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L PURPOSE OF THE RESEARCH PROGRAM

The 7-phosphanorbornene system is synthetically readily approached, and because of the

considerable strain involved in the bridged structure, a mechanism exists for the novel insertion

reaction of oxygen into a C-P bond. This creates another ring system (1,2-oxaphosphabicyclo-

[2.2.2]octene) potentially capable of undergoing a retro[4+2] cycloaddition to release a phosphoryl

compound (R-PO2 ) of low coordination. A related part of the program involves the synthesis and

fragmentation of the phosphabicyclo[2.2.2]octene system which should provide phosphaalkenes

(RP=CH 2 ). This report summarizes work both on the precursor syntheses, as well as on the successful

generation of several low-coordination species. The original concept behind the project has been amply

demonstrated experimentally.

II. MAJOR ACCOMPLISHMENTS

1. Introduction

This project was first started as Grant DAAL03-86-K-0028 on December 15, 1985, for a three-

year period while the Principal Investigator was at Duke University. In July, 1986, the PI transferred

to the University of Massachusetts, and the grant was assigned a new number (DAAL03-86-K-0159) for

the period August 15, 1986 - December 14, 1988. A no-cost extension was then granted to October 14, 1989.

This report reviews the major accomplishments for the entire period of December 15, 1985 - October 14,

1989. Most of the work has been published and only important conclusions will be presented here.

Disruption of the project due to the move of the laboratory was minor and progress has been

considerable.

The major objective of the project is to develop a new synthetic approach to low-coordination

phosphorus species and to consider practical applications for these highly reactive species. Emphasis

has been given to the family of metaphosphoric acid (HO-PO2 ) derivatives and to phosphaalkenes

(RP=CH2 ); some exploratory work on the species Ar-P02 has also been performed.



2. Generation and Trapping of Some New Metaphosphates

In earlier work,1 it was shown that the reactions below constituted a useful new way to generate

the ethyl ester (a) of metaphosphoric acid.

RO 0 0

ArCO 3H RO-py 1100 /0 Me

/ 250 ,CH2CI2  toluene [ \\ 0 + l

2 3

Metaphosphates are highly reactive in solution, and are only detectable from reaction with trapping

agents. In this project, alcohols or N-methylpyrrole are used as trapping agents, the former giving

phosphate esters, the latter giving the 2-phosphonate. This new process has now been shown to have

great generality. A variety of metaphosphates have been generated by employing different alcohols

in the synthesis of the precursors (4) to the phosphole oxides (5) used to create the bridged structures (1)

shown above. During the project period, the bridged structures la and lb were prepared by dimerization

or Diels-Alder reaction with N-phenylmaleimide. Considerable effort was expended in developing

the synthetic procedures, and all products and intermediates were characterized by 1H, 31P, and 13C

NMR, and (in most cases) by elemental analysis. RO /
p~/ la R = Me,

Me._ Et, Me 3CCH2,
-J,_ 6mesityl,

Me CCI3CH2,Br Me Me O adamantyl,, / -- i--. ti-t-butyl-

/ "Br Et3N / OR nhenyl.

0, OR RO- elb R = Et,

OR Me3CCH2 , (S)-

4 5 Me0 PhCH0

N Ph
0

I2



The critical 0-insertion reaction was successfully performed on all of the bridged structures,

except for la R = 2,4,6-tri-t-butylphenyl, which was so badly hindered that it reacted at an

impractically slow rate with m-chloroperbenzoic acid. The adamantyl derivative of 1a was also

severely hindered, but gave a satisfactory result after a prolonged reaction period (three weeks).

Again all products have been fully characterized.

From most of the bicyclic phosphonates 2 prepared from -1 metaphosphates were successfully

generated by thermolysis (1100) in toluene solution. In each case, the metaphosphate was trapped

with an alcohol, and the resulting phosphate isolated by chromatography and characterized

spectrally. A variety of alcohols have been used for this purpose, including ethyl, n-propyl, n-heptyl,

t-butyl, and cyclohexyl.

0
RO- I I.1OHRO + RIOH - RO-P,N O I NOR'

Amines are also useful trapping agents, and one of special interest, because of the novelty of the

structure, is ethylenediamine.

0

R O I + NH2CH2CH2NH2 01 RO-P- NHCH 2CH2NH3

Such phosphoramidates are difficult to generate by other methods.

3. Mechanistic Considerations.

Detailed studies of the mechanism of the thermolysis process have recently been initiated.

While this phase of our work is not complete, we have accumulated kinetic evidence that supports a

unimolecular, retrocycloaddition process where the alkyl metaphosphate is released as a discrete bt

very short-lived, intermediate. Thus, the reaction of lb R = Et is first-order in CHCI3 or DMSO over

the temperature range 70-1000; the rate is not affected by the addition of a several-fold excess of

ethanol as a trapping agent, excluding the possibility of a reaction directly between the trapping agent

and precursor. The rate constants at 1000 are in the ratio 1k(DMSO)/ 1k(CHCi 3 ) = 12 which indicate

3



very little solvent stabilization of a transition state by the highly polar DMSO, and points to a

concerted, rather than 2-step ionic mechanism. The entropy of activation is relatively small (-12 to -14

cal/deg), consistent with other [4+2] retrocycloaddition processes.

Another approach to confirming the intermediacy of a metaphosphate as a real species

involves stereochemical concepts with thio derivatives, and is presented in section 4.

The reason large groups like neopentyl, adamantyl, and mesityl were incorporated in the

metaphosphate precursor is to provide kinetic stabilization of the product. This is an approach which

has had considerable success in the stabilization of a variety of low-coordination species. In the

present case, however, the large group is one atom removed from P, and the effect may not be so large as

to give adequate stabilization. Of the metaphosphate precursors (Q) prepared so far, that with

adamantyl on oxygen has the best chance of giving a stabilized product. Experiments to fragment this

bridged phosphonate in such a way as to probe for the presence of the metaphosphate were not

successful, however. The decomposition takes a different pathway, which appears to involve a

retrocycloaddition with elimination of a phosphole oxide molecule. With the availability of a

precursor for neopentyl metaphosphate, we are now in a position to study the thermal fragmentation in

the probe of an NMR spectrometer where we may be able to observe the intermediate before

polymerization. Another approach will be to employ a photochemical generation method we have

developed in a separate but related project, 2 since this can be performed at low temperatures.

4. Generation of Alkyl Metathiophosphates.

We have had great success in synthesizing precursors that would lead to the presently unknown

family of alkyl thiometaphosphates, RO-P(S)O on fragmentation. Our approach has been to replace

the phosphoryl oxygen in the bridged phosphonates of type !a or lb by sulfur, using for this purpose the

reagents P2 S5 or (ArPS2 )2 (Lawesson's reagent). The products would be precursors on thermolysis of the

thiometaphosphates. The anion of the corresponding acid has recently been generated, 3 and is of

interest since it seems to have longer lifetime than the oxygen analogue. Our first approach involved

the conversion of P=O to P=S in the bridged phosphonate 8 with Lawesson's reagent at 250, a process

4



which gave a complicated mixture nevertheless possessing 3 1P NMR signals in the expected region for

the dithiono compound 7. Thionation causes downfield shifts, and the product contained strong doublets

(J = 75.6 Hz) at +89.3 and +114.5. These signals constituted about 50% of the product. Repeated

attempts at chromatographic purification increased the purity only to about 70%. The same product

was approached by first performing the thionation on the phosphole oxide dimer ., followed by oxygen

insertion with a peracid. The thionation gave a crystalline product 9 in good yield, but in the peracid

oxidation step, reaction occurred first on sulfur in this compound, without giving the desired 0-

insertion, and the original oxide was regenerated. The crude sample of 7 was therefore used in a

thermolysis at 1100 in toluene with ethanol as trap, and a new product appeared with a 3 1P NMR

signal in the expected location for the trapped product, (EtO)2 P(S)OH. The value was +63.5; a

reported value is +64. 4 This product was extracted from the mixture with aqueous base. Only one other

compound, with 3 1p +81, was co-extracted; it has not yet been identified. This mixture was studied by

mass spectrometry, which confirmed the presence of the thiophosphate by giving a strong signal with

m/z correct for M+ (170).

0 S
EtO 10v /A Q110 SM__ _ ___I

Eto O 0 ),E 0 P
Me -_ (ArPS2)2,, eO P1100 SMe

Me / Me EtnH (EtO)2 P'OH +

6 OFA 70Et

EtO\ EtO\
P (ArPS 2 )2 P

Me Me-,/ A / ~ ArCO 3H Me

P P-"
8 t I

8 Et 9 CEt

When the thionation of the bridged phosphonate 6 was attempted at 1100 with Lawesson's reagent,

the reaction mixture was dominated by a different product. This material is formed also at room

temperature but in smaller amounts. It proved to be readily isolated by silica gel chromatography.

5



This material, a crystalline solid of mp 159-161° , had three 3 1p NMR signals: +18.9 (d of d, J=37.9, 5.8

Hz), +86.6 (d, J=37.9), 6+118.5 (d, J=5.8). The molecular formula from mass spectral analysis was

C21 H 29O5 P3S3 . This corresponds to addition of the monomeric form of Lawesson's reagent, itself a low-

coordination species, to a ring-opened, mono-thionated version of the -tarting bridged phosphonate.

The novel structure 10 was determined by X-ray crystallographic analysis.

0> 
Me

Me- :P / , .
S'' P-

_- Me + EtO 00P S ]2 O \\ 0 s OR

CEt 10

In more recent work, it has been found that the Diels-Alder adduct 11 is greatly to be preferred

as the bridged phosphonate used in the thionation reaction. The reaction products from either P2S5 or

Lawesson's reagent were quite clean, with the product accounting for 90-95% of the mixture. The 3 1p

NMR signal was found at +86.1, as expected for 12. This material has been purified and is a crystalline

solid with mp 138-1390 that gives the correct elemental analysis. The thiometaphosphate was

generated in the presence of ethanol, and the only P-containing product was the desired (EtO)2P(S)OH.

It is clear that this is a simple, efficient way to generate the riew family of thiometaphosphates, and

the process is being extended to provide other derivatives. One of particular importance is stabilized

with the bulky neopentyl group; the bridged thionophosphonate has been successfully prepared and

gives the metathiophosphate on heating as determined from trapping reactions. Attempts to observe

the metathiophosphate directly by NMR will soon be made.

0 S
EtO Et O 0

Me 1/ N0 P2 10

11 0 zN P 12 0  N -Ph

6



As noted in Section 3, alkyl metathiophosphates have been employed in studies to establish

the existence of such species as real intermediates. Metaphosphates should have planarity at

phosphorus, and at'ack by a nucleophile should proceed at the same (or nearly the same) rate from

either face. When S replaces 0, diastereomeric products are possible with an optically active

substituent and presumably are observable by 31P NMR.

S S
p .S II II

R 0 + R'OH R*O-P-OH + R*O-P-OR'0 I
OR' OH

We have shown that this is in fact the case by synthesizing an optically active metathiophosphate

and observing the composition of the ethanol trapping product. This proved to have the nearly 1:1

ratio of diastereoisomers predicted for a planar species.

[ Me Me Me
1 I I~~~Et-C-H E--H E--

I I
o i EtO - +

L 0 S _j II

The same result was obtained when EtO-P(S)0 was reacted with (S)-sec. butyl alcohol, and we feel

these reactions provide strong evidence for a finite lifetime for the planar metathiophosphate.

5. Generation of N,N-Dimethylaniinometaphosphate.

Another species generated and trapped during this program has the structure Me2N-P0 2. It

has been approached by the same general method, namely, the thermal fragmentation of a bridged

phosphonamidate. The results of this study have been published in detail5 and will not be repeated

here. The major accomplishments were the synthesis of the new bridged phosphonamidate 13 by the

0-insertion method, its stereochemnical assignment by NMR and by X-ray diffraction analysis, and the

thermal fragmentation of this compound to provide products expected from the desired elimination of

the P-0 bridge.

7



,0 O 0
Me2 N\~ M02  0  0eMe2N11\ 1

MerCO3- Me / 0 A Me
--- ___ .. N- Ph + Me2 N-PO2

/30 hr
0 , N- Ph N-Ph O

13 14

Compared to the reaction under the same conditions in toluene of the corresponding ethyl ester, the rate

of this fragmentation was markedly slower. The dihydrophthalimide 14 was isolated from the

thermolysis mixture and identified spectrally. The species Me2NPO 2 proceeded to react with itself

and gave the usual P-O-P derivatives with 311, NMR shifts in the 0 to -20 range. It was found that

primary alcohols function as trapping agents for Me 2N-PO2, and cleanly gave dialkyl phosphates as

dimethylamine salts. Apparently, alcoholysis of the initial trapping product Me 2NP(O)(OEt)OH

occurred during the process. In work on another project,2 the same bridged phosphonamide 13 was found

to be easily fragmented photochemically at 350; this is a more attractive way to generate

metaphosphoramidates since the secondary reaction of the trapping agent can be avoided, and is being

further examined.

6. New Reactions of Metaphosphates.

(a) With Epoxides. We have carried out several exploratory reactions to expand the

knowledge of the reactivity of metaphosphate species. One new reaction that works well is that with

epoxides, which gives 1,3,2-dioxaphospholane 2-oxide derivatives.

' 

0

generated at 1100, 0 OEt
In toluene

The reaction is presumed to start with electrophilic attack on the epoxides. Further aspects of the

mechanism for formation of the cyclic product are now being examined.

8



\;yR

EtO-P"-O
0-

Alkyl metathiophosphates react similarly to form the 1,3,2-oxathiaphospholane ring.

[EtO - 1*:1 + 00 1 /S
o "-OEt

(b) With Silica Gel. It is well known that the OH- groups on the surface of silica gel are

reactive to strongly electrophilic species. We have found that silica gel, when present in the medium

of generation of a metaphosphate, is easily phosphorylated. This discovery forms the basis for much

new work under a new grant from ARO. The preliminary experiments that have been completed have

been published.6 The basic process is represented below.

/00 0 0I/ - I I I t

-Si-OH 0 R___ _ -Si-O-P-OH - -,- -Si-O-P-O-P-OH

CR CR CR
15 16

The initially-formed 15 is itself reactive to ethyl metaphosphate, giving a pyrophosphate 16 as

revealed by performing CP-MAS 3 1P NMR spectroscopy on the solid. In more recent work, we have been

able to stop the reaction at the stage of 15. The discovery of the reactivity of silica gel to a

metaphosphate opens up many paths for research; various groups may be placed directly on the surface

of silica gel to endow it with special properties, and other OH-bearing solids may be reactive under

similar conditions. The materials produced could have valuable properties as adsorbents or as

catalysts.

9



7. Generation of the Species Ph-P0 2.

We have devited a two-step process that proceeds in excellent yields for the preparation of a

generator for Ph-PO2 , the meta-anhydride of a phosphonic acid.

Me Me
Me Me1

Me M c-picoline

+ PhPBr2  0- (Mathey
B r- procedure)

not isolated

Me .Me 0

Ph -P

3 MCPBA Me
N-Ph-maleimide

Ph Me
N-Ph

0

Three events occur in the one pot used for the MCPBA reaction: oxidation of the phosphole to the

phosphole oxide, Diels-Alder reaction of this oxide with N-phenylmaleimide, 0-insertion into the C-

P bond. The fragment Ph-PO2 has been generated thermally (1100 in toluene) and photochemically

(300, 254 nm, dioxane) in excellent yields. With this improved access to this highly reactive species,

its chemistry can be studied with ease. It is hoped soon to perform a fragmentation at -780 by the

photochemical method.

8. Generation of Phosphaalkenes by Fragmentation of 2-Phosphabicyclo[2.2.2]octadienes.

The synthesis of the bridged phosphine oxides 19 and 20 has been accomplished and the results

published.7 The major steps in these syntheses are shown in Scheme 1.

We have now devised reproducible procedures that allow the removal of the oxygen from

phosphorus, providing the corresponding phosphines 21 and 22. Special conditions are necessary to

prevent premature fragmentation of these delicate materials; usually, such deoxygenations are

conducted in refluxing benzene, but this procedure gave no useful results. We have found that the

10



Scheme I

Me H 0rO 0 OH

(03 NaBH4  1f

-78 °  P CeCI3
0 R 0 R R

O 0' RR O/ R OI"\ //\

o 17, R=Me

Me-p 18, R=Ph

17 MIe 2 C---CC0Q2 M /& Cxve

19

0
I 0

Ph -P 0 1.H,
18 N-Ph-maleimide / / . 1.H+  Ph-P

(/ N-Ph 2.Pb(OAc) 4

20

deoxygenation occurs under very mild conditions (0-250), with methylene chloride as the solvent.

Phosphines 21 and 22 have been fully characterized spectrally, including the use of two-dimensional

NMR. Phosphine 21 has been analyzed as the methiodide. Complete details on the synthesis and

characterization are included in a recent 7 paper. Phosphine 21 was found to decompose at 400 in about 5

hours,

Me P 
Ph-P

rd- COOMe
COOMe

21 22

giving dimethyl phthalate and derivatives from the ejected fragment R-P=CH 2. The P-phenyl

phosphine 22 decomposed at even lower temperatures (30 0C) to give similar products. We have now

successfully trapped these new phosphaethenes, before they react with themselves, by including

dienes in the decomposition medium. A Diels-Alder reaction occurs to give a six-membered

cycloaddition product. Some of the structures formed in the trapping reactions are shown in Scheme 2.

11



SCHEME 2

Mo Mo
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Mel 3MO Me MeMe. ._Mel

2 6+

Me Me R R Me Me

Me

MeMe me 2 3

Me M~R-P

Me ~ RP CH 2J 1

a. R-Me: b. R-Ph 6

P
IR PhR 

o
Ph

Mel IMel

e ~Mel
41

0 Ph 0 Ph Me-P l

me aCr> C+A /
Mew Ph P-Me M

R Me

Mel

0 Ph
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These new compounds have been fully characterized, and are reported in a paper that has been

published.
8

This fragmentaion method represents a new approach to phosphaalkenes, and can be extended

to prepare other compounds. It offers an advantage in leading to phosphaethenes with no substituents

on the methylene group. Usually, large substituents are placed there to stabilize the species. We have

purposely avoided stabilized species so that the reactivity of the phosphaalkenes will not be impeded

and can be readily observed and exploited.

A difficulty with our procedure is the length of the synthetic method needed to generate the

immediate precursor. We are now exploring a new and simpler approach, which starts also with a 3-

phospholene oxide but provides the precursor in four rather than seven steps. Here the

dihydrophosphinine intermediate is generated by use of a published procedure 9 involving

dichlorocarbene addition to the phospholene double bond, and the thermal rearrangement with HCI

elimination. We have shown that the Diels-Alder step works well and that the desired

bicyclo[2.2.2]octadiene is formed as a mixture of two regioisomers, each as two diastercoisomers.

Separation by chromatography is feasible, and we are now exploring the HSiCI3 reduction to provide

the phosphine. Preliminary results were successful and established that the new phosphines did

fragment to the species MeP=CH 2. Work is continuing to develop this new synthetic approach.
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9. 170 NMIR of Phosphoryl Compounds.

As a result of some of the synthetic work on this project, as well as in other work, a number of

phosphoryl compounds with various heterocyclic frameworks have become available. We have

proceeded to determine the natural abundance 170 NMR spectra of these compounds, since very little is

known about this potentially valuable parameter. We were surprised to find that the range of shifts

can be very large, nearly 100 ppm, and of value in structural analysis. The results have been

published. 10 We also found 11 that a good correlation existed between the 170 shifts of the phosphine

oxid's and the 3 1 P NMR shifts of the corresponding phosphines (and not the phosphine oxides). The

correlation is linear. Phosphines with the 7-phosphanorbornene structure have the most downfield 3 1 p

NMR shifts known, and the corresponding oxides have the most downfield 170 shifts known. Also,

rings with three members are at the extreme of shielding for both parameters. Various other ring

systems fit nicely between these extremes. It is not yet understood why the correlation should exist, but

it may prove valuable in an empirical way, as well as being of theoretical interest.
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