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Isolation of a triplet benzene dianion
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Baird's rule predicts that molecules with 4n  electrons should be aromatic in the triplet state, but the realization of simple
ring systems with such an electronic ground state has been stymied by these molecules' tendency to distort into structures
bearing a large singlet-triplet gap. Here, we show that the elusive benzene diradical dianion can be stabilized through creation
of a binucleating ligand that enforces a tightly constrained inverse sandwich structure and direct magnetic exchange coupling.
Specifically, we report the compounds [K(18-crown-6)(THF),]1,[M,(BzN,-Mes)] (M =Y, Gd; BzN,-Mes =1,3,5-tris[2’,6'-
(N-mesityl)dimethanamino-4'-tert-butylphenyl]lbenzene), which feature a trigonal ligand that binds one trivalent metal ion on
each face of a central benzene dianion. Antiferromagnetic exchange in the Gd** compound preferentially stabilizes the triplet
state such that it becomes the molecular ground state. Single-crystal X-ray diffraction data and nucleus-independent chemical

shift calculations support aromaticity, in agreement with Baird's rule.

utility, offering insights into molecular geometry, electronic

structure and chemical reactivity?. Applications of aro-
maticity are diverse and range from the prediction of pericyclic
reactions to the design of singlet-fission materials;** as such, a sig-
nificant body of research has focused on developing a deeper under-
standing of this property">°. Hiickel’s rule was the first formalism
developed for aromaticity, predicting that cyclic, planar z systems in
the ground singlet (S=0) state are stabilized (aromatic) when they
possess 41+ 2 electrons and destabilized (antiaromatic) when they
possess 4n electrons®’. Subsequently, theories have been developed
to describe more exotic cases: z systems with a half-twist can display
Mébius aromaticity and molecules in the first excited triplet (S=1)
state can exhibit Baird aromaticity, both reversals of Hiickel’s rule in
which 4n z electrons give rise to aromaticity®"".

Baird aromaticity is an excited-state property for most annulenes
and is therefore quite challenging to study experimentally'>"*. As
a result, current understanding of this property is primarily based
on analyses of photochemical reactivity, spectroscopy of photo-
excited molecules and computational studies'**'. Ground-state
Baird aromaticity was recently reported for a three-dimensionally
conjugated macrocycle” and bicyclic Baird-type aromaticity—
wherein two 7 systems that each possess 4n+ 1 electrons couple to
form a triplet state that displays global aromaticity—was observed
for a dithienothiophene-bridged [34]octaphyrin®*. However,
ground-state Baird aromaticity has remained elusive in monocyclic
hydrocarbons'>", the canonical molecules for which the concept
of aromaticity was first developed'”. This is due to large energetic
separation between the ground singlet and triplet excited states in
monocyclic 7 systems with 4n electrons, caused by pseudo Jahn-
Teller distortion"**. For instance, cyclobutadiene derivatives adopt
a rectangular structure and benzene dianions adopt a quinoidal or
non-planar conformation, geometries that possess a well-isolated
singlet ground state and a high-energy triplet excited state'**.
Indeed, the only known annulenes that possess a triplet ground state
are certain cyclopentadienyl cations or benzene dications. However,

!! romaticity is a fundamental chemistry principle with broad

these transient species were only characterized using electron para-
magnetic resonance (EPR) spectroscopy after being trapped at low
temperature’®”. Thus, the synthesis, isolation and characterization
of a kinetically persistent monocyclic 7 system with a well-separated
Baird-aromatic ground state represents an important and unsolved
chemical challenge.

In this Article, we report the synthesis and characterization of tri-
gonally symmetric inverse sandwich complexes [M,(BzN-Mes)]*
(M=Y, Gd; BzN¢-Mes = 1,3,5-tris[2',6'-(N-mesityl)dimethanamino-
4'-tert-butylphenyl]benzene), featuring two rare earth metal(11r)
ions bridged by a benzene dianion (Fig. 1). The rigid, trigonal scaf-
fold preferentially stabilizes the Dg,-symmetric triplet state of the
dianion relative to the C,,- or D,,-symmetric singlet state, leading to
a singlet-triplet gap for the diamagnetic Y** congener that is orders
of magnitude smaller than values typically observed for an annu-
lene with 4n # electrons. Significantly, incorporation of paramag-
netic Gd** facilitates strong magnetic exchange coupling, affording
even greater stabilization to the triplet state such that it becomes
the molecular ground state, enabling complete characterization of
its aromaticity.

Results and discussion

Synthesis and structural characterization. The synthesis of the
new binucleating ligand HBzN,-R is highly modular and its steric
bulk can be tuned by varying the R group of the aniline in the pen-
ultimate step (Supplementary Fig. 1). In our hands, metallation and
subsequent reduction reactions with HgBzN-4-tert-butylphenyl
did not yield isolable dianion complexes (Supplementary Fig. 12),
but use of HBzN¢-Mes (Mes = 2,4,6-trimethylphenyl) enabled iso-
lation of the benzene monoanion- and benzene dianion-bridged
compounds [K(18-crown-6)(THF),],[M,(BzNg-Mes)] (M =Y, Gd;
n=1 (1), 2 (2)) as polycrystalline solids. Significantly, all com-
pounds are indefinitely stable in the solid state at —30°C under a
nitrogen atmosphere. When dissolved in THE, the half-lives of 2-Y
and 2-Gd are 10.1 and 26.5h at 25°C, respectively (Supplementary
Figs. 19-22). This kinetic stabilization can be attributed to steric
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1) M(CH,SiMe,),(THF),

H BzN,-Mes

2) nKCg, n 18-crown-6 =

[M,(HgBzNs-Mes)]™
M=Y, Gd
n=1or2

Fig. 1| Synthesis and structure of [M,(BzN,-Mes)]"~ complexes. Synthesis of the four dinuclear compounds [K(18-crown-6)(THF),],[M,(BzN,-Mes)]
(M =Y,Gd;n=1Q1-Y,1-Gd), 2 (2-Y, 2-Gd)). Chemical structure (left) of the binucleating ligand H,BzN,-Mes, which possesses a central benzene ring
with trigonal symmetry and six aniline nitrogen atoms arranged with three nitrogen donors above the plane of the central ring and three below it. Crystal
structure (right) of the [Gd,(BzN¢-Mes)1?~ anion in 2-Gd. Blue, grey and orange spheres represent N, C and Gd atoms, respectively; mesityl methyl groups,

tert-butyl groups and H atoms are omitted for clarity.

bulk of the ligand and favourable electrostatic interactions between
the benzene dianion and the metal cations.

The UV-vis spectra of 1-Y and 1-Gd are nearly identical from 400
to 800 nm, as are the spectra of 2-Y and 2-Gd (Extended Data Figs. 1
and 2). These results support ligand-based reduction, as UV-vis
spectra for isostructural Y** or Gd** complexes typically feature large
differences in the positions of their absorption maxima®. Structures
of 1-Gd, 2-Y and 2-Gd determined by single-crystal X-ray diffrac-
tion provide further evidence of ligand-based reduction (Fig. 1 and
Supplementary Figs. 32-35; data for 1-Y were consistently of low
resolution, precluding meaningful analysis). The average M-N dis-
tances for 2-Y and 2-Gd are 2.281(2) and 2.309(2) A, respectively,
within the range typically observed for Y** and Gd** ions®. In 2-Y
and 2-Gd, the average C-C distance of the central benzene ring is
1.442(6) and 1.442(5) A, respectively, longer than the corresponding
distance of 1.423(11) A in 1-Gd and the average of 1.40 A in neutral
benzene. This central ring is also planar in 1 and 2, as evidenced
by small C,~C,-C,-C, torsion angles of |0| < 1.4° (Supplementary
Table 2). Comparing the structure of the BzN-Mes ligand in 1-Gd
and 2-Gd, the only bond distance changes occur in the central ben-
zene ring, suggesting that spin density is localized there. This result
was confirmed by a density functional theory (DFT) analysis of 2-Y
(Extended Data Fig. 3).

EPR spectroscopy. High-frequency EPR spectra were collected at
371GHz from 5 to 200K on a polycrystalline sample of 2-Y. The
spectra display a nearly isotropic g-tensor centred at 2.00. However,
a half-field transition—characteristic of an S=1 state—was not
observed (Extended Data Fig. 4). To confirm that the EPR signal in
2-Y results from an S=1 state, we carried out electron-spin nutation
experiments on frozen solutions of 1-Y and 2-Y at D-band frequen-
cies (Fig. 2a). The nutation frequency in this experiment is deter-
mined by the spin-transition matrix element and thus the difference
in oscillation period for two molecules can be used to determine
their relative spin quantum numbers®. The oscillation periods for
1-Y and 2-Y differ by a factor of v/2, as expected for total spins of
S=1/2 and S=1, respectively.

A modified Bleaney-Bowers equation (see equation (S1) in
the Supplementary Information) was used to fit the temperature
dependence of the EPR signal intensity (Fig. 2b and Extended
Data Figs. 5 and 6)*'. The analysis revealed a singlet ground

state with a singlet-triplet gap of AEq=0.025(4) kcal mol™
(8.7(1.4) cm™) for 2-Y, which is corroborated by DFT calcula-
tions (Supplementary Table 6). This value is substantially smaller
than that typically observed for annulenes with 4n 7z electrons and
can be attributed to the trigonal symmetry and rigidity of 2-Y,
which energetically disfavours quinoidal distortion. The powerful
impact of these effects is apparent from comparisons with AEq;
values reported for other benzene dianions: D,,-symmetric
1,2,4,5-C¢H,(SiMe;) >~ shows a strong quinoidal distortion and
a singlet—triplet gap that is too large to measure, while trigonal
C,(SiMe,CH,SiMe,),*~ shows a less severe distortion and a AEg; of
1.0kcal mol™! (refs. *>%).

Magnetism and electronic structure analysis. We hypothesized
that the triplet state could be further stabilized through magnetic
exchange with Gd**, given that coupling with spin-bearing metal
ions is significantly stronger for open-shell triplets than closed-shell
singlets®. Significantly, d.c. magnetic susceptibility data for 2-Gd
between 2 and 300K are indicative of an S=6 ground state, aris-
ing from antiferromagnetic coupling between the S=1 bridging
benzene dianion and two S=7/2 Gd** ions (Fig. 3a and Extended
Data Figs. 7 and 8). The susceptibility data were fitted with a spin-
only Hamiltonian, which yielded an average exchange coupling
constant of Jg, o= —43 cm™!, representing the strongest coupling
observed to date for any Ln**-ligand interaction®. We note that it
is important to differentiate 2-Gd from transition metal or actinide
annulene complexes, in which the ligand 7 electrons form strong
covalent bonds with the metal ion(s) and oxidation state is often
ambiguous®™*. By contrast, the valence electrons in 2-Gd are
well-isolated due to the contracted nature of the 4f orbitals and do
not engage in covalent bonding, instead favouring metal-ligand
magnetic coupling and preservation of the dianion z system™.
Thus, lanthanide ions are particularly well-suited to stabilize the
triplet benzene dianion via exchange coupling, without perturbing
its aromaticity.

The relative energy of the benzene dianion singlet and triplet
states in 2-Gd can be estimated using the AEg; value established
for 2-Y, while the interactions of the dianion with the Gd** ions
can be evaluated from the magnetic data for 2-Gd (Fig. 3; see also
‘Electronic Structure Analysis for 2-Gd’ in the Supplementary
Information). This analysis revealed that the S=6 ground state of
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Fig. 2 | Electron paramagnetic resonance spectroscopy data. a, Electron-spin nutation data for frozen solutions of 1-Y and 2-Y. The difference in oscillation
period is consistent with an S = 1 state in 2-Y. b, Temperature dependence of the EPR spin susceptibility for a polycrystalline sample of 2-Y (blue circles)
fitted to a modified Bleaney-Bowers equation (black line). Error bars represent the deviation away from zero of the double integrated area intensity in the
field region where no EPR signal is observed.
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Fig. 3 | Electronic structure analysis. a, Fit of the d.c. magnetic susceptibility data for 2-Gd (green circles) to a spin-only Hamiltonian (black line). Fits to
data collected under an applied magnetic field (H, ) of 0.1, 0.5 and 1T for a polycrystalline sample of 2-Gd gave an average exchange coupling constant of
Jog-as = —43cm™, while a fit to data collected for a frozen solution (inset), wherein intermolecular interactions are negligible, gave Jgy...g = —50(4) cm™.

b, Electronic states of [Y,(BzN,-Mes)1?~ in 2-Y (left), with AE; determined by EPR spectroscopy and of [Gd,(BzN,-Mes)]%~ in 2-Gd (right), determined
from experimental magnetic susceptibility data. Arrows represent the spins of the Gd** ions (orange) or the benzene ring (blue). The S =1 state of the
benzene dianion is preferentially stabilized relative to the S = O state through antiferromagnetic coupling to the S = 7/2 Gd3* ions, resulting in an overall

S = 6 ground state. ¢, Fit of magnetization data for 2-Gd (coloured circles) to an S = 6 Brillouin function (black line). The S = 6 ground state is populated
up to at least 100K, consistent with the electronic structure diagram.

2-Gd is stabilized by as much as —1.7kcal mol™ (=580cm™) rela-  with a triplet ground state (|AEs| <0.008kcal mol~') and enables
tive to the first excited state (Fig. 3b). Significantly, this stabilization  direct observation and characterization of elusive ground-state
is much larger than that observed for other 4n 7-electron annulenes  Baird aromaticity’®”.
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Fig. 4 | Baird aromaticity in [Gd,(BzN,-Mes)1>~. a, Bond distances (A)

in the dianionic benzene ring from the crystal structures of [Li(dimet
hoxyethane)1,[C,H,(SiMe,),], 2-Y and 2-Gd (top) and comparison of
these crystal structures (blue) and an idealized Dg,-symmetric benzene
ring (red) highlighting overlap (purple) (bottom)?:. For 2-Gd the bond
length equalizations are characteristic of an aromatic ring. b, Calculated
out-of-plane component of the chemical shift arising from only the =
molecular orbitals (NICS,,,,) along the z axis for the experimentally
determined structure of the central benzene dianion in 2-Gd. The negative
values obtained for 2-Gd are indicative of aromaticity*-“°.

Analysis of aromaticity. Aromaticity in the singlet and triplet states
of the benzene dianion can be analysed by comparing the crystal
structures of 2-Y and 2-Gd. The benzene dianion in 2-Y (S=0) is dis-
torted, with C-C distances ranging from 1.405(5) to 1.486(5) A and
a standard deviation of 0.031 A, suggestive of a non-aromatic state.
By contrast, the C-C bond distances of the benzene dianion in 2-Gd
(S=1) exhibit a much smaller standard deviation of only 0.011 A,
revealing bond length equalization characteristic of an aromatic ring
(Fig. 4a and Supplementary Fig. 36). The standard deviation in 2-Gd
is also significantly smaller than that observed for singlet benzene
dianions reported in the literature*>**. The average C-C bond dis-
tance in 2-Gd, 1.442(6) A, is consistent with the value determined for
2-Y, 1.442(5) A, and longer than the value predicted for a free triplet
benzene dianion by DFT calculations, 1.391A (see Supplementary
Tables 2 and 7 for additional structural comparisons).

NMR spectroscopy can also be used as an experimental probe
of aromaticity, but it was not possible to identify resonances

associated with the hydrogen atoms of the benzene dianion in 2-Y
and 2-Gd due to the paramagnetism of the triplet state. Instead,
nucleus-independent chemical shift (NICS) calculations were
carried out to probe the aromaticity in 2-Gd and 2-Y, using the
experimentally determined structure of the central benzene dianion
in each complex”. In this technique, the magnetic shielding is
calculated for a virtual nucleus located at position x relative to a
ring (for example, in the centre or directly above) and the magni-
tude and sign of this value is used to determine aromaticity. Positive
and negative chemical shift values indicate antiaromaticity and
aromaticity, respectively, while values close to zero are indicative
of non-aromatic character. Isotropic NICS(0) values of 0.5 and
—9.1 ppm obtained for 2-Y and 2-Gd, respectively, are consistent
with our analysis of the structural data. Isotropic NICS calculations
carried out on the entire [Gd,(BzN¢-Mes)]*~ complex in 2-Gd cor-
roborate these results (Supplementary Table 8). The out-of-plane
component of the NMR tensor arising from only the z molecular
orbitals, NICS, _,, was also calculated at distances along the z axis
from 0 to 3.9 A for 2-Gd using the experimentally determined struc-
ture of the central benzene dianion (Fig. 4b and Supplementary
Fig. 42), yielding a NICS(1),. value of —29.8(1.9) ppm and a /NICS__,
value of —138.0(16.9) ppm (Supplementary Fig. 44)***. According
to this analysis, 2-Gd possesses a diatropic ring current that is ~30%
larger than the ring current in benzene*'. Calculations performed
on a free triplet benzene dianion with an optimized geometry
yield values similar to those determined for 2-Gd (Supplementary
Figs. 43 and 45 and Supplementary Tables 9 and 10).

Calculations employing a harmonic oscillator model of aroma-
ticity were also performed with the experimentally determined
structures of 2-Y and 2-Gd (ref. *). This method compares the nor-
malized sum of squared deviations of bond lengths in an annulene
to a calculated optimal value, with a value of 1 indicating aroma-
ticity and a value of 0 indicating non-aromatic character. Values of
—0.07 and 0.46 were obtained for 2-Y and 2-Gd, respectively, fur-
ther supporting our assignment of the singlet state as non-aromatic
and the triplet state as aromatic.

Conclusions

The foregoing analysis demonstrates how molecular symmetry,
rigidity and even magnetic exchange coupling can be leveraged
to preferentially stabilize and study a desired electronic state in
an organic molecule. Significantly, this approach enables the iso-
lation of a benzene dianion in which the triplet state—typically a
high-energy excited state in monocyclic 7 systems—instead exists
as the well-isolated molecular ground state, enabling direct observa-
tion of its aromaticity.
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Methods

General methods and materials. Unless otherwise specified, all reactions were
carried out in flame-dried glassware under an argon atmosphere using standard
Schlenk techniques or in an argon- or nitrogen-atmosphere glovebox. Commercial
reagents were purchased from Sigma Aldrich, Fischer, Acros, Oakwood, Strem or
Alfa Aesar and were used without further purification. N,N-dimethylformamide
(DMF), THE, toluene and hexanes were sparged with argon and then dried by
passing them through alumina columns in a Glass Contour solvent purification
system from JC Meyer. 2-Bromo-5-tert-butylbenzene-1,3-dicarbaldehyde and
Y(CH,SiMe,),(THF), were prepared according to literature reports*>*. Elemental
analyses (C, H, N) were performed by the Microanalytical Facility at the University
of California, Berkeley using a Perkin Elmer 2400 Series II combustion analyser.
Fourier transform infrared (FTIR) spectra were recorded on a Perkin Elmer
Avatar Spectrum 400 FTIR Spectrometer equipped with an attenuated total
reflectance (ATR) attachment. Matrix assisted laser desorption ionization time

of tlight (MALDI-TOF) mass spectra were recorded on an Applied Biosystems
Voyager-DE PRO Workstation in positive ion mode. Samples were co-crystallized
in an anthracene matrix on an AB SCIEX MALDI-TOF stainless steel sample plate.
Spectra were averaged over 200 laser pulses with a low-mass gate of 300 Da and a
high-mass gate of 2,000 Da.

NMR spectroscopy. NMR spectroscopy data were obtained on solutions in
deuterated solvents (CDCl,, C,D,, or C,D;O) obtained from Cambridge Isotope
Laboratories. "H NMR and *C NMR data were recorded on Bruker DRX-500

and AV-500 spectrometers. Chemical shifts (§) are reported in ppm relative to the
residual solvent peak (6 7.26 for CDCl, and 6 7.16 for C;D; for '"H NMR; 6 77.16 for
CDCl, and 6 128.06 for C;D, for *C NMR). Data for '"H NMR are reported in the
following format: chemical shift (ppm) (multiplicity (s = singlet, d = doublet,

m = multiplet), coupling constant (Hz), integration). Data for *C NMR are
reported in terms of chemical shift (ppm).

Synthesis of 1,3,5-tris(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzene.
This compound was prepared according to a modified literature procedure®.
1,3,5-Tribromobenzene (10.0 g, 31.8 mmol), bis(pinacolato)diboron (25.4g,
100mmol, 3.1 equiv.), potassium acetate (18.7 g, 190 mmol, 6 equiv.) and Pd(dppf)
Cl, (870 mg, 1.19 mmol, 4mol%) (dppf = 1,1’-ferrocenediyl-bis(diphenylphos
phine)) were dissolved in 100 ml dry DMF in a Schlenk flask under argon. The
resulting solution was heated to 90°C for 24 h during which time it became

black in colour. The solution was then cooled to room temperature and added to
1,200 ml H,O in air. A greyish-black precipitate was collected by vacuum filtration,
dissolved in ethyl acetate (EtOAc) and passed over a silica gel plug to yield a brown
solution. The silica gel was then washed with additional EtOAc (~1,000 ml) and the
combined filtrates were concentrated to yield a light brown powder. This solid was
triturated in MeOH (200 ml), filtered off and washed with additional MeOH (3 x
50ml) to yield the product as a colourless solid in 75% yield (10.8 g, 23.8 mmol).

Synthesis of 1,3,5-tris(2’,6’'-dicarbaldehyde-4'-tert-butylphenyl)benzene.
A 200 ml Schlenk flask was charged with a 1:1 dioxane/H,0 solution (150 ml)
and the solvent was sparged for 15min with argon. To this solution was added
1,3,5-tris(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzene (2.50 g, 5.48 mmol),
2-bromo-5-tert-butylbenzene-1,3-dicarbaldehyde (5.08 g, 18.9 mmol, 3.4 equiv.),
K,PO, (10.7 g, 50.6 mmol, 9.2 equiv.) and Pd(dppf)Cl, (300 mg, 0.410 mmol,
7.5mol%). The resulting red solution was heated to 90 °C with stirring for 5h; an
abrupt colour change to yellow was observed roughly 15min after the start of the
reaction, followed by a gradual colour change to brown. The reaction was then
cooled to room temperature and quenched in air with a saturated aqueous solution
of NH,CI (200 ml). The resulting solution was extracted with CH,Cl, (3 X 75ml)
and the organic layers were combined and dried over Na,SO,. The combined
organic layers were concentrated to yield a dark brown solid that was purified by
column chromatography on silica (R; = 0.21, 15% EtOAc in hexanes) to give the
product as a colourless solid in 64% yield (2.25g, 3.50 mmol).

'H NMR (500 MHz, CDCL,): 6=10.05 (s, 6H), 8.26 (s, 6H), 7.44 (s, 3H), 1.42
(s, 27H) ppm. *C NMR (125 MHz, CDCl,): §=190.8, 153.1, 142.3, 134.9, 134.6,
132.3,131.4, 35.3, 31.2 ppm. IR (ATR, neat): v 2,973, 2,871, 2,837, 2,754, 1,735,
1,687, 1,554, 1,461, 1,388, 1,364, 1,235, 1,210, 1,112, 1,044, 975, 955, 906, 870, 829,
805, 733, 702, 632, 528, 493, 473 cm™'. MALDI ToF MS m/z: 642.3 [M] *, 613.3
[M—-HC=0]*,584.3 [M-2HC=0]* 5553 [M-3 HC=0]*526.3 [M—4
HC=0]* 497.3 [M -5 HC=0]* 468.3 [M—6 HC=0]".

Synthesis of 1,3,5-tris[2’,6'-(N-mesityl)diminyl-4’-tert-butylphenyl]benzene.

A 100ml Schlenk flask was charged with 4 A molecular sieves (15 ¢) and heated to
165°C for 1h. The flask was then evacuated on a Schlenk line and gently heated
with a Bunsen burner until a constant vacuum was achieved (100 mTorr). The flask
was then back-filled with argon and charged with 1,3,5-tris(2’,6'-dicarbaldehyde-
4'-tert-butylphenyl)benzene (450 mg, 0.70 mmol), 2,4,6-trimethylaniline (1.80 ml,
12.8mmol, 18 equiv. = 3 equiv. per aldehyde), acetic acid (0.5 ml) and toluene
(15ml). The resulting yellow solution was heated to 100°C for 12h with stirring.
The reaction was then cooled to room temperature, the mixture filtered over Celite
in air and the filter pad washed with EtOAc (30 ml). The eluent was concentrated to

give a yellow oil and addition of MeOH (10 ml) to this oil resulted in precipitation
of the product as a yellow solid in 86% yield (802 mg, 0.596 mmol). The product
was collected by filtration and washed with additional MeOH (10 ml) and dried.
'H NMR (500 MHz, C,D): §=8.90 (s, 6H), 8.24 (s, 6H), 7.49 (s, 3H), 6.64
(s, 12H), 2.10 (s, 18H), 1.87 (s, 36H), 1.38 (s, 27H) ppm. *C NMR (125 MHz,
C¢Dy): 6=160.0, 152.2, 148.6, 139.8, 136.4, 135.4, 134.0, 133.2, 129.3, 127.2, 127.1,
35.2,31.2,20.8, 18.3 ppm. IR (ATR, neat): v 2,964, 2,912, 2,858, 2,729, 1,697, 1,624,
1,478, 1,458, 1,439, 1,397, 1,375, 1,363, 1,297, 1,251, 1,236, 1,203, 1,146, 1,033,
1,012, 991, 965, 933, 899, 855, 827, 773, 738, 666, 641, 631, 609, 600, 581, 550, 523,
507 cm™'. MALDI ToF MS m/z: 1,344.9 [M]*, 1,211.8 [M - NC,H,,]*.

Synthesis of 1,3,5-tris[2’,6"-(N-mesityl)dimethanamino-4'-tert-butylphenyl]
benzene (HBzNg-Mes). A 100 ml Schlenk flask was charged with 1,3,5-tris[2',6'-
(N-mesityl)diminyl-4'-tert-butylphenyl]benzene (800 mg, 0.594 mmol) and
THEF (40 ml). The resulting yellow solution was cooled to 0°C with stirring and a
solution of LiAlH, (1.0M in THE, 7.1ml, 7.1 mmol, 12 equiv. = 2 equiv. per imine)
was added dropwise. The reaction was then stirred for 1 h at 0°C and allowed to
warm to 25°C over 1h during which time the solution became deep orange-red.
The reaction was next heated to 50 °C for 12h. The solution was then cooled to
0°C and quenched by dropwise addition of MeOH (10 ml), filtered over Celite
in air and the filter pad was then washed with EtOAc (30 ml). The combined
organics were concentrated to give light yellow solids which were triturated in
hexanes (10 ml). The mixture was filtered over Celite, the filter pad was washed
with additional hexanes (10 ml) and the combined eluents were concentrated
to give the crude product as a light yellow oil. This oil was purified by column
chromatography on deactivated silica (the column was first washed with 4:1:95
Et,N/EtOAc/hexanes, then the crude product was loaded and eluted in 5% EtOAc
in hexanes; R;=0.25) to give the product as a colourless solid in 64% yield (513 mg,
0.378 mmol). The product is highly soluble in a range of solvents and solidifies as a
foam; to obtain a free-flowing powder it is necessary to dry it using a high vacuum
for 1-2h, preferably after it has been dissolved in hexanes.

'H NMR (500 MHz, C,D,) §=7.52 (s, 6H), 7.33 (s, 3H), 6.70 (s, 12H), 4.12
(s, 12H), 2.18 (s, 18H), 1.9 (s, 36H), 1.24 (s, 27H) ppm. °C NMR (125 MHz,
C¢Dg): 6=150.7, 144.0, 140.1, 139.2, 137.3, 131.1, 130.3, 130.1, 129.9, 124.9, 51.8,
34.7,31.3,20.9, 18.6 ppm. IR (ATR, neat): v 3,363, 2,952, 2,912, 2,863, 2,725, 1,726,
1,604, 1,588, 1,482, 1,444, 1,407, 1,362, 1,344, 1,302, 1,228, 1,201, 1,154, 1,071,
1,028, 1,010, 929, 883, 851, 763, 733, 696, 653, 561, 500, 466 cm™'. MALDI ToF
MS m/z: 1,357.0 [M]*, 1,221.9 [M - HNC,H,,]*, 1,096.8 [M - 2 HNC,H,,]*,
951.7 [M - 3 HNG,H,,]*, 816.6 [M - 4 HNC,H,,]*, 681.5 [M - 5 HNC,H,,]*,
546.4 [M - 6 HNC,H,,]*.

Synthesis of [Y,(BzN¢-Mes)][K(18-crown-6)(THF),], (2-Y). In an
argon-atmosphere glovebox, ligand H,BzN,-Mes (100 mg, 0.0736 mmol) was
placed in a 4ml scintillation vial and dissolved in benzene (3 ml). The solution
was added dropwise with stirring to a solution of Y(CH,SiMe,);(THF), (72.9 mg,
0.147 mmol, 2.1 equiv.) in benzene (4 ml) in a 20 ml scintillation vial. The mixture
turned yellow gradually over the course of ligand addition. The resulting solution
was stirred for 3h and then concentrated to yield yellow solids. At 25°C, a
solution of 18-crown-6 (38.1 mg, 0.144 mmol, 1 equiv.) in THF (4 ml) was added
to these solids followed immediately by addition of KC; (19.5mg, 0.144 mmol,
1 equiv.), which resulted in a solution colour change to deep blue-black. The
resulting solution was stirred for 10 min. The reaction mixture was then filtered
over Celite and concentrated to 1.5ml, layered with hexanes (1.5ml) and stored
at room temperature (25°C) for 3h. The product precipitated as dark blue-black
polycrystals (88.8 mg, 50% yield). This complex decomposes in solution at 25°C,
but is indefinitely stable when stored as a solid. It was stored as a solid under inert
atmosphere at —30°C. Block-shaped crystals suitable for X-ray diffraction were
grown from a THF/hexane solution stored for 12h at room temperature (25°C).
IR (ATR, neat): v 2,950, 2,903, 2,859, 1,604, 1,481, 1,394, 1,330, 1,298, 1,285,
1,246, 1,232, 1,198, 1,152, 1,105, 1,029, 1,009, 961, 883, 868, 851, 785, 734, 672,
582,561, 530, 511, 502 cm™'. MALDI ToF MS m/z: 1,528.7 [M]*, 1,439.8 [M - Y],
1,351.0 [M - 2 Y]*. Analysis calculated for C,,(H 5, KN,O,Y,: C, 67.36; H, 8.06; N,
3.47; found: C, 67.23; H, 8.10; N, 3.74.

Synthesis of [Gd,(BzNg-Mes)][K(18-crown-6)(THF),], (2-Gd). In an
argon-atmosphere glovebox, GAdCl,-2.5THF (54.9 mg, 0.124 mmol, 2 equiv.) and
Li(CH,SiMe,) (35.0 mg, 0.372mmol, 6 equiv.) were placed in a 20 ml scintillation
vial with a Teflon-coated stir bar and suspended in pre-cooled hexanes (6 ml,
—30°C). The vial was placed in a cold well (cooled with an ice/brine bath at
approximately —20°C) and the resulting slurry was stirred for 3 h, at which point
a solution of H,BzN-Mes (84.0 mg, 0.0619 mmol, 1 equiv.) in benzene (2ml)

was added dropwise. The slurry immediately became a bright yellow solution
with colourless solids. After the addition was complete, the reaction mixture was
stirred for 3h at 25°C. The solvent was then removed under reduced pressure and
the resulting solids were extracted with hexanes (6 ml). The hexanes extract was
filtered and concentrated to yield a yellow solid. The yellow solids were dissolved
in THF (3 ml) in a 20 ml scintillation vial equipped with a Teflon-coated stir bar.
A solution of 18-crown-6 (32.0mg, 0.121 mmol, 2 equiv.) in THF (2ml) was added
to the resulting yellow solution. To this yellow solution was added KC; (16.4 mg,
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0.121 mmol, 2 equiv.) and the resulting deep blue/black solution was stirred for
10min. The reaction mixture was then filtered and concentrated to 1.5ml, layered
with hexanes (1.5ml) and stored at 25 °C for 3h. The product precipitated as dark
blue-black polycrystals (67.2 mg, 42% yield). This complex decomposes in solution
at 25°C although it is indefinitely stable when stored as a solid. It was stored as a
solid under inert atmosphere at —30 °C. Block-shaped crystals suitable for X-ray
diffraction were grown from a THF/hexane solution stored for 12h at room
temperature (25 °C).

IR (ATR, neat): v 2,951, 2,902, 2,860, 1,602, 1,480, 1,469, 1,394, 1,360, 1,352,
1,297, 1,231, 1,200, 1,152, 1,104, 1,018, 961, 883, 867, 852, 786, 734, 671, 589, 587,
560, 529, 503, 493 cm™". MS m/z: 1,666.8 [M]*, 1,508.8 [M - Gd]*, 1,350.9 [M - 2
Gd]*. Analysis calculated for C,3H,5,K,N,0,,Gd,: C, 63.76; H, 7.63; N, 3.28; found:
C, 63.56; H, 7.57; N, 3.64.

UV-vis-near infrared spectroscopy. UV-vis-near infrared (NIR) absorption
spectra were collected with a CARY 5000 spectrophotometer interfaced with
Varian WinUV software. Extinction coefficients for each feature in the spectra
for 1 and 2 were extracted from plots of absorbance versus concentration. UV-vis
spectra were also collected at 30 min intervals for THF solutions of 2-Y and
2-Gd at 25°C for a period of 720 min to monitor decomposition rates for these
compounds. Plots of In[concentration] versus time for 2-Y and 2-Gd were linear
and thus the data were fitted to a first-order rate law to extract half-life values.

Crystallography. Single crystals of 1 and 2 were coated in Paratone-N oil in an
argon-atmosphere glovebox and mounted on Kaptan loops. X-ray diffraction
data were collected at UC Berkeley using a Rigaku XtaLAB p200 equipped with

a MicroMax-007 HF microfocus rotating anode and a Pilatus 200 K hybrid pixel
array detector for 1-Y, 2-Gd and 2-Y and a Bruker QUAZAR diffractometer
equipped with a Bruker AXS Apex II detector for 1-Gd. Data were collected at
100K under a N, stream from an Oxford Cryosystems Cryostream with Mo Ka
radiation (graphite monochromator). The frames were integrated with CrysAlis*™
software, including a multi-scan absorption correction that was applied using

the SCALE3 ABSPACK scaling algorithm within CrysAlis™ for 1-Y, 2-Gd and
2-Y (ref. *). For 1-Gd, raw data were integrated and Lorentz and polarization
corrections were calculated and applied using Bruker AXS SAINT software"”. The
absorption correction was calculated and applied using SADABS (ref. **). Initial
structure solutions for 1 and 2 were determined using direct methods (SHELXT)
and refinements were carried out using SHELXL-2014 (ref. **).

EPR spectroscopy measurements. Continuous-wave high-field/frequency EPR
(CW-EPR) data were collected on a home-built homodyne spectrometer outfitted
with a 15/17 T Oxford magnet. Measurements were carried out in the frequency
range from 28 to 370 GHz; microwaves were generated by harmonic multiplication
using a Virginia Diodes Inc. multiplier chain, then propagated to and from the
sample by oversized cylindrical light pipes. The field-modulated transmission
signal was detected using a wide-band InSb bolometer™. D-band (130 GHz) EPR
experiments were performed at the CalEPR facility in the Britt lab at the University
of California, Davis on a home-built 130 GHz EPR spectrometer equipped with an
8T cryogen-free magnet (Cryogenic Limited)*'. A single phase-locked dielectric
resonator oscillator at 7.647 GHz serves as the base frequency and it is mixed

and multiplied up to 32.5 GHz and provides 0 dBm (1 mW) input power to the
high-power side of the transmitter arm. Microwaves are generated at 130 GHz by
amplification and multiplication of the 32.5 GHz microwaves using an amplifier—
multiplier chain fabricated by Virginia Diodes Inc. The amplifier-multiplier chain
pulse output power at 130 GHz is 23.2dBm (210 mW), as measured by Virginia
Diodes Inc. The sample probe is equipped with a TE,;; mode cylindrical resonant
cavity, designed and manufactured by HF EPR Instruments, Inc. (V. Krymov). The
system is equipped with an Oxford-CF935 liquid helium cryostat and an ITC-503
temperature controller.

Magnetic measurements. Samples were prepared in an argon-atmosphere
glovebox by first adding crystalline powder (11.2mg of 1-Gd or 20.4 mg of 2-Gd)
to a 5mm inner diameter/7 mm outer diameter quartz tube with a raised quartz
platform. A layer of eicosane was then added to the samples (18.1 mg for 1-Gd

and 21.4 mg for 2-Gd) to provide good thermal contact between the sample and
the bath and to prevent crystallite torqueing. The tubes were fitted with Teflon
sealable adapters, evacuated using a glovebox vacuum pump and then flame-sealed
with an O,/H, flame under reduced pressure. After flame-sealing, the eicosane

was melted in a 40 °C water bath. Magnetic measurements were also conducted

on a 9.1mM frozen solution of 2-Gd in 1:1 THF/2MeTHF to ensure that the
observed magnetic properties were molecular in origin and not due to long-range
interactions in the solid state. Magnetic susceptibility measurements were collected
using a Quantum Design MPMS2 SQUID magnetometer. The values reported

for d.c. magnetic susceptibility and magnetization data are the mean of three
measurements and the standard deviation for these data is quite small. As a result,
error bars are smaller than the size of the data points in the magnetism plots in
this manuscript and were thus omitted. All data were corrected for diamagnetic
contributions from the core diamagnetism and for the diamagnetism of the
eicosane used to suspend the sample, estimated using Pascal’s constants to give
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corrections of yy, =-0.00124 e.m.u. mol~! and -0.00152 e.m.u. mol~! for 1-Gd and
2-Gd, respectively. Fits to the d.c. susceptibility data were performed using PHI
(ref. *2), using the spin-only Hamiltonian H=—2J5 1.4S:.a(Scaqy + Sacz))> Where
Joa-raa Tepresents the magnetic exchange coupling between each Gd** ion and the
organic radical spin. S, values of %4 and 1 were used for fits to 1-Gd and 2-Gd,
respectively. Contributions for temperature-independent paramagnetism and
intermolecular coupling were included when fitting susceptibility measurements
for solid samples.

DFT calculations. All DFT calculations were carried out with the ORCA 4.2.1
program™. Isotropic NICS calculations were performed using a PBEO or B3LYP
functional with the def2-SVP basis set within the ORCA program”. A dummy
atom was employed in the centre of the central benzene ring and two more
positions perpendicular to the ring, 0.5 and 1.0 A, were also calculated. The
X-ray-determined structure was used in the calculation without optimization.
Calculations were performed on only the six atoms of the central benzene ring

in 2-Y and 2-Gd using the B3LYP functional, as the [M,(BzN¢-Mes)]*~ complex
contains 104 non-hydrogen atoms and is therefore quite time-intensive and
challenging to investigate. NICS calculations were also performed on the entire
[Gd,(BzNg-Mes)]*~ complex in the structure of 2-Gd to corroborate these results.
The PBEO functional was used for this calculation. NICS, _, calculations were
performed with the Guassian 09 program using the Aroma plugin package with
the B3LYP functional and the AUG-CC-PVTZ basis set””". Calculations were
performed on only the six atoms of the central benzene ring in 2-Gd with positions
determined by the X-ray structure and a free triplet benzene dianion with an
optimized geometry. Values of NICS, _ and 3Aiso were calculated at distances
along the z axis ranging from 0 to 3.9 A. The NICS, _, and 3Aiso data from 1.0

to 3.9 A were fitted to a third degree polynomial function, which was used to
determine the value of NICS(1),_. (ref. *'). The NICS, . and 3Aiso data from 2.0 to
3.9 A were also fitted to the equation NICS, () = BC", where r is the distance from
the centre of the ring along the z axis and B and C are free variables. Integration of
this equation from 0 to 100 A yielded the value of /NICS,_, (ref. #). The harmonic
oscillator model of aromaticity (HOMA) index was calculated for 2-Y and 2-Gd by
using the following formula*:

n
HOMA = 1 — % > (R = Rop)®

i=1

where 7 is the number of C-C bonds in the benzene ring, R; and R, correspond
to the ith bond length in the analysed ring and the reference optimized benzene
ring and @ = 257.7 A~ is a normalization factor. The DFT-optimized structures
for 2-Y and 2-Gd at the BP-RI/def2-SVP level of theory were used for the
calculations of HOMA indexes, as were the experimentally determined

crystal structures.

Data availability

Crystallographic data for the structures in this Article have been deposited at

the Cambridge Crystallographic Data Centre under deposition numbers CCDC
2012304 (1-Y), 2012306 (2-Y), 2012305 (1-Gd) and 2012307 (2-Gd). Copies

of data can be obtained free of charge from www.ccdc.cam.ac.uk/structures.
Additional synthetic methods, nuclear magnetic resonance spectra, UV-vis-NIR
spectra, single crystal X-ray diffraction data, EPR spectra, magnetism data

and computational details are available in the Supplementary Information and
Extended Data. Source data for Supplementary Figs. 20 and 22-31 and input files
for computations are also provided as Supplementary Data 5 and 6. Source data are
provided with this paper.
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Extended Data Fig. 1| UV-Vis-NIR spectra of [M2(BzN6-Mes)]-. Spectra of 1-Y (maroon) and 1-Gd (orange).
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Extended Data Fig. 2 | UV-Vis-NIR spectra of [M,(BzN,-Mes)]?~. Spectra of 2-Y (blue) and 2-Gd (green).
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Extended Data Fig. 3 | Density functional theory calculations on 2-Y. The two singly-occupied molecular orbitals (SOMOs) obtained for 2-Y by DFT
calculations are localized on the central benzene ring of the BzN,-Mes ligand.
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Extended Data Fig. 4 | CW-EPR spectra of 1-Y (maroon) and 2-Y (blue).
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Extended Data Fig. 5 | CW-EPR spectra of 2-Y from 5 to 225K at 371GHz.
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Extended Data Fig. 6 | Double integrated absorption of the EPR spectrum of 2-Y from 5 to 225K at 371GHz.
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Extended Data Fig. 7 | Dc magnetic susceptibility measurement for 2-Gd under an applied dc magnetic field of 1000 Oe. The black line represents a fit
to the data using the listed parameters.
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Extended Data Fig. 8 | Dc magnetic susceptibility measurement for 2-Gd under an applied dc magnetic field of 5000 Oe. The black line represents a fit
to the data using the listed parameters.
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