
www.elsevier.com/locate/poly

Polyhedron 26 (2007) 4363–4372
A methylenic group binds guanidinoacetic acid to glycine and serine
in two novel copper(II) complexes: Synthesis, X-ray structure
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Abstract

New condensed amino acids were observed in two Cu(II) complexes, both involving guanidinoacetic acid (GAA). The copper(II)
complexes, 1 and 2, were synthesized and characterized by X-ray crystallography and infrared spectroscopy. Vibrational assignments
were performed with the aid of density functional theory (DFT) calculations. Both complexes present an elongation of the carbon chain
of the starting amino acid, GAA. One methylenic group binds GAA to the other amino acid, which can be glycine or serine. Complex 1

presents a new condensed synthetic amino acid, glycine-3-N-methylguanidino acetic acid (Gly-mGAA) that is the result/product of the
reaction between GAA and glycine, with an addition of one carbon in the chain. In complex 2, a similar ligand to Gly-mGAA was
observed, but in this case it is a product of the reaction between GAA and serine, that is, serine-3-N-methylguanidino acetic acid
(Ser-mGAA). Gly-mGAA and Ser-mGAA coordinate to Cu(II) through two nitrogen atoms and two oxygen atoms. In addition, we
attempt to propose the mechanism for formation of Ser-mGAA and Gly-mGAA in two steps. The first one involves a deamidination
reaction between two GAA species, producing the intermediate N,N 0-guanidinodiacetic acid. The second step involves a decarboxylation
process between GAA and Ser or Gly.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Guanidinoacetic acid (GAA) (Fig. 1) has recently drawn
special attention due to the discovery of a disorder in the
guanidinomethyltransferase (GAMT) enzyme known as
GAMT deficiency which is a recessively inherited autoso-
mal disorder of creatine biosynthesis. GAA is an essential
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precursor of creatine, which in turn is indispensable to
the energy metabolism in muscles. It is synthesized mainly
in the kidneys from arginine and glycine by glycine-ami-
dinotransferase [1–5].

GAMT catalyzes the transfer of the methyl group from
S-adenosyl-methionine (S-AdoMet) to GAA, which is the
final step of creatine biosynthesis. Its deficiency is charac-
terized by creatine depletion and tissue accumulation of
GAA. Symptoms of this disorder include development
delay or regression, mental retardation, severe abnormali-
ties in cognitive speech, muscular hypotonia, involuntary
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Fig. 1. Structure of guanidinoacetic acid.
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extrapyramidal movements, epilepsy, as well as autistic or
self-aggressive behavior in older patients [6–11].

Besides being involved in GAMT deficiency, GAA par-
ticipates in a number of other biological processes. First,
since it is synthesized prior to creatine and in the renal
tubules, its urinary excretion rate may be used as a sensitive
indicator of early-stage nephropathy [12–14]. GAA can
also act as a neurotoxin and neuromodulator since it is a
partial agonist of the GABA-A receptor and inhibitor of
Na+–K+-ATPase activity [15,16]. Other GAA biological
roles are related to cholesterol production [17], thyroid dys-
function [18], epileptic seizures [19], hepatic encephalopa-
thy [20] and insulin regulation [21]. It is also well known
that levels of GAA are increased in the cerebral cortex after
hyperbaric oxygenation, probably due to a decrease in argi-
nase activity, which causes an increase of both Mn and Cu,
Zn-superoxide dismutase [18]. In addition, a significant
decrease in the urinary excretion of GAA has been
observed after cisplatin treatment in patients with urinary
tract neoplasm [22].

This diversity in participation of GAA in several subject
areas should be related to the pool of possible chemical
reactions that it can present. We have already studied some
of GAA properties by analyzing its coordination to some
metal ions of biological interest. GAA complexes with
Mn(II), Co(II), Ni(II), Cu(II), Zn(II), Cd(II) and Pb(II)
were studied potentiometrically in aqueous solution where
besides determining the stability constants of the principal
species, an a-nitrogen and oxygen-carboxylate coordina-
tion to the metals was proposed [23]. From synthesized
GAA powder complexes with Cr(III), Co(II), Ni(II),
Cu(II) and Zn(II), the same kind of coordination, that is,
through a-nitrogen and oxygen-carboxylate, was observed
by infrared, ultraviolet–visible spectroscopies and electron
paramagnetic resonance [24]. The involvement of a-nitro-
gen from GAA in the metal coordination is in agreement
with the biological step of its methylation that occurs at
the same site/atom.

We have also studied the guanidino-carboxylate interac-
tions between GAA and glutamic acid or aspartic acid in
the presence of Cu(II) in aqueous solution [25]. These inter-
actions are biologically very important since they are
observed in the substrate fixation of Cu, Zn-superoxide dis-
mutase and of carboxypeptidase A besides being identified
in the complex formed by a human immunodeficiency virus
and the receptor on the cell wall [26,27]. From our studies
we could observe that the values of stability constants of
the ternary complexes involving both GAA and Glu or
Asp (Cu(II):GAA:L systems, L = Glu or Asp) were higher
than the expected due to the possibility of occurrence of
these interactions [25].

Meanwhile, we obtained two different Cu(II) crystal
complexes of GAA. One of them was a dimeric-copper(II)-
bridge-carboxylate complex, tetrakis(l-guanidinoacetic
acid-j2O:O 0)bis[nitrate-jO-copper(II)], [Cu2(NO3)2(GAA)4]
[28]. This complex, in contrast with previous ones, presented
an exclusive-oxygen coordination. The other complex,
aqua[l-(N1-carboxylato-methylguanidino)oxidoacetato](l-
guanidinoaceticacid)di-copper(II) nitrate dehydrate, [Cu2-
(C5H6N3O5)(C3H7N3O2)-H2O]NO3 Æ 2H2O, presented a
new ligand, C5H6N3O5 N,N 0-guandinodiacetic acid (Oag),
a guanidine derivative, formed from GAA and copper(II)
solution [29]. In this complex, GAA is again coordinated
through both oxygen atoms of the bridged carboxylate
group whereas the new ligand Oag was coordinated to two
Cu(II) ions through three oxygen atoms and one nitrogen
atom from the guanidino group. In order to understand
the formation of we made an EPR study during different
steps of the complex synthesis [30]. We proposed a mecha-
nism of Oag formation based on a reaction between two
CuH2GAA precursor species, followed by a nucleophilic
attack of the coordinated water to the a-carbon of GAA,
causing its desamidination as a consequence. The fragment
resultant from the latter reaction then reacts with a non-
coordinated GAA and forms Oag.

Following our studies on GAA, we have investigated its
complexation behavior in the presence of Cu(II) and two
amino acids, glycine (Gly) and serine (Ser) separately. With
Gly, the aforementioned guanidino-carboxylate interac-
tions with GAA should not be possible if Gly were coordi-
nated through its carboxylate group. Ser besides presenting
an interesting hydroxyl group in its structure, which may
involve other interactions, is present in some enzymes,
specifically serine endopeptidases, which are inhibited by
guanidino groups [31]. Moreover, reduced serine phos-
phorylation of the creatine transporter is associated with
increments in myocellular creatine content after starvation
[32].

Herein, we report two novel Cu(II) complexes synthe-
sized from GAA and a copper(II) solution in the presence
of Gly or Ser. Each of such complexes presents a con-
densed amino acid residue formed by GAA and Gly or
Ser with an elongation of the carbon chain. The X-ray
structures of both complexes as well as their spectroscopic
characterization are herein presented. In addition, we
attempt to propose a mechanism for the formation of
the new ligands, serine-3-N-methylguanidino acetic acid
and glycine-3-N-methylguanidino acetic acid. Another
interesting point for discussion, in addition to the
elongation of the carbon chain, is the methylation on
the N3 atom from GAA instead of on the a-nitrogen.
The synthesis of new guanidines has been intensively
investigated since they play an important role in biologi-
cal recognition sites and catalysis [33] and some of them
are used in the design of drugs for different areas of appli-
cation [34].
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2. Experimental

2.1. Syntheses of the complexes O,O 0,N,N 0-glycine-N-3-

methylguanidinoacetic acid copper(II) [CuGly-mGAA] (1)

and O,O 0,N,N 0-serine-N-3-methylguanidinoacetic acid

copper(II) [CuSer-mGAA] (2)

An aqueous solution of 3 mmol of guanidinoacetic acid
(0.3513 g, Sigma-Aldrich) and 3 mmol of glycine (0.2252 g,
Merck) or serine (0.3153 g, Merck) in 30 mL of deionized
water was stirred at a temperature of 60 �C for 6 h until
complete dissolution. A solution of 3 mmol (0.7248 g,
Merck) of copper(II) nitrate in 5 mL of deionized water
was then slowly added to the previous mixture, followed
by stirring at a temperature of 60 �C for approximately
8 h. After that the mixture was cooled until 4 �C for
24 h. The mixture was filtered and the pH of the filtrate
was adjusted to 4.3 with KOH 3 mol/L (Merck). After
cooling the solution until 4 �C for 24 h, it was stocked in
a glass vessel at room temperature. Slow evaporation of
the solution resulted in blue needle crystals, which were
washed with absolute ethanol (Merck) and dried at
50 �C for 2 h.

2.2. X-ray analyses

The crystal structures of the two complexes (CuGly-
mGAA and CuSer-mGAA) were determined by X-ray
diffraction. Data were collected in a Nonius KappaCCD
diffractometer at T = 293 K. The HKL DENZO and SCALE-

PACK programs [35] were used for cell refinement and data
reduction.

2.3. Infrared spectroscopy

The infrared spectra were recorded on a Perkin–Elmer
2000 FT-IR spectrometer. Data were collected with a
0.5 cm�1 interval with a resolution of 4 cm�1. The scanning
speed was 0.2 cm s�1 and 120 scans were performed. The
samples were measured in the range of 4000–370 cm�1 as
KBr pellets, and in the range of 710–30 cm�1 as polyethyl-
ene pellets.

2.4. DFT calculations

In order to correlate the structures obtained by X-ray
diffraction with the IR spectra of the complexes we have
chosen one of the complexes, complex 2, to compare the
experimental and calculated spectrum.

Vibrational assignments of the complex CuSer-mGAA
(complex 2) were carried out with the aid of density func-
tional theory (DFT) calculations.

Ab initio optimization of the geometrical parameters,
and hence structural analysis of the guanidoacetic–serinate
Cu(II) complex, was carried out employing DFT levels
[36–38] with B3LYP/6-31G and with B3LYP/6-311G basis
sets, and the RHF/6-311G procedure.
3. Results and discussion

3.1. X-ray structure of the complexes

The equatorial coordination of copper atoms is similar
for the two compounds herein described (Table 1). The
ligands coordinate toward two oxygen atoms (O2 and
O3) of different carboxylate groups and two nitrogen
atoms (N1 and N4) to form the equatorial plane of the
metal. Nitrogen N1 is positioned trans to oxygen O3.
The equatorial planes of CuGly-mGAA and of Cu-Ser-
mGAA present almost planar cis configurations. Similar
configurations were observed in other Cu(II) amino acids
complexes, [Cu(l-Arg)2](NO3)2 Æ 3H2O [39], [Cu(l-iso-
leu)2] Æ H2O [40] and [Cu(Gly)2] Æ H2O [41]. Bond angles
in the equatorial plane of copper in CuSer-mGAA are
similar to the values obtained for the Cu(II) amino acid
complexes (Table 2). The O–Cu–N bond angles, inside
each Cu-peptide ring, are acute (around 85�). Angles O–
Cu–O and N–Cu–N, outside the Cu-peptide rings of these
compounds, are obtuse. Compound Cu-Gly-mGAA, on
the other hand, has all angles in the equatorial plane of
copper close to 90�.

It is interesting to note the differences between N1 and
N4: distances from least square planes (Table 3) show C2
and C3 closer to the least square plane towards Cu, O2,
C1, N1 and O1 than C4 and C5 to the plane toward Cu,
O3, C6, N4 and O4. As can be seen in Table 3, the devia-
tion from the planes is stronger for CuSer-mGAA than for
CuGly-mGAA. Atoms C2 and C3 of CuGly-mGAA are in
the plane towards Cu, O2, C1, N1 and O1.

Copper axial coordination is different in the two com-
pounds. One weak interaction between copper and the
oxygen O4 (d[Cu–O42] = 2.380(7) Å) of a second ligand
(Fig. 2) is present in CuGly-mGAA. The structure of
CuSer-mGAA (Fig. 3), on the other hand, has the axial
neighborhood of the metal fulfilled by two copper–water
interactions. One of these is weak, with d[Cu–O7] =
2.500(4) Å; the other is very weak, with d[Cu–O6] =
2.820(4) Å. The ligands on the axial direction appear to
affect the deviation of Cu from the least square planes
towards its equatorial neighbor (Table 4), which is stron-
ger in the axially less symmetric CuGly-mGAA
(0.146(5) Å) than in the more symmetric CuSer-mGAA
(0.084(2) Å).

The packing of Cu-Ser-mGAA (Fig. 3b) is formed by
parallel layers of molecules. Molecules of neighbor layers
are connected through hydrogen bonds involving the
water molecules and the carboxylate oxygens (Tables 4
and 5). N–H� � �O hydrogen bonds also contribute to
stabilize the crystal structure. The packing of Cu-Gly-
mGAA (Fig. 2b), differently, is stabilized by the
polymeric structure formed by molecules oriented perpen-
dicularly to each other and linked through Cu–O4 bonds,
as well as hydrogen bonds involving the water molecule
and the carboxylate oxygens O4 and O1 of neighbor
molecules.



Table 1
Bond lengths (Å) and angles (�) for CuSer-mGAA and CuGly-mGAA

Cu-Ser-mGAA Cu-Gly-mGAA

Bond lengths (Å)
Cu(1)–O(2) 1.937(3) 1.925(7)
O(2)–C(1) 1.287(6) 1.339(13)
C(1)–O(1) 1.240(5) 1.216(11)
C(1)–C(2) 1.510(7) 1.600(17)
C(2)–N(1) 1.450(6) 1.393(10)
N(1)–Cu(1) 1.930(4) 2.024(7)
N(1)–C(3) 1.299(6) 1.374(12)
C(3)–N(2) 1.341(6) 1.408(12)
C(3)–N(3) 1.366(6) 1.315(12)
N(3)–C(4) 1.424(6) 1.414(14)
C(4)–N(4) 1.493(6) 1.388(14)
N(4)–Cu(1) 1.986(4) 1.959(9)
N(4)–C(5) 1.479(7) 1.428(12)
C(5)–C(6) 1.536(9) 1.599(14)
C(6)–O(3) 1.281(6) 1.245(11)
O(3)–Cu(1) 1.960(3) 2.037(7)
C(6)–O(4) 1.235(6) 1.287(12)
C(5)–C(7) 1.527(7)
C(7)–O(5) 1.430(7)
Cu(1)–O(7) 2.500(3)
Cu(1)–O(6) 2.827(3)
Cu(1)–O(4)1 2.382(7)

Bond angles (�)
N(1)–Cu(1)–O(2) 84.97(17) 89.0(4)
N(1)–Cu(1)–O(3) 173.88(18) 165.6(3)
O(2)–Cu(1)–O(3) 94.78(14) 88.6(3)
N(1)–Cu(1)–N(4) 95.51(17) 91.4(3)
O(2)–Cu(1)–N(4) 176.18(18) 177.6(5)
O(3)–Cu(1)–N(4) 84.34(17) 90.4(3)
C(1)–O(2)–Cu(1) 114.5(3) 110.9(8)
C(6)–O(3)–Cu(1) 114.3(3) 109.5(7)
C(3)–N(1)–C(2) 119.3(4) 120.4(9)
C(3)–N(1)–Cu(1) 125.6(3) 130.1(7)
C(2)–N(1)–Cu(1) 112.0(3) 109.4(6)
C(3)–N(3)–C(4) 122.9(4) 117.4(9)
C(5)–N(4)–C(4) 115.0(4) 127.8(10)
C(5)–N(4)–Cu(1) 108.3(3) 104.9(6)
C(4)–N(4)–Cu(1) 109.2(3) 113.4(8)
O(1)–C(1)–O(2) 123.2(4) 118.1(12)
O(1)–C(1)–C(2) 119.6(4) 123.6(11)
O(2)–C(1)–C(2) 117.2(4) 118.3(10)
N(1)–C(2)–C(1) 124.3(5) 125.4(11)
N(1)–C(3)–N(2) 110.2(4) 112.4(9)
N(1)–C(3)–N(3) 119.8(4) 121.3(9)
N(2)–C(3)–N(3) 115.9(4) 113.2(9)
N(3)–C(4)–N(4) 110.7(4) 132.4(11)
N(4)–C(5)–C(6) 110.0(4) 117.5(8)
O(4)–C(6)–O(3) 123.1(5) 117.4(10)
O(3)–C(6)–C(5) 117.1(4) 117.2(10)
O(4)–C(6)–C(5) 119.7(5) 125.3(9)
O(5)–C(7)–C(5) 108.1(4)
N(4)–C(5)–C(7) 110.6(5)
C(7)–C(5)–C(6) 112.0(5)
O(2)–Cu(1)–O(4)1 97.2(3)
N(4)–Cu(1)–O(4)1 85.1(4)
N(1)–Cu(1)–O(4)1 103.2(3)
O(3)–Cu(1)–O(4)1 91.3(3)
C(6)–O(4)–Cu(1)2 130.8(7)

Symmetry operations: 1: X � 1/2, �Y � 1/2, �Z; 2: X + 1/2, �Y � 1/2,
�Z.
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3.2. Infrared spectroscopy analyses

3.2.1. Infrared spectroscopy analysis of CuGly-mGAA

(complex 1)

The following discussion on infrared analysis has been
based on comparisons with analogous complexes. The
principal infrared data of complex 1 as well as of Gly
[42], GAA [24], trans-Cu(Gly)2 [42] and cis-Cu(GAA)2

[24] are presented in Table 6.
Several bands can be observed in the 3500–3200 cm�1

range. The first in 3536 cm�1 is relative to the stretching
modes of O–H of lattice water [42]. In addition, several
other bands were observed in the same range, relative to
stretching N–H modes of amines, in 3332 cm�1,
3422 cm�1 and 3199 cm�1. The band in 1670 cm�1 attrib-
uted to mC@N of the guanidino group from GAA was
shifted to 1667 cm�1 in cis-Cu(GAA)2, whereas it was not
observed in complex 1, probably indicating that this group
has suffered significant modifications. This makes sense
since complex 1 presents a methyl group bound to the ter-
minal nitrogen from its guanidino group.

In the 1630–1380 cm�1 range, the carboxylate asym-
metric and symmetric stretching modes were observed
probably coupled with amine deformation modes. Consid-
ering the number of carboxylate groups as well as the
number of amines, the attempted assignments become
very difficult.

Several new bands were observed in the 450–300 cm�1

range. By comparing the same spectral region observed in
trans-Cu(Gly)2 and cis-Cu(GAA)2, the bands in 464 cm�1

and 409 cm�1 may be related approximately to m(Cu–N)
coupled with other vibrational modes while those in
361 cm�1 and 341 cm�1 to m(Cu–O), also coupled with
other framework vibrational modes. It has also been
observed that the skeletal modes of GAA (436 cm�1 and
319 cm�1) were absent, reflecting the modifications that
occurred in its structure.

3.2.2. Infrared spectroscopy analysis of CuSer-mGAA

(complex 2)

Table 7 presents the principal infrared bands and their
assignments of complex 2, GAA [24], Ser [43] and cis-
Cu(GAA)2 [24].

The band in 3454 cm�1 is relative to the stretching mode
of O–H of lattice water. The other bands in the 3400–
3200 cm�1 range are probably relative to stretching N–H
modes of amines. Analogously to complex 1, the band in
1670 cm�1 was not observed in 2, for the same reasons
mentioned above.

The bands in 1646 cm�1, 1558 cm�1, 1544 cm�1,
1466 cm�1 and 1369 cm�1 are assumed to correspond to
asymmetric and symmetric stretching modes of the carbox-
ylate group, probably coupled with amine deformation
modes.

Several new bands were observed in the 450–300 cm�1

range. The bands in 466 cm�1 and 429 cm�1 may be related
to m(Cu–N), while those in 390 and 376 cm�1 to m(Cu–O).



Table 2
Geometrical parameters of the Cu coordination sphere (Å, �)

CuGly-mGAA CuSer-mGAA [Cu(l-Arg)2](NO3)2 Æ 3H2O [Cu(l-isoleu)2] Æ H2O [Cu(gly)2] Æ H2O

Cu–O2 1.925(7) 1.937(3) 1.930(4) 1.948 1.957(9)
Cu–O3 2.037(7) 1.960(3) 1.973(4) 1.953 1.946(9)
Cu–N1 2.024(7) 1.930(4) 1.974(5) 1.989 1.984(10)
Cu–N4 1.959(9) 1.986(4) 1.972(5) 1.995 2.021(11)

O2–Cu–O3 88.6(3) 94.78(14) 94.3(2) 91.7 92.9(4)
N1–Cu–N4 91.4(3) 95.51(17) 96.7(2) 98.6 96.6(4)
O2–Cu–N1 89.0(4) 84.97(17) 84.5(2) 84.2 85.0(4)
O3–Cu–N4 90.4(3) 84.34(17) 84.3(2) 84.5 85.4(4)

Table 3
Distances (Å) of selected atoms to selected least square planes of CuGly-
mGAA and CuSer-mGAA

Plane Atom Cu-Gly-mGAA Cu-Ser-mGAA

O2C1N1O1Cu C2 0.008(12) 0.113(7)
C3 0.057(16) 0.200(9)

O3C6N4O4Cu C4 0.669(22) 0.797(9)
C5 0.100(14) 0.243(7)

N1N4O3O2 Cu 0.146(5) 0.084(2)
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Similarly to complex 1, the GAA bands in 436 cm�1 and
319 cm�1, relative to skeletal modes, were absent in 2.

3.3. Vibrational assignments

For the discussion of vibrational assignments, we will
take the DFT values corrected by a scale factor of 0.9613
as a base of comparison with the 81 experimental wave
numbers of the infrared spectra joined to second derivative
bands. For an accurate description of the normal modes in
the metal-ligand spectral range, as we have proposed in
other works [44,45], we use the percentage of deviation of
geometrical parameters (PDGP) from the equilibrium
position. The PDGP can be also normalized to obtain
Fig. 2. ORTEP drawings of (a) the molecule of the monomer of CuGly-mGA
mGAA. Ellipsoids at 20% displacement level.
the percentage of participation of each internal vibrational
coordinate that describes the framework vibrations.

3.3.1. NH and CH stretching

We expected to observe a total of four bands pertaining
to the asymmetric and symmetric N–H stretching normal
modes. Within a large band centered on 3333 cm�1, we
could identify absorption bands at 3676, 3568, 3452,
3340, 3299, 3263, 3242, 3140, 2922, 2896 and 2852 cm�1.
These bands can be assigned according to DFT results
to the vibrational modes mas(NH), m(OH), ms(NH), ms(NH),
ms(NH), ms(NH), mas(CH) mas(CH) mas(CH) mas(CH),
m(CH)methane, ms(CH) and m(CH), respectively. The sec-
ond derivative spectrum shows bands at 3571, 3459,
3343, 3299, 3264, 242, 3129, 2961, 2898 and 2851 cm�1,
presenting good correlation with the experimental ones.
When we applied the Bellamy–Williams relationship [46]
for primary amines mða0Þ ¼ 345:5 þ 0:876mða00Þ to the
experimental band found at 3676 cm�1, we obtained the
value of 3565 cm�1, so we can conclude that the value cal-
culated at 3695 cm�1 by the DFT method could not be
considered as the m(OH) vibrational mode. The DFT
calculated bands for these NH and CH stretching vibra-
tional modes are in good agreement with experimental
ones.
A and its bonded neighbors, and (b) the packing of the crystal of CuGly-



Fig. 3. ORTEP drawings of (a) the molecule of CuSer-mGAA with the water molecules that complete the asymmetric unit of the crystal, and (b) the
packing of the crystal of CuSer-mGAA. Ellipsoids at 20% displacement level.

Table 4
Hydrogen bond parameters (Å, �) for CuSer-mGAA

D–H. . .A D–H (Å) H. . .A (Å) D. . .A (Å) D–H. . .A (�)

CuSer-mGAA

O6–HO6A. . .O8 0.869(4) 2.063(4) 2.813(6) 144.1(3)
N4–HN4. . .O7 0.91 2.74 3.152(6) 108.5
O6–HO6B. . .O51 0.861(4) 1.943(4) 2.804(5) 178.1(3)
O7–HO7A. . .O62 0.986(3) 1.865(4) 2.813(5) 160.5(2)
O7–HO7B. . .O13 1.104(3) 1.646(3) 2.747(4) 175.0(2)
N2–HN2B. . .O73 0.86 2.12 2.918(5) 153.6
O8–HO8A. . .O14 0.977(4) 1.797(3) 2.756(5) 166.1(3)
O5–HO5. . .O45 0.82 1.91 2.707(5) 164.4
N2–HN2A. . .O26 0.86 2.02 2.805(6) 150.9
N3–HN3. . .O37 0.86 2.24 3.084(5) 166.6

Symmetry operations: 1: X � 1, Y, Z; 2: X + 1, Y, Z; 3: �X + 2, Y � 0.5,
�Z + 1; 4 �X + 1, Y + 0.5, �Z + 1; 5: �X + 3, Y � 0.5, �Z + 2; 6: X,
Y � 1, Z; 7: X, Y � 1, Z.

Table 5
Hydrogen bond parameters (Å, �) for CuGly-mGAA

D–H. . .A D–H (Å) H. . .A (Å) D. . .A (Å) D–H. . .A (�)

Cu-Gly-mGAA

O6–HO6A. . .O4 0.860(7) 1.969(7) 2.818(10) 168.8(6)
O6–HO6B. . .O11 0.869(6) 2.075(7) 2.940(9) 173.5(5)
N2–HN2A. . .O62 0.86 2.03 2.816(11) 151.6
N3–HN3. . .O33 0.86 2.49 3.283(12) 152.7
N3–HN3. . .O43 0.86 2.56 3.288(12) 143.2
N4–HN4. . .O14 0.91 2.33 3.073(13) 138.8

Symmetry operations: 1: �X + 1.5, �Y � 1, Z � 0.5; 2: �X + 1.5, �Y,
Z + 0.5;3: X, Y + 1, Z; 4: �X + 1.5.
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3.3.2. C@O stretching

Observing the geometrical structure of the guanidoace-
tic–serinate Cu(II) complex depicted in Fig. 4, we can infer
only one asymmetrical and one symmetrical C@O stretch-
ing. As it is well known, the band absorption of carbonyl
groups is located in the region of �1700–1500 cm�1, com-
monly in a higher energy region than the absorption bands
pertaining to the HNH bending vibrational modes. In the
infrared spectrum, we can observe two bands at 1650 cm�1

and at 1623 cm�1. The second derivative of the spectrum
and the band deconvolution analysis include values at
1650 cm�1 and at 1623 cm�1, respectively. By means of the
DFT procedure with B3LYP/6-311G and 6-311G basis sets
we can assign the experimental band found at 1650 cm�1

(IR, second derivative) to the ms(C@O) vibrational mode,
and the band found at 1623 cm�1 to the mas(C@O) vibra-
tional mode. The match between calculated and experimen-
tal values for the m(C@O) stretching was excellent.

3.3.3. HNH and HCH bending
In the infrared spectrum we can observe four bands at

1721, 1500 (1511 second derivative), 1470 (second deriva-
tive), 1466, 1423 (1428 second derivative), 1390, 1320
(1322 second derivative), 1283 (second derivative) 1279
and 1256 (second derivative), which can be correlated with
the scaled DFT:B3LYP/6-311G values: 1642, 1518, 1487,
1483, 1427, 1388, 1317, 1295, 1283 and 1248 cm�1. These
bands can be assigned principally to d(HNH)wagg,
d(HCH)wagg, d(HCH)wagg, d(HCH)wagg, d(NH),
d(HCH)wagg, d(HCH)twist, d(HCH)twist, d(HCH)twist
and d(HCH)twist, respectively. Rocking vibrations accord-
ing to the DFT calculations can be assigned as follows:
1103 cm�1 to q(CH)2 + q(NH2), 1071 cm�1 to q(OH) +
q(NH2), 1043 cm�1 to q(CH)2 + d(HNH)twist.

3.3.4. CN, CO, and CC stretching vibrations
A natural and considerable mixture of the internal coor-

dinates describing isolated C–N, C–O, C–C stretching is



Table 6
Principal infrared bands (in cm�1) of CuGly-mGAA (complex 1), Gly, GAA, trans-Cu(Gly)2 and cis-Cu(GAA)2

Complex 1 GAAa Glyb trans-Cu(Gly)2
a cis-Cu(GAA)2

b Approximate assignments

3535 m(O–H) (water)
3422, 3332, 3199 3385, 3303, 3173 3320, 3260 3336, 3229 m(N–H)
2930, 2890 m(C–H)
2367, 2344 combination bands

1670 1669 mC@N (guanidino)
1638, 1606, 1585, 1561, 1541, 1533, 1397, 1385 1636 m(C@O) + d(H–N–H)

1626 1608 1611 d(H–N–H)
1582 1593 1566 mas (COO�)
1411 1392 1405 ms (COO�)

464, 409 481 446, 410 m(Cu–N) coupled
361, 341 333 351, 328 m(Cu–O) coupled

436 436 skeletal mode
319 319 skeletal mode

a Ref. [24].
b Ref. [40].

Table 7
Principal infrared bands (in cm�1) of CuSer-mGAA (complex 2), GAA, Ser, and cis-Cu(GAA)2

Complex 2 GAAa Serb cis-Cu(GAA)a Attempted assignments

3610, 3556, 3540 m(O–H)
3676, 3568, 3542, 3340 3385, 3303, 3173 3426, 3344, 3349(R)c, 3276(R)c 3336, 3229 m(N–H)
2922, 2896 2966(R)c, 2903(R)c m(C–H)
2362, 2342, 2332 combination bands
1650, 1622 m (C@O)
1682 1670 1669 m(C@N) (guanidino)

1618(R)c, 1592(R)c 1636 m(COO�) + d (NH2)
1721, 1423 1626 1646, 1624, 1608 1611 d (NH2)

1582 1566 mas(COO�)
1411 1405 ms(COO�)

1374, 1349(R)c d (OH) + m(C–O)
596, 377, 317, 247 446, 410 m(Cu–N) coupled mode
340,247 351, 328 m(Cu–O) coupled mode

436 436 skeletal mode
319 319 skeletal mode

a Ref. [24].
b Ref. [31].
c Ref. [58].

Fig. 4. Calculated DFT:B3LYP/6-311G geometrical structure of CuSer-
mGAA.
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found in the normal modes and is physically meaningful.
For the guanidoacetic-serinate Cu(II) complex, the follow-
ing infrared coupled bands can be assigned principally as
1227 (IR) cm�1 to ms(CO); 1143 cm�1 to ms(CN);
1008 cm�1 to ms(CN); 993 cm�1 to ms(CN); 956 to m(CO)
and 878 cm�1 to m(CC).

3.3.5. Skeletal framework vibrations
As we have pointed out in other publications

[44,45,47,48], a clear identification of the metal–ligand
vibrations is not straightforward due to the higher mixture
of different internal coordinates that take part in the
description of the normal mode. In order to analyze the
normal modes below 600 cm�1 we will describe the most
accurate assignment we were able to deduce through the
study of the distorted geometries of the normal modes
described by the ab initio DFT:B3LYP/6-311G proce-
dures. Our goal was to identify which bond lengths and
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bond angle bending parameters had greater participation
in the description of the normal mode.

Fig. 4 displays the distorted geometry of the normal
modes for the metal–ligand vibrations obtained through
the free CHEMKRAFT program [49].

3.4. Proposal of a mechanism for the formation of

Gly-mGAA and Ser-mGAA

Due to the interesting formation of new amino acid
derivatives, a preliminary mechanism for their synthesis is
proposed here (Fig. 5). We have based this proposal on
previous work on the desamidination of copper(II) com-
plexes of GAA analyzed by epr [30] as well as on data on
guanidination reactions involving amino acids, phosphates
and collagen [50–57] and also on methyltransferases. Some
of guanidination [50] and methyltransferases [53] reactions
are mediated by zinc(II) ions or zinc(II) coordination in a
similar way that we propose here for Cu(II).

Nevertheless, we omitted copper(II) complexes from this
mechanism because we were not be able to analyze inter-
mediate species. However, we do know that Cu(II) or its
complexes may act both as a catalysts or template sites.

The proposed mechanism comprises two steps, both of
them involving nucleophilic attack. It is interesting to note
the similarity with the catalytic mechanism proposed for
arginine deimination, with the difference of which carbon
atom is attacked: the amidino one in the case of arginine
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Fig. 5. Proposed mechanism for Gly-mGAA and Ser-mGAA.
deimination and the a-carbon in our proposed mechanism
[58].

Step one is based on a deguanidination reaction between
two GAA species in the presence of Cu(II). Guanidination
reactions are used in reactions of biological relevance such
as the synthesis of L-canavanine [50], the modification of a
toxic enzyme from snake venom [51], the synthesis of
thrombin inhibitor [52] and also the guanidination of the
phosphate linkage towards cationic phosphoramidate oli-
gonucleotides [55]. Deguanidination modified monomeric
collagen in such a way that it prevented it from polymeri-
zation and to inducing platelet aggregation [54].

In step one, the terminal amino group from GAA makes
a nucleophilic attack at a-carbon from another GAA, fol-
lowed by a deguanidination reaction, generating intermedi-
ate I: guanidino-N,N 0-diacetic acid and guanidine (a good
leaving group). A rather similar process has already been
proposed between two GAA copper(II) complexes [30] by
our group. Cu(II) is probably involved in the coordination
through the oxygen atoms from the carboxylate group,
similarly to what happens in the desamidination process
[30], which favors the nucleophilic attack on the a-carbon.
The proposed intermediate I, guanidino-2,4-N,N 0-diacetic
acid, is essential to the elongation of the carbon chain.

In step two the a-amino group from glycine or serine
makes a nucleophilic attack at C-2 from intermediate I, fol-
lowed by a decarboxylation process. The copper coordina-
tion is also assumed to mediate this nucleophilic attack and
a Cu(II)/Cu(I) redox system may help on the decarboxyl-
ation reaction in addition to the heating experimental
conditions.

As a final result, glycine-2-N-methyl guanidinoacetic
acid or serine-2-N-methyl-guanidino acetic acid are formed
and both of them act as a quadridentate ligand, using the
oxygen atoms from the carboxylate groups and two nitro-
gen atoms (Fig. 4).

4. Conclusions

Two novel Cu(II) complexes were synthesized involving
new condensed synthetic amino acids: one is glycine-3-N-
methylguanidino acetic acid (Gly-mGAA), which results
from the reaction between GAA and glycine, with an
increase of one carbon in the chain; and the second is a sim-
ilar ligand that is the product of the reaction between GAA
and serine, that is, serine-3-N-methylguanidino acetic acid
(Ser-mGAA). It is important to remark that this elongation
of the carbon chain in both cases was performed in aque-
ous solution in the presence of Cu(II).

This can represent important mechanisms both for the
synthesis of new guanidines derivates and for methylation
or peptide formation with biological molecules. Modifica-
tions in the precursor of GAA, arginine, for example, can
be related to changes in the immunogenicity of proteins
and peptides and can create self-antigens that induce auto-
immune responses [57]. If these serine or glycine GAA
adducts are catalyzed by enzymes in our organisms
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through an alternative biological pathway, creatine biosyn-
thesis will be impaired, resulting in a dysfunction similar to
guanidinomethyltransferase deficiency.

Deguanidination reactions instead of desamidination
should also prevent GAA biosynthesis, formed by the des-
amidination of arginine.

In addition, an important contribution on how GAA
can react with other amino acids was proposed as well as
how elongation of their carbon chain can be made in aque-
ous solution in the presence of Cu(II).
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