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INTRODUCTION

As interest in organophosphorus chemistry continues to
increase, more derivatives are revealed that bear structural
and chemical relationships to reactive intermediates known
from other areas of organic chemistry. For example, in the
phosphinidene is seen the phosphorus equivalent of nitrenes,
while pentacoordinate phosphoranes are akin to the SN2 trans-
ition state envisaged for nucleophilic substitution at carbon.
Nitrogen and sulphur ylides have their counterpart in alkyli-
denephosphoranes.

That cyclo-hexadienyl analogues have the facility to

undergo electrocylic reactions on thermal or photolytic excitation,

X = CR2,NR,S,502

thus, to give hexatrienyl derivatives, is well documented
(Chapter 2). It was the pursuit of a similar reaction incor-
porating phosphorus that formed the basis of this research
project. The synthesis of suitable phosphorus heterocycles
was required, which with subsequent investigation of their
photochemical behaviour constituted a large proportion of

the work, excursions along other lines of research stemming

directly from this central theme.
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CHAPTER 1

In order to study the photolytic reactions of systems
containing a phosphorus heteroatom within a cyclohexadienyl
unit, it was necessary to have easy synthetic access to a
suitable substrate. Dihydrophosphanaphthalenes, with the
phosphorus in either the 1l-position (1,2-dihydrophosphinolines
(1)) or the 2-position (1,2-dihydroisophosphinolines (2)),

possess the required structural elements. Furthermore, work

A
—R
\ \
X R X
1 2

by Brown10 has demonstrated the lability of these molecules
under photolytic conditions. Whilst elaborating upon these
studies, a novel synthesis of these heterocycles was devised,
which would allow the flexibility necessary for specific
substitution of the ring nucleus, with the eventual aim of

elucidating the mechanism of photolytic reaction.

THE SYNTHESIS OF PHOSPHINOLINES AND ISOPHOSPHINOLINES

The first published synthesis of a phosphanaphthalene
ring-system was provided by Holliman and Mann1 in 1947.

The route employed an intramolecular quaternisation of



phosphorus to achieve the crucial ring-closure leading

to the bicyclic isophosphinolinium salt (Scheme 1).

Br OH cl
———— ——
CH,OMe CHyOMe (i 0Me
)
_ HBr PAr2
@-AF HOAC CH,OMe
Ar-
Br‘e
3
SCHEME 1

Acid cleavage of the methyl ether of tertiary phosphine
(3) gave the corresponding bromide, spontaneously quaternising
with concomitant cyclisation.

Following the success of this approach, later syntheses
freguently utilised similar reactions in the construction
of both phosphinoline and isophosphinoline systems.
Further work by Mannz led to the production of 1-ethyl-1,2,3,4-
tetrahydrophosphinoline (6) from 3-(o-bromophenyl)propan-l-ol

(Scheme 2).
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Treatment of diethyl-o-(3-methoxypropyl)phenylphosphine (4)
with hydrogen bromide led to the aryldisthylphosphonium
bromide (5), the addition of base being required to regenerate
the phosphine and effect cyclisation. Thermal dealkylation

of the first-formed tetrahydrophosphinolinium salt gave

-3-



phosphine (6). An analogous route has been used to

synthesize the equivalent isophosphinoline2 (Scheme 3).

cl PEt, _
@;\/ (I\/ RsEt
I
OMe OMe

SCHEME 3

An alternative mode of synthesis uses a stabilised
carbanion as an internal nucleophile.Markl has published
a route3 involving removal of a benzylic proton from
phoéphonium salt (7), the resultant stabilised ylide
intramolecularly displacing a bromide ion to give

1,1,2-triphenyl-1,2, 3,4~tetrahydrophosphinolinium bromide (8)

Br Br
— =
P~ Ph p Ph
/®\ 5N
Ph  Ph Ph Ph
1
-4 _
£ Ph
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Treatment of (2-cyanoethyl)(o-cyanophenyl) phenylphosphine
(9) with t-butoxide led to formation of a cyanoimide,
hydrolysis of which gave l-phenyl-1,2,3,4-tetrahydrophosphinoline

4-oxide?(Scheme 4).

Br
©i o LIALH‘
Ne
2 1
p

h

The cyclisation of (10), gave the singular phosphinoline5

(11).
MeO MeO O
0
) Z0CL/ Ac,O/ ‘
MeO CO,Et HOA‘z 2 MeE O N
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7\ SOE d OEt
33%
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Of more general significance are the acid-catalysed
syntheses of phosphorus heterocycles reported by Berlin
et al. Polyphosphoric acid (PPA) mediated ring-closure
of diphenylalkenylphosphine oxidesa—8 and triphenylalkenyl

phosphonium salts® has led to phosphinoline- derivatives,

Ph 0
\/
(R1=RZ=R3=H] - J
R’ H®
:2
R1=H
R2=RIMe|| 1@ -H®
‘ 1
Ph 0 0 Ph
\P/ \/
D
Me
13
-H®
'
0
\\/Ph
Me Me
12 SCHEME 5



as well as fused five-membered ring-systems (phosphind-
olines). The size of the ring in the product is determined
by the position of the most stable carbonium ion formed |

on protonation of the double bond (Scheme 5). Thus
diphenyl(3-methylbut-2-enyl)phosphine oxide gave the six-
membered phosphinoline (12), while allyldiphenylphosphine
oxide cyclised to the five-membered phosphindoline (13).

The original experimental procedure used in these reactions
involved addition of the acyclic precursor to polyphosphoric
acid preheated to 18°C in an open vessel. Further heating
was followed by aqueous work-up to give the appropriate
phosphorus heterocycle in up to 70% yield. That much of

the 100:1 W/W ratio of PPA to phosphine oxide required

was merely for dilution, to prevent polymerisation, has

been demonstrated by Browﬁu{ who investigated the use of a
solvent in PPA catalysed cyclisation reactions. He
obtained yields comparable to those of Berlin8 with a ratio
of only 6:1 (PPA to phosphine oxide) by employing o- dichlorobenzene

as the diluting solvent (equation (1)).

cl |
0 Ph EI 0. Ph
M cl | \\P/

~ PPA (1)

60%

Although notable for their chemistry, none of the
foregoing phosphinoline syntheses possessed the versatility

necessary to readily provide the variation of substitution

-7-



required, either at phosphorus or within the rest of

the molequle. Even the PPA cyclisations of alkenyl-
phosphine oxides have considerable constraints as to

ring substituents, while the substitution reactions under-
gone by tertiary phosphines and their oxides are strictly
limited.

Substitution at phosphorus as a phosphinic acid
facilitates manipulation at this centre, so that a
synthesis of 1-hydroxy-1,2,3,4-tetrahydrophosphinoline
1-oxide (15), published by Rowley and Swan 11712,

promised to provide a useful starting point (Scheme 6).

1%
p
l
7,0 “
10 .
I\ I\
o’ oH d H
15 16
SCHEME 6



Treatment of the dialkyl cadmium, formed on reaction of
3-phenylpropylmagnesium bromide and cadmium chloride,
with phosphofus trichloride at low temperature gave 3-
phenylpropylphosphonous dichloride (14), isolated in
60% yield. Friedel-Crafts cyclisation onto the aromatic
ring with a zinc chloride catalyst produced a chloro-
tetrahydrophosphinoline, which was hydrolysed and oxidised
without further purification to the phosphinic acid (15).
With an overall yield of 25% the method, although a
bit long and involved, provided a viable route to the
desired ring-system. While the secondary phosphine oxide
(16) is, on paper, at least as attractive for modification

10 detracts

as the acid (15), in practice its rapid ‘oxidation
from its synthetic potential. In an attempt to simplify
the procedure described, the feasibility of eliminating
the need to use an organocadmium reagent for the intro-
duction of the phosphorus functionality was investigated.
However, even at higher dilution (2.5 times that used
previously), maintaining the temperature at -78°C with a
very slow rate of addition, 3-phenylpropylmagnesium bromide proved
too reactive, leading only to a reasonable yield of
bis(3-phenylpropyl)phosphinous chloride (17). Reversion
to the original conditions described provided sufficient
1-hydroxy-1,2,3,4-tetrahydrophosphinoline 1l-oxide (15)

to synthesize a number of dihydrophosphinolines. Alkyl
substituents were introduced at phosphorus by the

action of the relevant Grignard reagent with phosphinic
chloride (18), l-methyl- and l-benzyl-1,2,3,4-tetrahydro-

phosphinoline 1l-oxide (19, R = Me, CHyPh respectively)

-9-
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being produced in this manner.
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Oxidation of these compounds to the dihydrophosphinolines

(20a - c) was achieved by radical bromination at the benzylic

-10-



position with N-bromosuccinimide (NBS), followed by

dehydrobromination in dimethylformamide (Scheme 7).

@ij NBS Br
(f/R\R .\\\\\\\*~

1 P
| /N
0 R
S MF
//P\ Cl) R = OH
R b) Me
20 cC) CHZPh
SCHEME 7

In principle, 1-benzyl-1,2,3,4-tetrahydrophosphinoline
l-oxide (lgg)'contained two benzylic methylene groups capable
0f stabilised radical reaction. The product of bromination,
however, consisted entirely of the 4-bromo-1,2,3,4-tetrahydro-
phosphinoline, with no indication of the presence of an

isomeric product (Scheme 8).

-11-~
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This relative reluctance to form a radical centre
o to a phosphoryl group is in accord with similar
observations made by BrownMQ. Mgrkl and Heier13 found
that 1,1-dibenzyl-2-phenyl-1,2,3,4-tetrahydrophosphinolinium

bromide underwent substitution by NBS.at the2-position

-12-
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(Scheme 9), the intermediate being a tertiary benzylic

radical, further stabilised by the adjacent phosphonium

centre. Dehydrobromination then led to a 1,4-dihydro-

phosphinolinium. salt (20).

Hydrolysis of the original

phosphinolinium salt to phosphine oxide (21) caused

bromination to occur preferentially in the 4-position,

all other benzylic centres being rendered unreactive by



the presence of the phosphoryl group. Dehydrobromination
in this case led to a 1,2-dihydrophosphinoline 1l-oxide.

A synthesis of isophosphinolines that could fairly
readily be adapted to the production of variously
substituted molecules was published by Henningr7,and

18,1Q Reaction

elaborated upon by de Graaf and Bickelhaupt
of diethyl benzylphosphonites with an a-haloester gave,
on hydrolysis, substituted benzylcarboxymethylphosphinic

acids (Scheme 10). Condensation of the side-chain onto

g R
Cl i)Mg - P(OEi')2
i) P(OEH)
x
i)
R CO,Et
' i) HO/H,0
L
R 0 i 0
7 a
P~_0H PPA ~—0H
. 2 OH
0 0
SCHEME 10
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the ring with polyphosphoric acid produced the appropriate
tetrahydroisophosphinoline. The reported overall

yield, however, was only 15%, the majority of this loss
occurring in the cyclisation step, which proved very
susceptible to changes in reaction conditionslSJj.

Although ultimately successful, a simpler and cheaper

route to phosphinolines than that of Swan was desirable,

\ /

L’

@f

. Sealed tube
Cl 12h 0 Cl

22 LZ%@

to allow larger scalé preparations to be more eaéily handled .
The ready availability of 3-(chlorophenylphosphinyl)-

propanoyl chloride (22), and its hydrolysis product (23),

00 o =Y

1) Lewis acid
H,0
2
0 CL
N\ 7
P
Lewis acid
0
SCHEME 11
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from the reaction between phenylphosphonous dichloride and
acrylic acid14, made it a promising candidate for
cyclisation to phosphinoline derivatives (Scheme 11).
Intramolecular dehydration of (23) with a
polyphosphoric acid catalyst was attempted under conditions

suggested by results obtained by Berlin6—8, Brownlo,

_ Henning17, and-BickelhaupéB’lg, from different proportions
of neat PPA to the use of a solvent as a diluting agent.

In no instance was any indication of cyclisation observed,
phosphinic acid (23) being recovered in reduced quantity.
That this lack of success was probably due to deactivation,
by the adjacent phosphoryl group, of the ring towards
electrophilic attack was indicated by an intermolecular
condensation that occurred when using toluene as a solvent

1
in the presence of PPA 5. A similar reaction was observed

during azeotropic removal of water with toluene (equation (2)).

CHs

No greater success was achieved with alternative dehydrating
agents such as concentrated sulphuric acid, or phosphorus
pentoxide in combination with either PPA or methane
sulphonic acidls.

-16-



A similar reluctance to undergo intramolecular
reaction was encountered with bis-acid chloride (22).

The use of up to three molar equivalents of Lewis acid
catalyst at temperatures up to 140°C for prolonged
periods failed to induce cyclisation. Increasing poly-
merisation and decomposition occurred with more forcing
conditions.

On observing the B;P nmr during the reaction, an
immediate change of chemical shift from +52.5 to +70.0p.p.m.,
after addition of aluminium chloride, indicated formation
of a complex between the Lewis acid and (22). No
significant change was observed in the signal during the
reaction period, and aqueous work-up gave 3-(hydroxyphenylphosphinyl)

propanoic acid (gg) as the only isolated product.

Cyclisation could probably be ultimately achieved
by activation of the aromatic nucleus towards electrophilic
attack. A similar problem was overcome in an organo-arsenic
system25 by introduction of methoxy substituents into
the ring. Mann eventually succeeded by analogy in ring-
closing a diarylphosphinopropanoic acid to a phosphinoline,
in very low yield, by activating one of the rings with

an ethoxy substituent16 (Scheme 12).

Alkbxyphenylphosphonous dichlorides, required for
the synthesis of an activated analogue of (23), substituted
in either the 3-, or 3,5-positions were not readily
available, and it was felt that introducing the practical

complexities that would be necessary would defeat the

-17-~



object of easy phosphinoline synthesis.

N L "

p~H

E10 | E+0 |P

Ph | Ph

H@
0 o
OH.

EtO0 P E+O |

Ph Ph

SCHEME 12

Denied a simple method of cyclisation of

3- (hydroxyphenylphosphinyl)propanoic acid derivatives,
attention was concentrated on developing a route to the
bicyclic phosphanaphthalene system that incorporated

as much synthetic flexibility as possible. It was felt
that the reagent used to incorporate phosphorus into

the molecule held the key to a successful approach, and
careful choice of this would allow its use in constructing

a wide variety of phosphinoline derivatives.

~18-



The ethyl ester of (diethoxyphosphino)acetic acid
(24) exhibits reactive centres of three different types.
As a tervalent phosphorus compound, the phosphonite (24)

undergoes ready oxidation to a phosphonate (equation (3)).

X
(0]
(Ei‘O)ZPCHZCOZEf (Ei‘O)2 PCHZCOZEf (3)
25
X=0,5S.

In common with other tricoordinate derivatives, the
lone-pair residing on phosphorus impérts considerable
nucleophilic and, to a less important extent, basic
characteristics. With alkoxy- substituents on phosphorus,
use as a nucleophilic reagent would frequently lead to an

Arbusov reaction, giving rise to phosphinate esters (Scheme 13).

(IJET
24 +R—X —=R —F — CHZCOZEf — R —P —0FEt
0 CHZCOZEf
e oy
+Et—X
SCHEME 13
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Once oxidised to the quinquevalent state, removal of a
proton from the acetate chain gives a carbanion doubly
stabilised by the adjacent phosphoryl and carboxylic
ester groups. With the ester group itself providing
an electrophilically reactive centre, ethyl
(diethoxyphosphino)acetate (24) was considered to have

the desired versatility, and was accordingly synthesized.

Previously published routes involving the use of
organic mercuryzotnrtinZl compounds proved to be both
cumbersome and erratic in their results. Far easier
was the treatment of chlorodiethylphbsphite with the
carbanion of ethyl acetate, generated with sodium
hexamethyldisilazide 2% or experimentally simpler,
lithium diisopropylamide as non-nucleophilic base

(equation (4)). Carried out in ether at low temperature,

. _i) LiNer
JCCO,Et ——= (E{0),PCH,C0,Et
i) (E+0),PCL
26

H

with the latter reagent as base, the reaction yielded 71%
of (24), after distillation.

Evaluation of the phosphinoacetate as a synthetic
reagent commenced with- the production of ethyl benzyl-

carbethoxymethylphosphinate (25), an open-chain

isophosphinoline precursor previously reported by Hauﬁng17

and Bickelhauptlg. Combination of phosphonite (24) with

benzyl bromide gave a clean Arbusov reaction, allowing

-20-
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the isolation by distillation, of (25) in 85% yield

(Scheme 14).

0

NV

Br —OEt

+ 2k wa

25

H@

P—O0H PPA —CQH

SCHEME 14

Hydrolysis and PPA-catalysed cyclisation according to
published procedure17 would have led to 2-hydroxy-1,2,3,4-

tetrahydroisophosphinoline 2,4-dioxide (26).

A different route leading to the same goal involved
initial reaction between ethyl o-(bromomethyl) benzoate
and phosphinoacetate (24) to form triester (27). A
Dieckmann cyclisation reaction then gave 2-ethoxy-3-carbethoxy-

1,2,3,4-tetrahydroisophosphinoline 2,4-dioxide. Of the
91~



bases tried in this step sodium ethoxide in ethanol
produced the best result. Purification of this cyclised
product was prevented by its ready decomposition on
attempted distillation or use of chromatographic techniques.
Characterisation was further complicated by the mixture

of diastereoisomers obtained from the reaction causing

loss of spectral resolution. Hydrolysis, however, caused
decarboxylation of the resultant B-keto-acid, and

allowed the isolation and characterisation of

2-hydroxy-1,2,3,4-tetrahydroisophosphinoline 2,4-dioxide (26).

COZE’r C 02E+
+24 'OI
C HzBr - CHZ——fID CH2CO2 Et
CEt
2]
-EtOH
0 0
CO,Et
H® 2
=0 P=—
OH QEf

A similar reaction pathway may be envisaged, with

cyclisation occurring by intramolecular expulsion of a

-29.



bromide ion by the stabilised carbanion formed from

(27) (Scheme 15).

Br
CHzBr
+ 2 - OXP/OE]‘
" CH,Br ;\
0 OEt
-HBr
|
COZEf
—OQEt
I
0

SCHEME 15

Preliminary investigation of the addition of ethyl .
(diethoxyphosphino)acetate (24) to o, al—dibromo-o—xylene
indicates the feasibility of such a route, although the
conditions to achieve the optimum yield of monosubstituted
product remain to be developed.

A nickel halide catalysed addition of (24) to an

aromatic ha.lidew’24

, would allow the synthesis of
phosphinolines (eg Scheme 16). However despite several

attempts, the phosphinic acid (28), expected from

-23-



substitution, was not isolated.

CO,Et CoEt
+24 — 0
/ .
Br N0kt

EtO-~ 28

“H,0 CO,H

20
/7 \ . OEt
O/ OH HO

SCHEME 16

While restricted here to the production of
phosphinolines, ethyl (diethoxyphosphino)acetate (24)
can, in principle, be used to synthesize a much wider

variety of molecules.

Particularly suited to phosphorus heterocyclic

synthesis, the contribution of this reagent could be
quite considerable.

-24-
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CHAPTER 2

THE PHOTOLYSIS OF 1,2-DIHYDROPHOSPHINOLINE 1-OXIDES

Ultraviolet irradiation of dihydrophosphinolines
(20a - ¢) 1in methanol gave rise to three products,
separated by gas chromatography, their relative proportions
varying with the particular substrate used. Mass spectral
analysis of each component showed all three to have
identical molecular ions. The 1H n.m.r. spectra exhibited
a sharp doublet at a chemical shift of +3.7 p.p.m., chara-
cteristic of a P-OMe function. 1In addition to aromatic
protons, the spectra of the product mixtures also showed
the presence of olefinic protons in two different enviromments
(+5.7 to 6.1 and 5.0 p.p.m.), and a fairly complex
absorption pattern at +1.8 p.p.m., attributable to a
methyl group attached to a double-bond. Assignment of the
spectra to mixtures of the double-bond isomers of 2-pro-
penylphenyl-substituted phosphorus esters (Scheme 17) was
supported by comparison with authentic spectra of allylbenzene
and B-methylstyrene26 , with only minor modifications
being introduced by the phosphorus substituent. Absorptions

due to benzylic protons in (29) were partially obscured

by the P-OMe doublet at +3.6 p.p.m.

The course of the photolytic reaction of 1,2-dihydro-
l1-hydroxyphosphinoline 1l-oxide (20a) in methanol was
followed by monitoring the ultraviolet spectrum of the

reaction mixture. After 9h, an absorption at 258nm had

~925-
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greatly reduced in intensity, and no subsequent changes
were noted. Removal of solvent gave a mixture containing
predominantly methyl 2-(prop-2-enyl)phenylphosphonate
(29a), the balance provided by the cis-and trans -isomers
of methyl 2-(prop-l-enyl)phenylphosphonate (56a)and (57a),
with no starting material remaining. Relative integration
of peaks in the lH n.m.r. spectrum that could be assigned
to the individual isomers (absorptions at+5.1 and 3.6 p.p.m.
for (29a), and the methyl absorptions at +1.8 p.p.m. for
the styrene derivatives (56a) and (57a)) indicated that
the allylbenzene derivative (29a) accounted for 88% of

the product mixture, the rest being distributed approxi-
mately equally between the other two isomers. Direct
vacuum-distillation of this product mixture led to

-26-



considerable decomposition; polymerisation and isomeri-
sation, shown by gross changes in the 1H spectrum of the
condensate. Methylation of the photolysis mixture with
.excess diazomethane facilitated distillation, and also
perhitted the use of thick-layer chromatography to purify
dimethyl 2-(prop-2-enyl)phenylphosphonate (29, R = OMe),
although this material was never obtained completely free
of contamination by the conjugated isomers (56 and 57,

R = OMe), shown by their distinctive absorption at +1.8 p.p.m.
in the 1H spectrum. Whether this was due to isomerisation
during the isolation procedure; or merely to their close

similarity of physical properties was not asgertained.

Similarly 1,2-dihydro-l1-methylphosphinoline l-oxide
(20b) photolysed in methanol to give the 2-allylphenyl-
phosphinate (29b) as the major product. Gas chromatography
(3% OV17 at 200°C) gave a product distribution of 50% (29b)
to 25% each of the other two isomers. The 31P spectrum
showed three closely separated absorptions at +43.0, +44.2
and +44.6 p.p.m., while integration of the lH n.m.r. spectrum
was complicated by the coincidence of the P-Me doublet
and the methyl groups of (56b)and (57b). Within experimental
error, however, the ratio of isomers was the same as that
obtained by G.C. Preparative G.C. had previously been
used by Brown10 to separate a sample of methyl (2-allyl-
‘phenyl)methylphosphinate (ggg); but due to its hygroscopic
nature a satisfactory elemental analysis could not be
obtained. 1In the instance described here; however, a

molecular formula of C11H1502P was unambiguously assigned

-27



to each component of the mixture by high-resolution mass
spectrometry performed on the compounds separated by gas

chromatography.

In the same way, integration of the 1H spectrum
obtained for the product from photolysis of l-benzyl-1,2-
dihydrophosphinoline 1l-oxide (ggg) in methﬁnol indicated
a slightly higher proportion of the terminal double-bond
isomer (29c, 60%), with an equal contribution of 20%

from each of the other two isomers.

The use of t-butylamine as an alternative nucleophilic
solvent during irradiation of 1,2-dihydro-l-methylphosphinoline
l-oxide (20b) led to analogous products (Scheme 18), containing

amido- instead of methoxy-substituents on phosphorus.

20 W | N
T +
o7 | e o/l NH By
R R
AN
o7 I\NH*BU

SCHEME 18
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Although chromatography showed only one product
in this case, the 1H spectrum was again indicative of a
1:1 product distribution between the two double-bond
positional isomers. With the replacement of the
methoxy-group on phosphorus, the benzylic protons of the
allylbenzene derivative were .clearly seen as a broadened
doublet of chemical shift +3.8 p.p.m. A single peak

31

(+26.0 p.p.m.) was evident in the P n.m.r. spectrum of

the product mixture.

After similar photolytic reactions of other dihydro-
phosphinolines Brown10 was able to isolate the principal product,

again usually the allylbenzene derivative. 1,2-Dihydro-1-

(e |

=
7N\ O/I\OMe
Me
30 : 31

methoxyphosphinoline l-oxide (30) gave rise to an 82%
isolated yield of (31), following irradiation for 26h in

methanol. Methyl phenyl-2-(prop-2-enyl)phenylphosphinate (32)

\
P
/ \\OMe
O b

32
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was isolated from the methanolié photolysis of 1,2-
dihydro-l-phenylphosphinoline l-oxide. The only instance
when Brown observed a different isomer as the major
product was on photolysis of a 4-methyl-substituted
phosphinoline'in methanol, when the conjugated alkene (33)

was produced (eduation (5)). -

Me

~ W

- ofher (5)
P isomers

/7 \

0/- Ph

Using t-butylamine or t-butanol as the solvent for
the reaction, however, the non-conjugated

products (34) and (35) respectively were again predominant.

Me - Me

2\ NH'Bu / 0 Bu
O/Ph 0 h -
34 35

This result he rationalised in terms of either steric

hindrance to protonation by the methyl group, or isomerisation
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0f the initially-formed terminal double-bond under the
reaction conditions to bring it into conjugation with
the aromatic ring, a process rendered less favourable by

bulky substituents on phosphorus.

Interpretation of the results of photolysis of
1,2-dihydrophosphinoline 1-oxidesin protic solvents can
rbe in terms of several differing mechanisms. Ring-opening
may occur by hetero- or homolytic cleavage of the
phosphorus-carbon (2) bond or by a concerted, electrocyclic

pathway.

It is conceivable that activation of the ring by
absorption of a photon may facilitate a nucleophilic
substitution, by the solvent, at phosphorus, with loss
of a delocalised carbanion (Scheme 19). However, under

normal conditions even a stabilised carbanion is an

. ol
PI
VAR
71,
N
20 N He
|
Products
SCHEME 19
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unusual leaving-—group. The low electronegativity of
carbon imparts the dual characteristics of unwillingness
to accept electronic charge and a low apicophilicity in
the pentacoordinate intermediates of bimolecular substitution
at phosphorus. Thus, hydrolysis of alkylphosphinate
esters would normally lead to loss of an alkoxide-, in
preference to an alkyl-group46. Despite the presence of
leaving-groups better than carbon in (20a) and (30), no
evidence was found for their substitution. Neither was
any indication of an equivalent thermal process observed
in the comparable dark-reaction, even when heated under
reflux for prolonged periods. Furthermore, although
products were not identified, photolysis has been found to
proceed equally well in the absence ofrnucleophilic

specieslo, indicating an unimolecular first step in the

reaction.

Photo-induced homolytic cleavage of the phosphorus-
carbon (2) bond of the dihydrophosphinoline would produce
the diradical (36), delocalisation of the methylene
radical occurring through the conjugated T - system (Scheme 20),
addition of solvent leading to the products. The resultant
ratio of double-bond isomers would reflect a combination
of the relative contribution of each canonical form of
the diradical, with the effect of steric crowding at the
reaction sites. Thus, in most cases, the majority of
addition of solvent is (1,4) giving an allylbenzene, but

the presence of a 4-methyl-substituent gives a predominance
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of (1,6)-addition (equation (5)). It is necessary to

O — 00 —CC
5 p. P.

/\ 7\ /\
0 R R

0
20 36 37

Solvent (XH)

@Nmm
R R~

/ \ X
\R 0/ \R

SCHEME 20
invoke either bond rotation in the diradical intermediate
to give the sterically more favourable E-configuration
to the side chain, or isomerisation of the 2- to the
E-methylstyrene under the reaction conditions, in order to
explain the presence of the latter in the product mixture.
In either case it is difficult to rationalise the equal

incidence of E-and Z-isomers.

Considerable work has been carried out on the photolysis
of systems analogous to dihydrophosphinolines, and in all
cases the evidence indicates a concerted, electrocyclic

ring-opening to give a reactive intermediate which may
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then react inter- or intramolecularly. Investigations
have included dihydronaphthalene itself and equivalent

heterocycles containing oxygen, nitrogen, sulphur and selenium

(38a = e).

N
(1)Y=CR2 g Se
Y b) 0
38 c) NR

d) S

1,2-Dihydronaphthalene (38a) produbes, on jrradiation,
the fused cyclopropane derivative (39), while methyl-
substituents inthe l-position cause formation of (40) and
in the 2-position give arylbutadiene (41) as the principal

product27’28.

Performing the reaction in a pentane

matrix at -180°C enables the observation of an absorption

at 402nm, assigned to a quinodimethane derivative (42),

as the common intermediate. A photolytic 4m +2m cycloaddition
in the unsubstituted case gives rise to (gg); while‘(gg)

and (41) are products of a (1, 7) sigmatropic rearrangement.
The reaction is envisaged as a bicyclic analogue of the

2 . . , :
well-documented 9 cyclohexadiene-hexatriene interconversion

(equation (6)).
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Photochemical reaction of dihydroquinoline (43)
is postulated to proceed by a similar reactive intermediate

(44), formed on electrocyclic ring-opening of the

starting materialBo. Absorption of further energy gives
R — R - R
A b /l W
———— /—N
f|\l CN N
Ac Ac Ac
43 Lh 45
0 Y
AC:'—'CCH3
| \
R
CN
|
Ac
46

products derived from intramolecular cycloaddition,

either a rapid, reversible 27 + 2m forming benzoazetine
(45), or a slower, apparently irreversible photolytic

4m + 27 to (46). Consequently longer periods of

reaction give increased yields of (46) at the expense of

(45). Reversion of the intermediate to the original
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heterocycle, however, usually remains the major pathway,
shown by low-temperature irradiation of a matrix

containing l-cyano-1,2-dihydro-2-hydroxyquinoline (Scheme 21),

~180°
SN \ihV OEi OH
N OH A(97%) \N
| i
! !
3%
|
"
CN
SCHEME 21

completely ring-opening to a coloured intermediate. Thermal
reaction allowed a 97% recovery of starting material, with

only 3% rearranging to the arylpropenalsl.

o—-Quinoidal intermediates have alsobeen proposed
for photochemical reactions of chromenes and isochromenes,
differences in subsequent products being attributed to
the divergent characteristics of these species. A
relatively reactive intermediate from the photolysis of

3,4-diphenylchromene in methanol quickly undergoes a
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(1,6)-addition of solvent (Scheme 22).
Ph |
Ph
N
O W\\
: B Ph |

P Ph -

—éHZOMe MeOH

H

SCHEME 22

Irradiation of isochromene (47), however, gives a
quinoidal intermediate sufficiently long-lived, even in

methanol, to permit a photochemical 47 + 27 intramolecular

cycloaddition leading to an epoxide (§§)anahxgms to the
Ph B Ph -
A °h hy Ph
éz L —
hy
P OMe 1 Ph
H Ph
Ph MeOH
43 8B
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cyclopropyl derivative (39) obtained from dihydronaphthalenes.
Addition of methanol to the epoxide gives alcohol(ggfm_
4-Phenylisothiochromene has been found to follow an

entirely analogous pathway32 (Scheme 23), leading to isolation

Ph
0

- ! Ph _
A |
_ .
[1,51/ LT + 21T
~ Ph o
N
S
50
JMeOH
Ph Ph
OMe
< oh
21
SCHEME 23
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0of l-phenylindene after photo-induced extrusion of sulphur

from episulphide (50).

shift provides a competi

Alternatively, a (1,5) hydrogen

ng reaction, reforming the

aromatic ring, subsequent addition of solvent giving thio=

ester (51).

Direct observation of thio—quinoidal intermediates

has been achieved by irradiation of thiochromenes in a

pentane matrix at -180°C

31, 33-35

( equation (7)).

Warming

caused electrocyclic reversion to starting material.

Similar ring-systems containing sulphur in a higher

p— —

\

I
0

_40- SCHEME 24

O
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oxidation state also photolyse to give products explicable
in terms of quinoidal intermediates. Ring-closure of

(52) by addition through oxygen occurs predominantly at
the 4-position to give a five-membered sulphinate ester,
with some seven-membered sultine from reaction at the
G—position36 (Scheme 24). Finlay has demonstrated a

comparable thermal reaction of the system37.

A small amount of ring-expanded product was also

isolated from photolysis of (53), the majority giving

\ —=

0, - S

/

a3 1%

a methanol adduct across the double bond of the thiopyran

ring38.

Completing the range of published photochemical
reactions of dihydro-heteronaphthalenes, irradiation of

the selenium analogue (38e) in an isopentane matrix ‘ at

77°K gives an intermediate postulated to be the product
of electrocyclic ring-opening39 (54). Warming the matrix

B =

0 == (L
: A

3Be | . Sl
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regenerates (38e).

A concerted, electrocyclic ring—opening of a
dihydrophosphinoline would give a reactive intermediate
(55) analogous to those proposed for equivalent carbon,

nitrogen, oxygen, sulphur and selenium systems (equation (8))

N
o/\ )R

The electron affinity of phosphorus in such species
would impart a polarisation to the m-system. Attack of
a nucleophilic solvent, such as methanol, would therefore
occur at phosphorus, while the site of conjugate
protonation would be limited by regeneration of the
aromaticity of the ring. Thus, addition of solvent could
be either (1,4) giving the allyl benzene (29), or (1,6)
giving the cis-methylstyrene (56) (Scheme 25). The trans-
- styrene (57) observed in the product mixture could
arise from isomerisation of (56) under the reaction
conditions, or from rearrangement of the quinoidal

intermediate from a .cisoid to a transoid configuration.

Such isomerisations have been described for quinodimethane

—42-
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derivatives arising from the photolysis of dihydro-
naphthalenes4o, and are a necessary preliminary to the
41 + 27 reactions leading to products containing
cyclopropane (39), epoxide (48) and episulphide (350)
rings. If the trans-methylstyrene (57) comes from the

cis-isomer, it is difficult to explain the continued

presence of this latter, energetically unfavoured
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molecule in the product mixture. Rearrangement of the
intermediate, limited in extent by its lifetime in a
reactive solvent, could provide an explanation, particularly
since (1, 4) addition to either configuration would lead

to the allylbenzene, the major isolated product. Although
no successful attempts to trap quinoidal intermediates
derived from dihydronaphthalene analogues with anything

but simple nucleophilic solvents have been reportedlo, a
similar intermediafe in the nitrogen series, obtained by

a different route, has been observed to undergo Diels-Alder41

reactions (Scheme 26). In principle there is no reason

why the proposed intermediates, arising from the photolysis
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of phosphinolines, should not undergo similar cyclo-additions.

While, from the preliminary results described here, it
is not possible to unequivocally decide upon the mechanism
of photolytic reaction of dihydrophosphinolines, the weight
of literature precedent in analogous systems lies in favour
of a concerted pathway. Con-rotatory, electrocyclic ring-
opening of these compounds would lead to the proposed phospha-
quinoidal intermediates. Carried out at low temperature in
a matrix, direct spectroscopic observation of these species

may be possible, as with the carbon, nitrogen and sulphur
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analogﬂesSS—BS. Products derived from intramolecular

reaction after photolysis in an inert solvent may also

provide an indication of the operative mechanism.
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CHAPTER THREE



CHAPTER 3

Structural modification of a molecule with
-demonstrable biological activity provides an insight
into the relationship between cognate compounds and
their physiological effects. This, in turn,may lead
to the development of molecules exhibiting enhanced, or
more selective activity. Through collaboration with
I.C.I. Plant Protection Division, attention was directed
towards compounds with potential as growth regulators
for plants, so that a description of the incorporation
of a fungicide (2-hydroxybiphenyl) into a phosphorus
heterocycle excited interest. Since the resultant
oxaphosphaphenénthrene (58) contained the cyclohexadienyl
unit necessary to allow a photolytic ring-opening,
analogous to that observed for phosphinolines, the
opportunity for further modification to novel derivatives

was available.

X
4

SO%

Representatives of this tricyclic system have

28

already found application as flame—retardants42, metal
chelating agents43, plasticisers and anti-discolourants
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44,45
for polymers .

THE SYNTHESIS OF 6-CHLORO-65-DIBENZ(c,e)(1,2) OXAPHOSPHORIN

6-SULPHIDE

The title thiophosphonate (59) was selected for
preliminary evaluation of both the biological and
chemical potential of the system.

First described as a minor product from the

thermolysis of Z-biphenylylphosphorodichloridothioate47
(60) (equation (9)), two more practicable synthetic

S
[

PCl , ‘
s (FD
Ph

QQ 753@

15% 39
routes have been reported. An aluminium chloride catalysed
intramolecular Friedel-Crafts reaction of the same
phosphorodichloridothioate48, easily obtained by reaction
of 2-hydro xybiphenyl with thiophosphoryl chloride, gives

oxaphosphorin (59) directly (Scheme 27).
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Utilising'the greater activity of tervalent
phosphorus halides in Lewis acid catalysed reactions49,
cyclisation of 2-biphenylylphosphorodichloridite (61),
is reported to occur readily in the presence of zinc

50’51. Oxidation with elemental sulphur

chloride
affords the desired product (Scheme 28). It waé felt,
however, that the relative ease of handling of phosphorus
compounds in the quinquevalent state more than
compensated for the advantage gained by any increase in
reactivity of tervalent compounds, so that the chosen

synthetic route to (59) was the shorter, outlined in

Scheme 27.
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Equimolar quantities of 2-hydroxybiphenyl and
thiophosphoryl chloride, dissolved in benzene and heated
under reflux in the presence of one equivalent of pyridine,
reacted to give 2-biphenylylphosphorodichloridothioate
(60), as a faintly pink syrup. The 31P n.m.r. of this
crude product showed a purity of approximately 85%, the
rest being evenly distributed between three other compounds.
This compares favourably with the equivalent step in the
tervalent route (Scheme 28), where an excess of phosphorus
trichloride is necessary to reduce the competitive formation
of di- and tri-substituted products (62 and 63 respectively).
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Attempted distillation of phosphorodichloridothioate (60)
led to decomposition, so that Friedel-Crafts cyclisation,
was carried out on the crude product, as recommended in
the literature48. Addition of a small quantity of
aluminium chloride to neat (60), and raising the temperature
to 180°C(bath) until evolution of hydrogen chloride had
ceased (6-8h), led not to the singlé product (ég) anticipated48,
but to a 1:1 mixture of compounds, 31P spectroscopy
showing peaks at +73.4 and +50.0p.p.m. Column chromato-
graphy on alumina followed by recrystallisation from
dichloromethane/hexane gave a small sample of 6-chloro-@4-
dibenz(c,e)(1,2)oxaphosphorin 6-sulphide (59), showing

31

an absorption at +73.4p.p.m. in the P spectrum.

Repetition of the reaction sequence with similar results
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prompted an investigation of the conditions under

which the cyclisation step was carried out.

Much of the published work on the Friedel -Crafts
chemistry of phosphorus halides concerns the tervalent
state, relatively little information being available
about the less active quinquevalent compounds49. Never-
theless, some general observations emerge which are
equally applicable to bothszz
(1) Yields from Friedel-Crafts reactions show a

strong dependence upon the ratio of reactants,

the aluminium chloride resembling a coreactant
more than a true catalyst.
(ii) Both products and reactants complex strongly

to the Lewis acid, requiring the development of

efficient work-up procedures to avoid obtaining

drastically reduced yields.
(iii) In terms of both rate and purity; the uée of a

suitable inert solvent often benefits Friedel-

Crafts reactions involving phosphorus.

More specifically relevant are reports by Micha.elis‘“:SB-55

on the formation of mono- and di-substituted products
from the aluminium chloride catalysed reaction between
toluene and thiophosphoryl chloride (equation (10)). A
detailed investigation of the aluminium chloride catalyéed
reaction of thiophosphoryl chloride with benzene by

56,57

Maier™ "'~ , explores the nature of the complex formed

between the Lewis acid and the phosphorus halide. Isolation
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CH, CH3 Hy

+ SPC[B - + p (10

P/EL 2 Cl
2\

of the mono-substituted product is complicated by the

ease and rapidity of further reaction under the conditions
employed. Optimum conditions for the formation of
phenylpﬁosphonodichloridothioate (64) combine equimolar
quantities of phosphorus halide and benzene with two

equivalents of aluminium chloride (equation (11)).

2AICL4

PhH + SPC[3 - PhP(S)C12+ PHZP(S)CL + PhyPS (11)

50% L3% Iz

bk

Strong complexation to the thiophosphbryl function
holds one molecule of aluminium chloride inactive, while
the second remains free to act as a chloride-ion acceptor
in the Friedel-Crafts reaction (Scheme 29), activating the

thiophosphoryl chloride towards nucleophile857. It is
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interesting to note that an aluminium chloride catalyst

is utilised in the large-scale preparation of thio-
phosphoryl chloridess, by the oxidation of phosphorus
trichloride with elemental sulphur. From this has arisen
the suggestion of a temporary, reductive dissociation of
the thiophosphoryl chloride in the presence of the Lewis
acid49, followed by participation of the reactive tervalent

halide in the Friedel-Crafts reaction, and ultimate

reoxidation to give the products (Scheme. 30). Complete

removal of sulphur seems unlikely, however, since the
products obtained from substituted aromatic compounds

and thiophosphoryl chloride possess a different
orientation to those obtained with phosphorus trichloridesg.
Further indication of at least a partial cleavage of the

phosphorus-sulphur bond comes from the observation that

Lewis acids active in sulphuration of phosphorus trichloride
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(AlCl AlBr., and EtAlClz) also catalyse Friedel-Crafts

3’ 3
reactions of the resultant thiophosphoryl chloride, while
others such as zinc chloride or ferric chloride are not
effective for either purposeGO.

Applied to the cyclisation of 2-biphenylylphosphoro-
dichloridothioate (60) the preceding information suggested
a number of modifications to the experimental procedure.
The original conditions had produced a mixture of products,
with no remaining starting material. The unwanted product
may have arisen from.either a parallel, possibly inter-
molecular. process, or by subsequent reaction of the
cyclised product. A reduction in the severity of conditions,

and use of a diluting solvent should have decreased the

likelihood of both these sources of side-products, and

-55-



favoured an intramolecular cyclisation. The efficiency
of reaction should also have been improved by increasing
the quantity of Lewis acid present, a surmise investigated.

in a series of experiments, summarised in Table 1.

No visible reaction occurred when 2-biphenylyl-
phosphorodichloridotﬁioate (60) was stirred at ambient
temperature in an inert solvent (dichloromethane or
tetrachloroethane49)_in the presence of up to two
equivalents of aluminium chloride. Observation of the
31P spectrum showed no change in chemical shift commensurater
with formation of a complex between (60) and the Lewis
acid57, the absorption remaining at +53.5 p.p.m. Heating
the mixture under reflux in tetrachloroethane led to a
gradual depletion of the phosphorus content of the solution
and formation of a dark precipitate, of complexed thio-
phosphate. This solid proved remarkably resistant to
hydrolysis, overnight stirring in 6M sulphuric acid being
necessary to obtain a poor recovery of starting material.
Prolonged heating of the precipitated complex led, after
work-up, to a product mixture shown b& 31P spectroscopy
to contain a small quantity of cyclised material; together
with a secondary product with a chemical shift of +50.0 p.p.m.

and starting phosphorodichloridothioate (60).

In view of the difficulties of solubility, and
intractibility of products in these reactions, a more

detailed evaluation of a neat mixture was carried out. One
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TABLE 1

SOLVENT MOLAR RATIO REACTION 'CONDITIONS REACTION REMARKS
mowAmvon“ AlClq4 TIME
OmwOHw 9:1 Stirred at room temperature 9 days No reaction. Starting
material recovered.
onomomon 0.5:1 Stirred at room temperature 1h No reaction, no complex
formation observed.
onomomGHm 0.5:1 Under reflux 2h Solid complex precipitated
out over period, depleting
phosphorus-~containing
material in solution.
Complex difficult to
hydrolyse.
C1,CHCHC1 0.8:1 Under reflux 4h Small amount of cyclised
2 2
product (ca.5%) plus
secondary product.
NONE 9:1 100°, stirred 1h No reaction.
NONE 9:1 mooo. stirred 1h Reaction complete to

give only cyclised
material.




tenth of a molar equivalent of aluminium chloride was
added to a sample of (§Q); and the temperature raised to
100°cC. Invesﬁigation of an aliquot by 31P n;m.r! showed
no discernible reaction after 1h, and the bath temperature
was gradually elevated to 2000C, when a rapid evolution
of hydrogen chloride occurred. A further aliquot

revealed the reaction to be complete in less than 1h,

with only very minor phosphorus-containing side-products.

A standard aqueous work-up, with extraction into
dichloromethane followed by recrystallisation afforded
6-chloro-64-dibenz(c,e) (1, 2)oxaphosphorin 6-sulphide (59)

in 90% yield.

A number of inferences may be drawn from the results
obtained, particularly in consideration of the departure
of the optimum conditions from the published norm49’56’57.
A considerable energy barrier to formation of a complex
between (60) and aluminium chloride is apparent,requiring
a temperature of 147°C for 2h. This is in contrast to
unsubstituted thiophosphoryl chloride, where rapid
formation of an adduct occurs at room temperature57. Even
higher temperatures proved necessary to induce the

extremely stable complex between the Lewis acid and (60)

to react further.

The efficacy of a catalytic quantity of Lewis acid
is indicative of a dissociation of the product-aluminium
chloride adduct under the reaction conditions, allowing

complexation with a further molecule of starting material,
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and continuation of the catalytic cycle (Scheme 31).

OP(S)CL,. ALCL
AsIcL, Al 2773

Ph | Ph

* e W\Cl
AlCly
o

SCHEME 31

Whether responsibility lies with a kinetic or
thermodynamic difference between the two complexes is.

not possible to decide.

THE PHOTOLYSIS OF 6-METHOXY-6g-DIBENZ(c,e) (1, 2)0XAPHOSPHORIN

6-SULPHIDE

Before studies of the photochemistry of the
dibenzoxaphosphorin system were begun the chloro-substituent

of (59) was exchanged for a less reactive methoxy-group.
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Treatment of (59) with one equivalent of methoxide in
methanol afforded 6-methoxy-6H -dibenz(c,e)(1,2) oxaphosphorin

6-sulphide (65), almost quantitatively.

An ultraviolet spectrum of this compound showed

),

absorption to be almost at a maximum at 254nm (98%-of£:max

making this the preferred wavelength for irradiation.
Since the oxaphosphorin possesses a hetero—cyclohexadiene -
unit, it was hoped that an electrocyclic ring-opening,
similar to that proposed for phosphinolines, would
generate a reactive intermediate, the trapping of which

could lead to novel phosphorus compounds (Scheme 32).

S\\ _OMe

L
i L | T Products

SCHEME 32

Photolysis of a methanolic solution of (65),
‘monitored by gas or thin-layer chromatography, proceeded
extremely slowly when using a Rayonet photochemical
reactor. The reaction was, therefore, transferred to a
more efficient falling-curtain apparatus (Figure 1),

allowing the continuous passage of a thin film of solution
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FALLING-CURTAIN PHOTOLYSIS APPARATUS
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FIGURE 1
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from a large reservoir over a low-pressure mercury lamp.
The photolysed solution could then be collected and

returned to the resorvoir for recycling.

Irradiation of the methoxyoxaphosphorin (65), in
methanol, at 254 nm caused the gradual replacement of
starting material by three products, all slower running
by T.L.C. (silica plates eluted with chloroform). Two
major absorptions appeared in the 31P spectrum at +87.7,
and +11.9p.p.m., and a minor peak at +20.1lp.p.m., in
addition to unconsumed starting thiophosphonate at +77.5p.p:.m.
The sharp P-OMe doublet in the 1H n.m.r. spectfum of (65)
was replaced by a complex absorption paftern centred around
the same chemical shift of +3.7p.p.m. A DZO—exchangeable
peak at +9.0p.p.m. appeared in the product mixture,

integrating to one prdton relative to the aromatic absorptions.

Separation of starting material was easily achieved
by column chromatography, while the photolysis products
proved more difficult. Repeated elution on thick-layer plates
led only to the isolation of further starting material,
presumably through reversion 6f one or more of the préducts.
If electrocyclic ring-opening followed by trapping with
methanol had occurred, this could be explained in terms

of recyclisation of the resultant phenol (66)(Scheme 33).

An attempt to fix any such product by methylation

with diazomethane gave no discernible change in the 1H or

31P spectra, - and led to no alleviation of the separation

difficulties. Analysis by G.C. appeared promising, but
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proved not to be reproducible.

Attempted uge of t-butylamine as an alternative
nucleophilic solvent led to a rapid demethylation of the
thiophosphonate ester, prior to photolysis (equation (12)).
This reaction was investigated'more fully, and the results

appear in the following Chapter.
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Dealkylation was also observed after prolonged
heating of (65) with methoxide in methanol, performed
in the hope of ring-opening the oxaphosphorin to give a
comparison sample of phenol (66). It is possible that
attack of methoxide did not take place at phosphorus, or
that the reverse ring-closure occurred equally readily.
In either case a slow, but irreversible dealkylation to

form the thiophosphonic acid and dimethyl ether (Scheme 34)

S
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gradually consumed the starting ester (63).

With no experimental evidence for the electrocyclic
generation of a quinoidal intermediate, and in view of
the difficulty experienced in separating the products
that were formed on photolysis of oxaphosphorin (65) in
a simple, nucleophilic solvent, it did not seem reasonable
to attempt more sophistidated trapping experiments. An
evaluation was therefore made of an analogous system, with
the ring oxygen replaced by carbon, so that photolytic
products would be less inclined to recyclise, and with

lower polarity be easier to separate.

THF.  SYNTHESIS AND PHOTOLYSIS OF 9,10-DIHYDRO-9-METHOXY-9-

PHOSPHAPHENANTHRENE =~ 9-OXIDE

9,-10-Dihydro-9-methoxy-9-phosphaphenanthrene 9-oxide
(67), still containing the structural elements required for
electrocyclic ring-opening, was prepared by a modificétion
of Lynch's methodel, summarised in Scheme 35. PPA-
mediated cyclisation of 2-biphenylylmethylphosphonic acid
(68) was found to give better yields than those obtained
by Lynch for a thermal dehydration. Conversion of the
cyclic acid to a phosphinyl chloride with thionyl chloride,

followed by substitution with methanol gave the title ester

(67) in 22% overall yield.
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Photolysis of the methoxyphosphaphenanthrene in
methanol, with 254nm wavelength light proved completely
ineffective, a quantitative recovery of (67) being obtained

even after 7d continuous irradiation in the falling-curtain
-66-



apparatus.

From this lack of photochemical reactivity of the
phosphaphenanthrene (67), it appears likely that
disruption of two aromatic systems, to give the quinoidal
reactive intermediate, has too high an energy barrier to
proceed under the conditions used. It is also reasonable,
therefore, to conclude that the oxaphosphorin (85) does
not undergo a concerted reaction, and that the products
arise from alternative mechanisms. With doubt cast upon
the concept of using such systems as a source of potentially
biologically active, novel phosphorus derivatives, the
synthesis of further analogyes sSuch as an azaphosphorinsz’63

(68) was of questionable value, the return being unlikely

to balance the invested effort.

H

W

e
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CHAPTER FOUR



CHAPTER - 4

Two centres at which nucleophilic substitution
may occur are present in quinquevalent aliphatic phosphorus
esters. Attack of the nucleophile at phosphorus

64, usually

generates a pentacoordinate intermediate
collapsing to products by ejection of a suitable leaving-
group (Scheme 36). Alternatively, substitution at carbon

causes loss of the anion of the appropriate phosphorus acid

— ds -
><\ | ¥
Nﬁ\Y/,/P-E-/Q - | Z P\ Products
7 l X
Nu

SCHEME 36

(equation (13)). This transference of an aliphatic group

to the nucleophile forms the basis of the use of phospha.teea_72

and phosphona.‘ce?B—75 esters as alkylating agents for a

variety of substrates, including amines, carboxylic acids,

aromatic and aliphatic¢ alcohols and thiols.

0 0

| I

XoP—Q7lRy + Nu——— X,P—0 + R3CNu 13)

-68—



The reaction conditions normally employed cause complete
alkylation of nucleophilic sites within the molecule,
amino acids for example, being methylated on both oxygen
and nitrogen (equation (14)) when treated with dimethyl
methylphosphonate73-(DMMP) at 180°C for 2.5h. Less

severe conditions, however; allow a more selective

CO,H COzMe

OMMP (14)

NH2 NMe2

monoalkylation of adenine, and other biochemical bases71’73.

THE DEALKYLATION OF PHOSPHORUS ESTERS

Implicit in the alkylation of nucleophiles by
phosphorus reagents, is the complementary dealkylation
of the ester. Investigation of the phosphorus eontent of
the product mixture from an alkylation reaction has shown
that under normal circumstances only a single alkyl group

0, 76-77

is removed’ , the resultant anion (69) being

resistant to further reaction (Scheme 37).

0 2 i
| + N | ﬂ_g ﬁ//._..(RO)[Flo .
(RO), P—0—R —=i—(RO], 2
N |
SCHEME 37
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Dealkylations of this sort have been observed with
a wide range of nucleophiles. Although usually found to
proceed by substitution at phosphorus, the alkaline
hydrolysis of phosphorus esters in some instances may
include a substantial contribution from attack of
hydroxide at carbon. The hydrolysis of phosphoramide (70)
with 180—1abelled alkali78 shows only 15% incorporation
into the phosphorus anion, 85% occurring in the liberated
methanol (equation (15)),indicating preferentiai reaction

at carbon.

OMe OMe oM
/ H180e /o / ee
0=P—0QMe -~ 0=—P—0 +  0=pP18;
\ \ (15)
NMe, NMe., NMe2
70 : +Me'8oH +MeOH
85% 15%

A similar competing pathway has been reported
during acid hydrolyses, particularly with hydrogen halides,
where the counter-ion may attack at carbon to produce
alkyl halides, in addition to the alcohol from normal

hydrolysié76 (Scheme 38).

Dealkylation by halide ions also occurs under
neutral conditions, the principal cause of appreciable
losses of phosphonic acid diesters formed by the Michaelis-

Becker reaction79.
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Transfer of an alkyl group from phosphorus esters
has been reported for a number of other nucleophiles
including cyanate, thiocyanate , thiolate anions and
thiourea which, in addition to those already mentioned,
are collected in a comprehensive review by Hilgetag and
Teichmannso. Most of the literature published on this
type of reaction, however, concerns the interaction of
amines with phosphorus esters. In addition to the numerous

71-77,80
, some

descriptions of alkylation of amines
attention to the phosphorus residue has provided information
on dealkylation by nitrogen nucleophiles. Heating

trialkyl phosphates in the presence of a tertiary amine,

such as ~-methylmorpholine or triethylamine, leads to

quaternisation of the amine, with concomitant dealkylation
—71-



of the ester81 (equation (16)).

OR OR
1 A =) 9 1 (16)
O0=P—O0R + NR O0=—=P—20 RNR
AN 3 N\ 3
OR OR

Similar ammonium salts are obtained from the action

of tertiary amines on phosphonic acid diesters76’77

(equation 17)).

OR 0°
/ 1 2 A / ® 2
Q=—=P—R + NR3 -( P R RNR3 (17)
N\ \
OR . OR

Although they are the most frequently reported,
dealkylations are not confined to tertiary amines,
analogous reactions being observed for primary and

80. An entirely unexpected product

secondary derivatives
was obtained during an attempted synthesis of a perhydro-
1,2-azaphosphorin82, through dealkylation of the
phosphonate ester, and cyclisation of the resultant anion
(Scheme 39) to give an oxaphosphorin (71).

Generally the conditions employed during reactions
of this type cause concurrent amination of any other
susceptible centre within the molecule. 1In this way

triethyl phosphonoacetate (72) not only forms the anilinium

phosphonate when heated with aniline, but the carboxylic
-72- '
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ester in the side-chain is converted to an amide83

(equation (18)). Methyl phenyl phosphorochloridate reacts

ﬁ 0
H. NPh |

(E+0), PCH,CO, Et 2 n = Ef0O—P — CH,CONHPh
1 70

H3§Ph
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with pyridine both at phosphorus and carbon, giving

rise to (73)(equation (19)), utilised as a phosphofy-

lating agent84.

0
,’:I AP ! 0® (19)
/ +
PhO |\OMe ' PhO/T
cL N®
S
NS
/E}

In principle, therefore, it was not surprising
when dissolution of 6—methoxy—63—dibenz(c,e)(1,2)oxaphosphorin
6-sulphide (63) in t-butylamine, prior to photolysis
(p. 63), led to precipitation of a white, crystalline
compound, characterised as the t-butylammonium salt (74).
What was noteWorthy was the rapidity with which the
reaction occurred, being complete within 30 min. at room
temperature with the quantitative crystallisation of a
product of high purity. As confirmation of the assigned
structure, acidification of (74) gave the thiophosphqnate
(75), possessing spectral and analytical data cémparable
with that of an authentic sample of this acid. Explained
in terms of dealkylation of the éster by t-butylamine,
followed by proton exchange within the solvent to give
the precipitated t-butylammonium salt (74), t-butylmethylamine
remained in the mother liquor. This secondary amine was
detected by comparison of the GC of the reaction solution

with a sample of amine synthesised independantly,
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separation being achieved on a Pennwalt 223 column at
40°Cc. A peak in the 1H n.m.r. spectrum of the mother

liquor, 1.05 p.p.m.downfield of the t-butyl absorption

S
/

O 0N OMe  tgon,

S
e

t D
BuNH3

corresponded closely to the chemical shift of the ~N-methyl

of the authentic sample.

The mildness of the conditions necessary to effect
a rapid dealkylation indicated either that the particular
ester was an extremely good methylating agent, or that

t-butylamine was an especially effective reagent for this

type of transformation.

6-Methoxy-6H-dibenz(c,e) (1, 2)oxaphosphorin 6-sulphide

(65) was used as a standard substrate for the comparison
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of demethylation by a number of amines, the results of
which are summarised in Table 2. In each case a sample
of (65) was dissolved in excess amine, the product being

separated by filtration or decantation.

TABLE 2: THE DEMETHYLATION OF (65) BY AMINES

AMINE ‘ REACTION REMARKS
TEMPERATURE TIME
o)

t-BuNH2 20 C 30 min White, crystalline
"product precipitated

CgH, {NH,, 130° 1 h Product precipitated

v on cooling

1 -Pr,NH 84° 3 h Reaction incomplete

Et3N 88° 6 h Secondary products

present. Separated
from mother liquor as
oil

Although clean demethylation occurred with t-butyl-,
cyclo-hexyl- anddiiso propylamine, reaction with triethy-
lamine gave a colourless oil, which exhibited two major
absorptions in the 31P n.m.r. spectrum, at chemical shifts
of 3.8 and +54.8 p.p.m. Two minor products were also
evident. Reaction became slower with increasing sub-
stitution of nitrogen, and of the two primary amines

used, t-butylamine proved most rapid.
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That this facility of dealkylation by t-butylamine
was not entirely peculiar to the oxaphosphorin was proven
by reaction with methoxyphosphaphenanthrene (67), to

give a t-butylammonium phosphinate (equation (20)).

(20)
61
Similar dealkylation of dimethyl 2-methylphenyl-
phosphonate to the monoester (equation (21)) showed that
the tricyclic structure was also incidental. Successful
1.BUNH'y
OMe
B(OMel P/ (21)
e
| | "
0 -0

repetition of the reaction with dimethyl methylphospho-

nate and trimethyl phosphate, giving the monoester

(equation (22)) and diester (equation (23)) respectively,
eliminated further possible constraints upon the structure

of the ester. Although somewhat slower than the dealkylation
of (65) the reactions appeared equally clean, the

crystalline products exhibiting a single peak in the

77 -



0

0

P n.m.r. spéctrum. The 1H spectrum,  however, indicated

0
OMe fB " //
=P\—Me bl O=——Pi—Me_ (22)
OME OME
. //OMe
BuNH
——P (OMe) Ly A 0 —p—0° (23)
3 N
OMe
31

the presence of up to 10% of excess amine of crystallisation

by integration of thet-butyl absorption at 1.15 p.p.m.
Dealkylation of trimethyl phosphate was also
achieved in inert solvents (benzene, dichloromethane
or dioxan), with just one equivalent of t-butylamine,
although the procedure was not as efficient, in terms of
both rate of reaction and ease of product isolation, as
that utilising the amine as the solvent. The high
volatility oft-butylamine (b.p. 46OC) and the 16w
solubility of most of the products lent itself to simple
work-up procedures. 1In cases when quantitative precipi-
tation did not occur, removal of excess amine gave the

solid product.
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The Selective Dealkylation of Phosphorus Esters

A number of instances are described in the
literature of the selective dealkylation of phosphorus
esters in the presence of other potentially reactive
functional groups. Treatment of methyl 2-(methoxyphenyl-
phosphinyl)propanoate (76) with trimethylamine causes
dealkylation of the phosphinate ester, while the carbo-

xylic ester remains intact (equation (24)), in contrast

0 0
ﬂ CO,M Me 3N !l CO,M (24)
e -— e
MeO/, \( : eo/l Y ‘
Ph Ph
76 MeANe

to the similar reaction with aniline (equation (18)).

With sodium iodide in refluxing acetone86; mono-
dealkylation of ketophosphonate esters is complete after

24h (Scheme 40).

Protonation of the salt (77), followed by a
further treatment with sodium iodide results in complete

dealkylation.

Chlorotrimethylsilane has been employed to effect
similar complete, selective dealkylations of phosphorus

-79-
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esters 1in a single step87

,but has recently been largely
superseded by its more reactive relatives., Iodotrimethyl-
silane is used to avoid the need for extended reaction
times, and occasionally disappointing yields reported

for the chloro—analogueSS’g3

, but itself suffers from

the disadvantages of a difficult preparation, and short
shelf-life. These were largely overcome by generation
of the reagent -in situ by the action of sodium iodide

on chlorotrimethylsilanegg’90, at the cost of a small

degree of selectivitygz. Bromotrimethylsilane, by virtue
of its position midway between the chloro- and iodo-

analogues, is reported‘to combine most of the advantages

-80--



of bothgl’gz, being considerably more reactive than

chlorotrimethylsilane, and easier to prepare and store

than iodotrimethylsilane.

Characteristic of the action of halotrimethylsilanes
is the complete dealkylation of phosphorus esters, to

give silylated derivatives (equation (25)). The reaction

(&)

1 “ XSiMe 1 l :
R—P(OR), 3—e R —P(0SiMe;), (25)

is thought to proceed by attack of the phosphoryl

group at silicon87, with ejection of a chloride ion which
subsequently removes the alkyl portion of the greatly

activated ester of pseudophosphonium salt (78) (Scheme 41).

RO

RO
1N /7 1 \e
R— —R—P—0SiMe,

. === MEBSi Kjl

RO o
R/\?l.' 18
f
MeBSiO RO
n O\
R /? 0 —— R'—77P===O
Me3SiO Me3SiO
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Since no phosphorus acid anion is involved, it is

possible for the monodealkylated product to react further.

Halotrimethylsilanes in general, but iodo—94 and

bromosilanesgl’92

more particularly, exhibit a high

degree of selectivity in their reactions with phosphonate
esters. Although carboxylic esters will undergo

silylation quite readilylzs, the reaction has a sufficiently
high energy barrier that a molecule containing both
phosphonic and carboxylic esters undergoes exclusive

dealkylation at phosphoru592 (equation (26)).

OR | 0SiMeg
RO N / XSiMe R0 /
ﬂ Ir|>—0R i~ \“/\r—osaMe3
0 o0 0 ol
R = R'= Ef, Me

Similar phosphonate ester cleavage: occurs in the
presence of amide-, keto-, and haloalkyl-substituents

or carbon-carbon multiple bonds in the side-chain92

The selectivity of t-butylamine for dealkylation
of phosphorus esters was investigated in a series of

experiments, summarised in Table 3.

Methyl 3-(methoxyphenylphosphinyl)propanoate (79),
on heating under reflux in t-butylamine for 48h, under-

went demethylation to the phosphinate anion. During this
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period, a peak at +43.5 p.p.m. in the 31P spectrum
corresponding to the starting ester (79), was replaced
by the anion at +27.5 p.p.m. Comparison of the
respective 1H spectra showed the disappearance of the
P-OMe doublet at a chemical shift of +3.6 p.p.m., while

the three-proton singlet assigned to the carboxylate

ester persisted.

Heating phosphetan (80) in t-butylamine for 6h
gave a white precipitate, whose 1H spectrum had lost the
P-OMe doublet at +3.7 p.p.m., but retained the distinctive
pattern of the pentamethyl-substituted 4-membered ring.
The 31P spectrum showed a corresponding change from two
closely separated peaks of chemical shift +59.5 and
+57.7 p.p.m. (the two epimers of the starting phésphetan
(80))to a single absorption at +49.2 p.p.m. for the salt.
Despite a known enhancement of the rate of nucleophilic

124

attack at phosphorus in a small ring , there was no

indication of any ring-opened products, in contrast with
the reaction of (80) with bromotrimethylsilanegs, where

dealkylation was accompanied by products of ring-cleavage.

It has already been observed95 that aqueous ammonia
will produce phosphonate salts when reacted with oa-halo-
phosphonates, in preference to substitution of the side-

chain (equation (27)), but whether this occurs by
0 0

| ®
ICH, P(0EY), — 1CH,P — OEf NH,
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TABLE 3: THE ACTION OF t-BUTYLAMINE ON PHOSPHORUS

ESTERS CONTAINING OTHER FUNCTIONAL GROUPS

SUBSTRATE PRODUCT*
jjj 0
Ph—IPCHZCHZCOZMe Ph —PCH,CH,C0,Me
.7.& OME Oe
H H

£0 7\ | AN

0 OMe 0 *®
0 0
BrCH,CH, P —0Me CH =CHP/£—OMe
272 N | 2
81 OMe OMe 82
0
/
CHZ——CHP\ OMe 3 Products
82 OMe
0 0
Y f S

BPCHZCHZCHZP— OMe BUNHCH2 CHZCHZP—-—OME

N\

83 | OMe OMe 8

*As t-butylammonium salt, where appropriate.
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attack of hydroxide at phosphorus or ammonia at carbon
is not clear. An even greater selectivity by t-butylamine
itself has been noted in these laboratoriesae, when

phosphonic chloride (84) was smoothly demethylated under

anhydrous conditions, with no formation of either a

Cl 0 Cl 0
I n

| t |
Me,L — P —0Me Bulty 'Mezc——P——o@

Cl CIL

8

pﬁosphonamidate or aminophosphonates. Insertion of a

further methylene group between the halogen and phosphorus

was found to have a profound effect upon the course of

the reaction with t-butylamine. Dimethyl 2-bromoethyl-
phosphonate (81), readily produced by an Arbuzov reaction
between 1,2-dibromoethane and trimethyl phosphite, under-

went a very rapid, base-induced elimination of hydrogen
bromide at room temperature. Filtration and removal of
solvent at this stage allowed the isolation of dimethyl vinyl-

phosphonate (82) in high yield, characterised by 1H, 31P

and 130 spectroscopy. This is again in contrast with
similar reactions with iodotrimethylsilane94, when

exclusive dealkylation occurs (Scheme 42).

Yet another reaction pathway was obtained with the

halogen three carbcns distant from phosphorus, dimethyl
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3—bromdpropylphosphonate (83) undergoing substitution
of bromide by t-butylamine to give the aminophosphonate -
(85) in 22h at room temperature. With more extended
reaction times there was some evidence in the 31P n.m.r.
spectrum for subsequent dealkylation, either intra- or
intermolecularly, with the appearance of a peak
approximately 10 p.p.m. upfield of the chemical shifts
of (83) and (83) +31.9 and +34.1 p.p.m. respectivély).
The 1H n.m.r. spectrum was, however, inconclusive.

The differing products obtained from the action of
t =butylamine on 2-bromoethyl- and 3-bromopropylphosphonates

(8l and 83 respectively) reflect the difference in acidity

of the methylene protons adjacent to the halogen-bearing

-86—



carbon. With stabilisation of the resultant anion

by the adjacent phosphoryl group, removal of a proton
from dimethyl 2-bromoethylphosphonate is very easy.
Subsequent loss 0f a bromide ion leads to dimethyl
vinylphosphonate (82). A similar pathway is not open to
the 3-bromopropylphosphonate (83). With the most acidic
protons again adjacent to phosphorus, formation of an
unsaturated side-chain is unlikely. Nucleophilic
substitution of bromide by the amine appears to be the
preferred reaction, possibly accelerated by neighboring

group participation by the phosphoryl function.

Dimethyl vinylphosphonate (82) reacted with t-

butylamine as a Michael acceptor. Phosphoryi—stabilised
addition of the amine to the double bond gave, initially
dimethyl 2-t-butylamincethylphosphonate, with an

absorption at +32.9 p.p.m. in the 31P spectrum, and two

clear methylene multiplets in the 1H n.m.r. Two unidentified
secondary products, however, appeared concurrently, but
more slowly, with peaks in the 31P spectrum at chemical
shifts of +9.5 and +21.6 p.p.m., possibly correéponding

to the products of dealkylation of the two primary

components of the mixture (Scheme 43).

Since it provides a method of monodealkylating
phosphorus esters under very mild conditions, and in the
presence of a number of functional groups, the reaction
of t-butylamine appears complementary to that of halo-

silanes, whose use brings about complete removal of alkyl
-87-



ester groups.
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The Selective Monodemethylation of Phosphorus Esters

Having investigated the selectivity of t-butylamine
for reaction with phosphorus esters in the presence of other
functionalities within the molecule, it remained to
discover any preference the reagent had for different

alkoxy-substituents on phosphorus.

Whilst a variety of methyl esters of phosphorus
acids were smoothly dealkylated by t-butylamine, as already
described, no reaction at all was observed with equivalent
ethyl esters. Even prolonged heating of triethyl phosphate,
diethyl ethylphosphonate or diethyl phenylphosphonate
in t-butylamine led only to a quantitative recovery of

unchanged starting material.
-88-



Even more conclusive were the results obtained
when using mixed esters of phosphoric acid (Tabie 4.
The 1H n.m.r. spectrum of the product obtained from
reaction of diethyl methyl phosphate (86) with
t—butylamihe retained absorptions due to the ethyl
groups, but lost the P-OMe doublet at a chemical shift

of ¥3.7.p.p.m., indicating exclusive demethylation.

TABLE 4. THE DEMETHYLATION OF MIXED PHOSPHORUS ESTERS

SUBSTRATE PRODUCT*
0 0
| II
86  (Et0),P——0OMe (Et0),P —0°
0 0
II | .
87 (Et0),P—0CH,Ph (E+0), P—0
0 o
L |
88 (PhCH,0)y P—OMe (PhCH,0), P—0"

*As t- butylammonium salt.
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Similar selectivity for the methyl group was
found when using dibenzyl methyl phosphate (88), heating
under reflux in t-butylamine for 4h 1eading only to
the ammonium dibenzyl phosphate. In the absence of a
methyl group, t-butylamine selectively removed a benzyl
group, diethyl benzyl phosphate (87) undergoing dealky-
lation to the diethyl phosphate anion.

t-Butylamine was, thus, shown to possess a
remarkable selectivity for the monodemethylation of
phosphorus esters, in the presence of other functional
groups both contained in a side-chain, and at

phosphorus itself.

Although by no means éhe only amine shown to be
capable of dealkylating phosphorus esters, t-butylamine
is outstanding in terms of the selectivity exhibited.
This preference for methyl over ethyl or even benzyl
Ssubstituents may be explained in terms of the bulkiness
of the —C(Me)3 group, as the major difference between
t-butyl- and other amines. Steric interaction of the
t-butyl group on nitrogen and substituents in tﬁe esfer
as the nucleophile approaches (Figure 2) may prevent

reaction in all cases except when R=H, without investing

a large amount of energy.

Firestone has suggested120 that consideration of

the Linnett structures for the SN2 transition state,

formed on attack of the amine at carbon, may provide an
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the bond-angle in going to the transition-state relieves
strain in the tetrahedral conformatibn, and the process
becomes easier. With the two adjacent reacting centres
being planar, however, substituents on carbon and
nitrogen are brought into closer proximity, and steric
interactions increased. _Thus if R is hydrogen (methyl
esters), very little interaction with the ¢-butyl group
may be anticipated, the extra energy gained in going
from an SP3 to an SP2 hybridised nitrogen effectively
lowering the energy barrier to dimethylation, relative
to other, less bulky amines. If R is larger, however
steric interaction greatly increases tﬁe energy barrier
relative to other amines, allowing a high degree of
selectivity for the methoxy group on phosphorus.-

The Linnett Electronic Theory applied to the
dealkylation of phosphorus esters by t-butylamine thus
supplies an attractive explanation of the observed
selectivity for methyl over benzyl or higher alkyl

substituents.

A great deal of interest has been expresséd in>the
temporary protection of phosphorus esters, particulary
in some molecules of biological interest such as phospholipids
or nucleotides. The necéssity of sequential removal
of a single ester group from phosphorus has led to the
development of a number of systems specifically designed

to allow thisg7. Of the more successful phosphate

98,99 100

protecting groups, 2,2,2-trichloroethyl , 2-cyanoethyl s
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and substituted phenylslm—103 in particular have

found widespread application. All, however, suffer
from considerable disadvantages, either in the difficulty
of their preparation, or in the formation of'side;products
during their removal from the phosphate-esterlOI’loé.
Several methods have been reported for the selective
debenzylation of phosphorus esters, leading to their
frequent use as protecting groups. Of these, catalytic
76,105

hydrogenation is probably the best known , giving

the phosphorus acid and toluene (equation (28)).

0 0
||

H
S 2 - _
(RO), P OCH, Ph Caralyst (ROEP OH+ CH3Ph (28)

of
Benzyl esters are capableﬁundergoing hydrolysis under

conditions mild enough not to affect other subtituentsloe,
although this is not usually the case in nucleotide
chemistry, where silyl-ether blocking groups are common-
place107. Selective debenzylation of phosphate.esters
has been achieved by treatment with halide, or pseudo-
halide ions, calcium, sodium'or alkylammonium iodides
proving the most effectivelos-llo, followed by lifhium
chloridelll, or a thiocyanate anionllz. In all these
cases, however, in the presence of a methyl ester, a

108’109. A similar lack

mixture of products is obtained
of differentiation between methyl and benzyl groups is
observed when dealkylation is carried out with tertiary
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amines, such as N—methylmorpholinells.

For the protection of phosphorus acids, the methyl
group has several advantages. The starting materials
to produce methyl esters are cheaply, and readily
available, and under normal reaction conditions, the
methoxy function is considerably more inert than other
esters commonly employed as protecting groups.
Procedures, therefore, for the selective removal of the
methyl group assume considerable importance in the
synthesis of phosphorus esfers of biological interest.
Van Tamelen114 has reported that the thiophenolate anion
may be used to cleanly demethylate phosphorus esters in

nucleotide synthesis (equation (29)).

9) 0
ll |

(RO),P—OCH PhsH (RO)ZP—Oe + PhSMe

3
E%N

While providing an extremely efficient procedure,
thiophenol is rather unpleasant to work with.

Demethylation in the presence of a number of other
substituents, but not including benzyl esters, has been
achieved by Ramirez with tetrahydrofuran complexes of

anhydrous magnesium bromide115 (equation (30)).
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0 0
| MgBr,. (THF )5

(RO),P—OMe (RO)},P—0——Mg (30)

2

Rather closer to the method described in this
thesis is the demethylation of phosphate and phosphonate

116

esters by an acetone solution of trimethylamine , in

a sealed reaction vessel (equation (31)).

0 0
[ e |

P
RO///I\\\OMe

R R

&

P Me N (31)
AN A
RO/| o
1

o

Selectivity for the methyl group is found in the ’

presence of ethoxy, propyloxy and phenoxy substituents.

Specifically applicable to phospholipid synthesis,
Loew has described117 an intramolecular demethylation by

a tertiary amine (Scheme 45).

t-Butylamine, with its éxtremely high selectivity
for methyl esters of phosphorus acids, combined with
mildness of conditions and convenience of procedure,
should prove a valuable addition to this short list of

reagents permitting the use of a methyl protecting group.
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SCHEME 45

Indeed, at our suggestion, Qgilvie has since cOmplefed
a successful nucleotide synthesisllS, based upon the

Letsinger dichloridite procedure119

, using t-butylamine

to remove methyl protecting groups from phosphate triester
intermediates. In this way the monomethyl ester of
thymidine 31-phosphate (89) is obtained quantitatively

from the dimethylester (90), on refluxing in t-butylamine

for 15h.
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HO Th
@ *BuNH,

0
0 =P—0Me
OMe 90

0
S/
0 =-=P\—oe
OMe 289

Similarly dinucleotide (91) is obtained from its

methyl ester (equation (32)),

and the system may be

extended by a further phosphorylation to giVe trinucleo-

tide (92) in 54% yield 18,

HO 0~ Th
0
| f
o=Fl>—OMe BuNH
0
0~ Th
RO
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-

RO

In his communication, Ogilvie expressed optimism
for the future use of a reagent as selective as

t-butylamine has prbved to be.
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APPENDIX
Of the compounds described in this thesis, the
following underwent biological evaluation as plant
growth regulators (G), herbicides (H), fungicides (F),
or insecticides (I) as indicated. Screening was carried
out at I.C.I. Plant Protection Division, Jealotts Hill

Research Station.

(1) Dimethyl 2-bromoethylphosphonate G,I
(ii) Dimethyl (2-methylphenyl)phosphonate G,H,I,F

(iii) 3-(Hydroxyphenylphosphinyl)propanoic acid G,H,F

(iv) 6-Chloro-6g-dibenz(c,e)(1,2)oxaphos-
phorin 6-sulphide G,I,F

(v) 6-Methoxy-6H-dibenz(c,e)(1,2)oxaphos-

phorin 6-sulphide 122 H,I,F
(vi) 2-Biphenylylmethylphosphonic acid H,I,F
(vii) 2-Biphenylylchloromethane G,H,I,F
(viii) 1,2-Dihydro-1-hydroxyphosphinoline

l-oxide G,F

Of these only (i) and (viii) showed any activity

both exhibiting marginal, but inconsistent growth effects.
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EXPERIMENTAL

Instrumentation

Infra-red spectra were recorded on Perkin-Elmer
237, 257 or 580 spectrometers, as solutions, nujol mulls
or potassium bromide discs.

| Mass spectra were determined with a V.G. Micro-

mass 16B instrument, with integral gas chromatographic
facility. High resolution work was carried out by the
P.C.M.U., Harwell.

Gas chromatography was carried out ih a DPye-
Unicam 104 chromatograph, with flame-ionisation
detection, using 1.5 m glass columns with nitrogen as
the carrier gas.

Ultra-violet spectra were recorded on a Pye-Unicam
SP800 spectrophotometer, using 10mm silica cells.

1H n.m.r. spectra were recorded at either 60MHz
on a Varian T60, 90MHz on a Varian EM390, or 100MHz on
a Jeol PS 100 spectrometer. Samples were dissolved in
the solvent indicated, and positive chemical shifts are
quoted downfield from an internal standard of tetramethyl-
silane (TMS). 31P decoupling was achieved on the Varian
T60 by using an HD-60 heteronuclear decoupler tuned

to the appropriate frequency.

13C and 31P n.m.r. spectra were recorded on a Jeol

JNM FX60 Fourier Transform spectrometer, in the solvent

indicated. Positive chemical shifts are quoted downfield
- -100-



of an internal standard of TMS for 13C, and downfield

relative to external 85% phosphoric acid for 31P spectra.

Melting points were determined on a Kofler heating

stage, and are uncorrected.

General Details

All operations involving air-or moisture-
sensitive compounds were carried out under an atmosphere
of dry, oxygen-free uaitrogen.

Small scale distillations were carried out using
Kugelrohr apparatus, and boiling points quoted are oven

temperatures at which distillation occurred.

Diethyl ether and hydrocarbon solvents Wefe
dried over sodium wire, and distilled before use.
Alcohols were refluxed over,and distilled from their
magnesium alkoxides. Dichloromethane, chloroform,
carbon tetrachloride, tetrachloroethane and dichloro-
benzene were refluxed over, and distilled from calcium
hydride. All amines were purified by distillation from
potassium hydroxide pellets. All dried solvents were
stored over moleculér sieve, and if used with air-
sensitive compounds, degassed immediately prior to use.
All liquid reagents were distilled, and stored over

molecular sieve.

N-Bromosuccinimide was recrystallised from water and

dried in a vacuum over P205. Zinc chloride was fused and
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cooled in a dessicator, then powdered before use.

Column chromatography was usually performed on
either U.G.1 alumina, or M.F.C. silica, although
difficult separations were occasionally achieved with
low. pressure column chromatography on kieselgel 80
PF254, supplied by E. Merck. Thim layer chromatography
was carried out on commercially prepared, alumiﬁium
backed plates, supplied by Merck. Preparative plates
were made from 80 PF254 silica or 60 PF¥F254 alumina,
again supplied by Merck.

Organic solutions were dried over anhydrous
sodium sulphate, or magnesium sulphate, and solvents

removed on a rotary evaporator, unless otherwise stated.
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CHAPTER 1

3-Phenylpropylphosphonous dichloride (14)

This compound was prepared from 3-bromophenylpropane
11

as described by Rowley and Swan ~, in 60% yield after
distillation by o 116 - 120°C.
'm s(cpe1y) 7.25(m,5H), 2.75(m,2H) and
2.1(m,4H) p.p.m.
3

'p (cECly)  + 194.8 p.p.m.

1-Hydroxy-1,2,3,4-tetrahydrophosphinoline l-oxide (15)

The phosphinoline (15) was prepared in the manner

of Rowley and SW&ﬁ?%,

by cyclisation of 3-phenylpropyl-
phosphonous dichloride with zinc chloride, followed by
hydrolysis and oxidation. 1-Hydroxy-1,2,3,4-tetrahydro-
phosphinoline 1-oxide was recrystallised from ethanol

(m.p. 138 - 140°C; 52% yield)..

Iy 8(CDC1,4) 11.6 (s,1H:D,0 exchangeable), 7.3 (m,4H),

2.7 (m,2H), and 1.95 (m,4H) p.p.m.
31
P (CHC13)> + 38.9 p.p.m.

1-Chloro-1,2,3,4-tetrahydrophosphinoline l-oxide (18)

Heating phosphinic acid (15) under reflux in excess
thionyl chloride for 3h gave a quantitative yield of
crude 1l-chloro-1,2,3,4-tetrahydrophosphinoline 1l-oxide

as a brown oil. The acid chloride, exhibiting an
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absorption at +48.6 p.p.m. in the 31P (CHClS) spectrum

was used crude in the following preparations.

1-Methyl-1,2,3,4-tetrahydrophosphinoline l-oxide (19b)

1-Chloro-1,2,3,4-tetrahydrophosphinoline 1l-oxide
(2g, lommol) was dissolved in ether, and cooled to 0°c.
An ethereal solution of methylmagnesium iodide, formed
from methyl iodide (2.7g, .19mmol) and excess magnesium,
vwas'gradually'adaed over i3h. The reaction was fhen
heated under reflux for a further 1h. After cooling
a saturated aqueous solution of ammonium chloride was
added, and the organic layer separated; The aqueous
layer was extracted with ether (50ml),. and the combined
organic layers washed with aqueous sodium hydroxide,-and
water, then dried and the solvent removed to give 1-
methyl-1,2,3,4-tetrahydrophosphinoline l-oxide as a light
browﬁ oil (l.lg; 62%). Further purification was carried
out by column chromatography on alumina, eluted with
chloroform, to give pale yellow crystals, m.p. 103 - 106°cC.

g 5(CDC1,) 8.2 - 7.1(m,4H), 2.9(m,2H), 2.7 - 1.9

(m,4H), and 1.8(d,3H, J = 15Hz)p.p.m.

31p (CHClg) +28.0 p.p.m.

V-max (Nujol) 3060,1950,1850,1650,1600,1450,1290

1050,1035, and 930 cm™ .

1-Benzyl-1,2,3,4-tetrahydrophosphinoline l-oxide (19c)

The above procedure was repeated, using benzyl-

magnesium bromide instead of the methyl Grignard reagent
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Crude 1—benzyl-1,2,3,4—tetrahydrophosphinoline l-oxide
was purified by column chromatography on alumina, eluted
with chloroform, to give (1l9c) as a colourless o0il in
50% yield.

B §(CDCly)  7.75(m,1H), 7.3(m,3H), 3.3(2 x &) 2

J = 13 and 16Hz), 2.8 (m,2H) and
2.1(m,4H)p.p.m.
P (CHClB) +29.5 p.p.m.

General preparation of 1,2-dihydrophosphinoline l-oxides (20)

The tetrahydrophosphinoline (19) was dissolved in
chloroform, and yv-bromosuccinimide (1 equivalent) added.
The mixture was heated under reflux, whilst being.
irradiated with a tungsten lamp. After dissipation of
the bromine colour, the solution was filtered, and washed
three times with dil. hydrochloric acid, dried and the
solvent removed to give thev4—bromo-1,2,3,4-tetrahydro-
phosphinoline l-oxide as a brown oil. This crude material
was redissolved in dry dimethyl formamide (DMF), and
heated under reflux for 1lh. Removal of the soléent gave
the crude dihydrophosphinoline as a black ©0il. Purifica-
tion was by column chromatography on alumina, eluted with
1% methanol in chloroform, followed by distillation under

high vacuum.

In this way the following 1,2-dihydrophosphinoline

l-oxides were prepared:
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(1) 1,2-Dihydro-l-hydroxyphosphinoline l-oxide (20a)

in 50% yield, m.p. 151°C - 155°C (ethyl/acetate/petrol),

b 180°cC.

0.2 _

1H 6(CDC13) lZ.d(s,lH:DZO exchangeable), 7.83
(ddd,1H, J=13,7 and 2Hz), 7.3(m,3H),
6.55(m,1H), 6.3-5.7(m,1H) and 2.7
(ddd, 2H, J=18, 6 and 2Hz)p.p.m.

P (CHCIB) + 34.3 p.p.m.

max  (Nujol)  2550,2240,1650,1600,1440,1280,1260,1215, °
1175,1160,1130,1085,975,950, 865,825,780
and 750 cm L.

Ale) (MeOH) 220(25 500), 258(10 700) and 294(3000)nm.

m/e 180 (M+).

(ii) 1,2-Dihydro-l-methylphosphinoline l-oxide(20b)

in 30% yield bo o5 lSOOC, as a colourless hygroscopic
oil.

Iy §(CDC1,)  8.0(m,1H), 7.4(m,3H), 6.8 - 5.7(m,2H)

3.1 - 2.4(m,2H) and 1.7(d,3H, J = 17Hz)p.p.m.

*lp  (cHCl,) +29.0 p.p.m.

'Umax (neat) 3400(water), 2940, 2890,1720,1670,1600
1450,1420,1310,1180,1140,1090,940 and
890 cm™ %,

. m/e 179(M + 1), 178(M7).
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(iii)

1-Benzyl-1,2-dihydrophosphinoline 1-oxide (20c¢)

in 30% yield b . 180°C as a colourless, hygro-
0-002
scopic oil.

1y §(CDCly)  7.7(ddd, 1H, J =198 and 2 Hz)

7.5 - 6.9(m,3H), 6.45(m,1H)
6.2 - 5.6(m,1H), 3.2(d4d,2H, J = 14Hz)
2.75 (m,1H) and 2.5(m,1H) p.p.m.
31p (CHCl,) +29.7 p.p.m.
C16H150P Requires C 75.58, H 5.95, P 12.18
Found 72.40, 6.29,  11.92.
The analysis is correct if 4% water is present.

m/e 254.0865 (M - corresponding to C oP).

16815

3—(Chlorophenylphosphinyl)propanoyl chloride (22)

(a)

(b)

Phenylphosphonous dichloride (45g, 0.25mol) and acrylic
acid (18.5g, 0.26mol) were mixed and heated to lOOOC

in a sealed tube for 24h. Removal of the volatile
materials from the reaction mixture in a vacuum
(0.1mmHg) gave crude 3-(chlorophenylphosphinyl)propanoyl
chloride (59g, 94%) as a brown oil. Attempted
distillafion‘at 0.0lmmHg led to decomposition

14

(1lit. b = 2349,

0.0001
3-(Hydroxyphenylphosphinyl)propanoic acid (23) was
gradually added, with stirring, to a five-fold excess
of thionyl chloride at 0°c. Upon cessation of the
initial vigorous effervescence, the reaction was

heated under reflux for ih, after which time surplus
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thionyl chloride was distilled off to yield
3-(chlorophenylphosphinyl)propanoyl chloride
quantitatively:

ly 5(CDCl,)  8.0(m,1H), 7.7(m,4H), 3.35(m,2H)

and 2.75(m,2H) p.p.m.

*lp (CHC1l,) +52.5 p.p.m.

Vmax (neat) 3080, 2940, 1805, 1600, 1450, 1410,

1235, 1110, 750 and 700 cm 1.

3-(Hydroxyphenylphosphinyl )propanoic acid (23)

Crude 3-(chlorophenylphosphinyl)propanoyl chloride
(59g, 0.23moles) was poured into iced water (500ml), and
vigorously stirred for 2h. The resulting brown solid
was filtered and recrystallised from hot water to give
off-white crystals of 3-(hydroxyphenylphosphinyl)propanoic

acid (26g, 42%) m. 155 - 156°C

1y s(DMS0-d®) 7.9(m,2H), 7.6(m,3H), 7.1(b.s., 2H:D,0
exchangeable), 2.6(m,2H) and 2.3(m,2H)
p.p.m.

31

P (DMSO) +36.2 p.p.m.

vV max N.ujol)  3000,1740,1600,1460,1445,1230,1150,
1125,1070,1050,1000,270,940,810,740, and
700 cm™ T,

Attempted Cyclisatians of 3-(Chlorophenylphosphinyl) aropanoyl

Chloride
Friedel-Crafts cyclisation of 3-(chlorophenylphosphinyl)

propanoyl chloride using an aluminium chloride catalyst was
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attempted under a range of conditions, summarised in

Table 5.

Work-up consisted of addition of aqueous

hydrochloric acid, followed by continuous extraction with either

dichloromethane or ether.

TABLE 5:

FRIEDEL-CRAFTS

In all cases investigation of both -2queous

MOLAR RATIO OF REACTANTS

REACTION CONDITIONS

Acid Chloride Aluninium Chloride | Solvent |Temperature |Reaction Time
1.0 1.0 DCB 110° 6h
1.0 1.25 DCB 140° 14h
(o]
1.0 1.0 CHyCL, 40 24h
(@]
1.0 2.0 CH,C1, 20 3h
Q
1.0 3.0 CH,CL,, 40 24h

solutions and organic extracts led to recovery of varying

yields of 3-(hydroxyphenylphosphinyl)propanoic acid, with

no indication that cyclisation to l-hydroxy-1,2,3,4-tetra-

hydrophosphinoline 1,4-dioxide had occurred.

The Reaction Between Aluminium Chloride and. 3-(Chlorophenyl-

phosphinyl)propanoyl Chloride

3-(Chlorophenylphosphinyl)propanoyl chloride (0.30g,

1.2 mmol) was dissolved in dry dichloromethane,
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initial 31P spectrum obtained, giving an absorption at

+52.5 p.p.m. Addition of aluminium chloride (0.35g,

2.4 mmol) led to a rapid evolution of gas, and an immediate
change in the 31P spectrum, to a chemical shift of +70.0 p.p.m.
No further change was observed after standing at room
temperature for 16h. The reaction was poured into dilute
hydrochloric acid, and extracted twice with dichloromethane.
The organic layer was dried, and the solvent removed to

give 0.12g of brown o0il, solidifying on standing.

Comparison of the 31P absorption a solution of
this material in aqueous sodium hydroxide, with a
similar solution of 3-(hydroxyphenylphosphinyl)propanoic

acid gave coincident peaks at +33.5 p.p.m.
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Attempted Cyclisations of 3-(Hydroxyphenylphosphinyl) propanoic

Acid
_Acid—catalysed intramolecular ring closure of 3-
(hydroxyphenylphosphinyl)propanoic acid was attempted
uSing polyphosphoric acid (PPA) under the conditions
summarised in Table 6. The phosphinic acid was gradually

added to vigorously stirred PPA preheated to the. reaction

TABLE 6:

W/w Ratio of Reactants Reaction Conditions

Phosphinic Acid (©3) PPA Solvent Temperature | Time
1 50 - 150 - 180° 3h
1 80 - 160° 3h
1 100 |- - 180° 1h
1 100 - 80° 3h
1 10 DCB 175° 4h
1 15 DCB 175° 3h
1 10 Toluene 110¢ 1nt

* See text
temperature. After the required duration, the reaction
mixture was cooled to 80°C and, whilst still mobile, poured
into iced water and stirred until dissolution was complete.
Continuous extraction of the resultant aqueous solution

with dichloromethane or ether gave only starting material
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in each case, as shown by melting point and 31P

spectroscopy.

Ethyl (diethoxyphosphino)acetate (24)

An ethereal solution of lithium diisopropylamide,
prepared from diisopropylamine (1.85g; 18.3mmol) and
butyl lithium (1 equivalent), was cooled to ~-78°C and
vigorously stirred, while ethyl acetate (1.6g, 18.2mmol)
in ether (10ml) was slowly added. After a further
15 min, maintaining the temperature at —780C, a solution
of diethyl phosphorochloridite (2.65g, 17mmol) in ether
was added over 3h. The reaction was allowed to warm
to room temperature and, after 2h, filtered and the solvent
removed. Distillation of the residue gave ethyl
(diethoxyphosphino)acetate (2.7g, 71%) as a colourless

liquid, b 115°.

20

[l

l;  8(CDCl,)  4.1(q,2H, J = 7Hz), 4.0(m,4H)

2.7(d,2H, J

1

SHz) and 1.25(t,9H,J = 7Hz)p.p.m

31p (CH,CLl,)+167.4 p.p.m.

Ethyl Benzylcarbethoxymethylphosphinate (25)

Ethyl (diethoxyphosphino)acetate (1.0g, 4.8mmol)
waxX mixed with benzyl bromide (0.82g, 4.8mmol) and heated
with vigorous stirring, at a bath temperature of 160°C
for 3h. The reaction was cooled and the crude product
distilled to give ethyl benzylcarbethoxymethyl phosphinate
b 005 120°C (1.1g; 85%).
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H 8(CDCly)  7.3(bs, 5H), 4.2(q,2H, J = 7Hz),

4.1(dq,2H, J = 7Hz),3.3(d, 2H, J

2.85(d, 2H, J = 17Hz),

1.3(¢t, SH; Jd = 7Hz), and 1.27(t,

3H, J = 7Hz)p.p.m.
(31P decoupling simplified the spectfum, causing the
collapse of absorptions at 3.3 and 2.85 p.p.m. to
singlets, and 4.1 p.p.m. to a quartet.)

3lp (CH,CL,) +43.6 p.p.m.

Vmax (Neat) 3030, 3015,2980,2930,1720,1600,
1495,1450,1400,1360,1250,1100,

1025,950,880,and 830cm™ T,

Ethyl 2-(bromomethyl)benzoate

2-Methylbenzoic acid (5g, 37mmol) was dissolved

in benzene, and stirred at 0°C while excess thionyl

chloride was added dropwise. The mixture was then warmed

to reflux for 40min, after which the solvent and. excess

thionyl chloride were removed to give crude 2-methylbenzoyl

chloride quantitatively. Without further purification,
the acid chloride was redissolved in benzene, and é
solution of sodium ethoxide (1 equivalent) in ethanol
gradually added. After stirring at room temperature
overnight, the reaction mixture was washed with water,
sodium hydroxide solution; then again with water. The
organic phase was dried, and the solvent removed to give

crude ethyl 2-methylbenzoate (5.5g, 91%), used directly
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in the next stage.

Ethyl 2-methylbenzoate (5.5g, 35mmol) in carban
tetrachloride was irradiated with a tungsten lamp in the
presence of ~N-bromosuccinimide (6I6g; 37mmol), and
heated under reflux, until the bfomine colour dissipated.
The solution was filtereduand washed with dil. hydrochloric

acid, then water, dried and the solvent removed to give

a 1ight brown oil. Distillation gave ethyl 2-(bromo-
methyl) benzoate bO.l 110° (6;8g; 75:5%.overall).
g s(cCl,) 8.2 - 7.7(m, 1H), 7.3(m, 3H),
4.95(s, 2H), 4.35(q, 2H, J =
7Hz) and 1.4(t, 3H, J = 7Hz)p.p.m.
max (Neat) 3060, 2980, 1720, 1600, 1450,

1370, 1300, 1265, 1110, 1075,

1040, 760, and 705 cm L.

Ethyl [(2-carbethoxytolyl)ethoxyphosphinyl] acetate (27)

Ethyl 24bromomethyl)benzbate (0.64g, 2.6mmol) was
mixed under an inert atmosphere with ethyl (diethoxyphosphino)
acetate (0.55g, 2.6mmol) and heated to a bath tebperafure
of 160°C for 2h. Removal of any remaining bromoethane under

vacuum, followed by distillation gave triester (27) b

0.002
140 - 150° (0.73g; 81%) as a colourless, hygroscopic oil.
g ° (CcpCly) 7.9(m, 1H), 7.5 - 7.2(m, 3H),
4,5 - 3.7(m, 8H), 2.85(d, 2H,
J = 16Hz) and 1.25(m, 9H)p.p.m.
31p (CHC1,) +43.0 p.p.m.
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Ymax (Neat) 2960, 1760, 1720, 1360, 1250,
1100, 1060, 1020, and 950 cm T,
m/e 342 (M%), 243, 241, 179, 144,

143, 123, 109, 93 and 88.

2-Hydroxy-1,2,3,4-tetrahydroisophosphinoline 2,4-dioxide (26)

Ethyl [(2-carbethoxytolyl)ethoxyphosphinyl] acetate
(27) (0.9g, 2.6 mmol) was dissolved in ethanol .(10ml) and
cooled to OOC. Sodium metal (0.2g, 8:7mmol) was added, and
the mixture stirred until dissolution was complete, when
the reaction was warmed to room temperature.. After 2h the
bulk of the solvent was removed, and the brown residue
heated under reflux with conc; hydrochloric acid (25ml)
for 2h. After cooling and diluting with one volume of
water, the aqueous solution was continuously extracted
with ether for 24h. The organic extract was dried and

the solvent removed to give a yellow oil.

Crystallisation from dichloromethane/petrol gave 2-
hydroxy-1,2,3,4~tetrahydroisophosphinoline 2,4-dioxide

(0.15g; %) m.p. 195 - 197°cC.
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H 5(DMSO-d®) 8.0 - 7.7(m, 2H), 7.6 - 7.2(m, 2H),
3.35(d, 2H, J = 17Hz) and 3.25(d,

2H, J = 17Hz)p.p.m.

31p (DMSO) +37.7 p.p.m.
v max (KBr) 2960,2900,1660,1595,1450,1400,1300,
1250,1160,1100,1010,860, and 760cm™*.
m/e - 197(M*+1), 196(M¥), 168,118,104,91 and 90.

.‘),
Reaction of (24) with<£,dl'-dibromo~o—xylene

Ethyl (diethoxyphosphino)acetate (0.275g, 1.3mmod)
was dissolved in dimethyldigol (15ml), and slowly added to a
dimethyldigol solution of dibromo-o-xylene (0.38g, 1l.4mmol).
The mixture was heated under reflux for 1h. Removal of
the solvent gave a brown residue exhibiting 31P,absorption
at +36.3 and +19.4 p.p.m.

Distillation gave three fractions:
(i) b0.00l 60 ; 7OOC, showing a single 31P absorption

at +19.6 p.p.m., while the 1H n.m.r. spectrum

indicated it probably consisted largely of oxidised

(24).
1y §(CDCl,) 4.7 - 4.0 (m,4H), 2.9(d, 2H, J =
21Hz) and 1.3(t, 6H, J = 7Hz)p.p.m.
.. o} 31 ..
(ii) b0.00l 150°C, P containing 9 peaks.
. , o)
(iii) Residue b0.00l> 180°°C
31p (CH.CL,) +43.2 m
HCly) +43.2 p.p.m.

In both cases the 1H spectrum was too complex to

obtain an indication of the compounds present.
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- CHAPTER 2

General Procedure for the Photolysis of 1,2-dihydrophosphinoline

-~ -

1-Oxides
The appropriate 1;2—dihydrophosphinoline l-oxide (20)

was dissolved in 35ml of thoroughly dried solvent, and

the solution deoxygenated either ultrasonically, or by

displacement with a continuous stream of nitrogen. Sml

of solution was retained in a masked sample tube as a

dark-reaction for comparison, and the remainder placed

in a quartz tube, suspended in a Rayonet Photochemical

Reactor fitted with low-pressure mercury lamps radiating

at 254nm (unfiltered). The extent of photolytic reaction

was monitored by spectral or chromatographic methéds, as

indicated for each compound. Upon completion of the reaction,

removal of solvent gave the crude product mixture, further

investigation and purification being carried out as described.

Photolysis of 1,2-Di hydro-l-hydroxyphosphinoline 1-Oxide

(20a) in Methanol

A solution of 1,2-dihydro-1-hydroxyphosphinoline l-oxide
(0.19g, 1.06mmol) in degassed methanol (35ml) was photolysed
at 254nm. At timed periods during the reaction an aliquot
(30 F1) of the solution was withdrawn and diluted to 5ml
with methanol, and an U.V. spectrum dbtained. After 9h,
an absorption at 220nm had significantly decreased and
similarly a peak at 258nm all but disappeared. No further

change was observed with longer periods of photolysis.
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The solvent was removed from the product mixture
to give 0.22g of a yellow o0il, exhibiting a single peak
in the 31P (CHClé) spectrum at +22.0 p.p.m. Gas
chromatography gave a éingle broad peak_Rt = 9.8 min

° SOmlmin—lNz) that failed

under conditions (3% OV17; 190
to remove the starting phosphinic acid (20a) from the
column. The 1H spectrum was consistent with a mixture
containing predominantly (88%) methyl 2-(prop-2-enyl)phenyl—
phosphonate (29a)

1H 5(CDC13) 9.8(s, 1H: D20 exchangeable), 7.8(m,-

1H), 7.3(m, 3H), 6.2 - 5.7(m, 1H), 5.1(m,
2H), 3.6(d, 3H, J = 12Hz), and 3.6@m, 2H).
This was superimposed upon the spectra for the two
isomers of methyl 2-(prop-l-enyl)phenylphosphonate (56a)
and (57a). Further purification by chromatography proved
impractical, no movement from the baseline being observed
on silica T.L.C. plates eluted with 50% EtOH/EtOAc. Attempted
distillation at 0.02mmHg led to considerable decomposition
and isomerisation.
Methylation of a further sample of the phdtolysis
mixture with excess diazomethane allowed the purification
of dimethyl 2-(prop-2-enyl)phenylphosphonate (29, R = OMe)

o]

by distillation b 120~ followed by preparative T.L.C.

0.004
on alumina eluted with chloroform (Rf = 0.6).

gy §(CC1 ) 7.8(ddd, 1H, J = 12,8 and 2Hz), 7.3(m, 3H),

6.2 - 5.6(m, 1H), 5.1(m, 1H), 4.9(m,1H),

3.7(m, 2H) and 3.65(d, 6H, J = 11Hz)p.p.m.
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31p (CHCl,) +22.2 p.p.m.

Still superimposed upon these spectra were those
of (56 and 57, R = OMe), contributing 7% total by

integration of the 1H n.mr. spectrum.

1y §(CCl,)  7.8(m, 1H), 7.3(m, 3H), 6.8 - 5.8(m, 2H
and 1.8(m, 3H)p.p.m.
31p (CHC14)+21.6 p.p.m.

Photolysis of 1,2-Dihydro-l-methylphosphinoline 1-Oxide (20b)

(i) In Methanol

Monitoring the photolysis of 1,2-dihydro-1-
m ethyl phosphinoline l-oxide (0.145g, 0.8 mmOl)rby G.C.
(10% E30, 200°, 50ml min—lNz) showed the complete
consumption of starting material (Rt = 10 min) after 3h.
The solvent was removed to give a brown residue distilled
by o2 100°C to give a colourless 0il(0.105g).

G.C.(3% 0v17, 165°C,55ml min”'N,) showed this

mixture to contain three compounds, R, = 10.5, 13.4 and

t
14.8 min. Maés spectral analysis of each component showed
them to be isomeric, with m/e 210 (M+). High resolution
mass spectrometry gave molecular ions of m/e 210.082,
corresponding to a molecular formula of CllH1502P' In
each case the base peak was m/e 196.06 (C10H1202P), from
loss of a methyl group.

The 1H and 31P spectra of the mixture were

consistent with methyl methyl-2-(prop-2-enyl)phenyl-

phosphinate (29b , 50%) and the cis and trans isomers of
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methyl methyl-2-(prop-l-enyl)phenylphosphinate (56b and
57b, 25% each) being the major constituents. Integration
of'lH spectra and G.C. traces were in close agreement

as to relative proportions.

1

H §(CDC1l,) (29b) 8.2 - 7.8(m, 1H), 7.8 - 7.2(m,
3H), 6.4 - 5.8(m,1H), 5.4 - 5.0
(m, 2H), 3.85(m, 2H), 3.7(d,3H,.
J = 11Hz), and 1.7(d, 3H, J =
14Hz)p.p.m.

(56b) and (57b) 8.2 - .7.8(m, 1H), 7.8 - 7.0(m, 4H)
6.4- 5.8(m, 1H), 3.7(d, 3H, J =
11Hz) and 2.0 - 1.4(m, 6H)p.p.m.

31P (CHClB) +44 .6, +44.2 and +43.0 p.p.m.

(ii) In t-Butylamine |

The course of the photolysis of (20b)(0.237g, 1.3mmol)
t-butylamine at 254nm was similarly followed by G.C. (3% OV17,
200°, 55mlmin—1N2), the starting material (R, = 11 min)
being completely replaced by a single major peak (Rt = 8.6 min)
after 7h. High resolution mass spectral investigation gave
a molecular ion of m/e 251.144 corresponding to‘Cl4HézNOP.
Integration of the lH spectrum again indicated an even
distribution between ¢-butyl methyl-2-(prop-2-enyl)phenyl-
phosphinamidate and t-butyl methyl-2-(prop-l-enyl)phenyl-
phosphinamidate.

g 5(CDC1,) 8.2 - 7.8(m, 1H), 7.3(m, 3.5H), 6.2 -

5,8(m, 1H), 5.2 - 4.8(m, H ), 3.9(bd,

1H, J = 6Hz), 1.9 - 1.2 (m, 4.5H)and
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1.3(s, 9H) p.p.m.
(N-H proton was not visible).
31P (CHC13)+26.2p.p.m. (2 minor peaks at

+41.5 and +42.4p.p.m.).

Photolysis of 1-Benzyl-1,2-dihydrophosphinoline 1-Oxide

(20c) in Methanol

Photolysis of l+benzyl-1l,2-dihydrophosphinoline
l-oxide (20c) was complete after 15h by G.C.(3% o0v17, 200°C,
55.mlmin TN,) .

Separation of the product mixture from polymeric
material was achieved by preparative T.L.C. on silica,
eluted with 5% methanol in dichloromethahe (Rf = 0.6).
Integration of the lH n.m.r. spectrum gave propoftions
of 60% (29c), 20% (56c) and 20% (57c).

1

H § (CDC1,) (29¢) 7.8 - 7.4 (m, 1H), 7.3 -
6.9 (m, 3H), 6.2 - 5.7(m,1H),
5.1(m, 1H), 4.9(m, 1H) 3.65(m, 2H)
3.6(d, 3H, J = 11Hz) and 3.25(d,
2H, J = 17Hz)p.p.m.
(56c)and(57c) 7.8 - 7.4(m, 1H), 7.3 - 6.9(m, 4H)
6.2 - 5.7(m, 1H), 3.6(d, 3H, J =
11Hz), 3.25(d, 2H, J = 17Hz) and
1.85(m, 3H)p.p.m.
31p (CH,Cl,) +42.8 p.p.m.
V- max (CH,C1,) 3010, 2940, 1640, 1600, 1500, 1220,
| 1130, 1040, 910, and 830 cm ..
m/e 286(M"), 271, 195, 163, 117, 116, 115,

86, 84 and 83.
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CHAPTER 3

2-Biphenylylphosphorodichloridothioate = (60)

A solution of 2-phenylphenol (25g, 0.1l6mol),
thiophosphoryl chloride (27.2g, 0.16mol) and pyridine
(12.6g, 0.1l6mol) in benzene (400ml) was heated under
reflux for 15h. After cooling, the solution was filtered,
and the solvent removed to give 2-biphenylylphosphorodi-

chloridothiocate (60) as a pink syrup (48g, 98%).

lg §(CDClz) 7.6 - 7.2(m)p.p.m.
31
p (CHC14)+53.1p.p.m.
vmax (Neat) 1960, 1590, 1505, 1480, 1455, 1435,

1250, 1175, 1110, 1077, 1050, 1040,
1012, 935, 790, 770, 755, 730 and
695 cm ™,

Purification by distillation proved impossible, with

the product decomposing.

6~-Chloro-68-dibenz(c,e)(1l,2)oxaphosphorin 6-Sulphide (59)
Friedel-Crafts cyclisation of 2—biphenyiylph§sphoro—
dichloridothioate (60) with aluminium chloride was attempted
under a variety of conditions, already summarised-in Table 1.
The procedure found to give the best and most reproducible

results is described below.

2-Biphenylylphosphorodichloridothiocate (60) (20g,
66mmol) was mixed with aluminium chloride (lg, 7.5mmol) and

heated to 200°C with vigorous stirring. After 1lh, the
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reaction mixture was cooled, dissolved in dichloromethane,
and washed with water. The organic layer was separated,
dried and the solvent removed to give a brown oil,
crystallising on standing. Recrystallisation from
dichloromethane/petrol gave (59) (15.9g, 90%), as white

crystals m.p. 137 - 139°¢.

1y §(CDC1,) 8.2 - 7.9 (m, 2H) and 7.6 - 7.2
(m, 7H)p.p.m.
31p (CHC1,)+73.4p.p.m. _
YV max (Nujol) 1510, 1480, 1270, 1200, 1190, 1120,

1055, 940, 810, 800, 770, 760,

725 and 710 cm_¥

6-Methoxy-6H-dibenz(c,e)(1l,2)oxaphosphorin 6-Sulphide (65)

A solution of chloro-oxaphosphorin (59) (20g, 7.5mmol)
in dichloromethane was cooled to OOC, and stirred while
a methanolic solution of sodium methoxide (0.405g, 7.5mmol)
was added dropwise. The reaction was then heated under
reflux for 5h. After cooling, the mixture was poured into
water and the product extracted with dichloromethane.
Removal of the solvent from the organic extract gave a light
brown o0il, crystallising from methanol to give (63) as

a white solid m.p. 80 - 81°C (15g, 76%).

1y §(CDCl,) 8.2 - 7.8(m, 3H), 7.8 - 7.0(m, 6H)
and 3.65 (d, 3H, J = 14Hz)p.p.m.
31p (CH,C1,%*77.5p.p.m.
V nax (Nujol) 1600, 1585, 1570, 1422, 1180, 1140,
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1109, 1020, 890, 810, 783, 770,

750, 740, 710, 700, and,645 cm L.
A
max 245nm.
13 -
C (CDC1g) 149.60(d, 1C, J = 11.7Hz),

134.5 - 119.6 (m, 11C) and 52.66

(d, 1C, J = 5.8Hz)p.p.nm.

Attempted Photolysis of (65)

(1) In Methanol

6-Methoxy-6H#-dibenz(c,e)(1l,2)oxaphosphorin 6-sulphide

(4g, 15.3mmol) was dissolved in methanol (500ml) and
photolysed at 254nm in a falling—curtain apparatus (p. 61)

for 72h. During this period, the spot produced by the
starting ester (63) (Rf = 0.67) on silica T.L.C. plates
(eluted with chloroform) was gradually replaced by three
others of Rf = 0.00, 0.13 and 0.37. Removal of solvent

from the photolysis mixture gave a brown oil (4.6g).

1

H G(CDCIB) 8.6(bs, 1H: DPO exchangeable),
8.2 - 7.0(m, 9H), and 3.5 - 4.0(m, 5H).
31 ‘ '
P (CHC1,)+87.7, +20.1 and +11.9p.p.m.

Repeated use of column chromatography and
preparative T.L.C. led only to recovery of starting ester
(65), by 31P and 1H n.m.r. spectroscopy. Attempts to
prevent reversion of products during purification by
treatment with excess diazomethane gave no discernable

change in any of the physical characteristics of the

product mixture.
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(ii) In t-Butylamine

Dissolving (65) in t-butylamine led to a rapid
and quantitative precipitation of the t-butylammonium
salt of 6-mercapto-6s-dibenz(c,e)(1l,2)oxaphosphorin 6-
oxide. The pure salt was filtered, washed with ether

and dried m.p. 185 - 188°C.

g § (CDCly) 8.2 - 7.0(m, 8H), 5.3(bs, 4H)
and 1.2(s, 1l0H)p.p.m. (contain-
ing amine of crystallisation).

31p (CHC14)+59.1p.p.m.
Vmax (KBr) 3200 - 2700(broad), 1472, 1430,

1380, 1210, 1150, 1110, 1070,

870, 770, 760, 715,and 700 cm -

6—Mercapto—6ﬁedibenz(c,e)(l;2)oxaphbéphorin 6~-0xide(75)

(i) The t-butylammonium salt obtained above was
dissolved in water and acidified with dil. hydrochloric
acid. Extraction of the product with dichloromethane,
followed by removal of the solvent gave the free acid in

80% yield as a white crystalline solid.

(ii) 6-Methoxy-6x -dibenz(c,e)(l,2)oxaphosphorin 6-
sulphide (lg, 3.8mmol) was heated for 10h under reflux

in methanol, in the presence of 1 equivalent of sodium
methoxide. The solution was poured into water, and
extracted with chloroform. Removal of the solvent gave
unreacted (65). Acidification of the aqueous layer,
followed by extraction with chlorbform gave, after removal

of the solvent, a colourless o0il, crystallising
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on standing. Recrystallisation from dichloromethane

gave the pure acid m.p. 145 - 145.5°.

1

H §(CDC1,) 8.3 - 7.7(m, 3H), 7.7 - 7.1(m,
5H) and 5.4(s, 1H: D,0 exchangeable)p.p.m.
31p (CHC14)+71.2 p.p.m.
Vmax (KBr) 3200 - 2700(broad), 1590, 1580, 1557

1471, 1445, 1428, 1240, 1195,

1145, 1120, 950, 934, 920, 910, 790,
769, 751, 710, and 655 em™ L.

C,,H,0,PS: Requires C 58.07, H 3.60, P 12.48%

Found C 58.11, H 3.63, P 12.38%.

2-Biphenylylmethylphosphonic acid (68)

This compound was synthesised from 2—pheﬁylbenzoic
acid as described by Lynchsl, in 58% overall yield,m.p.
166 - 169°cC. Spectral details of the phosphonic acid and
all intermediates were comparable to those reported by

31

Lynch. In addition, the P spectrum was obtained:

31p (DMSO)  +22.2 p.p.m.

9,10-Dihydro-9-hydroxyphosphaphenanthrene 9-0xide

Polyphosphoric acid (200g) was heated to GOOC,
and vigorously stirred while 2-biphenylylmethylphosphonic
acid (2g, 8.0mmol) was gradually added. The suspension
was heated to a bath temperature of 220°C for 3h, cooled
to IOOOC and poured into iced water (150ml). After
sitrring for 15h, the resultant suspension was filtered.
The solid was dissolved in dilute aqueous sodium hydroxide,
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washed with ether, and the aqueous solution acidified.

The crude product was filtered and recrystallised from
ethanol to give pure 9,10-dihydro-9-hydroxyphosphaphenanthrene

9-oxide (p.9 56%) as a white, crystalline solid m.p. 234 -
o,

235°¢.
1y §(DMSO-d®) 10.2(bs, 1H: D,0 exchangeable),
8.2 - 7.2(m, 8H) and 3.2(d, 2H,
J = 18Hz)p.p.m.
31p (DMSO)  +24.6 p.p.m.

9,10-Dihydro-9-methoxyphosphaphenanthrene 9-0xide (67)

9,10-Dihydro-9-hydroxyphosphaphenanthrene 9-oxide
(0.2g, 0.9mmol) was dissolved in excess thionyl éhloride,
and heated under reflux for 22h. The remaining thionyl
chloride was distilled off, the last traces being removed
by codistillation with toluene. The solid residue was
redissolved in toluene (25ml), and heated under reflux in
the presence of pyridine (lg, 12mmol) and methanol (3g, 93.7mmol)
for 4h. After cooling the reaction mixture was washed
with water, dil. hydrochloric acid and again with water.
The organic solution was dried and the solvent evaporated
to give a cream-coloured solid. Recrystallisation from
dichloromethane/petrol gave pure (67)(0.20g, 86%) m.p.
168 - 169°C.

1y 5(CDC1,) 8.4 - 7.2(m, 8H), 3.65(d, 3H,

J = 11Hz) and 3.4(dm, 2H, J = 19Hz)p.p.n

-126-



3lp (CHC1g) +34.1 p.p.m.

Amax ' 220 and 265 nm.

Attempted Photolysis of (67)

9,lO—Dihydro—9—methoxyphosphaphenénthrene (0.075g,
0.31mmol) was dissolved in methanol (35ml), and the
solution deégassed. Subsequent photolysis at 254nm in
a2 Rayonet Photochemical Reactor for 72h showed no change
in the T.L.C.(silica plates eluted with 10% methanol in
ether), and removal of the solvent gave a quantitative

recovery of (67).
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CHAPTER 4

The Dealkylation of 6-Methoxy-6#-dibenz(c,e)(1l,2)oxa-

phosphorin 6-Sulphide (65) by Amines

A solution of oxaphosphorin (65) in excess of
the appropriate amine was maintained at room temperature.
If no precipitation of the ammonium salt of 6-mercapto-6#-
dibenz(c,e) (1, 2)oxaphosphorin 6-oxide(75) occurred; the
solution was heated under.reflux until the 31P spectrum
of an aliquot indicated reaction had occurredf If the
product did not precipitate on cooling, the excess amine
was removed and the residue investigated. The following
amines gave the salts of thiophosphonate (75), which were

washed in ether, and dried:

(i) t-Butylamine

Gave quantitative precipitation after 30min. at
room temperature. The spectral details for this compound

have been quoted in the experimental part of Chapter 3.

(ii) cyclo—-Hexylamine

Precipitation occurred on cooling after heating
under reflux for lh. The salt was obtained in 75% yield,
m.p. 110 - 112°C.

1y $(CDCl,) 8.2 - 7.7(m, 3H), 7.6 - 7.0(m, 5H),

5.2(bs, 3H), 2.55(m, 1H) and 2.0 -
0.9(m, 10H)p.p.m.
(sample contained 20% amine of crystallisation)

31P (CHC13)+59.O p.p.m.
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(iii) Di-iso propylamine

Heating under reflux for 3h gave a 35% yield of
salt on cooling, m.p. 210 -217°% (decomposes).

1y &(CDCl,) 8.2 - 7.6(m, 5H), 7.5 - 7.0(m,

5H), 2.9(9 lines, 1H, J = 6Hz)
and 1.0(d, 6H, J = 6Hz)p.p.m.
(sample contained 20% amine of crystallisation)

31p (CHC14)+58.7 p.p.m.

(iv) Triethylamine

The product separated as an oil after heating
under reflux for 6h. The reaction did not occur cleanly,
at least two products being formed, the major one being
the anticipated methyltriethylammonium salt (comérising

66% by lH n.m.r.).

1y §(CDC1,) 8.2 - 7.6(m, 3H), 7.6 - 6.9(m, SH),
3.1(q, 4H, J = 7Hz), 2.7(s, 2.5H),
2.2(s, 1H), 1.2(s, 2H) and 1.0(t,
6H, J = 7Hz)p.p.m.

31p (CHC1,)+54.8 and +53.8 p.p.m. (with

minor absorptions at +55.9, +39.0
and +2.2 p.p.m.).

t-Butylmethylamine

t-Butylamine (0.5g, 6.9mmol) was dissolved in
benzene (5ml), and stirred while a benzene solution of
iodomethane (0.97g, 6.9mmol) was added., After 1lh, the

precipitate was filtered, washed with benzene and dried to
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give a quantitative yield of t-butylmethylammonium iodide.
This salt was dissolved in water, and aqueous sodium
hydroxide added (5ml, 2M). The liberated amine was
extracted into chloroform-d. G.C. on a Pennwalt 223
column (initial temperature 40°C, with 3°C min—l increase

42ml min~t N,) gave R, = 7.2 min.

H 6(CD013) 1.55(s, 1H: D20 exchangeable),

1.15(s, 9H) and 2.3(s, 3H)p.p.m.

Dimethyl 2-methylphenylphosphonate

A mixture of trimethyl phosphite (3.6g, 28.8mmol),
2-bromotoluene (4.9g, 28.8mmol) and anhydrous nickel
chloride (2.7g, 28.8mmol) was heated under an inert
atmosphere with stirring, to 140° for 4h. The cooled
mixture was added to water, and extracted with dichloromethane.
The organic phase was dried and the solvent removed.

The residue was distilled to give dimethyl 2-methylphenyl-

phosphonate (2.6g, 44%) b_ . 112 - 115°¢.
1y XCDCl,) 8.1 - 7.7(m, 1H), 7.6 - 7.0(m,
3H), 3.7(d, 6H, J = ile); and
2.6(s, 3H)p.p.m.
3lp (CH,C1,)+22.0 p.p.m.
Vmax (Neat) 3060, 2950, 2850, 1600, 1450, 1245,

1180, 1143, 1090, 1030, 820, 760,
720, and 680 cm T,

Amax (e)(MeCN) 225(2300), 270(1070) and 277.5(980)nm.
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Methyl 3-(methoxyphenylphosphinyl)propanoate (79)

3-(Hydroxyphenylphosphinyl)propanoic acid (23)

(lg, 4.7mmol) was added to excess thionyl chloride, and
the mixture stirred overnight. The thionyl chloride

was distilled off, the last traces being removed by
codistillation with toluene; and the residue dissolved
in benzene and cooled to 0°C. A methanolic solution of
sodium methoxide (0.6g, 9.5mmo1l) was added dropwise, the
reaction allowed to warm to room temperature and stirred
for 15h. After washing the solution with water, the
solvent was removed, and the residue vacuum distilled to

give methyl 3-(methoxyphenylphosphinyl)propancate (0.7g,

62%) as a colourless oil bO l14OOC.
g §(CCl,) 8.0 - 7.3(m, 5H), 3.6(s, 3H),
3.55(d, 3H, J = 17Hz) and 2.8 -
1.8(m, 4H)p.p.m.
3lp (CH.C1.).+43.2
9C1y)-+43.2 p.p.m.
Y max (Neat) 2950, 1740, 1590, 1440, 1360, 1230,

1175, 1120, 1030, 820, 790, 750 and

730 cm_l.

Dimethyl 2-Bromoethylphosphonate (81)

A mixture of trimethyl phosphite (5.3g, 42.4mmol)
and 1, 2-dibromoethane (50ml) was heated under reflux for
20h. Excess dibromoethane was removed by distillation,
initially at atmospheric pressure, and finally on a water-
pump. The residue was distilled give dimethyl 2-bromo-
ethylphosphonate (6.3g; 73%) as a colourless liquid
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by o4 90°C.
1y s(CDC1y) 3.8(d, 6H, J = 11Hz), 3.5(m,
2H) and 2.4(m, 2H)p.p.m.
31p (CHC14)+28.0 p.p.m.

Dimethyl 3-bromopropylphosphonate (83)

1,3-Dibromopropane (20ml) was warmed to 12000,
and stirred while triméthYl phosphite (1.0g, 8!5mmol)
was added dropwise. The temperatufe was maintained for
a further 1ih, until examination of the 31P_spectrum
indicated the reaction was complete. Excess dibromopropane

was removed, and the residue distilled to give dimethyl

3-bromopropylphosphonate (0.35g, 19%) as a colourless oil

by g5 70 - 80°cC.
1y s(CDCl,) 3.7(d, 6H, J = 1lHz), 3.45(m, 2H)
and 2.3 - 1.2(m, 4H)p.p.m.
31p (CHC1,)+32.7 p.p.m.

Vmax (¥eat) 2950, 2840, 1470, 1440, 1250, 1190,

1030, and 820 cm_l.

Dimethyl Vinylphosphonate (82)

Dimethyl 2-bromoethylphosphonate (81) (0.1lg, 0.45mmol)
was dissolved in t-butylamine (5ml) and left at room
temperature for 1lOmin. The precipitated amine hydrochloride
was filtered and the solvent removed from the filtrate
to give pure dimethyl vinylphosphonate (0.068g, 100%).
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H 5(CDC13) 6.6 - 5.7(m, 3H) and 3.7(d,
6H, J = 1lHz)p.p.m.

31p (CHC14)+19.8 p.p.m.

13¢ (CDC1,).136.2(s, 1C), 124.5(d, 1C, J = 183.6Hz)

and 52.4(d, 2C, J = 5.9Hz)p.p.m.

Diethyl Methyl Phosphate

Diethyl phosphate (1.5g, 9.7mmol) was dissolved
in thionyl chloride (10ml), and heated under reflux for
0.5h. The excess thionyl chloride was removed, and the
residue taken up in benzene. The solution was stirred
at 0°C while a mixture of methanol (0.4g, 12.9mmol) and
triethylamine (1.2g, 12mmol) in benzene was added. The
reaction was heated under reflux for 72h, then the solvent
evaporated and the residue extracted with ether. The
organic solution was washed with dil. hydrochloric acid,
sodium hydroxide.solution, and water. The organic layer
was dried and the solvent removed to give a light brown
0il. Distillation afforded diethyl methyl phosphate'(0.17g, 12%)

as a colourless liquid b 110°cC.

15
1H &CDCIS) 4.1(dq, 4H, J = 7 and 7Hz),
3.7(d, 3H, J = 11Hz) and
1.3(t, 6H, J = 7Hz)p.p.m.
31p (CHZClz) 0O p.p.m.
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Dibenzyl Methyl Phosphate

Dibenzyl phosphate (0.5g; 1.8mmol) was
suspended in ether, and an excess of an ethereal solution
of diazomethane added. The solution was filtered after
0.5h, and the solvent removed to give dibenzyl methyl
phosphate (0.52g, 98%) as a colourless oil,.

1

H &CDCIB) 7.35(s, 10H), 5.05(d, 4H,
J = 9Hz) and 3.65(d, 3H, J =
11Hz)p.p.m.
31
P (CHCl3) 0.0 p.p.m.

Dibenzyl EthyI Phosphate

A mixture of dibenzyl phosphite (2g, 7.3ﬁmol) and
¥ -chlorosuccinimide (1.0g, 7.3mmol) was stirred at room
temperature in benzene for 4h. After this period the
succinimide was filtered off, and mixture of ethanol (0.35g,
7.3mmol) and triethylamine (0.76g, 7.3mmol) added to the
filtrate. The solution was heated under reflux for 5h,
then filtered and the solvent removed to give a- brown
0il, Preparative T.L.C. on alumina plates eluted with
ether gave dibenzyl'ethyl phosphate Rf = 0.65 (1.8g, 86%)
as a colourless oil.

1

H §(CC1,) 7.2(m, 10H), 4.9(d, 4H, J = 8Hz),
4,0(dq, 2H, J = 7 and 7Hz) and
1.3(t, 3H, J = 7Hz)p.p.m.
31p (CH,CL) -1.0 p.p.m.
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General Procedure for the Reaction of Phosphorus Esters

with t-Butylamine

A 0.1g sample of the phosphorus ester was
dissolved in 10ml t«butylamine; and 1e£t at room temperature
for a period. If no precipitation of product was observed,
the solution was heated under reflux until the reaction
was complete. Where the product precipitated, it was
collected by filtration, but occasionally no solid was
obtained, when removal of excess amine afforded the
products. Unless otherwise stated the reactions gave
almost quantitative yields of dealkylated products. Thus

reaction of t-butylamine with:

(i) Trimethyl phosphate

for 72h at room temperature gave t-butylammonium

dimethyl phosphate m.p. 165 - 167°C

1H 5(CDC13) 8.2(bs, 3H), 3.6(d, 6H, J = 11Hz) and
‘ 1.3(s, 9H)p.p.m.
31P (CHClB) +1.8p.p.m.

(Experiments using molar equivalents of reactants in an
inert solvent (benzene, dichloromethane and dioxan) in
an n.m.r. tube all showed gradual depletion of stérting

materials as the product precipitated.)

(ii) Dimethyl methylphosphonate

for 22h, heated under reflux, gave t-butylammonium

methyl methylphosphonate m.p. 173 - 176°¢
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H §(CDC1;) 8.1(bs, 3H), 3.5(d, 8H, J =
10Hz), 1.4(s, 9H) and 1.25(d,
3H, J = 16Hz)p.p.m.

31y (CHC1,)+23.6 p.p.m.

(iii) 9,10-Dihydro-9-methoxyphosphaphenanthrene 9-oxide

at room temperature for 7d; gave the t-butylammonium
salt of 9,10-dihydro-9-hydroxyphosphaphenanthrene 9-oxide
m.p. 193 - 199°¢

1

H 6(CDC13) 8.1 - 7.5(m, 3H), 7.5 - 7.1(m,
5H), 3.9(bs, 3H), 3.1(d, 2H, J =
17Hz) and ‘1.2(s, 9H)p.p.m.

31P (CHC13)+19.0 p.p.m.
(iv) Dimethyl 2-methylphenylphosphonate

at room temperature for 7d gave t-butylammonium

methyl 2-methylphenylphosphonate m.p. 168 - 171°¢

g §(CDCl,) 8.3(bs, 3H), 8.1 - 7.7(m, 18y,
7.6 - 7.1(m, 3H), 3.6(d, 3H,
J = 11Hz), 2.5(s, 3H) and 1.2(s, 9H)p.p.m
(v) Methyl 3-(methoxyphenylphosphinyl)propanoate

heated under reflux for 48h to give the tfbutyl—
ammonium salt of methyl 3-(hydroxyphenylphosphinyl)propanoate
m.p. 130 - 135°C |

1

H 6(CDC13) 7.8 - 7.5(m, 2H), 7.25(m, 3H),
8.0 - 6.6(bs, 3H), 3.5(s, 3H),
2.5 - 1.6(m, 4H) and 1.15(s, SH)p.p.m.
31p (CHC14)+27.6 p.p.m.
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(vi) 1-Methoxy-2,2,3,4,4-pentamethylphosphetan l-oxide

heated under reflux for 6h gave the t-butylammonium
salt of l1-hydroxypentamethylphosphetan 1l-oxide

g  §(D,0)  1.4(s, 9H), 1.1(dd, 12H, J =

17 and 1Hz), and 0.75(dd, 3H,

J

8 and 2Hz)p.p.m.
(absorption of methyne proton was indistinguishable)

3lp  (D,0) +49.2 p.p.m.

Acidification generated l-hydroxypentamethyl-

phosphetan l-oxide

g §(CDCly) 8.1(bs, 1H), 1.8 - 1.4(m, 1H),
1.2(2 x d, 12H, J = 18Hz) and
0.9(m, 3H)p.p.m.

31p (CHC1,)+59.5 p.p.m.

(vii) Dimethyl 2-bromoethylphosphonate

at room temperature for 10 mins gave a precipitate
of t-butylammonium bromide, the excess amine of the mother
liguor being removed to give dimethyl vinylphosphonate

(spectral details given previously).

(viii) Dimethyl vinylphosphonate

for 10d at room temperature gave three phosphorus
containing products, with an 1H spectrum difficult to
interpret (see text).

31p (BuNH,) +33.1, +22.0 and +9.9p.p.m.
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(ix) Dimethyl 3-bromopropylphosphonate

for 23h at room temperature gave dimethyl 3-(t -

butylamino)propylphosphonate

g §(CDCl,) 4.5(bs, 1H), 3.7(d, 6H, 7 =
11Hz), 2.7(t, 2H, J = 7Hz),
2.2 - 1.6(m, 4H) and 1.15(s, 9H)p.p.m.
31P (BuNH2)+34.1 p.p.m.
(x) Diethyl methyl phosphate

for 24h at room temperature gave t-butylammonium
diethyl phosphate m.p. 125 - 127°C

1y 6(CDCl,) 8.2 - 6.5(bs, 3H), 3.9(dq, 4H,

J = 7 and 7Hz), 1.4(s, 9H) and
1.2(t, 6H, J = 7Hz)p.p.m.
31p (CHCl,) +0.6 p.p.m.
(xi) Dibenzyl methyl phosphate

heated under reflux for 4h, gave t-butylammonium
dibenzyl phosphate
1

H 5(CDC13) 8.2(bs, 3H), 7.2(bs,.10H), 4.9
(d, 4H, J = 7Hz) and 1.3(s, 9H)p.p.m.
3lp (CHC14) -0.6 p.p.m.

(xii) Dibenzyl ethyl phosphate

was heated under reflux for 5d, and the solvent
removed to give the dealkylation product, contaminated with
benzyl-t-butylamine. Washing with dil. hydrochloric acid

gave benzyl ethyl phosphate as a colourless oil
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H s(CDCIB) 7.6(bs, 1H), 7.3(bs, S5H),

5.0(d, 2H, J = 7Hz), 4.05(dq,

2H, J = 7 and 7Hz) and 1.3(t,
A3H, J = THz)p.p.m.
31p (CHC1g) -0.4 p.p.m.

(xiii) Triethyl phosphate, diethyl ethylphosphonate and
diethyl phenylphosphonate, all heated under reflux for
7d showed no sign of reaction, removal of solvent allowing

a quantitative recovery of ester.
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SOME ASPECTS OF ORGANOPHOSPHORUS CHEMISTRY

By: M.D.M. GRAY

An evaluation is made of ethyl (diethoxyphosphino)-
acetate as a common intermediate for the synthesis of
various phosphinoline and isophosphinoline systems. Two
syntheses of 2-hydroxy-1,2,3,4-tetrahydroisophosphinoline
2,4-dioxide from c-bromotoluene and 2-(bromomethyl)benzoic
acid are described.

Attempts to induce cyclisation of S{hydroxyphenyl-
phosphinyl)propanoic acid with polyphosphoric acid, and
the corresponding bis-acid chloride with aluminium
chloride, prove unsuccessful, due to deactivation of the
ring towards electrophilic attack.

Three l-substituted-1,2-dihydrophosphinoline 1l-oxides
are synthesised, which when photolysed in a nucleophilic
solvent give. the three double-bond isomers of 1-(2-
phosphorylphenyl)propene derivatives. This is rationalised
in terms of solvent trapping of a phospha-quinoidal
intermediate, obtained by electrocyclic ring-opening of
the phosphinoline.

The Lewis acid catalysed cyclisation of 2-
biphenylylphosphorodichloridothiocate to 6-chloro-6H-dibenz
(c,e)(1,2)oxaphosphorin 6-sulphide is investigated under
a variety of conditions, leading to the identification of
the optimum procedure as a neat reaction at 200°C for 1lh,
in the presence of 0.1 equivalent of aluminium chloride.
Esterification of the resultant heterocycle, fcllowed
by photolysis of a methanolic solution gives three unidentified
products. The complete absence of any photolytic reaction
of the analogous 9,10-dihydro-9-methoxyphosphaphen anthrene
leads to the conclusion that reaction is not by a concerted,
electrocyclié pathway.

t-Butylamine is found to selectively monodemethylate
phosphorus esters in the presence of carboxylate esters
in a side-chain. Marked preference for removal of a
methyl over benzyl or higher alkyl groups is demonstrated
by reactions with mixed esters. Treatment of dimethyl
2-bromoethylphosphonate with t-butylamine, however, gives
dimethyl vinylphosphonate, while dimethyl 3-bromopropyl-
phosphonate undergoes nucleophilic substitution. The
mildness of conditions required to demethylate a
phosphorus ester leads to the suggestion of using methyl
as a phosphate prote%ting—group in nucleotide synthesis.



