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Examples of the 2 ,3-dihydro-1 ,3 ,2-benzoxazaphosph(v)ole
ring system have been. thermolysed by use of the flash vacuum
pyrolysis technique. The major products are phosphinates
and phosphinamidates.. together with compounds which can be
shown to arise from the rearrangement or dimerisation of
alkyl radicals.

The proposed mechanism involves the initial

homolysis of the N-P bond followed, by the loss of an alkyl
radical via the formation, of the strong P=O bond..' . For some
examples, concerted.mechanisms...have not been excluded.
Radicals have also been.. generated in. the gas-phase from
the pyrolysis of symmetrical sulphones and oxalates,. and from
aromatic ethers.. Benzyl. and 4-methylbenzyl radicals are
shown to dimerise while the 2-alkoxy derivatives undergo
intramolecular rearrangements. to give aldehydes. The reactions
were extended to include .2-'(thioalkyl)benzyl radicals which
also rearrange in an. intramolecular fashion but unlike their
oxygen analogues, the major pyrolysis products show loss of
the sulphur atom. The proposed mechanisms for these

it-

arrangements are discussed in detail. Attempts to prepare'
precursors to the analogous.. 2-alkylamino)benzy1 radicals
proved, unsuccessful.
The in vacuo thermolyses of some N-unsubstituted 2,3dihydro-1,3,2-benzoxazaphosph(v)oles are not true gas-phase
processes.

The resulting dimeric product is thought to

arise.via. a reactive phosphinimine intermediate.. Reaction
of 2-methoxy-2 , 3-dihydro-1', 3 ,2-benzoxazaphosph(v)ole with

neat carbonyl compounds (aldehydes, ketones and formainides)
gives novel phosphinates containing the imineor arnidine
function.

The mechanism is discussed in terms of the initial

formation of a phosphinixnine intermediate followed by a
Wittig. or Staudinger-type reaction. An alternative mechanism
involving initial hydrolysis of the phosph(v)qle is also
considered.
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1
INTRODUCTION

Penta-coordinate Phosphoranes

A.

Structure
Penta-coordinate phosphoranes are compounds with the

general structure (1) where the phosphorus atom is covalently
bonded to five ligands.

A vast number of penta-coordinate

(1)
phosphoranes have now been isolated and so this thesis will
be restricted to phosphoranes having a phosphorus atom which
is contained within a five-membered ring viz. phosph(v)oles.
X-Ray studies have revealed that most of these compounds
possess or approximate to, trigonal bipyramidal (TSP) geometry

.a• (2).

An X-ray analysis 1,2 of this compound shows that

r

0
1.7S

6OA

l,_

0
Pr'
Pr'

1.64A

P19°
"11sA

I

11.654

the O-P-O angles deviate only slightly from the ideal angles
of 900 and 1.20 0 .

It also shows the greater length of the

apical bonds compared with the equatorial ones, a phenomenon
which is attributed to greater phosphorus-3d-orbital interaction

2
in the equatorial positions.
Some more recent X-ray analyses have shown that a few

*

bicyclic phosphoranes e.g. (3)3 are much closer to the square
pyramidal (SPY) configuration but there is some doubt as to
whether this configuration is retained in solution. 4

1:x

ot

(3)

A feature of all penta-coordinate phosphoranes which
complicates their stereochemistry is that they can undergo
The classical example is PF 5 which

ligand reorganisation.

was studied by Berry. 5 Variable temperature 19 F n.m.r.
studies show that at room temperature all the fluorine atoms
appear to be identical and only when the temperature is
lowered does the signal broaden and eventually separate into
two signals in the ratio 3:2.

This suggests that the fluorine

atoms are changing place between the apical and equatorial
positions so that the n.m.r. spectrum shows an average of the
two environments.
for this phenomenon.

Berry suggested the term pseudorotation
He showed that by deforming the TBP

structure to the SPY configuration and continuing this
deformation to produce another TBP structure then the two
ligands previously in the apical positions became equatorial
and two of the three ligands in the equatorial positions
became apical (scheme 1).
A different mechanism has been proposed by Ugi and
Ramirez 6 which they call turnstile rotation.

In this

3

b
-

I-.

d

Scheme 1
mechanism, groups of three and two ligands rotate about the
phosphorus atom.
There has in the past been some dispute as to which
mechanism is more likely although by considering the relative
energies of the intermediate states relative to TEP geometry,
Berry's pseudorotation seems preferable

and indeed this is

now widely accepted as the most likely mechanism. 7
Related to pseudorotation is the preferred location of
ligands attached to penta-coordinate phosphorus.

Ligands

which acquire an apical position are termed apicophilic and
there are several methods, both theoretibal and empirical,
from which their relative apicophilicities can be inferred.
It is generally accepted that the more electronegative
substituents occupy the apical positions e.g. F, CF

31

OR.4

Four-membered rings tend to take up an apical-equatorial
position rather than a diequatorial position.

The four-

membered ring is more stable bridging the apical-equatorial
position since this allows a ring angle at phosphorus of 900
0
rather than 120 which would be the case if it bridged the
diequatorial position. The five-membered ring suffers a 12 °
distortion from the preferred angle of 108 ° if it is placed

diequatorial or an 18 ° distortion if it is placed apicalIn this case other factors may operate to

equatorial.

determine the configuration but it is generally found that
the apical-equatorial position is acquired. 4 The bulk of
the groups also influence the location of the ligands. Large
groups will tend to favour the equatorial positions since
they are in close proximity to only two apical ligands. An
apical substituent can interact with the three equatorial
ligands.

B.

Preparation and Properties of Phosph(v)oles
General
There are several methods available for the preparation

of phosph(v)oles and only a few of the more general methods
will be considered here.
A number of phosph(v)oles can be prepared by

method

which can be considered to arise formally from Michael addition
of a tervalent phosphorus reagent to an a,-unsaturated
Examples of a,5-unsaturated systems

system (Scheme 2).

B,

I

C

+

PR1 R2R3

11

R2R3

Scheme 2
employed include dienes, 6 ' 9 a-dicarbcnyl compounds, 10 ' 11
12 ct,S unsaturated carbonyl compounds, 13,14
a-ketone imines,
-

S
azocarbonyl compounds, 15,

16 acylimino compounds, 17 amidines 18

and nitroalkenes. 19,20,21
Tervalent phosphorus reagents also react with monocarbonyl compounds to give either the 1,3,2-dioxaphosph(v)olan' 2
or 1,4,2-dioxaphosph(v)olan 23 ring system (Scheme 3).

R 2 C=O
+

Me 3 P
R=CF3

R 2 C=O
+

Me2 PC[

2

iCL

Me
RCF3

Scheme 3

Another important preparative method is the 1,3-dipolar
addition to phosphorus-nitrogen and phosphorus-carbon ylides
(scheme 4).. Dipoles include isocyanates, 24 isothiocyanates, 25

A—B—C

x
~ px
Scheme 4
nitrones and nitrile oxides. 26,27
In general, phosph(v)oles are reactive molecules and they
are particularly susceptible to nucleophilic attack at phosphorus.

The major consequence of this is that they are sensitive to
moisture to varying degrees and their hydrolysis can involve
different mechanistic pathways depending on structure,
substitution pattern and experimental conditions. 28 The
products of hydrolysis usually involve a phosphorus (IV) oxide,
the strength of the P0 bond presumably contributing to the
driving force of the reaction.

Two examples are shown in

Scheme S 16,30
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Ph
N*O
-OMe
I
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0

Scheme S
Some phosph(v)oles, particularly those in the 1,3,2dioxaphosph(v)ole series, can also react with electrophiles
including bromine and acyl halides 28 (Scheme 6 . ).
Another feature of the general reactivity of phosph(v)oles
is their ability to undergo fragmentation reactions or rearrangement which can be induced either by photolysis or
thermolysis.

The thermolysis reactions of phosph(v)oles

will be discussed in considerable detail later.

Further

I

RtUX/'

Sr
RTOX

—0

OMe
VT
R'CCOP(OMe) 2
Me

Br

OP(OMe) 2

F,

U
RtOCHCHOF(OMe) 2

11

0
Scheme 6
reactions of phosph(v)oles are dealt with in several reviews
of which those by Buge3 8 and Ramirez 29 are representative
examples.

There are three methods for the preparation of phosph(v)oles
which merit a more detailed discussion since they are of
particular importance to this thesis.

I
1.

Phosph(v)oles from Deoxygenation. of Aryl.2-Nitrophenyl
Ethers
Cadogan and co-workers

31, 32 prepared a novel series of

phosph(v)oles by the deoxygenation of aryl 2-nitrophenyl ethers
with tervalent phosphorus reagents in ref luxing cumene. The
mechanism is thought to proceed via a spirodienyl intermediate
followed by capture of an intermediate iminoguinone species
by the phosphorus reagent (scheme 7.)..

However, an alternative

mechanism whereby the spirodienyl species. regains.. aromaticity by
nucleophilic attack by the phosphorus reagent to.give product (7)
via intermediate (6) cannot be excluded.

4R2P

tNO2 )JR4
(4)

-

2

U

(5)

-" FR3 R
Z r
O
R3 N

R4

Scheme 7

.

/

n

\R12 R2p

~

IRI
2

9
The structures of the phosph(v)oles have been confirmed
by x-ray analysis 33 and a detailed study of their 'H n.m.r.
spectrahas been carried out. 34
As with other phosph.(v)oles they are susceptible to
hydrolysis. 32,35 Both the phosphinamidate (9) (94%) and the
phosphinate (10) (2%) were obtained on the acid hydrolysis of
the phosph(v)ole (8). (Scheme 8).

The major .hydrolysis product

(9) was shown to isomerise to the phosphinate. (10) on thermolysis
in ref luxing dioxan or by treatment with triethylamine.

-MaC

r

US
H

(10)

(9)

Scheme 8
Nucleophilic attack at phosphorus can also occur with
alcohols since some of the phosph(v)oles.have-been shown to
undergo ligand exchange with diols. 32
The formation of phosph(v)oles by the deoxygenation method
36 and the
has been extended to include the sulfur analogues
structure of (11) has been confirmed by X-ray.analysis.37

S i Me
Z~~

Ph.
>
Co.

NO2.)

(11)

10
2..

Phosph (v) des from. 1 ,2-Difunctionai Species

Several methods are known, for the preparation of
38, 39 but possibly the most
phosph(v)oles from 1,2-diols
versatile and general method is that developed..by Trippett 4°
who reacted diols with tervalent phosphorus reagents.in the
0
presence of N-chlorodaisopropy'lamlne.at.-78 C.. He extended
this method to include other functional...groupä such as thiols
and amines 41 (Scheme 9).

/X

HX
R 3P

+.

+

CLNPI4

_

30

HY

3P\1

+

[NH P VCI

X,Y=O,S,NR
Scheme 9
Although no mechanism is proposed., it is usually assumed
that the initial reaction involves nucleophilic attack of
phosphorus on chlorine 40 (Scheme 10).

P4NCt
>(- H

_____ ..

XPR3CI
+

Pr NH
'

'(H

'(H
7*

CXA-PR ~-C[
Y-H

'.5

_X

CY

+

[NH2 Fr]tC(

Pr N H
Scheme 10
The high yields and simple work-up are important factors
in this synthetic method particularly since many phosphoranes

11
are hydrolytically unstable.

Although some of the phosph(v)oles

have been prepared by. alternative routes, this method appears
to give higher yields of purer compounds.

Phosph(v)ole (12)

for example, prepared from 2-ethoxy.-1.,3,2-dioXaphOSpholafl and
ethylene glycol, readily crystallised without prior distillation
in contrast to Denny's original preparation of the compound 42
which required several distillations and gave a. much. lower yield.

~

,, OEt
r
_
,

o% )
(12)

3.

Phosph (v) oles from Azido Compounds
Cadogan and co-workers43reported a method for the

formation of phosph(v)oles by the reaction of o-azidophenol
with tervalent phosphorus reagents (Scheme 11).

OH

I
KN 3

+

Ph2POrvle

9I
HN

___

OMe
Scheme ii
This method was extended to include other bifunctional azido
compounds including 2-azidoaniline, (E) -1-azido-2--hydroxycyclohexane and 2-azido-1-phenyl ethanol. 44 The first step in the

12
This is

reaction is the formation of an iminophosphorane.

followed by intramolecularcyclisation via addition to the
P=N group (Scheme 12).

CH

ZH

rf

+ PR'R3
NPR1 R2R 3

N3

HN

Scheme 12
In an analogous reaction., an iminophosphorane was
prepared by the reaction of phenyl azide with 2-phenyl-1,3,2-dioxaphospholan.

Intermolecular addition.of a.diol via the

displacement of aniline then led to a bicyclic phosph(v)o1e 45
(Scheme 13).

[/Ph

+

PhN3

_____ CO/P

>

Ph
NPh

HO

NHPh

.,Ph

-PhNH2

O)

X= -[CH 2 ] ff n=2-5,
Scheme 13

OH

13
Stewart

46 has investigated the acid hydrolysis of

selected phosph(v)oles prepared from azido compounds e.g. (13)
In each case the reaction proceeded rapidly at

and (14).

room temperature with loss of methanol to give high yields of
the corresponding phosphinamidateS (15) and (.16) respectively
These results are in accord.with the observations

(Scheme 14).

OH

I_

HN

HN

PPh 2

II

0

ôMe

qOH
HN7

HN

PPh 2
0

OMe
Scheme 14

made by cadogan 35 for the N-aryl series. of.phosph.(v)oles.

C.

Thermolysis Reactions.. of. .Phosph(v)oles
It has already been noted that phosph(v)oles are generally

susceptible to fragmentation reactions . or rearrangements under
thermolysis conditions.

Since the major part of this thesis

is associated with such reactions the remainder, of the
introduction, will be concerned with prvious. work carried out
in this field.

14
The thermolysis reactions. of phosph(v)oles have not been
reviewed .before although Burger 28 covers several, such reactions
in his review on the synthetic potential. of isolated. phosphoranes.
The following survey is intended to cover. phosph(v)oles of
varying thermal stability ranging from. those which are only
stable at -78 ° C, through phosph(v)oles which are intermediates
in reactions, to those which can be isolated. and undergo fragmentation reactions or rearrangements at elevated temperatures.
When .a phosph(v)ole is.thermolysed. the phosphorus atom
can attain either the three-, . four- or five-coordination
number [P(III), P(IV) or P(V)] (Scheme..15).

The formation

of P(IV) species, usually containing the.P=O. group, dominates
the thermal chemistry of phosph'(.v) oles,. the driving force for
the reaction being the strength of the P=O bond (ca.,630kJmol 1 ). 47
The formation of 2(111) compounds competes with this reaction
and it can also be observed where the formation of a P=O
compound is not possible..

The formation.,of P(V) species is

less prevalent and usually occurs as a result of ring contraction of the phosph(v)ole.

Kx

'V

OP
Scheme 15
The reactions will now be discussed in more detail, the

15
phosph(v)oles being classified, in terms of the heteroatoms
contained within the ring.

1..

Dioxaphosph (v) oles

(a) 1,3,2-DioxaphOsph(V)Oles
Early work on the thermal, decomposition of the 1,3,2dioxaphosph(v)ole system is poorly documented.

Kukhtin 48 for

example showed. that the phosph.(v)oles (17) and (18) decomposed
on attempted distillation to give, substantial yields of trialkyl
(17) R = Bu

Me

(18) R = Pr

phosphite.

\ I.-OR .

c19R= Et

p__ ["NOR
OR

(20) R = Me

He noted that the triethoxy analogue (19) was

relatively more stable and could. be distilled at 5-10 mm but
at 180-190 ° C/50-60 mm it decomposed to give mainly triethyl
phosphate with only traces of triethyl phosphite. The formation
of the phosphate is explained either by direct . formation from
the adduct or by oxidation of triethyl phosphite by co-produced
biacetyl..

The trimethoxy analogue (20) was later investigated

more closely by Bennde. 49

Thermolysis..of this phosph(v)ole

at 170-200 ° C under nitrogen gave equal amounts of trimethyl
phosphite and trimethyl phosphate together with a considerable
amount of biacetyl.

It seems reasonable therefore that the

mode of decomposition of such compounds is.via.the thermally
allowed [4+1] retro-cheletropic.reaction to give initially
phosphite and biacetyl. . Whether the phosphite is oxidised to

16
phosphate may welL, be. temperature dependent.
The 4,5-diphenyl. analogue. (21) has.been studied more
closely by Mukaiyama. 5052 Thermal decomposition at 215 °C
led to good yields of diphenylacetylene: and..triethyl phosphate
together with some diphenylketen dimer. 50 ' 51 . Higher yields
of the acetylene were obtained when the reaction was carried
out in the presence of excess triethyl phosphite. At lower
temperatures, in the .presence of copper..powder, no d.isubstituted
acetylene was obtained.. . Instead, dibenzoylstilbene (41%) and
triethyl phosphate (81%) were the observed, products. 52
The . first step in both reactions is probably the extrusion
of phosphite followed, by. deoxygenation of the co-produced benzil
This, in the. absence.of. a metal catalyst,
53 This is then
yields diphenylketen.by a Wolff rearrangement.
to give carbene (22).

presumably deoxygenated either by some of the initially produced
phosphite or, in the case of the higher'..yielding reactions, by
excess phosphite to give carbene . (23) which. rearranges to the
acetylene. 54 Other workers have shown.. that -ketocarbenes do
55 This explains
not rearrange in the presence of copper powder.
the formation of dibenzoylstilbene, and of.the oxazoles (24)
and (25) when the copper catalysed reaction is carried out in
the presence of phenyl isocyanate and.dicyciohexylcarbodii mide 52 (Scheme 16).
Mukaiyanla 51 also investigated the. thermolysis of..phosph(v)ole
(19) but he did not .obtain but-2-yne.

,Like.Kukhtin, he

obtained triethyl phosphate together with various unidentified
products.

The difference in thermolysis behaviour, of the 4,5-

dialkyl and 4,5-diaryl compounds presumably originates from the
contrasting chemistry of alkyl and aryl carbenes.56

17

Fing
- O=P(UEt)3 >

PhO-COPh

215°C

> Ph 2 C=C=O

(22)
IP(OEfl3

PhCCPh C

Ph2 C=C:
(23)

Cu! 110° C

Ph Ph
- O=P( OEt)3

Ph -

_--Ph
Ph Ph

Ph N=C--O

PhNyO

PhC---COPh
(2 2)

Ph Ph
RN

0
(25)

NR

Scheme 16
The phosphorus ligands can. also play an important role.
in the thermal reactions of 1,3,2-dioxaphosph(v)oles. The
phosph(v)ole (26) for example does-not fragment, but simply
undergoes a ring opening followed, by an.Arbusov type rearrangement 57

(Scheme 17).

18

Ph
80°C
C 6 F1 6

Pht5OCOPh
0

Ph000_P\

OD

pCb

O,)
(26)
Scheme 17

If there is a more facile reaction pathway available to
the other ligands then the phosphorus atom..may attain the P(IV)
coordination state without any cleavage of the phosphole ring 58,59
(Scheme 18).

In. an application of this type of reaction, the

Me*>9

Me—

0___ PI.-0Et

?
0-

NHAc
OEt

9__T - _9
CF

iOEt"t'NEt2 -

\OEt

AcNHEt

0

-15°C >

NEt 2

Scheme 18
phosph(v)ole (27) derived from (+)-2-octanol decomposes above
-40 ° C to give 2-halogeno octanes with inversion of configuration 60 (Scheme 19).

19

1j1 0"POHMeC6 H i3
PC.-)
Br, CU

4eC5H13
(27)

+

MeHXC6 H 13
S(-)

Scheme 19
(b) 1,3,2- and 1,4,2-Dioxaphosph(v)olans
Unlike the 1,3,2-dioxaphosph(v)ole system discussed in
the previous section., the.dioxaphosPh.(v).olanS are not capable
of a similar six-electron retro-cheletropic reaction. to extrude
phosphite. The initial step in nearly all the thermolysis
reactions of dioxaphosph(v)Olans is heterolytic. cleavage of
the P-O bond in the phosph(v)olan ring.. Thereafter the
reaction depends on the other phosphorus ligands and. on the
substituents attached to the : phosph(v)olan ring.
Possibly the most studied reaction is the decomposition
of 1,3,2-dioxaphosph(v)OlanS to yield epoxides.. 6 ' 76

The

reaction is stereospecific.although some of-the earlier
workers 62,64 wrongly assigned the configuration of the product. 67
The mechanism is thought to involve an. initial P-O bond
cleavage followed by.C-C bond rotation and displacement of
trialkyl phosphate 66,74 (Scheme 20).

-OEt
OP

<

H

=P(OEfl 3

_9Et

OEt

Me

Scheme 20
The stereospecif.icity of this reaction was confirmed
by Denny 66 who prepared the dioxaphosph.(v).olans (28) from a
(±)-phosphite (88%)—mesophoSphite (12%) mixture (29) and
diethyl peroxide.

Decomposition of the dioxaphosph(v)olan

Me

H-..L--n

I

(EtO)7 >

H,-NO ,POEt
Me
(29) (±) & nieso
Scheme 21

(28) (±) & meso

(E) & (Z)

mixture gave (Z)-2-butene oxide (85%). and (E)-2-butene oxide
(15%) (Scheme 21)
A kinetic study has also been made of the decomposition
reaction and the results are in accord with the proposed
mechanism. 76
On the basis of their thermal decomposition to the (Z)epoxide, Burgada 69 confirmed the stereospecificity of the
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formation of the spirophosphoranes (30) (Scheme 22).
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Me
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Scheme 22
1,3 ,2-Dioxaphosph(v)Olafls and .1,4 ,2-dioxaphosph(v)olans
derived from tris(dixnethylamino)phosphine also decompose to
give epoxides 7° while the reaction of 1,2-diols with tris(dimethylamino)phosphine in the presence of carbon tetrachloride
gives epoxides via 1,3,2-dioxaphosph(v)olan intermediates. 71,72
Burgada 73 has also shown that ethylene. oxide is produced
on therinolysis of the spirophosphorane. (.31) via cleavage of
the least substituted. ring (Scheme 23).

(

PhCH

In a related reaction,

oI

+ A

—

(31)

Scheme 23
Trippett 77 observed the formation of ethylene sulphide on
thermolysis of the spirophosphorane (32).

In this case, the

weaker P-S bond cleaves preferentially to. give the sulphide
rather than ethylene oxide (Scheme 24).

This is also an

example which falls into the 1,3,2-dioxaphosph.(v)ole category
where reaction occurs at. the. phosphorus ligands to leave the
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(32)
Scheme 24
phosph(v) ale ring intact.
The formation of epoxides from the 1,3,2-dioxaphosph(v)olan
system is limited, notably for the thermolysis of phosph(v)olans
78-81 The phosph(v)olans (33)
derived from hexafluoracetone. 22,
decompose to give several products, 22 ' 78 although some epoxide"
formation was observed where ROEt. 78 The mechanisms for-these
reactions are not understood but clearly, competing reactions

CF F3
CF

c "

1
R = DEt

(33)
(CF3 ) 2 C=O

CF3
CF3
A
CF3 + CF3

+

O=PPh 3
+

(CF3 ) 2 0=0
+

PPh 3

O=P(OEt) 3
+

F

I

rP

'Ph

CF3 C
OEt
+

(EtO)2PF
Scheme 25
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If however one or more of the R

are important (scheme 25).

groups is an a-hydrogen-containing alkyl group then a totally
different reaction is observed.

The 1,3,.2-dioxaphosph(v)olan

undergoes a ring contraction to the 1,2-oxaphosphetan system
(34)7981 (Scheme 26).

The mechanism of the reaction which

is favoured by Ramirez

81 involves the initial P-O bond cleavage

which is followed by loss of hexafluoroacetone to give the
This is the same intermediate as

dipolar intermediate (35).

that proposed for the preparation of thedioxaphosph(v)olans
At +80 0 c the activated proton can move to the

(at -70 0C).

negatively charged carbon atom thus forming an ylide. The final

CI5F3

CF.
-

_ cFt9

CF

CH2CH 3

OCH 2 CH 3
O=C(C

CF3

CF3
cF3-%J
CH

o

Y

F 2

CFr

P=CHCH 3
/\
Ph Ph

3

(35)

Ph

QF3
CF3N
CF(CHON ___

CF3-4--o
CF3

Ph CH,

H—j--- 1
OH 3
OCH (CF3 ) 2
(34.)

Scheme 26
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step is similar to the well known Wittig synthesis with the
four-membered ring 1,2-oxaphosphetan being. the isolated product.
Although this appears to be a reasonable mechanism, Ramirez was
unable to provide evidence for the initial, formation of hexafluoroacetOne.
The 1,4,2-dioxaphosph(v)olafls (36)., considered to be the
kinetically stable products derived from.pentaf.luorobenZaldehYde
and tervalent phosphorus compounds, rearrange. at elevated
temperatures to give the 1,3,2-dioxaphosph(v)o1anS (37)•82
The phosphorus reagent . is thought to attack the carbonyl carbon
of the aldehyde at low temperatures but the carbonyl oxygen at
higher temperatures (Scheme 27).

A

Z
Ar R
(36)

Ar = C 6 F 5

80 0

oc

PR 3

+

(37)

ArCHO

Scheme 27
Rosenthaler 23 isolated a more stable 1,4,2-dioxaphosph(v)olan
(38) which at 100 ° C undergoes a ring contraction to the 1,2oxaphosphetan (39) (Scheme 28).

He was able to detect free

hexafluoroacetofle during the reaction and postulates a similar
mechanism to that described by Ramirez 81 (Scheme 26). Although
he was unable to detect a.1,3,2-dioxaphosph(V)Olan intermediate,
its intermediacy must surely be assumed on the basis of Ramirez
work.
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c,i3
Me2PX
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1000L

0

2 (CF3 ) 2 C=O

cFiMe
F3x
(38)

(39)

Scheme 28
Further examples in which epoxide formation is not
observed is in the 4-acyl and 4,5-diacyl derivatives, where
the reactions are characterised by migration. to an e.lectrophilic
carbon.

The thermolysis reactions, of such. compounds have

been studied by Ramirez. 83-87 The first step in the reaction
is again thought to be P-O bond cleavage to give a. dipolar
species.

This is consistent.. with the observation, that the

rearrangement. shown in Scheme 29 occurs best in a solvent of
high dielectric constant. such. as methanol. 83

Instead of

epoxide formation, the acyl group undergoes a 1,2-shift and
phosphate is removed. Although an epoxide was. excluded as
an intermediate, since an.. authentic sample was removed unchanged
under similar reaction conditions, the reaction is nevertheless
similar to that.. investigated.by House 88 for ct-keto epoxides
(Scheme 30).
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The 4,5-diabyl derivatives

j.. (40) are converted to

enol lactones or carboxylates which may be stable 84 or undergo
further solvolysis 85 (Scheme 31).
Several workers have shown that the 2:1 adduct (41) of
fluorenone and triethyl phosphite undergoes a pinacolic type
89-91
(Scheme 32).
of rearrangement to the phenanthrone (42)
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Scheme 31

reftuxing
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t

(61)

- O=P(OEt)3

(42)

Scheme 32
In a polar solvent, where the phosph(v)olan can exist in
part as the dipolar form (43), an Arbusov rearrangement has
been. observed. 90 When heated in acetonitrile, the solvent
is trapped by the dipolar intermediate to give anoxazoline 92
(Scheme 33).

>OEt
?0Et
OEt

MeEN
P(OEt)3

(l3)

Scheme 33
The thermolysis of the spirophosphorane (44) is formally
a disproportionation reaction (scheme 34).

The equilibrium

between the spirophosphorane structures and the various
tautomeric P(III) species was established by 31P.n.m.r.93.

CO, H

H

1: H

r
'O
(44)
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HO

Scheme 34
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The final reaction in this section is a polymerisation.
On heating a mixture of 2-phenoxy-1,3,2-dioXaphosPhOlafl with
Reaction of

cc-keto-acids, 1:1 copolymers (45) are produced.

equimolar amounts of these compounds at -20 ° C gives the spirophosphoranes 46) which on further heating give the same
copolymers. 94 Once again the initial step in the thermolysis

J

/0 Th
PhOP\

S

+

RCCOOH

l ,- OPh

r
__ o

<O\ 1OPh

0

A

O'O ? HCOO _
R

Scheme 35

N

Ph

4CH2CH2OFO ? HCOO+
11
0 R

reaction is most likely P-O bond cleavage, in this case via
the more stable carboxylate anion (Scheme 35).

2.

Oxaphosph (v) oles
Like the dioxaphosph(v)oles discussed in the previous

section, the oxaphosph(v)oles where possible also tend to suffer
P-O bond cleavage on their thermolysis.

The reaction pathway

thereafter depends largely on the types of ligands attached to
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the phosphorus atom and to a lesser extent on the substituents
on the phosph(v)ole ring.
Since some of the reactions are common to both the oxaphosph(v)ole and the oxaphosph(v)olan systems, both systems will be
considered together.

1,.2-Oxaphosph(v)oles, and 1,2- and 1,3-Oxaphosph(v)olans
The examples in the 1,2-oxaphosph(v)ole series which have
been studied contain three alkoxy ligands and the observed
reaction is P-O bond cleavage followed by an intramolecular
Arbusov reaction 95,96 (scheme 36) .

190°C

'MJR

A similar rearrangement is

OR
F (OR) 2
11
0

Scheme 36
observed with the less stable thiaphosph(v)ole analogue (47)
The resulting phosphonate can be cyclised to the 2-oxo-phosphole
(48) on heating (Scheme 37).
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A related example of this reaction was observed by
Kukhtin 98 for the 1,2-oxaphosph(v)olan system (Scheme 38).

M

I

OR

OR
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Ii

2

0

Scheme 38
If the phosphorus ligands are replaced by phenyl groups
there is no longer the possibility of an Arbusov rearrangement
and so alternative reaction pathways are observed.
The oxaphosph(v)olan (49) for example was shown to give
the phosphine (50) together with traces of the oxide (51) when
heated at 3000C99 (Scheme 39).

The formation of the phosphine
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Ph
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0
Scheme 39
is thought to proceed via a similar reaction to the thermolysis
0
of phosphonium alkoxides observed by Trippett 1 ? (Scheme 40).
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Scheme 40
At lower temperatures the oxaphosph(v)olan (49) was shown to
behave as an ylide and could be reacted with aldehydes and
ketones to give products of the normal Wittig reaction. 101
Dreiding 102 used this reaction to prepare compound (52) which
was required for the synthesis of a potential terpenoid
precursor (scheme 41).
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In scheme 42, the ylide formation is similar to that in
the above reactions but the product is then presumably formed
by an intramolecular Wittig reaction followed by ring expansion. 103
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When the 3-position is blocked by methyl groups, ylide
formation is no longer possible and triphenyl phosphine is
extruded

104 (Scheme 43).

Ph

Ph
200°C /12mm

Me
P
e):t Ph

OH
+

PPh 3
Scheme 43
An anomaly in this series of reactions is shown in scheme
44.

Thermolysis of (53), which is the 5-phenyl analogue of

the oxaphosph(v)olan (49) , neither rearranges to a phosphine nor
forms an ylide but instead proceeds via extrusion of triphenyl
phosphine and formation of propiophenone. 109

220-2300C/12m5

PPh 3

+

EL1 -Ph

Ph
(53)
Scheme 44
There is one example of the thermolysis of a 1,3-oxaphosph(v)olan (54) which gives a quantitative conversion to (55) by loss
of trimethyl phosphite 105 (Scheme 45).

The more common P-O

bond cleavage is not available to this compound.
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There are several examples of Spiro- and polycyclic
phosph(v)oles containing an oxygen atom in at least one of the
106-108
phosphole rings,
Many of
e.g. (56),(57) and (58).
them show extreme thermal stability and in some cases can survive
heating at 340 °C for 30 mini 06 Their high thermal (and chemical)

(57)

(5 dl

stability is attributed, to the favourable steric conditions of
the molecule and to steric and electronic restrictions with
respect to potential reaction pathways and products. 107,108 It
seems .surprising at first therefore that the very closely related
bicyclic analogue (59) is found. to be less stable, rearranging
to the coumarin (60) at its melting point' 09 (Scheme 46). A closer
look at this reaction shows that it is in fact an Arbusov type
rearrangement similar to. that discussed earlier (Scheme 36).
Such a reaction pathway is not so readily available to the other
spiro- and polycyclic phosph(v)oles (56)-(58).
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139-141 0 C

(60)

(59)

Scheme 46
The polymerisation: reaction. discussed in the. previous
section (page 29) works-equally well for the reaction of 2phenyl-1,3,2-dioxaphosphoian with compounds such as acrylic
94 The intermediate spirophosphorane contains an oxaacid.
phosph(v)olan and a dioxaphosph(.v)olan ring (Scheme 47).

0—
PhP

I

+

.

Ph
COXCH

0H 2 =CHCO2 H

o

2CH2COO -

0

4CH2CH 2 0CH2CH 2C0041

11

0
Scheme 47

37
3.

Oxazaphosph (v) des

(a) 2,3-Dihydro1 ,4,2-oxazaphosph(v)oles
This oxazaphosph(v)ole system has been studied almost
exclusively by Burger. '

0129 The compounds are prepared

from the reaction of acylimines with trialkyl phosphites 17 and
in nearly every case the 3-position is substituted by two tnfluoromethyl groups.

The thermolysis reactions are closely

related to those discussed earlier for the 1,3,2-dioxaphosph(v)ole
system where there is competition between the extrusion of P(IV)
species and retro-cheletropic formation of P(III) compounds.
In this series, the dominant reaction mode is extrusion of
trialkyl phosphate which leads to the formation of nitrile ylides.
Their formation was confirmed by generation from alternative
sources 110 (Scheme 48); when trapped with acrylic acid esters,

Me

CH—N=C

Me
-

L111t

3
W

CFN +
C—NC—R
CF37

S
CFF3N + -

C=N=C—R
7.

H2C=CHCO2R
Scheme 48

Products

N

(R

38
the same ratio of .isomeric 211-pyrroles was observed.

The

presence of the electron withdrawing trifluoromethyl groups is
necessary to stabilise the nitrile ylide although such ylides
containing alternative electron withdrawing groups have been
prepared and trapped with dipolarophiles. 130
Burger has thermolysed the oxazaphosph(v)oles in the presence
of a variety of dipolarophiles including alkenes and alkynes,

114

isocyanides, 115117 cyanides, 118 azo compounds, 118.'119 isocyanates,12
carbonyl compounds, 118 nitrosobenzene, 2 and various nitrogen
123
Some examples of the various four- and
heterocycles. 122,
I ive-membemd heterocycles which can be prepared by this route
are shown in Scheme 49.
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The synthetic value of the reaction is rather limited
however because of the presence of the trifluoromethyl groups.
Burger does not discuss whether similar reactions occur if
alternative electron withdrawing groups are substituted in the
3-position of the phosph(v)oles.
Padwa 131 has used an intramolecular trapping agent and he
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obtained the product (61) via a 1,3-cycloaddition reaction
(Scheme 50)

or h-6

-OMe

- 0P(OMe)3

"SOMe
Me

jCF
CF

V
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Scheme 50
In the absence of trapping agents, thermolysis of (62) results
125 The initial step
in the dimerisata-on of the nitrile ylide. 124,
appears to be head-to-head dimerisatipn of the carbenoid form of
the nitrile ylide.

132

The presence of an aryl group in the 5-

position of the oxazaphosh(v)o1e prevents the alternative reactions
associated with alkyl carbenes..

The intermediate (6.3) can undergo

thermally allowed disrotatory ring closure with a subsequent [1,5]sigmatropic hydrogen shift to give the enediamine. (64).

This

product is very readily oxidised with mercuric acetate to afford
excellent yields of naphthyridines (65) (Scheme 51).
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Burger has shown that in the presence of electron rich
dipolarophiles such as enol ethers, enamines or electron rich
isocyanides, there is competition between phosphate and phosphite
extrusion 126, 28 and in the presence of ynanines, only phosphite
extrusion is observed. 127 The acylimines (65) thus formed undergo
a Diels-Alder reaction (scheme 52):.
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Scheme 52
It is not clear how the electron rich species influence
phosphite extrusion over phosphate extrusion.

One possible

explanation is that in all cases there is an equilibrium
between the oxazaphosph(v)ole and the starting materials.
The acylimines are electron poor dienes and in a Diels-Alder
reaction they would be expected to react with electron rich
dienophiles. 133 In the presence of the less electron rich dienophiles discussed earlier the irreversible phosphate extrusion
predominates to give products via nitrile ylide formation
(Scheme 53).
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Burger has also shown that the thiazaphosph(v)ole (66)
undergoes a similar [3+2] cycloreversion reaction to yield
nitrile ylides. 128

R
N
CF3

OMe

(66)

OMe

If partly chlorinated groups are used instead of tnfluoromethyl groups then migration within the ylide itself
As shown in scheme 54, a 1,4-chlorine shift takes

can occur.

place to give high yields of N-v.inylimidoyl chlorides.
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Scheme 54
(b) 4,5-Dihydro-1 ,2,5-oxazaphosph(v)OleS
The thermolysis reactions of the 1,2,5-oxazaphosph(v)ole
system are more varied than those of the closely related
1,3,5-oxazaphosph(V)ole system, not least because the groups
in the 4.-position have not been restricted to trifluoromethyl
groups.

The extrusion of both 2(111) and P(IV) species has

been observed giving azirines, ketenimines and unsaturated
oximes as the major products 27,134-141

(scheme 55).
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Bestmanfl 135 has rationalised the results by suggesting that
if R and R are electron withdrawing groups then heterolysis
to form intermediate (67) would be favoured and lead to
k.etenimines and azlrines.

The ratio of these products would

depend on both the delocalisation of the negative charge and
2
If R 1 and R are electron
the migratory tendency of group R.
donating groups. then the P-C bond can break leading to extrusion of a p(III) species and the formation of unsaturated
oximes.

45
The Icetenimines have been trapped with aniline to give
derivatives of the stable amidine system (68)27 while traces
of 2,5-diphenylpyraZine (69) have been formed from dimerisation
of the azirine (70) 138 (Scheme 56).
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Scheme 56

The novel spiro-azirine (71) has been prepared in high
yield by this route 139 (Scheme 57).
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There is one example of a 4,5-dihydro-2-oxo-1,2,5
oxazaphosph(v)ole thermolysis reaction. 142,143 The phosph(v)ole.
(72) decomposes above its melting point to give the unsaturated
phosphinate (73) and nitromethane, together with dimethyl
phenyl phosphonate (74).

The phosph(v)ole (72) is thought

to be in equilibrium with the dipolar structure (75) which in
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turn is in equilibrium with the dimethyl phenyiphosphonite
and nitropropene (Scheme 58).

The dimethyl phenyiphosphonate

was shown to arise from direct oxidation of the phosphortite
rather than from thermolysis of the phosph(v)ole.
Although there is only one example of this type of
phosph(v)ole thermolysis it is closely related to the reaction
observed by Kukhtin 98 for the 5-oxo-1,2-oxoph6sph(v)olan
system (Scheme 38) which involves initial P-a bond cleavage
followed by an Arbusov type rearrangement.
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(c) 1 ,2,5-Oxazaphosph(v)OlanS
This system has been studied by Huisgen

144, 145 and he

does not discuss the mechanism of the reaction which proceeds
via the formal elimination of benzyne (Scheme 59).
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explanation for the reaction which is consistent with work to
be discussed later is an initial cleavage of the N-O bond to
produce a diradical.

The formation of the strong PC bond is

then a driving force for the reaction which can proceed via the
loss of a phenyl radical and abstraction of a hydrogen atom
from the solvent.

In the 1,2-oxaphosph(v)olan analogues

discussed earlier, the corresponding C-O bond did not break..
Instead, P-O bond cleavage was observed followed usually by
an intramolecular hydrogen abstraction. The difference with
the 1,2,5-oxazaphosph(v)olan system may be due to the weaker
N-O bond (222k3mo1 1 ) compared with the C-O bond (358kJmol1) 146
(d) 2,3-Dihydro-1 ,3,2-oxazaphosph(v)Oles
Two examples of this ring system have been pyrolysed.
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In the first example (Scheme 60), the phosphorus ligands
At low temperatures,.

play an important part in the reaction.
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+

CH 2 =CCO 2H
Scheme 60
phosph(v)oles of the type (76) containing the P-H bond are
isolated on the reaction of the phosphole (77) with alkyl
acrylic acids.

At higher temperature the phosph(v)oles (76) are

converted into the spirophosphoranes (78) as a result of the
intramolecular addition of the P-H group to the double bond. 147
The second example is similar to the reaction observed by
Ivanov 95 for the 1,2-oxaphosph(v)ole system (Scheme 36).
Whereas the oxazaphosph(v)ole (79) is quite stable and can be
148 the thiaza-analogue (80)
distilled at 18O-185 °C/0.05 mm,
cannot be isolated and rearranges thermally by an Arbusov type
rearrangement to give the phosphoramidate (81)149 (Scheme 61).
This is attributed to the ease with which the more nucleophilic
thiolates are alkylated as compared with the oxygen analogues.
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(e) 1,3,2-Oxazaphosph(v)OlaflS
Appel 150 showed that an aziridine and triphenyiphosphine
oxide were the products on reaction of a phosphinimine with
On isolation of the intermediate he found it to
Psi
The driving force
be a 1,3,2-oxazaphos1 ,(v)Olan (scheme 62).
an epdxide.

fl
a'

. Ph 3 P=0

Ph?=N—R
('_Ph
7"Ph
?

___

Ph

+

R A

Scheme 62
for the reaction is again the formation of the P0 bond.

4.

Oxadiazaphosph (v) oles

(a) 2,3-Dihydro-1 ,3,4,2-oxadiazaPhosPh(V)oles
This system is structurally very similar to the 1,4,2oxazaphosph(v)ole system which was. studied by Burger.

This

similarity extends to the thermal behaviour and the compounds

so
decompose in the same fashion to produce nitrile imines.
At room temperature the phosph(v)ole (82) decomposes with
elimination of phosphine oxide to produce 1,2,4,5-tetrazines (83)
via oxidative dimerisation of the intermediate nitrile imines. 151

(82)

I

X
RT

1'[ R-C=tI---N-R1

/ J

R 2 N=C=O

RNR

R1

(83)

R2

(81.)

R1 &R 2

(85)

Scheme 63
In the presence of trapping agents such as aroyl and suiphonyl
isocyanates and isothiocyanates, • the 1,2,4-triazolin-3-ones
(8 4) and 1,2,4-triazoline-3-thiones (85) respectively are
obtained 152,153 (Scheme 63).
In an earlier paper, Sh ec hter

154observed that the

phosphonium salt (86) when heated underwent a dehydrobromiriation, a bimolecular condensation reaction and
dehydrogenation to give the tetrazine (87) (Scheme 64):.

He

did not detect the phosph(v)ole intermediate which was observed
by Schmidpeter. 151

+
[PhNHNHP(PH 3] Br

_________ PhyNN
Nph

(86)

(87)

Scheme 64
(b) 2,3_Dihydro_1,2,4,5_oXadiaZaPh05Ph(V)0e5
This system can be considered to be closely related
to , the 1,2,5-oxazaphosph(v)Ole system discussed earlier.
Although äuisgen 155 was unable to isolate the intermediate
phosph(v)ole (88), its presence follows by analogy with his
work on the 1,2,5-oxazáphosPh(v)Ole system 27,137 (Scheme 65).

PhCN-O

+
PhN=PPh3

r
I Ph,N-9
>1
__

PhN=C=NPh

[Ph N

H 20

Ph
PhNHCONHPh
(88)

Scheme 65
The carbodiimides so produced can be trapped by hydrolysis
to ureas.
(c) 1 ,2,4,5-Oxadiazaphosph(v)olans
Huisgen '56 also noted a very similar reaction to that

I
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above for the saturated 1,2,4,5-oxadiazaphosph(v)Olafl
system (89).

Although at a different oxidation level, the

same decomposition pathway is followed and amidines are the
stable products.

The intermediate phosph(v)olan is not

isolable but once again its presence is inferred (Scheme 66).

1Ph
1?
PhCC=N

PhN=PPh 3
Scheme 66

Ph

Ph ~YN-,~

PhNc1\rL%Ph

H.

Ph N___ 7
Ph

-IPh
+

Ph

O=PPh3

I

(89)

It is interesting to note the similarity between both
the above reactions and Bestmann's ketenimine formation from
the 1,2,5-oxazaphosph(v)Ole system discussed earlier.

5.

Phosph(v)olés Containing No Heteroatoms
The thermal behaviour of phosph(v)oles in this category

has not been studied to any great extent.

Since there are

no heteroatoms in the phosph(v)ole ring, the different reaction
pathways open to the molecule are very restricted. The major
pathways which are observed are ring opening, reaction with
the phosphorus ligands and retro-cheletropic reactions.
(a) Phosph(v)oles
The polyaryl phosph(v)oles of the type (90) have been
studied by both Hellwinkel 157 ' 158 and Wittig. 159

They showed

that if R is small then enlargement of the phosph(v)ole ring
occurs such that the phosphorus atom becomes part of a nine-
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# Ii

00
(90)

(i) R= Me, Ph

un R = 8-quinoyt. 9-anthryt
Scheme 67
membered ring phosphine (91).

If R is large however then it

can be transferred to one of the aromatic rings to give
phosphines of type (92) (Scheme 67) .

Hellwinkel 158 proposed

a concerted mechanism for the process and suggested that apicalapical bond cleavage occurs in route (i) while equatorialequatorial cleavage occurs in route (ii) in accord with
Hoffmann's predictions. 160 It is not clear what influence the
R group has over the reaction.
If the R group contains hydroxy groups which lie close
to the molecule centre, then isomerisation can take place to
give abicyclic oxaphosph.(v)ole e.g. (93)i6 (Scheme 68).
Cadogan

162 attempted to prepare 1-acenaphthyne by an

intramolecular Wittig reaction.

Although 9,10-diphenyl-

fluoranthene was isolated from the reaction, the acenaphthyne
could not be trapped with other arynophiles.

He therefore

H2OH

i cr

2550C

Scheme 68
postulated a mechanism whereby the fluoranthene is formed
via an intramolecular rearrangement and elimination. The
key step is the ring enlargement of the strained phosph(v)ole
ring followed by extrusion of the [PhPO] moiety (Scheme 69).

/ Ph
175° C
Ph2 0

- (PhPO]

Scheme 69

S5
(b) Dihydrophosph (v) oles
The addition of tervalent phosphorus compounds to dienes
to give 2,5-dihydrOphOsPh(v)oles is well known. 8 The stability
of these phosph(v)oles varies and indeed their decomposition
163 obtained
Denney
may be more facile than their formation.
only isoprene and diethyl phenylphosphonite on reaction of 2,3The

dihydrophosphole (94) with diethylpenxide (Scheme 696).

)

::>Ph (94)
+

(EtO)2

L

6- , ~'

P,

Ph

_6

Ph
"OEt
OEt

"OEt
OE%

I

+

1
j

PhP(OEt) 2

Scheme 69u
stereochemistry of this process was investigated by Hall 164
who showed that the reaction was 99%. stereospecific and he
concluded that the reaction was a concerted, disrotatory process
as predicted for a 4n+2 electron system.

Kinetic studies

support the mechanism involving a rate determining biphilic
attack of the phosphine on the peroxide followed by rapid
fragmentation of 'the intermediate phosph(v)ole 165 (Scheme 70).
The phosph(v)ole (95) was not observable but when the
phosphine (96) was reacted with phenanthraquinone, the resulting
phosph(v)ole (97) was much more stable with a half-life of 2 h

-I

Me
M
/

PnAA ,

\ -- Me

Me—/
/

Me

(96)
+

+

'OEt
MeP(OEt) 2

(EtO) 2
(95)
Scheme 70

This again fragmented stereospecifically to (E),
164 (Scheme
(E)-hexa-2,4-diene and the cyclic phosphonite (98)

at 44 °C.

71).

The greater stability of (97) may be due to the inherent

+

Me

Me

(98)

(97)

Scheme 71
high stability of spirophosphoranes over monocyclic .phosphoranes or to the factors predicted by Hoffmann. 160
To isolate stable dihydrophosph(v)oles, electron withdrawing groups are required either in the P(III) component or
in the diene component.

Therefore, in an attempt to prepare

such a compound, Denney 9 used hexafluorobutadiene as the diene
component.

The phosph(v)oles were apparently stable at -78°C

-I,

but decomposed on warming to room temperature to give the
difluorophosphorane (99) and several other unidentifiable
products (Scheme 72) . The presence of the electron with-

F
FLF

FF

FfLc _
-76°C

F

R3

(

+

PR 3

(99)

Scheme 72
drawing groups must prevent the retro-chelotropic reaction
but without the identity of the biproducts the mechanism of
the reaction is not clear.
(c) Phosph (v) olans
The thermolysis of the saturated phosph(v)ole system
(100). proceeds via a retrochelètropic reaction. 166 ' 167 This
shows that the six-electron process clearly dominates over
the four-electron fragmentation to form cubane..

A similar

reaction is observed for the thermolysis of the phosph(v)olan
001) 168 (scheme 73)

R,

x

9

_

P
Ph /h

0

15°C

Scheme 73
In.the final example, an irregular intermolecular
exchange of methoxy groups and CH 3 -Pprotons is observed at
elevated temperatures for the phosph(v)olan (102). 169 This
process is a consequence of retro-cleavage to form methanol
and the ylide (103) (Scheme 74).

The presence of the phosph-

(v)olan ring would not appear to influence this reaction although
no similar reactions have been observed with other phosph(v)oles.

®r- ,,-CH3

OCH 3

-MeOH -

O

MP--CH 3
CH

(103)

Scheme 74
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EXPERIMENTAL

Symbols and Abbreviations

A.

b.p.

boiling point

M.P.

melting point

tic

thin-layer chromatography

gic

gas-liquid chromatography

mplc

medium pressure liquid chromatography

n.m.r.

nuclear magnetic resonance

5;

d; t; q;
M;

j

singlet; doublet; triplet; quartet;
multiplet
coupling constant
chemical shift
infra-red

i.r.

mass of molecular ion
m/e

mass to charge ratio

M*

metastable peak

h; min

hours;

p.p.m.

parts per million

mol;
v

mmol

moles;

minutes

millimoles

wavenumber

(cm1)

B.

Instrumentation

Infra-red Spectroscopy.

Infra-red spectra were recorded

on a Perkin-Elmer 157G Grating Spectrophotometer. Liquid
samples were recorded as thin films, and solid samples as nujol
mulls or in solution in dry chloroform.
Mass Spectroscopy. Mass spectra were recorded by the author
on an AEI MS902 mass spectrometer.

Exact mass measurements

were recorded on the same instrument operated by Mr.D.Thomas.
Nuclear Magnetic Resonance Spectroscopy.
Routine 'H n.m.r. spectra were recorded on a Varian EM360
spectrometer.

Spectra of new compounds were recorded on a

Varian HAlOO instrument operated by Mr. J.R.A. Millar. Chemical
shifts (6 w ) are measured in p.p.m.. relative to tetramethylsilane
as internal standard (6=0.0).
2 H n.m.r. spectra were recorded by Dr. I.H.. Sadler on a

Bruker WH360 instrument.

Chemical shifts (SD) are measured

in p.p.m. relative to tetramethylsilane (6=0.0).
31 P n.m.r. spectra were generally recorded on a Jeol FX60

spectrometer.

A few spectra were recorded by Mr.L.H. Bell on

a Varian XL100 instrument.

Chemical shifts (d r ) are measured

in p.p.m. relative to 85% external phosphoric acid, shifts to
high frequency of the standard being positive. Where necessary,
the relative peak intensities are given as percentages of the
largest peak.

If the solvent used was undeuteriated then a

capillary, containing either

[ 2 H6]benzene or ( 2 H5]dimethyl -

suiphoxide was used as the deuterium lock.
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(iv) Routine 13 C n.m.r. spectra were recorded by Mr. J.R.A.
Millar on -a Varian CFT20 spectrometer. A few spectra were
recorded either on a Varian XL100 instrument operated by Mr.
L.H. Bell or on a Bruker W11360 instrument operated by Dr. I.H.
Sadler..

are measured in p.p.m. relative

Chemical shifts

to tetramethylsilane (6=0.0),
Gas-liquid Chromatography. Qualitative glc was carried out
using a Pye Series 104 or 204 chromatograph equipped with a
flame ionisation detector. Gc/ms results were obtained from
a Pye Series 104 chromatograph coupled to a VG Micromass 12
spectrometer.

This system was operated by Miss 0. Johnson

and Miss E. Stevenson.
Medium Pressure Liquid. Chromatography. Preparative chromatography under medium pressure was carried out using glass columns
The solvent system employed was light
0
petroleum (40-60) (viz, the petroleum fraction with b.p.40-60 C)

packed with SOp silica.

followed by an increasing ratio of ether/light petroleum (40-60)
and eventually neat. ether.

The products were detected either

by an ultra-violet detector which monitored the output from
the column to the fraction collector or by tic.
Column Chromatography.

Alumina (Laporte Industries, Type Fl)

was activated by heating it at 180 °C for 12 h.
Thin-layer Chromatography. Analytical chromatograms were
developed on 0.33 mm layers of alumina (Merck, Aluminium Oxide
G) or silica gel (Merck, Silica Gel G) containing Woelm
fluorescent green indicator (0.5%) .

The components were

detected by their quenching of fluorescence under ultra-violet
light or by their absorption of iodine.

Preparative tic was

performed on 20x2Ocm plates coated with a 1 mm layer of alumina
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or silica.
Melting Points. Melting points of new compounds were recorded
on a Kofler hot-stage microscope.

All other melting points

were recorded on Gallenkamp or Electrothermal apparatus.
Elemental Analysis.

Microanalyses were obtained using a Perkin-

Elmer 204 elemental analyser operated by Mr.. J. Grunbaum.

C.

Pyrolysis Apparatus arM General. Technique.
Gas-phase pyrolysis experiments were carried., out using

the flash vacuum pyrolysis technique. The important features
of the apparatus are shown in scheme 75. . The reactant was
volatilised from a horizontal inlet tube which was heated by a
Buchi. Kugelrohr oven into a silica furnace tube (30x2.5cm).
This was maintained at temperatures of 500-900 ° C by a Stanton
Redcroft laboratory tube furnace LM8100: the temperature was
measured by a platinum/platinum 13% rhodium thermocouple situated
at the centre of the furnace.

The products were. collected in

a U-tube which was cooled by liquid nitrogen and situated at the
exit point of the furnace. The entire apparatus was evacuated
to ca.10 3 mm by an Edwards Model ED100 high capacity rotary
oil pump.. The pressure was measured by a McLeod or Pirani
gauge situated at a point between the cold trap and the pump.
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—> to pump, 10 3 mm

Dtd trap
196°C

Scheme 75
Small scale experiments were carried, out using sample
sizes of 0.1-0.4 mmol (Ca. 0.05-0.15 g).

The entire pyrolysate

was dissolved: in deuteriochloroform and. transferred to an
n.m.r. tube.

Cyclohexane (S pt),benzene (5 pL) or methylene

chloride (10 p2') was then added. as an integral calibrant;
yields calculated by this method are estimated to be correct
to ±5%.170 Yields are -based on the number of moles of
product theoretically derived from one mole of starting material.
For preparative scale experiments sample sizes of. 1-2 mmol
(ca.0.5 g) were used'.
In the sections which deal with pyrolysis experiments, the
conditions are quoted as follows: compound, quantity pyrolysed,
inlet temperature, furnace temperature, pressure range,
pyrolysis time.
The trapping of ethylene. with bromine was.performed using
the 'sandwich' technique.

Excess bromine., dissolved in carbon

tetrachloride, was allowed to enter the cold trap both before
and after pyrolysis of the compound. Products were thus

0

trapped between two layers of bromine. When the trap was
allowed to warm to room temperature, the products, any
unreacted bromine, and carbon tetrachloride were transferred to
an n.m.. r. tube and the products were analysed in the usual way.

D.

Preparation of General...Materials
All reactions involving phosphorus-containing compounds

were performed, under an atmosphere of dry. nitrogen. Unless
their. water or air stability was known, such compounds were
handled in a glove-box which was flushed with. dry nitrogen.
(i) Solvents
unless denoted 'dry' or 'super-dry' commercially
available solvents were used without further purification.
Dry solvents.

Light petroleum (40-60) was redistilled

and dried over sodium wire before use.

Ether., light petroleum

(60-80) , cyclohexane, benzene, cumene, tetrahydrofuran (THF)
and toluene were dried by allowing them to stand over sodium
wire.

Methylene chloride, chloroform and carbon tetrachloride

were heated under ref lux for 4 h with phosphorus pentoxide and
then distilled onto dry molecular sieve.

Dimethylformamide

(DrIP) was allowed to stand over molecular sieve for 12 h.

it

was then heated under reflux for 2 h with phosphorus pentoxide
before being distilled onto dry molecular sieve. Triethylamine
was .redistilled and stored over sodium hydroxide pellets.
DeuteriochiorofOrm was dried by allowing it to stand over
molecular sieve.
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Super-dry solvents. These were obtained by heating the
appropriate dry solvent under ref lux for several hours with
lithium aluminium hydride and distilling it onto dry molecular
sieve.

Ether, light. petroleum (40-60), cumene and toluene

were prepared in this way.
(ii) Tervalent Phosphorus Reagents
chlorodiphenyiphosphine and dichlorophenylphosphine were
obtained commercially and were used without further purification.
Triethyl and trimethyl phosphite were allowed to stand
over sodium wire for 24.h and distilled onto dry molecular sieve.
Alkyl diphenylphosphinites were prepared by the general
method of Quin and Anderson171 and the preparation of neopentyl
diphenyiphosphinite serves as an example.. A solution of
chlorodiphenylphosphine (17.7 g, 0.08 mol) in dry ether (60 ml)
was added over a.period of 30 min to a stirred solution of
neopentyl alcohol (8.8 g, 0.10 mol) andtriethylamine (10.0 g,
0.10 mol) in dry ether (60 ml).

The mixture was stirred for

a further 30 min and the precipitated triethylamine.. hydrochloride
was removed by filtration through celite. Evaporation of the
ether and distillation of the residue in vacuo gave.the phosphinite. (14.0 g, 64%) as a turbid liquid, b.p. 135-136 °C/O.Smm,
): 0.92 (9H, 5, 3CM 3 ), 3.50 (2H, d, 3PH 7Hz, CH 2 )1
6H (CD 3
The compound
7.10-7.94 (10H, m, ArM), 6 (CDC1 3 ): +112.3.
was characterised as the phosphinothionate derivative, formed
by the reaction of the phosphinite with an equimolar amount of
72 Recrystallisation from
elemental sulphur in dry benzene .
light petroleum (60-80) gave neopentyl diphenylphosphinothionate
as white crystals, m.p. 62-65 0C, 6 H (cDC1 3 ): 0.97 (9H, s, 3CM3),

3,63 (2H, d, J PH 6Hz/CH 2 ), 7.25-7.56 (611, m, An -I), 7.72-8.04
(4H, m, o-PhH) , 6

(CDC1 3 ): +80.4, m/e 304 (Mt 93%), 235

(48), 234 (44) , 201 (100), Vmax1110, 1015, 853, 730, 690,
625 cm- 1.
C, 67.1;

C 17 H 21 0PS requires

(Found: C, 67.15; H, 6.95.
H, 6.95%).

By the same method the following compounds were prepared;
methyl diphenylphosphinite (56%), b.p. 90-95 °C/0.1 mm (1it1 73
0
151-152 C/1 mm); benzyl diphenylphosphinite (crude yield 93%)
(No attempt was made to distil this, nor indeed any substituted
benzyl diphenylphosphiniteS since they are known to isomerise
on heating 174) ,

( CDC1 3 ): +114.2.

[The compound was

characterised as benzyl diphenylphosphinothiOnate (30%), m.p.
57-58 ° C (from methanol), 6H (CDC1 3 : 5.03 (2H, d, J PH 8Hz,
CH 2 ), 7.10-7.56 (11H, m, ArE), 7.68-8.05 (4H, m, o-PhH),

o

(CDC1 3 ) : +82.4, m/e 324 (Mt 28%), 219 (15), 218 (100),

202 (18), 201 (17), 140 (15), 91 (53), v max 1115, 1106, 985,
(Found: C, 70.15; H, 5.35.
975, 848, 730, 690, 641 cm- 1.
C 19 H 17 0PS requires C, 70.35; H, 5.3%)]; 4-methylbenzyl
diphenylphosphinite (crude yield

5

(CDC1 3 ): 2.29 (3H,

s, CE 3 ), 4.82 (211, d, J PH 10Hz, CE 2 ), 6.92-7.94 (14H, m, ArE),
6

(CDC1 3 ): +113.5.

[This white, low melting solid was

characterised as the phosphinate derivative formed by oxidation
of the phosphinite.with lead tetra-acetate in methylene
175
Thus, the addition of an equimolar quantity of
chloride.
lead tetra-acetate to 4-methylbenzyl diphenylphosphinite in
dry methylene chloride gave 4-methylbenzyl diphenylphosphinate
(34%) as fine white needles,. m.p. 88-89 ° C [from light petroleum
(60-80)], 6 11 (CDC1 3 ):

2.31 (311, s, Cu 3 ), 5.01 (2H, d, J PH 6Hz,

67

CH 2 ), 6.92-7.59 (10H, m, An-I), 7.61-7.97 (411, m, o-PhH),
(CDC1 3 ) : +32.2, m/e (322 (M t

cS

,

34%), 202 (100), 105 (34),

77 (29)1 v max 1219, 1213, 1130, 1113, 1034, 1017, 732 cm'.
(Found: C, 74.6; H, 5.65.

C 20 H 19 0 2 P requires C, 74.5;

H, 5.95%)]; 2-methoxybenzyl diphenyiphosphinite (crude yield
83%), ô 11 (CDC1 3 ):

3.65 (311, s, CH 3 ), 4.94 (211, d, J PH 9Hz,

CU 2 ), 6.48-7.98 (integral >14H because of impurities, m, ArH),
rS (CDC1 3 ): +114.3.

(Found: Mt 322.109803.

requires M, 322.112261).

C 20 H 190 2 P

(Despite several attempts to prepare

the phosphinothionate and phosphinate derivatives this compound
could not be further characterised.

It was estimated to be

70-80% pure by 'H and 31 P n.m.r.); 2-ethoxybenzyl diphenylphosphinite (crude yield 75%), d (CDC 13): 1.31 (3H, t, CH 3
3.94 (211, q, CH 2 CH 3 ), 4.96 (2H, d, J 11 8Hz, POCH 2 ), 6.70-8.06
(integral >14H because of impurities, m, Arif), d (CDC1 3 ):
+113.4.

(Found: M, 336.127215.

336.127910).

C 21 H 21 0 2 P requires M,

[From the n..m.r. and mass spectra the major

contaminant was most likely to be the corresponding phosphinate,
6

(CDC1 3 ) :

1.31 (3H, t, CH 3 ) , 3.96 (211, q, CH 2CH 3 ) , 4.96

(21!, d, 5PH 6Hz, POCH 2 ), 6.70-8.06 (integral >14H because of
impurities, rn, ArH), 63 (CDC1 3 ):
352.120963.

+ 32.1.

(Found: Mt

C 21 H 21 0 3 P requires M, 352.122824)].

phosphinite could not be further characterised.

(The
It was

estimated. to be 50-60% pure by 'H and 31 P n.m.r.); 2 - ff 2 H3] methoxy)benzyl diphenyiphosphinite (crude yield 90%). (Further
purification was not attempted but the compound was estimated
to be 70-80% pure by 'H and 31 P n.m.r..
showed the correct parent ion at m/e 325).

The mass spectrum

M.

Ethyl. diphenylphosphinite was prepared. by Dr. E.M. Abbot.
Dimethyl phenylphosphonite was prepared by the method
described by Grace1 76 Thus, reaction of dichlorophenylphosphine
(35.6 g, 0.2 mol) with methanol (16 g, 0.5 mol) in the presence
of triethy]amine (51 g, 0.5 mol) using dry ether (325 ml) as
solvent gave the phosphonite (30%) as a colourless oil, b.p.
173
Also prepared by this
101-102 C/iS mm).
43 ° c/0.3 mm (lit.,
method was diethyl.phenylphOsphonite (61%), b.p. 98-102 0C/3.5
mm (lit.

E.

77 235 °C).

Reactions Involving. 3-Aryl-2 , 3-dihydro-1 , 3, 2-benzoxazaphosph (v) oles.

1.

Preparation of Reagents
p-Tolyl 2-nitrophenyl ether was prepared by the method of

Wright and Jorgensen. 178 Reaction of 2-chloronitrobenzene.
(23.7 g, 0.15 mol) with E-cresol (19.5 g, 0.18 mol) in dimethyl
sulphoxide. (200 ml) in the presence of potassium hydroxide
(8.4 g, 0.15 md) at 90 0 C under nitrogen 32 gave the required
product (19.2 g, 52%) as pale yellow crystals, m.p. 46-48 0C
(from methanol) (lit. 1 2 48 °C).
3-Methylcarbazole was prepared by the method. of Barclay
and Campbell.
179 2-Tolylhydrazine hydrochloride (2.0 g, 12.7 inmol)
ampbell 179
and cyclohexanone (1.24 g, 12.7 mmol) were heated under reflux
in ethanol (50 ml) for 3.5 h.

Removal of the solvent and

recrystallisation of the residue from methanol gave 6-methyl0

tetrahydrocarbazole, m.p. 135138C (lit., 9

141142 °C).

The

tetrahydrocarbazole (0.93 g, 5 nunol) was then dehydrogenated
with chioranil (1.23 g, S mmol) in refluxing xylene to give,
after work-up, the required 3-methylcarbazole (0.08 g, 4%),
m.p. 191-196 °C (1it1 79 199-203 °C)

2.

Preparation of 3-Aryl-2, 3-dihydro-1 ,3 ,.2-benzoxazaphosph (v) oles

These phosph(v)oles were prepared by the method of Cadogan
32
et al.
General method. A solution of -tolyl 2-nitrophenyl
ether (5 mmol) and a tervalent phosphorus reagent (20 mmol) in
super-dry cumene (30 ml) was heated under ref lux for up to 71 h.
The reaction was monitored by 31 P n.m.r. and was considered to
be complete when no further increase in the height of the
product peak was observed. The cumene was removed by high
vacuum distillation into a liquid nitrogen trap. Bulb to bulb
distillation of the residue gave, after removal of the oxide
of the phosphorus reagent., the required phosph(v)ole as a clear
liquid which in most cases solidified, to a glass on. cooling.
Purification was effected by recrystallisation or by further
distillation.
(a) 2,3-Dihydro-2,2-diphenyl-2-methoxy-3-p-tolyl-1 ,3,2benzoxazaphosph(v)ole.. Reaction of -tolyl 2-nitrophenyl
ether (1.15 g, S mmol) with methyl diphenylphosphinite (4.32 g,
20 iumol) in super-dry cumene (30 ml) for 48 h gave the required
product initially as a colourless glass, b.p. 230-250 °C/0.4 mm.
Recrystallisation from dry, light petroleum (60-80) then gave
the phosph(v)ole (0.56 g, 27%) as white crystals, m.p. 185-188 ° c
32
188-189 C).
(lit.,

'U

2-Ethoxy-2 , 3-dihydro-2 ,2-diphenyl-3-p-tolyl-1 ,3,2benzoxazaphosph(V) ole.

-To1yl 2-nitrophenyl ether (1.15 g,

S mmol) was reacted with ethyl diphenylphosphinite (4.60 g,
20 mmcl) in super-dry cuinene (30 ml) for 48 h.

The product

was obtained as a colourless glass, b.p. 210-230 °C/0.7 mm
which was further purified by recrystallisation from dry, light
petroleum (60-80) to give the phosph(v)ole (0.77 g, 36%) as
whitecrystals, M.P. 132-135 °C (lit)r 80 133-135 0C).
2,3_Dihydro-2,2-dethOXy-2-phenyl-3Pt0lYl1 ,3,2benzoxazaphosph(V).Ole.

The first attempt to prepare this

compound resulted in an inseparable mixture of the product
and 2 , 3-dihydro-2-oxO-3--tOlyl1 ,.3 , 2-benzoxazaphosphole,
&F (CDC1 3 ): +29.4.

This is thought to result from thermolysis

of the product, possibly at the distillation stage. 176
A reasonably pure sample of the product was obtained by
use of a high vacuum pump at the distillation stage to reduce
the effective boiling point.

Thus, reaction of -tolyl

2-nitrophenyl ether (1.15 g, S mmol) with dimethyl phenylphosphonite (3.40 g, 20 nunol) in super-dry cumene (30 ml) for
0
48 h gave the product as a yellow oil, b.p. 155-1.60 C/0.01 mm.
Trituration with and recrystallisation from dry, light petroleum
(60-80) gave the phosph(v)ole (0.89 g, 48%) as white crystals,
32
153-153.5 C).
M.P. 141-145 C (lit.,
2, 2-Diethoxy-2 , 3-dihydro-2-phenyl-3-p-tolyl-1 ,3,2benzoxazaphosph(v)Ole.

Reaction of -tolyl 2-nitrophenyl

ether (1.15 g, 5 mmol) with diethyl phenylphosphonite (3.96 g,
20 mmol) in super-dry cuniene (30 ml) for 60 h gave, after workup, a colourless, viscous oil, b.p. 240-250 °C/0.5 mm which was
triturated with and recrystallised from dry, light petroleum

'I

(60-80) to give the desired phosph(v)ole (1.40 g, 71%) as
white crystals, m..p.107-1110C, 6H (CDC1 3 ); 0.93 (611, t,
2CH 2 CH 3 ), 2.34 (3H, s, Ar CU 3 ), 3.43-4.00 (4H, m, 2CH 2 CH 3
6.05-6.23 (iF!, m, ArH) , 6.41-7.82 (1211, m, ArH) , 6

)

1

(CDC1 3 )

-46.0, m/e 395 (Mt 88%), 367 (32), 199 (100), 183 (24),
1598, 1515, 1495, 1305, 1263, 1132,
max
1109, 1100, 1061, 1042, 1021, 975, 918, 865, 772, 744,
141 (36), 77 (32),

V

(Found: C, 69.8; H, 6.6; N, 3.5. C 23 H 26NO 3 P

696 cm- 1.

requires C, 69.85; H, 6.65; N, 3.55%).
2,3-Dihydro-2,2,2-trethoXy-3ptolyl1,312
benzoxazaphOsph(v)ole.

Reaction of -tolyl 2-nitrophenyl

ether (1.15 g, 5 mmol) with triniethyl phosphite (2.48 g, 20
mmol) in super-dry cumene (30 ml) for 71 h gave the product
as a clear, yellow oil, b.p. 140-150 °C/0.5 mm which crystallised
on cooling.

Rècrystallisation from dry, light petroleum

(60-80) gave the required phosph(v)ole (0.81 g, 50%) as white
2
0
108-111 C).
crystals, m.p. 92-95 ° C (lit.
2,2,2_Triethoxy_2,3_dihYdrO-3-ptolYl1,3,2benZ0X
azaphosph(v)ole.

The first attempt to prepare this compound

produced a sample of the product which was contaminated with
the nitrophenyl ether. A further two equivalents of triethyl
phosphite were therefore used to ensure consumption of the
ether.

Thus, 2-tolyl 2-nitrophenyl ether (1.15 g, 5 mmol) was

reacted with triethyl phosphite (4.98 g, 30 mmol) in super-dry
cumene (30 ml) for 65 h.

An analytically pure sample of the

phosph(v)ole (1.58 g, 87%) was obtained as a pale yellow liquid,
b.p. 180-185 ° C/0.05 mm which, after several days at -20 °C,
solidified to a yellow, waxy material. 6 (CDC1 3 ): 1.00 (911,

I!'

d of t, collapses to t on irradiation at the phosphorus
frequency, 3PH 1.5Hz, 3CH 2 CH 3 ), 2.36 (311, s, ArCH 3 ), 3.68-4.20
(6H, d of q, collapses to q on irradiation at the phosphorus
frequency, 3pH 7Hz 1 3CH 2 CH 3 ), 5.98-6.16 (1H, m, ArH), 6.447,38 (7H, m, ArH) , 6 (CDC1 3 ) : -57.9, m/e 363 (Mt 100%),
335 (59), 261 (38), vax 2975, 2825, 2800, 1602, 1515, 1494,
1463, 1444, 1386, 1372, 1310, 1265, 1163, 1105, 970, 915, 868,
747 cm- 1.

(Found: C, 63.0; H, 7.1; N, 4.15.

C 19 H 26N0 4 P

requires C, 62.8; H, 7.2; N, 3.85%).

3.

Pyrolysis of 3-Aryl-2 ,3-dihydro-1 ,3 ,2-benzoxazaphOSph (v) olés and Related Compounds.

( a )2,3_jh ydro_2,2-diphenyl2-meth0xy-3pt0lYl ,3,2benzoaxazphosph(V)Ole.

0.54 g (1.3 mmol), 145 0C, 650 °C,

1-2x10. 2 mm, 2 h; Mplc of the pyrolysate gave two major
components.

The first component was tentatively identified

as 3-methylphenoxaZine (8.5%) from the singlet at 6(CDC1 3 )
2.53 in the 'H n.xn.r. spectrum and from its exact mass
(Found: f4, 197.084667.

C 13 H 11 N0 requires M, 197.084059).

The second major component was identified as 2-(2-toluidino)phenyl diphenylphosphinate (8.6%), m.p. 112-114 0C, mixed m.p.
111-114 ° C (lit2 5

117-118 °C).

Its 'H and 31 P n.m.r. spectra

were identical to those of an authentic sample.

2-(p-Toluidino)-

phenol was identified as a trace component on the basis of its
mass spectrum. (m/e .199) as was triphenyl phosphine (m/e 262)
which was further identified from its

31p

n.m.r. spectrum and

by 'spiking' the n.m.r. tube with an authentic sample.

/3

'(b) 2-Ethoxy-2, 3-dihydro-2 ,2-diphenyl-3-p-toiyl-1 ,3,20.066 g (0.15 mmol), 160 0C, 600 °C,

benzoxazaphosPh(V)Ole.

7x10 3 mm, 40 mm: The major product was identified as
2-(2-toluidino)phenyi diphenyiphosphinate (60%) by comparison
of the

'H

and 31 Pn.m.r. spectra of the crude pyroiysate with

those of an authentic sample and by tic (alumina, ether).
Diphenyl-j-(2-hydrOXYPheny1) -N-(2-tolyl)phosphinamidate and
ethyl diphenyiphosphinate were identified as trace components
from the shifts in the 31 P n.m.r. spectrum.
In a preparative scale reaction the phosph(v)ole (0.60 g,
1.4 mmol) was pyrolysed under similar conditions over a period
of 1 h. Mplc of the total pyrolysate gave two identifiable
products.

The first product was tentatively identified as

3-methylphenOxazine (1.4%), m.p. 125-135 °C (1it4 81 123-125 °C).
The

'H

n.m.r. spectrum showed a singlet at 6(CDC1 3 ) 2.51 and the

mass spectrum showed the correct parent ion at m/e 197. The
second product was identified as 2-(-toluidino)phenyl diphenylphosphinaté (27%), m.p. and mixed m.p. 113-115 °C (lit.
117-118 °C).

Its

'H

and 31 P n.m.r. spectra were identical to

those of an authentic sample.
(c) 2, 3-Dihydro-2 , 2-dimethoxy-2-phenyl3ptOlYll ,3,2benzoxazaphosph(v)Ole.

0.034 g (0.09 mmol), 120 0C, 650 °C,

10mm, 10 mm: Three major peaks were observed in the 31 p
n.m.r. spectrum at 6(CDC1 3 ) +29.5 (100%), +27.4 (26) and +21.7
(92).

The peak at 6+29.5 was assigned to 2,3-dihydro-2-oxo-

3_2_tolyl-1,3,2-benzOxaZaphosphole (65%) which was further
identified by the signal at 6(CDC1 3 ) 2.24 in the
spectrum.

'H

n.m.r.

The peak at 6+21.7 was assigned to dimethyl

1
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phenyiphosphOnate (25%) which was also further: identified by
the doublet at 63.42 in the 'H n.m.r. spectrum.
In a. larger scale pyrolysis, the phosph(v)ole (0.34 g,
0.9 mmol) was pyrolysed under similar conditions over a period
of 70 mm.

The pyrolysate was dissolved in. methylene chloride
Four

and a sample was withdrawn and analysed by 31 P n.m.r..
peaks were observed at 6(CH 2C1 2 ) +28.9 (93%), +26.7 (48),
+21.0 (100) and +7.6 (39).

The peaks at 6+28.9 and +21.0

were assigned to 2 ,3-dihydro-2-oxo-3--tOlyl-1 , 3 ,2-benzoxazaphosphole and dimethylphenylphOsPhOnate respectively. Mplc
of the pyrolysate gave four identifiable fractions.

The first

fraction showed a parent ion at,m/e 199 in the mass spectrum
and this was thought to be 2_(p-toluidinO)phenOl (10%), a
known hydrolysis product of both the phosph.(v)ole and the 2oxo-compound. 35 The second fraction, a pale yellow solid
(0.025 g) was identified as 3-methylcarbazole. (14%) , m.p.
179
This was further identified
199-202 °C).
190....195 0C (lit-F
by comparison of its 'H n..m.r. and mass spectra with those of
an authentic sample and by tic [silica and alumina, ether/
light petroleum (40-60) (50:50)1.

The third fraction was

obtained as an off-white solid (0.028 g).

The 31 P n.m.r.

spectrum showed two peaks of equal intensity at 6(CDC1 3 ) +29.4
and +18.5.

The peak at 6+29.4 was assigned to 2,3-dihydro-

2_oxo_3_p_tolyl-1,3,2-benZOXaZaPhOsPhOle (ca.S%)..

The peak

at 6+18.5 was shown to be part of the final fraction which
was obtained as a brown gum (0.050 g).

This final fraction

exhibited a single peak in the 31 p n.m.r. spectrum at 6(CDC1 3 )
+18.6 and was identified as methyl 2-(2-toluidino)phenyl

-

phenyiphosphonate

lb

176 (15%),
CH ),
dH (CDC1 3 ): 2.28 (3H, 5,
3
11Hz, POOl 3 ), 6.58-7.62 (1211, m, ArU),

3.84 (3H, d, J PH
7.69-8.02 (211, m, o-PhH) , m/e. 353 (Mt 100%) , 183 (43), 155 (79).
(d) 2, 2-Diethoxy-2 , 3-dihydro-2-phenyl-3-p-tolyl-1 ,3,2benzoxazaphosph(v)ole.

0.055 g (0.14 mmol), 140 °C, 600 °C,

3-5xlO 3 mm,. 10 mm: Two major peaks were observed in the

31 P

n.m.r. spectrum at 6(CDC1 3 ) +29.5 (50%) and +17..4 (100) and
with the aid of the 'H n.in.r.. spectrum they were assigned to
2, 3-dihydro-2-oxo-3--tolyl-1 ,3., 2-benzoxazaphosphole (71%) and
diethyl phenyiphosphonate (21%). respectively.
In a preparative scale experiment, the phosph.(v)ole (0.44
g, 1.1 mmol) was pyrolysed. under similar conditions over a
period of 80 mm.

The pyrolysate was dissolved in methylene

chloride and a sample withdrawn for analysis by 31 P n.m.r.
showed three major peaks at 6(CH 2C1 2 ) +29.0 (48%), +19.5 (58)
and +17.2 (100).

Medium pressure chromatography gave only

one identifiable fraction.

This was obtained as a brown oil

(0.14 g) which by 31 P and 'H n.m.r. was shown. to be a mixture
of ethyl diphenylphosphonate (20%) and 2 - (E- toluidino)phenol
(39%).

The two compounds could be separated. by glc (1% SE30,

220 ° C) and gc/ms gave the correct parent ions at m/e 214 and
199 (24ev) respectively.
In a separate experiment the phosph(v)ole (0.121 g,
0.31 mmol) was pyrolysed under similar. conditions over a period
of 1 h.

Deuteriochloroform was added to the trap while it

was still cold to dissolve the volatile fraction of the pyrolysate.
This fraction was shown to contain ethanol (20%) by comparison
of the 'H n.m.r. spectrum with that of an authentic sample and
by glc (10% PEGA, 55°C).
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2, 3-Dihydro-2 , 2 ,2-trimethoxy-3-p-tOlYll ,3,2-benzoxazaphosph(v)Ole.

0.091 g (0.28 mmcl), 110-120 °C, 800 °C,

1-4xlO 3 mm, 10 mm: Seven peaks appeared in the

31 P n.m.r.

spectrum at 6(CDC1 3 ) +41.7 (16%), +13.3 (72), +10.7 (32),
+8.2 (80), +6.9 (32), +2.3 (100) and -2.9 (17).

The peak

at 6+2.3 together with the. doublet at 6(CDC1 3 ) 3.68 in the
'H n.m.r. spectrum were assigned to trimethyl.phosphate (19%).
This was the only identifiable. product.
,,_Triethoxy_2,3-dihydro3tOlYll,3,2ben2
oxazaphosph(v)ole.

0.054 g (0.15 nunol), 110 °C, 650 ° C, 1-2x10 2

mm, 10 mm: Three peaks were observed in the 31 P n.m.r.
spectrum at 6(CDC1 3 ). +13.1 (100%), -3.8 (66) and -16.9 (55),
none of which could be identified.
In a larger scale pyrolysis, the phosph(v)ole (0.61 g,
1.7 mmol) was pyrolysed.under similar conditions over a
period of 35 mm.

A clear liquid was observed in the cold

(CDC13):
op
The remaining pyrolysatç showed a further four peaks

trap which was most likely to be triethyl phosphate,
-1.0.

in the 31 P n.m.r. spectrum at6(CDC1 3 ) +13.5(19%), +12.3 (66),
+0.5 (18) and -4.9 (100).

As in the smaller scale pyrolysis

experiment none of these could be identified.
Methyl diphenyiphosphinite.

0.120-g (0.56 mmol), 90 °C,

700 ° , 6-8xlO 3 mm, 10 mm: The 31 P n.m..r. spectrum showed at
least seven peaks, none of which was due to recovered starting
material.
Phenetole.

0.33 g (2.7 mmol), 40-45 0C, 750 ° C, 0.4 mm,

1 h: Two cold traps were mounted in series.

At the end of

the reaction the liquid nitrogen was. removed from the first
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trap and placed under the second trap in order to separate
the required volatile product from the pyrolysate.

Bromine,

dissolved in carbon tetrachloride, was added to the second
trap using the 'sandwich' technique.. Thus, by its conversion
to 1,2-dibromoethane, ethylene (7.2%) was identified as the
volatile product by comparison, of the 'H n.m.r. spectrum (Cd

4)

with that of an authentic sample (in Cd 4 ) and by gic (2%
Carbowax 20M, 75 °C).

F.

Reactions Involving 2-Alkoxy-3-alkyl-2, 3-dihydro-2, 2diphenyl-l., 3, 2-benzoxazaphosph (v) oles.

El

1.

Preparation of Reagents
Benzoxazalone was prepared in virtually quantitative

yield by the method outlined by Bywater et al i82 Thus, an
intimate, mixture of urea (12.0 g, 0.2 mol) and.o-aminophenol
(21.8 g, 0.2 mol) was heated at 200-210 ° C (bath temperature)
until evolution of ammonia had ceased (ca. 20 mm).

Distillation

at atmospheric pressure gave the product as an orange liquid,
b.p.. 328-330 °C (litj 8
in the receiver flask.

335-357 ° C) which immediately solidified
Recrystallisation from toluene gave

the required product (23.5 g, 87%) as straw coloured crystals,
182
142-143 C).
M.P. 132-135 C (lit.,
2-Methylaminophenol was prepared by a modification to the
method described by Anderson and Bell ]83 Dimethyl sulphate
(21 ml, ca three times the theoretical amount). was added in
several portions to a stirred solution of benzoxazalone (10.0
g, 74 mmol) in 10% sodium hydroxide solution (100 ml).

The

iLl

mixture was cooled and the resulting N-methylbenzoxazOlofle was
filtered off. A small portion of this compound was recrystalused, from light petroleum (60-80)' to give beautiful, long,
184
The N83-83.5 C).
white needles, m.p.83-85 C (lit..,
methylbenzoxazOlOne was then heated under. ref lux in a 20%
sodium hydroxide solution (40 ml) for 1 h.

The solution was

cooled in ice and excess concentrated hydrochloric acid (ca.30
ml) was added.
the excess acid.

The initial white precipitate dissolved in
The solution was neutralised with solid

sodium carbonate and the resulting precipitate, was filtered
off.

Purification by vacuum sublimation at 150 °C/0.1 rum gave

the required 2-methylaminophenol (3.4 g, 38%) as cream
coloured crystals, m.p. 90-92 ° C (blue-black'at 78-85 °C)
183.
92-95 C (blue-black at 80-85 C)].
[lit.,
(c) 2-Ethylaminophenol was prepared by a slight modification
to the method described in. (b) above.

BenzoxazolOne (4.6 g,

34 mmol), potassium hydroxide pellets (2.1 g, 34 mmol) and
ethyl iodide (7.0 g, 45 mmol) were dissolved in methanol (40 ml)
and the solution was heated under ref lux for 2 h.

Removal of

the solvent in vacuo gave a brown oil which was then heated
under ref lux in a 50% sodium hydroxide solution (40 ml) for
1 h.

water (10 ml) was added and the solution was heated

under ref lux for a further 5 h.

The solution was then cooled

in ice and acidified with concentrated hydrochloric acid (100
ml).

Solid sodium carbonate was added and the resulting grey-

brown precipitate was filtered off.

This solid was purified

by vacuum sublimation at 120 0 C/0.1 mm to give the required
product (1.6 g, 34%) as light brown crystals, m.p. green-black
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at 95-97 ° C, melting up to 105 ° C (lit,83 green at 103 °C,
0
melting up to 113 C).
Ethyl iodide (1.87 g, 12 mmol)

2-Ethoxybenzyl alcohol.

was added to 2-hydroxybenzyl alcohol (1.24 g, 10 nunol) in
DMF (10 ml) containing a suspension of anhydrous potassium
The mixture was stirred overnight

carbonate (2.76 g, 20 mmol).

and the undissolved carbonate was filtered off..

Water (50 ml)

was added to the filtrate which was then extracted. with ether
(2x50 ml).

The organic layer was separated, washed copiously

with water then dried over magnesium sulphate. Evaporation
of the solvent followed by bulb to bulb distillation gave the
desired. product (0.99 g, 65%) as a colourless liquid, b.p.
88-90 °C/0.2 inn (litJ 85 149-150 ° C/28 ruin).
2-1 2 1-J 3 lmethoxybenZYl alcohol was prepared by the same
method described in (d) above.

Thus, from

[ 2H

3 ]methyl iodide

(5.0 g, 35 inmol) and 2-hydroxybenzyl alcohol (5.0 g, 40 mmol)
the required product (1.58 g, 33%) was obtained as a colourless
oil, b.p. 55-60 °C/0.1 mm.

The mass spectrum showed the correct

parent ion at m/e 141.
N-Chlorodi-iSoprOpylamine was supplied by Mr. R.S.
Strathdee.
2-Methoxybenzyl chloride was prepared by the method of
Grice and Owen. 186 Thus, 2-methoxybenzyl alcohol (2.76 g, 20
mmol) was reacted with thionyl chloride (4.76 g, 40 mmol) in
dry, ref luxing benzene (35 ml) containing a few drops of
pyridine for 1.h.

Distillation using Kugelrohr apparatus

gave the product (1.80 g, 58%) as a colourless liquid, b.p.
0
i00-110C/3 mm (lit1 86 52-54°C/0.1

at)

2-Phenoxymethyl anisole was prepared by the method of
Stirling et al.

187

Reaction of 2-methoxybenzyl chloride (1.80

g, 11.5 mmol) with phenol (1.10 g, 11.5 mmol) in a suspension
of potassium carbonate (5.30 g, 38 mmol) in ref luxing acetone
(20 ml) for 8 h gave the required product (1.10 g, 45%) which
distilled on Kugelrohr apparatus as a colourless., oil, b.p. 5560 ° C/0.05 mm (lit. ?

116-120 ° C/0.1 mm).

t_Butylmethylene-p-tOluenesUlPhOnohYdrazide and its
sodium salt were prepared by the general method described by
188 Thus, reaction of trimethylacetaldehyde
Crow and McNab.
(2.72 g, 20 mmol) with E_toluenesulphonohYdraZide (3.90 g,
21 mmol) in ref liming ethanol (30 ml) for 30 min yielded the
hydrazide (4.24 g, 83%) as white crystals, m.p. 109...110 °C
(lit), 89 114.5 °C).

The sodium salt (0.61 g, 72%) was obtained

by the addition of the hydrazide (0.78 g, 3.1 mmcl) in
methanol (5 ml) to a. solution of sodium methoxide [from sodium
(0.07 g, 3.1 mmcl) in methanol (2.5 ml)].
Diphenyl-N- (2-hydroxyphenyl) -N-methylphosphinamidate was
prepared by the acid hydrolysis of 2,3-dihydro-2-methoxy-3methyl-2,2-diphenyl-1 , 3 ,2-benzoxazaphOsph(V) ole.

A solution

of 2-toluenesulphonic acid in water (40 pt of a 0.225M solution)
was added to a stirred solution of the phosph(v)ole (0.33 g,
1.0 mmol) in puper-dry ether.

After 15 mm, a sample of the

reaction mixture was withdrawn for analysis by 31 P n.m.r..
There were two peaks in the spectrum at 6(Et 2 0) +29.9 (12%)
and -39.8 (100) .
from the solution.

After. 45 mm, a white solid had precipitated
Stirring was continued overnight and the

solid product (0.27 g, 84%) was filtered off.

A small portion

was recrystallised from benzene/light petroleum (60-80) (50:50)

to give rather poor, white crystals, m.p.171-1750C, 5H (QDC13):
2.96 (3H, d, collapses to s on irradiation at the phosphorus
frequency, J PH 10Hz, •CH 3 ), 6.53-7.52 (10H, m, Arfi), 7.75-8.05
(4H, m, o-PhH) , 9.49 (1H, 5, OH), d (CDC1 3 ) : +33.0, m/e 323
(100%) , 219 (26) , 201 (79) , 105 (16) , 78 (37) , 77 (37)

'V

max
1593, 1509, 1300, 1271, 1220, 1187, 1150, 1121, 1094, 1055,
1031., 919, 824, 771, 759, 712, 701, 691 cm- 1.
C,. 70.5; II, 5.7; N, 4.15
H, 5.6;

2.

(Found:

C 19 H 18NO 2 P requires C, 70.6;

N, 4.35%).

Preparation of 2-Alkoxy-3-alkyl-2 , 3-dihydro-2, 2-diphenyl1,3, 2-benzoxazaphosph.(v) oles.

These phosph(v)oles were prepared by the. general method of
40,41
The preparation; of 2,3-dihydro-3-methylTrippett et al.
2- (4-methylbenzyloxy) -2, 2-diphenyl-1 , 3, 2-benzoxazaphosph (v) ole
serves as an example.. A solution of, N-chlorodi-isopropylamine
(0.92 g, 6.8 mmol) in super-dry ether (20 ml) was added dropwise
over a period of ca.10 min to .a stirred solution of 4-methylbenzyl diphenylphosphinite (1.53.g, 5 mmol) and 2-methylaminophenol (0.62 g, 5 mmol) in super-dry ether (20 ml) at -40 0C.
The solution was stirred for a further 2 h at room temperature
and the precipitated di.-isopropylammonium chloride was removed
by filtration through celite.

The filtrate was preadsorbed

onto active alumina and chromatographed on an active, alumina
column (320x15 mm)' using dry ether as eluant.

The effluent

(ca. 70 ml.) was concentrated to ca...15 ml and. the solution was
set aside at -20 0C to allow the product to crystallise. The
ether was decanted, the product was. washed with. a small amount

oz

of dry, light petroleum (40-60) then dried in vacua to give
an analytically pure sample. of the phosph(v)ole (0.59 g, 28%),
m.p.112-1140C, 6H (CDC1 3 ) : 2.28 (3H, s, QOT 3 C 6 H 4 ) , 3.39
(3H, d, J PH 10Hz, PNCH 3 ), 4.04 (2H, d, 3PH 6Hz, 2-Me C 6 H 4 CH 2 ),
6.46-6.81 (4H, m, ArH) , 7.02 (4H, s, 2 MeC 6 H 4 ) , 7.19-7.48 (6H,
M,

ArH) , 7.58-7.98 (4H, rn., o-PhH) , 6

(CDC1 3 ) : -38.5, m/e

427 (Mt 27%), 413 (22), 412 (73), 323 (43), 322 (76), 306 (32),
201 (100), 105 (89), v max 1496, 1258, 1125, 1111, 1075, 1043,
1032, 1021, 861, 803, 740, 695 cm- 1.
6.15; N, 3.1.

(Found: C, 76.1; H,

C 27 H 26NO 2 P requires C, 75.85; H, 6.15; N,

3.3%)
This method was also used to prepare the. following
compounds; 2 ,3-dihydro2methox3methyl2 ,2-diphenyl-1 ,3,2benzoxazaphosph(v)Ole (21%), m.p. 102-104 ° C [from ether/light
petroleum (40-60) (50:50)], 6H (CUd 3 ): 2.92 (311, d, J pH 11Hz,
POCH 3 ) , 3.37 (3H, d, J PH 10Hz, PNCH 3 ) , 6.46-6.84 (4H, m, ArU)
7.20-7.50 (6H, m, ArH) , 7.52-7.92 (4H, m, o-PhH) , 6

(CUd 3 )

-36.0, tale 337 (Mt 100%), 306 (37), 201 (37), Vm

1497,

1279, 1258, 1113, 1044, 906, 753, 734, 693 am- 1.
C, 71.4; H, 6.05; N, 4.1.

(Found:

C 20 H 20NO 2 P requires C, 71.2;

H, 6.0; N, 4.15%); 2_ethoxy-2,3-dihydro3methy12,2diPhenY]
0

1,3,2benzoxazaphosph(v)Ole (33-a), m.p.112-116 C [from ether/
-

0

light petroleum (40-60) (50:50)], 511 (CUd 3 ) : 0.99 (3H, t,
CH 2 CH 3 ), 3.05 (211, apparent quintet, CH 2 CH 3 ), 3.39 (3H, d,
i PH 9Hz, PNCH 3 ), 6.40-6.84 (4H, m, ArH), 7.18-7.48 (6H, m,
ArH), 7.52-7.92 (4H, in, o-PhH), 6

(CUd 3 ): -38.1, m/e 351 (Mt ,

100%) , 323 (17) , 306 (42) , 201 (71) , Umax 1495, 1278, 1257,
1111, 1051, 1020, 928, 870, 857, 748, 690 cm- 1.
C, 71.6; H, 6.4; N, 4.05.

(Found:

C 21 H 22NO 2 P requires C, 71.8;

H, 6.3; N, 4.0%); 2-ethoxy-3-ethyl-2,3-dihydrO-2,2-dipheflyl0

1,3,2-benzoxazaphosph(V)Cle (32%), m.p. 145-147 C (from ether),
0H (CDC1 3 ): 0.96 (3H, t, POCH 2 CH 3 ), 1.42 (3H, t, PNCH 2 CH 3 ),
2.98 (2H, apparent quintet, POCH 2 CH 3 ), 3.99 (2H, apparent
sextet, PNCH 2 CH 3 ) , 6.34-6.75 (4H, m, ArH) , 7.00-7.48 (6H, m,
ArE), 7.54-7.92 (4H, m, o-PhH), 6 (CDC1 3 ): -38.9, m/e 365
(Mt 76%) , 350 (64) , 320 (40) , 2.01 (100) , Vmax 1493, 1265,
1159, 1121, 1105, 1054, 1024, 935, 898, 862, 780, 758, 734,
692 cm- 1.

(Found: C, 72.35; H, 6.7; N., 3.8.

C 22 H 24NO 2 P

requires C, 72.3; H, 6.6; N, 3.85%); 2,3-dihydro-3-methyl
2-neopentoxy-2,2-diPhenYl1 ,3 , 2-benzoxazaphosph(v)ole (31%),
m.p. 114-118 ° C [from ether/light petroleum (40-60) (50:50)],
6H (CDC1 3 ): 0.76 (9H, s, CH 2 C(CH 3 ) 3 ), 2.63 (2H, d•JpH 4Hz,
Cr1 2 ), 3.50 (311, d, J PH 8Hz, PNCH 3 ), 6.37-6.78 (411, m, ArE),
(CDC1 3 ):
7.18-7.50 (611, m,. ArE), 7.56-7.89 (41-1, m, o-PhH), S
-39.1, m/e 393 (Mt 79%), 323 (100), 306 (63), 219 (47), 201
(63), -v max1497, 1278, 1257, 1119, 1112, 1057, 1020, 874,
859, 771, 731, 697 cm'.

(Found: C, 73.5; H, 7.4; N, 3.5.

C 24 H 28NO2 P requires C, 73.25; H, 7.15; .N, 3.55%); 3-ethyl2 , 3-dihydro-2-neOPefltoXY2 , 2-diphenyl-1 , 3, 2-benzoxazaphosph (v) ole (38%), m.p. 123-127 ° C (from ether), 6 H (CDC1 3 ): 0.74 (9H,
s, CH 2C(CH 3 ).), 1.49 (3H, t, PNCH 2 CH 3 ), 2.59 (2H, d, J PH 3Hz,
(CH 3Y 4.14 (2H, apparent sextet, PNCH 2 CH 3 ), 6.34-6.77
2H2C
(4H, m, ArH), 7.20-7.49 (611, m, ArH), 7.58-7.92 (411., m, o-PhH),
S

(CDC1 3 ) : -38.9, m/e 407 (Mt 94%) , 337 (75) , 322 (94)

320 (100), Vmax 1493, 1283, 1261, 1159, 1119, 1051, 1022, 940,
896, 861, 770, 753, 735, 694 cm- 1.
7.6; N, 3.35.

(Found: C, 73.9; H,

C 25 H 30N0 2 2 requires C, 73.7; 11, 7.4; N,

3.45%); 2_benzyloxy-2,3-dihydro-3-methyl-2,2dipheflYl1,3,2

7
benzoxazaphosph(V)Ole (32%), m.p. 86-89 ° C [from ether/light
petroleum (40-60) (50:50)], 5H (C 3 ): 3.43 (3H, d, JPH
10Hz, CH 3 ), 4.10 (2ff, d, J pff 6Hz, CH 2 ), 6.46-6.84 (4H, In,
ArH), 7.02-7.52 (11H, m, ArH), 7.60-7.98 (4H, m, o-PhH),
(CDC1 3 ) : -38.5, m/e 413 (Mt 43%) , 398 (39) , 322 (52)

5

306 (57), 201 (100), vmax 1495, 1276, 1256, 1189, 1113, 1077,
1044, 1020, 858, 734, 694 cm- 1.
N, 3.35.

(Found: C, 75.7; H, 5.9;

C 26 H 24NO 2 P requires C, 75.55; H, 5.85; N, 3.4%);

2, 3-dihydro-2- (2-methoxybenzyloxv) -3-methyi-2 , 2-diphenyl1,3,2-benzoxazaphosph(V)Ole (7%), m.p. 124-126 °C (from ether),
(CDC1 3 ): 3.39 (3ff, d, J PH 10Hz, PNCH 3 ), 3.63 (3H, s,
5H
ArOCH 3 ) , 4.15 (2ff, d, J PH 5Hz, CH 2 ) , 6.48-7.52 (14ff, m, ArH)

7.59-7.98 (4H, m, o-PhH) , 5

(CDC1 3 ) : -38.1, m/e 443 (Mt 21%)

428 (68), 322 (97), 306 (35), 201 (70), 121 (100), 91 (84),
1489, 1281, 1262, 1237, 1053, 1024, 858, 789, 693 cm- 1.
max
C 27 H 26NO 3 P requires
(Found: C, 73.3; H, 6.0; N, 3.1.

V

C, 73.15; H, 5.9; N, 3.15%); 2-(2-ethoxybenzyloxy)-2,3dihydro-3-methy1-2,2-diphenyl-1 , 3, 2-benzoxazaphosph (v) ole
(6%) , m:.p. 143-145 ° C (from ether)

(CDC1 3 ) : 1.24 (3ff, t,

ArOCH 2 CH 3 ), 3.39 (3H, d, JPH 10Hz, PNCH 3 ), 3.87 (2H, d,
ArOCH 2 CH), 4.12 (2H, d, J p 6Hz, POCH 2 ), 6.48-7.52 (14ff, In,
Am), 7.60-7.98 (4ff, m, o-PhH), 'Sp ( CDC1 3 ): -38.1, m/e
457 (M, 10%) , 442 (39) , 322 (70) , 306 (27) ,. 201 (37) , 91 (43)
77 (40)

'umax 1493, 1306, 1283, 1254, 1237, 1116, 1111, 1079,

1038, 1028, 934, 855, •798, 733, 693 cm 1 ..
H, 6.15; N, 2.85.

(Found: C, 73.75;

C 28H 28NO 3 P requires C, 73.5; H, 6.15;

N,, 3.05%); 2,3_dihydro-2-(2-[ 2 H3]methoxybenzYlOXY) 3 methYl
2,2_diphenyl_1,3,2-benzoxazaPhOSPh(V)01e (10%), m.p. 126-128°C

FM

(from ether) , m/e 446 (Mt 30%) , 431 (59) , 322 (89) , 306 (33)
201 (70) , 124 (100) , 92 (55) (isotopic purity 95%)

3

pyrolysis of 2.-Alkoxy-3-alkyl-2 ,3-dihydro-2 ,2-diphenyl1,3 ,2-benzoxazaphOSPh.(V) des and Related Compounds.

(a) 2-Ethoxy2 , 3-dihydrO3methYl2 ,2-diphenyl-1 ,3 ,2-benzoxazaphosph(v)ole.

0.053 g (0.15 mmol) , 120 °C, 650 °C, 5x10 3 mm,

40 mm: The 31 P n.m.r. spectrum indicated two major product
peaks of similar height at 6(CDC1 3 ) +32.4 and +32.7.

These

compounds were separated by preparative tic (silica, 0.05%
ethanol in ether) and were at this stage tentatively identified
as 2-methylaminophenyl diphenyiphosphinate (49%), m/e 323 (100%),
219 (17), 201 (57), and diphenyL-N-(2-hydroXyphenYl)methyl"
phosphinamidate (22%), ts (CDC1 3 ): 2.98 (3H, d, J PH 10Hz, CH 3 ),
6.66-7.70 (11H, m, AnN and possibly OH), 7.75-8.23 (4H, m,
o-PhH) , 6

(CDC1 3 ): +33.5, m/e 323 (100%), 219 (16), 217 (11),

201 (63)
In a separate experiment, ethylene (30%) was identified
by its conversion to dibromoethane which was compared with an
authentic sample by 1 H n.m:r. and glc (1% SE30, 65 °C).
In a larger scale experiment, the phosph(v)ole (0.80 g,
2.3 mmol) was pyrolysed under similar conditions over a period
of 2.5 h.

Mplc of the pyrolysate gave, as the major fraction,

a brown oil (0.17 g) which crystallised when left overnight at
-20 0C.

Recrystallisation twice from dry, light petroleum (60-80)

gave 2-methylaminophenyl diphenylphosphmnate (0.02 g, 2.8%) as

S
white needles, m.p. 80-82°C, 6H (CDC1 3 ): 2.82 (3H, s, CH 3 ),
6.30-7.68 (11H, m, ArH and possibly NH), 7.72-8.03 (4H, m, 2
PhH) , 6 (CDC1 3 ) : +32.2, m/e 323 (Mt 100%), 219 (26), 201 (70)
(Found: C, 70.4; H, 5.55; N, 4.2. C 19 H 18NO 2 P
122 (11).
requires C, 70.6; H, 5.6; N, 4.35%).
(b) 2, 3_Dihydro_2_methOXY3methYl2 ,2-diphenyl-1 ,3,2-benzoxazaphosph(V)ole.

0.066 g (0.20 mmol), 130 0C, 650 °C,

mm,

40 mm: The 31 P n.m.r. spectrum showed .a major. peak at 6(CDC1 3 )
+32.6 (100%) with minor peaks at 6+32.4 (31), +31.3 (28) and
+26.7 (17).

The major product was identified as diphenyl-N-

(2-hydroxyphenyl) __methy1phosPhinámidate (35%) by comparison
of the 1 H and 31 P n.m.r. spectra with those obtained in (a)
above.

2-MethylaminOphenYl diphenyiphosphinate (ca.3%) was

identified by comparison of the 'H and 31 p n.m.r. spectra with
those of an authentic sample and by tic (alumina, methylene
chloride;, silica, ether).
lc

2, 3_Dihydro_3_methyl2neOPentOXy2 , 2-diphenyl-1 ,3,2-

benzoxazaphosph(v)Ole.

0.051 g (0.13 mmol), 140 °C, 650 °C,

30 mm: Two major product peaks were observed in the
31

P n.m.r. spectrum at 6(CDC1 3 ) +33.0 (69%) and +31.7 (100)

with minor peaks occurring at 6+32.3 (30) +27.1 (14), +14.4 (16)
and -26.6 (10)..

The only phosphorus-containing product which

could be identified was 2-methylaminophenyl diphenyiphosphinate
(12%) which was identified by the methods described in (b) above.
Neopentyl alcohol (33%) was identified by comparison of the 'H
n.m.r. spectrum with that of an authentic sample and by glc
(2% Carbowax 20M, 60 0 ).

The

'

3

C n.m.r. spectrum.of the volatile

fraction of the pyrolysate confirmed the presence of neopentyl

alcohol with peaks at 6(CDC1 3 ) 25.9, 32.5 and 73.3.

There

was no evidence to suggest the presence of 1,1-dimethylcyclopropane.. (cf the pyrolysis of the sodium. salt of t-butylmethy1ene_2_toluefle5ulPhon0hYdra).
(d) 2, 3_Dihydro_2_(2_methOXYbenZYlOxY)3-metF1Y2 ,2-diphenyl1,3,2_benzoxazaPhosPh(V)ole.

0.043 g (0.10 mmol), 200 0C,

650 °C, 10 3 mm, 1 h: The 31 P n.m.r.. spectrum showed six peaks
in the P0 region at.6(CDC1 3 ) +33.9 (22%.), +32.4 (100), +27.0
(40), +17.8 (44), +16.1 (44) and +6.6 (24).

The major peak

at 6+32.4 was assigned to 2-InethylaIninophenYl diphenyiphosphinate
(26%) which was further identified by the methods previously
described in (b).

Singlets at 62.67 and 10.31 in the 1 fl n.m.r.

spectrum were assigned to o-tolualdehyde (36%).. This was
further identified by glc. (2% Carbowax 20M,. 130 ° C) by comparison with a mixture of ortho., meta and para isomers of tolualdehyde.. Although only the para isomer could be resolved
from the mixture, the meta isomer was discounted on the basis
of its 1 H n.m.r.. spectrum.
(e) 2-(2-EthoxybenZyloxy) _2,3-dihydro3methyl2 ,2-diphenyl1,3,2_benzoxazaphOsph(v)ole.

0.043.g (0.09 mmol), 180 0C,

650 ° C, 10 3 mm, 1 h: Five major peaks were observed in the

31 P

n.m.r. spectrum at 6(CDC1 3 ) +32.3 (100%), +26.7 (81), +17.5
(90), +15.6 (86) and +6.4 (42).

The two major pyrolysis

products were shown to be 2-methylaminophenyl diphenylphosphinate (24%) and o-tolualdehyde (36%) by the methods described
in (d) above.

Gc/ms showed the correct parent ion for o-

tolualdehyde at m/e 120 (24ev).
(f)

,3,2-

benzoxazaphospb.(v)Ole.

0.052 g (0.13 mmcl), 180 °C, 650 °C

10 - 3 mm, 45 mm: Ten peaks were observed in the 31 P n.m.r.
spectrum.

Five major peaks appeared at 6(cnc1 3 ) +32.3 (100%),

+26.1 (68), +17.0 (95), +15.3 (72), and +6.6 (64).

The peak

at 6+32.3 was assigned to 2-methylaminophenyl diphenyiphosphinate
(19%) which was further identified by the methods described in
(b).

Non-phosphorus-containing products were identified as

dibenzyl (38%) and benzyl alcohol (14%) by comparison of the
'H n.m.r. spectrum with spectra of authentic samples and by
glc (2% Carbowax 20M, 160 °C).
2, 3_Dihydro -3-methyl-2-(4-methylbenzyloxy) -2 ,2-diphenyl1,3,2-benzoxazaphosph(V)ole.

0.083 g (0.19 mmol), 120-200 0C,

650 °C, 10 3 mm, 2 h: The 31 P n.m.r. spectrum showed three
peaks at 6(CDC1 3 ) +32.4 (100%), +17.2 (63) and +15.5 (65).
The peak at 6+32.4 was assigned to 2-methylaminophenyl diphenylphosphinate (3.5%) which was further identified by the methods
described in (b).

1,2-Di-2-tClyletharie (30%) was identified

by comparison of the 'H n.m.r. spectrum with that of an
authentic sample and by gic (1% SE30, 155 0C).

Gc/ms showed

the correct parent ion at m/e 210 with a major fragment at m/e
105 (24eV)
Mixed pyrolysis of 2-b enzyloxy-2,3-dihydro-3methyl2,2
diphenyl-1 ,3 , 2-benzoxazaphosph(V)Ole and 2 ,3-dihydro-3.-methyl2_(4_methy1benzylOxy)_2.,2_diPhenYl_1,3,2_benZ0XazaPh05Ph(ñ0e.
The two samples were contained in separate glass sample tubes
held. within the inlet system in order to prevent any solid-state
co-decomposition.

2-Benzyloxy-derivative, 0.073 g (0.18 mmcl);

2-(4-methylbenzylOxy)derivatiVe, 0.076 g (0..18.mmol), 140 0C,
650 ° C, 10 3 mm, 3.5 h: 2-Methylaminophenyl diphenylphosphmnate

(6.2%) was identified by the methods described in (b).
Dibenzyl (15%), 1.,2-di-2-tolylethane (2..7%) and 1-phenyl-2-tolylethane (7.1%) were identified from the methylene and
methyl proton singlets in the 'H n.m.r. spectrum and by ge/ms
which showed the correct parent ions at m/e 182, 210 and 196
(24eV) respectively.

The gic trace of the pyrolysate compared

favourably with that obtained, from the mixed pyrolysis of
dibenzyl sulphone and bis(4-methylbenzyl) sulphone (see under
Pyrolysis of Dibenzyl Suiphones).
(i) 2-Ethoxy-3-ethyl-2 , 3-dihydro-2 ,2-diphenyl-1 13 ,2-benzoxazaphosph(v)ole.

0.055 g (0.15mmol), 10 °C, 650 ° C, 10 mm, 1 h:

The 31 P n.m.r. spectrum suggested that a very clean reaction
had taken place and it showed a major product peak at 6(CDC1 3 )
+32.2 (100%) with two minor peaks at 5+34.6 (18) and +32.6 (25).
The peak at 5+32.2 was tentatively assigned to 2-ethylaminophenyl diphenyiphOsphinate (52%).
In a preparative scale experiment, the phosph(v)ole (0.42
g, 1.2 mmol) was pyrolysed under similar. conditions for a period
of 2 h. Mplc of the pyrolysate gave a yellow oil which
crystallised on cooling.

Reerystallisation twice from light

petroleum (60-80) gave off-white crystals which were identified
as 2-ethylaminophenyl diphenylphosphinate (0.07 g, 17%), m.p.
85-87°C, 5H (CDC1 3 ): 1.23 (3H, t, CH 3 ), 3.13 (2H, poorly
resolved q which sharpened on decoupling NH, CH 2 ), 4.40 (1H,
broad s, NH), 6.33-7.65 (10H, m, ArH), 7.74-8.05 (4H, m, o-PhH),
*
+
)
:
+32.1,m/e
337
(M
,
100%),
322
(81);
in
307.7
(CDC13
S
(337--322) , 201 (62) ,Vmax3355 (NH) , 1605, 1328, 1300, 1260,
1210, 1170, 1156, 1130, 1110, 1085, 1042, 929, 893, 780, 742,
695 cm- 1.

(Found: C, 71.0; H, 5.9; N, 4.1. C 20 H 20NO 2 P

requires C, 71.2; H, 6.0; N, 4.15%).

JU

3-Ethyl-2, 3-dihydro-2-neopentoxy-2 ,2-diphenyl-1 ,3 ,2benzoxazaPhOsph(V)Ole..
10- 3 mm, 45 mm:.

0.062 g (0.15 mmol) , 140 °C, 650 °C,

Six peaks were observed in the

31 P n.m.r.

spectrum at 6(CDC1 3 ) +112.1 (47%) +35.0 (46), +32.9 (57), +32.1
(100), +30.8 (43) and +26.4 (43).

The peak at 6+32.1 was

thought to be ethyl diphenyiphosphinate but the 1 H n.m.r.
spectrum was not sufficiently clear to confirm-this.

From

the ' 3 C n.m.r. spectrum of the more volatile fraction of the
pyrolysate, neopentyl alcohol was identified by the peaks at
6(CDC1 3 ) 25.8, 32.4 and 73.1 by comparison with the spectrum
of an authentic sample.

The presence of the alcohol was

confirmed by glc (2% Carbowax 20M, 60 °C).

The n.m.r. tube

was 'spiked' with a sample of 1,1-dimethylcyclopropane and
the ' 3 C n.m.r. spectrum showed the appearance of three new
peaks at 611.2, 13.5 and 25.3.

This confirmed the absence

of the cyclopropane in the pyrolysate (cf the pyrolysis of the
sodium salt of t-butylmethylene--tOluenesulphoflohYdraZide).
2,3_Dihydro-2-(2-[2H3]methoXybeflZylOXY)-3-methyl2,2
diphenyl-1,3,2-benZOxaZaPhosPh(V)ole.
200 °C, 650 °C,

0.163 g (0.37 mmol),

1.5xlO 1 mm, 2.5h: The pyrolysate was

examined by 2 H n.m.r..

Deuteriated o-tolualdehyde was

(
identified from the singlets at 6(CHC1 3 ) 2.66 (CH 2 2 H,J) and
10.29 (C12 H110).

The ratio of the peak areas on an expanded

spectrum was approximately 1:1.
(1) Sodium salt of t-butylmethylene-p-tOlUenesulphOnOhYdraZide.
0.34 g (1.2 mmol), 120 °C, 500 °C, 10 3 -10 2 mm, 20 mm: The
pyrolysate, a colourless liquid, was dissolved, in deuteriochloroform while the trap was still cold.

The 'H n.m.r.

fl

spectrum (using benzene as internal standard, 6=7.30) showed
two singlets at 60.24 and. 1.05 which., by comparison with
literature values, 190,191 were assigned to 1,1-dimethylcyclopropane (40%).

This was .further .identified. by its " C n.m.r.

spectrum., 6. (CDC1 3 ): 11..2 (C-(CH 3 ) 2 ), 13.6 (2CH 2 ), 25.3
(2CH 3 ) (lit., 192 6c ([ 2 H 6 ]benzene):
(m) 2-Phenoxymethylanisole.

11.5., 14.1, 25.7).

0.097 g (0.45. mmol), 90 0C,

800 ° C, 10- 3 , 40 mm: o-Tolualdehyde (45%) was identified by
comparison of the 'H n.m.r. spectrum with that of an authentic
sample, by gic (2% Carbowax 20M, 130 ° C) and by conversion to
its 2,4-dinitrophenylhydrazone derivative, np.. and mixed m.p.
191-1.92 0C (lit. 193 193-194 0C).

Gc/ms showed. the correct

parent .ion.afm/e 120 (24ev).
(n). Diphenyl-N- (2-hydroxyphenyl) -N-methylphosphinamidate.
0.046 g (0.14 mmol) , 185190 0C, 700 °C, 10 3mm,.. 10. thin: The
sole product was. shown to be 2-methylaminophenyl diphenylphosphinate (84%) by comparison of the 'H n.m.r. spectrum
with that of an authentic sample and.. by tic (alumina, ether).

G.

Reactions. Involving Dibenzyl Suiphones

1.

Preparation of Dibenzyl Sulphides and Sulphones

Symmetrical. dibenzyl sulphides and suiphones were prepared
194 This
by the general method outlined by Overberger et al.
is exemplified by the preparation.. of bis(2-methoxybenzyl)
sulphide..and bis(2-methoxybenzyl) sulphone.

A solution of

sodium. sulphide nonahydrate (1.27 g, 5.3 minol) in water (5 ml)
was added to a ref luxing solution of 2-methoxybenzyl chloride
(1.64 g, 10.5 mmol) in ethanol. (25 ml).

The solution was

W

E

heated under ref lux. for a. further 15 h. then poured onto
crushed ice.

The mixture. was extracted. with ether (50 ml)

the organic layer was. separated and. dried over magnesium
sulphate.

After removal of the solvent, distillation of the

residue-using Kugelrohr apparatus gave the sulphide (0.84 g,
58%) as a colourless oil, b..p. 140-147 °C/0.1 mm, '5H (CDC13):
3.71 (4H, s, 2CH 2 ), 3.80 (6H, s, 2CH 3 ), 6.74-7.36 (8H, m,
ArH). , m/e 274 (Mt , 39%), 153 (29) , 121 (100) , 91 (57)

, V max

3005, 2940, 2840, 1602, 1588, 1495, 1465, 1439, 1290, 1247,
1180, 1103, 1050, 1030, 753 cm- 1.

(Found: C, 70.0; H, 6.8.

C 16 H 180 2 S requires C, 70.05; H, 6.6%);

The sulphide (0.82

g, 3 mmol) was dissolved in hot acetic acid (5 ml) and to this
was added hydrogen. peroxide (30%, 1.02 g, 9 mmol).

The solution

was heated under ref lux for 15 min during which time it became
slightly orange in colour. The hot solution was poured onto
crushed ice and the resulting orange solid was filtered off
and recrystallised from ethanol/light petroleum (60-80) (60:40)
to give orange crystals (0.41 g).

The orange impurity was

removed by chromatography on an. alumina column (150x15 mm).
EDition with ether (135 ml), then with 10% ethanol in ether
(45 ml) gave the product as a white solid which was recrystallised
from ethanol to give the required suiphone (0.23.g, 25%), as
transparent crystals, m.p. 1201210C '5H (CDC1 3 ): 3.81 (6H, s,
2CH 3 ) , 4.32 (4H, s, 2CH 2 ) , 6.81-7.48 (8H, m, ArH) , m/e 306
2725, 1602, 1590,
max
(Found:
1306, 1295, 1253, 1156, 1124, 1050, 1025, 753 cm- 1.
(Mt , 5%), 242 (31) , 121 (100) , 91 (53)

C, 62.7; H, 6.05.

C 16 H 180 4 S requires C, 62.75; H, 5.9%).

The following compounds were prepared by the above method;

3j

dibenzyl sulphide (94%), m.p. 47-48 ° C (from acetic acid)
(lit .'114 49-50 0 C); dibenzyl suiphone (83%), m.p. 150-151 0C
(from ethanol) (lit.) 94 151-151.5 ° C); bis(4-methylbenzyl)
sulphide (96%), m.p. 75-76 ° C (from acetic acid) (lit. 195 76 0C);
bis(4-methylbenzYl) sulphone (64%), m.p. 202-206 ° C (from
ethanol) (lit. )96 201-202°C)

2.

Pyrolysis. of Dibenzyi Sulphones
Dibenzyl sulphone.

0.123 g (0.50 mmcl), 160 °C, 650 °C,

10 3 mm, 15 mm:. The product was identified as dibenzyl (98%)
by comparison of the 'H n.m. r. spectrum with that of an
authentic sample and by-melting point, m.p. 50-51 °C (from
ethanol) (lit.) 96 52.5 °C).
Bis(4-methylbenzYl) sulphone.

0.129 g (0.47 mmol),

200 0 C, 650 0C, 10 3 mm, 30 mm: The product was identified as
1,2_diE_tolylethane (90%) from its melting point [m.p. 8182 ° C (from ethanol) (lit.)96 81...82 °C)].

It also showed the

expected 'H n.m.r. spectrum, oH (CDC 1 3 ): 2.30 (6H, s, 2CH 3 ),
2.86 (4H, s, 2CH 2 ), 7.10 (811, s, 2C 6 H 4 ).
Mixed pyrolysis of dibenzyl sulphone and .bis (4-methylbenzyl) sulphone.

The two samples were contained, in separated

glass sample tubes held within the inlet system in order to
prevent any solid-state co-decomposition.

Dibenzyl sulphorxe,

0.062 g (0.25 mmol); bis(4-methylbenZyl) sulphone, 0.067 g
(0.25 mmcl), 150 °C, 650 °C, 10 3 mm, 50 mm: Dibenzyl (72%)
and 1,2-di-2-tolylethane (48%) were identified from the 'H
n.m.r. spectrum of the pyrolysate and by glc (1% 5E30, 155 0C).
The singlet at 62.84 in the 'H n.m.r. spectrum was assigned to

the methylene protons of 1-phenyl-2-2-tolylethane (47%).
Gc/ms showed the correct parent ion for each product at m/e
(Yields are based on

182, 210 and 196 (24ev) respectively
0.25 mmol).
(d) Bis(2-methoxybenZyl) sulphone

0.041 g (0.13 mmol),

100-160 0C, 650 0C, 5xlO 3 mm, 1.5 h: The product was identified
as a_tolualdehyde (52%) by comparison of the 1 11 n.m.r. spectrum
with that of an authentic sample and by glc (2% Carbowax 20M,
130 0C).

Although only the para isomer could. be resolved

from a mixture of ortho, meta and para isomers on the glc
column, the meta isomer could be discounted on the basis of
its 1 ff n.m.r. spectrum.

H.

Reactions Involving Dibenzyl Oxalates

1.

Preparation of Reagents

(a) 2-Thiobenzyl alcohol was prepared by the following route.
A. solution of thiosalicyclic acid (30.8 g, 0.2 mol) in AR
methanol (200 ml) containing concentrated sulphuric acid (20
ml) was heated under ref lux for 8.5 h.

The solution was then

concentrated until an oil began to separate from the methanol.
Water (150 ml) was then added followed by methylene chloride
(150 ml).

The organic layer was separated, dried over

magnesium sulphate and the solvent was evaporated to leave a
yellow oil which was distilled on Kugelrohr apparatus to give
methyl 2-thiobenzoate (21.2 g, 63%) as a colourless liquid,
197 123 0 C/11 mm).
b..p. 85-90 °C/0.1 mm (lit-f
A solution of methyl 2-thiobenzoate (15.2 g, 91 inmol) in

super-dry ether (75 ml) was-added over a period of 20 min to
a stirred suspension of lithium aluminium hydride (5.8 g, 153
mmol, 240% excess) in super-dry ether (75 ml).

The mixture

was heated under ref lux for 3 h then stirred overnight at room
temperature.

The excess hydride was destroyed by the addition

of wet ether (20 ml) followed by 4M sodium hydroxide solution
(12 ml) and finally water (25 ml).

The mixture was filtered

through celite, the filtrate was acidified with 2M hydrochloric
acid (130 ml) and extractedwith ether (2x200 ml).

The

ethereal layer vas. dried over magnesium sulphate and evaporation
of the solvent followed by bulb to bulb distillation of the
residue gave 2-thiobenzyl alcohol (6.95 g, 55%) as a colourless
liquid, b..p. 105-110/0.05 mm (lit),86 85 °C/t 3mm).

The product

crystallised when cool.
(b). 2-(Alkylthio)benzyl alcohols.

Alkylation of 2-thiobenzyl

alcohol was carried, out using the same method as that described
earlier for the preparation of 2-ethoxybenzyl alcohol.

By

this method the following compounds were prepared; 2-(methyl1
thio)benzyl alcohol (75%), b.p. 105-110 °C/0.05 mm (lit. 86
0
88 c/10' 3 mm); 2-(ethylthio)benzyl alcohol (65%), b.p. 80-85 °C/
0.05 mm (lit., 98 96-98 ° C/0.2 mm); 2-(benzylthio)benzyl alcohol
(85%), b.p. 145-150 °C/0.05 mm, m.p. 45-48 0C (litJ 99 52-53 ° c);
2-(4.-methylbenzylthio)benzYl alcohol (90%), m.p. 86-87.5 °C
(from aqueous methanol), 6 (CDC1 3 ): 2.00 (111, broad s, OH),
2.28 (311, s, Cr1 3 ), 4.01 (2H, s, CH 3 C 6 H 4 CH 2 ), 4.62 (2H, broad s,
ArCH 2 OH), 7.03 (4H, s, CH 3 C 6 H 4CH 2 ), 7.12-7.47 (4H, s, ArH),
m/e 244 (Mt 8%) , 139 (14) , 106 (22) , 105 (100) , 77 (19)
Vmax 3220 (broad) (OH), 1515, 1185, 1064, 1048, 1038, 989, 846,

m
813, 747 cm- 1.

(Found: C, 73.9; H, 6.7.

C 1 H 16OS

requires C, 73.75; N, 6.6%); 2-(n-propylthio)benzyl alcohol
0
(74%), b.p.100-105 C/0.1 nun, 6H (CDC1 3 ) : 1.00 (3H, t, CH 3 ),
1.46-1.88(2H, m, CH 2 CH 2CH 3 ), 2.40 (1H, broad s, OH), 2.88
(2H, t, CH 2CH 2 CH 3 ), 4.74 (2H, s, ArCH 2 OH), 7.04-7.46 (4H, m,
ArH) , m/e 182 (Mt 69%) , 139 (100) , 135 (19) , 111 (16) , 77 (29)
Vax 3360 (broad) (OH), 3065, 2965, 2935, 2877, 1592, 1443,
1378, 1293, 1237, 1193, 1125, 1067, 1033, 744 cm- 1.

(Found:

C 10H 14 0S requires C, 65.9; H, 7.75%);
0
2_(12,2,2- 2 li3lethylthio)beflZYl alcohol (64%), b.p.120-125 C/0.1

C, 66.15; H, 7.9.

mm. (The mass spectrum showed the correct parent ion at m/e
171).
1, 3-DihydrobenzO[c] thiophene.

Sodium sulphide monohydrate

(0.91 g, 3.8 mmol) in water (S ml) was added to a solution of
2,'_dibromo-2 - xylene (1.00 g, 3.8 rnmol) in ethanol (15 ml).
The solution was heated under ref lux for 14 h then poured onto
crushed ice. The mixture was then extracted with methylene
chloride (2x50 ml).. The organic layer was separated, dried
over magnesium sulphate and the solvent was evaporated. The
residue was distilled on Kugelrohr apparatus to give the desired
product (0.14 g, 27%) as a colourless liquid, b.p. 55-60 °C/0.05
200
62-72 °C/2 inn).
mm (lit.,
2,3-Dihydrobenzo.[b]thioPhene.

Sodium (0.92 g, 40 mmol)

was added in portions to a solution of 1-benzothiophene (1.34 g,
10 mmol) in ethanol (12 ml) at 60°C. . When all the sodium had
dissolved, water (15 ml) was added and the mixture was extracted
with methylene chloride (2x20 ml).

The organic layer was

separated, washed. once with water (20 ml) then dried over
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magnesium sulphate.. Removal, of the solvent followed by bulb
to bulb .distillation gave the required product (0.75 g, 55%)
as .a colourless liquid, b.p. 85-90 °C/0.2 mm (lit. 01 233.3-234.5 0
C).
(e:) 2-(Methylthio)tOluene was prepared by a. similar method to
that previously described, for the preparation of 2-ethoxybenzyl
alcohol.

Thus, reaction of 2-thiotoluene (1.24. g, 10 mmcl)

with methyl iodide (1.70 g, 12 mmol) in DMF (10 ml) containing
a suspension of potassium. carbonate. (2.76 g, 20 mmcl) gave the
required. product (1.05 g, 76%) which distilled on Kugelrohr
0
apparatus as a colourless liquid, b.p. 105-1,10 C/12 mm (lit. 02
55.6 °C/1.S mm).
(f) BenzocyclObutene., 2-methylstyrene and. [2 ,.2.,2- 2 H 3 ]-1
bromoethane were prepared. by Dr. H. McNab.

2.

Preparation. of Dibenzy:l.Oxalate
Symmetrical dibenzyl oxalates were prepared. by the general

method of Trahanovsky et al. 203,204
General Method.. A solution of oxalyl chloride (1 mmcl)
in dry ether (2 ml) was added dropwise over a period of ca 5 mm
to a stirred, ice-cold solution of the substituted benzyl
alcohol (2 nimol) and triethylamine (3 mmol) in dry ether 0 ml).
In all cases.. a white precipitate formed immediately.

In some

cases this consisted of a mixture of triethylammne hydrochloride
and the product which could then be isolated by thoroughly
washing the solid with water to remove the.hydrochloride salt.
In other cases however, where the product was found to be soluble

T
in ether, water was added to the mixture at the end of the
reaction and the product was obtained by extraction into ether.
The following compounds were prepared by this method;
bis[2-(methylthio)benZYll oxalate (61%), m.p. 104-105 °C (from
ethanol), 5H (CDC1 3 ) :

2.42 (6ff, s, 2CH 3 ) , 5.39 (411, s, 2C11 2 )

7.03-7.47 (811, m, ArH) , m/e 362 (Mt 38%), 153 (23), 137 (100),
91 (15) , 45 (33) , v max 3005, 2825, 1772 (C=O), 1750 (C=O)
1594, 1472, 1310, 1168, 1070, 924 cm- 1.
H, 5.0.

(Found: C, 59.75;

C 18 11 18 0 4 6 2 requires C, 59.65; H, 5.0%); bis[2 -

(ethylthio)benzyflOXalate (59%), m.p. 71-73 0 C (from ethanol),
6H (CDC1 3 ) :

1.22 (6H, t, 2CH 3 ) , 2.88 (4ff, q, 2CH 2 C11 3 ) , 5.42

(4ff, s, 2ArCH 2 ), 7.04-7.50 (8H, m, Art!), m/e 390 (Mt 42%),
167 (25) , 151 (100) '149 (33) , 123 (25) , Vax 2980, 2935, 1770
(C0) , 1748 (C0) , 1595, 1472, 1444, 1312, 1168, 1069, 927 cm- 1.
(Found: C, 61.75; H, 5.8.

C 20 H 22 0 4 S 2 requires C, 61.5;

H, 5.7%); bis[2-(benzylthio)benZYl] oxalate (34%), m.p. 108-110 °C
(from ethanol), 6H (CDC1 3 ): 3.98 (411, s, 2PhCH 2 ), 5.30 (4H,
s, 2ArCH 2 ) , 7.01-7.48 (18ff, m, ArH) , m/e 514 (Mt 1%), 423 (20),
301 (20), 213 (20), 212 (37), 92 (11), 91 (100),. 65 (7),

V

max

3015, 2925, 1768 (C=O) , 1748 (C=O) , 1593, 1496, 1455, 1165,
1065, 928, 698 cm- 1.

(Found: C, 69.95; H, 5.05. C 30 H 260 4 S 2

requires C, 70.0; H, 5.1%); bis[2-(4-methylbenzylthio)benzyll
oxalate (70%), m.p. 132-134 0C (from acetic acid), 6H (CDC13):
2.27 (611, s, 2C11 3 ) , 3.97 (411, s, 2ArCH 2 ) , 5.31 (4ff, s, 2E-Me
C 6H 4 C11 2 ) , 7.00 (811, s, 2E-MeC6H4) , 7.10-7.48 (811, m, ArH) , m/e
542 (Mt 1%)., 437 (20) , 315 (17) , 227 (13) , 226 (28) , 106 (33)
105 (100), Vmax 3010, 2925, 1772 (C=O) , 1748 (C=O) , 1594, 1515,
1443, 1312, 1168, 1166, 820 cm- 1.

(Found: C, 70.75; 11, 5.4.

C 32! H 30 0 4 S 2 requires C, 70.8; H, 5.55%); bis[ 2- (n - propylthio) benzyl] oxalate (57%), m.p. 66-68 °C (from ethanol), 6H (CDC13):
(4H, m, 2CH22H2CH3) , 2.85 (4H, t,
0.97 (611, t, 2CH 3 ) , 1.41-1.84
2CH 2 CH 2 CH 3 ),, 5.43(4H, s, 2ArCH 2 ), 7.03-7.50 (811, ut, Aru), m/e
418 (Mt , 52%) , 181 (41) , 165 (100) , 163 (55) , 135 (30) , 123
(67), v max 2965, 2930, 2870, 1770 (C=O) , 1743 (C=O) , 1593,
(Found: C, 62.9;
1453, 1445, 1308, 1158, 1064, 1042, 922 cm .

H, 6.55.

C 22 H 260 4 S 2 requires C, 63.15; H, 6.25%); bis[2-

([2,2,2-2ll31ethylthio)benzyl1 oxalate (76%), m.p. 71-72 °C,
m/e 396 (Mt 47%) , 170 (40) , 154 (100) , 151 (22) , 123 (25)
(isotopic purity 95%).

Pyrolysis of Dibenzyl Oxalates.

3.

0.033 g (0.09 mmcl),
(a) Bis[2-(methylthio)benZyl] oxalate.
-3 100 min: Only two singlets were observed
0
C, 10 mm,
150 0C,800
in the aliphatic region of the 'H n.m.r. spectrum, at 6(CDC1 3 )
3.23 and 4.32.

The ' 3 C n.m.r. spectrum showed two corresponding

signals at 6(CDC1 3 ) 29.5 and 37.9 both of which appeared as
triplets in an 'H-coupled spectrum.

Benzocyclobutene (29%;

63% of vclatiles) was identified as the major product by comparison of the 'H n.m.r. spectrum with that of an authentic
sample and by glc (5% Carbowax 20M, 80 °C).
the

1

The signals in

3C n.rn.r. spectrum were identical to literature values. 205

The chemical shifts at 64.32 in the 'H n.m.r. spectrum and
at 637.9 in the 13 C n.m.r. spectrum were assigned to 1,3dihydrobenzo[c]thiophene (11%; 21% of volatiles) which was
identified by comparison of the n.m.r. spectra with those of
an authentic sample and by glc (5% Carbowax 20M, 130°C).
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Gc/ms showed the correct parent ions for both these products
at m/e 104 and 136 (24ev) respectively.
Evidence for the presence of the following compounds was
obtained initially from gc/ms and their identity was confirmed
by glc (5% Carbowax 20M, 130 °C) cbmparison with authentic
samples.

Yields are quoted as percentages'.of. the total volatiles

as measured from the gic peak areas.

2,3-Dihydrobenzo[b]-

thiophene (8%), m/e 136; 2-(methylthio)toluene (3%), m/e 138
(24ev)
In a preparative scale experiment a sample of the oxalate
(0.46 g, 1.3 mmol) was pyrolysed at 850 °C under otherwise
similar conditions over a. period of 5 h.

A sample of the

more volatile fraction of the pyrolysate was withdrawn from the
bottom of the cold trap and from the 'H n.m.r. spectrum this
was shown to be a mixture of benzocyclobutene and 1,3-dihydrobenzo[c]thiophene in the ratio of 75:25.

The total pyrolysate

was dissolved in methylene chloride which was subsequently
removed and the residue was distilled. on Kugelrohr apparatus.
The first fraction distilled at 80-90 °C/0.4 mm as colourless
droplets (0.03 g) which from its 'H ñ.m.r. spectrum was 'shown
to be a mixture of benzocyclobutene and 1,3-dihydrobenzo[c]thiophene in a ratio of 25:75.

The second fraction sublimed at

150-180 ° C/0.7 mm as.white crystals (0.026 g) which were identified
as crystals of anthracene. (ca.6%) by comparison of the 'H n.m.r.
spectrum with that of an authentic sample and by tic [silica,
light petroleum (40-60)].

The sample was slightly contaminated

with 1, 3.-dihydrobenzo [ci thiophene.
(b) Bis[2-(ethylthio)benzyl] oxalate.

0.065 g (0.17 mmol),

120-2000C, 7500C,103 mm, 1 h: The major product was shown to
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be 2-methylstyrene (25%.; 68% of volatiles) by comparison of
the 'H n.m.r. spectrum with that of an authentic sample and
0
This was the only product
by glc (5% Carbowax 20M, 100 C).
which could be identified from the 'H n.m..r. spectrum.

Gc/ms

showed the correct parent ion at m/e 118 (24ev).
Information regarding the following compounds was obtained
from, gc/ms and. the yields are quoted as percentages of the total
volatiles as measured from the glc peak areas.

Indene. (5%),

m/e 116 (24ev) was further. identified by gic (5% Carbowax 20M,
130 ° C) comparison with an authentic sample..

1,3-Dihydro-3-

methylbenzo[clthiophene (5%), m/e 150, and 2,3-dihydro-2methylbenzotb]thiophene. (6%), m/e 150 were tentatively identified
by analogy with the results obtained in (a) above.
(c) Bis[2-(benzylthiO)benzyll oxalate.

0.040 g (0.08 mmol),

220 °C, 800 °C, 10 3 mm, 75 mm: Dibenzyl. (10%; 36% of 'volatiles) an
anthracene (11%; 19% of volatiles) were identified as the two
major products by comparison of the

1 r1 n.m.r. spectrum of the

pyrolysate with spectra of authentic samples and by gic (2%
0
Anthracene was further identified by
Carbowax 20M, 180 C).
tic [silica, light petroleum. (40-60)1.

Gc/ms showed the

correct parent ions at m/e 182 and 178 (24eV) respectively.
From the gc/ms results the parent ion at m/e 180 was tentatively
assigned to either 7-phenylbenzocyclobutene (6%) or 9,10-dihydroanthracene (6%), the yield being measured. from gic peak areas.
In a separate experiment, the oxalate (0.041 g, 0.08 mmcl)
was pyrolysed under similar, conditions except that the furnace
temperature was set at 900 0C. The n.m.r. yield of anthracene
increased to 20% while that of dibenzyl was only 6%.
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Bis[2_(4_methylbeflZylthiO)benzyl] oxalate.

0.053 g

(0.10 mmcl), 210-220 °C, 750 ° C, 5x10 3 -10 2 111m, 2.5 h: The major
product was identified as 1,2-di-2--tolylethane (50%; 34% of
volatiles) by comparison of the 'H n.m.r. spectrum with that
of an authentic sample and by glc (2% Carbowax 20M, 170 °C).
A

Gc/ins showed the correct parent ion at m/e 210 (24ev).
trace of anthracene was detected by tic [silica, light -

petroleum (40-60)] and ga/ms showed the correct parent ion
at m/e 178 (24ev).
The following compounds were tentatively identified on
the basis of the gc/ms results.

Their yields are quoted as

percentages of the total volatiles as measured from the glc
peak areas.

2_(4-Methylbenzyl)tOluene (4%), m/e 196; 2-(4-

methylbenzylthiO)tOluene (11%), m/e 228; monomethylanthracene
(25%) , m/e 192 (24ev)
Bis[2-(n-propyithiO)benZyl] oxalate.

0.077 g (0.18 mmol),

160-190 °C, 850 °C, 10 3 mm, 1 h: The major products were
identified from the 'H n.m.r. spectrum of the pyrolysate as
(E)-2-(1-propenyl)toluene (23%),

6

(CDC1 3 ): 1.89 (3H, d of d,

6.5Hz, 41 HH 1.5Hz, ArCH=CHCH 3 ),: 2.30 (3H, 5, ArCH 3 ),
6.07 (1H, d of q, 31 HH 15.4Hz, 31 HH 6.5Hz, ArCH=CHCH 3 ), 6.59
31 HH

15.4Hz, 41 HH 1.5Hz, ArCH=CHCH 3 )
HH
(CC1 4 ): 1.84 (ArCH=CHCH 3 ), 2.25 (ArCH 3 ), 5.98

(iN, d of q,
6

31

ArCH=CHCH 3 ), 6.45

(3j

[lit. 06
(3j HH

16Hz,

HH 16Hz, ArCH=CHCH 3 )1, and (Z)-2---(1-

propenyl)-toluene (7.6%), S (CDC1 3 ): 1.73 (3H, d of d, 31 HH
6.9Hz, 4 J HH 1.8Hz, ArCH=CHCH 3 ), 2.24 (3H, s, ArCH 3 ), 5.80 (1H,
d of q, 31 HH 11.7Hz, 31 HH 6.9Hz, ArCHCHCH 3 ), 6.35 (iN, d of q,
31 HH 11.7Hz, 4 j HH 1.8Hz, ArCH=CHCH 3 ) [lit.06 6H (CC1 4 ): 1.65
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(ArCH=CHCH 3 ), 2.15 (ArCH 3 ), 5.67

3HH 11.5Hz, ArCH=CHCH 3 ),

6.30 3HH 11.5Hz, ArCH=CHCH 3 )1.

Gic (2% Carbowax 20M, 50-

190 ° C) showed two major peaks and by gc/ms each. peak showed
the correct parent ion at rn/e 132 (24ev).

The gic trace

showed that several other compounds were present but their
concentration was very low and they were not further identified.
(f)

5 [2_([2,2,2- 2 H]ethylthiO)benZy1 oxalate.

0.120 g

(0.130 mmol), 160-180 °C, 750 ° C, 10 3 mm, 2 h: The pyrolysate
6 D (CHC1 3 ): 2.30

was examined by both 2 H and 'H n.m.r.

(s), 2.32 (s), 5.27 (broad s), 5.62 (s), 5.63 (s).

If only a

single deuterium transfer had taken place then only two signals
should have been observed.

The presence of further peaks

suggested that some scrambling of the deuterium label had
occurred. 6

(CDC1 3 ): 2.23-2.37 (m), 5.24 (d, J HH 11Hz),

5.58 (d, 3HH 17Hz), 6.65-7.63 (rn).

The doublets at 65.24

and 5.58 showed no geminal coupling and were assigned to (E)
and (Z) isomers of 2-methylstyrene, each containing one
deuterium atom in the geminal position.

Small peaks observed

on the sides of each of the doublet signals may be due to
small amount of the styrene with no deuterium atoms attached
to the double bond.
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Reactions Involving 2-Alkoxy-2, 3-dihydro-1 13 ,2-benzox-

I

azaphosph(v)oles and Related Compounds.

i.

Preparation of Reagents.
o-Azidophenol.. was prepared by the method. of Stewart1 6

A solution of sodium nitrite (6.0 g, 87 mmol) in water (25 ml)
was added dropwise to an ice-cold solution of o-aminophenol
(10.0 g, 92 mmol) in. concentrated hydrochloric acid (25 ml)
and water (75 ml).

Sodium azide (6.0 g, 92 mmol) in water

(15 ml) was then added in one portion and the solution was
stirred. for 1 h. at room.temperature.

The mixture was extracted

with ether (2x250 ml) and the ethereal layer was separated
and washed with 10% sodium carbonate solution (50 ml) and
with water (50 ml) before. it was dried over sodium sulphate.
Removal of the solvent in vacuo at room temperature gave a
brown solid which was purified by vacuum sublimation at 50 °C/
0.1 mm to give the o-azidophenol (8..1 g, 65%) as light brown
0
crystals, m.p.32-33 C (lit.,46 35-36 °C).
Diphenyl-N- (2-hydroxyphenyl)phosphinamidate was prepared
by the acid hydrolysis of 2,3-dihydro-2-methoxy-2,2-diphenyl46
A
1,3,2-benzoxazaphosph(v)Ole as described by Stewart.
solution of 2-toluenesulphonic acid in water (50pt of a 0.225M
solution.) was added to a. stirred solution of the phosph(v)ole
(0.75 g, 2.3 mmol) in super-dry ether (30 ml).
a white solid precipitated from the solution.

After 2 mm,
The precipitate

was filtered off to give the required product (0.69 g,

97%),

a small portion of which was recrystallised from methanol to
46
0
give transparent plates, m.p. 228-231 C (decomp.) [lit. ,
>200 ° C (decompjl.
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(c) 2,2_Diphenyl_1,3,2_benZ0XazaPho5Ph0]e dimert was prepared
by the method which Stegmann and. Bauer 207 describe, erroneously
for the preparation of the monomer.
A solution of bromine (1.60 g, 10 mmol) in dry benzene
(15 ml) was added dropwise over a period.of 10 min to a stirred,
ice-cold solution of chlorodiphenylphOsphine (2.21 g, 10 mmol)
in dry benzene (50 ml).

A yellow precipitate was obtained

almost immediately. To this suspension was added triethylamine
(3.03 g, 30 mmol) followed by 2-aminophenol (1.09 g, 10 mmol)
and. the mixture was stirred at room. temperature.for 30 mm
then heated. under reflux for 15. mm.. The mixture. was filtered
while hot to yield an off-white solid containing both the
product and triethylammoniulfi bromide.

This solid was added

to a 10% sodium carbonate solution. (75 ml). which was then
stirred overnight to remove the bromide salt.. Filtration
again yielded an off-white solid which was added to ethanol
and. this.suspensioh was stirred for 30 mm.

Centrifugation

of the ethanol suspension. gave a white solid which was dried
in vacuo over phosphorus pentoxide to yield the desired phosphole diiner (1.20 g, 21%) as a very fine, white powder, m.p.
210-220 0 C (decomp.) (lit. °7 311 0C)'.

In view of the discrepancy

in the melting point, further analytical data was obtained;
m/e 582 (Mt <<l%), 291 (100) , 290 (58) , 183 (46). [lit.3 08
582 (Mt 1.6%), 291 (100), 290 (49.6), 183 (12.4)], 6

(CDC1 3 ):

-51.7, Umax 1593, 1247, 1231, 1121, 1109, 1022, 966, 923, 839,
742, 708, 700, 689, 662, 645 cm- 1.

(Found: C, 73.95;

The Chemical Abstracts name for this compound is 6,6,13,13tetrahydro-6, 6,13,1 3-tetraphenyl- [1 ,3,2 , 4] diazadiphospheto[2,1-b:4,3-b']bis.[1,3,2]benzoxazaphosphole. For obvious reasons
the dimer nomenclature will be used. throughout the thesis.
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H, 4.85;. N. 4.6.

C 36 H 28N 2 0 2 P 2 requires C, 74.2; H, 4.8;

N, 4.8%).
Methyl diphenylphOsphiflate.WaS prepared by the oxidation
of methyl diphenyiphosphinite with lead tetra-acetate in methylene
chloride.

Thus, the addition of lead tetra-acetate (3.0 g,

6.8 mmol) to a stirred solution of methyl diphenylphosphinite
(1.0 g, 4.6 mmol) in dry methylene chloride (20 ml) gave, after
work-up and bulb to bulb distillation, the required product
(0.70 g, 65%) as a colourless oil, b.p. 130-135 ° C/0.1 mm (lit.29 9
139-140 ° C/0.34 mm).
N-Formylpiperidine.

A commercially available sample was

stored over molecular sieve for ca 2 days before it was distilled
under nitrogen at 66-68 ° C/2.0 mm and again stored over molecular
sieve.
N-Methyl-N-phenylfOrmaflhide was prepared by the method of
Hirst and Cohen 210 by the reaction of formaxnide (4.5 g, 0.1 mol),
N-methylaniline (10.7 g, 0.04 mol).and acetic acid (18.0 g,
0.3 mol) at 100 0C.

The product was obtained as a deep yellow

liquid (6.5 g, 48%), b.p. 63-65 °C/0.2 mm (lit.2 , 0 240-243 0C/760
mm) .

This was stored over dry molecular sieve.
N-p-Tolylforrflamide.

A mixture. of. formamide (3.0 g, 67

mmol), 2-toluidine. (5.35 g, 50 mmol) and acetic acid (9.0 g,
150 mmol) was heated in an oil bath at 60 0C.

The reaction was

followed by tic (alumina, ether) and after 1 h no.E - toluidine
remained.

The reaction mixture was allowed, to cool before it

was added to water (50 ml).

The mixture was then washed with

a 10% ammonium carbonate solution (50 ml) and extracted with
methylene chloride (2x70 ml).

The organic layer was separated,

'UI

dried, over magnesium sulphate and the solvent was evaporated
to leave a yellow, oil which crystallised on trituration with
ether. Recrystallisation from benzene/cyclohexane.. (20:80) gave
the required product (4.53 g, 67%).

This was further purified

by distillation on Kugelrohr apparatus at 105-115 0C/0.05 mm.
The colourless liquid, solidified. on cooling, m.p. 51-53 ° C (lit2. 1,0
53 °C).
N,N-Dimethylacetamide was dried, by heating it. under ref lux
with phosphorus pentoxide. for 1 h and. then distilling it onto
dry molecular sieve.
Benzyl methyl ketone was dried over calcium sulphate for
18 h and. then. distilled at 62-64 °C/0.15 mm onto more calcium
sulphate.
Dibenzyl ketone was distilled on Kügelrohr apparatus at
135-145 ° C/0.2 mm immediately before use.
4-Chlorobenzaldehyde was dissolved in hot, light petroleum
(60-80) and filtered while still hot to remove any impurities
including any possible traces. of acid.

Long, white crystals

of the aldehyde were obtained, from the filtrate..

They were

filtered off and dried in vacuo for several hours.
(1) Benzaldehyde was purified as described in Vogel. 211
(m) 2-[(4-nitrobenzylidene)amino]phenol was. obtained by heating
under ref lux for S min a solution of 2-aminaphenol (1.09 g, 10
mmol) and 4-nitrobenzaldehyde (1.52 g, 10 mmol) in ethanol (30
When the solution. was allowed to cool, the product (2.20
2
g, 91%) crystallised as yellow fibres, m.p. 157-159 C (lit. 21,

ml).

1610C), 5c (CDC1 3 ):

1.15.5, 115.8, 120.2, 124.0, 129.1, 130.3,

130.5, 134.4, 141.0, 152.8, 153.7 (N=CH).

I 1)0

2-[(4-Chlorobenzylidene)amino]Pheno1 was prepared by the
method described above.. Thus, from.2-aminophenol (0.70 g, 6.4
rnmol) and 4-chlorobenzaldehyde (0 90 g, 6.4 mmol)

in ethanol

(25 ml) the desired product (1.08 g, 73%) was. obtained as fine,
213
117-118 C), '5c (CDC13):
yellow needles, m.p. 115-117 C (lit. ,
115.0, 115.7, 120.0, 128.9, 129.7, 134.1, 135.0, 137.4, 152.2,
155.3 (N=CH).
2-(4-Nitrophenyl)benzbxazole was prepared by the method
of Stephens and .Bower.2

14

Thus, oxidation of 2-[(4-nitro-

benzylidene.)ainino]phenol (0.75 g, 3.1 mmol) with E - chlOranil
(0.76 g, 3.1 mmol) in refluxing xylene (20 ml) gave the required
benzoxazole (0.64 g, 86%) as. fine, pink needles, m.p. 264-267 °C
(from acetic acid) (lit.$ 14 268°C), 6H (TFA): 7.78-8.12 (4H,
m, ArH), 8.62 (4H, 5, C 6H 4NO 2 )

2.

Preparation of .2-Alkoxy-2,3-dihydro-2 ,2-diphenyl-1 ,3,2benzoxazaphosph (v) oles.
These phosph(v)oles were prepared by the method of

Cadogan et al 43 and this is exemplified, by the preparation of
2-ethoxy-2 ,3-dihydro-2 ,.2-diphenyi+i,3,2-benzoxazaphosph(v)ole.
o-Azidophenol (0.65 g, 4.8 mmol) in super-dry ether (6 ml) was
added dropwise over a period of 5. min to a stirred solution of
ethyl diphenylphosphinite (1.20 g, 5.2mmol) in super-dry light
petroleum (40-60) (8 ml) under an atmosphere of dry nitrogen.
The reaction was accompanied.. by the evolution of nitrogen.
reaction mixture was stirred for a further 15 min after which

The
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time a white solid had.. precipitated.

The solvent was decanted

and the product .was washed with a small amount of a super-dry
mixture of light petroleum. (40-60) and ether..

Removal of the

remaining solvent under high vacuum gave, an analytically pure
sample-of the phosph.(v)ole.(1.31 g, 81%), m.p.

>240 0C (decomp.).,

(CDC1 3 ): 0.98.(3H, t, CH 2 CH 3 ), 3.18 (2H, apparent quintet,
dH
CH 2CH 3 ), 4.81 (1H, d, JPH20Hz, NH), 6.42-6.88 (411, m ArH),

7.20-7.52 (611, m, ArH) 7.57-7.98 (4H, m, oPhH) , 6

(CDC1 3 )

-37.2, m/e 337 (M, 100%); 292 (64), 291 (77), 201 (77).
(Found:

C, 71.1;

C, 71.2;

H, 6.0;

H, 5.9;

N, 3.95.

C 20 H 20NO 2 P

requires

N, 4.15%).

The following compounds. were also prepared by this method;
2,3-dihydro-2-neqnentoxy-2.,2-diphenyl-1,3,2.-benzoxazaphosph(v)ole
(34%), m.p. >2400C

(decomp.)dH (CDC1 3 ): 0.82 (9H, s, 3CH 3 ),

2.83 (2H, d, J 11 5Hz, CU 2 ), 4.78 (1H, d, J pH 21Hz, NH), 6.486.90 (4H, m, ArH) ,. 7.24-7.52 (6H, m, ArH) , 7.58-7.94 (4H, m,
o-PhH) , 6

(CDC1 3 ) : -38.7, m/e 379 (M, 49%), 309 (50), 291

(100), 201 (42).

(Found:

C, 72.75;

H, 6.8; N, 3.6.

C 23 H 26NO 2 P requires C, 72.8; H, 6.9; N, 3.7%); 2,3-dihydro2-methoxy-2 ,2-diphenyl-1, 3 ,2-benzoxazaphosph(v)ole (79%),
43
6
-36.1
(lit.,
6-36.0).
(CDC1 ):
3
p

3

Thermolysis Reactions, of 2-Alkoxy-2,3-dihydro-2,2-diphenyl1,3, 2-benzoxazaphosph (v) oles.

(i) Reactions of 2 ,3-dihydro-2-methoxy-2, 2-diphenyl-1 ,3 ,2benzoxazaphosph (v) ole.
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In vacuo.

The phosph(v)ole (0.090 g, 0.28 mmol) was

pyrolysed using the flash vacuum pyrolysis technique previously
described (230 °C, 600 °C, 2-5xlO 3mm, 20 mm).

The product, a

white,-very insoluble material which was found both in the cold
trap and also around the walls of the inlet. tube,. had a melting
point 215-225 °C.

This was subsequently shown to be 2,2-

diphenyl-1,3,2-benzoxazaphosphole dimer by analogy with the
vacuuzn.pyrolysis.of similar phosph(v)oles.

[see under 'Reac-

tions of 2-ethoxy-2 ,3-dihydro-2 ,2-diphenyl-1 ,3,2-benzoxazaphosph(v)ole and 2,3-dihydro-2-neopentoxy-2,2-diphenyl-1 ,3 ,2benzoxazaphosph.(v) ole'].
In toluene.

The phosph.(v)ole (0.15 g, 0.5 mmol) was

added to super-dry toluene (10 ml) and the suspension was heated
under ref lux for 90 mm.. The insoluble white solid which
remained was filtered off and washed with a small amount of
super-dry toluene.. The product (0.097 g, 71%) was identified
as 2.,2-diphenyl-1., 3 ,2-benzoxazaphosphole diner, m.p. >250 ° c
(decomp.)..

Its.i.r. and

.

31

P n.m.r.. spectra.were identical to

those of an authentic sample.
In a separate experiment, the phosph(v)ole (0.032 g, 0.10
mmol) was added to

[

2

il8]toluene (ca.0.3 ml) in an n.m.r. tube.

The phosph(v)ole was only sparingly soluble. but sufficiently
so to give an 'H n.m..r.. spectrum.

There was a small singlet

just downfield of the POMe doublet at 63.1 and. this had
previously been shown to be a small amount. of methanol by 'spiking'
a sample. of the phosph(v)ole with methanol.

The n.m.r. tube

was sealed, then held. in ref luxing chloroform .(61 ° c) for a
total of 15 h.

The reaction was monitored during this time

by 'H n.m.r. and neither an increase in the size of the peak
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at 63.1 nor a decrease. in the height of the POMe doublet was
observed. The tube was transferred to refluxing toluene
(111 0C) and the reaction was again moni bored by 'H n.m.r.
After a total of 2.5 h the POMe doublet had disappeared
completely but there was no increase in the height of the peak
at 63.1 and thus no apparent production of methanol.
(c) With N,N-dimethylformamide.

The phosph(v)ole (0.029 g,

0.09 mmol) was dissolved in, dry N,N-dimethylfomamide (0.32 g,
4.4 mmol) in an n.m.r. tube and the tube was heated at 125 °C
(FX60 probe temperature).. The reaction was monitored by 31 P
n.m.r. at 30 min intervals.

After 4.5 h the peak at 6-35.9

which was due to the phosph(v)ole had completely disappeared.
During the reaction a peak. at 6+27.8 had appeared. and this
was the major peak at the end of the reaction.. Another peak
at 6+20.4 whose intensity had remained constant throughout the
reaction was identified as diphenyl-N-(2-hydroxyphenyl)phosphinamidate, a known hydrolysis product of the starting
phosph(v)ole, by 'spiking' the n.m.r. tube with an authentic
sample.

The appearance. of the spectrum after 4.5 h was as

follows:

6+32.9 (36%), +30.7 (19), +27.8 (100), +20.4 (20),

+16.7 (31).
In a preparative scale experiment the phosph(v)ole (0.40
g, 1.2 mmol) was reacted with dry N,N-dimethylforxnamide (ca.4 ml)
at 115-120 0C for 3 h.

The excess dimethylformamide was
removed on Kugelrohr apparatus at 45-50 0 C/0.05 mm to leave a
brown oil which crystallised when triturated with a small
amount of light petroleum (60-80).

Recrystallisation from

methanol gave off-white crystals which-were identified as
2-(3 ,3-dimethyl-1 ,3-diazapropenyl)phenyl diphenylphosphinate
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(0.19 g, 42%), m.p.161-1630C, 6H (CDC1 3 ): 2.96 (6H, broad s,
2CH 3 ), 6.67-7.59 (1111, m, ArH and CH), 7.81-8.14 (4H, m, o-PhH),
6

(CDC1 3 ) : +30.2, m/e 364 (Mt 83%) , 363 (33), 201 (20), 147
'max 1632 (c=N) , 1587, 1220,

(100) , 146 (56) , 145 (22) , 77

1185, 1095, 975, 926, 898, 837, 762, 754, 730, 700 cm'.
(Found:
C, 69.2;

C, 69.0; H, 5.75;
H, 5.8;

N, 7.6.

C 21 H 21 N 20 2P requires

N, 7.7%).

In an effort to identify some of the co-products of the
reaction, the phosph(v)ole (0.036 g) was. dissolved in

( 2 H7]di-

methy1formamide (Ca. 0.3 ml) in an n.m..r. tube and. the reaction
was monitored by both.. 'H. and 31 P n.m.r..
held in ref luxing toluene (111 °C).
singlet was observed in the

1

The sealed tube was

After only 20 min a large

n.m.r. spectrum at 63.32. At

the same time the 3 'p n..m...r. spectrum showed the major product
peak at 6+27.8 (iO0%) with smaller peaks at 6+32.5 (8), +19.2
(31) and +15.9 (10). The remaining phosph(v)ole was..observed
After a total of 100 min no phosph(v)ole

at 6-36.3 (72).

remained and the singlet. at 63.32 in the 1 H n.m.r. spectrum was
assigned to methanol. (65%). which was identified by 'spiking'
the n.m.r. tube with an authentic sample.

A.doublet, centred

11Hz) was assigned to methyl diphenylphosphinate
PH
(23%) and this was also identified by 'spiking' the n.m.r. tube

at 63.67

with an authentic sample.
(d) With N-formylpiperidine.

The phosph.(v)ole (0.042 g,

0.13 mmol) was added to dry N-formylpiperidine (0.36 g, 3.2
mmol) in an n.m.r. tube and the tube was heated at 125 °C (FX60
probe temperature).

The reaction was monitored by 31 P n.m.r.

at 9 min intervals and as the peak at 6-37.7 due to the
phosph(v)ole decreased in size, a product peak at 6+27.5
appeared.

.
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In a preparative scale experiment, the phosph(v)ole
(0.98 g, 3.1 mmcl) was reacted with dry N-formylpiperidine
(1.72 g, 15.2 inmol) at 120-130 0C.

a sample withdrawn after

2 h showed a single product peak at 6(CDC1 3 ) +29.7 in the al p
n.m.r. spectrum with a very small peak at 6-36.0 for some
unreacted phosph(v)ole.

After 2.5 h the excess N-formyl-

piperidine was removed on Kugelrohr apparatus at 80-85 °C/0.6
mm to leave a. clear, pale yellow oil (1.35 g) which crystallised
on trituration with ether.

Recrystallisation from benzene/

light petroleum (60-80) (60:40) gave white crystals which were
identified as 2-(3 ,3-pentamethylene-i , 3-diazapropenyl)phenyl
diphenylphosphinate (0.75 g, 61%), m.p. 130-1340C, 6H.(CDC13):
1.62 (6H, broad s, NCH 2 CH2 CH 2 CH 2 CH 2 ), 3.46 (411, broad s,
NCH 2 CH 2 CH 2 CH 2 CH 2 ), 6.63-7.56 (11H, m, Arfi and CH), 7.83-8.22
(4H, in, c-PhIl), 6

(CDC1 3 ): +29.9, m/e 404 (M, 43%), 201

(70) , 187 (100); m 86.5 (404-.187) , 84 (55), 77 (3),

V

max
1626 (C=N) , 1584, 1350, 1225, 1215, 1180, 1098, 928, 911, 843,
759, 696 cm- 1.

(Found: C, 71.5; 11, 6.25; N, 6.65.

C 24H 25N 2 02 P requireaC, 71.25; H, 6.25; N, 6.95%).
(e) With N-methyl-N-phenylformamide; The phosph(v)ole (0.48
g, 1.5 mmcl) was reacted with dry N-methyl-N-phenylformamide
(1.01 g, 7.5 mmcl) at 130-140 °C.

A sample withdrawn after

2.5 h showed by 31 P n.m.r. that no phosph(v)ole remained and
there was a single product peak at 6(CDC1 3 ) +30.2.

The excess

N-me thy l-N-phenylformamide was removed on Kugelrohr apparatus
at 100-110 °C/0.2 mm to leave a clear, brown oil (0.53 g) which
solidified to a glass on cooling.

Crystallisation was induced

by trituration with ether and recrystallisation from benzene/
cyclohexane (50:50) gave slightly brown, transparent leaflets
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which were identified. as. 2- (3-methyl-3-phenyl-1 , 3-diazapropenyl) phenyl diphenyiphosphinate (0.09 g, 14%), m.p. 100-103 0C,
6H (CDC1 3 ):

3.49 (3H,

S,

CH 3 ), 6.76-7.50 (15}I, m, ArH), 7.82-

8.14 (4H, m, o-PhH), 7.95 (iN, s, CH), 6

(CDC1 3 ): +30.5,

m/e 426 (Mt 69%) , 425 (46) , 209 (18) , 208 (13) , 201 (45)
107 (45) , 106 (34) , 77 (100) , max 1629 (C=N) , 1586, 1352, 1230,
1114, 1103, 931, 922, 788, 761, 742, 692 cm- 1.
C, 73.05; H, 5.45; N, 6.45.

(Found:

C 26 H 23N 2 0 2 P requires C, 73.25;

H, 5.45; N, 6.55%).
(i) With N-p-tolylforxnamide.

A mixture of the phosph(v)ole

(0.031 g, 0.01 mmcl) and N--to1ylformamide (0.43 g, 3.2 rnmol)
was added to an n.m.r. tube and this was heated at 150 °C for
90

mm.

After this time the 31 P n.m.r. spectrum showed that

no phosph.(v)ole remained and that there were five peaks at
6+34.7 (44%), +33.6 (43), +32.5 (100), +32.2' (21) and +19.6 (34).
(g) With N,N-dimethylacetamide.

Dry N,N-dimethylacetamide

(ca 2 ml) was distilled in vacuo directly onto the phosph(v)ole
(0.41 g, 1.3 mmol).

The mixture was heated at 100-110 °C and

the reaction was monitored by 31 P n.m.r.

After 1 h seven

peaks were observed in the 31p n.m.r; spectrum besides a large
amount of the starting phosph.(v)ole. After 2 h there was little
change and the spectrum had the following appearance: 6+32.5
(47%), +30.5 (32), +29.7 (22), +27.7 (35), +18.4 (63), +15.9
(72), +13.2 (13) and -36.4 (100).

The peak at 6+18.4 was

assigned. to diphenyl-N-(2-hydroxyphenyl)phosphinamidate, a
known hydrolysis product. of the phosph(v)ole.
In a separate experiment, reaction of the phosph(v)ole
(0.34 g, 1.1 mmcl) with untreated N,N-dimethylacetamide (ca 7 ml)
0

at 115-120C for 1 h showed a single peak in the 31 P n.m.r.
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spectrum.at 6+18.7.

Removal of the excess. acetamide in

vacuo left a brown solid which was recrystallised from methanol
to give white crystals of diphenyl-N-(2-hydroxyphenyl)phosphinamidate (0.22 g, 67%), m.p. 227-229 0C.

The 'H n.m.r. spectrum

was found to be identical to that of an authentic sample.
(h) With benzophenone.

A mixture of the phosph(v)ole (0.033

g, 0.10 mmol) and benzophenone (0.61 g, 3.4 mxnol) was added to
an n.m.r. tube which was heated at 150 °C (FX60 probe temperature).
The reaction was monitored by 31 P n.m.r. and as the peak due
to the phosph(v)ole decreased in size there emerged .a single
product peak at 6+28.7.
mained.

After about 5 h no phosph(v)ole re-

In a preparative scale experiment a mixture of the
phosph(v)ole (0.64 g, 2 mmol) and benzophenone (1.81 g, 10 mmol)
was heated at 150-160 0C for 5 h.

The excess benzophenone was

removed by sublimation on Kugelrohr apparatus at 130-135 ° C!
0.3 mm to leave a clear, brown oil (0.90 g) which solidified
to a glass on cooling..

Slow crystallisation occurred on tri-

turation with a small amount of light petroleum (60-80) and
recrystallisation from ethanol/light-petroleum (60-80) (90:10)
gave pale yellow crystals which were identified as 2-(diphenylmethyleneamino)phenyl diphenylphosphinate (0.69 g, 74%), m.p.
162-163 °C. 6 (CDC1 3 ) : 6.36-8.08 (24H, m, ArH) , 6

(CDC1 3 )

+30.4, m/e 473 (N e , 1%), 272 (49), 201. (100), 165 (45), 141
(10) , 139 (7) , 115 1(13) , 77 (46) , max 1632 (C=N) , 1590, 1578,
1317, 1290, 1239, 1229, 1194, 1101, 960, 938, .926, 824, 757,
748, 699 cm- 1.

(Found: C, 78.45; H, 5.15; N, 3.0.

C 31 H 24NO 2 P requires C, 78.65; H, 5.1; N, 2.95%).
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A mixture of the

(i)' With methyl 2-naphthyl ketone.

phosph(v)ole (0.56 g, 1.7 miuol) and methyl 2-naphthyl ketone
(1.46 g, 8.6 mmol) was heated at 120-130 °C.. Analysis by 31 P
n.mr. after 4 h showed besides some unreacted. phosph(v)ole a
major product peak at 6+29.0 (100%) with two smaller peaks at
631.0 (10) and 30.7 (19).

The temperature was raised to

160-165 0 C and the reaction was. continued., for a further 4 h.
The 31 P n.m.r. spectrum. now showed a single product peak at
The excess ketone was removed by sublimation

6(CDC1 3 ) +30.5.

on KugelrOhr apparatus at 135-145 °C/0.6 mm to leave a clear
brown gum (0.81 g) which would not crystallise.
was examined again.several weeks later and the

The sample
31 P n.m.r.

sp'ectrthn indicate&two peaks at 6(cDC1 3 ). +32.5.(92%) and +30.5
(100).

The 'H n.m.r. spect±um..showed two singlets at 6(CDc1 3 )

2.28 and 2.71 which were assigned to the product and methyl
2-naphthyl ketone respectively.

A small signal just downfield

of the aromatics was also assigned to the ketone by comparison
of the spectrum with that of an authentic sample. The peak
at 3+32.5 in the 31 P n.m.r. spectrum was assigned to 2-aminophenyl diphenyiphosphinate for which there was also evidence
in the 'H n.m.r. spectrum with a broad singlet at 63.55.

The

mass.spectrumof the crude. sample gave the correct peak ionL
for 2-(methyl 2-naphthylmethyleneamino)phenyl diphenylphosphinate
at m/e 461.

(Found:

M, 461.154458).

461.152603.

C 30 H 24NO 2 P requires

Large ion peaks were also observed at m/e

309 and 170 which could be tentatively assigned to 2-aminophenyl
diphenylphosphinate and methyl 2-naphthyl ketone respectively.
(j) With benzyl methyl ketone.

The phosph(v)ole (0.035 g,

0.11 mmol)was added to dry benzyl methyl ketone (0.40 g, 3.0
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inmol) in an n.m.r. tube which was heated at 130-140 0C.

After

70 min no phosph(v)ole remained as. shown by 31 P n.m.r. and the
spectrum indicated five peaks at 6+31.3 (20%), +29.6 (71), +29.2
(42), +21.1 (100) and +17.1 (23).
A mixture of the phosph(v)ole

(k) With dibenzyl ketone.

(0.036 g, 0.11 mmol) and redistilled dibenzyl ketone (0.47 g,
0
After
2.2 mmol) was heated at 150-160 C in an n.m.r. tube.
1 h the 31 P n.m.r. spectrum showed that all the phosph(v)ole had
been consumed and that there were four peaks at 6+34.7 (14%),
+33.1 (39), +31.9 (36) and +27.5 (100).
(1) With di-t-butyl ketone.

The phosph(v)ole 10.033 g,

0.10 rnmol) and di-t-butyl-ketone (0.35 g, 2.5 mmol) were heated
at 120-130 0C in an n.m.r. tube for a total of 21 h.

Besides

a small amount of unreacted phosph(v)ole the 31 P n.m.r.
spectrum indicated three peaks at 6+30.1 (100%), +29.4 (40)
and +19.9 (28).
In a preparative scale experiment, the phosph(v)ole
(0.49 g, 1.5 mmcl) was reacted, with di-t-butyl ketone (1.09 g,
7.7 mmcl) at 135-140 °C.

A sample withdrawn after 21 h showed

three. peaks in the 31 P n.m.r. spectrum at 6(CDC1 3 ) +33.2 (58%),
+32.5 (100) and -51.6 (37).

The excess ketone was removed

on Kuge.lrohr apparatus at 70-80 °C/0.1 = to leave a brown, oily
residue which.contained some solid. A small amount of ethanol
was added to the residue and the mixture was heated. The
solid material would. not dissolve in the hot ethanol so it was
filtered off and washed with some more ethanol to give an
off-white solid (0.22 g) which was identified as 2,2-diphenyl1,3,2-benzoxazaphosphole diner. (49%) by comparison of its i.r
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and 31 P n.m.r. spectra with those of an authentic sample
[(CDC1 3 ): -51.61.

The dark brown filtrate was concentrated

to give a brown oil which gave several peaks in the P=O region
of the 31 P n.m.r. spectrum.
The phosph(v)ole (0.29 g,

(m) With 4-chlorobenzaldehyde.

0.9 mmol) was reacted with 4-chlorobenzaldehyde (0.70 g, 4.9
mmol) at 90-100 °C for 75 mm.

Dry chloroform (6 ml) was

added to the mixture which was. then stirred for 1. h. A white,
insoluble solid was filtered off and identified as diphenylN-(2-hydroxyphenyl)phosphinamidate (0.13 g, 45%). by comparison
of its i.r., 31 P and 'H n.m.r. spectra with .those of an authentic
sample.
In a separate experiment., a mixture of the phosph(v)ole
(Q.42 g, 1.3 mmol) and 4-chlorobenzaldehyde (0.92 g, 6.6 inmol)
The al p n.m.r. spectrum

was heated at 130-140 °C for 2 h.

indicated a major product peak at 5(CDC1 3 ) +30.9 (100%) with
two other peaks at 6+33.3(32) and +21.6 (21).

The excess

4-chlorobenzaldehyde was removed by sublimation on Kugelrohr
apparatus at 60-65 °C/0.4 mm to give a clear, pale yellow oil
Crystallisation was induced by heating the oil with

(0.58 g).

a small amount of light petroleum (60-80) and recrystallisation
from ethanol gave yellow crystals. of the desired product (0.23
g, 41%).

This was shown by 1 H n.m.r. to contain some 4-chloro-

benzaldehyde and so a small portion was further recrystallised
from ethanol to give an analytically pure sample of 2-((4chlorobenzylidene)aminolphenyl diphenylphosphmnate, m.p. 14850c

6H (CDC1 3 ): 6.82-7.60 (12H, m, ArH), 7.70-8.04 (6H, m,
ArH), 8.26 (1H, s, CH), 6
(CDC1 3 ): +30.8, m/e 434 (3.5%),
433

(37C1 M+

(100)

, 12), 432 (10), 431

201 (30)

170 (22)

(35Cl

77 (17)

M+

, 34), 294 (22), 293

max 1628 (C=N) , 1590,
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1582, 1219, 1130, 1105, 1084, 933, 917, 880, 817, 763, 745,
690 cm- 1.

(Found: C, 69.25; H, 4.35; N, 3.05.

C 25H 19 C1NO 2 P requires C, 69.55; H, 4.45; N, 3.25%).
(n) With benzaldehyde.. A.mixture of the phosph(v)ole (0.029
g, 0.09 mmol) and dry benzaldehyde (0.45 g, 4.2 mmol) was
heated in an n.m.r. tube at 61 °C (ref luxing chloroform).
reaction was monitored by both 'H and 31 P n.m.r.

The

The initial

'H n.m.r. spectrum showed a small singlet just downfield of the
POMe doublet. at 63.60 which had. previously been shown to be
methanol, a contaminant, in the phosph(v)ole sample.

The

height of this singlet. increased markedly as the.reaction
proceeded..

After 70 min the 31 P n.m.r. spectrum showed that

no phosph(v)ole remained.

In the 'H n.m.r. spectrum, as the

POMe doublet reduced in size, another singlet began to emerge
at 63.28.

This continued to increase in size even after all

the phosph.(v)ole had been consumed.. After 48 h. this singlet
was. almost the. same size as the singlet for the methanol and it
was assigned. to the dimethyl acetal of benzaldehyde, its formation possibly being catalysed by a small amount of benzoic acid
present in the benzaldehyde.. The presence of the acetal was
confirmed by a separate experiment in which benzaldehyde (0.62
g), methanol (0.07 g) and calcium chloride (0.04 g) were
heated. in an n.m.r. tube at 61 o C for 22 h. 211
The chemical
shifts for the methanol, and. the dimethyl acetal were identical
to those in the phosph(v)ole case.
At the point where all the phosph(v)ole had. reacted, the
n.m.r. spectrum showed four peaks at 6+30.9 (21%), +28.9
(10), +21.8 (64) and +16.3 (100).

Further heating at 61 °C led

to a decrease .in,intensity'.of the peak at 6+16.3 with a
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simultaneous increase in the peak at 5+28.9.

After a total

of 95 h at 61 0C the spectrum had the following appearance:
6+30.9 (25), +28.9 (31), +21.8 (100) and +16.3 (52).

The

temperature of the reaction was increased to 125-130 °C and
after 35 min at this temperature the peak at 6+17.1 had almost
disappeared.

After a. total of 3 h at this temperature there

remained a major product peak at 6+29.5 (100%) with a very
small peak at 6+21.1 (14).

The peak at 6+21.1 was assigned

to diphenyl-N-(2-hydroxyphenyl)phosphinaxnidate .(cf the reaction
of the phosphinaxuidate with benzaldehyde).. In a separate, but
similar experiment the peak at 6+30.9 in the 31p n.m.r.
spectrum and the small doublet at 63.77 in the 'H n.m.r.
spectrum were assigned to methyl diphenylphosphmnate (34%)
and this was identified by 'spiking' the n.m.r. tube with an
authentic sample.
In the first of two preparative scale experiments, the
phosph(v)ole (0.48 g, 1.4 mmol) was reacted with untreated
benzaldehyde (0.79 g, 10.6 mmol) at 110-120 ° for 70 mm. The
excess benzaldehyde was removed in vacuo at room temperature.
The remaining clear yellow residue was dissolved, in hot ethanol
and when this was allowed, to cool, crystals of diphenyl-N(2-hydroxyphenyl)phosphinamidate (0.11 g, 26%), m.p. 225-227 ° c
(decomp.), were obtained and identified by comparison of their
'H and 31 P n.m.r. spectra with those of an authentic sample.
In the second experiment, the phosph(v)ole (0.50 g, 1.6
mmcl) was reacted with dry benzaldehyde (0.82 g, 7.8 mmcl) at
120-130 0 C.
After 7 h the excess benzaldehyde was removed on
Kugelrohr apparatus at 45-50 °C/0.05 mm to again leave a clear
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yellow oil (0.58 g).

The 31 P n.m.r. spectrum of this oil

showed four peaks at 6(CDC1 3 ) +33.4 (57%), +32..7 (40), +30.9
(100) and +21.5 (41).

The mass spectrum of the crude residue

gave the correct parent ion for 2-(benzylideneamino)phenyl
diphenylphosphinate at m/e 397.

(Found: Mt 397.122095.

C 25H20NO 2 P requires M, 397.123159).

There was also a large

ion peak at m/e 232 which could be assigned to methyl diphenylphosphinate.
(o) In chloroform;

The phosph(v)ole (0.035 g, 0.11 mmol)

was added. to dry deuteriochloroform (0.3 ml) in an n.m.r. tube
which was held in ref luxing chloroform (61 °C).
was monitored by 31 P n.m.r. for 56 h.

The reaction

The spectrum after

this time showed the major peak at 6(CDC1 3 ) -36.0 (100%) for
the phosph(v)ole with two other peaks at 6+23.1 (32) and
-51.6 (35).

White crystals had appeared in the n.m.r. tube.

They were filtered off and. identified as 2,2-diphenyl-1,3,2benzoxazaphosphole dimer, m.p. 215-23th 7'C(decomp.), which had
an i.r. spectrum identical to that of an authentic sample.
The peak at 6-51.6 in the. 31 P n.m.r. spectrum was assigned to
this compound.
In a preparative scale reaction, the phosph(v)ole (0.33
g, 1.0 nimol) was dissolved, in dry chloroform (20 ml) and the
solution was heated under ref Lax for a total of 45 h. A.
sample withdrawn from the reaction mixture after this time showed
two peaks in the al p n.m.r.. spectrum at 6(CHC1 3 ) -36.1 (100%)
[unreacted phosph(v)ole] and -51.6 (89) (oxazaphosphole dimer).
The oxazaphosphole dimer has previously been shown to be only
sparingly soluble in chloroform, and indeed in this reaction
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most of it was observed, as a precipitate in the chloroform.
This white precipitate was filtered off, washed with untreated
chloroform, and identified as 2,2-diphenyl-1,3,2-benzoxazaphosph(v)ole diner (0.19 g, 65%) from its i..r. spectrum.

A

white crystalline material which had precipitated from the
chloroform filtrate was identified as diphenyl-N-(2-hydroxyphenyl)phosphinamidate (0.06 g, 19%) from its 'H and 31 P n.m.r.
spectra. This compound most likely originated, from hydrolysis
of the unreacted phosph(v)ole.
In a separate experiment, a sealed n.m.r. tube containing
the phosph(v)ole (0.035 g) in dry deuteriochloroform (0.3 ml)
was heated in ref luxing chloroform (61 °C) for a total of 20
days.

The reaction was monitored by 'H n.m.r. to check for

the co-production of methanol. Although there was a small
singlet at 63.47 in the initial n.m.r. spectrum which had
previously been shown to be.. a small amount of methanol in the
phosph(v)ole sample, there was no apparent increase in the size
of this peak during the course. of the reaction.
(p) With N,N-dimethylformamide in chloroform.. The phosph(v)ole (0.031 g, 0.10 mmol). and dry N,N-dimethylformamide (0.012
g, 0.19 nimol) were added to dry deuteriochloroform (0.3 ml) in
an n.m.r. tube which was then heated in ref luxing chloroform
(61 0C) for 3 h.

After this time the major peak in the 31 P

n.m..r. spectrum was due to.unreacted phosph(v)ole, 5'(CDC1 3 )
-35.9 (100%).

Two other peaks were observed at 5+20..9 (12)

[possibl\T due to hydrolysis of the phosph(v)olel and -51.8 (8)
(oxazaphosphole.dimer).

Crystals which were seen to emerge

from the solution were most likely to be crystals of the
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oxazaphosphole dimerby analogy with the reaction in (o)
above.

The reaction was continued for a total of 27 h after

which time the al p n.m.r. spectrum had not changed significantly
although more crystal.line.material was observed in the tube.
(q) With 4-nitrobenzaldehyde in chloroform.

The .phosph(v)ole

(0.52 g, 1.6 mmol) and 4-nitrobenzaldehyde (1.20 g, 8.0 mmol)
were. dissolved in dry chloroform and. the solution was heated
under reflux for 24.h.

The 31 P n.m.r. spectrum showed that

no'phosph(v).ole remained and there were three peaks at 6(CDC1 3 )
+33.5 (33%), +31.4 (100) and +21.8 (57).

The peak at 6+31.4

was assigned to methyl diphenylphosphinate while that at 6+21.8
was assigned to.. diphenyl-N-(2-hydroxyphenyl.)phosphinamidate,
the known hydrolysis product of the phosph(v)ole.

The slightly

yellow crystals which had precipitated during the reaction
were filtered off and identified as the phosphinainidate (0.077
g, 16%) which had identical i.r., 'H and 31 P n.m.r. spectra to
those of an authentic sample.

The filtrate was evaporated to

leave a yellow residue which was distilled on Kugelrohr apparatus.
Unreacted 4-nitrobenzaldehyde sublimed at 130-.135 °c/0.]. mm
together with some methyl diphenylphosphinate. (Ca 10%) whose
identity was confirmed, from its 'H and 3P n.m.r. spectra by
'spiking' the n..m.r. tube with an authentic sample and by tic
[alumina, ether/light petroleum (40-60) (50:50)].

The second

fraction sublimed at 190-195 °C/0.1 mm as yellowish brown
crystals (0.065 g), '511 (TFA): 7.72-8.05 (4H, m), 8.60 (4H, s),
which were subsequently identified as 2-(4-nitrophenyl)benzoxazole (17%) by comparison of their

.

1

H n.m.r. and mass spectra

with those of an authentic sample and by melting point, m.p.
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257-263 °C, mixed m.p. 259-264 0C.
In a separate experiment, the phosph(v)ole (0.26 g, 0.8
mmol) and .4-nitrobenzaldehyde (0.24 g, 1.6 nimol) were dissolved
in deuteriochloroform in an n.m.r. tube which was then heated
in ref luxing chloroform (61 0C) for ca 70 h.
the

'

3

After this time

C n.m.r. spectrum was compared with that of a sample of

2-[(4-nitrobenzylidene)amino]phenol and it was found to contain
identical peaks.
In a related experiment, 2-[(4-nitrobenzylidene)amino]phenol (0.085 g, 0.35 mmol) and 4-nitrobenzaldehyde (0.28 g,
1.9 mmol) were dissolved in methylene chloride (15 ml).

The

solvent was then removed to. leave an intimate, mixture of the
two components.

The mixture was distilled on Kugelro.hr

apparatus to give as a first fraction, the unreacted. aldehyde
which sublimed at 130-1.35 °C/0.05 mm.

The second fraction was

obtained as yellowish brown crystals at 160-165 °C/0.05 mm which
were identified as 2-(4-nitrophenyl)benzOxazo.le from the 'H
n.m.r.. and mass spectra.
(r) With 4-chlorobenzaldehyde in chloroform.

The phosph(v)ole

(0.47 g, 1.5 mmol) and 4-chlorobenzaldehyde (1.02 g, 7.3 mmol)
were dissolved in dry chloroform (20 ml) and the solution was
heated under ref lux for 20 h. The chloroform was evaporated
and the yellow residue was distilled on Kugelrohr apparatus.
The excess aldehyde sublimed at 56-61 0C/0.1 mm.

The second

fraction distilled as a yellowish. gum (0.11 g) at 138-142 °C/0...1
mm part of which. was identified as methyl diphenylphosphinate
(6.5%) by 'spiking' the n.m.r. tube with an authentic sample.
There was also some 4-chlorobenzaldehyde in this sample which
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could easily be identified from the 'H n.m.r. shift of the
aldehydic proton..

A. singlet at 58.57 in the 'H n.m.r. spectrum

was at this stage tentatively assigned. to 2 [ (4-chlorobenzylidehe) amino]phenol (7%) by comparison with a spectrum of an authentic
sample.
In a separate experiment, the phosph(v)ole (0.30 g, 0.9
inmol) and 4-chlorobenzaldehyde (0.26 g, 1.9 mmcl) were dissolved
in deuteriochlorofd.rm in an n.m.r. tube which. was held in
refluxing chloroform (61 0C) for 65 h.

The 13 C n.m.r. spectrum

of the reaction mixture was compared with the spectrum of
2-[(4-chlorobenzylidene)amino]phenol and it was found to contain
identical peaks.

Thus, the presence of the phenol in the

reaction mixture was confirmed.
In a further preparative scale experiment, a solution of
the phosph(v)ole (0.97 g, 3.0 mmcl) and 4-chlorobenzaldehyde
(2.10 g, 15.0 mmcl) in dry chloroform (25 ml) was heated under
ref lux for 22 h.

Mplc of the reaction mixture gave as the

first fraction, some 4-chlorobenzaldehyde (1.40 g).

The

second fraction was obtained as a bro.c.n gum which exhibited
a single peak in the. 3 'P.n..m.r. spectrum at 6(CDC1 3 ) +32.5.
This gum was dissolved in hot, light petroleum (60-80) contaming a few drops of ethanol.and the solution was teft at -20 0 c
overnight.

This produced.a white crystalline compound (0.11

g) which was filtered off, washed with a small amount of light
petroleum (40-60) and then dried in vacuo.

The product was

identified as 2.-aminophenyl diphenylphosphinate (12%), m.p.
97-100 °C, cSH (CDC1 3 ): 3.98 (2H, broad s, NH 2 ), 6.36-7.04 (4H,
M,

ArH), 7.27-7.68 (6H, m, ArH), 7.70-8.06 (4H, m, o-PhH),
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d

(CDC1 3 ):

185 (8).

+32.5, m/e 309. (Mt , 100%)., 202 (13), 201 (83),
(Found: Mt 309.092002.

M, 309.091861).

C 18H 16NO 2 P requires

This compound was easily distinguished from

its isomeric diphenyl-N- (2-hydroxyphenyl) phosphinamidate by
its n.m.r. spectra.
(ii) Reactions.of 2-ethoxy-2,3-dihydro-2,2-diphenyl-1,3,2benzoxazaphosph (v) ole.
In vacuo.

The phosph(v)ole (0.32 g, 0.9 mmol) was

pyrolysed using the flash vacuum pyrolysis technique previously
described (230 0C, 500 0C, 1-2xlO 3mm, 35 mm).

The volatile

fraction of the pyrolysate was dissolved in deuteriochloroform and
it was identified as ethanol (84%) from the lii n.m.r. spectrum.
The involatile fraction was .a white solid., m.p. 200-210 0C,
which had adhered to the walls of both the cold trap and the
inlet tube.

This solid. was. found to be only sparingly soluble

in deuteriochloroform and the 31 P n.m.r. spectrum showed that
it was a mixture of several, phosphorus-containing compounds.
Of significance was a peak at 6(CDC1 3 ) -51.7 which was assigned
to the 2,2-diphenyi-1,3,2-benzoxazaphosphole dimer.

The n.m.r.

tube was 'spiked.' with an authentic sample and no extra peak
was observed, in the spectrum.
In a separate experiment the phosph(v)ole (0.10 g, 0.3
mmol) was .pyrolysed. under similar conditions except that the
hot furnace was omitted..

The 31 P n.m.r. spectrum of the

involatile . fraction. was. identical to that found above while
glc (2% Carbowax 20M, 70 0C) of the volatile fraction confirmed
the presence of ethanol.
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Reactions of 2 ,3-dihydro-2-neopentoxy-2 ,2-diphenyl1 ,3,2-ben zoxazaphosph (v) ole.
In vacuo.

The phosph(v)ole (0.32.g, 0.8 mmol) was

pyrolysed using the flash. vacuum pyrolysis technique previously
described (230 °C, 500 ° C, 2-9xlO 3mm, 35 mm).

The more

volatile fraction, of. the pyrolysate was shown to be neopentyl
alcohol (77%) from the.'H n.m.r. spectrum.

The involatile

fraction which was found.in the cold. trap and on the walls of
the inlet tube had a.melting point 215-225 °C and it gave three
peaks in the 31 P n.m..r. spectrum, the most significant of which
was at 6(CDC1 3 ) -51.6 which was assigned to the 2,2-diphenyl1,3 ,2-benzoxazaphosphoie dimer.
In a 'separate experiment the phosph(v)ole (0.096 g, 0.25
nunol) was pyrolysed under similar conditions except that the
hot furnace tube was omitted. The volatile fraction was
confirmed to be neopentyl alcohol by gic (2% Carbowax 20M, 30 °C)
while the. 31 P n.m.r. spectrum of the involatile fraction was
identical to that above.

Reactions of diphenyl-N-(2-hydroxyphen.yl)phosphinamidate.
(a) In vacuo.

The phosphinamidate (0.040 g, 0.13 mmol) was

pyrolysed using the flash vacuum pyrolysis technique previously
described (200 0C, 750 °C, 10 3mm, 1 h).

The 31 P n.m.r. spectrum

of the pyrolysate showed.a major product peak at 6(CDC1 3 ) +32.9
together. with several, minor peaks.

This was assigned to 2-

aminophenyl diphenylphosphinate (63%) which was identified by
comparison of both the 'H and
an authentic sample.

31 P n.m.r. spectra with those of
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'(b) With N.,N-dimethylformamide..

The phosphinanidate (0.019

g, 0.06 inmol) was. added to dry N,N-dimethylformamide (0.59 g,
8.1 mmol) in an n.m.r.. tube which was heated at 125-130 0C.
The reaction was.monitored.by . 31 P n.m.r. and. after 2.5 h
there was no change in the spectrum viz, there remained a
single peak at 6+19.2 for the phosphinainidate.
With benzophenone.. A mixture of the phosphinamidate
(0.017 g, 0.05 mmol) and benzophenone (0.46 g, 2.5 mmol) in
an n.m.r. tube was heated. at 135-140 0C.

After 1 h the

Stp

n.m.r. spectrum showed one. peak at.6+20.1 for the starting
phosphinamidate.

The. reaction temperature was raised to 150-

160 ° C and after 12 h at this temperature the spectrum indicated
that no. phosphinamidate remained and there was a major product
peak at 6+28.8 (100%) with a minor peak at 6+30.4 (25).

The

peak at 6+28.8 was assigned to 2-(diphenylmethyleneamino)phenyl
diphenyiphosphinate. [cf the.reaction of 2,3-dihydro-2-methoxy2, 2-diphenyl-1.,3 ,2-benzoxazaphosph(v)ole with benzophenone].
With 4-chlorobenzaldehyde.

The phosphinamidate (0.014 g,

0.05 inmol) and 4-chlorobenzaldehyde. (0.39 g, 2.8 inmol) were
added to an n.m.r. tube which was heated at 120-130 °C for 1 h.
The 31 P n.m.r. spectrum (recorded at 80 0C) indicated that no
phosphinamidate remained..and there was a major product peak at
6+30.0 (100%) with a smaller peak at 6+31.8 (46).

The peak

at 6+30.0 .was assigned. to 2-[(4-chlorobenzylidene)axnino]phenyl
diphenylphosphinate. [cf the reaction of 2,3-dihydro-2-methoxy2, 2-diphenyl-1 ,3 ,2-ben.zoxazaphosph(v)ole with 4-chlofobenzaldehydel.
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(v) Reactions of 2,2-diphenyl-1,3,2-benzoxazaphosphole diner.
With N,N-dime.thylformainide.

The. oxazaphosphole dimer

(0.029 g, 0.05 mmol) and dry N,N-dimethylformamide (0.38 g,
5.2 xnmol) were added to an n.m.r. tube which was heated at
125 0C .(FX60 probe temperature)..

3

1

P n.m.r. spectra were taken

at 8 min intervals and over a 75 min period a single product
peak at 6+27.7 was observed, in the spectra.

The oxazaphosphole

dimer was.not observed in the spectra because. of its insolubility.
The peak. at 6+27.7 was.. assigned to 2-(3,3-dimethyl-1,3-diazapropenyl)phenyl diphenyiphosphinate and when the n.m.r. tube
was 'spiked' with an authentic. sample, no further peak was
observed.
In a preparative scale experiment the oxazaphosphole
dimer (0.26 g, 0.46 mmol) was. reacted with dry N,N-dimethylforinamide (1.33 g, 18.2 mmol). at 120-130 0 c for 2.5 h.

The

excess dimethylforinam.ide. . was removed on .Kugelrohr apparatus
at 50-55 °C/0.05 mm to leave a brown oil (0.33 g) which crystallised
on trituration with light petroleum (60-80).

Recrystal],isation

from.methanol gave the expected. phosphinate (0.20 g, 59%),
m.p. 164-1670C,

(CDC1 3 ): +30.1.
51D
With benzophenone. A mixture of the oxazaphosphole diner

(0.037 g, 0.06 mmol) and benzophenone (0.61 g, 3.4 mmol) were
heated in an n.m.r. tube at 125 0 C (FX60 probe temperature).
3

1

P n.m..r.. spectra.were. taken at 30 min intervals and after

about 90 min a single. product peak at 6+28.5 began to appear
in the spectra.

As in (a) above the oxazaphosphole dimer was

not observed in the spectra..

The. reaction was continued for

10 hand after this time there remained the single product peak
at 6+28.5.

This was assigned to 2-(diphenylmethyleneamino)pheny].
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diphenyiphosphinate and when the reaction mixture was 'spiked'
with an authentic saxnpleof this compound no.further peak was
observed.
(c) With 4-chlorobenzaldehyde.

The reaction. between the

oxazaphosph(v)ole dimer. (0.047 g, 0.08 mmol) and 4-chlorobenzaldehyde (0.34 g, 2.4.mmol) at 125 °C (FX60 probe temperature)
was monitored at 30 min intervals by 31 P n.m.r.. The single
product peak at 6+29.5 emerged. quickly,. reaching a maximum
height after about 1 h.

As in (a) and (b) above, the

oxazaphosph(v)ole.dimer was not. observed in the spectra.

The

peak at 6+29.5 was assigned.. to 2-[(4-chlorobenzylidene)ammno]phenyl diphenylphosphinate.

No further peak. was. observed in

the spectrum. when the reaction mixture was 'spiked' with an
authentic sample of this compound.
In a similar experiment, but this time at 90 0C (Fx60 probe
temperature), the product peak emerged more slowly reaching a
maximum height after about 8 h.

J.

Attempts to Prepare Bis[2-(alky'lamino)benzyl] Sulphones
and Oxalates.

1

Preparation of Reagents

(a) 1,2-Dihydro-2-phenyl-3,1,4-benzoxazine was prepared as
follows. . 2-Aminobenzyl alcohol (1.23 g, 10 mmol) and
benzaldehyde (1.06 g, 10 mmol) were dissolved in hot ethanol
and the solution was heated. under reflux for 30 mm. When
cool., the product crystallised from the solution and was filtered
off to give the required.benzoxazine (1.92 g, 91%) as pale
yellow flakes, m..p. 115-117C
0
(lit.

5

1150C).
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1, 2-Dihydro-2--phenyl-1-p-toluenesulphonyl--3 ,l,4benzoxazine.

A solution of 1,2-dihydro-2-phenyl-3,1,4-

benzoxazine (1.40 g, 6.6 inmol) in pyridine (10 ml) was added
dropwise over a period of ca 10 min to a stirred solution of
2-toluenesulphonyl chloride. (2.11 g, 11.1 romol) in..pyridine (20 ml)
The solution was stirred. overnight at room temperature then water
(25 ml) was added which gave.the solution a yellow, cloudy
appearance.

Sulphuric. acid (.50%, 20 ml) was .then.added to

neutralise the pyridine and at this point the solution became
red in. colour. The mixture was extracted with methylene
chloride (2x25 ml).

The combined organic layers .were dried

over magnesium sulphate, and the solvent .was removed to leave
a deep purple residue which had a distinct smell of benzaldehyde.
After several days this liquid had crystallised and when
recrystallised twice from isopropanol, small white crystals
were obtained.

They were identified as the desired. benzoxazine

6 2.32 (3H, 5, Cl! 3 ), 4.12 (in,
d of d, J11 16Hz, CHHb
a ) 4.48 (1H, d of d,
a b)
HH 16Hz, CHH
6.58 (1!!, d of d, ArH), 6.86-7.62 (12H, m, Ark! and CH), 7.90
(0.23 g, 9.3%), m.p. 150-153°C,

(1k!, d of d, ArH) ' 6c (CDC1 3 ) : 21.4 (CH3) , 60.8 (CH 2 ), 83.7
(CH), 124.2, 125.8, 126.3, 126.8, 127.1, 127.7, 128.1, 128.4,
129.1, 133.0, 135.5, 135.8, 143.6, m/e 365 (M + , - 82%), 259 (100),
194 (71), 180 (53), 105 (29), 91 (71), 77 (65),

max 1340,
1305, 1233, 1215, 1160, 1061, 1032, 938, 920, 855, 781, 764,
695, 651 cm 1:.

(Found: C, 68.9;

V

H, 5.15; N., 4.0.

C 21 H 19N0 3 5 requires C, 69.0; H, 5.25; N, 3.85%).
2-(Benzylamino)benzyl alcohol was prepared by the reduction
of 1, 2-dihydro-2-phenyl-3 ,1 ,4-benzoxazine.

Thus, the benzoxazine
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(1.80 g, 8.5 mmol) in dry TUF (20 ml) was added dropwise over
a period of 20 mm to a stirred suspension of lithium, aluminium
hydride (1.52 g, 40 mmol) in dry THF (40 ml). under an atmosphere
of dry nitrogen.

The mixture was. stirred overnight at room

temperature and then heated. under ref lax for 6 h.

The excess

hydride, was destroyed by the addition of water.(1.5 ml) inTUF
(10 ml) followed. by.4M sodium hydroxide solution (2 ml) and
finally water (4 ml).

The inorganic residues... were filtered

and. washed well with methylene chloride.

The filtrate was

concentrated to leave a mixture of a brown oil and water.
Methylene.chloride was added and the water was removed with
magnesium sulphate. Evaporation of the solvent left a brown
oil (1.37 g, 76%) which solidified when. left at -20 °C for
several, hours,. m.p.43-45 0 C (lit. 16 55 °C).
The mass spectrum
showed the correct parent ion at m/e 213.
(d) Bis.(2-nitrobenzyl) sulphide and bis.(2-nitrobenzyl) sulphone.
2-Nitrobenzyl bromide was prepared according to the method of
Kalir. 217 2-Nitrotoluene (41.1 g, 0.3 mol) was..reacted with
N-bromosuccinimide (71.2 g, 0.4 mol) and benzoyl peroxide (1.5 g)
in dry, ref luxing carbon. tetrachloride. (200 ml).

The reaction

was monitored by 1 H n.m.r. and the formation of the product was
shown by the appearance. of a singlet at cS(CC1 4 ) 4.80.

After

7 h the hot solution was filtered to remove the insoluble
succinimide.

The filtrate. was evaporated to leave a brown oil

which was not further purified.

This oil was dissolved in

ethanol (200 ml) and the solution was heated under ref lux.
Sodium sulphide nonahydrate (36 g, 0.15 mol) in water (80 ml) was
added to the ref luxing solution.
almost immediately.

A yellow solid precipitated

The solution was stirred under ref lux for

133

a further 2 h before it was poured. onto crushed ice.

The

yellow solid was filtered off and recrystallised from benzene
to give the required sulphide (25.1 g, 55%.) as straw coloured
crystals, 'm.p.. 121-124 °C (lit.1218 124 °C).
The sulphone was prepared by oxidation of the sulphide.
Thus, the sulphide (.3.0 g, 10 mmol) was added to acetic acid
(20 ml) which was heated to 100-110 °C (bath temperature) until
all the solid had dissolved.

Hydrogen peroxide (30%, 5.6 g,

49 mmol) was added at a.rate which kept the solution under
steady ref lux.

After about.30 min the product crystallised

from the hot solution.. The product was filtered off and
washed with a small amount of acetic acid. to give the sulphone
(3.1 g, 94%) as pale yellow crystals, m.p. 208-211 °C (lit?, 8
200 °C)
(e) Bis(2-a.mmnobenzyl) sulphide was obtained, by the reduction
of bis(2-nitrobenzy'l) sulphide .with.tin in hydrochloric acid.
A mixture of concentrated hydrochloric acid (50 ml), bis(2-nitrobenzyl) sulphide (5.0 g,. 16.4 rnmol) and granulated tin (8.0 g)
was heated under ref lux with constant stirring. More tin
(7.0 g) was added portionwise over a period of 3 h.

When the

clear solution was allowed to cool the hydrochloride salt of
the required product precipitated as white crystals.. .These were
filtered. off and washed. well with.methylene chloride.

The salt

was suspended in 2M sodium hydroxide solution (80 ml) and to
this was added methylene chloride (80 ml).

The mixture was shaken

then. filtered through celite... The celite was washed well with
methylene chloride.. The organic layer was. separated and the
aqueous layer was extracted..with. methylene chloride (2x40 ml).
The combined organic extracts.. were dried over sodium sulphate
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and evaporation of the solvent gave, initially a. yellow oil
which later crystallised.

This was .recrystallised from

cyclohexane/ethanol (90:10) to give the required sulphide
218
(1.82 g, 45%) as white flakes 1 m.p. 78-80 C (lit.,
81 C).
Bis[2-(benzylideneamino)benzyl] sulphide.. A solution
of bis(2-aminobenzyl) sulphide (0.81 g, 3.3 mmol). and benzaldehyde. (0.70 g, 6.6 rnmol). in ethanol (30 ml) was. heated under
ref lux for 30. min.

The .solution. was allowed., to cool before

the solvent was evaporated, to. give a yellow oil.

Crystallisation

occurred when the oil was dried., in vacuo for 30 mm.

Re-

crystallisation from ethanol gave the sulphide (0.83 g, 62%)
as pale yellow needles,. th.p. 81-82°,

611 (CDC1 3 ): 3.85 (411,

2CH 2 ), 6.43-7.94 (>1811, m,. ArH), 8.22 (211,

5.,

2C11).

5,

(There

were also small signals at 63.66, 3.82 and 8.33 which were
thought to be due to syn and anti isomers.

If these signals

are integrated, together with the major signals then the
aromatic region integrates correctly.to 1811.
evidence was obtained., from.
of isomers), 6c (CDC1 3 ):

' 3

However, no

C n.m.r. to suggest the presence

31.8 (CH 2 ), 117.6, 125.6, 127.7,

128.4, 128.6, 129.6, 131.0, 132.3, 136.2, 150.3, 159.6 (N=CH),
m/e 420 (?4, 1%) , 387 (1 .7) , 297 (2) , 226 (100) , 195 (94)
193 (54) , 118 (30) , 91 (67) , 77 (15) ,

vm

1628 (C=N) , 1574,

1407, 1318, 1230, 1196, 1170, 1158, 1094, 1072, 978, 940, 888,
861, 772, 761, 749, 701, 690, 650 cm- 1.
H, 5.75; N, 6.6.

(Found: C, 80.2;

C 28H 24N 2 S requires C., 79.95; H, 5.75;

N, 6.65%).
Methyl N,N-dimethylanthranilate was prepared by the
method of Edsall and Wyman. 219 Dimethyl sulphate (47.3 g,
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0.38 mol) was reacted at room temperaturewith'.anthranilic
acid (10.3 g, 0.08 mol) dissolved in water (50 ml) containing
potassium hydroxide. pellets (6 g).

After work-up and bulb to

bulb distillation the product (4.6 g, 34%) was obtained as a
0
colourless liquid, b.p. .75-80 C/0.05 mm. (lit.2 ,19 139 °C/16 nun).
(h) 2-(N,N-Dimethylamino)benzyl alcohol,.

Methyl N,N-diinethyl-

anthranilate (2.65 g, 1.4.8 nunol) in super-dry ether (25 ml)
was added dropwise to a stirred. suspension of. lithium aluminium
hydride (1.15 g,. 30 mmol, 300% excess) in super-dry ether (20 ml).
The mixture was stirred at room . temperature. for 4 h..

The excess

hydride was destroyed.. by the..addition.. of wet ether (15 ml)
followed by 40% sodium hydroxide solution (10 ml) and finally
water (S ml).

Filtration through celite gave a colourless

solution which was dried over magnesium sulphate.. Evaporation ;
of the solvent and distillation of the residue gave the product
(1.71 g, 77%) as a colourless liquid, b..p. 70-75 0 C/0.05 mm
220
(lit.,
115 C/8 mm).

2

Attempted Preparation. of Bis[2-(alkylamino)benzyl]
Sulphides. and Sulphones.

(a) Bis(2-aminobenzyl). .sulphone.. An attempt was made to
prepare this compound by the reduction of bis(2-nitrobenzyl)
sulphone. The method. employed was that described by Wood
et al.221
Sodium borohydride (0.78 g, 20.5 mmol) in water (15 ml)
was added to a suspension of 10% palladium on charcoal (0.12 g).
A stream of nitrogen was passed through the stirred suspension
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and to this was added bis(2-nitrobenzyl) sulphone (3.45 g,
10.3 mmol) in methanol over a period of ca.10 mm. - The
mixture was stirred. for 3 h.but the sulphone appeared neither
to have dissolved nor..reacted.

DMF (25 ml) was added to aid

dissolution and the mixture was stirred. and heated.. under ref lux
for 2 h.

The mixture was filtered through celite., the filtrate

was acidified with 214. hydrochloric .acid. (20 ml) to destroy
excess. borohydride then neutralised with 214 sodium hydroxide
solution..
ml).

This was extracted. with methylene chloride (3x40

The organi.c layer was separated, dried, over magnesium

sulphate and evaporated. Only DMF was found in the residue.
Therefore the filtrand viz, the palladium on charcoal
and unreacted sulphone, was. dissolved in hot DMF (50 ml) and
the mixture was filtered...while still hot.

The filtrate was

then added dropwise to a similar suspension of palladium on
charcoal and sodium borohydride. The mixture was stirred for
15 mm, heated under.reflux for 30 min then hot. filtered
through celite. The filtrate was added to crushed ice but no
precipitate was obtained even after the addition of 2M sodium
hydroxide.

The mixture. was thus extracted. with methylene chloride

(4x50 ml).

The organic, layer was separated,. dried over

magnesium sulphate Sd evaporated. The remaining DNF was
removed in vacuo to leave a yellow solid (0.12 g) which was washed
with a small amount of light petroleum (40-60).

This was shown

to be the unreacted sulphone by 'H n.m..r. and melting point,
M.P. 203-206 0C (lit.

" 200 0C).

(b) Bis[2-(benzylamino)benzyl] sulphide..

An attempt was made

to prepare this compound. from bis[2-(benzylideneamino)benzyl]
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sulphide by a general method for the reduction of imines? 11
Sodium borohydride (0.22 g, 0.6 mmol.) was added portionwise
to a solution of bis[2-(benzylideneaxnino)benzyl] sulphide
(0.41 g, 1.0 mmol) in.methanol. (5 ml) at 40 0C.

More methanol

(10 ml) was added before.the.solution was heated under ref lux
for 30 mm.

Water (10 ml) was added and the solution was

allowed to cool.

A white solid precipitated. which was filtered

off and was shown to be. unreacted .sulphide by 'H n.m..r.

The

sulphide (0.090 g, 0.21 imnol) was again dissolved, in methanol
at 40 ° C and sodium borohydride. (0.13 g, 3.4 mmol) was added
portionwise and the mixture was stirred for 1 h then set aside
The resulting white

for several days at room. temperature.

precipitate was filtered. off and recrystallised. from methanol
The 'H n.m.r. spectrum

to give pale yellow leaflets (0.072 g).

suggested that this was.a.mixture of three compounds, namely
bis[2-(benzylideneainino)benzyl] sulphide,

6H

(CDC1 3 ): 3.93

(s, 2CH 2 ), 6.50-8.14 (m, ArH), 8.37 (s, 2CH), bis[2-(benzylammno)benzyl] sulphide,

LSH:. 3.73 or 3.78 (s, 2ArCH 2 ), 4.27

or 4.31 (s, 2NHCH 2 ), 6.50-8.14 (m, ArH), 2-(benzylamino)benzyl2 1 -(benzylideneainino).benzyl. sulphide,

SH: 3.73 or 3.78 (s,

2ArCH 2 ) , 4.27 or 4.31 .(s, NHCH 2 ) , 6.50-8.14 (in, ArH) , 8.40
(s, CH).

3

Attempted Preparation. of Bis[2-(alkylamino)benzyll
Oxalates.
I

(a) Bis[2-(benzylamino)benzyl] oxalate.
(0.31 g., 2.4 mmol) in dry ether (2 ml)

Oxalyl chloride

was added dropwise to

a stirred, ice-cold solution of 2-(benzylamino)benzyl alcohol
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(1.00 g, 4.7 mmol) and triethylaniine (0.72 g, 7.1 mmol) in
A.white precipitate formed immediately

dry ether (25 ml).

and after S min this was filtered off.

The precipitate was

then washed with water to remove triethylamine hydrochloride
and the remaining solid became very sticky. This solid was
dried in vacuo to give a foamy , material which was apparently
solid.

The 'H n.m.r. spectrum showed very broad peaks and

tic (silica/ether) showed that at least four products were present.
(b) Bis [2-(N,N-dimethylamino)benzyljoxalate.

Oxalyl chloride

(0.76 g, 6 mmol) was reacted. with 2-(N,N-dimethylamino)benzyl
alcohol (1.70 g, 11.3 mmol) and triethylamine (1.82 g, 18 mmol)
as in (a) above.

The reaction was quite vigorous and there was
Water (20 ml) was added and

an. immediate white precipitate..

the mixture was stirred to dissolve the hydrochloride salt.
The ether layer was separated. and the remaining aqueous layer
was extracted with ether (2x20 ml).

The combined organic

extract was dried over magnesium sulphate and removal of the
solvent, gave an oil which. was distilled on Kugelrohr apparatus.
A colourless oil distilled at 100-150 0 C/0.05 mm which was
identified as starting material by 'H n.m.r.. The residue, a
brown gum gave very broad peaks in the 'H n.m.r. spectrum and
could not be identified.

K.

Variable Temperature 'H and

'

3

C N.M.R. Studies on

Selected .1, 3-Diazapropenes.
General method.

The compound was dissolved in deuterio-

chloroform in an n.m.r. tube.

The temperature of the sample
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was allowed, to stabilise.. before. the spectra were recorded.
The coalescence temperature (Tc) was judged to be the temperature
at which separate peaks became just indistinguishable.

*

The free energy of activation (AG ) was calculated using
kT c /
the equation AG = RT c Ln
which is a combination of a
simplified Gutowsky-Holm equation and the. Eyring equation. 141
Av is the frequency.difference..between the separate resonances
at slow exchange... All other symbols are conventional.
2-(3, 3-Dimethyl-1.,.3-diazapropenyl)phenyl diphenylphosphinate.
('H n.m.r.).

At 25 0 C a broad singlet was observed for the

methyl groups at 52.96.

At -20 ° C this singlet was replaced by

two singlets (&u 12.8Hz).
The coalescence temperature was
*
judged to be 13±1 0C.
AG = 62±0.5 kJinol -1
2-(3,3-Pentamethylene-1 ,3-diazapropenyl)phenyl diphenvlphosphinate.

('

3

C n.m.r..).

At 64 ° C a broad singlet was

observed at 545.9 for the. carbon atoms C and C .
At 33 °C
2
1
this singlet had almost.completely disappeared.
The coalescence
temperature was taken as 33±2 0C.

At -32 0C there were two

sharp singlets at 649.2 and 42.0 (Av 181.5Hz).
*
-1
AG = 60±1 kjmoi

O
NyH

;cZ

11
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At 64 ° C there was a sharp singlet at 625.0 for the
carbon atoms C 3 and C 4 . As the temperature was lowered this
singlet broadened and at -32 0 C two singlets were observed at
625.6 and 24.1 (Av 37.0Hz).
taken as 15±5 °C.
*
-1
AG = 60±1.5 kJiuol

The coalescence temperature was

141

DISCUSSION

Preamble
As the introduction to the thesis shows, thermolysis
reactions of phosph(v)oles constitute a significant part of
their chemistry.

Most of these reactions however are

performed either with neat compounds or in solution. One of
the disadvantages of such thermolysis reactions, particularly
with neat compounds, is that-excessive decomposition can
occur as a result of the prolonged contact time in the high
temperature zbne.

This decomposition can be further enhanced

by secondary reactions between the thermolysis products and
the starting materials.

These problems can largely be

circumvented by using the technique of flash vacuum pyrolysis
(f.v.p.), the essential features of which are described in
in the experimental section, page 62.

With this technique,

the compound experiences a very short contact time (of the
order of a few milliseconds) in the zone of pyrolysis.

The

reaction products are also separated from the starting material
and so unwanted side reactions can be avoided.
As a result of the high vacuum conditions associated
with f.v.p. reactions, intramolecular reactions are favoured
although., as will be shown later, coupling of reactive intermediates such as radicals can be observed.
In the present study, the f.v.p. technique was used,
with only one exception, to study the thermolysis reactions
of the 1,3,2-benzoxazaphosph(v)ole system.

The results which
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were obtained from this phosph(v)ole system led to the
investigation of reactions of certain sulphones and oxalates
under similar f.v.p. conditions.

A.

F.V.P. Reactions of 3-Aryl-2,3-dihydro-1,3,2-benzoxazaphosph(v)oles
In the introduction, it was shown that in the thermolysis

of oxa- and oxazaphosph(v)oles, the dominant reaction is the
attainment by the phosphorus atom of the P(I 7) state.

This

usually involves the formation of the strong P=O bond which is
a driving force for the reaction, and may be accomplished
either by extrusion of a P(IV) species or by a reaction at the
other phosphorus ligands.
The thermolysis reactions of the 1,3,2-oxazaphosph(v)ole
system have not been studied to any extent and in particular,
147,149 where the phosph(v)ole contains
there are few examples
an annelated benzene ring, e. g . (104).

R1 1 R 21 R 3 = Ph,OMe,OEt
*R1
ArN
(104)

0
'

Ar = .p-to(y(

3

The title compounds, prepared by the deoxygenation of
aryl 2-nitrophenyl ethers with tervalent phosphorus reagents, 32
were chosen for this study, firstly because of their ready
accessibility as a result of previous work carried out in this
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laboratory.

Secondly, the photolytic decomposition of some

of these compounds had resulted in the formation of carbazoles
via the extrusion of a P(IV) species 222 (Scheme 76) representing
a convenient two-step preparation of the carbazoles from the
readily available ethers.

r
PR

NO

h _J/ PR3

X%

çj

Scheme 76
Some of the phosph(v)oles which were prepared for this
study are new compounds and in general their physical properties
were shown to be consistent with previously reported
analogues 32 .

A striking feature of nearly all of these

compounds is their high thermal stability. Many of them
0
can withstand distillation temperatures in excess of 200 C

and a preliminary study 180 showed that under f.v.p. conditions,
temperatures of over 500 0C were required to effect complete
pyrolysis of the compounds.
Two of the reactions which were investigated in this
preliminary study were repeated and the results. are shown in
scheme 77.

144

11

+çiOH
ArN—PPh 2

ArNH

II

0

(10) 60%

1 __
ArN

(9) truce

600°C

bEt
CH 2=CH 2

(105)

+

010"

(106) 1.4%

f

ArN__

L-- Ph

65 00 C

(10) 25%

+

(106)

8.5%

OMe
(8)
Scheme 77
The phenyl groups attached to the phosphorus atom were
then progressively replaced with further alkoxy groups and
the results of these experiments are shown in schemes 78 and
79.
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Ph P(OEt) 2

C

t,.-Ph
;
ArN___ 'OEt

600°C

>

+

(109) 21%

EuIIIILIINph +
Ar

OEt

EtOH
(108) 71%

20%

(107)
mp(c

tLOH

ArNH

(110) 39%

0
Ph
ArN

II

650°C

PhP(OMe) 2

(108) 65%

OMe
(74) 25%

(111)

MPIC

Me
(110)

10%

+

oz

+

H

(112) 14%
Scheme 78

I

ArNH
(113) 1Y/

OMe
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at least four

I:
? -I ?,,., OEt
ArN

650°C

41

O=P(OEt) 3

unidentified

+

products

OP

I

J'OMe

ArN___

at (east six
800°C

O=P(OMe) 3

+

unidentified
products

I fl 0/

I 7 '0

OMe

Scheme 79
The results clearly show that while the formation of
the P(IV) state is the dominant reaction in most cases, it
is usually achieved by reaction around the phosphorus ligands
rather than by extrusion of a P(IV) species.

This is not an

unexpected result since it has beenshown that the strong
aryl-oxygen bond (ca.380 kJmol 1 ) 223 can resist cleavage
under pyrolytic conditions 224 (Scheme 80).

a

+

Co 2

~

Co

0

a
Scheme 80

L-L o
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The results also show that the reaction is influenced
by varying the groups around the phosphorus atom and it is of
interest to discuss what the mechanism of the reaction might
be.
There are two types of mechanism which require to be
considered, a radical type mechanism and a concerted mechanism.
Firstly, consider a radical mechanism.

Scheme 81 shows where

initial homolytic cleavage may occur in the molecule. The

ArN
04R
(11 6)
Scheme 81
weakest bond is the P-N bond (209 kJmoC 1 ) 225 (cf. P-c 351,
P-c 259, and C-O 358 kJmol 1)225146 and so it might be
expected to break first to give the diradical (116).

The

phosphorus-containing part of' this diradical is a phosphoranyl
radical (•PR 4 ).

Such species are well-known and have been

reviewed by Roberts 226 .

It can be shown that if a it-acceptor

ligand is attached to the phosphorus atom, then the odd electron
can be delocalised over the it-system and thus stabilise the
radical.

In phosph(v)oles (105), (8), (107) and (111) there

is a phenyl group which is capable of this resonance
stabilisation.
The phosphinate (10), shown to be the major product on
pyrolysis of phosph(v)oles (105) and (8), can thus arise from
a S-scission process (Scheme 82), which is a well-known
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LJLL

1lOPh2
-p.

ArN•

+H•,

ArNH

ArN'
O\R

0

R=Ef

H.

(10)

CH2=CH2

-

Scheme 82
fragmentation reaction of phosphoratyl radicals 226 .

In the

case of phosph(v)ole (105) the resulting ethyl radical can
lose a hydrogen atom to yield ethylene. That an ethyl
radical does lead to ethylene under these conditions was
demonstrated by the pyrolysis of phenetole (Scheme 83). The
formation of radicals on the pyrolysis of aromatic ethers
is a well-known reaction 227 .

PhOEt

Fh0 + Et•

Et

CH 2 =CH 2 + H

Scheme 83
A minor reaction pathway for phosph(v)ole (105) possibly
involves some P-O bond cleavage to give a closely related
phosphoranyl radical (117) (Scheme 84).

A similar $-scission

process would account for the trace of the phosphinamidate
(107) which was observed in the crude pyrolysate.
With phosph(v)oles (107) and (111), the major product
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OH

+ CH 2 =CH 2
-Et
(117)

(9)

Scheme 84
was found to be the cyclic phosphonamidate (108).

This

compound could not be isolated because of its hydrolysis to
2-(p7toluidino)phenol (110) on work-up.

The phosphonamidate

(108) may arise by a mechanism initiated, by P-N bond cleavage
(Scheme 85).

lPh
ArN

ArN•

&I

OR

11

0

Ar
(108)
Scheme 85

Ph

U.

II-Ph

ArNH
(119)

R = Me
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The nitrogen centred radical (118) can then cyclise via the
elimination of an alkoxy radical.

The detection of ethanol

in the pyrolysate of phosph(v)ole (107) would indeed suggest
the elimination of an ethoxy radical.

The greater stability

of the alkoxy radical over the phenyl radical in the gas-phase 228
may favour the cyclisation reaction in these examples as
compared with phosph(v)oles (105) and (8).

Although radical

(118) can acquire a hydrogen atom (cf. Scheme 82) only a small
yield of the product (119) was detected and so this would
appear to be a minor pathway.
An alternative radical. mechanism which has not so far
been considered is that of an initial S-scission process
(Scheme 86).

This can lead to the amino radical (121) which

can then give the products (10), (119) and (108) by the.
mechanisms previously discussed.

P",

9

"~

Ph
ArN

L
(120)

R'

O

(10), (119)

I-Ph

ArN•
(108)

( 121)

Scheme 86
To decide which of the two radical mechanisms may be
operating, consider the two initially formed radicals (116)
and (120).

Firstly, the difference in bond energies between

a P-N bond and a C-O bond is ca.150 kjmol' 1 and so the formation of the diradical(116) might be expected to be energetically
the more favourable process.

Secondly, the odd electrons in
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diradical (116) can delocalise into the N-aryl ring and a
.

L-phenyl ring, both of which presumably contribute to its
stability.

Evidence to support this comes from the observation

that phosph(v)ole (115) required a pyrolysis temperature of
800 ° C before no starting material could be observed in the
This pyrolysis temperature is ca-200 0 C higher
pyrolysate.
than was required by any of the other phosph(v)oles in this
series and if the mechanism in scheme 86 were operating then
this anomaly would not be expected. By homolysis of the P-N
bond however, the phosphoran;yl part of the diradical is no
longer resonance stabilised by a phenyl group and so this may
be sufficient to raise the heat of formation of the species.
This does not however explain why a similar high temperature is not required for pyrolysis of the phosph(v)ole (114)
and it is at this point that it is necessary to consider an
alternative mechanism for at least some of the reactions.
For phosph(v)oles containing one or more ethoxy groups
a concerted mechanism can be drawn to account for the major
products (Scheme 87).

It is of interest to note the

similarity between this mechanism and the McLafferty rearrangement which is observed in the mass spectra of these compound 32,180
For phosph(v)oles containing methoxy groups, a related fivemembered transition state would generate a carbene (Scheme
88) though such a mechanism would seem less likely in these
cases (see later).
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It is possible therefore that a concerted mechanism can
occur for phosph(v)oles containing ethoxy groups while a
radical mechanism takes place for those with methoxy groups.
This might explain why phosph(v)ole (114) does not require a
higher pyrolysis temperature similar to phosph(v)ole (115).
However, it is not possible at this stage to unambiguously distinguish between the mechanisms for the ethoxy compounds.
Finally, in this section, mention should be made regarding
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some of the minor products of the reactions.

3-Methyl-

phenoxazine (106), which was obtained in low yield from
phosph(v)oles (105) and (8), can arise via a retro-cheletropic
extrusion of alkyl diphenyiphosphinite (Scheme 89). Although

H

Tüt.,-Ph
ArN_

- _Ph2POR >

n

Me

Th1So
Nk

OR

c:L%Me

Me

Scheme 89
the phosphinite was not detected in. the.pyrolysate, a
separate experiment showed that methyl diphenyiphosphinite
fragments to several compounds under. similar .f.v.p. conditions.
The extrusion of a P(IV) species was observed in a few
cases.

In one instance, 3-methylcarbazole (112) was

isolated as a co-product.. From the examples. discussed in
the introduction, extrusion of a P(IV) species would lead to i.
the formation of a carbene (122) (scheme 90) which could
then form the carbazole via an intramolecular, insertion reaction

H

Me

If
- PhP(OMe)2

K°

ArN ____

-Ph

Me

e
(122)

Scheme 90

H
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The pyrolysis reactions of the phosph(v)oles in this
series were not particularly clean reactions.

The 31 P n.m.r.

spectra of the pyrolysate frequently indicated several
products and the overall accountance was low.

It was

thought that if the N-aryl function could be replaced with
an N-alkyl group this might lead to fewer and perhaps more
easily identified products.

The preparation and pyrolysis

of such compounds is the subject of- the next section.

B.

F.V.P. Reactions of 2-Alkoxy-3--alkyl-2,.3-dihydro2 ,2-diphenyl-1, 3, 2-benzoxazaphosph v) oles
This series of phosph (v) oles clearly cannot be prepared

by the deoxygenation method described for the related N-aryl
series.

For this series, the method of Trippett 40 ' 41 was

used which involves the reaction of a 1.,2-difunctional species
with a tervalent phosphorus reagent in the presence of Nchlorodi-isopropylamine (see the introduction, page 10):
Since all the phosph(v)oles in this series are new
compounds and indeed constitute a novel phosph(v)ole system,
both their preparation and properties require some further
discussion.
The general route to these compounds., from. Q-aminophenol, is shown in scheme 91.

To obtain the required

difunctional compounds (124; R=Me, Et), 2 -

inophenol was

first protected by its conversion to benzoxazalone (123)
which was prepared in exceptionally high yield in contrast
to the literature value of 30%182.

This was then alkylated

and the oxazolone ring was opened with base to give the 2-

0

-OH

+ A

NH 2

H2 N

I

NH 2

NH

I
_U-Ph
RN

I

(125)

Ph

OH

PhPOR
PrNCL

OR'

Le

ONHR

NaOH

(123)
RI

CL

NR

(124)

Scheme 91
alkylaminophenols (124). . Several attempts were made to
purify these compounds, including recrystaflisation and
column chromatography, but vacuum sublimation was found to
give the purest. samples which was later found,. to be important
in securing a reasonable yield of the phosph.(v)oles (125).
The final step involved the addition of N-chlorodi-isopropylamine to a solution. of the tervalent phosphorus reagent and
the alkylaminophenol in super-dry ether... . Column chromatography was then used to obtain the phosph(v)oles, a technique
not commonly employed in phosphorane chemistry because of
the ease of hydrolysis of the compounds. . . However, by use
of active alumina and dry solvents, yields of 6-38% were
achieved in the final step.
The phosph(v)oles are. white.or colourless crystalline
solids with clean, sharp melting points.

In general they

are less hydrolytical.ly unstable than. their N-aryl analogues
and can be handled in air without any apparent decomposition.
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Indeed, in the preparation of the phosphinamidate (126) by
the acid catalysed. hydrolysis of phosph(v)ole (127) (Scheme
92), about 45 min elapsed before the product precipitated
from solution.

This is in contrast to similar hydrolyses

H1? H 2 0
E 0

MeN
(127)

OMe

L

{ OH

MeN—PPh 2
II
(126)

Scheme 92
of the N-aryl analogues in which the products precipitate
after only a few minutes 35.
The 31 P n.m.r. spectra showed a characteristic negative
value of ca.-38 p.p.m.. while the 'H n.m.r. spectra were
similar to the N-aryl analogues except that a three-bond
coupling

(31

PH

was observed for the P-N-alkyl group.

For

the phosph(v)oles containing the N-methyl group for example,
a coupling constant of 10Hz was observed which..is a typical
value for the P-N-Me group 41
The mass spectra of nearly all these phosph(v)oles show
m/e values corresponding to the loss of the alkoxy group from
the molecular ion and also a peak at m/e 201 for the (Ph 2 Po]
moiety.

For the phosph(v)oles containing, a berizyloxy or

substituted benzyloxy ligand, m/e values corresponding to the
loss of the benzyl or substituted benzyl group are - also
observed.

It is of interest to note the similarity between

this and the major pyrolysis pathway for these molecules (see
later).
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In general, the .pyrolysis reactions of these phosph(v)ales were found to be cleaner than those of the N-aryl
analogues as shown by 31p n.m.r.., and the overall accountance
was also higher.

In the first instance, phosph(v)oles

(128) and (127), close analogues of (105) and (8), were
pyrolysed (Scheme 93).

The results suggest that there is a

11

9-1

MeN

+

MeN FPh2
Ph

1--~

650°C

0
(126) 22%

OEt
+

(126)

MeNH
(129)

49%.

CH 2 =CH 2
30%

__

I.—Ph

650°C

MeN

(126) 35%

+

(129) 3%

OMe
(127)

Scheme 93
similarity between the pyrolysis reactions of the N-aryl
and N-alkyl series of phosph(v)oles.

As expected 35 , an

authentic sample of the phosphinamidate (126), prepared by
the hydrolysis of phosph(v)ole (127) was shown to isomerise
quantitatively to the phosphinate (129) under similar
pyrolysis conditions (scheme 94).
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11

qOH

'?LUPPh2

7000c

MeNH

MeNrPh 2

11

0
(126)

(129)

Scheme 94
The major difference between the results shown in
scheme 93 and those discussed earlier (scheme, 77) is the
much higher yield of phosphinamidate (126).

Since this is

almost certainly a. primary product of the reaction, it would
seem that there is now greater competition between P-N and
P-O bond cleavage in the phosph(v)ole.

This can be accounted

for by considering the diradical (130) which would be formed

MeN

'IPh

(130)
on homolysis of the P-N bond.

The• phosphoramyl part of the

diradical is the same as that from phosph(v)oles (105) and
(8) viz., it is stabilised by the delocalisation of the odd
electron into a phenyl ring.

The amino radical however, now

has no aryl group through. which it can be stabilised and so
the energy of the diradical as a. whole is raised.. . Homolysis
of a P-O bond can now compete with P-N bond cleavage as the
first. step in the reaction.
Phosph(v)ole (131), where an ethyl group. is now attached
to nitrogen, was also.pyrolysed (Scheme 95).

The phosphinate
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qOPh 2
650°C

EtNH

EtN
OP
(131)

(132)

52%

Scheme 95
(132) was obtained in good yield and was the only identifiable
product although one of the two minor peaks in the 31 P n.m.r.
spectrum may have been due to the isomeric phosphinamidate
(133).

Because of the assumed isomerisation. of the

phosphinaxnidate (133) to the phosphinate (132) under these
pyrolysis conditions (Scheme 96), it is apparent that

9'OPh 2
I ;

1

Ph 2
(133)

EtNH

(132)

Scheme 96
changing the alkyl. group has little effect. on the reaction.
Thus with only one exception the remaining reactions were
carried out on phosph(v)oles containing an N-methyl group.
It was still not clear at this stage whether. phosph(v)ole
(127) [and (8)] was 'losing a methyl group as a...radicai or via
a concerted-elimination (carbene) process. (cf. Scheme 88).
Since methylene would be difficult to detect in the standard
f.v.p. experiment, another ligand with no S-hydrogen. atoms
was required.

The neopentoxy group was chosen as the simplest
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alternative and the.phosph(v)ole (134) was prepared by the
standard route.. Radical cleavage would-give the neopentyl

MeN
OCH 2 C Me 3
(136)

radical but if an ct-proton.were eliminated by a concerted
mechanism., t-butyl carbene would be produced.
t-Butyl carbene itself has been studied in solution
229, 23P
by Shechter
. When generated from the tosyl hydrazone
(135) it has been shown to give a mixture of l,l-dimethylcyclopropane (136) and the alkenes (137) and (138) , their
ratio being dependent on the solvent used (Scheme 97).

Me
TsNHN=CHCMQ3

+

NGOM2

Me

M

e

Mh e+

(135)
(136)

(137)

(138)

Scheme 97
The carbene had not previously been. studied. in the gasphase and so, before investigating the pyrolysis.reaction of
phosph(v)ole (134), t-butyl carbene was generated in the
gas-phase by the pyrolysis of the sodium salt. of the tosyl
hydrazone (139) (Scheme 98).
This well-known., method of
carbene generation 227 involves as an initial step, the
elimination of 2-toluenesulphinate within the inlet, system
of the pyrolysis apparatus.

The resulting diazo-compound
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MeC6H4SO ~.FJi=CHCMe3

120°C>

MeC6H 4SO 2

+

N2=CHCMe 3

(139)

N2=CHCMe3

(140)

500°C
-N 2

(140)

:CHCMe3
(141)

>
.

(136) 60%

Scheme 98
(140) enters the furnace where it loses nitrogen to give
the carbene (141).

The sole product in this case was

found to be 1,1-dixnethylcyclopropane (136) which. was readily
identified by its low frequency. signals in both the ' 3 C and
'H n.m..r.. spectra.

There was no evidence from 13 C n.m.r.

for the presence of any alknes although their formation
could have gone undetected. because of the practical difficulty
in handling such volatile compounds.
The above reaction was thus used as a. model for the
pyrolysis of the phosph(v)ole (13.4).

If the reaction were

to proceed via t-butyl carbene then the formation of the
cyclopropane would be observed, by ' 3 C n..m..r... This was not
found to be the case however.

.

As scheme 99 shows, the only

identifiable products were the. phosphinate (129) and neopentyl
alcohol (142).

Similar results were obtained for the

pyrolysis of phosph(v)ole (143) which suggests that, as
before, alteration of the N-alkyl function does not significantly
change the course of the reaction.
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12%
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Scheme 99
Given that there is no carbene formation on the
pyrolysis of phosph(v)ole (134) it is reasonable to assume
that the neopentyl group is lost via the formation of the
neopentyl radical..

This may then give rise to. alkenes

although no attempt was made to identify these products.
One rather surprising, feature is the high. yield of
neopentyl alcohol.

Its formation. presumably results from

homolysis of the P-O bond followed, by the abstraction of a
hydrogen atom and may.well be due to greater competition
between P-N and P-O bond cleavage which was discussed earlier.
Having established therefore that it is. most unlikely
for carbenes to be generated from these compounds, it was
necessary to design experiments which would confirm a radical
mechanism, at least for phosph(v)oles containing an alkoxy
group with no S-hydrogen atoms.

The neopentoxy group is

obviously a poor choice because the products arising from
radical formation are not easily identified. . Benzyl radicals
however have previously been generated in the gas-phase and
have been shown to dimerise to give dibenzyls 196 .
Phosph(v)oles (145) and (146) were thus prepared and,
on their pyrolysis (Scheme 100), reasonable. yields of the
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+

MQQCH 2J
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Scheme 100
dibenzyls (147) and (148) were obtained together with the
expected phcsphinate (129).

A cross-over experiment, whereby

phosph(v)oles (145) and (146) were co-pyrolysed,.was carried
out and this showed that besides the formation of the
symmetrical dibenzyls (147). and (148), the product. (149) from
the crossed coupling of the radicals was also present (Scheme
101).

(145)
-

650°C

(146)J

(129)

+

(147)

6.2% 15%

+

(168)
2.7%

+

K?

CH2CH2QMQ
7j%

Scheme 101
The above reactions confirmed therefore. that for these
phosph(v)oles at least, the alkyl group is being lost as a
radical and it is thus reasonable to assume that a similar
process occurs for phosph(v)oles (8) and (127).
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By was' of an extension to this reaction, the
pyrolysis of phosph(v)ole (150), containing an orthosubstituent in.the benz.yl group,. was investigated (Scheme
102).

In this case, the product which would be expected

CHO
650°C

MeN

> ( 129)

+

OCH1Q
(151) 36%
CH3O

(150)

Scheme 102
from the coupling of the 2-methoxybenzyl. radicals was not
observed.

Instead, the major non-phosphorus-containing

product was found to be.o-tolualdehyde (151).
The proposed mechanism for the rearrangement of the
2-methoxybenzyl. radical (152) is shown in. Scheme 103.

H2

> cXCHB

1IIIIIJI,

(153)

/
çflCH3

<.-H•

'2CHO
(151)
Scheme 103
The first step is a hydrogen. transfer to form the 2-methyl-
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anisyl radical (153).

This is followed by an ipso-attack

on the ring to form the spiro-dienyl radical (154).
aromatisation and loss of

Re-

hydrogen atom then gives the

The hydrogen transfer step is supported

aldehyde. (151).

by the known gas-phase rearrangement of the 2-methoxyphenoxy
radical to salicaldehyde and of the 2-methoxyphenyl radical
to benzaldehyde 231 (Scheme 104).

C

0

_

These observations led

((OH

aCHO
Scheme 104
de Mayo 231 to suggest that provided there is a moiety that
produces a radical within reacting distance of the methoxy
group, then the methoxy group can be transformed into an
aldehyde function.
In the present work, further evidence for the hydrogen
transfer step was obtained by generation of the 2-[ 2 H 3 1methoxybenzy].oxy radical (155) from the appropriately labelled
phosph(v)ole.

The resulting. aldehyde (156) was shown to

have one deuterium in the aldehyde function and one deuterium
in the methyl group (scheme 105).
The rearrangement of the anisyl radical to benzaldehyde
was first reported by Mulcahy et al. 232,233 although many

.

WF

~C
~

C

CH2
OC[ 2 H

K2Q

3]

11s5

(156)

Scheme 105
co-products were obtained in the reaction and no yields are
given. The radical was generated by the reaction of anisole
with di-t-butyl peroxide (DTBP) at 160 0-250 °c/10-30 mm
in a stirred-flow system (Scheme 106).

OÔH
6

6

OTSP

Scheme 106
Earlier, Stirling 234 showed that hydrogen abstraction
from t-butyl methyl ether in the liquid phase at 140 ° gave
rise to neopentyl alcohol which he attributed to rearrangement of the ether radical followed by hydrogen abstraction
(Scheme 107). In Mulcahy's work, and in the present study,

Me 3 CO6H 2
Me 3 CCH 2 6
Scheme 107

+

RH

Me 3 CCH 2 6

)

Me3CCH2OH
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it is presumably the lack of a hydrogen atom donor in
sufficient concentration which prevents alcohol formation.
Mulcahy 233 also noted the preferential; loss of a methyl
radical over a hydrogen atom from the radical (157) (Scheme
108) which he attributes, to. the higher heat of formation of

- ---OCHCH 3

CTBP

OCH2CH3 )

021--CH3

U
1

1

I

cx0

Scheme 108
the.hydrogen atom.

-CH3

CH 3
CHO

1

In the present study, the 2-ethoxybenzy].

radical (158) was generated from the phosph(v)ole (159)
(scheme 109).

The major non-phosphorus-containing product
2
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a
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CH2

-CH3

'-' 1- OCHCH 3

36%

Scheme 109
was again found to be 2 - tolualdehyde (151) thus confirming the

w
similarity between these. reactions and .the work of Mulcahy.
The 2-methoxybenzyl radical. (152) was also generated
from 2-phenoxymethylanisole (160) (scheme 110).

X 20

OCH3

800°C

(160)
Scheme 110
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~
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OCH3

(152)

(aCH 0
(151)

45%

previously mentioned, the formation of radicals from the
pyrolysis of aromatic ethers is a well-known, reaction although
in this particular case the yield of o-tolualdehyde was not
as high as expected.. Presumably the molecule can fragment
via homolysis of both 0-alkyl bonds thus. reducing the amount
of the 2-methoxybenzyl radical produced.
Although both the pyrolysis of the phosph(v)oles and
of aromatic ethers would seem to be reasonable methods for
the generation of benzyl radicals in the gas-phase, their
formation.. from sulphones 196 should be a much better method.
Apart from their greater ease of preparation, particularly
over the phosph(v)oles, there should be much less chance of
unwanted side reactions because of the. facile thermal
extrusion and volatility of sulphur dioxide. A few such
reactions were investigated and they are discussed in the
following section.
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F.V.P. Reactions of.Dibenzyl Sulphones

C.

In an early thermolysis reaction of dibenzyl sulphone,
235t
Fromme et al.
obtainedmainly toluene and stilbene.
Leonard 196 later showed that high yields of dibenayls are
produced when similar sulphones are pyrolysed under f.v.p.
conditions.

Fromme's reaction was presumably performed at

comparatively high pressures and so hydrogen-abstraction
reactions would result in the formation of toluene and
stilbene. This secondary reaction is circumvented under
high vacuum conditions and-the coupling of benzyl radicals
is the major process.
The sulphones in the present study were prepared by the
route shown in Scheme 111.

,O

R~

CH,C[

These particular compounds

Na7S >

R, O

2~

~

aq EFOH

CH2SCH

aR

cON

R = H
R = .p-Me
R = Q-M@O
Scheme 111
were chosen so . -- that the radicals formed on •their pyrolysis
would be similar to those studied in the previous section.
-

The pyrolysis of sulphones (161) and (162) for example
gave as expected, virtually quantitative yields of the
corresponding dibenzyls (147) and (148) (scheme 112).
The reaction was carried out at 290 °C but further details
of thermolysis conditions are not given.
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650°C >CCH2CH2KQ
(14.7)

98%

CH3rCH2SO2CH2 4gCH3 6500t cHKTcH . cHQc

T

(168) 90%

Scheme 112
A cross-over experiment, whereby suiphones (161) and (162)
were co-pyrolysed, was carried out (Scheme 113).

This

provided a convenient mixture of the d•ibenzyls. (147), (148)
and (149) for gic comparison with the co-pyrolysate of
phosph(v)oles (145) and (146).

(161) 6 50° C > (147) 72% + (148) 48% + CH4CH 2CR2
(162)-

0

(149) 47%

Scheme 113
sulphone (163), containing the 2-methoxybenzyl groups,
gave 2-tolualdehyde (52%.) when pyrolysed, presumably by the
same mechanism as that shown in Scheme 103. - This reaction
might have been expected to give a higher yield of the
aldehyde but it is possible. that there is also some homolysis
of the 0-Me bond under these conditions, consistent with the
known pyrolysis of aromatic ethers. 227
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D.

F.V.P. Reactions of. Dibenzyl Oxalates
Another known method for the formation .of benzyl

radicals in the gas-phase is by thef..v.p. reactions of
dibenzyl oxalates 236 .

From a pyrolysis point of view this

method would not appear to have any advantages over the
suiphone method but from a synthetic point of view the
starting materials are more readily prepared. A: simple,
one-step reaction of the substituted benzyl alcohol with
oxalyl chloride gives the required compounds. in. good yields
(scheme 114).
• 00

ArCH20H

00

I'll
ctccct

)

Et 3N

ArCH2OCCOCH2Ar

Scheme 114
The f.v.p. reactions of these compounds have been
236
studied by Trahanovsky
who showed that this was a good
method for the preparation of dibenzyls.

There. are some

limitations, however, particularly for the preparation of
dibenzyls containing polar, or strongly electron donating
groups.
The inclusion of such groups in the aromatic ring
can lead to decomposition of the oxalate before it can be
volattlised into the furnace..
A mechanism for the reaction has been proposed by
Trahanovsky 236 (scheme 115).
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however, this is no different from a three-bond cleavage of
the oxalate to give two benzyl radicals and two molecules of
carbon dioxide and indeed both mechanisms account for the
intramolecular nature of the reaction.
Having looked at the gas-phase rearrangements of the 2alkoxybenzyi radicals, it was of interest to discover if a
similar rearrangement would take place if a thioalkyl group
replaced the alkoxy group. The oxalate method for the
generation of these radicals is a much better method since the
required different oxidation, levels of the sulphur atom would
prevent their preparation by the usual route.
By a similar rearrangement to their oxygen analogues,
the expected products from the 2-(alkylthio)benzyl radicals
would be thioaldehydes (cf. Scheme 103).

These compounds

are known to be generally unstable and polymerise readily even
at low temperatures 237 .
The oxalates (164)-(169) were thus prepared and then
pyrolysed in the usual way. Neither thioaldehydes nor their
(164)

00
UU
11-CH20CCOCR.,c
SR

RS

(165)
(166)
(167)
(168)
169)

R = Me
R = Et
R = Pr
R = C[ 2 H31CH 2
R = PhCH 2
R =2 - MeC6H 4CH 2

trimers 238 were detected in the pyrolysates.

Similarly there

were no substituted dibenzyls which might hay a arisen as a
result of coupling of the 2-(alkylthio)benzyl radicals.
Firstly, consider oxalates (164)-(166).

The results of

their pyrolysis reactions are shown in Scheme 116.

In general,
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the major products show loss of the sulphur atom while the
principle minor products include isomeric dihydrobenzothiophenes

In the proposed mechanism for these reactions (Scheme

117) the first two steps, the hydrogen transfer followed by
an ipso-attack on the ring to form the spiro-thiiranyi radical
(182), are similar to the analogous alkoxy cases.
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step is the formation of the intermediate thiirane (183) which
can be considered to be a key intermediate in the reaction.
This can cyclise in two ways to give either the 1,3-dihydrobenzo[c]thiophenes (171) and (177) or the 1,2-dihydrobenzo[bthiophenes (172) and (178): Extrusion of sulphur from (183)
is similar to the known thermal decomposition of episulphides
to olefins and sulphur 239.

The resulting o-quinodimethane

(184) in this case can, for R=H, form benzocyclobutene (170)
via a conrotatory ring closure.

For R=Me or Et there is

possibly competition between ring closure and a [1,5]-sigrnatropic hydrogen shift (Scheme 118) which would account for the
formation of the styrene.(175) and the 2-propenyltoluenes

(184)

R

ç R
q
(183)

S

(186)

ZA
CH. 3

R=Me, Et
L99ç'H
(184)

Scheme 118
(179) and (180).

R'= H, Me

> tL1.CHR1
R'= H. Me

The generation of o-quinodimethanes from

different precursors but under similar f.v.p. conditions has
been studied by Smith 240 .

He found that from the generation
of the o-quinodimethane (184; RMe) at 600 0 C, the styrene
(175) was produced while at 450 °C the benzocyclobutene (186;
R=Me) was isolated.

In the present case, such high temperatures
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are required to generate the initial radicals that the
styrene is the only possible product.

The thermolysis

reactions of benzocyclobutenes in solution have been studied
by Kametani 241 who also observed the formation of styrenes.
In an attempt to confirm the hydrogen shift step (Scheme
118), the radical (181; R=C

(

2

H 3 ]) was generated from the

appropriately labelled oxalate.

The 2 H n.m.r.. spectrum of

the pyrolysate indicated more than the expected two signals
which suggests that there may be some degree of reversibility
in the hydrogen transfer step.
Alternative mechanisms for the rearrangement of the
2-(alkylthio)benzyl radical have been considered but the
preferential loss of alkyl radicals rather than a hydrogen
atom, which was discussed earlier; can be invoked to exclude
them.

For example, extrusion of sulphur from the thiirane

(182) (Scheme 117) does not occur since the 2-(n-propylthio)benzyl radical (181; R=Et) gives the isomeric 2-propenyltoluenes (179) and (180).

2-Methylstyrene (175) would be

the expected product from radical (185; R=Et) via the preferential loss of a methyl radical.

Direct cyclisation of (181)

to the thiirane (183) can be excluded on similar grounds since
for (181; R=Me and Et) the products arising from (183; RH)
were not observed.
The minor products in the reactions can be accounted
for by considering extensions to scheme 117.

2-(Methylthio)-

toluene (173) for example may be formed from radical (187;
RH) by hydrogen abstraction (Scheme 119).

Indene (176)

has been shown to occur on the pyrolysis of 2-methylstyrene

177

H3

C

a SÔHR
(187)

CH3
XSCH 3
(173)

Scheme 119
(175)180 at 750 °C, presumably by the mechanism shown in
Scheme 120.
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(176)
Scheme 120

Consider now the oxalates (168) and (169) (Scheme 121).
Since these compounds no longer contain hydrogen atoms in the
6-position to the sulphur, the
118) cannot occur.

(1,51-hydrogen shift (cf. Scheme

These oxalates were pyrolysed in the

hope that substituted benzocyclobutenes might be isolated.
In these molecules however, there are two different benzyl
or substituted benzyl radicals.

One can be generated by

the usual loss of carbon dioxide while the other is produced
via cleavage of the carbon-sulphur bond.

Indeed, with

oxalates (168) and (169) the major pyrolysis products, the
dibenzyls (147) and (148), almost certainly arise frdm carbonsulphur bond cleavage followed by coupling of the benzyl
radicals.

From oxalate (168) the principal minor product
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is most likely to be the dihydroanthracene (188) although

from gc/ms results alone this could not be distinguished
from the substituted benzocyclobutene (189).
The occurrence of anthracene. (174) itself in these
reactions is interesting although it is
how it arises.

not entirely clear

An intramolecular mechanism can almost

certainly be excluded since anthracene was. also detected in
the pyrolysates of both the oxalates (164) and (169).

The

mechanism shown in scheme. 122 may account for its formation
although tIe methylenecyclohexadienylidene (191) usually leads
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to the fulvenallene (192) via a ring contraction under
f.v.p. conditions 227

2
0
d
1
:;
'
Cr
0

(174)

(191)

[C>=C=CH2
(192)

Scheme 122

The minor products (189a) and (190) were tentatively
assigned on the basis of their molecular ion in the gc/ms.
The 2-(alkylthio)toluene (189a) is analogous to (173) and can
be formed in the same way.

The formation of the 2-alkyl-

toluene (190) does not fit so well with the proposed mechanisms
although it is conceivable that the extrusion of sulphur from
(182) to give (185) (Scheme 117) may be a minor pathway in
this case.

Hydrogen abstraction. by (185; R=Q-MeC 6 H 4 )

would then lead to the product (190).

r
E.

Thermolysis Reactions of 2-Alkoxy-2,3-dihydro-1,3,2benzoxazaphosph (v) oles
The first two sections of the discussion described the

f.v.p. reactions of phosph(v)oles (193) and (194).. Discussion
of the analogues (195) merits a separate section since, as will
be shown, their thermolysis reactions were found not to be
true gas-phase processes.

1
RN

(193)

P-.u y

R = p-toty(
R = Me. Et
R=H

z

Firstly, brief mention should be made regarding the
preparation and properties of these phosph(v)oles.

They are

prepared by the method of Cadogan et a].. 43 from the reaction
of o-azidophenol and a tervalent phosphorus reagent (see the
introduction, page 11).

Unlike their N-aryl, and in particular

their N-alkyl analogues, they are obtained as powders with
ill-defined melting points: they usually decompose at >250 °C.
They are also very hydrolytically unstable and great care
must be taken, not only during their preparation but also in
their reactions, to ensure that reagents and apparatus are
extremely dry.
In an attempt to pyrolyse the phosph(v)oles (13), (196)
and (197) using the usual f.v.p. techniques, a white, highly
insoluble material was obtained both in the inlet to the
system and in the cold trap.

When the hot furnace was omitted

from the apparatus, the same product was obtained which
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-Ph
Ph

(13)

R=Me

(196 )

R = Et

(197)

R = CH2 CMe 3

suggested that the reaction was not in fact occurring in the
gas-phase but was more likely a solid-state reaction.

The'

insoluble product was shown to be the benzoxazaphosphole
dimer (198) while ethanol and neopentyl alcohol, from phosph(v)oles (196) and (197) respectively, were isolated in high
yield from the cold trap (scheme 123).

N

_I

"Ph.

+

ROH

N
R=Et

64%

R = CH2CMO 3 77%
Scheme 123
When phosph(v)ole (13) was heated in toluene, in which
it is only sparingly soluble, a high yield of the dimer (198)
was again obtained.

This result tends to confirm that this

dimerisation process can occur in the solid-state.
The proposed mechanism for the reaction (Scheme 124)
involves the loss of alcohol followed by dimerisation of the
intermediate phosphinimine (199)

The formation of alcohol

can be readily understood if the phosph(v)ole is considered
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I — .."
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t~ Ph

(199)

N
PN

-

OH

(RD) 2 Pot
(198)

X = Ph

(200)

X = OR'

Scheme 124
to be a P-N analogue of a hemiacetal (201) (Scheme 125).

/

>
Scheme 125

+

ROH

(201)

It is of interest to note that Kabachnik et al. 241,242 have
observed an analogous elimination of hydrogen chloride in
the preparation of (200) from o-azidophenol and dialkyl or
diaryl chlorophosphonites.
Although the formation of the alcohol was established
for the in vacuo thermolysis reactions of the.phosph(v)oles
(196) and (197), methanol could not be detected when phosph(v)ole (13) was thermolysed in toluene despite careful
monitoring of a similar reaction in [2H8]toluene in a sealed
n.m.r. tube.

It is possible that the methanol is produced
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but is held within the lattice of the micro-crystalline
product. Only when the reaction is performed under high
vacuum is the alcohol released and thus detectable.
That a similar dimerisation reaction can also occur in
solution was demonstrated by heating phosph(v)ole (13) in
ref luxing chloroform.

The dimer (198) crystallised from the

chloroform solution but once again however, the co-production
of methanol could not be confirmed despite careful monitoring
of the reaction in a sealed n.m.r. tube.

One difficulty in

trying to identify methanol in the reaction mixture by 'H
n.m.r. is that samples of phosph(v)ole (13) almost always
contain methanol as an impurity.

Nevertheless,, no increase

in the height of the singlet at 63.47 could be detected and
unfortunately the fate of the methanol (or at least a hydrogen
atom and a methoxy group) remains unclear.
It was of interest to investigate the solution thermolysis
of the phosph(v)ole (13) in a higher boiling solvent, mainly
as a result of the rather inconclusive results from the
experiments in chloroform.

Dimethylformamide was chosen

because of its dipolar and generally unreactive nature. When
phosph(v)ole (13) was heated in dimethylformainide it appeared
to dissolve but after 4.5h at 125 °C, analysis by 31 P n.m.r.
showed a major product peak at 5+27.8 with no signal for the
phosph(•v)ole or the dimer (198).

work-up gave a crystalline

solid which was identified, in particular from its 'Hn.m.r.
and. mass spectra, as the phosphinate (203a) (Scheme 126).
The presence of the amidine functional group was further
confined by variable temperature n.m.r. studies which showed
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120°C

N

R1

(202a)

OMe

R

R1 cH

(13)

R1=H
R 2 = NMe2

R2 = NMe 2

Scheme 126

(203u)

that the two methyl groups are non-equivalent at low
temperatu,res (see Appendix I).
performed in

[

2

From

similar reaction

H7]dimethylformamide in a sealed n.m.r. tube,

methanol (65%) was established as the major non-phosphoruscontaining by-product.
This apparently novel reaction was extended to include
other amides and also other carbonyl compounds including
aldehydes and ketones.

The experiments are set out in detail

in the experimental section and the results are summarised
in Table 1.
The proposed mechanism (Scheme 127) is an initial elininatioi
of methanol to form the intermediate phosphinimine (199) as
before, which is then essentially trapped by the carbonyl
compound via a Wittig- or Staudinger-type mechanism. The
reaction of stable phosphinimines with double bond compounds
is well-known 4,243 and Schmidpeter in particular has reacted
cyclic phosphinimines with a variety of such compounds
246
, isocyanates 24
including aldehydes 244 , ketones 245,
25
247 .
However, the carbonyl
isothiocyanates , and ketenes
group of an amide does not appear to have been. reacted with
a phosphinimine.

The PN bond in 1,3,2-benzoxazaphospholes

Reactions of Phosph(v)ole (13) with Carbonyl Compounds (202 a-i)

Table 1

Major product

R1

R2

(202a)

H

NMe 2

115-120

3

(203a)

41

(202b)

H

NC5H10a

120-130

2.5

(203b)

61

(202c)

H

NMePh

130-140

2.5

(203c)

13

(202d)

H

NHC 6 H 4

150

1.5

several products

(292e)

Me

NMe 2

100-110

2

several products

1202f)

Ph

Ph

150-160

5

(203f)

71

(202g)

Me

2-naphthyl 120-165

8

(203g)

-

(202h)

Me

PhCH 2

130-140

1

several products

(202i)

PhCH 2

PhCH 2

150-160

1

several products

(202j)

But

But

135-140

21

(198) and several
products

49

(202k)

H

p-C1C 6 H 4

130-140

2

(203k)

41

(2021)

H

Ph

61

-

(2031)

Compound

a Piperidino

T/°C

b not isolated

Reaction time/h

c mass spectral evidence
only

Yield/%

-

b

c

-s
CO
LI,

r

1

;

N

~ ?,.-Ph
"Ph

(13)

co

1 _j-Ph
__

N

"Ph

(199)

Ph

Ph

Li

1
(203)

Scheme 127

and other five-membered phosphinimine heterocycles is
generally more reactive than straight chain phosphinimines
towards double bond compounds.

Schmidpeter explains this

by considering the ring strain at phosphorus which decreases
the energy gap between the P(IV) and P(V) states.

In the

present example, the reactivity of the phosphinimine (199)
may be further enhanced. by the vigorous reaction conditions
required to generate it from the phosph(v)ole.
Most of the reactions shown in Table 1 were, in the
first instance, carried out in an n.m.r. tube and the progress
of the reaction was monitored at regular intervals by 31P

Figure 1
11
j7'-OPPh2

NOEl)3

31 P N.M.R. Spectra of the Reaction of
Benzoxazaphosphdle Dimér (198) with
Dimethylforinainide

(internal
standard)

I

NMe2

o mm

-J-.

8 mm
tv
16 mm
A.

24 mm

32 mm

60 mi

mm

56 min

64 mm

a.ifl1.

I

I

N

_. JI *

.

j

41S(-,..

Y'i't

Lj'•
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n.m.r.. In many cases, particularly in the early stages of
the reaction, a small peak was observed at ca.-51 p.p.m.
This suggested the possible involvement of the benzoxazaphosphole
dimer (198) in the reaction mechanism (Scheme 127).

Evidence

to support this involvement comes from the observation that an
authentic sample of (198) reacts with dimethylformamide, with
benzophenone or with 4-chlorobenzaldehyde under similar conditions to the phosph(v)ole reaction to give the same products
The high insolubility of the dimer (198) is

(Table 2).

responsible for the observation of only a small peak in the
3

1

P n.m.r. spectra and indeed, in the reaction of the dimer

itself with dimethylformamide (Figure 1) such a small amount
is in solution at any one time that it is not detectable and
only the formation of the product is observed.
An alternative mechanism which requires to be considered
for the reaction between phosph(v)ole (13) and aldehydes and
ketones (Scheme 128) involves an initial hydrolysis of the
phosph(v)ole to the phosphinamidate (15) followed by an
isomerisation to the thermodynamically more stable phosphinate

2
HN

HO
2

___ I .-Ph

(13)

I

OH

HN—r,Ph 2

OMe

(15)

I

11

2

0
0

11

C

N*y R1

NH 2
(204)

Scheme 128

Table 2

Reactions of Benzoxazaphosphole Dimer (198) with Carbonyl Compounds (202a,f,k)
Reaction time/h

Major product

120-130

2.5

(203a)

Ph

125

10

(203f)

2-C10 6 H 4

130-140

1

(203k)

R1

R2 .

(202a)

i-I

NMe 2

(202f)

Ph

(202k)

H

Compound

Table 3

T/ °C

Reactions of Phosphinamidate (15) with Carbonyl Compoqnds (202a,f,k)
R'

R2

(202a)

H

NMe 2

125-130

(202f)

Ph

Ph

150-160

12

(203f)

(202k)

H

2-C10 6 H 4

120-130

1

(203k)

Compound

T/ °C

Reaction time/h
2.5

Major product
starting material

00
00

r
(204).

The free amino group can then easily condense with

the carbonyl compound to give the required produãts.
Evidence for the possibility of this alternative mechanism
comes from the observation that independent treatment of the
phosphinamidate (15) with benzophenone and 4-chlorobenzaldehyde
respectively leads to the phosphinates (203f) and (203k) under
similar reaction conditions to the phosph(v)ole experiments
(Table 3).

A similar control experiment with dimethyl-

formamide gave only starting material. That the phosphinamidate (15) does react with aldehydes and ketones is not an
unexpected reaction in itself since the isomerisation to the
phosphinate (204) was established in a separate experiment
(albeit in the gas-phase), and there can be little doubt about
the condensation step.
Mechanistically therefore there are two psibilities.
Firstly, the mechanism shown in scheme 127 may operate for
amides, aldehydes and ketones.

Secondly, this mechanism

might apply only to amides while that in scheme 128 operates
for aldehydes and ketones.

However, considering the care

which was taken to ensure the exclusion of water from all
these reactions (although strictly speaking only a. catalytic
amount of water is required for the latter mechanism) it would
seem more likely that the former mechanism would account for
the observations.
From Table 1 it can be seen that the reaction does have
some limitations.

It is necessary for the carbonyl compound

to have a sufficiently high boiling point such that a
relatively high reaction temperature can be conveniently
achieved but it must also be easily removed by distillation
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or sublimation at the end of the reaction. While compounds
not falling into this category may yield products under
certain conditions, for example in sealed tubes and/or by
employing alternative work-up techniques, their reactions
were not fully investigated.

Some carbonyl compounds which

did fulfill the above requirements did not give single products.
Several peaks were observed in the 31 P n.m.r. spectra, often
after a short reaction time..

It is not immediately clear

why this should be: insufficient drying of the carbonyl
compounds should have resulted in a simple hydrolysis of the
phosph(v)ole but this was not detected to any great extent.
It is possible that the expected products from the reactions
themselves are thermally unstable and fragment to give
several phosphorus-containing products. With di-t-butyl
ketone (202j) a substantial yield of the benzoxazaphosphole
dimer 1198) was isolated from the reaction mixture.

In this

case the steric bulk of the t-butyl groups presumably favours
dimerisation of the phosphinimine rather than reaction with
the hindered carbonyl group of the ketone.
The reaction of phosph(v)ole (13) with benzaldehyde
also requires a special mention.

It is difficult to purify

benzaldehyde such that it is completely free of traces of
benzoic acid and this resulted in the acid catalysed formation
of the acetal (205), presumably by reaction of methanol with
the excess benzaldehyde (Scheme 128a). While the product
(2031) could not be isolated there was firm mass spectral
evidence for its presence.
In some of the reactions, methyl diphenylphosphinate
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Ph
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(2031)

OMe
OMe
(205)

Scheme 128a
(206) was detected in the reaction mixture which suggests
that methanolysis of the product can occur. This was
particularly significant when, in an attempt to reproduce the
above reactions at lower temperatures in solution, phosph(v)ole
(13) was reacted with 4-nitrobenzaldehyde and 4-chlorobenzaldehyde respectively in chloroform (Scheme 129).

Evidence

for the presence of the 2-(benzylidene)aminophenol (207) was
initially obtained from the low field signal in the 'H n.m.r.
spectrum, this being characteristic of the CHN group.

The

presence of (207), and indeed (208) , was subsequently confirmed
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Scheme 129
by comparison of the

(210)
'

3

R = NO2

C n.m.r. spectra of the reaction mixtures

with spectra of authentic samples.

The phosphinates (203k)

and (203m) were not detected in the reactions but their initial
formation is possibly followed by methanolysis to the phenols
(207) and (208) and methyl diphenylphosphinate (206).

The

apparently greater ease of methanolysis in these experiments
compared to those in the absence of a solvent is perhaps due
to the lower reaction temperature which would keep the
methanol in solution and thus more available for the methanolysis step.
After work-up, the oxazole (210) was isolated in 17%
yield.

This represents a somewhat curious transformation

of a benzoxazaphosph(v)ole into a benzoxazole.

The analogous
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oxazole (209), could not be detected however which suggested
that the nitro group might be involved in an oxidation step.
Evidence was obtained to support this when an authentic sample
of (208) was heated in vacuo with 4-nitrobenzaldehyde.

After

removal of the excess aldehyde, the oxazole (210) was obtained.
It appears then that the phosph(v)ole (13) can be transformed
into a benzoxazole provided there is an oxidising agent present,
in this case the nitro group on the aldehyde, to perform the
final step in the reaction.
This reaction is clearlymore complex than scheme 129
suggests since, with knowledge of the earlier reactions, there
must be several competing processes including hydrolysis and
isomerisation (c.f. Scheme 128) and formation of the dimer (198).
Significantly, apart from a small amount of hydrolysis product,
the dimer (198) is the major phosphorus-containing product
observed when phosph(v)ole (13) is heated with dimethylformamide
in chloroform.

Presumably at this temperature (61 0C) the

intermediate phosphinimine (199) is not of sufficient energy
to react with the unreactive amide but can dimerise and sink
into the energy well of the dimeric product.

F.

Attempted Preparations of Precursors to the 2-(Alkylamino)benzyl Radicals
In earlier sections, the gas-phase rearrangements of 2-

alkoxybenzyl and 2-(alkylthio)benzyl radicals were discussed.
For completeness, it was of interest to study the corresponding
nitrogen analogues, namely the 2-(alkylamino)benzyl radicals
(211) (Scheme 130).

An analogous hydrogen shift as the first
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cXCH2H

QçR

(211)

(212)

CH

>

WCH2R .

IR
(213)

Scheme 130
step would lead to the radical (212) which might then simply
lose a hydrogen atom to form the imine (213).
Unfortunately, the major problem was in the preparation
of suitable precursors to the radicals and this section will
look briefly at some of.the approaches which were made in an
attempt to prepare such compounds.
The first approach is outlined in Scheme 131.

CH

2

OH

PhCHO

aNH2

The

CH2OH

Ph

CXN=CHPh
(214)

JCH2}S Na7S
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(216)

(215)

tZj1IIiiiIc.Ph
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Ph \toi
(cH2}so2 H2

Ph

Uri

Scheme 131

a:

J2_

(217)
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first step, a condensation reaction between 2-aminobenzyl
alcohol and benzaldehyde, does not give the imine (214) but
rather the benzoxazine (215).

Although Paal and Laudenheimer 25

report the imine (214), Holly and Cope 248 later showed that it
exists in the tautomeric form (215).

The formation of this

ring system is similar to the formation of cyclic hemi-acetals
from hydroxycarbonyl compounds such as the sugars.

In the

present study, the tosylate (216) was also shown to exist in
the cyclic form. This compound showed two distinct doublets
in the 1 H n.m.r. spectrum which were attributed to the prochiral
methylene group.
The tosylate (216) was produced in very low yield and
this, together with the uncertainty, as to whether it would
react as the open-chain compound, prevented the reaction
sequence being continued.

It also seems unlikely that the

oxidation step in scheme 131 would have been successful since
imines are themselves susceptible to peracid oxidation and
form oxaziranes. 249
It seemed clear that, in order to make the sulphur bridge,
the 2-amino group would require some form of protection.
Some well-established chemistry was thus used to prepare the
sulphide (218) (Scheme 1.32) and a reduction afforded the
sulphide (219) containing the required 2-amino groups.

The

di-imine (220) formed readily but an attempted borohydride
reduction gave a mixture of unreacted starting material, the
diamine (221) and the mono-imine (222).

It seems unlikely

that the sulphide (221) could have been oxidised to the required
sulpho.ne (217) (see scheme 131) without oxidation of the
secondary amine groups to hydroxylamines 25° although pyrolysis
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S
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+
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of the sulphide (221) itself may have proved interesting.
Oxidation of the sulphide linkage was accomplished
earlier in. the reaction scheme but an attempted reduction
of the nitro groups in the resulting sulphone (223) by the
221 was unsuccessful.
In retrospect, the more
method of Wood
traditional method of tin in hydrochloric acid may have proved
more fruitful.

The sulphone group itself is resistant to

most reducing agents 251 .

Acyclic sulphones in particular

undergo preferential ct-anion formation which appears to make
the sulphone almost inert.
The required sulphone (217) could not therefore be
prepared although it would seem that, with judicious choice
of reagents, particularly in the reduction steps, its preparation might be possible.
The second approach to prepare a precursor to the
required radicals was developed from the work on oxalates
described in section D.

The alcohol (224) (scheme 133) was
01

99

CH OH
OH
aNHCH 2 Ph
Scheme 133

(215)

(224)

Et3N

.

CH 0
aNH
CH2
(22 5)
Ph

prepared by reduction of the benzoxazine (215) (from scheme
1.31).

An attempted formation of the oxalate (225) by reaction

of the alcohol. (224) with oxalyl chloride gave only a mixture
of several unidentified products.

There is presumably

competition for nucleophilic attack on the carbonyl group
between both the nitrogen and the oxygen atoms.

Indeed,

secondary amines themselves react quite readily with oxalyl
chloride to form oxamides252.

IM
In a final bid to prepare a dibenzyl oxalate containing
a nitrogen atom in the ortho-position, 2-(N,N-dimethylamino)benzyl alcohol (226). was reacted with oxalyl chloride jScheme
134) . Although there is no longer a secondary amine present,

0
CH 2 0H

a
(226)

dcccl
EF3N

II

y'CH 2 OC
zv#kNM e

2

(227)

Scheme 134
the desired product (227) was not obtained. While the reaction
itself was quite vigorous with the immediate formation of a
white precipitate, work-up afforded only a small amount of
starting material together with an intractable gum.

In this

case there may have been competition for amine hydrochloride
salt formation between the triethylamine and the starting
material.
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Appendix I

Variable Temperature 'H and ' 3 C N.M.R. Studies on
Selected 1 3-Dipropenes
,

As mentioned briefly in section E of the discussion, the
1,3-diazapropene (phosphinate) (203a) was characterised with
the aid of variable temperature 'H n.m.r.. At room temperature

ç1

OPh2

Ny-H

MVMe

n2
PL__um
N
~

Z(N%l

(2t3a)

S

(203b)

a broad singlet was observed for the NMe 2 group while at
-20 0C this had separated into two singlets.

For compound

(203b), the complex coupling pattern shown by the methylene
protons precluded the use of 'H n.m.r. for a similar study.
However, the signals in the decoupled ' 3 C n.m.r. spectrum
for the corresponding carbon atoms were quite distinct and
sufficiently well separated from the other carbon signals for
this technique to be used to gain similar information. At
+64 °C, a broad singlet and two sharp singlets were observed.
At -32 °C the broad singlet and one of the sharp singlets had
each separated into two signals.
This variable temperature behaviour in (203a) aM (203b)
results from the non-equivalence of the N,N-dialkyl groups due
to restricted rotation about the C-N bond.

In compound

(203b) there are two sets of non-equivalent carbon atoms,
C 1 C 2 and C 3 C 4 .

Each set shows a difference coalescence
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temperature in the variable temperature studies but the energy
barrier to rotation about the C-N bond is the same.
The restricted rotation about the C-N bond in amidine
systems is related to rotation about the amide bond although
it is generally found that the energy barrier to rotation is
lower than for analogously constituted amides 253.

This is

due to decreased mesomeric stabilisation of the ground state.

Appendix II

Publications
Included in this appendix is a copy of the following
publication which is based on some of the work described in
this thesis:

J.I.G.Cadogan, J.B. Husband, and H. McNab,

J.Chem.Soc., Chem.Coxnmun., 1981, 1054.

A New Reaction of Pens-co-ordinate Phosphorus Derivatives: the
Formation of Phosphinates from an Oxazaphosph(v)ole and
Carbonyl Compounds
By J. I. G. CADOGA.N
(B.P: Research Centre, Chertsey Road. Sunbury-on-Tisames, Middlesex TW16

7LN)

and JAMES B. Husnw and HAMISH MCNAB
(Departnwnt of Chemistry. University of Edinburgh, West Mains Road, Edinburgh EH9 3JJ, Scotland)

Reprinted from the Journal of The Chemical Society
Chemical Communications 1981

J.C.S. CHEM. COMM., 1981
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A New Reaction of Penta-co-ordinate Phosphorus Derivatives: the
Formation of Phosphinates from an Oxazaphosph(v)ole and
Carbonyl Compounds
By J. I. G. CADOGAN'

(B.P. Research Centre, Ghertsey Road, Sunbury-on-Thames, Middlesex TW16 ILN)
and JAMES B. HUSBAND and HAMISH McNAB
(Department of Chemistry, University of Edinburgh, West Mains Road, Edinburgh
Summary The oxazaphosph(v)ole (1) reacts with neat
carbonyl compounds (aldehydes, ketones, and formamides) to give the phosphinates (2); in solution, a benzoxazoleis formed in one case.
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9

EH9 3JJ, Scotland)
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WE have recently reported. a convenient synthesis of

R

oxaz phosph(v)oles [e.g. (1)],' and now report new reactions
of these systems with a range of carbonyl compounds which
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. Ph

N-4'''Ph
2?CTh-.O

Ht.

t.Ph

[LJPh

(2)

9..Ph
N—P
Ptt. IISPh

11%C

Phel

(2)

(1)

are unusual because they require a formal umpolung of one
of the reactants, both of which are characteristically electrophilic. Other reactions of penta-co-ordinate phosphorus
derivatives with carbonyl compounds are known,' but these
processes either occur at an alternative site,' or are initiated
by prior thermolysis' or tautomerism' of the molecule.
Thus, treatment of the benzoxazaphosph(v)ole (1) with
a neat carbonyl compound (dry, 4 molar excess) under the
conditions shown in the Table, gives the phosphinates (2),t
often in good to excellent isolated yield. In favourable
cases, the yield (determined by "P n.m.r.) is essentially
quantitative. The reaction is apparently general for
aldehydes, ketones, and formamides.
The formation of the phosphinates (2a—c) from amides is
of particular interest because the latter are normally
relatively unreactive. For these reactions, we propose the
mechanism shown in Scheme 1, in which a prior elimination
of methanol takes place to generate the reactive cyclic
phosphine imine (3), which leads to (2) via a Wittig or
Staudinger-type mechanism. The facile methanol elimination is readily understood if (1) is regarded as a phosphorusnitrogen analogue of a hemiacetal.
TABLE.

Compound

R'
H ,
H
H
Ph
H

L)
(4)
SCHEME I

The following points support the mechanism. First,
methanol (65%) is the major non-phosphorus-containing
product. Secondly, thermolysis of the oxazaphosph(v)ole
(1) in the solid state or in an inert solvent gives a quantitative yield' of the well known' diazadiphosphetidine (4),
which is consistent with dimerisation of an intermediate
phosphine imine. The existence of the diazadiphosphetidine
-phosphine imine equilibrium (3) (4) (Cf. ref. 6) is established by independent thermolysis of (4) in dimethylforniamide, which leads as expected to the phosphinate (2a)
(59%). Finally, analogous reactions of cyclic phosphine
imines with carbonyl compounds (e,g. aldehydes7 and
ketones') have been reported; the particularly high reactivity
of the present example may be due to the vigorous conditions
required to generate the phosphine imine (3) from (1) or
from (4). This may also explain why the penta-co-ordinate
intermediate (5) was not detected when the course of the
reactions was monitored by "P n.m.r. spectroscopy.

The formation of phosphinates (2) from the oxazaphosph(v)ole (1).
R'
NM;
NC,H,0 '
NMePh
Ph
p-ClC,H

T/°C

Reaction
time/h

Yield/ %

8 ("P)
(CDCI,)/p.p.m.

115-120
120-130
130-140
150-160
130-140

3
2'5
2
5
'2

41
61
13
74
41

+30'2
+29'9
+30'5
+304
+30'8

'Piperidino.
t All new compounds were characterised by their spectra and by elemental analysis.
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(1)

q _.OH
HN
rh 2
0
(6)

C=O

çOPh2 :
NH2

(2)

CHO
(0 CHC, reftu,. 24 P.
+ (I)
NO2

Cu) vacuum d,St!(
bh temQ. Ifl

cc
N

)

MD1
(7)
SCHEME

Aldehydes and ketones may react with the oxazaphosph(v)ole (1) by a similar mechanism, though for these substrates .we are unable to exclude an alternative pathway
(Scheme 2). This involves the trivial in situ hydrolysis of
the phosph(v)ole to the phosphinamide (6) followed by
transphosphorylation and condensation of the free aminogroup with the carbonyl compound. Independent treatment of the phosphinamide (6) with aldehydes or ketones
leads to (2) under the conditions of the phosph(v)ole
experiments; (6) remains unchanged in a similar control
experiment with dimethylformaniide.
Efforts to reproduce these reactions at a lower temperature
in solution led to a novel transformation in one instance
(Scheme 3), in which the oxazaphosph(v)ole was converted
into an oxazole (7) (17%). Methanolysis of the phosphinate

CHO

heci

2

0HO'

ci a

OPPh2

1

II

MOH

OH

MeOPPh2

(8)

(21)
ScNEME

.

(9)

3

(21) to methyl diphenylphosphinate (8) (10%) and the
phenol (9) is probably followed by oxidation of the latter
by excess of p-nitrobenzaldehyde on work-up.
(Received, 16th July 1981; Corn. 847.)
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