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Generation and Identification of the Linear OCBNO and OBNCO

Molecules with 24 Valence Electrons
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and Gernot Frenking*®™

/Abstract: Two structural isomers containing five second-row
element atoms with 24 valence electrons were generated
and identified by matrix-isolation IR spectroscopy and quan-
tum chemical calculations. The OCBNO complex, which is
produced by the reaction of boron atoms with mixtures of
carbon monoxide and nitric oxide in solid neon, rearranges
to the more stable OBNCO isomer on UV excitation. Bonding

analysis indicates that the OCBNO complex is best described\
by the bonding interactions between a triplet-state boron
cation with an electron configuration of (25)°(2p,)°(2p,)? and
the CO/NO" ligands in the triplet state forming two degen-
erate electron-sharing @ bonds and two ligand-to-boron
dative o bonds.

/

Introduction

The structure and bonding of main group compounds have
been the focus of extensive theoretical and experimental in-
vestigations."" Many species containing five second-row ele-
ment atoms with 24 valence electrons are experimentally
known,?'”! some of which have been included in common in-
organic chemistry textbooks.”? The structure and bonding of
the symmetric EL, isomers (E=B~, C, N*; L=CO, N,, NO, etc.)
have received particular attention.’® The carbon suboxide
C;0, is linear in the solid state, and is conventionally described
as a linear cumulene O=C=C=C=0."" However, high-resolution
spectroscopic and theoretical investigations indicated that the
gas-phase molecule is bent with an angle of 156° at the cen-
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tral carbon atom.” The bent structure of carbon suboxide can
be well interpreted in terms of donor-acceptor bonding be-
tween two carbonyl ligands and a neutral carbon atom in its
'D excited state with an electron configuration of
(25)0(2pg)z(an)z(Zpﬂl)o.[a'28]

The donor-acceptor bonding model straightforwardly ex-
plains the different geometric structures of the isoelectronic
EL, series with E=N", C, and B~ The dicyanamide anion
[IN(CN),] -, firstly synthesized in 1925, is a stable pseudohalo-
gen ion with a bent structure" The N*(NN), and N'(CO),
ions have also been synthesized as bulk salts,""'? and both
were calculated and crystallographically determined to have
strongly bent equilibrium geometries as well. The larger bend-
ing angle of carbon suboxide relative to the N*L, (L=N,, CO,
CN™) complexes comes from the stronger OC«+C—CO m-back-
donation interaction compared with that in the N*L, com-
plexes.” The negatively charged B(CO),” complex was gener-
ated in solid noble-gas matrices."¥ It was characterized to
have a linear structure that is best described in terms of
donor-acceptor interactions between a boron atom with a va-
lence electron configuration of (25)°(2p,)°(2p,)* and CO ligands
with very strong OC«+B~—CO m backdonation. Herein, we
report the generation and spectroscopic characterization of
two additional five-atom, 24-valence-electron molecules,
OCBNO and OBNCO, in solid neon. A detailed bonding analysis
indicates that the linear OCBNO species is best described by
the bonding between a triplet-state boron cation with an elec-
tron configuration of (25)°(2p,)°(2p,)* and the CO/NO™ ligands
in the electronic triplet state forming two electron-sharing 7t
bonds and two ligand-to-boron dative o bonds.
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Results and Discussion

Experimental results

The title species were prepared by the reaction of laser-ablated
boron atoms with mixtures of carbon monoxide and nitric
oxide in solid neon, and were detected by IR absorption spec-
troscopy with isotopic substitutions.” The IR spectra in the
2360-1960 and 1500-1440 cm™' regions obtained by using a
'%B-enriched target and a 0.05% CO+0.05% '"NO/Ne mixture
with relatively low ablation laser energy (=5 mJ/pulse) are
shown in Figure 1. After sample deposition, strong absorption
bands due to '"BCO (2014.2/2012.0cm™") and '°B(CO),
(2031.1 cm™") are observed,"*'™ which increase on annealing
but decrease on UV/Vis irradiation. Species involving more
than one boron atom, such as BBCO,”® OCBBCO,”" and
BBNN,"?? which were reported previously to be the major prod-
ucts from the reactions of laser-ablated boron atoms with CO
or N,, are barely observed. However, the BBCO (2043.6 cm™)
and OCBBCO (2033.1 cm™') absorptions are clearly observed to
increase on annealing with relatively high ablation laser
energy. A group of absorptions (labeled A in Figure 1) appear
on annealing to 10K, and increase together on annealing to
12 K, but are completely destroyed on UV irradiation with a
high-pressure mercury arc lamp. With the disappearance of
group A absorption bands, a group of new absorption bands
(labeled B) are produced. Similar experiments were performed
with other isotopically labeled compounds including "*NO,
3CO, and C®0, as well as a natural-abundance boron target.
The spectra in selected regions for different isotopically labeled

samples and mixtures are shown in Figures S1-S5 of the Sup-
porting Information. The band positions are listed in Table 1.
Species A is assigned to the OCBNO complex. The spectra
for different isotopically labeled samples (Figures S2 and S3 of
the Supporting Information) confirm that this species involves
one boron atom, one CO ligand, and one NO ligand. Four
bands at 2148.5, 2111.4, 1999.3, and 1472.5 cm™" are observed
for OC'®B"*NO (Figure 1). However, only two or three bands are
observed for the other isotopomers (Figure S1 of the Support-
ing Information and Table 1). The 2117.0cm™' band in the
9B+ CO + NO/Ne experiment shows quite large boron, carbon,
and oxygen isotopic shifts (Table 1) and can be assigned to the
BCO stretching mode (v,) of OC'®BNO. The 1999.3 cm™' band
of OC'B™NO should be assigned to the BNO stretching mode
(v,). This mode is not observed experimentally for the other
isotopomers, due to weakness or overlap with the strong BCO
or B(CO), absorption bands. The lowest band (1478.8 cm™' for
OC'®BNO) shows quite a large boron isotopic shift and is attrib-
uted to the OC-B-NO stretching mode (v;). The highest band
at 2155.5cm™' for OC'®BNO cannot be assigned to a funda-
mental mode and is attributed to a combination mode (v;+
v,). It gains IR intensity through Fermi resonance with the v,
mode. This combination mode for the O"*C'®BNO isotopomer
is missing due to the disappearance of Fermi resonance.
Species B with two absorptions at 2331.1 and 2113.4cm ™' is
assigned to O'BNCO, a structural isomer of OC'°BNO. The
2331.1 cm™' band shows very small ''B isotopic shift but quite
large "N, *C, and C'®0 isotopic shifts (Table 1). The band posi-
tion and isotopic shifts indicate that it is an NCO stretching vi-
bration.” The experiments with isotopically labeled mixtures
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Figure 1. IR spectra in the 2360-1960 and 1500-1440 cm™' regions from codeposition of laser-ablated boron ('°B-enriched) atoms with 0.05% CO +0.05%
>NO in neon. a) After 30 min of sample deposition at 4 K. b) After annealing to 10 K. ) After annealing to 12 K. d) After 15 min of UV/Vis (250 <A < 580 nm) ir-

radiation. A: OC'°B"*NO; B: O'°B"*NCO.
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Table 1. Observed (in Ne) and computed (CCSD(T)-Full/aug-cc-pVTZ level of theory) vibrational frequencies [cm~'] of OCBNO (A) and OBNCO (B). The cal-
culated numbers in italics refer to vibrational modes that have not been observed experimentally.
WOB 11B
Experimental
CO/NO CO/™NO AP 3CO/NO A® C'®0/NO AP CO/NO A®
OCBNO 21555 2148.5 -7.0 M 2134.2 —213 21315 —240  vi;+v,
(A)
2117.0 2111.4 —5.6 2090.4 —26.6 2097.1 —19.9 2091.3 —25.7 v,
_b] 19993 _[b] _[b] _[b] v,
1478.8 1472.5 —6.3 1478.3 -0.5 1469.4 —-9.4 1448.8 —30.0 V3
OBNCO 2331.1 2317.9 —13.2 22729 —58.2 2311.0 —20.1 2329.7 —-1.4 v,
(B)
21134 2109.8 —-3.6 21116 -1.8 2110.9 -25 2046.7 —66.7 v,
Calculated
21712 2144.1)9 21613 (2132309 —9.9  2167.0 (2148.3)9  —4.2 21481 (2130.1)9 —23.1 21409 2118.6) —303 v, +v,
OCBNO  2193.1 (2122.009 21852 (2116.7)Y  —7.9  2165.1 (210659 —28.0  2180.0 (2147.0)9 —13.1  2166.5 (2103.99 —26.6 v,
(A) [1979] [1917]9 [1804] [1901]4 [1956]“
2087.1 (2036.0)  2058.0 (2008.6) —29.1  2060.6 (2025.0) —26.5  2065.7 (2027.9) —21.4  2071.0(2030.2)% —16.1 v,
[”[d] [20][d] [1 06][d] [3 7][d] [43][d]
1513.6 (1481.8)9  1506.1 (1476.8)9  —7.5  1513.3(1490.8) —0.3  1504.0 (1481.4)1 -9.6 14827 (1460.3)“ —30.9 A
[1 65][d] [-l 74][d] [1 69][d] [-l 78][d] [1 1 9][d]
OBNCO  2452.5(2386.0)9 24343 (2371.3)9 —182  2391.1 (2319.7)9 —614 24390 (23764)9 —13.5 24513 (2394.0)9 —1.2 v,
(B) [1885]Y [1807]“ [1907]¥ [1896]“ [1820]“
21635 (2115.6)9  2160.0 (2116.8)9  —3.5 21594 (2114.2)9  —41 21604 (2120.2)¢  —3.1  2094.0 (2055.3)9 —69.5 v,
[425]9 [466]" [332]@ [393]@ [436)
[a] Frequency shift relative to '°B/CO/NO. [b] Not observed due to weakness or overlap with other absorption bands. [c] Anharmonic correction obtained
at the B2PLYP/aug-cc-pVTZ level of theory added with the CCSD(T) frequencies. [d] The values in brackets are the intensities at the B2PLYP/aug-cc-pVTZ
level of theory.

(Figure S4 of the Supporting Information) confirm that the
2331.1cm™" mode only involves one NCO subunit. The
2113.4cm™" band exhibits quite a large "B isotope shift
(66.7 cm™") but very small N, *C, and C'®0 isotopic shifts. The
band position and isotopic shift imply that it is a terminal B—O
stretching vibration and involves only one BO subunit.*” The
very small oxygen isotopic shift for the C'®0 sample implies
that the oxygen atom of the terminal BO subunit comes from
the NO reactant rather than CO.

Theoretical results

To validate the experimental assignment and to gain deep in-
sight into the equilibrium geometries, electronic structures,
and chemical bonding of the experimentally observed OCBNO
(A) and OBNCO (B) isomers, quantum chemical calculations
were performed (see Supporting Information for details). Geo-
metric optimizations were performed on various possible struc-
tures in the electronic singlet and triplet states for different iso-
mers of BCNO, at the CCSD(T)-Full/cc-pVTZ level of theory. The
observed species were further reoptimized at the CCSD(T)-Full/
aug-cc-pVTZ level of theory. Unless otherwise stated, all theo-
retical data in this work were calculated at this level of theory.
Figure 2 shows the geometries of OCBNO (A) and OBNCO (B)
and two other isomers C and D, which were not observed in
our experiment. The geometries of 11 further isomers, which
are more than 130 kcalmol™' higher in energy than the global
energy minimum B, are shown in Figure S6 of the Supporting
Information.
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The OBNCO (B) molecule is predicted to have an electronic
singlet ground state with linear structure, which is the global
energy-minimum form of the BCNO, species. The OCBNO (A)
isomer also has a singlet ground state with a linear structure. It
lies 111.9 kcalmol™ higher than the global energy-minimum
structure B. The calculated B—N distance in A (1.270 A) is signif-
icantly shorter than the B—C bond (1.408 A). The calculated B—
N bond length is about the same as the sum of the covalent
radii of triple-bonded boron and nitrogen atoms reported by
Pyykko and co-workers (1.27 A).**) The B—C bond is longer
than a typical B=C bond (1.33 A)® but is slightly shorter than
a B=C bond (1.45 A).”¥ The isomers C and D are lower in
energy than A but were not observed in our experiments.
Structure C also has an electronic singlet state and exhibits a
rare bonding situation in which a significantly stretched O,
molecule is bonded side-on to the terminal boron atom of a
linear NCB moiety. Isomer D is the energetically lowest lying
species in the electronic triplet state. The nonlinear structure
features a BO fragment in which the boron atom is bonded to
a nearly linear OCN species.

The calculated vibrational frequencies and isotopic frequen-
cy shifts of A and B are listed in Table 1. The agreement be-
tween the calculated frequencies and the experimental values
is quite good. This holds even for the absolute values of the
theoretical data when the harmonic frequencies at the
CCSD(T)-Full/aug-cc-pVTZ level of theory are corrected by an-
harmonic contributions calculated at the B2PLYP/aug-cc-pVTZ
level of theory. The only discrepancy between theory and ex-
periment appears for the combination mode (v;+v,), which is

© 2020 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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Figure 2. Geometries of the four energetically lowest lying BNCO, isomers A-D calculated at the CCSD(T)-Full/aug-cc-pVTZ level of theory for A and B and at
the CCSD(T)-Full/-cc-pVTZ level of theory for C and D. Bond lengths are given in angstrom. The natural partial charges are given in parentheses. The relative

energies and bod dissociation energies D, at 0 and 298 K are in kcalmol ™.

calculated to be slightly below the fundamental mode v;.
Since IR intensities at the CCSD(T)-Full/aug-cc-pVTZ level of
theory are not available, the IR intensities calculated at the
B2PLYP/aug-cc-pVTZ level of theory are listed. The complete
set of calculated frequencies and intensities of all BCNO, iso-
mers is given in the Supporting Information (Table S1).

The electronic structures of OCBNO (A) and OBNCO (B) were
analyzed in order to understand the bonding situation in both
species. The calculated natural partial charges shown in
Figure 2 suggest that OBNCO can be described as bonding be-
tween a boronyl cation (BO¥) and an isocyanate NCO™ anion.
The boronyl cation fragment has a very short bond length of
1.214 A, indicating a robust B=0 bond.”*”

The bonding of linear OCBNO (A) is of particular interest. It
has been shown that the symmetric isoelectronic EL, species
(E=B~, C, N*, L=CO, N, etc.) are well described by a donor-
acceptor bonding model involving not only L—E«L o-dona-
tion, but also strong L«+E—L 7 backdonation.®*?*2?% The cen-

tral boron anion in the linear B(CO),” anion has an
(25)°(2p.,)°(2p,)* electron configuration in which B~ leads to
strong OC«+B~—CO & backdonation."” In contrast, the C;0,,
N*(CO),, and N*(NN), species all have nonlinear structures due
to weaker L—E—L mt backdonation with the central atoms in
their excited 'D state with electron configuration of
(25)°(2p,)*(2p | )*(2py)°. Figure 3 shows the HOMOs of OCBNO
in the singlet ground state, which provide a first insight into
the chemical bonds. The doubly degenerate HOMOs are B—C
and B—N bonding & orbitals, which comprise B 2p AOs and an-
tibonding m* MOs of CO and NO ligands. The doubly degener-
ate HOMO—1 and HOMO-2 are primarily C—O and N-O -
bonding orbitals. HOMO—3 and HOMO—4 are BCO and BNO
o-bonding orbitals, respectively.

We calculated the interaction between the central boron
atom and the [OC-NO] ligands with the EDA-NOCV method®”
using several charges and electron configurations for the inter-
acting moieties. In this way, it is possible to identify the best

HOMO-1
HOMO HOMO'
HOMO-1' HOMO-2 HOMO-2'
HOMO-3 HOMO-4

Figure 3. Shape of the energetically highest-lying occupied molecular orbitals of the singlet ground state OCBNO molecule A.
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description of the bonding situation in a molecule. It has been
shown in numerous studies that the smallest change in the as-
sociated orbital interaction AE,, is a faithful account of the
type of bonding. This has been demonstrated for a variety of
chemical bonds.®" Table S2 shows that the lowest value for
AE,,, is found when the interacting fragments in OCBNO (A)
are B' in the electronic triplet state >D with the electron con-
figuration (25)°(2p,)°(2p.)'(2p,)' and [OC--NO]" also in the trip-
let state with two unpaired electrons in the orthogonal & orbi-
tals. Table 2 gives a full account of the numerical results, which
show the strength of the different orbital interactions.

Table 2. EDA-NOCV results of OCBNO molecule A at the M06-2X/TZ2P//
CCSD(T)-Full/aug-cc-pVTZ level taking [Bl* (T, (25)°(2p,)°(2p.)'(2p.)") +
[OC--NO]" (T) as interacting fragments. Energies are in kcalmol .

Energies Orbital interaction [BI™ (T, (25)°2p,)°2p.)'2p,)") +
[OC-NO]~ (T)

AEp, 5856

AEPau\i 99.8

AEMetahybrid 25.7

AE g™ —244.6 (34.4%)

AE, —466.5 (65.6%)

AEgp®  [BI"-[0OC-NO]- —103.3 (22.1%)
electron-sharing t bond

AEypp®  [BI'-[0OC+NO]- —~103.3 (22.1%)
electron-sharing @ bond

AEyps™ BT «[OC--NO]~ —141.3 (30.3%)

(+,—) o donation
AEe™  [BI"—[OC-~NO]-
(+,4) o donation

—78.8 (16.9%)

AE, —39.8 (8.6%)

[a] The values in parentheses give the percentage contribution to the
total attractive interactions AFE,+ AE,y. [b] The values in parentheses
give the percentage contribution to the total orbital interactions AE,,.

There are two rather strong degenerate electron-sharing m
interactions between BT and [OC--NO]~ of 103.3 kcal mol™
each and one stronger (—141.3 kcalmol™") and one weaker
(—78.8 kcalmol™") dative bonds OC—B+«NO, which provide
92% of the total interaction AE,,. The remaining orbital inter-
actions come from polarization of the ligand orbitals. Figure 4
shows the associated deformation densities Ap;,_, of the four
orbital terms. The m interactions go along with charge migra-
tion from boron to the ligands (red —blue), whereas the o
donation shows as expected the opposite charge migration
from the ligands to boron. Note that the magnitude of the
charge migration, which is given by the eigenvalues |v,]|, is
much larger for ¢ donation than for & backdonation. The mag-
nitude of the charge migration does not correlate with the
strength of the interactions.

A closer look at the deformation densities of the degenerate
7t interactions Apg, and Apg, shows that there is also a red
area of charge depletion at the nitrogen atoms, which togeth-
er with the red area at boron and the blue area of charge con-
centration between boron and nitrogen atoms signals the for-
mation of B-N 7t bonding. In contrast, the B—C 7t region shows
only some charge donation B—CO. We analyzed the bonding
situation in OCBNO (A) also with the Adaptive Natural Density
Partitioning (AdNDP) method developed by Boldyrev and Zu-
barev,"? which is particularly suited for multicenter bonds.
Figure 5 shows the 5c-2e m orbitals of A. Clearly, the  bond-
ing is mainly in the B—N region with little ;x bonding between
boron and carbon. This agrees with the results of the NBO
analysis, which suggests that the best Lewis structure for A
has a triple bond between boron and nitrogen atoms but only
a single bond between boron and carbon atoms.

The spectra shown in Figure 1 clearly show that the OCBNO
molecule is formed by the reactions of ground-state boron

Apy
AEom1y=-103.3;

vi|=0.172

App)
AEqm2)=-103.3;

vo| =0.172

Ap)
AEorb(:,) =-141 .3;

vs| = 0.60

Ap
AEoroy=-78.8;

vi| = 0.44

Figure 4. Shape of the deformation densities Ap;;) of the OCBNO molecule A associated with the orbital interactions AE,)-«4 at the M06-2X/TZ2P//
CCSD(T)-Full/aug-cc-pVTZ level of theory (Table 2). Isosurface values are 0.001 au. The eigenvalues |v,| give the magnitude of the charge migration in elec-
trons. The direction of the charge flow is red —blue. ® The net electron transfer in electron-sharing bonding.
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5¢-2e OCBNO 7m-bonds (ON = 2.00 for each orbital)

Figure 5. Plot of the AANDP orbitals of the 7t bonds in OCBNO (A).

atoms with carbon monoxide and nitric oxide in a solid neon
matrix. This association reaction is predicted to be exothermic
by 128.1 kcalmol™' at 0K and requires negligible activation
energy, as the OCBNO absorptions increase on annealing. The
OCBNO molecule rearranges to the OBNCO isomer under UV
excitation. This isomerization reaction is predicted to be exo-
thermic by 111.9 kcalmol™" at the CCSD(T)-Full/aug-cc-pVTZ
level of theory. The OCBNO —OBNCO isomerization reaction on
the singlet ground-state potential-energy surface is computed
to proceed via an intermediate with a highly activated
(1.601 A) side-on-bonded NO ligand (Figure S7 of the Support-
ing Information). The barrier from OCBNO to OBNCO is predict-
ed to be 64.0 kcalmol™ at the CCSD(T)-Full/aug-cc-pVTZ//MO06-
2X-D3/aug-cc-pVTZ level of theory.

Conclusion

We have reported the synthesis of two isomers of BCNO, and
their identification by matrix-isolation IR spectroscopy and
quantum chemical calculations. The OCBNO complex, which is
produced by the reaction of boron atoms with mixtures of
carbon monoxide and nitric oxide in solid neon, rearranges to
the more stable OBNCO isomer under UV excitation. Bonding
analysis indicates that the OCBNO complex is best described
by the bonding interactions between a triplet-state boron
cation with an electron configuration of (25)°(2p,)°(2p,)* and
the CO/NO~ ligands in the triplet state forming two degener-
ate electron-sharing m bonds and two ligand-to-boron dative o
bonds.

Experimental Section

The 1064 nm fundamental output of a Nd:YAG laser (Continuum,
Minilite Il; 10 Hz repetition rate) with 5-15 mJ/pulse was used to
ablate a rotating bulk boron target to produce boron atoms. The
laser-evaporated boron atoms were codeposited with premixed
carbon monoxide and nitric oxide reagent gases in excess neon
onto a cryogenic Csl window, which was maintained at 4 K by
means of a closed-cycle helium refrigerator. The CO/NO/Ne mix-
tures were prepared in a stainless steel vacuum line by using a
standard manometric technique. Natural-abundance boron (19.8%
198, 80.2% "'B) and '°B-enriched (97 %) targets were used in differ-
ent experiments. The CO (Arkonic Gases & Chemical Inc.,
>99.99%), NO (Dalian DT, >99.9%), and isotopically labeled "CO,
C'®0 (ISOTEC, 99%), and ""NO (Cambridge Isotope Laboratories
Inc., 98%) were used without further purification. After 30 min of
sample deposition at 4 K, IR absorption spectra in the mid-infrared
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region (4000-450 cm™') were recorded with a Bruker Vertex 80V
spectrometer at 0.5cm™' resolution by using a liquid-nitrogen-
cooled HgCdTe (MCT) detector. Bare-window background, recorded
prior to sample deposition, was used as reference in processing
the sample spectra. After the IR spectrum of the initial deposit had
been recorded, the samples were warmed to the desired tempera-
ture, quickly recooled, and more spectra were taken. Photolysis
was performed with a high-pressure mercury arc lamp.

The geometrical optimization and the evaluation of vibrational
spectra of different isomers of BNCO, (A-O) were carried out at
the CCSD(T)-Full/cc-pVTZP? and B2PLYP/aug-cc-pVTZ levels of
theory.®™ To get better energetics, further reoptimizations followed
by frequency calculations of the observed species, A and B were
performed at the CCSD(T)-Full/aug-cc-pVTZ"®? level of theory. All
isomers presented here are minima on the potential-energy sur-
face, as revealed by all-real frequencies. These calculations were
performed with the Gaussian 16 program package.*” The natural
bond orbital (NBO) analysis was done with the NBO 6.0 program.®*!
The AANDP™ calculations were carried out with the program Mul-
tiwfn. 4!

To shed light into the bonding situation in A, an energy decompo-
sition analysis (EDA)®® together with the natural orbitals for chemi-
cal valence (NOCV)®” method was carried out by using the ADF
2018.105 program package.*® The EDA-NOCV calculations were
carried out at the M06-2X/TZ2P®//CCSD(T)-Full/aug-cc-pVTZ level
of theory. For further information, see Supporting Information.
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