
retention of the absolute configuration. Then borane 48
was transformed into tertiary isopropyl(methyl)phenyl-
phosphine borane 4le by the treatment with PriMgl
(Scheme 18).44-46

Scheme 18
BH3 BH3 BH3
R Mel  (S) ] PiMgl (R |
PR \'H Nan phT\'Me T T\ P
OMnt OMnt Me
35 48 (100% de) 41e

Chiral menthylphosphinite boranes 48 and 49 were
stereoselectively reduced to phosphine boranes 31, 41b, 50
and 51 with such reducing agents as lithium naphthalenide,
lithium 4,4’-di-tert-butylbiphenylide (LDBB) or lithium in
liquid ammonia. The reaction proceeded through the for-
mation of lithium derivatives 52. Intermediate phosphide
boranes 52 were alkylated with alkyl halides to prepare
tertiary phosphines 31, 41b, 50 and 51 with retention of
configuration at the phosphorus atom (Scheme 19).33,47-49

The alkylation of compounds 53a—c pretreated with
butyllithium affords phosphine boranes 2 and 54a—j with
retention of configuration at the phosphorus atom and with
high ee values (Table 1). The absolute configuration of some
derivatives 54 was established by X-ray diffraction.3?

Scheme 19
Li% NH3
BHs3 or BH3 BH3
F‘, LDBB ‘P R'X |‘:>
I " R I
Ph!"" '\ OMnt Ph" L Ph'" \ R/
R R R

(S)-48, (S)-49 52 (S)-31, (S)-41b,
(100% de) (S)-50, (S)-51

R = Me (41b, 48, 50), 0-An (31, 49, 51); R' = Me (31, 41b), Bn (50, 51)

The reductive elimination of the fluorenyl group of
compound 55 using lithium naphthalenide produced the
corresponding lithium derivative 56 with a diastereomeric
ratio (dr) of 2.5: 1. A mixture of diastereomers in a solution
in heptane in the presence of alkyl halide underwent a
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Table 1. Synthesis of optically active tertiary phosphine boranes 2 and Scheme 21
54a—j.3? BH3
MeCN ‘
BH L _78° BH P
L L (Retention) Mnt0"" | "o-An
P 2R P BHy Ph
Art o\ 't'i Ar" A 'R \ o-Anl, (S0)-49
Bu But P Pd(PPha) P)-
MG 3)a
53a—c 2, 54a—j Ph! \H OMnt ———— (96%, ~100% de)
Sp)-35 BH
Substrate Ar RX Product  Yield (%) ee (%) ( 1(0(;; de) THF \ ®
° (Inversion) MntO‘”‘P\\Ph
(Sp)-53a  Ph Mel (Rp)-2 85 99 0-An
(Sp)-53a  Ph BnBr (Rp)-54a 91 98 (Re)-49 (76%, 92 de)
(Sp)-53a  Ph CH>=CHCH:Br (Rp)-54b 83 89
(Sp)-53a  Ph CH=CCH:Br (Rp)-54c 65 89 Solvent Ratio S: R ee (%)
(Sp)-53a  Ph TMSCHoI (Rp)-54d 93 86
(Sp)-53a  Ph 2-PyCH,Cl (Rp)-54¢ 68 99 MeCN 100:0 100
(Sp)-53b  0-Tol Mel (Rp)-54f 77 98 THF 4:96 92
(Sp)-53b  0-Tol BnBr (Rp)-54g 90 99
(Sp)-53b  0-Tol CH>=CHCH:Br (Rp)-54h 90 78
(Sp)-53b  o-Tol CH=CCH:Br  (Rp)-54i 68 77 furan in the presence of K>COs3; or AcOK occurs with
(Sp)-53¢  1-Naph Mel (Re)-54j 89 91 inversion of configuration and gives product (Rp)-49, as

Naph is naphthyl, Py is pyridyl.

crystallization-induced asymmetric transformation into one
major diastereomer upon slow evaporation of the solvent.
This led to a change in the diastereomeric ratio to 20:1
towards more stable crystalline stercoisomer 45a or 57
(Scheme 20).%3 The alkylation of lithium derivative 56 with
alkyl dihalides was used to prepare bis(phosphine boranes)
58 (see Scheme 20).3°

Scheme 20
BHs BH3 -
‘ B \ . RX
P > P Lit ———>
Mnt'"'/ “Ph Mnt'""/ “Ph (Retention)
Fl .
55 56
BH3 :
| - Et:NH b
Mnt" / “Ph Mnt""/ “Ph
R R
45a, 57 (92%)
RX = Mel, BnBr; R = Me (57), Bn (45a); Fl is fluoren-9-yl,
B (base) = e
Structures 58
‘BHS ‘BH3
P P.,,
Phf T\ Mt
Mnt Ph
58 (n = 3,4)

Generally, the bimolecular electrophilic addition and
substitution involving compound 35 occur with retention
of the absolute configuration at the phosphorus atom.
Nevertheless, there is one exception to this rule. The
reaction of diastereomerically pure (Sp)-(menthyloxy)phe-
nylphosphine borane 35 with o-iodoanisole in the presence
of 5 equiv. of 3% Pd(PPhs)4 in acetonitrile or dimethylfor-
mamide proceeds with retention of configuration giving
product (Sp)-49. Meanwhile, the reaction in tetrahydro-

shown in Scheme 21.

This is attributed to the fact that the deprotonation of
secondary phosphine borane in a polar solvent (acetonitrile)
in the reaction with K>COj3; occurs at a high rate. The
resulting phosphorus-containing anion reacted with palla-
dium with retention of configuration at the phosphorus
atom in intermediate A. On the contrary, the deprotonation
was slow in a less polar solvent (THF), resulting in the
inversion of the absolute configuration of the product
through the formation of intermediate B (Scheme 22).33

Scheme 22
BH3
‘l\j K2COs
RU/ SH
R2
BH3 BH3
MeCN ‘p h . |‘3
——— R Retention) R'"/," ™A
Pd(Ar)L, (Re ) r
AL 4
A (S)-49

[

|
Ln(Ar)Pd*) BHs BH
THF T

\
P.

R"Y \\\H\ //O (Inversion) R2mP~Ar
R2 R /
O*C\ R1
B o) (R)-49

Copper complexes and salts were used as cocatalysts in
palladium-catalyzed phosphorylation reactions.?> It was
shown that the aromatic phosphorylation occurs at low
temperatures and is accompanied by the addition of copper
iodide. This method can be used to accomplish the
Pd®— Cu!-catalyzed reaction of enantiomeric methylphenyl-
phosphine borane (S)-40b with aryl iodides giving products
31, 43a and 59a,b (Scheme 23).

Halogen-substituted phosphine boranes having unique
chemical properties are valuable chiral reagents for the
synthesis of P-chiral phosphine ligands. Enantiomerically
pure (S)-tert-butylmethylphosphine borane 60 can be
deprotonated with Bu"Li at —78 °C, and the subsequent
halogenation with 1,2-dibromoethane or 1,2-diiodoethane
gives halophosphine boranes 61 as crystalline compounds in
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Scheme 23
BH; | MePh,P, Cul, “3H3
\(s) . DIPEA P
Ph"" \\ R P, THE, PR\ R
Me MeQS
40b 31,43a,59%a.b

(65% —98%,
95%—99% ee)
R = 0-MeO (31), o-Me (43a), p-MeO (59a),
p-CF3 (59b); DIPEA is diisopropylethylamine

high yields.*® The treatment of halophosphine boranes 61
affords ligands 62, and the sequential reactions of chloride
63 with tert-butyllithium and alkyl halide through the
formation of the corresponding phosphide ion produce
tertiary phosphine boranes 31 and 4le with high stereo-
specificity (Scheme 24).34.35.45.48 Big(phosphines) 64 were
synthesized from compounds 62.4°

Scheme 24
1) ButLi
E‘le 2) X(CHa)2X, "BHZ* "3H3
Et,0, —78°C P a
“P R E— " w‘P
Bu'" \°H  (Retention)  Bu"" b X (Retention) Bu!" \ R
Me Me R?

60 (ee >99%) 61 (99% ee) 62 (88% —90%)

(a) R'M or R2M (R, R2 # Me);

X =Br, I; R2 = Me: R' = Bu", Bn; R = Me: R2 = C=CR3

yields. The hydrophosphination of fullerene Ce¢o with phos-
phine borane proceeded under PTC to give P— C derivatives
of Ceo dipeptides in 80% yield. The addition of fullerene Cep
was performed under mild conditions without racemization
of the amino acid or peptide moiety (Scheme 25).3°

The P-chiral ligand (R,R)-QuinoxP* (67) was synthe-
sized by the deprotonation of chiral secondary phosphine
borane 60 with n-butyllithium followed by the nucleophilic
substitution of Cl atoms in 2,3-dichloroquinoxaline at low
temperature. The deboration afforded ligand 67, which was
isolated as an orange crystalline compound (Scheme 26).°!

Scheme 26
BUt Me
BH3
| l‘j _ BULi @[ I BH; TMEDA _
ut\ \ BH
@[ I 3
(99% ee) Me But

But

N_ P
Noe:
N/ PABUt
Me
67 (80%, 99% ee)

TMEDA is tetramethyl-
ethylenediamine

(R® = Ph, But, PriSi, TMS), Ph, 0-An; M = Li, Mg
The reaction of P-chiral secondary phosphine boranes
- 60 and 68a,b with halobenzene chromium complexes in the
BHs BHs3 BH3 iy R .
\ BuLi (3 equiv.) \ Mel (3 equiv.) \ presence of sec-butyllithium via the Sn(Ar) mechanism gave
ot —— | _Pu, it P ligands 69 in 75% —99% yields with complete retention of
! _ - R Retent ! . . .
cl \ R ETL\IA: 85°C, \ (Retention) - Me \th the absolute configuration (Scheme 27).3> This method was
63 31, 41e used to prepare chiral phosphine ligands containing pri-
' mary and secondary alkyl, as well as aromatic substituents
R = 0-An (31, 75%, 92% ee), Pr' (41e, 68%, 89% ee) including ferrocenyl (Fc) and phenyl groups (see, for exam-
ple, Scheme 28). These ligands were utilized in the catalytic
asymmetric reduction of alkynes and aldehydes to form
BH BH Structures 64  chiral allyl alcohols with high regioselectivity and complete
\ ° [ E selectivity.>?
t“”P\ / P\ t
Bu / ’i\ Bu Scheme 27
/ \ X BHa
R=PhPisi,Bit R g R BH3 F‘>
F\) N BusLi R
R\ H _Cr_ THF, —40°C Me
The stereoselective synthesis of secondary phosphine Me oc” | co
boranes 65 containing amino acid substituents was accom- 60, 68a,b co OC/C\:r\CO
plished by alkylation of phenylphosphine borane with co
-iodo-a-amino ester under phase-transfer catalysis (PTC).
Y under p ysis (PTO). -y _ 1, F;R = But (60), Ad (68a), Cy (68b); 68 (7%—93%,
Then compound 65 was hydrolyzed and treated with o,y-di- Adis 1-adamantyl 75%—99% ee)
amine to prepare the corresponding dipeptides 66 in good y
C O.R' Scheme 25
,
| CO2R BH, o 1 CO,R! NH(R2)Boc
“3"'3 NHBoc /,‘3 | HoN NH(R?)Boc HBoc
PhPH; Cs2COs(PTC) PN ,_‘1 OH  2) Ceo, NaOH, Cs,COs,

5 NHBoc H.0

R' = H, Me, But; R2 = H, Boc

66
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Scheme 28 Scheme 30
/Ph AgOTf /Ph 1 /g‘ !
g R'O” '\ ""OR3 + R¢—X —>
(OC)SW—P\—Cl —=—> (0C)s W—P\—m Ve
OR!
*t> I‘:‘fw X
R0\ 'R*
OR3
A i
AgOTf — (N P,
(0C)sW—F,~Cl AL w—Fc l RO\ 'R
3
CI OTf , X OR
Lewis 4 ‘
ACId R O M“P 4 ]
< e
o
B
(0C)sW—P—Cl

2.4. Michaelis — Arbuzov reaction

The Michaelis— Arbuzov reaction (or rearrangement, also
known as the Arbuzov reaction) provides a versatile
approach to the formation of carbon—phosphorus bonds.
The classical Michaelis— Arbuzov reaction involves the
alkylation of trivalent phosphorus acid esters with alkyl
halides giving the corresponding pentavalent phosphorus
acid derivatives containing a new P—C bond and also
phosphonates, phosphinates or tertiary phosphine oxides
(Scheme 29).54-67 Of particular interest is the stereochem-
istry of this reaction. The data on this issue have not been
systematically considered as yet, although it has been
extensively studied.

Scheme 29
. C‘)Rﬁ (\)
: X-
P RAX P, 0 —>  _P.  +RX
R10/‘ \R3 Rz/ \ \R4 R2 \ H\R4
R2 R3 R3S

R' = Alk, Ar; R? = AIkO or Alk, Ar; R3 = AIKO, Alk, Ar

For example, the mechanism of the Michaelis — Arbuzov
reaction was recently studied by ultrafast NMR spectro-
scopy (UF-HMBC).?® The reaction of triethyl phosphite
with benzyl bromide was investigated in the absence of
catalysts on heating to 70 °C and in the presence of Lewis
acids at room and low temperatures. At —70 °C, the
UF-HMBC 'H and 3'P NMR spectra show no signs of
intermediates. At 25 °C, intermediate benzyltriethoxyphos-
phonium bromide was detected in the zinc bromide-cata-
lyzed reaction. In the absence of the catalyst, the reaction
took place only at high temperature through a two-step
mechanism. The first step involves the slow formation of
intermediates A = B, which are rapidly transformed into
phosphonate. In the presence of such catalysts as ZnBr; or
Znl,, the reaction is easily accomplished at room temper-
ature. In the authors’ opinion, the detection of the stable
intermediates A is evidence of a unimolecular reaction
mechanism (Scheme 30).

Investigations of the mechanism and stereochemistry of
the Michaelis— Arbuzov reaction showed that the first step
occurs via the electrophilic addition of the starting com-
pound to the trivalent phosphorus atom containing a lone
pair to form positively charged alkoxyphosphonium salt 70.
This is followed by the intramolecular attack of the halide
ion on the electrophilic carbon atom of the alkoxy group,
resulting in the elimination of alkyl halide and the forma-
tion of phosphine oxide 71. The Michaelis— Arbuzov reac-
tion involving chiral phosphinites and alkyl halides is
stereospecific and proceeds with complete retention of the

absolute configuration at the phosphorus atom
(Scheme 31).5¢
Scheme 31
RO OR ) 0
But—p— M gé’* : RX
u / " (Retention) Byt~ \”‘Me But/ {”‘Me +
Ph Ph Ph
70 71
R=Ak X=1

The asymmetric version of the Michaelis—Arbuzov
reaction was investigated by several research groups. For
example, the reaction of cyclic phenylphosphinite 72,
derived from (S)-butane-1,3-diol, with alkyl halides is
accompanied by the ring opening via the P—O bond
cleavage in the intermediate giving acyclic products 73
(Scheme 32).58

Scheme 32
Ph
Ph " Ph
RX, t "R | R
, } /Q o 0[O | — Mer)—0—pC
{ ; X O
72 X= 73
RX Yield (%) [o]p /deg RX Yield (%) [o]p/deg
Mel 86 10.6 AlIBr 77 4.7
Etl 71 —15.9 BnCl 64 —11.8
PrBr 51 —-12.3 PhsCCI 56 —25.0
Bu"Br 58 —8.1
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Michalski er al.>® studied the stereochemistry of the
Michaelis— Arbuzov reaction of dioxaphospholane 74 with
alkyl halides and showed that phosphorane and phospho-
nium intermediates exist in equilibrium. The decomposition
of intermediate alkoxyphosphonium salts 75 via the nucle-
ophilic attack of the X~ anion on the alkoxy carbon atom
gives rise to phosphoryl groups. The dealkylation of phos-
phonium intermediate 75 occurs by the Sny2 mechanism and
is accompanied by inversion of configuration at the chiral
carbon atom. The reaction of optically active secondary
alcohol (R*OH) also produces alkyl halide with inversion of
configuration in accordance with the SN2 mechanism
involving the phosphonium intermediate D. Evidently, the
concerted dealkylation of the phosphonium intermediate C
occurs with retention of configuration at the carbon atom of
the resulting alkyl halide (Scheme 33).%°

N

O, X—Y O /
p—OEt = '» P—OEt ===

o o\

Y

74
o+ o 0

(Tl e (L
o\ x= - oY
75

X=Y=Cl,Br; X=ClY=Ph

Scheme 33

\/
AN

R
@:O\Poa—i L —
R / x x
Cc

e
X=v_ @: /P\/ + RR/C*HX
o v

In some cases, the Michaelis—Arbuzov reaction pro-
ceeds with low stereospecificity. For example, the reaction
of diasterecomerically pure (2R,4S,5R)-3,4-dimethyl-2,5-
diphenyl-1,3,2-oxazaphospholidine 76 with alkyl halides
affords a mixture of two diastereomers of phosphonium
salt 77 in a ratio of 85:15.%0 The formation of phosphonium
intermediates with the same diastereomeric ratio as for the
final phosphine oxides (Scheme 34) was detected by NMR
spectroscopy. Meanwhile, the Michaelis — Arbuzov reaction
involving propionyl chloride and 1,3,2-oxazaphosphori-

o, x X
~CIi g
- / *

0 "o—CH

D R

Scheme 34
oR.,Ph ph X 0 Ph
Ph,P/(RD RCH,X \5/ j MeOH
\N " H*, MeOH RH \ .
/(S Me N 'Me
Me Me

76 (100% de)

Ph 1Me
O "
~ p 0

R"/ N7 "Me
Ph |
Me

(70% de)

77 (70% de)

R = H, Me, Et, Ph;
X=Cl,Br, |

nanes gave cyclic acyl phosphonates in 81% yield with
high stereoselectivity (dr = 92:8).6!

The alkylation of trimethylsilyl or trimethylstannyl
ethylphenylphosphinate, like the free-radical addition to
alkenes, was accomplished with complete (or nearly com-
plete) retention of configuration and gave products 78a,b in
good yields (Scheme 35).62

OXMes o Scheme 35
R p. RI (R) !,\
Ph7| Ph"'| "R
OEt OEt
78a,b

X=8i, Sn; R = Me (a), Et (b)

The Michaelis — Arbuzov reaction of (55,65)-dimethoxy-
2-phenyl-1,2,3-dioxaphosphacycloheptane 79 with various
alkyl halides afforded phosphinates 80 with a satisfactory
enantiomeric excess. Products 80 were transformed into
optically active phosphine oxides 8la—d using Grignard
reagents (Scheme 36).%>

Scheme 36
H
MeO O\ RI
MeO 11, /P—Ph (Retention)
O
H
79
(0]
MeO H OigwR MeMgHal IU’
1R
> Me | Me™ =R
MeO i, | Ph (Inversion) Ph
H 81a-d
80 (40% —99% de)

Com- RI Tempe- Yield (%) ee (%)
pound 81 rature /°C
a PhCHal rt 50 45
b 4-BrCgH4CHo>l rt 46 50
c 4-CNCgH4CHal 36 63 99
d 4-O2NCgH4CH2l 36 100 99

The reaction mechanism is presented in the general form
in Scheme 37. The stereochemistry of the reaction is deter-
mined by the equilibrium between the threo and erythro
isomers of intermediates 82. The interaction of the lone pair
of the phosphorus(lll) atom with alkyl halide occurs
through the attack on the axial position of the starting
phosphinite 79 giving intermediate 82. If the phosphonium
ion is sufficiently long-lived to provide the thermodynamic
equilibrium between the isomers threo-82 and erythro-82,
the diastereomeric excess of phosphinate 80 decreases.
Therefore, the stereospecific Michaelis— Arbuzov reaction
of (585,6S5)-5,6-dimethoxy-2-phenyl-1,3,2-dioxaphosphe-
panes 79 with alkyl halides through the intermediate for-
mation of isomers 82 gives chiral tertiary phosphine oxides
80 and 81.35-57

Pietrusiewicz ®® found that vinyl phosphine 83 reacts
with (—)-menthyl homoacetate (84) to form a mixture of
diastereomeric Michaelis— Arbuzov reaction products 85
and 86 (Scheme 38). Stereomers 85 and 86 were separated
by crystallization of the crude reaction mixture. After the
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H H X= Scheme 37
= = 1 =
Meo—=-"O [ .. Meo—~ O3 R MeO O o RMgX Q
He O*ﬁ —>  H= O*l\’ He X /P 2 P~pi
MeO Ph MeO Ph MeO ~ Ph” R or
ax-78 threo-82 (R)-80 (S)-81
H Ho H
MeOmz O Ph MeO=>" O, Ph MeOZ X O R2MgX I
Hom o—Pb T He o—p — on=l_o—Rr_, R PR
MeO MeO R MeO Ph Ph
eq-79 erythro-82 (S)-80 (R)-81
Scheme 38  naphthalenide, Ca(OH), in DMF, KOH in acetonitrile and
tertiary amines are utilized as bases (see Schemes 40 and
Ph Ph o Ph o
P oBu" @ = g + \ 41). The Michaelis— Becker reaction is completely stereo-
_ u VP\/COZMnt \W\‘P\/COZMnt specific. For instance, the alkylation of sodium salt of
83 (S+)-85 (100% de) (Re)-86 ethylphenylphosphinite 90 with iodomethane or iodoethane

(a) BrCH2CO2Mnt (84), 106 —-109 °C

LICI,Hz0, pp

Ph 0O 0 0
- y DMSO ,,P//
=/ \_-COMnt Me” N\
(Sr)-85 (Sp)-87 (68%, 98% ee)

in dimethylformamide affords enantiomerically pure prod-
ucts 78a,b according to stereospecificity of this reaction.
The reaction of secondary phosphine oxides (R)-91 and
(Rp)-92 with alkyl halides produces tertiary phosphine
oxides 14 and 71 with retention of the absolute configura-
tion at the P reaction centre (see Schemes 41 and 42). In the
former case, the reaction proceeds through the formation of
chiral metal phosphide derivatives 93 and 94.

crystallization, the stereoisomer (Sp)-85 was obtained with
100% de.

Johnson and Imamoto ¢’ demonstrated that menthyl
esters 85 and 86 prepared by this method can easily be
resolved into (Sp) and (Rp) stereomers and then alkylated at
the o-carbon atom. The hydrolysis of these derivatives
followed by decarboxylation produced tertiary phosphine
oxide, e.g., (Sp)-87, with a high ee value.®”

2.5. Michaelis — Becker reaction

The Michaelis — Becker reaction is an electrophilic substitu-
tion reaction of trivalent phosphorus acids giving alkyl
phosphonates. Examples of the stereospecific Michaelis—
Becker reaction with alkyl halides and aryl halides are
shown in Schemes 39-42.8-71 In the presence of strong
bases, the tautomeric equilibrium 88 = 89 is shifted
towards three-coordinate state 89, which readily reacts
with electrophiles (see Scheme 39). Sodium ethoxide,
sodium in THF, sodium hydride, n-butyllithium, sodium

Scheme 39
O OH (0]
TR " T
. — - —_ -
R"/ ™H R/ -NaH R/ TR
Ph Ph Ph
88 89
Scheme 40
I ™ P i
P P NaH PO R p(S)
Phd "H="Ph4 " —> ph/ " —> Ph4 "R
EtO EtO EtO EtO
(S)-90 (S)-78a,b

R = Me (a), Et (b)

Scheme 41
LiO
Bu"Li \
————> RmP ————
Et,0, 0°C /  MeCN,tt o
C Ph I
Mel
P R)-93 (Mel -

R"J “H ") R" 1 “Me
Ph NaO Ph
(R)-91 [ NaphNa o by 14

THF, 0°C / hexane, rt
Ph
R=Mnt (R)-94
Scheme 42
i i
Mel, NaH
B eyl
Ph” \'But THF.OC pn™ \'Byt
H Me
(Rp)-92 (Rp)-71 (99%)

The introduction of the (1S5,2R,5S)-menthyl moiety at
the phosphorus atom leads to an increase in the energy
barrier between two stereoisomers in the Michaelis— Becker
reaction, resulting in the stabilization of the major stereo-
mer. High configurational stability of menthylphosphinic
acids is due to the presence of the (—)-menthyl group
preventing the interconversion between two stereoisomers.
As shown in Scheme 43, the treatment of compound 91 with
a base (B) resulted in the transformation of 91 into the
phosphinite anion, in which a lone pair occupies more
space. In the presumed transition state A, the gauche
interaction between the oxygen anion and the phenyl or
isopropyl group is responsible for a high energy barrier
between the forms (R)-B and (5)-B.3°

In the presence of bases, the alkylation of phosphine
oxides 95 and 96 proceeds stereospecifically without loss of
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Scheme 43 Scheme 46
. IS
HO 0] 0] OH WFJ) _MeC(0)SCI Wll:l’
®wL R IC L0 e L0 e
Mt/ O T Mty T PR H T PR © o
Ph Mnt Mnt cis-100 (93% de) trans-101 (93% de)
(R)-91 (5)-91 o on o
B
Il o EN Lo | vesa )]}
o Et” | "H T e " Et” | "SMe
‘O* Me |‘:>(S) OPr' OPri OPri
‘ BU'OK BUOK pp. +)-102 —)-103 (52.5%
Py 290K WOK ppy (+) (—)-103 (52.5%)
Ph (0] Ph Mnt
(R)-B A (S)-B

chirality to form P-stereogenic tertiary phosphine oxide 97.
Different bis(halomethyl)-substituted alkanes were success-
fully transformed into the corresponding tertiary bisphos-
phine oxides 98 and were isolated as pure stereoisomers of
phosphine boranes 99 in high yields. For example, this
method was applied to prepare propylene- and butylene(bis-
phosphine oxides) 98 [R = (CHz)3, (CH2)4] by the reaction
of secondary phosphine oxide 91 with 1,3-dibromopropane
or 1,4-dibromobutane, respectively, followed by the trans-
formation of products 98 into bis(phosphine boranes) 99
[R = (CH>)3, (CH3)4] (Schemes 44 and 45).40

Scheme 44
i i i
(S) p RI, NaH P RLi R p
Ph”” 2> OMnt (Retention) Ph'" \ >OMnt m PR\ Pri
H Pri Me
(S)-95 (S)-(—)-96 (R)-(—)-97
R = Me, Pr'; R" = Me, Pr
Scheme 45
ﬁ) (‘)H Br—R—Br,
P aorb P KOH, MeCN, rt
Mnt" / SH Mnt'""/
Ph Ph
91
(0] (0] BH3 BH3
| | | |

P P P _P.
Mnt"] “R” NPh Ph"f >R \'Mnt

Ph Mnt Mnt Ph
98 (62% —99%, 99
98% de)

(a) Ca(OH),, DMF; (b) KOH, MeCN;
R = (CH2), (n = 3, 4), 0-, m- or p-CH2CgH4CH>

Cis- and trans-2-methoxy-4-methyl-1,3,2-dioxaphos-
phorinanes 100 react with sulfenyl chlorides with retention
of configuration at the phosphorus atom to form sulfide
(—)-101. The same stereochemical outcome was observed in
the reaction of optically active isopropyl ethylphosphinate
(+)-102 with methanesulfenyl chloride, resulting in the
stereospecific formation of thiophosphonate (—)-103
(Scheme 46).7> Chiral H-hydroxymethylphosphonates are
available P-chiral synthons for the preparation of optically
active phosphines. H-Hydroxymethylphosphonates

(Rp)-104 can be considered as chiral equivalents of alkyl
phosphinates ROP(O)H», which can be subjected to stereo-
specific alkylation followed by the removal of the hydroxy-

methyl moiety to  prepare  products  (Rp)-105
(Scheme 47).73-74
Scheme 47
O, OMnt Oy ,OMnt O_ _OMnt
Ho._ Py a, Ho\/\\P‘\ R b SPL
Ry H R H R
(Re)-104 (64% —T76%) (Sp)-105
(98% de) (82% —91%)

(a) Mel or AllBr, TMSN=C(OTMS)Me;
(b) N-chlorosuccinimide, Me»S, EtsN, CHxCly;
R = Me, All (95% —98% de)

In some cases, the ultrasonic (US) initiation of the
reduction of compounds containing the P=O group
increases the reaction rate and yields of enantiomerically
pure (Rp)- and (Sp)-secondary phosphine oxides. For exam-
ple, allyl- and but-2-enyl-fert-butylphenylphosphine oxides
106 were synthesized in two steps from (Rp)- and (Sp)-tert-
butylphenylthiophosphinic acid. The initial ultrasonic treat-
ment of the acid in the presence of Raney nickel (Ni-Ra) at
room temperature resulted in the formation of (S)-tert-
butyl(phenyl)phosphine oxide (S)-92. The latter compound
was metallated and treated with lithium diethylamide
(LDA) and alkenyl bromides, resulting in the formation of
products 106 in good yields (Scheme 48).75

Scheme 48
- G A
PR\ SH s, PhLH T P\ S
BUt 3hY ' But But
(S)-92 106 (54% —80%)

(a) 1) RCH=CHCH_2Br, LDA, —50 °C; 2) NH4Cl, H20; R = H, Me

The Hirao cross-coupling is a special case of the
Michaelis— Becker reaction. This reaction involves the pal-
ladium [Pd(PPhs3)s or Pd(OAc)s— PPhs]-catalyzed cross-
coupling of trialkyl phosphite and aryl halide giving phos-
phonates containing a new P—C bond (Scheme 49). The
cross-coupling is stereospecific, and the reaction of chiral
H-phosphonates with aryl halides occurs with retention of
the absolute configuration at the phosphorus atom.”6 83
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Scheme 49
o) OH ArBr+Pd® ArPdBr
e ]
R1/\\H R1/\©

R2 R2

(0] (0]
,u ]

R | "Pd—Ar —pPd R | “Ar
R2 R?

R', R? = Ph, OAlk

For example, the reaction of (R)-(+)-isopropyl methyl-
phosphinate 107 with bromobenzene in the presence of
tetra(triphenylphosphine)palladium as the catalyst and tri-
ethylamine occurs via the front-side attack of phenylpalla-
dium bromide on the P reaction centre giving compound
(S)-108 (Schemes 50 and 51).8!

Scheme 50
AcOK (0.1 equiv.),
dppf (5 mol.%),
ﬁ Pd(OAC)2 (2.5 mol.%) ﬁ
RO/PQ‘OR EtsN, THF, 68 °C Ro/PQOR
H Ar
dppfis 1,1'-bis(diphenylphosphino)ferrocene
Scheme 51
Q PhBr, Q
WP Pd(PPhs)s (5 mol.%) P
Pri0" A H . Pro "\ “Ph
Me EtsN,90°C,0.5h Me

(R)-(+)-107 (S)-(—)-108 (88%)

The enantioselective C—P cross-coupling of phosphine
oxide 109 with ortho-substituted aryl iodides was accom-
plished via kinetic resolution strategy, resulting in the
formation of chiral triarylphosphine oxides in high yields
with good enantioselectivity. In acetonitrile, this reaction
gave tertiary phosphines 110 (Scheme 52).8° The highest
enantioselectivity (61% —83% ee) was achieved using such
diarylphosphine oxides as (2-methoxyphenyl)phenylphos-

Scheme 52
)
Pd(OTf)2, 111, I

(0] NMM, MeCN, P..

I R 0C 2on Ph~"] ""Naph-1
P + —— R

Ph” \ "Naph-1 | (Kinetic
H resolution)
109

110 (61% —83% ee)

R = NHC(O)But, NHAc, NHC(O)CF3, NHSO2Ph;

NMM is N-methylmorpholine;  OMe
N N
MeO 7 PPh
e 2
1M1 =
MeO A\ PPh2
N &
OMe

phine oxide, (o-tolyl)phenylphosphine oxide and (1,10-
biphenyl-2-yl)phenylphosphine oxide in the presence of
palladium triflate as the catalyst and bis(phosphine) 111 as
the ligand at 70—-80 °C.80

The reaction of (R)-(+)-isopropyl methylphosphinate
107 with vinyl bromides 112 in the presence of tetrakis(tri-
phenylphosphine)palladium as the catalyst and triethyl-
amine occurs via the front-side attack of alkenes on the
phosphorus atom with complete retention of configuration
at the chiral phosphorus centre.”® Enantiomerically pure
(S)- and (R)-isopropyl alkenylmethylphosphinates 113 were
synthesized in good yields with high ee values. The absolute
configuration of the compounds was determined by the
chemical correlation method, which confirmed its complete
retention (Scheme 53).78

Scheme 53
0 R? R3 (H)
b _ PAPPh)s o P R2
N i TR Gy
wd RZ g BN Moy ri
(R)-(—)-107 112 (S)-113 (97% ee)
(97% ee)
0 i
2
“E, 112, Pd(PPhs)s Mew“‘P o R
Me"'[ ~H EtsN PrO
PrO R3 R?
(S)-(+)-107 (R)-113 (97% ee)
(97% ee)
R? R? R3 Yield (%) Configuration  ee (%)
of the product
H H H 64 S >97
H H Me 71 S >97
Ph H H 98 S >97
H H Me 71 R >97
Ph H H 98 R >97
H Ph H 98 R >97

The Hirao cross-coupling is used in the synthesis of
biologically active compounds. This reaction was performed
with various electrophilic agents, such as aryl-substituted
iodides, bromides and triflates, and H-phosphonates con-
taining cholesterol or nucleoside substituents. For example,
this method was applied to prepare aryl phosphonate 115 in
high yield starting from tyrosine triflate 114 and diethyl
phosphite (Scheme 54).7°

Scheme 54
BocHN
0 =
I COMe  py0ac),
—_—
Et0” \ogt T 1O
H 114
BocHN
B0 “—~=CO,Me
R
EtO/
115 (86%)

A series of P-stereogenic nucleosides were synthesized
by the palladium-catalyzed cross-coupling of aryl halides
(or triflates) with H-phosphonates. Thus, dinucleoside
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Scheme 55

| >
%NH Pd(OAC)2, PhsP, NMM,
N o \O/ Me

: N : N QO
0807 o 0007 o
Y Y
O/ \H O/ \Ph
116 OTBDMS 117 OTBDMS
DMT is 4,4'-dimethoxytrityl, TBDMS is tert-butyldimethylsilyl
Me o) Me o) Structures 118, 119
{ Y
/ NH / NH
TBDPSO o N%\ o TBDPSO o N%\
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P I\: ¢|:3\ </N /NH /‘C‘)\
(6] (0] (6] (0] (6] N N i
h 0] h (e} H Pr
H H
oDMT ODMT
118 119

co”

OEt

Pd(OAc)z, PhsP, NMM

Scheme 56

H-phosphonate 116 reacted with bromobenzene to form the
corresponding  dinucleoside  phenylphosphonate 117
(Scheme 55).7° Structures 118 and 119 are other examples
of dinucleoside phosphonates. Cholesterol H-phosphonate
was transformed into highly lipophilic 2-naphthyl phospho-
nate 120 in a similar way (Scheme 56).79-80,83

The asymmetric synthesis of enantiomers of the calcium
antagonist, (S)-(+)- and (R)-(—)-NZ-105, from prochiral
compound 121 was based on the modified Hunsdiecker—

Borodin and Michaelis— Arbuzov reactions catalyzed by
tetrakis(triphenylphosphine)palladium. The phosphination
of bromide 121 was performed by heating with trialkyl
phosphite in the presence of a palladium complex and
triethylamine in toluene at 110 °C for 5 h. Product 122
was prepared in high yield. 1,4-Dihydropyridines 123
derived from 122 have a chiral centre at position 4, and
their enantiomers exhibit different biological activity. For
example, (S)-NZ-105 possesses 850 times higher calcium

Scheme 57
Ph
O
i T g NG
Br " oRt _(RP0):POMe (R®O)P G OR! 1) 1MHCL, MeOH (R°0)2 ‘(R)‘ o> Npn
e Pd(PPha)a, EtsN, | ?n y N
. . .
Me ” Me 110 °C Me ” Me 2) HO~_N_ H
Ph
21 122 (87%) WSC-HCI, EtaN, 123 [(R)-NZ-105]
DMAP, DMF

0}

R = )k 2 — 12, 3 =
>{\o But ’ R 3 OZNC6H4| (R O)ZP Me o

Me O,
>< /P%; DMAP is 4-dimethylaminopyridine, WSC is water-soluble carbodiimide
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R’ Me Me Me
129 (But-Josiphos) 130 [(R)-MeO-BIPHEP] 131 (P—OP) 132 (ClickFerrophos 1) 133 (Chiraphos)

Ar = m-Xyl

antagonistic activity compared to the R stereoisomer
(Scheme 57).7!

3. Asymmetric electrophilic catalysis

The catalytic electrophilic activation of organophosphorus
compounds has attracted considerable attention of chem-
ists. Lewis acids are commonly used as electrophilic cata-
lysts and Lewis bases serve as nucleophilic catalysts. The
addition of Lewis acid to a substrate containing a lone pair
is accompanied by an increase in reactivity of the generated
complex. Typical examples of the asymmetric electrophilic
activation of organophosphorus compounds by chiral Lewis
acids are catalytic alkylation, arylation and halogenation,
enzyme catalysis, erc.84~ 88 In many cases, the chiral Lewis
acid-catalyzed asymmetric arylation (or alkylation) of rac-
emic secondary phosphines affords enantiomerically
enriched tertiary phosphines. These reactions are performed
using ruthenium, platinum, palladium, copper and molyb-
denum complexes with chiral ligands (e.g., compounds
124 -133).84-94

Chiral platinum complexes catalyze asymmetric alkyla-
tion of secondary phosphines with compounds RCH»X
(X = ClI, Br, I) giving tertiary phosphines (or their boranes)
in good yields with an enantioselectivity of 50% —93%.8¢
Secondary phosphines containing bulky substituents react
with para-substituted aryl iodides to form tertiary phos-
phines with an enantiomeric excess of up to 88%
(Scheme 58).84.85

P P Scheme 58
Ips/ \\H BnX, NaOTMS Ips/ "IMe
Me Cat CHoPh
134 (Re)-135

Ips is 2,4,6-triisopropylphenyl

Glueck and co-workers #8586 found that racemic secon-
dary phosphine 134 is transformed into tertiary phosphine
(Rp)-135 in the presence of platinum complex
Pt(127)(Ph)(Br) and NaOTMS in toluene. Apparently, the

first reaction step gives adduct 136, which rapidly undergoes
a transformation via P inversion: (Sp)-136 = (Rp)-136
(Scheme 59). Adduct 136 was isolated and characterized
by low-temperature NMR spectroscopy. According to the
X-ray diffraction data, this compound has the Rp absolute
configuration.®¢ The treatment of 136 with benzyl bromide
afforded product 135 with 72% —78% ee. The fact that the
alkylation of secondary phosphine occurred with retention
of the absolute configuration at the chiral centre confirmed
the reaction mechanism proposed by the authors. Based on
these results, it was concluded that the enantioselectivity of
electrophilic substitution is determined by the thermody-
namic preference of one diastereomer in the equilibrium
between the (Sp)- and (Rp)-complexes.

Scheme 59
Me
Cat Py,
- = > \"lps
rac-134 NaOTMS . WMe
Ph
aiMe
Ips
BnBr
=" Rp)-
~cat (Rp)-135
(77% ee)

(Rp)-136

Cat = Pt(127)(Ph)(Br)

Metal phosphine complexes (MPR>) undergo fast pyr-
amidal inversion between the forms A and B (Scheme 60).
As a result, the complexes M(L*)(PR!R?) exist as mixtures
of diastereomers that are interconverted at different rates. If
this equilibrium is established more rapidly than the rate of
the electrophilic reaction, P-stereogenic phosphines 137 are
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H/P§ R? Scheme 60
w / \L‘
E/P\”R1 % (L*)M/P\”‘R1 Inver5|on R1”/ LM % R“”}P\E
R? R? R? R?
(R)-137 A B (S)-137

L* is a chiral ligand
produced in an enantioselective manner, and these com- Scheme 62
pounds undergo slow pyramidal inversion. The ratio of the BH3 BH, [Pd]
products in the dynamic equilibrium A = B depends on (S)I"-’ NaOTMS (R)IL (141) ) 0-An
both the equilibrium constant (k.q) and the rate constants of H™ W Me W Na"" \ Me (Retention)
the formation of enantiomers (ks and kg). The alkylation of Ph (Retention)
the complex occurs with complete stercoselectivity at (Sp)-40b 140
—95 °C, because the reaction with Etl is more rapid than BH, BH,
the inversion of phosphine. However, at 20 °C product 137 © | R \
is generated with dr = 3.2: 1, because the rate of phosphine s pd" P\\Ph PhC=CPh_  Ani” P\\Me
inversion increases with increasing temperature, and the Me Ph
diastereomers A and B react with Etl at comparable rates. o-An

The enantioselective alkylation of secondary phosphines 142 (Re)-31(98%)
with benzyl halides catalyzed by the ruthenium complexes [Pd] = Pd[(S,S)-133]
[RuH(124),]* affords tertiary phosphines with ee values of

57% —95%.8%-83% The complex [125(dmpe]Ru(H)][BPha]
[dmpe is 1,2-bis(dimethylphosphino)ethane] efficiently cata-
lyzes the asymmetric alkylation of secondary phosphines
with benzyl bromides, whereas the ruthenium complex with
the (R)-MeOBiPHEP (130) and dmpe ligands is more
efficient in reactions with benzyl chlorides.®® The asymmet-
ric alkylation of secondary phosphines 138a,b with benzyl
bromides catalyzed by the ruthenium complex
[125(dmpe)Ru(H)][BPh4] gives phosphine boranes 139 in
good yields with high ee values, while benzyl chlorides are
preferred when wusing (R)-MeOBiPHEP (130)—dmpe
ligands (Scheme 61).87-88

Scheme 61
i
R1 \““IP\H + R2CH>X + NaOCMesEt i’ R‘l““l CH,R2
Me
138a,b 139 (70%—96%)

(a) [RuH(125)(dmpe)](BPh4) (10 mol.%), BH3- THF;

R' = Pri (a), Ph (b); R2 (ee for R = Ph) = Ph (75%), p-An (85%),
o-Tol (57%), 1-Naph (59%), Py (48%), Fu (68%),

m-CICH,CeHa (95%): X = CI, Br: Fu is furyl

The reaction of secondary phosphine borane (S)-40b
with o-anisyl iodide catalyzed by the chiral Pd complex with
the (S,S)-Chiraphos ligand (133) occurred with retention of
the absolute configuration at the phosphorus atom.®! The
first step of this reaction involves the formation of sodium
derivative 140 from the enantiomerically enriched secon-
dary phosphine in the presence of NaOSiMes . The addition
of the complex Pd[(S,S)-Chiraphos)(o-An)] (141) to 140
gives stable complex 142. The heating of the latter to
50 °C in excess diphenylacetylene affords borane (Rp)-31
with 98% ee in 70% yield. The retention of configuration
was established by X-ray diffraction (Scheme 62).

The enantioselective alkylation of secondary phosphine
138b with alkyl halides catalyzed by the complex

[RuH(124),]" produced tertiary phosphines 40c (R = Et)
and 143 (R = Ar, Het) with ee values of of 57% —95%.87-88
This method was used to prepare bisphosphines 144 —148
with high ee values. The asymmetric alkylation can be
accomplished using benzyl bromides instead of benzyl
chlorides, but with a worse outcome. The ruthenium cata-
lyst with the (R)-MeOBiPHEP (130) and dmpe ligands
proved to be more efficient in the asymmetric alkylation of
phosphine with benzyl chloride, whereas the (R)-Difluoro-
phos (125) and dmpe ligands are preferred in the case

Scheme 63
Me_ Me
NaO” Et
Me [(124),Ru(H)][BPh4] B‘Hs
\ 10 mol.9
PN P—H (10 mol.%) > R P
R Cl + y B NS Me
PH BHs- THF, THF, —30°C Ph
138b 40c, 143

R = Ar (80%—-90%, 41%—85% ee), Het (80% —
Et (40c, 70%, 57% ee)

94% ee),

Structures 144 —148

BH BH
Ph\&/ph i 3 ‘ 3

Ph P  P% __Ph _ _
N e Me/P P\Me

"
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144: n =0 (81%, 91% ee, 47% de);
145: n = 1 (87%, 93% ee, 59% de)

BHs
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X SPn o 48%der

147,148 148: X = N (89%,

e
Mo
16% de)
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of alkyl bromides (Scheme 63).87 The alkylation of
1,2-bis[(2R,5R)-2,5-dimethylphospholano]ethane (126) pro-
duced the corresponding alkyl derivatives with high dia-
stereoselectivity.88

The catalytic asymmetric alkylation of secondary
bisphosphines 149 with benzyl bromide in the presence of
NaOTMS as the base and Pt[(R,R)-Me-Duphos](Ph)(Cl) as
the catalyst gave tertiary bis(phosphine boranes) 150. The
use of 2-(bromomethyl)naphthalene as the alkylating agent,
Pt[(R,R)-127](Ph)(Cl) (10 mol.%) as the -catalyst and
NaOTMS as the base allowed the synthesis of diastereo-
merically pure bisphosphines 151. These conditions were
employed to prepare compounds 152 (Scheme 64).89 94

Scheme 64
1) ArCH2Br (2 equiv.),
NaOTMS (2 eqiuv.), Cat Ar\ /N _/Ar
IpsHP PHIps - nep P-
2) BH3- SMe; (2 equiv.) /\ ]
149 IPS HaB  BH, PS
Cat = Pt[(R,R)-127](Ph)(Cl) 150

Structures 151, 152

Ips”\ P P H\CH Ph
! ’ PhH,C” \W

Ips ps =1-
151
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Scheme 66
Me
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7
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| (10mol.%) @
S)-156 (82% ee)

Structures 157

157a Me 157b

The deprotonation of enantiomerically pure secondary
bis(phosphine borane) 153 with n-butyllithium at low tem-
perature followed by the reaction with tosylate 154 yielded
tetraphosphine ligand 155. This method provides a simple
route to P-stereogenic tertiary phosphines using P-chiral
substrates (Scheme 65).9°

Scheme 65
BH; BH;
|‘:>( S) Bu' But |‘D(S) Bu"Li
H PR~ /mH 4+ bu "y NNoTs =
Bu‘ (s)‘ Me THF, —78°C
153 BH3 154
I?Hs |'3H3 But
, (S) R ﬂl But
. hy, i
Bt P A LGERC)
Me Bu! BH3 BHs
155

The enantioselective synthesis of P-stereogenic phosphi-
nates and phosphine oxides was accomplished using molyb-
denum complexes. The asymmetric cyclization was
performed via asymmetric ring-closing metathesis
(ARCM). An increase in enantioselectivity was observed
on changing the achiral imido ligand in a chiral molybde-
num catalyst.® Enantiomerically enriched P-stereogenic
phosphinates (S)-156 and (R)-156 were synthesized with a
ee value of 98% by ARCM reactions catalyzed by molyb-
denum complex 157b (Scheme 66).

In many cases, the arylation of secondary phosphines
with aryl halides catalyzed by chiral copper,”” plati-
num,?5 8%-94.98 ruthenium 87-88 and palladium 82 84.91.99 - 101
complexes occurs with good enantioselectivity and is a

convenient method for the synthesis of tertiary phosphines.
For example, the reaction of aryl iodides with secondary
arylphosphine 138¢ (R! =Ips, R? = Me) using the
chiral complex Pd[(R, R)-127](trans-stilbene) or
Pd[(R,R)-127](Ph)(1) as the catalyst precursor gives tertiary
phosphines 158a,b with an enantioselectivity of up to
88%.54 The similar arylation of their phenyl analogues 159
using the in situ catalyst prepared from Pd»(dba); —CHCl;
(dba is dibenzylideneacetone), the chiral ligand
Et,Et-FerroTANE (128) and LiBr affords the correspond-
ing tertiary phosphines 160a—d with an enantioselectivity of
90% (Table 2).5* The palladium complex Pd»(dba)s; with
ligand 124 also showed high enantioselectivity in the aryla-
tion of tertiary phosphines in the presence of K»>COs in
acetonitrile.'00

The Pd-catalyzed reactions of secondary phosphines
159a—c¢ with ortho-substituted aryl iodides produced chiral
triarylphosphines 160 (Scheme 67).5* Korff and Helm-
chen®* studied the effect of the nature of the base and
lithium salt additives on the product yield and ee (see
Scheme 67, Table 3).

Similarly, the treatment of phosphine borane 40b with
o-anisyl iodide and sodium trimethylsilanoate in the pres-

Scheme 67

e ieds

(a) Pdx(dba)s— CHCls, 128, EtsN, LiBr, THF, rt;
R = CO2But, CO,Me, CHO, 3,4-dihydrooxazol-2-yl;
X = Ph (a), OMe (b), CF3 (c)

159a—c
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Table 2. Arylation of secondary phosphines catalyzed by chiral palladium complexes.

*

RN %» R\ A
R2 at R2
138¢c, 159a—-c 158a,b, 160a—e

Sub- R! Arl Pro- Catalytic system Yield ee (%) (con-  Ref.
strate duct (%) figuration)

159a  2-PhCe¢Hy4 2-Bu'OC(O)C¢H4l  160a 128 —CHCl3—Pd,(dba); — LiBr—NEt; 76 90 (S) 54
159a 0-An 2-ButOC(O)C¢H4l  160a 128 — CHCl; —Pd»(dba); — LiBr— N-Methylpiperidine 43 86 (S) 54
159b  o-An 2-Bu'OC(O)Cs¢H4l  160b 128 - CHCl3—Pd»(dba)s; — LiBr—NEt3 79 40 (+) 54
159¢ 2-CF3C¢Hs  2-Bu'OC(O)C¢Ha4l  160c 128 - CHCl3—Pd»(dba); — LiBr— NEt; 39 93 (R) 54
159a  2-PhCeHy4 2-MeOC(O)C¢H4l  160d 128 - CHCl3—Pd»(dba)s; — LiBr— NEt3 69 85(S) 54
159a 2-PhCeH4 2-OCHCgH4l 160e 128 - CHCl3 — Pd»(dba)s — LiBr— NEt3 71 63 (S) 54
138c Ips Phl 158a  Pd(127)(trans-stilbene) - NaOTMS 97 76 (S) 84
138¢ Ips Phl 158a  Pd(127)(Ph)(I)- NaOTMS 89 75 (S) 84
138¢c Ips p-Anl 158b  Pd(127)(Ph)(I)-NaOTMS 96 82 (S) 84

Note. R2 = Me (138, 158), Ph (159, 160).

Table 3. Asymmetric arylation of secondary phosphines 159a—c¢ catalyzed by the Pd complex with ligand 128 (see Scheme 67).%*

Substrate X R Base Li salt Yield (%) ee (%) (configuration)
159a 2-Ph CO,But NEt; — 63 71(S)
159a 2-Ph CO,But NBnMe, — 45 77 (S)
159a 2-Ph CO,But N-Methylpiperidine - 76 84 (S)
159a 2-Ph CO,Bu* NEts3 LiF 76 66 (S)
159a 2-Ph CO,But NEt; LiCl 66 86 (S)
159a 2-Ph CO,But NEt3 LiBr 76 90 (S)
159a 2-Ph CO,But NEt; Lil 58 87 (S)
159b 2-OMe CO,But N-Methylpiperidine LiBr 43 86 (S)
159¢ 2-CF; CO,But NEt; LiBr 39 93 (R)
159a 2-Ph CO,Bu* NEt; LiBr 69 85(S)
159a 2-Ph CHO NEt; LiBr 71 63 (S)

Note. A dash indicates that the yield was not reported in the original publication.

Scheme 68
‘BHs ?Ha OMe
. P
P H oo o Ph"/
Me Cat, NaOTMS Me
40b (R)-31

Cat = Pd((R)-Tol-BINAP)(o-An)(l);
BINAP is 2,2-bis(diphenylphosphino)-1,1'-binaphthyl

ence of Pd[(R)-Tol-BINAP](0-An)(1) as the catalyst at
room temperature gave phosphine borane 31 and
Pd[(R)-Tol-BINAP] (Scheme 68). In the reaction performed
at —78 °C, the formation of the product was observed by
3P NMR spectroscopy even at —80 °C; in this case,
intermediates were not detected.®®

The alkylation and arylation of air-stable chiral primary
phosphines PH>Ar* [Ar* is (S)-binaphthyl or (R)-MeO-
binaphthyl] produced P-stereogenic phosphines with low
stereoselectivity, which were isolated as diastereomerically
pure products after chromatographic purification.?’” The
platinum complex-catalyzed alkylation of diphosphine
161a occurred at a higher rate and with a higher stereo-
selectivity compared to diphosphines 161b, 162 and 163.

The alkylation of diphosphine 161a with o-(trifluorome-
thyl)benzyl bromide in the presence of NaOTMS as the base
and the platinum complexes {Pt[(R,R)-Me-DuPhos](Ph)(Cl)
and Pt[(R,R)-Me-BPE](Ph)(Cl)} as the catalyst gave diphos-
phine 164, which was isolated as optically pure borane
complex 165 (Scheme 69).82-97-99

Silylated alkylarylphosphines are convenient starting
reagents for the synthesis of chiral tertiary phosphines in

Structures 161 -163

r@ﬂ ﬁ @PHPh

PhHP ~ PHPh  MesHP  PHMes Fe
161a,b 162 @PHPh
n=0(),1(b) 163
Ar A Scheme 69
ArCH2Br, K I\ '
\ Y ' K
1612 NeOTMS OB p_ BHssMe N/ \ _pn
Cat /P P
Ph Ph” | \
164 AT HsB HaB A,
Ar = O-F3CC6H4CH2 165
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Structure 167

O
Me\N/H\N/Me

167 (DMPU)

Scheme 70
R
P , R Ipap2s)ci P
Ph\ Ssipr + _[PA28)CET | o
Me | 167, BH3- THF, Me
166 60c
23,168a—e

Product R Yield (%) ee (%) Configuration
23 OMe 74 55 R
168a SMe 73 63 R
168b CO2BuU! 83 78 —
168c CO,CeHzMe2-2,6 76 82 —
168d C(O)NEt; 63 79 —
168e C(O)NPr, 53 98 -

good yields with satisfactory enantioselectivity.!® For
example, the Pd(Et,Et-FerroTANE)Cl,-catalyzed reaction
of ortho-substituted aryl iodides with silylphosphine 166 in
the presence of N,N’-dimethylpropyleneurea (DMPU, 167)
affords P-chiral tertiary phosphines 23 and 168 with an
enantioselectivity of up to 98% (Scheme 70).

P-Stereogenic benzophospholanes were synthesized by
enantioselective intramolecular cyclization of secondary
phosphine boranes in the presence of chiral (diphosphine)-
palladium complexes as the catalyst.!°! The palladium-
catalyzed asymmetric cross-coupling of racemic secondary
methylphenylphosphine borane 40b with achiral triflate
affords chiral tertiary phosphine borane 169 in moderate
optical yield.'92 The efficiency and selectivity of the reaction
are influenced by such parameters, as the structure of the
chiral ligand, the temperature and the nature of the solvent.
The enantiomeric ratio of 78:22 for compound 169 was
achieved using [(S,S)-Me-DUPHOS],PdCI, as the catalyst
(Scheme 71).2¢

Scheme 71

oTf ?Ha [(S.S)-(127)]PdCla, ?H3

K2P04 P

+ _‘P _ > "
O/ Ph' \\H DMSO, 80°C, 3h \ Ph

Me

Me

40b 169 (56% ee)

4. Reduction

The reduction of phosphorus compounds occurs through
different mechanisms, including an electrophilic mecha-
nism. Some processes are complex and multistep. The
reaction can give products with retention or inversion of
configuration at the phosphorus atom depending on the
nature of the reducing agent.!?3- 194 For instance, the reduc-
tion of tertiary phosphine oxides 170 and 171 with chiral
aminoalanes [aluminium hydrides bound to chiral (S)-phe-

nylethylamine] was described by Cernia et al.'®> This
reaction affords chiral tertiary phosphines with a moderate
enantiomeric excess. The hydride transfer from alane to the
phosphorus atom can occur via two pathways: a unimolec-
ular mechanism with retention of configuration and a
bimolecular mechanism with inversion of the chiral centre.
The predominance of a particular competitive mechanism
defines the stereoselectivity of the reduction.

Structures 170, 171

— (0]
Al
Pl Me” NP
Ph/ ~o © Ph
170 171

Stereospecific methods were developed for the synthesis
of optically pure tertiary phosphines from P-stereogenic
phosphine oxides.!?~ 112 Some of these reactions proceed
via an electrophilic mechanism with retention of configu-
ration at the P atom. For example, the trichlorosilane—
triphenylphosphine system reduces (R)-methyl(2-methoxy-
phenyl)phenylphosphine oxide 22 [(R)-PAMPO] to phos-

phine 23 [(S)-PAMP] with complete retention of
configuration and optical purity (Scheme 72).10¢
Scheme 72
(0]
b ® HSICls, PhsP =
Me''/ “o-An  PhMe, THF,80°C Me'"[ “o-An
Ph Ph
22 23
(R)-PAMPO (S)-PAMP
(99% ee) (95%, 99% ee)

Meanwhile, the reduction with trichlorosilane in the
presence of triethylamine leads to 50% inversion of config-
uration. On the contrary, hexachlorodisilane reduces mon-
oxide 172 to tertiary phosphine 173 with high
stereospecificity.'®” The reduction of this substrate with
phenylsilane under similar conditions also occurs with

retention of configuration at the phosphorus atom
(Scheme 73).109-111
Scheme 73
(R, (S)
PR s /P”“
Me 22, Me Ph

™

172 (100% ee)

e

173 (60%, 100% ee)

The reactivity of silane can be enhanced using titani-
um(IV) isopropoxide as the catalyst. In this case, the
reduction occurs with retention of configuration at the
phosphorus atom. The catalytic cycle apparently includes
the formation of an intermediate silyl radical, which reacts
with phosphine oxide. For example, the reaction performed
under these conditions produced diphosphine 174 with ee of
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Scheme 74

Sye
egbs

174 (85% ee)

p e,
0

175 (100% ee)

(@) (Me2SiH)20, Ti(OPr')4, Na2SO4, methylcyclohexane, 60 °C

phosphine oxides to tertiary phosphines in good yields
(Table 4).103

The reduction of phosphinite boranes with sodium
borohydride and methanesulfonic anhydride gave phos-
phinic acid boranes. Thus, the reaction of optically pure
boranes 179 with this anhydride resulted in the sterco-
selective formation of mesylates 180, which were reduced
with sodium borohydride in ethanol to chiral secondary
phosphine boranes 60 and 181a,b in 90% yield with com-
plete stercospecificity and inversion of configuration
(Scheme 77).3%.103

86% from optically pure oxide 175
(Scheme 74).107

Keglevich et al.'°® used dimethyl sulfide borane under
mild conditions for the direct transformation of cyclic
phosphine oxides into phosphine borane. Thus, five-mem-
bered cyclic phosphine oxide 176 smoothly reacts with a
4—5-fold excess of the borane —dimethyl sulfide complex in
chloroform at the temperature from 25 to 65 °C to form
phosphine borane 177 in 39% —92% yield. It is worth
noting that under these conditions, the reduction of phos-
phine oxide proceeds with complete stereospecificity, which
was confirmed by X-ray diffraction (Scheme 75).

BH3'SM62

Me ==——-=Me
Z E CHCl3, 63 °C

P P
> =
O/ Ph H3B Ph

176 177 (86%)

diphosphine

Scheme 75

M\I
T
T
mnT

The MeOTf—LiAlH4 system proved to be a good
reagent for the reduction of chiral phosphine oxides
(Scheme 76).103-104  Chiral phosphines 23 and 178a-f
(from here and below the corresponding phosphine bor-
anes) were synthesized with high enantiospecificity and
inversion of configuration (88% —98% ee). Methyl triflate,
tosylates, mesylates and iodides were found to be the most
efficient electrophiles, which reduced the corresponding

R Scheme 76
(H) 1) MeOTf, DME, —50—60 °C
2) LIAIH4
P. P,
e/ "Re Me/ "R
R’ R2
23,178a—f

Table 4. Reduction of enantiomerically pure phosphine oxides to
phosphines 23 and 178 (see Scheme 76).103

Product R! R2 Yield (%) ee (%) Confi-
guration
178a 1-Naph Ph 92 97 S
178a 1-Naph Ph 90 98 S
23 Ph 0-An 85 98 R
178b cyclo-C¢Hi1 0-An 74 95 R
178¢ cyclo-C¢Hj1  1-Naph 81 88 R
178d Ph 2-PriCgH4 97 98 R
178e (CH»),Ph But! 55 97 R
178f (CH;),Ph cyclo-C¢Hi1 96 92 R

Scheme 77
OH 0OSO;Me BH3
_l‘:\ (MeS05).0, Et:N ‘ NaBH., J‘,\
R'"'\ BHs "cc, —15°c R \ H3 gon . R\
But But
179 180 60,

181a,b (90%)
R = Me (60), Et (181a), MeO (181b)

5. Oxidation and thionization

The oxidation and thionization of trivalent phosphorus
compounds generally occur with retention of the absolute
configuration at the P reaction centre.!'3-120 Despite the
complexity of oxidation reactions, many of them can be
assigned to electrophilic reactions. For example, the oxida-
tion of chiral tertiary phosphines 182 with hydrogen per-
oxide (Scheme 78) or the addition of elemental sulfur to
aminophosphines 183, as well as their oxidation with hydro-
gen peroxide (Scheme 79), proceed in a stereospecific man-
ner with retention of optical purity and absolute
configuration at the carbon and phosphorus atoms.!20-121

R Ph 0 Ph Scheme 78
- H202 A\
Me -—————> RinP—"11Me
/ (Retention) /
Ph H Ph H
182
R = Me, Ph
Scheme 79
S Me
Ss
———> Ph" Pf”
Ph Me But R
“ond — (50%, de >99%)
/ H
But os R % Me
H2402> Ph I P N
(Retention) / H

But R

R = COzMe, Ph, Naph (de >99%)

The oxidation of racemic phosphines in the presence of
chiral dioxoruthenium(VI) complex 184 containing optically
active methoxy(trifluoromethyl)phenylacetyl groups on
both sides of the porphyrin plane affords optically active
phosphine oxides with 41% ee. Under these conditions, the
reaction of chiral (+)-(R)-benzyl(methyl)phenylphosphine
185 affords (—)-(S)-benzyl(methyl)phenylphosphine oxide
(—)-(S)-81a with retention of configuration. It was demon-
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O ﬁ Scheme 80
Me“‘)P\Bn 184. Mew‘P\Bn
Ph (Retention) Ph
(+)-(R)-185 (—)-(S)-81a
OMe
= %CFz
Ph

strated that the reaction proceeds without racemization,
with  enantiospecific control of oxygen transfer
(Scheme 80).116

Chiral phosphines react with elemental sulfur with
retention of configuration at the phosphorus atom.
For example, optically active (—)-(S)-tert-butyl(methyl-
thio)(phenyl)ethylphosphonium triflate 186 was prepared
from methyl triflate and (+)-(S)-zert-butyl(phenyl)ethyl-
phosphine sulfide 187, which was synthesized from tertiary

phosphine (R)-(—)-188 and elemental sulfur
(Scheme 81).113
Scheme 81
() i P
H“‘P\ 4>88 (\ﬁ)P\ ¢ 4>TfOMe E(tf?PJr\ TftC)7
Et }DhBUt (Retention) Et \PhBu \PhBu
(R)-(—)-188 (S)-(+)-187 (S)-(+)-186

The addition of sulfur to phosphine oxide (S)-(—)-107
in the presence of dicyclohexylamine (DCA) followed by
methylation at the sulfur atom occurs with retention of
configuration and affords (+)-isopropyl (S)-methylphos-
phonothioate (S5)-189. The absolute configuration of this

compound was established by X-ray diffraction
(Scheme 82).117
Scheme 82
(S)ﬁ 1) Ss, DCA Q
P 2)Mel P
Me" \"H Me'" '\ “SMe
OPri OPri
(S)-(—)-107 (S)-(—)-189

Sulfide 190 was transformed into optically active thio-
selenic acid in the form of salt 191 with a high ee value by
the addition of selenium in the presence of triethylamine

(Scheme 83). Another optically active selenic acid,
Scheme 83
S Se +
'\3\ Se, NEts E HNEts
A T s
But” “ph Bu” “ph
(S)-(—)-190 (R)-(+)-191

Et(EtO)P(Se)SH, was resolved into enantiomers by crystal-
lization of its salts with quinine.!!4

The thiomethylation of (R)-menthyl P-phenylphosphi-
nate 95 followed by the reaction of menthyl S-methylphe-
nylphosphonothioate 192 with methylmagnesium bromide
gave menthyl (R)-P-methylphenylphosphinate 193
(Scheme 84). Following this, both the Grignard reaction
and thiomethylation occur with retention of configuration
at the phosphorus atom.!!'” Besides, (S)-alkylphosphono-
thioates 192 and 194a,b were synthesized in a stereospecific
manner by the reaction of menthyl phenylphosphinate 95
with sulfur followed by S-alkylation of salts 195 with alkyl
halides (Scheme 85).113

Scheme 84
i ? 2
P a ) MeMgBr P
PR\ OMnt ~ ~ Ph"" '\ OMnt Ph" "\ OMnt
H SMe Me
95 192 193
(@) 1) Ss, (n-CeH13)2NH; 2) Mel
Scheme 85
Q O HNEt o}
Lo oseENy L RX I
Mnto” \'H Vo~ \ "S- vnto~ \ "SR
Ph Ph bh
95 195 192, 194a,b

R = Me (192), Et (194a), Ph (194b)

The treatment of racemic P-stereogenic tertiary phos-
phines 23, 178a and 196 with enantiomerically pure bis-
phosphoryl disulfide 197 under kinetic resolution condi-
tions (the reactant ratio was 2: 1) afforded the correspond-
ing enantiomerically enriched tertiary phosphine oxides and
phosphine sulfides 198a—c¢ with an enantioselectivity of
39% (Scheme 86).118

Scheme 86
Phi, O O, .Bu
P ‘
N /
u” 55" “pp 5
P (197) P Sg P
Me™ | ar > Me" [ Sar T Me!'4 Dar
Ph 9 Ph Ph
rac-23, rac-178a, Me" T\Ph 23,178a, 196 198a—-c
rac-196 Ar (39% ee) (39% ee)

Ar = 0-An (23, 198a), 1-Naph (178a, 198b), o-Tol (196, 198c)

Under similar conditions, enantiomerically enriched
(S)-phosphonite 199 reacts stereospecifically with diphenyl
disulfide to form product (R)-200 with equal ee values
(Scheme 87).114

Scheme 87
S Ph Ph
[l \ / [l
- S -
PrO" \"Me > PrO" \"Me
H SPh
(S)-199 (R)-200
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The chlorination of secondary phosphine oxide (S5)-92
with N-chlorosuccinimide (NCS) gave chloride (R)-201 with
retention of configuration. The latter compound was stereo-
specifically transformed into sulfide (R)-202 with retention
of configuration by the treatment with phosphorus penta-
sulfide (Scheme 88). The synthesis of the following optically
active phosphinodithioates was reported: methyl (S)-zert-
butyl(phenyl)phosphinodithioate, (S)-tert-butyl(phenyl)-
phosphinothioic iodide and (R)-tert-butyl(phenyl)phosphi-
noselenothioic acid.!!®

Scheme 88
0 i |
‘ P
P n T P B g
But But But
(5)-92 (R)-201 (R)-202

6. Staudinger imination and ligation

The Staudinger reaction is a two-step process involving the
initial electrophilic addition of azide to a trivalent phos-
phorus compound followed by loss of nitrogen from inter-
mediate phosphazide 203, which is transformed into
iminophosphorane 204. The reaction rate is controlled by
the inductive effect of substituents and the electrophilicity
of the azide. The imination reaction is accelerated in the
presence of electron-withdrawing groups in azide and elec-
tron-donating substituents in a trivalent phosphorus com-
pound. Stability of intermediate phosphazide 203 defines
the kinetic order of the Staudinger reaction. The reaction
can follow either first- or second-order kinetics depending
on whether the decomposition of the intermediate occurs via
a unimolecular or bimolecular mechanism. Such phospha-
zides were found to dissociate into the starting reactants.
The dissociation is slowed down in the presence of electron-
withdrawing and electron-donating substituents in the azide
and phosphorus components, respectively. The formation
of phosphazides (Me>N);P—N3;R’ (R’ = Me, Ph) is almost
irreversible. The equilibrium of imination of phosphites
with aryl azides is significantly shifted towards the forma-
tion of imines. Phosphazide 203 decomposes to the corre-
sponding iminophosphoranes 204 via an intramolecular
mechanism through four-membered cyclic transition state
205, as was demonstrated by Gololobov and Kasukhin
(Scheme 89).122

Scheme 89

RsP + N3JR© == RsP—-N=N_-NR' —> RsP=NR’ + N,
204

The Staudinger imination occurs with retention of the
absolute configuration at the phosphorus atom.!?3- 129 This
conclusion was confirmed by a number of imination reac-
tions of optically active phosphines. Chiral phosphines were
used to study the mechanisms of the Staudinger reaction
with reactive nitrogen-containing compounds

Me Scheme 90
= (S -+
Pr"—;Pfﬁi + N=N=N—Ts —>
Ph 207
206
Me Me
= .. =(R)
—> | Pr"=P—N=N—N—Ts| ———> Pr"=P—=N—Ts
Ph/(R) e Ph/
208 209

(Scheme 90).12%:12° For example, chiral phosphine 206
reacts with tosyl azide 207 through the formation of
intermediate 208, which is transformed into chiral imino-
phosphorane 209 with retention of configuration at the
phosphorus atom.

Dimukhametov and Nuretdinov 126127 studied the reac-
tion of O-ethyl O-trimethylsilyl ethylphosphonite (210) with
3-azido-1,4-diphenylazetidin-2-one (211) in benzene. The
reaction was accompanied by the removal of the silyl
group from intermediate 212 to form (—)-O-ethyl(ethyl)-
phosphonoamino-1,4-diphenylazetidin-2-one (213). The
silyl group migrated from the oxygen atom to nitrogen.
The Staudinger reaction involving silyl phosphinite and
3-azido-1,4-diphenylazetidin-2-one (211) was found to
occur with retention of configuration at the phosphorus
atom (Scheme 91).

Scheme 91
Et RN3 Et Et
N\ (211) \ \
POTMS —> EtOHw/P—NR — EtO“‘/‘/P*NHR
= —N2
EtO TMSO
210 212 213
R= o&%
N
Ph

The reaction of aromatic azides with diastereomeric
diazaphospholenes 214 affords cyclic phosphazenes 215.
The hydrolysis of phosphazenes 215 gives the corresponding
acyclic compounds 216. The stereochemistry of the reaction
and the cis—trans isomerization observed in the imination
reaction of diazaphospole 214 are attributed to pseudoro-
tation of the pentacoordinate phosphorane intermediate cis-
215 = trans-215 (Scheme 92).128

The resolution of racemic a-P-stereogenic phosphines
into enantiomers was accomplished by the reaction of
racemic phosphine with enantiomerically pure (1S,2R)-O-
(tert-butyldimethylsilyl)isobornyl-10-sulfonyl azide (217).
The resulting diastereomeric mixture of phosphine imines
218 was separated by fractional crystallization and flash
chromatography. The subsequent acid hydrolysis produced
the corresponding optically pure phosphine oxides 97 and
219a—e in high yields with opposite configuration at the
phosphorus atom (Scheme 93).!3% This method was applied
to prepare phosphine ligands for rhodium(I) com-
plexes.131-133

Saxon and Bertozzi !3* proposed a modification of the
Staudinger reaction. This modification utilizes methyl car-
boxylate 220 as an electrophilic trap to capture aza-ylide
intermediate 221, which generates phosphine amide and
oxide. As opposed to the classical Staudinger reaction,
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N Scheme 92 Scheme 94
Ph—~ \N/Ph | |
Hine: |:4 OMe OMe
S /
P> N, . o, RN T b e Meo
214 Ph " i Ph!" I
lPhNa o 220 Ph 221 Ph
Ph ? Amide bond
N R mide bon
Ph—~ \N/Ph (Pseudo- N)/(%—H N[*R'
/ rotation) \ —> . H
Hire, S P*HH\N—Ph _— N— p\m\N Ph / —0
Ph © \ Ph‘ P Ph‘ Ph‘“ Ph'" |
N—N NfN Ph
cis-215 trans-215
i i R is fluorophore, biotin, etc.; R’ is protein, peptide, lipid, efc.
by Ph by Ph
PhZ A Pha nal reactions, which can proceed in living cells without
’\“ N ’\“ ’\“ interfering with biochemical processes. Hence, this reaction
P. P is considered as a ‘gift to chemical biology’.!37 Examples of
iRt NHPh X NHPh g gy p
PhNH g Ph PANH™ | O application of this method to the synthesis of amide
cis-216 trans-216 derivatives of carbohydrates (222)!3° and nucleosides
(223) 138 are given in Schemes 95 and 96.
Scheme 93 Scheme 95
SO2R* SO2R* OH
: g THRE0°C, N7 2 o OH
. ! ]
R~ \"Ph T +( =17 \""Ph  * o VTR OH o Hz0
R2 SO2N3 R2 R2 OMe
a
217 218 218 + H20 NH
" OMe
o} R* Fh ‘ o
H2S04, dioxane I 220
218 ———> P. +
100°C, 3 h N\ ~P=0
R1 }?th SOzNHz Ph‘ l
97 219a_e () THF—H (3:1), 1, 2h 222 Ph
Me. _Me ’
R* = &OTBDMS Scheme 96
HO
U
Com- R!' R2 R* Yield Yield Confi- BtO A @ 0 MeCN
pound of 218 of218'  gura- | | Fe + + PPhs
% % tion
e S
219a Ph Me CyC|O-CeH11 94 93 Rp HO
219b Ph Me cyclo-CsHg 90 93 - o}
97 Ph Me Pri 87 94 Sp
219c Ph Me 1-Naph 94 96 Sp
219d Ph Me 9-Phnt 89 >99 - > HO HN
219e  Ph 1-Naph 4-PhCeHs 91 93 Re 7 2] ‘
Phnt is phenanthryl. 6 O Fe

both products of this modification are covalently bound
moieties. Hence, this modification was called Staudinger
ligation and is widely used in chemical biology for biocon-
jugation (Scheme 94).134-136

Numerous examples of the Staudinger ligation demon-
strate that this is a valuable method in chemistry and
biology.!37-13% Currently, the Staudinger reaction is one of
the most mild and chemoselective ligation strategies.
Besides, this reaction is applied to prepare bioconjugates
in the case of chemical reactions in living cells.!3¢ Since the
reactive partners, azide and phosphine, are absent in living
organisms and are not prone to interact with natural
compounds, the Staudinger ligation belongs to bioorthogo-

223

Bt is benzotriazol-1-yl, U is uridine

7. Electrophilic addition to multiple bonds

Unsaturated compounds are involved in electrophilic reac-
tions at the C=X bond with phosphorus-containing
reagents, being either anions or molecules, which donate
an electron pair to form a new bond. In the chemistry of
phosphorus, the most commonly used electrophilic addition
reactions are phospha-aldol condensation, phospha-Man-
nich reaction and phospha-Michael reaction.!3°~146 The
latter reaction is known primarily as the Pudovik reaction.
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Haynes er al.'*7 studied the stereochemistry of the phospha-
aldol reaction. The addition of configurationally stable
chiral base-ionized ferz-butylphenylphosphine oxide (92) to
various saturated aldehydes or o,B-unsaturated carbonyl
compounds was found to afford functionalized phospho-
nates 224a—d with a diastereoselectivity from 33% to 98%

an retention o the absolute configuration
d f h bsol fi
(Scheme 97).100-102
Scheme 97
(0] (Ohs
I )
Phi" \\|_t| 4>73+ PhH“‘P\ t —»RCH_X
92 Bu Bu
i i
P H*
n e
— Py ——> Ph l CH(XH)R
Bu' g H But

224a-d
X =0 (a), S (b), NR' (c), CR} (d)

7.1. Phospha-aldol condensation

The main method for the synthesis of hydroxyphosphonates
is based on the phosphonylation of carbonyl compounds,
primarily using the phospha-aldol reaction (the Abramov
reaction, or the Pudovik reaction, or, more correctly, the
Abramov —Pudovik reaction).!3° 14! The addition of phos-
phorous acid esters to carbonyl compounds involves the
following two steps: the formation of a P— C bond and the
removal of the ester function giving a phosphonyl group.
The first addition step is reversible.!#! ~ 145 In the presence of
strong bases, hydroxyalkylphosphonates dissociate into the
starting dialkyl phosphite and a carbonyl compound. This
transformation is known as the retro-phospha-aldol reac-
tion (or the retro-Abramov reaction). Cherkasov and co-
workers 142143 and Gancarz 44 studied the retro-Abramov
reaction by kinetic methods and NMR spectroscopy,
respectively, and showed that this reaction has a consider-
able effect on the stereochemistry of hydroxyphosphonates.
Chiral phosphonites containing a stereogenic phosphorus
atom or phosphites, derived from chiral alcohols, amino
alcohols or amines, can be used as chiral substrates in the
asymmetric phospha-aldol condensation. The addition of
achiral aldehydes to chiral dialkyl phosphites generally
affords hydroxyphosphonates with moderate stereoselectiv-
ity (Scheme 98).145-148

Scheme 98
OH (Race- OH
B mization)
RoP(0)—""H === R,POH + RCH=0 ———> R2P(O)’%H
R/ R/

B = MeONa, Et3N, efc.

The addition of P-chiral lithium-substituted zert-butyl-
phenylphosphine oxide (92) to aldehydes and o,B-unsatu-
rated carbonyl compounds produced hydroxyphosphonates
225a-m with de values ranging from 33% to 98%
(Scheme 99, Table 5).147

The diastereoselectivity of the reaction was additionally
investigated by calculating the relative energies of diastereo-
meric five-membered transition states TS1 and TS2 taking
into account O — Li contacts that generate products 225 and

Scheme 99
(e} LiO O
I BunLi \_ RCH=O0 I
P — = _ .Pp ===
Ph\ / \H Ph' / Ph " /
But But But OH
92 225a-m

Table 5.  Stereospecificity of the phospha-aldol reaction
(see Scheme 99).147
Compound 225 R Yield (%) dr
a PhCH=CH 77 80:20
b MeCH=CH 63 80:20
c CH,=CH 65 78:22
d MeC(=CH>) 77.2 82:18
e cyclo-CgHyy 80 85:15
f Ph 77 98:2
g Me 80 70:30
h 2-Py 76 80:20
i Bu' 78 67:33
j 1-Naph 71 92:8
k 2-Naph 71 85:15
1 2-Th 68 82:18
m 2-Fu 76 90:10
Scheme 100
i
Phin., R
— ey
OH
H TS1 225
/ H
>o< > Phm w/ R
But =
OH
H TS2 225
225', respectively. In TS1 and TS2, gauche interactions

involving the R group and the phenyl ring or the R
substituent and the terz-butyl group, respectively, are appa-
rent.'#7 The reaction was found to be kinetically controlled
(Scheme 100, arcs indicate gauche interactions).

The KOH-catalyzed one-step reaction of (1R,2S,5R)-
menthyl-(Rp)-phenylphosphine oxide (91) with o,B-unsatu-
rated aldehydes at room temperature affords P,C-stereo-
genic 1,3-bis(phosphinyl)propane 226 as a single isomer

Scheme 101

Rz Q R?

(0]
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Opgpn B Ra PO TR
P Ph
o1 o AR WL N

H

[e]llN

226

R3 = (1R,2S,5R)-Mnt; R, R2 = Ph, 0-An, m-An, p-An, 4-CICg¢H4,
4-FCgHg4
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containing five chiral centres. The reaction occurs with
retention of the absolute configuration at the phosphorus
atom (Scheme 101).14°

The reaction of (trimethylsilyl)diphenylphosphine with
chiral aldehydes and imines proceeds with high stereoselec-
tivity to form diastereomerically pure tertiary o-(trimethyl-
silyl)oxyalkylphosphines 227. Diastereomeric purity of the
addition products was >90%. The products were purified
through the formation of phosphine—borane complexes.
The reaction of bis(trimethylsilyl)phenylphosphine with
(R)-glyceraldehyde acetonide produces tertiary bis(glycer-
yl)phosphines 228 (Scheme 102).15°

Scheme 102
R* H
Ph * Ph BH >_
\ X R*CH=X \ R*CH=0 3\ OH
P H P—TMS > /P
K XTMs R R=TMS) b/ \"OH
227 R H

228
R*CHO = (S)-Leu, (S)-Phe, Gal, Gly, efc.; (90% —96% ee)

X =0, NAK; R = Ph, TMS

The synthesis of stereochemically pure secondary phos-
phine oxides is based on the crystallization-induced asym-
metric transformation (CIAT) involving radical-dynamic
resolution.!48- 151 This strategy provides access to enantio-
and diastereomerically pure tert-butyl(hydroxyalkyl)phe-
nylphosphine oxides 225.14% The synthesis was accom-
plished by performing the reaction of an equimolar
mixture of secondary phosphine oxide 92 and benzaldehyde
in the presence of 0.05 M aqueous sodium hydroxide. This
procedure gave diastereomeric tert-butyl(hydroxybenzyl)-
phenylphosphine oxides 225f in a ratio of 1:1. However,

Scheme 103
(0] (e} (0]
\P\ R ‘F" -DBTA ‘F"
But” \'"H ~  But” \'H ~ But” \"'CH(R)OH
Ph Ph Ph
92 229 225f n—x

(92%, 96% ee) (ee >95%, de >95%)

(a) (—)-DBTA (1 mol.%), I, DPE, A, 16 h (CIAT 1);
(b) RCH=0, 0.05 M NaOH (CIAT 2)

Table 6. Synthesis of rert-butyl(hydroxyalkyl)phenylphosphine oxides
225 via CIAT process (see Scheme 103).148

Com- R dr Confi- Yield (%)
pound 225 guration

f Ph 20:1  Rp,R 89
n p-Tol 1:20  Rp, S 94
) o-Tol 1:20  Rp, S 94
P 4-PriC¢Hy4 20:1 Rp,R 96
r p-An 20:1 Rp,S 96
S 3-HOCeH4 1:20 Rp,S 90
t 4-CIC¢H4 1:3.5 — 90
u 4-O,NCgHy 1:44 — 93
v Pr 1:20 Rp,S 95
w But 1:20 Rp,S 89
X H — — 100

heating of this mixture to 80 °C was accompanied by the
reversible dynamic transformation, resulting in the predom-
inant formation of a single diastereomer in 89% yield. The
CIAT strategy involved the formation of complex 229 as a
single diastereomer upon the treatment of phosphine oxide
92 with a 1% iodine solution and a stoichiometric amount
of dibenzoyl-L-tartaric acid (DBTA) and its subsequent
crystallization from a toluene—diisopropyl ether (DPE)
mixture. The reaction of this complex with aldehydes
produced compounds 225f,n—x in good yields with high
enantioselectivity (Scheme 103, Table 6).

Aromatic and enolizable aliphatic aldehydes proved to
be the most suitable reagents because they give a single
diastereomer as the major product at room temperature (see
Table 5). The quantitative addition of formaldehyde to
secondary phosphine oxide 92 afforded enantiomerically
pure tert-butyl(hydroxymethyl)phenylphosphine  oxide
225x in quantitative yield.!*® The reaction of compounds
225f,g with an excess of the borane complex (BH3-MesS or
BH;: - THF) proceeds through the formation of intermedi-
ates 230 giving phosphine boranes 231a,b (Scheme 104).132

Scheme 104
H
0 = JH BH3
I - |
P a o™ N\ WP
Ph" | “TCHOOHR —> | O | 7 Bu" | “CHR)OH
But Ph“yp\( Ph
225f,g Bu! \ R 231a,b
BHa
230

(a) BHs- THF, THF, 60°C;
R = Ph (225f, 231a), Me (225g, 231b)

Optically pure hydroxyalkylphosphine boranes were
synthesized from readily available adamantylphosphinate
232a (Scheme 105). The one-pot two-step reaction gave
enantiopure tertiary hydroxyalkylphosphine oxides 233 in
good yield with high ee values. In the third step, their
treatment with an excess of the complex BH3-THF pro-
duced phosphine boranes 234 with high stereospecificity.

Scheme 105
0 o) BH3
PR ReH=0 (B a R |
AdO"[ “h AdO" L\ "CH(R)OH ~ HO(R)CH~ | "OAd
Ph Ph Ph
232a 233 (70%— 94%, 234 (48% — 84%,

95%—99% ee) 95% —99% ee)
(a) BH3- THF (6 equiv.), THF, rt, 48 h; R = But, cyclo-CsH14, Ph,
o0-An, etc.

H-Adamantylphosphinates were proposed as convenient
precursors for the synthesis of other P-stereogenic ligands.
They can be synthesized in one step from commercially
available chlorophosphines. Both enantiomers of these
intermediates are air- and moisture-stable. They are easily
separated by semipreparative chiral HPLC in gram amounts
and can be subjected to stercoselective transformations,
which makes it possible to isolate each enantiomeric
P-stereogenic phosphine. Due to slow racemization of
phosphinates 233 in the presence of bases, phosphine
boranes 234 are produced with high stereospecificity.
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The above-described strategy is based on the introduc-
tion of the hydroxymethyl protecting group at the phos-
phorus centre of phosphinate 232a. The stereoselective
transformation of tertiary hydroxyalkylphosphine oxides
233 into the corresponding tertiary hydroxyalkylphosphine
boranes 234 was accomplished by the reduction of the P=0
bond with excess BH3 under mild conditions. The presence
of an adjacent o- or B-hydroxy group is a key factor
ensuring the reduction. The absence of this group or its
distant position from the phosphorus atom leads to an
inertness of the P—=O bond towards BHs. The intra-
molecular P=O0O---B complexation coordinated by o- or
B-hydroxy groups that are present in phosphine oxide
provides the possibility of reducing the P=O bond with
BHj3 . The transformation of hydroxyalkylphosphine oxides
into hydroxyalkylphosphine boranes occurs with complete
inversion  of  configuration at the  phosphorus
atom,148. 152155

The P-alkylation reaction was found to proceed in good
yield with high enantiospecificity (ee >95%) involving
various alkyl halides as electrophiles. The reactions of
adamantylphosphinate 232 produced chiral phosphine bor-
anes 235 and 236 (Schemes 106 and 107).153.155

Scheme 106
‘BHs 1) MeLi, 1) BuLi, I‘3H3
THF, 0°C THF, —78°C
WP < ’ 234a SRR WP
Me" L CH20H 2)1,0 2) H,0 Bun"" \ "CH20H
Ph (R=H) Ph

235b (88%, 97% ee) 235a (91%, 97% ee)

Scheme 107
1) ButLi or MeLi,
THF, —50°C l?'(*;)
2) TMSCI, —50 °C =}
> il
2820 Ph 4"'oH
4H*, H0 236a,b

5) BUINF, THF

236: R =But (a), Me (b)

An alternative method for the synthesis of P-stereogenic
compounds 234, 237-239 is based on the introduction of
the hydroxymethyl group to the phosphorus centre of
phosphinate 232 in order to control the stereoselectivity of
the subsequent reduction in the reaction with a THF borane
complex.!33: 155 The reaction of compounds 232a—f with
formaldehyde affords optically pure phosphinates 234a,
237a—c (Scheme 108).153

The synthesis of functionalized tertiary phosphine bor-
anes 239 involves the transformation of (hydroxymethyl)-
phosphine borane 237a into secondary phosphine borane

Scheme 108
i i i
R) R
P a Rp b (Rp.
AO" L H ~ T AdO" \ CH,0H ~  HOCH,~ \ 'OAd
R R R
232a-d 234a, 237a-c

(a) (CH20),, LIOH, THF, H20; (b) BH3- THF (6 equiv.), THF, rt, 48 h;
R = Ph (232a, 234a), But (232b, 237a), cyclo-CeH44 (232c, 237b),
0-An (232d, 237c)

Scheme 109
BHs BHs BHs
R | a L(s) b R |
HOCH." \>0Ad ~ H" \>0Ad ~  Bn" \ OAd
Bu B But
237a 238 (83%) 239 (97%, 95% ee)

(a) RuCl3,K2S20s8, KOH, MeCN, H20; (b) BnBr, Bu"Li, THF, —78°C

238 followed by alkylation of the latter. The P-alkylation of
compound 238 affords phosphine borane 239 in good yield
with high enantiospecificity (es > 95%) (Scheme 109). Other
alkyl halides can also be used as electrophiles.

The highly regioselective synthesis of functionalized
tertiary phosphine boranes 240a—g under mild conditions
was developed via a chemodivergent approach starting from
readily available (hydroxymethyl)phosphine borane 231b.
This synthesis affords exclusively O-alkylation products.
The P-alkylation reaction of secondary phosphine borane
53a with a variety of alkyl halides as electrophiles proceeds
in moderate to very good yield with very high enantiospe-
cificity (es >95%) (Scheme 110).153

Scheme 110
a
BH3 BHs BurLi, BH3
b NaH,THF | RCHaHal [
Bu''4 “CH(Me)OH NH.Cl But'd “H THF, But'/4 >
Ph Ph _78°C Ph
(Sp)-231b 53a 240a—g
(er=95:5) (95% es)

(a) NaH (1.5 equiv.), RCHzHal (1.2 equiv.), THF, 0 —» 25 °C, 24 h;
R = Me (a), All (b), Pr (c), 2-Py (d), 0-An (e), o-Tol (f), H (g)

7.2. Phospha-Mannich reaction
The synthesis of enantiomerically enriched aminophospho-
nates and aminophosphonic acids by the catalytic asym-
metric hydrophosphonylation of imines has attracted
significant research interest.? The addition of phosphites
(RO)>P(O)H to imines (the phospha-Mannich reaction) is
commonly used for the synthesis of chiral aminophosphonic
acids exhibiting various biological activity. The stereochem-
istry of the phospha-Mannich reaction was studied and
described in recent publications,!5¢~ 158 in particular using
chiral compounds. For example, stoichiometric and cata-
lytic activity of geometrically hindered phosphorous tri-
amide 241 with pinacoloborane (4,4,5,5-tetramethyl-1,3,2-
dioxaborolane, HBpin) under conditions of the phospha-
Mannich reaction was reported. The addition of HBpin to
triamide 241 affords P-hydrido-1,3,2-diazaphospholene 242
via the B—H bond cleavage in pinacoloborane. Compound
242 reacts with imine to form phosphorous triamide (e.g.,
243a). This fact was confirmed by an independent synthesis.
The first-order kinetics of this reaction attests to a uni-
molecular mechanism.!*® Compound 241 also reacts with
N-tosylbenzaldimine and HBpin at room temperature in
benzene, resulting in the complete transformation into
addition product 243a (Scheme 111).

The structure of compound 243a was established by
X-ray diffraction. This compound was shown to be a
triamide with a three-coordinate phosphorus atom and the
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Scheme 111
Me
WH
N\I‘?"
\g Me -I\-S
Bpin(Me)N }\]\P\\\N\/Ph
242 o _Ts \
Ph™ >N N
HBpin, CeDe, rt
Me pin(Me
\ /’V'e 243a
~P—=N HBPin
N 12h
241
Scheme 112
Me Bn
Bn \\\N\/An-p
H HBpln 242
H
eO
Bpin( Me
243b

Bpin moiety at the N-methylanilide group. Compound 243b
was synthesized directly from diazaphospholene 242 by the
treatment with  N-benzyl-p-methoxybenzaldimine and
HBpin under ambient conditions (Scheme 112).

An efficient method was developed for the P—C bond
formation in the presence of substoichiometric amounts of
copper iodide as the catalyst. A series of sterically hindered
phosphines were subjected to the addition reaction with
diazo compounds. The corresponding products were pre-
pared in high yields with retention of configuration at the
asymmetric centre. The reaction proceeds under neutral
conditions, thereby avoiding base-catalyzed racemization.
For example, compound (R)-53a reacted with ethyl diazo-
acetate in the presence of 5 mol.% Cul in acetonitrile at
ambient temperature to form product (Rp)-244a, which was
isolated in 80% yield. In order to determine the stereo-
integrity of the phosphorus atom, compound (R)-244a was
subjected to hydrolysis giving acid (R)-244b followed by
decarboxylation, resulting in the formation of compound
(Rp)-2 in 75% yield (Scheme 113).156

7.3. Phospha-Michael reaction (Pudovik reaction)

The phospha-Michael reaction (the Pudovik reaction) is a
nucleophilic addition of anions, generated from trivalent
phosphorus derivatives, to an activated multiple bond and
is one of the most convenient methods for the P—C bond
formation.?159-167 The phospha-Michael reaction results
in the addition of dialkyl phosphites to compounds with an
activated C=C multiple bond in the presence of bases.
Anions derived from compounds R,P(O)H or R,PHB can
be employed as P! reagents. The asymmetric phospha-
Michael reaction can be accomplished in two ways: by the
substrate-controlled diastereoselective addition using chiral
starting reagents and chiral inducers or by the catalytic
enantioselective addition (Scheme 114; a, b, ¢ are substitu-
ents in the alkene). For example, the addition of unsatu-
rated carbonyl compounds to lithiated tert-
butyl(phenyl)phosphine oxide affords chiral tertiary phos-
phines 245 and 246 in good yields with a diastereoselectivity
of 82% —96%. In most cases, the reaction occurs with
retention of configuration at the phosphorus atom. The
absolute configuration of the products was established by
X-ray diffraction (Scheme 115).147

. Scheme 114
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(0] (6]
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R \°H —H R
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RZ2a” b R2a b
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Ph OMe
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But
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Bu‘// i MeCN Bu‘// oy OEt MeOH
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— > /p“‘ )‘\ —_— /P“‘H
Ph7/ ™ OH Xene Ph7/ "'Me
But But
(Rp)-244b (Rp)-2 (75%, 99% ee)

The free-radical addition of cyclohexene to isopropyl
methylphosphinate (S)-107 in the presence of dibenzoyl
peroxides affords isopropyl cyclohexyl(methyl)phosphinate
247 with retention of configuration. The free-radical addi-
tion of alkenes (in particular, 2,3-dimethylbut-2-ene) to
ethyl (S)-phenylphosphinate (S)-90 proceeds through the
formation of phosphinite 248 with complete retention of the
absolute configuration at the phosphorus atom in addition
product (S)-249 (Scheme 116).117

Chiral phosphite 250, which was synthesized
from a0 ,o -tetraaryl-1,3-dioxolane-4,5-dimethanol
(TADDOL), was used in addition reactions with aromatic
alkylidene malonates and nitrostyrenes (Scheme 117).158
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The reactions were performed under heterogeneous condi-
tions in the presence of KOH supported onto solid Fe,Os.
Phosphonates 251 were synthesized in moderate to high
yields with very high stereoselectivity. The chiral inducer
was removed by the treatment with a mixture of TMSCl and
Nal followed by hydrolysis to form products 252. Alkyl-
substituted alkylidene malonates reacted in good yields,
although with low diastereoselectivity. The stereoselective
addition of nucleophiles to asymmetrically substituted zert-
butyl(cyclohexa-1,4-dienyl)phosphine oxide and its deriva-
tives proceeded with ee values of 65% —94%.159-160

Functionalized P,C-stereogenic tertiary phosphine
oxides 253 were synthesized in high yields with high dr
values for P- and C-sterecocentres by the addition of
(Rp)-phenylphosphine oxide 91 to activated alkenes. The
reaction was performed in the presence of metal hydroxides
as catalysts or on heating. (Rp)-(—)-Menthylphenylphos-
phine oxide 91 was configurationally stable in electrophilic
addition reactions because the (—)-menthyl group stabilizes
the configuration at the phosphorus atom. The calcium
hydroxide-catalyzed addition of secondary phosphine
oxide 91 to a variety of activated alkenes at 20 °C was
completely stereospecific and proceeded with retention of
configuration at the P reaction centre. Functionalized P,C-
stereogenic tertiary phosphine oxides 253 and 254 were
synthesized with dr values ranging from 97:3 to 99:1.
Optically pure stereoisomers were isolated in high yields
and were transformed into P-stercogenic tertiary phos-
phines (Scheme 118).16!

Since azobis(isobutyronitrile) (AIBN) catalyzed this
reaction, while (2,2,6,6-tetramethylpiperidin-1-yl)oxyl
(TEMPO) acted as an inhibitor, it was concluded that the
reaction proceeds via a mechanism of thermal free-radical
addition. The phosphorus free radical attacks alkene from

Scheme 118
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X = Me, OAIk, CN, NO2, CeHsZ (Z = H, Me, OMe)
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either the back or front side. The steric repulsion between
the menthyl and aryl groups leads to the predominant
formation of Rc-configured stereomer 253 (Scheme 119).16!
Examples of the electrophilic addition of secondary
phosphines to alkynes were reported. Thus, chiral palla-
dium complexes with the (R,R)-Me-DuPhos ligand (127)
catalyze the alkynylation of phosphine borane 40b giving
P-chirogenic phosphine 255 with moderate stereoselectivity
and with a substrate conversion of 70% (Scheme 120).162
The use of a-amido enol phosphates for the activation of
a vinylic bond in the palladium-catalyzed C— P-cross-cou-
pling reaction proceeds with high ee values.!* Enol phos-
phates 256, which were derived from appropriate amides,
were functionalized with a phosphinite group at the o

Scheme 120
BH3 BH3
\ Pd"—(R,R)-127 \
+ ————— P
Ph™, / PhMe, 35°C  Ph™/
Me % Me ||
40b 255 (42% ee)
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position to the nitrogen atom. The reaction was performed
under mild conditions due to activation of P—H bonds in
phosphine boranes (or phosphine oxides) by palladium
complexes involving enol phosphate linking reagents. Chi-
ral and achiral «(f)-alkenylphosphinite boranes 257 were
synthesized in yields of up to 70% with very high ee values
(Scheme 121).

Scheme 121
(0]
( n ‘ |‘:‘> ?H3 ( n ‘ B‘H3
N~ 07\ OPh + p. = NP,
)\ OPh B~ \o-An )\ \ "o-An
RO” X0 Ph RO™ X0 Ph

256 257 (99% ee)
(a) (dppf)PdClz, Cs2CO3, MeCN, 4060 °C; n = 1, 2; R = Me, But

The review by Yorimitsu !5 addresses the homolytic
radical substitution of organophosphorus compounds as a
convenient method for C—P bond formation. The radical
substitution of a halogen atom in organic phosphorus
halides was considered as an alternative to the classical
ionic substitution.

8. Halophilic reactions of phosphorus(III)
compounds

Reactions of trivalent phosphorus compounds with tetra-
halomethanes and other compounds containing a halogen
atom with a partial positive charge belong to halophilic
transformations. There are diverse reactions, in which a
nucleophile interacts with a halogen atom and an organic
substituent R in RHal serves as a leaving group forming a
carbanion.!®8-170 In halophilic reactions of P! compounds
with tetrahalomethanes, the nucleophilic phosphorus atom
interacts with the electrophilic halogen atom to form
quasiphosphonium salt 258 containing a phosphonium
cation and a trihalomethyl anion.

The halophilic substitution reactions of P!l compounds
involve two steps. The first step gives rise to highly reactive
phosphonium-type intermediate 258 containing the CX3
anion, which was established by chemical and physicochem-
ical methods.'%%-170 For example, the reaction of intermedi-
ate 258 with trimethylchlorosilane affords Me;SiCXs3
(X = Cl, Br). These compounds were isolated and charac-
terized. The reaction of triphenylphosphine with bromotri-
fluoromethane and  trimethylchlorosilane  produces
trimethyl(trifluoromethyl)silane (Ruppert—Prakash rea-
gent '98) In the second step, compound 258 reacts with a
nucleophile (ROH, RSH, R>NH, RNH>) giving phospho-
nium salt 259, which can decompose to form phosphine

Scheme 122
_ RYH iy
RsP<)+ X—CXs —> [RsPX]*CX; o [RsPYR*]*X
258 : 259
PhMe | MesSIX,
—~100°C

Me3SiCX3 + RBPXZ

R =Ph, EtzN; X =Cl, Br, I; Y = O, S, NAlk, NH

oxide and alkyl halide or be rearranged into trihalomethyl-
phosphonium salt.'®® The release of chloroform in halo-
philic reactions in the presence of a proton donor is also
evidence in favour of the formation of quasiphosphonium
intermediate 258 (Scheme 122).

The reactions of P! compounds with halogen donors
bearing a partial positive charge are fairly diverse. Different
versions of halophilic reactions are commonly applied in
synthetic organic and organophosphorus chemistry to per-
form halogenation, dehydration and P— N bond formation
reactions.!®©~172 The Atherton—Todd, Appel and Corey—
Fuchs reactions and the reaction of tertiary alkylphosphines
with tetrahalomethanes are the most popular halophilic
transformations in organic synthesis.?

8.1. Atherton—Todd reaction

The Atherton—Todd reaction is a conventional synthetic
method used to prepare various phosphorus com-
pounds.!73- 181 This reaction was described in 1945.173
Steinberg !7# studied the mechanism of this reaction and
found that it involves the intermediate formation of phos-
phoryl chlorides 260 (Scheme 123). The Atherton—Todd
reaction is a two-step process. The first step giving chloride
260 occurs with retention of configuration, whereas the
second step (substitution) proceeds with inversion of con-
figuration. This allows the synthesis of the final product
with inverted configuration at the phosphorus atom.!75-178

Scheme 123
0] (0] 0
/‘,;” CClu, EtaN /‘,;” NHRR? “!’
R/ (Retention) R Cl (Inversion) R3R4N" \\OR2
R20 R20 R?
260

Reiff and Aaron!7? studied the stereochemistry of this
process. They used enantiomeric O-isopropyl menthylphos-
phonite 95 as the substrate (Scheme 124). The Atherton—
Todd reaction of compound 95 with CCly, tri-n-butylamine
and aniline as the nucleophile gives products 261 with
complete stereocontrol. Stec and Mikolajczyk %7 investi-
gated the stereochemistry of the reaction of phosphoryl
halides with alcohols and amines.

Optically active phosphonates were synthesized from
menthylphosphinates (or other secondary phosphine
oxides) and nucleophilic compounds (amines or alcohols)

Scheme 124
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via the Atherton—Todd reaction.!”> The process occurred
with complete stereoinversion at the phosphorus atom and
afforded optically pure products 261 and 262 in nearly
quantitative yield (94%). The authors concluded that in all
cases, the first step (i.e., the formation of intermediate
phosphoryl chloride) proceeds via the Sg2 mechanism with
retention of the absolute configuration. The subsequent
attack of a nucleophilic substrate (amine, alcohol or thio-
phenol) proceeds via the SN2 mechanism, i.e., from the side
opposite the phosphorus—chlorine bond giving the substi-
tuted product with high stereospecificity and inverted con-
figuration (see Scheme 124).175-179

The Atherton—Todd reaction is usually performed in
the presence of bases, due to which the three-coordinate
form, e.g., compound 92’ involved in the tautomeric equili-
brium 92 = 92', readily reacts with tetrahalomethane. The
first step of the reaction involves the electrophilic addition
giving phosphonium intermediates A and A’, which are
transformed into halide 263 with retention of the absolute
configuration. In the second step, the reaction of bromide
263 with a nucleophile (dimethylamine) affords substituted
product 264 with inverted configuration. It is worth noting
that compound 263 was isolated in the pure form
(Scheme 125).178

(1R,2S5,5R)-Menthyl H-phosphinate (265) was synthe-
sized by the treatment of (1R,2S,5R)-menthol with anhy-
drous hypophosphorous acid in the presence of
trimethoxymethane. The Atherton—Todd reaction of com-
pound 265 with CCly and isopropylamine gave the corre-
sponding amide 266a. (1R,2S,5R)-Menthyl phosphinate 265
was also involved in the Heck reaction with iodobenzene in
the presence of a palladium complex, resulting in the
formation of diastereomerically enriched (Sp)-(—)-menthyl
phenylphosphonite 95 (Scheme 126).180

Scheme 126
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Mnto//P‘ g 2 Mnto//P“‘H
H Ph
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(a) Phl, Pd(Ph3P).Clo, EtsN

Cao et al.'8-182 studied the stereochemistry of the
reaction of chiral hydrospirophosphorane 267 with CCls
and phenols. The first step affords chlorinated spirophos-
phorane 268 with retention of configuration at the phos-
phorus atom. In the second step, chloride 268 reacts with
phenols with inversion of configuration, because the nucle-
ophilic attack occurs via the SN2 mechanism from the side
opposite the phosphorus—chlorine bond to give phospha-
mides 269 (Scheme 127).

Scheme 127
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Figure 1. Examples of valuable phosphamides.

Bactericidal agent

R—R = (CH2)sCH=CHCH2CH=CH(CH3)s
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The Atherton—Todd reaction is commonly used in Scheme 129
organic synthesis as a convenient method for the P—N ﬁ
bond formation. Many phosphoramidates and phosphon- pathway a P+ Rel
amidates prepared by this method are utilized in practice. R A3 R?
Thus, chiral phosphamides are used as organocatalysts, P CCls
antipyrenes (PAEDBTEE, PAPDBTEE, DMDAPR, etc.) R1/\\R3 0
gnd biologically'active compounds, ig pa.rticular, cgtionic R? pathway b . g*\ + R*CI (inverted)
lipophosphoramides, phosphorus derivatives of chitosan R" | "R3
RZ

and bactericidal agents (e.g., BSV77, BSV4, etc.). Some
representatives of valuable phosphamides are shown in
Fig. 1.178

8.2. Appel reaction

The Appel reaction is an important synthetic strategy for
the conversion of alcohols into alkyl chlorides using triphe-
nylphosphine and carbon tetrachloride (Scheme 128). The
reactions utilizing carbon tetrabromide or bromine as a
source of halogen afford alkyl bromides, while the applica-
tion of tetraiodofuran, iodomethane or iodine allows the
synthesis of alkyl iodides. This reaction was named for the
German chemist Appel,!”! although it has earlier been
described by Steinberg,!’* who considered this reaction as
a special case of the Atherton—Todd reaction. The Appel
reaction is commonly used in laboratory syntheses of
natural products.? The reaction starts with the formation
of phosphonium salt 258 (X = CI), which exists as a contact
ion pair 92182 and is not involved in the o-elimination
reaction giving dichlorocarbene. The deprotonation of alco-
hol produces alkoxide 270 and chloroform. The nucleo-
philic substitution of chlorine with alkoxide affords
intermediate compound 271. The Sn2(P) reaction of pri-
mary and secondary alcohols with tertiary phosphines and
CX4 produces alkyl halides and phosphine oxide. The
formation of products 270 and 271 from tertiary alcohols
proceeds via an intramolecular mechanism. The intramo-
lecular nucleophilic displacement of chlorine by the alkoxy
group in intermediate product 270 affords alkoxyphospho-
nium salt 271. The reactions of optically active alcohols
occur in a stereospecific manner to form alkyl halides with
inversion of the absolute configuration.!69 182

Scheme 128
R'OH

RsP + CCl, —> [RsPCI]*CCl; ———>
8 4 [RePCI"CCly _CHCls

258
—> [R3PCII*R'O~ —> [R3POR']*CI- —> R3PO + R'CI
270 271

Optically active tertiary phosphines react with tetrahalo-
methanes and achiral alcohols, to give chiral phosphine
oxides with inversion of the absolute configuration of
substituents at the phosphorus atom (Scheme 129, pathway
a). Optically active alcohols give optically active alkyl
halides with inversion of configuration and complete stereo-
specificity.!”7? In some cases, the reaction of racemic tertiary
phosphines with polyhalomethanes and chiral alcohols can
produce chiral tertiary phosphine oxides via an asymmetric
induction (see pathway b in Scheme 129).!70 Examples of
the Appel reaction involving phosphines (S5)-272 and (R)-1b
are presented in Schemes 130 and 131, respectively.

An asymmetric version of the Appel reaction was
developed.'83- 184 The oxidation of aminophosphine 273
containing a chiral substituent (R*) in the amino group
occurs in a stereoselective manner with chirality transfer

(a) Achiral ROH, chiral phosphine; (b) chiral R*OH, achiral phosphine
(asymmetric synthesis)

10 Scheme 130
(S I (R)
P CCls, MeOH AP
Bu'"" | "NHR > RNH \ "But
Ph (Inversion) Ph
(S)-272 (84% ee) (R)-266 (80% ee€)
Scheme 131
O
(R) [l
Bu“”wr\M CCly, MeOH_ /la\(ﬁ‘)Bu‘
Ph e (Inversion) © Ph
(R)-1b (S)-42e

[¢]o = 29.5 (MeOH) [elo = —14.9 (MeOH)

from the R* group to the trivalent phosphorus atom giving
phosphinamidate 274 in an optical yield of 50% —98%. The
crystallization of the products provided optically pure
compounds. The study of the reaction mechanism by
NMR spectroscopy showed that the reaction proceeds
through chlorophosphoranes 275. The formation of
hydroxyhalophosphoranes 275 (R = H) or alkoxyhalophos-
phoranes (R = n-Alk) (the diastereomeric ratio was 94:06)
was observed in the case of compounds containing the five-
membered 1,3,2-oxaphospholane ring. It was established
that the synthesized phosphoranes are in equilibrium with
alkoxyphosphonium salts. Alkyl groups at the phosphorus
atom favour the shift of the equilibrium of the compounds
PV = P!V towards the alkoxyphosphonium salt. The pseu-
dorotation of the ligands at the PV atom results in the
formation of the thermodynamically most stable diaster-
eomer of the halophosphonium intermediate, which is
transformed into a single diastereomer of final product
274 (Scheme 132).183

Gilheany and co-workers 85~ 188 studied the asymmetric
Appel reaction in relation to the oxidation of racemic
tertiary phosphine 276 with polyhaloalkanes in the presence
of chiral L-menthol (Scheme 133). The reaction afforded
chiral phosphine oxide 42b with a good ee value. The

cl Scheme 132
R/\ R“n ‘
/P—NHR* CCls + ROH )I"*NHR* .
—CHCl3, —RX 4
R 273 ° R” Or
275
R, /NHR” R;
= P Cl- ———> O=P—NHR*
r7” “OR —Hcl /

R 274

R* = CH(Me)Ph, CH(Bu)COzMe
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reaction of this phosphine oxide with LDA and copper
chloride produced an analogue of the DiPAMP ligand,
which is used in asymmetric catalysis. A small impurity of
the meso isomer was removed by crystallization from
benzene (see Scheme 133).184

(Asymmetric Scheme 133

synthesis)
0-TO|/F:4\Ph + CCly + MntOH - =
Me (Inversion)

276
O

I
oTol” \"Ph + MntCl
Me
42b (91%, 80% ee)

Interesting procedures for the isolation of both enantio-
merically enriched reaction products (up to 94% ee) in good
yields are based on the double resolution of phosphine
oxides. Thus, the reaction of racemic phosphines 23,
276278 with hexachloroacetone and menthol via dynamic
resolution gave salts 279a—d, which were transformed into
phosphine boranes accompanied by the elimination of
chiral alcohol (Scheme 134).'8% Products 31, 43a and
280a,b were obtained with ee values ranging from 75% to
79%.

Scheme 134
OMnt BH3
ClsCC(0)CCla, [, o \
P MntOH P P.,
P e ————— PN/ "Me —> Ph/ "

Ar —78°C Ar Ar
rac-23, (Rp)-279a—d 31, 43a, 280a,b
rac-276—278 (87%—97% de) (75%—79% ee)

(a) 1) LiAIH4 or NaBH4; 2) BHz - THF;
Ar = o-Tol (276, 279a, 43a), 0-An (23, 279b, 31),
2-PriCeH4 (277, 279c, 280a), 2,4-Me2CsHs (278, 279d, 280b)

281.190-192 Generally, the reactions of tertiary alkylphos-
phines with carbon tetrahalides (CCls, CBrCls, CBr4) or
C,Clg are performed in pentane, diethyl ether or dichloro-
methane on cooling below 0 °C. The reaction using carbon
tetrachloride is accomplished at a temperature lower than
0 °C, while carbon tetrabromide and bromotrichlorome-
thane readily react at —70 °C. The reaction of tertiary
alkylphosphines with N-haloimides proceeds at room tem-

perature. Generally, P-halogen ylides, e.g. compounds
281a,b, are synthesized in very high vyields (up to
99% —100%; Scheme 136).

Scheme 136

/ CX4 — /

R>PCH2R Rzl‘:’—CHR

- 3
X 281

X = Cl, Br; R = Alk, Ar, E:N, AkO; R = H, Me, Ph, Cl, TMS un gp.

cX
(EtzN):PCH,TMS C—H“x> (EtzN)ng:CHTMS
- 3
X
X = Cl,Br, | 281a
PriNCI
BuiPMe — > Bu\P=CH.
—R2NH \
Cl 281b

The substituents R and R’ can be electron-withdrawing,
resulting in an increase in CH acidity of alkylphosphine,
electroneutral or electron-donating (see Sche-
me 136).193-196 Apparently, the reaction of tertiary alkyl-
phosphines with CXy4 proceeds via the ionic mechanism.
Intermediate complex 282 that is initially derived from
tertiary phosphine and CX4 (X = Hal) is transformed into
quasiphosphonium salt 283 containing the trichloromethyl
anion. The highly basic CX3 anion deprotonates carbon in
phosphonium salt 283 to form ylide 281. This mechanism
was established by performing the reaction of sterically
hindered tri-tert-butylphosphine with carbon tetrabromide
at — 120 °C in pentane, which afforded a phosphonium salt
containing the tribromomethyl anion (Scheme 137).197-199

Asymmetric induction in the Appel and Atherton-— Scheme 137
Todd reactions is attributed to the formation of the long- RIPCHR? X RIPCHR? -
lived phosphorane intermediate and Berry pseudorotation.
Van Kalkeren et al.'%® studied the mechanism of this X==CXs
reaction by theoretical calculations (Scheme 135).18° 282
"
1 2 Ip— 2
8.3. Reaction of tertiary alkylphosphines with R2"3CHR2 cX; R2'T*CR2
tetrahalomethanes X —CHX, X
Tertiary phosphines containing primary or secondary alkyl 283 281
groups at the phosphorus atom react with halogen donors  X=Cl, Br, |
bearing a partial positive charge to form P-halogen ylides
Scheme 135
T T
wR Cl-
R'—P! P Poiigs + R*CI
A
1 1 I---cCl R
RN o TN TTC peon
pre S p ===
/ VRN
R2 R2 R3 OR OR* 4\ o
S S N
— ne 3
i RO/ R R/ Tw
Cl R2 R2
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Chloro(fluoro) phosphorus ylides are highly reactive
and undergo various transformations. These compounds
readily react with aldehydes to form phosphorus-containing
alkenes 285, with carbon dioxide giving phosphorus-con-
taining ketenes 286a, with carbon disulfide to produce
phosphorus-containing thioketenes 286b and with phenyl
iso(thio)cyanates yielding products 286¢. In the presence of
a chiral centre at the phosphorus atom, the reaction
proceeds in a stereospecific manner (Scheme 138).172, 190,191

Scheme 138
Y R’ R H R’ H
N/ y=c=z \ R'CH=0
R—P N T w R—P —_— —
/ \ —HX / , R—P R//
R X R /N
R O
286a-c Z 281 285

X=CI,F;Y=0,S;Z=0(a), S (b), NPh (c)

8.4. Corey — Fuchs reaction

The Corey—Fuchs reaction, also known as the Ramirez—
Corey — Fuchs reaction, is a two-step strategy for the con-
version of aldehydes into alkynes.?00-208 The first step
involves the reaction of triphenylphosphine with tetrabro-
momethane giving dibromo phosphonium ylide 287, which
reacts with aldehyde to form 1,1-dibromoalkene. In the
second step, dibromoalkenes are transformed into alkynes
in the presence of strong bases, e.g., n-butyllithium
(Scheme 139).

Scheme 139

CBrs 3+ 33— PhsP
PhsP ——> PhgPBr--CBrs —> [PhsPCBrs] *Br— —>

r H

Br reh=o0 N B gy
— pPhp=( — = >
B —LiBr
287 bBr R Br
Li o Br H,0
—> >—< —> R——H
R Br

The Corey—Fuchs reaction is employed in the synthesis
of biologically active and natural products.?99-20¢ For
example, this reaction, as the key step of the synthesis,
produced polyunsaturated fatty acids and their amides, in
particular, tetradecapentaenoic acid derivatives as efficient
biological regulators of apoptosis.??3-206 Several reviews
address applications of this reaction.200-202

9. Conclusion

An analysis of the literature data shows that the chemistry
of electrophilic reactions involving phosphorus-containing
compounds is being actively developed along different lines.
The extension of the field of application of these reactions
and investigation of their stereochemistry and mechanisms
are important issues in organophosphorus chemistry, since
they will provide a deeper insight into the electrophilicity
and electrophilic substitution. Considerable progress was
made in increasing the number of electrophilic reagents,
resulting in the synthesis of a broad range of chiral organo-
phosphorus derivatives structurally similar to known natu-
ral and synthetic physiologically active substances,

including those with valuable properties. Numerous exam-
ples of application of electrophilic reactions involving chiral
organophosphorus compounds demonstrate the popularity
of these reactions among organic synthetic chemists. How-
ever, the synthetic potential of stereospecific electrophilic
reactions has not yet been fully assessed. For example,
electrophilic catalysis utilizing chiral metal complexes is
not fully understood.

Phosphine boranes comprise an important class of
organophosphorus compounds due to their high reactivity
and extensive use in organic synthesis. Phosphine boranes
easily produce lithium or sodium derivatives, which
undergo electrophilic substitution at the phosphorus atom.
The efficient application of phosphine boranes serves as an
impetus to further research in this interesting field of
chemistry. These compounds are valuable reagents, partic-
ularly as precursors of chiral tertiary phosphines.

The discovery of halophilic reactions and the subsequent
establishment of the mechanism of attack of the phosphorus
atom on halogen are considerable advances in organic
chemistry in relation to knowledge of the electrophilic
substitution. Halophilic reactions are characterized by a
very low activation barrier and, under favourable thermo-
dynamic conditions, they are among the most rapid hetero-
lytic processes.

Electrophilic reactions occupy an important place in the
industrial organic synthesis, in particular, in the production
of agrochemicals, pharmaceuticals or materials. Of great
interest are also P-chirogenic nucleotides, phospha-gluco-
sides and other natural products with promising antiviral,
antiproliferative, antibacterial and antimalarial properties.
Considerable progress was made in the stereoselective syn-
thesis of P-chirogenic compounds due to the design of
versatile electrophilic building blocks, which were prepared
using menthol or ephedrine as an auxiliary for the asym-
metric synthesis. Methods of bioorthogonal conjugation
and the Staudinger ligation are of interest for both biolo-
gists and chemists. This relatively new field of chemistry is
being rapidly developed and is already in use in systematic
biology. New conjugation strategies allow the modification
of complex biological targets, which cannot be investigated
by other available methods. The Staudinger ligation is one
of the first reactions meeting the criteria of bioorthogonal
chemistry. Consequently, this reaction proved to be partic-
ularly useful in labelling biomolecules in natural media
because it is fast and allows the use of both azide and
alkyne as chemical reactants.

Summarizing the above, it can be concluded that stereo-
specific electrophilic reactions of organophosphorus com-
pounds provide an approach to the synthesis of a wide
range of chiral products. The reaction mechanism of elec-
trophilic substitution at the phosphorus atom has been
extensively studied, and interesting results were obtained.
Generally, these reactions involve two steps and proceed via
addition—elimination. The reaction of an electrophilic
reagent with a phosphorus-containing substrate affords a
positively charged phosphonium-type intermediate followed
by the elimination of an electrofuge, which leaves the
substrate without bonding electrons. The vacant orbital of
the electrophile accepts electrons, resulting in the formation
of a new bond with the substrate. Generally, bimolecular
electrophilic substitution reactions Sg2(P) proceed in a
stereospecfic manner with retention of the absolute config-
uration at the P centre, as opposed to bimolecular nucleo-
philic substitution reactions Sn2(P), which occur with
inversion of configuration through the formation of the
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five-coordinate phosphorane intermediate that is suscepti-
ble to pseudorotation with a change in positions of sub-
stituents. Taking into account this fact and the possibility of
combining stereospecific electrophilic reactions and stereo-
selective nucleophilic reactions, further investigations of
these reactions hold great promise in relation to the syn-
thesis of new classes of chiral organophosphorus com-

pounds.207 209

References

L.

Now

00 3 N W

10.

I1.
12.

13.
14.
15.
16.
17.
18.
19.
20.
21.
22.

23.
24.

25.

26.

27.

28.

29.

E.L.Eliel, S.H.Wilen, P.Doyle. Basic Organic Stereochemistry.
(New York: Wiley Interscience, 2001)

. O.1.Kolodiazhnyi. In Asymmetric Synthesis in Organophos-

phorus Chemistry. Synthetic Methods, Catalysis and Applica-
tion. (Weinheim: Wiley-VCH, 2016). P. 360

. J.Fukuto, F.R.Jensen. Acc. Chem. Res., 16, 177 (1983)
. O.1.LKolodiazhnyi, A.O.Kolodiazhna. Tetrahedron:

Asymmetry, 28, 1651 (2017)

. O.1.Kolodiazhnyi. Top. Curr. Chem., 361, 161 (2015)

. S.Warren. Angew. Chem., Int. Ed. Engl.,7, 606 (1968)

. O IL.LKolodiazhnyi. Tetrahedron: Asymmetry, 23, 1 (2012)

. P.Nandi, J.L.Dye, P.Bentley, J.E.Jackson. Org. Lett., 11, 1689

(2009)

. R.A.Naylor, B.Walker. J. Chem. Soc., Chem. Commun., 45

(1975)

D.Valentine Jr., J.F.Blount, K.Toth. J. Org. Chem., 45, 3691
(1980)

C.Fisher, H.Mosher. Tetrahedron Lett., 18, 2487 (1977)
R.B.King, J.Bakos, C.D.Hoff, L.Marco. J. Org. Chem., 44,
3095 (1979)

K.Burgess, M.J.Ohimeyer, K.H.Whitmire. Organometallics,
11, 3588 (1992)

U.Nagel, T.Krink. Chem. Ber., 126, 1091 (1993)

U.Nagel, A.Bublewitz. Chem. Ber., 125, 1061 (1992)
E.Remond, A.Tessier, F.R.Leroux, J.Bayardon, S.Juge. Org.
Lett., 12, 1568 (2010)

A .Meddour, J.Uziel, J.Courtieu, S.Juge. Tetrahedron:
Asymmetry, 17, 1424 (2006)

A.J.Beaumont, C.Kiely, A.D.Rooney. J. Fluorine Chem., 108,
47 (2001)

T.Coumbe, N.J.Lawrence, F.Muhammad. Tetrahedron Lett.,
35, 625 (1994)

M. Dutartre, J.Bayardon, S.Jugé. Chem. Soc. Rev., 45, 5771
(2016)

S.C.Reynolds, R.P.Hughes, D.S.Glueck, A.L Rheingold.
Org. Lett., 14, 4238 (2012)

E.Vedejs, Y.Donde. J. Am. Chem. Soc., 119, 9293 (1997)
E.Vedejs, Y.Donde. J. Org. Chem., 65, 2337 (2000)
0O.1.Kolodiazhnyi, A.O.Kolodiazhna. Stereoselektivnye
Sintezy Fosfororganicheskikh Soedinenii. (Stereoselective
Syntheses of Organophosphorus Compounds). (Kiev:
Naukova Dumka, 2017)

Science of Synthesis: Houben-Weyl Methods of Molecular
Transformations. Category 5. Compounds with one Saturated
Carbon— Heteroatom Bond. Organophosphorus Compounds.
Vol. 42. (Ed. F.Mathey). (New York, Stuttgard: Thieme,
2009)

C.Alayrac, S.Lakhdar, I.Abdellah, A.-C.Gaumont.

Top. Curr. Chem., 361, 1 (2015)

C.Petit, A.Favre-Reguillon, G.Mignani, M.Lemaire.

Green Chem., 12, 326 (2010)

C.A.Busacca, J.C.Lorenz, N.Grinberg, N.Haddad,
M.Hrapchak, B.Latli, H.Lee, P.Sabila, A.Saha, M.Sarvestani,
S.Shen, R.Varsolona, X.Wei, C.B.Senanayake. Org. Lett., 7,
4277 (2005)

C.A.Busacca, T.Bartholomeyzik, S.Cheekoori, R.Raju,
M.Eriksson, S.Kapadia, A.Saha, Zeng, C.B.Senanayake.
Synlett, 287 (2009)

30.

32.

33.

34.

35.

36.
37.

38.
39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51
52.

53.

54.
55.

56.
57.

58.

59.

60.

61.
62.

63.

64.

65.

66.

X.M.Stankevic, K.M.Pietrusiewicz. J. Org. Chem., 72, 816
(2007)

. I.Wauters, W.Debrouwer, C.V.Stevens. Beilstein J. Org.

Chem., 10, 1064 (2014)

D.Gatineau, L.Giordano, G.Buono. J. Am. Chem. Soc., 133,
10728 (2011)

T.Imamoto, T.Oshiki, T.Onozawa, M.Matsuo, T.Hikosaka,
M.Yanagawa. Heteroat. Chem., 3, 563 (1992)

C.Bauduin, D.Moulin, E.B.Kaloun, C.Darcel, S.Juge. J. Org.
Chem., 68, 4293 (2003)

M.Al-Masum, G.Kumaraswamy, T.Livinghouse. J. Org.
Chem., 65, 4776 (2000)

B.Wolfe, T.Livinghouse. J. Am. Chem. Soc., 120, 5116 (1998)
J.Uziel, N.Riegel, B.Aka, P.Figuiere, S.Juge. Tetrahedron
Lett., 38, 3405 (1997)

T.Imamoto, Y.Yamanoi. Chem. Lett., 25, 705 (1996)
S.-Z.Nie, Z.-Y.Zhou, J.-P.Wang, H.Yan, J.-H.Wen, J.-J. Ye,
Y.-Y.Cui, C.-Q.Zhao. J. Org. Chem., 82, 9425 (2017)
S.Koller, J.Gatzka, K.M.Wong, Ph.J. Altmann, A.P6thig,
L.Hintermann. J. Org. Chem., 83, 15009 (2018)
K.V.Rajendran, D.G.Cilheany. Chem. Commun., 48, 817
(2012)

J.-J.Ye, S.-Z.Nie, J.-P.Wang, J.-H.Wen, Y.Zhang, M.-R.Qiu,
C.-Q.Zhao. Org. Lett., 19, 5384 (2017)

M.ONff, J.Holz, M.Quirmbach, A.Borner. Synthesis, 1391
(1998)

D.Moraleda, D.D.Gatineau L.Martin, L.Giordano,
G.Buono. Chem. Commun., 3031 (2008)

S.Juge. Phosphorus, Sulfur, Silicon Relat. Elem., 183, 233
(2008)

E.B.Kaloun, R.Merdes, J.P.Genet, J.Uziel, S.Jugé.

J. Organomet. Chem., 529, 455 (1997)

T.Oshiki, T.Hikosaka, T.Imamoto. Tetrahedron Lett., 32,
3371 (1991)

F.Chaux, S.Frynas, H.Laureano, C.Salomon, G.Morata,
M.-L.Auclair, M.Stephan, R.Merdes, P.Richard,
M.-J.Ondel-Eymin, J.-C.Henry, J. Bayardon, C.Darcel,
S.Juge. C. R. Chim., 13, 1213 (2010)

T.Imamoto, Y.Saitoh, A.Koide, T.Ogura, K.Y oshida. Angew.
Chem., Int. Ed., 46, 8636 (2007)

P.Minois, J.Bayardon, R.Meunier-Prest, S.Juge. J. Org.
Chem., 82, 11358 (2017)

T.Imamoto. TCI MAIL, 174, 2 (2017)

K.Katagiri, H.Danjo, K.Yamaguchi, T.Imamoto.
Tetrahedron, 61, 4701 (2005)

A.Jayaraman, S.Nilewar, T.V.Jacob, B T.Sterenberg.

ACS Omega, 2, 7849 (2017)

C.Korff, G.Helmchen. Chem. Commun., 530 (2004)

T.Kato, K.Kobayashi, S.Masuda, M.Segi, T.Nakajima,
S.Suga. Chem. Lett., 16, 1915 (1987)

A.K.Bhatacharya, G.Thyagarman. Chem. Rev., 81,415 (1981)
M.Segi, Y.Nakamura, T.Nakajima, S.Suga. Chem. Lett., 12,
913 (1983)

M.E.Fernandez-Valle, R.Martinez—Alvarez, D.Z.Molero-
Vilchez, Z.D.Pardo, E.Saez-Barajas, A.Herrera. J. Org.
Chem., 80, 799 (2015)

J.Michalski, J.Mikotajczak, M.Pakulski, A.Skowronska.
Phosphorus, Sulfur, Silicon Relat. Elem., 4, 233 (1978)
T.Leon, A.Riera, X.Verdaguer. J. Am. Chem. Soc., 133, 5740
(2011)

N.J.Gordon, S.A.Evans Jr. J. Org. Chem., 58, 5293 (1993)
G.R.van den Berg, D.H.J.M.Platenburg, H.P.Benschop.

J. Chem. Soc. D, 606 (1971)

W.G.Bentrude, J.H.Hargis. J. Am. Chem. Soc., 92, 7136
(1970)

C.L.Bodkin, P.Simpson. J. Chem. Soc., Chem. Commun., 1579
(1970)

R.Bodalski, E.Rutkowska-Olma, K.M.Pietrusiewicz.
Tetrahedron, 36, 2353 (1980)

K.M.Pietrusiewicz. Phosphorus, Sulfur, Silicon Relat. Elem.,
109, 573 (1996)



0O.1.Kolodiazhnyi
Russ. Chem. Rev., 2020, 89 (5) 537572

571

67.
68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.
82.

83.

84.

85.
86.

87.

88.

89.

90.

91

92.
93.

94.

9s.

96.

97.

98.

99.

100.

C.R.Johnson, T.Imamoto. J. Org. Chem., 52,2170 (1987)
P.Savignac, B.lorga. Modern Phosphonate Chemistry.

(New York: CRC Press, 2003)

Organophosphorus Reagents. (Ed. P.J.Murphy). (Oxford:
University Press, 2002)

J.Zhang, Y.Xu, G.Huang, H.Guo. Tetrahedron Lett.,29, 1955
(1988)

T.Kato, M.Tejlma, H.Ebiike, K.Achiwa. Chem. Pharm. Bull.,
44, 1132 (1996)

M.Mikolajczyk, J.Krzywanski, B.J.Ziemnicka. J. Org. Chem.,
42,190 (1977)

O.A.Berger, J.L.Montchamp. Angew. Chem., Int. Ed., 52,
11377 (2013)

J.L.Montchamp. Phosphorus, Sulfur, Silicon Relat. Elem., 188,
66 (2013)

R.K.Haynes, R.N.Freeman, C.R.Mitchell, S.C.Vonwiller.

J. Org. Chem., 59, 2919 (1994)

T.Hirao, T.Masunaga, Y.Ohshiro, T.Agawa. Tetrahedron
Lett., 21, 3595 (1980)

G.Keglevich, E.Jablonkaia, L.B.Balazsa. RSC Adpv., 4, 22808
(2014)

Y .Xu, H.Wei, J.Zhang, G.Huang. Tetrahedron Lett., 30, 949
(1989)

M .Kalek, M.Jezowska, J.Stawinskia. Adv. Synth. Catal., 351,
3207 (2009)

Y.Zhang, H.He, Q.Wang, Q.Cai. Tetrahedron Lett., 57, 5308
(2016)

J.Zhang, Y .Xu. J. Chem. Soc., Chem. Commun., 1606 (1986)
B.J.Anderson, D.S.Glueck, A.G.DiPasquale, A.L.Rheingold.
Organometallics, 27, 4992 (2008)

B.Whittaker, M.de Lera Ruiz, C.J.Hayes. Tetrahedron Lett.,
49, 6984 (2008)

N.F.Blank, J.R.Moncarz, T.J.Brunker, C.Scriban,
B.J.Anderson, O.Amir, D.S.Glueck, L.N.Zakharov,
J.A.Golen, C.D.Incarvito, A.L.Rheingold. J. Am. Chem. Soc.,
129, 6847 (2007)

C.Scriban, D.S.Glueck. J. Am. Chem. Soc., 128, 2788 (2006)
C.Scriban, D.S.Glueck, J.A.Golen, A.L.Rheingold.
Organometallics, 26, 1788 (2007)

V.S.Chan, M.Chiu, R.G.Bergman, F.D.Toste. J. Am. Chem.
Soc., 131, 6021 (2009)

V.S.Chan, I.C.Stewart, R.G.Bergman, F.D.Toste. J. Am.
Chem. Soc., 128, 2786 (2006)

C.Scriban, D.S.Glueck, A.G.DiPasquale, A.L.Rheingold.
Organometallics, 25, 5435 (2006)

T.W.Chapp, A.J.Schoenfeld, D.S.Glueck. Organometallics,
29, 2465 (2010)

J.R.Moncarz, T.J.Brunker, D.S.Glueck, R.D.Sommer,
A.L.Rheingold. J. Am. Chem. Soc., 125, 1180 (2003)
D.S.Glueck. Top. Organomet. Chem., 31, 65 (2010)
0O.1.Kolodiazhnyi, V.P.Kukhar, A.O.Kolodiazhna.
Tetrahedron: Asymmetry, 25, 865 (2014)

T.W.Chapp, D.S.Glueck, J.A.Golen, C.E.Moore,
A.L.Rheingold. Organometallics, 29, 378 (2010)

T.Imamoto, K.Yashio, K.V.L.Crépy, K.Katagiri,
H.Takahashi, M.Kouchi, I.D.Gridnev. Organometallics, 25,
908 (2006)

J.S.Harvey, S.J.Malcolmson, K.S.Dunne, S.J.Meek,
A.L.Thompson, R.R.Schrock, A.H.Hoveyda, V.Gouverneur.
Angew. Chem., Int. Ed., 48, 762 (2009)

G.Wang, S.K.Gibbons, D.S.Glueck, C.Sibbald, J.T.Fleming,
L.J.Higham, A.L.Rheingold. Organometallics, 37,1760 (2018)
M.A.Guino-o, A.H.Zureick, N.F.Blank, B.J.Anderson,
T.W.Chapp, Y.Kim, D.S.Glueck, A.L.Rheingold.
Organometallics, 31, 6900 (2012)

J.R.Moncarz, T.J.Brunker, J.C.Jewett, M.Orchowski,
D.S.Glueck, R.D.Sommer, K.-C.Lam, C.D.Incarvito,
T.E.Concolino, C.Ceccarelli, L.N.Zakharov, A.L.Rheingold.
Organometallics, 22, 3205 (2003)

V.S.Chan, R.G.Bergman, F.D.Toste. J. Am. Chem. Soc., 129,
15122 (2007)

101.

102.

103.

104.

105.

106.
107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.
123.

124.
125.
126.
127.
128.

129.
130.

131.
132.
133.
134.
135.
136.
137.
138.
139.

140.
141.

T.J.Brunker, B.J.Anderson, N.F.Blank, D.S.Glueck,
A.L.Rheingold. Org. Lett., 9, 1109 (2007)

D.Julienne, O.Delacroix, A.C.Gaumont. C. R. Chimie, 13,
1099 (2010)

D.Herault, D.H.Nguyen, D.Nuel, G.Buono. Chem. Soc. Rev.,
44,2508 (2015)

S.Imamoto, S-i.Kikuchi, T.Miura Y.Wada. Org. Lett., 3, 87
(2001)

E.Cernia, G.M.Giongo, F.Marcati, W.Marconi, N.Palladino.
Inorg. Chim. Acta, 11, 195 (1974)

H.-C.Wu, J.-Q.Yu, J.B.Spencer. Org. Lett., 6, 4675 (2004)
N.J.Kerrigan, E.C.Dunne, D.Cunningham, P.McArdle,
K.Gilligan, D.G.Gilheany. Tetrahedron Lett., 44, 8461 (2003)
G.Keglevich, M.Fekete, T.Chuluunbaatar, A.Dobo,
V.Harmat, L.Toke. J. Chem. Soc., Perkin Trans. 1, 4451
(2000)

K.L.Marsi. J. Org. Chem., 39, 265 (1974)

E.H.Krenske. J. Org. Chem., 77, 3969 (2012)

E.H.Krenske. J. Org. Chem., 77, 1 (2012)

N.P.Kenny, K.V.Rajendran, D.G.Gilheany. Chem. Commun.,
51, 16561 (2015)

L.-J.Liu, W.-M.Wang, L.Yao, F.-J.Meng, Y.-M.Sun, H.Xu,
Z.-Y .Xu, Q.Li, C.-Q.Zhao, L.-B.Han. J. Org. Chem., 82,
11990 (2017)

Z.Skrzypczynski, J.Michalski. J. Org. Chem., 53, 4549 (1988)
J.Omelahczuk, M.Mikolajczyk. J. Am. Chem. Soc., 101, 7292
(1979)

H.Le Maux, G.Bahri, G.Simonneaux, L.Toupet. Inorg.
Chem., 34,4691 (1995)

G.R.van den Berg, D.H.J.M.Platenburg, H.P.Benschop.
Recl. Trav. Chim. Pays-Bas, 91, 929 (1972)

W.Perlikowska, M.Gouygou, J.C.Daran, G.Balavoine,
M.Mikotajczyk. Tetrahedron Lett., 42, 7841 (2001)
J.Michalski, Z.Skrzypczynski. J. Chem. Soc., Chem.
Commun., 66 (1977)

E.V.Gryshkun, N.V.Andrushko, O.I.Kolodiazhnyi.
Phosphorus, Sulfur, Silicon Relat. Elem., 179, 1027 (2004)
0.1.Kolodyazhnyi, N.V.Andrushko, E.V.Grishkun. Russ. J.
Gen. Chem., 74, 515 (2004)

Y.G.Gololobov, L.F.Kasukhin. Tetrahedron, 48, 1353 (1992)
Y.G.Gololobov, I.N.Zhmurova, L.F.Kasukhin. Tetrahedron,
37,437 (1981)

A.Heesing, H.Steinkamp. Chem. Ber., 115, 2854 (1982)
L.Horner, M.Jordan. Phosphorus Sulfur, 8, 225 (1980)
M.N.Dimukhametov, I.A.Nuretdinov. Bull. Acad. Sci.
USSR, Div. Chem. Sci. (Engl. Transl.), 1103 (1983)
M.N.Dimukhametov, I.A.Nuretdinov. Dokl. Akad. Nauk
SSSR, 278, 525 (1984)

G.Baccolini, P.E.Todesco, G.Bartoli. Phosphorus Sulfur, 10,
387 (1981)

E.F.V.Scriven, K. Turnbull. Chem. Rev., 88, 297 (1988)
N.G.Andersen, P.D.Ramsden, D.Che, M.Parvez, B.A.Keay.
Org. Lett., 1, 2009 (1999)

N.G.Andersen, P.D.Ramsden, D.Che, M.Parvez, B.A.Keay.
J. Org. Chem., 66, 7478 (2001)

C.E.Headley, S.P. Marsden. J. Org. Chem., 72, 7185 (2007)
M.Junkers. Aldrich ChemFiles, 8 (1), 7 (2008)

E.Saxon, C.R.Bertozzi. Science, 287, 2007 (2000)

S.S.van Berkel, M.B.van Eldijk, J.C.M.van Hest. Angew.
Chem., Int. Ed., 50, 8806 (2011)

C.1.Shilling, N.Jung, M.Biskup, U.Schepers, S.Brise.

Chem. Soc. Rev., 40, 4840 (2011)

M.Koehn, R.Breinbauer. Angew. Chem., Int. Ed., 43, 3106
(2004)

I.Kosiova, A.Janicova, P.Kois. Beilstein J. Org. Chem., 2, (23)
(2006)

O.1.Kolodiazhnyi. Tetrahedron: Asymmetry, 16, 3295 (2005)
R.A.Cherkasov, V.I.Galkin. Russ. Chem. Rev., 67, 857 (1998)
D.Enders, A.Saint-Dizier, M.-I.Lannou, A.Lenzen. Eur. J.
Org. Chem., 29 (2006)



0.1.Kolodiazhnyi

572 Russ. Chem. Rev., 2020, 89 (5) 537-572

142. 1.V.Galkina, V.I.Galkin, R.A.Cherkasov. Zh. Obshch. Khim., 178. S.S.Le Corre, M.Berchel, H.Couthon-Gourves, J.-P.Haelters,
68, 565 (1998) P.-A.Jaffrés. Beilstein J. Org. Chem., 10, 1166 (2014)

143. 1.V.Galkina, E.P.Zverev, V.I.Galkin, R.A.Cherkasov. 179. L.P.Reiff, H.S.Aaron. J. Am. Chem. Soc., 92, 5275 (1970)
Zh. Obshch. Khim., 68, 1391 (1998) 180. O.1.Kolodiazhnyi. Russ. J. Gen. Chem., 75, 656 (2005)

144. R.Gancarz. Tetrahedron, 51, 10627 (1995) 181. S.X.Cao, P.Gao, Y.C.Guo, H.M.Zhao, J.Wang, Y.F.Liu,

145. A.E.Wroblewski, V.T.Konieczko. Monatsh. Chem., 115, 785 Y .F.Zhao. J. Org. Chem., 78, 11283 (2013)

(1984) 182. S.X.Cao, Y.C.Guo, J.Wang, L.Qi, P.Gao, H.M.Zhao,

146. O.1.Kolodiazhnyi. Russ. Chem. Rev., 75, 227 (2006) Y.F.Zhao. Tetrahedron Lett., 53, 6302 (2012)

147. R.K.Haynes, W.W.-L.Lam, L.-L.Yeung. Tetrahedron Lett., 183. O.1.Kolodiazhnyi. Tetrahedron Lett., 36,3921 (1995)
37,4729 (1996) 184. E.Bergin, C.T.O’Connor, S.B.Robinson, E.M.McGarrigle,

148. F.A.Kortmann, M.-C.Chang, E.Otten, E.P.A.Couzijn, C.P.O’Mahony, D.G.Gilheany. J. Am. Chem. Soc., 129, 9566
M.Lutz, A.J.Minnaard. Chem. Sci., 5, 1322 (2014) (2007)

149. H.Zhang, Y.-M.Sun, Y.Zhao, Z.-Y.Zhou, J.-P.Wang, N.Xin, 185. K.V.Rajendran, D.G.Gilheany. Chem. Commun., 48, 10040
S.-Z.Nie, C.-Q.Zhao, L.-B.Han. Org. Lett., 17, 142 (2015) (2012)

150. O.1.Kolodiazhnyi, I.V.Guliaiko, A.O.Kolodiazhna. 186. K.V.Rajendran, L.Kennedy, D.G.Gilheany. Eur. J. Org.
Tetrahedron Lett., 45, 6955 (2004) Chem., 5642 (2010)

151. J.Holt, A.M.Maj, E.P.Schudde, K.M.Pietrusiewicz, L.Sieron, 187. K.V.Rajendran, J.S.Kudavalli, K.S.Dunne, D.G.Gilheany.
W.Wieczorek, T.Jerphagnon, I.W.C.E.Arends, U.Hanefeld, Eur. J. Org. Chem., 2720 (2012)

A.J.Minnaard. Synthesis, 2061 (2009) 188. K.V.Rajendran, L.Kennedy, C.T.O’Connor, E.Bergin,

152. S.Sowa, M.Stankevic, A.Szmigielska, H.Maluszynska, D.G.Gilheany. Tetrahedron Lett., 54, 7009 (2013)
A_.E.Koziol, K.M.Pietrusiewicz. J. Org. Chem., 80, 1672 189. H.A.van Kalkeren, F.L.van Delft, F.P.J.T.Rutjes. Pure Appl.
(2015) Chem., 85, 817 (2013)

153. D.Gatineau, D.H.Nguyen, D.Hrault, N.Vanthuyne, 190. A.O.Kolodyazhna, O.I.Kolodyazhnyi. Molecules, 21, 1371
J.Leclaire, L.Giordano, G.Buono. J. Org. Chem., 80, 4132 (2016)

(2015) 191. O.1.Kolodiazhnyi. Tetrahedron Lett., 28, 881 (1987)

154. S.Lemouzy, D.H.Nguyen, V.Camy, M.Jean, D.Gatineau, 192. O.1.Kolodiazhnyi. Russ. J. Gen. Chem., 75, 1017 (2005)
L.Giordano, J.-V.Naubron, N.Vanthuyne, D.Herault, 193. O.1.Kolodiazhnyi, A.O.Kolodiazhna, O.0.Kolodiazhna.
G.Buono. Eur. J. Org. Chem., 15607 (2015) Phosphorus, Sulfur, Silicon Relat. Elem., 190, 322 (2015)

155. S.Lemouzy, M.Jean, L.Giordano, D.Hérault, G.Buono. 194. O.1.Kolodyazhnyi, A.O.Kolodyazhnaya. Russ. J. Gen. Chem.,
Org. Lett., 18, 140 (2016) 85, 359 (2015)

156. G.Kumaraswamy, G.Venkata Rao, G.RamaKrishna. Synlett, 195. O.1.Kolodiazhnyi, O.R.Golovatyi. Phosphorus, Sulfur, Silicon
1122 (2006) Relat. Elem., 102, 133 (1995)

157. X.Fu, W.-T.Loh, Y.Zhang, T.Chen, T.Ma, H.Liu, J.Wang, 196. A.O.Kolodiazhna, O.1.Kolodiazhnyi. Phosphorus, Sulfur,
C.-H.Tan. Angew. Chem., Int. Ed., 48, 7387 (2009) Silicon Relat. Elem., 190, 2232 (2015)

158. Y.-C.Lin, E.Hatzakis, S.M.McCarthy, K.D.Reichl, T.Yi, Lai, 197. 0.0.Kolodyazhna, E.V.Grishkun, S.Yu.Sheiko,
H.P.Yennawar, A.T.Radosevich. J. Am. Chem. Soc., 139, A.O.Kolodyazhna, O.1.Kolodyazhnyi. Russ. J. Gen. Chem.,
6008 (2017) 85, 1639 (2015)

159. A.O.Kolodiazhna, I.V.Guliaiko, O.1.Kolodiazhnyi. 198. O.1.Kolodiazhnyi. Khimiya Ilidov Ftora. (The Chemistry of
Phosphorus, Sulfur, Silicon Relat. Elem., 180, 2335 (2005) Fluoride Ylides). (Kiev: Naukova Dumka, 1994)

160. L.Tedeschi, D.Enders. Org. Lett., 3, 3515 (2001) 199. E.J.Corey, P.L.Fuchs. Tetrahedron Lett., 3769 (1972)

161. J.-P.Wang, S.-Z.Nie, Z.-Y.Zhou, J.-J.Ye, J.-H.Wen, 200. M.M.Heravi, S.Asadi, N.Nazari, B.M.Lashkariani.
C.-Q.Zhao. J. Org. Chem., 81, 7644 (2016) Curr. Org. Chem., 19, 2196 (2015)

162. B.Join, D.Mimeau, O.Delacroix, A.-C.Gaumont. Chem. 201. T.Gibtner, F.Hampel, J.-P.Gisselbrecht, A.Hirsch.
Commun., 3249 (2006) Chem.— Eur. J., 8, 408 (2002)

163. K.D.Reichl, D.H.Ess, A.T.Radosevich. J. Am. Chem. Soc., 202. F.Eymery, B.lorga, P.Savignac. Synthesis, 185 (2000)

135, 9354 (2013) 203. O.1.Kolodyazhnyi. Phosphorus, Sulfur, Silicon Relat. Elem.,

164. M.Cieslikiewicz, A.Bouet, S.Jugé, M.Toffano, J.Bayardon, 194, 396 (2019)
C.West, K.Lewinski, I.Gillaizeau. Eur. J. Org. Chem., 1101 204. A.O.Kolodyazhna, O.1.Kolodyazhnyi. Phosphorus, Sulfur,
(2012) Silicon Relat. Elem., 194, 275 (2019)

165. H.Yorimitsu. Beilstein J. Org. Chem., 9, 1269 (2013) 205. C.Mugnaini, F.Corelli. Synthesis, 48, 2085 (2016)

166. A.O.Kolodiazhna, O.1.Kolodiazhnyi. Phosphorus, Sulfur, 206. O.1.Kolodiazhnyi. Pure Appl. Chem., 91, 43 (2019)
Silicon Relat. Elem., 192, 621 (2017) 207. G.A.Abakumov, A.V.Piskunov, V.K.Cherkasov,

167. W.Stec, M.Mikolajczyk. Tetrahedron, 29, 539 (1973) I.L.Fedushkin, V.P.Ananikov, D.B.Eremin, E.G.Gordeev,

168. X.Liu, C.g.Xu, M.Wang, Q.Liu. Chem. Rev., 115, 683 (2015) [.P.Beletskaya, A.D.Averin, M.N.Bochkarev, A.A.Trifonov,

169. O.1.Kolodyazhnyi. Zh. Obshch. Khim., 51, 2466 (1981) U.M.Dzhemilev, V.A.D’yakonov, M.P.Egorov,

170. Y.Zhou, G.Wang, Y.Saga, R.Shen, M.Goto, Y.Zhao, A .N.Vereshchagin, M.A.Syroeshkin, V.V.Jouikov,
L.-B.Han. J. Org. Chem., 75, 7924 (2010) A.M.Muzafarov, A.A.Anisimov, A.V.Arzumanyan,

171. R.Appel. Angew. Chem., Int. Ed. Engl., 14, 801 (1975) Y.N.Kononevich, M.N.Temnikov, O.G.Sinyashin,

172. O.1.Kolodiazhnyi. Phosphorus Ylides. Chemistry and Applica- Yu.H.Budnikova, A.R.Burilov, A.A.Karasik, V.F.Mironov,
tion in Organic Synthesis. (Weinheim, New York: Wiley VCH, P.A.Storozhenko, G.I.Shcherbakova, B.A.Trofimov,
Chichester, 1999) S.V.Amosova, N.K.Gusarova, V.A.Potapov, V.B. Shur,

173. F.R.Atherton, H.T.Openshaw, A.R.Todd. J. Chem. Soc., 660 V.V.Burlakov, V.S.Bogdanov, M.V.Andreev. Russ. Chem.
(1945) Rev., 87,393 (2018)

174. G.M.Steinberg. J. Org. Chem., 15, 637 (1950) 208. K.E.Metlushka, D.N.Sadkova, K.A .Nikitina,

175. G.Wang, R.Shen, Q.Xu, M.Goto, Y.Zhao, L.-B.Han. J. Org. Z.R.Yamaleeva, K.A Ivshin, O.N.Kataeva, V.A.Alfonsov.
Chem., 75, 3890 (2010) Mendeleev Commun., 28, 579 (2018)

176. B.Xiong, Y.Zhou, C.Zhao, M.Goto, S.-F.Yin, L.-B.Han. 209. M.N.Dimukhametov, G.A.Ivkova, I.A.Litvinov,
Tetrahedron, 69, 9373 (2013) R.R.Fayzullin, V.F.Mironov. Mendeleev Commun., 29, 150

177. R.M.Denton, J.An, B.Adeniran, A.J.Blake, W.Lewis, (2019)

A.M.Poulton. J. Org. Chem., 76, 6749 (2011)



	1. Introduction
	2. Alkylation and arylation
	2.1. Electrophilic alkylation and arylation reactions
	2.2. Alkylation and arylation of secondary phosphines
	2.3. Alkylation and arylation of phosphine boranes
	2.4. Michaelis-Arbuzov reaction
	2.5. Michaelis - Becker reaction

	3. Asymmetric electrophilic catalysis
	4. Reduction
	5. Oxidation and thionization
	6. Staudinger imination and ligation
	7. Electrophilic addition to multiple bonds
	7.1. Phospha-aldol condensation
	7.2. Phospha-Mannich reaction
	7.3. Phospha-Michael reaction (Pudovik reaction)

	8. Halophilic reactions of phosphorus(III) compounds
	8.1. Atherton-Todd reaction
	8.2. Appel reaction
	8.3. Reaction of tertiary alkylphosphines with tetrahalomethanes
	8.4. Corey - Fuchs reaction

	9. Conclusion
	References

