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Diradicals, unusual species containing two unpaired electrons, T . T
are known as intermediates or transition states in reactions such as 24l@ N N O O N O \
ring opening and closure of strained cycloalkah&3ope rear-
rangements8,and bicyclobutane inversighThey also might serve
as building blocks to construct molecular materials with ferromag-
netic or conductive properti€sSinglet diradicals usually are short-
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lived because of the unpaired electrons. A few singlet diradicals ™
have been generated photochemically, but their longest lifetimes 084
are on the order of microsecontiRecently, Bertrand et al. claimed (b) m
a persistent diradical with an alternating phosphorus-boron four- "'B,(CO),
membered rind. We now report the preparation, the infrared 00 ﬂ_JL. : : :
spectral analysis, and theoretical investigation of an observaple B 1380 1360 1340 1320 1300
(CO), diradical. We present theoretical evidence that it may possess Wavenumber (cm”)
an aromatic open-shell singlet ground state with thresectrons. Figure 1. Infrared spectra in the 1380290 cnt* region from co-

R i deposition of laser evaporated boron with CO in excess argortBa)
B4(COY),, prepared by co-deposition of laser evaporated boron enriched target, 0.075%C0, (b) 19B-enriched target, 0.075%C0 +

_cluste_r fragment_s and atoms with CO in excess argon at 8 K, was g 9750412C10, (c)-(e) natural abundance boron, (c) 0.075%6¢0, (d)

investigated using Fourier transformed infrared spectrosBopy. 0.075%!2C%0 + 0.075%%2C80, and () 0.075%2C10.

Augmented by the isotopic substitution technique, infrared absorp- 21717

tion spectroscopy is a very powerful method for the structural 1742 512741:% _ uggmgga

characterization of novel species generated by laser ablation and 17810750 (B \12452{124533

isolated in matrixed. o0 - " 0O
Experiments were carried out using low CO concentrations [ \“f;"fgl.sgm_sgz} 1.148(1.148)

(0.05-0.1% in argon) and a relatively high laser energy to optimize vecsomyesias R e

the formation of boron cluster species. The BCO and BBCO Onti ) ;j i A) of hell singlis dtrinl

molecules were the primary reaction products observed after sample/79u7€ 2 Optimized structures (in A) of open-shell singli4g) and triplet

. . (®B2g) (in parentheses) £CO), at various levels.
depositionl® Absorptions due to OCBBCO and;&Q), were

produced on sample annealing, which allows the primary products he mixed2C160 + 12C180 sample (Figure 1b and d), indicating

to join together. Spectra in the 1380290 cm* region of particular that two equivalent COs are involved. These data point ta-a B
interest are shown in Figure 1. Two vibrational modes-@Cand (CO), structure havingd, symmetry.

B—B stretching modes with approximately 4:1 relative intensities)  Theoretical computations support this conclusion and provide
were observed for BCO),. Nine absorptions due to-BB stretching insight into the electronic structure ofy@0).12 The extremely
vibrations of different B(CO), isotopomers, at 1365.8, 1358.0, gmall HOMO-LUMO gap (less than 12 kcal/mol), calculated at
1349.6, 1343.9, 1337.4, 1329.7, 1324.9, 1317.4, and 1309:6 cM  (R)B3LYP/6-311+G* on an assumeD closed-shell singletAy),

were observed iA%B-enriched or natural abundance boron experi- points to a diradical ground state (i.e., open-shell singlet or triplet)
ments (Table 1 of Supporting Information). These absorptions group for this species. While multireference-based approaches are best
into a triplet of triplets (as shown in Figure 1c). Each triplet exhibits 5 characterize such diradicals, DFT, using symmetry-broken
approximately 1:8:16 relative intensities. This indicates that the ynrestricted wave functions, can describe singlet diradicals, like
vibration involves two equivalent boron atoms and is strongly para-benzyne, well (despite spin contaminatirur scan of the
coupled to the other two equivalent boron atdfm3he “larger” B.(CO), potential energy surfaces at (U)B3LYP/6-31G* shows
triplet pattern originates from isotopomers wifB1°B, 10B11B, and that theDy, open-shell singlet'B,) and triplet fB,g) states are
1BB at the CO-bearing positions, while the “smaller” triplet yery close, both in energy (Table 2 of Supporting Information) and
pattern originates from isotopomers witB'%B, BB, and"'B1'8 in geometry (Figure 2). These are more stable than other alterna-
at the transannular positions. The antisymmetrie(Cstretching tives. The open-shell singlet is 1.4 kcal/mol lower in energy than

mode (R) of B4(CO), was observed at 1993.3 cin(Figure 1 the triplet adiabatically at (U)B3LYP/6-331G* and 1.1 kcal/mol
of Supporting Information). Each absorption splits into triplets with 4t (U)CCSD(T)/6-31G*.

tTo whom correspondence should be addressed. E-mail: mizhou@fudan.edu.cn. The singly occupiedr 2,y and o 9a molecular orbitals
iifg.?” University. (SOMOs; see Figure 3) indicate thaj(BO), is a o—ax diradical
§ University of Georgia. regardless of whether the ground state is an open-shell singlet or a
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Figure 3. Molecular orbital depictions of cyclic #CO), showing the
highest occupied 9a2byg, and 2ky valence molecular orbitals.

triplet. The 9g SOMO contributes to the diagonaHB interaction,
and its 2by counterpart is involved with the BC bonding. The
closed-shell singlet'fy) with a doubly occupied 2j orbital (the
lower SOMO) is 25.9 kcal/mol higher in energy than the open-
shell singlet {B,y) at B3LYP/6-311G*.

The multireference complete active space self-consistent field
(CASSCF) method was used to avoid spin contamination. The open-
shell singlet is 3.3 kcal/mol more stable than the triplet adiabatically
at CAS(10,10)/6-311G*. The singlet preference is 2.4 kcal/mol after
inclusion of dynamic correlation at CASPT2(10,10)/6311G*-//
CASSCF(10,10)/6-311G*. CASSCF calculations with various
numbers of active orbitals and electrons gave very similar values
(Supporting Information, Table 2). At CASPT2(10,10)/6-311G*//
CASSCF(10,10)/6-311G*, the closed-shéi{) singlet is 24.3 kcal/
mol higher in energy than the open-shell singlet.

At (U)B3LYP/6-311+G*, the antisymmetric BB (b;,) and
C—O0 (by) stretching vibrations of open-shell singtéB,(CO), were
predicted to be 1438 and 2101 chrespectively (1376 and 2100
cm1, respectively, fof1B4(CO),). These two modes are the most
intense IR active absorptions (300 and 4644 km/mol), whereas all
other modes have intensities less than 20 km/mol. The vibrational
frequencies and isotopic frequency shifts of the triplg®), are
about the same as those of the singlet (Table 3 of Supporting
Information). For comparison, we also computed a number of

related species with different structures and electron occupancies,

including theDg4, symmetry isomer, the radical anion, the radical
cation, the dianion, and the dication of(BO),. None of these
were computed to have infrared spectral features that match the
observed frequencies.

Figure 3 also shows the doubly occupied MO, which mainly
involves the B unit. Thus, both singlet and triplet,BCO), possess

threex electrons. The aromaticities of these species were character-

ized by the simple and widely used nucleus independent chemical
shift (NICS) methoét at the gauge-including atomic orbital
(GIAO)® UB3LYP/6-311G**//UB3LYP/6-311+G** level. The
NICS at ring centers ahl A above are nearly the same16.7
and —9.8 for the singlet versus-16.9 and—9.2 for the triplet,
respectively. The corresponding benzene values -a8e0 and
—10.2. In annulenes, the aromaticity or antiaromaticity of triplets
and of singlets with a given electron count are exactly oppé%ite.
Yet both of the B(CO), diradicals, singlet and triplet, are aromatic
because the SOMOs have duahnd.r character. The geometries,
energies, and vibrational frequencies also are nearly the same.
The disjoint pattern of two singly occupiednonbonding orbitals
and dynamic spin polarization are responsible for the violation of
Hund’s rule in non-Kekuldydrocarbong:'” Similar considerations
may apply to B(CO),, which has nearly degenerate and
SOMOs. While both have some bonding character, they are disjoint
(see Figure 3). Hence, we favor an open-shell singlet assignment
to the ground state of this species but concede the limitations of
the theoretical levels employed. Unfortunately, the IR spectra do
not differentiate between the singlet and triplet. ESR and magnetic
circular dichroism experiments to help confirm the assignment are
planned.
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