
This is an Accepted Manuscript, which has been through the 
Royal Society of Chemistry peer review process and has been 
accepted for publication.

Accepted Manuscripts are published online shortly after 
acceptance, before technical editing, formatting and proof reading. 
Using this free service, authors can make their results available 
to the community, in citable form, before we publish the edited 
article. We will replace this Accepted Manuscript with the edited 
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the 
Information for Authors.

Please note that technical editing may introduce minor changes 
to the text and/or graphics, which may alter content. The journal’s 
standard Terms & Conditions and the Ethical guidelines still 
apply. In no event shall the Royal Society of Chemistry be held 
responsible for any errors or omissions in this Accepted Manuscript 
or any consequences arising from the use of any information it 
contains. 

Accepted Manuscript

ChemComm

www.rsc.org/chemcomm

http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/


Journal Name  

COMMUNICATION 

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 1  

Please do not adjust margins 

Please do not adjust margins 

Received 00th January 20xx, 

Accepted 00th January 20xx 

DOI: 10.1039/x0xx00000x 

www.rsc.org/ 

Not all Density Functionals are Created Equal: The Case of the 

Missing Electron in the Oxidized [W–W≡O]7+ Core   

David W. Brogdena and John F. Berrya,b 

The location of the unpaired electron in the new mixed-valent 

(W2)IV,V trication [W2O(dpa)4]3+ presents a challenge for DFT 

methods. EPR spectroscopy confirms the unpaired electron to be in 

the W(V)-oxo unit, in agreement with the predictions of hybrid 

functionals B3LYP and TPSSh, but contrary to the predictions of 

non-hybrid functionals. 

Compounds with weak metal-metal interactions provide challenging 
problems for theory.1-8 A classic example is the case of quadruply-
bonded Cr2 tetracarboxylate and related compounds, for which the 
Slater determinant corresponding to the σ2π4δ2 quadruple bond 
typically contributes to only < 50% of the ground state wavefunction, 
causing Hartree-Fock (HF)-derived computational methods to fail.9, 10 
We recently reported a novel complex with a linear W···W≡O 
geometry, [W2O(dpa)4]2+ (1), (dpa = 2,2’-dipyridylamido) shown in 
Scheme 1,11, 12 that provides an electronic structure problem of an 
entirely different nature. The very weak W···W σ bonding interaction 
in the compound leads to an electronic structure that can be 
approximated as containing two distinct weakly interacting W(IV) 
centers.12 Because of the differing geometries of the two W centers 
(W(1) is ligated by eight N atoms in a rough square antiprismatic 
geometry, while W(2) is square pyramidal bearing four equatorial N 
atoms and an apical terminal oxo group), each W(IV) atom is 
expected to have a different HOMO. As is typical for square 
pyramidal terminal oxo complexes, W(2) has a (dxy)2 electron pair. 
W(1), on the other hand, has an electron pair in the dz2 orbital 
(Scheme 1), which has slight contributions from W(2) and the oxo 
ligand due to the weak W–W–O three-center σ interaction in the 
compound.12 One issue that was only partially settled in our previous 
work is the question of whether the W(1) dz

2 orbital or the W(2) dxy 
orbital is highest in energy for the compound. Density functional 
theory (DFT) calculations, with the BP86 functional, that we have 
reported on this complex indicated that these two orbitals are very 
close to each other in energy, < 0.1 eV. 

 

Scheme 1. Representation of 1 and molecular orbital diagram for the 
individual W(IV) centers. 

In order to settle this question of the orbital ordering in the W···W≡O 
complex, we present here an experimental/computational approach 
in which we have (1) chemically synthesized a new, isostructural, 
one-electron oxidized analog of 1, namely, [W2O(dpa)4]3+ (2), (2) 
characterized the environment of its unpaired electron by EPR 
spectroscopy, and (3) used various DFT methods to calculate the 
electronic structure of 2. DFT calculations on 2 are highly functional-
dependent, and care must be taken in the analysis of the 
computational results in order to find the correct ground state. 

Since the W(1) dz
2 orbital is involved in small but significant σ bonding 

delocalization throughout the W–W=O chain, we may expect 
removal of an electron from this orbital yielding what is hereafter 
referred to as electron configuration 1 (EC1) to cause a lengthening 
of the W–W bond distance, as well as the W=O bond distance. On 
the other hand, the W(2) dxy orbital is essentially non-bonding with 
respect to both the W–W and the W=O interaction. Therefore, we 
may not expect to see a large change in the W–W or W=O distances 
from 1 to 2 if electron configuration 2 (EC2) is adopted, in which an 
electron is removed from the W(2) dxy orbital.  

Having the possibility of two distinct electron configurations at two 
different W–W distances in 2 is the equivalent of setting up a booby 
trap for quantum chemical calculations, as a geometry optimization 
routine can readily fall into a local, and not a global, potential energy 
minimum. We therefore decided to use several different density 
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functionals to probe the potential energy landscape of the W–W 
distance of 2 using relaxed surface scans. For this work, we use the 
GGA functional BP86, and the meta-GGA TPSS, as well as hybrid 
versions of each one (B3LYP and TPSSh, respectively), that include HF 
exchange. Notable is that all four of these functionals provide an 
accurate optimized geometry for the diamagnetic complex 1, with a 
possible exception of B3LYP, which overestimates the W–W distance 
by 0.07 Å (See Table S1). Surface scans of the W–W distance of 2 with 
each functional are shown in Figure 1,† where the W–W distances 
have been scanned from 2.9 – 3.4 Å, in both directions from the 
original W–W distance in 1, 3.07 Å. 

Surprisingly, both BP86 and its hybrid counterpart B3LYP show a 
single minimum in their scans (Figure 1 a, b) corresponding to wildly 
different W–W distances of ~ 3.3 and 3.1 Å, respectively. TPSS and 
TPSSh also show significant differences in the predicted equilibrium 
W–W distance, but now in each case the scans (Figure 1 c, d) show 
the expected two minima. However, TPSS predicts the minimum with 
the longer W–W distance to be lower in energy, while TPSSh shows 
a clear preference for the shorter W–W distance. Interestingly, the 
GGA functionals do not predict double-well minima, while the meta-
GGA functionals do. Also, EC1 is predicted by non-hybrid functionals 
while the hybrid functionals predict an EC2 ground state. In previous 
computational work on metal-metal bonded compounds, we have 
consistently found that non-hybrid functionals provide a more 
reliable description of the ground state.9, 13, 14 Thus, we are curious 
which prediction, a long or short W–W distance for 2, is in best 
agreement with experiment in this case.  

The trication 2 was synthesized by reaction of 1 with two 
equivalents‡ of Ag(OTf), (OTf = trifluoromethanesulfonate) in 
dichloromethane at 0 °C, and crystals suitable for X-ray 
crystallography were grown by slow diffusion of hexanes into a 
dichloromethane solution at –20 °C. In the crystal structure of 2 at 
100 K, the asymmetric unit is found to contain one W–W=O species, 
three triflate anions, and one dichloromethane solvent of 
crystallization. Thus, the  

  

  

Figure 1. Potential energy surface scans for 2 with the (A) BP86 
functional, (B) B3LYP functional, (C) TPSS functional, (D) TPSSh 
functional with fixed W–W bond distance from 2.9 to 3.4 Å. 

stoichiometry is consistent with the presence of a [W2O(dpa)4]3+ 

tricationic unit, as expected for 2. The [W2O(dpa)4]3+ ion, shown in 
Figure 2, bears significant similarity to the structure of 1 in that it 
houses two chemically distinct W atoms, one ligated by eight dpa N 
atoms, and the other ligated by four dpa atoms bearing a terminal 
oxo group. There are, however, some unusual and unexpected 
features: The W···W distance in 2 is 2.9719(2) Å, which is ~0.1 Å 
shorter than the W···W distance in 1. Also, while 1 features a nearly 
linear W–W=O unit with a W–W=O angle of 178°, the W–W=O unit 
in 2 is distinctly bent, with a W–W=O angle of 168.78(8)°. Changes in 
all of the W–N bond distances from 1 to 2 are minimal, ~0.02 Å in the 
largest case, so it is difficult to judge from these data whether 
oxidation is localized on one W center vs the other. Nevertheless, in 
comparison to our expectations for EC1 vs EC2, the change in the W–
W distance seems inconsistent with an EC1 ground state. 

This sentiment is matched by poor agreement between optimized 
geometries for 2 at the BP86 or TPSS levels and its crystal structure 
(Table 1), where the calculated W–W distances are > 0.2 Å too long. 
Improved optimized geometries are obtained with the hybrid 
functionals B3LYP and especially TPSSh. The latter predicts not only 
a W–W distance of 3.017 Å, but also a bent W–W=O unit with an 
angle of 174°. It is worth noting that the TPSSh functional is the only 
functional to predict a non-linear W–W=O angle, though the energy 
associated with W–W=O bending is on the order of only a few kJ/mol 
according to DFT results. The close correspondence of the 
experimental crystal structure data and the structure predicted by 
TPSSh suggests that upon oxidation a dxy electron from the oxo-
bound tungsten atom is lost. Figure 3 shows a plot of this orbital as 
well as the W(1) dz

2 orbital, calculated by the TPSSh functional. 
Complex 2 therefore has an unpaired electron in the W(V)-oxo 5dxy 
orbital, and there is a closely-lying electron pair in the 5dz2 orbital of 
the distal W atom that shows partial electron delocalization to the 
W(V)-oxo unit, Table S2, as indicated by the calculated W–W Mayer 
bond order of 0.45. This dative W(IV)→W(V) interaction is likely the 
reason for the unexpected non-linearity of the W–W≡O angle as well 
as the shorter W–W distance in 2 vs 1, since the W(V) will be a 
stronger Lewis acidic center. The W≡O bond is elongated by this 
dative metal-metal interaction, but only by < 0.01 Å as compared to 
the structure of 1. Consistent with this view, the W=O  

 

Figure 2. X-ray crystal structure of the trication in 2, with thermal 
ellipsoids drawn at the 50% probability level. Hydrogen atoms, 
solvent molecules, and counter ions have been omitted for clarity. 

0

5

10

15

20

2.9 3.0 3.1 3.2 3.3 3.4

kJ
/m

o
l

W-W bond length, Å

A. BP86

0

5

10

15

20

2.9 3.0 3.1 3.2 3.3 3.4

kJ
/m

o
l

W-W bond length, Å

B. B3LYP

0

2

4

6

8

10

2.9 3.0 3.1 3.2 3.3 3.4

kJ
/m

o
l

W-W bond length, Å

C. TPSS

0

2

4

6

8

10

2.9 3.0 3.1 3.2 3.3 3.4

kJ
/m

o
l

W-W bond length, Å

D. TPSSh

Page 2 of 4ChemComm

C
he

m
C

om
m

A
cc

ep
te

d
M

an
us

cr
ip

t



Journal Name  COMMUNICATION 

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 3  

Please do not adjust margins 

Please do not adjust margins 

 

 

Figure 3. (A) Alpha HOMO-1 dxy molecular orbital. (B) Alpha HOMO 
dz

2 molecular orbital. (C) Beta HOMO dz
2 molecular orbital. (D) Beta 

LUMO dxy molecular orbital. All orbitals calculated with the TPSSh 
functional.  

stretch for 2 is found at 955 cm-1, as compared to 957  cm-1 in 1. In 
an attempt to validate this electronic structure further, a low 
temperature EPR spectrum of 2 was collected to characterize the 
location of the unpaired electron. 

The EPR spectrum collected on a frozen solution of 2 (8 K), shown in 
Figure 4, is nearly isotropic in character, but is best simulated with an 
axial g tensor in which all three g components are less than 2, g1 = 
1.818, g2 = 1.836, g3 = 1.836. The low g values are characteristic for 
W(V)-oxo metal centers with a (dxy)1 electron configuration.15-18 183W 
hyperfine coupling is mainly unresolved in the spectrum, but is best 
modeled by (isotropic) A values that are larger for one W atom than 
they are for the other, consistent with the hypothesis that the 
unpaired electron is mainly localized on the W=O unit. The 
experimental data in combination with the good agreement between 
the calculated geometric parameters of 2 by the TPSSh functional 
indicate that the oxidized compound of 1 adopts EC2, where indeed 
the unpaired electron is in the oxo bound tungsten dxy orbital, 
resulting in a mixed-valent W(IV)-W(V)-oxo species. 

Compounds containing both metal-metal and metal-ligand multiple 
bonding interactions have been shown to engage in extraordinary 
chemical reactivity.19-25 Recently, 1 was shown to react with alkyl  
phosphines in CH3CN not by O-atom transfer, but instead via single-
electron transfer (SET) causing a cascade of radical reactions leading 
ultimately to the hydration of CH3CN.11 Although little work has been 
reported on the reactivity of mononuclear W(V)-oxo compounds,26 it 
is reasonable to expect 2 to show similar reactivity to 1, but perhaps 

 

Figure 4. EPR data and simulation for [W2O(dpa)4]3+ (2) at 8K. 
Simulation parameters are as follows: freq = 9.38; g = (1.818, 1.836, 
1.836); A = (0, 0, 0; 170, 170, 300); HStrain = (70, 70, 100); lw = 3; 
points = 4096. 

Table 1. X-ray and DFT calculated bond distances and bond 
angles for 2. 
 W–

W, Å 
W–O, 
Å 

Woxo–
N,  
avg. Å 

Wdist.–
Na,  
avg. Å 

Wdist–
Npy, 
avg Å 

W–W-
O, ° 

2 2.971
9(2) 

1.697(
2) 

2.140[
3] 

2.162[
3] 

2.183[
3] 

168.78(
8) 

TPSSh 3.017 1.692 2.147 2.178 2.207 173.9 
B3LYP 3.107 1.685 2.157 2.199 2.227 179.8 
TPSS 3.243 1.684 2.153 2.185 2.212 179.9 
BP86 3.312 1.685 2.141 2.163 2.207 179.9 

 

with greater scope due to its higher oxidation state. Indeed, 
reactions of 2 with excess tri-tert-butylphosphine (PtBu3) and tri-n-
butylphosphine (PnBu3) in acetonitrile show similar results to those 
reported for 1. In dichloromethane, 2 was reduced by these 
substrates to 1 and then showed no further reactivity. Expanding the 
scope of this reactivity, both 1 and 2 also react in CH3CN with Me2PhP 
and Ph2MeP, again via SET. Compound 2 also undergoes SET with 
PPh3 and methyl p-tolyl sulphide to form 1, whereas 1 does not react 
with these substrates. Overall, 2 is more oxidizing than 1 and is, to 
our knowledge, the first example of a W(V)-oxo complex that 
engages in SET in the presence of O-atom acceptors. 

Reported here is the first example of a W(V)-oxo complex that has a 
second W(IV) ion is its immediate vicinity. The electronic structure of 
this complex has provided a challenge for DFT methods, and we have 
found the combination of a meta-GGA functional with hybrid HF 
character was needed in order to provide an accurate prediction of 
its geometry and ground state features. This compound features a 
highly unusual dative W(IV)→W(V)≡O interaction in its electronic 
structure that accounts for its unusual geometrical features, and 
facilitates unusual SET reactivity with phosphine and sulfide 
substrates. 

Notes and references 
† The GGA functionals PBE and PBE0 have also been tested and 
their surface scans are given in Figure S1. 
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‡ The second equivalent of Ag(OTf) is needed to provide the 
correct stoichiometric equivalents of the (OTf) counter anion. 
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