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Zusammenfassung

Kleine, reaktive Molekiile werden als Intermediate in atmosphérischen und
astronomischen Prozessen postuliert, sind jedoch hdufig kaum oder tberhaupt nicht
untersucht. Mithilfe der Matrixisolationstechnik gelingt es, die Lebensdauer solcher
Spezies unter kryogenen Bedingungen zu verldangern und somit ihre Charakterisierung
mit spektroskopischen Methoden zu ermdglichen. Der quantenmechanische Tunneleffekt
fuhrt dazu, dass selbst manche matrixisolierte Molekiile nicht persistent sind.
Untersuchungen dieses Effekts fuhrten schliel3lich zu einem neuen Prinzip in der Chemie,
namlich dem der Tunnelkontrolle.

Im Rahmen dieser Arbeit wurden, unter anderem, zwei neue Hydroxycarbene dargestellt
und bezlglich ihrer Tunnelreaktivitat analysiert. VVon besonderem Interesse ist der
Einfluss des Substituenten auf die Tunnelkinetik. So soll dazu beigetragen werden, ein
besseres und intuitives Verstandnis chemischer Tunnelprozesse zu erlangen, damit der
Effekt beispielsweise in synthetischen Aufgabenstellungen gezielt eingesetzt werden
kann. Die in dieser Arbeit erstmals dargestellten Spezies wurden aulerdem in der
Literatur bezlglich ihrer Rolle in atmospharischen oder astronomischen Vorgangen
diskutiert. lhre direkte spektroskopische Charakterisierung stellt die chemische
Grundlage postulierter Mechanismen und Modelle solcher Prozesse dar.

In der ersten Veroffentlichung wurde das bisher unbekannte Thiolimintautomer
HC(NH)SH des Thioformamids (HC(S)NH2) in kryogenen Argon- und
Stickstoffmatrices photochemisch generiert. Eines der beobachteten vier Konformere
dieser neuen Verbindung geht eine durch Tunneln ermdglichte Torsion um die C-S
Bindung ein.

Die erstmalige Darstellung und spektroskopische  Charakterisierung  des
Aminohydroxymethylens (H.N-C-OH) ist Gegenstand der zweiten Publikation.
Aminohydroxymethylen ist in einer Argonmatrix bei 3 K persistent und zerfallt unter
Bestrahlung mit UV-Licht zu NHz + CO sowie HNCO + Ha.

Uber ein weiteres neues Hydroxycarben, namlich Ethynylhydroxycarben
(HC=C-C-OH), wird in der dritten Verdffentlichung berichtet. Dieses reagiert in einem
konformerspezifischen und fur Hydroxycarbene typischen Tunnelprozess zu Propinal.

In der vierten Publikation wurde das bisher unbekannte cis-cis-Konformer des
Dihydroxycarbens (HO-C—-OH) durch Bestrahlung mit nahem Infrarotlicht aus
energetisch niedrigeren Konformeren in einer Stickstoffmatrix erzeugt. Neben
Konformerentunneln deuten die gemessenen Kinetiken des Abbaus dieser Verbindung
auf eine Nebenreaktion, namlich den Zerfall zu CO2 und Ha, hin.
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Abstract

Small, reactive molecules are intermediates postulated in atmospheric and astrochemical
processes. However, little to nothing is known about many such species. With the help of
the matrix isolation technique the lifetime of reactive molecules can be increased allowing
for their direct spectroscopic investigation. Quantum mechanical tunneling leads to the
depletion of some matrix-isolated species. Investigating this effect eventually led to a
novel chemical principle, namely tunneling control.

During this work, two novel hydroxycarbenes, among others, were generated and their
tunneling behaviors were studied. The focus lies on the effect of substitution on tunneling
half-lives, aiming to create a better and more intuitive understanding of quantum
mechanical tunneling in chemistry. This might eventually enable exploiting this effect,
e.g., in chemical synthesis. The species generated herein were discussed regarding their
role in atmospheric and astrochemical processes in the literature and their direct
spectroscopic characterization provides the chemical basis for models used in these fields.

In the first publication, the hitherto unknown thiolimine tautomer HC(NH)SH of
thioformamide (HC(S)NH2) was generated photochemically in cryogenic argon and
dinitrogen matrices. One of the four observed conformers of this species reacts in a
tunneling-enabled C-S rotamerization.

The second publication reports the first generation and spectroscopic characterization of
aminohydroxymethylene (H.N-C—OH). Aminohydroxymethylene is persistent in solid
argon at 3 K and decomposes to NHsz + CO as well as HNCO + H» upon UV excitation.

Another novel hydroxycarbene, namely ethynylhydroxycarbene (HC=C—C—OH), is the
subject of the third publication. The compound reacts in a conformer-specific quantum
mechanical tunneling process, which is typical for hydroxycarbenes, to propynal.

The fourth publication describes the formation of the hitherto unknown cis-cis-conformer
of dihydroxycarbene (HO-C—OH) from energetically lower-lying conformers by
irradiation with near-infrared light in solid dinitrogen. Besides conformational tunneling,
the measured kinetic profiles of the decay of this new compound hint towards a side
reaction, namely its decomposition to CO and Ho.
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Preface

This thesis comprises the work conducted during my doctoral studies in the group of Prof.
Dr. P. R. Schreiner. Its first chapter contains an overview of the advances in tunneling
studies applied in Organic Chemistry. These mainly highlight matrix isolation
experiments, but also include some references to chemistry conducted in standard wet
laboratories. Starting from the physical foundation of tunneling and its first observations
in chemical reactions we proceed to examples that led to what is nowadays called
tunneling control. We report that tunneling is able of qualitatively influencing a reaction’s
outcome, which is in contrast to the mainstream chemist’s viewpoint of only some years
ago.

As most examples, including our own work, are related to chemistry discussed in the
context of atmospheric and astrochemical processes, we provide some background
information about these issues in the beginning of Chapter 1. However, we take a rather
chemical perspective and do not go into details of the more general implications of the
(chemical) findings presented herein.

At the end of Chapter 1, we briefly discuss our preliminary results in projects that have
not been published yet. They further stress the possibilities one can realize when
exploiting tunneling effects.

While our own work is mentioned in the Introduction, detailed information can be
obtained from the respective peer-reviewed publications, which are reproduced with
permission from the publishers in Chapter 2. For experimental details we refer to the
corresponding Supporting Information, which is publicly available on the publishers’
websites.

This work would not have been possible if it were not for the help of many. I thank all
my mentors, colleagues, and friends, who supported me during the past years. | hope that
the findings presented herein will be helpful for other researchers or even inspire
completely new projects.

Bastian Bernhardt

GieRen, 11™ October 2021
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1. Introduction

1.1 Motivation and Goals

Advances in synthetic organic chemistry during the last decades tremendously increased
the pool of accessible molecules benefitting vital areas like medicinal drug design and
materials research. In stark contrast, an estimate from 2012 shows that >99.9% of small
molecules have never been synthesized.!!! These data refer to stable compounds, typically
meaning such molecules that are persistent under ambient conditions. Taking fleeting
(i.e., reactive) species such as radicals or carbenes into account, even molecules
consisting of only a handful of atoms are only scarcely studied. Many of these compounds
potentially play a role in astrochemistry and atmospheric chemistry. About 200 different
compounds have been found in space until today;?! some examples are depicted in
Figure 1. While insights in astrochemistry provoke profound questions about the origin
of life, chemical reactions in Earth’s atmosphere directly impact our climate. The latter
issue is of special interest in current times of climate crisis.

The conditions in outer space allow for the existence of seemingly exotic species (e.g.,
tricarbon monoxide®# in Figure 1). Low temperatures and extremely high dilution
prevent the occurrence of most intermolecular chemical reactions that would lead to their
depletion. However, in denser parts of space, like molecular clouds, a manifold of
reactions has been observed or proposed.®! These often seem unfamiliar considering
reactivity we know from ambient laboratory conditions. However, from a universal point
of view, space is governed by the reactivity of such small molecules and our planet
represents only a small — and in many regards even very special — subsystem. The
assumption that a lot of knowledge in (organic) chemistry exists crumbles when thinking
outside typical wet-laboratory conditions.

= i OH
HSCN * CH, C;0 /K HoN™ >
H)J\CN é H 2
1 2 3

Figure 1: Examples of molecules detected in spacel®#61% showing that a variety of functional
groups are present (1-3). These relate to the compounds characterized herein. More than 200
species have hitherto been identified in space.?

During my doctoral studies, we isolated and characterized such hitherto elusive species
using the matrix isolation technique in conjunction with infrared (IR) and
ultraviolet/visible (UV/Vis) spectroscopy. We were especially interested in the study of
guantum mechanical tunneling and photochemical reactions of such molecules. In a
typical experiment, a volatile sample is evaporated together with an excess of a host gas
(here argon (Ar) or dinitrogen (N2); the matrix material) onto a cold Csl (for IR) or BaF:
(for UV/Vis measurements) window (Figure 2). Reactive species can be generated in situ
either by pyrolysis of the substrate prior to deposition or via photolysis directly on the
cold window. The technique allows probing intramolecular reactivity of species trapped
in an inert matrix, a situation resembling conditions found in interstellar ice grains.
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Figure 2: Top: Matrix apparatus. Bottom: Schematic representation.

This thesis aims probing the tunneling reactivity of the parent thiolimine and hitherto
unknown hydroxycarbenes, all of which resemble candidates of atmospherically or
astronomically relevant compounds. Another goal is exploring the conformational
reactivity in dihydroxycarbene. The last project raises the question of the feasibility to
activate CO2 in a tunneling process. Generally, deciphering tunneling mechanisms and
disentangling the various influences on this quantum effect is a key step in transferring
quantum mechanical tunneling from a curiosity to a tool that can be used to control
chemical reactions.

1.2 Sulfur-Containing Compounds in Atmospheric and Prebiotic
Chemistry

Sulfur-containing compounds affect cloud formation in Earth’s atmosphere as they form
grain-like structures, which induce water condensation.**! The main channel for the
formation of such structures is the oxidation of dimethyl sulfide (4), which is released in

14
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huge amounts by phytoplankton from the oceans into the marine boundary layer.[!21]
Among the most abundant oxidizing agents in the atmosphere are OH and NOs
radicals.**15] Other conceivable oxidizers, which have been widely discussed in recent
years, are carbonyl oxides, also known as Criegee intermediates (12, Figure 3).[*8l The
simplest Criegee intermediate (R = R’ = H) was characterized in the last decade,!*"*8l
while its structure had already been correctly predicted in 1949.11%201 We report a new
isomer (cis-cis-dihydroxycarbene) of this intriguing species further below. A simplified
overview of the mechanism of the oxidation of 4 is depicted in Figure 3.1*%

Ox. 0, NO .
- - - S.__O...
SN oHINO, O ~I~"0 No, ~©
4 5 6 7
l—Hzco
0.0 Ox. 9 Ox. O Ox.
S/ -~ S e ——— Il -~ — S
~ \O' 03 / N02 \\o 03 / N02 /S, 03/ N02 -~
1 10 9 8
S
-CH _0
l 3 @o
H,O
SO3 —— H,SO,4 R R'
12

Figure 3: Overview of the oxidation of 4 in the earth’s atmosphere adapted from Barnes et al.[*)
Spectroscopically characterized intermediates (vide infra) are highlighted in blue. Bottom-right
edge: General structure of Criegee intermediates, which may act as oxidizing agents besides OH
and NOsradicals in atmospheric processes.

While the methyl sulfinyl (9),22221 methyl sulfonyl (10),1°1 and methyl sulfonyloxyl
(11)4 radicals have been characterized by matrix isolation spectroscopy, the very first
intermediate (methyl thiomethyl, 5) in Figure 3, a carbon-centered radical bearing a sulfur
atom in a-position, remains elusive.[?®! In our recent investigation, we could isolate a
derivative of such a species (15) and subsequently investigated its intramolecular and
intermolecular reactivity by doping the matrix with triplet dioxygen 20, (Figure 4).[?6]

5 3 O/O.
313 nm 313nm s 02
J@f D D2 o
436 nm 546 nm O,N 33 K 'S\>
15 16

Figure 4: Generation of an a-sulfenyl radical (15) via photochemical C-S bond cleavage in para-
nitrobenzaldehyde dithiane (14).12°! Biradical 15 does not react with 20s.

Many more sulfur-containing compounds have been matrix-isolated and discussed
regarding their role in atmospheric reactions (Figure 5) like, inter alia, the vinylsulfinyl
radical (17),[1 alkynyl thiocyanate and isomers (18),%1 the phenylsulfinyl radical
(19),[2% disulfur dioxide (20),2% the methoxysulfinyl radical (21),3! the sulfinyl radical
22,131 and the hypothiocyanite radical (23).[**] While climate scientists build models to
predict Earth’s climate or evaluate data for accurate weather forecasts, the underlying
chemical reactions are still poorly understood and many postulated intermediates
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unknown. Chemical studies as the ones listed are needed to build the chemical foundation
of such models.

/S‘
(@]
_O- EN _S._.0O" 0.0 N _S.
A g = CN @ 0”78 778 OCN™~>0- NC™™ o-
17 18 19 20 21 22 23

Figure 5: Examples of matrix-isolated sulfur-containing compounds with potential relevance in
atmospheric processes.?’-*

With the same motivation, we studied the photochemistry of N-sulfonylamine (24,
Figure 6) in cooperation with Xiaoging Zeng’s research group.l®¥! The reactivity of 24
represents another example of the rich and somewhat unfamiliar monomolecular
chemistry of small molecules similar to those depicted in Figure 5.

OH 0 o o©
@N:s\j§> HO S//O SN “S=N®
HO H
2 2 27 2
H. 0 hv 5 6 8
N=S —
A\
24 Q 9 HSO NO HONO
N—S_ radicals:
29 M OH NSO HOS

Figure 6: Species observed upon photolysis at different wavelengths of matrix-isolated 24.34

Thioamides represent a widely abundant class of sulfur-containing compounds. They
have, e.g., been used synthetically to generate biorelevant thiazoles via the reaction with
aldehydes.®! In the prebiotic context, their intermediacy in the formation of various
amino acids has been implied experimentally.¢1 While plenty of data exist on thioamides
(30), surprisingly little is known about parent thioformamide (30a).*”] Thioformamide is
a likely candidate for detection in space as it can be generated from HCN and H,S,
both of which have been detected in interstellar media.[*>*° During my doctoral studies,
we isolated 30a (prepared from formamide and phosphorus pentasulfide)! in solid Ar
and N2 matrices and photochemically generated four conformers of the tautomeric
thiolimine (31a), a compound which had remained elusive up to now.?! In the course of
this project, we also recorded the first X-ray diffraction data of 30a.

Some thioamides and their thioamide — thiolimine tautomerizations have been
investigated under matrix isolation conditions — both photochemically and in terms of
guantum mechanical tunneling (QMT) by keeping the matrix in the dark for a certain
period of time (Figure 7).[*3-581 Only for thiourea (30c)**5% and dithiooxamide (30d)™*!
athiolimine — thioamide QMT reaction has been reported. The absence of such reactivity
in parent 30a clearly shows that thiolimine — thioamide QMT is not the intrinsic
reactivity of thioamides, but only (remote) substitution enhances this process. We discuss
the effect of substitution on QMT in more detail in the next section.
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R™ 'NH; hvand/or QMT R/gNH
30 31
2
H™ O NH, )J\NHz HoN” NH, NH> NS
30a 30b 30c S30d 30e
S S S H / /
J< N N N
S TR HNK | = = [>: °
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Figure 7: Matrix-isolated thioamides which have been tautomerized to their corresponding
thiolimine isomer.1-%% The cases for which thiolimine — thioamide tautomerization occurs via
QMT are highlighted in red.

In our study, we observed a different QMT reaction, namely trans-trans-thiolimine
(31a-tt) — cis-trans-thiolimine (31a-ct) with a half-life of ca. 30 min in both matrix
materials (Figure 8).[49 This result is analogous to that of two studies on the methyl
derivative (31b), which have been conducted simultaneously in Coimbra.525% The
reactions depicted in Figure 8 represent the first examples of QMT in C—SH rotations.
QMT induced rotations around C-OH bonds, which are much more common, are
discussed in the next section. We also showed that the analogous rotamerization is absent
in the perdeuterated isotopologue, which is a clear indication for QMT.

s QmT Hig g-M QmT Hig
~ /H t1/2=30 min N /H N /H t1/2=80 min N /H
Py P PN PN
31a-tt 31a-ct 31b-tt 31b-ct

Figure 8: Conformational QMT of thiolimine tautomers of thioformamidel*? (31a-tt, left) and
thioacetamide® (31b-tt, right).

1.3 Quantum Mechanical Tunneling in Chemistry

The previous section concludes with an example illustrating the importance of quantum
mechanical tunneling (QMT) in chemical reactions under cryogenic conditions. Note that
these resemble the conditions encountered in space rather closely. In this section, we will
briefly explain the background and physical foundations of QMT before illustrating its
emergence in (organic) chemistry by discussing key examples from literature. We will
mention our contributions where fit.
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1.3.1 The Physical Background of Quantum Mechanical Tunneling

Classically, the kinetics of chemical reactions can be described by transition state theory
(TST) as developed independently by Eyring®! as well as Evans and Polanyi®®%¢l in
1935. The rate constant k of any reaction is given by equation (1) where kg is Boltzmann’s
constant, T the absolute temperature, and h Planck’s constant.

kB'T
= - K# 1
- )

The equilibrium constant K* between the transition state and the reactants is given by
equation (2), with the Gibbs free energy of activation AG* and the gas constant R.
Typically, AG* is obtained from quantum chemical computations via partition functions.

¥
K* = exp <— %) (2)

k

QMT is a direct consequence of the laws of quantum mechanics. While, classically,
particles trapped in a potential energy well can only escape if their energy exceeds the
activation barrier AG*, quantum mechanics dictates that there is a probability for escape
even if this criterion is not met. This can be illustrated by representing the particle with
its wavefunction W as in Figure 9.

A ]H’lz
G

\

£ (reaction coordinate)

Figure 9: The probability for the detection of a particle on the right side of the barrier is not zero
even if its energy does not exceed AG*. The particle (red) is represented by the square of the
absolute value of its wavefunction |¥|?, i.e., the probability of localizing the particle at a specific
position in space. For an observer, the particle appears to tunnel through the barrier.

Applying this concept on chemical reactions implies that there is a chance to observe
reactivity even though there is not enough energy available for the starting material to
overcome the transition state. This can be accounted for in TST by multiplying a
correcting factor «.

kg T
—

Jeffreys,51 Wentzel,[*® Kramers,5% and Brillouin[®® (JWKB) developed an approximate

solution to the eigenproblem originating from Schrodinger’s equation®! to calculate the

probability of a random particle to tunnel through an arbitrary energy barrier. The
resulting barrier penetration integral € is given by equation (4).

K* ©)

k=kx-
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0 = f 2(V(x) —&)dx 4)

In equation (4), V(X) is the energy potential, ¢ the collision energy (sometimes called
attempt energy related to the attempt frequency wo), and s; and sz two points (known as
turning points) on V(x) on either side of the barrier at the energy level ¢. In terms of 6, the
JWKB transmission probability xwke is given by equation (5).

1
FIWKB = 1+ exp(20)

The JWKB tunneling half-life zwks can be calculated from equation (6) by using the speed
of light ¢ as a conversion factor.

(5)

log(2)

TjWKB Wo " C - KwKs (6)
A somewhat more instructive way to quantify QMT within the JWKB approximation for
a parabolic barrier is given by equation (7). A particle’s energy-dependent JWKB
tunneling probability P(E) depends linearly on the activation barrier’s width w and on the
square root of its height Vo as well as the effective mass m. Hence, the impact on P(E)
upon changing the barrier width is larger compared to a change in barrier height or particle
mass. We will encounter this aspect in the case studies considered in the following
section.

—nZ'W'\/Z'm'(VO—E)> @)

P(E) = exp< A

1.3.2 Matrix Isolation Studies on Quantum Mechanical Tunneling

As under matrix isolation conditions most reactions cannot be realized classically
(meaning the situation is similar as in Figure 9), it is not surprising that this technique
proved to be of utmost importance to directly observe QMT reactions experimentally.
The second requirement to elucidate the effect of QMT is the availability of reliable
computational methods to predict AG*. While temperature-independent reaction rates
(constant Arrhenius plots) or anomalously large kinetic isotope effects (KIE) are
experimental indications for QMT, for many systems QMT rates can readily be
computed.[254  Different software packages designed for this purpose are
available.[62.6566]

Before the emergence of the studies discussed in the following, QMT has been
considered, if any, only as a means of indecisive rate acceleration by most organic
chemists.[®”l Note that the first experimental observation of QMT in 1928 was based on
the emission of He?*, a chemically relevant mass.[% The perception of QMT as a merely
quantitative (and in many cases negligible) effect on reaction rates (e.g., derived from
activation barriers obtained from Arrhenius plots) only changed in the last decades, when
more and more examples were reported in which QMT changes the experimental outcome
in a qualitative fashion.
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In 2011, our group introduced the novel concept of tunneling control, expanding the
notion of thermodynamic  versus  kinetic  control.[®*7  Matrix-isolated
methylhydroxycarbene (33a) reacts to the thermodynamic product acetaldehyde (34a)
instead of the kinetic product vinyl alcohol (32) at 11 K and in the absence of external
stimuli (Figure 10). Only QMT explains that any reaction occurs at all, but, what is more,
only tunneling control can explain the qualitative reaction outcome. Note that a similar
example has already been reported in 1994 on the C-H insertion in tert-
butylchlorocarbene,[’? but the concept of tunneling control had not been noticed back
then. Again, the availability of high-level computational tools was key to decipher the
underlying reaction mechanism: for example, in the 2011 study the focal point analysis
(FPA) techniquel”""1 was employed on coupled-clusterl”®-82l-optimized geometries.

H H \/\ QMT H
OH  typ=1h H\/g
OH (@]
32 33a 34a
kinetic product Ar, 11 K thermodynamic and

tunneling product
-39.8 22.6 0.0 28.0 -50.7

Figure 10: QMT control in methylhydroxycarbene (33a). Relative energies in kcal mol™ were
computed at the FPA//AE-CCSD(T)/cc-pCVQZE3#4 |evel of theory.[®]

The notion of tunneling control as the third reactivity paradigm{’™ opens the door for
exploiting QMT in order to achieve a desired reaction outcome that is qualitatively
different from classical expectations. In 2017, Gerbig and Schreiner showed that it is even
possible to obtain a tunneling product (Figure 11),1851 which could neither have formed
under thermodynamic nor Kinetic control.

o o© OH
N lll N
-~ “® OH QmT 0
OH
o) o) 0
35 36 37
thermodynamic and Ne, Ar, Kr, Xe, Np tunneling product
kinetic product at3K
-58.0 10.3 0.0 19.8 -43.5

Figure 11: Formation of a tunneling product (37) from ketene 36 generated photochemically from
ortho-nitrobenzaldehyde in various matrix hosts. Relative energies in kcal mol™* were computed
at the CCSD(T)/cc-pVTZ/IMP2%#8/aug-cc-pVDZ level of theory.®

Some systems display multiple QMT-reaction channels, e.g., benzazirine 39 (Figure 12)
reacts to nitrene 38 via nitrogen tunneling as well as to the cyclic ketenimine 40 via carbon
tunneling.l®”] A possibility of influencing the selectivity in related cases by incorporating
isotope labeling of the starting material is discussed in the outlook section.
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N N
Nt : : 2
-tunneling C-tunneling /
N > S
NH, NH, NH>
38 39 40

Figure 12: Competitive nitrogen and carbon tunneling in benzazirine 39."]

The example in Figure 12 illustrates the possibility for atoms other than hydrogen to
undergo QMT processes. Such reactions are summarized under the term heavy-atom
tunneling.l® It becomes feasible if the reaction barrier is very narrow, which is often the
case in pericyclic reactions when trajectories are short.®l Experimental examples of
carbon tunneling include the unsubstituted benzazirine — ketene rearrangement in
Figure 1211 and Cope rearrangements in substituted semibullvalenes.[®*%? The first
observed of such reactions is the automerization of cyclobutadiene (41), which was
studied using deuterium isotopologues in 1983.1%3% The first QMT reaction of a nitrene,
the nitrogen analogs of carbenes,® has been reported in the reaction of 2-formyl
phenylnitrene to the corresponding imino ketene.!! Some pericyclic reactions displaying
QMT are depicted in Figure 13, also including cases for which QMT has been predicted
computationally.

0~ P

44 44
= — & —
42 42 45 45
— .
— ) — 0
— .
43a 43b 46 47

Figure 13: Examples of heavy-atom QMT in pericyclic reactions. The automerization in
cyclobutadiene (41) was studied on deuterium isotopologues.® The Cope rearrangement in
semibullvalene (42) was investigated using methyl derivatives.® The QMT reactions of
[16]annulene (43),°7 pentalene (44), heptalene (45),%1 and the Bergman cyclization in 46 were
predicted computationally.®

Another feature of QMT is its conformer-specificity and, in some cases, the
inapplicability of the Curtin-Hammett principle.[°®292 This has been demonstrated for
the hydroxycarbenes in Figure 14, for which both conceivable conformers were matrix
isolated and only the trans-conformers (33-t) undergo QMT to the corresponding
aldehyde (34).1193-1%] This finding implies that QMT can be selectively switched off when
generating the higher-energy cis-conformer (33-c) photochemically. Only very recently,
a study reported a case where QMT can be switched on by generating a higher-energy
conformer (Figure 14, right).[!%! Again, these findings provide tools to control QMT
reactivity in a desired fashion with the potential to use QMT in reaction design. The effect
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is not limited to H-tunneling, but has also been observed in heavy-atom tunneling
reactions of benzazirines.[%7]

switching off QUT switching on QUIT

.. ‘N ‘N H
_H hv R™ O !
R0 ——— i N o)
33-t 33-c —
F F
QmT 48a 48b
H
P NH QmT
C‘EO

R @]
34
Figure 14: Left: Only the trans-conformers (33-t) of FsC—C—-OH,®l NC-C-OH,** and
HC=C-C-OH!%I undergo QMT to the corresponding carbonyl compound 34. Right: Switching
on QMT in 48 — 49.[1%1 Note that 48b only exists as an intermediate and was not detected
spectroscopically due to its short QMT half-life.

During the last years, some other hydroxycarbenes (33) have been isolated; the general
strategy is depicted in Figure 15. Most hydroxycarbenes undergo [1,2]H-tunneling to the
corresponding aldehyde (34). Deuteration of the OH moiety leads to the persistence of
these hydroxycarbenes. The resulting huge KIEs and high-level computed activation
barriers ranging from 20 to 30 kcal mol™, which are insurmountable at cryogenic
conditions, provide compelling evidence that QMT indeed enables the observed
reactions. Note that the trajectory of the [1,2]H-shift (and, therefore, the barrier width)
does play a decisive role as well: a computational study on mercapto- and
selenomethylene excludes QMT in these compounds as the barrier widths are increased
due to the longer bond lengths in H-C-S—H and H-C-Se-H compared to those in
H-C-O-H.1%8

O H o--H
)%6 VL Ty —- j’“ [1,2]H-shift _ )OL
R R \Tf _co, R . via QMT R H

0
50 O 33 34

Figure 15: Strategy to matrix isolate hydroxycarbenes (33). Hydroxycarbenes with R = H,[1%%
Me, 691 P, 101 By 111 cyclopropyl, 112 CFs, 11081 CN,104 CCH, 2% OH,1 OMe, 231 and NH,M4
are known. Only the latter three do not undergo [1,2]H-shifts to the corresponding carbonyl
compound 34. Note that NC—-C—OH and HC=C-C-OH were generated from the corresponding
ethyl ester yielding the free a-keto carboxylic acid (50) as intermediate in situ.

Hydroxycarbenes possess a singlet ground state. This is in contrast to the prototypical
triplet electron configuration of carbenes according to Hund’s rule.l**>! However, electron
donation from the oxygen lone-pairs adjacent to the carbene center stabilizes the singlet
state. As this results in a double-occupied sp?-type (cou-type) orbital at carbon, such
carbenes are nucleophilic in nature. Furthermore, the partial double bond character of the
C-O bond leads to relatively high rotamerization barriers. Note that in some
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bimagnetically stable carbenes like diphenylcarbene*®-18  and  bis(para-
methoxyphenyl)carbenel*'! the singlet-triplet energy gap is so low that the spin state can
be photochemically switched under matrix isolation conditions.

The simplest hydroxycarbene (R = H, 33b) is a high-energy isomer of astrochemically
relevant formaldehyde.*®) As we showed prior to my doctoral studies,
hydroxymethylene can be envisaged as a building block in extraterrestrial sugar
formation (cf. formose/Butlerow reaction!*?122l) which occurs without the need for
solvent or base and is essentially barrierless.'?1 The gas-phase carbonyl-ene-type
reaction depicted in Figure 16 provides a rationale for the dimerization of two
formaldehyde molecules: formaldehyde (34b, an electrophile) reacts with a nucleophilic
carbene counterpart (33b), which can effectively be regarded as a case of Umpolung.[*?
In our study, we detected C» (51) and Cz sugars, the latter forming in a stepwise process.

N N

H” “OH OH H” “OH
o) 33b 33b
)]\ _— H)\WH —_— sugars
H” H
0
34b 51

Figure 16: Carbonyl-ene reaction between formaldehyde (34b) and its high-energy isomer
hydroxymethylene (33b).[*2%! This iterative gas-phase reaction might well represent an entrance
channel for the formation of sugar molecules in space.

Aminohydroxymethylene (33c) is an HoN-C—-OH species which might form from HCN
and H20O in space. During my doctoral studies, we isolated 33c in an Ar matrix and
investigated its photoreactivity.™4 In contrast to hydroxymethylene (33b)[*%°! and
aminomethylene (53),1*%! 33¢c decomposes (Figure 17) and does not undergo [1,2]H-
shifts to the corresponding carbonyl (55, formamide) or imine (54, formimidic acid).
However, upon pyrolysis of the precursor (oxalic acid monoamide) both 54 and 55 form
among several other side products. Similar to other diheteroatom-stabilized
hydroxycarbenes, 33c does not undergo intramolecular QMT (Figure 18).

; (no QMT) QMmT H

336 nm . .: or470 nm

A~ A~ -~
H,N” O H H” “OH
HN)\H ? H/go
52 53 33b 34b
H 254 nm B 254 nm H
e — H,N™ ~OH — X
HN™"OH  quT aur N0
54 33c 55
HNCO +H, = NH; + CO
254 nm

Figure 17: Photochemistry of aminohydroxymethylene (33¢)*** compared to hydroxymethylene
(33b)%1 and aminomethylene (53).11%°!

Another hydroxycarbene of potential astrochemical relevance is ethynylhydroxycarbene
(33d). This compound has been suggested as an intermediate in the formation of small
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organic molecules from carbon clusters and water.[*261271 The stoichiometric fundamental
reaction is Cs + H,0 — C3H20.[28-1301 While some CsH.0 isomers have been detected
in space and/or under laboratory conditions, 33d has been elusive until now. Initial claims
as to its preparation in 19901281 were refuted in 1992 on the grounds of theoretical
assessments!*3 and by repeating and re-interpreting the experiments in 1995.[*21 During
my doctoral studies, we isolated 33d employing the strategy used earlier to obtain other
hydroxycarbenes (Figure 15).

After pyrolysis, observed trans-ethynylhydroxycarbene (33d-t) interconverts to its cis-
conformer when irradiating the matrix at 436 nm. Prolonged irradiation leads to the
formation of isomeric propynal. The reaction 33d-t — propynal also occurs via QMT
when keeping the matrix in the dark within a half-life of ca. three days. Hence, 33d nicely
fits into the series of hydroxycarbenes” QMT half-lives (Figure 18).

Captodative Effect

- I —l-M
=~ oH F5C~ “OH NC” OH
33d 33e 33f
3d 7d 23.5d
Electron Donation
+l / +M -
Me” “OH Bu” “OH H”  OH Ph” “OH ﬁ\o"'
33a 33g 33b 33h 33i
1.1h 1.8 h 2.1h 2.5h 17.8 h
Heterosubstitution
HO™ “OH MeO” “OH H,N" OH
33j 33k 33c
no QMT

Figure 18: Experimental QMT half-lives (red) of [1,2]H-shifts in hydroxycarbenes.!%°!

Obviously, and as already noted in the case of thioamides, the (remote) substituent plays
a vital role for QMT half-lives. This is most likely due to their effect on the reaction
barrier’s height and width. If substitution stabilizes the carbene center, the barrier of the
reaction towards the aldehyde becomes higher and, therefore, in first approximation, also
slightly wider (cf. Hammond’s postulate!*®¥l). Apparently, the best stabilization is
achieved when a second electron lone pair-bearing heteroatom is attached directly to the
carbene center. In these cases QMT is not observable. The longest observable QMT half-
lives are obtained in captodatively (push-pull) stabilized hydroxycarbenes.

Substituent effects on QMT are not always as easily explained (note, for instance, the
examples of thioamides presented above). Much data are available on rotamerizations in
carboxylic acids. The first of such studies dates back to the 1997 pioneering work on the
photogenerated high-energy rotamer of formic acid!*34 and its subsequent QMT reaction
to its ground-state conformer.[*351361 |nvestigations on acetic!*3"~1*1 as well as propionic
acid** and on several other examples followed thereafter, including, inter alia, a-keto
carboxylic acids,™ trifluoro-,[**2 trichloro-,1*43l and tribromoacetic acid,[***! propiolic
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acid,[** oxalic acid monoamide (our precursor of aminohydroxymethylene, vide
supra),i**®! and a domino QMT process in oxalic acid.’**” The smaller QMT half-life of
the rotamerization in acetic acid compared to formic acid was explained by the facilitated
energy dissipation after formation of the lower-lying rotamer due to the presence of an
alkyl rotor.[*%7]

In 2018, we performed an analogous investigation on the rotamerization in carbonic
acidl*#81%% and its monomethyl ester.*>% Somewnhat counterintuitively, the QMT half-life
in this system increases with the mass of the remote substituent. This is in contrast to the
trend in formic, acetic, and propionic acid (Figure 19). Until now, there is no satisfactory
rationale for this behavior as all barrier shapes are similar according to computed data.
As intrinsic effects are to be ruled out, the effect of the surroundings, i.e., the matrix
material’s interaction with the substrate, is likely to account for the different trends.

O o t1/2:R=H<CH3<CD3
r. L QmT
0" 0 R< )J\ -H in contrast to
H
56-c 56-t t1,2: formic acid > acetic acid > propionic acid

Figure 19: Intricate conformational QMT in carbonic acid and its (trideuterated) methyl
ester,[149.150]

All case studies of conformational QMT discussed so far involve the generation of the
higher-energy rotamer by irradiation at energies above the corresponding activation
barrier. In 2003, however, for formic acid, C—O rotamerization could even be observed
when irradiating at lower energies.*>Y Such light-induced or “pumped” tunneling has
been controversially debated ever since and could only be shown in another system in
2019 when the methyl-substituted Criegee intermediate was photochemically
decomposed to OH radicals and various side products.l*5215 |t js assumed that the life-
time of the excited species and the time spent by a tunneling atom within the barrier region
must be comparable in order to observe pumped QMT. The latter was only measured in
2020 for Rb atoms and lies in the millisecond range.[*5* Before this study, it was not even
clear if a single QMT process can be associated with a time at all or happens
instantaneously. %

When studying high-energy conformers, it becomes obvious that the matrix host material
has a severe impact on their persistence. For example, the high-energy conformer of the
hydrocarboxyl radical (HOCO) was only detected in N2 but not in Ar matrices.[*®! Its
QMT reaction to the low-energy conformer in Ar is too fast to be measurable. The same
is true for cis-cis-dihydroxycarbene (HO—C—OH, vide infra). The stabilizing effect of N
is attributed to its higher polarizability compared to Ar. A similar trend can be observed
when comparing Ar with Kr matrices. As external parameters influence QMT, these
provide another tool to control this effect, especially when thinking about standard wet-
laboratory conditions and the variety of accessible solvents. One might also think about
enhancing QMT in a catalytic manner. Just recently, the first Lewis acid catalyzed QMT
reaction under matrix isolation conditions was reported.[*5"]

Conformational equilibria can be well studied by using near-infrared (NIR) light to
interconvert specific conformers into each other. This is usually achieved by excitation
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of overtones or combinational bands of O—H or N—H stretching vibrations with the help
of lasers. While such irradiation typically leads to rotamerizations in the proximity of the
excited bond, other examples are known where the above mentioned groups serve as
antennae to induce remote reactions. These include 6-methoxyindole,™*%® kojic acid,**"
NH- and OH-substituted 2-formyl-2H-azirine,*® and 2,6-difluoro-4-hydroxy-2H-
benzazirine.[**Y Generally, the reactions induced by this method are very clean, i.e., the
resulting IR difference spectra are relatively easy to interpret as ideally only one reaction
occurs at a time. This is in contrast to UV excitation, which often leads to various side
reactions due to the higher energy input into the system and the generation of
electronically excited states. The main drawback is that overtones or combinational bands
in the NIR region are usually small in intensity and, hence, difficult to detect. There are,
however, exceptions, e.g., the first overtone of the N-H stretching vibration in the
thiolimine tautomer of thioacetamide is slightly more intense than its fundamental
band.[®®! In some carboxylic acids rotamerization could even be induced by excitation of
the second O—H overtone.[16%]

We applied the strategy of NIR excitation to generate the hitherto unreported cis-cis-
conformer of dihydroxycarbene (33j-cc, Figure 20),[%%l an underappreciated isomer of
the simplest Criegee intermediate (vide supra) although it is lower in energy.

Ho - _H
o o

_’ 33j-tt %‘

O H x
P

J\H/é HVFP NIRHNIR 0~ "o
Q “co, H H

H O 33j-cc
. H y
57 O/\O /
L~ QmT
33j-ct

Figure 20: Generation and reactivity of cis-cis-dihydroxycarbene (33j-cc).[*¢%]

Once generated, 33j-cc spontaneously interconverts to cis-trans-dihydroxycarbene
(33j-ct) via QMT within a half-life of ca. 22 min in an N2 matrix. When evaluating the
decay of 33j-cc and the increase of 33j-ct, both rates cannot be satisfactorily fit when
using the identical mathematical model. Only when allowing for a competitive reaction,
good agreement can be achieved (Figure 21). Note that the 33j-cc depletion in Ar is too
fast to record its kinetics.
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Figure 21: Kinetics of the IR band profile of 33j-cc and 33j-ct using models that do not (left) and
do (right) account for a side reaction forming CO, + H..'% Experimental values are shown in
black and fit curves in red and blue, respectively.

Computations suggest that the side reaction taking place is the decomposition of 33j-cc
to CO2 and Hy, both of which are, unfortunately, not detectable spectroscopically: the
high amounts of CO; after pyrolysis prohibit the observability of small changes in the
CO2 concentration. Attempts to indirectly prove the occurrence of this reaction using the
mono- and dideuterated isotopologues of 33j failed due to very low concentrations of the
carbene after pyrolysis or the inability to overcome the rotamerization barrier when
exciting O-D overtones. Nevertheless, our study indicates that CO2 might take part in
QMT reactions. The outlook section presents ongoing work to activate CO> in a heavy-
atom QMT process using a carbene.

1.3.3 Quantum Mechanical Tunneling in Reactions Conducted under
Ambient Conditions

Before briefly discussing our ongoing work, it is worthwhile to have a look at QMT
reactions that have been observed under ambient conditions.[***! In the following case
studies, QMT usually is more concealed than under cryogenic conditions, as many
activation barriers can be overcome. Hence, measuring temperature effects as well as
KIEs and comparing them to computed data is crucial to determine the contribution of
QMT to a reaction rate. Nowadays, sufficient studies exist to conclude that QMT is an
effect that does not play a role under matrix isolation conditions exclusively. While the
focus of the work conducted herein is on matrix isolation studies, it will be interesting to
see which effects discussed in Section 1.3.2 reappear in future ambient-condition
experiments.

The [1,2]H-shift in phenylhydroxycarbene (33h, Figures 15 and 18) has been studied at
temperatures between 320 and 350 K.1!%] The measured k(OH)/k(OD) KIE of ca. 20
suggests that QMT still has a large contribution in this reaction even at elevated
temperatures and not only under matrix isolation conditions, as discussed above.
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An example of a typical laboratory reaction in which measured *C KIEs are higher than
conventional TST values (neglecting QMT) is provided by the Roush allylboration of
para-anisaldehyde.!*%! Only when incorporating QMT into the computations the
measured rates can be fit satisfactorily. The acceleration due to QMT is a factor of 1.36
at the reaction temperature of —78 °C. The authors conclude that “heavy-atom tunneling

plays a role in simple everyday organic reactions”.[66]

In 2016, a study showed that a nonheme manganese(ll11)-peroxo complex reacts with
aldehydes through hydrogen atom abstraction instead of nucleophilic addition.[t67.16]
Later, temperature-dependent kinetic measurements performed on the reaction of a
nonheme iron(l11)-hydroperoxo complex (59) with 58 concluded that QMT can dominate
such hydrogen abstractions (Figure 22, left).1*6% The reaction mechanism of this reaction
changes from nucleophilic addition to hydrogen atom abstraction when going from higher
to lower temperatures; the latter mechanism is associated with a KIE of 93 at 203 K. Note
that classic k(H)/k(D) KIEs have maximum values between 6 and 8. In a related system,
deuteration changes the regioselectivity of the hydrogen abstraction leading to the
deformylation product 61 or carboxylic acid 62, respectively (Figure 22, right).[t7
Although QMT was not discussed in the latter study, it opens the door to control reactivity
in new ways by exploiting large KIEs.

nucleophilic addition 0-O
H M
//, i N i < 7 \f O —_— f Zf O
O (/ \
' ,QoH 60 M 61

~">H < [Fe'(TMC)?
H Me 0-0

. L7 D \M/nlll D

58 .. .~ 59 0 0]
hydrogen atom abstraction d-60 H 62 OH

Figure 22: Left: The reaction mechanism depends on the temperature with the hydrogen atom
abstraction being dominated by QMT at lower temperatures (TMC = 1,4,8,11-tetramethyl-
1,4,8,11-tetraazacyclotetradecane).[**°1 Right: Deuteration changes the reaction outcome due to
an immense KIE.['7% The ligands of the manganese(l11)-peroxo complex are omitted for clarity.

With such intriguing results at hand, we are confident that QMT will be exploited in
ambient-condition reactions in the future and are looking forward to new possibilities to
manage reaction control.

1.3.4 Computational Predictions on Quantum Mechanical Tunneling

As mentioned in the previous sections, the role of quantum chemical computations to
detect QMT cannot be overestimated. In this section, we briefly summarize a few
examples, which elucidate aspects of QMT not discussed in earlier sections. However,
other studies predicting QMT have already been mentioned above.

A somewhat exotic example of the possibility of fluoride tunneling in 6317 was reported
by Kozuch et al. in 2018 (Figure 23, left).[17?l The effect of the linker (Y) on QMT half-
lives was studied computationally. Such “ping-pong QMT” has later also been suggested
for boron and carbon in similar compounds.!*”®! The same group also proposed carbon
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QMT automerizations in specially designed fulvalenes.['™ Similarly, results were
published on the automerization of the cyclopropenyl anion.[*”®! However, if the ring is
substituted with groups other than hydrogen, QMT is inhibited due to the non-planarity
of the system and the resulting long trajectories of the attached groups.l'™ These studies
test the limits of QMT (i.e., heavy atoms or long trajectories) and aim to establish rules
of thumb for when to expect QMT.

In a different vein, QMT deemed the computationally predicted record of the shortest
C—C bond in a bridged tetrahedryl-tetrahedrane (64)[7 impossible to observe, because
the molecule would rearrange very quickly even under cryogenic conditions via QMT
(Figure 23, right).l'"1 The reaction is highly exergonic even though the resulting product
is a carbene (65). Hence, when discussing the viability of computed minimum
structures,i*”®1 QMT has to be taken into account apart from activation barriers’ heights.

H2Ge GeH, H Ge GeH2 QMT
=gy Q=0

Figure 23: Computationally predicted QMT reactions. Left: Ping-pong tunneling of fluoride
(Y =S, SO, Se, Se0,, SiH», CHy, 0).['21 Right: 64 is not persistent even at 0 K, because it quickly
rearranges to 65 via QMT .77

1.4 Outlook

During my doctoral studies, we worked on two more projects, which have not been
published yet. Preliminary results are presented briefly in the following.

1.4.1 CO2 Activation with Aminomercaptocarbene

In a hitherto unpublished cooperation with Markus Schauermann, we investigated the
possibility of activating CO2 in a QMT reaction using a carbene, namely
aminomercaptocarbene (67). Mercaptocarbenes are hitherto rather elusive species as only
parent thiohydroxymethylene could be detected.l!”! Initial attempts to generate 67 via
pyrolysis of 2-amino-2-thioxoacetic acid (68) employing the standard procedure
discussed in Figure 15 failed, because the reaction profiles of the decarboxylation of
oxalic acid monoamide (66) and 68 are highly temperature dependent (Figure 24). While
aminohydroxymethylene (33c) lies in a rather deep potential well, 67 readily undergoes
a consecutive reaction to thioformamide (30a) at 1000 °C. This temperature resembles
the pyrolysis conditions and we observed 30a as the main pyrolysis product in agreement
with our computed data.
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Figure 24: Potential energy surfaces of the decarboxylation of 66 (left) and 68 (right) at 0 K (top)
and 1000 °C (bottom), respectively, computed at the B3LYP/6-311+G(3df,3pd) level of

theory.[14

Therefore, we decided to perform the decarboxylation of 68 photochemically and indeed
were able to generate 67 complexed with CO2 (67-CO2). Once generated, 67-CO> reacts
back to the starting material 68 at 3 K. This reaction occurs spontaneously via heavy-
atom QMT when keeping the matrix in the dark as deduced from measured and computed
Arrhenius plots (Figure 25). The possibility to activate CO2 and form a neutral product
(and not a zwitterion) using a carbene is unprecedented. Note that the underlying
mechanism is analogous to the carbonyl-ene reaction presented above (Figure 16), but

uses CO: as the carbonyl species.
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Figure 25: Arrhenius plot of the 67-CO, — 68 reaction. Red points: Experimental data. Black
points: Values computed at the CVT/SCT//B3LYP/6-311+G(d,p) level of theory. The left-hand
trend of the computed values agrees with classical Arrhenius behavior while the constant right-
hand trend represents the QMT limit of the reaction.

1.4.2 Isotope-Controlled Selectivity by QMT

As QMT is highly dependent on the mass of the atoms moving throughout the reaction,
isotope-controlled selectivity by QMT seems feasible. In a computational study such
cases were predicted (Figure 26).['%! However, an experimental study on this effect
remains yet to be conducted.

R!  CD; R2 . R2 H
QvT QMT
-~ 4CH3/CDg — > H
predicted 3 R predicted 5 R!
R2 RS forCD; R for CHs R H
69a-e 70a-e 71a-e

Figure 26: Isotope-controlled selectivity by QMT. The isotopologue determines whether 70
reacts to 69 or 71 as shown by computations.®* a: R; = OMe, R, =H, Rs=H; b: Ri=F, R, = H,
Rs = CHs; c: Ri1 = F, R, = CH3s, R3 = CHj3; d: Ri=F, R, =F, Rs=H;e:Ri1=F, R, =F, Rs = F.

During my research visit at the Institut Ruder Boskovi¢ (Zagreb, Croatia), we synthesized
various diazirines (74, 78, and 82) depicted in Figure 27 according to established literature
procedures. 18183
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Figure 27: Syntheses of diazirines 74, 78, and 82. Yields of the isolated diazirines are given with
respect to both steps. Carbenes 75, 79, and 83 were photochemically generated under matrix
isolation conditions.

In a hitherto unpublished matrix isolation study, we photochemically generated the
polycyclic singlet carbenes 75 and 79 from 74 and 78, respectively. While 79 is persistent
in an Ar matrix at 3 K, adamantylidene (75) tunnels to 2,4-dehydroadamantane (84)
within a half-life of ca. 10 h (Figure 28). This confirms a computational prediction by
Kozuch from 2014184 and adds to an experimental study by Bally et al. from 1994.[185]
Irradiating 79 at 627 nm leads to its interconversion, presumably to homopentaprismane
(churchane, 85). The latter finding still needs to be verified with reference experiments.
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Figure 28: Experimental matrix UV/Vis spectra displaying the reactivity of 75 (left) and 79
(right). Note that the presence of 85 needs further experimental verification.

Performing the analogous experiment with protoadamantane diazirine (82) does not yield
the corresponding carbene 83, but rather its [1,2]H-shift product 86 (Figure 29). This is
in accord with our computed half-life of only 33 ms of protoadamantylidene (83) making
it unobservable even at cryogenic temperatures. We also synthesized the a,a-dideuterated
isotopologue of 82. We expect a different reaction outcome for the corresponding carbene
isotopologue (d2-83) as depicted in Figure 29. If this holds true, this would provide the
first experimental example of isotope-controlled selectivity by QMT.
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Figure 29: Isotope-controlled selectivity by QMT in protoadamantylidene (83) and its
dideuterated isotopologue (d2-83).

1.5 Concluding Remarks

We isolated two novel hydroxycarbenes, 33d and 33c, whose reactivity is in line with the
other members of this compound class. While QMT half-lives of hydroxycarbenes can be
rationalized on the basis of the electronic properties of the substituent, this is not as easily
conceived for other reactions like thiolimine — thioamide tunneling or rotamerizations
in carboxylic acids. In the latter case, external effects, like the matrix material,
presumably play a decisive role, which we just begin to comprehend. Future work should
focus on disentangling intrinsic and external influences on QMT. This might enable
controlling QMT via external parameters and, eventually, introducing a new technique to
manage reaction control even under standard laboratory conditions.

SH . .. Py

0" o

=~ TOH H,N~ “OH T

H/gNH z 2 H H
31a 33d 33c 33j-cc

Figure 30: Overview of novel compounds generated in this work.

The four species displayed in Figure 30 potentially play a role in astrochemical or
atmospheric processes. For instance, thioformamide and its thiolimine tautomer 31a are
viable interstellar compounds and cis-cis-dihydroxycarbene (33j-cc), an isomer of the
simplest Criegee intermediate, is a likely active species in the reaction of CO2 with Ha
towards formic acid. The latter example hints towards the possibility of CO to participate
in QMT processes. Activating CO2 in a heavy-atom QMT reaction as presented in
Section 1.4.1. provides a new means for this high-interest endeavor. Generally, QMT is
an abundant phenomenon in chemical reactions and we are looking forward to future
studies proceeding from observing to controlling and using this intriguing quantum effect.
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2. Publications

2.1 Characterization of the Simplest Thiolimine: The Higher Energy
Tautomer of Thioformamide

Abstract:

As sulfur containing organic molecules thioamides and their isomers are conceivable
intermediates in prebiotic chemistry, e. g., in the formation of amino acids and thiazoles
and resemble viable candidates for detection in interstellar media. Here we report the
characterization of parent thioformamide in the solid state via single crystal X-ray
diffraction and its photochemical interconversion to its hitherto unreported higher energy
tautomer thiolimine in inert argon and dinitrogen matrices. Upon photogeneration, four
conformers of thiolimine form, whose ratio depends on the employed wavelength. One
of these conformers interconverts due to quantum mechanical tunneling with a half-life
of 30—45 min in both matrix materials at 3 and 20 K. A spontaneous reverse reaction from
thiolimine to thioformamide is not observed. To support our experimental findings, we
explored the potential energy surface of the system at the AE-CCSD(T)/aug-cc-pCVTZ
level of theory and computed tunneling half-lives with the CVT/SCT approach applying
DFT methods.
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Characterization of the Simplest Thiolimine: The Higher Energy

Tautomer of Thioformamide

Bastian Bernhardt,® Friedemann Dressler,”! André K. Eckhardt,™ Jonathan Becker,” and

Peter R. Schreiner*®

re

Abstract: As sulfur-containing organic molecules thioamides
and their isomers are conceivable intermediates in prebiotic
chemistry, for example, in the formation of amino acids and
thiazoles and resemble viable candidates for detection in in-
terstellar media. Here, we report the characterization of
parent thioformamide in the solid state via single-crystal X-
ray diffraction and its photochemical interconversion to its
hitherto unreported higher energy tautomer thiolimine in
inert argon and dinitrogen matrices. Upon photogeneration,
four conformers of thiolimine form, whose ratio depends on

the employed wavelength. One of these conformers inter-
converts due to quantum mechanical tunneling with a half-
life of 30-45 min in both matrix materials at 3 and 20K. A
spontaneous reverse reaction from thiolimine to thicforma-
mide is not observed. To support our experimental findings,
we explored the potential energy surface of the system at
the AE-CCSD(T)/aug-cc-pCVTZ level of theory and computed
tunneling half-lives with the CVT/SCT approach applying DFT
methods.

Introduction

Although thicformamide (1, methanethioamide, R=H) is the
simplest thioamide, it is not as well characterized as one
would assume. In nature as well as in synthetic chernistry™
thioamides resemble building blocks for thiazoles (4), a unit
that is present in various biologically important molecules
(e.g., thiamin) and drugs.” General syntheses towards thiazoles
build upon reacting thioamides with a-halogenated aldehydes
(3).” Parent thioformamide is an adduct of HCN and H,5™
both of which were detected in interstellar media.”” This
makes thioformamide a probable participant in the prebiotic
synthesis of sulfur containing compounds important for the
development of life (Scheme 1). Accordingly, Sutherland et al.
demonstrated that various thioamide derivatives might play a
role in the formation of amino acids through what has been
termed “cyanosulfidic protometabolism”® In a prebiotic con-
text they can form from the reaction of nitriles with either H,S
or thiophosphate (5).* This chemistry displays similarities to
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that of HCN reacting with H,0, which has been investigated
computationally recently."” The general idea of constructing
organic molecules from simple building blocks has been
widely accepted since the famous Urey-Miller experiments.""
Mechanistically, addition of H,S to nitriles is expected to pro-
ceed via a thiolimine (2, methanimidothioic acid, R=H), which
is the thermadynamically disfavored tautomer of 1. To the best
of our knowledge, no data exist for 2, which prompted us to
study the tautomerization between 1 and 2 in cryogenic argon
(Ar) and dinitrogen (N;) matrices to provide first-hand evidence
for the existence and spectral identity of 2. We also report the
first single-crystal X-ray diffraction structure of 1.

Various thioamide derivatives have been isolated under cryo-
genic conditions and characterized by infrared (IR) spectrosco-

©
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s B . >
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et al. 2015

amino acids (Val, Leu, Pro, Arg)

Scheme 1, Thicamides are considered key intermediates in the generation
of some highly relevant biologically active molecules like amino acids and
thiazoles (4) in prebiotic context. Their formation from nitriles and H,S or
thiophosphate (5) has been described.”’ Here we focus on parent thioform-
amide (1, R=H) and its tautomerization to 2 {R=H).
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py during the last decades. Several studies focused on the UV-
induced thioamide —thiclimine tautomerization, which has
been reported for 2(1H)-pyridinethione,"” 4(3H)-pyrimidine-
thione and 3(2H)-pyridazinethione,"™ 2(1H)-quinolinethione,™
methimazole,"™ 2-thiobenzimidazole,"® thiourea,"”™™ and thio-
acetamide.”*?"! In the case of thiourea the reverse thiolimine
— thioamide reaction has been observed even under cryogen-
ic conditions and the results were interpreted as to involve
quantum mechanical tunneling (QMT).""'"® Dithiooxamide
shows UV-induced double proton transfer forming the dithiol-
imine and the reverse reaction due to QMT.?? Thicacetamide,
on the other hand, does not display such a tunneling reacticn
under experimental laboratory conditions."*?" Generally speak-
ing, QMT is an abundant, yet often underappreciated phenom-
enon in chemical reactions, and it is especially well observable
under cryogenic matrix isolation conditions when first order
tunneling half-lives range from a few seconds to several
days.” Due to the similarities regarding cryogenic tempera-
tures and very low concentrations, many of such reactions are
also highly relevant in interstellar media.

Owing to its quick decomposition at ambient conditions
(see Supporting Information) reports on experimental data of
1 are rare””? Only two infrared studies on 1 in the liquid and
solid phases exist, which provide IR spectra in good agreement
with each other, but are controversial in the assignment of the

observed bands. 2

However, no literature exists on the
(photo-)reactivity of 1. In stark contrast, the amide —enoclimine
interconversion of the congener formamide induced by irradia-
tion with 248 nm in an Ar matrix at 10 K has been known since
2000°" and its matrix IR spectra as early as 1970.°*** |rradia-
tion with wavelengths > 160 nm leads to its photodecomposi-
tion into complexes of HCN, HNC, HNCO, and H,0.*¥ The tau-
tomerizations of selenoformamide® and telluroformamide
have been investigated only theoretically®® For all homo-
logues this process has also been studied computationally by
modelling aqueous hydration shells, which yielded significantly
lower proton transfer barriers compared to the unimolecular
gas phase reaction.*”

The mechanism of the UV-induced tautomerization of thio-
amides has been discussed. Excited state intramolecular
proton transfer (ESIPT) has been ruled out by Lapinski et al.
due to the lack of intramolecular hydrogen bonds in these sys-
tems."” For methimazole™ and 2-thiobenzimidazole Bras
and Fausto considered a photoinduced hydrogen-atom de-
tachment-association (PIDA) mechanism, which has been de-
scribed theoretically by Sobolewski et al.***" Eventually, a
study combining Raman spectroscopy and theory reconsidered
the possibility of ESIPT to play a role in the tautomerization
mechanism in thioacetamide. !

Results and Discussion
Computations and X-ray diffraction data

We computed the most significant part of the HC(S)NH, poten-
tial energy surface with density functional theory (DFT; see
Supporting Information for details) as well as with coupled
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Scheme 2. Potential energy surface of thioformamide (1) and its thiolimine
tautomers (2) computed at the AE-CCSD(T)/aug-cc-pCVTZ level of theory. In
our nomenclature for 2 the first letter represents s-cfs or s-trans orientation
of the S—H bond while the second letter represents s-cis or s-trans orienta-
tion of the N—H bond. Bond lengths are given in A and angles in degrees of
geometries optimized at the level of theory mentioned above. Only those
internal coordinates that change throughout the displayed reactions are de-
picted, for exhaustive geometric data see the Supporting Information. Color
code: Carbon—black, hydrogen—white, nitrogen—Dblue, sulfur—yellow.

cluster methods (Scheme 2). All computed minima shown in
Scheme 2 display C; symmetry at all levels of theory applied in
this study. Accerding to the relative energies the ground state
structure at cryogenic temperatures is the thioamide tautomer
1, which is more than 8 kcalmol™' lower in energy than its
thiolimine tautomers 2. There are four conceivable conformers
of 2 that are very close (within 1kcalmol™) in energy. The
order of stability is 2cc< 2tt < 2ct < 2tc at every computation-
al level applied here. The conformers can interconvert through
C—S bond rotations or inversion of the C=N-H angle. The
latter requires overcoming high lying €, symmetric transition
states.

We obtained single crystals of 1 in ethyl acetate and solved
their structure by X-ray diffraction and refined the data with
the independent atom model and Hirshfeld atom refinement
(Figure 11.""¥ The excellent agreement of the computed geom-
etry of 1 (Scheme 2) with the X-ray structure lends credibility
to the theoretical approach. Within the crystal molecules of 1
are aligned in an array between ethyl acetate clusters. There
are hydrogen bonding contacts within these arrays, but also
between 1 and ethyl acetate. The structure of a single crystal
of pure formamide has already been reported in 1954.5% Form-
amide forms C,, symmetric dimers bounded with two N—H--O
contacts. Gas-phase B3LYP/6-311+44-G(3df3pd) computations
predict that the analogous C,;, dimer of 1 containing two N—
H--S contacts is 2.0 kcalmol ™' lower in energy than a C, dimer
as depicted in Figure 1 containing only one such interaction.
Note that the C—H-S contact in the crystal is 2.64 A and,
hence, cannot be accounted for a relevant binding contact.*?
The strong interaction between 1 and ethyl acetate (N-H--O
contact of only 1.82 A) is presumably the reason for the differ-
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Figure 1. Slice through a crystal containing 1 and ethyl acetate. Left: Geo-
metric details of a thioformamide molecule embedded in the crystal. Right:
Intramolecular interactions between molecules of 1 with each other and
ethyl acetate. Lengths are given in A and angles in degrees. Color code:
carbon—black, hydrogen—white, nitrogen—blue, oxygen—red, sulfur—
yellow.

ence from the crystal structure in Figure 1 from the one of
formamide and the computations. In a different vein, analo-
gous S=C—N—H--0=C interactions resemble the central motif
in thiourea catalysis 1**"

Matrix isolation and characterization of thioformamide

After deposition of a sample of freshly synthesized thioform-
amide (see Supporting Information for details) together with a
large excess of Ar on the cold (3 K) matrix window, we mea-
sured IR and UV/Vis spectra of all matrix isolated species. The
IR spectrum displayed in Figure 2 shows excellent agreement
with the anharmonic spectrum computed at B3LYP/6-
3114++G(3df,3pd). Using Ar as the host material, the strongest
bands are observed at 3519.4 (calc. 3507.2), 3402.2 (3391.1),
1597.6 (1596.7), 1432.0 (1424.2), 1287.6 (1283.3), and 393.1
(432.3) cm™'. We also recorded an IR spectrum of 1 in an N,
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Figure 2. Top: IR spectrum of thioformamide (1) after deposition in an Ar

matrix at 3 K. Bottom: Computed anharmonic IR spectrum of 1 at B3LYP/6—
311 ¢ | G(3df,3pd).
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matrix. For the complete assignments see the Supporting In-
formation. Our results are in good agreement with the experi-
mental data by Davies and Jones™ and Suzuki.*® Additionally,
there is a good match with a computational study by Kowal.*®
Qur assignment is based on this latter study, which is in gener-
al accord with the one provided by Suzuki and the computa-
tions conducted herein.

The recorded matrix UV/Vis  spectrum  (Figure 3)
shows a strong absorption at ca. 260 nm. TD-B3LYP/6-
311++G(3df,3pd) computations for thioformamide suggests
two strong absorptions at 231 nm (f=0.2027) and 225 nm (f=
0.1517 nm). After UV irradiation (vide infra) a small new feature
at ca. 225 nm appears. This is in accord with the computational
result that all thiolimine tautomers show absorptions between
210 nm and 215 nm (0.05 <f<0.15). For an analogous spec-
trum obtained in N, matrices as well as details of the nature of
the transitions see the Supporting Information.
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Figure 3. UV/Vis spectrum of the Ar matrix containing 1. Black: After deposi-
tion of 1in an Ar matrix. Grey: After irradiation with 254 nm for 10 min.
Inset: Computed spectrum of 1 at TD-B3LYP/6-311++G(3df,3pd).

UV-induced thicamide to thiolimine interconversion

Irradiation of the matrix with UV light led to a decrease of the
thioformamide bands, New bands appear in the IR spectra that
can be assigned to 2. The four conceivable conformers of this
species can all be observed in these spectra. For ease of iden-
tification, we computed anharmonic IR spectra of 1 and 2 at
B3LYP/6-311++G(3df,3pd). DFT in conjunction with a large
Pople basis set generally reproduces matrix IR spectra very rea-
sonably; recent precedence is provided in a study on thiotro-
polone.” Herein, the inclusion of anharmonicities leads to an
overall good agreement between computations and measure-
ments (see Supporting Information for details).

The computed intensities of the N—H and the 5—H stretch-
ing vibrations of 2 are very low. The remainder of the simulat-
ed spectra is similar for all four conformers. The intensity pat-
tern, especially in the C-H and N-H bending regions, turns
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out to be very useful to distinguish between the two groups
2tc/2cc and 2ct/2tt. In the CN torsion region, the bands of
2ct and 2tt have nearly the same computed value. On the
other hand, 2t¢ and 2cc display large shifts, such that this
region is the most prominent for assignment (Figure 4). Ac-
cording to the anharmonic computations, only the CN torsion
region in the IR spectrum differs significantly for the four con-
formers: two bands at 940.0 and 912.7 cm™' appear after UV ir-
radiation and only 2tc and 2cc are computed to show IR ab-
sorptions. We assign the first band to 2cc (calc. 944.2cm ')
and the second to 2tc (calc. 902.5cm ). The band at
1059 cm ' only has a computed counterpart in conformers 2ct
and 2tt. As discussed below both conformers are present in
the matrix and their IR bands can only be resolved in differ-
ence spectra (1058.9 and 1059.9 cm™, see Figure 6). The com-
puted values are 1048.8 and 10483 cm™ for 2ct and 2tt, re-
spectively.

v(C=N) CHbend NHbend CN tors

N e
b
e
X 2ct _—

relative intensity

— —r—

T T ‘I T ) T Ll T e T
1600 1400 1200 1000 800 600 400

wavenumber / cm™!

Figure 4. Computed anharmonic IR spectra of the four conceivable conform-
ers of thiolimine 2 at B3LYP/6-311-++G(3df,3pd).
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A study by Lapinski et al. demonstrated that the thioamide
to thiolimine interconversion of thioacetamide vyields different
ratios of thiolimine conformers when the matrix is irradiated at
different wavelengths." Following this strategy we performed
one experiment using 254 nm and another in which only
wavelengths >>320 nm could pass through a cut-off filter in-
stalled in front of the matrix window. The difference spectra of
the spectra recorded before and after 10 min of irradiation are
presented in Figure 5. The intensity ratio of the new bands is
indeed sensitive to the applied wavelength. At lower energies
(=320 nm) 2tc and 2cc are the main products after UV excita-
tion while 2ct and 2tt are more easily accessible at lower
wavelengths. This can be rationalized by taking into account
the higher activation barriers for bending the N=C-S angle
compared to rotating around the C—S bond (Scheme 2). This
finding supports our assignment in the CN torsion region and
allows to assign other bands to the groups 2tc/2cc and 2ct/
2tt. Intensity patterns, comparing experimental with computa-
tional shifts, and interconversion of the conformers (see below)
serve to resolve these two groups further and enables a confi-
dent assignment of each observed band to one conformer.

In the CH stretching region at around 1350 cm ' and the NH
bending region at around 1170 cm ' four new bands appear
after UV irradiation. Taking the described strategy into account
we assign the strongest of these bands at 1346.2 cm ' to 2ct
(cale. 13384 cm ). With the same strategy the band at
1349.3 cm ' is assigned to 2c¢c (calc. 1343.8 cm '), the band at
13527 cm™ to 2tc (calc. 1349.1cm™), and the band at
1358.0 cm™ to 2tt (calc. 1352.2 cm™). The different shifts and
intensities throughout the spectrum allow us to draw the con-
clusion that indeed 2ct and 2tt are both present. In the N—H
bending region the band at 1162.2 cm™' can be assigned to
2cc, the strong bands at 1171.8 cm™" and 1173.2 cm™' to 2ct,
and the band at 1176.9 cm™ to 2tt. The computed values are
1149.7, 1161.3, and 11619 cm ' for 2cc, 2ct, and 2tt, respec-
tively, which reproduce the experimental spectra in good
agreement.
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Figure 5. IR difference spectra of spectra measured before and after UV irradiation of the matrix. The ratio of the groups 2tc/2 ec and Zct/2tt is sensitive to
the applied wavelength allowing for band assignment throughout the displayed spectral regions.
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Our assignment is further supported by the observation of a
tunneling process from 2tt to 2ct and the rotamerization of
2tc to 2cc (vide infra). In the 670-750 cm ™' range, all conform-
ers are computed to show several characteristic bands as well.
The assignment is passible by combining the above strategies.
Analogously, we observed all four thiolimine conformers in N,
matrices. Spectra and assignments are available in the Sup-
porting Information,

After prolonged UV irradiation the new bands assigned to
the thiolimine tautomers vanished. The strongest bands after
irradiation for 1 h are at 3361.8, 3202.3, 2091.2, 2026.2, 1233.4,
647.2, and 638.9 cm . These bands cannot be confidently as-
signed to the decomposition products H,S, HCN, HNC, CS, NH,,
H,, HSCN, or HCNS because in the present mixture significant
shifts of the predicted bands of the pure compounds might
occur due to the formation of complexes. Bands at 1624.1,
1553.0, and 1408.1 cm™' remain unchanged during UV irradia-
tion and can thus be assigned to unknown impurities in our
sample. The highest concentration of the thiolimine tautomers
is observed after 10 min of irradiation when 1 is still among
the main components.

Quantum mechanical tunneling (QMT)

After keeping the matrix for 2.5 h in the dark we observed a
decay of bands belonging to 2tt and a concomitant increase
of those assigned to 2ct. We measured the kinetics of this
process by collecting IR spectra in 5 min intervals. Figure 6
shows that IR measurements without the use of a 4.5um
(£2222 cm ™) cut-off filter leads to the formation of 2ecc from
2tc. This can be rationalized by the low activation barrier of
only 6.1kcalmol™. We notice that wavelengths >4.5 um
(£6.4 kcalmol™") would in principle suffice to initiate this pro-
cess, however, we observe that when using such a cut-off filter
only the reaction 2tt—2ct occurs. It is important to stress that
even after longer times (up to 48 h) the intensities of bands of
2tt do not reach zero. This might on the one hand be due to
the IR Globar irradiation from the spectrometer (the activation
barrier for the reverse reaction 2ct—2tt is only 3.7 kcal mol ).

On the other hand, such phenocmena have been assigned to
matrix effects before, namely that specific matrix environments
{or matrix sites) inhibit QMT.”” Recent precedence is provided
in a study on thioacetamide.”™ Furthermore, for the MN-dideu-
terated isotopologue of thioformamide dark reactions of the
thiclimine tautomers were not observed when installing the
cut-off filter. This provides another hint that the reaction 2tt—
2ct is due to QMT and resembles only the second example of
conformational QMT leading to a rotation of a C—S bond.*”

We obtained the experimental tunneling half-life of the reac-
tion 2tt—2ct by following the decay (increase) of the strong-
est bands of 2tt (2 ct). A first-order kinetic model with the con-
centrations of 2ct and 2tt (that are proportional to the ob-
served band intensities /), the pre-exponential factor A (equal
to the band intensity at t=0) and the time t as in Figure 7 was
used. The offset B needs to be included because the bands of
2tt will not reach the asymptotical value of zero.

Especially when measuring the spectra with the 4.5 um cut-
off filter the band intensities of 2 are rather small making an
exact analysis difficult. However, changing the temperature
from 3 to 20 K or placing the cut-off filter between the spec-
trometer and the matrix window does not change the results
significantly neither in Ar nor in N, (see the Supporting Infor-
mation for details). The half-life remains between 25 and
45 min for both matrix materials.

We computed the tunneling half-lives for all conceivable re-
actions between the thiolimine conformers with canonical var-
iational theory (CVT) in conjunction with small-curvature tun-
neling (SCT). This method has often been demonstrated to
yield reliable results for matrix-isolated species.” Our results
are shown in Table 1. In agreement with the experiment, 2tt—
2ct is computed to be the fastest reaction. Even though ac-
cording to the computations 2cc—2tc should be observable
at laboratory time scales, we did not observe such a process.
This becomes apparent when applying a scaling factor (219.5)
to the computed half-lives accounting for the deviation of the
experimental {ca. 30 min) and the computed value of the reac-
tion 2tt—2ct. A somewhat more realistic value for 2cc—2tc
results (1361 d), far outside reasonable experimental time
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Figure 6. IR difference spectra of spectra measured before and after recording the kinetics for 2.5 h. Usage of a 4.5 pm cut-off filter prevented the reaction
2tc +2cc induced by the Globar of the spectrometer while 2t +2ct proceeds due to QMT.
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Figure 7. Kinetic evaluation of bands of the canformers of 2 in an Ar matrix
at 3 K. A 4.5 um cut-off filter was used to limit photochemistry induced by
the Globar of the spectrometer. The bands of 2tt vanish with a half-life of
ca. 30 min. Measurements were repeated every 5 min, but for clarity not all
spectra are displayed here.

Table 1. Unscaled computed tunneling half-lives at the CVT/SCT//B3LYP/
6-311++G(3df,3pd) level of theory. Experimentally, only 2tt—2ct is ob-

served.

Reaction Symmetry number® Tunneling half-life
Computation Experiment

2tt—2ct 2 82s 25-45 min

2cc—2tc 2 62d n.o.”!

2tt—2tc 1 338d no!?

2cc—2ct 1 389d noll

[a] Accounts for the degeneracy of the reaction coordinate
[b] Not observed.

scales. Similar results were recently discussed for matrix isolat-
ed thicacetamide.™ CVT/SCT underestimates tunneling half-
lives probably because the matrix environment has a stabiliz-
ing effect on trapped species. As expected, for the reactions
2tt—2tc and 2cc—2ct the computed tunneling half-lives are
much longer, due to the greater widths of the corresponding
reaction barriers,

In contrast to the findings for thiourea™ '™ but in agreement
with those for thioacetamide™ no back-reaction to 1 was ob-
served after keeping the matrix for several days in the dark.

Substitution apparently has a strong effect on the tunneling
half-lives in thioamides. In this respect it is worth mentioning
the different reactivities of amides, thioamides, and seleno-
amides. Such studies were carried out by Nowak et al. on thio-
urea”'® and selenourea.®” The tunneling half-lives in Ar at
10K are 52 h and 16 h with activation barriers of 25.1 kcal
mol~' and 22.7 kcalmol ™', respectively, determined at the MP2/
6-311++G(2d,p) level of theory.®" At this level the minima are
14.8 kcalmol " and 16.0 kcalmol " apart from each other with
the thioamide (selenoamide) form being more stable.’ For
matrix isolated urea such a reaction has not been reported,
probably indicating a tunneling half-life too long to be observ-
able. A very recent computational study employing the least-
action tunneling (LAT) method and CVT/SCT supports the ex-
perimental trend in this series.”™

As the tunneling rate increases for heavier homologues in
this series, we aimed to determine whether this trend is also
apparent in the parent structures. Table 2 shows the energies
associated with the enolimine—amide tautomerization. The
tunneling half-lives obtained with the Wentzel-Kramers-Bril-
louin (WKB) method are given in Table 2. Although the M06-
2X/6-3114++G(2d,p) level of theory predicts a decrease in the
tunneling half-life, all values would be much too high to ob-
serve the corresponding reaction at laboratory time scales.
This result is in agreement with our experimental findings re-
ported herein as well as the absence of a tunneling reaction in
the formamide system, which has been investigated by Maier
and Endres*"" We draw the conclusion that enolimine —amide
tunneling is enabled by the effects of the (remote) substituent,
whereas the parent systems themselves do not show such a
reactivity intrinsically. This also implies that 1 and 2 might co-
exist in interstellar media as quenching of 2 only seems possi-
ble through bimolecular reactivity, which is highly unlikely
under interstellar conditions.

Substituent effects have been shown to affect tunneling
rates before, most prominently in systematic studies on car-
boxylic acids”™* " and highly reactive hydroxycarbenes.*>* In
hydroxycarbenes +I-donating substituents like methyl result in
reduced tunneling half-lives for [1,21H-shifts towards the corre-
sponding aldehyde® Contradicting results are obtained for
rotamerizations in carbonic acid” and its monomethyl ester.”"
When comparing our result for the reaction 2tt—2ct (ca.
30 min) with the analogue reaction in thioacetamide (ca.
80 min)*® a similar opposing trend is apparent. The absence of
thiolimine —thioamide tunneling in thioacetamide'™ and thio-
formamide in contrast to thiourea® is puzzling, since n-donat-

Table 2. Relative energies, barriers, and tunneling half-lives of the enol —ketone tautomerization at B3LYP/6-311++G(3df,3pd) (M06-2X/6-311+G(2d,p) in
brackets). The WKB method implemented in Tunnex™ was used.
Formamide Thioformamide Selenoformamide
AAH, between minima [kealmol '] 12.8 10.0 104
(a1n (97) (1.
AAH,* enolimine —amide [kcal mol™] 264 27.1 254
(33.6) (28.0) (25.5)
computed QMT half-life [years] 2057 2307 4703
(44210) (7079) (1315)
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ing substituents incorporating heteroatoms (like NH,} lead to
prolonged tunneling half-lives for [1,2]H-shifts in hydroxycar-
benes.”™ Hence, substituent effects apparently do not affect
QMT in a systematic way when comparing distinct compound
classes with one another. On the one hand, barrier heights
(and in this regard also barrier widths) are dependent on
remote substitution. Also, the matrix material might interact
differently with various derivatives of the same compound
class. A very recent study in the realm of heavy-atom tunnel-
ing" addresses the interplay of these effects.”™ Disentangling
the influences on tunneling half-lives to draw a clearer picture
how to effectively control QMT remains an ongoing endeavor.

Conclusions

We isolated thioformamide in Ar and N, matrices and generat-
ed four conceivable conformers of the energetically higher
lying thiolimine tautomer by UV excitation. One of these con-
formers (2tt) vanished with a half-life of ca. 30 min to form
2ct. This process can be ascribed to QMT and is analogous to
the findings reported recently on thioacetamide.””

In contrast to thiourea a tunneling reaction back to the thio-
amide tautomer has not been observed. This illustrates that
(remote) substitution can enhance or inhibit QMT as it has al-
ready been shown in previous studies. As the effect of the sub-
stituent on QMT is intricate, further research is planned in our
laboratories to fine-tune QMT and further establish its role as
the 'third reactivity paradigm’.2*

Experimental Section

Thioformamide and its N-deuterated isotopologues were prepared
according to the procedure by Willstatter and Wirth.” For details
see the Supporting Information. A typical matrix isolation experi-
ment is described in the Supporting Information. Computational
details can be found there as well.

Deposition numbers 2033186, and 2032761 contain the supple-
mentary crystallographic data for this paper. These data are provid-
ed free of charge by the joint Cambridge Crystallographic Data
Centre and Fachinformationszentrum Karlsruhe Access Structures
service.
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2.2 Ethynylhydroxycarbene (H-C=C-C-OH)
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Abstract:

The species on the C3H20 potential energy surface have long been known to play a vital
role in extraterrestrial chemistry. Here we report on the hitherto uncharacterized isomer
ethynylhydroxycarbene (H-C=C—C—OH, 1) generated by high-vacuum flash pyrolysis of
ethynylglyoxylic acid ethyl ester and trapped in solid argon matrices at 3 and 20 K. Upon
irradiation at 436 nm trans-1 rearranges to its higher lying cis-conformer. Prolonged
irradiation leads to the formation of propynal. When the matrix is kept in the dark, 1 reacts
within a half-life of ca. 70 h to propynal in a conformer-specific [1,2]H-tunneling process.
Our results are fully consistent with computations at the CCSD(T)/cc-pVTZ and the
B3LYP/def2-QZVPP levels of theory.
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ABSTRACT: The species on the C;H,0O potential energy surface have long been known to play a vital role in extraterrestrial
chemistry. Here we report on the hitherto uncharacterized isomer ethynylhydroxycarbene (H—C=C—C—OH, 1) generated by
high-vacuum flash pyrolysis of ethynylglyoxylic acid ethyl ester and trapped in solid argon matrices at 3 and 20 K. Upon irradiation at
436 nm trans-1 rearranges to its higher lying cis-conformer. Prolonged irradiation leads to the formation of propynal. When the
matrix is kept in the dark, 1 reacts within a halflife of ca. 70 h to propynal in a conformer-specific [1,2]H-tunneling process. Our
results are fully consistent with computations at the CCSD(T)/cc-pVTZ and the B3LYP/def2-QZVPP levels of theory.

Reactions of complexes of small carbon clusters with water Scheme 1. Proposed Mechanism'®'? of the Observed
resemble conceivable entrance channels for the formation Photoinduced Reactions of C;:H,0 to C;0, 2, and
of small oxygenated organic molecules in interstellar media.' ™ Acetylene + CO'™"
It has been shown that carbon atoms in their triplet ground “
state are unreactive toward water,’ and only for C,-H,O with i — gemo oML sosg o0, oW :0=C=C=0
n > 3 these complexes exist and show photoreactivity under &° SCH . )12
laboratory conditions.”® Hence, the simplest conceivable 45 20 980 b) 1009°
addition products all bear the formula C;H,0. Among these, auT L H
readily prepared propynal (2, propiolaldehyde)”® and cyclo- ; s 5
propenone (3)°”'' have been also detected in space, while i — Aoy, — | Lot Gl /tLH
propadienone (4),">"* which lies comparably low in energy Py ; - 1t //z
(Scheme 1),'* has only been detected under cryogenic 7 = =83
laboratory conditions.'” Herein, we characterize a hitherto J
unreported species on the C;H,O potential energy surface 0
(PES), namely ethynylhydroxycarbene (H-C=C-C-OH, g — 0
1). 5 A

The C;H,0O PES has been subject to computational and =90 -toz
experimental research during the past four decades.'* In 1990 J
Ortman et al. conducted photolysis of matrix-isolated carbon !

- . Detected in the laboratary H.

clusters complexed with water and found the reaction o+ CO =00
CyH,0 = 2 + C;0.° A reactive intermediate detected by a3 ‘7 S

IR spectroscopy was assigned to the title compound 1. Only sl

two years later, however, Liu et al. suggested that the observed

“Bthynylhydroxycarbene (1) has not been detected; 2 and 3 are
reactive intermediate is actually 3-hydroxypropadienylidene YRy varoxye w

commodity chemicals. All compounds that have been found in space

(5) according to computed IR spectral data.’ Eventually, have as well been characterized under cryogenic laboratory
Szczepanski et al. repeated the experiments of qutman et al. conditions. Relative energies in kcal mol™ of singlet geometries
and confirmed this computational conclusion.'” The con- were computed at the CCSD(T)/cc-pVTZ level of theory. "The
troversial IR bands were assigned to cis-3-hydroxy- relative energy of 6 is corrected for loss of H-: a) refers to C;0 + H,

propadienylidene (5¢) and its trans-conformer (5t). Addition- and b) refers to C,0 + 2 H-.

ally, the Sc¢ — S5t interconversion in the absence of external
stimuli was observed, which was interpreted on the basis of
quantum mechanical tunneling (QMT). While the reaction
sequence shown in Scheme 1 was later proposed on the basis
of experimental and computational results,"®® 1 remains
elusive.

In recent years we isolated and characterized several
members of the hydroxycarbene family using high-vacuum
flash pyrolysis (HVFP) of a-keto acids and esters in
conjunction with matrix isolation techniques.”’™>> Most

Received: January 24, 2021 =JACS
Published: March §, 2021
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hydroxycarbenes display QMT to the corresponding aldehyde.
The tunneling half-life depends on the substituent R, which in
the case of R = OH, OMe, and NH, inhibits QMT.

In genera] ethynylcarbenes are relevant in astrochemical
processes”* and can even be used synthetically.”*™>* The
electronic structure of parent ground-state triplet propynyli-
dene (HCCCH) has been explored in numerous experimental
and computational studies with the result that both terminal
carbons are equivalent in terms of their reactivity.”">* The
photoreaction of propynylidene with triplet dioxygen provides
another entrance channel to the C;H,O PES as shown in a
study by Wierlacher et al, who observed 2 besides the
corresponding dioxirane and carbonyl oxide.** Other triplet
ground-state derivatives of propynylidene have been inves-
tigated spectroscoplcally and they display similarly delocalized
electronic structures.** > In contrast, singlet ethynylcarbenes
(such as 1) can best be represented by a localized carbene
center in @-position to a localized C=C bond.>”

Herein we answer the following questions: (1) Can 1 be
generated via pyrolysis of ethynylglyoxylic acid ethyl ester (10,
Scheme 2) and (2) if so, does 1 undergo [1,2]H-tunneling to
2? We support our experiments with computations at the
CCSD(T)/cc-pVTZ and B3LYP/def2-QZVPP levels of theory
and discuss our findings in the context of previous studies.

Scheme 2. High-Vacuum Flash Pyrolysis (HVFP) of 10
Yields 1 via 9

—

o o H
= o

/)H(o\/ HVFP /J%{fé HVFP ot amt /\
= or
Z 1 CH, T g €0, z aom Z M

10 sc 1t ]

]OX. TQMT

oH 0

436 nm
10 min
> 436 nm, 40 min

1c

o._~
%ﬁ
o)

1"

P
- H
o)

ot

“It undergoes QMT to 2. There is a second tunneling reaction from
9t to 9¢, both of which are present after pyrolysis. Irradiation of the
matrix at 436 nm leads to an increase of the concentrations of 1c and
2 while 1t vanishes nearly completely over the course of 40 min.
Carbene 1c is not photostable and vanishes after prolonged
irradiation to form 2.

We synthesized ethynylglyoxylic acid ethyl ester (10) via
oxidation of 2-hydroxybut-3-ynoic acid ethyl ester (11) with
Dess-Martin periodinane (see the Supporting Information for
details). Precursor 10 was obtained as a yellow to brown liquid,
which was stable for several weeks in a Schlenk tube connected
to the matrix apparatus under reduced pressure (ca. 3 X
107 mbar). Gaseous 10 was pyrolyzed at 900 °C, and all
pyrolysis products were co-condensed with an excess of argon
onto the cold matrix window for IR measurements.

Mid-IR measurements of the resulting matrix revealed the
formation of CO, and ethylene*® during the pyrolysis.
Additionally, we detected 2, acetylene,"’9 CO, and unreacted
10. Bands from hitherto unreported species are discussed
below. Conceivable species that are literature known (Scheme
1) like 3,%*" 4, and C;0% were not observed based on
comparison with published data.

After pyrolysis, a strong band at 1249.4 cm™
with the strongest band of 1t computed at 12384 cm
(determined anharmonically at B3LYP/def2-QZVPP). When
irradiating the matrix at 436 nm for 40 min (Figure 1A) this

coincides well
-1

3742

band vanishes almost completely along with bands at 3545.0
(theor. 3563.1), 3306.9 (3333.6), 20362 (2069.9), 1327.1
(1335.2), 797.7 (806.3), and 539.0 (533.2) cm™ all of which
can be assigned to 1t. Concomitantly, bands that can be
assigned to 2 in accordance with literature data™'” at 2868.0
(theor. 2833.4), 2107.5 (2160.5), 1688.5 (1720.0), and 940.1
(940.9) cm™ increase in intensity.

Shorter irradiation times at 436 nm led to an increase of
three bands that cannot be assigned to propynal (2). These
bands at 2029.1, 1263.0, and 792.1 cm™" are barely visible after
pyrolysis, reach a maximum after 10 min of irradiation at
436 nm, and decrease before they finally vanish completely
after prolonged irradiation times (40 min). We assign these
bands to cis-ethynylhydroxycarbene (1c) based on computed
bands at 2064.3, 1265.9, and 796.8 cm™' (Figure 1B). This
result is in analogy to previous studies on frans-trifluoro-
methylhydroxycarbene _(_]5’3(3—(5—OHJ 12) and frans-cyano-
hydroxycarbene (NC—C—OH, 13), which undergo photo-
induced rotamerizations to their corresponding cis-conform-
ers."*™ Both cis-hydroxycarbenes also vanish after prolonged
irradiation.

In order to complement our photochemical experiments we
checked for QMT reactivity by keeping the as-deposited matrix
in the dark and measuring IR spectra in intervals of 1 h. We
performed three such experiments: (1) at 3 K, (2) at 20 K, and
(3) at 3 K and a 4.5 ym cutoff filter installed between the
spectrometer’s light source and the matrix window. In all three
experiments we observed a slow decay of the bands of 1t and a
simultaneous increase of those of 2 (Figure 1C). Additionally,
another such set of bands is apparent, which we assign to trans-
ethynylglyoxylic acid (9t) and its more stable cis-conformer
(9¢; Figure 1D), both of which are present due to incomplete
pyrolysis of 10. Both 9¢ and 9t can be assigned in a spectrum
measured directly after pyrolysis as minor components (see the
Supporting Information for complete band assignments).

We evaluated the kinetics of both QMT reactions by
integrating over the strongest IR bands of all four species (1t,
2, 9t, and 9c) and following their increase (decrease) over
time. The obtained curves were fitted to monoexponential
functions (first-order rate law) from which tunneling half-lives
were calculated (Figure 2); see the Supporting Information for
details, error estimates, and the data for 9t — 9¢. The kinetic
profile of the reaction 1t — 2 is not temperature dependent,
and the spectrometer beam does not seem to have a significant
impact on the associated tunneling half-life of ca. 70 h taking
the estimated relative error of ca. 12% into account. This result
clearly points toward a QMT reaction from 1t to 2, which is
further supported by CVT/SCT computations (vide infra).

We computed the potential energy surface around 1 at the
CCSD(T)/cc-pVTZ level of theory (Figure 3). Similar to
other hydroxycarbenes the 1t — 2 reaction is associated with a
substantial barrier of 31.8 kcal mol™! and, hence, cannot be
initiated solely by excitation from the IR spectrometer in a
single photon process. IR spectra were recorded up to
7000 cm™' corresponding to a maximum energy output of
only 20.0 kcal mol .

Tunneling computations using canonical variational theory
in conjunction with small curvature tunneling (CVT/SCT) at
the B3LYP/def2-QZVPP level of theory yield a QMT half-life
of 62.1 h for It — 2 in excellent agreement with our
experiment. The QMT half-life of 1t nicely fits in the series of
hydroxycarbenes (Figure 4). Ethynyl (sp hybridized) as a
moderate & acceptor (—I)™* is expected to captodatively

https://dx.doi.org/10.1021/jacs.1c00897
J. Am. Chem. Soc. 2021, 143, 3741-3746
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Figure 1. Experimental matrix IR difference spectra (black) and anharmonic spectra computed at the B3LYP/def2-QZVPP level of theory (blue).
(A) After 40 min of irradiation at 436 nm bands of 1t decrease while those of 2 increase in intensity. (B) Three bands that increase after 10 min
irradiation at 436 nm and decrease after prolonged irradiation (red dashed lines) are assigned to Lc. (C and D) By keeping the matrix in the dark
for 409 h at 3 K using a 4.5 gm cutoff filter the reactions 1t — 2 (C) and 9t — 9¢ (D) were observed. Note that C and D display the same
experimental difference spectrum. Bands that are assigned in C are marked with an asterisk in D and vice versa.
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stabilize the carbene center (sp®) in 1, resulting in its longer
half-life compared to parent hydroxymethylene (16)." As
expected, the effect of the substituent in 1 is smaller than in
trifluoromethylhydroxycarbene (12)* and cyanohydroxy-
carbene (13),"" both of which also resemble cases of
captodatively stabilized hydroxycarbenes. However, the effect
is stronger than in cyclopropylhydroxycarbene (18),* in which
the carbene center is stabilized by # donation (+M). The
natural bond orbitals (NBO; Figure 3) of 1 support its carbene
character (HOMO) and show the stabilizing effect of the
adjacent oxygen lone pairs (HOMO—3). The NBOs do not
provide hints for the ethynyl’s 7 system to interact with the
carbene center (see the SI for details).

Carbene 1 is the only hydroxycarbene without further
heteroatom substituents for which the higher lying cis-
conformer (1c) could be observed, which is another sign of
its increased stability. According to CCSD(T)/cc-pVTZ
computations 1c lies 2.3 keal mol™ above 1t. Recently, we
reported the spontaneous rotamerization of cis-cis-dihydroxy-
carbene to its cis-trans-conformer, resembling the first
tunneling rotamerization in a hydroxycarb&ne.4L However,
here we could not observe the analogous reaction 1¢ — It.

https://dx.doi.org/10.1021/jacs.1c00897
J. Am. Chem. Soc. 2021, 143, 3741-3746
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Figure 3. Intrinsic reaction coordinates (IRC) of 1t — 2 and 1c — 1t.
The IRC curve was determined at B3LYP/def2-QZVPP, and the
relative energies of the stationary points are given at the CCSD(T)/
cc-pVTZ level of theory. Inset: Highest occupied molecular orbital
(HOMO) and HOMO=-3 of 1t obtained at B3LYP/def2-QZVPP.
The HOMO-1 and HOMO-2 (Supporting Information) resemble
the z-system at the alkyne moiety. Color code: Carbon, black;
hydrogen, white; oxygen, red.
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Figure 4. Comparison of experimental QMT half-lives of matrix
isolated hydroxycarbenes.*

This is in line with the computed tunneling half-life of 60.8 d
(CVT/SCT//B3LYP/def2-QZVPP) for this reaction. Note
that the 1c¢ — 1t activation barrier amounts to 21.8 kcal mel™!
at the CCSD(T)/cc-pVTZ level of theory (Figure 3) while the
corresponding barrier of cis-cis-dihydroxycarbene is only 9.4
kcal mol™". As only 1t undergoes QMT to 2 while Ic is
persistent under cryogenic conditions, the Curtin—Hammett
principle is not applicable here. Similar cases of conformer-
specific QMT have been reported for 12** and 13.*

The feasibility of 1t — 2 supports the mechanism of the
astrochemical formation of small organic molecules from
C;H,0 in Scheme 1.8 Additionally, the intermediacy of 1
might open a channel for the generation of more complex
sugar-like molecules via carbonyl ene reactions with carbonyls,
as has been demonstrated for other hydroxycarbenes.”® As
noted before,'”” QMT is a crucial element on the C;H,O PES
and astrochemical reactions in general, as they usually occur at
diluted and low temperature (matrix isolation-like) conditions.
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‘We isolated, characterized, and investigated the reactivity of
1 in argon matrices at 3 and 20 K. This complements and
expands previous studies on the C,H,O potential energy
surface and ethynylcarbenes in general. Carbene 1 is a viable
intermediate in astrochemistry (Scheme 1). Upon irradiation
at 436 nm 1t reacts to afford 2; 1c¢ forms as well, but vanishes
upon prolonged irradiation. The 1t — 2 reaction also occurs
spontaneously when keeping the matrix in the dark via QMT
with a tunneling half-life of ca. 70 h in accord with theory and
the general trend of hydroxycarbene QMT half-lives.
Exploiting substituent effects to influence QMT reactivity
and half-lives in a predictable fashion is therefore possible.
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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 + Hz and NH3 + 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.
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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, ammohydroxycarbene) 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

Scheme 1¢
% R
H,N”OH B
1 R‘ry/\o
(-91.4) R R
HOSOH  HNT NH, a)R="Pr, R'=Bu
known unknown b) R ='Pr, R'= Me
(-88.4) (-91.2) c)R=Me, R'=Bu

“Left: Aminohydroxymethylene (1) and structural analogues.
Dihydroxycarbene is a known and surprisingly stable CH,0, isomer
(¢f. 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."

© 2021 The Authors. Published by
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generation of N,O-heterocyclic carbenes (oxazolidin-2-yli-
denes) was achieved 1996 by pyrolysis of 2-alkoxy-2-amino-
A3-1,34-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)“

QMmT
. or 470 nm H
N
H™ ™ OH W0
3 5
(no QMT) H
Py 336 nm
HaNTH HNZ ™ H
4 6
H 254 nm B 254 nm H
A —H— H,N"OH —H—
ANT7OH - qur aur  HeNT O
10 1 9
HNCO + H, ~—‘— NH, + CO
254 nm

“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 hydrc\)qzcarl:venes,‘w*31 3 undergoes a [1,2]H shift
to yield formaldehyde (5) 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.'” Herein we demonstrate that 1 does
not follow either of these reaction paths but instead
decomposes photochemically to NH; + CO and HNCO + H,.

Eatlier 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

H H
. N o] hv N o]
Photolysis: i
” Lo Lo—¢
X e} X o)
X= X=
7a: 8 8a: S
7b: NH 8b: NH
Pyrolysis from acid precursor: i g Fvp A
: ———— R H
L Gl ©
[e]
R =H, Me, Bu, Ph, CCH, CF3, CN, Ph, OMe, OH
Pyrolysis from cyclopropy! precursor: 2 l, HoN /”\H
HNTTH T CgH, 2

contrast, 1 cannot be detected directly upon photolysis of
oxalic acid monoamide (2) but presumably is an intermediate
duril}g 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).

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 KeF
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
(1 1>1 160 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 55 °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 em™" 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 (Gréantzel)
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

https:/doi,org/10.1021/acs.jpea. 106151
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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,"” NH,* 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 trams-
aminohydroxymethylene (1t). Upon short-time irradiation
(1-15 min) at 254 nm these IR bands vanish and the signals
of CO, NH;, 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 2¢ 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

band assignments are provided in Table S1. Spectra of the
pyrolysis products of ds-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
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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™L. 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™'. 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(3df3pd) level of theory (see the Supporting Information for
details).
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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 S;,—S, energy gap in Lt 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 $13) but makes an internal conversion process from S,
to S, 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

O 1322 1347 () ;"-——0\.- o
107.8° L

18}

1t HOMO-2 (1t)
NRT Analysis Wiberg Bond Indices
082 1.02
® 20 H SE Hl 2/ H
HNZ 07 N So ! N\ "0
63.1% 32.4% 0.837H 1.33 0.75

Figure 3. Top: Computed B3LYP/6-311++G(3df3pd) distances (in
A) and angles in 1t and aminohydroxymethane (11). The HOMO-2
of 1t resembles a # 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.ﬂ 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 keal 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 keal 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 inte NH, + CO
requires the intermediacy of the cis-conformer 1c, 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 It,
separated from the latter by an activation barrier of only
9.2 kcal mol ™", The reason for the nonobservability of ¢ is

At at CCSDT/ec-pVTZ in keal mol™'

H ; .
No i p
ok j , e

—_ — ! H
1ot  HNCO +H, !

_230 -227 —_—

NHj + CO
-324

HNC + H,0
-55

10ct ' H

L H:NTTO

[S——

9
-369

{ (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 half-life of 15 min (in a much more
stabilizing N, matrix) has recently been reported for cis-cis-
dihydroxycarbene.'” Note that we cannot detect ds-1c in the
corresponding experiments even though its QMT halflife is
expected to be much longer (cf. Table $14). The computed
QMT half-life 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).

B 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 1c. This species is not persistent even at 3 K due to
its fast QMT reaction to 1t.
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The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021 /acs.jpca.1c06151.

Synthetic details, matrix IR and UV/vis spectra, matrix
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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 N2 matrix, and
subsequent narrow-band near-infrared (NIR) laser excitation to give 1cc. Carbene 1cc
converts quickly to 1ct 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
1cc — 1ct rotamerization and suggest that direct 1cc — Hz + CO2 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.
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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 (1t) 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 Let 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 — lcf 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,0,] 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 (1cf) (Scheme 1) and s-

Scheme 1. Formal Electrocyclic Reactions of H, + CO,
Leading to s-cis,s-cis-Dihydroxycarbene (1cc), s-cis-Formic
Acid (2¢), and the Lower-Lying Rotamers of 1

hv

0 242 HO B+ O-H amT QMT .
A — oo — |z . oot S Hog~o
0] 4e 5 H 6e o-H &
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trans-formic acid (2f) by electric discharge of gaseous H, +
CO, mixtures. This alternative route complements our original
synthesis of 1ct and s-trans,s-trans-dihydroxycarbene (1#t)
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

© 2020 American Chemical Society
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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, ° 1t 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 1ec, document its conforma-
tional QMT to 1cf, and explore the possibility of its direct
dissociation into H, + CO, at very low temperatures.

The direct formation of 1 from H, and CQ,” seems feasible
only through the lcc rotamer, elevating the need to fully
characterize this species. While 2¢ is 44.6 keal 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 1cc (Scheme 1). However, the
situation might change when QMT is taken into account, as
this phenomenon leads to increased reaction rates, i.e.,
effectively lower activation barriers. The possible involvement

of 1 in fundamental [CH,0,] chemistry has long been
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overlocked, 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 (HVFP) of oxalic acid (6) to first
produce and trap 1#f and lct in a N, matrix at 3 K.* To
generate lcc, 1ft 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).’?7** 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)lsf“’z/aug-cc-pCVTZ“ level of thecnry.'z"q‘35 Tunnel-
ing half lives were computed using both AE-CCSD(T)/aug-cc-
pCVTZ reaction paths cong'oined 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). e

In our optically transparent matrices resulting from
deposition of the pyrolysis products on a cold window,
selective vibrational excitation of 1t at 7026 + 4 cm ™' gave Let
(Figures S2 and $3), 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 S$3. The

wavenumber [cm-1]

Figure 2. Dihydroxycarbene rotamers lcc and 1cf identified in a N,
matrix at 3 K. Bottom and top traces: computed VPT2//AE-
CCSD(T)/aug-cc-pCVTZ spectra of Lcc and Lct, respectively. Middle
trace: difference spectrum obtained from spectra recorded before and
after the matrix was irradiated at 7026.0 + 4 em™" (1#t 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 TS$ is marginal (cf.
Chapter 4.3 in the Supporting Information (SI)).*

While the bands of 1cc vanished, the bands of Ict
simultaneously grew. Because the barrier for this conforma-
tional interconversion is 9.4 keal mol™ (Figure 1), QMT must
be operative for this reaction to occur at 3 K. The
disappearance of 1cc over time (Figure 3) was monitored at
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07 - .. -
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Figure 3, Temporal decay of the most intense IR band (1260.2 cm™)
of lcc over 138 min at 3.0 K in a N, matrix. Spectra were taken every
98 s with a 4.5 ym 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 temporal profile of the 1ce band
at 730.1 em ™" is shown in Figure $5.°*7¢

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
It by NIR irradiation, but the 1lcc rotamer remained
undetected (Figures $7—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

https://dx.doi.org/10.1021/jacs.0c09317
J. Am. Chem. Soc. 2020, 142, 19457—19461
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Table 1. Tunneling Kinetics of s-cis,s-cis-Dihydroxycarbene
(1cc) in a N, Matrix”

leak initial 1cc:lct
T/K 7./h T/ D z,a/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 0.312(1)  048(12) 0325  0.10(7) 3.483(3)
15.0 0307(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. brg = effective halflife for
overall lec decay.

best theoretical prediction for the lcc — 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 $30) 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 B3LYP/cc-pVTZ level of theory (Table $29). 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 12—1.8 kecal mol™ and
vibrational frequency shifts as large as 63 cm™. Such
substantial interactions are also evidenced in the experimental
IR spectra of 1ct and 1t, 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 ecm™.

The QMT kinetics from 3 to 20 K was analyzed by means of
a simultaneous nonlinear least-squares fit of two 1cc and three
1ct 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 lcf growth required four
adjustable parameters: the rotamerization half-life (z,,), the
lec: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—-528 show
that if the rate constants for lec decay and lct 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 lec —
H, + CO, decomposition is in the same time regime as the

70

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 1cc 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 *Hy-1cc were not observed after NIR excitation
because the energy of the O—?H overtone of *H,-1tf is barely
too low (5258 cm™' = 15.0 keal mol™") to overcome the
rotamerization barriers (1t — Lcf = 15.9 and 1¢f — lcc = 16.1
kecal 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-lec 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 Lcc 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 1cc 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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