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ABSTRACT: We generated and isolated hitherto unreported
aminohydroxymethylene (1, aminohydroxycarbene) in solid Ar via
pyrolysis of oxalic acid monoamide (2). Astrochemically relevant
carbene 1 is persistent under cryogenic conditions and only
decomposes to HNCO + H, and NH; + CO upon irradiation of
the matrix at 254 nm. This photoreactivity is contrary to other
hydroxycarbenes and aminomethylene, which undergo [1,2]H shifts
to the corresponding carbonyls or imine. The experimental data are
well supported by the results of CCSD(T)/cc-pVTZ and B3LYP/6-
311++G(3df,3pd) computations.

B INTRODUCTION

Aminohydroxymethylene (1, aminohydroxycarbene) is a
prototypical electron donor stabilized carbene,' ™ which has,
however, never been spectroscopically identified. While
diaminocarbenes and especially N,N-heterocyclic carbenes
are ubiquitously used as ligands and catalysts," ® amino-
oxycarbenes are far less popular.”® This is surprising
considering the very large isodesmic stabilization enthalpy of
the corresponding parent species (Scheme 1)”'° but can be
explained by their suspected high reactivity. The first
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“Left: Aminohydroxymethylene (1) and structural analogues.
Dihydroxycarbene is a known and surprisingly stable CH,O, isomer
(o Criegee intermediate);'®"® diaminocarbene is unknown. Iso-
desmic stabilizations in kcal mol™' relative to methylene
(0.0 kcal mol™") obtained from ref 10 are given in parentheses.
Right: Experimentally reported persistent aminooxycarbenes bearing
bulky O-substituents."®
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generation of N,O-heterocyclic carbenes (oxazolidin-2-yli-
denes) was achieved 1996 by pyrolysis of 2-alkoxy-2-amino-
A3-1,3,4-oxadiazolines.'”'* Only two years later Alder et al.
reported several persistent aminooxycarbenes (Scheme 1),
enabled by steric blocking of the carbene center by the O-
substituent,"®> which is absent in cyclic systems. Since then,
only a few examples of aminooxycarbenes appeared in the
literature; they have mostly been used as metal ligands."*~"”
Here we report on the generation, characterization, and
reactivity of the simplest aminooxycarbene 1.

Carbene 1 is an isomer of formamide (9) and formimidic
acid (10; Scheme 2). H,NCOH species have been discussed in
the context of interstellar and prebiotic chemistry as they may
form in the reactions of HCN with H,0.?" Indeed, 1 has been
implied in the on-surface isomerization of formamide.”"”* The
radical cation of 1 has been identified in mass spectrometric
studies,”” and it readily adds to alkenes.”*** A deprotonated
derivative of 1, namely, lithium N,N-dicyclohexylmethyleneo-
late (Cy,NCOLi), has recently been proposed as an
intermediate in transition-metal-free Fischer—Tropsch chem-
istry.”® 1-Aminoethenol”” may be considered the dimerization
product of 1 and methylene.
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Scheme 2. Reaction Products of Hydroxymethylene (3) and
Aminomethylene (4) and the Absence of These Products in
Their “Hybrid” Aminohydroxymethylene (1)“
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“Carbene 1 instead decomposes to HNCO + H, and NH; + CO.

Structurally, 1 combines the functionalities of hydroxy-
methylene (3)*® and aminomethylene (4),'’ both of which
have been studied under matrix isolation conditions (Scheme
2). As most hydroxycarbenes,”~>" 3 undergoes a [1,2]H shift
to yield formaldehyde (S) via quantum mechanical tunneling
(QMT) or photochemical excitation.”® Carbene 4 reacts in a
similar fashion to methanimine 6 but only when the matrix is
irradiated with UV light.10 Herein we demonstrate that 1 does
not follow either of these reaction paths but instead
decomposes photochemically to NH; + CO and HNCO + H,.

Earlier studies demonstrated that the irradiation of thiazole-
2-carboxylic acid (7a)® and imidazole-2-carboxylic acid
(7b)* in an Ar matrix at 10 K yields the corresponding
carbenes 8a and 8b complexed with CO, (Scheme 3). In

Scheme 3. Examples of Strategies To Generate and Isolate
Carbenes from Various Precursors under Matrix Conditions
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contrast, 1 cannot be detected directly upon photolysis of
oxalic acid monoamide (2) but presumably is an intermediate
during photodecomposition of 2 into HNCO + H, and NH; +
CO.*>* As we have demonstrated in multiple cases (Scheme
3),%’7*" decarboxylation via flash vacuum pyrolysis (FVP) of
a-keto carboxylic acids is the method of choice for the
generation, matrix isolation, and structural elucidation of
hydroxycarbenes. Accordingly, we generated 1 via pyrolysis of
oxalic acid monoamide (2).
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A gas phase study by Terlouw et al.” hints toward the
possibility to isolate 1 under matrix isolation conditions but
also toward its facile isomerization to formamide (9) and/or
formimidic acid (10), because all three species were detected
after one-electron reduction of their cations in collision
induced dissociation mass spectra. The relationship between
1, 9, and 10 has been the subject of several computational
studies.”*™® The spectroscopic properties of 10 were
elucidated in an investigation on the photoreactivity of 9 in
an Ar matrix.”” According to this study, irradiation with a KrF
excimer laser (4 = 248 nm) induces a [1,3]H shift of 9 to yield
10.”” In contrast, irradiation of 9 at 193 nm yields the
photodecomposition products NH; + CO as well as HNCO +
H,." These findings are also in fair agreement with a study by
Duvernay et al.,, which shows that irradiation of formamide at
240 nm leads to 10 while broad-band UV irradiation
(A > 160 nm) results in dehydrogenation and dehydration of
10.

B EXPERIMENTAL SECTION

Details of the compound syntheses and characterizations are
described in the Supporting Information. A Sumitomo cryostat
system consisting of an RDK 408D2 closed-cycle refrigerator
cold head and an F-70 compressor unit was used for matrix
isolation experiments. A polished CsI window was mounted in
the cold head’s sample holder. The sample holder, connected
with silicon diodes for temperature measurements, was covered
by the vacuum shroud, which was equipped with KBr windows
to allow for IR measurements. In some experiments BaF,
windows were used due to their higher transparency when
measuring UV/vis spectra. The sample and the host gas (Ar,
purity of 99.999%) were co-deposited at 15 K. All spectral data
were collected at 3 K except for two kinetic experiments, which
were performed at 20 K. The pyrolysis zone was equipped with
a heatable 90 mm long quartz tube (inner diameter 7 mm),
controlled by a Ni/CrNi thermocouple. The travel distance of
the sample from the pyrolysis zone to the matrix was ~45 mm.
Ar was stored in a 2 L gas balloon, which was evacuated and
filled three times before every experiment. The sample was
evaporated from a Schlenk tube at 5SS °C (water) and reduced
pressure (~3 X 107° mbar) and co-deposited with a high
excess of argon on both sides of the matrix window in the dark
(preventing unwanted photochemistry) at a rate of ~1 mbar
min~', based on the pressure inside the Ar balloon. Pyrolyses
were carried out at 700 °C. IR spectra were recorded between
7000 and 350 cm™" with a resolution of 0.7 cm™" with a Bruker
Vertex 70 FTIR spectrometer. A spectrum of the cold matrix
window before deposition was used as background spectrum
for the subsequent IR measurements. UV/vis spectra were
recorded between 200 and 800 nm with a resolution of 1 nm
with a Jasco V-760 spectrophotometer. A high-pressure-
mercury lamp equipped with a monochromator (LOT
Quantum Design) or a low-pressure-mercury lamp (Grantzel)
fitted with a Vycor filter were used for irradiation of the matrix
during photochemical experiments. Computational details are
provided in the Supporting Information.

B RESULTS AND DISCUSSION

Experimental Results. We pyrolyzed 2 at 700 °C in high
vacuum prior to trapping the resulting products in an Ar
matrix. Under the applied conditions the thermal fragmenta-
tion of 2 was not complete and complex IR spectra resulted
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(Figures S12—S15). The main components formed in such
experiments are CO,,** formamide (9),*** the two most
stable conformers of formimidic acid (10),” HCN,* H,0,*
co," NH3,48 and HNCO,* whose bands agree with
published reference data as well as with our own reference
spectra of the respective matrix-isolated pure compounds. In
addition, hitherto unreported bands at 3661.8, 3654.3, 3537.0,
3529.9, 1608.0, 1605.4, 1250.6, 1247.7, 602.5, 598.2, 551.5,
and 545.0 cm™' (only the strongest bands are listed; for an
exhaustive list see Table S1) can be assigned to trans-
aminohydroxymethylene (1t). Upon short-time irradiation
(1—1S5 min) at 254 nm these IR bands vanish and the signals
of CO, NHj;, and HNCO increase in intensity. Due to the
interaction with the co-product H,, the band of the latter is
shifted to significantly higher frequencies than that of the
undisturbed molecule present after pyrolysis (2264 vs
2259 cm™).*" Besides a small decrease of IR absorptions of
unreacted 2t and the corresponding growth of those of the cis-
rotamer 2c¢ due to photochemical isomerization (see the
Supporting Information for details),”* the IR bands of all other
pyrolysis products remain unchanged. Hence, subtraction of
spectra measured before and after photolysis provides an
excellent tool for monitoring the photolytical reactions and
evaluating the IR absorption bands of 1t (Figure 1). Due to

0.04
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-0.02

-0.04

-0.06

Absorbance

band assignments are provided in Table SI. Spectra of the
pyrolysis products of d;-2 support our assignments through
excellent matching of the experimentally observed and
computed shifts in vibrational frequencies upon deuteration
(see Tables S2, S3 and Figure S18).

Scheme 4 summarizes the reaction network also including
the results of earlier photolysis experiments with 2.** The

Scheme 4. Reaction Network around
Aminohydroxymethylene (1)
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observed photobehavior of 1 is different from that of
hydroxymethylene®® and aminomethylene,'® which undergo
[1,2]H shifts to form the corresponding aldehyde (here 9) and
imine (here 10; Scheme 2), respectively. Keeping a matrix
containing 1t for one day in the dark did not lead to any
changes in the recorded IR spectra. In agreement with other
heteroatom-stabilized hydroxycarbenes (HO—C—OH and
MeO—C—OH)'® and aminomethylene,'’ 1t is persistent
under cryogenic conditions and does not undergo QMT.
UV/vis measurements provide additional evidence for the
successful isolation of 1t (Figure 2). The recorded very weak
absorption with a maximum at 248 nm is in good agreement
with the EOM-CCSD/aug-cc-pVTZ//CCSD(T)/cc-pVTZ

T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber / cm™

Figure 1. Black: Experimental matrix IR difference spectrum of
spectra measured before and after irradiation of the pyrolysate at 254
nm for 15 min. Blue: Anharmonic B3LYP/6-311++G(3df,3pd)
spectrum of 1t, which reacts to HNCO + H, and CO + NHj; upon
photolysis. Note that the rotamerization 2c — 2t occurs under the
same conditions.>*

matrix effects, all bands are split in mainly two components
separated by a few wavenumbers. The excellent agreement
between the experimental and computed IR absorption bands
provides convincing evidence for the successful preparation of
1t and allows for band assignments. Nine of the twelve
fundamental vibrations of 1t can be assigned in the
experimental difference spectrum. For example, a strong
band of the OH stretching vibration appears at 3661.8/
3654.3 cm™ and that of the asymmetric stretching of the NH,
group at 3537.0/3529.9 cm™. A very intense band (1608.0/
1605.4 cm™") is assigned to the NH, scissoring vibration, while
a couple of CO stretching and NH, rocking vibrations give rise
to another very strong band at 1250.6/1247.7 cm™ L. Further
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Figure 2. Experimental matrix UV/vis difference spectrum of spectra
measured before and after irradiation of the pyrolysate at 254 nm for
15 min. Natural bond orbitals (NBOs) of 1t corresponding to the
HOMO — LUMO transition were computed at the B3LYP/6-311+
+G(3df;3pd) level of theory (see the Supporting Information for
details).

https://doi.org/10.1021/acs.jpca.1c06151
J. Phys. Chem. A 2021, 125, 7023—-7028


https://pubs.acs.org/doi/suppl/10.1021/acs.jpca.1c06151/suppl_file/jp1c06151_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpca.1c06151/suppl_file/jp1c06151_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpca.1c06151/suppl_file/jp1c06151_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpca.1c06151/suppl_file/jp1c06151_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpca.1c06151/suppl_file/jp1c06151_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpca.1c06151/suppl_file/jp1c06151_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.1c06151?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.1c06151?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.1c06151?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.1c06151?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.1c06151?fig=sch4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.1c06151?fig=sch4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.1c06151?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.1c06151?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.1c06151?fig=fig2&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpca.1c06151/suppl_file/jp1c06151_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.1c06151?fig=fig2&ref=pdf
pubs.acs.org/JPCA?ref=pdf
https://doi.org/10.1021/acs.jpca.1c06151?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry A

pubs.acs.org/JPCA

computed HOMO — LUMO transition at 235.8 nm with a
low oscillator strength of f = 0.0236. Furthermore, the
measured UV absorption maximum fairs well with those of
dimethoxycarbene (257 nm)>° and dihydroxycarbene
(256 nm).'® Apparently, a second donor substituent attached
to the carbene center causes a remarkable large hypsochromic
band shift (¢f. H-C—OH: A, = 428 nm). This means that
the Sy—S, energy gap in 1t of roughly 100 kcal mol™" is nearly
twice as large as in parent hydroxymethylene. This high value
not only exceeds all bond dissociation energies in 1t (cf.
Scheme S13) but makes an internal conversion process from S,
to Sy preceding a reaction from S, highly improbable. This may
account for the differences in the photochemical reactivity of
1t.

Computational Results. Carbene 1 possesses a singlet
ground state with an adiabatic singlet/triplet energy separation
of 66.9 kcal mol™! at B3LYP/6-311++G(3df,3pd). This value
clearly indicates a strong stabilizing effect of the heteroatom
substituents (OH and NH,) on the carbene center, which is
further demonstrated when comparing bond lengths in 1t with
those in aminohydroxymethane (11; Figure 3). Interactions of

C / D
-
HOMO-2 (1t)

NRT Analysis Wiberg Bond Indices

0.82 1.02

® 2 _H LS Hl =/ H

H.N® O i~ S0 NSOy
63.1% 32.4% 0.837H 1.33 0.75

Figure 3. Top: Computed B3LYP/6-311++G(3df,3pd) distances (in
A) and angles in 1t and aminohydroxymethane (11). The HOMO—2
of 1t resembles a 7 bonding interaction between the nitrogen lone
pair and the carbene center. Bottom: This interaction is also apparent
in the NRT analysis and Wiberg bond indices of 1t.

the empty p-orbital at the carbene center with the heteroatom
lone pairs result in a shortage of the CN bond (by 0.127 A)
and the CO bond (by 0.066 A). This stabilization manifests in
two resonance structures provided by natural resonance theory
(NRT). According to these, the stabilizing effect of N is larger
than of O, in line with their atomic properties.”’ Our natural
bond orbital (NBO) analysis even suggests a CN z-bond in 1t.
A similar NBO resembling a CO z-bond is absent. The
concentration of negative charge on the carbene carbon
indicates that 1t is expected to be highly nucleophilic.
Additional information about the NBO and NRT analyses
can be found in the Supporting Information.

The PES around 1 is depicted in Figure 4. Its global
minimum is 9, which is among the main products after
pyrolysis of 2. The computed activation barrier of only
35.4 kcal mol™" of the [1,2]H shift connecting 1 and 9 is the
lowest of all conceivable reaction paths of 1. Other pathways
lead to the second rearrangement product 10 or to
fragmentation into NH; + CO, HNCO + H,, or HCN (via
HNC) + H,0. The computed enthalpies of the respective
transition states (TS1—TS7) are considerably higher in energy.
Nevertheless, all these products could be detected in low
concentrations by their characteristic absorption bands in the
IR spectrum of the pyrolysate, thus providing additional strong
chemical evidence for the generation of 1. Note that HCN can
form by rearrangement of HNC under the pyrolysis conditions
as this process is associated with a barrier of 30.0 kcal mol™
and an exothermicity of 14.7 kcal mol™ (cf. Scheme S11).

It should be noted that the thermal H, elimination leading
to HCNO as well as the fragmentation into NH; + CO
requires the intermediacy of the cis-conformer 1¢, which could
not be detected directly by spectroscopy neither as pyrolysis
product nor after photolysis. This is in contrast to other
stabilized hydroxycarbenes (R = OH,"® OMe,'® CN,** and
CCH?>?) for which the trans- and the cis-conformers have been
spectroscopically detected. cis-Aminohydroxymethylene (1c) is
computed to be 5.2 kcal mol™' higher in energy than 1t
separated from the latter by an activation barrier of only
9.2 kcal mol™". The reason for the nonobservability of 1c is

AHy at CCSDT/cc-pVTZ in keal mol™'

\—’l/
; 1c
j‘\ : 52
NZ~0 N
Wk HaN"0
— — ; H
1ot HNCO +H,
_230 -227 J—
NH, + CO
-324

NQ\ HY
HNC + H,0 LN
-55 ‘" H
10ct H
_226 \
ITRNI)
N

9
—-36.9

¢ (reaction coordinate)

Figure 4. PES around 1 computed at the CCSD(T)/cc-pVTZ level of theory including zero-point vibrational energies (ZPVEs) at the same level.
Note that only conformers of 10 directly linked to 1 are depicted. We refer to Scheme S10 for details of the PES around 10.
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provided by canonical variational theory (CVT) in conjunction
with small curvature tunneling (SCT)>* at B3LYP/6-311+
+G(3df,3pd), which predicts that 1c would undergo QMT
with a half-life of only 2.7 s to 1t. An analogous QMT reaction
with an experimental halflife of 15 min (in a much more
stabilizing N, matrix) has recently been reported for cis-cis-
dihydroxycarbene.'” Note that we cannot detect d;-1c in the
corresponding experiments even though its QMT half-life is
expected to be much longer (¢f Table S14). The computed
QMT half-ife of 1t - 9 amounts to 170 d at CVT/SCT//
B3LYP/6-311++G(3df,3pd) in agreement with the persistence
of 1t at cryogenic temperatures, because it is stabilized through
the OH and the NH, substituents (vide supra).

Bl CONCLUSIONS

We prepared, isolated, and characterized aminohydroxy-
methylene (1), the simplest aminooxycarbene, in an Ar matrix
via pyrolysis of oxalic acid monoamide (2). Irradiation of its
observed trans-conformer 1t at 254 nm leads to the formation
of HNCO + H, and NH; + CO. This result is in contrast to
other hydroxycarbenes and aminomethylene, which undergo
[1,2]H shifts to the corresponding carbonyls or imine. Due to
very significant heteroatom stabilization, QMT from 1t to
formamide (9) or formimidic acid (10) does not take place on
laboratory time-scales but may be relevant in astrochemical
processes. The above-mentioned products together with HCN
+ H,0, 9, and 10 are also present after pyrolysis of 2 and,
hence, provide chemical evidence for the generation of 1 and
hint toward the intermediate presence of the higher energy cis-
conformer lc. This species is not persistent even at 3 K due to
its fast QMT reaction to 1t.
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