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A Thermally Populated, Perpendicularly Twisted Alkene Triplet

Diradical
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Abstract: Variable-temperature NMR and ESR spectroscopic
studies reveal that bis(dibenzola,ilfluorenylidene) 1 possesses
a singlet ground state, 1(S,), while the 90° twisted triplet 1(T)) is
populated to a small extent already at room temperature.
Analysis of the increasing amount of paramagnetic 1(T,) at
temperatures between 300 and 500 K yields the exchange
interaction J,/hc=3351 cm™ and a singlet—triplet energy
splitting of 9.6 kcalmol™, which is in excellent agreement
with calculations (9.3 kcalmol™ at the UKS BP86/B3LYP/
revPBE level of theory). In contrast, the zero-field splitting
parameter D is very small (calculated value —0.018 cm™') and
unmeasurable.

Diradicals have fascinating physical and chemical proper-
ties."! It is well known that simple alkenes have barriers of
rotation about the C=C bond on the order of 65 kcalmol™,
and a recent study of the singlet—triplet gap in ethylene
yielded a similar value of 58 + 3 kcalmol~'.*! Steric hindrance
can dramatically lower this barrier; a barrier as low as
6.4 kcalmol™! has been calculated for experimentally
unknown tetra-fert-butylethene at the B3LYP/6-311+ G-
(2d,p) level of theory.’! Very recently, a triplet diradical
arising from the twisted Si=Si bond in tetrakis(di-tert-
butylmethylsilyl)disilene with a singlet-triplet splitting of
7.3 kcalmol ™! was described.™!

Dark-green, overcrowded 13,13'-bis(dibenzo-
[a,i]fluorenylidene) (1), which was first described in 1925,
is no less fascinating (Scheme 1). Obviously, steric strain
prevents this compound from being planar. A single-line ESR
spectrum ascribed to 1 has been reported, and the energy
difference between the singlet '1 (S,) and the triplet *1 (T;)
has been estimated to be approximately 4 kcalmol ' based on
changes in the UV/Vis spectrum (4,,,, = 623 nm) in the 293—
123 K range.”l The X-ray crystal structure of 1(,) features
a torsion angle of 52° between the two nearly planar halves of
the molecule.! The central C13=C13’ distance is 140.8 pm.
The bending angles at the central C=C bond are 0.7 and 2.1°;
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Scheme 1. Singlet and triplet bis(dibenzo[a,]fluorenylidene) 1, bifluor-
enylidenes 2, and bis(benzo[a]fluorenylidene) 3.

thus the compound is twisted but only slightly bent. For
comparison, in the red bifluorenylidene 2a, the central C=C
bond length is 136 pm, the twist angle in pyrene is 39°,® and
Aax = 458 nm."”! The barrier to rotation about the C=C bond
in 2,2-dimethylbifluorenylidene (2b) is 25 kcalmol ', and
a very similar barrier is expected for 2a.l'" In (E)-bis(benzo-
[a]fluorenylidene) ((E)-3), the central C=C bond is 138.6 pm
long, the twist angle is 39°, 1,,.,, = 507 nm, and the calculated
rotational barrier amounts to 20 kcalmol ."! In the more
severely hindered Z isomer (Z)-3, the barrier is 14 kcalmol .
The structures, twisting and folding angles, and barriers to
rotation of several sterically crowded bifluorenylidene and
bianthrone derivatives have been reviewed.'” The hindered
rotation in overcrowded alkenes has been used by Feringa
etal. in the construction of molecular machines."”! Further-
more, large, planar, polycyclic hydrocarbons with singlet—
triplet gaps of 1-4 kcalmol™! were recently reported.!'*!”!

No further experimental investigations of 1 have been
reported, but Lenoir et al. recently published calculations at
the UB3LYP/6-311 + G(2d,p) level of theory and obtained
a singlet—triplet splitting of 3.4 kcalmol ' (AHgy in the gas
phase) and torsional angles of 53° in the ground-state singlet
1(S;) and 90° in the triplet 1(T,).’! The corresponding
calculated values for bifluorenylidene 2 at the same level of
theory are 19.5 kcalmol !, 34° (S,), and 90° (T,).”!
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Herein, we report our NMR and ESR studies of bis-
(dibenzol[a,i]fluorenylidene) (1), which support the notion of
a thermally populated triplet state 1(T,) arising from torsion
around the C=C bond in the twisted ground state 1(S,).
Variable-temperature ESR experiments revealed a very
strong antiferromagnetic exchange interaction J,,, leading to
a singlet-triplet splitting of about 9.6 kcalmol ™" and a very
small zero-field splitting parameter D.

Temperature-dependent 'H and “CNMR spectra of
1 reveal noticeable line broadening already at room temper-
ature, and this becomes more severe as the temperature is
increased to 400 K (Figures 1 and 2). Conversely, all reso-
nances sharpen upon decreasing the temperature to 233 K
(see the Supporting Information, Figures S1-S3). All proton
and carbon resonances were assigned with the aid of COSY,
HSQC, and HMBC 'H-'H and 'H-"C 2D correlations.
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Figure 1. Variable-temperature '"H NMR spectra (400 MHz) of 1 in
1,1,2,2-tetrachloroethane-d,. A=H1/H1'/H12/H12" (0=8.0), B=H6/
H6'/H7/H7' (7.9), C=H5/H5/H8/H8’ (7.8), D=H4/H4'/HO/HY
(7.6), E=H3/H3'/H10/H10' (7.0), F=H2/H2//H11/H1T’ (6.8),

G = (CHC,), (5.9 ppm).

In the '"H NMR spectrum, the doublet at 7.8 ppm (C),
which is due to H5/H5'/H8/HE', is affected most, followed by
the triplet at 6.8 ppm (F), which corresponds to the H2/H2'/
H11/H11’ protons (Figure 1). In the *C NMR spectrum, the
lowest-field resonance at 148 ppm (A ; C13/C13') is very weak
and broad at room temperature, and the carbon atoms
belonging to the aromatic rings closest to the olefinic C=C
bond are more affected than those on the outer rings
(Figure 2).

The presence of unpaired electrons results in broadened
NMR resonances owing to increased relaxation rates.'%!”]
Lowering the temperature decreases the population of the
triplet state of 1. At 233 K (—40°C), most of 1 is now in the
singlet state, the sample is almost completely diamagnetic,
and sharp NMR resonances are observed (Figures S2 and S3).
Nine principal canonical structures can be formulated for the
triplet diradical *1(T;) (Scheme S1). The spin density is
expected to be the highest on the ethylenic carbon atoms
C13/C13' because in this canonical structure, all eight benzene
rings are in the Kekulé form, and this was confirmed by
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Figure 2. Variable-temperature *C NMR spectra (100 MHz) of 1 in
1,1,2,2-tetrachloroethane-d,. A=C13/C13' (0=147.9), B=C6a/C6a’/
C6b/Cb’ (140.6), C=C12b/C12b//C13a/C13a’ (134.9), D= C4a/C4a’/
C8a/C8a’ (134.7), E=C5/C5'/C8/C8' (132.0), F=C12a/C12a’/C13b/
C13b’ (129.6), G = C4/C4'/C9/C9’ (129.1), H=C2/C2'/C11/C1T’
(127.8), 1=C1/C1//C12/C12' (126.8), | =C3/C3'/C10/C10’ (124.5),
K=C6/C6'/C7/CT" (118.5 ppm).

calculations (see Tables S2-S5). There are two resonance
structures with only seven benzenoid rings in the Kekulé form
(with spin densities at C13 and C5/C6a’), three with six
benzenoid Kelulé rings (with spin densities at C13 and C2'/
C4'/C13b’), and three with five benzenoid Kekulé rings (with
spin densities on C13 and C1'/C3'/C6’). This ranking also
agrees well with the spin densities previously® calculated for
*1 and in the current work (Table S6): C13 (0.34) > C5/C8
(0.17) > C2/C11 (0.05)=C4/C9 (0.05) > C1/C3/C6/C7/C10/
C12 (-0.02).

Thus the experimental observation that the resonance for
C13/C13' (A, 148 ppm) is already significantly broadened at
room temperature, followed by those corresponding to C5/
C5'/C8/C8' (E, 132 ppm) and C6a/C6a’/C6b/C6b’ (B, 141 ppm;
Figure 2), is in excellent agreement with expectations from
spin-density considerations. The resonance for C12b/C12b'/
C13a/Cl13a’ (C, 134.9 ppm) has also broadened and merged
with that for C4a/C4a’/C8a/C8a’ at 343 K (D, 134.7 ppm). The
observed line broadening is ascribed to the increased
population of the paramagnetic triplet state 1(T,) at elevated
temperatures.

Solid-state ESR spectroscopy of 1 confirmed its para-
magnetic nature, yielding a single resonance at g=0.0279
(Figure 3b). Cooling from room temperature to 136 K caused
a decrease in the signal intensity (Figure 3a). Similar spectra
were obtained for a 1.2 x 10m solution of 1 in benzene. In
agreement with the NMR observations, the signal was no
longer observable at 77 K. Conversely, heating to 500 K
caused a continuous increase in the signal intensity (Figur-
es S8-S10).

The spin Hamiltonian describing a spin-coupled system of
two electrons includes contributions from through-space
dipole—dipole interactions Hy;, and a scalar exchange inter-
action H,,, where Hyg, is inversely proportional to the third
power of the average dipole—dipole distance r and also
depends on the angle between the vector r and the direction
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Figure 3. Continuous-wave solid-state X-band ESR absorption spectra
of 1 at a) 136 K and b) 295 K. ¥=9.5655 GHz, g=2.00279. Ordinate:
intensity in arbitrary units. For the first derivative spectra, see Fig-
ure S7.

of the external magnetic field."® The dipolar interaction is
governed by the zero-field operator D according to S-D-S =
D(S7-1/38(S+1))+ E(S,>—S,%), where D and E are the
zero-field splitting parameters, and S is the total spin. The
selection rule Am, =+ 1 predicts two ESR transitions, but the
dipole—dipole coupling vanishes when the angle between the
orbitals is 90°, as is the case for the SOMOs in 1 (see
Figures 4, S13, and S14), with the consequence that the ESR
spectrum will consist of a single resonance as if it were due to
a doublet monoradical, and D becomes unmeasurably small.
Other recently reported hydrocarbon diradicals also show
only a single resonance at g~2,1%1>1%20 hyt here the small
value of D is more likely due to extensive delocalization.?!!

Figure 4. SOMOs of 90° twisted *1(T;) at the UKS BP86/def2-TZVP
level of theory (isovalue=0.05). Note the significant spin densities at
C5 and C8, which are in agreement with the expectations from the
'H NMR data.

The electronic structures of the singlet and triplet states of
1 were optimized using the ORCA 3.0.3 program®! at the
UKS BP86/B3LYP/revPBE level of theory™! with the def2-
TZVP basis set.*) The D3 dispersion correction®! was also
accounted for, and numerical frequencies were calculated for
the BP86 and revPBE functionals. The zfs parameters D and
E were calculated at the UKS BP86/EPR-II level of theory,
yielding E/h ¢ =0.000 cm™'. The calculation of D indicates
partial cancellation of the spin—spin and spin—orbit contribu-
tions, which amount to —0.03620 and 0.018 cm !, respectively.
Thus the total D/hc®" value equals —0.018 cm™" (Table S5).
This computational method is known to give good agreement
with experimental values for organic radicals.”"!
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The forbidden Am,==+2 transition also depends on the
magnitude of the dipole-dipole coupling,"® and such a tran-
sition was not observed for 1 either in benzene solution or in
the solid state up to 370 K.

The exchange coupling H,, of the two unpaired electrons
takes place through the overlap of molecular orbitals and is
characterized by the exchange integral J.,. The energies E of
the singlet (S=0) and triplet (S=1) states are given*¥ by
Equation (1),

E(S) ="hJo[S(S +1)=8(S; +1)=5x(S, + 1)] (1)

from which it follows that the singlet-triplet energy separa-
tion AEgrequals J.,. When the singlet is the ground state and
the triplet is thermally populated, the coupling is antiferro-
magnetic."® The ESR signal intensity 7 of the coupled triplet
state is temperature-dependent according to the Boltzmann
law [Eq. (2)],11%27]

Iy = CeiE(S)/kT/Z (2)

where C is a constant, k is the Boltzmann constant, Z is the
partition function,

1
Z=> (25 +1)e TN (3)

=0

©

and E(S) is given by Equation (1). Therefore, the value of J,
can be determined by variable-temperature measurements.
Plots of the calculated signal intensity versus temperature for
Jo/hc =900 and 3351 cm ™! are given in Figures S11a and S12.
Increasing the temperature increases the population of the
triplet and results in a more intense ESR signal, as observed
for 1 in Figure 3 and Figures S8-S10. Once population of the
S =1 state is saturated, the intensity of the ESR signal will
decrease upon a further increase in temperature according to
the Curie law (Figure S11a).""! In contrast, in the absence of
exchange coupling (/.. =0), the intensity will always follow
the Curie law (Figure S11b).

Variable-temperature ESR measurements on solid
1 showed that the signal intensity increased only slowly up
to about 400 K (Figure S10), thus suggesting that the early
part of the simulated plots in Figures S11a and S12 was being
followed. A variable-temperature experiment in the range of
420-500 K enabled the determination of J,.

The ESR signal intensity of solid 1 remained constant for
at least 1 h at 420 K (Table S1). When the temperature was
increased to 430 K, the signal intensity increased to a new
constant value, and the same occurred on further temperature
increases to 472 K and then to 500 K in 5 K intervals.

Figure 5 shows the experimental signal intensities
together with the theoretical fit according to Equation (2).
The curve fit in the range of 420-500 K yields a value of J.,/
hc=3351cm ™! or J,, = AEg;=9.6 kcalmol ™' for solid 1.

However, when the temperature was increased above
500 K, the signal intensity was no longer constant but kept
increasing with time (30 % in 2 h), and similar increases were
observed at 513 and 520 K (Figure S10 and Table S1). There-
fore, the triplet state of 1 is no longer in thermodynamic

Angew. Chem. 2016, 128, 1482014825
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Figure 5. ESR signal intensity (Int., arbitrary units) for 1 as a function
of temperature between 420 and 520 K. The solid line is the theoretical
fit according to Equation (2).

equilibrium at temperatures above 500 K, and the data points
above 500K no longer follow the theoretical curve in
Figure 5.

Thus the triplet state 1(T;) is stable up to 500 K, but at
temperatures above 500 K, irreversible formation of a new,
persistent paramagnetic species, presumably a monoradical, is
taking place. When these samples were cooled again, the
signal remained several times stronger than that observed
before the heating process, and it did not return to the original
value measured for 1 at 300 K (Figures 6, S9, and S10).

| P
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-10
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Figure 6. ESR spectrum of 1 in the solid state at a) 300 K before
heating, b) 300 K after heating to 530 K and re-cooling, and c) 530 K.
v=9.4676 GHz.

The 'HNMR spectrum of the heated and re-cooled
sample revealed that none of the original compound
1 remained in the now brown material. Dibenzo[a,i]fluorene
was isolated as one of several decomposition products. In
another experiment, heating a solution of 1 in diphenyl ether
at 473-503 K for 2.5 hours resulted in about 5% decompo-
sition as measured by the absorbance at 632 nm. The
persistent radical may be due to hydrogen abstraction at
C13 of 1 forming a 13-(13'-dibenzola,ifluorenyl)dibenzo-
[a,i]fluoren-13-yl radical (Scheme S2). Sakurai et al.”® have
reported analogous persistent doublet free radical formation
upon heating tetrakis(trimethylsilyl)ethylene to about 425 K,
which is presumably formed by hydrogen abstraction by the
triplet disilene, and Apeloig et al.”¥! also reported the for-
mation of a polysilyl doublet radical as a side product at
400 K.
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The data described above imply that J., should be
determined at as high a temperature as possible, but not
above 500 K, and using the shortest practical measuring time
in the higher temperature range. Estimates of J,, and hence of
the singlet-triplet splitting obtained from intensity measure-
ments in the lower temperature range are less accurate.
Franzen and Joschek!® used small intensity differences in the
visible spectrum in the range 293-423 K to estimate an energy
difference of 4 kcalmol ' for 1 in toluene solution. The value
of 3.4 kcalmol™' reported by Lenoir et al. was calculated for
the gas phase.’)

The J,, value obtained for 1 demonstrates very strong
through-bond electron exchange coupling. For comparison,
the two Cu" ions in di-p-pyridine-N-oxide bis[dichloro aquo
copper(IT)] are strongly antiferromagnetically coupled with
a J,/hc value of 885 cm .5 The exchange interactions in
organic diradicals are usually much smaller.>3!) The large
value of J,, for 1 can be ascribed to the fact that the unpaired
electrons are largely localized on the carbon atoms of the
central C13=C13’ bond (see Figure4 and Table S4) as
confirmed by the NMR experiments reported above.

The singlet—triplet splitting A Egrwas calculated at several
levels of theory (Table 1). The BP86 functional shows the best
agreement with experiment, yielding AEgr=9.3 kcalmol ',
a C13=C13' bond length in the singlet state 1(S,) of 140.9 pm,
and a dihedral angle between the two halves of 49.7°
(Table S3). The significant deviation from the previous DFT
calculation of AEg; (3.4 kcalmol )P is attributed in large
part to the D3 dispersion correction, which stabilizes the
singlet state more than the triplet state by about 4 kcalmol ™!
owing to their structural differences.

Table 1: Experimental (ESR) and calculated singlet-triplet splittings and
g values for 1.

Method ESR BPg6! revPBE® B3LYPP!
AEg; [kealmol ] 9.6 9.3 8.7 7.1
g 2.0028 2.0026 2.0026 2.0027

[a] Gibbs free energy at 298.15 K. The single-point energies for BP86 and
revPBE are 9.8 kcal mol™ and 9.1 kcal mol™, respectively. [b] Single-point
energy; no numerical frequencies were calculated.

To gain insight into the factors affecting the stabilization
of triplet 1, further calculations on isomer 42 and the
tetradecahydro model compound 5 were performed at the
UKS BP86/def2-TZVP (D3BJ) level of theory (Figure 7 and
Tables S2-S10).

For compound 4, we calculated AFEg; to be 17.9 kcalmol .
However, the energy difference between the two triplet states

o0

a828g

4 5

Figure 7. Isomer 4" and model compound 5.
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of 1 and 4 is only 0.4 kcalmol ' at a torsional angle of 90°,
which is well within the error of the computation method.
Thus the energy of the triplet 1(T;) does not depend on
ground-state steric strain'? (but its accessibility does, see
below). For the singlet states '1 and '4 with a twisting angle of
49.7° (the optimized, calculated value for '1), the energy of '4
is lower than that of '1 by 8.2 kcalmol '. This therefore is
a good estimate of the steric strain energy in compound
1 (note that 8.2+9.3 (AEsrin 1) =17.5 (= AEgr in 4)).

Model compound 5 has a normal olefinic S-T splitting of
62.0 kcalmol ! and a torsional angle of 35° in the ground state
(see Scheme S3). Therefore, although the structures of 4 and 5
are obviously different (Scheme S3), it can be concluded that
the aromatic delocalization is the major factor stabilizing the
triplet state *1 (by about 45 kcalmol™') together with the
steric destabilization of the singlet ground state (ca. 8 kcal
mol ). Nonetheless, the strain energy of 8 kcalmol ' is highly
important in making the S-T gap sufficiently small so that 1
becomes observable at reasonable temperatures.

The larger calculated S-T gap in 4 (17.9 kcalmol ') means
that forbiddingly high temperatures would be required to
observe the ESR spectrum of *4, or else about 8 kcalmol ™' of
extra steric strain would have to be introduced in the ground
state '4.

The influence of torsion about the central C13—C13" bond
in 1 on the S-T gap was evaluated by carrying out single-point
calculations of the singlet and triplet energies at the optimized
triplet structure for various torsional angles. As expected, the
larger the torsional angle, the smaller AFEgy which
approaches zero when the torsional angle approaches 90°
(Table S2 and Figure S16). Thus, twisting, which is caused by
steric crowding, lowers the singlet—triplet gap, but it is mainly
delocalization in the resulting triplet diradical that lowers the
energy of the triplet state and makes it accessible.

In conclusion, line broadening and the effects of temper-
ature on the 'H and "C NMR spectra of 1 indicate the
presence of a thermally populated paramagnetic triplet state
1 (T,), whose amount increases with temperature. ESR
spectroscopic studies revealed that the singlet state '1 (S,) is in
equilibrium with the thermally populated antiferromagneti-
cally coupled triplet *1 (T;) at 300-500 K. The dipole—dipole
interaction in *1 (T,) is negligible, and consequently, the zero-
field splitting parameter D is very small. In contrast, the
exchange interaction J, is strong, and a value of J./hc=
3351 cm !, which is equivalent to a singlet-triplet splitting
AEg; of 9.6 kcalmol ™, in the solid state was derived. DFT
calculations are in good agreement with experiment with
AEq ™~ 9.3 kcalmol ' and D/hc~102cm™'. The low AEg;
value is due to a combination of ground-state steric strain and
stabilization of the excited triplet state by delocalization.
Compound 1 decomposes at temperatures above 500 K with
formation of a persistent doublet monoradical.
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