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Abstract: The electronic structures of ethylenephosphochloridate, 1,2-

phenylenephosphochloridate and 2,2,2-trichloro-1,3,2-benzodioxaphosphole have 

been studied by HeI/HeII photoelectron spectroscopy (UPS) and Green’s function 

calculations. Our results indicate the importance of hyperconjugative interactions 

between the 5-membered ring and the fused aromatic ring. Some implications of our 

results for rates of nucleophilic substitution reactions on phosphorus are discussed.  
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1. Introduction 

    Substituted phosphate esters (containing –POR functional groups) are of 

fundamental importance in biological chemistry where many biochemical reactions 

involve nucleophilic substitution reactions on the phosphorus centre: SN2(P). These 

esters are not only part of nucleosides (where they bond to nucleotide bases) but are 

also representatives of transitions states involving pentacoordinated phosphorus in 

enzyme-substrate interactions. Furthermore, phosphate esters can act as biological 

protective groups which can facilitate diffusion of drugs across cell membrane. The 

phosphate esters as part of prodrugs can increase drug’s bioavailability and facilitate 

its delivery to body cells [1]. 

 

              I                                                II                                                        III 

 

  

            IV                                                 V 

Scheme 1. Ethylenephosphochloridate (I), 1,2-phenylenephosphochloridate (II) and  

2,2,2-trichloro-1,3,2-benzodioxaphosphole (III) studied in this work  

 

The understanding of electronic structure of phosphate esters and especially the 

effects of changes in phosphorus coordination from four to five is very important for 

understanding of the rate enhancements of SN2(P) type reactions [2]. We have used 
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UV photoelectron spectroscopy (UPS) to investigate the electronic structures of three 

phosphate esters (I-III) containing tetra and pentacoordinated phosphorus and 

compared their spectra with the previously reported spectra of tricoordinated 

phosphorus analogues IV  and V (Scheme 1) [3,4]. 

2. Experimental and Theoretical Methods 

    Samples of the compounds I-III were obtained from Fluka (I) and Alfa Aesar (II 

and III). The selection of studied compounds was governed by their thermal stability 

and volatility. The photoelectron spectra (Figs. 1-3) were recorded on the Vacuum 

Generators UV-G3 spectrometer and calibrated with small amounts of Xe gas which 

was added to the sample flow. The spectral resolution in HeI and HeII spectra was 30 

meV and 70 meV, respectively, when measured as the FWHM of the 3p
-1

 (
2
P3/2) Ar

+
 

← Ar (
1
S0) line. The vertical ionization energy values have been determined from 

intensity maxima. The samples of compounds I-III were recorded at 60, 65 and 50 

°C, respectively. The measured spectra were reproducible and showed no signs of 

decomposition e.g. no sharp peaks corresponding to small molecules as 

decomposition products were observed. The spectra were reproducible over long time 

intervals. After the measurements the sample residues were inspected and showed no 

discoloration or charring.  

    Quantum chemical calculations were performed with GAUSSIAN 03 software [5] 

and included full geometry optimization and natural bond orbitals (NBO) at the 

B3LYP/6-31G(d,p) level for each molecule. The optimized structures corresponded to 

the minima on the potential energy surface as inferred from the absence of imaginary 

harmonic vibrational frequencies. The optimized geometries were in agreement with 

the reported experimentally determined structures of I and II [6a,6c]. The calculated 

P-O, P=O and P-Cl bond lengths and OPCl bond angles were within ±0.02 Å and ±1
o
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of the experimental values [6].  I and II have different geometries of their 

phosphochloridate rings. In I the ring is puckered in order to minimize repulsive 

interactions between oxygen lone pairs [6b] (the puckering angle is 14.5
o
 [6c]).  The 

rigidity of the fused aromatic ring in II prevents the twisting of the phosphochloridate 

ring. The vertical ionization energies were calculated for the optimized structures 

using Green's function (GF) method at the 6-311+G(d,p) level which has been used 

successfully for the assignment of photoelectron spectra previously [7].  

   Results and Discussion 

    The photoelectron spectra of I-III are shown in Figs. 1-3 and their assignments are 

summarized in Table 1. The assignments are based on the results of Green’s function 

calculations, comparison with the spectra of related compounds (Scheme 1) and on 

the relative band intensity changes on going from HeI to HeII radiation. We note that 

HeII/HeI atomic photoionization cross-section ratios for C2p, O2p, P3p and Cl3p 

orbitals are 0.31, 0.64, 0.41 and 0.05,  respectively [8]. These values indicate that 

(relative to molecular orbitals with predominantly C2p character) bands 

corresponding to ionizations from orbitals with O2p character will increase in 

intensity on going from HeI to HeII. The orbitals with Cl3p character will show a 

prominent decrease in relative intensity under the same conditions. HeII/HeI relative 

intensities can thus be used as an aid in the assignments. We shall first briefly 

summarize the salient features of the spectra of individual compounds.  

   Molecule of I exists in the twist conformation in the gas phase. It was suggested that 

this particular conformer is the most stable due to avoidance of repulsive O-O 

interactions between endocyclic oxygens [6b]. Such interactions would be present in 

the axial conformer where carbon atoms and the two endocyclic oxygens lie in the 

same plane.  The lowest, well resolved band at 11.45 eV (in I) corresponds to 
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ionizations from two oxygen localized orbitals (nO) (Table 1). This assignment is 

consistent with the increase in relative intensity of 11.45 eV band on going from HeI 

to HeII (Fig.1, Table 1). Comparing spectrum of I with the oxygen lone pair energies 

measured in (CH3O)3PO suggests that 11.45 eV band corresponds to ionizations from 

the orbitals localized on the endocyclic oxygens.  This conclusion can be deduced as 

follows. In the spectrum of (CH3O)3PO oxygen ionizations of the methoxy groups 

appear at lower energy (10.81 eV)  than oxygen ionization of the P=O group (11.40 

eV). The replacement of one electron-donating methoxy group by electron-

withdrawing chlorine atom can be expected to increase (via inductive effect)  the 

oxygen lone pair ionization energy from 10.81 eV in (CH3O)3PO  to 11.45 eV in I. 

The analogous reasoning attributes the 11.35 eV band in the spectrum of II to the 

endocyclic oxygen lone pairs (Table 1). We conclude that the fusion of benzene ring 

with 5-membered ring in tetracoordinated phosphate esters slightly destabilizes the 

endocyclic oxygen lone pairs.  

    The behaviour of oxygen lone pairs in tricoordinated phosphorus derivatives IV 

and V shows the opposite trend. Here the fusion of benzene ring leads to an increase 

in nO energies from 10.90 eV (in IV) to 11.58 eV (in V).   

The remaining bands in the spectrum of I are not well resolved, but we can deduce 

from significant decrease in relative band intensities on going from HeI to HeII 

radiation that the 12.8 eV band corresponds to ionizations of chlorine lone pair 

orbitals. In the spectra of II and III only the two bands at lowest ionization energies 

are well resolved and correspond to two ionizations from π-orbitals of the benzene 

ring. We compare the energies of π-ionizations in II, III and V (Table 1) with π-

ionization energies in 1,2-dihydroxybenzene (catechol) which are 8.56 and 9.25 eV 

[9].   π-ionization energies in III and V are shifted (via inductive effect of chlorine) 
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towards higher values compared to catechol. This shift (π-orbital stabilization) is 

larger in III than in V due to the larger number of chlorines substituents in the former 

molecule. The change in energy separation between the two π-ionizations compared 

to catechol can be taken as a qualitative estimate of resonance interactions between 

phosphochloridate and aromatic moieties. The π-energy splittings in II, III and V are 

0.8, 0.6 and 0.71 eV compared to 0.69 eV in catechol, which suggests that any 

resonance effects are small. The surprising observation is the decrease of π-orbital 

ionization energies in II compared to catechol or V. This can be attributed to nO→πb
*
  

hyperconjugative interactions, i.e. to the electron density transfer from endocyclic 

oxygen lone pairs to the LUMO π
*
-orbital of the aromatic ring.  The observed 

shortening of C-O bond lengths on going from 1.488Å in I to 1.420Å in II (Table 2) 

is consistent with this rationalization. This electron density transfer from endocyclic 

oxygens to aromatic ring could in turn lead to depletion of electron density on 

phosphorus in II. However, natural bond orbital (NBO) analysis shows this not to be 

the case because partial atomic charges on phosphorus in I and II are the same (Table 

3). The aromatic ring C-C bonds in II retain their characteristic lengths. In the spectra 

of II we would expect significant changes in relative intensities on going from HeI to 

HeII between oxygen lone pair band (at 11.5 eV) and π-bands (at 8.35 and 9.15 eV) 

i.e. we would expect the relative intensity of the former band to increase vs. the latter.  

This expectation is based on the HeI/HeII photoionization cross-sections for O2p 

(oxygen lone pair band) and C2p (π-band). However, the fact that no significant 

intensity change was observed is consistent with the proposed electron density 

transfer nO→πb
*
 (orbital mixing) discussed above.      

    The electron densities and atomic charges on phosphorus in I and II can be related 

to the rates of nucleophilic substitution reactions at phosphorus centres [2,11]. We 
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would expect the rates of SN2(P) reactions to be the same in I and II due to the same 

electrophilicity (atomic charges) on phosphorus. This was not observed in the 

pyridinolysis of I and II where the second order rate constant of pyridinolysis for I is 

three times smaller than for II [10]. We recall that endocyclic oxygen ionization 

energies in I and II are 11.45 and 11.35 eV, respectively. We propose that slight 

destabilization of oxygen lone pairs in II compared to I may provide additional 

stabilization of the transition state (Scheme 2) via electron donation to phosphorus 

and thus reduce the activation barrier of the reaction.   

 
Scheme 2. Transition state in the pyridinolysis of II 

 

    π-ionizations in III show not only an increase in ionization energies vs. catechol 

and II but also significant increase in relative intensities (vs. oxygen lone pair band at 

11.65 eV) on going from HeI to HeII radiation. The increase in π-ionization energies 

is expected due to the inductive effect of larger number of electronegative chlorine 

substituents on phosphorus. In order to rationalize the unusual pattern of band 

intensities we recall that in I and II phosphorus has trigonal-pyramidal coordination. 

In III the phosphorus has trigonal-bipyramidal coordination which leads to greater 

steric crowding (Scheme 3). The greater crowding is reflected in longer P-Cl and P-O 

bonds (Table 2). There are no reported data for aromatic C-C bond lengths in III. 

More significantly, angles in five-membered ring also change as a consequence of 

changed phosphorus coordination. C-O-P angle increases while O-P-O angle 

decreases (Table 2). One notes continuous decrease of O-P-O angles from 104.7
o
 (I) 
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to 100
o
 (II) and finally to 94

o
 (III).  The net result is the reduction of O-O distance 

between endocyclic oxygens.  The decreasing O-O distance leads to destabilizing 

non-bonding repulsion and the tendency of electron density on endocyclic oxygens to 

be stabilized via nO→πb
*
 hyperconjugation into the aromatic moiety. Ultimately, this 

is reflected in changes in relative HeI/HeII intensities of π-bands vs. oxygen lone 

pairs.  

 

Scheme 3. Geometry at phosphorus in III (from ref. 6d) 

Conclusion 

    We have described the electronic structures of tri, tetra and pentacoordinated 

phosphate esters in the framework of inductive, resonance and hyperconjugative 

interactions. We have related the observed electronic structures to chemical 

reactivities of these compounds. The information on the electronic structure of 

phosphorus esters may be important for current attempts to understand the nature of 

nucleophilic substitution on phosphorus centres [11].  
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Table 1. Experimental band maxima (Ei/eV), calculated vertical ionization 

energies (GF in eV), band assignments and relative HeII/He I band intensities
a-d

 

 
 

a
 b = benzene 

b
for bands unresolved in HeII spectra the same HeII/HeI ratio is shown 

c
from ref. 4b 

d
from ref. 3, 4a 

 

 

 

 

 

 

 

 

 

 

 

 

Phosphate 

ester 
Band Ei±0.05/eV GF MO 

HeII/ 

HeI 

 

I 

X-A 

B 

C-E 

 

F 

11.45 

12.1 

12.8 

 

13.45 

11.32, 11.41 

12.27 

12.36,12.62 

12.80 

13.55 

nO ,  nO 

PO 

nO  , nCl 

nCl 

σ 

1.0 

0.8 

0.8 

 

 

II 

X-A 

B 

C-G 

 

 

8.35, 9.15 

11.35 

12.25-13.5 

8.8, 9.73 

11.7 

12.10 

12.38, 12.74, 

12.78, 13.07 

b , b 

nO, nO  

PO 

nCl , nCl 

σ, σ 

1.0 

0.8 

 

III 

X-A 

B-C 

F-H 

9.25, 9.85 

11.65 

12.0-12.8 

 

8.86, 9.55 

11.05, 11.16 

12.02, 12.03 

12.27, 12.74 

12.80 

b , b 

nCl , nCl 

nCl , nCl 

nO, nO  
σ 

1.0 

0.5 

(CH3O)3PO
c
 

X 

A 

B 

C-D 

E 

10.81 

11.40 

11.93 

12.8 

14.4 

 nO 

nO + σPO 

nO 

nO , πPO 

 σPO 

 

IV
d X-A 10.20, 10.90  nP, nO   

V
d 

X-A 

B 

C 

8.86, 9.57 

10.55 

11.58 

 b , b 

nP  

nO 
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Table 2. Geometry parameters of I-III
a-b

 

 

Molecule Parameter Bond lengths/Å Bond angles/deg 

I (ref. 6c) P=O 1.438  

 P-Cl 2.057  

 P-O 1.616  

 C-O 1.488  

 C-C 1.547  

 O=P-Cl  116.7 

 Cl-P-O  101.3 

 O-P-O  104.7 

 C-O-P  106.4 

II (ref. 6a) P=O 1.487  

 P-Cl 2.036  

 P-O 1.617  

 C-O 1.420  

 C-C (aromatic) 1.40  

 O=P-Cl  110 

 Cl-P-O  103.8 

 O-P-O  100 

 C-O-P  107.8 

 C-C-O  112.2 

III (ref. 6d) P-Cle 2.05  

 P-Cla 2.13  

 P-Oa 1.69  

 P-Oe 1.65  

 Oa-P-Oe  94 

 C-O-P  112 

 C-C-O  111 

 Oe-P-Cla  86 

 Oa -P-Cle  ≈90 

 Cla -P-Cle  ≈90 

 Cle -P-Cle  ≈90 

 
a
refer to Scheme 2 for III 

b
labels a and e refer to axial and equatorial substituents 

 

 

Table 3. Partial atomic charges in I-III calculated using natural bond orbitals 

(NBO) at B3LYP/6-31G(d) level 

 

 

Molecule P O  (endo) O (exo) Cl 

I 2.28 -0.82  -0.3 

II 2.27 -0.77 -0.99 -0.28 

III 1.70 -0.75  -0.28,  -0.21 
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Fig. 1. HeI/HeII photoelectron spectra of I 
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Fig. 2. HeI/HeII photoelectron spectra of II 

 

 

 

 

 



 

 15 

 

 

 

 

 

Fig. 3. HeI/HeII photoelectron spectra of III 
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