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Abstract: The electronic structure of tetrapyrrolidinodiborane [(C4H8N)2B]2 has been 

investigated by HeI and HeII UV photoelectron spectroscopy (UPS) and DFT/OVGF 

calculations. Our results indicate that the title molecule has very low first ionization 

energy and can be readily oxidized in solution. We estimated the magnitudes of alkyl 

substituent effects on nitrogen and boron atoms and the efficiency of boron atom to 

act as an electron density relay facilitating through-bond interactions between the 

nitrogen lone pairs.  
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1. Introduction 

    The organoboron compounds have several applications in synthetic organic 

chemistry, the main one being related to Suzuki coupling type reactions [1]   

depicted in Scheme 1.  In this work we describe the electronic structure of diborane 1 

which is a precursor to bispinacolatodiborane BPDB which in turn is used for 

insertion and addition reactions in organic synthesis [2].                      
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Scheme 1 

 

    The title molecule is especially interesting in view of the presence of B-B bond. 

The electronic structure of this bond has not been studied experimentally so we 

decided to use UV photoelectron spectroscopy to investigate it.  

2. Experimental and Computational methods 

    The sample compound tetrapyrrolidinodiborane (1) was purchased from Aldrich 

and used without further purification after checking its identity and purity by NMR 

spectroscopy. 

    The HeI/HeII photoelectron spectra were recorded on the Vacuum Generators UV-

G3 spectrometer and calibrated with small amounts of Xe or Ar gas which was added 
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to the sample flow.  The spectral resolution in HeI and HeII spectra was 25 meV and 

70 meV, respectively when measured as FWHM of the 3p-1 2P3/2 Ar+ ← Ar (1S0) line.    

The sample was recorded with the inlet probe heated to 1200C. The spectra obtained 

were reproducible and showed no signs of decomposition which was established by 

the measurement of NMR spectrum of the sample residue i.e. the sample left in the 

probe after the completion of the measurement.  

    The quantum chemical calculations were performed with Gaussian 03 program [3]  

including full geometry optimization of the neutral molecule at B3LYP/6-31G* level 

as the first step. The vibrational analysis confirmed that the resulting geometry was a 

true minimum (no imaginary frequencies). Subsequently, the optimized geometry was 

used as input into the single point calculation using OVGF method at 6-31G* level 

[4]. This method obviates the need for using Koopmans approximation and provides 

vertical ionization energies with typical deviation of 0.2-0.4 eV from the experimental 

values. The optimized geometry agrees well with the X-ray diffraction data [2] as can 

be seen by comparing calculated and experimental geometrical parameters (Table 1). 

1 has C2 molecular symmetry with C2 axis being collinear with the B-B bond. The 

boron atoms maintain trigonal planar coordination, but the five member rings exhibit 

conformational flexibility which leads to a disorder in the crystal of 1. 

3. Results and Discussion 

    The photoelectron spectra of the title molecule are shown in Fig. 1. The assignment 

is summarized in Table 1 and is based on OVGF calculations and comparison with 

UPS of related molecules 2-11 [6-9]. 1 contains four nitrogen lone pairs whose 

symmetry adapted linear combinations comprise four topmost MO. In addition, the B-

B localized σ-bonding orbital appears in the same region. The band manifolds at 7.15 

and 8.75 eV have relative intensity ratio of approximately 2:3 under HeI and HeII 
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radiation. This ratio suggests that 7.15 eV band contains two and 8.75 eV band, three 

ionizations. Nevertheless, there is a slight decrease in relative intensity of the second 

(8.75 eV) band relative to the first on going from HeI to HeII radiation; the ratios 

being 1:1.43 (HeI) and 1:1.5 (HeII). We interpret this observation as indicating that B-

B σ orbital ionization is part of the 8.75 eV, rather than the 7.15 eV manifold. This 

conclusion is based on the HeII/HeI atomic orbital photoionization cross-section 

ratios for B2p (0.22), C2p (0.31) and N2p (0.45) orbitals [5].  The ionization of orbital 

with boron character can be expected to show the strongest relative intensity decrease 

at higher photon energy. The combination of experimental observations and OVGF 

calculations leads to the assignment given in Table 1. Above 10 eV the density of 

ionic states becomes so great that no reliable assignment could be derived.  

    Let us consider the electronic structure of X-B(R)-X moiety which contains two 

heteroatoms (X) connected by the bridging boron atom (B) which itself carries a 

substituent R. Boron atom is electron deficient while X (e.g. oxygen, nitrogen, sulfur) 

is electron rich. This may give rise to electron density transfer from the filled X 

nonbonding orbital (lone pair) into the vacant B2p orbital and thus to the stabilization 

of BX bonds. In addition, through-bond (TB) interaction between the lone pairs of 

heteroatoms becomes possible. The strength of TB interaction can be gauged from the 

energy splitting of the lone pairs on X; the larger the splitting the stronger the 

interaction. At this point two interesting questions arise. How does the substituent R 

influence X-X interaction? How does boron compare to other possible bridging atoms 

(e.g. carbon) as an electron relay between heteroatoms?  

    In order to answer these questions we compare the ionization energies of nitrogen 

lone pairs in 1 with those obtained from the photoelectron spectra of related 

molecules 2-11 [6-9]. We introduce two descriptors: the average lone pair ionization 
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energy <n> and the lone pair energy splitting Δn. The former descriptor can be related 

to the inductive effect of alkyl substituents, while the latter pertains to the 

intramolecular interaction between the nitrogen lone pairs. The lone pair energies in 1 

are split by 1.6 eV compared to 0.35 eV in the reference molecule 7 (Table 1 and 

Scheme 2) thus suggesting that boron atom has a much stronger electron density relay 

capability than carbon. This capability facilitates through-bond intramolecular 

interactions and enhances nitrogen lone pair splitting. Large nitrogen lone pair 

splittings very also measured in 4, 5, 8 and 9 and can be rationalized in the same way. 

The alkylation of the bridging boron reduces nitrogen lone pair splitting by up to 0.3 

eV. This conclusion is based on comparing appropriate Δn values in 4 vs. 5, 8a vs. 8b 

and 9a vs. 9b.  On the other hand, the aryl substitution of boron (8c) enhances 

nitrogen lone pair splitting when compared to the unsubstituted boron bridge (8a). 

This can be rationalized by assuming that alkyl substituents act as π-donors and aryl 

substituents as π-acceptors towards the boron bridge. 
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Scheme 2 

    The attachment of another boron atom i.e. the formation of boron-boron linkages 

also impedes the electron relay effect by a similar magnitude; e.g. compare Δn values 

in 1 with 8 or 9. The alkylation of nitrogen atom also leads to significant inductive 

destabilization of lone pairs themselves i.e. to a shift towards lower lone pair 

ionization energies. For example, the nitrogen lone pair ionization energy shifts 

towards lower values on going from 2 to 3 or from 8a to 9a.   

    

4. Conclusion 

    We conclude on the basis of photoelectron spectra and electronic structure analysis 

of various aminoboranes that boron atom is an excellent relay for enhancing 

intramolecular, through-bond interaction between the two electron rich heteroatoms  

bonded to it. The operation of this relay can be controlled by the substitution of boron 

atom with the substituent behaving as an electron density gate. The electron donating 

substituents impede the relay efficiency while, according to our prediction, the 
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electron withdrawing substituents should strongly enhance it.  
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Table 1. Selected structural parameters, experimental (Ei/eV) and calculated 

(OVGF/eV) vertical ionization energies, assignments and orbital energy shifts in 

tetrapyrrolidinodiborane and related compounds 

1 r/Å(exp) </deg (exp) r/Å(calc) </deg (calc) 

B-B 1.739  1.733  

B-N 1.427  1.434  

C-N 1.472  1.475  

NBN  121.7  122.9 

NBB  119.1  118.3 

 Band Ei OVGF Assignment;       <n>         Δn 

1 (C2) X, A 7.15 6.6, 6.8 a(nN) , a(nN);      7.95         1.6   

 B-D 8.75 8.4, 8.5  

8.7 

a(σBB) , b(nN)  

 b(nN) 

2 X, A 11.36, 12.08   π, σ                          

3 X, A 8.92, 10.40  π, σ  

 B 11.8   

4 X, A 7.76, 9.66  n-
N , n+

N;               8.71       1.90

 B 11.7  σ  

5 X, A 7.63, 9.15  n-
N , n+

N;               8.39       1.52

 B 11.1  σ  

6 X, A 8.80, 10.13  nN, σ  

 B 11.15  σ  

7 X, A 7.85, 8.20  nN
-, nN

+;                 8.03      0.35

8a 

8b 

8c 

X, A, B 

X,A, B 

X-C 

7.55, 9.62, 11.7 

7.46, 9.37, 9.92 

7.48, 8.73, 9.06 

9.73 

 n-
N, n+

N σ;              8.58     2.07   

n-
N, n+

N σ;              8.42     1.91 

n-
N, πPh, πPh                8.61     2.25 

n+
N 

9° 

9b 

X, A, B 

X,A, B 

7.4, 9.4, 10.6 

7.3, 9.0, 10.6 

 n-
N, n+

N σ;              8.4        2.0 

n-
N, n+

N σ;              8.15     1.70 

10 X 8.77  nN 

11 X 8.41  nN 
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Figure caption 

 
Fig. 1 HeI and HeII photoelectron spectra of tetrapyrrolidinodiborane  
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