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The elusive heterocumulenic radical OCCNO* and its isotopologues
OCBCNO* and OCCNO* have been prepared by reacting photo-
lytically generated unsaturated carbene OCC/OC**C with *NO/*>*NO
in cryogenic N,-, Ar-, and Ne-matrices. Upon UV-light (365 nm)
irradiation, the C-C bond in OCCNO* breaks and yields a long-
sought ground-state radical CNO* (X2II), which has also been
identified with matrix-isolation infrared spectroscopy.

Carbon suboxide (OCCCO) is a five-atomic heterocumulene
that contains 24 valence electrons. Its original synthesis dates
back to the 1900s" and the structural and bonding properties
of OCCCO and its isoelectronic analogues, such as neutral
OCB(H)CO,”> anionic OCBCO™,* and cationic OCNCO*,* still
attract attention. OCCCO is a bent molecule in the gas phase
(£ (CCC) =156°),% but it is linear in the solid state due to rather
low barrier to linearity (<0.5 kcal mol *).>® According to the
latest bonding analyses,>®” OCCCO can be best described as a
Lewis adduct (OC — C « CO) rather than a conventional
cumulenic 0—C—C—C—0 molecule (1, Scheme 1). A similar
dative-bond structure has been proposed for the nitrogen
analogue OCNCO",*> which has been structurally characterized
in [OCNCO]'[Sb3F6]” (£ (CNC) = 130.7°),* and for the highly
energetic pentanitrogen cation NNNNN*.>#

In contrast to the cation, the neutral molecule OCNCO* (2),
an analogue of the experimentally detected OCBCO,>’
ONNCO," and NCNO,'" species, eluded observation. Attempts
to generate 2 by neutralization of OCNCO" in the gas phase failed,
and only fragments were detected by means of neutralization-
reionization mass spectrometry (NRMS). The existence of the
OCCNO®* (3) isomer was inferred from the recovery signal for
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Scheme 1 Representations of the structures of OCCCO (1), OCNCO?* (2),
and OCCNO* (3a-3d).

OCCNO" in NRMS experiments.'> OCCNO* has been proposed as
the key intermediate in the reaction of ketenylidene (C,0O) and
*NO," an elementary step in the formation and removal of NO,
during the combustion of unsaturated hydrocarbons."*™"”

According to the previous ab initio electronic-structure
computations at the QCISD(T)/6-311G(2df,2pd) level, the
C-C and C-N bond dissociation energies in OCCNO® are 9.7
(» OC + °CNO) and 55.9 kcal mol™' (= C,0 + °NO),
respectively.'*? Therefore, OCCNO® should be a viable species
for spectroscopic detection at low temperatures, and its decom-
position through cleavage of the C-C bond might provide
access to the CNO*® radical, for which no experimental data
exist for the electronic ground state (X*I1)," and only the IR
frequencies of the excited state (A’Z", 2239 and 1247 cm ™)
have been obtained in the Ne matrix.'®

As an unsaturated carbene, C,O forms complexes with
transition metals such as Ru,*® Fe,>’ and Au.>” Recently, the
reactions between N-heterocyclic carbenes (NHCs) and *NO were
studied in solution at —78 °C, and metastable NHC-stabilized
nitric oxide radicals were isolated.® According to the electronic-
structure computations at the B3PW91/6-31G(d,p) level, the
activation barrier for the association of *NO with NHCs is about
8.6 kcal mol . Herein, we report the formation of OCCNO® by
reacting *NO and C,O in cryogenic matrices. The IR spectroscopic
identification of OCCNO*® and its decomposition product CNO*® is
supported by isotope labeling (*>C and "°N) and advanced ab initio
quantum-chemical computations.

This journal is © The Royal Society of Chemistry 2019
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Fig. 1 (A) IR difference spectrum reflecting the changes of a mixture of

OCCCO/*NO/N, = 1:5: 1000 upon 266 nm laser irradiation (65 min) at
15 K. (B) IR difference spectrum reflecting the changes of the mixture upon
subsequent 830 nm LED irradiation (1 min).

Consistent with the previous studies on CCO,>* this species
with a triplet ground electronic state (X>X) can be generated
during the UV photolysis (266 nm) of OCCCO (Fig. S1, ESIT).
When the photolysis is performed in the presence of excessive
*NO (OCCCO/*NO = 1:5), the IR difference spectrum (Fig. 1A)
obtained after the photolysis shows the depletion of OCCCO (a)
and the formation of C,0 (b, 1987.5 and 1077.9 cm™'),** CO
(c, 2139.8 em™"),*® N,0; (f, 1840.9, 1629.7, and 1302.7 cm™),*®
CO, (g, 2348.5 and 661.8 cm™*),>” *NO, (h, 1615.9 cm™"),*® N,O
(i, 2235.5 and 1291.2 cm™*),*° and a new species (j), with TR
bands at 2106.9, 1688.3, 1423.3, and 868.7 cm™ .

To distinguish the IR bands, the matrix was further irradiated
with an 830-nm LED. The corresponding IR difference spectrum
(Fig. 1B) demonstrates the depletion of C,0 and CO with the
sole reformation of OCCCO, whereas the IR bands for *NO
(1874.3 ecm™ ') and the new species (j) remain unchanged. The
preference for C,0 to combine with CO instead for *NO implies
that most CO molecules can hardly escape from the solid N,
matrix cages at 15 K, and the formation of OCCCO is probably
more favorable than the formation of OCCNO®. The recombi-
nation of CCO with CO resembles the carbonylation of NHCs
yielding ketenes.*°

Following red-LED irradiation, the matrix was further photo-
lyzed with an UV LED (365 nm), which selectively destroyed
the carrier for the aforementioned four new IR bands (Fig. 2A).
As a result, OCCCO (a), C,0 (b), CO (c), *NO (d), N,O, (e), and
N,O; (f) were formed. To aid the assignment of the spectrum,
isotope-labeling experiments using **°NO (Fig. 2B) and OC'*CCO
(Fig. 2C) as precursors have been performed. The corresponding
IR difference spectra (Fig. S2, ESIf) after red-LED irradiation
further verify the reformation of OCCCO. As expected, all the
four IR bands, at 2106.9, 1688.3, 1423.3, and 868.7 cm ™', most
likely the signatures of OCCNO°®, display noticeable isotopic
shifts (Table 1).

The strongest band at 2106.9 cm™ " shifts only slightly, by
4.0 and 5.4 cm ™" in OCC'NO* and OC'CNO?*, respectively,
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Fig. 2 (A) IR difference spectrum reflecting the depletion of OCCNO®* in

the N, matrix upon 365 nm LED irradiation (2.5 min) at 15 K. (B) IR
difference spectrum reflecting the depletion of OCC'NO* in the N, matrix
upon 365 nm LED irradiation (2 min) at 15 K. (C) IR difference spectrum
reflecting the depletion of OC¥CNO?® in the N, matrix upon 365 nm LED
irradiation (2 min) at 15 K. For clarity, each spectrum in the range of 1600—
700 cm™is displayed after 3-times-expansion along the AA axis.

and it is assigned to the asymmetric CCO stretching vibration
(Vasym(CCO)) with a minor contribution from the asymmetric
CNO stretch (vgm(CNO)). The observed wavenumber is supported
by the value of v = 2148 cm™ ' computed at the UCCSD(T)/
cc-pVDZ level after correcting the harmonic value with the UBP86/
6-311+G(3df) calculated anharmonic contribution (53 cm ™", Table 1).
The measured wavenumber is lower than the v4em(CCO) mode
in ketenes, as in OCCCO (2254.7 cm ™, Ar-matrix) and H,CCO
(2142 cm ™!, Ar-matrix),*! but higher than those in the ketenyl
radical HCCO® (2019.5 cm ™', Ar-matrix),>* gold ketenylidene
Au,CCO (2040 cm™', Au-surface),”® and carbonyl cyanide
radical (NCCO®, 1889.2 cm ', N,-matrix).>* The band at
1688.3 cm™ " belongs to Vasym(CNO) (Veale = 1715 cm ™), sup-
ported by large >N and "*C isotope shifts of 29.9 and 16.4 cm ™,
respectively. This wavenumber is higher than »(NO) in CF;NO
(1593.5 em™*, Ay(**/**N) = 26.9 em™* in an Ar-matrix)** but
significantly lower than u,em(CNO) in acetonitrile N-oxide
(CH;C=N"-0", 2309 cm ' in an Ar matrix).*> In line with
the calculated >N and *3C isotope shifts of 6.9 and 25.5 cm ™,
respectively, for the symmetric CNO stretching mode
(Vsym(CNO)), the band at 1423.3 cm™ " (vearc = 1436 cm ™ ') shifts
by 6.9 and 25.0 cm ™", respectively. The observed weakest band
at 868.7 cm™ " (Veale = 881 cm ™ ') corresponds to the symmetric
stretch of the CCN moiety, and its assignment is also supported
by the >N and "C isotopic shifts (Table 1).

The photosensitivity of OCCNO® upon 365 nm LED irradia-
tion coincides with the calculated vertical transition at 324 nm
with an oscillator strength (f) of 0.005, computed at the
TD-BP86/6-311+G(3df) level. Among the IR bands for the photolysis
(365 nm) products of OCCNO* (Fig. 2), one band at 1176.5 cm ™" (k)
distinguishes itself from others by the occurrence of both N
and "C isotope shifts (2.5 and 17.7 cm ™, respectively), indicating
that both atoms are part of the carrier. Given the unimolecular
decomposition of OCCNO® in the solid N, matrix and the
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Table 1 Calculated and observed IR data of OCCNO*

Communication

Calculated Observed Isotope shifts
UBP86/6-311+G(3df)®  UCCSD(T)/cc-pVDZ  Matrix? Av (0OCC'°NO*)  Av (OC™*CNO*)
Vharm Vanharm Vharm Vanharm. N, matrix Ne matrix Ar-matrix Calc® Obs/ Calc® Obs’ Observed®
2141 (944) 2088 (785) 2201 (1042) 2148 2106.9 (100) 2106.5 (100) 2098.6 (100) 0.1 4.0 9.0 5.4 Vasym(CCO)
1750 (404) 1718 (389) 1747 (929) 1715 1688.3 (55) 1691.7 (57) 1693.8 (52) 31.8 29.9 17.3 16.4 Vasym(CNO)
1445 (129) 1422 (112) 1459 (5) 1436 1423.3 (8)  1423.4 (4)  1427.0 (6) 6.9 6.9 25.5 25.0 Veym(CNO)
882 (10) 833 (9) 930 (66) 881 868.7 (1) 876.2 (1) 869.4 (1) 8.5 7.9 9.6 9.4 Veym(CCN)
563 (9) 557 (8) 611 (12) 605 1.5 1.9 J0.0.5.(CCO)
501 (9) 492 (9) 576 (18) 567 4.2 1.6 3;.5.(CCN)
462 (3) 444 (3) 513 (5) 493 3.7 0.8 di.p.(CCO)
“ UBP86/6-311+G(3df) calculated harmonic and anharmonic IR frequencies (>400 cm ') and intensities (km mol ™%, in parentheses) UCCSD(T)/

cc-pvDZ calculated harmonic IR frequenmes and intensities (km mol ™"
contributions. ¢
cc-pVDZ level.
6-311+G(3df) level.

simultaneous formation of CO, it is very likely that this band
belongs to the counterpart fragment, CNO®. To confirm this
hypothesis, computations were performed on the IR spectrum
of the CNO® radical in its electronic ground state (X°I). At the
UBP86/6-311+G(3df) level the two harmonic stretching fundamentals
are at 1844 and 1172 cm™ . The former band is computed to be
too weak to be observable. This is in line with the lack of
experimental observation of this line. However, the latter band
has a computed IR intensity of 61 km mol ™, and the calculated
N and "’C isotope shifts of 1.5 and 19.9 ecm ™', respectively,
agree with the observations. The assignment is also supported
by the good agreement of the observed band with the MRCI(Q)-
F12/VQZ-F12 calculated harmonic wavenumber of 1185 cm™*.'%¢
The bending fundamental of CNO® (veae = 349 cm ™) lies outside
the available spectral range (4000-500 cm™'). The “symmetric”
stretching fundamental of CNO® (X°I1) occurs at 1171.2 and
1167.3 cm ™" in Ar and Ne matrices, respectively.

To estimate the thermal stability of OCCNO®, the potential
energy profiles of two of its dissociation channels have been
explored (Fig. S4-S6, ESIt). In sharp contrast to an activation
barrier (22.6 kcal mol™', B3PW91/6-31G(d,p)) for the C-N
bond cleavage in the metastable NHC-stabilized nitric oxide
radicals,”® the highly endothermic C-N bond cleavage in
OCCNO* (— OCC + NO°®) needs to overcome a substantial
barrier of about 63 kcal mol " (UB3LYP/6-311+G(3df)). According
to our focal-point analysis (FPA)*® study (Tables S1-S4, ESIf), the
C-N bond dissociation energy (BDE) is as large as 62.2(22) kcal mol .
Consistent with the observed fragmentation into CO and CNO®,
the FPA value of the BDE of the C-C bond cleavage in OCCNO*®
(= OC + CNO*) is 15.7(20) keal mol ! and it needs to overcome a
lower barrier of about 26 kcal mol ™" (UB3LYP/6-311+G(3df)).

OCCNO"* is a strongly bent planar molecule in which the
OCC and NO moieties adopt a ¢rans configuration with respect
to the C-N bond (Fig. 3A). There is no minimum in the region
of the cis conformer. The OCC, CCN, and CNO angles in
OCCNO® are 166.5°, 128.9°, and 137.5° at the frozen-core
ROCCSD(T)/aug-cc-pVQZ level, implying contributions from
all four mesomeric Lewis structures bearing free valence elec-
trons at each atom (3a-3d, Scheme 1). The OCC angle in
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, in parentheses). ¢ Corrected with UBP86/6-311+G(3df) anharmonic

Observed positions in different matrices and the relative intensities (in parentheses). ¢ Isotope shifts calculated at the UCCSD(T)/
f Observed isotope shifts in the N, matrix. Assignment based on the calculated vibrational displacement vectors at the UBP86/
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Fig. 3 (A) Calculated molecular structures for OCCNO®* (bond lengths
in A, angles in degrees in italics) at the ROCCSD(T)/aug-cc-pVQZ and
UBP86/6-311+G(3df) (in parentheses) levels. (B) Calculated spin densities
and Wiberg bond indices (WBI) for OCCNO®* (in italics) at the UBP86/
6-311+G(3df) level. (C) Calculated spin densities and WBI for OCNCO*
(in italics) at the UBP86/6-311+G(3df) level.

OCCNO* (166.5°) is significantly larger than that in OCCN®
(132.2°, all-electron ROCCSD(T)/cc-pCVQZ);**” hence, OCC in
OCCNO?" is a weakened ketene moiety with an observed frequency
of 2106.9 ecm ™" (Vagym(CCO), N, matrix). Note that OCCN® is a
carbonyl radical with a typical C—=O stretching fundamental
(1(CO)) at 1889.2 cm™" (N, matrix).>** A considerably larger
CCN angle (136.4°) was calculated for OCCNO® at the DFT
(UBP86/6-311+G(3df)) level, and the other DFT structural para-
meters are quite similar to those obtained at the ROCCSD(T)/
aug-cc-pvVQZ level (Fig. 3A).

According to the natural bond order (NBO) analysis, the
Wiberg bond index (WBI) for the terminal C—0O moiety in
OCCNO?® is 1.96 (Fig. 3B). The other three bonds have nearly
identical WBIs of about 1.6 due to delocalization. In line with
the bonding characteristics, the spin densities for the unpaired
electron mainly localized on the terminal NO moiety (N: 0.38;
0: 0.32), and the CO moiety carries a total spin density of only
0.22. Therefore, OCCNO®* can be regarded as a mixture of the
resonance structures of an iminoxyl radical (3a in Scheme 1), a
ketenyl radical (3b), an ethynyloxyl radical (3c), and an acyl
radical (3d), in which the last two probably play a less important
role. In contrast, the putative isomer OCNCO® (Fig. 3C) is a
carbonyl radical, as indicated by the total spin density of 0.84 on

This journal is © The Royal Society of Chemistry 2019
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the C—=0 moiety (WBI = 1.91) and the presence of a C-N single
bond (WBI = 1.10) in the molecule.

In summary, a heterocumulenic radical OCCNO* has been
generated by reacting *NO with photolytically prepared C,O in
cryogenic matrices. In addition to the IR spectroscopic identifi-
cation of OCCNO®, by **C and '*N labeling, its photodecompo-
sition by breaking the C-C bond has also been observed,
enabling IR spectroscopic characterization of the ground electronic
state of the CNO® radical.
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