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Abstract: The electronic structures of  tri-2-furanyl-phosphine (I) and  1,2-

bis(dimethoxyphosphoryl)benzene (II) have been investigated by HeI and HeII UV 

photoelectron spectroscopy (UPS) and quantum  chemical calculations. Their 

electronic structures are discussed in the framework of their chemical properties and 

practical applications with special reference to the extent of intramolecular 

interactions. We have also rationalized the observed increased shielding of 

phosphorus in 31P NMR spectra of TFP. 
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1. Introduction 

    The compounds studied in this work (see Figs.1-2 for their structures) have 

interesting applications in chemistry and life sciences. Compound I (TFP) is a very 

important ligand employed in transition-metal mediated organic syntheses [1]. For 

example, such syntheses include Stille’s or Suzuku cross-coupling reactions [1]. The 

efficiency of phosphine catalysts depends on the size of the substituents attached to 

phosphorus.  TFP is a weak Lewis base (σ-donor), but can also be described as π-acid 

(Lewis acid, π-acceptor) [1]. In view of the importance of TFP it is surprising that no 

UV photoelectron spectroscopic (UPS) study of its electronic structure had been 

reported. Instead, solid state 31P NMR spectroscopy has been used to assess the effect 

of this transfer with unexpected result [2]. Compound II has interesting application in 

preventing the spread of antibiotic resistance in bacterial strains by inhibiting DNA 

relaxase enzyme which is engaged in the transfer of plasmid DNA in bacteria [3]. We 

used UPS to study the electronic structures of the two phosphorus compounds with 

the aim of understanding how can their electronic structure be related to the 

applications mentioned above. To the best of our knowledge I is the first heteroaryl 

phosphine to be studied by photoelectron spectroscopy.  

 

2. Experimental methods 

    The sample compounds were purchased from Aldrich and used without further 

purification after checking their identity and purity by NMR spectroscopy. 

    The HeI/HeII photoelectron spectra (UPS) were recorded by a Vacuum Generators 

UV-G3 spectrometer and calibrated with small amounts of Xe or Ar gas being added 

to the sample flow.  The spectral resolution of the HeI and HeII spectra was 25 meV 

and 70 meV, respectively being measured as FWHM of the 3p-1 2P3/2 Ar+ ← Ar (1S0) 
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line. The samples were introduced with the inlet probe heated to 1000 and 150oC, 

respectively. The spectra obtained were reproducible and showed no signs of 

decomposition. Decomposition is usually discernible from the appearance of sharp 

intense peaks which are due to the presence of small molecules (decomposition 

products) in the spectrometer's ionization chamber. We did not detect any 

decomposition peaks. Quantum chemical calculations were performed with the 

Gaussian 03 program [4] for the purpose of assignment of the spectra of TFP and 

PPh3. We used the Greens functions method (GF) and 6-31G* basis set for the 

calculation of vertical ionization energies [5]. The calculated molecular geometries, 

fully optimized at the B3LYP/6-31G* level were used as input into GF calculations. 

There are no reported experimentally determined structures of I and II. All the 

optimized structures corresponded to minima on their potential energy surfaces with 

all real vibrational frequencies. The calculated geometries of TFP and PPh3 have 

“propeller shaped” C3-symmetry, which is in accordance with the geometry of 

triphenylphosphine (PPh3) which was determined by gas phase electron diffraction 

[6]. The sum-of-bond-angles (SBA, CPC angles) [11] calculated for TFP is 

approximately 298o which demonstrates that phosphorus has pyramidal coordination 

and therefore its lone pair must have considerable P3s character. The SBA in PPh3, 

based on experimental geometry, is larger (306.6o) and therefore in PPh3 the 

phosphorus atom coordination is slightly more planarized. Consequently its lone pair 

shall have slightly less P3s character. Constrained geometry optimization at 

B3LYP/6-31G* level (keeping CPCP dihedral angle constant) was performed to study 

possible conformers of TFP. 

3. Results and Discussion 

    The photoelectron spectra of I and II are shown in Figs. 1-2, respectively. The 
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spectral assignments are summarized in Table 1 and are based on HeI/HeII intensity 

band variations, GF calculations and comparison with the assigned spectra of related 

molecules [7-9]. We note in passing that previous UPS studies of phosphine and 

phospholes derivatives were mostly not performed with variable photon energy except 

for the phenylphosphine and one phosphole derivative [9, 12c]. Use of variable 

photon energy is very helpful when unravelling intramolecular interactions/orbital 

mixing. 

Photoelectron spectrum of I 

    In the ionization energy region below 12 eV we observe three bands at: 8.1, 8.55-

8.9 and 10.05 eV.  The bands have measured relative intensities in the ratio of 1:2:4 

and comprise a total of seven ionizations (Fig. 1 and Table 1). These seven ionizations 

include six ionizations from π-orbitals localized on the three furyl ligands (two π-

orbitals per ligand) and the phosphorus lone pair (nP). On going from HeI to HeII 

radiation, intensity of the third band at 10.05 eV increases compared to the other two 

bands (Table 1). The assignment of these bands can be made by reference to GF 

results, HeI /HeII spectra and comparison with the spectra of triphenylphosphine [7], 

furan [8] and phenylphosphine [9]. HeII/HeI atomic photoionization cross section 

ratios for C2p, O2p, P3p and P3s orbitals are 0.31, 0.64, 0.41 and 2.65, respectively 

[10]. The bands corresponding to ionizations from molecular orbitals with oxygen or 

P3s character are therefore expected to increase in intensity. Cross section ratios for 

P3p and C2p are similar which precludes ready identification of bands with respective 

MO characters on the basis of changing intensities. We conclude on the basis of 

comparison with the spectra of triphenylphosphine and furan (Table 1) that the bands 

at 8.1 and 8.55-8.9 eV correspond to phosphorus lone pair (nP) and two π-orbitals of 

furyl ligands which have non-zero electron density at C2 and C5 positions (a2 in 
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Scheme 1, Fig. 3: HOMO-1, HOMO-2). These three orbitals are consistent with the 

appearance of two bands with intensity ratio 1:2.     

 

O O

a2 b1  

Scheme 1 MO diagram of furan topmost π-orbitals 

The phosphorus lone pair corresponds to antibonding combination of phosphorus 

orbital and furyl π-orbitals (Table 1, Fig. 3: HOMO).  The assignment of UPS of PPh3 

based on GF calculations is qualitatively the same as the one described above for I i.e. 

the nature of orbital ionizations is the same (Table 1). 

    The band manifold at 10.05 eV comprises four ionizations: three furyl based 

ionizations (from π-orbitals with nodal plane at C2 and C5 positions) and phosphorus 

lone pair (representing bonding combination of phosphorus and furyl orbitals; Table 

1, Fig. 3: HOMO-3 to HOMO-6). The three furyl ionizations arise from three nearly 

degenerate furyl π orbitals with significant O2p character (b1 in Scheme 1) which 

explains the increase in HeII intensity of the 10.05 eV band. The three π orbitals are 

nearly degenerate, because their nodal properties prevent them from 

mixing/interacting with each other (Scheme 1). The phosphorus lone pair in TFP has 

some P3s character which is also consistent with the rise in HeII intensity of this 

band. 

    The most interesting question concerns the extent of interaction between the 

phosphorus and furyl substituents. There has been considerable discussion in the 

literature regarding the extent of (or the lack of) phosphorus-aryl interactions based on 
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ab initio calculations and UPS data. In phenylphosphine very weak resonance 

interaction between phosphorus and aryl ligands was observed [9]. In I n-π 

interactions are also weak. This can be inferred from the energy splitting of the 

occupied π-orbitals in furan and TPF which is approximately 1.5 eV in both 

molecules; if significant n-π interactions were present in I the energy splitting would 

have been different in the two molecules. Also, SBA angles in PPh3 and I are similar 

which suggests similarly weak n-π interactions in the two molecules.  

    We calculated ionization energies and relative energies of different TFP conformers 

(Table 2, Fig.4). The agreement with experimental photoelectron spectrum (in terms 

of energy level distribution) is best for conformer of C3-symmetry which suggests that 

it is the important conformer in the gas phase. This conformer is also the most stable 

amongst the calculated structures which also supports our UPS assignment. 

The nP-π interaction between phosphorus and aryl system depends on the degree of 

planarization of phosphorus. Tricoordinate phosphorus is pyramidal not planar; in 

PH3 the sum of HPH angles equals 280.5o with planar coordination giving the limiting 

SBA of 360o.  The barrier to planarization is approximately 140 kJ/mol [11]; 

pyramidality enhances 3s character of the phosphorus lone pair and stabilizes it. 

Bulky substituents coordinated to phosphorus can increase the extent of planarity and 

so can the substituents which are σ-donors or π-acceptors.  

    We compared the phosphorus lone pair energy in TFP with relevant phosphorus 

derivatives measured by photoelectron spectroscopy [12] (Table 1, Scheme 2).   

The comparison of phosphorus lone pair ionization energies in Scheme 2 shows how 

they decrease as the aryl substituents become bulkier (compounds C-E, Scheme 2). 

The decrease in ionization energy corresponds to increased planarization of 

phosphorus as a result substituent size. The size and number of bulky substituents can 
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be considered to jointly influence lone pair ionization energy. For example,  

phenyl substituent is smaller than di-t-butyl-methyl in D, however PPh3 has three 

phenyl substituents while D has only one. As a result the lone pair ionization energy 

in PPh3 is the same as in D. Phosphorus lone pair in PPh3 has lower ionization energy 

then in I by 0.25 eV. Possible explanation can be outlined as follows. Furyl 

substituents are smaller than phenyl so with less crowding around phosphorus in I the 

phosphorus atom is more pyramidal (with more P3s character) and hence its lone pair 

ionization energy is larger. 

PP P P
tBu

tBu

P P

O

O

O

P
tBu

tBu

P
But tBu

tBu

nP    8.35             8.45               8.1                     7.9                            7.5                            

nP
          7.85                                                       8.1                 

A B
C D

I

FE

7.54

 

Scheme 2. Phosphorus lone pair ionization energies/eV (refs. 12, 7b) 

Photoelectron spectrum of II 

   Several overlapped manifolds appear in the spectrum below 13 eV. The first band at 

9.45 eV can on the basis of GF calculations and known π-ionization energy of 

benzene (9.25 eV), be attributed to ionization from the benzene ring localized orbital. 

The poorly resolved manifolds in 10.3-12.5 eV range are very similar to the band 

manifold in the range 10.8-12.8 eV observed in trimethylphosphate (P(OCH3)3 [13] 
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and can thus be assigned to oxygen lone pair ionizations of the PO(OCH3)2 groups. 

The benzene-like π-orbital in II is shifted towards higher vertical ionization energy by 

0.2 eV. Such small shift together with virtually unchanged vertical ionization energies 

of methylphosphate manifolds suggests that electron interactions in II between 

phosphorus atom and its attached groups are predominantly inductive i.e. there is little 

evidence of resonance effects.  

4. Conclusion 

    There appears to be a change in hybridization on phosphorus with phosphorus lone 

pair in PPh3 having more P3p character than in TFP where it has more P3s character. 

Since P3s has higher ionization energy than P3p this is reflected in the ionization 

energies of the phosphorus lone pairs in TFP and PPh3 which are 8.1 and 7.85 eV, 

respectively. This observation can be used to rationalize the reported increased 

shielding of phosphorus in 31P NMR spectra of TFP derivatives compared to PPh3 [2]. 

P3s has more spherical and compact distribution of electron density and hence 

provides better shielding of phosphorus nucleus than P3p. Our study shows that 

further experimental determination of molecular geometry and photoelectron 

spectroscopic analysis of heteroarylphosphines would help clarify some of the 

discussion initiated here. 

    The substituent effects are important in determining physical and chemical 

properties of substituted benzenes. We established that in II, methoxyphosphoryl 

groups PO(OCH3)2 are only weakly electron-withdrawing and that they exert only 

weak inductive effect on the benzene core (no resonance effect). The PO(OCH3)2 

group retains its electronic structure intact. This observation can be related to earlier 

studies. LeBreton and co-workers have tried to approximate valence electron energies 

of DNA-nucleosides from the composite molecular fragments i.e. from the measured 
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photoelectron spectra of DNA bases, hydroxytetrahydrofuran and timethylphosphate 

[13].  Such approximation was necessary because of the low volatility and thermal 

instability of the compounds as well as the complexity of potential spectra. However, 

this approximation is valid only if the valence electron energies of the fragments 

remain largely unperturbed when the fragments bond [13].  Our study suggests that 

the electronic structure of important dimethoxyphosphoryl fragment is indeed 

consistent with this approximation. 
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Table 1. Experimental (Ei/eV) vertical ionization energies, computed vertical 

ionization energies (GF/eV) and orbital assignments for I, II and related  

compoundsa-d 

Compound Band Ei/eV GF/eV Assignment        HeII/HeI 

I (C3-symm) X 8.1 7.65  nP-π 1.0 

 A-B 8.55, 8.9 8.46, 8.48  π, π 1.0 

 C-F 10.05 9.68, 9.99, 10.00 

10.06 

π, nP+π, π, π 1.35 

 G 12.2 12.69 σ    

Furan X 8.87  π (a2)  

 A 10.38  π (b1)  

 B 12.94  σCO  

PPh3
a X 7.85 7.58 nP-π  

 A-F 9.02, 9.18, 

9.68 

8.57,8.57,8.76, 

8.80,8.80, 9.35 

π, π, π, nP+π, 

π, π 

 

 G 10.81 11.10 σ   

PhPH2
 b X 8.9  πb  

 A 9.53  πb  

 B 10.22  nP  

(CH3 )3P c X 8.60  nP  

PH3
 c

 X 10.60  nP  

Ae X 8.35  nP  

 A-B 9.30  πb  

Be X-A 8.45  nP , πcp  

 B-C 9.25  πb ,πb  

Ce X 8.1  nP  

 A-C 8.58  πcp , πb , πb  

De X 7.9  nP  

 A-C 8.35  πcp ,πb , πb  

Ee X 7.5  nP  

 A-C 8.34  πcp , πb , πb  

Fe X 7.54  nP  

 A-B 8.27  πb , πb   
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II X-A 9.45 8.95, 9.02 πb  

 B-O 10.3 

10.9 

12.5 

10.62,10.63,10.86 

11.18,11.23,11.43 

11.86,11.91,12.40 

12.45,12.52,12.56 

12.78,12.92 

πPO  

aRef. 7b;  bRef. 9; cRef. 7d; dcp=cyclopentadiene, b=aryl; eRef.12 

  

 

 

 

Table 2. Conformations of TFP with relative energies and ionization energies 

Conformation-symmetry Band GF/eV Erel/kJmol-1 

C3 X 7.65 0.0 

 A-B 8.45, 8.48  

 C-F 9.68, 9.99, 10.0, 10.05  

C1 X 7.68 16.0 

 A-B 8.02, 8.64  

 C-F 9.67, 9.90, 10.04, 10.11  

C3v X 7.76 18.5 

 A-B 8.54, 8.56  

 C-F 9.24, 9.88, 10.06, 10.11  

Cs X 7.64 36.3 

 A-B 7.97, 8.56  

 C-F 9.89, 9.90, 9.97, 10.41  
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Fig. 1 HeI and HeII photoelectron spectra of I (TFP) 
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Fig. 2 HeI and HeII photoelectron spectra of II  
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HOMO-6 
 
Fig. 3 some occupied MOs of TFP 
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              C3-conformation                                           C1-conformation 
 

 
 
                C3v-conformation                                       Cs-conformation 
 
Fig. 4 some more important conformations of TFP 
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