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CHAPTER 1 

Introduetion 

1.1 GBt1ERAL IJI'lRODUC'riOR 

Since Ramirez and his co-workers first established the existence of 

stable pentacoordinated (P(V)) organophosphorus compoundsl, the gener

al interest in the structure and dynamics of trigonal bipyramidal 

(TBP) phosphorus compounds has developed rapidly2. In this respect, 

the classica! experiments performed by Westheimer, describing the in

volvement of P(V)-TBP intermediatea in the hydralysis of five-membered 

cyclic phosphates3, and the experiments performed by Gorenstein con

cerning the magnitude of the free energy harriers to pseudorotatien in 

stabie oxyphosphoranes4, are worth to be mentioned. 

The involvement of pentacoordinate~ phosphorus transition states or 

intermediatas in a variety of reactions concerning phosphorus com

pounds has been reviewed extensively, both from experimental and theo

retica! points of viewS. These reviews include a broad range of re,ac

tions varying from the hydrolysis of simple phosphate esters. to more 

biologically important processas as ribonuclease catalysis, DNA repli

catien and RNA transcription. 

The structure, formation and reactions of pentacoordinated phos

phorus radical compounds has, in its turn, also received considerable 

attention6. Much of the work in this field has been carried out to 

determine the role of the phosphate moiety in the complex temporal 

development of reactions involved in the radiation chemistry of e.g. 

nucleic acids and their constituents. 

All these investigations have attributed to a better understanding of 

the role played by phosphorus in a variety of synthetic and biologica! 

processes. 

In this thesis a further investigation of the fundamental proper

ties of pentacoordinated phosphorus compounds is described. Especially 

the influence of steric and stereoelectrooie effects caused by the 

ligands around the central phosphorus atom will be focuseed upon. In 

the following paragraphs a brief outline of the basic ideas and termi

nologies used throughout this thesis is given. 

9 



1. 2 CONFORMATIONAL TRANSMISSION 

In general, molecules possessing vicinally located strong electron

withdrawing atoms show a conformational preferenee which is highly 

influenced by the presence of the well-known gauche-effect 1. This 

gauche-effect is based on the conformational preferenee for a gauche 

orientation of the two vicinal oxygen atoms in the common o-e-c-o 

fragment. The conformation around the exocyclic C4•-cs• bond of e.g. 

phosphorylated tetrahydrofurfuryl compounds (Figure 1) is also strong

ly influenced by this gauche-effect. 

0 Os• Hsu Hs· 
C6Hs-- ~ p 

*' ~*' *' C5H5_. '\_ 

Hs• Os• Hs' Hs" os Hs• Hs os· 

Hs• I' 
H4• H4' H4' 

g+ gt g -

1 

Figure 1. Structure of a phosphorylated tetrahydrofurfuryl compound 

with phosphorus in a tour coordinated (P(IV>> state (left) 

and Newman projections of the rotamers around the C4•-C5' 

bond in this compound (right). 

It has been demonstrated, by high-resolution 1H NMR measurements, that 

the C4•-cs• bond in compound 1, as well as in other compounds possess

ing the P(IVl-o-c-c-o fragment, preferentially exists in the g+ and gt 

conformation, with 01• and Os• in the favourable gauche orientationB. 

On the basis of quantum-chemical calculations performed by van Lier 

et al. 9 it was put forward that a change in the coordination of the 

phosphorus atom from four (P(IV)) to five (P(V)-TBP) will effectuate a 

change in the conformational preferenee around the C4•-cs• bond of the 

axially located 0-c-c~ fragment (see Figure 2). 

The driving force for this conformational change is the electron 

transfer in the axial sites of the P(V)-TBP, causing an enhanced elec

trastatic repulsion between Os • and 01• . This concept, in which an 

electron transfer is transmitted into a conformational change in the 

backbone of the molecule, is referred to as confor.aational tra~is

sion, and has been confirmed by several high-resolution lH NMR studies 

10 



on e.g. 5'-phosphorylated tetrahydrofurfuryl compounds8, 5'-phosphor

ylated nucleosides8 and 6-phosphorylated pyranosideslO. 

Furthermore, it has been emphasized regularly8,ll,l2 that this con

cept of conformational transmission forms an effective mechanism by 

which the conformation of phosphorylated blomolecules possessing the 

P-o-e-c-o atomie sequence, e.g. DNA, RNA and phospholipids, can be 

changed. A process which might very well be of significanee in the ac

tivation of phosphorylated biomolecules. 

0~ 11 

o.--P~o \ 

5·~os· 
1' .o . 

4' -·· 1 
2' 

Nu: ... 

3' f 

Figure 2. Conformational transmission in the axially located o-e-c-o 
fragment. Dominant C4•-Cs• rotamers are drawn for the tetra

hydrofurfuryl ligands. 

In this thesis an extension of the impact of the conformational 

transmission effect to the field of pseudorotation and phosphate sol

volysis, is described. 

1. 3 PHOSPHOIWf!L RADICALS 

There is an increasing amount of evidenceS,l0-12 that the conforma

tional properties of phosphorylated biomolecules.are directly related 

to the presence of the phosphorus atom in the backbone of these mole

cules. Unlike the acceptance of pentacoordinated intermediatas and 

transition states in these compounds, the involvement of pentacoordi

nated phosphorus centered (phosphoranyl) radicals in fragmentation 

processas of irradiated nucleosides, nucleotides and DNA is not fully 

recognized yetl3. Recent electron spin resonance (ESR) studies con

cerning the radicals produced during the irradiation of phosphorylated 

11 



xylofuranose derivatives14, however, have shown that phosphoranyl rad

icals can indeed be involved in the radiation induced fragmentation 

processes. 

In order to determine the possible role of the phosphate moiety in 

the complex set of reactions involved in the radiation chemistry of 

nucleic acids and their constituents, a fundamental approach towards 

the investigation of the effects of ionizing radiation on organophos

phorus compounds is required. It is therefore necessary to establish 

the various fundamental structures that phosphorus radicals, and es

pecially phosphoranyl radicals, can adopt and to study the dynamic 

behaviour of these transient radical species. A large number of dif

ferent electronic configurations and geometrical structures have been 

suggested6 for pentacoordinated phosphorus radicals. Besides the in

itially proposed TBP-e structure with the unpaired electron acting as 

a fifth, equatorial, ligand several configurations different from this 

TBP-e have been envisioned (see Figure 3). The different structures 

are, in general, interconvertible and show an interesting dynamica! 

behaviour and reactivity15. 
R 

R R I· R 
R ... ... I R ... I R- ... 1/• "'p-• 'P-R ,p 

/p\ R,.....l R/1 R'/ '-.....,R 
R • R R R 

TBP-e TBP-a a* Cs 

Figure 3. Schematic representation of several phosphoranyl radical 

structures. 

In this thesis influences of ste:ric and electronic effects on the 

stability, ease of formation and ultimate radical structure of phos

phoranyl radicals in solution are described. 

1. 4 OUTLINE OF 'l'HIS THESIS 

In this thesis the role of the steric and electronic effects on the 

fundamental dynamic behaviour of pentacoordinated phosphorus compounds 

is further elaborated. 

In chapter 2 a variable temperature 13C NMR study, performed on a 
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series of monocyclic oxyphosphoranes, is presented. rhe investigations 

were carried out to determine the influence of the conformational 

transmission effect on the barriers to pseudorotation in pentacoordi

nated phosphorus compounds. 

Chapter 3 also comprises a variable temperature 13C NMR study on 

pentacoordinated phosphorus compounds. In this chapter, however, an 

additional high-resolution 1H NMR study on the conformational equi

libria around de P-o-e-c-o fragments is included. rhese studies were 

performed in order to determine whether the enhancement of the reorga

nization rates around phosphorus is brought about by accelerated pseu

dorotation or by the involvement of hexacoordinated zwitterionic phos

phorus intermediates. 

In chapter 4, a 31P NMR study on the solvolysis rate of several 

phosphinate esters is described. rhis study was performed in order to 

determine the influence of the conformational transmission effect on 

the solvolysis rate of phosphate esters. A number of phosphates is 

examined in which, during the course of the solvolysis reaction, the 

conformational transmission effect is bound to be present or absent 

respectively. Moreover, it is discussed in which way the concept of 

conformational transmission induced differences in solvolysis rates 

can be used as a probe to examine the reactions of biologically im

portant phosphate esters. 

In chapter 5 an ESR study on the influence of steric and electronic 

factors on phosphoranyl radical formation in solution is described. 

Furthermore, the implication of the presence of the gauche-effect on 

the radical formation is established by examining phosphoranyl rad

icals derived from phosphites incorporating the P-o-e-c-o fragment. 

Finally, in chapter 6, an ESR study on the intramolecular electron 

transfer in phosphoranyl radicals is presented. In this chapter the 

influence of the initia! precursor structure on the ultimate radical 

structure, and its possible transformations, is described. 

(1) Ramirez, F.; Mitra, R.B.; Desai, N.B. J. Am. Chem. Soc., 1960, 

82, 2651. 

(2) For up-to-date reviews on the subject, see: Trippett, S. Organo

phosphorus Chemistry; The Chemica! Society: London (Specialist 
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CHAPTER 2* 

Pseudorot at ion in Pentacoordinated Phosphorus Compounds. 

The Influence of the Conformational Transmission Effect 

on the Barriers to Pseudorotation in Cyclic Alkoxyphos

phoranes 

ABSTRACT 

A variahle temperature 13C NMR study on a series of monocyclic oxy

phosphoranes was performed in order to examine the influence of the 

conformational transmission effect on the harriers to pseudorotation 

in pentacoordinated phosphorus compounds. It is demonstrated that the 

pseudorotation rate of monocyclic oxyphosphoranes exhihiting the con

formational transmission effect is 2-4 times faster than that in their 

counterparts in which this effect is absent. It is shown that the con

formational change in the hasal ligands of the intermediate SP struc

tures, due to the conformational transmission effect, is responsible 

for the lowering of the activation harriers by 2-3 kJ.mol-1. 

*de Keijzer, A.E.H.; Koole, L.H. and Buck, H.M. J. Am. Chem. Soc., 

1988, 110, in press. 
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2.1 INTRODUCTION 

Pseudorotation of stable oxyphosphoranes has been the topic of 

several studies during the past two decadesl. The polytopal exchange 

of ligands around pentacoordinated phosphorus has been extensively 

studied, both because these compounds are presumed to be intermedia

tes in many biologica! processes involving phosphate esters2, and 

especially because of the growing interest in the stereochemistry of 

reactions of tri- and tetracoordinated phosphorus compounds. These 

reactions proceed via pentacoordinated phosphorus intermediates and 

therefore, the pseudorotation processes may have a great influence on 

the structure of the reaction products3. In the past few years a lot 

of information has been obtained concerning the influence of the con

formational transmission effect on the structure and dynamics of pen

tacoordinated phosphorus compounds4. 

2a: X=CHz,R1=H,Rz=C6Hs 
2b: X=O,R1=H,Rz=C6Hs 
2c: X=CHz,R1=Rz=CH3 
2d: X=O,R1=Rz=CH3 

1 

3a: X=CHz,R1=H,Rz=C6H5 ,R3=CH3 
3b: X=O,R1=H,Rz=C6H5 ,R3=CH3 
3c: x=CH2 ,R1=R2=CH3,R3=0CzHs 
3d: X=O,R1=Rz=CH3,R3=0CzHs 

Figure 1. Model compounds l, 2 and 3 that are studied in this chapter. 

In this chapter a quantitative study on the contributions of the 

conformational transmission effect to the activation barrier of the 

16 



multiple pseudorotation processes in a series of monocyclic oxyphos

phoranes is described. The isomerization processes of the phosphoranes 

la-2d and 3a-3d (see Figure 1) are thus examined. These compounds are 

closely related to phosphorane 1, first prepared by Ramirez and his 

co-workersS. In this compound the pseudorotation pathways have been 

extensively studied and are now well-defined6. 

The POCH2 moieties of compounds l and 3 exhibit an exchange pro

cess which can be readily followed by variable temperature 13C NMR 

and allows the determination of the activation barriers associated 

with the isomerization process. The activation barriers of the pseudo

rotation process of the compounds containing X = CH2 (2a, lc, 3a and 

3c) were compared with those of the phosphoranes where X = 0 (lb, 2d, 

3b and 3d). Hence, some conclusions about the influence of the confor

mational transmission effect on the magnitude of the pseudorotation 

barriers could be drawn7. 

l.l RESULTS AND DISCUSSI<»> 

2.2.1 EZcbange Process Studies. 

In order to examine the reliability of the 13C variable temperature 

investigations, phosphorane 1 was selected as a raferenee system. The 
1H NMR low-temperature behaviour of this compound has now been well

established6. The results obtained for compound 1 in the present 

study, as well as data on other phosphoranes presented in previous 

studies6f,B, clearly demonstrata the usefulness of 13C NMR investiga

tions concerning exchange processas in P(V) trigonal bipyramidal (TBP) 

phosphoranes. 

At 400C the three methoxy carbons of compound 1 appear as one doub

let, the signal is split by 31P with Jpe = 13 Hz, indicating a fast 

pseudorotation process. At about 2soc the doublet collapsas to a broad 

band, and at about -300C this band is again resolved. At -450C the 

spectrum shows three partially separated doublets, corresponding to 

one axial and two equatorial methoxy groups. The upfield doublet must 

be assigned to the axial group, while the two downfield doublets then 

correspond with the two diastereotopic equatorial methoxy groups, 

since they differ in their relationship to the phenyl ring6a. Obvious

ly, at this temperature the structure of 1 is frozen and pseudorota

tion is inhibited. 

17 



The t:.G~ for this isomerization process amounts to 51.3 kJ .mo1-1, 

which is in good agreement with the va1ue of 51.0 kJ.mo1-1 reported 

by Gorenstein6c. 

The resu1ts of the 13C NMR studies on the compounds l, 2 and 3 are 

summarized in Tab1e I. 

Tab1e I. Activation parameters tor the exchange processes in the phos

phoranes l, 2 and 3. 

1 H C6Hs CH3 CH3 

2a H C6H5 CH3 CP 

CD2C12 

CD2C12 

CD2Cl2 

c6o5Br 

c6o5Br 

271 320 51.3 51.0 

288 325 54.6 54.6 

270 295 51.2 51.0 

371 285 71.5 71.6 

358 216 69.7 69.8 

c6o5co3 275 231 52.8 52.7 

328 202 63.8 63.9 

313 182 61.0 61.1 

4.1 

2.1 

2.1 

3.2 

a CP = cyclopentanemethyl, THFF = tetrahydrofurfury1. b The coalescence 
temperatures Tc (K), refer to the temperatures of maximum broadening of 
the NMR signals and were determined with an accuracy of % 2K. c Differ
ences in chemica! shifts (Hz) between the eguatoria1 and the axia1 
sites in the absence of exchange, measured with an accuracy of z 2 Hz. 
d t:.G~ va1ues (kJ.mol-1) calculated from the eguation t:.G~ = 1.91·10-2 
Tc (9.973 +log <Tel/lu)). Calculated errors lie within% 0.4 kJ. mol-1. 
e Ca1cu1ated from the eguation t:.G~c = t:.H~ TcllS~, whereas the activa
tion parameters have been evaluated from a least sguare plot of 1n(k/T) 
vs. 1/T. Estimated uncertainty ± 0.5 kJ.mo1-1. f Rate constant ratio 
for the pseudorotation velocities, camparing compounds with X = 0 and 
X = CH2 , respectively. Ratios were ca1cu1ated from the equation RT 1n 
(kQ/kc) = t:.G~cCH2 )-t:.G~(O) at 20 OC. 
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The activation parameters of the exchange process have been evalua

ted from the computer simulation of the experimental spectra at diffe

rent temperatures9, by analyzing the coupled ABX two-site exchange 

with JAB = 0, using the DNMR/3 programlO (see Figure 2). 

355K 

340K 

330K 

320K 

310K 

300K 

_l_ ______ _ 
270K 

261 K 

Figure 2. Temperature dependenee of the 13c NMR spectra of phosphorane 

3d. Exchange of the oxamethylene carbons. Calculated (left) 

and experimental (right) spectra at different temperatures. 

From the results reported in Table I it is concluded that the acti

vation barrier l!.G,;. for phosphoranes containing the same oxaphospho

lene ring is dependent upon the nature of the atom X in the alkyloxy 

ligands. Camparing the results for the compound-pairs 2a-2b, 2c-2d, 

3a-3b and 3c-3d reveals a small but distinct difference in l!.G,;. between 

the two types of compounds. In all cases where X is oxygen, a lowering 

of the activation barrier was observed as compared to the correspond-

19 



ing phosphoranes with X = CH2. The resulting difference in pseudorota

tion rates can be expreseed as kQikcH2 and is included in Table I. 

Examining these data it is concluded that the phosphoranes containing 

X = 0 show a ligand exchange rate which is 2-4 times faster as com

pared to that in the compounds with X = CHz. 

To be able to explain this phenomenon in terms of the contribution 

of the conformational transmission effect to the barrier of pseudoro

tation, a closer look at the possible isomerization pathways must be 

taken. 

2.2.2 Isomerization Patbways. 

Different isomerization pathways describe the ligand exchange pro

cess. These interconversion pathways may be topologically depicted by 

the diagramll as shown in Figure 3. 

' ' . 
1
\ ,3 
' . . . .. • 45 

Figure 3. Topo1ogica1 diagram for pseudorotation, summarizing isomeri

zation processes (solid Iines> and epimerization processes 

<dashed Iines> for compounds 1, 2 and 3. Isomers are denoted 

by Gielen's notation11. 

The TBP topomers are associated with vertices and the transforma

tion pathways with edges. Berry pseudorotationl2 (BPR) and turnstile 

rotationl3 (TR) mechanisme belonging to the same raarrangement mode 

are permutationally indistinguishable. Hence, every edge represents 

either BPR or TR mechanisme with the respective transition state pro

per to these mechanisme. However, on the basis of both theoretica! 

estimatesl4,15 and solid-state structural distortionsl6,6e, the BPR 

process seems to be the most likely. 
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Therefore, the TR process will not be considered in the following dis

cussions. Thus, (a) excluding topomers '13' and '13' because the oxa

phospholene ring is unable to occupy the two axial positions of a TBP, 

(b) not taking into consideration any epimerization processes invalv

ing the high-energy topomers '25', '24', '45', '25', '24' and '45', in 

which the oxaphospholene ring is forced to span an unfavoured diequa

tarial position in the TBP; such intermediatea would require a har

rier& of at least 80 kJ.mol-1 and (c) reminding the fact that the two 

types of pathways: 

(1) 

'12'~'35'~'14' (2) 

are indistinguishable because of the use of one kind of alkyloxy 

ligand only, it may be concluded that the interconversion of the 

ground-state TBP proceeds via one TBP and two square pyramidal (SP) 

transition states as is described in ( 2) • Figure 4 depiets the low

energy isomerization pathway for the phosphoranes 1, 2 and 3, with 

their TBP and SP intermediates. 

'12' 

59.4 
(67.7) 

'4' 

105.8 
(122.5) 

---
'35' 

103.2 
(120.0) 

'2' 
105.8 

(122. 5) 

'14' 

59.4 
(67.7) 

Figure 4. Isomerization pathway tor the phosphoranes l-3. The bold 

nulllbers associated to each structure identify the isomer on 

the topological diagram of Figure 3. The relative isomer 

energy, in kJ.moz-1, tor compounds l, Za, Zb, 3a, 3b (Rz = 

H, Rz = C6Hs> and Ze, Zd, 3c, 3d (Rz = Rz = CH3; in parenth

eses> estimated trom Holmes' modez6d is indicated. 
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2.2.3 Interpretation of the Energy Harriers. 

For the interpretation of the energy barriers, the following im

portant facts should be considered: 

(1) Holmes6d has established a reliablel7 model for the relativa 

energies of all possible TBP and SP stereoisomars on the isomerization 

pathway, based on the experimental OO"" va lues of exchange processes 

occurring in a variety of different phosphoranes. Particularly the 

family of compounds closely resembling phosphorane 1 was studied ex

tensively, which makes it possible to use this model without further 

restraint. In the pathway shown in Figure 4, the topomer '3S' is ener

getically close to the neighbouring SP structures '2' and '4'. The 

difference in energy ~(SP-TBP) amounts to 2.6 kJ.mol-1. Therefore, it 

may be concluded that the isomerization in phosphoranes 1, 2 and 3 

takes place by way of the SP transition state. 

4a: X=O 
4b: X=CHz 

CH3 

O~CHJ 
CHJO--.~-O 
CH30.,....1 

1'(0 
2' 

XCH3 

Sa: X=O 
Sb: X=CHz 

Figure S. Model compounds 4 and 5 examined in previous studies4a,4b, 

(2) It is well-known, both from reported calculationsld,l4b,1Sc,l8 

as well as from our own MNDO calculationsl9 on pentacoordinated phos

phorus compounds, that the apical position in the SP has properties 

that are comparable with the equatorial positions in a TBP. Similarly 

the basal ligands in the SP correspond closely in properties to the 

axial groups in a TBP. Experimental support for these calculations has 

been provided by the examination of several bicyclic pentacoordinated 

SP phosphorus compounds, from which the data concerning the properties 

of the apical position have been compared with those obtained for the 

equatorial positions in the analogous acyclic pentacoordinated TBP 

phosphorus compounds22. 

(3) Recent 300 MHz 1H NMR studies4a on a set of 5'-P(IV) and 5'-
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P(V)-TBP tetrahydrofurfuryl and cyclopent~nemethyl model compounds 4 

(see Figure 5, vide supra), as wel! as a 300 and 500 MHz 1H NMR study 

on the solvent polarity effects upon these model compounds4b, revealed 

a conformational transmission effect in the C4•-cs• bond of the axial 

tetrahydrofurfuryl moiety. 

It was confirmed that the enhanced charge repulsion between the Os • 

and 01• in the axial ligand of the TBP results in a rotation around 

the C4•-cs• bond, thus prompting the axial ligand to adopt a g- con

formation23a, From an additional study4e involving the phosphoranes 5 

it was also deduced that this conformational transmission effect23b 

occurs in the axis of the TBP. The relevant data of those investiga

tions, the dominant rotamer populations adopted by the alkyloxy moie

ties in the equatorial and axial positions of the TBP structures res

pectively, are collected in Table II. 

Table II. Dominant rotamer populations23 tor axial and equatorial al

kyloxy moieties in phosphoranes 4 and 5. 

compound equatorial axial 

4a g+/gt g-

4b gt/g- gt/g-

5aa g g/t 

5~ g/t g/t 

a The conformation around the C1•-c:a• bond of these phosphoranes is an 
equilibrium between three staggered rotamers, but as two of these 
are mirror images and have identical populations, a two-state des
cription with a gauche (g+/gt) and a trans state (g-) is used. 

(4) From a low-temperature study4a of model compound 6 (Figure 6) 

it was possible to obtain the enthalpy and entropy parameters concern

ing the equilibria g- ~ g+ and g- ~ gt. The results of that study 

are summarized in Table III. 

From this Table it is deduced that at the coalescence temperature 

the net energy gain for a gt/g+ + g- transition will be approximately 

2-4 kJ.mol-1. 

With Holmes' theory (1) and the experimental data (2), (3) and (4) 

presented above it is now possible to explain the difference in tJ.G>f:. 

values between the two types of phosphoranes studied in this chapter. 
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In the phosphoranes 2a, 2c, 3a and 3c, containing a methylene group 

(X = CH2) in the alkyloxy ligand, the isomerization pathway is essen

tially the same as is depicted in Figure 4 (vide supra). 

CH3 

~ 0~- CH3 te ·o __ I T 
...,;P-O 

~0 L~ 
Figure 6. Model compound 6, dominant C4•-Cs• rotamers are dral•'n tor 

the tetrahydroturturyl ligands. 

The SP structure determines the magnitude of the activation barrier 

in the BPR process. In case the phosphoranes contain an additional 

oxygen atom in the alkyloxy ligand (2b, 2d, 3b and 3d, X = 0), the 

actual energies of the topomers in the pseudorotation pathway will be 

different. Starting with the ground-state TBP ( '12' in Figure 4) the 

alkyloxy ligands occupy one axial and two equatorial positions. 

Table III. Thermadynamie parameters of the C4•-Cs• contormational 

equilibria tor axial and equatorial tetrahydroturturyl li

gands in 6. 

axial equatorial 

AflO (g- + g+) 4.7 kJ.mol-1 -4.3 kJ.mor1 

ASO (g- + g+) 7.2 J.mor1.K-1 -9.8 J.mol-l.K-1 

AflO (g- + gt) 6.1 kJ.mor·l -4.0 kJ.mol-1 

AS0 (g- + gt) 6.9 J.mol-1.K-l -8.4 J.mol-1.K-1 

The equatoria1 ligands possess a g+tgt conformation (Table II) and it 

has been demonstrated that the enhanced charge densi ty on the axial 

Os• atom in the TBP structure is partially accommodated by the confor

mational change in the axial alkyloxy ligand towards the more stabie 

g- conformer. The same situation is encountered in the transition 

state TBP ('35', Figure 4). 
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There is, however, no net change in energy difference between these 

structures because both TBP structures contain the same number of 

axial and equatorial alkyloxy ligands. The situation is somewhat dif

ferent in the SP transition statas '2' and '4' ( Figure 4). From the 

data regarding the conformational transmission effect in the axis of 

the TBP and the comparability of the basal positions in the SP struc

ture with the axial positions in a TBP, it can be concluded that in 

the SP transition state the enhanced charge density on the basal oxy

gen atoms will now be accommodated by two alkoxy g- conformers, thus 

resulting in a net stabilization of this topomer as compared to both 

the TBP ground- and transition states. As a result there will be a de

crease in AG~ of the pseudorotation process. 

Holmes' theory prediets the TBP transition state to be 2.6 kJ.mol-1 

lower in energy than the SP transition states. The experimental data 

regarding the energy effect of a g+;gt + g- transition, which takes 

place in the SP structures, show a net energy effect of 2-4 kJ.mol-1. 

Hence, it follows that, because the topomers '2' and '4' are ener

getically very close to the neighbouring TBP structure '35', the TBP 

transition state will now become the highest energy state that has to 

be traversed in the isomerization process. The energy changes caused 

by the conformational transmission effect have been visualized in 

Figure 7. Using this theoretica! approach, it is now possible to pre

dict a lowering of the activation barrier of the pseudorotation pro

cess in the phosphoranes exhibiting the conformational transmission 

effect, as compared to that in the corresponding phosphoranes in which 

the conformational transmission effect is absent. It can be deduced 

that the difference in ~G~ will amount to about 2-3 kJ.mol-1. The ex

perimental results presented in Table I (vide supra) indeed show that 

the AG~ values of the phosphoranes 2a, 2c, 3a and 3c exceed the acti

vation barriers of their counterparts exhibiting the conformational 

transmission effect by 1.8-3.4 kJ.mol-1. Therefore, it may be conclu

ded that the experimental results are in excellent agreement with the 

theoretica~ considerations presented above. 

2.2.4 Concluding Relaarks. 

This study clearly demonstratas the contribution of the conforma

tional transmission effect to the barriers of pseudorotation in mono

cyclic oxyphosphoranes. 
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energy 

lg+igll 
OCP 

CPO ••• t:.:.:o/r 
CPO...- ;r--., 

reaction coordinate -----

energy 

1!1+1!111·~ 
THFFO···p 
THFFO,....I-0 

tgtlgll OTHFF 
THFFO ~ lg1 

,;,~..( 
l!flgl-g1 

~ I 
hflgil 0~ 
THFFQ •• I 
THFFO,...:.~ •• 

OTHFF 
lg1 

lgtlgll 
THFF? 

THFFO···p·~-0 
THFFO.... !. 
1!11 

reaction coordinate -------

Figure 7. Influence of the conformational transmission effect upon the energy of the SP topomers and the a~ 

of the pseudorotation process. CP = cyclopentanemethyl and THFF = tetrahydrofurfuryl • 

.___--------------------------··-·· 



It clearly shows that the conformational transmission effect plays an 

important role in the actual isomerization pathways of the phosphor

anes studied. Phosphoranes 2a, 2c, 3a and 3c, proceed through a high

energy SP transition state comparable with the SP transition state in 

phosphorane 1. The isomerization in the corresponding phosphoranes 2b, 

2d, 3b and 3d exhibiting the conformational transmission effect, how

ever, takes place by way of a low-energy TBP transition state. Conse

quently, a lowering of the activation barriers of the phosphoranes ex

hibiting the conformational transmission effect by 2-3 kJ .moz-1, re

sulting in a pseudorotation rate which is 2-4 times taster than that 

in their counterparts in which this effect is absent, takes place. 

The results are in excellent agreement wi th both the theoretica! 

estimations and the experimental data obtained from previous studies 

concerning the conformational transmission effect. 

2. 3 EXPERIMEIITAL sret'ION 

2.3.1 Spectroscopy. 
1H NMR spectra were run in the FT mode at 300.1 MHz on a Bruker 

CXP-300 for the compounds 1 and 2 and at 200.1 MHz on a Bruker AC-200 

for compound 3. Proton chemica! shifts are referenced against TMS as 

internal standard. 31P NMR spectra were run in the FT mode at 36.4 

MHz on a Bruker HX-90R with a Digilab FT-NMR-3 pulsing accessory (com

pounds 1 and 2) and at 80.9 MHz on a Bruker AC-200 (compound 3). 

Chemica! shifts are related to 85 % H3P04 as external standard and are 

designated positive if downfield with respect to the reference. 13C 

NMR spectra were recorded in the FT mode at 75.3 MHz on a Bruker CXP-

300 (compounds 1 and 2) and at 50.3 MHz on a Bruker AC-200 (compound 

3). Chemica! shifts are referenced against internal TMS. The variabie 

temperature uc spectra were obtained using a Bruker B-VT 1000 vari

abie temperature unit, ensuring an error in temperature measurement 

within ::!: 1 oe. 

2.3.2 Synthesis. 

All solvents and commercial reagents were reagent grade and were 

dried by conventional methods before use. All moisture sensitive com

pounds were handled under a dry nitrogen atmosphere. Trimethyl- and 

tributylphosphite were purchased from Janssen Chimica and were puri-
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fied by distillation before use. The general instability of the phos

phites and oxyphosphoranes has. precluded the obtention of standard 

analytica! data. The identification of these compounds rests therefore 

on 1H, 13C and 31P spectroscopy, methods of preparation and comparison 

of the obtained data with those presented for well-defined P(III) and 

P(V) compounds5,6, 

Tris(tetrahydrofurfuryl}phosphite. 

This compound was prepared from tetrahydrofurfuryl alcohol and PCl3 

according to the procedure described by Kooleet az.4a Bp: 140-142 oe 
(0.002 mm); Yield: 74 %. 1H NMR CCDCl3l: & 1.60-2.20 (m, 12H, H2•/H3•l 

3.45-4.25 (m, 15H, H1 •1H4 •/POCH2l. 13C NMR (C6DsBr): 6 26.0 (C2•),28.3 

CC3•l, 64.7 CC4 •>. 68.3 CC1•l, 78.2 (POCH2l. 31P NMR (CDC13l: & 139.0. 

Tris(cyclopentanemethyl>phosphite. 

To a stirred and cooled (0 oe> solution of cyclopentanemethyl alco

hol (40.8 g; 408 mmol) and triethylamine (41.2 g; 408 mmol) in 600 ml 

anhydrous diethylether, was added dropwise a solution of PCl3 (18.7 g; 

136 mmo1) in 100 ml anhydrous diethylether. Aftar completion of the 

addition, the mixture was stirred for 0. 5 h at room temperature and 

ref1uxed for 1 h. The precipitated triethylamine hydrachloride was re

moved by filtration. After remaval of the solvent the oily residue was 

distilled under reduced pressure affording the desired product as a 

colourless liquid. Bp: 148 oe (0.01 mm); Yield: 62 %. 1H NMR (CDCl3l: 

6 1.30-1.85 (m, 27H, H1 •1H2 •tH3 •tH4 •1X), 3.70 (t, 6H, POCH2l. 13C NMR 

CC6DsBrl: & 25.7 CC1 •1C2d, 29.5 CC3 •/X), 41.0 CC4•L 66.0 CPOCH2 >. 
3lp NMR CCDCl3l: 6 139.1. 

TrisCZ-methoxyethyl>phosphite. 

This compound was prepared from 2-methoxyethanol and PCl3 according 

to the procedure described for the preparation of tris(cyclopentane

methyllphosphite. Bp: 83 oe (0.25 mm); Yie1d: 65 %. 1H NMR (C5D5CD3): 

& 3.25 (s, 3H, OCH3l, 3.43 (t, 2H, OCH2l, 3.96 (dt, 2H, POCHzl. 
13C NMR CC6D5CD3l: & 58.5 COCH3), 61.5 (POCH2l, 72.6 (OCHz). 31P NMR 

CC6D5CD3l: & 139.8. 

3-Phenylmethylene-2,4-pentanedione. 

This compound was prepared from benzaldehyde and 2,4-pentanedione 

according toa literature procedure25. Bp: 168-170 .oe (13 mm); Yield: 

73 %. 1H NMR CCDCl3l: & 2.23 (s, 3H, COCH3l, 2.38 (s, 3H, COCH3l, 7.27 

(m, 5H, C6H5), 7.37 (s, 1H, CH). 13C NMR (CDzClzl: & 25.5 CCOCH3), 

30.9 CCOCH3), 128.3-130.0 (Phenyl), 132.5 (ipso), 138.9 (C=C), 144.9 
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'l'able IV. lH NHR and 3lp NHR data for the phosphoranes 1-3 at zsoc. 

lHa l 2a 2b 2c 2d 3a 3b 3c 3d 

COCH3 2.47 2.44 2.45 2.22 2.26 2.47 2.47 

CH3 1.84 1.84 1.86 1. 74 1.92 1.67 1.67 2.15 2.11 

POCH2b 3.64 3.64 3.62-3.92 3.60-3.95 3.68-4.20 3.70 3.78 3.63 3.77 

H4 4.13 4.12 4.15 4.15 4.18 

C6H5 7.20 7.17-7.28 7.18-7.30 6.77-7.23 6.97-7.37 

Hz•IH3• 1.53 1.80 1.58 1.90 

H1•/H4• 1.53 3.62-3.92 1.58 3.68-4.20 

C(CH3)2 1.46 1.46 1.53 1.52 

XCH3 0.73 3.07 0.73 3.07 

x 1.53 1.58 1.27 1.32 

Hz· 1.27 3.20 1.32 3.23 

OCHzCH3 0.97 0.96 

COCH2 3.93 3.90 
3lp -27.1 -29.2 -28.4 -29.7 -28.8 -29.3 -29.1 -25.6 -25.7 

a 1H NMR recorded at 300 MHz in CDCl3 with TMS as internal standard for the compounds 1 and 2, while 
phosphoranes 3 we re measured at 200 MHz in C6D5CD3 solvent. b The POCH2 signals of compounds 1-3 
were broadened by slow exchange at room temperature. c 31P NMR was performed in CDCl3 with 85 % 
H3P04 as external standard at 36.4 MHz for 1 and 2, while phosphoranes 3 were measured at 80.9 MHz 

N 
in C6D5CD3. Downfield shifts are designated as positive. 
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(C=C}, 200.4 (C=O). Anal. calc. for C12H12Û2 : C 76.57 ; H 6.43. 

Found: C 77.05 ; H 6.53. M.S: mie= 188.15 (M+; ca1c. 188.23). 

3-(l~ethylethylidene>-2,4-pentanedione. 

This compound was prepared from 2-chloro-2-nitropropane and 2,4-

pentanedione according to a procedure described by Russell et al. 26 

Bp: 60-80 °C (8 mm); Yield: 23 %. 1H NMR (CDCl3l: & 1.96 (s, 6H, CH3), 

2.29 (s, 6H, C(CH3>2 l. 13C NMR CCD3COC03l: & 23.9 (C(CH3 l 2 l, 32.3 

!COCH3l, 143.5 CC=Cl, 148.4 (C=C), 201.8 (C=O). 

Anal. calc. for C9H120z: c 68.55 ; H 8.63. Found: C 67.92 ; H 8.81. 

M.S: m/e = 140.20 (M+; ca1c. 140.18). 

Ethyl~-isopropylidene acetoacetate. 

This compound was prepared from 2-ch1oro-2-nitropropane and ethyl

acetoacetate according to the procedure described for the preparation 

of 3-(1-methylethylidene)-2,4-pentanedione. Bp: 87-88 0C (6mm); Yield: 

39%. 1H NMR (CDC13l: & 1.30 (t, 3H, CH2CH3l, 1.97 (s, 3H, COCH3), 2.10 

(s, 3H, C(CH3l), 2.30 (s, 3H, C(CH3)), 4.25 (q, 2H, OCH2CH3l. 13C NMR 

<C6D5CD3l: & 15.5 (CHzCH3l, 24.1 (C(CH3lzl, 31.5 tCOCH3), 61.8 tOCH2l, 

134.1 (C=CL 153.4 (C=C), 167.1 (C--Q), 200.3 (C=Ol. Anal. calc. for 

CgH140J: C 63.51 ; H 8.29. Found: C 64.09 ; H 8.23. M.S: m/e = 170.15 

tM+ ; calc. 170.21). 

2. 3. 3 Pentacoordinated Phosphorus Coalpounds. 

In order to avoid decomposition during handling and purification of 

the phosphoranes, they were prepared in situ in the NMR tubes by ad

ding equivalent amounts of freshly distilled phosphite and the selec

ted pentanedione to the deuteriated solvents. The tubes were flusbed 

with dry Argon and sealed. After leaving them at roomtemperature for 

10-14 days, 31P NMR indicated the reactions to be complete. 1H, 13C 

and 31P NMR spectra were then recorded and are listed in Tables IV 

and V. 

2.3.4 Line-shape Analysis. 

The rate constant ~ was obtained for each temperature by simulation 

of the experimental spectrum. Analyzing the coupled two-site exchange 

patterns (with JAB = Ol, using the DNMR/3 program10, the simulated 

spectra for all the different temperatures were obtained. For each 

study at least nine different temperatures were used. The AG* was ob

tained from a least-squares plot of ln(k/Tl vs. 1/T, using the Eyring 

model. The calculated errors lie within : 0.5 kJ.mol-1. The validity 
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Table V. 13c NMR data for the phosphoranes 1-3 at 2soc. 

13ca 1 2a 2b 2c 2d 3a 3b 3c 3d 

COCH3 28.0 28.0 28.0 29.9 29.9 29.9 30.1 

C(CH3)2 23.5 23.7 24.5 24.5 

Ct• 24.3 66.8 26.2 68.3 

c2' 24.3 24.4 26.2 24.4 33.7 73.0 34.0 73.5 

C3' 27.8 26.5 29.9 26.5 

c4' 39.9 76.5 36.4 77.5 

x 27.8 29.9 19.9 19.9 

XCH3 14.4 59.0 14.8 59.0 

CH3 15.8 15.9 15.6 19.0 18.5 17.7 17.9 18.0 17.8 

POCH2b 53.8 70.0 68.0 68.5 (a) 67.4 (a) 67.5 67.3 68.2 (a) 67.7 (a) 

72.5 (e) 70.3 (e) 64.2 (e) 63.9 (e) 

c2 163.5 137.0 137.8 163.5 163.4 166.5 166.5 164.1 164.0 

C3 112.0 111.8 112.3 120.5 120.4 113.5 114.0 109.6 109.6 

c4 47.1 47.8 47.3 43.8 43.8 49.5 49.8 43.0 43.3 

c6H5c 125.0-129.0 125.0-129.5 125.8-128.8 127.0-130.5 127.0-130.0 

ipso 138.3 138.0 139.8 139.0 139.0 

C=O 165.1 165.0 168.5 193.8 194.0 194.0 194.0 166.9 167 .o 
COCH2 59.4 59.5 

OCH2CH3 15.3 15.5 

solvent CD2Cl2 cn2c12 CD2Cl2 c6n5Br c6n5Br c6n5cn3 c6n5cn3 c6n5cn3 c6n5cn3 

w a The spectra of compounds 1 and 2 were recorded at 75.3 MHz, while the phosphoranes 3 were measured at 50.3 MHz • .... 
b Compounds 2c, 2d, 3c and 3d show no pseudorotation at 25 oe. signal intensities are approximately (a):(e) = 1:2 
(a) = axial, (e) = equatorial. c Downfield aromatic signal is designated to the ipso-carbon of the phenylring. 



of the 6G~ values has been tested by calculating them from the equa

tion 4G~ = 1.9l·lo-2 Tc (9.973 + log CTc14ull. An excellent agreement 

with the values obtained from the line-shape analysis was found CTable 

I, vide supra). 
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(191 MNDO calculations were performed using the MNDO program (QCPE 

version)20 which does not include d-orbital functions for phos

phorus. A number of ab initio studies on P(V) compounds21 how

ever, revealed that the principal concepts of bonding are ad

equately described without the introduetion of d-functions for 

phosphorus. Compound 1 was selected to ca1culate the P-Q bond 

lengtbs and the electron densities on the oxygen atoms in both 

TBP and SP structures. To simplify the calculations without 

changing the actual structures, the substituents of the oxaphos

phole ring were replaced by hydrogen atoms. The structures were 

fully optimized with respect to all bond lengths, bond angles 

and twist angles except those required to preserve the basic TBP 

and SP geometries. The calculations for the TBP structure 

revealed a P-0axial and P-0equatorial bond length of 1.67 A and 

1.63 A respectively. The electron densities for Oaxial and 

Oequatorial were -0.59 and -0.52 respectively. For the SP struc

ture P-0apical was calculated to be 1.61 A, with an electron 

density of -0.51 on Oapical• The basal oxygens possess an elec

tron density of -0.53 and -0.55 and a P~asal bond length of 

l. 65 A. 
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(231 (al In solution a rapid interconversion between the three stag

gered conformat~ons g+, gt and g- exists. 

x*o5' CJ' x*Hsu C3' x*Hs• CJ' 
Hs· Hs" os· Hs• Hs' os• 

H4• H4• H4' 
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The rotaroer populations can be obtained4a, using the empirical

ly generalized Karplus relation developed by Haasnoot et a1.24 

(b) The conformation around the Cl'-c2' bond of phosphoranes 5 

is also an equilibrium between staggered rotamers, but as two of 

these rotaroers are mirror images and have identical populations, 

a two-state description with a gauche and a trans state is used. 

)~"' 
H1 H1• 

x i("'' 
01 H1 ~*"' H1• 01 

H2 H2 H2 
....... - -"" 

ga uche trans 

The population densities of these rotaroers have been determined 

from the vicinal proton-proton coupling constants4e of the 

cl.-c2' fragment. 

(24) Haasnoot, C.A.G.; de Leeuw, F.A.A.M.; Altona, C. Tetrahedron, 

1980, 36, 2783. 

(25) McEntee, M.E.; Pinder, A.R. J. Chem. Soc., 1957, 4426. 

(26) Russell, G.A.; Mudryk, B.; Jawdosiuk, M. Synthesis, 1981, 62. 
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CHAPTER 3* 

Acceleration of the Pseudorotation Rate in Pentacoordi
nated Phosphorus Compounds. Conformational Transmission 
versus Hexacoordinated Zwitterionic Intermediatas 

A variable temperature 13C NMR study, accompanied by a high-resol

ution 1H NMR conformational analysis study, on a series of monocyclic 

oxyphosphoranes is reported. The selected compounds made it possible 

to study the acceleration of the rate of intramolecular ligand reorga

nization on pentacoordinated phosphorus. It afforded the possibility 

to determine whether the enhancement of the reorganization rates was 

brought about by accelerated pseudorotation due to the conformational 

transmission effect, or by the involvement of hexacoordinated zwitter

ionic phosphorus intermediatas. The re sul ts of the study further sub

stantiate the findings that the involvement of such hexacoordinated 

intermediatas is of no importance in the type of oxyphosphoranes 

studied. 

*de Keijzer, A.E.H.; Buck, H.M. J. Org. Chem., 1988, 53, in press. 
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3 .1 Ill.rRODtaiON 

Recently, a variable temperature 13C NMR study on a series of mono

cyclic oxyphosphoranes, aimed at determining the influence of the con

formational transmission effect on the barriers to pseudorotation, was 

reported1. It was demonstrated, by examining compounds 1 and 2 ( see 

Figure 1), that the pseudorotation rate of monocyclic oxyphosphoranes 

1b, 1d, 2b and 2d which exhibit the conformational transmission ef

fect, is 2-4 times faster as compared to that in their counterparts 

la, lc, 2a and 2c in which no conformational transmission occurs. 

A straightforward explanation for the lowering of the pseudorotatien 

barriers in the compounds with X = 0 was presented2. 

In addition it was brief1y noted that an alternative mechanism, in 

which a hexacoordinated zwitterionic phosphorus transition state might 

account for the more rapid ligand reorganization rates, as was propo

sed by Eisenhut et az.3 in case of the solvent induced acce1eration of 

pseudorotatien in (CH3)2NPF4, is most unlike1y. 

la X=CH2 ,R1=H,R2=C6H5 
lb X=O,R1=H,R2=C6Hs 
1c X=CH2,R1=R2=CH3 
ld X=O,R1=R2=CH3 

2a X=CH2 ,R1=H,R2=C6H5,R3=CH3 
2b X=O,R1=H,R2=C6H5,R3=CH3 
2c X=CH2,R1=R2=CH3,R3=0C2H5 
2d X=O,R1=R2=CH3,R3=0C2H5 

Figure 1. Model compounds studied in the previous chapter. 

In this chapter a detailed study on the synthesis, conformational 

analysis, and 13C NMR variable temperature experiments of severa1 new 

monocyclic oxyphosphoranes is presented. A careful examinatien of the 

se1ected compounds will provide the experimental data necessary to a1-

low a discriminat ion between the two mechanisms, i.e. conformational 

transmission or hexacoordinated zwitterionic transition states, con

cerned. 
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The invocation of a mechanism which involves hexacoordinated inter

mediatas would require the addition of one of the additional ligand

oxygens to the central phosphorus atom to form a bicyclic zwitterionic 

hexacoordinated intermediate. A subseg:uent ring opening, accompanied 

with a slight movement of the ligands to form a new trigonal plane, 

then results4 in a Berry permutationS as is generalized in Figure 2. 

Figure 2. Berry permutationS via a hexacoordinated intermediate. 

In order to investigate the possibility of the acceleration of 

pseudorota ti on by means of such a hexacoordinated intermedia te, in 

contrast to the mechanism involving conformational transmission, a 

number of new compounds have been synthesized. Of special interest are 

compounds 3a, 3b, 4c and 4f (see Figure 3), which should show no con

formational transmission but possess additional oxygen atoms in the 

ligands thus permitting a zwitterionic transition state to accelerate 

the pseudorotation rate. 

3a R1=H,R2=C6Hs,R3=CH3 
3b R1=R2=CH3,R3=0C2H5 

4a X=Y=CH2 ,R1=H,R2=C6H5,R3=CH3 
4b X:O,Y=CH2,R1=H,Rz=C6H5,R3=CH3 
4c X=CH2 ,Y=O,R1=H,Rz=C6H5,R3=CH3 
4d X;Y=CH2,R1=Rz=CH3,R3=0CzHs 
4e X=O,Y=CH2,R1=Rz=CH3,R3=0C2H5 
4f X=CHz,Y=O,R1=Rz=CH3,R3=0CzHs 

Figure 3. Phosphoranes studied in the present chapter. 
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The isomerization processes of these new compounds were followed 

by variabie temperature 13C NMR and the activation harriers of the 

pseudorotation processes were determined. Comparing these barders 

with those of the phosphoranes in which conformational transmission 

is present (4b, 4e) or absent (4a, 4d) respectively, makes it possible 

to draw some conclusions about the possible involvement of a hexacoor

dinated phosphorus intermediate. 

3. 2 RESULTS MD DISCUSSION 

3.2.1 Conformational Analysis. 

The accurate determination of the C3•-cs• conformation in compounds 

3a and 3b, and the C1'-c21 conformation in compounds 4a-4f, by means 

of high-resolution 1H NMR, was hampered by decoalescence phenomena. 

0 
11 

Sa 

y-o-)'-0 X-YCH3 
2'\ 0 \.._/ 

7 \_x 
YCH3 I 

YCH3 

6a X=Y=CH2 
7a X=O,Y=CH2 
8a X=CH2,Y=O 

5b 

CH3 

2' ,. 0~. CH3 

l'o .. 1 '/ x 0 ,...;P-o I( I H3CY 0 

~ \_x 
YCH3 I 

YCH3 

6b X=Y=CH2 
7b X=O,Y=CH2 
8b X=CH2,Y=O 

Figure 4. Compounds used for the conformational analysis study. 

Therefore, the closely related model compounds 5a-8b (Figure 4) were 

selected upon which the conformational analysis was performed. 

The C3 1 -es • and C1 1 -c2 • conforma ti ons of compounds Sa, Sb and 6a-8b 
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respectively, are based on the modified Karplus relationship as de

veloped by Haasnoot et a1.6 The theoretica! values of J3•s• and J3'5" 

of compound Sa and Sb, as well as the values of J1• 2 • for compounds 

6a-8b have been calculated for each staggered rotamerg and are collec

ted in Table I. 

Tab1e I. Calculated proton-proton coupling constants (Hz> for the ro-

tamers in compounds 5-8. 

g+ gt g-

J3'5' Jl'2' J3'5" J3'5' Jl'2' J3'5" J3'5' Jl'2' J3'5" 

Sa,b l. 76 1.74 3.95 12.61 12.61 3.97 

6a,b 4.82 4.82 7.92 

7a,b 4.11 4.11 7.50 

8a,b 4.93 4.93 8.12 

The population densities for the individual rotamers can now be ob

tained using the experimental parameters JHH and the theoretica! 

values of J
9
+, J

9
t and J

9
_ in the equation: 

with the normalization equation: 

x + + x t + x - = 1 g g g 

The speetral parameters for compounds Sa and Sb were taken from the 

300 MHz expansion plots of the Hs'S" patterns and iteratively analyzed 

with the PANIC programlO. 

The coupl ing constante J 1 • 2 • of compounds 6a-8b we re determined 

from the 200 MHz expansion plots by employing the same standard com

puter simulation-iteration procedure. 

The correct assignment of the Hs'S" patterns in the expansion plots of 

the rather complex Hl'l"/H4'4"1Hs•s" region was determined from the 

two-dimensional J-resolved 300 MHz 1H NMR spectrum of both P(IV) and 

P(V) compounds Sa and Sb and the precursor alcohol (Figure 5). 
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Figure 5. Two-dimensional J-resolved lH NMR spectrum of 3-tetrahgdro

furanmethanol, recorded at 300 MHz. 

The individual assignment of Hs• and H5" was arbitrary chosen in 

line with the one used by Koole et al.ll for the tetrahydrofurfuryl 

and cyclopentanemethyl compounds. A reverse assignment would only af

fect the g- and gt populations. The g+ p0pulation remains unchanged, 

the gt and g- populations interchange. Both assignments result in the 

saroe conclusion i.e. no change in rotaroer populations upon going from 

a P(IVl to a P(V) coordination. The speetral parameters determined for 

the P(IV) and P(V) compounds 5a-8b, along with the resulting rotamar 

populations are listed in Tabla II. 

rable II. Measured proton-proton coupling constants and calculated 

rotamar populations in compounds s-sa. 

JHH• JHH JHH" 

Sa 6.6 7.6 0.35 0.47 0.18 

Sb 6.7 7.7 0.36 0.47 0.17 

6a 6.6 0.42 0.58 

6b 6.7 0.40 0.60 

7a 4.9 0.78 0.22 

7b 5.5 0.60 0.40 

Ba 6.4 0.55 0.45 

Sb 6.4 0.55 0.45 

a The rotaroer populations are uncorrected for phosphorus pseudorota
tion. 
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From these data it is now concluded that the conformational trans

mission effect is only present .in compound 7b and that no conforma

tiona1 transmission occurs in compounds Sb, 6b and Sb. Extrapo1ating 

these results to the compounds 3 and 4, means that conformationa1 

transmission is present in 4b and 4e and that no conformationa1 trans

mission occurs in 3a, 3b, 4a, 4c, 4d and 4f. 

'.rable III. llctivation parameters for the exchange processes in phos

phoranes l, 3 and 4. 

Rl R2 R3 R4a Tb c LluC LlGc;ed group 

la H C6H5 CH3 CP 2888 325e 54.6 

1b H c6H5 CH3 THFF 270e 295e 51.2 A 

3a H C6H5 CH3 THFM 294f 4osf 55.3 

4a H C6H5 CH3 c5Hu 269 222 51.7 

4b H C6H5 CH3 C2H40C2H5 260 199 50.1 B 

4c H C6H5 CH3 C3H60CH3 271 215 52.0 

----------------------------------------------------------------------
lc CH3 CH3 CH3 CP 371e 

ld CH3 CH3 CH3 THFF 3588 

3b CH3 CH3 OC2H5 THFM 365 

4d CH3 CH3 OC2H5 C5H11 325 

4e CH3 CH3 OC2H5 c2H40C2H5 316 

4f CH3 CH3 oc2H5 C3H60CH3 323 

2858 

216e 

165 

205 

186 

196 

71.5 

69.7 

71.9 

63.2 

61.6 

62.9 

c 

D 

a CP = cyclopentanemethy1, THFF = tetrahydrofurfuryl, THFM = 3-tetra
hydrofuranmethyl. Solvents; Group A and B: C6D5CD3. group C and D: 
C6D5Br. R1 to R4 are denoted according to the notation used in Tab1e 
I, chapter 2. ti The coalescence temperatures. Tc (K), refer to the 
temperatures of maximum broadening of the NMR signa1s studied, and 
were determined with an accuracy of : 2 K. c Differences in chemical 
shifts (Hz) between ~he equatorial'and axial sites in the absence of 
exchange, measured with an accuracy of : 2 Hz. d 6Gc;e va1ues (kJ. 
mol-1) calculated from the equation aG~ = 1.91·1o-2 Tc (9.973 + log 
(Tc/Llu)). Estimated uncertainty: 0.4 kJ.mol-1. e Tc and àu of com
pounds la-ld have been taken from reference 1. f Tc and au of com
pound 3a have been determined from the low temperature 100 MHz 13C 
NMR spectrum of this compound. 



3.2 .2 Exchange Process Studies. 

The POCH2 rooieties of compounds 3 and 4 exhibit an exchange process 

which can be readily followedl2 by variabie temperature 13C NMR and 

allows the determination of the pseudorotatien barriers. The activa

tien parameters of the exchange processas have been evaluated accord

ing to the method described previouslyl. The results of the 13C NMR 

variabie temperature studies on the compounds 1, 3 and 4, have been 

summarized in Table III (vide supra). 

From these data, and the data regarding the conformational trans

mission effect, it is now possible to draw some conclusions concerning 

the involvement of hexacoordinated intermediates. 

Camparing the data of compound sets A (la, lb and 3a), B (4a, 4b 

and 4c), C (lc, ld and 3b) and D (4d, 4e and 4f) respectively, it is 

clear that, in all cases, the compounds exhibiting the conformational 

transmission effect show a lowering of the pseudorotatien barrier as 

compared to that in their counterparts in which the conformational 

transmission effect is absent, as could be expected on the basis of 

previous investigations which are reported in chapter 2. 

Interestingly, however, the compounds 3a, 3b, 4c and 4f in which no 

conformational transmission occurs, but which still possess additional 

oxygen atoms in the ligands thus allowing hexacoordinated zwitterionic 

intermediatea to be formed, show virtually identical activation ener

gies as the compounds in which no additional oxygen atoms are present. 

On the basis of these experimental results and the theoretica! con

siderations presented in the previous chapterl, it is now justifiable 

to conclude that no hexacoordinated zwitterionic intermediatea are 

formed in the monocyclic oxyphosphoranes studied. Therefore, the 

lowering of the pseudorotatien barriers is entirely brought about by 

the presence of the conformational transmission effect. 

3. 2. 3 Concluding Relaark's. 

This study clearly demonstratea the impact of the conformatiönal 

transmission effect on the barriers to pseudorotatien in monocyclic 

oxyphosphoranes. It clearly shows that the lowering of the tree energy 

of activation is entirely based on the presence of the conformational 

transmission effect and that there is no involvement of a hexacoordi

nated zwitterionic intermediate in this type of monocyclic oxyphospho

ranes. 
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3. 3. EXPERIMENTAL SEri<»l 

3.3.1 Spectroscopy. 

lH NMR spectra of compounds 6, 7 and 8 were run in the FT mode on a 

Bruker AC-200 at 200.1 MHz. For compound 5 as well as the 3-tetra

hydrofuranmethano1, the one and two-dimensiona1 spectra were run on a 

Bruker CXP-300 at 300.1 MHz. Proton chemica! shifts are referenced 

against TMS as internal standard (ó = 0). 31P NMR spectra were record

ed in the FT mode at 80.9 MHz on a Bruker AC-200. Chemica! shifts are 

related to 85% H3P04 as external standard and are designated positive 

if downfield with respect to the reference. 13C NMR spectra were run 

in the FT mode at 50.3 MHz on a Bruker AC-200 (compounds 3b and 4) or 

at 100.3 MHz on a Bruker AM-400 (compound 3al. Chemica! shifts are 

referenced against internal TMS. The' variabie temperature experiments 

were performed and analyzed as described previouslyl. All spectra were 

recorded in CDCl3 unless stated otherwise. 

3.3.2 Synthesis. 

All solvents and commercial reagents were reagent grade and were 

dried prior to use with the appropriate drying agents. All moisture 

sensitive compounds were handled under a dry nitrogen atmosphere. 

The general instability of the phosphites and oxyphosphoranes has 

precluded the obtention of correct standard analytica! data. The 

identification of these compounds rests therefore on 1H, 13C and 31P 

spectroscopy, methods of preparatien and comparison of the obtained 

physical data with those presented for well-defined P(IIIl and P(V) 

compoundsl3. 

3-TetrahydroEuranaethanol. 

This compound was prepared from triethyl-1,1,2-ethanetricarboxy1ate 

according to literature procedures14. Bp: 76-77°C (4 mml; Yie1d: 37%. 
1H NMR: ó 1.65 (m, lH, H2•l, 2.04 (m, 1H, H2nl, 2.48 (m, 1H, H3•l, 

3.40-3.70 (m, 3H, H4n/?OCH2l, 3.70-3.93 (m, 3H, H4•/H1•l, 4.48 (s, 1H, 

OHl. 13C NMR: & 28.3 (C2 •l, 41.1 <C3 t), 63.9 <C4 •L 67.4 <C1•L 70.2 

<Cs t). Anal. ca1c. for CsH1002: C 58.80; H 9. 87. Found: C 58.62; H 

9.59. M.S: mie= 102.15 (M+; ca1c. 102.13). 

3-Methoxy-1-propanol. 

This compound was prepared from 1,3-propanediol according to a 

literature procedure15. Bp: 160-168°C; Yie1d: 69%. lH NMR: & 1. 70 



(m, 2H, -CHz-), 3.23 Cs, 3H, OCH3), 3.40 (t, 2H, CHzO), 3.55 (s, 1H, 

OH), 3.57 Ct, 2H, OCH2 ). 13C NMR: 6 31.8 C-CHz-}, 58.2 CCH20H), 59.8 

COCH3), 70.2 CCH20l. Ana1. calc. for C4H1o~: C 53.31; H 11.18. Found: 

C 53.49; H 11.09. 

3.3.2.1 Phosphites. 

All phosphites were prepared from the corresponding alcohols and 

PC13 according to the procedure described for the preparation of tris

(cyc1opentanemethyl)phosphitel. 

TrisC3-tetrahydrofuranmethyl)phosphite. 

Bp: 154-156°C (0.005 mm); Yield: 47%. 1H 1\IMR: 6 1.24 (m, 3H, H2•l, 

1.54 (m, 3H, H2n}, 2.16 (m, 3H, H3•L 3.27-3.72 Cm, 18H, H1•/H4•/ 

POCHz). 13C NMR: 6 30.0 CC2 •>, 41.7 CC3 •), 65.1 CC5 d, 68.5 CC1 d, 

71.4 CC4•l. 3lp 1\IMR: & 139.0. 

Tripentylphosphite. 

Bp: 83°C (0.04 mm); Yield: 60%. 1H 1\IMR: 6 0.91 Ct, 9H, CH3L 1.36 

(m, 12H, -CHzCHz-), 1.62 (m, 6H, OCH2CH2 ), 3.80 (dt, 6H, POCH2 ). 13C 

1\IMR: & 13.8 CCH3), 22.2 CCH2CH3), 27.9 C-CHz-), 30.8 COCH2CH2), 62.1 

<POCH2 >. 31P NMR: & 139.8. 

TrisC2-ethoxyethyl)phosphite. 

Bp: 102°C (0.07 mm); Yield: 74%. 1H NMR: & 1.20 (t, 9H, CH3), 3.52 

(t, 6H, OCH2CH3), 3.58 (t, 6H, CH2CHz0), 3.97 (dt, 6H, POCH2 >. 13C 

1\IMR: & 14.8 CCH3), 61.1 CPOCH2), 66.1 COCH2CH3L 69.9 CCH2CH20). 31P 

1\IMR: & 140 .1. 

Tris(3-.ethoxypropy1)phosphite. 

Bp: 101°C (0.01 mm); Yield: 44%. 1H NMR: 6 1.89 (m, 6H, -CH2-), 

3. 32 (s, 9H, OCH3), 3. 47 (t, 6H, CH20), 3. 90 (dt, 6H, POCH2). 13C NMR: 

6 30.9 C-CH2->, 58.1 COCH3 >, 58.7 (l?OCHz), 68.6 CCH20l. 31P NMR: & 

139.5. 

3.3.2.2 Pbosphates. 

All phosphates were obtained by oxidation of the corresponding 

phosphites. An ozone-oxygen stream was passed through a sol ut ion of 

the phosphite in dry dichloromethane at 0°C. After 1 h the so1ution 

was sparged with oxygen and allowed to warm to roomtemperature. 

Evaporation of the solvent yielded the desired phosphates, as was 

confirmed by 3lp NMR. 
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Table IV. le and 3lp NMR data for the phosphoranes 3 and 4 at 2S°C. 

lB 3a 3b 4a 4b 4c 4d 4e 4f 

CH3 1.68 2.10 1.69 1.63 1.68 2.11 2.05 2.09 

COCH3 2.46 2.48 2.49 2.42 

POCH2~ 3.23-3.78 3.30-3.82 3.70 3.84 3.83 3.63 3.78 3.73 

H4 4.15 4.15 4.15 4.13 

Ht•/H4' 3.23-3.78 3.30-3.82 

H2• 1.24 1.24 1.34 3.27 1.59 1.38 3.28 1.63 

"2" 1.59 1.60 

H3• 2.16 2.16 

C(CH3)2 1.46 1.48 1.42 1.40 

COCH2 3.93 3.93 3.93 3.93 

OCH2CH3 0.99 1.00 0.91 1.01 

C6H5 6.94-7.24 6.93-7.23 6.94-7.28 6.95-7.22 

x 1.15 3.18 1.15 . 3. 21 
y 1.15 3.20 1.15 3.18 

YCH3 0.77 0.97 3.08 o. 71 0.89 3.02 
3lp -30.3 -27.0 -29.0 -28.9 -29.0 -26.0 -25.9 -26.0 

a The POCH2 signa1s of compounds 3 and 4 were broadened by slow exchange at roomtemperature. 
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Tris( 3-tetrahydroEura-,.ethyl )phosphate (Sa>. 

lH NMR: ó 1.23 (m, 3H, H2d, 1.55 (m, 3H, H2nl, 2.21 (m, 3H, H3•L 

3. 40 (m, 12H, H1•/H4 t), 3. 68 (m, 6H, P<X!H2). 13C NMR: S 28.7 CC2 t), 

40.1 <C3•L 67.7 <C1 d, 69.4 <POCH2L 70.2 <C4•l. 31P NMR: S O.O. 

Anal. calc. for C15H2707P: C 51.42; H 7.77. Found: C 51.83; H 7.83. 

Tripentylphosphate ( 6a). 
1H NMR: & 0.90 (t, 9H, CH3l, 1.37 (m, 12H, -CH2CH2-), 1.70 (m, 6H, 

OCH2CH2l, 4.04 (dt, 6H, POCH2l. 13C NMR: ó 13.7 <CH3l, 22.0 (CHzCH3l, 

27.4 C-CH2-l, 29.8 COCH2CH2l, 67.5 (POCH2>. 31P NMR: S -0.2. Anal. 

calc. for C15H3304P: C 58.44; H 10.71. Found: C 58.53; H 10.64. 

Tris(ethoxyethyl>phosphate C7a). 
1H NMR: S 1.21 (t, 9H, CH3l, 3.56 (g, 6H, OCHzCH3), 3.64 (m, 6H, 

CHzCH20), 4.22 (m, 6H, POCH2l. 13C NMR: ó 14.7 (CH3l, 66.2 (0CH2CH3l, 

66.4 CPOCHzl, 68.8 CCHzCHzOl. 31P NMR: ó -0.5. 

Anal. calc. for C12Hz707P: c 45.86; H 8.60. Found: C 45.67; H 8.73. 

Tris( 3-Mt.hoXJIPropyl >phosphate CBaJ. 
1H NMR: ó 1.94 (m, 6H, -CHz-l, 3.36 (s, 9H, OCH3l, 3.48 (t, 6H, 

CH20l, 4.14 (dt, 6H, POCHzl. 13C NMR: ó 30.0 <-CH2-l, 58.2 COCH3J, 

64.5 CPOCH2l, 68.0 <CHzOl. 31P NMR: ó -0.5. Anal. calc. for C12H2707P: 

C 45.86; H 8.60. Found: C 45.83; H 8.49. 

3.3.2.3 Pbospboranes. 

All phosphoranes used for the conformational analysis study were 

obtained by adding an equimolar amount of 2,3-butanedione at 0°C to a 

solution of the corresponding phosphite in a deuteriated solvent. 3lp 

NMR showed the reactions to be complete after 30 min at roomtempera

ture. 

2,2,2-Tris(31 -tetrahydroEuranmethoxy)-4,5-dimethy1-1,3,2-dioxaphospho1 

-4-ene < 5bJ. 
1H NMR (C6D5CD3l: ó 1.66 (m, 3H, Hz•l, 1.90 (s, 6H, 2CH3l, 2.05 (m, 

3H, Hzn l, 2. 55 (m, 3H, H3• l, 3. 65-4.20 (m, 18H, H1 • I~ •/POCHzl. 13C 

NMR CC6D5CD3l: ó 11.4 CCH3l, 29.7 CC2 •l, 41.5 CC3•l, 68.6 CC1•l, 70.3 

<POCH2l, 71.6 <C4•l, 130.2 (C=C). 31P NMR CC6D5CD3l: ó -51.0. 

2,2,2-Tripentoxy-4,5-dimethyl-1,3,2-dioxaphosphol-4-ene C6bJ. 
1H NMR: ó 0.91 (t, 9H, CH3), 1.38 (m, 12H, -CH2CH2-l, 1.59 (m, 6H, 

OCH2CHzL 1.91 (s, 6H, 2CH3L 3.85 (m, 6H, POCH2>. 13C NMR: & 10.2 

CCH3l, 13.7 <CH2CH3L 22.2 <CH2CH3l, 27.8 <-CH2-L 30.3 COCH2CH2L 

67.1 CPOCH2l, 128.3 (C=C). 31P NMR: & -50.4. 
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1'able V. 13c NMR data for the phosphoranes 3 and 4 at 25°C. 

nc 3a 3b 4a 4b 4c 4d 4e 4f 

CH3 17.9 17.0 18.1 18.0 18.0 17.4 17.4 17.4 

COCH3 30.5 30.3 30.3 30.5 

cl' 68.8 67.8 

c2' 29.8 29.0 31.9 71.2 32.5 30.9 70.5 31.7 

C3• 41.3 40.9 

C4• 71.4 70.2 

POCH2a 70.2 66.9 (a) 68.4 67.7 65.6 64.2 (a) 63.9 (a) 61.0 (a) 

70.2 (e) 68.2 (e) 67.6 (e) 64.9 (e) 

c2 166.2 163.0 166.8 166.5 166.9 163.8 163.2 163.4 

c3 114.4 116.0 113.9 113.9 114.2 108.3 108.4 108.4 

c4 50.2 45.5 50.2 49.9 50.5 42.0 42.5 42.0 

OCH2CH3 14.5 14.7 14.7 14.7 

COCH2 60.5 58.6 58.9 59.0 

C(CH3)2 23.0 23.1 23.2 23.3 

C6H5 127.9-130.5 127.6-130.3 127.6-130.4 127.6-130.4 

ipso 139.0 139.9 139.2 139.8 

C=O 194.6 165.8 194.2 194.2 194.2 165.9 166.0 165.8 

x 29.4 70.6 28.5 69.0 
y 23.7 67.3 22.7 66.5 

YCH3 15.1 16.4 59.0 14.3 15.9 58.7 

CD 

"" a Compounds 3b, 4d, 4e and 4f show no pseudorotation at 25 °C, signa1 intensities are approximately (a):(e) 
= 1 : 2. (a) = axia1, (e) = equatoria1. 



2,2,2-Tris(ethoxyethoxy)-4,5-di.ethyl-1,3,2-dioxaphosphol-4-ene (7b). 
1H NMR: & 1.20 (t, 9H, OCH2CH3>, 1.83 (s, 6H, 2CH3), 3.53 (t, 6H, 

OCH2CH3), 3.57 (t, 6H, CH2CH20l, 4.02 Cm, 6H, POCH2l. 13C NMR: & 10.0 

CCH3L 14.7 COCH2CH3), 65.8 (OCH2CH3L 66.0 CPOCH2L 69.6 CCHzCHzO), 

128.2 (C=C). 31P NMR: & -50.4. 

2,2,2-Tris(3'-methoxypropoxy)-4,5-dimethyl-1,3,2-dioxaphosphol-4-ene 

(Sb). 

1H NMR: & 1.82 (s, 6H, 2CH3), 1.85 (m, 6H, --<:Hz-), 3.31 (s, 9H, 

OCH3l, 3.48 Ct, 6H, CH20), 3.94 (m, 6H, POCHzl. 13C NMR: & 10.2 CCH3l, 

30.5 C-cH2-l, 57.8 tOCH3), 63.8 (POCH2l, 68.9 COCHz), 128.3 (C=C). 3 lp 

NMR: & -50.4. 

In order to avoid decomposition during handling and purification 

of the phosphoranes used for the variabie temperature studies, they 

were prepared in situ in the NMR tubes by adding equivalent amounts 

of freshly distilled phosphite and the appropriate precursor pentadi

onesl to the deuteriated solvents. The tubes were flusbed with Argon 

and sealed. After leaving them at roomtemperature for 10-14 days, the 

reactions were complete as was confirmed by 31P NMR. 1H, 13C and 31 P 

NMR spectra were then recorded and are listed in Tables IV and V. 

(1) de Keij~er, A.E.H.; Koole, L.H.; Buck, H.M. J. ~- Chem. Soc., 

1988, 110, in press. 

(2) The principles of conformational transmission, i.e. a conforma

tional change in the c-c backbone of a molecule possessing an 

axially located P-o-e-c-o fragment, upon going from a P(IV) to 

a P(V)-TBP state, are explained in cha~ter 1. The implications 

of this effect on the rates of pseudo~tation is dealt with in 

chapter 2. 

(3) Eisenhut, M.; Mitchell, H.L.; Traficante, D.D.; Kaufman, R.J.; 

Deutch, J.M.; Whitesides, G.M. J. Am. Chem. Soc. 1974, 96, 5385. 

(4) The most straightforward mecbanism is presented, a number of 

other mechanisms can be drawn that would have the same permuta

tiona1 result as the one presented. 

(5) Berry, R.S. J. Chem. Phys., 1960, 32, 933. 
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(6) Haasnoot, C.A.G.; de Leeuw, F.A.A.M.; Altona, C. Tetra.hedron, 

1980, 36, 2783. The Karplus equation7 relates the vicinal coup

ling constants of an ethane fragment to the torsion ang1e be

tween the coupling protons. This standard equation was extended 

with a correction term which accounts for the influence of elec

tronegative substituents on JHH: 

with: àX. = ax.a- P7t àX.a. 
1 1 J 

In this equation, 9 is the proton-proton torsion angle, àXi is 

the difference in electronegativity between the a-substituents 

and hydrogen according to the electronegativity scale of Hug

gins8 and is corrected for a-substituents. ~- is a substituent 
1 

orientation parameter. Values of P1-P7 used for both cyclic and 

acyclic (in parentheses) systems are: P1 = 13.22 (13.89), P2 = 

-0.99 c-o.98l, P3 = o co>, P4 = o.a1 Cl.02l, P5 = -2.46 c-3.40l, 

P6 = 19.9 (14.9), P7 = 0 (0.24). 

(7) Karplus, M. J. Chem. Phys. 1959, 30, 11. 

(8) Huggins, M.J. J. Am. Chem. Soc., 1953, 75, 4123. 

( 9 > In the cyclic compounds a rapid interconversion between the 

three staggered conformations g+, gt and g- in solution yields 

weighted time-averaged coupling constants J3 • 5 • and J3 • 5" which 

are re1ated to the individual rotaroers and their populations, 

x +' x t, x -· The Newman projections of the rotaroers around the 9 g g 
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C3•-c5' bond are depicted below: 

*'' Hs· Hs" 

x;fc,· 
Os· Hs• 

X~C3' 
Hs' os· 

H4' H4• Ht.' 
g+ gt 9-

In case of the acyclic compounds, two of these rotaroers cg+,gt) 

are mirror images and have identica1 populations, therefore a 

two-state description with a gauche and a trans state is used. 



*"'' H1 H1• 
')~"2' 

01 H1 
)~"'' 

H1• . 01 

H2 H2 H2 
....... - _, 

ga uche trans 

(10) PANIC program, copyright Bruker Speetrospin AG, Switzerland. 

(11) Koo1e, L.H.; Lanters, E.J.; Buck, H.M. J. Am. Chem. Soc., 1984, 

106, 5451. 

(12) For an example showing the temperature dependenee of the 13C NMR 

spectra, see Figure 2 in chapter 2. 

(13) (a) Ramirez, F.; Madan, O.P.; Heller, S.R. J. Am. Chem. Soc. 

1965, 87, 73. (b) Gorenstein, D.; Westheimer, F.H.; J. Am. Chem. 

Soc., 1970, 92, 634. (c) Buono, G.; Llinas, J.R. J. Am. Chem. 

Soc., 1981, 103, 4532. (d) Aganov, A.V.; Po1ezhaeva, N.A.; 

Khayanov, A.I.; Arbuzov, B.A. Phosphorus and Sulfur, 1985, 22, 

303. 

(14) Bogner, J.; Dup1an, J-e.; Infarnet, Y.; Delmau, J.; Huet, J. 

Bull. Soc. Chim. Fr., 1972, 9, 3616. 

(15) Smith, L.I.; Sprung, J.A. J. Am. Chem. Soc., 1943, 65, 1276. 
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CHAPTER 4* 

Rate Enhancement of Nucleophilic Substitution Reactions in 
Phosphate Esters. Influence of Conformational Transmission 
on the Rate of Salvolysis in Alkyl diphenylphosphinates 

A Slp NMR kinetic study on a set of alkyl diphenylphosphinates was 

performed in order to determine the influence of the conformational 

transmission effect on the rate of solvolysis in phosphate esters. It 

is demonstrated that the salvolysis reaction of the alkyl diphenyl

phosphinate exhibitinq the conformational transmission effect is 20 

times faster than the salvolysis of its counterpart in which this ef

fect is absent. Furthermore, it is discussed in which way the concept 

of conformational transmission induced differences in salvolysis rates 

may be used as a probe to examine the metaphosphate mechanism and the 

hydralysis of biologically important phosphate esters. 

*de Keijzer, A.E.H.; Koole, L.H.; van der Hofstad, H.J.M.; Buck, H.M. 

submitted for publication. 
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4.1 nrrRODUC'riOtl 

In recent 13C NMR variabie temperature studies on a series of 

stable oxyphosphoranes, the impact of the conformational transmission 

effect! on the rate of intramolecular ligand reorganization in penta

coordinated oxyphosphoranes has been described2. In these studies it 

was demonstrated that pseudorotation in P(V)-TBP compounds exhibiting 

the conformational transmission effect is 2-4 times faster as compared 

to that in their counterparts in which this effect is absent. It was 

shown that, with the acceptance of the intermediacy of a square pyra

midal (SP) transition state in controlling the pseudorotation rate, 

conformational transmission in the basal ligands of the SP is respon

sible for the lowering of the free energy harrier of the pseudorota

tion process. 

From these studies another important conclusion emerged, i.e. that 

the occurrence of conformational transmission in the axis of a P(V)

TBP structure gives rise to a net stabilization of this structure as 

compared to the . pentacoordinated counterparts in which no conforma

tional transmission occurs (see Figure 1). 

CH3 

0~- CH3 

c6H5_1 f 
P-0 ----1.,.. 

CsHs' J6-

~
o-, 

, , 0 
4' 

Figure 1. Stabilization of a P(V)-TBP structure due to a conformation

al change3 around the C4'-c5' bond from a g+ to a g- state. 

During the past few years, it has been emphasized regularly4 that 

the concept of conformational transmission also forms an effective 

mechanism by which the conformation of phosphorylated biomolecules 

possessing the P-o-e-c-o atomie sequence, e.g. DNA, RNA and phospho

lipïds, can be changed. A process which might very well be of signifi-
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cance in the activation of phosphorylated biomolecules. In the present 

chapter the attention is focuseed on the possible influence of the 

conformational transmission effect on the salvolysis rate of phosphate 

esters, since these compounds are of particular importance in the bio

synthesis of biochemica! intermediates. 

The mechanisms of the chemica! reactions of e.g. adenosine triphoe

pbate (ATP), and in fact of all reactions that involve the formation 

and destructien of phosphate esters are vital to the understanding of 

the chemietry of biologically indispensable phosphate esters. It is 

therefore important to establish and study the possible mechanisme 

which can be operative in these reactions. 

In this chapter a 31P NMR kinetic study on the solvolysis reactions 

of phosphate esters is described. A number of phosphates is examined 

in which, during the course of the solvolysis reaction, the conforma

tional transmission effect is bound to be present or absent respect

ively. Hence, the influence of the conformational transmission effect 

on the rate of salvolysis of phosphate esters could be determined. 

4. 2 RESULTS .MD DISCUSSION 

4.2.1 Alkaline Hydralysis of Pbospbate Esters. 

It has been known for many years that the hydralysis of trialkyl

phosphates in alkaline salution is first order in both hydroxide and 

esterG. Furthermore, it has been inferred from isotopic tracer stu

dies7 that during these reactions only the phosphorus-oxygen honds are 

broken, the carbon-oxygen honds remain unimpaired. It was also empha

sized that the vast majority of 'the second-order nucleophilic dis

placement reactions at phosphorus proceed with inversion of configu

ration at phosphorus, as was elegantly demonstrated by Green et al.a 

using 14C labeled phosphinates. 

The kinetic order of the hydroly13is reactions, tagether with the 

position of the bond fission and the inversion of configuration at 

phosphorus, establishes that the hydroxide ion attacks the phosphorus 

atom in a SN2(P) type reaction involving a pentacoordinated transition 

state9. The course of such a reaction is visualized in Figure 2. 

Experiments concerning the hydrolysis of dialkylphosphonates and 

monoalkylphosphinates show that these compounds behave in an analogous 

way6b. When an alkoxide ion is the nucleophile attacking an ester of 
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phosphorus acid, a transesterification reaction is the result. This 

type of-reaction bas been employed for many synthetic purposes and it 

is shown that the mechanism closely resembles that of the reaction 

with a hydroxide ion8,9, 

+ R'o----

OR' 
_ l_oR 
0-P..._OR 

I 
OR 

--
Figure a. Salvolysis of phosphate esters via a SN2(P> type reaction 

invalving a P(V)-TBP transition state. 

The effect of substituents in the ester groups on the reaction rate 

is presumed to be very large, and therefore both steric and electronic 

factors must be considered. In order to investigate the possible in

fluence of the conformational transmission effect on the rate of sol

volysis, it is therefore imperative that the model compounds are well

chosen. 

4.2.2 Model Compounds for the Salvolysis Reactioos. 

From recent 300 MHz 1H NMR studies4a on a set of 5'-P(IV) and 5'

P(V)-TBP tetrahydrofurfuryl and cyclopentanemethyl compounds la and lb 

la x = 0 
lb X = CH2 

2a : x = 0 
ab : x = CHz 

Fiqure 3. Phosphoranes 1 and 2 used in previous studies4a,4e to deter

mine the impact of the conformational transmission effect. 

as well as an additional study4e invalving the phosphoranes 2a and 2b, 

it was concluded that in both types of phosphoranes the conformational 
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transmission effect becomes operative in the axis of the TBP in case 

X = 0 (Figure 3, vide supra). On the basis of these studies, it be

comes clear that many phosphate esters are suitable for the chosen 

purpose, as long as a P-o-e-c-o moiety is incorporated in the mole

cule. In principle both types of phosphate esters 3 and 4 (see Figure 

4) can be used to examine the influence of the conformational trans

mission effect on the course of the solvolysis reaction. 

To ascertain the axial location of the tetrahydrofurfuryl and cyclo

pentanemethyl moieties in the P(V)-TBP transition states, therefore 

allowing the conformational transmission effect to express itself to 

its full extent, the diphenylphosphinates 3a and 3b were selected as 

model compounds. 

3a X = 0 
3b X= CH2 

4a X=O 
4b X= CH2 

Figure 4. Model compounds 3 and 4 suitable for the determination of 

the conformational transmission effect in phosphate ester 

solvolgsis reactions. 

In the transition statea of the salvolysis reactions of these com

pounds the two phenyl groups, together with the o- group formed, will 

occupy the equatorial positionslO, therefore forcing the tetrahydro

furfuryl and cyclopentanemethyl group to take up an axial position. 

Moreover, it can be deduced that according to the apicophilicity pre

ferenee rulesll, the three equatori<;ll ligands will further stabilize 

the P(V)-TBP ground-state. Therefore, pseudorotation processas which 

might obscure the influence of the conformational transmission effect 

are slowed down to such an extent that they no longer interfere with 

the course of the reaction. 

4.2.3 The Salvolysis of Alkyl diphenylphosphinates. 

As is stated above, the solvolysis reaction is second order overall 
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meaning that the rate is proportional to the product of the first 

power of the concentrations of both reacting components. '· This is con

sistent with the reaction equation (1): 

(1) 

In these particular experiments, however, a second reaction takes 

place simultaneously between the solvent and the Ro- ions formed. 

(2) 

Normally, the equilibrium in reaction (2) lies far to the left, but in 

these experiments it is shifted towards the right due to the large ex

cess of methanol (solvent) and the formation of Ro- in reaction (1). 

5.0 

e: THFF <kobs = G.l·lo-3 sec-1) 

•: CP <kobs = o.3·1o-3 sec-1) 

-ln C 

1 
3.0 

2.0 

0 500 1000 1500 2000 2500 

t(min.) 

Figure 5. Graphical representation of the pseudo first order kinetics 

of the simultaneous solvolysis of compounds 3a (THFF> and 3b 

<CP> in a semilogarithmic plot12. 

As a result a steady state is reached in which the CH30- concentration 

has a constant value. 
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Consequently, the reaction becomes pseudo first order, with the reac

tion rate proportional to the concentration of the phosphate onlyl3. 

From the rate expression for the first order reaction kineticsl4 it 

can be deduced that for reaction (1) the integrated form of the equa

tion may be written as ln (C/C0 ) = -kt. From a graphic representation, 

in which -ln C (C is the concentration of the phosphate being consum

ed) is plotted as a function of time t, it is now possible to obtain 

the specific rate constant k from the slope of the straight line. 

The reaction rate of the solvolysis of both phosphates was deter

mined in several experimental runs. Two types of experiments were per

formed. In one type the solvolysis rate of the phosphates was deter

mined in separate runs, and in another type the solvolysis of both 

phosphates was examined simultaneously in the same experimental run. 

A representative plot of one of the runs in which both phosphates sol

volyse simultaneously is given in Figure 5 (vide supra). 

The kinetic data of the solvolysis reactions of compounds 3a and 3b 

are summarized in Table I. 

Table I. Rate constants tor the reaction of compounds Ja and 3b with 

sodium methoxide in methanol at zsoc. 

Rél kobsb kC 

3a THFF 1. 5.lo-3 4.6.10-3 
22 

3b CP 6.9.10-5 2.1.10-4 

3a THFF 6.1.10-3 6.1.10-3 
+ 20 
3b CP 3.o.lo-4 3.0.10-4 

a THFF = tetrahydrofurfuryl, CP = cyclopentanemethyl. b kobs (in sec-1) 
is equal to k·(CH30-] and is obtained directly from the semilogarithmic 
plot. c Specific ra te constant (in l.mol-1. sec-1). Discrepancies be
tween separate and simultaneous runs are probably caused by a differen
ce in basicity of cpq- and THFFo- resulting in a slightly different 
equilibrium value for (CH30-]. d Rate constant ratio for the solvolysis 
reactions, comparing compounds with X = 0 and X = CH2 respectively. 

From the data presented in this Table it can be concluded that the 

occurrence of conformational transmission during the solvolysis reac

tion of dialkylphosphinates in which the P-0-c-c-o fragment is present 

results in a rate enhancement of the reaction. 
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From the values obtained for kolkcHz it can be deduced that the sol

volgsis reaction of compound 3a, in which conformational transmission 

occurs, is 20 times faster than that in compound 3b in which this ef

fect is absent. Preliminary experiments regarding the analogous di

ethoxy compounds showed that the conformational transmission effect 

also influences the salvolysis rate in these compounds to a consider

able extentlS. It can therefore be concluded that, in genera!, the 

conformational transmission effect has an acealerating influence on 

the salvolysis rate of phosphate esters incorporating a P-o-e-c-o 
atomie sequence. 

4.2.4 Specific Rate Enhancement in Phosphate Esters. 

In the following paragraphs the possible use of the concept of con

formational transmission enhanced salvolysis rates in the investiga

tion of the reaction mechanisme of biologically important phosphate 

esters is briefly discussed. 

4. 2. 4 .1 The Metaphosphate Mechanism. 

Besides the, more important, phosphate ester salvolysis mechanism 

described in the previous paragraphs, another mechanism hes often been 

invoked to interpret nucleophilic displacement reactions in e.g. acyl

phosphates, pyrophosphates and phosphoramidatesl6. In this mechanism, 

which is referred to as the metaphosphate mechanism, the coordination 

number of the phosphorus atom decreasas from four to three, producing 

a monomeric metaphosphate: 

--ROH + (3) 

This intermediate then adds a nucleophile to yield productl7: 

--- (4) 

In spite of the fact that it is generally accepted that nucleophil

ic displacement reactions in trialkylphosphatesl8 and in dialkylphos-
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phates both in non-ionized as well as in the ionized statesl9, are 

adequately explained in terms of P(V)-TBP intermediacy, the situation 

is somewhat different in case of the monoalkylphosphates. 

For the salvolysis reaction of monoalkylphosphates it is proposed 

that the metaphosphate mechanism may also beoome operative dependinq 

on the structure of the phosphate, the state of ionization of the 

molecule and the presence or absence of nucleophilic catalysts18. 

The neutral non-ionized monoalkylphosphates react via a P(V)-TBP tran

sition state, as expected. The monoanion is believed to react via the 

P(V)-TBP or metaphosphate dependinq on the structure of the phosphate. 

The dianion, however, is assumed to react via the metaphosphate mecha

nism exclusively, reqardless of the structure of the phosphate. 

Althouqh several attempts have been made20 to obtain any conclusive 

evidence consistent with a dissociative pathway for the salvolysis of 

monoalkylphosphates, the guestion of the intermediacy of monomeric 

metaphosphates in nucleophilic displacement reactions still remains 

controversial. A qood example of this controversy is found in the 

recent stereochemical studies21 on the salvolysis of the dianionic 

form of 2,4-dinitrophenyl [160, 170, 180] phosphate in hydroxylic sol

vents. It has been shown in these studies that the reaction proceeds 

with complete inversion of configuration at phosphorus. Had a free 

monomeric metaphosphate been involved, the product should have been 

racemie at the ebiral phosphorus center. An explanation for this dis

crepancy was qiven by the introduetion of a preassociative mechanism22 

in which the metaphosphate intermediate is always surrounded by a sol

vent caqe and indeed is only formed productively when the nucleophile 

is already preassociated in the encounter complex. The possibility of 

a concerted reaction with a SN2-like transition state invalving a 

pentacoordinated TBP species has, however, not ree ei ved any serious 

consideration23. 

In order to resolve these concerns, and to discover whether the 

salvolysis of dianion~c monoalkylphosphates indeed reguires metaphos

phate as an intermediate or that a P(V)-TBP transition state miqht be 

involved, the concept of conformational transmission induced rate en

hancement can be used. The solvolysis reactions of compounds such as 

Sa and 5b (see Figure 6) are expected to occur at comparable reaction 

rates, if proceedinq via a metaphosphate mechanism. If, however, a 

P(V)-TBP transition state is involved a difference in the solvolysis 
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rate for both compounds is to be expected. The transition state be

longing to the solvolysis reaction of compound Sa will be subject to 

a conformational transmission effect, resulting in a lowering of the 

free energy of the solvolysis reaction. Therefore a rate enhancement 

of the reaction of compound Sa as compared to compound 5b is expected. 

Sa 5b 

Figure 6. Dianionic monoalkglphosphates Sa and Sb. 

On the basis of these theoretica! considerations it may be conclu

ded that the examination of compounds such as Sa and Sb might very 

well provide the necessary experimental data to be able to resolve the 

controversy around the metaphosphate mechanism. 

Another application of the concept of conformational transmission 

could be found in the solvolysis of biologically interesting phosphate 

esters. 

4.2.4.2 Salvolysis of Biologica! Phosphate Esters. 

Several model compounds for biologically important phosphate esters 

as e.g. DNA and RNA have been investigated recently26. 

Two of the more fundamental model compounds used in these studies are 

displayed in Figure 7 (vide infra). Both model compounds reprasent the 

primary building blocks of the DNA and RNA backbone. Compound 6 com

prises one phosphate moiety with two nucleosides linked to the 03• and 

Os• respectively, whereas in compound 1 the only nucleoside present is 

linked to two phosphate groups at both the 03 • and Os • positions. 

Compound 6 can be seen as a model compound mimicking the interjacent 

backbone phosphate groups, while compound 1 is a model compound for 

the terminal phosphate groups in the DNA or RNA chain. 

From the conformational analysis studies on these model compounds, 

it was concluded that upon increasing the coordination of the phos

phorus atom fl."om four (P(IV)) to five (P(V)-TBP), only the 5 '-phos-

61 



phate group is subject to the influence of the conformational trans

mission effect. Extrapolating these results to the solvolysis reac

tions of these compounds, one might argue that a difference in the 

solvolysis rate of the 5'- and 3'-P(IV) groups will be present. 

OR 

6 

CHJO~. 9 0 
'p"' 

CHJO ........ I 
os· 

5,~1, base 

4' 
3' 

ÛJ' 
/ 

CH30---P 
. /~o 

CH30 

1 

Figure 7. Model compounds 6 and 7 used in previous studies26. 

Thus, keep1ng these theoretica! considerations in mind, it can be 

put forward that a conformational transmission induced difference in 

solvolysis rates may have an important influence on the actual posi

tion on which solvolysis of these molecules take place. It can there

fore be expected that the examination of the impact of the differen

ces in solvolysis rates, and of course the influence of the composi

tion of the remaining parts of the model compounds (base type, hydro

gen bonding, etc.) will provide vital information for the understand

ing of the hydrolysis mechanisme involvèd in biologically important 

phosphate esters. 

4.Z.5 Concluding Remarks. 

This study clearly demonstrates the influence of the conformational 

transmission effect orr the rates of solvolysis in alkyl diphenylphos

phinates. It clearly shows that the presence of conformational trans

mission has an accelerating effect on the nucleophilic displacement 

reactions at phosphorus. Theoretica! considerations regarding the 

possible impact of a conformational transmission induced salvolysis 

rate enhancement show that the concept of conformational transmission 
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might turn out to be a powerful tool in the investigation of the 

hydrolysis mechanisme in biologically interesting phosphate esters. 

4. 3 EXPERIMBIITAL Sl!CfiON 

4.3.1 Spactroscopy. 

All NMR spectra were run in the FT mode on a Bruker .AC-200 spectro

meter. The chemica! shifts in the 1H and 1 3C NMR spectra, which were 

recorded at 200.1 MHz and 50.3 MHz respectively, are rafereneed 

against TMS as internal standard <& = 0). The chemica! shifts in the 
31P NMR spectra, recorded at 80.9 MHz, are related to 85 % H3P04 as 

external standard and are designated positive if downfield with res

pect to the reference. During the recording of the spectra for the 

salvolysis experiments, a 64 K data base and a 4000 Hz sweep width was 

employed. All spectra were recorded in CD30D unless stated otherwise. 

4.3.2 Synthesis. 

All solvents and commercial reagents were reagent grade and were 

dried prior to use with the appropriate drying agents. All moisture 

sensitive compounds were handled under a dry nitrogen atmosphere 

throughout the experiments. 

4.3.2.1 Pbosphinites. 

The phosphinites were prepared from the corresponding alcohols and 

<C5H5l2PCl according to the procedure described by Kooleet az.4a 

retrahydrofurfuryl dipheny1phosph1nite. 

Bp: 154-156 0C (0.01 mm); Yield: 74 %. 1H NMR (CDCl3): & 1.58-1.97 

(m, 4H, H2•/H3t), 3.62-3.94 (m, 4H, H1•/POCH2), 4.09 (m, lH, H4o), 

7.19-7.58 (m, 10H, Ar Hl. 13C NMR (CDCl3l: & 25.4 (C2•L 27.7 (C3ol, 

68.0 (C1•L 71.0 <C5o), 78.1 (C4ol, 127.9-130.4 (Ar C), 141.8 (ipso 

C). 3lp NMR !CDC13): & 115.9. 

Cyc1opentane.athy1 dipheny1phosphinite. 

Bp: 161-163 0C (0.01 mm); Yield: 65 %. 1H NMR (CDCl3l: & 1.15-1.82 

(m, BH, cyc1opentane H), 2.26 (m, 1H, H4•), 3. 71 (dd, 2H, POCHzL 

7.20-7.60 (m, 10H, Ar H). 13C NMR (CDCl3): & 25.4 CC1•/C3d, 29~3 (Cl' 

IC2•>, 41.0 (C4t), 74.2 (C5d, 128.0-130.5 (Ar C), 142.3 .(ipso CL 3lp 

NMR (CDCl3l: & 112.2. 
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4.3.2.2 Phosphinates. 

The phosphinates were obtained by oxidation of the corresponding 

phosphinites. An ozone-oxygen stream was passed through a solution of 

the phosphinite in dry dichloromethane at 0 oe. After 1 h the solution 

was sparged with oxygen and allowed to warm to roomtemperature. Evapo

ration of the solvent yielded the desired phosphinates, as was confir

med by 31P NMR. 

Tetrahydrofurfuryl diphenylphosphinate (3a). 
1H NMR CCD3COCD3): & 1.78-2.11 (m, 4H, H2•/H3•), 3.79 (m, 2H, H1•), 

4.07 (m, 2H, POCH2), 4.22 (m, lH, H4•), 7.55-8.08 ( m, lOH, Ar H). 13C 

NMR CCD3COCD3): & 27.1 CC2•), 29.1 CC3•), 68.4 CC1•), 69.5 <Cs•>, 78.9 

CC4•), 130.0-134.2 (Ar C), 142.1 (ipso C). 3lp NMR: & 39.4. 

Cyclopentaneaethyl diphenylphosphinate C3b). 
1H NMR: & 1. 03-1.79 (m, BH, cyclopentane H), 2.16 (m, lH, ~ d, 

3.76 (t, 2H, POCH2), 7.23-7.81 (m, lOH, Ar H). 13C NMR: & 26.2 CC1•/ 

C3•L 29.9 CC1•/C2d, 41.3 CC4•), 70.0 CC5d, 129.7-133.8 CAr C). 31P 

NMR: & 3B.4. 

4.3.3 Solvolysis Experiments. 

In order to investigate the course of the solvolysis reactions and 

to allow the determination of the specific rate constants belonging to 

these reactions, the following typical procedure was employed. 

A solution of 16.5 mmo! of the desired alkyl diphenylphosphinate in 

25 ml of dry CH30H was prepared in a 100 ml double-walled reaction 

vessel, which was connected to a constant-temperature bath with a suf

ficiently large capacity ensuring a temperature of 2soc ± O.lOC. 

To eliminate the possibility of a reaction of the phosphinate ester 

with the solvent, the solution was kept at 2soc in the reaction vessel 

overnight. Comparison of the 31P NMR spectra scanned before and after 

this period of time showed that no reaction had taken place. 

To the resulting solution, 16.5 mmol of freshly prepared NaOCH3 iri 

25 ml CH30H was added, leaving an equimolar solution of the alkyl di

phenylphosphinate and methoxide. At regular intervals small aliquots 

of the reaction mixture were taken from the reaction vessel and trans

ferred into a NMR tube equipped with a smal! reference tube providing 

an external deuterium loek. After the 3 lp NMR spectrum of the sample 

was scanned and integrated, the contents of the tube was returned into 

the main reaction vessel. In this way the disappearance of the alkyl 
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diphenylphosphinate siqnal was measured and the specific reaction rate 

of the solvolysis reaction was determined. Several experimental runs 

usinq different phosphinate and methoxide concentrations were perform

ed in order to appoint tbe exact reaction order and to exclude any ir-

regularities influencing the accuracy of the determination of the spe-

cific rate constant. 

Table II. Experimental data of the solvolgsis reaction of compounds 3a 

and 3b with sodium methoxide in methanol at 25°C. 

ta [THFF]b [CP]b -ln[THFF] -ln[CP] 

0.0 0.508 0.500 0.677 0.693 

3.9 0.489 0.491 0.715 0.711 

18.8 0.420 0.497 0.868 0.699 

30.5 0.393 0.489 0.934 0.715 

44.7 0.365 0.482 1.008 0.730 

65.0 0.314 0.485 1.158 0.724 

84.7 0.272 0.494 1.302 0.705 

111.7 0.249 0.470 1.390 0.755 

148.9 0.187 0.483 1.677 o. 728 

181.0 0.154 0.475 1.871 0.744 

218.3 0.128 0.474 2.056 0.747 

258.8 0.095 0.465 2.354 0.766 

306.0 O.Oil3 0.453 2.489 0.792 

362.8 0.048 0.455 3.037 0.787 

422.7 0.031 0.442 3.474 0.816 

534.4 0.019 0.427 3.963 0.851 

606.8 0.013 0.421 4.343 0.865 

1314.0 _c 0.368 1.000 

1760.3 _c 0.282 1.266 

2055.2 _c 0.241 1.423 

a Time in minutes. b Concentration in mol·l-1. THFF = tetrahydrofur
furyl, CP = cyc1opentylmethy1. The concentration of the methoxide was 
1.0 mol·l-1. c [THFF] too small to be determined accurately. 

An ana1ogous procedure was applied for the experimental runs in which 

botb phosphinates were allowed to react simultaneously. 
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A typical example of an experimental run in which both phosphinates 

react simultaneously is given in Table II Cvide supra). In this Table 

the experimental data are presented belonging to the semilogarithmic 

plot depicted in Figure 5. 

(1) The principles of the conformational transmission effect, i.e. a 

conformational change in the c-c backbone of a molecule possess

ing an axially located P-o-e-c-o fragment upon going from a 

PCIV) to a P(V)-TBP state are explained in chapter 1. The impli

cation of this effect for tb~ rates of pseudorotation is dealt 

with in chapters 2 and 3. 

(2) (a) de Keijzer, A.E.H.; Koole L.H.; Buck, H.M. J. llm. Chem. Soc. 

1988, 110, in press. (b) de Keijzer, A.E.H.; Buck, H.M. J. Org. 

Chem., 1988, 53, in press. 

(3) . In solution a rapid interconversion between the three conforma

tions g+, 9t and 9- exists. The rotamer polpulations can be ob

tained4a using the empirically 9eneralized Karplus relation de

veloped by Haasnoot et az.S 

os• Hs" Hs· o*c3· o1*c3· 0*3' Hs' Hs" os Hs· Hs' os· 
H4' H4' H4' 

g+ gt 9-

(4) (a) Koole, L.H.; Lanters, E.J'.; Buck, H.M. J. llm. Chem. Soc., 

1984, 106, 5451. (b) Koole, L.H.; van Kooyk, R.J.L.; Buck, H.M. 

J. llm. Chem Soc., 1985, 107, 4032. (c) Meulendijks, G.H.W.M.; 

van Es, W.; de_ Haan, J.W.; Buck, H.M. Eur. J. Biochem., 1986, 

157, 421. (d) de Vries, N.K.; Buck, H.M. Reel. Trav. Chim. 

Pags-Bas, 1986, 105, 150. Cel van Genderen, M.H.P.; Koo1e, 

L.H.; Olde Scheper, B.C.C.M.; van de Ven, L.J.M.; Buck, H.M. 

Phosphorus and Sulfur, 1987, 32, 173. (f) de Vries, N.K.; Buck, 

H.M. Phosphorus and Sulfur, 1987, 31, 267. (g) van Genderen, 

M.H.P.; Buck, H.M. Magn. Res. Chem., 1987, 25, 872. 
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(5) Haasnoot, C.A.G.; de Leeuw, F.A.A.M.; Altona, C. Tetrahedron, 

1980, 36, 2783. 

(6) (a) Kirby, A.J.; Warren, S.G. The Organic Chemistry of Phosphor

us; Elsevier: Amsterdam, 1967. (b) Cox Jr., J.R.; Ramsay, O.B. 

Chem. Rev., 1964, 64, 317. 

(7) (a) Akerfeldt, S. Nature, 1963, 200, 881. (b) Blumenthal, E.; 

Herbert, J.B.M. Trans. Faraday Soc., 1945, 41, 611. 

(8) Green, M.; Hudson, R.F.; Proc. Chem. Soc., London, 1962, 307. 

(9) Westheimer, F.H. Acc. Chem. Res., 1968, 1, 10. 

(10) Luckenbach, R. Dynamic Stereochemistry of Pentacoordinated Phos

phorus and Re1ated E1ements; George Thieme Verlag: Stuttgart, 

1973. 

(11) Gillespie, P.; Hoffman, P.; Klusacek, H.; Marquarding, D.; Pfohl 

S.; Ramirez, F.; Tsolis, E.A.; Ugi, I. Angew. Chem. Int. Ed. 

Engl., 1971, 10, 687. 

(12) For raasons of clarity saveral data points have been ommitted in 

the left half of the plot. 

(13) During the experimental runs, especially those comprising a lar

ger period of time, a consecutive reaction appeared to take 

place. In examining this reaction it was shown that the initial

ly formed CC6H5)2P(O)OCH3 reacts with CH30-, to give CH30CH3 and 

(C6H5)2P(0)0-, following second order kinetics. The rate of this 

reaction was established in an analogous way in saveral separate 

runs using authentic samples of (C6H5>2P(O)OCH3. In this way the 

specific rate constant belonging to this consecutive reaction 

could be determined: k = 5.0.10-6 l.mol-l.sec-1. The rate of the 

reaction, however, is so low that no interference with the major 

reaction is found. For raasons of clarity this consecutive reac

tion has notbeen included in the major reaction sequence (1). 

(14) (a) Benson, S.W. The Foundations of Chemical Kinetics; McGraw

Hill: New York, 1960. (b) Hammes, G.G. Principles of Chemical 

Kinetics; Acad. Press: New York, 1978. 

(15) Olders, E.; Koole, L.H.; Buck, H.M. unpublished results. 

(16) (a) Brown, O.M.; Hamer, N.K. J. Chem. Soc., 1960, 1155. (b) Di 

Sabato, G.; Jencks, W.P. J. Am. Chem. Soc., 1961, 83, 4400. (c) 

Kirby, A.J.; Jencks, W.P. J. Am. Chem. Soc., 1965, 87, 3209. (d) 

Miller, D.L.; Westheimer, F.H. J. Am. Chem. Soc., 1966, 88, 

1507. 
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(17) (a) Westheimer, F.H. Chem. Rev., 1981, 81, 313. (b) ca1vo, K.C.; 

Westheimer, F.H. J. Am. Chem. Soc., 1984, 106, 4205. (cl Skoog, 

M.T.; Jencks, W.P. J. Am. Chem. Soc., 1984, 106, 7597. (dl Her

sch1ag, D.; Jencks, W.P. J. Am. Chem. Soc., 1986, 108, 7938. (el 

Freeman, S.; Friedman, J.M.; Know1es, J.R. J. Am. Chem. Soc., 

1987, 109, 3166. 

(18) Ramirez, F.; Marecek, J.F. Pure & Appl. Chem., 1980, 52, 1021. 

(19) Ramirez, F.; Marecek, J.F.; Tsuboi, H.; Chaw, Y.F. Phosphorus 

and Sulfur~ 1978, 4, 325. 

(20) (al calvo, K.C. J. Am. Chem. Soc. I 1985, 107, 3690. (b) Fried-
1 

man, J.M.; Knowles, J.R. J. Am. Chem. Soc., 1985, 107, 6126. (dl 

Cullis, P.M.; Rous, A.J. J. Am. Chem. Soc., 1985, 107, 6721 and 

~986, 108, 1298. 

(21) Buchwa1d, S.L.; Friedman, J.M.; Knowles, J.R. J. Am. Chem. Soc., 

1984, 106, 4911. 

(22) (a) Jencks, W.P. Acc. Chem. Res. I 1980, 13, 161. (bl Jencks, 

W.P. Chem. Soc. Rev., 1981, 10, 345. 

(23) Recently, Freeman17e and Cu11is24 reported the complete racemi

zation at phosphorus in a phosphorus transfer reaction in a pro

tic solvent, thus providing potential evidence for the interme

diacy of monomeric metaphosphates in the solution reaction of 

phosphate monoesters. Buchwald et al. 25, however, have demon

strated that it is not unlikely that pseudorotation does occur 

in this type of compounds, therefore the involvement of a P(Vl

TBP intermediate still can not' be excluded. 

(24) Cullis, P.M.; Nichols, D. J. Chem. Soc., Chem. Commun., 1987, 

783. 

(25) Buchwald, S.L.; Pliura, D.H.; Knowles, J.R. J. Am. Chem. Soc., 

1984, 106, 4916. 

(26) (a) Koole, L.H.; van Genderen, M.H.P.; Buck, H.M. J. Org. Chem., 

1988, in press. (b) Koole, I;...H.; van Genderen, M.H.P.; Buck, 

H.M. J. Am. Chem. Soc., 1987, 109, 3916 and raferences cited 

therein. 
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CHAP'l'ER 5 * 

Electron Spin Resonance Study of Phosphoranyl Radioals. 
Influence of Steric and Electronic Effects on Radical 
Formation in Solution 

An electron spin resonance study of phosphoranyl radicals, genera

ted by u.v. irradiation of solutions containing a trialkylphosphite 

and di-t-butyl peroxide, made it possible to examine the influence of 

steric and electrooie factors on radical formation. It was demonstra

ted that the influence of steric factors, such as a.- or B-branching 

in the alkyl groups of the phosphorus compounds, on the magnitude of 

radical formation was present in both trialkyl- and methyl dialkyl.,. 

phosphites. but not in dimethyl alkylphosphites. Furthermore, the in

fluence of the gauche-effect on the radical formation was studied by 

examining dimethyl alkylphosphites containing additional hetero atoms 

in the alkyl ligands. It was shown that the presence of the gauche

effect, which causes a conformational preferenee in which a larger 

steric bindrance is produced, results in a decrease in radical for

mation. 

* de Keijzer, A.E.H.; Buck, H.M. Phosphorus and Sulfur, 1987, 31, 203. 
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5 .1 IRTRODUC'.riC. 

The use of spin resonance techniques such as Electron Spin Reson

ance (ESR) and Electron Nuclear Double Resonance (ENDORl to study and 

identify radiation-induced radical species in nucleic acids and their 

constituents has received considerable attentionl. All these investi

gations revealed much more about radiation damage in the bases than in 

the sugar-phosphate backbone. The purpose of the work described in 

this chapter is to attain more knowledge about radiation damage in the 

sugar-phosphate backbone. 

Phosphate esters are, of course, of fundamental importance in bio

logica! systems and considerable efforts have been made2 to determine 

the effects of high energy radiation on biologica! phosphates and 

model compounds. The possible involvement of phosphoranyl radicals, 

however, has received little attention. The aim in this chapter is to 

come to a better understanding of the basic factors that govern the 

formation and stability of the phosphoranyl radicals that might be in

volved. 

P(ORl3 + tBuOOtBu hv 

otsu 
I ,OR 

RO-P" 
IQ) 
OR 

Figure 1. Phosphoranyl radicals generated from t-butoxy radicals and 

trialkylphosphites. 

Phosphoranyl radicals can be generated by high intensity u.v. ir

radiation of solutions containing the corresponding phosphite and a 

dialkylperoxide3 (Figure 1). The study of radical species generated in 

this fashion, will afford the possibility to understand and predict 

the basic properties of phosphoranyl radicals in solution. 

5. 2 RESULTS Atm DISCUSSIC. 

5.2.1. Steric Effects in Trialkylphosphites. 

Using di-t-butyl peroxide as a photolytic souree of t-butoxy rad

icals, a series of trialkoxy-t-butoxy phosphoranyl radicals has been 

examined. When a solution, usually in n-pentane, of a trialkylphos-
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phite and di-t-butyl peroxide was irradiated at -950C, the ESR spec

trum of the correspondinq trialkoxy-t-butoxy phosphoranyl radical was 

observed. 

Table I. Trialkoxy-t-butoxy phosphoranyl radicals, t-Bu0P(0R)3,obtain

ed trom the reaction of t-butoxy radicals with trialkylphos-

phites. 

Phosphitea 

1 PCOCH3l3 

2 P<OC2H5l 3 
3 PCOC4H9l3 

4 PtOC8H17 l 3 

5 PCOCH:zCH(CH3) 2) 3 

6 PCOCH:zCHCC2H5l 2l 3 
7 PCOCH:zCHCC2H5lCC4H9>> 3 
8 PCOCH:zCCCH3l3ll3 

9 PCOCH:zCH2CH(CH3l2l3 

10 P(OCH2{CH2l4CHCCH3l2l3 

11 P(OCH(CH3l2l3 

12 P(0CH(CH3ltC2H5ll 3 
13 P(OCH(CH3l CC3H7l l3 

14 P(OCH(CH3l(CH(CH3l2ll3 

15 PCOCHcc2H5l2l3 

16 PCOC(CH3l3l3 

17 P(OCCCH3>2 <c2Hsll3 

18 P(OCHz~l3 

19 PCOCH:z-Ql3 

20 P(OCH:z\.Jl 3 

T/OC 

-95 

-95 

-95 

-95 

-95 

-100 

-100 

-95 

-95 

-80 

-95 

-95 

-95 

-95 

-95 

-95 

-95 

-95 

-95 

-80 

-95 

a(Pl/mTb 

88.3 

88.7 

88.6 

89.6 

88.2 

86.2 

87.7 

88.2 

89.1 

90.5 

91.0 

88.1 

89.1 

89.3 

89.7 

qroup 

1 

2 

3 

4 

5 

6 

a Solvent n-pentane except 20 toluene. b Calculated usinq the Breit
Rabi equation; a(P) ± 0.1 mT. All g-factors were 2.003 ± 0.001. 
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The radicals and their spectroscopie parameters are listed in Tabla I. 

The radicals described were .observed only in the presence of both 

phosphite and di-t-butyl peroxide. No phosphoranyl radicals were de

tected when di-t-butyl peroxide was irradiated in the presence of the 

corresponding phosphate. Therefore, consecutive reactions of the per

oxide with the phosphates formed could be excluded. 

The phosphoranyl radicals exhibit a large doublet splitting from 

phosphorus with no further fine structure. In general the ESR-lines 

of the phosphoranyl doublet were of unequal width, especially at low 

temperatures, when tumbling of the radicals in solution was inhibited. 

Normally, the high-field line was broader than that at low-field. As 

the temperature was increased, the concentration of the phosphoranyl 

radicals decreased and an additional spectrum of the t-butyl radical, 

formed by ~-scission of the phosphoranyl radical, was detected. On 

interruption of the irradiation the lines decayed rapidly. All these 

observations are in good agreement with those reported in previous 

studies4. 

The phosphites listed are divided into six groups: 

(1) : Primary unbranched a1kylphosphites (1-4>. 

All phosphites examined showed a strong phosphoranyl doublet. The 

intensity of the lines decreased with increasing size of the alkyl 

groups. 

(2) : Primary branched alkylphosphites (5-10>. 

With exception of the tris(2-ethylhexyl)phosphite 7, all compounds 

examined in this group revealed the features of a phosphoranyl rad

ical. Both the triisopentyl and triisooctyl phosphites (9 and 10) 

showed almost the same stability and a(P)-value as the unbranched 

analogues of group (1). In the ~-branched alkylphosphites a decrease 

in signal strength with increasing size of the ~-branching alkyl 

groups was observed. The strongest s~gnals were observed with the tri

isobutylphosphite 5, while in case of the tris(2-ethylhexyl)phosphite 

7 no phosphoranyl radicals were formed. This was confirmed by product 

analysis which indicated that, even after prolonged irradiation, the 

only species present was the parent phosphite. 

(3) : Secondary alkylphosphites (11-15>. 

Only ,in case of the triisopropylphosphite 11 it was possible to 

detect phosphoranyl and t-butyl radicals. The signal intensity of the 

phosphoranyl doublet was comparable to that of the ~-branched phos-



phites of group (2). In all other cases no radicals were observed. 

Product analysis after prolonged irradiation demonstrated that in 

the absence of phosphoranyl radicals, only the parent phosphite was 

present. 

(4) : Tertiary alkylphosphites (16-17>. 

Only the tri-t-butylphosphite 16 gave rise to the formation of 

phosphoranyl radicals. The signal strength and a(P)-value of the rad

icals were comparable to those of the triisopropylphosphite 11 in 

group (3). 

(5) : Prima.ry a.lkylphosphites conta.ining a.n alkylring (18-20>. 

All the phosphites examined showed the phosphoranyl doublet. In 

case of the trisCcyclopropylmethyl)phosphite 18, the intensity of the 

signals was comparable to that of the primary phosphite containing the 

CH2CHCCH3)z-fragment. In the phosphite containing the cyclohexylring 

<19), the signal strength was larger than that of the acyclic ana

logue. The tris(tetrahydrofurfuryllphosphite 20 behaved in a similar 

way as the cyclohexyl compound, except for the signal strength which 

was smaller than that of the cyclohexyl compound. 

(6) : Secondary alkylphosphite containing an alkylring <21). 

Examining this phosphite, only very weak signals were observed. The 

signal intensity was smaller than that of the tris(cyclohexylmethyl)

phosphite 19 in group (5), but larger than the acyclic analogue which 

did not show any phosphoranyl radicals. 

In order to complete the set of experiments, two additional groups 

were selected. Two series of phosphites, derived from the compounds of 

group (3), who failed to produce phosphoranyl radicals, were synthesi

zed and studied. The radicals were generated according to the metbod 

used for the trialkylphosphites. The radicals and their spectroscopie 

parameters are listed in Table II (vide infral. 

(7) : Methyl dialkylphosphites (22-25>. 

All phosphites examined revealed the features of a phosphoranyl 

radical. The signal strength decreased with increasing size of the ~

branching alkylgroup. 

(8) : Dimethyl a.lkylphosphites (26-30>. 

The signal intensity of the phosphoranyl doublet varied only little 

within this group. The magnitude of the signals was comparable to that 

of the phosphoranyl radicals produced upon irradiation of trimethyl

or triethylphosphite in group (1). 
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Tab1e II. Trialkoxy-t-butoxy phosphoranyl radicals t-Bu0P(OCHJ><OR>2 

and t-Bu0P(OCHJ>2<0R> obtained from the reaction of t-butoxy 

radicals with methyl dialkylphosphites and dimethyl alkyl

phosphites, respectively. 

Phosphitè T/OC a(P)/mTb group 

22 CH30P(OCH(CH3)2)2 -86 89.8 

23 CH30P(0CH(CH3><C2H5>> 2 -86 89.1 7 

24 CH30P(OCH(CH3)(C3H7))2 -86 89.1 

25 CH30P(0CH(C2H5>2 >2 -86 89.7 

26 (CH30)2POCH(CH3)2 -95 88.6 

27 <CH3o> 2POCH<CH3><C2H5> -95 88.6 

28 (CH30)2POCH(CH3)(C3H7) -95 88.7 8 

29 (CH3o> 2POCH<C2H5>2 -95 88.7 

30 (CH30)2POCH(CH3)(CH(CH3)2) -95 88.6 

a Solvent n-pentane. b Calculated using the Breit-Rabi equation; a(P) 
~ 0.1 mT. All g-factors were 2.003 ~ 0.001. 

5.2.2 Discussion. 

Analyzing the data for compounds 1-30, it is obvious that the phos

phites of group (1) behave as expected. Increasing the size of the al

kyl groups results in an increase of viscosity and a decrease of molar 

concentration, which leads to a gradual1y decreasing signal strength. 

The phosphites of group (2) show similar properties, but in case of 

the B-branched compounds an additional decrease in signa1 intensity 

occurs. This additional decreàse is not the result of increasing vis

cosity or decreasing concentration, which can be concluded from the 

comparison of the triisooctylphosphite 10 with the tris(2-ethylhexyl)

phosphite 7. The molar concentration is the same in both cases, while 

the viscosity of the more compact tris(2-ethylhexyl)phosphite is even 

smaller than that of the triisooctylphosphite. Yet the latter showed 

a strong phosphoranyl doublet, while in case of the former no radicals 

could be detected. The reason for the remarkable behaviour of these 

tria1kylphosphi tes can be understood by taking a closer look at the 

phosphites of group (3) and group (4). 



From the data obtained, it is concluded that in case the parent 

phosphite only contains a.-methyl or a.-hydrogen groups, phosphoranyl 

radicals will be formed. If one of the a.-methyl or a.-hydrogen groups 

is replaced by a more bulky substituant (e.g. ethyl group or larger 

alkyl group), phosphoranyl radicals can no longer be formed. Again, 

it is obvious that this behaviour is not the result of increased vis

cosity and decreased molar concentration only. It is likely that this 

behaviour has to be attributed to extreme steric hindrance, caused by 

the larger a.-branching alkyl fragments which prevent the t-butoxy rad

icals of reaching the phosphorus atom. In this way the formation of 

phosphoranyl radicals is inhibited. 

At first it seems remarkable that the phosphites of group (3) do 

not show the phosphoranyl doublet, while the tri-t-butylphosphite in 

which there appears to be a large steric hindrance, produces phosphor

anyl radicals to a considerable extent. 

Figure 2. 'Propeller' -model for steric bindrance in tri-t-butyl- and 

triisopropylphosphite. 

If, however, it is taken into account that the rotational harriers in 

the P-D-C-linkage are small (4-6 kJ.mol-1)5, then it is clear that 

even at low temperatures a considerable degree of rotational freedom 

is present. Hence, it follows that the steric bindrance around the 

lone-pair of the phosphorus atom will not be considerably larger in 

the tri-t-butylphosphite as compared to the triisopropylphosphite 

( 'propeller'model, see Figure 2). The experiments also demonstrated 

that the signal strength of the tetra-t-butoxy phosphoranyl doublet 

is virtually of the same magnitude as that of the t-butoxy-triisopro

poxy radical. It may therefore be concluded that the experiments are 

in good agreement with the theoretica! considerations. 

The steric effects are also present, to some extent, in the phos

phites of group (2). 

75 



Effective shielding caused by the ~-branched alkyl groups, however, is 

only accomplished.when the CH2CH(C2H5)(C~g)-group is present. 

'rhe ring containing phosphites of group (5) and group (6) do not 

attain a complete shielding, in contrast with their acyclic analogues. 

'rhis behaviour has to be attributed to the more rigid conformations 

of the ring systems, as compared to the acyclic alkyl groups, which 

results in a less effective shielding of the Ione-pair of the phos

phorus atom. 

Examining the data in Table II (vide supra), it is concluded that 

steric effects are indeed the main reason for the decrease in radical 

formation. In case of the methyl dialkylphosphites in group (7), a de

crease in signal strength occurs as a result of the larger «-branching 

alkyl groups. 'rhe steric effects are less distinctive as compared to 

those in the trialkylphosphites, which can be expected considering the 

absence of one of the shielding alkyl groups. 

In the dimethyl alkylphosphites of group (8), the two methoxy groups 

provide sufficient room for the t-butoxy radicale to reach the phos

phorus atom unhampered. As a result, phosphoranyl radicale can be 

formed. It is also clear that the size and shape of the third alkyl 

group have no influence on the radical formation. 

The stability of all phosphoranyl radioals studied was of the same 

magnitude, which indicates that steric effects do not have a signifi

cant influence on their stability in solution. Steric effects are, 

however, very important in the formation of phosphoranyl radicals trom 

the corresponding trialkyl- and methyl dialkylphosphites. It can also 

be concluded that the dimethyl alkylphosphites may be used to study 

other effects which may influence the formation of phosphoranyl rad

icals in solution, because of the total absence of steric effects in 

these compounds. 

5.3.3 Electrooie Effects in Dimethyl alkylphosphites. 

Interpreting the da~a of 'rable I, the tris(tetrahydrofurfuryl)phos

phite 20 in group (5) especially attracted the attention. Although 

the phosphite produced the oorreeponding phosphoranyl radical, the 

signa! strength was considerably smaller than that of the tris(cyclo

hexylmethyl)phosphite 19 in the same group. There is no reaeon to 

assume that the five-membered tetrahydrofurfuryl ring would cause a 

larger steric bindrance than the six-membered cyclohexyl ring. 
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On the contrary, considering the larger flexibility of the six-member

ed ring, a more effective shieldinq of the phosphorus atom resulting 

in a smaller signa! strenqth would be expected. Therefore, other ef

fects have to be responsible for the difference in radical production. 

The only difference between the two compounds, except for the rinq

size, is the presence of an oxygen atom in the five-membered ring. If 

the presence of a hetero atom, at this position in the molecule, has a 

significant influence upon the radical formation, it could be of fun

damental importance for our knowledge about phosphoranyl radicals in 

solution, especially if we take into consideration that many biologi

cally relevant phosphorus compounds also contain a hetero atom at this 

position in the molecule. 

In order to examine the influence of additional hetero atoms in the 

ligands of the phosphites on the radical formation, a number of model 

compounds, containing cyclic and acyclic ligands (see Figure 3), was 

synthesized and studied in the same way as the alkylphosphites in the 

preceding part. The radicals and their spectroscopie parameters are 

listed in Table III (vide infra). 

X = OCH3, CH2CH3, SCH3, 

CH(CH3)2, N(CH3)2 

Figure 3. Acyclic dimethyl alkylphosphites containing a hetero atom 

in the alkyl ligand. 

The compounds listed are divided into four main groups, each con

sisting of a number of closely related phosphites. The only distinc

tion between the compounds in groups (9)-(11) is the nature of the 

additional hetero atom. 

In all cases the phosphites containing the CH2-group, resulting in 

the normal dimethyl alkyl- or methyl dialkylphosphites, were used as 

a reference. All phosphites examined showed a phosphoranyl doublet. 

The signal intensity, however, varied considerably with the hetero 

atom present. 
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Table III. Trialkoxy-t-butoxy phosphoranyl radicals t-Bu0P(OCH3>2<0R> 

and t-Bu0P(OCHJ><OR>2 obtained trom the interaction of 

t-butoxy radicals with dimethyl alkylphosphites and methyl 

dialkyphosphites containing additional electronegative he

tero atoms in the ligands. 

Phosphite Solventa T/OC a(P)/mTb group 

31 CCH30lzPOCHzCHzCHzCH3 p -95 88.6 

32 CCH30l2POCH2CH20CH3 p -95 88.6 

33 CCH30lzPOCHzCHzSCH3 p -95 88.6 9 

34 CH30PCOCHzCHzCHzCH3lz T -65 88.9 

35 CH30PCOCHzCHzOCH3l2 T -65 89.1 

36 CH30PCOCH2CHzSCH3l2 T -65 89.1 

----------------------------------------------- --------
37 CCH30lzPOCHzCHzCHCCH3)2 p -95 88.2 

38 CCH39lzPOCHzCH2NCCH3l2 p -95 88.4 10 

39 CH30CPOCH2CH2CHCCH3l2)2 p -95 88.2 

40 CH30CPOCHzCH2NCCH3 lzl2 p -95 88.6 

----------------------------------------------------------------------
41 <CH3ol zPOCHz -ö 
42 CCH30lzPOCH2-Q 
43 CCH30l zPOCHa-0 
44 CCH30lzPOCHz-Q 

45 CCH3o> 2POCH2-ö 
46 <CH3o> 2POCH2K 

x 

T 

T 
p 

p 

A 

A 

-70 

-70 

-95 

-95 

-80 

-80 

89.5 

89.0 

87.7 

87.1 

88.7 

88.7 

11 

12 

a Solvent: P = n-pentane; T = toluene; A = acetone. b Calculated using 
the Breit-Rabi equation; a(P) :!: 0.1 mT. All g-factors were 2.003 :!: 

0.001. 

(9) : Methyl dia1ky1- and dimethyl alkylphosphites (31-36>. 

The difference in signa! strength is more pronounced at 1ow tempe

ratures. The intensities decrease upon going from X = s, via X = CH2 
to X = 0. Increasing the temperature results in a diminishing differ

ence in signal intensity between the compounds examined. The methyl 

dialky1phosphites show the same properties as their dimethylalkyl ana

logues. The signal strength of the farmer, however, was already 1ess 
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than that of the latter, due to the decreasing molar concentration. 

(10) : Methyl dialkyl- and dimethyl alkylphosphites containing a trip

ly connected hetero atom (37-40). 

The phosphites of this group showed the same features as those in 

group (9). At low temperatures a large difference in signa! intensity 

between the CH- and N-compounds is present. Upon increasing the tempe

rature, the difference in intensity diminishes and finally disappears. 

(11) : Dimethyl alkylphosphites containing a ring system (41-44>. 

The phosphoranyl radicals produced by these phosphites all revealed 

the same properties as already mentioned for the previous groups. In 

all cases the CH2-compound produced the strongest signals. The magni

tude of the effect seems practically the same in both cases. However, 

a direct comparison is not possible, due to the difference in molecu

lar weight between the five- and six-membered ring phosphites. 

(12) : Dimethyl tetrahydrofurfurylphosphites (45-46). 

The last pair of phosphites studied consisted of two compounds, 

both containing the tetrahydrofurfuryl group. In the first compound, 

the tetrahydrofurfuryl group was the only substituant present, whereas 

the second a lso contained an adenine base at the 1 '-pos i ti on of the 

ring system (Figure 4). 

Figure 4. The 2',3'-Q-isopropylidene adenosine-5'-dimethylphosphite. 

Only a small difference in signa! intensity, probably due to the 

difference in .molecular weight and molar concentration, could be de

tected. There was no difference in stability between the two com

pounds. 

5.2.4 Discussion. 

Analysing these data, it must be concluded that the presence of an 
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additional electronegative hetero atom in the phosphorus ligands has 

a dramatic effect on the radical formation. If a closer look is taken 

at the data obtained for the three main groups, it can be deduced that 

the introduetion of a nitrogen or oxygen atom in the P-o-c-c-x-e frag

ment results in a decrease in signa! strength, especially at low tem

peratures. The introduetion of a sulfur atom has a somewhat different 

effect, resulting in an increase in signa! intensity. 

This interesting phenomenon can be explained as being a result of 

the well-known gauche-effect6. This effect is based on the conforma

tional preferenee for a gauche orientation of the vicinal oxygen atoms 

in the common P-0-C-C-0 fragment. 

A recent study7, concerning the influence of the gauche-effect on the 

conformation of phosphates and phosphoranes corresponding to the phos

phites of the present study, clearly showed the influence of the 

nature of the additional hetero atom. In an additional investigation8 

it was demonstrated that the results of the electrooie effects present 

in the phosphate compounds are also valid, to the same extent, in the 

corresponding phosphite compounds. 

x Xg Xt 

s 0.35 0.65 

CH2 0.47 0.53 

0 0.76 0.24 

CH(CH3l 0.43 0.57 

N(CH3l 0.51 0.49 

Conformational analysis9 of the c1-c2 bond in the phosphites accu

rately reflect the properties of the substituting hetero atom. In case 

X = CH2 or CH(CH3), the C1-c2 bond strongly tends to the sterically 

favourable trans-conformation, especially at low temperatures. 

Replacement of X = CH2 by X = 0, or X = CH(CH3l by X = N(CH3l re

sults in a distinct preferenee for the gauche-state, due to the al

ready mentioned gauche-effect. The expected electrastatic repulsion 

between the hetero atoms is fully expressed in case X = S. It is known 

80 



that between oxygen and sulfur no gauche-effect occurs6b and although 

sulfur nominally possesses the same electronegativity as carbonlO, 

there is a charge density on sulfur due to the ability of this element 

to use i ts d-or bitals as polarization functions12. This re sul ts in a 

strong preferenee for the trans orientation of 01 and S in the com

pounds investigated. The relevant data of the investigations are col

lected in Table IV. 

The results of the present study are comparable with earlier work 

on the conformation of the cyclic phosphorus analogues (e.g. the 

tetrahydrofurfuryl phosphates and phosphoranes), which have a highly 

similar conformation13. From these data i t may be concluded that in 

case a hetero atom is introduced into the P-0-c-c-x-c fragment, the 

conformation around the c1-c2 bond changes considerably. Furthermore, 

taking into account that the gauche-conformation (01 and X gauche) 

produces the largest steric bindrance, i t is now possible to under

stand the results obtained for the compounds listed in Table III (vide 

supra). 

At low temperatures, the sulfur containing phosphites mainly occur 

in a trans-conformation, in which steric bindrance is reduced to a 

minimum. As a result, the phosphites produce a very strong phosphoran

yl doublet. The phosphites containing the CH2 or CH(CH3l group behave 

as expected. They mainly appear in a trans-conformation, although the 

population density is somewhat less than in the sulfur analogue, re

sulting in a fairly strong phosphoranyl doublet. 

The phosphites possessing the nitrogen or oxygen groups preferably 

obtain a gauche-conformation at low temperature, which results in a 

larger steric bindrance and a decrease in signal intensity as compared 

to the sulfur and carbon analogues. 

Upon raising the temperature, the differences in signa! strength 

diminish and finally disappear. This is consistent with the fact that 

the difference in population densities9 is also less pronounced at 

elevated temperatures, It can therefore be concluded that it is indeed 

the gauche-effect which is responsible tor the behaviour of the com

pounds examined. The data obtained for the adenosine phosphoranyl rad

icals show that the radicals possess the same stability and ease of 

formation as the normal tetrahydrofurfuryl compound. It can therefore 

be concluded that the presence or absence of the adenine base has no 

influence on the radical formation. 

81 



5.2.5 Ooocluding ramarks. 

This study clearly demonstratas the impact of steric and electronic 

effects on the formation of phosphoranyl radicals in solution. It is 

shown that steric effects play an important role in the formation of 

phosphoranyl radicals derived from trialkyl phosphites. It is conclu

ded that if the parent phosphite contains bulky substituents at the ~

position in the molecule, no phosphoranyl radicals will be formed. 

The dimethyl alkylphosphites, on the other hand, form an excellent 

group of compounds which can be used in the investigation of phosphor

anyl radicals in solution. In these compounds no steric bindrance oc

curs, therefore other effects influencing the radical formation can be 

examined. Moreover, it is concluded that the presence of the gauche

effect, which causes a conformational preferenee in the ligands by 

which a larger steric bindrance is produced, results in a decrease in 

radical formation. 

This study also shows that the ESR-technique provides an excellent 

means of studying the influence of steric and electronic factors, such 

as the gauche-effect, on radical formation. The results are in excel

lent agreement with the data obtained from other studies concerning 

the gauche-effect. 

5.3 EXPERIMENTAL SH:'.riaf 

5.3.1 S:ynthesis. 

The trialkylphosphites used in this work were either commercially 

available or were prepared according to standard procedures14, The di

methyl alkylphosphites were prepared from chlorodimethoxyphosphine and 

the desired alcohol, whereas the methyl dialkylphosphites were prepar

ed analogous to a method described by Miehalski et a1.15 All phos

phites were distilled under reduced pressure prior to usage. Their 

purity was chequed by 1H and 31P NMR techniques. N-pentane, toluene 

and acetone were dist~lled and dried over molecular sieves. Di-t-butyl 

peroxide was obtained from Merck and was purified before use. 

5.3.a Irradiation and ESR. 

The techniques employed for the dateetion of ESR-spectra during 

continuous u.v. irradiation have been described previously16, A Varian 

E-4 ESR-spectrometer, equipped with a variabie temperature accessory, 
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was used in conjunction with a Philips 500 H mercury lamp equipped 

with a collimating lens system. A condensing lens focussed the light 

into the cavity of the spectrometer. 

The samples, consisting of the peroxide (15 % v/v) and the phos

phite (10 % v/v)17 in n-pentane or toluene solvent, were prepared 

using deoxygenated reagents and solvents. The samples were prepared 

in 4 mm quartz tubesiS and sealed under a nitrogen atmosphere just 

prior to insartion into the spectrometer. Sample temperatures we re 

monitored by a thermocouple inside the spectrometer. The reactions 

were performed in the ESR-tube, directly in the cavity. The samples 

were photolysed only for a short period of time, in order to avoid any 

complications resulting from the build-up of products. The signal in

tensities were measured using the low-field line of the phosphoranyl 

doublet. These lines approximately possessed the same shape and line

width, thus permitting a quantitative comparison of the various com

pounds. The spectroscopie parameters of the phosphoranyl radicals stu

died were calculated using the Breit-Rabi equationl9, 

5.3.3 Product analysis. 

Product analyses were performed after prolonged irradiation using 

lH and 3lp NMR techniques. lH NMR-spectra were run on a Hitachi-Perkin 

Elmer R-24B spectrometer at 60 MHz, using TMS as internal standard. 
31P NMR-spectra were run in the FT-mode at 36.4 MHz on a Bruker HX-90 

spectrometer with a Digilab FT-NMR-3 pulsing accessory. 31P chemica! 

shifts were related to 85% H3P04 as external standard and are desig

nated positive if downfield with respect to the reference. 
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CHAPTER 6* 

Intramolecular Electron Transfer in Phosphoranyl Radicals. 
An Electron Spin Resonance Study on the Stereoisomeriza
tion of Phenylphosphoranyl Radicals in Solution 

An electron spin resonance study performed on a series of phenyl

phosphoranyl radicals generated either by u.v. irradiation of solu

tions containing the corresponding P(III) or P(V) compounds and a di

alkylperoxide, or by electrochemical reduction of the corresponding 

phosphonium salts, is described. It is demonstrated, by the careful 

examination of the phenylphosphoranyl radicals formed, that the in

itial precursor structure strongly defines the ultimate structure of 

the radicals detected. 

Furthermore, the transformation of a trigonal bipyramidal phenyl

phosphoranyl radical into its tetrabedral counterpart could actually 

be observed for the first time. This study therefore provides the pre

regulsites necessary for the isomerization process to take place. 

* de Keijzer, A.E.H.; Buck, H.M., Phosphorus and Sulfur, 1988, in 

press. 
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6.1 INTRODUCTI<B 

During the past decade, the generation of phosphoranyl radicals in 

solution has been the topic of many ESR studies. A variety of phos

phoranyl radicals has been generated, mostly by homolytic addition of 

alkyl, thiyl or alkoxyradicals to phosphorus(III) compounds1. 

The structure and electronic configuration of the phosphoranyl rad

icals studied seemed markedly dependent on the nature of the ligands 

around the central phosphorus atom. Usually, the structure of the 

phosphoranyl radicals has been discussed in terros of a distorted tri

gonal bipyramidal configuration in which the unpaired electron oc

cupies an equatorial position (TBP-e). 

A B 

Figure 1. Phenylphosphoranyl radicals in a TBP-e (A) and tetrahadral 

<B> configuration. 

There are, however, several known examples of radicals in which the 

unpaired electron is centered on one of the ligands rather than on the 

central phosphorus atom2. As an important example of radicals display

ing both types of radical structures, the phenylphosphoranyl radicals 

should be mentioned. 

From previous studies3 it was concluded that there are two genera-l 

types of phenylphosphoranyl radicals wi th the unpaired electron een

tered either mainly on the phosphorus atom, or on the phenyl ring 

(types A and B, see Figure 1). 

It has been suggested4 that, in gener al, all the reactions of 

P(III) compounds with e.g. alkoxy radicals proceed via the TBP phos

phoranyl radical, but that in case phenyl ligands are present a delo

calization of the unpaired electron into the phenyl ring may occur 

(Figure 2, vide intra). It appears that electron withdrawing ligands 

favour the formation of the intermediate TBP radicals, whilst substi

tuents which are capable of inductive or conjugative stabilization. of 
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a positive charqe on phosphorus favour the tetrabedral structure. 

Until now, it has been virtually impossible, even by laser flash 

photolysis using a dateetion system capable of nanosecond responseS, 

to monitor the direct chemical transformation of the intermediate TBP 

radical to a tetrabedral structure. 

•OR' 
OR' rCJ 
I.-~ •-P, I R 
R 

Figure 2. Isomerization pathway tor phenylphosphoranyl radicals. 

In this chapter an ESR study on several phosphorus model compounds 

is described which will allow the determination of the correct pre

requisites necessary to observe the actual transformation. 

6. 2 RESULTS AJ1D DISCUSSION 

6.2.1 Se1ected Model Compounds. 

Recent observations by Hamerlinck et al.6 regardinq the dependenee 

of the ultimate radical structure on the type of radical precursor 

used, were chosen as a starting point for the present study. 

In their work, they demonstrated that the photolysis of compound 1 

(see Fiqure 3) in the presence of di-t-butylperoxide yields phosphor

anyl radioals with an a(P) of 65.2 mT, while no further hyperfine 

splittings were observed. The magnitude of the phosphorus splitting, 

tagether with the TBP structure of the precursor phospborane, urged 

them to characterize the structure of the phosphoranyl radical as 

TBP-e, with tbe unpaired electron located on phosphorus in an equa

torial position (1'), 

Cathodic reduction of the corresponding tetrabedral phosphonium 

sa1t 2 in acetonitrile solution afforded radioals exhibiting an iso

tropie ESR spectrum with a low hyperfine couplinq to phosphorus and a 

significant hyperfine coupling to the aromatic hydrogens, indicating 

that the unpaired electron is mainly located in the phenyl rings, with 

phosphorus in a tetrabedral confiquration (2'). 
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Interestingly, however, a transformation of the TBP-e radical 1' to 

the tetrabedral radical 2' could not be induced. The behaviour of 1' 

is therefore in sharp contrast with the analoqous acyclic radicals3d 

possessing iso-electronic ligands. These radical species show a low 

a(P) value with the unpaired electron located on the phenyl rings, re

gardless of the manner in which they are prepared. 

H3C CH3 H3C CH3 

HJ~ tBuO· .J3QJ 
b;?© C6H5CH3, b;?© 203 K 

H3C CH3 H3C CH3 

1 1' 

6~ .. - H3C fH3 

I 4 

~~p tp CH3CN, 228 K 

HJé CHJ HJé CHJ 

2 2' 

Figure 3. Formation of TBP and tetrabedral phenylphosphoranyl radicals 

in solution, according to Hamerlinck et a1.6 

The main reason for the anomalous behaviour of 1' is probably the 

incorporation of a considerable amount of rigidity into the precursor 

phosphorane 1. As a result, the corresponding TBP-e radical 1' is sta

bilized by the equatorial-axial alignment of both benzoxa-moieties, 

which reduces the ring-strain in the five-membered rings, toqether 

with the preferred axial and equatorial positioning of the oxygen and 

carbon atoms respectively. 

On the basis of these observations several phosphorus model systems 

were prepared (Figure 4, vide intra). In these compounds the impact of 

these stahilizing factors is partially reduced, therefore allowing the 

isomerization to a tetrahadral radical to take place. 

Compound 3 was selected in order to determine the influence of the 

axially located oxygens on the radical stability, by replacing them by 
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less electronegative carbon atoms. In compound 6 the influence of the 

rigidity of the two benzoxaphosphole rooieties was reduced by replacing 

one of them by a more flexible dioxaphospholane ring7. Compounds 4, 5 

and 7 were used as the tetrabedral analogues of these compounds. Care

ful examination of the radicals derived from compounds 3-7 made it 

possible to draw some conclusions about the driving force behind the 

isomerization process of phenylphosphoranyl radicals. 

3 4 5 

6 7 

Pigure 4. Model compounds 3-7 studied in this chapter. 

6.2.2 Photolysis and Radical Analysis. 

The phosphoranyl radicals described in this chapter, were produced 

directly in the cavity of the ESR spectrometer by employing the fol

lowing methods: 

a) Actdition of photochemically generated t-butoxy radicals to the ap

propriate trivalent phosphorus compounds (5 and 7), usuallyin toluene 

as solvent. 

b) Homolytic abstraction of the weakly bonded P-H hydrogen from five 

coordinated TBP phosphoranes (3 and 6), by means of photochemically 

produced t-butoxy radicals. 

c) Electrochemical reduction of the corresponding phosphonium salt (4) 

usually in DMF/THF solvent. 
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The ESR parameters for the radical species generated from com

pounds 3-7 are collected in Table I. 

Tab1e I. ESR parameters for the phosphoranyl radicals derived from 

model compounds 3-7. 

Compounda 3 4 5 6d 6d 7 

T/°C -60 -30 -60 -60 -60 -60 

a(P)b 1.94 1. 48 1.00 76.6 1.62 1.62 

a(o-H)b _c 0.17 O.ll 0.87 0.87 

a(m-H)b _c 0.09 _c 0.16 0.16 

a(p-H)b _c 0.26 0.38 1.56 1.56 

a(CH2)b 1.1 0.54 0.54 

a Solvent toluene except 4 DMF/THF (1:1). bAlla-values in mT, all 
~-factors were 2.003 :!: 0.001. c Hyperfine splittings not resolved. 

The initially formed radicals 6' are TBP-e radicals, the secondary 
radicals 6" are tetrahadral and identical with those reported for com
pound 7. 

Compounds 3-5. 

The radicals generated from these compounds all showed the features 

of tetrahadral phenylphosphoranyl radicals8. In the radicals derived 

from compound 3 a doublet splitting of 1.94 mT to phosphorus was found 

while no further hyperfine splitting could be observed. Electrochemi

cal reduction of the corresponding phosphonium salt 4 resulted in a 

similar ESR spectrum with an a(P) of 1.48 mT and a well-observable 

hydragen hyperfine splitting pattern. Couplings of 0.09 mT (4H), 0.17 

mT (2H) and 0.26 mT (2H) were observed, indicating that the unpaired 

electron is mainly located in one of the biphenyl moieties. 

These observations are in excellent agreement with the data reported 

by Rothuis et az.9 

Comparison of the ESR spectrum of the radicals generated from com

pound 5 with the spectra obtained for compounds 3 and 4, revealed 

similar features. After computer simulation of the experimental spec

trum, the following hyperfine couplings were determined: a(P) = 1.00 

mT, a(p-H) = 0.38 mT (2H) and a(o-H) = 0.11 mT (2H). The coupling to 

the m-H's was not resolved. From the experiment with compound 5 it is 

now possible to conclude that this type of P(III) compound is also an 
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excellent starting compound for the generation of the desired tetra

bedral phenylphosphoranyl radicale. All speetral properties mentioned 

above for compounds 3-5, are typical for the tetrabedral phenylphos

phoranyl radical species. 

COffPOUnds 6 and 7. 

Upon generating phosphoranyl radicale from compound 6, an interest

ing phenomenom was observed. Two different radical species could be 

detected. One radical, present immediately after commencing photolysis 

shows an a(P) of 76.6 mT and an a(H) of 1.1 mT (lH), indicating the 

'presence of a TBP-e radical structure (type A). The other radical, 

which shows intense multi-line resonances in the center-field region, 

appears to be a secondary product since its concentration increases 

with the duration of the photolysislO, 

6" 

6' 6' 

2.5 mT 

Figure 5. ESR spectrum of radicals derived from compound 6 alter pro

longed photolysis, showing both types of radical species 6' 

<type A> and 6" <type B) present (upper trace> and a center

field expansion plot of the tetrabedral radical species 6" 

< lower trace >. 
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The magnitude of the phosphorus splitting and the presence of well

observable hyperfine splittings to the aromatic hydrogens are typical 

fora tetrahadral radical species (type B). A representative spectrum, 

recorded at -600C, in which both types of radicals are present is dis

played in Figure 5. 

Radicals deriv·ed from compound 7 (Figure 6) only gave rise to an 

ESR spectrum identical to the one found for the secondary radicals 6" 

derived from compound 6 after prolonged photolysis, indicating the 

presence of tetrahadral phenylphosporanyl radical species only. 

2.5 roT 

Figure 6. The experimental (upper trace> and computer simulated (lower 

trace> ESR spectrum of the tetrabedral radicals derived from 

compound 7. 

6.2.3 Assignment of the Hydragen Hyperfine Structure. 

TBP-e Radicals. 

In case of the initially detected TBP radicals derived from com

pound 6, a large hyperfine splitting (1.1 roT) of on1y one of the POCHz 

hydrogens has been detected. This is consistent with the results pre

sented by Cooper et az.ll In their work, they have determined the 

hyperfine splittings of a large number of phosphoranyl radicale incor

porating a five-membered dioxaphospholane ring. 
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They concluded that the ESR spectra of phosphoranyl radicals 8 ( see 

Figure 7) exhibit a hyperfine .splitting from only one of the guasi

apical ring protons H1 or H2. 

Accompanying quanturn chemica! calculations showed that the quasi

spical cis-proton (Hl), which forms part of a ~-plan arrangement with 

the orbital of the unpaired electron on phosphorus, is most likely to 

produce these splittings. Although their calculations predict coupling 

constants of 0.6-0.9 mT, hydragen splittings of only 0.2-0.4 mT were 

actually found. This discrepancy is probably due to the occurrence of 

conformational changes in the dioxaphospholane ring, tagether with 

ligand exchange processas around phosphorusl2. 

Their examination of radical compound 9 revealed a hyperfine split

ting of 0.55 mT for H1, which is in good agreement with the more rigid 

structure of this phosphorane. 

8 9 

Figure 7. Model compounds 8 and 9 studied by Caoper et az.ll 

In the study described in this chapter, a hydragen hyperfine split

ting of 1.1 mT (lH) is found for the TBP-e type radical compound 6'. 

On the basis of the calculations and the experiments dicussed above 

it can therefore be concluded that in the TBP-e radicals derived from 

compound 6 only one of the hydragens of the POCHz-group possesses the 

correct arrangement with the orbital of the unpaired electron on the 

phosphorus atom. Furthermore, the magnitude of the hydragen splitting 

indicates that the flexibility of the bensoxaphosphole ring is indeed 

very small. It also indicates that, under the experimental conditions 

applied, pseudorotstion processas are very unlikely to occur in this 

compoundl3. 

Tetrabedral radicals. 

Due to the complexity of the spectra observed for the tetrahadral 
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radical species generated from compounds 6 and 7, in principle differ

ent assignments are possible. Some insight into the fine structure of 

the ESR-spectra has been achieved by careful examination of partly 

substituted analogues of compound 7. 

First of all, it is noteworthy that the exocyclic substituant at

tached to phosphorus is not responsible for any observable hyperfine 

splittings. This has been inferred from experiments in which, upon re

placement of the -NCCH3)2 group by -c6H5 or -ocH3, no changes in the 

hyperfine structure of the ESR-spectrum could be detected. 

On the other hand it is also of interest to note that, in analogy 

with the features recorded for the TBP radicals, the hydrogens attach

ed to the POC-carbon also play an activa part in the completion of the 

speetral structure. This could be concluded from experiments perform

ed with compounds in which the POC-hydrogens were replaced by methyl 

substituents. The tentative assignment of the remaining hyperfine 

splittings to the aromatic hydrogens is based on the examination of 

saveral partly substituted benzoxaphospholes. Ortho-, meta- and para

substituted mono- and dimethoxybenzoxaphospholes were used to dater

mine the actual magnitude of the hyperfine splittings of the o-, m

and p-H's. After computer simulation of the spectra obtained (Figure 

6, vide supra), the assignment could be madel5. 

It is concluded that the spectrum, consisting of 36 lines, contains 

the following hyperfine splittings: a(P) = 1.62 mT, a(p-H) = 1.56 mT 

(lH), a(o-H) = 0.87 mT ClH), a(m-H) = 0.16 mT C2H) and a(CHz) = 0.54 

mT (28). These data are typical fora tetrabedral radical species and 

are in excellent agreement with those reported in previous work on 

analogous cyclic and acyclic tetrahadral phosphorus radicalsla,3b,d,6. 

6.2.4 Discussion. 

On the basis of the data presented above, it is now possible to de

termine the prerequisites necessary to observe the transformation of 

a TBP-e phenylphosphoranyl radical into its corresponding tetrabedral 

radical species. It can be concluded that the rigidity incorporated in 

the precursor TBP compounds is indeed the main reason for the stabili

zation of the corresponding TBP-e radical. Upon removal of some of the 

stabilizing factors, the actual transformation of a TBP into a tetra

hedeal radical species could be detected tor the first time. Although 

the results do not provide direct conclusive evidence for the hypo-

95 



thesis that, in general, all the reactions of P(III) compounds wi th 

addendum radioals proceed via a TBP phosphoranyl intermediate, it does 

show that in case phenylphosphoranyl radicals are involved, the iso

merization will most likely take place by the pathway depicted in 

Figure 2 (vide supra). 

6.2.5 Concluding Remarks. 

This study clearly demonstratas the important influence of the 

nature of the ligands around the central phosphorus atom on the ulti

mata radiaal structure. It is shown that a precursor phosphorane in 

which a rigid TBP backbene is incorporated gives rise to the formation 

of a TBP-e type radical species. If, on the other hand a tetrahadral 

precursor is used, only the tetrahadral radical is detected. Further

more, it is established that upon reduction of the stability of the 

TBP backbone, e.g. by introducing a more flexible dioxaphospholane 

ring, the isomerization of the initially formed TBP-e radical into an 

energetically more stable tetrabedral radical species can be observed. 

Moreover, this study further substantiates the hypothesis that, in 

general, reactions of P(III) compounds with other radical species pro

ceed via a TBP intermediate. 

6.3.1 Spectroscopy. 

All NMR spectra we re run in the FT mode on a Bruleer AC-200. The 

chemica! shifts present in the 1H and l 3C NMR spectra, which were re

corded at 200.1 MHz and 50.3 MHz respectively, are rafereneed against 

TMS as internal standard (ó = 0). The chemica! shifts in the 31P NMR 

spectra, recorded at 80.9 MHz, are related to 85 % H3P04 as external 

standard and are designated positive if downfield with respect to the 

reference. All spectra were recorded in CDCl3 unless stated otherwise. 

The techniques employed for the dateetion of the ESR-spectra during 

continuous u.v. irradiation have been described previouslylb. 

The electrochemical reduction of phosphonium salt 4 was performed in a 

flat ESR sample cell using platinum electrodes. The experiments were 

carried out using a DC current of 10 pA to 1 mA at a voltage of 0-400 

V. The best results were obtained at 15 V and 0.3 mA. Speetral simula

tions were performed using the standard Gaussian Simulation programl6. 
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6.3.1 S}mthesis. 

All solvents and commercial reagents were reagent grade and were 

dried prior to use with the appropriate drying agents. All moisture 

sensitive compounds were handled under a dry nitrogen atmosphere 

throughout the experiments. 

2,2'-dibromobiphenyl. 

This compound was prepared from 1,2-dibromobenzene according to a 

literature procedurel7. Mp: 80-81 OC; Yield: 40 %. 1H NMR: & 7.18-7.39 

(m, 6H, ArH), 7.60-7.67 (m, 2H, o-H). 13C NMR: & 123.4 (C-Br), 127.0 

Co-cl, 129.3 (p-el, 130.9 Cm-cl, 132.5 Cm-H), 142.9 (ipso-c). 

Bis(2,2'-biphenylene)hydrogenphosphorane <3>. 

The phosphorane was prepared from bis(2,2'-biphenylenelphosphonium

iodide according to a 1iterature procedure18, Mp: 97 OC; Yield: 57 %. 
lH NMR (THF-dal: & 7.30-7.82 (m, 16H, ArH), 9.23 (d, 1H, P-H, Jp-H = 

453Hz). 31P NMR (THF-d8): & -111.1. 

Bis(2,2'-biphenylene>phosphonilllliodide (4). 

This compound was prepared from 2,2'-dibromobiphenyl according to a 

metbod described by Hellwinkez.l9 Mp: 297 0C (dec.); Yield 73 %. 
lH NMR CCD30Dl: ó 7.60-7.87 (m, 10H, ArH), 8.01-8.10 (m, 6H, ArH). 13C 

NMR (CD30D): & 118.0 cc-p+), 125.2 Co-cl, 132.2 Cm-cl, 132.6 Cm-cL 

138.7 (p-C), 147.6 (ipso-cl. 31P NMR CCD30D): & 28.3. 

9-Di-.ethyluino-9-phosphafluorene ( 5). 

This compound was prepared according to the method described by 

Allen et az.20 Bp: 102 °C (0.05mm); Yield 37 %. 1H NMR: & 2.45 (d, 6H, 

2CH3), 7.26-7.83 (m, BH, ArH). 13C NMR: & 41.0 C2CH3), 120.8 (p-c), 

127.1 (o-e), 128.8 (m-e), 130.3 (m-e), 141.1 CP-c), 142.5 (ipso-cl. 

3lp NMR: ó 57.6. 

4',4',5',5'-TetrBJ~ethyl-3H-2,1-benzoxaphospho1e-1-spiro-2'-f1.3.2J-di

oxaphospholan ( 6 >. 
This phosphorane was synthesized according to the method described 

by Dahl et a1.14 Mp: 98 - 100 OC; Yield: 58 %. 1H NMR: S 1.09 (s, 3H, 

CH3), 1.24 Cs, 3H, CH3l, 1.33 (s, 3H, CH3), 1.37 (s, 3H, CH3), 4.83-

5.11 Cm, 2H, POCH2l, 7.21-7.50 Cm, 3H, ArH), 8.05 Ct, lH, o-H), 7.76 

(d, lH, P-H, Jp-H =732Hz). 31P NMR: & -32.5. 

1-Di-.ethylaJiino-3H-2 ,1-benzoxaphosphole (1). 

The compound was obtained from the reaction of benzylalcohol and 

CCH3l2NPClz according to a 1iterature procedurel4. Bp: 58 oe (O.lmm); 

Yield: 51 %. 1H NMR: S 2.49 Cd, 6H, 2CH3l, 5.03-5.43 (m, 2H, POCHzl, 

97 



7.23-7.50 (m, 4H, ArH). 31P NMR: 6 136.5. 

The substituted benzoxaphospholes used for the assignment of the 

hydrogen splittings in compound 7 were synthesized from the commer

cially available substituted benzyla1coho1s, except for the compound 

in which the POC-hydrogens were replaced by methyl substituents. This 

compound was prepared from 2-(2-bromophenyllpropan-2-ol according to 

the method described for 7. The spectroscopie parameters of all these 

compounds are essentially the same as those obtained for compound 7 

and are therefore not reported separately. 

(1) See e.g: (a) Giles, J.R.M.; Roberts, B.P. J. Chem. Soc., Perkin 

Trans. II, 1981, 1211. (b) de Keijzer, A.E.H.; Buck, H.M. Phos

phorus and Sulfur, 1987, 31, 203. (c) Davies, A.G.; Parrott, M. 

J.; Roberts, B.P. J. Chem. Soc., Perkin Trans. II, 1976, 1066. 

and raferences cited therein. 

(2) E.g. vinyl- and imino(trialkoxylphosphorany1 radicals, see Bent

rude, W.G. Acc. Chem. Res., 1982, 15, 117. and raferences cited 

therein. 

(3) (a) Bentrude, W.G.; Moriyama, M.; Mue11er, H-D.; Sopchik, A.E. 

J. Am. Chem. Soc., 1983, 105, 6053. (bl Boekestein, G.; Jansen, 

E.H.J.M.; Buck, H.M. J. Chem. Soc., Chem. Commun., 1974, 118. 

(c) Mishra, S.P.; Symons, M.C.R. J. Chem. Soc., Chem. Commun., 

1974, 606. (d) Davies, A.G.; Parrott, M.J.; Roberts, B.P. J. 

Chem. Soc., Chem. Commun., 1974, 973. 

(4) Symons, M.C.R. Mol. Phys., 1975, 30, 1921. 

(5) Roberts, B.P.; Scaiano, J.C. J. Chem. Soc., Perkin Trans. II, 

1981, 905. 

(6) Hamerlinck, J.H.H.; Schipper, P.; Buck, H.M. J. Chem. Soc., 

Chem. Commun., 1980, 975. 

(7) Attempts to synthesize additional model compounds in which the 

remaining oxygen atom in the benzoxa moiety was replaced by a 

less electronegative -N<Rl group were not succesful. The start

ing P(IIIl compound could be detected, but it was too unstable 

to allow a proper purification. Further experiments regarding 

the synthesis of compounds in which the five-membered ring in 

the benzoxaphosphole moiety was expanded to a six-membered ring 
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even failed to produce the precursor P(III) compounds. 

(8) Attempts to find evidence of additional free radicals, especial

ly those involving TBP radicals, by investigating a large mag

netic field range and using higher microwave power, we re not 

succesful. 

(9) (a) Rothuis, R.; Luderer, T.K.J.; Buck, H.M. Reel. Trav. Chim. 

Pays-Bas 1972, 91, 836. (b) Rothuis, R.; Font Freide, J.J.H.M.; 

Buck, H. M. Reel. Trav. Chim. Pays-Bas 1973, 92, 1308. 

(10) Experiments performed with the corresponding phosphate compounds 

indeed showed that this type of radical is not produced by di

rect reaction of the peroxide radical with the benzoxa moiety of 

the molecule. It is therefore justifiable to conclude that the 

second radical species is a secondary product resulting from the 

isomerization of the primary TBP-e radicals. 

(11) Cooper, J.W.; Parrott, M.J.; Roberts, B.P. J. Chem. Soc., Perkin 

Trans. II, 1977, 731. 

(12) Dennis, R.W.; Roberts, B.P. · J. Chem. Soc., Perkin Trans. II, 

1975, 140. 

(13) This is confirmed by a study by Dahl et a1.14 in which the pseu

dorotatien barrier of compound 6 has been determined to amount 

to 70.3 kJ.mol-1. The magnitude of this barrier does not allow 

pseudorotatien at the temperatures used in this study. 

(14) Dahl, B.M.; Dahl, 0.; Trippett, S. J. Chem. Soc., Perkin Trans. 

I, 1981, 2239. 

(15) Unfortunately, it was not possible to collect any conclusive 

evidence that the assiqnment of the hyperfine sp1ittings is ab

so1utely correct. An ENDOR study of the radica1 derived from 

compound 7 wou1d probab1y give the necessary information for a 

more definite assiqnment. The match between the experimental and 

reconstructed spectrum, however, is so close that, despite this 

minor uncertainty, it may be concluded that the reconstructed 

and experirnenta1 spectra are essentia11y the same. 

(16) GS program, copyright Bruker Speetrospin AG, Switzerland. 

(17) Gilman, H; Gay, B.J. J. Org. Chem., 1957, 22, 447. 

(18) Hellwinkel, D. Chem. Ber., 1969, 102, 528. 

(19) Hellwinkel, D. Chem. Ber., 1965, 98, 576. 

(20) Allen, O.W.; Millar, I.T. J. Chem. Soc. <C>, 1969, 252. 
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SUMMARY 

In this thesis a nuclear magnetic resonance (NMR) and electron spin 

resonance (ESR) study on the dynamica of pentacoordinated organophos

phorus compounds is described. Several experimental investigations 

concerning the structural and dynamic properties of pentacoordinated 

phosphorus compounds are presented. The attention is focussed in par

ticular on the influence of steric and stereoelectronic effects, such 

as the gauche-effect and the conformational transmission effect, on 

the fundamental dynamic behaviour of organophosphorus compounds. 

The conformational transmission effect occurs if a phosphorus com

pound possessing a P-o-e-c-o moiety expands its coordination from four 

to five. The influence of this effect on the rate of intramolecular 

ligand reorganization around the central phosphorus atom is described 

in chapter 2. In this chapter a 13C NMR variabie temperature study is 

presented on a series of pentacoordinated phosphorus compounds. From 

these experiments it can be concluded that the Rresence of conforma

tional transmission in a pentacoordinated phosphorus compound gives 

rise to an enhancement of the pseudorotatien rate in this compound. 

In chapter 3 a possible alternative mechanism is investigated in 

which the involvement of a hexacoordinated zwi tterionic trans i ti on 

state might account for the accelerated pseudorotation. In this inves

tigation, using several 13C NMR variabie temperature experiments in 

combination with 1H NMR conformational analysis studies, it is shown 

that the rate enhancement of the intramolecular ligand reorganization 

around phosphorus is brought about by the presence of the conforma

tional transmission effect exclusively. 

The impact of the concept of conformational transmission on reac

tions of phosphorus compounds in which, during the course of the reac

tion, a pentacoordinated transition state susceptible to conformation

al transmission is present, is described in chapter 4. In this chapter 

a 31P NMR kinetic study on the solvolysis reaction of several pbos

pbate esters is presented. From the experiments it could be inferred 

that phosphates incorporating a P-o-e-c-o fragment show an accelera

tion of the salvolysis as compared to that of the corresponding phos

phates in which this fragment is absent. Moreover, it is briefly dis

cussed that the conformational transmission induced differences in 

solvolysis rates might be used in the investigation of biologically 
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important phosphate ester reactions such as the hydralysis of ATP, 

DNA and RNA. 

Chapter 5 camprises a set of ESR studies on a series of pentacoor

dinated phosphoranyl radicals in solution. In these studies the influ

ence of steric and stereoelectronic effects on the formation and sta

bility of pentacoordinated phosphorus radicals is examined. From the 

first study it can be concluded that steric hindrance, due to the 

presence of bulky substituents in the precursor phosphites, has a con

siderable influence on tbe formation of pentacoordinated phosphorus 

radicals in case trialkyl- or methyl dialkylphosphites are concerned. 

Tbe formation of radicals derived from dimethyl alkylphosphites, how

ever, is not influenced by the presence of a bulky alkyl group. 

In tbe second study the impact of the gauche-effect on tbe formation 

of radicals from sterically unbindered dimethyl alkylphosphites was 

investigated. From these experiments it could be inferred that stereo

electronic effects, such as tbe gauc,be-effect are very well capable 

of influencing the formation of phosphoranyl radicals in solution. 

Finally, in chapter 6, an ESR study is described on tbe influence 

of tbe structure of tbe precursor compounds on tbe formation and be

baviour of phenylpbosphoranyl radicals in solution. It is demonstrated 

tbat tbe use of a tetrabedral precursor compound results in the forma

tion of a tetrabedral phenylphospboranyl radical only, while a trigo

nal bipyramidal (TBP) precursor compound gives rise to eitber a TBP or 

tetrabedral phenylpbosphoranyl radical depending on the rigidity of 

the TBP backbone of the precursor. In this study the actual transfor

mation of a TBP radical into its tetrabedral counterpart could be ob

served for tbe first time. 
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SAMENVATTING 

In dit proefschrift wordt een onderzoek beschreven naar het funda

menteel dynamisch gedrag van vijfgecoÖrdineerde fosforverbindingen, 

hetgeen met behulp van kernspinresonantie (NMR) en elektronenspinreso

nantie CESR) technieken is uitgevoerd. Verscheidene experimentele stu

dies naar de strukturele en dynamische eigenschappen van vijfgecoÖrdi

neerde fosforverbindingen worden behandeld. De aandacht richt zich in 

het bijzonder op de invloed van sterische en stereo-elektronische ef

fekten, zoals het gauche- en het conformatietransmissie-effekt. 

Het conformatietransmissie-effekt kan op treden als een fosforver

binding die een P-o-e-c-o fragment bevat een coÖrdinatieverhoging van 

vier CPCIV)) naar vijf (P(V)) ondergaat. De invloed van dit effekt op 

de snelheid van intramolekulaire liganduitwisseling rond het centrale 

fosforatoom wordt beschreven in hoofdstuk 2. Dit hoofdstuk omvat een 
13c NMR variabele temperatuur studie aan een aantal vijfgecoÖrdineerde 

fosforverbindingen. Uit de experimenten kan worden gekonkludeerd dat 

de aanwezigheid van conformatietransmissie in een vijfgecoÖrdineerde 

fosforverbinding aanleiding geeft tot de verhoging van de pseudorota

tiesnelheid in deze verbinding. 

In hoofdstuk 3 wordt een mogelijk alternatief mechanisme, waarbij 

de aanwezigheid van een zesgecoÖrdineerde zwitterionische overgangs

toestand de oorzaak van de versnelde pseudorotatie kan vormen, onder

zocht. In dit onderzoek, waarbij gebruik wordt gemaakt van diverse 13C 

NMR variabele temperatuur experimenten gekoppeld aan 1H NMR conforma

tie analyses, wordt aangetoond dat de snelheidstoaname van de intra

molekulaire liganduitwisseling rond fosfor alleen wordt bepaald door 

de aanwezigheid van het conformatietransmissie-effekt. 

De invloed van conformatietransmissie op raakties van fosforverbin

dingen waarin tijdens het verloop van de reaktie een vijfgecoÖrdineer

de overgangstoestand aanwezig is, wordt beschreven in hoofdstuk 4. In 

dit hoofdstuk wordt e~n 31 P NMR kinetiek studie gepresenteerd over de 

solvolysereaktie van verschillende fosfaatesters. Uit de experimenten 

kan worden afgeleid dat fosfaten waarin het P-O-e-c-o fragment aanwe

zig is een versnelde solvolyse vertonen in vergelijking met die van 

de corresl{Onderende fosfaten waarin dit fragment ontbreekt. Voorts 

wordt in het kort besproken hoe de door de conformatietransmissie ver

oorzaakte verschillen in solvolysesnelheid mogelijk kunnen worden ge-
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bruikt bij het onderzoek van biologisch belangrijke fosfaatesterraak

ties zoals de hydrolyse van ATP, DNA en RNA. 

Hoofdstuk 5 omvat de beschrijving van een tweetal ESR studies aan 

een serie van vijfgecOÖrdineerde fosforradikalen in oplossing. In deze 

onderzoekingen wordt de invloed van sterische en stereo-elektronische 

effekten op de vorming en stabiliteit van vijfgecoÖrdineerde fosforra

dikalen onderzocht. Uit de eerste van deze studies kan worden gekon

kludeerd dat sterische hindering, veroorzaakt door de aanwezigheid van 

grote alkylgroepen in de fosfieten die als uitgangsstof bij de radi

kaalvorming worden gebruikt, een belangrijke invloed heeft op de mate 

van radikaalvorming indien trialkyl- of methyl-dialkylfosfieten worden 

gebruikt. De vorming van vijfgecOÖrdineerde fosfol.'radikalen afgeleid 

van dimethyl-alkylfosfieten wordt daarentegen niet door de grootte van 

de alkylgroep bepaald. In de tweede studie wordt de mogelijke invloed 

van het gauche-effect op de vorming van radikalen uit sterisch onge

hinderde dimethyl-alkylfosfieten onderzocht. Uit deze experimenten kan 

worden opgemaakt dat stereo-elektronische effekten zoals het gauche

effekt zeer zeker een belangrijke invloed op de mate van radikaal vor

ming kunnen uitoefenen. 

Tenslotte wordt in hoofdstuk 6 een ESR studie beschreven naar de 

invloed van de struktuur van de uitgangsverbinding op de vorming en 

het gedrag van fenylfosforanylradikalen in oplossing. Er wordt aange

toond dat het gebruik van tetraëdrische uitgangsstoffen enkel aanlei

ding geeft tot de vorming van tetraëdrische fenylfosforanylradikalen, 

terwijl bij het gebruik van trigonale bipyramidale (TBP) uitgangsstof

fen zowel TBP radikalen als tetraëdrische radikalen kunnen worden ge

vormd in afhankelijkheid van de starheid van de TBP struktuur. In dit 

onderzoek kon bovendien voor het eerst de intramolekulaire isomeriza

tie van een TBP radikaal naar zijn tetraëdrisch analogon worden waar

genomen. 
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STELLINGEN 

behorende bij het proefschrift 

A NUCLEAR MAGNETIC RESONANCE AND ELECTRON SPIN RESONANCE 

STUDY ON THE DYNAMICS OF PENTACOORDINATED 

ORGANOPHOSPHORUS COMPOUNDS 
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de basegevoeligheid van de in het cellulose aanwezige aldehyde

groepen. 

Monsan, P.; Combes, D.; Alemzadeh, I. Biotechnol. Bioeng., 1984, 

26, 658. 

7. Het in eerste instantie accepteren en later weer afwijzen van de 

controversiële verdunningsexperimenten van Benveniste et al. 
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