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Paramagnetic 2H NMR techniques have been utilized to study the mechanism of formation of the oxo-bridged
trinuclear Cr(III) carboxylate assembly [Cr3O(O2CCD3)6(H2O)3]+ from [Cr(H2O)6]3+ and d4-acetic acid. These
studies reveal a complex mechanism dominated by the involvement of dinuclear intermediates. The oxo-bridged
trinuclear Cr(III) carboxylate assembly [Cr3O(O2CCH2CH3)6(H2O)3]

+ has been suggested for use as a chromium
nutritional supplement and therapeutic agent as it is readily absorbed and has been proposed to enter cells intact.
The paramagnetic 2 H NMR technique has been utilized to follow the stability of this Cr(III) carboxylate assembly in
biologically relevant media; its stability is consistent with the assembly being able to enter cells intact.

© 2013 Elsevier Inc. All rights reserved.

1. Introduction

For the last three decades interest in oxo-centered trinuclear Cr car-
boxylate assemblies has steadily increased (Fig. 1). Broadly applicable
synthetic routes to both symmetric and unsymmetric assemblies are
now available, which have resulted in a large number of complexes of
this type being synthesized and well characterized [1].

The works by Vincent and coworkers have shown that NMR is an
effective method for characterization of these assemblies [2–10]. Al-
though the Cr(III) centers are paramagnetic with an expected magnetic
moment of 3.87 B.M., antiferromagnetic coupling between the metals
gives an average magnetic moment of circa 3.4 B.M. allowing for useful
spectra to be obtained. This technique has been shown to be efficient in
assigning the spectra of Cr carboxylate complexes of simple aliphatic
carboxylates as well as aromatic carboxylates. Notably, these studies
illustrated the utility of 2H NMR in assigning these systems; the deute-
rium signal is sharper than the corresponding proton signal by up to
42.5 fold. This difference is based on the difference in the gyromagnetic
ratios of the two isotopes, γH

2/γD
2 = 42.5 where γH and γD are the gyro-

magnetic ratios of proton and deuteron, respectively [11]. Therefore,
using deuterated starting material allows for observation of some
signals that are too broad to detect by 1H NMR. The signals are, there-
fore, better resolved while the chemical shift, relative to the 1H NMR
spectra, remains unchanged.

Although much has been accomplished to increase the number of
oxo-centered trinuclear chromium carboxylate complexes and to in-
crease the methods for their characterization, the one piece of
information that is still in question is the mechanism by which these
assemblies are formed. When examining the structure of the oxo-
centered Cr carboxylates (Fig. 1), many possible mechanisms seem fea-
sible for their formation. For example, the simplest mechanism to imag-
ine is for mononuclear Cr carboxylates to combine to form dinuclear
oxo-bridged carboxylates, which then combine with a third monomer
to form the trinuclear assembly.

A review of the literature shows that there has been some insight
into this process. In 1990, Lippard and coworkers reported the
isolation and characterization of a blue colored dinuclear complex
[Cr2(μ-OH)(μ-O2CH)2(H2O)6]3+ [12]. Within this complex two
chromium(III) ions are bridged by one hydroxide and two bidentate
formato ligands; the octahedron of each chromium atom is completed
by three terminal water ligands. Lippard and coworkers reported that
if during the preparation of this dinuclear complex the temperature
was allowed to exceed 50 °C a green material gradually formed. This
green material was identified by visible spectroscopy as the trinuclear
assembly [Cr3O(O2CH)6(H2O)3]+. This suggested that the dinuclear
complex might be an intermediate in the formation of the trinuclear
complex. To test this hypothesis, Lippard and coworkers followed the
reaction of chromic chloride and formic acid by visible spectroscopy.
The reaction was heated to 70 °C; during this time the reaction solution
changed from the green of the chromic chloride to a blue color, indica-
tive of the dinuclear complex, and finally to a dark green. The spectra
collected during the blue phase of the reaction were consistent with
the isolated dinuclear complex, while spectra collected after the

Journal of Inorganic Biochemistry 131 (2014) 12–20

⁎ Corresponding author at: Department of Chemistry, 250Hackberry Lane, Box 870336,
The University of Alabama, Tuscaloosa, AL 35487-0336, USA. Tel.: +1 205 348 9203;
fax: +1 205 348 9104.

E-mail address: jvincent@bama.ua.edu (J.B. Vincent).

0162-0134/$ – see front matter © 2013 Elsevier Inc. All rights reserved.
http://dx.doi.org/10.1016/j.jinorgbio.2013.10.012

Contents lists available at ScienceDirect

Journal of Inorganic Biochemistry

j ourna l homepage: www.e lsev ie r .com/ locate / j inorgb io

http://crossmark.crossref.org/dialog/?doi=10.1016/j.jinorgbio.2013.10.012&domain=pdf
http://dx.doi.org/10.1016/j.jinorgbio.2013.10.012
mailto:jvincent@bama.ua.edu
http://dx.doi.org/10.1016/j.jinorgbio.2013.10.012
http://www.sciencedirect.com/science/journal/01620134


reaction returned to green were consistent with those of the trinuclear
complex. The same procedure was carried out for the reaction of chro-
mic chloride and acetic acid; however, the analogous dinuclear assem-
bly could not be isolated. The conversion of the dinuclear complex
into the trinuclear complex was reversed by the addition of water.
These results strongly suggest that dinuclear complexes of the form
[Cr2(μ-OH)(μ-O2CR)2(L)6]3+ are intermediates in the formation of
oxo-centered trinuclear complexes of the form [Cr3O(O2CR)6(L)3]+.

In 1996, Spiccia and coworkers isolated a dinuclear complex of
the form [Cr2(μ-OH)(μ-O2CCH3)(H2O)8]4+ from the reaction of
“chromium(III) hydrolytic dimer” with acetic acid at pH = 4 [13].
Within this complex two Cr(III) ions are bridged by one hydroxide
and one bidentate acetate; the octahedron of each chromium atom is
completed by four terminal water ligands. Though the theory was not
tested, Spiccia suggested this dinuclear assembly could also be involved
in the formation of the trinuclear assemblies.

While these dinuclear complexes have been suggested as possible
intermediates, to date no detailed study of the formation of oxo-
centered trinuclear complexes has appeared. This is because the fea-
tures in the visible spectra of the dinuclear and trinuclear complexes
are very similar, broad and overlapping, not allowing for ready discern-
ment of the species present in solution. Herein will be discussed the use
of 2H NMR to follow the reaction of Cr(III) nitrate with d4-acetic acid in
hopes of identifying the number and identity of the intermediates in-
volved in the formation of the oxo-centered trinuclear Cr carboxylate
[Cr3O(O2CCH3)6(H2O)3]+.

The Vincent group, in preparing a series of anion-bridged Cr(III)–
carboxylate complexes to generate a library of spectra for comparison
against the electronic, NMR, EPR, and other spectra of the oligopeptide
low molecular weight chromium-binding substance (LMWCr), also
examined the ability of the synthetic complexes to activate insulin-
stimulated insulin receptor kinase activity. One of the compounds,
[Cr3O(propionate)6(H2O)3]+ or Cr3, was found to activate the receptor
in a similar fashion to LMWCr [8]. Cr3 is very water soluble and can be
recrystallized from dilute mineral acids so that it should be reasonably
stable in the stomach. At a nutritionally relevant level (3 μg Cr/kg
body mass) and a pharmacologically relevant level (3 mg/kg), at least
60 and 40% of the compound, respectively, are absorbed in 24 h [14].
This represents a greater than 10-fold increase over those of Cr
picolinate (marginally soluble in water, 0.6 mM), CrCl3 (which
oligimerizes in water) and Cr nicotinate (‘Cr(nic)2(OH),’ insoluble in
water). The solubility of Cr3 and its stability, thus, allow a unique
amount of the material to enter the circulatory system and tissues.

During the first 24 h after intravenous injection, the fate of the
51Cr-labeled Cr3 in tissues, blood, urine and feces has been followed

[15,16]. The complex is readily incorporated into tissues and cells.
The complex rapidly disappears from the blood (b30 min) as
radiolabeled Cr from Cr3 appears in tissues. In hepatocytes, the intact
Cr3 is efficiently transported into microsomes where its concentra-
tion reaches a maximum in approximately 2 h (and corresponds to
N90% of Cr in the cells from the injected complex); this suggests
that Cr3 is actively transported into the cells via endocytosis; identi-
fication of the protein(s) responsible is needed. As the complex is de-
graded in hepatocytes and the levels inmicrosomes rapidly decrease,
Cr appears in the urine as LMWCr (or a similar molecular-weight
Cr-binding species). The synthetic complex is degraded before or dur-
ing its disappearance from the microsomes. During the initial periods
when the blood concentration of the complex is high, some Cr3 appar-
ently passes into the urine intact [15,16]. These studies identified Cr3 by
its elution profile in size exclusion chromatography; thus, a degradation
product of Cr3 that contained 51Cr and had a similar molar mass poten-
tially might not be distinguishable from Cr3 in these studies. A tech-
nique to specifically identify this ion to follow its fate is needed, and
paramagnetic 2H NMR should serve this purpose.

The effects of Cr3 onhealthy rats and ratmodels of insulin resistance,
colorectal cancer and type 1 and type 2 diabetes have been examined
where it was found to have beneficial effects on insulin sensitivity, the
incidence of colorectal cancer and, in most cases, lipid parameters
[17–23]. The compound has been tested for toxic effects in vivo
[24–28] and in vitro [29,30], and activity assays have been performed
in cell culture [31–33]. The compound was found to be non-toxic in
the in vivo assays and to not damage DNA in vitro, although the com-
pound could be oxidized by biological oxidants in the absolute absence
of reducing agents.When given orally to rats, the LD50 of the cationwas
estimated to be greater than 2 g/kg body mass [28]. The complex has
recently been shown to increase insulin sensitivity in cattle [34], in a
very similar effect to previous studies in healthy rodents and rodent
models of diabetes. Increases of acute phase response in cattle have
also recently been reported [35]. The stability and fate of Cr3 labeled
with 2,2-d2-propionate in water, tissue culture media, blood plasma,
and muscle tissue homogenate have been examined by 2H NMR.

2. Materials and methods

2.1. Materials

[Cr3O(O2CCH3)6(H2O)3]NO3 was prepared as previously described
[36]. [Cr3O(O2CCD3)6(H2O)3]NO3 was prepared by the same method
using DO2CCD3. Cr3 was prepared as previously described [37].
[Cr3O(O2CCD2CH3)6(H2O)3]NO3 was prepared by the same method
using DO2CCD2CH3 or HO2CCD2CH3. All reagents were used as received.
Doubly deionized water was used throughout. Rat muscle tissue was
available from previous work. The right leg bundle of vastus lateralis
muscle fiber from male Zucker rats was surgically removed, placed in
a plastic vial, frozen in liquid nitrogen, and stored at−80 °C. To prepare
the homogenate, the tissue was thawed, and a small portion (0.30 g)
was homogenized in ice cold homogenization buffer (100 mM Tris,
100 mM Na4P2O7, 100 mM NaF, 10 mM EDTA, 10 mM Na3VO4, 2 mM
PMSF, 1% triton-X, 50 mM β-glycerophosphate, and 10 μg/mL
apotinin). Following a 30-minute incubation period, the homogenate
was centrifuged at 9100 ×g for 10 min at 4 °C. Blood plasma from
CD-1 mice was stored at 4 °C prior to use. All work with animals
was approved by The University of Alabama Institutional Animal
Care and Use Committee. DMEM, Dulbecco's modified Eagle medium,
was supplemented to 15 mM HEPES, 20 mM glutamine, 100 units/mL
penicillin, 100 units/mL streptomycin, and 10% fetal bovine serum.

2.2. Instrumentation

2H NMR spectra were obtained on a Bruker AM-500 or Bruker AV-
360 spectrometer at approximately 23 °C (23 ± 1 °C). Chemical shifts

Fig. 1. Structure of the [Cr3O(O2CR)6]+ core. For Cr3, R = ethyl, and L = H2O.
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