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ABSTRACT: While Cr(III) dietary supplements are widely consumed,

some commercial supplements have yet to be structurally characterized. g Z

X-ray absorption spectroscopy and other spectroscopic methods were — 3

used to characterize Cr(III) nicotinato nutritional supplements that have | , . (- -5

long been used in complementary medicine. Different ratios of nicotinic 2 mo 07y o LA 0 5 10 15
acid and CrCly-6H,0 (trans-[CrCl,(OH,),]Cl-2H,0) at different pH \/N>‘r;i5::é(0 15

values gave a range of products. The local structures of Cr(III) nicotinato N M‘; o 08 on, L §

complexes obtained at pH 7 and of the patented complex were [%~ ) oo | £

characterized by performing multiple-scattering analysis of their EXAFS N Es

spectra as well as EPR, UV—vis, and IR spectroscopies. For the first time, Lo

these complexes have been definitively characterized as nicotinato- 2 4 6

bridged polymers of dihydroxido-bridged dinuclear Cr(III) cores. In the
patented complex used in commercial preparations, each Cr is octahedral with an additional terminal O-bound nicotinato ligand,
two bridging nicotinato (one O and one N bound), and an aqua ligand. The other species also have two or three bridging
nicotinato ligands and an aqua and, in some cases, a terminal hydroxido ligand, which is dependent upon the stoichiometry of the
reactants and the pH value of the solution in which they are prepared.

B INTRODUCTION

Chromium(III) was originally postulated as an essential
nutrient that played a role in carbohydrate and lipid
metabolism." Historically, Mertz and co-workers reported the
isolation of a glucose tolerance factor (GTF) in which Cr(III)
was proposed to be the active ingredient.”* The absence of this
GTF in the diet was believed to be responsible for the glucose
intolerance in tested rats, but this postulate was subsequently
shown to be incorrect.”® Before experimental evidence was
published that challenged the GTF hypothesis, this hypothesis
spurred widespread interest in developing Cr(III) supplements,
such as Cr(IIl) picolinato, Cr(III) nicotinato, Cr(IIl) citrato,
and Cr(III) amino acids complexes. Despite this, their use as
nutritional supplements for animals and humans as a proposed
means of enhancing glucose metabolism, including weight loss,
building muscles, and regulation of blood glucose levels in type
2 diabetes, has continued."”” Indeed, the role of Cr(III) as an
essential trace element is controversial since recent evidence
has failed to replicate previous experiments that have pointed to
it being essential and thrown doubt on the methodology of the
original experiments.*” Furthermore, the safety of Cr(III)
supplements has also been questioned in light of a range of in
vitro and in vivo experiments that point to a potential
carcinogenicity of Cr(11).”®

Because it was purported to be the component of GTF in
1981, a Cr(Ill) nicotinato complex was synthesized and
marketed and gained substantial use as a nutritional supplement
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and is still sold.” Many studies on the chemical structures,
biological activities, and toxicology of Cr(III) nicotinato
complexes have been performed.'~'® However, its structure
and those of its metabolic pathways have not been elucidated.
Hence, unlike other Cr(III) compounds used as nutritional
supplements, Cr(III) nicotinato complexes are not well
characterized. The synthetic procedures for Cr(IIl) nicotinato
complexes that involve the use of Cr(IIl) chloride or Cr(III)
nitrate, nicotinic acid (nicH), water, and sodium hydroxide,
with different ratios and different orders of addition, resulted in
different formulas. Cooper et al. reported the O-coordinated
Cr(III) dinicotinato complex with the formula [Cr-
(nic),(OH,);(OH)] (nic = nicotinato(—))."" This complex
was prepared by addition of sodium nicotinate to a hot solution
of Cr(III) nitrate in a 1:2 Cr to nicotinate molar ratio, which
when cooled gave a blue precipitate.'’ Another preparative
method, reported by Evans and Pouchnik, involved heating an
aqueous solution of Cr(III) chloride and nicotinic acid to 333
K; then the 6pH value was adjusted to 7.5 by NaOH to give a
precipitate.'® The formula of the product depended on the
molar ratio of Cr to nicotinic acid, i.e., [Cr(nic)(H,0);(OH),]-
H,O for a 1:1 ratio and [Cr(nic),(H,0);(OH)]-H,0 for 1:2
and 1:3 ratios.'® However, a different formula of the product
from the 1:2 Cr to nicotinic acid ratio, [Cr(nic)(H,0);(OH),],
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was reported by Rhodes et al.'” The patented procedure that is
used to prepare the commercial Cr(III) nicotinato complex
(Chromemate, InterHealth) involves addition of the Cr(III)
salt solution (CrX;) to a solution of alkali metal salt of nicotinic
acid."® This method leads to formation of an intense purple
solid in a purple solution.'® The purple solid was purported to
be a mixture of Cr(III) trinicotinato and Cr(III) dinicotinato
monochloride.” Using the same preparative method, Rhodes et
al. reported that the purple products were polymers with the
formula [Cr(nic),(OH,),(OH)], that precipitated along with
some [nicH]X, which can be removed by subsequent solvent
extraction.'” Due to the fact that all of the Cr(III) nicotinato
complexes are extremely insoluble in water and other common
solvents and decompose in dimethyl sulfoxide (DMSO), their
characterization has been limited. The results from infrared
spectra of these solids revealed that the nicotinates coordinate
with Cr through the carboxylato oxygen atoms.'"'” Other
characterization techniques, such as UV—vis, MS, and NMR
spectroscopies, were applied using the solutions before
neutralization or by dissolving the solids in hydrochloric
acid,"” which changed the structures of the compounds.

Despite the widespread commercialization of these supple-
ments for many years, they resisted structural characterization.
Here we describe the use of X-ray absorption spectroscopy
(XAS), including X-ray absorption near-edge structure
(XANES) and extended X-ray absorption fine structure
(EXAFS), which is a widely used technique for characterizing
metal centers in coordination compounds.'®*>° Multiple
scattering (MS) analysis of EXAFS data, in combination with
XANES and other spectroscopic techniques, such as UV—vis,
IR, and EPR spectroscopies, is a very powerful tool for
determining the three-dimensional structures of metal com-
plexes, especially when X-ray crystallographic structures are not
available, and has been widely and successfully applied to Cr
coordination chemistry.'* ™!

B EXPERIMENTAL SECTION

Materials. The following reagents were used: CrCly-6H,O (trans-
[CrCL(OH,),]CI-2H,0, Riedel-de Haen, >96%), nicotinic acid
(Fluka, >99), and NaOH (Merck, 99.99%). Water was purified
using the Milli-Q_technique.

Analytical Techniques. Microanalysis. Determination of C, H,
and N was performed by the Microanalytical Unit, Research School of
Chemistry, Australian National University (Canberra), using a Carlo
Erba 1106 Automatic Analyzer. Determination of Cr was carried out
using atomic absorption spectroscopy (a Varian AA800 spectrometer
with acetylene/air flame atomization) after digestion of the samples
with 69% HNO; (Merck).

UV—Vis Spectroscopy. Solid-state UV—vis spectra were obtained by
the diffuse reflectance technique using the Kubelka-Monk function.
Spectra were recorded at ~293 K on a Varian Cary 5 UV—-vis—NIR
spectrophotometer over the range 250—800 nm.

Infrared Spectroscopy. Solid-state IR spectroscopy of the samples
was performed on a FTS-40 BioRAD spectrometer. Spectra were
recorded at ~293 K in diffuse reflectance mode over the range 2000—
400 cm™ at 4 cm™" resolution using KBr as a background.

EPR Spectroscopy. A Bruker EMX spectrometer equipped with a
Bruker EMX 035 M NMR gaussmeter and a Bruker EMX 048T
microwave frequency counter was used to record X-band EPR spectra
of the solid Cr(III) complexes at ~293 K. Chromium(III) nicotinato
complexes were diluted with boron nitride (BN) in a 1:10 mass ratio.
Experimental parameters were as follows: center field, 3500G; sweep
width, 1000 G; resolution, 1024 points; microwave power, 2.0 mW;
modulation frequency, 100 kHz; modulation amplitude, 5 G; receiver
gain, 1 X 10° to 1 X 10% and microwave frequencz, ~9.74 GHz. EPR
spectra were processed using WIN-EPR software.*>

X-ray Absorption Spectroscopy. Chromium K-edge spectra were
recorded at the Australian National Beamline Facility (ANBEF),
beamline 20B at the Photon Factory, Tsukuba, Japan, with a
Si(111) monochromator. The beam energy was 2.5 GeV, and the
maximum beam current was 400 mA. Samples were diluted with boron
nitride (BN) in the ratio of 1:5. All XAS data were acquired in
fluorescence detection mode using a 36-pixel Ge planar detector
(Eurisys). XANES and EXAFS spectra were recorded over the energy
ranges: 5770—6200 and 6050—7000 eV, respectively. The energy scale
was calibrated using a stainless steel foil as an internal standard
(calibration energy, 5989.0 eV, corresponding to the first peak of the
first derivative of Cr(0) edge).23 Calibration, averaging, splining, and
calculations of theoretical EXAFS data were performed using the Xfit
software package.** All parameters in the EXAFS equation were
calculated ab initio using the multiple-scattering program
FEFF6.01,>** by which an experimental EXAFS spectrum could be
fitted to the calculated spectrum of a structural model** Fourier
filtering was applied in calculations to reduce the noise in the EXAFS
data at high k values.** Constraints and restraints were used to reduce
the degrees of freedom of the model. In all models, similar bond
lengths and angles were restrained to be equal (within 0.01 A and $°,
respectively).>* Debye—Waller factors were restrained to be within
0.001 and 0.02 A% and those of similar atoms of the ligands were
constrained to be equal. Cr—O bond lengths for the carboxylato,
hydroxido, alkoxido, or aqua ligands and the Cr—N bond lengths for
pyridine ligands were loosely restrained to be close to those found in
the literature (within 0.05 or 0.1 A).**"® The angles around the Cr
center were restrained to be octahedral (within 10°). Initial models for
Cr(III) nicotinato complexes were built using Chem3D Pro
software.”® Bond lengths and angles within nicotinato ligands were
restrained to be close to those found in the crystal structures of
nicotinic acid (within 0.05 A and $°, respectively).*® The quality of the
fits was determined by R values, in which smaller R values
corresponded to a better fit, and the fits with R < 20% were
considered good.* Errors in the estimated EXAFS parameters, arising
from the noise in the data, were determined by Monte Carlo analysis
within the Xfit software** and did not exceed the limits of expected
systematic errors of MS XAFS calculations (+£0.01—0.02 A for bond
lengths and +2° for bond angles).31 Fitting conditions were set as
follows: k, 1-15 A™'; FT range, 1.0-5.0 A; plane-wave path filter
threshold, 2%; maximal effective path length of a photoelectron, 5.0 A;
curved-wave path filter threshold, 3%; maximum number of legs, S;
scale factor Sy? 0.9 + 0.1. The models were overdetermined (N;/p > 1,
where N; is the number of independent observations and p is the
number of varied parameters) in the EXAFS calculations in order to
obtain meaningful solutions.”>**

Principal Component Analysis (PCA). The PCA technique was
applied to provide an objective visual representation of the
relationships between samples and variables (e.g, IR, EPR spectral
data) using the Unscrambler X software (CAMO software AS.,
Norway).*> PCA takes information carried by the original variables
and projects them onto a smaller number of latent variables called
Principal Components (PC), in which the first PC (PC1) contains the
greatest source of information in the data set and each subsequent PC
(PC2, PC3, ...) contains, in order, less information than the previous
one.

Synthesis and Characterization. A series of Cr(IIl) nicotinato
complexes was synthesized using literature procedures'”'®'” by
mixing a hot solution of CrCl;-6H,0 with a solution of nicotinic
acid in molar ratios of 1:1, 1:2, or 1:3 Cr to nicotinic acid, respectively,
and then adding a solution of NaOH dropwise to adjust the pH value
to 4.0 or 7.0. Solids formed from different combinations of Cr and
nicotinic acid, and different pH values were coded as Al _4, A2 4,
A3 _4,Al1_7,A2 7, and A3_7, in which the first number indicates the
molar ratio of nicotinic acid over Cr and the second number indicates
the pH value of the solution from which the product was collected.

Specifically, nicotinic acid (5.0 mmol for A1, 10 mmol for A2, or 1§
mmol for A3) was mixed with deionized water (10 mL), and the
mixture was heated at 353 K with stirring. Separately, CrCl;-6H,0 (5.0
mmol) was added to deionized water (10 mL), and the mixture was
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Table 1. Compositions of Cr(IIT) Nicotinato Complexes Synthesized by Different Methods

no.” synthesis method® ref? calculated formula® structure”

Al 4 nicH:Cr 1:1, pH 4 16,17  [Cr(nic)(OH),(H,0)]-0.1nicNa®

Al1_7  nicH:Cr 1:1, pH 7 1617 [Cry(nic);(OH)4(H,0);]-1.5H,0 1.5:1[Cry(#-OH), (p-nic-k0:kN),(OH),(H,0),],:Cr(OH);
A2 4 nicH:Cr 2:1, pH 4 16,17  [Cr,(nic);(OH),;(H,0),]-0.5H,0-0.15nicNa

A2 7  nicH:Cr 2:1, pH 7 16,17 [Cr(nic)(OH),(H,0)] [Cr,(u-OH),(p-nic-0:xkN),(OH),(H,0),],

A3 4  nicH:Cr 3:1, pH 4 16,17  [Cr(nic),(OH)(H,0)]-0.5H,0

A3 7  nicH:Cr 3:1, pH 7 16,17  [Cr,y(nic);(OH),(H,0),] [Cr,(u-OH), (u-nic-k0:kN);(H,0), ],

A3b®  nicNa:Cr 3:1, patented product 10 [Cr(nic),(OH)(H,0)]-0.5H,0 [Cr,(u-OH),(nic-k0),(u-nic-k0:kN),(H,0),],,

“In the designations, the first number indicates the molar ratio between nicotinic acid and CrCl;-6H,O used for synthesis and the second number
indicates the pH at which product was isolated. “Cr(III) nicotinato was synthesized accordlng to the patented method.'® “The molar ratios of
nicotinic acid and CrCl;-6H,0 and the pH conditions were used to obtain the products. L1terature references to the synthesis methods. “Formulas
were calculated from the AAS and microanalysis results (Table S1, Supporting Information). FStructures assigned on the basis of the spectroscopic
and EXAFS analyses reported herein. #The fitting for A1 4 for the Cr content was off by ~1% (Table S1, Supporting Information).

heated at 353 K with stirring until the solid had completely dissolved.
The latter solution was added with rapid stirring to the nicotinic acid
solution, until a homogeneous solution was formed. Next, a NaOH
solution (1.0 M) was added slowly to the reaction mixture to adjust
the pH value to 4.0 or 7.0, and the resultant mixture was continued to
be heated and stirred for a further 2 h. A gray-purple precipitate
formed from a purple solution at pH 4.0, while at pH 7.0, the filtrate
was colorless. The precipitate was filtered and washed three times with
deionized water and then dried in the oven at 333 K overnight.

Chromium(III) nicotinato complex A3b was synthesized following
the patented method."® Nicotinic acid (15 mmol) was added to 10 mL
of deionized water containing NaOH (15 mmol). The mixture was
heated at 353 K until the nicotinic acid had dissolved. On addition of a
hot solution of CrCl;:6H,O (5.0 mmol), a distinct purple precipitate
was formed from the purple solution. The reaction mixture was
continued to be heated for 2 h, and then the precipitate was filtered.
The purple solid obtained was washed three times with deionized
water and dried in the oven at 333 K

The insolubility of these complexes in water, ethanol, methanol, and
other common organic solvents prevented their characterization by
common techniques such as solution UV—vis, ESMS, and NMR
spectroscopies. Solid-state UV—vis, infrared spectra (IR), electron
paramagnetic resonance (EPR), and X-ray absorption spectroscopies
(XAS, including XANES and EXAFS) of Cr(III) nicotinato complexes
were used to characterize the structures of these complexes (see
Results).

B RESULTS

Elemental Analysis. Elemental analysis results of these
Cr(Ill) nicotinato complexes are shown in Table S1
(Supporting Information), and their calculated formulas are
summarized in Table 1.

UV-Vis Spectroscopy. Solid-state UV—vis spectra of
Cr(1II) nicotinato complexes (Figure 1 and Table 2) were

3

414 420

Absorbance

0 1 r , r
300 400 500 600 700 800
Wavelength (nm)

Figure 1. Solid-state UV—vis spectra of A3b (black line) and A3 7
(red line). Spectra of other Cr(III) nicotinato complexes are given in
Figure S1 (Supporting Information). Designations of the complexes
correspond to those given in Table 1

Table 2. Peak Positions and Ligand-Field Parameters
Obtained from Solid-State UV—Vis Spectra of Cr(III)
Nicotinato Complexes

Ay nm (*Toee Ay nm (T 110° em™ 1, 10 B,

sample® s s (a,) cm™ cm™
Al 4 579 421 17.27 23.75 636
A2 4 579 421 17.27 23.75 636
A3 4 576 419 17.36 23.87 638
A3b 571 414 17.51 24.16 653
Al 7 583 424 17.15 23.59 631
A2 7 579 421 17.27 23.75 636
A3 7 578 420 17.30 23.81 639

“Designations of the complexes correspond to those given in Table 1.

similar, with two absorbance maxima at about 420 (~23.8 X
10* cm™, 1) and 580 nm (~17.2 X 10*> cm™', 1), assigned to
4T1g «— 4A2g and 4T2g «— 4A2g spin-allowed transitions,
respectively. These two peaks in the spectrum of A3b shifted
to lower wavelengths, 414 (~24.1 X 10* cm™; v,) and 571 nm
(~17 x 10* cm™; v;), respectively. Spectra of A3 7 and A3b
are shown in Figure 1, and those of other Cr(III) nicotinato
complexes are shown in Figure S1, Supporting Information.
Peaks due to the formally spin-forbidden transitions were not
resolved. The ligand field energies, A, = 10Dq (corresponding
to v;) and values of the Racah parameter, B = (2v,% + 1,* —
3u11,) (150, — 271,),**° of the complexes are listed in Table 2.
These show a trend whereby higher nicotinato ligand to Cr
ratios caused the most pronounced blue shifts of the
absorbance maxima. This is consistent with the structures
(Table 1) determined by the various techniques described
herein, since the A, values for the spectrochemical series for
Cr(IIT) follows the order OH™ < RCO,” < OH, < pyridine.
The highest ligand field is observed for A3b, which has a
[Cr(OH),(RCO,),(OH,)(Py)] chromophore and the weakest
for Al 7, which has an average chromophore of [Cr-
(OH);75(RCO,)075(0H,)o.75(Py)os)-

IR Spectroscopy. Infrared spectra of nicotinic acid and A3b
are shown in Figure 2, and spectra of other Cr(III) nicotinato
complexes (Table 1) are given in Figure S2 (Supporting
Information). Spectra of these complexes were very similar.
Two strong absorption bands due to the asymmetric C=0 and
symmetric C—O stretching vibrations were observed near 1620
and 1375 ecm™}, respectively, while in the spectrum of nicotinic
acid, the C=0 stretching Vibration occurs at 1717 cm™". Bands
in the region of 2900—3500 cm ™" are associated with the O—H
stretch of aqua and hydroxido ligands.*®
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Figure 2. FTIR spectra of nicotinic acid (upper) and A3b (lower),
which represents those of Cr(III) nicotinato complexes. Spectra of
other Cr(III) nicotinato complexes are given in Figure S2 (Supporting
Information). Designation of the complex corresponds to that given in
Table 1.

PCA Analysis. PCA analysis was used in order to provide an
objective assessment of structural differences and similarities
among these Cr(III) nicotinato complexes. IR spectra of these
complexes were normalized before performing the analysis, and
the PC1 scores were plotted against PC2 in Figure 3. The PC1
described 74% of the variance in which Cr(III) nicotinato
complexes obtained at pH 4.0 (Al_4, A2 4, A3 4, and A3b)
were separated from those obtained at pH 7.0 (Al1_7, A2 7,
and A3_7). The separation of these samples along the PC1 axis
was mainly due to the spectral data at 1375, 1410, and 1620
cm™' (PC1 loadings, Figure 3). These frequencies represented
the vibrations of COO™ groups and/or pyridine rings. The
broad O—H stretches of aqua and hydroxido ligands at around
3000—3500 cm ™" also contributed to the separation of these
compounds on PC1. Vibrations around 1375—1620 cm™' and
the broad O—H stretches led to the separation of Al_4 from
other compounds on PC2 (PC2 loadings plots, Figure 3).%

EPR Spectroscopy. EPR signals of Cr(II) nicotinato
complexes (Table 1) were similar to each other and very broad
with g values & 1.97—1.99, which correspond to the signal of

a)
10 A3_4
| |

5 A2 4 A3b
. A1_7 A27 M-‘7 0 "
X 0 . ]
S
S -5
o

-104

45 A4

20 40 0 10 20
PC1 (74%)
b)
_ 1375 1410
o1 1620
= o2 756
Q0.0
=04 1620
=
~
0.0
N
(8]
2041 1375
1000 2000 3000 4000

Wavelength, cm™

Figure 3. PCA scores plots from FTIR spectral data of Cr(III)
nicotinato complexes using the Unscrambler X software: (a) PCI1 vs
PC2 scores; (b) PC1 and PC2 loadings. Designations of the complexes
correspond to those given in Table 1

Cr(I) in octahedral geometry.”” Typical EPR spectra of
Cr(IIT) nicotinato complexes (A3b and A3 7) are shown in
Figure 4a and 4b, and spectra of other Cr(III) nicotinato
complexes are given in Figure S3, Supporting Information. EPR
spectra of a dinuclear Cr(IIl) picolinato complex ([Cr-
(pic),(OH)],, Figure 4c)*” and a trinuclear Cr(III) propionato
complex ([Cr;O(EtCO0)4(H,0);](NO;), EtCOO = propio-
nate(—), Figure 4d)*® were also recorded to compare with
those of Cr(IIl) nicotinato complexes. The broad spectra of
Cr(III) nicotinato complexes were similar to that of a dinuclear
Cr(III) complex that has two hydroxido bridges, while these
spectra were significantly different from that of the trinuclear
Cr(IIT) complex.

45 40 35 30 25 20 15 1.0
g factor

Figure 4. Typical EPR spectra of Cr(IIl) nicotinato complexes and
dinuclear and trinuclear Cr(III) complexes obtained at room
temperature: (a) A3b, (b) A3 7, (c) [Cr(pic),(OH)],, and (d)
[Cr;O(EtCO0)4(H,0);]*. Spectra of other Cr(IlI) nicotinato
complexes are given in Figure S3, Supporting Information.
Designations of the complexes correspond to those given in Table 1.

When all EPR spectra of Cr(III) nicotinato complexes were
normalized and plotted against g factors, subtle differences
became evident (Figure S4, Supporting Information). As was
the case for IR spectral analysis, PCA was also applied to obtain
an objective analysis of the EPR spectra of Cr(III) nicotinato
complexes to determine which species were closest in chemical
structure. The scores of each sample on PC1 and PC2, which
show the sample differences or similarities, were plotted in
Figure 5. The PC1 explained 95% of the variance, in which the
spectral data at g & 2.0 contributed most to the separation of
samples along the PC1 axis (Figure Sb).

The plot shows that at the same ratio of Cr and nicotinic acid
increasing the pH values from 4.0 to 7.0 shifted the PC1 scores
from left to right, corresponding to g factors shifted from higher
to lower values. For complexes prepared under the same pH
condition, increasing the ratio of nicotinic acid over Cr caused a
shift of the PC1 scores to the left, which corresponded to a shift
to higher g values (Figure Sa). The PC2 (2%) separated A3b
from the other samples (Figure Sb) mainly due to the spectral
data at g ~ 1.96 (Figure Sc).

XANES Spectroscopy. XANES spectra at ~293 K of
Cr(IIT) nicotinato complexes obtained at pH 7.0 (Al_7, A2 7,
and A3_7) and the spectrum of the patented Cr(III) nicotinato
complex (A3b) are shown in Figure 6. XANES spectra of Al1_7,
A2 7, and A3 7 were similar, with two main maximum peaks
(features a and b, Figure 6). These spectra were different from
that obtained from A3b, in which the maximum b of the
XANES of A3b was more intense (feature b, Figure 6). Despite
using the same nicotinic acid to Cr ratio, the XANES spectra of
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Figure 5. Plots of PCA scores plots and loadings from EPR data of
Cr(III) nicotinato complexes using the Unscrambler X software: (a)
PC1 vs PC2; (b) PC1 and PC2 loadings. Normalized EPR spectra
used for this analysis are given in Figure S4 (Supporting Information).
Designations of the complexes correspond to those given in Table 1
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rCr-dinuclear

A3b
A2_7 tt
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Figure 6. Comparison of Cr K-edge XANES spectra at ~293 K of
Cr(1II) nicotinato complexes prepared by different methods and those
of dinuclear ([Cr(pic),(OH)],) and trinuclear ([Cr;O-
(EtCO0)4(H,0)5]*) Cr(Ill) complexes. Designation of the com-
plexes corresponds to those given in Table 1. All samples were diluted
with BN in 1:50 mass ratio in order to record the XAS spectra. (Inset)
(top) Expanded view of the pre-edge region and (bottom) second
derivative of the pre-edge data.

A3 7 and A3b were significantly different. Interestingly, the
intensity of the spectra at the edge decreased with an increase
in the nicotinic acid:Cr ratio. The edge energies of these
complexes (obtained from the first derivative spectra) were at
~6002 eV (Table 3). The pre-edge regions of these complexes,
which represent symmetry-forbidden 1s — 3d transitions,
showed a weak pre-edge peak at ~5991 eV (Table 3) and a less
prominent peak at ~5994 eV (Figure 6, top inset). The later
peak was only clearly shown in the second derivative of the

Table 3. XANES Edge and Pre-Edge Energy of Cr(III)
Nicotinato Complexes

sample Ey? (eV) Epre-edgeb (eV)  AE, e (eV)
Al 7 6002.0 5990.7, 5993.9 32
A2 7 6001.9 5990.8, 5994.0 32
A3 7 6001.7 5990.8, 5994.0 32
A3b 6001.8 5990.8, 5994.0 32
[Cr(pic),(OH)], 60020 59910, 6993.8 2.8
[Cr0(EtCOO),(H,0);]* 60022  $990.8, 5995.6 48

“Edge energies were obtained from the first derivative of the XANES
spectra. bPre-edge energies from the second derivatives of the pre-edge
spectra. “Peak energy differences from the second derivatives of the
pre-edge spectra.

XANES data (Figure 6, bottom inset). The pre-edge features of
the spectrum of the dinuclear Cr(III) complex ([Cr-
(pic),(OH)],) were similar to those of Cr(III) nicotinato
complexes, but those of trinuclear Cr(IlI) complex ([Cr;O-
(EtCOO0)4(H,0);]") were different (Figure 6). The pre-edge
peaks of [CryO(EtCOO)4(H,0);]* were more intense, with
greater energy difference of the pre-edge peaks (~5 eV,
compared to ~3 eV in the spectra of Cr(IIl) nicotinato
complexes, Table 3).

EXAFS Structural Analyses. All EXAFS spectra were
analyzed using the same k range (0—15 A™") to provide a valid
comparison of the Fourier transform (FT) of the EXAFS
(Figure 7). There was one main peak at 1.55 A (phase shift not
corrected) in the FTs of all types of Cr(Ill) nicotinato
complexes, corresponding to the first coordination shell of Cr--
O/N interactions. The FTs clearly show that the intensity of
this peak was higher in A1_7 and A2_7 compared to A3_7 and
A3b. Another important feature observed in the FTs is the
weak peak at ~2.71 A for all of the Cr(Ill) nicotinato
complexes. These peaks could be Cr---Cr interactions and/or
multiple scattering (MS) contributions.” On the basis of
elemental analysis results (Tables 1 and S1, Supporting
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A3b

FT Amplitude
N
o

o
b~
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Figure 7. Comparison of (a) k>-weighted EXAFS and (b) Fourier
transform (FT) of k*-weighted EXAFS spectra of Cr(III) nicotinato
complexes at ~293 K. Designations of the complexes correspond to
those given in Table 1.
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Information), several models of Cr(III) nicotinato complexes
were used for MS analysis of their EXAFS spectra, including
mononuclear, dinuclear, and trinuclear cores. A fit was
considered good if it had R < 20%, the scale factor S,* = 0.9
+ 0.1, and acceptable Debye—Waller factors, 62>° Only models
of the dihydroxido-bridged dinuclear Cr core in which each of
the remaining octahedral sites around the Cr atom was
surrounded by pyridine N donors and carboxylato and aqua O
donors (models I-III in Figure 8, and models in Figure SS,
Supporting Information) gave reasonable fits for the EXAFS of
Cr(IIT) nicotinato complexes (A3b, A3 7, A2 7, and Al 7).
Model 1 (Figure 8) and its isomers (Ia—Ic, Figure SS,
Supporting Information) are consistent with the stoichiometry
for [Cr(nic),(OH)(H,0),],, in which one O-bound nicotinato
ligand from each Cr is nonbridging and the remaining nic
ligands form bridges to other dihydroxido dimers. Model II

& .
N o 2N
30 26 s I
317 N\28 X oA N

OH, OH 4oy 2

Figure 8. Models of the dinuclear Cr(II) nicotinato cores for the
nicotinato-bridged polymers which gave the best fits in MS EXAFS
calculations of A3b, A3_7, A2 7, and Al_7. Atom numbering
corresponds to that used in Tables S2—4 (Supporting Information).
Models that provided the best fits to the EXAFS for A3b, A3_7, A2 7,
and Al_7 were models I, II, III, and III, respectively.

(Figure 8) and its isomers (IIa—IIf, Figure SS, Supporting
Information) fit the stoichiometry for
[Cr,(nic);(OH),(H,0),],, while model III (Figure 8) and its
isomers (IIIa—IIIb, Figure S5, Supporting Information) fit the
stoichiometry for [Cr(nic)(OH),(H,0)],.

All nicotinato ligands in models II and III and their isomers
act as bridging ligands between dinuclear cores. When aqua
ligands in models I and II were replaced by nicotinato ligands
(model IV, Figure SS, Supporting Information), worse fits
resulted, even though more fitting parameters were involved.
This and the stoichiometry of the formulas are consistent with
the binding of aqua ligands in these complexes.

The conditions, constraints, and restraints used in the MS
calculation of the EXAFS spectra of Cr(IIl) nicotinato
complexes are given in Tables S2—S4 (Supporting Informa-
tion). In model II, two Cr sites of the dinuclear core are not
symmetrical; therefore, EXAFS analysis was fitted using two
absorbing atom sites (Cr° and Cr**, model II in Figure 8), while
one absorber site was applied in the fits to models I and III
(Figure 8) and IV (Figure SS, Supporting Information). A
comparison of fitting parameters between these models is given
in Table SS (Supporting Information). For A3b the best fit to
the EXAFS data was obtained with model I (R = 12.5%),
Model II gave the best fit to A3 7 (R = 18.7%), while III gave
the best fits to A2 7 and Al 7 (R = 17.5% and 19.3%,
respectively). Experlmental and calculated EXAFS and FT of
EXAFS spectra of these complexes obtained from the best fits
are shown in Figure 9. The most significant photoelectron
scattering paths contributing to the calculated EXAFS spectra
of the Cr(III) nicotinato complexes are described in Tables
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Figure 9. Observed (black), calculated (red), and residual (green)
spectra and the window function (blue) for EXAFS (left) and FT
EXAFS (right) spectra of (a) A3b (R = 12.5%), (b) A3 7 (R =
172%), (c¢) A2 7 (R = 17.5%), and (d) Al 7 (R = 19.3%).
Calculation details are given in Table S3 (Supporting Information).
Designations of the complexes correspond to those given in Table 1.
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Table 4. Fit Parameters, Bond Angles, and Bond Lengths Obtained from MS EXAFS Analysis of Cr(III) Nicotinato Complexes”

A3b A3 7 A2 7 Al 7
parameters
—AE, (eV) 1.82(1) 0.74(1) 2.0(1) 1.6(1)
S 0.87(5) 0.93(9) 0.87(1) 0.95(5)
R (%) 12.5 18.7 17.5 19.3
c? (A?) 0.0009—0.0200° 0.0010—0.0087 0.0009—0.0200" 0.0009—0.0200°
model I I 101 111
bond lengths (A)
Cr'-N! 2.06(1) 2.03(1) 2.04(1) 2.04(1)
Cr’-0? 1.97(1) 1.98(2) 1.97(1) 2.00(1)
Cr'-0? 2.01(2) 1.95(1) 1.97(1) 1.97(1)
Cr’-o* 1.93(1) 1.98(1) 1.98(1) 2.00(2)
Cr’-0° 1.96(1) 1.92(1) 1.95(1) 1.92(1)
Cr'-0° 1.93(1) 1.95(1) 1.94(1) 1.92(1)
Cr’—Cr*? 2.93(2) 2.96(1) 2.95(1) 2.97(1)
bond angles (deg)
N!'-Cr-0? 91.3(3) 90.9(3) 91.5(1) 92.9(3)
N'-Cr’-03 91.6(5) 90.6(4) 90.9(4) 92.5(5)
N'-Cr’-0* 178.6(4) 179.5(4) 89.7(4) 91.9(5)
N!'-Cr"-0° 91.3(3) 89.6(3) 93.2(3) 94.3(4)
N'-Cr"-0°¢ 90.8(3) 90.0(3) 175.7(3) 172.8(4)
0’-Cr*-03 92.0(5) 91.0(4) 90.6(4) 91.0(5)
o*~Cr’-0* 89.4(4) 88.9(4) 89.1(4) 90.2(6)
0’-Cr’*-0° 174.2(3) 174.0(3) 175.1(3) 172.8(4)
0?-Cr’-0°¢ 92.4(3) 93.2(3) 92.6(3) 94.3(5)
0’-Cr’-0* 89.6(6) 88.9(5) 179.3(6) 175.3(7)
03-Cr’-0° 93.1(5) 94.9(4) 90.8(5) 88.9(6)
0*-Cr’-0° 174.9(5) 175.6(4) 90.3(5) 87.5(6)
0*-Cr’*-0° 87.8(4) 90.6(4) 89.5(5) 89.4(6)
0*—Cr’-0° 87.9(4) 90.4(4) 89.1(5) 87.9(6)
0°-Cr-0° 82.4(3) 80.9(3) 82.7(4) 78.5(5)
Cr’-0°-Cr? 97.6(4) 99.9(5) 97.1(3) 101.4(5)
Cr'-0°—Cr? 97.6(4) 99.0(5) 97.1(3) 101.4(5)

“Designations of the parameters: AE, = E, — 6005 eV, where E,) is the threshold energy; S,2 is a scale factor; R is the goodness of fit; and o2 are the
Debye—Waller factors. Standard deviations in the least significant figure (given in parentheses), arising from the noise in the data, were estimated by
the Monte Carlo method.>* Expected systematic errors are 0.01—0.02 A for bond lengths and 2° for bond angles.*" Calculation details are given in
Tables S2 and S4 (Supporting Information). Atom numbering corresponds to the models given in Figure 8. Designations of the complexes
correspond to those given in Table 1. bThese values were generally between around 0.001 and 0.007 A%, but one or two of the most distant atoms on
the second Cr in each model that were over 4 A away from the absorber had values of approaching or equal to 0.02 A% but these had very little
contributions to the overall scattering (Tables S10 and S11 (Supporting Information)).

S6—S9 (Supporting Information). Fitting parameters as well as
calculated bond angles and bonds lengths around the Cr center
obtained from the best fits of MS EXAFS analysis of A3b,
A3 7, A2 7, and Al_7 are given in Table 4.

Details of other bond lengths, bond angles, and Debye—
Waller factors, including those in the ligands, are listed in
Tables S10 and S11 (Supporting Information). Cr—N
(pyridine) distances were the same within experimental error,
2.05 A in A3b, 2.03 Ain A3_7,and 2.04 A in A2 7 and A1 7.
The different Cr—O(carboxylato) bond lengths in A3b (1.97
and 2.01 A) can be explained by the differences between two
nicotinato ligands: one acted as a bridge, while the other was
nonbridging. These bonds in A3_7 were similar within
experimental error (1.95 and 1.98 A), as both nicotinato
ligands bridged to other Cr atoms. The bond lengths between
Cr and two hydroxido bridges were equal in A2 7 and Al_7,
~1.94 and 1.92 A, respectively, while these values in A3b and
A3 7 were different. The Cr--Cr distance in the dinuclear core
of A3b (~2.93 A) was slightly, but not significantly, shorter
than those found in A3—7, A2 7, and Al_7 (~2.95 A).

10691

Cr—OH—Cr bridging angles were in the range of 98—101°.
It was not possible to distinguish between aqua and
nonbridging hydroxido ligands in MS analyses of A2 7 and
Al_7 since they only differ by one H atom, which would not
have a significant contribution to the EXAFS for these
structures, and the distances from these ligands to Cr center
were in the range of 1.97—2.00 A.

B DISCUSSION

Nicotinato Cr(III) compounds were initially purported to be
components of the GTF' and ill-defined Cr(IIl) nicotinato
complexes are still used as dietary supplements, even though
the purported GTF has long been shown to be an artifact.* It
was reported that different methods of preparation of the
nicotinato complexes gave different compounds, which were
polymers of Cr(III), oxygen-bound nicotinato, hydroxido, and
aqua ligands with 1:1 or 1:2 Cr to nicotinato ratios.'” However,
until the results reported here, their structures have not been
elucidated due to their insolubility and a lack of a suitable
method for growing single crystals.
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Previous spectroscopic studies on solutions from which
Cr(Ill) nicotinato complexes precipitate, or on the species
obtained by dissolving Cr(III) nicotinato in 1 M HCL,"” did not
provide detailed information on the structures of the polymers
used in the supplements. In this study, from elemental analysis
results, it was found that when increasing the pH value of the
reaction from which the precipitate formed, the ratio of
nicotinato ligands compared to Cr in the product decreased,
probably due to protonation of the carboxylic acid group,
whereas this ratio at the same pH value increased with an
increase in the nicotinic acid to Cr reagent ratio, as expected.

The formulas of the products obtained from 1:1, 2:1, and 3:1
nicotinic acid to Cr molar ratios at pH 7 were
[Cr4(nic)3(OH)9(HZO)3:|-I.SHZO, [Cr(nic) (OH),(H,0)],
and [Cr,(nic);(OH),(H,0),], respectively, which were not in
agreement with the results reported by Evans and Pouchnik.'®
The reported formulas of [Cr(nic)(H,0);(OH),]-H,O for the
1:1 and [Cr(nic),(H,0);(OH)]-H,O for the 2:1 and 3:1
nicotinic acid to Cr ratios™~ were only obtained in our studies at
pH =~ 4 for the 1:1 and 3:1 molar syntheses, respectively. The
found formula for the 2:1 synthesis at pH 7 was similar to that
reported by Rhodes et al.'” ([Cr(nic)(OH),(H,0);]). The
patented synthesis procedure'® produced the same formula
[Cr(nic),(OH)(H,0)]-0.5H,0 as that produced from the
synthesis from nicotinic acid and Cr in 3:1 molar ratio at pH =
4.

The results of MS analysis of the EXAFS spectra of Al_7,
A2 7, A3 7, and A3b provided strong evidence that these
compounds are polymers of dihydroxido-bridged dinuclear
cores, in which nicotinato anions bridge adjacent Cr(III) atoms
through both the pyridine N atom and the carboxylato O atom.
In the structure of A3b, each Cr binds to three nicotinato
ligands, among which only two act as bridges between dinuclear
cores. Typical Cr---Cr distances found in different Cr
complexes with different bridging groups are summarized in
Table S, which shows that Cr--Cr distances of dihydroxido-
bridged Cr complexes are 2.93—3.01 A>”***7! Thus, all of
the fitted Cr—L bond lengths and angles obtained from MS
analysis are consistent with structures I-III or their geometric

Table S. Typical Cr+Cr Distances in Multinuclear Cr(III)
Complexes with Different Bridging Groups

compound” bridging groups ~ Cr--Cr (A)  ref
[Cr,(OH)(CH,CO,)(nta),]*" OH~, RCOO™ 349 40
[Cr,(OH),(pic),] 20H" 3.00 27
[Cr,(OH),(nta),]*~ 20H 2.96 41
[Cr,(OH),(nta),]*~ 20H" 2.93 51
[Cr,O(NH;),o]* o™ 3.64 42
[Cr,(OH)(NH,),(H,0)]%* OH~ 3.87 42
[Cr,(OH),(nta)(tn),]* 20H" 2.98 43
[Cr,(OH),(nta)(phen),]* 20H" 2.96 44
[Cr,(OH),(OH,)s]* 20H 2.97 45
[Cr,(OH)(HCO,),(0OH,)4]* 20H", 2RCOO™ 3.38 46
[Cr;0(EtCO,)4(OH,),]* 0%, 2RCOO~ 327 37
[Cr;0(PhCO,)4(py)s]* 0%, 2RCOO~ 327 45
[Cr,(OH),(pda),(OH,),] 20H 3.01 48
[Cr,(OH),(HCO,)(bispma),]**  20H~, HCOO™~ 2.94 49

“Ligands: nta = nitrilotriacetato(3—); pic = picolinato(1-); tn =
propane-1,3-diamine; phen =1,10-phenanthroline; EtCOO = prop-
anoato(—); PhCOO = benzoato(—); py = pyridine; pda = pyridine-
2,6-dicarboxylato(2—); bispma = bis[2-pyridylmethylamine].

isomers and not other types of bridged polymers. The bond
lengths and angles within the dinuclear core unit, including
Cr—OH distances and Cr—OH—Cr and HO—Cr—OH angles,
obtained from MS analysis (Table 4) are in agreement with
those reported in crystallographic studies on hydroxido-bridged
dinuclear Cr(IIT) complexes (1.92—1.99 A for Cr—OH, 97.6—
104.1° for Cr—OH-Cr, and 75.9-82.4° for HO—Cr—
OH).>”**732 Gimilarly, the Cr—N distances are similar to
those found in mononuclear and dinuclear Cr(III) picolinate
complexes (2.05—2.07 A),*” and the Cr—0O (carboxylato) bond
lengths are within the ranges of Cr—O (carboxylato) distances
for carboxylato Cr(III) complexes (1.93—2.01 A) 27394852
When combined with elemental analyses (Table 1 and S1
(Supporting Information)) and EPR spectra, there are relatively
few possibilities for appropriate models that are consistent with
all the data. Of these, the best fits to the EXAFS were consistent
with the following formulas for A3b, A3 7, and A2 _7: [Cr,(u-
OH),(nic-k0), (p-nic-k0:kN),(H,0),],, [Cry(u-OH),(p-nic-
k0:kN);(H,0),],, and [Cr,(u-OH),(p-nic-x0:-
kN),(OH),(H,0),],, respectively; whereas A1 7 is most likely
to be a mixture of [ Cr,(u-OH),(u-nic-k0:xN),(OH),(H,0),],
and Cr(OH),;. The differences in the structure of A3b
explained its separation from other compounds in PCA
analyses of both EPR and IR spectra (Figures 3 and S, except
along PC1 for A3_4, which had a similar formula) as well as in
its different UV—vis maxima (Figure 1). The higher g value in
the EPR spectrum of A3b, compared to those of other Cr(III)
nicotinato complexes, which means higher splitting energy,>” is
consistent with its lower A, values in the UV—vis spectra
(Figures S1 and S4 (Supporting Information)).

PCA analysis of the EPR data of Cr(IlI) nicotinato
complexes (Figure S) showed the relationships between the
EPR spectral data and either the pH or the nicotinic acid:Cr
ratio. With regard to elemental analyses, when the ratio
between nicotinato ligands and Cr decreases, the PC1 score is
shifted to the right, which means there is a decrease in the g
values, ie., a decrease in A,.> In the series, A1 7, A2 7, and
A3 7, the value of A, increased from Al 7 to A3 7. These
results are consistent with the maxima found in the UV—vis
spectra of these complexes, in which the A, value of A3_7 was
slightly higher than those of A1_7 and A2 7 (Table 3). These
changes in band energies are due to the ligand field of the O-
nicotinato ligand (RCO,”) being higher than that of OH~
ligand in the spectrochemical series, as polyatomic ligands
usually cause stronger perturbations than monatomic ions.>*
Previous studies on the XANES spectra of Cr(III) complexes
with a wide range of donor groups have shown a correlation
between the edge energies and donor atoms.”’ The differences
in the edge energies found in XANES spectra of these
complexes (Figure 6) were too small (~0.1-0.2 eV) to
correlate the ligand field strength with the edge energy.
However, when compared with the XANES spectra of O/N-
donor and O-donor complexes reported previously,23 it shows
that these edge energies were in agreement with those of O/N-
donor complexes: 6001.4 eV for [Cr(phen),(dpp),]* (phen =
1,10-phenanthroline, dpp = diphenylphosphato(1—)); 6001.6
eV for [Cr(his),]* (his = r-histidinato(1—)) and [Cr(pic);]
(pic = picolinato(1—)); 6001.8 eV for [Cr(ala);]; and 6002 eV
for [Cr(asp),]™ (asp = L-aspartato(2—).>* The higher intensity
of the white lines observed in XANES spectra of Al_7 and
A2 7 compared to those of A3_7 and A3b is probably caused
by OH™ ligands, as similar observations were reported in
previous work where the white line intensity of the [Cr-
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(OH)4]*" complex was much higher than that of Cr(III) amino
acid complexes.”® Thus, all of these data were consistent with
the proposed structures.

In terms of gastrointestinal absorption, these insoluble
Cr(Ill) nicotinato polymers are decomposed in the acidic
environment of the stomach to allow absorption of discrete Cr
complexes. The structures of these complexes formed under
biologically relevant conditions are under investigation and will
be published in the near future.

B CONCLUSIONS

Cr(Ill) nicotinato complexes were synthesized by heating
solutions of nicotinic acid and CrCl;-6H,0 in 1:1, 2:1, and 3:1
molar ratios, followed by adjustment of the pH values to 4 or 7.
These complexes are polymers of dihydroxido-bridged
dinuclear Cr cores. Increasing the nicotinic acid to Cr ratios
led to an increase in the number of nicotinato ligands bound to
the Cr center, whereas increasing the pH value of the reaction
mixture led to a reduced number of nicotinato ligands in the
complexes. The local structures of Cr(III) nicotinato complexes
obtained at pH 7 (A3 7, A2 7, and Al_7) and the patented
complex (A3b) were characterized by performing MS analysis
of their EXAFS spectra. Spectra of all four compounds were
fitted well with dihydroxido-bridged dinuclear Cr models, in
which each Cr was surrounded by two carboxylato O donors,
one pyridine N donor, and one aqua ligand for A3b and A3_7,
or by one carboxylato O donor, one pyridine N donor, one
hydroxido, and one aqua ligand for A2 7 and Al_7. Each
dinuclear core is bridged to another through the nicotinato
ligands. The main difference between A3b and the other three
complexes is that each Cr has one nonbridging nicotinato
ligand in A3b, whereas in the other complexes all of the
nicotinato ligands are bridging. Results from UV—vis, FTIR,
and EPR spectroscopies of these complexes were consistent
with the nature of ligands found in EXAFS analysis.
Determination of the structures of the Cr—nicotinato
complexes will contribute to an understanding of the chemistry
that ensues when these supplements interact with gastric acid in
order to break down the polymers into water-soluble complexes
that then can be absorbed. Our research in this area will be the
subject of a future paper.

B ASSOCIATED CONTENT

© Supporting Information

Elemental analyses and UV—vis, IR, and EPR spectroscopy
data; details of constraints and restraints used in MS analysis of
EXAFS; comparison of fitting parameters using models in
Figure 8. This material is available free of charge via the
Internet at http://pubs.acs.org.
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