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ABSTRACT: In this study, the SOMO—HOMO conversion has been shown 14 = ~
for the first time in triplet carbenes embedded in cycloparaphenylene units. c T -ﬂ- g == A AN
The high-lying HOMO originating from the curved 7-conjugated system and oc O W

the low-lying SOMO-1 originating due to the small carbene angle are the key
to endowing this interesting electronic configuration. Furthermore, simple
planar triplet carbenes such as fluorenylidene were found to possess SOMO—

HOMO energy-converted electronic conﬁgurations.

he Aufbau principle, Hund’s rule, and Pauli exclusion
principle determine the most stable electronic config-
uration in the ground state of molecules. According to these
rules, the energy of the singly occupied molecular orbitals
(SOMOs) of radicals should be higher than that of the doubly
occupied molecular orbitals (DOMOs). Surprisingly, a few
paramagnetic compounds such as metal complexes,' distonic
radical anions,”™ " and stabilized radicals”~"* do not possess this
normal electronic configuration. Rather, they exhibit a
phenomenon called “SOMO—HOMO conversion”, in which
the SOMO has a lower energy than the DOMO. This unusual
electronic configuration plays an important role in switching the
bond dissociation energy, generation of high-spin species in the
oxidation state, and light emission in the near-infrared region.
Although this phenomenon is very interesting, it is restricted to a
limited group of compounds. In this work, we have conducted a
computational study demonstrating the first example of
SOMO—HOMO conversion in triplet carbenes nC (n = 4—
11) and diarylcarbenes F, CH,, O, and NH (Figure 1). Based on
our observations, strategies were suggested for the molecular
design of SOMO—HOMO energy-converted comlpounds.
Carbenes are well-known reactive intermediates'* not only in
the field of fundamental chemistry'*~"” but also in catalysis and
high-spin materials.'"*~*' Diphenylcarbene (DPC) is a carbene
prototype possessing a triplet ground state.””** As found in
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Figure 1. Structures of nC, F, CH,, O, NH, DPC, and DBC.
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experimental electron—nuclear-double-resonance (ENDOR)
studies,”* the twisted and bent structure of the triplet state
was optimized at the UB3LYP/6-31G(d) level of theory (Figure
2a), with a carbene angle (6c) of 142.3°. The twist angle (6,)
between the phenyl rings was 47.2°. The energetic preference of
the triplet state over the closed-shell and open-shell singlets was
computed to be 7.4 and 4.5 kcal mol ™, respectively, at the same
level of theory. The open-shell singlet state was computed using
the broken-symmetry (BS)* approach for the DFT calculations.
As expected, the two singly occupied orbitals in the triplet state,
SOMO (pcppc; —4-60 €V) and SOMO—1 (6 ppc, —5.74 €V),
were higher in energy than the HOMO (—6.99 eV for a-spin and
—6.76 eV for f3-spin). The matching of @-spin and f-spin orbitals
was determined by comparing the energy of a-spin and f-spin
orbitals and subjectively choosing orbitals that looked similar to
each other. Intriguingly, triplet carbenes (nC) embedded in the
curved cycloparaphenylenes (CPPs) such as 4C (n = 4) do not
follow the Aufbau principle (Figure 2b,c). The carbene angles of
4C in the fully optimized C, and C,, symmetries, i.e., 4C¢, and
4Cc,,, were computed to be 127.9° and 125.9°, respectively,
which were ~20° smaller than that of DPC. The C, structure
was lower in energy by 0.58 kcal mol™ than the C,, structure.
The twist angles between the two benzene rings at the carbene
center were 6.8° and 0.0° in 4C(; and 4C,,, respectively,
indicating that the two benzene rings are oriented parallelly. The
energetic preference of the triplet state over the closed-shell/
open-shell singlets was computed to be 3.3/1.3 in the C,
symmetry. The singly occupied orbital SOMO—1 (pcsyc,
—5.79 eV) was located at a lower energy than HOMO (—4.81
eV for a-spin and —4.86 €V for f-spin) in fully optimized 4C,
(Figure 2b), while in 4Cc,, (Figure 2c), both SOMO (o4,
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Figure 2. Molecular orbital diagrams of DPC (a), 4C¢, in C, symmetry (b), and 4C,, in C,, symmetry (c) at the UB3LYP/6-31G(d) level.

—4.96 eV) and SOMO—1 (pc4c, —5.34 eV) were at a lower
energy than HOMO (—4.81 eV for a-spin and —4.84 eV for f3-
spin). The similar SOMO—HOMO level conversion was
calculated at the UCAM-B3LYP/6-31G(d) and UwB97XD/6-
31G(d) level of theories (Figure SS).

It should be noted that the carbene orbital, pc, is SOMO in
DPC but SOMO-1 in 4C. Thus, SOMO-1 in DPC is another
carbene orbital, oc. Evidently, 6. is SOMO in 4C. To
understand this intriguing phenomenon, the linear p-quater-
phenyl-substituted carbene 4Ph;,; in C, symmetry with
parallelly oriented benzene rings was computed by fixing the
carbene angle at 125° and the parallel orientation of the benzene
rings at the same level of theory (Figure 3a). The SOMO (o)
and SOMO-1 (pc) energies (—5.20 and —5.41 eV,

(c)
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Figure 3. (a) Molecular structure of 4Ph,,s. (b) Increase in HOMO
energy due to the curved system. (c) Orbital interactions of p and o
with 7 and o,
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respectively) were higher than that of HOMO (—5.63 eV;
Figure S1). This indicated that 4Ph,,; followed the Aufbau
principle despite the decreased SOMO—HOMO energy spacing
relative to that in DPC (Figure 2a). The SOMO(o)—SOMO—
1(pc) energy order was the same as that of 4C, not DPC. The
HOMO energy increased by about 1.3 eV compared to the
HOMO energy of DPC, and this increase is not enough for the
SOMO—-HOMO conversion. Therefore, the intriguing phe-
nomenon in 4C occurs due to the significant increase in the
HOMO energy due to the curved s-electron systems and the
increased 7-conjugation (Figure 3b). Thus, the HOMO energy
in 4C was higher than that in DPC by ~2 eV. A similar effect, i.e.,
increased HOMO energy due to curved n-electron systems, has
been observed for cycloparaphenylene (CPP) derivatives.*®

The switch in the order of SOMO and SOMO-1 energy can
be explained on the basis of orbital interactions of 6 and p; with
7, and 0,in 4C (Figure 3c). The low-lying o orbital due to the
small carbene angle can interact with the high-lying 7, orbital
(the interaction is indicated in red) and switch the position of
ocsc (SOMO) and pye (SOMO-—1), whose energy level is
determined by the interaction of the p¢ orbital with the op
orbital (the interactions are indicated in blue).

Next, the effect of size was examined for the SOMO—-HOMO
conversion in triplet carbenes nC (Figure 4). In C,, symmetry
featuring the parallel orientation of the benzene rings, carbenes
4—11C,, possessed the SOMO—HOMO converted electronic
configuration, although the SOMO and HOMO energies were
largely dependent on the size of the cycloparaphenylene unit
(Figure 4a). Thus, the SOMO (o, red color) was energetically
stabilized from —4.62 eV (11Cg,,) to —4.96 eV (4C,,) upon
decreasing the number of benzene rings, while the HOMO was
energetically destabilized (z in CPP ring, black color) from
—5.04 eV (11Cc,,) to —4.82 eV (4Cc,,) upon decreasing the
ring size. The decrease in SOMO energy can be reasonably
explained by the decrease in carbene angle O, which affects the s
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26.3% (4C,,) (Table S1). As evident from the curve effect of -

% - -\.@“ 0 conjugated systems,”*® the quinoidal contribution increased
e o 7 ) o’ with decreasing ring size. Thus, the HOMO energy increased
o . e — = . despite the decrease in the number of benzene rings. In contrast,
| Homo " __ — the energy of SOMO—1 (pc, blue color) was not largely affected
S by the ring size (Figure 4a). This is reasonable because the
z oo - - - _ _ _ energy and orientation of adjacent benzene o-orbitals in C,, (op,

s1| (00 0 ‘@.‘ \/7 aSOMO_1 Figure 3c) should not be affected by the ring size.
Y (@c) Interestingly, the fully optimized C; structure of 11C,
ss| o o e _ showed the normal electronic configuration—---(HO-
aSOMo-1 - - - MO)*(SOMO—1)'(SOMO)"- (right end in Figure 4a). The
B e 50w, 0w 70m 80w, 90w, 100w HOm 10w SOMO—-SOMO-1 energy order switched from oc—pc to the
ac/" 1950 1986 1313 1339 1364 1382 1402 1420 1333 normal pc—o¢ found in DPC because the orbital interaction of
o¢ and 7, becomes weak due to the twisted conformation of the
aHOMO two phenyl rings adjacent to the carbene center in C; symmetry.
The computed twist angle and carbene angle were 55.1° and
i} {}{:}{:}{"} 133.3° in 11C¢,, respectively. The energetic preference of the
p— uSOMo_“%) triplet state over the closed-shell and open-shell singlets was
computed to be 4.9 and 1.6 kcal mol™!, respectively. In fully
ﬁ& {:} {\.}{*} optimized C; symmetry, triplet carbenes 4—8C; were also
o found to possess the SOMO—HOMO-converted electronic
aSOMO—1(pc) aSOMO(pQ) configuration (Figure S2a). However, it is difficult to determine
)‘.\ /,.o\ /.o\ %, whether triplet carbenes 9,10C, possess the SOMO—-HOMO
0 © O (.\ 3 converted electronic configuration (Figure S2b). The SOMO
\/ — \Qj and HOMO energies are largely dependent upon the carbene

4o 5Cc  6Com  7Cca  8Cca gcm 10Ccs  11Ccn  11Ccr

Figure 4. (a) Effect of size on the energy level of a-SOMO, a-SOMO—
1, HOMO, and carbene angle (6c) in nCq,,. The average value of a-
spin and f-spin orbital energy is used as the HOMO energy. (b) a-
SOMO, a-SOMO-1, and a-HOMO orbitals in nCc,,.

character of o¢. According to the natural bond orbital (NBO)

angle and twisted angles of the two benzene rings.

Why does an electron in HOMO not fall down to the low-
lying SOMO—-1 to generate the normal electronic config-
uration? As seen in Figure 4b, SOMO—1 (o) is localized at the
carbene center, while the HOMO is highly delocalized in the 7-
conjugated system. Thus, the two electrons preferably occupy
the more delocalized HOMO than the relatively localized

analysis,”’

the s character increased from 18.6% (11Cc,,) to

SOMO-T1 to avoid electronic repulsion.
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Figure 5. Molecular orbital diagrams for a-spin of F (), CH, (b), O (c), NH (d), and DBC (e) at the UB3LYP/6-31G(d) level of theory. The average
value of a-spin and S-spin orbital energy is used as the HOMO energy.
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Surprisingly, a simple carbene, fluorenylidene (F),”*" in C,,

symmetry with a small carbene angle of 112.0° also exhibited the
SOMO—-HOMO energy conversion phenomenon at the
UB3LYP/6-31G(d) level of theory (Figure Sa). The energetic
preference of the triplet state over the closed-shell and open-
shell singlets was computed to be 6.6 and 3.4 kcal mol™,
respectively. The triplet ground state was experimentally
reported by Wasserman, Schuster, Platz, and Scaiano.’"** The
low-lying a-SOMO—1 (0, 20a,, —7.16 eV) was lower in energy
than both HOMO-1 (2a,, —6.86 V) and HOMO (3a,, —5.92
eV). aSOMO (P, 4b,) energy was computed to be —5.08 eV.
The complete active space second-order perturbation theory’>
at the CASPT2/CASSCF(14,14)/cc-pVDZ wavefunction dem-
onstrated that the 1°B, state, ..(20a,)'(2a,)*(3a,)*(4b,)"...
(Figure Sa), is more stable by 1.94 and 2.91 €V than the triplet
1°B, state, ...(20a,)*(2a,)*(3a,)'(4b,)"..., and the 2°B, state,
..(20a;)*(2a,)"(3a,)*(4b,) ..., respectively.

To understand the generality of the SOMO-HOMO
conversion phenomenon in triplet carbenes, several diary-
Icarbenes, CH, (X = CH,),>* O (X = 0),** and NH (X =NH)**
in Cg symmetry and DBC™ in C, symmetry, in addition to
planar carbene F, were computed at the UB3LYP/6-31G(d)
level of theory (Figures Sb—e). Surprisingly, the SOMO—
HOMO conversion was observed in planar triplet carbenes
CH,, O, and NH featuring the relatively small carbene angles
(6c), although the HOMO and SOMO-1 are degenerated in
CH, (Figure Sb). The SOMO (o) energy decreases with
decreasing carbene angle 6 because the s character increases.
The HOMO energy of —5.79 eV in NH was higher than that
(—6.52 eV) in CH, due to the electron-donating lone pair at the
nitrogen atom (Figure 5d).

The HOMO energy (—6.27 V) in O was lower than NH
(Figure Sc). Twisted carbene DBC (6 = 142.3°) with the
twisted angle of 20.5° was found to possess the normal
electronic configuration, similar to DPC. Thus, the carbene
angle 6 and the heteroatom effect on the HOMO energy are the
key to generate the SOMO—HOMO conversion (Figure 6).

Ar/H\Ar SOMO-HOMO
& 6 (°) conversion
DPC 1423 NO
F: X =-(CHy)- | 112.0
CHy: X = -CHy- | 128.1
0:X=0 | 1249 [ YES
NH:X=NH | 126.8
DBC 1423 NO

Figure 6. SOMO—HOMO conversion in triplet diarylcarbenes.

The energetic preference of the triplet state of CH, over the
closed-shell/open-shell singlets was computed to be 2.6/1.1 kcal
mol™".** In the case of DBC, the energetic preference of the
triplet state over the closed-shell singlet was computed to be 11.4
kcal mol™". The singlet ground state was computed for O and
NH with the singlet preference of 6.8 and 8.6 kcal mol™},
respectively, at the same of level of theory.**

In summary, the SOMO—HOMO energy conversion
phenomenon was examined for the first time in triplet
diarylcarbenes. Triplet carbenes 4—8C(, and 4—11Cg,, with

4958

the curved s-conjugated cycloparaphenylene structure and
planar carbenes F, CH,, O, and NH possessed the SOMO—
HOMO converted electronic configuration as their most stable
electronic configuration. Diarylcarbenes such as 11C¢;, DPC,
and DBC with the twisted conformation and relatively large
carbene angles did not exhibit the SOMO—-HOMO conversion
phenomenon. This computational study revealed one of the
guidelines for molecular design of SOMO—HOMO converted
compounds. One of the possible experiments to prove the
computational prediction would be two-electron oxidation. The
SOMO—HOMO level converted triplet-carbenes would give
triplet species after the oxidation, although the singlet species is
expected to be generated in the oxidation of normal triplet
carbenes. To understand the chemistry deeply, further
experimental and computational studies are needed in the
future.
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