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Compounds of Two-coordinated Phosphorus
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A systematic account is given of the available literature data on phosphorus(l11) compounds with multiple bonds. The methods
of synthesis, the physicochemical properties, and the chemical properties of phosphamethinecyanines, phosphorins, (phospha-
benzenes), 1,2,3-diazaphospholes (phosphadiazoles), and other compounds of two-coordinated compounds are considered.
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I. INTRODUCTION

Compounds containing two-coordinated phosphorus
were virtually unknown until 1964. It was believed that
structures with multiple bonds involving a tervalent phos-
phorus atom are unstable. The diatomic molecules with
one-coordinated phosphorus described previously, namely
P,, PN, and PO, were detected only by spectroscopic
methods at high temperatures -3, Methinophosphide
(phospha-acetylene, carbophosphil) HC=P could be iso-
lated in the form of a white solid stable at the temperature
of liquid nitrogen, but polymerising above —120°C, ¢-¢
Apart from methinophosphide, its halogeno-, amino-, and
hydroxy-derivatives were described’. The author demon-
strated the monomeric nature of these derivatives by the
fact that the phosphorus signals in the 3!P NMR spectra
consist of narrow singlets. Evidence confirming the
molecular weight adopted is not quoted in the relevant
paper.

Kirby and Warren® compared phosphorus with carbon
and nitrogen and adduced a number of causes which explain
the greater difficulty of the formation of multiple bonds
involving phosphorus(IlI). The conditions for sufficient
overlapping of the orbitals and the formation of 7-bonds
are apparently more favourable for the 2p orbitals of the
atoms of Second Period elements, separated by 2 py-bonds,
than for the more diffuse 3p orbitals of the atoms sepa-
rated by the longer 3py-bonds. Furthermore the repulsion
of the filled inner electron shells of the atoms of the
Third Period elements constitute an additional obstacle,
hindering the decrease of the bond length required for the
formation of strong f4-bonds®., Hudson!® and Mulliken !!
suggest that the relative instability of the m-bonds involv-
ing Third Period elements is also caused by the greater
energy of their o-bonds, in particular by the contribution
of the do-orbitals.

Nevertheless, a number of acyclic and cyclic com-
pounds containing two-coordinated phosphorus in CPC
(phosphamethinecyanines and phosphorins), CPN (diaza-
phospholes), and NPN [bis(trimethylsilyl)aminotrimethyl-
silyliminophosphine and triazaphospholes)] fragments have
been synthesised recently.
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II. ACYCLIC COMPOUNDS

1. PHOSPHAMETHINECYANINES

The first compounds of two-coordinated phosphorus-
phosphamethinecyanines —were obtained from N-alkylated
benzothiazolyl fluoroborates and tris(hydroxymethyl)phos -
phine in the presence of ethyldi-isopropylamine in
dimethylfor mamide 2:
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Symmetrical and asymmetric phosphamethinecyanines
were synthesised analogously from benzothiazolium and
quinolinium fluoroborates and perchlorates 12714, Instead
of tris(hydroxymethyl)phosphine, tris(trimethylsilyl)-
phosphine may be used to obtain phosphamethinecyanines.!s
The stability of structures with two-coordinated phosphorus
is apparently due to the involvement of the phosphorus
atom in conjugation. An X-ray diffraction study of the
structure of bis-( N-ethyl-2-benzothiazolyl)phospha-
methinecyanine showed that the planes of both benzothiazole
rings are in the cis-positions relative to the phosphorus
atom and are rotated relative to one another only by 6°.
The C-P-C angle is 104.6°. Both C-P bonds have the
same length, amounting to 1.76 A, i.e. they are longer
than the P=C bonds in phosphinylides (1.65-1.68 A) and
shorter than the P—-C bonds in triphenylphosphine (1.83 4).!3
The replacement of benzothiazole by quinoline in phos-
phamethinecyanines leads to an appreciable change of
molecular geometry, as was to be expected from steric
considerations [the close proximity of the hydrogen atoms
attached to C(,) ¢
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Thus the planes of the quinoline rings A and B are inclined
at angles of 40° and 24° relative to the C~P bonds of the
cyanine plane. As a result of this, conjugation in the
cyanine cation is hindered, which leads to some increase
in the length of the C-P bonds to 1.81 and 1.77 A, The
C-P-C angle in bis-(1-ethyl- 2—qu1nohny1) phospha-
methinecyanine is 100.4°

The chemical shift of phosphorus in the 3P NMR
spectra is —24.9 p.p.m. for bis-(N-ethylbenzothiazolyl)-
phosphamethinecyanine and —-48.8 p.p.m. for the bis-
quinolinyl derivative (relative to 85% H,PO,).

The electronic spectra of phosphamethinecyanines
resemble those of monomethine- and monoazamethine-
cyanines, the position of A, corresponding to the lower
electronegativity of phosphorus compared with carbon and
nitrogen 13,14,

The majority of reactions of two-coordinated phosphorus
are associated with oxidations involving the phosphorus
atom. Phosphamethinecyanines are decomposed by
oxidising agents. When treated with 309 hydrogen peroxide
in an alkaline solution, the salts of bis-(N-alkyl-2-benzo-
thiazolyl)- and bis-( N-alkyl-2-quinolinyl)-2-phospha-
methinecyanines are smoothly oxidised to 2-benzothiazolone
and 2-quinolone derivatives and phosphates. A large
number of unidentified radicals are formed at inter-
mediate stages'®
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Like methinecyanines, phosphamethinecyanines are
protonated by strong acids with formation of colourless
dications, which can be reconverted into phosphamethine -
cyanines by treatment with weak bases!?. When benz-
imidazolylphosphamethinecyanine was treated with silver
tetrafluoroborate in methanol, colourless crystalline silver
complexes, decomposed by an excess of methanol, were
isolated. Mercury chloride forms similar complexes with
phosphamethinecyanines. Water decomposes phospha-
methinecyanines 7
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2. BIS(TRIMETHYLSILYL)AMINOTRIMETHYLSILYLIMINO-
PHOSPHINE

Compounds of two-coordinated phosphorus(III) with a
phosphorus —nitrogen multiple bond were unknown until
1972, The reasons for the difficulty of the formation of
pn—py bonds involving phosphorus(IIl) were noted above.
One need only point out that, whereas the difference
between the energies of the o~ and m-bonds for the phos-
phorus—~carbon linkage amounts to 18 kcal mole-!, the
difference for the P-N linkage is 23 kcal mole~!,
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The synthesis of a dialkylaminophosphonium cation, in
which phosphorus(III) is linked to two nitrogen atoms, was
briefly reported ® in 1972:

. CH—CH, -+
| | -

l CHy;—N N*CHg] [ByFs)™ or  [PFg|
Np/

A downfield shift of the 3P signal, which is unusual
for organophosphorus compounds was noted in the 3P NMR
spectrum of this cation: Oaip = -274 p.p.m. (in toluene)

and —264 p.p.m. (in 1,2-dichloroethane). The magnitude
of this shift constituted the only argument justifying the
structure adopted.

The first compound with a ~P=N group, whose struc-
ture was demonstrated rigorously —bis(trimethylsilyl)-
aminotrimethylsilyliminophosphine (I)—-was obtained by
two similar methods 19,20:

[{CHo)sSi].N—PF, -+ LiN [Si (CHylgla — [(CHy)sSi],N—P=NSi (CH), -+ LiF + (CHSIF
(n

PX5 4 LiN [Si (CHylgl, ——— = {[(CHy),Sil:N1PX —

— [(CHy)sSil;N—P=NSi (CHy)y |
X=Cl, or Br,

Compound (I) is a yellow-green liquid sensitive to hydrol-
ysis, which is fairly stable in a pure form at temperatures
below 0°C and in the absence of light. The composition and
structure of the aminoiminophosphine (I) were demon-
strated by elemental analysis, mass-spectrometry, and
infrared and NMR spectroscopy. The chemical shift of
phosphorus is —-325.5 p.p.m. This range of chemical
shifts had not been reached by any of the phosphorus
compounds known hitherto.

The phosphorus atom in bis(trimethylsilyl)amino-
trimethylsilyliminophosphine is highly electrophilic, which
is manifested in a number of exothermic 1,1-addition
reactions 19:

a
ccl, |
e [(CH,),SiN D NS (CH),
|
ciy
n—
OR
|
mor— (CHIRSIN—-NSi (C11),
(H, D)

The interaction of bis(trimethylsilyl)aminotrimethyl-
silyliminophosphine with trimethylsilyl azide leads to
phosphine di-imide(II), the first representative of com-
pounds with a three-coordinated phosphorus(V) atom?2!:

2(CH,)5SiNy . . ——
() — R ((CHylsSiJaNP [NSi (CHy)ge (CHy)oSiNg =
A/~(CHa)SiNy NSi (CHy)s
T |(CH)sSi,N—P
CHL)aSIN,
HCHL)oSE NS (CHy)s

n

III. FIVE-MEMBERED HETEROCYCLES

1. DIAZAPHOSPHOLES

The first derivatives of 1,2,3-diazaphospholes were
synthesised by the reaction of acetone arylhydrazones with
phosphorus trichloride 22;

CH, ATN—N
ANH-N=C  4£PCl, D= b cH,
\CH, N
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The excess initial phenylhydrazone or triethylamine
serves as the hydrogen chloride acceptor. The phenyl-
hydrazones of alkyl methyl ketones and acetaldehyde,
B-cyanoethyl-, benzoyl-, and butoxycarbonyl-hydrazones
of acetone, and B-cyanoethylhydrazones of acetophenone
and p-bromoacetophenone react similarly with phosphorus
trichloride 22-28,

The reaction of phosphorus trichloride with acetone
acetylhydrazone under the same conditions leads to
2-acetyl-3-chloro-5-methyl-1,2 3-diazaphospholine, which
is converted into 1,2,3-diazaphosphole by additional
treatment with triethylamine 24,2629;

CH, CH,CO—N—N CH;CON—N
CHCONH-N=C POl i~ b Gow, ~wer™ P Cocn,
CH, N/ N/
CH, CH

The formation of 3-chlorodiazaphospholines was also
observed when the phenylhydrazones of 2-acetyl-2-but-4-
enolides reacted with phosphorus trichloride *

CHy— == —C—CH;,
I FCls

R l N—NH
R N0 No Ph
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A new method of synthesis of diazophospholes from
azo-compounds and phosphorus trichloride was published
in 1874. The reaction mechanism involves the isomerisa-
tion of the azo-compound to hydrazones 33;

BuN=NBu — BuNHN=CHCHEt —2* - BuN.-N=CHCHR — R-N-N
| I

p P CH
c’Nai e

|
Et

SN N L TN\ N—<_> pCl,

TN AT S
- N—N-N= o NN
OANNAL D= l
P Lo
ca/Nal p—

It is interesting to note that, having replaced phos-
phorus trichloride by arsenic trichloride in the reaction
with hydrazones, Mirkl obtained a series of arsadi-
azoles 32,3,

(a) Physicochemical Properties

An X -ray diffraction study of 2-(8-cyanoethyl)-5-phenyl-
diazaphosphole 3¢
CNCH,CH,—N—N
b e
N/
CH
showed that the five-membered heterocycle and the benzene
ring are planar (the maximum deviation of the atoms from
their average planes does not exceed 0.01 A), the mutual
rotation of the planes of the rings is by an angle of only
16.1°, and the Cy —Cqs) bond is coplanar with the planes
of both rings, so that the conjugation between the two
fragments is unaffected. The P-N and P=C bond lengths
are respectively 1.676 and 1.702 A, i.e. corespond to
partial double bond character. The C=N bond length
(1.34 A) is comparable to the value (1.32 A) found for the
diazomethane molecule and the N-N bond length (1.34 A)
although appreciably smaller than the value correspondmg
to a single bond, is nevertheless characteristic of the
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bonds between nitrogen atoms of the type =N-N=, Finally,
Cq) —Crpy (with a length of 1.41 A) is a typical linkage with
a bond order of 1.5. The observed distribution of bond
lengths in the diazaphosphole ring corresponds to partial
delocalisation of electrons with structure a predominating

to some extent:
+ -

~N—N —N—N
[ - 0
P C—- < P C—
\/ \/
CH CH
(@ b

X-Ray diffraction analysis confirmed that 2-(3-cyano-
ethyl)-5-phenyldiazaphosphole is not dimeric, since the
atoms of the closest molecules in the unit cell are
separated by a distance greater than the van der Waals
radius. The results of the X-ray diffraction study of
2-(B-cyanoethyl)-5-phenyldiazaphosphole are consistent
with earlier electron-diffraction data ?3,*® for 2-acetyl-
5-methyldiazaphosphole and 5-methyl-2-phenyldiazaphos-
phole,

The ultraviolet spectra of diazaphosphole are similar
to those of the corresponding triazoles, There is a
bathochromic shift due to the lower electronegativity of
phosphorus compared with nitrogen. The wavenumber of
the most intense band (1295 cm-!) in the infrared spectra
of diazaphospholes was assigned to the pulsating (puckering ?)
vibration of the ring. The lower value of this wavenumber
compared with those of the pulsating vibrations of pyra-
zoles, triazoles, and oxadiazoles can be explained by the
greater mass of the phosphorus atom in the ring 22,

The chemical shift of phosphorus, determined by the
method of double phosphorus—proton resonance, is
=225 p.p.m. for 2-phenyldiazaphosphole and
—-238 p.p.m. for 2-acetyldiazaphosphole.

(b) Chemical Properties

A wide variety of compounds with an active hydrogen
atom readily add to the multiple bonds of diazaphospholes,
which has been investigated in greater detail for 2-acetyl-
4-methyldiazaphosphole. The latter reacts readily with
alcohols, amines, phenols, mercaptans, nitrogen-contain-
ing heterocycles, and hydrogen halides ?8:

AN—N AcN--N
L [
p c—cH, TX = xp c-cn,
N ¢
ch cf,

R\
X=RO, RS, or N, Cl, Br.
R

When alcohols and hydrogen chloride add to 2-phenyldi-
azaphosphole and when alcohols add to 2-(8-cyanoethyl)-
diazaphosphole and diazaphospholes unsubstituted in the
2-position, the products are diazaphospholines, which are
thermally unstable and are readily reconverted into the
initial compounds 3:

RN—N RN—N
|l 1T — [

p C—cH, TRE Zp_p ccn
N %
o ¢h,

R=Ph, CNCH,CH,, or H; R’=RO,or Cl.

On treatment with an excess of alcohol or alkali, diaza-
phospholes decompose to hydrazones and phosphites.
Bromine also adds to the C=P bond of 2-phenyldiaza-
phosphole, giving rise to the unstable 3,4-dibromo-
5-methyl-2-phenyldiazaphosphole, the formation of which
was confirmed by the PMR method. On treatment of the
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reaction mixture containing the above compound with
triethylamine (TEA), 4-bromo-5-methyl-2-phenyldiaza-
phosphole was obtained 3:

PhN—N PhN—N PhI\‘J—N
Lol Lol TEA I
p C—cH, TB2~ pp C—CH, —Es-— P C—CH,
¥4 % N/
fi R <|:
Br Br °

The reaction of 2-acetyl-5-methyldiazaphosphole with
phenylhydrazine leads to pf-acetylphenylhydrazine and a

diazaphosphole unsubstituted in the 2-position: 5-methyl-
diazaphosphole(III):
CH,CON—N HN—N
b & _cp, -+ PANH—NH, — CH,CONH—NHPh - b & cn,
A\ N/
CH CH

(11D

The structure of compound (III) was demonstrated by
infrared spectroscopy, NMR, and mass spectrometry *.

2. TRIAZAPHOSPHOLES

Triazaphospholes were synthesised from O-methyl
iminobenzoate, phosphorodichloridite, and methylhydra-
zine %

ROPCI, + Ph—C=NH — Ph—C=N—P—OR

-HCI | | 3
OCH; CI

OCH,4
Ph—C=N Ph—C=N
P I
———HN N—CH, —s57— N N—CH,
N/ 3 -ROH N 3,
B
Ph—-C=N—P—OR -+ CHNH—NH, g OR a
|
OcH, ¢l Ph—C—N-CH, Ph—C—N—CH,
! I
—— N RO~ N
% " \/
P P
|
OR b

Structure a and b were attributed on the basis of NMR
spectra to the isomeric substances obtained, the ratio of
the isomers being 6 :1. The chemical shifts of the
triazaphospholes are -256.1 and —261 p.p.m. respectively.

One of the isomeric triazaphospholes (isomer a) is
involved in the 3,4-addition reaction with certain alcohols
and amines:

Ph—C—N Ph—C—NH
4 L +ROH(or RNH) ~ I ober (NRy)
N N/

|
by, &,

The occurrence of this reaction was inferred 3® from the
change in the signals in the 3!P NMR spectra. When an
attempt is made to vacuum-distill them, the addition
products are reconverted into the initial triazaphosphole.

The reaction of triazaphospholes with catechol and
pinacone leads to spirophosphoranes:

Ph—C—NH H,
N,/ ?
/1'>\ CH;~—CH; .
—N" § 0——CH,
H3
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The reaction with ethylene glycol results in the forma-
tion of an equilibrium mixture %:

H H
Ph—(“‘——N\p _Hoan, ph—leN\p/ o—cIH., ~ Ph—’C—N\P /o—jﬂ.
Nen/ ~ HO—CH, N—N/ HO—CH, N—I‘\l/ I|{\0— H,
Iy, b, cH,

IV, SIX-MEMBERED HETEROCYCLES

1. PHOSPHORINS

(a) Methods of Preparation

The majority of phosphorin derivatives have been
obtained by the reaction of pyrylium salts with phosphines.
The general methods for the synthesis of phosphorins also
includes the thermolysis of 1-substituted dihydrophos-
phorins and 1,1-disubstituted phosphorins, the rearrange-
ment of methylenephosphacyclohexadienes, and the reaction
of 1,1-dibutyl-1,4-dihydrostannanes with phosphorus tri-
bromide.

Phosphorin derivatives with a phosphorus(V) atom have
been synthesised by Mirk13»% from cyclic phosphonium
salts and by Price * from pyrylium fluoroborates by reac-
tion with phenylphosphine:

N\

VAYY AN
4N

Using tris(hydroxymethyl)phosphine instead of phenyl-
phosphine in the reaction with pyrylium fluoroborate and
pyridine as the base and solvent, Mirkl synthesised
2,4,6-triphenylphosphorin:

P Ph
|
/\ C,H,N /\
J + PICH;OH)s o~ I ) + 3CH,0 + H,0
ph’ N0” \ph ph \p7 Npp
9
cio;”

2,4,6-Triphenylphosphorin is a pale-yellow crystalline
substance with a melting point of 172-173° which is
readily soluble in organic solvents “°>4!, Tolmachev and
Kozlov # obtained by the same procedure, involving the
reaction of 2,4,6-triarylpyrylium perchlorate with tris-
(hydroxymethyl)phosphine, and almost simultaneously with
Mirkl, a series of arylphosphorins. 4-Indolyl- and
4-pyrrolylpyrylium salts react similarly with tris(hy-
droxy methyl)phosphine 42,4,

The first phosphorin derivative containing only
aliphatic substituents was obtained from 2,4,6-tri-t-butyl-
pyrylium tetrafluoroborate and tris(hydroxymethyl)phos-
phine ¥. The reaction of tris(hydroxymethyl)phosphine
with 1,5-diphenylpenta-1,4-diyn-3-ol gave a phosphorin
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dimer, which can be cleaved to the monomeric phosphorin
by thermal and photochemical reactions %:

R
|
R
R OH ] | _Ph I
Ph—C = G -C=Cpy _ PCHOM:__ pp/’ ‘P\/ AN . ‘ N
NN e A
pv’ k ”
\I/
R

Mirkl et al. »® suggested that tris(trimethylsilyl)phos-
phine be used to obtain phosphorin derivatives instead of
tris(hydroxymethyl)phosphine. In this case there is no
need for solvents with basic properties and the yield of
substituted phosphorins increases:

RS — R® —

Rd\/l\\/Rz R‘\/l\ /Rz
( + P[Si(CHgls — l l’—R‘

R/ N0/ Ry Rs N0 \
+
P [Si (CHaglz _|

1~ .
av)

+ 1Si (CHy)s

-+ (CHp),SIOSi (CHy),

RS/ \p/\Rl
Ri=R®=Ph, p-CHCGH,, p-CHOCOy; R:=R*=HPh; R%=Ph, or p- CHOCH, .
However, when tris(trimethylsilyl)phosphine is used to
synthesise phosphorin derivatives, the second reactants
can be only pyrylium iodides. The fluoroborates and
perchlorates are unsuitable in view of the weak nucleo-
philic properties of the anions. The intermediate com-
pound (IV) was not isolated, since spontaneous elimination
of hexamethyldisiloxane leads to ring closure with forma-
tion of a substituted phosphorin.

Together with tris(hydroxymethyl)- and tris(trimethyl-
silyl)-phosphines, unsubstituted phosphine can also be
used to synthesise substituted phosphorins.
phosphorins, the synthesis of which is hindered by steric
factors, have been obtained with the aid of unsubstituted
phosphine. The greater the difference between the
dimensions of the substituents in the pyrylium salt and of
the phosphine molecule, the easier the nucleophilic attack
by phosphine on the carbon atom in the 2-position of the
pyrylium salt. Subsequently the reaction leads to the
formation of a substituted phosphorin:

R R’ R? R?

: | )
AN / AN
() ome (e = (e = [

R N0/ NPR, R N0 PR, R NP1

wt” N0 \R1
@
R=CH,OH, Si (CHg)y, or' H; R',R?, R%=CHj,, or Ph.

The use of unsubstituted phosphine, whose molecule is
much smaller than those of tris(hydroxymethyl)- and
tris(trimethylsilyl)-phosphines, extended the scope of the
method for the synthesis of phosphorin derivatives. The
reaction with unsubstituted phosphine is carried out
under the conditions of acid catalysis at 120~-130°C. %

The method of synthesis of phosphorin derivatives by
the reaction of pyrylium salts with phosphines is unsuitable
for salts without a substituent in the 4-position. In this

2,4,6-Trialkyl-
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case the C(,) atom is involved in the reaction and
2,2, 6,6'-tetraphenyldipyrylene (V) is formed 48,4

=
. Ph,_ O Ph NGNS Ph. Py Ph
\ PR,
S O TG
ph’ Mo \pp i l h \l/
* 7 j AN N
X | ] ] |
P’ 07 \ph P’ No” Nph P N\p7 NPy
v X*_ (vin

(VD)
R=CH,OH, Si(CHg)s, or H.

On reaction with tris(hydroxymethyl)phosphine, tris-
(trimethylsilyl)phosphine, and unsubstituted phosphme
the bispyrylium salt (VI) is reduced to the dipyrylene (V)
and does not give rise to the diphosphapyrylene (VII). On
the other hand, the pyrylium salt (VII) reacts under
analogous conditions to for m the phosphorinderivatives (IX)
in a low yield (up to 159%):

Ph ph Ph Ph
N . N 7
X .g \\_/=\—</ \6 X PR, /*\/ﬁ/_,\—/ \P
N NNy N N—T N/

P b 4 B

(VIII) (1X) .

The authors *% attribute this finding to the difference
between the redox potentials of compounds (VI) and (VIII).
Thermolysis of 1-substituted dihydro-
phosphorins and 1,1-disubstituted phos-
phorins. Markl et al. #° proposed the following cycle
of reactions for the synthesis of diphosphapyrylene (VII),
which, as stated above, cannot be obtained by the reaction
of a pyrylium salt with phosphines:

ap /CHOH  (pycu=ch),c=0 ){E\/L
_
\CH,0H Ph Ph

R= CH3 Ph or Bz

s@o2 P(oc,Hs);, = ms
C,HSOH
Ph L \
Q Bz

Pb h

Cl — Cl
—> Cl—\P - £ —Cl % Bz—]
BY ) = \Bz
Ph Ph Ph on
N\ 7/ \_7¢
h Ph

The thermolysis of 1,1’-dibenzyl-1,1'-diphospha-
4,4’-pyrylene (X) is the first example of the synthesis of
phosphorins with a two-coordinated phosphorus atom
from 1-substituted dihydrophosphorins %, The reaction is
general, which Mirkl and coworkers showed in relation
to the thermolysis of a series of 1-substituted 1,4- and
1,2-dihydrophosphorins:

/H

/\| X /\T
AN
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This procedure made it possible to synthesise a wide
variety of substituted phosphorins, many of which had
been unknown previously 52, Thus a heterocyclic com-
pound containing a nitrogen atom in the six-membered
ring together with a two-coordinated phosphorus atom—
2,6-diphenyl-1,4-azaphosphorin or phosphapyridine (XI)—
was obtained by Mirkl and Matthes 8 by means of a scheme
based on the thermolysis of 1-substituted 1,4-dihydro-
phosphorins:

IC(CHs)a
. Ph—C=C— r P=0
(CH9)sCPCl, _;T';TC_ME_B__) L/\ =

c

(u‘l fil
C
11

Ph Ph

O\ /C(CHs)a 0\\ /C (CHyls
2N
- ( 7 (NH),CO, (or I 1 PhSIH,
CH,COONH.,)
ANYZAN
" No o\ Pl \Yf Ph
Ph !
lc(CH:a)a
O, = .0
TN I
ph NN Npp P N7 Nph
i
(X0

3-Arylphosphorins (XIV), which cannot be synthesised
by the reaction of pyrylium salts with phosphines, can be
obtained5? from the readily available 1-t-butyl-3-R-phos-
phacyclohex-3-ene-1,5-diones (XII) 54:

RGO CHs ROANAC
“ w H+ N | SIHCL,
\p/ p/
(CHYC” Do CHHC” Do
X1
RN A R RO
o l |\05ic1,, - H\, A,
\p~ w Np/ \p
| |
C(CHy)s C(CHg)s
(X1 (X1v)

The resulting 1-t-butyl-3-R-1,2-dihydrophosphorin (XIII)
apparently undergoes thermolysis in the last stage of the
reaction.

Markl and Merz 5! showed that the thermolysis of
1-substituted 1,2-dihydrophosphorins involves the migra-
tion of the substituent from the 2-position and the formation
of 1,1-disubstituted phosphorins in the first stage:

L, LA L
I X .

xv) (XvD

A similar rearrangement of 1-substituted 1,2-dihydro-
phosphorins (XV) to 1,1-disubstituted phosphorins (XVI)
is the first example of the transformation of tertiary
phosphines into phosphinoalkylenes and can be accounted
for solely by the stabilisation of the phosphorin system as
a result of conjugation. The conditions for the rearrange-
ment depend on the substituents R and R’, Thus the tem-
perature of the rearrangement is 220° for R = C¢H; and
R’ = CH,C,H,, 180°C for R = R’ = CH,C¢H;, 220°C for

R = C.H, and R’ = CH,CH=CH,, and 25°C for R = CH,C¢H,
and R’ = C(CzHy),.
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1-Alkyl- and 1-aryl(2 H)-dihydrophosphorins are
cleaved similarly to phosphorins:

ey, Ph ey
9
I N
7z
PY" P~ “Ph
Ph G N Ph
O\\ f.'/)‘.i)
A < AN
| Ph | Ph
Pi Ii’ H Pl H
S(CHy,
N(CHj), H
Ph Ph
AN ~Phitig AN
| H —_— | P
Ph C(()Ha); Ph P Cl(2113]3

Z

According to the authors 3!, the mechanism of this
reaction when the latter involves compounds (XV, R’ =H)
also consists of the conversion of 1-alkyl(aryl)-2H-
dihydrophosphorins into 1-alkyl(aryl)-1H-phosphorins with
subsequent synchronous 1,1-elimination:

! | |
N\ N\ AN

e L
/N\p/ \H VAN -YAN VAN-YAN
3 R/OH
(XV) (XVID)

The authors draw an analogy between this process and
the spontaneous N-H — P-H isomerisation of cyclo-
phosphazadienes to cyclotriphosphazenes®®, Since the
formation of 1-R-1H-phosphorins (XVII) has not been
demonstrated unambiguously hitherto, one cannot rule out
the possibility of 1,2-elimination.

Rearrangement of methylenephospha-
cyclohexadienes to phosphorins. Continuing
the investigation of the thermal behaviour of phosphorus-
containing heterocycles, Markl and Fischer®® found yet
another method for the synthesis of phosphorin derivatives
substituted in the 4-position. This involves the rearrange-
ment of methylenephosphacyclohexadienes to phosphorins:

N AR

A -0

\,,/I \p/
b

A similar rearrangement of carbocyclic compounds has
been known for a long time57:

\C"/ \(Tl/R
VAN AN
U-u

R
R=CCl,, CHCl,, CH,C;H,, or CH,CH=CH,.
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Mérkl and Fischer 56 studied the ther molysis of
1-benzyl-4-methylene-1-phosphacyclohexa-2,5-diene (XX),
synthesised via the following scheme:

z 7z
! o | (Ph),C=C=0 PCls
C] X [O
Bz O
(X VIID
C
PhSiH,
-
b
10
R Bz R .
(XIX) (XX)

At the melting point (250°C), the resulting methylene-
phosphacyclohexadiene (XX) undergoes the above
rearrangement. This leads to the quantitative formation
of a phosphorin derivative (XXI) with a two-coordinated
phosphorus atom:

7N N\ 7\ Be N\
UM SNV
N ) A
/\/‘\p/ﬂ\( /\/«\p)\/\
R/l\/ B x)\R R/i\/" '\/H\R
(XX) (XXI)

It is interesting to note that the reaction of the oxide
(XVIII) in which R = H with phosphorus pentachloride
unexpectedly does not lead to the dark-red hexachloro-
phosphate (XIX) and gives rise instead to yellow hygro-
scopic salt of unknown structure, whose reduction with
phenylsilane gives the 1,2-dihydrophosphorin derivative
(XXII). The latter undergoes thermolysis, like the
dihydrophosphorin described above, with elimination of
toluene and the formation of the phosphorin (XXIII) 58:

()« [ o« )
Q/I\T N \/\\JH N/
AN -4, AN
0% ()
~, \‘l’/ 2N I/\"/ P \/\D

Bz
J g )

(XXID (XX111)

A mass-spectrometric study®® of the thermolysis
products of a mixture of 1-benzyl-4-diphenylmethylene-
2,6-di-p-tolyl-1-phosphacyclohexa-2,5-diene (XXIV) and
2,6-diphenyl-4-diphenylmethylene-1-¢-xylylphosphacyc lo-
hexa-2,5-diene (XXV) revealed the presence of four
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reaction products, which supports an intermolecular
mechanism of the rearrangement:

(). [ 0. O
\;]\ AN/ L/ N
e/ \c”
A /"\I
/N\ /"\ * /lL /{\ ”
_ Pl AN NS P, NN
o [ ogs 1
cH,” /ﬁ N Neh, N /\‘ N
7 v
cH,
¢ (XX1V) (XXV)
CH,
/W r'\
0 70w
| |
- N CH,
2N é, AR (} A
AN AN

NN
N (XXVI) N (XXVID)
CH,
N rl\
~ U
]

The rearrangement probably has a radical mechanism.
This hypothesis is based on the analogies, in the first
place, with tertiary phosphines, for which thermal
heterolytic dissociation of the P—C bond is unknown, and
in the second place, with 1,1-dibenzylphosphorins, the
thermolysis of which results in the formation of bibenzyl,
which demonstrates the formation of benzyl radicals. The
radical mechanism of the rearrangement has been con-
firmed by experimental data.

The benzyl radicals formed from Hg (CH,CgH;), are
capable of becoming involved in the rearrangement of
methylene phosphacyclohexadiene. Thus the rearrange-
ment of 1-p-xylyl-1-phosphacyclohexadiene (XXV) in the
presence of Hg(CH,C¢H,), entails the formation of the
benzylphosphorin (XXVI) together with the xylylphosphorin

)
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(XXVII). The probable mechanism of this rearrangement
is as follows58:

O 0O 0O 0O 0O D
\/\(‘:}/\/ \/\?//\/ \/\C//\/
0 8 q
(\/ BN r\l/ 2 \/\| /\|/ hd \/W

CH,
9, i Jouo U
L |
N/ (\
N %0
o, !
\/\\é/\/
O e
SN
U

AN
(XXXVI) N

According to the authors, the benzyl radical formed
reacts immediately with 1-benzyl-1-phosphacyclohexa-
diene, by analogy with the carbocyclic “semibenzene—
benzene” rearrangement, which has been thoroughly
investigated:

A o A

2/
N
s

T

|
0

The reaction of phosphorus tribromide
with 1,1-dibutyl-1,4-dihydrostannanes. The
hitherto unknown unsubstituted phosphorin was synthesised
by the reaction of phosphorus tribromide with 1,1-dibutyl-
1,4-dihydrostannane 59:

0 =0

n- Bu \Bu -n
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Unsubstituted phosphorin is a colourless liquid, unstable
in air, with the characteristic smell of phosphine 5%, In
this compound, the properties of the ring are not masked
by the effect of substituents, which were to some extent
responsible for the interest in its synthesis.

The above method was used by Mérkl and Kneidl¢° to
obtain previously unknown 4-monosubstituted phosphorins
from 4-substituted 4-methoxy-1,4-dihydrostannanes:

R\ /OCH; R

w A
|| | L J

\p”
n-Bu Bun

The mechanism of the reaction was examined in relation
to the synthesis of arsenic compounds—arsenines, obtained
when phosphorus tribromide is replaced by arsenic tri-
chloride:

R\, OCHs \/OC“* RO g
N AN e S
H\ l] - ” J Sk |
NAZ
\B” 4 CHJO> \C|I A

(b) Physicochemical Properties

The ultraviolet, infrared, and PMR spectra of unsub-
stituted phosphorin are similar to those of pyridine5°,

The magnetic anisotropy of the heteroatom is manifested
by a downfield shift of the signals of a-protons in the PMR
spectrum and an upfield shift of the signals of the protons
attached to C(;) and Cy. The 1515 and 1395 cm™ lines
in the infrared spectrum of phosphorin have been assigned
to the ring vibrations. Apmax = 213 um (€ = 19000) and
246 um (e = 8500) as well as a shoulder at 290 um

(e = 250) have been noted in the ultraviolet spectrum of
phosphorin, i.e. there is a bathochromic shift relative to
pyridine and benzene, which is associated with the fact
that phosphorus is less electronegative than nitrogen and
carbon.

An X -ray diffraction study of 2,6-dimethyl-4-phenyl-
phosphorin showed that the molecule has 2(C,) symmetry,
the symmetry axis passing through the phosphorus atom
and the most remote carbon atom of the phenyl substituent.
Both six-membered rings are planar within the limits of
the accuracy of the X-ray diffraction analysis. The
dihedral angle between the rings is 38.8°C, i.e. approaches
the angle of 42° found for biphenyl. The C-P-C angle is
103° and may be compared with the values found for tri-
phenylphosphine (103°) and phosphamethinecyanines. Since
the phosphorin ring is planar, the remaining P-C-C and
C-C-C angles are greater than 120°. A similar increase
of the angles occurs also in the pyridine molecule. The
P-C bond length is 1.75 A i.e. is comparable to the
1.76 A bond length found for bis-( N-ethyl-2-benzothia -
zolyl)phosphamethinecyanine. The C-C bond lengths are
virtually the same as in benzene 51,2,

In the ultraviolet spectra of substituted phosphorins,
Amax is in the range 258-299 um and there is also a
bathochromic shift relative to the analogous pyridines and
aromatic hydrocarbons. The chemical shift 6'31P in the

NMR spectra is —178.2 p.p.m. for 2,4,6-triphenylphos-
phorin and -178.5 p.p.m. for 2,4,6-tri-t-butylphosphorin
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(relative to 859% H,PO,). %% Such a large downfield dis-
placement of the signal is explained by the effect of the

magnetic anisotropy of the —P=C <mu1tip1e bond.

The introduction of nitrogen into a system containing a
two-coordinated phosphorus atom leads, as expected, to
adownfield shift of the *P signals. Thusd,,p=-245.4p.p.m.
for 2,6-diphenyl-1,4-azaphosphorin (XI). so

NMR, ultraviolet spectroscopic, and X-ray diffraction
data led to the conclusion that phosphorins are aromatic..
This has bene confirmed by calculations of the electronic
structures of phosphorins by the CNDO/2 method, which
showed that the main contribution to 7-bonding comes
from the 3pz orbital of phosphorus together with an appre-
ciable contribution of the dy orbitals 47,

The CNDO/2 method also made it possible to estimate
the basicity of phosphorin®. By analogy with pyridine,
basic properties might have been expected for phosphorin,
but calculations disproved this hypothesis. The calculated
proton affinities of pyridine and phosphorin are 328 and
232 kcal mole™ respectively. Since the true experimental
proton affinities of these molecules are unknown, Oehling
and Schweig ® obtained “experimental” values of 213 kecal
mole-? for pyridine and 192 kcal mole™! for phosphorin
by comparing the experimental and theoretical proton
affinities of NH; and PH;., The difference between the
proton affinities of 21 kcal mole™ corresponds to a differ-
ence of 15 units between the pK, values. Thus it is found
that the basicity of two-coordinated phosphorus(III) in
phosphorin is just as low as that of the perchlorate and
iodide anions (pK, = -9 for HC1O, and pKgq = -8 for HI).
However, the low pK, predicted for the phosphorinium ion
protonated at the phosphorus atom [the ion (XXVI)] does
not imply that phosphorin cannot be more easily protonated
at other atomic centres. Indeed primary [preliminary]
calculations have shown that protonation in the 2-position
is much more preferable for phosphorin [the ion (XXVIII)]:

CNONGNGY
L O

(XXVII) (XXVIII)

Data obtained from the photoelectronic spectra of
substituted phosphorins permitted certain conclusions %,
As was to be expected, phosphorins ionise more readily
than the corresponding pyridines, but, the energies of the
molecular orbitals of pyridines and phosphorins differ
little. The authors suggest that the difference between the
energies of molecular orbitals in the pyridine and phos-
phorin series is probably associated with the contribution
of the atomic orbitals of the heteroatom and the neighbour -
ing carbon atoms. The highest occupied molecular orbital
(HOMO) of phosphorin is a molecular m-orbital, while in
pyridine it is the orbital of the free electron pair of the
nitrogen atom. The free electron pair of the phosphorus
atom has a greater amount of s character than that of the
nitrogen atom in pyridine. The electron pair of phosphorus
occupies a more diffuse orbital than that of nitrogen. The
sequence of T-orbitals in the phosphorin system differs
from that in pyridine.

Molecular m-orbitals with a non-zero coefficient at the
heteroatom have a higher energy than the molecular
m-orbitals with a node at the heteroatom 47,
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(c) Chemical Properties

Oxidation. The oxidation of 2,4,6-triphenylphos-
phorin (XXIXa) by various phenoxy-radicals proceeds via
a radical mechanism®®, which is confirmed by the ESR
spectrum where the constant for the hyperfine interaction
of the unpaired electron with the nucleus of the phosphorus
atom ap = 23.2 G.

VA

||

Y

()
’ “\ @ R=H; (» R=0CH, .

~ p/\“ N\ 3

R/‘\) N7\R

(XXIX)

The spectrum is independent of the structure of the oxi-
dant, which leads to the conclusion that there is no linkage
between the phenoxy-group and the phosphorus-containing
group.

2,4,6-Tri-t-butylphenoxy-a and 2,6-di-t-butyl-4-phenyl-
phenoxy-radicals do not oxidise 2,4,6-triphenylphosphorin.
Probably either the t-butyl group causes steric hindrance
to the reaction or the oxidation-reduction potential of the
phenoxy-radical is insufficient. The decrease of the
oxidation-reduction potential of compound (XXIX) as a
result of the introduction of two p-methoxy-groups into
the phenyl substituents [compounds (XXIXb)] makes it
possible to carry out the oxidation even with lead dioxide.
This leads to the formation of the analogous phosphorus-
containing radical. According to Dimroth et al.™, this
species has the structure of a radical-cation:

3 +

When 2,4,6-triphenylphosphorin reacts with two moles
of 2,4,6-triphenylphenoxy-radicals, the product is
2,4,6-triphenyl-1,1-bis-(2,4,6-triphenylphenoxy)phosphorin
(XXX). The reaction of tetraphenylhydrazine with
2,4,6-triphenylphosphorin yields 2,4,6-triphenyl-1,1-bis~
(diphenylamino)phosphorin (XXXI) "*:

h Ph

Ve N
Ph o \0 Ph \ !
Ph Ph
Ph’ Ph Pk Ph
(XXX) - (XXX1)

Dimroth and Stade 72?2 investigated the oxidation of
triphenylphosphorin by tetrachloro-p-benzoquinone. The
complex (XXXII) without electron transfer is apparently
formed initially, but, when a polar solvent, for example
acetonitrile, is added, a doublet with ap = 23.2 G due to
the radical-cation (XXXII) appears in the ESR spectrum:

PL Ph
fol! cl cl C
| AN . l A !
—_— —
Z
Ph/\ T Ph Cl Cl Ph P/ Ph Ct Cl

0 xxxm  ©
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)'\)1 :
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When 2,4,6-trisubstituted phosphorins are oxidised by
mercury (II) acetate in the presence of an excess of an
alcohol of phenol, mercury is liberated and 1,1-dialkoxy-
or 1,1-diaryloxy-phosphorins (XXXIV) are formed. The
process also probably proceeds via a radical-cation
stage 72,73;

Rz Rz
| |
(\ HI(CHJCOO): l(\l R‘OH_) “/j o
-H+
Rl/\ p7 \R! R!/\P{\Rl R,/\?.\R‘ ‘
OR®.
R2
|
R*OH; H_El_:(iH.COO).‘) +1/2 Hg
7\
RO OR®
(XXXIV)

A change in the conditions of this reaction leads to the
formation of phosphorins belonging to new classes:
1-acetoxy-1-alkoxyphosphorins and substituted bis-
(1-alkoxy)hydroxyphosphorins 74:

Ph 1l=n
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Compounds of the first type described above are formed
from trisubstituted phosphorins on oxidation with
mercury(II) acetate in dry benzene with one equivalent of
alcohol. Those of the second type have been obtained in
the presence of 1.5 equivalents of alcohol and one equiva-
lent of water. Depending on the reaction conditions, the
following types of compounds have been obtained on oxida-
tion with mercury(lI) acetate in the presence of amines 74;

h Ph Ph
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R—N N—R
|1 R—N N—R 0 N—R
R" R’ i | l
CH,——CH, CH, CH,
ll’h Ph
/ A
J @ X=Y=N CHps, o N (GHsi
PhNp Npy o/ Np Npp  ® X=N(CHDs, or Y=0CH; .
0 o
R—N oc< %

523

Several 2,4,6-trisubstituted phosphorins have been
oxidised by atmospheric oxygen ™', The oxidation of
2,4,6-triphenylphosphorin in benzene solution has been
examined in greatest detail’®; it led to the isolation of
compounds (XXXV), (XXXVI), and a substance of unknown
structure having the composition CgHegO;P,. In anearlier
investigation ’>, the structures of the 2-hydroxyphosphinic
acid (XXXVI) and the phosphinic acid anhydride (XXXVIII)
were attributed to the products of the oxidation of 2,4,6-tri-
phenylphosphorin by atmospheric oxygen:

Ph

l
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Ph/ Np/ \pn
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h Ph oL—o Ph Ph p
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Compound (XL) is formed from 2,6-bis-(4-methoxy-
phenyl)-4-phenylphosphorin (XXXIV) on oxidation with
atmospheric oxygen, while 2,4,6-triphenyl- and2,4,6-tri-
t-butylphosphorins give rise to the dimer (X LI) under the
same conditions:

CsH,0CH; H GH,OCH,  C¢H,OCH;

Ph atm. Oy Ph 0} ) Ph
No
CsH,0CH, GHOCH, H CgHOCH;
(XXXIX) xXL)
R H
R~ O M 0>\P —
S \\0'“H—0 / R
(XLI) H

Compounds (XLI) were obtained also on oxidation of
2,4,6-tri-t-butyl- and 2,4,6-triphenyl-phosphorins with
hydrogen peroxide in acetone ®»’%, Hydrogen peroxide in
ethanol cleaves 2,4,6-tri-t-butylphosphorin, which entails
the formation of tri-t-butyl 3,5-di~t-butyl-2-furyl ketone
in 309 yield ®,

Kanter and Dimroth 7 oxidised 2,4,6-triphenylphos-
phorin with bromine and chlorine in the light and obtained
1,1-dihalogenophosphorins (XLII), which readily undergo
nucleophilic substitution reactions with water, alcohols,
amines, and antimony trifluoride'
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R F O OH OAr or NAlk,.
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It was shown earlier that 2,4,6-tri-t-butylphosphorin
may combine with two moles of chlorine ??, This involves
the formation of 2,4,6-tri-t-butyl-1,1,1,4-tetrachloro-
phosphorin, which readily hydrolysss and gives rise to
a 4-chlorophosphinyl chloride:

€ (CHdy [ @ a7
|/ i ) w S
e P e, | é’./\:(mo,

(CHy)y C\ /Cl

)
/N\ N
(CHyy C C (CHy)g
™
The interaction of trisubstituted phosphorins with
aryldiazonium tetrafluoroborates results in the evolution
of nitrogen and the formation of 1-aryl-1-fluorophos-
phorine (XLIII), 7® If the reaction is carried out in the

presence of an alcohol, the products are 2,4,6-trisub-
stituted 1-alkoxy-1-arylphosphorins (XLIV):
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R,/Lp/\w R NP7 \Rt
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ArNZE, BF 7, (XLIII)
R'OH Ar
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SN\
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The authors ™ suggest that the phosphorin is oxidised
initially by the aryldiazonium ion. The oxidation product
(a radical cation) then reacts with the aryl radical and
the nucleophile (alcohol or F~ ion derived from BF;) to
form a 1,1-addition product. In alcohol in the presence of
an excess of aryldiazonium tetrafluoroborate, the doubly
arylated phosphorin (XLV) is formed together with com-
pound (XLIV). The former can also be obtained directly
from compound (XLIV) and the diazonium salt.

When 2,4,6-tri-t-butylphosphorin was oxidised in dry
cyclohexane using a mercury lamp in the presence of
eosin as the sensitiser, two crystalline compounds were
obtained in 15% yield. The structures (XLVI) and (XLVII)
were attributed to them on the basis of the results of
elemental analysis and infrared and ultraviolet spectro-
scopic, NMR, and mass-spectrometric measurements ™.
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Compound (XLVII) is also obtained when 2,4,6-tri-t-butyl-
phosphorin is oxidised with a mixture of nitric and phos-
phoric acids. Photochemical oxidation of 2,4,6-triphenyl-
phosphorin leads to a large number of products which are
difficult to separate.

C(CHy),

J

C(CHy), GCHy)s (CHyC C(CHy),
(XLVI)

z o, 0 -7
Qc > @ L
(CHE” P NelcHy, (CHIC” SFNCCHY, | X Ho

(CHy,C” 2P NC(CH,)y
0} OR

C(CH,),

(XLVID)

Attempts to use concentrated perchloric and sulphuric
acid solutions as oxidants for triphenylphosphorin have
been described in the literature. Oxidation did occur under
these conditions, but the reaction products could not be
isolated ™,

Thus the mode of oxidation of phosphorins depends on
the oxidant employed, the reaction conditions, and the
nature of the substituents in the phosphorin ring. Depend-
ing on these factors, the oxidation either involves the
phosphorus atom with formation of 1,1-disubstituted
phosphorins, or it involves the 1,2- or 1,4-positions with
formation of oxidised derivatives of 1,2- or 1,4-dihydro-
phosphorins, or the phosphorin ring is disrupted.

Reduction of phosphorin. Phosphorin deriva-
tives are capable of being reduced to radical-ions 8. ESR
has shown that, when 2,4,6-triphenylphosphorin is reduced
with a potassium mirror or a sodium-potassium alloy in
tetrahydrofuran, stable radical-anions are formed with a
constant for hyperfine interaction of the unpaired electron
with the phosphorus nucleus ay = 32.4 G. When a benzene
solution of the radical-cation F withap = 23.2 G),*® obtained
by oxidising triphenylphosphorin, is added to a solution of
the radical-anion, the signals of both radicals in the ESR
spectra vanish and triphenylphosphorin is reformed.

On being reduced, 2,4,6-triphenylphosphorin can com-
bine with three electrons in succession and the reaction
products can likewise give up three electrons in succession.
In the absence of air, all three reduction products (radi-
cal monoanions, non-radical dianions, and radical-tri-
anions) persist for a long time.

Electrophilic properties of the phos-
phorin system. As noted above, theoretical calcula-
tions by the CNDO/2 method established the presence of
weak basic properties in phosphorins., Mérkl and
coworkers ¥ demonstrated experimentally that phosphorins
do not exhibit nucleophilic properties. Thus 2,4,6~tri-
phenylphosphorin is not alkylated by methyl iodide or
triethyloxonium fluoroborate, reacting instead with
nucleophiles and radical reagents.

The reaction of triphenylphosphorin with diphenyl-
mercury, involving the formation of 1,1-diarylphosphorins
(XLVIII), probably proceeds via a radical mechanism.
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Such oxidative arylation probably takes place via the for-
mation of the 1;2,4,6-tetraphenylphosphorinyl radical:

Ph P
|
\I He(CiHs)s /\ \
| e |
Ph/ Np7 \py Ph” NP/ \Ph h/ \p \Ph
Ph N
(XLVIII)

The reaction of diphenylenemercury with 2,4,6-tri-
phenylphosphorin gives a 20% yield of spiro-1,1-diphenyl-
ene-2,4,6-triphenylphosphorin #:
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Trisubstituted phosphorins readily react with diazo-
alkanes ® to form 1-alkoxy-1-alkylphosphorins in the
presence of alcohols and phenols. It is suggested that the
reaction begins with nucleophilic attack by diazoalkanes
on the phosphorus atom:
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N\ ROH 4 R.>cN. AN
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Powerful nucleophiles such as alkyl- and aryl-lithium
and organomagnesium compounds react with 2,4,6-tri-
phenylphosphorin even at room temperature 15,83, The
base adds directly to the phosphorus atom with for mation
of the anion (XLIX), which has ambident properties and
has reaction centres in the 1-, 2-, 4-, and 6-positions?®4,
In complex-forming solvents such as tetrahydrofuran and
1,2-dimethoxyethane, electrophilic substitution by reaction
with alkyl halides takes place preferentially in the 1-posi-
tion with formation of a 1,1-disubstituted phosphorin (L).
In non-polar solvents, for example in benzene, a 2-alkyl-
1,2-dihydrophosphorin (LI) is formed:

]
| AN
Pr’ % \Ph
R R R L' R
w (XLIX) Ly

Electrophilic substitution as a result of reaction with

acid chlorides takes place in the 4-position and the products

are 4-acyl-1,4-dihydrophosphorins (LII). Hydrolysis of
the anion (XLIX) leads to 1,2-dihydrophosphorins (LII):

R R ut
(LIL) {XLIX) (LIID

The alkylation of the anion (XLIX) by alkyl halides

apparently proceeds both via an Syl and an Sg2 mechanism.

The reaction involving the SE2 mechanism proceeds via
the more nucleophilic centre—the phosphorus atom; when
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the SE1 mechanism operates, centres with a higher elec-
tron density react, i.e. the carbon atoms in the 2-, 4-, and
6-positions. The reaction mechanism depends not only on
the solvent used but also on the nature of the alkyl halide.
The reaction with alkyl halides via the SE2 mechanism
leads to the formation of 1,1-disubstituted phosphorins
(L, R’ = CH; or C,H;). In the reactions with alkyl halides
forming a stabilised carbonium ion, alkylation takes place
in the 2-position and leads to the dihydrophosphorins
(LI, R’ = CH,C¢H; or CH,-CH=CH,), 8¢

As noted above | 1-substituted 1,2-dihydrophosphorins
(LI) are capable of rearranging to 1 1 disubstituted phos-
phorins (L), while the reverse rearrangement of com-
pounds (L) to (LI) is impossible. This probably accounts
for the, at first sight, unexpected formation of the
1,1-disubstituted phosphorin (LV) in the reaction of the
anion (LIV) with chlorotriphenylmethane. The structure
of the alkyl halide suggested that in this case the reaction
should proceed via the SE1 mechanism with formation of
a 1,2-disubstituted 1,2-dihydrophosphorin?®¢:

PhyCCl
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N Ph
Bz  CPh,

(LV)

Presumably the 1,2-dihydrophosphorin formed imme -
diately rearranges to a 1,1-disubstituted phosphorin (LV).

The replacement of carbon by nitrogen in the phosphorin
enhances the electrophilic properties of the system 5°,
Thus 2,6-diphenyl-1,4-azaphosphorin (XI) reacts readily
not only with organometallic compounds but also, in
contrast to phosphorins, with weaker nucleophiles such as
phenols, alcohols, amines, and mercaptans. In the latter
case, addition in the 1,4-positions takes place with for-
mation of the corresponding 1,4-dihydro-derivatives (LVTI).

The azaphosphorin (XI) reacts with organometallic
compounds to form initially the mesomeric anion ( LVII),
which then interacts with water and is alkylated, also with
formation of the 1,4-dihydro-derivatives (LVI) and (LVII):

n
|

d !
* (RMg‘() P
Ph Ph Pl Ph

(XD & (L m)

lmz P lcusl
R
) j
P

L L

Ph N Ph Ph N Ph

H |

CH,
(LVD) (LVIID)
R=R'0, R'S, or RyN .

The reactions of phosphorins with
carbenes., When 2,4,6-triphenyl-, and 2,4,6-tri-t-
butyl-phosphorins react with the halogenomethanes CH,ClL,,
CHCl,, and C;H,CHCI, in the presence of potassium
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t-butoxide, phosphorus is eliminated and benzene deriva-
tives are formed®, On the basis of a series of analogies,
the authors suggest the following reaction mechanism:

R R

AN R'CHCI, 7o
I 7 KOC(CHy), )
R { R 373 R ;
4
R —?—Cl
Cl

(LIX)

' R
R
— R R
— | P—Cl == )CEP—CI —
R N\= R R R
R R

(LX)

The intermediate anion (LIX) is probably formed via
a process resembling the reaction of 2,4,6-triphenylphos-
phorin with dichloromethyl-lithium. The dark-red
1-dichloromethylphosphorin anion (LIX) is formed in
tetrahydrofuran at —80°C. Its protonation by glacial acetic
acid gives 1-dichloromethyl-2,4 6-triphenyl-1,2-dihydro-
phosphorin (LXI), which was identified by PMR.® This
compound is unstable and is readily converted into an
aromatic hydrocarbon:

=
-

R R
AN LiCHCly 7o at Q )ék
| —_— B |l H—>
R OF R R R R R R
CHCl, (l]HClz
Lit
(LIX) (LX1)

As for the reaction of the intermediate phosphepin (LX),
the authors found that the reaction of 4,5-dimethoxy-
carbonyl-1-0xo-1-phenyldihydrophosphepin (LXII) with
bromine results in the formation of a 4,5~dibromo-
phthalate ester (LXIII):

R R R R R R R
7 Ny 3B - 7N

6 2l = [ ()

. 3
Br P: ‘Br Br P ‘Br
~

5 o o % Br Br
(LX) (LXI1I)

The Diels—-Alder reaction in the series
of phosphorin derivatives. 2,4,6-Trisubstituted
phosphorins are involved in diene synthesis only with
highly reactive dienophiles but under milder conditions
than aromatic hydrocarbons. For example, hexafluoro-
butyne reacts 8 with substituted phosphorins at 100°C,
while the reactions with benzene and durene take place
only at 200°C:

(LXIV)

Apart from hexafluorobutyne, the Diels~Alder reac-
tions of dicyanoacetylene, diethyl acetylenedicarboxylate,
and maleic anhydride with phosphorins were investigated®s.
In all cases cycloaddition takes place exclusively in
1,4-positions with formation of 1-phosphabarrelenes (LXIV).

Mérkl et al.®? investigated the reaction of phosphorin
with arynes:
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They suggest that the reaction may proceed via the inter-
mediate formation of ambident phosphorin anions.

The reaction of 2,4,6-triphenylphosphorin with dehydro-
benzene yields, in addition to the phosphabarrelene (LXV),
a 1:2 adduct to which the structure (LXVI) was attributed
on the basis of spectroscopic data:

Ph

(LXVI)
Pentachlorophenyl-lithium reacts with 2,4,6-tri-t-butyl-
and 2,4,6-triphenyl-phosphorins, again forming benzo-
phosphabarrelenes [compounds (LXVI) and (LXVIII)]:

(cn,),c\/ > O
/ : Cl
I. P.
o a4y

(LXVII) (LXVIII)

Electron-donating properties of phos-
phorins. In contrast to pyridine derivatives, aryl- and
alkyl-phosphorins cannot be protonated by strong acids
which are not oxidants, such as, for example, trifluoro-
acetic acid. However, trisubstituted phosphorins are
capable of forming complexes with transition metal salts.
For example, 2,4,6-triphenyl- and 2,4,6-tri-t-butyl-
phosphorins react with chromium hexacarbonyl, forming
m-complexes. The structure of the m-complex (LXIX)
obtained from 2,4,6-triphenylphosphorin was confirmed by
X -ray diffratcion analysis %8:

Ph

@ r(CO),

Ph P~ “Ph
(LXIX)

In an inert atmosphere, 2,4,6-triphenylphosphorin
also forms complexes with transition metal chlorides ®:

PAClL,: L, RuCl,-L, RhCl+ L,
O
5.:"’0{, P RuCly* H,0, “.'5““'
01,/Q¢!:, - EtOH ?‘x& \f“ox\
KNS
Ph
PdCly(excess) A RhyCly (Cyfly),
PdCl, L EtOH/CII,Cl, Q EtOH RhCI*L, ’
° PLr Ph

L

O S,
M L’MI"" CHMM
NbClg+ L+ CH,Cl TaClg- L -CH,Cly CuClvL
L = ligand .
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2. COMPOUNDS WITH CONDENSED RINGS

(a) Phosphanaphthalenes

Three phosphanaphthalene derivatives have now been
obtained, namely: 2-phenyl-1-phospha- and 3-methyl-
2-phospha-naphthalenes as well as unsubstituted 2-phos-
phanaphthalene. 2-Phenylphosphanaphthalene is obtained
similarly to phosphorin, by the thermolysis of 1-substituted
dihydro-derivatives 90,

L)\p/ Seh T lj{ )\ph

In contrast to phosphorm derivatives, phosphanaph-
thalenes cannot be obtained by the thermolysis of 1,1-disub-
stituted phosphanaphthalenes. Thus 1,1-dibenzylphospha-
naphthalene (LXX) rearranges at 230-250°C to
1,4-dibenzy1—1,4-dihydrophosphanaphthalene (LXXI) 8t

.
; \sz B
(LXX) (LXX[)
3-Methyl-2-phosphanaphthalene (LXXIII) is synthesised
by the dehydrochlorination of the appropriate chlorodi-
hydro-derivatives with the aid of 1,5-diazabicyclo[5,4,0]-

undec-5-ene (DBU) °2:

1. NaBH‘

T 2.10%  H,;50,

/CH,P (OR) Br CH
I/j' 1. CH:—(l.H—COOC,H; . /\/\l/ :

2. HCI/H,0
V4 3. (HPOy),, \ /\
/Y\/c
| 1. s0cls
- L ( P=0 "2 LiAH, "
/
N -
CH CH
NY oYY
_'l " P—H T2 DBU ll
NN\ NN
(LXXII) (LXXIII)

The chlorophosphine formed in the reaction of the second-
ary phosphine (LXXII) with phosgene is treated with DBU
without being isolated. After the separation of the DBU
hydrochloride and the vacuum sublimation of the residue,
white crystals of compound (LXXIII) are obtained in a low
yield. Apart from this product, the dimer

W O C“*\/\/\

P )

is also formed in the reaction.

The attempt to obtain by this procedure the unsub-
stituted 2-phosphanaphthalene was not altogether success-
ful, since it could not be isolated in a pure form?®, The
presence of 2-phosphanaphthalene in the reaction mixture
was only inferred from ultraviolet spectroscopic data.

In another paper ®3 devoted to this compound, the method of
preparation is not described.

The structure of phosphanaphthalene derivatives has
been demonstrated by ultraviolet spectroscopy and NMR.
The chemical shift and the spin-spin interaction constants
are consistent with the values for phosphorins. A batho-
chromic shift is observed in the ultraviolet spectra of
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phosphanaphthalenes relative to the corresponding aro-
matic hydrocarbons, for example Amax = 332 nm for
2-phenyl-1-phosphanaphthalene compared with 322 nm for
2-phenylquinoline, 92

The chemical properties of phosphanaphthalenes have
been studied comparatively little. When 2-phosphanaph-
thalene is reduced with metallic potassium in tetrahydro-
furan, a radical-anion similar to that obtained in the
reduction of phosphorin is formed?®3,

2-Phenyl-1-phosphanaphthalene reacts with organo-
magnesium compounds and gives rise to the anion (LXXIV),
which is capable of reacting with dialkyl halides ®¢:

QL = L, ~ 00k
Ph P~ “\Ph R’
! z
(LXXIV) \
i 3

R'=Bz, or H; R"=Bz, H,or COOCH; . Ph
by,

R" H

2-Phenyl-1-phosphanaphthalene combines with arynes
and alkynes, forming benzo- and dibenzo-phospha-
barrelenes %:

R 1; o | Ph :
@6 Phg O " Q

(b) Phospha-anthracenes and Phosphaphenanthrenes

The above derivatives of phosphorin with condensed
rings are synthesised, like phosphorin, from substituted
pyrylium salts 26,97;

Ph l)’h
(\n/ N anom, /\l/\
r VANV aN /\/\p/\Y
U 9

Dibenzo[b, e ] phosphorin (LXXV), dibenzo|c, e ]phos-
phorin (LXXVI), and 10-phenyldibenzo[b, e |phosphorin
(LXXVII) can be obtained similarly to 3-methyl-2-phos-
phanaphthalene ®2, by the dehydrochlorination of chloro-
dihydro-derivatives with the aid of DBU %8100,

I/ \]l/CH \Il/ \‘ ELNPCL '/ " E\ﬂ j
NN VA4 N/ J
MgBr BrMg (LXXV)
“ W (Ph)SIH,

mﬂg_.q
NN

/
"\)\/‘L“

)\/“ —oH
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/\\l DBU
(W/L/ /\)\/ ;
N 2 N\
(LXXVI)
Ph Pl
c
r | \l Et,NPCl. / \D AlCl. cs,
\\/\MgBr N/
Ph
KT(Y] /\n/ g
N Np A\ N\p/\/
I (LXXVII)

Compounds (LXXV) and (LXXVI) are unstable and their
formation has been demonstrated mainly by spectroscopic

methods.

Compound (LXXVII) is stable and can be sub-

limed at 160°C and 1073 mmHg. The PMR and ultraviolet
spectra of condensed phosphorins are consistent with those
observed for the non-condensed systems ', An X-ray
diffraction study of 4-aryl-2-t-butyl-5,6-dihydro-1-phos-
phaphenanthrene showed that the phosphorus-containing
ring in this compound is also planar and has the same bond
lengths and angles as in substituted phosphorins 97,
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