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The review gives a systematic account of the methods of synthesis, physical properties, structure, and reactivity of
pentacoordinate phosphorus compounds having an acyclic structure and containing alkoxy- and aryloxy-substituents.
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l. INTRODUCTION

Phosphorus is undoubtedly outstanding among other Group
V elements of the Periodic System as regards the number of
compounds with different coordinations of the central atom
which really exist and are being investigated. The com-
pounds of pentacoordinate phosphorus (phosphoranes) occupy
a special place in organophosphorus chemistry. Fundamental
research into the mechanisms of the reactions of organophos-
phorus compounds has yielded convincing evidence for the
existence of intermediates with pentacoordinate phosphorus
in reactions of compounds of tricoordinate and tetracoor-
dinate phosphorus.™® The concept of metastable hydroxy-
phosphorane derivatives (RO);-nP(OH),, formed as inter-
mediates, has been dominant in the study of the biochemical
role of phosphate-containing coenzymes, for example ATP.”™°

The ability of the phosphorus atom to form covalent bonds
with five ligands has long been known in the inorganic chem-
istry of phosphorus. The high stability of PF; and other
fluorophosphoranes has received a detailed theoretical justifi-
cation.!*™%® On the other hand, the chemistry of stable
pentaorganophosphoranes, i.e. compounds in which the phos-
phorus atom is linked by o-bonds to five organic substituents,
has been developing vigorously only during the last 25 years.
Among the studies which have stimulated the detailed investi-
gation of organophosphoranes, mention must be made of the
investigation of the mechanism of the hydrolysis of cyclic
phosphates, 1* which made it possible for the first time to
discover the important role which the presence of a cyclic
fragment in the molecule plays in the stabilisation of organo-
phosphoranes. Ramirez!’!® established the rules governing
the formation of cyclic alkoxyphosphoranes and the principles
of their molecular structure and pointed out the possibility of
their synthetic employment.

Until recently, much less was known about pentaorgano-
phosphoranes with an acyclic structure despite the fact that
the closest models of the intermediates in the majority of the
reactions of organophosphorus compounds (OPC), including
biochemical processes, are precisely phosphoranes with a
phosphorus atom not involved in a ring.

In the series of acyclic pentaorganophosphoranes, alkoxy-
and aryloxy-phosphoranes are best known. Several relatively
unstable acyclic alkoxyphosphoranes with arylthio-groups®'*’
or dialkylamino-groups'® as well as several penta(perfluoro~
alkyl)phosphoranes'®2° and penta-arylphosphoranes?! are
known,

The increased stability of acyclic alkoxy- and aryloxy-
phosphoranes compared with their thia- and aza-analogues
can apparently be explained by the greater electronegativity
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of the oxygen atom compared with the oxygen atoms attached
to sulphur and nitrogen atoms. On the other hand, the elec—
tronic and steric properties of the substituents at the oxygen
atoms could influence the stability and reactivity of the same
phosphoranes. In order to elucidate the factors influencing
the properties of acyclic alkoxyphosphoranes, methods have
been developed in recent years for the synthesis of a wide
variety of compounds of this type and their reactivity has
been investigated in reactions with organic compounds of
different classes. The results of these studies are surveyed
in the present review.

11. METHODS OF SYNTHESIS

The methods of synthesis of alicyclic penta-alkoxy- and
penta-aryloxy-phosphoranes, as well as alicyclic alkoxy- and
aryloxy-organophosphoranes, can be usefully divided into
three groups in terms of the coordination of the phosphorus
in the initial compounds used for the synthesis. Many of
these phosphoranes have been obtained from compounds of
pentacoordinate and tricoordinate phosphorus and many fewer
from compounds of tetracoordinate phosphorus.

1. Synthesis frem Halogenophosphoranes

The reaction of phosphorus pentachloride and phenol pro-
ceeds, according to Anshutz?? and Zhmurova and Kirsanov, 23
via a stage involving the formation of dichlorotriphenoxy-
phosphorane (I) and leads to an organophosphorus compound
of a new type—pentaphenoxyphosphorane (11):

3C,H,OH + PCl; (CsH,0), PCl,
M
—ci— (CHO), P

1)

~8HC}

{C,H:0), PCl, 4 2C,H,0H

However, 3P NMR ?* showed that these reactions yield not
compound (II) but a mixture of dichlorotriphenoxyphosphorane
(I) and other compounds.

Analytically pure pentaphenoxyphosphorane (II) was

- obtained only in the presence of a base—y-collidine: 2*

1) (CH3)sCyHaN,0°C
PCl, —23GHOH (CeH;0); P + 5 (CHy); C;H,N - HCl

an
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Other substituted pentaphenoxyphosphoranes (ArO).P with
Ar = 0-CH;C¢H,, p-CH;:C¢H,, 0-ClgH,,, or p-CIC¢H,, %° as well
as penta(perfluorophenoxy)phosphoranes *® have been
obtained analogously.

A method consisting in the reaction of halogenophosphoranes

with alcohols or phenols in the presence of bases and also
with alkoxides, phenoxides, or alkoxy- and aryloxy-silanes

has been used successfully for the synthesis of a whole series

of acyclic alkoxy- and aryloxy-phosphoranes. Apart from
PCls, the halogenophosphoranes employed were PF;, alkyl-,
and aryl-fluoro-phosphoranes, 2>?® alkoxychloro- and
alkoxyfluoro-phosphoranes, 27°2%"%2 dibromotriphenyl- or
dibromotributyl-phosphoranes, 3*** and tris(trifluoromethyl)-
fluoro- or tris(trifluoromethyl)chloro-phosphoranes %%
(Table 1):

(CH,) (CF;); PF + CH;0Si (CH,), TCHYSTE (CH,) (CF,), POCH,
m
RIR;PX, + 2R°0OM ——zz— R'R;P (OR3),
(IV) — (XIX)

When phosphorus pentachloride is treated with perfluoro-t-
butyl hypochlorite penta(perfluoro~t-butoxy)phosphorane is
formed in a quantitative yield. *’

2. Synthesis from Compounds of Tetracoordinate Phosphorus

There are very few methods of synthesis of acyclic alkoxy~
or aryloxy-phosphoranes from compounds of tetracoordinate
phosphorus. Methyl- or aryl-aryloxy-phosphoranes contain-
ing two, three, or four aryloxy-groups [compounds (XX)—
(XXVI) and (XXIX)] are formed, for example, when methyl-
- or aryl-aryloxyphosphoniatrifluoromethanesulphonates
(XXVIl) **~*° or trichlorophenylphosphonium chloride
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. (XXVIII) *° are treated with the corresponding phenoxides:

RuP (OA1)¢nSO,CF, + ArOM —gggzr— RaP (OAr)i-n
(XXvI) (XX) — (XXIV)
R==CH,, n==1, Ar==CH, (XX), 2,6-(CH,)s C{H, (XXI), 2-CH,C H, (XXII),
4-CH,CH, (XXIII); R=CH,, n=2, Ar=2-CH,CH,(XXIV)
CHy (C,Hy)n P (OC,H,)s-n OSO,CF, — SO, CH, (CeHi)a P (OC,Hy)in
(XXV), (XXVI)

a=1(XXV), 2(XXVI)

CoH,PCI,Ci™ 4- 4C,H,0H —280tdine__ o 1P (OC,H,),
(XXVIN) (XXIX)

It has been established *! that the alkoxytetramethylphos-
phoranes (XXX) and (XXXI) and the alkoxymethyltriphenyl-
phosphoranes (XXXII)—(XXXIV) are formed as a result of
the addition of alcohols to trimethylphosphinomethylene
(XXXV) or triphenylphosphinomethylene (XXXVI) respec-
tively:

CH
R,P=CH, + ROH— R,/ °
Nor:

R=CH,, R1=CH, (XXX), C,H, (XXXI);
R=C,H,, R'=CH, (XXXII),
C,H, (XXXII), (CH,), CH (XXXIV) .

R=CH, (XXXV),C,H, (XXXVI)

The formation of acyclic alkoxy- and aryloxy-phosphoranes
is possible in principle also as a result of the addition of
suitable reagents to the P=0 double bond. However, although
several examples of addition to the phosphoryl group, involv-
ing both an increase of the coordination number of phos-
phorus*? and proceeding without change in coordination,
are known at present in the chemistry of organophosphorus
compounds, the only rigorously demonstrated instance of the
synthesis of a pentacovalent phosphorane structure among
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Table 1. The synthesis and properties of the alkoxyphosphoranes RIRIPX,42R*0M Tm—;R‘R:P(OR)Z

(IV)— (XIX)
?:r;\:fmnd ¥ bl b X " M.p(‘;rfg;i:ip" < 8, p.p.m.° Refs.
(V) CGHs CeHs CFyCH, Br Na —~t - 133, 34}
(\4] CeH, CeHs CeHyC(CFs)s Br Na 124—126 - [33(
on C;Hy CH, CF;CH, Br Na —t — 134]
i) CFy CF, CH, cl, F Si(CH,)s —a —74.5 (35}
(Vi (CF3);CHO CH, (CF)CH cl Li 46—49 —20,3 (30]
(1X) (CF,)yCHO CF, (CFaCH cl Li 45 (0.01) —72.8 {30)
Xy CeHy (CFy),CHO (CF)sCH cl Li L1 —65.0 (30}
(XD Gl CFyCH,0 CF,CH, F Si(CHy)s 62 —~58.7 128]
(XIny CH, (CFy),CHO (CFy),CH a L 3337 —53.0 130
(X1 CH, CFyCH,0 CFyCH, F Si(CHy)g - - {28]
(X1v) (CFs),CHO (CF3)sCHO) (CFg)sCH ci Li 2528 ~84.0 [29)
(XV) | CFCH,0 CFyCH,0 CF4CH, F Si{CHy)g 44 (0.15)b —176.6° 2n
(XV) | HCP,CF,CH,0 HCF,CF,CH,0 HCF,CF,CH, Cl, Br H 88—89 (0,05) —77.0 [32]
[0.4%1}) H(CFCF)sCH,0 | H(CF,CFy),CH,0 | H(CF,CFp,CH, Cl, Br H 159—161 (0,05) -~176.0 [32)
(XVII CCl,CH,0 CClLCH,0 CCl,CH, cl, Br H 104—106 —79.6 [31}
F SI(CHy)s 122—124 —79.0 (271
(XIX) CCLCH,O CCl,CH,0 CH, Cl, Br H —s —85.1 [31)

aNo’( isolated in a pure

state.

®pata quoted by Denney et al.?* “In *'P NMR (relative to 85% H;PO,).
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the acyclic compounds is the reaction of tris(trifluoromethyl)-
phosphine oxide (XXXVII) with hexamethyldisiloxane: *%5%°

(CFy)y P==0 - (CH,), Si05i (CHg); — (CF5); P [0Si (CH,);l,
(XXXVII) (XXXVIIL)

The phosphorane (XXXVIII) formed under these conditions is
a low-boiling liquid, which has been isolated in a pure state
by vacuum distillation.

It is noteworthy that the hydroxyphosphorane concept, based
on the hypothesis that processes involving adenosine triphos-
phate proceed via an intermediate with a pentacoordinate
phosphorus atom, *° formed as a result of the addition of the
enzyme to the P=0 bond, has become widely adopted at the
present time in biochemistry. For example, in the conversion
of the coenzyme A (CoASH) (XXXIX) into the acetylcoenzyme A
(XL), the adenyl acetate (XLI) formed initially reacts with the
enzyme E catalysing this process and is converted into the
pentacoordinate intermediate (XLII). As a result of proton
transfer from the mercapto-group of coenzyme A (XXXIX) to
the apical atom through which the enzyme is linked to the
phosphorus followed by attack on the carbonyl group by the
coenzyme anion, acetylcoenzyme A (XL) is subsequently
obtained: °

f N
I E ‘J Co=ASH (XXXIX}
’P\ —> O/}f._.o._AD—_,
~0 l 0—AD OCmCH,
0C—CH;
I
(XLII)
(XLD
H
N+
-0\ EI:
/‘li—o AD — C“"AH"‘-CHa + & + adenosine
~of (;\_c._.cﬂa monophosphate;
I
790 (XL)
CoAS
NH,

(’\)\N

0.
E = enzyme-catalyst; AD = /\Q—QN——LN)
ud H

3. Synthesis from Compounds of Tricoordinate Phosphorus

As a result of the studies of Denney and co-workers, the
method of synthesis of acyclic alkoxyphosphoranes from com-
pounds of tervalent phosphorus and dialkyl peroxides has
come to be widely known since 1964. The first representative
of acyclic penta-alkoxyphosphoranes, namely pentaethoxy-
phosphorane (XLIII), was obtained by the reaction of triethyl
phosphite with diethyl peroxide. ' Subsequently pentameth-
oxyphosphorane (XLIV) was also obtained by the same
method. 2 However, these compounds were not isolated in a
pure state—they contained an admixture of trialkyl phos-
phates:

(AIKO), P 4 AIKOOAIk—> (AIkO), P; Alk=C,H, (XLIII), CH, (XLIV) .

Having studied systematically the reaction of diethyl per-
oxide with compounds of tervalent phosphorus, Denney and
co-workers *375% found the optimum conditions for the synthe-
sis and isolation of a whole series of diethoxyphosphoranes
(XLV)~—(LIII):

RIRIP 4 C,H,00C,H,— R'R;P (OC,Hj),
(XLV) — (L1ID)
R'=R*=CH; (XLV), C,H, (XLVI), CH, (XLVII),
(CH,), CH (XLVIII), CH,O0(XLIX); R'=C,H,0, R#=C,H,(L);
Ri=CH,, R*=CH,(Ll); R'=CH,,
R*=C,H;O(LIl), CH,(LII)
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Denney and Jones°® suggest two possible mechanisms for the
formation of phosphoranes from dialkyl peroxides.

The direct formation of alkoxyphoshorane in a single stage
via a transition state in which both oxygen atoms are linked
to the phosphorus atom:

.OAlk
(AlkO)g P + AlkOOAlk — [(AlkO)g ) (l)Alk] - (AlkO)sP .

A two-stage mechanism involving substitution at the oxygen
atom of the dialkyl peroxide with formation of the tetra-
alkoxyphosphonium cation-—alkoxide anion ion pair, which is
subsequently converted inte the penta-alkoxyphosphorane:

(AIKO), P +- ATkOOAIK — (AIKO), PAIKO™ — (AIKO), P

The reactivity of phosphites and phosphines in relation to
diethyl peroxide is the opposite of their reactivity in nucleo-
philic substitution reactions with C,HL.%5 These data make
it possible to give preference to the single-stage mechanism
of the formation of the phosphorane in which the tervalent
phosphorus atom is inserted, as a biphilic reagent, in the
oxygen—oxygen bond.

The disadvantages of using dialkyl peroxides are the diffi-
culty of obtaining them, their explosive nature, and aiso the
limited set of such compounds. The reactions with dialkyl
peroxide take place slowly [for example, in the synthesis of
pentaethoxyphosphorane (XLIII) the reaction lasts 20 days at
room temperature °®] and the phosphoranes are always formed
not in a pure state but in a mixture with the oxidation prod-
ucts of the initial organophosphorus compound: phosphates,
phosphonates, phosphinates, or tertiary phosphine oxides.®™

The method of synthesis of acyclic alkoxyphosphoranes
involving the reaction of derivatives of tervalent phesphorus
with alkyl benzenesulphenates is free from many of these
disadvantages. When this method involving the reaction of
two moles of alkyl benzenesulphenate with tervalent phos-
phosus compounds under mild conditicns is used, the corre-
sponding alkoxyphosphoranes (1V), (XI), (XV), (XLIII)~-
(XLV), (L), (LII), and (LIV)—(LXI) are formed in high
yields: 1656752

(CeHy)on P (OAIK), + 2AIKOSC,Hy —> (CeHy)on P (OAIK)nsz + (CoH,S),
(IV), (X1, (XV), (XLII) — (XLV),
(L, (LID), (LIV) — (LXI)
=0, Alk=CF,CH, (IV), CH,CH, (XLV);
n=1, Alk=CH,CH, (L), CF,CH, (LXI);
n=2, Alk=CF,CH, (XI), CH,CH, (L1I),
cyclo-CeH, (LIX), (CHy)s CCH, (LX);
n=3, Alk=CF,CH, (XV), CH,CH, (XLIIl),
CH, (XLIV), (CH,), CH (LIX),
(CHy); CCH, (IV), cyclo-CsH, (LVI),
cyclo-CyHy, (LVII), CH;CH, (LVIII)

It has been suggested 7" that the mechanism of this reac-
tion invoives the direct insertion of phosphorus in the $S—0O
bond analogous to the reaction with dialkyl peroxides %%
with a certain degree of donation of the free electron pair of
sulphur to the phosphorus orbitals in the transition state and
the formation of alkoxyarylthiophosphorane (LXII) as an inter-
mediate. Such mixed alkoxyarylthiophosphoranes have been
isolated in the reactions of alkyl benzenesulphenates with
cyelic phosphites *®’%2 and in other cases in reactions with
acyclic tris(2,2,2-trifluoroethyl) ® and tris(1-trifluoromethyl-
2,2, 2-trifluoroethyl) phosphites.®® The alkoxyarylthiophos-
phorane (LXII) then reacts with another molecule of benzene-
sulphenate to form a dialkoxyphosphorane and diphenyl



Russian Chemical Reviews, 56 (9), 1987

disulphide (pathway a):
ROSAr | R;P (OR), + ArSSAr
SAr | @
RsP -+ ROSAr — R’p\ozz —

o RPOR + ArS™ — RP=0 + ArSR

The other pathway in the reactions of tervalent phosphorus
compounds with alkyl benzenesulphenates involves the forma-
tien of a phosphoryl compound and an alkyl aryl sulphide,
apparently as a result of the dissociation of the mixed
alkoxyarylthiophosphorane (LXII) into an ion pair and its
subsequent reactions (pathway b). For example, diethoxy-
phenylphosphine reacts with ethyl benzenesulphenate to form
65% of tetraethoxyphenylphosphorane (LXII) and 35% of
diethyl phenylphosphonate.*® On the other hand, the reac-
tions of mixed alkylarylphosphmes and tmbutylphosphme
with alkyl benzenesulphenates proceed only via pathway b.
Apparently, the presence of electron-donating alkyl groups
promotes the stabilisation of the phosphonium cation.® If, on
the other hand, the rate of the reaction of the mixed alkoxy-
arylthiophosphorane with another molecule of alkyl benzene-
sulphenate is higher than the rate of its dissociation, pathway
a operates.

Apart from the two general methods of synthesis of acyclic
alkoxyphosphoranes from tricoordinate phosphorus compounds
described above, several individual instances of the synthesis
of phosphoranes of this type are also known.

Pentakis(2, 2, 2-trifluoroethoxy-1-trifluoromethyl)phos-
phorane (X1V) has been obtained by the reaction of the
phosphite (LXIII) with the bis(1,1,1,3,3, 3-hexafluoroiso-
propyl) ester of sulphoxylic acid (LXIV):®*

4 {(CF;), CHOJ, P +4- S{OCH (CFa)z]z — [(CFy)y CHO]s P+
(LXIID) (LXIV) {(XIV)
~+ 2 {(CFy), CHO, P==5 +- [(CF;)s CHO}, P==0 +- (CF,), CHOCH (CFy), .

The reaction of chloroform with sodium methoxide and tri-
methyl phosphite leads to the formation of tetramethoxy-
dimethoxymethylphosphorane (LXV):®®

(CH0), P + CHCl,4 - 3CH;ONa — {CH,0}), PCH (OCH,), + 3NaCl
(LXV)
Aryl phosphonites and aryl phosphinates react with deriva-
tives of acrylic acid in the presence of alcohols to form
alkoxyphosphoranes (LXVI): ®¢

RaP (ORY)s_ -+ CH,=CHX 2 R,D (ORY)s- (CH,CHX) T
(LXVID)
2 R P (OR Y- (CHHCH,X) 2 Reb (OR o (CHLCHLX)
“OR® OR*
LXVI)
n==1, 2; R=CiH;; R*=CH,, C,H,;
Rz = CHSt CSHS‘ (CHS)S C
X==COOC,H,, CN
; R=n-(CH;); COC¢H,; R*==R*=(CH,), C; X=COOC,H,

It has been suggested®® that the betaine (LXVII) formed
as an intermediate is protonated by alcohol and the alkoxide
anion then carries out a nucleophilic attack on the positively
charged phosphorus atom with formation of the phosphoranes
(LXVI).

1. NMR SPECTRA AND STRUCTURE

The signals of the phosphorus nuclei in the 3ip NMR spec-
tra of acyclic alkoxy- and aryloxy-phosphoranes are in the
range §p = -20.3—-92.0 p.p.m. (relative to 85% H,PO,).
The chemical shifts at the highest fields are characteristic of
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penta-alkoxy- and penta-aryloxy-phosphoranes. When one,
two, or three alkoxy-groups are replaced by an aryl group
and especially by the methyl group, the chemical shift under-
goes an appreciable downfield displacement (Table 2). It
may be that such displacement is caused by the distortion of
the symmetry of the electron distribution around the penta-
coordinate phosphorus induced by the difference between the
electronegativities of the alkyl(aryl) and alkoxy-substituents.
With a decrease in the difference between the electronegativ-
ities of the substituents-—in the case of the phosphoranes
(VID), (IX), and (XXXVIII) containing CF, groups at the
phosphorus atom—there is almost no downfield displacement
of the signal. A similar hypothesis has been used to account
for the downfield displacement of the signals in the 3P NMR
spectra of tetracoordinate phosphorus compounds.®’ An
exception in the series considered is that of alkoxytetra-
methylphosphoranes (XXX) and (XXXI), whose chemical
shifts occur at the lowest fields (Table 2).

Table 2. *'P NMR spectra of alkoxy- and aryloxy-phos-
phoranes.

Formula &p, p.p.m. Rets.
P(OCHy)s (XLIV) —66.0 57
P(OC.Hy), (XLINI) —170.9 51
P(OCH,CFy)s (XV —176.6 16
P{OCH(CFy))s (ley —84.5 29
P(OCH,CF,CF,H)s (X —77.0 32
P(OCH, ,CFgCFchnH)5 (XVi) —76.0 32
P(OCH,CCly)s (XVII) —79.6 31
p(ocl s)s (11) —85.4; —84.22 70
(OC,Hy)g (LII —55.0 54
QH;P(OCH,U::); XD —61.7 16
CyHyP[OCH(CF3))s (X) —65.0 30
CHPIOCH(CFs)gly (XIT) —53.0 30
{CqHy)oP(OC:Hs)s (L) —41.0 54
(CgHy),P(OCH,CFy)s (LXI) —42.5 16
(CHg):P[OCH(CFylels (VII) —20.3 30
(CF3),P[OCH(CFy)s ks (1X) —72.8 30
{CeHs)sP(OC.Hs), (XLV) —54.0 53
(CoHs)sP(OCH,CFy), (IV) —58.2 16,
(C¢Hy).(CHP(OC,Hs)s (L1) —47.0 54
(c,Hﬁ)(CH,).P(oczH,), (LII) —0.0 54
(CH,)SP(OGHE), ( VII) —39.0 54
(CF3)sP(OCH3), (V —64.5 35
CF,);P(O&(CH,),], (xxxvm) —92.8 50
(CH3)POCH, (XXX —88.0 41
(CHy)POC:H, (XXXI) —92.0 41

a[n the solid state.

It has been suggested that penta-alkoxyphosphoranes have
the structure of a trigonal bipyramid (TBP). However, ‘H,
3¢, and '°F NMR studies of a series of these compounds
[compounds (IV)—(VII), (XV), and (XVIII)] 25:57:68:6% qemon-
strated the equivalence of the alkoxy-groups even at low
temperatures. This has been explained®’ by the very low
barrier to permutational isomerisation of the phosphoranes
investigated.

It has been established by X-ray diffraction ’* that penta-
phenoxyphosphorane in the crystalline state has the structure
of a TBP with the phosphorus atom at the centre. The two
axial PO bonds (1.602, 1.596, and 1.600 &). It has been
suggested that the electrons of the apical oxygen atoms are
less involved in the p, dy conjugation with the phosphorus
atom than the electrons of the equatorial oxygen atoms and
are mainly delocalised over the benzene rings. The five
benzene rings are distributed in the TBP in such a way that
the intramolecular repulsion is a minimum.
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In the case of tetrakix(2,6-dimethylphenoxy)methylphos~
phorane (XXI) *® and tetrakis(1,1,1,3,3, 3-hexafluoroiso-
propoxy )methylphosphorane (XII), 3° the rate of pseudo-
rotation is reduced to such an extent that, in the 'H NMR
spectra of the phosphorane (XXI) at —65 °C and in the H
and !°F NMR spectra of the phosphorane (XII) even at 25 °C,
the alkoxy-substituents are found to be non-equivalent owing
to their location in the axial or equatorial positions.

The study of the H and '°F NMR spectra of a series of
alkyl~ and aryl-phosphoranes (XLV), (XLVI), and (L) at
different temperatures showed that the rate of the pseudo-
transformation is a function of the number of alkyl or aryl
groups linked directly to the phosphorus. The pseudo-
transformation is retarded when the number of these groups
increases. °

The trigonal-bipyramidal structure of trialkoxy- and tri-
aryloxy-phosphoranes, in which two alkoxy- or aryloxy-
groups occupy axial positions and one occupies an equatorial
position, has been established spectroscopically for triethoxy-
diphenylphosphorane (L) at ~60 °C, ¢ dimethyltri(2-methyi-
phenoxy)phosphorane (XXIV) at -95 °C, *® diphenyltris(2,2,2~
trifluox;cz— 1~trifluoromethylethoxy )phosphorane (VIII) at
25 °C.

The activation energies for the intramolecular pseudorotation
of the ligands are 5.8, 12.0, and 14.0 kecal mol™* respectively
for the phosphoranes (XXIV), (L), and (LXI).

2
Tor

b CFy

| OCH,
/\/\ BF:, P ~

2, “pre | > 0CH;

e I ¢ CF,
COLyF —/1\\\\
L___ 1

a —617

—63.6

p.p.m.

1F NMR spectra of dimethoxytris(trifluoromethyl)phos-
phorane (VII) in CCLF:*® a) t = 33°, %Jpp = 96 Hz;
b) t = —60 °C; ¢) t = —80 °C, %Jpp = 108 Hz and
ZJpp = 88 Hz. €

a

Dimethyltris(2, 2, 2-trifluoro-1-trifluoromethylethoxy)phos-
phorane (VIII) has apparently an even higher isomerisation
barrier, because the coalescence temperature for this com-
pound is 66 °C. % The H NMR spectra of the phosphoranes
(XLV) and (LI) (Table 2) do not change in the temperature
range from —60° to 120 °C or to 60° respectively. It has been
suggested > that in these compounds and also in the phos-
phorane (CgH;);(OCH,CF;), (V) ** the alkoxy-groups occupy
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axial positions and the phenyl and alkyl groups occupy equa-
torial positions. The invariance of the NMR spectra over a
wide temperature range can apparently be explained by the
high energy barrier to pseudorotation.

In contrast to the phosphoranes (IV), (XLV), and (LI),
the alkoxy-groups in dimethoxytris(trifluoromethyljphos-
phorane (VII) are in the equatorial positions, which follows
from the analysis of the !°F NMR spectra (see Figure). At
room temperature, the CF; groups are equivalent and appear
in the '°F NMR spectrum as a doublet of heptets. When the
temperature is reduced to —80 °C, two signals with an inten-
sity ratio of 2: 1 are observed in the '°F NMR spectrum—a
doublet of quartets with §p = -63.6 p.p.m. and relatively
small spin—spin coupling constants { ?Jpg = 88 Hz), which
are characteristic of axial CF, groups, and a doublet of
heptets with §g = —61.7 p.p.m. and relatively higher values
of the spin—spin coupling constants (¥Jpyp = 108 Hz) char-

acteristic of equatorial CF, groups. 5

An analogous trigonal bipyramidal structure with two axial
CF; groups has been determined by °F NMR also for tris-
(trifluoromethyl)bis(trimethylsiloxy)phosphorane (XXXVIII)
49:50 and also for methoxymethyltris(trifluoromethyl)phos-
phorane (II1). %

Analysis of the *°C and H NMR spectra of methoxytetra-
methylphosphorane (XXX) 72 at different temperatures
enabled the authors to demonstrate that this compound has
a trigonal bipyramidal structure in which the methoxy-group
and one of the methyl groups occupy axial positions and the
remaining three methyl groups occupy equatorial positions.

1V. CHEMICAL PROPERTIES

1. Thermal Stability

The majority of acyclic penta-alkoxyphosphoranes contain-
ing alkyl substituents with the normal structure are liquids
which have not been isolated in a pure state. Heating or an
attempt to distil them in vacuo lead to decomposition, 1'5%54:57
Penta-alkoxyphosphoranes decompose slowly also at room tem-
perature. Thus pentaethoxyphosphorane (XLIII) does not
change during storage in a refrigerator for 7 days®’ but
decomposes at 20 °C with formation of triethyl phosphate,

- ethanol, diethyl ether and probably ethylene: 51

(C,H;0)5 P 25, (C,H,0), P==0 + C,H,0H 4 C,H,0C,H; + CH,=CH, .
(XL
Among the penta-alkoxyphosphoranes investigated, penta-
benzyloxyphosphorane (LVIII) shows the lowest stability,
decomspfsing fully in the course of two days at room tempera-
ture.

The stability of acyclic penta-alkoxyphosphoranes increases
somewhat for compounds with branched alkyl substituents.
Crystalline pentaneopentyloxyphosphorane (LV), pentacyclo-
pentyloxyphosphorane (LVI), and pentacyclohexyloxyphos-
phorane (LVII), which are stable for several months at tem-
peratures in the range 0—10 °C, have been isolated in a pure
state. %7

The thermal stability of penta-alkoxyphosphoranes increases
to a much greater extent following the enhancement of the
electron-accepting properties of the alkyl substituents. Thus
pentakis(2, 2, 2-trifluoro-1-trifluoromethylethoxy)phosphorane
(X1V), 2% pentakis(2, 2, 2-trifluoroethoxy)phosphorane (XV),?’
and pentakis(caw-trihydropolyfluoroalkoxy)phosphoranes
(XVI1) and (XVII) * distil in vacuo without decomposition,
while pentakis(2,2, 2-trichloroethoxy)phosphorane (XVIII) is
a crystalline substance stable on heating to 130 °C in the
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course of 1 h.%" All the known penta-aryloxyphosphoranes

as well as the alkyl- and aryl-aryloxyphosphoranes (XX),
(XXII—(XXVI), and (XX1X) are thermally stable, which is .
apparently also caused by the electron-accepting properties

of the aryloxy substituents. In solutions, these phosphoranes

are weakly dissociated (the equilibrium constant is less than
10-7) . 40,73

(ArO), P = (ArO), P 4+ ArO™ .

The replacement of one, two, or three alkoxy-groups by
alkyl or aryl-groups as a rule diminishes the thermal stability
of the alkoxy-phosphoranes. Thus tributylbis(2,2,2-tri-
fluoroethoxy)phosphoranes (VI) decomposes even at room
temperature in 24 h with formation of 20% of bis(2,2,2-tri-
fluoroethyl) ether. ®*

It has been shown by 'H and **P NMR °* that the phos-
phoranes (XLVI), (XLVII), and (LIII) exist in solutions even
at 20 °C in equilibrium with the phosphonium form. The equi-
librium has been explained* by the fact that the alkyl and
aryl substituents at the phosphorus atom stabilise the phos~
phonium cation:

RaP (CHy)sn (OC3H,)y 2 R (CHy)an (OC,Hy) + CoH, 0
R = n-C;Ho, n=3(XLVI);
R=C,H;, n=1(LII), n=0(XLVI])

The high thermal stability of dimethoxymethyltetramethoxy-
phosphorane (LV), which does not decompose until 125 °C
via a mechanism unusual for acyclic alkoxyphosphoranes
(involving the formation of a tervalent phosphorus compound),
is noteworthy: ®°

(CH,0), PCH (OCH), = (CH,0); P 4 HC (OCH,);
(LXV)

The thermal stability increases most significantly on passing
to phosphoranes containing only one alkoxy-group. The
alkoxytetramethylphosphoranes (XXX) and (XXXI) *! and
the alkoxymethyltriphenylphosphoranes (XXXII)—-(XXXIV)
have been isolated pure by vacuum distillation or crystallisa-
tion. They do not decompose until 130-140 °C: ™

(CH,), P (OAIk)—2°, (CH,), P==0 + AIKCH,
(XXX), (XXXI)

LT
€l P 5 (G, PCH, + CH,OAlk
(XXXII) — (XXXIV)

2. Hydrolysis

All the acyclic penta-alkoxy- and penta-aryloxy-phos-
phoranes as well as alkoxy- or aryloxy-organylphosphoranes,
with the exception of (C¢Hs);P[OC(CF;),CcHsl, (V), ** are
extremely readily hydrolysed by atmospheric moisture with
dissociation of the P-O bond. The hydrolysis of penta-
alkoxy- and penta-aryloxy-phosphoranes leads to the forma-
tion of alcohols and phenols and phosphates: %25:2932:37,75,76

(RO); P + H,0— (RO), P=0 - 2ROH
R=(CF,), CH (XIV); H(CF,),CH,, n=2(XVI),
4 (XVID; C.H, (Il); CH, (XLIV); C,H, (XLIII)

The products of the hydrolysis of the alkoxy- or aryloxy-
alkyl(aryl)phosphoranes (IV), (XXI), (XLV), (L), and (LII),
containing four, three, or two alkoxy-groups, are phospho-
nates, phosphinates, or tertiary phosphine oxides respec-
tively. 338,545 The hydrolysis of methoxytetramethylphos-
phorane (XXX) and the alkoxymethyltriphenylphosphoranes
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(XXXII)—(XXXIV), containing only one alkoxy-group, pro-
ceeds with the dissociation of both P—O and P—C bonds: *!

(CH,), POCH, + H,0 — (CH,); P=0 + CH, + CH,0H
(XXX)

/CH3 &
{Cotlg)s p\OR + H,0— CH, (CeHy), P=0 +- C;H, + ROH
(XXXI—(XXXIV)

The P—C bond is ruptured also on hydrolysis of the
phosphoranes (VII) (XXXVIII) containing trifluoromethyl
groups at the phosphorus atom: 3%%°

(CFy); P(OCHy); -+ 2H,0 > (CF,), PO,;H + CF,H + 2CH,0H
Vil

(CF,), P [OSi (CH,)gl, + H,0~ (CEy), POH + CFH + [(CH,), Si1, 0
(XXXVIIL)

The kinetics and mechanism of the hydrolysis of acyclic
alkoxy- and aryloxy-phosphoranes have been investigated?®
in relation to pentaphenoxyphorane (III) and certain sub-
stituted penta-aryloxyphosphoranes. The rate of reaction
in neutral and alkaline media depends greatly on the elec-
tronic and steric properties of the substituents in the aromatic
ring (Table 3).

Table 3. The influence of substituents on the rate of
hydrolysis of penta-aryloxyphosphoranes at 25 °C in 75%
aqueous dimethoxyethane.?5

Rate

colns!unt, P(QCgH5)5 {P(OC4H4CH3-0)5|P(OCEH4CH3 )5 P(OCgH4Cl0)5 | P(OCEH4CI)S
¢

L 0.202 1.1.407% 0.0197 0.106 390

Ry 16.4 1.3 79 — —

kop- 1.4 7.5-107¢ 3.4 —_ —

These effects are less pronounced in an acid medium.
Kinetic data and especially the appreciable steric effects
enabled the authors to suggest that the hydrolysis of penta-
phenoxyphosphoranes in neutral and alkaline media also takes
place via an intermediate in which the coordination number of
phosphorus rises to six:?°

(CH:0) P + H,0- (C4Hs0)s POH - H*
an
(CeH0); POH 3 (CH,0)s P=0 4 CH,0H + CH,0"

The entropies (~188 J mol™ K™?) and enthalpies (22.5kJ mol™
of activation obtained for the hydrolysis of pentaphenoxy-
phosphorane (II) in 25% aqueous dioxan also led the authors’®
to the conclusion that this is a multistage process involving
the formation of a hexacoordinate intermediate.

3. Reactions with Alcohols

The mode of reaction of alkoxyphosphoranes with alcohols is
determined by the nature of the substituents both in the
phosphorane and alcohol molecules. In the reaction of penta-
ethoxy phosphorane (XLIII) with five moles of propyl alcohol,
the exchange of ethoxy-groups for propoxy-groups is
observed. This apparently results in the formation of the
mixed phosphoranes (LXVIII), since treatment of the reaction
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mixture with benzoic acid entails the formation of ethyl benzo-
ate and propyl benzoate in equal amounts: ’®

(C;H;0); P 4 n CH,CH,CH,OH =——>
(XLII) —nG,H,0H

o
2 (C,H;0)s-s P (OCH,CH,CH,). _cmbon |
(LXVII)
- C.Hs(lZ—OC,gH,, + CsH,—C—OCH,CH,CH,
| {

o}

With enhancement of the electron-accepting properties of
the substituents in ethoxyphosphoranes, their tendency to
alkylate alcohols also increases. The ethers ROCH,Py
(R = CQHg, CSHIID C8H17? CsHscﬂz, or CsHscﬂzcﬂz) are
formed when bis(2, 2, 2-trifluoroethoxy)triphenylphosphorane
(v) %% and pentakis(2,2, 3, 3-tetrafluoropropoxy )phos-
phorane (XVI) °° react with the corresponding primary alco-
hols. In their reactions with cyclic secondary alcohols
(cyclohexanol or borneol), the phosphoranes (IV) and (XVI)
exhibit dehydrating properties, as a result of which one
observes the preferential formation of olefins: 33:3+:8°

1
ROCH0H
- NCHOR R'CH,0CH;Re + RyCH,0H + R,p=0

O
RyP(OCH,Rg); —f————> Q 4+ 2RpCH,0H + RyP==0
H

H
CH,
e

+ 2 ReCH0H + Ryp=0

R=CgHg, Rp=CFy (IV);

R=HCF,CF,CH,0, Ry = HCF,CF, (XVI) He

2-Phenylethanol interacts with the phosphorane (IV) to
form 70% of the ether C;H;CH,CH,0CH,CF, and 11% of
styrene: 3%

OR
20°¢C

(C5H;),POCH,CF3), + ROH (CeH;)sP
b =Ci3CH,0H
av) o NocH,cF,

—
@)

05 R (LgHg)sP=0 -+ ROCH;CF;
8+/$J/1
‘Csﬂs)ap\ » Y
~0~CH1CF3 (CgHg)sP =0 + >:——\ + CF3CH,0H

@)

—_—

It has been suggested ®*>® that, as a result of attack on
the phosphorus atom, one of the trifluoroethoxy-groups is
exchanged in the first stage for an alkoxy-group. Then, as
a result of nucleophilic attack by the trifluoroethoxide anion
on the o-carbon atom of the alkyl group (pathway a), ethers
are produced. In the cyclic secondary alcohols, the tri-
fluoroethoxide anion apparently attacks the B-carbon atom
(pathway b), which leads to the formation of olefins.

The possibility of the initial attack by the alkoxide anion
on the alkoxyphosphorane molecule precisely at the phos-
phorus atom has been demonstrated by the formation of com-
pounds of hexacoordinate phosphorus in the reactions of
phosphoranes (II), (XI), (XV), (XLIII), (XLIV), and (LXX)
with alkoxides or phenoxides: 1%:3%6%77

(CoHg)a P (OR)s-n + ROM — (C,H;)n P (OR}sn M-
=0, R=CH, (XLIV), C,H, (XLII).
C,H, (II), CF,CH, (XV);
n=1, R=CF,CH, (XI);
n=2, R=CF,CH, (LXI);

M*=K*, Na*, (CH,), NH .
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Acyclic phosphoranes containing at least two alkoxy-groups
react with 1,2-glycols to form phospheranes containing one or
two five-membered or six-membered rings.%¢%¢%7® This mode
of reaction is apparently associated with the stabilising influ-
ence of these rings on the phosphorane structure: ’*%°

o=
RIRZP (OR¥), + HOCH,CH,OH ~—smsom = R‘R§P<OJ
(XV), (XVD), (XLIII), .
RER*=OCHy, Gl Cetl,
(L 2415, 5 ¢d 5y
(XLY), (XLVD, (L)—(LITD) CF,CH,O, HCF,CF,CH,0;
RI—OC,H;, CHy, Ri=CyHy:
R!=CHs, RY=OC,Hj, CHy:
R!=(CHO) CH, R*==OCH,

1 /0—
—won — R'P KO_I .
R'=C4Hs0, CeHy, CH,, CFyCH,0, (CH;0), CH

R'P (OR?), + 2HOCH,CH,0H
(XV), (VLII), LXV), (LI}

R*=CH,0, G;H,0, CFyCH,0
(CsHy), P (OC;Hy),_, + HOCH,C (CHs), CH,OH

Z3GH,0H

O CH;
— (Gl (C'H“O""’P<o—><cn,

=0 (XL, a=1(I), n=2(L)
(CsHy), P (OC;Hy), _, -+ 2HOCH,C (CHy)y CH,0H

7 = 0 (XLUI),
n=1I)

LRP (/0‘\/0"’)

R'=C;H;0, CeHs

~4CqH,OH

The reactions of the alkoxyphosphoranes (XLIII) and (XLV)
with diols containing more than three methylene groups and
also with aminoalcohols entail the dehydration of the latter
and the formation of heterocycles, probably as a result of the
decomposition of the intermediate unstable phosphoranes: ™ 878

R

|
HO-—~CH—~(CH,} 40H
r— Q R
'R

={C,H,0);P=0,-2C,H;0H

NH(CH,) OH 5 Q
H

@

Ni
CHy—CH—CgHy
N

(CgH;)3P(OC,Hy), —CH,
—(CqH;);P=0, ~2C,Hs0H 2 2
(XLV) 3! 2Hs! \N {

HO(CHy),0(CH, ) ,0H ‘:D
L,
HO—O—OH
——

R

|
HO—~CH—(CH,),OH

R—CH
n=1,3; R=CHy, CgHg AN jcnz),,

Reactions are rapid at room temperature and can serve as
a convenient preparative method for the synthesis of simple
heterocycles.

{C,H0)sP
(XLIL)

NH,(CH,)s08

NH;CH,CH(CgH5)OH
e e s T

NHp(CH,),0H cH

4. Reactions with Phenols

Pentamethoxy- and pentaethoxy-phosphoranes (XLIV) and
(XLLIII) react with various phenols at room temperature, as
a result of which phenol ethers are formed in high yields:”%:%*

(RO)s P 4 ArOH — (RO), P=0 +- ArOR + RO
R=CH, (XLIV), C,H, (XLII)
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Pentakis(polyfluoroalkoxy )phosphoranes (XVI) and (XVII)
interact with phenols only at 150-160 °C, but phenol alkyla-
tion products are not then formed. According to *'P NMR
data, when equimolar amounts of the phosphorane (XVil) and
phenol are heated, nucleophilic substitution of the poly-
fluoroalkoxy-group by the phenoxy-group takes place and an
equilibrium mixture of the initial phosphorane (XVII) and a
mixed phenoxytetrakis(polyfluoroatkoxy)phosphorane is
formed . %°

In the reaction of pentaphenoxyphosphorane (II) with
catechol, the phenoxy-groups are substituted and cyclic
phosphoranes are formed: ®°

7 N—OH

L &
7 Oy P<§j\\/ﬂ F 2GHOH

(GHO)sP —
an ,‘r \iMm N
N cop ((o-l E) + AGH,OH
VP

5. Reactions with Thiophenols and Mercaptans

Acyclic alkoxyphosphoranes alkylate thiophenols and
mercaptans at room temperature. The product of the alkyla-
tion of thiophenol by pentamethoxyphosphorane (XLIV),
namely methyl phenyl sulphide, is formed in 90% yield: ®*

(CH,0); P 4 C,H,SH —> C,H,SCH, - (CH,0), P=0 4 CH,0H
(XLIV)

The alkoxy(2, 2, 2-trifluoroethoxy )triphenylphosphoranes
(LXIX), formed as intermediates in the reactions of the phos-
phorane (1V) with alcohols, are also convenient alkylating
agents for thiophenols and mercaptans: ¢

‘ OCH:CF: R'sH
(CeHs)s P (OCH,CFy)y -+ ROH — GRS {Cebln)e P\OR PELUC.LN

I
" (LXIX)

— RSR* 4 (CgHy)s P=0 -} CFyCH;O0H
R=C;H;, CH3;CHy,CH,, CsHiCH,,
CeHsCH,CHs, cis-CH3CH = CH - CH,,
trans-CH;CH==CHCH; CH,;=CHCH (CH,),
trans- CeHyCH=CHCH,;
R'=CgHs, CeHsCHa, CHj (CHy)s, GHs

In contrast to compound (IV), pentakis(polyfluoroalkoxy)-
phosphoranes (XVI) and (XVII) react with thiophenols only
on heating. The yields of the alkylation products, i.e. aryl
polyfluoroalky! sulphides (LXX), then diminish with increase
of the length of the polyfluoroalkyl chain.!” The reactions of
the phosphoranes (XVI) and (XVII) with thiophenols take
place as a result of the initial attack by the thiophenol on
the phosphorus atom with formation of arylthiotetrakis(poly-
fluorocalkoxy)phosphoranes (LXXI) and (LXXII).'” The way
subsequent reactions take place depends on the length of the
polyfluoroalkyl chain of the substituent.

(RCHO)s P + ArSH

(XVI), (XVII)

~—-= ArSCH,Rg + (RgCH,0)s P=0
LXX)

s [(ReCH:0)s P (SAr),] -+ (RFCHzo)s P
@LXX1n, EXX1v)y (XV1), (XVID

(ReCH,0)3 P + ArSSAr
Rg=HCF,CF; (XV]), (LXXI), (LXXIID
Re=H (CFyCF,), (XVII), LXXII), (LXXIV)

TT-RgCHOH

— -ArSP (OCHRp)q —
(LXXD), (LXXI)
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The arylthiophosphorane (LXXI) is largely converted into
the sulphide (LXX) and phosphate via the mechanism of the
second stage of the Arbuzov reaction and disproportionates
to the phosphoranes (XVI) and (LXXIII) only to a slight
extent. However, the arylthiophosphorane (LXXII) is to a
considerable extent converted into the di(aryithio)phosphorane
(LXXIV) together with decomposition via the mechanism of the
Arbuzov rearrangement. Compound (LXXIV) is unstable and
decomposes under the reaction conditions to a phosphite and a
disulphide, which has been confirmed by a special experi-
ment , 17°6?

Reactions with Acids

Acyclic alkoxyphosphoranes react vigorously with carboxylic
acids at room temperature to form products of the alkylation
of the latter—csters: 333%»53,54:59,76,84

O o]

I I
R'R*R’P (ORY), + R—C—OH —>» R—C—OR" -+ RIR*RP—=0 - RIOH
(IV) (XLILD) — (XLV), (L), (LI), (LX)

It has been shown®® that in the reaction of tetraneopentyl-
phenylphosphorane (LX) with [*®0]~labelled benzoic acid,
both isotopic '°0 atoms are located in the molecule of the ester
(LXXV), i.e. the acid attackes the a-carbon atom of the
alkoxy-substituent:

10

I
CeHGP [OCH,C (CHg)sly SHEI0H

(LX)
180
i
o, CgHiC—180CH,C (CHg)s + (CHy)s CCHOH+CHP [OCH,C (CHa)gle
(LXXV) (‘S
~ 180
§
._/!_._‘, CeHs—P [OCH,C (CHs)sls | = CeHyC—OCH,C (CHy); +—
~{CH,%CCH.OH 180 C—C.H,
B TR )
2 15l
ISO

i
-~ CgHgP [OCH,C (CHs)s]a

However, it is not clear from the above data’® whether the
attack takes place in the first stage of the reaction or whether
it is preceded by the formation of intermediate compounds of
pentacoordinate phosphorus, as has been suggested, for
example, by workers®* who investigated the reaction of bis-
(2,2, 2-trifluoroethoxy)triphenylphosphorane (I1V) with acids.
In this case the reactive acyloxyphosphorane (LXXVI) is
apparently formed initially. This hypothesis is based on the
fact that the products of the reaction of the phosphorane
(IV) with acetic and benzoic acids at a low temperature are
acylating agents, which convert amines into acid amides and
alkyl or aryl anions into ketones: **

I
0
(LXXVI)

¢ /OCH,CFy
(CsHs)y P (OCH?(;J\?’!, -+ RCOOH T CFCHOR [(qHs)n P/\O—"C“—R} -

_®r_ |, R—CR:
i
(o]

o RN R_C—NHR!
i

~ (CgHy)3 P=0 + R—C—OCH,CF,
[

(¢}
R=CH;, CHjs
RY, R*=Alk, CgHy
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On the other hand pentakis(polyfluoroalkoxy)phosphoranes
(XVI) and (XVII) do not react with acetic and benzoic acids
on heating to 100 °C in the course of 4 h. 2,2,3,3-Tetra-
fluoropropyl benzoate is formed only after prolonged heating
of the reactants at 170 °C, ®*?

Bearing in mind the ability of the oxygen atom in alkoxy-
phosphoranes to be protonated by acids, ®7’®® one may put
forward a general mechanism of the reactions of acyclic
alkoxyphosphoranes with acids, consisting in the protonation
of oxygen and subsequent splitting off of the alcohol and the
formation of the phosphonium salt (LXXVII), which may exist
in equilibrium with the acyloxyphosphorane. The decomposi-
tion of the salt (LXXVII) actually leads to the final reaction
products:

ReCH,0)P + HX - ((ReCH,0),P—O—CH,Rp X~
(XVI), (XViI) X

— (RgCH40)4 PX

“RECH0A

- [(RCH,0), B1 X~ —
(LXXVID)

- (RegCH,0)s P=0 + RgCH,X
Rp=H (CF),,, n=2(XVI), 4 (XVID);
X-=C4HsCO0™, CI-

Evidently the difference between the reactivities of the
alkoxyphosphoranes (IV), (XLIII), (XLVII), (L), (LII), and
(LX) and of the polyfluoroalkoxyphosphoranes (XVI) and
(XVII) in relation to acids is associated with the influence of
the polyfluoroalkyl substituents, which weakens the nucleo-
philic properties of the oxygen, hindering its protonation.

7. Reactions with CH Acids

Pentaethoxyphosphorane (XLII) ethylates diethylmalonic
ester at the carbon atom and acetylacetone at the oxygen atom.
An insignificant amount of the C-alkylation product is also
formed in the latter case:’®

0 (o] Q )
i 1
_cudochn c,H,—CH(coc,H,), (CHLONP (c,H,).c(coc,H. .
(C:Hs0)s P—
(XL1I) o
CH:(!:CHI)t

- cu.—c\::cu—c—ca, + CH,—%—CIH—?I—CH,
1
OGH; O O CH, O

Pentakis(polyfluoroalkoxy)phosphoranes (XVI) and (XVII)
react with acetylacetone to form vinyl ethers only: ®°

(¢)

{
(ReCH,0), P + CH, (CCH,), — CHy—C=CH—C—CH,

|
OCH,R¢ O
Re=HCF,CF, (XVI), H (CF,CF,), (XVII) .

8. Reactions with Carbanions

Succesive treatment of bis(2,2, 2-trifluoroethoxy)triphenyl-
phosphorane (IV) with an alcohol or acid and then with a
Grignard reagent or the enolate anion results in the formation
of compounds with a C—C bond-——alkanes or ketones. It is
believed ** that the carbanion executes a nucleophilic attack
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on the intermediate highly reactive alkoxy- or acyloxy-phos-
phorane:

/OCH,CF.
(CHs)s P (OCH,CF3), + ROH ——grgman ™ | (Cetle)s P\ ] i
[1\%) OR

RMEBr ., RI_R 4 (CeHy)sP=0 + CFiCH,OMgBr
— — [o]
CH,COCH™ i
%, GH;C—CHR + (GgHs)s P=0 + CF;CH,0"
R=Alk, R—C—
q
0

9. Reactions with Amines and Carboxylic Acid Amides

The structure of the products of the reactions of
alkoxyphosphoranes with primary amines is determined by
the nature of the substituents at the phosphorus atom. When
bis(2, 2, 2-trifluoroethoxy)triphenylphosphorane (IV) is
treated with an alcohol and then a primary amine, the latter
is alkylated and a secondary amine is formed: %*

OCH:CFa] RINH,

(CeHy)s P (OCH,CFy), + ROH ——zrmon— [(CoHs)sP<OR

av)
— RRINH + CF,CH,OH + (CeH;)s P=0
R = n-CgH;,, C;H:CH (CHy), CgHyCH,,
trans-CH;CH=CHCH,, CH,=CHCH (CH);
R*=CHj (CH,)s, CHj (CHy)s, CoHs

Primary arylamines are alkylated also in the reaction with
bis(2, 2, 2-trifluoro-1-trifluoromethylethoxy)triphenylphos-
phorane (LXXVIII): %

(CeHy), P [OCH (CFy),l, + ArNH, — AINH—CH (CF3), +-

LXXVII) (LXXIX)
+ HOCH (CF,), + (C¢Hy)s P=0
ar="\ 2

| . Z=0, S, NH
N/

The secondary amines (LXXIX) thus produced have been used
successfully for the synthesis of heterocyclic systems. %

In contrast to the examples quoted above, the reactions of
pentakis(polyfluoroalkoxy)phosphoranes (XVI) and (XVII)
with primary arylamines lead to tris(polyfluoroalkoxy)phos-
phazobenzenes (LXXX): %°

{H (CF3)a CH,Ol, P + ArNH, ~ [H (CF,) CH,0l, P=NAr -+ 2H (CF,), CH,0H
(LXXX)

- a=2(XVI), 4(XVI) .

There are very few data on the reactions of acyclic alkoxy-
phosphoranes with compounds containing a secondary amino-
group.

Pentamethoxyphosphorane (LXIV) reacts with phthalimide
and succinimide to form N-methylated compounds:

.
(om0
N/
1 AN
e l\/ﬂ_§>N—CH3
I
o
o]
(CHyO0)5 P oo
CH,O)P=0 —
(XL1V) :(CH:C())IEI C"H’ %>NH [o]
R CHy—&
AN >N—CH, )
CH,—(II
|
o
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Detailed study of the reaction of pentakis(2,2,3,3-tetra-
fluoropropoxy )phosphorane (XVI) with secondary amines
showed that a compound of hexacoordinate phosphorus with an
acyclic structure, namely dialkylammonium pentakis(2,2,3,3-
tetrafluoropropoxy )piperidino(morpholino)phosphorate
(LXXXI), is formed initially even at 20 °C as a result of the
attack by the amine on the phosphorus atom. The phospho-
rates (LXXXI) are crystalline compounds stable at 20 °C.
Wren they are heated to 150 °C, the nucleophilic substitution
of the 2,2,3,3-tetrafluoropropoxy-group takes place and the
mixed piperidino(morpholino)tetrakis(2,2, 3, 3-tetrafluoro-
propoxy)phosphorane (LXXXII) is produced. The latter
alkylates a second amine molecule and the final products of
the reaction of the phosphorane (XVI) with piperidine or
morpholine on heating are therefore the tertiary amine
(LXXXIII), the phosphoramidate (LXXXIV), and tetrafluoro-
propanol:

(HCF,CF,CH,0); P + 2A1k,NH ~<, (HCF,CF,CH,0), PNALk,H,NAlk, >
XV (LXXXI)
—rercRcaor (HCF,CF,CH,0), PNAIk, +
(LXXXII)
0

-+ HNAIk, -4 (CHF,CF,CH,0), p"_NAlk, -+ HCF,CF,CH,NAlk, +
(LXXXIV) (LXXXIIT)
N
+HCF,CF,CH,OH; NAlk,=N O, N >
\\_/ \_ Ve

10. Reactions with Aldehydes and Ketones

Bis(2, 2, 2-trifluoroethoxy)triphenylphosphorane (IV) reacts
with aliphatic aldehydes at room temperature to form bis(2,2,2-
trifluoroethyl)acetals: 3!

(C4Hy); P (OCH,CF,), + RCHO — (C;H;); P=0 + RCH (OCH,CF,),
av
R==(CHjy), CH, n-CsH,,, n-C¢H,3.

Pentakis(polyfluoroalkoxy)phosphoranes (XVI) and (XVII)
alkylate on heating formaldehyde and also aldehydes and
ketones with electron-accepting substituents but do not react
with the usual aliphatic aldehydes dand ketones even at
200 °C: 8

(0] Rt

(RFCH,O)s P + R—(lll—R1 - R—é (OCH,Re),+ (ReCH,0); P=0
Re=HCF,CF, (XVI),
H (CF,CF,), (XVI)
R=R!=H; R=Ar, R'=H; R=CH,CH=CH, R!=H;
R=CH,CH=CH, R'==H; R=R'=CF; .
It has been suggested **'®® that the alkylation proceeds via
a four-membered cyclic transition state, which is produced as
a result of the initial attack by the positively charged carbon
atom of the carbonyl group on the oxygen atom of the poly-
fluoroalkoxyphosphorane:

OCH,Ry

RyP——0CH,Rg

R3P(OCH,Rp); + \C=.0 —_ :3&::/ —
0==C
N

V), (XVD), (XVII)

R3POCH,Rp
— —3> R;P=0 + (RFCH:0)2c<

o——{:—ocnznf

R=CgHg, Ry =CF; (IV); R= H(CF2CF;),CH,0, Rg =H(CF.CF-)z,
n=1 (XVI), n=2 (XVII)
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The significant difference between the reactivities of the
phosphorane (IV), on the one hand, and the phosphoranes
(XVI1) and (XVII), on the other, can apparently be explained
by the weakening of the nucleophilic properties of the oxygen
of the polyfluoroalkoxy-group in the molecules of compounds
(XV1) and (XVII), as a result of which the attack on the
carbon atom of the carbonyl group is possible only after an
increase of the positive charge on the latter.

The literature data examined show that the methods of syn-
thesis of derivatives of acyclic hydroxyphosphoranes known
at present make it possible to obtain compounds containing
substituents with different electronic and steric properties at
the phosphorus atom; this alters in its turn their chemical
properties within extremely wide limits.

Acyclic alkoxyphosphoranes are extremely reactive reagents,
suitable for the synthesis of various classes of organic com-
pounds. Special mention should be made of the advantages
of alkoxyphosphoranes as alkylating agents: the alkylation
takes place under mild conditions in the absence of basic or
acid catalysts and does not require the use of protecting
groups; the reaction does not result in the formation of
acids or bases, which are in many instances undesirable.

Since vigorous investigation of the chemical properties of
acyclic alkoxyphosphoranes began only recently, many reac-
tions have been examined in relation to a limited number of
examples. There is no doubt that further study of acyclic
alkoxy- and aryloxy-phosphoranes will greatly expand the
range of synthetic applications of these reactive compounds
and will also lead to the discovery of new facts, which will
extend our understanding of the nature of phosphorus com-
pounds.
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