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CHAPTER I 

General Întroduction 

The research in phosphorus chemistry has developed 

very rapidly in recent years. Study of a number of systems 

show the unique possibilities phosphorus introduces via 

coordination in different valenee states. The significanee 

of phosphorus chemistry is reflected in its many industrial 

applications, for example, as fertilizers, pesticides, flame 

retardents and antioxidants, and its role in biologica! 

systems. Interest in phosphorus chemistry is also stimulated 

by the theoretica! problems which arise in attempting to 

understand the details of the reactions and structures of 

its compounds. Significant contributions have been made both 

by direct investigations of relevant systems and by studies 

of model compounds. For instance, the investigations per

formed by WestheimeP et al. l-G on the hydralysis of five

membered cyclic phosphates have greatly advanced the under

standing of the mechanistic aspects of phosphorylation. The 

hydralysis of five-membered cyclic esters of phosphoric acid 

proceeds millions of times faster than that of their acyclic 

analogs. Moreover, from the experiments with H2o18 it was 

demonstrated that the hydralysis of hydragen ethylene phos

phate is accompanied by rapid oxygen exchange into unreacted 

hydragen ethylene phosphate. Similarly, it was found that 

the hydralysis of methyl ethylene phosphate in acidic solut

ion led, besides ring opening, to cleavage of the methoxy 

group, with ring retention. Westheimer explained these obser

vations on the assumption that the hydralysis proceeds via 

pentacoordinated intermediates in a trigonal bipyramidal 
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(TBP) configuration (f i g 1.1). 

p~ + Co, o 

o1 "ocH3 
1 

Fig 1.1 

3 5 

6 

Mechanism of the hydra l ysis of methyl ethy lene 

phosphat e in acidic salution 

An initial attack of water on me thyl ethyl ene phospha te (~) 

yields the int e rmediate 2 . Subsequent proton t ransfer towards 

t he e ndocyclic apical oxygen a t om (}) fo llowed by r i ng open

ing results in the formation of~· Howeve r, the P (V) 7 inter

mediates can undergo li gand reorgani zations (pseudorotation), 

i . e . e xchange of apica l ligands with equatorial ones, which 

resul t in the formation of a new P(V) intermediate (i) from 

which the apical protonated methoxy group is expel l ed to 

give ~ · The relief in st rain in going to the transi tion s t a t e 

is respons ible for the enormous rate acce leration observed 

for the cyc li c esters as can be ill ustra ted by t he energy 

diagram of figure 1.2 8 • 
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ENERGY 
kcal/male 

kcal/male 

REACTION COOROINATE 

Fig 1.2 Energy diagram for the hydralysis of ethylene 

phosphate and acyclic diesters 

The results of these studies may in turn be helpful in 

understanding the mechanisti c aspect s of more compli cated 

reactions. Thus, it has been suggested that bidentate acti

vation may play a role in the mechanism of enzymatic phos

phate transfer 9 • For the pyruvate kinase catalyzed reaction 

there are strong indications tha t the phosphoryl group wh i ch 

is trans ferred, is coordinated with magnesium ions. Since 

the phosphoryl transfe r reaction is believed to involve a 

nucleophilic displac~ment on phosphorus of the SN2 variety, 

with pentacoordinate phosphorus as a transition state or 

intermediate, bidentate coordination of such a pentavalent 
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intermediate by a metal ion might permit a pseudorotation 

mechanism to operate 1n analogy with the mechanis m of the 

hydralysis of methyl ethylene phosphate. The diva lent cation 

mightserve the same role as ethylene (fig 1 .3) . 

O····Mg 
2+ 

o o -o 1 · 11 11 • • ; IJlrot 
p p ..--P-0 

R~'l "o.....-/ "o' 
o -o I x 

X= nucleophilic reagent 

R:Adenosine 

Fig 1.3 Bidentate coordination of a pentavalent 

intermediate by magnesium ions 

After ps e udorotation the apical ADP group can easily be ex

pelled. 

The occurrence of pentavalent intermediates with the 

subsequent possibility of pseudorotation might also be very 

import ant for other biologica! processes. For instance, it 

was pointed out that during the hydralysis of phosphoenol

pyruvate pentavalent intermed iates are generated as a result 

of an attack of the carboxyl group on phosphorus ( fig 1.4) 9 - 1 1 • 

The initially formed P(V) intermediate ~ will be in equili

brium with the cyclic five-membered phosphate ~ and H2o. 
Alternatively, pseudorotatien of~ to 2..Q_ foliowed by an 

apic a l leaving of the enolic oxygen results in a reversible 

formation of the acyl phosphate ll which, as the enol, may 

readily undergo condensation with an electrophile. 

Th e hydralysis of ribonucleic acids in the presence of 

ribonuclease A (RNase A) also constitutes an illustration of 

th e involvement of trigonal bipyramidal interme diates in the 

reaction course . From X-ray structure determination of RNase 

A-inhibitor complexes 12 and from 3 1P studies 13 it was found 

that two histidines (histidine 119 and histidine 12) and one 

lysine (lysine 41 ) participate as active sites. In view of 

12 
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10 

Fig 1.4 Mechanism of the hydralysis of phosphoenol

pyruvate 

9 

these results the following mechanism has been proposed. In 

the first transphosphorylation step the enzyme binds the 3'

nucleotide in such a manner that histidine 12 lies very near 

the 2'-0H. Catalysis of the remaval of the 2 '-0H proton 

facilitates apical attack on the phosphate and formation of 

a trigonal bipyramidal intermediate (fig 1.5). The two 

equatorial anionic oxygen atoms can be shielded by the pro

tonated histidine 119 and lysine 41 resulting in a consid~ 

erable stabilization of the pentacoordinated intermediate . 

Subsequent proton transfer from the histidine 119 to the 5~

nucleotide, followed by expulsion of this ligand, generates 

the 2'-3' cyclic nucleotide, which aftera similar catalyzed 

hydrolysis , gives rise to th e products. It should be no ted 

that the primary transphosphorylation step does not require 

any stereo chemical control . On the other hand , the addition 

of water needs enzymatic control to be sure that the phos

phate group retains its 3' position. In addition, due to the 

presence of the ribose ring the 2'-0H is already orientat e d 

13 
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R =a ribonucteotide 

B=a pyrimidine 

12 
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0 0 
I I 
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119 

Fig 1.5 A schematic representation of the mechanism 

of action of ribonuclease A 



towards the phosphorus atom of the 3'-phosphate moiety which 

implies that less entropy has to be expended by the system 

in order to obtain the rigid closed form of the TBP inter

mediate. This was confirmed by detailed investigations of 

the hydralysis of model compounds 14 . The experiments describ

ed in Chapter II demonstrate the importance o f structural 

rigidity for intramolecular phosphorylation. 

Apart from phosphorylation, another i mportant featu re 

of phosphorus compounds is their capability for group trans

fer. In this respect mention should be made of the powerful 

alkylating properties of oxyphosphoranes towards carboxylic 
acids 15 - 17 . 

P ( 0 R )5 + R' C 0 0 H - ( R 0 13 P = 0 + R 0 H + R' C 0 0 R 

Recently, a thorough study was performed by Voncken 18 , 19 on 

the reactivity, the stereochemistry and the kinetics of 1, 2-

oxaphospholens with protic substances. Gr oup transfer reac

tions initiated by suitable act ivated tetravalent phosphorus 

compounds such as acetyl phosphates, are well known. It 

should also be noted that phosphoryl and carboxyl group acti

vation p l ay an important role in biochemistry. For instance, 

many reactions are known in which ATP transfers its phosphor

yl or pyrophosphoryl moiety to a suitable acceptor mol ecule 

as in the biosynthesis of adenos ine-5'-phospha te in which 

the first step involves a pyrophosphorylation of ribose-S

phosphate20. It is also well estab l i s hed that acyl -AMP' s are 

key intermediates in the carboxy l activatien of e.g . acetyl 

coenzyme A, whereas aminoacyl adenylates are transient species 

in the aminoacylation of all t-RNA's 21 . 

The aim of this thesis is to develop a closer insight 

into the mechanisti c a s pe c ts of group trans fer reactions vi a 

phosphorus compounds in which the valenee state of the ph os

phorus atom farms the central theme. Attempts are made to 

correlate th e phosphorylating abilities of phosphorus com

pounds and the de rived stabi l ity rul es for pentavalent phos-
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phorus intermediates with the observed alkylating and acylat

ing properties of these compounds. Several cyclic five-mem

bered ring phosphorus compounds are used as mode l systems 

for these investigations. 

In Chapter II, a description of some general aspects of 

--);3-en-tace-e--niinated phospho-rus- compoun-ds wi:tl -be given. In a-ct· -

dition, the reactivity of oxyphosphoranes towards protic sub

stances will be discussed. The latter subject leeds to the 

fundamental question whether the group transfer is controlled 

by the apical protonated oxyphosphoranes or by t he isomerie 

tetravalent phosphonium ions obtained after ring opening of 

the farmer species. Therefore, the generation and stability 
of these intermediates under low nucleophilic conditions are 

stuclied by means of NMR spectroscopy. It is pointed out that 

protonated oxyphosphoranes may be real intermediates and 

rapid equilibria are obtained between the phosphon i um ions 

and the neutral oxyphosphoranes by imposing certain structural 

constraints on the system. Whenever the phosphonium ion pos

sesses more degrees of freedom, more entropy has to be ex

pended by the system in order to obtain the rigid closed form 

of the pentavalent protonated species. This, in turn, may be 

correlated with the intramolecular phosphorylation processes 

as for instanee are observed during the hydrolysis of ribo

nucleotides, in which the 2'-0H group is more or l ess fixed 

towards the phosphorus atom. The relative stahilities of the 

protonated oxyphosphorane s appear to increase with the 

basicity of the neutral farms. 

In Chapter III, re ac tions of nucleophil ic reagents with 

neutral pentacoordinated phosphorus compounds are described. 

In the latter compounds the exact position of the ligands on 

the TBP framewerk at the time of the nucleophilic attack is 

known. This is achieved by suppressing the permutational 

isome rization of the phosphoranes either by imposing certain 

structural constraints on the system or by the introduetion 

of a large difference in apicophilicity of the different 

ligands. It is demonstrat ed that whenever group transfer in-
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volves a pentacoordinated phosphorus compound, the equatorial 

bonded substituents are more susceptible for nucleophilic 

attack. The driving force for group transfer is the generat

ion of a P=O bond from one of the basal ligands with an ac

companying departure of one of the apical bonded ligands. 

This is in analogy with the decomposition of the trigonal 

bipyramidal intermediates involved in the phosphorylation 

reactions of fourcoordinated phosphorus compounds with protic 

substances. 

In Chap ter IV, the monodealkylation reactions of seve ral 

five -memb ered cyclic P(IV) compounds with LiBr in s olvents 
of different polarity are described. Although an Arbusov-like 

reaction mechanism is normally assumed, kinetic and spectros

copie evidence is presented for the invol vement of pentacoo r

dinated-like intermediates in the rate determining step. 

Dealkylation is performed by a fast intramolecular attack of 

the apical bromi ne on the equatorial exocyc l ic methoxy ligand. 

Finally, in Chapter V, acetyl transfer reactions initia

ted by tetravalent phosphorus compounds will be described. 

The results will be related to the mechan ist ic outcome of 

the group transfer reactions obtained in the pre vious Chap

ters. It may be concluded that in order to obtain acetyl 

transfer in the reaction of acetate anion with tetravalent 

phosphorus compounds, in the presence of a proton donor, the 

initially formed P(V) intermediate must be sufficiently long 

lived and the ap ical ring atom must be basi c eno ugh in order 

to achieve protonation. 
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CHAPTER 11 

Generati-on and- · st.abiH ty of 

protonated oxyphosphoranes 

II-1 Introduetion 

During the last years a dramatic i ncrease in re search 

activity towards the chemistry of pentavalent phosphorus com

pounds (phosphoranes) has taken place . This has led to a more 

thorough understanding of the factors which determine the sta

bility and the ligand reorganization within such molecules. 

These aspects of pentavalent phosphorus will be discussed 

first, tagether with a genaral review concerning the pre

paration of oxyphosphoranes. 

The reactivity of oxyphosphoranes towards protic sub

stances is also well es tablished. The hydralysis is no rmally 

supposed to occur by an initia! s ubstitut ion of one of the 

a lkoxy li gands by a hyd roxy group , genera ting a new P (V) com

pound', from which the products are obtained 2 - 5 • However, a 

decrease in the nucleophilicity of the reagent gives rise to 

a differe nt reaction course, which is demonstrated by the 

fa c t that certain oxyphosphoranes are able to conve rt proton 

ac ids into their cor r esponding esters 5 - 10 . Recently , a more 

thorough study wa s made of the a lkylating propert i es of 1,2-

oxaphospholens1 1- 13 , because of their high reactiv ity without 

the complication of any s ide reactions (fig 2.1). Desp ite the 

fact that severa l det a ils conc erning the mech anism of these 

reactions have been elucidated, one fun dame ntal question s till 

remains un solved , i . e . the nature of the intermed i ate whi ch 

controls t he group transfer. After protonation of the apical 

ring oxygen atom a pentavalent protonated int e rmcdia te is 

generated. Nuc leophilic attack on one o f the a l koxy ligands 

20 



R' 

RO • •. ~--\ R" ·p_)- + 

RO~ I 
R"' OH -

0 0 
11 /"'-..._ À 

(R0)2 p~ '( "R' 

R" 
OR 

Fig 2.1 Reaction of 1 ,2-oxaphospholens with 

acidic substances 

+ R'" OR 

followed by ring opening leads to the formation of the pro

ducts. However, ring opening might preeede the alkyl transfer, 

generating the isomerie phosphonium ion. Until now, no direct 

evidence has been obtained for the occurrence of protonat e d 

P(V) compounds. Therefore, the generation and stability of the 

specie s are stuclied under low nucl eophilic conditions. 

II-2 Preparation of oxyp hosphorane s 

In general, several methods are avai lab le for the syn

thesi s of oxyphosphoranes. Some of the most ext e nsively used 

procedur es will be discussed br ie fly . 

A. Reaction of trivalent phosphorus compounds with peroxides 

The reaction of dialkyl pe roxides wit h phosphites 14 - 16 

in aprotic media at room temperature affords a general syn 

thesis of oxyphosphoranes. 

RO-OR --- (ROl 5 P 

One major disadvantage of this me thad is the fact that the 

products are not obtained in pure fo rm as a conseque nce of 

the decomp osition into t heir corresponding phosphates . 

Anal ogous reactions are poss ible with phosphines 17 - 19 , phos 

phinites17, phosphonites and cyc lic triva lent phosphorus 

compounds 14 • 15 . Moreover, thi s methad is applicable t oot he r 

21 



peroxy compounds such as acyl peroxides 19 > 20 and dioxe tanes 21 • 

Two general schemes exist for the mechanism of these re

actions. One involves a direct format ion of a neutral biphylic 

transition state with pentavalent character (eq 1). An alter

native involves nucleophilic displacement on oxygen leading 

to a te~raalkoxyphosphonium ion which affords the oxyphosphor

ane (eq 2). 

[ ORr ( ROJ3 P + (ROJ 2 - ROI3P :: : - ( RO 15 P (1 l 

~ 
' OR 

+ 
( RO 14 p + RO- - ( RO 15 P ( 2 J 

In most cases no distinction between the two can be made, al

though reactions of dialkyl peroxides with phosphites seem to 

favour direct formation of the oxyphos phorane. This is based 

on the influence of the ring size on the reaction rate and 

the very small solvent e f fect. 

B. Exchange reactions with phosphoranes 

Phosphorus pentachloride has been used in many condensat

ion reactions with compounds containing an active hydrogen 

atom, such as phenols 2 2 - 24 and pheno lic esters 1 6 > 25 • Generally 

in thes e reactions different products c an be obtained depend

ing on the number of chlorine substituents. Addition of a 

tertiary amine might be required in order to make the exchange 

3Q>-OH 

( Q>-o)-Pc12 
2 
Q)-oH (<Q>-a)-P 

3 2NEt 3 5 

Fig 2.2 
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complete (fig 2.2). 

Exchange reactions between pentaalkoxy phosphoranes and 

alcohols arealso known 23 • 24 • 26 • 27 • Especially, reacti ons of 

acyclic oxyphosphoranes with 1 ,2-diols which lead to the 

formation of spiro compounds have a great synthetic utility 

(fig 2.3). This type of substitution at pentacoordinated 

OR 

H 0 0 I 0 

J-~ c 'rf J 
HO 0 1 'o 

+ 

Fig 2.3 

phosphorus is enormously accelerated by tertiary bases. 

The mechanism of these reactions is normally believed to 

praeeed via a hexacoordinated-phospho rus intermediate. 

C. Reaction of trivalent phosphorus compounds with a-diketones, 

orthoquinones, carbonyl compounds or a,B unsaturated ketones 

One of the earliest and most useful methods of preparing 

oxyphosphoranes involves the condensation of trivalent phos

phorus compounds with o-quinones or a-diketones 24 • 28 - 30 (fig 
2. 4) . 

Fig 2.4 

These compounds a re derivatives of the 2,2-d ihydro-1 ,3,2-di

oxaphospholene ring system. Phosphonites (R0) 2PR, phosphinites 
(RO)PR 2 , and eve n phosphines PR3 may be used to give cyclic 

memhers of t he ser i es (R0) 5 PR, n=1,2 or 324 • 28 • Likewise, -n n 
aminophosphonites and diaminophosphinites are able to give 

stable phosphoranes 28 • 

The above-mentioned adducts can also lead to derivatives 

23 



of the 1,3,2-dioxaphospholane ring system by reaction with a 

second molecule of diketone to give a new carbon-carbon 

bond 5 • 31 • 32 (fig 2.5). 

Fig 2.5 

The same types of derivatives can also be obtained by reaction 

of trialkyl phosphites with suitable activated mono-carbonyl 

compounds such as o- and p-nitrobenzaldehydes, phtala ldehydes 

or hexafluoroacetone 32 - 34 . In contrast, unactivated aldehydes 

or ketones give rise to the formation of 1 ,4,2-dioxaphospholane 

compounds 24 • 28 (fig 2 . 6) . 

Fig 2.6 1 ,4,2-dioxaphospholane 

Reaction of pentafluorobenzaldehyde with triethyl p hosphite 

initially generates the 1 ,4,2-dioxaphospholane which then 

slowly isomerize s to the more stable 1 ,3, 2-dioxaphospholane 24. 

In analogy t o the reaction with a-diketones, addi tion of 

phosphites, phosphonites and pho s phinites to a , B uns a turated 

carbonyl compoundscan g ive rise to the formation of 1,2-

oxaphospholens35-38 (fig 2.7). 

Fig 2 . 7 Synthesis of 1, 2- oxaphospholens 
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Several investigations have been performed in order to 

elucidate the mechanism of the reactions of trivalent phos

phorus compounds with carbonyl functions. In most cases an 

ionic mechanism is proposed for this reaction. The initial 

step might be a nucleophilic attack of phosphorus on the car

bonyl oxygen atom. However, a kinetic study by Ogata et aZ . 39 -- 0 

of the reaction of trialkyl phosphites with aliphatic and 

aromatic diketanes revealed an initial formation of a 1: 1 di

polar P-C-0 adduct; subsequent ring closure of the latte r 

adduct affords the 1,3,2-dioxaphospholene. In cont rast to 

these findin gs Boekestein et aZ .- 1 > 42 proposed a me chanism 

invalving radicals in the reaction with o-quinones and a,B 

unsaturated ketones (fig 2.8). 

slow 
: P (OR 13 + 0:0 

0 # 

+ 

0 
+ 

·P[OR) 3 + ):) fa st [ ROlt/ 0 + ·)g .)Ql fa st 

·0 

./)QJ 0 

IRO I3f/JQJ [R0)3P -0 0 . 0:0 'o 

Fig 2.8 Radical mechanism of the reaction of trialkyl 

phosphites with o-quinones 

Th e first step is an electron transfer fro m the phosphorus 

compound to the ketone, resulting in the format i on of a phos

phinium radical which reacts rapidly with a second carbonyl 

function, yie lding an adduct radica l. Reduction of the last 

species by the an ion radical produced in the first step, gives 

the open dipolar oxyphosphorane, which undergoes ring closure. 

In genera l, it seems that carbonyl functions ac tivated by 
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electron-withdrawing groups react via the radical mechanism, 

whereas e.g . aliphatic aldehydes react via an i onic mechanism. 

II-3 Structure and stab ility of phosphoranes 

A P(V) m~lecule must utilize at least one of its 3d-

orbitals in bonding and the symmetry of the d-orbi ta l involved 

in the hybridization determines the geometry of the resulting 

structure. In principle, three different geometries are pos

sibie as depicted in figu re 2.9. 
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Fig 2 .9 The possibl e geometries for a P(V) structure 

From bath theoretical~ 3 -~ 6 and X-ray crystal l ographic 

analyses~ 7 ,~ 8 of several P(V) structures it could be esta

blished that the trigonal bipyramid (TBP, I) is the most 

stable con fi gura tion for acyclic and monocyclic P(V) compounds. 

However, in de riva tives containing multipl e s ma l l -membered 

rings, coupled with th e p resenc e of electronegat iv e l igands 

and ring unsaturation, the square pyramid (SP, II ) may become 

more stable 46 ,~ 9 - 52 • Conformer III is hi gher in energy than I 

or II and therefore will not be observed. 

Th e TBP configuration (I ) is character i zed by two sets 

of bonds with considerab l y differen t p roperti es , i . e . three 

equatorial and two apical ligands. These differences betwee n 

the two positions have been demonstrated in a va r iet y of ways, 

such as X-ray crystallographic d e t e rmi nations~ 7 ,~ 8 > 53 , IR and 
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Raman spectra 54 and NMR measurements 36 • 38 • 55 • 56 • As a conse

quence, the ligands tend to occupy definite positions on the 

TBP skeleton, which seems to be determined by three factors: 

(i) the ioclusion of dorbitals in bonding 44 • 57 • 58 ; (ii) the 

electronegativity of the ligands 59 - 61 ; (iii) steric inter

actions between the ligands 24 • 44 • 47 • 57 ,se,G2. 

From quanturn mechanica! calculations 44 • 57 • 58 • 63 it can 

be deduced that 3d-orbitals can have a role in the formation 

of 2p ~ 3d donor TI bonds. If such donor TI bonding occurs then 

the best position for a ligand to adopt is an equatoria l one. 

As a direct consequence the equatorial bond distances are 

smaller than the apical ones 47 • The ability of ligands to 

undertake supplementary n bonding of this kind is related to 

their Lewis basicity and is stronger as the number of lone 

pairs decreases, i .e . N>O >S>F>Cl . 

Furthermore, thes e calculations indicate that electron 

density accumulates at the apical positions, so electronega

tive substituents prefer these regions (polari ty rule). The 

stability of phosphoranes generally increases with a rise of 

the number of electronegative substituents 36 • 61 • 

A third effect operating to determine the best location 

fora ligand is its steric r equ irements 24 • 47 • The larger the 

linking atom or group the more it should prefer the less 

hindered equatorial sites. The stability of phosphoranes is 

markedly increase d by the preserree of four- and five-membered 

rings 58 which reduce the steric interactions between the l i

gands rel ative to the comparable acyclic situation. Moreover, 

it should be mentioned that fou r- and five-membered rings 

always occupy an apico-equatorial position (strain rule) 44 • 58 • 

A nice illustration of the above given stab ility rules 

of phosphoranes is given by NMR investigations on compounds 

1-~ ( f i g 2 .10). For compound l only the phosphorane s truc t ure 

is observed 30 • Howe ver, s ubstituti on of the alkoxy ligands 

for the more electron-dorrating alkyl- or dialkylamino groups 

destabilizes the P{V) structure 34 • 64 • 65 • Therefore, in salution 

a fast equilibrium is observed be twe en 2 and its corresponding 
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Fig 2.10 The influence of substituents on the 

stability of oxyphosphoranes 

phosphonium structure ~·. In contrast, if two of t he dialkyl

amino groups are incorporated into a five-membered ring, only 

the phosphorane structure i can be observed, due t o a release 

in intramolecular crowding with re spect to 2 65 • 

II-4 Permutational isome rization of phosphoranes 

In general, phosphoranes have the capability of changing 

the positions of the ligands in the TBP framework, wh ich leads 

to the formation of dif fe rent permutational isomers. These 

polytopal rearrangements may occur by bond rupture s and re 

combinations invalving intermediates which differ in coordinat

ion number compared to reactants and products (irregular pro

cesses) or by bond deformations (r egular processes). The latter 

are normally observed 44 • 57 • 58 • 

A me chan ism which describes th e regular pe rmutationa l 

isome rization of P(V) compounds was first suggest ed by Berry 

to explain the positional exchange of the fluorine atoms in 

PF 5 , and is now known as the Berry pseudorotation mechanism 

(BPR) 66 (fig 2.11). A pair of equatorial ligands, e . g . i and 

~. moves in a plane and simultaneously the two apical l igands 

move in another plane, perpendicular to the fir s t one. The 

fifth ligand, the pivot i• does not participate in the posi

tional exchange. Concurrent with this, the bond distanc e s 

adjust to the new geometry . A c4v (square pyramidal) transit ion 
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Fig 2.11 The Berry pseudoro tation mechanism 

state is passed. After the BPR, the new TBP is oriented as if 

the entire molecule has rotated by 90° about the pivotal bond, 

although displacements do not involve any r o tational movement, 

herree the name pseudorotation. 

More recently another me chani s m, turnstile rotation (TR), 

has been propo sed 5 8 - 60 • 7 4 (fig 2.12). 
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Fig 2 . 12 Th e Turnstile rotation mechanism 
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The fir s t step involves a cont r acti on of the diequatorial 

angle (4)-P-(5) f r om 120° to 90° and the ligand pa ir (1 )(3) 

tilts 9° in the p l a ne P(1)(3) (2) t owards t he ax i a l li gand (2 ) 

to yield (b), wh i c h is termed the 0°-TR configur a tion . The 
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ligand pair (1) (3) rotates against the trio (2) (4) (5) leading 
to the 30°-TR configuration (d) which is the halfway inter

mediate between the two isomerie TBP configurations. Further 

rotation leads to the 60°-TR configuration (e), which throug h 

tilting of the pair (3)(1) and expansion of the angle (5)-P-(2) 

generatès thenew- TBF' -:-- The consequences of TR are a 180° ro

tation of a pair, which always contains an apical and equa

torial ligand and an opposite 60° rotation of the remairring 

trio about an axis that passes through the centra l atom. 

In terms of re s ults, the BPR and TR are equiva le nt: any 

pseudorotation can be reproduced by any of four turnstile 

rotations. However, formation of the transition state for BPR 

requires an increase in the basal-basal angle, whereas the 

transition state for TR has a 90° basal-basal angle. Another 

unique feature of the TR me chanism is the conc ept of multiple 

TR, i.e. (TR) 2 and (TR) 3 , which makes it possible to obtain 

permutational isomerization without the inclusion of high 

energetic TBP configurations. 

Quanturn mechanical calculations on acyclic phosphoranes 

cannot exclude any of the two mechanisms, although BPR seems 

to be slightly favoured~ 3 • 66 • 69 • However, for cyclic phosphor

ane s the TR aften g ives th e best explanation for the observed 

exchange processes. For example, the low activation harriers 

for permutational isomerization for compound 4 can only be 

H 

CF' H 
3 . o--" 
CF .• 

3 CF 4 
3 

0 

BPR 30 - T R 

Fi g 2 . 13 
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explained by the relatively strain-free con f igurational 

changes according to the TR process, with a favourable 30° -TR 

transition state (fig 2.13). The alternative, the BPR woul d 

lead to a transition state with considerable strain in the 

adamantoid moiety. 

II-5 Reactions of oxyphosphoFanes with proton acids 

It has been generally accepted that several oxyphosphor

anes have the capability to alkylate reactive hydrogen com

pounds. This reaction was first recognized for pentaethoxy 

phosphorane which appeared t o be a very powerful alkylating 

agent towards enols, phenols and carboxylic acids 6 • 

( Et 0 ls P + R 0 H -- R 0 Et + (Et 0 13 P = 0 + Et 0 H 

The high reactivity of thes e compounds was recently confirmed 

by 180 label experiments in which it was pointed out that the 

benzoate anion readily attacks the rather sterically hindered 

neopentyl group of a phosphorane 71 . Corresponding reactions 

have been observed for 1 ,3, 2-dioxaphospholans 8 • 9 and 1 ,3,2-

dioxaphospholens5•10. In order to get more information con 

cerning the mechanistic aspects of these reactions, a thorough 

study was performed on the reactivity, the stereochemistry and 

~· R1 = C H C H3 ( C H 2 ) 5 C H 3 ; R 2 = C 0 C H 3 ; R 3 = ph e n y I 

~· R1 = C H3 R2 = R 3 = H 

l·R1=CH3 R2 ::: COCH3 R3=P- CI-ph eny l 

Fig 2. 14 Th e overall reaction of 1, 2-oxaphospholens 

with acidic substances 
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the kinetics of 1,2-oxaphospholens with proton acids 11 - 13 • 

The overall reaction is given in figure 2.14. Reaction of~. 

in which the three alkoxy ligands have a chiral carbon atom 

linked to the P-0 bond, with acetic acid, reveals that the 

alkyl transfer proceeds with nearly complete inversion at the 

carbon a torn~ Therefore, i t may be concl-uded- that- - the transfer 

of the alkyl group to the carboxylate anion proceeds via an 

SN2 mechanism. It was also pointed out that compound 6 reacts 

instantaneously and quantitatively with carboxylic acids, 

phenols and even thiols, whereas 2 only reacts with relative

ly strong acids. In addition, substitution of the equatorial 

endocyclic methylene carbon by an oxygen atom (1 ,3,2-dioxa

phospholene) also results in a diminished reactivity. Since 

introduetion of electron withdrawing groups, which lower the 

basicity of this atom, results 'in a decrease of the reaction 

rate, the first step in the reaction is protonation of the 

apical ring oxygen atom. 

However, despite the fact that the initial step in the 

reaction is protonation of the apical endocyclic oxygen atom 

and the alkyl transfer proceeds via an SN2 mechanism, the 

overall reaction might still occur via two different pathways 

~ and bas depicted in figure 2.15. 

32 
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Fig 2.15 The two alternatives for the alkyl transfer 

mechanism 



The crucial point between the two mechanisms is the mode of 
alkyl transfer. According to ~. ring opening precedes the 

alkyl transfe r, whereas in~ the alkyl transfer occurs within 

the protonated P(V) intermediate. It is obvious that mechanism 

a can only be operative if the protonated oxaphospholene has 

a reasonable stability. Therefore, a study wa s made of the 

generation and stability of this species under low nucleo 

philic conditions. 

II-6 NMR investigations of oxyphospho~ane s in the p~es ence 

of fluo~osulphonic acid 

In order to obtain more insight into the generation and 

stability of protonated oxyphosphoranes, the first step of 

the group transfer mechanism needs to be examined preferent ial

ly, i . e . protonation of the oxyphosphorane. Therefore, nucleo

philic attack on the alkoxy l ig ands has to be suppressed. The 

best results were obtained by treating solutions of the oxy

phosphoranes ~-~ (fig 2.16) with FS0 3H. The resulting mixt ures 

were examined by means of low temperature NMR measurements. 

The 1H NMR spectrum of compo und ~ in eH 2e1 2 a t -8 0 °e 
shows a broad metho xy doublet as a result of the inhibited 

5 3 2 

---ó(TMS) 

Fig 2 .17 1H NMR spectrum of 8 in eH 2e1 2 at -95 °e 
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Fig 2 .16 Compounds investigated in the presence of FS03H 

by means of low temperat ure NMR spectroscopy 



pseudorotation at low temperatures (at -95 °e the structure 

is completely frozen; fig 2.17). 

Addition of FS0 3H results, even at -80 °e, in the immediate 

conversion of~ into the ketophosphonium ion~·; the ratio 

of 8 to 8' being dependent on the amount of FS0 3H added (fig 

2. 1 8) . 

Fig 2.18 

The 1H NMR spectrum of 8' at -45 °e (see fig 2.19) shows a 

5 3 

---~(TM S I 

Fig 2.19 1 
H NMR spectrum of 8' in eH 2e1 2 at -45 °e 
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methoxy doublet at ê 4.28 (~PH=11 Hz), a multiplet at ê 3.40-

2.38 (2H), a singlet at 8 2.88 (2H) and a singlet for the 

acetyl protons at 8 2.28. The fact that these resonances in

deed correspond with 8' is provided by means of an independent 

experiment (fig 2.20). 

0 
11 CH 
,P~ 3 Et-0-Et 

I Eto-/ · n 
E!O O 

1 7 

Et 

0 
EtO"-.._+~ 

,P CH 3 
Eto-·'/ 

, BF-
EtO 4 

18 

Fig 2.20 Reaction of 17 with triethyloxonium fluoroborate 

Reaction of diethyl phosp.honate _l2 with triethyloxonium fluoro

borate in eH 2e1 2 results in the formation of the phosphonium 

ion 18 for which the 1H NMR with respect to the 3-oxobutyl 

residueis completely analogous to ~·· Moreover, the 31 P NMR 

spectrum at -80 °e shows one signal a t 8 +45 ppm vs H3Po 4 . 

This large 31 P downfield shift is completely consistent with 

that expected for a trialkoxyalkylphosphonium salt 74 • 

However, a solution of compound~ in eH 2e1 2 shows a dif~ 

ferent behaviour on treatment with FS03H75 . Upon addition of 

les s than one equi valent of FS0 3H, the 1H NMR spec trum a t 

-100 °e shows apart from the signa ls cha ract eristic of~ the 

resonances of another spec ies which are consistent with the 
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enolphosphonium ion structure 9'. This is also confirmed by 

its 13e and 31 P spectrum (table 2.1). 

All the NMR spectra turn out to be temperature dependent 

(fig. 2.21). The 1H NMR at -70 °e shows a coalescence of the 

vinylic methyl groups of 9 and 2_', whereas at -5 0 °e the 

·- corresponding me·thoxy doub1.ets ni-erge. At more elev-ated tem

peratures (up to 0 °e) a sharpening of all signals is ob-
. 31 1 3 served. eons1stently, the P and e spectra of a mixture of 

both compounds show in the corresponding temperature range 

line broadening effects. When the temperature is raised be

yond 0 °e the equilibrium vanis hes as a consequence of an 

irreversible transformation of enol 9' into the isomerie 

ketone 12_ (fig 2.22). 

CH30 HO~CHJ 
":P-o ... 

CH3o-'/ 
CH30 g' 

Fig 2.22 Ket o-enol tautomerization of 9 ' 

Addition of one equivalent of FS0 3H to a salution of 9 

in eH 2e1 2 results in a conversion of 2. into ~· as revealed 
1 13 31 1 0 by H, e and P NMR. The H NMR at -100 e shows a sharp 

doublet for the methoxy protons and a broadened singlet for 

the vinylic me thyl groups. The line broadening of the latter 

signalis cancell ed at -80 °e (fig 2 . 23 ). This in contrast to 

the spectrum of the corresponding enol phosphate ~ which at 

-80 °e shows one broad signal whereas at 0 °e clearly two 

distinct methyl absorptions with their corresponding hyper

fine coup ling c an be distinguished . Similarly , t he 1 3e spec

trum of the mixture s hows sharp si gnals for the methoxy 

groups and line broadening for the other resona nces in the 

temperature range from -100 °e to 0 °e. Moreover, the dif

ference between the chemica! shifts of the methy l groups de-
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Compound 2_ Compound 2_' 

1H NMR o OCH 3=3.57; ~PH=13 o OH=7.92 

8 CH3=1.83 8 OCH 3=4.28; ~PH=11.5 
8 CH 3=1.95 

13c NMR 8 c 1=1Z8.7; ~Pc=3 8 c 1=138.8; ~pc=s 

8 c 2=SS.O; ~pc=1 1 8 c 2=123.Z; ~pc=9 

8 c 3=10.3; ~pc=13 8 c 3=s9.7; ~pc=s 
8 c 4=15.2 

8 c 5=14.3; ~pc=3 

31 P NMR 8 31P=-49.3 8 31 P=-1.0 
-- -

CH30 H ~H 
'-....._+ x?...-4 

CH3o-··'p-o' 2 y CH3 

CH 0/ 0 
3 3 

19 

Compound ..!_2. 

8 C~CH 3=S.60; ~PH=~HH=7 
8 OCH 3=4.28; ~PH=11.5 
8 COCH 3=2.28 

8 CHCH 3=1.73; ~PH=Z; ~HH=7 

8 c 1=2 02 .1 

8 c 2=ss.3; ~pc=s 

8 c 3=s9.8; ~Pc=? 
8 C4=25.0 
8 c 5=16.9 

8 31 P=-0.6 

Table 2-1 NMR data of the compounds 2_, 2_' and ..!_2.; 8 in ppm; J in Hz 
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- - -b(TMS) 

Fig 2. 23 1H NMR spectrum of 9' in eH 2e1 2 at -6 0 °e 

creases. Therefore, the vinylic methyl groups o f 9' apparent

ly interch ange. 

Finally, addition of more than one equivalent of FS03H to a 

solution of ~ immediately gives rise to an irreversible 

formation of ~' whi ch indicates that the described equilibr ia 

can only be operative in the absence of free protons. 

Addition of FS0 3H to a solution of .lQ_ in eH 2e1 2 at -80 °e 
shows apart from the signa ls characteristic of .lQ_ a new 

methoxy doubl e t at ó 4. 37 CipH=11.5 Hz) correspondin g to the 
enolphosphonium ion 10'. This was also confirmed by i ts 31P 

spectrum ( ó 31 P=-1.9-;pm). 

All the NMR spectra turn out to be temperature dependent 

and analogous phenomena a re observed as described for compound 

9. A coalescence of the methoxy doub lets of 10 and 10 ' occurs 
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at about -40 °e. 

Similar results are obtained for compound ll· However, 

the equilibrium betwe en the enolphosphonium ion ll' (o -OeH3= 

4.20; lrH=11.5 Hz; o 31 P=+1.0 ppm) and the neutral oxyphos
phorane appears to be slower. In this case the temperature of 

the reaction mixture has to be raised to about -20 °e in order 

to obtain a coalescence of the methoxy doubletsof 11 and 11 '. 

Addition of FS0 3H to a solution of ~ immediately results 

in a new methoxy doublet at o 4.22 ClpH=1 2 Hz) corresponding 

with the phosphonium ion~· (o 31 P=-1.5 8 ppm) which even at 

-90 °e is not completely separat ed from the methoxy doublet 

of the oxyphospho r ane . 
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The two doublets merge at -60 °e. The relatively fa s t equi

librium between the two species is confirmed by examination 

of the 31 P spectra whi ch show a rapid broadening of the 

signals at respectively 8 -1.6 and 8 -44.8 ppm on r aising the 

temperature. 

At -80 °e the 1H NMR of ..ll_ shows t-hr-e-e--dift-erent methoxy 

doublets, i.e. two equatorial (6 3.68, ~PH=14 Hz; 8 3.63, ~PH= 

12.5 Hz) and one apical (6 3.33, ~PH=10.5 Hz), ind i ca ting that 

at this temperature pseudorotation is no longer possible 

(fig 2.24). Addition of FS0 3H immediately gives rise to one 

single methoxy doublet in th e 1H NMR at a position inter

mediate between the one expected for the enolphosphonium ion 

..ll_', and the oxaphospholene ..ll_, respectively. The exact chemical 

shift is de termined by the concentration ratio of the two 

species. 

13' 

These observations indi ca te a very fast equilibrium between 

the enolphosphonium ion and the P (V) compound which also ex

plains the equilibration of the meth oxy groups at l ow tem

peratures. Moreover, at - 80 °e two separate signals are ob 

served co r responding wit h re s pe c tively the vinylic methyl 

(6=2 . 18) and the acetyl group (6=2.63), which coalescence a t 

about -50 °e. This phenomenon can be explained by assuming a 

rapid keto-enol tautomerization at more elevated temperatures, 

invalving the struct ure as depicted in figure 2 . 25 . 

eompounds 1 3 and 13' have 31 P r esonance at r espectively 8 

-30 . 5 and 6 +40 ppm vs H3Po4 . 1-lowever, th e 31 P spectrum of a 

mixture of these species shows, even a t - 80 °e, only one 

broadened s ignal at an intermediate position, which p rovides 

addition a l proof of th e indeed fast equilibrium between 13 
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Fig 2.25 Intramolecul ar keto-enol tautomerization of 13' 

and 11'· The signalis sharpened on raising the temperature. 

So far, only oxyphosphoranes in which the phosphorus 

atom is incorporated into an unsaturated five-membered ring 

are discussed. However, these compounds have the d isadvantage 

that their enolphosphonium ions which are generated after 

protonation and ring opening, have the pos s ibil ity, especia lly 

at higher temperatures, for keto- enol tautomerization. Ther e 

fore, this irreversible transformation of the enol into the 

ketophosphonium ion always competes with the described equi

libria. In order to eliminate this reaction and to verify 

the influence of the double bond on the observed exchange 

processes, the behaviour of the compounds 14 and 15 was 

examined under analogous conditions. 

On addition of l e ss than one equivalent of FS0 3H to a 
solution of li in eH 2e1 2 at -95 °e the 1H NMR shows apart 

from the signa ls characteristic of 14 the absorptions cor

responding with the phosphonium ion 14' (o oeH 3=4. 22 ppm, 

~PH=11 Hz; ö eoeH 3=2.43 and 2 .37 ppm; ö eH 3=1. 80 and 1. 57 

ppm). The 31 P spectrum of the mixture shows resonances at o= 

-54 (14) and o=-2.5 ppm (14'). On raising the temperature the 
1H NM;-indicates a very s low overlap of the two methoxy 

doublets. At -10 °e on e braad signal is observed . The acyl 

groups coa l escence at - 70 °e and the methyl groups at - 20 °e . 

However, exami nat ion of the equ ilibr ium between li and 14' is 

considerably disturbed by the rapid formation of phosphates 

above -50 °e. 

Addition of FS03H to a solution of 15 at -80 °e also 
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immediately gives rise to the formation of the phosphonium 

ion 15' (ä OCH 3=4.33 ppm, ::!_pH=12 Hz). However, on raising the 

temperature no exchange is observed between the methoxy 

doublets. Also from the 31 P spectrum no evidence is obtained 

for the existence of an equilibrium between 15 (ä 31 P=-50.7 

ppm) and 15' (ä 31 P=+0.5 ppm). 

Finally, the reactivity of compound~ towards FS03H was 

investigated, because this compo und more closely resembles to 

structure s implicated in biologica! processes. In fact, it can 

be regarcled as a hypothetical intermediate derived from the 

addition of nucleophiles to the phosphorus of pyrophosphates, 

such as ADP and ATP. Th~ phosphato ligand has a strong ten

dency towards an apical position on the TBP skeleton which 

could be veri fied by examinat ion of the temperature dependenee 

of the 1H NMR of l~ in CH 2c1 2 . At room temperature the 1H NMR 

showed apart from the resonances of the phenyl protons two 
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sharp methoxy doublets of equal intensity corresponding with 

the P(V) and the P(IV) bonded methoxy ligands. On lowering 

the temperature the signals corresponding with the P(V) part 
of the compound are rapidly broadened and split into two 

doublets, indicating that pseudorotatien of the compound is 

inhibited which indeed must result in two non-equivalent 

equatorial methoxy ligands. Moreover, the large coupling 

constants of the P(V) methoxy groups also indicate that these 
ligands preferentially occ~py equatorial positions. 

Addition of less than one equivalent of FS0 3H to a solut

ion of ~ in eH 2e1 2 at -80 °e results in a downfield shift for 

the methoxy doublets, which is most pronounced for the phos

phato ligand . On raising the temperature a coalescence of the 

methoxy doublets is observed at -SS 0 e. The 31 P spectrum of 

16 at -80 °C shows two doublets corresponding with the four-
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coordinated phosphorus (6 31 P=-7.65 ppm, ~pp=27 Hz) and the 

fivecoordinated phosphorus ( 6 31 P=-57.65 ppm, ~pp=27 Hz ) , 

respectively. Addition of FS03H gives rise to the formation 

of a new phosphorus compound at 6 +2.5 ppm, whereas the two 

doublets of the original oxyphosphorane are broadened. On 

raising the temperature to -6 0 °e the phosphorus coupling 

between the P(IV) and the P(V) part of the oxyphosphorane 

disappears, indicating a rupture of the apical P-0-P linkage. 

Moreover, the signals at 6 -7.65 and 6 +2.5 ppm coalescence. 

This process appears to be completely reversible with tempera

ture. All these observations indicate that protonation of 16 

results in an equilibrium as depicted in figure 2.26. 

II-7 Reactivity of the fluor osulphonic acid mixture of 9 

towards nucleophiles 

Whenever a nucleophilic reagent is added to a salution 

containing the enolphosphonium ion in principle two reactions 

are possible i.e. deprotonation and dealkylation. It is known 

that tetraalkoxy phosphonium ions are powerful alkylating 

reagents towards nucleophiles. Indeed, addition of tetrabutyl 

ammonium iodide to a solution of the enolphosphonium ion ~· 
r esu lts, even at -70 °e, in a rapid reaction under formation 

-1 -1 0 of the corresponding phosphate (k=21.8 l.Mol sec , - 70 e) 
as depicted in figure 2.27. It was also established that the 

reactivity of the keto- and the enolphosphonium ions ~ and 

~·, re spe c tively, towards iodide is quit e similar. 

It will be obvious that the de alkylation can only be 

suppressed by lowering the nuc leophilicity of the added sub

strate. As proton transfer reactions are much less sensitive 

towards steric c rewding than theether bimolecular reactions, 

it is expected that in parti c ular the structure of the added 

nucleophile will have a dominant role in the discriminatien 

between bath reactions. Addition of dimethyl sulphide to a 

mixture of 9 and ~·, apart from some deprotonation, main ly 
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+ 

Fig 2.27 Dealkylation of 9' 

gives rise to dealkylation of the phosphonium ion. However, 

when the same experiment is performed with the much more 

sterically hindered trimethyl amine , t he 1H NMR at - 70 °e 
shows a complete recovery of the neutral oxyphosphorane, 

indicating that deprotonation is favoured (fig 2.28). 

N (Me ) 3 
+ .... 

- HN(Me) 3 

Fig 2.28 Deprotonation of 9' 

II-8 Discussion 

As is pointed out, addition of FS0 3H to a salution of 

8 immediately results, even at -80 °e , in protonation of the 

apical ring oxygen ato m and a subsequent ring opening, 

generating the enolphosphonium ion which in turn is rapidly 

transformed into its thermadynamie more stable keto isomer ~· 
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(fig 2.29). 

fa st .... 

Fig 2.29 

In addition, when the keto-enol tautomerization is suppressed, 

a rapid equilibrium is established between the enolphosphonium 

ion and the neutral oxyphosphorane as is demons trated for the 

compounds 2_-..!l· The saturated compounds ..!_± and _!2 also give 
rise to the formation of the phosphonium ions . However, an 
exchange with the neutral oxyphosphorans is hardly, if at all, 

observed under the same conditions. 

For compounds 2_-..!l the equilibria occur in the tempera

ture range of - 80 °e to ~10 °e and the observed order for the 
reaction rat e is depicted in figure 2 . 30 . The equilibria be

tween the enolphosphonium ions and the neutral oxyphosphoranes 

can be represented by rneans of the overall equation (1) which 

must involve a birnolecu l ar proton transfer. 
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* p (IV) + 

+ 
P (IV ) 

P(V) 

CH3 

CH3o ••• f~cH3 
'P-O 

CH3o/1 
> 

OCH 3 

9 

Tc:=::::-50°C 

+ 
P(V) + P (IV) 

enolphosphonium ion 

neutra l oxyphosphorane 

)) 

0 
CH30,_ I 

'·p - o 

CH30/ I 
OCH3 

12 

( 1 ) 

) 

i i 
0~ CH3o.,_ ~~_0 CH30 ',, I 

'p-Q 'f 
CH3o/l 

) 'P-O 

CH 3o/l 
OCH 3 OCH3 

10 11 

Tc~ -40°C Tc~- 2 0° C 

Fig 2.30 The observed order for t he exchange ra tes 
of compounds 9-13 

For compound 13 a much faster rate is observed than for the 
other oxyphosphoranes 2_-_!l (k 13;k9=S. 6 x 10 3) for wh ich the 

mutua l differences in rate arerelative ly small. 

In order to ob t ain a better understandi ng of t he observ

ed phe nomena the Arrhenius parameters were determined for the 

equilibria of ~ and ~ with thei r corresponding enolphospho

nium ions from line broadening experiments (table 2 . 2) 76 • 
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Compound liHf (kJ) liSf (J/deg) liGf (kJ) k(l.Mol -1 

- 1 
,-25 oC) sec 

9 11 . 5 5 -155. 4 51.2 5.7 x 1 0 2 
-

1 3 12.40 - 75.6 31.5 3.2 x 106 
-

Table 2.2 

The large negative values for the entropy of activatien for 

these reactions indicate a rate determining bimolecular pro

cess, which involves the proton transfer step. The values for 

compound 11 are close to that found for other proton exchange 

processes 77 • The L'IHf value for 9 is also comparable, however 

its liSf value is anomalously la;ge negative. Apparently, the 

bond making and bond breaking processes for proton transfer 

in both compounds are very similar, whereas the structural 

factors to attain the transition state differ significantly. 

Sirree the starting materials and the products are identical 

(eq 1) a highly symmetrie trans ition state is expected such 

as depicted in figure 2.31, which shows the features of a 

ring-protonated oxyphosphorane. 

Fig 2.31 The p ropose9 transition state for intermolecular 

proton transfer 

I f both eno lphosphonium ions whic h are involved in the equi 

libri a are linear free l y rotati ng species one would expect 

excess loss of entropy to attain the rigid closed for m as de

picted in figure 2 . 31 . Apparently this applies toenol 9' 

which shows enhanced loss of entropy in camparisen with simple 

proton transfer reactions (v ide supra) . In contras t, the 
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normal ~:,sf value observed for the equilibrium of compound J2. 
implies a structural rigidity at the stage of the enol form 

which resembles the protonated oxyphosphorane (P(V)H+). Thus, 

compound Jl.' occurs preferentially as conformer 13 A', where

as 9' faveurs the 1 inear form 9 B' (fig 2. 32). 

9 8' 

13 A' 13 B' 

Fig 2.32 The possible conformers of the enolphosphonium 
ions 9' and 13' 

These structural differences may arise from crewding factors. 

However, in this case the reverse order for preferred geome

tries would be expected. From Dreiding models it can be shown 

that structure J2. A' is subject to more steric hindrance than 

9 A' which in part results from the smaller P(1)-C(2)-C(3) 

angle in ll A' compared to the P(1)-0(2)-C(3) angle in~ A' 

which destabilizes the eclipsed structure of the former 

speciés. The driving force to maintain this crowded conti

guration must therefore result from electronic factors. Pro

bably, the energy for J2. A' is lowered by the interaction of 

the enol oxygen with the phosphorus atom which overwhelms the 

steric crowding. Therefore, enol structure 13 A' is very 
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similar to the protonated oxyphosphorane. Apparently, for 

compound ~· steric and electronic contributions are reversed 

which results in a predominant occurrence of~ B'. As a con

sequence, the protonated farm of ll is more stable than for 

9 which also parallels the basicity of the parent neutral 

forms. 

The slower equilibrium observed for the saturated com

pounds li and 12 is now understandable on the basis of t he ir 

entropy contents. These structures possess more degrees of 

freedom relative to the unsaturated analogue as depicted in 

figure 2. 33. 

1_{ R:CH3;R':C(OlCH3 

15' R:H;R':o-N02-jl 

Fig 2.33 

+ 
This implies that the probability for P(V) to encounter P(IV) 

+ 
in its isomerie protonated P(V ) H farm decreases, which is re-

flected in a slower exchange process . 

In conclusion, the observed equilibrium of neutral oxy

phosphoranes with their corresponding enolphosphonium ions 

can best berepresentedas depicted in scheme 2.1 for 9. Ring 

closure of the enolphosphonium ion~· gives rise to the 

formation of a pentacoordinated protonated intermediate which 

transfe rs its proton to a neutral oxyphosphorane and s ubs e 

que nt ring opening of the protonated species results in a new 

phosphonium ion. 

Moreover, it was established that the vinylic methyl 

groups of~· could int~rchange in the absence of neutral oxy

phosphorane which can only be explained by as suming a s econd 
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C H3 HO-ç 
CH3-f J __ ,OCH3 CH3 0 "'-.. + CH3 ---:::... 

O-P + ,P-O ....,_ 
1 'o~-~3 CH3o -'/ 
OCH3 

CH3 o-
9 g' (A) 

:(-o H •--Ç ""'o 
CH3 I _,OCH3 + 

CH30',_ I ~ CH3 

0-P, 'P-O =-
CH3o/l I 0CH3 

OCH3 OCH3 

+ 

g'(A) 

Scheme 2.1 The equilibrium between 9 and ~· invalving 
an intermolecular proton transfer 
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equilibrium as depicted in scheme 2.2. Similar to the earlier 

described mechanism the protonated oxyphosphorane occurs as 

an intermediate which after pseudorotatien and an int~amole

cula~ p~oton t~ansfe~ gives rise to the enolphosphonium ion 

with exchange of the vinylic methyl groups. 

It should be mentioned that for compounds lQ and ll in 

principle two basic sites are present, i.e. the apical ring 

oxygen atom and the carbonyl oxygen. Protonation of either 

of these two sites eventually gives rise to the same phos

phonium atom. It is pointed out that structure I in which the 

Scheme 2 . 2 The interchange of the viny l ic methyl groups of 

9' invalving an intramol ecular proton trans fer 
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phosphorus atom retains its pentacovalent character, contri

butes significantly to the ground state of the oxyphosphorane 

(fig 2.34). Protonation of the carbonyl oxygen atom will there

fore be likely. The proposed exchange mechanism, however, re

mains valid because the pro ton transfer still has to be per-

-formed -from -the protona ted p-en tacoord i na te·d -intermedi-ate. 

This is also in agreement with the much lower rat e observed 

for compound 10 with respect to 13. Mo reover, in the proton

ated farms II (fig 2.34) a contribution from res onance sta

hilization might be expected which imp lies a stabilization of 

the protonated oxyphosphorane with respect to the eno lphos-

phonium ion. 
R' 8- R' 

13 

o+ o 
0. 

CH30 --- I ' 
'p-x R 

CH30/ I 
OCH3 

I 

R' = C H3 ; X = C H ( p C I - j6 ) 

R'= fo; X = 0 

cH3o,_ ~~" 
--p-x R' 

CH3o/l 
oe H3 

I I 

Fig 2.34 Resonance stabili zation in the unprotonated (I) 

and protonated (II) oxyphosphoranes 10 and 13 

Apparently, the observed order in stability of the proton

ated oxyphosphoranes a nti-parallels the stability rule for 

the neutral compounds (fig 2 . 30) . At this moment too little 

is known conc ern ing the e xact influenc e of the di ffe r ent 

parameters on the stability of these species in order to give 

a full e xp lanation of the observed phenomena. However, there 

seems to be a correlation between the stability of the proton

ated oxyphosphoranes and the basici t y of the neutral farms. 

Mor eo ve r, it is po int ed out that the reac tivity of~ · and its 

isomerie ketophosphonium ion 19 towards iodide is comparab le 

(section II-7). As~· is in a dynamic equilibrium with the 

corresponding protonated oxyphosphorane, whereas ~ a lways 
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will retain its phosphonium ion structure, it may be concluded 

that the reactivity of pentacoordinated protonated oxyphos

phoranes towards nucleophiles is similar as for the isomerie 

phosphonium ions. This is not surprising, as in both structures 

the phosphorus atom has a large positive charge which will be 

primarily responsible for the observed reaction rates. 

For compounds ~-~ it is established that the preferred 

route is protonation of that oxygen atom which ultimately 

gives rise to the formation of ring opened products. This may 

be due to the greater basicity of this atom, otherwise the 

formation of the acyclic phosphonium ion may be the crucial 

factor. In fact, treatment of 9 with Eu(fod) 3 shows a pre

ferred complexation with the exocyclic methoxy ligands, which, 

apart from possible steric interactions, would indicate a 

greater basicity of these groups. However, increasing the 

basicity of the exocyclic apical ligand, together with the 

leaving ability of this group as in ~. can give rise to the 

formation of a cyclic phosphonium ion which is a relatively 

high energetic compound as a result of the considerable ring 

strain. Therefore, the energy difference between the proton

ated compound and the phosphonium ion will be relatively 

small which results in a fast equilibrium. 

2 2 

23 

Fig 2.35 
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The experimental demonstratien of the existence of inter

molecular dynamic equilibria invalving protonated oxyphosphor

anes supports the intermediates which have been postulated to 

occur in the acid catalyzed equilibrium between hydroxyphos

phorane ~ and hydroxyphosphate ~ (fig 2.35) 79 • 

For tne·- occurrence of t ·h-i ·s equi1 ibrium the structure of the 

oxyphosphorane also appears to be very important. If one of 

the catechel groups of compound ~ is substituted by an ali

phatic diol it becomes much more difficult to obta i n the cor

responding oxyphosphorane and under neutral or acidic condit

ions only the phosphate is observed (fig 2.36) 91 • 

More evidence can be obtained from literature where it is 

pointed out that whenever a nucleophile is brought into the 

vicinity of a fourcoordinated phosphorus atom, a rapid intra

molecular attack can take place, generating a pent acoo rdinated 

intermediate 78 - 84 or a s tabl e oxyphosphorane 8 4 - 88 • 

The intramolecular process finds an analogue in the 

mechanism of the cyclization of benzoxazaphospholine to imino

phosphorane (fig 2.37) 90 • 

In conclusion, it is shown that protonated oxyphosphor

anes may be real intermediates. Rapid equilibria between the 

phosphonium ions and the neut ra l oxyphosphoranes can be ob

tained by implying certain structural constraints on the 

system as is demonstrated for the compounds ~-21· The relative 

stahilities of the protonated forms appear to be correlated 

with the basicity of the oxyphosphorane s. In terms of the 

group transfer reaction it may be concluded that whenever a 

l arge amount of entropy has to be released in goi ng from the 

phosphonium ions towards the protonated oxyphosphoranes, the 

forme r species will be predominantly p resent and therefore 

are like ly to control the nucleophili c a ttack. This is expect -
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Fig 2.37 

ed for saturat ed oxyphosphoranes ( e .g. 14 and lil· Also for 

compounds in which the enolphosphonium ion is rapidly trans

formed into its thermadynamie more stable keto isomer (e.g. 

~) the latter species will probably control the substrate 

transfer. In the intermediate range, rapid equilibria ar e 

observed which indicate that the phosphonium ion will always 

have some characteristics o f the P(V) structure. Although 

the reactivity of both species towards iodide appeared to be 

comparable, the two intermediates will always differ in their 

structural characteristics. In the phosphonium ion all the 

positions around phosphorus are equivalent, whereas the P(V) 

structure is characteri zed by three equatoria l and two apical 

ligands which are not identical for nucleophilic attack (see 

Chapter III). Therefore, the inclusion of P(V)-like structures 

may be an important tool in order to obtain certain sel ec tivi

ti es in the group transfe r reactions . 

II-9 Expe rimenta Z 

Apparatus 

1H NMR spectra were re corded on a Varian Model T-60 A 
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spectrometer, equipped with a Varian Model T-6080 variable 
temperature accessory. Chemical shifts are reported relative 

to TMS as the internal standard. 
31 P and 13c NMR spectra were obtained using a Varian 

Model HA-100 spectrometer with a Digilab-FT-NMR-3 pulsing 

accessory and variable temperature probe. Chemical sh ifts 

are reported relative to 85% H3Po 4 and TMS respectively as 

an external standard. 

P~epa~ations and ~eactions 

Compounds ~-12 were synthesized according to known pro
cedures. Therefore, reference shall be made to the corres

ponding literature. Furthermore, the observed NMR absorptions 

at low temperature will be presented . 

.-2, 2 ,2- t~ime thoxy-5-methyZ-2,2,3,3-tet~ahyd~o-1, 2 - oxaphos -
phoZe (§_) 

This compound was prepared by addition of methyl vinyl ketene 
to an equivalent amount of freshly distilled trimethy l phos

phite in a dry N2 atmosphere 13 • Yield 60%, bp 59-60 °C (4 mm). 
1H N/11R (CD 2Cl 2 , -80 ° C): ó 1.87 (m, 3 H, methyl H), ó 2.5 7 

(dof m, 2 H, ~PH = 19.5 Hz, methylene H) , ó 3.65 (d, broadened, 

9 H, ~PH=12.4 Hz, methoxy H), ó 4.65 (dof m, 1 H, ~PH=49 Hz, 
olefinic H). 
31 P NMR (CD 2Cl 2 , -80 °C): ó -24 . 

.-2, 2 ,2- t~imethoxy - 4 ,5- dimethyZ- 2 , 2-dihyd~o-1 , 3 , 2 - dioxaphos-
phoZene (~) 

This compound was prepared from freshly distilled biacetyl 

and trimethyl phosphite in a dry N2 atmosphere 4 • Yield 86%, 

bp 68-70 °C (1.5 mm). 
1 ( 0 H NMR co 2c1 2 , -80 C): ó 1.85 (s, 6 H, methyl H), éi 3.58 

(d, 9 H, ~PH=13 Hz, methoxy H). 
31 0 P NMR (CD 2Cl 2 , -80 C): éi -49.3. 
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.-2,2,2-trimethoxy-4-benzoy l -5-phenyl-2, 2- dih ydro-1, 3, 2- di -
oxaphosphole n e (iQJ 

This compound was obtained from reaction of trimethyl phos

phite with diphenyl propane trione 85 • How ever, distillation 

of the yellow glass whi c h e ventually is obt a ined only gave 

rise to decomposition of the product. There f ore, the s yn

thesis was performed with only a slight e xcess of trimethyl 

phosphite which after the reaction wa s c ompleted could easi

ly be remove d under reduced p ressure (0.1 mm). The produc t 

appear ed to be NMR pure and was obt a ined i n a q uantit a tive 

yi e ld. 
1 0 H NMR (CD 2c1 2 , -80 C) : 6 3.72 (d, 9 H, ~PH=13 Hz, met hoxy 

H), 6 7.45 (m, 4 H, aromatic H), 6 7. 75 (m, 6 H, aroma ti c H). 
31 P NMR (CD 2Cl 2 , -80 °C) : 8 - 49.5 . 

.-2, 2, 2- trimethoxy - 4, 5- diphenyl - 2,2 - dih y dro - 1, 3, 2- dioxaphos -
p holene (2!_ ) 

Reaction of equimolar amounts of trimethy l phosphite with 

solid benzil, followed by re c r ystalli za tion from hexane, re

sulted in a nearly quantitative yield o f the adduct 30 (mp 

47-4 8 °C) . 
1H NMR (CD 2c 12 , -8 0 °C): 8 3 . 76 (d, 9 H, ~PH= 1 3 Hz , me t hoxy 

H), 8 7.18 and 7.07 (m, 10 H, aromatic H). 
31 0 P NMR (CD 2Cl 2 , -80 C): 6 - 49.8 . 

._ 2 , 2, 2- t r imethoxy - 4 , 5- ( 2 ' , 2 " - bipheny l e n o ) - 2, 2- dihydr o - 1, 3 , 2-
dioxaphospholene (~) 

Th is compound was prepared accord ing to t he proced ur e of 

Ramirez 3 0 fr om trime thyl phosphite and phenanth r eneq uinone. 

However, afte r the rea ction wa s completed the salution r e 

t a ined it s r ed - br own co lour. Therefo r e , s eve r a l r ec r ysta lli

za t ions fr om he xa ne had to be performe d in orde r t o obtain 

t he pur e and co l ourl ess product . Yie l d 50% (mp 71- 73 ° C) . 
1 0 H NMR (CD2Cl 2 , - 80 C): 6 3 . 72 (d, 9 H, ~PH=1 3 Hz, methoxy 

H), 8 7.93 (m, 8 H, aroma tic H) . 
31 0 P NMR (CD 2Cl 2 , - 80 C): 6 - 44. 8 . 
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»-2,2,2-trimethoxy-3-(p-chlorophenyl ) -4-acetyl-5-methyl -
2,2,2,3-tetrahydro-1,2-oxaphosphole (13) 

Addition of trimethyl phosphite to an equivalent amount of 

3-(p-chlorobenzylidene-2,4-pentanedione (prepared from p

chlorobenzaldehyde and 2,4-pentanedione) in dry CH 2c1 2 (~ 

0.5 M) resulted after ___ ihree days of reaction äf--ro-orii tempera-

ture and subsequent recrystallization from hexane at 0 °e in 

the formation of the pure adduct 11 • Yield 90%, mp 62-63 °e. 
1 0 H NMR (CD 2C1 2 , -80 e): 8 1.95 (s, 3 H, acetyl H), 8 2.55 

(d, 3 H, IHH=1 Hz, ring methyl H), 8 3.33 (d, 3 H, IpH=10.5 
Hz, apical methoxy H), 8 3.63 (d, 3 H, IrH=12.S Hz, equatorial 
methoxy H), 8 3.68 (d, 3 H, 2rH=14 Hz, equatorial methoxy H), 

8 4.17 (dof q, 1 H, 2rH=23 Hz, 2HH=1 Hz, ring methine H), 
8 7.33 (m, 4 H, phenyl H). 
31 P NMR (CD 2Cl 2 , -80 °C)) 8 -30.5. 

»-meso-2,2,2-trimethoxy-4,5-dimethy Z-4,5-diacety Z-1,3-di oxa -
phospho Zane (l_i) 

Reaction of adduct ~ with biacetyl yields after distillation 

a mixture of diastereomeric 2:1 adducts 92 • Pure product with 

the meso confi guration was obtained by fractional cr ystalli 
zation from penta ne . Yield 40%, mp 31-32 °C. 
1 0 H NMR cco 2c1 2 , -80 C): 8 1.40 (s, broadened, 6 H, acetyl 

H), 8 2.32 (s, 6 H, met hyl H), 8 3.58 (d, 9 H, _!.pH=1 2.S Hz, 
methoxy H). 
31 0 P NMR (CD 2c1 2 , -80 C) : 8 -54. 

»-me so-2, 2 , 2-t r imethoxy -4,5-di -o-nitrophenyl - 1,3, 2-dioxa-
phosphoZane (]__§_) 

Addition of trimethyl phosphite to a solution of o-nitro

benzaldehyde in dry CH 2Cl 2 (1 M) at 0 °C gave ris e to the 
formation of the dioxaphospholane 33 • Th e pure mes o configurat 

ion was obtained by re crys t a llizat ion from benzene-hexane. 

Yield 50%, mp 120 -121 °c. 
1 0 H NMR (CD 2Cl 2 , -80 C): 8 3.75 (d, 9 H, _!.pH=12.5 Hz, methoxy 

H), 8 6.13 (d, 2 H, 2rH=12 Hz, ring meth ine H), 6 7 . 60 (m, 
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8 H, aromatic H). 
31 0 P NMR (CD 2Cl 2 , -80 C): 6 -50.7 . 

.-2,2-dimethoxy-2-dimethyZphospha to-4-benzoyZ-5-pheny Z- 2, 2-
dihydro-1,3,2-dioxaphosphoZene (~) 

In order to obtain compound ~ the dimethylphosphorous di

methylphosphoric anhydride had to be synt hesized first. Addi

tion of dimethyl phosphorochloridite (prepared from phosphorus 

trichloride with methanol in the presencc of diethyl aniline 

in ether) 93 • 94 to an equimolar salution of the sodium salt of 

dimethyl phosphate (prepared by treatment of trimethyl phos

phate with an alcoholic sodium hydroxide solution) 95 in ether 

resulted in an exothermic reaction with formation of sodium 

chloride. The mixture was stirred for 2 hr at room tempera

ture. The sodium chloride was filtered off with suction and 

thoroughly washed with ether. The ether was removed under 
reduced pressure and the residue was submitted to short path 

destillation (bath temperature ~ 90 °C). The yield was near

ly quantitative (bp + 70 °C, 0 .05 mm). 

~MR (CDC1 3 , 35 °C) : 8 3.5 7 (d, 6 H, ~PH=10.8 Hz, phosphite 

methyl H), 6 3.75 (d, 6 H, ~PH=11.4 Hz , phosphate methyl H). 
Compound 16 was obtained as follows. A salution of 2 .86 g of 

diphenyl propanetrione in 4 ml of anhydrous CH 2c1 2 (3 M salut

ion) was added dropwise toa salution of 2.33 g of dimethyl

phosphorous dimethylphosphoric anhydride in 1 ml of CH 2c1 2 
(12 M solution) at 0-5 °C with stirring under N2 . After the 

reaction was completed, the salution became yellow and t he 

solvent wa s removed at 20 °C under reduced pres s ure. The pro

duct could not be distilled but appeared to be NMR pure. 
1 0 H NMR (CDC1 3 , 35 C): 6 3.70 (d, 6 H, ~PH= 1 1 .25 Hz, P(IV) 

methoxy H), 8 3.87 (d, 6 H, ~PH=15.75 Hz, P(V) methoxy H), 
6 7.35 (m, 6 H, aromatic H), 6 7.80 (m, 4 H, aromati c H). 
1 0 H NMR (CD 2Cl 2 , -80 C): 8 3. 75 (d, 6 H, ~PH= 11. 25 Hz , P(I V) 

methoxy H), 6 3.90 (d, broadened, ~PH=15. 7 5 Hz, P(V) methoxy 

H), 8 7.47 (m, 6 H, aromatic H) , 6 7.85 (m, broadened, 4 H, 

aromatic H). 
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31 0 P NMR (CD 2c1 2 , -80 C): 8 -57.66 (d, ~pp=27 Hz, P(V)), 8 

-7.65 (d, ~pp=27 Hz, P(IV)) . 

.-t~iethoxy-3-oxobutyZ-phosphonium fZuo~obo~at e (~) 

In ox.de.r.--t-o obtain compound ~ 3::o.x:Qbutyl phosphonic acid 

diethyl ester (12) and triethyloxonium fluoroborate had to 

be synthesized first. The diethyl phosphonate (12) was ob

tained as follows. Addition of an equivalent amount of acetic 

acid toa salution of 2,2,2-triethoxy-5-methyl-2,2,3,3-tetra

hydro-1,2-oxaphosphole in hexane (! 0.1 M solution) resulted 

in an exothermic reaction with formation of ethyl acetate 

and 12· After evaporation of the hexane the residue could be 

distilled to give pure 17 in a nearly quantitative yield. 
1H NMR (CDC1 3 , 35 °C): ~-1.27 (t, 6 H, ~HH=7 Hz, ethoxy me

thyl H), 8 ca 1.90 (m, 2 H, PCH 2), 8 2.15 (s, 3 H, CH 3CO), 8 

ca 2 . 7 1 ( m , 2 H , C H 2 C 0 ), 8 4 . 0 7 ( d o f q , 4 H , ~pH= ~I-lH = 7 H z , 
ethoxy ethyl H). 

Triethyloxonium fluoroborate was prepared by reaction of BF 3-

etherate with epichlorohydrine in diethyl ether 96 • Reaction 

of equivalent amounts of 12 and triethyloxonium fluoroborate 

in dry CH 2Cl 2 (0.1 M so l ution) r e sulted afte r s eve ral hours 

of reaction at room temperature in the formation of the phos

phonium ion 18. The pure compound could be isolated by pre

eipitatien in ether, foliowed by severe washing with ether. 
1 0 . -H NMR (CH 2Cl 2 , 35 C) . 8 1.47 (t, 9 H, ~HH-7 Hz , ethoxy 

methyl H), 8 2.21 (s, 3 H, CH 3CO), 8 2.7 8 (s, 2 H, CH 2CO), 

8 3.25-2.30 (m, 2 H, PCH 2), 8 4 .55 (d of q, 6 H, ~PH=~HH=7 Hz , 
ethoxy ethyl H) . 

.-dime t hyZ -2-(3-hy d~oxy but-2- e ny l Jp hosphate ( 2 1) 

In order to obtain compound ll 2-methoxy-4,5-dime thy l-2,3-

dihydro - 1,3,2-dioxaphosphole 2- oxide (lQ) had to be synthe 

sized first according to the procedure given by Rami ~ez 9 7 

from ~ and acetyl bromide. When 20 was allowed to react with 

one equiva lent of methanol in CH 2Cl 2 a t 0 °C (1 M s o lution ) 
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the initial formed product was ll which eventually is trans

formed into its more stable keto isomer. 
1H NMR (eo 2e1 2 , -10 °e): 6 1.87 (m, broadened, 6 H, methyl 

H), 6 3.82 (d, 6 H, ~PH=11.5 Hz, methoxy H), 6 6.5 (s, broaden-

ed, H enolic H) . 

._spectroscopie study of the re a ct i o n s of comp o u nds 8-16 with 
FS0 3H in CH 2 Cl 2 

Fluorosulphonic acid was distilled at atmospheric pressure 

under astreamof dry nitrogen (bp 167 °e). Due to the high 

hygroscopic character of this acid, the starage time is 

limited and mainly freshly distilled acid was used. For all 

the compounds investigated 1 M solutions were made in eH 2e1 2 
and an aliquot (~ 0.4 ml) was transferred to an NMR sample 

tube, after which it was cocled to -80 °e. Next, approximately 

one half equivalent of FS0 3H was added to the salution and 

after thorough mixing the NMR spectra of the sample were in

vestigated in the temperature range of -80 to -10 °e. Moreover, 

it should be mentioned that product formation and keto-enol 

tautomerization could never be completely eliminated and 

therefore, especially at higher temperatures, the measurement 

times were limited. For this reason, several aliquots of each 

compound were investigated independently. 

The activatien energy for the equilibrium between 9 and its 

enolphosphonium ion was determined from line broadening 

measurements of the methoxy doublets of both compounds in 

the temperature range of -50 °e to -15 °e in which a 

coalescence of these signals was observed. This experiment 

was repeated for a large number of independent samples in 

order to eliminat e secondary effects due to decomposition as 

much as possible. All the estimated data appeared to be in a 

very goed agreement. The activation energy for the equilibrium 

between 13 and its enolphosphonium ion was determined from 

line broadening measurements of the 31 P ~MR signal in the 

temperature range of -90 °e to -60 °e. 
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.-kinetics of the reaction of tetrab u tylammonium iodide with 
a mixture of~· and ~in CH 2cz 2 

Tetrabutylammonium iodide was prepared by refluxing a mixture 

of equivalent amounts of tributyl am ine and butyl iodide for 

15 hr. The product__was recrystallized from m~t_h_Ll acetate. 

Addition of one equivalent of FS03H to a salution of 9 in 

CH 2c1 2 (0.33 M solution) at -80 °C gave rise to the formation 

of 9'. On gentle warming of the salution 9' was slowly con

verted into its keto isomer 19. This process could easily be 

foliowed by examination of the 31 P NM R spectra at different 

time intervals. When approximat e ly equal amounts of~ · and 
19 were obtained one equivalent of tetrabutylammonium iodide 

was added at -80 uC and the reaction was followed by means of 
31 P NMR. It was clearly demonstrated that 9' and 19 were con

sumed at a comparable rate. 

From the 1H NMR spec tra the rate constant for the reaction 

of 9' with tetrabutylammonium iodi de could be determined by 

estimating the relative amounts of phosphate and phosphonium 

methoxy doublets at different time i ntervals. 
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CHAPTER 111 

- - ---- -- -- -- -- ---- Gr-o-ttp transfer reactions via 

pentacoordinated phosphorus coiDpounds 

III-1 Introduetion 

As is pointed out in the previous Chapter pentavalent 

phosphorus intermediates might be the reactive species in 

group transfer reactions which implies the introduetion of 

selectivity in these types of reactions due to the structural 

characteristics of the trigonal bipyramidal configuration. 

Distinction can be made between two sets of bands with con

siderably different properties, i.e. three equatorial and two 

apical ligands which will therefore show different probabili

ties for nucleophilic attack. 

From qualitative and quantitative MO considerations 1 > 2 it 

can be deduced that the electronegative substituents are 

placed in the apical position, whereas the electron-donating 

substituents are in a basal position from which backbonding 

towards the phosphorus atom is more efficient. Hence, it is 

expected that a group occupying an equatorial site is more 

activated towards nucleophilic attack. 

+ 
HOR 

RO._ I) 
·-P-OR 

x::-..R~/1 
OR 

0 
11 

~RX + P(0Rl 3 + ROH 

This implies that the driving force for group transfer is 

the generation of a P=O bond from one of the equatorial ligands 

with a concomitant apical expulsion of the best leaving group. 
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In order to verify the proposed mechanism experimentally, 

reactions have to be stuclied of oxyphosphoranes in which the 

apical and equatorial positions are substituted with different 

groups. Moreover, the exact position of the ligands on the 

TBP fr amework at the moment of the nucleophilic a ttack must 

be known with certainty which implies that permutational 

isomerization of the oxyphosphorane has to be suppressed. 

This can be achieved by implying certain structural c onstraints 

on the system and/or by the introduetion of a lar ge d ifference 

in the apicophilic ity of the ligands. Examples of these types 

of re ac tions will be given in thi s Chapter. 

III-2 React i vity of pen t ava lent phosphorus compounds towa rds 

nucle o p hiles 

A. Re actions with the tricyclic cation H[P(OCH2CH 2) 3N]+BF 4-

Re c ently, Ve r k a de e t al. 3 - 6 r e port ed the synthesis of 

a new polycyclic species 2 according to the following proce

dure: 

+ 
H [P(OCH2 CH2!3 N] BF4 

2 
R: Me. Et 

Ment io n s hould be ma de o f the ve r y h igh ba s ic ity of the phos 

pha trane l whi ch is demonstra ted by the fact that the r eaction 
+ -with R30 BF 4 produces the protonated species I rathe r than 

R[P(OCH 2CH 2) 3N]+BF 4- which is normally e xpected from trialkyl 

phosphites 7 • This i s probab ly due t o a repul s ive in te r ac ti on 
of the l a r ge ly unhybr id i zed 2p l one pa ir orbit a l on each 

oxygen with the phosphorus l on e pa ir whi ch is made mor e effect

ive by the presence of the nitrogen atom in the cage forcing 

the interacting orbitals in a more orthogon a l relationship 

with one a nother 5 • 
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from X-rBy crystallographic dcterminations 1 it could be 

estahli5hed that the phosphorus atom in compound 1 has a 

ncarly perfect trigon;ll bipyr<J.midal canfiguratioa with 0-P-0 

angle~ of 120°, 0-P-N angles of 87° <J.nd a 11-P-N angl e of 172° 

(fig.~.l). 

Fig 3.1 Trigonnl bipyramldal configuration of compound! 

Apparcntly, whcn thc phosphorus lone pair is strongly polar

ized by a positively charged l.ewis ncid (H+) a well-dev~dopcd 

transannular P ·> N bond is formed (a si mi 1nr structure is ob
:;;eTved WhBil j[+ is replaced by the electron Wi thdrawing C~ 3 + 

group). The structural assignment of 1 is <J.lso in agreement 

with the spectroscopie charactcristics of the compound (table 

3. 1), The prr.:'Sence of a lr1-1 coupl:ing of 7'l0 Ilz faund in the 

-~ 1 r spectrum and of 780 Hz as Jcmonst.rntcd in thc 1H NMR i~ 
+ 

low comparcJ to 1hosc for the tetravalent structures HP[OMe) 3 
(826.2 Hz) anJ HP(OCI·I~) 3 0Me (899.2 llz). This i.JJdicatcs a com

parable low degree of s character in the P-Il linkage of ~ con

sistent with a tricyclic structurc in whlch the proton is 

located on the axis of a trigonal bipyramiJ. Morcovcr, the 
13c NMR of 2 shows a caupling of the NCH 2 group with thc 

phosphorus at.om C:!:pc=l'\ llz), due to the presence of t.hc P-+ N 

bond. In adJition, CND0-2 calcuJntions" indicate that thc tri-

gonal bipyramiJal çonfiguration ~is 296.4 kJ/mol lowcr in 

cncrgy thnn thc correspondi.ng phasphonium structurc 3. 
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It rnay be concluded that pcntacoordination of phosphorus is 

promoted whenever a nucleophilic group is located near an 

clectron-deficient phosphorus atorn, which is also in agree

ment with the results of the experiment5 de!cribed in Chapter 

II. 

The reactivity of compound ~ towards nucleophiles was 

investigated~. On Bddition of one equivalent of LiOMe to a 

salution of l in CH 3CN an instantaneous disappearance of the 

salt l Is observed. Also the reactivity towards acetate is 
vory high. With the much less nucleophilic tosylate or dimethyl 

phosphate anions no reaction is ohserved. In principle, two 
sites of the molecule are susceptible for nucleophilic attack 

as depicted in figure 3.2, i.e. the pseudo-equatorial methylene 

carbon (reaction A) or the pseudo-apical methylene carbon 

{reaction B). 

A B 

Fig 3.2 The two possible sites for nucleophilic attack 

of compound ! 
The products of the reaction were investigated hy means of 111, 
13c and 31 p NMR spettroscopy (table 3.1). These data clc~rly 
indicate that the reattion has occurred according to path A 

(fig 3.2). 1~e preferenee for this resetion is discussed in 
the scqucl. The 31 r shift is in agreement with that expected 

fora dialkyl hydragen phosphite, whereas reactian B would 

have resultcd in a new pentacoordinated phosphorus compound. 

~loreover, the 13c spectra show no coupling of the pho~phorus 
atam with the NCII 2 group which implies a disruption of the 
P .. N linkage. 

Mention should bc made of the fact that in the resetion 
with LiOMe the P-H bond remains intact which offers additional 

proef of the electron-donating character of thc nitrogen atom 
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" CJl 

Com_eound 

31 P NMR 

13c NMR 

1H NMR 

x
o r 

H-~~ ,P-N+ 
Ó- \ ~) ·t-J2 

1 
2 

2 
-

13 -19.9; l_pH=790 

o c 1=61.o; l.pc =11 

o c2=4 9.4; l.pc=13 

o P-H=5.9; l_pH=780 

13 H-C 1=4.2; l.pH=14; 

l.HH=ó 
13 H-C 2=3.4; l.pH=6 .2 

l_HH=ó 

4 

x 

4~ 

!!_ X = OMe 
2. X= OAc 

13 +4 .4; l_pH= 740 

o c 1=68.6; l.pc=1 0 
o c 2=56.0 

13 C3=60.4 

o c4=60.7 

13 X=58.3 

13 P-H=6.6; l_pH= 740 

o H-C 1=4.0 

o H-C 2=2.8 

o H-C 3=2.8 

13 H-C 4=3.5 

5 

13 +5. 7; l_pH=730 

13 c1=68.3; l.pc=9 
13 C2=56.4 

o C3=60 .2 

13 c4=61.8 

o X= 2 1 . 2 (Me ) ; 174 .9 (C =O) 

o P-H= 6 . 6 ; l_pH= 730 
13 H-c 1=4 . o 

13 H- C2=2. 9 

13 H-C 3=2.9 

13 H-C 4=3.5 

Tabl e 3.1 NMR data of the compounds 1, i and ~; 13 in ppm; J ih Hz 



towards the phosphorus in 2 reducing the acidity of the proton. 

B. Reactions with neutral oxyphosphoranes 

It has been shown that derivatives of the 1,3,2-dioxaphos

pholene and 1,3,2-dioxaphospholane ring systems, with three 

additional alkoxy ligands attached to the pentacoordinated 

phosphorus atom, undergo relatively rapid permutational isomer

izations. Therefore, from the products formed in the group 

transfer reactions no information can be obtained concerning 

the position of nucleophilic attack. Apparently, a preferred 

orientation of the oxyphosphorane has to be attained which is 

possible by the introduetion of a difference in the apico

philicity of the ligands attached to the P(V) 10 atom. One 

compound which fulfils the necessary requirements, namely ~. 

is already described in the previous chapter and is obtained 

according to the procedure as depicted in figure 3.3. 

f 
0 0~ p 

y( )l_ /{3 CH30 ·-, I }---\ 
î( Î( ---1.,._ 'P-O ~ 

O O CH3o/l 
o"-P/o 

Fig 3.3 Preparation of the oxyphosphorane 6 

Because of the high tendency for the phosphato ligand to 

adopt an apical position structure 6 will be the pteferred 

isomer. This is attested by the large coupling constant ob

served for the P(V) methoxy doublets (~PH=15.75 Hz) indicating 

a preferenee for the equatorial positions and the obtainment 

of the frozen structure at low temperatures, consistent with 

a relatively high harrier for permutational isomerization. 

Addition of one equivalent of pyridine to a salution of 

6 in CHC1 3 gives rise to a reaction as depicted in figure 3.4. 

A nucleophilic attack takes place at the equatorial methoxy 

77 



0 
- 11 o P (oe H3 l2 + 

Fig 3.4 Nucleophilic attack of pyridine on the equatorial 

methoxy ligand of compound ~ 

ligand, foliowed by P=O bond formation and a concomitant apical 

expulsion of the phosphato ligand. Furthermore, it should be 

mentioned that a subsequent dealkylation of compound 2 with 

pyridine is observed, generating the corresponding anionic 

cyclic phosphate. 

Attempts were made to synthesize other oxyphosphoranes 

suitable for the investigation of the equatorial group trans

fer. Replacement of the apical phosphato ligand by an acetyl 

group is among the possibilities. However, reaction of di

methylacetyl phosphite with methyl vinyl ketone does not result 

in the formation of the pentacoordinated compound. Instead, 

rearrangement occurs leading to the unsaturated phosphate ~. 

presumably via a phosphonium ion generated after ring opening 

of the P(V) intermediate (fig 3.5). Similar reactions are 

known in the literature 11 , where it has been pointed out that 

both the rate of formation of the intermediate p entacovalent 

compound and its breakdown, with formation of the unsaturated 

phosphate increase when the phosphorus atom is surrounded 

with increasingly electron-donating substituents. In the 

reaction of diethylace tyl phosphite with 2,3-butanedione the 

pentavalent compound appears to be sufficiently stable to be 

detected by means of 31 P spectroscopy. There fo r e, the same 

reaction was carried out in the presence of sodium iodide 

where upon working-up of the reaction mixture, sodium acetate, 

ethyl iodide and the cyclic phosphate 9 were detect ed among 

78 



+ ... 

... 

Fig 3.5 Rearrangement of the inte rmediate oxyphosphorane 

into the more stable phosphate ~ 

the products, which result strongly indicates a reaction as 

depicted in figure 3.6. 

+ Na! 

_ ___.,..,._ E t I + cH3Xo"PI'o 

CH3 0 / "-oEt 
+ 

9 

Fig 3.6 

The fact that the intermediate oxyphosphorane reacts with 

iodide with e xpulsion of the acetate g roup in stead of apical 

ring opening is expec ted in view of the greater stability of 

the acetate compared with the enolate anion 10. 

The s ynthesis of 1 H-1 ,3, 2-diazaphospho l e derivatives 
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10 

published recently 12 is believed to occur via a nucleophilic 

attack on the equatorial methoxy ligand of an initially formed 

pentacoordinated intermediate. Moreover, the reac tion of a 

spiro-oxyphosphorane containing an acyloxy ligand with a 

secondary amine described by Burgada et al. 13 in fact provides 

an exarnple of an equatorial acyl transfer reaction (fig 3.7). 

+ 

Fig 3. 7 Equatorial acyl transfer as proposed by Burgada et al. 

III-3 Molecular orbital calculati ons on a p entava l e nt phos 

phorus compound 

In order to de rive a semi-quantitative basis of the 

mechanism for group transfer reactions via P(V) structures, 

Extended Hü c kel (EH) calculations were perforrned on the model 
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substance ~ (fig 3.8). The leaving ability of one of the 

apical ligands (the endocyclic oxygen atom) is increased by 

protonation of this group in analogy with the experiments 

described in Chapter II. 

The EH method for obtaining molecular orbitals as linear 

combinations of atomie orbitals has been successfully applied 

toa multitude of molecules in recent years 14 - 16 . The theory 

has the advantage of taking into account bath cr- and w-electrons 

and of being applicable to any geometry and to very large 

systems. In this method only the valenee orbitals are consider

ed. The orbitals parameters employed for the EH theory, namely 
the valenee state ionization potentials and orbital exponents, 

are the same as those used for other molecular orbital studies 

on phosphorus compounds 16 . As a first approximation the geo

metry for compound ~ Has derived from X-ray crystallographic 

structure determinations on analogous ne utral oxyphosphor
anes17•16•19. Subsequently, small alterations in bond dis

tances and angles were performed until a minimum was reached 

for the calculated energy. The optimized geometry is depicted 

in figure 3.8 A. The calculated charge densities on the dif

ferent atoms in this structure are shown in figure 3.8 B. 

The equatorially bonded methy l groups appear to be sligh tly 

more positive than the apical ones. A much greater difference 

in charge density is observed between the apical and basal 

A 

+ 0.40 

+o.2êH ,+:)+0.3 1 

I 3 0-o.os '\. '\. 

I " +0.4 1 
-0.470, 

-- +o.77 
'P--O 

CH3 ./I -0.41 

+ o.2s '---0 ' 
-0.45 

0 -0.69 

'CH 3 
+ 0.23 

B 

Fig 3.8 The optimized geometry and the calculated 

charge densities of compound 11 
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oxygen atoms of the exocyclic ligands which is consistent 

with the fact that electron density accumulates at the apical 

positions. Therefore, it is expected that the equatorial 

methoxy ligands are much more susceptible for nucleophilic 

attack because their corresponding oxygen atoms are much more 

capable to incorporate the·negative charge generated-1:-n the 

transition state of the SN2 process. Furthermore, the overlap 

populations of the different bands involved were calculated 

by multiplying the off diagonal elements of the overlap ma

trix with the corresponding elements of the bond order matrix 

and adding the different terms belonging to one bond 20 (fig 
3. 9). 

H 

C H 3'o 0.14 '\.'\.' . , o 
0.52/ 6 "\ 

0 10.70 
3 '~07 0.55 

--P-- 0 
CH3::-:::-_ ,_, 11 1.02 4 

0.52 0 0.82 
2 

50"'ss 
CH3 

n overlap- populations 

p ( 1 ) - 0 ( 2) 0.37 
P(1)-0(3) 0.38 
p ( 1 ) - 0 (I.) 0.1.5 
p ( 1 ) - 0 ( 5) 0.21 
p ( 1 ) - 0 ( 5 l : 0.26 

Fig 3.9 The total and n-overlap populations of the 

different bands of compound 11 

The figures obtained for the equatorial 0-C bonds are some
what lower than for t he apical ones indicating that the farmer 

are looser bands. Moreover, the over l ap populations of the 

apical P-0 bonds are lower than for the equatorial ones which 

results in a preferenee for a group to leave the trigonal 

bipyramida l configuration from an apical position. In addition, 

the n-overlap populations in the bas al P-0 bands are consider

ably greater than in the apical bonds which illustrates the 

enhanced capability for equatorial ligands to form 2p ~ 3d 

donor n bonds. 
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III-4 Discussion 

The experiments described demonstrate that whenever 

group transfer involves a pentacoordinated phosphorus com

pound, the equatorial bonded substituents are much more sus

ceptible for nucleophilic attack. Although molecular orbital 

calculations of the EH type must be taken with some reser

vation, the results described in Section II I -3 can neverthe

less be regarcled as an additional support of the mechanis m. 

Obviously, the driving force for group transfer reactions is 

the generation of a P=O bond from one of the basal ligands 

with an accompanying departure of one of the apically bonded 

groups. In this respect it is worthwhile to mention the ana
logy with the phosphorylation reactions which are known to 

involve the initia! formation of a trigona l bipyramidal inter

mediate. The mechanism of for instanee the hydralysis of 

methyl ethylene phosphate has been thoroughly investigated by 

WestheimeP 21 (fig 3.10). An initia! apical attack of water on 

the phosphorus atom of ll yields the P(V) intermediate 11· 
Subsequent proton transfer to the apical endocyclic oxygen 

followed by P=O bond formation from the equatoria l anionic 

oxygen li gand and ring opening gives rise to the phosphate 

li· However, pseudorotatien may preeede the ring opening 

leading to intermediate ~ in which the protona ted apical 

methoxy ligand is now the best leaving group and therefore 

results in the formation of the cyclic phosphate 12· Obvious
ly, for group transfer as well as for phosphorylation the 

same general rules are applicable, i . e . groups a lways enter 

and leave from an apical position and P=O bond formation is 

generated from the equatorial oosition which is in agreement 

with the electronic characteristics of a P(V) structure. 
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1 3 

1 7 

Fig 3.10 Mechanism of the hydralysis of methyl ethylene 

phosphate in acidic solution 

III-5 Experimental 

Preparations and re actions 

a- I - phospha- 5- aza-2 , 8 , 9 - trioxabicy clo [3 . 3 . 3 ]undecane (1) 

Thi s compound was prepared according to the procedur e given 

by Verkade 6 • A salution of 3.25 g (21.8 mmol) of triethanol 

amine in 13 ml of chloroform diluted to 95 ml with dry toluene 

and a solution of 3.9 g (23.9 mmol) of tris(d i met hy lamine)

phosphine (prepared f rom PC 1 3 a nd dimethyl amine) i n 85 ml of 

dry toluene were added simulta neo usly over a 80 min period to 

110 ml of refluxing t oluen e . Th e mixture was s ti rred for an

other two hours and subs equently cooled. The whole procedure 

wa s c arri ed out under a continuous fl ow of dry nitrogen. The 
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product Cl) could not be isolated and therefore the crude 

material was used for further reaction . 

.-J-H-1-phospha-5-aza-2,8,9-trioxatricyclo [3. 3.3.0Jundecane 
fluoroborate (~) 

For the synthesis of~ a salution of 4.94 g (26 mmol) of tri

ethyloxonium fluoroborate in 43 ml of dry acetonitrile was 

added to the reaction mixture of 1 at room temperature under 

a stream of dry nitrogen. After 45 min of reaction the pre

cipitated polymer along with the reaction product were filter

ed and the solid washed with successively two 11 ml portions 

of hot acetonitrile (distilled from CaH 2) and an 11 ml portion 

of acetone. The solvent was removed in vacua. From the residue 

a concentrated salution in acetonitrile at room temperature 

was prepared after which dry diethyl ether was added until 

the polymerie materials precipitated which were removed from 

the .solution. This methad was repeated until the pure product 

precipitated, which eventually was recrystallized from a hot 

acetonitrile solution. Yield 0.5 g (8.7%) . 

.-Reactions of compound~ wi t h nucleophile s 

As a typi ca l example 0.07 g (0.26 mmol) of~ was dissolved in 

250 wl d-acetonitrile in an NMR sample tube and warmed to 

35 °C. To this salution 0.021 g (0.26 mmol) of sodium acetate 

was added and the reaction was foliowed by means of 1H NMR 

which was characterized by the appearance of a new P-H dou

blet ClrH=730 Hz) and a simultaneous decrease of the original 

doublet. Similarly, with the much stronger nucleophilic rea

gent lithium methoxide an instantaneous reaction was observed. 
13 31 After the reactions were completed, C and P spectra we re 

reearcled from which the structure of the products could un

ambiguously be established . 

.-Reactions of compound~ wit h pyridine 

The preparatien of 6 is des~ribed in Section II-9. 
1H NMR (CDC1 3): o 3.65 (d, 6 H, lrH=11.25 Hz, P(IV) methoxy 
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H); ê 3.82 (d, 6 H, l_pH=15.5 Hz, P(V) methoxy H); ê 7.28 (m, 

4 H, aromatic H). 
From a salution of 0.444 g (1 mmol) of~ in 1 ml of ene1 3 a 

250 ~1 was transferred to an NMR sample tube and warmed to 

35 °e. To this salution 31 ~1 (0.25 mmol) of pyridine was 
- -acfae_d __ äTid · the reaction was followed by means of 1H NMR. After 

one day of reaction the pyridiniummethyl cation could be 

clearly distinguished in the spectrum, tagether with the 

methoxy doublet corresponding with the dimethylp hosphate 

anion (ê 3.60, l.pH=11 Hz). Moreover, it should be noted that 
the obtained cyclic phosphate methyl ester 7 was also de

alkylated by pyridine. 

*-(3-ace t yZ-but-2-enyZJ phosp hate dime thyl ester (i J 

Acetyl dimethyl phosphite was prepa red according to the methad 

of Pet ro v 22 from dimethyl phosphorochloridite and sodium ace

tate. A mixture of 25 g (0.164 mol) of acetyl dimethyl phos

phite and 11.5 g (0.16 4 mol) of methyl vinyl ketene was heat

ed tagether for 24 hr at 90 °e under nitrogen. The resulting 

mixture was distilled to yield ~ ( 29 .1 g, 80% of theory; bp 

90 °e (0.2 mm)). 
1H NMR (CDC1 3): ê 1.93 (dof doft, 3 H, l_pH=5 Hz , l.cH C=CH= 

l.eH =CCH =1.2 Hz, ring methyl H); á 2.12 (s, 3 H, acetyi H); 
3 2 

á 2.47 ( dofdof q, 2 H, l.pH=22 Hz, 

eeH =1.2 Hz, methylene H); á 3.62 (d, 
. 3 

H); á 4.97 (doft of q, 1 H, l.pH=7.5 

l.cH C=eH=1.2 Hz, olefinic H) . 
3 

l.eHCH =7 · 5 Hz, l.cH e= 
2 2 

6 H, l.pH=11 Hz, methoxy 

Hz, l.cH CH=7.5 Hz, 
2 

31 p NMR (CDC1 3): á +19.04. 
13 C NMR (CDC1 3): ê 20.08 (d, l.pc=3 Hz, ring methyl C), 8 20.75 

(s, acetyl methyl e); ê 23.87 (d, l.pc=127 Hz, methylene C); 

á 53.27 (d, l.pc=6 Hz, methoxy C); á 106.69 (d, l.p c =11 Hz, 
vinylic e(H)); ê 149.55 (d, l.pc=15 Hz, vinylic C(CH 3)); á 

169 .08 (d, l.pc =3 Hz, carbonyl C). 
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»-reaction of diethyl acetyl phosphite with biacetyl in the 
presence of sodium iodide 

Toa solution of 3 g (0.02 mol) of sodium iodide in 20 ml of 

acetone 1.72 g (0.02 mol) of biacetyl and 3.6 g (0 . 02 mol ) of 

diethyl acetyl phosphite were added. The mixture was stirred 

for one hour at room temperature under a stream of dry nitro
gen. A precipitate was formed which was filtered off and 

thoroughly washed with diethyl ether. This product could be 

identified as sodium acetate. The residue was submitted to a 

careful fractional distillation by a gradual reduction of the 

pressure. The following products could be identified by means 
of 1H NMR: 

ethyl iodide: 6 1.79 (t, 3 H, ::!_HH=7 Hz, methyl 

H); 6 3.14 (q, 2 H, ::!_HH=7 Hz, 

ethylene H) 

6 1.37 (t, 3 H, ::!_HH= 7 Hz, methyl 

H); 6 1.93 (s, 6 H, ring methyl 

H); éi 4.11 (d of q, 2 H, ::!_HH=::!_pH= 
7 Hz, ethylene H) 

éi 1 . 33 (d of t' 6 H, lHH"'lpH= 7 Hz, 

methyl H); éi 1. 87 and éi 2.03 (m' 
broadened, 6 H, vinyl ie met hy l H); 

6 2. 13 ( s' 3 H, acetyl H); 6 4 . 11 

(dof q, 4 H, ::!_HH"'lpH=7 Hz, ethyl
ene H) 

N.B. No reaction was observed betweensodium iodide and die thyl 

acetyl phosphite under analogous conditions. 

87 



References and Notes 

1. E.L. Muetterties and R.A. Schunn, Quat. Rev. Chem. Soc., 

~. 245 (1966). 
2. R. Hoffmann, J.M. Howell, and E.L. Muetterties, J. Am. 

Chem. Soc., ~. 304 7 (1972). 
3. J.C. Clardy, D.S. Milbrath, J.P. Springer, and J.G. Ver

kade, J. Am. Chem. Soc., 2_~, 623 (1 976). 

4. J.C. Clardy, D.S. Milbrath, and J.G. Verkade, J. Am. Chem. 

Soc., 2.2.. 631 (1977). 

5. J.C. Clardy, D.S. Milbrath, and J.G. Verkade , Inorg. Chem., 

..!..§., 2135 (1977). 

6. D.S. Milbrath and J.G. Verkade, J. Am. Chem. Soc., 99, 

6607 (1977). 

7. V.A. Pestunovich, M.G. Voronkov , G. Zelcans, A. Lapsins, 

E. Lukevicks, and L. Liberts, Chem. Abstr., !.l:_, 10 7403 a 

(1970). 

8. D. van Aken, A.M.C.F. Castelijns, J.G. Verkade, and H.M. 

Buck, Rec. Trav. Chim., ~. 12 (1979). 

9. D. van Aken, Forthcoming Thesis. 

10. P(V)=fivecoordinate phosphorus. 

11. T.Kh. Gazizov, A.M. Kiba rdin, A.P. Pashinkin, and A.N. 

Pudovik, Zh. Obsch. Khim., Q, 2626 (1973). 

12. G. Baccolini and P. Todesco, Tetrahedron Letters, ~. 

2313 (1978). 

13. R. Burgada, Bull. Soc. Chim . France, 1-~, 407 (1975). 

14. R. Hoffmann and W.N. Lipscomb, J . Chem. Phys., i§_ , 2179, 

3489 (1962). 

15. R. Hoffmann, J. Chem. Phys., i2., 1397 (1963). 

16. D.B. Boyd, Ph.D. Thesis, Harvard University, Cambridge, 

Mass (19 67). 

1 7 . D . B . Boy d , J . Am . C hem , S o c . , 2_l , 1 2 0 0 ( 1 96 9 ) . 

18. W.C. Hamilton, S.J. LaPlaca, and F. Ramirez, J . Am. Chem. 

Soc., §_2, 128 (1965). 

19. R.D. Spratley, W.C. Hamilton, and J. Ladell, J. Am. Chem. 

Soc., ~. 2272 (196 7) . 

88 



20. J.J. Kaufman, Int. J. Quanturn Chem., _i, 205 (1971). 

21. F.H. Westheimer, Acc. Chem. Res., _!_, 70 (1968). 

22. K.A. Petrov, E.E. Nifant'er, l.I. Sopikova, and V. M. 

Budanov, Zh. Obsch. Khim., l.l_, 2373 ( 1961). 

89 



CHAPTER IV 

Intra molecular tr-ansfer via 

pentacoordinated 

group 

phosphorus Î ntermediales 

IV-1 Introduetion 

In the previous Chapters reactions were described which 
were initiated by stable pentacoordinated phosphorus compounds. 

In addition, from mechanistic studies towards the phosphorylat

ing abilities of several fourcoordinated phosphorus compounds 

it could be established that. the differences in the reactivi

ties of these substances towards nucleophiles are determined 

by the stability of the pentavalent intermediatas involved. 

The products are obtained by .P=O bond formation from the equa

torial anionic oxygen ligand with a concomitant apical expuls

ion of the best leaving group. 

+ 

0 OR -~HO~ 
0 11 -0 -. I o _, 1-'" 

,P ~ _;P-OR~ ···p-OR:;:::::::: ,J + ROH 
Ro-/~~oR Ro' I Ro/1 x-/ "---aR 

RO ) XH X OR 
XH + 

Therefore, it be comes rather tempting to inves tigate whether 

group transfer reactions can be accomplished via the same type 

of pentacoordinated phosphorus intermediates. 

It has been generally accepted that "Arbusov"-like re

actions praeeed v i a a nucleophilic attack on a saturated 

carbon linked through oxygen with a tetravalent phosphonium 

ion (I) 1 - 4 • Even reactions in which the initial formation of 

a pentacoordinated compound was established, the dealkylation 

was supposed to occur v i a an intramolecular SN2 displacement 
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from the ion pair, although a a 2s + a 2a thermal pericyclic 

disproportionation reaction from the covalent P(V) compound 

(II) was not ruled out 5 - 10 • 

OR 

I 
("'\ ~- ,• p + 

x- RLo-/""' 
OR OR 

OR 
R 0 '', I 

'p-OR 

C(l 
II 

In this Chapter the results of a study of the monodealky

lation reactions of several P(IV) compounds with nucleophiles 

are presented, which provide NMR support and kinetic evidence 

for a P(V)-like intermediate in the rate determining step. 

IV-2 Preparat ion of five - membered c y clic P(I V) esters 

Several methods are available for the synthesis of cyclic 

P(IV) compounds which in general lead to the formation of dif

ferent types of ring systems. One involves the reaction of 

hydroxy compounds, mostly alcohols or phenols, with phosp horus 

oxychloride in the presenc e or the absence of a t e rtiary base 

(generally pyridine). The final product- ROP(O)Cl 2 or 

(R0) 2P(O)Cl - depends roughly on the proportions of the rea

gents' 1 • 12 • Subsequent reaction of ROP(O)Cl 2 with an aliphatic 

diol yields a cyclic P(IV) ester. As an example, reacti on of 

one equival ent of methanol with phosphorus oxychloride affords 

methyl dichlorophospha te which on re a ction with ethylene g lycol 

gives methyl ethylene phosphate (~) (2-methoxy-1 ,3,2-dioxaphos

pholane 2-oxide) 13 as shown in figure 4.1. 

P(IV) dioxaphospholens (and dioxaphospholans) can be ob

tained by hydralysis of the corresponding P(V) compounds, unde r 
carefully con trol l ed condit ions. The r ea rrangement involves the 

for mation o f a hexacoordinated phosphorus intermediate, wh ich 

after decompositjon, gives rise to the cyclic phosphoric 

ester 1 ~• 15 • A more convenient synthesis of the enediol cyclo

phospha te (~) (fi g 4.2) involves treatment of the biacetyl 
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0 
11 

,p + 

Cl'/ ""Cl 
Cl 

- HCl ... 0 ;--\ 
ll HO OH 

.p .. 
· / '\. -2 HCl 

Cl-, "ocH 
Cl 3 

Fig 4.1 Preparatien of methyl ethylene phosphate 

trimethylphosphite adduct with acetyl bromide, which leads 

predominantly to acetylation of the apical exocyclic oxygen 

atom followed by apical departure of methyl acetate 16 • 17 • 

Subsequent nucleophilic attack of the bromide anion on one of 
the alkoxy ligands of the resulting cyclic phosphon ium ion 

gives rise to the P(IV) dioxaphospholene and methyl bromide. 

R 

RO ' , _ ,-)_R 
·p-o + R COBr 

R0,...-1 
.... 0 0 R 

~p 1 x + RCOOR + RBr 

RO/ 'o R 

OR R = CH3 2 

Fig 4.2 

P(IV) 1, 2-oxaphospholens are prepared by the reac tion of 

alkyl phosphorodichloridites or dialkyl phosphorochloridites 

ROPC1 2 + .... 

+ ... + RCl 

Fi g 4.3 Preparatien of P(IV) oxaphospholens 
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with methyl vinyl ketone. The initially generated P(V) alkyl 

dichloro- or dialkyl chloro-1,2-oxaphospholens undergo a sub

sequent rearrangement towards the more stab le P(IV) compounds 

with concomitant formation of alkyl chloride. Since dimethyl 

phosphorochloridite is rather unstable, the methyl ester has 

to be prepared via the chloro oxaphospholene (fig 4.3). 

IV-3 Spectroscopie study of the complexes of meta l halides 

with tetracoordinated phos phorus compounds 

On addition of one equivalent of LiBr to solutions of 

compounds l-2 (fig 4.4) in either acetone or THF, the 1H NMR 
shows downfield shifts of the proton r esonances as a conse

quence of the known complexation of the phosphoryl oxygen with 

the lithium cation, resulting in a deshielding of the phos

phorus atom 18 - 21 (see table 4. 1). 

I "r~ CH3tf 0 

· .. 'OR 
Ha .Hb 

5a R= CH 3 
2.Q. R= CH(CH3 l2 

Fig 4.4 

Moreover, compounds .Sa and Sb with LiBr in THF or acetone 

show nonequivalent resonances for the two met hylene protons 

(Ha and Hb, fig 4.4) which are equiva l ent in the neutral sub
strates (fig 4.S and 4.6). The amount of nonequivalence of 

the resonances on variatien of the solvent (ace ton e v s THF), 
the halide ion (Cl- vs Br-), the cation (Li+ vs Ca 2+) and the 

bulkiness of the exocyclic a l ko xy ligand (methoxy vs isopro

poxy) reveal that the anisatrapie effect is due to shielding 
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CH3 0 0 0 H CH3 CH 0 H H H 0 0 
1 x "P~ 11~ '':t;( p° CH II~CH Hr \ ~ , P-...... CH3 I \p:f' , 3 

\ -<.CH3 
,P 3 H /p 

CH 0-'/ O 
2 

CH30-/ 
2 

CH3 o1 
\ocH3 3 0 H , 0 1 H o \ocH 3 2 CH30 5 H 'H H CH30 H1H 0 2 1 

3 
3 

4 3 5 b 4 
4 

6 7 

Compound Solvent o H1 o H2 o H3 o H4 o H'> 
3 d-THF 1. 89 3. 72 

3 + LiBr " 1. 92 3.80 

3 d-acetone 1. 93 3.79 

3 + LiBr " 1. 9S 3.83 

4 d-THF 1 . 3S 2. 1 s 3.71/3.68 4.68 

4 + LiBr " 1 . 42 2.20 3.80/3.7S s. 1 s 
4 d-acetone 1. 43 2.20 3.77/3.74 4.74 

4 + LiBr " 1. 4 7 2.23 3.84/3.80 s. 11 

Sb d-THF 1. 27 1 . 8 3 2.33 4.63 4.90 -
Sb+ LiBr " 1. 32 1. 88 3.38-Z.OS 4.90 S.08 

Sb d-acetone 1. 30 1. 8S 2.40 4.80 s. 10 
Sb+ LiBr " 1 . 3 3 1. 88 3.28-2.10 4.88 s. 18 

6 d-THF 1. 88 2.07 2.66 3.62 
6 + LiBr " z.os 2. 1 s 2.86 3.7S 

6 d-acetone 1. 92 2. 11 2.71 3.63 
6 + LiBr " 2.09 2.18 2.88 3.78 

7 " 3.77 4.47 
7 + LiBr " 3.83 4.S8 

Table 4-1 1H NMR data of the cornpounds l-z; o in pprn 



6 5 4 3 2 1 
_..,. ____ _ 8( TMS) 

CH3 0 0 'C ~ ·s P + L 1 r "o-< 

6 5 4 3 2 

... 8(TMS) 

Fig 4.5 The influence of LiEr on the 1H NMR spectrum of 

Sb in d-THF 
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6 5 

CH3Bo o 
I \ ~ p + 

"o--< 
LiBr 

6 5 

4 3 

4 3 

2 

.... o (TMS) 

2 1 
_.....,.,.__ __ ó (TM S) 

Fi g 4.6 The influence of LiBr on the 1H NMR s pe c trum of 

Sb in d- acetone 
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by the halide ion (table 4.2). The larger anisotropic shield

ing of the methylene protons which is observed when Br is 

substituted for the smaller Cl anion is in agreement with 

the greater proximity of the latter ion with respect to the 

phosphorus atom. This is also consistent with the fact that 

the corresponding LiC104 adducts only give rise to downfield 

shifts in the 1H NMR, whereas the resonances for the methylene 

protons remain equivalent, indicating that the perchlorate 
anion is too bulky for approaching the phosphorus atom, result

ing in a complete dissociation of the perchlorate salt. More

over, addition of A1Cl 3 or NaBF 4 (which are able to complex 

the anion) or protic substances (e.g. water or methanol) to 

the above-mentioned reaction mixtures eventually results in 

the remaval of the anisotropic effect. The same phenomenon is 
observed in liquid so 2 where, due to the very effective sol

vation of the halide ion, coordination of this ion to phosphor
us is prevented. 

Compound Me tal hal i de !1: Solvent \) 00 (H z) 

Sa cac1 2 d-acetone 1 7. s -
Sb 11 11 34.6 -
Sa LiCl 11 14. 4 -
Sb 11 11 22.9 -
Sa LiBr 11 9.6 -
Sb 11 11 1 8. 8 -
Sb 11 d-THF 41.0 -

Tab le 4.2 

!I:Due to the very hygroscopic nature of the metal halides 

moisture could not be completely eliminated, which implicates 

a slight reduction in the observed anisotropic shieldings. 

The metal halide adducts in which a very close proximity of 

the anion to phosphorus is observed could be consistent with 

a trigonal bipyramidal configuration. However, the 31 P NMR 

spectrum of the LiBr adduct of iQ. in TI-IF ( o 31P=+48.8 ppm) 
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affords evidence of a phosphonium ion structure. Consistently, 

the complex could be isolated in diethyl ether. The 1H NMR of 

this salt in acetone or THF was comp letely analogous to the 

spectrum obtained when one equivalent of ~ was added to a 

solution of LiBr in either of these solvents. Therefore, the 

structure- can best be represented-- by a very tight ion pair ~-; ----

OL i 

1: .sr 
RO___.--;Çf+p.··· Ha 

0 Hb 
---=::;::; 

CH3 

8 

IV-4 Kinetics of the dealkylation reactions of tetracoor

dinated phosphorus compounds with LiBr 

In order to investigate the nature of the intermediates 

involved in the disproportionation reactions of the LiEr 

adduc ts to the corresponding dealkylated products and CH 3Br, 

the kinetics of these reactions were stuclied in solvents of 

different polarity. In table 4.3 the results are given for 

compounds land i (fig 4. 4). The reactions appeared to be 

first order in LiBr and first order i n phosphate. 

From table 4.3 we see a marked increase in reaction rate 

for compound l in going to l ess polar solvents. Moreover, 

under apolar conditions (ether, pentane) the dealky lation 

appeared to take place instantaneously: addition of l to a 

s uspension of LiEr in ether gives rise t o a precipitate which 
exists of~. exclusively. Similarly, when a salution of LiEr 

and l in acetone at -10 °C, unde r which circumstances a very 

slow (t,=4 hr) dealkylation occurs, is poured into ether or 
2 

the even more apolar pentane, immediately a precipitate is 

formed containing Li Er and 9 . 
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Compound Solvent k -1 -1 (l.Mol . sec , 25 oC) 

3 THF (.:=7.4) 59.2 x 10- 4 

4a,b 11 1 . s x 10- 4 
-

10- 4 3 acetone (.:=20. 7) 19. 4 x -
10- 4 4a 11 1. 2 x -
10- 4 3 CH 3CN (c:=36.0)c 4. s x -
10- 4 4a 11 0 . 2 x -

Table 4.3 

a. the given rate constants concern the monodealkylation 

reaction. 
-4 -1 -1 b. for P(O)(OMe) 3 a rate constant of 3 x 10 l.Mol .sec 

was determined. 

c. in DMF (.:=36.7) similar results were obtained. 

The dealkylation rates of the LiBr adducts of ~. ~ and 

7 in the solvents mentioned in table 4.3 are much slower. The 

exact rate constants of Sa and 7 could not be determined be

cause concurrent ring opening reactions took place due to the 

presence of moisture associated with the hygroscopic LiBr. 

Moreover , it should be not ed that as a result of complexation 
of the phosphoryl oxygen by t he lithium cation the phosphoryl

ating property of the compound is increased. This in part re

sults from the increased electrophilicity of the phosphorus 

atom by polarization of the P=O bond. Furthermore , the tri

gonal bipyramidal intermediates are stabilized by interaction 

of the lithium cations with the equator ia l an ionic oxygen of 

S' (fig 4. 7) facili tating the proton transfer to yield ~~~, 

from which eventually the products are obtained. 

As an example, th e methanolysis of Sb is increased by a factor 

of S x 10 2 in the presence of lithium ace tate . Nucl eophi li c 

catalysis may also be o f importance in these types of reactions 

(see Section IV-5). 

In order to exclude the i nfluence of moisture the dealkyl

ation reactions were performed in anhydrous t o luene in which 

the LiEr was tho roughly dried by azeotropic r emaval of water. 
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R'OH 

0 
1\ 
p~CH3 

RO-j J1 

R'o o 
+ LiX 

Fig 4.7 The influence of complexation of the P=O bond on 

the phosphorylating ability of compound~ 

Addition of equivalent amounts of compounds i-2 to the there
by obtained suspensions immediately resulted in a precipitate 

of the corresponding LiBr complexes without further reaction. 

This, however, is not surprising in view of their ionic nature 

(see fig 4.6) which will consequently reduce their solubility 

in apolar solvents. Indeed, when the same experiment with com
pound Sa was repeated in the preserree of one equivalent of 

methanol, 19% of dealkylation was observed after one hour of 

reaction at room temperature, indicating an increased solu

bility of its LiBr adduct as a result of the greater polarity 

of the medium. It is also worth noting that the reaction rate 

of Sa with methanol (phosphorylation) was increased remarkably 

due to the preserree of LiBr (vide supra). In contrast, addit

ion of one equivalent of compound 3 to a suspension of LiBr 

in toluene immediately gave rise to a precipitate which 

existed of~ exclusively (fig 4.8). 

Furthermore, although the proximity of Br to phosphorus 

for the LiBr adduct of 3 was not revealed by 1H NMR, it can 

be demonstrated chemically. When one equivalent of methanol 

is added toa O.S M salution of 3 in THF a fast phosphorylation 

occurs, yielding 4 22 (fig 4.9). However, when the s ame ex-
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Li Br 

Fig 4.8 

periment is repeated in the presence of one equivalent of 

LiBr, complete dealkylation is observed (formation of ~) 

which indicates an effective shielding of phosphorus by Br -, 

preventing phosphorylation by methanol. 

Fig 4.9 

The result is so much the more striking because complexation 

of the phosphoryl oxygen by the lithium cation increases the 

phosphorylating ability of these compounds towards alcohols. 

Indeed, the reaction of~ with methanol in THF is 15 times 

faster in the presence of one equivalent of LiBr. Mention 

should be made of the fact that addition of methanol which in

creases the polarity of the medium, results in a diminished 
dealkylation rate (k=17.2 x 10- 4 l.Mol- 1.sec- 1 , 25 °C) with 

respect to the corresponding reaction of Table 4.3. 

IV-5 Discussion 

From the spec tros copie study of the LiBr adduc t s of 
several phosphates and phosphonates it could be established 

that an effective complex fo rma tion is obtained due to the 

high tendency of the lithium cation to bind with the phosphor

yl oxygen atom. In particular, for the compounds Sa and Sb 

direct evidence is obtained for the formation of a very tight 
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ion pair in which the bramine shows a close proximity towards 

the phosphorus, even in solution. The observed anisotropy and 

hence the proximity of Br to phosphorus is increased if more 

apolar solvents are used (d-acetone + d-THF). However, their 

ionic character is maintained as under strictly apolar con

ditions (etner, toluene-, pentane) the solv-a:tion of the ions 

is insufficient which results in precipitation of the corres

ponding salts. A quite different behaviour is observed for 

compound l which shows an instantaneous dealkylation after 

dissalution in suspensions of LiBr in ether, pentane, toluene 

with formation of~· On the basis of I ngoZd's theory 23 of the 
solvent effects the intermediacy of a phosphonium ion in this 

reaction as depicted in figure 4.10 becomes unrealistic. 

+ 

Fig 4.10 "Arbusov"-like mechanism of dealkylation 

According to this theory the rate of the re action is sharply 

enhanced by increases in solvent polarity if charge is created 

going from the reactants to the transition state. Therefore, 

one would expect a covalent int e rmediate or at most an inter

mediate with some charge dispersion. In addition, for an ionic 
intermediate a precipitate would be expected prior to dealkyl

ation, as was obs e rved for the compounds ! -z . Moreover, the 

reaction of LiBr with 3 in THF in the presence of one equi

valent of methanol, indicates a close proximity of bromine 

to the cyclic phosphate which implies that at the least we 

are dealing with a very tight ion pair. Moreover, due to the 

complexation of the phos phoryl oxygen atom with the lithium 

cation the phosphorus atom is highly susceptible towards nu

cleophilic attack and charge dispersion can be accomplished 

by interac tion of the bromine with t he phosphorus at om gene-
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rating a P(V)-like transition state. Dealkylation is perfor

med by a fast intramolecular attack of the bramine on the 

exocyclic methoxy ligand (fig 4.11). 

CH3 

+- o-\ ~ 
Li Br Li 0 • .. I }-cH3 .,. c;-~·P-0 .,.. i: I 0ir 

+ 

Fig 4.11 Mechanism of dealkylation invalving a P(V)-like 

structure 

The occurrence of a rate determining pentacoordinated struc

ture in the dealkylation reaction of 3 is also in agreement 

with the mutual reactivities of the compounds ~-2 which 

reflect the stability rules fo r a TBP configura tion. It is 

known that compounds in which the phosphorus atom is incorpor

ated into a five-membered ring are more susceptible for nu

cleophilic attack than the corresponding acyclic ones 2 4 due 

to relief in strain in going to the pentacoordinated inter

mediate, whereas the stability of the cyclic five-memb ered 

P(V) intermediate is increased as a result of the diminished 

intramolecular crowding. This is reflected in the ratio of 

the obtained rate constants (e.g. k4 vs . k3 ; table 4.3 ) . 

For the same reasen the lower reactivity of 2 with res pec t 

to 3 can be explained as it is known that t he preserree of a 

double bond in a five-membered ring increases the strain as 

compared t o the saturated analog 25 • Furthermore, a substitut

ion of an oxygen ligand by the more a-electron dorrating 

methylene group will also destabilize the P(V) structure 26 - 28 • 

Indeed, the expected order of reactivity is observed in the 

phosphorylating reactivities of these compounds t owards 

methanol 29 • 30 as is shown in figure 4 .1 2 . 

Although the intramolecular disproportienation of the 

P(V) inte rmediate is a symmetry allowed a 2s + a 2a 31 thermal 

pericyclic reaction, it should be pointed out that the for -
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3 7 

Fig 4. 1 2 

t1/2=1day 
(1MinCDCI3;35°C) 

Sa 

mation of a purely covalent P-Br linkage is not required in 
order to explain the results. It is also possible that P-Br 

bond breaking somewhat precedes the C-0 bond breaking which 

merely implies a P(V)-like transition state in which the P-Br 

linkage is formed for a certain extent before dealkylation is 

performed. In this respect mention should be made of the ex

tensive studies towards the formation, kinetics and intermedi

ate decomposition in the triphenylphosphine-tetrachloromethane

alcohol reactions in which similar questions arose 10 • 32 • 33 • 

These reactions generally proceed in two steps as in (a) and 
(b) : 

.. 
~--_ 1 

,;P-OR 
I I 

Cl 

(a) 

When neopentyl alcohol was used, firm evidence could be ob

tained for the fo rmation of a pentacoordinated phosphorus 

intermediate. The rate of decomposition of this intermediate 

fellows clean first order kinetics with a nearly complete 

i nversion at carbon. Moreover, from experiments with deuter-
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ated neopentyl alcohol a very small kinetic isotape effect 
has been noted which indicates a nearly balanced bond-making, 

bond-breaking process. Therefore, the thermal decomposition 

of the pentavalent intermediate must be an intramolecular 

SN2 process with very little ion pair character. This is also 

consistent with the fact that an external nucleophile such 
as cyanide ion was unable to compete with chloride ion in the 

reaction of 2-phenyl ethanol with triphenyl phosphine-carbon 

tetrachloride in dimethyl sulfoxide, despite the much higher 

nucleophilicity of the farmer anion 34 • Therefore, a four

centered, fairly concerted decomposition of a pent acovalent 
phosphorane was postulated in which the P-Cl bond breaking 

somewhat precedes the C-0 bond breaking. Moreover, experiments 

were performed in analogy with those described by Mie hals k i 

et al. s,s in which the phosphite 10 was allowed to react with 

elemental c1 2 or Br 2 in a CH 2c1 2 salution a t low temp e ratures. 

The only identified substances were the initial formed P(V) 

intermediate and the products. No evidence of an intermediate 

phosphonium ion could be obtained. 

0 0 
~p~ + 

o "'-x 

In conclusion, addition of LiBr to solutions of compounds 

3-7 at least results in the formation of very tight ion pairs 
under apolar conditions. Although no definite conclusion can 

be made conce rning the mechanism of the dea lkyl a t i on step, 

arguments have been presented in f avour o f the involvement 

of a pentacoordinated like intermediate. Apparently, the 
formation of a pentavalent ~truc ture of i is energetically 
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very favourable and occurs prior to precipitation of the 
phosphonium ion as is observed for the other compounds in

vestigated which also parallels the phosphorylating abilities 

of the compounds. Moreover, it should be noted that operat

ionally it becomes very difficult to distinguish between the 

tight ion pair and a covalent compound and in fact an equi
librium can be assumed between the phosphonium ion and a 

short-living P(V)-like structure as a result of the interac

tion of the d-orbitals of phosphorus with the unpaired elec

tron pairs of the bromine, which dealkylates by an intra

molecular attack of the bromine on the exocyclic methoxy 
ligand (fig 4.13). 

Fig 4.13 

The phosphorylation step will be facilitated due to the in

duced positive charge on phosphorus resulting from the com

plexation of the P=O bond by the lithium cation. In addition, 

the P(V) intermediate is stabilized as the equatorial anionic 

oxygen ligand is screened by the lithium cation which implies 

a reduced tendency for P=O bond formation from this ligand. 

Similar arguments are used to exp lain the catalytic effect 

of lithium salts on the phosphorylation of protic substances. 

Moreover, nucleophilic catalysis may be of importance in 

these reactions. For instance, in the reaction of~ with 

methanol in the presence of lithium acetate the lithium salt 

reacts with the oxaphospholene to give a P(V) adduct (~) 

which in turn reacts with methanol via a P(VI) intermediate 

to the P(V) adduct of Sb and methano l (~) (fig 4.14). A 

subsequent proton transfer and ring opening yields the pro-
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ducts although ring opening might also occur at the P(VI) 
stage. A similar mechanism has been proposed for the catalysis 

of amines 35 and phenoxi~e and acetate anions on the phosphor

ylation of P(IV) 1,2-dioxaphospholens and 1,2-dioaxaphosphol

ans by alcohols. 

CH31) 0 I \p,l' + LiX 

"-oR 
Sb 

S'b R=-< 
X= CH3COO 

Fig 4.14 Nucleophilic catalysis of lithium salts on 

phosphorylation 

Therefore, it may be concluded that especially in the preserr
ee of lithium salts a high tendency exists for phosphorylat ion 

of P(IV) compounds. 

Additional evidence for the occurrence of intramolecular 

dealkylation is offered from literature data. For instance, 

for the reac tion of 2-phenoxide-2-oxo-1,3,2-dioxaphospholans 
with t e rtiary amines the most prop ab le mechanism for deal

kylation was supposed to involve a P(V) intermediate in analo

gy with the mechanism proposed by Gozman 36 • 37 (fig 4.15). 

A direct nucleophilic attack of the amine on the phenoxy 

ligand is not probable because the corresponding aryl carbon 

atom i s not an electropositive site. Moreover , other reac tions 

of P(IV) compounds ~ith amines reveal a high tendency for 

phosphorylation. In addition, experiments were performed in 

which pyridine was allowed to react with different types of 

cyclic and acyclic phosphates and phosphona tes and the obser-
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Fig4.15 

ved dealkylation rates parallel the expected order of stabil

ity of their corresponding P(V) intermediates 38 • Consequently, 

a better explana tion can be given for the fact tha t the react

ion of the very powerful phosphorylating agent Methyl-CAP 
([OC(CH 3)(C(O)CH3)C(O)O]P(O)OCH3) with pyridine results in 

a very fast isomerization as well as dealkylation, for both 

processes pass the s ame pentavalent intermediate. 
To summarize, evidence h as been presented for the occur

rence of intramolecular group transfer v i a P(V) intermediates 
which is fully consistent with the mechanism of the equator

ial group transfer as is described in the previous Chapter. 

Although no conclusion can be made concerning the amount of 
charge separation in the pentacoordinated intermediate (fig 

4.11) it is obvious that i ts reactivity obeys the stability 
rul e s of pentavalent phosphorus compounds. 

IV-6 Exp e rimental 

Prepara t i ons and r eaction s 

.-2-methoxy-4,5-dimethyl-2,2-dihydro- 1,3,2-dioxaphos phole 
2-oxide (3) 

This compound was prepared from the trimethyl phosphite

biacetyl adduct with acetylbromide in acetonitrile according 

to the procedure given by Rami r ez 39 • Yield 85 %, bp 75-77 ° C 

(O. 8 mm) . 
1H NMR (CDC1 3): ó 1.93 (s, 6 H, ring methyl H); o 3. 78 (d, 

3 H, ~PH=12 Hz, methoxy H) . 
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.-2,2-dimethyZ-2-(1-methyZ-2-oxopropyZJph osp hate (iJ 

One equivalent of methanol was added to a 0.2 M salution of 

~ in eH 2e1 2 at 0 °e in a dry nitrogen atmosphere. The resul

ting salution was stirred for another 8 hr at room temperat

ure after which the solvent was removed in vacua at 30 ° e. 

The pure product was obtained in a nearly quantitative yield. 
1 H NMR (eDel 3): 8 1.47 (d, 3 H, ~HH=6.5 Hz, methyl H); 8 2.25 

(s, 3 H, acetyl H) ; 8 3.77 and 3.80 (d, 6 H, ~PH=11 Hz, 

methoxy H); 8 4.72 (dof q, 1 H, ~PH~~HH=6.5 Hz, methine H) . 

.-2-methoxy-5-methyZ-2,3-dihydro-1,2-oxaphosphoZ e 2-oxide ( Sa) 

In order to obtain the methoxy oxaphospholene ~ the correspon

ding chloro oxaphospholene had to be prepared first. A mix

ture of 150 g (0.93 mol) of isopropoxy phosphorodichloridite 40 

and 65.3 g (0.93 mol) of methyl vinyl ketene was heated at 
80 °e for 16 hr. The resulting brown mixture was fraction

ated at first at reduced pressure (20-30 mm) to remave the 

volatile materials, followed by fractienation at 0.05 mm to 

obtain crude product at 70-71 °e . Distilling the crude 

product gave pure chloro oxaphospholene. Yield 40 g, 30 % of 

the theory; bp 90 - 91 °e (5 mm). 
The methoxy oxaphospholene was qbtained as fellows. To a 

salution of 40 g (0.26 mol) of chloro oxaphospholene in 250 

ml of dry hexane at 0 °e 20.7 g (0.26 mol) of pyridine was 

added slowly under stirring, f ollowed by 8 . 4 g (0.26 mol) of 

methanol. The mixture was stirred f or 1 hr at 0 °e a nd an 

additional 3 hr a t room t empera ture . The pyr i dinium He l sa l t 

was filtered off and was washed thoroughly with dry hexane 

in a nitrogen atmosphere. The combined washings and filtrate 

were evaporated in vacua and the residue d i stilled under 
reduced pre s sure . Yield 10.5 g, 30 % of the theory; bp 72 - 76 ° 

(0.01 mm). 
1H NMR (eDel 3): 8 1.92 (m, 3 H, ring methyl H); 8 2 .48 (dof 

m, 2 H, ~PH=14 Hz, methylene H); 8 3.74 (d, 3 H, ~PH=12 Hz, 
methoxy H); 8 5.00 (dof m, 1 H, ~PH=33 Hz, olefinic H). 
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.-2-isopropoxy-5-methyZ-2,3-dihydro-1,2-oxaphosphoZe 2-oxide 
(Sb) 

This compound can be obtained analogous to the methoxy deriv

ative from the chloro oxaphospholene and isopropanol. Alter

natively, reaction of equimolar amounts of di-ispropoxy 

phosphoro-cht·o-r·i"d·ite 4 ·1 and- methyl vinyl ketone in eH 2e1 2 (5 M) 

for 2 days at reflux temperature with stirring under nitrogen, 

foliowed by remaval of the solvent in vacua and fractienation 

of the residue, affords also the pure product. Yield 50% of 

the theory; bp 50 °e (0.01 mm). 
1 H NMR (eDel 3): o 1.3 7 (d, 6 H, 2HH=6 Hz, isopropoxy methyl 
H); o 1.99 (m, 3 H, ring methyl H); o 4.97 (dof m, 1 H, 

lpH=34 Hz, olefinic H) . 

.-2,2-dimethoxy- 2-(3-oxobutyZ)phos phona te (6) 

A salution of 5 g (33.5 mmol) of Sa and 1 g (39 mmol) of 
methanol in 25 ml of dry toluene was refluxed for 6 hr. After 

evaparatien of the solvent in vacua crude 6 was obtained. 

Subsequent fractienation yielded the pure product. Yield 90% 

of the theory; bp 89-90 °e (0.05 mm). 
1 H NMR (eDel 3): o 2.00 (m, 2 H, -eH2P-); o 2.18 (s, 3 H, 

eH 3eO-); o 2.75 (m, 2 H, - eH 2eO-); o 3.73 (d, 6 H, lpH=11 Hz , 
methoxy H) . 

.-2-methoxy-1,3,2-dioxaphos phoZane 2- oxide (?) 

This compound was prepared according to the procedure given 

by Westheimer 42 from methyl dichlorophosphate and ethylene 

glycol. Yield 15% of the theory; bp 90 °e (0.1 mm). 
1 
~NHR (CDC1 3): o 3.83 (d, ~ H, lpH=11.5 Hz, methoxy H); 6 

4.43 (d, 4 H, lpH=10 Hz, methylene H) . 

.-sp ec troscop i e study of the me t a Z h a Zide comp Ze x e s of 
c ompounds .J_-_2:. 

As a typical example 17.4 mg (2 x 10- 4 mol) of LiEr was 
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weighed in an NMR sample tube and 0.4 ml of THF was added 

(0.5 M solution). The mixture was thoroughly shaken until 

the salution was homogeneous. Subsequently, 30 .6 ~1 (1 eq) of 

phoryl oxygen atom is protonated or complexated by metal i ons 

With some metal balides e.g . CaC1 2 only a clear salution 

was obtained after addition of the oxaphospholene. During 

the preparatien of the mixtures precautions we re taken in 

order to avoid the inclusion of moisture as much as possible. 

In order to determine the anisotropic shiel di ng of the ri ng 

methylene protons of ~ and ~ in the di fferent mixtures 

90 MHz spectra had to be recorded . 

.-kine tics of the dealkylation reactions of compounds 3- 7 
with LiEr 

a. in acetone, THF, acetonitrile and DMF as a solvent 

In an analegeus way as was clone for the spectroscopie investi 

gations in the different mixtures, 0.5 M solutions were pre

pared in an NMR sample tube and immediately transferred to 

the NMR spectrometer. The temperature of the probe was held 

at 25 °C. The reactions were foliowed by determining the 

relatively amoun ts of the starting compound (by integration 

of the corresponding methoxy doublet) and the methyl bromide 

formed at different time intervals. Each reaction was car

ried out for at least three time s and the obtained rate con

stants appeared to be in a fair agreement with one another. 

In a similar way the dealkyl a tion rate was determined for 

compound l with LiBr in the presence of one equival ent of 

methanol in which the only observed products were methyl 

bromide (8=2.60) and ~ (8=1.77, ring methy l H). 

b. in ether and pentane as a solvent 

Befe r e us e , the solvents were distilled and dried over sodi um 

wire . A suspens i on of 11 7 mg (1.35 mmol) of LiBr in 25 ml of 

ether was stirred for 15 min under nitrogen. To this salution 

221.4 mg (1.35 mmol) of l was added which i mmediately gave 

rise to a di ffere nt kind of p recipitate. A number of identi ' : 1 

111 



samples were prepared in this way and each mixture was stir

red for a different time up to one hour at room temperature, 

followed by evaporation of the solvent in vacuo (precautions 

were taken against moisture). The resulting solid was dis

solved in n2o. The products of the reaction were determined 
- - -by mearis of 1H NMR spectTos-cOpy and in all cases (eveii.--àfter 

an immediate working up of the reaction mixture) a nearly 

quantitative yield of~ was obtained which subsequently was 

converted by n2o. Minor amounts of products resulting from 

the hydralysis of l were present due to the fact that moisture 

could never be completely eliminated associated with the very 
hygroscopic character of LiBr. In addition, the same experi

ment was performed in which the precipitate was immediately 

isolated by decantation of the solution, and appeared to be 

100% dealkylated product. 

Analogous experiments were performed with the compounds 4-7. 

After addition of these compounds to the suspensions of LiBr 

also a change of the precipitate was observed. However, even 

after one hour of stirring at room temperature only very 

minor amounts of dealkylation could be observed. 

Similar results were obtained with pentarre as a solvent. 

c. in toluene as a solvent 

Due to the very hygroscopic nature of LiBr, moisture could 

never be completely excluded in the experiments described 

under b. Therefore, experiments were performed in toluene 

which is known to form an azeotropic mixture with water. 

As an example, 117 mg (1.35 mmol) of LiBr was suspended in 

50 ml of dry toluene. The resulting mixture was refluxed for 

several hours during which the azeotropic separated water 

was removed by means of a special adapter. The final volume 
of the mixture was 25 ml and after cooling of the salution 

toroom temperature under astreamof dry nitrogen 221.4 mg 

(1.35 mmol) of 3 was added. A new precipitate was formed 

immediately and the mixture was stirred for hr followed 

by evaporation of the solvent in vacuo. The resulting solid 
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substance was dissolved in D20 and investigated by means of 
1H NMR. The spectrum showed only the preserree of 9. Analogous 

experiments were performed with the compounds ±-2· In these 

cases also a change of the precipitate was observed but af

ter one hour of stirring at room temperature not any deal

kylation was obtained. 
When the same experiment with compound~ was repeated in 

the presence of one equivalent of methanol, 19% of dealkylat

ion was obtained tagether with 23% of phosphorylation by 

methanol. 

d. quenching of the LiBr adducts of l, Sa and Sb 

A salution of 0.608 g (7 mmol) of LiBr 1n 1S ml of dry aceto

ne was stirred and caoled to -10 °e under a stream of dry 

nitrogen. To this salution 1.148 g (7 mmol) of 3 was added. 

The resulting mixture was immediately poured out in 1SO ml of 

dry ether and the formed precipitate was isolated (precautions 
were taken against moisture) and dissolved in n2o. The 1H NMR 

only showed the preserree of ~· In addition, the remairring 

salution was evaporated in vacua and the residue dissolved 

in D2o. The 1H NMR showed the preserree of some unreacted 3 

as was characterized by its hydralysis products. The same 
results were obtained if the mixture was quenched with pen

tane. 

When a O.S M salution of the LiBr adduct of Sa or Sb in acet

one was quenched with ether also a precipitate was formed 

which could be isolated. After thorough wash i ng with ether 
and subsequent r emaval of the solvent a pure white s a lt was 

obtained. Dissalution of this product in THF or ~cetone gave 

similar spectra as observed when the 1,2-oxaphospholens were 

added to the corresporrding LiBr solutions, indicating that 

the salts c an be identified as the LiBr complexes . 

._ react ion o f 2Q with halagens at Zow temp e ratures in CD 2cz 2 

Product 2Q was obtained according to known procedures 43 ' 4 4 • 

Yield 16% of the theory; bp 76 -77 °e (1S mm ) . 
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1 H NMR (eD 2el 2): 8 3.37 (d, 3H, ~PH=7.5 Hz, methoxy H); 8 

7.25 {m, 4 H, aromatic H). 

To a eD 2e1 2 salution of this compound at -80 °e one equivalent 

of chlorine was added which resulted in the immediate format

ion of the pentavalent compound. 
1 - -
H NMR (eD 2el 2): 8 4.13 (d, 3 H, ~PH=20.5 Hz, methoxy H); o 

7.18 (m, 4 H, aromatic H). 

This adduct readily disproportionates towards eH3Cl (8 3.10) 

and the corresponding phosphate (8 7.40; m, 4 H, aromatic H) 

even at -80 °e. Similar results were obtained with bromine, 

however the disproportionation was faster. 
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CHAPTER V 

· -· --- Ace1:yl· -transfer reac1:ions ini1:ia1:ed by 

1:e1:racoordina1:ed phosphoru.s compou.nds 

V-1 Introduetion 

In the previous Chapters several mechanistic aspects 
of group transfer reactions via organophosphorus compounds 

have been described. It has been pointed out that whenever 

certain structural constraints are fulfilled, protonated 

pentacoordinated intermediates might be the reactive species. 

Moreover, equatorial bonded substituents in a trigonal bi

pyramidal configuration turned out to be more susceptible 

towards nucleophilic attack than the corresponding apical 

ones. 

However, only reactions were considered in which the 

transferable group was an alkyl residue, whereas, especially 

from a biochemical point of view, the mechanistic aspects 

of acetyl transfer reactions via phosphorus compounds also 

deserve attention. In this respect mention should be made 

of the fact that acyl-AMP's 1 • 2 are key intermediates in the 

carboxyl activation in the biosynthesis of e .g. acetyl co

enzyme A. Moreover, aminoacyl adenylates are intermediates 

in the aminoacylation of all t-RNA's 1 • 2 • Therefore, numerous 

investigations have been carried out on the reactivity of 

nucleophiles with acetyl phosphates. These reveal that, in 

general, two electropositive sites are present in the molec 

ul e , n amely, the phosphorus atom and the carbonyl carbon 

atom. Both pathways are observed and a clear distinction 

between these two possibilities has as yet not been possible. 

In this Chapter, acetyl transfer reactions a re describ

ed which are initiated by the same type of tetravalent 
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phosphorus compounds as used in Chapter IV. The results of 

the experiments will be related to the mechanistic outcome 

of group transfer reactions already obtained. 

V-2 React ions of cyclic P(IV ) e st ers with acetate a n ion i n 

the presence of a proton donor 

Tetravalent phosphorus compounds in which the phos pho 

rus atom is incorporated into a five-membered ring are known 

to exhibit a high tendency to undergo phosphorylation in the 

presence of nucleophiles, generating a P (V) intermediate 3 - 5 • 

From the results obtained in Chapter II it is obvious that 
subsequent addition of a reactive hydrogen compound will re-

1a +X H 

1 b 

+ 

0 
11 

>- O~P~CH3 
0 / 0 

:>=o 
CH3 

1 c 

Fig 5.1 Mechanism of acetylation with cyclic P(IV) 

oxaphospholens 

Na X 
• 
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sult in protonation of one of the apical sites followed by 
an apical departure of the protonated ligand. Therefore, the 

overall reaction course will be determined by the structural 

characteristics of the initial formed P(V) intermediate. 

For instance, when sodium acetate was allowed to react 

w"ith in the presence of one equivalent of acetic acid in 
ether, after three days at room temperature the reaction re

sulted in a quantitative formation of acetic anhydride 6 • The 

proposed mechanism of the reaction is given in figure 5.1. 

The first step in the reaction involves a nucleophilic attack 

of the acetate anion on the phosphorus atom of l generating 
the P(V) intermediate ~ which is protonated by acetic acid 

on the apical ring oxygen atom to yield ~· In Chapter II 

it was demonstrated that whenever the apical ring oxygen o1 

an 1,2-oxaphospholene ring system of a pentacoordinated phos

phorus compound (~) was protonated a high tendency exists 
for ring opening towards the ketophosphonium ion (Za). 

CH30 

I+ 
_ .P-..,_~/CH3 

CH3o-J: - TI 
CH 3o FSO) O 

FS03 
2a 

Intermediate 1b is characterized by a similar five-membered 

ring, but in addition to this an equatorial an ionic oxygen 

ligand is present which is known to be prone to P=O bond 

formation with a concomitant apical departure of the best 

leaving group . Therefore , 1b will rapidly be transformed in

to the acetyl phosphonate 1c which after a subsequent nucleo

philic attack on the acetyl group ultimately gives rise to 

the observed products. The last step in the reaction sequen

ce may be facilitated due to a possible interaction of the 

phosphoryl oxygen with acetic acid , which polari zes thi s 
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bond and increases the positive charge on phosphorus. More

over, compound~ could be prepared by means of an indepen

dent experiment and shown to react with acetate anion and 

acetic acid to give the same products (fig 5.2). 

0 
11 

H20 __.... >-o~P~CH3 
HO/ 0 

+ 

0 
11 

);-o-j'P~CH3 
PrlNH-0 O 

+ 

+ 

0 

CH~CI 
0 
11 

_. ./'JP~CH3 
>-o/ o 

0 ro 1c 

CH3 

Fig 5.2 Acetylation with the acetyl phosphonate 1c 

Mention should also be made of the fact that addition of one 
equivalent of LiBr to the reaction mixture described in figu

re 5.1 resulted in a six fold increase in reaction rate. This 

probably arises from an interaction of the lithium cation 

with the phosphoryl oxygen atom of l (see Chapter IV) facil

itating the nucleophilic attack of the ac e tate anion on the 

phosphorus atom. Moreover, ~ is stabilized by the shielding 

of the anionic oxygen atom by the lithium cation, suppres

sing P=O bond formation from this ligand. 
Intermedia te ~ \vas also able to react wi th aliphatic 

thiols; e .g. methyl 3-mercaptopropionate could be acetylated 

quantitatively by land sodium acetate, after seven days of 

reaction at room temperature. The lower reaction rate is 

due to the lower acidity of the thiol with respect to acetic 
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acid and implies a slower protonation of the apical ring 

oxygen of ~· 
In order to check the influence of the nature of the 

apical endocyclic ligand on the reaction course, 2-isopro

poxy 5-methyl-1,2-thiaphosphole-4-ene 2-oxide Cl) was syn-

thesized according to tïle- p·rocedure given in figure ··s·. 3. 

HS) 
PCI3 + 

HS 
.... ether 

+ Ho-< 

Pishchimuka 
rearrangement 

ether 

Fig 5.3 Synthesis of 2-isopropoxy 5-methyl-1,2-

thiaphosphole -4-ene 2-oxide Cl) 

Addition of equivalent amounts of sodium acetate and acetic 

acid to a salution of compound l in ether did nat result in 

any resetion even after several we eks at room temperature. 

Similar to the reaction of l• the initial step involves the 
formation of a PCV) intermediate ~ Cfig 5.4). However , due 

to the lower basicity of the apical ring sulphur atom the 

exocyclic acetyl ligand now becomes the preferred protona

tion site and consequently the best leaving group. Moreover, 

the lower e l ect ronegativity of the sulphur in camparisen with 
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CH3 

N +-o s--\ 
a ·-. I_) 

. p 

>-o,..--1 
/~ CH 3 

eH coo-H Y 
3 0 

~COOH 3a 

Fig S.4 

Additional support for this mechanism could be abtairred 

from CND0-2 calculations on the model compounds I-III (fig 

s. s) . x 
-o . _. \ 

'p-OH 

Ho/\ 
OYH 

0 

II 

X:OH;SH 

Fig S.S 

III 

In these compounds the phosphorus atom has a trigorral bipy

ramidal configuration. The angles and apical bond distances 

are given in table S.1. 

p 1_02 1. ss ll. C=O 1. 24 ~ L.P-0-C 107.8° 
pl-03 1. 80 ll. P-S 2.00 ll. L.Ü=C-H 117.8° 

0- H 0.96 ll. ? -H 1. 33 ll. L.û-C=O 124.0° 

o-e 1 . 34 ll. LP-0-H 108.9° 

Table 5.1 
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The calculated charge densities on the apical X-atom, the 

apical oxygen atom (03 ) of the acyl group and the energies 

of the model substances are summarized in table 5.2. 

Compound x Charge density x Charge density 03 
Etot (a. u.) 

I OH - - ------
-0. 36 -0.3"2"" -128.039 

I SH -0. 14 -0.31 -120.760 

II OH -0.42 -0.36 -127.298 

II SH -0.26 -0.32 -120.010 

III OH -0.48 -0.38 -126.305 

III SH -0.44 -0.38 -119.042 

Table 5.2 

The charge density on the apical sulphur atom of the com

pounds I and 11 is lower than on o3 which implies a prefer

red tendency for protonation of the latter ligand. In con

tras t, for the corresponding oxygen analogs the charge den

sity on X is always greater than on o3 as a result of the 

higher electronegativity of the OH vs the SH group. Mo reover, 

the introduetion of anionic oxygen ligands increases the 

charge density on the ap ical X ligand and consequent ly its 

tendency to bind with a proton. Simultaneously, the i nterme 

diates are destabilized as the energy of II increases 0.741 

a.u. and of III 0.932 a.u. in comparison with I and II, res

pectively (X=OH). Similar values result for the SH analogs. 

Therefore, the reactivity of the P(V) intermediates with 

respect to protonation of the apical l igands will increase 
as the equatorial positions are substituted with more elec
tron donating ligands. 

Indeed, addition of equivalent amounts of sodium acetate 

and acet ic acid to solutions of compounds i and ~ in ether, 
did not result in any reaction (fig 5.6). From aleoho lysis 

experiments, which proceed vi a phosphorane intermediates it 

can be concluded tha t the P(V) intermediates derived from 

i and ~ are more stabilized with respect to ! as a conse

quence of the presence of strenger electron-withdrawing 
ligands. Despite this fact, no reaction is observed which 

124 



CH3 0 0 

X \~ 

eH o/ "ocH 3 3 

~3COO/CH7 
5 

no reaction 

Fig 5.6 

necessarily implies that due to the substitution of the 
equatorial carbon atom by the more electron-withdrawing oxy

gen atom the apical ring oxygen becomes less basic with re

spect to the exocyclic apical acetyl ligand. Therefore, a 

similar mechanism is operative as in the reaction of compound 

1 (fig 5.4). In fact, an analogous reaction course is obser
ved when compound~ (fig 5.7) was treated with FS03H in which 

the electron-withdrawing phosphato ligand was protonated 

(see Chapter II). 

+ 

Fig 5.7 Protonation of the electron-withdrawing phosphato 

ligand of compound 6 

V-3 Acetyl transfer r eact ions in the presence of initial 

bonded or free imidazole 

Since it is clearly established that phosphorylation 

reactions are accelerated in the presence of amines, in par-
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ticular imidazole appeared to be an effective catalyst 7 • 8 , 

we were prompted to investigate the influence of this hetero

cyclic base on the acetyl transfer reactions with phosphorus 

ring compounds. 

Therefore, the acetyl phosphonate 1 was synthesized 
--- f Yöiil ___ fhe- è()rresponding chloro oxaphospholene and sodium ace-

tate. Reaction of 7 with one equivalent of imidazole resul

ted in an immediate formation of N-acetyl imidazole and the 

acid 8 (fig 5.8). 

CH3'Co 0 
I \ ~ 

~ p" 
OH 

+ 

7 8 

Fig 5 . 8 Reaction of acetyl phosphonate 1 with i mida zole 

Addition of one equiva~ent of methanol to a salution of 7 

afforded an instantaneous reaction with the formation of the 

methoxy oxaphospholene ~. the dimethyl phosphonate lQ, the 

ketal 11 and acetic acid. Only very minor amounts of methyl 

acetate could be detected (fig 5.9). 

+ 

9 

+ 

Fi g 5 . 9 Re action o f ace tyl phosphona t e 7 with methanol 

The rapid formation of ~ indicates t hat compound 1 has a 

high tendency for phosphorylation. The so obtained acetic 

ac id in turn cat a lyze s the r eaction of 9 with meth anol, 
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yielding lQ. Also the formation of 11 is probably accelera

ted by acetic acid since it is known that equilibria between 

carbonyl compounds and ketals are rapidly established under 

acidic conditions. The small amount of methyl acetate does 

not necessarily have to result from a direct nucleophilic 

attack of methanol on the carbonyl oxygen of 2 but can be 

originated from the reaction of methanol with acetic acid. 

The acetyl transfer towards imidazole could also be 

accomplished by the reaction of acetate or acetic acid with 

the imidazolyl phosphonate ll· With an excess of acetic acid 

the acetyl imidazole was relative slowly transferred into 
acetic acid anhydride (fig 5.10). 

+ + 

1 2 

+ 
I \ 

N NH 
~ 

Fig 5.10 

The powerful phosphorylating ability of 12 could also be 

established by the immediate for-mation of 9 on addition of 

one equivalent of methanol to a salution of 12 in chloroform. 

Subsequent addi tion of a second equivalent of methanol r esul

ted in a very fast generation of the dimethyl phosphonate 10 

(the reac tion was completed within 15 min; 1 M solution). 

This implies an enormous catalytic effect of imidazole on 

the phosphoryl a tion reaction as the similar experiment in 

the absence of imidazole showed a t 1 value of 1 day. Anal o-
2 

gous result s were obtained for compound ~· 

In contrast, no reaction could be observed wit h com

pound li· Apparently, due to the electron-withdrawing ten

dency of the imidazole, the P(V) intermediates derived from 

12 are much more stabilized with respect to the correspon-
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14 

ding derivatives of li· 
Finally, the 1,2-dimethyl imidazole derivative of the 

1,2-oxaphospholene ring system was prepared from the corre

sponding chloro oxaphospholene and 1,2-dimethyl imidazole 

(fig 5.11). 

+ 

Fig 5.11 Synthesis of the 1,2-dimethyl imidazolyl 

phosphonate ~ 

As was expected, reaction of 15 with acetate anion immediate

ly resulted in the formation of acetic anhydride, presumably 

via the intermediacy of the acetyl dimethyl imidazolium ion. 

V-'4 Discussion 

In Chapter II it has been demonstrated that on addition 

of an acid to stabie oxyphosphoranes, protonation occurs at 

one of the apical sites with a subsequent departure of the 

protonated ligand. Moreover, protonated P(V) intermediates 

with an equatorial anionic oxygen ligand are known to be in

volved in the reaction of protic substances e .g. alcohols 
with P(IV) compounds 3 - 5 • The relative ease with wh i ch these 

phosphorylations occur depend on the stability of the gener

ated P(V) intermediates and on the nucleophilicity of the 

added reagent. The influence of the first aspect is demon

strated by the differences in reaction rates of compounds ±• 
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5 and 16 with methanol. 

The t, value for the reaction of 4 is 4 min (0.3 M salution 
2 

of 4 with 1 Mof methanol in CDC1 3 ; 20 °C). In comparison, 

the t, values for the much slower reactions of 5 and 16 
2 

(1 M solutions in CDC1 3) are 200 min and 1 day, respectively 6 • 

The rate enhancement for P(IV) compounds with electron with

drawing groups must be a resu l t of the stabilization of the 

phosphorane intermediates in the TBP configuration by these 

ligands 10 - 1 2 • 

Wh enever the nuc leophilicity of the protic substance 
is increased which necessarily implies a suppression of its 

leaving ability, the initially generated P(V) intermediate 

has a langer lifetime and consequently a greater propability 

for proton transfer and subsequent product formation. For 

instance, addition of methanol to ~ results in phosphoryla
t ion, whereas on addition of acetic acid no reaction can be 

observed. Apparently, intermediate lZ is sufficiently long 

lived in order to give rise to a proton transfer to the 

apical ring oxygen atom and subsequent ring opening, whereas 

in the corresponding intermedia t e ~ the protonated acetyl 

group has a dominating tendency for l eavingi to a llow any 

reaction (fig 5. 12). 

The phosphorylating abilities of the different P(IV) 

compounds will however not only depend on the relative sta

hilities of their P(V) intermediates, as another criterion 

for proton transfer involves the relative basicities of the 

two apical ligands. The importance of this factor is demon

strated by the different reactivities of the P(IV) compounds 

towards acetyl transfer. Whereas compound l with acetate 

anion and ace ti c acid gives rise to the formation of acetic 
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16 

1 6 

1 8 

Fig 5.12 Phosphorylation of methanol and acetic acid 

with compound 16 

anhydride, the corresponding sulphur der ivative l does not 

react a t all. This may be due to the lower basicity of the 

apica l sulphur atom , otherwise the lower stability of the 

P(V) intermediates of l may be responsible. On the other 

hand, as compounds i and ~ are known to form more stable 

P(V) intermediates than l (vide s up r a) , their unreactivity 

towards acetyl transfer can only be ascribed to the decrea

sed basicity of the apica l ring oxygen atom resulting in a 

pre fe rred protonation of the apical acetyl group. 

In conclusion, several conditions have to be fulfilled 

in order to accomplish ace tyl transfer with P(IV) compounds. 
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First of all, the P(V) intermediate must be sufficiently 

long lived but whenever the stability of the species is in

creased by substitution with more electron-withdrawing 

groups, protonation of the apical ring ligand may become the 

limiting factor. This makes P(V) oxaphospholens more reactive 

species than the corresponding P(V) dioxaphospholens or di

oxaphospholans in the acetyl transfer reactions. 

After phosphorylation of the acetate anion by cyclic 

P(IV) compounds an acetyl phosphate or phosphonate is gene ra

ted from which the actual group transfer is performed. The 

mechanism of this reaction is normally supposed to involve 

an initial nucleophilic attack on the carbonyl carbon atom 

which subsequently gives rise to the formation of the pro-

ducts (fig 5. 1 3). 
0 

0 11 

H •. 

·(·o 
0 :1 

0 
11 

Ä __.... P'\.· R' + X H 
.,. CH~__....P,·R' + P. 

/ '-.'·R' 
CH 0 ~· 3 OR 3 I OR HO ~OR 

x-

Fig 5.13 Mechanism of the acetyl transfer involving an 

initial nucleophilic attack on carbon 

Howeve r, in view of the high phosphorylating abilities of 

tetravalent phosphorus compounds, especially when the phos

phoryl oxygen atom is protonated or complexated by metal ions 

+ XH 

OH 
R' I 

·P-OR 

o;f6 
CHrr x 

0 

CH~X 

... 

+ 

(\OH 
o I. 

CH~o __....\· R' 
3 X OR 

0 
11 

'p 
R'-/ "" 
HO OR 

Fig 5.14 Mechanism of ·the acetyl transfer invalving a 

pentacoordinated phosphorus intermediate 
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(Chapter IV), and the high polarizability of the TI-electrons 
in the C=O bond, pentacoordinated phosphorus intermediates 

might also be involved in this reaction as is shown in figure 

5.14 13 • The intermediate phosphorane containing a dioxaphos

phetane ring shows resemblance to the intermediates of the 

Wittig rea-cfi-6n which involves the foririäTion of a phosphine 

oxide and an olefine from a phosphorus ylide and an aldehyde 

as is depicted in figure 5.15 14 - 1 &. 

+ 

.... 

Fig 5.15 Mechanism of the Wittig reaction 

The advantage of the involvement of pentavalent structures 

in the acyl transfer reactions might result f rom the fact 

that the formation of the P=O bond is more easily accomplished 

from an equatorial bonded ligand in the phosphorane than di

rectly from the P(IV) compound. The electronic movements in

volved are in full agreement with that expected for a P(V) 
configuration. However, it must be pointed out that this 

mechanism is only speculative at this time; experimentally 

no distinguishment can be made between the two alternatives. 

The catalytic influence of imidazole on acetyl transfer 

reactions is a well established fact 17 - 19 • For instance, 
ace tyl-AMP and imida zole ar e known to farm an equilibrium 
with ace tyl imidazo l e and AMP. The e quilibrium constant of 

the mixture is pH dependent. The rate of acetyl transfer 

from acetyl-AMP or acetyl phosphate to the SH group of the 

coenzyme A is considerably increased in the presence of small 

132 



amounts of imidazole, due to the intermediate formation of 

acetyl imidazole. 

The mechanism of the acetyl transfer is normally suppo

sed to involve a direct nucleophilic attack on the carbonyl 

carbon atom of the acetyl group. The reaction of 7 with 

imidazole can berepresentedas given in figure 5.16. 

~ produels 

Fig 5.16 

An analogous mechanism as depicted in figure 5.14 might also 
be involved here. Moreover, in acetyl phosphorus compounds 

distinction can be made between two electropositive sites 

i.e. the phosphorus atom and the carbonyl carbon atom. Reac

tions of acetyl phosphates with nucleophiles in which the 

mechanism involves direct attack on the phosphorus atom with 

concomi tant expulsion of acetate are known 1 7 • For instance, 

the hydralysis of acetyl ethylene phosphate ~ proceeds by 

an initia! attack of water on phosphorus 20 (fig 5.17). Also 

methanolysis at -35 °C only gives rise to the formation of 

19 

HO· -. I) 
·p-o~ 

Ho/I 
0 CH3 
y+ 

0 

Fig 5.17 

CH3COOH 
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methyl ethylene phosphate and acetic acid, whereas attack at 

carbon would have yielded methyl ac e tate. Moreover, from the 

methanolyse experiments of 2 a high tendency appears to 

exist for phosphorylation. Therefore, in view of the results 

obtained in the previous Chapter, formation of acetyl imida

zole- can- also be realized by the -iffvó1vement of a pentavalent 

phosphorus intermediate, followed by an intramolecular attack 

on the equatorial acetyl ligand (fig 5 .18). 

+ I \ 
N~NH 

In the reaction of compound 12 with acetate anion or acetic 

acid the involvement of the P(V) inte r mediate ~ must always 

be assumed in order to obtain the observed products. The dif

f e r ence between t he two mechanis ms is lying i n the fact t ha t 

for the intramolecular pa thway no complete dissociation of 

.the apical P-N bond has to be present in order to obtain the 

products. The high phosphorylating ability of imidazole was 

also established by Rami rez who inves tigated the catalytic 

influence of imida zo le on the phosphorylation reactions of 

alcoho ls 7 • Also the enormous accel e ration of the r eact ion 

of~ with methanol in the presence of imidazole must be ex

plained by the involvement of P(V) intermediates ( fig 5.19). 
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_ __,..,.....,.... products 

Fig 5.19 Catalytic influence of imidazole on the phosphor

ylation of alcohols with cyclic P(IV) esters 

V-5 ExperimentaZ 

Preparations and reactions 

The synthesis of compounds l• 4 and 5 has been given in 

Chapter IV, Section IV-6. The reactions of 1 with sodium 

acetate in the presence of acetic acid or methyl 3-mercapto

propionate are described in reference 6, whereas the synthe

sis of compound 11 is given in reference 7 . 

.".....acetyZ-isopropyZ-3-oxobuty Zpho sphonate (Ie ) 

Toa salution of 3.52 g (0.2 mol) of l in 25 ml of benzene 

0.36 g (0.2 mol) of water was added. The mixture was refluxed 

for 7 hr, yielding pure 3-oxobutyl phosphonic acid isopropyl 

ester. The di-isopropyldiethylammonium salt was obtained 

by addition of one equivalent of di-isopropyl ethyl amine to 

a salution of this ester in CH 2c1 2 , followed by several hours 

of s tirring at room temperatur e , evaparatien of the solvent 
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and drying in vacua. The thus obtained salt was added to a 

salution cantairring a slight excess of acetyl chloride in 

ether. The resulting solid was filtered off and the solvent 

and excess of acetyl chloride of the residue was removed in 

vacua, yielding pure product. 
__ _ __ _lH NMR fC·DC1 3): o 1.30 arrd--L35 (d, 6 H, ::!_pH=6 Hz, is·e-p-ropyl 

H); o 2.20 (2 s, 6 H, CH 3C(O)- and CH 3C(O)O-); 6 3.06-1.60 

(m, 4 H, -cH 2eH 2-); o 4.75 (dof m, 1 H, ::!_pH=8 Hz, me thine 

H) • 

.-Peaction of ~ with sodium acetate and acetic acid 

A suspension of 5.1 g (26 mmol) of~ in 25 ml of ether, 

2.13 g (26 mmol) of sodium acetate and 1.56 g (26 mmol) of 

acetic acid was stirred for several hours at room temperature, 

under nitrogen. The precipitate was filtered off. The resul

ting clear solution, combined with the washings of the solid 

was evaporated in vacua. Th~ 1H NMR spectrum in CDC1 3 of an 

aliquot showed the characteristic absorptions of acetic an

hydride and of 3-oxobutyl phosphoni c acid isopropyl ester. 
1 H NMR (CDel 3): o 1.20 (d, 6 H, ::!_HH=6 Hz, isopropoxy methyl 

H); o 2.12 (s, 3 H, CH 3eO-); o 2.18 (s, 6 H, eH 3e(O)OC(O)eH 3); 

6 3.10-2.45 (m, 4 H, -eH2CH 2-); o 4.36 (dof m, 1 H, ::!_pH= 

7 Hz, methine H) . 

.-2-isopPopoxy - 5- methyZ-1,2-thiaphosphol-4-ene 2- oxi de (3) 

Toa salution of 68.75 g (0.5 mol) of Pe1 3 in 250 ml o f dry 

ether 47.06 g (0.5 mol ) of e th anedithio l was added at room 

temperature, with stirring. The resulting mixture was heated 

for 2.5 h r at 42/45 °e , foliowed by one hour stirring at 

room temperature. The solvent was removed in vacua and the 

residue distilled under reduced pressure, yielding pure 

e thylene phosphorochloridothioite 21 • Yield 66% of the theory ; 

b p 8 8 ° C , 2 mm. 

Toa salution of 8 g (0.11 mol) of pyridine in 170 ml of dry 

ether 7 g (0.11 mol) of isoprop anol was added. The resulting 

mixture was cao l ed to 0 ° e after which 16 g (0.1 mol) of 
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ethylene phosphorochloridothioite was added. The abtairred 

precipitate of the pyridinium Hel salt was filtered off. The 

resulting clear solution, tagether with the washings of the 

solid, was evaporated in vacua. The residue was distilled 

under reduced pressure, yielding pure S,S-ethylene isopropyl 

phosphorodithioite (yield 72% of the theory; bp 72 °e, 0.22 

mm). 

Subsequently, a mixture of 13.1 g (0.072 mol ) of the phos

phite and 5.04 g (0.072 mol) of methyl vinyl ketone was 

heated in an 50 ml autoclave for 3~ hr at 100 °e under high 

pressure (6 ATO) with stirring. The residue was distilled 
under reduced pressure, yielding pure 322 (yield 30% of the 

theory; bp 45 °e, 0.3 mm). 
1 H NMR (eDel 3): o 1.34 (d, 6 H, ~HH=6 Hz, isopropoxy methyl 

H); o 1.91 (m, 3 H, ring methyl H); o 2.89 (dof m, 2 H, 

~PH=10 Hz, ring methylene H); o 4.94 (dof m, 1 H, ~PH=34 Hz, 
vinylic H); o 4.96 (dof m, 1 H, ~PH=7 Hz, isopropoxy methine 

H) . 

.-reactions of c ompounds ~. 4 and 5 wit h s odium ace tat e a n d 
ace t ic a c i d 

As a typical example, a suspension of 4.8 g (26 mmol) of~' 

2.13 g (26 mmol) of sodium acetate and 1.56 g (26 mmol) of 

acetic acid in 25 ml of ether was stirred for several weeks, 

under nitrogen. The precipitate was filtered off and the 

resulting clear solution, combined with the washings of the 
solid, was e vaporated in vacua. The 1H NMR spectrum in ene1 3 
of an aliquot showed only the characteristic absorptions of 

3. 

Similar results were obtained with the compounds 4 and 5 . 

.-2-ace tyl-5- me thyl-2, 3-dihydro-1, 2- o x a p ho s phole 2-oxide ( 7) 

To a suspe nsion of 2.33 g (28.4 mmol) of sodium ace tat e in 

50 ml of dry ether, 5.0 g (28. 4 mmol) of the corresponding 

chloro oxaphospho lene was added dropwise, under nitrogen. 

The salution was stirre d for 16 hr a t room t emperature. Th e 
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precipitate of NaCl was filtered off and thoroughly washed 

with ether. The solvent of the clear salution was removed in 

vacua, to yield pure 7. 
1H NMR (CDC1 3): ê 1. 9 3 (m, 3 H, ring methyl H); ê 2. 2 3 (s + 

d, 3 H, acetyl H); ê 2. 7 5 (d of m, 2 H, ~PH=15 Hz, ring me-

thylene H); ê 5.08 (d of m, 1 H, ~PH=36 Hz, vinylic H). 

.-reaction of z with imidazole 

From a salution of 0.704 g (0.004 mol) of 2 in 2 ml of CDC1 3 
an 0.2 ml aliquot was transferred to an NMR sample tube. 

Subsequently, a 0.2 ml portion of a salution of 0.272 g 

(0.004 mol) in 2 ml of CDC1 3 was added, followed by thorough 

shaking of the resulting mixture. Immediately, an exothermic 

reaction was observed with formation of N-acetyl imidazole 

and 2-hydroxy 5-methyl-2,3-dihydro-1,2-oxaphosphole 2-oxide. 
1H NMR (CDC1 3): ê 1.83 (m, 3 H, ring methyl H); ê 2.35 (dof 

m, 2 H, ~PH=14 Hz, ring methylene H); ê 2.60 (s, 3 H, N-ace

tyl H); ê 4.82 (dof m, 1 H, ~PH=30 Hz, vinylic H); ê 7.06, 

7.43, 8.15 (m, 3 H, imidazole H) . 

.-re action of Z with methanol 

From a salution of 0.704 g (0.004 mol) of 2 in 2 ml of CDC1 3 
an 0.4 ml aliquot was transferred to an NMR sample tube. T~ 

this salution 32 wl (1 eq) of methanol was added. The 1H NMR 

spectrum showe d apart from the signals characteristic of 7 

an appreciable amount of the compounds ~. lQ and 11. 
1H NMR (CDC1 3): 

Compound~: ê 1.93 (m, 3 H, ring methyl H); ê 2.50 (dof m, 

2 H, ~PH=14 Hz, ring methylene H); ê 3.83 (d, 

3 H, ~PH=12 Hz, methoxy H); ê 5.07 (dof m, 1 H, 

~PH=33 Hz , vinylic H). 

Compound 10: ê 2.20 (s, 3 H, CH 3CO-); ê 1.81 (d, 6 H, ~PH= 

11.5 Hz, methoxy H); The signals corresponding 

with the CH 2 groups of the phosphonate part of 

the molecule could not be separately observed. 

Compound 11: ê 1.27 (s, 3 H, CH 3-ketal); ê 1.93 (m, 3 H, 
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ring methyl H); o 3.17 (s, 6 H, OeH3 ketal); o 
5.03 (dof m, 1 H, ~PH=34 Hz, vinylic H); o 2.70 

(dof m, 2 H, ~PH=14 Hz, ring eH 2) . 

.-2-imidazoZyZ-5-methyZ-2,3-dihydro-1,2-oxaphosphoZe 2-oxide 

(12) 

A salution of 5 g (32.7 mmol) of 2-chloro-5-methyl-2,3-dihy

dro-1,2-oxaphosphole 2-oxide in 25 ml of dry eH 2e1 2 was 

cooled to 0 °e. To this mixture 4.45 g (65.4 mmol) of imida

zole was added followed by one hr stirring. Subsequently, the 

mixture was warmed to room tempersture and stirred for an
other 6-8 hr. The imidazolium Hel salt was filtered off. The 

clear solution, tagether with the combined washings of the 

salt, was evaporated in vacuo. A light-brown oil was obtained 

which after recrystalli zation at -20 °e yielded white crys

tals of pure 12. 
1H NMR (eDel 3~ o 2.03 (m, 3 H, ring methyl H); o 2.85 (dof 

m, 2 H, ~PH=14 Hz, ring methylene H); o 5.18 (dof m, 1 H, 

~PH=34 Hz, vinylic H); o 7.05 and 7.80 (m, 3 H, imidazole H) . 

.-reaction o f ~ with acetate anion and aceti c aci d 

From a solution of 0.736 g (4 mmol) of ll in eDel 3 an 0.2 ml 

aliquot was transferred to an NMR sample tube. Subsequently, 

a 0.2 ml portion from a salution of 1.204 g of tetrabutyl 

ammonium acetate in 2 ml of CDC1 3 was added, followed by 

thorough shaking of the resulting mixture. Immediately, an 
exothermic reaction was observed with formation of N-ac etyl 

imidazole and the tetrabutylammo nium salt of the oxaphos

pholene. 
1 H NMR (eDel 3): o 0.65-2.05· (m, 28 H, -eH2e H2eH3); o 1. 77 

(m, 3 H, ring methyl H); o 2 .25 (dof m, 2 H, ~PH=14 Hz, ring 

methyl ene H); o 2.60 (s, 3 H, acetyl H); o 4.72 (dof m, 1 H, 

~PH=30 Hz, vinylic H); o 3 .55-2.45 (m, 8 H, N-eH2-); o 7 . 00 , 

7.42 and 8.10 (m, 3 H, imidazole H). 

Similar results were obtained with sodium acetate. Additi on 

of one equivalent of acetic acid to a 1 M sa l uti on of 12 in 
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CDC1 3 resulted in the formation of only one half an equivalent 
of N-acetyl imida~ole because the obtained acid subsequently 

transfers its proton t o unreacted ll which thereupon was no 

lange r susceptible for further reaction~ 

.-reaction o f 11 with methanol 

From a salution of 0.368 g (2 mmol ) of ll in 2 ml of CDC1 3 
an 0.4 ml aliquot was transferred to an NHR sample tube. To 

this salution 13 ~1 (1 eq) of methanol was added and an in

stantaneous re action occurred with formation of 9 and imidaz 

ole. Subsequent addition of a second equivalent of methanol 
resulted in a very fast phosphorylation with formation of 10. 

The reaction was completed within 15 min . 

.-2-(N, N- dimethyl) - 2- oxo-5-methyl-1 , 2- oxaphosphole 2- oxide 
(14) 

Toa salution of 5 g (32.7 mmol) of chloro-5-methy l -2,3-di

hydro-1,2-oxaphosphole 2-oxide in 150 ml of CH 2c1 2 at 0 °C 

2.44 g (65.4 mmol) of dimethylamine was added, followed by 

1 hr stirring. The mixture was warmed to room temperature 

and the precipita te was fil t ered off. The resulting clear 
salution was evaporated, yielding 14. 
1H NMR (CDC1 3): 8 1.89 (m, 3 H, ring methyl H); 8 2.46 (dof 

m, 2 H, ~PH=13 Hz, ring methylene H) ; 8 2.65 (d, 6 H, ~PH= 

10Hz, -NCH3); 8 5.0 3 (dof m, 1 H, ~PH=32 Hz, vinylic H) . 

.-2-(1 , 2- dimethyl imidazolyl)- 2-oxo-5-me thyl-1, 2-oxaphosphole 
2-oxide (15) 

From a salution of 6.1 g (4 mmol) of 2-chloro-5-methyl-2,3-

dihydro 2-oxide in 2 ml of CDC1 3 an 0.2 ml aliquot was trans

ferred to an NMR sample tube. Subsequently, a 0 . 2 ml portion 

from a salution of 0.384 g (4 mmol) of 1,2-dimethy l imidazole 

was added. An instantaneous r eaction took place with format

ion of 15. 
1H NMR CCDC1 3): 8 2.13 (m, 3 H, ring methyl H); 8 2 . 93 (s, 

3 H, methyl imidazole H); 8 3.43 (s , 3 H, N-CH 3) ; 8 5.34 (d 
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of m, 1 H, ~PH=36 Hz, vinylic H); o 7.26 and 7.90 (m, 2 H, 

imidazole H). 

Addition of sodium acetate to the mixture resulted in the 

formation of acetic anhydride. 
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Summary 

This thesis deals with the molecular mechanistic aspects 

of several reactions initiated by four- and fivecoordinated 

organophosphorus compounds. In particular, attention has been 

focussed on phosphorylation and group transfer reactions. 
Since it is well established that phosphorylation is control

led by a complex in which the phosphorus atom is the center 

of a trigorral bipyramidal (TBP) configuration we were promp

ted to investigate whether group trans fer can be accomplished 

with the same species. As a consequence, selectivity is in
troduced by the difference in orientation of the apical and 

equatorial ligands with respect to phosphorus . This distinct

ion is absent in the tetrahedral configuration. Reactions of 

the latter type are known as Arbusov reactions. 

I nvestigations towards the al ky lating properties of 
oxyphosphoranes in the preserree of reactive hydragen compounds 

reveal that the first step in these reactions involves pro

torration of one of the apical oxygen ligands. The actual 

group transfer can be accomplished by a nucleophilic attack 

on one of the alkoxy ligands of the protonated pentavalent 

intermediate. However, i f this intermediate is insufficiently 
stabilized, apical departure of the protonated ligand might 

preeede the alkyl transfer, generating the phosphonium ion. 

From NMR spectroscopie studies the occurrence of protonated 

oxyphosphoranes has been firmly established. The stability 

of the species appear to increase with the basici ty of the 

apical oxygen atom. Furthermore, it could be clearly demon

strated that nucleophilic attack prefers equatorial substit

uents to the apical ones. An excellent precursor for this 

high regiospecifici ty was found in 1-H- 1-phospha- 5- aza-2,8, 9-
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trioxatricyclo[3.3.3.0]undecane. The driving force for group 
transfer is the generation of a P=O bond from one of the 

basal ligands with an accompanying departure of the best 

leaving group. This mechanism is consistent with the elec

tronic characteristics of the TBP configuration and supported 

by quantumchemical calculations. 

In addition to alkyl transfer, attention has also been 

focussed on the mechanistic aspects of (amino)acyl transfer 

which are of interest especially for an understanding of 

enzymatic reactions in which phosphorus plays an essential 

role. In order to obt a in (amino) acyl transfer v ia fourcoor

dinated precursors as cyclic phosphates or phosphonates in 

the presence of a proton donor, a pentavalent intermediate 

has to be generated in which the basicity of the apical ring 

atom is strongly increased by the presence of electron donat

ing substituents in the equatorial positions such as anionic 
oxygen ligands. In addition, the actual acetyl transfer from 

the resulting tetravalent phosphorus compounds might proceed 

v i a the intermediate formation of pentavalent structures. 

Besides group transfer, the strongly related phosphor

ylation reactions have bee n invest i ga ted, especi a lly the in
tramolecul a r phosphoryl a tion which i s involved in the hydral

ysis of ribonucleotides. It has been generally accepted now 
that the oxygen atom of the 2 ~-0H group of the ribose unit 

attacks the tetravalent phosphorus atom. The resulting penta

valent intermediate i s stabilized due to shieldi ng of the 
equatorial anioni c oxygen a toms by sites of the enzyme . 

Studies on mode l systems in which the negat i vely charged 

oxygen atoms are shielded effectively by alkyl groups reveal 

that rapid equilibria can be obtained betwe en four- and five

coordinated structures by implying structural constra ints on 
the system. Due to orient a tion of the nucl eophile tow a r ds 

phosphorus, l e s s entropy has to be r e moved in orde r to obtain 

the rigid closed form of the pentavalent species. 
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Samenvat:t:ing 

Het onderwerp van dit proefschrift heeft betrekking op 

de moleculair-mechanistische aspecten van vier- en vijfge

coordineerde organofosforverbindingen in fosforylerings- en 

groepsoverdrachtreakties. Uit het onderzoek is duidelijk 
gebleken dat deze beide reakties plaatsvinden via een vijf

gecoordineerd intermediair, waarin fosfor zich bevindt in 

het centrum van een trigonale bipyramide (TBP). Bij groeps

overdrachtreakties kan dit leiden tot een verhoogde selec

tiviteit. Deze selectiviteit is het gevolg van het verschil 
in chemische reactiviteit van de equatoriale en apikale li

ganden. Indien de groepsoverdracht plaatsvindt vanuit een 

viergecoordineerde configuratie (fosfonium ion), is de selec

tiviteit zoals die voor een TBP configuratie is vastgesteld 

afwezig (Arbusov re ak tie). 

Als modelverbindingen voor alkyloverdracht werden oxy

fosforanen onderzocht. De primaire stap in deze reaktie 

blijkt protonering van één der apikale zuurstofligancien te 

zijn. De feitelijke groepsoverdracht vindt plaats door een 

nucleofiele aanval op een equatoriaa l alkoxyligand van het 

protoncomplex. Indien het vijfge coordineerde intermediair 

echter onvoldoende gestabilizeerd is, vindt groepsoverdracht 

plaats vanuit het fosfonium ion (ontstaan door ringopening). 

De geprotoneerde intermediairen zijn met behulp van NMR 

spectroscopie aangetoond. Het blijkt dat de stabiliteit van 
deze intermediairen toeneemt bij ve rhoogde basiciteit van 

het apikale zuurstofatoom. 

De equatoriale groepsoverdracht kon éénduidig worden 

vastgesteld met behulp van 1-H-1-fosfa-5-aza-2,8,9-trioxa

tricyclo[3.3. 3.0]undecaan . In de ze ve rb inding vormt het 
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quaternaire stikstofatoom (simulátie site voor apikale proto

nering) één der apikale liganden van het vijfgecoordineerde 

fosforatoom. Een pseudo-equatoriaal gelegen koolstofatoom 

kan dan reageren met een nucleofiel waarbij de coordinatie 

van fosfor wordt verlaagd van vijf naar vier - bandverbreking 

tussen fosfor en stikstof - onder vorming van een P=O binding, 
hetwelk een drijvende kracht is voor groepsoverdracht vanuit 

gefosforyleerde verbindingen. 

Naast alkyloverdracht is ook aandacht besteed aan de 

mechanistische aspecten van (amino)acyloverdracht, welke 

vooral van belang zijn om een beter inzicht te verkrijgen in 

primaire biologische processen waarin fosfor een essentiële 

rol vervult. Voor de simulatie van acetyloverdracht werden 

cyclische fosfaten of fosfonaten in aanwe zigheid van proton

donoren gebruikt. Het opgebouwde TBP intermediair dankt zijn 

relatieve reactiviteit aan het feit dat een equatoriaal an 
ionisch zuurstofligand in hoge mate de protonaffiniteit van 

het apikale ringzuurstofatoom verhoogt, hetgeen leidt tot 

acetyloverdracht onder ringopening. 

De fosforyleringsreakties hebben voornamelijk betrekking 

gehad op simulatiemodellen voor intramol ecu lai re fosforyle

ringen. In het bi jzonder is onze aandacht uitgegaan naar de 

simulatie van de primaire stap in de hydrolyse van ~ibonucleo

tiden. Het is thans algemeen aanvaard dat het zuurstofa toom 

van de 2'-0H groep van de ribosering aanvalt op het vierge

coordineerde fosforatoom. De gevormde TBP wordt gestabilizeerd 
door afscherming van de equatoriale anionische zuurstofligan

den via sites van het enzym . Uit studies aan modelsystemen, 

waarin de negatief geladen zuurstofatomen effectief worden 

afgeschermd door alkylgroepen, blijkt dat snelle evenwichten 

verkregen kunnen worden tussen vier- en vijfgecoordineerde 

verbindingen wanneer bepaalde geometrische restricties aan 

he t sys t eem worden opgelegd. 
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Stellingen 

1. De door Ziegler e t al. voorgestelde p referente oriëntatie 

bij het op si 1 ic ium ge vormde f 1fSi wordt door hu n experi 

mentele resultaten nie t onderst eund. Het feit, da t de 

reflecti e [011] van lifSi een hogere i ntensiteit heeft dan 

een textuurloos preparaat, wil nog niet zeggen dat het 

[0 11] -vlak evenwijdig aan het substraatoppervlak is ge

l egen. 

J. F. Zieg le r, J. W. i<1. Mayer , C. J. Kircher en 
K.:J. Tu, J . Appl. Phys., '!_i, 3851 (1973 ) 

2. De gevonden correlatie van de door ha logeen substituenten 

geïnduceerde experimentele 13c shifts op de C0 po s i tie in 

cyclohexanen met berekende line aire e lektrische veld

effecten (LEf) is voorba rig, gezien de onzekerheden in de 

berekeni ng van dit LEF effect. 

H. J. Schneider en W. Fre ?:t ag , J. Am. Chem . 
s 0 c. J ~J 8 3 6 3 ( 19 77) 

3. Het door Smith en Carrington gepubliceerde ESR spec trum 

wordt ten onrechte toegekend aan het radikaal afgeleid 

van de monomethyl ether van catechol. 

I.C.P. Smith en A. Carrington, Mol. Phy s., .!.J_, 
443 (1967) 

4. De door Craig en Thirunamachandran gegeven uitdru kk ing 

voor hogere orde (Born Oppenheimer) correcties me t be trek

king tot het vibrati onee l circulair d ichroïsme is onjuist. 

D.P. Craig h en T. Thiru namachandran , Mol . Phys., 
~' 8 2 5 ( 1 9 7 8) 



5. Aangezien bij de synthese van 111-1, 2, 3-diazafosfool deri

vaten de intermediaire vorming van e en fosforyli de al s 

een re ë l e moge 1 ij k he i d lv o r d t on cl e r ken d , "verdient " dit 

ylide ook. betrokken te worden bij de mechanistische ver

klaring voor de uiteindelijke product vorming. 

G. Baccolir>. i er>. P. i::. ':'odesc o , '!'etï'a l: e dï'on 
Tetters, ~' 2313 (19 78) 

6. De door Scott vastgeste l de stereospec ifieke isomeri satie 

van methylmalonyl CoA naar succinyl CoA in mode l re acti es 

voor vitamine B12 kan a l le en worden verklaard do or e en 

cyclopropaan als intermediair te ve r onderstellen. 

A. I. Scott, J . KaY,g, D. Da7t on en 5. K. Ch ung, 
J. Am. Chem . Soc., 100, 36 0 3 (1978 ) 

7. De aanname, dat de uiteindelijke resu l taten van de Ab

Initia be~ekeningen aan a-seleno carbanionen geen wi j zi

gingen ondergaan indien voor het ani onisch koolst o fatoom 

behalve een tetraëdrisc he structuur de eveneens voor de 

hand liggende planaire structuur in aanmerking wor dt ge

nomen, is Aanv e chtbaar. 

J.:''· Lehn, G. i<'ipf en J. Demuync k , He lv. Ch i m. 
Acta, §_Q, 1 239 (1977) 

8. De aanname van een vie rgeco5rdineerd koolstofato om in een 

vlakke conformatie als i ntermediair b ij de stereos peci

fieke reactie van 1-methyl-2,3-di(t-butyl)-thiirenium ion 

met Cl lijkt onjuist. 

Z. Rappop ort , Tetrahe d r on Le tters, 1 073 (1 9 78) 

9. De belangrijke ontwikkel ingen binnen de biochemi e en de 

daaruit ontstane mogeli jkheden voor de ch emische techno

logie, vragen om een mu l tidisciplina i re aanp a k me t als 

accentgebieden moleculaire biologie e n biotechnol ogi e. 



10. Het beoefenen van het ganzenbordspel i s een goede oe fe

ning voor het lezen van c omputerprog ramma's. 

A. ~r.c.F. Castelijns Eindhoven, 5 j un i 1979 


