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Studies on the synthesis and chemical reactions of 1,3,2-diheterophosphorinanes containing a tervalent phosphorus atom are
examined for the first time within a single review. The influence of the heteroatoms surrounding the phosphorus atom on the
properties of the phosphorinane system is analysed. The chemical features of mono- and poly-cyclic 1,3,2-diheterophos-
phorinane are compared and the ways of the practical utilisation of these substances are discussed.
The bibliography includes 338 references.
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I . INTRODUCTION

Phosphorus(III) 1,3,2-diheterophosphorinanes (DHP) con-
stitute a large group of six-membered heterocycles whose
molecules contain a tervalent phosphorus atom surrounded by
other heteroatoms. Here one should include also the corre-
sponding hydrophosphoryl, hydrothiophosphoryl, and
hydroiminophosphoryl compounds, one of the tautomeric
forms of which contains a tricoordinate phosphorus atom. The
phosphorus—oxygen heterocycles, namely 1,3, 2-dioxaphos-
phorinanes (DOP) have been investigated most thoroughly but
in very recent years related systems have begun to be con-
sidered: diazaphosphorinanes (DAP), oxazaphosphorinanes
(OAP), and dithiaphosphorinanes (DTP).

The first examples of DHP were synthesised in the Soviet
Union1 and in the United States2 at the end of the 1940's.
During this period, the reasons for the interest in these
compounds were largely classified and the volume of work was

therefore small. It was not until the 1970's that the chemistry
of the DHP was sharply activated, in connection with the
development of much interest during this period in the com-
parison of the stereochemistry and reactivity of cyclohexanes
and saturated heterocycles. In addition, at this time real-
istic methods became available for the investigation of the
electronic structure of the DHP and particularly the elucida-
tion of the nature of the interaction of the electron pairs and
orbitals of the triad —X-P-Y-, which is incorporated in six-
membered rings with different degrees of rigidity. Finally,
the development of the chemistry of DHP was stimulated by
the publication of novel synthetic studies, including those
leading to the solution of important applied problems. Ulti-
mately the interests of specialists in organophosphorus syn-
thesis, stereochemistry, spectroscopy, complex catalysis,
bio-organic chemistry, and the chemistry of high-molecular-
weight compounds coincided in the study of the DHP. Because
of this, an extensive scientific field was established, the
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principal achievements in which are discussed in the present
review.

The chemical behaviour of DHP is mainly determined by two
factors: the nature of the central functional group and the
overall structure of the molecule. In dealing with the struc-
ture of the molecule, one must bear in mind whether the sub-
stance belongs to mono- or poly-cyclic systems, since the
latter frequently have chemical properties which are not
altogether usual. In this connection, we subdivided the
entire contents of the review into two parts, devoted to the
mono- and poly-cyclic systems.

In each section the synthesis and partly the stereochem-
istry are considered initially and then the chemical properties
of the DHP.

Since the appendix to the Russian translation of the book
of Purdela and Vilceanu3 gives a list of publications on phos-
phorus-containing heterocycles covering the literature up to
1969, in the present review attention has been concentrated
only on studies of the latest period.

I I . MONOCYCLIC 1,3,2-DIHETEROPHOSPHORINANES

1. Synthesis

DHP can be obtained using two approaches. The first com-
bines the phosphocyclisation of 1,3-glycols and similar 1,3-
bifunctional compounds, i .e. reactions leading to the forma-
tion of six-membered phosphorus-containing heterocycles
from linear systems. Data on this problem are discussed in
this section separately for DOP, DAP, and DTP. The system
adopted is dictated by the non-uniformity of the studies on
different DHP and also by the fact that they are not always
produced by general methods. The second approach is based
on the exchange reactions of the substituents at the phos-
phorus atom already incorporated in the phosphorinane ring.
The corresponding data are considered in the next section
which deals with the chemical reactions of DHP. This proce-
dure eliminates the possibility of repetitions and makes it
possible to relate the problem of the synthesis of individual
classes of DHP to their general chemical characteristics.

(a) 1, 3, 2-Dioxaphosphorinanes

When 1,3-diols react with phosphorylating agents having at
least two leaving groups, it is possible to obtain different
types of DOP. Phosphorus trichloride has been used as the
phosphorylating agent in many investigations1'2'1*"8, for
example:

OH

OH
>P—Cl

The reaction is usually carried out in a dry solvent. A ter-
tiary amine is not always used to combine with the hydrogen
chloride evolved. The hydrogen chloride is then removed
from the reaction mixture by bubbling in a dry inert gas.
This feature, apparently associated with the anomalously low
basicity of cyclic phosphorochloridites, greatly simplifies the
synthesis of chlorophosphorinanes and distinguishes it from
the synthesis of dialkyl phosphorochloridites.

The condensation of phosphorus chloride has been widely
investigated. A wide variety of halogenated glycols9, the
corresponding unsaturated systems10, ethers6 '11 '12, and
nitro-compounds13 have been made to undergo this condensa-
tion. In this case the possibility of a partial oxidation-reduc-
tion reaction, leading to nitrosoglycols and phosphoryl

compounds, has been noted13. In addition, the cyclophos-
phorylation of the polyfunctional system of the antibiotic
synthomycin11* and 1,2-isopropylidenexylofuranose15 has been
achieved:

HOCH2 n OCH2

We shall consider the stereochemical aspect of the phos-
phorylation with phosphorus trichloride. A single stereo-
isomer, whose chlorine atom occupies an axial position, is as
a rule formed in this case15"20. The reaction of phosphorus
trichloride with 2-benzylglycerol, leading to a mixture of
unequal amounts of two stereoisomers, is an exception12.
Salicylic acid reacts with phosphorus trichloride similarly to
B-glycols21:

O

yC—OH

^ - O H

/ C-O N
)P—Cl

As regards the chemical aspect, the analogous phosphoryla-
tion of acetylacetone and 2-acetylphenol, leading to unsatu-
rated DOP, is of great interest22:

H,C

>—OH
PCI, -? - C l

Unfortunately this synthesis has not yet been widely devel-
oped. Among other phosphorus trihalides, only phosphorus
tribromide has been made to react with diols, 2-bromo-l,3,2-
dioxaphosphorinane being obtained18'23.

Numerous studies have been devoted to the cyclophos-
phorylation of 1,3-diols with tervalent phosphorus acid
dichloride. In particular, a detailed study has been made of
the interaction of glycols with Menshutkin acid chlorides in
the presence of bases6'7'15'21*'25. The cyclisation reaction26

EtOPCl2

HOCH2

HOCH.
>P

. O

OEt
EtOP<

X)Et

is promising in many respects.
The dichloride of phosphorus acids react with 1,3-glycols

similarly to the Menshutkin acid chlorides. This makes it
possible to obtain interesting cyclic phosphonites albeit not
always in high yields21*'27"30:

C12PR
\ OH

We may also note that the condensation reactions with phos-
phonous acid dichlorides are of less universal importance than
the corresponding reactions with phosphorus trichloride
owing to the occurrence of side reactions31.

In its stereochemical aspect, the phosphocyclisation with
acid dichlorides differs from the cyclisation with phosphorus
trichloride. When asymmetric glycols are used, not one but
two interconvertible stereoisomers are formed, in which the
axial position is preferred for the alkoxy-group.

The reactions discussed above have attracted attention
because of the outward simplicity of their mechanism and the
availability of phosphorylating agents. Nevertheless, they
do not always yield good results owing to the presence of
hydrogen chloride, which is not completely bound by the
acceptors employed. A significant factor for larger-scale
syntheses is also the fact that many reactions involving
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phosphorus chloride require the employment of large volumes
of dry solvents. Bearing this in mind, alternative cyclo-
phosphorylation methods have begun to be studied in many
laboratories, including those dealing with applied problems.
The transesterification method was the first to be studied in
detail, for example:

/—OH / _ O
< + P (OEt)3-» < >P-OEt ,
x—OH x (V

It has been shown that various forms of glycols1*'9'18'33'31*
readily interact with the simplest neutral phosphorus acid
esters. It has been suggested that this reaction be used to
simplify industrial polymer stabilisers32.

The reaction of xylitan, which is an asymmetric triol, with
an excess of triethyl phosphite merits special attention. The
3-glycol group in xylitan ensures the selective formation of
the phosphorinane ring; the second of the trans-vicinal
hydroxyls is more passive and is phosphorylated without
cyclisation:

HOCHo „ OCH,

+ 2 P(OEt)3-

OP(OEt)2

A similar regioselectivity has also been noted in the phos-
phorylation of 2,4-methylenexylitan35.

Neutral phosphonites can also be transesterified with
1,3-glycols,36'37 including those with other functional groups.
As an illustration, we may quote the synthesis of the spiro-
cyclo system36

>—0H

+ PhP (OEt)a

Dialkyl phosphi tes a re also involved in transesterif ication
with var ious 8-glycols. This r e su l t s in the formation of DOP
belonging to the class of hydrophosphoryl compounds1*'12'38"1*2.
A mixture of two geometrical isomers of DOP is usually
obtained as the technical p roduc t . One of them, which has
the phosphoryl group in the equatorial position, crystal l ises
out38"40'1*3.

In the latest s tudies the phosphorylation of 1,3-diols is
usually car r ied out us ing the triamides of phosphorus
acid31*'38'39'1*2'1*1*-1*7-

+^—OH

The reaction is carried out simply and under mild conditions
in the absence of corrosive side products and is very produc-
tive. Because of this, it has found extensive preparative
applications, particularly in a series of complex systems.
Thus it has been used in the synthesis of aminophosphor-
inanomonoses15'25'1*0 and nucleosides1*7'1*8.

The problem of the configuration of the phosphorus centre
in 2-amino-DOP has been discussed in the literature. From
NMR data, it has been concluded that the position of the
amino-group depends on the nature of the substituents at
the nitrogen atoms1*5'1*9"52. The unusual equatorial disposition
is probably promoted by the orbital interaction of the nitro-
gen and phosphorus; on the other hand, if the unshared
electron pair of the nitrogen atom is delocalised over the
structural elements of the amino-group, then the axial dis-
position of the substituent obtains more readily52.

The diamides of alkylphosphorus1*8'53, arylphosphorus53,
and phosphonous5i* acids are also effective phosphorylating
agents. Many DOP, particularly those derived from ster-
ically hindered phenols53, sugars25 , and nucleosides1*8, have
been obtained on their basis.

(b) 1, 3, 2-Oxaphosphorinanes

OAP have been vigorously investigated in the last ten
years, mainly in connection with the requirements arising
in the development of bio-organic chemistry. They are syn-
thesised from g-aminoalcohols in different ways depending on
the nature of the latter. N-Alkyl-55"59 and N-aryl-propanol-
amines55 react with phosphorus trichloride in the presence
of triethylamine to form 2-chloro-oxazaphosphorinanes:

R
I

— N H

OH
+ PC13 - >

—CK
P-C1

The amides of salicylic acid60 and the iminoesters of
6-hydroxypropionic acid61 have been similarly condensed with
phosphorus trichloride to form OAP with functional groups:

OH
\

+ PCI3 •
—Cl

—NHR

OR
= N H

-OH

ORS

The phosphocyclisation is also carried out using the dichlo-
rides of alkylphosphorous57 '60 '62, phosphoramidous57'63, and
phosphonous61* acids. The dichlorides of alkylphosphorous
acid are condensed with O,N, N-tri(methylsilyl)propanol-
amine65:

SiMe3

(Me3Si)2N—CHa—CHj—CH2—

The most frequently employed method of synthesis of OAP
involves the interaction of 1,3-aminoalcohols or their deriva-
tives with a tervalent phosphorus acid amides, unexpected
results being obtained. The simplest instance of such cyclis-
ation is the interaction of secondary aminoalcohols with the
triamides of phosphorous acid. It has been stated in a
patent55 that, for an equimolecular reactant ratio, 2-amino-
OAP are obtained. However, it was shown later57 that, for
different ratios of reactants, different substances are formed,
namely 2-y-aminopropyl-OAP:

R

,—NHR

-OH.
+ P (NR,)3 - >P-OCH2CH2CH2—NHR

A similar type of phosphocyclisation has also been described
for the phosphorylation of unsubstituted propanolamine with
phosphorus acid triamides66. This result, i .e. double phos-
phorylation, is apparently associated with the higher reac-
tivities of 2-amino-OAP, which are intermediates in this
synthesis, than those of phosphorus acid triamides. Tri-
amides of phosphorous acid readily phosphorylate N-acetyl-
propanolamine67'68. The absence of secondary phosphoryla-
tion is entirely logical, because the basicity of the phosphorus
atom (the most important factor in reactivity) in 3-acetyl-2-
amino-OAP is significantly reduced.

Phosphorodiamidites react with an equimolar amount of
propanolamine62'69'70 , N-alkylpropanolamine57'71'72, and
N-acylpropanolamine68 to form OAP of different types,
including those which belong to the class of phospholipids as
regards their structure, for example72:
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sto—

sto -
—OP (NEtj),

I
HN

H O — '

StO—

/ N — \

- O P C_>
(c) 1, 3, 2-Diazaphosphorinanes

DAP began to be studied later than OAP but more exten-
sively. Initially they were synthesised successfully by the
reactions of secondary 1,3-diamines with tervalent phos-
phorus acid halides. Numerous studies have been devoted
to phosphorylation with phosphorus dichlorides73"78:

+ PCI,

A wide variety of chlorides of 1,3-alkylenephosphorodi-
amidic acid chlorides, which exist in the form of a single
isomer in which the chlorine atom has the axial orientation,
have been synthesised by the above methods73'76'79. 2-Chloro-
4-methyl-l, 3-diphenyl-DAP, which consists of two isomers,
is an exception. Bearing in mind the results of Belov et al.80,
one may postulate that the chlorine atom in the systems con-
sidered occupies the axial position.

Experiments with secondary amides of B-alkylamino-
propionic81 and N-alkylanthranilic82'83 acids have been
described, but pure 2-chloro-4-oxo-DAP were not obtained.
Nevertheless the technical products have been used success-
fully in further extremely complex reactions83.

The dichlorides of alkylphosphorous73 '78, phosphoroamid-
ous73,76,78+) a n d phosphonous73'76 acids usually react with
secondary 1,3-diamines to form various DAP. Together
with linear diamines, their cyclic analogues began to be
studied in the phosphorylation reaction, which makes it pos-
sible to synthesise "bulky" DAP of great stereochemical
interest73, for example:

(A) (C)

The chemical shifts of the phosphorus atom in these deriva-
tives are determined by the geometry of the molecules to a
significant extent : 94.3 p.p.m. for (A), 103.6 p.p.m. for
(B), and 180.8 p.p.m. for (C).

N-Silylated DAP are formed when Menshutkin acid chlorides
react with bisdisilylated 1,3-diamines81*:

H
I

. NSiMe,

SiMe3

-NSiMe3
I

H

+ C12POR •
/ \ — N /

I
SiMe.,

p_0R

The second method of synthesising the diazaphosphorinane
ring is based on the transamidation of the amides of tervalent
phosphorus acids. It is experimentally simple and is of great
synthetic value. Thus the full amides of phosphorous acids

t The reaction has no general importance and is very
unusual in its chemical aspect. Its analysis will be described
in the section dealing with the chemical properties of DHP.
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phosphorylate extremely effectively secondary diamines77 and
aminoamides81:

R R
>—NH

^ — N H
I

R

1—N
+ P(NR,)3- P—NR2

We may note that the reaction of phosphorous acid triamides
with secondary 1,3-diamines does not suffer from the limita-
tion which we have considered for the reaction with propanol-
amines. This indicates some difference in the phosphorylation
of related diamines and aminoalcohols and possibly amines and
alcohols in general. The diamides of alkylphosphorous acid
have been investigated in the reaction with primary 1,3-di-
amines, which made it possible to obtain the hitherto unavail-
able but very promising DAP without substituents at the
nitrogen atoms81*. The diamides of phosphonous acids have
been made to react with aminohydrazines. Condensation
resulted in the synthesis of the first representatives of
1,2,4,3-triazaphosphorinanes85:

>N-NH2

x—NH
I

R'

•RP(NEt2)2- >P-R

It may be supposed that the proposed condensations will
permit the synthesis in the immediate future of a large
number of new DAP of interest for structural and synthetic
research.

(d) 1, 3, 2-Dithiaphosphorinanes

This field of synthesis of DHP has been studied very much
less than those already discussed, which reflects the overall
picture showing that the thiol esters of tervalent phosphorus
acids have been little investigated. Nevertheless, it has
already been established that some of the simplest DTP are
chemically very unusual; furthermore, they exhibit insec-
ticidal and herbicidal activities86 .

1,3-Dithiols interact with phosphorus trichloride in the
presence of tert iary amines to form 2-chloro-DTP. 86~88 The
dichlorides of alkylphosphorous89 , alkylphosphorothious88,
phosphoroamidous87, and phosphonous88"93 acids, have also
been used as phosphorylating agents . It has been noted91

that DTP dimers are formed together with the DTP themselves.
The problems of the stereochemistry of DTP have been exam-
ined in a number of studies8 9 '9 3"9 5 . Azathia- and oxathia-
phosphorinanes have not so far been described in the litera-
ture.

2. Chemical Properties

In writing this section of the review, the authors had two
aims: to carry out a subject survey of synthetic studies and
to examine the characteristics of the chemical behaviour of
DHP determined by their cyclic structure. The latter aim
presupposes in its turn the analysis of the electronic struc-
ture and intramolecular dynamics of DHP, which is at present
difficult to achieve in the required detail despite the pro-
gress made, for example, in the study of Arshinova96. How-
ever, it is possible to make introductory remarks which will
draw the reader's attention to the problem and will help him
to become acquainted with the factual data.
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An ordered orientation of the unshared electron pairs of
the heteroatoms, which is absent from the corresponding
acyclic systems, is characteristic of DHP 97~" and presum-
ably the np—riQ interaction is blocked in DOP by virtue of
such order. This is confirmed by a comparison of photo-
electron spectroscopic data and the chemical properties of
acyclic and cyclic compounds. The problem of the involve-
ment of the electron pairs of the nitrogen atoms of OAP and
DAP in the np—nj\j interaction is more complex, since in this
case their orientation can generally speaking depend on the
influence of the substituents present.

The orientation of an exocyclic substituent at the phos-
phorus atom plays a significant role in the chemical charac-
teristics of monocyclic DHP. If the substituent having n or
TT electrons is axial, its electrons are less effectively delocal-
ised than those of a similar equatorial substituent. This
difference is probably associated with the blocking of an
interaction of the np—nx type on the assumption of the
axial position.

Another feature of the DHP consists in the somewhat small
number of their Conformational transitions100. The limited
number of such transitions is thrown into particular relief
when substituents are introduced into the hydrocarbon part
of the ring or when an additional ring is condensed. Hence-
forth the possibility of synthesising in the series of DHP
rigid systems in which the central and additional functional
groups are located in space in such a way that they can
ensure attack from unusual directions and hence also
unusual types of reaction. Having outlined this situation,
we formulated the principle of the stereochemical regulation
of the reactivity in the series of cyclic derivatives of ter-
valent phosphorus acids. This principle has already been
realised in the reactions of DHP.

Since numerous scientific articles and patents have been
devoted to the reactions of monocyclic DHP, the relevant data
are discussed separately in terms of classes of compounds.

Within each section the data are further subdivided on the
basis of the principal structural-chemical features. The
following characteristics are discussed in succession for the
usual DHP: (1) substitution reactions involving an exocyclic
substituent at the phosphorus atom; (2) protonation and
oxidation reactions; (3) Arbuzov alkylation and related syn-
theses; (4) other processes. After this, the chemical prop-
erties of DHP, which are prototropic systems (hydrophos-
phoryl and thiohydrophosphoryl substances), are discussed
in separate subsections.

(a) 1, 3, 2-Dioxaphosphorinanes

Substitution reactions at the phosphorus atom. The
nucleophilic substitution of chlorine in 2-chloro-DOP has been
studied in greatest detail. These compounds are readily con-
verted into neutral phosphites in their reactions with alco-
hols6,7,io,i5,22,ioi-io3) phenols7'101*'105, substituted glycerols106 '
107, and sugars15 '107 '108 in the presence of bases. The prob-
lems of the stereochemistry of the reaction and the charac-
teristics of the steric organisation of the cyclic neutral phos-
phites obtained have been examined in a number of studies101 '
102,107,109,110

2-Chloro-DOP can be converted into the corresponding
neutral phosphites even on treatment with oxirans and
oxetans111 '112, for example:

C1CH2CH2CH,O-P<" >P-O-CH 2 CH 2 C1> < > C l % / >

Six-membered cyclic phosphorochloridites react with mercap-
tans to form phosphorothioites (see, for example, Okruszek
and Stec113).

Numerous communications contain data concerning the inter-
action of 2-chloro-DOP with nitrogen-containing bases of
different types. Arbuzov and Zoroastrova showed for the
first time111* that 1,3-alkylene phosphorochloridites react with
a simplest secondary amides to form 2-amino-DOP. Subse-
quently this reaction came to be widely employed10'12'15'31*'102

n5,116_ JJ. w a g s n o w n that, when amines are phosphorylated
by asymmetric cyclic chlorides, a mixture of two isomers is
always formed19>51>102'110#. Primary amines in general behave
in this reaction analogously to secondary amines1*9'50'111*'118,
although they yield less satisfactory results on a prepara-
tive scale. This is associated with the disproportionation,
first investigated in relation to the anilide of 1, 3-butylene-
phosphorous acid118:

/ P ~ N \ v—CX

Ph
I

3 — N — r

In the presence of bases, imines are also phosphorylated by
2-chloro-DOP in accordance with the general mechanism, for
example119:

>P—C1 + HN=(
/Ph

^Ph
_N=C<

Instead of amines, it is possible to use their N-trimethylsilyl
or magnesium derivatives.

2-Chloro-DOP exchange the chlorine atom for many groups
on interaction with salts of acids or their trimethylsilyl
derivatives. Thus the reaction with antimony trifluoride
yields fluorides8, that with carboxylic and alkylcarbonic acid
salts gives rise to acylates120 '121, the reactions with cyano-
trimethylsilane122, silver cyanate123, or hydrocyanic acid in
the presence of triethylamine results in the formation of
cyanides121*, and the reaction with isothiocyanatotrimethyl-
silane yields isothiocyanates125. The reaction with cyanic
acid derivatives is of special interest. N-Trimethylsilyl
derivatives leads to phosphoisocyanates, while salts of cyanic
acid result in the initial formation of the O-isomers, which
then isomerise126'127:

»
v

S

NCO
I
•P

Z^A
2-Chloro-DOP react with sodium dialkyl phosphites to form

asymmetric pyrophosphites (O-phosphorylation of the ambi-
dent phosphite anion128), while their reaction with N-tri-
methylsilylacetamide gives rise to acid cyclic phosphites129.
The latter reaction probably involves the O-phosphorylation
of the silyl derivative with formation of the phosphiminoace-
tate, which then decomposes splitting off acetamide.

The hydrolysis of 2-chloro-DOP to cyclic hydrophosphoryl
compounds has been studied in detail7 '10 '12 '15 '33 '117 '130, for
example:

Me Me

\_o v_o o

# This problem has been treated erroneously by Bodkin
and Simpson117.
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The hydrolysis of asymmetric phosphorochloridites results
in the formation of two isomers, the stable isomer, with an
equatorial phosphoryl group, crystallising out1*3'117. The
sulphydrolysis of 2-chloro-DOP leads to cyclic hydrothio-
phosphoryl compounds130'131. The problems of the stereo-
chemistry of this reaction have been studied131.

The consideration of the substitution of chlorine in the
series of DOP will be completed by examining reactions with
organometallic compounds and metals. It has been suggested
that the following reactions take place with Grignard and
Norman reagents132 and with tin hydrides110 '133:

°\>P—R

-^W-°>P-H

The cyclic esters of hypophosphorus acid obtained are of
definite interest as the parent members of the series of DOP.
Using them, it is possible to determine the stereochemistry
of phosphorus in various DOP by comparative lH and 13C
NMR.110

The 2-chloro-DOP do not react with alkali metals in an
altogether usual manner131*§ . The process probably begins
with one-electron transfer and involves the stage in which
P-metallated DOP are formed. The latter decomposes owing
to the concerted donor—acceptor action of the geminal sub-
stituents at the phosphorus atom. The polar intermediate
undergoes further reduction and phosphorylation with forma-
tion of diphosphites:

0— Pr-Na

r
0

0 P : Na

0

If 2-chloro-DOP is treated with other metallating and even
silylating agents, for example, triphenyl-lithiosilane, then
a diphosphite is also obtained13k.

2-Acyloxy-DOP are similar to 2-chloro-DOP as regards
reactivity. These compounds have found applications as
phosphorylating agents and are used in the synthesis of
certain cyclic phosphites120 '121. Their advantage is that in
the acylation of nucleophiles less corrosive carboxylic,
alkylcarbonic, and carbamic acids are evolved instead of
hydrochloric acid, as mentioned above. As an illustration of
the foregoing, we may quote the following examples136:

The hydrolysis128 and acidolysis137 of the above cyclic acyl
phosphites gives rise to hydrophosphoryl compounds. The
same result has been noted in the decarboxylation of formyl
phosphites138.

Other popular reagents frequently used for the purposes
of fine organophosphorus synthesis are the amides of 1,3-
alkylenephosphorous acids. These compounds are readily

available, convenient to work with, and exhibit the optimum
reactivity in many reactions. When they are used in phos-
phorylation, the amine is evolved, but it does not as a rule
complicate the process and is readily removed from the reac-
tion mixture. 2-Amino-DOP readily phosphorylate alcohols7'
40^7,115,139-1.3^ phenols7'1"0'1"*, substituted glycerols106'107,
and sugars15'107'108'1"*5. An important factor is the difference
in the ease of interaction of the two geometrically isomeric
amides with alcohols139.

A series of studies has been devoted to the phosphorylation
of amines by transamination11*1'11*6. Very recently trans-
amination has been used to synthesise new systems—phospho-
glycosylamines11*7:

y
O/

The interaction of 2-amino-DOP with carboxylic acids has
been described in the literature. If two moles of acid are
consumed per mole of the phosphoramide, substitution takes
place with formation of acyl phosphites; the other reaction
product is the amine, which combines with the excess acid11*8.
If one mole of acid is used, then the substitution at the
phosphorus atom is supplemented by the cleavage of the acyl
phosphite by the amine and an acid cyclic phosphite is
obtained38'39'1*0'1*2'1*1*. A significant factor in the synthesis
is its stereospecificity38'39'1*'*—the formation of a labile isomer
with an axial phosphoryl group. A mixture of cyclic acyloxy-
aminophosphoranes, capable of ready interconversion by
pseudorotation, is apparently formed initially. The most
stable conformer subsequently decomposes with formation of
only one axial acyl phosphite. The process terminates with
deacylation, which does not involve the configuration of
phosphorus (see below).

The conversion of 2-amino-DOP into acid cyclic phosphites
is also possible via hydrolysis accelerated by acid catalysts7 '
12>111*. Sulphydrolysis takes place similarly131.

2-Amino-DOP are also capable of insertion reactions. Thus
they react with carbon dioxide to form carbamoyl phosphites,
for example136:

\ t NMe2 + CO2 )P-O-C-NMe2

O

OCR1

-P.—NR,

^7' £Z?^H

§ Erroneous results have been published1

Fewer synthetic studies have been made on the conversion
of neutral phosphite DOP into other compounds of this class.
They can undergo selective hydrolysis11*8'11*9 and alcoholysis150

via the exocyclic substituent. 2-t-Butoxy-DOP 151 and its
thio-analogue152 undergo thermal decomposition to the corre-
sponding hydrophosphoryl and hydrothiophosphoryl com-
pounds and isobutene. According to NMR data, the equa-
torial substituent undergoes degradation at a higher rate
than the axial substituent151.
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^P—OMe > Me—C—CH,O— P

Apart from the nucleophilic substitution at the phosphorus
atom in the DOP system, radical substitution has also been
described. In this case the geometrical isomers react at
different rates and the process is accompanied by inversion
at the phosphorus atom153.

Addition reactions. An interesting feature of the chemical
behaviour of DOP consists in the fact that the electron-
donating capacity of the phosphorus atom is determined by
the cyclic nature of the substances and the spatial orienta-
tion of the unshared electron pair of the phosphorus atom.
At the beginning of this section we reported the characteris-
tic features of the unshared electron pairs of the heteroatoms
in DOP and in this connection one can conclude that the
basicity of phosphites decreases in the sequence

P (OEt),;

This conclusion has been confirmed experimentally. Thus the
ionisation potential of the highest level of the phosphorus
atom increases appreciably in this series (8.99, 9.37, 9.95
eV). 97>98 At the same time the basicity, determined both in
the gas phase by ionic cyclotron resonance151* and in the
liquid phase at -50 °C from the xJp_H constants of the pro-
tonated esters155"156, decreases IF. The Lewis basicity of
acyclic, monocyclic, and bicyclic phosphites varies similarly.
This problem has been analysed by studying the stability of
the borane157 '158 and nickel160 complexes and by infrared
spectroscopy. Advances in the investigation of the electronic
structure of monocyclic DOP are also manifested by the fact
that the theoretical conclusion that the basicities of differ-
ently oriented unshared electron pairs at the phosphorus
atom are different has been proved experimentally: the axial
pair is more basic than the equatorial pair15"'156'157'161.
Investigations demonstrating the marked influence of the
exocyclic substituent on the electron-donating properties of
the phosphorus atom are also of interest. Thus the amino-
group significantly increases the electron-donating proper-
ties of the phosphorus atom relative to the alkoxy-group and
the chlorine atom97'98.

The study of the complex formation reactions between DOP
and copper1'162, boron158 '163, molybdenum158'161-161*, nickel160'
165, cobalt166'167, and palladium168 derivatives has shown
that the configuration at the phosphorus atom is retained in
these reactions (X-ray diffraction has been used158 '160 '161 '163).
Complexes are synthesised in order to solve specific chem-
ical problems. Adducts with the copper(I) salts are used for
the identification of DOP.1 '114 '162 The adducts with nickel
salts165 isomerise but-1-ene to a mixture of but-2-enes, while
the corresponding rhodium169'170 and palladium168'171 deriva-
tives are used as hydrogenation catalysts. In the latter case
it has been shown that the configuration of the phosphorus
ligand determines the activity and stereoselectivity of the
catalysts. It has been stated that the formation of complexes
of DOP increases their reactivity in organic synthesis172.
Such studies are apparently very promising and merit vigo-
rous development.

The electron-donating properties of the phosphorus atom in
DOP are also manifested in their oxidation. This reaction
has been widely used on a preparative scale and has involved
cyclic hypophosphites133, phosphites7'46'"8'106'1*5'173-179,
phosphoramidites15,1*8,50,158,273,180, phosphorimidites119,
phosphorocyanidites123, phosphoroisocyanidites126, phos-
phorochloridites31*, phosphorothioites113, and phosphonites27'

11 Mikolajczyk et al.1 5 9 were the first to carry out a semi-
quantitative comparison of cyclic and acyclic phosphates.

132. The question of the stereochemistry of the oxidation
reaction is being actively discussed in the literature, con-
flicting views being expressed. Under conditions excluding
the interconversion of the different DOP formed, they are
probably converted stereospecifically by the majority of
oxidants into phosphoryl forms with retention of the con-
figuration at the phosphorus atom. This is indicated by the
conclusions reached in a series of studies31*'50'127'158'173'175'178'
181. On the other hand, the possibility of the non-stereo-
specific oxidation has been indicated113'176. It has been
suggested that the reactions of two geometrical isomers may
not have completely identical mechanisms182.

Sulphurisationt7'25'53'106'107'113'126'133'11*5'175'179, selenisation
-9,ii3,i33,i76,i83,i8-( a n d imination1*8'116'133 of DOP are carried
out similarly to oxidation. Here too there is no complete
unanimity in the stereochemical interpretation of the results.
Both complete retention of the configuration at the phos-
phorus atom127'158'179 and its partial inversion113'176 have been
noted.

Arbuzov alkylation and related syntheses. Neutral phos-
phite DOP undergo the usual Arbuzov alkylation6'21*'1*7'11*3'11*9'
162,175,187-18^ f o r e x a m p l e :

Me Me

N a. ^—ox X)
< >P-OMe + Etc ->- ( )Pf
\—(X —O/ xEt •

In the majority of cases the alkylation probably involves the
retention of configuration at the phosphorus centre158 '162-175-
190 although its partial inversion can also occur176. However,
one cannot rule out the possibility that the quaternisation of
the DOP entails a partial inversion of the configuration of
the initial substance, which in fact affects the final resul ts .
The reactivity of tripropyl phosphite has been compared
with those of the corresponding dioxaphosphorinane and
dioxaphospholan by differential thermal analysis. It has
been shown that the reactivity diminishes in the above
series191 .

The phosphite192 and phosphonite193 isomerisations, leading
to phosphoryl compounds, are relevant to the data under
discussion:

o

There exist data showing that the Arbuzov reaction can be
accompanied by the opening of the dioxaphosphorinane sys-
tem. This occurs when 2-methoxy-4,4,6,6-tetramethyl-DOP
interacts with fluorosulphonic acid191*, when 2-butoxy-4-
methyl-DOP interacts with bromotriphenylmethane11*9, and in
intramolecular interactions of the type103 '112 '195

>P-O (CH2)4 Cl-
• ( >P (CH2)4 Cl

o
)P-O(CH2)4CI

t Together with sulphurisation, other reactions involving
the transfer of sulphur and occurring on treatment of ele-
mental sulphur merit attention. Thus neutral cyclic phos-
phites of nucleosides are sulphurised with di-t-butyl
disulphide185 and 2-chloro-DOP is sulphurised by acetyl-
sulphenyl chloride156.
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The competition between the endocyclic and exocyclic path-
ways in the decomposition of the quasi-phosphonium inter-
mediates disappears on passing from phosphite to phosphonite
derivatives. A fundamentally new method of synthesising
polyphosphonates, which is impossible for acyclic systems,
has been demonstrated in this instance. The method consists
in treating the cyclic phosphonite with an insufficient amount
of the alkylating agent. A y-halogenopropyl phosphinate,
which propagates the alkylation process via a relay mech-
anism, is formed in the first stage27 '196:

—°\
>P—R + R'X-

O

Rs
R''

O n/-

>P-OCH2CHaCH2X -

O

—O— - C H 2 C H 2 C H 2 - P - O — —CH2CH2CH2X

R

Japanese workers have reported an analogous polymerisation
of cyclic phosphonites but in the presence of boron trifluo-
ride29.

It has recently been possible to show that the intramolecu-
lar alkylation of stereochemically rigid DOP, in which an
electrophilic carbon atom and the oxygen atom of an exocyclic
alkoxy-group are in close spatial proximity, can be achieved.
Such spatial disposition led to a reaction which is an alterna-
tive to the Arbuzov reaction, which demonstrated the possi-
bility of steric regulation in the alkylation of neutral phos-
phites #197:

The intramolecular cyclisation of the anilide of the corre-
sponding glycophosphorus acid takes place similarly. The
possibility of the alkylation of the nitrogen atom in the amides
of tervalent phosphorus acid was thereby demonstrated reli-
ably for the first time198 (see below).

The arylation of certain DOP has also been described in the
literature, for example199:

)P—C1+N=N—Ar •

BF:

CH2X

s—n/ \Ar

A series of reactions are related to the alkylation of DOP:
interactions with hypochlorites200, sulphenyl chlorides188'201,
and chloramines102, which entails the formation of cyclic
phosphates, phosphorothioates, and phosphoramidates. When
account is taken of the stereoregularity of these reactions,

# The cyclisation of the 3,5-cyclic phosphorochloridite of
6-tosyl-l,2-glucofuranose, which apparently takes place as a
result of the mutual approach of the phosphorus and 0(6)
atoms, should also be noted197.

conclusions can be reached concerning their preparative
value. Data concerning the reactions of DOP with halogens
have been published recently111 '202. It has been established
that, regardless of the type of substituent at the phos-
phorus atom, the reaction is accompanied by ring opening,
which is unexpected. On treatment with primary amines,
the acid halides formed give rise to amides, which readily
cyclise. Thus here we have a transition from DOP to OAP
with an increase of the valence of the phosphorus atom202:

o
/ V - X + B r 2 -* X-P-OCH2CH2CH2Br -JhH*+
\—CK |

Br

O

X—P—OCH2CH2CH2Br -

KHR

The Perkow reaction also takes place with DOP, for example2

- )C—CC13 -» C1CH2CHZCH,OP<
W X OCH CC12

The interaction of 2-isocyano-DOP with electrophilic carbonyl
compounds merits attention201*"206:

P—NCO + R—C—R

0

c0 0—
/

C

R K

/NCO

CR.,

On the other hand, electrophilic carbonyl compounds with a
halogen atom in the a-position react with 2-isocyano-DOP
differently, namely via the Perkow mechanism, with opening
of the phosphorinane ring and retention of the isocyano-
group207.

Other processes. The phosphorus atom in the dioxaphos-
phorinane ring is biphilic, as a result of which there is a
possibility of the addition to DOP of dipolar or readily polar-
isable 1,3-homo- and 1,3-hetero-diene systems, for example208:

> a / \
• C1CH2CH2CH—O—P;

I
Me

The substituent at the phosphorus atom influences the reac-
tion significantly. Thus the amino-group prevents the addi-
tion of alkadienes. However, 2-amino-DOP can combine with
polar substances, for example a,B~unsaturated ketones.
Depending on temperature, different reactions take place in
this instance209:

o
II

—NR2 + MeCCH=CH2 —

Next, the cyclic imide can react with the excess acrolein and
be converted via the Wittig mechanism into 1,3-butylene
phosphoramidate. It is of interest to note that 1,2-alkylene
phosphoramidites react with methyl vinyl ketone to form only
spiroisophospholen.
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If there is an SR group at the phosphorus atom in the
initial DOP, then the primary adduct reacts in an unusual

'—OCH=CH—CH2—SPh .

The cycloaddition may not be followed by a further chemical
development when DOP containing the amino-group at the
phosphorus atom§ or a hydrocarbon group are used, for
example212:

°V/0H

b

Ph

O
(S)

Ph

(S)

On the other hand, 2-aryloxy-DOP react with acrylic acids to
form macroeyclic phosphonates211*:

o / K

\\ , O - C H 2 - C - R '
XCH2

CH

CH2

I
O

R"

-°\ I //°
>P-OAr + CH2=C-Cf

-CK XOH

This outwardly unusual reaction has a rational explanation.
The process begins with cycloaddition, after which the
intermediate undergoes a reorganisation via the Arbuzov
mechanism. Next, the acid cleaves the neutral phosphite to
a hydrophosphoryl compound of the acyl phosphite type and
the latter cyclises via a standard pathway with formation of a
phosphorus—carbon atom.

An important feature of the chemical behaviour of DOP is
their ability to undergo reversible condensation on storage.
This process can lead to dimers, trimers, and in the general
case oligomers. It is significant that the condensation leads
at each stage to the appearance of pairs of isomers215:

This interesting reaction was studied by NMR. According to
the authors, such disproportionation is a catalytic process
and is accelerated by admixtures of acid substances, fre-
quently the hydrochlorides which usually contaminate DOP.
If this is so, then disproportionation can be prevented by
effective purification of the compound.

controversy, a special enhanced acidity has been attributed
to these substances216"219. Reliable experiments on this sub-
ject have not been reported but it has been shown neverthe-
less that the hydrophosphoryl compounds in the series of
DOP have certain characteristic features.

We shall consider initially the basic properties of the cyclic
acid phosphites. Information on this question has been
obtained in the study on the p-fluorophenol complexes. It
has been shown that the axial orientation of the phosphoryl
group ensures a higher basicity than the equatorial orienta-
tion, which is consistent with the general theoretical analysis
of the systems considered at the beginning of this section.
On the other hand, an approximate correspondence of the
basicities of DOP and dialkyl phosphites has been established.
Nevertheless the experiments performed have demonstrated
a large difference between the cyclic and open-chain hydro-
phosphoryl compounds. The former, particularly those with
an equatorial phosphoryl group, are significantly associated
in solutions, while the latter are not220fl .

The interaction of hydrophosphoryl DOP with proton
donors may apparently not consist solely in protonation. It
has been shown that, after the addition of phenol or water,
1,3-butylene phosphite begins to react with diazomethane
to form ultimately a cyclic neutral phosphitet221:

-os .o ^
>Pf +PhOH"l<

~-H x

n yOMe

—Q/ V

\ O.

•\—f

0 H CH,N,

V-OMe

The above reaction is apparently related to the "anomalous"
cyclisation of the monocyclic metriol phosphite172'222:

/
Me—C—CH2O—P

.OH
:Me—C—

/ C H 2 O X

e—C—CH2O—P

-CH2OH

The spatial approach of the functional groups is probably an
important factor in this case, since the benzyl ester of metriol
phosphite also undergoes a similar cyclisation. The steric
factor is undoubtedly manifested in the very easy intramolec-
ular alkylation reactions, which are alternatives to the
Michaelis—Becker synthesis197'223:

I'll v

The reaction proceeds easily either in the presence of tertiary
amines or when the substance is kept at a somewhat reduced
pressure. Its chemistry resembles that of the intramolecular
alkylation of bis(8-chloroethyl phosphite)221* but takes place
much more readily because the process is predetermined by
steric factors owing to the rigidity of the initial system.

Reactions of hydrophosphoryl and hydrothiophosphoryl

DOP. DOP containing the prototropic functional group P^
/ H

are being actively investigated, the research being accom-
panied by an acute controversy concerning the influence of the
ring on chemical properties. Within the framework of this

§ A similar final result has been noted in the case where
two equivalents of electrophilic monocarbonyl compounds were
used213.

H The association may be accompanied by the condensation
of these substances. Esters without substituents in the
hydrocarbon part of the ring undergo oligomerisation partic-
ularly readily1*2.

t It has been stated that neopentylene phosphite reacts at
20-25 °C with diphenyldiazomethane to form diphenylmethyl-
neopentylene phosphite, which immediately isomerises. The
authors218 attribute this observation to the anomalous acidity
of the initial DOP. An alternative explanation of the experi-
mental result is the scheme presented above.
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Hydrophosphoryl DOP undergo intermolecular alkylation
reactions (a-hydroxy- and a-amino-alkylation, etc.) which
to a large extent correspond to the analogous reactions
involving open-chain systems. We shall confine ourselves to
quoting certain typical communications225"227 and shall con-
sider in greater detail the stereochemistry of these reactions.
Soviet workers228 were the first to show that the ct-hydroxy-
alkylation takes place stereoselectively. Later Mosbo and
Berkade supplemented this finding by data concerning the
characteristics of the reaction in the presence of acids226.
Finally, it has been shown quite recently229 on the basis of
the structure of the substances obtained that the reactions
take place with retention of the configuration of the phos-
phorus centre. This conclusion leads to the possibility of the
stereospecific synthesis of complex phosphorinanes. The
kinetics of the reaction of isomeric forms of phosphorinanes
with various carbonyl compounds have also been investigated
and the dependence of the reaction rate on the configuration
at the phosphorus atom in the initial substance has been
established. This dependence is not constant for all alde-
hydes and ketones229.

Like other acyclic analogues, hydrophosphoryl and hydro-
thiophosphoryl DOP can be modified oxidatively by the Todd—
Atherton method as well as other procedures5 1 2 n o 1 3 3 2 3 ° - 2 3 \
However, rigorous stereochemical features are characteristic
of these substances. Thus they react stereoselectively with
retention of the configuration at the phosphorus atom117'228'235.
The problem has been discussed in greatest detail in a study229

where both a difference between the reactivities of the geo-
metrical isomeric forms of phosphites was demonstrated and
the possible causes of the steric hindrance in the synthesis
were analysed.

The report of the addition of sulphur to 1,3-alkylene phos-
phites236, which takes place more readily than the corres-
ponding reaction with dialkyl phosphites, is of undoubted
interest.

Yet another valuable chemical feature of hydrophosphoryl
DOP must be pointed out. It is known that, on reaction with
phosphorus trichloride, dialkyl phosphites give rise to
Menshutkin acid chlorides. In contrast to this, six-mem-
bered alkylene phosphites react with phosphorus trichloride
retaining the fundamental molecular skeleton237:

Hydrophosphoryl DOP can also react with the opening of
the six-membered phosphite ring. Thus, on reaction with
tertiary amines, they give rise to betaines238:

o
R\ / — ° N //°

X >Pf + NR3

R'/\—O/ XH

R':N-CH2CRR'CH2-O-P<

We may note that this alkylation proceeds under more severe
conditions than the interaction of dialkyl phosphites with
amines.

Among other reactions accompanied by a change in the six-
membered ring, we shall mention cyclo-oligomerisation1*2. The
presence of substituents in the hydrocarbon part of the ring
prevents this process.

(b) 1, 3, 2-Oxaphosphorinanes

OAP have been less thoroughly investigated, but certain
reactions of these compounds, which may be of interest to
many specialists in the chemistry of organophosphorus com-
pounds, have been achieved.

We shall consider initially the exchange of exocyclic sub-
stituents at the phosphorus atom. On reaction with secon-
dary amines57, carboxylic acid salts60, tributyltin hydride61*,
and water239, 2-chloro-OAP exchange the chlorine atom for
the corresponding groups in the usual way. The reaction
with an equimolar amount of alcohol also takes place analo-
gously57'60'61'71 '2"*°. We may note that the use of an excess of
alcohol is inadmissible owing to the possibility of ring open-
ing62. 2-Chloro-OAP are converted into esters also on treat-
ment with oxetans21*0:

< - O >P-c ,

V
- R '

R'

>P-OCH—CH,CH2C1

2-Amino-OAP can be made to exchange the amino-group for
the hydroxy-group239 or an alkoxy-group57 by standard
methods. In the reaction with 2-aminophenols the substitu-
tion is accompanied by addition63.

It has been shown that OAP with the endocyclic fragment

-NH-P\can be effectively phosphorylated21*1 and silylated70

at the nitrogen atom using mild reagents:

> P - R
1
 NK

P(NRlh

RjNSIMe, y <

SiMe3

The ease of phosphorylation depends greatly on the chemical
nature of the phosphoramide: the presence of electron-
accepting groups at the phosphorus atom hinders the process,
while the presence of electron-donating groups facilitates it21*1.

OAP form complexes with transition metals, for example
platinum, which are of interest for oncology59. OAP are oxid-
ised72'21*2 and sulphurised67 in the usual way. The combina-
tion of the oxidation of glycerol-containing OAP with
subsequent ring opening leads to a novel method of syn-
thesis of phospholipids important for membranology72

The alkylation of OAP and similar reactions have been little
investigated. The intramolecular Arbuzov interaction of
y-chloroalkyl ethers of this series has been reported21*0:

v _ N /

R
R
I O

/ — N . ||

P-OCH2CH2CH2C1
.—(X ,0—,

CH2CH2CH2C1 + C1CH2CH2CH2N

1

The possibility of two pathways leading to the cleavage of
the phosphoester bonds in the quasi-phosphonium intermedi-
ate was demonstrated in'the above study. In another com-
munication69, devoted to the employment of the Perkow reac-
tion for a series of OAP, only one version of the degradative
stage is mentioned, which appears less probable:

-OEt + CC13C^
j ,NHCH2CH2CH2C1

EtOP<
NXH=CCI11



Russian Chemical Reviews, 51 (10), 1982 931

Hydrophosphoryl OAP enter into the usual oxidative phos-
phorylation and aminoalkylation reactions239:

HNEt,+CCI4

\—CK
\ /

, M
Ph-CH=NPh } / \pt

~ " \ — Q / ^-NHPh

(d) 1, 3, 2-Diazaphosphorinanes

The reactions of DAP, like those of OAP, have still been
little investigated, but the number of studies in this field is
increasing and the scientific importance of the results
obtained is growing.

A series of studies have been devoted to the substitution
of the exocyclic groups at the phosphorus atom. On inter-
action with alcohols in the presence of bases, 2-chloro-DAP
of different types give rise to ester-amides73'75"78'81, the
reaction with carboxylic acid salts produces mixed anhyd-
rides76 '77, the reaction with tributyltin hydride affords cyclic
amides of hypophosphorous acid79'110'21*3, the reaction with
triphenylsilyllithium leads to the formation of phosphoramido-
silicides131*, and the reaction with water produces the corre-
sponding hydrophosphoryl compounds81 >82'21t3:

R

- N N _

I
R

R
I

i
R

- O R ' R

s N'

R

P—Cl—

:P-H

The reaction with secondary amines, which in the case of
other DHP always leads to the usual results, proved to be
more complex. 2-Chloro-l, 3-diphenyl-DAP 78 and 2-chloro-
1, 3-dimethyl-4-oxo-DAP 81 react with secondary amines to
give high yields of the full cyclic amides of phosphorous acid.
On the other hand, 1,3-dialkyl-2-chloro-DAP behave differ-
ently in this reaction75"77'11*1. Thus the phosphorylation of
aziridine and dimethylamine involves the expected nucleo-
philic substitution but the phosphorylation of diethylamine,
which is only a little more basic, was unsuccessful. Further-
more, the attempt to synthesise the required cyclic triamide
by another acid chloride method yielded an entirely unex-
pected result76 '77*.

We believe that the observed difference in the phosphoryla-
tion reaction is associated with the different basicities of the
expected reaction products. N.N'-Diphenyl derivatives and
particularly compounds containing the carbonyl group are
much weaker bases than the N,N'-dialkyl derivatives:

j j ?
•K

Compounds of the latter type therefore manifest relatively
more basic properties than triethylamine and accept hydrogen
chloride with the cleavage of the exocyclic P-N bond and the

# The required triamides are obtained successfully by non-
acid chloride methods77.

formation of 2-chloro-DAP. If this view is correct, then we
may conclude that in the diazaphosphorinane ring there is a
more pronounced electron-donating effect on the phosphorus
atom than in the open-chain phosphorus tetraalkyldiamide
systems. This hypothesis is confirmed to some extent by the
results of a mass spectrometric study of 2-chloro-DAP and
data for their interaction with phosphorus pentachloride2"*1*:

P—ci + pci,.

Me

2-Amino-DAP have also been used in other substitution
reactions, for example78'81:

R

° X I

\

>P-C1

\ N /
I
R

V-OR"/ • P (OR')3

We may note that the reagents used must be measured in
rigorously specified amounts, since degradation of endo-
cyclic phosphoramide linkages is also observed in the pres-
ence of their excess.

Substitution reactions and similar processes have been
described for 2-hydro-DAP:21*5

R

V-CH2NR2

CH,=CH-COOR'

R
R

R

—CH2CH2COOR'

These reactions are of great interest for the synthesis of
complex DAP and are apparently promising for synthetic
purposes.

In conclusion of the consideration of the substitution reac-
tions, we may point out the silylation of 1,3-dihydro-DAP at
the nitrogen atom81*:

>

SiMe3

N

\ — N .
H

P — O R ' + 2Me3SiNEt2-
R\v N\<̂  V\—N/ -OR'

N

SiMe

DAP tends to enter into reactions involving an increase of
the valence of phosphorus: oxidation75'77, sulphurisation77'78,
and quaternisation21*1*. Unfortunately the complex-formation
reactions of DAP have not yet been investigated, which
impoverishes the field of the chemistry of transition metal
complexes of organophosphorus ligands.

Hydrophosphoryl DAP have been relatively widely investi-
gated. The simplest of these compounds have been made to
undergo the Todd-Atherton oxidative phosphorylation77'81'21*3

and aminoalkylation77'81. Novel possibilities for the Michaelis-
Becker alkylation (including intramolecular alkylation) of
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bicyclic and tricyclic DAP with formation of fairly complex
systems have been recently demonstrated83:

(e) 1, 3, 2-Dithiaphosphorinane

DTP have been studied less thoroughly than other DHP,
which, however, does not imply less chemical importance to
these compounds.

Substitution reactions at the phosphorus atom have been
studied mainly in relation to 2-chloro-DTP. Satisfactory
results have been noted for the interactions with alcohols86'87§
amines87'21*6, mercaptans88, and water21*7. The Arbuzov and
Michaelis—Becker reactions have been carried out2"*8'21*9:

( _ )>)>P-Cl+P(OEt)3
— S

O
II

P—P (OEt)2

2-Amino-DTP react satisfactorily with dialkylphosphoro-
dithioic acids to form mixed anhydrides250. However, they
do not phosphorylate in the usual manner alcohols taken
in equimolar amounts. In such cases a small amount of a
secondary amine is produced and a trialkyl phosphite is
obtained87.

In contrast to other DHP, DTP are poorly oxidised and
sulphurised87 '88 '91 '92 '250. Their complex formation reactions
have not been studied.

The behaviour of hydrophosphoryl DTP merits special con-
sideration21*7. Their physical and chemical properties differ
sharply from those characteristic of other hydrophosphoryl
DHP. Under the usual conditions, they are crystalline sub-
stances which are very sparingly soluble in the majority of
solvents, apparently owing to their dimerisation due to their
enhanced acidity.

It has been possible to achieve the chlorination and certain
other reactions of these unusual hydrophosphoryl compounds,
for example247:

O SO^Cl, , s.
\ _ S / \ C 1

I I I . POLYCYCLIC DIHETEROPHOSPHORINANES

In terms of structural features, all the polycyclic DHP can
be divided into three independent classes: systems with
isolated rings, spirans, and condensed polycycles. Chemi-
cally, these classes are different from one another. In terms
of their fundamental features, the first two resemble the
monocyclic DHP and we shall therefore describe the problems
of the chemistry of these substances only briefly. On the
other hand, condensed polycycles are unusual systems and
their synthesis and chemical properties are therefore anal-
ysed in detail in the present review.

1. Polydiheterophosphorinanes with Isolated Rings

This class of compounds has been studied only in relation
to dioxaphosphorinanes. The six-membered cyclic diphos-
phites are of interest if only because they are more stable
than their acyclic analogues. Alkylenebis-DOP have been
obtained by the" phosphorylation of diols with 1,3-alkylene
phosphorochloridites251, 1,3-alkylene, acyl phosphites252,
1,3-alkylene phosphoramidites253, or fluoroethyl phosphites150

\ P OH

Together with the usual glycols, dihydric phenols253 as well
as systems with functional groups of substituents, for
example dianhydrosorbitol251, have been introduced into the
reaction.

Among the phosphorylating agents enumerated above,
amides are experimentally most convenient. These reagents
have been used in the phosphorylation of novolac resins251*
and cellulose255. For this reason, high-molecular-weight
poly-DOP have been obtained. The reactivities of di- and
poly-DOP are very similar to those of the usual monocyclic
compounds. They are readily oxidised and readily combine
with sulphur251 '255 and are also alkylated via the Arbuzov
and Perkow reactions255.

2. Spiran Bisdiheterophosphorinanes

Hitherto only dioxaphosphorinane examples of the above
class of compounds have been described in the literature.
Despite their structural limitations, the number of relevant
studies has been fairly large. This is due to the practical
importance of the spiran bis-DOP, among which polymer
stabilisers256"260 and modifiers261, plasticisers and oils262,
antipyrenes111, and pesticides263 have been found.

The synthesis of spiran bis-DOP is based on the employ-
ment of pentaerythritol. This readily available tetrol was
made to react with phosphorus trichloride261*'265:

C (CH2OH)4 + 2PC13 -* Cl—F >P-C1

Unfortunately in the published methods only a very brief
description of the preparative aspect of the experiments is
given and apparently they make it possible to obtain only an
acid dichloride which is not altogether pure. The phosphor-
ylation of pentaerythritol by Menshutkin acid chlorides has
been described in the literature; in this case a tertiary
amine must be used to bind hydrogen chloride266:

C ( 0 ^ ) 4 + ROPCI2- -ROP/
ND-

>P-OR

The second method of synthesis of a spirodiphosphite
system involves the transesterification of neutral esters
(usually triphenyl phosphite) by pentaerythritol for a molec-
ular reactant ratio of 2 : 1.18,256,257,266 Diethyl phenylphos-
phonite reacts similarly with pentaerythritol37:

C (CH2OH)4 + PhP (OEt)2 -» P h - F

§ The reaction with t-butyl alcohol yields a hydrophos-
phoryl compound and isobutene87.

The steric organisation of spiro-di-DOP has begun to be
studied in a series of laboratories. By measuring the dipole
moment and Kerr constants37 '267 '268, NMR experiments18,
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and X-ray diffraction269, it has been shown that the mole-
cules of these compounds contain two rings in the chair con-
formations, relative to which the alkoxy-group is in the axial
position and the amino-group is in the equatorial position.

As regards chemical reactions, the chloride of pentaerylh-
ritol-diphosphorous acid has been studied in greatest detail.
On treatment with alcohols' mercaptans' epoxides1

sodium isocynnate270, and aminesiLc, this compound exchanges
the chlorine atom for the corresponding nuclcophilie group:-;.
The reaction with formic aeic1 'a or t-butyl alcohol";7i results
in the formation of a bishydrophosphoryl compound, while
the corresponding bisthiohydrophosphoryl compound has i-een
synthesised by the sulphydrolysis of the corresponding acid
dichloride27'.

The neutral phosphite spiro-bis-DOP and certain related
compounds have been investigated in oxidation'66, sulphur-
isation?fct>27°, and Arbuzov alkyiatioiviu->266 reactions. The
last reaction has been recently proposed for the vulcanisation
of fluororubbers o l .

3. Condensed Polydiheterophosphorinanc-s

A large number of condensed poly-DHP, containing differ
ent as well as the identical structural elements, have been
investigated at the present time. They can be usefully
divided into four groups: l-phospha-2. 8. 9-lrioxa-adamant-
anes, l-phospha-2, 6, 7-triheterobicyclo[ 2.2. 2]octanes, and
l-phospha-2, 7, 8-heterobicyc!o[3. 2.1 Joctanes ; the fourth
group formally combines other systems which have so fat-
been little investigated.

(a) l-Phospha-2, 8, 9-trioxa-ada.mantant

intermediate quasi-phosphonium compound),2'5 and is oxid-
ised by benzoyl peroxide to the corresponding phosphate278.
The reaction of this phosphite with ozone has also been stud-
ied271*. Finally, the hydrolysis of l-phospha-2, 8, 9-trioxa
adamantane, consisting in the cleavage of one of the ester
linkages with formation of a bicyclic hydrophosphoryl com-
pound which forms metal complexes activating the phosphorus
centre in nucleophilic reactions, has been considered in the
literature"72.

(b) l-Phospha-2, 6, 7-ti-iheterobicyclo[2. 2. 2joctanes

This is the most numerous and most thoroughly investigated
group of compounds among all the condensed poly-DHP. It
includes phosphite, phosphorothioite. and phosphoramidite
systems, which have a number of characteristic features.
Unfortunately the extent To which the above types of bicyclic
compounds have been studied are different and so far it is
difficult to achieve a thorough comparison of their properties.

1 Phospha-2, (i 7- triozabieyclo[ 2. 2. 2]octanes have been
.synthesised by trie phosphoryiation of 1,1, l-tris(hydroxy-
metliyl )alkanes and related compounds. Phosphorus trichlo-
ride •'n''-"';, the simplest neutral phosphites281"283, phospho-
rous acid triamide?,-" , and acyl phosphites252 have been used
:is phosphoryiat ing agents. The simplicity of the methods of
synthesis of iiiese compounds and also the ready availability
of the initial tr-iols explain the interest of chemical engineers
in 1-phospha -2, G . 7- i riox.ibicyclof 2. 2. 21 octanes, particularly
in the possibility of using them as stabilisers for different
Materials''3'.

I'ontaery thritol'*3""' ">nd bispentaery thritol/Sb are phos-
ohoryiaied analogous-ay, forming1 skeletal systems:

Two compounds of this group are known at the present
time; phloroglucitol phosphite and scyilitol diphosphite. The
molecules of these substances constitute systems bounded by
dioxaphosphorinane rings in die chair conformation. This
factor is responsible for the high stability of these sub-
stances and a number of their other features ' 7 l .

The transesterifieation method has been proposed to syn-
thesise phloroglucitol phosphite and scyilitol diphosphite:

HOCi!..) C—din w,,— <;(I:HL,OH)3+ 2 r(

,0 v , 0.

7

I'ha above r eac t i ons h a v e been e x t e n d e d in r e c e n t y e a r s to
the phosphorviation of f ris(hydroxyrnethyl)phosphine, which
\ ielded the phosphinuphosphite 1, 4 -diphospha- 2, 6. 7-trioxa-
l:>icycloL2.2.2]octaneZ;'f:

in addition, sinnlar condensations have been achieved with
1ri:s(mercaptoiLethyl)ethane;07, tris(methylaminomethyl)ethane
i sj,.; 3t,^6^ a n f] bjLs(hydroxyrnethyl )mct.hylaminoinethylethane''~s9

Bicyclic phosphorinanes containing sulphur and nitrogen have
been synthesised in this wav:

In the former ease the yield is 93% : ' 5 and in the latter only
several per cent276. The low yield of scyilitol diphospiiitc is
apparently due to the poor compatibility of the reactants in
the phosphoryiation reaction.

The chemical properties of the esters considered have been
little investigated. It has been shown that phloroglucitol
phosphite is protonated in the gas phase151*, forms complexes
with palladium, platinum, nickel, copper, and silver277,
undergoes the Arbuzov reaction (it is possible to isolate the

Finally . 2,3.5,6.7, 8~-hexazanicyelo[ 2. 2. 2 Joctane , which is
based on an inorganic skeleton, has been obtained from
1, 2-dirnethylhydrazine288.

Structurally, pliosphatrihetorobioyclo-octanes are in many
respects analogous to the phosphatrioxa -adaraantanes examined
above — in each individual instance the bulky molecules of the
substances are bounded by 1, 3. 2 diheterophosphorinane
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rings, which differ from one another. Thus the bonds are
significantly eclipsed in phosphatriheterobicyclo-octanes,
which results in different mutual orientations of the bonds of
the P—O—C—H vicinal system in their molecules273. The spec-
troscopic properties of the complexes of the above compounds
have been compared273. We shall now consider the chemical
behaviour of l-phospha-2,6, 7-triheterobicyclo[2. 2. 2]octanes.
The corresponding 2,6, 7-trioxa-derivatives have been stud-
ied in greatest detail. They are appreciably weaker based
than the monocyclic DOP and phosphatrioxa-adamantane. This
conclusion is based on the study of the ionisation potentials
by photoelectron spectroscopy97'99'290, the proton affinities in
the gas phase (ion—cyclotron resonance)151*, the stability of
the complexes with phenol291, and the spectroscopic proper-
ties of protonation products156 '158 '292 and the borate155 and
nickel160 complexes. All these data indicate a relatively pro-
nounced s character of the unshared electron pair of the
phosphorus atom in l-phospha-2 ,6,7-trioxabicyclo[2. 2. 2]-
octanes. Nevertheless these phosphites form complexes
readily with many metals: copper and silver277'293, molyb-
denum16"*, manganese291*, rhenium295, cobalt166'167'296'297,
nickel165'296-298, iron296'299'300, and platinum and palladium277'
301

Some of the complexes enumerated above are of particular
importance as stabilisers of olefins161* or catalysts of the
isomerisation and oligomerisation of unsaturated compounds165'
302-301*

l-Phospha-2, 6, 7-trioxabicyclo[2. 2. 2]octanes are oxidised
in the usual way to phosphates266 '278 '279 '305. Several new
observations have been made for this reaction, which has
been thoroughly investigated in a series of neutral phos-
phites: it has been noted that hydrogen peroxide279 and
pivaloyl chloride306 can be used as oxidants:

It has been established that metriol and etriol phosphites
react with ozone to form stable ozonides, which decompose
on heating with the corresponding bicyclic phosphates and
singlet oxygen271*'305. It was concluded that such ozonides
are likely to be of preparative value305. Sulphurisation266'307'
308, selenisation308, and imination286 have been studied
together with oxidation.

The above neutral phosphites exhibit stereoselectivity in
alkylation by the Arbuzov reaction275:

CH,X

>
\

The reactions with sulphenyl chlorides309, chloramines309'310,
bromine172, chlorine, and sulphuryl chloride172'309'310 proceed
analogously. In the last case the possibility of a different
reaction pathway was noted when a bicyclic phosphite with a
tertiary butyl group in the C(4) position was used. This
bulky group prevents the traditional attack by the anion on
the key carbon atom and its attack is therefore directed to
the sulphoxy-group with the ultimate formation of a neutral
phosphite, i .e. oxidation takes place311:

Me3C- + SO2C12

The Arbuzov and related reactions have been suggested for
the synthesis of non-combustible phosphorus-containing poly-
mers . Thus the reaction of metriol phosphite with a catalytic

amount of methyl iodide results in the formation of a poly-
phosphonate312:

• etc.

Another polyphosphonate has been obtained in the auto-
alkylation of bromometriol phosphite280:

Pentaerythritol phosphite polymerises similarly and the
resulting polyphosphonate hydrolyses to g, g,B-tris(hydroxy-
methyl)ethylphosphonic acid313. The copolymerisation of
metriol phosphite with acrylic acid is of interest311*:

HOC—CH=CH2 V CH,CH,—C—0-4—

Much attention has been devoted in the literature to the
hydrolysis of l-phospha-2,6, 7-trioxabicyclo[2. 2. 2]octanes
and it has been shown that these substances are more resis-
tant to hydrolysis and acidolysis than the usual neutral
phosphites1*1. However, it has been possible to achieve the
hydrolysis of metriol phosphite172 and pentaerythritol phos-
phite315. In the former case the isolation of the hydrolysis
products involves considerable difficulties and it has there-
fore been suggested that the reaction mixture be subjected
to complete silylation with formation of two silyl phosphites172.
Bicyclic phosphites are apparently not hydrolysed by the
traditional Arbuzov mechanism, which emphasises yet again
their unusual chemical behaviour.

Phosphabicyclo-octanes containing nitrogen instead of
oxygen have so far been little investigated and data required
for a reasoned comparison of their nature with that of the
related systems are still being merely accumulated. Never-
theless we may point out that the results of an X-ray diffrac-
tion study288, the dipole moments and NMR spectra316, and
photoelectron spectroscopic data317 have been described.
Oxidative183, imination318, and complex formation319 reactions
have been achieved.

(c) l-Phospha-2, 7, 8-triheterobicyclo[3. 2. l]octanes

The study of this series of compounds was begun with the
simplest phosphite and was later extended to complex phos-
phorylated hydrocarbons.

1, 2,4-Trihydroxybutane and its 2,2-dimethyl derivatives
are readily phosphorylated by phosphorus trichloride320, tri-
methyl phosphite320'321, or phosphorus hexaethyltriamide281*'320

with formation of l-phospha-2, 7,8-trioxabicyclo[3. 2.1]-
octanes, for example:

iHOCH2—C—CH2CH2OH

H

P(OM(

The structure and conformation of the phosphites have been
investigated by ^U NMR.18'322

In later studies it was shown that 1,2-alkylidenegluco-
furanoses, whose molecules incorporate a 1,2,4-triol frag-
ment are phosphorylated similarly to phosphorous triamides28
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323 and triphenyl phosphite324. The intramolecular trans
ester if ication

which takes place readily at 20 °C , constitutes a very novel
synthesis325. The structure of such compounds has been
demonstrated by X-ray diffraction326, *H NMR, and 13C NMR.
231*. An important outcome of this investigation was the
establishment of a significant decrease of the OPO valence
angles compared with the usual values.

Apart from the carbohydrate triols mentioned above, a
series of corresponding tetraols have been introduced into
the reaction with phosphorus hexaethyltriamide and it was
shown that, when the hexafuranose molecule contains
hydroxyls in the C(3), C(5), and C(6) positions with the
"glucose configuration", then these hydroxyls (and not the
fourth hydroxyl) actually react327. This can be illustrated
by the following synthesis:

HOCH

HO—h JO.
\ I

P(NEt.,),

The data presented permit the conclusion that the 1-phospha-
2, 7, 8-trioxabicyclo[3. 2. ljoctane system, adapted to the
structure of hexafluranoses, exhibits a special stability.

6-Alkyl(aryl)amino-6-deoxy-l, 2-isopropylidenegluco-
furanoses, 3-benzamido-3-deoxy-l, 2-isopropylidenegluco-
furanoses328, and the corresponding mercapto-derivatives329'
330 are phosphorylated analogous to the sugars mentioned
above. A series of 1, 2-isopropylideneglucofuranose deriva-
tives of bicyclicphosphoramidites and bicyclicphosphorothio-
ites were synthesised.

A more complex case of phosphorylation was noted in the
interaction of a hexaol (sorbitol) with phosphorus trichloride.
A bisbicyclicphosphite, whose molecules contain two 1-phos-
pha-2, 7, 8-trioxa[ 3. 2. ljoctane fragments, was isolated as one
of the products331:

•OH

—OH

—OH

+ 2 PCI,

A second method of synthesising bicyclicphosphites,
bicyclicphosphoramidites, and bicyclicphosphorothioites
derived from 1, 2-alkylideneglucofuranoses consists in
stereocontrolled condensations197'198'330:

CH,X —CH,

As regards chemical reactions, the l-phospha-2, 3, 7-tri-
oxabicyclo[3. 2. l]octanes considered are characterised by
important features determined by their molecular geometry,
namely by the decrease of the OPO valence angles contrary
to the usual behaviour. As a consequence of this decrease,
the amount of s character of the unshared electron pair of
the phosphorus atom greatly increases, which reduces in its
turn the basicity and nucleophilicity of this atom. The
foregoing has been confirmed experimentally by comparing
the Lewis basicities160 and by protonating in the gas and
liquid phases151*'156 various neutral phosphites. It is note-
worthy that l-phospha-2 , 3, 7-trioxabicyclo[ 3,2, ljoctanes
are not oxidised by powerful oxidants320 '323 '325, do not com-
bine with sulphur323, and undergo the Arbuzov alkylation
with much difficulty320'321*'325. On the other hand, they are
very readily halogenated by chlorine and bromine323. The
reaction proceeds via a stage involving the formation of an
adduct with a pentacovalent phosphorus atom323. The very
mild interaction with chloramines apparently proceeds in the
same manner320.

The bicyclic phosphites considered do not react with the
usual strong acids, but readily undergo ring opening on
treatment with hydrogen chloride and particularly hydrogen
bromide in a non-polar medium and also on treatment with
hydrogen peroxide197:

We may point out that other types of DHP are oxidised by
hydrogen peroxide without ring opening, i .e. we may note
instances of a significant influence of the geometry of the
phosphite on its reactivity.

1, 2-Alkylideneglucofuranose cyclicphosphoramidites and
cyclicphosphorothioites have been little investigated. It has
been shown that they readily undergo methanolysis with
formation of trimethyl phosphite and the corresponding sugar
328,329,330^ rp n e C h i o r i n a t i O n of phosphorothioites is of in ter -

es t 3 2 9 ' 3 3 0 .

(d) Other Condensed Polydiheterophosphorinanes

It was shown that the transition from l-phospha-2, 6, 7-tri-
oxabicyclof 2. 2. 2]octanes to l-phospha-2, 7,8-trioxabicyclo-
[3. 2. ljoctanes entails a decrease of the OPO valence angles
and hence a significant alteration of the chemical properties
of the substances. An even greater deformation of the
phosphite valence angle should occur in l-phospha-2, 6, 7-
trioxabicyclo[2. 2. ljheptanes. The simplest compound of this
series has been synthesised by phosphorylating glycerol with
triethyl phosphite332:

,—OH / Ov.

^ -OH+P(OEt ) .—

The structure of this substance has been recently confirmed
by electron diffraction and it was shown that the C—O and
P—O bonds in the bridged structure are longer than in the
phosphorinane structure333. From this follows the conclusion
that the bridge fragment is chemically more labile in reactions
involving the opening of the cyclic system. However, this
conclusion conflicts with data present in a communication331*
where the opposite opening of the bicyclic compound in the
reaction with phosphorus trichloride is reported.
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The OPO valence angles in the bicyclic glycerol phosphite
are contracted compared with the angles in the bicyclic
compounds examined above333. As a result of this, the
bicyclic glycerol phosphite is a very weak nucleophile278.

Unusual structural motifs may be manifested in the forma-
tion of condensed DHP whose molecules contain tervalent
nitrogen atoms. The linear secondary aminodiols335 and tri-
amines336 give rise to unusual bicyclic DHP on interaction
with phosphorus triamides:

HX- (CH2)3 - N H - (CH2)3 -XH + P (NMe2)3 -» |

Tris(l , 3-propylene)triamine is phosphorylated analogously'

HX—(CH2)3—NH—(CH2)3XH + P{NMe2)3

»H H ^ + P ( N M e 2 ) 3 - ^ / % / N \

This reaction has been extended also to cyclic triamides336'338.

0O0

Summarising, we may note two principal conclusions. The
first concerns the availability of the substances considered
and consists in the fact that at the present time simple meth-
ods have been proposed for the synthesis of various types
and classes of DHP. This has led to a significant expansion
of the synthetic and structural possibilities in the chemistry
of tervalent phosphorus and a firm base has been created for
the solution of problems of practical importance.

The second conclusion concerns the reactivity of DHP.
The high synthetic value of DHP has been demonstrated and
the fundamental differences between them and the corre-
sponding acyclic derivatives have been established. It is
known that dialkyl phosphorochloridites and phosphoramid-
ites, as well as compounds of a similar type tend to dispro-
portionate and satisfactory results have not therefore been
obtained in all the reactions. The above factor as well as
the unusual Conformational features of DHP facilitate more
promising quantitative studies of the reactivities of these
compounds compared with their acyclic analogues. DHP can
apparently be more correctly employed in the study of the
electronic effect of substituents linked to the tervalent
phosphorus atom and of other urgent problems of physical
organophosphorus chemistry.
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