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Bis-dibenzola.i]fluorenylidene, does it exist as stable 1,2-diradical?
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Abstract The geometries, energies, and electronic proper-
ties of the two possible configurations of bis-[dibenzo[a.i]-
fluorenylidene] were investigated theoretically by density
functional theory DFT B3LYP at the UB3LYP/6-311+G
(2d,p) // UB3LYP/6-31+G(d,p) level of theory. According
to the performed calculations, it was found that the singlet is
3.4 kcal mol™' lower in energy compared to triplet state at
room temperature. This gap is compared with those of other
alkenes like ethylene, (61.9 kcal mol™) tetra-tert-butyethy-
lene, (6.4 kcal mol™) and bis-fluorenylidene (19.5 kcal mol”
"). These results confirm the experimental findings of the
paramagnetic properties determined by Franzen and
Joschek. The low singlet-triplet gap in the case of bis-
[dibenzo[a.i]fluorenylidene] is the result of a steric destabi-
lization of the singlet due to strain and stabilization of the
triplet electronic state by delocalization of each free electron
within each aromatic moiety. This correlates with the special
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electronic structure of the triplet state of this compound,
where facial interaction of two hydrogen atoms lying close
to the lobes of each p-orbital occupied with a single electron
at the distorted double bond in the triplet electronic state.

Keywords DFT - Singlet-triplet gap - Sterically bulky
alkenes - Twisted alkenes

Introduction

Steric strain at the ethylenic double bond results in torsion
and in twisting of this bond, which prefers a planar structure
due to sp” hybridization [1-5]. Tetra-tert-butylethylene (1)
(Fig. 1) has not been prepared until now [6], but it was
expected according to previous calculations that 1 is a stable
alkene. A central dihedral angle of 45° around the C=C
double bond has been calculated for this elusive hydrocar-
bon using DFT calculations with BLYP/DZd level [7] and
47.1° with B3LYP/6-31+G(d,p) level of theory [8] and this
work. The most distorted double bond is found in the per-
chloroderivative of bis-9,9’-fluorenylidene 2, a torsion angle
of 66° has been deduced by single x-ray structure analysis of
this compound [9]. Hydrindanylidene-hindrindane is anoth-
er highly strained alkene, it has a torsion angle of 49°, found
at the central double bond [10]. Bis-[dibenzola.i]fluorenyli-
dene] (3) (IUPAC name: 13-H-dibenzo[a,i]fluorene) is a
compound, which also contains a highly strained double
bond. It was prepared and characterized already in 1925
by Magidson [11] and in 1953 by the group of Bergmann
[12, 13] , using oxidative coupling reactions at the CH,
group of the dibenzofluorenylidene unit.

In 1961 Franzen and Joschek postulated the radical char-
acter for the deeply green colored compound 3 by measur-
ing its paramagnetic properties [14]. They measured the
molar paramagnetic susceptibility in toluene at room
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Fig. 1 Structure of three
crowded alkenes: 1 (Tetra-tert-
butylethylene), 2
(Hexadecachloro-bis-9,9’-
fluorenylidene (the green atoms
are chlorine atoms), 3 (Bis-
[dibenzo[a.i]fluorenylidene] )

temperature and estimated that about 4 % of the bulk
chemical should exist as a paramagnetic species, which
is in equilibrium with its diamagnetic configuration. In
addition, they obtained the ESR spectrum of this com-
pound and calculated a value of 6 % for the paramag-
netic contribution. By cooling the sample the ESR
signal disappears at -196 °C, but it is retained at room
temperature, showing a reversible equilibrium between
paramagnetic and diamagnetic forms of compound 3.
The biradical character of hydrocarbon 3 was also de-
duced from its chemical reactivity; the autooxidation of
benzaldehyde and the polymerization of styrene is pro-
hibited in the presence of this compound, so that com-
pound 3 behaves as a radical scavenger [14].

These authors suggested that the paramagnetic configu-
ration is in accordance with the 90° distorted geometry
which describes the triplet electronic state and represents a
stable form of this alkene as a 1,2-biradical. However, these
interesting results were not followed up later since that time,
neither by Franzen himself nor by the chemical community.
It should be mentioned that Schlenk identified another hy-
drocarbon which represents another example of a stable
biradical but it is 1,5 biradical [15]. Other long range
biradicals have been reported [16—18]. A value of
4 kcal mol™ can be deduced for the singlet-triplet gap from
the experimental results of Franzen and Joschek. This value
is unusually low for an alkene; ethylene itself has a gap in
the range of 60-65 kcal mol™ [19]. It is in the same order of
magnitude with the inherent cis-frans isomerization barrier
of ethylene, extrapolated starting from a series of polyalkyl-
ethylenes [20]. Alkenes with conjugated aryl groups have
singlet-triplet gaps in the range of 30-50 kcal mol™ [21].

The crowded alkene, tetra-fert-butyethylene (1) has a low
singlet-triplet gap of 12.6 kcal mol™' calculated by BLYP/
DZd method [7]. This was explained by a possible stabili-
zation of the triplet electronic state by hyperconjugation of
the alkyl groups. Our recent calculations done by the imple-
mentation of B3LYP/6-311+G(2d,p) level of theory gives
even a lower gap of 6.4 kcal mol™ . Because of our interest
of distorted alkenes we tried to perform x-ray analysis of
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crystalline compound 3 in the past, but we failed due to the
significant disorder of the crystals. In 1993 Beck succeeded
to perform the x-ray analysis of compound 3 described in
his thesis, the compound was co-crystallized with other
aromatic hydrocarbons like pyrene in toluene [10]. Since
new theoretical tools are now available to solve the unusual
behavior of alkene 3, we applied DFT calculations to solve
the open questions and to confirm or disprove the results of
Franzen. For comparison purposes we included ethylene
and bis-fluorenylidene in our calculations.

It should be mentioned that 1,2-biradicals have been
investigated intensively in organic chemistry [21] but the
investigated 1,2-biradicals are highly reactive intermediates,
produced either photochemically or by catalytic processes
from their precursors. We address a possibly stable 1,2-
biradical which can exist in equilibrium with its singlet
electronic ground state. We want to mention that 1,2-birad-
ical character was observed recently by ESR measurements
of substituted 1,2-disilenes investigated by Apeloig [22].

Computational methods

The electronic structure calculations were performed by
using density functional theory (DFT), incorporated in
Gaussian 03 W program [23]. The hybrid DFT method
B3LYP was employed with 2d polarization functions for
each heavy atom and 1p for each hydrogen atom in all single
point energy calculations to obtain accurate electronic ener-
gy values. All geometry optimizations were performed us-
ing 6-31+G(d,p) basis set. Frequency calculations were also
done for each optimized geometry using the same basis set
6-31+G(d,p) to obtain the zero point vibrational energy
(ZPVE). This value is multiplied by the scaling factor
0.9877 to correct for vibrational anharmonicities [24]. Sin-
gle point energy (SPE) calculations were done using 6-311+
G(2d,p) level of theory. Unrestricted calculations were per-
formed for all geometry optimizations and single point
energetics related to the triplet electronic state. Stability
tests were performed on all calculated structures to
ensure that the used wave function does represent the
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lowest energy solution of the self consistent field (SCF)
equations. Markovic et al. have shown that the func-
tional B3LYP with the basis set 6-311+G(d,p) was
excellently capable to describe the triplet electronic state
of several aromatic hydrocarbons [25].

For geometry optimization, the analytical gradient opti-
mization routines were used in combination with the GDIIS
algorithm. The requested convergence in the density matrix
was 1075, the threshold value for maximum displacement
was 0.0018 A, and that for the maximum force was 0.00045
Hartree/Bohr. The nature of the stationary points was estab-
lished by calculating and diagonalizing the Hessian matrix
(force constant matrix) to ensure no negative eigenvalues
are present. The data derived from the DFT results was used
to calculate the Gibbs free energy change of the difference
between singlet and triplet form of the molecule using
standard textbook thermodynamic formulas [26].

Results and discussion

Beck published the single crystal x-ray structure of com-
pound 3 in his PhD thesis. He solved the problem of the
general disorder in the crystal of the problematic highly
crowded alkenes by co-crystallization with pyrene and tol-
uene as solvents [27]. This enabled scientists to approach
more accurate experimental geometric parameters at the
central double bond of highly crowded alkenes [28].
Figure 2 shows a comparison between the experimentally
obtained single crystal x-ray structure of 3 with the
calculated optimized geometry according to B3LYP/6-31+G
(d,p) level of theory. The x-ray structure could achieve an R-
value of 8.5 % which indicates that the geometry parameters
around the central C=C bond of compound 3 are reliable. The
experimental structure has a C=C bond length of 1.41 A and
is in excellent agreement with the C=C bond length in the
calculated DFT structure. However, the single crystal x-ray
structure shows two values of the characteristic dihedral angle

Fig. 2 Experimental versus calculated structure of compound 3

Table 1 Geometry parameters at the double bond C2=C3 for the
experimental and calculated structures of compound 3. Bond lengths
are given in A and angles in degrees. Values inside parenthesis indicate
absolute standard deviation for the experimentally determined structure
(see ref. [27])

Geometry parameter Experimental Calculated
C2=C3 1.41 (0.10) 1.41
C1C2C3C4 53.1 (0.09) 53.2
C5C2C3C6 50.3 (0.09) 53.2
cicz2 1.46 (0.09) 1.48
C2C5 1.47 (0.09) 1.48
C3C4 1.49 (0.10) 1.48
C3Co6 1.44 (0.11) 1.48

around the central C=C bond: C1C2C3C4 dihedral angle is
53.1° whereas the C5C2C3C6 is 50.3°. This is due to exper-
imental uncertainty due to disorder in crystal packing. Our
optimized DFT structure shows no difference between
C1C2C3C4 and C5C2C3C6 dihedral angles which represents
a consistantly calculated geometry due to the planarity of the
ligands connected to the central C=C atoms. The calculated
dihedral angle equals to 53.2° and is in very good agreement
with the experimental value for this highly distorted double
bond. In the crystal the vinylic four bonds (C1C2, C2CS5,
C3C4 and C3C6) are slightly different (Table 1). This is an
additional indicator for the slight experimental uncertainty of
the structure of compound 3 caused by minor crystal packing
disorder. The DFT calculation shows a unique bond length for
all the four mentioned vinylic bonds which is in agreement
with the high symmetry of this structure.

We conclude that the performed DFT calculation can
reproduce the experimentally obtained geometry quite well.
Consequently, the performed calculations on this level of
theory are valid for highly crowded structures like com-
pound 3.

Fig. 3 (a) Calculated structure of compound 3 in the singlet electronic
state. (b) Calculated structure of compound 3 in the triplet electronic
state
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Table 2 Singlet-triplet gap AH[T-S] for ethylene (1-7 calculated by
seven different methods compared with the experimental value 8) in
keal mol™!

Number Method AH[T-S]
1 UMP2/6-311-+G*, 1992 [34] 68.5

2 BLYP/DZd, 1996, [7] 64.8

3 CSSD(T)/aVQZ, 2008, [31] 65.2

4 CSSD(T)/CBS(2), 2008, [31] 65.6

5 TAE, 2008, [19] 65.8

6 DCM (diffusion Monte Carlo),2003, [35] 66.4

7 B3LYP/6-311+G(2dp), 2011 (This work) 61.3

8 Recent experimental [33] 58+3

In regard to the triplet electronic state of compound 3, no
experimental data exist. However, we performed DFT cal-
culations on the triplet electronic state on the same level of
theory to investigate the changes in important geometry
parameters while going from singlet to triplet. Figure 3
shows a clear difference in the central dihedral angle be-
tween the singlet and the triplet electronic states of com-
pound 3. The central dihedral angle changes from 53.2° in
the singlet electronic state to 90.0° in the triplet electronic
state, as expected. This indicates a clear 1,2-biradical char-
acter of compound 3 in the triplet electronic state. Triplet
alkenes has been studied intensively in the recent decades
but most of these studies concerned normal non-distorted
alkenes [29-31]. The idea goes back to the theoretical
concept of Mulliken, who first suggested a 90° distorted
C=C double bond in the triplet ethylene [32].

In order to test and answer the question about how
reliable are the implemented DFT method for describing
the triplet electronic state of ethylene as a simple model of
a C=C bond, we calculated the singlet-triplet gap for ethyl-
ene and compared the result with other theoretical methods.
Table 2 shows that the calculated gap for ethylene by DFT
B3LYP/6-311+G(2d,p) (61.3 kcal mol™) comes very close

Fig. 4 Another view of compound 3 in its triplet electronic state. The
double bond was between C1 and C2 before the structure is further
distorted while going from the singlet to the triplet electronic state

to the most reliable and recently experimentally determined
value by Qi et al. which equals to 58+3 kcal mol™ [33].

Table 3 shows the differences in the C=C bond length as
well as in the torsion angle around the C=C bond in three
crowded alkenes compared to ethylene in both singlet and
triplet electronic states. The C=C bond elongation of all
three crowded alkenes listed in Table 3 occurs to the same
extent, no matter whether the structure is aliphatic or
aromatic and regardless to the extent of torsion around
the C=C bond. When going from the singlet to the triplet
electronic state, a significant C=C bond elongation occurs and
the torsion angle changes to around 90°. The C=C bond
elongation in the triplet state indicates the destruction of the
C=C bond and the formation of a biradical with partial single
C-C bond character.

We return back to discuss the singlet-triplet gap of com-
pound 3. The calculated gap according to our work at the
B3LYP/6-311+G(2dp) level equals to 3.4 kcal mol™ at
300 K. This value represents the lowest known value for
all investigated crowded alkenes so far. This result suggests
that both singlet and triplet states of compound 3 exist in

Table 3 Effect of steric crowding on the C=C bond length (A) and the central dihedral angle (degree) of both singlet and triplet structures as well

as the singlet-triplet gap AH [T-S] (kcal mol™)

Alkene C=C bond length  C=C torsion angle =~ C=C bond length  C=C torsion angle ~ AH [T-S] in
[S]in A [S] in degree [T]in A [T] in degree kcal/mol
Ethylene 1.334 0.0 1.451 90.0 61.3 [58+3] exp.?
Tetra-tert-butylethylene (1) 1.390 45.1 1.512 82.2°,94.1° * 6.4%%
Bis-fluorenylidene 1.38] #** 34.3 HH* 1.464 90.0 19.5
Bis-dibenzol[a.i] fluorenylidene (3)  1.408 53.2 1.470 90.0 34

* Two dihedral angles were identified for compound 1 in the triplet electronic state. This is an indication of a slight pyramidalization of the

compound 1 in the triplet electronic state.

#* The singlet-triplet splitting of compound 1 was found earlier to be 12.6 kcal mol”' on the BLYP/DZd level of theory [7].

*** These values are in agreement with the experimental C=C bond length and torsion angle found in the x-ray structure of bis-fluorenylidene

which was obtained by co-crystallization with pyrene [36].
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Fig. 5 Temperature dependency of AG (singlet-triplet gap) of com-
pound 3, calculated by B3LYP/6-311+G(d,p) level of theory

thermal equilibrium. This means that the structure of the
triplet state of compound 3 is relatively stable. This inter-
esting result induces the following question: If the triplet
structure of compound 3 is stable, what are the stabilizing
factors for this compound?

There exists a significant electron delocalization possi-
bility for each free electron in the biradical along its own
aromatic moiety so that 24 different canonical forms can be
written for this structure. Evidence for this aromatic stabili-
zation effect is discussed below. Moreover, we also observe
an important steric consequence shown in Fig. 4, which
correlates with the special stabilization of the triplet elec-
tronic state of compound 3. On each carbon atom C1 and
C2, there are two facial interactions between the p-orbital of
the free single electron and the two available hydrogen

Fig. 6 Mulliken atomic spin
density distribution of
compound 3 in its triplet
electronic state. Two views are
presented for the same
compound 3 to show details on
each large aromatic moiety. The
hydrogen atoms are not visible
to simplify the view

SOMO

Fig. 7 SOMO and SOMO-1 molecular orbitals for compound 3 in its
triplet electronic state

atoms located above and below the plane of each aromatic
moiety. The distance between C1 and either hydrogen atoms
is only 2.46 A. The same is true for the distance between C2
and any of the two circumferential hydrogen atoms. There is
no difference in the C-H bond lengths of the mentioned
hydrogen atoms between the singlet and the triplet structure.
The absence of any C-H elongation when going from the
singlet to the triplet electronic state can be understood by the
fact that the odd electron on C1 or C2 atoms is not fixed
inside the unhybridized p-orbital of C1 or C2. Each of these
two odd electrons is actually delocalized over the whole
corresponding aromatic moiety (further evidence for this
delocalization is given below where SOMO, SOMO-1 and
Mulliken atomic spin density distribution for compound 3 in
its triplet electronic state is provided below). We wanted to
indicate according to Fig. 4 that no noticeable interaction
between the unhybridized p-orbital and any of the two facial
hydrogen atoms can be expected and this is due to the
mentioned delocalization of each odd electron over its
corresponding large aromatic moiety.

@ Springer
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Figure 5 shows the temperature dependency of AG (sin-
glet-triplet gap) taking into consideration also the possible
entropy dependence of temperature. When the difference in
AG for the triplet and singlet state of 3 is extrapolated from
0 K (3.2 kecal mol™) to its values at 100 K (2.9 kcal mol™) as
well as 300 K (2.3 kcal mol™), one notices a lowering of the
differences. These differences translate, assuming the barrier
is overcome and spin flips are accessible, into a thermody-
namic equilibrium at 0 %, 10° %, and 2 % at near 0 K,
100 K, and 300 K, respectively. This explains why at room
temperature the experiment could track the signal of the
radical, while at 100 K it was not traceable by Franzen
and Joschek [14].

Figure 6 shows two views for compound 3 to facilitate
providing details on the Mulliken atomic spin density dis-
tribution. Figure 6 indicates that the odd electron on each
side of the C=C double bond has the ability to delocalize
over almost the entire large aromatic substituent in general
and over the 5-membered rings in the bis-dibenzol[a.i]fluo-
renylidene in particular. Figure 7 provides the shapes of the
SOMO and SOMO-1 molecular orbitals for compound 3 in
its triplet electronic state. Figure 7 is in agreement with the
Mulliken atomic spin density distribution of compound 3 in
its triplet electronic state (as shown in Fig. 6). The men-
tioned delocalization of each odd electron over each large
available aromatic moiety contributes to the stability of the
triplet electronic state of compound 3.

We are also convinced that another reason for the inter-
esting small singlet-triplet gap of compound 3 is the desta-
bilization of its singlet electronic state, due to its large
torsion angle at the double bond. The total energy difference
between the closed shell singlet ethylene and the closed
shell twisted ethylene equals to 11.9 kcal mol™, if the
dihedral angle around the C=C double bond in singlet
ethylene is made 53.2° (the same as the characteristic dihe-
dral angle around the double bond in the singlet state of
compound 3). Therefore, we conclude that the amount of
this destabilization of the singlet electronic state of com-
pound 3 equals to 11.9 kcal mol™. Further studies of com-
pound 3 in regard to its consequent paramagnetic properties
are in progress.

Conclusions

Stable biradicals are very rare in organic chemistry, while
compound 3 may be the only stable 1,2-biradical to our
knowledge. The singlet-triplet gap of compound 3 was
calculated and is found to be very small (AH=
3.4 kcal mol™) at room temperature. This can explain the
experimental ESR spectrum and the molar susceptibility
measurement of the synthesized compound 3 which was
investigated by Franzen and Joscheck in the past. The
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calculated temperature dependence of the gap is also in
agreement with the former experimental results. This DFT
study sheds light on the optimized structures of a couple of
highly crowded alkenes including compound 3 in their
singlet and triplet electronic states and could reveal the
structural differences and give the reason for the noticeably
very low singlet-triplet gap in case of compound 3.
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