
 

Dynamics of pentacoordinated organophosphorus compounds
: simulation of biochemical group transfer reaction
Citation for published version (APA):
Voncken, W. G. (1976). Dynamics of pentacoordinated organophosphorus compounds : simulation of
biochemical group transfer reaction. [Phd Thesis 1 (Research TU/e / Graduation TU/e), Chemical Engineering
and Chemistry]. Technische Hogeschool Eindhoven. https://doi.org/10.6100/IR38937

DOI:
10.6100/IR38937

Document status and date:
Published: 01/01/1976

Document Version:
Publisher’s PDF, also known as Version of Record (includes final page, issue and volume numbers)

Please check the document version of this publication:

• A submitted manuscript is the version of the article upon submission and before peer-review. There can be
important differences between the submitted version and the official published version of record. People
interested in the research are advised to contact the author for the final version of the publication, or visit the
DOI to the publisher's website.
• The final author version and the galley proof are versions of the publication after peer review.
• The final published version features the final layout of the paper including the volume, issue and page
numbers.
Link to publication

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain
            • You may freely distribute the URL identifying the publication in the public portal.

If the publication is distributed under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license above, please
follow below link for the End User Agreement:
www.tue.nl/taverne

Take down policy
If you believe that this document breaches copyright please contact us at:
openaccess@tue.nl
providing details and we will investigate your claim.

Download date: 24. May. 2023

https://doi.org/10.6100/IR38937
https://doi.org/10.6100/IR38937
https://research.tue.nl/en/publications/22c23229-09f0-4d47-aa0a-4dd3a3c488cc


DYNAMICS OF PENTACOORDINATED 
ORGANOPHOSPHORUSCOMPOUNDS 

simulation of biochemical 
group transfer reactions 

W.G. Vooeken 



DYNAMICS OF PENTACOORDINATED 
ORGANOPHOSPHORUSCOMPOUNDS 

SIMULATION OF BIOCHEMICAL GROUP TRANSFER 
REACTIONS 

PROEFSCHRIFT 

Ter verkrijging van de graad van Doctor in de Technische Wetenschappen aan de 
Technische Hogeschool Eindhoven, op gezag van de Rector Magnificus, Prof. Dr. P. 
v.d. Leeden, voor een commissie aangewezen door het College van Dekanen in het 

openbaar te verdedigen op dinsdag 5 oktober 1976 te 16.00 uur 

door 

WILHELMUS GERLACHUS VONCKEN 

Geboren te Valkenburg-Houtbern 

KRIPS REPRO MEPPEL 



Dit proefschrift is goedgekeurd door 
de promotors 

prof. dr. H.M. Buck 

en 
prof. dr. U.K. Pandit 



Aan mijn ouders 

Aan Helga 



Unless we can know sarnething without 

knowing everything, it is obvious that 

we can never know something. 

Eertrand Russell 



Chapter I 

Chapter 11 

CONTENTS 

General introduetion 

Heferences and Notes 

Reaction of oxyphosphoranes with proton 

acids 
II.1 Introduetion 

II.2 Synthesis, structure and stereo-

chemietry of phosphoranes 

II.3 Hesults 

II.4 Discussion 

II.S Experimental 

Heferences and Notes 

7 

13 

Chapter 111 Reaction of tetravalent phosphorus com- 40 
pounds with alcohols and thiols 

III.1 Introduetion 

III.2 The reaetion of five-membered 

eyalia P(IV) eompounds with 

aleohols 

III.3 The reaction of five-membered 

cyclic P(IV) eompounds with 

aliphatia thiols 

III.4 Discussion 

111.5 Experimental 

Heferences and Notes 

Chapter IV Group transfer via pentavalent phosphorus 61 

intermediates 
IV.1 Introduetion 



Chapter V 

Summary 

IV.2 Alkyl transfer from P(V) oxa

phospholene intermediatee 

IV.3 Acyl transfer via P(V) oxa

phospholene intermediatee 

IV.4 CND0-2 ealculations on several 

types of P(V) formyl oreaphos

pholene intermediatee 

IV.S Discussion 

IV.6 Experimental 

Referenaes and Notes 

Mechanistic aspects of biochemica! con
versions for phosphorus containing 

compounds 
V.1 Introduetion 

V.2 The hydralysis of ribonualeotides 

catalyzed by ribonualease A 

V.3 Enzymatia group transfer via aayl 

adenylates 

V.4 Group transfer via aarboxyl phos

phates 

Referenaes and Notes 

Samenvatting 

Curriculum vitae 

Dankwoord 

79 

90 

92 

94 

95 



CHAPTER I 

General introduetion 

The increase in synthetic organophosphorus cornpounds in 
the past two decades has greatly stirnulated research into 

rnechanistic and structural fields. Moreover, the vital role 
of phosphorus in biochemica! processes has provided a great 
stimulus. In particular, the discovery of stable pentacoor
dinated organophosphorus cornpounds by Rarnirez 1 and Kukhtin 2 

has contributed to an increased i~terest in the dynarnics of 

organophosphorus model substances. ~n this respect, it is of 
irnportance to mention the work of Westheirner on the hydraly
sis of five-rnernbered cyclic phosphates 3 - 8 • The hydralysis of 

methyl ethylene phosphate Cl) in acid or base proceeds rnil
lions of tirnes faster than acyclic analogues. Furtherrnore, 

it was found that in acidic salution besides ring opening, 
the hydralysis is accornpanied by cleavage of the rnethoxy 

group with ring retention yielding ~ (see Fig. 1.1). Although 
ring strain rnay account for the rapid ring opening, the cru

cial question is how this strain can accelerate the hydralysis 
without ring opening. The answer to this question, as given 

c· 0 ["' ,.. \ ~ H20 11 
CH30H 

p - HO-~,P~ ~OH + p + 
o 

1 
"'-ocH3 CH 0/ O 

OI '-oH 
3 

5 ..§_ 

Fig. 1.1 Hydralysis of methyl ethylene phosphate in acidic 
salution 
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o / '-ocH3 

.1. 

-o,, i) 
'P-0 

HO,.. I 
0 

H/+'-cH3 
.!:!.. 

Fig. 1.2 Mechanism of the hydroiysis of methyl ethylene 

phosphate in acidic salution 

by Westheimer 8 , is basedon the assumption that the hydraly

sis proceeds via PCV) 9 intermediates in a trigorral bipyramidal 

CTBP) configuration. Initial attack of water on methyl ethylene 

phosphate Cl) yields the intermediate ~· Sirree product forma
tion can only be obtained by apical leaving of a protonated 

ligand 10
, ring opening occurs via an endocyclic protonated 

PCV) intermediate Cl) and cleavage of the methoxy group via 

an exocyclic protonated PCV) intermediate C±)· This means, 
that the PCV) intermediates show some stability and can under 
go ligand reorganizations, i.e. exchange of apical ligands with 

equatorial ones (see Fig. 1 .2). The formation of the P(V) 

intermediates relieves the strain in the ring, because the 

five-membered ring bond angle at the phosphorus is reduced 

to 90° from the near-tetrahedral C108°) value in l• and thus 
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causes all the observed rate accelerations. The main value of 
Westheimer's theory lies in its ability to predict the dramat
ic rate-increase on the basis of the unique features of phos
phorus in a TBP configuration. Actually, this mechanistic 
view has contributed to a better insight into the role of en
zymes in the hydralysis of phosphate esters, in particular the 
hydralysis of ribonuaZeotides 11 • 

Another process in which apical protonated P(V) inter
mediatas play an essential role is the reaction of acidic sub
stances with P(V) oxyphosphoranes 12 - 13 • A typical example is 

7 

Fig. 1.3 Reaction of 1 ,2-oxaphospholens with acidic 

substances 

given in Fig. 1.3. The P(V) oxaphospholene l alkylates car
boxylic acids, phenols and thiols, instantaneously. The high 
reactivity of the P(V) compound towards acidic substances, 
suggests that protonated P(V) intermediatas may be of impar
tanee in bioahemiaaZ group transfer reaations 14

• Conversions 
of this type are characterized by the fact that a substrate 
is activated by phosphorylation with aid of the energy-rich 
compound adenosine triphosphate (ATP), foliowed by transfer 
to a suitable acceptor. 

The aim of this thesis is to offer more insight into the 
structure, stereochemistry and reactivity of phosphorus com
pounds in the TBP configuration, in particular for those com
pounds in which one of the apical ligands is protonated. As 
modelforthese investigations, P(V) 1,2-oxaphospholene 
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1,2-oxaphospholene 

derivatives were used. 

In Chapter II, some general aspects of P(V) compounds will 

be discussed first, foliowed by a description of the reaction 
of stabie 1,2-oxaphospholens with protonacidsin aprotic 

solvents. It was established that apical endocyclic protonated 
oxaphospholens are the key intermediates in the transfer reac
tion. In these intermediates the apical exocyclic group is then 

highly activated towards nucleophilic attack~ 
Chapter III deals with the oxaphospholens characterized 

by an apical exocyclic protonated ligand and one equatorial 

anionic oxygen atom. In aprotic solvents these intermediates 
are relatively stabie in the presence of small amounts of 
acid due to shielding of the equatorial anionic oxygen. Reac

tion products are only obtained if the proton on the apical 

exocyclic oxygen atom is transferred to the apical endocyclic 

oxygen atom, which leads to opening and P=O bond forma-
tion from the equatorial anionic atom. The intermediates dis
cussed show a great resemblance with the intermediates ap
pearing in the hydrolysis of methyl ethylene phosphate, pos

tulated by Westheimer 8
• The proton transfer reactions in this 

hydralysis can easily praeeed intermolecular in water. On the 
other hand, proton transfer is strongly suppressed when less 
aprotic solvents are used. In the latter case the proton 

transfer can only proceed intramolecular. Insome cases, it 
could be demonstrated that proton transfer from the exocyclic 

to the endocyclic ligand did not take place in consequence 
of a competitive nucleophilic attack on the apical ring ole-

10 



finic carbon atom. 
Chapter IV is concerned with simulation models for en

zymatic group transfer reactions. The best results were ob
tained with oxaphospholens with an equatorial anionic oxygen 
shielded by metal ions and an acyl group in the apical posi
tion. In this way, aliphatic thiols could be acylated and 
aminoacylated. 

In Chapter V some enzymatic reactions invalving phos
phorus cómpounds will be discussed. Detailed mechanisms are 
given for the enzymatic hydralysis of nucleotides, acylation 
of coenzyme A, carboxylation of biotin and finally, the de
carboxylation of mevalonic acid. The mechanisms described are 
based on the mechanistic features of the reactions of oxa
phospholens which show a great resemblance to enzymatic reac
tions. 

11 
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CHAPTER. 11 

Reaction o:f oxyphosphoranes vvhh proton acids 

II.1 Int~oduction 

Five-coordinated phosphorus compounds, in which at least 
one of the ligands is bonded to phosphorus via oxygen, are 
called oxyphosphoranes: (R0) 5_nPRn, n = 0-4. These compounds 
show unique features, characteristic for a pentavalent phos
phorus. In this Chapter some general aspects concerning the 
synthesis, structure and stereochemistry of P(V) 1 compounds 
will be discussed first. In the following sections some meeha
nistic aspects of the reaction of oxyphosphoranes with proton 
acids will be discussed. 

It has been established that e.g. penta-alkoxyphosphor
anes are powerful alkylating agents towards enols, phenols and 
carboxylic acids 2

•
3

• Corresponding reactions have been ob-

+ R'OH - R'OR + (R0) 3P=O + ROH 

served with 1,3,2-dioxaphospholens 4
•

5 and 1,3,2-dioxaphosphol
ans6. A mechanistic study of these alkylating reactions has 
not been feasible until now, because penta-alkoxyphosphoranes 
are rather unstable and decompose at room temperature, whereas 
the reactions of 1,3,2-dioxaphospholens or 1,3,2-dioxaphos
pholans with acids are complicated by side reactions 7 • It has 
been discovered that 1,2-oxaphospholens are powerful alkyl
ating agents also and some are nearly as reactive as penta
alkoxyphosphoranes8. The relatively high stability of 1,2-oxa
phospholens which can be stared for months under a dry N2 
atmosphere without decomposition and the fact that the reac

tions of 1,2-oxaphospholens with proton acids praeeed without 
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side reactions, render these compounds to excellent substrates 
for a study of their behaviour towards active hydrogen com
pounds. 

II.2 Synthesis, struature and stereoahemistry of phosphoranes 

A Synthesis of oxyphosphoranes 

The most extensively used reaction for obtaining oxy
phosphoranes is the addition of phosphites [ (R0) 3P], phosphon
ites [ (R0) 2PR] or phosphinites[ ROPR2 ]to carbonyl systems. 
If the reaction is carried out with monofunctional carbonyl 
compounds, two equivalents of a carbonyl compound are necessary 
in order to obtain the oxyphosphoranes 9 • 10 • Aldehydes and 

2 

R1 

(R0)3<o+R' o+R1 
R2 

1,3,2-dioxaphospholane 

ketones substituted with electron-withdrawing groups, e.g. 

p-nitrobenzaldehyde 11 , phthalaldehyde 12 , fluorenone 13 and 
hexafluoroacetone 1 q, are suitable substrates yielding 1,3,2-
dioxaphospholans. However, insome cases 1,4,2-dioxaphospholans 
are obtained 15

•
16

• Thus,the reaction of trialkyl phosphites 
with aliphatic aldehydes gives exclusively the 1,4,2-dioxa
phospholane. On the other hand, pentafluorobenzaldehyde yields 

1,4,2-dioxaphospholane 

14 



on reaction with trialkyl phosphites the 1,3,2-dioxaphosphol
ane at high temperatures and the 1 ,4,2-dioxaphospholane at 
low temperatures 17 , 

Oxyphosphoranes with a great synthetic potential are ob
tained from the addition of P(III) compounds to 1,3-unsaturat
ed systems 9 • 10 • 18 • Thus, the reaction of phosphites with a-di
carbonyls or vinylic;ketones (aldehydes) yields 1,3,2-dioxa
phospholens (a) 19 - 22 and 1,2-oxaphospholens (b) 23 - 25 , res
pectively. 

(a) + 

( b) + 

The reactions of P(III) compounds with carbonyl functions 
have been the subject of several mechanistic investigations. 
Based on the kinetics of the reaction of trimethyl phosphite 
with aliphatic and aromatic diketones, Ogata et aL. 26 - 28 pres
umed an ionic mechanism: a nucleophilic attack of the phos
phorus atom on the carbonyl-carbon gives a 1:1 dipolar P-C-0 
adduct which on rearrangement yields the dipolar P-0-C adduct; 
subsequent ring closure of the latter adduct affords the 
1,3,2-dioxaphospholene. On the other hand, Boekestein et aZ~ 9 • 30 

proposed a mechanism invalving radicals. From ESR measurements 
it was concluded that the first step in the reaction of phos

phites or phosphines with o-quinones or a,B-unsaturated ket
ones consists of an electron transfer from the phosphorus com-
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pound to the quinone (ketone). In a second s a P-0-C adduct 
radical is formed from the phosphinium radical obtained in 
the first step and the carbonyl function. This adduct radical 
is readily reduced by the anion radical {formed in the first 
step) to the open dipolar structure followed by ring closure. 
In general, it seems that carbonyl groups activated by elec
tron-withdrawing groups react via the radical mechanism, where
as e.g. aliphatic aldehydes react via an ionic mechanism. 

An alternative route to oxyphosphoranes is the addition 
of dialkyl peroxides to P(III) compounds 3

•
31

•
32

• In this way, 

(RO) 3P + RO-OR - (RO) 5P 

the highly reactive pentamethoxy- and pentaethoxyphosphoranes 
were prepared 3

• Besides the synthetic routes for which a 
P(III) compound is the starting material to get oxyphosphor
anes, several other methods are available starting from 
P(IV) 1

•
33

-
35 or P(V) 9

•
10 compounds. The most important of this 

type of reactions is the addition of aldehydes or ketones to 
1 ,3,2-dioxaphospholens affording 1,3,2-dioxaphospholans 36

•
37

: 

Other methods, starting from P(IV) or P(V) substrates have nat 
shown much synthetic potential. 

B Structure and stereochemistry of phosphoranes 

The symmetry of the molecular skeleton formed by the five 
valencies of P(V) compounds is that of the trigorral bipyramid 
(TBP) 1 , with two apical and three equatorial positions. The 
first evidence for the TBP configuration of phosphoranes was 

abtairred from electron diffraction studies on PF 5 and the 

related alkylfluorophosphoranes CH 3PF 4 ,(CH3) 2PF 3 and (CH 3 )[F 2
3 ~ 
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Bond length, R Bond angle, deg 

P-o1 1 . 7 51 0 1-P-0 2 89.3 
10 P-0 2 1 • 633 0 -P-0 88.6 

RO~ .... I 
3 2 

P-0 1. 638 0 -P-0 91.3 
3 3 4 

'p~02 P-0 1 • 58 8 0 3-P-0 5 9 3. 1 

RoVI 
4 

P-0 1. 5 7 4 0 -P-0 117. 2 5 2 4 

3
oR 0 -P-0 11 7. 2 4 5 

0 -P-0 125.5 5 2 
R ::. CH { CH3 >2 

Fig. 2.1 Main bondlengthand bond angles in the adduct of 
triisopropylphosphite and 9,10-phenantrenequinone 42

• 

The TBP configuration of the latter compounds was also esta

blished from 19F NMR data 39 • 40 • An X-ray analysis of the oxy
phosphorane obtained from triisopropyl phosphite and 9,10-
phenanthrenequinone41•42 (see Fig. 2.1) and other examples of 

cyclic oxyphosphoranes 43 •44 leave no doubt about the tendency 
of P(V) compounds to adopt the skeletal geometry of .the TBP. 
Due to the TBP configuration, phosphoranes can exist as 20 
chiral isomers i.e. 10 pairs of enantiomers if all ligands are 
different and symmetrie. However, the number of energetically 
favourable isomers is greatly reduced as a result of the pre

ferenee of the ligands to occupy definite positions on the. 

TBP skeleton. The placement of the ligands on the TBP is 
largely governed by the following factors: (i) the participa
tion of d-orbitals 45 - 47 ; (ii) the electronegativity of the 
ligands 48

-
51 ; and (iii) the steric interactions between the 

ligands 18 • 4 a, Quanturn chemical calculations 45 - 47 basedon the 
CND0-2 method 52 revealed that ~n ~torn in an apical position is 
less capable of donating electron-density to the central phos

phorus than in an equatorial position. Furthermore, these cal
culations45-47 indicate that a significant increase in stabi

lity is achieved by back-donation of electron-density from 

the ligands via pw-orbitals into the empty phosphorus d-orbi-
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tals. Since there is less back-donation from the apical than 
from the equatorial positions, electronegative atoms have the 
tertdency to occupy the apical sites (poZarity ruZe). The di

minished double bond character at the apical positions is re
flected in a langer apical bond, as has been found in oxyphos
phoranes (see Fig. 2.1). In genera!, the stability of phos

phoranes increases with a rise of the number of electronega

tive ligands 24 • 50 • 53 and slight steric interactions between 
the ligands 47 . Particularly, the presence of four- or five-
membered rings in phosphoranes leads to a s ficant stabili-
zation because of the reduced steric interactions 47 . In this 

conneetion it should be mentioned that four- and five-membered 
ririgs always occupy an apico-equatorial position on the TBP 

skeleton (strain ruZe) as was inferred from X-ray crystallo
gràphic data and CND0-2 calculations 46 • 47 . 

The TBP configuration is only slightly more stabie than 
a square pyramidal (c4v symmetry) configuration and in some 

cases the square pyramid is even favoured 54 • In fact, this 
implies that from a stereochemical point of view the TBP con
figuration is non-rigid. Indeed, nearly all phosphoranes can 
undergo, more or less easily, intramolecular ligand reorgani
za~ions (permutational isomerizations). Theoretically, these 
rearrangements can be represented by six different mecha
nisms55•56. However, from IR, Raman 57 • 59 , NMR data 39 • 40 and 

quanturn chemica! calculations 60 • 61 one may conclude that the 
"Berry Mechanism" invalving a square pyramidal (C 4v symmetry) 
tr~nsition state 62 is the most probable mechanism: 

1 5 4 1 1 I 

>t- ~}-3 }-3 >t-..... 3 2 '., 3 

4 

2 2 2 4 5 

TBP square pyramid TBP TBP 
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The limiting factor for the rate of exchange of the ligands is 
the occurrence of TBP configurations of relatively high energy. 
This was demonstrated by a variable temperature 1H NMR study 
on the adduct of dimethyl phenyl phosphite and 3-benzylidene-
2,4-pentanedione (!,~) 2 ~. The most stable configuration of the 
oxyphosphorane is that with one apical methoxy group (polarity 
rule) and an apical-equatorial five-membered ring (strain 
rule). Due to the presence of a ebiral carbon atom, the oxyphos
phorane exists in two epimeric structures a and b. At low tem-

perature (-70°) all permutational isomerizations are slow 
on the NMR time-scale, i.e. four methoxy groups are observed, 
two in the apical and two in the equatorial position from ! 
and b, respectively. On raising the temperature (18°), the 
methoxy groups from each epimer become ~quivalent as can be 
concluded from the fact that only two methoxy groups are ób
served in the 1H NMR spectrum. The fast exchange of the apical 
with the equatorial methoxy group of e.g. ! is realized via a 
relatively high energy TBP configuration in which the phenoxy 
and ring carbon are in the apical positions (violation of the 
polarity rule), Inta~canversion afone epimer into the other 

can on1y be achieved via a TBP configuration in which the five
me~berad rin~ i~ placed di-equatorial (violation of the strain 
?Ule). Equilibration of the methoxy groups of! and ~was ob
served at temperatures above 130° which implies that below 
this temperature the strain rule holds good. 

Recently, a new energetically less favourable mechanism, 
the "Turnstile Rotation" 47 , basedon a complex combination 
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of angle compressions, ligand pair tilts and rotations of a 

pair against a trio of ligands, has been proposed for ligand 
reorganizations 47 • However, it seems to be that this mechanism 

is operative only in caged oxyphosphoranes like c. 

II.3 ResuZte 

A The reactivity of 1,2-oxaphospholens towards proton acids 

The overall reaction of P(V) oxaphospholens with proton 

acids is given in Fig. 2.2. The oxaphospholens l. ~ and l show 

3 011CH3R5 
R 0,, 

',p 

R2o/ I H R4 
+ RXH- RXR

1 
'1-

0 0 
11 H H 11 

IR
3
0l!R

2
0lPC CCCH3 

R4R5 

2 

3 

m~1 

1 -3 

Fig. 2.2 
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a remarkable difference in reactivity. Oxaphospholene l reacts 

instantaneously and quantitatively with carboxylic acids, phen

ols and even aliphatic thiols; contrary to l• ~ reacts only 
with relatively strong acids, such as carboxylic acids. Com

pound ~ is only able to transfer the acetyl group to very 

strong acids, e.g. HBr, with the formation of acetyl bromide. 

These facts strongly suggest that protonation of the apical 

ring oxygen atom is the first step in the transfer reaction, 

because lowering of the basicity of the endocyclic oxygen atom 

by the presence of an acetyl group (~ and ~) results in a de-

crease of the reaction rate. The endocyclic P-0 bond is longer 

than the exocyclic apical P-0 bond (see Fig. 2.1), indicating 

that the endocyclic oxygen exhibits even less back-bonding 

than the exocyclic apical oxygen, i.e. the endocyclic oxygen 

is the most basic site. It is obvious that the rate of reaction 

of oxaphospholens with acidic substances increases when streng

er acids are used, e.g. 2 reacts slowly with acetic acid (t 1 = 
- 2 

7 hr, see part C) and instantaneously with trifluoroacetic acid. 

An interesting aspect is the ability of specific alkyla

tion with oxaphospholens as can be seen from the following 
experiment. To an equimolar mixture of acetic acid and benzoic 

acid in methylene chloride, one equivalent (with respect to 

acetic acid) of l was added. The 1H NMR spectrum of an aliquot 
showed that about 80% of methyl benzoate and 20% of methyl 

acetate was formed. Both acids protonate l easily, however, 

since the proton transfer is very fast compared to the methyl 

(a) + 
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group transfer reaction, equilibrium (a) will be shifted to 
the right hand side prior to the ester formation. Consequent
ly, the methyl group is transferred to the benzoate anion 
which will be present in excess. 

B Stereochemistry of the alkyl transfer reaction 

To elucidate the stereochemistry of the alkyl transfer 
reaction, an oxaphospholene was prepared with three alkoxy 
groups having a chiral carbon atom linked to the P-0 bond. The 
several steps to obtain the desired oxaphospholene 5 are de
picted in Fig. 2.3. The phosphite ±was prepared by trans
esterification of triethyl phosphite with R(-)-2-octanol (op
tical purity 88.9%). Actually, the transesterification affords 
a mixture of diethyl 2-octyl phosphite (16%), ethyl di-2-octyl 
phosphite (47%) and tri-Z-oetyl phosphite (37%) contaminated 
with unreacted 2-octanol. Because of the exchange reaction 

CH3 
I 

3 CH3 ( CH2 15 COH 

~ 
R(-) 

O~cMe 
,p- Me 

I 11 
Ph 0 

0 H 
11 I 

CH3COC{CH2ls CH 3 
I 
CH3 

S!+l 

CH3 
I 

[ CH3 !CHzl5 co] 3 P 

~ 
R!+l-4 

Fig. 2.3 Determination of the stereochemistry of the alkyla
tion reaction 
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between 2-octanol and the phosphites, the optical purity of 
the phosphites is equal to the optical purity of 2-octanol in 
the reaction mixture. As a sample of 2-octanol isolated from 
the reaction mixture showed an optical purity of 77.8%, racemi
zation takes place during the reaction for a minor extent. 
Oxaphospholene ~ was obtained quantitatively from the reaction 
of! with 3-benzylidene-2,4-pentanedione. After reaction of~ 
with acetic acid, S(+)-2-octyl acetate was isolated with an op
tical purity of 75.5%. As the alkyl transfer reaction proceeds 
with nearly complete inversion of configuration at the chiral 
carbon atom, it may be concluded that the transfer of the al
kyl group to the carboxylate anion proceeds via an SN2 mecha
nism. However, it should be recognized that after protonation 
there are two ways in which substrate transfer may occur: a 

proton adduct phosphonium ion 

nucleophilic attack on the protonated P(V) intermediate or on 
the phosphonium ion formed rapidly after ring opening. In de
veloping the idea for the key intermediate which controls the 
substrate transfer, we studied the reaction kinetics of! and 
2. 

C Kinetics of the methyl transfer reaction 

The rate of reaction of proton acids (HA) with oxaphos
pholens (B) depends on the equilibrium constant K of the first 
step and kp of the subsequent SN2 reaction, assuming k_ 1>>k; 3

: 

k k 
HA + B +A- + BH+ P..., products 

-1 

kobsd=kpK in which K=k 1/k_ 1 
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The reaction of ~was carried out with carboxylic acids with 
different acidities in order to establish the correlation be

tween kobsd and Ka (H 20). The results are summarized in Table 
II.1. Thesecondorder rate constants were determined at 35° 

by 1H NMR, with stoichiometrie concentrations in the range of 

0.4-0.8 M in CDC1 3 . As the relative strength of acids of the 

sametype is nearly independent of the solvent 6 ~, there is a 

Table II .1 

Acid 

Benzoic 

m-Methoxybenzoic 

m-Brominebenzoic 
Acetic 

Pormie 

Rate constants for the reaction of 2 with 
carboxylic acids at 35° in CDC1

3 

10 5 -1 -1 
kobsd, M sec 10 5K a(H20) kobsd/Ka(H20) 

4.5 6.17 0.73 
8.2 8. 1 2 1 . 0 1 

1 7. 2 13.7 1 . 26 
4.0 1 . 76 2. 2 7 

140 17.6 7.95 

good correlation between k b d and K (H2o) for the benzoic o s a _
5 acids: kb d = k K = 1.67 K (H 20) - 5.62x10 (maximum devia-o s p a 

tion 4%). This indicates that k is nearly constant, i.e. the 
p 

nucleophilicity of the carboxylate anions does not vary sig-

nificantly. The aliphatic acids, especially formic acid, react 

much faster than the correlation with the acid strength would 

suggest (see kobsd/Ka(H 20) values in Table II.1). This rate 
enhancement seems to be due chiefly to reduced steric factors 

leading to an increased value of k . The great influence of the 
p 

size of the anion on the reaction rates strongly suggests that 

the nucleophile attacks the crowded TBP configuration (endo

cyclic protonated oxaphospholene), since steric interactions 

are of minor importance for the tetrahedral configuration 

(phosphonium structure). Basedon the apical entry-departure 

rule 65
, the nucleophilic attack on the protonated oxaphos

pholene will take place on the apical alkyl group. 

The high reactivity of 1 renders the determination of the 

reaction rates by 1H NMR po;sible only at low temperatures, 
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e.g. t 1 for the reaction with acetic acid is about 15 min at 
-60° (~ M salution in CH 2Cl 2). An interesting feature of the 
1H NMR spectra of the reaction mixture of 1 and acetic acid 

is the observation of three methoxy absorptions: ó 3.39 (JPH 

11Hz) corresponding with !; ó 3.76 (JPH = 1.1 Hz), correspond
ing with the open form (reaction product); and ó 4.06 (JPH = 
13Hz). The signals at o 3.39 and o 4.06 are of approximately 

equal intensity and decrease simultaneously due to product 
formation. This observation suggests that the signal at ó 4.06 

is to be attributed to the methoxy groups of protonated 1 
(i.e. the equilibrium constant K of the acid-base equilibrium 
is about unity). A detailed spectroscopie investigation of 

protonated oxaphospholens confirming this assignment, will be 

given in part D. 

In view of the high reactivity of ! towards carboxylic 

acids, the reaction of! with the less reactive methyl 3-mer
captopropionate was stuclied in more detail. In addition, the 
activatien parameters for this reaction were determined. The 

results are summarized in Table II.Z. 

Table II.2 Rate constants and activatien parameters for the 

reaction of 1 with methyl 3-mercaptopropionate 

0 
0.5° 4 -1 -1 c + 10 kobsd'M sec 

0.0 7.6 log A 5.55 
-10.2 3.0 ~::,E'I' 10.8 kcal/mol 

22.0 1.3 /::,Hf .. 10.2 + 2 kcal/mol 
~::,sf 

-
= -34 + 8 e.u. -

The large negative entropy of activatien points out that the 

transition state is highly crowded, in agreement with the as
sumption that the nucleophile attacks the apical carbon atom 

of the proton adduct. As already mentioned before, the equi
librium constant K for the reaction of acetic acid with 1 

is about unity. Probably the K for the acid-base equilibrium 
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of land methyl 3-mercaptopropionate is then about 10- 7 , since 

aliphatic thiols are about 7 pKa units less acidic in water 

than carboxylic acids. This results in a k (for the mercaptide) 

I -4 -7 3 -1 p_l 0 
= kobsd K = 7.6x10 /10 = 7.6x10 M sec at 0 . Using the 
Arrhenius equation this corresponds with an activation.energy 
of 2 kcal/mol for the nucleophilic attack on the proton ad

duet. As the acetate anion is 3.4x10 4 less nucleophilic than the 

mercaptide anion 66
, it follows that k (=kb d) for acetate 

-3 -1 -1 0 p 0 s 
is about 10 M sec at -60 (calculated from k for the 

p 
mercaptide anion at -60°), which is in excellent agreement 

with t 1 = 15 min at -60° (vide supra). 
2 

Further evidence that the protonated oxaphospholene 

controls the substrate transfer was obtained from the reac

tion of benzoic acid with the adduct of ethyl di-2-octyl phos

phite and 3-benzylidene-2,4 pentanedione. This reaction gives 

predominantly 2~octyl benzoate (75%), which can only be ex

plained if the nucleophile attacks the apical activated car

bon atom of the TBP configuration. An attack on the phos

phonium ion would mainly give ethyl benzoate, due to the pre

ferenee for a nucleophilic attack on a primary carbon atorn. 

D Direct observation of the proton adduct 

In part C, the occurrence of a protonated oxaphospholene 

has been mentioned as evidence by 1H NMR spectroscopy at low 

temperature. However, a detailed study of the spectrum is com

plicated because of the concomitant formation of products. 

CH3 "vj"' 
RO,, rj RO,, I \ 

'p + FS03H ~ 'P + FS03 

RO~, Ro/j 
OR OR 

6 6 a 

R = CH(CHJ)2 
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In order to obtain a less reactive proton adduct, nucleo

philic attack on the alkoxy group has to be suppressed. The 

best result was obtained with oxaphospholene ~ using FS03H 

in CH 2c1 2 . The 1H NMR spectrum at -10° (see Fig. 2.4) of an 

equimolar mixture of ~ and FS0 3H in CH 2Cl 2 (prepared at -80°) 
showed a superposition of two septets for the methine protons 

'1)"' 'Yf 
1 ~ 

1: ! 1 
I' ~ II ,, 

I! I :j 
II 

ii I· 
" CH2 Cl 2 

li I 

I' ~ I 
! I 
I I 
II 
I 

I 

4 
l)(PPM) 

Fig. 2.4 1H NMR spectrum of an equimolar mixture of 6 and 

FS0 3H at -10° 

at 8 5.15 (JPH = JHH = 6.0 Hz); a doublet for the methyl pro

tons of the isopropoxy groups at 8 1.50 (JHH = 6.0 Hz), and a 

singlet at 8 2.23 for the ring methyl protons. Furthermore, a 
multiplet at 8 2.3-3.2 (2H) and a singlet at 8 2.8 (2H). In 

order to determine the position of the proton transferred from 

the acid to the oxaphospholene, an equimolar mixture of CF 3COOD 

and oxaphospholene ~(prepared at -80°) was examined at -10°. 

The same spectrum was obtained as in the FS03H-CH 2Cl 2 solution, 
but now the singlet at 8 2.8 corresponds to one proton. These 
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6 a 6 b 

data suggest that the presence of the double bond introduces 

a fast equilibrium by means of a proton shift between the 

tautomeric structures 6a and 6b. The singlet at o 2.8 can be 

assigned to the protons HA and HB' and the multiplet at 6 2.3-

3.2 is a part of a typical ABX spectrum in which IPH = IHH = 
7.0 Hz. 

The 31 P NMR spectrum at -10° of the mixture of~ and FS03H 

in CH 2c1 2 showed one signal at -43.3 ppm vs H3Po4 . Although 
the large 31 P downfield shift (from +25.6 ppm for~ to -43.3 

ppm for protonated 6) also may point to the formation of a 

phosphonium ion, th~ 31 P shift is about 5 ppm upfield as com
pared with trialkoxy alkyl phosphonium salts ((R0) 3PR.X-) 67 • 

We speculate that the large 31 P downfield shift is caused by 

the increased electron density demand of the apical endocyclic 

oxygen, leading to deshielding of the phosphorus nucleus (see 

also Chapter III, Section III.2, part C)? 1 

II. 4 Discussion 

The reaction of pentavalent oxaphospholens with acidic 

substances can be rationalized in terms of the high basicity 

of the apical endocyclic oxygen atom 9 • 10 • 18 • Protonation of 

this site creates a good leaving group which enables ring 
opening. In the previous investigation we have given a great 
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deal of evidence that the ring opening occurs simultaneously 

with the alkyl transfer and P=O bond formation. Actually, the 

formation of the P=O bond is the driving force for the ring 

opening. The preference for a TBP configuration ve~sus a 

tetrahedral configuration of protonated oxaphospholens can be 

explained on the basis of the high electronegativity of the 

apical oxonium oxygen stabilizing the pentavalent configura

tion to a great extent 2 ~• 50 • 53 • In fact, protonated oxaphos

pholens appear to be rather stable in the absence of good nu

cleophiles. The decrease in reactivity of oxaphospholens sub

stituted with electron-withdrawing groups (~, l) as compared 

with 1 cannot be attributed only to a decrease in basicity of 

the endocyclic oxygen. In particular, there is a remarkable 

difference in reactivity between 1 and 3. The introduction of 

an electron-withdrawing group not only gives rise to a de

crease of the basicity of the endocyclic oxygen, but also leads 

to an increase of the stability of the TBP configuration 2 ~• 50 • 5 ~ 

This implies that 2 and 3 are less energy-rich compounds with 

respect to !· The high energy content of 1 is visualized by 

the very low activation energy (2 kcal/mol) for the nucleo

philic attack of the methyl 3-mercaptopropionate anion on the 

apical methoxy group of protonated !· To summarize, group 

transfer from protonated oxaphospholens takes place via a 

TBP configuration and the reactivity increases as the TBP is 

destabilized. These results will be applied to the reactions 

of tetravalent phosphorus compounds in non-enzymatic reactions 

(Chapter III and IV) and to enzymatic group transfer reactions 

(Chapter V). 

II.S Expe~ imental 

1H NMR spectra were recorded with a Varian T-60A spectro

meter, equipped with a Varian T-6080 variable temperature 

accessory. The probe temperature was 35° ~ 0.1 at normal ope

ration. Chemical shifts are reported relative to TMS as the 

internal standard. 
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31 P NMR spectra were recorded at 40 MHz, with aid of a 

Varian HA-100 spectrometer, equipped with a Digilab FT-NMR-

3 pulsing and data system. Chemical shifts are reported rela

tive to 85% H3Po 4 as an external standard. 

Optical rotations were measured with a Zeiss polarimeter. 
Microanalyses were performed in our laboratories by Messrs. 

H. Eding and P. van den Bosch. 

P~epa~ations and ~eactions 

-2,2,2-Trimethoxy-5-methyl-2,2,2,3-tetrahydro-1 ,2-oxaphos-
-phole (J_) -- -

For the preparation of l the method given by Westheimer 24 was 

slightly modified. A mixture of equivalent amounts of freshly 

distilled trimethyl phosphite and methyl vinyl ketone was 

allowed to stand for 10 days at room temperature under N2 . 

The product was distilled at 59-60° (4 mm). Yield 60% of the 

theory. 

-2,2,2-Trimethoxy-3-(p~chlorophenyl)-4-acetyl- 5 -methyl -
2,2,2,3-tetrahydro-1 ,2-oxaphosphole (~) 

To a solution of 5 g (22.5 mmol) 3-(p-chlorobenzylidene)-2,4-

pentanedione (prepared from p-chlorobenzaldehyde and 2,4-pen

tanedione)68 in 50 ml dry CH 2c1 2 2.8 g (22.5 mmol) freshly 

distilled trimethyl phosphite was added under N2 . The reaction 

mixture was allowed to stand for 3 days at room temperature. 
The solvent was evaporated in vacuo and the resulting oil was 

crystallized from hexane at 0° (7 g, 90% of the theory; mp 
0 1 62-63 ). H NMR (CDC1 3): o 4.10 (d of q, 1 H, ~PH= 24Hz, 

~HH =1Hz, ring methine H), o 3.46 (d, 9 H, ~PH= 12.5 Hz, 

methoxy H), o 2.47 (d, 3 H, ~HH =1Hz, ring methyl H), o 1.87 
(s, 3 H, ring acetyl), o 7.2 (m, 4 H, phenyl H). 

An a 1. C a 1 c d for C 1 5 H 2 0 Cl 0 5 P : C , 5 1. 9 6 ; H , 5 . 8 1. 

Found: C, 51.95; H, 5.76. 

-2-Acetyl-2,2-di-isopropoxy-5-methyl -2,2,2,3-tetrahydro-1,2-
oxaphosphole (3) 
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Acetyl di-isopropoxy phosphite was prepared according to the 

method of Petrov 69 from di-isopropoxy phosphorochloridite 70 

and sodium acetate. A mixture of 8.32 g (40 mmol) of acetyl 

di-isopropoxy phosphite and 2.8 g (40 mmol) of methyl vinyl 
0 ketone was heated tagether for 24 hr at 80 under N2 . The re-

sulting mixture was distilled to yield .l. ( 7. 7 g, 70% of the 

theory; bp 106-107°(0.05 mm)). 1H NMR (CDC1 3): o 4.97 (doft 

of q, 1 H, ~PH= 7.5 Hz, ~CHzCH = 7.5 Hz, ~CH 3C=CH = 1.2 Hz, 
olefinic H), o 4.67 (dof septets, 2 H, ~PH= 7.5 Hz, ~HH = 
6.5 Hz, isopropoxy methine H), o 2.35 (dof dof q, 2 H, ~PH 

22Hz, ~CHCHz 7.5 Hz, ~CHzC=CCH 3 1.2 Hz, methylene H, 
o 2.13 (s, 3 H, acetyl H), o 1.96 (dof doft, 3 H, ~PH 

5 Hz, ~CH 3C=CH = 1.2 Hz, ~CH 3=CCH 1.2 Hz), o 1.33 (d, 6 H, 
~HH = 6.5 Hz, isopropoxy methyl H2). 
Anal. Calcd for c 12H23o5P: C, 51.79; H, 8.33. Found: C, 

51.92; H, 8.40. 

-R(+)-Tri-2-octyl phosphite (~) 

A mixture of 30 g of R(-)-2-octanol, a~ 0 -8.8° (neat), 12.8 g 

of freshly distilled triethyl phosphite and 1 ml of triethyl

amine was heated with stirring for 5 days at 150° C, in a dis

tillation apparatus. The resulting salution was fractioned 

yielding: 5 g of R(-)-2-octanol, bp 86-88° (20 mm), a~ 0 -7.7° 
(neat); 3 g of diethyl R(-)-2-octyl phosphite bp 98-102° (4.5 

mm), a~ 0 -7.4° (neat), d 20 0.916; 12 g of ethyl R(-)-di-2-octyl 

phosphite, bp 140-144° (3 mm), a~ 0 -5.4° (neat), d 20 0.895; 
12 g of R(+)-tri-2-octyl phosphite, bp 168-171°(1 mm), a~ 0 

+3.7° (neat), d 20 0.886. The optica! purities of the phosphites 

are equal to the optica! purity of 2-octanol after reaction 

(77.8%) due to the exchange reaction of 2-octanol with the 
phosphites. 

-z,Z,Z-Tri(Z-octyloxy)-3-phenyl-4-acetyl-5-methyl-2,2,2,3-
tetrahydro-1 ,2-oxaphosphole (~) 

Redistilled R(+)-tri-2-octyl phosphite (7 g), a~ 0 +3.8°, and 

one equivalent 3·benzylidene-2,4-pentanedione were mixed to

gether in CH 2c1 2 and allowed to stand for 3 days under nitro-
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gen. The 1H NMR spectrum showed that 5 was formed quantitati
vely. 

-2,2,2-Tri-isopropoxy-5-methyl-2,2,2,3-tetrahydro-1,2-oxa-
phosphole (.§) 

Freshly distilled tri-isopropylphosphite (20.7 g, 0.1 mol) 
was added tomethyl vinyl ketone (7 g, 0.1 mol) under N2 . Af
ter 4 days of reactîon at room temperature the mixture was 
distilled tó yield (25 g, 90% of the theory; bp 60-62° 

1 (0.3 mm)). H NMR (CDC1 3): o 4.48 (dof m, 1 H, ~PH 48Hz, 

olefinic H), o 4.45 (dof septets, 3 H, ~PH= 10Hz, ~HH = 6 
Hz, methine H), o 2.49 (dof m, 2 H, ~PH= 19Hz, methylene 
H), ê 1.76 (m, 3 H, ring methyl H), o 1.16 (d, 18 H, ~HH 
6 Hz, isopropoxy methyl H). 
Anal. Calcd for c13H27o4P: C, 56.10; H, 9.79. Found: C, 

55.94; H, 9.69. 

-Alkylations with adduct 1 
For the alkylation reactions the following general methad was 
used. To a 10% salution of the acid (MeCOOH, 2,4,6-trimethyl
benzoic acid, phenol, MeOOCCH2cH2SH) in hexane, 1.1 equivalent 
of l (50% salution in hexane) was added with stirring at room 
temperature. After the exothermic reaction was complete (with
in 20 seconds) the hexane salution was washed twice with wa
ter and dried with MgS0 4 . Evaporation of the hexane gives the 
pure alkylated product in quantitative yield. The reactions of 
acids which do not dissolve well in hexane were carried out in 
CH 2c1 2 ; after reaction CH 2Cl 2 was replaced by hexane. 

-Alkylations with adduct 2 
Equivalent amounts of the acid (MeCOOH, PhCOOH) and ~ were 
mixed tagether in methylene chloride. The reaction mixture was 
allowed to stand for one day. The alkylated product was ob
tained by column chromatography (silica) using CHC1 3 as eluent. 

-Reaction of 3 with HBr 

Dry HBr was passed through a salution of 0.5 g (1.8 mmol) of 
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l in CHC1 3 (5 ml). After 5 min the 1H NMR spectrum of an ali

quot showed that l was completely converted to acetyl bromide 

(acetyl protons at o 2.8) and the phosphonate ester o 4.73 

(dof septets, 2 H, ~PH= 8 Hz, ~HH = 6 Hz, methine H), o 
2.7 (m, 2 H, CH 2CO), o 2.2 (s, 3 H, CH3CO), o 2.0 (m, 2 H, 

PCH 2), 8 1.3 (d, 12 H, ~HH = 6 Hz, isopropoxy methyl H). The 
assignment of the singlet at 8 2.80 to acetyl bromide was con
firmed by addition of the known compound. 

--Reaction of acetic acid with 5 
One equivalent of acetic acid (1 g) was added to a salution 

of~ in CH2c1 2 • After 3 days of reaction 2.3 g of S(+)-2-octyl 
acetate, a0° +5.6°, was obtained by column chromatography 

(CHC1 3 was used as eluent). 

Kinetias 

.-Reaction of ~ with carboxylic acids 

As a typical example, 80.20 mg (0.231 mmol) of~ was dissolved 
in 250 ~1 CDC1 3 in an NMR sample tube and warmed to 35°. To 
this salution 250 ~1 of a 0.925 M salution of benzoic acid in 

CDC1 3 was added, to obtain equimolar concentrations of ~ and 
acid. After vigorous shaking, the sample was transferred imme
diately to the NMR apparatus. The progress of the reaction was 

followed by the appearance of the singlet at 8 2.33, corres
ponding with one of the acetyl protons of the phosphonate es-

ter (see • 2.2) and the disappearance of the doublet at 

o 2.47 from the ring methyl protons of ~· The integrated 
spectra were recorded at 100 Hz sweep width. The secend order 

rate constant was obtained from 1}[oxaphospholen~ against 
time, with aid of the least-squares technique (at least six 
points were used in the range of 2-25% conversion). The m.ea
surements were reproducible within 3%. The observed rate con
stauts given in Table 11.1 are the mean values of two runs. 

-Reaction of 1 with acetic acid at -60° 

Equivalent amounts of and acetic acid dissolved in CH 2c1 2 
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were added tagether at -80° in an NMR sample tube (l M solu
tian). The 1H NMR spectrum at -60° showed initially two dou

blJts of about equal intensity at o 3.39 (~PH= 11 Hz) and 
o 4.06 (~PH= 13Hz), corresponding with the methoxy groups 
of 1 and the proton adduct of l, respectively. The inten
sity of the two doublets mentioned above decreased simultane
ously to half of the original intensity in 15 min, due to the 
reaction given in Fig. 2.2. In addition, a new methoxy ab
sorption appeared at o 3.76 (~PH= 11 Hz) corresponding with 
thè phosphonate ester. 

-Reaction of 1 with methyl 3-mercaptopropionate 
One equivalent of methyl 3-mercaptopropionate was added to a 
1.00 M salution of l in CDC1 3 , in an NMR sample tube caoled 
to -70°. After vigorous shaking 1H .NMR spectra were examined 
at 0.0°. The probe temperature was measured with a methanol 
sample befare and after an experiment and was found to be 
within 0.5° of the desired temperature. The progress of the 
reaction was followed by the appearance of the methoxy signal 
of the phosphonate ester (left signalat o 3.70 of the dou
blet) and disappearance of the methoxy groups of l (right 
signalat o 3.33 of the doublet). As the sample had to warm 
up to the appropriate temperature, only measurements in the 
rarige of 10-60% conversion were used. The same procedure was 
used a~ -10.2° and -22°. The activatien parameters for the 
reaction were obtained from a plot of log kb d against 1/T. -o s 

-Reaction of~ with FS0 3H 
A ?olution o\2.0 g (7.2 mmol) of~ in 2 ml of CH 2c1 2 was 
caoled to -80 under N2 . To this salution 0.72 g (7.2 mmol) 
freshly distilled FS03H dissolved in 2 ml of CH 2c1 2 was added 
slowly. The resulting colourless salution was warmed to 10° 
and an aliquot was transferred immediately to an NMR sample 
tube. Preeautiens were taken against moisture. 1H and 31 P NMR 
spectra were recorded at -10° (see Part D). 
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- Reaction of ~ with CF 3COOD 
A solution of 0.25 g (0.9 mmol) of~ in CH2Cl 2 (0.25 ml) in an 
NMR sample tube was cooled to -80°. To this solution 0.1 g 
(0.9 mmol) of CF 3COOD was added. The 1H NMR spectrum was re

corded at -10° (see Part D). 
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CHAPTER 111 

React:ion of t:et:ravalent: phosphorus coiDpounds 

uri t:h alcohols and t:hiols ' 

III.1 Introduetion 

The large nurnber of stable P(V) 1 organophosphorus corn
pounds2 suggests that nucleophilic displacement reactions at 

P(IV) 1 substances rnay praeeed via P(V) interrnediates. The 

occurrence of P(V) interrnediates during substitution reactions 
on P(IV) cornpounds has been suggested first by Westheirner, who 

stuclied the hydralysis of five-rnernbered cyclic phosphate 

esters 3 - 8 • 

I 
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As has been mentioned in Chapter I, apical protonated phos
phoranes (~ and ~) are the key intermediates in this hydra
lysis process. Until now, however, no conclusive experimental 
proof has been given for the mechanism of the hydralysis of 

cyclic phosphates, as postulated by Westheimer 3
- 8 • In this 

Chapter direct experimental evidence will be effered for the 
occurrence of apical protonated P(V) intermediates during 
substitution reactions on five-membered cyclic P(IV) com

pounds. In order to avoid complex equilibria in the hydra

lysis reaction 9
, the reaction between cyclic P(IV) compounds 

and alcohols was stuclied in aprotic solvents. In addition, 
the reactivity of several types of five-membered cyclic P(IV) 

substances towards alcohols and thiols was investigated. 

III.Z The reaation of five-membered ayalie P(IVJ aompounds 

with alcohoZs 

A Synthesis of five-membered cyclic P(IV) compounds 

The choice of a synthetic route towards cyclic P(IV) com

pounds is primarily dictated by the type of ring system. Di
oxaphospholane substances are obtained easily from phosphorus 

oxychloride and a glycol derivative, e.g. methyl ethylene 
phosphate (2-methoxy-1 ,3,2-dioxaphospholane 2-oxide) which 
is prepared as follows. Reaction of one equivalent methanol 
with phosphorus oxychloride affords methyl dichlorophosphate 

which on reaction with ethylene glycol gives methyl ethylene 

phosphate 10 • P(IV) dioxaphospholens are generally obtained 
from the corresponding P(V) dioxaphospholens either by hydra
lysis of P(V) dioxaphospholens 11 • 12 , under carefully con
trolled conditions (route a), or by reaction with acetyl 

bromide in e.g. acetonitrile (route b) 11
'

14
• During the hydra

lysis the P(V) compound yields, via a P(VI) 1 transition state, 
an unstable hydroxyphosphorane which decomposes to the P(IV) 

dioxaphospholene and methanol 11 ' 12 • The reaction of the bi
acetyl-trimethyl phosphite adduct and acetyl bromide in aceto-

41 



(a} 

o--\R 
RO, __ I rR 

'P-0 + HzO ----:;;.. 

RO;/' I 
0 o:XR "\( I + 2 ROH 

RO/ \0 R 

OR 

rq 

{ b) 

o-\ 
RO,, I _/-R 

'P-O + RCOBr --i!IJoo 

RO", I 
OR 

nitrile leads predominantly to acetylation of the apical exo
cyclic oxygen atom foliowed by apical departure of methyl 
acetate. The resulting tetraoxyphosphonium bromide undergoes 
the usual Arbuzov reaction yielding the P(IV) dioxaphospholene 
and methyl bromide 12 • 13 • The synthesis of P(IV) 1,2-oxaphos
pholens is based on the reaction of alkyl phosphorodichlori
dites or dialkyl phosphorochloridites with methyl vinyl ket
one. The corresponding unstable P(V) alkyldichloro- or di
alkylchloro-1,2-oxaphospholens are formed, which are stabil
ized by apical departure of the chloride anion and subsequent 
nucleophilic substitution at the alkyl group. Since dimethyl 
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phosphorochloridite is rather unstable, the methoxy ester has 
to be prepared via the chloro oxaphospholene. 

B The reactivity of alcohols towards five-membered cyclic 
P(IV) compounds 

As has been established by Ramirez et al. 1 ~- 16 , compounds 

and ~ are powerful phosphorylating agents affording acyclic 
triesters from alcohols. The reaction of 1 with methanol is 
complete within 15 sec and ti (~) = 1 min (0.3 M salution of 
2 with 1 M methanol at 20°) 16 • In comparison, the t 1 values 
- 2 
for the much slower reactions of 1 and 2 with t-butanol (0.1 M 

2 3 4 R: CH3 

5 R : CHCCH3)2 
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CHJ H 

11 CH3 
+ ROH ~ 

0~ 
C RO)(CH30) PO ll 

0 

solutions in CDC1 3 at 24°) are 135 sec and about 8 days, res
pectively16. Methyl ethylene phosphate Cl) and the oxaphos

pholens ~ and ~ react relatively slow with methanol yielding 
the open phosphorus esters: t 1 (3) = 200 min and t, (4) = 1 day 

2 - 2 -
(1 M solutions in CDC1 3 at 350). The rate of the reaction is 
increased by the addition of acid, e.g. for the reaction of~ 
with methanol in the presence of one equivalent benzoic acid, 
t 1 decreased to 200 min. These nucleophilic displacement reac-

a 
tions praeeed via phosphorane intermediates, and thus, the 
rate enhancement for P(IV) compounds with stronger electron
withdrawing ligands is a result of the stabilization of the 
phosphorane intermediates in the TBP configuration by these 
ligands 17 - 19 • However, at this moment it is not clear which 
are the key intermediates in this type of reaction. The con

ceivable P(V) adducts of ~ (~) and methanol are depicted in 
Fig. 3.1. Extended Hückel calculations on the adduct of methyl 

-o,, r=5"' oj"' 
HO,, I 

'p 'P 

RO~, 
0 
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4 a - d 

5 a- d 
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Fig. 3.1 Conceivable P(V) adducts of 4 (~) and methanol 
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4 + CH 30H 
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-1347.00 _, -
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-

-1347.501- -
1- -

4a 
4d --1348.001-

1- -

Fig. 3.2 Energies (eV) of TBP intermediates 4a-4d, separated 
reactants and product 

ethylene phosphate (~) and water have shown that the apical 
protonated P(V) intermediates are energetically the most 
favourable phosphoranes, more stable even than the separated 
reactants 20 • Similar results emerged from extended Hückel 
calculations on the adduct of oxaphospholene 1 and methanol 21 • 

The energies of the infinitely separated reactants, the P(V) 
intermediates and the product are given in Fig. 3.2. These 
calculations ,suggest that the first step in the reaction of 
4 with methanol is the formation of intermediate 4a, though 
intermediate 4d which leads to the products, has the lewest 
energy-content. The latter intermediate, however, can not be 
formed directly from 1 and methanol. The small difference in 
energy between the separated reactants and intermediate 
suggests that 4a might be detectable experimentally. There
fore, in order to obtain direct evidence for the existence 

of exocyclic protonated intermediates, variabie temperature 
1H NMR spectra of mixtures of 1 or 5 and methanol were taken. 
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C Spectroscopie study of the reaction of 4 and S with methanol 
in liquid so2 

The variabie temperature (-1S 0 to -70°) 1H NMR spectra of 
mixtures of i or ~ and methanol in liquid so 2 showed the cha
racteristic absorptions of the oxaphospholene and methanol 
only. However, on the addition of a catalytic amount of dry 
HCl (2-3%) to an equimolar mixture of e.g. ~ and methanol, two 
methoxy absorptions at ó 3.32 from methanol and an additional 
signal at ó 3.10 were observed. These absorptions were signi
ficantly broadened at -2S 0

, but sharpened on lowering the tem
perature to -S0° (see Fig. 3.3.a). The 31 P NMR of this mixture 
at -2S 0 showed a signal at -48.3 ppm corresponding with ~ and 
a new absarptien at -33.8 ppm vs 8S% H3Po4 . Product formation 
was observed only to a small extent at -15°. Similar results 
were obtained for the reaction of i with methanol (only 1H NMR 
spectra were investigated). These observations strongly suggest 
the existence of an equilibrium between i (~) and the exocyclic 
protonated P(V) adduct of i (~) and methanol. The 1H shift at 
ê 3.10 for the apical exocyclic methoxy group of and Sa 
reveals that the methyl protons are shielded more effectively 
than in methanol. The increased shielding of the methyl protons 
of 4a (Sa) as compared with methanol is probably caused by 
the decreased charge-density on the methyl protons of (Sa) 
as corroborated by extended Hückel calculations: the mean 
charge-density of the apical methoxy protons of was calcul-
ated to be +0.0489, while for the methoxy protons of methanol 
a charge-density of +O.OS13 was found 21 • The 31 P upfield 
shift of 14.S ppm for Sa in camparisen with ~. indicates a 
change in coordination of phosphorus from four to five. The 
31 P shift for is 9.S ppm upfield as compared with the pro-
tonated adduct of triisopropyl phosphite and methyl vinyl 
ketone (see Chapter 11, Sectien 11.3, part D). This fact can 
be explained by the increased shielding of the phosphorus 
nucleus of Sa, due to electron-donation by the equatorial an
ionic oxygen. The apical methyl group in 4a (Sa) shows no 
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Fig. 3.3 (a) The 60-MHz 1H NMR spectra of the reaction 
mixture of ~ and methanol in liquid so2 in the 
preserree of 2-3% HCl. The tiny signals at 6 2.2 
and the doublet at 6 3.7 correspond with the 
final reaction product. (b) Spectra of the same 
reaction mixture after addition of acetic acid 
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coupling with the proton and the phosphorus nucleus. In the 
former case there is a fast exchange with the acidic proton 
of methanol; for the latter case a fast equilibrium between 
4a (Sa) and methanol via a P(VI) intermediate is assumed. 
Analogous exchange processes via P(VI) intermediates have been 

observed in the reaction of stable oxyphosphoranes with al
cohols 9 ,zz- 26 • The protonated apical methoxy group remains 

in the apical position, for permutational isomerizations of 

this type of intermediates are not favourable, as can be in
ferred from the P(V) intermediates appearing in the hydralysis 

of five-membered cyclic phosphinate esters 7
• The stabilization 

of (Sa) in the presence of HCl (without HCl, no intermediate 
was observed) is the result of the interaction of the acidic 
proton with the equatorial anionic oxygen. This effect is 

visualized by addition of e.g. acetic acid to an equilibrium 
mixture of~ and Sa. The 1H NMR spectra (see Fig. 3.3.b) clear
ly show a shift of the equilibrium towards the phosphorane Sa. 
As mentioned already, no product formation was observed at 
low temperature and consequently, the presence of intermediate 
4d (Sd) can be excluded. This means that proton transfer from 

the exocyclic protonated oxygen to the endocyclic oxygen is 
rate determining. These findings will be discussed in more 
detailinSection III.4. 

III.3 The reaction of five-membered ayalia P(IV) aompounda 

with aliphatia thiols 

In the previous Sectien the relatively easy reaction 

between compounds l - 5 and alcohols has been discussed. How
ever, aliphatic thiols show no reaction with 2 - 5 within one 
week at room temperature (the reaction of l with aliphatic 
thiols has notbeen investigated). The poor reactivity of 

these substrates towards aliphatic thiols can be understood 

on the basis of the decreased electronegativity of sulphur as 

compared with oxygen. Initial attack of thiols on phosphorus 
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affords a phosphorane which is less stabilized than the cor
responding oxygen analogue. In order to obtain more reactive 
cyclic P(IV) compounds, the acetyl oxaphospholens ~ and 7 were 
synthesized. The acetyl oxaphospholens were obtained from the 
reaction of sodium acetate with appropriate chloro oxaphosphol
ens. The chloro oxaphospholens were prepared from the reaction 
of methyl vinyl ketone with isopropyl phosphorodichloridite 27 

and mesityl oxide with phosphorus trichloride 28 , respectively: 

0 
+-11 

Na OCCH3 

ether 

Ct)H3 #0 

\ 
0 

R R~ 
o' CH 3 

~ R: H 

7 R: CH3 

Compound ~ was allowed to react with one equivalent ethyl 2-
mercaptoacetate in CHC1 3 . After one day of reaction at room 
temperature, the 1H NMR spectrum of an aliquot showed that the 
characteristic absorptions of the acetyl oxaphospholene (see 
Experimental) had disappeared. Analysis of the spectrum re~ 
veiled that 6% of ethyl 2-mercaptoacetate was acetylated. This 
was based on the typical absorptions of the methylene sulphur 
and acetyl protons at ö 3.70 and ö 2.40, respectively. Due to 
the small amount of acetylation, no absorptions from 6c (see 

Fig. 3.4) could be observed. At ö 5.50, a superposition of two 
quartets (~HH = ~PH = 7 Hz) was observed from the major reaction 
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product (about 70~ yield). We suppose that this signal can be 
assigned to the olefinic protons of Z- and E-6b (see Fig. 3.4; 
the assignment of the other protons of 6b are given in the 
Experimental). These compounds could be formed by the mecha
nism given in Fig. 3.4. Attack of the thiol group on phos
phorus leads to the intermediate 6a. Apparently, a proton 
transfer from the exocyclic apical site to the apical endo
cyclic site and subsequent ring opening affording a phos
phorylated thiol is not feasible. Insteadof this, a nucleo
philic attack takes place on the olefinic carbon atom linked 
to oxygen. This carbon atom is activated towards a nucleo
philic attack, due to the presence of a protonated apical 
sulphur atom (compare with the alkyl transfer reactions des
cribed in Chapter II). 

Acetyl oxaphospholene Z reacts much more slowly with ethyl 
2-mercaptoacetate than ~· After 12 hr of reaction at 60° in 
CHC1 3 about 35~ acetylated thiol (typical absorptions at 
ö 3.70 and ö 2.40 from the methylene sulphur and acetyl pro-
tons) and 35% of (typical absorption at ö 5.23, ~PH = 35 Hz, 
~HC=CH3 = 1.2 Hz from the olefinic ring proton) is obtained. 
Compound 7b (Z and E configuration) is formed in about 35% 
yield ( 1 H~MR data of 7b are given in the Experimental). The 

two methyl groups of z in the 3-position of the ring prevent 
an attack on phosphorus due to sterical hindrance, and thus 
an increased amount of acetylated thiol is formed. Attempts 
to isolate the reaction products 6b and failed, probably 
due to the instability of these compounds. Furthermore, it 
should be mentioned that 25-30% of the reaction products could 
not be characterized. 

111.4 Discussion 

The similarity between the reaction of alcohols with five
membered cyclic P(1V) compounds and the hydralysis of methyl 
ethylene phosphate is obvious. Extended Hückel calculations 
on the P(V) intermediates of the latter reaction have shown 
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that (1) apical protonated phosphoranes are more stable than 
the separated reactants and energetically much more favourable 
than the corresponding equatorial protonated intermediates; 
(2) the protonated apical oxygen is the best leaving group 20

• 

Similar results were found from extended Hückel calculations 
on the P(V) intermediates of the adduct of oxaphospholene i 
and methano1 21 • These calculations strongly suggest that apic

al protonated phosphoranes are the key intermediates in the 
reaction. These findings corroborate the mean features of the 

reaction of the oxaphospholens 4 and 5 with methanol. First 
and foremost, the existence of the equilibrium between e.g. 

5 and Sa can be shown with aid of variabie temperature NMR, 
demonstrating the relative stability of an apical exocyclic 

protonated oxaphospholene. The absence of product formation 

at low temperatures excludes the presence of an apical endo
cyclic protonated oxaphospholene under these conditions. This 
means that the proton transfer from the exocyclic protonated 
oxygen to the endocyclic oxygen is rate determining. This 

proton transfer is probably an intramolecular process with 
an equatorial protonated phosphorane (e.g. Sb or Sc) as tran

sition state, i.e. the proton at an equatorial site is very 
acidic, and is transferred with great ease to the most basic 
endocyclic oxygen atom (see Chapter II). An intermolecular 

proton transfer via protonated methanol can be ruled out as 
protonated methanol is a much more strenger acid than the 

exocyclic protonated oxaphospholene, consequently, 
the equilibrium between protonated methanol and the anionic 
oxaphospholene would be far to the side of the protonated 
phosphorane and methanol. Since the transition state has a 
TBP configuration the rate increase for substances with more 

electronegative substituents can be attributed to the general 
pr~nciple of stabilization of the TBP configuration by electron 
withdrawing ligands 17

- 19 • 

The influence of acids on the reaction of P(IV) substances 

with alcohols can be summarized as follows: (1) interaction 
of the acidic proton with the phosphoryl oxygen of the P(IV) 
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compound and the equatorial anionic oxygen of the phosphorane 
intermediate results in shift of the equilibrium towards the 

phosphorane structure. This shift occurs because the rate of 
the foreward reaction is increased by deshielding of the phos
phorus nucleus and the rate of the reverse reaction is de
creased by stabilization of the phosphorane (in fact, it is 

due to these interactions that the equilibrium between ± (~) 
and 4a (Sa) can be observed by NMR methods). Addition of 

acid to an equilibrium mixture of e.g. ~ and Sa leads to an 
increase of the ratio Sa : 5 which confirms the influence of - -
acids on the equilibrium; (2) the presence of acid probably 

promotes the intramolecular proton transfer from the exo
cyclic to the endocyclic site. The results of the above men

tioned effects are clear from the observed decrease of ti for 
the reaction of ± with methanol from 1 day to 200 min in the 

presence of one equivalent benzoic acid. Note that the driving 
force of the reactions described is the formation of a P=O 
bond which is generated from the equatorial PO group. 

Reaction of an aliphatic thiol with five-membered cyclic 
P(IV) compounds takes place only if the phosphorus compound 
is activated by an electron-withdrawing group. However, the 

reaction of aliphatic thiols with acetyl oxaphospholens is 
rather complex. The acetyl oxaphospholens are, in fact, mix
ed anhydrides, so it is not surprising that on reaction with 
thiols, concomitant acetylation of the thiol takes place. The 

amount of acylation increases if the phosphorus atom is more 

sterically shielded which points out that the formation of 
ether products is initiated by an attack of the thiol on phos
phorus. In this way, a phosphorane is obtained with an apical 
exocyclic protonated sulphur atom. Proton transfer from the 
exocyclic to the endocyclic site is nat favourable in this 

case, because the transition state with an equatorial proton
ated site is only slightly stabilized due to the low electro
negativity of sulphur in camparisen with oxygen. Instead, a 
thiol group attacks the olefinic carbon atom linked to oxygen 

yielding ar 7b, respectively (see Fig. 3.4). 
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Permutational isomerizations of the exo- or endocyclic 
protonated phosphoranes discussed are relatively high ener
getic processes and do not occur at ordinary temperatures. 
Each isomerization based on the "Berry mechanism" affords a 
phosphorane with an apical carbon atom and an apical anionic 
oxygen or an equatorial protonated ligand. These isomers are 

at least 25 kcal/mol higher in energy, compared to the most 

favourable phosphorane structure. 
The results described in this Chapter reinforce the 

postulates of Westheimer on the mechanism of the hydrolysis 
of five-membered cyclic phosphate and phosphinate esters 3 - 8 • 

Furthermore, this investigation may lead to a better 
insight into several enzymatically catalyzed reactions, 

especially the enzymatic hydrolysis of phosphate esters (see 
Chapter V). 

III.S Experimental 

Preparations and reactions 

--2-Methoxy-1 ,3,2-dioxaphospholane 2-oxide Cl) 
This compound was prepared from methyl dichlorophosphate and 
ethylene glycol according to the procedure given by West
heimer29. Yield 15%, bp 85-86° (0.1 mm). 

--2-Methoxy-5-methyl-2,3-dihydro-1,2-oxaphosphole 2-oxide (!) 
The methoxy oxaphospholene ! was prepared from the correspond
ing chloro oxaphospholene. The chloro oxaphospholene was ob
tained as follows. A mixture of 145 g (0.9 mol) of isopropoxy 
phosphorodichloridite 30 and 63 g (0.9 mol) of methyl vinyl 
ketone was held at 80° for 20 hr 27 . The resulting brown 
reaction mixture was fractionated firstly at reduced pressure 

(20-30 mm) to remove the volatile components, foliowed by 
fractienation at 0.05 mm to obtain crude product at 70-73°. 

Distilling the crude product gave pure chloro oxaphospholene 
(2-chloro-5-methyl-2,3-dihydro-1 ,2-oxaphosphole 2-oxide). 
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Yield 59 g, 43% of the theory; bp 91-92° (5 mm). 

The methoxy oxaphospholene was obtained as follows. To aso

lution of 45.8 g (0.3 mol) of chloro oxaphospholene in 250 ml 

of hexane, cooled to 0°, 26.1 g (0.33 mol) of pyridine was 

added slowly under stirring, foliowed by 9.6 g (0.3 mol) of 

methanol. This mixture was stirred for 1 hr at 0° and an 

additional 3 hr at room temperature. The pyridinium saltwas 

filtered off and was washed thoroughly with hexane. The com

bined washings and filtrate were evaporated and the resulting 

liquid distilled, affording 22 g (50% of the theory) of 4; 

bp 95° (0.07 mm). 1H NMR (CDC1 3): o 5.04 (dof m, 1 H, ~;H = 

33Hz, olefinic H), o 3.78 (d, 3 H, ~PH= 12Hz, methoxy H), 

o 2.50 (dof m, 2 H, ~PH= 14Hz, methylene H), o 1.92 (m, 
3 H, ring methyl H). 

Anal. Calcd for c5H90 3P: C, 40.55; H, 6.13. Found: C, 

40.69; H, 6.15. 

-2-Isopropoxy-5-methyl-2,3-dihydro-1 ,2-oxaphosphole 2-oxide 
(.?_) 

A salution of 92.3 g (0.5 mol) of di-isopropoxy phosphoro

chloridite31 and 35 g (0.5 mol) of methyl vinyl ketone in 100 

ml of CH 2c1 2 was kept for 2 days at reflux temperature, with 

stirring under N2 . The solvent was removed in vacuo and the 

resulting mixture was distilled to yield 5 (44 g, 50% of the 

theory; bp 76-78° (0.1 mm)). 1H NMR (CDCl~): o 5.23 (dof m, 

1 H, ~PH= 34Hz, olefinic H), o 4.89 (dof septets, 1 H, 

~PH= 7.6 Hz, ~HH = 6.5 Hz, methine H), o 2.48 (dof m, 2 H, 
~PH = 14.4 Hz, methylene H), o 1.97 (m, 3 H, ring methyl H), 

o 1.38 (d, 6 H, ~HH = 6.5 Hz, isopropoxy methyl H). 
Anal. Calcd for c7H13o3P: C, 47.73; H, 7.44. Found: C, 

47.58; H, 7.27. 

-2-Acetyl-5-methyl-2,3-dihydro-1 ,2-oxaphosphole 2-oxide (~) 

To a suspension of 2.33 g (28.4 mmol) of sodium acetate in 

50 ml of dry ether, 5.0 g (28.4 mmol) of the corresponding 

chloro oxaphospholene was added dropwise under N2 . The solu

tion was stirred for 16 hr at room temperature. The suspension 

55 



was centrifuged in order to remove NaCl. The resulting solid 
was washed several times with ether. The solvent was removed 
in vacuo from the combined ether fractions, to yield nearly 
pure~ (4.5 g, 90% of the theory). The 1H NMR spectrum of~ 
showed that the acetyl oxaphospholene was contaminated with 
a few percent of ether. Attempted destillation of 6 leads to 
decomposition. 1H NMR (CDC1 3): olefinic H, doublet-of multi 

plets o 5.10 (~PH= 35.0 Hz); methylene H, doublet of multi

plets o 2.75 (~PH= 15.0 Hz); acetyl H, doublet o 2.28 (~PH= 
1.6 Hz); ring methyl, multiplet o 1.98. 

-2-Acetyl-3,3,5-trimethyl-2,3-dihydro-1,2-oxaphosphole 2-
oxide CD 

The chloro oxaphospholene was prepared according to the methad 
of Kamai 28 from phosphorus trichloride and mesityloxide. 
Compound l was prepared in the same manner as ~. to yield in 
90% of the theory the acetyl oxaphospholene (contaminated with 
a few percent of ether). 1H NMR (CDC1 3): olefinic H, doublet 

of quartets 8 5.17 (~PH 36.0 Hz, ~HC=CCH 3 1.2 Hz); acetyl 
H, singlet o 2.17; ring methyl 5 position, doublet 8 1.93 

(~H3C=CH = 1.2 Hz); ring methyl protons 3 position, two 
doubletso 1.42 and o 1.39 (~PH= 23.0 and 23.5 Hz). 

-Reaction of 4 with methanol 

A solution of 1 g (6.7 mmol) of i and 0.25 g (7.8 mmol) of 
methanol in 5 ml of benzene was refluxed for 6 hr. After eva
poration of the solvent in vacuo virtually pure 3-oxobutyl 
phosphonic acid dimethyl ester was obtained quantitatively. 
An analytical sample was obtained on destillation: bp 89-90° 

(0.05 mm). 1H NMR (CDC1 3): o 3.73 (d, 6 H, ~PH= 11Hz, me
thoxy H), o 2.75 (m, 2 H, CH 2CO), o 2.18 (s, 3 H, CH 3CO), 
o 2.0 (m, 2 H, CH2P). 
Anal. Calcd for c6H13o4P: C, 40.01; H, 7.27. Found: C, 
39.92; H, 7.37. 

-Reaction of 5 with methanol 
A solution of 1 g (5.6 mmol) of 5 and 0.25 g (7.8 mmol) of 
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methanol in 5 ml of benzene was refluxed for 12 hr. Removing 
of the solvent in vacua affords virtually pure 3-oxobutyl 
phosphonic acid methyl isopropyl ester. An analytica! sample 
was obtained on destillation: bp 75-76° (0.05 mm). 1H N}IR 

(CDC1 3): ê 4.72 (dof septets, 1 H, ~PH= 6 Hz, ~HH 7 Hz, 
methine H, 8 3.73 (d, 3 H, ~PH= 11Hz, methoxy H), 8 2.70 
(m, 2 H, CH 2CO), 8 2.20 (s, 3 H, CH 3CO), ê 2.00 (m, 2 H, PCH 2), 
8 1.35 (d, 6 H, ~H = 7 Hz, isopropoxy methyl H). 

Calcd for C8H17o4P: C, 46.15; H, 8.23. Found: C, 
46.02; H, 8.30. 

-netermination of the reaction rate of P(IV) compounds with 
methanol 

Methyl ethylene phosphate (l) reacts with methanol yielding 
quantitatively 2-hydroxyethyl dimethyl phosphate 32 • The t 1 

value for this reaction was determined with aid of 1H NMR: 
To a salution of 69.0 mg of l in 0.5 ml of CDC1 3 (1 M solu
tion) in an NMR sample tube 20.2 ~1 of methanol (0.5 mmol) 
was added. The progress of the reaction was foliowed by the 
decrease of the methoxy signal of methanol. The t 1 was found 
to be 200 min at 35.0°. Similarly, t 1 of the reacfion of 4 

2 -

with methanol was determined: t 1 (4) = ca 1 day. In the pre-
2 -

sence of an equimolar amount of benzoic acid t 1 of this 
2 

reaction decreased to 200 min. 

-spectroscopie study of the reaction of 5 with methanol in 
liquid so2 

In an NMR sample tube containing 40 mg (0.23 mmol) of 5 about 
0.4 ml of so 2 was condensed at -60°. About 0.1-0.2 ml (0.003-
0.005 mmol) of dry HCl gas was passed through this solution. 
To this mixture 9.2 ~1 (0.23 mmol) of methanol was added. 
The NMR sample tube was warmed to -15° and was kept for 15 
min at this temperature, in order to reach the equilibrium 
between 5 and Sa. The 1H NMR spectra of this salution re
corded a~ -25°~nd at -50° are given in Fig. 3.3.a. The 31 P 

spectrum was examined at -25° (see Sectien III.2 part C). In 
order to obtain a shift of the equilibrium towards Sa, 8 vl 

57 



of acetic acid was added to the above mentioned solution. 

The 1H NMR spectra of this mixture at -25° and at -50° are 

given in Fig. 3.3.b. 

- Reaction of ethyl 2-mercaptoacetate with ~ 

To a solution of 2 g of ~ in 5 ml of CHC1 3 , one equivalent 

of ethyl 2-mercaptoacetate was added. After one day of re

action, the 1H NMR spectrum of an aliquot showed that the 

characteristic signals of the acetyl oxaphospholene had dis

appeared. 6% of thiol was acetylated (see Section III.3). 

The formation of 70% of 6b was based on the following ab

sorptions: olefinic H, two quartets from z- and E- 6b,o 5.30 

and o 5.53, respectively (~PH = ~HH = 8 Hz); PCH 2 , multiplet 
aa o 2.9; SCH 2 , two singlets from Z- and E- 6b, o 3.43 and 

o 3.49; acetyl H, singlet o 2.20; CH 3C=C, singlet o 1.95 

(partially obscured by other signals); ester ethyl group, 

o 4.20 (quartet) and o 1.25 (triplet). Attempts to isolate 

6b failed due to the instability of this compound. 

-Reaction of ethyl 2-mercaptoacetate with l 
A solution of 2.5 g of land one equivalent ethyl 2-mercapto

acetate in 5 ml of CHC1 3 was kept at 60°. After 12 hr of 

reaction 35% of acetylated thiol, 35% of 7b and 35% of 7c was 
formed. This was based on the following characteristic ab

sorptions: acetylated thiol, o 3.70 and o 2.40 (methylene 

sulphur and acetyl protons); Z-and E- 7b, olefinic proton, 

doublet (~PH= 9 Hz) at o 5.10 (both isomers have about the 
same chemica! shift); SCH 2 , broad singlet at o 3.50; Sc, 

doublet of quartets (~PH = 35 Hz, ~HC=CCH3 1. 2 Hz) at 
o 5.23 from the olefinic proton. Attempts to isolate Sb or Sc 

failed. 
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CHAPTER IV 

Group transfer via pentavalent phosphorus 

intermediates 

IV.1 Introduetion 

In the preceding Chapters it has been discussed that apical 
protonated phosphoranes play an essential role in group trans
fer reactions and in substitution reactions on phosphorus. 
Which of these processes will take place is mainly determined 
by the experimental conditions. The addition of acidic sub
stances to stable P(V) 1 oxyphosphoranes yields type A phos
phoranes, the reaction of P(IV) 1 compounds with alcohols type 
B and/or C, whereas nucleophilic attack of carboxylate anions 
followed by protonation gives type D. The decomposition of 
these intermediates is always accompanied by P=O formation. 
In type A phosphoranes this can be accomplished only via 
transfer of the apical exocyclic group to a nucleophile, Type 
B-D phosphoranes can accomplish P=O bond formation easily 
from the equatorial anionic oxygen atom by a simultaneous 

departure of the best leaving group in the apical position. 
In this Chapter it will be demonstrated that type C and D 
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phosphoranes can participate in group transfer reactions. This 
was done by shielding the equatorial anionic oxygen atom with 

metal ions. In addition, CND0-2 calculations 2 were carried out 
on type D phosphoranes. 

IV.2 Alkyl transfer from P(V) oxaphospholene intermediates 

A The reaction of oxaphospholens with methanol in the presence 
of strong carboxylic acids 

To induce group transfer reactions from apical endocyclic 
protonated oxaphospholens with an equatorial anionic oxygen, 
effective shielding of the latter ligand is required; other
wise P=O bond formation, generated at the equatorial oxygen, 
will take place simply by opening. Since the equatorial 

3 

Fig. 4.1 Principle of group transfer via P(V) oxaphospholene 
intermediates 

anionic oxygen atom is a relatively weak base, strong acids 
are necessary in order to shield this site (see Chapter III, 
Section III.4). The reaction betweenland methanol was car
ried out at 1 M concentrations in CDC1 3 in the presence of 
one equivalent trifluoroacetic acid at 35°. The reaction was 
completed after 5 hr of reaction. The products, identified 
with 1H NMR by the addition of authentic samples of pure 
material, were: 55% of 3-oxobutyl phosphonic acid dimethyl 
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ester Cl) formed by the mechanism proposed in Chapter III, 

Section III.4, 45~ of 3-oxobutyl phosphonic acid methyl ester 

Cl) and an equivalent amount of methyl trifluoroacetate. The 

formation of l and methyl trifluoroacetate might lead to the 

conclusion that these products are obtained by a group trans

fer reaction via a P(V) oxaphospholene intermediate (see 

Fig. 4.1). However, methyl trifluoroacetate could be formed by 

the direct reaction of methanol with trifluoroacetic acid; 

subsequent reaction of water (obtained from the esterifica

tion reaction) with 1 then affords 3: 

l 
3 

The question if methyl trifluoroacetate is formed by group 

transfer or by reaction of methanol with trifluoroacetic acid 

can be answered by camparing the reaction rates of the reac

tions involved. The second order rate constants for the reac

tion of methanol with 1 in the presence of one equivalent 
trifluoroacetic acid and the reaction of methanol with tri
fluoroacetic acid (1 M concentrations in CDC1 3 at 35° were 

the conditions for both reactions) were found to be: 
1 .8x10- 2 M- 1 sec- 1 and 2.7x10- 2 M- 1 sec- 1 , respectively. This 

means that the formation of methyl trifluoroacetate in the 

reaction of 1. methanol and trifluoroacetic acid, does not 

praeeed by group transfer but via direct esterification. The 

fact that the overall rate is smaller than the reaction rate 

of methanol with trifluoroacetic acid (the reaction of 1 with 

water is much faster than with methanol) is due to an inter

action between trifluoroacetic acid and the P=O groups of the 
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phosphorus compounds. For instance, the rate constant (at 35°) 
for the reaction of methanol with trifluoroacetic acid is 

-2 -1 -1 only 0.69x10 M sec if one equivalent amount of ~ is 

present. Based on this rate constant, one calculates that the 

reaction of l and methanol in the presence of one equivalent 

trifluoroacetic acid gives about 38% of methyl trifluoroace

tate, which is in rather good agreement with the observed 45% 

(see Experimental). From these findings it may beseen that 

it is difficult to obtain direct evidence for group transfer 

reactions via P(V) intermediatos due to a concomitant reaction 

between acid and alcohol. However, the latter reaction path

way can be blocked if metal ions are used to shield the 

equatorial anionic oxygen atom of the P(V) oxaphospholene 

intermediate as will be seen in the following part. 

B The reaction of with methanol in the presence of LiBr 

The reaction of 1 with methanol was carried out in the 

presence of one equivalent LiBr suspended in ether. After one 

hour of reaction at room temperature, the solvent was evap

orated and the remaining solid was dissolved in D20 and in

vestigated by 1H NMR (see Experimental). The results are pre

sentod in Fig. 4.2. The formation of i clearly proves that 

methyl transfer to Br has taken place via the endocyclic 

protonated intermediate, as ~does not react with methanol 
under the experimental conditions and ~ is not dealkylated 

by LiBr. It is worth noting that the reaction rate of l with 

methanol has increased remarkably due to the presence of LiBr. 

This enhancement can be explained in a similar manner as the 

acid catalysis, however additional nucleophilic catalysis may 

be of importance (see Section IV.S). 

IV.3 Aoyl transfer via P(V) oxaphospholene intermediates 

In the previous Section it has been shown that group 

transfer can be accomplished to a certain degree if the equa-
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torial anionic oxygen of the P(V) intermediate is shielded by 
metal ions. Probably, group transfer can be performed quanti
tatively if the exocyclic apical ligand is a better leaving 
group than the apical protonated endocyclic oxygen atom. To 
check this, sodium acetate was allowed to react with 7 in the 
presence of acetic acid. After three days of reaction at room 
temperature, acetic acid anhydride was formed quantitatively, 
according to the mechanism given in Fig. 4.3. Presumably, oxa
phospholene z is in equilibrium with 7a, which is protonated 
by acetic acid on the apical endocyclic oxygen, yielding 7b. 

As has been discussed in Chapter II, Sectien 11.4, the apical 
exocyclic acetyl group in is thereby activated towards a 
nucleophilic attack by the anion yielding acetic anhydride. 
Note that the reactivity of the intermediate 7a increases 
largely in comparison with ~. wich reacts only with very 

CH3 

(CH3)fHO, , ' rj 
p 

{cH3)
2
cHo_,.-l 

O~CH3 

11 
8 0 

streng acids like HBr (see Chapter 11, Sectien 11.2). In fact, 
the intermediate 7a is even able to react with aliphatic 
thiols, e.g. methyl 3-mercaptopropionate could be acetylated 
quantitatively with 1 and sodium acetate after seven days of 
reaction at room temperature. Similarly, aminoacylation of 
methyl 3~mercaptopropionate could be achieved with sodium 
N-acetyl glycine and z. It is obvious, that the increased 
reactivity of 7a in comparison with ~ is caused by the elec
tron-donating properties of the equatorial anionic oxygen 
atom of leading to an enhanced basicity of the apical endo

cyclic oxygen atom and a destabilization of the TBP configura
tion. It is to be expected that P(V) oxaphospholene interme-
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diates with two anionic oxygens in the equatorial positions 

are even more reactive. Experimentally, this type of inter

mediates are difficult to obtain as two salts have to react 

with each other in an organic solvent. However, simultaneous 

decarboxylation and dehydratation of a S-hydroxycarboxylic 

anion could be performed via a P(V) oxaphospholene interme
diate with two anionic oxygens in the equatorial positions 3 

(this experiment was inspired by the enzymatic decarboxyla

tion and dehydratation of mevalonic acid; see Chapter V, 
Section V.4). An equimolar mixture of oxaphospholene ~ and the 

sodium salt of 3-hydroxy-3-isopropyl-4-methyl valeric acid 

(~) was refluxed for two days in ether, affording 2-isopropyl-

3-methyl 1-butene (1,1-diisopropyl ethene). This product was 

obtained only in the presence of 18-crown-6, which enhances 

the solubility of the salts. In order to effectuate the 

shielding of two anionic oxygen ligands, MgS04 was added (see 

Fig. 4.4). The product formation is assumed to praeeed via 

intermediate Ob which can be formed from 10a by an intra
molecular attack of the hydroxy group on the P(V) atom of 

(possibly promoted by Mg++) leading to a P(VI) configuration, 

which gives lOb via an apical departure of the carboxylate 

anion and simultaneous proton transfer to the endocyclic 

oxygen atom (see Fig. 4.4). 

IV.4 CND0-2 caZcuZations on sevePaZ types of P(V) foPmyZ 

oxaphosphoZene intePmediates 

In the previous Section it was shown that the reactivity 

of P(V) acyl oxaphospholens increases largely due to the intro

duetion of an equatorial anionic oxygen ligand. In order to 

obtain a more quantitative picture of the structure-reactivity 

relation, CND0-2 calculations 2 on the model substances l-III 

and their corresponding proton adducts Ia-lila, were carried 

out~. Themainbond distances and bond angles are given in 

Table IV.1. The following bond distances were optimized: 
r 2-o7 (0-), r 2-o7 (OH), r 2-o6 and 0-H. The calculated charge-
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Table IV.1 Main bond distances and bond angles, used in the 
CND0-2 calculations of the models I-III and 
Ia-IIIa 

P2-c3 1. 82 ft P2-o6 1. 80 ft L01-P2-C2 90° 

c3-c4 1.46 P2-07 (0-) 1.44 L Pz-o ,_es 110°57' 

c4-cs 1. 33 P2-o7 (OH) 1. 46 LP 2-o1-H 120° 6' 

CS-01 1.42 0 - H 1. os 
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Table IV.2 CND0-2 results 

Charge density o1 Total energy* llEprotonation 

I -0.31 -132.4225 
-0.4969 

Ia -0.17 -132.9194 

II -0.34 -131.6624 
-0.7027 

IIa -0.15 -132.3651 

III -0.37 -130.7303 
-0.9092 

lila -0. 13 -131.6395 

*Energies are given in atomie units (a.u.) 

density on the apical endocyclic oxygen atom and the energies 
of the model substances are summarized in Table IV.2. It is 
clear that the charge density on the apical oxygen atom in
creases with the number of equatorial anionic oxygens. How
ever, the increase is small and cannot account only for the 
enormous increase in reactivity of type II intermediates in 
comparison with I (see Section III.3). The destabilization 
caused by the introduetion of anionic oxygen ligands is of 
more importance as the energy of II increases 0.7601 a.u. 
and III 0.9321 a.u. in comparison with I and II, respectively. 

This effect results in an increased löEprotonationl value 
(see Table IV.2), and thus, explains the great difference in 
reactivity between e.g. I and II. Moreover, type III inter
mediates will be more reactive than type II compounds. 

The decrease of the bond strength of the C-0 bond of the 
formyl group if the endocyclic oxygen atom is protonated can 
be illustrated by the calculation of the overlap-population 5 

of this bond, e.g. the overlap-population of the formyl c-o 
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bond of II is 0.757, and of Ila 0.648, corresponding with a 
relative decrease of 14%. This implies that in the proton 
adduct the C-0 bond is more energy-rich than in the non
protonated molecule. Finally, it should be mentioned that the 
energy differences between the model compounds are over
estimated, as the effect of counter ions and solvation was not 

taken into account. Consequently, these calculations can only 
serve as a quantum-chemical model supporting the experimental 

data. 

IV.5 Disaussion 

In the Chapters II and III it has been demonstrated that 
apical endocyclic protonated phosphoranes are the key inter
mediates in group transfer reactions as well as in substitu
tion reactions on phosphorus. Consequently, it is to be ex
pected that the apical exocyclic group of the apical endo
cyclic protonated phosphorane occurring in the substitution 

reaction, is activated towards nucleophiles. Indeed, group 
transfer was observed in the reaction of oxaphospholene 1 

CH3'C 0 I "-p-1' + LiBr 

'-ocH3 

1 a 

+ CH30H 
oE' > -CH30H 

+- OljCH
3 

Li a,, 
'p 

CH3o"l 
0 

Br H/ "~"""-CH3 

1 b 

< 

1 c 

Fig. 4.5 Formation of P(V) intermediates in the reaction of 

1 with methanol in the presence of LiEr 
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with methanol in the preserree of LiBr. The catalysis of LiBr 
on the reaction of 1 with methanol is probably based on the 

same principles as the acid catalysis (see Chapter III, 
Sectien III.4). Interaction of lithium cations with the equa
torial anionic oxygen of 1b facilitates the proton transfer 

yielding ~ (see Fig. 4.5). In addition LiBr may act as a 
nucleophilic catalyst, i.e. LiBr reacts with l to give a P(V) 
adduct , which in turn reacts with methanol via a P(VI) 

intermediate to the P(V) adduct of land methanol: A 
similar mechanism has been proposed for the catalysis of 

amines on the reaction of P(IV) dioxaphospholens with alco
hols6. The key intermediate in the product formation step is 
~. which is fairly well stabilized by the interaction of the 
lithium cation with the equatorial anionic oxygen ligand. In 

this way, P=O bond formation from the equatorial anionic oxy

gen ligand is suppressed and the less favourable (large 
negative activatien entropy for this process; see Chapterii, 

Table II.Z) methyl transfer to Br becomes a feasible reaction. 

Group transfer can be accomplished quantitatively if the 

exocyclic apical ligand is a better leaving group than the 
apical protonated endocyclic oxygen atom. This is the case if 

the exocyclic ligand is an acyl group (see F . 4.3). The 

interaction of the sodium cation with the equatorial anionic 
oxygen of the P(V) intermediates such as 7a and is neces-
sary in order to avoid P=O bond formation between phosphorus 
and the anionic oxygen by the remaval of the carboxylate an
ion. The increase of reactivity of intermediate 7a as com

pared with ~ is striking. Whereas ~ reacts only with very 
strong acids like HBr, intermediate ~ reacts even with thiols. 
The enhanced reactivity of is mainly the result of the de-
stabilization of the TBP configuration by the preserree of an 
anionic oxygen atom, as was inferred from the CND0-2 calcula
tions (also see Chapter II, Sectien II.4). In fact, similar 
reasens account for the unique properties of P(IV) oxaphos

pholens as compared with P(IV) dioxaphospholens or dioxaphos
pholans. The preserree of an equatorial carbon atom in the P(V) 
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oxaphospholene intermediates renders these substances to more 
reactive species than the corresponding P(V) dioxaphospholens 
or dioxaphospholans. The high reactivity of P(V) oxaphos
pholene intermediates with two anionic oxygen atoms in the 
equatorial positions could be demonstrated with only one 
example. The mechanism given in Fig. 4.4 is partially specu
lative. Additional information about the mechanism can be ob
tained from o18 labeling experiments in order todetermine 
which oxygen atom (from the carboxylate or the hydroxy group) 
is transferred to the phosphorus. 

IV.6 E~perimental 

Preparatiens and reactions 

The syntheses of compounds 1. ~ and Z have been given in 
Chapter III, Section III.5. The syntheses of~ and ~. and the 
reaction of 5 with 9 are described in reference (3). 

-3-0xobutyl phosphonic acid methyl ester Ci) and the 
corresponding lithium salt (i) 

To a salution of 500 mg (34 mmol) of 1 in 5 ml of benzene 
60.8 mg (34 mmol) of water was added. The mixture was refluxed 
for 15 min, yielding pure 3-oxobutyl phosphonic acid methyl 
ester Cil· The lithium salt (i) was obtained quantitatively 
by addition of one equivalent Li 2co3 , followed by evaporation 
of the solvent and drying in vacuo: mp 170-175° dec. 
1H NMR (D 20, external TMS): 8 3.50 (d, 3 H, {HH = 10Hz, me
thoxy H), 8 2.77 (m, 2 H, CH2CO), 8 oa 2.2 (s, 3 H, CH 3CO), 
o aa 1 .9 (m, 2 H, PCH2). 
Anal. Calcd for c5H10o

4
LiP: C, 34.91; H, 5.86. Found: 

C, 34.90; H, 5.79. 

-Kinetics of the reaction of 1 with methanol in the presence 
of trifluoroacetic acid 

One equivalent methanol and one equivalent trifluoroacetic 
acid werè added toa 1.0 M solution of 1 in CDC1 3 , in an NMR 
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sample tube, warmed to 35°. The progressof the reaction was 
followed by the decrease of the methoxy signal from methanol. 
The secend order rate constant was obtained from 1/[CH30H] 
against time 7

• A rather good linear correlation was found in 
the range of 0-30% conversion. It should be mentioned that 

-2 -1 -1 kobsd = 1.8x10 M sec is the sum of two rate constauts 
(see Section IV.:): the rate constant for the reaction of~ 
with methanol (catalysed by trifluoroacetic acid) and the rate 
constant for the reaction of methanol with trifluoroacetic 
acid. In the fermer reaction, the concentratien of l is always 
equal to the concentratien of methanol; in the latter reaction 
the concentratien of trifluoroacetic acid increases relative
ly as compared with methanol, i.e. a plot of 1/[CH30H] against 
time does not give a linear correlation. However, in the range 
of 0-30% this deviation of linearity is small and was not ob
served. Since the reaction rate of methanol with trifluoro
acetic acid increases relatively, it is obvious that the 
amount of methyl trifluoroacetate formed (45%) is greater 
than the calculated amount (38%). 

~Rate of reaction of methanol with trifluoroacetic acid 
Toa 1 M solution of methanol in CDC1 3 , warmed to 35°, one 
equivalent of trifluoroacetic acid was added. The progress 
of the reaction was followed by the decrease of the methoxy 
signal 
tained 
to be: 

from methanol. The second order rate constant was ob
from a plot of 1/[CH30H] against time and was found 

-2 -1 -1 2.7x10 M sec . Similarly, the rate constant for 
the reaction of methanol with trifluoroacetic acid in the 
presence of one equivalent 2 was determined and was found to 
be: 0.69x10-Z M- 1 sec- 1 . 

~Reaction of l with methanol in the presence of LiBr 
A suspension of 117 mg (1 .35 mmol) of LiEr in 25 ml of dry 
ether was stirred for 15 min under N2 . To this solution 200 

mg (1.35 mmol) of land 43 mg (1.35 mmol) of methanol was 
added. This mixture was stirred for 1 hr, followed by evapora-
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tion of the solvent in vacuo (precautions were taken against 
moisture). The resulting solid substance was dissolved in 

3 ml of n2o. The products of reaction were determined by 
1H NMR spectroscopy: compounds 2 and 4 were identified by 
addition of authentic samples of pure material. The methoxy 
group of~ was found at ó 3.57 (external TMS). A solution of 
pure ~ in n2o gives rise to a methoxy absorption at a 3.50. 
The downfield shift of the methoxy group of ~ in the reaction 

mixture is caused by the presence of the acid ~ (neutralizing 

the solution leads to an upfield shift of the methoxy absorp

tion to 6 3.50). The formation of~ is aresult of the de

alkylation of l foliowed by hydrolysis: A mixture of 200 mg 
of land 117 mg of LiEr in 25 ml of dry ether gives after 

24 hr of stirring at room temperature, evaporation of the 
solvent and quenching in 3 ml of n2o 80% of ~ and 20% of 
3-oxobutyl phosphonic acid methyl ester (o (POCH 3)=3.70 ppm), 
based on the 1H NMR spectrum. Quantitative analyses of the 

products ~. ~ and ~ were made by integration of the methoxy 
groups relative to the CH 3co and PCH2 groups (see Section 

IV.2). The amount of the acid~ was determined also by the 
amount of Li 2co3 , necessary to neutralize the acid. The amount 

of MeEr formed was obtained by weighing the reaction products 

after evaporation of the solvent and was found to be in good 

agreement with the amount of ~. ~ and ~ determined by 1H NMR. 

--Reaction of 7 with sodium acetate and acetic acid 
A suspension of 5.0 g (28.4 mmol) of z, 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 3 days under N2 • To the suspension, 
100 ml of ether was added and the resulting mixture was 

centrifuged. The resulting clear solution, combined with the 
washings of the solid, was evaporated in vacuo. The 1H NMR 

spectrum in CDC1 3 of an aliquot of the resulting liquid 

showed the characteristic signals of Z and acetic acid anhy

dride. The assignment of the signal at 6 2.2 from acetic acid 

anhydride was confirmed by adding the known compound. The 
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yield of acetic acid anhydride based on acetic acid, was 

greater than 95%. 

- Acylation of methyl 3-mercaptopropionate with 7 and sodium 
acetate 

The same procedure was foliowed as for the acylation of 

acetic acid. However, the suspension was stirred for 7 days. 
The resulting mixture was chromatographed over Si0 2 (ethyl 
acetate as eluent) affording pure methyl 3-acetylmercapto 

propionate (95% of the theory). The spectroscopie properties 
(IR, 1H NMR) were identical with those of the known compound 
prepared from methyl 3-mercaptopropionate and acetyl chloride/ 

tri-ethylamine. 

-Aminoacylation of methyl 3-mercaptopropionate with 7 and 
sodium N-acyl 

The same procedure was foliowed as for the acylation of 

methyl 3-mercaptopropionate. Chromatography over Si02 (ethyl 
acetate pure as eluent) affords in 95% of the theory pure 
thio ester of N-acyl glycine (CH 300CCH 2CH 2SCOCH 2NHCOCH 3): 

0 mp 8 1 . 5- 8 2 . 5 . 

Anal. Calcd for c8H13No4s: 
Found: C, 43.84; H, 6.09; 

C, 43.82; H, 5.98; 

N, 6. 37. 

N, 6. 39. 
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CHAPTER V 

Mechanistic aspects o:f biochemical conver-

sions f'or phosphorus containing compounds 

V.1 Introduetion 

In the preceding Chapters, several reactions of P(IV) 1 and 
P(V) 1 oxaphospholens have been discussed. All these reactions 

are characterized by the unique features of phosphorus in the 
TBP 1 configuration, which can he summarized in the following 

rules: (1) apical ligands are protonated more easily than 
equatorial ligands, even if the latter ones are anionic oxy
gens; (2) the proton affinity of the apical ligands increases 

with the number of equatorial anionic oxygens; (3) in con
sequence of (1) and (2), a TBP configuration with a protonated 
equatorial oxygen and non-protonated apical ligands is less 
favourable than the corresponding apical protonated TBP; (4) 
an apical group is activated towards a nucleophilic attack if 
the other apical ligand is protonated; and finally (5) trans
fer of an apical group can he obtained only if the equatorial 
anionic oxygens are shielded effectively, otherwise P=O bond 
formation from an equatorial anionic oxygen occurs accompanied 
with apical leaving of the protonated ligand. 

As there are many indications that P(V) intermediates may 
be of importance in enzymatic reactions 2 - 7 , the above men

tioned rules may offer additional information about the meeha
nistic aspects of the key intermediates in a number of bio
chemica! conversions. In this Chapter, the enzymatic hydra

lysis of ribonucleotides will be discussed first. This reac
tion has been stuclied extensively 8 - 15 , and there is no doubt 
that the hydrolysis proceeds via P(V) intermediates. However, 
only little is known about the mechanistic behaviour of en-
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zymes involved in group transfer reactions. As inferred from 

the rules (1)-(5), a detailed mechanism of several enzymatic 
group transfer reactions can now be given (see Section V.3 

and V.4). 

V.2 The hydroZysis of ribonuaZeotides aata zed by ribo

nualease A 

Ribonuclease A is an enzyme that catalyzes the hydralysis 

of phosphodiester bonds in ribonucleic acids. Richards and 
Wyckhoff determined the three-dimensional structure of ribo

nuclease A, in the presence of an inhibitor 16
• In this way, 

the sites for substrate binding could be located unambiguous
ly. It was found that two histidines (histidine-119 and his

tidine-12) and one lysine (lysine-41) participate as active 
sites. There are two steps in the hydralysis of a dinucleo

tide phosphate 15
• The first step is a transphosphorylation 

step yielding a 2;3~-cyclic phosphate (see Fig. 5.1), foliowed 

by hydralysis of the cyclic phosphate in the second step. 

Recently, a detailed mechanism of the action of ribonuclease A 

has been proposed by Gorenstein 17 • Basedon 31 p NMR study, 

RO 

\ 
0/pç··--ö 

O OH 
' 

0 
HO Base 

Fig. 5.1 First step in the hydrolysis of nucleotides 
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Gorenstein suggests the following mechanism. In the first 
step, the enzyme is bound to the nucleotide phosphate in such 

a manner that histidine-12 lies very near the 2~-0H of the 

ribose. Catalyzed removal of the 2~-0H proton, facilitates 

apical attack on the phosphate and formation of a P(V) inter
mediate with a TBP configuration. The proximity of the pro

tonated histidine-119 and lysine-41 allows considerable sta

hilization of the TBP configuration via hydragen bonds with 

the two equatorial anionic oxygens (see Fig. 5.2). Apical 

leaving of the 5~-nucleotide (ROH in Fig. 5.2) catalyzed by 

histidine-119, yields the 2;3~-cyclic nucleotide. In the 
second step, the 2;3~-cyclic nucleotide is hydrolyzed by a 

similar mechanism. The catalytic function of the active sites 

can be understood on the basis of the mechanistic features 

of the reaction of methanol with P(IV) oxaphospholens, dis

cussed in Chapter III, Section III.4. The rate determining 

step in the reaction of oxaphospholens with methanol is the 

proton transfer from the apical exocyclic oxygen to the endo
cyclic oxygen atom. The transition state of this process cor
responds with a TBP configuration with a protonated equatorial 

oxygen. This means that the catalytic function of the active 

sites of ribonuclease A can be described as follows. Histi-

RO 

\ 

119 
. + ,-His 

P - .H· 
41 + / ····--o·· 

Lys---H·--0 ~ . 12 
O __ •• -Hls 

~H·· 

HO Base 

41 + 
Lys-H 

H
. 119 

+ H---··"" IS 
RO 

\ 0 
ö ----- p/ 

OI \ 

/.j 
HO Base 

Fig. 5.2 Mechanism of the action of ribonuclease A in the 

hydralysis of nucleotides 
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dine-12 facilitates the remaval of the 2~-0H proton during the 
formation of the TBP configuration. Stabilization of the TBP 
is effectuated by hydragen pinding of histidine-119 and ly
sine-41 with the two equatorial anionic oxygens. This also 

results in an increased acidity of the 2~-0H proton, and thus 
the transfer of this proton to histidine-12 is further cata
lyzed in this way. If the transfer of the z~-OH proton is 

complete, the flexibility of histidine-119 allows protonation 
of the apical 5'-nucleotide (RO in Fig. 5.2). The TBP configu

ration obtained in this way is more favourable than the con

figuration in which lysine-41 and histidine-119 interact with 
the two equatorial anionic oxygens. A decrease of the inter
action of lysine-41 with the equatorial anionic oxygen leads 
to a decrease of the stability of the TBP configuration. Con

sequently, P~O bond formation occurs from an equatorial an
ionic oxygen accompanied with apical leaving of the 5~-nucleo-, 
tidè (ROH in Fig. 5.2). The resulting 2;3~-cyclic phosphate is 

hydrolyzed by the reverse action of the active sites. In this 
respect, it is of interest to note that a similar mechanism 
has been proposed for the enzymatic hydralysis of phosphate 

mono esters by alkaline phosphatase 3
• However, in this process 

the shielding of the P-O groups is effected by zinc ions. 

V.3 Enzymatia group transfer via aayl adenylates 

Carboxyl group activatien plays an important role in bio
chemistry. It is well known that acyl-AMP's 1 are key inter
mediates in the carboxyl activation in the biosynthesis of 

acetyl coenzyme A, acyl coenzyme A derivatives of long chain 
fatty acids, benzoate, phenylacetate, oxalate and cholate 18

• 

Moreover, aminoacyl adenylates are intermediates in the bio
synthesis of all aminoacyl tRNA's 1 and RNA-independent syn
thesis of carnosine and antibi~tic polypeptides 18 • All these 
biosynthetic reactions can be described by a generalized two

step mechanism which is similar to the description given by 
Berg 19 for the biochemical formation of acetyl coenzyme A 
[ Eqs. ( 1) and ( 2) ] • 
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(1) Enzyme + RCOO + ATP 

(2) Enzyme~RCO~AMP + Y 

Enzyme~RCO~AMP + PP. 
1 

RCOY + AMP + Enzyme 

The ultimate acyl acceptor Y may be coenzyme A, an enzyme 

sulphydryl group, the s-amino group of a lysyl residue of a 
protein or an amino acid. When Y is coenzyme A or a sulphy
dryl group, Eq. (2) is readily reversible; however, when Y 
is an amino group, Eq. (2) is essentially irreversible under 
physiological conditions 18

• Until now, the catalytic function 
of the enzyme is not known. Nevertheless, the acetylation of 
thiols with aid of acetate and P(IV) oxaphospholens (see 
Chapter IV, Section IV.3) resembles the enzymatic acetylation 

.of e.g. coenzyme A with ATP and acetate toa great extent. 
These findings suggest that the enzymatic acetylation of co
enzyme A proceeds via a P(V) intermediate in which an active 
site of the enzyme and the acetyl group are in the apical po
sitions, with respect to phosphorus. Acetyl transfer from 
P(IV) acetyl adenylates seems to be rather unlikely, as e.g. 

thiols react with acetyl oxaphospholens preferentially by 
nucleophilic attack on phosphorus instead of a nucleophilic 
attack on the acetyl carbonyl group (see Chapter III, Section 
III.3); furthermore, it has been established that acetyl 
phosphates react very slowly with thiols 20 • Basedon the fore
going, the mechanism of the enzymatic acetyl transfer to 
coenzyme A is represented schematically in Fig. 5.3. The main 
function of the enzyme is to promate the formation of the P(V) 
acetyl adenylate. Furthermore, some sites of the enzyme are 
probably needed to effectuate the TBP configuration of phos
phorus: a basic site (B) which facilitates the nucleophilic 
attack on phosphorus by removing the Enz. XH proton and two 
acidic sites (B~H+) which are able to interact with the two 

equatorial anionic oxygens. With these assumptions a detailed 
mechanism of the action of the enzyme can be given. The Enz.XH 
site of the enzyme attacks on phosphorus, accompanied by the 
remaval of the Enz. XH proton by the basic site (B). During 
the formation of the TBP configuration the equatorial anionic 
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CH~O -+ ATP+ Enz. XH 
+Pfl 

OH OH 

Co- ASH 

Fig. 5.3 Schematic mechanism for the enzymatic acetylation 

of coenzyme A 

oxygens become shielded by the two acidic sites (B~H+) result

in& in a relatively stable TBP configuration, characterized 

by two equatorial anionic oxygens interacting with the acidic 
sites (B~H+) and two n?n-protonated apical ligands (Enz. X 

and MeCOO). Actually, the TBP configuration with one proton 

interacting with an apical ligand and the other with an equa
torial one is more favourable than the configuration in which 

two protons interact with two equatorial anionic oxygen atoms. 

Consequently, a proton transfer will take place from one 
acidic site (B~H+) to the Enz. X ligand. Due to this protona

tioi, a TBP configuration is obtained in which the apical 

acetyl group is activated towards a nucleophilic attack by 
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the thiol group of coenzyme A (see Fig. 5.3). In addition, 
one of the acidic sites (B~H+) is converted to a base (B~) 
which is able to accept the proton of the thiol group of co
enzyme A which results in a transfer of the acetyl group to 
coenzyme A. A similar mechanism can be given for the amino
acylation of tRNA's, in which an aminoacyl group is first 
transferredtoa sulphydryl group on the enzyme 21 - 23 , foliow
ed by a transesterification yielding the aminoacyl tRNA. It 
has been mentioned before, that the enzymatic acyl transfer to 
thiols is a reversible process. This means that the equilibrium 
constants between the acid farm of the active sites (the -SH 
group of the acyl acceptor included) and the corresponding 
conjugate bases will nat deviate far from unity, otherwise 
the reverse process cannot be realized. Since the acylation 
of thiols is reversible, it can be understood that the acyla
tion of amines is irreversible, as amines are less acidic 
than thiols. The limiting factor in the reversible proton 
transfer reactions is probably determined by the proton af
finity of the Enz. X group in the apical position. An increase 
of the proton affinity of that ligand enables the transfer of 
carboxyl groups in a reversible way to e.g. amines, as will 
be seen in the following Section. 

V.4 Group transfer via carbo~yl phosphates 

Besides carboxyl group activatien with aid of acyl adenyl
ates, it is also possible to transfer carboxyl groups via 

carboxyl phosphates (acyl phosphates). Typical examples of 
the latter type of reactions are the carboxylation of acetyl 
coenzyme A24

, the synthesis of glutathione and the conversion 
of glutamate into glutamine 25

• These biosynthetic reactions 
are characterized by the reversible transfer of a carboxyl 
group to an amide or amine, and the conversion of ATP into 
ADP and P .. A detailed mechanistic picture of the catalytic 

1 
action of the enzymes necessary in these reactions, is nat 
known at this moment. However, it is reasanabie to assume 
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ATP + Enz + HCO'j - EnzCOO- + AOP + Pj 

0 
11 

Enzcoo- + Co-AS~CH3-

Fig. 5.4 Overall reaction and schematic mechanism for the 

carboxylation of acetyl coenzyme A 

that the carboxyl transfer from carboxyl phosphates proceeds 

via a similar mechanism as the acyl transfer from acyl adenyl

ates. In Fig. 5.4, a schematic mechanism and the overall reac
tion of the carboxylation of acetyl coenzyme A is given. Bi
carbonate is not transferred directly to acetyl coenzyme A, 
but reacts initially with biotin. The carbonate is activated 

by phosphorylation via P(V) in a TBP contiguration (see 
Fig. 5.4). In this configuration there are three equatorial 

anionic oxygen atoms which assure a high proton affinity of 
the apical Enz. X ligand, necessary to guarantee a reversible 
reaction. It should be mentioned, that Mn++ ions are needed 
for the transfer of carbonate to biotin. The role of Mn++ 

probably consists of the shielding of two equatorial anionic 

oxygen atoms and the carboxyl group. 
A rather different process involving a P(V) intermediate 
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H~O-PPi + 

Hf\CH 
3 

EnzXH+F] 

Fig. 5.5 ·Mechanism pro;Posed for the decarboxylation of 
mevalonic acid 

with three equatorial anionic oxygens is the decarboxylation 
of mevalonic acid, which is the precursor for the biosynthesis 

of squalene 26 • Probably, the apical carbon atom is activated 
only if three equatorial oxygens are present (see Fig. 5.5). 
Divalent metal ions are neerled for this process in order to 
shield the equatorial anionic oxygens. In fact, this agrees 
nicely with the findings regarding the decarboxylation of 
S-hydroxy-acids by means of oxaphospholens (see Chapter IV, 
Section IV.3). Decarboxylation was only obtained in the 
presence of two equatorial anionic oxygen ligands complexed 
by Mg++ ions. Furthermore, the equatorial carbon atom in the 

oxaphospholene has a similar influence on the reactivity as 
an equatorial anionic oxygen, which completes the resemblance. 

It is rather tempting to include other biochemica! trans
formations in which phosphorus has a TBP contiguration and 
which show great resemblance td the simulation models given 
before. However, the purpose of this thesis was to offer a 
general model for the stereochemistry of phosphorus in bio
chemical conversions based on experimental and thedretical 
results generated from model compounds. 
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Summary 

This thesis gives a description of several reactions of 
organophosphorus compounds which praeeed via five-coordinated 
phosphorus intermediates in a trigonal bipyramidal (TBP) con
figuration. In particular, those intermediates are stuclied 
in which one of the apical sites is protonated. It is found 

that the nature of the ligands at phosphorus has a great 
influence on the protonation of an apical position. An electron· 
withdrawing group, which has the tendency to occupy an apical 
position, decreases the proton affinity of the other apical 
ligand; an electron-donating ligand in the equatorial position 

increases the proton affinity of the apical sites. The proton 
affinity is increased to a great extent by anionic oxygen 

atoms in the equatorial positions. In spite of the presence 
of one or more anionic oxygen atoms in the equatorial posi
tions, these ligands will not be protonated because the con
figuration with a protonated apical ligand is energetically 
more favourable. This observation is confirmed by quantum
chemical calculations on this type of intermediates. 

From an analysis of the products formed in the reactions 
it follows that apical protonated compounds in the TBP con
figuration decompose via two different reaction pathways, 
however, both routes have the formation of a P=O bond and 
leaving of an apical ligand in common. The difference in the 
course of reaction can be attributed to the fact that the 
P=O bond can be generated from an equatorial or an apical 
position. The formation from an equatorial site can only be 
realized by means of an anionic oxygen atom. The P=O bond 
from an apical position can be obtained by transfer of the 
apical group toa suitable acceptor (group transfer). It is 

shown that the transfer of an apical acyl or alkyl group is 
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very fast if the other apical ligand is protonated. In addi
tion, it is demonstrated that group transfer via intermediates 

in a TBP configuration with an anionic oxygen atom in the 

equatorial position can only take place if the anionic oxygen 

is shielded by protons or metal ions. 

The results obtained may be used in order to accomplish 

a detailed insight into enzymatic reactions in which phos

phorus plays an essential role, for instanee the hydrolysis 

of ribonucleotides, (amino)acyl transfer and the carboxylation 

of biotin. A mechanism is proposed for enzymatic group trans
fer reactions (key reactions in the synthesis of fatty acids 

and proteins) in which the role of the enzyme is to offer an 

active site towards a phosphorylated substrate (having a 

four-coordinated phosphorus) in order to achieve a TBP con

figuration. Other sites on the catalyzing enzyme are necessary 

to realize proton transfer reactions which lead to substrate 

activation with respect to nucleophilic attack by the acceptor. 

The reactivity of such a complex is then completely related 

to the model systems which have been studied. 
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SaiDenvatting 

In dit proefschrift wordt een aantal reakties van organo
fosforverbindingen beschreven die gekenmerkt worden door het 
optreden van vijf-gekoördineerde fosforintermediairen in een 
trigonale bipyramidale (TBP) konfiguratie. In het bijzonder 
zijn die intermediairen bestudeerd waarvan een apikale positie 
van de TBP is geprotoneerd. Het blijkt dat de protenering van 
een apikale positie van de TBP in grote mate wordt bepaald 
door de aard van de liganden aan fosfor. Een elektronegatieve 
ligand, die zich b voorkeur in een apikale positie bevindt, 
verlaagt de protonaffiniteit van de andere apikale ligand; 
een elektron-donerende groep in een equatoriale positie be
vordert de protonaffiniteit van de apikale sites. De proton
affiniteit wordt in sterke mate verhoogd door anionische 
zuurstofatomen in equatoriale posities. Ondanks de aanwezig
heid van één of meer anionische zuurstofatomen in de equa
toriale posities worden deze liganden niet geprotoneerd, om
dat de konfiguraties met een proton op een apikale ligand 
energetisch gunstiger zijn. Quanturnchemische berekeningen aan 
dit type verbindingen bevestigen deze observatie. 

Aan de hand van de gevormde produkten is afgeleid, dat 
apikaal geprotoneerde verbindingen in de TBP konfiguratie 
ontleden volgens twee verschillende reaktiewegen, echter 
beide reaktiewegen hebben de vorming van een P=O binding en 
het vertrek ~an een apikale ligand gemeenschappelijk. Het 
verschil in reaktieverloop is het gevolg van het feit, dat de 
P=O binding zowel uit een equatoriale als een apikale positie 
gegenereerd kan worden. De vorming uit een equatoriale positie 
kan alleen plaatsvinden als de ligand een anionisch zuurstof
atoom is. De P=O binding verkregen uit een apikale positie 
kan gerealiseerd worden door overdracht van de apikaal gebon-
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den groep naar een geschikte acceptor (groepsoverdracht). Er 
is aangetoond, dat de overdracht van een apikale acyl-of 
alkylgroep enorm snel is als de andere apikale ligand gepro
toneerd is. Bovendien is aannemelijk gemaakt, dat groeps
overdracht via intermediairen in de TBP konfiguratie met een 
equatoriaal anionisch zuurstofatoom alleen plaatsvindt wanneer 
het anionisch zuurstofatoom voldoende wordt afgeschermd door 
protonen of metaalionen, 

De verkregen resultaten kunnen worden gebruikt om een 
gedetailleerd inzicht te verkrijgen in een aantal enzymatische 
reakties waarin fosfor een essentiële rol speelt, zoals bij
voorbeeld de hydrolyse van ribonucleotiden, (amino)acylover
dracht en de carboxylering van biotine. Voor de enzymatische 
groepsoverdrachtreakties (o.a. belangrijk in het vetzuur 
metabolisme en de eiwitsynthese) is een mechanisme voorgesteld 
waarin de rol van het enzym bestaat uit het aanbieden van een 
aktieve site aan het gefosforyleerd substraat (fosfor is hier 
vier-gekoördineerd), om zodoende fosfor in een TBP konfigura
tie te brengen. Een aantal andere sites van het enzym draagt 
zorg voor de benodigde protonoverdrachtreakties om het sub
straat te aktiveren voor nucleofiele aanval door de acceptor. 
De reaktiviteiten van een dergelijk komplex sluiten volledig 
aan bij de experimenteel geteste modelsystemen. 
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