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The review describes the reactions of fully esterified phosphorous acids, phosphoramidites, and the mixed anhydrides of
dialkylphosphorous and carboxylic acids with carbonyl compounds not containing halogens: unsaturated and saturated
aldehydes and ketones, a-diketones, and carbonyl compounds activated by ethoxycarbony!, phosphoryl, nitrile, or any
other electronegative group. The modes and mechanisms of these extremely varied and interesting reactions, which are
important for progress in the chemistry of organophosphorus compounds and theoretical organic chemistry, have been

examined.
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I. INTRODUCTION

One of the most important and interesting reactions in
the chemistry of organophosphorus compounds is the
Arbuzov reaction (A.E. Arbuzov) in which fully esterified
phosphorug(III) acids react with alkyl halides and other
halogen-containing organic compounds. However, in
recent years there has arisen another extremely interest-
ing and promising trend in the research on the chemistry
of organophosphorus compounds involving reactions of
fully esterified phosphorous acids, phosphoramidites, and
mixed anhydrides with various organic compounds not
containing halogen atoms. These reactions lead to the
formation of compounds with a tetra- or penta-coordinate
phogphorus atom. Reactions of this type proved to be
extremely varied owing to the fact that the phosphorus
atom exhibits biphilic properties under these conditions,
which allows both electrophilic and nucleophilic inter-
actions. Vigorous study of these reactions greatly
extended synthetic possibilities in organic chemistry, led
to the discovery of a number of extremely interesting
types of reactions of organophosphorus compounds, and
resulted in the introduction of many new features in the
investigation of their mechanisms. A particularly large
number of studies have been made on the reactions of
derivatives of phogphorus(Il) acids with various carbonyl
compounds, which are the most important and interesting
reactions of this type. Despite their specificity, in
many cases they may be regarded as varieties of the
Arbuzov reaction, proceeding via a general two-stage
mechanism in which the first or both phases of the
Arbuzov reaction take place. It is noteworthy that
individual reactions of carbonyl compounds, mainly with
phosphites, have been described in monographs dealing
with particular aspects of the chemistry of organophos-
phorus compounds published abroad in previous yearst?
and also in reviews and research reports in which the
results of the investigators' own work are discussed®™.
In the present review, the authors' aim was to examine
fully and systematically the reactions of derivatives of
phosphorus(IIl) acids with carbonyl compounds without
halogen atoms which have been described in the literature.
Reactions of this type with phosphorus(III) acid chlorides
were discussed in the review of Pudovik and Khairullin®.

II. REACTIONS OF DERIVATIVES OF PHOSPHORUS(II)
ACIDS WITH ALDEHYDES AND KETONES

1. Reactions with Saturated Aldehydes and Ketones

The reactions of phosphorus(II) acid esters with
aldehydes were investigated for the first time by Arbuzov
and Alimov, who established that pyrophosphites react
with aldehydes to form products containing tri- and tetra-
coordinate phosphorus atoms!®:
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At room temperature aliphatic aldehydes react
extremely slowly with trialkyl phosphites!!. As a result
of attack by the phosphorus atom on the carbon atom of
the carbonyl group, an unstable 1:1 adduct is formed,
further reaction of which with a second aldehyde molecule
leads to diastereoisomeric 1,2, 4-dioxaphospholans!!:
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In the presence of an excess of the aldehyde, a 3:1
adduct is formed, which is stabilised by conversion via
intramolecular dealkylation into the corresponding phos-
phonate*:

(ROBBCHR'OCHR'O" 4 R'CHO — (RO); PCHR'OCHR'OCHR'O" —
o -

i
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The reaction of trialkyl phosphites with‘allphhtic
aldehydes at an elevated temperature also takes place with
formation of products resulting from the addition of two
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and three aldehyde molecules and having a linear struc-
tureis,

The esters of diethylphosphinous and diethylphos-
phinothious acids react differently with acetaldehyde: the
products are a-hydroxyethyldiethylphosphine, and
diethylphosphine oxides and the diethylmercaptal or
diethylacetal of acetaldehyde!, According to the authors,
these reactions involve nucleophilic substitution with
formation of a cyclic transition complex:

HyCa—X

(CabeP T = [(CsHghPOCH=CH,| + CHXH,
OQ CH, .
\C

CHyCHO + 2CyHeXH —> CH,CHIXCyHy), + H,0,
(CaHg)PXR + H,0 —— (CyHg),POH + RXH, .
[o]
(C,H4),POH + CH,CHO === (c,H,),gCHCHs ;
H
where X = O or § and R = C,H, or CH = CH,.

In contrast to data published previously'4, Ramirez
showed that o- and p-nitrobenzaldehydes condense under
mild conditions with trialkyl phosphites to form 1, 3, 2~
dioxophospholans!. He postulates that the presence of
electronegative substituents in the aldehyde molecule may
be responsible for the direct attack of the phosphorus
atom on the oxygen atom of the carbonyl group, which
leads to the formation of an intermediate adduct with a
P — O —C linkage:

LN + o +NO,C4H,CHO
(RO),P + O=CHC¢H,NO, === (RO);POCHC4H,NO; ———n
O\?Hcsmwo,

7
—>(RO),P .
CHCgH(NOy

\O/
However, the possibility of the attack by the phosphorus
atom also on the carbon atom of the carbonyl group, by
analogy with unsubstituted aldehydes, resulting in the
formation of an intermediate adduct having a P — C bond,
which subsequently rearranges further to an adduct with a
P —0—C linkage, is not ruled out in these reactions.
This hypothesis is confirmed by the reaction of penta-
fluorobenzaldehyde with trialkyl phosphites which takes
place with formation of 1, 4, 2-dioxophospholans at a low
temperature and 1, 3, 2-dioxaphospholans at an elevated
temperature!®'7:
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On dissolution, 1,4, 2-dioxophospholan may be con-
verted into 1, 3, 2-dioxaphospholan. It is suggested that
this process involves the dissociation of the P — O and
C — O bonds in 1, 4, 2-dioxaphospholan with regeneration of
the aldehyde molecule and the formation of a 1:1 adduct
with a P — C — O linkage, which rearranges intoal:1
adduct with a P— O —C linkage; this adduct subsequently
reacts with an aldehyde molecule to form 1, 3, 2~dioxa-
phospholan.

Thus it proved possible to demonstrate for pentafluoro-
benzaldehyde the initial formation of an adduct with a
P —C — O linkage and its transformation into one with a
P—0-—C linkage. The mechanism proposed is probably
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general for reactions of tervalent phosphorus with acti~
vated carbonyl compounds. Possibly in these reactions
there is equilibrium between the initial reactants and the
adducts with P—C — O and P — O — C linkages!®:
»
(RO)P——0" = (ROIP + R'C=0 3= (RO)POTR'
=

tr

m-Nitrobenzaldehyde and aromatic aldehydes with
electropositive substituents are inert with respect to
trialkyl phosphites below 100°C.* At elevated tempera-
tures aromatic aldehydes react with trialkyl phosphites
via a mechanism involving the Arbuzov rearrangement
with formation of alkoxyalkylphosphonic acid esters!®:

iaHs + /‘ OlR (ﬁ

(RO)P + CH=O0 === (RO),P’ —»(RO),PCHOR
CHO™ oHs
Cably

These reactions are accompanied by the oxidation of
phosphites to phosphates?®. Reactions of aromatic alde-
hydes with alkyl trialkylsilyl phosphites take place simi-
larly®: '

.

0Si (CHy)s
(RO); POSi (CHy)s + CeH,CHO — CGHSCHl; (OR)a

The reactions of aldehydes with phosphoramidites are
extremely interesting and varied. Dialkyl NN-dialkyl-
phosphoramidites and phenylphosphonamidous acids®
react with aldehydes to form esters of a-aminoalkylphos-~
phonic acids *. Evdakov postulated that in these reactions
the phosphorus atom attacks the carbon atom of the car-
bonyl group, but subsequently Hudson and other investi-
gators showed that in most cases these reactions involve
the initial attack by the nucleophilic nitrogen atom on the
carbon atom of the carbonyl group. Dialkyl
N-phenylphosphoramidites react with aldehydes similarly.
The intermediates formed are dialkyl phosphites and
Schiff bages, the interaction of which leads to the final
reaction product?6~3s;

+
H
(RO),PNHCyH, + R'CHO == (ROWP—NCeH; —=

N

-0--CHR'

- H* ﬁ
—= (RO),P=20 + CuHN=CHR' —= (RO),PCHR'
NHC,H,

Earlier another reaction mechanism was suggested for
dialkyl N-phenylphosphoramidites?®,%°, Pudovik and
Batyeva showed that the reaction of N-diphenylphosphino-
benzenesulphonamide and benzaldehyde takes place
differently. In the benzenesulphonamide the nucleophilic
activity of the nitrogen atom is reduced owing to the elec-
tron-accepting group linked to it, as a result of which the
reaction takes place via the phosphorus atoms!:

. GH, CeHs
(CeHy)s PNHSO,CeH; -+ C¢H;CHO — (C.H.),%HO‘ = (CeHs)y IT&HOH
H—NSO,C,H; NSO,CeH; .

Phosphorous tris(dialkylamides) react with aliphatic,
aromatic, and heterocyclic aldehydes with formation of
various products. When there are electropositive sub-
stituents in the aldehyde, a 1:1 adduct having a dipolar
structure and a P—C bond is formed. The presence of
electronegative substituents promotes the interaction of
the 1:1 adduct with a second aldehyde molecule to form -
NNN-tris(dialkyl)phosphoramides and epoxy-compounds.
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It is suggested that the epoxy-compounds are formed via an
intermediate 1, 4, 2-dioxaphospholan®®:

R'CHO
ReN)gP + R'CHO == (R,N)PCHR'O™ o

. RER—
—= (R;N){PCHR'OCHR'0" === (R,N),,P\ —
o

~—= (R,N)yPO  + R'GH—CHR' .
&

According to Ramirez!®, the formation of an epoxide in
the reaction of phosphorous tris(dimethylamide) with
nitrobenzaldehyde takes place via intermediate 2:1 adducts
which have the structure of dipolar ions witha P=0~C
linkage.

When nitrobenzaldehyde reacts with cyclic phosphorous
triamides, stable spiro-1, 3, 2-dioxaphospholans are
formedte:

(i‘.H, No,coﬂ.gjnc.u.no,
N
HO + raf—
O,NQ_C f,<N:!~’ HyC] ‘N—CH,G .
(), L

Mixed anhydrides of phosphorous and carboxylic acids
readily react with aldehydes via a mechanism involving
the Arbuzov rearrangement with formation of acyl deriva-
tives of a-hydroxyalkylphosphonic acid esters®*-%, In
this case the attack by the negatively charged oxygen atom
in the intermediate dipolar ion is directed to the electro-
philic and sterically accessible carbon atom of the acetyl

group:
ol

(RO),POCOCH, + R'CHO— (Ro),ﬁ\
CHO™
r

—» (RO),PCHR'OCOCH,;

When phosphoramidoacetatidites react with aliphatic
aldehydes, the reaction takes place predominantly accord-
ing to mechanism A, while with benzaldehyde mechanism
B obtaing?®®:

RO RO, L. RO ||
(CsHy)s N—P + R'CHO — N>ﬁ durr 4., . N‘/\QCHR'
CH,C00” (CHy)g CH, (CeHe)s CgCOCH,
1B
P (ﬂ -
CH,CON (CHy), + —FICHR’O— .
. OR ~In

Diethyl phosphoroisocyanatidite reacts with benzalde-
hyde, p-chloro-, p-bromo-, and p-methoxy-benzalde-
hydes, and butyraldehyde to form cyclic esters of alkyl-
diethoxyphosphazocarbonic acid and polymeric 1:1
adducts; the cyclic bromobenzyldiethoxyphosphazocar-
bonic acid ester is converted on heating into a polymeric
adduct®:

N\

7/

(CH04PINSC=0]  (CaH,0),P=N
— Cc=0 .

(C;H30),PNCO + RCHO — {i
R-—~CHO~ RCHO
In many cases ketones react with trialkyl phosphites
somewhat differently than aldehydes. Thus the reactions
of tri-igsopropyl phosphite with benzophenone and
4, 4'-dichlorobenzophenone take place slowly on prolonged
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heating with formation of tri-isopropyl phosphate,
di-isopropyl diphenylmethylphosphonate, and propene®:
o

I
2 (CH;0)1 P +- (CiHy)y C=0 — (CyHy)a CHP (OCsH, 1)y - (1-CoH70), PO - CH,CH==CH, ,

Fluorenone reacts with trialkyl phosphites at room
temperature to form 1, 3, 2-dioxaphospholans. In a polar
solvent the phospholan may exist partly in an open-chain
dipolar form and may be converted into phosphate as a
result of dealkylation®®;

(RO)P + 2 O

In the reaction with tri-isopropyl phosphite, tri-iso-
propyl phosphate and phenanthrone were isolated®®, while
in the presence of an excess of phosphite the reaction
proceeds via a mechanism analogous to that described
above for benzophenone®. The reaction of fluorenone with
phosphorous tris(dialkylamide) results in the formation of
NNN-tris(dialkyl)phosphoramide and dibiphenylene-
ethylene, the latter probably resulting from the dimerisa-
tion of a carbenet?:

AN
Q | | P PIN(CHy),ls- > —

OPIN(CHy), s

O C
s+ [OIC) O

Cyclic phosphorous triamides form with fluorenone
spiro-1, 3, 2-dioxaphospholanst®,

The mode of reaction of trialkyl phosphites with tetra-
phenylcyclopentadienone depends on the conditions#:,#3: g
mixture of isomeric enol phosphates (A) and (B) is formed
in dichloromethane and in methanol the product is com-
pounds (C)%:

HyCy CgHy HsCyq gHy
+ (CH,0)4P —» o —_
HsCy CeHs HyCy CeHy
0—P(OCHy),

wiou

HyCy Hy  H,C CeH;  HiCy CgHy
oHy + CH, H
HyCy CH;  HsCy sHs  HyCq sH

(cuao),ﬁo P(OCHy), O‘E(OCH,), .
©)

N

CHyCly

=9
|

*) (B)

When tetracyclone reacts with trialkyl phosphites in
aqueous ethanol, a more complex mixture of products is
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formed, the main component of which is the phosphonate
(D). The proposed reaction mechanism includes the
formation of a carbene and an ylide as intermediates*?:

HgCq HyCy CeHy
—_ a — )U(‘ + (CyH;0),PO
H,Cq sHs HsCy +CeHy H,Cy

(0 ONB(0C,Hy),
' X"(OCQHQ)S

P(OC,Hy);s
HyCq CgH, , HiCe HyCyq CeHy
HsCg CsHy HCy A CgHy HyCq: sHsx .
H ﬁ(OC,Hsl, H<O7P(OC;Hy), *P(ocz Hy)
™ ©°
The reaction of derivatives of phosphorus(IIl) acids with
perfluoroketones takes place very readily. - Hexafluoro-
acetone reacts with trialkyl phosphites, phosphonites,
phosphinites**~4¢| NN-dialkylphosphoramidites*’, phos-
phorous tris(dialkylamides)*%;*®, and cyclic phosphorous
triamides?® at low temperatures with formation of 1, 3, 2-
dioxaphospholans:
/0 C(CF:),

\O/c(cra), .

At an elevated temperature perfluoroketones form with
trialkyl phosphites dialkyl phosphorofluoridites and enolic
ethers derived from ketones*s:

CF4COCF;

/) +
(RO)P:  O=C(CF;); == (RO);POC(CF;), (RO;

[o)

]
(CHO) P + C:FsﬁC-Fa - (CH;0); PF + GF;C=CFCF, .
o

A more complex mixture is formed at an elevated tem-
perature with phosphorous tris(dialkylamides)*s: the
main product is bis(dialkylamino)difluorophosphorane,
Trialkyl phosphites were found to react differently with
hexafluorothioacetones®:

(CF}aC=S + P (OR)s — (CF3)aC—S—P (OR)y — (RO PS + (CFyp C: —- 20

— (CFy)y C=P(OR)s ,

Reactions of trialkyl phosphites with @-hydroxyketones
and their derivatives have been described. Benzoin
reacts with triethyl phosphite at 180°C: the formation of
an intermediate dipolar ion, which is stabilised by con-
version into an enol phogphate with elimination of an
alcohol or is converted into 1,3, 2-dioxaphospholan, has
been suggested. 1,3,2-Dioxaphospholan decomposes
under the reaction conditions into triethyl phosphate and
deoxybenzoin®:

(GH,O)s P+ CiH,00CHGH; = [C.H.c—imﬂs] > CH,C=CHOH,
H B (OCyHy)s OP (0) (OG;Hy)s

CobeCH—CHEH; — (GH,0)y PO + CeHiCOCHCIH,

N/
(GH;0),P

An enol phosphate is formed in the reaction of benzoin
with triethyl phosphite in the presence of sodium’?. In
this case a somewhat different mechanism has been pro-
posed:

CeH;,C=0 + c,Hsop(oc?Hs),&HﬂL C,H(; — —_—
CgHyCHOH C¢H;CHOP(OC,Hy),

o
+
CaHSJ: —— P(OC,H),
—
,

CgH,CH-LO

i
c.uﬁop(oc,ns), .
CaHsCH
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Benzoin acetate also reacts with the phosphite to form
an enol phosphate®,

Depending on their structure, a-ketosulphides react
with triethyl phosphite in two ways®. If the alkyl(aryl)-
thio-group can be split off as an anion, the corresponding
enol phosphate and ethyl phenyl sulphide are formed:

o-
(CH;0)s P + GH,COCHR —— C.H.IC—-Q-IR — CH;C=CHRSC,H; —
SCHy  (GHsO)P* SCeH; OP (OC;H,),
— CeHC=CHR + CH,SGHy
OP (OG;Hs)y
$

In the case of benzyl ethyl sulphide, the ethylthio-
group is split off as an anion with greater difficulty and
the reaction proceeds preferentially with formation of a
vinyl ether or ketone derivativesss:

(C,HONWP + CGH,,COIHR —  CgHyl R —> C,H,?—-cHR +
CoHy (c,H,o),P SC,H,

.
+ CHySP(OC,Hy)y— CHySP(OC,Hy)y + C.H,?:CHR + c,H,icnkc,m .

The reactions of isocyanates with trialkyl phosphites
result in the formation of trialkyl phosphates and ison-
itriles*:

R—N=C=0+-P (OR); ~ RN=‘Ii’ (OR); — R—N = C+ (R0); PO
o
Dialkyl N-phenylphosphoramidites react with aromatic
isocyanates to form dialkyl NN'-diphenylamidinophos-
phonatess®. The reaction proceeds according to a mech-
anism involving the initial attack by the nitrogen atom on
the carbon atom of the carbonyl group:

H "
|
(RO),PNHCH; —» (RO),PENCH; —» (RO),P CNC5H5 —_
0=C=NR' “0—C=NR' 0‘—\—C—NR'
- CGH,N NR'

— (RO),P=0 + (’l.l —» CgHy NHEﬁ(OR),.
o]

When the reactions of aldehydes and ketones with
trialkyl phosphites are carried out in the presence of pro-
ton-donating agents, the intermediate dipolar ions are
stabilised by the addition of a proton; the subsequent
intramolecular dealkylation leads to the formation of a-
hydroxyalkylphosphonatessé:

o- oH OH
(CH,0), P + CICH,COCH, — CICHj o CICH,OCH, e cicHde, .
(CHy0)s P+ (CHO)P+ - 0:=P(OCH,),

Similar reactions probably occur also between triphenyl
phosphite and aldehydes and ketones in an aqueous med-
fum?s 57;
o
H,0 . HO- 1l
(CsH;O)s P + RCHO — = (C¢H;0)s PCHROH — " C¢H;OH -+ (C¢H,O)s PCHROH .

When carbonyl compounds react with trialkyl phosphites
in the presence of phosphorus trichloride or other acid
chlorides, the intermediate addition product reacts with
them to form tris-(a-dialkoxyphosphonoalkyl) phosphites:

RO
A, [ obub (oxz),]a +3RCl.

(ROy)s P -+ R'CHO = (RO), PCHR'G~
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Ivanov showed recently that trialkyl phosphites are
capable of condensing with formaldehyde and compounds
containing a mobile hydrogen atom in the methylene group,
forming the corresponding phosphonomethyl deriva-
tiveg® ™ol

o
(RO) P + CH,O + HCHXY — (RO), ba

Aliphatic and aromatic aldehydes and furfural undergo this
reaction. It is suggested that it proceeds according to
the following mechanism®®:

4CHXY +- ROH.,

(RO) P + R’CHO = (RO); BCHR'O~ —» [(RO)s PCHR'OH] —
o

1
—» [(RO)s PCHR'CHXY] OH~ — (RO), PCHR'CHXY + ROH ,

2. Reaction with @8-Unsaturated Aldehydes and Ketones

The reactions of phogphites and phogphoramidites with
apB-unsaturated aldehydes and ketones proved to be
extremely interesting; in many cases it was possible to
follow clearly the formation of intermediate dipolar ions
and to elucidate the effect of structural factors on their
stability. Extensive studies in this field have been
carried out by B. A. Arbuzov and coworkers. I a study
of the reaction of triethyl phosphite with the simplest
unsaturated aldehyde—acrolein—they showed that under
mild conditions the reaction leads to the formation of
2, 2, 2-trialkoxy- At-oxaphospholen®?-¢4¢, The earlier
hypothesis of the isomerisation of A*-phospholens to
esters of y-alkoxyalkenylphosphinic acids was not con-
firmed®s-¢7,

Pudovik and Batyeva showed that in reactions of ap-
unsaturated aldehydes with diphenylphosphinous anilide,
products with the phospholan structure are not formed.
The reactions probably take place with initial attack by
the nitrogen atom on the carbonyl carbon atom and leads
to the formation of a-arylamino-y-aryl(alkyl)allyl{diphe-
nyl)phosphine oxides®:

(CeHyPNHCGH, + CHFSCHCHO —> (CoHyhpP—ONCoHy  —
O—iHCl‘bCH,
[s]
— (c.ﬂ,),uzucu.—-cn, .
H=CH, HCoH,

The reaction of trialkyl phosphites with ethylidene-
acetylacetone and with ethylidene- and benzylidene-aceto-
acetic esters leads to very stable 1, 2-oxaphospholeng®8,®,
On hydrolysis, the phospholen rings (A) are opened and
the enols (B) are formed; on vacuum distillation, these
split off an alcohol molecule and are converted into cyclic
phosphonates (C)7%:

— (CgHshPOH + CeHyl

R o R COR" R COR”
Il N Ve
bctrr - ®7ONP =t o <Ji=é =
(g (!‘HR’ (6] /CHR’ HO &HR'
AN 0=b (OR")
(OR")s
A) ®
R COR® COR"

P,
R'”O/ \Q .
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Stable phospholens with a P — C bond in the ring were
also obtained by Ramirez in the reaction of 3-benzyl-
idenepentane-2, 4-dione with triethyl phosphite’, phenyl-
phosphonite, and diphenylphosphinite’®. The study of the
NMR spectra of solutions of the phospholens showed that
at 70°C they are in equilibrium with dipolar ions, while
at 125°C they have been fully converted into the dipolar
form. Stable dipolar ions are formed by the reaction of
3-benzylidenepentane-2, 4-dione with tertiary phos-

phines’s:
CeH,
Hac_ﬁ J:o 5

RO)sP
C=CHC Hy —-—> CHy

H,C—ﬁ/ H,C_j o/ (OR):
o e

[o}} '
\ 1
Hye—d \ HiC—C,  CeHy
—}ccnc,n, c HPOR) .
H,yC ’,' "’pR ,C—i

The products of the reaction of trialkyl phosphites,
phosphonites, and phosphinites with dibenzoylethylene
have the gtructure of alkylidenephosphoranes™-"" and not
At-oxaphospholens as suggested earlier’®?, The reac-
tion proceeds via the dipolar ion (A) which isomerises as
a result of proton migration to the more stable dipolar
ion (B):

e

+(RO)P [
) —COCyH;

c H5ﬁ @H
HGCgH,  20° CH,Cl |
g i i *P(OR),
oHy

—~ i Ce"a@
Ig_:‘{—coc.u‘, ‘?COC,H,

*P(OR), "P(OR),
(A)

oHs |Hs
H, — H,
.—.—.,xlc,ﬂ, COCqH;
(RO)P* (OR),

The reaction of dibenzoylethylene with a trialkyl phos-
phite in alcoholic solution and at an elevated temperature
yields a complex mixture of products containing a
trialkyl phosphate, 2,5-diphenylfuran, 1,2, 3,4-tetra~
benzoylbutane, and 1, 2-dibenzoylethane?,’®, The
products of the addition of trialkyl phosphites to 2-ben-
zylideneindan-1, 3-dione at a low temperature exist in the
form of dipolar ions, isomerising readily to esters of
the enolic form of 1, 3-dioxoindan-2-ylbenzylphosphonic
acid®®. At room temperatures the esters are formed
immediately®!,®2;

] !

/ /N
H‘C,\ C-—CHC,Hs + P(OR),—-—>H.C,\ i.H(;,Ha —
ﬁ ?.’ *P(OR),
= H,C
n\ / HCgHy
0=P(OR), ,

An analogous situatlon is observed also in the reaction
of trimethyl phosphite with 2-benzylidene~3(2H)-thia-
naphthenone-1,1-dioxide®®®. As a result of the increase
in the length of the conjugated chain and the equalisation



416

of electron density, even more stable dipolar ions are
formed in the reactions of trialkyl phosphites with ben-
zylidenebindone®?, 5-benzylidenebarbituric acid, and
5-benzylidene-1, 3-diphenylbarbituric acid®

N

H‘c‘ =< c/c=o 4 P{OCH,),—>
¥

HHC.H,

/é\ A B\ /c‘\

L
_>H,c,\ /g__\\c/g_—_-o —>H.C.\ c/ COCH,
!jl. (CH,O),I HCeHs
o

| The reactions of phosphorous tris(dimethylamide) with
2-benzylideneindandione, 1,3, 2-benzylidene-3(2H)-thia-
naphthenone-1,1-dioxide, benzylidenebindone, 5-ben-
izylidenebarbituric acid, and 5-benzylidene-1, 3~-diphenyl-
‘barbituric acid also yielded stable crystalline dipolar ions
‘with a P — C bond, the structure of which has been
{lemonstrated by infrared, ultraviolet, and NMR
spectroscopy and by dipole moment measurements®?,84,85,
Heterocyclic carbonyl compounds containing a
semicyclic double bond in the a~position relative to the
carbonyl group do not form dipolar ions or phospholens on
reaction with trialkyl phosphites. The reaction with
4-benzylidine-3-methyl-5-isoxazolone involves the
— N=C — C=C — system of conjugated bonds and leads to

phosphona}:es 6:

l
0 cHCHP(OCH);

CoHy
|
(CH;0)3 P 4 CHy,C——C=CHCH; — CH-—C==C—CH'11’ (OCHy)g

=0 CHs—N —0 .
o/ No”

In the reaction with 4-benzylidene-3-methyl-1-phenyl-
-p(razolone, trimethyl phosphite adds simultaneously to
the “C=C —C=N- and “C=C ~ C=0 bonds":
P S0
OGH; OCqH;

L, (CH.O).PAHC==CCH.+(CH,0).P<EH—C_C.Q{,

(
CHy—CH=C——C—CH,

O= 0=C N—CH, CHO—C N
SN N N

CI.H, J;H. AIHD
In the reaction with benzylidenerhodanine, the latter

was found to be N-alkylated, the dialkyl phosphite formed
in this process adding to the benzylidene double bond®:

OCH,
(RO)s P + CeH,CH=C——SCH,CH=C—$§ (RO),!I'»"AHCH—S
l - | |+(R0),PHO —H,
(W] 0=C C=$ O0=C C=$ 0= =S .
N/ NN NN
H R R

Trialkyl phosphites react with methyleneanthrone via
the conjugated system incorporating the methylene

group®®:
0 “J“m“L “\,J .

CH.P (OR)s
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Phthalic anhydride does not react with trialkyl phos~
phites at room temperature; after prolonged heating,
biphthalyl is formed®, The intermediate formation of a
carbene which subsequently isomerises to biphthalyl is
postulated. An alternative mechanism involves the
formation of an epoxide, which is reduced by phosphite
to an olefin®:

=C

ﬁ —OP(OR)3
0 + (RO)P —> 0 —_—

aC
4 E—/—of"(ok)3

1 7N\
) Q Q@
. ° o=
y o= o= .
# o o

Similarly, thiophthalic anhydride undergoes reductive
dimerisation by triethyl phosphite with formation of
trans -bithiophthalide?®. The reaction of thiophthalic
anhydride with phosphorous tris(diethylamide) takes place
via a different mechanism and leads to a mixture of
lactones and thiolactones®*. Dimethyl- and diphenyl-
maleic anhydrides react with triethyl phosphite to form
the corresponding bifurandiones??,

B. A. Arbuzov and coworkers showed that the conjuga-
ted system —N=N - C'J=0 may be also involved in the

formation of cyclic phosphoranes®s»%:

N==CCeH;
CHy—N=N—CCH + RO, P — I l
H;N
) Co WS
(OR)s

In the reaction of azodibenzoyl with trialkyl phosphites,
the intermediate dipolar ions decompose into a trialkyl
phosphate and diphenylfurodiazole owing to the difficulty
of the closure of a seven-membered phosphorane ring®,%:

7 Al
sCe—(l: Cg—ﬁsm CeHy ‘J) |C5H5 ']"‘_‘H + (RO),PO .
(- 0 HsCq—C CeHs
1P(OR), *P(OR),

According to the data of Gingburg and Yakubovich?®s,
the reaction of diethyl azodicarbonate with trimethyl and
triphenyl phosphites yields linear phosphates and cyclic
phosphoranes: their structure was recently confirmed by
infrared and NMR spectroscopy®:

CIHs
~ ROC=N-—NCOOR
117 (OCHy),

(CH,0),P

ROCN=NCOR——
I

{CHONP ROC—N—N.

Ketens readily enter into reactions with phosphites,
but the addition products are frequently unstable and
undergo further reactions. Dimethylketen forms with
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trimethyl phosphite a 2 :1 adduct with a cyclic phos-
phorane structure, which is converted at 60°C into a
dimer of dimethylketen and trimethyl phosphite®,%;

CH,CCH,
i
c C(CHy)x
d \p(om,), ot (OCHy)e
(CH;), C=C=0 -+ (CHC)s P — } - -1
0w & (CHy. 0=C—C~(CHy)e
I
— CHg—C—C=0 e
DEREC
(CHy)y C=C—0

The product of the reaction of trimethyl phosphite with
diphenylketen probably also has a phosphorane struc-
ture®-®8, Bis(trifluoromethyl)keten reacts with triethyl
phosphite to form tetrakis(trifluoromethyl)allene, triethyl
phosphate, and carbon monoxide®:

{CoaHOBP + (CFC=C=0 —> (CFa),CJ——(C[:C(CFa), —
0=Cgy 10

P(OC,Hy),

> (CF),C=C=C(CFy); + (C;H;0),PO + CO .,
Possibly the first stage in this reaction is the formation
of a B-lactone dimer, since this dimer yields the same
products on reaction with triethyl phosphite®:

(CFs)y (|:=C(CF3)5 + (CiHy0)3 P — (CFg)y C=C=C (CFy)s -+ (C;H;0)s PO + CO .«
0—C=0
Dimethylketen dimers form with trialkyl phosphites
1:1 adducts containing a tervalent phosphorus atom. The
reactions involve ring opening and migration of the alkoxy-
group'®:

CHy O
HsC | /7
(RO)P + | |~ crancooom
7 ° (CH,), C=COP (OR),
CH,CCH, 2= L .

Trialkylsilyl dialkyl phosphites react with ketens very
readily®:
O OSi (CHy)s
(CaHy0)sPOS1 (CHg)s -+ CHy=C=0 — (CHOMP—C—cH, .

The reactions of mixed anhydrides of dialkylphosphor-
ous and carboxylic acid anhydrides with keten and diphe-
nylketen result in the formation of @-acyloxyvinylphos-
phonic acid esters!o, 02;

(¢
—R
e/
(RO),Pocmz‘+R',‘c=c=o—>(R0),$< ) —
f i
~> (RO),PCOCOR' CR)

CR)

III. REACTIONS OF DERIVATIVES OF PHOSPHORUS(III)
ACIDS WITH ALDEHYDES AND KETONES ACTIVATED
BY ELECTRONEGATIVE GROUPS

1. Reaetions with @-Diketones
The reactions of trialkyl phosphites with a-dicarbonyl

compounds have been investigated by a number of workers
using diacetyl, the simplest a-diketone, as an
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example!®-1?, They take place very vigorously and
result in the formation of 1 :1-adducts for, which
Ramirez et al.1?” and Kukhtin et al.!® suggested and later
proved the structure of 1, 3, 2-dioxaphospholens:

CH,—/C:C—CH,
(RO)P 4 CHCOCOCH; » O O -
ANV
(OR)s

1, 3, 2-Dioxaphospholens are formed when trialkyl
phosphites react with benzil, phenanthrenequinone!®,!10,
pentane-2, 3-dione!%,197,!1 | dibenzoyl ketone!!?, phenyl-
glyoxal''2, 1, 2-naphthoquinone'®,*13  cyclohexane-1, 2~
dione!'4, methylphenylglyoxal*!s, and o-chloranil’®®, and
also when NN-dialkylphosphoramidites and phenyl- and
methyl-phosphinous amides react with diacetyl,!!8,
benzil*®»'7  and cyclohexane-1,2-dione'*®, Cyclic phos-
phites and phosphoramidites form with @-diketones stable
spirodioxaphospholengs,19-121,

The reactions of trialkyl phosphites with a-diketones
in proton-donating solvents lead to the corresponding
phosphates, which confirms the intermediate formation
of dipolar ions!?2:

CH; O
- |

(C:H;0)sP + CH,COCOCH, — cn,cotl‘op (OCHy)s ROH_, CH,coéHOP (OC,H;); + ROCH; .
CHy

In many cases it proved possible to demonstrate that
1, 3, 2-dioxaphospholens are in equilibrium with the
dipolar ions. Thus phosphorous tris(dialkylamides) form
with benzil a 1:1 adduct having the dioxaphospholen struc-
ture, which in solution is in equilibrium with the open-
chain dipolar form. These data were obtained from a
study of 3P NMR spectral20,12!,123,

CgHs
[(CHg), N3P+ CoHgCOCOCH, — C5H5C(—__—é =
e +
G OPIN(CH,),l,

== HCp—C==C—CH;
o] o]
PIN(CHg),lq

In benzene the main product is 1, 3, 2-dioxaphospholen
but in methylene chloride the equilibrium is displaced
towards the open-chain dipolar formS%,*2, The products
of the reaction of phosphorous tris(dialkylamide) with
dibenzoyl ketone!? and 9,10-phenanthrenequinone!® are
generated only in the dipolar form!#:

P

R—C{_
>+

- [COPIN(CHy)i;

R—CQ
o

[(CH),N};P + RCOCOCOR —>

In reactions of phosphorous tris(dialkylamides) with
polycarbonyl compounds, the cyclic phosphorane struc-
ture predominates over the dipolar structure on passing
from a-diketones to o-quinones and triketones. An
increase of the degree of delocalisation of the negative
charge at the carbon atom promotes the formation of the
open-chain dipolar formt2, The stability of the dioxa-
phospholen structure increases on passing from acyclic
phosphoramidites to five-membered cyclic phosphoramid-
ites!?s, In the reaction of trialkyl phosphites with
acenaphthenequinone!?s, igatin'#, and phthalalhyde'?, 1:1
adducts were not isolated, since at the dipolar ion stage



418

they react rapidly with a second molecule of the carbonyl
compound and form 1, 3, 2~dioxaphospholans:

ﬁ l 0 OHCC.H‘—?H-—CHC‘H.CHO
(RO)sP + 2 - o
\scHo N

‘ (OR)s

In the reaction with indantrione, 1, 3, 2-dioxaphospholans
are in equilibrium with dipolar ions!#:

C C\./\
/N /
rJ c =0 + (RO)P - @ = Ir =
\C ¢/ él)\

0 \p/
(OR)s

0 P(OR). 0
W L
\ /

|(l)

In the reactions of trialkyl phosphites with alloxan!3° and
tetrafluorocyclobutane-1, 2-dione*®, the intermediate
dipolar ions are stabilised as a resulf of dealkylation to
enol phosphates:

o
e ob (OCHy)e

(CHOP + [ [ l_ﬂ o,

Dialkyl phosphoracetatidites react with a-diketones
like trialkyl phosphites and phosphoramidites. The
intermediate products of the addition of diethyl phosphor-
acetatidite to diacetyl—1, 3, 2-dioxaphospholen with a
pentaco-ordinate phosphorus atom—was detected by 3P
NMR. !¢ However, the presence of the anionoid acetyl
group makes dioxaphospholens unstable and they react
further via the mechanism of the second stage of the
Arbuzov rearrangement with ring opening and the forma-
tion of an aa-endiol phosphate3é»3;

H,C CH, H,C CH,
Ne=c” e
CH;COCOCH; + (C;Hs0);POCOCH, — ({ N - . ?
o OP (0CHy)

\\ 7
(C,H,O),}QCOCH,

When phosphoramidoacetatidites react with a-diketones,
two competing processes occur; the process leading to
the retention of the dioxaphospholen ring predominates 8

OCOCH,
GH,0 GH,0_| ,0—&—CH,
\ \L/
(CsHj)eN—P-CH,COCOCH, — -
CH.<I:—0/ {CHy)N” NO—C—CH,
|

0
——CH OP
,CON (CHy)s + CaHy (O_CCH'

— (C'H‘)'N\poc —COCOCH,

CH,07 J: éH

9
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The reactions of trialkyl phosphites with p~quinones
are of considerable interest. p-Benzoquinone, 2,5-
dimethylbenzoquinone, duroquinone, 1,4-naphthoquinone,
anthraquinone, and 1, 8-dichloroanthraquinone react with
trialkyl phosphites via the 1, 6-conjugated system with
formation of p-alkoxyphenyl dialkyl phos~
phateg?,7,89,100,133-139 gnd not via a 1, 4-addition mechan~
ism as suggested previousgly'40,4:

ﬂ(om,

(RO)P +

The intermediate dipolar ions were not isolated owing
to their rapid conversion into phosphate esters. A
stable dipolar ion (A) with a P — O —C linkage is formed
when triphenylphosphine reacts with chloroanil and in the
reaction of triphenylphosphine with p-benzoquinone the
product is a dipolar ion (B) with a P — C bond!42,14s:

OP(CHa)s o
cl @ ) @ BcHos
a” ¥ Na

OH

(A) (B)

In the reaction of chloroanil with tri-isoalkyl phosphites,
the substitution of all the chlorine atoms by di-isoalkoxy-
phosphono-groups was observed'44,

A spectrophotometric kinetic study of the reactions of
trialkyl phosphites with benzil in anhydrous dioxan and
benzene showed that the reaction is of second order with an
activation energy of 8.41 kcal mole™ and an activation
entropy of —417.5 e.u.'*5. The rate of reaction increases
in the following series of trialkyl phosphites: (CH,0);P <
(s-CH,0),P < (C,H,O)P < (ig0-C,H,0),P, which agrees
with the increasing nucleophilicity of the phosphorus atom
in these compounds.

In the reaction involving tri-s-butyl phosphites, the
steric effect has a significant influence. The following
reaction mechanism was proposed on the basis of the
results:

CeHly Gotts
0)yPrg (=0 £y
(RO)P: —\/C S slow  (RO)y 0 H;Ce—C=
— =
HiCo—Co o CoH,C\ov CgHsC——P(OR);
Do -

2 %

CH eHs
Gots ¢

¢ _

- 4 Dtow
CeHs /P(OR);, - CGHSC\ / .
e — ¢

The nucleophilic attack by the phosphorus atom on the
carbonyl carbon atom determines the rate of reaction.
When an acid is added, the carbonyl group is activated by
the formation of a hydrogen bond and the rate increases:

LM L
\c=o + HAZZ \C=0~~~H-~-A ’
/ Ve

/\\v e _
(ROMP! + C==0- -k = (RO),P—?——O + HA
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When a base adds to the carbonyl carbon atom it reduces
its electrophilicity, which results in a lowering of the
rate of reaction:

: o+ o-
B+>c o = A

o+ ] &_76(-)
|

"(RO)P + B --

I

(R0)§/%#+E .

The low activation energy shows that the rate-deter-
mining stage does not require much energy and probably
does not involve the dissociation of the P — C bond. The
high negative activation entropy indicates a high degree
of orientation of the transition state. The relatively
slight dependence of the rate of reaction on solvent polar-
ity can be accounted for by the fact that the transition
state resembles an ion pair with a minimal charge separa-
tion owing to 2s — 3p bonding between the oxygen and
phosphorus atoms. The conversion of the ion with a
P — C bond into one with a P - O — C linkage takes place
as a three-centre rearrangement with nucleophilic attack
by the negatively charged oxygen on the phosphorus atom.
The rearrangement of the ion with intermediate formation
of a three-membered ring is less likely since the energy
barrier preventing the complete dissociation of the P—C
bond is higher.

However, there is as yet no unanimity concerning the
mechanism of the reactions of phosphites, phosphor-
amidites and mixed anhydrides with dicarbonyl compounds.
Together with the hypothesis of the initial attack by the
phosphorus atom on the carbonyl carbon atom with sub-
sequent isomerisation of the dipolar ion with a P—C
bond, developed in the work of Ogata and Yamashita!4s
discussed above and in the present authors' earlier
investigations!46,'4" it hag been suggested in the litera-
ture, mainly in the publications of Ramirez, that there is
a possibility of an initial attack by the phosphorus atom on
the oxygen atom with direct formationof a P—0—C
linkage. Such attack is most likely in the reactions of
phosphites with quinones and also in the reactions of phos-
phorous tris(dialkylamides) with a@-dicarbonyl compounds®.
The possibility of synchronous or almost synchronous
transfer of the lone electron pair of the phosphorus atom
to the conjugated system of the o-diketone with subsequent
incorporation of ¥ electrons in the phosphorus d orbitals
has also been suggested. Depending on the groups sur-
rounding the phosphorus atom, the latter can exhibit in
the initial reaction step both nucleophilic and electro-
philic properties'®. It is extremely probable that,
depending on the nature of the reactants and the conditions,
these reactions can involve different mechanisms.

1, 3, 2~-Dioxaphospholens formed from a-diketones and
phosphites are extremely reactive. They enter into
condensation reactions involving the carbonyl groups of
symmetrical'4-15¢ and agymmetric @-diketones!5!, mono-
aldehydes!s! ~153, phthalaldehyde and terephthalaldehyde!s,
monoketones!®s, apf-unsaturated aldehydes!s8,'57, phenyl
isocyanate!®®, p-quinones!®®, and keten!®® with formation
of 1,3, 2-dioxaphospholans. Cyclic and linear phosphoric
acid esters and also polyoxycarbonyl compounds were
obtained from the latter by hydrolysis and alcoholy-
gig!s2,1617163 The nucleophilic addition of 1,3, 2-dioxa-
phospholens to the carbonyl group of mono- and poly-
carbonyl compounds constitutes a new stereoselective
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method of formation of a carbon — carbon bond; it has
been called the oxyphosphorane condensation!56s57;

R'
) |

p___c R O—c,
0 . ﬁ_kn — ® O),P/ R \gt _+HI0
-2ROH
P(OR), o
o/ \R -aoN"’
RO / A\ 0\ A2 \Rn
— / > é/ Ro/ A\ / Rc—i-—-é—-n

i 8 du ([)P(ORJ,
0/ \? excess J/\R ’ 0
i ‘/”;:;g .
R R
pee

The 1, 3, 2-dioxaphospholen ring opens on interaction

with carboxylic acid chlorides, phosgene!®', bromine'®,
oxygen'”, and ozone'%5,'66;

R R , .

N/ R F R §

o o+ h__c, — 0=c-#—-c-—-o + RCl

\P({R)a 0 Oﬁ(OR),

On irradiation with light, 1,3, 2-dioxaphospholens
decompose into a trialkyl phosphite, an @-diketone, and
a trialkyl phosphate'®”. When acted upon by an excess of
a trialkyl phosphite at 215°C, they give rise to a trialkyl
phosphate and diaryl- or alkylaryl-acetylenes®®, In the
reactions with alcohols, there is partial exchange of sub-
stituents in the alkoxy-groups!®s,

Ramirez has made interesting studies on the structure
and stereochemistry of dioxaphospholengs5s8,

2. Reactions with Aldehydes and Ketones Activated by
Alkoxycarbonyl, Phosphoryl, and Nitrile Groups

Reactions of derivatives of phosphorus(Ill) acids with
carbonyl compounds in which the carbonyl group is acti-
vated by electron-accepting substituents are of consider-
able interest. The present authors' studies showed that
the reactions of trialkyl phosphites with pyruvate,
glyoxylate, and mesoxalate esters take place in two ways.
At a low temperature trialkyl phosphites react preferen-
tially with two molecules of the carbonyl compound
forming 1, 3, 2-dioxaphospholans; at an elevated
temperature, the corresponding a-substituted dialkyl
alkyl phosphates are formed together with the dioxaphos-
pholanslls 5147,160-171 4

R’ R’
R~ooc—/é_1:_coou~ o
(ROWP+ROCOCOOR —~ & 0 + (RO),PO‘iCOOR” ,
(OR)s

where R’ = H, CH;, or COOAlk, and R, R” = alkyl.
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In reactions of trialkyl phosphites with pyruvate’? and
mesoxalate esters®, Ramirez observed the formation of
dioxaphospholans alone. Knunyants and coworkers dem-
onstrated the formation of 1, 3, 2-dioxaphospholans in
reactions of phosphites with trifluoropyruvate esters!?s.
The reactions of trialkyl phosphites with the nitriles of
benzoylformic and p-nitro-, p-chloro-, and p-methyl-
benzoylformic acids!™ also give rise to 2:1 adducts with
the dioxaphospholan structure. The nitrile of p-anisoyl-
formic acid gives an unstable addition product, as a
result of which a trialkyl phosphate and aa-dicyano-pp’-
dimethoxystilbene were isolated from the reaction
mixture!™4:

2 (RO)P - 2p-CHyOCHCOCN — 2 (RO)PO + p-CH;0CHC=CCH,OCHp

We suggested*45,*4? that in reactions of trialkyl phos-
phites with a-ketoesters the rate-limiting process is
nucleophilic attack by the lone electron pair of the phos-
phorus on the carbon atom of the carbonyl group as the
most electrophilic ccntre in the molecule, which results
in the formation of a dipolar ion [reaction (A)] with a
P—C bond. Next there is a rapid intramolecular
rearrangement of the type of nucleophilic substitution at
the phosphonium centre with formation of a dipolar ion
having a P— 0O~ C linkage. This reaction resembles the
phosphonate — phosphate rearrangement (B) of a-hydroxy-
alkylphosphonate esters, which was investigated in detail
by the present authors for carbonyl compounds of the same
type; the decisive role of electron~accepting substituents
in this rearrangement has been demonstrated?5,.76:

i ™
{A) RCCOOR' + P(OR' I.T_"R(fVPKOR ")y R(OP((‘R )7 ,

COOR COoR'

Hr oo H*
||
(B) u—c-—g(ou“) — R— cou(op -—» R—CHOP(OR"),
/

COOR' COOR'

(,OOR
This mechanism has found definite confirmation in the
work of Ogata and Yamashita'4®, mentioned above, who
investigated the kinetics of the reactions of trialkyl phos-
phites with benzil. However, there is as yet no direct
proof for this mechanism, which does not allow a complete
elimination of the possibility that these reactions take
place also via the oxygen atom of the carbonyl group.
The resulting dipolar ion with a P — O — C linkage can be
stabilised further in two ways: (a) there is a possibility
of the conversion of this ion into the more stable enolate —
phosphonium system with a definite contribution by a
pentacovalent structure?:

RO

R._ O+
&/ NP (OR
N ( ")s }(OR).

R0/ c\o

R__,0
\(n:/ N R, |

<
RO/ No- R0 N0/

As a result of the attack by the carbon atom of the enolate
group on the carbonyl group of a second a-ketoester mole-
cule, a new dipolar ion is formed and stabilised by con-
version into 1, 3, 2-dioxaphospholan:

R'0OC  COOR' R!o?i COOR'

R
R—C. R —C—R
[ VAN

C=0 —>» O o ==
\p(on") \P(OR")

o. R
.
®"0),p7 N
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(b)-The dipolar ion can also be stabilised in a different
way—as a result of dealkylation in accordance with the
second stage of the Arbuzov rearrangement:

RO
Il

op(on"), R—C—P(OR"), .
O—R
R' O~—C—O R‘O-—

When reactions of trialkyl phosphites with pyruvate
esters are carried out in proton-donating solvents (acetic
acid, methanol), the dipolar ions are stabilised as a
result of protonation with subsequent dealkylation to the
corresponding phosphates; the formation of dioxaphos-
pholans is not observed??:

+r"on

4+ + |
(R"o),poicoo;z' = (R"O),PO? =COR ==

|F H ﬁ R
= (R"O/)350(2=COR' — (R"o),poéHCOOR'
R0} t

HO
| II

RCOCOOR' + (R"0),PHO —> RC—P(OR" )
coor’

The phosphates formed proved to be identical with those
obtained in the isomerisation of dialkyl a-alkoxycarbonyl-
a-hydroxyalkylphosphonates!’®. The tendency towards the
formation of phospholans in the reactions of phosphites
with carbonyl compounds depends on the structure of the
carbonyl compounds and diminishes in the series
RCO((:)OOR’ > HCOCOOR' > R’O0OC — CO — COOR'’ >»

l
RCOP(OR’),. The esters of a-ketophosphonic acids are
relatively unreactive in reactions with trialkyl phos -
phites—they do not form products of the phospholan type.
The esters of benzoylphosphonic acids react with trialkyl
phosphites after prolonged heating of the reaction mixture.
In contrast to earlier data!’®, the present authors showed
that the intermediate dipolar ions are stabilised as a
result of their intramolecular dealkylation and conversion
into dialkyl a-phenyl-a-dialkoxyphosphonoalkyl phos-
phates!®0;

0 0o 0o R’ l{:|>
I i |
CAHi0OP (OR)y + (ROP 2= Cotlsb—P (OR)s — CiH,ZH (OR)s —» GHE B (OR) .
+P (R, OB (OR")s P (OR')
(¢}

The reactions of phogphites with acetylphosphonic
ester takes place similarly's!, At a high temperature,
thermal cleavage of the acetylphosphonic ester and the
formation of diethyl @-(diethoxyphosphono)ethyl phosphate
predominate!®::

e o )
]
CH,COP (0GsHs)s == | CH,=C—P (Océﬁs)s =
1
22 (GH,O)PHO + [CH,=C=0] TEHCOROGH), _,
HO O o]
’é Il 1
— CH, [p (chHa)z]n hnd CHSC}‘P (OC:HI):
OP (0GH)
o]
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The mode of reaction depends also on the structure of
the phosphorus(IIl) derivative. Thus, on passing from
trialkyl phosphites to phosphoramidites and aminophos-
phines, the tendency towards the formation of dioxaphos-
pholans is reduced'®,'82, One of the causes responsible
for this decrease may be steric hindrance arising in the
trigonal-bipyramidal configuration and increasing when
the alkoxy-substituents at the phosphorus atom are
replaced by dialkylamino-substituents. This lowers the
stability of the phospholan structure relative to the open-
chain dipolar form. Accordingly, the product of the
addition of phosphorous tris(dialkylamide) to mesoxalate
ester exists in the form of a dipolar ion'? and not in the
form of phospholen as suggested previously!®:

[(CHg)NJP + CHsOOC—CO-—JCOOOCH, -
—.CHKOOCCO?;[N(CHS)JS - CH,,o—z,/
(|300CH3 \CO-I; [N (CHs)als
CH,0

In the reaction of phosphorous tris(dialkylamides) with
pyruvate and glyoxylate esters, only oxidation products
were isolated'®, The formation of 1, 3, 2-dioxaphos-
pholans was not observed also in the reactions of pyruvate
esters with dialkyl N-phenylphosphoramidites. In this
case the dipolar ions are stabilised as a result of the
migration of the anilino-proton to the carbanion with
formation of dialkyl a-alkoxycarbonylalkyl N-phenylphos-
phorimidites!®s:

1, HOLPNHCsH, + CHyCOCOOR 2 € Hy0)p——C—CHy—>
CeHgNH  COOR

COOR CH,
— (c,nao;,f)ogcn, —a {(,H,0L,POCHCOOR
A sHy NCgH,

The present authors showed that pyruvate esters react
vigorously with diethyl phosphoroisocyanatidite. In this
case the dipolar ion is stabilised as a result of the attack
by the carbanion on the electrophilic carbon atom of the
isocyanate group and leads to the closure of a five-mem-
bered ring. Subsequent dealkylation yields an addition
product—2-ethoxy-5-ethoxycarbonyl-3-ethyl-5-methyl-
2-0xa-2-phosphaoxazolidin-4-one'é:

.
(CyHs0)P—N=C=0 + CH,COCO0C,H; T2 (C,H;0);PaNCO—>
HyC—C—0"
COOC,H;

H
(CaH{0)P—Ri=c==0 ch&_QJ’—ﬁ N i’ )
i e —_— CHHSO/T’ \C=o —»QHSO/I \Cd) .

/
CCOOC,H, o——(l‘_—cooc,ﬁ,, —?—cooc,n,
H, CH, CHg

Mixed anhydrides of phosphorous and carboxylic acids
react with a-ketoesters in only one way with formation of
substituted dialkyl @ -acetylalkyl phosphates. In this
case the dipolar ion is stabilised as a result of the migra-
tion of the acetyl group to the carbanion'®:

9™ JococH,
> P(OC,H,), —=
coor’
(o\—@cna COCH,
——> REOP(OC,Hy, —= R'COP(OCHH,),
COOR' R'00C O

RCOCOOR' + (C,H30),POCOCH,—> R

421

The reactions of mixed anhydrides of diethylphosphorous
and carboxylic acids with a-ketophosphonates yielded
alkylbis({diethoxyphosphono)methyl acetates!® s 8s;

o]
(C,H;0),POCOCIH, + (CQHSO)QIIC!COCH;,——-
I
ﬁ (IT /c=o O CH,
~— (CyHg0),P—C [¢] —> [(C,Hs0),P1,COCOCH;

+
H,C P{OC,Hy),
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