
ARCHIVOS LATINOAMERICANOS DE NUTRICION 
Organo Oficial de la Sociedad Latinoamericana de Nutrición Suplemento Vol. 51 N° 1, 2001

The chemistry of ferrous bis-glycinate chelate
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SUMMARY. In order to produce a ferrous chelate four criteria 
must be met: 1) the ligand must contain two functional groups 
which are capable of entering into covalent and coordinate cova­
lent bonds; 2) a ring structure with the ferrous ion being the clos­
ing member of the ring must be created; 3) the chelate must be 
sterically possible; and 4) the chelation reaction must be energeti­
cally possible. In addition to the above, a totally nutritionally func­
tional ferrous chelate must meet three further criteria: 1) it must 
have low molecular weight; 2) its stability constant must be nutri­
tionally functional; and 3) the ligand must be metabolizable by the 
body. When, ferrous iron is reacted with glycine and forms a bis- 
glycinate chelate, it meets all of the requirements of being both a 
chelate and being a totally nutritionally functional chelate.
Key words: Chelation, criteria for chelation, Ferrochel, amino acid 
chelates.

RESUMEN. La química del hierro ferroso bis-glicinato quelado.
Para producir un hierro ferroso bis-glicinato quelado es necesario 
llenar los siguientes cuatro criterios: 1) el ligando debe contener dos 
grupos funcionales capaces de producir uniones covalentes y 
am ientes coordinadas; 2) debe poder crearse una estructura en la 
cual el ion ferroso sea el elemento que cierra una estructura en anillo; 
3) el quelado debe ser estéricamente posible, y 4) la reacción de 
quelación debe ser energéticamente posible. Adicionalmente, un 
quelado ferroso para ser nutricionalmente funcional debe también 
llenar los siguientes criterios: 1) debe tener un bajo peso molecular;
2) su constante de estabilidad debe ser nutricionalmente funcional, y
3) el ligando debe poder ser metabolizado en el organismo. Cuando 
el hierro ferroso se reaciona con glicina para formar un bis-glicinato 
quelado, este llena todos los requerimientos tanto para ser un verdadero 
quelado como para ser nutricionalmente funcional.
Palabras clave: Quelación, criterios de quelación, Ferrochel, quelados 
con amino ácidos.

The chem istry o f  chelation is not novel. A s a chemical 
phenom enon, various iterations o f  it have been studied for a 
little m ore than a century, beginning in the early part o f  the 
last decade of the nineteenth century. It was recognized as 
early as then that certain atoms could have m ore than one 
valence state. It was not, however, understood until the theory 
o f chelation was proposed ju s t how these particular atoms 
could form highly stable com pounds.

In 1893, Alfred Werner postulated a new molecular structure 
to describe those stable molecules. He had noted that certain 
structural entities, which he called “complexes”, remained intact 
through a series o f  chemical transformations. As a result o f 
those observations, he wrote, “I f  we think o f  the metal ion as 
the center of the whole system, then we can most simply place 
the molecules bound to it at the com ers of an octahedron” (1). 
His initial concept is illustrated in Figure 1, wherein the soluble 
metal ion (M ) exists in a hydrato-complex bound to a number 
o f water molecules in water with the negative oxygen of the 
water dipole oriented towards the positive metal. This results 
in a certain spatial configuration of the donor ligand around 
the central metal atom.

In the ensuing years, from  1894 through 1914, W erner 
refined his concept. Ultimately, he concluded that the cation 
was characterized by two valences. The first o f these he termed

the “principal valency”. This corresponds to the oxidation state, 
or oxidation number of the metal. W erner’s second valency 
was called the “auxiliary valency”. This referred to the number of 
atoms from  the ligand associated with the central metal ion 
and today is known as the coordination number of the metal (2-7).

A few years later, in 1920, M organ and Drew applied the 
term “chelate” to the molecular structure postulated by Wemer 
(8). In order to form a chelate, it was recognized that the ligand 
must have two points o f attachment to the metal ion. It was 
this caliper-like mode o f attachment that led to the use of the 
Greek word “chele”, meaning lobster claw, to describe how 
the ligand was attached to the metal ion. W hen the claw, or 
ligand, held the cation, the metal was restricted in its ability to 
enter into other chemical reactions. Once chelated, the m etal’s 
chemical and physical characteristics changed (9). The metal 
chelates are coordination compounds in contrast to metal salts 
where the cation is bound by electrostatic attraction. In a chelate, 
the ligand donates electrons to the cation. M ore than one donor 
atom must com e from the ligand so that a heterocyclic ring is 
formed with the metal being part o f that ring. Comprehension 
o f the structure and characteristics o f  metal chelates has had 
far reaching consequences in medicine, biology, chemistry, 
environmental chemistry, and, particularly, nutrition, due to 
the stability o f the metallic molecule formed.
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FIGURE 1
Com plexation o f a metal by water in an octahedral 

geom etry as described by Werner

\ /

T he A m erican  A ssociation  o f  Feed C ontrol O fficials 
(AAFCO), an organization com posed from  all 50 individual 
state (U .S.) chem ists and the U nited States and Canadian 
Food and Drug A dm inistrations, have officially defined a 
metal am ino acid chelate as “the product resulting from  the 
reaction o f a metal ion from  a soluble salt with amino acids 
w ith a m ole ratio  o f  one m ole o f  m etal to one to three 
(preferably two) m oles o f am ino acids to form coordinate 
covalent bonds. The average w eight o f the hydrolyzed amino 
acids m ust be approxim ately 150 and the resulting m olecular 
w eigh t o f  the ch e la te  m ust no t exceed  800” (10). This 
definition states that the m etal and am ino acids m ust be 
reacted before a chelate can be formed.

Since, by definition, the formation o f a chelate requires 
ch em ica l rea c tio n s  to  o ccu r, fo u r in v io la te  chem ica l 
requirem ents must be met. If  any one of the four criteria is 
not fulfilled, the resulting m olecule will not be a chelate, but 
simply a metal com plex, a salt, or perhaps even an admixture.

The first o f these criteria requires that the ligand must 
possess two functional groups, each capable o f donating 
electrons to bond with the metal ion (11). The elements in 
the ligand that com m only function as donors are the more 
electronegative ones in the right hand side of the periodic 
table, prim arily in Group V (12,13). The most im portant of 
these ligands contain N  or O or both (14). The donor atoms 
may form  a part o f  either an acidic or a basic functional 
group. Additionally, approxim ately 65% o f the various types 
o f am ino acid side chains contain potential metal binding 
sites such as the sulfhydryls and hydroxyls binding groups. 
The com m on backbone o f the naturally occurring amino acids 
contain the a-carboxyl and a-am ino  groups each o f which

can bind metal ions (11). In an aqueous environm ent the a -  
am ino acid exists in the zwitterionic state with both the a -  
carboxyl and the a -am in o  groups ion ized  with opposite 
charges. Both reactive groups can thus participate in the 
chelation o f the metal ion. The carboxyl group contains an 
electron that can be shared with the m etal ion through a 
covalent bond. W hile the am ino group has a pair o f electrons 
that can be donated to the m etal ion to form  a coordinate 
covalent bond. The am ino acid ligand is considered to be 
bidentate. The amino moiety m eets the criteria o f Lewis base 
when joined to the m etal in accordance to current chem istry 
theory.

There are three classes o f bidentate ligands: (1) two basic 
groups, (2) one acidic and one basic group, and (3) two acidic 
groups. Amino acids fall into the second category of bidentate 
ligands. Using glycine (NH ,CH ,C OO H ) as an example, in 
water at a pH  of between 3 and 9, this ligand exists as the 
zwitterion, H 3N+C H ,C O O . The am ino acid has lost a proton 
from  the COOH group and is thus capable o f  chelating a 
metal ion and forming a five m em ber ring through donation 
o f  one or m ore electrons to the metal (15).

A second prerequisite for chelation to occur requires that 
the functional groups of the ligand be located so that a ring 
structure can be formed with the m etal atom being the closing 
m em ber o f the ring (12). Logically if the ligand has two donor 
atom s that m ust attach to  a single m etal ion, then a ring 
structure m ust be formed. Due to the nature o f the elemental 
constituents o f the ring m em bers, this ring, by definition, 
must be heterocyclic. The formation o f a ferrous bis-glycinate 
chelate is shown in Figure 2 and illustrates this concept.

FIGURE 2
The form ation of ferrous bis-glycinate chelate from two

ligands o f glycine and a ferrous (+2) iron atom. The 
resulting chelate rings are five member, heterocyclic rings
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Each heterocyclic ring in F igure 2 contains two bonds 
which extend between the ferrous ion and the glycine ligand 
in each ring. T he first bond betw een the cation and the 
anionic, or polar portion, o f the ligand is covalent in nature 
because they share one electron from  the carboxyl group and 
one electron from  the ferrous ion. This is the bond between 
the oxygen from the COO' group, and the Fe++. The second 
bond is a coordinate covalent bond. In this case, the iron 
behaves as Lewis acid, and the glycine as a Lewis base. The
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donation of both electrons from the same atom in the amino 
group of the ligand to the metal ion establishes the coordinate 
covalent bond. This donation of electrons will go to the lowest 
energy orbital o f the iron ion that is unfilled, which in this 
case is a p-orbital (15,16).

The third requirem ent for chelation to occur necessitates 
that the potential reaction between the metal ion and the ligand 
must be slerically possible. The ferrous iron has an atomic 
radius o f between 74 and 77 nanom eters (nm) making it one 
of the larger transition metal ions (17,18). Nevertheless, it is 
not a large cation when com pared to many other ions, such 
as the alkaline earth metal ions. The size depends on either 
h igh sp in  o r low  spin co n fig u ra tio n s  acco rd in g  to the 
magnitude o f  the surrounding ligand field. All non-hem e iron 
ions are high spin (20). The larger the m etal ion the greater 
the num ber of ligands that can surround it and still have 
contact with the metal ion (17).

The size o f the ligand will also affect the stereochemistry 
of the chelate. W hile one ligand may be able to attach itself 
to a metal ion w ithout problem , the addition o f a second or 
third may be prevented by a clash between the first ligand 
and parts o f the second or third when the latter ligands attempt 
to position them selves properly for attachment (12). In the 
case o f the ferrous bis-glycinate chelate form ed from the 
reaction in Figure 2, only the am ino acid backbone is involved 
in the bonding o f the ligand to the ferrous ion. This results in 
the am ino acid backbone assum ing  a configuration  that 
sterically allows it to function as a ligand without straining 
the bonds within the amino acid.

Using x-ray diffraction spectrometry, it has been determined 
that when the two glycine ligands are chelated to the ferrous 
ion, the ligands orient themselves in the least sterically hindered 
conformation possible. The covalent and coordinate covalent 
bonds are tied to the m etal at uniform  tetrahedral angles 
(11,21,22). Figure 3 illustrates a ferrous bis-glycinate chelate 
m olecu le draw n from  a com pu ter generated  m odel that 
employed thermodynamic algorithms to determine the most 
thermodynamically stable configuration. This figure is consistent 
with the models previously developed by Pettit and Hefford 
describing the steric orientation of amino acid ligand in this 
class o f bidentate chelates and with x-ray diffraction studies of 
known chelates (22,23).

The fourth requirem ent for chelation to occur is that the 
potential reaction between the metal ion and ligands must be 
energetically possible. As noted by Werner, the charge on a 
metal ion influences its coordination number. If this charge 
is low, then only a few lone pairs o f electrons from a small 
num ber o f ligands could  prevent the bonding o f greater 
numbers o f ligands. W here the bonding between the metal 
and the ligand is primarily covalent, as in the case o f an amino 
acid  ch e la te , the c o o rd in a tio n  nu m b er o f  the m etal is 
determined by the num ber o f bonding orbitals available on

the metal for com bination with the ligand orbitals (19). In 
the case of the ferrous ion, it is satisfied by a bonding o f two 
glycine ligands as dem onstrated in Figure 2. If a m olar ratio 
(ligand to iron) of one glycine m olecule or less is employed 
in the reaction, the ferrous ion has the capability of being 
bonded to some other ligand which may ultim ately displace 
or interfere with chelation by the original glycine ligand. 
Thus in most situations a ferrous bis-glycinate chelate is 
relatively stable since the charges on both the ion and ligands 
are balanced  and the m o la r ratio  o f  ligand  to m etal is 
stoichiom etrically correct. However in the presence o f a 
strong oxidizer or reducer, the valency of the m etal may 
change.

FIGURE 3
Ferrous bis-glycinate chelate drawn to correctly depict the 

tetrahedral relationship o f the bonds o f O, N, C and the 
metal and the resulting perpendicular orientation o f the 
two ligand ring structures. The figure is based on x-ray 

diffraction spectrometry of pure metal - bis-glycinate 
chelate crystals

N ot all ch e la tes  o f  iron  have equal b ioavailab ility . 
Chelation does not guarantee mineral absorption from the 
gut or its subsequent m etabolism  if absorbed (24). A fter 
com paring various iron chelates (EDTA, fructose, citric acid) 
to ferrous sulfate, Bates, et al. concluded, “Chelation does 
not, in itself, ensure efficient uptake [of iron], . . “ (25). 
Rubin et al. reported that an EDTA chelate o f iron may bypass 
the normal absorptive mechanism  in the intestines and be 
absorbed by diffusion, but due to its high stability constant 
most o f that EDTA chelated iron later appears in the urine 
unm etabolized (26,27). Because som e FeEDTA is absorbed 
intact through the intestine but subsequently deposited in 
the urine, Kratzer and Vohra report this form of iron cannot 
be effectively used in the treatm ent o f anem ia (28). In order 
for mineral absorption and metabolism to occur, the chelate 
must be nutritionally functional. There are several criteria 
that must be met for a chelate to be classified as a nutritionally 
functional chelate.

The first o f these requirem ents is that the iron chelate 
must have a low m olecular weight. In 1970, it was suggested
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that in o rder fo r an iron am ino acid chelate to cross cell 
m em branes intact it m ust have a m olecular w eight o f  less 
than 1500 daltons (29). Subsequently, others have reported 
that small m olecular weight chelates facilitate the transfer 
o f  iron from serum to tissues (30). Kratzer and Vohra reported 
that in order for a ligand from  a chelate to prom ote metal 
absorption (which goes beyond sim ply protecting the metal 
ion in the gastrointestinal tract), it m ust have a m olecular 
weight o f under 1000 daltons. They have added that the higher 
m o le c u la r  w e ig h t m e ta llo p ro te in s , such  as fe rritin  or 
hem osiderin  fac ilita te  sto rag e  o f  the absorbed  iron  but 
suggested that these proteinaceous ligands are too large for 
intact transport o f the iron m olecule across cell membranes. 
For the transfer to occur the iron m ust be rem oved from the 
protein complex and bonded to another ligand that has a lower 
molecular weight (28).

It is relatively easy to calculate the m olecular weight o f a 
ferrous bis-glycinate chelate. The iron atom has an atomic 
w eigh t o f  abou t 56 daltons. E ach  g lyc ine  ligand  has a 
m olecular w eight o f  75 daltons. T hus using the form ula 
illustrated in F igure 2, the ferrous bis-glycinate chelate has 
molecular w eight o f about 204 daltons. This molecular weight 
has been confirm ed in  the  laboratory  (31). T his in turn 
confirms that the molecular weight o f the ferrous bis-glycinate 
chelate is well below the m axim um  m olecular w eight o f  800 
daltons established by AAFCO for a m olecule to be classified 
as an am ino acid  chela te  and w ell below  the postu lated  
absorptive lim its (10,29,30).

The second requirem ent for a  nutritionally  functional 
chelate relates to its stability constant. I f  the chelate is to be 
classified as nutritionally functional, it m ust have a stability 
constant that is higher than the potential form ation constants 
o f  the ligands in the intestinal chyme. This higher stability 
constant o f  the am ino acid chelate prevents the m olecule 
from being destroyed in the gut and allows the chelate to 
cross the intestinal cell m em brane intact with the metal. Once 
absorbed into the m ucosal cell, a  nutritionally functional 
chelate must have a stability constant which is lower than 
those ligands in the storage systems o f the mucosal cells and 
the transport systems that deliver the iron to target tissues 
(29). In this way, the chelate can be metabolized (degraded 
into the ligands and metal) after absorption across the mucosal 
cell membrane, and still participate in the regulatory pathways 
o f the metal.

The stability constant can be affected by the size of the 
c h e la te  r in g . L ig a n d s , w hich  fo rm  sa tu ra te d  five  and 
unsaturated six m em ber rings are the m ost stable (32). The 
glycine ligand form s a saturated five m em ber ring with the 
ferrous ion.

The number of chelate rings that can potentially be formed 
with one cation will also affect stability. As the num ber o f 
rings increase, so does stability o f the m olecule (32). This

concept, o f course, is lim ited  by  sterochem istry  and the 
valence state of the cation. I f  a ligand is too large to allow 
the bonding of a second ligand, then chelate stability may be 
sacrificed. So too, if  the valence o f  the cation exceeds that 
o f the available ligand(s), stability is reduced. The ferrous 
bis-glycinate has the ideal com bination. The +2 charges of 
the ferrous iron are satisfied w ith an equal num ber o f glycine 
ligands that each have a -1 change.

The Lewis basic strength o f  the ligand will also affect 
stability. The greater Lewis basicity o f the ligand, the m ore 
stable the resulting chelate m olecule (32). G lycine is an weak 
Lewis base, overall. This m oderates the stability o f the bis- 
glycinate chelate, and while it is m ore stable than the food 
ligands, it has a lower stability constant than the iron storage 
and transport ligands in the body. In a study in which 59F e S 0 4 
and 55Fe bis-g lycinate chelate w ere mixed in a cornm eal 
porridge and fed to 10 volunteers at breakfast, the absorption 
o f the iron from  the chelate was significantly (p<0.001) 
higher (5.3 times) than was iron absorption from the sulfate. 
There was no exchange o f  the radiolabelled irons from  the 
ferrous b is-g ly c in a te  ch e la te  and ferrous su lfa te  in the 
intestinal pool before absorption dem onstrating that this bis- 
glycinate chelate was not affected by food ligands and was 
absorbed intact into the mucosal cells (33). Once absorbed 
in to  th e  m u co sa l tis su e  th e re  is s ig n if ic a n t (p < 0 .0 5 ) 
hydrolyzation of the iron am ino acid chelate into its individual 
components: iron and am ino acids with the rates of transfer 
to the serosa from  the mucosal tissue being different for each 
com ponent (34).

The size and charge o f  the ligands will also affect the 
stability o f  the chelate. M ore stable chelates are form ed by 
smaller ligands than are form ed by larger ligands (32). If  a 
large ligand is bonded to  the reactive site o f a metal ion, then 
the num ber o f  ligands able to  chela te  the m etal ion are 
restricted due to steric hindrance. As noted above, this will 
also decrease chelate stability. Stability constants tend to 
becom e lower as the bulk o f  the ligand increases, suggesting 
a decrease in coordination sites o f  the ligand to the m etal 
due to stearic hindrance (32). G lycine is the sm allest o f  all 
o f the am ino acids. Its size favors the stability o f  the chelate.

M ultidentate ligands, i f  not stearically hindered, form  
m ore stab le  chela tes than do m onoden tate  ligands (32). 
G lycine is a bidentate ligand, and as shown in F igure 3, when 
the ferrous ion is chelated with two glycine ligands there is 
no stearic h indrance to e ith e r ligand  (35). The stab ility  
constant is also affected by the n-bonding strength o f  the 
central m etal atom (32). It has been shown that, am ong the 
transition m etal ions, copper has the highest stability. Iron 
is relatively low: Zn2+ < C u2+ > N i2+ > Co2+ > Fe2+ > M n2+ 
(36).

The natu re  o f  the ligand  w ill a lso  affec t th e  overall 
stability o f  the chelate (32). D ifferent ligands have different
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potential form ation constants at the sam e pH (37). EDTA, 
for exam ple, will form  a m uch stronger chelate than will 
glycine, but the ability o f  the body to extract the iron nutrient 
from  the EDTA chelate is severely limited, whereas in the 
case o f the  iron bis-glycinate chelate, it is relatively easy 
(26-28,34).

It is estim ated that a nutritionally functional chelate must 
have a stability constant o f between 107 and 10s, in order for 
that chelate to survive the environm ent of the stomach and 
intestine and still be hydrolyzed within the mucosal cells or 
other tissues (38). An absorbed iron chelate, if  it is functional, 
m ust have a bonding constant w hich is lower than that o f 
transferrin  (39). The iron b is-g lycinate chelate m eets the 
criteria o f  having the ideal stability constant for a nutritionally 
functional chelate. It has a stability constant o f approxim ately 
107 5 at pH  7 (37).

The final requirem ent for a totally nutritionally functional 
chelate is that the ligand m ust be easily m etabolized by the 
body and also be utilized as a nutrient in addition to the metal 
contained in it (15). Amino acids are represented throughout 
m am m alian biochem istry and physiology. Thus, a continuous 
dietary supply of am ino acids is essential for the well being 
o f the individual (40). It was previously noted that, after 
absorption into the m ucosal cell, the m ajority o f the iron 
am in o  ac id  c h e la te  is  h y d ro ly z e d  in to  its  in d iv id u a l 
com ponents before the iron is transferred to the serosa (34). 
The small am ount o f am ino acid chelate that escapes this 
initial hydrolysis is broken apart later in the various other 
cells o f the tissue which receive the absorbed chelate (38). 
The am ino acid portion  o f  the chelate is then free to be 
m etabolized as it norm ally w ould i f  it had been absorbed 
from the lumen as a free am ino acid.

Glycine is considered to be a  conditionally essential amino 
acid. W hile it is absolutely essential for human nutrition, it 
is not generally required in the d ie t because under normal 
circum stances the body can synthesize it from  m ore complex 
precursors: The body’s ability to synthesize this amino acid 
from a precursor is, however, lim ited by the availability of 
the precursor, which in the case o f glycine, is a nonessential 
am ino acid. Furtherm ore, the synthesis can also be lim ited 
a n d  p o te n t ia l ly  c o n s tra in e d  by  d e v e lo p m e n ta l o r 
pathophysiological factors. F or exam ple low birth w eight 
infants lack the ability to synthesize adequate quantities o f 
glycine from  m ore com plex am ino acids. W hen this lack o f 
p h ysio log ica l dev e lo p m en t or p a tho log ica l in te rfe rence  
occurs, and when foods low in glycine, such as cow ’s milk, 
are m ainly consum ed, a glycine deficiency can result (40- 
43). Thus, when provided as part o f  the iron bis-glycinate 
chelate, the glycine in and o f  itself has nutritional value to 
the individual. Unlike EDTA, it is not excreted into the urine 
un m etabolized.

T he ferrous b is-g ly c in a te  is a proven chela te . M ore 
importantly, however, it is a totally nutritionally functional 
chelate. By its atomic structure and chem istry it protects the 
ferrous ion  from  u n d es irab le  chem ical reac tions in the 
stom ach and in testines tha t lim it iron  absorp tion . O nce 
absorbed into the m ucosal cells and to  a lim ited extent, the 
tissues, it is easily hydrolyzed into its individual com ponents. 
Each com ponent is then em ployed by the body as normal 
m etabolism  would dictate.
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