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The pyridoxamine action on Amadori compounds:
A reexamination of its scavenging capacity and chelating effect
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Abstract—Amadori compounds act as precursors in the formation of advanced glycation end products (AGEs) by non-enzymatic
protein glycation, which are involved in ensuing protein damage. Pyridoxamine is a potent drug against protein glycation, and can
act on several pathways in the glycation process. Nevertheless, the pyridoxamine inhibition action on Amadori compounds oxida-
tion is still unclear. In this work, we have studied the Schiff base formation between pyridoxamine and various Amadori models at
pH 7.4 at 37 �C in the presence of NaCNBH3. We detected an adduct formation, which suggests that pyridoxamine reacts with the
carbonyl group in Amadori compounds. The significance of this mechanism is tested by comparison of the obtained kinetics rate
constants with that obtained for 4-(aminomethyl)-pyridine, a structural analogue of pyridoxamine without post-Amadori action. We
also study the chelating effect of pyridoxamine on metal ions. We have determined the complexation equilibrium constants between
pyridoxamine, N-(1-deoxy-DD-fructos-1-yl)-LL-tryptophan, aminoguanidine, and ascorbic acid in the presence of Zn2+. The results
show that the strong stability of pyridoxamine complexes is the key in its post-Amadori inhibition action. On the other hand results
explain the lack of inhibition of aminoguanidine (a glycation inhibitor) in the post-Amadori reactions.
� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Non-enzymatic glycation of long-lived proteins encom-
passes a complex group of reactions yielding structural
and functional changes.1,2 Such reactions are specially
important in glycemic individuals and are behind
diabetes-related complications including atherosclerosis,3

renal dysfunction,4 Alzheimer’s disease,5 and eye
diseases.6

Protein glycation starts with the reversible condensation
of carbohydrates (or dicarbonyl compounds resulting
from their autoxidation) with free amino protein groups
to give a Schiff base.1e The amino groups amenable to
glycation include those on the side chains of Lys and
Arg residues,1a and also, as recently shown, His, Trp,
and Cys residues.7 As can be seen in Scheme 1, the Schiff
base formed with DD-glucose as the glycating agent
evolves to an N-(1-deoxy-DD-fructos-1-yl)-LL-amino acid
(viz. an Amadori compound) which occurs as several
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forms in equilibrium.8 Once formed, the Amadori com-
pound can undergo dehydration and enolization, both
of which are facilitated by the presence of phosphate
and metal ions in the medium.8,9 The products are two
post-Amadori compounds (viz. an Amadori dione10

and an Amadori ene-dione11) which undergo a series
of complex reactions leading to the formation of ad-
vanced glycation end products (AGEs).2 In addition,
the oxidation of sugars and Schiff bases can yield radical
and carbonyl species some of which are AGEs precur-
sors as well.

In recent years, Amadori compounds have been identi-
fied as key elements in the AGEs formation in vi-
vo1e,12,13; in fact, their concentrations are typically 2–
3 times higher in diabetics than in healthy individu-
als.14 Some authors have suggested that blocking the
ketone group in an Amadori compound and their
autoxidation might prevent the AGEs formation and
avoid their pathological effects as a result.13c,14 A
number of inhibitors of protein glycation have been
reported over the past 20 years 2d,4b,15; none, however,
has been found to directly interact with the ketone
groups in Amadori compounds and prevent AGEs
formation as a result.
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Scheme 1. Schematic representation of the non-enzymatic glycation of proteins.
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Pyridoxamine is another widely studied inhibitor of
AGEs formation both in vivo and in vitro.16 The phenol
and aminomethyl groups at positions 3 and 4, respec-
tively, of its ring endow it with inhibition properties
based on the following mechanisms of action: the scav-
enging of carbonyl species formed in the degradation of
sugars and lipids16a,c; the inhibition of the oxidation of
Amadori compounds by binding of the metal ions that
catalyze the reaction16a,g; and scavenging of radical
species by the release of the proton in the phenolate
ion.16a Also, recent studies have shown that pyridox-
amine could exhibit competitive inhibition with amino
groups in proteins against glycating carbohydrates17

and can scavenge c-ketoaldehydes, which are involved
in the development of artherosclerosis.18

A recent study16b led to the assumption that pyridox-
amine is not involved in the inhibition of protein glyca-
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tion by blocking the ketone group present in Amadori
compounds, and its inhibition action on protein–Ama-
dori degradation is exclusively by binding metal ions
which catalyze the Amadori autoxidation.16b However,
the fact that aminoguanidine also binds catalytic metal
ions and inhibits the oxidation of ascorbic acid,16g but
does not inhibit post-Amadori AGEs formation indi-
cates that there could be other important factors in-
volved in the efficient inhibition of post-Amadori
reactions by pyridoxamine.

In order to clarify the mechanism of the inhibition ac-
tion of pyridoxamine (1) on post-Amadori compounds,
we reexamine its blocking effect on carbonyl groups
present in Amadori compounds, and its chelating effect
on metal ions. First, we study the Schiff bases formation
between pyridoxamine (1) and various Amadori-models
under physiological conditions of pH and temperature
(Scheme 2). The studied keto compounds included ace-
tol (2), which is structurally similar to the active sites
in Amadori compounds; N -(1-deoxy-DD-fructos-1-yl)-LL-
tryptophan (3), which is a model Amadori compound
similar to that formed on the N-terminal ends of peptide
chains; and 1-deoxy-1-morpholino-DD-fructose (4), a
model Amadori compound similar to that formed on
Trp and His side chains (see Fig. 1). The relevance of
the blocking effect by pyridoxamine is analyzed by
comparing the kinetic rate constants for the Schiff bases
formation with those obtained with 4-(aminomethyl)-
pyridine (5), a structural analogue of 1, lacking the
post-Amadori inhibition action.16b The comparison of
the microscopic kinetic rate constants allows us to deter-
mine the effect of the phenol group on the nucleophilic
character of the aminomethyl group in 1.
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Additionally, we have determined the kinetic rate con-
stant for pyridoxamine Schiff base formation in the pres-
ence of Zn2+ in order to analyze if complex formation
can compete with scavenging of carbonyl species by 1.
The chelating study was completed by the analysis of
the equilibrium constants for the complex formation be-
tween 1, 3, aminoguanidine (6), and ascorbic acid (7)
with Zn2+ by 13C NMR, in order to clarify the differ-
ences between pyridoxamine and aminoguanidine, both
chelating agents which inhibit the oxidation of ascorbic
acid but show different post-Amadori inhibition action
as stated previously.
2. Results and discussion

2.1. Stability of the Amadori compounds 3 and 4

Determining kinetic constants requires an accurate
knowledge of the initial reactant concentrations. This
entailed checking the Amadori compounds for stability
under the specific reaction conditions used (viz. pH 7.4
as adjusted with 0.5 M phosphate buffer and a tempera-
ture of 37 �C). The preliminary experiments revealed
both Amadori compounds (3 and 4) to be unstable un-
der such conditions; hence their kinetics parameters
must be determined.

The degradation kinetics of compound 3 was monitored
by HPLC. Fitting the experimental data to Eq. 1
yielded a kd3 (28 ± 1) · 10�3 h�1 (t1/2 25 h) (see Section
4). The degradation products obtained were analysed
by injecting the reaction mixture into the LC–MS system
after 52 h of incubation. The chromatogram exhibited
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Figure 1. Structure of pyridoxamine (1), 4-(aminomethyl)-pyridine (5), aminoguanidine (6), ascorbic acid (7), and the carbonyl compounds employed

in this study.
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two major signals, namely: one at m/z 205 that was as-
signed to the [M+H] + peak for Trp and the other at
m/z 219 that was assigned to the [M+K]+ peak for
DD-glucose and DD-mannose.19

The degradation kinetics of compound 4 was monitored
by 1H NMR, using area measurements of the signal at
3.35 ppm (see Section 4). Fitting the experimental data
to Eq. 2 yielded kd4 (7.5 ± 1.5) · 10�3 h�1 (t1/2 92 h).
The degradation products obtained were analysed by
injecting the reaction mixture into the LC–MS system
after 100 h of incubation. The chromatogram exhibited
a major signal at m/z 110 that was assigned to the
[M+Na]+ peak for the morpholino and another one at
m/z 219 which was assigned to the [M+K]+ peak for
DD-glucose and DD-mannose.19

The degradation kinetics of the Amadori compounds 3
and 4 was also studied under the previous reaction con-
ditions in the presence of NaCNBH3. The results were
similar to those obtained in the absence of the reducing
agent.

2.2. Schiff base formation between pyridoxamine (1) and
4-(aminomethyl)-pyridine (5) with Amadori type com-
pounds (2–4)

Acetol (2) is the simplest structural analogue of the ac-
tive group in Amadori compounds. Acetol levels are in-
creased in diabetic patients with ketosis20 as a result of
the compound being an intermediate in the transforma-
tion of acetone into methylglyoxal under the action of
cytochrome P450.21

The reaction between 1 and 2 in the presence of NaC-
NBH3 was followed by HPLC. The signal correspond-
ing to 1 decreased with time as a new major signal
appeared. The compound causing that signal was iso-
lated and characterized, and assigned to compound 8
(Fig. 2, see Section 4). The fact that 8 being the end
product confirms the attack of the amino group in 1
on the carbonyl group in 2 to form a Schiff base, which
was subsequently selectively reduced by NaCNBH3.

The evidence of former attack suggests checking this
behaviour on proper Amadori compounds as 3 and 4.
Figure 3 shows the temporal variation of the chromato-
graphic signals during the reaction between 1 and com-
pound 3 in the presence of NaCNBH3. Initially, the
chromatogram exhibited the signals for compounds 1
(tR 5 min) and 3 (tR 52 min). Subsequently, the peak
for compound 1 shrank as two new signals appeared:
one at tR 39 min corresponding to 9 (the condensation
product of 1 and 3), and the other at tR35 min corre-
sponding to Trp formed by the degradation of 3. An
analogous chromatographic pattern was found for the
reaction of 1 and 4, being compound 10 the final reac-
tion product, which was characterized (see Section 4).

The presence of compounds 9 and 10 in the medium
clearly proves that pyridoxamine reacts with the carbonyl
groups of the Amadori compounds. When reactions be-
tween 1 and 3 (or 4) were performed in the absence of
NaCNBH3, and followed over 20 h (in order to avoid
degradation effects on 3 and 4) no new chromatographic
signals were observed, probably because under such con-
ditions the equilibrium of Schiff bases formation was dis-
placed to the reactants, so any Schiff base or derivatives
formed are at undetectable levels. These resultsagree with
other ones previously published for a similar system and
similar experimental conditions.16b

In order to determine the importance of blocking effect
in the post-Amadori inhibition action of 1 we also
studied the reaction between 4-(aminomethyl)-pyridine
(5) and carbonyls 2– 4. The reactions were followed by
HPLC monitoring the decrease of 5 signals with
reaction time (see Section 4).
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Figure 4 shows that the temporal variation of 1 and 5
concentrations in each of the previous reactions follows
a pseudo first-order kinetics (Eq. 20). The kobs values ob-
tained by the treatment of these experimental data are
depicted in Table 1. The table also shows values for
k1, the microscopic kinetic rate constant for Schiff base
formation (calculated from Eq. 18 for 1 and from Eq.
23 for 5). In these calculations, the apparent tautomeric
equilibrium constant between the reactive tautomer of
pyridoxamine (1a) and the other tautomers present in
the medium at the working pH, K3 in Scheme 3, was ta-
ken to be 0.036.17a The dissociation constant for
the aminomethyl group in 5 (K6) was determined
at 25 �C by other authors.22 This value and the knowl-
edge of enthalpies of ionization of aliphatic amines
(DH0 � 13 kcal/mol23) allowed us to estimate K6 value
at 37 �C such as 1.58 · 10�9 M by using Van’t Hoff
equation. Furthermore, based on the previous results
of Glushonok et al., 24 we adopted a value of 49 for
the equilibrium constant between the carbonyl and hy-
drated tautomers of acetol, K4. Taking into account that
only 4.7% of compound 3 was in its carbonyl form,25

and the structural similarities between 3 and 4, we used
a value of 5.2 · 10�2 for K5, the equilibrium constant
between the linear anomer and the different cyclic
anomers.

The microscopic kinetic rate constant (k1) values for 1
are two times smaller than those for 5. This result agrees
with the different electronic charges on the nitrogen
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atom present in the aminomethyl group in 1a (the reac-
tive tautomer) and the unprotonated species of 5. The
charge on N of 5 is ca. 0.20e greater than that obtained
for 1a, due to the intramolecular hydrogen bond formed
between N atom and the proton of phenolate in 1a,
Table 1. Kinetic constants for the reactions of pyridoxamine (1) and 4-(ami

Reactions at pH 7.4 at 37 �C in presence of NaCNBH3

Pyridoxamine (1) + Acetol (2)

Pyridoxamine (1) + Amadori compound 3

Pyridoxamine (1) + Amadori compound 4

4-(Aminomethyl)-pyridine (5) + Acetol (2)

4-(Aminomethyl)-pyridine (5) + Amadori compound 3

4-(Aminomethyl)-pyridine (5) + Amadori compound 4
which is absent in 5 (see Section 4.10). The obtained kobs

values for 5 are ca. two times higher than those for 1,
and are also due to their different nucleophilic charac-
ters, instead both presents similar proportion of unprot-
onated species at neutral pH (�3.5%).

The microscopic kinetic rate constants (k1) for 1 and
Amadori compounds are 1000 times smaller than those
determined for 1 with aldehydic compounds,17 and
agrees with the different electrophilic characters between
ketone and aldehydic groups. The kobs values obtained
for 1 with 2 are greater than those obtained with the
Amadori compounds 3 and 4, as a result of the increased
proportion of the carbonyl tautomer.

Our results demonstrate that pyridoxamine reacts with
the Amadori compound yielding a Schiff base. The addi-
tion of reducing agent into the reaction mixture let us to
detect the adduct formation and determine kobs and k1

values. The comparison of the kinetic results between
1 and 5 (an analogue of 1 without post-Amadori inhibi-
tion action)16b reveals that blocking carbonyl group in
Amadori compound by 1 is not the main step in post-
Amadori inhibition action of 1.

2.3. Chelating effect: complex formation between 1, 3, 6,
and 7 with Zn2+

It has been widely described that pyridoxamine can
form complexes with divalent cations. In order to check
the significance of that reaction on the availability of
pyridoxamine to scavenge carbonyl groups, we study
the reaction between 1 and 2 in the presence of Zn2+.
Although Cu2+ catalyses the oxidation process on Ama-
dori compounds,16b we use Zn2+ in this study in order to
avoid the formation of copper hydroxide that precipi-
tates at neutral pH. Complex formation between 1 and
Zn2+ or Cu2+ involves the six coordinate ions which
lie at the center of symmetry and are chelated to two 1
ligands through the amino and phenolate groups26,27

and stabilized by two water molecules. According to
complex geometry and complexes stabilities (Irving-Wil-
liams series 28) the chelating results obtained for Zn2+

should agreed with those obtained for Cu2+.

The reaction between 1 and 2 in the presence of NaC-
NBH3 and Zn2+ was analyzed by HPLC monitoring
with the decrease of 1 signal with reaction time. The
reaction product (8) was the same as that produced
without metal addition. For a metal concentration up
to 2 mM, the kobs values (0.58–0.45 M�1 h�1) are similar
to those obtained without metal addition. This result
nomethyl)-pyridine (5) with Amadori type compounds (2–4)

kobs (h�1) k1 (M�1 h�1)

(58 ± 1) · 10�2 85 ± 15

(27 ± 0.6) · 10�3 83 ± 16

(27 ± 0.3) · 10�3 83 ± 14

(12 ± 0.3) · 10�1 157 ± 10

(72 ± 1.6) · 10�3 194 ± 40

(71 ± 7.6) · 10�3 190 ± 30
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shows that complex formation does not modify the
capacity of 1 to react with carbonyl groups when they
are in a ratio similar to that observed in vivo models un-
der 1 treatment.29,30

The complexation reactions take a crucial role in the
pyridoxamine inhibition of radical and post-Amadori
AGEs formation.16a In contrast, there are other inhibi-
tors of glycation processes with chelating capacity that
do not inhibit post-Amadori reactions. One of them is
aminoguanidine (6) that can form complexes with diva-
lent metal ions,31 similarly to 1, and inhibit the oxida-
tion of ascorbic acid (7),16g but is completely inactive
as the inhibitor of post-Amadori oxidation.16f

In order to analyze the different inhibition actions be-
tween 1 and 6, we determine the equilibrium constants
for the complex formation of 1, 3, 6, and 7 with Zn2+

by 13C NMR spectroscopy. Figure 5 represents the free
ligand concentration versus total Zn2+ concentration in
citrate buffer 0.5 M at pH 7.0. Results show that 1
exhibits the highest chelating effect followed by com-
pound 3. In contrast, 6 shows a minor chelating effect
in comparison to 1 and 3. Under experimental
conditions, it has not been possible to detect the complex
formation between 7 and Zn2+. Values of K ½Znð1Þ2–ðH2OÞ2�
(2.5 ± 1.3) · 103 M�2; K ½Znð3Þ2–ðH2OÞ2�(4.6 ± 0.43) · 102

M�2; K ½Znð6Þ2–ðH2OÞ2� (1.11 ± 0.16) · 102 M�2 were ob-
tained by fitting the experimental results to Eq. 4 . The
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The initial ligand concentration was 0.08 M for all the compounds.

Compounds 1 (d), 3 (n), 6 (s), and 7 (.) were used as ligands.
highest stability of [Zn(1)2–(H2O)2] with respect to 3,
6, and 7 complexes causes the metal ions to bind prefer-
entially to 1 instead of Amadori compounds, inhibiting
Amadori autoxidation as a result. This result agrees
with experimental data that demonstrates that 1 can in-
hibit the catalysis of metal ions on post-Amadori
reactions.16b

Khalifa et al.16f have shown that although aminoguani-
dine is a chelating agent, it does not present inhibition
action in post-Amadori reactions. The minor chelating
effect of 6 in comparison to the Amadori compound ex-
plains this lack in the inhibition action. Since the equi-
librium constant is lower than that for Amadori
compounds and higher than that for 7, compound 6
can only inhibit the metal catalyzed oxidation of 7, as
corroborated by experimental data.16g
3. Conclusions

The results obtained in this work clearly show that pyr-
idoxamine (1) reacts with the carbonyl group in model
Amadori compounds in the presence of NaCNBH3.
Nevertheless, the similar reactivity of 1 and 5 (com-
pound without post-Amadori inhibition action) with
the Amadori compounds reveals that the blocking effect
of 1 is not significant in the inhibition of post-Amadori
AGEs formation. The strong pyridoxamine inhibition
of post-Amadori reactions is due to the metal chelation.
Results confirm that pyridoxamine efficiently sequesters
metal ions away from Amadori-complexes. In contrast,
aminoguanidine, due to its lower metal chelation effect,
cannot inhibit the post-Amadori reactions. Finally, both
1 and 6 can inhibit the oxidation of 7.

Our results suggest that a good post-Amadori inhibitor
compound should form a stable metal ion complex with
an equilibrium constant higher than that for the Amado-
ri compounds, which is supported by the fact that strong
chelators such as EDTA or DETAPAC can also inhibit
protein modification.32
4. Experimental

4.1. Materials

Pyridoxamine dihydrochloride, 1-deoxy-1-morpholino-
DD-fructose, D2O (99.9% D), 4-(aminomethyl)-pyridine,
aminoguanidine hydrochloride, ascorbic acid, and DD-glu-
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cose were purchased from Sigma–Aldrich; acetol was
obtained from Fluka; and sodium cyanoborohydride,
LL-tryptophan, potassium dihydrogen phosphate, sodium
citrate, methanol, ZnCl2, and acetone were supplied by
Acros Organics. All were used as received. The buffering
material was reagent-grade and Milli-Q water used
throughout.

4.2. High performance liquid chromatography (HPLC)

HPLC analyses were performed on a Shimadzu-LC
10AT chromatograph equipped with a Rheodyne 7725i
universal injector and a Shimadzu SPD-M20A UV/vis
photodiode array detector. The column was a Tracer
Excel 120 ODBS model (25 · 0.46 cm, 5 lm). A
MeCN/water gradient was used to separate the target
compounds in the study of the degradation of com-
pound 3, and one of MeCN/water–50 mM potassium
phosphate (pH 6.0) was employed to separate those in
the other reaction mixtures.

4.3. NMR spectroscopy

NMR spectra were recorded on a Bruker AMX-300
spectrometer, using sample tubes of 5 mm in diameter
and 3-(trimethylsilyl)-1-propanesulphonic acid (DSS)
as an internal standard. All the chemical shifts for 1H
(dH) and 13C (dC) are given in parts per million. The
solutions used for products characterization were pre-
pared in D2O, and were stabilized at pD 7.4 (pD = �log
[D+]) with 0.5 M phosphate buffer. The reaction mix-
tures for the study of complex formation between 1, 3,
6, and 7 with Zn2+ were prepared in citrate buffer
0.5 M at pH 7.0, using a mixture of H2O/D2O
(80:20) in order to avoid the zinc phosphate precipita-
tion. 13C multiplicities were calculated by using the
distortionless enhancement bipolarization transfer
method (DEPT-135),33 and 1H–1H and 13C–1H correla-
tions were determined from two-dimensional heteronu-
clear measurements (H,H-COSY; H,C-HMQC).34

4.4. UV/vis spectra

The absorption spectra for compounds 1 and 3 were re-
corded at room temperature on a Shimadzu UV-2401
double-beam recording spectrophotometer furnished with
quartz cells of 1 cm path length.

4.5. LC–MS analysis

Mass analyses were performed on an Agilent 1110 Series
LC–MS instrument. The mass spectra for compound 3,
8, and 9 were obtained by columnless flow injection
analysis (FIA). The mass spectrum for compound 10
was obtained by injecting the reaction mixture through
a Tracer Excel 120 ODBS column (25 · 0.46 cm,
5 lm). Mass spectral detection of the compounds was
accomplished by using an electrospray ionization inter-
face and a quadrupole mass analyser. The mobile phase
was 5 mM ammonium acetate at pH 6.0—NH4OAc ini-
tiates the ionization for MS detection—and circulated at
a flow-rate of 0.3 ml/min. The mobile phase was nebu-
lized into an electrospray mass analyser by using gas-
eous nitrogen at 350 �C at a flow-rate of 13 ml/min.
The detector was used to count positive ions over the
m/z range 100–800 in the scan mode. A nebulization
pressure of 415.6 kPa, a fragmentor voltage of 80 V,
and a capillary voltage of 3000 V were used.
4.6. Synthesis of N-(1-deoxy-DD-fructos-1-yl)-LL-tryptophan
trihydrate (3)

Compound 3 was prepared by using a modified version of
the method of Beksan et al.35 for N-(1-deoxy-DD-fructos-1-
yl)-LL-glutamic acid. A solution of potassium hydroxide
(0.58 g) in methanol (12 ml) was added to
LL-tryptophan (3 g) and the mixture stirred until the amino
acid was completely dissolved. A solution of anhydrous
DD-glucose (1.5 g) in methanol (15 ml) was then added
and the resulting suspension refluxed at 70 �C with stir-
ring for 2 h. After cooling to room temperature, the reac-
tion volume was reduced to 10 ml under vacuum, excess
amino acid removed by filtration, and the filtrate cooled
to 0 �C. Addition of acetone caused a precipitate in the
form of an amorphous yellow powder to be formed that
was purified by vacuum filtration and re-dissolution in
methanol. The precipitate was refluxed in a mixture of
methanol (10 ml) and acetic acid (0.2 ml) at 70 �C for
30 min. Following cooling, the addition of acetone gave
a new precipitate that was filtered and purified by vacuum
filtration, re-dissolution in methanol, and re-precipitation
with acetone. The solid thus obtained was a pale brown
amorphous powder that was dissolved in water and
lyophilized to obtain N-(1-deoxy-DD-fructos-1-yl)-LL-tryp-
tophan (29% yield). LC/MS: m/z 405.09 [M+K]+ (100),
367.14 [M+H]+ (79), 389.13 [M+Na]+ (68), 349.14
[M�H2O]+ (35). 1H NMR, H,H-COSY, arbitrary num-
bering on carbon atoms refers to major anomeric form
(b-pyranose)36 of 3 in Figure 2: d 7.55 (d, 1H,
3J H110–H120 ¼ 8:0 Hz, H-C(12 0)); 7.37 (d, 1H, 3J H90–H100 ¼
8:0 Hz, H-C(9 0)); 7.17 (s, 1H, H-C(6 0)); 7.13 (dd, 1H,
3J H100–H110 ¼ 7:1 Hz, H-C(10 0)); 7.04 (dd, 1H, H-C(11 0));
3.89 (dd, 1H, 3J H20–H40A ¼ 5:6 Hz, 3J H20–H40B ¼ 7:0 Hz, H-
C(2 0)); 3.77 (m, 1H, 3JH4–H5 = 3.0 Hz, 3JH5–H6A=1.0 Hz,
3JH5–H6B = 2.2 Hz, H-C(5)); 3.63 (dd, 1H, 3JH3–

H4 = 9.3 Hz, H-C(4)); 3.49 (d, 1H, H-C(3)); 3.44 and
3.77 (dd, 2H, 2JH6A–H6B = 12.3 Hz, H-C(6)); 3.29 and
3.33 (dd, 2H, 2J H40A–H40B ¼ 15:1 Hz, H-C(4 0)); 3.03, 3.19
(d, 2H, 2JH1A–H1B=12.2 Hz, H-C(1)). 13C NMR, HMQC,
DEPT-135: d 175.6 C(3 0); 138.9 C(8 0); 129.2 C(13 0); 127.6
C(6 0); 124.7 C(11 0); 122.1 C(10 0); 121.1 C(12 0); 114.5
C(9 0); 109.6 C(5 0); 97.6 C(2); 72.9 C(3); 71.8 C(4); 71.3
C(5); 66.3 C(6); 65.7 C(2 0); 55.5 C(1); 28.3 C(4 0). The spec-
tral data were consistent with others previously deter-
mined for compound 3 by Röper et al.36 UV kmax 279.
Anal. Calcd. for C17H22N2O7Æ3H2O (420.16): C, 48.57;
H, 6.71; N, 6.66; O, 38.06. Found: C, 49.85; H, 6.29; N,
6.63; O, 37.37.

4.7. Reaction mixtures for kinetic and thermodynamic
studies

4.7.1. Kinetic study of the stability of compounds 3 and 4.
A solution containing a 1 mM of compound 3 in 0.5 M
phosphate buffer at pH 7.4 at 37 �C was used to monitor
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its degradation kinetics by using HPLC to measure the
area of its chromatographic peak at 280 nm. The exper-
imental data were fitted to Eq. 1 in order to calculate
the degradation constant of 3 (kd3)

ln
½3�
½3�0
¼ �kd3t ð1Þ
The degradation kinetics of 4 was studied by 1H NMR
spectroscopy, using a 5 mM solution of the compound
in 0.5 M phosphate buffer at pD 7.4 at 37 �C. The kinet-
ics was monitored by measuring the area of a triplet sig-
nal at 3.35 ppm corresponding to the protons on C(2 0) in
the resulting morpholino. The experimental data were
fitted to Eq. 2 by using the software SigmaPlot v.
9.037 in order to calculate the degradation constant for
the compound (kd4)

½4� ¼ ½4�0 1� eð�kd4tÞ� �
ð2Þ
4.7.2. Kinetic study of the interaction between pyridox-
amine (1) with compounds 2– 4. Phosphate buffer (0.5
M) at pH 7.4 was used to prepare the following reaction
mixtures: (a) 5 mM 1 + 0.1 M NaCNBH3 + 0.2 M 2;
and (b) 10 mM 1 + 0.1 M NaCNBH3 + 0.2 M com-
pound 3 or 4. To analyze the effect of metal binding
on the kinetic rate constant for the Schiff base formation
from 1, the following reactions were prepared in 0.5 M
citrate buffer at pH 7.4: (c) 5 mM 1 + 0.1 M NaC-
NBH3 + 0.2 M 2 + 0.1 mM ZnCl2; (d) 5 mM 1 + 0.1 M
NaCNBH3 + 0.2 M 2 + 0.5 mM ZnCl2; (e) 5 mM 1 +
0.1 M NaCNBH3 + 0.2 M 2 + 1 mM ZnCl2; (f) 5 mM
1 + 0.1 M NaCNBH3 + 0.2 M compound 2 + 2 mM
ZnCl2. The addition of NaCNBH3 can selectively reduce
imino groups while leaving carbonyl groups intact at
physiological pH,38 and it has previously been used to
determine the kinetic formation constants for various
Schiff bases.39 Although it has been reported that N-
cyanomethyl products can be formed in the reductive
methylation of proteins with formaldehyde and NaC-
NBH3,40 in this work, we have not detected the forma-
tion of any N-cyanomethyl product. These solutions
were thermostated at 37 �C throughout. The reaction
Table 2. 13C chemical shifts (ppm) for 1, 3, 6, and 7 as free ligands and in 2

Pyridoxamine (1)a Free ligand: C(20):17.8; C(40): 38.9; C(50): 61.7;

Complex: C(20):18.0; C(40): 40.1; C(50): 61.7; C

Amadori compound 3a Free ligand: C(40): 28.3; C(1): 55.5; C(2 0): 65.7

109.6; C(9 0): 114.5; C(12): 121.1; C(100): 122.1;

Complex: C(4 0): 29.2; C(1): 56.2; C(2 0): 66.0; C

C(9 0): 114.6; C(12): 121.2; C(100): 122.0; C(110

Aminoguanidine (6) Free ligand: C(3): 161.6

Complex: C(3): 161.5

Ascorbic acid (7)b Free ligand: C(20): 65.3; C(10): 72.2; C(4): 81.0;

a Some signals (C(2) in 1 and C(30) in 3) present in the free ligand disappeare

metal complex studies by 13C NMR.41,44

b We have not detected any change in the 13C NMR signals as a result of in
kinetics was monitored by making HPLC measurements
of the chromatographic peak at 321 nm for compounds
2 and 4, and that at 305 nm for 3, at different times.

4.7.3. Kinetic study of the interaction between 4-(amino-
methyl)-pyridine (5) with compounds 2 – 4. Phosphate
buffer at a 0.5 M concentration and pH 7.4 was used
to prepare the following reaction mixtures: (a) 5 mM
5 + 0.1 M NaCNBH3 + 0.2 M 2 and (b) 10 mM
5 + 0.1 M NaCNBH3 + 0.2 M compound 3 or 4. The
three solutions were thermostated at 37 �C throughout.
The reaction kinetics was monitored by making HPLC
measurements of the chromatographic peak at 257 nm
at different times.

4.7.4. Thermodynamic study of the complex formation
between 1, 3, 6, and 7 with Zn2+. Solutions 0.08 M of 1,
3, 6, and 7 containing each one escalating concentra-
tions from 0.001 to 0.125 M of ZnCl2 were prepared in
0.5 M citrate buffer at pH 7.0 (20% in D2O). The equilib-
rium constants were determined by 13C NMR measure-
ments. 13C chemical shifts (ppm) for 1, 3, and 6 as free
ligands and in 1:2 adducts with Zn2+ are depicted in
Table 2. The 13 C NMR signal of citrate appeared at
184.5 ppm is not affected by increasing Zn2+ concentra-
tion, and was taken as a reference. For pyridoxamine
the study was followed by analyzing the decrease of
height peak corresponding to C(2) (135.2 ppm). For 3
the equilibrium was analyzed by taking into account
the decrease of height of C(5 0) signal (109.6 ppm) since
metal ion binding to N(1 0) and carboxylic group in
C(3 0) affect to C(5 0) signal, as was described by other
authors.41 Same results were obtained by analyzing the
decrease of intensity signals corresponding to C(2 0) or
C(4 0). For compound 6, the increase in the signal at
161.6 ppm corresponding to C(3) is due to the change
in its relaxation time as has been described in complex
formation.42 For compound 7 C(2) and C(3) signals
were taken to determine its complex formation since
its dienol group is the most probable centre in chelating
process.43 The equilibrium to complex formation is
described by the following equation:

Zn2þ þ 2L *)
K ½ZnðLÞ2–ðH2OÞ2 � ½ZnðLÞ2–ðH2OÞ2� ð3Þ
:1 adducts with Zn2+

C(6): 126.1; C(2): 135.2; C(4): 138.5; C(5): 147.5; C(3): 165.5

(6): 126.4; C(2): –; C(4): 138.3; C(5): 147.6; C(3): 168.0

; C(6): 66.3; C(5): 71.3; C(4): 71.8; C(3): 72.9; C(2): 97.6; C(5 0):
C(110): 124.7; C(60): 127.6; C(130): 129.2; C(80): 138.9; C(30): 175.6

(6): 66.2; C(5): 71.5; C(4): 72.0; C(3): 72.9; C(2): 98.8; C(5 0): 110.9;

): 124.6; C(60): 127.7; C(130): 129.3; C(80): 139.0; C(30): –

C(2): 115.7; C(3): 178.15; C(1): 180.0

d in the complex compound. This effect has been previously describe in

crease of Zn2+ concentration.
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where L represents 1, 3, 6, and 7. The equilibrium con-
stant is given by the following equation:

K ½ZnðLÞ2–ðH2OÞ2� ¼
½ZnðLÞ2–ðH2OÞ2�
½Zn2þ�½L�2

ð4Þ
� Although the 13C NMR data for compound 4 given in this reference

were obtained in pyridine-d5 and ours in D2O at the same temper-

ature, differences amounted to less than ±3 ppm in all the instances.
4.8. Products identification

4.8.1. Reduced Schiff base formed between pyridoxamine
(1) and acetol (2): 4-((1-hydroxypropan-2-ylami-
no)methyl)-5-(hydroxymethyl)-2-methylpyridin-3-ol (8).
After a reaction time of 10 h, an aliquot (20 ml) of the
reaction mixture between 1 and 2 described above was
purified by HPLC. The new peak that appeared at tR

33.9 min was isolated, freeze–dried, and characterized
by NMR in 0.5 M phosphate buffer at pD 7.4. 1H
NMR: d 7.66 (s, 1H, H-C(6)); 4.82(s, 2H, C(4 0)); 4.71 (s,
2H, C(5 0)); 4.41 (m, 2H, 2J H400A–H400B ¼ 12:6 Hz,
3J H400A–H2003:7 Hz, H-C(400A)); 3.65 (m, 1H,
3J H200–H100 ¼ 6:7 Hz, 3J H200–H4B00 ¼ 4:3 Hz, H-C(200)); 3.87
(m, 2H, H-C(400B)); 2.49 (s, 3H, C(2 0)); 1.35 (d, 3H, H-
C(100)). 13C NMR, DEPT-135: d 165.2 C(3); 146.7 C(4);
138.3 C(5); 133.7 C(2); 125.4 C(6); 69.4 C(400); 61.2
C(5 0); 57.2 C(200); 44.0 C(4 0); 17.7 C(2 0); 14.8 C(100). The
molecular weight of the isolated compound was deter-
mined by LC–MS system. The obtained mass spectrum
shows a major signal m/z 227 according to the [M+H]+

peak for 8. The NMR and mass spectra data confirm com-
pound 8 such as the major product formed in the reaction
between pyridoxamine and acetol under reductive
conditions.

4.8.2. Reduced Schiff base of pyridoxamine with com-
pound 3: compound 9. After a reaction time of 20 h, an
aliquot (10 ml) of the reaction mixture between 1
(0.1 M) and 3 (0.04 M) was purified by HPLC. The peak
that appeared at tR 39 min (Fig. 3) was isolated, freeze–
dried, and characterized by NMR in 0.5 M phosphate
buffer at pD 7.4. 1H NMR: d 7.65 (s, 1H, H-C(700));
7.55 (d, 1H, 3J H120–H110 ¼ 7:9 Hz, H-C(12 0)); 7.36 (d,
1H, 3J H90–H100 ¼ 7:9 Hz, H-C(9 0)); 7.17 (s, 1H, H-C(6 0));
7.13 (dd, 1H, 3J H100–H110 ¼ 7:4 Hz, H-C(10 0)); 7.04 (dd,
1H, H-C(11 0)); 4.88 (s, 2H, C(200)); 4.73 (s, 2H, CH2-
C(800)); 3.90 (dd, 1H, 3J H20–H40A ¼ 5:4 Hz,
3J H20�H40B ¼ 7:2 Hz, H-C(2 0)); 3.77 (m, 1H, 3JH4–

H5 = 3.2 Hz, 3JH5–H6A = 1.3 Hz, 3JH5–H6B = 2.2 Hz, H-
C(5)); 3.62 (dd, 1H, 3JH4–H3 = 8.2 Hz, H-C(4)); 3.57
(m, 1H, 3JH2–H1 = 5.3 Hz, 3JH2–H3 = 4.4 Hz, H-C(2));
3.50 (m, 1H, H-C(3)); 3.40 and 3.72 (dd, 2H, 2JH6A–

H6B=12.2 Hz, H-C(6)); 3.32 and 3.28 (dd, 2H,
2J H40A–H40B ¼ 15:1 Hz, H-C(4 0)); 2.79, 2.53 (m, 2H,
2JH1A–H1B = 12.0 Hz, H-C(1)); 2.48 (s, 3H, CH3-C(500)).
13C NMR, DEPT-135: d 176.2 C(3 0); 165.0 C(400);
146.9 C(300); 138.9 C(8 0); 138.5 C(800); 135.1 C(500);
129.2 C(13 0); 127.6 C(6 0); 126.0 C(700); 124.74 C(11 0);
122.0 C(10 0); 121.1 C(12 0); 114.2 C(9 0); 109.0 C(5 0);
75.0 C(4); 73.9 C(3); 73.4 C(5); 66.3 C(6); 65.5 C(2 0);
61.7 CH2-C(800); 58.7 C(2); 49.5 C(1); 44.4 C(200); 28.3
C(4 0); 17.3 CH3-C(500). The molecular weight of the iso-
lated compound was determined by LC–MS system. The
obtained mass spectrum shows a major signal m/z 519
according to the [M+H]+ peak for 9. The NMR and
mass spectra data confirm the condensation of com-
pounds 1 and 3, and the subsequent reduction of the
formed Schiff base (9). The UV/vis spectrum for com-
pound 9 exhibits the two typical bands for compound
1 at the working pH (256 and 325 nm) in addition to
the typical band for 3 (279 nm); this provides additional
experimental evidence for a condensation reaction be-
tween 1 and the Amadori compound 3.

4.8.3. Reduced Schiff base of pyridoxamine with com-
pound 4: compound 10. A reaction mixture containing a
0.15 M concentration of compound 4, 0.2 M 1 and
0.2 M NaCNBH3 in 0.5 M phosphate buffer at pD 7.4
at 37 �C was subjected to 13 C NMR and DEPT-135
analysis. The initial spectra exhibited the expected sig-
nals for 117a and compound 4.45� A new analysis of
the reaction mixture after 4 h of incubation revealed
the disappearance of the 13C NMR signals for C(2) in
compound 4 and the appearance of a new one at
55.8 ppm corresponding to a tertiary compound that
was assigned to C(2) in compound 10. This result con-
firms the condensation of compounds 1 and 5 to form
the reduced Schiff base 10 (see Fig. 4). The molecular
weight of 10 was determined by injecting the reaction
mixture into the LC–MS system. The result was three
chromatographic signals at m/z 169, 250, and 402 corre-
sponding to the [M+H]+ peaks for 1, compound 4, and
compound 10, respectively.

4.9. Determination of Schiff base formation rate constant

Scheme 2 shows the kinetic mechanism for the forma-
tion of the Schiff base and subsequent reduction by so-
dium cyanoborohydride. The rates of disappearance of
compounds 1 and 5 from the reaction medium con-
formed to the following law:

�d R1-NH2½ �
dt

¼ k1½R2-CO-R3�½R1-NH2� � k�1½SB� ð5Þ

Application of the steady-state approximation to the
Schiff base yields

�d½SB�
dt

¼ k1½R2-CO-R3�½R1-NH2�

� k�1½SB� � k2½SB� ¼ 0 ð6Þ

Therefore,

½SB� ¼ k1½R2-CO-R3�½R1-NH2�
ðk�1 þ k2Þ

ð7Þ

Substituting Eq. 7 into Eq. 5 yields

�d½R1-NH2�
dt

¼ k1k2

k�1 þ k2

� �
½R2-CO-R3�½R1-NH2� ð8Þ

If one assumes k2o k�1,39 then,
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�d½R1-NH2�
dt

¼ k1½R2-CO-R3�½R1-NH2� ð9Þ

Acetol in solution occurs as two different tautomers with
the carbonyl group in free (R2-CO-R3) and hydrated
form (R2-C(OH)2-R3). The dehydration equilibrium
constant is given by

K4 ¼
½R2-CO-R3�
½R2-CðOHÞ2-R3�

ð10Þ

On the other hand, the Amadori compounds 3 and 4
also exhibit cyclic forms of the type shown in Scheme
1 (R2-C(OH)(OR 0)-R3). The corresponding tautomer
equilibrium constant is�

K5 ¼
½R2-CO-R3�

½R2-CðOHÞðOR0Þ-R3�
ð11Þ

Based on the applicable mass balance,

½R2-CO-R3�T ¼ ½R2-CO-R3�
þ ½R2-CðOHÞðOR0Þ-R3� ð12Þ

it follows that

½R2-CO-R3� ¼
K5½R2-CO-R3�T

1þ K5

ð13Þ

Under the experimental conditions used, pyridoxamine
occurs as a single ionic form with three tautomers in
equilibrium of which only 1a can react with Amadori
compounds. Therefore, we must consider the tautomeric
equilibrium between the aminomethyl and phenolate
groups46 as shown in Scheme 3. Based on it,

K3 ¼
½1a�

½1b� þ ½1c� ð14Þ

Also, based on the applicable mass balance,

½R1-NH2�T ¼ ½1a� þ ½1b� þ ½1c� ð15Þ
it follows that

½1a� ¼ K3½R1-NH2�T
1þ K3

ð16Þ

Substitution of Eqs. 13 and 16 into Eq. 9 yields

�d½1a�
dt

¼ �d½R1-NH2�T
dt

¼ k1

K3K5½R2-CO-R3�T ½R1-NH2�T
1þ K3 þ K5 þ K3K5

ð17Þ

where

kobs ¼
k1K3K5½R2-CO-R3�T
1þ K3 þ K5 þ K3K5

ð18Þ

Therefore, Eq. 17 can be rewritten follows:

�d½R1 �NH2�T
dt

¼ kobs½R1-NH2�T ð19Þ

which can be integrated to
�The mathematical development that follows applies to the tautomeric

equilibrium for compound 3 (or 4), but can be extended to acetol by

using K4.
ln
½R1-NH2�T
½R1-NH2�T 0

¼ �kobst ð20Þ

At this point, kobs can be calculated by fitting experi-
mental data to Eq. 20.

When the nucleophile involved is the a-amino group in
5, we only consider the second ionization equilibrium
for such a group, due its low pKa value that led us to de-
spite the methylamine unprotonated tautomer specie
corresponding to its monoprotonated ionic form

R1-NHþ3 þH2O�R1-NH2 þH3Oþ ð21Þ
the equilibrium constant for which is

K6 ¼
½R1-NH2�½H3Oþ�
½R1-NHþ3 �

ð22Þ

Taking into account that

½R1-NH2�T ¼ ½R1-NH2� þ ½R1-NHþ3 � ð23Þ
Eq. 22 can be rewritten as

½R1-NH2� ¼
K6½R1-NH2�T
½H3Oþ� þ K6

ð24Þ

Therefore, a reasoning similar to that used for com-
pound 1 leads to Eq. 18, where kobs is now given by

kobs ¼
k1K6K5½R2-CO-R3�T

½Hþ� þ K6 þ ½Hþ�K5 þ K6K5

ð25Þ
4.10. Theoretical methodology

In order to justify the differences between the k1 values for
the reactions of 1 and 5, the structure 1a and the unproto-
nated form of 5 were optimized semi-empirically by using
PM3 Hamiltonian47 included in the software AMPAC
v.8.0 (AMPAC 8, � 1992-2004 Semichem, Inc., PO
Box 1649, Shawnee, KS 66222). The solvent effect was in-
cluded in the calculations by using the COSMO contin-
uum method48 as implemented in AMPAC. Charges on
the nitrogen atom in the a-amino group of 1 and 5 were
calculated by using Mulliken49 and Kollman50 methods.
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