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Abstract: The boron atoms react with carbon monoxide and
dinitrogen forming the end-on bonded NNBCO complex in

solid neon or in nitrogen matrices. The NNBCO complex re-
arranges to the (h2-N2)BCO isomer with a more activated

side-on bonded dinitrogen ligand upon visible light excita-
tion. (h2-N2)BCO and its weakly CO-coordinated complexes

further isomerize to the NBNCO and B(NCO)2 molecules with
N@N bond being completely cleaved under UV light irradia-

tion. The geometries, energies and vibrational spectra of the
molecules are calculated with quantum chemical methods

and the electronic structures are analyzed with charge- and
energy-partitioning methods.

Introduction

Although dinitrogen is an abundant and easily accessible re-

source, its utilization is one of the long-standing important
and challenging topics in chemistry, due to the extremely in-

ertness of the N/N triple bond.[1] Both the natural nitrogenase
enzymes and the industrial Haber–Bosch ammonia synthesis

processes rely on transition metal centers to catalyze the dini-
trogen fixation and transformation reactions.[2, 3] The unique
ability of these transition metal compounds to bind and acti-

vate N2 is attributed to the partially filled d orbitals of the
metal, which can synergically accept electron density from

filled s orbitals of N2 (termed as s donation) and backdonate
dp electrons to the antibonding p* orbitals of N2 (p backdona-
tion).[4–7] Due to the lack of accessible d orbitals, main group el-
ements are expected to have very limited ability to bind and

activate N2. However, recent reports demonstrated that the
borylene complexes featuring reactive lone pairs of electrons

as well as vacant orbitals at the monovalent boron atom effec-

tively mimic transition metals that can fix and reduce N2.[8] This
provides a new pathway for nitrogen reduction reaction by a

nonmetal main group element at ambient conditions.[8–10]

Main group atoms with (ns)2(np)x (x = 0–6) ground state elec-

tronic configurations are generally not bound to N2. Only very
few dinitrogen complexes of main group elements have been
reported with limited level of N2 activation due to the lack of

strong p back donation.[11–17] Thus, the dinitrogen ligands can
hardly be further activated or functionalized. CO is isoelectron-

ic with N2 and serves as a better ligand than N2 for donor–ac-
ceptor bonding with metal centers. It has been shown that di-
nitrogen coordination and cleavage can be effectively induced
by CO with concomitant N@C bond formation mediated by

transition metal complexes.[18–20] CO-induced dinitrogen fixa-
tion and activation can serve as an alternative route for dinitro-
gen transformations.[18–21] It has been found that many main
group atoms can readily react with carbon monoxide in form-
ing various carbonyl complexes.[22–30] This opens the possibility

of dinitrogen coordination and activation via coupling with
carbon monoxide mediated by main group elements. Our

recent studies on the reactions of beryllium atoms with carbon
monoxide and dinitrogen mixtures have already demonstrated
that dinitrogen coordination and activation can be achieved

by beryllium via coupling with carbon monoxide.[31] Here, we
report a joint matrix-isolation infrared-spectroscopic and theo-

retical study on dinitrogen fixation and cleavage via coupling
with carbon monoxide mediated by boron atoms in forming
isocyanate complexes NBNCO and B(NCO)2 with the N–N triple

bond being completely cleaved. The results show that the N/
N activation processes proceed with the initial formation of an

end-on bonded NNBCO complex, which rearranges to the
NBNCO and B(NCO)2 isocyanate complexes via a side-on

bonded (h2-N2)BCO intermediate.
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Results and Discussion

Experimental Results

Infrared spectra

The infrared spectra in the 2360-1860 cm@1 frequency region
using a 10B-enriched boron target and 0.03 % CO + 0.3 % N2

mixture sample in neon are illustrated in Figure 1. After 30 min

of sample deposition at 4 K, boron carbonyl stretching vibra-
tions are observed. The bands at 2014.2/2012.0 cm@1 are attrib-
uted to the C-O stretching vibration of the 10BCO molecule at

two trapping sites.[25, 32] The 2031.1 cm@1 band corresponds to
the band reported at 2022.5 cm@1 in solid argon that was pre-

viously assigned to the antisymmetric C@O stretching vibration
of the linear 10B(CO)2 molecule. Besides the boron carbonyl ab-

sorptions, new product absorptions are observed either on

sample deposition or on annealing or photolysis. These ab-
sorptions are only produced in the experiments when both

the N2 and CO samples are employed, and can be classified
into several groups based on their annealing and photochemi-

cal behaviors (labeled as A--E in Figure 1). Species involve
more than one boron atoms, such as BBCO, OCBBCO,

B4(CO)2
[26] and BBNN,[33] which were reported previously to be

the major products from the reactions of laser-ablated boron
atoms with CO or N2 in solid argon or nitrogen matrices are

barely observed with relatively low ablation laser energy used
in the present experiments.

Species A has two bands at 2041.4 and 1900.5 cm@1, both
are observed on sample deposition and markedly increase on

sample annealing to 12 K, but decrease under visible (435–

480 nm) and UV-visible (250<l<580 nm) light irradiation. The
group A absorptions are the dominated absorptions observed

at the experimental conditions employed for Figure 1. Three

bands at 2083.1, 1600.2 and 1182.8 cm@1 are observed for spe-
cies B with comparable IR intensities. The two low frequency

modes are not shown in Figure 1 (see Figures S1 and S2).
These absorptions are produced only under visible light (435–

480 nm) irradiation when the group A absorptions decrease.
The group B absorptions are completely destroyed upon irradi-

ation with UV light (250<l<580 nm). Only one broad band
centered at 2025 cm@1 is observed for species C. It increases
both on sample annealing and visible light irradiation, but

markedly decreases upon UV light irradiation. This band is only
about 5 cm@1 red-shifted from the antisymmetric CO stretching
mode of the linear B(CO)2 molecule and can be attributed to
the weakly bound N2-B(CO)2 complex. Both species D and E
are produced only under UV light irradiation and only one
band is observed for each species.

A series of experiments are performed using different con-

centrations of CO and N2 in excess neon. The spectra in the
same region as Figure 1 from an experiment using a 0.1 %

CO + 0.1 % N2 sample are shown in Figure S3. With the relative
concentration of CO increases, the yields of the boron carbonyl

species BCO, B(CO)2 as well as the N2-B(CO)2 (C) complex in-
crease. The yield of species E also increases with respect to

species D. The bands of both species A and B become broader

with the band positions slightly blue- or red-shifted when the
CO concentration increases, suggesting the formation of

weakly bound complexes. Additional experiments are also
done using dinitrogen as matrix. The spectra from an experi-

ment using 10B-enriched target and 0.5 % CO in dinitrogen are
shown in Figure 2.

The observed chemistry is quite similar to those in Ne

matrix. Sharp band at 2017.8 cm@1 is attributed to B(CO)2. The
BCO and species C absorptions are absent in the spectra. The

two modes of species A are observed at 2041.9 and
1897.1 cm@1, while species B is observed at 2078.1, 1597.1 and

1181.2 cm@1. Species E is barely observed, and only species D
(2315.5 cm@1) is produced upon UV light irradiation in dinitro-

gen matrix. The band positions of these product species all are

slightly red-shifted from those in Ne matrix. Similar experi-
ments are performed using the isotopic-labeled samples in-
cluding 15N2, 13CO and C18O, as well as natural abundance
boron target. The spectra in selected regions using different

isotopic-labeled samples and mixtures are shown in Figures S1,
S2 and S4–S8, respectively. The band positions are listed in

Table 1.

Spectral assignments

Species A with two absorptions at 2041.4 and 1900.5 cm@1 in

Ne and at 2041.9 and 1897.1 cm@1 in N2 is assigned to the
NN10BCO complex. The spectra using different isotopic-labeled

samples (Figures S4 and S7) clearly demonstrate that species A
involves one boron atom, one CO ligand and one N2 ligand
with two inequivalent N atoms. This complex has been ob-

served in solid argon matrix with the low mode observed at
1892.2 cm@1.[34] The low frequency mode shows quite large ni-

trogen isotopic shift and is largely a N-N stretching vibration,
while the upper mode is mainly C@O vibration. The two

Figure 1. Infrared spectra in the 2360–1860 cm@1 region from co-deposition
of laser ablated 10B-enriched boron atoms with 0.03 % CO + 0.3 % N2 in neon.
(a) after 30 min of sample deposition at 4 K; (b) after annealing to 12 K;
(c) after 30 min of visible light irradiation; and (d) after 15 min of UV light ir-
radiation. A : NNBCO; B : (h2-N2)BCO; C : N2-B(CO)2 ; D : NBNCO; E : B(NCO)2.
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modes are strongly coupled. The upper mode for the
NN10B13CO isotopomer is absent (Figure S4, spectrum c), sug-

gesting that the upper mode can be regarded as the symmet-
ric stretching mode of the nearly symmetric NN10B13CO isoto-

pomer. Also note that the low mode of the 15N15N10BCO isoto-
pomer splits into two bands at 1853.5 and 1830.6 cm@1 (Fig-

ure S4, spectrum f), suggesting the involvement of Fermi reso-

nance. As has been discussed,[34] a Fermi resonance of n2

(predicted at 1982.3 cm@1) with a combinational mode of n3

(predicted at 1463.8 cm@1) and n8 (predicted at 521.2 cm@1) can
likely take place in this isotopomer.

The group B absorptions are assigned to different vibrational
modes of the (h2-N2)BCO complex. The experiments using dif-

ferent isotopic-labeled mixture samples (Figures S1, S2, and S4)
confirm that species B also involves one boron atom, one CO

ligand and one N2 ligand. The band at 2083.1 cm@1 in Ne
shows quite small 15N and 11B isotopic shifts but quite large 13C

and 18O isotopic shifts (Table 1). The band position and isotopic
shifts imply that it is a terminal C-O stretching vibration. The
band at 1600.2 cm@1 in Ne is largely a N@N stretching mode.
The band position and isotopic splittings in the mixed N2 +
15N2/CO and N2 + 14N15N + 15N2/CO experiments (Figure S1) con-
firm that a side-on bonded N2 ligand with equivalent nitrogen
atoms is involved. The low frequency band at 1182.6 cm@1 in

Ne and at 1181.2 cm@1 in N2 is attributed to the OC@B@N2

stretching mode.

The band position and isotopic shifts (Table 1) for species D
at 2317.4 cm@1 in neon and 2315.5 cm@1 in N2 indicate that this
species is an isocyanate complex. The isotopic structures ob-

served in the mixed 12CO + 13CO/N2 and C16O + C18O/N2 experi-
ments (Figure S6) show that only one NCO subunit is involved.

The photochemical behavior implies that species D is a struc-
tural isomer of species A and B, and thus is assigned to

NBNCO. The band position is slightly higher than that of

NBeNCO at 2287.5 cm@1 in Ne.[31] The same modes of Cl2BNCO,
(CH3)2BNCO and F2BNCO were reported at 2270, 2285 and

2333 cm@1, respectively.[35] Species E is only observed in solid
neon matrix with an absorption at 2259.7 cm@1. The isotopic

shifts indicate that this is also an antisymmetric NCO stretching
vibration. The experiments using different isotopic-labeled mix-

ture samples (Figure S5) confirm that two equivalent NCO sub-

units are involved. Accordingly, species E is assigned to
B(NCO)2, a di-isocyanate species.

Figure 2. Infrared spectra in the 2360-1860 cm@1 region from co-deposition
of laser ablated boron (10B-enriched) atoms with 0.5 % CO in solid nitrogen.
(a) after 30 min of sample deposition at 4 K, (b) after annealing to 25 K,
(c) after 30 min visible light irradiation, and (d) after 15 min of UV-visible
light (250 < l<580 nm) irradiation. A : NNBCO; B : (h2-N2)BCO; D : NBNCO.

Table 1. Experimental vibrational frequencies (cm@1) of the product species observed in solid neon and dinitrogen (in parentheses) matrices and comput-
ed frequencies at the CCSD(T)-Full/cc-pVTZ level.

Molecule 10B/CO/N2
10B/CO/15N2 Dn[a] 10B/13CO/N2 Dn[a] 10B/C18O/N2 Dn[a] 11B/CO/N2 Dn[a]

Experimental
NNBCO (A) 2041.4 (2041.9) 2030.0 @11.4 –[b] 2017.8 @23.6 2035.1 @6.3

1900.5 (1897.1) 1853.5 @47.0 1890.9 @9.6 1894.5 @6.0 1892.7 @7.8
(h2-N2)BCO (B) 2083.1 (2078.1) 2082.8 @0.4 2034.7 @48.4 2053.8 @29.3 2074.7 @8.4

1600.2 (1597.1) 1569.8 @30.4 1599.4 @0.8 1593.2 @7.0 1579.9 @20.3
1182.8 (1181.2) 1164.9 @17.9 1181.0 @1.8 1177.0 @5.8 1156.5 @26.3

NBNCO (D) 2317.4 (2315.5) 2310.5 @16.2 2259.3 @58.1 2300.8 @16.6 2317.3 @0.1
B(NCO)2 (E) 2259.7 2249.2 @10.5 2199.2 @60.5 2242.2 @17.5 2258.8 @0.9

Computed
NNBCO (A) 2118.3 2108.4 @9.9 2077.7 @40.6 2092.5 @25.8 2115.7 [154][c] @2.6

1988.0 1931.4 @56.6 1975.2 @12.8 1982.3 @5.7 1982.3 [2563][c] @5.7
(h2-N2)BCO (B) 2150.3 2149.0 @1.3 2097.4 @52.9 2119.7 @30.6 2142.2 [626][c] @8.1

1657.4 1625.8 @31.6 1655.5 @1.9 1649.6 @7.8 1634.3 [167][c] @23.1
1216.9 1196.8 @20.1 1216.8 @0.1 1210.7 @6.2 1189.6 [53][c] @27.3

NBNCO (D) 2446.7 2429.3 @17.4 2384.4 @62.3 2432.2 @14.5 2445.7 [2266][c] @1.0
B(NCO)2 (E) 2341.2 2329.5 @11.7 2276.7 @64.5 2324.0 @17.2 2341.2 [4563][c] 0.0

[a] The frequency shift relative to 10B/CO/N2. [b] Not observed due to weakness. [c] The IR intensities in square brackets are calculated at the M06-2X-D3/
aug-cc-pVTZ level.
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Theoretical results

Structures, energies and spectroscopic data

Figure 3 shows the optimized geometries of the five calculated

molecules A–E in the doublet spin state at the CCSD(T)-Full/cc-
pVTZ level of theory and the bond dissociation energies (BDEs)

for the loss of two ligands from boron atom. The energetically
lowest lying form of the BN2CO species is the linear molecule D
(C1v) which has the connectivity NBNCO. The isomer A (Cs)
with an end-on bonded N2 ligand NNBCO is 21.1 kcal mol@1

higher lying than D whereas isomer B (C2v) with side-on
bonded N2 ligand (h2-N2)BCO is 26.2 kcal mol@1 above the
global energy minimum. Molecule A is theoretically predicted

to have a bending angle of 145.18 at boron. The calculated N-
N distance in the side-on bonded isomer B is significantly

longer (1.253 a) than in the end-on bond form A (1.140 a),

which is only slightly elongated with respect to free N2

(1.101 a). The C@O bonds of the carbonyl ligands in A
(1.163 a) and B (1.165 a) are a bit longer than in CO (1.132 a).

Figure 3 shows that the energetically lowest lying form of

the observed BN2C2O2 species is the isomer E B(NCO)2, which is
37.7 kcal mol@1 below structure C. The weakly bonded N2 in

the latter complex C has a BDE of only De = 0.9 kcal mol@1,

which is much less than the BDE of dinitrogen in B (h2-N2)BCO
(De = 21.7 kcal mol@1) and in the end-on bonded species A
NNBCO (De = 26.9 kcal mol@1). Note that the total BDE of all li-
gands in D (236.3 kcal mol@1) and E (233.0 kcal mol@1) is much

higher than in A (49.7 kcal mol@1), B (44.5 kcal mol@1) and C
(83.9 kcal mol@1), indicating that the type of binding might be

different in the first two molecules than in the last three spe-
cies.

Table 1 shows the calculated IR frequencies and frequency
shifts at the CCSD(T)/cc-pVTZ level of the four isomers A, B, D
and E in addition to the experimental values. The complete set
of vibrational frequencies of all species is given in Table S1 of
Supporting Information. The calculated harmonic frequencies
are always a bit higher than the experimental values, which
come from anharmonic vibrations. Since the vibrational modes

come from chemical bonds with very different bond orders
and polarities, we did not employ a uniform scaling factor for

the computed frequencies. The most important information
supporting the assignments of the vibrational spectra come
from the frequency shifts of the isotopes with 15N, 18O and 11B
atoms in the isomers. There is a very good agreement between

the theoretical and experimental isotope shifts, which suggest

that the observed IR spectra are correctly assigned to the iso-
mers A, B, D and E. IR intensities at CCSD(T)/cc-pVTZ are not

available. We calculated the IR spectra at the M06-2X-D3/aug-
cc-pVTZ level, which provides also the IR intensities. The results

in Table 1 indicate that the calculated vibrational modes of A,
B, D and E exhibit large IR intensities.

It is interesting to compare the relative isomers of the

BN2CO isomers A, B, D with the analogous beryllium species
BeN2CO, which were recently reported by us.[31] The linear

isomer NENCO (E = Be, B) is in both systems the global energy
minimum, but the isomers (h2-N2)BeCO (Erel = 4.7 kcal mol@1)

and NNBeCO (Erel = 5.4 kcal mol@1) are not much higher in
energy. The latter species NNBeCO also has a linear structure

whereas NNBCO has a bent equilibrium geometry.

Bonding analysis

We analyzed the electronic structure of the molecules with a
variety of theoretical methods. Figure 4 displays the spin densi-

ty of the various isomers, which indicates the location of the
unpaired electron. The unpaired electron of the end-on

bonded species A NNBCO is delocalized mainly on the NNB
fragments and the terminal oxygen atom while in the side-on

Figure 3. The geometries of different isomers of BN2CO and BN2(CO)2 com-
plexes and bond dissociation energies De at the CCSD(T)-Full/cc-pVTZ level.
Bond lengths are in a and bond angles are in degree. The natural partial
charges are given in parentheses. The relative energies and BDEs are given
in kcal mol@1.

Figure 4. The spin density plot of different isomers of BN2CO complex and
B(NCO)2. The corresponding values at the CCSD(T)-Full/cc-pVTZ level are
given in a.u.
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bonded isomer B (h2-N2)BCO it is distributed over the BCO
moiety. In both cases the unpaired electron occupies a p orbi-

tal. In contrast to the delocalized situation in A and B, the elec-
tron in the global energy minimum structure D NBNCO is local-

ized at the terminal nitrogen atom, whereas in E B(NCO)2 it is
localized at the boron atom.

Important information about the bonding situation in the
molecules comes from the atomic charge distribution, which is
also shown in Figure 3. The least electronegative boron atom

carries, as expected, large positive charges in D (1.05 e) and E
(0.90 e). The positive charge at boron is much smaller in B
(0.39 e) and it carries even a small negative charge in A
(@0.04 e). Such an unusual charge distribution was previously

reported for molecules where a boron atom binds as a Lewis
acid to donor ligands, such as cAAC (cyclic Alkyl Amino Car-

bene)[36] or CO.[37] The charge distribution and the calculated

BDE values suggest that A and B may be considered as donor–
acceptor complexes of boron with the ligands CO and end-on

or side-on bonded N2.
We investigated the nature of the interactions between

boron and the CO and N2 ligands in A and B with the energy
decomposition analysis (EDA) in conjunction with natural orbi-

tals for chemical valence (NOCV), which was previously used

for related complexes of boron and beryllium.[11b,c, 20, 31, 32]

Table 2 shows the numerical results of the EDA-NOCV calcula-

tions using boron atom with the excited electron configuration
2s02px

22pz
1, where z denotes the out-of-plane coordinate of A

and B, and the ligands [(NN···CO] as interacting fragments. Cal-
culations using boron atom with the ground state configura-

tion 2s22pz
1 give much larger values for the change in the orbi-

tal interactions, which indicates that the former Scheme pro-
vides a faithful description of the bonding interaction (see

Table S2).[32, 38–40]

The data in Table 2 show that the attractive boron–ligand in-

teractions in both complexes come mainly from orbital (cova-
lent) bonding, which contribute three quarter of the attraction
and that the Coulomb attraction provides one quarter of the

binding forces. There are five orbital pairs DEorb(1)@DEorb(5) in A
and B, which can be identified with specific s or p dative inter-

actions with the help of the associated deformation densities

D1(1)@D1(5) shown in Figure 5.
The strongest orbital stabilization DEorb(1) comes for both

molecules from the in-plane pjj-backdonation of the occupied

2pjj AO of boron into the in-plane p* MOs of CO and N2. The
out-of-plane p?-backdonation DEorb(2) of the singly occupied

2p? AO of boron into the out-of-plane p* MOs of CO and N2 is
much weaker. There are three components for the donation of

the occupied ligands MOs to boron. The strongest contribution
DEorb(3) comes from the s-donation of the + ,@ combination of

the ligand lone-pair MOs into the vacant 2ps AO of boron, fol-

lowed by the s-donation DEorb(4) of the + , + combination of
the lone-pair MOs into the vacant 2s AO of boron. The weakest

Table 2. EDA-NOCV results of the complexes NNBCO (A) and (h2-N2)BCO (B) at the M06-2X/TZ2P//CCSD(T)-Full/cc-pVTZ level using boron atom in the excit-
ed doublet state with the electron configuration (2s02p3) and the NN···CO ligands in the singlet state as interacting fragments. Energy values are in kcal
mol@1.

Orbital interaction NNBCO (A) (h2-N2)BCO (B)

Fragments [B] (2s02pk
22p?

1) + [(NN···CO] [B] (2s02pk
22p?

1) + [(NN···CO]
DEint @353.2 @382.6
DEPauli 201.1 247.3
DEMetahybrid 23.9 3.1
DEelstat

[a] @153.9 (26.6 %) @143.1 (22.6 %)
DEorb

[a] @424.2 (73.4 %) @489.9 (77.4 %)
DEorb(1)

[b] [B] (2pk
2)![(NN···CO] pk-backdonation @169.5 (40.0 %) @224.7 (45.9 %)

DEorb(2)
[b] [B] (2p?

1)![(NN···CO] p?-backdonation @58.7 (13.8 %) @52.5 (10.7 %)
DEorb(3)

[b] [B] (2ps
0) ![(NN···CO] (+ ,@) s-donation @99.4 (23.4 %) @107.0 (21.8 %)

DEorb(4)
[b] [B] (2s0) ![(NN···CO] (+ , +) s-donation @61.5 (14.5 %) @62.0 (12.7 %)

DEorb(5)
[b] [B] (2p?

1) ![(NN···CO] p?-donation @13.3 (3.1 %) @14.2 (2.9 %)
DEorb(rest)

[b] @21.8 (5.1 %) @29.5 (6.0 %)

[a] The values within the parentheses show the contribution towards the total attractive interaction DEelstat +DEorb. [b] The values within the parentheses
show the contribution towards the total orbital interaction, DEorb.

Figure 5. Shape of the deformation densities D1(1)-(5) of NNBCO (A) and (h2-
N2)BCO (B) complexes corresponding to DEorb(1)–(5) at the M06-2X/TZ2P level.
Isosurface values are 0.021 a.u. The eigenvalues jnn j give the size of the
charge migration in e. The direction of the charge flow is red!blue.
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orbital contribution DEorb(5) is due to the p?-donation of the
occupied p? MOs of the ligands into the singly occupied 2p?
AO of boron. It is gratifying that the EDA-NOCV method pro-
vides not only numerical results of the orbital interactions but

also visualizes the associated changes in the electronic struc-
tures with the help of the deformation densities.

Reaction mechanism

The calculated reaction mechanism, which is suggested for the
formation of the experimentally observed molecules B, D and

E starting from A is outlined in Figure 6. The energy minima
and transition states were optimized at the M06-2X-D3/aug-cc-

pVTZ level with subsequent energy calculations at CCSD(T)-
Full/cc-pVTZ. The energy differences between the minimum

structures A, B, D and E are therefore slightly different from

the values in Figure 3. The experimental observations clearly
show that the ground state boron atoms react with carbon

monoxide and dinitrogen to form the end-on bonded NNBCO
(A) complex on annealing in both neon and dinitrogen ma-

trices. This addition reaction is exothermic and requires no ac-
tivation energy. The absorptions of complex B are produced

under visible light (435–480 nm) irradiation when the NNBCO

(A) absorptions decrease, indicating that the end-on bonded
NNBCO (A) complex isomerizes to complex B with a side-on

bonded N2 ligand. This isomerization reaction is predicted to
be slightly endothermic by 5.0 kcal mol@1 and proceeds via a

transition state TS-1 lying 51.1 kcal mol@1 above complex A at
the CCSD(T)-Full/cc-pVTZ//M06-2X-D3/aug-cc-pVTZ level. The

reaction involves the change of the s bonded N2 species A to

the p bonded N2 isomer B where the loss of strong s interac-
tion in TS-1 leads to a large barrier.

The complex B absorptions were destroyed under UV light
irradiation with the production of species D and E, in which

the N@N bond is completely cleaved. The isomerization reac-
tion from B to D is exothermic by 26.5 kcal mol@1 and proceeds

via an energetically high lying four-membered ring intermedi-

ate I, which is formed with a barrier TS-2 of 45.1 kcal mol@1 rel-
ative to B. The ring-opening reaction I!D proceeds with an

even higher-lying transition state TS-3, which is 32.7 kcal mol@1

above I and 71.4 kcal mol@1 above B. The very large barrier
may be the reason for the low yield of the energetically lowest

lying isomer D. Species E may then be formed via CO addition
to D, which is exothermic by 51.0 kcal mol@1. These isomeriza-

tion reactions are photon-induced processes, in which some
excited states may be involved. The predicted barriers are in

reasonable agreement with the experimental observation that
complex A isomerizes to complex B under visible light irradia-

tion, while complex B rearranges to isomer D under UV light

excitation.

Conclusions

The experimental results of this work show that boron atoms

react with carbon monoxide and dinitrogen in forming the
end-on bonded NNBCO complex in solid neon or nitrogen ma-

trices. The NNBCO complex rearranges to the (h2-N2)BCO
isomer with a more activated side-on bonded dinitrogen

ligand upon visible light excitation. (h2-N2)BCO and its weakly
CO-coordinated complexes further isomerize to the NBNCO

and B(NCO)2 molecules with N@N bond being completely

cleaved under UV light irradiation. The quantum chemical cal-
culations show that the energetically lowest lying BN2CO

isomer is the isocyanate species NBNCO, which is 21.1 kcal
mol@1 more stable than the end-on bonded NNBCO complex

and 26.2 kcal mol@1 lower in energy than the side-on bonded
(h2-N2)BCO isomer.
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