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/Abstract: The reaction of dioxygen with nitrenes can have
significant energy barriers, although both reactants are trip-
let diradicals and the formation of nitroso-O-oxides is spin-al-
lowed. By means of matrix-isolation infrared spectroscopy in
solid argon, nitrogen, and neon, and through high-level
computational quantum chemistry, it is shown herein that a
3-nitreno-1,3,2-benzodioxaborole CatBN (Cat=catecholato)
reacts with dioxygen under cryogenic conditions thermally
at temperatures as low as 7 K to produce two distinct prod-
ucts, an anti-nitroso-O-oxide and a nitritoborane CatBONO.

-

The computed barriers for the formation of nitroso-O-oxide
isomers are very low. Whereas anti-nitroso-O-oxide is kineti-
cally trapped, its bisected isomer has a very low barrier for
metathesis, yielding the CatBO+NO radicals in a strongly
exothermic reaction; these radicals can combine under
matrix-isolation conditions to give nitritoborane CatBONO.
The trapped isomer, anti-nitroso-O-oxide, can form the nitri-
toborane CatBONO only after photoexcitation, possibly in-
volving isomerization to the bisected isomer of anti-nitroso-
O-oxide.
/

Introduction

Dioxygen is a very unusual molecule because it is an open-
shell triplet diradical, but enjoys extraordinary persistence,
which means it forms a substantial fraction of the earth’s at-
mosphere. Almost all of its reactions, oxidations, are very exo-
thermic due to the weak O—O o bond, but often barriers are
sufficiently high to preclude them." This arises from the sub-
stantial 100 kcalmol™' resonance energy of two three-electron,
two-center m bonds." Dioxygen, however, undergoes very fast
reactions with other open-shell species, such as radicals and
diradicals. Thus, the suppression of a reaction in the presence
of oxygen is a qualitative test for the involvement of radicals.
Likewise, the fast reaction of triplet carbenes with dioxygen,
even at very low temperatures, as provided by matrix-isolation
conditions, can serve as a qualitative test for the carbene spin
state.”

It is well established that triplet aromatic nitrenes react
much slower with oxygen than triplet aromatic carbenes.®*
According to the reports of Gritsan and Pritchina,” the rate of
the reaction of para-substituted phenylnitrene and oxygen in
solvents such as toluene and hexane is in the order of
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10" ®Lmol 's™". On the other hand, the reaction rate in the
case of phenylcarbenes can reach the limit of diffusion control,
even at low temperatures.® p-Aminophenylnitrene reacts to
both the syn- and anti-p-aminophenylnitroso oxide (2a and
2b, respectively) upon annealing of an argon matrix doped
with 4% oxygen (Scheme 1a)."”’ The isomers of p-aminophenyl-
nitroso oxide were found to be photochemically interconverti-
ble and, upon irradiation with 4>365 nm, ultimately reacted
to form para-nitroaniline.”

Remarkably, phenylnitrene undergoes no reaction, even in a
solid O, matrix at 20 K, as shown by Sander et al.’! Annealing
in O,-doped Xe matrix only consumed 40% of phenylnitrene,
even after 12 h at 50 K, resulting mainly in the formation of
syn-nitroso-O-oxide 2b and finally nitrobenzene 4 after irradiat-
ing with visible light of wavelength 450 nm (Scheme 1a).”!
This indicates a high barrier for the reaction of molecular
oxygen and phenylnitrene under matrix-isolation conditions. A
computational study by Platz et al. explained the lower reactiv-
ity of phenylnitrene compared with that of phenylcarbene to-
wards oxygen by thermodynamic arguments.”

However, not all nitrenes react reluctantly with molecular
oxygen. For example, the parent nitrene, imidogen NH, is
known to react in Xe matrix with 0,"” and a computational
investigation agrees with the experimental results related to
this reaction." A particularly reactive nitrene is borylnitrene 6
CatBN (Cat=catecholato) formed in situ by irradiating matrix-
isolated boryl azide 5.'? Nitrene 6 prefers a triplet electronic
ground state, according to ESR spectroscopy and high-level
computations."'¥ Nitrene 6 and closely related borylnitrenes
are very reactive towards sigma bonds (e.g., C(sp®)—H, H—H)
after photoexcitation, most likely due to the formation of the
highly electrophilic singlet nitrene."*'® Borylnitrene 6, howev-
er, also shows very high thermal reactivity towards O, in an
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Scheme 1. a) Reaction of aromatic nitrenes 1 and the formation of nitroarenes 4 via in-
termediates 2a, 2b, and 3. b) The reaction of borylnitrene 6 with oxygen and the forma-
tion of anti-nitritoborane 9a. The portion enclosed in the green box corresponds to al-

the matrix cage eventually collapses to final product
9a. Hence, it is possible for the system CatBN+ O, to
undergo simultaneous insertions into the B—N and
0O—0 bonds to form CatBONO at temperatures as low
as 30K in argon and 7 K in Ne.

Experimental Section
Experiments

CatBN; was synthesized according to a published proce-
dure.”? Matrix-isolation experiments were performed by
standard techniques on a Sumitomo SH-1 closed-cycle
helium cryostat.”® Matrices were produced by deposi-
tion of different materials, such as argon, nitrogen, and
neon (Messer-Griesheim, 99.9999%), on top of a Csl (IR)
window at 15, 10, and 4 K, respectively, with oxygen as a
dopant (2-3%, 99.999% purity). IR spectra were record-
ed with a Bruker Vertex 70 FTIR spectrometer with a
standard resolution of 0.5cm™ in the range of 400-
4000 cm . Irradiations were carried out by using a low-
pressure mercury lamp (1=254 nm, PenRay).

Computations

Geometries of stationary points were optimized at the
B3LYP level,***! as implemented in Gaussian 16,%° in
conjunction with the 6-311+G** basis set. The stability
of the spin-restricted B3LYP solution was probed, and
spin-unrestricted UB3LYP was employed if a triplet insta-
bility was detected. Harmonic vibrational frequencies
confirmed that the structures corresponded to minima
or first-order saddle points. The obtained zero-point vi-
brational energies were used for correcting the electron-

ready explored aspects,'? regarding the interaction of 6 with O,, and that enclosed

within the red box is unexplored and the subject of the present work.

argon matrix because annealing in the presence of O, quickly
results in the formation of nitroso oxide 7a (Scheme 1b)."?
The latter was shown to undergo, upon photoexcitation (1=
254 nm), a formal dyotropic rearrangement™2" to nitritobor-
ane 9a. Not only is the thermal reactivity of 6 towards O,
higher than that of aryl nitrenes, but also the final oxidation
product differs because not the nitro- (CatBNO,) but the nitri-
toborane (CatBONO) is formed."? In addition, three isomers of
nitroso oxide 7 could be identified computationally (UB3LYP/6-
311+ G**), but only conformation 7a (antj) could be observed
experimentally."? Neither the reason for the high reactivity of
6 towards oxygen upon annealing, nor the preference for the
formation of 7a, or even the mechanism of nitritoborane for-
mation from nitroso oxide are currently known.

Herein, we show by combining matrix-isolation experiments
and high-level computations that the thermal reaction of bor-
ylnitrene 6 with O, results in multiple products. Besides 7a,
which is kinetically locked under matrix-isolation conditions
and only reacts upon subsequent photoexcitation, a low-barri-
er pathway via the bisected nitroso oxide isomer (7c) exists
that allows the formation of a radical pair (8: CatBO+ NO) by
metathesis of the B—N and O—O bonds. The radical pair within
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ic energies of isomers. Intrinsic reaction coordinate calcu-
lations were performed to confirm that transition states
indeed connected the expected reactive intermediates.
Natural bond orbital (NBO)*"?® analyses were performed
for some species at the (U)B3LYP/6-311+ G(d,p) level of
theory by using the NBO 3.1% program.

Energies were refined by coupled-cluster theory involving single,
double, and a perturbative estimate of triple excitations
(CCSD(T)).E%3" The coupled-cluster computations used Dunning’s®”
correlation consistent triple-C basis set (cc-pVTZ) and were per-
formed with the Molpro program.*® Because the T, diagnostic
values were larger than those recommended for a number of sta-
tionary points (T, <0.02),%¥ completely renormalized coupled clus-
ter theory, CR-CCSD(T), was employed for some stationary
points.*>>" T, diagnostic values greater than a certain limit (T, >
0.02) obtained in a coupled cluster calculation could signal an in-
adequacy of the single-reference-based coupled cluster method,®¥
and showed the demand for a multiconfigurational treatment of
the reference wavefunction. One way to describe the nondynamic
electron correlation in diradicaloid species by using “black box”
single-reference methods is the application of CR-CCSD(T), which
has been shown to be able to describe diradicaloid and bond-
breaking situations as reliably as CCSD(T) for closed-shell spe-
cies.’*3” The CR-CCSD(T) computations were performed with Dun-
ning’s®¥ triple-C basis set with two sets of polarization functions
on the hydrogen and heavy atoms with orbital exponents a4(C)=
1.44, 0.36; 04(0)=2.56, 0.64; a4(B)=1.00, 0.25; ay(N)=1.96, 0.49;
and a4(H)=2.0, 0.5, yielding the TZ2P"® basis set. The renormal-
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ized coupled cluster computations were performed with the
GAMESS program.B%4”

Because the relative energies of nitroso oxides 7, computed at the
CCSD(T) level, did not differ significantly from the renormalized
coupled-cluster results, and because the appropriateness of the
CCSD(T) method for the related HNOO molecule was demonstrated
previously,”"’ geometry optimizations were also performed at the
CCSD(T) level of theory by using analytic gradients.*? Dunning’s
DZP double-C basis set, with one set of polarization functions on
the hydrogen and heavy atoms with orbital exponents o4(C)=
0.654, 04(0)=1.211, a4(B)=0.386, a4(N)=0.902, and ay(H)=0.7,
was employed. Harmonic vibrational frequencies were obtained by
finite differences of analytic gradients at the CCSD(T)/DZP level of
theory. The CCSD(T) gradient computations were run with the
CFOUR program.”® The CCSD(T) harmonic vibrational frequencies
for 7 were in better agreement with experiments than those at the
B3LYP/6-311+G** level used previously,"? whereas for 9 both
methods gave very similar spectra.

The reaction of nitrene 6 with O, was investigated by using com-
plete active space self-consistent field (CASSCF) theory. Relaxed po-
tential-energy scan calculations were performed with the computa-
tional chemistry package ORCA™ by using the valence double-C
basis set def2-SV(P).* Because the CASSCF method considered
nondynamic correlation only, the potential-energy curves obtained
from the CASSCF relaxed scans were further refined with fully in-
ternally contracted N-electron valence state perturbation theory™
(FIC-NEVPT2) in combination with the def2-SV(P) basis set, which
also took into account dynamic correlation. The advantage of
NEVPT2 is that it does not suffer from intruder states that could
cause problems for other multireference perturbation theories,
such as the more popular CASPT2 method."” Studies have shown
that NEVPT2 performs similarly to CASPT2 or even better if intruder
states caused problems for the latter method."®*

Results and Discussion
Matrix-isolation experiments

Matrix-isolation infrared spectroscopic studies of boryl azide 5
were performed with different matrix hosts (Ar, N,, and Ne, but
only the Ar data are presented herein in detail; for very similar
spectra obtained in N, and Ne, see Figures S2 and S3 in the
Supporting Information) doped with 2-3% O,. Irradiation of
matrix-isolated precursor 5 with A =254 nm until it was com-
pletely bleached, as shown in Figure 1a, resulted in new IR
bands. With the help of spectra computed at the CCSD(T)/DZP
level of theory, it was confirmed that the species that formed
after irradiation with A =254 nm were borylnitrene 6 and anti-
nitritoborane 9a."?

As reported previously,"? nitrene 6 was consumed during
annealing at 30 K for 30 min and new signals were observed,
as shown in Figure 1b. One set of signals was the same as that
which appeared after irradiation (Figure 1a) and was due to
anti-nitritoborane 9a. With the help of the computed spec-
trum (Figure 2b), the second set of new signals in Figure 1b
was assigned to anti-nitroso-O-oxide 7 a, as done previously."”
Furthermore, the matrix was irradiated at A=254 nm for
30 min and it was observed that 7a was bleached, as observed
in signals pointing downwards in Figure 1c. The set of signals
pointing upwards (Figure 1¢) is the same as that in both previ-
ous steps, and hence, was assigned to 9a.
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To further strengthen the assignments, heavy isotopic mo-
lecular oxygen, '®0,, was used in one set of experiments with
N, as a host material (Figure 3). The normal modes of calculat-
ed 7a and 7a" were compared and, as expected, normal
modes with a significant contribution from the terminal NOO
fragment of anti-nitroso-O-oxide showed significant shifts in
their stretching frequencies. The experimental IR bands that
were assigned to these normal modes (v, V,5, and v,;, see
Figure 4) in the case of experiments with '°0O, were shifted if
80, was employed and were assigned to 7a’. The above ob-
servations further provide evidence in favor of the formation
of anti-nitroso-O-oxide 7a as one of the species upon anneal-
ing. All assignments of experimental IR spectra to their corre-
sponding calculated spectra in Figures 2 and 3 are listed in Ta-
bles S3-S6 in the Supporting Information.

As reported earlier, the three isomers of 7 are very similar in
energy."””? However, in contrast to B3LYP, bisected isomer 7 ¢ is
the lowest energy isomer at the NEVPT2//CASSCF, CCSD(T)//
B3LYP, and the CCSD(T) levels. Since the T, diagnostics of iso-
mers 7 are higher (0.02 to 0.03) than those recommended
(0.02),%¥ the completely renormalized coupled-cluster method
CR-CCSD(T) was employed as well. These results concurred
with the CCSD(T) result that the relative energy of the isomers
increased as 7c<7a<7b. In addition, syn-isomer 7b is a first-
order saddle point at the CCSD(T)/DZP level of theory with a
small imaginary vibrational frequency of 12i cm™". This explains
why we do not detect formation of 7b in our experiments. A
comparison of the computed harmonic vibrational frequencies
of 7a and 7 c suggests that they differ to such an extent that
the two isomers should be distinguishable (see Figure S5 in
the Supporting Information). This leaves two important ques-
tions: 1) Why is the most stable isomer 7c not detected?
2) How can the nitritoborane be formed thermally, that is,
without photoexcitation? To further investigate the properties
of 7a and 7c¢, additional computational investigations were
performed as discussed in the next section.

Computational studies

To elucidate the mechanistic aspects for the formation of anti-
nitritoborane 9a after the reaction of triplet borylnitrene 6 and
oxygen, a computational investigation was performed. This
computational study is divided into two parts: 1) the formation
of initial nitroso-O-oxide products upon annealing, as a result
of the reaction between borylnitrene 6 and oxygen; and 2) the
further reaction pathway that results in the formation of anti-
nitritoborane 9a as the final product.

The first reaction product formed from triplet CatBN 6 and
triplet O,, nitroso-O-oxide 7a, has a singlet electronic ground
state based on the (U)B3LYP and CCSD(T) computations. The
triplet state is 26 and 40 kcalmol™', respectively, higher in
energy. The singlet state of 7a can be formed in a spin-allowed
reaction from triplet nitrene 6 and triplet O, with all four
open-shell electrons coupled to a singlet electronic state. It is
clear that the electronic structure of the corresponding open-
shell singlet state at a large distance is essentially impossible
to describe with single-reference-based methods, such as

© 2020 The Authors. Published by Wiley-VCH GmbH
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Figure 1. Infrared spectra obtained after irradiation of boryl azide 5 in O, (2-3%) doped argon matrix. a) After 60 min irradiation with A =254 nm at T=10 K.
b) Difference spectrum after annealing for 30 min at 30 K. c) Difference spectrum after irradiation with A =254 nm for 30 min.

Kohn-Sham DFT and Hartree-Fock reference-based coupled
cluster methods. Hence, we employed the CASSCF method in
conjunction with the def2-SV(P) basis set in CASSCF relaxed
scan calculations with the N—O distance as the scan parameter,
followed by single-point energy evaluations by using CASSCF-
based second-order perturbation theory, NEVPT2. The choice
of the proper active space for such a complex reaction with
four open shells coupled to a singlet electronic state turned
out to be challenging. Hence, we first selected the reaction of
NH and O, as a model system that was previously studied by
Talipov etal. using a full-valence active space and second-
order perturbation theory (MCQDPT2//CASSCF)."" Due to the
small system size, we also performed the CASSCF and
NEVPT2//CASSCF scan calculations with full-valence active
space (18,13). The potential-energy curve (Figure 5a) shows
that the barrier for the formation for imine peroxide, as a
result of reaction of NH-+O, is 7.1kcalmol™’ at the
CASSCF(18,13)/def-SV(P) level of theory. This was reduced to
0.4 kcalmol™" by using NEVPT2/def-SV(P) single points. It has
been reported that the formation of imine peroxide from NH
and O, is barrierless under matrix-isolation conditions"” and in
the gas phase.”™ Hence, our refined barrier (0.4 kcalmol™') at
the NEVPT2/def-SV(P) level is in agreement with regard to the
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reported experimental barriers for the formation of imine per-
oxide. It is also in agreement with closely related multiconfigu-
ration perturbation theory (MCQDPT2; 1.4 kcalmol™) and mul-
tireference configuration interaction (MRCI; 0.8 kcalmol™)
computations by using the full-valence active space reported
by Talipov et al."”

A full-valence active space is computationally too demand-
ing for treating the reaction of 6+ 0,, but close visual inspec-
tion of the relevant active-space orbitals of NH+ O, allowed
identification of relevant orbitals for the title reaction. Includ-
ing the corresponding orbitals (see Figure S4 in the Supporting
Information) in the active space of the 6+ 0O, system gave bar-
riers for the formation of the anti- and bisected isomers of 7 of
7.1 and 13.4 kcalmol ™", respectively, at the CASSCF(14,10)/def2-
SV(P) level (Figure 5b,c). These barriers obtained from CASSCF
calculations are too high to overcome under matrix-isolation
conditions, but similar to the case of the NH-O, reaction,
these barriers were reduced significantly after refinement with
NEVPT2 (Figure 5a). The barriers of 0.4 kcalmol™' for the for-
mation of anti-isomer 7a and 1.4 kcalmol™' for bisected
isomer 7c (Figure 5b,c) are very small, similar to that of the
NH + O, reaction at the same level of theory.

© 2020 The Authors. Published by Wiley-VCH GmbH
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Figure 2. a) Difference IR spectrum after irradiation with =254 nm for 30 min (following the annealing step). b) Calculated spectrum for ''B and '°B isotopo-
logues (81:19) of anti-nitroso-O-oxide 7 a at the CCSD(T)/DZP level. c) Calculated spectrum for ''B and '°B isotopologues (81:19) of anti-nitritoborane 9a at the

CCSD(T)/DZP level.

The barriers for the formation of isomers 7a and 7 c are low,
but differ by roughly 1 kcalmol™ at the present level of theory.
It can be assumed that the barrier heights are further reduced
by a more sophisticated treatment of electron correlation and
expansion of the one-electron basis set, as shown by Talipov
et al. for the NH+ O, reaction, which does not rule out the ab-
sence of an activation barrier altogether."" Because both prod-
ucts 7a and 9 are also formed in Ne matrix upon annealing to
10 K, the experiment suggests that the barriers are very small
or may not even exist. That only isomer 7a can be safely as-
signed in the experiments could be due to a kinetic preference
for its formation, as suggested for the preferred formation of
trans-HNOO in the case of the related HN+O, reaction.*""
However, we still need a channel for the formation of 9a that
has essentially no barrier. We therefore investigated the
ground-state thermal reaction pathway from various geometri-
cal isomers of nitroso-O-oxide (7a, 7b, and 7¢c) that finally re-
sulted in anti-nitritoborane 9a as the second part of our com-
putational investigation. These calculations were performed at
the CCSD(T)/cc-pVTZ//UB3LYP/6-311 4 G** level, unless noted
otherwise.

Despite their very similar energy contents (within 3 kcal
mol™"), the interconversions of 7a to 7b (a minimum at B3LYP,
but a saddle point at CCSD(T)) or to 7c have high energy
demand (> 30 kcal mol™'; Figure 6). Similarly, high barriers have
been obtained computationally for the isomerization of cis-
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and trans-HNOO.™ These interconversions are thus impossible
thermally under cryogenic conditions.

The higher barriers associated with TS, and TS; are due to
rotation about the N—O bonds that have pronounced double-
bond character, according to their Wiberg bond indexes of
1.4-1.5 for all isomers 7a—c (see Table S1 in the Supporting In-
formation). On the other hand, transition-state TS, corresponds
to rotation about the B—N bond. NBO calculations showed
that the Wiberg bond orders of the B—N bonds were in the
range of 0.8-1.0 for isomers 7 a—c (see Table S1 in the Support-
ing Information). Hence, rotation about the B—N bond, as in
TS,, is expected to be a low-energy process, whereas rotation
about the N—O bond, as in TS, and TS;, requires much more
energy.

The bisected geometry 7c provides the starting point for
the low-barrier breaking of the B—N bond that results in a
complex of 8 CatBO with NO (Figure 6). The barrier at the
CCSD(T) level is only 0.8 kcalmol™". Because the T, diagnostic

values (0.028 for 7c and 0.029 for TSs) are larger than that of
the generally accepted threshold of 0.02 suggested by Lee and
Taylor,®™ we also performed CR-CCSD(T) computations that
were significantly more robust for diradicaloids.®*” The classi-
cal barrier is <0.1 kcalmol™" at the CR-CCSD(T)/TZ2P//UB3LYP/
6-311 + G** level, which confirms that thermal reaction of 7 c is
clearly a low-energy process. The resulting complex 8 of the
CatBO+NO radical pair is likely poorly described by CCSD(T)

© 2020 The Authors. Published by Wiley-VCH GmbH
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Figure 3. a) Difference spectrum after irradiation with A =254 nm for 40 min (following the annealing step). b) Calculated spectrum for "B and '°B isotopo-
logues (81:19) of anti-nitroso-O-oxide 7 a at the CCSD(T)/DZP level (with '°0,). c) Difference spectrum after irradiation with =254 nm for 30 min (following
the annealing step). d) Calculated spectrum for "'B and '°B isotopologues (81:19) of anti-nitroso-O-oxide 7a’ at CCSD(T)/DZP (with '*0,).
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Figure 4. Normal modes with a significant contribution from the terminal NOO fragment of anti-nitroso-O-oxide 7 a (with °0,) calculated at the CCSD(T)/DZP

level.

due to the large T, diagnostic of 0.032, and we consider the
UB3LYP data more reliable. Complex 8 is stabilized by 59 kcal
mol~' relative to bisected isomer 7 c. Combination of the two
radicals to give syn-nitritoborane 9b is strongly exothermic
and its barrier can likely be overcome by due to the energy
gained by formation and the fixation in a matrix cage.®" A
very low barrier (0.2 kcalmol™") N—O bond rotation finally gives
the more stable and experimentally observed anti-nitritobor-
ane 9a.

The formation of CatBO+NO from CatBN+0OO can be re-
garded as a metathesis reaction that proceeds essentially with-
out a barrier. Metal-free bond metathesis reactions involving
boron are currently receiving attention.”*”® For example, Kinjo
et al. observed metal-free 0-bond metathesis in the reaction of
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alkoxyphosphine 10 and pinacolborane 11 that involved break-
ing of the P—O and B—H bonds, as shown in Scheme 2b.5?
This was explained by the high electrophilicity of boron on
Bpin and hence, the formation of a strong B—O bond.®’? We
observed similar reactivity for 640, under matrix-isolation
conditions, but in a stepwise manner. The high oxophilicity of
the boron center plays an important role in attracting the ter-
minal oxygen in TS;, eventually leading to nitritoborane 9, in-
stead of the more often observed nitroborane.”#>?

Conclusion

Detailed combined experimental and computational investiga-
tions reveal that borylnitrene shows high reactivity towards di-

© 2020 The Authors. Published by Wiley-VCH GmbH
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Figure 5. Potential-energy curves with the N—O bond as the scan parameter for reactions of nitrenes with O, computed at the CASSCF(n,m)/def2-SV(P) (black)
and NEVPT2/def2-SV(P)// CASSCF(n,m)/def2-SV(P) (blue) levels. a) Formation of HNOO (n=18, m = 13). b) Formation of anti-7a (n=14, m=10). ¢) Formation

of bisected 7¢c (n=14, m=10).
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Figure 6. Potential-energy diagram showing the stationary points corresponding to various species involved and transition states for the formation of nitrito-
borane 9 after the reaction of triplet borylnitrene 6 and oxygen. All stationary points were calculated at the (U)B3LYP/6-311 + G(d,p) (italics) and CCSD(T)/cc-
pVTZ//(U)B3LYP/6-311 +G(d,p) (bold) levels. Notably, the shape of the B3LYP potential-energy surface in the vicinity of 7b is incorrect because it corresponds
to a saddle point at CCSD(T)/DZP, which explains the unphysically low energy of TS, at the CCSD(T)//B3LYP level.
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Scheme 2. a) Stepwise metathesis involving B—N and O—O bonds in current work driven by two transition states resulting in O, cleavage. b) The o-bond
metathesis between product 10 and pinacolborane 11, resulting in breaking of the P—O bond, and hence, formation of 12 and 13. Bpin = bis(pinacolato)di-

boron.

oxygen, even at very low temperatures, reminiscent of the be-
havior of the parent imidogen (NH), resulting in anti-nitroso-O-
oxide 7a. However, even the reaction of CatBN+ O,—CatBO-
NO (nitritoborane 9) is feasible under very low temperature
conditions. This unusual double insertion is stepwise and in-
volves the metathesis reaction CatBN+ OO —CatBO"+'NO fol-
lowed by radical combination in the matrix cage. Essential for
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this unprecedented reaction are the formation of bisected ni-
troso-O-oxide 7c and the vanishingly low barrier for intramo-
lecular attack of its terminal oxygen atom at the boron center.
In contrast, anti-isomer 7a behaves more conventionally. It is
kinetically trapped under cryogenic conditions and is accessi-
ble to spectroscopy. It can form the more stable product 9
only after photoirradiation. We speculate that this induces iso-
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merization and puts the system on the slippery slope towards
the product.

The formation of 9 proceeds by the combination of CatBO
and NO radicals in the stiff cryogenic matrix, which precludes
separation of these species. It will be interesting to learn if this
radical recombination would also be observable under more
conventional solution-phase conditions, or if the heat of reac-
tion of roughly —59 kcalmol™' would result in radical pair sep-
aration by diffusion and allow observation of CatBO reactivity,
for example, with solvent molecules.
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