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ABSTRACT: The bond dissociation energies of early transition metal diborides (M-B2, M = Sc, Ti, V, Y, Mo) have been 
measured by observation of the sharp onset of predissociation in a highly congested spectrum. Density functional and 
CCSD(T) ab initio calculations, extrapolated to the complete basis set limit, have been used to examine the electronic 
structure of these species.  The computations demonstrate the formation of bonding orbitals between the metal d orbitals 
and the 1πu bonding orbitals of B2, leading to the transfer of metallic electron density into the bonding 1πu orbitals, 
strengthening both the M-B and B-B bonds in the molecule.  This runs counter to most metal-ligand π interactions, where 
electron density is generally transferred into π antibonding orbitals of the ligand.

The Dewar-Chatt-Duncanson (DCD) bonding model is a 
key concept explaining the bonding between transition 
metals and ligands having π-bonds. Briefly, the LUMO of 
the transition metal accepts a σ-type donation of electron 
density from the HOMO of the π-bonded ligand, while 
concurrently, the electron density in the HOMO of the 
transition metal is donated into the vacant LUMO (π-
antibonding symmetry) of the ligand.1 This synergistic 
bonding mechanism activates the ligand by weakening its 
bond, as found in transition metal carbonyls, olefins, and 
alkynes.2 In these compounds, the hallmark of π-
backbonding is a universal increase in bond length and 
decrease in fundamental stretching frequency of the ligand 
when it is metal-bound versus when its isolated.3-5 
Additionally, the π orbitals of the ligand that engage in π-
backbonding can be either oriented perpendicular to the 
metal-ligand axis or parallel to it, although the former is 
more common.2, 6 The DCD bonding model has been widely 
accepted as the most useful concept for understanding the 
bonding between the transition metal and ligands with π-
bonds.7-8 

The first report of an apparent violation of the DCD 
bonding model was realized by Braunschweig et al during 
the computational study and ensuing synthesis of the 
platinum-centered diborene complex, (Et3P)2Pt(B2Duryl2) 
in 2013.9 This apparent violation occurs because in 
forming the complex, two π bonding SOMOs on the 
diborene are combined with two singly occupied d orbitals 
on the Pt atom to form two doubly-occupied bonding 
orbitals in a closed shell singlet state.  In the process 
electron density is transferred from Pt to the π bonding 
orbitals of the diborene, strengthening both the M-B and B-
B bonds. The measured B-B bond length in the 
(Et3P)2Pt(B2Duryl2) complex is exceptionally short, 
1.510(14) Å. This is the opposite of what is regularly 
observed in the DCD model, illustrating that a different 
bonding scheme is obtained when the interaction with the 
π-bonded ligand occurs via a bonding orbital, rather than 
an antibonding orbital . Since this discovery, there has 

been interest in augmenting and replicating this bonding 
mechanism with theoretical calculations on various other 
metallaboron complexes.10-11 However, the platinum-
centered diborene complex (Et3P)2Pt(B2Duryl2) remains 
the sole experimental demonstration of the strengthening 
of the boron-boron bond via M → B2 π-bonding interaction. 
Because this has only been experimentally achieved using 
the electron-rich late transition metal Pt, it is unknown if 
the electron deficient early transition metals may also be 
able to strengthen a π-bonded diboron ligand via a similar 
mechanism.

Here, we report that the electron deficient early 
transition metals (M= Sc, Ti, V, Y, Zr Nb, Mo, Hf, Ta, W) 
mediate an increase in the bond strength of a diboron 
ligand in the context of the early transition metal diboride 
complexes, MB2. Owing to advancements in experimental 
techniques and the development of accurate 
computational methods, size-selected transition metal 
doped boron clusters have been shown to engage in a wide 
array of bonding schemes, motifs, and geometries.12-15 
However, noticeably absent from the literature are 
experimental studies on the family of neutral transition 
metal diboride (MB2) species. In the present work, we 
systematically study a series of MB2 species to examine 
whether the early transition metals can bond with B2 by 
interaction with the B2 1πu bonding orbitals and to build a 
bridge between the recently acquired knowledge of MB 
and MB3 species.15-22 Through accurate spectroscopic 
measurements of their predissociation thresholds and 
quantum chemical computations, we have confirmed that 
the bonding scheme proposed by Braunschweig for the Pt-
diborene complexes remains valid for the early transition 
metal MB2 molecules. 

In previous work,21-38 we have demonstrated that for 
small d- and f-block molecules, the high density of 
electronic states in the vicinity of the ground separated 
fragment limit allows the molecule to dissociate via spin-
orbit and nonadiabatic couplings39 as soon as this limit is 
exceeded in energy, leading to a sharp drop in the ion 
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signal obtained in a resonant two-photon ionization (R2PI) 
spectroscopy experiment.  As illustrated in Figures 1 and 
S1-S5, this method has allowed us to measure the 
predissociation thresholds of ScB2, TiB2, VB2, YB2, and 
MoB2. A thermochemical cycle described in the SI 
demonstrates that the measured bond dissociation 
energies correspond to breaking the M-B2 bond, leaving 
the B2 fragment intact. On this basis we assign BDEs of the 
MB2 species as: D0(Sc-B2) = 4.17(3) eV, D0(Ti-B2) = 
4.623(5) eV, D0(V-B2) = 4.590(5) eV, D0(Y-B2) = 4.663(5) 
eV, and D0(Mo-B2) = 4.917(20) eV, where the assigned 
error limit is given in parentheses. Details are provided in 
the SI.  Attempts were made to measure the BDEs of ZrB2, 
NbB2, HfB2, TaB2, and WB2, but the expected sharp drops in 
ion signal were not observed at energies below 5.30 eV, 
the practical upper limit of our laser system at the time.  
From this, we conclude that the BDEs of these latter 
molecules are greater than 5.30 eV.

Figure 1. R2PI spectrum of TiB2 (top trace) with its 
predissociation threshold at 37287(40) cm-1. The atomic 
spectrum of Ti (lower trace) was used for calibration. The 
horizontal bar atop the arrow displays the ±40 cm-1 assigned 
error limit.

To examine the bonding in these molecules and 
investigate whether the bonding in the B2 subunit is 
strengthened, we performed UB3LYP/aug-cc-pVQZ(-PP) 
calculations to elucidate the ground state electronic 
structures and global minima of the early MB2 species 
studied here (details in the SI).40-43 First, the electronic 
energies of various structural isomers were probed to 
determine the global minimum of each MB2 molecule. Two 
linear geometries were calculated: one in which the 
transition metal is between the boron atoms (B-M-B) and 
one in which the B2 entity remained intact and bonded 
end-on (M-B-B). A cyclic C2v geometry was also calculated. 
For all of the MB2 species, the cyclic C2v geometry was 
confirmed as the global minimum. Figure S6 illustrates 
each geometry that was calculated for the MB2 species 
using ScB2 as the example. Table S1 displays the measured 
and calculated BDEs (obtained by CCSD(T) methods 
extrapolated to the complete basis set limit), calculated 
ionization energies (CCSD(T)/aug-cc-pVQZ(-PP)), ground 
terms, and ground electronic configurations for all of the 
early transition metal MB2 molecules. The energetic 
differences between the calculated structural isomers and 

the global minimum structure at the UB3LYP/aug-cc-
pVQZ(-PP) level are tabulated in Table S2.

Figure 2. Calculated global minima geometries of the MB2 and 
B2 species calculated at the UB3LYP/B, Sc, Ti, V (aug-cc-
pVQZ)/Y, Zr, Nb, Mo, Hf, Ta, W (aug-cc-pVQZ-PP) level of 
theory. The respective bond lengths of each molecule are 
given in Å units and the frequency of the symmetric stretch of 
the two boron atoms is given underneath each structure. 
Experimental measurements on the B2 ground state give a 
bond length and harmonic frequency of 1.587 Å and 1053 cm-

1, respectively.44

 Figure 2 shows the global minimum geometries of each 
MB2 species as well as that of the bare diboron ligand (also 
see Table S3). The cyclic C2v geometry of these molecules is 
identical to the structural disposition of the platinum atom 
and diborene ligand in the (Et3P)2Pt(B2Duryl2) complex. 
Therefore, a similar bonding mechanism may be occurring 
in these early transition metal diborides. 

Images of each MO for TiB2 in its calculated 1A1 
electronic ground state (Figure S7) also describe the 
generated MOs for all of the early MB2 molecules, although 
electronic occupancies of the higher-energy MOs of course 
vary. The 1b1 and 2a1 MOs (see Figure 3) are the relevant 
MOs for possible bonding between a d orbital on the 
transition metal and the 1πu bonding orbitals on diboron.  
These are bonding orbitals between the metal and the 
diboron, and within the B2 unit as well. From the calculated 
ground electronic configurations (Table S1), it may be 
noted that the 1b1 and 2a1 MOs are doubly occupied in 
each molecule, giving a strong bonding interaction 
between the transition metal and the diboron ligand. As 
the 1πu orbitals of B2 are doubly occupied, two of the 
electrons occupying these orbitals come from B2, two from 
the metal; thus, electron donation from both centers 
occurs. For a more quantitative analysis of the chemical 
bonding in each MB2, specifically for the 1b1 and 2a1 MOs, 
an orbital composition analysis for each MO was 
performed using a full natural bond orbital analysis.45-46 
The results are listed in Table 1. These show that there is 
interaction between the relevant transition metal orbitals 
and the bonding 1πu orbitals of the diboron molecule 
confirming the existence of both coplanar and orthogonal 
bonding in these complexes. 
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Figure 3. TiB2’s 1b1 and 2a1 molecular orbitals, which 
demonstrate strongly bonding interactions between the Ti 
πdxz orbital and the 1πu bonding orbital of diboron in the 1b1 
MO, and the Ti dz2/s orbitals and the remaining 1πu bonding 
orbital of diboron in the 2a1 MO. 

Table 1. Orbital composition analysis of the 1b1 and 
2a1 MO in the early transition metal diborides

1b1 Molecular Orbital 2a1 Molecular Orbital

% M πdxz % B2 1πu % M σdz
2, s % B2 1πu

ScB2 26 73 10, 13 69
TiB2 48 50 34, 15 34
VB2 86 12 5, 14 80

YB2 23 56 12, 6 77
ZrB2 40 29 34, 20 43
NbB2 72 22 12, 12 74
MoB2 83 17 10, 14 70

HfB2 34 65 35, 11 53
TaB2 56 44 19, 12 48
WB2 74 25 8, 19 70

   The 1b2 orbital of the MB2 complexes also contributes 
to the bonding in these molecules.  It combines the filled 
1σu antibonding orbital of B2 (mainly 2s) with the dyz of the 
metal, leading to partial electron donation from B2 to the 
metal.  The transfer of electron density out of the 1σu 
antibonding orbital strengthens the B-B bond.  Similarly, 
the 3a1 orbital is a bonding combination of the metal dz2 
orbital with the empty 2σg (mainly 2pz) orbital of B2, 
leading to metal to B2 electron donation.  The increase in 
occupation of 3a1 from one electron (ScB2 and YB2) to two 
electrons in the later members of their periods causes a 
corresponding increase in M-B2 BDE.  These orbitals are 
displayed in Figure 4; compositions are given in Table S5.

   Further evidence that the B-B bond is strengthened in 
these species may be found in Figure 2, where all ten early 
transition metal diborides exhibit a calculated B=B 
vibrational frequency that is 10-17% greater than isolated 
B2, as well as a calculated B-B bond length that is 
shortened by 0.07 to 0.09 Å.  Similarly, the bond energy of 
the B2 unit within the MB2 molecules may be judged by the 
energy required to break the cyclic molecules into linear 
BMB species.  These are all calculated (Table S2) to be 

greater than the BDE of B2 (2.75 eV)47 by 0.25 to 2.46 eV.  
All of these measures demonstrate enhanced B-B bonding 
in the early transition metal MB2 complexes, consistent 
with the donation of metallic electron density into the B2 
1πu bonding orbitals and donation of B2 antibonding 
electron density from the 1σu orbital into empty metal d 
orbitals.  In contrast, other early transition metal- and 
lanthanide-X2 (X= C, N, O, P) molecules show a universal 
weakening of the X2 bond, consistent with the DCD model 
of electron donation into the π* antibonding orbital.48-54  

Figure 4.  TiB2’s 1b2 and 3a1 orbitals, like the 1b1 and 2a1 
orbitals, contribute to strengthening the M-B2 bond.

   It is noteworthy that after the exclusion of NbB2, for 
reasons described in the SI, the M-B2 BDEs follow a trend 
line where on average there is a 133±3% increase in BDE 
compared to the corresponding metal monoboride BDEs 
(Table S4 and Figure S8).  The fact that the BDEs of the 
MB2 molecules are more than double the BDEs of the 
monoborides is at least partially due to the occupancy of 
the 2a1 and 1b1 MOs, which provide both M-B and B-B 
bonding interactions. 

   To conclude, spectroscopic results show an impressive 
increase in strength of the transition-metal boron bond in 
the MB2 molecules as compared to the MB species.  
Likewise, computational results show significant 
strengthening of the B-B bond when an early transition 
metal is bonded to diboron. Chemical bonding analysis 
shows bonding interaction between the metal d orbitals 
and the diboron 1πu-bonding orbitals in the 1b1 and 2a1 
MOs, as well as significant donation of B2 1σu antibonding 
density into the empty metallic dyz orbital in the 1b2 orbital. 
We hope that these results help to inspire further research 
and new insights in metalloboron chemistry.

  ASSOCIATED CONTENT 
The supporting information material is available free of 
charge at http://pubs.acs.org/doi/xxx: In-depth descriptions 
of the experimental and computational methods employed in 
this study; the R2PI spectra of ScB2, TiB2, VB2, YB2, and MoB2; 
molecular orbital diagram of TiB2; calculated isomers of the 
MB2 species; comparisons of the BDEs of MB vs. MB2; 
calculated BDEs, ionization energies, and ground electronic 
states of the MB2 molecules; and calculated structural 
information of the MB2 molecules.
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Figure 1. R2PI spectrum of TiB2 (top trace) with its predissociation threshold at 37287(40) cm-1. The atomic 
spectrum of Ti (lower trace) was used for calibration. 
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Figure 2. Ground state geometries of the MB2 and B2 species calculated at the UB3LYP/B, Sc, Ti, V (aug-cc-
pVQZ)/Y, Zr, Nb, Mo, Hf, Ta, W (aug-cc-pVQZ-PP) level of theory. The respective bond lengths of each 

molecule are given in Å units and the frequency of the symmetrical stretch of the two boron atoms is given 
underneath each structure. Experimental measurements on the B2 ground state give a bond length and 

harmonic frequency of 1.587 Å and 1053 cm-1, respectively.44 
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Figure 3. TiB2’s 1b1 and 2a1 molecular orbitals, which demonstrate strongly bonding interactions between 
the Ti πdxz orbital and the 1πu bonding orbital of diboron in the 1b1 MO, and the Ti dz2/s orbitals and the 

remaining 1πu bonding orbital of diboron in the 2a1 MO. 
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Figure 4.  TiB2’s 1b2 and 3a1 orbitals, like the 1b1 and 2a1 orbitals, contribute to strengthening the M-B2 
bond. 
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