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ABSTRACT: The stability of gem-diol forms in imidazolecarboxalde-
hyde isomers was studied by solid-state nuclear magnetic resonance (ss-
NMR) combined with single-crystal X-ray diffraction studies. These
methodologies also allowed determining the factors governing the
occurrence of such rare functionalization in carbonyl moieties. Results
indicated that the position of the carbonyl group is the main factor that
governs the generation of geminal diols, having a clear and direct effect
on hydration, since, under the same experimental conditions, only 36% of
S-imidazolecarboxaldehydes and 5% of 4-imidazolecarboxaldehydes were
hydrated, as compared to 2-imidazolecarboxaldehydes, with which a
100% hydration was achieved. Not only did trifluoroacetic acid favor the
addition of water to the carbonyl group but also it allowed obtaining
single crystals. Single crystals of the gem-diol and the hemiacetal forms 2-
imidazolecarboxaldehyde and N-methyl-2-imidazolecarboxaldehyde, re-
spectively, were isolated and studied through 'H ss-NMR. Mass spectrometry and solution-state NMR experiments were also
performed to study the hydration process.

1. INTRODUCTION of 2-imidazolecarboxaldehyde cannot be obtained with water
but by the addition of 95:5 (v/v) H,O/trifluoroacetic acid
(TFA; Scheme 1)."

As for biochemistry aspects, solution-state NMR and X-ray
crystallography experiments have been used to confirm the
formation of gem-diol and hemiacetal structures, for example, as
intermediate structures in the binding of a-chymotrypsin with a

Understanding the chemistry of gem-diols is crucial for the
development of synthetic methods to obtain new organic
ligands, which are often used for the design of single-molecule
magnets and metal complexes.' ™ A high number of metal
complexes bearing gem-diols has been reported,*™"® in which

the presence of these moieties is generally demonstrated by . e o )
single-crystal X-ray diffraction.'”™" As a rule, the stability of macrocyclic peptidomimetic aldehyde.”” Particularly, X-ray
studies have been conducted to elucidate the structure of a

this functional group is not studied in the free ligand before the
gem-diol intermediate in the catalysis exerted by the HIV-1

preparation of the metal complex. e . .
Among the wide variety of heterocyclic aldehydes used as protease.” " Furthermore, solid-state NMR (ss-NMR) is a

chelating ligands, the imidazolecarboxaldehyde isomers™' =’ useful methodology to elucidate the chemical composition of
and pyridinecarboxaldehyde compounds’™'%!*1#252% are rele- mixtures1 in which both gem-diol and carbonyl forms are
vant due to their potential capacity to remove toxic metals from present.”” In the latter cases, on the one hand, high-
the body.”" In this context, we previously reported the isolation performance liquid chromatography techniques may be used;
of the neutral gem-diol form of the 2-imidazolecarboxaldehyde however, dissolution of the sample in acid/water mixtures and
in the solid state.”” This compound, together with the hydrated proper optimization of the chromatographic system are
form of 4-pyridinecarboxaldehyde'' and related compounds
(Scheme 1), was the first gem-diol form to be reported for Received: December 16, 2017
aromatic heterocyclic molecules. Particularly, the gem-diol form Published: December 20, 2017
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Scheme 1. Previous NMR Hydration Studies”
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“Performed in pyridinecarboxaldehyde and 2-imidazolecarboxaldehyde compounds.

required. On the other hand, solution-state NMR studies can
be easily performed and analyzed in a broad variety of solvents
(D,0, D,0/NaOD, CD;0D, deuterated dimethyl sulfoxide
(DMSO-d,), D,O/TFA, among others).

To have an insight into the chemistry of gem-diol
compounds, the aim of this work was to study the gem-diol
generation in imidazolecarboxaldehydes through the combina-
tion of ss-NMR and single-crystal X-ray diffraction techniques.
Complementary analyses were performed by solution-state
NMR, high-resolution mass spectrometry (HRMS), and 'H ss-
NMR.

2. EXPERIMENTAL SECTION

2.1. Synthesis. TFA (99%), 4-pyridinecarboxaldehyde (P;,
97%), 4-methylthiazole-2-carboxaldehyde (T,, 97%), 2-thio-
phenecarboxaldehyde (T, 98%), 1-methyl-2-imidazolecarbox-
aldehyde (A,, 98%), 4-methyl-S-imidazolecarboxaldehyde (A,,
99%), 4-imidazolecarboxaldehyde (A,, 98%), deuterium oxide
(D,0, 99.9 atom %D), DMSO-d,, (99.96 atom %D), and
methanol-d, (CD;0D, >99.8 atom %D) were purchased from
commercial sources and were used without further purification.
The 2-imidazolecarboxaldehyde (A;)*° and ethyl 3-(5-formyl-
2,4-dimethyl-1H-pyrrol-3-yl)propanoate (P,) compounds were
synthesized according to previous reports.

The general quantitative synthesis of the corresponding
neutral gem-diol solid forms for 2-imidazolecarboxaldehyde A,
(H,) and 4-pyridinecarboxaldehyde P, (P,y) were performed
as described elsewhere.'”** Solid imidazolium-trifluoroacetate
derivatives containing both gem-diol and hemiacetal (H,.TFA
and HA,.TFA), carbonyl, and carboxylic acid moieties (A,.TFA
and CA,.TFA) were prepared by incubation of SO mmol of A,
in 3 mL of 95:5 (v/v) TFA/H,O for 24 h at room temperature.
Solutions were then lyophilized and stored in a desiccator until
NMR measurements were performed.

2.2. NMR Experiments. High-resolution "*C solid-state
spectra for the different compounds were recorded using the
ramp 'H—"C cross-polarization and magic angle spinning (CP-
MAS) sequence with proton decoupling during acquisition.
The C CP-MAS experiments were performed at room
temperature in a Bruker Avance-II 300 spectrometer equipped
with a 4 mm MAS probe. The operating frequency for protons
and carbons was 300.13 and 75.46 MHz, respectively. Glycine
was used as an external reference for the '*C spectra and to set
the Hartmann—Hahn matching condition in the cross-polar-
ization experiments in Bc spectra. The recycling time was 4 s.
The contact time during CP was 1500 us for 3C spectra. The
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small-phase incremental alternation with 64 steps (SPINAL64)
sequence was used for heteronuclear decoupling during
acquisition with a proton field Hy satisfying wy/27 =
yuH g = 62 kHz.*® The spinning rate for all the samples was 10
kHz. Different contact times were used (1.0—2.0 ms) to obtain
a compromise between the signal-to-noise ratio in each scan
and the total time of the experiments, with number of scans
between 2000 and 4000. The two-dimensional (2D) 'H—'3C
HETCOR experiment in the solid state was recorded following
the sequence presented by van Rossum et al.”* The contact
time for the CP was 150 us to avoid relayed homonuclear spin-
diffusion-type processes. The magic angle pulse length was 2.55
us. To obtain the 'H spectra, 64 points were collected with a
dwell time of 35.5 us. The acquisition time was 1.14 ms, and
the spinning rate was 10 kHz. The 'H MAS experiments were
performed in a Bruker Ascend-600 spectrometer equipped with
a 2.5 mm MAS probe with an operating frequency for protons
of 600.09 MHz. 'H chemical shifts were indirectly referenced
relative to neat tetramethylsilane using powdered glycine as an
external reference.

The solution-state NMR experiments were performed at
room temperature in a Bruker Avance-II 300 or Bruker Ascend-
600 spectrometer. To determine the hydration of the carbonyl
group, ~30 mg of each compound was dissolved in D,O or
95:5 (v/v) D,O/TFA.

2.3. Single-Crystal X-ray Studies. Single-crystals were
grown and isolated by slow evaporation of the solvent at room
temperature from each solution, in which the solid compound
was dissolved as indicated in Section 2.1 without the
lyophilization step. Single-crystal X-ray diffraction data were
collected at room temperature, using a Gemini A diffrac-
tometer, Oxford Diffraction, Eos CCD detector with graphite-
monochromated Mo Ka (4 = 0.71073 A) radiation. Data-
collection strategy and data reduction followed standard
procedures implemented in the CrystAlisPro software. Differ-
ent reflections were collected for each sample, and they are
specified in the Supporting Information sectlon The structures
were solved using SHELXS-97 program™” and refined using the
full-matrix LS procedure with SHELXL-2014/7.*° Anisotropic
displacement parameters were employed for non-hydrogen
atoms. All hydrogen atoms were located at the expected
positions, and they were refined using a riding model.

2.4. HRMS Studies. The HRMS results were recorded in a
Bruker micrOTOF-Q II spectrometer equipped with an
electrospray ionization (ESI). The solid samples were dissolved
in 50:50 (v/v) water/methanol or 20:60:20 (v/v) water/
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Figure 1. 3C CP-MAS spectra corresponding to the gem-diol form of the 2-imidazolecarboxaldehyde A, (H,); the remaining solids obtained after
the evaporation of the solvents in a A; (B) or A, (C) 95:5 (v/v) TFA/H,O solutions and the gem-diol form of N-methyl-2-imidazolecarboxaldehyde
obtained from the sample in spectrum C dissolved in water and lyophilized (D). For the hemiacetal structures in spectra B and C, the assignment is

indicated with an apostrophe.

methanol/DMSO prior to the ESI HRMS determination in
positive mode.

3. RESULTS AND DISCUSSION

3.1. Hydration Studies in 2-Imidazolecarboxalde-
hydes by *C CP-MAS Solid-State NMR. The gem-diol
form of 2-imidazolecarboxaldehyde A; (H,) was first studied by
ss-NMR (Figure 1). The "*C CP-MAS spectrum of the neutral
gem-diol form of A; (H,) presented a signal at §"*C = 69.6 ppm
(-CH(OH),), while the signal corresponding to the carbonyl
group at §°C = 180.4 ppm (-CHO)*’ in A, was not observed,
which indicates that only the gem-diol derivative was present
(Figure 1A).

The fact that the '"H NMR spectrum corresponding to A,
dissolved in 95:5 (v/v) D,O/TFA indicated that 100% of the
chemical entities corresponded to the gem-diol form (Table 1)

Table 1. Amount of gem-Diol and Aldehyde Forms for the
Indicated Carbonyl Compounds As Determined by 'H NMR

'H NMR
95:5 (v/v)
D,0 D,0/TFA
gem- gem-
compound diol  aldehyde  diol  aldehyde
2-imidazolecarboxaldehyde (A,) 100 100
N-CH;-2-imidazolecarboxaldehyde 100 100
(a,)
4-CH;-5-imidazolecarboxaldehyde 100 S 95
(45)
4-imidazolecarboxaldehyde (A,) 100 36 64
2-CHO-4-CHj-thiazole (T;) a a 100
2-CHO-thiophene (T,) a a 100
4-pyridinecarboxaldehyde (P,)" 50 S0 100
2-((;)H)Cg—3,5-(CH3)2—4—PEt-pyrrole a a 100
2.

“Insoluble in water. “Ethyl 3-(5-formyl-2,4-dimethyl-1H-pyrrol-3-

yl)propanoate.
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prompted us to obtain TFA-salt crystals. X-ray studies of single
crystals obtained for A; in 95:5 (v/v) TFA/H,0O allowed
elucidating the chemical structure of H;.TFA, in which the gem-
diol moiety is present (Figure 2 and Supporting Information).
However, the analysis of the solid remaining after the complete
evaporation of the solvent revealed the presence of the hydrate
form (6"C = 73.2 ppm, -CH(OH),) together with a
hemiacetal form (HA;) (6"°C = 92.4 ppm, -CH(OH)-O—;
Figure 1B and Scheme S1). On the one hand, the '"H NMR
spectrum, obtained in DMSO-d, of the crystalline sample
studied in Figure 1B showed that the hemiacetal (HA,, 5'H =
6.51 ppm, -CH(OH)-O—-), carbonyl (A,, 6'H = 9.66 ppm,
-CHO) and gem-diol (H,, §'H = 6.06 ppm, -CH(OH),) forms
were present in 42%, 42%, and 16%, respectively (Figure S1
and Scheme S1). On the other hand, the same sample dissolved
in D,O only led to the gem-diol form with a proton chemical
shift of 6.12 ppm (Figure S2). These results indicated that *C
CP-MAS NMR is the best technique for identifying gem-diols
by observing the range of 70—100 ppm.

As for N-methyl-2-imidazolecarboxaldehyde (A,), prelimi-
nary 'H solution-state NMR studies have shown that, in the
absence of TFA, the hydration of the carbonyl group could not
be achieved (Figure S4). In contrast, the hydration was
quantitative in the presence of TFA (Table 1 and Figure SS). In
consequence, single crystals for A, were obtained when 95:5
(v/v) TEA/H,0O was employed, which indicated the presence
of the hemiacetal form (HA,.2TFA; Figure 2). Not only did
the C CP-MAS spectrum of the solid remaining after the
evaporation of solvents show the hemiacetal HA,.2TFA form
but also it demonstrated the presence of the gem-diol form of
A, (H,.TFA; Figure 1C). Particularly, the hydrate and the
hemiacetal forms of A, presented the same '*C chemical shift
signals (~83 ppm, Figure 1C). Conversely, a difference of 20
ppm was observed between the gem-diol (H;, 73.1 ppm) and
the hemiacetal (HA;, ~93 ppm) forms of A; (Figure 1B).

The solid whose spectrum is depicted in Figure 1C was
dissolved in D,0 and analyzed by 'H NMR, to show that only
the gem-diol form H, was present (Figure S6). However, when
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Figure 2. Crystal structures for H;.TFA, A;.TFA, A,.TFA, and HA,.2TFA. The displacement ellipsoids for the non-H atoms in the figure were
drawn at the 50% probability level.
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Figure 3. "H MAS NMR spectra corresponding to a solid gem-diol form of 4-pyridinecarboxaldehyde at a MAS rate of 15 (A) and 30 (B) kHz and
the reduction to the initial MAS rates of 15 (C) and 5 (D) kHz.

the same solid was dissolved in DMSO-d,, the 'H NMR trifluoroacetates H,.TFA/HA,.2TFA corresponded to the
spectrum displayed both the carbonyl (A,, 6'H = 9.71 ppm, gem-diol form (H, &“C = 849 ppm, -CH(OH),). This
-CHO) and gem-diol (H,, 6'H = 6.14 ppm, -CH(OH),) signals assignment allowed the unequivocal identification of the carbon
(Figure S7 and Scheme S1). Unfortunately, all the single-crystal resonance signals in the spectrum of Figure 1C, where H, and
samples obtained corresponded to the hemiacetal structure HA, (6"C = 832 ppm, -CH(OH)-O—) were present.
HA, and not to the gem-diol form (H,). The signals obtained in Regarding the solid sample containing both H.TFA and
the 3C CP-MAS spectrum of the solid obtained after the HA,.2TFA (Figure 1B), the nonequivalence of the hemiacetal
lyophilization of the aqueous solution containing the carbons at ~94 ppm may be associated with either an
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Figure 5. HRMS spectrum for the solid studied by ss-NMR in spectra B (Figure 1) dissolved in 50:50 (v/v) methanol/water.

asymmetry present in the molecule or with the presence of
more than one molecule per unit cell, since the treatment with
water only affects the relative content of each molecule in terms
of the gem-diol and hemiacetal forms (C,, Figure 1B and
Scheme S1).

3.2. Hydration Studies in Imidazole-2-carboxalde-
hydes and 4-Pyridinecarboxaldehyde by 'H-MAS ss-
NMR. To explore the hydration process in molecules bearing
carbonyl groups, 'H ss-NMR spectra at different MAS rates
were obtained. Results for the hydrated form of 4-
pyridinecarboxaldehyde P, are shown in Figure 3. Proton
resonance signals were tentatively assigned according to
previous hydration NMR results for the gem-diol forms of 4-
pyridinecarboxaldehyde and 3-chloro-4-pyridinecarboxaldehyde
in DMSO-dg and D,0."” At a MAS rate of 15 kHz, the
spectrum displayed broad signals that would correspond to the
gem-diol form of P; (Pyy; Figure 3A), since the *C CP-MAS
(at 10 kHz MAS) only revealed the presence of the gem-diol
form."” Interestingly, the "H MAS NMR spectrum displayed
different water environments, which might be related to the
presence of strongly associated water (SAW, §'H = 5.3 ppm)

605

and weakly associated water (WAW, §'H = 1.0 ppm).*”*®
However, when the MAS rate was increased to 30 kHz to
enhance the resolution of the proton line (Figure 3B), and
according to the line integration, 65% of the gem-diol form
reverted to the parent aldehyde. Under these experimental
conditions, the hemiacetal structure was also present in 5%, as
indicated by “HA” in Figure 3B. This fact is indicative that, at a
MAS rate of 30 kHz, the sample melted inside the rotor (mp
70—72 °C) with the consequent loss of water, which was
inferred by the proton aldehyde signal at 6'H = 9.7 ppm, giving
rise to a spectrum that is similar to that obtained when a
solution-state "H NMR is performed. When the MAS rate was
reduced to 15—5 kHz, the broadening of the NMR lines was
observed again due to the solidification of the gem-diol inside
the rotor (Figure 3C,D). In addition, the water domains (SAW
and WAW) were recovered together with the proton of the
hydroxyl groups. It is noteworthy that the solid sample inside
the rotor did not recover its initial composition after the MAS
rate reduction (Figure 3D).

The same experiments were performed for the solid samples
containing H,, H,. TFA/HA,.2TFA, H,.TFA, and H,.TFA/

DOI: 10.1021/acs jpca.7b12390
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HA,.2TFA, although the resolution at 30 kHz MAS in the 'H
NMR spectra was not enough to allow the elucidation of the
chemical composition of the solids (Figure 4). This
phenomenon is due to the superimposition of the signal
corresponding to the proton bound to the gem-diol carbon
(-CH(OH),) and the aromatic protons at 6'H = 7—6 ppm
(Figure 4). Furthermore, the presence of SAW environments
observed for samples corresponding to spectra B and C (Figure
4) overlap with the resonance signal associated with the
hydroxyl groups of the gem-diol and hemiacetal moieties in H;
and H,.TFA/HA.2TFA, respectively. Then, the aldehyde form
of compound A, (25%) is observed at a proton chemical shift
of 9.7 ppm with 75% of a mixture of gem-diol and hemiacetal
structures. However, no evidence for the presence of the
aldehyde form was found in the *C CP-MAS spectrum, in
which only the profiles corresponding to the gem-diol (H,) and
hemiacetal (HA,) forms were present. In addition, the "H MAS
NMR spectrum of the sample containing only the gem-diol
form (H,), as determined by *C CP-MAS experiments, shows
that the aldehyde (A,) structures were also present in the same
solid due to the interconversion of the gem-diol into the
carbonyl form at the high MAS rate (Figure 4D).

3.3. HRMS Experiments. To complement the study,
HRMS experiments were done for the solids studied in spectra
B and C of Figure 1 dissolved in 50:50 (v/v) methanol/water,
and the results are shown in Figure S. For the crystals obtained
from 95:5 (v/v) TFA/H,O and 2-imidazolecarboxaldehyde
(A,), the oxonium was the main ion (m/z = 111.056 82), which
was generated after the loss of water from the corresponding
parent hemiacetal (m/z = 129.066 62 (M+H) or 165.063 45
(M+Na)). Such hemiacetal resulted from the addition of
methanol to the carbonyl group in 2-imidazolecarboxaldehyde
(m/z = 97.04037 (M+H)). Regarding the gem-diol ion, a
relative abundance of only 0.7% was observed in methanol/
water, and no higher m/z ions were present in the sample
(Figure S). Once again, the results obtained in HRMS
experiments performed with the crystals obtained from 95:5
(v/v) TFA/H,O and N-methyl-2-imidazolecarboxaldehyde
dissolved in 50:50 (v/v) methanol/water were in line with
the ss-NMR and X-ray analyses performed with 2-imidazole-
carboxaldehyde and presented above, in which the presence of
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ions corresponding to the hemiacetal structure (HA,.2TFA)
could not be demonstrated (Figures 1, 2, and S31). However,
when the sample was dissolved in 20:60:20 (v/v) water/
methanol/DMSQ, it was possible to increase the relative
content of the ions related to the gem-diol forms for 2-
imidazolecarboxaldehyde (H,, m/z = 115.04996, 19.5%) and
N-methyl-2-imidazolecarboxaldehyde (H,, m/z = 129.0673,
23%) (Figures S30 and S32).

To demonstrate that methanol altered the chemical
composition of the solid sample, the neutral gem-diol form
H, (100%, according to *C CP-MAS results) was dissolved in
deuterated methanol (CD;OD). After this procedure, the
contents of gem-diol and aldehyde were found to be 37% and
63%, respectively (Figure S3). When the solid sample studied
containing both H,.TFA and HA,2TFA molecules (Figure
1B) was dissolved in DMSO-dj, the gem-diol (H,), aldehyde
(A;), and hemiacetal (HA,) forms were 16%, 42%, and 42%
(Figure S1), respectively, thus predicting that the gem-diol form
would be significantly reduced prior to the HRMS study. In
fact, the results obtained by HRMS performed in 20:60:20 (v/
v) water/methanol/DMSO for H, showed a relative abundance
of only 19.5% for the gem-diol form (Figure S30).

3.4. Hydration Studies in 4- and 5-Imidazolecarbox-
aldehydes. To study the possibility of producing gem-diol
moieties in other positions of the imidazole ring, the hydration
of the carbonyl group in 4- and S5-imidazolecarboxaldehyde
compounds was analyzed. The crystals obtained from 95:5 (v/
v) TFA/H,0 with A; and A, showed that the structures
corresponded to the carbonyl forms in both cases (Figure 2). In
addition, the analysis of the remaining solid obtained from
compound A, indicated the presence of both the carbonyl and
the carboxylic acid derivatives, as assessed by NMR (Figure 6
and Supporting Information). Although the solution-state
NMR results for A;_, showed that the gem-diol structure was
present in 5% and 40% in 95:S (v/v) D,O/TFA (Table 1 and
Figures S8—S11), the gem-diol forms detected by solution-state
NMR experiments could not be isolated in the solid state
(Figure 6). For instance, when the sample containing 4-
formylimidazolium (A, TFA) and 4-carboxy-imidazolium
(CA,TFA) trifluoroacetates was dissolved in D,O, the gem-
diol content was 38% (Figure S12). This value is close to the
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one obtained when A, was treated with 95:5 (v/v) D,0O/TFA,
together with 38% and 24% for the carboxyl and carbonyl
derivatives, respectively (Table 1 and Figure S11). Moreover,
when the same solid containing both A, TFA and CA,.TFA
was dissolved in DMSO-dy, the gem-diol form was not observed
(Figure S13).

Furthermore, the solid studied in spectrum D in Figure 6
shows that neutral A; molecules (-CHO, §"°C = 181.9 ppm)
are still present in the crystalline samples and cannot be
inferred from the solution-state NMR experiments. However,
when the sample containing both A, and A,.TFA was treated
with water, the sample became homogeneous, and only the
protonated A, molecules were observed (Figure 6E).

As for the position of the carbonyl group in the imidazole
ring, our results showed a higher oxidative susceptibility when
the aldehyde was at position 4 of the imidazole ring than in the
case of 4-methyl-S-imidazolecarboxaldehyde. Thus, during the
incubation with TFA, 4-imidazolecarboxaldehyde was oxidized
to render the corresponding 4-carboxylic-imidazole acid due to
the progression to the gem-diol form after the addition of water,
which was higher than in the case of 4-methyl-S-imidazole-
carboxaldehyde.

Likewise, a 2D solid-state '"H—"*C HETCOR was performed
to facilitate the analysis of the proton dimension and to clearly
discriminate the corresponding hydrogen atoms of the carboxyl
group of the CA, in the mixture of compounds obtained in the
incubation of A, in TFA (Figure 7). The splitting observed in
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Figure 7. 2D 'H-13C HETCOR spectrum for the crystals obtained
from the TFA solution with 4-imidazolecarboxaldehyde A,.

the carbon dimension for the carbonyl carbon at 6 ~ 180 ppm
with its bound aldehyde hydrogen indicates the existence of a
group of A, molecules constituted by protonated and neutral
species. Furthermore, two different kinds of protons can be
easily assigned in the indirect dimension. These protons are
associated with a long-range interaction with the carbon of the
carboxylic acid present in TFA and 4-carboxy-imidazole
molecules. The distance of such interaction, estimated through
NMR analysis, was obtained from crystallography experiments
performed with A, TFA and was found to be 2.547 A
(F;CCO,--H-N-Im; Figure 7).

Finally, the hydration studies conducted on 2-, 4-, or S-
imidazolecarboxaldehydes indicated that the position of the
carbonyl group was key to obtain the gem-diol function by
treatment with TFA both in solution and in solid state. The
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A;_, derivatives showed a lower degree of hydration of the
aldehyde group than A, and A,. However, because of the high
reactivity of the aldehyde carbon toward water addition induced
by TFA, both gem-diol and hemicetal forms could be isolated
(H, HA,, H,, and HA,). The single crystals of A;_, showed
only the presence of aldehyde groups, in contrast to the gem-
diol and hemiacetal forms of A; and A,, respectively (Figure 2).
These differences are due to the specific electronic density of
the imidazole ring positions; that is, one of the nitrogen atoms
is mesomeric electron-donating (N;), and the other one is
electron-withdrawing (N,).* Taking into account these results,
it can be postulated that the lower reactivity of the aldehyde
group in A; toward the addition of water would explain why in
copper, cadmium, zing, and cobalt complexes the formyl group
remains unhydrated.”"*" The same results have been obtained
for a complex of zinc(I) and A,.>* An iron(III) complex was
also reported with a new 4-imidazolecarboxaldehyde ligand in
which the formyl group was not altered."' In contrast, the
aldehyde group is hydrated to the gem-diol form in ruthenium-
(1) complexes with 2-imidazolecarboxaldehyde (A;) mole-
cules in the solution state.””

To demonstrate that the second position of the imidazole
ring is particularly effective for the generation of gem-diol
derivatives when the carbonyl group is present in this position,
other aromatic compounds were analyzed (Table 1 and
Supporting Information). For 2-thiophenecarboxaldehyde
(T,) and ethyl 3-(S-formyl-2,4-dimethyl-1H-pyrrol-3-yl)-
propanoate (P,), no evidence of hydration of the aldehyde
group was observed even when 95:5 (v/v) D,O/TFA was
employed (Table 1 and Figure S18). In contrast, 4-
methylthiazole-2-carboxaldehyde (T,) was completely hydrated
in TFA, demonstrating that the electronic density is a crucial
factor for the polarization of the carbonyl group and the
addition of water in acidic medium (Table 1 and Figure S16).%
Although 4-methylthiazole-2-carboxaldehyde (T;) was com-
pletely hydrated, as assessed by solution-state NMR experi-
ments, the gem-diol form was not solid; therefore, crystallo-
graphic and ss-NMR analyses could not be performed. Ethyl 3-
(5-formyl-2,4-dimethyl-1H-pyrrol-3-yl)propanoate dehyde (P,)
was selected, because the absence of free positions in the
aromatic ring prevents its decomposition by TFA. The X-ray
and ss-NMR results for this compound are shown in the
Supporting Information (Figures $27—S29).

4. CONCLUSIONS

This study assesses the generation and stability of the gem-diol
forms in imidazole derivatives containing carbonyl groups. The
hydration studies performed by solution- and solid-state NMR
indicated that the position of the carbonyl group was essential
to stabilize the gem-diol form or even to increase the reactivity
to obtain hemiacetal forms in 2-formylimidazole compounds.
The gem-diol or hemiacetal forms of A;_, were obtained and
studied by ss-NMR and crystallographic techniques. In
addition, the corresponding carbonyl forms were observed in
A;_, derivatives under the same conditions under which A,_,
were completely hydrated. These results indicate that positions
4 and S of the imidazole ring did not effectively sense the
electron-withdrawing character of the entire system upon
protonation, as observed for 2-thiophenecarboxaldehyde (T,)
and ethyl 3-(5-formyl-2,4-dimethyl-1H-pyrrol-3-yl)propanoate
(P,).

Unlike pyridinecarboxaldehydes, the formyl groups in
imidazolecarboxaldehydes do not incorporate water under
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neutral conditions. Instead, the gem-diol forms can be generated
with the addition of TFA, which favors the nucleophilic
addition of water. This phenomenon is possible due to the
increase of the electron-withdrawing character of the imidazole
ring upon protonation. Remarkably, our results indicated that,
although TFA increased the gem-diol content, the position of
the formyl group determines the possibility of obtaining the
gem-diol solid structure, being the second position of the
imidazole ring the only one that particularly senses the
electron-withdrawing character. These differences are due to
the specific electronic density of the imidazole ring positions,
since the formyl group in 4-methyl-2-thiazolecarboxaldehyde
(T,) was completely hydrated, whereas such group was not
hydrated in 2-thiophenecarboxaldehyde (T,) and 3,5-dimethyl-
4-carboxyethylpyrrole-2-carboxaldehyde (P,) when the same
experimental conditions were employed.
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