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ABSTRACT: The heteroarene 1,4-bis(CAAC)-1,4-diborabenzene (1; CAAC = cyclic (alkyl)(amino)carbene) reacts with 
[(MeCN)3M(CO)3] (M = Cr, Mo, W) to yield half-sandwich complexes of the form [(η6-diborabenzene)M(CO)3] (M = Cr (2), Mo 
(3), W (4)). Investigation of the new complexes with a combination of X-ray diffraction, spectroscopic methods and DFT calculations 
shows that ligand 1 is a remarkably strong electron donor. In particular, [(η6-arene)M(CO)3] complexes of this ligand display the 
lowest CO stretching frequencies yet observed for this class of complex. Cyclic voltammetry on complexes 2-4 revealed one reversi-
ble oxidation and two reversible reduction events in each case, with no evidence of ring-slippage of the arene to the η4 binding mode. 
Treatment of 4 with lithium metal in THF led to identification of the paramagnetic complex [(1)W(CO)3]Li·2THF (5). Compound 1 
can also be reduced in the absence of a transition metal to its dianion 12–, which possesses a quinoid-type structure.   

Half-sandwich complexes of arenes are among the most well-
known of all organometallic compounds. Since the isolation of 
[(η6-C6H6)Cr(CO)3] by Fischer and Öfele in 1957 (Figure 1), 
the discovery that coordination to the Cr(CO)3 fragment makes 
arenes susceptible to nucleophilic substitution has been instru-
mental in organic synthesis.1-2 Although less well studied than 
their all-carbon analogues, a variety of heteroarene complexes 
of the Group 6 M(CO)3 series are also known. Pyridines, typi-
cally η1 donor ligands, can be coerced into η6 coordination by 
use of bulky substituents in the 2 and 6 positions,3-4 while half-
sandwich complexes of η6 phosphabenzene,5-7 arsabenzene,8-9 
and stibabenzene9 ligands have also been reported. Silabenze-
nes10 and germabenzenes,11 kinetically stabilised by large sub-
stituents, have also been coordinated to group 6 tricarbonyl 
fragments. 

 

Figure 1. Selected Group 6 arene and heteroarene tricarbonyl com-
plexes. 

 

Of the boron derivatives,12 neutral borabenzenes,13-14 in 
which a CH fragment of benzene is replaced by B, require sta-
bilisation from a Lewis base for their isolation. These are dis-
tinguished from boratabenzenes, which contain an exocyclic, 
covalently bonded substituent at boron and possess an overall 
negative charge. The introduction of electropositive boron into 
arenes causes an increase in energy of the occupied s orbitals.13 
The expected strong donor ability of borabenzenes as ligands 
for transition metals was first observed experimentally by 
Schmid and co-workers with the preparation of Group 6 
M(CO)3 complexes of pyridine-borabenzene and pyridine-2-
boranaphthalene, in which the CO stretching frequencies are 
markedly lower than in arene analogues.15 The group of Fu (and 
later others) developed a general synthetic protocol for such bo-
rabenzene-base adducts,14, 16-17 and showed that their coordina-
tion to Cr(CO)3 dramatically increases the rate of nucleophilic 
aromatic substitution at boron.18 

 

Scheme 1. Synthesis of diborabenzene 1. 

It follows that incorporation of further boron atoms into the 
arene ring (with associated Lewis base donors) should produce 
an even more strongly electron-donating ligand. Our reactivity 
studies on boron-boron multiply-bonded species recently pro-
vided a route to the first neutral, 6π-aromatic diborabenzene 
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compound, 1 (Scheme 1).19 The species was accessed via reac-
tion of diboracumulene A with excess acetylene. The apparent 
aromaticity of 1, as well as the presence of benzene-like molec-
ular orbitals according to DFT calculations, led us to explore its 
potential as an η6 ligand for transition metals. 
 
RESULTS AND DISCUSSION 

Synthesis of 2-4. Reaction of the 1,4-bis(CAAC)-
diborabenzene 1 with [(MeCN)3M(CO)3] (M = Cr, Mo, W) in 
refluxing hexane afforded half-sandwich complexes [(h6-
1)M(CO)3] as black, crystalline solids in good yields (2 (Cr): 
55%; 3 (Mo): 62%; 4 (W): 66%) after recrystallisation from 
benzene (Scheme 2). Single-crystal X-ray diffraction con-
firmed the coordination of the heteroarene in each case. Com-
pounds 2-4 are essentially isostructural in the solid state 
(Figure 2, Table 1). The diborabenzene ligand coordinates in 
an η6 fashion to each of the metals, retaining its planarity. The 
flanking cyclic (alkyl)(amino)carbene (CAAC)20 ligands dis-
play a cis conformation, as in the free ligand, and are somewhat 
twisted out of the diborabenzene plane. The bond distances in 
the ligand are identical within error over the three complexes, 
but significant differences are observed compared to the free 
diborabenzene. The B-C bonds to the CAAC substituent are ex-
tended by roughly 0.025 Å upon complexation, presumably re-
flecting a reduction in the π-donation from the aromatic ring to 
the CAAC moiety due to competition from the metal, while the 
ring C-C bonds are also slightly elongated. In each case, the 
metal sits slightly off-centre, with the bond distances to the ring 
carbon atoms adjacent to the bulky Dipp groups roughly 0.05 Å 
longer than those opposite. The distances from the ring centroid 
to the metal are essentially identical to those in the [(h6-
C6H6)M(CO)3] derivatives21-23 and show the expected trend of 
Cr<W<Mo. 

The 11B NMR signals of the new compounds (6.0–7.0 ppm) 
are shifted significantly upfield from that of the free dibo-
rabenzene (1: 24.8 ppm). Analogously to the benzene deriva-
tives,24 the ring protons of the diborabenzene exhibit a signifi-
cant shift in the 1H NMR spectrum upon complexation, from 
7.31 ppm to 4.74 (2), 4.97 (3) and 4.78 ppm (4). The 13C NMR 
spectrum also reveals the expected large shifts from 150.5 ppm 
in 1 to 112.0 (2), 113.9 (3) and 109.3 ppm (4) for the ring carbon 
atoms, reflecting a reduction in aromaticity. The observation of 
a single resonance for the carbon and hydrogen atoms in the 
ring indicates free rotation about the B-CCAAC bond in solution. 
The signals for the carbonyl groups appear at 243.8 (2), 232.6 
(3) and 222.7 ppm (4), each shifted to significantly lower field 
than related [(η6-arene)M(CO)3] complexes (between 227.0 and 
238.5 ppm for Cr complexes) and indicative of exceptionally 
strong backbonding.25-26  

 
Table 2. Carbonyl stretching frequencies of complexes 2-4 
measured by infrared spectroscopy, alongside literature bench-
marks, in cm–1.	
 2 (Cr) 3 (Mo) 4 (W) [(C6H6)Cr(CO)3]2

7 

[(py-

C5BH5)Cr(C

O)3]15 

ν(CO)/ 

cm-1 

1880, 

1788 

1888, 

1792 

1884, 

1792 

1987, 1918 1925, 1850, 

1805 

 
IR and UV-vis Spectroscopy. In order to quantify the elec-

tron-donating properties of ligand 1, we measured IR absorp-
tion spectra of compounds 2-4 to obtain the stretching frequen-

Table 1. Selected crystallographically determined bond lengths 
(Å) and angles (°) in compounds 2-4 

 2 3 4 
B1-C5 1.581(2) 1.582(4) 1.584(3) 
B2-C9 1.587(2) 1.585(3) 1.581(3) 
B1-C1 1.527(2) 1.530(3) 1.531(3) 
C1-C2 1.397(2) 1.397(3) 1.403(3) 
C2-B2 1.530(2) 1.528(3) 1.530(4) 
B2-C3 1.526(2) 1.521(3) 1.528(4) 
C3-C4 1.418(2) 1.424(3) 1.430(3) 
C4-B1 1.524(2) 1.527(3) 1.517(3) 

M-C13-15 
(avg.) 

1.827 1.947 1.952 

M-ring cen-
troid 

1.725 1.904 1.891 

Σ (C-B1-C) 359.9 360.0 359.7 
 

Figure 2. Crystal structure of compound 2 with atomic displace-
ment ellipsoids shown at the 50% probability level. Hydrogen at-
oms, except H1-H4, have been removed for clarity. 

Scheme 2. Synthesis of compounds 2-4.
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cies of the carbonyl ligands. The results are summarised in Ta-
ble 2 alongside those of [(C6H6)Cr(CO)3]28 and Schmid’s pyri-
dine-borabenzene complex.15 It is immediately clear that the di-
borabenzene complexes exhibit a large shift of the bands to 
lower energy. The A1 and E carbonyl stretching frequencies of 
Cr complex 2 are 107 cm–1 and 130 cm–1 lower, respectively, 
than those of the parent benzene complex. To the best of our 
knowledge, these values represent the lowest CO frequencies 
yet observed for [(η6-arene)M(CO)3] complexes, implying re-
markably strong backdonation from the (diborabenzene)M 
fragment into the π* orbitals of the CO ligands. 

The UV-vis absorption spectra of 2-4 all display maxima 
around 400 nm (2: 424 nm, 3: 412 nm, 4: 400 nm), assigned to 
π-π* ligand transitions (see supporting information)). This rep-
resents a significant blue shift compared to 1 (633 nm). The 
bands shift to shorter wavelength as one moves down Group 6, 
consistent with stronger binding to the metal and increased sta-
bilisation of the HOMO. Broad, lower intensity absorption 
bands are also observed at lower energy, presumably reflecting 
MLCT transitions. 

 
Table 3.  Interaction, Deformation and Binding Energies be-
tween the M(CO)3 complexes and the diborabenzene ring cal-
culated at the M06-L/def2-SVPD:PM6 level.  

Term 2 3 4 (C6H6)Cr(CO)3 
Interaction 
Energya –92.2 –100.9 –103.6 –59.6 

Defor-
mation En-

ergy 
7.5 8.8 10.9 3.0 

Binding 
Energyb 82.9 90.6 91.8 55.4 

a BSSE correction included. b BSSE + ZPE corrections in-
cluded. 
 

Theoretical Calculations. In an attempt to gain more insight 
into the electronic properties of the new compounds, we per-
formed density functional theory calculations to obtain the in-
teraction and binding energies of the complexes. The interac-
tion energies (complexation energies) were calculated as the en-
ergy difference between the total complex and the sum of frag-
ments in its frozen geometry. Binding energies are the negative 
values of the dissociation energies (calculated as the total com-
plex energy minus the energy of the fragments in its relaxed 
geometry). These results are shown in Table 3 alongside those 
of the parent compound, [(h6-C6H6)Cr(CO)3] for comparison. 
The calculated binding energy of [(h6-C6H6)Cr(CO)3] is 55.4 
kcal×mol–1, a value close to the experimental one of 53 kcal×mol–

1.29 Thus, our computational results suggest that the interaction 
and binding energies between the diborabenzene and metal tri-
carbonyl fragments in these complexes (Cr: 82.9 kcal mol–1, 
Mo: 90.6, W: 91.8) are considerably higher than in [(h6-
C6H6)Cr(CO)3]. The interaction energies thus increase in the or-
der Cr < Mo < W, as do the deformation energies, consistent 
with the expected trend of increasing bond strengths moving 
down the group.29-30 

It is known that the complexation of Cr(CO)3 to benzene de-
creases the aromaticity of the ring.31 We therefore decided to 
calculate NICS(1) indices for the new complexes to follow the 

aromaticity trend. As expected, it decreases in the order [Cr]: –
10.2, [Mo]: –9.5, [W]: –9.2, indicating lower aromaticity for the 
more strongly bound species. 

 

Figure 3. Frontier molecular orbital plots of compound 2 calcu-
lated at the meta-GGA M06-L level. 

 
The HOMO describes mainly the interaction of the metal 

centre with the B-C bonds of the ligand, and the HOMO-1 is 
centered on the carbonyl bonding with the d-orbitals of the 
metal. This represents a marked difference to [(h6-
C6H6)Cr(CO)3], in which the HOMO is almost exclusively lo-
calized on the Cr(CO)3 fragment.32 The LUMO corresponds 
mainly to the p system of the B-C-N moiety of the CAAC lig-
ands. These are destabilized with respect to the free ligand be-
cause the back-donation from boron is not effective, due to 
competition from the M(CO)3 fragment. Moreover, we found 
that the CAAC ligands bend out of the diborabenzene plane to-
ward the M(CO)3 fragment. This angle follows the order [Cr]: 
7.6°, [Mo]: 9.5°, [W]: 8.4°. This also corresponds to a small p-
donation from the B-CCAAC bonds to the metal centre (according 
to second-order perturbation theory analysis from NBO calcu-
lations, the stabilizing energies are [Cr]: 3.35 kcal mol–1, [Mo]: 
3.86, [W]: 1.62 for each B-CCAAC bond). This also supports our 
observation of the strong electron-donating properties of the di-
borabenzene ring as a ligand.  

Cyclic Voltammetry. The reactivity of arene chromium tri-
carbonyl complexes can be dramatically increased by oxidation 
or reduction of the substitutionally inert 18-electron species.33 
The compounds typically undergo an electrochemical one-elec-
tron oxidation to radical cations [(η6-arene)Cr(CO)3]+, whose 
stability depends strongly upon the nature of the electrolyte an-
ion. The first crystal structure of such a complex, [(η6-
C6Me6)Cr(CO)3][B(C6F5)4],34 was reported in 2015 by utilizing 
an inert perfluoroaryl borate anion. Reduction results in a single 
two-electron process yielding dianions of the form [(η4-
arene)Cr(CO)3]2–,27, 35-36 in which a ring-slippage of the arene 
allows retention of the 18-electron configuration. We per-
formed cyclic voltammetry experiments on complexes 2-4, 
alongside [(h6-C6H6)Cr(CO)3] for direct comparison. While 
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[(h6-C6H6)Cr(CO)3] showed a single irreversible reduction at –
3.07 V (vs. Fc/Fc+), in broad agreement with literature reports,27 
each of the new diborabenzene complexes underwent a single 
oxidation and two independent reductions. All of the redox pro-
cesses were found to be reversible under the CV conditions, 
with the exception of compound 4, the cyclic voltammogram of 
which contained additional waves presumably linked to decom-
position of the singly-reduced species. The values are displayed 
in Table 4, revealing similar behaviour for all three compounds, 
with a trend towards more positive potential as one moves down 
the group from Cr to W, i.e. that the chromium complex is the 
most easily oxidized but most difficult to reduce. The oxidation 
waves are shifted considerably from ca. 0.41 V for [(η6-
C6H6)Cr(CO)3] 

37 to between –0.38 V (4) and –0.54 V (2). We 
attribute this discrepancy to the significant ligand contribution 
to the HOMO orbitals in 2-4. The stepwise reduction is evi-
dently favoured by the involvement of the B-CAAC moieties – 
CAACs are well known for their ability to stabilise radical spe-
cies38-39 – and population of the largely CAAC-based LUMO of 
2-4 upon reduction would avoid the formation of an unstable 
19e– metal centre. 

 
 
 
 
 
 

Table 4. Oxidation potentials of compounds 2-4 in V vs. 
Fc/Fc+.  
 2 3 4 (C6H6)Cr(CO)3 
Oxidation –0.54 –0.41 –0.38 0.41a 
1st reduc-

tion 
–2.33 –2.26 –2.25 –3.07b 

2nd reduc-
tion 

–2.96 –2.93 –2.89 –3.07b 

a Taken from reference 40. b Single reduction wave observed. 
 

Chemical Reduction. With the knowledge that 2-4 can be 
reduced to stable compounds, we were keen to isolate a reduced 
species. Reaction of tungsten complex 4 with excess Li metal 
in THF led to a black, paramagnetic solution (Scheme 3). The 
EPR spectrum of the solution showed a poorly resolved signal 
at giso = 1.996, consistent with a largely ligand-centred spin dis-
tribution (see ESI). Due to the large spin-orbit coupling constant 
of tungsten, a higher metal contribution would be reflected in 
giso values that are significantly lower than that of the free elec-
tron.41 The simulated hyperfine coupling constants of 8.3 (14N), 
8.5 (1H), and 5.1 MHz (11B) for the diborabenzene ligand as 

Scheme 3. Synthesis of compound 5.

Scheme 4. Synthesis of compounds 6a/6b.

Figure 4 Crystal structure of compound 5 with atomic displacement 
ellipsoids shown at the 50% probability level. Hydrogen atoms, ex-
cept H1-H4, have been removed for clarity.

Figure 5 Crystal structure of compound 6a with selected atomic dis-
placement ellipsoids at the 50% probability level. Hydrogen atoms ex-
cept for H1 and H2 are omitted for clarity.
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well as the small tungsten coupling of a(183W) ≈ 10 MHz, ob-
scured by the linewidth, confirm the picture of a mainly ligand-
based radical. 

X-ray diffraction on single crystals obtained from a benzene 
solution confirmed the formation of the radical anion 
[(1)W(CO)3]Li·2THF (5, Figure 4). The compound is dimeric 
in the solid state, with CO···Li+···OC interactions connecting 
the two fragments. Unfortunately, the data obtained are inade-
quate for a discussion of further structural parameters. Although 
the EPR signal of 5 was reproducible, attempts to isolate the 
compound in bulk were unsuccessful owing to its instability. 
After several hours, 11B NMR signals reappeared for 4 and what 
was later identified as 6 (see below), among other unidentified 
species, suggesting the action of a disproportionation pathway.  
Nonetheless, compound 5 represents to the best of our 
knowledge the first example of a monoanionic arene tricarbonyl 
complex of a Group 6 metal. 

Remarkably, we discovered that the reduction of 1 does not 
require coordination to a transition metal fragment. Reaction of 
1 with lithium metal for 5 d provides the dianion as its dilithium 
compound, Li2(THF)2[1] (6) in 68% yield (Scheme 4). The 
compound has a deep purple colour in solution, appearing black 
in the solid state. Single-crystal X-ray diffraction confirmed the 
composition of 6 (Figure 5). The B-CAAC bonds (1.498(3) Å) 
are markedly shortened with respect to 1, while the ring B-C 
bonds (1.561(3), 1.569(3) Å) are lengthened, indicating a quin-
oid-type structure. The lithium atoms sit centrally upon the ring, 
each coordinated by one THF ligand. While a single peak is ob-
served for 6 in the 11B NMR spectrum at 13.6 ppm, the 1H and 
13C NMR spectra revealed the presence of two compounds in a 
2:1 ratio. We postulated the formation of two isomers, 6a and 
6b, with opposing double bond geometry. This assumption was 
supported by 1H NOESY NMR spectroscopy, which revealed 
through-space coupling between the methyl and iso-propyl sub-
stituents of the CAAC moiety with the appropriate hydrogen 
atoms on the central ring. Optimisation of the two structures by 
DFT (B3LYP/6-311G(d)) revealed them to be of very similar 
energy, with 6a favoured by 1.35 kcal·mol–1. Variable temper-
ature NMR studies showed broadening of the 6a/6b signals at 
90 °C, but a coalescence temperature could not be determined. 
This observation is consistent with a high barrier to intercon-
version, and therefore significant B-CAAC π-bonding, provid-
ing further support for a quinoidal structure. Reaction of 6a/6b 
with ZrCl4 resulted in quantitative regeneration of 1 alongside 
elemental Zr, supporting the formulation as stereoisomers and 
illustrating the high reduction potential of 6. 

Interestingly, compound 6 is also obtained from the lithium 
reduction of chromium complex 2, indicating an increased la-
bility of the ligand in its reduced form and providing experi-
mental support for the calculated trend in ligand binding ener-
gies. The only stable benzene-derived dianions known are 
highly conjugated42-43 or sterically and electronically stabilized 
by multiple bulky silyl groups;44-46 in the case of 1, the ability 
of the CAAC moieties to accept π-electron density from the ring 
leads to the stability of the highly reduced species 6. 

Conclusions We have prepared half-sandwich complexes 
of the group VI metals with a diborabenzene ligand (2-4). The 
carbene-stabilised diborabenzene ligand is shown to be a con-
siderably stronger electron donor than its all-carbon analogues, 
with carbonyl stretching frequencies unprecedentedly low for 

neutral piano stool complexes. The redox chemistry of the new 
complexes is divergent from that of arene complexes, with cy-
clic voltammetry and DFT calculations revealing reversible and 
largely ligand-centred oxidation and reduction processes. Re-
duction of neutral complex 4 with lithium provided evidence of 
a monoanionic diborabenzene tungsten tricarbonyl complex, 5. 
Furthermore, it was possible to reduce the free diborabenzene 
to its dianion, 12-. The stability of 1 in multiple oxidation states 
promises a rich coordination chemistry, and considering the 
burgeoning research field of redox-active ligands,47-48 we are 
confident that ligand 1 may find applications in homogeneous 
catalysis. 
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