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We present the gas-phase synthesis of 2-methyl-prop-1-ene-1,1-
diol, an unreported higher energy tautomer of isobutyric acid. The
enol was captured in an argon matrix at 3.5 K, characterized spectro-
scopically and by DFT computations. The enol rearranges likely
photochemically to isobutyric acid and dimethylketene. We also iden-
tified propene, likely photochemically formed from dimethylketene.

The exploration of interstellar media (ISM) and meteorites has
unveiled a rich array of complex organic molecules, encom-
passing amino acids,' sugars,” purine bases,®® and short
peptides.” The identification of over 300 distinct compounds
has spurred investigations into the origins of life and the
fundamental chemical processes involved.® Under the challen-
ging conditions of the interstellar medium (ISM), characterized
by low temperatures and high dilution, the formation of highly
reactive species becomes essential for prebiotic organic
reactions.” ' While the formation mechanisms of such mole-
cules are essentially “in the dark”, they must involve activating
thermodynamically stable small molecules, such as CO, CO,,
H,0, CH,4, HCN, formaldehyde, simple alcohols, and various
carboxylic acids."*™*® While our understanding of organic
chemistry thrives in controlled (wet) laboratory environments,
it faces limitations when extending into the much less well-
understood conditions of the ISM. One challenging aspect is
that the energy for initiating chemical reactions often is con-
centrated in terms of time and space, and is primarily provided
by stellar energy beams.'* Hence, high-energy isomers of
thermodynamically very stable molecules play a crucial role in
the formation of biologically relevant compounds.®®*®
The remarkable discovery of glycolaldehyde only in the year
2000 represents such a molecule."® Its proposed formation
mechanism, suggested only in 2018,"” involves the higher energy
tautomer of formaldehyde, hydroxymethylene (H-C-OH),
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engaging in a highly facile, low-barrier process (AH” ~ 1 keal mol ")
with H,CO, even at the extremely low average temperature of
space (~2.7 K).'®

Enols are considered crucial intermediates in the organic
chemistry in space'®* and several enol tautomers have been
identified in the ISM. For instance, the simplest enol, vinyl
alcohol (CH,=CHOH), was discovered in the analysis of micro-
wave emissions from Sagittarius B2.35 in 2001.>* The gas phase
stability of enols has also been validated through laboratory
experiments, including those involving the enols of acetamide,**
acetic acid,*® glycolic acid,”® glycolaldehyde,”” and propionic
acid.*® In solution, enols display high reactivity and isomerize
rapidly into the more thermodynamically more stable keto
tautomers through bimolecular acid-base reactions.*® In the
gas phase, however, enols are considerably more stable®® due
to significant energy barriers (ranging from 40 to 45 kcal mol *)****
for [1,3]H-shifts. Consequently, enols can endure as long-lasting
entities in the gas phase or in cold matrices, both of which model
some aspects of the ISM (Scheme 1).*°

While the existence of dimethylketene 4 in ISM has not been
proven to date, the presence of related molecules including
parent ketene®> and methylketene,*® and their role as potential
intermediates in the generation of prebiotic molecules has
been suggested.”>® That is, demonstrating the feasibility of 2

i o}
@ O 254 nm H
— B o
H [1,3]H-shift
Q7 _msocc 2 4
H0)><§O AI', 35K o
-CO, 6 254 nm
! /U\ * RO Ho 5
-Co
5

4

Scheme 1 2-Methyl-prop-1-ene-1,1-diol (2) generated from dimethyl-
malonic acid (1) through pyrolysis and trapping in an argon matrix.
Subsequent photorearrangement to isobutyric acid (3) and dimethylketene
(4) as well as the photorearrangement of 4 to propene (5).
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and 4 under conditions akin to the ISM (T ~ 3 K and high
dilution) would encourage their identification via radioastron-
omy; our methods of preparation can readily be transferred to
complementary experimental setups including microwave
emission experiments. Following the approach adopted in prior
studies,”® we report here the generation of 2 alongside 4 via
pyrolysis of dimethylmalonic acid (1) as the precursor. The
resulting molecules are subsequently captured in an argon
matrix at a temperature of 3.5 K and characterized by IR and
UV/vis spectroscopy and quantum chemical computations.

Enediol 2 was synthesized through the thermal decarboxyla-
tion of 1. This thermochemical process involved evaporating 1
at a temperature of 80 °C and subjecting it to pyrolysis in a
quartz tube. We determined that the ideal pyrolysis tempera-
ture for enol generation is 750 °C; concurrently a significant
amount of 4 forms as well. The pyrolysis products were subse-
quently condensed onto a cold matrix window at a temperature
of 3.5 K, utilizing an abundant excess of argon as the condensing
medium. Under these conditions, several characteristic bands
were easily discernible in the spectroscopic analysis. Notably, the
asymmetric CO, stretching vibration at 2343 ecm™', the vibra-
tional signatures corresponding to water and compound 3, and
additional infrared bands attributed to 2 were readily identifi-
able (Fig. 1). The identification of 3 was verified through a
comparison with a matrix-isolated IR spectrum of an authenti-
cated sample. When subjected to irradiation at 254 nm, matrix-
isolated 2 underwent [1,3]H-shift leading to 3. This transforma-
tion resulted in the disappearance of all IR absorption signals
associated with 2. Simultaneously, new IR bands emerged,
corresponding to isobutyric acid (3) (Fig. S2, ESIt).

The experimental IR spectrum of 2 exhibits a remarkable
concordance with the computed IR spectrum of 2 obtained
with B3LYP/def2-TZVP computations. After repeating the
experiment using deuterated d,-1, the bands observed in d,-2
are also in good agreement with the computed spectrum; the

| (a)
© H
L © O Ow
E o .
g (L o
2 < |
g o
3 ©
€S 3 oy
31 | w2 L u J @
1800 1600 1400 1200 1000 800
Wavenumber cm™
Fig. 1 IR spectra after the pyrolysis of 1, followed by subsequent isolation

in an argon matrix at 3.5 K. (a) Infrared difference spectra after irradiating 2
subsequent with a wavelength of 254 nm in an argon matrix at 3.5 K.
Downward bands are attributed to 2 diminish, while bands assigned to 3
emerge after 20 min irradiation. (b) Computed infrared spectrum of 2 at
B3LYP/def2-TZVP (unscaled). (c) Infrared difference spectra highlight the
photoreactivity of deuterated d,-2 following irradiation with a wavelength
of 254 nm in an argon matrix at 3.5 K. Downward bands corresponding
to d;-2 decrease, while upward bands associated with d,-3 appear after
20 min of irradiation. (d) Computed infrared spectrum of deuterated d,-2
at B3LYP/def2-TZVP (unscaled).
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isotopic shifts agree well. Specifically, the stretching vibration
of the C=C bond at 1753 em ™" exhibited a red-shift of 5 cm™"
(calculated: 14 cm ™) in d,-2. Analogously, the stretching vibra-
tions of the OH groups in d,-2, at 2986 cm™* and 2949 cm !,
were red-shifted by 662 cm™' and 681 cm ', respectively
(calculated: 684 cm™' and 730 cm™'). The good agreement
between experimentally measured and computed shifts pro-
vides compelling evidence for the successful synthesis of 2.
In the pyrolysis IR spectrum, we also identified bands corres-
ponding to 4. The characteristic IR band at 2129 cm ™" (com-
puted: 2183 cm ™) corresponds to the CCO stretching vibration
of 4 (Fig. S1, ESIY).

The UV/Vis absorption spectrum of 2 displays a broad
transition at 190 nm, in agreement with the computed TD-
DFT spectrum that gives 4. = 192 nm. This absorption band
originates from a HOMO-LUMO+3 excitation, which correlates
with a © — =n* transition. In congruence with the IR experi-
ments, the 190 nm band diminishes upon exposure to irradia-
tion at 254 nm (Fig. 2).

As previously mentioned, pyrolysis led to the formation of 4
through the elimination of water from the enol in the gas
phase. Unlike the enol tautomer of propionic acid,”® the gen-
eration of the enol from the precursor requires high activation
energy (E, = 31.1 keal mol ' computed at B3LYP/def2-TZVP),
contributing to the formation of 4. Subsequent irradiation (4 =
254 nm) revealed the formation of propene (5). The distinct
band at 1027 cm ™' can be assigned to the C=C wagging mode
of 5; likewise, additional vibrations can be attributed to 5
(Fig. S4, ESIt). One question revolves around the mechanism
of formation for 5, whether it occurs through a concerted
mechanism from 4 or via a facile [1,2]H-shift from elusive
dimethyl carbene (6), which may form through photochemical
decarbonylation of 4. To date, only one free alkyl carbene
has been characterized, namely 2-adamantyl carbene.** In a
previous examination of the rearrangement of 6 to propene,
Evanseck and Houk theoretically estimated the activation
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Fig. 2 Solid line: UV/vis spectrum after pyrolysis of 1, followed by its
isolation in an argon matrix at T = 3.5 K. Dotted line: The spectrum after
irradiation with a wavelength of 254 nm for 6 min in an argon matrix at
3.5 K. Dashed line: The spectrum after irradiation with a wavelength of
254 nm for 20 min in an argon matrix at 3.5 K. Inset: Computed electronic
transitions for 2 at TD-B3LYP/def2-TZVP.
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Fig. 3 Potential energy profile (AHo) in kcal mol™ of the reactions of
dienol 2 at DLPNO-CCSD(T)/cc-pVQZ//B3LYP/def2-TZVP+ZPVE at 0 K.

energy for the [1,2]H-shift reaction to be 4.7 keal mol *.% This
low-energy process is probably also accompanied by some
quantum mechanical tunneling (QMT) as suggested for the
1,2-hydrogen shift in methylchlorocarbene (in solution),®® a
conclusion that would probably also hold for pure alkyl car-
benes, thereby making their isolation even more challenging.
As deuteration should slow QMT quite significantly, we also
used de-1 in an attempt to isolate de-6, which, however,
remained elusive, despite a somewhat higher computed barrier
of 7.7 keal mol ™™,

To gain deeper insight into the thermochemistry of 2, we
performed computations on the potential energy profile around
2 at DLPNO-CCSD(T)/cc-pVQZ//B3LYP/def2-TZVP+ZPVE at 0 K
(AH,). Our computations reveal that 2 can exist in three distinct
conformations, characterized by the orientations of the OH
groups relative to the opposing C-O bond. These conformations
are referred to as: s-cis, s-trans 2ct, s-trans, s-trans 2tt and s-cis,
s-cis 2cc. Among these conformers, 2ct is the most stable, with
2cc and 2tt being higher in energy by 0.7 and 2.0 kcal mol™"
(Fig. 3), respectively. The conformational isomerization from 2ct
to 2tt involves an activation energy (TS1) of 3.6 kcal mol ", while
the activation energy for the 2ct to 2cc rotamerization is
4.5 keal mol™" (TS2). In our FVP experiments, 2ct is the pre-
dominant conformer in the matrix. Even with d,-1, no other
conformer of 2 besides 2ct was observed. This is likely due to
rapid (on the time scale of our experiments) QMT rotameriza-
tion, which is typical for OH groups.”>*” From the 2tt confor-
mer, propionic acid conformer 3t can be generated through a
[1,3]H-shift, which is associated with an activation barrier of
50.8 kcal mol~ " (TS3). The tautomerization from 2ct to 3¢ (the
most thermodynamically stable conformer) involves an activa-
tion barrier of 51.3 kcal mol ' (TS4). Apart from keto-enol
tautomerization to 3¢, 2ct can also dehydrate into 4 (4 + H,0)
through transition state TS5, with an energy barrier of
47.2 keal mol . Besides rapid rotation around the C-O bond,
2 exhibits limited reactivity due to the high and broad energy
barriers surrounding it on its potential energy profile.>” This is
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demonstrated by the unchanged infrared bands of 2ct and d,-2ct
when stored in the dark at 3.5 K for five days. As expected, under
our pyrolysis reaction conditions, 4 readily formed. Fig. S1 (ESIY)
reveals the emergence of 5 most likely originating from a
concerted mechanism involving both a [1,2]H-shift and CO
release from the ketene through TS6, featuring an activation
barrier of 91.2 keal mol . Given that this formation exclusively
depends on irradiation and is associated with an excessively high
activation barrier, it is apparent that 5 is exclusively accessible
photochemically. It is also possible for the ketene to undergo a
conversion to singlet carbene "6, releasing CO upon photoexcita-
tion. Carbene '6 reacts to form propene through a [1,2]H-shift
(TS7), facilitated by its low activation barrier 7.7 kcal mol ™" (which
is also prone to QMT, vide supra). We can therefore not differentiate
between the two photochemical paths and 6 remains elusive.

Our results underscore the facile synthesis of acid tautomers
in the gas phase, in particular, in the first preparation of 2 and
its characterization by IR and UV/Vis spectroscopies as well
as quantum chemical computations. Enol 2 therefore also
constitutes a detectable interstellar gas-phase molecule. In
the ISM, 2 may be accessible through the exothermic addition
(by 13.0 kcal mol ™", Fig. 3) of water (e.g., on ice grains) to 4.
While 4 has not been identified in the ISM yet, the presence of
parent ketene®” and very closely related methyl ketene®* has
been confirmed. Finally, we also reveal the formation of pro-
pene, most likely through a photochemical mechanism from 4.
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