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Abstract

A series of N-phenyl and N-(o-nitr ophenyl)irninophosphorane s
has been synthesised. On reacting the series of N-phenylimino-.
phosphoranes with benzaldehyde no large rate accelerations were
observed for small cyclic iminophosphoranes compared with the open
chain analogs. The rate differences observed can be explained in
terms of steric and inductive effects. The absence of large rate
accelerations due to ring strain can be explained if the nucleophilic
first step is rate determining.
The thermolysis of the series of N-(o-nitrophenyl)irninophosphoranes yielded benzofurazan in 25-65% yield. Although no large rate
accelerations due to ring strain were found, it was discovered that the
smaller the ring in the iminophosphorane the faster the reaction and
the open chain analog did not react. The results indicate a fast first
step assisted by release of ring strain to form a bicyclic intermediate
followed by a slow second step obscuring any ring strain accelerations.
An attempt to synthesise some bicyclic intermediates similar
to those thought to exist resulted only in imiriophosphoranes however
there are indications that there is a fine balance between iminophosphoranes and the bicyclic phosphoranes, dependent on ring size and
electronegative considerations.
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1)

The Chemistry of Iminophosphoranes

The Nature of the P=N Bond in Organophosphorus Systems
and Comparison with P=C Ylides
Iminophosphoranes are isoelectronic with PC ylides and so they
would be expected to be similar in their chemical reactions. Their
structure is best represented as a resonance hybrid of two forms (Scheme 1),

NScheme 1
which is very similar to the general description for phosphorus carbon
ylides (Scheme 2).
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Little work has been carried out to elucidate the hybridisation
situation in phosphorus carbon ylides, but results strongly suggest tetrahedral hybridisation at the phosphorus atom and a trigonal planar arrangement at the carbon atom.
Johnston ' proposed that the hybridisation about the phosphorus
would be very similar to that in PC ylides, i. e. tetrahedral hybridisation
with multiple bonding by overlap of filled nitrogen orbitals with vacant 3dorbitals of the phosphorus atom. The alternatives for the arrangements
around the nitrogen are tetrahedral hybridisation with a P-N-R angle of
109.5 0 (la), trigonal hybridisation with the P-N-R angle being near 1200
with one lone pair in a sp 2 -hybrid orbital and the other in a P-orbital (lb),

or digonal hybridisation with a P-N-R angle of 180 ° with both lone pairs
being in P-orbitals (ic).
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Very little information is available on the geometry of iminophospho ranes, however structural investigations of N- (p7 toluenes ulphonyl)
iminotriphenylphosphorane (2) showed the P-N-S angle to be 126.4°. 2
This angle of the P-N-S system is very close to that predicted for the
trigonally hybridised nitrogen atom by Johnston.

Ph 3 P=N_S__O__ CH3
(2)
An X-ray determination of the molecular structure of the analogous
phosphorus carbon ylide,

-

tolyl triphenylpho spho ranylidenemethyl

suiphone (3), by Wheatley found the P-C-S angle to be 123. 9 ° .

Ph

3

`1 1~ so 2
-

(3)

0---C H3

4

On the basis of these bond angles it would appear that both the N
and C atoms are trigonally hybridised, bonded to trigonally hybridised
phosphorus atoms. The unhybridised 3d-orbitals of phosphorus overlap
with the -orbitals of the C and N atoms in an efficient overlap.
The partialdouble bond character of the P-C and P-N bond is also
illustrated by the bond lengths. For the P-C bond the values lie between
the estimated lengths of a double bond (1.66

X)

for example the P-C bond length of (3) is 1. 709
length for (2) is 1. 579
P-N single bond (1.77

and of a single bond (1. 863

1

Similarly the P-N bond

which is shorter than the length expected for a

R). 4

Iminophosphoranes are very reactive to both electrophilic and nucleophilic reagents. This is mainly due to the inherent polarity of the phosphorus
nitrogen bond. The polarity of the bonds depends on the delocalisation of
the positive and negative charges, which in turn depends upon the groups on
the phosphorus and nitrogen atoms. Therefore one would expect the
reactivity of iminophosphoranes to depend upon the inductive, mesomeric and
steric properties of the groups attached to the phosphorus and nitrogen.
Iminophosphoranes behave more as bases than acids. This is explained by
the fact that the -orbitals of nitrogen are more directional and can provide
more effective interaction with the interacting orbitals of electrophiles than
the more diffuse 3d-orbitals of phosphorus with nucleophiles.

The Preparation of Iminophosphoranes
There are three main methods for the preparation of iminophosphoranes
in addition to several synthetic routes which are more specialised.
The oldest method and perhaps the easiest and most general, involves

5

the reaction of tertiary phosphines with organic azides. This preparation
was first used by Staudinger and Meyer in 1919,

5,6

when they found that

nitrogen was evolved and crystalline N- phenylimino triphenyipho s pho ran e
(4) was formed on warming phenyl azide with triphenylphosphine.

Ph 3P= N-Ph
(h.)
In the general case, it was proposed that there is nucleophilic attack
by the phosphine on the azide nitrogen, and that the reaction proceeds
through a phosphatriazine intermediate, which decomposes at low to moderately
high temperatures, depending on the nature of the substituents, to give the
i minophosphorane and nitrogen.

6, 7,8,9,10

The structure of the phospha-

triazine has led to much debate. In his original work, Staudinger 6,10
represented phosphatriazenes by the linear structure (5). Homer, however,
in 1955 represented the phosphatriazene as structure (6).

R 3 P=N-N=N-R'

R 3 PNN_N

(5)

(6)

It is sometimes possible under the correct conditions, e. g. at low
temperatures, ' '' when R' is electron-withdrawing or R is electron
releasing 2 to isolate the phosphatriazene intermediate, but this has not
resolved the problem. Triphenylmethylazide and triphenylphosphine formed
an intermediate of melting point 104-105°

13

which lost nitrogen to form the

iminophosphorane (7), which reacted with ketene as predicted for iminophosphoranes.

Ph 3 P-N-CPh3
(7)

14
Further work confirmed the formation of a stable intermediate which
was assigned the structure (8) on the basis that azide absorption at 2100 cm

'

had disappeared, but should still be present if the structure was similar to
the alternative structure (6).

Ph 3 -fi-N=N-CPh 3
(8)
Thayer and West,

15

however, observed an asymmetric vibration band

at 2018 cm ' in the case of the intermediate formed from triphenyiphosphine
and triphenylsilyl azide, and therefore assigned the structure (9) to the
intermediate.

+

Ph 3 P-N-NN
SiPh 3
(9)
Franz and Osuch 16 found that the crystalline intermediate isolated
from triphenylphosphine and benzenesulphonyl azide did not show the azide
asymmetric absorption at 2130 cm ' , but a solution of the intermediate did.
Good chemical evidence for the linear structure was provided by Mossby
and Silva.

17

When two molar equivalents of triphenyiphosphine were added

to solutions of 2, 3-bisazidonaphthaquinone (10), two products were isolated.
In addition to the expected product (11), a phosphinimyl derivative of
naphtho (2, 3-d-)triazoledione (12) (which could only be rationalised through
the linear structure of the phosphatriazene) was obtained.
Although the linear structure for the intermediate is preferred, the
anomalous data has not yet been explained and further investigation is
required.
This method of preparation is very useful and is limited only by the
availability of starting materials although the nature of the solvent system

7
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Scheme 3
can affect the course of the reaction as in the case of the reaction between
triphenylphosphine and benzenesulphonyl azide. In a solution of benzene
heated under reflux the expected product, triphenylpho sphinebenz enes ulphonylimine, is obtained,

16

but in acetonitrile or chloroform, heated under reflu.x,

triphenylpho s phineoxide, tr iphenylpho sphine sulphide and diphenyl disulphide
are obtained. Obviously in the latter case the triphenylphosphinebenzenesui.phonylimine decomposed further to give the observed products.
The azide method is also suitable for the preparation of silyl, stannyl
and germyl substituted iminophosphoranes starting from phosphines and the
corresponding azides. 18, 19, 20
Another preparative route to iminophosphoranes was found by Mann

and Chaplin

21

in 1937. It was found that sodio-N-chloro-2-toluene-

suiphonamide (chloramine-T) reacted with tertiary phosphines to give
iminophosphoranes and sodium chloride, which provides the driving force
for the reaction (Scheme 4).

Ph 3

P + CH3---O---SO2NNCL

1
Ph P=NSO2—
3

H3

+ NaCl

--C

Scheme L
22-25
Tertiary phosphines react with chioramme,
substituted
chioramines,

25-27

and hydroxy- O- sulphonic acid

28,29to

form amino-

phosphinium salts, which require the presence of different strengths of
bases such as ammonia, 29, 30 sodamide in liquid ammonia,
hydride

24

22

magnesium

or te tram ethyl guani dine 31 in order to form iminophosphoranes

(Scheme 5).

Ph 3 P + NH2 X

>Ph3NH2

base)

Ph3P=NH

Scheme 5

The third generally applicable method for the preparation of iminophosphoranes is by the reaction of tertiary dihalophosphoranes with amines
and related compounds. A good review has been written by Kirsanov. 32
Homer and Oediger 33 reacted a large range of arylamines with triphenylphosphine dibromide in the presence of triethylamine. This gave the

iminophosphoranes in about 70% yield (Scheme 6).

Ph 3 PBr2

H
Ar N—PPh
I
3
H
> [

ArNH2

]2

/2 H53 N

Ar—N$Ph3
Scheme 6
The reaction involved nucleophilic attack by the amine on the
phosphorus, followed by dehydrohalogenation in one (Scheme 6) or more
probably two stages.
In some cases a base is not required. For example, a greater
than 90% yield of triphenylphosphinearylsulphonylamine and 95% yield of
HC1 is obtained on heating equimolar mixtures of triphenyldichlorophosphine
and arylsulphoramides for two hours at 140-150

Ph 3 PCL 2 + ArSQ2 NH2

0 34

(Scheme 7).

> Ph 3 PNSO2Ar + 2 HOt

Scheme 7
Amines can also be treated with phosphorus pentachioride, and the
resulting trichioroiminophosphorane derivatives can be reacted with
appropriate Grignard reagents to produce tertiary iminophosphoranes35' 36
(Scheme 8).

10

0
'I
C( 3 P=N-C -Ar

0
11

PCI 5 + Ar—C—NH 2

J

3 PhMgBr

011
Ph 3 -N-C-R
Scheme 8
The reaction between triphenyldibromophosphine and hydrazine
with so damide as the base afforded N- aminoiminotriphenyipho spho rane
(13) (Scheme 9).

If the reaction is carried out in an excess of triphenyl-

dibromophosphine then - the bis-imine (14) is formed.

Ph 3 PBr2 +

NA

NaNH

Ph3P=N-NH2
(13)
Ph 3 Pr2
NaNH

Ph 3 PN-N=PPh 3
(11+)
Scheme 9
In this preparation from the tertiary dihalophospharanes, the main
limitation has been the preparation of the amines.
Phosphine alkylenes (15) (with R' = aryl), which contain no CH groups
in the position

P to phosphorus, react with Schiff bases (16) in a Wittig type

of olefination reaction to give iminophosphoranes and olefins.
10).

38-40

(Scheme

11

Ph P—CHR

I

4.
Ph 3 P=CHR + RN=CHR

/

Fr —CHR''
(15)

(16)

(17)

'I,
/

PhP

CHR

"II + 11
NR' CHR
Scheme 10
The reaction proceeds via the four membered transition state (17).
If the ylide has a methylene group at the 3 position to the phosphorus
atom, then the reaction product is the corresponding betaine which decomposes on heating to triphenyl phosphine, an allene derivative and an
aromatic amine. 39,40
Iminophosphoranes have been obtained from the reaction between
phosphine alkylenes and nitrile compounds

41

(Scheme 11).
+

R P—CHPh
R3 P=CHPh + Ph—C=N
NCPh

R3P CHPh

RP—
CHPh

N—CPh
Scheme 11

12

Iminophosphoranes can also be prepared by the reaction of amino42

phosphines with activated olefins,

and with carbon tetrachloride or bromo-

trichlo ro ethylene. 43 N-Phenylaminodiphenylpho sphine and acrylonitrile
or acrylamide react to give cyanoethyl- and amido ethyl- diphenylphosphinephenylimine respectively (Scheme 12).

Ph 2 NHPh
Ph 2 PNHPh + CH 2

CHR
CH2CHR

R = CN or CONH 2

Ph-N=PPh 2CH2CH 2R
Scheme 12
Aminophosphines and halomethanes react to form iminophosphoranes
which can be reacted with Grignard reagents to give the corresponding
tertiary iminophosphoranes. 43 ' 44 The reaction proceeds via a phosphonium
salt which is deprotonated to give the haloiminophosphorane.

Ph 2 PNHPh + XCCI 3

Ph 2 PNHPh
X

X =Br orCL

Ph2P=N-Ph

Cd 3

<RM9X

R
Scheme 13

Ph2 XP=NPh + OHCL

13

One of the most recent developments has been investigated by
Niecke and Flick.

45

Until 1973 all iminophosphoranes had been of type

(18 a), and the existence of any tervalent iminophosphoranes of type (18 b),
with coordination number 2, had not been proven. 46

P=N

—PN-

(18a)

(18b)

[ B is (trimethyls ilyl)amino] [(trim ethyls ilyl) imino] pho s phane (21) was
prepared from [bis (trim ethyl silyl)amino] difluoropho sphane (19) and
lithium bis(trimethylsilyl) amide (20), and the product was obtained as a
pale yellowish green liquid which was very reactive and decomposed easily.
The structure was confirmed by normal characterisation methods and
reactions.

[(CH LS] N—PF2
3j 2

+ LI[NSi(CH)]
33 2
(20)

(19)

I
UCH 3 ) 3 Si

12 N—PN—Si(CH 3 )3
(21)

Scheme 14
Later research by Niecke and Flick resulted in the synthesis of
the first pentavalent iminophosphorane of coordination number

347

These

workers allowed the iminophosphorane (21) to react with two equivalent moles
of trimethylsilylazide. One equivalent mole of nitrogen was evolved at

14

room temperature to give the proposed intermediate (22). This isolable
intermediate decomposed above 1000 to give bis (trim ethyl s ilyl)aminobis
(trimethylsilylimino)pho sphorane (23), which underwent reactions charac teristic of iminophosphoranes and whose structure was confirmed by
spectroscopic studies.

R 2NP=N—R + 2RN3

) [R 2NP(NR) 2 .N 3 R) + N 2

(21)

(22)

I
NR
R2NP\\
NR
(23)
Scheme 15
Niecke, Flick and flzhl later discovered that [bis(trimethylsilyl)-.
amino]{ (trim ethylsilyl)imino]pho sphane (21) dimeris ed and cyclis ed under
certain conditions to give the cyclic diazadiphosphetidine (24) as a stable
crystalline product. 48

NR

2 R 2 N—P=N—R

—NN—R

NR 2
(2)

(24)

R =Si(CH3 )3
Scheme 16

15

Reactions of Iminophosphoranes
The chemistry of iminophosphoranes is analogous to that of the
isoelectronic m ethyl enepho spho ranes, however not so much research has
been carried out, and so the mechanisms are less well understood.
Iminophosphoranes are basic compounds, like methylenephosphoranes,
their reactivity being mainly due to the inherent polarity of the phosphorusnitrogen bond 9 Iminophosphoranes can be reactive to both electrophilic
or nucleophilic reagents, however they prefer to behave as bases due to
the more effective interaction provided by the more directional 2p-orbitals
of the nitrogen compared with the diffuse 3d orbitals of the phosphorus.
Their reactivity is influenced by the substituents on the phosphorus atom,
and especially on the nitrogen atom. Inductive and mesomeric electronwithdrawing substituents on the nitrogen atom delocalise the negative
charge, giving more stability to the iminophosphorane and making it less
reactive.
In the preparation of iminophosphoranes by the deprotonation of the
conjugate acid (Scheme 17), it has been observed that different strengths

[.R 3P—NHR1

n
+

R 3 —f1R

Scheme 17
of bases are required to carry out the deprotonation. 24 30, 31, 33 ,5 O, 51 As a
simple example, it has been observed that a very strong base, sodamide,
is required to form iminotriphenylphosphorane (25) from its conjugate acid, 50
while a weak base only, triethylamine, is required to form N-phenyliminotriphenyiphosphorane (26) from the corresponding conjugate acid. 33

16

NaNH 2

[Ph3 P-NH]

Ph3 '-N H

Scheme 18
NEt

[Ph 3 P-NPh1

3

Ph3 P-NPh

H

Scheme 19
This demonstrates that the N-phenylimine is less basic, its conjugate
acid being more acidic. This is due to the stabilisation of the negative
charge by its delocalisation through the N-phenyl ring.
Depending on the degree of delocalisation of the negative charge on
the nitrogen, some iminophosphoranes may be hydrolysed by atmospheric
water while others may require acidic or basic media. As an example
imino triphenyipho s pho rane (25) and N- alkylimino triphenyipho s pho rane s
react rapidly with moist air to give triphenyiphosphine oxide and ammonia 22, 24
or the corresponding alkylamine6' 52 respectively (Scheme 20).

Ph3 -N-R + H

[Ph3 P-N-R]

20

R = H or Alkyl

Ph3 P=O
+

Ph3PrN_R
H

R-NH 2
Scheme 20

01-i

17

However N-ary]minophosphorane•s are stable on exposure to atmosphere and aqueous solution, but are hydrolysed by dilute acids. 6
Hydrolysis of iminophosphoranes may be carried out using either
acids or bases. Acid hydrolysis is believed to occur via protonation of the
nitrogen, followed by attack by a water molecule to form the amine and
the phosphine oxide with regeneration of H+.
Under mild conditions, it was found that N-trimethyisilyliminotriphenylphosphorane hydrolysed to give the expected products, a phosphine
oxide and a primary amine, however at -2O' in methanolic sulphuric acid
18

it was found that the Si-N bond cleaved.

Iminotriphenylphosphorane (25)

and methoxytrimethylsilane (27) were isolated.

MeOH
Ph3P=N—SIMe3 H2SO

Ph 3 P=NH + MeOSiMe 3
(25)

(27)

Scheme 21
This suggests that the nucleophilic attack by methanol occurs on
the silicon rather than on the phosphorus atom and that

(29) may be a

better representation of the intermediate than (28).

Ph3P

Ph 3

SiMe 3

P1— SiMe3
(29)

(28)
Scheme 22

Hydrolysis in bases probably involves the pentacovalent intermediate
(30),

53,54

similar to the neutral hydrolysis intermediate. This is

supported by the observation that the hydrolysis occurs with inversion of

18

configuration at the phosphorus atom. 53

Me

R

R

H0---P --- NHR

Pr ——N—--NO 2

R
(31)

(30)

N- (- Nitro phenyl) iminom ethyiphenyipro pyipho spho rane (31) was
hydrolysed by dilute hydrochloric acid with mainly inversion of configuration
to give inverted methylph.enylpropylphosphine oxide. 53,54
Irninophosphoranes can react either with protic acids to form
phosphonium salts

55-57

which can lead to hydrolysis, or with Lewis acids

such as boron trifluoride,

58,59

triphenylboron

58

and diborane

60

to form

stable, crystalline adducts.
Boron trifluoride and triphenylboron react with iminophospho ranes
under anhydrous conditions to form 1:1 addition products. If however the
reactions are not anhydrous then the only isolable products are phosphonium
tetrafluo robo rate salts (Scheme 23).

Ph 3P—NHR

BX
X = H,F,Ph.

Ph P=N—R + B.X
3..,.___
3
dI Ph3P=N—R

RH,Me,Et, i-Pr,t-Bu.

X3
Scheme 23
The addition products are more stable with smaller N-alkyl groups, the
larger t-butyl giving less stable complexes with boron trifluoride and
triphenylbo ron.

59

Iminophosphoranes also react with transition and group Ill metal Lewis

19

acids to form complexes. The main reactions involve cupric and cobaltous
chlorides,

61

1

nickel iodide,

cadmium iodide,

63

vanadium hexacarbonyl,

mercuric and

trimethyl aluminium, gallium and indium.

2 Ph 3 P=N—R + MX
R=H,Ph.

62

> [Ph 3 P=N— R]2 , MX 2

M= Cu, Co, Ni.

XCL,I.

Ph 3 P=N—H + V(CO) 6

) [V(Ph 3 P=NH) 1, 1[V(CO) 5 ]2

R 3 P=NSIMe3 + MMe 3
R = Et, Ph.

64

R 3 P=NS1Me3 .M Me

M = AL, GaIn.

Scheme 21+

The complexes between the transition metal salts and phenyliminotriphenylphosphorane are less stable, being formed by fusion of the reactants, and decomposing on contact with air. Iminotriphenylphosphorane
(25) itself reacts with trimethyl aluminium, gallium and indium to form
1:1 adducts which eliminate methane.

64

Ph3 P=NH + MMe 3

Ph3 P=NH
MMe3

(25)

I,

M = A1GciIn.

Ph 3 PNMMe2 + OH1+
Scheme 25

We

Irninophosphoranes react readily with alkyl and acyl halides to give
N-dialkylaminophosphonium salts (32).

) [ R3 P—NRR') X

R 3 P=N—R + 6

(32)

X = Halogen.

5565
50
/
22,50
R ALkyL,AcyL,
Tosyl, or Halogen.
Scheme 25
If the iminophosphorane is not substituted at the nitrogen atom then the
N-monoalkylaminophosphonium salt which is formed, is deprotonated by a
second mole of iminophosphorane55'

58

to give N-alkyliminophosphorane

which can again be alkylated to give the N-dialkylphosphonium salt (33).

R3 P=NH + RX

-RPNH
___
> R3 P=N R
> [R3 P—NHR] X 3
+

R3 P—NH2 X
RX

ER 3 —NR] X
Scheme 27

(33)

The alkyl halides used are generally methyl and ethyl halides.
Longer chain halides prefer to undergo dehydrohalogenation, such as in
the reaction of alkyliminotriphenyiphosphoranes with n- and i-propyl and
i- and t-butyl iodides which results in the formation of olefins and alkylamino triphenylpho sphonium. iodides. 52

Ph 3 — NAlk + RI

> Ph 3P —NHAEk I + Olefin

R= n-C3H 7 ,i-C 3 H 77 n-C,H9 , i-CH 9
Scheme 28

21

It has been suggested that the dehydrohalogenation route is preferred due
to the inherent stability of the carbon-carbon double bond. There is
support for this theory in that, because of the reluctance of carbon and
silicon to form a double bond, trimethylsilyl bromide reacts with phenylimino triphenylpho s phine to give phenyltrim ethyl ilylamino triphenylpho s phonium bromide and does not form a carbon silicon double bond. 66
Irninophosphoranes undergo Wittig-type reactions with a great number
of oxygen and sulphur containing compounds giving elimination of phosphine
oxides or sulphides. 6, 23 The driving force is the formation of the
thermodynamically favourable P0 or PS bond (Scheme 29).

) R 3 P=Z + R'Y=NR'

R'3P=NR' + RY=Z

ZO,S.

YC,N,S.

Scheme 29
This reaction was first reported in 1919 by Staudinger and Meyer, 6
who reacted diphenyllc etene with N- phenyliminotriphenylpho spho rane to
give triphenylketenimine (34).

Ph3 P=NPh + Ph 2 C=C=O

> Ph2CCN-Ph + Ph3 P=O
(3 4)

Scheme 30

This product (34) was also obtained by reacting the phosphorus carbon
ylide benzhydrylidenetriphenylpho spho rane and phenyl isoc yanate, the
analogous Wittig reaction (Scheme 31).

22

Ph 3P=CPh 2 + Ph N=C=O

> Ph 2 CC=N-Ph + Ph 3 P=O
(31.)

Scheme 31
Staudinger continued with this work by reacting N-phenyliminotriphenylphosphorane with benzophenone, benzaldehyde, carbon dioxide and
carbon disulphide.6'

10

Carbon dioxide and carbon disulphide form an

isocyanate (35) and isothiocyanate (37) respectively. The reaction of 2
equivalent moles of irninophosphorane with 1 equivalent mole of carbon
dioxide gives N,N'-disubstituted carbodiimide (36), i.e. both of the oxygens
are replaced.

R3 P=NR' + CO2

+

1/2

>

RP=O

CO2

+

R-N=C=O

+

RN.CN—R'

+

CS

>

RP=S

+

R-N=C=S

+

SO

>

R 3 P0

+

R'-N=S=O

'I

+

R c=N-R

+

RHCN-R

U

4

R 2C=O

ii

+

RHCO

ii

II

+

RCCO

'I

ii

+

R-NCO

ii

+

R'N=CS

e

411

>

Scheme 32

R 3 P=S

R 2CC=N - R
+

R-NCN-R

+

R-N:CN-R'
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Suitable compounds to react with the iminophosphoranes are carbon
dioxide,

67,68

ketones,

10,37

carbon disulphide,
ketenes,

7,69

sulphur dioxide,

10

aldehydes,

10,69,70

10,72,73
10,71 •
6,10
isocyanates
and isothiocyanates.

The mechanism of the reaction between carbonyl groups and iminophosphoranes is assumed to be similar to the Wittig reaction.

R 3 P=N—R + R'C=O

R3'—NR'
-

0—CR;

R 3 P0
+

Scheme 33

RC=NR'

Johnson and Wong found that the reaction with benzaldehyde is first
order in each component and is decelerated by a decrease in the solvent
polarity.

The reaction rates are linearly related to the

6

-values of

the substituents on the N-phenyl and the benzaldehydes. The first step of
the reaction is rate determining, but if the electron density on the phosphorus
atom is increased by electron-donating groups then the second step becomes
rate determining. This is due to a decrease in the driving force of the
reaction since the attack of the positively charged phosphorus on the oxygen
and formation of a four membered cyclic intermediate is decreased.
Nitros yl chloride reacts exothermally with iminopho sphoranes even
at

70cbin anhydrous ethylene glycol, dimethyl ether or diethyl ether to

form a phosphine oxide and a diazonium chloride. 53, 57
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,

[R 3 —N—R"] Ct

R P=NR + NOM

I

R 3 P=O

R 3 PçNR'
CL
O—N

[F— N] C1

R' = CH 3 , C 2 H 5 ,n-C 3 H 7 ,i-C 3 H 7 t-CH 9 ,Ph.
Scheme 34

Reaction of dimethyl acetylene dicarboxylate (38) with irninophosphoranes affords alkylenephosphoranes. 76-78

R3 P=N—R' + R0 2 C—CC—CO 2 R
(36)

1

R=Ph

R 3P— N—R'
RO2CCC CO 2 R
(39)

RP NR'

ii

II

R'O 2 CC — CCO2R'
Scheme 35

R'= H, Ph, p-rC 6 H4 ,
p-CH 3O2C C 5 H4 .
R= CH 3 .
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The reaction is presumed to involve a phosphacyclobutene intermediate
(39). The reaction appears to commence with a nucleophiic attack of
the nitrogen of the iminophosphorane on one of the acetylenic carbons
since this reaction can be prevented by having electron-withdrawing groups
on the nitrogen atom. 76
Iminophosphoraries react with the carbon nitrogen bond of activated
nitriles in a similar mechanism. 41

Ph 3 P=NPh + CF3 CN

Ph3 P—NPh
NCCF

Ph P NPh
II
N—C—CF3

PhP--NPh
il'1
NCCF3
Scheme 36

Zbiral used this reaction to carry out an intramolecular cyclisation 51
(Scheme 37).

X—CN
PR3

LJ
X = S or Se

I

\+PR3
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. C—N=PR3

I

\\•

\\\

Scheme 37

Iminophosphoranes react with two molar equivalents of aryl lithium
compounds to give penta-aryl phosphorane derivatives. 79, 80

Ar 3 PN-R + 2ArLI

> Ar 5 P + RNLI 2

R = Aryl or p-Tosyt
Scheme 38
Whereas phosphine alkylenes react with 1, 3-dipoles such as nitrile
oxides to allow the isolation of nitrife oxide or nitrone cycloadducts, iminophosphoranes and nitrile oxides react to give only the elimination products,
phosphine oxide and carbodiimide. 81,82

Ph-N=PPh 3 + Ph-C=-N-0

Ph-C
—P Ph
(4 0)

I.

Ph-NCN---Ph + Ph 3 PO
Scheme 39
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The existence of the 1, 2, 4, 5-P(V) oxadiazaphosphole intermediate
(40) is only hypothetical.
Depending on their structure, some iminophosphoranes can decompose
in a clean fashion. Acyl and aroyliminotriphenylphosphoranes decompose
on heating to give triphenyiphosphine oxide and nitriles. 83,84

2)

Ring Strain and Reactivity in Organophosphorus Chemistry.

Factors Influencing Ring Strain
In order to predict the effects of ring strain in organophosphorus
chemistry, it is useful to understand two important features of phosphorus
chemistry. The first is the phenomenon of pseudorotation in pentacoordinated
phosphorus species.
In many compounds phosphorus exists as a stable pentacoordinated
species such as PX 5 (X = halogen), PPh 6 and CF3PC17. In addition
to these types of stable compounds, pentacoordinated species are often
postulated, and observed, as intermediates in displacement reactions of
phosphoryl phosphorus (Scheme 40).

L
[i
I
R-

L

R-

. I

RI
NJ

N

(41)

X=OorS
Scheme

1+ 0

In the case of a carbon atom with four different groups, it is not
normally possible to invert from one configuration to another without a
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chemical reaction taking place. This constraint does not apply to a
phosphorus atom at the centre of a trigonal bipyramid such as (41). There
have been a few attempts to explain this apparent inversion. The most
popular explanation is that proposed by Berry,

88

who chose to call the

process 'pseudOrothtion ' This process is now called 'Berry pseudorotation' or BPR for shortness.

L

L

L

I

L

__,
m/,

,.M

,1

TBP

Tetragonal Pyramid
(1+3)

(L2)

If the TBP (42) and the tetragonal pyramid (43) are examined, then
it can be seen that they may be interconverted by bending four bonds slightly.
Berry proposed that the interconversion between two TBP's with a
tetragonal pyramid intermediate (44) could best be imagined by choosing

*

one of the three equatorial ligands (the 'pivot' ligand, Le)to remain
stationary while the two axial ligands (L

a)

are bent by 15 ° in the plane

Le
e
> L e

LeM

M

*
Le

M

AN

N LQ

Lei
'

a!
(41+)

Le
New

axis

Scheme 1+1
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occupied by the pivot ligand (L e* ) and the two axial ligands (L), and
simultaneously each of the two remaining equatorial ligands (Le) is bent
by 15 ° away from each other keeping the three equatorial ligands and the
central atom (M) in their original plane. This then forms a tetragonal
pyramid (44), with the pivot ligand (Li) at the apex. The tetragonal pyramid
then forms the new TBP by continuing to bend the four bonds in the same
direction, each by 15 ° . If the ligands are identical then to an observer
the difference would only appear to be a rotation of 90

0

*

about the Le -M

bond. 11 however the ligands are different this can result in the formation
of non- superimpo sable isomers.
The amount of energy required for a pseudorotation can be very small
e. g. 7. 6 kcal mol

-1

for PF5. 89 The amount of activation energy depends

on the ligands attached and also the central atom. Pseudorotation is a
temperature dependent process and lowering of the temperature can slow
and stop the pseudo rotation. If the pseudorotation occurs at room temperature
or elevated temperature, then the differences between axial and equatorial
positions seem to disappear. There are many examples of this, such as
the phosphorane (45) which at room temperature as a ' H n. m. r. spectrum

Ph 2 P(O Et) 3
(4.5)

with equivalent ethoxy groups, while at -60the ' H signal splits into two
signals whose intensities are in the ratio 2:1.

90

The TBP at -60
o is

expected to have the structure (46), the stronger signal being due to the
two equivalent axial positions and the weaker due to the only equatorial
ethoxy group.
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OEt

OEt
(46)
From this example one might always expect to detect the difference
between equatorial and axial ligands, however in the 19 F n. m. r. spectrum
of PF 5 down to -100 ° only one fluorine resonance peak, being split into a
doublet by phosphorus, was obtained.
firmed the TBP structure,

92

91

However, infra red spectra con-

and electron diffraction studies showed that

the axial bonds are longer than the equatorial bonds.

93

These spectroscopic

results indicate that the five fluorine atoms are equivalent when measured
by slow procedures such as n. m. r. but infra red spectra measure the
stretching bands of the TBP since it is a faster method.
In conjunction with pseudorotation it is important to understand the
concept of apicophilicity. This allows a method of predicting which ligands
preferentially occupy the apical sites in a TBP. There are two rules, the
first one due to polarity, stating that the most electronegative ligands
occupy the apical sites.

9497

This can best be explained by concentration

of negative charge about the central atom. In a TBP each apical position

0
has three neighbours at 90 and one at 180 ° , while each of the equatorial
ligands has only two neighbours at 90 ° and two at 10 ° . The 90 0 interactions are much stronger than the 1200 interactions and so the overall
interactions of the axial ligands are stronger. The TBP molecule equalises
the different interactions to achieve an equilibrium, this resulting in the
elongation of the axial bonds to become longer and weaker than the equatorial
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bonds. Since there is more space at the equatorial positions, they are
more suited to the larger bonding orbitals (with relatively low electron
density). The axial positions are more suited to smaller, more directional and longer bonding orbitals (with high electron density) since they
are sterically hindered. The end result is that the more electronegative
ligands e. g. halogens, 0-alkyl, Q-aryl, -OH and other ligands with -I
or -M effects occupy the apical sites in preference to ligands with +1 or
+M effects, e. g. alkyl groups or 0.
The second rule is that in a pentacoordinated phosphorus molecule
with a small membered ring, the ring occupies one axial and one equatorial
position. The reason for this is involved with the angles around the central
phosphorus. In a five-membered ring with pentacoordinated phosphorus atom,
the angle at the phosphorus has been assumed to be about 108°, 98-100
i.e. between the ideal di-equatorial angle of 1200 and the ideal axial
equatorial angle of 90 ° of a TBP. If the five membered ring is put in the
equatorial plane then either the preferred angle of 108 ° would need to be
increased to 120

0

causing strain in the ring or the 120

0

of the equatorial

angles would need to be decreased to 1080, also causing strain in the TBP.
However, it has been shown by models 94,100,

101

that a five-membered ring

can span the axial equatorial position, decreasing the angle from 1080 to
900 by 'puckering' to give the 'envelope' form. This is even easier to
understand with a four-membered ring. Therefore stability is gained by
having the ring in the axial- equatorial position although this can be in
balance with stability lost if more electronegative ligands are displaced
into the two remaining equatorial positions.

102, 102
An example of the first rule is that TBP (47a) is preferred to (47b).
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Me

F

I ,,F

,F
Me

F
Me
F

Me

(470)

(47b)

An example of the second rule is that (48a) is preferred to (48b). 103,104

OMe

Jo

_

MeO

mlw

~

,,-OMe

I

MeO

OMe

OMe

(/+8o)

(t,8b)

Hydrolysis of Cyclic and Acyclic Phosphates, Phosphonates and
Phosphinates.
It has been known for a long time that in the hydrolysis of esters
of phosphonic acid, five-membered cyclic esters hydrolyse much faster
than the corresponding open chain analogs.

105, 106 , 107

Most of the

recent work on pseudorotation and ring strain in hydrolysis of cyclic esters
has been carried out by Westheimer and co-workers.

108112

Measure-

ments showed that acid- and base-catalysed hydrolysis of cyclic fivemembered ring esters of phosphoric acid occurred between 106 and 10
times faster than the corresponding acyclic analogs.

108,

110However,

further measurements on the hydrolyses of six- and seven-membered rings
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showed no great difference in the rate of hydrolysis compared with the
acyclic analogues. 104, 113, 114
In the acid-catalysed hydrolysis of ethylene hydrogen phosphate (49)
using H 2 18 0 it was found that, in addition to ring cleavage,

18

was
-

incorporated into the starting material (49). 108, 109

)Po18oH + H 2 0

CO

CO\ O
OH
(49)
+

OH

H180
2

HO-CH -CH--0-P 160H
2
2
11
0
Scheme 42

The exchange of 0 was 20% of the rate of ring cleavage.
Similarly if the ester (49) is methylated, and subjected to acid
catalysed hydrolysis, then two processes occur, both endo- and exocyclic
cleavage of the P-0 bond to give a cyclic and an acyclic product respectively

112

(Scheme 43). The cr 5 t

+

-O 7 OMe

process, resulting in the cyclic product,

,--O \ //°

L

30%
0 OH

(50)
4.

H 0
2

OH

HO-CH-CH- O-P-OMe

I'

0
Scheme 43

70%
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is analogous to the incorporation of
The importance of the

18

18

into (49), (Scheme 42).

experiments, however, is that both the

endo- and exocyclic cleavages occur about 10 times as fast as the acyclic
analogues.
Logically, it was claimed by Westheimer and others, that the relative
hydrolysis rates could be explained by release of ring strain since the heat
of hydrolysis of methyl ethylene phosphate (50) was greater than that of
trimethylphosphate
calculations

116

115

(the acyclic analogue), and also the theoretical

and X-ray studies

117

supported this. Since, however,

the exocyclic cleavage would not have released any energy from ring strain,
and both endo- and exocyclic cleavages proceed at the same enhanced rate,
it did not appear that ring strain was the sole reason.
Hamer

118

and Westheimer

108,109,111

proposed the intermediacy of

trigonal bipyramids to explain the fast rates. In the case of hydrolysis of
methyl ethylene phosphate (50), Westheimer proposed that the TBP (51) was
formed as an intermediate by attack of the water molecule in the axial
position and the cleavage should occur also from an axial position since
the axial bonds are longer and weaker than the equatorial ones.
Assuming then, that the cleavage can only occur from the axial positions,
TBP (51) can only directly form the endocyclic cleavage product (52)
or TBP (51) can undergo one Berry 'pseudorotation' to give TBP (53) which
can undergo exocyclic cleavage to give (54). X-Ray 117 and theoretical
studies

108,116

(3-6 kcal mol

support this hypothesis, that there is a relief of ring strain
1)

on hydrolytic attack, whereas there would be an increase

in ring strain of 5-7 kcal mol ' if the ring was placed diequatorially.
Westheimer further supported his argument by extending the principle of
microscopic reversibility,

119

postulating that if an attacking species enters

35

0
OMe
H

+

+ H 20

coo

Me 0

0

,0

0

-1
OH
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+
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I
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,

+MeOH
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.
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OMe
H

[ o/Th
(53)

(54)
Scheme 1.4

a TBP at an apical position then the leaving species will leave from an
apical position. This argument is also supported by the hydrolysis of
cyclic phosphonates (see later). From the acceptance of this argument
it is now believed that leaving groups must be in an apical position in a
TBP intermediate or transition state to allow their departure, this perhaps
occurring through one or more BPR's.
Dennis and Westheirner also found that there was a difference of about

36

10 in the rate of hydrolysis of five-membered cyclic phosphonates (55)
compared with their acyclic analogues,

ill

whereas the rates of hydrolysis

of six-membered cyclic and acyclic phosphonates were of the same
magnitude. This is due to the relief of ring strain in forming a TBP for
the five-membered ring, but not for the six-membered ring. Westheimer
also found that from the hydrolysis of (55) no exocyclic cleavage product
was obtained.

108

Westheimer explained both the rate acceleration and the

absence of exocyclic cleavage in terms of pseudo rotations.

O0

OMe

OMe

(55)

Me O_FjS

+

H 0
2

H 2 Ot_1

OH

0

(56)

(57)

/
0

II

HOCH 2 CH2 CH 2 P—OH
0

OMe
Me
(59)

(58)

Scheme 45

OH
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Using Westheimer's rules TBP (56) is formed preferentially since
there is a release of ring strain if the five-membered ring occupies one
axial and one equatorial position, and also the 0 atom is at an axial position.
Any pseudorotations would lead to higher energy forms where the ring
strain would be increased by opening the angle to 1200 in (57), or the TBP
would not be favourable due to electronegativity factors as in (58). These
pseudorotations do not occur readily and so most of the cleavage occurs in
the TBP (56) resulting in endocyclic cleavage to give the open chain
product (59). In practice the hydrolysis occurs with 99. 8% endocyclic
cleavage and less than 0. 2% exocyclic cleavage. This is very selective
compared with the ratio of 70% to 30% for the hydrolysis of cyclic phosphates
where pseudorotations are favourable. Since very little exocyclic cleavage
occurs, this also supports Westheimer's extended principle of microscopic
reversibility that attacking groups only join at axial positions and leaving
groups depart only from axial positions since if groups can join in the
axial positions and leave from equatorial positions then there surely would
be a larger percentage of exocyclic cleavage products. The same argument
can be used to show that groups do not join and depart from equatorial
positions.

Ti)

00

Me0—P

\

OH

0H 2
(56)

Scheme 46

In contrast with phosphates and phosphonates, the hydrolysis of
five-membered cyclic phosphinates such as (60) occurs at a very similar
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rate to the open chain analogues and also to the six-membered phosphinates. 111, 120 These results can also be explained by using Westheimer's
approach.

H20
O

N0Et

Q

o

s%OH

(60)
Scheme 47
Ring fission in compounds such as (60) is extremely unlikely, and
so the product of hydrolysis should occur by exocyclic cleavage. To
achieve this by the normal route would require the formation df an
energetically-favoured TBP from (60). TBP (61) is not favoured since

OEt

0H 2

OH
(62)

(61)

OH
Scheme 48

2

OR
(63)

this would require a five-membered ring to span two equatorial positions,
increasing the strain in the ring. TBP (62) is not favoured in terms of
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electronegativity since a carbon atom would be required to occupy an
axial position. Since (61) and (62) are not favoured energetically, pseudorotation to form TBP (63) (which would be necessary for a rate acceleration)
is not possible. It was postulated that the lack of favourable TB' intermediates was responsible for the sLow rate of hydrolysis of cyclic phosphinates and that the hydrolysis of phosphinates may even occur by a
different mechanism. 121,122
If sufficient strain can be placed on the molecule during the hydrolysis,
then it was thought that the release in ring strain on forming at TBP
intermediate with a carbon ring spanning an axial and an equatorial position
might overcome the barrier of placing a carbon in an axial position. This 123
has been found to be the case by Westheimer with bicyclic phosphinates108' 121
and by Trippett in four-membered rings. 124
By the dimerisation of l-ethoxyphosphole 1-oxide (64), Westheimer
and coworkers obtained the dimer (65) which was reduced to (66).

It was

found that, in the case of (65) and (66), the phosphinate ester at the bridgehead was hydrolysed 10 5 -10 8 times faster than simple monocyclic phosphinates.

122 ' 123

5

Also the bridgehead ester was hydrolysed 10 times

faster than the other phosphinate ester in the same molecule, 122, 123
indicating that the second ester is hydrolysed at about the same rate as
simple monocyclic phosphinates.
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Et

0

2Q
0

OEt
(64)
EtO /0
(65)
0

EtO

EtO

/'

0

(66)
Scheme 49
This experimental evidence supports Westheimer's theory that
strain is released to form a TBP such as (67) which can pseudorotate to
form (68) where exocyclic cleavage can occur.

0

0
Et0 7

EtO
OH

HO

OH
OEt
(67)
Scheme 50
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Hawes and Trippett increased the strain in the phosphinate ring,
by decreasing its size from five to four and hydrolysing (69), to find that
this phosphinate ester hydrolysed rapidly. 124

L 1'

OH

P

L

1_ 0

P
fOMe

N

OH

OMe

OMe

H

0

(69)

___

1,,'0

H

P%

Scheme 51
In this case also, the release in ring strain in forming the TBP
intermediate with the carbon ring occupying an axial and an equatorial
position overcomes the electronegativity barrier of placing a carbon atom
in an axial position. To place the four membered ring in a diequatorial
position to form a TBP would place so much strain on the ring that the
reaction would noboccur.

Hydrolysis of Cyclic Phosphoniurn Salts
It has been found that acyclic phosphonium salts hydrolysed by alkali
undergo 100% inversion of configuration, 126,

127

(Scheme 52), the reaction

occurring via a TBP (70) with OH and benzyl group occupying the apical
positions.
In contrast, most nucleophilic displacements in four-membered ring
systems occur with retention of configuration.

128-133

From spectroscopic

134

42
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Ph
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(70)

H

2

0 OH

Et

Et
PhcH;
Ph

IH2O

Me Ph

PhCH3 + OH
Scheme 52
and X-ray 135,
82-85

0

136

data the four-membered phosphetane angle is about

Thus an intermediate with a 900 angle at phosphorus would seem

favoured. Therefore the axial-equatorial angle of 900 would appear ideal
in comparison with the equatorial-equatorial angle of 120 ° of a TBP. The
energy difference for a four-membered ring has been calculated as being
-1128,132,137
greater than 20. kcal mol .

The stereochemical requirement

that there should be retention of configuration has been explained by the
restriction of the phosphetane ring to spanning axial and equatorial positions.
Trippett and Hawes hydrolysed one isomer of 1-benzyl-2, 2, 3,4,4-pentam ethyl- i- phenylpho sphetanium bromide (71) and obtained complete
retention of configuration at phosphorus.

129, 138
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Ph CH2 .,
Ph CH
PhVI
P/

I

Br
(72)

(71)

-00000,

Ph

1

Ph OH 2
Scheme 53

(73)

On forming the TBP (72), since the -0 group is very strongly
donating, only one BPR (73) is suitable for eliminating the benzyl group.
Rate decreases have been observed for hydrolysis of strained phosphetanes such as (74)
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compared with the acyclic analogues, and this has

been explained as an SNZ type of reaction which would result in more strain
on forcing the four membered ring through a diequatorial position. Therefore it has been suggested that a comparison between the rates of cyclic and
acyclic hydrolysis could distinguish between the BPR and SNZ mechanisms.
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X = -NMe2 or -C(
(71+ )
In the basic hydrolysis of five- and six-membered phosphonium
salts, Aksnes and coworkers 120, 140, 141 found that l-phenyl-l-methylphospholanium iodide (75) hydrolysed 1300 times faster than the corresponding phosphorinane system (76) which undergoes hydrolysis at the same
rate as the acyclic analogue, trimethyphenylphosphonium bromide (77).

/e

Me

Me Me

I.
Ph
(75)

Ph
(76)

Me Pr
(77)

The hydrolysis of both (75) and (76) were found to obey third order
kinetics and to have an activation energy of 38 kcal mol ' . Since the
reactions obeyed third order kinetics it was postulated that TBP intermediates existed.
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+0H
Me1
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0

-

A
Me" //
0

Me
Scheme 54

Scheme 54 explained the third order kinetics. Aksnes explained that (75)
underwent hydrolysis 1300 times faster than (76) due to the frequency
factor being larger for (75) since, he claimed, that the planar configuration
of the five-membered ring, and the more restricted methyl and phenyl
groups made the phosphorus less sterically hindered. Hudson and Brown, 103
however, preferred the explanation that the five-membered ring (78)
released ring strain on forming TBP (79), but could not form TBP (80) since
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Scheme 55
this would result in an increase in ring strain. The six-membered ring
(81) however could react via the TBP (82) with inversion of configuration
and little or no increase or decrease in ring strain in forming (82).

CH 2 Ph

cII :I IJ

0W

-

P - Ph

/\

PhCH 2

Ph

OH

(81)

(82)
Scheme 56

Scheme 54 shows that the reaction should occur with retention of
configuration. Marsi and co-workers showed that this was actually the
case by following the decomposition with alkali of the pure cis- and transisomers of 1 -benzyl- 1, 3 -dime thyipho spholanium bromide (84).
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It is possible to cause predominant inversion of configuration in a

five-membered system if a highly electronegative leaving group such as
C1 3 Si 0- is introduced.

142

This is presumably due to the stereo electronic

factor being greater than the increase in ring strain.
As could be predicted for six-membered rings, inversion is much

48

more likely to occur than in five-membered systems. Marsi found that
in the hydrolysis of pure cis- and trans- l-benzyl-l-phenyl-4-methylphosphorinanium bromide with alkali inversion occurred.

143

Hydrolysiã of the

cis-isomer gave 48% cis-product and 52% trans product (net 4% inversion)
while the trans-isomer hydrolysed to give 22% cis-product and 78% transproduct (a net 56% inversion).
Marsi observed complete inversion of configuration in the base
catalysed hydrolysis of the seven-membered system, cis- l-benzyl-l-phenyl4-methylphosphepanium bromide (85). 144
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Ph
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Scheme 58 shows how complete inversion probably occurs, with the
seven-membered ring in the diequatorial position, and the leaving and
attacking groups in axial positions as in an SN 2 process.
From the results of the hydrolysis of 4, 5, 6- and 7-membered rings it
appears that the seven-membered ring is the smallest that can be accommodated
diequatorially without any ring strain. This is due to its flexibility which
allows complete inversion of configuration. Also from these results, the
mechanism of the reaction can be deduced from observing retention or
inversion of configuration and rate increases and decreases.

TABLE 1

Alkyl Halide

Compound

Reference

2nd Order Rate
constant 1O 5 1 ml
-1
sec

OR
Et I

146

0. 7

Et I

146

2.7

Et I

146

48.

Et I

146

Et

146

7.9

Me I

145

0. 030*

Mel

145

0.097*

0
,I:)P/0Et

(EtO) 3P

0\7OEt
10

(i PrO)3P

C

O\7NM2

07

(MeO) 2PNMe 2

*

Pseudo-first order rate constant, mm
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Ring Strain Factors in Tervalent Phosphorus Compounds
The affects of ring strain discussed so far have been concerned with
rate increases on reacting phosphoryl or phosphonium compounds with
nucleophiles to form pentacoordinated intermediates with a TBP structure.
It has been shown by Hudson and others that the reaction between tervalent
phosphorus compounds and nucleophiles or elect rophiles can lead to rate
increases or decreases in using acyclic or cyclic compounds.
In an acyclic phosphorus III compound, the normal angle is about
1000. If phosphorus acts as a nucleophile and the product istetracoordinated then the angles between the groups should increase due to
hybridisation to about 109 ° (near to a normal tetrahedral angle). If the
tervalent phosphorus compound is cyclic then this would result in an
increase in ring strain. Hudson proposed that the cyclic cases would be
less reactive because of the ring strain. 103, 145 Hudson 145 and Aksnes 146
investigated the Michaelis -Arbuzov reaction (Scheme 59) using cyclic and
acyclic tervalent compounds and methyl or ethyl iodide. The results

RO

RO
P—R +RI
RO

RO

R

P
RO" NR*

R

-

I

a

Scheme 59
(Table 1) showed that a five-membered ring had a small retarding effect
on the reaction compared with the six-membered ring and also the acyclic
analogue. The difference in rate is only a factor of 3-7. This is quite
small compared with the factors of 10 to 10 in rate increases for the
hydrolysis of the phosphoryl and phosphonium compounds. Hudson 103
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observed that cyclic compounds should not be subject to as much steric
hindrance, and in particular that five-membered rings such as pyrrolidine
are more reactive towards quaternisation than larger rings such as
piperidine.

147

This would presumably increase the frequency factor for

rings and so the expected difference in rates between cyclic and acyclic
compounds would be smaller.
Greater decreases in the rate for cyclic compounds, in the order of
50-300, have been observed by Hudson in the case of some Arbuzov-type
reactions. 148, 149
Research by Covitz and Westheimer,

103

showed that trimethyl-

phosphite underwent acid catalysed hydrolysis six times faster than its
cyclic analogue, 2-methoxy-1, 3, 2-dioxaphospholane (87).

H

7 0Me H

k
H

K

H

> HOCH OH OP—OH
2 2
2O

0

(87)
Scheme 60
From Scheme 60 and the acyclic equivalent it can be deduced that:
Rate of cyclic case

kK/
cc

1

Rate of acyclic case

kK
a a

6

If the decomposition of (88) is compared with the acid hydrolysis
If

k

6
= 10 and hence if
of phosphate esters 109, 112 (Scheme 61), then
/
ka
.k
Ka
6
6 x 10 , i. e. the equilibrium to form (88), or
- then -

K

the acyclic analogue, is much stronger by a factor of about 6 x 10 in
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C

/ OMe
H20>

L t\

k'

OH

0
.11
+ HOCH 2 CH 2 OP—OMe

O

O

OH

OH

Scheme. 61
the acyclic case.
Trippett and co-workers

150, 151

recently found that nucleophilic

attack on 1-chloro-2, 2, 3,4,4-pentamethyiphosphetane (89) proceeded
with inversion of configuration in contrast to all the previously mentioned
reactions of phosphetanium reactions. A cis:trans ratio of 3.8:1 of (89)
was reacted with benzylamine followed by oxidation with hydrogen peroxide
to form the product (90) with cis:trans ratio of 1:3. 7. It is known that

Me
><y>< 1)PhCH2NH2
2) H 2 0 2
Ct

/ NH CH 2 Ph
(90)
cis:trcns = 1: 3.7

(89)
cis:trans =3-8:1
Scheme 62

oxidation with hydrogen peroxide occurs with retention of configuration, 152
therefore it was assumed that the inversion occurred in the first step with
the addition of benzylamine.
Smith and Trippett proposed an equatorial attack by benzylamine and
an equatorial departure by Cl with the four-membered ring spanning an
axial and an equatorial position (91).
iBL

nV
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e
H
PhCH 2 N
CL
(91)
This mechanism would not be favoured compared with an axial attack
and departure, also it would seem more reasonable to assume that lone
pairs of electrons should occupy an equatorial position since they would
count as an electron donating group. 153,154
An alternative intermediate TBP (92) could adequately explain the
inversion of configuration.

F

CL
Me

_

Ff _
FO

" I

NHCH2Ph
(92)

F
(93)

This TBP (92) would not normally be possible, however under the
different conditions of nucleophilic attack on the phosphorus, the geometrical
restraints are relaxed. It is known that a non-bonding pair of electrons
repels stronger than a bonding pair. If the lone pair is in an equatorial
position then the two other ligands would be repelled more and the angle
between the two ligands would be less than 1200. In SF (93), for example,
0

the angle is 101 between the two equatorial F atoms.

103,155

This

relaxation of the necessity for 1200 between the equatorial ligands allows
rings in the diequatorial position and hence inversion of ,configuration at
the phosphorus atom.
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In the cases where inversion occurs, the stereoelectronic factor
overcomes the ring strain factor e. g. PX 4 (89), and where retention of
configuration occurs the ring strain factor overcomes the stereo electronic
factor e. g. PX5. 103
Hudson further predicted that although in nucleophiic attack on
phosphorus there might still be an increase in the rate for cyclic compounds
over their acyclic analogues, the increase would be smaller than for
phosphoryl compounds since the decrease in ring strain would be smaller.
Hudson

103

reviewed the main types of reactions exhibiting rate

differences between cyclic and acyclic phosphorus compounds and classified
them into three types:
ring strain decreases on reaction of nucleophiles with phosphoryl
or phosphoniurn phosphorus to give pentacoordinated intermediates with a
small ring spanning axial and equatorial positions.
ring strain decreases on reaction of nucleophiles with tervalent
phosphorus to give tip entac oo rdinatedit intermediates with a lone pair
acting as one ligand,
ring strain increases on reaction of electrophiles with tervalent
phosphorus to give tetracoordinated intermediates.
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1)

Symbols and Abbreviations

xn. P.

melting point

b. P.

boiling point

V max

infrared wavenumber

11.

nI.

r.

6

nuclear magnetic resonance
chemical shift scale for

H n. m. r. in

parts per million
31

P6

chemical shift scale for

31

P n. m. r. in

parts per million
s

singlet

d

doublet

t

triplet

q

quartet

c

complex

J

coupling constant

m/e

mass to charge ratio

M+

mass of parent ion

g. 1.
t. 1.

C.

C.

gas liquid chromatography
thin layer chromatography

Ii. P. 1. c.

high performance liquid chromatography

U. V.

ultra violet

2)

Instrumentation and General Procedures

(A) Instrumentation
Melting points were found either from a Reichert or a Kofler
hot-stage microscope.
Infrared spectra were obtained from a Perkin-Elmer 157 G
grating spectrophotometer. Solids were examined as nujol mulls or
in chloroform solution in matched cells with sodium chloride windows.
Liquids were examined as thin films. The polystyrene absorbance
1603 cm- I was used as a reference for calibration purposes.
N. m. r. spectra for protons were obtained from either a Varian
Anaspect EM 360 spectrometer with an operating frequency of 60 MHz
or a Varian HA 100 instrument with an operating frequency of 100 HMz.
Chemical shifts were recorded as 6 in units of parts per million.
Phosphorus spectra were recorded either on a Varian XL 100 MHz
(multinuclear) instrument or on a Jeol FX 60 Q instrument. All
chemical shifts were measured with respect to 85% phosphoric acid;
upfield resonances are negative and downfield shifts are positive.
Samples were examined as solutions in deuterochloroform unless otherwise stated.
Mass spectra were obtained either from an AEI MS902 mass
spectrometer or a V. G. Micromass 12 spectrometer. G. 1. c. /mass
spectrometry was carried out by linking a Pye Series 104 g. 1. c. analyser
to the V. G. Micromass 12 spectrometer.
Elemental analysis for carbon, nitrogen and hydrogen was carried
out by J. Grunbaum, University of Edinburgh using a Perkin-Elmer 240
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elemental analyser.
Gas liquid chromatography work was carried out using a Pye 104
chromatograph with a flame ionisation detector. A 10% Apiezon L
column was used. Nitrogen was used as the carrier gas.
Thin layer chromatography was carried out on glass plates using
alumina (Merck Alumina G Type 60/E) with layer thickness 0. 25 mm.
The plates were developed under u. v. light or in an iodine vapour tank.
High performance liquid chromatography was carried out using a
15 cm column containing 10 micron Spherasorb alumina, 25% methylene
chloride, 75% hexane, 25% water saturated.
Ultraviolet spectra were obtained using a Unicam SF 800A spectrometer with 1 cm silica cells.

(B) General Procedures
Since most of the reactions and chemicals were water and oxygen
sensitive great caution had to be taken in the handling of the chemicals
and preparation for the reactions to exclude the atmosphere from all
containers. All apparatus was oven dried before use. Chemicals were
stored under a dry nitrogen atmosphere in dry containers, sealed, and
kept either in a desiccator over phosphorus pentoxide or in a dry glovebox flushed with dry nitrogen. When filtering off phosphorus-containing
products, a brisk flow of dry nitrogen was maintained, and recrystallised
where necessary under a dry nitrogen atmosphere.
Solvents were dried to different extents and stored over molecular
sieve. Benzene was dried over calcium. hydride, distilled, dried over aluminium lithium hydride, distilled and stored over molecular sieve. Ether
was likewise dried over sodium, aluminium lithium hydride and sieve.
Light petrol (40-60 0 ) and petrol (60-80 0 ) were distilled and stored over
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sodium. Ethanol was superdried as suggested by Vogel.

Pyridine,

diethylamine and triethylamine were prepared by storing over potassium
hydroxide and distilling. Chloroform was dried over molecular sieve.
Methylene chloride was purified by chromatographing on grade 1 alumina,
distillation and storing over molecular sieve.

3)

Preparation of Compounds

(A) Tervalent Phosphorus Compounds
(1) 1, 2, 5-Triphenylphosphole.
1,4-Diphenylbuta-1, 3-diene was first prepared by the method of

156

Carson by heating phenylacetic acid (1 30 g, 0. 95 mol) under reflux
with an excess of cinnamaldehyde (127 g, 0.97 mol) for five hours in the
presence of litharge (116 g) and acetic anhydride (150 ml). On cooling
the brown crystalline product was filtered off, washed with ethanol and
recrystallised from benzene (49.6 g1 24%) m. p. 152-154 ° (lit. 156m. p.
152-153 0 ) 1, 2, 5-Triphenylphosphole was prepared by a modification of the
method described by Campbell et al.

157

1,4-Diphenylbuta-1, 3-diene

(49 g, 0. 24 mol) was stirred with a 0. 5 molar excess of dichlorophenylphosphine (65 g, 0. 36 mol), and heated under reflux for 6 h at 220 ° under
nitrogen, during which time all the hydrogen chloride produced was
evolved. The mixture was allowed to cool and crystallise and was
triturated under ether. The yellow solid was filtered off, washed,
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dissolved in the minimum amount of chloroform, hot-filtered and allowed
to cool. 1, 2, 5-Triphenyiphosphole was obtained as fine fluorescent
yellow needles (25.9 g,

3 5%), m. p.186-189 ° (lit. ,15187-189 0 ),

31p

(C 6 D6 ) + 2.6.
Diphenyl phenylpho s phonate.
Diphenyl phenyiphosphonate was prepared by the method of Arbuzov.158
Dichiorophenyiphosphine (65. 4 g 0. 36 mol) was added to a solution of
phenol (68. 5 g, 0. 73 mol) and N, N-dimethylaniline (88.5 g, 0. 73 mol) in
3 volumes of dry ether with vigorous stirring.. The reaction was cooled
in an ice bath. The amine hydrochloride was allowed to settle out
overnight and was filtered off. The ether was removed under reduced
pressure and the residue distilled on a spinning band distillation apparatus
(94. 5 g, 88 %), b. p. 148-156 0 at 0.05 to 0. 15 mm Hg (lit

8 230 0 at 14

mmHg), 31 P 6 + 158.4.
1 -Phenylphospholane.
1-Phenylphospholane was prepared by a modification of the method

159

described by Gruttner and Wiernik.

Using dry apparatus, solvents and

reactants, the Grignard reagent of 1, 4-dibromobutane was prepared by
the dropwise addition of the halide (50 g, 0. 23 mol) in ether (100 ml) to
magnesium (12 g, 0.50 mol) in ether (30 ml) and a crystal of iodine.
The reaction was completed by heating under reflux for 30 minutes.
The prepared Grignard reagent was placed in a dropping funnel and
dichiorophenyiphosphine (41.6 g, 0. 231 mol) was dissolved in sufficient
ether to make the volume of solution the same as the Grignard solution.
The solutions were added dropwise into ether (500 ml) which was being
stirred vigorously under a dry nitrogen atmosphere. Care was taken
to ensure that the reactants were being added at the same rate. The
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reaction was cooled in an ice/salt bath. After the addition was complete,
the solution was stirred at 00 for 1 hour and then at room temperature for
1 hour. The solution was then cooled in an ice bath while triethylamine
(2 x 100 ml) was added. The resultant mixture was filtered, but with
great difficulty, to give a cloudy solution. The lower boiling fractions
were removed under reduced pressure. The remaining viscous solution
was distilled to give a cloudy yellow mobile oil which was redistilled to
give a colourless mobile oil with a characteristic smell of phosphines
(1.6 g, 4%), b. p.98-101 ° at 0.8 mmHg (lit

° 97 at 3 mm Hg), 6 1.05-

2. 16 (8H, m, aliphatic protons), and 6.85-7.88 (5H, m, aromatic protons),
31 P 6 -15.8. The above preparation had the following disadvantages.
Yields were low, varying between 1. 5 g1 and 9 g (4% and 20%)
during this very large scale preparation.
Separation of the 1-phenyiphospholane from other products was very
difficult.
These disadvantages were overcome by modifying the preparation
as follows.
The above preparation was repeated, but using one hundred percent

161

excess of the Grignard reagent.

The equivalent weight of diphenyl

phenyl phosphonate (86. 9 g, 0. 29 mol) was used in place of dichlorophenyl-

162

phosphine. Two molar equivalents of the bromide (125 g, 0. 58 mol)
and magnesium (30. 2 g, 1. 26 mol) were used in the preparation of the
Grignard reagent. The Grignard was added at twice the rate of the
diphenyl phenyiphosphonate. The reaction was terminated as before and
diethylamine (2 x 200 ml) was added. The mixture was filtered through
a 3/4 inch celite plug which prevented the blocking of the pores of the
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sintered glass (16-25 g, 32-46 %), b. p. 70-72° at 0.3 mmHg.
Due to these improvements more reliable good yields were
obtained.
1 -Phenylphosphorina.ne.
l-Phenylphosphorinane was prepared by a modification of the
method reported by Gruttner and Wiernik.

159

The Grignard reagent of

1, 5-dibromppentane was prepared by the dropwise addition of the halide
(69.0 g, 0.3 mol) in dry ether (200 ml) onto dry magnesium (21.6 g, 0.9
mol) in dry ether (100 ml). The reaction was completed by heating under
reflux for 30 minutes.
Dichlorophenylphosphine (35. 8 g, 0. 3 mol) was dissolved in ether
and the solution volume made up to the same as the total volume of the
Grignard solution. The two solutions were added at the same rate to a
flask containing dry ether (500 ml). The flask was kept under a dry
nitrogen atmosphere, the ether solution was stirred vigorously and the
flask cooled in an ice/acetone bath. After the addition was complete,
the solution was stirred at 0 ° C for 1 hour and then at room temperature
for 1 hour. The solution was then cooled while dry diethylamine (2 x 100
ml) was added. The mixture was quickly filtered through a celite plug, the
low boiling fractions removed under reduced pressure and the remaining
viscous oil distilled to give a colourless mobile 7 oil (16. 6 g, 46 %), b. p.
95° at 0.4 mmHg (lit
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119 0 at 3 mmHg), 5 1.05-2.32 (10H, c, aliphatic

protons), and 7.08-7.72 (5H, c, aromatic protons), 31 P S -34,.4.
Diethylphenylphosphine.
Ethyl magnesium bromide was first prepared by the dropwise addition

of a solution of ethyl bromide (50 g, 0.46 mci) in dry ether (200 ml)
onto a stirred mixture of dry magnesium (12 g, 0.50 mol) in dry ether
(30 ml) and a crystal of iodine under a dry nitrogen atmosphere. The
reaction was completed by heating the mixture under reflux for 30
minutes. The reaction mixture was then cooled in an ice bath while
dichiorophenyiphosphine (41.6 g, 0.23 mol) in ether (150 ml) was added
dropwise. After the addition was complete the solution was heated
under reflux for 30 minutes. The solution was cooled and diethylamine
(2 x 100 ml) was added. The mixture was quickly filtered through a
celite plug, the low boiling fractions removed under reduced pressure
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and the residue distilled (31. 2 g, 82%), b. p. 58-620at 0.65 mmHg (lit.
221.9

0

), 8 0. 87 (6H, d of t, 2P-CH2-CH321

PCCH

17 Hz), 1. 65 (4H,

q, 2CH 2 -CH 3 ) and 7.20-7.68 (5H, c, aromatic protons), 31 P 5 -15.6.
The doublet of triplets at 5 0. 87 collapsed to a triplet on

31

P spin

decoupling, confirming spin-spin coupling.
(6) Dim ethylphenylpho s phine.
Dimethylphenylphosphine was prepared in the same way as diethylphenylphosphine above. Methyl magnesium iodide was prepared by the
dropwise addition of a solution of methyl iodide (128 g, 0.9 mol) in dry
ether (250 ml) to a mixture of magnesium (24. 3 g 1.01 mol) in dry
ether (200 ml). The methyl iodide was added at such a rate as to
maintain a steady reflux condition. After the addition was complete,
the reaction mixture was heated under reflux for 30 minutes. The
reaction mixture was cooled in a dry ice/acetone bath while dichlorophenyiphosphine (85.5 g, 0.45 mol) in ether (200 ml) was added very
cautiously since the reaction was very vigorous. Alter the addition
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was complete, the solution was heated under reflux for 45 minutes,
cooled to 00 and diethylamine (2 x 100 ml) was added. The solution was
then filtered through a celite plug, the lower boiling fractions removed
under reduced pressure and the residue distilled to give a colourless
mobile oil (20. 3 g, 33 %), b. p.70-73 ° at 12 mm (lit.
(6H, d, 2P-CH 3
31

5 -f45. 5.

21

4 1920 ), 5 1. 25

PCH 14 Hz), and 7. 18-7. 48 (5H, c, aromatic protons),

The doublet at 5 1. 25 collapsed to a singleton

31

spin decoupling, confirming spin-spin decoupling.
Phenyiphosphinic acid.
Dichlorophenylphosphine (167. 8 g, 0. 93 mol) was added dropwise
to water (250 ml) with vigorous stirring. On allowing to cool, a
white flaky solid precipitated out and was filtered off. The volume of
the mother liquor was reduced and a further yield of phenyiphosphinic
acid was obtained. The white solid was recrystallised from boiling water
and dried under high vacuum (77. 35 g, 5 8 %), m. p.82-84 ° (1it
max

2385, 3050-2520, 2410-2200, 1755-1605 cm
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Ph-P(0)(H)OH

5 82-83

(Ph-P(OH)

0

2

(99%)), 5 13.7 (s, OH), 12.3 and 2.8 (1H, d, P-H,

PH 568 Hz), and 6. 6-8.4 (5H, c, aromatic protons),

31

P 5 +19. 0.

Phenyiphosphorus dibromide.
Phenyiphosphorus dibromide was prepared by a modification, made

167

by Quin, of the preparation of phenylphosphorus dichloride described by
Franl.68 Phenyiphosphinic acid (99 g, 0. 696 mol) was added in portions
to phosphorus tribromide (160 ml, 1.6 mol) with no external cooling.
Two layers were formed. The mixture was allowed to stand for 40 hours
with stirring. The lower fraction was separated and distilled with a
Vigreux column. Excess phosphorus tribromide was recovered as the

first fraction, distilling at 600 at 14 mm. Phenyiphosphorus dibrornide
was collected at

66 %),

740

at 0.4 mm (lit

9 124-126 ° at 11 mm), (122 g,

31 P 6 +151. 3.
(9) 1-Phenyl-3-methylphosphol-3-ene.
1-Phenyl-3-methylphosphol-3-ene was prepared by the method of

Quir.67 Phenylphosphorus dibromide (100 g, 0. 37 mol), isoprene (29 g,
0.42 mol) and cupric stearate (2 g1 6% by weight of isoprene) were added
to a dry flask, which was flushed out with dry nitrogen, sealed and
allowed to stand at room temperature for 65 hours. The flask was broken
and the solid product ground up in a glove box under dry nitrogen. The
solid was washed with dry hexane and kept dry. The phenyiphosphorus
dibromide-diene adduct (100 g, 0. 297 mol) was placed in a dry flask with
a condensor, mechanical stirrer and a dry nitrogen flow. Dry tetrahydrofuran (350 ml) was added. The mixture was stirred vigorously as
freshly cleaned magnesium (12.5 g, 0. 52 mol) was slowly added. A very
vigorous reaction took place. Alter the addition was finished, the
mixture was heated under reflux for 24 hours. The mixture was then
neutralised with saturated sodium bicarbonate solution. The resulting
emulsion was continually extracted with benzene for 24 hours, the benzene
solution dried, the solvent removed under reduced pressure and the
residue distilled to give a colourless, mobile oil (4. 9 g, 9%), b. p. 620
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at 0. 2 mmHg (lit., 125 ° at 13 mmHg), ))

max

1660 (CC) and 1437

(P-Ph) cm l, 6 (C 6 D6 ) 1.79 (3H, s, methyl protons), 2.22-3.04 (4H,
c, aliphatic protons), 5. 32-5. 56 (1H, d, olefinic proton), 7. 12-7. 32 (3H,
c, meta and para protons), and 7. 32-7. 55 (2H, c, ortho protons), 31 P
6(C 6 D6 ) -17.3. The doublet at 5. 32-5.56 collapsed to a singlet on

31 spin decoupling, confirming spin-spin coupling.
(10) 1 -Phenyl- 3-methyiphosphol- 2- ene.
l-Phenyl-3-methylphosphol-2-ene was prepared by the method of
Quh. 70 A solution of dichlorophenylphosphine (134.4 g, 0.75 mol),
isoprene (51. 1 g, 0. 751 mol) and cupric stearate (2.04 g, 4% by weight
of isoprene) was allowed to stand under a dry nitrogen atmosphere to
solidify. This process required two weeks at room temperature for
completion. The bottle was broken under a dry nitrogen atmosphere in
a glove box and the solid was ground up and washed with dry hexane.
The phenylphosphorus dichio ride- diene adduct (100 g, 0.405 mol) was
added to a dry flask under a dry nitrogenatmosphere. Dry tetrahydrofuran (250 ml) was added and freshly cleaned dry magnesium (9. 84 g,
0.41 mol) was added in very small portions with vigorous stirring. After
the addition was complete, the mixture was heated under reflux for 24
hours. Half of the volume of tetrahydrofuran was removed under reduced
pressure and cold water was added. The solution was basified to pH8
with lON sodium hydroxide solution and extracted with many portions of
benzene. The benzene solution was dried, the benzene removed under
reduced pressure and the residue distilled (13.1 g,
at 0. 5 mmHg (1it? ° 133-134

0

1 8%), b.p.90-95 °

at 16 mmHg), i) max 1615 (CC) and

1440 (P-Ph) cm- 1, 6 1. 93 (3H, d, methyl protons, 3PCCCH 1. 5 Hz),
5.72 (lH, d, olefinic proton, J
protons),

PCH

42 Hz), and 7. 12-7.80 (5H, c, aromatic

31 P 6 (C 6 D6 ) +2.9. On 31 P spin decoupling, the doublets

at 6 1. 93 and 5. 72 collapsed to singlets, confirming spin-spin coupling.
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(11) 1-Phenyl-2, 2, 3-trimethylphosphetane
I.

1-Phenyl-2, 2, 3-trimethylphosphetane was prepared by the method of

130

Crerner and Chorvat,

by first preparing 1-phenyl-2, 2, 3-trimethyl-

phosphetane 1-oxide.
1-Phenyl-2, 2, 3-trimethyiphosphetane 1-oxide (5 g, 0. 024 mol)
was dissolved in dry benzene (70 ml), and dry triethylamine (2. 45 g,
0. 024 mol) was added. Trichlorosilane (3. 3 g, 0. 024 mol) in dry benzene
(30 ml) was added dropwise over 20 minutes. The solution was heated
under reflux under a dry nitrogen atmosphere for 15 hours. After cooling
in an ice bath, the mixture was treated by the dropwise addition of 20%
sodium hydroxide solution (40 ml) over 20 minutes. Addition of benzene
gave two layers. The organic layer was separated, washed with four
portions of saturated sodium chloride solution and dried over magnesium
sulphate. The solvent was removed and the residue distilled to give a
colourless oil (2. 05 g, 45 %), b. p. 80 ° at 0. 5 mmHg (1i2 ° 71 ° at 0. 3 mmHg),
6 (C 6 D6 ) 0. 62 (3H, d, P-C-CH3,

JPCCHSHZ), 0. 69 (3H, d, H-C-CH 3

HCCH 7Hz), 1. 20 (3H, d, P-C-CH 3 , J

PICCH

20Hz), 1.44-2.83 (3H, c,

aliphatic protons) and 6. 96-7. 44 (5H, c, aromatic protons),

31

P 6 (C 6 D 6 )

+ 24.6.
The doublets at 6 1. 20 and 0. 62 collapsed to singlets on

31

P spin

decoupling, confirming spin-spin coupling. The doublet at 5 0. 69 however
did not collapse on

31

P spin decoupling, indicating that the doublet arose

from the methyl group in the 3-position. Other doublets with 1/6 of the
intensity were observed when the spectra was phosphorus decoupled
6 (C 6 D6 ) 1. 22 (d, J

PH

18Hz) and 1. 80 (d, J

PH

8Hz). The phosphorus

spectra confirmed the presence of another isomer

31

P 6 (C 6 D6 ) + 38.3.
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Further distillations failed to isolate either isomer in pure form.
II Since the two isomers could not be separated by physical means,
an alternative reducing reagent was sought which would perhaps be more
selective and be more efficient. Phenylsilane was described by Mar si.

.171

as being a stereoselective reducing agent for phosphoryl compounds.
Phenylsilane was prepared by the method 1 Benkeser, Landesman
and Foster1.72 Trichiorophenylsilane (20 g, 0. 094 mol) was added dropwise
to a mixture of lithium aluminium hydr ide (5. 0 g) in

t1

superdry" ether

(100 ml) under a dry nitrogen atmosphere. The reaction was very
exothermic. After the addition was complete, the ether was removed
under reduced pressure and the residue distilled (4. 11 g, 40 %), b. p.45 °
at 10 mmHg

(1172 120 ° at 760 mmHg).

Handling the phenylsilane under a dry nitrogen atmosphere,
phenylsilane (7 g, 0. 065 mol) was weighed into a dropping funnel. 1-Phenyl2, 2, 3-trimethylphosphetane 1-oxide (6. 8 g, 0. 033 mol) was weighed into a
flask. A stream of dry nitrogen was maintained while the phenylsilane
was added dropwise. The product mixture foamed and a glass was
obtained. The reaction mixture was heated at 100

0

for 1 hour under

nitrogen and then the excess phenylsilane removed under reduced pressure.
The residue was distilled under high vacuum (3. 8 g, 62%), b. p. 88 ° at 1. 5

130 o

mmHg (lit, 71 at 0. 3 mmHg).
On this occasion a better yield was obtained, however a mixture
of isomers was still obtained, in the ratio of 7:2 and could not be separated.
The 1-phenyl-2, 2, 3-trimethylphosphetam was found to polymerise
within two or three days at room temperature.
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(12) 1-Phenyl-2, 2-dimethylphosphetane.
1-Phenyl-2, 2 -dime thylpho sphetan e was prepared by the method

.173 by first preparing 1-phenyl-2, 2-dimethyl-

of Gray, Cremer and Marsi
phosphetane 1 oxide.

1-Phenyl-2, 2-dimethylphosphetane was obtained by reducing 1phenyl-2,2 -dime thylphosphetane 1-oxide (5.51 g, 0.028 rnol) with tnchlorosilane (7. 6 g, 0. 056 mol) and triethylamine (2. 83 g. 0. 028 mol) in
dry benzene (50 ml) as in (11)1 above (1.2 g, 24%), b. p. 1100 at 3 mmHg
(1i 7345 ° at 0. 3 mmHg), 6 0. 74 (3H, d, -CH , JCH7Hz), 1. 37 (3H, d,
3
-CH 3, JPCCH19HZ)I 1. 80-2. 58 (4H, c, aliphatic protons), and 7. 04-7. 60
(5H, c, aromatic protons),

31 P 6 + 27.4.

On 31 p spin dec oupling, the doublets at 6 0. 74 and 1. 37 collapsed
to singlets, confirming spin-spin coupling.
Since extensive thermal decomposition occurred on distillation,
the phosphetarwas reacted without having been distilled when possible.
When it was necessary to distil the phosphetar the yield was very low due
to polymerisation and decomposition. The colourless oil obtained on
distillation rapidly polymerised at room temperature and so was reacted
as soon as possible.
(13) 2-Chloro-1, 3, 2-dioxaphospholane.
Dry 1, 2-ethanediol (38. 7 ml, 0. 72 mol) was added dropwise to a
vigorously stirred solution of phosphorus trichlonide (93. 5 g, 0. 68 mol)
in dry methylene chloride (250 ml) under a dry nitrogen atmosphere. The
ethanediol was added at such a rate as to maintain a steady evolution of
hydrogen chloride. The reaction flask was kept at 0-5 ° during the addition.
After the evolution of gas had ceased, the solvent was removed under
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reduced pressure and the residue distilled (94 g,
mmHg (li,74 65-66

0

51 %), b. p. 62 0 at 30

at 42 mmHg), 5 3. 82-4.54 (4H, c, aliphatic protons).

2-(N, N-. 0 Lethylamino)- 1, 3, 2-dioxaphospholane.
Dry diethylamine (17.3 g, 0. 24 mol) in dry benzene (50 ml) was
added dropwise to 2-chloro.-1,3,2-dioxaphospholane (30 g, 0.24 mol) in
benzene (100 ml) with stirring under a dry nitrogen atmosphere. The
reaction mixture was then quickly filtered, the benzene removed under
reduced pressure and the residue distilled (22.0 g, 56%), b. p. 92 0 at
12 mmHg, 5 (C 6 D6 ) 0.84-1. 02 (6H, t, 2-CH 2 -CH3 ), 2. 72-3. 08 (4H, d of
q, 2-P-N-CH2-CH3, JPNCH9HZ), and 3.36-3. 90 (4H, c, aliphatic protons),
31 P 5 +144. 0.
This compound was found to hydrolyse and polymerise very
rapidly.
2-Phenyl-1,3,2-dioxaphospholane.
2-Phenyl-1,3,2-dioxaphospholane was prepared by the method of
Mukaiyama et al1

. 75

Dichiorophenyiphosphine (36. 0 g, 0. 2 mol) was added

dropwise with stirring to 1, 2-ethanediol (12. 4 g, 0. 2 mol) in the presence
of triethylamine (40. 4 g, 0. 4 mol) in benzene (250 ml) under a dry nitrogen
atmosphere. The solution was filtered off, the benzene removed under
reduced pressure and the residue distilled (15. 02 g, 41 %), b. p. 79-85 at
0. 1 mmHg (li!7 5 79_80 at 0. 8 mmHg), 5 3. 65-4.25 (4H, c, aliphatic protons),
and 7. 14-7. 57 (5H, c, aromatic protons),

31

P 5 + 162. 3.

2-Phenyl-1, 3, 2-dioxaphosphorinane.
2-Phenyl-1, 3, 2 -dioxapho sphorinane was prepared by a method
similar to (15) above. A solution of dichlorophenylphosphine (35. 8 g,
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0.2 mol) in dry benzene (200 ml) was added dropwise over two hours to
a solution of dry triethylamine (40. 2 g, 0. 4 mol) and 1, 3-propanediol (15. 2 g,
0. 2 mol) in dry benzene (200 ml) with stirring under a dry nitrogen atmosphere. The reaction mixture was refluxed for 45 minutes, cooled in an
ice bath and filtered through a celite plug. The benzene was removed
under reduced pressure to give a yellow viscous oil which was immediately
distilled. A colourless mobile oil was obtained (7. 51 g, 20%), b. p. 90 0
at 0. 1 mmHg (lit1 7696-98

0

at 0.3 mmHg), 6 1. 20-1. 46 (1H, c, CH 2 - CH-CH 2 ),

2. 16-2. 66 (UI, c, CH2 - CH-CH 2 ), 3. 38-4.32 (4H, c, 2. O-CH 2 ), and
7. 08-7. 88 (5H, c, aromatic protons),

(B)

31

P 6 + 152. 7.

Phosphyl Compounds.
1-Phenylphospholane oxide.
1-Phenyiphospholane oxide was prepared using a modification

of the method described by Dimroth and Lerc1. 77 Lead tetraacetate (1. 34 g,
0. 003 mol) was quickly added to a stirred solution of 1-phenylphospholane
(0. 5 g, 0. 003 mol) in methylene chloride. The solution was allowed to
stir for 15 minutes, the solution was filtered, water (10 ml) was added
and the flask was shaken for 5 minutes. The methylene chloride layer
was separated, dried, the solvent was removed under reduced pressure

178

0

and the residue distilled (0. 15 g, 27 %), b. p. 105-110 at 0. 2 mmHg (lit,
140-150 ° at 0. 3 mmHg), V

max

ll8O (P0) cm-

1,

6 1. 72-2. 54 (8H, c,

aliphatic protons), 7.32-7. 92 (51-1, c, aromatic protons),

31 P 6 + 60. 2.

1-Phenylphosphorinane oxide.
1-Phenylphosphorinane oxide was prepared by the reaction of
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1-phenylphosphorinane (3. 18 g, 0. 018 rnol) and lead tetraacetate (8. 7 g,
0. 0196 mol) as in (1) above. The residue was sublimed twice to give a

73

white solid (3.05 g, 88%), m. p. 124-126 ° (li1m.p. 128-129 ° ), 6 1.222.40 (10H, c, aliphatic protons), 7. 28-7. 58 (3H, c, meta and para protons),
and 7.58-7. 99 (2H, c, ortho protons), 31 P 6 (C 6 D6 ) + 26. 9.
Diethylphenylpho sphine oxide.
Die thylphenylpho sphine oxide was prepared by the reaction of
diethylphenylphosphine (5 g, 0. 030 mol) and lead tetraacetate (14. 6 g,
0. 033 mol) as in (1) above. The residue was recrystallised from benzene/
60-80 ° pet. spirit, and dried under high vacuum to give a colourless solid
(4. 87 g, 8 9%), in. p. 50-52 0 (lit15l-52°), 6 0. 73-1. 50 (6H, d of t, 2
P-CH2 -CH3 ), 1. 68-2.23 (4H, c, 2 x P-CH 2 ), and 7. 19-7. 89 (5H, c,
aromatic protons), 31 P 6 (C 6 ]D 6 ) + 38. 7.
Dime thyiphenyiphosphine oxide.
Dimethylphenylph.osphine oxide was prepared by the reaction of
dime thyiphenyiphosphine (2 g, 0. 0145 mol) with lead tetraacetate (7. 06 g,
0. 016 mol) as in (1) above. The residue was purified by sublimation
under high vacuum at 118-119 ° to give pale yellow crystals (1. 7 g, 76%),
M.

p. 122-124

0

(1it179m.p. 113-116 0 ),

max

H

3 ) 1175 (P=o),

6 1.71 (6H, d, 2 P-CH 3 , J PCH 6.5Hz), and 7. 40-7. 88 (5H, c, aromatic
protons),

31

P6 + 33.8.

1-Phenyl-3-methylphosphol-3-ene oxide.
1- Phenyl-3 -methylphosphol-3 -ene oxide was prepared by the
reaction of 1-phenyl-3-methylphosphol-3-ene (3 g, 0. 17 mol) with lead
tetraacetate (8. 28 g, 0. 019 mol) as in (1) above. The residue was purified
by distillation under high vacuum to give a colourless oil (2. 4 g, 73%),
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b. p. 160-165

0

at 0.4 mmHg (li?7136° at 0. 26 mmHg), 6 (C 6 1D 6 ) 1. 68

(3H, s, -CH 3 ), 2.42-3. 04 (4H, c, aliphatic protons), 5. 65 (1H, d,
olefinic proton, JpCcH3OHz), and 7. 22-7. 58 (5H, c, aromatic protons),
31 P 6 + 51. 0.
1-Phenyl-3-methylphosphol-2-ene oxide.
1-Phenyl-3-methylphosphoi-2-ene oxide was prepared by the
reaction of 1-phenyl-3-rnethylphosphol-2-ene (0. 54 g, 0. 003 mol) with
lead tetraacetate (1. 34 g, 0. 003 mol) as in (1) above. The residue was
purified by distillation to give a colourles,s low melting solid (0. 55 g, 9 5 %),
b. p. 134

0

at 0. 3 mmHg (li

° 173-174

0

at 0. 7 mmHg), V max Hc13)

1205 (P0), 6 (C 6 D 6 ) 1.59 (3H, s, -CH 3 ), 1.24-2.67 (4H, c, aliphatic
protons), 7. 03-7. 43 (3H, meta andpara protons, 5. 73 (1M, d, olefinic
proton, J PCCH24• 5 Hz), and 7.48-8. 01 (ZH, ortho protons),

31

P 6 (C 6 D6 )

+ 55. 9.
1- Phenyl-2, 2, 3 -trimethyiphosphetane 1-oxide.
1-Phenyl-2, 2, 3-trimethyiphosphetane 1-oxide was prepared by the
method of Cremer and Chorva2? 0 Dichiorophenyiphosphine (42. 54 g,
0. 238 mol) was added in several portions to a mechanically stirred mixture
of aluminium chloride (31. 6 g, 0. 237 mol) in dry methylene chloride (100
ml). The mixture was cooled to between

50

and 10 0 while 3,3-dimethyl-

1-butene (20 g, 0. 236 mol) in dry methylene chloride (50 ml) was added
dropwise over 2 hours. The reaction mixture was stirred for 20 hours
at room temperature, cooled in an ice bath and quenched by pouring over
ice. Methylene chloride (150 ml) was added, the methylene chloride
layer separated, washed with dilute sodium bicarbonate solution (50 ml),
saturated sodium chloride solution (50 ml), and dried over magnesium
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sulphate. The solvent was removed under reduced pressure and the
residue distilled to give a colourless viscous oil which slowly crystallised
(22.3 g, 45

p. 81-820 (litP °m. p. 81-83 ° ), 6 0. 86 (3H, d, P-C-CH 3 ,

PCcH20'' 1. 07 (3H, d, H-C-C
P-C-CH3,J

CH

3

, P HCCH 6Hz), 1.33 (3H, d,

17Hz), 1. 65-3. 16 (3H, c, aliphatic protons), and

7. 32-7. 92 (5H, c, aromatic protons),
On

31

31

P6 (C 6 D6 ) + 39.6.

P spin decoupling, the doublets at 6 0. 86 and 1.33 collapsed

to singlets, confirming spin-spin coupling. The presence of 10% of the
other isomer was also observed in both the proton and phosphorus spectra.
This could not be separated by normal methods.
(8) 1- Phenyl- 2, 2-dimethylpho sphetane 1- oxide.
l-Phenyl-2, 2 -dime thyiphosphetane 1-oxide was produced by the

173

method of Gray, Cremer and Marsi.

Using dry apparatus, a dry

nitrogen atmosphere and dry starting materials, methylene chloride was
cooled in an ice/ salt bath. Anhydrous aluminium trichloride (136 g,
1. 02 mol) and dichlorophenylphosphine (179 g, 1. 01 mol) were added. The
mixture was mechanically stirred while 3-methylbut-l-ene (51. 5 g, 0. 72
rnol)in dry methylene chloride (11. ) was added dropwise from a jacketed
dropping funnel containing acetone/solid CO mixture. The solution was
added dropwise over 4 hours. The solution was stirred overnight at room
temperature, quenched by the slow addition of ice and then poured onto
water (250 ml). The mixture was shaken, the methylene chloride layer
separated, the aqueous phase washed with methylene chloride, the
methylene chloride fractions combined, dried over sodium sulphate,
filtered, the methylene chloride removed under reduced pressure and the
yellow viscous oil distilled (77. 8 g, 55%), b. p. 138 ° at 0. 4 mmHg (lit 173
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125 ° at 0. 3 mmHg), 6 0. 91 (3H, d, P-C-CH3, JPCCHZOHz), 1. 53 (3H, d,
P-C-CH31

cH'71'

and 1. 52-3. 18 (4H, c, aliphatic protons), 31 P 6

(C 6 D 6 ) + 48. 9, m/e 194, (M+, 100), 179 (21), and 164 (10). The doublets
at 6 0. 91 and 1. 53 collapsed to singlets on 31 P spin decoupling confirming
spin-spin coupling.
2-(N, N- Diethylamino)- 1, 3, 2 -dioxapho spholane oxide.
The oxide was prepared by the oxidation of 2_(, N-diethylamino)1,3,Z-dioxaphospholane (0.5 g, 0. 003 mol) with lead tetraacetate (1.34 g,
0. 003 mol) as in (1) above (0. 42 g,

78 %), b. p. 86 0 at 0. 1 mmHg, V max

1265 (P=Q), 6 1. 11 (6H, t, 2N-CH 2 -CH3 ), 3. 05 (4H, d of q, ZN-CH 2 and 4. 09-4.58 (4H, c, aliphatic protons), 31 P 6 (C 6 D6 ).+ 26.1.
On

31

P spin decoupling the doublet of quartets at 6 3. 05 collapsed

to a quartet indicating spin-spin coupling.

2-Phenyl-1,3,2-dioxaphospholane oxide.
Z- Phenyl -1,3,2-dioxaphospholane oxide was prepared by the
oxidation of 2-phenyl-1, 3, 2-dioxaphospholane (3 g, 0. 018 mol) with lead
tetraacetate (7.8 g, 0. 018 mol) as in (1) above (1.2 g, 36%), b. p. 145-1500
at 0. 1 mmHg (li 61 182-183

0

at 0. 3 mm), V

max

1270 (P=O), 6 3. 98-4. 72

(4H, c, aliphatic protons), and 7. 18-8. 15 (5H, c, aromatic protons),
1 P 6 + 36.7.

2-Phenyl-1, 3, 2-dioxaphosphorinane oxide.
The oxide was prepared by the oxidation of 2-phenyl-1, 3, 2-dioxaphosphorinane (3 g, 0. 016 mol) using lead tetraacetate (7. 3 g, 0. 016 mol)
as in (1) above. The residue was distilled to give an oil which crystallised
to give a low melting solid (2.01 g, 63%) b.p. 172-178 ° at 0. 1 mmHg

( 1 it! 81 170-174 ° at 0. 1 mmHg),

V max 1250 (P=o), 8 1. 70-2.34 (2H, c,

CH2 CH2 -CH2 ), 3. 85-4. 85 (4H, c, CH 2 -O-CH2 ), and 7.25-8. 12 (51-1, c,
aromatic protons), 31p 6 + 58. 0.

(C)

Azides
(1) Phenyl azide.
Phenyl azide was prepared by the method of Lindsay and Allen

182

Concentrated hydrochloric acid (55. 5 ml) and water (300 ml) were cooled
in an ice/ salt bath while phenyl hydrazine (33.5 g, 0.31 mol) was added
dropwise. A fine precipitate of phenylhydrazine hydrochloride was
obtained. The temperature was lowered to 0 ° C and ether (100 ml) was
added. A solution of sodium nitrite (25 g, 0. 36 mol) in water (30 ml) was
then added keeping the solution temperature below 5 °C. The addition
required 30 minutes. The ethereal solution was separated, the aqueous
layer was washed three times with ether, the ethereal fractions combined,
and the solution dried over magnesium sulphate. The ethereal solution
was filtered off and the ether removed under reduced pressure keeping the
water bath at room temperature. A dark red oil was obtained and purified
by passing the product down a 10% deactivated alumina column using 40-60 °
petroleum ether as elutant. The solution of phenyl azide was again dried
over magnesium sulphate, the solution filtered, the solvent removed under
reduced pressure at room temperature, and stored over dried molecular
sieve at -15 ° C (25. 1 g, 74%), V

max

2110 (N 3 ), and 1595.

(2) 1-Azido-2-nitrobenzene.
1-Azido-2-nitrobenzene was prepared by a modification of the
method of Fitton and Sma1ley 83 o-Nitroaniline (6. 9 g, 0. 05 mol) was added
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to a solution of concentrated hydrochloric acid (25 ml) in water (75 ml),
and the suspension was stirred for 5 minutes. The suspension was
cooled in an ice/ salt bath to below 5 ° C while a solution of sodium nitrite
(3. 8 g, 0. 055 mol) in water (20 ml) was added dropwise and the mixture
was stirred for 15 minutes at 00. Any unreacted o-nitroaniline was
filtered off and the clear solution of diazonium chloride was added slowly
from a cold jacketed dropping funnel to a mechanically stirred solution of
sodium azide (5 g, 0. 077 mol) and sodium acetate (60 g, 0. 73 mol) in
water (150 ml). The precipitate was filtered off and dried under high
vacuum over phosphorus pentoxide. A pale yellow solid was obtained
(8. 1 g, 9 8 %), m. p.52-53 ° (li,83 53-54

0
),

?

max

2120 (N3).

(3) 1-Azido-4-nitrobenzene.
1-Azido-4-nitrobenzene was prepared by the method of Fitton and

184 p-Nitroanihrie (5 g, 0. 036 mol) was dissolved in a solution of

Smalley.

concentrated hydrochloric acid (20 ml) in water (45 ml), and the solution
was cooled to less than

50

in an ice/salt bath. A cooled solution of sodium

nitrite (2. 5 g, 0. 036 mol) in water (5 ml) was added as quickly as possible
keeping the temperature below 50• The resulting solution was allowed to
stand for 15 minutes at 00 and was then added dropwise to a solution of
sodium acetate (14 g, 0. 17 mol) and sodium azide (2. 2 g, 0.034 mol) in
ice-water (60 ml) with mechanical stirring. The precipitate was filtered
off and dried overnight under high vacuum over phosphorus pentoxide.
The product was recrystallised from ethanol to give pale brown crystals
(4. 1 g, 6 9%), m. p. 72

o

184

(lit,

o

72-73 ), ))

max

2110 (N ).
3

(4) 2-Azidobenzoic acid.
2-Azidobenzoic acid was prepared by the method of Boscher,
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Dyall and Sad1ei

5 Anthranilic acid (5 g, 0. 036 mol) was slurried in

acetic acid (50 ml) and concentrated sulphuric acid (25 ml). The slurry
was cooled to less than 100 in an ice/ salt bath while sodium nitrite (3.4 g,
0. 049 mol) in ice-cold water (25 ml) was added dropwise over 30 minutes.
The reaction mixture was stirred at 00 for 1 hour. Urea (10 g) was added
and the solution was filtered. The solution was poured onto a solution of
sodium azide (7.6 g, 0. 12 mol) and sodium acetate (70 g) in ice (70 g) and
water (70 ml). The precipitate was filtered off and dissolved in ether
(100 ml). The ethereal solution was washed with dilute sodium bicarbonate
solution (25 ml). The ethereal solution was then dried over magnesium
sulphate and the ether removed under reduced pressure at room temperature and then under high vacuum. A buff-coloured product was obtained
which decomposed on standing in normal light at room temperature (3. 66
g, 62%), m. p. 146-148 0 (li

5 145-146 ° ), V

max

2120 (N 3 ), 1730 and

1695 (C0), rn/e 163 (M t , 83), 135 (100), 121 (32), 119 (66).

(5) 1, 2-Diphenyl-2-azidoethan-1-one.
1,2-Diphenyl-2-azidoethan-1-one was prepared by E. Henry.
1, 2-Diphenyl-2-bromoethan-1-one was first prepared by the method of
Pataietal 66 using bromine (28. 5 g, 0. 36 mol) in glacial acetic acid (150
ml) and deoxybenzoin (35 g, 0. 17 mol) in acetic acid (250 ml) to give the
0
product as a white solid (33.5 g, 72%), m. p.52-53 ° ( li,86 53 ).
The bromide was converted to the azide by a modification of the
method of Boyer and StraW 187 adding a cold solution of sodium azide (1.3
g, 0. 02 mol) in water (30 ml) to a cooled solution (0-5 0 ) of the bromide
(2. 7 g, 0. 01 rnol) in ethanol (23 ml) and glacial acetic acid (1. 2 ml, 0. 02
mol). The product was isolated in the normal way and recrystallised

83

from ether/light petrol

187

(1. 87 g, 7 8 %), m. p. 84-85 (lit, 85 ),

).) max 2090 (N 3 ) and 1680 (C=0).

i-Azidophenylacetic acid.
a.-Azidophenylacetic acid was prepared by B. Nay by the method
188
A solution of a-bromophenylacetic acid (5 g,
of Forster and Muller.
0. 025 mol) in water (30 ml) was exactly neutralised by the addition of
sodium carbonate. A solution of sodium azide (2. 0 g, 0. 03 mol) in
water (10 ml) was added and the mixture stirred in the dark for 48 hours.
The mixture was acidified with dilute sulphuric acid and extracted three
times with ether. The ethereal solution was dried over magnesium
sulphate and the ether removed under reduced pressure at room temperature to give white crystals which were recrystallised from benzene (1. 92
g, 50%) m. p. 98-990 (l1l8898. 5°),

max3380 (OH), 2100 (N 3 ), and

1710 (C =0).

2-Azidobenzyl alcohol.
2-Azidobenzyl alcohol was prepared by the method of Smith89
2-Aminobenzyl alcohol was first prepared from anthranilic acid. Anthranilic
acid (15. 1 g, 0. 11 mol) was placed in a soxhiet apparatus above a 1 1. flask
containing a mixture of aluminium lithium hydride (10 g, 0. 26 mol) in dry
ether (600 ml). Two double surface spiral condensors, a methylene
chloride! solid CO 2 trap and a drying tube were connected on top of the
soxhiet apparatus. The reaction was started by heating with a mantle
and heating was maintained until 1 hour after all the anthranilic acid had
been extracted into the ether and reduced. The soxhlet apparatus was
removed and the apparatus was flushed with nitrogen while water (30 ml)

was added dropwise. After the addition was complete a 10% solution of
sodium hydroxide (250 ml) was added slowly. The ethereal layer was
decanted off and the gelatinous residue shaken with three portions of ether
(3 x 200 ml). The ethereal fractions were combined, and the ether removed
under reduced pressure with no heating to give a white solid which was
recrystallised to give white needles (8. 80 g,
max

189

65 %) m. p. 82 (lit, 81 ),

(CHC1 3 ) 3600 (OH), 3440 and 3395 (NH 2 ), and 1625 (C =0), 6 3.35

(3H, s, OH and NH 2 ), 4. 53 (Z H, s, CH2 ), and 6. 54-7. 19 (4H, c, aromatic
protons), m/e 123 (M+, 100) and 105 (91).
The 2-aminobenzyl alcohol (7. 5 g, 0. 061 mol) was dissolved in
1:1 water/concentrated hydrochloric acid (70 ml). The amine hydrochloride
was diazotized by the gradual addition of sodium nitrite (4. 31

g, 0. 062 mol)

in water (20 ml) keeping the temperature between 0 and 5 0 in an ice/salt
bath.

The diazonium salt solution was allowed to stir at 0 ° for 30 minutes

and was then added dropwise to a cooled solution of sodium azide (4. 75 g,
0. 073 mol) and sodium acetate (62. 5 g, 0. 76 mol) in water (150 ml). A
cream precipitate was formed and filtered off. The azide was dissolved
in ether (200 ml), washed with water (50 ml) and dried over magnesium
sulphate. The mixture was then filtered and the ether removed under
reduced pressure with no heating to leave a cream coloured product (7. 23
g, 7 9%), m. p. 50-52

0

0

(li,69 50-52 ), V max 3600 (OH) and 2220 (N 3 ),

6 2.93 (1H, s, OH), 4.52 (2H, d, Cl-i 2 ), and 6. 98-7. 38 (4H, c, aromatic
protons), m/e 149 (M+, 71), 121 (42), 93 (100).

(8) 2-Azidobenzaldehyde
2-Azidobenzaldehyde was prepared by the method of SmitI

9

Pyridinium chlorochromate was first prepared freshly before the synthesis.

85

This oxidising agent (Corey's Reagent) was prepared by the method of
Corey and Suggs1

. 9°

Chromium trioxide (20 g, 0. 2 mol) was added to 6M

hydrochloric acid (36. 8 ml, 0. 22 mol) with rapid stirring. After five
minutes the solution was cooled to 00 and pyridine (15. 82 g, 0. 2 rnol) was
carefully added over five minutes. Recooling to 00 gave a yellow-orange
solid which was filtered off and dried overnight under high vacuum (36. 8 g,
85.4%). 2-Azidobenzylalcohol (12. 8 g, 0. 086 mol) in dry methylene
chloride (120 ml) was added to a stirred slurry of pyridinium chiorochromate (31. 8 g, 0. 147 mol) in dry methylene chloride (150 ml). The
reaction was monitored by TLC on alumina plates until the starting material
had all disappeared. Dry ether (400 ml) was added, and a brown solution
was obtained which was filtered through an anhydrous magnesium sulphate
plug. The volume of solution was reduced to 30 ml and the product was
chromatographed on alumina of activity 3 using light petrol/ether. The
solvent was removed under reduced pressure and then high vacuum with
no heating and in the absence of light. An oil was obtained which
crystallised to give a low melting solid (10. 95 g, 86%), m. p. 30-320

,

max 2120 (N 3 ), 1690 (C=0), and 1265, 5 7. 02-7. 92 (4H, c, aromatic
protons), and 10. 29 (1H, s,-CHO), m/e 147 (Mt 16), 119 (93), 92 (100),
91 (43), and 64 (91).

(D)

Phosphatriazenes
(1) 4-Phenyl-1, 1, 1-tris-(dimethylamino)-1-phospha 'T -2,3,4-

triaza-buta-1, 3-diene.
Hexamethylphosphorus triazide (5 g, 0. 031 mol) in sodium-dried
ether (20 ml) under a dry nitrogen atmosphere, was added dropwise to

phenyl azide (3. 6 g, 0. 030 mol) in dry ether (20 ml) under a dry nitrogen
atmosphere with stirring. The solution immediately turned yellow. No
evolution of nitrogen was observed however the solution refluxed gently
during the addition. After the addition was complete rapid precipitation
occurred. This was quickly filtered off under a dry nitrogen atmosphere,
washed with dry ether and dried under high vacuum. Further product was
obtained by reducing the volume of mother liquor. The yellow solid
obtained was recrystallised gently in benzene/petrol to give yellow crystals
(6.2 g, 73%), m. p. 93-96 0 (dec) (lit, 91-92

0
),

1015, and 992, 5 (C 6 D 6 ) 2.30 (18H, d, 6 CH3,J
31

7. 82 (5H, c, aromatic protons),
5 2. 30 collapsed to a singlet on

31

)

max

(

PNCH9

CHC13) 1135,
Hz), and 7. 01-

P 5 (C 6 D6 ) + 40. 8. The doublet

P spin decoupling confirming spin-spin

coupling.
(2) 1-Phenyl-4-(o-nitrophenyl)-1, l-pentamethylene-1-phospha " 2,3, 4-triaza-buta-1, 3-diene.
1-Azido-2-nitrobenzene (0. 5 g, 0. 003 mol) in dry ether (5 ml) was
added dropwise with stirring to 1-phenyiphosphorinane (0. 54 g, 0. 003 mol)
in dry ether (5 ml) under a dry nitrogen atmosphere. The reaction was
carried out in an ice bath and the temperature was not allowed to rise over
100. Nitrogen was not evolved but a brownish yellow precipitate was
formed. The precipitate was quickly filtered off under dry nitrogen and
dried under high vacuum. The compound hydrolysed readily in air and
evolved nitrogen slowly at room temperature. The compound was stored
at

150. On attempting a recrystallisation from benzene nitrogen was

evolved on warming gently. Further purification of the yellowish phosphatriazene was impractical (0. 64 g, 62%), m. p.40-45 ° (dec)

(Found: C, 60. 3; H, 5. 7; N, 11. 5. C 17 H 19N4 02 P requires C, 59. 7;
H, 5.6; N, 16. 3%), 8 1. 28-2. 68 (10H, c, aliphatic protons) and 6. 42-7. 93
(9H, c, aromatic protons), 31 P 6 +18. 9 ( 4 9%) and +9. 9 (5 1%) changing to
+9. 9 (100%) after 30 minutes, m/e (160 0 ) 314 (M+ -28, 52), 194 (100) and
156 (69). The analytical data shows that the compound is not pure, but is
in fact losing nitrogen at room temperature: in the analysis the nitrogen
content is low while the carbon and hydrogen content is high, the mass
spectrum shows only the parent peak -28, and the 31 P data shows the
disappearance of a peak at +18. 9 p. p.m. to form a peak at +9. 9 p. p. m.
which corresponds to the shift for N- (2-nitrophenyl)imino- 1 -phenyipho sphorinane. The compound decomposes at room temperature, but can be
stored for one or two weeks at - 15

(E)

0

N- Phenyliminophosphorane s
(1) N- Phenyliminotriphenyipho sphine.
N- Phenyliminotriphenylpho sphine was prepared by a modification

of the Staudinger reaction.

6

Phenyl azide (5 g, 0. 042 mci) in dry ether

(20 ml) was added dropwise with stirring to triphenylphosphine (11.1 g,
0.042 mci) in dry ether (100 ml) under a dry nitrogen atmosphere. The
phenyl azide was added at such a rate as to maintain a steady reflux and
steady evolution of nitrogen. After the addition was complete, the
solution was heated gently under reflux for 30 minutes. The volume of
solution was reduced to 50 ml and a pale yellow solid precipitated out and
was recrystallised from ether and petrol to give pale yellow crystals (6. 6
g, 44%), m.p. 129-130 ° (lit, 6 130131 0 ),
C=C) and 1345 (PN), 31p 6 (C6D6).

V

max

(CHC1 3 ) 1590 (aromatic

N- Phenylimino- 1, 2, 5 -triphenylpho sphole.
Phenyl azide (3. 81 g, 0. 032 mol) in dry ether (25 ml) was added
dropwise under dry nitrogen to a slurry of 1, 2, 5-triphenyiphosphole
(10. 0 g, 0. 032 mol) in dry ether ( 10 0 ml). There was no visible sign of
reaction: the solution did not become warm and there was no evolution
of nitrogen. The ether was removed under reduced pressure and the
mixture dissolved in dry dioxan (150 ml). As the 1,2, 5-triphenylphosphole
did not dissolve and there was still no reaction, the solution was heated under
reflux for 12 hours. The 1, 2, 5-triphenyiphosphole (yellow) slowly dissolved
and the solution turned red. The dioxan was removed under reduced
pressure to leave a red solid which was dissolved in the minimum of hot,
dry chloroform and added to dry ether. Large red crystals were formed

192
0
and filtered off (9. 05 g, 7 3 %), in. p. 219-220 (lit,
218-21), (Found:
C, 83. 3; H, 5. 7; N, 3.3. C 28 H22 NP requires C, 83. 3; H, 5. 5; N,
3.4%),

max (CHC1 3 ) 1590 (aromatic C=C), and 1300 (P=N), 5 7.43 (d,

phospholimine, ring protons, J

PCCH

33Hz), 6. 58-7. 82 (ZOH, c, aromatic

protons), and 7. 92-8. 18 (2H, c, P--Ph ortho protons), 31 P 6 +12. 8.
The doublet at 6 7. 43 collapsed on 31 P spin decoupling confirming spin-spin
coupling.
N- Phenylimino- 1-phenylphospholane.
Phenyl azide (2. 7 g, 0. 023 mol) in dry ether (10 ml) was added
dropwise with stirring to l-phenylphospholane (3. 7 g, 0. 023 mol) in dry
ether (50 ml) under a dry nitrogen atmosphere. The reaction was cooled
in an ice bath. The azide was added at a rate necessary to maintain a
steady gas flow through the bubbler as nitrogen was evolved. The solution
was heated gently under reflux after the addition was complete for 30

minutes. The volume of solution was reduced by half under reduced
pressure, and dry light petrol was added until the solution just turned
cloudy. The flask was well sealed against the atmosphere and stored
overnight at _150 to crystallise. Colourless crystals formed. The
solution was quickly filtered under a dry nitrogen flow and recrystallised
from dry ether and dry light petrol under a nitrogen atmosphere to give
colourless crystals, which hydrolysed rapidly in the atmosphere (4. 9 g,

83 %),

m. p. 84-87 0 (li,93 88 ° ), (Found: C, 75. 5; H, 7. 1;

N, 5.4.

m/e 225. 114976. Calculated for C 16 H 18 NP: C, 75.3; H, 7. 1; N, 5. 5 %.
m/e 255. 117682),

9

max

(CDC1 3 ) 1590 (aromatic CC) and 1310 (P=N),

5 1. 68-2. 58 (8H, c, aliphatic protons), 6. 50-7.48 (8H, c, aromatic protons),
and 7.48-7.84 (2H, c, P-Ph ortho protons),

31

P 6 (C 6 D6 ) +28. 7.

(4) N- Phenylimino- 1 -phenyl-3 -methylphosphol-3 -ene.
Phenyl azide (2.40 g, 0. 020 mol) in dry benzene (10 ml) was added
dropwise under a dry nitrogen atmosphere to a stirred solution of 1-phenyl3-methylphosphol-3-ene (3. 56 g, 0. 020 mol) in dry benzene (50 ml). The
reaction was cooled in an ice bath during this exothermic reaction while
nitrogen was evolved. After the addition was complete the solution was
heated gently under reflux for 15 minutes. The solvent was removed under
reduced pressure to leave an oil which was crystallised from petrol to
give colourless crystals of the iminophosphorane which hydrolysed very
quickly in the atmosphere (5. 02 g, 94%), in. p. 71-74 0 , ( Found: C, 76. 2;
H, 6. 8; N, 5. 15. m/e 267. C 17 H 18 NP requires C, 76.4; H, 6. 8;
N, 5.3%. m/e 267), '

(CDC1 3 ) 1590 (CC), and 1306 (PN), 6 (C 6 D6 )

1.40 (3H, s, CR3 ), 1. 73-3.21 (4H, c, aliphatic protons), 5. 26 (lH, d,
olefinic proton, J

PCCH

31Hz, and 6. 23-7. 95 (lOH, c, aromatic proton),

'U

31 P 5 (C 6 D6 ) + 23. 6. The doublet at 6 5. 26 collapsed to a singlet on
31 P spin decoupling, confirming spin-spin coupling.

N- Phenylimino- 1 -phenyl- 3 -methyipho sphol- 2-ene.
Phenyl azide (3. 4 g, 0. 028 mol) in dry ether (15 ml) was added
dropwise under a dry nitrogen atmosphere to a stirred solution of 1-phenyl3-methylphosphol-2-ene (5. 0 g, 0. 028 mol). The reaction was cooled in
an ice bath. After the addition was complete dry light petrol was added
until the solution just started to turn cloudy. The flask was well sealed
against moisture and stored at _l50 for 60 hours. The product appeared
as pale yellow crystals which were quickly filtered off under a dry nitrogen
atmosphere and stored under very dry conditions. The crystals rapidly
hydrolysed in the open atmosphere to form the liquid oxide. The crystals
of N-phenylimino- 1 -phenyl-3 -methylphosphol- 2-ene were rec rystalli sed
from ether and light petrol (5. 65,

75%), m. p. 82-84 ° , (Found: C, 76. 2;

H, 6. 7; N, 5. 2. m/e 267. C 17 H 18 NP requires C, 76.4; H, 6.7;
N, 5.2%. m/e 267), V

max

(C HCI

1613 (aromatic C=C), and 1306

(P=N), 5 2. 01 (3H, s, CH 3 ), 2. 07-2. 88 (4H, c, aliphatic protons), 6. 00
(1H, d, olefinic proton, J

PCH

27 Hz), 6. 50-7. 18 (5H, c, N-phenyl),

7. 26-7. 48 (3H, c, P.-phenyl meta and Para protons), and 7.58-7. 82 (2H,
C,

P-phenyl ortho protons),

31

P 6 (C 6 D6 ) + 31. 6.

The doublet at 5 6. 00 collapsed to a singlet on 31 P spin decoupling,
c onfir min g spin - spin coupling.

N- Phenylimino-2 -phenyl- 1, 3, 2-dioxapho spholane.
Phenyl azide (1. 4 g, 0. 012 mol) in dry ether (5 ml) was added
dropwise with stirring under a dry nitrogen atmosphere to a solution of

2-phenyl-1,3,2-dioxaphospholane(2 g, 0.012 mol) in dry ether (30 ml).
The reaction was cooled in an ice bath during the addition. Nitrogen was
evolved. After the addition was complete, the solution was heated gently
under reflux for 10 minutes and allowed to stand overnight. A fine white
precipitate was formed and was filtered off under a dry nitrogen atmosphere.
The product was insoluble in most solvents and was purified by heating a
suspension of the white powder in benzene and filtering off the colourless
iminophosphorane (3.1 g, 99%), m. p. 143-146 0

,

(

Found: C, 64.7; H,

5. 5; N, 5. 3. m/e 259. 076128. C 14H 14NO 2 P requires C, 64. 9; H,
5.4; N, 5. 4%. m/e 259. 076211), V

max

(CHC1 ) 1605 (aromatic C=C),
3

and 1320 (P=N), 6 3.32-4.68 (4H, c, aliphatic protons) and 6. 54-8. 04
(lOH, c, aromatic protons), 31 P 6 (CH 3 CN) + 22.2.

(7) N- Phenylimino- 2 -(N', N

I -

die thylamino)- 1, 3, 2-dioxapho spholane.

Phenyl azide (3. 65 g, 0. 031 mol) in dry ether (10 ml) was added
to a solution of 2-(, N-diethylamino)-1, 3, 2-dioxaphospholane (5 g, 0. 031
mol) in dry ether (20 ml) as in (6) above. No product came out of solution
until petrol (50 ml) was added. The product appeared as an oil which
eventually crystallised. The product was purified by distillation to give
a colourless oil which slowly crystallised to give the colourless iminophosphorane which was very moisture sensitive (5. 6 g,

71 %), b. p. 148 ° at

0. 05 mmHg, (Found: C, 56. 7; H, 7. 7; N, 10. 7. m/e 254. 116062.
C 12 H 19 N2 0 2 P requires C, 56.7; H, 7.5; N, 11.0%. m/e 254. 118408),
'max (CHC1

3 ) 1600 (aromatic C=C), and 1345 (PN), 6 1. 09 (6H, t,

2CH3 ), 3. 05 (d, of q, 4H, 2P-N-CH2,1

PNCH7

Hz), 4. 02-4. 45 (4H, c,

CH2 -CH 2 ), and 6. 54-7. 30 (5H, c, aromatic protons),

31 P 6 +23. 8.

On 31 P spin decoupling, the doublet of quartets at 6 3. 05 collapsed

to a quartet confirming spin-spin coupling.

N- Phenyliminodiethylphen ylpho sphine.
Phenyl azide (3. 58 g, 0. 03 mol) in dry ether (10 ml) was added
to diethylphenylphosphine (5 g, 0. 03 mol) in dry ether (50 ml) as in (6)
above. After the addition was complete, the solution was heated under
reflux for 30 minutes. The volume of solution was reduced to 15 ml.
A pale yellow precipitate was formed which was recrystallised from
benzene and petrol to give pale yellow crystals (7. 22 g, 94%), m. p. 690
(lit

10

69-70 ° ), (Found: C, 74. 6; H, 8. 0; N, 5. 6. Calculated for

C 16H20NP: C, 74. 7; H, 7. 8; N, 5. 4%),

V max 1590 (aromatic CC),

and 1335 (P=N), 6 (C 6 D 6 ) 1.07 (6H, d oft, 2CH3,
(4H, d of q, 2CH2)

1PCCH16HZ), 2. 15

1H1ZHz), and 6.49-7.82 (1 OH, c, aromatic protons),

31 P 6 (C 6 D 6 ) + 12. 9.

N- Phenylimino- 1 -phenylpho sphor inane.
A solution of phenyl azide (3. 6 g, 0. 030 mol) in dry ether (20 ml)
was added to a solution of l-phenylphosphorinane (5 g, 0. 028 mol) in dry
ether (40 ml) as in (6) above. Nitrogen was evolved and the product
precipitated out during the addition. The pale yellow precipitate was
filtered off under a dry nitrogen atmosphere and recrystallised from
benzene and petrol to give pale yellow crystals of iminophosphorane (6. 7
g, 8 9%), m. p. 111-113 ° , (Found: C, 75. 8; H, 7.4; N, 5. 2.

m/e 269.

C 17 H20 NP requires C, 75.8; H, 7.5; N, 5. 2%. m/e 269), )) max
(CHC1 3 ) 1590 (aromatic C=C), and 1330 (P=N), 6 (C 6 D 6 ) 0. 78-2. 26 (lOH,
C,

aliphatic protons), and 6. 62-7. 56 (10H, c, aromatic protons),

(C 6 D 6 ) +2.6.

31 P 6

7-,

T riethyl N-phenylpho sphorimidate.
A solution of phenyl azide (3. 58 g, 0. 03 mol) in dry ether (20 ml)
was added to a solution of triethylphosphite (5 g, 0. 03 mol) in dry ether
(50 ml) as in (6) above. The solution was heated for 1 hour under reflux
after the addition was complete. The solvent was removed under reduced
pressure to give a yellow residue which was distilled to give a colourless
oil which did not crystallise (4-9 g, 64%), b. p. 99-101
107

0

0

at 0. 2 mmHg (liti 9

at 1 mmHg), (Found: C, 55. 8; H, 7.8; N, 5.8. m/e 257. 117664.

Caic. for C 12 H20 NO3 P: C, 56.0; H, 7.8; N, 5. 45%. m/e 257. 118073),
max (neat) 1595 (aromatic C=C), and 1355 (PN), 6 1.29 (9H, t, 3CM ),
4.10 (6H, d of q, 3 P-O-CH2, JPOCH14Hz), and 6. 62-7. 23 (5H, c, aromatic
protons), 31 P 6 (C 6 D6 ) -5.9.

N- Phenylimino- 2-phenyl.- 1, 3, 2 -dioxapho sphor inane.
A solution of phenyl azide (3. 77 g, 0. 032 rnol) in dry benzene (15
ml) was added to a solution of 2-phenyl- 1, 3, 2- dioxapho sphor inane (5. 25 g,
0. 029 mol) in dry benzene (50 ml) as in (4) above. Alter the addition was
complete the solution was heated under reflux for 30 minutes. Dry petrol
was added until the solution just started to turn cloudy. The solution was
allowed to stand at _150 overnight. The product appeared as cubic crystals.
The product was filtered off under a dry nitrogen atmosphere and recrystallised from dry benzene and dry petrol to give the pure iminophosphorane
(6.42 g, 8 1%), m. p.85-87 ° , (Found: C, 65.7; H, 5.9; N, 4.9.

m/e

273. C 15 H 16 NO 2 P requires C, 65.9; H, 5.9; N, 5.1%. m/e 273),
max (CHC1 3 ) 1595 (aromatic C=C), and 1340 (P=N), 6 1. 56-2.38 (ZH,
c, CH2 -CH2 -CH 2 ), 3. 96-4. 75 (4H, c, CH 2 -CH 2 -CH 2 ), and 6. 48-7. 92 (5H,
C,

aromatic protons),

31 P 6 (C 6 D 6 ) +0.5.

N- Phenylimino- 1 -phenyl- 2, 2, 3 -trimethyiphosphetane.
A solution of phenyl azide (1. 98 g, 0. 017 mol) in dry benzene (10
ml) was added to a solution of 1-phenyl-2, 2, 3-trimethyiphosphetane (3. 2
g, 0. 017 mol) in dry benzene (50 ml) as in (4) above. Nitrogen was
evolved. Removal of the solvent or addition of petrol only produced a.
viscous oil. Proton NMR showed the presence of more doublets than
could be explained from the structure and 31 P NMR confirmed that two
phosphorus containing compounds were present. It was not possible to
separate these two compounds which were assumed to be isomers.

N- Phenylimino- 1 -phenyl -2, 2- dimethyiphosphetane.
A solution of phenyl azide (8. 44 g, 0. 071 mol) in dry ether (20 ml)
was added to a solution of 1-phenyl-2, 2-dimethylphosphetane(13. 9 g, 0. 071
mol) in dry ether (50 ml) as in (6) above. A pale yellow precipitate formed
as nitrogen was evolved. The pale yellow solid was filtered off under a
dry nitrogen atmosphere. Recrystallisation caused significant decomposition, and so the product was purified by successive washings with ether
dried with sodium and LiA1H 4 to give a creamy white solid of iminophosphorane (8.4 g, 44%), m. p. 105-108

0
,

(

Found: C, 76. 0; H, 7.4;

N, 5. 2. m/e 269. C 17 H20 NP requires C, 75.8; H, 7. 5; N, 5. 2%.
m/e 269), ' max (CHC1 3 ) 1590 (aromatic CC), and 1330 (P=N), 5 (C 6 D6 )
0. 66 (3H, d, Cl-I3, JCHl9Hz), 1. 32 (3H, d, CH3, JPCCH17Hz). 0. 641. 78 (c, Cl-i 2 ) and 2. 20-2. 56 (2H, c, P-CH 2 ),

31 P 5 (C 6 D6 ) +17. 2.

N- Phenyltris -(dimethylamino)-phosphini mine.
4-Phenyl-1, 1, 1 -tris-(dimethylamino)- 1 -phospha-2, 3, 4-triaza-buta1, 3-diene (5 g, 0. 018 mol) was dissolved in dry toluene (100 ml) and the

temperature was raised by warming in an oil bath. The solution was
stirred and kept under a dry nitrogen atmosphere. When the oil bath
temperature reached

950

nitrogen was evolved. The solution was kept

at 95 ° for 45 minutes until the evolution of nitrogen had ceased and then
the solution was heated under reflux for 30 minutes. The toluene was
removed under high vacuum to give a colourless oil which was purified by
distillation (3.3 g, 72%), b. p. 104-106 0 at 0. 1 mmHg (lit 95 127

0

at 0.4

mmHg), (Found: C, 56. 6; H, 9. 3; N, 22. 1. m/e 254. Calc. for
C

H N P: C, 56. 7; H, 9. 1; N, 22. 0%. m/e 254), ))max (neat) 1593
12 23 4

(aromatic CC), and 1360 (P=N), 6 (C 6 D 6 ) 2.38 (18H, d, 6CM391 PNCH
10Hz), and 6.56-7. 27 (5H, c, aromatic protons),

31

P 6 (C 6 D 6 ) +15.9.

(15) N- Phenyliminodimethylphenylphosphine.
A solution of phenyl azide (5. 0 g, 0. 042 mol) in dry ether (20 ml)
was added to a solution of dime thylphenylpho sphine (5. 8 g, 0. 042 mol) in
dry ether (50 ml) as in (6) above. Alter the addition was complete, the
solution was heated gently under reflux for 30 minutes. The product
precipitated out as a pale yellow solid which was filtered off under dry
nitrogen and recrystallised from benzene and petrol to give pure N-phenyliminodimethylphenylphosphine (8. 83 g, 92%), m. p. 91- 93 0
73.3; H, 7. 0; N, 5. 9. m/e 229.

,

(

Found: C,

C 14 H 16NP requires C, 73. 3; H, 7. 0;

(CHC1 3 ) 1398 (aromatic C=C), and 1320
N, 6. 1%. m/e 229), ')
max
(PN), 6 (C 6 D 6 ) 1.23 (6H, d, 2CM331

(F)

PCH

11 Hz), 31 P 6 (C 6 D6 ) +1. 7.

N- (Nitr ophenyl )iminopho sphor ane s.
(1) N- (o- Nitrophenyl)imino- 1 -phenyiphospholane.
1-Azido-2-nitrobenzene (0. 6 g, 0. 004 mol) in dry ether (5 ml) was

W.

added to 1-phenyiphospholane (0. 6 g, 0. 004 mol) in dry ether (10 nil) as
in (E) (6) above. The solution immediately turned yellow and nitrogen
was evolved. A yellow crystalline precipitate ofiminophosphorane formed
and was filtered off (1. 05 g, 97%), m. p. 112-114 ° , (Found: C, 63. 9;
H, 5. 7; N, 9.3. m/e 300. C 16 H 17N 2 0 2 P requires C, 64.0; H, 5. 7;
N, 9.3%. m/e 300), V

max

(CHC1 3 ) 1600 (aromatic C=C), 1510 (NO ),
2

and 1335 (P=N), 6 0. 94-2. 08 (8H, c, aliphatic protons), and 6. 24-7. 64
(9H, c, aromatic protons),

31 P 6 +32. 9.

N-(-Nitrophenyl)imino- 1 -phenylphospholane.
1-Azido-4-nitrobenzene (0. 75 g, 0. 0045 mol) in dry ether (5 ml)
was added to 1-phenyiphospholane (0. 75 g, 0. 0045 mol) in dry ether (10 ml)
as in (E) (6) above. Yellow crystals were obtained from the ethereal
solution and were recrystallised from benzene and petrol to give brownish
yellow crystals of N-(p-nitrophenyl)imino- 1 -phenylphospholane (1. 2 g, 89%),
M.P. 100-102 ° , (Found: C, 64. 0; H, 5. 7; N, 9. 4. m/e 300. C 16 H 17N2
O

2

P requires C, 64. 0; H, 5. 7; N, 9. 3%. m/e 300), )) max (CHC1 3 )

1585 (aromatic C=C), and 1290 (P =N), 6 1.90-2. 68 (8H, c, aliphatic
protons), and 6.45-8. 05 (9H, c, aromatic protons),

31 P 6 (C 6 D 6 ) +36.5.

N-(2-Nitrophenyl)imino-2-phenyl-1, 3, 2-dioxaphospholane.
1-Azido-2-nitrobenzene (0. 661 g, 0. 004 mol) in dry ether (5 ml)
was added to a solution of 2-phenyl-1, 3, 2-dioxaphospholane (0. 68 g, 0. 004
mol) in dry ether (10 ml) as in (E) (6) above. After stirring at -15 0 for 48
hours, yellow crystals of imninophosphorane were obtained and filtered off
as before (0. 66 g, 54%), m. p. 86-89 ° , (Found: C, 55. 0; H, 4. 4; N, 9. 0.
m/e 304. C 14H 13 N 2 0 2 P requires C, 55.3; H, 4.3; N, 9.2% m/e

304), 6 4. 37 (ZH, d, O-CH-CH-O,

EPOCH

10Hz), 4.39 (ZH, d,

OCHCHO, EPOCH 10 Hz), and 6. 67-7. 96 (9H, c, aromatic protons),
31 P 6 +23. 9.

N-(o-Nitr ophenyl)imino- 1 -phenyipho sphorinane.
l-Phenyl-4-(o-nitrophenyl)-1, 1-pentamethylene-1-phospha-2, 3,4triaza-buta-1,3-diene (0.40 g, 0. 001 mol) was dissolved in dry benzene
under a dry nitrogen atmosphere and heated gently until the evolution of
nitrogen had ceased. Dry petrol was added until the solution just turned
cloudy and the solution was allowed to cool. Dark yellow crystals of N-(onitrophenyl)imino-1-phenylphosphorinane were obtained (0. 26 g,

83 %), m. p.

103-104 ° , (Found: C, 65. 1; H, 6. 1; N, 9. 0. m/e 314. C 17 H 19 N2 0 2 P
requires C. 65. 0; H, 6. 1; N, 8. 9%. m/e 314),

Vmax (CHCl 3 ) 1598

(aromatic CC), and 1335 (P=N), 6 1. 22-2. 54 (10H, c, aliphatic protons),
and 6.37-7. 82 (9H, c, aromatic protons),

31

P 6 (C 6 D6 ) +7.5.

N- (0- Nitr ophen yl )imin odiethylphenylpho sphine.
1-Azido-2-nitrobenzene (1. 48 g, 0. 009 mol) in dry ether (5 ml) was
added to die thyiphenyiphosphine (1. 5 g, 0. 009 mol) in dry ether (20 ml) as
in (E) (6) above. Nitrogen was evolved and the solution turned yellow. On
addition of petrol the product appeared as a viscous yellow oil which was
purified by distillation to give the pure in-iinophosphorane (2. 1 g, 77%),
b. p. 178 ° at 0. 05 mmHg, (Found: C, 63. 8; H, 6. 3; N, 9. 4. m/e 302.
C

H N 0 p requires C, 63.6; H, 6. 3; N, 9. 3. m/e 302), )
(neat)
16 19 2 2
max

1595 (aromatic CC), and 1365 (PN), 6 1. 04 (6H, d of t, 2CH32J pCCH
17Hz), 1. 95-2.27 (4H, c, 2CH 2 ), and 6.40-7.85 (9H, c, aromatic protons),
31 P 6 (C 6 D 6 ) +17.5. The doublet of triplets collapsed to a triplet on

I',

31 P spin decoupling confirming spin-spin coupling.

(6) N-(o-Nitr ophenyl)imino- 1 -phenyl-2, 2-dimethylphosphetane.
1-Azido-2-nitrobenzene (1,23 g, 0. 0075 mol) in dry benzene (5 ml)
was added to 1-phenyl-2, 2 -dime thylpho sphetane (1. 34 g, 0. 0075 mol) in
dry benzene (10 ml) as in (E) (4) above. The solution immediately turned
yellowish red and nitrogen was evolved. The solution was cooled to _50
and two fractions containing decomposition products were filtered off.
Dry petrol was added until the solution just turned cloudy and the solution
was stored at -15 °. Orange red crystals of N-(p-nitrophenyl)imino-lphenyl-2, 2-dimethylphosphetane which were very sensitive to water were
filtered off (0. 41 g, 1 7%), m. p. 68-70 ° , (Found: C, 64. 7; H, 6. 1; N,
8.6. m/e 314. C 17H 19N 2 0 2 P requires C, 64. 9; H, 6. 1; N, 8. 9%
m/e 314),

max 1603 (aromatic CC), 6 0. 66 (3H, d, -CH 3 , J CH

20Hz), 1. 34 (3H, d, -CH 3' pCCH 16Hz), 0. 98-1. 90 (2H,

C,

P-CH2 -CH2 -),

2.46-2.88 (2H, c, P-CH 2 -CH2 ), and 6. 92-7. 86 (9H, c, aromatic protons),
31 P 6 +22.1.
On 31 P spin decoupling, the doublets at 6 0. 66 and 1. 34 collapsed
to singlets, confirming spin-spin coupling.

(G)

Miscellaneous Preparations

(1)

Benzylidene aniline.

A solution of aniline (9. 3 g, 0. 1 mol) in benzene (25 ml) was added
dropwise to a solution of benzaldehyde (10. 6, 0. 1 mol) in benzene (25 ml),
and the reaction solution was heated under reflux.
The water formed was collected using a Dean and Stark separator

/1

over 3- hours. The benzene was removed under reduced pressure and
the mixture recrystallised to give pale yellow crystals (13. 6 g,
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in. p. 530 (l1,54°),

68 %),

max 1630 (C=N), and 1595 (aromatic C=C), 6 6. 87-

8.24 (10H, c, aromatic protons), and 8. 44 (1H, s, CH=N).

(2) Benzofurazan.

197

Benzofurazan was prepared by the method of Boyer and Elizey.

A solution of -dinitrosobenzene (1. 36 g, 0. 01 mol) and triphenyiphosphine
(2. 86 g, 0. 01 mol) in ethanol (25 ml) was heated under reflux for 30 minutes.
The product was isolated by steam distillation, giving a water-insoluble
white product (0. 89 g, 7 4 %), m. p. 52-53 0 (li?753-54°),

max

1635, 1540, 1365, 1025, and 1018.
The purity of the benzofurazan was checked using g. 1. c. with a
10% apie z on t.Lt column.

(4) Reactions of N-Aryliminopho sphorane s with Benzaldehyde.
(A) The kinetic results of the reaction between benzaldehyde and all the
iminophosphoranes (3) (E) (1)-(15) were obtained by n. m. r. experiments.
Prior to the kinetic reactions, n. m. r. spectra of samples of the
irninophosphoranes to be used were run in both proton and phosphorus
n. m. r. machines. This was found to be very critical to the kinetic
results. The n. m. r. tubes were dried beforehand and dry solvents were
used. If any impurities were detected, especially of the phosphoryl oxide
in the phosphorus spectra, then the compound was repurilied until no
impurity showed and consistent kinetic results were obtained.
Approximately 0. 25 mmol of iminophosphorane was measured
into a dry tared glass container sealed under a dry nitrogen atmosphere
and then weighed. The izninophosphorane was then dissolved in the
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minimum amount of dry solvent necessary, under a dry nitrogen
atmosphere, transferred by dropper to a dry n. m. r. tube, the glass
container washed, and the washings also added to the n. m. r. tube. The
total volume was restricted to 0. 4 nil. The n. m. r. tube was sealed
against the atmosphere temporarily and the n.m. r. machine was preset
to give a good amplitude. The n. m. r. tube was removed from the probe,
0.2 molar equivalent of freshly purified benzaldehyde was injected from a
dry syringe, the n. m. r. tube was quickly sealed, inverted twice and
replaced in the n. m. r. probe.
For the most reactive iminophosphoranes the progress of the
reaction was monitored by scanning the region from 5 10 to 6 8 every 20
to 30 seconds, leaving the reactant tube in the probe at 24 ° C until.the
reaction was complete. For the less reactive iminophosphoranes the
sample was maintained at 30 °C in a water bath and removed at intervals
for monitoring.
During the reactions the singlet at 6 9.66 due to the aldehyde proton
disappeared and a singlet at 6 8. 47 due to benzylidene aniline appeared.
The initial height of the singlet at 6 8. 47 from the benzaldehyde proton
and the final height of the singlet from the benzylidene aniline were usually
identical if the same spectrum amplitude was used.
The rate data was evaluated using peak heights, the heights being
standardised previously using mixtures of authentic samples. Graphs
(Figs. 1-15) were drawn and the kinetic results obtained (page 147a).
After the reaction was complete, phosphorus spectra were obtained
to confirm that the phosphorus oxide was the only phosphorus moiety formed.
When a further 0. 8 molar equivalent of benzaldehyde was added to the
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reaction tube, the reaction was observed going to completion in the
phosphorus n. m. r. probe with only 1 peak, that of the phosphorus oxide,
appearing. By using bulb to bulb distillation near quantitative yields of
the benzylidene aniline and the phosphorus oxide could be obtained.

(B)

Competitive Reaction between N- Phenylimino- 1 -phenyipho spholane
and N- Phenyliminodimethylphenylphosphine.
Samples of the two iminophosphoranes were recrystallised before

the kinetic runs and their purities were checked by examining their 31 P
n.m. r. spectra. Under a dry nitrogen atmosphere, using dry apparatus
a sample of N-phenylimino-1-phenylphospholane was added to a preweighed
sample tube, sealed and the accurate weight of the iminophosphorane found
(0. 0738 g, 0. 289 mmol). A 1 molar equivalent of N-phenyliminodimethylphenylphosphine (0-0660 g, 0. 288 mol) was weighed into a similar container,
again keeping the compound under a dry nitrogen atmosphere. The two
samples were dissolved in the minimum amount of C 6 D6 , combined, transferr
to a dry n. m. r. tube, dry triethylphosphate (24. 6/i 1, 0. 144 mmol) was
injected and the n. m. r. tube sealed. 1 H and 31 p n. m. r. confirmed that
neither of the reactants had decomposed. Freshly prepared dry benzaldehyde (5.

1, 0. 058 mmol) was quickly injected and the reaction was

observed by ' H n. m. r. The reaction lasted less than 2 minutes. Alter
the reaction the 31 P n. m. r. spectrum was obtained.
Standardisation samples containing 1 -phenyipho spholane oxide,
dime thylphen ylpho sphine oxide and triethyiphosphate were made up and a
calibration graph drawn from the 31 P n. m. r. spectra of these (Fig. 16, page
From the calibration graph the ratios of the amounts of imino-

14

phosphoranes reacted and the relative rate of reaction was obtained.
The results and graph for this section are included in the results
and discussion sectioil.

(5) Decomposition of N- (o.- Nitrophenyl)iminophosphorane s.
a)

Decomposition of N- (2-nitr ophenyl)imino- 2-phenyl- 1, 3, 2- dióxa-

phospholane in rn-dichlorobenzene.
Fresh iminophosphorane was prepared as in (F) (3) above and was
purified by dissolving in dry benzene and precipitating with dry petrol until
the 31 P spectrum showed only one peak at +23. 9. An attempted purification
by bulb to bulb distillation resulted in almost total decomposition of the
irriinophosphorane to give a mixture of 2-phenyl-1, 3, 2-dioxaphospholane
oxide at 5 36. 7 (78%), N-(o-nitrophenyl)imino-2-phenyl-1, 3, 2-dioxaphospholane at 5 23. 8 (14%), and a third phosphorus containing compound with
shift 5-19. 1 (8%). The relative amounts of,each are uncorrected. The
two compounds assigned were identified by 31 P shift data.
Nine aliquots of N- (_nitrophenyl)imino_ 2 -phenyl- 1, 3, 2-dioxaphospholane (0. 02 g, 0. 065 mmol) were dissolved in dry rn-dichlorobenzene
(0. 3 nil) under a dry nitrogen atmosphere. Dry C

6 D6

was added as a lock

for the 31 P n.m. r. spectrometer. The solutions were transferred to dry
n. m. r. tubes fitted with glass adaptors. The solutions were degassed and
sealed under vacuum on a vacuum line by melting the glass.
The nine n. m. r. tubes were placed in oil baths at different
temperatures for different lengths of time as detailed in Table 1. The
31

P n. m. r. spectra of the samples were examined after the specified

times to determine the relative amounts of each product present, in particular
the product with chemical shift

31

P 6 -19. 1.
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TABLE 1
Sample

T/ °C

Time/ min s

%

Starting
Material

%2-Phenyl-1,3,2dioxaphospholane
oxide

% Unknown

14100

85.0

10.4

4.6

40

30

81.2

8.3

10.5

3

50

30

79.6

9. 8

10.6

4

50

60

72.4

15.8

11.8

5

100

30

86.1

13. 9

negligible

6

100

60

86.0

7.2

6.8

7

100

120

72.6

18. 5

8. 9

8

150

30

68.2

23.2

8.6

8

150

1800

38.1

53.5

8.4

9

150

240

63.6

29.4

6.9

9

150

600

70.5

23.5

6.0

9

150

1440

61.1

34.5

4.4

9

150

9000

31.4

65.7

2.9

9

150

10440

26.1

73.9

0

1

R. T.-

2

The only isolable containing compounds were the starting material
and the 2-phenyl-1, 3, 2-dioxaphospholane oxide.
b)

Decomposition of N- (o-nitr ophen yl )imi.nopho sphorane s in

bromobenzene.
The kinetic results for the decomposition of the N-(2-nitrophenyl)3) (F) (1) to (F) (6), not including F(2), the para substituted iminophosphoran

were obtained by

31

p ii. m. r. experiments.

The N-(o-nitrophenyl)iminopho sphorane s were prepared freshly
before the kinetic experiments as in 3) (F) above. The 31 P and ' H
n.m. r. spectra of the compound to be used were obtained before the
reaction. If any impurities were detected, especially of the phosphoryl
oxide in the 31 P n. m. r. then the compound was repurified until no impurity
showed.
Approximately 0. 2 mmol of the irninophosphorane was transferred
to a dry tared glass container, sealed under a dry nitrogen atmosphere, and
then weighed accurately. The iminophosphorane was dissolved in dry
bromobenzene (0. 3 ml), transferred to a dry n. m. r. tube with a glass
adapter, dry C 6 D5 (0. 1 ml) was added, and 0. 5 molar equivalent of dry
triethyl phosphate was injected. These operations were carried out under
a dry nitrogen atmosphere. The n. m. r. tube was transferred to a vacuum
line, degassed and sealed under vacuum by melting the glass.
The 31 P n. m. r. spectrum was obtained at zero time and the
reaction was then started by placing the n. m. r. tube in an oil bath maintained
at 1600. The reaction was monitored by removing the n. m. r. tube from
the oil bath and obtaining the 31 P n. m. r. spectrum at periodic intervals.
During the reaction the orange solutions turned black.
At the end of the reaction the 31 P n. m. r. spectra showed that the
iminophosphorane peak had disappeared and that the corresponding phosphoryl oxide was obtained as the only phosphorus bearing compound except
in the case of N_(o-nitrophenyl)imino-2-phenyl- 1, 3, 2-dioxaphospholane
when a small peak at 6 +26 was observed, possibly due to a ring-opened
product. All reactions were observed until all the reactant had disappeared

I V.)

except in the case of N-(-nitropheny1)iminodiethylphenylphosphine which
had not reacted after seven days.
After the reaction was complete the n. m. r. tubes were unsealed
and the solution poured into dry ether. A pale yellow solution was
obtained and also an insoluble black solid. The presence of benzofurazan in
all the reacted samples was detected by h. p. 1. c. , g. 1. c. analysis (10%
Apiezon IL') and t. 1. c. M. s. 1g. 1. c. gave the correct parent ion: m/e
120. The yield of benzofurazan was quantified on each sample using
h. p. 1. c. (15 cm column containing 10 Spherasorb alumina, 25% methylene
chloride, 75% hexane, 25% water saturated) using diphenylfuroxan as an
internal standard. The yields are listed below in Table 2 and the kinetic
results are examined later in the Results and Discussion Section
(Figures 17 - 20, page 159a).
TABLE 2
Iminopho sphorane

F-I ,

Yield (%)

26.6

Hh

NO 2
O \ 7Ph
26. 1

,Ph., NO

2

LJ%N-)j
NO

56. 5

2

Table 2 (cont. )
Iminophosphorane

Yield (%)

/\ /Ph

0

64.6

N-),

,Ph NO2

"

N
NO

(6) Reactions of Tervalent Phosphorus Compounds with
Miscellaneous Azides
a)

Reaction of 1 -phenyipho sphor inane with a.- azidophenylac etic acid.

a-Azidophenylacetic acid (0. 0212 g, 0. 12 mmol) in dry benzene (0. 2 ml)
was added dropwise to a solution of 1-phenyiphosphorinane (0. 0213 g,
0. 12 mmol) in dry benzene (0. 2 ml) in a dry n. m. r. tube containing a dry
C6

D capillary lock. The reaction was monitored by observing the 31
6

spectra. After 30 seconds the solution turned cloudy and nitrogen was
evolved. After five minutes the solution turned clear and yellow. 31 P
Spectra showed the major peak at 6 +35. 9 (59%) which was assumed to be
N-(a-carboxylic acid benzyl)irnino- 1 -phenyiphosphorinane. The only other
major peak at 6 +32. 8 (41%) was found to be 1 -phenyiphosphorinane oxide
by peak enhancement. Isolation of the products proved impossible due to
polymerisation of the product.
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The experiment was repeated with dry chloroform with the
same result.

b)

Reaction of 1- phenyiphospholane with 2-azidobenzoic acid.

2-Azidobenzoic acid (1. 63 g, 0. 01 mole) in dry ether (10 ml) was added
dropwise into a solution of 1-phenyiphospholane (1. 64 g, 0. 01 mol) in dry
ether (10 ml) with stirring under a dry nitrogen atmosphere. The reaction
was cooled in an ice bath. Nitrogen was evolved and a yellow precipitate
of N-(o-c arboxylic acid phenyl)- iniino- 1 -phenyipho spholane was obtained
and recrystallised from petrol/methylene chloride (2. 64 g,
156-157 ° , (Found: C, 67. 9; H, 6. 0; N, 4. 7.
requires C, 68.2; H, 6. 2; N, 4. 7%. m/e 299),

88 %), in. p.

m/e 299. C 17 H 18 NO 2 P

max 1670 (C=O), and

1320 (P=N), 5 1. 90-2. 68 (8H, c, aliphatic protons), 6. 26-7. 27 (3H, c,
N-phenyl meta and para protons), 7.33-7. 78 (5H, c, P-phenyl aromatic
protons), and 8. 06-8. 21 (1H, m, N-phenyl ortho proton),

31

P 5 44. 8.

It was found that if the reaction was not cooled then the product
decomposed in part. The reaction was repeated in dry toluene, and the
reaction monitored during the addition by observing the
After the addition was complete the

31

31

P n. m. r. spectra.

P n. m. r. spectra showed that the

decomposition had only proceeded to approximately 30 016. l-Phenylphospholan
oxide was present in approximately 30% yield (confirmed by peak enhancement)
the only other phosphorus moiety being the phosphinimine. The decomposition
was completed by heating the solution under reflux for one hour after which
time the only phosphorus species shown by 31 P n. m. r. was 1-phenylphospholane oxide. T. 1. c. showed several products present. The toluene
was removed under reduced pressure and the product mixture purified by

1. U

chromatographing on silica to give a fluorescent yellow product of unknown
structure (0. 0847 g, 71 %), m. p. 160-164 0 ,
nile 238.072259.

N, 4.8.

( Found:

C, 62.5; H, 5. 1;

C 14H 10 N2 0 2 requires C, 62. 7;

H, 4. 9; N, 4. 9%. nile 238. 074222,

1745 (C =0),

max

and 1625 (aromatic C=C), 6 6.25-6.60 (ZH, broad s, 2-NH), and 6.618. 26 (8H, c, aromatic protons),

13 C 6 157.8 (16%), 149.6 (34%), 146.6

(17%), 136. 3 (78%), 133. 6 (80%), 129. 6 (83%), 128. 5 (72%), 127. 6 (84%),
126.2 (74%), 116.6 (88%), 116.4 (100%), and 109. 7 (13%).

C)

Reaction of 1 -phenyipho sphor inane with 1, 2- diphenyl- 2- azidoethan-

1- one.
In collaboration with E. Henry, 1, 2-diphenyl-2-azidoethan-1-one
(1. 2 g, 5 mmol) in ether (5 ml) was added to a solution of 1-phenylphosphorinane (0 98 g, 5. 5 mmol) in ether (10 nil). Nitrogen was evolved
spontaneously. After four hours light petrol was added. A white precipitate
was filtered off, washed with ether and dried to give N-(2'-(l', 2'-diphenylethan-l'-one ))-imino-l-phenylphosphorinane as white crystals as the only
isolable product (1. 55 g, 81%), m. p. 133-135 0 ,
N, 4. 6;

H, 6.3;

( Found:

C, 77. 3;

nile 387. C 25 H26 N0P requires C, 77. 5; H, 6. 8;

N, 3. 6%. ni/e 3.87), )) 1640 (C=0), 6 0. 90-2.40 (10H, c, aliphatic
max
protons), 4.29 (1H, d, CH, J
protons),

d)

PH

21 Hz), and 6. 78-7. 10 (15H, c, aromatic

31 P6 18.3.

Reaction of 1 -phenylpho spholane with 2 -azidobenzaldehyde.

A solution of 2-azidobenzaldehyde (2. 7 g, 0. 018 mol) in superdry ether
(15 ml) was added dropwise with stirring to a solution of l-phenylphospholane
(3 g, 0. 018 mol) in ether (15 ml) under a dry nitrogen atmosphere with

IV':'

cooling in an ice bath. Nitrogen was spontaneously evolved. The
reaction mixture turned cloudy yellow immediately. After half the azide
had been added a yellow crystalline solid precipitated out. The precipitate
was filtered off, dried and recrystallised to give N-(o-carboxaldehydephenyl)-imino-l-phenylphospholane as a yellow crystalline solid (4. 65 g,
90%), m. p. 110-112 0

,

(

Found: C, 72.3; H, 6.4; N, 4.8.

rri/e 283.

C 17 H 18 N0P requires C, 72. 1; H, 6.4; N, 4 .9%. m/e 283), 1) max 1660
(C=O), and 1340 (P=N), 5 1. 05-2. 08 (8H, c, aliphatic protons), 6. 208.27 (9H, c, aromatic protons), and 11.46 (lH, c, -CHO),

31 P 6 (C 6 D6 )

+33. 0.
The 31'P n. m. r. spectra showed only one phosphorus product
present at 6 +33. 0. The product decomposed smoothly at 100 ° in dry
bromobenzene under a dry nitrogen atmosphere.

31 P N. in. r. showed

only the formation of 1-phenyiphospholane oxide over three hours. After
the decomposition was complete, the bromobenzene was removed under
high vacuum. T. 1. c. on alumina and silica plates showed only polymeric
streaking and no products could be isolated.
The imine was decomposed by the addition of dry methanol (7. 2 /Li)
to a solution of the imine (0. 0459 g, 0. 16 mmoi). On monitoring the
decomposition, it was observed that the peak at 5 +33. 0 disappeared and
that a peak at 6 +58. 6 due to 1-phenyiphospholane oxide (confirmed by peak
enhancement) appeared. The appearance of a small peak at 5 +31. 7
during the reaction, and its disappearance when the reaction was over
was noted, however it was present in only 6% approximately. T. 1. c.
confirmed the presence of 2-aminobenzaldehyde which slowly disappeared.
Further addition of 30/Al of dry methanol was necessary to complete the
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reaction which lasted approximately 11 hours. I. r. spectra confirmed
the presence of 2-aminobenzaldehyde,

450,3350(NH.).and1665(CO).

In contrast, addition of dry methanol to a solution of N-phenylimino1-phenyiphospholane produced no reaction even when methanol was used as the
solvent.

Reaction of 1 -phenyipho sphor inane with 2- azidobenzaldehyde.
A solution of 2-azidobenzaldehyde (2. 48 g, 0. 017 mol) in dry ether (15 nil)
was added to a solution of l-phenylphosphorinane (3 g, 0. 017 mol) as in
d) above. Nitrogen was evolved, but a dark reddish oil was obtained which
again evolved nitrogen when the ice bath was removed. A black oil was
obtained.

31

P N. m. r. spectra showed the presence of 1-phenyiphosphor-

inane oxide as the only phosphorus product.

1

H N. m. r. spectra showed

the presence of a singlet at 6 8. 25 and also a singlet at 5 9. 77 which were
assigned as Ar-CH=N-Ar- and -Ar-CHO respectively. T. 1. c. showed
only polymeric streaking and no products could be isolated.

Reaction of die thyiphenyiphosphine with 2- azidobenzaldehyde.
A solution of 2-azidobenzaldehyde (2. 66 g, 0. 018 mol) in dry ether (15 ml)
was added to a solution of die thylphen ylpho sphine (3 g, 0. 018 mol) in dry
ether (15 ml) as in d) above. No nitrogen was evolved however a red oil
precipitated out of solution. On removing the ice bath nitrogen was
evolved from the red oil which hardened to a black polymer. On trituration
31 P n. m. r. showed diethyiphenyiphosphine oxide to be the only phosphorus
product. No products were identifiable from the polymer, however
n. m. r. showed a singlet similar to the one found in d) above at 5 8. 95.
T. 1. c. showed only polymeric streaking.

LII

g)

Reaction of 2-phenyl-1,3,2-dioxaphospholane with 2-azidobenz-

aide hyde.
A solution of 2-azidobenzaldehyde (0. 032 g, 0. 2 mmol) in dry
benzene (0. 3 ml) was added to a solution of 2-phenyl-1, 3, 2-dioxaphospholane
(0. 0366 g, 0. 2 mmol) in dry benzene (0. 3 ml) in a dry n. m. r. tube.
Nitrogen was evolved and a white solid precipitated out. The reaction was
followed by

31

P n. m. r. which showed the formation of a peak at 6 (C 6 D6 )

+21. 1 plus several minor peaks. The white solid was filtered off, dried
and rec rystallised to give N-(o-c arboxaldehyde phenyl)- imino- 2-phenyl1,3, 2-dioxaphospholane as a white solid (0. 042 g, 7 3 %), m. p. 112-116
(Found: C, 63. 0; H, 5. 2; N, 4. 8.

0
,

trite 287. C 15 H 14NO3 P requires

C, 62. 7; H, 4. 9; N, 4.9%. m/e 287), )) max 1670 (CO), and 1215
(PN), 6 4.28-4.58 (4H, c, -CH 2 -CH-), 6. 74-8. 04 (9H, c, aromatic protons),
and 10. 70 (1H, s, -CHO),

31

P 6 +23. 1.

The product was stable to heating to 1000 for 2 hours.

(7) Hydrolysis of N- Phenylimino- 1 -phenylpho spholane
A solution of N-phenylimino-1-phenylphospholane (0. 0255 g, 0. 1
mmol) in water saturated benzene (0. 5 ml) was prepared and the

31

P n. m. r.

spectra se observed after two minutes. Three peaks were observed:
6 +54 (10%) due to 1-phenyiphospholane oxide, 6 +29 (100%) due to Nphenylimirio-1-phenylphospholane, and a third peak at 6 +19. 5 (13%). After
three hours the 31 P n. m. r. spectra were again observed, however only
two peaks were present: 6 +54 (19%) and 6 +29

(100%), the peak at

6 +19. 5 having disappeared. The hydrolysis had ceased since there was
no further change until a further sample of water was added. On addition

of more water the peak at 6 +29 reappeared and disappeared after all
the N-phenylimino- 1-phenyiphospholane had been hydrolysed. 1-Phenylphospholane oxide was obtained as the only phosphorus containing product.
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i1

Reactions of Iminophosphoranes with Benzaldehyde

1.

Preamble. In 1919, Staudinger reacted several iminophosphoranes
with a series of carbonyl containing compounds such as carbon dioxide,
phenylisocyanate and diphenylketene to form phosphine oxides and
imines,

10

but found that N-phenyli.minotriphenylphosphine did not

react at room temperature with benzaldehyde, acetone or benzophenone
However after heating at 100 ° for 40 hours it was found that N-phenyliminotriphenylphosphine reacted with benzaldehyde to yield benzylidene
aniline and triphenyiphosphine oxide (Scheme 1). 10

> Ph 3 P=O + Ph—N=CH—Ph

Ph 3 P=N—Ph + PhCHO
Scheme I

This useful synthesis was seldom used 7,
when it was assumed, without evidence, 72,

13, 50

198, 199

until recently,

that the mechanism

of the addition of the carbonyl groups to the iminophosphoranes is
analogous to the Wittig reaction with nucleophilic attack by the nitrogen
atom on the carb . onyl carbon to form a betaine intermediate (1) which

I.

R—N=PR 3
+

+
R—N—PR 3

I
RC — O

R—N=CR2
+

RP=O

RCO
(1)
Scheme 2

Li.

;.)

may convert to the products by transfer of oxygen from carbon to
phosphorus. A four membered transition state (2) has since been
proposed.

200-202

•

R-N-PR

3

R-C-O

(2)
Johnson and Wong reacted a series of N-(substituted phenyl)iminotriphenyiphosphine s and a series of N-phenyliminotri- (substituted
phenyl)-phosphines with -nitrobenzaldehyde.

From a study of the

Hammett plot of the latter series a betaine intermediate was indicated with
betaine formation (k 1 ) being the rate determining step and varying with
the electronegativity of the P-phenyl substituents. The Hammett plot
of the former series, however, indicated that there was a change in the
rate determining step from betaine formation (k 1 ) to betaine decomposition
(k2 ) as the electronegativity of the N-phenyl substituent decreased. The
results were explained in terms of the electron density on the phosphorus
and nitrogen atoms. With unsubstituted imine the betaine formation was
proposed to be the rate determining step (k 2>k 1 ). When a more electronegative substituent on the N-phenyl was used then the nucleophilicity of
the imine was reduced and the internal oxyazlion attack (k 2 ) was greater.
If a less electronegative sub stituent was used then the nucleophilicity of
the nitrogen atom was increased and hence k 1 .

The phosphorus atom

became less susceptible to oxyanion attack, i. e. k2 decreased.

Thus

with less electronegative groups than hydrogen on the N-phenyl k 2
became rate determining and k 2 became the observed rate (kb).

J. L 'J

Fr'yen also reacted,p-nitrobenzaldehyde with a series of
N-phenyiiminophosphorane s starting with N- phenyliminotr iphenyl phosphine,replacing the P-phenyl groups successively with ethyl groups,
and ending with N-phenyliminotr iethylphosphine, also considering Nphenylimino- 1 -phenyiphospholane, the cyclic analog of N -phenyliminodiethylphenylphosphine. The results agreed with those of the Nphenyliminotri-(substituted phenyl)-phosphine of Johnston and Wong, 75
i. e. on substituting phenyl groups with more electron donating ethyl
groups, the rate of reaction was accelerated by a factor of ten each
time, this increase being attributed to a rate acceleration in the nucleophilic.attack, the expected rate determining step. No evidence was
found that the internal oxyanion attack was the rate determining step or
that there was a change in rate determining from the betaine formation
to the betaine decomposition as would have been expected from the
results of Johnson and Wong.
In view of the anomalous results of Johnson and Wong 75,203 and
Aksnes and Fryen, 193,202 it is not possible to understand fully the
mechanism of the reaction. The results of the latter researchers
showed that electron-donating substituents on the phosphorus increased
the overall reaction rate. The results of Westheimer 109,

111,112

and

others in simple reactions such as hydrolysis has shown large rate
increases on replacing open chain substituents on the phosphorus atom
with small four- and five-numbered rings. If cyclic iminophosphoranes
give rise to large rate accelerations, then this would help to explain the
reaction mechanism and also show the general value of ring strain to
synthesis in the form of large increases in rate and yields.

ii. (

Preparation of Reactants.
Preparation of tervalent phosphorus compounds.
The known tervalent phosphorus compounds were prepared by
standard methods, many of those which were not stabilised by aromatic
carbon atoms attached to the phosphorus were air sensitive. In those
cases viscous polymeric liquids were obtained. In addition 2-(N, Ndiethylamino)-1, 3, 2-dioxaphospholane was found to be both moisture and
air sensitive, decomposing also on distillation. Many of the tervalent
phosphorus compounds fumed in air. The smallest ring phosphorus
compounds were found to polymerise quickest, the open chain analogs
not polymerising at any significant rate. In order to minimise decomposition, the compounds were stored in dry glass containers under a
dry nitrogen atmosphere at -15 ° C. Redistillation of the tervalent
phosphorus compounds was usually necessary before carrying out
further synthesis.
Preparation of Iminopho sphorane s.
The iminophosphoranes were prepared from the tervalent phosphorus compounds and the corresponding aryl azide by Staudinger's
method.

6

It was found that dry ether was better for the preparation

of some iminophosphoranes and dry benzene for others. Dry distilled
light petrol was often required to obtain the product from the solutions.
Often oils were obtained from one solvent, but crystals from the other.
While it was sometimes possible to distil some of the iminophosphoranes,
under reduced pressure, this usually resulted in some small amount of
decomposition or rearrangement and no net purification was obtained.

11

Due to the nature of the reactants it was necessary to purify the
iminophosphoranes until there was no trace of other compounds, including
starting materials and hydrolysis products. The compounds had to be
analytically pure byC,H,N analysis and also by n. m. r.

31

P N. m. r.

proved to be very useful since the presence of any other phosphorus
containing compound shows as an extra peak. When the melting point
was constant, only one peak obtained by

31

P n. m. r. and no impurities

showing on ' H ri. m. r. , the iminophosph.orane was thought to be sufficiently
pure.
During the preparation, purification and reaction of these iminophosphoranes it was necessary at all times to use dry equipment, solvents
and reactants in order to prevent hydrolysis to the corresponding
phosphyl compound and aniline (Scheme 3). Hydrolysis of the imino-

) [R 3 P_N_R]OH

R 3 P— N—R + H 2 0

I

R 3 P=O

1.7

)

R 3 PçN—R'

R—NH 2

H
Scheme 3
phosphorane was detected only by

31

P n. m. r.

Structure of Cyclic Iminophosphorane s.
ho c
In order to examine the structure of iminophoranes incorporating

/

4

I'

ii,

a small ring, three were prepared which would be stable for X-ray
study. N-(2- Bromophenyl)imino- 1 -phenylphospholane, however, was
found to be unsuitable due to the lack of stability of the crystals. Both
N-(o-nitr ophenyl)- and N-(2-nitr ophenyl)-imino- 1- phenylphospholane
proved to be very suitable. Bright yellow crystals of the latter were
recrystallised from a benzene ether mixture and were found to be stable
to atmosphere and moisture for a suitable length of time. A crystal,
approximately 0. 6 mm long, sealed in a Lindemann glass capillary, was
used for all the measurement which were carried out by Murray-Rust
at Stirling University. 204 The structure (3) was found to be similar to
that expected.

P_O2N_PNA ,,'0-c2
113k P ).960

Ph
(3)
The C PC angle of 96 ° is much smaller than that of N-(a toluene sulphonyl)iminotr iphenylph.osphine 2 (126. 4 0

)

(

page 3) which has

no ring constraint. This difference of 30 ° could provide the driving
force which, in the case of some reactions, can give rise to rate
accelerations of 1O 3 on forming a pentacoordinated intermediate with
a C 1 PC 4 angle of approximately 90

0
.

The C 1 and C 4 would then span

one axial and one equatorial position.
The nitrogen phosphorus bond length was found to be 1. 59X again
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very close to that of N-(E-toluene sulphonyl)iminotr iphenylpho sphine 2
(1. 58R) (page 4) and shorter than the length expected for a P-N single
bond (1. 77X).
Experimental Procedure.
In order to monitor the production of the products it was necessary
to prepare an authentic series of the corresponding phosphyl products.
This was carried out in high yield and purity by oxidation with lead tetraacetate.

177

Most oxides were obtained as colourless, low melting solids

which were best purified by distillation at very high temperatures and low
pressures. The phosphyl oxides were difficult to separate from the
iminophosphoranes because the recrystallisation solvents suited the
purification of both. All the oxides were found to be very stable to
oxygen and water although water seemed to be absorbed to form complexes giving rise to an 0-H stretch absorption in the region of 3500
CM.

-1
The reaction between the iminophosphoranes and benzaldehyde

was followed by
The use of

31

1 H n. m. r. in dry C 5 D6 , e. g. spectra lA and lB.

P n. m. r. as a method of following the reaction was con-

sidered, but most of the reactions were too fast for the instrument
although it was used to search for intermediates in the reaction albeitunsuccessfully.
Previously,

75

the reaction kinetics had been measured by

quenching the reaction with dilute hydrochloric acid and back titrating the
resultant solution potentiometr ic ally with dilute potassium hydroxide.
This method relies on the conjugate base of the imine not being hydrolysed

.

..L

to the corresponding oxide and amine. If this occurred, it is possible
that the amine could react with the aldehyde with the regeneration of H+.

H

+

[R 3 _R] K

R 3 —R + HA

H

R 3 P=O
+

+

R

HA

3

-

P A + R—NH2

I

OH

+

R—NH 2
R—CHO

00,

el

R—N=CH—R + H 0
2
Scheme 4
N-Aryliminophosphoranes are hydrolysed by dilute acids,

6

but

it would be difficult to estimate the extent of hydrolysis or its affect on
the kinetic measurements if any. If the substituents on the N-phenyl
affect the nucleophilicity of the nitrogen atoms or the electrophilicity
of the phosphorus atoms it is conceivable that the hydrolysis of the
conjugate base may vary, leading to anomalous kinetic results.
Froyen followed the reaction using the ultraviolet absorption

I '

maximum of 2-nitrobenzylidene aniline at 350 m

202 1

H• N. m. r.

was found to be a better method since it allowed the monitoring of the proto;
of the benzaldehyde and benzylidene aniline as well as any possible intermediates.

The reaction was monitored by observing the rate of disappearance
of the singlet at 59. 66 due to the benzaldehyde proton and the appearance
of a singlet at 58. 47 due to the benzylidene aniline formed. These
signals were found to be clear from interference from the aromatic proton
signals (Spectra lA and 1E). The heights of the two peaks were
standardised, the initial height of the peak from the benzaldehyde being
equal to the final height of the peak from the benzylidene aniline.
Pseudo first order rate constants were obtained using a ratio of
5:1 for the concentrations of iminophosphorane and benzaldehyde
respectively, the concentration of iminophosphorane remaining fairly
constant and in large excess. Although a larger excess, say 10:1,
would have been preferred, this would have created difficulties in the
measurement of the benzylidine aniline proton at 58. 47 since the phase
and the peak height would have been influenced by the proximity of the
aromatic proton signal. Using an excess of benzaldehyde was considered, but this would have made the reaction more susceptible to
hydrolysis affects, the iminophosphorane being present in only a small
amount.
Immediately prior to the addition of benzaldehyde, the purity
31
of the solution of the iminophosphorane was monitored using P n. m. r.

I Lj

This was carried out in order to determine if the iminophosphorane
had been hydrolysed to any extent. This would be seen as the presence
of phosphine oxide. If any impurity, especially the phosphine oxide,
was present the iminophosphorane was purified further. It was assumed
that if any phosphine oxide was present then this could have been caused
by the hydrolysis of the iminophosphoranes, and further hydrolysis
would then be possible during the reaction.

Results
The iminophosphoranes were purified until the differences in
reaction times to completion between consecutive purification processes
was less than ten per cent. This was found to be necessary since it was
found that, in the presence of water, either using apparatus or chemicals
not sufficiently dry and pure, the time for the reaction to reach completion was sometimes decreased dramatically from about 350 seconds
to about 60 seconds. This rate acceleration was observed particularly
in the case of iminophosphoranes incorporating a small ring. The rate
acceleration was paradoxical since if water was present it would be
expected that the iminophosphoranes would hydrolyse, decreasing the
concentration of irniriophosphorane, and hence a slight decrease in rate
would be expected if any difference at all. Further surprising results
were found where a small amount of the phosphine oxide present also
resulted in a dramatic increase in rate.
The simplest explanation for these experimental results appears
to be that a chain reaction is occurring in the reaction in the presence of
water.

I

H

2

0 + R 3 P=N'—Ph

PhNH 2 + PhCHO

> R 3 P=O + Ph NH

Step 1

) PhN=CHPh + H

Step 2

20

Scheme 5

If the iminophosphorane reacts with water then the reaction
would stop at the end of Step 1 in the absence of benzaldehyde. This
could only be detected as a trace of the phosphoryl oxide in the 31 P n. m. r.
As soon as benzaldehyde is added however, there are two competing
reactions: a) the normal Wittig type addition of benzaldehyde to the
iminophosphoranes, and b) the chain reaction involving hydrolysis of the
iminophosphorane followed by regeneration of water by the condensation
of aniline and berizaldehyde (Scheme

5).

The apparent rate acceleration

therefore depends on the rates of both a) and b).
Quantitative measurements of Step 1 of Scheme

5 were not

made, but it was noted that those iminophosphoranes which hydrolysed
rapidly in air were those which would be expected to be subject to ring
strain, i. e. mainly the iminophosphoranes with four and five membered
rings incorporating the phosphorus atom. In addition, the reaction
between benzaldehyde and aniline, i. e. Step 2, was found to be highly
exothermic and instantaneous. From these results it would appear that
there is a large rate acceleration in Step 1 for the hydrolysis of the small
membered ring iminophosphoranes compared with the open chain analogs
since the overall rate of reaction is increased for small membered rings
in the presence of water, but Step 2 would be identical for all iminophosphorane s.

Using Westheimer's approach (Page

34)

108 109,111 an explanation

for the rate increase can be proposed (Scheme 6). One Berry pseudorotation is necessary, i.e. direct formation of the oxide and aniline
products from the intermediate (5) is not possible for two reasons. The
principle of microscopic reversibility
eversibility1
1

19

and We stheimer 's extended

form 108 require that if a molecule or reactant enters at a TBP apical
position, then this (or another) molecule or reactant should leave the
T B P from an apical position. Direct decomposition of the TBP (5) would
require aniline to leave from an equatorial position, an invalid process.

a—N—Ph

+

H0
2

_______

ZI—N—Ph

Ph

L

(4)

ft
Ph, ,,
•.P

001

BPR

Ph
1,

F::~~

-

P—Ph
P h—N "
as
OH
pivot
H
(5)

Ph
(6)

h

Ph--- P
0/

O/+
PbNH2

Ph NH 2
Scheme 6

+

OH -

10

In support of the Berry pseudorotation, Homer and Winkler found
that the hydrolysis of iminophosphoranes occurs with inversion of
configuration.

Without the occurrence of a Berry pseudorotation, it

would be necessary to have the small ring spanning two equatorial positions
a configuration which is not favoured, in order to explain the inversion
of configuration.
Using Westheinier's rules the TBP (5) is formed preferentially
and at a greater rate than in acyclic analogs since there is a release of
ring strain if the small membered ring occupies one axial and one
equatorial position, and also an oxygen atom is occupying one of the
axial positions.
Although nitrogen is less electronegative than oxygen, it is
thought that pseudorotation processes such as in Scheme 6 can occur at
room temperature since little energy would be required to put the
nitrogen atom in the apical position. 205
The hydrolysis of N-phenylimino- 1 -phenyiphospholane was carried
out in water-saturated benzene, i. e. with an excess of N-phenylimino-lphenylphospholane. The 1 H n. m. r. showed no trace of any intermediate,
however observation of the

31

p n. m. r. showed the disappearance of the

signal at 5+29 due to N-phenylimino-l-phenylphospholane, the appearance
of a peak at 5+54 due to l-phenylphospholane oxide and a third unidentified peak at 5+19. 5. After a time this third peak disappeared and the
two identified peaks remained constant. At this stage all the water had
obviously reacted with the iminophosphorane. On the addition of more
water the peak at 5+19. 5 reappeared and disappeared when either all the
water had reacted or when all the iminophosphorane was hydrolysed.

I'. (

The peak appears to arise from an intermediate in the hydrolysis
process, either the protonated iminophosphorane (7) or a TBP (8) or (9).
Chemical shifts of hydrolysis intermediates of iminophosphoranes have
not been previously reported mainly due to the difficulties of obtaining
spectra. It is not possible to assign the structure of intermediate due
to the lack of spectral data, however it seems most probable that
structure is the protonated iminophosphorane (7) since it has been found

[

O

H

i

_PhOH
j
PhD
Ph
Ph_r' J
H OH

Ph1

Hh

(7)

(8)

(9)

by general laboratory experience at the University of Edinburgh that
nearly all penta-coordinated phosphoranes have negative chemical shifts.
In contrast to N-phenylimino- 1 -phenylphospholane which
hydrolysed within minutes on contact with atmospheric water, N-(nitr ophenyl)imino- 1 -phenyiphospholane, which was submitted for the
X-ray study, and N-(o-nitr ophenyl)imino- 1 -phenylpho spholane were
found to be stable with respect to atmospheric water over periods of days.
The stability of the N-nitrophenyliminophospholanes is undoubtedly due
to the extensive delocalisation of the negative charge on the nitrogen,
decreasing the basicity of the iminophosphoranes.
In the reaction of iminophosphoranes and benzaldehyde it was of
prime importance that the reaction system was as dry and clean as

I AL Z5

possible. As was mentioned before, the reactants were purified
until successive rate determinations showed good repeatability.
The concentration of iminophosphorane being in excess and
essentially remaining constant, the results obtained from the disappearance of benzaldehyde were treated using first order kinetics.
Using the first order rate equation (Eq. 1), and equation was derived which
was suitable for plotting the results (Eq. 2)_
t

X

f

dx

= kJdt

a

0

0

a = initial concentration of benzaldehyde
x = concentration of benzaidehyde reacted at

t

k = pseudo first order rate constant
= k

In a
a-x

In (a-x) = - kt+lna
log (a-x) = -2. 303 kt + in

Q

EQ 2

Pseudo first order rate constants were obtained (Table 1)
from the plots of log (a-x) versus t (Graphs 1-15) which gave straight
lines with gradient equal to -2. 303k. The gradients and errors were
calculated by the least mean square method.
The half-lives of the reactions were also calculated from Eq. 1
In

a
a-x

kt

a
t=ti, x= 2

In

= kt 1
2

= in 2
k

=

2. 303 log 2
k

1e

TABLE 1.
Rates of Reaction of Iminophosphoranes with Benzaidehyde.

Solvent

Iminophosphorane

Ph

T/ °C

Pseudo first order t 1 /min
2
rate constant. sec

c

NPh

I

C 6 D6

30

MeCN

77

a

No reaction

" Ph

Ph
U\ /N—Ph
p"

on/

[:

C

(Me 2 N) 3 PN-Ph

C

30a
6D6
30a
6D6

1NPh d

C 6 D6

\

MeCN

Ph

Ph PN-Ph

N

P\ <
Ph

LI

6
7.7x10 ±0.12

1500

• 6x10 6 +0 06

7361

• 3x10 6 ±0. 12

5069

1.lxi0+0.06

1014

6.9x10 5 +O.15

167

1.5x10 5 +0.60
-

791

6. 5x10 +0.26

179

1. 63x10 4 +0. 04

70.9

Ph

(EtO) 3 P=N-Ph

Cno

b

d

CD
66

)_N
C6D6

30a
77b

-

30a

30a

d
I

[DP N —p
NO2

a

C 5D

30

CD
66

24

1. 57x10 +0.02

7.4

C

24

2. 4x10 3 ±0. 04

4.9

Ph

Et P =N-Ph
Ph

d

P=N—Ph
I

\

Ph

6 D6
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Table 1 (cont)
Irriinophosphorane

Solvent

T/ ° C

Pseudo first order
rate constant. sec

t 1 /min
2

d

NPh

24c

8x10 3 ±0. 20

2. 01

Ph
Me2PN_Phd

C

6D

6

24c

7. 5x10

+0.45

1. 53

Ph

d
C6D6

24c
•

6x10 3 ±O. 1

1. 52

1. 07

Ph
Ph

d
C D
6 6

24

10. 8x10 3 ±O. 7

6

24

16. 7xl0

Ph
N—Ph
C

6D

-3

+0.5

Ph

a thermostatted water bath
b boiling Cd 4 bath
c n.m.r. probe
d previously unreported compound

From Table 1 it can be seen that N-phenylimino-l-phenylphospholane is the most reactive of the iminophosphoranes as would be
expected from ring strain considerations in which small membered ring

0. 6

i)1

phosphorus compounds react faster than their acyclic analogs. Confirming this result, the next two most reactive iminophosphoranes are
also five membered ring compounds, N-phenylimino- 1 -phenyl-3-methylphosphol-2-ene and N-phenylimino-l-phenyl-3-methylphosphol-3-ene.
The small differences in reactivity between these three five membered
ring compounds are probably a result of the bonding within the rings, the
double bonds exerting a lessening effect on ring strain. If these small
differences were caused by steric interactions then it would be expected
that the order of these rate constants would be reversed i. e. the Nphenyliminophospholenes would react faster than the saturated N-phenylimino-l-phenylphospholane due to the absence of hydrogen atoms on the
2 or 3 positions in the unsaturated iminophosphoranes. The 3-methyl
groups were considered to be sufficiently far removed from the site of
reaction and also be at an orientation unsuitable for interfering with the
reaction sterically.
In contrast with N-phenylimino- 1 -.phenylpho spholane, N-( .2-nitrophenyl) and N-(R-nitr ophenyl)imino- 1 -phenylpho spholane are approximately
one hundred and two hundred and fifty times less reactive. This effect
is due to the stabilising effect of the o-NO 2 and 2-NO 2 groups on the
partially charged nitrogen atom as in Scheme 7a and 7b.

r.0
C~l
Ph

Ph

N
(10)

Scheme 7a

ii'

07
/
N

0
0"j
:

Ph

Hh

(11)
Scheme 7b
Since N-phenylimino- 1 -phenyiphospholane has no stabilising canonical
forms such as (10) or (11) it would be expected to be more reactive.
This decreased reactivity of the N-nitrophenyl iminophosphoranes is in
agreement with Johnson and Wong's observation that decreased electron
density on the nitrogen, reduces the nucleophilicity of the nitrogen and
also reduces the reaction rate. This reduced reaction rate suggests
that the nucleophilic attack is the ratedeterrnining-step inthe:.reaction.
On comparing the effect of ring size on the rate of reaction, it is
found that the rates of reaction of N-phenylimino-1 -phenylphospholane
and the two

N_phenylimino-1-phenylphosphol4E-nes are

14

to 24 times

as fast as the six membered ring, N-phenylimino-l-phenylphosphorinane.
From the ring strain consideration discussed earlier, the five membered
rings would be expected to react faster than the six- membered ring,
however the results are inconclusive since there are no large differences
between the rates.
The rate of reaction of the four membered ring, N-phenylimino1-phenyl-2, 2-dimethyiphosphetane is slower than the rates of reaction
of both the five and six membered rings by factors of 4 and 2 4 respectively.
This is not expected from ring strain considerations which would predict
that the smaller the ring the more the ring strain, the greater the relief

lii

on ring strain on forming a penta-coordinate intermediate and therefore
the faster the reaction. Thus a four-membered ring ought to react
faster than both five-and six-membered rings. On consideration of the
structure of the four-membered ring, however, the 2-methyl group above
the ring would be in a position which would place even more steric
hindrance upon the nucleophilic nitrogen which is already sterically
hindered by the N- and P-phenyl groups (12). In the absence of a differenc

H

H,

f/ H
N

//

\

C\,IP\ Ph

I

CH
(12)
in electronic effects this steric effect seems to be the most probable
explanation of the rate inversion of the four and five (13) membered rings.

I;.'

Ph
N Ph
Ph
(13)

MY)

Similarly comparing the four-membered ring (12) and the-six membered
ring, N-phenylimino- 1 -phenyiphosphor inane (14), the 2-methyl group
(12) would contribute greater steric hindrance to the nucleophilic nitrogen
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than the hydrogen atoms on the carbon atoms adjacent to the phosphorus
atom.
In order to determine the affect of rings compared with acyclic
iminopho sphorane s, N-phenyliminodiethylphenylphosphine (the open
chain analog of N-phenylimizio-1-phenylphospholane) was prepared and
reacted with benzaldehyde. As shown in Table 1, it was found to be
ten times slower than the five membered ring (13). Although this result
was expected the magnitude of the rate difference was not. In the case of
hydrolysis of phosphate esters, etc. , rate acceleration factors of 1O 5 to
106 were obtained between cyclic phosphorus compounds and their
acyclic analogs. By comparison this factor of 10 obtained appears
insignificant and could be the result of steric hindrance.
Considering the structure of N..phenyliminodiethylphenylphosphine,
rotation around the carbon phosphorus bond allows the terminal methyl
groups to obstruct the nitrogen atom (15).

1/
C

/

CH

N

/N Ph
N

N..

Ph
Ph
(15)

Ph

CH(
(16)

Since it was thought that the ethyl groups of (15) could be causing
much more steric hindrance than the 1-phenyiphospholane ring (13), Nphenyliminodimethylphenylphosphine (16) was considered to be a better
example of a strain free iminophosphorane to compare with N-phenyl-

irnino- l -phenylphospholane. In, the latter case, the n-carbon atoms
of five membered ring are :tied back away from the nitrogen atom and
cause almost as little steric hindrance as if they do not exist as in the
case of N-phenyliminodimethylphenylphosphine.
Neglecting steric effects, substitution of dimethyl groups for
diethyl groups would decrease the inductive effect, decreasing the nucleophilicity of the nitrogen atom and therefore one would expect the Nphenyliminodimethylphenylphosphine to react more slowly than N-phenyliminodiethylphenylphosphine. In practice it was found that N-phenyliminodimethyiphenyiphosphine reacted with bnzaldehyde five times
faster than N-phenyliminodiethylphenylphosphine and at half the rate of
N-phenylimino-l-phenylphospholane. It also was the most reactive of
the open chain iminophosphoranes. This appears to support the hypothesis
that the differences between the open chain iminophosphoranes and their
cyclic analogs are mainly due to steric effects.
Comparing the rates of reaction of the oxygen containing ring
compounds, N-phenylimino-2-phenyl-1, 3, 2-dioxaphospholane (17) and
N-phenylirnino-2-phenyl-1, 3, 2-dioxaph.osphorinane (18), the five membered

Ph

A
Ph

(17)

(18)

ring (17) reacts at about one tenth of the rate of the six membered ring
compound (18). From ring strain principles this result is the opposite
of that expected. The result is also the opposite of that obtained for the

five (13) and six (14) membered rings with carbon atoms adjacent to
the phosphorus atoms.
Considering steric factors, there does not appear to be any
reason why the six membered ring (18) is faster than the five membered
ring (17). One possibility for the slower rate of reaction of the five
membered ring (17) maybe that the postulated transition state (19) may
actually be a more stable intermediate which decomposes slower than
that formed from the six membered ring (20).

C

0
~N

\ 15:11

N-1,

Ph

Ph

0

(17)

kN Ph
Ph

O—C—Ph

PhCHO
+

H

O\ O
/P\
0
Ph
+

Ph

Ph—N=CH—Ph

'

ph
H

(19)
Scheme 8

.L) I

0
0

N!

t

Phl'

PN-Ph

fl

0-OH-Ph
(20)
The O-P-O angle formed in the intermediate or transition
state (19) or (20) should be as close to 90 ° as possible in order to
satisfy the trigonal bipyramidal structure. A five membered ring can
form a 900 angle at the phosphorus atom by forming a puckered envelope.
A six membered ring must undergo distortion in order to form a 900
angle. Therefore it appears that if a bicyclic intermediate is formed
in the reaction then the 5,4 system should be more stable and long-lived
than a 6, 4 system. No evidence of either of these intermediates was
obtained by 31 P n. m. r. , however no direct evidence of the betaine intermediate has been found by this method either.
Similar intermediates have been proposed (21) in the Wittig
reaction

128,206

and it has been suggested that they may be responsible

for the stereospecificity. Spirophosphoranes containing one four membere

Ph
,

Ph
R

(21)

R
I

HI
R=Mé

I
---

Ph

(22)

R' RCF3

I iö

and one five membered ring have also been isolated and studied (22). 137
The five and six membered rings (17) and (18) containing two
oxygen atoms adjacent to the phosphorus reacted approximately 10 and
500 times slower than the corresponding iminophosphoranes containing
methylene groups adjacent to the phosphorus (13 and 14). This is
consistent with Johnston and Wong's explanation that electron withdrawing
groups attached to the phosphorus atom cause an increase in the pir-drr
overlap of the nitrogen phosphorus bond, consequently decreasing the
nucleophilicity of the nitrogen atom and the rate of the first step, the
rate determining step.
An alternative explanation for the slower rate of the five and six
membered dioxaphosphoranes involves the possibility of the intermediates
(19) and (20). These intermediates should be more stable than those
from the corresponding iminophosphoranes [(13) and (14)] since the oxygen
atoms in the axial position stabilise trigonal bipyramids. The overall
rate of reaction would be slower due to the slower rate of decomposition
of the intermediate. No evidence of these intermediates was obtained
although the reaction was followed by 31 P n. m. r.
Other electron withdrawing groups attached to the phosphorus
atom affected the reactivity of the iminophosphoraries similarly. NPhenyliminotriethylphosphorimidate reacted at a rate of the same order
as N-phenylimino-2-phenyl-1, 3, 2-dioxaphospholane (17), and 10 times
slower than N-phenylimino- 2-phenyl- 1, 3, 2 -dioxapho sphor inane (18).
Apart from the unexpected stability of (17), the reactivity of N-phenyliminotriethylphosphorimidate was as expected, since there are three

-

I

alkoxy groups attached to the phosphorus atom (compared with two in
the case of (17) and (18)

)

and the nucleophiicity of the nitrogen atom

should decrease as more electron withdrawing groups are used.

Me
Me_N
Me
Me
,
e—

-- '

/

-

.

Me
Me
(23)
The reactivity of N-phenyltr is -(dimethylamino)-phosphinimine
(23) was more difficult to predict since there were more factors to
consider. The three N,N-dimethyl groups have a

- I inductive effect,

but a considerable +M mesomeric effect. There is also a large steric
hindrance factor which would also decrease the reactivity of the first
step. Combining these factors it is not surprising that the imino-

phosphorane (23) reacted very slowly.

Ph

[

*~

Ph

Ph

(21.)
Only N-phenylimino-1, 2, 5-triphenylphosphole did not appear
to react with benzaldehyde. Despite the phosphorus atom being incorporated in a five membered ring, this result can be understood in terms

of the nucleophilicity of the nitrogen atom. Antiaromatic systems with
41T

electrons such as (25) are unstable and are almost unknown systems

I

)
Jf

(25)
apart from pentaphenyl and pentachioro derivatives of (25). 207, 208, 209,
As a result of this it would be unlikely for iminophosphorane derivatives
of 1,2,5-triphenylphosphole to exist as the species (26) or for the
iminophosphorane (24) to react as a nucleophile.

Ph

Ph
P=N

Ph Ph

Ph Ph
Ph

Ph

(26)
Scheme 9
N- Phenylimino- 2-(N', N'- diethylamino)- 1, 3, 2 .-dioxaphospholane
(27) was also reacted with benzaldehyde, however

31

P n. m. r. showed

that more than one phosphorus containing product was obtained, the
product mixture being complex and not readily identifiable.

Ph
(27)
In order to test the validity of the kinetic results, a competition
reaction between the most reactive cyclic (13) and acyclic (16) imino-
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I T i

QPN
Ph Ph
(13)

Me P=N
Ph Ph
(16)

phosphorane was carried out. Equimolar amounts of each were reacted
in the same n. m. r. tube with one fifth equivalent mole of benzaldehyde.
After the reaction was complete, the ratios of l-phenylphospholane
oxide and dime thylphenylpho sphine oxide to a standard, triethylphosphate,
were found to be 0. 33 and 0. 23 respectively. From a calibration
graph (Graph 16), the ratio of l-phenylphospholane oxide to dimethylphenylphosphine oxide was found to be 1. 9+0. 2. From the rate data
obtained by individual measurements (Table 1) the ratio obtained is
2.2+0.2, i.e. the results agree well within experimental error.
Conclusions.
The results obtained agree well with analogous results found
by other workers. Froyen's results showed that in the reactions between
p-nitr obenzaldehyde and N-phenyliminotriphenylphosphine and N-phenyl iminodiethylphenylphosphine that the latter iminophosphor ane reacted
between 134 (at 25 0C) and 122 times (at 40 0C) faster than the former.
It was also found that N-phenylimino-1-phenylphospholane reacted 9. 7
times faster than N-phenyliminodiethylphenylphosphine. These results
compare well with those in Table 1 of 108 and 10. 6 times respectively.
The trends of the rate increases obtained agree with those of
Froyen, i. e. on increasing the +1 inductive character of the phosphorus
substituents there is a definite increase in the rate of reaction. Since

I L.

the increasing inductive effect should increase the nucleophilicity of
the iminophosphorane, but decrease the rate of oxyanion attack, the
overall rate increase reflects an increase in the rate determining step
1. e. the nucleophilic attack on the benzaldehyde.
If the first step, the nucleophilic attack of the iminophosphorane
on the benzaldehyde, is the rate determining step then this would explain
why no large rate acceleration is noticed in the cases where small rings
were used since from previous experiments ring strain would increase
the rates of formation of pentacoordinated intermediates or transition
states from phosphoryl or phosphonium phosphorus. Instead of large
rate increases only small rate increases were obtained and could be
attributed to steric effects.
An alternative mechanism is a synchronised first and second
step with the formation of a four membered transition state which
decomposes to form the expected products (Scheme 10). Considering
+ -

R3P—N—R

R P—N—R
it
0—C—Ph
I

+
0=C—Ph

I

R 3 P=O + Ph—CH=N—Ph
Scheme 10

this possibility, one would also expect to find large rate increases in
the case of the small rings compared with the larger rings and the open
chain analogs since ring strain would be released on forming the

. . -_,
bicyclic species (28) from the phosphyl or phosphonium phosphorus.

P=N—Ph + PhCHO

1—N—Ph
0—C—Ph

Ph

H
(28)
Scheme 11
Since no large rate acceleration is observed in the case of
small rings, it appears that either Scheme 10 is not operating or the
first step is not rate determining. No intermediate was observed by
31 P n. m. r. suggesting that there was no build-up of species (28) and
by following the

1

H n. m. r. the total amount of benzaldehyde and

benzylidene aniline was approximately constant. From these results
there is no evidence for the existence of Scheme 10.
Some evidence was found for the hypothesis that the pentacoordinate
species must be formed in the rate determining step if a ring strain
acceleration is to be observed. The small 4 and 5 membered rings
hydrolysed rapidly on exposure to atmospheric water while the six
membered ring and the open chain analogs of the small rings were not
found to hydrolyse at any significant rate on contact with the atmosphere.
During the hydrolysis of N-phenylimino- 1 -phenyiphospholane
an intermediate was observed with chemical shift 5+29. As mentioned
before this intermediate, which had not been reported previously, was
assumed to be the protonated irninophosphorane (29) since most pentacoordinated phosphoranes have negative chemical shifts. Although there

I 2t

,
R 3 P=N—R + H

k1
20

. k...1.

+
R 3 P—N—R

OH

i

H
(29)
jk2

R P=O
3

R
R.

+

I
I

P—N--R
R

R—NH 2

OH

I

H

Scheme 12
was a build-up of the intermediate, all the iminophosphorane was not
converted to the intermediate until the reaction neared completion
i. e. the first step appeared to involve an equilibrium with the formation
of the pentacoordinated species being the rate determining step

(k.2 <k 1 ). In the case of the larger rings and the acyclic analogs the
formation of the pentacoordinated phosphorane would be much slower
since there would be no ring strain acceleration. Since this second
step appears to be the rate determining step and the first step appears
to be an equilibrium one would expect the overall reaction to be much
slower or not occur at all in the case of large rings and open chain
reactants. There are no apparent reasons why the first step, i. e. the
protonation of the iminophosphoranes, should be slower for the larger
rings and the open chain analogs except for steric differences, which
should be small for water and not produce the large qualitative differences
which were observed.

From the observation of the rates in Table 1 it appears that
the second step (k 2 ) in the reaction is fast compared with the first (k 1 )
which is rate determining, i. e.

k2>k 1

k4

R 3 P=N—R' + PhCHO

I

>

R 3 P—N—R'
0—C—Ph
11.1

R 3 P=O

R 3 F—N—R'

+

0—C—Ph
R'—N=CH—Ph
Scheme 13
When Johnston and Wong
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reacted a series of N-phenyliminotri-

(sub stituted phenyl)phosphorane s with -nitrobenzaldehyde, their results
also showed that as the +1 inductive properties of the P-phenyl substituents
were increased the rate of reaction also increased.

Johnston and Wong

also attributed this to the stabilisation of the positive charge on the
phosphorus atom, decreased prr-d'rr overlap between the nitrogen and
phosphorus atoms and hence increased nucleophilicity. They thus
proposed that the nucleophilic attack was the rate determining step.
Conflicting data was obtained when Johnson reacted a series of
N-( sub stituted phenyl)- iminophosphorane s withp-nitr obenzaldehyde.
In contradiction of the results in Table 1 and those of Fr,yen it was
found that as the substituents on the nitrogen atom became more electron

'to

donating there was a discontinuity in the Hammett plot of log k/k
versus o, i. e. it was found that beyond one point of increasing induction
of the substituents the reaction started to show that increasing the
electron donating effect decreased the reaction rate. This was explained
by postulating that k 1 and k2 are of comparable magnitude and on
increasing the rate of the first step in the reaction (by increasing the
nucleophilicity of the nitrogen atom), the rate of the oxyanion attack on
the phosphorus in the second step became rate determining. At one
point k 1

k2 and beyond that point k 1 <k2 . When the second step becomes

rate determining, an increase in the electron donating powers of the Nsubstituted phenyl results in a decrease of the positive charge on the
phosphorus atom, decreasing the rate of oxyanion attack and the overall
rate of reaction.
Johnson and Wong's theory does not explain why their series of
_phenyliminotri-(substituted phenyl)phosphoranes or those iminophosphoranes of Table 1 or FrØ'yen do not show similar trends since many
of the electron donating substituents used on the P-phenyl or instead of
the P-phenyl have a greater +1 inductive effect than those on the Nphenyl (2-methoxy, a-methyl and hydrogen).
One explanation not considered by Johnson and Wong is the
possibility of the first step being an equilibrium. This seems quite
probable since in the analogous Wittig reaction there is strong evidence
for the reversibility of the first step. The unexpected reversal of
trends for the N-(substituted phenyl) iminotriphenyiphosphoranes may
be the result of a more dominant effect of the reversible first step
between the reactants and the betaine intermediate than on the reactivity

i* (

of the second step.
Although there is no direct evidence for ring strain acceleration
apart from the affects of water on the reaction there is some support
for the stability of the 5,4 spirophosphorane intermediate (19) formed
from benzaldehyde and N-phenylimino- 2-phenyl- 1, 3, 2 -dioxaphospholane
since there is no other apparent reason why N-phenylimino-2-phenyl-

I

0'

Ph

0-P-N- Ph

14 I

0-C-Ph
(19)

C

N6 I>Ph
0-P-N-Ph

11+1
0-C-Ph
I!'
(20)

1, 3, 2-dioxaphospholane should react 10 times slower than N-phenylimino2-phenyl-1, 3, 2-dioxaphosphorinane. From this result it seems possible
that there may be a stability factor which may affect the rate of the
reaction and the factor may depend on the size of the rings incorporating
the phosphorus atom and also the heterocyclic atoms involved.
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Decomposition of N-(o-Nitrophenyl)iminophosphoranes

Preamble: The first N-substituted l-imino-1, 2, 5-triphenyiphospholes
(30) were prepared by Gee and Scott from the reaction of 1, 2, 5-triphenylphosphole with azides (Scheme 14) and also with nitrene- or nitrenoid-

XN3+

Ph__(Ph
Ph

I.

(,_Ph
/\\
Ph N—N=N—X

Ph
[

Ph_( )-_Ph + N
/\\
Ph
N—X.

2

(30)
Scheme 11+
sources.

211,212

For the most part these compounds proved to be

exceptionally stable. Thus the 1, 2, 5-triphenyiphospholimines (30;
X = Ph, p-Me—C 6 H4 , 2-NO 2 , C

6 H4

, 2-I C
, etc.) did not decompose
6 H4

thermally in the absence of water. However, N-o-nitroarylirnino1, 2, 5-triphenyiphospholimines (31) proved to be an exception in that they
decomposed when heated in mesitylene at 150-160 ° C to give the corresponding benzofurazan (32; 32-60% yield) and 1, 2, 5-triphenyiphosphole

oxide (33; 95% yield).

Ph-

-Ph

NPh

Y

In contrast, the acyclic analogues, (34) and

0

Y

Ph () Ph

__ö NO2
(31)

Ph 0
(33)

(32)

did not decompose. Although benzofurazan was found as a

Ph P=N-()
3

(Et O)3P=N

9
0,
(35)

(34.)

product in the thermolysis of N-(-nitrophenyl)iminotrichlorophosphorane
this was ascribed to increased electrophilicity of the phosphorus
atom due to the strong electron withdrawal by the chlorine atoms.

N =P Cl 3

NO 2
(36)
The unexpected reactivity of the phosphole- derived compounds (31)
was explained in terms of relief of ring strain which led to a facile
intramolecular attack of the nitro group at the electrophilic phosphorus
atom and the formation of a trigonal bipyramidal bicyclic species (37).
By comparison, the acyclic analogues (34) and (35) do not have the
driving force (from release of ring strain) to produce such an intermediate.

Ph

Ph

:~
P .00
Y

Ph

0(37)
Preparation of N-(o- Nitrophenyl)iminopho sphoranes
The iminophosphoranes were prepared from the reaction of onitrophenyl azide and the corresponding tervalent phosphorus reagent.
In general the compounds obtained were stable in air, the only exception
being the orange-red coloured four-membered ring derivative (38), which
hydrolysed rapidly on exposure to the atmosphere.

L N
----

NO 2

(38)

~j
Ph

-

p

NO

(39)

All the iminophosphoranes were purified by recrystallisation
except for N-(o-nitrophenyl)iminodiethylphenylpho sphine

(39)

which was

sufficiently stable to be purified by bulb-to-bulb distillation (178 ° C,
0.05 mm Hg). Attempts to purify the other iminophosphoranes in this
way resulted in significant decomposition. Dry equipment and solvents
were necessary at all times in order to prevent hydrolysis of the iminophosphoranes to o-nitroaniline and the corresponding phosphine oxide.
In each case, the purity was checked by elemental analysis,
31

' H- and

P -n.m. r. spectroscopy. The latter technique was particularly useful

in the detection of hydrolysis products and any phosphorus-containing impurties or intermediates.

Experimental Procedure
The purpose of the experiments was to measure the effects of
ring strain on the reaction by following the kinetics of decomposition.
The following operations were carried out under a dry nitrogen
atmosphere using apparatus that had been baked in an oven for one hour
at 150 ° C. Approximately 0. 2 mrnol of freshly prepared dry samples
of the iminophosphoranes were placed in an :n • m. r. tube and dissolved
in dry bromobenzene (0. 3 ml). Dry C

6D6

was added as a lock and

0. 5 molar equivalent of triethyl phosphate added as an internal standard.
The solution was then degassed by the freeze-thaw method under high
vacuum and sealed under vacuum.
In a typical experiment, the n. m. r. tube was placed in an oil
bath maintained at 160 ° C and the reaction monitored at periodic intervals using 31 P n. m. r. spectroscopy to follow the rate of production of
the phosphine oxide. When the reaction was monitored the n. m. r. tubes
were removed from the oil bath and allowed to cool to room temperature;
however the solution was monitored by 31 P n. m. r. for intermediates at
room temperature and at 140 ° C. Monitoring the reaction above 140 ° C
was impractical due to the presence of C

6D6

which caused bumping and

the loss of lock.
When the reactions were complete, the n. m. r. tubes opened, the
solutions diluted with dry ether and diphenylfuroxan added as an internal
standard. The amount of benzofurazan was then measured quantitatively

by HPLJC using standard calibration techniques. The identity of the
benzofurazan was confirmed by mass spec/g. 1. c. analysis.

Results
The reactions followed first order kinetics.

-For compounds

(384-42), plots of log (a-x) versus t gave a straight line (Graphs 1720) for only two half lives after which the reaction accelerated and the
plots were no longer linear. After the first two half lives, the solutions turned very dark.
In the case of (39), no reaction was obtained after seven. days,
while for (40) the reaction was very slow and no products observed
after two half lives.
The first order rate constants and errors were calculated from
the straight line part of the graphs using the least squares method
(Table 2).
From the table of results it can be seen that there is no significant
difference in rate between any of the iminophosphoranes with the exception of N -(- nitro phenyl) iminodiethylphenylphosphine (39) which failed
to react. This failure was surprising although a certain amount of
steric hindrance from the ethyl groups was expected to lead to a slower
rate of reaction. By contrast, the cyclic analogue (41) reacted at a rate
comparable with the most reactive of the series. Since rotation within
the ethyl groups of (39.) is possible it seems that an alternative reason
to steric hindrance such as ring strain may be responsible for this
larger rate difference in an intramolecular reaction.

Table 2

Rates of Thermolytic Decomposition of N- (o-Nitrophenyl)iminopho s phoranes.
First Order tV 10 mins Reaction
: completion

Rate Constant
x 100 sec

time/mm

yield
b enzofurazar

No Reaction

Ph No '
(39)

0

N

0.9 + 0. 2

12.9

9.7x10 4

65

(estimated)
"

Ph NO 2

(1.0)

3.8

0.3

3.1

9.2x10

57

Ph NO
(41)

C

0

zz

N

4.2+0.4

2.8

7.2x10 3

26

8.8±0.6

1.3

2.3x10

27

hNl"02
—
(1.2)

s'

xz
Ph NO2
(38)

The most reactive compound in the series was found to be the
four-membered ring derivative

(38) which decomposed approximately

twice as fast as the two five-membered ring compounds (41) and (42).
This increase was initially attributed to steric hindrance in the fivemembered rings, but molecular models indicated greater steric hindrance to intramolecular attack from the 2, 2-dimethyl groups of the
four-membered ring. An alternative explanation is that there is
greater strain in the four-membered ring compound

(38) than in the

larger ring compounds resulting in a greater driving force to form the
bicyclic intermediate species.
The two five-membered ring derivatives (41) and (42) were found
to react at the same rate within experimental error. This is not
explicable in terms of steric hindrance to intramolecular attack (which
would favour the dioxapho s pho lane imine (42) as the fastest due to the
absence of protons in the 2- and 5-position) or inductive electronic
effects (which would favour the phospholane imine (41) as the fastest).
It is possible that the closeness of these rates is coincidental and results
from a balancing of the steric and electronic effects. Another possibility
is that these results are a function of the size of the ring incorporating
the phosphorus atom in the iminophosphorane and the five-membered
rings may be reacting at the same rate since they are subject to
approximately the same ring strain. More probably these results are
a consequence of all these factors.
By far the slowest of the series was the six-membered ring
compound N- (o-nitrophenyl)imino- 1- phenyipho sphorinane (40). While

it is possible that there may be steric interactions to intramolecular
attack by the oxygen atoms from the 2- and 6-position hydrogen atoms,
these steric interactions are also present in the five-membered rings
and even more in the four-membered ring iminophosphoranes. However
the reactivity of the six-membered ring compound (40) is, as predicted
by ring strain theory, less than those'of the four- and five-membered
ring derivatives

(38)

and (41), but only by a factor of ten and four

respectively. These values are small when compared with the rate
acceleration factors of 106 to

10

obtained by Westheimer

108,110

for

the hydrolysis of some cyclic' phosphorus compounds.
Apart from j - (- nitrophenyl)iminodiethylphenylphosphine (39),
no large rate accelerations were observed, but the order of reactivity
is the same as that predicted by ring strain theory:
four-membered ring > five-membered ring > six-membered ring >>
open chain analogue.
In the case of the open chain analogue (39), the absence of ring
strain can explain the lack of reactivity if it is assumed that there is a
large release of strain on forming the products or intermediates from
the cyclic o-nitrophenyliminophosphoranes, (38) and (40)-(42).
A possible rationale for the results obtained can be formulated
if it is assumed that a bicyclic trigonal bipyramidal intermediate (43)
is formed from the reactant in a fast step (rate constant k ). The
products are then formed in a rate determining step via paths (a) or
(b) (Scheme 14).
An alternative explanation may lie in the fact that an equilibrium
is quickly established in the first step. According to the foregoing

mechanism, the rate of decomposition of the intermediate (43), which
is formed in a fast step, ought not to be influenced markedly by the
substituents at phosphorus. Instead the rate of reaction will depend
on the concentration of intermediate present which in turn will depend
on the strain in the ring. As a result the ring size could influence the
overall reaction rate.

fast

>

Ph O\,,//

•

11

o1
(43)

4

1: -'O
~

1

1

"n

Ph
"-~
slow
Ial
~

Ph 0

(b)
slow
0

4 "ZI
1

0

+ r

Ph
Scheme 14
The above provides an explanation of the results, and also
explains why no large rate accelerations are observed between the
various compounds examined. It also explains the order of reactivity

±J I

and the stability of the open chain analogue (3). Oie
is that no intermediates could be detected by

31

aspect

P n. m. r. spectroscopy,

during the decompositions. However in the attempted purification of
j- (o-nitrophenyl)imino -2- phenyl- 1, 3, 2- dioxapho spholane (42) by bulbto- bulb distillation, a mixture of these compounds was obtained and
identified as (a) 2-phenyl-1, 3, 2-dioxaphospholane oxide (6 31 P +36. 7
(78%), (b) N- (o -nitro phenyl) imino -2- phenyl- 1, 3, 2- dioxapho spholane
(6 31 P + 23.9 (14%), and (c) a third phosphorus containing compound
which absorbed at 6 -19. 1 (8%), a value in keeping with the pentacoordinate structure (44).

(
oJo_
Phr

(44) 0The latter compound proved to be stable under the conditions
of the reaction, but could not be separated or identified by normal methods.
In an attempt to isolate the intermediate, a series of solutions of the
reactant (42) in rn-dichlorobenzene were heated at different temperatures
for various periods of time. The maximum concentration of the intermediate was found to occur after approximately 1 hour at 50 ° C, but under
no circumstance could it be isolated due to its facile decomposition to
2-phenyl-1, 3, 2- dioxapho spholane oxide and benzofurazan.
Similar intermediates could not be detected in the decompositions
of the other N-(o- nitrophenyl)iminophosphoranes. A possible explanation

for this anomaly is thattrigonal bipyramidal iminophosphoranes with
electronegative atoms in the apical positions are more stable than those
with carbon atoms in the apical position. 102, 103
All attempts to decompose N- (o-nitrophenyl) imino die thylphenylphosphine (39) at higher temperatures (up to 360 0 C) using flash vacuum
pyrolysis failed. Similar attempts to decompose the N-(o-nitrophenyl)iminophosphoranes (38)-(42) in this way led to the corresponding phosphine
oxides as the only identifiable products.

Conclusions
The results obtained agree with those of Scott 211, 212 i. e.
nitrophenyl)iminophosphoranes (38)-(42) with the phosphorus atom
incorporated in a ring decomposed to form benzofurazan in variable yields
up to 65%.
The fact that only the cyclic iminophosphoranes lead to benzofurazan
together with the observed order of reactivity suggests that ring strain
does play some part in determining the rate of reaction although no large
rate accelerations were obtained as in the case of Westheimer's study08' 1J
One reason for the apparent absence of a large rate acceleration is that
the "ring effect" does not occur in the rate determining step, but instead,
causes a build-up in the concentration of the intermediate which then
leads to a small acceleration in the second step. As a result the fourmembered derivative (38) reacts faster than the five-membered ring
compounds (41) and (42) which in turn react faster than the six-membered
ring derivative (40).

L J

7

In all cases, except one, no evidence was found for the intermediacy of a trigonal bipyramidal bicyclic intermediate in the reactions.
The sole exception occurred during the purification of N-(o-nitrophenyl)imino-2-phenyl-1, 3, 2-dioxaphospholane (42) when some evidence was
obtained for the formation of a 5, 6.- spirophosphorane intermediate (44).

0•
Phoep
0-"" Nn
(44) 0
These results suggest that the stability of the triganol bipyramidal
spirophosphorane intermediates may be dependent to some extent on
the size of the rings incorporating the phosphorus atom as well as on
the atoms adjacent to phosphorus.
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Reactions of Tervalent Phosphorus Compounds with Miscellaneous
Azides.

Preamble. Consideration of the results from the studies of the
foregoing reactions of irninophosphoranes with benzaldehyde and the
decomposition of the N-(o-nitrophenyl)iminophosphoranes shows that
there is little, if any, evidence for the existence of a trigonal bipyramidal
spirocyclic intermediate in these reactions. In these reactions there is
no published information for the isolation or identification of such
intermediates although they are assumed to exist and to be of varying
stability.
Although there is no direct evidence for the existence of these
intermediates in the reactions involved, the results can be explained
in terms of such intermediates. In particular, during the decomposition
of N - (o- nitroph enyl) imino -2- phenyl -1, 3, 2- dioxapho s pholane in m 31
dichlorobenzene, an intermediate was observed using P n. m. r.
spectroscopy. This intermediate, which absorbed at 5-1.1 (page 102),
could not be isolated for characterisation, but the negative chemical
pointed to a spirocyclic structure, i. e. (LL)
six-membered rings.

C5

0

(.4.4)

containing both five- and

As indicated, the rings containing the phosphorus atom subtend
angles of 900 at the phosphorus atom and have three oxygen atoms
and one nitrogen atom adjacent to the phosphorus, a factor favoured
in terms of .ap icophilicity. In addition the oxygen atoms of the
dioxaphospholane ring make the phosphorus more electropositive and
encourage cyclisation. Alternative structures to(44) with the rings
in a diequatorial position would be less favourable due to the increase
in ring strain; since nitrogen is less apicophilic than oxygen, structure

(44)

would be more favourable than an alternative structure with the

nitrogen in an apical position. From these considerations it is not
surprising that this 5, 6-spirophosphorane appears to be the most
stable of the phosphorus intermediates.
Although no 5, 6-spirophosphorane compounds of similar structure
have been previously observed, Stegman 213,214 has reported the
formation of

(46)

from the reaction of substituted o-aminophenols

and dib romo triph enylpho s phine.
31
Interestingly, he observed two signals in the P n. m. r. spectra,
attributed to the presence of two different phosphorus containing
compounds in an equilibrium, one of the signals being ascribed to

(45),

the other to the cyclic phosphorane

By varying the

(1,6).

Ph
Ph,,
OH

"

Ph'I
iJ

X
aN=PPh 3

(45)

(1+6)

TABLE 3
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Ph 0
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substituents on the N-aryl group, the temperature and solvent it was
found to be possible to isolate either of the two tautomers or a mixture
of both.
Similar spirophosphoranes have been prepared at Edinburgh by
the reactions of phosphines with o-aminophenylazides. 25

c'

Experimental Procedure
Dry solvents and apparatus were used throughout and the reactions
were carried out by adding a solution of the azide to a solution of the
phosphine under a dry nitrogen atmosphere. Where possible, the
31
reaction was monitored using P n. m. r. spectroscopy.
The reagents which are summarised in Table 3 were chosen to
give trigonal bipyramidal spirophosphoranes having a 5,6-structure
similar to that observed in the decomposition of the N-(o-nitrophenyl)iminophosphoranes.

Results
Careful monitoring of the reaction between a-azidophenylacetic
acid and 1-phenyiphosphorinane revealed the presence of only two
products in the reaction mixture, namely 1-phenyiphosphorinane oxide (47)
31
( P shift

+32.8, confirmed by peak enhancement) and the previously

unreported iminophosphorane (48) which was observed and identified only
by its 31 P shift of

+32.8. Attempts to isolate (48) failed due to its

facile polymerisation. It was thought that the l-phenylphosphorinane
oxide (47) was formed due to partial decomposition of the iminophosphorane
(48) during its formation.

Ph

/Ph

CA\

/Ph
CH
CO 2 H

(/+8)

(47)

For the corresponding reaction between l-phenylphospholane
and a-azidobenzoic acid, only the previously unknown iminophosphorane,
could be

N- (0- carboxylic acid phenyl)irnino -1- phenylpho spholane

observed by 31 P n. m. r. (S +44. 8). This product was isolated by
crystallisation from petrol/methylene chloride mixture and the structure
confirmed by normal analytical methods. On heating above 100°C

(49)

decomposed with loss of 1-phenyiphospholane oxide to give a product,
identified as a dimer by mass spectrometry (molecular weight 238).
The structure of the yellow compound could not be identified from the
spectral data available.

Ph

W-

Y

O<

Ph

70 N
Ph
-OH

N Ph

CO 2 H

(49)

II

(50)

In the case of 1, 2-diphenyl-2-azidoethan-l-one, addition of 1phenyiphosphorinane led to the formation of a stable, colourless,
crystalline product, which was identified as the irninophosphorane N(2 1 -(1 1 , 2 1 - diphenylethan- l'-one))imino- 1- phenylphosphorinane

(50)

31 P n. m. r. shift 5 +18.3. This product was isolated and characterised
by normal analytical methods.

On the addition of o-azidobenzaldehyde to diethyiphenyiphosphine
Q

A

and 1-phenylphosphirane, the only identifiable products obtained were
diethylphenylphosphine oxide and 1-phenyiphosphorinane oxide confirmed by 31 P n. m. r. shift and peak enhancezrent. The other products
formed were polymeric material. No intermediates were observed
during the reaction by

1

H n. m. r. or

31

P n. m. r. spectroscopy.

In contrast, the addition of o-azidobenzaldehyde to 1-phenylphospholane and 2-phenyl-1, 3, 2-dioxaphospholarie led to the formation
of the stable iminophosphoranes

(51) and (52) with 31 P n. m. r. shifts

0\/Ph

5+33.0 and 6 +23. 1 respectively. These previously unreported

/ Ph

C

0/

CHO

CHO

(52)

(51)

compounds were isolated and characterised. The former

(51)

decomposed smoothly in dry bromobenzene when heated to 100 °C to form a
polymer and 1-phenyiphospholane oxide ( 31 P 5+58. 6). The latter

(2)

remained stable indefinitely under the same conditions.
In an attempt to promote the formation of a spirocyclic phosphorane, dry methanol was added to a solution of the iminophosphorane

(51) in dry benzene. It was thought that protonation of the nitrogen
atom would encourage cyclisation to form the phosphorane

(54) (Scheme

15). However methanolysis occurred instead, giving rise to 1phenyiphospholane oxide ( 31 P 6+58. 6). During the reaction infra-red
spectra showed absorptions at v

max

3450, 3350 (-NH ) and 1665 cm '
2

(C0). These slowly disappeared. These signals were assumed to

+

>
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ciiii
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z
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Ph
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Scheme 15

Polymer

N

be o-aminobenzaldehyde, although it could not be isolated.
A minor phosphorus containing intermediate was also observed
at 6 +31.7 and was ascribed to the protonated iminophosphorane species

(53) rather than a spirocyclic intermediate on account of its positive
shift (Scheme 15). This peak disappeared towards the completion of
the reaction.

Conclusions
The foregoing series of reactions were disappointing in that they
did not yield the expected results. No trigonal bipyramidal products
could be isolated or even observed in solution. Nonetheless the
results were consistent with those previously obtained from the reactions
of benzaldehyde with iminophosphoranes (Section 1) and the decomposition
of the _(_ nitro phenyl)iminophosphorane8 (Section 2), i. e. the only
isolable products with phosphorus included were iminophosphoranes,
obtained normally as crystalline products.
In the majority of the cases under consideration, the factors
affecting the stability of the proposed intermediates in the reactions
are similar, thus the electronegativities of the atoms surrounding the
phosphorus atom are identical (mainly three carbon atoms, one nitrogen
and one oxygen atom) in two rings

c

0',

C-P-N

'I

Ph 0
(55)

I

(55).

The only two exceptions are

1

II0

PhJ
0

Ph

(56)

(57)

6) and (57)

in which the two carbon atoms are replaced by two oxygen

atoms and where the phospholane chain is broken respectively. Again,
as previously stated, in both cases no bicyclic intermediate or product

Was observed although from the previous results the proposed intermediate

(56)

seemed to be the most favourable of the series due to its

similarity to the observed intermediate

(44).

10
("'~

0", I

I
p_-N

Ph i l

o

N
0
(44)

It is perhaps not surprising that no trigonal bipyramidal product
was observed in the cases of

(55).

From apicophilicity considerations

electron-withdrawing ligands are preferred in the axial positions. 103
(In the case of hydrolysis of cyclic phosphonates

108

exocyclic

cleavage did not occur whereas with cyclic phosphites both endo- and
exo-cyclic cleavage occurred (pages 33 and 36). The lack of reactivity
of the cyclic phosphonate has been explained in terms of the absence of
electronegative ligands in the axial positions). Therefore the presence
of carbon atoms in the axial positions would probably not provide
sufficient driving force to produce trigonal bipyramidal products. Also
carbon atoms adjacent to the phosphorus atom in any iminophosphorane
do not encourage cyclisation as much as oxygen atoms.

Although no evidence could be found in these reactions to indicate
the formation of a spirophosphorane, or even a fleeting intermediate,
their structure would not have been identical to those in either the
reactions of the iminophosphoranes with benzaldehyde (Section 1) or
the decompositions of the iminophosphoranes (Section 2). Therefore
the lack of evidence for their existence does not prove that there are
no spirophosphoranes in the reactions of Section 1 and 2.
Despite these failures, it is of much interest to note that research
carried out subsequent to this thesis has led to the successful isolation
of a few bicyclic trigonal bipyramidal phosphoranes from the reaction
of the bifunctional azide

(58).
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The products were identified as P phosphoranes on the basis
of their 31 P n. m. r. shifts i. e. those of
negative whilst that of

(60)

(59) (61) and (52)

were

was positive.

In the reaction between the azide

(58)

and 1-phenyiphospholane

(Scheme 16) it is expected that there will be relief of ring strain on
going from an iminophosphorane to a P spirophosphorane with a fivemembered carbon ring spanning an axial and an equatorial position.
However the carbon atoms in the five-membered ring do not cause an
increase in the electropositivity of the phosphorus atom which would
also aid the formation of the spirophosphorane. Also in the spirophosphorane formed,

(59)

there is a carbon atom in one of the axial

positions, a situation not favoured from apicophilicity considerations
since it is a high energy form compared to spirophosphoranes such as

(61)

which has oxygen atoms in both axial positions.
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Scheme 16

In the same reaction using 1-phenyiphosphorinane there would
be no such relief of ring strain on forming a PV spirophosphorane.
Also in the iminophosphorane

(60) there are no electronegative oxygen

atoms adjacent to the phosphorus atom which would encourage cyclisation to form the spirophosphorane. Again the spirophosphorane which
would have been formed would have been a high energy form with a
carbon atom in an axial position.
In the reaction between 2-phenyl-1, 3, 2-dioxaphospholane and
the azide

(58) there is a driving force to form the spirophosphorane

due to the presence of the phospholane ring and the relief of ring strain.
The oxygen atoms of the dioxaphospholane rings make the phosphorus
atom more electropositive and hence favour cyclisation.
In contrast to the last reaction, 2-phenyl-1, 3, 2-dioxaphosphorinane
also reacted to give a spirophosphorane, however the six-membered ring
does not provide a driving force from ring strain. As with 2-phenyl1, 3, 2-dioxaphospholane, the oxygen atoms of the six-membered ring
favour cyclisation.
From these results and those of Stegman

213,214it

appears that

the stability of the bicyclic phosphorane is a balance of several factors
III
including the ring size of the P ring, the electronegativity of the
atoms in the P

ring, the electronegativity of the atoms in the axial

positions, solvent and temperature.
The structure3 of the products

(59)' (61 ) and (62) are similar

to those expected from the reactions in Table 3 and those thought to
exist in sections 1 and 2. The differences between them are variations
in geometry due to double bonds within the ring, variations in the ring

size i. e. 5, 6 and 6, 6.

These differences are an indication of

how fine the balance is between the formation of an iminophosphorane and
its collapse to a bicyclic phosphorane.
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