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ABSTRACT: The gem-diol moieties of organic compounds
are rarely isolated or even studied in the solid state. Here,
liquid- and solid-state NMR, together with single-crystal X-ray
diffraction studies, were used to show different strategies to
favor the gem-diol or carbonyl moieties and to isolate
hemiacetal structures in formylpyridine and vitamin-Bg-related
compounds. The change in position of the carbonyl group in
pyridine compounds had a clear and direct effect on the
hydration, which was enhanced by trifluoroacetic acid addition.
Because of their biochemical importance, vitamin-Bg-related
compounds were studied with emphasis on the elucidation of
the gem-diol, cyclic hemiacetal or carbonyl structures that can
be obtained in different experimental conditions. In particular,
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new racemic mixtures for the cyclic hemiacetal structure from pyridoxal are reported in trifluoroacetate and hydrochloride

derivatives.

1. INTRODUCTION

The synthesis of novel molecules that act as ligands for various
heavy metal ions, such as those containing gem-diol moieties in
their structures, is a field that is being widely studied to obtain
new polymeric materials and/or metal complexes due to the
applications in the synthesis of paramagnetic 3d transition
metal clusters." A geminal diol or gem-diol is the product of the
addition of water to a carbonyl group of an aldehyde or ketone.
Such compounds are rarely stable and infrequently observed in
the liquid or solid state since the moisture balance is largely
dependent on the structure. For example, 99.99% of form-
aldehyde but only 58% of acetaldehyde in water at 20 °C exist
in the hydrated form.” In turn, these structures are rare and can
seldom be isolated as such, because they quickly revert to the
aldehyde or ketone that originated them. However, we have
previously reported the isolation of a gem-diol form for the 2-
imidazolecarboxaldehyde molecule, with no remainder of the
aldehyde moiety in the solid state.’
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In particular, imidazole and pyridine molecules containing
carbonyl groups are widely used for the synthesis of metal
complexes with relevance in medicinal and coordination
chemistry.""® Sartzi et al. studied the use of di(2-pyridyl)
ketone [(Py),C=0] as an organic ligand for the synthesis of
metal complexes.” Efthymiou et al. expanded the number and
variety of carbonyl compounds but observed the gem-diol form
only when the X-ray crystallographic analysis was done in
single-crystal samples corresponding to metal complexes
formed from carbonyl ligands.” Tasiopoulos and Perlepes
studied formylpyridine compounds for the development of
coordination complexes with transition metal ions, with an
empbhasis on “diolate high-spin molecules” and “single-molecule
magnets”.”” In particular, the synthesis of new single-molecule
magnets is of great interest because they are promising
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candidates to be applied in spintronics and quantum
computing. ot

gem-Diol moieties in metal complexes containing pyridine
carbonyl compounds have so far been elucidated through
single-crystal X-ray diffraction studies, but the electronic effects
of the ligands have been not taken into account. In this sense, a
Cu(II) complex with 2-formylpyridine molecules (A,) presents
the gem-diol moiety in single crystals obtained from water
solutions and CuCl,,'* demonstrating that the presence of
water affects the functionalization of the ligand, preventing the
aldehyde form in the crystal lattice of the copper complex. In
contrast, the lower reactivity of the aldehyde group in 3-
formylpyridine (A;) toward the addition of water ex;)lains that,
in the different reported complexes with copper'® or zinc'®
ions, the formyl group remains in aqueous media. Furthermore,
the aldehyde moiety has been observed for zinc complexes of 2-
formylpyridine (A;) when the single crystals were obtained
from dissolutions in CH,Cl, or CH,Cl,/THF with addition of
petroleum ether (bp 70—90 °C) in the absence of water
molecules.'”” Moreover, a rhenium complex with A, in
methanol renders the hemiacetal structure'® as a consequence
of the addition of methanol to the aldehyde group in A, due to
the higher reactivity of the formyl moiety at the second position
of the pyridine system than at the third one in 3-formylpyridine
compound (A,). However, no reports of metal complexes
containing the 4-formylpyridine molecules (A;) have yet been
reported. In addition, no nuclear magnetic resonance (NMR)
studies have been performed to these compounds. In particular,
solid-state NMR (ss-NMR) has allowed overcoming the
challenges inherent in studying noncrystalline materials that
cannot be characterized by single-crystal X-ray diffraction
techniques, being an ideal technique to focus on the possibility
to render the gem-diol forms and their stability, obtained from
the clog'?gpglding carbonyl monomers commonly used in the

ea.” "

In this context, the aim of this work was to study the gem-diol
generation in pyridine molecules bearing carbonyl groups. In
addition, vitamin-Bg-related compounds were analyzed due to
their importance in biochemical processes,””** with emphasis
on the structural elucidation that can be observed in their
reactions.”*”** Liquid-state (Is-NMR) and ss-NMR and single-
crystal X-ray diffraction techniques were used to elucidate the
gem-diol or carbonyl moieties and the possibility to isolate
hemiacetal structures in some cases.

2. EXPERIMENTAL SECTION

2.1. Synthesis. Trifluoroacetic acid (TFA, 99%), 2-
formylpyridine (A;, 99%), 3-formylpyridine (A, 98%), 4-
formylpyridine (A; 97%), 3-chloro-4-formylpyridine (A,
97%), 2-chloro-3-formylpyridine (Ag, 97%), di(2-pyridyl)
ketone (K¢, 99%), pyridoxal hydrochloride (A,-HCL > 99%),
pyridoxal-5’-phosphate (Ag, > 98%), deuterium oxide (D,O,
99.9 atom %D) and dimethyl sulfoxide-dy (DMSO-ds, 99.96
atom %D) were purchased from Sigma-Aldrich and were used
without further purification.

The general quantitative synthesis of the corresponding
neutral gem-diol solid forms for 4-formylpyridine (A;) and 3-
chloro-4-formylpyridine (A,) consists in dissolving 40 mmol of
A; or A, in 3 mL of distilled water, which produces the
spontaneous crystallization of the gem-diol compounds
(H3 melting point — 70—72 °C and H4 melting point — 84-86 OC)'

The solid pyridinium-trifluoroacetate derivatives containing
gem-diol (H,;"TFA and H;TFA) or carbonyl moieties (A,
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TFA), were obtained by incubation of S0 mmol of A;, A,, and
A; in 3 mL of a solution of 1% of water in TFA for 24 h at
room temperature. Then, the TFA solutions were lyophilized
and the solid samples were collected and stored in a desiccator
prior to the NMR measurements. In particular, when the
trifluoroacetate derivatives from A,_; (50 mmol) were placed in
S mL of ethanol 95% for 72 h at room temperature and then
dried under vacuum, they were completely oxidized to the
corresponding carboxylic acid compounds (CA,_;*TFA).

The solid hydrochloride pyridoxal (A,*HCI) was obtained by
incubation of pyridoxal (50 mmol) in 20 mL of HCI 5% for 72
h at room temperature, respectively. Then, the sample was
lyophilized and the solid sample was collected and stored in a
desiccator prior to the NMR measurements. The solid
trifluoroacetate derivative A,*TFA was obtained by incubation
of A*HCI (50 mmol) in 10 mL of TFA 30% for 72 h at room
temperature. Then, the sample was treated as in A,”HCI.

2.2. NMR Experiments. High-resolution "3C solid-state
spectra for the different compounds were recorded using the
ramp '"H-'3C CP-MAS sequence (cross-polarization and magic
angle spinning) with proton decoupling during acquisition. All
the ss-NMR 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-polarization
experiments in °C spectra. The recycling time was set at 4 s, to
obtain a compromise between the signal-to-noise ratio in a
single scan and the total time of the experiments performed
with a number of scans between 2000 and 4000.

The contact time during CP was 1500 ps for *C spectra for
all the samples. The SPINAL64 sequence (small phase
incremental alternation with 64 steps) was used for
heteronuclear decoupling during acquisition with a proton
field H,y satisfying @,1/27 = yH g = 62 kHz.” The spinning
rate for all the samples was 10 kHz.

The Is-NMR experiments were performed at room temper-
ature in a Bruker Avance-II 300, 500 or Ascend-600
spectrometer. To determine the hydration of the carbonyl
group, ~30 mg of each compound was dissolved in a D,0 or
D,O solution containing 1% of TFA.

2.3. Single-Crystal X-ray Studies. Single-crystal samples
were isolated from the slow evaporation of each solution at
room temperature where the compound of interest was
dissolved or obtained as mentioned above.

Single-crystal X-ray diffraction data were collected at room
temperature, using a Gemini A diffractometer, 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. Different independent reflections
were collected for each sample and they are specified in the
Supporting Information. 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.

3. RESULTS AND DISCUSSION

3.1. Studies in Formylpyridines. In order to study the
reactivity of water addition in formylpyridine isomers, each
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Table 1. Amount of gem-Diol and Aldehyde Forms for the Indicated Carbonyl Compounds Determined by '"H NMR

"H NMR experiment

D,0

compound gem-diol
2-CHO-pyridine (A,) 40
3-CHO-pyridine (A,) 10
4-CHO-pyridine (A;) 50
3-Cl-4-CHO-pyridine (A,) 83 (47)

2-Cl-3-CHO-pyridine (As)” 41 (=)*
di(2-pyridyl) ketone (Kg) 3
pyridoxal-HCI (A,*HCI) 1007
pyridoxal-5’-phosphate (Ag)° 73.8 (94)°

D,O-TFA
aldehyde gem-diol aldehyde

60 100 -
90 85 15
S0 100 -
17 (53)° 100 -
59 (100)* 60 40
97¢ 100 -
- 1004 -

26.2 (6)° 752" 24.8°

“In DMSO-dg. “The reported values are related to the relative content of the gem-diol and aldehyde forms since other com;ounds are also present in
the mixture (see the text and Supporting Information for additional details). “The reported value is for the ketone form. “The reported values refer
to the cyclic hemiacetal in D,0, D,O-TFA and DMSO-d,. However, the gem-diol moiety was quantitatively obtained when the solid A,*HCI was
treated with D,0/NaOH solution. “The aldehyde form was quantitatively obtained when the solid Ag was treated with D,0O/NaOH.

compound was dissolved in D,O and studied by Is-NMR
experiments (Table 1). The 'H NMR spectra for all the
isomers showed the presence of the gem-diol moieties in D,O
at a proton chemical shift around (-CH(OH),) depending on
the position in the pyridine ring (Figure 1 and Supporting
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Figure 1. "H NMR spectra for 4-formylpyridine (A;) in the presence
of D,0 (A) and D,O—TFA (B). The asterisk in spectrum B indicates
the residual signal of the carbonyl form.

Information). On the basis of the integration of each 'H NMR
signal for the gem-diol (§('H) = 5.70—6.30 ppm) and/or the
aldehyde (§('H) = 9.19—10.40 ppm), it was possible to obtain
the relative content in terms of each functional moiety (Table
1). From these results, we concluded that the most reactive
compound for the addition of water was 4-formylpyridine (A;)
(54%) followed by 2-formylpyridine (A;) (44%) and 3-
formylpyridine (A,) (11%). This fact is justified given the #-
deficient character of the pyridine ring where the most electron-
deficient positions are 2, 4, and 6 in comparison with 3 and 5,
explaining that 3-formylpyridine had the lowest hydrate
percent. Moreover, the complete hydration in 2- and 4-
formylpyridines can be obtained with 1% of TFA in D,O
according with the "H NMR spectrum (Figure 1). However, A,
was not completely hydrated even with a higher TFA
concentration (Table 1) since the third position of the pyridine
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system was not equally affected by the inductive effect of the
system in comparison with the other positions.

Since all the formylpyridine isomers are liquid at room
temperature, we prepared the solid trifluoroacetate derivatives
to be studied by ss-NMR, and, in the cases where the substance
rendered single crystals, they were studied through X-ray
diffraction. Figure 2 shows the 'C CP-MAS spectra for the
products obtained for the corresponding trifluoroacetate
derivatives or neutral form of the formylpyridines and other
related solid compounds commercially available.

Even when all the pyridine derivatives were incubated in
TFA under the same experimental conditions, depending on
the position of the formyl group, it was possible to isolate solids
where the aldehyde or gem-diol content was different. The *C
CP-MAS spectra (Figure 2A and Figure 2B) showed that, in
TFA, A, presented the gem-diol moieties (5(**C) = 73.3 ppm,
—CH(OH),, Figure 2A), whereas A, crystallized as the
corresponding aldehyde (A,TFA) (5("*C) = 188.2 ppm,
—CHO, Figure 2B). In contrast, when A,"TFA was incubated
in ethanol, single crystals of 3-carboxypyridine (CA,"TFA)
were obtained (5("*C) = 166.3 ppm, —CO,H, Figure 2C).
However, this crystallographic structure has been previously
reported.’” The *C CP-MAS spectrum for CA,"TFA showed
that the oxidation of the formyl group in A, was completed in
this condition since no signals of the aldehyde form (A,) were
observed in the Is- or ss-NMR spectra (Figure 2C). These
results indicate that the solid-state NMR through *C CP-MAS
spectra is the best screening for the identification of the gem-
diol groups in a solid sample by observing the range of 70—100
ppm of C chemical shift. This must be done prior to the
dissolution in deuterated solvents where the proportion of
carbonyl and gem-diol moieties change depending on the
properties of the medium, not being representative of the real
content in the solid state. In addition, a salt was formed
between the pyridine compounds and TFA, which was
evidenced from the signal of the carboxylate group at 160.5
ppm (CF;CO,”) and the carbon corresponding to the
trifluoromethyl group (CF;CO,”) at ~120 ppm in the "*C
CP-MAS spectra.”

Interestingly, in a particular ratio of 4-formylpyridine:water
(4 mL:3 mL), it was possible to obtain single crystals suitable
for X-ray studies and to find the corresponding gem-diol form
in the solid state. However, Gonzailez-Mantero et al. have
previously reported the corresponding structure as a byproduct
of a particular chemical reaction where the gem-diol form was

DOI: 10.1021/acs.jpca.6b07898
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Figure 2. *C CP-MAS spectra for the solids obtained after the treatment of the following compounds in different experimental conditions: 2-
formylpyridine (A,) in TFA (H,*TFA, A), 3-formylpyridine (A,) in TFA (A,"TFA, B), the A,"TFA treated with ethanol (CA,*TFA, C), the solid
obtained with 4-formylpyridine (A;) in water (H;, D), the solid commercial sample of 3-chloro-4-formylpyridine (A,) (A, + H,, E), and the solid

obtained after the treatment of A, with water (H,, F).

not the objective of the work.** Also, Majerz et al. studied a
ionic adduct between A; and 2,6-dichloro-4-nitrophenol.”® In
the same way, 4-formylpyridine (A;) rendered quantitative
solid sample under the gem-diol form (H;) from the treatment
of A; with water (S mL:3 mL), although the 4-carboxypyririne
(CA;) was elucidated by X-ray results obtained from the
incubation of the trifluoroacetate sample of H; in ethanol

(Figure 3). On the other hand, the solid aldehyde 3-chloro-4-

A B
|

N7 N N /\l i \'\
| |
e N N7 N N
i jj\ 7\~ | |
[ NN
SN /% % - \3/ S I
|
K Y “ H4” “PS”
“CA3.TFA”

Figure 3. Crystal structures for 4-carboxypyridineium trifluoroacetate
(CA4*TFA), gem-diol form of 3-chloro-3-formylpyridine (H,), and 3-
formyl-2-pyridone (Ps). The displacement ellipsoids for the non-H
atoms in the figure were drawn at the 50% probability level.

formylpyridine (A,) commercially available is in a mixture of
aldehyde:gem-diol of 0.53:0.47 according with the 'H NMR
spectrum in DMSO-ds. When the solid A, was treated with
water, the gem-diol crystallized as the only product according
with the ss-NMR spectrum (Figure 2F and Table 1). Moreover,
single crystals for H, were analyzed by X-ray diffraction,
showing the gem-diol moieties in the crystal lattice (Figure 3
and Figure S27 and Figure S28).

For the 2-chloro-3-formylpyridine (Ag), only the aldehyde
form (92.6%) was present and a minority content of the 3-
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formyl-2-pyridone (P, 7.4%) was observed in the 'H NMR
spectrum in DMSO-dy (Figure S13). When these solid chloro-
formylpyridines (A,_s) were dissolved in D,0, the gem-diol
content increased in each sample in comparison with the results
in DMSO-dg according to NMR results. This is indicative of the
higher reactivity of the nucleophilic addition of water to the
aldehyde group than the corresponding derivatives without
chlorine in their structure (Table 1). Interestingly, the 'H NMR
spectrum of 2-chloro-3-formyl-pyridine (Ag) in D,O showed
that the contents of aldehyde and gem-diol forms were 21.3 and
14.7%, respectively. The remaining 64% was associated with a
3-formyl-2-pyridone (P) as a consequence of the nucleophilic
substitution of chlorine by water molecules (Figure S11). It is
important to point out that the incubation of A in water
rendered single crystals, where the 2-pyridone structures were
elucidated by X-ray diffraction studies (Figure 3, Figure S29
and Figure S30). These results indicate that the fact that 3-
formyl-2-pyridone (Ps) was obtained in 64% in water was due
to the higher reactivity for the nucleophilic aromatic
substitution than the addition of water to the carbonyl group
at the third position of the aromatic system in As. Thus, the
gem-diol form (Hs) was obtained in 14.7% with 21.3% of the
aldehyde (A) (Table 1). The same analysis in D,0O—TFA
showed that the amounts of aldehyde, gem-diol, and 2-pyridone
forms for Ay were 38.6%, 57.9%, and 3.5%, respectively,
indicative that the acidic medium increases the addition of
water to the aldehyde group against the substitution of the
chloride at the second position (Table 1).

Finally, a di(2-pyridyl) ketone (Kg) was studied in the liquid-
state in D,0, where only 3% was hydrated, giving rise to the
gem-diol moiety in the "H NMR spectrum (Table 1). Also, the
treatment of Ky with water rendered a solid where, according
with the *C CP-MAS spectrum (Figure 4A), only the ketone
form was present. Even when the ketone carbon is next to the
second position of both electron-withdrawing pyridine rings,
the effect on the nucleophilic addition of water cannot be
observed in D,O solution since only 3% corresponded to the

DOI: 10.1021/acs.jpca.6b07898
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Figure 4. *C CP-MAS spectra for the commercial solid of the di(2-pyridyl) ketone (Kg) (A) and Kj treated with TFA (Hg'TFA + K¢ TFA) (B).
Crystal structure for Hg*TFA. The displacement ellipsoids for the non-H atoms in the figure were drawn at the 50% probability level.
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Figure 5. '*C CP-MAS spectra for pyridoxal HCl (HA,"HCI, A), pyridoxal-HCI incubated with TFA (HA,-HCI + HA,-TFA, B), pyridoxal-§'-
phosphate (Hg, C), and pyridoxal-5’- phosphate treated with TFA (Hg'TFA, D).

gem-diol form, and it was necessary to add TFA to force the
reaction (Table 1). A possible explanation may be the
hydrophobic:hydrophilic balance of the molecule, which
disfavors the nucleophilic attack of water. Then, the addition
of TFA to an aqueous solution containing K produced the
gem-diol form in an excellent yield as well as single crystals,
demonstrating again the gem-diol moiety and the disposition of
the aromatic rings in the crystal lattice (Figure 4). The *C CP-
MAS spectrum for the TFA crystals obtained from Kq (Hg"TFA
+ K¢ TFA) shows that most of the compound is present as
gem-diol form with traces of the ketone moieties, having into
account the "*C resonance signal at 183.3 ppm, which presents
a shift to low frequency values after the protonation of the
pyridine system in comparison with the nonprotonated di(2-
pyridyl) ketone (§(**C): 196.4 ppm, >C=0, Figure 4). The
TFA crystals of K4 (H¢TFA + K¢ TFA) dissolved in D,0
showed a similar amount of both gem-diol and ketone forms.
However, the NMR spectrum in DMSO-dg4 shows only the
ketone form (Figure $24), being not representative of the solid
composition according with the ss-NMR. The X-ray results
demonstrated the gem-diol structure for K¢ (He'TFA, Figure
4). The hydrated structure was first reported for a hydro-
chloride form of Hg with structural differences in the crystal
lattice since both nitrogens of the pyridine rings were in
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opposite direction.’® In contrast, in the TFA salt reported here,
both nitrogens are in the same side and the gem-diol is linked
by hydrogen bonds with the carboxyl group of TFA (Figure 4
and Supporting Information). Regarding reported metal
complexes, the gem-diol forms were observed in Cu(Il) or
Ni(II) centers synthesized from Kg; where the gem-diol
structure is stabilized by coordination with less importance of
the metal ion and the anion used in their preparation.””** The
hydration of the carbonyl group is enhanced by the slight
acidification of the medium since in aqueous solution only 3%
of the gem-diol is present, in agreement with our results
reported here (Table 1).

3.2. Vitamin-Bg-Related Compounds. Pyridoxal (A,) and
pyridoxal-5’-phosphate (Ag) compounds were studied having
into account their biochemical importance due to their role as
coenzymes in different enzymatic reactions (Figure 5). The *C
CP-MAS spectrum for a hydrochloride pyridoxal (A,HCI)
sample was performed and the results are shown in Figure SA.
The ss-NMR spectrum indicated the absence of the aldehyde
around 180—200 ppm and the presence of the corresponding
gem-diol or hemiacetal moieties at 98.7 ppm. However, the Is-
NMR clearly showed that the cyclic hemiacetal form (HA,
HCI) was present for this molecule due to the magnetic
inequivalence of the protons of the methylene group.”” The
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two doublets present at 5.32 and 5.14 ppm with a J,.,,, coupling
of 13.8 Hz in the 'H NMR spectrum demonstrate the
cyclization involving the hydroxymethylene and the carbonyl
group (Figure S and Figure S14).

The single-crystal X-ray diffraction structure resolved for the
TFA salts allowed us to confirm the cyclic hemiacetal formation
together with the racemic structure that can also be
discriminated (Figure 6), something that is not possible from

@’“@i P =3
I /N, &a_/%

R / Z

Figure 6. Crystal structure for pyridoxal- TFA racemate (HA,"TFA).
The displacement ellipsoids for the non-H atoms in the figure were
drawn at the 50% probability level.

the NMR spectra in Figure 5. Manohar et al. reported the X-ray
structure for the pyridoxal molecule in the neutral form, where
the hemiacetal and the zwitterionic forms were present, but the
racemic mixture was not obtained.”” Our results show that the
racemization takes place due to the intramolecular cyclization
and is equally probable for both sides of the planar formyl
group, rendering a racemic sample that was evidenced with the
X-ray results (Figure 6). Since the racemization cannot be
deduced from the NMR spectra, optical rotation experiments
were performed. The aqueous solutions of the crystalline
pyridoxal TFA (HA,-TFA) or pyridoxallHCl (HA,-HCI)
samples were optically inactive, meaning that there is no net
rotation of the plane-polarized light due to the racemic mixture
in both solids.

Furthermore, even when the single-crystal structure was
studied only for the pyridoxal- TFA compound, the *C CP-
MAS for the TFA salt provided additional information
concerning the composition of the crystalline powder obtained
after the treatment with TFA of an aqueous solution of the
hydrochloride pyridoxal. Spectrum B in Figure S shows the
presence of both chloride and trifluoroacetate as contra-ion of
the cationic pyridinium system from the pyridoxal molecule,
being possible the discrimination of both molecules due to the
different environments of each pyridine system depending on
its anion (Figure S). The splitting of the NMR signals may
indicate the presence of two molecules per unit cell in Figure
SB. However, as determined by X-ray fluorescence, the HA,
TFA sample still contains a chlorine content of 3.30 + 0.10%,
indicative of hydrochloride content in the HA,TFA solid
sample. Also, some of the chemical shifts are observed for HA:
HCl in the HA*TFA solid sample in comparison with the pure
HA,-HCI sample.

The Is-NMR results for the pyridoxal hydrochloride in both
D,0O and D,0—TFA showed that only the cyclic hemiacetal
structure is present and stable. However, when the 'H spectrum
was recorded in D,0—NaOH, the corresponding gem-diol form
was observed, taking into account that the protons of the
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methylene group resonate as a singlet at 4.50 ppm, indicating
that the hemiacetal structure has been affected by the alkaline
medium. The gem-diol proton can be observed at 6.39 ppm
(Figure S16). Although the single-crystal X-ray structure for the
pyridoxal hydrochloride (A,”HCI) has been previously reported
by Fujiwara et al,*' where the aldehyde structure was present,
our results presented here show that the cyclic hemiacetal
structure for A,*HCI and A*TFA is the only structure present
according with the ss-, Is-NMR and X-ray results.

The last compound analyzed in this work was the pyridoxal-
S’-phosphate (Ag), which presented a well-resolved *C CP-
MAS spectrum (Figure SC) for the gem-diol form (Hg), since
in this molecule the formation of a cyclic hemiacetal as in
pyridoxal is not possible due to the phosphate group at the
hydroxylmethylene group at the fifth position of the pyridine
ring. The single-crystal X-ray structure for Ag has been
previously resolved by Fujiwara et al.** Nevertheless, the
solid was analyzed by ss-NMR and the result is shown in Figure
SC. The gem-diol form was present for the pyridoxal-S'-
phosphate in the commercial sample treated in water or
TFA:water (1:0.01) solution. Also, a shift in the gem-diol
carbon from 82.6 to 88.0 ppm can be observed with the
formation of the TFA salt (Figure 5). The Is-NMR results in
D,0 for a commercial sample of pyridoxal-5'-phosphate
showed that the gem-diol and the aldehyde forms were present
in 73.8% and 26.2%, respectively. However, the 3¢ Cp-MAS
spectra only shows the gem-diol form (Figure S). The '"H NMR
spectrum in D,O-TFA shows a similar amount of gem-diol
(75.2%) but a lower amount of aldehyde (21.6%), since some
phosphate hydrolysis occurred with the concomitant formation
of gem-diol and cyclic hemiacetal forms of the pyridoxal
molecule in 3%, according with the NMR spectrum (Figure
$20). Then, the pyridoxal-S’-phosphate was dissolved in
DMSO-dg and the results were completely different, since the
aldehyde and gem-diol contents were 94% and 6%, respectively.
Once again, as in other compounds described in this work,
DMSO-ds is not the best solvent to study the “real
composition” of the samples in the solid state, but it is useful
if the aldehyde form is desired in solution for any reason. In
addition, the "H NMR results for the pyridoxal-5'-phosphate in
D,0-NaOH produced only the aldehyde form in 100% (Figure
s21).

4. CONCLUSIONS

By using both Is- and ss-NMR, we studied the generation and
stability of the gem-diol forms in various pyridine derivatives
containing carbonyl groups. In general, sssNMR was useful to
determine the presence of gem-diols in the solid state in cases
where the crystals obtained were not suitable for single-crystal
X-ray diffraction studies or where the solvent in the IssNMR
altered the chemical structure of the molecule under study.
However, in many cases, it was possible to analyze the data
from both methods of structural characterization to comple-
ment and enhance the knowledge in the chemistry of gem-diol
compounds.

The limitation of analytical techniques for the character-
ization of the gem-diol/carbonyl (aldehyde or ketone) content
for a particular formyl or ketone compound is the balance
obtained in a particular solvent. For that reason, throughout the
manuscript, it is mentioned that for example the DMSO-d,
solvent is not the best medium for the characterization at the
liquid state, being the ss-NMR the best technique for the
screening at the solid state, taking into account the inherent
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problem of low sensitivity. Common HPLC techniques can be
used, but the problem is that the sample needs to be dissolved
in acid/water mixtures, being easier to analyze only the NMR
information from the solution state in the presence of H*
species.

The hydration studies indicated that the position of the
carbonyl group was essential to stabilize the gem-diol form,
allowing their isolation and characterization in the solid state.
The hydration process of formylpyridine compounds was
favored due to the electron-withdrawing character of the
aromatic system, with 2- and 4-formylpyridines being
particularly stable. Also, the oxidation to carboxylic acid in
some of the compounds studied here was obtained from the
trifluoroacetate derivatives of formylpyridines according to the
NMR and X-ray results.

The structural characterization by X-ray crystallography and
ss-NMR techniques of vitamin-Bg-related compounds allowed
identification of a cyclic hemiacetal form for the pyridoxal
molecule, which was present with both TFA and HCI mediums.
In addition, the racemization of the pyridoxal molecules
demonstrated in acidic medium due to the intramolecular
cyclization is equally probable for both sides of the planar
formyl group, rendering a racemic sample that was evidenced
with the X-ray results.

Indeed, the results presented here explain some structural
characteristics observed in metal ion complexes where the gem-
diol, carbonyl, or hemiacetal moieties are present, depending
on the monomer used. This would allow a smart design of new
metal complexes by using some of the compounds studied here
and different metal ions, in a variety of experimental conditions.
This will allow one to expand the chemistry in metal complexes
and single-molecule magnets in terms of structural diversity of
the ligands.
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