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Foreword

The chemistry of organophosphorus compounds is a multi-volume work within the well
established series of books covering The Chemistry of Functional Groups, and is in four
volumes.

Volume 1  covers primary, secondary and tertiary phosphines (PR ;H;_, n=1 - 3),
polyphosphines (both P—(C),—P and R(P),R’, n > 1) and heterocyclic
compounds containing phosphorus.

Volume 2 covers phosphine oxides, sulphides, selenides and tellurides.

Volume 3 covers phosphonium salts, phosphonium ylides and phosphoranes.

Volume 4 covers phosphinous, phosphonous, phosphinic and phosphonic acid
compounds and their halogen derivatives R,PY, RPY, and R,P(X)Y,,
where Y = halogen and X = O, S or Se.

For many years the nomenclature used in organophosphorus chemistry was extremely
frustrating, with different compounds being given the same name by different authors. The
nomenclature has, however, now been rationalized and is summarized in Volume 1,
Chapter 1, Section IV.

In common with other volumes in The Chemistry of the Functional Groups series, the
emphasis is laid on the functional group treated and on the effects which it exerts
on the chemical and physical properties, primarily in the immediate vicinity of the group
in question, and secondarily on the behaviour of the whole molecule. The coverage is
restricted in that material included in easily and generally available secondary or tertiary
sources, such as Chemical Reviews and various ‘Advances’ and ‘Progress’ series, as well as
textbooks (i.e. in books which are usually found in the chemical libraries of universities
and research institutes) is not as a rule repeated in detail, unless it is necessary for the bal-
anced treatment of the subject. Therefore, each of the authors has been asked not to give
an encyclopaedic coverage of his or her subject, but to concentrate on the most important
recent developments and mainly on material that has not been adequately covered by
reviews or other secondary sources by the time of writing of the chapter, and to address
himself or herself to a reader who is assumed to be at a fairly advanced post-graduate level.
With these restrictions, it is realized that no plan can be devised for a volume that would
give a complete coverage of the subject with no overlap between the chapters, while at the
same time preserving the readability of the text.

The publication of the Organophosphorus Series would never have started without the
support of many people. This volume would never have reached fruition without the help
of Mr Mitchell and Mrs Perkins with typing, and the efficient and patient co-operation
of several staff members of the Publisher. Many of my colleagues in England, Israel and

vii



viii Foreword

elsewhere gave help in solving many problems, especially Professor Saul Patai, without
whose continual support and encouragement this work would never have been attempted,
Finally, that the project ever reached completion is due to the essential support and
partnership of my wife and family, amongst whom my eldest daughter provided both
moral support and chemical understanding in the more difficult areas of the subject.

Cranfield, England FRANK HARTLEY
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CHAPTER 1

The preparation and properties
of tervalent phosphorus
acid derivatives

O. DAHL

Department of Chemistry, University of Copenhagen, The H. C. @rsted Institute,
Universitetsparken 5, DK-2100 Copenhagen, Denmark

Fax: (45)35-320212

I. INTRODUCTION . . . ... . .. et 1
II. PREPARATION . . . . . . . .ttt 4
A Preparation of Halophosphines (Mostly RPCl,and R,PCI) . . . . . . .. 5

B. Preparation of Aminophosphines [RP (NR,), and R,PNR,] and
Aminohalophosphines [Mostly RP(C)NR,] . . . .. .... ... .. .. 10

C. Preparation of Phosphinites (R,POR), Phosphonites [RP (OR),],
Phosphonohalidites [Mostly RP(CI)OR] and

Phosphonamidites RP(OR)NR,] . . . . ... ... ... ......... 14

D. Preparation of Tervalent Phosphinous and Phosphonous Acids . . . . . 20

E. Preparation of Two-coordinated Tervalent Compounds . . . . .. ... 21

F. Preparation of Thio and Seleno Analogues . . . . ... ... ...... 23

III. HANDLING; PHYSICALPROPERTIES . ... ... .. ......... 25

IV. NUCLEOPHILICREACTIONS . .. ... ... ... ... ........ 26

V. ELECTROPHILICREACTIONS ... ... ... ............. 34

VI. OTHER REACTIONS . . . . ... . .. ... .. .. 37

VII. REFERENCES . . . . . . . . . . e e 39
. INTRODUCTION

Tervalent phosphorus acid derivatives (1) are compounds with three covalent bonds to
phosphorus and at least one electronegative atom bound directly to the phosphorus atom.
Such compounds are able to undergo a diversity of reactions since they are nucleophiles
due to the lone pair on phosphorus and also electrophiles because of the presence of a leav-
ing group X. They are generally reactive towards water and often easily oxidized. They are
therefore mainly used as intermediates for the preparation of more stable phosphorus
compounds, such as phosphine oxides, phosphates and phosphonates.

The chemistry of organophosphorus compounds, Volume 4, Ter- and quinque-valent phosphorus acids and their
derivatives. Edited by Frank R. Hartley. © 1996 John Wiley & Sons, Ltd. ISBN: 0-471-95706-2
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4 O. Dahl

This chapter will be limited to the preparation and properties of compounds (2) with one
or two P—C bonds, since only these compounds contain functional groups of phosphorus
in the sense of the Patai series. Thus, important classes of tervalent phosphorus acid
derivatives with three electronegative groups, e.g. phosphites (3), tris(dialkylamino)phos-
phines (4) and phosphoramidites (5), will only be included for illustration of a reaction or
property which is common to tervalent phosphorus acid derivatives but has not been
sufficiently studied for compounds with a P—C bond. The chapter will cover the highly
reactive, dicoordinated derivatives 6, but not diphosphines 1 (X = PR,) or diphosphenes 6
(X =PR).

R
N N
/P—X /P—X X = halogen, OR, SR, NR,

® @

P(OR);  P(NRy); (RO),PNR,
&) S ®)

RP=X
X =0,Sor NR

(6)

The nomenclature of tervalent phosphorus acid derivatives is difficult, and the literature
abounds with ambiguous or misleading names. The IUPAC rules' allow three methods
to name the compounds: (i) as substitution products of phosphine; (ii) as derivatives of
the parent acid; or (iii) as coordination compounds of phosphorus. Of these, only the first
two methods are in common use, and Table 1 gives the names of representative examples
of compounds according to (i) and (ii), with the name which will be used in this chapter
underlined.

Methods for the preparation and propertles of tervalent phosphorus acid derivatives
with one or two P—C bonds were reviewed in detail by Sasse in Houben- Weyl, Vol. 12/1
(pubhshed 1963)*and by Regltz in Houben-Weyl, Vol. E1 (published 1982)°. Another valu-
able review on this subject is Vol. 4 in Kosolapoff and Maier’s Organophosphorus
Compounds (published 1972)*, which contains lists on all known compounds uptoca 1970.
These should always be consulted for information of the preparation of compounds known
before the above publication times. Yearly reviews on the preparation and chemistry of
halophosphines and tervalent phosphorus acid derivatives are published in Specialist
Periodical Reports, Organophosphorus Chemistry (from Vol. 1, 1970)°.

Il. PREPARATION

With few exceptions, derivatives of tervalent phosphorus acids are prepared from phos-
phorus trichloride by nucleophilic substitution of one or two of the chloro groups with
organometallic compounds, followed by substitution of the remaining chloro groups with
alkoxy, amino, alkylthio groups, etc., or vice versa (Scheme 1). Occasionally a tervalent
compound is best obtained by reductlon of a (thio)phosphoryl derivative which is prepared
from (thio)phosphoryl chloride (Scheme 2), or from a P—H compound and an
electrophilic reagent, e.g. Scheme 3.



1. The preparation and properties of tervalent phosphorus acid derivatives 5

/ RIPXY
RIPCl,
/ \RlePCl RIR2PX
PCl,
\ / CIPXY RIPXY
CL,PX
\ RIR2PX
SCHEME 1
i
- RIPYZ — RI!PYZ
X=PCl,
\ Il
RIR2PY — RIR2PY
X=0orS
SCHEME 2
Oy OSiMe;
Rﬂ’/ +M . base 4
- e3SiCl RP_
X X
_SR?
RIPH, + R2SSR?2 RIP_
SR?2
SCHEME 3

A. Preparation of Halophosphines (Mostly RPCI, and R,PCI)

The preparation of these compounds was thoroughly reviewed up to 1970 by Kosolapoff
and Maier.* Aliphatic compounds are best prepared in the laboratory from PCl, and
organometallic compounds with reduced reactivity, such as R ,Pb, Bu;SnR or R,Cd, unless
the alkyl group is highly branched, in which case also the more reactive Grignard or
alkyllithium reagents can be made to substitute only one or two of the chlorine atoms of
PCl,. Representative examples are given for the preparation of dichloro(ethyl)phosphine
(equation 1)°, zert-butyldichlorophosphine (equation 2)’, several chlorodialkylphosphines
(equation 3)*° and the very hindered dichloro[tris (trimethylsilyl)methyl]phosphine (equa-
tion 4)'°. Unsymmetrical dialkylchlorophosphines, RR’PCI, are obtained by stepwise



6 O. Dahl

2PCl; + EtPb 2EtPCl, + Et,PbCl, 1)
89%
Et,0O
PCl; + BuMgCl  —55—gec~ BuPClh )
44-50%
Et,0
PCl; + 2RMgCl  ——50——= RyPCl 3)
R = Pri, Bu/, Bu’, Bu! 45-80%

alkylation with R,Pb"' or by the Grignard route if one of the alkyl groups is branched'>".
Methylenebis(dichlorophosphine) is easily obtained from dichloromethane, Aland PC1,'4,
but ethylenebis(dichlorophosphine), prepared from ethylene, P, and PCl, at 200 °C", is
probably better purchased. Functionalized dichloro(alkyl)phosphines or chlorodi-
alkylphosphines may be obtained from the trialkyltin compounds (equations 5-7)'**,
Dichloro(methyl)phosphine (equation 8)'° and chlorodimethylphosphine (equation 9)*
are best obtained by other routes as shown.

THF

PCl; + (MesSi)sCLi —yoc—  (Me3Si)sCPCl @)
67%

PCl; + nBusSnCH,COOR —  Cl; ,P(CH,COOR), )
n=1or2;R =Me, Et ~80%

PCl; + Bu;SnCH,CN ——  CL,PCH,CN (6)
23%

PCl; + Bu;SnCH,SMe —— CLPCH,SMe M
61%

PCl; + Mel + AICl; ———  MePCL AICKLI X% Mepcl, (8)°

70-80%
i i
SO,Cl BusP
Me,P—PMe, —g., = MePCl —2 = Me,PCl ©)

The preparation of chlorophosphines or bromophosphines from (dialkylamino)phos-
phines and dry HCl or HBr is an indirect method which is occasionally used, e.g. to obtain
chlorodicyclopropylphosphine (equation 10)*', 1-chlorophosphorinane (equation 11)%,
the bisdibromoAphosphines 7 (equation 12)*, and the dihalo(trifluoromethyl)phosphines 8
(equation 13)*. Reduction of dialkylphosphinothioic chlorides, as in equation 9, or
alkylphosphonothioic dichlorides with phosphines is a method which is convenient in
some cases, e.g. for the preparation of 1-adamantyldichlorophosphine (equation 14)**. The
photoinitiated addition of PBr; to alkenes or alkynes may be ?reparative by useful, e.g. to
obtain 2-bromocyclohexyldibromophosphine (equation 15)*. More useful is that PCl, in
the presence of catalytic amounts of PBr; gives the product of addition of PCl, to e.g.
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butadiene (equation 16)” and phenylacetylene (equation 17)®. However, in the presence
of triethylamine, PCl, and phenylacetylene gave a substitution product (equation 18)%.
Functionalized alkyldichlorophosphines (9) are obtained by the uncatalyzed addition of
PCl, to silylated ketene acetals (equation 19)®. Preparation of chloro- or dichloro-
phosphines by chlorination of secondary or primary phosphines is only useful when the
phosphine is easily obtained, e.g. dichloro(2-cyanoethyl)phosphine (equation 20)*.

HC1
EuNPCL +2 [ >—Li = <>—>2PNEt2 e (D—)ZPQ (10)

Et,NPCl, + BrMg(CH)sMgBr ——~ (  P—NEt 4o  p—Cl (D

2 (E;N),PCl + XMg(CHp),MgX —= (EtzN);P(CH,),P(NEt2), (12)

n=4-10
HBr | 76-90%

BrzP(CHz),,PBrz
)
CF;P(NEt,), + 4HX — CF3;PX; + 2 Et,NH,* X~ (13)
X=F,ClBrI ®
(i) PCl3-AlBr;3 I Lawesson’s I
1-Ad—Br @) H,0 1-Ad—PCl, W 1-Ad—PCl, (14)

@» Ph;P\ 75%
1-Ad =
1-Ad—PCl,
0, PBI‘Z
PBr; + O Cr (15)
" Br

POl + A~ cat. PBry a EtN
3 4?/ T UNSN"Ypar, T % AN pay, (16)

PCl,
cat. PBr;
PCl; + PhAC=CH ——~ PhC=CHCl (17)
92%
Et;N
PCl; + PhC=CH — 2>~ PhC=CPCl, (18)

42%
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1 : 1
bl + R/\___<081Me3 . R><COOR3 19)
R? OR3 r2 PCh
9
NCCH,CH,PH, + 2COCl, NCCH,CH,PCl, (20)
75%

Aromatic dihalophosphines are often prepared by a Friedel-Crafts reaction from PCl,
or PBr; and an arene, with AlCl,, FeCl,, SnCl, or ZnCl, as the catalyst. Dichloro(phenyl)-
phosphine and chlorodiphenylphosphine [from the thermal disproportionation of
dichloro(phenyl)phosphine] are obtained from benzene in this way and are commercially
available and cheap; a variety of substituted aryl and heterocyclic derivatives can be simi-
larly made in the laboratory, although mixtures of isomers are often obtained. The reac-
tion fails for aromatic ketones, esters and nitriles. Representative examples are 4-
alkylphenyldichlorophosphines (equation 21)*, dichloro(4-methoxyphenyl)phosphine
(equation 22)*, dichloro (2-thienyl) phosphine (10)*, dibromo(5-methyl-2-furanyl)-
phosphine (11) and the bromodifuranylphosphine 12%*, and dibromo(N-methyl-2-
pyrrolyl)-phosphine (13)*. The substituted furans and pyrroles are reactive enough to give
11-13 with PBr; without a Friedel-Crafts catalyst. The same holds for the reaction of PCl,
with N,N-dimethylaniline (equation 23)*’ or with diphenylamine (equation 24). The prod-
uct of the latter reaction, 10-chloro-5,10-dihydrophenophosphazine (14), is unstable, but
may be generated just before use from the hydrolyzed product as shown™.

AlCI 1
PCl, + R@ R R—@—PCIZ-AICI3 Poch | R@-Paz

R = Me, Et, Pri, Bu, Hex 39-69%
(21)
SnCl,
PCl; + MeO@ — MeO @—PClz (22)
91%
Q—PCIZ Me ‘Q—PBQ <Me — Q)z PBr @—PBQ
|
Me
(10) 11) 12) (13)

w0
PCl; + MezN@ —_— MezN@PCIZ
60%
<Me2N—©—> PCl  (23)

2
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i i
N N
H,0
PCl + Ph,NH — ©[ D — ©[ :@ (24)
PCly
i oK
& H 0

(14)

N, e
PCl; + O Cd — O (25)

25%
ArMgBr % . Arsicl; 2B ArAICk g;—g‘é—» APClL,  (26)
Ar = 4-MeCgHy, 4-CIC¢H,, 4-BrCgH, > 10_85%
PCl; + 4<©§7Li QPCIZ or PCl (27)
2
65% 71%
O O
@sz <<:)§—Pc12 CIPF, + @ Li —~ @ PF, (28)
@) @)
15 16
{13) (16) (17) 96%
Rl
U‘PFZ
N 2
| R PF, R!, R?=H, OMe, NMe,
Ph R2=H, Me, CF;
R3
(18) 19)

An alternative method to prepare aromatic halo- or dihalo-phosphines is the reaction of
a phosphorus trihalide with an arylmetal compound. Like the alkyl compounds, the metal
must be a less electropositive one to avoid the formation of a tertiary phosphine, unless the
arylmetal compound is sterically hindered. Older examples of syntheses by this method are
the preparation of dichloro(l-naphthyl)phosghine (equation 25)* and some dichloro(4-
substituted-phenyl)phosphines (equation 26)"". More recently, hindered aryllithium com-
pounds have been treated with PCl, to give dichloro(mesityl)phosphine*' or chlorodime-
sitylphosphine* (equation 27), dichloro (2,4,6-tri-tert-butylphenyl)phosphine (15)"° and
dichloro[2,6-bis(trifluormethyl)phenyl]phosphine (16). Aryldifluorophosphines have
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been obtained from the aryllithium and CIPF,, e.g. 17 (equation 28)*, 18* and 19%. Some
diaryl and dialkylfluorophosphines were similarly prepared from CL,PF*.

Other methods to prepare aromatic halo- or dihalo-phosphines are occasionally used.
Arylbis(dialkylamino)phosphines have been converted into aryldihalophosphines with
dry HCI or HBr, e.g. dichloro(2-methoxy- or 2-dimethylaminophenyl)phosphine (equa-
tion 29)*, the o- and m-phenylenebis(dichlorophosphine)s 20 and 21* and the p-
phenylenebis(dichlorophosphine) 22%. The o-phenylenebis(dibromophosphine) 23 has
been prepared similarly”'. Aryldiazonium tetrafluoroborates with PCl, give chlorophos-
phonium salts, which can be reduced to aryldichlorophosphines (equation 30)*. Primary
and secondary phosphines may be chlorinated with phosgene to give chlorophosphines,
e.g. hexamethylenebis[chloro(phenyl)phosphine] (equation 31)** and 20%.

X X
L., = O
P(NEt,), PCL,

X = OMe or NMe,

@[ PCl, PCl, /©/ PCl, @[ PBr,

PCIZ I ClzP PBI‘Z
PCl,

(20) @y 22) 23)

X X
+ Mg
PC13 " @NZ-FBF“‘ o @PC13BF47
X = 2-Cl, 3-Cl, 3-Br, 2-MeO, 4-CN X
\@—Paz (30)

10-33%

Phr(CHZ)6|PPh +2C0Cl, — PhlP(CHz)slPPh 31
H H cl Cl

99%

Halophosphines other than chlorophosphines are often made from the chlorophosphine
by halogen exchange. Fluorophosphines are best prepared by exchange with NaF in a
dipolar aprotic solvent, e.g. sulpholane, and bromophosphines by exchange with PBr,
without a solvent; the labile iodophosphines can be obtained from exchange with Lil or
Me;,Sil. Several examples are given in Houben- Weyl **.

B. Preparation of Aminophosphines [RP(NR,), and R,PNR,] and
Aminohalophosphines [Mostly RP(CI)NR,]

Aminophosphines are mostly prepared by one of two routes: the reaction of halophos-
phines (normally chlorophosphines) with amines or silylated amines (equation 32), or the
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reaction of aminohalophosphines with organometallic compounds (equation 33). Of
these, the first method normally gives the highest yield because organometalliccompounds
displace amino groups nearly as fast as halo groups at a tervalent phosphorus centre.

RzNSiMeg R,;NH
RnP(NR2)3~n ~ Me3SiCl RnPC13—n —R,NH,*Cl- RnP(NR2)3—n (32)
CI,P(NR,)s , + nRM R,P(NRy); , + nMCl (33)

A great number of aminophosphines were known prior to 1970 and were listed by
Kosolapoff and Maier*. Derivatives with no substituents on the nitrogen atom are stable
only when the phosphorus substituents are very bulky or highly electronegative, e.g. the
amino-tert-butylphosphines 24* and 25% and the amino(trifluoromethyl)phosphines 26 57
and 27%. Derivatives with one N—H bond are more common, although eliminations
(equation 34) or further reactions (equation 35) may complicate their preparation. A few
aminophosphines which contain a P—H bond are known, e.g. 28%, 29 and 30; they are
prepared by complex hydride reduction of the corresponding aminochlorophosphines.

Bu/P(NH,), Bu,PNH, CF;P(NH,), (CF3),PNH,
(24) (25) (26) @7
RPCl, + R'NH, — Rr—bIIR' —— (RP=NR)), (34)
Cl H
R,PCl
R,PCl+ R'NH, — R,PNHR’ ———= (R;P);NR’ (35)
t t
R Bul, | Bu
_PN(SiMes); _PNPrf _PNHBu!
H H H
28) 29) (30)

R = Pr, Bu!, CH,SiMej3, Ph

The preparation of aminophosphines from chlorophosphines and an amine is usually
straightforward. Two equivalents of the amine or the addition of one equivalent of a ter-
tiary amine per chloro group is necessary to neutralize the acid formed, unless a trimethylsi-
lylamine is used; good yields of aminochlorophosphines are obtained from dichlorophos-
phines and 2 mol of an amine or 1 mol of a trimethylsilylamine. Representative examples
are the Preparation of aminophosphines from dichloro(phenyl)phosphine (equations 36"
and 37%) and the preparation of some functionalized aminophosphines (equations 38"%and
39%). Examples of reactions with trimethylsilylamines are given in equations 40% and 41%.
Hydrazinophosphines are known and may be prepared from chlorophosphines, e.g. 2,2-
dimethylhydrazinodiphenylphosphine (equation 42)%,

Cl
/ 2Et,NH 4Et,NH

PhP PhPCl,
AN

NEt,
48% 70%

PhP(NEt,), (36)
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Pri
Pri ‘ |
PhPCl, ;’;‘2 PhP(NHPr), +PhF—N—FPh (37)
3
NHPri NHPr
cal : 1
Et,NH
MeSCH,PCl;, —— MeSCH,P(NEt,), (38)
80%
0N ]\ EuNH -/
PB Sy PBr, P(NEy), ©9
| | |
Me Me Me
74%
/CI
MePCl, + MeN(SiMe3), MeP_ (40)
N(Me)SiMes
73%
CgFsPCl, + 2Me;NSiMes C¢FsP(NMe,), 41)
81%
Ph,PCl + 2H,NNMe, Ph,PNHNMe, 42)
85%

The reaction of aminochlorophosphines with organometallic compounds is the other
main route to aminophosphines. The method is convenient since aminochlorophosphines
are easy to prepare, either from PCl; and the calculated amount of secondary amine, or
from commercially available P(NMe,), or P(NEt,), and the calculated amounts of PCl,
(equation 43 and 44)*®. Grignard reagents tend to give low yields, e.g. of (dimethy-
lamino)- dimethylphosphine (equation 45)%, and organoaluminium compounds seem not
tobe better (equation 46)". However, alkyllithium reagents at low temperatures give high
yields (equation 47 and 48)%, probably because the more reactive organolithium com-
pounds do substitute chloro groups but not readily amino groups at low temperatures.
More recent examples are the preparation of bis(diethylamino)ethynylphosphine (equa-
tion 49)"" and other compounds shown before (equations 10-12). Some functionalized
aminophosphines have also been prepared by this method, e.g. methyl P, P-bis(dimethy-
lamino)phosphinoacetate (equation 50)” and some arylbis(diethylamino)phosphines
(equations 51 and 52)®.

r.t.

PCl; + 2(Me;N);P 3(Me,N),PCl 43)
92%
2PCl; + (MeyN);P L 3Me,NPCl, 44)
82%
Me;NPCl, + 2MeMgBr Me,PNMe, (45)

48%
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(Me,N),PCl + EtsAl ——— EtP(NMey) (46)
45%
Me,NPCl, + 2BuLi —>-= Bu,PNMe;, @7
80%
(Me;N),PCl + BuLi —-S~ BuP(NMe), 48)
83%
(Et;N),PCl + HC=CMgBr ———~ HC=CP(NEt,) 49)
72%

- 68°C

(Me,N),PCl + LiCH,COOMe MeOCOCH,P(NMe,), (50)

63%
OMe OMe
(Et,N),PCl + @E -, @ D
MgBr P(NEt,),
59%
NMe, NMe,
-30°C
(BLNPCI+ @[ e, @[ (52
Li P(NEt,),
64%

Aminohalophosphines can be prepared from dihalophosphines and 2 mol of an amine
(equation 36) or simply by mixing a diaminophosphine with a dihalophosphine. The
Jatter method gives a pure product in high yield, e.g. equations 53™ and 54,

cl
+ /
MePCl, + MeP(NMey), ———= 2MeP__ (53)
NMe,
83%
cl
_0°C /
PhPCl, + PhP(NEt,), 2PhP,_ (54)
NEt,

Aminophosphines can be converted into other aminophosphines by transamination.
The reaction is probably acid catalyzed and an equilibrium is established which can be
displaced by distilling off the lowest boiling amine. A recent example is shown in equation
5577 Other methods to obtain aminophosphines have occasionally been used. Reduction
of some phosphinic amides with phenylsilane have been described (equation 56)” and a
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thiophosphinic amide with potassium gave an aminophosphine in low yield”®. A simple
method to prepare bis(diethylamino)trifluoromethylphosphine (equation 57)* seems a
useful route to other trifluoromethyl-substituted tervalent compounds, e. g.31and 8. Some
a-haloalkylbis(diisopropylamino)phosphines were obtained by halogenation of alkylbis-
(diisopropylamino)phosphines with CCl, or CBrCl, to give halophosphoranes, which
rearranged to the aminophosphines (equation 58)”.

i
NH, N
5532080 °C _ 55
RP(NEt,), + @[ “ason - R—P_ ]@ (55)
NH, ITJ
H
~100%
Me /0 Me
I>P\ +PhsiH; —%°C - J\I\/P——NRzz (56)
RI NR22 Rl
R!=H, Me 62-69%
R2 = Me, Et
5(Et;N)sP + PCl; + 3CF3Br  ——— 3CF;P(NEt,),
70% &)
cl
v/
CFsP
SN
NEt,
(31)
X X
i CXClj | . | .
RCH,P(NPry); —Ge— RCH=P(NPrh), —=—== RCHP(NPry), (58)
R = H, Me, Pr, Pr
X =Cl, Br

C. Preparation of Phosphinites (R,POR), Phosphonites [RP(OR),],
Phosphonohalidites [Mostly RP(CI)OR] and
Phosphonamidites [RP(OR)NR,]

Tervalent phosphorus compounds which contain one to three alkoxy or aryloxy groups
are mostly prepared by one of three routes: the reaction of a halophosphine with an
alcohol or a phenol in the presence of a base (equation 59), the reaction of an amino-
phosphine with an alcohol or a phenol (equation 60) or the reaction of a phosphite, a phos-
phorochloridite, a phosphorodichloridite, or a phosphoramidochloridite with an
organometallic compound (equation 61). The first two methods generally give high
yields, whereas the last method gives variable yields because alkoxy/aryloxy groups or
amino groups may be substituted in addition to the substitution of the chloro group(s).
Phosphinites, phosphonites, phosphonohalidites and phosphonamidites known up to
1970 were listed by K osolapoff and Maier*.
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“p—Cl+ROH —2 “p_0R 59
% ~HCl by (59)
“P—NRL, + R2OH “p_OR2 60
< 2 -RLNH S (60)
cl R2
“p_OR!+RM -~  P—OR! 61)
Ve -MCl1 /

The reaction of a halophosphine with an alcohol in the presence of a base, often triethyl-
amine, is the method mostly used to obtain alkyl phosphinites, phosphonites and phos-
phonohalidites. Without a base the alcohol is transformed into an alkyl halide because an
intermediate alkoxyphosphonium ion is dealkylated by an Syl or Sy2 reaction (equation
62). Since an analogous dearylation does not occur, halophosphines can be treated with
phenols to give aryl phosphinites, etc., in the absence of a base. Representative examples
are the preparation of diethyl methylphosghonite (equation 63)*, tetraalkyl and tetraaryl
methylenediphosphonites (equation 64)"', tetramethyl ethylenediphos honite®, and
tetramethyl o-phenylene-"' and m-phenylene-diphosphonite (equation 65)™. Phosphinites
are similarly obtained” or prepared from the chlorophosphine and an alkoxide™, e.g. some
alkyl di-tert-butylphosphinites (equation 66)***. No base is required for the preparation
of aryl phosphinites or phosphonites’ or dialkyl trichloromethylphosphonites (equation
67)"". Ethyl diphenylphosphinite has been obtained from chlorodiphenylphosphine and
triethyl orthoacetate, also without a base (equation 68)%. The reaction of epoxides with
halophosphines to give 2-chloroalkyl phosphinites or phosphonites (equation 69) does not
require a base either”’. Phosphonohalidites are easily obtained from dichlorophosphines
and 1 mol of an alcohol plus 1 mol of a base (e.g. equation 70) or I mol of a trimethylsilyl
ether if a base cannot be tolerated**. Phosphonamidites can be prepared from an amino-
halophosphine and an alcohol or phenol plus a base (e.g. equation 71)¥, from a phospho-
nohalidite and an amine (e.g. equation 72)* or from a dihalophosphine and an amino
alcohol (e.g. equation 73)’.

\P Cl + ROH \P—OR + HCl —————-‘\f’/H Cl- b /H + RCl (62
/ / VRN /N (62)
OR (0]
PhNMe,
MePCl, + 2EtOH — MEeP(OEt), (63)
91%
ElgN or
ClL,PCH,PCl, + 4ROH ——Py——> (RO),PCH,P(OR), (64)
R = Me, Et, Ph, p-tolyl 45-70%
PCl, P(OMe),
Et;N
@/ +4MeOH —— @ (65)
PCl, P(OMe),
0:32-73%

m:92%
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ROH

Bu,PCl+ RONa  — = Bu’,POR (66)
R = Me, Et, Pri 43-88%
CClPCly + 2ROH 1= CCl3P(OR), (67)
R = Me, Bu, Pen 66-78%

PhyPCl + CH,C(OEt); — Ph,POEt + EtCl + CH3;COOEt (68)

78%
O e
RPCL +2 /\ RP(OCH,CH,Cl), (69)
Cl
PhNEL, /
PhPCl, + BuOH “300C PhP (70)
- AN
OBu
62%

cl o—<©>—No2
/ Et;N /
+02N—©—0H =t MeP

MeP| 1)
NPI’iz NPI‘iz
95%
Cl /NEtz
PhP{  +2ELNH PhP [ (72)
OFt OEt '
65%
HO._ _R2 _O_R?
RIPCI, + ]/ — o RI—p_ ]/ (73)
g y
R3 R3

The reaction of an aminophosphine with an alcohol or a phenol can give rise to phos-
phinites, phosphonites or phosphonamidites. No reaction occurs unless a weak acid is
present (R,NH,"CI’, tetrazole, phenols, etc.)”’, but since aminophosphines are usually
contaminated with ammonium halides, the reaction will normally take place in the absence
of added acid catalyst, at least on heating. In the presence of molar amounts of catalyst,
however, the reaction is usually fast at room temperature. Representative older examples
of preparations where no catalyst was added are the preparation of butyl diphenylphos-
phinite and dibutyl phenylphosphonite (equation 74), dimethyl methylphosphonite
(equation 75)" and 1-phenoxy-3H-2,1-benzoxaphosphole (equation 76)”. Bis(dialky-
lamino)phosphines with 1 mole of an alcohol give high yields of phosphonamidites,
e.g.equation 77"°. With 2-aminoethanol or 2-aminophenol, diaminophosphines give 1,3,2-
oxaphospholidines, e.g. equation 78%. Catalyzed reactions at room temperature have been
used mainly to prepare phosphonites and phosphonamidites of sensitive natural products,
e.g. nucleosides. A representative example is shown in equation 79°%.
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Ph,P(NE,); , + BuOH —* ~ P P(OBu)s., (14)
n=1or2 94-95%
MeP(NMe,), + MeOH —22C = MeP(OMe), 75)
76%
@E\/onmor{ e @\/O (76)
r i
NMe, OPh
80%
OEt
PhP(NMe,), + EtOH — =% PHP_ )
NMCZ
81%
HO 0
PhP(NEty), + j —C  ph—P_ ] (78)
H,N N
H
68%
_OR? OR?
MeP(NRL), — R nep _ ROH_ - ypep (19)
22 collidine - HCl AN tetrazole AN
rt. NRI, rt. OR3
64-95% > 80%

R! = Me, Pr!
R20H, R30H = nucleosides

The reaction of a phosphite, a phosphorochloridite, a phosphorodichloridite or a phos-
phoramidochloridite with an organometallic compound constitutes the third commonly
used method to obtain phosphinites, phosphonites or phosphonamidites. As mentioned
before, a chloro group is a better leaving group than an alkoxy, a phenoxy, or a dialky-
lamino group at a tervalent phosphorus atom, so a stochiometric amount of an
organometallic compound can yield products which are the result of substitution of only
the chloro groups. The yields, however, are generally not as high as those for the previous
two methods, partly also because of difficulties in obtaining pure phosphorochloridites,
phosphorodichloridites or phosphoramidochloridites as the starting materials”.
Convenient methods to prepare 96-99% pure phosphorochloridites from trialkyl phos-
phites (equation 80)**, methyl or ethyl phosphorodichloridite from the dialkyl phosphites
(equation 81)” or from trimethyl phosphite (equation 82)'* and a series of alkyl phospho-
rodichloridites from the alcohol and a large excess of phosphorus trichloride in acetoni-
trile (equation 83)'"", however, makes this route more attractive. Representative examples
are the preparation of diethyl methylphosphonite (equation 84)* and a series of diethyl
phosphonites (equation 85)"* and ethyl phosphinites (equation 86)'” from diethyl phos-
phorochloridite or ethyl phosphorodichloridite. Triethyl phosphite or tributyl phosphite
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with 1 mol of a Grignard reagent gave reasonable yields of dialkyl phosphonites, e.g.
equation 87'?, but 2 mol of a Grignard reagent gave a mixture of dialkyl phosphonites and
tertiary phosphines and no alkyl phosphinite'®. Functionalized phosphonites have been
obtained from diethyl phosphorochloridite and lithium enolates at low temperatures, e.g.
an organolithium ester (equation 88)"? and several o-lithiated ketones and esters'®. In the
latter cases, the phosphonates were isolated in 32-93% yield after air oxidation. Two 2, 1-
benzoxaphospholes have been prepared from o-lithiobenzyl alcoholate and dichloro-
(phenyl)phosphine or dichloro(dimethylamino)phosphine (equation 89)*’. The cyclic
phospllg“orochloridite 32 has been prepared in 79% yield from 2-phenylphenol, PCl, and
ZnCl, ™.

CH,(Cl
(RO);P + PhsPCl, — —*—= (RO}PCl+Ph;PO +RCl  (80)
R = Meg, Et, Pr, Pr/, Bu 38-71%
(RO)PHO +PCl; —“—~ ROPCI, 81)
R = Me, Et 53-72%
(MeO);P + PCl; —“——~ MeOPCl, (82)
55%
r.t.
PCl; +ROH  — e ROPCL (83)
93-100%

R= RISOZCH2CH2, NCCH2CH2, C16H33,
PhCH,;, fluorenylmethyl

(EtO),PCl + MeMgl —2%%C.  MeP(OEY), (84)
61%
(EtO),PCl + RMgX RP(OEt), (85)
R = Et, Bu, PhCH,, Ph 47-63%
EtOPCl, + 2RMgCl 0°C R,POEt (86)
R = Et, By, Hex, octyl, PhCHy, Ph  15-63%
(EtO);P + RMgX —%C_. RP(OEt), (87)
R = Et, Bu, PhCH,, Ph 31-54%
(Et0),PCl + LiICH,COOEt —2 ~  E{OCOCH,P(OEt), (88)
69%
OLi  _7go
XPCl, + @ 78°C @E\/O (5)
Li 1|>
X = Ph, Me;N X

30-50%
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_al

O—P

(32)

Other methods than those above are sometimes used to prepare phosphinites,
phosphonites, phosphonohalidites or phosphonamidites. Trimethylsilyl phosphinites or
phosphonites are obtained in high yield from dialkyl(or aryl)phosphine oxides or
monoalkyl(or aryl)phosphinic acids, respectively, and chlorotrimethylsilane plus a base,
or aminosilanes. Examples are the preparation of trimethylsilyl d1pheny1phosph1mte
(equation 90)'*, bis(trimethylsilyl)phenylphosphonite (equation 91)'* and some bisphos-
phinites (equatlon 92)'”". Phosphonohalidites may be prepared by exchange between
dlhalophosphmes and phosphonites, €. 8. ethyl phenylphosphonochloridite was obtained
in good yield in this way (equation 93)*. Transesterification of phosphonites with a high-
er boiling alcohol or phenol is catalyzed by acids or bases (see Section V); this method, with
sodium as the cata Zyst has been used to prepare dibutyl butylphosphonite from diethyl
butylphosphonite'” and ethyl phenyl ethylphosphonite from diethyl ethylphosphonite
(equation 94)'®. Dialkoxyphosphines (H-phosphonites) can be alkylated by compounds
containing activated C=C bonds, e.g. acrylonitrile (eq] uation 95)'”, or by aldehyde deriv-
atives, e.g. (butoxymethyl)dialkylamines (equation 96)''* to give functionalized alkylphos-
phonites. The preparation of phosphinites and phosphonites by reduction of phosphinic
or phosphonic acid derivatives requires a selective reduction which is difficult to perform.
LiAlH, reduces phosphinates and phosphonates to the secondary or primary phosphines,
respectively', and sodium bis(2-methoxyethoxy)aluminium hydride (Red-Al) seems to
remove alkoxy groups in preference to the phosphoryl oxygen''”. A few phosphinites have
been obtained in low yields by reduction of a thiophosphinate with Na®™, a cyclic thio-
phosphinate with a Ni complex (equation 97)'"* and a phosphinate by alkylation with
triethyloxonium tetrafluoroborate followed by reduction with Mg'!*. An optically active
phosphinite has been prepared by methylation of an optically active thiophosphinate and
removal of the methylthio group with tris(dimethylamino)phosphine (equation 98)"".

Et;N
Ph,PHO + MeSiCl ——— Ph,POSiMe; (90)
81%
” . 125°C .
PhP—OH + (Me;Si)NH ~2°C~  PhP(OSiMe3), o
i 90%
C[)SiMe ?SiMe
MeF(CHZ)anMe +2M;SiNMe, €~ MeP(CH,),PMe 92)
H H 71%
n=2or3
vec e
PhPCl, + PhP(OEt);, —>C—~ 2PhP 93)
SOEt

4%
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LN /OPh
EtP(OEt), + PhOH =~ EtP (94)
reflux ~
OEt
72%
(BuO),PH + CH,=CHCN —"“—~ NCCH,CH,P(OBu), 95)
54%
(BuO),PH + BuOCH;NR, R,NCH;,P(OBu), (96)
R =Me, Et, Pr 81-85%
S O (i) Cy,Ni, O
N/ ICH,CH=CH, /
Ph/P NV Ph—P ©7)
35%
Ph\ /S CF380;Me Ph\+/ SMe (Me;N);P Ph\P OPri 98)
B —_— _ T
Et~ TOPr Et~ TOPr Et”
78%

D. Preparation of Tervalent Phosphinous and Phosphonous Acids

Phosphinous and phosphonous acids normally exist in the tetracoordinated form (equa-
tion 99). This is shown by the presence of P—H and P—=O vibrations in the IR spectra and
large ' Jpy coupling constants and low J, chemical shift values in the >'P NMR spectra and
by the fact that phosphinous acids are very weak acids and phosphonous acids are only
monovalent acids in water. The anions derived from these acids, however, are ambident,
and hard electrophiles may react at oxygen to give tervalent derivatives (equations 90-92).
The only well characterized tervalent phosphinous acid is bis(trifluoromethyl)phosphi-
nous acid, prepared from the anhydride (equation 100) in 1960''. The tervalent tautomer
structure was shown by the absence of P—H and P=O0 stretching vibrations in the IR spec-
trum and the presence of a strong O—H stretching band'". Later P NMR data (5, 78
ppm)'*® confirmed the tervalent structure. The reason for the tervalent structure being the
stable tautomer in this case is probably the presence of the two strongly electron-attract-
ing trifluoromethyl groups, which reduces the basicity of the phosphorus atom sufficient-
ly to place the proton on oxygen instead of on phosphorus.

_OH l
R—P R—P—X (99)
\X |
H
X =R, Cl, OR, NR,
(CF3,POP(CF3); —2C~ (CF3),P—OH + (CF3),PCl (100)

92%
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No tervalent phosphonous acids are known; one trifluoromethyl group, as in trifluo-
romethylphosphonous acid (33)'", does not promote the tervalent structure according to
IR evidence. Phosphinous, phosphonous and phosphorous acid or derivatives should not
be assigned a tervalent structure without proper evidence. For example, a diphosphonous
acid was claimed to exist as a mixture of two tautomeric forms (equation 101)*, the
postulated structure with a tervalent phosphorus atom is unlikely since both isomers had
phosphorus chemical shifts in the usual range for tetracoordinatated compounds. Recent
examples of the elusive tervalent acids are some phosphorous amides, e.g. 34'% which lack
P=O0 stretching bands in their IR spectra and have phosphorus chemical shifts in the
region expected for tervalent compounds.

(”) 0
CF;— !P—OH N —P(OH),
H 0
33) (34) op 1425
o OH o_ OH
P\ P\
@ H @ H (101
%O
_P7 P—OH
H OH |
OH
op 14.3 op17.2and 11.0

E. Preparation of Two-coordinated Tervalent Compounds

Oxophosphines (35) and iminophosphines (36) are in general highly reactive compounds
which can be generated and trapped by dienes, alcohols, etc., before they oligomerize or
polymerize. Iminophosphines are the least reactive and can be isolated if they contain
sterically demanding groups at phosphorus and/or nitrogen. The iminophosphine moiety
may also be stabilized by being part of an aromatic ring, e.g. 37'%"; such heterocyclic
iminophosphines will not be covered here.

N §P
RP=0 RP=NR’ ‘
=
(35) (36) &)

Oxophosphines have been generated by pyrolysis of cyclic phosphine oxides, e.g.
tert-butyloxophosphine (equation 102)'*? and oxophenylphosphine (equation 103)'*’. The
thermally stable dihydrophosphole 38 gave oxophenylphosphine upon irradiation
(equation 104)'**. Another route to oxophosphines is the dehalogenation of phosphonic
dihalides with magnesium, e.g. oxophenylphosphine from phenylphosphonic dichloride
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I
€~ [Bup=0] MH BuP—OMe (102)
Bu'~~  Bu! H
100%
Ph_ O
P (PhPO),
Ph Ph . /
Y A3C . php=0)] eor O (103)
(<
Ph Ph \ {
PhP—OMe
H
Ph. O 0
N n
Me-_P_Me —# . (php=0] MCH _ ppp—OMe (104)
U MeOH |
— H
(38)
I I
PhPCl, + Mg —— [PhP=0] ——°°E'. pHP(SEt), (105)
36%

(equation 105)'”. In no case has a monomeric oxophosphine been detected, but its exis-
tence has been inferred from trapping experiments.

The first iminophosphine was isolated in 1981; it was prepared by two routes (equation
106) and was stable below — 40 °C'%. Two years later an iminophosphine was prepared
which could survive distillation at 110 °C (equation 107)'?". Several other iminophosphines
(39) have been prepared by the route of equation 107 or from chloro(silylamino)phos-
phines on heating (equation 108)'*. These iminophosphines are kinetically stabilized by
large groups on both the phosphorus and the nitrogen atom. With small groups at
phosphorus even the large N-substituent 2,4,6-tri-tert-butylphenyl does not prevent
dimergéition of 40 at low temperatures (equation 109),'” although 40 (R = isopropyl) is
stable ™.

]
p ; _50-60°C p , ¢ /N\ /NBu'
Bu lP—ITJBu vaouum . BUP=NBu vacuum P—P 7 (106)
F Li Bu”  Buf
150-160 °C

Bu’Il’-—I]IBu’
Cl SiMe;
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(Me;Si),NP=NSiMe; + A}—@m — P=NSiMe; (107)

55%
RIP=NR? *’—@ ; R2=Bu, l-adamantyl
(39)
__ tolvene (108)
RP N reﬂux hN@—\»
Me381
R = Bu/, Ph, mesityl ~100%
(Me;Si),NLi
RP—N @ o T RP=N4§§>>+
Cl H
R =Me, Et 0)
-40°C r (109)

*u
s
I

Ngp”

E. Preparation of Thio and Seleno Analogues

Thio analogues of phosphinites, phosphonites, phosphonohalidites and phospho-
namidites have been known for a long time, and are often prepared in an analogous way
to the oxygen compounds”*. Representative examples are 2-phenyl-1,3,2-dithiaphospho-
rinane, prepared from dichloro(phenyl)phosphine and propane-1, 3-dithiol without a base
(equation 110)"*', butyl dxphenylphosphmothlolte from chlorodiphenylphosphine and
butyl trimethylsilyl sulphide (equation 111)"*?, some labile methyl phosphonochlondo-
thioites (41) prepared from dlchlorophosphlnes and methanethiol (equation 112)'** an
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2-methyl-1,3,2-thiazaphospholidine from bis(diethylamino)methylphosphine and 2-
aminoethanethiol (equation 113)"*. Seleno analogues have also been prepared by similar
routes, e.g. dimethyl phenylg)hosphonodiselenoite (equation 114)"** and the phosphinose-
lenoite 42 (equation 115)"*°. A useful synthetic route which has no counterpart in the
oxygen compounds is to heat primary or secondary phosphines with disulphides, e.g. equa-
tion 116'". Two optically active phosphinothioites have been prepared by reduction with
tris(dimethylamino)phosphine of the corresponding methylated phosphinodithioate
(cf. equation 98)'".

HS 20-60°C S
PhPCl, + :> BT TORE Ph—P\ :> (110)
HS S
75%
Ph,PCl + BuSSiMe; Ph,PSBu (111)
43%
Cl
Me;N
RPCl, + MeSH ——— RE_ _slow _ ppClL, + RP(SMe), (112)
SMe
R = Me, Et, Ph 65-78%
41)
H
H,N N
2 100°C 7
MeP(NEt,), + e Me—P\ (113)
HS S
53%
PhPCl, + 2MeSeSiMe; —  PhP(SeMe), (114)
99%
Buf, PCI + SeLi ——  Bu%,PSe (115)
65%
42)
hydroquinone
PH,, + nPhSSPh v P(SPh), +nPhSH (116)
3-n reflux 3-n

n=1lor2 90-92%
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Thiophosphorous acids exist in the tetracoordinated from, except bis(trifluoromethyl)-
phosphinothioic acid (43)'"*. Two-coordinated thioxophosphines and selenoxophos-
phines appear to be kinetically more stable than oxophosphines. Thegf have been
generated by pyrolysis (X = S) or photolysis (X = Se) of 44 (equation 117)"* and the first
stable thioxophosphines (equation 118)'*’ and a moderately stable selenoxophosphine
(equation 119)"! have recently been isolated.

(CF3),P—SH
(43)

Ph

N\ 7
1
X
ﬂ /N P ROH I
N “{IR —— =X "~ prpoR 117
e H
(0)

44)
X =SorSe
R R
I NaZS |
Ph;P=CPCl, —  Ph3P=CP=S (118)

R = Me, Et, Ph, m-tolyl  68% (R = Et)

=58 (MepN),P
AP=PAr S AP MNP ArP=Se (119)
NMe, Se

Ill. HANDLING; PHYSICAL PROPERTIES

Tervalent phosphorus acid derivatives are normally liquids or low-melting solids which
can be purified by distillation, or sometimes by recrystallization from a non-polar solvent.
Most are oxidized in contact with the atmosphere, and many are easily hydrolyzed, so they
must be kept under an inert atmosphere (N, or Ar) during all manipulations. Flasks should
be predried and solvents dried and deoxygenated before use. Tervalent phosphorus acid
derivatives are, with few exceptions, thermally stable and can be kept indefinitely in
ampoules under an inert gas (many halophosphines dissolve stopcock grease and should
not be kept in stoppered flasks for prolonged periods). Inert solvents are hydrocarbons,
ethers and, for most compounds, dichloromethane, ethyl acetate and tertiary
amines. Aminophosphines react vigorously with tetrachloromethane and slowly with
trichloromethane, and most tervalent phosphorus acid derivatives are oxidized by
dimethyl sulphoxide and react with alcohols.
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Physical properties such as boiling points, melting points and refractive indices and also
molar weight determinations and IR spectra are useful to characterize and sometimes
prove the structure of a compound, but the most valuable information comes from NMR,
in particular *'P NMR. Phosphorus is an ideal nucleus for NMR, since it exists as a pure
isotope with spin 1/2, the sensitivity is high (7% of '"H) and the chemical shift region is large
(more than 500 ppm). Tervalent phosphorus acid derivatives have characteristic chemical
shifts in the low-field region, whereas likely impurities (hydrolysis or oxidation products)
most often have chemical shifts in the 0-50 ppm region. In addition, it is easy to decide
whether an impurity is the result of hydrolysis or of oxidation, since only a hydrolysis prod-
uct singlet will split to a widely separated doublet when 'H decoupling is removed owing

AN
to the large 'Jpy, coupling constant (typically 300-600 Hz) of the P PHO product.

'P NMR chemical shift values are normally given in all more recent publications on the
preparation of phosphorus compounds. Compilations of phosphorus chemical shifts can
be found in two older books, covering literature values up to 1966' and the period
1966-69'“, and in a newer book which gives selected values up to 1987'*. Table 2 gives
selected *'P chemical shift values for different types of tervalent phosphorus acid deriva-
tives. The chemical shifts are relative to 85% H;PO, and positive shifts are towards the low
field (to the left) of the standard (the older literature has the opposite sign!); shifts may vary
by a few ppm according to the solvent.

TABLE 2. Selected *'P chemical shifts for different types of compounds

Compound dp (ppm) Compound dp (Ppm)
MePX, 245(F), 191(Cl), 184 (Br), 131 (I)  PhP(OEt)NMe, 154

PhPX, 207 (F), 161 (CI), 152 (Br) MeP(NR,), 86 (Me), 79 (Et), 39 (Pr')
Me,PX 186 (F), 96 (C1), 91 (Br) PhP(NMe,), 100

Ph,PX 81 (Cl), 71 (Br) Me,PNMe, 39
MeP(C)OMe 205 Ph,PNMe, 65

MeP(OMe), 201 MeP(C)SMe 156

PhP(OMe), 159 MeP(SMe), 75

Me,POMe 124 Me,PSMe 8

Ph,POMe 116 » Bu'P=NBu’ 472

R,POEt 111 (Ph), 137 (Et), 150 (Pr’), 160 (Bu’) Ph,P—C(Et)P=S 488

MeP(Cl)NMe, 151

IV. NUCLEOPHILIC REACTIONS

All tervalent phosphorus acid derivatives have a lone pair on phosphorus and are there-
fore nucleophiles, but their reactivity depends on the electronegativity of the group(s)
bound to phosphorus. Aminophosphines are the most reactive and chlorophosphines the
least reactive, with the phosphinites, phosphonites and thio analogues in between. In prin-
ciple they are ambident nucleophiles because there are lone pairs both on the heteroatoms
and on phosphorus, but apart from the thio analogues these heteroatom lone pairs do not
participate in the common reactions discussed below.

Aminophosphines, phosphinites and phosphonites from quasi-phosphonium salts with
alkyl halides in normal Sy reactions. The aminophosphonium salts and the salts derived
from aryl phosphinites and diaryl phosphonites are stable, but the majority of the quasi-
phosphonium salts which contain alkoxy groups are dealkylated during the reaction with
the alkyl halide (the Arbuzov reaction, see below). Thio analogues of phosphinites and
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S
Ph,PSCH,Ph I I
] PhZPMe + thCHzI
Me
100°C
Ph,P—SCH,Ph + Mel (120)
r.t.
+
thP?CHzPh I th%CHzPhI‘
Me SMe
]
Ph,PCH,Ph + Mel

phosphonites react with alkyl halides to give products derived from P-alkylation and/or S-
alkylation (equation 120), depending on the conditions'®.

The Arbuzov reaction is an important method for preparing phosphine oxides and phos-
phinates from phosphinites or phosphonites, respectively'*. The reaction requires only
one alkoxy group in the reactant, so phosphonamidites and phosphonothioites also react
(equation 121); phosphonohalidites, apart from fluoridites, are unreactive unless a Lewis
acid catalyst, e.g. BF; or FeCl,, isadded"*"'*. The reaction conditions are milder than those
required for the preparation of phosphonates from trialkyl phosphites, the reactivity order
being R,POR > RP(OR), > (RO),P. Primary alkyl halides react faster than secondary
alkyl halides, and tertiary alkyl halides usually fail to react or give elimination products,
although trityl halides do react by an Sy1 mechanism. Aryl halides react at 150-160 °C in
the presence of nickel salts'”’. Vinyl halides also require metal salt catalysis, preferably
copper(I) bromide'™, but 1-alkynyl halides react without a catalyst'”', probably by an
addition—elimination mechanism. Acyl halides are very reactive and give 1-oxoalkylphos-
phine oxides or phosphinates. a-Halo ketones are reactive but give varying amounts of
vinyl esters (the Perkow reaction) in addition to the 2-oxoalkylphosphine oxides or phos-

phinates'®.

1 1 —R2 1

RN R \+/(O\ RE R~ 0O
/POR2+R3X /P\ X- /P\ +R2X (12D

Y R3 Y R3 Y

X = halogen
Y = halogen, OR, SR, NR;

The first step in the Arbuzov reaction is normally rate determining, but the quasi-
phosphonium salt intermediate has been isolated in several cases where the alkyl group on
oxygen is difficult to remove, e.g. 45 and 46, and shown to be salts and not pentacoordi-
nate species by *'P NMR and X-ray crystal structure evidence'*’. The O-alkyl group that
is removed in the second step can be primary, secondary or tertiary, the zert-butyl group
being particularly easily removed'*; the same holds for O-trimethylsilyl groups. The alkyl
halide formed should be removed by a stream of inert gas if it is able to compete with the
reactant alkyl halide, otherwise a mixture of products is obtained. The alkyl halide from a
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o—X o—X
+/ +/
PhZP\ Br- Phl|’\ Br
Me Me (0] 7
(5) (46)

secondary or tertiary alkyl phosphinite or phosphonite or chlorotrimethylsilane from a
trimethylsilyl derivative will normally not compete and such compounds give the purest
product.

Representative examples of Arbuzov reactions with alkyl phosphinites and phos-
phonites are the preparation of some bisphosphinates (equation 122)', functionalized
trialkylphosphine oxides (equation 123)* and phosphorylated sarcosine analogues (equa-
tion 124)"**. Examples involving aryl halides (equation 125)*, a vinyl halide (equation
126)'®, an alkynyl halide (equation 127)'* and an acyl halide (equation 128)'"’ illustrate
the diversity of the reaction. Arbuzov reactions that involve trimethylsilyl phosphinites or
phosphonites occur under very mild conditions, usually at or below room temperature, e.g.
equation 129'%,

PhP(OPr), + Br(CH,),Br >>1%0°C. Phll’(CHz),,FPh (122)
n=8,10o0r 12 OPr'  OPr
92-94%
i Hoec Il
Bu,,POEt + CICH,CX —1¢— Bu,PCH,CX (123)
X = Me, OEt, NH, 62-92%
0
Br O Ph,P(OR);_,
Ph,P(OR);, + Me—N_ O 0°c Me—N 0
n=1o0r2;R =MeorEt CF3
67-94%
0
H,0
= PhiP(OH), (124
MeNHCHCOOH
PhP(OEt), + ArB N Ph\lfo (125)
»+ArBr  —————
160%¢ Ar” DOEt
71-82%

Ar = Ph, 1-naphthyl, 4-methoxyphenyl, 2-thienyl
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0
CuBr, “
P(OPri); + PACH=CHCl —-->—— PhCH=CHP(OPr),  (126)
76%
-20°C I
PhP(OEt), + CIC=CCl — 50— Ph|PCECCl 127
OEt
PhP(OEL), | 40°C
PhPCECFPh
OEt OEt
70%
0 79
Ph,POMe + PhCCl —28°C1°tt _ pp p—CPh (128)
~100%
I 2Me;SiCl .
Ph(CH2)4I|’OH BN 07T Ph(CH,){P(OSiMe3),
H
(i) BrCH;COOEt, I
__2°C | Ph(CHp4PCH,COOEt (129)
(i) H,0 |
OH
99%

Tervalent phosphorus acid derivatives react readily with hydrogen halides and other
strong acids. The most basic derivatives, the aminophosphines, from 1solable salts when
the anion is a weak nucleophile, with the proton bound to phosphorus, e.g. 47"°. Hydrogen
halides normally cleave the N—P bond(s) to give halophosphines (equation 10-13). With
one equivalent of an dialkylammonium chloride, one of the amino groups of a
dlamlnophos;)hme can be replaced to give an aminochlorophosphine in good yield, e.g.
equation 130™. Phenyl or neopentyl phosphinites and 1phosphonites form phosphonium
salts with dry HC, e.g. 48, which can be observed by *’P NMR at low temperatures, but
undergo dealkylation or substitution reactions on heating'®. Normal phosphinites and
phosphonites react with aqueous acids to give secondary phosghme oxides and alkyl phos-
phinates or phosphinic acids, respectively, e.g. equation 131'*.

+ - H +
Bk BFs PhP (O cr
NEt, & X

2
47) 48)
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EtP(NEty), + Et,;NH,Cl- 20-140°C_ gp (130)
NEt,
73%
0 0
BuP(OEt), + H,0 —:HC . BuPOE: cone. HCY BuPOH  (131)
H H
85%

Some tervalent phosphorus acid derivatives, particularly phosphinites and phospho-
nites, are useful nucleophiles in Michael addition reactions. Examples are reactions of
methyl diphenylphosphinite with acrolein or methyl vinyl ketone in the presence of
chlorotriethylsilane to quench the enolate (equation 132)'*' and the reaction of some
trimethylsilyl phosphonites with acrylic acid, methyl acrylate or acrylonitrile (equation
133)'“2. Dichlorophosphines may also add to vinyl ketones in the presence of acetic anhy-
dride to %ive cyclic phosphinates which can be opened to y-oxoalkylphosphinates (equa-
tion 134)"®'*. Dichlorophosphines with 2 mol of ketones give similar cyclic phosphinates,
e.g. equation 135", and monochlorophosphines may give phosphine oxides with some
dicarbonyl compounds (equation 136)'. The reaction of phosphites with aldehydes
(the Abramov reaction, equation 137) proceeds in high yield when R? is trimethylsilyl;
similar reactions with phosphinites or phosphonites seem feasible but no example has been
found. With imines, trimethylsilyl phosphinites and phosphonites gave 1-aminoalkylphos-
phine oxides and 1-aminoalkylphosphinic acid esters, respectively, in high yields, e.g.
equation 138'%".

n | PSiEs
Ph,POMe + CH,=CHCR + Et;SiCl —*~ Ph,P CH,CH=CR (132)
R =H, Me ~100%
_OSiMe; it H,0 |
Ph(CH,)4P_ + CHy=CHX —“—»= — Ph(CH2)4I|’CH2CH2X (133)
OR
OR!
R = Et, SiMe, 61-97%
X = COOH, COOMe, CN R!=EtorH
OR?2
3
| o ONOR T
RIPCl; + R*CH=CHCR? ——~ P y A Rlll’CHCHZCR3 (134)
R! OR3
R2
o}
I O\\ /O Et
RPCl, + 2EtCEt — /P | (135)
R Me
Et” Et

R =Et, Ph 44-53%
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i e T

2Et,PCl1 + 2CH3CR Et,PCHR + Et,PCl + CH,—CR (136)
R = COMe, CH,COMe, 24-51%
CH,COOEt
I
(R10),POR2+ R3CHO — R3(|3HP(OR1)2 137
OR2
. ONHR?
/OSIMC3 It H,0 ” |
PhP +R2ZCH=NR3> ——— ——— PhPCHR? (138)
“OR! |
OR!

R! = Et, Bu, SiMes

Phosphinites, phosphonites and their thio analogues are potentially thermolabile and
may rearrange on heating to the isomeric (thio)phosphoryl compounds (equation 139).
The rearrangement is strongly catalysed by alkyl halides, acids, iodine and other
compounds which can initiate an Arbuzov-type reaction and since crude products may
contain alkyl halides, rearranged products are often reported after distillation at elevated
temperatures. The more nucleophilic phosphinites are more prone to rearrangement than
phosphomtes, but pure alkyl phosphinites, apart from the benzyl esters, do not rearrange
at 190 °C*, so they can usually be distilled at reduced pressures.

P XR \P//X
s (139)

X=0,8

Phosphonochloridites normally contain acid impurities and therefore are prone to
rearrange or decompose on heating. The thio analogues are in general thermally rather
labile, some rearranging at room temperature'**'®. Some phosphinites and phosphonites
with 2-alkenyl or 2-alkynyl groups on oxygen are thermally labile (equation 140 and 141).
The alkenyl esters require heating, but alkynyl esters may rearrange spontaneously; an
example is the s_gontaneous rearrangement of a 2-alkynyl diphenylphosphinite at—78 °C
(equation 142)'". N-2- Propynylammophosphmes alsorearrange in a similar way, but with
cleavage of the P—N bond to give tertiary phosphines (equation 143)'"".

\(3 —— >P/—\ (140)

/

-
\(r> —- K (141)
/
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SN
Ph,P—O PPh,
= —R] . — =<
\ —18°C < (142)
= —Rl ==
I\I/Ie
R,PNCH,C=CH -2+ R,PCH=CHCH=NMe (143)

Tervalent phosphorus acid derivatives are, with some exceptions, readily oxidized in
contact with air. The rate of oxidation is R,PX > RPX, > PX, for compounds with anal-
ogous substituents, and compounds with amino or alkoxy groups are more easily oxidized
than compounds with chloro groups. Thio analogues often react strongly exothermically
with air, and rearrangements are common. Consequently, although trialky! phosphites,
tris(dialkylamino)phosphines and phosphorus trichloride can be handled without special
precautions in the atmosphere, similar derivatives with one or two P—C bonds should
always be kept under an inert atmosphere For preparatlve purposes, oxidation is often
performed with dry oxygen, N,O,'”, dimethyl sulphoxide'”, tert-butyl hydroperoxide®,
bis (trimethylsilyl) peroxide'” or active MnO,'”. Addition of halogens in the presence of
water is a useful alternative if hydrolysis of the dihalophosphorane or halophosphonium
salt can be made without hydrolysis of the remaining electronegative groups, and if
Arbusov-type reactions are not induced. Methyl phosphonites are commonly oxidized
with I,-H,O-lutidine-THF to methylphosphonates during the preparation of methyl-
phosphonate analogues of DNA, although the water content should be kept low in order
to reduce the extent of hydrolysis'®

Oxidation with elemental sulphur converts tervalent phosphorus acid derivatives to the
corresponding P=S compounds. The reaction occurs spontaneously or on gentle heating,
the reactivity order for phosphinites and phosphonites being Ph,POR > PhP(OR), >
P(OR), > Ph,P""". Several compounds (mainly diacyl disulphides) which, in contrast to
elemental sulphur, are soluble in ordinary solvents and are able to oxidize phosphites to
phosphorothioates, have been developed for use in the automated synthesis of DNA
analogues; one of these (49) has been used successfully to oxidize DNA-methylphospho-
nites to methylphosphonothioates'”. The halogens normally react exothermically with
tervalent phosphorus acid derivatives. The primary products are phosphoranes or
halophosphonium halides, which are stable when formed from halophosphines and
aminophosphines, e.g. methyltrichlorophosphonium chloride (equation 144)'” and
chlorodipiperidinophenylphosphonium chloride (equation 145)"°, although they are
hydrolysed to phosphoryl compounds by water. Products from alkyl phosphinites and
phosphonites are unstable with respect to Arbuzov-type dealkylations, but may be solvol-
ysed before they have time to dealkylate, e.g. equation 146'®'.
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MePCl, + Cl, MePCl; CI- (144)
94%
i
PhP <N >> +Cl PhP <N >> cr 22 ppp <N >> (145)
b | 2 2
cl
0
/ PhFOEt + EtCl
cl
0°C +
PhP(OEt), + Cl, [PhF(OEt)z c1—} (146)
Cl EtOH
PhP(OE), + EtCl + HCI
61%

Nucleophilicattack of tervalent phosphorus acid derivatives on the carbon atom of alkyl
halides is the normal process, but sometimes the attack occurs at the halogen atom instead.
This reaction is most pronounced when a stabilized carbanion may be formed, e.g. in the
reaction with tetrachloromethane (equation 147)'®2. The extent of debromination of a-
bromo ketones has been found to decrease in the series R,POR > RP(OR), > P(OR);'".
Ethyl di-zert-butylphosphinite has been shown to react preferentially at the halogen atom
of chloroacetonitrile, 1,2-dibromoethane and diiodomethane, to give in each case a mix-
ture of products, e.g. equation 148*. Aminophosphines are also very reactive in this respect

cl OR
AN Nt/ _ Nt/
 P—X+CCly —— /15\ ccl, | RO Cp +Cl-+ CHCl; (147)
X
0
ANV
P’ +RrC
VRN
X
. OEt ?
BusP_ cr . Bu,PCH,CN + EtCl
CH,CN
“CH,CN ?Et
Bu,POEt + CICH,CN Bu’,P=CHCN + CH;CN
. OFt ] D
BubP +-CH,CN ~“—~ But,PCl + EtCl
“al

(148)
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and abstract chlorine atoms from terachloromethane (e.g. equation 58) and even from
trichloromethane'®. Tervalent phosphorus acid derivatives, in particular aminophos-
phines, abstract sulphur from many compounds, e.g. alkylthiophosphonium salts (equa-
tion 98) and disulphides'®*'®’.

V. ELECTROPHILIC REACTIONS

Tervalent phosphorus acid derivatives contain one to three potential leaving groups bound
to phosphorus and electrophilic reactions, where a nucleophile substitutes one or more of
these groups, are very common. The best leaving groups are the halogens (I > Br > Cl >> F),
but amino groups are also good leaving groups in the presence of weak acids. Even alkoxy
and phenoxy groups are reasonably good leaving groups (PhO > alkylO) that can be sub-
stituted by strong nucleophlles R F) weaker nucleophiles, e.g. alcohols may substitute
alkoxy and phenoxy groups in base-'? or acid-catalyzed reactions'®. Several mechanisms
may be envisaged for substitution reactions at a tervalent phosphorus centre, viz. Syl
(equation 149), Sy2 (Equation 150) or addition-elimination pathways (equation 151).
Although the intermediates of the Sy1 mechanism (phosphenium ions) are known'"’, and
the intermediates of the addition—elimination mechanism (phosphoranide anions, or phos-
phoranes from a Y—H nucleophile) have been observed during substitution reac-
tions'®* ", the stereochemical results (predominant inversion in most cases™") points to the
Sn2 mechamsm as the most likely. However, a class1cal in-line Sy2 process has been shown
not to be the preferred pathway in one case'®, so several mechanisms probably operate,
depending on the system. Substitution reactlons are much faster at tervalent phosphorus
centres than at phosphoryl or thiophosphoryl centres and normally take place under mild
conditions and give high yields. They are therefore often used to introduce phosphorus
groups into sensitive molecules, such as DNA and RNA, sugar phosphates, phosphopro-
teins, phospholipids and their analogues. This is done by phosphitylation of natural alco-
hols with phosphorochloridites or, better, phosphoramldltes]‘”‘196 followed by ox1dat10n
to the phosphates. Similar reactions with phosphonochloridites'’ or phosphonamidites”,
to give phosphonate analogues of phosphate-containing natural products have not been
much studied, but their use is expected to increase in the future.

N N Y- N
Snl P—X = P'+X —— PX+X (149)

- ’ /
Sn2 Y-+ /P—X — |YP-X| — Y—P_ +X° (150)

AN ’ ’ N
Adel. Y+ P—X —YP—X — —P—X— P-Y+X (I5])
/ 7 RS 4
Y

Electrophilic substitution reactions (Scheme 4) in many cases convert one derivative of
a tervalent phosphorus acid into another and numerous examples have been given in
Section II. Therefore, the following discussion will be limited to electrophilic reactions
which are not treated in Section II because they give products that are not tervalent phos-
phorus acid derivatives, or because the reactions are of limited preparative value.
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P—H
/
_ N
Ly _P—NR,
RZV
AN AN HCl
PR RM_ “p—a ROH
ROH N
P—OR
RSH /s
AN
P—SR
/
SCHEME 4

Primary, secondary and tertiary phosphines are often prepared from trivalent phos-
phorus acid derivatives and complex hydrides or organometallic reagents. The leaving
group on phosphorus is most often a chloro group, but alkoxy and in particular phenoxy
groups are also easily displaced. The complex hydride is commonly LiAlH,, but silanes
such as HSiCl, or Ph,SiH, are also able to remove chloro groups and are more selective.
Examples are the reduction of chlorophosphines with LiAlH, (equation 152)%81% or
silanes (equation 153)* and the reduction of phosphonites with LiAIH, (equation 154,
The organometallic reagent is mostly a Grignard or an organolithium reagent. Numerous
examples of the preparation of tertiary phosphines from chloro- or dichlorophosphines
can be found in Houben-Weyl>* and Vol. 1 of this series™”. The preparation of tertiary
phosphines from phosphinites, phosphonites or phosphonochloridites is particularly
suited to give phosphines with different alkyl or aryl groups on phosphorus, because
stepwise substitution is easily controlled. Thus chiral phosphines have been prepared in
high optical purities from dichloro(phenyl)phosphine via chiral phosphonites and
phosphinites, the stereoselectivity being induced by the use of chiral alkaloid alcohols
(equation 155)****.

RPCl, + LiAlH, RPH, (152)
R = Bu/, Ph, mesityl 86-94%
HSICl; or
Ph,PCls_, TPhsiH, Ph,PH;_, (153)
n=1or2 55-82%
AlH4
(EtO),P(CH,),P(OEt), H,P(CH,),PH, (154)
n=4or6 42-66%
OPh Ar
R*OLi / PhOH / ArMgX s
PHPCl, PhP\ base PhP*\ PhP*\
OR* OR* OR*
R*OH = cinchonine, chinchonidine MeLi
Ar = o-tolyl, o-anisyl, mesityl Ar (155)
/
*
PhP N

Me
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0 i
RoPC RIl’—X

H H

(50) (51)

X =Cl, OR, OH, NR,

The hydrolysis of tervalent phosphorus acid derivatives with two P—C bonds leads to
secondary phosphine oxides (50) and with one P—C bond to phosphonus acid derivatives
(51). Chlorophosphines react rapidly with water, but aminophosphines, phosphinites and
phosphonites often survive a short wash with aqueous NaHCO;, an effective way to
remove contaminating ammonium salts in the crude products®’. However, aminophos-
phines with small substituents, e.g. dimethylaminodimethylphosphine, aryl phosphinites
and phosphonites and trimethylsilyl phosphinites and phosphonites are hydrolysed too
quickly for such a treatment. The hydrolyses are catalysed by acids (the hydrolyses of phos-
phinites and phosphonites are also catalysed by OH") and are much faster than hydrolyses
of the corresponding phosphoryl compounds [up to a factor of 10" for acid-catalysed
hydrolysis of (MeO),P compared with (MeO),P=0""]. Dialkyl phosphonites are rapidly
hydrolysed to the monoalkyl esters (51, X = OR) in weakly acidic water, whereas hg/drol-
yses to phosphonous acids require reflux with strong acid or base, e.g. equation 131'%. Bis-
(dialkylamino) phosphines may also be partially hydrolysed to phosphonous acid amides
(51, X = NR,)™. Tervalent phosphorus acid derivatives with hydrogen sulphide give sec-
ondary phosphine sulphides or phosphonodithious acids, e.g. equation 1562.

S

Mef’S‘ Me,NH,* (156)
H

MeP(NMe2)2 + Zst

Several types of anhydrides of tervalent phosphorus acids are known and have been pre-
pared by electrophilic substitution reactions at phosphorus. Examples are the phosphi-
nous acid anhydrides 52 (equation 157)**, 53 (equation 158), prepared from a chlorophos-
phine *” or an aminophosphine”’, and 54 (equation 159)*. Aminophosphines react with
carbon disulphide to give ionic addition compounds at low temperatures, but dithiocar-
bamate anhydrides (55) at room temperature (equation 160)*'**"*, Aminophosphines form
analogous carbamate anhydrides with carbon dioxide’”, but isothiocyanates give ionic
addition products, not insertion products".

Bu’,PCl + Bu,PHO ——~ Bu',POPBU/, (157)

(52)
73%

Ph,PCl + CH;COONa — Ph,POCOCH; =—— PhyP—N ) + (CH;CO),0

(53)
(158)



1. The preparation and properties of tervalent phosphorus acid derivatives 37

/SN
RIR?P—N ] + MeSO;H — RIR?POSO,Me (159)
—
54
R!=Bu, Ph 59
R2= Ph, MeO

Me,P(NMey)y , === Me,P(NMey); ,+ CS; — = Me,P(SCSNMey); , (160)
CSS- n=0-2 (55)

VI. OTHER REACTIONS

Tervalent phosphorus acid derivatives undergo electrocyclic reactions with 1,3-dienes, 1,2-
diones, 2-alkenones and similar compounds with a conjugated 4= electron system. The
reaction of dihalophosphines with 1,3-dienes (the McCormack reaction) to give dihy-
drophosphole derivatives is probably the best synthetic method to obtain phospholes. The
reaction is rather slow, but gives fair to high yields of 2,5-dihydrophosphole 1-oxides after
hydrolysis, e.g. equation 161°"*. 4,5-Dihydrophosphole 1-oxides are also formed, and are
the sole products from dichloro(phenyl)phosphine and isoprene®®; the amount of this
isomer can be kept small when the reaction is performed at room temperature, preferably
with the more reactive dibromophosphines (equation 162)*"". The halophosphonium inter-
mediate can be reduced with magnesium to dihydrophospholes™’ or dehydrohalogenated
with bases (preferably 2-methylpyridine®®) to phospholes (equation 163). Not unexpect-
edly for a cycloaddition reaction, the rate of the McCormack reaction is pressure depen-
dent, and the reactions can be completed in hours at 7 kbar’"’. Iminophosphines (equation
164)**%! and phosphenium ions (equation 165)’ react in an analogous way with 1,3-
dienes. With 1,2-diketones and 2-alkenones, phosphonites give phosphoranes, €.g. equa-
tions 166* and 167%**. The unstable oxophosphines, and phosphenium ions, react simi-
larly with o-quinones (equations 168'* and 169°).

R! R! R!
X r.t. Cl N+ _ H,O O\\
MePCl, + P o™ /P | ¢ /P | @161)
R2 weeks Me R? Me R2
R3 R3 R3
RI-R3=H, Me 60-80%
o)
A H,0 N
PhPBr, + )\ £ : ;pGL (162)
7 days Ph
79%
cl
Mg N4 8 base =
R— | P | cr ——R—P (163)
R’ =

S RIN
RIP=NRZ + ;( I /p\/j[ (164)
R!
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_ Me
' \ Pr’ZN\+
(PriyN),P* + o P | (165)
Pri;N
Me
o&
O« | o
PhP(OMe), + —— Ph—P’ (166)
07 ]‘OMe
OMe

N
Oy O)>_<
PhP(OM —_— P 167
(OMo), + /\g( ‘ (167)
(0] OM

(6] O
[Bu’P=0] + E—— But/ \ (168)
(0] . /0
(RoN)P* + T (ReNRP
O

Other electrocyclic reactions of tervalent phosphorus acid derivatives are known. These
include the previously mentioned rearrangements of 2-alkenyl and 2-alkynyl phosphinites
or phosphonites (equations 140-142), The rearrangements of (2-alkynylamino)phos-
phmes (equation 143) and some reactions of 1 4 dienes with dichlorophosphines (equation
170)** or phosphenium ions (equation 171)*2

(169)

AIC1 H,0O N
PhPCl, + S =L Uy (170)

Ph”

Pl‘tzN\ . = Pl'tzl\I\+
P+ S P (171)
ca” — Ph”
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Free-radical reactions of tervalent phosphorus acids have been covered to some extent
in Section II (addition of PX; to alkenes, equation 15-17) and in Section IV (oxidations
with molecular oxygen). Several other reactions occur via radicals, e.g. reactions with
peroxides, certain disulphides and certain halogen compounds. However, these reactions
are the subject of chapters by Bentrude and Dankowski in Vol. 1 of this series™"*** and will
not be covered here.

Chlorophosphines with an a-hydrogen atom may eliminate hydrogen chloride to give
methylenephosphines. With large and carbanion stabilizing groups the elimination take
place at room temperature in the presence of a tertiary amine, e.g. equation 1727,
Chlorophosphines with an a-trimethylsilyl group eliminate chlorotrimethylsilane on
heating, e.g. equation 173*’. Simple chlorophosphines, ¢.g. dichloro(methyl)phosphine,
only eliminate hydrogen chloride at very high temperatures™'.

Ph,_ Ph__
DBU .
CHPCl,  —ooe—= ~c=pcl (172)
Me3Si Me3Si
54%
Je 0
(Me3Si),CHP 10°C . Me SICH=PN(SiMe3),  (173)
N(SiMe3), 54%

Reactions in the alkyl or aryl part of tervalent phosphorus acid derivatives (halogena-
tion, nitration, functional group interconversion, etc.) are in general not possible without
destroying the sensitive tervalent phosphorus groups. Only a few reactions which occur
under anhydrous neutral or basic conditions, such as hydrogenation of C=C bonds or
conversion of esters in to amides, may have any chance of success. Very few reactions of
this type has been studied, and the strategy for the synthesis of compounds with function-
al groups apart from the phosphorus group is either to prepare a tervalent phosphorus
compound with the functional group already in place, or to introduce the functional group
after the tervalent phosphorus group has been converted in to a less reactive phosphorus
derivative. Among the few examples of reactions in the alkyl part of tervalent phosphorus
acid derivatives are the a-halo%enation of some aminophosphines with CCl, or CBrCl,
described earlier (equation 58)” and the o-metallation of a few aminophosphines with
BuLi + TMEDA and subsequent reactions with some electrophiles (equation 174y,

?iMez
. b Messici_» RCHP(NMey),
RCH,P(NMey); iesa RCHP(NMey), NMe;, (174)

|
(Me;N),PG RCH=FP(NMe2)2

NMCZ
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1. INTRODUCTION

Phosphonic acids (1) and phosphinic acids (2) possess one and two carbon—phosphorus
bonds, respectively, and represent structurally intermediate stages between on the one
hand, phosphoric acid and, on the other, a tertiary phosphine oxide. As such, members of
the two series of acids possess many properties common to each other and also to some
extent with those of phosphoric acid and phosphine oxides. Each series of acids provides
awide array of derivatives—halides, esters, amides, and many more—whose properties are

Py
~

OH

(u) OH R!
R—P] >P
OH R2
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the result of the interaction of the functional group at phosphorus with the specific type of
carbon moiety present.

In principle, the three main approaches to the synthesis of phosphonic and phosphinic
acid derivatives consist in (i) the generation of phosphorus—carbon bonds in the presence
of other functional groups at phosphorus which, themselves, very often act to block the
formation of a second (or third) phosphorus—carbon bond; (ii) modifications in the
phosphonic or phosphinic carbon moieties; or (iii) modifications, at phosphorus in tetra-
coordinate compounds which already possess phosphorus—carbon bonds; reactions of this
last type are considered in Chapter 6.

Phosphonic and phosphinic acids are rarely synthesized directly. Much more frequent-
ly, they are obtained initially as derivatives, in particular as esters or acid halides, the latter
most frequently the chlorides, and some methods of synthesis can be adapted, with slight
modifications, to yield either type of derivative. Of the classical methods used to obtain
compounds which possess phosphorus—carbon bonds, the interaction of alkyl halides and
PCl, in the presence of AICl, (the Clay—Kinnear—Perren reaction) and that of alkyl halides
with phosphorus(III) esters (the Michaelis—Arbuzov-Kaehne reaction) remain popular
for the synthesis of acid derivatives with P—C(sp’) bonds, as does the Michaelis-Becker
modification (using alkyl halides and sodium dialkyl phosphites) of Michaelis-Arbuzov
procedure. Reactions between PCl; and alkenes or alkynes are still valuable for the
formation of systems with P—C(sp?) bonds, and the use of aryl diazonium salts with PCl,
and of the Friedel-Crafts reaction, in its many guises, are still used to obtain compounds
in which phosphorus is bonded to an aromatic system. However, recent years have seen
many advances in new reactions and modifications to old ones including, particularly, the
use of rare metal catalysts to aid reaction between phosphorus-containing species and
compounds which would normally be considered to possess less reactive sites.

This chapter is concerned with the synthesis of those phosphonic and phosphinic acids
which, with certain exceptions, do not possess functional groups as part of the carbon
moieties of the acids; those exceptions consist essentially of common functional groups
attached to an aromatic ring. A consideration of the synthesis of those acids which possess
the common functional groups such as hydroxyl, oxo, or amino, is deferred to Chapters 3
and 4, whilst syntheses and properties of sulphur- and selenium-containing acids are
described in Chapter 5. The reactions of phosphonic and phosphinic acids, many of which
lead, of course, of new acids and are therefore often of value in synthesis, are dealt with in
Chapter 6.

The chemistries of phosphonic'™ and phosphinic>® acids have been previously reviewed
with extensive listings of compounds know at the time of publication. In addition, the area
is reviewed annually’, and bibliographies for specific compounds, including key references
to syntheses and to spectroscopic and other characteristics, have been presented".

There are very many compounds based on simple phosphorus-containing ring systems,
such as those represented by structures 3 and 4, which are essentially of the phosphonic or
phosphinic acid types. To the extent that they are also heterocyclic compounds of phos-
phorus, their chemistry has also been considered separately''*.

P/O

P
07 SoH 0~ “oH
©)] “)

In compiling this chapter, the literature has been reviewed up to the spring of 1994.
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IIl. THE FORMATION OF P—C(sp°’) BONDS. SYNTHESES OF ALKYL,
CYCLOALKYL AND ARALKYL PHOSPHONIC AND PHOSPHINIC ACIDS

A. Through the Michaelis—Arbuzov—Kaehne Reaction

The Michaelis-Arbuzov-Kaehne reaction is probably the most widely used reaction in
organophosphorus chemistry for the preparation not only of phosphonic and phosphinic
acids (as their esters), but also of tertiary phosphine oxides. The reaction, discovered by
Michaelis and Kaehne in 1898, and extensively developed by A. Arbuzov in the early years
of this century, consists essentially in the interaction of phosphorus(IIl) acid ester with a
reactive carbon-based species, generally an alkyl halide, and can be represented in very
general terms as in equation 1; the reaction has been extensively reviewed'*

RIR?POR? + RX [Intermediate]
5) (6)

Compounds 5 may thus be a phosphorus(I1I) phosphrte ester, in which R' and R? are
alkoxy or aryloxy groups, not necessarily identical, and R? is alkyl, or it may be the ester
of a phosphorus(III)) phosphonous acid, in which R' is alkyl or aryl, R? is alkoxy or
aryloxy, with R’ once again alkyl. The product from a phosphinous ester (R, R? are alkyl
or aryl) would be a tertiary phosphine oxide, but such application of the Michaelis—
Arbuzov-Kaehne reaction (henceforth referred to simply as the Michaelis—Arbuzov
reaction for the sake of brevity, but also to distinguish it from the M1chaells—Becker
reaction) falls outside the scope of this chapter, and has been considered elsewhere'*. When
R =R, the reaction becomes one of mere 1somerlzatron a process which can be brought
about through the treatment of the ester with iodine™ or by the mere application of heat
or, rarely, of light. The reaction can be viewed as consisting of nucleophilic attack by phos-
phorus(III) at positive carbon, and proceeding through an intermediate (6) which, partly
because of the presence therein of bonds other than those between phosphorus and car-
bon, and partly because of early doubts as to its exact nature, has been described as a pseu-
do- or quasi-phosphonium species.

The scope of the Michaelis—Arbuzov reaction has been so widely examined that it is
useful to consider separately the various aspects of the procedure, noting that, from the
practical viewpoint, such reactions are carried out either by heating a mixture of reactants
to a temperature sufficiently high to initiate and complete the reaction or by the addition
of one reactant (usually the alkylating agent) to the second, pre-heated reactant.

RRIR2P=0 + R3X (1)

1. The nature of the phosphorus(ill) reactant

The acyclic trialkyl phosphite esters used may possess primary, secondary or, very
occasionally, tertiary alkyl groups (particularly when the phosphite molecule is of a cyclic
nature, although tri-fers-butyl phosphite has also been successfully employed), the
reactivity decreasing in this order. Triaryl phosphites, although shown to interact with
alkyl halides to yield phosphonium species (of some interest because studies of their
structures have shed light on the nature of the reaction intermediate), do not undergo the
Michaelis-Arbuzov reaction under normal conditions. The choice of the trialkyl phosphite
to be used in the preparation of a particular phosphonic diester (or of the phosphonous
ester for a particular phosphinic derivative) is of some practical significance since self-
alkylation, resulting in the formation of product mixtures which might be difficult to
resolve, then becomes a distinct possibility. Thus, in the reaction between a primary
haloalkane and trimethyl phosphite, competition between the reactant RX and the
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released MeX for the phosphite occurs, and leads to a mixture of the dimethyl methylphos-
phonate, MeP(O)(OMe),, and the desired ester, RP(O}(OMe),. In such a case, it is desir-
able to use an ester which releases a less reactive halide, e.g. an 1sopr05>yl halide from
triisopropyl phosphite, so ellmmatlng a significant competitive reaction’

The use of trialkyl phosphites in the Michaelis—Arbuzov reaction has been so wide-
spread during the decades following its discovery that it is almost impossible to select
individual examples worthy of separate comment. Some examples of the preparation of
benzylic phosphomc diesters may be noted; these are of some interest since they are useful
reactants in the Wadsworth—-Emmons modification of the Wittig reaction, and are exten-
sively used in the synthesis of alkenes®™". It may also be noted that when the phosphite
ester possesses different alkyl groups, some selectivity of reaction is possible™.

The use of acyclic phosphonite esters, R'P(OR),, to prepare esters of phosphinic acids,

R'R’P(O)OR (R' and R?may, or may not, be identical) is not so widely exemplified, but it
may again be noted that there are always two routes, theoretically, to a target compound,
as for example, in the case of the 1,4-phenylenebis(methylene)bisphosphinic esters 74,

ClCH2—©—CHZCl (R10),PCH, —<C:>>—c1{2p(ow)2
e
Ry
% &
9

I i
R! O——ll’CHz @— CHzfl’—OR1
R R

™

Consideration should always be given to the choice of route when planning a synthesis;
thus, ethyl zert-butylallylphosphinate (8) is best prepared from allyl bromide and diet }/1
tert-butylphosphonite, rather than from er¢-butyl chloride and diethyl allylphosphonite®.
Several a,w-alkanediylbismethylbisphosphinic esters have been obtained from diisopropyl
methylphosphonite and the appropriate dibromoalkane®, whilst analogous reactions
between methylenebisphosphonous esters, (RO)ZPCHZP(OR)Z, and such dibromoalkanes
have been used to obtain the cyclic compounds 9*.

0
P—OR
| _OEt
Bu'—P__ RO—P—(CH,),
CH,CH=CH, g
® ®

The outcome of the reactions between alkyl halides and cyclic phosphite triesters
depends on the ring size and the degree and type of substitution on ring carbon atoms, but
the behavior of any given ring compound can also depend on the nature of the co-reactant.
Rate studies have indicated that simple five- and six-membered ring phosphltes react with
iodoethane more slowly than do triethyl and triisopropyl phosphites*. Simple tertiary
phosphites (2 alkoxy-l 3,2- dloxaphospholanes) (10) derived from alkane-1,2-diols tend to
react with ring opening, although nng retention to give the ophosphonic cyclic ester 11

becomes more important with increasing ring substitution***. It is evident that a rise in
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reaction temperature can also bring about the cyclization of a ring-opened product (12) to
give 11. However, with the more reactive benzyl and triphenylmethyl halides, ring reten-
tion occurs for both five- and six-membered phosphite rings even in the complete absence

of ring substituents®"*,

R!
2
R N ox O _OCRIRZCRIR*X
P—OR i
R3 O RO RS
R4 (12)
10)
R5X
-RX "RX
R!
2
R O\P/O
~N
R3 O/ RS
R4
(11)

However, opening of six-membered phosphite rings [2-alkoxy-1,3,2-dioxaphosph(III)-
orinanes] occurs in reactions with simple, and less reactive, alkyl halides (Mel, EtBr)* and
also with other, more reactive, halides™. In their studies on stereochemical aspects of the
Michaelis—Arbuzov reaction, Bodkin and Simpson® noted the duality in behaviour of 2-
alkoxy-4-methyl-1,3,2-dioxaphosph(IIT)orinanes towards Ph,C'BF,", while Segi et al.”
relied on complete ring opening in the regioselective reactions between (25,4S5)-2-methyl-
4-phenyl-1,3,2-dioxaphosph(IIT)orinane (13) with lower alkyl halides and also with ben-
zyl and triphenylmethyl chlorides, to give optically active 3-halo-1-methylpropyl
alkylphenyphosphinates (14).

Me R
h

f; ok
MCQ/P <:
/ O
O X
(13) (14)

Several studies have concentrated on the reactions of polycyclic phosphite systems. In
their reactions with more reactive halides (this description being, very often, related mere-
ly to the reaction temperature achieved under normal experimental conditions), 1-phos-
pha-2,6,7-bicyclo[2.2.2]octanes (15) undergo stereospecific ring opening to give the
phosphonic esters (16) (X = Cl or Br; R? = aralkyl) with cis-oriented CH,X and P—0
groups®”®. Berlin et al.”’ carried out a similar stereospecific ring opening of 1-phospha-
2,8,9-trioxaadamantane (17) to give structures of type (18).

It is perhaps not surprising that, should competition be possible between five-, six- and
seven-membered rings in Michaelis-Arbuzov reactions, the six-membered ring tends to be
retained at the expense of the other rings. Thus, the 2,7,8-trioxa-1-phosphabicyclo-
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o\ (li
R! P RX 0— \R2
07 XCH, O/
o R!
(15) (16)
o}
PZaN Lo
0 / o) S
17 (18)

[3.2.1]octanes 19 (R = H or Me) undergo stereospecific ring opening to give the 1,3,2-
dioxaphosphorinane 2-oxides 20°*%, and the carbohydrate bicyclic phosphite 21 behaves
in a similar way®. In similar reactions involving 2,8,9-trioxa-1-phosphabicyclo[4.2.1}-
nonane, the products are phosphonates with retained seven-membered ring (1,3,2-
dioxaphosphepane 2-oxides)™.

0
0
R 0\\ e RO
P 14
R O/ R O/ I/Rl
CH,X
(19) (20)
O o CH,I
/O Mel o} O
P o) Ox. /
o P 0
/
OAY‘ Me [0)
OAV
21)

Nevertheless, isolated seven-membered rings, as in the optically active phosphonites 22
(R =Me, or RR = CMe,), are also subject to ring opening when acted upon by the benzylic
halides 4-YC,H,CH,X; the products are the esters 23, which may be obtained with
diastereoisomeric excesses ranging from 24% (X = I, Y = Me) t0 99% (X =1, Y = CN, or
NO,); no reaction occurs with X = Br and Y = CN or NO,, and the diastereoisomeric
excesses for X = Br, Y = H or Me are 20-30%°.

A conspicuous feature in such studies is the behaviour of five-membered cyclic phos-
phites (24), derived from 1,2-dihydroxybenzene, towards alkylating agents; in all cases
thus far examined, and independent of the nature of R' and R’ the ring is retained, an
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RO
p—ph —X
RO™

(23)

0

O\ . _RX 0\ %
O/P—OR X » P "

(24)

indication of the stability of this ring system towards cleavage in a pentacoordinate inter-
mediate or in an ionic intermediate (Section IT.A.3)*>%,

Normal valence expansion has also been observed when the esters (RO),PCN are treated
with R’X to give R"(RO)P( E)CN“ and an analogous reaction leads to the phosphonic iso-
cyanates R'(RO)P(O)NCO¥,

A few reactions have been reported for phosphoramidous diesters, R,NP(OR),, and for
phosphorodiamidous esters (R,N),POR, but for the most part these have not involved
simple alkyl halides, but rather functionalized alkyl halides and polyhalogenated com-
pounds. In these circumstances, reactions occur which compete with the normal
Michaelis-Arbuzov reaction, the principal one being that attributed to Perkow®.
Nevertheless, successful ring opening reactions have been carried out on the phosph-
(IIT)olidines 25; the products are of the form 26, aqueous acid hydrolysis of which then
affords the phosphinic acid PhR*P(O)OH (e.g. benzylphenylphosphinic acid”), whereas
in other examples, the intermediate 26 has been subjected to acid-catalysed methanolysis
to give methyl esters of mixed phosphinic acids’".

RL,, O RL, X O D
g 4 ’ 5 +
[ Sp=ph XL [ I N ROHH' _ b papops
RISy R2SNT
l | Ph
R3 R}
25) (26)

To conclude this section, it must be mentioned that there are phosphite esters which do
not take part in the Michaelis—Arbuzov reaction. Many such esters possess cyanoalkyl
groups, or are heavily halogenated at the alkyl B-carbon atom, and their nucleophilic
character is thereby reduced considerably. The presence of a similarly sited nitro group
appears to inhibit the reaction; 4-nitro-2,6,7-trioxa-1-phosphabicyclo[2.2.2]octane does
not react with aralkyl halides under the conditions sufficient for the 4-alkyl analogues™.

2. The nature of the alkylating agent

Essentially, the Michaelis—Arbuzov reaction proceeds well with primary alkyl halides
and at least moderately well with secondary halides, the reactivity of the halogen being in
the order I > Br > Cl, alkyl fluorides normally being unreactive (the reactive polyfluo-
roalkanes and alkenes do undergo reactions with trialkyl phosphites and afford halogeno-
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alkylphosphonic acids, and are therefore considered in Chapter 3). The rate of reaction
depends on steric hindrance within the alkyl halide and also within the phosphite ester. In
MeCN at reflux temperature, trimethyl phosphite reacts with iodobutane to give a mixture
of dimethyl methylphosphonate and dimethyl butylphosphonate, the former being in the
greater amount, but no mixed 3products are obtainable from iodoethane and tributyl phos-
phite under these conditions™. The rate of reaction of triethyl phosphite with isopropyl
iodide at 100-200 °C is about 1/60th of the rate of its reaction with 1odoethane tert-butyl
chloride does not react, even at high temperature and under pressure™. Whereas triiso-
propyl phosphite and isopropyl bromide do not react together under normal conditions,
or in MeCN at room temperature, they do so very slowly in hot MeCN

Mono-, di-and tn-arsylmethyl halides are all very reactive 26231333640 46-48.51-545755-61.646670
as are allylic halides**"""® in Michaelis—Arbuzov reactions. Recent examples of the use
of more complex benzylic-like halides include halogenomethylpyrrdmes and
halomet 2quumohnes23 2 halomethyl-oxygen heterocgchcs #4377 halomethylquinoxa-
lines?"**** and other halomethyl hetereocyclic systems® . Unusual results were obtained
with the pyrimidinediones 27; these (R = H, X = Cl) react with triethyl phosphite to give
28% but the presence of the substituent R = (CH,),X, X = Cl or Br in 27 allows the expect-
ed formation of the diphosphonic acid esters (29)***.

(0] O (0]
e (CHZ)nX e (CHZ)nPO_’»EtZ
Y X
Me” N~ O Me” N "O

Me N O |
}li (CH,),PO;Et,
(27) (28) 29)

Reactions involving 3-haloalk-1-ynes should be included at this point to complete the
range of halides in which halogen is bonded to sp® carbon, although this in turn is linked
to other carbon atoms possessmg another degree of hybridization. Further discussion of
this area is deferred, however since the products do not possess P—C(sp’) bonding but
rather that of a P—C(sp®) or P—C(sp) nature, depending on experimental circumstances.

gem-Dihalogen compounds take part in the Michaelis—Arbuzov reaction, sometimes
producing novel results. The dichlorobenzodioxole 30 affords a very moderate yield of the
gem-diphosphonic tetraethyl ester 31 together with a larger yield of the cyclic carbonate
32, whose production has been formulated as occurring through the formation of a
pseudoquaternary salt followed by elimination of EtCl and (EtO),PCI***". Monodebromi-
nation to 34 occurs in the reactions between the gem-drbromopropanes 33[R'=H,R*=
Hex, Ph or Me,SiCH,; R'R? = (CH,),] and trlethyl phosphite, in the presence of Et;N, but
may be accompanied by phosphonation to give the corresponding 35, although the success
here would appear to depend critically on the dryness of the reactants®. On the other hand,
the dihalopropenes 36 (X = Cl or Br; R' = Me or Ph) readily undergo diphosphonation
when they react with triakyl phosphites or dialkyl phenylphosphonites®. The participation

O Qg

(30)X = Cl (32)
(31) X = P(O)(OEY),
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R! R? Rl  R2 R R2
Br Br H Br H PO;Et,
(33) (34) (35)

of the cyclopropenium carbocations such as 37 and 38 (Scheme 1) explains the remarkable
ease of reaction under such mild conditions (in dichloromethane at 40 °C).

7Y -~

X X- X P(OR)3 X 1>(0R)2
(36) 37 o
(36 ~—— i o v \v/
X=POsR;  (RO)P POR), x- POR), X~ P(OR)
X o o) o)
(38)
SCHEME 1

A particularly important example of a gem-diphosphonic acid is, in fact, the simplest,
namely methylenebisphosphonic acid (39) (n = 1). The interaction of dilodomethane with
excess triisopropyl phosphite at 150-160 °C has provided 50-60% of tetraisopropyl meth-
yleneb1sphosphonate9 but marginally better yields are reported to be obtainable if dibro-
momethane is employed®. Lower yields of the tetraethyl ester are obtainable usmg triethyl
phosphite, and it should also be noted that a difference in the ratio of reactants is liable to
provide dialkyl (halomethyl)phosphonates (Chapter 3, Section I1.A). A similar procedure
has provided the tetraethyl esters of a,w-alkanebisphosphonic acids (39) (n = 1-10)°>”. In
alike manner, Dahl and Block® have obtained methylenebisphenylbisphosphinic acid (40)
via its diisopropyl ester (not isolated) from diiodomethane and diisopropyl phenylphos-
phonite.

o O \ll H
| || PCHzP

(HO),P(CH,),P(OH), HO “oH
(39) (40)

Maier” and others®® have carried out Michaelis—Arbuzov reactions between alkyl
bis(chloromethyl)phosphinates (41) and trialkyl phosphites to give alkyl bis[(dialkoxy-
phosphinyl)methyl)phosphinates (42), and with alkylphosphonous diesters to give
bis[(alkoxyalkylphosphinyl)methyl]phosphinic esters (43). Analogous reactions with bis-
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and tris-(chloromethyl)phosphine oxides have led to tris[(dialkoxyphosphinzl)methyl]-
and tris[(alkoxyphenylphosphinyl)methyl]-phosphine oxides, e.g. 45 from 44’ and yet
a further communication concerns the analogous synthesis of alkyl bis[2-(dialkoxyphos-
phinyl)ethyl]phosphinates®. More recent publications have been concerned with the
synthesis of mixed esters of methylenebisphosphonic acid (46) from (halomethyl)-
phosphonic diesters'® and isopropyl esters of the mixed phosphonic-phosphinic acid 47
and methylenebisphenylphosphinic acid (48)'' starting from esters of (iodomethyl)phos-
phonic acid and [(bromomethyl)phenyl]phosphinic acid in combination with diisopropyl
phenylphosphonite. Triethyl phosphite also reacts with (x-bromoaralkyl)phosphonic
diesters with the formation of arylmethylenebisphosphonic tetraesters'®.

2ARI0),P I I
ROP[CH,P(OR!),],
(“) S 2)
ROP(CH,CI),
(41) 0 (o)
2RIP(OR2), il i OR?
ROP|CH,K
R! |»
43)
0
RR!POR? | R
(CICH,);P=0 ———— O=P|CH,P{
Rl
(44)
45)
o) 0
1 3 1 3
©o lllCH [+E OP/OR . O\y’CH Ill/OR
ol + Et — 2
s N
RZO/ \OR“ R20 OR*
(46)
O O .
, (ﬁ’ o orr
(Pri0),PCH,I + PhP(OPr?); ———— (PrO),PCH, P
Ph
47
’ 0 O :
Pr N //O PI"O\ I ”/OPI"
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Ph"  CH,I Ph Ph

48)
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3. The reaction mechanism

The feature of this which might first be considered is the nature of the intermediate. It is
evident that a true intermediate is obtained during the course of the reaction. Thus, the
treatment of tri-zert-butyl phosphite with methyl iodide at 5-10 °C yields a crystalline solid
with the evolution of heat; within 15-20 min the solid begins to disappear, and it disap-
pears completely in 3040 min resulting in the formation of di-ter¢-butyl methylphospho-
nate'”. When a mixture of iodoethane and diethyl ethylphosphonite is heated a 50 °C,
crystals appear which at 105 °C, afford ethyl diethylphosphinate. Iodomethane also gives
crystalline 1:1 adducts from esters of diethylphosphinous acid'* and ethylPhosphonous
and isopropylphonous acids'*, and from esters of allylic phosphonous acids *'”’. Most of
these adducts melt in the range 40-60 °C. Those isolated from trineopentyl phosphite and
halomethanes melt at about 85 °C'*®. When heated, such adducts decompose into esters
of phosphonic or phosphinic acids. The adducts are soluble in chloroform and in
dichloromethane, and in solution provide 3'p NMR data consistent with an ionic
structure—probably as ion pairs in keeping with the term ‘pseudophosphonium salt’
applied to them.

The examples just quoted are thus true intermediates in the Michaelis—Arbuzov reac-
tion. However, many other similar adducts have been prepared, including those from
triphenyl phosphite and methyl halides and which have the structure [(PhO);P"Me][X],
but which do not break down under normal Michaelis—Arbuzov conditions: nevertheless,
they have some significance in synthesis, since in the presence of alcohols, ROH, they
decompose with the generation of the alkyl halides, RX, and formation of diphenyl
methylphosphonate'”. In general, the salts [(PhO);P*R][X ] will also act as a source of the
esters (PhO),P(O)R'™'!! but only when heated at 140180 °C for extensive periods, and
they therefore cannot be considered as typical Michaelis—Arbuzov intermediates. It might
be added that mixed alkyl phenyl esters do take part in the true Michaelis-Arbuzov
process' 2. Trifluoromethylsulphonate salts have also been shown by *'P NMR spec-
troscopy to be ionic (as opposed to being non-ionic and pentacoordinate)''®, whilst a series
of tetrafluoroborates, obtained by reaction of the phosphorus(IIl) esters with
{Ph,C*|[BF,], or with [Et;O][BF,], have been prepared and they, also, decompose in the
presence of NaOR or NaHCO, into phosphonic esters''*. It is of interest also that, when
heated with NaBPh, at 90-120 °C, trimethyl phosphite isomerizes into dimethyi-
methylphosphonate, but the process does not extend to higher trialkyl phosphites'®. The
chemistry of the various types of pseudophosphonium salts has been extensively
reviewed''S. Other types of phosphonium salts will be encountered in connection with some
variants of the Michaelis—Arbuzov reaction, to be discussed later.

It is evident that the interaction of a phosphorus(I1) triester and the alkylating species
RX can be pictured as an Sy2 process (reaction 2) or, for those alkylating reagents capa-
ble of forming a carbocation, as an Sy1 process (reaction 3). Several reactions testify to the
importance of carbocationic carbon for the Michaelis—Arbuzov reaction in pursuance of
its normal course; they include the ease of reaction of cyclopropene dihalides, already
encountered, and the ready formation of complexes with species having particularly weak-
ly nucleophilic counter ions. Phosphonic acid formation also takes place with cyclic
azonium salts and related ions. 9-Chloroacridine reacts with triethyl phosphite to afford a
product thought to be the bisphosphonic acid ester 49'"". The related phosphonic esters 51
are obtainable when the onium salts 50 (X = NH, NR, O or S) are treated with trimethyl

R1,POR? + RX [RL,RPOR?|[X] )

RL,POR2 + R* + X~ [R12R§OR2][X‘] 3
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H +
Et,03P  POsEt, Y- H POs;Me,
(49) (50) (51)

phosphite and NaI'*®, and other similar 0phosphonic acids are obtainable from quaternary
acyl salts from heterocyclic systems''>'®.

The interaction of an ethenyl ether and a trialkyl phosphite (trimethyl phosphite was
actually used) under dry acid conditions (HCI gas in MeOH) leads to a phosphonic diester
according to Scheme 2. Little dealkylation of the phosphite triester appears to occur, and
the reaction appears therefore not to involve addition of dialkyl hydrogenphosphonate
(the product of phosphite dealkylation), all the more so since triphenylphosphine also
reacts under the same conditions to give related triphenylphosphonium salts. Ethenyl ethyl
ether, 2,3-dihydrofuran and 2,3-dihydropyran were used as substrates'?. The ease of
reaction under mild conditions, coupled with high yields, testifies to the importance of a
cationic intermediate species.

O
+ Il
0} 0] O PR3 O P(OMe),
SENCE e
J R=Phor
n n MeO n
n=0orl
SCHEME 2

Following a comparison of the behaviours of trialkyl phosphites, mixed alkyl phenyl
phosphites and triphenyl phosphite towards iodomethane and, in the last case, the break-
down of the phosphonium salt when treated with an alcohol, Landauer and Rydon'”
considered that all the reactions involve a stage identical with that of the normal
Michaelis—Arbuzov reaction. The absence of any rearrangement during the decomposi-
tion of complexes from neopentyl phosphites, and the configurational inversion which
occurs when optically active 2-halooctanes are produced from optically active phosphite
triesters (themselves obtained from optically active octan-2-ol), suggest that the mode of
breakdown of the intermediate complexes is of Sy2 character.

Triethyl phosphite reacts extremely easily with benzoyl chioride to give diethyl ben-
zoylphosphonate; in dioxane at 30 °C, the time for half completion of the reaction is about
4 min. On the other hand, benzoyl fluoride is recoverable to the extent of 90% after 90 h,
from which it may be inferred that the rate-determining step in the Michaelis-Arbuzov
reaction is not necessarily the first step consisting in the approach of nucleophilic phos-
phorus to positive carbon'?. Further, whilst simple trialkyl phosphites are highly reactive
towards iodomethane, a bicyclic phosphite such as 15 (R' = Me) is unreactive to boiling
iodomethane®, the implication then being that the nucleophilicity of the phosphorus in the
bicyclic ester is much reduced, being subject to stereoelectronic influences (a term coined
by Taira and Gorenstein'?).

In spite of the large volume of evidence for the participation of ionic intermediates in the
Michaelis—Arbuzov reaction, there is also considerable evidence for the formation and
breakdown of other species during the course of the same reaction; such participation
occurs together with, or in place of, that of ionic species.
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When treated with iodomethane, initially at room temperature, a mixture of conform-
ers of 5-tert-butyl-2-methoxy-1,3,2-dioxaphosph(III)orinane (52) of conformational (at
phosphorus) composition 77:23 yielded a mixture of 5-zert-butyl-2-methyl-2-ox0-1,3,2-
dioxaphosphorinanes (53) of composition 71:29, the principal component being the
conformer with P-methyl sited axially (53a)'”. This high degree of stereospecificity was not
found with similar reactions involving 2-alk oxy-4-methyl-1,3,2-dioxaphosph(III)orinanes
(54) and simple alkyl iodides. In reactions of the latter phosphites with trityl tetrafluorob-
orate followed by treatment of the intermediates with I", stereospecificity in the formation
of the phosphonates 55 was essentially complete although, however, ring retention was
accompanied by ring fission to give 56 (or an isomer)®.

e i
Bul\mc;/PNoMe But\ﬁ\o()//P\o Bu[\&O()//P\Me
(52) (53a) (53b)
1 0
o o R ) Oor
P~OR P, Ph;CP
o] O R? OCHMeCH,CH,I
Me Me
(54) (55) (56)

(2) R! = CPhs, R? = =
() R ==0, R2=CPh;

On the basis of such evidence, it now seems to be widely accepted that the intermediates
in valence expansion reactions of the Michaelis—Arbuzov type can have either an ionic, or
a non-ionic, pentacoordinate structure, or both can be involved, possibly sequentially, or
through equilibration, the choice being dependent on the ligands surrounding the central
phosphorus atom, i.e. on the nature of the reactants. Thus reaction 1 might well be written
as reaction 4.

R! R — = R! OR3
R2 >P/ \P/ X~
2 N L N
R30 X R2 R

(6)

RX -R3X

R!R2POR? RIRZRP=0 (4)

4. Side-reactions

Several possible reactions may give rise to impurities in the preparation of phosphonic
or phosphinic acid esters by the Michaelis—Arbuzov reaction, and it is possible that, in
some cases, such reactions become preponderant. Triethyl phosphite, for instance, has
been successfully used as a dehalogenating agent, in particular, for debrominations'*.
Isomerization of allylic groups may occur through Sy1-type processes (reaction 5)° or be

induced thermally (reactions 6 and 7)'*'%,

(EtO);P + MeCHCICH=CH, (Et0),P(0)CH,CH=CHMe (5)
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120°C (ﬁ _OCHMeCH=CH,

_ . 6)

EtP(OCHMeCH=CH,), EtP{ (
CH,CH=CHMe

9 _OCH;CH=CHMe
EtP(OCH,CH=CHMe), %~ EtP{_ )

CHMeCH=CH,

The later stages of reactions involving o,w-dihaloalkanes and related compounds may
be accompanied by cyclization, particularly at higher temperatures (equation 8)'7. The
two-stage reactions between trialkyl phosphites and 1,4-dibromo- or 1,5-dibromoalkanes
give rise to 1,2-oxaphosph(V)orinanes (57) (n = 1) or 1,2-oxaphosph(V)epanes (57) (n =
2)'® accompanied by monodehydrobromination during the formation of a linear ester.

Br PO;Me, o
P//
(MeO);P heat | AN
L e | @o OMe ®)
Br Br
BrCHMe(CH,),CH,CH,Br (Et0)sP heat (rh /O
P
e
Me o~ OFt
(57

Reactions between cyclic phosphonites (58) and alkyl halides have been employed to
prepare linear (ring-opened) polymeric phosphonates which, when heated more strongly,
undergo depolymerization and furnish 1,2-oxaphosph(V)olanes, e.g. 59; when R = H, a
second product has been shown to be the phosphinic anhydride (60)"**'*'.

R /9 P QAR
\ 1
P—Ph X~ RI--POCH,CCH, X —% - z v
R O/ | | -RIX O/ N
Ph R . Ph

(58) 59

(60)

A further, and more important, difficulty occurs in attempted Michaelis-Arbuzov
reactions involving certain halogenated carbonyl compounds. In these cases, a reaction in
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competition with the ‘normal’ process gives rise to phosphate esters, and in some cases
these may be the only products. For these reasons, the Perkow reaction (which has been
recently extensively reviewed®) will be considered further, although briefly, in Chapter 3
in connection with the synthesis of functionalized acids. At the moment, however, it should
be pointed out that the main difference between the Perkow and Michaelis—Arbuzov
reactions lies in the point of attack in the carbonyl compound by the phosphite ester. One
recent example illustrates a typically final outcome in which both phosphonate (62) and
phosphate (63) esters were obtained from the bromomethyl ketone 61'.

OCOR O_ _R
— —_— ’
ﬁ( OMe), ﬁ’(OMe)z
(0] o (0] 0
(62)
OCOR (MeO)|
Br
0]
(61) OCOR
0.
h’(OMe)z
CH, o
(63)

5. Variations

Many variations in the Michaelis—Arbuzov reaction have been observed; they range
from slight changes in the nature of the alkylating species to a recognition that certain reac-
tions, of an apparently totally different type, are in essence of the same mechanistic type,
and give rise to similar products.

The reaction can be of an intramolecular nature; such possibilities (reaction 9) were
explored by Helferich and Aufderhaar'* and were also adapted by Aksnes and Bergesen'*
in the synthesis of 1,2-oxaphosph(V)epanes. Reaction 10 illustrates the formation, in an
analogous fashion, of N-phosphitylated 1,2-azaphosphetidines'®.

Cl—/_\—P(OEt)2 _heat _ [ > )

P
N
o “OEt
1
|
[(RO),PLNCH,CH,Br =%~ (RO),P—N —P—OR (10)

Variations in the alkylating species include the use of benzylic ethers in conjunction with
AIC1,* and of alkyl sulphonates, particularly alkyl p-toluenesulphonates. The latter can
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give very high yields of phosphonic esters, particularly if the alkyl groups of both reactants
are identical; if they are not, a process of cross-alkylation occurs, resulting in the forma-
tion of esters of more than one phosphonic acid*"'*’. Reactions involving sulphonic esters
and the bicyclic phosphite esters 14 have also been carried out successfully™.

Boyd and coworkers'*'* investigated the reaction which occurs between PCl; and
triphenylmethanol and isolated a substance which they described (incorrectly) as the phos-
phorodichloridite 64 and a further substance to which they gave the (correct) structure 65,
suggesting that the conversion of 64 into 65 involved the valence expansion process. Hatt"'
pointed out that Arbuzov and Arbuzov had meanwhile suggested what was to be recog-
nized as the true structure of 64, and he later presented further chemical evidence in sup-
port of the phosphonic dichloride structure 66'“2. Further examples of such phosphonic
dichlorides and the triarylmethylphosphonic acids obtainable therefrom have since been
described™® and the first spectroscopic (IR) evidence for the structure was eventually
presented'; subsequently the structure has also been confirmed bz X-ray analysis, as was
that of the corresponding difluoride'*. It was Halmann er al"™ who, it appears, first
suggested that the reaction might proceed through the species 67; attack by HO” on P* with
displacement of Cl- is comparable to the decomposition of the pseudoquaternary salts
formed in the Michaelis—Arbuzov process.

o)
I +
Ph;COPCL, Ph;CP(O)(OH), Ph;CPCl,  [PhsCPCLJ[HO
(64) (65) (66) (67)

The isomerization of low molecular weight trialkyl phosphite into dialkyl alkylphos-
phonates merely on heating has been attributed to the presence of impurities which catal-
yse the process but, even at room temperature, the exposure of trimethyl phosphite to light
radiation results in a 32% yield of the isomeric phosphonate, together with the formation
of smaller amounts of trimethyl phosphate and dimethyl hydrogenphosphonate'*.
Triphenyl phosphite, diphenyl ethylphosphonite, phenyl diethylphosphinite and analo-
gous ethyl esters fail to isomerize under the same conditions. However, the photoinduced
isomerization of benzylic''* and allylic"**'*° phosphites occurs at room temperature,
high-yield conversions being achievable. These isomerizations are totally regioselective
with regard to the benzyloxy and allyloxy groups. The former rearrangement is intramol-
ecular and occurs with retention of configuration at the benzylic methylene carbon
(reaction 11)'*. The use of cis- and trans-2-benzyloxy-5-tert-butyl-1,3,2-dioxaphosph-
(IIT)orinanes demonstrated that the reaction also proceeds with retention of configuration
at phosphorus'*'*, The rearrangement of a deuterium-labelled allyl phosphite is depict-
ed in reaction 12; when irradiated, the phosphite 68 affords a mixture of 69 (> 95%) and 70
(< 5%), the labelling becoming completely scrambled if the rearrangement is carried out in
cyclohexane as solvent. The replacement of an alkene hydrogen by a methyl or phenyl
group can result in a slower isomerization and the formation of more than one phospho-
nate product, and if the allyloxy group is bonded to a 1,3,2-dioxaphospholane or 1,3,2-
dioxaphosphorinane ring, the rearrangement can become totally inhibited'®. The
mechanism of the benzophenone-sensitized photorearrangement of allyl phosphite
substrates is mechanistically different from rearrangements sensitized by other means, and

O\ Me O\ /0
74
{ /P—O%Ph ¢ e (11
o H d X
H Ph
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when a 0.02 M solution of dimethyl 2-phenylprop-2-enyl phosphite in MeCN saturated
with 9,10-dicyanoanthracene is irradiated, a 70-75% conversion of phosphite to the
isomeric phosphonate 70 (R = Ph) is achievable on a 75-100 mg scale during 12 h'*.

Heat is generated when a trialkyl phosphite is mixed with 2-hydroxybenzyl alcohol, but
the reaction is best completed by heating the reactants in a solvent, usually dmf, to about
150°C. Among the products of the interaction are 2,2,2-trialkoxy-2,3-dihydroben-
zoxaphospholes (72), 2-alkoxy-2,3-dihydrobenzoxaphosph(V)oles (74), dialkyl (2-
hydroxybenzyl)phosphonates (76) and their ethers (77). Three reaction pathways have
been considered'’"'®. The first of these (A) requires the intermediate formation of a
quinonemethide (71) and the assumption that such a species would react with a trialkyl
phosphite as indicated. Some known quinone methides do behave in this way; thus 78
reacts in this way to give the 1:1 adduct 79 directly'*. Benzothiete (80) is thought to be
capable of undergoing reaction through its tautomeric form (80b); with a trialkyl phosphite
it affords a dialkyl (2-alkylthiobenzyl)phosphonates (81), but there are no indications of
the formation of the pentacoordinate species 82'”. No evidence has been forthcoming for
the direct formation of benzodioxaphosphorins (73) (pathway B). The intermediacy of 75
affords a rationale for the formation of both 76 and the ethers 77, and is consistent with
the later preparation of 81. In addition, the action of heat on esters of type 76, synthesized
by alternative means'*, causes their cyclization to the respective 74. The isolation of the
oxyphosphoranes 72 might be the result of betaine formation from 75 and ensuing cycliza-
tion. *'P NMR evidence has more recently been advanced in favour of the direct conver-
sion of 76 into 74",

2-Hydroxybenzyl alcohols react, on slight warming, with the series of phosphorus(III)
amides 83-85; the products from these interactions include ethanol and diethyl phosphite
(from 83), together with 86 (from 83) and 87 in addition to 88 (X = OEt or NEt,)'”. The
conversion of gramine salts (89) (X = I or MeOSO,0) into the phosphonic diester 90 when
heated with triethyl phosphite'® [one of surprisingly few recorded examples of the value
of quaternary ammonium salts in the synthesis of non-functionalized phosphonic acids;
others are encountered in the preparation of functionalized phosphonic acids (see Chapter
3]. The reactivities of acetates, hydrochlorides and methiodides of 2-hydroxybenzylamines
(91) (R’X = CH,COOH, HCI, Mel) towards trialkyl phosphites, affording 74'®', render pos-
sible a comparison, and creation of a link, between the behaviour of phosphite triesters
towards 2-hydroxybenzyl alcohols and to 2-hydroxybenzylamines (Scheme 3). Many other
studies have been concerned with these and similar reactions with phosphorus(I1I) ester—
amides which have led to derivatives of the 2,3-dihydrobenzoxaphosph(V)ole system'¢* ™%,
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It was McCormack who, in 1953, in the patent literature, first reported the cycloaddi-
tion of phosphorus(III) halides to 1,3-dienes'"'*'*. As then represented, the sequence took
the form depicted in reaction 13 (X = Cl or Br). The careful addition of water to the crys-
talline 1:1 adduct, formulated as a halogenophosphonium salt (92), gave the unsaturated
phosphinic chloride (93, R = Br or Cl) or acid (93, R = OH). Since the original publication
of the procedure, the application of modern spectroscopic techniques has demonstrated
that the final products in such reactions are mixtures of the 3-phospholene (93) and 2-
phospholene (94) isomers, conveniently represented, when admixed and in unknown
proportions, as 95. It has since become apparent that the relative proportions of the
isomeric forms 93 and 94 of any derivative depend on the nature of the halogen X and on
the manner of work-up; thus, in an acidic work-up medium, the products tend to have the
structure 94, but neutralization during the hydrolysis step leads to derivatives of the
isomeric 93. The reaction consists simply in mixing the reactants at room temperature and

Et,NPXY
(83) X = Y = OEt
(84) X = NEt,, Y = OEt
(85) X = Y = NEt,

0
OH OH ¢ J
| X P__

NEt, Pl o X

(86) (87) (88)
N X- N Ie} NR,R'
H H X
89 (90) 91
OH O O
NEt, @[/IGHEQ @/ E(OR)_}
(86)
HX
(0]

OH H P
—_ + —_— P\
NHEt, P(OR); O/ OR
X-

(5) 74
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allowing the formation of the crystalline adduct to proceed in the presence of a trace of a
polymerization inhibitor such as copper stearate. Substitution on the diene skeleton
increases the rate of reaction considerably, and a trans-diene reacts faster than does its cis
isomer. In addition, the dibromides RPBr, are more reactive than the corresponding
dichlorides. Further, the use of an appropriately substituted diene can result in mixtures of
stereoisomeric products such as (96).

The reaction which occur through the use of the phosphorus trihalides, PX;, have been
studied primarily by two groups. Hasserodt and coworkers'®>'® have observed that the
reaction rate can vary enormously; thus, the 1:1 adduct from 2,3-dimethylbutadiene and
PBr, is formed in 85% yield in 1 h at —10 °C, whereas at the other extreme, the reaction
between buta-1,3-diene itself and PCl, yields only 27% adduct in 22 days at room temper-
ature, and even after 60 days the yield is still only 73%!'%. Hydrolysis or alcoholysis of the
adduct 97 (X = Cl) yields the 2-phospholene derivative 98 (R = H or alkyl), but the extent
of prototropic change can be reduced considerably through the use of PBr;, when the 3-
phospholenes 99 are the main products. The pattern of unsaturation in purified isomers is
demonstrable by ozonolysis. Both 2- and 3-phospholene derivatives are converted into
equilibrium mixtures of isomers by the action of strong bases such as alcoholic KOH,
sodamide or KOBu'. Decomposition of the 1:1 adducts with SO, or acetic anhydride
affords the respective phosphinic acid halides. The results obtained by the Russian work-
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ers are essentially the same as those just described'®”'®; but they'™ have also shown that
the reactions afford the cyclic phosphinic chlorides directly when carried out in acetone.
Improved procedures have been worked out for the synthesis of 1-methoxy-3-methyl-2-
phospholene 1-oxide (98) (R = Me = R% R' = R*=R* = H) from isoprene employing a mul-
tivarli%te optimization analytical procedure'”' and for reactions between butadiene and
PCl, "

PBr; is thus the preferred reagent for the preparation of the cyclic unsaturated phos-
phinic acids with only P—C(sp®) bonding, but the formation of the 1:1 adducts is by no
means restricted to those from phosphorus(IIl) trihalides, or phosphonous dichlorides
(dichlorophosphines, which yield 2-alkyl- or 2-aryl-phospholenes (R = alkyl or aryl in
reaction 13) and therefore fall outside the scope of this chapter). Other useful reactants
include alkyl phosphorodichloridites, ROPCL,'”, and the corresponding difluorides'”,
dialkyl phosphorofluoridites, (RO),PF'™ and aryl phosphoro-dichloridites and -dibro-
midites, ArOPX,'”, the reactions then taking the forms depicted in equations 14 and 15.
Also of considerable interest are the comparable reactions which have been carried out
using cyclic phosphorus(III) halides and other derivatives; they include 2-fluoro-'""'%, 2-
chloro-"""'% and 2-bromo-'*'* 1,3,2-dioxaphosph(IIT)olanes, and their 2-substituted-
1,3,2-dioxaphosph(IIT)orinane counterparts'*>'*; such reactions are depicted in equation
16 X =F, Cl or Br, n =0 or 1), and have also been noted for cyclic isothiocyanates (X =
NCS)'#¥  cyclic phosphorus triesters'®”'® and their thio analogues'® and mixed anhy-
drides'"". In all cases the reactions were carried out by heating the reactants together at
80-150 °C in sealed tubes. Once again, it is worth noting that absent from this listing are
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the cyclic phosphorus(III) comgaounds derived from 1,2-dihydroxybenzene and its deriva-
tives; these include 100 (X = F'*2, CI'**!% Br'®*'*2 or OMe"™). The products 101 derived
from such compounds possess true non-ionic pentacoordinate structures which fail to
undergo fission to the monocyclic phospholenes, as do those from dienes and cyclic esters
of phosphonous acids'’. The addition reaction has been discussed in general terms'*; a
progressive increase in reaction rate is in the order X = R,N < RO < F < SR < Cl < NCS,
Br, with increased substitution on the diene system also increasing the rate. Asin all cases
discussed thus far, the nature of the reaction intermediate depends on the ligands around
phosphorus, and structures obviously range from the extremes of true ionic character to a

fully non-ionic pentacoordinate nature.

R! R2? X
O O | Rl
N\ /\ ’\ N
/ /
(o) O R2
(100) (101)

Although not an example of the true Michaelis—Arbuzov reaction, the formation of a
phosphonic diester from a trialkyl phosphite and an allylic acetate in the presence of
[Pd(acac)),] in dioxane at 145-160 °C (reaction 17) bears some resemblance. When R!=
R?=H, the main product is the dialkyl (71 -propenyl)phosphonate. In all examples, trialkyl
phosphate is concomitantly produced’.

R! R! ﬁ

[Pd(acac),]
R2_A_oac + RO ———~ RA L _PORY), (7

B. Through the Alkylation of Hydrogenphosphonates and
Hydrogenphosphinates

Within this area, the most recent developments in the synthesis of esters of phosphonic
acids have been the direct alkylation of hydrogenphosphonates usin%gdiazoalkanes in the
presence of copper-containing catalysts in benzene as the solvent'®®™. Of those catalysts
examined, the most effective seem to be [Cuogacac)z] and [Cu(OTY),], with Cu, Pd and Rh
acetates and [Ni(acac),] being less effective®. The overall reaction is that represented in
equation 18, in which R' and R* may be H, Ph or a simple alkyl group, but they may also
consist of a functionalized alkyl group in reactions catalysed by trifluoromethanesul-
phonic acid®'. A similar procedure has been applied to the hydrogenphosphinate
Ph(MeO)P(O)H™.

(RO),P(O)H + RIR2CHN, %{27 (RO),P(O)CHRR2 (18)

The classical procedure, and the one still extensively employed, consists in the alkylation
of compounds containing the P(O)H moiety, as an appropriate metal salt, with an alkyl
halide or similar type of compound; such a procedure can sometimes be a successful
alternative when the classical Michaelis—Arbuzov reaction fails, one such example being
illustrated in equation 19. No reaction takes place between triethyl phosphite and 3-chloro-
cyclopentadiene at below 120 °C, above which the main reaction is then dehydrochlorina-
tion; the use of sodium dialkyl phosphites leads, however, to the desired dialkyl

cyclopent-2-enylphosphonates™”.



70 R. S. Edmundson
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Et,NCH,CH,Cl — (19)

(EtO),PONa
Et,NCH,CH,P(O)(OEt),

As most commonly applied, a dialkyl hydrogenphosphonate is converted into its sodi-
um salt by reaction with NaOEt, NaNH, or NaH, in thf, of as the lithium salt following a
reaction with BuLi, and the solution of the alkali metal derivative is then treated with an
organohalogen compound. The technique is attributable to Michaelis and Becker and was
reported in 1897. The reaction conditions are much milder than those associated with the
Michaelis—Arbuzov reaction, since very strong heating is not required—indeed, many
reactions can be carried out at, or only at a slightly above, room temperature, and so ther-
molytically initiated side-reactions may be avoided. As with the Michaelis—Arbuzov pro-
cedure, the reactions are here restricted to the use of alkyl chlorides, bromides or iodides;
primary organohalides react most readily, secondary organohalides less so, and the reac-
tion most often fails with tertiary organohalides when dehydrohalogenation tends to occur
because of the very basic nature of the phosphorus reactant’®?”. As in the
Michaelis—Arbuzov reaction, complications arise when the substrates consist of 1-haloalk-
3-ynes; prototropic isomerization in the initial product then leads to esters of alka-1-2-
dienephosphonic acids or of alk-1-ynephosphonic acids.

Examples of the high reactivity of benzylic halides?’ and of allylic halides*'' "> have been
reported. In the latter case, the well established Sy1’ rearrangement occurs when a sec-
ondary or tertiary allyl halide is used, and this leads to the same products as are obtained
from the isomeric primary halide (equation 20), Surprisingly, 3-phenylprop-2-enyl halides
afford only low yields in sluggish reactions®"*.

o

(Et0),PONa
Me,C=CHCH,Cl —— Me,C=CHCH,P(OEt);

(EtO),PONa l (20)
M82CCICH:CH2

Although it might be expected that reactions which employed triarylmethyl halides
would occur very readily, such reactions are rendered potentially more complex by the
known nature of the halides and their propensity for involvement in free radical reactions.
Whereas normal alkylation proceeds between sodium diethyl phosphite and diphenyl-
methyl halides, success, or otherwise, in the use of the triphenylmethyl halides depends to
some extent on the individual halide and on the metal in the phosphite salt. Thus, in an
early study (in 1939), Arbuzov found that in reactions between silver dialkyl phosphites
and triphenylmethyl bromide, dialkyl triphenylmethylphosphonates were indeed formed,
but the use of the corresponding alkyl chloride provided the phosphite triester instead
(metal dialkyl phosphites possess ambident anions™). A later study”® confirmed the
behaviour of the silver salts towards the chloride, but also showed that, whereas dialkyl
phophites with primary alkyl groups yielded phosphonic diesters (as had already been
found), those with secondary alkyl groups afforded phosphite triesters; moreover, the
presence and nature of aromatic substituents were also able to control the course of the
reaction. Reactions which involve triarylmethyl halides and sodium dialkyl phosphites
may well be of a free radical nature since repeated studies have demonstrated the forma-
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tion of bistriarylmethyl peroxides and hexaarylethanes, often in substantial yields, along-
side the triarylmethylphosphonic diesters™".

Those Michaelis-Becker reactions between even relatively simple primary or benzylic-
type halides and sodium dialkyl phosphites are not without their unwanted side-reactions.
Halomethylfurylcarboxylic esters, for example, undergo concomitant dehalogenation or
Michaelis—Becker phosphonation (the two processes may also occur side by side) depend-
ing on the relative positions in the furan nucleus of both carboxylic ester and halomethyl
groups and on the halogen. Chlorides react normally, bromides do not™.

Reactions between dialkyl hydrogenphosphonates and haloalkanes have been per-
formed under phase-transfer conditions; some initial experiments™ used diethyl and
diisopropyl hydrogenphosphonates with either non-functionalized (e.g. alkyl, allyl or ben-
zyl) halides, or functionalized halides, and employed K,CO; as base in the presence of tetra-
butylammonium salts or 18-crown-6. Other workers have also reported successes in their
use of the same or similar systemsm, but more recent work has raised doubts about the
value of the potassium salt, and has illustrated the evident superiority of Cs,CO; as base™.

Variations in the type of alkylating agent include dialkyl sulphates” and p-toluene-
sulphonates™. During the synthesis of the 4,5-bisphosphonic acid analogue of myo-
inositol 4,5-bis(dihydrogenphosphate), the dimesylate 102 and sodium diethyl phosphite
were found to provide the target diphosphonate (103) together with the monophosphonic
diester (104) (compare this reaction with those of halomethylfurancarboxylic esters™’)™”.
Other, more novel, co-reactants include phosphonium salts of types 105 and 107, forexam-
ple, which provide the (heteroarylmethyl)phosphonic diesters 106 and 108°**. The success-
ful synthesis of methylenebisphosphonic acid tetraalkyl esters has also proved possible
using a combination of dibromomethane and sodium dialkyl phosphite (1:2) in liquid
ammonia or other solvent227'222289 or of sodium dialkyl phosphite and dialkyl

(chloromethyl)phosphonate (1:1)™".

OMs P(O)(OEt),
(EtO),PONa "
DME ,
|
P(O)(OEt), P(O)(OEt),
(103) (104)

N Ys N_N \(O
NH, LNH
(105) X = Ph;P* Br- (107) X = Ph;P* Br-
(106) X = P(O)(OEt), (108) X = P(O)(OEt),
The procedure has been adopted for the preparation of alkyl dialkylphosphinates from

alkyl alkylphosphinates (monoalkyl alkylphosphonites) as depicted in equation 21’ and
of the bisphosphinic esters and acids 109 (z = 1 or 2)”" and 110*,
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Trimethylsilyl esters of both functionalized and non-functionalized phosphinic acids,
R,P(O)OSiMe;, have been prepared from the respective alkyl halides and bis(trimethylsi-
lyl) alkylphosphonites, RP(OSiMe,),, (Michaelis-Arbuzov alkylation) as part of a novel
sequence in which the latter are obtained in sizu from alkyl halides and bis(trimethylsilyl)
hypoz%hosphite [HP(OSiMe;),] in the presence of Et,N (Michaelis—Becker-like alkyla-
tion)™.

Novel cyclic N-(w-haloalkyl)phosphinic amides of the general type 111 cyclize when
treated with NaH™* and the hydrogenphosphonic diamides 112 have also been alkylat-
ed™. In this way, a one-pot, but four-step, procedure™® for the synthesis of (2-pyridinyl-
methyl)phosphonic acid via its di(4-methylphenyl) ester (Scheme 4) seems unnecessarily
long by one step.

(llePh
N 6]
<\¢O \P//
P AN
N N H
(CHp),X CH,Ph
(111) (112)
? 0
Me;N);P —% ~ R,PH (i) O I
(Me;N), 5 < P(OR),
N
(113)
i) R = Me,N iii) R = 4-MeC¢H,0
b (1) e . !‘(lll) eCgH,4

- (i) R = 4-MeC¢H,O0 ' —~(iv)R=H

Reagents: a, H,O; b, 4-MeC¢H4OH; ¢, NaH, toluene;
d, 2-(CsH4N)CH,Cl; e, H;0*

SCHEME 4

The kinetics of the reaction between dineopentyl phosphite anion and alkyl halides is
second order and thus supports a simple (Sy2)p mechanism with the implication of config-
urational inversion at phosphorus in appropriate substrates. However, by using a 1:1
mixture of the epimeric hydrogenphosphonates 114a and 114b (R = H), Lesiak et al.*"’
found the stereochemical changes to be dependent on the manner in which the experiment
was carried out. The addition of NaH to a 1:1 mixture of 114 and Mel resulted in retention
of the configuration at phosphorus, whereas inversion was observed if the Mel was added
to the preformed phosphite salt (in spite of the fact that each phosphite yielded the same
sodium derivative with equatorially sited PONa) and, independent of the original phos-
phite conformation, a 92:8 trans—cis (relative spacing of the methyl groups) mixture of
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cyclic methylphosphonates. Relevant here is the observation by Reiff and Aaron™ that the
formation of the sodium salt from (R)-(-)-isopropyl methylphosphinate (115) results in
complete loss of optical activity.

Me_ Me
o ¥
1 0] =
< O\P R C”> Ph—l|> -
; .

0o R Pro"  H H

Me Me Me
(114) (115) (116)

(2) R! = =0, R? = Me
(b) R = Me, R2==

Using diastereoisomerically enriched samples of menthyl ?henylphosphinate (116)
(purified samples of diasteroisomers have since been prepared”’) Farnham and ez al.**
have shown that methylation using Mel-NaH-dmf proceeds stereospecifically and with
retention of configuration, although the stereolability of the anion was a factor to be taken
into consideration, as had been found by the Polish workers?’. On the other hand, Cram’s
group™ showed that the interaction of optically active alkyl tosylates (e.g. that from opti-
cally active 1-methylheptanol) with the sodium salt of butyl phenylphosphinate yielded a
1:2 mixture of the diastereoisomeric butyl (1-methylheptyl)phenylphosphinates, implying
some retention of chirality in the sodium salt.

From the experimental point of view, it is worth noting that when dimethyl hydrogen-
phosphonate is treated with NaH in thf, some disproportionation to dimethyl methylphos-
phonate and monomethyl phosphinate occurs; this property is not important with diethyl
hydrogenphosphonate, nor does it occur even with dimethy hydrogenphosphonate if the
anion is generated from either NaH or BuLi in benzene or in thf at a low temperature™®.

Michaelis—Becker reactions have been carried out in two-phase systems; even under such
mild conditions, isomerization of prop-2-ynylphosphonic diesters occurs to give a 90%
combined yield consisting of a mixture of diethyl propadienylphosphonate and diethyl-
propy-1-nylphosphonate (85:15). Some of the allylic halides furnish small amounts of
phosphonic esters, but others, and also benzyl halides, only undergo reaction in the pres-
ence of a long-chain tertiary amine hydrochloride catalyst™'. Dialkyl hydrogenphospho-
nates and tertiary benzylamines react together to give dialkyl benzylphosphonates”.

Reaction 22 is analogous to that depicted in equation 17. The compounds 117 (X = Me
or OEt; R!, R? = H or Ph) undergo reaction with dialkyl hydrogenphosphonates™’ or alkyl
hydrogenphosphinates (and secondary phosphine oxides)* in the presence of btsa and
5 mol% of [Ni(cod),]; the yields of phosphonates 118 (R* = OR®) were 22-90%. The iso-
meric 117 (X = Me; R! = Me, R? = H, or R' = H, R’ = Me) and 117 (X = OEt; R'=H,
R? = Ph, or R! = Ph, R? = H) react with a dialkyl hydrogenphosphonate to give identical

o R30 0 o
I \P// }|l _OR3

N\ RI\/\( R4

R2 R4 H R2

22
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esters 118 (R' = Me or Ph, R? = H)**, implying that the phosphorus nucleophile attacks
at the unsubstituted carbon in the metal complex in a regiospecific fashion.

C. Synthesis from Alkyl Halides and Phosphorus(lll) Halides

The discovery that a mixture of an alkyl halide, AlCl, and PCl, yields a complex which,
when hydrolysed under carefully controlled conditions, gives a phosphonic dichloride
seems to be attributable to Clay*”, although the development of the procedure was made
slightly later, following independent discovery, by Kinear and Perren®®. Clay observed
several important features which were crucial to experimental success ; these included (i) a
correct order of mixing of reactants; (ii) careful control of temperature at the onset of reac-
tion; (iii) careful drying of the reagents; and (iv) the addition, after complete formation of
the intermediate complex, of the correct amount of water, which should be a 7-11 molal
ratio. The reaction sequence can conveniently be represented as that in equations 23 and
24.

RX + PCl; + AICl; [RPCL;*][AICL, ] (23)
(118)
0
[RPCLJIAICL, | + TH,0 AICL;.6H,0 + 2HCI + erlch 24)

(119)

Primary, secondary and tertiary alkyl chlorides, bromides or iodides all undergo reac-
tion (vinyl halides and alkyl fluorides do not), as do cycloalkyl*****” and benzyl****** halides.
Apart from the compilation of examples by Kinnear and Perren*, other examples are
spread very widely and rather thinly throughout the literature. Some isomerization is to be
found when using certain alkyl halides; for example, n-propyl and n-butyl halides afford
the isopropyl- and (1-methylpropyl)-phosphonic dichlorides, and isobutyl chloride yields
tert-butylphosphonic dichloride***. Whilst Me,SiCH,Cl affords the expected phosphonic
dichloride, neopentyl chloride yields (1,1-dimethylpropyl)phosphonic dichloride*. 1,5-
Dicl;ioropentane reacts but affords only (4-chloro-1-methylbutyl)phosphonic dichlo-
ride

Several syntheses have been performed in the adamantane series. With PCl,~AlBr;,
1-bromoadamantane gives 1-adamantylphosphonic dichloride® and using the same
reagent, 1,3-dibromoadamantane yield the corresponding 1,3-di(phosphonic dichloride)
and with AlBr,—PBr, the corresponding 1,3-di(phosphonic dibromide)®'. Surprisingly,
2-bromoadamantane with PCl,-AlBr; yields a mixture of di-2-adamantylphosphinic
chloride and the corresponding bromide, together with some (1-adamantyl)(2-
adamantyl)phosphinic chloride®”.

Kinnear and Perren™ also examined, in a very limited way, the behaviour of alkylphos-
phonous dichlorides, RPCl,. Here, the reaction (equation 25) would be expected to afford
phosphinicchlorides, with either identical or non-identical organic groups, but their exper-
iments did not yield entirely satisfactory results and, evidently, the procedure has not been
further developed for such cases.

[[RIR2PCL,*[AICL4 ]

RIPCl, + RZX + AICl3 RIR?P(O)C1 (25)

(120)
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The importance of the carbocationic character of the alkylating species has been repeat-
edly demonstrated in instances such as the remarkable ease of reaction of the tert-butyl
halides, and the ease of formation of 1-adamantylphosphonic dichloride when 1-bromo-,
1-hydroxy- or other 1-substituted adamantanes are dissolved in sulphuric acid and treat-
ed with PCL,2*?* or when 2-hydroxyadamantane is similarly treated”. In the latter case,
the use of PhPCl, yields (1-adamantyl)phenylphosphinic chloride, also similarly obtain-
able from 1-hydroxyadamantane.

In the light of their high melting points and electrical conductivity in MeNO,, Cade™”’
suggested that the intermediate complexes possessed the chlorophosphonium tetra-
chloroaluminate structures 119 and 120. The formation of tetrahaloaluminate complexes
has been widely recorded throughout organophosphorus chemistry and some have been
characterized crystallographically (see Section ILE), and structures 119 and 120 are now
widely accepted. The difficulty lies in explaining how such complexes are formed. There is
little evidence to indicate any reactivity of RX towards PCl, alone, or of PCl, towards
AICl, alone, and all three have to be present together (in spite of the earlier comments about
the order of mixing). The mechanism must also allow for the isomerization of the organic
moiety, the lower reactivity of polyhalohydrocarbons (to be considered in the following
chapter) and vinyl halides, and also for the ability of alkyl dichlorophosphites, ROPCL,, to
replace the PCl;. The intermediate formation of the carbocation R resulting from mixing
of RX and AICl, is not consistent with the fact that initial mixing of these two reactants,
followed by addition of the PC, produces poor yields, and yet Cade accepted the idea of a
loose association of the two leading to [R*][AICI, ], followed by association of the carbo-
cation to give the chlorophosphonium cation. Certainly, comparisons may be made with
the Friedel-Crafts reaction but the great difference is the degree to which isomerization
may occur; this tends to be complete in the present reaction but only partial in aromatic
substitution. Later, Lindner and Granbom®® suggested an equilibration between PCl; and
AICI, which leads to [PC1,"] [AICL, ]; this is then subjected to attack by the phosphorus(I1I)
chloride. Phosphenium cations of the type [(R,N)R'P’], in which R’ is Cl or R”,N are
known but, as yet, there appears to be no evidence for the dichlorophosphenium cation’**.
Thus, at present, the fine details of the mechanism remain something of a mystery.

As for all reactions which generate chlorophosphonium cations, in addition to furnish-
ing phosphonic dichlorides by hydrolysis, the work-up can be modified to give other phos-
phonic acid derivatives and, for example, alcoholysis yields first the chloride esters,
RP(O)(OR")CI, and then the diesters, RP(O)(OR"),™*".

D. Synthesis from Hydrocarbons and Phosphorus(lil) Halides

1. The oxidative phosphonation of alkanes

This procedure, although not widely used since it does indeed have some severe restric-
tions, has nevertheless proved useful in a few cases. The reaction involves bubbling oxygen
or air through a mixture of the hydrocarbon and PCl, and the results accord with equation
26. The case most widel;z reported and one which has always provided excellent results is
that of cyclohexane® %, and it has been claimed that a second dichlorophosphonylation
step can occur’®. Ethyl or methyl dichlorophosphites can be used to replace the PCL™".

2PClL; + RH + O, RP(O)Cl, + POCl; + HCI (26)

Although the reaction requires no catalysis, and is not catalysed by AICl,, I, iron or BF;,
the drawbacks to the procedure are (i) a large wastage of the trichloride as POCls; (i) a lack
of regiospecificity clearly demonstrable in the reactions of linear or non-symmetrical
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hydrocarbons when mixtures of phosphonic dichlorides are obtained; and (tii) the forma-
tion of other types of products in certain cases. Nor is the reaction adaptable to the use of
PBr; as a potential source of phosphonic dibromides. Ethane ;/ields largely EtOP(O)Cl,,
with only a much smaller yield of ethylphosphonic dichloride®. The mixtures of isomeric
phosphonic dichlorides, not always separable, are sometimes accompanied by alkanebis-
(phosphonic dichlorides)*"**?®, The procedure has been applied to the phosphonation
of waxes’ and also to aromatic hydrocarbons with alkyl side-chains; thus, 1,4-
dimethylbenzene yields about 40% of (4-methylbenzyl)phosphonic dichloride?™.

To a very limited degree, the procedure has been applied to the preparation of selected
phosphinic chlorides; of these, reactions involving methyl- and ethylphosphonous dichlo-
rides”" and PhPC1,””, in conjunction with cyclohexane, successfully lead to the phosphinic
chlorides, CyRP(O)CI (R = Me, Et, or Ph).

The reaction often fails if the reactants, particularly the hydrocarbon, are purified to a
high degree, and it has therefore been suggested that the mechanism of the reaction is one
involving free radicals, on the assumption that purification of the hydrocarbon removed
peroxide impurities. The substitution occurs most readily at a teriary carbon site and least
easily at a primary carbon. gfldical mechanisms were proposed by Soborovskii et al. " and

later by Flurry and Boozer*™.

2. Catalysed phosphonations of hydrocarbons

a. Reactions involving saturated hydrocarbons. The formation of a tetralin phosphon-
icdichloride when tetralin comes into contact with PCl, in the presence of AICl, was record-
ed several decades ago™”. A more recent study with more accessible results concludes that
whilst monocyclic and acyclic saturated hydrocarbons react with PCl,—AICl, mixtures in
the proportions 1:1.1 :1.3 to give 10-20% yields of their phosphonic dichlorides, the use of
saturated polycyclic hydrocarbons, e.g. adamantane and diadamantane, can lead to
40-65% yields of derivatives using dichloromethane as the specific solvent®.

In the light of earlier comments on the lack of interaction of PCl, with AICl,, it may be
surmised that the seat of reactivity probably with the AICl; and the solvent, specifically
dichloromethane. The evolution of chloromethane during the course of the reaction led
Olah et al.””®. to suggest a mechanism which involves weakening of the C—Cl bond in sol-
vent molecules by the AICI; and further reaction as indicated in the summary given in
Scheme 5.

o+ o—
CH,Cl, + AICl; == CICH,—Cl----AICl,

RH
o+ o—
MeCl + [R—CI ----AlCly)
o PCly
Il +
RPCl, [RPCLJ[AICI ]
SCHEME 5

b. Reactions involving unsaturated hydrocarbons. The work of Jungerman and

coworkers”"*" in the early 1960s on the reactions that occur between alkenes and PC, in
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the presence of AICl, proved to be a milestone, since ready access was thereby provided to
a carbon—phosphorus heterocyclic system which was to be widely studied in later years in
relation to the mechanism of nucleophilic substitution at phosphorus. Here, the simple
procedure involves the treatment of a mixture of alkene and PCl; (1:1) with AICl, (1 mol
per alkene bond) in dichloromethane as solvent. The particular alkene then examined in
some detail was 2,4,4-trimethyl-pent-2-ene; hydrolysis of the reaction complex afforded a
crystalline compound, C;H,,POCI, to which the I-chloro-2,2,3,4,4-pentamethylphos-
phetane 1-oxide structure was assigned. A later structural analysis confirmed this and fully
determined the stereochemistry of the molecule, showing that the chloro and 3-methyl
groups are trans to each other as in structure 1217, The corresgonding phosphinic bro-
mide was later obtained using the same alkene, PBr; and AlBr,”.

(121)

The isolation and characterization of chloroaluminate complexes of the type
[CeH,4P*CIR] [AICI, ], by other workers™ from reactions which involved phosphonous
dihalides, RPCl,, seemed to confirm suggestions as to the reaction mechanism, and which
are summarized in Scheme 6. As originally envisioned, the mechanism required the initial
complexation of PCl; and AlCl, a point in doubt, but it may be noted that the proposed
intermediate 122 possesses a chlorophosphonium structure similar to that encountered in
the McCormack reaction.

(121)
Me Me
Me
Cl
~
Me Me PL+ |[AICL]
’ Me Cl
Me Me Me Me
122)
PCl3, AICl;
Me
. | _Me Me +_Me
Me [AICl4] Me [AICl4]
Me PCl, Me PCl,
Me Me

SCHEME 6
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None of the chlorophosphetane is produced in the absence of the AICl;, and the amount
of the latter employed has a marked influence on the product yield; thus if the ratio of
the three reactants alkene, PCl, and AICI; was 1:1:0.75 the yield was about 50%, the yield
was about 80% if the ratio was 1:1:1 and > 95% if it was 1:1:1.25. Replacement of the
dichloromethane solvent by either a pure aliphatic or aromatic hydrocarbon prevented
phosphetane formation, and the use of 1,2-dichloroethane gave some phosphetane togeth-
er with some dimerized alkene.

No phosphetane was obtained from 2,4,4-trimethylpent-1-ene; 3,3-dimethylbut-1-ene
afforded a 92% yield of a mixture of 16% cis- and 84% trans-1-chloro-2,2,3-
trimethylphosphetane 1-oxide®™'.

As with so many other organophosphorus reactions in which ionic intermediates have
been proposed, the results and conclusions reached from the study of reactions involving
one type of substrate (in the present case RPCl,, with R # Cl) may not, with any degree
of certainty, be capable of extrapolation to the case of other substrate types (RPCl,,
R = CI*. This has been amply demonstrated in conductivity studies using 2.4,4-
trimethyl-pent-2-ene and 3,3-dimethylbut-1-ene in solution in the methylene dihalides
CH,X, (X = Cl or Br) with AIX; and either PX; or PhPCl,; here, phosphorus trihalides give
solutions which are non-conducting until the alkene is added, whereas the solution of
PhPCl, is conducting prior to the addition of the alkene®'. This would seem to suggest a
fundamental difference between the actual attacking species derived from PX; and RPX,,
and casts some doubt on proposed ionic structure for the attacking species from PCl, and
AICI, (cf. the work of Olah et al.”'®).

E. Synthesis from Hydrocarbons and Phosphenium Saits

A further method for the synthesis of cyclic compounds in the phosphinic acid series,
and investigated within the last decade, is the clearly not unrelated cheletropic reaction
which takes place between alka-1, 3-dienes and phosphenium salts. The latter are based on
dicoordinate phosphorus, [R'R’P*], the commonly encountered counter ion being the
tetrachloroaluminate anion. Such salts are obtained in situ through the interaction of AICI,
and a phosphorus(I1I) chloride R'R’PC], for which R' = Cl, R> = R,N, or R' = R? =
R2N259, 60

Investigations by Cowley and coworkers and by Soottoo and Baxter’™ have
revealed that the reactions between 1,3-dienes and the phosphenium salts 123 (X = NPr',
or Cl) proceed easily in dichloromethane at 0 °C, to give intermediate cyclic chlorophos-
phonium salts (124) (compare structures 97, 119, 120 and 122), several of which were
characterized spectroscopically and crystallographically. The highest yields of 124 (X =
NPr’,) were achieved when R’ = R*=Me and R' = R* = H, and the lowest with the reverse
pattern of substitution. The hydrolysis of the salts 124 (X = NR,), using NaOH in aqueous
dioxane, yields the cyclic phosphinic amides 125 (X = NR,).

A similar cheletropic condensation occurs between a phosphenium cation and a hydra-
zone from crotonaldehyde (equation 27) to give a cyclic phosphonic diamide derivative®®.

Using penta-1,3-diene and 5-phenylpenta-1,3-diene (126) (R = Me or PhCH,), both of
E-geometry, and in reactions carried out at 0 °C, Polniaszek®’ obtained mixtures of
stereoisomeric aminophosphonium tetrachloroaluminate salts, e.g. for 127 (R = Me) in
the ratio of 5:1 and for 127 (R = PhCH,) in the ratio 10:1. Hydrolysis of the salts 127 with
NaHCO;—edta then gave the separable cyclic phosphinic amides 128 [stereoisomeric 2-
methyl(or benzyl)-1-amino-3-phospholene 1-oxides] which were then reduced (5% Ph—C,
H,) to give the corresponding substituted phospholanes (effectively tetramethylenephos-
phinic acid derivatives). The compound (E)-126 (R = Bu’) gave only a single salt 127 and
single amide 128. The saturated amides could be acidolysed to the corresponding free
phosphinic acids.

283,284
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R2 R3
M +  [(PryN)PXY][ALY ]
R! 4
R ' (123)
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Weissman and Baxter™ have also recorded the successful addition of a phosphenium
salt to cycloheptatriene; the mixture of stereoisomeric aminochlorophosphonium salts
(129) then afforded a mixture of phosphinic amides (130) when hydrolysed.

Pr} N PriN
2 JJJ I Lz—vPJJJfJO

\ = \ =
(129) (130)

For a discussion of the mechanism of the initial cyclization process, the original papers
should be consulted”**.

F. Synthesis from Hydrocarbons and Hydrogenphosphonates or
Related Compounds

1. The hydrophosphonation of alkenes

This is an area in which the syntheses of functionalized acids (as their esters) has pre-
dominated (Chapter 3, Sections VI and VII). Nevertheless, the procedure is not without its
uses in non-functionalized systems, and it has also received attention as a means for the
synthesis of polyphosphonic acids (as their esters).

The interaction of a hydrogenphosphonate diester and an alkene occurs under free
radical conditions, arising either through the use of peroxide or azo catalysts, or by expo-
sure to appropriate radiation. Cadogan®™ has summarized some early examples of the
procedure, although at the time, there appeared to be very few examples in which non-
functionalized systems were used. The commonly accepted mechanism for homolytic
addition seems to be that given in Scheme 7.

(R’0),P(O)H

(R’0),PO’ + RCH=CH,
RCHCH,P(O)(OR"), + (R’0),P(O)H
SCHEME 7

(R’0),PO’
RCHCH,P(O)(OR’),
RCH,CH,P(O)(OR’), + (R'0),PO’

Rabillour™ presented an extensive list of Cs~C,, 6[Oahosphonic acids (as their dimethyl or
diethyl esters) produced using y-radiation from Co®; in certain cases, e.g. in the use of the
disubstituted alkenes Me(CH,),CH=CHMe, mxxtures of esters of isomeric phosphonic
acids were obtained, the formation of which had apparently not been noticed in an earlier
study®'. Cyclohexene has served as an extensively 1nvest1gated substrate, additions taking
place readily in the presence of dibenzoyl peroxide®”

Two recent studies have examined the addition of dimethyl hydrogenphosphonate to
cyclopropylalkenes in the presence of azobisisobutyronitrile or dibenzoyl peroxide®” and
the addition of a range of dialkyl hydrogenphosphonates to cyclopentene and its methyl-
substituted derivatives; in the last case reactions with 1-methylcyclopentene proceeded
regiospecifically and to some extent stereoselectively™.

Reactions involving the addition of hypophosphorous acid (phosphinic acid) to alkenes
occur in two stages, the first product being the alkyl phosphinic acid (131) which reacts
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further to give the phosphinic acid (132)****”. The radiation-initiated addition of (R)-(-)-
isopropyl methylphosphinate to heptene affords (S)-(+)-isopropyl heptylmethylphosphi-
nate?®. Additions of phosphorous acid (phosphonic acid) proceed in a similar fashion to
give only alkylphosphonic acids.

o)
I — I
- H,P(0)OH RCH=CH,
RCH=CH; ~pioo5~ RCHZCH21|>OH ~PhC0L0. RCHZCHZITOH
H CH,CH,R
(131) (132)

2. The hydrophosphonation of saturated hydrocarbons

The photophosphonylation of cyclohexane has been successfully carried out using
radiation from a mercury source. With dialkyl hydrogenphosphonates yields of dialkyl
cyclohexylphosphonates reaching 75-80% were obtainable within one day, and the esters
(EtO)RP(O)H produced similar, or at least acceptable, yields of mixed phosphinic esters
CyRP(O)OEt (R = Et, Ph, or Cy) under similar conditions™’.

High reactivity is shown towards hydrogenphosphonates by highly strained hydrocar-
bon molecules. Thus, 1,3-dedihydroadamantane (133) reacts to give esters of 1-adamantyl-
phosphonic acid under non-homolytic conditions™*”, and tricyclo[4.1.0.0*"|heptane
similarly affords the phosphonic esters 134*%.

O

y’(OR)2

@ e @

(133)

(ROY,P(O)H (”)
P(OR),

(134)

G. Synthesis from Phosphorus(lil) Compounds and Carbonyl Compounds

Reactions between simple carbonyl compounds and simple phosphorus(I1I) halides or
esters have been studied periodically throughout more than a century of organophos-
phorus chemistry and still surface periodically for further examination. This is perhaps
not surprising in the light of uncertainties still surrounding the mechanisms of combina-
tion, and also the wide variety of products which have been obtained from simple starting
materials.

The behaviour of aldehydes and ketones towards dialkyl and trialkyl phosphites will be
considered later in connection with the synthesis of (1-hydroxyalkyl)phosphonic acids and
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their ethers (Chapter 3, Section II1.A), as will their behaviour towards PCl, in relation to
the preparation both of (1-hydroxyalkyl)phosphonic acids and of (I1-chloroalkyl)-
phosphonic acids (Chapter 3, Section I1.C). However, certain combinations of reactants
have received attention for the synthesis of non-functionalized phosphonic and phosphinic
acids with P—C(sp®) bonding.

The reactions between «, f-unsaturated ketones R'"COCH=CR’R*and phosphorus(IIT)
halides R*PCl, were investigated initially by Conant, who isolated compounds described
(using a modern nomenclature) as 1,2-oxa-4-phosph(V)olenes (136); such structural con-
clusions were corroborated by Kabachnik and Medved in 1952*”, although the two groups
differed in their interpretations as to the manner of formation of the products.

R? R2 R3 R2 R3
R a 4455)
RIPCL, P, cr 13
RI™ ™0 R~ >0 R RS0 R
(135) (136)

The procedure involves reaction in acetic anhydride, or in another solvent, followed by
the addition of acetic anhydride to decompose the intermediate complex. The procedure
has been extensively examined in relation to the S-methyl- and 4,5-dimethyl-substituted
compounds derived from ethenyl methyl and methyl isopropenyl ketones*>>’, and with
mesityl oxide™>***” which gives the 3,3,5-trimethyl-substituted com?ounds. Amongest
the phosphorus reactants, the trichloride itself*”*"**® and methyl-*"">%, ethy]-203063%:309
and phenyl-***® phosphonous dichlorides have been employed, as have ethyl’™ and
phenyl®® dichlorophosphites, ROPC,. The use of 2-thienylphosphonous dichloride to
give 137 is recorded’”, as is that of the unsaturated ketone 138 to give 139°®. A more novel
conversion is that of 140 into 141 in 25% yield with a similar conversion (15%) being
observed for cholest-4-en-3-one*'’.

Me Me
0 ) / _
NS @COCH=CHMe Mo
we o) o o P
RN
o Et
(137) (138) (139)
PCl;
PhCOOH
o Cl
(140)

(141)

It is of historical interest to note that 2-chloro-3,5,5-trimethyl-1,2-oxaphosphol-4-ene
2-oxide has sometimes been referred to as the ‘Michaelis chloride’, having been first report-
ed by Michaelis in 1885, who had prepared the compound from acetone with PCl, and
AICl;, a procedure confirmed by Anschutz in 1944. Given the close chemical connection
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between acetone, diacetone alcohol (2-methyl-4-oxopentan-2-ol) and mesityl oxide (2-
methyl-4-oxopent-2-ene); it should not be surprising that all three are sources of the 1,2-
oxaphospholene system (136). Several descriptions have been forthcoming on the
reactions of simple ketones®'"*'? or f-keto alcohols’*"**'*, but in the latter case the process
is not initiated by simple dehydration.

The formation of the 1,2-oxaphosph(V)ol-4-enes as the principal products from ferz-3-
oxoalkanols (142) in their reactions with phosphorus(III) chlorides is perhaps surprising;
the expected phosphorus(III) esters 143 are not produced, but the respective phosphonous
acid 144 is isolable, being formed concomitantly with the o, f-unsaturated ketone 145. It is
envisaged that 144 reacts with dichloride RPCl, to give a phosphinic chloride; the latter,
by virtue of its reactive P—H bond, adds to the ketone to give an intermediate which
cyclizes through several stages (not necessarily exactly as depicted) and also with eventual
dehydrochlorination to afford the observed product (Scheme 8)**.

.
RPCl, + 2MeCCH2(|ZOH —% RP(OCR!R2CH,COMe),
R2
(142) (143)
—2HCl1
0
RI|’H + 2MeCOCH=CR!R?
OH Rl
(14) (145) R2
O
Z
RPCl, Me—[_i’\
0O R
O
[
2 RFH RFCR R*CH,COMe _HCl
Cl Cl
l 1
RIR2 R R2
o
=
ol el
+ P [e) N
Me PN Cl R
c- 9 R
SCHEME 8§

The use of a,f-unsaturated ketones in combination with cyclic phosphorus(III) chlo-
rides®'® takes place through intermediates (Scheme 9) reminiscent of those described for the
interactions of phosz)horus(III) halides and 1,3-dienes and, indeed, the process seems to be
a very general one™".

In connection with the possible synthetic utility of reactions between simple carbonyl

compounds and phosphorus(III) triesters, it is of interest to note that, when heated under
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R2
o, R o\(ﬂo R'| CICHy(CH,),CH,0, 0 R!
() p—ai - . P\J . >p
n s n s O/
0] Rl O O

n=0,1 | RZR3 | RZ R3

1
O\+/O R
(<), /P\J cr
0

R2 R3

SCHEME 9

reflux for long periods with triisopropyl phosphite, aldehydes or ketones (the former being
the more reactive) undergo complete reduction to the hydrocarbon, R'R’CH,, if the
acetone coproduct is removed continuously’"’. On the other hand, trimethyl phosphite is
reported to react with propanal at room temperature to give the 1,4,2-dioxaphosph(V)-
olane 146™"®

+ +
(MeO)3P:—\ A Il’(OMe)3 P(OMe); o~
/
H——(|J= — H—lc—of E(CHO Et—c—o—clt—H
Et Et Et
Et.,, o OMe
/, N /
— o P—OMe
\{ OMe
(146)

The product (148) obtained by the direct interaction of PhPCl, and pulegone (147) is
identical with that obtained from 149 and PhPClF in the presence of AlICl,, the result of the
prior isomerization of 149 into 147 by the AIC1,*". Such reactions are not restricted to the
use of a,f-unsaturated ketones but have also been developed for f,y- and y,6-unsaturated
ketones, from which phosphine oxides are obtainable®®.

/ y O
0 o Ph (o}
(147) (148) (149)

In summary, the interaction of a phosphorus(III) triester and an «, f-unsaturated ketone
appears to follow one of the pathways indicated in Scheme 10, proceeding through the
dipolar adduct 150 which is in equilibrium with, or converts irreversibly into, the oxyphos-
phorane 151, of which many examples are known*”*>?, Alternatively, an alkyl group can
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O _
(RO)sP: ) .
’ SL;%\ (RO)P 4 OR?
as0) P(OR),
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P(OR),

O\ /OR
P\—OR
OR

(151)
SCHEME 10
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be translocated in one or both of two possible ways to give linear functionalized phospho-

nic esters, and such processes will be considered in Chapter 3.

Vysotskii et al.** reported that PCl, reacts with 1,5-diketones to give cyclic compounds

of a phosphonic acid type. Following the examination of the reaction for a variety of
1,5-diketones (152) [R'-R° = H or Ph, or R'R? = (CH,),], they obtained products which
were shown to possess the general structure 153, and they proposed the pathway for the
cyclization which is summarized Scheme 11. Later work resulted in the isolation of the

R3 Ph
R2 R4
R 007 RS 0" | Ph
R 0=P_ _P=0
(152) oK
HO OH
(154)
/Eooj\
PCl3
"o 0 o o
OPCls OPCl, OPCl, Cl(O)P
H,0
O
Ozll) —O0
Cl
(153)

SCHEME 11
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phosphonic anhydride 154 from 152 [R'R? = (CH,),, R* = H, R* = R’ = Ph]**. Rudi and
coworkers™*?® examined the behavior of 1,5-diphenylpentane-1,5-dione in acetic acid
towards MePCl, and obtained two isomeric products, both of a phosphinic acid anhydride
nature, whose structures were shown by crystallographc analysis to be 155 and 156.

O\ Me

o/P Ph
Ph Ph <CH§(
o /k o}
Me—P_  P—Me L
o 0 Yo Me” O
(155) (156)

H. Synthesis Using Organometallic Reagents and Tetracoordinate
Phosphorus Compounds

Earlier studies on the reactions of tri- and tetra-coordinate phosphorus compounds with
organometallic reagents have been summarized®”’. The reactions originally employed in
the synthesis of phosphonic acid esters generally consisted in the treatment of a dialkyl
hydrogenphosphonate with a Grignard reagent; this affords a secondary phosphine oxide
(157), which is subsequently oxidized to a symmetrical phosphinic acid, conveniently with
hydrogen peroxide. Alternatively, the use of the sodium dialkyl phosphite requires only
two equivalents of the more expensive reagent. The direct, but limited, replacement of
halogen in, for instance, POCl;, with the intention of stopping the substitution at the
second stage to give a phosphinic chloride, is always difficult, and low yields of the desired
compound are the result of the formation of much of the tertiary phosphine oxide, com-
pounded by practical difficulties of physical separation. The introduction of phospho-
ramidic dichlorides, R,NP(O)Cl,, was an advance in respect of the former feature since, to
a large extent, the third stage of replacement is blocked, and the resultant phosphinic
amide, R,P(O)NR,, can be acidolysed to the free acid, R,POOH. Reactions between phos-
phonic dichlorides and Grignard or organolithium reagents are also restricted in the poten-
tial preparation of mixed phophinic acids (initially as their chlorides) to reactants with
bulkyl organic groups™®**”’, Kosolapoff*® carried out the reactions indicated in Scheme 12
(n =0 or 1) with some success, and the process was later shown to operate in two distinct
stages”'. Other di-Grignard reagents were employed to prepare substituted phospholane
derivatives; a reaction between EtOP(O)Cl, and the reagent from 2,5-dibromohexane gave
a mixture of the three stereoisomeric 1-ethoxy-2,5-dimethylphospholane 1-oxides

(158-160) in the ratio 1:2:1, and separable by medium-pressure liquid chromatography**.

O
IR'M Il H,0* I
(RO,,P(O)H & RPMeX] 2 rR,PH] —9- R,POOH
(157)
m R,NP(O)Cl @ H,0* @
BrMg MgBr P P
0”7 TNR, o” “oH

SCHEME 12



2. The synthesis of phosphonic and phosphinic acids and their derivatives 87

MgBr  EtOP(O)Ch P//O . EEP//O . CP//O
MgBr "OEt / “OEt / “OEt
(158) (159) (160)

In order to examine the stereochemical implications in the synthesis of (largely)
phosphinic acids (but also tertiary phosphine oxides), Inch and coworkers™** employed
carbohydrate frameworks as chiral templates. As primary substrates, the cyclic phospho-
rochloridate 161 and the corresponding phosphorofluoridate 162 were prepared from
methyl 1,2,3-di-O-methyl-a-D-glucopyranoside, each phosphoryl halide being obtained as
a mixture of diastereoisomers, anomeric at phosphorus, and from which, in each case, the
major component (thought to have an equatorial P—=0 bond) was isolated. Configurations
in both substrates and reaction products were assigned with the aid of proton and 3’PNMR
spectroscopy and infrared spectroscopy (vp—o). Each phosphoryl halide generated a mix-
ture of methylphosphonates (163a and b) in which the isomer with an axial P—Me bond
predominated; the ratio of products from 161 was ca 5:1 and from 162 ca 4:1.

R!
| 0. P OH
P— P
rR2” \OO 0 R No o
MeO MeO
MeO OMe MeO OMe

(164)

(161) R!=Cl, R2= =0

(162) R!'=F, R2==

(163) (a) R!=Me, R2==
() R! ==0, R2=Me

The diastereoisomeric phosphonates 163a and 163b each undergo further reaction with
a Grignard reagent. When heated with EtMgBr in benzene—diethyl ether, isomer 163a, of
(R)p configuration, afforded 53% of the (S)p-ethylmethylphosphinate ester (164a), and
likewise the isomer 163b gave 44% of the (R),-phosphinate ester (164b), representing ring
opening largely with retention of configuration at phosphorus®™****.

It is of interest to note that, although the Grignard substitution and ring-opening reac-
tions involving the trans-fused system 163 occurred under relatively mild conditions,
potential reactions based on the cis-fused system 165 (in which R' and R? have the same

significance) failed to occur.

(a) R1=Me R2= Et
(b) R = Et, R2= Me

R2
|
ri- -0
0]

MeO
MeO

(165)

OMe
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For a full discussion on the mechanisms by which Grignard reactions and other nucle-
ophilic displacements occur in carbohydrate-based bicyclic systems and in particular the
role of stereomutation processes which allow reaction with retention onl;/, or with reten-
tion and inversion, the reader should consult the review by Hall and Inch*>.

The use of a chiral template of an entirely different nature also provided useful stereo-
chemical data; the phosphoroamidic chloride 166 and prop-2-enylmagnesium bromide
provide a product which consists entirely of (2.5)p-3-isopropyl-4-methyl-5-phenyl-2-(prop-
2-enyl)-1,3,2-oxazaphospholidine 2-oxide (167)%¢.

Ph o Ph o
\[ \P C H,C=CHCH,MgBr \[ \P/\/
A / /”/f/f,'/’//, o / /1/”0
Me™" I\ll o Me"" I\ll °
Pri Pri
(166) (167)

In an attempt to secure a procedure for the synthesis of dialkyl alkylphosphonates,
which, unlike that due to Michaelis and Arbuzov, would not be prone to so many possible
side-reactions, Teulade and Savignac™’ investigated reactions between trialkyl phosphates
(168) and organolithium reagents (R' # H). The neutral phosphonic diester 169 was never
present in the reaction mixtures, whatever the ratio of substrate to reagent, and comple-
tion of the process required a second equivalent of reagent which yielded the ultimate,
lithiated, product (170). In principle, the reaction sequence could be stopped at this point,
when acidification would provide the diester 171, but in practice the salt 170 was generally
alkylated to give the esters 172. Because the lithiated product 170 is a weaker nucleophile
than is the organolithium reagent, further reaction between the phosphate triester and 170
does not occur, and the lithiated methylenebisphosphonic ester 173 is therefore not
formed.

O . O O
I RICH,Li I R!CH,Li I
(RO),POR  -ROLI (RO),PCH,R! _RICH;, (RO),PCHLIR!
(168) (169) (170)
R2X H;0
0 0
(RO),PCHR!IR? Il Il (RO)ZPCHZR1
(RO),PCHLiP(OR),
(172) a7

173)

The alkylation procedure is salt dependent and is retarded by lithium salts. In the
absence of the latter, the reaction between BuLi and triethyl phosphate in thf is 85%
complete after 0.5 h at 40 °C whereas, in the presence of LiBr, only 5% of the phosphate
ester is consumed under similar conditions; the effect is particularly marked in the use of
MeLi, when lower reactivity is probably a consequence of the polymeric nature of the
reagent™**. In the absence of lithium salts, even the more highly hindered tributyl and
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triisobutyl phophates react rapidly with MeLi. The alkylation of (EtO),P(O)SEt, results in
loss of the SEt group, and is complete after 0.5 h at ~20 °C in a salt-free medium*®.

The ester—amide EtOP(O)(NMe,), undergoes no displacement reaction at phosphorus
when treated with BuLi; by contrast, (Me,N),P(O)C] undergoes displacement of Cl with
an organolithium reagent to give, once again, the alkylated product as the lithio derivative,
(Me,N),P(O)CHLIR, from which aqueous hydrolysis affords the phosphonic diamide
RCH,P(O)(NMe,),. Also of interest is the contrast in the outcome of reactions when cyclic
diamide of different ring sizes are employed. The ester—diamide 174 (n = 0) reacts in much
the same manner as does its acyclic analogue just discussed***, but the homologue 174 (n =
1)is not alkylated by BuLi whether or not lithium salts are present. However, the diamidic
chloride 175 (n =1) is alkylated by BuLi, and even by MeLi in the presence of lithium
salts®. Such differences in reactivity are due to difference in electron density at phospho-
rus brought about by changes in steric crowding, i.e. by changes in ring size.

Me

Me

(174) X = OEt
(175) X =Cl

Alkylation of the chlorides of quinquecovalent phosphorus acids has also been achieved
using organolead compounds (particularly PbEt, at 125 °C) and on rare occasions with
organotin compounds; that of POCI; with PbEt, afforded 40% EtP(O)Cl, together with
20% Et,P(O)CI, and other similar experiments produced comparable yields of product
mixtures, but the difficulties with the safe handling of such agents do not lend these reac-
tions to general applicability**.

Hil. THE FORMATION OF P—C(sp?) BONDS. SYNTHESES OF ALKENYL AND
ALKADIENYL PHOSPHONIC AND PHOSPHINIC ACIDS

A. Through the Reactions between PCl; and Alkenes or Alkadienes

The study of phosphorus—carbon bond formation in the reactions which take place
between PCl, and alkene goes back many years. As far back as 1895, Marsh and Gardner
carried out such a reaction with camphene and obtained a substance which, in modern ter-
minology, was a phosphonic acid. Several similar reactions were carried out in the very
early years of this century, and examples were listed by Thiele, but experimental details
were lacking, and it was Bergmann and Bondi who, in the early 1930s, carried out the first
serious study of the reaction. For a survey of the early work, refs 341 and 342 should be
consulted. The substrates used by Bergmann and coworkers were aliphatic alkenes; these
underwent the reaction with retention of HCI, and it is now recognized that in such cases,
the products are the dichlorides of (2-chloroalkyl)phosphonic acids. The formation of such
compounds by this means will be considered further in the next chapter in connection with
the synthesis of halogen-substituted alkylphosphonic acids. These features of the chem-
istry of alkenes were corroborated by Kosolapoff and McCullough®', as was the forma-
tion of (2-arylethenyl)phosphonic acids from styrene and its ring-substituted
derivatives*2. The case of indene was also investigated at about the same time™’.
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The reaction between PCl; and phenylethene has been repeatedly studied in considerable
depth, and this substrate may be considered a model for those alkenes in which the double
bond occupies a conjugated position, since this appears to exert a pronounced effect on the
ultimate course of the reaction, which normally occurs at low temperatures in an appro-
priate solvent, generally benzene but sometimes CCl, or even diethyl ether. Depending on
the relative amounts of substrate and reagent, the resulting intermediate is then decom-
posed with SO, to give a phosphonic or phosphinic chloride, or hydrolysed to yield a free
acid. For the preparation of a phosphonic acid or its dichloride, the ratio of reagent to
substrate should be 2:1 and the resulting intermediate then consists of a chlorophosphoni-
um hexachlorophosphate (176), a species insoluble in cold non-polar solvents, and only
slightly soluble at the boil; such salts react violently with water, alcohols and amines, and
decompose at 110-130 °C to give HCl, PCl; and non-characterized hydrocarbons. The
hydrolysis of the salt 176 yields the phosphonic acid 177, and with more styrene 176 affords
the tetrachlorophosphorane 178, distinguishable, through its crystallinity and ready
solubility in non-polar solvents, from the salt 176; the hydrolysis of 178 also yields the
phosphonic acid 177, and the treatment of either 176 or 178 with SO, gives the same
phosphonic dichloride 179. With more alkene at 90 °C, 178 yields the trichlorophospho-
rane 180, which, in the usual manner, can be used to provide the symmetrical phosphinic
acid 181 or the phosphinic chloride 182****°, Details of the synthesis of the phosphonic
dichloride 179 have also been published in a more accessible source™*.

0]

I
HO  PhCH=CHP(OH),

a77)
\ w
PhCH=CH, &&
> O
ll

PhCH=CH, F%%. [PhCH=CHPCL][PCls]

176)

PhCH=CHPCl;, —>22. PhCH=CHPCl,
(178) (179)
PhCH=CH, o
| l SO, H,0
(PhCH=CH),PCl (PhCH=CH),PCl; (PhCH=CH),POH
(182) (180) (181)

As normally represented, the decomposition of the intermediate chlorophosphonium
salts by SO, proceeds according to equation 28, and the decomposition is also achievable
through the use of phosphoric oxide (reaction 29). Other reagents which have been shown
to effect the conversion of the salt into the acid dichloride are boric acid®, Na,S,05*,
NaHSO,.*, KOH*, Na,S,0,*, carboxamides™' and various phosphorus(I) halides.
The use of alkyl dichlorophosphites, ROPCl,, in MeNO, affords moderate to good yields
of the phosphonic dichloride, but a change in solvent to one of low polarity then results
in reduction of the complex to PhCH=CHPC],*"**. Modification to the intermediate
through its reaction with ArOPCl, and subsequent decomposition of the new intermediate

3176 + 60, —— 3 179 + 3POCl; + 6SOCIl; + 3HCI (28)
3 176 + P4O1p — 3 179 + 7POCl; + 3HCI 29
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with HCOOH yields the half chlorides (183)**. When treated with oxirane in the presence

of TiCl,, the chlorophosphonium salts give the corresponding di(2-chloroethyl) ester’™,

O
ArOPCl. + HCOOH Il
176 ArPt [PhCH=CH(ArO)PCL)[PCls] ——— PhCH=CHP\OA
r
(183)

Amongst the features of the reaction which have caused concern are the relative roles of
chlorophosphonium salt and/or phosphorane intermediates, and the reason(s) for the
retention, or otherwise, of 1 mol of HCI within the intermediate species. Russian work had
already differentiated between the chlorophosphonium salt and the true tetrachlorophos-
phorane when styrene was used as the substrate. A new study of the phosphonylation of
styrene and indene has shown that esters of the respective phosphonic acids are obtainable
by the alcoholysis of the intermediate(s) from each substrate; however, for indene, the
esters 184 were obtained only by the use of MeOH, Pr'OH or 2-methylpropanol, and EtOH,
PrOH, BuOH, pentanol and isopentanol each yield the tetraoxyphosphorane 185*%.

i

(184) (185)

The nature of the solvent can sometimes influence the outcome of the reaction®”**, but
the latter is more significantly controlled by the nature of the alkene substrate. Whereas
styrene retains unsaturation following phosphonylation, 3-arylprop-1-enes retain the HCI
to form (2-chloro-3-arylpropyl)phosphonic dichlorides®. (2-Propeny)trimethylsilane
also reacts with retention of the HCl to give a phosphonic dichloride, which subsequently
loses Me,SiCl to liberate (prop-2-enyl)phosphonic dichloride. Chloro(prop-2-enyl)-
dimethyl- and dichloro(prop-2-enyl)methyl-silanes each yield an unsaturated phosphonic
dichloride following the liberation of HCI, even at low temperatures; the same study also
showed some dependence of the success of the reaction on the quality of the PCl; reagent™.

A later investigation drew attention to the lack of characterization of the intermediates
186 along pathway B (Scheme 13), although liberation of HCl at this stage is irreversible,
and a structure approaching 186 must be envisioned to account for the formation of the
(2-chloroalkyl)phosphonic dichlorides 187, observed particularly when R = alkyl.
Although perhaps of no direct relevance, it is of interest to note that the different
trichlorophosphonium salts 186 and 189 are each obtainable from the dichlorophosphine
188 and PCl,, although under different conditions. Finally, it may be noted that treatment
of the salt 189 with SO, yields the unsaturated phosphonic dichloride™'.

Crystalline adducts have also been obtained from alka- 1,3-dienes, although views differ
as to whether the addition occurs across the 1,2- or 1,4-positions, corroborative evidence
being available for each conclusion. Both buta-1,3-diene and isoprene undergo addition
with PCl; and retain the HCl which has to be removed in a separate stage; these reactions
will therefore be considered again in Chapter 3, but one example (190) has been forth-
coming in which phosphorus becomes unequivocally bonded to sp’ carbon™”.

The use of a tetrachlorophosphorane in place of PCl; in reactions with alkenes has
already been referred to earlier in this Section. A similar series of experiments was carried
out using tetrachlorophenylphosphorane, PhPCI,**’; this reacts with styrene at 85 °C to
give about 30% of unstable trichlorophenyl(2-phenylethenyl)phosphorane, which dispro-
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RCH=CH,
lpas PCl,
+ +
[RCHCH,PCl4]CI- [RC—CH—H]CI-
2 4 \)
B| PCl;
N -HCl .
[RCHCICH,PCL[PClg] ———¢c—— [RCH=CHPCL][PCls]
(186) +HCI (189)
2PCls
SOZ SO2
R = Ph
1 0

RCHCICH,PCl, RCHCICH,PCl, RCH=CHPCl,

(187) (188)

SCHEME 13

portionates into PhPCl, and (191). EtPCl, is also said to be less reactive than PCl; in simi-
lar reactions™.

The trichlorophosphorane (192) has been claimed as a product from the reaction
between 1-phenyl-1,3-butadiene and PCl; the corresponding phosphinic acid and its
dichloride were obtainable through the usual steps. The phosphinic acids (193) and (194)
were prepared in the same way*®.

B“>®: @) PCls; (i) SO, B‘>®=<H
Me” \— Me P(0)Cl,

(190)
Ph(PhCH=CH),PCl, (PhCH=CHCH=CH),PCl;
(191) (192)

Ph(PhCH=CHCH=CH)PO,H = (PhCH=CH)(PhCH=CHCH=CH)PO,H
(193) (194)

B. Through Rearrangements of Phosphorus(lil) Esters and Halides

The reactions which occur between PCl, and acetylenic alcohols of the general type
HC=CCR,OH were originally reported in the patent literature during the 1950s, with the
claim that the products were the corresponding acetylenic phosphites (see ref. 368 for a
biblography). A clue as to their probable true structure followed from the observation that
a Michaelis—Arbuzov reaction using the acetylenic halides 195 and 196 resulted in the
formation of the allenic phosphonates 197 (R' = Me) and 197 (R' = H), respectively (the
second of these products can undergo further rearrangement***%*, The phosphonate 197
(R =Et,R'=H)is also formed from triethyl phosphite and the quaternary ammonium salt
198, but not from the %géalogous phosphonium salt 199, reaction with which yields 200 first

and subsequently 201™".
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0
Il
Me,CCIC=CH BrCH,C=CH (RO),PCH=C=CR!,
(195) (196) (197)
+
Me;NCH,C=CH Br Ph;PCH,C=CH
Br-
(198) (199)
I I
PhyPCH,CH=CHP(OE), Ph,PCH=CHCH,P(OEt),
Br- Br-
(200 (201)

Examples of the rearrangement of phosphorus(IIl) triesters derived from PCl, at low
temperatures in the presence of an organic base were soon to follow (reaction 30)%73,

Cl
3 HOCH,C=CH Tptﬁ—- P(OCH,C=CH);

[
(HC=CCH,0),PCH=C=CH, (30)

When reactions between other phosphorus(IIl) chlorides and acetylenic alcohols are
carried out in a similar fashion at 0 °C or slightly lower, the acetylenic phosphite may
indeed be obtained, particularly if the base (e.g. Et;N) hydrochloride is filtered off imme-
diately after completion of the initial mixing; removal of the solvent (generally diethyl
ether) allows distillation of the phosphite ester in a high vacuum, to leave a residue which
will contain some allenephosphonate. The rearrangement of phosphite to allenephospho-
nate occurs slowly in solution at room temperature but with a high degree of isomerization
being achievable during 15-25 h**~*™. If the solvent is removed, isomerization becomes
spontaneous, and in the event of a rapid rise in temperature, sometimes to as high as 200 °C,
a further isomerization occurs which yields an acetylenic phosphonate®™*™. The first step,
in a sequence which leads ultimately to allene phosphonate (reaction 31), can be pictured
as an intramolecular valence expansion of the Michaelis—Arbuzov type in the intermedi-

HOCR!R2C=CH

(RO),PCI-Et3N

He
)\ 0
(RO)P. ~ CRIR? —— (RO),PCH=C=CR!'R? —— (RO),PC=CCHR!R?
NV
0 31)

(202)
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O\ O\ &O O\
P—Cl P P—X
/ / \X /

(0] (0] (0]

(203) (204) X = CH=C=CH, (206) X = CI
(205) X = C=CCHj, (207) X = OCH,C=CH

O/ \X

(208) X = CH=C=CH,
(209) X = C=CCH;

ate 202, whilst the second stage is purely prototropic®’”**. The cyclic phosphochloridite
203 reacts with prop-2-ynol to give a mixture of products 204 and 205 separable by chro-
matography””". In another case, 207, prepared from 206 at —40 °C, rearranges in a kineti-
cally first-order process; in boiling benzene, the equilibrium proportions of 30% 207 and
70% 208 are reached from 207 after 6 h, whereas in boiling toluene 209 is the sole product
within 4 h’™. A slightly more complex case is illustrated by the use of 2,5-dimethylhex-3-
yne-2,5-diol; this reacts with a chlorophosphite in stages, and gives first the expected allenic
phosphonic diester 210 after the initial phosphitylation, to be followed, after the second
phosphitylation step, by the formation of 3,4-bis(dialkoxyphosphinyl)-2,5-dimethylhexa-
2,-4-dienes (211)*”. A further novel rearrangement is that of 212 into 213°*,

Me,C(OH)C=CC(OH)Me,

(RO),PCI-Et;N

_OH _O—P(OR),
Me,C (RO)PCI Me,C
oy B T e
(RO)P ~, CMe; (RORP  CMe,
I
(RO),P_ _P(OR),
MeZCé %CMGZ
/ (211)
o)
0 N
I Me2C<  P(OR),
(RO),PC=C=CMe, —~ /Q )
(RO)P N
N
HOCMe, o CMe,

(210)



2. The synthesis of phosphonic and phosphinic acids and their derivatives 95

OR2 0 o) o)
Il I Il | _Cl
(R‘O)ZP(fCECH (R10),PCR2=C=CHP(OR3), H,C=C=CHP “OR
OP(OR3), (213) (214)
(212)

Differentiation between the types of reaction products is made easy through the
application of *C, 'H and *'P NMR spectroscopy and infrared spectroscopy. Infrared
stretching frequencies for the C—=C=C system fall within the range 1945-1950 cm™ and
for C=C and =CH groups are in the ranges 2040-2090 and 3165-3300 cm ', respective-
1y°%%; a brief listing of "C chemical shifts has been given for allenic phosphonic acid
derivatives™'.

If the reaction between prop-2-ynol and PCl, (3 :1 ratio) is carried out in the absence of
a tertiary amine, the liberated HCI dealkylates the tris(prop-2-ynyl) phosphite before it is
ableagg undergo rearrangement, and the product is bis(prop-2-ynyl) hydrogenphospho-
nate™ .

Reactions between PCl; or PBr, and an alk-2-yn-1-ol (1:1 ratio) in the presence of a
tertiary amine initially afford the acetylenic dichloro- {(or dibromo-) phosphite and these
also undergo very rapid rearrangement to the corresponding allenic phosphonic dichloride
(or dibromide)*”**"**3%_The rearrangement of prop-2-ynyl phosphorodichloridite does
not occur in diethyl ether, but is evidently so rapid in the neat state as to be potentially
explosive, and it should therefore be carried out in hot benzene®. The rearrangement of
appropriate phosphorus(I1I) halide esters from alkyl dichlorophosphites leads to alkyl
allenephosphonochloridates (214)*. The use of (Me,N),PCl in the initial reaction stage
ultimately provides the allenephosphonic bis(dimethylamide)*®. Reactions between
acetylenic alcohols and chiral phosphorus(III) halides such as the 2-chloro-1,3,2-oxaza-
phosph(IIlolidine (215)**** and separate deuterium-labelling experiments™ have
demonstrated the intramolecular nature of the acetylenic phosphite-allenephosphonate
rearrangement, the structure of the final product (216) (R = CH=CH,) being confirmed
by crystallographic methods®®**.

Ph O\
\[ p, + HOCMe,C=CR
e ol

Me lTI
Me
(215)
R
C R
P, @) Phal 0 _c=C=CM,
s / P//,//"\ I an / E/"::”’a
Me"" N O—CMe, Me"™ N "0
| |
Me Me

(216)
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Several allenic phosphinic esters of the type 217 have been prepared from the appro ri-
ate acetylenic alcohol, HOCR' ,C=CR? and a phosphonous dichloride, RPCL,****** or
H,C=CPhPBr,*.

o]
| _OCR!,C=CR2
P

SCR2=C=CR},
17)

There are other reactions which lead from prop-2-ynyl compounds to allenic phospho-
nic acid derivatives. The alkylation of diethyl hydrogenphosphonate with 3-bromopropy-
ne under phase transfer conditions yields a mixture of diethylpropadienyl- and
(prop-1-ynyl)-phosphonates in 85:15 ratio®'. The action of heat on a mixture of prop-2-
ynol and a phosphoramidous ester, (RO),PNR’,, results in elimination of R’,NH followed
by its re-addition to the rearranged residue to afford a dialkyl (2-amino-prop-1-enyl)-

phosphonate®.

C. Through the Michaelis—Arbuzov and Related Reactions

As has already been indicated, simple vinyl halides, H,C—=CHX (X = F, Cl, Br or I) do
not normally undergo the Michaelis—Arbuzov reaction when heated with a trialkyl phos-
phite. However, in the presence of nickel(II) halides (3-10 mol%), and at 150-190 °C,
reactions do take place between the halides RCH=CHX (R = H or Ph; X = Cl or Br) and
trialkyl phosphites which lead to dialkyl ethenyl- or (2-phenylethenyl)-phosphonates. 1-
Bromo-1-phenylethene is similarly reactive to triethyl phosphite in the presence of NiBr,.
Under the same conditions, trans-1,2-dichloroethene yields, initially, dialkyl trans-(2-
chloroethenyl)phosphonate, followed by tetraethyl rrans-(1,2-ethenediyl)diphosphonate
(218) (R = Et), but cis-1,2-dichloroethene fails to react. Evidently, and by complete
contrast, a 1:1 mixture of cis- and trans-1,2-dibromoethene affords only trans-(1,2-
ethenediyl)diphosphonic acid ester’. 1,1,2-Trichloroethene suffers dechlorination at
some stage in its reaction with triethyl phosphite; the products are the esters 218 (R = Et)
and 219 (R = Et), in approximately 2:1 ratio™.

The scope of the normal Michaelis—Arbuzov procedure in the synthesis of polyunsatu-
rated phosphonic acids has not been widely explored, but it has been reported that 2-
chl(g;)buta-l,}diene and triethyl phosphite react together to give about 10% of the ester
2207

1
(RO),P X
H,C=CC=CH,
H P(OR), |
I P(O)(OEt),
o)
(218) X=H (220)
(219) X=cCl

In contrast to the general lack of reactivity of ethenyl halides under Michaelis—Arbuzov
conditions, except in catalysis by nickel(II), the formation of bonds from phosphorus to
sp’-carbon is observed when polyfluoroalkenes take part in Michaelis-Arbuzov reactions,
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but the products retain fluorine and the reactions will therefore be considered as syntheses
of halogen-containing phosphonic acids (Chapter 3, Section IL.A).

Michaelis—Becker reactions between sodium dialkyl phosphites and halogenated
alkenes, seem to occur only with polyhalogenated alkenes, but the course of the reaction
is then complicated by elimination and addition steps. Thus sodium dialkyl phosphites
and 1,1,2-trichlorophenylethene react to give, ultimately, esters of (l-phenyl-1,2,2-
ethane)trisphosphonic acid*®. Such reactions have been reviewed™”.

The importance of catalysis in the Michaelis—Becker reaction has also become apparent
in significant advances during recent years. With particular regard to the preparation of
alkenephosphonic acids, reactions between dialkyl hydrogenphosphonates and 1-
haloalkenes in toluene solution have been shown to be catalysed by [Pd(Ph;P),] in the
presence of Et;N*’ a 10:90 mixture of (Z)- and (E)-2-trimethylsilylethenyl bromide
afforded 75-80% yields of dialkyl [(2-trimethylsilyl)ethenyl]phosphonate in only the E-
form*, and dialkyl (1-trimethylsilyl-1-alkenyl)phosphonates were similarly obtained*”.
The use of enantiomerically pure (R)- or (S)-isopropyl methylphosphinate leads to opti-
cally active forms of the alkenyl(methyl)‘ghosphinic esters 221 (R', R?and R’ = H, Me or
Ph) with very high enantiomeric excesses ® These reactions, and also those of phenylphos-
phinic acid (monoesters of phenylphosphonous acid), occur with retention of geometry at
the double bond and with [Pd(Ph,P,)Cl,] as catalyst**. The same catalyst was employed by
the %15me workers to effect a cyclization indicated in reaction 32 in which for 222,n =2, 3
or4™.

Me O R! 3 Me, O
o7 RE paceehy, 7 o,
POw O TR R R

prio0 H R? Br i PriO

R3 R!
21)
R O
N~ 7
R O P

h P / (CH ) Pd(PPh3) ,Cl, e
/ \O e 2)n \/ ———’EtsN (0] 32)
" )

(222) Br n-1

IV. THE FORMATION OF P—C(sp) BONDS. SYNTHESES OF ALKYNYL
PHOSPHONIC AND PHOSPHINIC ACIDS

Few synthetic reactions are available for the direct formation of derivatives of phosphon-
ic and phosphinic acids which possess a P—C(sp) bond. The phosphonylation of an alk-1-
yne by PCl; does not provide the alk-1-ynephosphonic derivative directly but, in analogy
to the procedure for alkenes, the product retains chlorine. Thus phenylethyne with PCI;
affords a complex which, when decomposed by SO,, gives a high yield of (2-chloro-
2-phenylethenyl)phosphonic dichloride®***. The conversion of this into (2-phenyl-
ethynyl)phosphonic dichloride represents a ‘modification synthesis’ of a type to be
discussed later in this chapter (Section VL.D).

The formation of alkynephosphonic diesters through the isomerization of alkynyl phos-
phorus(III) esters and subsequent prototropic rearrangement of the propadienylphos-
phonic acid derivatives has already been discussed. An early listing of alkynyl-phosphonic
and -phosphinic acid derivatives (and also related types of organophosphorus compounds)
is available®™™.
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A. Through the Michaelis—Arbuzov Reaction

Early attempts to synthesize phosphonic diesters with P—C(sp) bonding met with little
success. Nevertheless, reactions of type 33 have been performed with R' = Ph or substitut-
ed ethenyl***”", Fluoroacetylene is said to react with triethyl phosphite to give a low yield
of diethyl ethynylphosphonate; for the phenylethynyl halides, PhC=CX, the chloride
reacts more slowly with triethyl phosphite than does the bromide, and the iodide fails to
react®. In a later study*®, reactions using 223 (R' = Bu', X = Cl) were found to be catal-
ysed by AICl,;, and proceeded normally for R = Et or Pr/, but failed for R = Me.

In efforts to prepare the ethynylphosphonic diesters 224 (R' = H), reactions have been
carried out with 223 (R' = Me,Si, X = C1)** and with 223 (R' = Et,Sn)*"". Thermolysis of
the silicon-containing esters afforded the corresponding 224 (R' = H)*"°, and the trialkyltin
group could more easily be removed by acidolysis using acetic acid*"'.

CIC=CCl

(RO);P + RIC=CX (RO),P(O)C=CR! (33)
(223) (224)
0
(RO),P (R0)2|1LCECC1 RO)P he—ct

(RO),PC=CP(OR),
(225)

0
(RO),PC=CR!

RIC=CIPh TsO
226)

The reaction between a trialkyl phosphite and dichloroacetylene proceeds in two stages,
the initial product being the dialkyl (2-chloroethynyl)ghosphonate, which reacts further to
give a tetraalkyl ethynediyl)bisphosphonate (225)*4%412,

The iodonium tosylates 226 have received some attention as alternative substrates in the
Michaelis-Arbuzov reaction, with yields in their reactions with trialkyl phosphites of
between 35 and 90% for R' = Pr', Bu', EtMeCH, cyclopentyl, Ph, or 4-methylphenyl*>.

B. Through the Michaelis—Becker Reaction

Sturtz et al.*". have prepared several (alk-1-ynyl)phosphonic acids as their dialkyl esters
from sodium dialkyl phosphites and 1-bromoalkynes. The course of this process (reaction
34) may well be one of addition followed by elimination. As an alternative to this proce-
dure, the treatment of (2-bromoalk-2-enyl)phosphonic esters (227) (prepared through a
normal Michaelis-Arbuzov reaction*"’) with NaH under diethyl ether also affords esters
of (alk-1-ynyl)phosphonic acids.

o 0}
l l

M 4 R! C=CP(OR), (34

RIC=CP(OR),
|
( Br

Other reported examples of the Michaelis—Becker reaction have been complicated by
further reactions between product and reagent. A normal Michaelis—Becker reaction
between a dialkyl sodium phosphite in thf and either Bu'C=CCI or Bu'CH=CC], is

RIC=CBr
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complicated by the formation of the hexaalkyl ester of (3 ,3-dimethyl-1,1,2-butane)triphos-
phonic acid*”, but such complications seem to be obviated by using the iodonium salt 228
as substrate; a new intermediate (229) is formed, which is the active species immediately
preceeding formation of the desired alkynylphosphonic diester*'®.

BrCH,CBr=CHR E2. (£10),P(0)CH,Br—CHR I;jz}c‘) (EtO),P(0)C=CCH,R
27)
o} 0
PhI(OH)(Ts0-) BP9 (RO)2|1|>I(OH)Ph RIC=CH,_ (RO)2¥’C‘=—CR1
(228) (229)

C. Through the Use of Organometallic Reagents

Information in this area is particularly sparse®”’. Even when reverse addition methods
are employed, low yields of dialkyl ethynylphosphonates are obtained for a dialkyl phos-
phorochioridate and ethynylmagnesium bromide (reaction 35; R!'=RO, X = Cl). The use
of a dialkyl phosphorofluoridate (230) (R' = RO, X = F) with the same organometallic
reagent obviates the need for reverse addition, and the overall yields are then improved*".
One more recently recorded example consists in the interaction of ethynylmagnesium
chloride with methyl methylphosphonochloridate (230) (R = R' = Me; X = C)) to give
methyl ethynylmethylphosphinate*'®.

RO\ //o RO\ //o
HC=CMgX + /P\ _— /P\ 35)
R! X R! C=CH
(230)

V. THE FORMATION OF P—C(AROMATIC) BONDS. SYNTHESES OF ARYL
PHOSPHONIC AND PHOSPHINIC ACIDS

A. Through the Use of Organometallic Reagents

Undoubtedly, reasonable yields of arylphosphonic diesters are obtainable through the
interaction of an arylmagnesium halide and appropriate phosphoryl halide. The normal
addition of diethyl phosphorochloridate to PhMgBr (1 or 2 mol) affords largely diethyl
phenylphosphonate (the product of the first stage in the stepped substitution pattern),
together with small amounts of triphenylphosphine oxide, but no ethyl diphenylphosphi-
nate (the second stage) seems to be present. With 3 mol of Grignard reagent, substantially
more triphenylphosphine oxide is obtained. The reverse addition procedure is advanta-
geous for the formation of diethyl phenylphosphonate. When PhMgCl is employed,
even in substantial excess, the product is mainly diethyl phenylphosphonate with small
amounts of triphenylphosphine oxide, irrespective of the manner of addition*”.
Heteroarylphosphonic diesters have been prepared using this procedure; the yield of
diphenyl (2-thienyl)phosphonate from the Grignard reagent and (PhO),P(0)Cl, was much
greater than those of the ‘less aromatic’ diphenyl (2-furanyl)phosphonate and diphenyl (V-
Methyl-2-pyrrolyl)phosphonate in corresponding reactions*®. In the case of a sterically
hindered Grignard reagent, the use of P(O)Cl, itself has proved feasible; dimesitylphos-
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phinicchloride, for example, is obtainable from mesitylmagnesium bromide*'. Classically,
the Grignard reaction has been employed in the preparation of diarylphosphinic acids
through the interaction of diethyl hydrogenphosphonates with ArMgX (3 mol); the inter-
mediate, Ar,P(O)MgX, is hydrolysed to the secondary phosphine oxide, Ar,P(O)H, and
oxidized in situ, using hydrogen peroxide or bromine. The amount of Grignard reagent
required can be reduced by prior conversion of the hydrogenphosphonate into its sodium
salt. High yields of products may be expected*”>*”’. The reaction between an aryl Grignard
reagent and Et,NP(O)CI, has been employed for Me- and MeO-substituted diarylphos-
phinic acids, following acid hydrolysis of the reaction intermediates**. In order to prepare
2-biphenylylphenylphosphinic acid, biphenylylmagnesium bromide was allowed to react
with PhPCl,, and the product of the reaction was then oxidized (H,0,)*%.

Cyclic phosphoryl chlorides seem to be particularly prone to the complication of ring
opening. The addition of PAMgBr (2 or 3 mol) to the chloride 231 (n = 1) furnished only 2-
hydroxyethyl diphenylphosphinate (232) (n = 1); neither the cyclic phenylphosphonate 233
(n=1) nor triphenylphosphine oxide was detected, and the excess Grignard reagent could
be accounted for. After the use of PhMgCl (1 mol), small amounts of 2-hydroxyethyl
diphenylphosphinate could be isolated; 3 mol of the reagent gave 232 (1 = 1) together with
some Ph;P(O). In reactions between the chloride 231 (n = 2) and PhMgCl, the products
included both 232 (n = 2) and 233 (n = 2), together with Ph,P(O)OH. Diphenylphosphinic
acid is an important product from reactions between the phenylphosphonate cyclic ester
233 (n=1) and lower molar ratios of PhMgBr or PhMgCl, but is not produced in the case
of the ester 233 (n = 2). For both cyclic phenylphosphonate esters, the w-hydroxyalkyl
esters are formed and since they can be largely recovered following further treatment with
the Grignard reagents, they are therefore not the immediate precursors to Ph,P(O). Several
features of the reaction scheme remain to be explained*®. 2-Chloro-1,3,2-benzodi-
oxaphosphole 2-oxide undergoes ring opening under the influence of ArMgX (2 mol) to
give the 2-hydroxyphenyl diarylphosphinates 234*%.

o i o
(E’ >Pf Ph,POCH,(CH,),OH (EI >Pf
(0} Cl Ph
(231) (232) (233)
O\ %O 2AT™M O\(“)
P 2ArMgX PAr,
RN
(0] Cl OH
(234)

Inch and coworkers extended their studies®> to include an examination of the action of

aryl Grignard reagents on carbohydrate-derived phosphonate esters’®**?’; with the
observations that the methylphosphonate 163a reacted with PhMgBr to give the (S)-
methylphenylphosphinate 235, and that 163b afforded the corresponding (R)-phosphi-
nate, they concluded that ring opening occurs with inversion of configuration at
phosphorus.

The course of ring opening in the 1,3,2-0xazaphospholidine series, a reaction also widely
explored in the synthesis of phosphinic esters of predictable chirality, is different. The
(25)-substrate 236 (Ar' = Ph) (whose structures was confirmed by X-ray methods) under-
goes ring opening when treated with the Grignard reagent Ar’MgBr (Ar? = 2-methoxy-
phenyl) to give the (2-methoxyphenyl)phenylphosphinic amide 237, with the (25)-form
(net retention of configuration at phosphorus) predominating***®. The (25)-2-methyl
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l|{l O Me
P “P
~0 OH
R2” \o o e \o o
MeO MeO
MeO OM MeO OM
e e
(163) (235)
(a)R!=Me,R2==

(b)R! = =0, R2 = Me

analogue of 236 undergoes 78% P—O bond cleavage when treated with PhMgBr to give a
ring-opened product with 98% retention of configuration at phosphorus; the (2R)-2-
methyl analogue reacts with PhMgBr with 68% ring opening but giving no preponderant
isomer’”. Reactions between the (2S)- or the (2R)-2-phenyl compounds and MeMgBr
proceed with 80% and 60% inversion®”. Acid-catalysed methanolysis of the product
phosphinic amides to give the chiral methyl diarylphosphinate 238 occurs largely with
inversion, the loss of stereochemical integrity being about 2-4%.

Ph Ph Ar?
0 0 OH 0 MeO
\Pé Ar’MgBr I',é MOHHCI O\ éo
o e on
Ar r
Me Me Me Me
(236) 237) (238)

A sterically hindered arylithium may react with POCl; to give the diarylphosphinic chlo-
ride; a specific example of one such synthesis is that of bis(2,4,6-triisopropylphenyl)phos-
phinic chloride®'. Reactions 36" and 37*"' exemplify the use of monolithiated species. The
use of 2,2'-dilithiobiphenyls leads to dibenzophospholes (239)**? and the 3procedure has
been extended to include the use of appropriately lithiated quaterphenyls*.

Once again, the stereochemistry of reactions involving organolithium reagents has been
investigated using substrates based on the 1,3,2-oxazaphospholidine skeleton®®, The

reactions between the diastereoisomeric 2-methyl-1,3,2-oxazaphospholidine 2-oxides

0.0 0.0 OH
TN (B0),PO)C ~TS Ha
(E0LPO)CI (36)
Li hf P(O)(OEY), P(O)(OEt),
I
thP—<: :}——Li _EuNPOXCh thP—<: :>—1I)—<: :}—Pth

NEt;

0
H0 Ph2P4©71|3—©7PPh2 37
OH
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O
I
Li Li //P\
O R!

(239)

analogous to 236 react with PhLi with reduced ring opening and preponderant, but by no
means exclusive, retention of stereochemistry. The degree of stereochemical retention is
very much higher in analogous reactions between the 2-phenyl diastereoisomers and MeLi.

B. Through Reactions Between Substituted Arenes and
Phosphorus(lil) Esters

1. Nucleophilic replacement of an aromatic substituent by
a phosphorus(lll) ester without catalysis

When heated with triethyl phosphite, 4-nitrochlorobenzene gives traces of diethyl
(4-nitrophenyl)phosphonate, and a low yield of the same product is obtainable from 1,4-
dinitrobenzene; 2,4-dinitrochlorobenzene similarly yields 11% of diethyl (2,4-dinitro-
phenyl)phosphonate. The best yields of phosphonate esters were obtained using
1,2-dinitrobenzene in MeCN, when the yields could reach 80%. Reactions involving 1,2,4-
trinitrobenzene were sufficiently exothermic to require exterior cooling and the yields of
dialkyl (2-4-dinitrophenyl)phosphonate were moderate to good**. Other workers have
also carried such reactions using aromatics in which the halogen site is activated by one or
two nitro groups, together with CF,***, C1**, CN*** or COOR**. A reaction between 1,2-
dinitrobenzene and diethyl methylphosphonite** or diethyl phenylphosphonite®’ yields
the corresponding phosphinic ester [(2-O,NC,H,)R]P(O)OEt (R = Me or Ph).

The displacement of halogen activated by halogen has also been widely observed.
Manninen*® quotes an earlier observation of the formation of diethyl (4-fluorophenyl)-
phosphonate from triethyl phosphite and 1,4-bromofluorobenzene. Markovskii and
coworkers”** have studied the reactions between triethyl phosphite and several polyflu-
oroaromatics (240). Low yields of phosphonic acid products were obtained with X = Cl,
F, Br, H or OMe. Better yields resulted with X = CF; or NO,. Typically, pentafluoroben-
zonitrile at 140-150 °C gave diethyl (4-cyano-2,3,5,6-tetrafluorophenyl)phosphonate in
about 25% yield. The diphosphonic ester 241 was obtainable from perfluorobiphenyl. In
general, such reactions yield complex mixtures of phosphonylated aromatics and triethyl
phosphate, together with other products which suggest that the reaction proceeds through
a fluorophosphorane (242), which is then able to breakdown along several pathways*'.

F F

(”) F F F F (ﬁ
F X (EtO),P O O P(OEt),
F F F F

F F
(240) (241)

The formation and decay of phosphoranes during reactions between trialkyl phos-
phites*"™** or dialkyl methylphosphonites* and pentahalogenopyridines, particularly the
perfluoro compound, have been discussed. Although diethyl and diisopropyl esters of
(2,3,5,6-tetrafluoro-4-pyridinyl)phosphonic acid are formed in such reactions, the corre-
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ArgF + (EtO)sP

F
ArB(OEt);| === ArP(OEt); === |FP(OE0);
F- (242) Arg
0 T
ArP(OEt), ArP(OEY), (Et0),P(O)F + ArOEt
EtO-
i
Arfll’OEt + Et,0
F

sponding dimethyl ester is not*?. 4,6-Dichloro-5-nitropyrimidine is able to react with a
trialkyl phosphite (in MeCN) in stages to produce a mono- (243) followed by the di-
phosphonic derivatives (244); 2,4-dichloro-5-nitr04£)5yrimidine reacts also in a stepwise
fashion, initially at Cy, to give 245, followed by 246™.

P(O)(OEt), P(O)(OEt),
O,N N O,N fN
Cl Q (EtO),(O)P Q
(243) (244)
P(O)(OEt), P(O)(OEY),
oL O
NJ\CI NJ\ P(O)(OEt),
(245) (246)

Replacement of iodine ortho to NH,, OH, COOH, COOEt, CONH, or CSOE:t is possi-
ble on reaction of the 2-substituted iodobenzene with diethyl hydrogenphosphonate®**.
The 2-position is also sufficiently activated in the quaternary salts 247 [COOEt at Cuy Cs
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or C ] for direct phosphonation*’. A further reaction available is the replacement of NO,
in the pyrimidines 248*¢.

COOEt COOEt
(Et0),P(O)H
(EtO),PONa
+N7 MeSO4 N~ P(O)OEt),
|
OMe
(247)
H P(O)(OEt),
O;N O)N...
N (Et0),POH
/L Et;N
N R
(248)

A claim for the successful replacement of chlorine in pentachlorobenzene using sodium
diethyl phosphite to give diethyl (2,3,5,6-tetrachlorophenyl)phosphonate (together with
triethyl phosphate and 1,2,4,5-tetrachlorobenzene) is based on the ultimate isolation of an
impure product thought to be (2,3,5,6-tetrachlorophenyl)phosphonic acid**.

Much more successful is the use of sodium dialkyl phosphites in conjunction with
diaryliodonium salts to give dialkyl aryphosphonates in yields of 81-93%*".

2. Reactions under metal catalysis

Some of the earlier examples of such procedures concern the use of Cu or copper-
containing catalysts. Tavs and Korte*' reported the catalysis of reaction between aryl
halides (bromides or iodides), RC;H,X (R = H, 4-Me, 4-Cl or 4-EtOOC), by copper
bronze; the yields were in the range 17-66%. Elsewhere 5 mol% of CuCl was employed
(vields for R = H, Me or Cl were 52-76%)"** whilst copper(II) acetate catalysed the forma-
tion of the phosphonic esters 249b from 249a (R', R? and R® = H, Br, Me, Et or NO,; R*=
H or NHAc)*”. Interesting observations were made during the study of the formation of
250b from 250a using mixtures containing diethyl hydrogenphosphonate, Cul, NaOAc
and an alcohol as solvent; irrespective of the particular hydrogenphosphonate (aryl or
alkyl), the acid ester groups were determined by the individual alcohol ROH acting as sol-
vent, and it was found to be generally convenient to use diphenyl hydrogenphosphonate**.

X
R! X R4 O,N NHAc
R2 N ¢N \@\ N %N \©\
R? NO, NEt,

(249) (250)

(a) X=Br (@) X=Br
(b) X =P(O)OEv), (b) X =P(O)(OEt),

NEt,
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Cul was later found to catalyse the phosphonation of aryl halides (bromides or iodides) by
dialkyl hgfdrogenphosphonates in hmpa*”.

Tavs*® also reported the catalytic effect of 5-10 mol% of nickel(II) halides in reactions
between aryl halides and triethyl phosphite at 150-16 °C; yields of products for a wide
variety of aromatic substituents could be as low as 11% (2-EtOOC) or greater that 80%
(for 4-hydroxy-3,5-di-tert-butylpheny! halide, 2-thienyl-, 2-naphthalenyl- or 4-biphenylyl
halides). Chinese workers extended the list of arylphosphonic diesters preparable by the
method®”. Free carboxyl groups are esterified during the phosphonation®”. Russian
workers have used the procedure to phosphonylate benzo-crown ethers*”**' and also to
obtain 5-phosphono-indoles and -indolines*?. Similar reactions between aryl halides and
tris(trimethylsilyl)phosphite*®** have employed nickel halides or [Ni(CO),] as catalysts,
whilst dialkyl trimethylsilyl phosphites yield mixtures of dialkyl, alkyl trimethylsilyl and
bis(trimethylsilyl) aryphosphonates which are difficult to separate; the explanation for this
phenomenon might well lie in the observed disproportionation of (RO),POSiMe; into
(RO),P and ROP(OSiMe,),, catalysed by nickel(I1)**. The preparation of the bis-
(trimethylsilyl) esters offers advantages over the more conventional dialkyl esters in ease
of de-esterification, by mere aqueous methanolysis, to the free acid*’.

NiCl, also catalyses the phosphonation of halothiophenes*®“® by phosphite and phos-
phonite esters. Under NiCl, catalysis, 2-bromoacetanilide and diethyl methylphosphonite
afford 98% of ethyl [(2-acetamidophenyl)methyl]phosphinate*”.

Detailed studies of the catalysis by nickel(II) halides in aromatic phosphonation by
trialkyl phosphites have revealed the complexity of the process*’' ", The steps are consid-
ered here only briefly, since the phenomenon of Arbuzov isomerization within metal
complexes has been considered fuily elsewhere*”. Initial work demonstrated the forma-
tion, from nickel(II) salts (in the absence of aryl halide), of nickel(0) species detectable by
3'p NMR and EPR spectroscopy. The essential features of the processes involved are indi-
cated in reactions 38-41. The initial stages represent the gradual build-up of a series of
nickel(I) halide-ligand [i.e. phosphorus(III) ester] complexes, culminating in the forma-
tion of the square-planar diamagnetic complex [Ni’L,] (251). In the presence of the aryl
halide, ArY, the complex 251 undergoes an oxidative-addition reaction leading to a para-
magnetic, tetrahedral nickel(II) complex (reaction 41); further interaction of this with
more ligand regenerates the nickel(0) complex 251 and, at the same time, generates the
‘true’ Michaelis—Arbuzov complex 252, which breaks down by intramolecular dealkyla-
tion to give the dialkyl arylphosphonate 253.

L L
NiX, + L == NiLX, == Nil,X, == NiL;X; == [NiL;X]X (38)
NiLsX, === NiLsX, == [NiLsX]X === [NiL4X, (39)
NillL,X, + (5-n)L == Ni'Ls + X,L
(251)
NillL, X,
INILX, + (4-nL (40)
Ni'L, + ArY —— ArNilL,Y + 2L 1)

(251)
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Ni’L, + [ArL*]Y-
(251) (252)

ArNIlIL,Y + 3L

252 = [ArP(OR);])Y- — ArPO;R, + RY
(253)

Similar equilibria exist in systems containing a phosphorus(III) ester and, for example,
PdCl,, and equilibria involving palladium(0), palladium(I} and palladium(II) species have
all been detected in multi-step processes*’®. Species containing palladium(0), such as
[Pd(Ph;P),], catalyse reactions between dialkyl hydrogenphosphonates and aryl bromides
(and also vinyl bromides)*®. [Pd(Ph,P),] catalyses the arylation of alkyl alkyl(or aryl)phos-
phinates to alkyl alkylarylphosphinates*’*”® or alkyl diarylphosphinates*”, in a process
(reaction 42) which may also be intramolecular (reaction 43; n = 1-3; R = alkyl or Ph)**.
Moreover, by the use of phosphinic esters (monoalkyl phosphonites) and two different aryl
halides, stepwise arylation is possible (reaction 44). In this particular case it has to be stat-
ed that the use of aryl iodides with Pd(OAc), in systems containing N-methylmorpholine
and Ph;P in MeCN-HC(OMe); produce marginally better yields than those containing
[Pd(Ph,P),]; aryl bromides and aryl triflates also give rise to lower yields**'. The direct cleav-
age of the C(aryl)—O bond and its replacement by C(aryl)—P" was observed a few years

earlier using aryl triflates*® or other aryl polyfluoroalkanesulphonates*®, with yields in the
range 65-95%.
I T
Pd(PPhs),
ArBr + o \\\\\\IP\ ., BN R,O\“\\\IP\A 42)
R R
(CHy) 0
L™ e O
Br H R Et;N > P\
(0] R

o 0 c”>
H,POMe —AU'Br _ Avl_p_opMe —AUBr Ar2—1!)—~Ar2 (44)

H OMe

Examples have been recorded of phosPhonation on the benzenoid ring in 1,3-benzoth-
iazoles, quinolines and benzimidazoles®'.

3. Phosphonation of aryl halides under photostimulation

Following the (apparently) initial observations by Griffin and coworkers on the irradi-
ation of mixtures of aryl iodides and trialkyl phosphites, it was evident that the procedure
held great promise for synthesis; although it was found necessary to employ 3-5 molar
excess of phosphite ester (to allow for competitive photostimulated Michaelis—Arbuzov
isomerization to dialkyl alkylphosphonate), nevertheless yields were very high, sometimes
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almost quantitative for ortho- and para-substituted compounds, if the reactions were per-
formed at or around 0 °C****,

A detailed study of the mechanism and scope of the process has been carried out over a
period of several years by Bunnett and coworkers™*“#* Using 350 nm radiation, it has been
found that while the reaction between Arl and metal dialkyl phosphite takes place during
45-200 min in liquid NH;**, other solvents, including dmso, MeCN and dmf are also high-
ly suitable* and that the potassium dialkyl phosphite is often more suitable than the cor-
responding sodium salt**’. The procedure is complicated by the propensity of certain aryl
halides to undergo disubstitution, and this, which leads to phenylenediphosphonic
tetraalkyl esters, occurs particularly with bromo and iodo substituents meta or parato each
other ™. In the absence of irradiation, the normal reaction course is that of monode-
halogenation®*.

Savignac and coworkers drew a comparison between the transition metal-catalysed and
the photostimulated phosphonation reactions and concluded that the latter process
produced more uniformly good results*®, and also showed that the addition of one
equivalent Nal to mixtures of aryl bromide and metal dialkyl phosphite greatly accelerat-
ed the phosphonation process®’.

4. Oxidative phosphonylation of aromatic compounds with phosphorus(lll) esters

The formation of dialkyl arylphosphonates, in high yields, from methyl- or methoxy-
substituted arenes and trialkyl or dialkyl phosphites is also achievable through either
anodic oxidation®® or chemical oxidation. The chemical oxidation procedure has been
investigated by Effenberger and coworkers®*®. Initially arylphosphonates were obtained
from arene—phosphite mixtures in aqueous MeCN or aqueous acetic acid containing per-
oxidisulphate-AgNOj; an increase in the relative amount of Ag" increased the yields of
phosphonate substantially. A detailed study was made of a system containing mesitylene
and triethyl phosphite in proportions which ranged from 1:5 to 5:1 and with no added
metal salts, when the yields of dialkyl mesitylphosphonate varied from 28 to 58%, with
(EtO),POOH as the main co-product. When the phosphite(IlI) ester was replaced by
diethyl hydrogenphosphonate, the yields of phosphonate were 45-70% with the formation
of appreciable amounts of mesityldiphosphonic ester. Apart from the use of added AgNO;,
other species which helped to generate appreciable amounts of the dialkyl mesitylphos-
phonate were [(Bipy),Ag]S,0; (48% yield), and [(Bipy),Fe](PFy), (38% yield), but ceri-
um(IV) ammonium nitrate was chosen as potentially the best generally available salt of
those examined. Unfortunately, the process exihibits a very low selectivity in the choice of
reaction site on the aromatic nucleus.

C. Through the Rearrangement of Aryl Phosphates

The rearrangement of the aryl phosphate esters 254 into esters 255 of (2-hydroxyaryl)-
phosphonic acids under the influence of a strongly basic agent was discovered by Melvin™",
who employed Ida and independently, and almost by accident, by Cambie and Palmer*”,
who treated the phosphate ester 258 with BuLi and so obtained the phosphonate ester 259.

Dhawan and Redmore™** have explored the scope of the isomerization. Thus, the
(2-hydroxyaryl)phosphonate ester 255 may itself be O-phosphorylated and a second
rearrangement carried out, with the resultant formation of 257 from 256; in addition,
the rearrangement of 260 into 261 and that of 262 into 263 were carried out. The diaryl
phosphates 264 rearrange to the bis(2-hydroxyaryl)phosphinates 265°"°, whilst the use
of mixed alkyl aryl phenylphosphonates (266) affords mixed diarylphosphinates
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(254) (255)
/A—(RO)ZP(O)CI
OP(O)(OR), OH
OR! P(O)(OR),  (RO),(O)P P(O)(OR),
RZ
Rl R!
(256) (257)

MeOOC Me

(258) R!=P(O)OEt),, R2=H
(259) R!=H, R2 = P(O)(OEt),

(267). Rearrangements in the naphthalene series are exemplified by that of dialkyl
1-naphthalenyl phosphates into dialkyl (2-hydroxynaphthalenyl)phosphonates and, more
surprisingly, that of dialkyl 2-naphthalenyl phosphates into dialkyl (3-hydroxy-2-naph-
thalenyl)phosphonates™. The most recent extension of the rearrangement is in the pyri-
dine series. In a series of diethyl pyridinyl phosphates, phosphoryl migration occurred
from oxygen on C;, to C,, or if the latter position was blocked, to Cp), and from oxygen

on Cyyto Cyy) ™
OR!
R2
R2
OR!

(260) R!=P(O)OR), R2=H
(261) R! = H, R2=P(O)(OR),

(264)
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(262) R!=P(O)(OR),, R2=H
(263) R!=H,R2=P(O)(OR),
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R OH
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A useful development from the point of view of synthesis of the free acids is the use of
di-tert-butyl phosphorylating agents in the preparation of the phosphate esters; the
rearrangement products, di-tert-butyl (2-hydroxyaryl)phosphonates, can be thermolysed
to the free aromatic phosphonic acids, or alternatively acidolysed in trifluoroacetic
acid™®1°. However, according to other workers, di-terz-butyl esters do not rearrange as
easily as diethyl esters and, moreover, the presence of an electron-withdrawing group para
to the phosphate ester bond hinders the process, whilst electron deactivation coupled with
steric hindrance completely suppress the reaction™".

No incorporation of deuterium was found when the ester 268 (R' =R*=H; R}=COOH,
R = Et or Bu) was initially treated with Ida and then quenched with D,0, implying the non-
formation of the corresponding carbanion (269), and in this particular case no rearrange-
ment actually occurred. When R' = H, Me or Br, R2=H and R' = Br, the action of BuLi
caused rearrangement to occur readily, but once again, with R' = R = Br and R* =
COOBU/, no rearrangement took place. The rearrangement was consequently considered
to take place through an ortho-stabilized carbanion®"".

The formation of the ortho-lithiated species was corroborated by Watanabe et a
who, after showing that the rearrangement of diethyl phenyl phosphate to (2-hydrox-
yphenyl)phosphonate was catalysed b¥ EtCMeLiin thf at—105 °C, treated the aryl tetram-
ethylphosphorodiamidates 270 (R', R*, R* = H or MeO) with the same alkyllithium under
identical conditions, and were able to trap the lithiated intermediate, following the
addition of an electrophilic agent such as Me,SiCl, Mel, ArCOC], PhSSPh or an aldehyde
or ketone, to give 271. When the reaction temperature was allowed to rise to —78°C,
rearrangement proceeded rapidly to yield the tetramethyl (2-hydroxyaryl)phosphonic
diamide 272. The rearrangement of naphthalenyl tetramethylphosphorodiamidates was
later described’”®. These observations on the rearrangements of aryl phosphorodiamidates
were by no means the first such to be reported. The conversion of diethyl N-methyl-N-
phenylphosphoramidate into diethyl [2-(methylamino)phenyl]phosphonate had already
been demonstrated by Jardine ez al.*, who also showed that diphenyl phosphoramidates
and phenyl phosphorodiamidates rearrange to products the nature of which depends on
the relative proportions of substrate and agent (Ida); thus, diphenyl N-methyl-N-
phenylphosphoramidate (273) treated with 1, 1-10 and 10 mol of 1da affords 274, 275 and
276 successively. It is worth noting that in these reactions, N-to-C migration occurs only
after O-to-C migrations have been completed.

1.512,
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OP(O)(NMe»), OP(O)(NMe,), OP(O)(OMe),
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(276)

The scope of the reaction has been extended to include sulphur-containing substrates (S-
aryl phosphorothiolates). When treated with Ida, diethy! and diisopropyl S-phenyl phos-
phorothiolate yield diethyl and diisopropy! (2-mercaptophenyl)phosphonates in yields of
16 and 60%, respectively’'.

For the determination of any stereochemical changes at phosphorus which might occur
during the rearrangement, one can, once again, turn to substrates based on the 1,3,2-
oxazaphosph(V)olidine system’"®. An inseparable 95:5 mixture of the (25) and (2R) forms
of 2-(4-methoxyphenoxy)-3,4-dimethyl-5-phenyl-1,3,2-oxazaphoph(V)olidine (277a and
277b), derived from pseudoephedrine, affords 38% of a single rearranged product, (2R)-(2-
hydroxy-5-methoxypheny}-1,3,2-oxazaphospholidine 2-oxide (278). Use of the ephedrine-
based substrate (2R)-(4-methoxyphenoxy)-1,3,2-oxazaphospholidine 2-oxide (279a) gives
the single rearranged (2S)-phosphonic amide 280 in 85% yield; unexpectedly, the corre-
sponding (2S)-phosphoramidate 279b produces the (2R)- and Cs-epimerized phosphon-
ic amide 281 in 14% yield together with 34% of the ring-opened material 282. For all those
cases for which the oxazaphosph(V)olidine ring remains intact, however, the phosphate—
phosphonate rearrangement occurs with retention of configuration at phosphorus.
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Finally, it may be noted that the treatment of diaikyl 2-chiorophenyl phosphates with
metallic sodium and the formation of the Grignard reagent from dialkyl 2-bromophenyl
phosphates both yield dialkyl (2-hydroxyphenyl)phosphonates after work-up; in the case
of dialk)gll 72,4-dibromopheny1 phosphate, the elimination of bromine is restricted to the 2-
position”".

D. From Diazonium Salts and Phosphorus(lil) Halides

Two important syntheses of aromatic phosphonic and phosphinic acids are based on
classical aromatic chemistry. The use of aryldiazonium salts has the distinct advantage
over Friedel-Crafts reactions in that the entering phosphorus is placed in a position of
certainty and, additionally, only one step is required in the final stage, whereas two are
sometimes needed in the Friedel-Crafts procedure.

The diazonium salt procedure consists in a reaction between a dry aryldiazonium tetra-
fluoroborate®'® with PC, in a solvent, generally an acetic acid ester, and in the presence of
a copper(I) salt. Very rarely, aryldizaonium hexafluorosilicates have been employed but
appear to offer no particular advantages”. The procedure involves the conversion of the
diazonium tetrafluoroborate into the diazonium adduct (283) followed by liberation of
nitrogen and generation of the aryltrichlorophosphonium salt which is hydrolysed. A wide
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PCl1 _
[ArN,*|[BF4] > [AfN,PCI*[BF¢] ——2 = [ArPCls*|[BFy]
(283)

H,0
AI‘PO3H2

range of substituted-aromatic phosphonic  acids—halo®*~%, alk5y1522’523‘527‘529,

alkoxy™ " aryloxy™, cyano™, nitro®"2 aryl™*, trifluoromethyl™ and car-
boxy*****—have been prepared in addition to many similar acids with mixed functionali-
ty on the benzene ring™*¥%:50545% The yields of phosphonic acids also vary
considerably, from as high as 60% to several for which the yields are approximately 10%.
Occasionally, as with 2- and 3-ethylphenyldiazonium tetrafluoroborates, which are not
very stable, the conversion into the respective phosphonic acid fails*”’. In nearly all cases
the formation of phosphonic acid is accompanied by that of the symmetrical phosphinic
acid with aryl groups idential with that in the phosphonic acid; the yields of these acids
sometimes reach 20%. Studies have been made of the efficacy of different solvents and dif-
ferent copper(I) salts, but only slight variations are to be found in the ultimate yields*?**,

The use of m- or p-phenylenebisdiazonium fluoroborates to obtain phenylenebisphos-
phonic acids has not met with success. The meta salt with PCl, yields (3-chlorophenyl)-
phosphonicacid (in 80% yield !) together with a smaller amount of the 3-fluorophenyl acid.
On the other hand, the yield of (4-chlorophenyl)phosphonic acid is only 10%, and is accom-
panied by only traces of the 4-fluorophenyl acid*®’. Other side-reactions may include the
loss of the ester group when an aromatic substituent is COOMe™ and a reaction between
2-nitrobenzenediazonium tetrafluoroborate and PCl;-EtOAc-CuCl has been reported to
give 10% of (2-amino-5-chlorophenyl)phosphonic acid*®.

The formation of small amounts of symmetrical diarylphosphinic acids in the reactions
between aryldiazonium salts and PCl, is complemented by the use of phosphonous dichlo-
rides, the products being the non-symmetrical diarylphosphinic acids, ArAr'P(O)OH 2%,

A review exemplifies further the reactions discussed above, and also summarizes other

reactions leading to aromatic phosphonic acids®.

VI. SYNTHESES OF PHOSPHONIC AND PHOSPHINIC ACIDS BY
MODIFICATION PROCEDURES

The purpose of this section is to summarize those reactions which lead to phosphonic and
phosphinic acids or their derivatives, either through chemical modification to pre-formed
phosphonic and phosphinic acids or their derivatives, or through appropriate manipula-
tions of some phosphorus(IIT) compounds which already possess P—C bonds.

A. Through the Alkylation or Phosphorylation of Carbanions

Given a sufficiently strong base, the activation produced by the phosphoryl group next
to an adjacent C—H bond will allow deprotonation and the generation of a highly reactive
carbanion. Butyllithium has been commonly used for this purpose, but a preference has
been shown in recent work for l1da. Treatment of the anion from methyl methyl(4-
morpholinyl)phosphinate (284) with farnesyl chloride yields 285, which, on acidolysis,
affords the phosphonic acid 286, employed in the synthesis of a pyrophosphonate
analogue of farnesyl pyrophosphate*?. Alkylation of the carbanion from the chiral phos-
phonic diamide 287 (X = Me or higher alkyl) leads to the diastereoisomeric phosphonic
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diamides 288; these are separable by chromatographic means, and their acid hydrolysis
then yields enantiomeric forms of the branched-chain alkylphosphonic acids 289 with little
racemization in the last stage. The alkylation step proceeds with high diastereoselectivity
at—78 °C using Et] or prop-2-enyl bromide, and reactions carried out at —100 °C show even
greater selectivity. A reasonable interpretation of these experimental results lies in the
preferential attack by the carbanion lone electron pair in the site of lower steric hindrance
by the N-methyl groups as shown in the representation 290, and which leads to the major
product enantiomer*®.

0 Me
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(290)

A closely similar explanation has been provided for the results obtained for the alkyla-
tion of the (2R)-2-benzyl-3-tert-butylperhydro-1,3,2-oxazaphosphorine 2-oxides 291 R,
R? = H or Me), (this ring system is now also described by the term 1,3,2-oxazaphosphi-
nine); generation of the carbanion at about —70 °C was carried out with Bu'Li or
(Me;Si),NK in thf, dme, or Et,0, and alkylation occurred readily using Mel, Me,SO,,
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benzyl bromide and prop-2-enyl iodide. Alkylation of the anions from racemic 291 (R' =
R’ = Me) is highly selective, [although less so for 291 (R' = R>= H, or R' = Me, R? = H)
with alkylation by Mel or PhCH,Br] and independent of additives and of the nature of the
solvent or base. The assignment of configuration within the side-chain was evidently aided
by an X-ray analysis of (65)-292 (R = PhCH,, R' = Me, R? = H) and found to be R; the
main product from the substrate epimeric at phosphorus had the S configuration, and it
was argued that the course of the alkylation step was controlled by the carbanion lone
electron pair. Protonation or deuteriation of the carbanion(s) from the diastereoisomeric
292 (R = R' = Me, R? = H) leads to a mixture of diastereoisomeric phosphonates of
identical stereochemical composition irrespective of chirality of starting compound, and
the stereoisomeric carbanions must therefore, possess a common structure (293) with a low
rotational barrier**.

o) o)
R2 I R? l
RI-Z—07 R! o/P\gI}_)Ih
X R
Bu? Bu!
(291) (292)
ﬁ......L:i
p =
~———\ \
N0/ SKopn
\ Me
Bu!
(293)

Alkylation of the lithiated anions from the oxides of 2-alkoxy-3-phospholenes (294)
(R=MeorPr,R' =H)and lda, followed by Mel or PhCH,Br, was both regiospecific and
stereospecific and afforded only the corresponding monosubstituted products (294) (R! =
Me, PhCH,); unusually, a similar alkylation using benzyloxymethyl chloride additionally
give substantial amount of the dialkylated product (295) (R' = CH,OCH,Ph)**. By con-
trast, the high-yield alkylation of the 1-oxides of 1-alkoxyphospholanes 296 (R = OEt or
OPr’) by benzyl bromide (R' = CH,Ph), using lithium tetramethylpiperidide in thf as base,
is not stereospecific; the 297/298 product ratio varied from 23:77 to 75:25, depending on
the presence of additives to the solvent and on the alkoxy group; for a given alkylating
group R, the product ratio could be reversed by the addition of hmpa. The further alkyla-
tion (benzylation) of 298, using the same reagents, gave a mixture of the stereoisomers (299
and 300), the proportions of which could again be significantly altered upon addition of

hmpa. There was no gem-dialkylation®*2.

of “oR of “oR
(294) (295)
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The stereochemical outcome of the alkylation process also depends on the nature of the
base used to generate the carbanion. Use of the substrates 297 (R = NPr’,, R' = Me or
PhCH,) with Ida—thf-R'X gave 86-94% of the meso compound 301. On the other hand, the
benzylation of 298 (R = NPr,, R' = PhCH,) gave only 302 when lithium tetram-
ethylpiperidide was used, but mixtures of 299 and 302 in the ratio 18:82 (Ida used) or 80:20
(BuLi used)®™".

(301) (302)

The anions from simple dialk?/l alkylphosphonates and 1da in thf have been mono- and
di-silylated** and stannylated™’.

Esters of methylenebisphosphonic acid are readily alkylated following the easy genera-
tion of the carbanions using metallic sodium or potassium, NaH or more conveniently
BuLi in solution but, unfortunately, exclusive monoalkylation seldom occurs; 80% yields
of the monoalkylated products are often accompanied by 10-15% of dialkylated com-
pounds (reaction 45)****. The same anions react with a,c-dibromoalkanes to give the
esters 303 (n = 0 or 1), and 304 similarly provides 305 followed by 306; 307 is obtainable
from 2,2’-bisbromomethylbiphenyl®™. Such dialkylations can also be performed under
phase-transfer conditions™'. Hutchinson and Thornton®* found a superior procedure to
consist in the use of the tetraisopropyl ester of methylenebisphosphonic acid and to
generate its carbanion with TIOEt; its treatment with 2-[(2-tetrahydropyranyl)oxyJethyl
iodide, followed by the conventional sequence (308a to 308d) and second anion generation,
led to the ester 309 (R = Pr’), and thence to the free acid. The sequential alkylation of meth-
ylenebisphosphonic esters with 3-bromoprop-1-yne and then with a 1-bromoalk-3-ene
allowed the construction of the cyclopentane ring in cyclopentane-1,1-diylbisphosphonic
acid esters through an enyne cycloisomerization process™.

H,C[P(O)(OR);] RI!CH[P(O)(OR);], R,'C[P(O)(OR);,  (45)
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The behaviour of bisphosphoryl compounds such as 310 towards strong bases is
reminiscent of that of analogous carbonyl compounds. Initial carbanion formation occurs
at the more acidic site, but treatment of the initial anion with a stronger base generates a
dianion, which may then be selectively monoalkylated at the more reactive site®>

o}
I I _OR nam I | _OR puLi I I _or
RO),PCH,P  ———(RO),P—CH—PZ ~ ——» (RO),P—CH—P _
(RO), P e — (RO), ~Me — (RO); ~cH,
(310) ) RIX @) R2X
(i) H;0* (i) H30*
(RO) PCHR1|I|’ (RO) |I|’CH 1‘1/OR
2 ~Me 2 2P CH,R?

The well established alkylation of phosphorylated benzyl carbanions has been comple-
mented by the arylation of purely alkyl species. Thus, diethyl (chloromethyl)phosphonate
reacts with aryllithium reagents to give the diethy! esters of benzylic phosphonic acids®*

The alternative procedure has been adopted in a synthetic route to isoprenyl (phos-
phinylmethyl)phosphonates®®. Here, a lithiated dialkyl alkylphosphonate is acylated
using an ester of the phosphonochloridic acid, R'P(O)(OH)CI, where R' is an isoprenoid
residue. The a 7ylatlon process has also been carried to with (RO),P(O)Cl or
(Me,N),P(O)CI*.



2. The synthesis of phosphonic and phosphinic acids and their derivatives 117

B. Aromatic Compounds Through Intramolecular Electrophilic Substitution

A simple example to illustrate the procedure is the thermal dehydration of 2-biphenyl-
methylphosphonic acid (311) to the cyclic acid 312**, whilst the thermolysis of the di(phos-
phonomethyl)biphenyl (313) yields two cyclic phosphinic acids in 30% overall yield with
314 as the major product™. 2-Bipheny19yl- and 2-phenoxyphenyl-phosphinic acids fail to
cyclize under a variety of conditions™, nor does (2-biphenylyl)phenylphosphinic acid
cyclize with H,SO, or polyphosphoric acid, although the corresponding phosphinic

chloride does so in nitrobenzene.

Qg Qp

(e}
(311) (312)
H,0;P
e Q-0 -
PO;H,
/P\
HO Yo
(313) (314)

When a vinylphosphonic ester (315) (R’ = CH,CH,R") is heated with polyphosphoric
acid or with phosphoric acid in toluene, cyclization occurs with the elimination of
R*CH,CH,OH. The reaction, thought to proceed through the steps illustrated, provides

560

17-70% yields of 2H-1,2-benzoxaphosphorin 2-oxides (316)™".
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C. By the Oxidation of Phosphorus(lil) Compounds

In principle, any phosphorus(IIT) compound possessing one (phosphonous acid deriva-
tive) or two (phosphinous acid derivative) P—C bonds may be oxidized to the corre-
sponding derivative of the quinquevalent phosphonic or phosphinic acid. In practice, this
might be difficult to achieve because of the extremely high reactivity of the phosphorus(I1I)
compound in oxidation under both anhydrous or aqueous conditions, and it might also
prove inconvenient because of difficulties in the synthesis of the phosphorus(III) com-
pound. Alternative synthetic routes are always available. A phosphonous dichloride
(dichlorophosphine) (317) may be converted into the phosphonic diester 319 by way of the
phosphonous diester 318; alternatively, the original dichloride 317 may be first oxidized to
the phosphonic dichloride 320 before esterification to 319; a similar sequence exists for the
phosphinous—phosphinic series.

0
I
RPX, RPX, RP(OR!), RP(OR!),
(321) 317) (318) (319)
i
RPX,
(320

In practice, the conversion of the dihalophosphines 317 initially into the more easily
handled 320 is the method of choice but, because of the very high reactivity of the former,
the conversion is more easily carried out indirectly. The readily available phosphorus(II)
chlorides®*~% are halogenated and the tetrahalophosphorane 321 is then treated with SO,
or alternatively, and more conveniently, the phosphorus(III) chioride is treated with
sulphuryl chloride for a one-step conversion. The method has not been widely adapted for
the alkylpolychlorophosphorane series, although alkyltetrachlorophosphoranes, as their
complexes with AICl,, are convertible into the corresponding alkylphosphonic dichloride
after removal of AICI, with KCI’®. Analogous alkyltetrafluorophosphoranes have afford-
ed the alkylphos?honic difluorides when treated with alkoxysilanes*® or hydrolysed at a
low temperature™”. Potassium fluorosulphinate converts MePCl, and Me,PCl each into
separable mixtures of the phosphonic (phosphinic) (di)fluoride and the corresponding thio
compounds™’.

In a novel procedure, trichloroacetic acid acts on phosphorus(IIl) chlorides with the
formation of the corresponding phosphorus(V) chloride together with dichloroacetyl
chloride™®,

The conversion of an aryldichlorophosphine into the phosphonic dichloride, directly or
indirectly, has been widely described®®". Aryltetrafluorophosphoranes are converted
into the corresponding phosphonic difluorides with hexamethyldisiloxane or other similar
silicon compounds®™*”. A constant-boiling mixture of PhP(O)F, and PhP(S)F, is
obtained from KSO,F and PhPC1,*"". Trichlorodiphenylphosphorane and MeOPCI, give
diphenylphosphinic acid in 92% yield*”.

Reactions between alkyl iodides and red phosphorus with iodine or P,I, afford the
phosphoranes R,PI;, which on hydrolysis yield the dialkylphosphinic acids®" ™",

At this juncture, it may be noted that aryltetrachlorophosphoranes have been used to
provide a wide range of derivatives of arylphosphonic and diarylphosphinic acids, as
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illustrated in reactions 46°” and 47°****!; there are many more. An aliphatic example is
shown in reaction 48°*

o
oa Ph
PhPCI, + ArSO;NH, %%+ ArSO,N=PPhCI, et~ AISONHP
Me

(46)

0}

I Ar
ArPCl, + RCONH, —— RCON=PArCl, 0t RCONHP<CI

(0]
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OH
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MeOOCNH, + MePCl M |1|>/Cl 48
€ 2 el “>~Nnco . “8)

In the aromatic series, the required arylphosphorus(III) chloride is very often obtained
through a Friedel-Crafts type of reaction, which may be inter- or intra-molecular in
nature. Typical of an intramolecular sequence is the conversion of dichloro(2-
phenylethyl)phosphine into the cyclic phosphinous chloride 322 by the action of AlCl;, and
convertible into the cyclic phosphinic acid 323 through an oxidative-hydrolytic
sequence58 5-Chloro-5H-dibenzophosphole (324) is convert1ble into the phosphinic acid
325, asis 326 into 327, using the same oxidative procedure’”. Apart from the relatively few
examples of intramolecular nature, reactions involving arenes—PCl,~AlCl, are subject to
restrictions sometimes encountered in normal Friedel-Crafts reactions, particularly the
lack of regiospecificity in substitution, and the necessity for ring activation. A mixture of

"diphenyl ether, PCl, and AICl, (1:1:0.15) yielded 13% of 4-phenoxyphenylphosphonous
dichloride convertible, by way of the corresponding tetrachlorophosphorane into (4-
phenoxyphenyl)phosphonic acid®™®

(l) HzOz—HO
PhCHzCH2PC12 - .
P (ll) H3O
I

// \
(322) (323)

Cl
(324) (325) (326) (327)
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Another study of the same system succeeded in the isolation of phenoxaphosphinic acid
(329) after oxidation—hydrolysis of the intermediate chlorophosphine (328), but the overall
yield of the phosphinic acid was only 2%°*. Freedman et al. carried out the same reaction
with other di-para-substituted-aryl ethers to give alkylated phenoxaphosphinic acids™®
and they also were able to obtain the correspondmg phenothiaphosphinic acid (330) (X =
S, R = Me) in 25% yield from di-p-tolyl-sulphide®®’. Many substituted phenoxaphosphinic
acids have been synthesized from diaryl ethers which, depending on their substituents, can
provide mixtures of products (reaction 49)°**>*°. The formation of phenazaphosphinic acid
(330) (X = NH, R = H) and its derivatives has been discussed elsewhere™'

o8 @EI@ @EJ@

// \
(328) (329) (330)
OO D 0
o’ oHY

During the interaction of 2,6-di-tert-butylphenol and PCl, without added catalyst,
either O-phosphitylation or reaction at C may occur, the latter particularly when the
reaction is performed in the presence of Et,N. Appropriate manipulation of the
aryldichlorophosphine leads to the corresponding phosphonic acid*>.

D. Synthesis Through Elimination Reactions

The early literature describes examples of elimination reactions of a rather forcing
nature which have not been explored further. For example, the elimination of HCI from
(2-chloroethyl)phosphonic dichloride occurs over BaCl, at 330 °C*? and dechlorination
of (1,2-dichloroethyl)phosphonic diesters occurs on heating with zinc dust™. Dehydro-
chlorination of a (2-chloroalkyl)phosphonic acid occurs on simple pyrolysis™, but the pre-
ferred procedure consists in the treatment of the acid diester with Et,N in warm benzene™®,
a procedure also used for analogous (2-chloroethyl)phosphinic esters® . The dehydro-
halogenation of isopropyl (2-haloethyl)phenylphosphinate by a chiral tertiary amine,
such as quinine, quinidine, 1-phenylethylamine or N-methylephedrine, in a less than equiv-
alent (%uantlty, affords an enrichment of one enantiomer of the ethenylphenylphosphinic
ester®

The ehmmatlon of HCl from the diester 331 with base afforded a mixture of the diesters
332 and 333, both as E-Z mixtures, together with 334. During the course of contact with
the base, the composition of the product mixture was determined by proton NMR spec-
troscopy and GLC. For the a,8- and f,y-unsaturated esters, plots of composition vs time
cross, showing their interconvertibility. Formation of the product 332 is kinetically con-
trolled, and both 333 and 334 are the thermodynamically controlled products. At final
equilibrium, the mixture of unsaturated esters 332-333-334 had the composition
12:84:4%", Similar prototropic changes had been observe earlier during the dehydrochlo-
rination of diethyl (2-chloropentyl)phosphonate®”.
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Me O Me
PrCl—CHZII"(OEt)Z Pr(L,=CHI“’(OEt)2
a
(331) (332)
O
EtCH=C(Me)CH2{|°(OEt)2 H2C=C(Et)CH2¥’(OEt)2
(333) (334)

The addition of PCI; to alka-1,3-dienes has already been discussed, and attention has
been drawn to the disputed nature of the products. Irrespective of whether, in the product
phosphonic dichlorides, chlorine resides on Cy, or on Cy, their reaction with Et;N results
in dehydrochlorination to the (alka-1,3-dienyl)phosphonic dichloride® *”. If the phos-
phonic dichloride is initially converted into the phosphonic diester, the dehydrochlorina-
tion can be carried out with KOH in ROH®*®® Dehydrochlorination of
(2-chloroethenyl)-phosphonic and -phosphinic acids or their esters to generate the alkynyl-
phosphonic or -phosphinic derivatives also employs alcoholic alkali solutions®*'".

Dehydration of the sodium salts of 1-hydroxyalkylbisphosphonic acids (335) occurs at
400 °C to give alken-1,1-diylbisphosphonic acids (336)°'°. Esters of this last acid have been
prepared through the base-catalysed reaction of the corresponding methylenebisphos-
phonic esters with HCHO, followed by p-toluenesulphonic acid-catalysed dehydration of
the resulting (hydroxymethylene)bisphosphonic ester. The reaction of 337 with dia-
zomethane and distillation of the pyrazolinebisphosphonate product leads to loss of
nitrogen and the formation of a homologue (338) of 337°". Deacetyloxylation, either
thermolytic or by NaNH, in liquid ammonia, is sometimes the preferred procedure®.
Similar results are achievable through the aminomethylation of esters of methylenebis-
phosphonic acid with (Et,N),CH,; on attempted distillation, the products lose diethy-
lamine to yield ethenylidenebisphosphonic esters (337)°".

RCH,C[P(O)(ONa),], ~2°C . RCH=C[PO;H,},
[ (i) H;,O*
OH
(335) (336)
CH,
RICHN P AN
[(RO),(O)P[,C=CH, : [(RO)(O)PLC /CHRl
N=N

(337)

[(RO),(O)PJC=CHCH,R!
(338)
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Pyrolysis (in boiling toluene) of the sulphoxide obtained from a dialkyl (1-phenylth-
1oa1kyl)Phosphonate (339) and 3-chloroperoxybenzoic acid affords an alkenephosphonic
diester®™®, and subsequent work showed that the sequence was adaptable to the production
of chiral esters of alkenylphosphonic diester with optical purities of not less than 93%. Use
of the (S)p-phosphonic amide 340 afforded a mixture of the (E)-(S)p- and (Z)-(S)p-
stereoisomers (341), separable by chromatographic methods®".

” (i) BuLi ” (iii) mCPBA ”
OB ps i) mCPBA _ o 1 cH=
PhSCH;P(OR); - i R CH2C|JHP(OR)2 o pve~ RICH=CHP(OR)
SPh heat
(339)
Et
0 i g
PhSCH _
IP/;,,,,OEt Meﬂ‘;\/lp ““"OEt
N N
choom Dnmcoom
(340) (341)

[2-(2-Pyridinylsulphinylmethyl)alkyl]phosphonic diesters have likewise been used®®.
The sulphoxides may also be obtained from the compounds 342 (prepared as indicated in
reaction 50) by their further treatment with an alkyllithium and alkyl halide®'®. A further

O SO, Lit
EOLPCHR - EORPCHR 2% oy cw
SiMe; SiMe;
5 7°
(EtO)zlll—gRl (50)
(342)

R| 1 o)

ii1) R2Li H “

(Tu) Li ( " )2 2 heat
(iv) R3CH,X |

CH,R3

I
(Et0),PCR!=CHR3

variation uses reactions of N-(p-toluensulphonyl)ethenyl sulphoximines to obtain dialkyl
(1-substituted-1-ethenyl)phosphonates by the base-catalyzed p-elimination from the
initial Michael adduct (Scheme 14)%.
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(MeO),P(O)H, MeONa, MeOH
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I
N
tosN\S //O P(OMe), tos \S //O—P(OMe)z P(OMe),
7 TR Ph” R R

SCHEME 14

E. Synthesis of Alkenylphosphonic Acids Using the Wittig Reaction

The Wittig reaction involves the interaction of an aldehyde or ketone witha phosphorus-
containing carbanionic species, in which the phosphorus is bonded directly to the
carbanionic site. At the time of discovery of the reaction, that specification described the
triphenylphosphonium alkylides 343; later developments employed the anions from fer?-
phosphine oxides, the use of which has been described elsewhere in this series®, and also
from a wide variety of phosphonic and phosphinic esters. This latter application will be
considered more fully in Chapter 6. An early application of the reaction to the synthesis of
alkenephosphonic acids, and which involved an ylide, employed the stable compound 344,
generated from 345 by the action of a strong base. Reactions between 344 and aliphatic
or aromatic aldehydes at 100 °C in toluene or dmso gave the diphenyl esters of (alk-1-
enyl)phosphonic acids or (2-arylethenyl)phosphonic acids®,

0
_ I I _
Phy—CHR ~—~= Php—CHR  (PhO),P—CH—PPh;  (PhO)PCH,PhiCl
(343) (344) (345)

The use of esters of a (substituted-methyl)phosphonic acid to provide the carbanion site
next to phosphoryl phosphorus was a natural step forward. The most successful develop-
ment has been the use of the carbanion 346 derived from esters of methylenebisphospho-
nicacid (or its monoalkylated derivatives). The anion 346 reacts with an aldehyde to afford
the alkenylphosphonic diester 347 (R = Et, Ph, PhCH=CH, 2-thienyl, 2-pyridinyl,
etc,)™* Use of the protected 3-pyridinylcarboxaldehyde 348 allowed the preparation of
the ester 349, which, after reduction of the C=C bond and hydrolysis, afforded the phos-
phonic acid 350°. Such reactions have also been carried out under phase-transfer condi-
tions™. Reactions between the lithium salt of the ester 351 and benzaldehyde or but-2-enal
give the (alk-1-enyl)phosphonicesters 352 and 353 in the ratio 1:4; the lithium salts 354 and
355 are formed concomitantly in the ratio 4:1°.

P P 0
(RO),PCH,P(OR), _Ba¢ _ (RO),PCHP(OR), +RICHP0 (RO),PCH=CHR!
~(RO),PO,-

(346) (347)
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Me \ O OH o) OH
Me I
O CHO HO x_ P(OEt), HO PO;H,
Me N Me N Me N

(348) (349) (350)
0 (0]
Me \P/O I Me N \1/O (EtO) I|>|CH CHR
P(OEt ,PCH=
Me 5 ~_- P(OEt), Me /N CH=CHR
(351) (352) (353)
Me X
(Et0),POOLI X POOLI
Me
(354)
(355)

Other workers have tried to demonstrate selectivity in the breakdown of phospho-
nomethylphosphinates under Wittig conditions. In the reaction between the anion from
356 and an aldehyde, the initially formed intermediate 357 can break down along pathways
A or B to give the alkenyl phosphonic diester 358 or the analogous-phosphinic ester 359.
Using Pr'CHO and 356 (R! = Et, Cy, Ph or other aryl), it was shown that the course of the
elimination could be directed by modifications in steric and electronic factors. With yields
of the esters 359 in the range 10-70%, those of the diesters 358 were 70-10%%%. Prashad®®
found that, in the reactions of 356 (R' = Me) with a range of aldehydes, elimination was in
favour of pathway B.

0O O
O 1 O
I I _RY G Bt (Et0) g E’/R A | R?
1 1119
(BORPCHP {0 2 I SOBt| — (BO),P TN
R27 “OLi*
(356) (357) (358)

(359)

In a novel adaptation of the Wittig reaction, the use of the (1-oxoalkyl)phosphonic
diesters 360 (R = Me or Et, R' = Me, Et, Ph or PhCH,) (Chapter 3, SectionVI.A.1) and a
triphenylphosphonium ylide afforded largely the (E)-alkenes 361 (R®> = Ph, CN or
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COOEL), whereas the use of the phosphonate (Wadsworth-Emmons) reagent gave large-
ly the (Z)-alkenes 362°°.

o) I
Il PhyP—CHR? H P(OR),
(RO),PCR!
Il R2 Rl
O
(360) (361)
(EtO),PCHR3
l
R3>=< P(OR),
H R!
(362)

Some steric control in alkenephosphonic acid formation was achieved using the stanny-
lated phosphonic diesters 363, generated in situ from the lithiated phosphonic diester and
R%SnCl, and from which the (E)- and (Z )-alkenephosphonic diesters were, respectively,
the thermodynamically controlled and the kinetically controlled products, the stereo-
chemistry of the reaction appearing to be governed by R? %! Purified trimethylsilyl
analogues of 363 may be similarly employed®”.

0
(EtO),PCHR(SnR?23)

(363)

Stepwise alkylation of the diester 364, obtained conventionally using the Michaelis—
Arbuzov reaction, leads to 365, from which the O-(2-trimethylsilylethyl) protecting
group may be removed with HF in MeCN. A Peterson reaction on the deprotected
alcohol 366 (R” = grenyl) results in the formation of the unsaturated phosphonic diester
367 (R* = prenyl)*>.

¥ g g9
(EtO),P—COCH,CH,SiMe;  (EtO);P—COH (EtO),PCR?>=CH,
k 1;2
(366) (367)

(364) R' =R2=H
(365) R! = Me3SiCH,

Further discussion of the Wadsworth variant of the Wittig reaction is deferred to
Chapter 6.
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F. Synthesis Based on Prototropic Rearrangement

A simple example of this type of reaction is that in which prop-2-enylphosphonic dichlo-
ride is converted into the prop-1-enyl isomer by the action of Et;N. In reality, equilibrat-
ed mixtures of the tautomers are produced; those obtained from the phosphonic
dichlorides 368 (R = Me or Ph) contain 20% 368 and 80% 369°*. The conversion of 1-
chloro-3-methyl-3-phospholene 1-oxide into its 2-phospholene isomer is catalysed by
phosphorus(III) chlorides or by metal chlorides, the efficacy of the latter decreasing in the
order ZnCl, > PCl, > SnCl, > TiCl,; the presence of oxygen is said to inhibit the rearrange-
ment, and freshly distilled samples are more easily rearranged than are old samples®’.

_CH,P(0)Cl, Me P(O)Cl,
H,C=C __ —_—
R R H

(368) (369)
When treated with potassium fers-butoxide, the [l-(prop-2-ynyl)alkyllphosphonic

diesters 370 (R = H, Me, Ph, etc.) undergo prototropic isomerization to the (1-R-buta-1,3-
dienyl)phosphonic diesters (371)**.

0 0 o
EtO |I}’CH R DBl |l|’OEt) A lll’(OEt)
(EtO)PCHR — o oiBr M( (OEt), \/\r 2
R
(370) 371

An early report claimed that the treatment of diethyl prop-2-enylphosphonate with
NaOEt brings about its isomerization to diethyl prop-1-enylphosphonate, which is
followed by the addition of sodium diethyl phosphite (present in the Michaelis—Becker
synthesis of the original substrate) to give tetraethyl (1,2-propanediyl)phosphonate™. A
later communication claimed that diethyl prop-2-enylphosphonate undergoes dimeriza-
tion when treated with NaOEt; the exothermic reaction was pictured as the addition of the
substrate to diethyl prop-1-enylphosphonate (which itself does not dimerize) produced by
rearrangement. Finally, the initial adduct (372) itself rearranges to 373>,

MeCHCH,P(O)(OEt), MeCHCH,P(O)(OEt),
H,C=CHCHP(O)(OE), MeCH=CP(O)(OEt),
(372) (373)

Phosphorylation with (EtO),P(O)Cl of the mesomeric anion obtained from diethyl
prcgg-Z-enylphosphonate and LiN(SiMe,),, leads to the bisphosphonic derivative 338 (R =
H)™.

v 9 v g
R2 P(OEt), R3 P(OEt),
R! R!
374 (375)
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A further indication of equilibration as the result of deprotonation is the reverse
isomerization of the diethyl alkenylphosphonates 374 into the alk-2-eny1ph034phonates 375
[R' = H,R*=R*=Me, R*= H; R* = pentyl or Ph, R* = H, R’R! = (CH,),*.

G. Miscellaneous Synthetic Reactions for Alkenyl and Alkynyl Phosphonic
Acids

Esters and other derivatives of alkenyl- and alkynyl-phosphonic acids, and of the
correspondingly unsaturated phosphinic acids, undergo a wide range of addition and
cycloaddition reactions which will be considered more fully in Chapter 6. These reactions
include applications of the Diels—Alder reaction to yield carbocyclic phosphonic acids
based on mono- and poly-cyclic ring systems, some of which are precursors to other
aromatic phosphonic acids. A typical example of this procedure is the addition of dimethyl
(bromoethynyl)phosphonate to 2,3-dimethylbutadiene; elimination of HBr from the 1:1
cycloadduct, using Et;N, affords dimethyl (2,3-dimethylphenyl)phosphonate®. The
addition of carbenes to alkenylphosphonic derivatives yields those of cyclopropylphos-
phonic acids*.

Other addition reactions include those of dialkyl hydrogenphosphonates to alkynyl-
phosphonic esters under basic catalysis, observed by Saunders and Simpson*” and by
others (reaction 51)*!, but also of some interest are those additions of hydrogenphospho-
nates to acetylenic alcohols such as 376 (Scheme 15)*2. The addition of hypophosphorous
acid to the alcohols 380 affords the alka-1,2-dienephosphinic acids 381 which, when treat-
ed with acid, cyclize to the acids 382°%.

(RIO),P(O)H + (R20),P(0)C=CR3 ———~ [(R10),(0)PL,CR*CH,P(O)(OR?),
(51

HC=CCH,0H + (Et0),PONa —— HC=CCH,0Na + (EtO),POH
(376)
HC=CCH,0ONa + (EtO),POH —— (EtO)zP(O)CHzclHCHZONa
P(O)(OEt),
377

377 + (EtO),POH —— (EtO)zP(O)CHZCIHCHZOH

P(O)(OEt),
(378)
-H;O
378 (EtO)zP(O)CH2C|=CH2
P(O)(OEt),
379
(EtO),POH

379 ——— [(Et0),P(O)CH,J,CHP(O)(OEt),
SCHEME 15
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Addition of hydrogenphosphonates to the 1,4-quinonemethides 383 to give the 4-
hydroxyphenyl polyphosphonic acids as their esters 384 is well established®>*®, and that
of hydrogenphosphonates to p-benzoquinone itself is reported to give the 2,5-dihydrox-
yphenyl-1,4-bisphosphonic acid derivative®".

R3
0
H,PO,H OH y-+ = O
HOCR!R2C=CR? —2>—>—~ RIR2C=C=CR3P L -1~ _, p=
H R VN
OH
R2
(380) (381) (382)
(RO),POH
o) CH,[PO3R3}, , —— HO CH,[PO3R 3.,
(383) (384)

The conjugate addition of alkyl or vinyl copper complexes to (alk-1-enyl)phosphonic
diesters occurs readily, and that of R’CuMgX, to diethyl ethenylphosphonate affords
R’CH,CH,P(O)(OR), in 70-80% yields; additionally the use of the complexes
R'R’C=CHCuMgBr gives 25-90% yields of the phosphonates 385%.

O
R! I

R2>=\—/P(OR)2

(385)

Vinylation or arylation at C,; in dialkyl (alk-1-enyl)phosphonates may be performed
with vinyl bromides or aryl (substituted phenyl, naphthalenyl, thienyl) bromides in systems
which contain Pd(OAc),~(2-MeC¢H,),P-Et,N* and, interestingly, the same catalyst sys-
tem used in conjunction with iodobenzene and dialkylprop-2-enylphosphonates affords
products which then isomerize into dialkyl (3-phenylprop-1-enyl)phosphonates®*.

The thermally initiated isomerization of dialkyl alk-2-enyl phosphites leads to phos-
phonic diesters (reaction 52)'*° and is also to be found in cyclic systems when, for instance,
the 1,3,2-dioxaphosph(IIl)orin 386 gives the 1,2-oxaphosph(V)olene 3875%.

(0)
I
(RO)POCHR!CH=CHR2? —— (RO),PCHR2CH=CHR! (52)
Me
Ac
(0}
o e o %0
/ /o
(6] 0 R
Me

(386) (387)
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Of an equally novel nature is the thermally catalysed rearrangement of the phosphine
oxides (or sulphides, or selenides) 388 into the equilibrated system also containing the
corgesponding 389 and which, on addition of an alcohol, gives rise to the phosphinic esters
390%".

)||(/ \ )“( - )||( F
Ar—P, \ Ar—P ) ROH_ AP <hhd
\— \ “oR
(388) (389) (390)
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NOTE ADDED IN PROOF

The following short selection of relevant publications extends the literature coverage to mid-1995.

Section Il

Michaelis—Arbuzov reactions have been carried out with tribenzyl phosphite and mixed alkyl diben-
zyl phosphites (PhCH,0),POR. A trace of an alkyl halide causes the former to isomerize to the pre-
dicted dibenzyl benzylphosphonate, but when the mixed phosphites are treated with the halide R’X,
loss of benzyl halide occurs with the formation of (PhCH,O)(RO)P(O)R’. The high reactivity of the
systems led to the formation of several oligophosphonates®™. Carbohydrate-like 1,2-oxaphosphori-
nanes have been prepared from 2,3-dimethoxybutane 1,4-dihalides and PhP(OEt), as mixtures of
diastereoisomers (compare the formation of 57)°*.

Diarylcarbenes, for example, Ph,C: in sensitized (with benzophenone) or unsensitized form, may
be inserted into the P—H bond of dialkyl hydrogenphosphonates to yield dialkyl (diarylmethyl)phos-
phonates under neutral conditions®.

Many further examples of the interaction of PCl, or dichlorophosphines RPCl, in sulphuric acid
with a wide range of adamantane substrates, variously substituted, have been reported when the prod-
ucts are the adamantylphosphonic dichlorides or [adamantyl(R)] phosphinic chlorides, respectively.
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However, the use of PBr, under the same or similar conditions results in halogenation of the adaman-
tane substrate rather than phosphorylation®®.

The hydrophosphonation of 1-methylcyclohexene by the addition of a dialkyl hydrogenphospho-
nate in the presence of an organic peroxide proceeds regioselectively to yield the (2-methylcyclohexan-
1-yl)phosphonic diester. Additions to 1,2-dimethylcyclohexene proceed stereoselectively with trans
addition, and those to 4-methylcyclohexene occur to give mixtures of regioisomers®™.

Section V

Therearrangement of dialkyl 3-pyridinyl phosphates and thiophosphates under the influence of a base
(Ida) at low temperatures has been shown to be remarkably regioselective. In the case of the diethyl
phosphate ester, the sole product is diethyl (2-hydroxy-4-pyridinyl)phosphonate; with the corre-
sponding thiophosphate O, 0, O-triester, diethyl (3-hydroxy-2-pyridinyl)phosphonothioate is formed
in a large excess over the (2-hydroxy-4-pyridinyl)phosphonothioic diester®’.

Section VI

A convenient synthesis of diethyl (2-arylethenyl)phosphonates starts with readily available diethyl
methylphosphonate; this is converted into its carbanion (BuLi) and the latter acted upon by an appro-
priate aldehyde or ketone. The resultant (2-substituted-2-hydroxyethyl)phosphonate is phosphory-
lated and, without isolation of the phosghate ester, a treatment with KOBu' eliminates diethyl
phosphate and yields the desired product®™. Other diethyl (2,2-disubstituted-ethenyl)phosphonates
have been prepared by the addition of organomagnesium-—copper reagents to diethyl ethynylphos-
phonate®”.

A general synthesis of cycloalkylphosphonates, starting from diethyl(trichloromethyl)phospho-
nate, has been outlined by Savignac et al.**. The important steps are indicated in Scheme 16, but each
is accompanied by other reactions leading to linear products, particularly when n = 2; the yields of the
cyclophosphonic diester products (n = 3-6) are said to be in the range 18-75%.

0 0 |c1 ? |c1
H 3 BuLi |
(RO)PCCl; 22 |(RO),P—C—SiMe; | BCHIBT_ (R0) p—C—SiMes
(ii) Me3SiCl -

Lit (CHy),Br

(i) BuLi
(i) H;0*

\Rl
R!= SiMe3
BuyNF/thf/H,O
R!=H j e ! 2
SCHEME 16
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i. INTRODUCTION

Functionalized phosphonic and phosphinic acids and their derivatives are obviously of
interest to the organophosphorus chemist, but the importance, both actual and potential,
in other areas, particularly in the biological sphere, cannot be overemphasized. Prominent
amongst the many important compounds are, for example,the insecticide dipterex (1) and
the herbicide glyphosate (2)', both synthetic compounds. Several phosphonic acid antibi-
otics have been isolated from Streptomyces species. (25)-2-Amino-4-(hydroxymethyl-
phosphinoyl)butanoic acid (3), otherwise known as phosphinothricin, and a substance
which also possesses herbicidal activity, is a component of the peptide y-(hydrox-
ymethylphosphinoyl)-L-a-aminobutanoyl-L-alanyl-L-alanine, also present in the same
organism. (1,2-Epoxypropyl)phosphonicacid, [(3-methyloxiranyl)phosphonicacid] as the
(2R,3S)-diastereoisomer (4), also known as phosphonomycin, is important from the phar-
maceutical standpoint as a broad spectrum bactericide, and it is produced commercially.

0 0
(MeO)ZI!CH(OH)CCh (HO)zlllCHzNHCHZCOOH
) 2)
COOH
H,N >C -<H (|'|) H% H
(:JH2CH21|)Me H3C/? POH),
OH )
3 )

(2-Aminoethyl)phosphonic acid (5) occurs as various N-substituted derivatives in
several lower organisms >*. Compounds 6*, 7 and 8, are all antibiotics. Further details of
these compounds can be found in ref. 18.

Much recent interest has centred around the synthesis of compounds of potential
pharmacological interest. Essentially,this area of interest is based on the premise that
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carbon-phosphorus bonds are stable to enzymatic activity and that the P(O)CH, group
and, more particularly, the P(O)CF, group, are isosteric to the P(O)OC group found in bio-
logically active phosphate esters. Even if P—C bond fission were to occur, it would be
expected to proceed much more slowly than that of the P(O)OC system in phosphate esters.
Thus, many analogues, both isosteric and non-isosteric, of naturally occurring phospho-
rus compounds have been prepared and subjected to pharmacologlcal assessment. In point
of fact, C—P bonds are cleavable under biological conditions™®

The position of the functional group(s) in the carbon moretles,particularly with regard
to the carbon—phosphorus bond, can have a profound effect on the chemical properties of
that bond; excellent examples are the presence of an OH on the a-carbon atom, or of an
oxo group in the a-position, both of which weaken the P—C bond Other properties of a
group are consequent upon its position, for example, the pronounced acidity of a hydro-
gen atom sited on a carbon atom immediately adjacent to the phosphoryl group, and even
more so in the presence of a second electron-withdrawing group, either phosphoryl, as in
methylenebisphosphonic acid, or,for example, COOR, as in phosphonoacetic acid and its
derivatives.

The previous chapter surveyed the methods available for the synthesis of various types
of phosphonic and phosphinic acids and their derivatives classified simply by the types of
carbon skeletal structures—structures which, with the exception of the aromatic acids, lack
carbon-bonded functional groups. This chapter now extends the survey to include those
phosphonic and phosphinic acids which possess one or more of the more important func-
tional groups. As in the previous chapter the literature is surveyed up to early 1994, and
an overlap is made with the earlier reviews included in the series edited by Kosolapoff and
Maier™ and in the Houben-Weyl volumes'*'* from which, in general, other references to
the earlier literature should again be sought, except in so far as work of particular histori-
cal or synthetic importance is concerned.

At the time of publication, Kosolapoff and Maier’s review included coverage of the
rather sketchy knowledge of the functionalized acids then known, but since the early 1970s
our knowledge of the types of functionalized acids and their chemistry has grown enor-
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mously. Some aspects of these developments have been surveyed recently”, and other
volumes have described the biological chemistry of many functionalized quinquevalent
phosphorus acids'* . The organic chemistry of these same acids is surveyed annually”’,
and literature surveys are available for individual acids'®.

II. HALO-PHOSPHONIC AND -PHOSPHINIC ACIDS
A. Syntheses Through Phosphorus—-Carbon Bond Formation

1. From haloalkanes through the Michaelis—Arbuzov and Michaelis—Becker reactions

In principle, the reaction between a dihaloalkane (9) and a phosphorus(III) ester (10;
(R' = alkyl, aryl or alkoxy) initially affords the haloalkyl compound 11; the use of a tri-
alkyl phosphite would thus lead to an (w-haloalkyl)phosphonic diester 11 (R! = alkoxy,
R? = alkyl), whilst that of a phosphonite diester (10; R! = alkyl, aryl) would afford an (w-
haloalkyl)alkyl(or aryl)phosphinic ester. Depending on the ratio of reactants, further
reaction might then take place (pathway A), resulting in the formation of the compounds
12. Depending also on 7, and on the reaction temperature, the alternative pathway B may
be followed; the products are then cyclic phosphonic or phosphinic acid derivatives 13, and
examples following both reaction pathways have been discussed (chapter 2, Section A).

0 o)
OR2 I _OR2 R20
X(CHy),X + RIP RI—pP_ >
( 2) \OR3 \ /
(CHZ)n

® 10 (12)

|
P—R!

-R3X

0
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RIP B /\ -0
-R2X

S (CH),X CH), P
o R

1) aa3)

As in all Michaelis—Arbuzov and Michaelis—Becker reactions, the usual order of
decreasing reactivity at the carbon-halogen bond, I > Br > C1> F, applies with carbon—flu-
orine bonds tending to be unreactive, other than in exceptional circumstances. Even for
diiodomethane, the most reactive dihalomethane, reactions with trialkyl phosphites can
be made to yield esters of (iodomethyl)phosphonic acid (11; R'=0-alkyl, R’ =alkyl,n=1,
X =1)"*orin the presence of more phosphite ester, the methylenebisphosphonic ester 12
(R' = O-alkyl, n=1); in the same way, diethyl phenylphosphonite affords 11 (R'=Ph,R’=
Et,n = 1, X = I). Bromoform and iodoform, although reactive to trialkyl phosphites, tend
to yield alkyl halide, dialkyl hydrogenphosphonate and dialkyl phosphorohalidate, but
(halomethyl)phosphonate esters are not obtained. With tetrahalomethanes, particularly
those based on two or more different halogens, a more interesting picture is presented.
Triethyl phosphite and tetrabromomethane are reported to yield EtBr quantitatively”', but
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reactions between phosphite or phosphonite esters and carbon tetrachloride have been
examined extensively and have a usefulness in the preparation of esters of
(trichloromethyl)phosphonic acid and analogous phosphinic acids. However, the reaction
is not completely general since, for example, trimethyl phosphite reportedly yields hexa-
chloroethane and dimethyl phosphorochloridate, and indeed, these are by-products in
many of the examples of the reaction®; triphenyl phosphite does not react with tetra-
chloromethane, and when the latter is heated with tris(2-chloroethyl) phosphite at a tem-
perature higher than 140 °C, the result is mere isomerization of the phosphite™ . Free
radical mechanisms have been advanced to account for the formation of dialkyl
(trichloromethyl)phosphonate, dialkyl phosphorochloridate and hexachloroethane in
peroxide—catalysed reactions between phosphite triesters and polyhaloalkanes® % . Bis(2-
chloroethyl) phenylphosphonite and CCl, react together to give 2-chloroethyl phenyl
(trichloromethyl)phosphinate in the expected manner? and other aryl(trichloromethyl)-
phosphinic esters have been similarly obtained? .

By contrast to carbon tetrabromide, bromotrichloromethane reacts with phosphite
esters, including tris(2-chloroethyl) phosphite, to give the corresponding diester of
(trichloromethyl)phosphonic acid”*?; fluorotrichloromethane likewise affords esters of
(dichlorofluoromethyl)phosphonic acid™. In other cases, for example, CF,I, CF,Br,” %
and CFBry"™, it is always the halogen other than fluorine that is displaced. Thus far,
(difluoroiodomethyl)phosphonic diesters have been obtained by the action of iodine on the
zinc reagents from dialkyl (bromodifluoromethyl)phosphonates®. A slightly more unusu-
al example which might be quoted is the formation of triethyl fluorophosphonoacetate,
(EtO)ZP(O)CHFCOOEt, in the reaction between triethyl phosphite and ethyl bromofluo-
roacetate®’,

It has already been indicated that the course of any reaction may depend, to some extent,
on the nature of the phosphite (or phosphonite) ester (phosphinite esters yield phosphine
oxides). Thus, tris(perfluoroalkyl) phosphites do not undergo a Michaelis—Arbuzov reac-
tion with perfluoroiodoalkanes, although reports on the outcome of any reaction between
triethyl phosphite and CF;l, under normal conditions, are conflicting; reactions do appear
to proceed under photostimulation”’. A normal reaction does take place at high tempera-
tures between polyfluorinated trialkyl phosphites and methyl iodide, when the product,
MeP(O)(ORy),, is accompanied by oxidation of the phosphite to phosphate®. Either elim-
ination or alkylation accompanies the formation of unidentified phosphorus-containing
produ%s in the reactions between trialkyl phosphites and the halides C1,C(CF,),Cl (n = 2,
40r6)”.

The greater nucleophilic reactivity of silyl phosphites towards organohalogen com-
pounds results in a greater complexity in product composition; thus, dialkyl trimethylsilyl
phosphites and CCl, afford the dialkyl (trichloromethyl)phosphonates in yields of
50-60%, together with various halogenated silicon-containing products and a dialkyl
phosphorochloridate (in up to 30% yield)*.

(Trichloromethyl)phosphonic diesters themselves undergo Michaelis-Arbuzov reac-
tions with trialkyl phosphites to give esters of (dichloromethylene)bisphosphonic acid,
although in the presence of alcohols such reaction mixtures then afford diesters of
(dichloromethyl)phosphonic acid, presumably through the alcoholysis of the
Michaelis-Arbuzov intermediate*'. In a similar vein, the gem-dihalide 14 yields the
bis(phosphonic diester) 15, although in low yields only, the main reaction being one of
oxidative dehalogenation and the formation of phosphorus(III) acid chlorides together
with o-phenylene carbonate®.

The failure to obtain an ester of (2-bromoethyl)phosphonic acid from trimethyl phos-
phite and 1,2-dibromoethane is due partly to competitive reaction between the evolved
methyl bromide and the phosphite and partly to debromination. On the other hand, the
use of higher trialkyl phosphites is more successful, although it still becomes necessary
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finally to separate the required ester, BrCH,CH,P(O)(OR),, from the by-product,
RP(O)(OR),”*. Depending on the choice of phosphite ester, the halogen in the
dihaloethane and the reaction conditions, esters of type 12 may also be formed as by-
products. With the more reactive halogens on vicinal carbon atoms, the possibility of
dehalogenation, leading either to simple alkenes or to alkenylphosphonic diesters, must be
taken into consideration. However, in its reaction with triethyl phosphite, loss of halogen
occurs only at the more reactive site in 16 to give 17, whereas under similar conditions, 18
affords 19%.

Cl
O < ot °r
(6] O (8] X
(14X = Cl 16)X = Cl (18) X =Cl
(a5 XxX= P(O)(OEt), anxXs= P(O)(OEt), (19) X = P(O)(OEt),

Continuous monitoring of density and refractive index for mixtures of trialkyl
phosphites and the dihalides 20 indicates a two-stage interaction, the outcome of which, at
room temperature, is the formation of the esters 21. No reaction occurs between 20 (X =
Cl, Y = COOMe) and phosphite (R = Et or Bu), even at 60 °C*, but otherwise the products
have the composition 21 (Y = O-alkyl***, CN* or COOMe****) for X = Br. In certain cases,
the Michaelis-Arbuzov reaction proceeds further to give 22 (Y = OR)*.

o)
RO);P I
XCH,CHXY —22¥ . (R0),PCHYCH,X

(20) @n

0
I I
(RO),PCHYCH,P(OR),
(22)

The reactions between phosphite esters and longer chain polyhalogen compounds, par-
ticularly polyfluorinated compounds, can be complex and the resultant phosphonate esters
are based on dehalogenated carbon moieties. With triethyl phosphite, the polyhalides 23
(n=2, 4, or 6) initially yield the alkenes 24, and further reaction with phosphite ester leads
to the phosphonates 25 accompanied by fluoroethane (and not by iodoethane); the only
polyhalide examined which did not give rise to a phosphonate ester was ICIFCCCIF),the
product then being F,C—=CFCI”. Similar dehalogenations by trialkyl phosphites have
already been encountered for iodine-free polychlorofluorocarbons®. On the other hand,
the halides 26a—c do afford the corresponding 27°".

Although monohaloalkenes do not normally undergo the Michaelis—Arbuzov reaction,
they may do so under conditions of metal catalysis or photostimulation; the two-stage

o}
[
1(CF,),,CFCICF,Cl 1(CF,),CF=CF, I(CF,),CF=CFP(OEt),

(23) (24) 25
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RCH,CH=CHCH,Cl o
26) RCH,CH=CHCH Ill OFEt
(a) R = CCL,CF; 2 —27 2P(OEt),
(b) R = CCLCF,CFCl, 27N

(¢) R = CCI,CF,CF=CFCFCl,

reactions between phosphorus(III) esters and 1,2-dichloroethene, and which were
described in Chapter 2 (Section III.C) can be interrupted to afford the dialkyl (2-
chloroethenyl)phosphonate™. Tetraethyl (1-chloroethene-1,2-diyl)bisphosphonate is the
product from trichloroethene and triethyl phosphite in a reaction carried out under catal-
ysis by NiCl,”’. Reactions have been shown to occur between fluorinated alkenes 28 and
trialkyl phosphites or dialkyl alkylphosphonites to give phosphonates or phosphinates,
ap?arently directly; the phosphonates 29 (R' = R’0) have been described with X = F or
CI*, I” and CF;*. Further reaction with trialkyl phosphite can then occur to give the
diphosphonates 30 as E-Z mixtures’*. Using the more reactive diethyl trimethylsilyl
phosphite*™ or tris(trimethylsilyl) phosphite®~, similar esters 30 (R = Et or Me,Si), and
also the phosphonate 31 (from F;SCF=CF,)*"* have been prepared. In several other
cases, reactions between trialkyl phosphites and heavily fluorinated alkenes have been
shown to proceed through isolable phosphoranes (or pseudophosphonium compounds),
but an increase in reaction temperature then results in their breakdown to phosphonic
esters. A mixture of triethyl phosphite and perfluoroisobutene, prepared at —70 °C, reacts
at -30 °C to give the phosphorane 32 which, at 125 °C, is converted into the phosphonate
33 together with 34%. Perfluorocyclobutene undergoes a similar sequence of reactions. On
the other hand, the phosphoranes 35, prepared in the cold from trialkyl phosphites and the
esters F,C—=C(CF;)COOR, decompose, when heated, with the expulsion of alkyl difluo-
rophosphites”®. Relatively few examples of analogous phosphinates, preparable from
dialkyl alkylphosphinites, have been recorded**®.

Rl O
N 7
RIP(OR?), + CF,=CFX P
(28) RZO CF=CFX
29
P 0
(RO),PCF=CFP(OR), (RO),PCF=CFSFj
(30) @31
0
(F5C),C=CFP(OEt);F (EtO),PCF=C(CF3),
(32) (33)
_F
(F3C)2C=CFP\OEt (R10);P(F)CF=C(CF3)COOR2

(34 (35
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Reactions between fluorine-containing compounds and phosphorus(III) nucleophiles
have been reviewed*.

The two-stage reactions between dichloroethyne and trialkyl phosphites (also described
in Chapter 2, Section IV.A) can also be interrupted and the dialkyl (2-chloroethynyl)-
phosphonates isolated® *’.

Several examples are known which demonstrate the greater reactivity of chlorine vs
fluorine in unsaturated compounds in their behaviour towards phosphorus(IIl) esters.
Thus, the interaction of 2,3-dichlorotetrafluoropropene and trimethyl phosphite proceeds
through an allylic displacement, by either an ionic or a concerted mechanism (Scheme 1)
to give the phosphonate 36%. The 1,2-dichloroperfluorocycloalkenes 37 (n = 2, 3 or 4) also
rezzggowith phosphite or phosphonite esters to give the phosphonates 38 or phosphinates
3977,

OR
Pt |
CICF,—2CCl=CF, —O% . F2C=CC1CF2—+1|>—OR
OLRCE
a o
. I
)rcr [ POR): . Fyc=CCICF,POR),
RN o 36
‘o ) R” (36)
SCHEME 1

c—X @NX=cl
(CF, | (38) X = P(O)(OR),
W C—X  (39) X = P(O)ORDR?

The involved chemistry of fluoroalkenylphosphonic acid derivatives has been
reviewed”'.

An interesting example of the Michaelis-Arbuzov reaction, and one which is valuable
in the laboratory and also has some commercial interest, is the intramolecular, thermally
initiated, isomerization of w-haloalkyl esters of phosphorus(IIT)acids, these being conve-
niently obtainable from phosphorus(III) halides and oxiranes. The simplest example of
this rearrangement is that of tris(2-chloroethyl) phosphite, (40; R = CICH,CH,0), best
carried out in a high-boiling solvent (e.g. cumene at 150 °C)”; the product is di-2-
chloroethyl (2-chloroethyl)phosphonate (41; R = CICH,CH,0), particularly valuable in
view of the ease with which it can be dehydrochlorinated to the corresponding diester of
vinylphosphonic acid (Chapter 2, Section IV.D). Other examples have been noted, using
halogenated phosphites derived from e?ichlorohydrin and PCl, or a dichlorophosphine™,
or oxirane and a dichlorophosphine™®'. The products from alkyl- or aryl-dichlorophos-
phines are the 2-chloroethy! esters of the (2-chloroethyl)alkyl(or aryl)phosphinic acids. 3-
Chloropropyl phosphorus(IIT) esters are likewise obtained from phosphorus(III) halides
and oxetanes (Scheme 2), two isomers, 42 and 43, being theoretically obtainable from a
2-substituted oxetane. When heated, each of these esters is then capable of yielding a linear
phosphorus(V) ester, 44 or 46, together with a cyclic phosphorus(V) ester, 45 or 47, the
formation of which is accompanied by the elimination of a 1,3-dichloroalkane. Oxetane
itself affords tris(3-chloropropyl) phosphite; this, when heated to 160 °C gives 70-80% of
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0
| _OCH,CH,CI
RPCL, + RP(OCH,CH,Cl), rp
CH,CH,CI
(40) @41)

RIPCL, + R2— >
. 0

R!P(OCHR2CH,CH,Cl), + R!P(OCH,CH,CHRZCl),

42) 3)

/ \ R2

0 7

p1)CHCH,CHRZCI /QI/ il - CHRICHCH,CI N

+ +

SOCHR!CH,CH,Cl o~ R OCH,CH,CHR2CI 7 R

(44) (45) (46) @7

) P

PCls

o
I | CH,CH,CHR2CI | | _CHR2CH,CH,CI

CICHR2CH,CH,PCl, R'P{ | CICH,CH,CHR2PCl RIP\CI

C

(A) R! = OCHR2CH,CH,CI (C) R! = OCH,CH,CHR2Cl
(B) R! = alkyl or aryl (D) R! = alkyl or aryl

(a) R! = OCHR2CH,CH,Cl, R2 = H
(b) R! = OCHR2CH,CH,Cl, R2 = Me
SCHEME 2

the bis(3-chloropropyl) (3-chloropropyl)phosphonate 44a and 20-30% of the 1,2-
oxaphospholane 45a/47a®'. The ester from 2-methyloxetane and PCl, is largely the isomer
42b (R? = Me), obtained together with some 43b. The products of the isomerization of 42a
at 150 °C are largely (64%) the 1,2-oxaphospholane 44b together with some 45b*' . Alkyl-
and phenyl-dichlorophosphines, leading to products with R' = Me, Et or Ph, behave in a
similar fashion, but practical difficulties may be experienced in the separation of the final
products®™®,

The liberation of 1,2-dichloroethane during the isomerization of 2-chloroethyl esters of
phosphorus(III) acids is of mechanistic interest and is coupled with the formation of
oligomeric phosphonates and Gefter and Rogacheva® observed the formation of the
compound 48 and liberation of 1,2-dichloroethane during the isomerization of bis(2-
chloroethyl) phenylphosphonite. According to Kabachnik, after whom the rearrangement
of chloroalkyl phosphorus(III) esters has been named, the action of heat on 2-chloroethyl
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diphenyl phosphite initially yields diphenyl (2-chloroethyl)phosphonate followed by the
tetraphenyl (1,2-ethanediyl)bis?hosphonate 49 with the liberation of 1,2-dichloroethane
(reaction 1).Gloede and Gross®™ observed the formation of the oligophosphonates 50 (n =
2-6) during the isomerization of tris(2-chloroethyl) phosphite and accounted for the
liberation of 1,2-dichlorethane with a reaction mechanism, the initial stages of which are
indicated in Scheme 3.

o)
o} I
I I Cl-+CH,CH,0P CH,CH,ClI
CICH,CH,P—OCH,CH,P—OCH,CH,Cl |
| | OCH,CH,(Cl |,
Ph
(48) (50)
0 T
(PhO),POCH,CH,Cl —(PhO),PCH,CH,Cl -CK:—;ZXC—HE (PhO),PCH,CH,P(OPh),
49) )]
~Cl
c|) j\/CI
2(RO),P RO),P*
o~ ROXPS_~0p(0R),
51
_a /\/Cl
0 0
RO),P St RO),P
(RO), \/\Cl (RO), \/\OP(OR)Z
+
[a
O /\/Cl O
(RO) {|> 7 (RO) {|> (“) OP(OR)
NN + - 2P~ % 2
O—P Oo—P
| >~ OP(OR), |
OR OR
SCHEME 3

The course of isomerization of chloroalkyl alkylene (i.e. cyclic) phosphorus(III) esters is
complex, being a function of ring size, the presence of substituents on carbon atoms, the
nature of the ring hetero substituents (other than phosphorus), the chloroalkyl chain
length and the experimental conditions. In general, 2-chloroethyl and 4-chlorobutyl esters
require higher temperatures for the isomerization to occur than do 3-chloropropyl
esters®® %8, The isomerization of the corresponding bromoalkyl esters also occurs at a tem-
perature lower than that required for the chloroalkyl analogue®.

Mixtures of isomeric 2- or 3-chloroalkyl phosphorus(I1I) esters (54, major isomer); 55,
(minor isomer) are obtained when the cyclic phosphorus(III) chlorides 52(X,Y=0,Sor
N-alkyl) react with oxiranes or oxetanes 53. The isomers 55 do not isomerize when heated,
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or do so at a much slower rate than do 54, and are not considered further. The compounds
54 isomerize to 56 in a manner which is dependent upon the nature of X and Y. The 1,3,2-
d1oxaphospholane 57a(R',R*=Hor Me) isomerizes with complete ring retention 8yleld-
ing only the corresponding 58 (X = 0)*, and the ring is also retained for the ester 57b"’, but
for 57c and d a mixture of the correspondlng 58 (X = O) and the 1,2- oxaphospholane 2-
oxide 59 (X = O) is obtained in relative amounts which depend on the temperature of the
process; at temperatures up to 170 °C the main product is 89 (X = O), but thereafter the
proportlon of 58 X= O) increases’’. When n = 2, asin 57e and f, the predominant reaction
is that of ring opening to give the 1,2- oxaphosphorlnane 2-oxide 60 (X = O), although 1t
may be noted that 57g behaves dlfferently in that it gives the correspondlng 58 (X = 0)®.

In the case of 1,3,2-oxazaphospholidines, the direction of isomerization is dependent on
group A and the alkyl group on nitrogen as well as on R; thus, 61a and 61b isomerize with
ring opening to give the corresponding 59 (X = N-alkyl), whilst 61c and d isomerize with
ring retention to 58 (X = N-alkyl). The compounds 61e yield one or other type of product,

— R
[ /P Cl
Y

o)
(52) (53)
X\ X\
[  POCHR(CH),CHC] [  POCH(CH),CHRCI
Y Y
(54) (55)

N7
s P\
Y CH,(CH;),CHRCI

(56)
0 o 0
~ 7
A >POCHR(CH2),,CH2C1 A< >P\
o x” “CHy(CH,),CHRCI
57 (58)
(2) A =RICHCHR?, n=0 2 o 0
(b) A =MeCHCHMe, n =1 .7
(©) A=MeCHCH,, n=1 LN
(d) A = (CH2)3, n= 1 X_A_‘Cl
(e) A=(CHys,n=2 (59)

() A=MeCHCHy, n=2

(g) A=MeCHCHMe,n=2 Vi
/ P\
6] X—A—Cl

R (60)
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Py

~
H
A\ /POCHR(CHZ),,C 2Cl

o 6D
(a) A= CH2CH2, R = Me, Rl = C]-C4

(b) A = CH,CH,, R = H, Rl = Me

(¢) A =MeCHCHMe, R =H or Me, Rl = Me
(d) A=CH,CH,,R=H, R!=Bu

(e) A =CH,CH,, R =H, R! =Et, Pri or Bu

or amixture, depending on the reaction conditions™. For the 1,3,2-dioxaphosphepanes 62,
ring retention is more important than ring opening when R' = H, but the reverse is true
when R' = Me”". Finally, it has been found” that 1,3,2-thiazaphospholidines (54; X =S,
Y = NMe) and 1,3,2-diazaphospholidines (54; X = Y = NMe) isomerize in the expected
manner to give products with the ring intact, whereas 1,3,2-oxathiaphospholanes 54, X =
0, Y = S) yield mixtures of products. The synthetic value of these rearrangements lies in
the fact that, like those reactions outlined in Scheme 2, separation of the products is not
always necessary prior to any further reaction; thus, when acted upon by PCls, both 58
(X = 0, n=1)and 59 (X = O) yield the identical phosphonic dichloride 63 (n = 1) or, if
X = NMe, the product is the phosphonamidic chloride 64 (X =NMe)** ***.

Rl
O\
/POCHRCHZCHZCI
o]
R! (62)
0 o)
| I Me
CICHR(CH,),,CH,PCl, ClCHR(CHz),,CHz—lr—N-—A—CI
Cl
(63) (64)

Esters of bis(w-haloalkyl)phosphinic acids (65) are conveniently obtained through the
use of an intermolecular Michaelis-Arbuzov reaction”.

(0]
X2(CHy),Br Il
X(CHp),P(OEt); —— = Xl(CHz)n—ll"—(CHz)mX2
OEt
(65)

Other examples of modification in the Michaelis—Arbuzov reaction in the formation of
phosphorus—arbon bonds in compounds other than esters are reactions between
dichlorophosphites™ or difluorophosphites” and organic halogen-containing compounds
in the presence of iron(III) chloride (reactions 2 and 3). A similar reaction takes place with
diethyl fluorophosphite”. A further variation is that of the photoinitiated reaction, a
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1
CLPCBr,NCO @

Br;CNCO + ROPCl,

O
I
F,PCH(OR!)CCL,COOR? (3)

R200CCCLCHCIOR! + ROPF,

technique operation satisfactorily when the normal procedure might fail; triethyl
phosphite and trifluoroiodomethane under 350 nm radiation produce diethyl (trifluo-
romethyl)phosphonate in about 50% yield*’.

Although those Michaelis—Arbuzov reactions which involve acyl halides and phospho-
rus(III) esters are yet a further route to phosphorus—carbon bond formation and will be
discussed later in Section VI, the use of halogenated acyl halides has led to some unusual
results which, conveniently, can be summarized here. The products obtained from reac-
tions between trialkyl phosphites and perfluoroacyl chlorides contain both phosphonate
and phosphate moieties and are structurally dependent on reaction temperature. The
initial product (Scheme 4) is thought to be the ylide 66. In an ethereal solvent at low
temperature, decomposition of the ylide yields [1-(dialkoxyphosphinoyl)oxy-1H-perfluo-
roalkyl]phosphonates (67) exclusively, but at —20 °C and above, and in the absence of a
solvent, the products consist of (Z)-[1-(dialkoxyphosphinoyl)oxyperfluoroalkene]phos-
phonates (68)**°”. The treatment of the compounds 67 with Ida yields 68, and the action of
BuLi-Cul on 68 results in loss of the phosphate moiety to give the esters 69°°” The struc-
tural isomers 70 of the compounds 68 have been obtained as illustrated in equation 4,

+
OP(OR); R;.  OP(OR);F
R;CF,COCI + 2(RO)P R;CF,C~ - .
lll)(OR)z F |l|’(OR)2
(0] O
(66)
~78°C|H,0 ‘tzfr‘t: H,0
(|? Il
_OP(OR), R¢ OP(OR),
R;CF,CH
|1|)(0R)2 F ﬁ’(OR)z
O (0}
(67) (68)
SCHEME 4
R, H
F |1|’(0R)2
(0]
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0] R¢ F
Il (R20),POSiMe;
(R10),POCR{=CF; ——— “)
(RIO)zfﬁO ﬁ’(ORz)z
(0] O
(70)

The Michaelis-Arbuzov and Michaelis-Becker reactions have both been used widely
with monohaloalkanes as substrates, and the latter can sometimes offer certain advantages
over the former. However, the Michaelis—Becker reaction has been applied only to a lim-
ited extent in the synthesis of esters of (haloalkyl)phosphonic and related acids since, by
and large, it is less successful, partly as a result of the ease of replacement of the second
halogen atom, and partly as the result of hydrogen halide elimination under the influence
of the reagent. Sodium diethyl phosphite and dichloromethane afford tetraethyl methyl-
enebisphosphonate in addition to diethyl (chloromethyl)phosphonate®, and diiodo-
methane or dibromomethane each provides only methylenebisphosphonic ester'*'"', and
although the dichloroalkanes CI(CH,),Cl (n = 2, 3 or 4) react with sodium phenylphos-
phinate with replacement of both chlorine atoms'®.

Greater separation of the two halogen atoms in dihalogenated substrates seems gener-
ally to increase the feasibility of replacing only one, as in the preparation of diethyl
(4-iodobutyl)phosphonate using 1,4-diiodobutane'®, and dialkyl (3-bromopropyl)phos-
phonates from the dialkyl hydrogenphosphonate and 1,3-dibromopropane under phase-
transfer conditions'®. Selectivity in the site of reaction is also sometimes possible. In its
reactions with sodium alkyl phenylphosphinates, it is the chloromethyl group of 2-
chloroethyl chloromethyl ether which is selectively attacked, but with more of the sodium
salt, halogen-free products can then be obtained'”. Low yields of products identical with
those obtained in Michaelis—Arbuzov reactions are isolable from reactions between
sodium diethyl phosphite and 1,2-dichloroethyl alky! ethers'®. Successful applications of
the procedure have been recorded more recently in reactions which, once again involve
fluorine-containing halides. Thus, sodium dialkyl phosphites with FCH,Br'”’, CICH,F'*
or CHCIF,'” yield dialky! (fluoromethyl)- or (diftuoromethyl)-phosphonates in moderate
yields. The choice of dialkyl hydrogenphosphonate is sometimes critical, and the use of
diisopropyl hydrogenphosphonate seems to have general advantages over other esters, for
example in the preparation of an ester of (chlorofluoromethyl)phosphonic acid'”.

On the other hand, similar reactions with CF,CL"*"", CF,Br'" or CBr,F,” lead direct-
ly to tetraalkyl (diftuoromethylene)bisphosphonates. Reactions between sodium diethyl
phosphite and CFCl, initially give diethyl (dichlorofluoromethyl)phosphonate in very low
yield. The formation of methylenebisphosphonic acid esters from methylene dihalides has
already been commented upon, and it is therefore not surprising that the formation of such
esters also occurs with the polyhalomethanes just mentioned. The fact that the products
are very often not the predicted ones is surprising. For instance, the reaction between
sodium diethyl phosphite and CFCl;''?, and those reactions between the initial monophos-
phonated species and an excess of metal phosphite, e.g. between diisopropyl (dibromoflu-
oromethyl)phosphonate and sodium diisopropyl phosphite®, or between sodium diethyl
phosphite and diethyl (dichlorofluoromethyl)phosphonate'"’, yield not the respective
esters of (bromofluoromethylene)- or (chlorofluoromethylene)-bisphosphonic acids, but
rather esters of (fluoromethylene)bisphosphonic acid; tetraalkylpyrophosphates are also
isolable. In the same way (bromodifluoromethyl)phosphonic esters initially afford those
of (difluoromethyl)phosphonic acid (high yields being isolable),but with an excess of metal
phosphite, (difluoromethylene)bisphosphonic esters are obtainable in moderate to good
yields' . This dehalogenation process is thought to occur through the loss of positive
halogen.
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Recorded examples of Michaelis—Becker reactions which involve haloalkenes are very
few in number and tend to lead to halogen-free adducts considered earlier (Chapter 2,
Section IV.B).

2. From haloalkanes through the Kinnear—Perren—Clay reaction

The application of this reaction to the preparation of non-functionalized phosphonic
and phosphinic acid chlorides, involving the interaction of an alkyl halide with PCl, in the
presence of AICl;, and its mechanism, have both been discussed in earlier (Chapter 2,
Section I1.C). In their experiments, Kinnear and Perren'" included an examination of the
behaviour of several di- and poly-halogen substrates; the resultant yields of (haloalkyl)-
phosphonic dichlorides varied from 10 to 90%, being dependent on the substrate, and on
the ratio of reactants, In the simplest cases, the dichlorides of (chloromethyl)- and
(dichloromethyl)-phosphonic acids are best obtained from CH,Cl, or CHCI, and although
CCl, also gives an excellent yield of (trichloromethyl)phosphonic dichloride', an even
better yield has been reported by the use of CBrCl,. According to Maier'", the formation
of (2-chloroethyl)phosphonic dichloride, in low yield, from 1,2-dichloroethane is accom-
panied by even smaller amounts of the 1-chloroethyl isomer (ratio 87:13). In an alternative
synthesis, the formation of (2-chloroethyl)phosphonic dichloride from bis(2-chloroethyl)
(2-chloroethyl)phosphonate and PCl; is variable in its success. However, 1,1-dichloro-
ethane did afford (1-chloroethyl)phosphonic dichloride in 100% purity using the Kinnear—
Perrens procedure. Interestingly, (2-chloroethyl)phosphonic dichloride was also reported
to be the product derivable in a similar way from 1,2-chlorofluoroethane, although in lower
yield'”. The yields of ( a-chlorobenzyl)phosphonic dichloride from PhCHCI, and of («,0-
dichlorobenzyl)phosphonic dichloride from PhCCl, are also relatively poor. The use of
2,2-dichloropropane provided the dichloride of (1-chloro-1-methylethyl)phosphonic
acid""®. Isomerization within a carbon moiety may be an advantage or disadvantage; thus,
1,5-dichloropentane yields (4-chloro-1-methylbutyl)phosphonic dichloride'. The
methodology has also been used to make halides of bromoalkylphosphonic acids; the com-
bination of PBr;, CHBr, and AlBr; yields derivatives of (dibromomethyl)phosphonic
acid'"”. Equally, careful hydrolysis of the complex derived from aluminium chloride, an
alkyl halide and a dichlorophosphine RPCIl, affords a phosphinic chloride (e.g.
Me(CLC)P(O)Cl from MePCl, and CCl,) or esters on alcoholysis''.

3. By the oxidative phosphonation of haloalkanes

In principle, the passage of oxygen through a mixture of an alkyl chloride and PCl, yields
the phosphonic dichloride RP(O)Cl, through a free-radical process'’. In practice, the
reaction is non-selective and attack occurs at all points on a carbon chain, and the several
products may be separable only with difficulty, if at all. For example, 1-chlorobutane
affords all possible isomers of the chlorobutylphosphonic dichloride. Sometimes the yields
are extremely small, e.g. 1,1-dichloroethane gives only 2% of (2,2-dichloroethyl)phospho-
nic dichloride; 1,1,1-trichloroethane gives a ‘low’ yield of (2,2,2-trichloroethyl)phospho-
nic dichloride, while other halides, e.g. iodobutane, fail to react'”. Nevertheless, several
haloalkylphosphonic dichlorides may be obtained in worthwhile yields using the proce-
dure which, however, like all such oxidative phosphonations, is very wasteful in reagent.

4. Through the use of organometallic reagents

Some of the difficulties in the use of reactions between Grignard reagents and quinque-
valent phosphorus ester-halides or amide-halides have been pointed out already (Chapter
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2, Section II.H). The presence of further halogen atoms or other reactive sites in the reac-
tants adds a further complicating feature. Diethyl phosphorochloridate reacts with sever-
al polyfluoroalkylmagnesium iodides to give diethyl (polyfluoroalkyl)phosphonates,
which include the perfluorohexyl, the w-chloroperfluoroalkyl series CI(CF,), (n =4, 6 or 8)
and FO,S(CF,),0(CF,),"*".

A single example for a recently reported reaction may well be a prelude to a reaction of
wide applicability, and is conveniently included here. The interaction of dibutyl phospho-
rofluoridate and trimethyl(triffuoromethyl)silane give a 93% yield of dibutyl (trifluo-
romethyl)phosphonate, together with Me,SiF'*%.

5. By the hydrophosphonation of halo-alkenes and -alkynes

The addition of dialkyl hydrogenphosphonates to tetrafluoroethene occurs in the
presence of di-tert-butyl peroxide to give the series of polyfluoroalkyl phosphonic diesters,
H(CF,CF,),P(O)OR), (n = 1-3); the free acids with n = 1-5 and the corresponding
phosphonic dichlorides with n = 1-9 have also been recorded .

The alkenes CIFC=CX, (X = Cl or F)'* react with dialkyl hydrogenphosphonates,
under the influence of y-radiation, to give the phosphonic esters (RO),P(O)CFCICHX,,
the general order of reactivity being R = Pr> Et > Me.

Exposure to Co® y-radiation also catalyses the addition of hydrogenphosphonates and
analogous phosphinates to polyfluoroalkenes, e.g. CIFC=CX, (X=Cl or F) to give the
esters (RO),P(O)CFCICHX,'*, and to F,C=CFCF,'?. An earlier account seemed to indi-
cate that hydrogenphosphonates do not add to HC=CCF;, but it has since been shown
that the addition of a trace of triethylamine brings about a rapid exothermic addition which
leads to 71 and 72, albeit in low yields'*.

i i
F3C P(OEt); F3C P(OEt),
H H (EtO)zllr H
o
(M) (72)

6. By the chlorophosphonation of alkenes and alkynes

Two procedures are available for the dichlorophosphonation of alkenes and alkynes.
The first of these, namely the use of PCl, and oxygen, has already been mentioned briefly
in connection with reactions which involved phenylethene. The second procedure involves
the interaction of an unsaturated hydrocarbon with PCl; and this, too, has been discussed
to some extent in connection with those reactions which particularly involve arylethenes
(Chapter 2, Sections III.A and VL.D).

The interaction of a alk-1-ene and phosphorus pentachloride to form a complex of the
general composition RCH=CH,-2PCl;, now recognized as having the phosphonium salt
structure 73, has been known for some time. Very many examples are now known of the
decomposition of such complexes with SO, (or in some cases with P,0,,'*’) under con-
trolled conditions when the products are (2-chloroalkyl)phosphonic dichlorides (74) or
derivatives thereof. The acids from but-1-ene'” and pent-1-ene'”, hex-1-ene and hept-1-
ene'” and oct-1-ene and dec-1-ene'® have all been reported. The stability of the initial
adducts appears to very considerably, and dehydrochlorination may occur readily if the
reaction is carried out with insufficient control. Vinyl and isopropenyl esters of carboxylic
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acids yield the phosphonic dichlorides, R'"COOCR*CHCICH,P(O)CI, (R? = H or Me) in
high yields"'. A further study of the reaction involving vinyl acetate itself with PCl; in
PhMe-MeCN at —30 °C involved the decomposition of the intermediate with oxirane to
give the phosphonous dichloride 75 and the 2,4-dioxaPhosphorinane 2-oxide 76, the latter
possibly being obtained through the intermediate 77",

0
_ ||
RCH=CH, X%, RCHCICH,PCl; PCly —3%2 - RCHCICH,PCl,
(73) (74)
cl ca
O
/‘ \
AcOCHCICH,PCl, o X o PCl
(15) -0 OCHCHCl 0
Me Me
(76) an

Divinyl ether itself presents a fairly complex case; one detailed study claimed that the
decomposition of the ether—-phosphorus pentachloride complex with SO, yields the phos-
phonic dichlorides 78-80 together with vinyl dichlorophosphate'®, whilst a more recent
study'* demonstrated that treatment of the intermediate complex with SO, yielded 81, and
with AsF, yielded 82; in each case, a co-product was [2-(1-chloroethoxy)vinyl]phosphon-
ic dichloride (78). The action of phosphorus pentachloride on the sulphide 83 presumably
proceeds through 84, although in the work-up procedures thus far adopted, dehydrohalo-
genation occurs to give 85 (R = CI)'*.

0 0 0
MeCHCIOCH=CHPCl, = H,C=CCICH=CHPCl,  CICH=CHPCl,
(78) (79) (80)
CICH, Ccl. CH,CI CICH,
=\ 0 . e
0 14 S S PCL,PClq S P
@)X =Cl CICH, Cl CHyCI CICH,
(82)X=F (83) (84) (85)

The reaction has been extended to include buta-1,3-dienes. Thus 86 affords the phos-
phonic dichlorides 87 (R = H or Me) (reaction carried out in benzene with decomposition
of the complex by SO,), apparently confirmed through ozonolysis to give formic acid'*"".
Conflicting reports"**'* suggest that the addition to buta-1,3-diene (but not isoprene)
occurs in the presence of Ac,O to give (4-chlorobut-2-enyl)phosphonic dichloride, a result

O
Il
H,C=CRCH=CH, H,C=CRCHCICH,PCl,

(86) 87)
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apparently confirmed by the conversion of the dichloride into the corresponding diethyl
ester, and a comparison of this with the ester obtainable by reaction between triethyl phos-
phite and 1,4-dichloro-2-butene.

Simple alkynes react under the usual conditions to give the (2-chloroalkenyl)phospho-
nic dichlorides 88 (R = Ph'**'*! and R’O(CH,),'*’, R’ = Ph or Et). The enynes 89 (R = Hor
Me) afford the phosphonic dichlorides 90 (R = H or Me)"**'* but, once again, a conflict-
ing report'* suggests that the product from 89 (R = H) is (2,4-dichlorobut-2-enyl)phos-
phonic dichloride, recognized by the ability of the derived phosphonic diethyl ester to
undergo a further Michaelis-Arbuzov reaction with triethyl phosphite. Other enynes react
across the triple bond in the expected manner'*.

O
I
RC=CH + PCls [complex] RCCI=CHPCl,
(88)
i
H,C=CRC=CH H,C=CRCCI=CHPCl,
(89 (90)

The products from the interaction of an alkene and oxygen in the presence of a large
excess of PCl, are chlorinated phosphonic dichlorides and phosphoryl dichlorides
(chloroalkyl phosphorodichloridates). Although a large amount of PCl, is required for
reasonable conversion of the alkene into phosphorus-containing compounds, the required
amount does depend on the alkene substituents; for a terminal alkene and donor sub-
stituents, there should be a 3-5-fold molar excess of PCl;, whereas a 5-10-fold excess is
needed for an alkene which possesses electron acceptor groups, and a symmetrical alkene
requires an even greater proportion of the trichloride’ . Tt has long been recognized that
the reaction is a radical process and that two types of phosphorus-containing products are
formed, together with halogenated alkanes. A recent study has attempted to relate struc-
tural features of the alkene to the nature of the chlorophosphonation products

It has been suggested that two types of radical intermediate are formed (Scheme 5).
Alkenes with donor groups tend to give rise to radical intermediates with nucleophilic
character, which, in turn, (pathway A) lead to products which possess a P—C bond. Thus,
propene, 2-methylpropene and 2-methylbut-2-ene yield mixtures of chloroalkylphospho-
nic dichlorides 91 (X = H or Me ) and 92, together with smaller quantities of chloroalkyl
phosphorodichloridates, which are the products from electrophilic peroxidic radicals
(pathway B). The phosphoryl dichlorides 93 (X = COOMe or CN) are the main products
reached via pathway B for alkenes with electron-withdrawing groups, such as propenoic
esters and nitrile'¥’. The oxidative phosphonation of ethene with PCl,~O, is an alternative
procedure for the preparation of (2-chloroethyl)phosphonic dichloride (yield 38-40%)"%.

Similar reactions with haloalkenes lead to simultaneous halogenation at the C—=C bond.
Vinyl chloride reacts at 40 to —20 °C to give a 70% combined yield of (1 ,2-dichloroethyl)-
and (2,2-dichloroethyl)-phosphonic dichlorides, which can be separated in an indirect
fashion which results in the loss of the latter'®. The reaction has also been applied to vinyl
fluoride'* and vinyl bromide''. Prop-2-enyl chloride gives a good yield of (2,3-dichloro-
propyl)phosphonic dichloride' and 1,2-dichloroethene yields (1,2,2-trichloroethyl)phos-
phonic dichloride'*'. Other halogenated alkenes, H,C=CHR, where R is CCl; or C,F,,.,
(n=4, 6, 8 or 10), yield only the phosphorodichloridates RCH(CHZCI)OP(O)Clg15 2

The oxidative phosphonation of the 4-chloroalk-1-enes 94 (R'=H or Me; R* = Bu' or
Ph) yields mixtures of the phosphonic dichlorides 95 and 96 together with the chloroalkyl
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SCHEME 5
10 u 0
MeC‘—PCIZ Me,CCl-CHMePCl, CICH,CHX(OPCl,)
CH,CI
(91) (92) 93)

phosphorodichloridates 97, with 95 being the main product for 94a and b. The chemose-
lectivity in the reaction is reduced by the presence of Ph or Bu’ groups; the presence of two
bulky substituents on C, raises the regioselectivity of reaction''*.

H,C=CHCH,CCIR 'R2 ClCHz(‘JHCHZCCIRlRZ
94) P(O)Cl,
(@ RI=H,R2=Ph (95)
() R!=Me, R2=Ph o
(©) R!=Me, R2=Bu I
Cl,PCH,CHCICH,CHCIR 'R2
(96)

ClCH2C|HCH2CC1R1R2
OP(0)Cl,

on

The chlorophosphonation of simple alkynes is said to give (2-chloroalk-1-enyl)phos-

phonic dichlorides'*

. The indications are, however, that certain acetylenes are rather

unstable under the reaction conditions, and suffer cleavage between the sp and sp® carbon
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atoms; thus, 98 yields zerz-butylphosphonic dichloride together with 101 (the major prod-
uct) and its Z isomer, and the chlorophosphonation of 99 similarly yields zerz-butylphos-
phonic dichloride, methylphosphonic dichloride and 101 in the ratio 80:5:15"". A series of
buta-1,3-dienes (102) has provided the (4-chlorobut-2-enyl)phosphonic dichlorides 103
together with small amounts of phosphates and chlorination by-products'*®. The enyne 100
follows the trend demonstrated by 98 and 99 in yielding fert-butylphosphonic dichloride
admixed with other products; other enynes do not suffer such cleavage, but still provide
product mixtures which demonstrate preferential chlorophosphonation at the triple
bond'®. The chlorophosphonation of 1,4-dichlorobut-2-yne yields 1,3,4-trichloro-2-
dichlorophosphinylbut-2-ene'®.

Me;CC=CR MesC  Cl

(98) R=H c,  H

(99) R =Me [
(100) R = CH=CH, o

(101)
1
RICH=C(R?)C(R3})=CH, CICHRIC(R2)=C(R3)CH,PCl,
(102) (103)

7. From phosphorus(ll)halides and aldehydes or ketones

Observations during the early 1880s by Fossek on the preparation of (hydroxyalkyl)-
phosphonic acids by the hydrolysis of the products from reactions between aldehydes and
PCl, in the molar ratio 3:1 seemed to suggest an intermediate stage based on the corre-
sponding (chloroalkyl)phosphonic acid, possibly as its bis(chloroalkyl) ester. Further
work by Conant’s group in the early 1920s led to the successful isolation of some (-
chloroalkyl)phosphonic acids following reaction of the products [presumably (hydroxy-
alkyl)phosphonic compounds] from aldehydes or ketones with PCl;-acetic acid and the
HCl liberated under the experimental conditions. Decomposition of the reaction product
under aqueous conditions could give rise to (x-hydroxyalkyl)phosphonicacids (see Section
I11.A.3).Kabachnik and Shepeleva, during 194651, showed that an (a-chloroalkyl)phos-
phonic dichloride is the product when an aldehyde or ketone is heated with PCl; in a sealed
vessel (i.e. under conditions where the initially liberated HCI could not escape and was
therefore available for further reaction)'®’. Good yields of products could be obtained from
aromatic aldehydes and ketones (with certain exceptions, e.g. those such as the nitroben-
zaldehydes which might have oxidative properties under reaction conditions), but with the
exception of formaldehyde, yields from aliphatic carbonyl compounds tended to be poor,
possibly because of aldol-type condensations. Well established examples of the procedure
include the formation, from PCl, and paraformaldehyde at 240 °C, of (chloromethyl)phos-
phonic dichloride, possibly via the phosphorus(III) derivative, CICH,OPCl,, by an ‘inter-
nal’ Michaelis—Arbuzov reaction (which might in practice be an intermolecular process)
followed by further reaction with the aldehyde'®. Trichloroacetaldehyde is also an excep-
tion in the sense that it fails completely to react. Phosphonous dichlorides proceed to the
phosphinic chlorides, (CICH,)RP(O)CL, R = Et (36%) or Ph (47%)'®, R = CF; or C;F5'*.
Maier'® also used the same procedure to convert MePBr, into Me(BrCH,)P(O)Br in 16%
yield, and the use of PBr, with formaldehyde affords a very poor yield of (bromomethyl)-
phosphonic dibromide'®'. Kabachnik and Shepeleva'® also described the conversion of
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chlorophosphite aryl esters, both cyclic and acyclic, into corresponding esters of the (1-
chloroalkyl)phosphonic acid.

The product isolable from a reaction involving 2-hydroxybenzaldehyde consists of a
stereoisomeric mixture of 2,3-dichloro-2,3-dihydro-1,2-benzoxaphosphole 2-oxide (104;
R = C1)"*"'%!%" ‘and the reaction allows ready access to other derivatives of this ring system.

Occasionally, a side reaction occurs which consists in the formation of anhydrides of the
desired acid, for example those of the (chloromethyl)phosphinic acids 106 alongside that
of the phosphinic chloride 105'®®. The same process, presumably consisting in the interac-
tion of acid and acid halide, occurs in the reaction between BrCH,PBr, and formaldehyde

to give bis(bromomethyl)phosphinic anhydride'®.

(0 O R [e) R o O
N N Nl IR
P,,/ rRpcl, O, A P—O—P
/ N\ AN |
R CICH, Cl CICH, CH,C
Cl (105) (106)
(104)

Reactions with certain ketones also proceed satisfactorily, although, in general, ArCOR
or RCOR (R = alkyl, Ar = ary!) furnish complex mixtures of products'”, and reactions
which involve acetone presumably proceed through mesityl oxide to give halogen-free
main products (Chapter 2, Section II.G), and presumably similar reactions occur with
other simple dialkyl ketones, On the other hand, PhPCl, and cyclohexanone afford 107
(42% yield) after hydrolysis of the acid chloride'™, and the (chloroalkyl)phosphinic chlo-
ride 108 has been isolated from reactions between benzophenone and PCl, in the presence
of moist AICL,'"". The corresponding methyl ester 109 (R = Cl) was obtainable through a
Michaelis-Arbuzov reaction between PhP(OMe), and Ph,CCl,, but could not be obtained
by the direct halogenation of 109 (R = H)'". Acetic acid was used as the solvent for the
reaction between PhPCl, and 4-methoxyphenyl methyl ketone, and X-ray analysis of the
product confirmed the structure 110'7.

(X% 99 i yeo
Y
l|)< thC—lr—Cl Ph2(|3——I|’—OMe MeO ©7C|3—1I3~Ph
OH
Ph Ph R Ph Cl OH

(107) (108) (109) (110)

The formation of (a-chloroalkyl)phosphonic acids and of the corresponding («-hydrox-
yalkyl)phosphonic acids in systems consisting of an aldehyde or ketone and PCl, are
obviously interconnected. Such a system which has been extensively investi%ated is that
comprising benzaldehyde and PCl, or another phosphorus(ITT) chloride!™'”. Under the
sealed-tube conditions employed, Kabachnik and Shepeleva'” isolated and characterized
one product as (a-chlorobenzyl)phosphonic dichloride. The exact mechanism of the inter-
action and the nature of the intermediates depend on the reaction conditions. Consistent
with the general behaviour of aldehydes towards PCl, is the formation of bis(1-
chloroalkyl) ethers and 1,1-dichlorohydrocarbons according to Scheme 6, and it is also
known that gem-dichlorohydrocarbons react to form («-chloroalkylphosphonic) dichlo-
rides under Kinnear—Perren conditions. In a detailed study of the benzaldehyde-PCl,
system over a wide range of temperatures, it was found that at around 70 °C a 92% yield of
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PhCHCI, could be obtained; as the temperature was raised, the yield of this decreased, and
there was an increase in yield of the (a-chlorobenzyl)phosphonic dichloride, which could
reach 85% before isolation'”. A variety of products are formed from benzaldehyde and
(PhO),PClincluding the corresponding phosphorus(V) chloride and the compound 111'"".
When the reaction conditions are changed, for example, by the inclusion of the
solvent—reactant Ac,0, isolation of (a-hydroxybenzyl)phosphonic acid becomes feasible
(see Section I11.3).

o}
Cl _ I
2RCHO —<2 . (RCHCI),0 XM, rcHC, RCHCIPCl,
—~(POCY),
SCHEME 6
0
(PhO),PCHPhOCHCIPh
a11)

B. Syntheses Through Modification at Phosphorus in Compounds with
Carbon-Phosphorus Bonds

1. By the oxidation of phosphorus(lll) compounds

Although this methodology, in which phosphonous acid derivatives 112 give rise to
those of phosphonic acids 113 (X = halogen, pseudohalogen, amino or ester group, Y = O,
S or Se) and phosphinic acid derivatives 115 are similarly derived from those of phosphi-
nous acids 114, might in principle, be considered as being of such importance as to be
almost ideal, there are practical drawbacks, particularly with a view to direct oxidation;
sulphurization and selenation are manifestly easier from the experimental standpoint
(Chapter 5). With oxidants under aqueous conditions, there is always the possibility of
hydrolysis of the bonds to phosphorus. With many oxidants there is equally the possibili-
ty, under anhydrous conditions, of too vigorous a reaction which might result in the ther-
mal decomposition of reactant or product. There is additionally the question of availability
of the phosphorus(IIT) compound. Consequently, few phosphonic and phosphinic acid
compounds are normally obtained in this manner.

i i
RPX, RPX, R,PX R,PX
112) 113) (114) (115)

One successful example is the preparation of (triﬂuoromethyl)phosghonic dichloride
from the dichloro(trifluoromethyl)phosphine by oxidation with N,O,'”. The interaction
of tetraethyl pyrophosphite and polyhalogen compounds evidently proceeds through
phosphorus(III) esters, subsequentlgl oxidized by tert-butyl hydroperoxide to poly- or per-
fluoroalkyl phosphonic diesters'™'®". Simultaneous hydrolysis and oxidation might be the
outcome of choice; (trifluoromethyl)phosphonous and bis(trifluoromethyl)phosphinous
chlorides and iodides are oxidatively hydrolysed (H,0,) to the corresponding phosphonic
and phosphinic acids'®'. Hydrogen peroxide and C;F;PCl, afford (perfluoropropyl)phos-
phonic acid®. The oxidation of dialkyl (trifluoromethyl)phosphonites to the correspond-
ing phosphonates has been performed with active MnO, or SeO,.



168 R. S. Edmundson

2. From phosphoranes or other phosphine derivatives

The reactions between the halophosphines 112 and 114 (X = Cl or Br, generally) and
halogen, X,, yields the phosphoranes RPX, and R,PX;. A useful feature of the chemistry
of such compounds is their ease of conversion into phosphonic dihalides or phosphinic
halides when treated with SO,, and their ease of hydrolysis to the corresponding phos-
phonic and phosphinicacids. A range of polychloromethylphosphonic acids and acid chlo-
rides have been prepared from dichloro(chloromethyl)phosphine using the sequence
indicated in Scheme 7'%,

O
Ve
CICH,PO;H, Cl,CHPO;H, C12CHP\
OH

ii ii ii

O
Cly Cl, Ch i I
CICH,PCl; —— CICH,PCly —— CI,CHPCl; —— CI;CPCl; —— C1;CP(OH),

i i i

0 0 0
CICH,PCl, Cl,CHPCl, CI;CPCl,
Reagents: i, SO,; ii, H,0; iii, dil. HCI
SCHEME 7

It is worth noting that the chlorination of tris(chloromethyl)phosphine (Scheme 8)
results, at an intermediate stage, in cleavage of a P—C bond and formation of the phos-
phorane, (CC13)28PC13, usable in the synthesis of bis(trichloromethyl)phosphinic acid and
its acid chloride'™. The use of SO, following addition of halogen (the reaction may be com-
pleted in one step from 112 or 114 by their treatment with SO,Cl,) thus offers an alterna-
tive, and indirect, procedure for the oxidation of halophosphines. The decomposition of
BrCH,PBr, with SO, likewise gives (bromomethyl)phosphonic dibromide'®. The decom-
position of tetrachlorophosphoranes can also be achieved through their treatment with

alkyl nitrites when esters of (trichloromethyl)phosphonic acid are the products'.

(CICH,);P (CICH,),PCl; (CL,C),PCl,
0
(CICH,),POOH (CL,C),PCl
SCHEME 8

Hydrolysis of CI;CPCl, can proceed in a stepwise fashion depending on the medium;
water allows hydrolysis to the half-way stage, CL,CP(O)(OH)CI, whilst aqueous alkali
results in complete hydrolysis to CL,CPO,H,"**'®, and (C1,C),PCl, is stable to boiling water
and requires aqueous alkali for its decomposition'®**'®, On the other hand, the phospho-
rane (C,F,),PCl, is decomposed in water to give bis(perfluoropropyl)phosphinic acid'®.
The use of stronger hydrolysis agents may result in P—C bond cleavage. When acted upon
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by aqueous NaOH, the phosphoranes (C,F,,.,),PF, (n = 3 or 4) yield the (perfluo-
roalkyl)phosphonic acid (C,F,,.;)P(O)(OH),"". (Triffuoromethyl)phosphonic difluoride
has been obtained as a by-product in the preparation of F,CPF, from F;CPCl, and SbF;'**.
The behaviour of tetrachlorophosphoranes resembles that of phosphorus pentachloride
itself, in spite of fundamental differences in structure. The interaction of alkyl vinyl ethers,
R'OCH=CH,, with R?PCl, affords the phosphinic chlorides, R*(CICH=CH)P(0O)Cl, by
elimination of the ether alkyl group as R'CI"*', and tetrachloro(2-phenylethenyl)phos-
phorane adds to phenylacetylene to give the phosPhorane 116, hydrolysable to the phos-
phinic acid 117 (see Chapter 2, Section IILA) °!. Bearing in mind that phosphorus
pentachloride is ionic in both solution and the solid state, it is perhaps not surprising that
mixing PCl;and Cl,CPCl, which carries the electron-withdrawing CCl, group results in the
formation of the trichlorophosphonium salt, [CLLCPCL]"PCl¢, decomposable by either
water or SO, to give (trichloromethyl)phosphonic dichloride'. This phosphonium salt is
obviously closely related to the salts, [RCCLPCL] PClg, obtained by the action of PCl; on
phosphonic dichlorides, RP(O)Cl,, and which, with SO, yield the dichlorides of (1,1-
dichloroalkyl)phosphonic acids'®™. The treatment of such complexes derived from (2-
chloroalkyl)Phosphonic dichlorides with AsF, provides (2-chloroalkyl)phosphonic
difluorides'™. It is also worth noting that the action of an excess of PCl; on phosPhonic
dichlorides can result in their complete decomposition by P—C bond cleavage'**'*.

PhCH=CH PhCH=CH 0
PhCH=CHPCl, T2=CH. “pal, h /i
PhCCl=C£I PhCCl=C{-I OH
(116) ar7

Tris(heptafluoropropyl)phosphine oxide undergoes methanolysis to yield methyl
bis(heptafluoropropyl)phosphinate, but it should be noted that this itself, is, reactive as an
alkylating agent, since with excess methanol it then affords MeOMe'”’. Other tris(perflu-
oroalkyl)phosphine oxides are also cleaved by nucleophiles, including ammonia or
primary or secondary amines, to give complex mixtures based on the successive cleavage
of one and two P—C bonds. It may also be noted that, when acted upon by dimethylamine,
the phosphinic halide (C,Fy),P(O)F affords (C,F,)(Me,N)P(O)F as the main product .

C. Syntheses Through Modifications to Carbon Ligands

1. By replacement of hydroxy groups

Although there were early reports that phosphorus pentachloride converts (hydrox-
ymethyl)phosphonic acid into (chloromethyl)phosphonic dichloride, it later became
evident that an insufficiency of the reagent leads to the isolable tetrachloride 118, which is
convertible into (chloromethyl)phosphonic dichloride dichloride by the action of more
PCL"". The esters 119 are similarly converted into RCHCIP(O)Cl, when acted upon with
sufficient PCl'"*. However, the same reagent leads to extensive dehydration of (1-hydroxy-
cycloalkyl)phosphonic diesters, as occurred using SO,Cl,~pyridine'®. In spite of an early
report that the use of thionyl chloride was not satisfactory, SOCl,-pyridine has now been

I CII) (l? I
CL,POCH,PCl, (RO),PCHROP(OR),
(118) (119)
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deemed a satisfactory reagent for the conversion of dialkyl (1-hydroxyalkyl)phosphonates
into the corresponding dialkyl (1-chloroalkyl)phosphonates™.

Phosphorus pentachloride has been reported on extensively as a reagent for the conver-
sion of bis(hydroxymeth?fl) hosphinic acid and its homologues into bis(1-chloroalkyl)-
phosphinic chlorides'****"*"; the principle reaction is accompanied by some P—C bond
cleavage and formation of (chloromethyl)phosphonic dichloride, the proportion of which
increases with increasing reaction temperature. At 95-100 °C further reaction between
(chloromethyl)phosphonic dichloride and excess PCl; produces CCl,, POCl;, PCl, and
HCI, all of these also being formed, in addition to Cl;CPCl,, when bis(chloromethyl)phos-
phinic chloride is similarly treated'®. A reaction between bis(hydroxymethyl)phosphinic
acid and PBr; yields only ca 8% of bis(bromomethyl)phosphinic bromide'®.

The use of triphenylphos?hine in combination with CX, (X = CP* or Br™™) or
Ph,PBr,—pyridine in MeCN*” converts (1-hydroxyalkyl)phosphonic diesters into those of
(1-chloroalkyl)- or (1-bromoalkyl)-phosphonic acids, respectively. The transformation of
(a-hydroxybenzyl)phosphonic diesters into the (a-fluorobenzyl)phosphonic esters by
diethylaminosulphur trifluoride (dast) with commencement of reaction at —78 °C seems
now to be a standard practice'®**. The same reagent may be used to convert (1-hydroxy-
2-alkynyl)phosphonic diesters into the corresponding 1-fluoro compounds, and thence by
hydrogenolysis into cis-(1-fluoroalk-2-enyl)phosphonic diesters, with no cleavage of the
C—F bond””. An even more novel reagent which has been used for the same purpose is
Et,NCF,CHFCI™. The stability of the P—C bond in hydroxyalkyl-phosphonic and
-phosphinic acids to hydrogen halides, even under aqueous conditions, allows the use of,
for example, 57% aqueous HI with red phosphorus to obtain (iodomethyl)phosphonic acid
from (hydroxymethyl)phosphonic acid*”, and HCI gas in known to bring about a similar
conversion into the corresponding (1-chloroalkyl) acids.

Allylic rearrangements are observed when the esters 120 are treated with SOCI, to give
the (3-chloroalk-1-enyl)phosphonic esters 121'®*"" but the similar treatment of the esters
122 affords the corresponding (3-chloroalk-1-enyl)phosphonic diesters, without
rearrangement, although accompanied by some dehydration products if the group R*is a
fragment of more than two carbon atoms?'?

0 o)
(RO)zlll—CR1CH=CHR2 (RO)21|lCR1=CHCHClR2
(I)H (121)

(120)
0
(RO)ZECHZCR‘CRZR%OH)
(122)

2. By direct halogenation at carbon

Bromination at the I-Position in alkylphosphonic diesters has been achieved using
nbs—dibenzoyl peroxide’”, or at the o-hydrogen in a benzylphosphinic ester using
bromine’, whilst the esters 123 (X = H, Y = CN, COOEt or COOMe) react with 1,3-
dibromo-5,5-dimethylhydantion to give the corresponding 121 (X = Br)*".
(Dihalomethylene)bisphosphonic and related acid esters are formed from the parent ester
through reaction with NaOCI*'**"*, NaOBr*'**"® and AcOF?”. The direct monohalogena-
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tion of methylenebisphosphonic esters appears not to be feasible, and the (mono-
halomethylene)bisphosphonic esters have generallg/ been obtained by the dehalogenation
of a dihalo compound using Na,SO; or SnCL*'**** or KF or KOH in MeCN in the pres-
ence of 18-crown-6 ethers??; the same series of halogenation/dehalogenation reactions has
been carried out on triethyl phosphonoacetate”'. (1-Cyclohexenyl)phosphonic diesters
(124; R' = H) are chlorinated or brominated in the a-allylic position by ncs or nbs with very
high yields'”. Chlorine gas and SO,Cl, have been widely adopted for the chlorination of
(2-oxoalkyl)phosphonic diesters in the a-position™ .

1
o P(OR),
I R!
(RO),PCX,CH,Y
(123)
(124)

3. From phosphorylated carbanions

The use of a phosphoryl carbanion may be more appropriate than the neutral substrate,
particularly in reactions which involve reagents of low electrophilicity. Thus, the carban-
ions (RO),P(O)CH™ R’ [R’ = H'®, $(0), SPh (n = 1 or 2)*** and P(O)(OR),”] have been
monofluorinated using perchloryl fluoride; under the correct conditions, the fluorination
becomes continuable to the difluorinated stage. More recently, N-fluoroimides have come
to be regarded as the reagents of choice, eliminating the potential dan%ers in the use of per-
chloryl fluoride. Of such imides, (R’SO,),NF, with either R* = CF,” or R* = Ph***, have
been employed. Other reagents, e.g. XeF, or N-fluorocollidinium triflate, tend to give poor
yields of fluorinated products. Chlorination of phosphoryl carbanions has been achieved
using PhSO,CI*® or CCl, or derivatives of trichloroacetic acid®**"'.

In addition to the use of phosphoryl carbanions as substrates for the introduction of
halogen atoms, the halogen-containing phosphoryl carbanions may be modified in the
carbon skeleton. Most of the earlier interest in the generation of halogen-containing phos-
phorylated carbanions not surprisingly concentrated on the use of lithium bases, but the
exact composition of the base is of some importance. In the alkylation of carbanions from
(chloromethylene)bisphosphonic esters, not only is the nature of the ester alkyl group
influential (yields of alkylated products being much less from the tetramethyl or tetraethyl
esters than from the tetraisopropyl ester), but P—C bond cleavage is observable when BuLi
is used as base, although the extent of this is less when Bu’ Li is employed, and the use of
TIOEt is advantageous™>*. Butyllithium continues to be used for general purposes in
spite of demonstrations that the anions derived using Li-amide bases, LiNR,, appear to be
more stable”™. Lda has been widely used in the generation of the carbanions from esters of
(fluoromethyl)- and (difluoromethyl)-phosphonic acids'®*'® for subsequent alkylation or
acylation, and their greater stability over that of the corresponding ion generated from
BuLi in an ethereal solvent (and which can decompose quite rapidly even at —50 °C) is
attributed to the stabilization (1 h at —10 to 0 °C) represented in the formula 125", The

RO\ /OR
[(H3C),CHLpN— I|’=? —Li

XCH-Li
(125)
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stability of a halogenated phosphoryl carbanion also depends on the individual halogens;
the carl}))sanions prepared using lda appear to have stabilities in the order CHF > CF, >
CFCI™.

Diethyl (difluorolithiomethyl)phosphonate is proving valuable for the preparation of
homologous (1,1-difluoroalkyl)phosphonic derivatives, either by direct alkylation® or by
acylation, using PhOC(S)Cl, of the product from the interaction of the phosphorylated
carbanion and an aldehyde, and the subsequent treatment of the resultant diethgll [(1,1-
difluoro-2-phenoxythiocarbonyloxy)alkyl]phosphonate with Bu,SnH (Scheme 9)*¢.

0 o .
RIORPCEL] RO |Ri0)p —cp, | PO Rigyb
L0 —CHR? PhOC—CHR?
|S|
Bu;SnH
0
(RIO)inlCF2CH2R2

SCHEME 9

Yet another way to obtain a 1-monohalogenated alkylphosphonic diester is based on the
application of the Wadsworth-Emmons adaptation of the Wittig reaction (Scheme 10).
Here, the anion from tetraisopropyl (fluoromethyl)bisphosphonate reacts with a carbonyl
compound to give the (1-fluoroalk-1-enyl)phosphonic esters 126 as an E-Z mixture
(80-95: 20-5); hydrogenolysis of these mixtures yields (1-fluoroalkyl)phosphonic esters®’.
In a review of the literature™, the authors pointed out the widely different results experi-
enced by other workers in their attempts to alkylate carbanions derived from fluorinated
alkylphosphonic diesters and, as a result of their own work, advocated the use of alkyl

triflates, which appear to react with lithiated carbanions very quickly and cleanly.

0
Pr‘O),P R!
; _ _RICOR? (Fro) p _
[(Pr'O),P(O)JCF- ——— + (Pr'O),PO,
F R2

I
(Pri0),PCHFCHR'R2
SCHEME 10
Scheme 11 indicates the usefulness of salts derived from Wittig ylide reagents and anhy-

drides of perfluorocarboxylic acids in the synthesis of fluorinated alkenylphosphonic
diesters (127), often together with (epoxyalkyl)phosphonic diesters (128)(R; = CF; or
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C,F,); the reaction is useful for the preparation of the unsaturated phosphonic diester 127
[R'R*= 2(SEJHZ)A], when the epoxide, is not formed, but in other cases, the latter tend to be
in excess™ .

Ph;P=CR!R? + (R;CO),0

0 0

Rl P(OEt)2 Rl O |1|)(0Et)2

EtO),POLi

R2 R¢ R2 R¢
127 (128)
SCHEME 11

+
Ph3P—(|3R1R2
o ZCRf

The zinc?"** and cadmium reagents™'** (R0),P(O)CF,MBr have also proved useful as
alkylation substrates for particularly reactive species, e.g. allylic, benzylic or propargylic
halides; with the last type, some rearrangement to allenic compounds is observed. Scheme
12illustrates the use of such reagents in the synthesis of a-fluorinated alkylphosphonic acid
derivatives.

0 I
(RO),PCF,CH=C=CH, + (RO),PCF,CH,C=CH

M=2Zn
R3

0]
| . I I
(RO)ZPCF2CH2 M : cd (RO)2PCF2MB1‘ Mt 7 (RO)2PCF2CH2CH=CF2

iv
M=2Zn
O o

I |
(RO),PCF,CH,CH=CR!R? + (RO);PCF,CR'R?CH=CHR?

R3
Reagents: i, HC=CCH,Cl; ii, XCH, @ - iii, F,C=CHCH,CI

iv, RIR2C=CHCHR?*X
SCHEME 12

Both diethyl (chloromethyl)phosphonate and diethyl (trichloromethyl)phosphonate,
when treated with chlorotrimethylsilane (Scheme 13) followed by BuLi, generate the
species 129, evident from the regeneration of diethyl (chloromethyl)phosphonate under
aqueous conditions, and the observed formation of 130. The alkylation of 129 leads to 131
which, in the presence of EtO", loses the silyl group, while the treatment of 129 with formic
acid leads to another reactive silicon-containing species, 132>, Loss of chlorine from the
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i P9
(EtO),PCCl;

(EtO),PCH,CI (EtO),P— c Li*
0 / (129)
(EtO),PCD,Cl (EtO)zPCHCl(SxMe3)
(130) (132)
0
(EtO),PCRCI(SiMe3)
(131) \ ”
(EtO),PCHRCI
SCHEME 13

lithiated carbanion from (dichloromethyl)phosphonic diethyl ester has been observed dur-
ing acylation®***,

4. From acylphosphonates

Two fairly recently announced procedures allow the synthesis of fluorinated phospho-
nic esters from acylphosphonic diesters. In the first of these, aroylphosphonic diesters are
treated with dast reagent at room temperature and in the absence of a solvent, when the
products are dialkyl («,2-diftuorobenzyl)phosphonates™®.

In the second procedure, the dehydration of dialkyl [(perfluoroacyl)methyljphospho-
nates (through their enol forms) with trlﬂuoromethanesulphomc anhydride -R;N leads to
dialkyl (perfluoroalk-1-ynyl)phosphonates™’

5. By modification through addition reactions

Early reports on the addition of chlorine or bromine to diethyl vinylphosphonate (133;
R = EtO)*® and to vinylphosphonic dichloride (133; R = CI)* suggest a lack of pre-
dictability even in such simple cases. The addition of bromine in chloroform to 133 (R =
EtO) leads to 134 with smaller amounts of 135; chlorination of the same ester in CCl, also
leads to a mixture of the two types, in this case in roughly equal amounts. On the other
hand, the bromination of vinylphosphonic dichloride yields (1,2-dibromoethyl)phospho-
nic dichloride (135; R = Cl, X = Br), which is sufficiently stable to allow hydrolysis to (1,2-
dibromoethyl)phosphonic acid. The ready loss of HBr followed the addition of 2 mol of
bromine to phenyl(4-phenylbuta-1,3- dlenyl)phosphlnlc acid; the product consisted almost
exclusively of Ph(PhC,H;Br,)PO,H*

O O 0]

Il I I
H,XCCHXPR, H,C=CHPR;, H,C=CXPR,

(135) (133) (134)

The chlorination of (3-chlorobuta-1,3-dien-2-yl)phosphonic diesters (136) proceeds by
1,4-addition, the products being identical with those derived from the phosphonic dichlo-
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H2C=(|JCC1=CR21 c1CH2—c|=cc1CR§01
O=P(OR), O=P(OR),
(136)

ride obtained through the oxidative dichlorophosphonation of 1,4-dichlorobut-2-yne.
However, the chlorination or bromination of certain other buta-1,3-dienes can take a
different course. The formation of linear products is observed when the diene has E
geometry, and (Z)-(buta-1,3-dienyl)phosphonic diesters tend to give 2,5-dihydro-1,2-
oxaphospholes (137)(Scheme 14) or dihydro-2H-1,2-oxaphosphorins (138), either singly
or as a mixture™' ¥,

Cl Cl Cl
* Me
(R@zPF%Me - (R0>2PF§(CH2 —— RO)P*
[ | IS e Ty a
o) o) &
Cl,
Cl Cl o Cl
RO Me /| Me A\ Me
(RO),P + = (RO)PI P
Il o CH,CI /N Cl
o) CH,CI Cl- RO O
cr (138)
Cl
o)
A WMe
P\
rg. Yo CHCI
137
SCHEME 14

Yet another form of addition reaction is that of (trichloromethyl)phosphonic dichlo-
ride, as a consequence of its highly polarized C-Cl bonds, to buta-1,3-dienes in the presence
of CuCl; addition is 1,4, with the formation of (1,1,5-trichloropent-3-enyl)phosphonic
dichlorides (139) as Z—E mixtures™.

(6]
Cl C|I"C1 (”)
RICH=C(R?)C(R}=CHR* ———= RICHCIC(R})=C(R3)CHR*CCL,PCl,
(139)

The classical addition of a dihalocarbene to an alkene to form a gem-dihalocyclo-
propane has been adapted to the formation of halogenated cyclopropylphosphonic
diesters. A brief description® indicated fundamental differences in behaviour towards
dichlorocarbene of esters of ethenylphosphonic acid (140; R' = H) when the products are
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dialkyl (3,3,3-trichloropropyl)phosphonates, whereas for 140 (R' = Me) the product is 141
(R'=Me, X =ClI). This unusual behaviour of dichlorocarbene towards esters of vinylphos-
phonic acid has also been demonstrated for reactions in two-phase systems, and yet dibro-
mocarbene reacted in the expected manner to give 141 (R' = H, X = Br). A further
interesting and confusing feature is the expected course of addition of dichlorocarbene
when the latter is generated from sodium trichloroacetate. On the other hand, both
dichlorocarbene and dibromocarbene react with dialkyl (prop-2-enyl)phosphonates to
give the expected dialkyl {(2,2-dihalocyclopropyl)methyl]phosphonates®™. Free radical
addition of perfluoroalkyl iodides, R, to the carbon—carbon double bond in diethyl
(prop-2-eny1)phossg)honate occurs in a two-phase system containing Na,S,0,; the products
are the esters 1427,

(||) Me
H,C=CR'P(OR); — %~
RI= e P(OR),
(140) Il
a’ “a ©
(141)
0 0 0
I H,C=CHR | l
(EtO)PCF,] —— "o (E{O)PCF,CH,CHIR (Et0),PCF,CH,CH,R
[Pd(PPh3)4]
(143)
I
(Et0),PCH,CHICH,R;
(142)

The addition to terminal alkenes of diethyl (difluoroiodomethyl)phosphonate fails to
occur in the absence of any catalyst, and is very slow in the presence of copper powder (15
mol%) at 70-90 °C, although the yields are then good (75%) for hex-1-ene, for example,
but are accompanied by 15-20% of diethyl (difluoromethyl)phosphonate. When the
catalystisis [Pd(Ph3P)%], the reaction occurs, often at room temperature, with yields at least
as good if not better™. In a more recently announced procedure, diethyl (bromodifluo-
romethyl)phosphonate is employed in a reaction initiated by a cobalt(III)-zinc redox
system containing bromo(pyridine)cobaloxime and zinc powder under ethanol, the
mixtures being stirred for several days at ambient temperature®. Both of the esters series,
142 and 143, can be de-iodinated by their treatment with Zn-NiCl,. A variety of functional
groups in the alkene (R = alkyl, Me,Si, hydroxyalkyl, MeCOCH,CH,,
EtOOCCHMeCH,) tolerate the metal-catalysed reaction conditions in the formation of
the esters 143.

lll. HYDROXY-PHOSPHONIC AND -PHOSPHINIC ACIDS

The remarkable ease with which (a-hydroxyalkyl)phosphonic acids and analogous
phosphinic acids are produced through a very simple procedure engendered much early
interest in these acids, all the more because of the extraordinary ease with which these acids
could be returned to their precursors through cleavage at the phosphorus-carbon bond
under mild conditions. Less readily available and, as a consequence, less extensively exam-
ined, but nevertheless more important from the viewpoint of their potential biochemical
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role, are those relatively few acids which possess one or more hydroxyl groups at positions
other than, or in addition to, the a-carbon atom.

A. Syntheses of a-Hydroxy Acids and Their Derivatives Through
Phosphorus—Carbon Bond Formation

1. From monocarbonyl compounds and hydrogenphosphonates or related
compounds

The most important reaction for the formation of those acids carrying the hydroxy
group on an a-carbon atom consists in the addition of compounds possessing the P(O)H
moiety across the carbonyl group (1,2-addition) of an aldehyde or ketone (reaction 5)—
the so-called Abramov reaction™.

O O O
12|| Ny L
RIR?PH + R’CR R'R P—([:\R“ (5)
OH

In the simplest form of the Abramov reaction, the phosphorus-containing reactant is
hypophosphorous acid (phosphinic acid) or an ester thereof, and in the reactions between
the acid and formaldehyde®' or benzaldehyde™"** the initial product is the phosphinic
acid 144 (R = H or Ph.). However, the reaction can proceed further to give the bis(1-
hydroxyalkyl)phosphinic acid (145; R = H or Ph); the latter (R = Ph) reacts readily with
yet more benzaldehyde to give its benzylidene derivative, 5-hydroxy-2,4,6-triphenyl-1,3,5-
dioxaphosphorinane 5-oxide (146; R = Ph)*”. When acted on by a second mole of cyclo-
hexanone in the presence of acetyl chloride, (1-hydroxycyclohexyl)phosphinic acid (147)
gives the novel phosphinic chloride 148, characterized as the free acid 149 following ready
hydrolysis®’. A reaction between a phosphinic acid (150) and a second (non-identical)
carbonyl compound leads to an unsymmetrical phosphinic acid (151)*®. Esters of sym-
metrical 1,1’-dihydroxy-substituted phosphinic acids are preparable from hypophosphite
esters, H,P(O)OR™’.

h
0 0 0—CH
nocHr—b (HOCHR) L oH RC{{ \P/O
“H 2 RN
(144) (145) 0—<|3H OH
R
(146)
o
o Il
|| _-OH P
(R R % A
OH oH X HO
(147) (148) X =Cl

(149) X = OH
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I_H  mreco I

R1R2c|—P(OH R1R2C|J—|P—CR3R4
OH OH OH OH
(150) (151)

Other simple phosphinic acids (phosphonous acids) 152 react with simple carbonyl com-
pounds, in the absence of a catalyst at room temperature, or on slight warming, to give the
acids 153 (R = alkyl®*?", alkynyl*” or aryl?927.273-26) The carbonyl reactants have here
included esters of a-0xo acids?’®2"2275276 and diesters of (1-oxoalkyl)phosphonic acids (but
see later for complications which may ensue)”’>*”°. Allenylphosphinic acids present an
interesting case; whilst phosphinic acids 154 in which the y-carbon position is unsubstitut-
ed, or at most only monosubstituted, react with (aromatic) aldehydes to yield the expect-
ed unsymmetrical hydroxyphosphinic acids (155)*", the addition of (aliphatic)aldehydes
or ketones to (3-methylbuta-1,2-dienyl)phosphinic acid (154; R' = R* = Me) results in
products which sequentially cyclize and dehydrate to give the 2,5-dihydro-1,2-
oxaphosph(V)oles (156; ¢.g. R* = H, R* = CCl,; R* = R* = Me)?7-2%, In reactions between
hypophosphorous acid and the cinnamaldehydes PAnCH=CRCHO, the addition step is
also followed by cyclization and further steps to give the dihydro-1,2-oxaphosph(V)oles
157 [R' = PhCH=CRCH(OH)]*®'. The 1,2-azaphospholines 158 result from the interac-
tion of an aromatic amine with the initial adducts from the aforementioned cinnamalde-
hydes and hypophosphorous acid. A final step, in which compounds 158 may react with
more aldehyde or ketone™, is paralleled by that which involves the carbonyl compound
and the 2-amino-1,3,4,2,-oxadiazaphosph(IIT)oles (159), via their phosphorus(V) tau-
tomers, to give the (a-hydroxyalkyl)phosphonimidic amide derivatives (160)**.

(0]
|_H  rige Il R!
R—P] % rR—p—cC
oH on o
(152) (153)
O OH
|_OH 4rcho Iy
RIRZCZC:CHP\H W RICH=C=CHF—CHAI‘
154) (155)
R!=R2= Me|R3COR*
R R
= 0 0 O
7 _z:\ / 7
>(0/\P\CR3R4 Ph O/P\Rl Ph /P\H
\
OH |

(156) asmn (158)
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The hydroxyalkylphosphinic esters 162 are unstable and readily cyclize to 1,2,4-oxadi-
phospholanes (163) which, consequently, are the products from the interaction of 161 and
aldehydes or ketones™. (Hydroxymethyl)phosphonic acid was originally synthesized
from PCl, and paraformaldehyde by Page in 1912, and bis(hydroxymethyl)phosphinic
acid by the hydrolysis of tetrakis(hydroxymethyl)phosphonium chloride by Hoffman in
1930. In more recently described syntheses of both of these compounds, phosphorous acid
(phosphonic acid) has been used as the phosphorus source®. Full details have been pro-
vided for the preparation of diethyl (hydroxymethyl)phosphonate and its 2-tetrahydropy-
ranyl ether from diethyl hydrogenphosphonate and formaldehyde®. When the initial
reaction is carried out in the presence of sodium methoxide, other products may be detect-
ed and, indeed, are isolable; amongst them are 164 and the 1,4,2,5-dioxadiphosph(V)-
orinane 165%". The reactions which occur between dialkyl hydrogenphosphonates and
aldehydes or ketones were originally investigated by Abramov, and the literature is replete
with variations on this theme™®.In general, however, such reactions tend to be less vigor-
ous than those involving phosphinous acids, very often requiring the presence of a basic
catalyst (alkoxide ion generally, but sometimes a tertiary amine), also sometimes aided by
heat, although even then the reactions can sometimes be sluggish.

O 1 ' O 1 o
”/OR R2COR3 ”/OR RIOH A\ /\
R!0),P RER (RIO)P_ P —>- P P—OR!
( )2 \/P\H CsF ( )2 N~ \CR2R3 Rlo/ O/
2
OH R R
161) (162) (163)
0
(EtO),PH
0 o) —O0
EtO ‘ILCH OH EtO ¥>CH o|f'>/OEt PO e
t —— (Et —_—
(EtO), 2 (EtO), 2 CH,OH O/ \O T
(164) (165)

In the many recorded examples of the reaction, and because of its very nature, reports
have tended to concentrate on compounds derived from a range of simple carbonyl
compounds and a single (or at most two) dialky!>*, diary””® or diheteroaryl™ hydro-
genphosphonate or, alternatively, on combinations of a selection of hydro enphospho-
nates with a relatively few carbonyl compounds, including propanal®’, benzenoid
aldehydes™ ™, furan and thiophene aldehydes™”, 3-formylindole*”, 2- and 3-formyl-
chromones™™*®, diethyl oxomalonate™ and others”. It is worthy of comment that
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whilst the ketones 166’ and 167" yield the expected 1:1 adducts, the diones 168 (R = H*"
and Me’"?) give rise only to 1:1 adducts, which are relatively unstable.

(0] O
R
Me
(166) (167) (0]
(168)
o) CHO
Il
(Bu‘O),P
OH
(169)

The use of trichloroacetaldehyde is also to be particularly noted. Although reactions
between this aldehyde and various dialkyl hydrogenphosphonates have been report-
ed* #4433 it is the dimethyl ester of (1-hydroxy-2,2,2-trichloroethyl)phosphonic acid
which has received particular attention, and which has been studied widely from the struc-
tural point of view in the light of its commercial importance as the powerful insecticide
dipterex (also known as trichlorphon and chlorophos)’'**"", Polyfluoroalkyl esters of the
related alkyl(1-hydroxy-2,2,2-trichloroethyl)phosphinic acids have been prepared by the
unusgsal combination of chloral hydrate and the bis(polyfluoroalkyl) alkylphosphonite
ester” .

In the light of the ease of dealkylation of di-terz-butyl esters of quinquevalent phospho-
rus acids, either thermally or under acid catalysis, the reaction between di-tert-butyl hydro-
genphosphonate and 4-(diethoxymethyl)benzaldehyde has been employed to yield, after
deprotection of the para substituent, the (x-hydro 3ybenzyl)phosphonic diester 169, useful
for classical development at the aldehyde group® ™",

The Abramov reaction proceeds normally with polycyclic aromatic aldehydes®® but of
other, monocyclic, benzenoid aldehydes, the behaviour of 2-hydroxybenzaldehyde is
anomalous; here, the reaction product 172 is evidently formed by hydrolysis of the
dihydrobenzo-1,2-oxaphosph(V)ole 171, in turn the result of the expulsion of 1 mol of the
alcohol ROH from the initial 1:1 adduct 170*.

OH o o) o OH o
I -ROH \P</ Il_OR
P(OR) P
2 OR “OH

HO H OH OH
(170) 171) 172)

The addition of hydrogenphosphonates to chloroketones, and also to other mono halo-
genated carbonyl compounds, is aided by the presence of Al,O,, yields of 78-96% being
achievable™'. However, reactions between dialkyl or dig)henyl hydrogenphosphonates and
chloroacetone®™#* 3 - sym-dichloroacetone®*>** or  asym-dichloroacetone™ do
occur in the absence of a catalyst when mixtures of reactants are heated to 100120 °C; the
products are the phosphonates 173 (R' = H or Cl). Aryl trichloromethyl ketones are mon-
odechlorinated by the action of trialkyl phosphites or dialkyl hydrogenphosphonates®®,
and both further dechlorination and the formation of phosphate esters’> have been
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reported for w,w-dichloroacetophenones. A particularly unusual case is that of the reac-
tions which involve 7,7-dichlorobicyclo[3.2.0]hept-2-en-6-one (174); the products from
acyclic dialkyl hydrogenphosphonates in the presence of Et;N catalyst have the structure
175, and it is only with cyclic hydrogenphosphonates that the expected hydroxy deriva-
tives, e.g. 176 (R = H or Me), are formed ™.

0 CH)I c a
rob—-anw CTLO (I
- o POR),
173) (174) a1s) ©
a
@:‘il s
Ho R :>
0 O
(176) R

The mode of addition of hydrogenphosphonates to fluorinated ketones can also be
complex. The addition of dialkyl, diphenyl or bis(trimethylsilyl) hydrogenphosphonates
to methyl trifluoromethyl ketones occurs in the expected manner’”, but this contrasts with
the behaviour of aryl perfluoralkyl ketones in the presence of triethylamine at room
temperature, when the products, obtained even under such mild conditions, are phosphate
esters (reaction 6), a situation which represents lack of stability of the hydroxyphospho-
nate rather than novelty of the reaction®; under identical conditions, the corresponding
alkyl aryl ketones fail to react. The same reaction with mixed-halogen ketones is still more
involved, and the nature of the products depends on the reaction conditions; if these are of
a mild nature, and with catalysis by triethylamine or pyridine (depending on the particu-
lar ketone), the product is the expected (hydroxyalkyl)phosphonate 177, whereas with
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triethylamine in boiling thf, the ethenyl phosphate 178 is obtained directly. In the absence
of a basic catalyst, the slow reaction yields a mixture of 177 and 178. The use of sodium
dialkyl phosphite leads to mainly phosphate. A further complicating feature is the depen-
dence of the product on catalyst; when R' = Ph, the use of pyridine leads, mainly, to 177,
whereas with triethylamine it is mainly 178""'. Reactions between hydrogenphosphonates
and hexafluoroacetone give mixtures of hydroxyPhosghonate (179; R' = R? = Me or
Me;Si, R' R* = CMe,CMe,) and phosphate (180; R! = R? =Et or Ph; R' = Me,Si, R = Me,
Et, or Me;Si; R' R* = CMe, CMe,) through direct attack at either the carbon or oxygen of
the carbonyl group, the product proportions being dependent on the experimental condi-

tions**2.

OH i’ ?F3
(F3C),c=0 BPPOM_| Ro),p - (RO)P—C—OH
C(CF3),0 |
CF3
(RO),P(O)H
(179)
+ OH I
(RO)P__ (RO),POCH(CF;),
OC(CF3),

(180)

Because of the increased electron input to phosphorus from nitrogen, an increase in
reactivity towards carbonyl compounds is to be expected for reactions between the latter
and phosphonic amides (reaction 7), and such expectations are fulfilled*>.

1 1
R O\ //O R O\ /O
_P"_ + R3COR* P 7
R%N H RgN (|3R3R4
OH

Experimental conditions and substituents of sp® carbon govern reactions between
a,B-unsaturated aldehydes or ketones and dialkyl hydrogenphosphonates. Summaries of
the field have been presented™’*, as also has an extensive compilation of reactions and
products™.

For a,f-unsaturated aldehydes, RCH=CHCHO (R = Me, Ph, 2-furanyl)*"**, the
reactions are catalysed by traces of the sodium phosphite salt, and occur regioselectively
across the carbonyl group, although for propenal itself regioselectivity is lacking and the
sequence of reactions is more involved; a summary of the reactions observed for propenal
is given in Scheme 15. Depending on the relative amounts of hydrogenphosphonate and
its sodium salt, various products can be detected and most are isolable; they include the
expected (1-hydroxyprop-2-enyl)phosphonate (181), which, through loss followed by re-
addition of a proton, provides the (1-oxopropyl)phosphonic diester 182, and the well
known acylating properties of (1-oxoalkyl)phosphonic acids and their derivatives account
for the formation of the propanoyl derivative of 181. In a further sequence, the reactants
combine to form the (1-hydroxypropylidene)bisphosphonic tetraalkyl ester 183, known to
undergo rearrangement to the phosphate 184. Addition of the hydrogenphosphonate also
occurs at C=C to afford the esters 185 which, when distilled, cyclize with loss of ROH to
give the phosphorylated 1,2-oxaphosph(V)olanes 186.

In most instances the Abramov reaction generates an a-substituted chiral centre, but all
syntheses have been considered to lead to the racemic product. Various (a-hydrox-
yalkyl)phosphonic acids have been resolved through salts of a monoalkyl ester with, for
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SCHEME 15

instance, ephedrine or 1-phenylethylamine®*®. However, it is interesting that low
enantioselectivity (10-20%) has been observed in reactions based on ortho-substituted ben-
zaldehydes™®. Some enantioselectivity has also been achieved through the use of a chiral
catalyst. The reaction between dimethyl hydrogenphosphonate and 3-phenylpropenal in
the presence of 10 mol% of a catalyst consisting of a combination of LaCl, and dilithium
(R)-binaphthoxide in thf at —70 °C yields an optically active product whose properties are
consistent with a 41% enantiomeric excess of the S-form of dimethyl (1-hydroxy-3-phenyl-
prop-2-enyl)phosphonate*. The same catalyst wasemployed for reactions which involved
aromatic aldehydes; the products (with yields greater than 90%) were obtained with enan-
tiomeric excesses dependent on the electronic nature of the substituent in the para posmon
and were as high as 82% for the 4-MeO group™'. Some success has been achieved in the use
of chiral catalysts based on chiral titanium alkoxides. In a reaction between benzaldehyde
and diethyl hydrogenphosphonate in the presence of Ti(OPr'),, racemic diethyl (-
hydroxybenzyl)phosphonate was obtained in 87% yield. In the presence of the catalyst 187
(R = Me or Ph; X = OPr'), the same g)roduct is obtained in 75% yield but with an optical
activity corresponding to a 53%e.e.

Ph Ph
R OfL N X
Me><o /TO /Tl\X
Ph ph
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Reactions of hydrogenphosphonates with the «,f-unsaturated carbonyl compounds
189, both aldehydes and ketones, proceed regioselectively and in high yield, in the presence
of KF but with alkoxide or amine catalysis the regioselectivity may be catalyst dependent.
Thus, a reaction between dimethyl hydrogenphosphonate and benzalacetone in the pres-
ence of diethylamine proceeds by 1,2-addition to give the a-hydroxy adduct, whereas the
use of sodium methoxide as catalyst results in 1,4-addition to give dimethyl (3-oxo-1-
phenylbutyl)phosphonate. In other cases, the course of the reaction may depend on the
amount of added base, with the addition proceeding under either kinetic control to give
1,2-addition, or thermodynamic control to give 1,4-adducts. Treatment of the ketones 189
[R',R?=H, Me, or Ph; R' R? = (CH,),, n = 2, 3 or 4] with 188 (R = Me) in diethyl ether at

I
(RO)P(O)H + RICOCH=CHR? =———— (RO),P._ _CH=CHR?

(188) (189) {1 ol
(190)
0 0 i
(RO)ZPW LUN (RO)ZPW P(OR);
R2 O R? R!OH
(191) 192)

o) 0
1 Il
(RO)2P\{\{ R!
o ) 5
~ R R2  OP(OR),
o l

#" “OR o
(193) (194)
I R!
(RO),P R?2 0
7
190 ) < ' H P
R! OAc / \OR
R2 O
(195) (198)
I ?\
(RO),P. ,—CHR? (RO),P R2
R! OAc R! OH

197) (196)
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-35 °C gives the [1-hydroxy-2-(cyclo)alkenyl]phosphonates 190 in 70-88% yields; 5a-
cholest-1-en-3-one gives 76% of a mixture of the C 3 o- and f-epimeric adducts in the ratio
6:1, separable chromatographically. Acetylation of the products 190 (R',R?=H) gives the
y-acetyloxy compounds 195 and the 1,2-oxaphosph(V)olene 198, sometimes accompanied
by the isomers 197 which, depending on experimental conditions, may become equally
important to or more important than 195**. The isomerization of dialkyl (1-acetyloxy-
prop-2-enyl)phosphonates into dialkyl (3-acet§'loxyprop-l-enyl)phosphonates has been
shown to occur also in the presence of Pd(0)**. No rearrangement occurs during the
alcoholysis of 195 with MeONa in MeOH to give the y-hydroxy adducts 196*.

An alkoxide—catalysed reaction between an unsaturated ketone and two equivalents of
188 (R = Me) gives 192 by way of the thermodynamically controlled (20-40 °C) initial
formation of 191. Depending on R' and R, further transformations of 192 lead to either
193, as a diastereoisomeric mixture, or 194, the latter an example of a product from a facile
phosphonate-phosphate transformation®’.

A further study, by the same workers, using the cyclic enones 199 (n = 1 or 2) showed
that the addition occurs regioselectively across the carbonyl group™. The addition of
phenylphosphonous acid (through its tautomeric phosphinic acid form) to 189 (R' = Me,
R? = Ph) occurs in boiling benzene to give the dihydro-1,2-oxa-4-phosPh(V)olene 201
(R? = Me), produced by acid-catalysed cyclization within 200. When R = Ph, a linear
product (202) is the result of 1,4-addition, and is again accompanied by the product 201
(R? = Ph) of the cyclization of the 1,2-adduct™’.

o} HO ﬁ’(OR)z
(199) o
+
: H,0
ph—P7 Me
PhCH=CHCOR! oy f7 Vp—
R' = Me Iﬁo JN oh
i OR
200
Ph—p’:H R!=Ph (200)
o CHPh
P(OEt),
0 e} Me o) (||)
i 1 o)
Ph—l|’—CHPhCH2CPh Ph/ <P// (203)
AN
OH H 0~ “ph
(202) (201)

In the reactions between diethyl hydrogenphosphonate and indantrione or 2-benzyli-
deneindan-1,3-dione, the former substrate yields phosphate adducts,but in the latter case,
addition affords the phosphonate 203**. The additions of hydrogenphosphonic diesters to
propynal and ethynyl methyl ketone®®, and to the ketones RC=CCOMe (R = Me or
Ph)**, give 1,2-adducts.
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2. From monocarbonyl compounds or their derivatives and phosphorus(ili)
anhydrides or triesters

Simple derivatives of (a-hydroxyalkyl)phosphonic and analogous acids have been
obtained directly by procedures analogous to those adopted for the parent compounds.
Thus, O-acetates of (2,2,2-trichloro-1-hydroxyethyl)phosphonic acid esters have been
prepared through the interaction of the appropriate halogenated acetaldehyde and
phosphorous-acetic acid anhydrides****’. An aromatic aldehyde and dialkyl phospho-
roisocyanatidite in the presence of water or an alcohol yields analogous O-carbamoyl
deri;/;ltives of (a-hydroxybenzyl)phosphonic diesters, probably through cyclic intermedi-
ates™.

Alkyl ethers of dialkyl (hydroxymethyl)phosphonic acid have been obtained by a mod-
ified Arbuzov procedure: in the presence of BF;Et,0, triethyl phosphite reacts with the
formals ROCH,OAr according to Scheme 16**°; the reactions are best carried out in the
presence of TiCl, at —78 °C, but the Lewis acid catalyst and the experimental conditions
have to be chosen carefully, otherwise mixed alkyl aryl esters are produced. Boron trifluo-
ride etherate also catalyses the interaction of acetals of 4-substituted benzaldehydes with
triethyl phosphite to give diethyl (x-alkoxybenzyl)phosphonates™. Both aliphatic and
aromatic aldehydes are reported to react with trialkyl phosphites at 100 °C to give the
ethers 204°,

0]

Il
ROCH,0Ar + P(OEt); —*~ [ROCH,P(OEt);][BF3-ArO ] — ROCH,P(OEt),

OEt

L | _OEt
ROCH,P—OAr |[BF3ArO-] —— ROCH,P_
N OAr
OEt
SCHEME 16
0
(RO);P + RICHO — [(RO);PCHR!—O] (RO),PCHR!OR

(204)

Simple aliphatic aldehydes are also said to yield products which contain the equivalent
of 2-3 mol of RCHO per phosphorus atom, some of which have been shown to have an
oxyphosphorane structure. (For an introductory account of this fascinating area of phos-
phorus chemistry, the reader should consult early reviews by Ramirez*****.) The phosphite
ester obtained from 2-hydroxybenzaldehyde and diethyl chloro?hosphite cyclizes with
rearrangement to the 1,2-benzoxaphosph(V)ole derivative 205 (R' = H, R? = Et0), and a
similar process was observed in the case of phosphites and phosphonites derived from 2-
hydroxyacetophenone to give 205 (R! = Me)*®.

The useful reaction which involves a phosphorus(IIl) ester amide (presumably more
reactive than an ester) is based on catalysis with BF;-Et,O— Lil in thf and at low tempera-
ture. Under these conditions a mixture of the cyclic phosphoramidite 206 and an aldehyde
leads to a diastereoisomeric mixture of (1-hydroxyalkyl)phosphonic amides (207a and b);
the former of these (of (1’ R) configuration) exceeds that of latter, sometimes by as much
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o) R! O-
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//O
/ “R2

(205)

ﬁog{) RCHO_ /L\\o P\[\A
Iy e

(206) (207)
(a)A=H,B=O0H
(b)A=OH,B=H

as 2:1 (R = Ph). Diastereoisomeric excesses tend to be low (8-18%) for the series R = Me
Et, Pr' and B/, but in a wider range (4-40%) for reactions with aromatic aldehydes™'
Under ca;alys1s by TiCl,, the 1,3-dioxanes 208, derived from the aldehyde RCHO
(R =Pr', Bu' or CH,Ph) and (25, 45)-pentanediol, undergo ring opening by the action of
phosphorus(III) triesters; Swern oxidation of the major products 209a (in excess over the
minor products 209b by 91-94:9-6 for R = Pr/, Bu' or CH,Ph) removes the O-protecting

group to give the (oc-hydroxyalkyl)phosphomc acid with enantiomeric excesses greater
than 95%362.

Me Me 2 ;
m P(OEt); O OH . o OH
TiCly
\R( |1|>(0Et)2 R pOED,
O (0]
(208) (209a) (209h)
OH
AN
P(OEL),
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O
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Much attention has been devoted to the conversion of aldehydes into the trimethylsilyl
ethers of (x-hydroxyalkyl)-phosphonic acids 210 or analogous -phosphinic acids, or of the
correspondin oc-hydroxyalkyl)phosphomc diamides 211 by the use of dlalkyl trimethylsi-
lyl phosphite® " or Me;SiOP(NEt,), (or other phosphorodiamidite)***®. It is a reaction
which occurs very readily, even at room temperature, and the ready methanolytic or
hydrolytic removal of the silyl protecting group makes the procedure an attractive
alternative to the direct synthesis of the (a-hydroxyalkyl)phosphonic acids from dialkyl
hydrogenphosphonates and carbonyl compounds. Silyl-protected hydroxy- 3phosphomc
and -phosphinic acid derivatives are useful for further synthetic development

o)
I
RLPOSiMe; + R2CHO R,PCHR(OSiMes)
(210) R! =RO
(211) R! =R,N

From the experimental viewpoint, the direct preparation of the same sﬂyl ethers froma
mixture of the aldehyde, triethyl phosphite and chlorotrimethylsilane, is a useful short-
cut’”. The reaction occurs much more readily for cyclic esters and amides of phospho-
rus(III) acids than for their acyclic analogues, and examples are illustrated in Scheme 17°%,
The reaction between diethyl trimethylsilyl phosphite and 2,5-diacetyl-4-methylphenyl
trimethylsilyl ether at 180 °C evidently proceeds through 212 on the pathway to 213; the
former of these two products is obtained as a mixture of diastereoisomers, as evidenced
from the four appropriate *'P NMR signals, with only one signal being observed for 213;
other signals could be assigned to the by-products 214 and 215*"". Diethyl trimethylsilyl
phosphite also reacts with acetals of aromatic aldehydes in the presence of SnCl, to give
the diethyl esters of (a-alkoxybenzyl)phosphonic acids’™. A novel reaction (9) leads to a
multi-functionalized product with the potential for much further modification®”.

A\ A\ /0 O\
i _POSiMe; PhCHO_ i P PhCHO { _PN(SiMey)Ac
B B~ CH(OSiMe;)Ph ITI
(aA=B=0orNR Me

(b) A =0,B=NR
SCHEME 17

Various approaches are currently being made to the asymmetric synthesis of silyl ethers
of (a-hydroxyalkyl)phosphonic acids. One approach consists of the use of chiral 1,3,2-
oxazaphospholidines (216; R' = Et or Ph, R'; = Bu‘Me,), as a mixture of dlastere01somers
which react smoothly at room temperature w1th an aldehyde to %we the diastereoisomer-
ic silyl ethers 217 with retention of configuration at phosphorus®”*. In a second approach,
the reaction between benzaldehyde and (EtO),POSiMe,Bu’ was carried out in the presence
of the chiral Lewis acids 187 (R = Me or Ph, X = Cl); a higher reaction yield accompanied
a lower enantiomeric excess in the product, and vice versa, but the enantiomeric excess was
never higher than about 25%*2.

The combination of 1 mol of bls(trimethylsilyl) hypophosphite, 2 mol of an aldehyde or
ketone and 1 mol each of chlorotrimethylsilane and triethylamine, affords bis[l-
(trimethylsilyloxy)]phosphinic acids (218) accordln% to Scheme 18, and subsequent
ethanolysis then liberates the free hydroxyalkyl acids’”. The same hypophosphite ester is
reactive towards halogenoacetones, RCOCX'X*X*(Scheme 19); the initial stage is
Perkow type of process yielding a trimethylsilyl alkenyl phosphinate ester, 219. This latter
ester is reactive to chlorotrimethylsilane-Et;N to yield the bis(trimethylsilyl) alkenyl
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I
(Me3SiO),PH + RCCX!X2X3

0 1

Me;SiO —P—OCR=CX!X? Me;SiOP(OCR=CX!X2),
1'{ 222)
(219)

\ Me;SiCl-Et;N +
(Me3SiO)2Il’ —OCR=CX!Xx2

-0 —$—Cxlx2x3
R
(221)

(Me3Si0),POCR=CX!X2 —
(220)

0
Me3SiO¥’ —OCR=CX'X?
Me3SiO(|I -CXIX2X3

(223)

SCHEME 19

phosphite ester 220, and the conversion of this into either the Perkow ester 222 or the
phosphonate ether 223 is considered to proceed through rearrangements within the
structure 221°%,

A further illustration of the difference in behaviour of fluorinated carbonyl compounds
(in contrast to those containing other halogens) towards phosphorus(III) esters, consists
in the interaction of dialkyl trimethylsilyl phosphites with hexafluoroacetone (Scheme 20).
Here, the expected silyl ethers 225, formed by the rearrangement of 224a, may be accom-
panied by the 4,4,5,5-tetrakis(trifluoromethyl)-1,3,2-dioxaphosph(V)olanes 226, depend-
ing on the reaction conditions, and obtained from 224b with a second equivalent of the
ketone. On the other hand, when RR = CH,CH, or CMe,CMe,, further reaction occurs
through 224a leading to the stable phosphoranes 22777,

3. From monocarbonyl compounds or their derivatives and phosphorus(lll) halides

Reactions between simple carbonyl compounds and phosphorus(III) halides have
already been considered in connection with the synthesis of (a-halogenoalkyl)phosphonic
acids (Section A.7), and the historical importance of the process (Fossek 1884-86;
Michaelis, 1896; Conant, ca 1920-25) has been emphasized. Michaelis also investigated
reactions which involved dichloroarylphosphines, ArPCl,. A later study'” suggested that
the interaction of an aldehyde, RCHO, and PCl, in the presence of acetic anhydride pro-
ceeded through RCHCIOPCI, to RCH(OAC)PCl,, which then underwent a self-condensa-
tion with elimination of AcCl to give the 1,4,2,5-dioxadiphosph(V)orinane 228,
recognizable as the dimer of the precursor to the (a-hydroxyalkyl)phosphonic acid pro-
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posed by Conant. In a further investigation of the behaviour of PACHO towards PCl,, the
catalysis of formation of PhACH(OAc), from PhCHO and acetic anhydride by PCl, has
been observed, as has the further reaction of the diacetate with PCI; to give PhACHCI(OAc)
together with the very unstable AcOPCI,. The latter is thought to be the precursor to the
z}e{actir\;le1 )ilr;;(ermediate (POCI),, which, in combination with PACHCI(OAc), furnishes 228

(0}
R _O_/
j/ “P—(
Cl<
p )\R

// AN
o o
(228)

Reference has also already been made (Chapter 2, Section A.7) to the reaction which
takes place between cyclohexanone and PhPCl,, and through which (1-chlorocyclo-
hexyl)phenylphosphinic acid was obtained as an illustration of this synthetic route toa (1-
chloroalkyl)phosphinicacid'™. Mixtures of the same reactants which also contain water™”,
or an alcohol’” or a mixture of cyclohexanone, acetyl chloride and phenylphosphonous
acid’™ yield the isomeric (1-hydroxycyclohexyl)phenylphosphinic chloride 230°™. The
same compound was also formed when a 1:1 mixture of phenylphosphonous dichloride
and phenylphosphonous acid (phenylphosphinic acid) was allowed to interact with cyclo-
hexanone, no addition occurring between the acid and the ketone in the absence of the
PhPCl,. The formation of 230 was therefore depicted as the addition of the cyclohexanone
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to the phosphinic chloride 229, postulated as the product of equilibration between the
phosphonous acid and its dichloride™ . Confirmation of the structure of this acid chloride
was obtained by its conversion into the ethyl ester of the corresponding acid, and the alter-
native synthesis of the latter from cyclohexanone and ethyl phenylphosphinate,
Ph(H)P(O)OEt*®, and also by crystallographic analysis®®. Although these reactions are
by no means restricted to cyclohexanone, there are exceptions, the principal one of which
consists of certain methyl aryl and diaryl ketones with methoxy substituents, when the
product from the ketone R' COAr and the chloride RPCI, (R = Me or Ar) consists of the
isolable o- chlorophosphlmc acid 231, and from which the a-hydroxy acid 232 may be
obtained by hydrolysis™. In some cases, a further reaction, which consists in intermole-
cular esterification, has been observed for the reactions between PRCI, and a ketone in
acetic acid, and from which the 14,2,5-dioxadiphosphorinanes 233 [e.g. R = Ph,
R'R? =(CH,)] have been isolated® ®". The characterization of products 230-233, here
isolated from reactions performed under conditions comparable to those of Conant’s
original experiments, is consistent with his results. Furthermore, the addition of methanol
to a reaction mixture containing PhPCl,, propanoic acid and 4-methoxybenzaldehyde
resulted in the isolation of the ester 234 with, evidently, no formation of a-chloro acid or

0 0
Ph\P// O:O Ph\P//

A <:>( hel
(229) OH

(230)

Py o ﬁuo Vi
R— ——‘»x R—P oH —*
| || )<R‘
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HO Ar Cl R2 // ~o
23X =Cl
(232) X = OH (233)
OMe
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MeO @*CI{ O Rl\ (”)
//
C—P—R
R27N /
/ OMe o
(234) (236)
b
Cl Cl'p
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R‘RZC‘7I|>=O—>R1R2C —P—
OH R o R Cl R
(235)
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of a-methoxy acid chloride®®. Also, as has also been mentioned earlier, the interaction of
PhPCl, and 4-methoxyacetophenone in acetic acid provided [1-chloro-1-(4-
methoxyphenyl)ethyl]phenylphosphinic acid'”. The suggestion has therefore been made
that the rearrangement of hydroxy acid chloride into chloro acid possibly proceeds
through 235, or through 236 (the latter may exist as a dimer with structure 233, also
comparable to 228) into the hydroxy acid. Reactions between cyclohexanone, benzalde-
hyde or 4-methoxybenzaldehyde, and mixtures made up from PCl; and acetic acid or
water, or H;PO,, have led to a-hydroxyphosphonic dichlorides R' R? C(OH)P(0)Cl,, a
very surprising and probably unstable structure, yet confirmed by X-ray analysis of the
cyclohexanone-derived compound®®.

4. From dicarbonyl compounds

Perhaps surprisingly, the reaction between glyoxal and a dialkyl hydrogenphosphonate
proceeds normally and in two stages, the first of which yields the dialkyl (1-hydroxy-2-
oxoethyl)phosphonate 237, characterized by its reaction with urea, whilst the second sta§
leads to the vic-diol 238, this characterized through its reaction with 2 mol of PANCO**™.
The R,R (threo) and R,S (erythro) diastereoisomers of the dihydroxy compounds have
been identified by their *'P, 'H and *C NMR spectra®', and each form has also been
characterized chemically through its conversion into the respective (E)- or (£)-1,2-diphos-
phonoethene, and of these into ethynediylbisphosphonic acid and 1,2-ethanediylbisphos-
phonic acid*”.

0]

I (RO,P(O)H I l
(RO),PCHCHO —— (RO),PCH—CHP(OR),
Sn ou o

237) (238)

Biacetyl reacts with a dialkyl hydrogenphosphonate in a manner identical with that
observed in the first stage for glyoxal, and gives the esteis 239**. A reaction between lithi-
um diethyl phosphite and the 1,2-dioxocyclobutene 240 affords the hydroxy phosphonate
241 only (75% yield) when carried out at =70 °C, but admixed with the phosphonic ester
242 when performed at —20 °C**.

0
0 Me RO_  OR RO. OR (RIOWP_  OR

ROYP—C—COMe I—;L 1 ;i[
1o o Yo  ®OL o o o
(239) (240) O ) 42)

According to Abramov e al.,”” acetylacetone (as a simple example of a 1,3-dicarbonyl
compound) gives 243 when treated with a dialkyl hydrogenphosphonate. Others™*** have
isolated only the dehydration products 245, together with, as the major product, 2-alkoxy
5-dialkoxyphosphinoyl-3,5-dimethyl-2-oxo-1,2-oxaphospholan-3-01 (246), formed through
an initial double 1,2-addition reaction®®. The structure of the minor product was
confirmed by independent synthesis™*. Exposure of the inital reaction product 248 from
acetylacetone and ethylphosphonous dichloride to moist air furnished the analogous 1,2-
oxaphosph(V)olane 249”’. Dimethyl trimethylsilyl phosphite and acetylacetone are said
to react to give initially 244, with the silyl ether of the phosphorylated 1,2-oxaphospholane
2-oxide 247 as the result of further reaction of 244 with more phosphite triester’™®.
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(247) R! = SiMes3, R = Me

Hexafluoroacetylacetone, through its enol form, (2)-1,1,1 ,3,5,5-hexafluoro-4-hydrox-
ypent-3-en-2-one, undergoes, as might be expected a complex reaction with a dialkyl
hydrogenphosphonate with, initially, the formation of 250 (R = Me) or 251 (R = Et or
RR = CMe,CMe,). For those compounds with R = Me, further steps lead to diastereoiso-
meric pairs 252 and 253 of 2,5-dia1koxy-2-oxo-3,5-bis(3triﬁuoromethyl)-1,2-oxaphospho-
lan-3-ol via the phosphorane intermediates 254a and b*”.
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| oH OH | oH o
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(a)A=OR,B=0"
(b)A=0-,B=0R

Analogous reactions which involve a 1,4-diketone 255 in the presence of EtO™ occur
initially at the more reactive carbonyl site to give 256, and not at both sites, even in the
presence of a large excess of phosphite; an exception to this rule appears to be 255 (R! =
R*=Ph, R” = R® = H), when both 256 and the corresponding 257 are obtained. In other
cases, intramolecular attack at the free carbonyl group leads to phosphorylated tetrahy-
drofurans*®.

Many other studies have been concerned with reactions between other 1,4-dike-
tones*"*” or 1,5-diketones**” and a variety of phosphorus-containing reactants includ-
ing phosphine™', hypophosphorous acid“>*® and hypophosphorous esters, either alkyl or
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trimethylsilyl***". These reactions often give rise to linear products accompanied by cyclic
compounds, all of which carry a hydroxy group on carbon adjacent to phosphorus(V).
Typical products are the linear bisphosphinic acid 258 and the dihydroxyphospholanic
ester 259 from bis(trimethylsilyl) hypophosphite and 1,4-diphenylbutane-1,4-dione, and
the phosphorinanes 260 produced, along with the linear phosphinic esters 261, from 1,5-
diketones.
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5. From hydroxyketones or hydroxyaldehydes

The reaction between dimethyl hydrogenphosphonate and 3-hydroxybutanal produces
a mixture of diastereoisomeric dimethyl (1,3-dihydroxybutyl)phosphonates, 262a and b,
in the proportions 3:7; the relative configurations at the C;,and Cy;, chiral centres in indi-
vidual isomers were ascertained through *C NMR analysis of the benzylidene derivatives.
When NaOMe was employed as catalyst in the initial reaction, the formation of 262 was
accompanied by that of significant amounts of the 3-hydroxy-1,2-oxaphosph(V)olanes
263, again as mixtures of diastereoisomers. The latter are also obtained through the tri-
ethylamine-catalysed intramolecular transesterification of the linear esters 262*%.
Mixtures of linear and cyclic acylated phosphonic esters, e.g. the acetates of 262 and 263,
result when 4-acetyloxybutan-2-one is acted upon by a dialkyl hydrogenphosphonate®®.

o Me
I 0 ~OMe
(MeO),P ‘ P%
o}
2
R! R® OH OH
(262) (263)

(@ R!'=0OH,R2=H
(b)R! = H,R2 = OH

The treatment of 1,1-dimethyl-3-oxobutanol (diacetone alcohol) with PCl, in the
presence of Et;N leads, even at low temperature, to the formation of much 4-methylpent-
3-en-2-one (mesityl oxide) together with moderate amounts of the phosphonic diester 264;
when this material is stored, or when it is heated in vacuo, elimination of mesityl oxide
occurs and the acid 265 (R = H) results*'’. The outcome of this reaction is somewhat dif-
ferent in the absence of the triethylamine, when the final product is the cyclic phosphinic

chloride 266.
(@)
H )J\
N

Me Me Me
Me O\P//Q\ &ii -Me,C=CHCOMe Me O\P/OR
~2 o D €2 R=H \\O
Me OH Me OH
(264) (265)

at
-ROH (R = alkyl)

Me
I RO),P(O)H I O
MeCCH,CMe,0H ROPOH_ Ro),P Me 7
RO- Me P
Me / N\
Me OH on M~ O d

(266)
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3-Alkoxy-1,2-oxaphosph(V)olanes (265) have been prepared following the initial 1,2-
addition of a hydrogenphosphonate diester at the carbonyl group of mesityl oxide*’, and
the structure of 265 (R = Me) has been confirmed crystallographically’”. An alternative,
and widely developed, procedure for the synthesis of the same, and other, 2-substituted-
1,2-oxaphospholan-3-ol 2-oxides is based on the transesterification or hydrolysis of appro-
priate and linear phosphorus(III) esters or amides. The initial reaction between diacetone
alcohol and (1) a chlorophosphite ester, (RO),PCl, ROPCl,, or (RO)Et,N)PCI (with
removal of HCI by triethylamine), (2) a phosphorus(IIl) amide, (RO),PNR, or
ROP(NR,),, or (3) a phosphorus(III) triamide (with loss of R,NH) gives rise to the phos-
phorus(III) esters or amides 267 (R', R* = RO or NR,), which may be isolable. More com-
monly, however, cyclization to the 1,2-oxaphosph(V)olan-3-ols (268) occurs rapidly,
particularly when the reaction mixtures are heated*?, although failures to cyclize under
such conditions have also been reported (in spite of confirmation of the tervalent status of
the crude initial products*). If the initial mixing is carried out in acetic acid, the 1,2-
oxaphospholan-3-ols (268)(R' = RO or NR)) are obtained directly under milder condi-
tions and in much better yields***'". In this case, stepwise mechanisms have been outlined
which involve the intermediate formation of mixed phosphorus(III) acid-acetic anhy-
drides which then react with the diacetone alcohol selectively at the anhydride bond.
Cyclization also occurs when the intermediate phosphorus(IIT) ester amide is hydrolysed,
since this affords secondary phosphites which tautomerize to hydrogenphospho-
nates***%. The hydrolysis of dimethyl 2-methyl-3-oxobutyl phosphite yields mixtures of
diastereoisomeric 2-methoxy-3,4-dimethyl-2-oxo-1,2-oxaphospholan-3-ols, not all of
which may be produced in the initial reaction”', and the same reaction with the ester from
(MeO),PCl and 4-hydroxypentan-2-one gave four diastereoisomeric 2-methoxy-3,5-
dimethyl-2-oxo-1,2-oxaphospholan-3-ols together with two linear C;, epimeric phospho-
nates™. Analogous reactions have also been carried out with phosphonous dichlorides
RPC1,">*%, The configurations of the various diastereoisomers of these comgounds have
been studied by X-ray methods”**® and in some detail by infrared”****' and
NMR 24743243 gpectroscopic methods.

Me OH
R!R2POCMe,CH,COMe P//O
(267) Me /N
Me o R
(268)

The invariable production of much mesityl oxide during the course of those reactions
which involved diacetone alcohol and phosphonous dichlorides, and the successful isola-
tion of phenylphosphonous acid following a reaction with PhPCl,, are testimony to the
potential complexity of a reaction scheme, being indicative of two (at least) reaction path-

ways, both of which involve, in part, internal Abramov steps (Scheme 21)*"4774%,

6. From (1-oxoalkyl)phosphonic acid derivatives

Reactions between dialkyl hydrogenphosphonates and (1-oxoalkyl)phosphonic
diesters in the presence of a trace of basic catalyst, normally triethylamine or sodium alkox-
ide, give rise to tetraakyl esters of (1-hydroxyalkylidene)bisphosphonic acids (269) in a
manner similar to the behaviour of the hydrogenphosphonates towards simple aldehydes
or ketones**>**. However, following the initial observations of this interaction, it soon
became apparent that, based on 'H NMR evidence, the isolated compounds did not pos-
sess the stated alkylidenebisphosphonate structure but were, in reality, the products of a
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2 HOCMe,CH,COMe
RPCl, RP(OCMe,CH,COMe),
HOCMe,CH,COMe -Me,C=CHCOMe
R
I \1/ °
R—P—H + Me,C=CHCOMe PN
| H OCMe,CH,COMe
OH
7o
R—F—?CH=CMe2 268
HO Me
SCHEME 21

P—C—O0 to P—O—Crearrangement induced by the action of heat (during distillation) or
of the base used as catalyst*’. The acetates of (1-hydroxyalkylidene)bisphosphonic acids
(as their esters) are more stable than the free hydroxy esters, and are obtainable through
the thermal rearrangement of dialkyl acetyl phosphites, a process that involves the initial
rearrangement of the phosphite into dialkyl acetylphosphonate, followed by reaction
between this and more acetyl phosphite*®. Under carefully controlled, neutral conditions,
and particularly when purification of the desired compound does not require the applica-
tion of intense heat, esters of a desired (1-hydroxyalkylidene)bisphosphonic acid can be
isolated***. (1-Hydroxyethylidene)bisphosphonic acid (1-hydroxyethane-1,1-bisphos-
phonic acid) was evidently first prepared by von Baeyer and Hofmann in 1897, and has
more recently been prepared from mixtures derived from acetic acid, water and PCl, at
120 °C, phosphorous acid and acetic anhydride at 80-90 °C, or acetyl chloride and phos-
phorous acid at 120 °C; in such procedures, the essential process probably involves the
addition of phosphorous acid to intermediary acetylphosphonic acid*'. Also isolable from
such reaction mixtures is the cyclic tetraphosphonic acid 270, derived in principle by the
dehydration of the ethylidenebisphosphonic acid*'*?, also obtained slightly earlier but
assigned an isomeric but incorrect structure*’,

o O OH O

I |
(R10),P(O)H + (R20),PCOR3 (RlO)zP—(lj—P(ORZ)z
R3

(269)

H
H,0;P

o)
e,
Me k PO;H,
°P Me

\//O

0]

7\
O OH

(270)
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The synthesis of homologues of (hydroxymethylene)bisphosphonic acid may be
achieved through reactions between other carboxylic acids, PCl, and water at 130 oCH!
and the use of carboxylic esters is also feasible**. (Hydroxymethylene)bisphosphonic acid
and its ethers are obtainable from tetraalkyl pyrophosphites and alkyl formates in the pres-
ence of BF, at 20-130 °C**. Yet a further reactant combination consists of an alkanoic
ester, and P,OBF;, which produceiglasses, but from which the bisphosphonic acid may
be extracted with boiling dilute HCI™.

(1-Hydroxyalkyl)phosphonic diesters are obtainable more simply by the NaBH, reduc-
tion of esters of (1-oxoalkyl)phosphonic acids; alkalinity in the medium has to be avoided
since this causes decomposition of the product into aldehyde and dialkyl hydrogenphos-
phonate*®,

B. Syntheses of f-and Higher Monohydroxy-phosphonic and -phosphinic
Acids

1. Through the Michaelis—Arbuzov and Michaelis—Becker reactions

Drawbacks in the application of the Michaelis-Becker reaction for the synthesis of (2-
hydroxyalkyl)phosphonic diesters have been revealed in the study of the interaction of
sodium diethyl phosphite and w-chloroalkanols in a procedure which, in principle, might
be adaptable to prepare such acids with any carbon chain length possessing an w-hydroxyl
group. However, the yield of diethyl (2-hydroxyethyl)phosphonate from 2-chloroethanol
was low (<10%), a mixture of products being obtained, and the preparation of the esters
from haloalkanols of longer carbon chain length fared little better since, on attempted iso-
lation, cyclization occurred to give 1,2-oxaphosphorinane 2-oxides 271 (n = 1)*"* or 1,2-
oxaphosphepane 2-oxides 271 (n = 2)*74 Elsewhere, the nature of the products from such
reactions has been shown to be temperature dependent, and the complexity of the product
mixtures cast some doubt, in this case, on the synthetic value of the reaction*”.

(Et0),PONa
ClCHzCHQ(CHz)nCHon - =
(”) -EtOH O\ //O
(Et0),PCH,CH,(CH,),CH,0H ——>— ({) P
\OEt
@71)

More successful has been the application of the Michaelis—Arbuzov reaction using
hydroxyalkyl halides in appropriately O-protected form. Reactions which involve non-
protected acetylenic alcohols afford rearranged products (Scheme 22), and it is necessary
initially to protect the OH group, conveniently with the 2-tetrahydropyranyl moiety*!.

o)
- I
(Et0),PONa + BrC=CCR'R?0R3 R=H_ (E{0),POCR!R?’C=CH

R3=thp
(0] O

| " |
(Et0),PC=CCR!R20thp "+ (Et0),PC=CCR'R20H
SCHEME 22
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(2-Benzyloxypropyl)phosphonic* and (2-trimethylsilyloxyethyl)phosphonic*® diethyl
esters are obtained from the appropriate alkyl bromide and triethyl phosphite.
Deprotection at the side-chain substituent (debenzylation with H,, Pd-C; desilylation with
MeOH-HCI) leaves the diethyl (2-hydroxypropyl)- and (2-hydroxyethyl)-phosphonates
from which the free acids are readily obtainable by acid hydrolysis. Both procedures were
adapted by Hammerschmidt for the preParation of deuterium-labelled compounds of
known chirality for biosynthetic studies***. The acetyl group can also be used for pro-
tection purposes*”.

2. Miscellaneous methods based on phosphorus—carbon bond formation

The use of oxirane together with Na,HPO, to prepare (2-hydroxyethyl)phosphonic acid
as its disodium salt is of historical interest. Other poorly exploited, yet interesting and
potentially valuable, reactions include the combination of a trialkyl phosphite and dialkyl
chlorophosphate with an oxirane to yield O-phosphorylated derivatives of (2-hydrox-
yalkyl)phosphonic diesters (reaction 10)*** and, following the initial reaction of an o, -
unsaturated ketone with a phosphorus(I1I) triester to give the cyclic phosphorane 272, the
subsequent further reaction of the latter with an aldehyde followed by hydrolysis (reaction
11)*"". Dialkyl acetyl phosphites are reported to react with oxirane through anionic inter-
mediate s?ecies with the formation, albeit in low yields, of dialkyl (2-acetyloxyethyl)phos-
phonates™®, hydrolysable with concentrated HCI, to give (2-hydroxyethyl)phosphonic

acid459,460'
0
R! | { I
anz 1
7 + (R2O)P + (R30),PCl —22~ (R30),POCHR!CH,P(OR2), (10)
o)
Rl
o il\o O H OH
R3CHO
ﬁle + (RRO)P T L ORT T RI%R:’ (n
NAp 2 H
r2¢ OR O=P(OR),
(272)

The opening of the monosubstituted oxirane ring by dialkyl phosphite anions or those
from phosphonic diamides, (R,N),PO’, is regiospecific and gives esters or diamides of
(2-hydroxyalkyl)phosphonic acids, under mild conditions, in accord with S\2 reactions of
epoxides*'*®%. The reaction is also rrans stereoselective; thus, the reaction between phos-
phonic bis(dimethylamide) anion, from 273 and BuLi, and frans- or cis-2,3-epoxybutane
yielded the individually pure diastereoisomeric 2RS, 3SR and 2SR,3SR pairs, 274aand b,
of (2-hydroxy-1-methylpropyl)phosphonic bis(dimethylamide) (Scheme 23)*®. This pro-
cedure was originally developed by Corey and coworkers as an alternative methodology
to the Wadsworth-Emmonds variation of the Wittig alkene synthesis (see the following
section and also Chapter 6, Section I11.c).

3. Through modifications to compounds with phosphorus—carbon bonds

Such methods are scarce. The addition of aldehydes to dialkyl vinylphosphonate occurs
in the presence of 1,4-diazabicyclo[2.2.2]octane to give good yields of (2-hydroxy-1-
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Me,N—P—NMe,

(i) BuLi H Me
(") H,// O, \\\MC Me/ H
Me H OH
(274a) . “
(i) BuLi
(M62N)2P(O)H < m (MCzN)zPCHzCH3
273) C”’ 275)
MezN —P—NMe2
(i) BuLi H Me
(i) H,,/AO o H Me
Me Me OH
L @) )
SCHEME 23

methylenealkyl)phosphonates (276), although the reaction proceeds very slowly, requir-
ing several days, if not weeks, at room temperature to ensure reasonable yields*®,

1
(RO),PC=CH,

CH(OH)R!
(276)

The most important reaction in this area is that which occurs between a phosphorylat-
ed carbanion and an aldehyde or ketone (Scheme 24), and is most commonly used for the
preparation of alkenes; the modification which employs anions from tertiary phosphine
oxides has been considered elsewhere*®.

Normally, the proposed intermediate 277 (R' = EtO or Ph) fragments rapidly, particu-
larly under acidic conditions, and this leads easily to an alkene (in a pure geometric form
or as a mixture of Z and E forms) and a phosphorus-containing acid as a water-soluble salt.
The adducts from aldehydes are generally more stable than those from ketones and, in gen-
eral, increased electron input to carbon from R* and R*leads to greater attraction of O to
P* and thus easier breakdown. On the other hand, reduced positive electronic character at
phosphorus would help to stabilize to intermediate and facilitate the isolation of the (2-
hydroxyalkyl)phosphonic derivative 278. Historically, success in achieving this result
came only relatively recently. In practice, it can be, and was initially, achieved with R' =
Me,N and, by using the carbanion [(Me,N),P(O)CHAr] (Ar = Ph or 4-CIC(H,), general-
ly as the lithium salt; reactions have been performed with benzaldehydes**®#% dialkyl
ketones including cycloopentanone and cyclohexanone*®, acetophenone and benzophe-
none*®, orisobutyraldehyde*®. Using this procedure, the resultant 2-[bis(dimethylamino)-
phosphinyljalkanols consist of mixtures of erythro and threo forms, the latter being in
excess by a factor of 2-3, and from which the diastereoisomeric forms have sometimes been
isolated in the pure state.
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Il _
[RAPCHR2M* + R3COR*
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I
R,P—CHR? —— = R,P—O M* + R2ZCH=CR3R*
elimination

M*-O—CR3R*

@277
0

RLPCHR2CR3R4OH

(278)

SCHEME 24

Even the carbanions from less stabilized methyl- or ethyl-phosphonic bis(dimethy-
lamide)s can be successfully employed*®. In the latter case, the reaction with acetaldehyde
(Scheme 23) provides a mixture of the two diastereoisomeric alkanols 274a and b, exem-
plifying an alternative synthesis of (2-hydroxyalkyl)phosphonic bis(dimethylamide)s.

The reaction between a lithiated dialkyl 2-propenylphosphonate and an aldehyde at
—78 °C furnishes a mixture of the a- and y-adducts; thus, diethyl prop-2-enylphosphonate
and 4-nitrobenzaldehyde give a mixture of the a- and y-adducts in the ratio of 2:5, the
former being the kinetically controlled and the latter the thermodynamically controlled
product. Deprotonation allows the a-adduct to isomerize to the y-form**47!,

The «-(279) and y-(280) adducts from the reaction between lithio(prop-2-enyl)phos-
phonic bis(dimethylamide) and acetone have been separated by TLC, and each can be
obtained separately by the addition to the reaction mixture of a different Lewis acid*®. In
contrast to the 2-hydroxy compound, the 4-hydroxy isomer is thermally stable.

o
Me Me MerCO I
€2 Me,;N),P ~
(Me;N),P OH “Mps (Me;N)P
=" H Lit
(279)
(H) OH
MeZCO
ZuCl, (MeZN)ZP\/\/jVMe
or CdI, Me
(280)
P
(Me,N),PCHMeCPh

(281)
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As an alternative to the manner in which the stability of the intermediate species 277 is
raised by increasing electron input to phosphorus, a reduction in nucleophilic character of
the original carbonyl oxygen might be contemplated. In this respect, it may be noted that
a reaction between the lithium salt of diisopropyl (fluoromethyl)phosphonate and the
ketones R'R2CO affords both the alkene (s) predicted from the Wittig mechanism, but also
the alcohols (Pr'O),P(O)CHFC(OH)R' R’ as mixtures of diastereoisomers, distinguish-
able spectroscopically but not separable'®.

In a further development, explored very little from the stereochemical aspect, the reduc-
tion of (oxoalkyl)phosphonic bis(dimethylamide)s, e.g. 281, with NaBH, (or LiBH,,
H,-Raney nickel, Al-Hg, B,H, or an organoborane) gave an 80% yield of one diastereoiso-
mer of 278 (R' = Me,N, R? = Me, R? = H, R* = Ph) 0f 98% stereoisomeric purity; since this,
on decomposition, gave pure frans-1-phenylpropene, the alcohol must have had the
2RS,3SR (threo) configuration®®,

Oxirane rings also suffer rupture when acted upon by 41>)hosphorylcarbanions. The prod-
ucts are then dialkyl (3-hydroxyalkyl)phosphonates’’>*”. Reactions between dialkyl
(lithiomethyl)phosphonate and &, f-unsaturated aldehydes yields dialkyl (2-hydroxyalk-3-
en-1-yl)phosphonates*’*.

C. Syntheses of Polyhydroxy-phosphonic and -phosphinic Acids

For the purposes of this chapter, the term ‘polyhydroxy phosphonic (or phosphinic)
acid’ is used in the widest possible context, and some discussion is therefore directed
towards those carbohydrate analogues, both isosteric and non-isosteric, of true natural
carbohydrate molecules, and which include at least one direct phosphorus—carbon bond*”.

Conventional organic synthesis procedures are sometimes employed to prepare the sim-
pler types of those molecules included here. Thus, (vic-dihydroxyalkyl)phosphonic diesters
are obtainable through the hydroxylation of the corresponding unsaturated acid esters
using OsO, and standard techniques”**”’. The isolation and purification of a diol may
prove to be difficult because of possible intramolecular transesterification, sometimes
accompanied by dehydration (reaction 12)*".

HO
O — O
{ HO heat //O heat (\ PV (12)
(EtO)zP\/\ “EtOH _P “H,0 o\
0" Lk OEt
OH

Within a specific system of reactants, the ring opening in a phosphoryl oxirane by an
alcohol may be regarded as occurring regiospecifically. Two examples illustrate the poten-
tial for a change in the manner of ring opening. The conversion of 282 into 283 by ROH
(R = alkyl or benzyl) occurs in the presence of an acid catalyst or of BF;-Et,0, but not by
the use of a basic catalyst. On the other hand, the formation of 285 from 284 requires a
basic catalyst and acid catalysts are ineffective. Both reactions occur with phenols under
basic conditions*”®. Not only is the ring opening of phosphorylated oxiranes regiospecific,
but it can also be stereospecific. For example, (2R, 35)-(1,2-epoxypropyl)phosphonic acid

O O Me
[ [ I O I

(EtO),P (EtO),P —CCH,OH (EtO)ZP\/Q (EtO),PCH,CHCH,0OR
Me” N C|)R (I)H

(282) (283) (284) (285)
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(phosphonomycin; 286) undergoes acid catalyzed ring opening to (1R, 2R)-(1,2-dihy-
droxypropyl)phosphonic acid (287)*".

Deprotection procedures are readily available when, for example, in 283 and 285, R is
benzyl, and removal relies on simple hydrogenolysis, and yields a dialkyl (2,3-dihydrox-
ypropyl)phosphonate; the product 288, from phenylglycidyl ether and a hydrogenphos-
phonate ester, may likewise be deprotected in an appropriate manner to afford esters of
the same phosphonic acid**’.

H H OH

H* H
Me? :0; ¥ PO;H, YT posH,

OH

(286) (287)
PhOCH, CH—CH RO),P
2 CH—CH, (RO),

OPh
(288)

Similar deprotection procedures have been applied in the last stages of Abramov
syntheses, and are illustrated in Scheme 25 with particular reference to the (1,2-dihydrox-
ypropyl)phosphonic acid derivatives (R' = Me). Dimethyl (2-benzyloxy-1-hydrox-
ypropyl)phosphonate is obtainable as a mixture of stereoisomeric forms 290a and b from
(MeO),P(O)H and (S)-2-benzyloxypropanal (289). The aldehyde 289 also reacts with
dialkyl silyl phosphites to afford a mixture of the fully protected compounds 291a and b,
which may be selectively desilylated or completely deprotected to give the diastereoiso-
meric forms of (1,2—dihydroxypropylg)g)hosphonic acid, 292a and b, also obtainable by the
debenzylation of the respective 290*7**', Dimethyl! (1,2-dihydroxyethyl)phosphonate has
likewise been obtained in racemic form as its 2-O-benzyl derivative, and also in optically
active forms as its 1-O-(fers-butyldimethylsilyl) and 2-O-benzyl-1-O-(tert-butyl-

AL B
R! CHO  ®pposiMe;  R!
- P(OR?),
OCH,Ph PRCH,0 ¢
(289) (291)

(a) A = H, B = OSiMe;
(b) A = OSiMe;, B=H

(R20),P(O)H i
AL B A_ B
R! R
|1|9(0R2)2 POsH;
PhCH,0 HO
(290) (292)
(a)A=H,B=0H (a)A=H,B=0OH
(b)A=OH,B=H (b)) A=OH,B=H

SCHEME 25
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dimethylsilyl) derivatives, and the syntheses have been developed by Hammerschmidt and
Vollenkle *2 for the preparation of isotopically labelled hydroxy phosphonic acids.

The successful preparation of (2-hydroxyalkyl)phosphonic acid derivatives by the
treatment of an appropriately phosphorylated carbanion with an aldehyde or ketone, has
been further extended to the formation of 294 from 293*.

o 1 2
(Et0)¥> pn M (EtO)IP K
Y ricor? 2 %OH
OSiMe; Ph OSiMe;
(293) (294)

Yet another standard reaction which has been employed for the preparation of dihy-
droxyalkyl phosphonic acids is an adaptation of that due to Wittig, and exemplified by the
synthesis of (3,4-dihydroxybutyl)phosphonic acid; the interaction of 2,3-isopropylideneg-
lyceraldehyde and  diphenyl  [(triphenylphosphoranylidene)methyllphosphonate,
Ph,P—CHP(O)(OPh), yields 295, which, on hydrogenolysis, affords the target acid*.

Esters of (2,2-difluoro-3,4-dihydroxybutyl)phosphonic acid have been obtained
through an epoxide ring-opening reaction’”, and such a procedure has also been success-
fully applied to the preparation of mono-, di- and tri-hydroxy acids depending on the
nature of the oxirane substituents (reaction 13)(X', X*> = CH,Ph or p-toluenesulphonyl, or
X!, X?>= CMe,). Ring opening is obtained through the use of sodium dialkyl phosphite (to
yield products for which n = 0), or with dialkyl (lithiomethyl)phosphonate (to give products
for which n = 1), in a process catalysed by BFy'Et,O. The yields in this procedure are very
high, but the reaction operates very poorly using diethyl trimethylsilyl phosphite —ZnL,*®.

1
(RO),P
O (RO),POLi ) n
ox! ___o 0),¢ (13)

(RO),P(O)CH,Li HO

ox:2 ox2
Many of the aforementioned reactions have been extended to the preparation of tri- and
more extensively hydroxylated phosphonic acids. Perhaps the simplest example of this
consists in the reaction between dibenzyl hydrogenphosphonate and 2,3-O-isopropyli-
dene-p-glyceraldehyde to give, after appropriate deprotection, (1RS, 2R)-(1,2,3-trihy-
droxypropyl)phosphonic acid®. The opening of the epoxide ring in 296 by diethyl

o)
I
%Hz_ ?HCH= CHP(OPh),

O ><O
(295) 0
(0] Me;SiO Il
P(OEt),
(@) (@)
OCOPh OCOPh
PhCOO OCOPh PhCOO OCOPh

(296) 297)
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trimethylsilyl phosphite affords 297, a surprising result in view of the result presented in
the previous paragraph; deprotection then gives 1-deoxy-p-fructose-1-phosphonic acid as
a mixture of the a- and -forms**.

Typical applications of the Michaelis-Arbuzov reaction include the conversion of the 5-
deoxy-l,2-0-isopr0})¥lidene-3-O-methyl-oc-D-xylofuranose derivative 298 into 299 with
triethyl phosphite*"**® or with diethyl ethyl- or butyl-phosphonite to give 300 (R = Et or
Bu)*; protection at Cyy, is also feasible with acetyl or benzoyl moieties™. Another exam-
ple is the conversion of 301 with (MeO),P into 302 (R = Me) in only 30% yield, but with
sodium dibenzyl phosphite into 302 (R = CH,Ph) in 80% yield, and thence via 303 to 304*";
other similar applications may be noted*>4%,

CH,X 0 X HO _PO;H,
0 0 0
OMe o HO
-1 9O 0 HO
O“— 7//O OH

(298) X = Broor [ (301X =1 (304)
(299) X = P(O)(OEY), (302) X = P(O)(OR),
(300) X = P(O)(OEHR  (303) X = PO3H,

Ina typical Wittig process, the lithium salt of tetramethyl methylenebisphosphonate acts
upon the cyclic ketone 305 to give 306; further steps which consist essentially in reduction
(PtO,, H,), de-esterification at phosphorus (Me,SiBr) and further deprotection (aq.
F,CCOOH), give racemic myo-inositolmethylphosphonic acid (307; R =H)**, also obtain-
able through a reaction between the epoxide 308 and a dialky! (lithiomethyl)phosphonate®®.

7Lo 7 RO  POH,

(0] CHP(OMe), RO
“0 RO™
(305) (306) (307)
OCH,Ph
PhCH,0,,
K
PhCH,07 ™
OCH,Ph
(308)

Hydrogenphosphonates and related hydrophosphoryl compounds undergo many addi-
tion reactions, including addition to activated alkenes. In the presence of Et;N, dimethyl
hydrogenphosphonate adds to the nitro sugar 309 (Z = H) to give 310 (Z= H,R = OMe)
convertible, through 311, into 312 (Z = H, R = OMe)*"**; other synthetic sequences have
commenced with 309 (Z = OAc) for R = Et*” or R = Ph*™. The initial addition of the hydro-
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genphosphonate across an activated C=C bond is also to be observed in the different
environment found in 313 when the product is the nitro sugar phosphonic diester 314 and
its (5:0(12) epimer, and in which the nitro group may be replaced by OH as for the example
310

(0]
CHNO CH,X
T Meo, 0  MeOsg IZ{
CH o P R~ fo}
7 ko Z
(0] (0]
0] % o) ‘iﬁ
(309) (310) X = NO,
(311) X = NH,
(312) X =OH
0 HO
Ph (0] (0]
0O,
H (0] OMe HO OMe
NO; O =P(OMe),
(313) (314)

Although the reactions between hydrogenphosphonates and simple aldehydes or
ketones have been so widely examined, there have been very few examples of asymmetric
synthesis. Apart from the few instances of this phenomenon associated with simple mono-
carbonyl substrates (see Section III.A.1), other examples include the reaction between
dimethyl hydrogenphosphonate and 3-hydroxybutanal, which was discussed earlier
(Section IIL.A.5), and that between dibenzyl hydrogenphosphonate and 2,3-0-
isopropylidene-D-glycerol when asymmetric induction leads to products in the ratio 4:6*%.
The last substrate represents the group of triose sugars, and indeed most of the known
stereochemical preferences have come to light during examinations of the Abramov
reaction using tetrose and higher carbohydrate substrates in relation to the synthesis of
polyhydroxy phosphonic and phosphinic acids. Within the tetrose series, reactions between
dimethyl hydrogenphosphonate and 2,4-O-ethylidene-p-erythrose (315; R = Me) in the
presence of NaOMe, and with the benzylidene derivative 315 (R = Ph) in the presence of
Et,N, both gave 1:1 mixtures of the 1 Rand 1S products 316 (R = Me, R! =Me or Ph); only
the benzylidene derivatives proved useful from the viewpoint of ease of deprotection. On
the other hand, the 2,4-O-benzylidene derivative of D-threitol, 318, yielded a mixture of the
1R and 1S forms of 319, with a 9:1 preference for the former isomer, and both forms could
be deprotected to give the stereochemically corresponding (1,2,3,4-tetrahydroxybutyl)-
phosphonic acid®>*”. This asymmetric preference was explained by considering Newman
projections 317 and 320 along the (O=)C—Cj;, bonds of the representations 315 and 318
of the substrates, which reveals a restriction in approach from one side of the carbonyl
group in 320 (i.e. for 318), not apparent for 317 (i.e. for 315)°™. An earlier study of ethyli-
dene derivatives in the same system, had shown a slight preference for one (unidentified)
form of the adduct™.

Both linear and cyclic forms in the pentose series have been examined. In their reactions
with a dialkyl hydrogenphosphonate, both 2,4:3,5-di-O-ethylidene-L-xylose (in its
reaction with diethyl hydrogenphosphonate in the presence of KF)** and 2,3:4,5-di-O-
isopropylidene-p-arabinose™”, single products were obtained to which the 1S configura-
tion was assigned, based on NMR studies on the [(pentaacetyloxy)pentyllphosphonic
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acids. However, the aldehydo-L-xylose derivative 321 displayed a distinct preference for
the 1R form (97:3) of the adduct 322°”. In other cases in which the substrates were carbo-
hydrates in ring form, the individual hydrogenphosphonate appeared to be a feature
controlling the degree of asymmetric synthesis®®**_ This tgyPe of study has been carried out
through the hexose series, including ketohexoses™*"**>* and also higher®™® carbohy-
drates. In some cases, asymmetric induction has been observed, but not in others.

CHO HO
O 0)
Me Me
H>< O Me H>< O Me
o-| X o-| X
o H o H
(321) 322)

Chain extension of an aldose by the use of dimethyl (lithiomethyl)phosphonate provides
a further route to polyhydroxyphosphonic acid esters. 2,3:4,5-Di-O-isopropylidene-D-
arabinose reacts with the lithiated ester to give a mixture of the Abramov 1:1 adducts hav-
ing the gluco (323; R' = H, R’ = OH) and manno (323; R' = OH, R? = H) configurations;
spectroscopic examination of the derived monoacetates indicated the two configurations
to be present in the ratio 69:31°".

The interaction of a dialkyl hydrogenphosphonate with a 3-hydroxyalkanal to afford
mixtures of diastereoisomers of the linear dialkyl (1,3-dihydroxyalkyl)phosphonate and
derived 1,2-oxaphospholane 2-oxides has already been discussed. Lack of protection at
appropriately sited hydroxy groups in carbohydrate molecules allows a similar reaction to
occur. With D-erythrose, the 1:1 adduct is obtained as a mixture of epimers 324 (R!, R* =
H, or OH); on acid-catalysed cyclization, these yield the phosphorus epimeric analogues
of D-ribo and p-arabino-furanosides with phosphorus in the epimeric position; 324 (R' =
H, R’ = OH) affords 325 as a mixture of the 2R, 3S,4R, 5SRand 28, 35, 4R, 5R, forms in
the ratio 2:1, and 324 (R' = OH, R’ = H) also yields the phosphorus epimeric 321 in the
same ratio’"”.

The involvement of ketoses in the Abramov and related reactions gives rise to linear
phosphonic acids in which the phosphinoyl group is sited on a carbon atom other than
at position C,. The dimethyl phosphite ester 327, derived from 1,3-di-O-benzyl-p-
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glycerotetrulose, undergoes controlled hydrolysis to give 22% of a mixture of the C,
epimers of 328, together with 23% of a mixture of the (2R)-1,2-oxaphospholane 2-oxide
(329) and its 2S-epimer in the ratio 2:1. The latter, and in the identical ratio, are obtained
when 328 is treated with Et,;N°".

CH,OCH,Ph ) CH,0CH,Ph o_ P
o (MeO),P ~~OH HOP__
OCH,Ph OCH,Ph OMe
OP(OMe), OH PhCH,0 OCH,Ph
(327) (328) (329)

It is thus apparent that the formation of 2-0xo-1,2-oxaphospholanols makes an impor-
tant contribution to the chemistry of the Abramov reaction when it involves aldoses, but
the formation of 2-0x0-1,2-oxaphosphorinanols from appropriate substrates has also been
observed®®*",

A useful method for the introduction of phosphorus-containing moieties on to the car-
bonyl position of furanose forms of ketohexoses is based on a modification to the Abramov
reaction consisting in the addition of a hydrophosphoryl compound to a hydrazide 330
(Scheme 26)°®. Thus, 331b (X = H, Z = OMe) (derived from the corresponding 331a) was
allowed to react with 332 (R! = OMe*' or Ph*'~*”) to give the corresponding adducts 333;
reduction of these with NaBH, yielded 334. The hydrogenolysis (with Raney nickel or
Pd-C) of 333 (X = Z = OCH,Ph) yielded the bicyclic 1,2-oxaphospholane 335 (X = OH,
R! = Et)’®, althou§h in later experiments it was found difficult to remove the benzyl
protecting groups™.
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A final group of compounds which are formally polyhydroxy phosphinic acids, and
which therefore should be mentioned, are those compounds in which phosphorus is the
only ring heteroatom and which are thus true phosphorus-containing analogues of carbo-
hydrate molecules. This field has been reviewed up to about 1983%%, but most of the
compounds described up to that time were, effectively, phosphine oxides. Even now, very
few phosphinic acid derivatives are known. Reduction of the anomeric mixture 336 with
lithium aluminium hydride or sodium dihydro(2-methoxyethoxy)aluminate (sdma) yields
the anomeric mixture of primary phosphines 337; acidolysis of this, followed by successive
oxidation steps, ultimately yields 2,4-dideoxy-4-hydroxyphosphonoyl-p-erythro-pentofu-
ranose' (338). From a detailed NMR study of peracetylated derivatives of the methyl ester
(prepared using CH,N,), an analysis of the stereoisomeric composition of 338 was possi-
ble***%, A similar acidolysis and oxidation sequential treatment of the primary phosphine
339, obtained by reduction (sdma or LiAlH,) of the phosphonate ester 299, affords the 1,2-
oxaphosphorinane 2-oxide 340**.
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IV. EPOXY-PHOSPHONIC AND -PHOSPHINIC ACIDS

In comparison with several other groups of functionalized phosphonic and phosphinic
acids, the chemistry of the epoxy acids has been poorly explored. Up to about 1970°?, the
few known epoxy acids had been obtained, for the most part, through the Darzens reaction
or through a halohydrin, although the most important example of the class, (1,2-
epoxypropyl)phosphonic acid, was produced by the direct epoxidation of (prop-1-enyl)-
phosphonic acid.

A. Syntheses of (Epoxyalkyl)-phosphonic and -phosphinic Acids Through
Phosphorus—Carbon Bond Formation

In spite of the apparent simplicity of the procedure, the formation of epoxyalkylphos-
phonic acid derivatives through the Michaelis-Arbuzov reaction is very poorly exempli-

" This form of nomenclature attempts to relate the structure to that of an analogous carbohydrate,
and has been widely adopted by those working in the area. Nevertheless, it is not consistent with the
customary manner of naming heterocyclic phosphorus compounds. A more systematic way of
naming the substance would be either 1,3,4,5-tetrahydroxy-1 -oxo-2-phospholanemethanol or 1-
hydroxy-2-hydroxymethyl-3,4,5-phospholanetriol 1-oxide.
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fied. The formation of diethyl (2,3—epoxypropyl)5£>hosphonate from triethyl phosphite and
bromomethyloxirane in acceptable yields (60%) 53! might need no further comment were
it not for the fact that other workers, who also employed simple trialkyl phosphites™ or
diethyl ethylphosphonite*” with chloromethyloxirane, obtained the same ester in yields of
only about 4%. Three possible reaction pathways (in addition to the normal
Michaelis-Arbuzov pathway) were considered by the Russian workers (Scheme 27); they
were unable to detect 341 and obtained prop-2-enyl halide in only very small quantity, sug-
gesting that pathways A and B were not of importance. Diethyl ethenyl phosphate (343;
R = Et) was isolated in 24% yield, consistent with the formation of chloroacetaldehyde,
and this was accompanied by diethyl methylphos?honate (also in 24% yield), suggestive of
the initial formation of the ylide 342 (R = Et)*>*”.

(RO),P CH 0
A O—R CHCHX | — (RO)ZPCH2C|HCH2X
/ 0 OR
(RO)P + CH,—CHCH,X (341)
~N 7
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. CH,X
{(RO)3P—| }
-0—CHCH,X
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(RO);P I
[(RO);P=CHj,] + [CICH,CHO] 22 (R0),POCH=CH,
(342) 343)
R = Et | 320CH,=CH,
T
(RO),PCH;
SCHEME 27

Application of the Abramov reaction has received little more attention, but it has been
used in conjunction with toluenesulphonyl derivatives of hydroxyketones in the presence
of dbu (Scheme 28); when acted upon by thiourea in MeOH at room temperature, the oxi-
ranes 344 (R = Me or Et, R’ = Me or Cy) are converted into the corresponding thiiranes
345°3, The reaction between the protected oxoacetal 346 with methyl phenylphosphinate
in the presence of dbu provides the epoxide 347 as a mixture of the diastereoisomeric 4RS
and 4SR pairs in the ratio 7:3. Reduction of the product with H, and Raney nickel yields
the linear phosphinate ester 348°%. Similarly, the reactions between the ketose 349 (R = Me
or CH,Ph) with either dialkyl hydrogenphosphonate or alkyl phenylphosphinate, again in
the presence of dbu, gave the epoxides 350 (R = Me or CH,Ph; R'=R?*=MeO; R' =Ph,
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R? = MeO or EtO), each mainly in the form of a single stereoisomer at Cj5”**"". The
absolute 5R configuration of one of these products, 350 (R = CH,Ph, R' = R?= MeO), has
been confirmed by X-ray crystallographic measurement™®,
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A novel procedure, illustrated in Scheme 11, involves the interaction between a metal
dialkyl phosphite and the phosphonium perfluorocarboxylate formed from a Wittig
reagent and a perfluorocarboxylic anhydride (R; = CF, or C,F,). Although alkenylphos-
phonic diesters are important coproducts in yields which approach 50%, useful yields of
the (1,2-epoxyalkyl)phosphonic diester 128 (also up to 50%) are obtainable when both R'
and R’ are Me, but the formation of epoxyalkylphosphonic esters fails completely when
R'R’=(CH,),™.

B. Syntheses Based on Modifications to Preformed Phosphonic
or Phosphinic Acids or Their Derivatives

1. By the epoxidation of alkenylphosphonic acids

(Alk-1-enyl)phosphonic esters have been shown to be rather unreactive towards perox-
yacetic acid in diethyl ether’” or in ethyl acetate® and towards trifluoroperoxyacetic acid
in dichloromethane™. Hydrogen peroxide in methanol at pH 9.5 — 10 afforded low yields
of epoxy products, and more satisfactory results have been achieved through the use of
Bu‘OOH in benzene in the presence of Triton B**. Diethyl ethenylphosphonate with 85%
hydrogen peroxide in the presence of maleic acid gave only 10% of diethyl
(epoxyethyl)phosphonate, the yield being increased to 21% through the use of peroxide
with perfluoroacetic anhydride in the presence of Na,HPO,**’. The epoxidation of prop-1-
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enyl)phosphonic acid has been carried out with hydrogen peroxide in the presence of
Na,WO,, and thence allowed the isolation of a product (phosphonomycin) which had 92%
optical purity**. Hydrogen peroxide in the presence of sodium carbonate is a reagent
combination which has been used to convert (3-oxoa]k-l-enyl)phoss‘ghonic esters, both
acyclic®? and cyclic™, into the epoxy compounds. Peroxyacetic acid 5% or triffluoroper-
oxyacetic acid buffered with sodium acetate> has been employed to peroxidize (alk-2-
enyl)- and (4-chloroalk-2-enyl)-phosphonic esters. Elsewhere, m-chloroperoxybenzoic
acid was used™, when both erythro and threo forms were recognized in the product, one
form generally being in great excess over the other (reaction 14)*"*_ Once again, epoxi-
dation has been carried out successfully on (4-oxoalk-2-enyl)phosphonic esters, either
acyclic“;‘; % or cyclic*, but the required product may be accompanied by a ‘dimer’ (reac-
tion 15)".

RIO_T Re
~p RS — ~
rR2”
R3
fl) o)
(RO),P \)LR3
R! R2

(1%

Attempts at the peroxidization of 2-phospholenes (351; R = alkyl, R' = H or Me) have
so far met with little success, in contrast to the positive behaviour of 3-phospholenes (352;
R = alkyl or Ph; R', R* = H or Me)™"**.
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The epoxidation of (buta-l,3-dienyl)§>hosphonic diesters with peroxytrifluoroacetic
acid occurs across the 3,4-double bond®™. A form of kinetic resolution occurs during the
epoxidation of diisopropy! (2-hydroxypent-3-enyl)phosphonate with ferz-butyl hydroper-
oxide in dichloromethane at —25 °C. In the presence of diisopropyl D-tartrate-TiOPr),,
the products from the (2RS)-ester 353 are unreacted (2S)-ester 354 (63%e.e.) together with
the stereoisomeric epoxides 355 and 356. A similar reaction using diisopropyl L-tartrate
gave the epoxide 356 together with unreacted 2R substrate’’*.

The epoxidation of ethene-1,1-diylbisphosphonic acid esters with 30% H,0,in NaHCO,
buffered solution yields esters of 2,2-oxiranediylbisphosphonic acid®™.
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2. Through the Darzens reaction

The simplest application of the Darzens reaction is outlined in Scheme 29. The produc-
tion of the phosphoryl carbanion has been normally carried out with a metal alkoxide; in
this respect, ferz-butoxide is better than ethoxide, some reactions proceeding only with the
former base®>**; butyllithium or lda has also been employed. The carbanion 357 is also
available through the chlorination of dialkyl methylphosphonate carbanion with
PhSO,CI?%.

0 0 0 il
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: |
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SCHEME 29

Scheme 30 illustrates a novel rearrangement process brought about through participa-
tion of the Darzens procedure”'>*”,

Variations in the Darzens procedure include the generation, from one phosphorylated
carbanion, e.g. 359, of a second carbanion, 360 (similar to 358 already encountered in
Scheme 30), as a prelude to the Darzens displacement to give 361'®. When treated with
tetrabutylammonium cyanide, the ester 362 yields both the epoxide 363 and the cyanooxo
ester 3647,

3. From halohydrins

Mixtures of halohydrins with (dihaloethyl)phosphonic derivatives are obtained by the
appropriate additions to ethenylphosphonic derivatives. Under phase-transfer conditions
in the presence of tetrabutylammonium hydroxide, the direct formation of (epoxyethyl)-
phosphonic acid derivatives has been observed>. However, several earlier reports describe
the conversion of isomeric halohydrins (Scheme 31) into the corresponding epoxides®>**,
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The reaction between equimolar amounts of sodium diethyl phosphite and 2-chlorocy-
clohexanone is reported to yield diethyl (1,2-epoxy-1-cyclohexyl)phosphonate directly,
whereas diethyl hydrogenphosphonate, in the presence of a trace of NaOMe in methanol,
yields diethyl (1-hydroxy-2-chloro-1-cyclohexyl)phosphonate, convertible into the epox-
ide 365 by the action of KOH”; evidently combinations of triethyl phosphite and 2-
chlorocyclohexanone and of 2-bromocyclohexanone and sodium diethyl phosphite yield
diethyl 1-cyclohexenylphosphate. On the other hand, diethyl (epoxyalkyl)phosphonates
are formed from sodium diethyl phosphite and bromo- or chloro-acetone, 1-chlorobutan-
2-one and 3-bromobutan-2-one through initial addition followed by intramolecular
displacement of halogen®™**'. Epoxide formation was also observed in the treatment of
dialkyl (4-acetyloxy-3-bromo-1,1-difluorobutyl)phosphonate with KOH at room temper-
ature??,

o)
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X= BrT(EtO)zPONa

O=P(OEt),
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X 0
(EtO),PONa
X=Cl

(EtO),POH- o (365)

MeONa
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X=Cl HO P(OEt)z A’OH
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The lack of success in the preparation of 2,3-epoxy derivatives from 2-phospholenes has
been obviated by the use of the halohydrin procedure®. Thus, the treatment of the 2-
phospholene 351 (R = Et, R' = Me) with nba yields a stereoisomeric mixture of the
halohydrins 366 which, when treated with KOAc in acetone, in turn, yields a mixture of
two stereoisomers of the epoxide 367. The product from the same reaction with the corre-
sponding 3-phospholene is identical with that obtained by the direct oxidation of the
phospholene, and is therefore thought to have structure 368>,

R! R! R! O
HOi——/\ Ot >\—/\° 4
Br=\p P P
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The halohydrin reaction has been used in the synthesis of (1R, 25)-(1,2-epoxypropyl)-
phosphonic acid (phosphonomycin)(370) and its derivatives. One such synthesis (Scheme
32) was devised®® soon after this substance was originally described’®. The treatment of
(Z2)-(prop-1-enyl)phosphonic acid with terz-BuOCl or NaOCl affords (1RS, 2SR)-(1-
chloro-2-hydroxypropyl)phosphonic acid (369), which was resolved by the use of (-)-
PhCHMeNH,. When treated in turn with 10 M NaOH, the (+)-chlorohydrin afforded the
desired compound 370. In a second and more recent synthesis, (Z)-(prop-1-enyl)-
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phosphonic acid was converted into its dichloride, from which, following interaction with
the appropriate tartaric acid derivative (as a chiral auxiliary) in the presence of Et;N, the
1,3,2-dioxaphospholanes 371 (R = OMe, NHMe, NMe,, ctc.) were obtained. These
suffered hydrolytic ring opening to 372 (R' = H), readily convertible into 372 (R' = Me)
with diazomethane; the products, of which that with R = Pr’ proved to be the most useful,
underwent highly chemoselective, regiospecific and stereospecific reaction with nba giving
the bromohydrins(1S, 2R)-373aand (1R, 25)-373b, which were separable; the ratio of 373b
to 373a varied from 51:49 for R = OMe to 70:30 for R = NHMe, NHPr and NHBn. In the
final step, 373b(R = NHPr') was treated with aqueous HBr to liberate the free (1R, 2.5)-(1-
bromo-Z-hydroxypropsyl)phosphonic acid, which was acted upon by NaOMe to give the
desired compound 370°*.

In a later development, it was found that tin(II) triflate catalyses the interaction of a
bromomethyl ketone and a (1-formylalkyl)phosphonic diester to give the (3-bromo-2-
hydroxy-4-oxoalkyl)?hosphonic ester; this is convertible into the epoxide with Et;N in
benzene (Scheme 33)™*°*.

4. From (oxoalkyl)phosphonic esters and diazoalkanes

Diazoalkanes are well known as reagents for carbon insertion reactions through the
intermediacy of carbenes. Here, diethyl acetylphosphonate has been shown to react with
diazomethane to give a mixture of 2-(diethoxyphosphinoyl)-2-methyloxirane (the major
product) together with traces of diethyl (2-oxopropgfl)phosphonate”g’; the reaction
between dimethyl acetylphosphonate and diazoethane™” and that between diethyl ben-
zoylphosphonate and diazomethane®® both afford only the (2-oxoalkyl)phosphonic
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diester. In spite of these disappointments, the procedure has its usefulness, in that dialkyl
acetyl- and aroyl-phosphonates afford high yields (62-98%) of 2-substituted-2-(dialkox-

566

yphosphinoyl)-3,3-diphenyloxiranes (374) on reaction with diazodiphenylmethane™®.

(I? o}
I
(RO),PCOR! + Ph,CN, —— (RO,P. O Ph

R! Ph
(374)

V. MERCAPTO-PHOSPHONIC AND -PHOSPHINIC ACIDS

A. Syntheses Through Phosphorus—Carbon Bond Formation

Both the Michaelis—Arbuzov and the Michaelis—Becker reactions have served to obtain
thio ethers in the phosphonic and phosphinic acid series.

Several thioketones, including cyclohexanethione, butane-2-thione and thioacetophe-
none, react with sodium dialkyl phosphites or similar reagents, or with the hydrogen-
phosphonatesin the presence of Et,NH at room temperature, or in the absence of a catalyst
at 100 °C, to give («-mercaptoalkyl)-phosphonic or -phosphinic esters*’, although in some
cases, including that of thiobenzophenone™, the initial 1:1 adducts rearrange rapidly to
dithiophosphoric triesters.

The Michaelis—Arbuzov procedure, illustrated in general terms in reaction 16, has been
used extensively to prepare dialkyl [alkyl(or aryl)thiomethyl]phosphonic diesters*® ", (2-
Alkylthioethynyl)phosphonic diesters (375) were prepared from RSC=CCI"™, whilst the
esters 376" and 377 were obtained in an analogous fashion, the latter being a useful
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intermediate, since its reaction with sodium ethoxide constitutes an improved preparation
of diethyl (mercaptomethyl)phosphonate’™®*”. The initial bromination of MeSCH,SiMe;,
and subsequent treatment with triethyl phosphite affords diethyl [(trimethylsilyl)-
(methylthio)methyl]phosphonate™.

The novel stabilized ylides 378 are obtainable from trialkyl phosphites and dialkoxy-
phosphingldithioformic esters, and on acidolysis yield (alkylthiomethylene)bisphosphon-
ic esters®™. Trialkyl phosphites are also reactive towards cycloalkanethiones, when the
products are the (1-mercapto-1-cycloalkyl)phosphonic diesters 379 and their thio ethers

380°%.
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Yet another synthesis which employs phosphorus(IID)triesters is the reaction which
occurs between diethyl trimethylsilyl phosphite and bis(alkylthio)ketals; more specifical-
ly, such acetals of aromatic aldehydes react in the presence of a Lewis acid (Sr158C14 was

1

actually employed) to give diethyl («-alkylthiobenzyl)phosphonates (reaction 17)™".
O
l

Rl—@CH(SR2)z + (EtO),POSiMe; —— (EtO)zP—C|H—©-R1

SR2
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The reactions between PCl; and alkenes or alkynes have already been discussed exten-
sively in connection with the synthesis of a variety of phosphonic acid types (as their acid
dichlorides). Successful applications have also used alkenyl alkyl sulphides (to give the
dichlorides 381)**2, to an enyne (to give the dichloride 382)™ and to RSC=CCI (to give
383)°%5, A variation of the Pummerer reaction consists in the interaction of PCl; and a
dialkyl sulphoxide, during which a trichlorophosphonium salt intermediate is decomposed
with SO, to yield a (2-alkylthioethenyl)phosphonic dichloride (Scheme 34)™.

0] O
I I I
RSCH=CHPCl, MeSCH=CC(Cl)=CHPCl, = RSC(C)=C(C1)PCl,

(381) (382) (383)
O
H 3PCls + SO, ”
RSCHR!Me o RSC(R!)=CHPCl; “PCl; (RS)R!C=CHPCl,
— 3
-2HCl1

SCHEME 34
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One further reaction may be noted, although not extensively explored. In the initial
report, aldehydes or ketones react with dichlorothiophosphites, when the products are
ethers of (1-mercaptoalkyl)phosphonic dichlorides (reaction 18); reactions which involved
benzaldehyde or acetone proceeded with only moderate yields™’. In a second report, use is
made of combinations of carbonyl reactant, thiol and phosphorus(III) chloride, and it is
conceivable that the actual reactants are essentially those mentioned in the first report™.

i
R2ZR3C—PCl, (18)
|
SR!

RISPCl, + R2COR3

B. Syntheses Through Modification Procedures

1. Modifications at carbon

Simple modifications to substituents on carbon include the replacement of the hydroxy
group in dialkyl (1-hydroxyalkyl)phosphonates through the use of PhSH in the presence
of diethyl azodicarboxylate-Ph;P to give dialkyl [(1-phenylthio)alkyl]phosphonates™”, the
replacement of chlorine in (chloromethyl)phosphonic acid (or its esters) by the alkylthio
group through the use of RSH-NaOEt™, and the removal of a p-tosyloxy group from car-
bon, also through the action of a thiol’®. Diethyl (acetylthiomethyl)phosphonate (377),
already mentioned as being obtainable through the Michaelis-Arbuzov reaction can also
be prepared from diethyl (iodomethyl)phosphonate and tetramethylammonium thio-
acetate, and can be deacetylated with aqueous sodium carbonate™'. Thiourea was used to
convert bis(chloromethyl)phosphinic acid into the unstable bis(mercaptomethyl)-
phosphinic acid® and [(chloromethyl)alkyllphosphinic acids into [(mercaptomethyl)-
alkyl]phosphinic acids™. Following from the earlier observations on the rearrangement
accompanying the conversion of 384 into 385 by base, preparatory to the formation of 3-
hydroxy-1,3-thiaphosphetane-3-oxide, the analogous change represented in reaction 19
has been developed™ .

o HSCHp_ O NP

Il
(CICH,),PSH

s’ p
cicH,” ~OH . TOH
(384) (385) (386)
ICH HSCH
C \2 //O \2 //0
2 AP (19)
R SH R OH

The synthesis of C-phosphorylated sulphides has been approached from opposite direc-
tions. Thus, the phosphorylation of sulphur-containing carbanions’™*® complements the
modification, by sulphur-containing reagents, of phosphorylated carbanions. The latter,
generally generated using BuLi or 1da, are reactive to MeSO,SMe*” and to dialkyl disul-
phides, the use of which can lead to mono- or di-substitution (Scheme 35y, but the
addition of sulphur, under carefully controlled conditions, leads directly to (1-mercap-
toalkyl)phosphonic diesters in good yields™"'.

The reactions of phosphorylated carbanions have been extended to include those with
sulphinate esters as a route to phosphoryl sulphoxides™**. The interaction of dimethyl
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(EtO),PCH,Li (EtO),PCH(SPh) (EtO),PCH(SPh),
Lit
SCHEME 35

lithiomethylphosphonate and (S)-menthyl p-tolylsulphinate, and of dimethyl (p-toluene-
sulphinylmethyl)phosphonate and iodomethane, both, proceed (Scheme 36) to a mixture
of the diastereoisomeric forms of the sulphoxide 387, the major diastereoisomer having the
ScSs configuration®"*”.

0 o

(0]
(l? < (MeO l1|>6H Il g
Me‘@si‘" —CEEER - (MeO)P—

O-menthyl
o]

I
MeO),PCHCH; BuLiMel ~ Me

O

O T
S\\\\\\o

Il
(MeO),P —3/
Me

38 e

SCHEME 36

The additions of thiols and sulphenyl chlorides to alkenylphosphonic derivatives to yield
(2-alkylthioethyl)phosphonic compounds are reactions which have already been noted®.

Dialkyl (alkylthiomethyl)phosphonates yield a-chloro derivatives when treated with ncs
in CCL®; the resultant dialkyl (l-alkylthio-1-chloromethyl)phosphonates undergo
Friedel-Crafts arylation with benzene, alkylbenzenes or other activated aromatics in the
presence of SnCl, or TiCL*****; yields are said to be good.

Arylation at a carbon atom attached to phosphorus also occurs when [(dialkoxyphos-
phinoyl)methyl] sulphoxides are treated sequentially with an arene, trifluoroacetic anhgf-
dride and SnCl], (reaction 20), the product resulting through a Pummerer rearrangement®”.

P79 0
i) ArH, (CF;C0O),0
(R10),PCH,SR? ((1'1)) S;leooé 2 (RIO,FCHSR? (20)

Ar

The change in bonding from P—C(sp®) to P—C(sp?) has been noted following the
phenylselenation of the carbanion derived from (S)s-a-(diethoxyphosphinoyl)ethyl p-tolyl
sulphoxide, and a subsequent oxidative elimination step (Scheme 37) with retained stere-
ochemistry at sulphur®®.

The treatment of the cadmium reagent from a dialkyl (difluoroiodomethyl)phosphonate
with SO, affords the sulphinic acid derivatives (RO),P(O)CF,SO,H, isolated as their
sodium salts®. The product isolated from the reaction between diethyl (2-bromoethyl)-
phosphonate and Na,SO, is believed to be (EtO),P(O)CH,CH,SO;Na, from which,
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following acidolysis, the free acid HO,SCH,PO,H, has been obtained*. The correspond-
ing sulphonyl fluoride and N,N-dialkylsulphonamides, prepared by alternative means,
have been known for some time®”’, and the phosphonoacetic acid has also more recently
been obtained from phosphonoacetic acid when the latter is acted upon by a
CISO,H-POCI,~PCl; mixture®®.

2. Moaodifications involving sulphur

Simple alkylation at sulphur in merca(gtomethyl moieties occurs with alkyl halides—
alkali and also with trialkyl phosphites®”, and the resultant dialkyl (alkylthiomethyl)-
phosphonates are oxidized to the corresponding sulphoxides by KMnO,””, m-chloroper-
oxybenzoic acid”®, Br,-CCl,~KHCO;-H,0°" or NalO,*"***""_ or to the corresponding
sulphone by KMnO,”*%'2, 50% KHSO;"", m-chloroperoxybenzoic acid*”® or H,0,”*"; in
respect of the last reagent, it is worth noting that its use in an acidic alcohol medium leads
to improved yields of the phosphorylated sulphoxide®"*. The above-mentioned phospho-
rylated methanesulphinic acid may be oxidized to the corresponding sulphonic acid and
isolated as H,0,PCF,SO,H*.

3. Miscellaneous modifications

Two further reactions might be included here, since they involve modification at both
carbon and sulphur. In the first reaction, dehydration of the sulphoxides 388 (R' = Me or
aryl; R? = H, Me, ethenyl or Ph) to the diethyl [(1-alkylthio)alk-1-enyl]phosphonates 389
is said to result following the action of trimethylsilyl trifluoromethanesuiphonate®”’. The
second reaction constitutes a new and improved synthesis of an ester of (mercap-
tomethyl)phosphonic acid, and consists in the treatment of methyl (diisopropylphosphi-
noyl)dithioformate with NaBH,*".

o) 0
(EtO)zlLI‘CHS”Rl (EtO)zy’C=CHR2
éHRZ |SR1
(388) (389)

VI. PHOSPHONOYL- AND PHOSPHINOYL-ALKANOIC ACIDS AND THEIR
DERIVATIVES

A. Syntheses Through Phosphorus—-Carbon Bond Formation

1. Through the Michaelis—Arbuzov reaction

A simple modification to the general Michaelis—~Arbuzov procedure, in which the
phosphorus(III) esters 390 (R' = OR, alkyl, or aryl) and derivatives of chloroformic acid
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interact (reaction 21), has provided the derivatives (391) of phosphonoyl (or phosphinoyl)
formic acid. Examples of such preparations are those of the phosphinoylformic esters 391a
(R' = Me, Cy or Ph; R = Et or Me,Si)”” and, of a more interesting nature, the phospho-
nates 392 (n = 2-4), synthesized as potential inhibitors of squalene synthetase®®.
Derivatives of N,N-dialkyl- or N-phenyl-formamides (391b) have been available for many
years®'>*?! and, through the use of reaction 21, may be obtained in yields of about 50%;
exceptionally, reactions which involve (MeO),P proceed less satisfactorily. The phospho-
noyl and phosphinoyl thioformamide series 391¢ are both established®**; reactions have
also been carried out with CICSOR? and diethyl N-substituted phosphoramidites, when
the products are the phosphonic amides 391d (R = Et; R? = Me or Et; R' = NEt, or
NHPh)®. Trialkyl phosphites and the N-chloroformyl derivatives of phenoxazine and
phenothiazine provide the amides 393 (Z = O or S; n = 0)”.

I . [
(RO),PR! + CIC—B —210°C, RO—II’—C—B @1)
(390) R!
(391)

(a) A=0, B =OR?
(b) A = O, B=NR?
(c)A =S, B =NRj}
(d)A=S,B=0OR?2

(”) z
W (CH,),PCOOEt @[ ]@
| N

OEt |
CO(CH,),P(OR),
(393) o)

(392)

O

|
(RO,PR! + X(CHy),Y RO—{-"——(CHZ),,Y 22)
(390) e

(394)
(a)Y =CN

(b) Y = COOR?2
(¢) Y = COSR?
@Y = CONR?

More generally, the compounds 394 have been obtained through the application of
reaction 22, in which X = Cl or Br. The interaction of a trialkyl phosphite and chloroace-
tonitrile yields a dialkyl (cyanomethyl)phosphonate [(dialkoxyphosphinoyl)acetonitrile]
(394a; R' = OR, n = 1) and analogous reactions have also been carried out with
chloro- or bromo-acetic acid derivatives to give 394b (R? = alkyl® ** oraryl®), 394¢ (R* =
Et or Ar)™, and 394d (N-monoalkyl or N-phenyl, or N,N-dialky))****, all with n = 1.
Other reactions afforded the amides 393 (Z = O; n = 1), 393(Z = S, n = 1)*"* and 395
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(n = 2)*°. The bromine in an alkyl bromofluoroacetate is replaced highly selective-
ly*>**#9%! Unusually, the reactions between the esters 390 and those of chlorothioacetic
acid fail to result in the formation of the phosphorus—carbon bond, but proceed in
accordance with equation 23%.

O
Il_OR
lp\
OC(SR2=CH,Cl,_,

390 + Cl,H; ,CCOSR? (23)

0]

I
hor
N

|
CO(CHz)nllT(OR)z o ©

O
(395) (396)

In principle, reaction 22 may be extended to the preparation of the products 394 with n
having any value >1, and conventional reactions have thus been carried out with 3-halo-
propanoic®* %, 4-halobutanoic®**®, 5-chloropentanoic*®, and 6-bromohexanoic® acid
derivatives. Triethyl 3-phosphonopropanoate has also been obtained from triethyl phos-
phite and g-propiolactone®', although a ‘normal’ Michaelis—Arbuzov reaction occurs
between trialkyl phosphites and a-bromobutyrolactones (3-bromotetrahgfdrofuran-}
ones) from which the anhydrides 396 (R' = H or Me) have been obtained®*%*, Difficulties
may be encountered should the carbon chain of the acid derivative be branched; for exam-
ple, whereas Michaelis—Arbuzov reactions proceed satisfactorily with primary alkyl
halides, and generally also with secondary alkyl halides®**7¢%*6% the use of tertiary alkyl
halidesisrarely, if ever, satisfactory. Compounds branched on the a-carbon atom may also
be prepared, in principle, by the a1k7ylation of trialkyl phosphonoacetates.

A study by McFadden et al.*’ examined the behaviour of several 2-halomethyl-
propenoic acid derivatives 397 towards simple trialkyl phosphites under a variety of
experimental conditions. Two reaction pathways were discernible (Scheme 38), the first of

(RO)P
3
N (0]
LA I

RE |-~ X A R2 P(OR),
H  COOR! H  COOR?
(397) (398)
B
R? ROOC Br
-y =
(RO),P  COOR! H R!
I
o)
(399) (400)

SCHEME 38
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which consists in the typical and direct Sy displacement of halogen (pathway A) to give the
‘normal’ Michaelis-Arbuzov product 398. In the second mode of attack, phosphite
approach to C* leads (pathway B) to 399 through an allylic shift. The extent to which
product formation occurs through each reaction pathway is controlled by experimental
conditions, steric factors at C* and also by the electron density at C*. Reactions carried
out with neat reactants at 120 °C, but also in benzene or diethyl ether, tend to occur
completely, or extensively, with the formation of the products 399; those performed in
MeCN with added K1 tend to proceed with very little rearrangement to give 398. Even
then, the nature of the leaving halogen atom can also influence the outcome; whereas 397
(R? = CCl,, X = Cl) reacts with trimethyl phosphite to give >99% of 399, the reaction fails
to so proceed when X = Br, both with Kl in MeCN. The choice of the group R has little
influence on the outcome. Triethyl 4-phosphonocrotonate [ethyl 4-(diethoxyphosphi-
noyl)but-2-enoate]®*** and related esters® as mixtures of E and Z isomers, and separate
isomers of methyl [4-(diethoxyphosphinoyl)-3-methylbut-2-enoate]*"*” (or mixtures of
isomers®®) have been in widespread use as reagents in the Wadsworth-Emmons
variation of the Wittig reaction, and are readily available through phosphite attack on 400
(R' = H or Me) without rearrangement; on the other hand, 397 (R? = COOR', R' =Me;
X = Br) reacts through an allylic shift to give the corresponding 399. The reaction between
397 (X = R? = Br, R' = Me) and trimethy! phosphite in boiling benzene results in 50%
conversion into 398 [R = R' = Me, R? = P(O)(OMe),], presumably through a double allylic
shift involving 399 (R? = Br, R = R' = Me) and attack by phosphite at the terminal double
bond.

The use of bis(trimethylsilyl) hypophosphite (phosphonite) continues to provide more
unusual compounds. In its reactions with methyl chloroacetate (in the reactant ratio 1:2)
in the presence of an HCl acceptor (in this case hexamethyldisiloxane), the initial product
401 undergoes a Michaelis—Arbuzov reaction to yield 402, from which the acid 403 is read-
ily obtainable after standard manipulations®®. The acids 404 and 405 have been prepared
using the same met61617odology6“, and similar reactions have also been carried out with alkyl

alkylphosphinates™".

o)
|
(Me;Si0),PCH,COOMe  ROP(CH,COOMe),
(401) (402) R = Me;Si
(403) R=H

2 1 1 2
R ROR R

i )=<
Rﬁ}f R3
OH
(404) R! = EtO, R2 = COOEt, R3=H
(405) R! = COOEt, R2=R3=H

Michaelis—Arbuzov reactions are not restricted to the use of the alkyl halide but may
also be carried out with a corresponding ester or alcohol. On reaction with triethyl phos-
phite or a phosphorus(III) amide, the ester NCCH,CH,Z (Z = OAc)***” and ethers (with
Z = OPh or OEt)*® afford the corresponding derivatives of (2-cyanoethyl)phosphonic acid
[3-(dialkoxyphosphinyl)propanenitrile]. The same products are obtainable from 2-
cyanoethanol®. These reactions, and the conversion of 406 into 408 and of 407 into 409
are reminiscent of those which take place between phosphorus(III) esters and 2-hydroxy-
benzyl alcohols, and indeed they may be formulated in a similar manner (Chapter 2,
Section II.A). Yet a further variation in reaction 22 is the involvement of substrates in
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(EtOOC),CR(CH,OH) D Ewooc_ “OOFt

406) R =H (Et00C),CHCH,P(OEt), 0

407) R = CH,0H 408

(407) R = CH, (@08) ook
(409)

which X is a quaternary ammonium function®”’, a methodology used more particularly for
the preparation of (3- oxoalkyl)phosphonic acid derivatives.

As noted in the previous chapter the reaction between a phosphorus(III) ester and an
alkenyl halide with halogen-carrying (sp?) carbon atom requires that the latter be activat-
ed through the presence of (an)other appropriate functional group(s), or that the system
be stimulated either photolytically or by a metal salt catalyst. Here, it is interesting to note
that both methyl (Z)- and (E)-3-chloropropenoate react with triethyl phosphite at
130-150 °C to give only methyl (E)-[3-(diethoxyphosphinoyl)propenoate]*”?, but that the
reaction with ethyl (Z)-3-chlorobut-2-enoate appears to proceed with retention of geome-
try*”. More unusually, however, ethyl 2-bromopropenoate (reaction with the chloro
analogue proceeds less successfully) and triethyl phosphite afford a good yield of ethyl [3-
(diethoxyphosphinoyl)propenoate]*’. These results, and also the formation of 3-
(diethoxyphosphinoyl)propenenitrile from a-bromoacrylonitrile““, are consistent with
initial attack of phosphorus(III) at the terminal carbon atom.

It should be noted that, unlike the reactions between phosphorus(IIl) esters and mono-
haloalkanoic acid derivatives which, almost without exception, lead to the expected
Michaelis-Arbuzov products, similar reactions which involve derivatives of poly-
halogenoalkan01c acids tend strongly to yield enol phosphate esters as the major, if not the
sole, product®”

2. Through the acylation or alkylation of hydrogenphosphonates and related
compounds

Classically, both acylation and alkylation of dialkyl hydrogenphosphonates have been
achieved by adoption of the Michaelis-Becker procedure (Chapter 2, Section I1.A). The
formation of the compounds 391, either from the sodium dialkyl phosphite or alternative-
ly, by use of the hydrogenphosphonate in the presence of Et;N, may be exemplified: 391a
R'= OR)676 391b¢190 (R = R! = Et)*” ; 391¢ (R' = OR, R = Me,Si)*”®. There are reports
that, as in the case of the Michaelis—Arbuzov reaction, the use of methyl esters of the
phosphorus acid, in this case dimethyl hydrogenghosphonate isunsatisfactory®®, and that
reactions which potentially lead to 391c can fail®

Alkylation at phosphorus under Mlchaells-Becker conditions has been widely prac-
tised. Triethyl phosphonoacetate, and also other phosphonoacetic esters, have often been
made this way?! 678!, chlorine is selectlvely removed fromesters of chlorofluoroacetic acid
to give trialkyl ﬂuoro(phosphono)acetate . Longer chain w-haloalkanoic esters afford
highly satisfactory yields of phosphonic products683 However, unlike the Michaelis—
Arbuzov reaction, the use of secondary halides is not very satisfactory and the halides
RCHBrCOOEt with sodium dialkyl phosphites are said to lead to diastereoisomeric
mixtures of the acids (CHRCOOH), [R =Et (30%), R = Hex (10%) and R = Ph (5%)]*.

As a novel example of the use of sodium dialkyl phosphites, Scheme 39 indicates the
preparatlon the phosphonoyl orthoesters 410, also obtainable from tetraalkyl diphos-
phites®

There are also examples of the use of phase-transfer procedures for the preparation
of phosphonoacetic derivatives®** with catalysis by tetraalkylammonium salts or
18-crown-6, and also of the synthesis of analogous phosphinic acid derivatives from
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chloroacetic esters and alkyl phenylphosphinates, also in the presence of tetraalkylammo-
nium salt catalysts®.

Latterly, attention has been turned to the alkylation of the hydrogenphosphonates
themselves under essentially neutral conditions, thus obviating the several possible side
reactions. The formation (in 38% yield) of triethyl phosphonoacetate from diethyl hydro-
genphosphonate and ethyl diazoacetate has been known for some time®, and the syn-
thetically useful methyl (di-ters-butoxyphosphinoyl)acetate (in 40% yield) has been
similarly and more recently obtained®'. Steps have been to try to improve yields under
photoinitiation in the presence of copper salts or complexes®*, or through catalysis by
trifluoromethanesulphonic acid®. Such procedures allow the ready synthesis of the esters
411 (R? = alkyl or RO).

o} (o}
| _COOR! o,
(RO),PCH (RyN),P—CNR;
COR?
(411) (412)

3. Through addition reactions of hydrogenphosphonates and related compounds

The simplest of these reactions consists in the addition of hydrogenphosphonate esters
to isocyanates or isothiocyanates, when the products are the amides 391b (R' = RO) with
R2 = alkyl”*® or aryl™®*® or 391¢ (R' = RO) with R” = alkyl®”*® or Ph™. Differences in
reactivity on the part of the isocyanate are to be noted; the use of MeCNO requires the
presence of a catalysis, unlike that of PANCO. Hydrogenphosphonic bis(dialkylamides)
also react with isocyanates’ or isothiocyanates’ "> when the products are the triamides
412(Z=0OorS).

Much more commonly encountered, however, are the additions of hydrogenphospho-
nic esters or hydrogenphosphinic esters to «,f-unsaturated nitriles, esters, or amides, and
generally carried by the addition of a small amount of base catalyst, usually an alcoholic
alkoxide solution (with the same alkyl group to be found in the phosphorus ester), toa mix-
ture of the reactants. The reader is referred to reviews™**> for the older literature pertain-
ing to the procedure. In the general reaction illustrated in equation 24, some of the more
commonly encountered substrates, and the products derived from them are indicated. The
substrates include acrylonitrile (which gives 413); methyl propenoate (which gives 414)"%;
alkyl 2-methylpropenoates (which give 415); 2-methylpropenoamides (which lead to
416); but-2-enoic esters (which give 417)""*; and 3-phenylpropenoic esters (which furnish
418). Reactions which employ alkyl ethyl- or phenyl-phosphinates, R(R’O)P(O)H (R' =
Et or Ph), yield the phosphinic analogues of several of the products 413-418. The yields in
such addition reactions tend to be moderate to good, except for the amides, and for the
compounds 417 when the group R is large (Cc—Cs). The results obtained for the additions
of hydrogenphosphinate esters suggest similar tendencies.

Several slightly more unusual examples are worth presenting. The very vigorous reac-
tion between a dialkyl hydrogenphosphonate and penta-2,4-dienoic acid proceeds to the
phosphonic diester 419 initially but which, with more reagent, affords the diphosphonic
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o)
|
(RO),P(O)H + RICH=CR2Z -RONa_ (R(),PCHRICHR?Z (24)
R!I R2 Z

413) H H CN

414 H H COOMe
415 H Me COOR3
(416) H Me CONR)?
(417) Me H COOR?
(418 Phh H COOR?

acid ester 420; ethyl sorbate initially yields 421 followed by 422; the structures of the
unsaturated adducts were confirmed by ozonolysis’. The furan derivatives 423a and b™
and the thiophene derivative 423¢’* afford the corresponding adduct 424, and an analo-
gous reaction has been carried out with benzylidenemalononitrile™’.

i e
(RO),PCH,CH=CHCH,COOR! (RO)ZPCHZCHZCIHP(OR)Z
CH,COOR!
(419) (420)
(II) Il I
(RO),PCHMeCH,CH=CHCOOEt (RO)ZPCHMeCHZC'HP(OR)Z
CH,COOEt
@21) (422)

Y Y R! P(O)OR
ﬂ\/\ /N (O)(OR),
(423) O=P(OR), 0~ Yo

(a) X=0, Y = COOEt, Z = COMe (424) (425)

(b) X =0, Y = Z = COOEt
(©) X=S, Y=Z=CN

The dihydrocoumarinylphosphonic diesters 425 are obtained in the predictable manner
from the appropriate coumarin’”. Additions to a 2-phosphonoylpropenoic ester {[1-
(alkoxycarbonyl)ethenyl]phosphonic diester} are exemplified by the alkoxide-catalysed
additions of dialkyl hydrogenphosphonates (or thiophosphonate)™ and of the methoxide-
catalysed addition of methyl phenylphosphinate” to 2-(dialkoxyphosphinoyl)propenoic
esters(R = Et or Me) according to equation 25. The addition of hydrogenphosphonic esters
to (E)- or (Z)- but-2-enedioic esters yields esters of 2-phosphonobutanedioic acid’"! and
severa}zpolycarboxy polyphosphonic acids have been prepared by this and related proce-
dures’".

One example of the study of electronic effects on reaction 24 is that of the zert-butoxide-
catalysed addition of diethyl hydrogenphosphonate to diethyl p-substituted-benzylidene-
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malonates, additions which normally proceed rapidly to yield the products 426 and which
are activated by halogen substituents, but which suffer the reverse effect when the sub-
stituent is the Me,N group’"*. The addition of diethyl hydrogenphosphonate to the furans
427 in the presence of sodium diethyl phosphite yields the products 428 (R',R*=H or Me)
in yields of 25-55% (R* = C,-C,), but the reaction is retarded for the amides, when yields
may be as low as 13-19%".

o
I
(EtO),PCHArCH(COOEL),
(426)
B
R1@~CH=CRZCOOR3 R o\ CHP(OE);
2, 3
27 (428) CHRZCOOR

Reports of the additions of hydrogenphosphonates to heterocyclic systems, effectively
unsaturated carboxylic acid derivatives, abound. As examples, the addition of dimethyl
hydrogenphosphonate to 429 (Z = 0)"* and to 429 (Z = NPh)"'* yield the corresponding
430. Dimethyl hydrogenphosphonate and 431 (R = Ph, Z = O) react initially give the enol
432, which tautomerizes to433, a seq ence which, in the presence of Et,NH or Et;N, occurs
even in low-boiling hydrocarbons’’; similarly, the interaction of diethyl hydrogenphos-
phonate and 431 (R = Me, Z = S) or analogues occurs in the presence of Al,O;—KF under

microwave irradiation and in high yields”".

P
Me Ph Me P(OMe),
\Z O \Z O
(429) (430)

Ph (,? Ph (,?
owph HO>=8*P(OMe)2 OWP(OMe)z
N__S _N_ S N__S

Myt Y oy
Z Z o}

@31) 432) 433)
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An important feature of the utility of bis(trimethylsilyl) hypophosphite in synthesis
consists in its capability to undergo addition reactions, and which has been exploited in
several ways to provide phosghinic acids which possess carboxy groups; these reactions are
summarized in Scheme 40" (the structures indicated here represent the final products
following the acidolytic removal of trimethylsilyl groups). An equimolar mixture of
phenylphosphonous dichloride (PhPCl,) and phenylphosphonous acid (phenylphosphinic
acid) behaves as the phosphinic chloride 434, and so adds across carbonyl activated car-
bon—carbon multiple bonds by virtue of the presence of the P—H bond; propenoyl chloride
thus affords the acid dichloride 435, which may be hydrolysed to 3-(hydroxyphenylphos-
phinoyl)propanoic acid (436)".

R! O
o 7

oo | FOy

O R!
(Me3SiO)2PH R! R2 )

= ?
COOR ROWP\/
OH

SCHEME 40
PhPCl, + PhP(OH),
1
OH I|_H gc=coca Phll I
Php]  ——=Ph—P] = > PCH,CH,CCl
cl cl cl
(434) (435)
PR |1t|’CH CH,COOH
HO~ 7
(436)

The addition of hydrogenphosphonic diesters to ethenylphosphonic or ethenylphos-
phinic derivatives follows equation 26, and that of the hydrogenphosphonates to the (1,2-
butadiene)phosphonic system is represented by equation 27.

Additions of hydrogenphosphonates to sp carbon bonded systems also occur rapid-
1y****. Those to diethyl butynedioate give the esters 437; the phosphinic chloride 434
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0
I RI0),P(O)H I I
H,C=CHP(OR), = 2O (R10),PCH,CH,P(OR), (26)
I i
10),P(O)H
Me,C=C=CHP(OR), 22, Me,C=CCH,P(OR), Q7

O=P(OR}),

behaves similarly at 90 °C and affords 438*". Additions to the esters 439 (R' = H)"* and
to 439 (R' = Ph), both in excess, can, it seems, be stopped at the half-way stage 440, as can
the additions of hydrogenphosphinates™.

O (0]
I Ph._|
(RO)zP—(fHCOOEt HO~ P—CHCOOEt

(RO),P—CHCOOEt  Ph_
I > P—CHCOOE:t
HO™ ||

(437) (438)

RIC=CCOOR? + (RO),P(O)H —= RIC=CHCOOR?

(439) 0=P(OR),
(440)

o)
I
—— [(RO),PJCR!CH,COOR?

4. Through the additions of phosphorus(lll) triesters or amide esters to
a,ff-unsaturated carboxylic acids and their derivatives

The reactions between a, f-unsaturated carboxylic acids and phosphorus(III) triesters or
mixed amide esters parallel those which have already been noted to occur between the tri-
esters and aldehydes to the extent that, depending on the experimental circumstances, O-
alkylation may occur along with phosphorylation at carbon.

The interaction of a trialkyl phosphite or related phosphorus(III) triester with an unsat-
urated carboxylic acid (or derivative) occurs readily. Propenoic acid reacts with phosphite
triesters at room temperature, although such a reaction with 2-methylpropenoic acid
requires initiation by slight warming. Phosphorus(III) esters also react vigorously with
maleic anhydride, again at room temperature. The reactions are promoted by the use of a
highly polar solvent (PhNO, or Me,CO) or retarded in one of lower polarity (diethyl ether,
pyridine)™. The reactions between propenoic or 2-methylpropenoic acid and phenyl-
phosphonous™ or ethylphosphonous™ esters proceed even more vigorously but are,
nevertheless, generally carried out in the neat state. The addition is not retarded by the
presence of large (aromatic) substituents on Cgp)'™.

One plausible mechanism (due to Kukhtin and coworkers™"") for the addition of a
trialkyl phosphite to propenoic acid, or a simple a-substituted derivative thereof, is out-
lined in Scheme 41, and this might be compared (when R' = CH,Hal) with Scheme 38.
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H,C=CR!COOH 2~ ot — 0
’ RORP* A ROJP A o

SCHEME 41

Following the nucleophilic attack of phosphorus(III) at the f-carbon {C 3], the resultant
intermediate may have a linear dipolar structure, 441a (with tautomerization to 441b), or
a cyclic (oxyphosphorane) structure 442. Whatever the true nature of the intermediate, its
breakdown leads to an alkyl [3-(dialkoxyphosphinoyl)propanoate] (443). In addition to
solvent effects on reaction rate, just noted, a further indication of the probable participa-
tion stems from an examination of reactions in which an alkyl halide is added to effect
competition with the translocation of an alkyl group from the POR grouping. For a dis-
cussion of the very detailed experiments, the original paper should be consulted, but it
might be added that, as the authors pointed out, when the added alkyl halide is a particu-
larly reactive one, e.g. iodoethane, the reaction then becomes one between the unsaturat-
ed carboxylic acid and a pseudophosphonium salt, (RO),P'R I; in this case the various
isolable products uppear to be consistent with a further mechanism which involves attack
by COO™ on P, a theme developed to account for the addition reactions of other phos-
phorus(III) species. No further account was taken of the possible role of an oxyphospho-
rane intermediate, nor indeed, was there any evidence that such an intermediate is actually
formed; at the same time, however, there seems to be no evidence to the contrary, and many
of the experimental results are equally explicable through the participation of either type
of intermediate.

The alternative addition mechanism, introduced briefly in the paragraph immediately
preceding, seems to have arisen from observations on the comparative behaviour of
propenoic and 3-phenylpropenoic acids towards dialkyl chlorophosphites, (RO),PCI™,
and involves attack on the protonated ester molecule by the acid anion, a sequence which
liberates the dialkyl hydrogenphosphonate (and isolated in some experiments’) and alkyl
propenoate (Scheme 42); the overall reaction sequence is then terminated by the addition
of dialkyl hydrogenphosphonate to the alkyl propenoate to give the observed product.

(RO);P + H,C=CHCOOH

(RO);PH + H,C=CHCOO"

\ <..>

[(RO),P(O)H + H,C=CHCOOR] (RO),PCH,CH, COOR
SCHEME 42
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The intermediate step in this proposed mechanism is consistent with the well known
alkylating activity shown towards saturated carboxylic acids by trialkyl phosphites, dur-
ing which dialkyl hydrogenphosphonates are formed. With triethyl or triisopropyl phos-
phite, 2-furancarboxylic acid yields the corresponding ester, and it does not behave (in the
light of the reduced aromaticity and enhanced alicyclic character of the furan ring) as an
unsaturated carboxylic acid. It is therefore of interest that 3-(2-furanyl)propenoic acid
undergoes a similar alkylation to give 444, but additionally yields the nuclear phosphory-
lated product 445™.

0~ “CH=CHCOOH ~(RO-POH 0~ “CH=CHCOOR

(444) R =EtorPri, R'=H
(445) R = Et, R! = (EtO),P(0)

Although the combined additive phosphonylation and esterification of an «,f-unsatu-
rated carboxylic acid by a trialkyl phosphite can thus easily, although not necessarily
accurately, be envisaged, that of a similarly unsaturated ester, nitrile, or amide is perhaps
not so readily apparent. Harvey””' showed that successful reaction between triethyl
phosphite and such a substrate (Scheme 43) occurs in a protic medium. In this respect, the
reactions proceed faster in methanol than in ethanol, but reactions are, in general, (includ-
ing those of structurally analogous unsaturated ketones) much cleaner and faster when
carried out in phenol, and also afford much higher yields in this solvent. It has also been
shown’ that ammonium salts will also act as a proton source to allow completion of
additic;?9 without alkylation. The later Russian workers used acetic acid with successful
results™.

ROH S ~ +H*, RO~ iy
(RO);P + RICH=CHZ or NHX [(RO);PCH,CHZ] Tor NH; (RO);PCH,CH,Z
0 /
(RO),PCH,CH,Z
Z = COO-alkyl, CN or CONR,
SCHEME 43

As already mentioned, phosphonous esters, RP(OR?),, are extremely reactive to
propenoic and 2-methylpropenoic acids, and the products have the structure 446 (R'=H
or Me)">"_Reactions have also been performed with silyl phosphonite esters (447; R' =
alkyl or Me,Si) which, with methyl propenoate, yield the products 448 (R' = alkyl or H)
after hydrolytic removal of the silyl group’™.

R ﬂ R! _0SiMe; R ﬁ
>P R—=P_ 1 P
R20” COOR? OR RIO” " COOMe
(446) (447 (448)

The reactions between «, -unsaturated carboxylic acids and phosphoramidous diesters
or phosphorodiamidous esters are, as might be expected, more complex than those with
phosphorus(IIT) triesters. The products from propenoic acid and EtOP(NEt,), include
the amides 449 and 450 (in 21% total yield), the phosphonic amide 451 (26%) and N,N-
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diethylpropenamide®*; 2-methylpropenoic acid behaves similarly. Anilides of phospho-
rus(IH) acids appear to behave differently. With (EtO),PNHPh in the presence of EtO",
propenoic and 2-methylpropenoic acids yield the analogous products 452 (3-phenyl-
propenoic acid affords the carboxanilide and diethyl hydrogenphosphonate)’; the reac-
tions between diethyl butenedioate and (EtO),P(O)NHCH,R—4(R = H, Me, MeO, or Ch
all proceed in a solvent at room temperature to give the stable and isolable phosphonimi-
dates 454, presumably via the dipolar ion 4537,

0 0
EN_| EbN_| ELN_ O
E,N~ > “COOEt Et0~ > “CONEt, EtO/P\H

(449) (450) 451)

O R NHAr NAr
Eto\l}l’% EtO)ECH GHCOOEt  (E0),bCHCH,COOE
PhNH~ coogt (EO: | t  (EtO) HCH; t
COOEt COOEt
(452) (453) (454)
.o
Rl
R2- " CONRPh
(455)

Reactions between propenoic anilide and phosphorus(I1I) esters or amides appear to
follow a pathway comparable to that given in Scheme 42 and yield N-alkylated products
455(R'=R’=OR,R =Et;R'=RO, R=Et,R?= NEt,;R' =R*=NEt,, R = Et)and, indeed,
separate additions of dialkyl hydrogenphosphonates to the appropriate propenamides

yield the same products in not dissimilar yields”*"*".

(EtO),PNHAr! + H,C=CRCONHA2

(456) 457)
0
EO)p__L + PhCH=NAr!
NAr' R v\xc‘f‘o (B0 CONHAr?
oo L o
(EtO), CONHA?
(458)
Jheat
R
o 0O R
Vi Ny
(0] /P\ ~P 2
N OEt CONHAr

A (459)
(461)
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The combination of a propenoic anilide (457; R = H or Me) and dialkyl phosphorus(1II)
anilides (456) together affords the N-arylphosphonimidates 458 (compare the formation
of 454), the structures of which were confirmed by hydrolysis to be phosphonic
monoamides 459, and by reaction with benzaldehyde to yield the [3-(dialkoxyphosphi-
noyl)propanamide] 460 together with an appropriate aldimine; when heated, the imidates
458 yield the 1,2-azaphosph(V)olidin-5-ones 4617".

Analogous reactions between phosphorus(Ill) triesters or amide esters and various
unsaturated derivatives of heterocyclic systems, e.g. benzylidene derivatives of pyrim-
idinetriones™*™ or of other systems, e.g. 429, proceed through dipolar intermediates and
lead to appropriately tautomeric O- or N-alkyl derivatives’*™, or even, in the case of
benzylidenemalonodinitrile, to C-alkylation™".

The addition of a trialkyl phosphite to an acetylenic acid requires no catalyst. In the
case of butynedioic acid, the products are stated to be dialkyl 2,3-bis(dialkoxyphosphi-
noyl)butanedioates™. Asfor propenoicacid and its derivatives, more than one mechanism
can be formulated to account for the overall addition reaction.

5. Through the additions of phosphorus(ill) chlorides to a, f-unsaturated carboxylic
acids and their derivatives

In outline, the reaction between a phosphorus(III) chloride 462 and an a,f-unsaturated
carboxylic acid 463 might be formulated in a way (Scheme 44) similar to that between the
same acids and a phosphorus(III) ester (Scheme 41); a linear dipolar intermediate adduct
464a leads to, or is in equilibrium with, a cyclic chlorophosphonium salt 464b, which, in
turn, might be in equilibrium with a pentacoordinate (phosphorane) structure in its tau-

RIO._
o P—Cl + RICH=CR*COOH
(462) (463) — R T
|
R3 Cl—]i)\ |
I|{2 o R2 R4 Rlo O ©OH
- K -
|—P*—CHR3—CR4=C iOH — K a7 H
(‘)RI RI-0" 07 “o
E?(A) R
_ 4
(464a) (464b) ROL_R
ci-p
() ) RO O O |
(464c,d)
RS
O 4 4
| R v 0N )IR
P c1 —heat. P
R! O/ W RZ/ \O o
R} O
(465) (466)

SCHEME 44
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tomeric forms, although, once again, no evidence has yet been presented in support of the
last suggestion. Breakdown of the intermediate(s), of whatever nature, leads to the linear
465 or the cyclic 466 product.

Very few reports have been concerned with phosphorus chlorides of the types (RO),PCl
or ROPCI,. For the former (R = Et), the product from propenoic acid consists of the linear
ester 465 (R>= OR', R' = Et; R* = R* = H)""®, although readily transformed, when heated
comparatively gently, into the corresponding 2-ethoxy-2-o0xo0-1,2-oxaphospholan-5-one
(466), and that from 2-methylpropenoic acid consisted of the corresponding 4-methyl
derivative 466 (R* = Me)’. However, a detailed study of the reaction between (EtO),PCl
and propenoic acid, using *'P NMR spectroscopy, showed that the gradual disappearance
of the chlorophosphite is accompanied by the slow formation of diethyl hydrogenphos-
phonate; later, the NMR signal for the linear product 465 (R’=R'O,R' =Et; R*=R*=
H) increases as that for the hydrogenphosphonate decreases. As a consequence of this
study, the proposed mechanism (Scheme 45) received support following the observed for-
mation of the same compound from diethyl propenoyl phosphite and HCI'®. Additionally,
the mechanism appears to be consistent with some observations on reactions between
dichlorophosphines and certain derivatives of propenoic acid (see later).

(EtO),PCl + HOOCCH=CH, (Et0),POCOCH=CH, + HCl

/

0
I
(EtO)zlf—QciCH=CH2

(Et0),PCIH OOCCH=CH,
H Cl-

|

[(EtO),P(O)H + CICOCH=CH,]

O

20 90°C !
[\/P\ - 0°C__ (E{0),PCH,CH,COCI
OEt

SCHEME 45

Some reactions have been carried out with the ester chlorides 462 (R* = alkyl™ and
aryl™) when the phosphinic acid derivatives 465 were isolated in essentially pure form, but
these also, when distilled, afford 1,2-oxaphospholanes 4667,

By far the most extensively investigated reaction is that in which phosphonous dichlo-
rides (dichlorophosphines) take part. In these cases, the reaction cannot proceed through
464b, but most probably does through 464f, which breaks down to 467. Such reactions
have involved MePCL™ 7  CICH,PCL,’®, EtPCL,’*™, H,C=CHPCL,™,
Me,C=CHPC,””, PhPCl,"*"®, p-TolPCl,”’ and 2-thienyl PC1,’?. The general order of
decreasing reactivity is RPCl, > ArPCl, > CICH,PC], and in all cases the products are of
the form 467 (R’, R* = H or Me), but conversion of these into the cyclic anhydrides 466
may be achieved following their reaction with acetic anhydride. In some instances the
simple carboxylic acid chloride is a by-product of the reaction, but in very few cases, it may
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even become the main product as, for example, in the reactions between p-TolPCl, and but-
2-enoic acid, and between EtPCl, and 3-phenylpropenoic acid, when the yields of 467
approach 5% only™".

4 (0) 4
€ R cl rR2_i R
~NE ~
/ \O R2 / \6\ Cl/
(464e) (464f) (467)

It should be no surprise that reactions which involve phosphorus(III) chlorides and
propenamides may yield nitriles as the principal products (Scheme 46), the nitrile being
potentially derivable from two possible intermediates. Amongst the phosphorus(III)
dichlorides used here have been MePCL’*™®, CICH,PCL,’, EtPCL’*, PhPCl, and p-
TolPCL,"". 3-Chloropropanenitrile (from propenoic acid) and Me,CCICN (from 2-
methylpropenoic acid) are also produced in the same reactions, but the main by-products
are the anhydrides 468. Analogous 3-phosphinoylpropanenitriles have been obtained
from Ar(RO)PCI"®7®

RPCl, + H,C=CR!CONH,

1
Ifl AN 14; ) O Cl+ R
P-CHICHRI=C__ - R/P\/:/\[

Cl 2 Oy QTI
/ ci H

i T i

R——I|’CH2CHR1—C=NH R—l|’CH2CHR1CN + HCl
Cl Cl
SCHEME 46

Reactions between CICH,PCL,"™, EtPCL,"""" or PhPCl,”* and propynoic acid afford
the 3-ph0sphinoylpropeno_yl chlorides 469, whilst the chlorides Ph(RO)PCl similarly yield
the phosphinic esters 470””°. With acetic anhydride, 469 produce the unsaturated cyclic
anhydrides 471, hydrolysable, as is 469, to the acids 472. When heated, 470 also yields 471.

I (II) cll) |
NCCHR1CH2——}|’—O——E|’CH2CHR1CN R—li—CHzCHCCl
R R cl

(468) (469)
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0 0 0
n I O I
Ph—P—CH=CHCCl /J:\/P\ R—P—CH=CHCOOH
| o’ o R |
RO HO

470) 471) 472)

B. Syntheses Through Modification Procedures

In addition to the two general processes described here, namely (1) the introduction of
the COOH group, or further COOH groups, or other groups derived therefrom, through
acylation of a phosphonoyl carbanion, and (2) the phosphorylation of a substrate lacking
such functionalization, many other synthetic procedures entail the modification of appro-
priate substrates through classical organic procedures. Such procedures as, for example,
the Knoevenagel and Stobbe reactions, are essentially concerned with modification
without further functionalization, and are therefore considered more fully under discus-
sions of the properties (Chapter 6) of phosphonoyl alkanoic acids.

1. From phosphonoyl carbanions by acylation or alkylation

Lithiated phosphonoyl carbanions are readily acylated with chloroformicesters’® "™, as

are the lithiated carbanions from phosphonic diamides’”. The lithiated carbanions from
halogenated phosphonic diesters have been acylated with diethyl carbonate™ or carboxy-
lated using CO,™""*? and, depending on the individual substrate, a lithiated carbanion can
yield the dithio derivative (RO),P(O)CXYCSSMe when treated with CS, followed by
Mel™', also available through the use of the phosphonate copper complex with
CICSSMe™. Alternatively, a zinc complex, e.g. (EtO),P(O)CF,ZnBr, may be acylated
with CICOOEt—Cw(I) or with CICONEt,~Cu(I)’'.

The alkylation of a phosphorylated carbanion is not always successful as a preparative
procedure, For example, the methylation of the carbanion from a trialkyl phosphonoac-
etate with one equivalent of Mel yields a mixture of mono- and di-methylated products
together with unreacted substrate, and which is very difficult to resolve by distillation,
although the introduction of a single alkyl group has been claimed through the use of
phase-transfer techniques™ and the same technique has been applied to the alkylation of
phosphonic diamides™. The sodium salt from triethyl phosphonoacetate is alkylated
with CICH,SMe, and the expected product undergoes sequential elimination and addi-
tion to yield diethyl [1,3-bis(diethoxyphosphinoyl)pentanedioate] (473) in 56% overall
yield™®. Greater success has been claimed for the alkylation of the carbanions from
methylenebisphosphonic and N-substituted diethoxyphosphinoylacetamides with N-
substituted chloroacetamides in the search for new complexing agents such as 474 and
476’7 and a similar procedure with the respective esters has given esters of 2-phospho-
nobutanedioic acid (475)"™. Acylation with oxalic esters yields phosphorylated f-
oxoalkanoic esters.

TR0 1 i
(EtO)ZP—CIHCHZCH—P(OEt)z (Et0),P—CHCOR!  [(RO),P],CHCH,CONEt,
COOEt CHCOR! (476)

(473) (474) Rl = NEt,

(475) R! = OR
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2. Through the phosphorylation of carbanions

This procedure has not been seriously adopted in view of the very marked tendency of
active methylene carbanions and appropriate phosphorylating agents, for example,
(EtO),P(O)Cl, to form phosphate esters derived from the enol tautomers. One useful exam-
ple appears to such phosphorylation of the anions derived from the species RCH,Z, with
R = H, Me, Et or prop-2-enyl, and Z = CN or COOMe (and also NO,, but not MeO)”".

3. Through the use of the Michael reaction

An important procedure in which the carboxyl-derived group is introduced into a phos-
phonoyl moiety is based on the Michael addition of appropriate phosphonoyl or phos-
phinoyl carbanions (effectively) to sp’ or sp bonded systems. Once again, the synthesis of
a desired compound can be approached from two different directions, essentially (1) the
addition of the phosphorus-containing carbanion to a phosphorus-free substrate or (2) the
addition of an active methylene compound to an a,-unsaturated phosphonic or phos-
phinic acid derivative. Alternatively, both reactants may possess a phosphonic acid or
related moiety. Using this methodology, a wide variety of structural types are theoretical-
ly attainable. The addition of the carbanion from 477 to the alkene 478 leads to a potential
mixture of stereoisomers of the adduct 479. The addition of carbanions 477 to esters of
propenoic acid 4784 in thf at —78 °C lead to mainly the anti stereoisomeric product’”.
Reactions between 4772°™7'>7®_47765%" or 477¢">™* to propenoic esters 4784%¢¢™71>7
or478¢™ or to those of butenedioic acid 478g"""" proceed readily to give the mono adduct
which, since a second labile proton is available, can undergo further reaction to give a 1:2
adduct 480. A recent report” indicates that tetraethyl methylenebisphosphonate and elec-
tron-deficient alkenes (e.g. acrylonitrile and methyl propenoate) yield cyclopropane deriv-
atives in the presence of ALLOyKF.

(ll) I R
(RO),PCH,Z + RICH=CR2Y ——~ (RO)ZP\{%/Y
@7 478) 5 R
479)
(a) Z = COOR’ @ R!=H,R2=H,Y = COOR’
(b) Z=CN (e RI=H,R2=H,Y=CN

(¢) Z=P(O)(OR), () R1=H,R2=H, Y = P(O)(OR),
(g) Rl =COOR’,R2=H, Y = COOR’

The reaction between lithiated diethyl propenylphosphonate and ethyl propenoate leads
to carbon—carbon bond formation involving either C;, or C, of the phosphonate ester’™.
Thus, ethyl but-2-enoate or but-3-en-2-one yielded 481 and 482, respectively, and the esters
483 were obtained from coumarin, all by simple addition, but addition-elimination and
multiple addition processes were also described.

The additions of 477a or 477c to butynedioic esters 484 yield F-Z mixtures of the 1:1
adducts 486; the reaction between 477 (R = Me, R” = Me) and 485 gives a mixture with
these isomers in the ratio 3:17%. The addition of 477c (R = Me) to 484 affords a 35:65
mixture of E-Z isomers of the product 486, but the ratio is reversed when R = Bt™".
Additions of 477 to 485 yield 487"

Lastly, it may be mentioned that similar reactions occur between phosphonoylated car-
banions 477 and isocyanates, R’ NCO, when the initial products have the structure
(RO),P(O)CHZCONHR" ™.
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(6]

1
O P(OEt
i = ( Of )2
(RO),PCZ(CHR!CHR2Y),
R! (0]

(480)
(481) R! = Me, R? = EtO
(482) R! =H, R? = Me

D
P(OE(),
0
| Z
RIC=CY (RO),P Ag:{H
o0 (484) R! = COOMe, Y = COOMe RI  y
(483) (485) R! = (RO,P(O), Y = Me (486)
?f) Il
(RO),PCH=CMeCHZP(OR),

(487)

VH. OXOALKYL-PHOSPHONIC AND -PHOSPHINIC ACIDS

The (oxoalkyl)-phosphonic and -phosphinic acids form a remarkable group of compounds
whose ease or formation, stability and versatility in use depend to a high degree on the
relative positions of the oxo and phosphoryl groups. From the points of view of both
synthesis and reactivity, the (1-oxoalkyl) compounds, also termed acylphosphonates,
stand apart from the remainin%compound types, and they have been considered separately
in this volume and elsewhere™; the discussion here is designed to offer a comparison
between syntheses of acylphosphonic acids with those of other important oxoalkyl phos-
phonic and phosphinic acids.

Many of the reactions applied to the synthesis of phosphonoyl and phosphinoyl
alkanoic acids described in the previous section can also, in principle, be applied to the
synthesis of oxoalkyl-phosphonic and -phosphinic acids. A notable exception, however, is
the synthesis of those compounds in which the oxo group is in the -position relative to
phosphorus, when important syntheses lead not to phosphonate or phosphinate esters, but
rather to enol esters of phosphoric acid through what is now referred to as the Perkow
reaction®**,

A. Syntheses Through Phosphorus—Carbon Bond Formation

1. Through the Michaelis—Arbuzov reaction

Equation 28 represents the formation of oxoalkyl phosphonic acid esters (488; R' = OR)
or phosphinic esters (488; R' = alkyl or aryl) from phosphite or phosphonite esters and
appropriate halogen-containing ketones (n > 1) or acyl halides (n = 0), and supplements the
formation of the phosphonoylated or phosphinoylated alkanoic acids through reactions
21 and 22 in the previous section.
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o} o}
(RO),PR! + CI(CH,),COR? RO—}Q—(CHZ),,(Q,R2 (28)
iy
(488)
(o}
(RO)ZI”’CORl
(489)

The formation of esters of (1-oxoalkyl)phosphonic acids (489) through the interaction
of alkanoic acid halides (the chlorides are generally employed) and trialkyl phosphites is
widely documented, and the products are generally isolable with little difficulty™' . Other
compounds are derived from the appropriate phosphorous triester and a propenoyl
halide®*°, whilst (a-oxobenzyl)phosphonic esters are obtainable from aroyl
halides®®®7#!1814_Gilv] phosphites*®$15, particularly diethyl trimethylsilyl phosphite™®
and tris(trimethylsilyl) phosphite®'”*", which afford diethyl acylphosphonates and bis-
(trimethylsilyl) acylphosphonate, respectively, have the advantages of an increased phos-
phite nucleophilic activity relative to other phosphorus(IIl) esters and of the ease of
removal of the ester protecting groups, generally achievable through methanolysis®™*".
Benzyl esters of acylphosphonic acids also act as sources of the free acylphosphonic acids
through complete debenzylation by hydrogenolysis*”’, or monodebenzylation using Nal
in acetone*™, a procedure used also for the monodemethylation of the dimethyl esters™”.

The reaction between tris(trimethylsilyl) phosphite and a perfluoroacyl chloride pro-
ceeds without any apparent difficulty to give the predicted phosphonate diester 489 [R =
Me,Si, R' = CF, or (CF,),CH]” but the use of longer chain polyfluorinated acyl halides™”’
or other heavily halogenated acyl chlorides leads to complications; with such substrates,
the initially formed acylphosphonate reacts with more phosphorus(III) ester to give the
(2)-enol phosphate 490 (Scheme 47). The halides, XCH,COX (X = Cl or Br) afford only
the esters 491 (X = H)*'.

o
0 R Oy’(OEt)
|| ; X
R;CF,c0C1 -2+ (£10),PCOCFR, =~
F ﬁ’(OEt)z
0
(490)
SCHEME 47

Very vigorous reactions also occur between phosphorus(I1I) esters and CCL,COCl in
diethyl ether, from which a dialkyl (trichloroacetyl)phosphonate has been isolated in
appreciable yield; however, this process may be accompanied by rearrangement and
dechlorination, steps which constitute the main reaction pathway when the reaction is car-
ried out in the absence of a solvent when the products is then 491 (X = C1)*"**. Reactions
with other chloroacyl chlorides RCHCICOCI (R = MeCHCl or Me,CCl) are reported to
give mixtures of products, presumably acyl phosphonate and halovinyl phosphates®”.
Other substrates include monoacyl chlorides from alkanedioic acids®>*”, protected
aminoacyl halides, which yield dialkyl [(acylamino)methyl]phosphonates (492; R'=Meor
Ph)®, and the acyl chlorides X(CH,),CHRCOCI (R = H or Me, X = phthalimido or
fmocNH)* or RCHXCOCI (R = Me or Me,CHCH,,, X = phthalimido)** as the first stage
in the synthesis of the free aminoacylphosphonic acids. Heterocyclic reactants include
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acid chlorides derived from pyrrolidine-2-carboxylic acid®?, pyridinecarboxylic acids®™,

coumarin-3-carboxylic acid®?®, and chromone-2- and -3-carboxylic acids®?.

Variations in the phosphorus reactant include the use of phosphonous diesters,
RP(OR'),, which lead to the monoacylphosphinic esters (488) (R' = alkyl or aryl, R? =
alkyl, alkenyl or aryl; n = 0)®*%! and phosphoramidous diesters, EtZZNP(OR)2 and
(Et;N),POR, which with RZCOCl yield the monoamides 488 (R' = NEt,, R* = alkyl or Ph;
n=0) and diamides, R?"COP(O)(NEL,),*. Well characterized products have been obtained
from 2-methoxy-4,4,5,5,-tetramethyl-1,3,2-dioxaphospholane in which the five-mem-
bered ring is retained***¥,

The Michaelis—Arbuzov reaction is unable to provide the simplest of the acylphospho-
nic acids, namely (oxomethyl)phosphonic acid, the diethyl ester of which, 493, has been
obtained from triethyl phosphite and formic-acetic anhydride at —10 °C; at a higher
temperature, decomposition sets in with the liberation of CO and formation of diethyl
hydrogenphosphonate. Ensuing reactions lead ultimately to 494,

07
(EtO);P + HCOCCH;

|

0
I | |
(Et0),PCHO —<© (EtO)ZLH 493 [(EtO)zPl]ZCHOH
(493) }
Il Il
(EtO),PCH,OP(OEt),
(494)

Although esters of (oxomethyl)phosphonic acid have proved to be so elusive, derived
acetals (495; R' = H, X = O) have been prepared with relatively little difficulty from the
acid-catalysed interaction of dialkyl hydrogenphosphonates and orthoformic esters®™,
and from mixtures of phosphorus(III) chlorides and orthoformic esters when heated in
sealed tubes®****; the reaction is included here since the ultimate stage is presumably of the
Michaelis-Arbuzov type. The current view (Scheme 48)**** appears to be that the phos-
phorus(III) chloride reacts with triethyl orthoformate in a stepwise fashion where appro-
priate, and with the formation, in the penultimate step, of a phosphorus(IIl) triester and
CICH(OEL),. Such reactions were observed in a highly detailed study, by *'P NMR spec-
troscopy, of the very slow reaction, even at 150 °C, between triethyl orthoformate and the
chloride 496, from which the phosphinic ester 497 was isolated; the reaction between the

chloride 498 and triethyl orthoformate was much faster, but even so, took place over an
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extended period at room temperature to give 499", The use of other orthocarboxylicesters
leads to ketals of (1-oxoalkyl)phosphonic diesters™***. According to another report™”, the
same derivatives of dialkyl (oxomethyl)phosphonate are obtainable from the phospho-
rus(I1T) compounds (RO),POZ (Z = OR, Me;Si, Ac, or (RO),P) and a trialkyl orthofor-
mate in the presence of BF; etherate. The reaction between a dialkyl trimethylsilyl
phosphite and a 2-alkoxy-1,3-dioxolane in the presence of ZnCl, yields the cyclic acetal 495
(R' = H, X = 0, R%, = CH,CH,)*”. MePCl, and triethyl orthoformate interact readily at
0-10 °C to produce 500 in very high yield®, and the compounds 501 likewise from
chloromethyl- and dichloromethyl-phosphonous dichlorides®'. The formation of ketals
from higher (1-oxoalkyl)phosphonic or analogous phosphinic esters occurs from their

reaction with triethyl orthoformate under conditions of acid catalysis®”.

px, RCOEY: Y CR(OEf), + X;POEt ~— ™. XCR(OEt), + XP(OEt),
(“) RC(OEt)3
(EtO),PCR(OEL), P(OEt); + XCR(OEt),
SCHEME 48
(H) Me  Me Me Mi o Me
(RO),PCRI(XR2), ﬁP—Q rtp\/ I\/P—Cl
(495) Me~ O Me~ O CH(OEt) .0
(496) 497) (498)
Y
Me” ~0  CH(OEt), E0” "R
(499) (500) R = Me

(501) R = CH,Cls_,

The plausibility of the mechanism in Scheme 48 is supported, to some extent, by the
formation of the dithioacetals of (oxomethyl)phosphonic diesters (495; RI=H;X=9)
from trialkyl phosphites and CICH(SR?),, also synthesized by other procedures such as
exchange of the acetal groups®”. Other procedures are available for the synthesis of acetals
with non-identical R? groups** or two different chalcogen atoms (O, S; S, Se)**** or with
X = Se*. These and other synthesis procedures will be considered in more detail later,
Unfortunately, the acetals of (oxomethyl)phosphonic diesters do not liberate the free
(oxomethyl)phosphonic esters under acidic conditions, but instead, tend to decompose
with the formation of dialkyl hydrogenphosphonate.

Attempts to obtain (oxomethyl)phosphinic esters (503) through the Michaelis-Arbuzov
procedure are not altogether straightforward (Scheme 49)****!. The expected phosphinate
503 may be accompanied by 10-20% (in total) of the symmetrical phosphinates 504 and
505, but their combined yield may also reach 60% when, for example, R' = MeOCH,; the
acetals of bis(oxomethyl)phosphinic acid (504) have also been prepared by others™.

Preparations of (3-oxoalkyl)phosphonic diesters through the Michaelis-Arbuzov reac-
tion appear to have been limited to the use of trialkyl phosphites in combination with the
methiodides®”, hydrochlorides™** or acetates® derived from Mannich bases (reaction
29).
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ROPR!, (RO),PR! + ICH(OR), ROP[CH(OR),],
(505) (504)
SCHEME 49
0
(RI0)P + R2COCH,CH,NEt,MeX- ‘N_EI%IXE’ (RO),PCH,CH,COR2  (29)
- 2

Far more important from the point of view of the utility of the Michaelis—-Arbuzov
reaction in the synthesis of oxoalkyl phosphonic or phosphinic acids is the behaviour of
phosphorus(III) esters towards a-monohalogenated aldehydes and ketones, and the out-
come of such reactions is often in marked contrast to that experienced with monohalo-
genated alkanoic acid derivatives. Almost without exception (for example, the acyl
halides), reactions between derivatives of monohalogenated alkanoic acids and phospho-
rus(III) esters proceed in the expected Michaelis—Arbuzov manner, which is not compli-
cated, to a significant extent, by any important side reaction. On the other hand, it has to
be recognized that in many cases, the Michaelis-Arbuzov formation of (2-oxoalkyl)phos-
phonic esters may make only a minor contribution to the overall reaction, and indeed, it
may even take no part at all. The principal competing process, or ‘abnormal Michaelis—
Arbuzov reaction’ as it has sometimes been referred to in the past, was characterized by
Perkow et al.**, although it had been reported many times during earlier years that certain
attempted Michaelis—Arbuzov reactions led to unusual experimental results; these are now
known to have been the result of simultaneous and competitive reactions which resulted in
mixtures of products.

Trialkyl phosphites are very reactive towards a-monohaloketones, and even more so
towards unprotected a-monohaloaldehydes. Almost invariably, the latter give rise to
ethenyl esters of phosphoric acid. The reactivity increases with an increase in the number
of halogen atoms at the carbon atom adjacent to the carbonyl group, and also with the
halogen order Cl < Br < 1. The two principal and potential products of such an interaction
(equation 30) are the (2-oxoalkyl)phosphonic diester 506 and an enol phosphate ester 507,
the latter, again potentially, as a mixture of Z and E isomers. Although the chemistry of
the latter compounds is of great interest and commercial importance, it does not form the
subject matter of the present chapter, and accordingly the mechanism of formation is not
discussed here in detail; it is sufficient to state that the initial step consists in the attack by
a phosphorus(I1I) ester at the carbonyl group rather than at the halogen-carrying carbon
atom—the site of the normal Michaelis—Arbuzov displacement.

0
I (R10),P—O R3
(RI0);P + R3COCHRZX — (R!0),PCHR2COR3 + = G0
R2 H
(506) (507)
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Lichtenthaler’s excellent survey®” lists enol phosphate esters reported up to about 1960.
Even by that date, many of the structural requirements within the reactants required for
successful formation of the (generally) more important Perkow product were already
known. Although the structural features of the carbonyl reactant are of considerable
importance with regard to the course of the reaction, the nature of the phosphorus(III)
ester is not without some influence. In the reactions between trialkyl phosphites (reaction
30), with R' = Me, Et, Bu or Bu/, and chloroacetone within the temperature range
110-145 °C, with overall reaction yields of 80,60,61 and 78%, the (percentage) proportion
of the (2-oxopropyl)phosphonic diester was 16.5,6.1,13.7 and 6.3, and, in general, this pro-
portion increased if the reaction temperature was raised®’. The behaviour of cyclic phos-
phorus(I1I) esters, with the customary dependence of reactivity on ring size and degree and
type of substitution on ring carbon atoms, appears to be consistent with that described ear-
lier for other Michaelis—Arbuzov reactions, the unsubstituted 1,3,2-dioxaphospholane
ring being prone to ring opening™**®, whilst the (six-membered) 1,3,2-dioxaphosphori-
nane ring, particularly if substituted on carbon, is retained during a reaction with the more
reactive iodoacetone to give the cyclic ester of (2-oxopropyl)phosphonic acid®'. Triaryl
phosphites do not participate in the interaction to give either type of product, but alkyl
dipheny! or dialkyl phenyl phosphites react with displacement of an alkyl group*®**".

The nature of any solvent and the reaction temperature can also be of some importance.
For the reaction between trimethyl phosphite and bromoacetone, carried out in diethyl
ether at 30 °C, in MeOH or thf at 60 °C or in the absence of a solvent at 110-120 °C the
yields of dimethyl (2-oxopropyl)phosphonate were 35, 28, 55 and 45%, whilst those of
dimethyl ethenyl phosphate were 30,55,30 and 55%, respectively*”. The proportion of
oxoalkylphosphonate to enol phosphate for the reaction between triethyl phosphite and
bromoacetone at 150 °C is 20:80, and this ratio is reversed if the reaction is carried out in
boiling diethyl ether. Sometimes a change in both solvent and halogen produces a pro-
nounced beneficial effect with regard to phosphonate formation; thus the 80:20 advantage
just noted for bromoacetone in diethyl ether is raised to 90:10 for chloroacetone at 150 °C,
but for iodoacetone in boiling diethyl ether it is only 10:90*.

By far the greatest influence on the course of the interaction is the structure of the
carbonyl component in combination with the nature of the halogen. The formation of (2-
oxoalkyl)phosphonic diesters from monohaloketones®'** occurs to at least some extent,
and takes place through ‘normal’ phosphonium salts*’**; no rearrangement occurs with-
in the phosphonium species such as to generate, on decomposition, an enol phosphate. Di-
and tri-haloketones and haloaldehydes, irrespective of the degree of halogen substitution,
provide only enol phosphate esters through the Perkow process, or at most, only small
amounts of (2-oxoalktyl)phosphonic derivatives.

Both 2-chloro-¥** and 2-bromo-cyclohexanone react with phosphorus(IIT) esters
to yield the enol (1-cyclohexenyl) esters. 2,6-Dibromocyclohexanone yields initially the
enol phosphate ester 508, which reacts with more phosphite ester to give 509. The thermal
decomposition of 508 liberates HBr, which dealkylates some triethyl phosphite, and the
resultant diethyl hydrogenphosphonate then reacts with 509 to give 2-(diethoxyphosphi-
noyl)cyclohexanone (510); 2,6-dichlorocyclohexanone does not behave in this complex
fashion and furnishes only an enol phosphate’™ The 2-halocyclohexanones represent
examples of secondary haloketones, from which only enol esters are obtained directly on
reaction with triethyl phosphite. Other secondary halides, e.g. PhCOCHBIR (R = Me or
Ph)**, or bromocamphor®” yield mixtures of oxoalkyl phosphonates and enol phosphates.
Tertiary halides, as exemplified by 2-halo-2-methylcyclohexanones*’>*”, MeCOCMe,Br"”
and PhCOCMe,Br*”, yield only enol phosphate esters.

Steric hindrance at the carbonyl group restricts the Perkow reaction and facilitates
direct Michaelis—Arbuzov displacement of the halogen to result in increased yields of the
(2-oxoalkyl)phosphonate; thus, 2,4,6-trimethylphenylacetyl halides yield only the

872,873
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phenacylphosphonates 506 (R* = H, R* = 2,4,6-Me,C¢H,), in experiments in which the
bromide reacted 21 times faster than the chloride®**”".

Although it has been stated that di- and tri-haloketones and a-haloaldehydes (irrespec-
tive of the degree of halogen substitution) tend to yield only enol phosphate esters, further
qualification of this statement is appropriate. The formation of silyl ethers from aldehydes
or ketones and silyl phosphites has already been noted (see section ITI.A). Reactions
between silyl phosghites and trifluoroacetaldehyde® or perfluoroacetone®” and other
similar compounds®® initially lead to silyl ethers of (a-hydroxyalkyl)phosphonic diesters
in which all the fluorine is retained, although subsequent change leads to fluorinated enol
phosphate esters. Sekine et al.*”® also observed the formation of (a-silyloxyalkyl)phospho-
nates and enol phosphate esters only. In the same way, pentachoroacetone and
tris(trimethylsilyl) phosphite yields the enol phosphate 511, which, with HCl, affords the
free phosphoric monoester 512. However, a similar reaction with the pentachloroacetone
enol trimethylsilyl ether 513 yields the phosphonic diester 514, from which the free acid is
readily available; dialkyl esters of the latter are also available from 513 and trialkyl
phosphites®”.

i
(RO,P—O  CI
CLCHCOCCl; + (MesSiO);P
CLCH «l

(511) R = MesSi
(512) R=H

Hel[

Si0);P I I
c12c:<|:cc13 MesSIORP (Me;;SiO)zPCClz(|J=CC12 HCl . (HO),PCClL,COCHCI,
OSiMe; OSiMe;
(513) (514)
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In a further interesting study®®, the silyl phosphite 515 reacted with haloacetones in the

absence of a solvent to give the products 516-518. The main product from chloroacetone
was the silyloxyphosphonate 518 (70%) accompanied by a small amount (14%) of the enol
phosphate 517, but with the change of X from ClI to Br to I, 518 was eliminated entirely,
and the proportion of 517 increased for X = Br but then decreased for X = I; the amount
of (2-oxopropyl)phosphonate (516) increased from 0% (X = Cl) to 24% (X = Br) to 41%
(X =1). In hot MeCN the yield of phosphonate increased to 50% with little change in the
amount of enol phosphate, but in MeCN at room temperature or below, the amounts of
516 and 517 both decreased, but there was no formation of the corresponding 491 (X = H).

0\ ' O\ /o
/P—051Me3——> /P\
O 0] zZ

(515) (516) Z = CH,COMe
(517) Z = OCMe=CH,
(518) Z = C(CH,X)(OSiMe3)Me

Two further complicating features may be noted. The first is of little, if any, practical
consequence with regard to the formation of oxoalkyl phosphonates, but is to be found in
the formation of enol phosphates from a-polyhaloketones, when the latter may be accom-
panied by simple dehalogenation of the carbonyl reactant®™', when treated with phospho-
rus(III) esters*®, particularly when reactions are carried out in protic solvents®®. This is
coupled with the second feature, which consists in the formation of (1-hydroxyalkyl)phos-
phonic acid esters from a trialkyl phosghite and the substituted a-monohaloacetophenone
also in the presence of a protic solvent®*>%2,

Reactions between haloketones and phosphonite esters, R'P(OR),, produce enol esters
of phosphonic acids or esters of the phosphinic acids, R'(R?COCH,)P(O)OR, depending
on the halogen involved®”**?, whilst phosphinite esters, R,POR' yield the phosphinic acid
esters R,P(O)YOCPh=CHBr when treated with a,a-dibromoacetophenone®’>**,

Two promising observations consist of the activation of the interaction of haloketones
and 8phosphorus(III) esters towards phosphonate formation by the presence of silver
salts®*>®° and also a two-step process in which a silyl ether ArC(OSiMe;)=CHR is first
treated with PhIO-BF;-Et,0 at—40 °C, and the resultant complex is then treated with a tri-
alkyl phosphite, again at —40 °C, when the products are the expected oxo phosphonic
diesters, (EtO),P(O)CHRCOAT™",

It is evidently not possible to prepare the (w-oxoalkyl)-phosphonic (519; R = R'O) or
-phosphinic diesters through direct reaction between a phosphorus(IIl) ester and an w-
haloalkanal. However, the corresponding acetals (520; n = 1 or 2) are readily available in
this way®"*; precautions have to be taken to avoid overheating which can result in the
loss of ethanol (when » = 1) and the formation of the enol ether 521, a process which
becomes more prevalent in the synthesis of the secondary compounds 522°%. Gentle
hydrolysis of the acetals 520, using very dilute HCI®*"****” or an ion-exchange resin in the
acid form®™”, or simply the calculated amount of cold water®™, liberates the free aldehyde
519. The methodology based on acid cleavage of aldehyde acetal was adopted in the
successful preparation of 4-(diethoxyphosphinyl)but-2-enal, required for the synthesis of
component moieties in the plumbemycin antibiotics®™. Alternatively, procedures in which
the oxo function is protected by a nitrogen function, e.g. the use of an acetimidoy! halide®”,
or reaction 31, in which protection is afforded by a hydrazide group®®, may be followed.

In general, enol ethers of the type 521 are more easily obtained through yet another
procedure (see Section 3), as has phosphonoacetaldehyde itself. Some (2-oxoalkyl)phos-
phonic diesters have been obtained, free from enol phosphate byproducts, through
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reactions between phosphorus(III) triesters and epoxides; 2-(diethoxyphosphinoyl)cyclo-
hexanone was thus prepared from 523, and whereas the epoxide 524 (R = Pr) gave only the
diester 525, 524 (R = CH,C)) initially yielded a mixture of enol phosphate and dialkyl 3-
chloro-2-oxopropyl)phosphonate, which reacted with more phosphite to give 491%7. In
general terms, the formation of products of the type 491 may not be too great a setback,
since careful hydrolysis procedures are able to cleave the system at the enol P—O—C
bonds to leave the oxoalkyl phosphonic moiety intact.

|
T RO);P 0 R] RO);P ?
O:O (RO); (:/[ [ RO Me,CHCOCH,P(OR),
- > C] R1=Pr’
ﬁ(OR)z o

(523) (524) (525)

Variations in the types of reactants have been noted which are a reminder of those
variations described in the previous chapter for the basic Michaelis—Arbuzov reaction. In
this case, a a-haloketone reacts with a phosphorous chloride; the reaction is envisaged as
proceeding through a phosphonium intermediate which, when decomposed through
alcoholysis, yields a (2-oxoalkyl)phosphonic derivative (Scheme 50). The usual pattern of

(RO),PCI + RICOCHR?X — = [(RO),PCHR?COR!
(526) (|:1
VC\)H
o}
(RO)zlﬂCHRZCORl

SCHEME 50
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phosphite reactivity is evident; with the ketones 526 ethylene chlorophosphite yielded the
ring-opened esters 527 of phosphonic acids, whilst o-phenylene chlorophosphite provided
the products 528 in which the five-membered phosphorus-containing ring is retained*". In
the reactions between biacetyl and the halides RPCI, (R = Me or Et * or Ph°™), the inter-
mediate steps lead to the 2,3-dihydro-1,2-oxaphosph(V)oles 529, which on alcoholysis
furnish esters of the [(R)-(2-chloro-3-oxobutyl)]phosphinic acids 530.

O I_OR
Py P—Cl—— CICH,;CH,0P
o CHR2COR!
(527)
O\ o\ //0
P—Cl — /P\
o’ 0~ "CHR2COR!
(528)
O
Me Me I
+ RPCl, MeCOCHClCH2P|’OR1
(0] (0]
R
(530)
R!OH
Me Me o
Me Cl
3 0 . 0
o} (of\ —— rR-P I sl rp’
\ f’/ Cl | cl O/ \R
RN Cl Me Me
R Cl

(529)

2. Through the alkylation of dialkyl hydrogenphosphonates or related compounds

The direct alkylation of hydrogenphosphonic diesters with a diazoketone has been
recorded alongside that with diazoalkanoic esters, and explored particularly with methyl
2-diazo-3-oxobutanoate®®>%?, but also for several chloroacetones. Reactions involving 1-
chloro-3-diazo-2-propanone are effectively catalysed by [Cu(acac),]™, but more heavily
chlorinated substrates suffer stepwise dechlorination. Thus I,1,1-trichloro-3-diazo-
propan-2-one initially yields the expected dialkyl (3,3,3-trichloro-2-oxopropyl)phospho-
nate, but under the experimental conditions, dechlorination then proceeds to give the
dialkyl (3,3-dichloro-2-oxopropyl)phosphonate; only the monochloroketone undergoes a
reaction in which the original halogen content is retained in the final product®™".

The more customary Michaelis—Becker reaction has not been widely adopted for the
synthesis of oxoalkyl-phosphonic or -phosphinic esters, and only isolated examples are
to be noted, sometimes in combination with a Michaelis-Arbuzov step. The steps in
Scheme 51 were adopted to furnish acylphosphorus(V) derivatives of a carbohydrate
nucleus (R = a carbohydrate moiety)’”, and a similar sequence (Scheme 52) starts with
bis(trimgeoghylsilyl) hypophosphite and can provide novel bis(1-oxoalkyl)phosphinic acids,
e.g. 531",
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Rare examples of normal Michaelis-Becker reactions which involve w-chloroalkanal
diethyl acetals are to be found®®, and although the formation of dialkyl acylphosphonates
from sodium dialkyl phosphites and, for example, benzoyl chloride, is to be observed at
—85°C, the system is further complicated, even at—10 °C, by further addition steps followed
by rearrangements which would seem to render the process of little value for the synthesis
of oxoalkyl phosphonic esters™. On the other hand, in a more detailed and systematic
study of reactions between sodium dialkyl phosphites, (RO),PONa(R = Et or Bu), and the
ketones R'CO(CH,),Cl, Sturtz* and others’ have observed the formation of epoxides
when 7 = 1 and (1-hydroxyalk-2-enyl)phosphonic diesters when n = 2 (R' = Me or Pr),
according to the displacement in 532, and of derivatives of tetrahydrofuran or tetrahy-
dropyran, according to 533 (n = 3 or 4); when R' = Et, the formation of the cyclic ethers
was accompanied by low yields of the expected (oxoalkyl)phosphonic diester, but other-
wise the latter were isolated as a single product only for R' = Me, n = 5, and R! = Et or Pr
whenn=2.

O R! Rl —~(CHy),
| N N N
(RO)ZP—(IJ—(IZH/‘—CHZ—CI (RO)ZIﬁ——(lj CH,—Cl
— H -
U © 0
(532) (533)

The phosphinic esters 503 have been obtained through the alkylation of the phosphinic
esters, (RO),CHP(O)(OR)H, as their sodium salts, with R' X°"".

It should perhaps not be surprising that dialkyl hydrogenphosphonates, like phospho-
rus(II) triesters, are very reactive towards perfluorocarboxylic acid anhydrides, but these
reactions, as with those with the perfluoroacyl chlorides, can be complex, and although it
seems highly likely that the first stage in the reaction consists in the formation of a dialkyl
(perfluoroacyl)phosphonate (534)(and more than one mechanism for this step can be pos-
tulated), the initial product rapidly undergoes further reaction(s). Two groups of workers
have isolated different final products depending on reactant ratios. The first group®® has
provided evidence to suggest the eminently plausible sequence 534 — 535 —536, already
well established for many other related, but fluorine-free compounds, and coupled with the
isolation, under certain experimental conditions, of 537. Aleinikov and coworkers used the
reactantsin a 1:1 ratio, and suggested that the products have the structure 538°*°!!.
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The formation of the dialkyl (2-oxoalkyl)phosphonates (539) illustrates the regioselec-
tive nucleophilic attack by phosphite anion, with rearrangement and displacement of
sulphinate anion, applicable when R = C,—C; alkyl and R!=H, Me or Ph; in the single case
when Ar = Ph, R = H and R' = Ph, the product was diethyl (2-phenylethenyl)phospho-

nate’2.

(0] (@]
ArS0z, O (Et0),PONa I
| thf (EtO),P. R
R R Rl
(539)

The formation of compounds 495 from phosphorus triesters and orthoalkanoic esters
has already been referred to, and the same compounds are also obtainable when mixtures
of hydrogenphosphonate or })hosphonous acids [RP(O)(OH)H] and orthoalkanoic esters
are heated in sealed tubes®***.

Two examples serve to show the relative usefulness of the Michaelis-Becker and
Michaelis—Arbuzov procedures. In the first, 540 (Z = Br) suffers debromination when heat-
ed with triethyl phosphite, and 541 was prepared only from 540 (Z = Cl) and sodium or
potassium diethyl phosphite’'>*'®. In the second example, the formation, from 542, of the
enol phosphate 543 in the Michaelis-Arbuzov case, is obviated by the use of sodium diethyl
phosphite when the desired phosphonate 544 was obtained”"”.

Me Me
O O
V4 N

o
(540) Z = halogen
(541) Z = P(O)(OEt);

H (0]
0=P(OEt), cl OllJI(OE )
t)
A_iCOMe (Et0),PONa FiCOMe (Et0),P
Y Y Y

(544) (542) (543)
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3. From PCl; and unsaturated ethers, esters or ketones

The synthesis of alkenylphosphonic dichlorides and (2-chloroalkyl)phosphonic dichlo-
rides through reactions between terminal alkenes and PCls, followed by decomposition of
the resultant chlorophosphonium salts, RPCl,* PClg, with SO,, was discussed in the pre-
vious chapter; the alkenylphosphonic dichlorides arise through the dehydrochlorination
of those salts. The treatment of ethenyl ethers with PCl;, and subsequent work-up of the
intermediate phosphonium salts, likewise yields (2-alkoxyethenyl)phosphonic dichlorides,
readily convertible into dialkyl (2-alkoxyethenyl)phosphonates through reaction with an
alcohol in the presence of an appropriate base, such as Et;N or pyridine, or by direct alco-
holysis of the chlorophosphonium salt''*'""*****; analogous (2-aryloxyethenyl)phospho-
nic derivatives’°% and thioether analogues™* are similarly obtainable. Many examples
have been quoted by Gefter’”. The same products are available from the interaction of
alkyl ethyl ethers with PCl; and work-up in the usual way’®; the reaction is here thought
to take place via the alkyl 1-chloroethyl ether, and indeed such compounds, also, furnish
the same unsaturated phosphonic dichlorides’”. Polychlorophosphoranes may be used in
place of PCL; thus, ethenyl ethyl ether and PhPCI, yield a crystalline chlorophosphonium
salt which, following its decomposition with 809%6 affords a product recognizable as [(2-

ethoxyethenyl)phenyl]phosphinic chloride (545)™".

EtOCH=CH_ O
N

e’ i
(545)

(2-Alkoxyethenyl)phosphonic dichlorides are, additionally, the products from unsym-
metrical acetals MeCH(OR)(OR”) and PCls; although two similar products are theoreti-
cally capable of being produced, the reaction does tend to be selective. If R = Et,and R =
Bu, Ph, CICH,CH,, etc., the main product is EEOCH=CHP(O)CI,, but for R = Et and
R’ =Pr', it is PPF'OCH=CHP(O)CL,**!. Symmetrical acetals, MeCH(OR),, furnish the [2,2-
di(alkoxy)ethenyl]phosphonic dichlorides™.

The addition of H,C=CHCOR (R = H or Me) or Me,C—=CHCOMe to PCl; in benzene
yields dichlorophosphates in low yields; however, a change in the order of mixing results
in C-phosphorylation and, for example, but-3-en-2-one yields a complex which, on decom-
position with acetic anhydride, gives (2-chloro-3-oxobutyl)phosphonic dichloride™”.

The (2-alkoxyethenyl)phosphonic diesters are, of course, the enol ethers of the dialkyl
esters of phosphoacetaldehyde, (HO),P(O)CH,CHO, and as such should be capable of
hydrolysis to the latter. The reaction between vinyl acetate and PCl;, and decomposition
of the resultant complex with SO,, yields the phosphonic dichloride 546, careful hydroly-
sis of which does, indeed yield almost quantitatively phosphonoacetaldehyde, which can
be stabilized as its dilithium salt®****. Using the same methodology, 547 (R = H) can be
converted sequentially into 547 (R = POCl,) and 547 (R = P(O)(OEt),), acid hydrolysis of
which yields 2-(diethoxyphosphinoyl)cyclopentanone, not otherwise obtained by the use
of the methods thus far discussed”*®. Diethyl phenacylphosphonate [diethyl (2-phenyl-2-
oxoethyl)phosphonate] is similarly obtainable from PhC(OEt)=CH,""".

o OEt

Il
AcOCHCICH,PCl, R
(546) (547)
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4. Through the phosphorylation of mesomeric anions

The phosphorylation of the mesomeric anion from a ketone or other active methylene
compound forms a standard route to enol phosphates®”; the process is illustrated in equa-
tion 32 with the formation of the phosphate esters 548 (R' = Me or Ph, R* = H, COMe or
COOEL) from appropriate ketonic compounds; yields tend to be moderate to good.

0
(i) BuLiorld [
RICOCH,R?2 ﬁ%)%o?ﬁ’ (RO),POCR!=CHR? (32)
(548)

Two approaches have been made to the modification of such a procedure to enable the
C-phosphorylated product to become the major reaction product. In the first such
approach—an umpolung approach, and complementary to the classical Michaelis—
Arbuzov reaction—a dianion is generated from an a-bromo carbonyl compound through
sequential treatment with two bases (Scheme 53), the first to bring about enolization and
the second to remove the bromine, and the dianion is then monophosphorylated at
_110 °C. Yields tend to be lower if the reaction is carried out even at —78 °C, but were
otherwise in the range 30-80%". The sequence is of particular value since it allows the
synthesis of desired compounds from secondary halides when the Michaelis-Arbuzov and
Michaelis-Becker reactions might afford only low yields, or even fail completely, and it
also allows the use of phosphorus species containing electron-withdrawing alkyl groups,
e.g. CF;CH,0, when again, the classical procedures might be expected to perform poorly.
Some regioselectivity has been noted elsewhere®® in the phosphorylation of the dianion
from 1-phenylpropan-2-one, when phosphorylation at each carbon site adjacent to car-
bonyl was accompanied by some O-phosphorylation; the phosphorylation of the ambident
anion from the Schiff base from MeCOR (R = Me or Ph) and cyclohexylamine resulted in
predominant reaction at carbon.

? (|)Li I I
s
RICHR2Br W‘—»RIC=CRZU RORPOXA_ ), PCHR2CR!
SCHEME 53

Low to moderate yields of the C-phosphorylated compounds 549 (R' = Me, Et, Pr' or
Ph) have been obtained through the phosphorylation of the mesomeric anion generated
from a carboxylic ester and lda in thf-hmpa, followed by further treatment with 1da; this
procedure works far more satisfactorily for lactones 550 (Z = O) and cyclic ketones 550 (Z
= CH,), when yields can reach 80%***'. The basis of this procedure, the second of the
approaches indicated earlier, consists in the initial production of a mixture (presumably)
of O-phosphorylated (enol phosphate) and C-phosphorylated compounds, 551 and 552,
followed by the base (Ida)-catalysed rearrangement of enol phosphate to oxo phosphonate.
The presence of substituents on the cyclic ketone ring resulted in the formation of isomer-
ic phosphinoylcycloalkanones, and, for example, 553 affords 554 together with 555. A
detailed study of the regioselectivity in this rearrangement has been carried out™. In fur-
ther studies, Wiemer’s group also noted that enol phosphates of the type 556, which con-
tain an unprotected carbonyl group, fail to rearrange in the presence of Ida, in contrast to
the corresponding ketals, e.g. 557, which itself yields 558; in general, regioisomerically
formed compounds in the cyclohexanone and decalone systems can be isolated®®.

In a modification to the latter procedure, phosphorylation of lithium enolates may be
carried out with a phosphorus(IIT) acid chloride (phosphitylation) and the resultant
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P(O)(OR)z OP(O)(OR),
- -
(549) (550) (551) (552)
OPO)OE), O 2 o

P(OEt),  (EtO),P

Me Me Me
(553) (554) (555)
0 7\
i (EtO) P 0.0
(l_,l’ 2
(EtO),PO
(556) Z=0 (558)

(557) Z = OCH,CH,0O

phosphonite ester subjected to oxidation, conveniently with H,0,”* or by exposure of the
product to air’. Achievable yields for alkanones, cycloalkanones and cycloalkenones
were good to excellent

5. Through the addition of hydrogenphosphonates or related compounds to enones

In Section VII.A, the 1,2-addition of a hydrogenphosphonic diester or related com-
pound to an a,f-unsaturated aldehyde®****33 or analogous ketone*¥*34:34 a5 dis-
cussed in relation to the synthesis of (1-hydroxyalkyl)phosphonic diesters. The latter are
formed under condition of kinetic control whereas 1,4-addition (the so-called Pudovik
reactlon) which leads to the (2-oxoalkyl)phosphonic dlester occur under thermodynamic
control****, In general, reactions which involve ethylenic aldehydes, or acetylenic alde-
hydes or ketones tend to result in adduct formation across the carbonyl group, whilst eth-
ylenic ketones tend to take part in 1,4-additions and afford 3-oxoalkyl phosphonic (or
phosphinic) acid systems 560%* 4696 consistent with Markovnikov predictions. Such
statements are a broad oversimplification, however, at least with regard to the formation
of the oxoalkyl phosphonates. In practice, the manner of addition depends on ex?erlmen-
tal circumstances, the nature and even amount of catalyst and other factors™*****!, For
instance, for the additions of dimethyl hydrogenphosphonate to the ketones 561 (n = 1 or
2) and 559 (R* = H, R® = 2-furyl, R® = Me), carried out by the addition of a trace of satu-
rated MeONa-MeOH solution to a mixture of reactants in diethyl ether, yielded (within 5
min) the respective 1,2-adducts (1-hydroxyalkylphosphonates) in yields of 64,69 and 52%;
RIO_ O ?

_ + R3CH=CR*COR> R!O—P—CHR3CHRA*COR>
R2 H 1‘{2
(559) (560)

b
7N
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if the reactions were carried out in the presence of an equimolar amount of Et,NH, again
in diethyl ether,the yields of 1,2-adducts were 100, 100 and 31%. The same reactions, when
carried out in the presence of a trace of methoxide catalyst but in benzene, afforded the 1,4-
adducts (oxoalkylphosphonates) in yields of 48, 79 and 63%; under the same conditions,
the ketones 559 (R* = H, R® = R® = Ph), 562 and 563, gave 1,4-adducts in poor yields**.
Several examples are known®® to illustrate the generalization that a rise in reaction tem-
perature tends to increase the extent of 1,4-addition.

o 0

O}(\_/{Ph Ph Ph
n

(561) (562) Phi Ph
(563)

The addition of a hydrogenphosphonate to a symmetrical di(x,f-unsaturated)-ketone
occurs very readily, but is controllable to the extent that it occurs across only one of the
C=C bonds”*. The addition of a dialkyl hydrogenphosphonate, in the form of its bromo-
magnesium salt, to the ketones 564 (R = Me, Et or Pr') leads to the oxoalkenyl phosphon-
ic diesters 565 according to a mechanism suggested”” in Scheme 54.

0
I
(EtO),P(O)MgBr + H,C=C=CHCR

/ (564)

CH,
- C//CHzP (/6(1;) u <”) ﬁHz
tr . P(OEt
f Ll\|4 . HOT POED: ———»(EtO)zP—CCHz(ﬁR
gBr 0
R R0 i
) g
(Et0),PCMe=CHCOR
(565)
SCHEME 54

A detailed mechanistic study of the addition of a dialkyl hydrogenphosphonate to
benzylideneacetone and to related compounds® indicated a kinetically controlled attack
of the phosphite anion at the substrate carbonyl group, followed by protonation (by ROH)
of the intermediate 566. The direction of further reaction (Scheme 55) is then a function of
the stability/reactivity of this intermediate, and thus governed, at least to some extent, by
the nature of the group R'. When the ion 566 is sufficiently basic, with R' = H or Me, pro-
tonation (by ROH) occurs to give the 1,2-adduct 567—the kinetically controlled product.
Increased delocalization of the anionic charge in the intermediate 566 e.g. when R' = Ph
(asin benzylideneacetophenone, with R' = R*= Ph, or for dibenzylideneacetone, for which
R! = Ph, R? = CH=CHPh)) the intermediate 566 is evidently acted upon by more hydro-
genphosphonate to give 568, whose stability is again controlled, at least partly by the sub-
stituent R. In certain circumstances, e.g. when the reaction mixture contains a large
amount of base catalyst (thus preventing protonation of 566 to give 567), the ion 568 can
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be stabilized through the three pathways indicated to give an oxoalkyl phosphonate (569),
hydroxyalkyldiphosphonate (570) or 1,2-oxaphosph (V)olane (571); all three pathways
have been realized for benzylideneacetone, and for propenal and but-2-enal.

(RO),P(O)H + RO~ === (RO),PO- + ROH
o Rl (R1=Me)
(RO),PO- + RICOCH=CHR? :(RO)ZP—$CH=CHR2 H
o
(566)
?
(RO)2P—(fCH=CHR2
(R! =Ph) OH
(567)
O R!
I I _®oyppo- | [ H
(RO),PCHR2CH,CR! ~——— (R0)2P—|CCH2CHR2—P(OR)2 ——
O_
(569) (568)
o R 1
(RO)2P—|CCH2CHR2—P(OR)2
OH
(570
R2 (”)
O« P(OR),
Ro’ O  R!
(571)
SCHEME 55

The addition of dialkyl hydrogenphosphonates to enol silyl ethers affords good yields
of the adducts 572 (R' = Me or OEt)’”. The addition of hydrogenphosphonates to the
nitroalkenes ArCH=CR(NO,) is reported to yield intermediates which, when acted upon
by 3-chloroperoxybenzoic acid, give the phosphonates (R’0),P(O)CHArCOR**.

OSiMe; 0 Me 0
MeC=CHﬁR1 M(RO)ZP—?CHZCRI
0 OSiMe;

(572)
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A very popular area for study has been the reactions which occur between hydrogen-
phosphonates or phosphonous monoesters (hydrogenphosphinates) and substituted
cyclopentadienones. The resultant picture is a complex one. Pudovik and Konovalova®®
have presented a very brief summary of the earlier work, much of which concentrated on
the reactions of the tetraphenyl derivative (tetracyclone). Depending on the reaction con-
ditions, dimethyl hydrogenphosphonate reacts with tetracyclone at the carbonyl group
(1,2-addition, to give 573), or by 1,4- and 1,6-addition to give conjugated or non-conju-
gated oxo phosphonic products, 574 and 575, whilst the formation of enol phosphates is
also observed. The picture is complicated further by the potential for further prototropic
changes. It would be impossible in a reasonably small space to detail further the nature of
the reactions involved, which have been studied in detail using proton NMR spectroscopy,
IR spectroscopy and X-ray crystallographic techniques. Some more recent studies have
been concerned with tetracyclone and its reaction with dimethyl hydrogenphosphonate®’,
tetracyclone with phenylphosphonous monoesters™**”, 2-methyl-3,4,5- trlphenylcy-
clopenta-2,4- dlenone with dlmethyl hydrogenphosphonate and methyl hydrogen
phenylphosphinate®® and reactions using dimethyl 3,4-diphenylcyclopenta-2,4-diene-2,5-
dicarboxylate®"*®,

Ph  Ph Ph  Ph
Ph ph (MeOPOM_ oy Ph
5 HO™ POMe),
0
(573) (574)

(575)

6. Through the addition of phosphorus(lil) esters to enones

The study of the reactions between conjugated unsaturated carbonyl compounds and
phosphorus(IT]) esters has proceeded alongside that of hydrogenphosphonates and relat-
ed species, generally with the same substrates.

The interaction of an enone with a trialkyl phosphite proceeds through nucleophilic
attack by phosphorus at the -carbon atom of the carbon—carbon double bond, a step
which results in the formation of a dipolar ion 576; this may then be stabilized (Scheme 56)
by cyclization to the oxyphosphorane 577 or, if the initial reaction is carried out in a medi-
um containing acetic acid, the ion is protonated and then undergoes dealkylation to give
the phosphonic diester 578. The third possibility, namely stabilization by translocation of
an alkyl group from phosphorus to oxygen to give the enol alkyl ether 579, is known to be
feasible even under very mild conditions as in a low-boiling solvent such as
dichloromethane®®; such a route would apply in the absence of protonation (choice of sol-
vent) or through resistance to cyclization, for steric or other reasons.
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o ) O
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SCHEME 56

The routes A** and C** have both been considered for the reaction between propenal
(R = H) and trimethyl phosphite, and hydrolysis of the oxyphosphorane yielded 3-
(dimethoxyphosphinoyl)propanal. The phosphorane, 580 (R = Et), obtained from triethyl
phosphite and but-3-en-2-one® has been mentioned earlier in connection with the syn-
thesis of phosphonic diesters possessing both oxo and hydroxy groups*’; as an example of
its further usefulness through treatment with an electrophile, its reaction with bromine
yields the bromo ester 581 and this, when heated, undergoes dehydrobromination to give
diethyl (3-oxobutenyl)phosphonate (582), also obtained when 580 is heated with nbs*’.

Me (@] O
Br
&(I) /OR Br, )K[ heat )HL
P—OR P(OR), P(OR),
OR o) o)
(580) (581) (582)

The formation of diethyl (3-oxobutyl)phosphonate from triethyl phosphite and 3-
oxobutyl acetate’®’® can be formulated also as taking place through a phosphorane
intermediate. As further examples, the phosphoranes 587 have been prepared from the
benzylidene derivatives 583°"°, 584°"', 585" and 586°"*. Careful hydrolysis of the phos-
phoranes 587 with one equivalent of water in diethyl ether leads to the corresponding 588,
which in turn tautomerize to the ketonic alkylphosphonic dimethyl esters 589, which can
also be obtained independently by the addition of dimethyl hydrogenphosphonate to the
original benzylidene compounds; the latter, when heated, generate the dihydro-1,2-
oxaphosph(V)oles 590. In the same way, the esters 593 have been obtained from the eth-
ylidene compounds 591 via the respective oxyphosphoranes 592 (R = Me, Et, or EtO)™,

Phosphoranes are also formed when mixtures of trimethyl phosphite and benzylide-
neacetophenone or 2-benzylidene-1-tetralone are heated at 50-60 °C for long periods’”.
Spirocyclic ?hosphoranes are commonly the isolable products from five-membered ring
phosphites”™, but are also obtainable from six-membered ring phosphites”™. The 1:1
adduct from propenal and 2-methoxy-5,5-dimethyl-1,3,2-dioxaphosphorinane has been
shown to have a pentacoordinate structure and to undergo opening of the five-membered
ring upon treatment with acetic anhydride to yield the enol acetate 594°. On the other
hand, phosphoranes could not be obtained from trimethyl phosphite and 2,5-dibenzyli-
denecyclopentanone or 2-benzylidene-3,3-diphenylindan-1-one (563)””. However, in
accordance with Scheme 56, when such reactants are allowed to react in acetic acid, the
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dimethyl esters of linear oxoalkyl phosphonic acids are formed; 2,5-dibenzylidenecy-
clopentanone thus yields the keto compound 595, but on the early introduction of acetic
anhydride to the reactants mixture, the enol acetate of 595 is obtained®”".

Me O\P//O
Me /' \
O CH,CH=CHOACc

(594)
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On a more novel note, the formation of the phosphoranes 597a and b illustrates the
greater electrophilicity of the unsaturated carbonyl system in capturing nucleophilic phos-
phorus(III) then would be displayed in a normal Michaelis—Arbuzov displacement of the
chlorine. The phosphoranes undergo acid-catalysed hydrolysis to the phosphonic diesters
598, and on thermolysis 596a yields the enol ether 599, possibly suggesting an equilibrium
between phosphorane and dipolar ion structures in Scheme 56°™. In connection with this
latter point, it is interesting to note that when 580 (R = Me) is treated with Me,SiCl, it is
possible to isolate the enol ether 600°™.

Me R!
Me(ﬁCRlzCHCIHCHZR2 + (BuO);P H
—— o0
0 Cl ~p” 'CHCICH,R2
(596) (OBu);
(a)R!'=H,R2=Me (597)

(b)R! =Me, R2=H

o}
| _CHR!COMe ? _CH=C(OBu)Me
(BuO),PCH __ (BuO),PCH___
CHCICH;,R? CHCICH,R?
(598) (599)
0 R 1 0
(RO),PCHR2CH=C (HO),PCHR2CH,CR!
OSiMe;
(600) R =R! = Me, RZ=H (602)

(601) R = Me;Si

The potential use of silyl phosphites is a natural extension to the scope of the Pudovik
reaction. Sekine ez al.”® showed that, with regard to «, f-unsaturated carbonyl compounds,
aldehydes and (Me,SiO),P yield 1:1 adducts at room temperature, whereas under the same,
or similar, conditions, the ketones, R'COCH=CHR? afford the 1:4 adducts 601, readily
hydrolysed in aqueous thf to the acids 602. Later studies illustrated some restrictions in the
potentiallity for 1:4 addition through the use of the silicon reagents R,SiOPZ, (R = Me or
Et); although both 1:2 and 1:4 addition were observed for reactions at 055 °C for Z =
OMe””*! or OEt™, only 1:2 addition was found when Z = Me,N°”. An experimental fea-
ture which might be of value in an alternative context is the exact manner of use of the
reagent; the use of pure reagent to provide 1:1 mixture of 1:2 and 1:4 adducts contrasts with
the formation of only the 1:2 adducts when the reagent is prepared in situ (from Me,SiCl
and ROPZ,), although to render the prediction of outcome of any reaction even more dif-
ficult, it might be noted that but-3-en-2-one’™ and 3,3-dimethylbutan-2-one’® both add
pure reagent to give only 1:4 adducts. For a series of cyclohexenones, to which addition of
the silyl reagents is more difficult, 1:4 adducts are nearly always formed in greater amounts
than the 1:2 products®!.

Itis also interesting that other mixed phosphorus(IIT) esters may react with o, f-unsatu-
rated aldehydes or methyl ketones in a similar fashion. Diethyl acetyl phosphite (but not
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diethyl benzoyl phosphite) thus adds to give the acetate of the enol phosphonate ester, or
acrossgssthe carbonyl group, depending on the structural features of the carbonyl sub-
strate” .

7. Through the isomerization of phosphorus(lli) esters

The phosphitylation of a ketone throughits enol formleads to the phosphorus(III) esters
carrying a conjugated unsaturated carbonyl moiety; their isomerization to the phosphon-
ic diesters 603 (R = EtO) occurs reasonably readily, but other compounds in which, for
example, R,P = (Pr‘O)(Et,N)P, isomerize with %reater difficulty, during distillation, or dur-
ing an extended period at room temperature™. Other phosphite esters, 604, isomerize
when heated at 160 °C** or in the presence of a trace of metallic sodium at the same tem-
perature’®. The formation of dialkyl (4-oxopentyl)phosphonates by similar means has
also been reported™’.

MeCOCHRCOMe
H 9
MeCOCR1=(|3Me nglgl R,POCMe=CR!COMe ——~ R2{|’CMe=CR1COMe
OH (603)
0]
(RO),POCH,CH,COMe —O— (RO)leI’CHZCH2COMe
(604)

When the reaction is carried out in the presence of a trace of a Lewis acid, e.g. FeCl,, the
phosphitylation of an a-hydroxyketone, e.g. benzoin, leads not to a phosphite ester, but to
a (2-oxoalkyl)phosphonic diester; there appears to be, as yet, little information on the
scope of this procedure’.

B. Syntheses Through Modification Procedures

In complete contrast to the (1-oxoalkyl)phosphonic acids, for which essentially only one
synthesis is available, based on the Michaelis—Arbuzov or Michaelis-Becker reactions,
there are several procedures available for the synthesis of those acids with the oxo group
at Cy, or at a carbon atom site even further from the phosphoryl centre. Historically, esters
of (2-oxoalkyl)phosphonic acids were also obtained through application of the Michaelis—
Arbuzov and Michaelis—Becker reactions, but it soon became apparent that complications
occur, the major one being the concomitant formation, in many instances, of enol phos-
phates and, in some cases, this reaction became the main one, indeed, sometimes the only
one. Several other procedures are now available for the preparation of oxoalkyl acids
which place the oxo group accurately and with no side reactions of any importance, and
these are therefore considered first in the following survey.

1. Syntheses from alkylphosphonate carbanions

Carbanions have been generated from dialkyl (generally diethyl) alkylphosphonates by
the action of an appropriately strong base, such as BulLi itself, but which, however, has
drawbacks®®, or sometimes in combination with Cul, potassium fert-butoxide or, prefer-
ably, with 1da®®, and all have all been used. Acylation of the carbanions leads to (2-
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oxoalkyl)phosphonic esters, and may be carried out straightforwardly with an acid chlo-
ride, either saturated or «,f-unsaturated”*** or with an acid anhydride, as in the reaction
between lithiated diethyl methylphosphonate and the anhydride from cis-N-cbz-piperi-
dine-2,3-dicarboxylic acid to give, after benzylation, the ester 605, and from which the acid
606 was obtainable’™. The silyl phosphonoyl carbanion 607, generated as indicated in
Scheme 57, can be acylated at C(l) and acidolysed to yield a silicon-free, (1-substituted-2-
oxoalkyl)phosphomc diester”. Various acyl chlorides (alkyl, aryl) were employed to
acylate the zinc complex from dlalkyl (bromod1ﬂu0romethyl)ghosphonates the products
then being dialkyl [(1,1-difluoro-2-oxo)alkylJphosphonates®™; trifluoroacetic anhydride
similarly affords esters of (2-oxo0-1,1,3,3,3- pentaﬁuoropropyl)phosphomc acid.

O ﬁ (0]
O:J P(OEt), PO;H,
T‘ll COOCH,Ph I~|I COOH
Cbz H
(605) (606)
O
I . RLi [ ) @) R1COCI I
(EtO),P  SiMes (EtO),P__ SiMe; —————= (EtO),P
(i) H,0* R!
CH, Li*
R R
(607)
SCHEME 57
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