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It is generally known that the bond order between two p-block Table 1. Observed and Calculated (B3LYP) Vibrational
main group elements is always lower than the number of element grceﬂl‘éﬁ?g'g%(ﬁﬂm;l) "’}”d Isotopic Frequency Ratios for the
valence electrons in known compourdd.Recently, a gallyne olecule
Nay[Mes*,CsHs—GaGa-CsHsMes*,] (Mes* = 2,4,6-i-PECeH,) freq? B8 rere oo
was synthesized and characterized as the first example of a triple calc®  obs® calc obs calc obs calc obs
bond between group 13 metélEach Ga atom in this dianion holds 5, 2107 2014.2 1.0013 1.0011 1.0261 1.0255 1.0183 1.0176
four valence electrons. The triple bond assignment has beeno, 1091 1086.1 1.0338 1.0280 1.0017 1.0080 1.0160 1.0123
questioned, and this stimulated several theoretical investigations#u 540 517.1 1.0088 1.0083 1.0276 1.0274 1.0076 1.0076
and hot discussiorfs** Molecules containing borerboron mul- a o o .

. - Only the IR active vibrational modes are listed: antisymmetric CO
tiple bonds are extremely rare due to the electron-deficient nature gyetching ¢,), B—C stretching 6), and BCO bendingdy). ® The calculated

of boron. Boror-boron double-bonded species such as diborate IR intensities of the three modes are 3495, 48, and 29 km/mol, respectively.
dianions have been synthesiZéd3 and a bororboron double- ¢Two matrix trapping sites were observed, and only the major site
bonded model molecule, HBBH, has also been characterized ggg%gmgtseIsrié'_%tfg;oE&%_relat've intensities of the three modes are
experimentally in matrixe¥! In this report, we present experimental

and theoretical evidence for a neutral bordmoron multiply bonded >
molecule: OCBBCO.

Matrix isolated OCBBCO molecules were produced by co-
deposition of laser vaporized boron atoms with CO in excess argon
at 8 K and investigated using Fourier transformed infrared spec-
troscopy:® With the aid of the isotopic substitution technique, matrix ®
isolation infrared absorption spectroscopy can provide unique ol e “
structural information on ground-state molecules. Recent studies M et
have shown that matrix isolation infrared spectroscopy combined Figure 1. Infrared spectra in the 11551055 cnt! region from co-
with quantum chemical calculation is very powerful in investigating gefgseigﬁghc;fdl?s% c;\t/gtlogoertat(e)z(?L b/k%ggg ?L(;m(sf)vr\g?u%?aik?uﬁ)é;ii %rgrgrr]{ (@)
the spectrum, structure, and bonding of novel spé€ies. - 0 » O » (o)~

Thg BCO molecule is the primary rgaction prodEct observed after @19et (b) 0.198°C°0, (c) 0.1%72C°%0 + 0.1%CT*0, (d) 0.1% *C1°0

- ; (containing 12%'3C80), (e) 0.1%!2C%0 + 0.1% 12C'80, and (f) 0.1%
sample depositio®. New product absorptions were produced on 12c180.
sample annealing (Table 1). The absorptions at 2014.2, 1100.2,

i
i

“sco g 0c"'8"8C0
“8co oc"s"sco

Absorbance (arbitrary units)

1086.1, and 517.1 cm can be grouped together on the basis of Vi 1 1 1410 1,169
. .. . (1.468) (1.436)(1.120) 1.431 1.168
their growth/decay characteristics measured as a function of changes 0-C—B—B—C—0  B—C—0
of experimental conditions. The spectra in the 133050 cnr! Figure 2. Optimized structures of singlet OCBBCO and quartet BCO at

region using different isotopic substituted CO are shown in Figure (U)B3LYP/6-311+G(d), (U)CCSD(T)/6-313G(d), and CAS(4, 4)/6-
1. The spectra clearly demonstrated that the new product molecule311+G(d) (in parentheses) levels of theory. Bond lengths are given in A.
involves two equivalent B and two equivalent CO subunits and is

assigned to an OCBBCO molecule. The band at 2014.2" g into the structure and bonding in OCBBCO, we turn to quantum
due to the CO stretching mode,J.*® The bands at 1100.2 and  hemical calculation® The calculation shows that the RHF wave
1086.1 cm* in experiments with natural abundance boron target fnction of singlet OCBBCO has an internal RHF/UHF instability.
are assigned to the BC stretching modg) of OC'%BBCO and Therefore, we perform DFT calculations using the broken-symmetry
OCHBHBCO molecules. The OCBIBCO counterpartis observed nrestricted wave function (Figure 2). The linear triplet state
at 1116.5 cm' with a1%B-enriched target. This band is very weak  5cBBCO was calculated to be about 20.5 kealimol higher in energy
in experiments with a natural abundance boron target (about 1/16 a3 the linear singlet. The structure with two bridging CO’s was
the intensity of OC'B'BCO. With natural abundance boron, & predicted to have a triplet ground state and is about 42.7 kcal/mol
vibrational mode which involves two equivalent boron atoms will |o5s stable than the linear singlet at the (U)B3LYP/6-BE1d)
split into three absorptions with approximately 1:8:16 relative |eyg| of theory. The calculated vibrational frequencies and isotopic
intensities.) Absorption at 517.1 cthis due to BCO bending  frequency ratios (Table 1) are in excellent agreement with the
vibration (z.). experimental values.

* To whom correspondence should be addressed. E-mail: mfzhou@fudan.edu.cn.  The multireference-based CASSCF approach is used to describe

lifg?” University. the singlet OCBBCO molecule. At the CAS(4,4)/6-34G(d) level,

§ University of Virginia. the dominant configuration of the singlet ground-state OCBBCO

To support the experimental assignment and to provide insight
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HOMO (2r,) HOMO-1 (7s,) HOMO-2 (1,)
HOMO-3(1n)  HOMO-4 (65,) HOMO-5 (65,)

Figure 3. Molecular orbital pictures of singlet OCBBCO, showing the
HOMO (27,) down to the fifth valence molecular orbital from the HOMO.
HOMO, HOMO—-2, and HOMG-3 each consist of two degenerate pairs,
and only one of them was plotted.

is (core) (&g)? (60,)? (Lzy)* (Lg)* (7og)? (2,)*2° The molecule can

be viewed as the interaction of a closed-shell excited-stati& B
(Log)? (10u)? (209)? (Lrwy)* (204)° (30¢)° configuration and two CO's.
Figure 3 shows the one-electron molecular orbital pictures from
HOMO down to the fifth valence molecular orbital from the HOMO
of the dominant configuration. The doubly degenerate HOMO is
the B—B & bonding orbitals, which comprise,Blr, — CO x*
back-bonding. The HOMOL1 is a B-B ¢ bonding orbital. The
doubly degenerate HOME2 and HOMG-3 are primary G-O
bonding orbitals. The HOM©4 and the HOMG-5 comprise CO

50 — B, 20, and 34 donation, which are BB antibonding and
bonding in character, respectively. Therefore, singlet OCBBCO
exhibits some boronboron triple bond character. The Lewis
structure can be drawn as€C—B=B—-C=O0, which satisfies the
octet rule.

The OCBBCO molecule was calculated to have a very short
B—B bond length. At the (U)B3LYP/6-31G(d) level of theory,
the B—B bond length was predicted to be 1.453 A, significantly
shorter than the BB double bond experimentally characterized
(1.57-1.59 A)1213Calculations at (U)CCSD(T)/6-3#G(d) and
CAS(4,4)/6-31%#G(d) levels gave a slightly longer-8B bond
length (1.458 and 1.468 A). Comparison calculations were done
on the HBBH model molecule, which has been characterized to
have &y 4~ ground state with a typical BB double bond*?'The
B—B bond length was calculated to be 1.507 A with B3LYP and
1.519 A with CCSD(T), 0.054 or 0.061 A longer than that of the
OCBBCO molecule. Théy 4~ ground-state Bwas calculated to
have a B-B bond length of 1.571 A (B3LYP) and 1.603 A
(CCSD(T)), compatible with the experimental value of 1.598?A.

Upon annealing to 25 K, BCO increased markedly, and BECO)
and OCBBCO were formed. BCO decreased, while B(Cand
OCBBCO kept increasing on further stepwise annealing. BBCO
was also observed, but only in high ablation laser energy experi-
ments. This implies that OCBBCO was formed by BCO dimer-
ization and not via Breactions. The BCO molecule has been well
studied to have &5~ ground state with the three spins predomi-
nantly on the boron atof¥. The formation of quartet BCO from
ground-state B and CO requires B-2s2p promotion. The growth
of BCO and OCBBCO on annealing indicates that little or no
activation energy is required for both#®) + CO— BCO (*3 ")
and 2BCO £y -) — OCBBCO reactions. The dimerization process
involves the formation of one BB ¢ bond and twar bonds. The
binding energy of OCBBCO with respect to two ground-state BCO
molecules was calculated to be 143.5 kcal/mol with B3LYP. At
the same theoretical levels, the binding energ$jgf HBBH with

respect to two ground-state BH molecules was predicted to be 113.0

kcal/mol.
In contrast to boron, the remaining group 13 metal carbonyls
prefer to form dibridged Mu?-CO), moleculeg*25 No metal-
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