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Prebiotic sugars are thought to be formed on primitive Earth by the
formose reaction. However, their formation is not fully understood
and it is plausible that key intermediates could have formed in
extraterrestrial environments and subsequently delivered on early
Earth by cometary bodies. 1,2-ethenediol, the enol form of
glycolaldehyde, represents a highly reactive intermediate of the
formose reaction and is likely detectable in the interstellar
medium. Here, we report the identification and first
characterization of (2)-1,2-ethenediol by means of rotational
spectroscopy. The title compound has been produced in the gas
phase by flash vacuum pyrolysis of bis-exo-5-norbornene-2,3-diol
at 750°C, through a retro-Diels-Alder reaction. The spectral analysis
was guided by high-level quantum-chemical calculations, which
predicted spectroscopic parameters in very good agreement with
the experiment. Our study provides accurate spectral data to be
used for searches of (Z)-1,2-ethenediol in the interstellar space.

The origin of life from simple raw materials, i.e. abiogenesis, is
still a hot, highly debated topic involving many research fields.
While a general and robust solution to this problem is still
sought, it is nowadays widely accepted that abiogenesis was not
a smooth process, but more likely a dynamic scenario involving
a number of successive steps and occurring across different
geological eras and environments.! Indeed, none of the main
accredited theories for the origin of life, i.e. primordial soup,
hydrothermal vents, and extraterrestrial origin of biological
building blocks, is able to fully explain how bio-relevant
molecules could have formed and survived in hostile conditions,
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although each of them provides unique pieces to complete the
overall puzzle. In this context, the extraterrestrial formation
(and the subsequent delivery on Earth) of the main building
blocks of life, such as amino acids and sugars, is increasingly
recognized as an important pathway.2

One of the most important routes towards the synthesis of
prebiotic species starting from simple organic material is the
formose reaction, which is thought to be responsible for the
formation of simple carbohydrates, such as ribose, on early
Earth environments.3 The formose reaction uses formaldehyde
(H2CO, 1) as starting material and proceeds through aldol,
reverse-aldol, and isomerization reactions, eventually forming
glycolaldehyde (HOCH,CHO, 2), glyceraldehyde, and a number
of four, five, and six-carbon atoms sugars.4®¢ This process, firstly
discovered by Butlerov in 18615, leads to the formation of
fundamental biological units found in RNA and cofactors (e.g.,
ATP and NADH). However, the formose reaction exhibits some
limits in aqueous solution, thereby reducing its possible role for
the sugar formation on early Earth conditions.

Conversely, it is conceivable that formose-like reactions might
have played an important role in the gas-phase and dust-grain
surface chemistry occurring in the interstellar medium (ISM).”
The discovery of an enantiomeric excess of L-amino acids in the
Murchison meteorite8 and then in many carbonaceous
chondrites further supports this hypothesis, as L-amino acids
are found to act as catalyst in the formose reaction, thus
promoting the formation of sugars belonging to the D-series.?
These findings seem to suggest that an enantiomeric imbalance
has possibly emerged elsewhere and could have then been
transferred to Earth by meteoritic and cometary bombardment.
Therefore, it is not unrealistic to think that prebiotic molecules
formed in the ISM could have played a role in setting the stage
of life on early Earth. This hypothesis is also supported by the
detection of interstellar glycolaldehydel® and many other
complex, bio-relevant species in molecular clouds, star-forming
regions, and Solar-type protostars.11'15 Such observations
demonstrate the existence of formation mechanisms of organic
molecules compatible with the harsh conditions of the ISM (T =
10-100 K, number densities = 10* cm3), whose detailed
comprehension still requires a huge effort and, in particular, the



identification of key intermediate species linking small organic
species to bio-relevant molecules. Hydroxymethylene (HCOH,
3) is a prototypical short-lived species involved in sugar
formation in non-aqueous conditions that escaped detection
for a long time.2¢ It is thought to be responsible for an efficient
initiation of formose-like reactions,’” especially at low
temperatures such as those found in the ISM. In a similar
manner, 1,2-ethenediol (HO-CH=CH-OH, 4) has been suggested
being deeply involved in the process of sugar formation in the
ISM, e.g. by producing glyceraldehyde through its reaction with
formaldehyde.18

Diol 4, the higher energy and highly reactive enol of 2, has been
recently identified in an experiment simulating methanol-
bearing interstellar ice-analogues exposed to ionizing
radiation.1® Similarly to other prebiotic species,’®-21 4 can be
formed on the icy mantles of interstellar dust grains before
being released into the gas phase through thermal desorption
or energetic processes, such as strong UV irradiation. This
suggests that 4 is likely present in the interstellar medium.
However, its detection is currently not possible, because its
rotational spectrum is unknown to date. Indeed, it should be
noted that the 90% of our astrochemical inventory has been
discovered through the observation of rotational transitions22.

Compared to other techniques, e.g., electronic or vibrational
spectroscopy, which are more suitable for the identification of
groups, rotational spectroscopy allows for
distinguishing among different isotopologues,
isomers, and even conformers. In this context, it is noteworthy
that both 1 and 2, as well as two additional C;H40, isomers
(acetic acid and methyl formate), have been identified in space
thanks to the observation of their spectroscopic signatures1o 23,
24 as it has been the case for halogenated,?> aromatic,2% 27 or
chiral molecules.?8

Here, in order to enable a step forward in the understanding of
sugar formation in the ISM, we report the gas-phase synthesis
of the Z isomer of 4 via flash vacuum pyrolysis (FVP) of bis-exo-
5-norbornene-2,3-diol (C;H100,, 5, see Scheme 1) and its
spectroscopic characterization.
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Scheme 1 - (2)-1,2-ethenediol (Z-4) and cyclopentadiene (6) generated in the flash
vacuum pyrolysis of bis-exo-5-norbornene-1,2-diol (5). Other molecules of interest are
reported for the sake of clarity: formaldehyde (1), glycolaldehyde (2), hydroxymethylene
(3), and ethylene glycol (7).

The synthesis is based on the general retro-Diels-Alder reaction
proposed by Turecek?®. The Z isomer of 4 (hereafter Z-4) has
been characterized via measurements of its spectrum using a
frequency-modulation submillimeter-spectrometer and its
comparison with simulations based on high-level quantum-
chemical calculations (see ESI for details).
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Fig. 1 - Portion of the millimeter-wave spectrum around 257 GHz. The experimental
spectrum (black trace) is compared with the spectral simulation of glycolaldehyde (2,
blue trace), cyclopentadiene (6, green trace), and the computational guess obtained
for 1,2-ethenediol (Z-4, orange trace). The intensities of the simulated spectra have
been adjusted in order to match roughly the experimental spectrum.

The spectrum, recorded between 80-125 GHz and 240—-375 GHz
during the FVP of 5 at 750°C, revealed absorptions due to the
by-product cyclopentadiene (c-CsHe, 6) and the more stable
tautomeric form 2.3° However, the most intense features
detected in the spectrum (Fig. 1) do not belong to any of these
or other known molecules, while they match very well the
spectral patterns predicted for the Z-(syn,anti) form of 4.*

With the help of theoretical predictions (based on coupled-
cluster theory$) and using the SPCAT3! subroutine of the
CALPGM suite, the signals around 257 GHz could be
unambiguously assigned to the strongest ug-allowed transitions
of Z-4 (u, = 1.96 D), shifted with respect to predictions by only
0.1%. This first assignment has been used to refine the spectral
predictions, in order to reduce the discrepancy between the
computed and observed spectra and to facilitate the
interpretation of the subsequent measurements. In addition,
we found that a mild heating of 5 decreases the intensity of the
interfering lines produced by 2. Under the best conditions, the
Z-4 to 2 abundance ratio is about 6:1.

The identification of Z-4 was further confirmed by the presence
of a tiny splitting in most of the absorption features. These
splittings are a clear evidence of a tunneling motion occurring
within the molecular frame, as expected in view of the similarity
of Z-4 with ethylene glycol (HO-(CH;),-OH, 7).32 In particular, the
-OH moieties undergo a concerted large amplitude tunneling
motion between two equivalent positions of Z-(syn,anti)-4, thus
splitting each rotational energy level into two. As a
consequence, the transitions allowed by the dipole moment
component oriented along the exchange axis must occur
between the two inversion states and show a 10:6 intensity
ratio obeying to spin-statistics (Fig. 2, see also Sec. 2 in the ESI).
On the other hand, moderately intense b-type transitions (up =
0.62 D) take place within the inversion states.

In agreement with the results of Kleimeier et al.l8, our
computed equilibrium geometry of Z-4 indicates a non-planar
structure (the C=C-O-H dihedral angle being about 25°), which
should result in a moderate dipole moment component along
the c-axis of the molecule (uc. = 0.97 D). However, no uc-allowed
transitions could be observed in the spectrum. While this fact
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Fig. 2 Tunneling splittings recorded for two low-frequency transitions of Z-4. The

observed ratio is 10:6 in accordance with spin-statistics.

may appear puzzling at first, the experimental evidence is
explained by the very low barrier to planarity (= 0.2 kJ mol? at
the B2PLYP/aug-cc-pVTZ level of theory; see ESI for details),
ruled by the motion of a single H atom. Hence, in the ground
vibrational state the molecule is effectively planar, as confirmed
by its inertia defect, whose value is close to zero and slightly
negative (see Table 1), a clear sign of near planarity together
with the low frequency out of plane motion33.

From the analysis of the spectrum, more than 1100 transitions
have been assigned to Z-4 and analysed with an effective
Hamiltonian that accounts for centrifugal distortion as well as
tunneling effects. The optimized spectroscopic constants are in
excellent agreement with the corresponding computed values
(Table 1). This, together with the observed tunneling splittings,
provides strong evidence for the correct identification of Z-4
and for its structure and internal dynamics. The small energy
difference between the two inversion substates is a clear hint
of a high-barrier separating the two identical conformation of Z-
(syn,anti)-4. In the aGg’ form of 7, this energy difference is four
orders of magnitude larger,3* because the single C-C bond
lowers the barrier height considerably.

Table 1 Comparison of experimental and quantum-chemical spectroscopic
parameters of (Z)-1,2-ethenediol.

Constant Unit Valuele! Theorylb! Constant Unit Valuel?!
A MHz 19507.2(2) 19597.9 E* MHz  0.361(3)
B MHz 6312.1(2) 6298.6 E% kHz  0.12(1)
c MHz  4772.4533(2) 4766.8 E*¢ kHz  0.75(5)
D, kHz 6.9479(4) 7.21 E*, Hz 0.10(1)
Dy kHz -36.977(6) -39.15 E*x Hz 0.7(1)
Dy kHz 103.10(1) 107.88 E* Hz 1.6(2)
d; kHz -2.2929(2) -2.35 Fab MHz  -218(6)
d, kHz -0.15145(4) -0.15 A u A2 -0.078
H, mHz 3.1(1) -0.26
Hyx mHz 112.7(5) 171.

Hyy mHz -1378.(5) -1660.
Hy mHz 3490. 3490.
hy mHz 2.9(1) 1.74

h; mHz 1.080 1.080
hs mHz 0.243 0.243
Lis mHz 0.074(6)

[a] Numbers in parentheses represent the error in the unit of the last quoted digit. When
the error is not reported, the parameter is kept fixed to the corresponding computed
value. [b] See ESI for details about the level of theory employed.

The accurate spectroscopic characterization of Z-4 now permits
its search in the ISM. The observation of 4 would shed light on
how formose-like reactions can proceed under interstellar

conditions, whether following the mechanism proposed by
Ricardo et al.3> or a different pathway,> and can provide
additional insights on sugar formation in extraterrestrial
environments.

Being the highly energetic tautomeric form of 2, the diol 4 can
promote chemical reactions when no external energetic
sources are available, as it is the case at very low temperatures.
This opens up reaction channels that otherwise would be closed
and expands the horizon of sugars formation in the ISM. With
both 1 and 2 already detected in different astronomical
environments,10. 23, 36, 37 the presence of 4 in the interstellar
medium appears more than plausible. The interest in 4 is,
however, not limited to prebiotic and interstellar chemistry;
enols are also key intermediates of tropospheric acids via keto-
enol photo-tautomerization mechanisms38 and of hydrocarbon
oxidation processes,3® thus widening the number of
applications for which our gas-phase spectroscopic
identification is invaluable.

From another point of view, this work demonstrates the
feasibility of producing 4 directly in the gas phase through the
retro-Diels-Alder reaction of 5, thereby allowing its
spectroscopic characterization. Although the coupling of FVP
with high-resolution spectroscopic techniques has been widely
employed in the past for the study of enols,*% 41 carbenes42 43,
and other unstable species,*446 this is the first time that an
enediol is observed directly in the gas phase by rotational
spectroscopy. The analysis of the spectrum, supported by
quantum-chemical calculations, has revealed a vibrationally-
averaged planar structure of Z-(syn,anti)-4, which undergoes a
large amplitude tunneling motion that exchanges the position
of the two hydroxyl groups. The experimental findings are in
excellent agreement with results issuing from high-level
quantum-chemical calculations. In view of the important
information that can be retrieved from the spectroscopic
characterization in an isolated environment, and the concrete
possibility to search for the title molecule in the ISM, we are
currently extending the approach presented here to a number
of highly reactive species not yet observed in the gas phase.
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Notes and references

¥ Diol 4 can exist in two different stereoisomeric forms, namely E and
Z, with the latter being more stable by about 20 kJ mol1.47 The Z
isomer possesses two configurations, the preferred (syn, anti) form
and the higher energetic (anti, anti) conformer.



§ Equilibrium rotational constants obtained using the
CCSD(T)/CBS+CV composite scheme (see ESI) and augmented by
vibrational corrections computed at the fc-MP2/cc-pVTZ level of
theory; quartic and sextic centrifugal distortion constants obtained
from anharmonic force field calculations at the fc-MP2/cc-pVTZ level.
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