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Introduction
While quantum-mechanical tunneling (QMT) was recognized
early in the emerging field of quantum theory as an accelerating
effect in chemical reactions,[1] its fundamental importance
beyond kinetic and thermodynamic control for chemical
reactions was demonstrated only recently.[2,3] As a means to an
end, matrix isolation was utilized to generate, trap, and identify
reactive intermediates that undergo spontaneous QMT.[4] In
case of higher-energy conformers, selective excitation with near-
infrared light (NIR) is suitable to prepare one desired
conformer.[5–8] Such experiments provide insights into medium
effects[9] and conformation dependent QMT.[10,11] In the
project presented herein, we investigated dihydroxycarbene by
experimental and computational means. Dihydroxycarbene is an
activated isomer of formic acid,[12] that displays an intricate
QMT process.

Methods
We use the matrix isolation technique combined with IR
spectroscopy to characterize the three conformers of
dihydroxycarbene (tt, ct, and cc; c = cis, t = trans), which are
generated through pyrolysis of oxalic acid. The trapped
conformers can be interconverted into each other by irradiating
the matrix with an optical parametric oscillator at a given
wavelength. Simultaneously, we compute the corresponding
potential energy surface (PES) of this system at the coupled
cluster level of theory. The computations are also crucial to
compare experimental with predicted IR spectra and tunneling
half-lives.
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Results
Cis-cis-dihydroxycarbene (cc) was prepared for the first time in a
nitrogen matrix at 3 K; this is the first cis-cis-hydroxycarbene
observed to date. NIR excitation of tt induces the reaction tt → 
ct + cc, while excitation of ct yields tt and cc. The latter
conformer then tunnels with a half-life of ca. 15 min back to ct.
This value is in excellent agreement with our computations, that
predicted a half-life of 18 min. Experiments in argon did not
result in the formation of cc during NIR irradiation but only the
conversion tt → ct and its backreaction were observed.
Furthermore, we were able to correct earlier reported PES for
this system significantly by applying a focal point scheme. At
this level, the classical activation barrier for the interconversion 
cc → ct is 9.3 kcal mol−1 which is about 1.5 kcal mol−1 lower than
predicted by computations at a lower level of theory. As QMT is
very sensitive towards the barrier width and height, these
computations increase our understanding about the reactivity of
dihydroxycarbene enormously.

Discussion
Our experiments suggest that the half-life of cc is in argon is
very small. It is somewhat surprising that our gas-phase
computations seem to be more comparable to the results in N2
than in Ar. The NIR induced process for the dideuterated species
has not yet been successful in either matrix material as the
activation barrier lies above the excitation energy in this case.
However, irradiation of a combination band of d2-tt at 5257
cm−1 (15.03 kcal mol−1) over 3 h resulted in a very small
increase of d2-ct bands in argon. If this observation is due to
vibrational activated tunneling,[13] the background radiation of
the OPO (355 nm), or just an artifact of the difference spectrum,
will be investigated in further experiments.

Outlook
In order to obtain experimental isotope shifts for cc and
compare them to computed values, experiments on the
monodeuterated isotopologues will be performed. We have
already been able to compute the PES and tunneling half-lives
for this system. In future studies the cis-trans-interconversions of
other hydroxycarbenes will be investigated in order to get a
deeper insight into tunneling processes of such reactive
intermediates. We are continuing to exploit both experimental
and computational methods for this purpose.

Publications
 

printed 08. Jul 2026 - 10:32 https://www.hkhlr.de/projects/1568 page 2 of 4

https://www.hkhlr.de/projects/1568


Reference
[1] Bell, R. P. (1936): The theory of reactions involving proton transfers.
Proceedings of the Royal Society of London. Series A-Mathematical and
Physical Sciences, 154(882), 414-429. 
https://doi.org/10.1098/rspa.1936.0060

[2] Schreiner, P. R., Reisenauer, H. P., Ley, D., Gerbig, D., Wu, C. H., &
Allen, W. D. (2011): Methylhydroxycarbene: Tunneling control of a
chemical reaction. Science, 332(6035), 1300-1303. 
https://doi.org/10.1126/science.1203761

[3] Schreiner, P. R. (2017): Tunneling control of chemical reactions: the
third reactivity paradigm. Journal of the American Chemical Society,
139(43), 15276-15283. https://doi.org/10.1021/jacs.7b06035

[4] Pettersson, M., Lundell, J., Khriachtchev, L., & Räsänen, M. (1997): IR
spectrum of the other rotamer of formic acid, cis-HCOOH. Journal of the
American Chemical Society, 119(48), 11715-11716. 
https://doi.org/10.1021/ja972362l

[5] Maçôas, E. M., Khriachtchev, L., Pettersson, M., Fausto, R., &
Räsänen, M. (2003): Rotational isomerism in acetic acid: the first
experimental observation of the high-energy conformer. Journal of the
American Chemical Society, 125(52), 16188-16189. 
https://doi.org/10.1021/ja038341a

[6] Lapinski, L., Reva, I., Rostkowska, H., Halasa, A., Fausto, R., & Nowak,
M. J. (2013). Conformational transformation in squaric acid induced by
near-IR laser light. The Journal of Physical Chemistry A, 117(25),
5251-5259. https://doi.org/10.1021/jp402128g

[7] Ryazantsev, S. V., Feldman, V. I., & Khriachtchev, L. (2017):
Conformational Switching of HOCO Radical: Selective Vibrational
Excitation and Hydrogen-Atom Tunneling. Journal of the American
Chemical Society, 139(28), 9551-9557. 
https://doi.org/10.1021/jacs.7b02605

[8] Jesus, A. L., Nunes, C. M., Fausto, R., & Reva, I. (2018):
Conformational control over an aldehyde fragment by selective
vibrational excitation of interchangeable remote antennas. Chemical
Communications, 54(38), 4778-4781. 
https://doi.org/10.1039/C8CC01052H

[9] Linden, M. M., Wagner, J. P., Bernhardt, B., Bartlett, M. A., Allen, W.
D., & Schreiner, P. R. (2018): Intricate Conformational Tunneling in
Carbonic Acid Monomethyl Ester. The journal of physical chemistry
letters, 9(7), 1663-1667. https://doi.org/10.1021/acs.jpclett.8b00295

[10] Mardyukov, A., Quanz, H., & Schreiner, P. R. (2017): Conformer-
specific hydrogen atom tunnelling in trifluoromethylhydroxycarbene.
Nature chemistry, 9(1), 71. https://doi.org/10.1038/nchem.2609

[11] Eckhardt, A. K., Erb, F. R., & Schreiner, P. R. (2019): Conformer-
specific [1, 2] H-tunnelling in captodatively-stabilized
cyanohydroxycarbene (NC–C [combining umlaut]–OH). Chemical science,
10(3), 802-808. https://doi.org/10.1039/C8SC03720E

[12] Schreiner, P. R., & Reisenauer, H. P. (2008): Spectroscopic
identification of dihydroxycarbene. Angewandte Chemie International
Edition, 47(37), 7071-7074. https://doi.org/10.1002/anie.200802105

[13] Pettersson, M., Maçôas, E. M., Khriachtchev, L., Fausto, R., &
Räsänen, M. (2003): Conformational isomerization of formic acid by
vibrational excitation at energies below the torsional barrier. Journal of
the American Chemical Society, 125(14), 4058-4059. 
https://doi.org/10.1021/ja0295016

printed 08. Jul 2026 - 10:32 https://www.hkhlr.de/projects/1568 page 3 of 4

https://doi.org/10.1098/rspa.1936.0060
https://doi.org/10.1126/science.1203761
https://doi.org/10.1021/jacs.7b06035
https://doi.org/10.1021/ja972362l
https://doi.org/10.1021/ja038341a
https://doi.org/10.1021/jp402128g
https://doi.org/10.1021/jacs.7b02605
https://doi.org/10.1039/C8CC01052H
https://doi.org/10.1021/acs.jpclett.8b00295
https://doi.org/10.1038/nchem.2609
https://doi.org/10.1039/C8SC03720E
https://doi.org/10.1002/anie.200802105
https://doi.org/10.1021/ja0295016
https://www.hkhlr.de/projects/1568


 
Last Update: 2020-01-09 15:05

Powered by TCPDF (www.tcpdf.org)

printed 08. Jul 2026 - 10:32 https://www.hkhlr.de/projects/1568 page 4 of 4

http://www.tcpdf.org
https://www.hkhlr.de/projects/1568

