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ABSTRACT: We report the first preparation of the s-cis,s-cis conformer of dihydroxycarbene (1cc) by means of pyrolysis of oxalic
acid, isolation of the lower-energy s-trans,s-trans (1tt) and s-cis,s-trans (1ct) product conformers at cryogenic temperatures in a N,
matrix, and subsequent narrow-band near-infrared (NIR) laser excitation to give lcc. Carbene lcc converts quickly to Lct via
quantum-mechanical tunneling with an effective half-life of 22 min at 3 K. The potential energy surface features around 1 were
pinpointed by convergent focal point analysis targeting the AE-CCSDT(Q)/CBS level of electronic structure theory. Computations
of the tunneling kinetics confirm the time scale of the lcc — Ict rotamerization and suggest that direct lcc - H, + CO,
decomposition may also be a minor pathway. The intriguing latter possibility cannot be confirmed spectroscopically, but hints of it

may be present in the measured kinetic profiles.

he fundamental chemistry of the [CH,O,] system is

paramount to the grand challenges of energy storage and
transportation as well as control of global warming. Moreover,
as highly abundant molecules in space, H, and CO, may
provide access to simple organic molecules in the atmosphere
of prebiotic earth and extraterrestrial environments.' >
Although the direct reduction of CO, with H, has a prodigious
activation barrier (>80 kcal mol™"), McCarthy et al.* formed
both s-cis,s-trans-dihydroxycarbene (1ct) (Scheme 1) and s-

Scheme 1. Formal Electrocyclic Reactions of H, + CO,
Leading to s-cis,s-cis-Dihydroxycarbene (1cc), s-cis-Formic
Acid (2c), and the Lower-Lying Rotamers of 1
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trans-formic acid (2t) by electric discharge of gaseous H, +
CO, mixtures. This alternative route complements our original
synthesis of lct and s-trans,s-trans-dihydroxycarbene (1tt)
based on pyrolysis of oxalic acid.”

The formation of 1 and subsequently 2 from H, + CO,
potentially plays a role in the origin of life by trapping of H,
from volcanic or other origins before its rapid escape into the
atmosphere.® As 2 is present in volcanic eruptions and black
smokers,” one viable route may involve 1 as a reactive
intermediate. In a different vein, we have shown recently that
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hydroxycarbenes react with carbonyl compounds to form
sugars in the gas phase.” Analogously, 1 may be a C; building
block for amino acids through its reactions with imines.

In contrast to most hydroxycarbenes, at cryogenic temper-
atures 1 does not undergo a [1,2]-H shift via quantum-
mechanical tunneling (QMT) to the associated carbonyl
product” 2 because strong oxygen lone-pair electron donation
increases the accompanying barrier.* Of the three possible
dihydroxycarbene rotamers, O 1#t and 1ct have been identified
spectroscopically,”>'" but the higher-energy species s-cis,s-cis-
dihydroxycarbene (1cc) has not been reported. Here we isolate
and spectroscopically characterize 1cc, document its conforma-
tional QMT to 1ct, and explore the possibility of its direct
dissociation into H, + CO, at very low temperatures.

The direct formation of 1 from H, and CO," seems feasible
only through the lcc rotamer, elevating the need to fully
characterize this species. While 2c¢ is 44.6 kcal mol™" lower in
energy than lcc (Figure 1), the activation barriers to form 1
and 2 from H, + CO, differ by less than 8 kcal mol™".
Although the formation of 2 is formally a thermally
forbidden'>" four-electron [2 + 2] cycloaddition,"™" it is
kinetically favored in the absence of QMT over the allowed six-
electron [3 + 2] reaction to give lcc (Scheme 1). However, the
situation might change when QMT is taken into account, as
this phenomenon leads to increased reaction rates, ie.,
effectively lower activation barriers. The possible involvement
of 1 in fundamental [CH,0,] chemistry has long been
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Figure 1. Pictorial presentation (not drawn to scale) of the converged o - . . . L _10000

FPA relative energies (AH,, in kcal mol™") of key species connected
to 1. Details of the computations are given in the SIL

Scheme 2. Relative Energies of the Experimentally
Identified Species (Lowest-Energy Conformers) on the
[CH,0,] Potential Energy Surface (Computed FPA
Relative Energies Are Given in kcal mol™")
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overlooked, as studies have mostly emphasized the Criegee
intermediate 4'“'” and dioxirane 3,"® which are actually higher
in energy (Scheme 2).

Here we follow our established route employing high-
vacuum flash pyrolysis (HVEP) of oxalic acid (6) to first
produce and trap 1t and 1ct in a N, matrix at 3 K°> To
generate lcc, 1tt and 1ct were prepared first and then
selectively irradiated with near-infrared (NIR) light from a
narrow-band optical parametric oscillator (OPO) laser. Similar
strategies have been used to detect higher-lying rotamers of
other matrix-isolated compounds (e.g., formic acid)."”~** New
electronic structure computations employing focal point
analysis (FPA)*>~>" were executed to obtain definitive
energetics for the potential energy surface (PES) surrounding
1 (Figure 1) at the composite AE-CCSDT(Q)/CBS//AE-
CCSD(T)** **/aug-cc-pCVTZ** level of theory.””** Tunnel-
ing half-lives were computed using both AE-CCSD(T)/aug-cc-
pCVTZ reaction paths conjoined with the Wentzel—Kramers—
Brillouin (WKB) method”®™* as well as density functional
theory (DFT)**™*® curves treated with small-curvature
tunneling (SCT) canonical variational theory (CVT).*"*

In our optically transparent matrices resulting from
deposition of the pyrolysis products on a cold window,
selective vibrational excitation of 1tf at 7026 + 4 cm™! gave lct
(Figures S2 and S3), while the back reaction was initiated with
NIR irradiation at 6542 + 4 cm™' (Figure S3). After NIR
irradiation at either of these two absorptions, we also observed
new IR bands that vanished over the course of 1.5 h when the
matrix was kept in the dark (Figure S4). We assigned these
bands to the lcc conformer with the help of VPT2//AE-
CCSD(T)/aug-cc-pCVTZ"**° vibrational frequency computa-
tions (Figure 2); full details of the assignments, including total
energy distributions,” ™* can be found in Table S3. The
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Figure 2. Dihydroxycarbene rotamers lcc and Ict identified in a N,
matrix at 3 K. Bottom and top traces: computed VPT2//AE-
CCSD(T)/aug-cc-pCVTZ spectra of lcc and 1ct, respectively. Middle
trace: difference spectrum obtained from spectra recorded before and
after the matrix was irradiated at 7026.0 + 4 cm™" (1tt band) for 15
min and then at 6542 + 4 cm™" (1ct band) for 15 min and then kept
in the dark for 1.5 h. The full spectrum is shown in Figure $4.%*7>¢

multireference character of TS4 and TSS is marginal (cf.
Chapter 4.3 in the Supporting Information (SI)).**

While the bands of 1lcc vanished, the bands of I1ct
simultaneously grew. Because the barrier for this conforma-
tional interconversion is 9.4 kcal mol™" (Figure 1), QMT must
be operative for this reaction to occur at 3 K. The
disappearance of lcc over time (Figure 3) was monitored at
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Figure 3. Temporal decay of the most intense IR band (1260.2 cm™")
of 1cc over 138 min at 3.0 K in a N, matrix. Spectra were taken every
98 s with a 4.5 um low-pass filter in front of the matrix to avoid
photoreactions caused by the spectrometer globar source. For clarity,
only every fourth trace is shown. The temsporal profile of the 1cc band
at 730.1 cm™" is shown in Figure §5.34736

different temperatures, and our kinetic analyses revealed
effective tunneling half-lives in the 17—22 min range over
the 3—20 K interval (Table 1). The relative insensitivity of the
reaction rate to temperature is also indicative of QMT.

In solid Ar and Ne matrices, we could interconvert 1t and
1ct by NIR irradiation, but the lcc rotamer remained
undetected (Figures S7—S11). However, the bands of 1ct
could not be depleted completely even after prolonged
irradiation, which might hint that lcc formed but has an
inherent lifetime of less than 2 min in these environments. Our
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Table 1. Tunneling Kinetics of s-cis,s-cis-Dihydroxycarbene
(1cc) in a N, Matrix”

leak initial 1cc:1ct
T/K 74/h Tiea/h Toi/h” fraction population ratio

3.0  0331(1) 0.78(10) 0363  0.13(2) 2.797(3)

7.5 0331(1)  0.73(9) 0359 0.14(3) 2.106(3)
125 0312(1)  048(12) 0325  0.10(7) 3.483(3)
150  0.307(1)  0.82(22) 0331  0.09(3) 4.255(5)
200 0278(1)  0.35(7) 0291  0.19(18) 3.133(3)

“Standard errors of the least-squares fits are shown in parentheses in
multiples of the last significant digit. See the text and SI for a
description of the fitting parameters. b4 = effective halflife for
overall 1cc decay.

best theoretical prediction for the 1cc — 1ct tunneling half-life
in the gas phase is 1.2 min, which was derived as follows: (a)
uniform scaling of the optimized AE-CCSD(T)/aug-cc-
pCVTZ potential energy curve (Table S30) by 1.024 to
reproduce the converged FPA rotamerization barrier; (b)
WKB evaluation of the tunneling half-life on this scaled curve;
and (c) application of the SCT correction factor of 0.0363
given by the BALYP/cc-pVTZ level of theory (Table S29). The
resulting prediction is consistent with both the observed lack of
1cc bands in the Ar and Ne matrices and the measured 1cc half-
life of 17—22 min in solid N,, whose appreciable polarizability
is known to stabilize reactive intermediates. Khriachtchev et al.
reported a similar stabilization of the high-lying HOCO-
conformer in N,.'” To investigate this effect, we computed N,
complexes of all three rotamers of 1 (SI Chapter 4.2), similar
to those reported for formic acid.”® The AE-CCSD (T)/aug-cc-
pCVTZ-optimized complexes display O—H--"N, interactions
that yield binding energies of 1.2—1.8 kcal mol™ and
vibrational frequency shifts as large as 63 cm™'. Such
substantial interactions are also evidenced in the experimental
IR spectra of Ict and 1tt, as both species display an O—H
stretching frequency in N, that differs from the corresponding
value in solid Ne (Tables S11 and S12) by almost 60 cm™.

The QMT kinetics from 3 to 20 K was analyzed by means of
a simultaneous nonlinear least-squares fit of two lcc and three
Ict high-quality IR bands (Table 1). The simplest integrated
rate equations capable of accurately fitting the entirety of the
kinetic data for lcc decay and 1ct growth required four
adjustable parameters: the rotamerization halflife (z,), the
lcc:1ct initial population ratio, a half-life for alternative lcc
decay (7,), and a branching fraction for such secondary
leaking. Unlike the cases of carbonic®’ and oxalic acid,*® no
evidence of frozen molecules or distinct fast and slow
conformational tunneling was found. Figures S19—S28 show
that if the rate constants for lcc decay and 1ct growth are set
equal to one another, the spectral data cannot be fit precisely,
revealing the necessity of the “leak” component. As shown in
Table 1, leaking is responsible for roughly 10% of the decay,
which is too small to allow the parameters for this unknown
process to be pinned down to a high degree. Nonetheless, we
believe that the kinetic profiles provide compelling evidence
for a secondary, minor process of decay with a half-life less
than but on the same order of magnitude as 7.

One candidate for the leaking process is suggested by our
CVT/SCT tunneling computations (Tables $29—S33) at
several levels of theory, including CCSD(T)/aug-cc-pVTZ//
B2-PLYP/aug-cc-pVTZ. To wit, the rate for the direct lcc —
H, + CO, decomposition is in the same time regime as the

rotamerization, in agreement with the kinetic analysis. Neither
product can be monitored in our experiments because the CO,
concentration after pyrolysis exceeds our spectrometer limits
and H, is not IR-active. Continuously populating lcc by laser
irradiation of the other rotamers should lead to overall
depletion of 1 to form H, and CO,, but this was not observed
after S h (Figure S6).

We attempted to probe the behavior of the dideuterated
species *H,-1 originating from the pyrolysis of *H,-oxalic acid’
in order to further characterize lcc and its tunneling decay
(which should be quenched by dideuteration). However,
bands of ?H,-lcc were not observed after NIR excitation
because the energy of the O—>H overtone of *H,-1tt is barely
too low (5258 cm™ = 15.0 kcal mol™) to overcome the
rotamerization barriers (1tt — 1ct = 15.9 and 1ct — lcc = 16.1
kcal mol™?).

We tried to prepare monodeuterated 1 through ester
pyrolysis of several suitable precursors™ (Scheme S1), hoping
to use the OH group as an NIR antenna for remote
rotamerization.”” This would have allowed an indirect probe
of the leak process because the heavier “H-1cc isotopomer
could not dissociate by QMT while rotamerization would still
occur at approximately 50% of the rate of the parent molecule.
However, in all of our attempts the carbene yield was too low
through this alternative generation method (see the SI for
details).

To conclude, we have isolated and characterized in solid N,
the higher-lying s-cis,s-cis rotamer of dihydroxycarbene, which
may be the missing link in the reduction of CO, with H, to
form 1ct" and subsequently formic acid. The 1cc species rapidly
rotamerizes even at 3 K and could be identified only in
stabilizing N, rather than noble gas cryogenic environments. A
secondary QMT pathway involving dissociation of lcc to H, +
CO, is plausible according to theory and might be responsible
for the biexponential characteristics measured in our decay

profiles.
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