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Three-electron reduction of hexaazatrinaphthylene (HAN)
with a magnesium(l) reagent leads to [(HAN){Mg(nacnac)};]
(1), containing a [HAN]?*" ligand with a spin of S = %. Ab initio
calculations reveal that the [HAN]* ligand in 1 has a ground-
state wave function with multiconfigurational properties, and
can be described as a triradicaloid species with a small
amount of open-shell doublet character.

Hexaazatriphenylene (HAT) and related aromatic compounds
have unusual molecular and electronic structure properties
including: a disk-like shape; rigid three-fold symmetry; the
ability to bind up to three metal ions; and rich electrochemistry
due to the presence of low-lying 7* orbitals." HAT and related
compounds have been used as building blocks in
supramolecular coordination compounds,>* and their metal
complexes have been studied for their photophysical properties,
such as charge transfer and fluorescence sensing.®”’ Metal-free
HAT derivatives can display liquid crystal behaviour,® which,
in tandem with their electron transport and semiconductor
properties,® has introduced potential uses in organic
electronics.’®®® Electron-deficient HAT derivatives have also
been used for anion recognition applications.*®

The ability of HAT-type ligands to bind up to three
transition metal ions is of interest in the context of molecular
magnetism. The HAT n-system can provide exchange coupling
pathways between paramagnetic centres, and the Cs;-symmetry
relationship between the coordination pockets introduces the
possibility of spin frustration or non-collinearity. Such
situations have been considered in HAT complexes of iron and
cobalt, however the exchange coupling is typically weak, and
frustrated magnetism has not yet been observed.'’*

A potential method for strengthening the magnetic
communication between metal ions in HAT complexes ligands
is to reduce the heterocycle to one of its corresponding anions,
e.g. [HAT]"™, where n = 1, 2 or 3. Several trimetallic complexes
of the formally mono-anionic hexacyano-HAT ligand,
[HAT(CN)¢]™, have been characterized by crystallography and
EPR spectroscopy, with the latter technique providing evidence
for organic radicals with S = %.2 Two-electron reduction of
HAT can give spin configurations of S= 0 or S = 1, and the sole
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example of a HAT dianion, K,[HAT(CN)g], was shown by EPR
spectroscopy to be a spin triplet.?°

In the case of three-electron reduction, HAT-type trianions
can, in principle, occur with a ground-state spinof S=%or S =
3/2. To the best of our knowledge, a HAT trianion has not
previously been reported, and we were therefore interested in
isolating such a species in order to study its electronic structure.
For ease of synthesis (i.e. avoiding use of explosive precursor
materials), we  selected the  extended derivative
hexaazatrinaphthylene (HAN). To synthesize a soluble
trimetallic complex of [HANJ®, such that a crystallographic
study of the molecular structure could be undertaken, we chose
to reduce HAN with the magnesium(l) reagent [Mg(nacnac)].,
where nacnac = N,N’-(2,6-diisopropylphenyl)-3,5-
dimethyldiketiminate.?? This strategy allowed access to
[(HAN){Mg(nacnac)}s]-toluene (1-toluene), which was isolated
in a yield of 64% (Scheme 1).

N N h
Scheme 1. Synthesis of 1 (Dipp = 2,6-diisopropylphenyl).

Compound 1-toluene crystallizes in the P6s/m space group
(Table S1), with the crystallographic 3- and 6-fold rotation axes
passing through the centre of, and perpendicular to, the HAN
heterocycle. A mirror plane coincides with the plane of the
[HANT*" ligand and the magnesium centres. The symmetry-
related magnesium atoms in 1 occupy distorted tetrahedral
environments, with N-Mg-N angles in the range 81.21(9)-
125.23(6)° (average 109.6°). The Mg(1)-N(1) and Mg(1)-N(2)
bond lengths to the HAN ligand are 2.076(2) and 2.071(2) A,
respectively (Figures 1 and S3). The Mg(1)-N(3) bond lengths
to the nacnac ligands are 2.0438(18) A, hence they are shorter



than the Mg-N(HAN) bond lengths by about 0.03 A,
presumably due to stronger electrostatic bonding. The C-N
bond lengths within the [HAN]*" ligand of 1 are 1.359(3)-
1.391(3) A (average 1.374 A, range 0.032 A); the C—C bond
lengths are 1.407(4)-1.440(4) A (average 1.420 A, range 0.033
A). In comparison, the C-N and C-C bond lengths in
HAN-4(CHCI;) are 1.318(5)-1.382(5) A (average 1.342 A,
range 0.064 A) and 1.347(6)-1.491(6) A (average 1.411 A,
range 0.144 A).?2 Thus, although the average HAN bond
lengths in 1 and in HAN are similar, those in 1 fall in much
narrower ranges, particularly the C—C bonds.
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Figure 1. Thermal ellipsoid representation (50% probability) of the structure of 1.
For clarity, the 2,6-Dipp substituents have been removed and only the ipso aryl
carbons are shown. The methyl groups and hydrogen atoms are not shown.

The X-band EPR spectrum of 1-toluene was recorded at 293 K
in the solid state and in solution. Both measurements feature a
broad singlet with gis, = 2.003 (Figure S4), which is typical of
an organic radical with S = %. No evidence for any other
paramagnetic species was found. The UV/vis/NIR absorption
spectrum of 1-toluene in thf in the range 2 = 300-2000 nm
features a main peak at 338 nm with shoulders at 390, 417, 460,
496 and 563 nm (Figure 2). Two weaker, broad absorptions
were observed at 808 nm and 909 nm, and four weak
absorptions at 1210, 1346, 1493 and 1633 nm were also found.

Further insight into the EPR and electronic absorption
spectra was obtained by analysing the electronic structure of
1-toluene using density functional theory (DFT). To simplify
the calculations, the methyl substituents on the nacnac
backbone were replaced with hydrogen atoms, as were the
isopropyl groups on the 2,6-Dipp substituents. The geometries
of this model system, 1a, were optimized for the two possible
spin configurations S = % and S = 3/2, with C; and C; point
symmetry, respectively.”® The calculations used the B3LYP
functional with 6-311G** and def2-TZVP basis sets.?*?®

The geometry optimizations yielded structures for 1a with S
= % and S = 3/2 that both closely match the experimental
structure of 1 (Figures S5 and S6, and Tables S2 and S3). Using
the 6-311G** basis set, the S = % form of 1a was calculated to
be the ground state and, although this result is consistent with
the EPR spectrum of 1, the S = 3/2 form is only 9.4 kJ mol™
less stable (12.0 kJ mol™? using def2-TZVP). Hence, the
electronic ground state of [HAN]® cannot be assigned
unambiguously on the basis of the geometry optimizations
because the relative energies of different spin configurations
can be poorly described by DFT.?’

Further support for the assignment of the S = %
configuration to 1 was obtained from a time-dependent DFT

study of 1a. A single-point TD-DFT calculation was performed
using the B3LYP/6-311G** optimized geometry at the CAM-
B3LYP/6-31+G*/THF level of theory (Figures 2 and S7, and
Tables S4 and S5). The calculated electron excitations for la
with S = % produced a spectrum that closely matches the
experimentally observed spectrum of 1 (Figure 2). The
calculated electron excitations in the range 4 = 300-400 nm
correspond to the main absorption at 338 nm and its associated
shoulder peaks in the experimental spectrum. These transitions
represent transitions from lower-lying doubly occupied MOs of
[HAN]®* to the LUMO and to higher-lying orbitals, and from
the SOMO to other higher-lying unoccupied orbitals. The
absorptions in the NIR region correspond to transitions from
the HOMO and SOMO to the lowest unoccupied MOs. For
comparative purposes, the electronic spectrum of the S = 3/2
form of la was also calculated: the calculated electron
excitations for S = 3/2 HAN occur at A = 344-442 nm, with no
absorptions at longer wavelengths (Figure S7 and Table S5).

804
ol |
soi |
504 |

404 |

g [10%em™M™]

304 |

2.0+

T

\ u - ——

T T
400 600 600 1000 1200 1400
Wavelength [nm]

T
1600

Relative intensity / Oscillator strength

T T T T T T
400 600 800 1000 1200 1400 1800
Wavelength [nm]

Figure 2. Upper: electronic absorption spectrum of 1-toluene in THF. Lower:
simulated electronic spectrum for the model compound 1a.

The frontier MOs, spin density and isotropic hyperfine
coupling constants of the doublet form of 1a were calculated
with DFT. Multiple small hyperfine coupling constants were
calculated for la (Table S3) which, together with the broad
spectral linewidth, mask all the characteristic hyperfine
information in the EPR spectrum. The three-electron reduction
of HAN distorts the planar geometry and lifts the degeneracy of
the formally unoccupied MOs 101 and 102 in HAN (Figure
S9). This structural distortion results in the spin density being
distributed only across the [HAN]®*" ligand, i.e. it does not
extend to the magnesium centres or to the nacnac ligands
(Figure S6). Thus, taking into account the experimental and the
computational data, 1a (and 1) can be regarded as an organic -
type radical with a doublet ground state.

The small calculated doublet-quartet separations for 1a and
the small differences in energy between the frontier orbitals of
the S = % form, combined with the moderate HOMO-LUMO
gap (~1.3 eV), prompted us to investigate the possibility of
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multiconfigurational character in the ground-state wave
function. Thus, single-point complete active space (CAS)
calculations were performed on 1a using the B3LYP/6-311G**
optimized geometry and four active spaces.?® The calculated
natural orbital occupation numbers (NOONSs) at the CAS level
of theory provide a benchmark of multi-configurational
character (Table 1): NOONs of greater than 0.1 imply
multiconfigurational character.?® The calculations reveal that
there is a strong electron transfer effect from the formally
occupied orbital 292 to the formally unoccupied orbital 294,
which corresponds to 0.34 electrons using the largest active
space of CAS(9,9) (Table 1). This result indicates that
multiconfigurational character plays a large role in the ground-
state wave function of la. Inspecting the configurations and
their coefficients within the CAS wave functions reveals that
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Figure 3. Frontier MOs and main electronic configurations of 1la with S = %,
calculated at the CAS(7,7) level of theory.

the ground state of la is mainly represented by a linear
combination of five Slater determinants. These five
determinants result in the Hartree-Fock configuration
(292)%(293)%(294)°, the excited configuration
(292)°(293)%(294)? (in which two electrons are excited from
orbital 292 to orbital 294) and the excited triradical
configuration (292)1(293)(294)! (in which one electron is
excited from orbital 292 to orbital 294). These configurations
account for 73%, 10%, and 9%, respectively, of the ground-
state CAS(7,7) wave function (Figure 3 and Table S6).

Table 1. Natural orbital occupation numbers (NOONS) for 1a with S = %.

Orbital CAS(3,3) CAS(5,5) CAS(7,7) CAS(9,9)
289 1.97
290 1.98 1.96
291 1.97 1.96 1.95
292 1.60 1.61 1.64 1.67
293 1.00 1.00 1.00 1.00
294 0.40 0.39 0.36 0.34
295 0.04 0.04 0.05
296 0.03 0.05
297 0.03

The triradical configuration in 1a arises from linear

combinations of three Slater determinants, where the three
components differ only in the spin state of the electrons (i.e.

This journal is © The Royal Society of Chemistry 2012

aaf, afa and Bac) (Figure 3). This observation indicates that
1 is a rare example of an organic open-shell doublet. Although
the [HAN]®" ligand is not strictly a triradical it can be said to
possess a degree of zzztriradicaloid character, which is
consistent with the definition of triradicals being species that
possess three (near-) degenerate orbitals containing three
electrons, and a small doublet-quartet splitting.*

Organic triradicals are of interest owing to their unusual
electronic structure and for their potential applications in
organic magnetic materials.®**® Notable examples include
tridehydrobenzenes,  dehydrophenylnitrenes,  dehydryo-m-
xylylenes and  1,3,5-trimethylenebenzene. The  multi-
configurational character in 1 is reminiscent of that calculated
for the fleeting [SsN]® radical.®* In addition to the similarities
in their open-shell doublet nature, organic triradicals are
characterized by their highly reactive nature, which means that
the experimental systems tend to be studied using matrix
isolation techniques at cryogenic temperatures, or via gas-phase
mass spectrometry.®®®* Complex 1 is therefore noteworthy
because it is a stable, isolable material.*®

In summary, [(HAN){Mg(nacnac)}s]-toluene (1-toluene)
was found to contain a [HAN]®" ligand, i.e. the first trianionic
derivative of a HAT-type ligand. EPR spectroscopy indicated
that [HAN]® is an organic radical with S = %, and support for
this assignment was provided by electronic spectroscopy on 1
and DFT calculations on the model compound la. CAS
calculations show that 1a and, by implication, 1 is an open-shell
doublet with a small amount of triradicaloid character. It should
be possible to extend the method used to synthesize [HAN]*" to
other members of the HAT family. It should also be possible to
transfer [HAN]*>~ from magnesium to transition metals or
lanthanides, and hence to study how the radical ligand
influences exchange interactions between paramagnetic ions.
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