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Abstract

The structure, stability, and bonding characteristics of 1,1- and 1,2-ethenediol, their

radical cations, and their protonated and deprotonated species were investigated

using high-level ab initio G4 calculations. The electron density of all the neutral and

charged systems investigated was analyzed using the QTAIM, ELF, and NBO

approaches. The vertical ionization potential (IP) of the five stable tautomers of

1,2-ethenediol and the two stable tautomers of 1,1-ethenediol go from 11.81 to

12.27 eV, whereas the adiabatic ones go from 11.00 to 11.72 eV. The adiabatic ioni-

zation leads to a significant charge delocalization along the O-C-C-O skeleton. The

most stable protonated form of (Z)-1,2-ethenediol can be reached by the protonation

of both the anti-anti and the syn-anti conformers, whereas the most stable deproto-

nated form arises only from the syn-anti one. Both charged species are

extra-stabilized by the formation of an O-H���O intramolecular hydrogen bond (IHB)

which is not found in the neutral system. (Z)-1,2-ethenediol is predicted to be less

stable, less basic, and more acidic than its cis-glycolaldehyde isomer. The most stable

protonated species of (E)-1,2-ethenediol comes from its syn-syn conformer, although

the anti-anti conformer is the most basic one. Contrarily, the three conformers yield a

common deprotonated species, so their acidity follows exactly their relative stability.

Again, the (E)-1,2-ethenediol is predicted to be less stable, less basic, and more acidic

than its trans-glycolaldehyde isomer. Neither the neutral nor the protonated or the

deprotonated forms of 1,1-ethenediol show the formation of any O-H���O IHB. The

most stable protonated species is formed by the protonation of any of the two tauto-

mers, but the most stable deprotonated form arises exclusively from the syn-anti neu-

tral conformer. The conformers of 1,1-ethenediol are much less stable and

significantly less basic than their isomer, acetic acid, and only slightly more acidic.
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1 | INTRODUCTION

Diols, chemical compounds containing two hydroxyl groups, are ubiqui-

tous in chemistry as they are involved in a huge number of chemical

reactions.1 The aliphatic diols are also known as glycols.2 Ethylene glycol,

the simplest saturated glycol, that is used as antifreeze agent among

other industrial applications,3 has been heavily investigated, because cis-

and trans-ethylene glycol could have played a determining role in prebi-

otic chemistry. Indeed, many diols and polyols are involved in the mecha-

nism of the formose reaction,4 a complex autocatalytic set of

condensation reactions of formaldehyde, which is a plausible route to

prebiotic sugar synthesis, for which some heterogenous routes were pro-

posed.5 This prebiotic characteristic was also one of the reasons behind

the astrochemical interest on this compound, together with the fact that

it was, for a long time, one the largest molecules detected in the inter-

stellar medium.6,7 Its intramolecular hydrogen bond was investigated by

means of ab initio calculations,8 through the use of conventional absorp-

tion spectroscopy and laser photoacoustic spectroscopy,9 and by a theo-

retical simulation of this spectrum.10 Also, several theoretical models

have been proposed to explain its formation.11,12 The situation changes

completely when moving to the unsaturated diols with a C=C double

bond. The first term of the series, the ethenediol, is an elusive com-

pound. The synthesis and characterization by NMR spectroscopy of the

1,2-isomer was reported in 1982,13 but it was experimentally identified

only 2 years ago14 in low-temperature ices at temperatures of 5 K. The

experiments, using photoionization coupled with reflectron time-of-flight

mass spectrometry,14 permit to show its kinetic stability and its potential

detectability under interstellar conditions. In the same paper, the struc-

ture and relative stabilities of the five conformers of 1,2-ethenediol

obtained at the AE-CCSD(T)/cc-PWCVTZ were also given, being in very

good agreement with the G4 ones reported in this paper. More recently,

the first characterization of the (Z)-1,2-ethenediol by means of rotational

spectroscopy was also published.15 This work led to its detection in the

interstellar medium.16 These two publications deal exclusively with (Z)-

1,2-ethenediol, but in ref. 15 equilibrium rotational constants obtained

using the CCSD(T)/CBS + CV composite scheme were also provided,

being in very good agreement with the corresponding G4-values

reported here (see Table S1). This year the photorearrangement of cis-

and trans-1,2-ethenediol to glycolaldehyde has been reported.17 On the

other hand, the 1,1-ethenediol, the enol tautomer of acetic acid, was

obtained by decarboxylation of malonic acid for the first time by Mar-

dyukov et al.18 on 2020, and characterized through its IR spectrum by

comparing the observed bands with those computed at AE-CCSD(T)/cc-

pCVTZ level of theory.18 2 years later, it was reported the first bottom-

up synthesis of this compound from carbon dioxide and methane.19

As mentioned in a recent publication to commemorate the 10 Years

of the ACS PHYS Astrochemistry Subdivision,20 “Astrochemistry is typi-

cally thought of as an interdependent triangle consisting of observation,

modeling, and laboratory/theoretical insights.” The role of theoretical

simulations in this discipline results obvious in some of the previous para-

graphs of this introduction, being particularly useful when dealing with

elusive compounds. It would be impossible to summarize the huge num-

ber of theoretical studies in the realm of astrochemistry, even if we

decide to reduce this survey to the articles published last year, the num-

ber would be too high to be included in this introduction. Nevertheless,

we have made a very short selection of them to illustrate only a few of

the topics in which theoretical analysis may be of particular

relevance.21–30

In this context, having precise information on the intrinsic reactiv-

ity of the elusive unsaturated diols considered in this work might be of

importance. This moved us to investigate, through the use of high-level

ab initio calculations, their ionization, intrinsic basicity, and intrinsic

acidity. Indeed, cosmic rays31 together with X-rays32,33 and other radi-

ations34 are responsible for the ionization of many astrochemical spe-

cies in different regions of cosmos and, in particular, inside molecular

clouds.31 Protonation of these species takes also place in space by

reaction with H3
+, very abundant in that environment, and this process

is of a fundamental importance mainly when dealing with compounds

without permanent dipole moment, that otherwise could not be

detected by radioastronomy.35 In particular, that could be the way to

detect (E)-1,2-ethenediol in its protonated form. Thus, the formation of

protonated or deprotonated species is still of relevance in this context.

In this article, acidities and basicities are calculated as the

enthalpy of reactions (1) to (4), at a temperature of 298.150 Kelvin

and a pressure of 1.0 Atm.

OH�CH¼CH�OHàOH�CH¼CH�O�þHþ ð1Þ

CH2 ¼C OHð Þ2àCH2 ¼C OHð ÞO�þHþ ð2Þ

OH�CH¼CH�OHþHþàOH�CH¼CH�OH2
þ ð3Þ

CH2 ¼C OHð Þ2þHþàCH2 ¼C OHð ÞOH2
þ ð4Þ

As indicated in reaction (1), the acidity is the energy required to

deprotonate the neutral compound; the larger the value of the enthalpy

of reaction (1), the smaller the acidity. The basicity is usually given as the

negative of enthalpy of reaction (2) (normally called proton affinity, PA)

to use positive values. Both properties can be also measured by using

free energies (normally call gas-phase basicity in the case of protonation)

but we can anticipate that the conclusions obtained when enthalpies

are used, do not change when free energies are employed, since, as

shown in Figure S1 of the Supporting Information, for both acidities and

basicities, the correlation between enthalpies and free energies for reac-

tions (1)–(4) is very good with excellent linear correlations.

In the low-temperature conditions of interstellar clouds, a

description of the stability using electronic energies (including zero-

point energy (ZPE) corrections) rather than enthalpies would be

MÓ ET AL. 141

 1096987x, 2024, 3, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/jcc.27223 by U

niversité D
e R

ennes, W
iley O

nline L
ibrary on [05/11/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://onlinelibrary.wiley.com/action/rightsLink?doi=10.1002%2Fjcc.27223&mode=


probably preferable. However, as illustrated in Figure S2 of the sup-

porting information, there are no significant differences whatsoever in

the stabilities obtained using enthalpies or E + ZPE values, since the

linear correlations between both sets of values have a slope of 1.006

with a regression coefficient of 0.997.

2 | COMPUTATIONAL DETAILS

In order to make a reliable prediction of the intrinsic basicity and acid-

ity of these compounds, it is unavoidable to use an accurate-enough

theoretical model. For this purpose, we have decided to use the

Gaussian-4 (G4) theory,36 known to provide energetic outcomes for

different thermodynamic properties, for a large set of chemical com-

pounds, with an average absolute deviation (3.47 kJ mol�1)36 smaller

than 1 kcal mol�1. This is particularly the case when dealing with

intrinsic basicities and acidities,37,38 even when they are affected by

subtle effects induced by weak non-covalent interactions,39 or when

potential astrochemical compounds are involved.40

The G4 theory is a composite method based on a balanced combi-

nation of well-defined MP2, MP4, and CCSD(T) molecular orbital calcu-

lations, where final energies are accurate up to a CCSD(T,full)/

G3LargeXP + HFlimit level, based on B3LYP/6-31G(2df,p) optimized

geometries. The corresponding thermal corrections are also obtained

at this DFT level of theory.36 The reliability of this approach for the

study of these kind of systems has been confirmed in ref. 21, by excel-

lent agreement between the experimental acidities and basicities of a

suitable set of compounds41–43 with the G4 calculated outcomes.

The bonding characteristics of the diols under scrutiny were ana-

lyzed using three complementary procedures, namely the atoms in mol-

ecules (AIM) theory,44 the natural bond orbital (NBO) method,45 and the

electron localization function (ELF) formalism.46 The AIM describes the

topology of the molecular electron density, ρ(r), by locating its critical

points associated with the nuclei (maxima), bond critical points (BCPs)

(first-order saddle points located between two maxima) which indicate

the existence of a chemical linkage, whose nature is associated with the

value and sign of the Laplacian of the density, r2ρ(r), and ring critical

points (RCPs) (second-order saddle points associated with the formation

of a cyclic structure). This information can be also visualized by means

of the so-called molecular graphs formed by the lines (bond paths) con-

necting neighbor maxima and containing a BCP. All these calculations

have been carried out by using the AIMAll (Version 19.10.12) code.47

The NBO method45 is based on the use of localized hybrid

orbitals and lone pairs obtained as local block eigenvectors of the

one-particle density. The bonding patterns stabilizing the system are

well described by the characteristics of these hybrid orbitals and a

second-order perturbation formalism permits also to evaluate the

interaction energies between occupied and empty orbitals.

The ELF approach permits to define the areas in which the elec-

trons of the system are distributed and that can be classified in mono-

synaptic (associated with core electrons and/or lone pairs), disynaptic

(associated with normal chemical bonds), or polysynaptic (for multiple

center bonds) basins.

3 | RESULTS AND DISCUSSION

In agreement with recent theoretical calculations,19 five different con-

formers have been found to be stable in our G4 survey for

1,2-ethenediol, the (Z) arrangement with two different conformers

syn-anti and anti-anti and the (E) arrangement with three conformers,

syn-syn, syn-anti, and anti-anti (see Figure 1).

It is worth noting that the (Z) (anti-anti) conformer is significantly

less stable that the syn-anti, which is the global minimum. In these kinds

of systems, this is usually assigned to the existence of an intramolecular

hydrogen bond (IHB) in the latter. However, in the AIM analysis no

BCP is found between the OH and the O atom. This is also in agree-

ment with the NBO analysis that shows a Wiberg bond index48 for this

interaction practically zero (0.01). The favorable syn-anti arrangement

is clearly associated to a favorable electrostatic interaction between

the negatively charged O atom (natural charge �0.74) and the posi-

tively charged bridging hydrogen atom (natural charge +0.50).

The situation is different as far as the (E) conformers are

concerned. The enthalpy differences are rather small, so although the

syn-syn is predicted to be the most stable, the three conformers are

practically degenerate within the accuracy of our theoretical model.

Actually, in terms of the free energy, the anti-anti conformer is the

one that is predicted as the global minimum.

For the 1,1-ethenediol two different conformations have been

found to be stable (see Figure 1) being the syn-anti the global mini-

mum. Again, the enhanced stability of this conformer is essentially of

electrostatic nature, since according to the AIM analysis no IHB is

formed. The NBO analysis shows similar natural charges for the O and

H atoms involved in the interactions as the ones reported above for

the (Z)-1,2-ethenediol (syn-anti).

4 | IONIZATION

In Table 1, we show the vertical and the adiabatic ionization potential

(IP) of the different species under scrutiny.

Due to the absence of experimental information for these unsatu-

rated diols, a suitable reference can be the corresponding saturated

counterpart, ethylene glycol. In all cases the vertical IPs for both the

1,2- and the 1,1-ethenediols, in their different conformations, are sig-

nificantly larger than that of ethylene glycol (10.55 eV),49 very likely

due to the effect that the IHB in the saturated diol has on its IP.50

In order to analyze the ionization effects on the structures of

these unsaturated diols we are going, for the sake of simplicity, to

focus our attention on the three global minimum of each family, since

similar effects are found for all the other conformers. The observed

general feature is a significant change in the internuclear distances

within the O-C-C-O skeleton, where the C=C bond lengthens in aver-

age 0.07 Å, whereas the C-O bonds shorten on average 0.08 Å. Con-

comitantly, both OH groups lie on the molecular plane, so, for

instance, whereas the neutral form of the (Z)-1,2-ethenediol has C1

symmetry because the anti-OH does not lie in the molecular plane,

the corresponding radical cation has Cs symmetry.

142 MÓ ET AL.
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This can be understood taking into account that the HOMO of all

the investigated diols is the C-C π orbital. Hence, when the diol is ion-

ized the electron is removed from this orbital, what results in a reduc-

tion in the C-C bond order, from a typical double bond in the neutral

to an intermediate situation between a single and a double bond. At

the same time, this depopulation enhances the electronegativity of

both carbon atoms that polarize the O lone pairs, which indicates that

a significant charge delocalization is taking place. Such a delocalization

results evident when the molecular graphs of the neutrals are com-

pared with their respective radical cations, showing a clear decrease

of the electron density at the C=C BCP, and a parallel increase at the

two C-O BCPs (see Figure 2). Consistently, the ELF analysis shows

that in all cases, upon ionization, the C-C basin becomes depopulated

with one electron less than in the neutral, whereas the population of

both C-O basins increases 0.4 e on average. Finally, the picture pro-

vided by the NBO method ratifies the AIM and ELF descriptions.

Taking the global minimum of the (Z)-1,2-ethenediol as a suitable

example, the Wiberg bond order of the C=C bond decreases from

1.82 in the neutral to 1.29 in the radical cation, but at the same time

this indicator increases for the C-O bonds from 0.96 and 0.91, in the

neutral to 1.29 and 1.22, respectively, in the radical cation. In sum-

mary, the different electron density analyses show that ionization is

followed in all cases by a significant charge delocalization as shown in

Scheme 1 due to the nature of the HOMO of the neutral diols.

5 | PROTONATION
AND DEPROTONATION

5.1 | (Z)-1,2-ethenediol tautomers

We will start our discussion of the protonation and deprotonation

process with the (Z)-1,2-ethenediol tautomers. The results obtained

for both processes have been summarized in Figure 3.

Three different conformations have been found to be stable for

the protonated forms of (Z)-1,2-ethenediol. As illustrated in Figure 3

the most stable one, of C1 symmetry, can be reached both by proton-

ation of the most stable syn-anti conformer of (Z)-1,2-ethenediol and

by the protonation of the anti-anti conformer. This indicates that the

anti-OH group of the neutral global minimum is more basic than the

syn-OH group. Also interestingly, the most stable protonated form is

stabilized by the formation of an IHB, not observed in the neutral. This

F IGURE 1 Five conformers, belonging to the two subfamilies, (Z) and (E), of 1,2-ethenediol, and the two of 1,1-ethenediol are shown.
Relative enthalpies are given in kJ�mol�1. In blue we show the relative enthalpy of the (E) syn-syn and the syn-anti 1,1-ethenediol global minima
with respect to the (Z) syn-anti one.

TABLE 1 Vertical and adiabatic ionization potential for
1,2-ethenediol and 1,1-ethenediol. All values in eV.

Compound Vertical IP Adiabatic IP

(Z)-1,2-ethenediol

syn-anti 12.12 11.31

anti-anti 11.85 11.08

(E)-1,2-ethenediol

syn-syn 11.89 11.36

syn-anti 12.07 11.20

anti-anti 11.81 11.00

1,1-ethenediol

syn-anti 12.17 11.58

syn-syn 12.25 11.72

MÓ ET AL. 143
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is evident when looking at the corresponding molecular graph, that

shows the existence of a BCP in the OH���O region, and by the fact

that the electron density at the O-H group acting as the proton donor

(0.334 a.u.) is clearly smaller than that of the O-H acting as proton

acceptor (0.361 a.u.; see left part of Figure 4). The ELF analysis also

shows evidences of the formation of this IHB by the decrease of the

population at the lone pair of the OH group acting as proton acceptor

(from 4.75 to 4.42) and by a significant population at the OH group

acting as the proton donor (from 1.76 to 1.89), which is coherent with

the NBO second-order perturbation analysis showing a non-negligible

interaction (8 kJ�mol�1) OH���O. All these changes are related with the

fact that the protonation of (Z)-1,2-ethenediol takes place at the

syn-OH group of the neutral. This implies a substantial charge transfer

from this oxygen atom to the incoming proton and, as an obvious con-

sequence, the syn-OH group becomes a much better proton donor

than in the neutral favoring the formation of the IHB. It is worth

F IGURE 2 Molecular graphs (first two lines) and ELF plots (last two lines) for the neutral and radical cation species for the most stable
conformers of (Z)- and (E)-1,2-ethenediol and 1,1-ethenediol. Electron densities in a.u. and the population basins in e.

144 MÓ ET AL.
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mention that the two OH groups involved in the IHB are almost

coplanar, the dihedral OH���OH angle being 164.4�, whereas in the

neutral compound the same dihedral angle is 109.5�.

Two stable tautomers are found upon deprotonation of (Z)-1,

2-ethenediol, but in this case the most stable conformer can only be

directly reached from the most stable syn-anti neutral. As it was the

case for the protonated species the most stable anionic form is extra-

stabilized by a IHB (see right part of Figure 4). In this case, the most

stable anion comes from the deprotonation of the anti-OH group,

with the consequence that the O atom becomes a much better proton

acceptor (note that the population of the oxygen basins increase from

4.42 e in the neutral to 5.91 e in the anion), favoring the formation of

the IHB.

Finally, it should be mentioned that, with respect to the diol,

its cis-glycolaldehyde (hydroxyacetaldehyde) isomer is predicted

to be 33 kJ�mol�1 more stable, more basic (proton affinity (PA)

782.9 kJ�mol�1 vs. 754.0 kJ�mol�1), and significantly less acidic
SCHEME 1 Delocalization observed upon ionization of 1,2- and
1,1-ethenediols.

F IGURE 3 Scheme showing the protonation (red arrows) and the deprotonation (blue arrows) of the two conformers of (Z)-1,2-ethenediol.
Magenta arrows correspond to the processes to yield the corresponding conformers of its isomer cis-glycolaldehyde. Green arrows provide
information on the relative stability of different species. All values are in kJ�mol�1.

F IGURE 4 Molecular graphs and ELF plots for the most stable protonated and deprotonated forms of (Z)-1,2-ethenediol. Electron densities in
a.u. and the population basins in e.

MÓ ET AL. 145
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(1538.8 kJ�mol�1 vs. 1471.0 8 kJ�mol�1, see Figure 3). The experimen-

tal basicity of glycolaldehyde has not been measured but our calcu-

lated value for its acidity is in very good agreement with the

experimental one (1536 ± 8.4 kJ�mol�1).51

5.2 | (E)-1,2-ethenediol tautomers

The energetic data (in terms of enthalpies) corresponding to the pro-

tonation and deprotonation processes of the (E)-1,2-ethenediol tauto-

mers are shown in the scheme of Figure 5.

As expected, due to their symmetry, the syn-syn and the anti-anti

conformers yield a unique protonation tautomer each, whereas the

protonation of the non-symmetric syn-anti conformer leads to two

different protonated species since both hydroxyl groups are not

equivalent. The PAs obtained indicate that the most stable conformer

is the less basic one, being the most basic the anti-anti conformer.

Quite unexpectedly, the deprotonation of the three conformers lead

to a common anion of C1 symmetry because, in all cases, the most sta-

ble anion corresponds to a structure in which the remaining OH group

undergoes a torsion that puts it perpendicular to the plane of the rest

of the molecule, where the character syn or anti disappears. Neverthe-

less, a Cs minimum in which this OH group remains in the plane of the

molecule and in position syn, also exists (see Figure S3), but it is

3.2 kJ mol�1 higher in energy. The obvious consequence is that the

intrinsic acidity of the three E-conformers follows the inverse

sequence to their stability, being the most acidic one the anti-anti

conformer. Interestingly, as shown in Figure 5, this tautomer is also

the most basic one.

It can be also observed that these E-diols are less stable than the

corresponding trans-glycolaldehyde tautomers and slightly less basic

(diol PA = 751.9 vs. trans-glycolaldehyde PA = 758.4 kJ mol�1). All

diol tautomers are, however, more acidic than trans-glycolaldehyde,

whose acidity, at the same level of theory, is 1521.5 kJ mol�1.

5.3 | 1,1-ethenediol tautomers

As indicated above, two stable conformers have been located for

1,1-ethenediol, both been rather close in energy. Although the global

minimum presents two non-equivalent hydroxyl groups, the proton-

ation at the anti-OH leads to the same protonated species obtained

when the proton attachment takes place at the syn-OH, because in

this latter case the attached proton is spontaneously shifted to the

other hydroxyl group. The obvious consequence is that the less stable

conformer is the more basic one (see Figure 6).

As we discussed above the syn-anti neutral conformer does not

exhibit the formation of any IHB, what is reflected in the small energy

gap with respect to the syn-syn one. However, in this case and con-

trarily to what was observed for (Z)-1,2-ethenediol, the protonated

form does not exhibit any IHB either as reflected in the corresponding

molecular graph (see Figure 7). It can be observed that protonation at

the anti-OH group implies a significant charge depletion from the cor-

responding C-OH bond, whose electron density at the BCP decreases

F IGURE 5 Scheme showing the protonation (red arrows) and the deprotonation (blue arrows) of the three conformers of (E)-1,2-ethenediol.
Magenta arrows correspond to the processes to yield the corresponding conformers of its isomer trans-glycolaldehyde. Green arrows provide
information on the relative stability of different species. All values in kJ�mol�1.
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from 0.358 a.u. in the neutral (see Figure 2) to almost half this value in

the protonated form (0.196 a.u., see left part of Figure 7). The obvious

consequence is an elongation of the C-OH bond by 0.16 Å, what is

reflected in a longer OH���O distance (0.1 Å) that renders the possibil-

ity of forming a IHB in the protonated cation even smaller than in the

neutral. This is ratified by the characteristics of the ELF plots.

As far as the deprotonation is concerned, as shown in Figure 6, the

deprotonation of anti-OH group of the global minimum (syn-anti tauto-

mer) leads to the same anion as the deprotonation of the syn-syn tauto-

mer. This anion is almost 13 kJ�mol�1 less stable than the one generated

by deprotonation of the syn-OH group of the global minimum. Once

again, however, no IHB is found for this species (see right part of

Figure 7), although in this case the OH���O distance does not change sig-

nificantly with respect to the neutral, but as shown by the ELF plot, due

to the rigidity imposed by the C=C double bond, the orientation of the

OH basin with respect to the O lone pairs is not too favorable to form a

IHB. Indeed, as shown by the ELF plot, although the basin of the oxygen

lone pair and the O-H basin are coplanar, they are about parallel to each

other rendering very difficult their interaction. Finally, it should be noted

that both diols are much less stable and significantly less basic than their

isomer, acetic acid (714 and 719 kJ mol�1 vs. 788.6 kJ mol�1 (calcu-

lated); 783.7 kJ mol�1 (experimental)41), whereas the most stable diol is

predicted to be a slightly stronger acid than acetic acid (1441.7 kJ mol�1

vs. 1449.0 kJ�mol�1 (calculated); 1457. ± 5.9 (experimental)52).

6 | CONCLUDING REMARKS

The HOMO of all the diols investigated corresponds to the C-C π

bond, and as a consequence the ionization of these systems results in

a significant charge delocalization along the O-C-C-O for the

1,2-ethenediols and the C-CO2 skeleton for the 1,1-isomers. In some

F IGURE 6 Scheme showing the protonation (red arrows) and the deprotonation (blue arrows) of the two conformers of 1,1-ethenediol.
Magenta arrows correspond to the processes to yield the corresponding conformers of its isomer acetic acid. Green arrows provide information
on the relative stability of different species. All values in kJ�mol�1.

F IGURE 7 Molecular graphs and ELF plots for the most stable protonated and deprotonated forms of 1,1-ethenediol. Electron densities in
a.u. and the population basins in e.
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cases, the protonation or the deprotonation of different neutral con-

formers leads to a common cation and/or anion. This is the case, for

instance, as far as the protonation of (Z)-1,2-ethenediol is concerned,

since its most stable protonated form is reached both by the proton-

ation of both the anti-anti and by the protonation of the syn-anti con-

formers. Conversely, the most stable deprotonated form arises only

from the syn-anti conformer. Very importantly, cation and anion are

extra-stabilized by the formation of an O-H���O intramolecular hydro-

gen bond (IHB) not found in the neutral form from which they pro-

ceed. (Z)-1,2-ethenediol is predicted to be less stable, less basic, and

more acidic than its cis-glycolaldehyde isomer. The most stable pro-

tonated species of (E)-1,2-ethenediol comes from its syn-syn con-

former, but the protonated formed produced is not the most stable one

that is the one coming from the anti-anti conformer. Contrarily, the three

conformers yield a common deprotonated species, so their acidity fol-

lows exactly their relative stability. Again, the (E)-1,2-ethenediol is pre-

dicted to be less stable, less basic, and more acidic than its trans-

glycolaldehyde isomer. Neither the neutral nor the protonated or depro-

tonated 1,1-ethenediol show the formation of any O-H���O IHB due to

the rigidity of the molecular framework, that forces the O-H group to be

in a position where its effective interaction with the oxygen lone pair is

impeded The most stable protonated form of 1,1-ethenediol arises from

the protonation of any of the two tautomers, but the most stable depro-

tonated form arises exclusively from the syn-anti neutral conformer. The

conformers of 1,1-ethenediol are much less stable and significantly less

basic than their isomer, acetic acid, and only slightly more acidic.
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