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Cobalt(ll) and Cobalt(lll) Dipicolinate Complexes: Solid State, Solution,
and in Vivo Insulin-like Properties
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The synthesis and characterization of Co(ll) and Co(lll) 2,6-pyridinedicarboxylate (dipic?~) complexes are reported.
Solid-state X-ray characterizations were performed on [Co(H.dipic)(dipic)]-3H,O and [Co(dipic)(z-dipic)Co(H20)s)
2H,0. Two coordination modes not previously observed in dipicolinate transition metal complexes were observed
in these complexes; one involves metal coordination to the short C—O (C=0) bond, and the other involves metal
coordination to a protonated oxygen atom. Solution studies, including paramagnetic NMR and UV-vis spectroscopy,
were done showing the high stability and low lability of the Co(lll) complex, whereas the Co(ll) complexes exhibited
ligand exchange in the presence of excess ligand. The [Co(dipic).]*~ complex has pH dependent lability and in this
regard is most similar to the [VO.dipic]~ complex. The [Co(dipic),]>~ was found to be effective in reducing the
hyperlipidemia of diabetes using oral administration in drinking water in rats with STZ-induced diabetes. Oral
administration of VOSO,4 was used as a positive control for metal efficacy against diabetes. In addition to providing
a framework to evaluate structure—function relationships of various transition metal complexes in alleviating the
symptoms of diabetes, this work describes novel aspects of structural and solution cobalt chemistry.

Introduction an exhaustive comparison of transition metal complexes’
solid-state and solution chemistry as well as their insulin-
like effects. To this end, we have synthesized several
complexes from Co(ll) or (lll) and dipicolinate and studied
their solid-state and aqueous solution properties. Cobalt
dipicolinate complexés!® have been known for more than
30 years, but no X-ray and solution characterizations have
been reported One of our complexes, [Co(dipid§, on

The coordination chemistry of cobalt has been important
in biology mainly because of coenzyme,BA recent report
of insulin-like action of cobalt chlorideimplies that such
metal compounds may have similarities with vanadium
compounds, which for two decades have been known to
exhibit insulin-like effect$> Recently, we have undertaken
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Figure 1. Coordination modes for metatarboxylate complexes. The
coordination modes previously reported are labeléd %, c,15-24 g 19.22.24
f,21 g,'8 and h?° Coordination modes b and d are reported here.

the basis of similarities in solution properties with Mibic],

was selected for evaluation of insulin-like effects in STZ-
induced diabetic rats. Ultimately, understanding the differ-
ences in insulin-like effects of these two transition metal

complexes and their mode of action as insulin-mimetic agents

Yang et al.

on the literature reports regarding solution properties of
related cobalt complexés}® and accordingly, our studies
show an unexpected rich speciation chemistry. We report
paramagnetic 2D exchange spectroscopy (EXSY) NMR
solution studies of the cobalt complex, to obtain a detailed
understanding of the solution species, their protonation states,
and their labilities. These studies show that the Co(ll)
complexes are labile and that this lability is pH dependent.
The effect of oral administration of one cobalt compound
(K2 [Co(dipic)]) was tested in rats with STZ-induced dia-
betes. Although KCo(dipic),] only had a limited effect on
hyperglycemia, it lowered both the elevated levels of serum
cholesterol and triglyceride in these rats. Information on the
insulin-mimetic effect of well characterized compounds is
important to understand the mode of action of transition metal
complexes in alleviating diabetes. This paper provides some
information on the insulin-mimetic action of,})Co(dipic)],
and comparing this information with the effect of corre-
sponding vanadium complexes will eventually lead to a better
understanding of how such complexes work. The complexes

requires a detailed understanding of the chemical propertiesi ot torm between cobalt and dipicolinate are compared

of the corresponding cobalt and vanadium complexes.
Preparation and studies of both Co(ll) and Co(lll) 1:2
complexes ([Co(dipi¢)~,° [Co(dipic)]?>,** and ([Co(Hdi-

to other transition metal complexes characterized by
X-ray crystallography, IR, visible absorption, and NMR
spectroscopy> 3 Collectively, these studies have led to

pic).])*>**have been reported as well as the preparation of giscoveries of new coordination modes and solution chem-

a 1:1 Co(ll) complex (Co(dipic)}® A range of different
coordination modes exists in transition metdlpicolinate
complexe® 24 depending on whether the anionic or proto-
nated forms of dipi& are coordinated to the metal ion
(Figure 1, coordination modes-#). In this study, two new

coordination types have been observed, one which involves

metal coordination to the short-@ (C=0) bond (b) and

the other which involves metal coordination to the protonated

oxygen atom (d). The structures of the -Gdipicolinate
complexes were found to be different than known—Ni
dipicolinate complexes and be similar to known -€u
dipicolinate complexes. The Co(lll) complex, [Co(digic)

istry of these cobalt dipicolinate complexes.

Experimental Section

Materials and General Methods. All reagents used were of
reagent grade. The water was distilled and deionized in an ion-
exchange column. VOS&5H,0 was purchased from Aldrich
Chemical Co. KCo(CQ)z-4H,O was prepared following the
method described for N&o(CG)s-3H,0 3t and the content of water
molecules was determined by TGA. TGA was performed on a TGA
2950 thermogravimetric analyzer. UWis absorption spectra were
recorded on a Perkin-Elmer Lambda 4B spectrophotometer. IR
spectra of KBr pellets were recorded on a Perkin-Elmer 1600 FT-

is used as a reference compound in some electron-transfetR spectrometer.

reaction§ *? although characterization of this cobalt complex
has been limited to the solid stdfe!® The assumption that

Preparation of Complexes. K[Co(dipic}] (1). KsCo(CG;)s*
4H,0 (0.980 g, 2.30 mmol) was added slowly to a stirred water

the solid-state species persists in solution is well founded slurry of Hdipic at pH 3.2 (0.840 g, 5.00 mmol) at ambient

temperature. The pH of the solution was adjusted to 6.4 wjth K

(14) Crystallographic studies were reported for the related bis(picolinate) COs. After addition of 30% HO, (1 mL), the resulting solution
complex, although these authors refer to this complex as a dipicolinic was stirred overnight. The solid was collected by filtration and
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washed with water followed by ethanol. The red solid product, 0.302
g, was obtained in 30.7% yield. IR (KBr, ciy: 3449 (m), 3085

(w, v(C—H)), 3054 (w,v(C—H)), 1664 (vs), 1649 (vsy(CO,),
1474 (w), 1333 (sy(CO;7)), 1182 (m), 1166 (m), 1105 (m), 919
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Co(ll) and Co(lll) Dipicolinate Complexes

(m), 872 (w), 858 (w), 820 (w), 780 (m), 750 (m), 710 (w), 679 with water, and dried in air. The 0.215 g obtained corresponds to
(m), 600 (w), 487 (m)*H NMR (DO, DSS): 8.8 (t, 1 H, p-H), a 47.5% vyield. The crystal structure was determined by X-ray
8.6 (d, 2 H, m-H) ppm. UV-vis (H,O): 511 nm € 672 M~icm™1) diffraction. IR (KBr, cnt?): 3397 (vs), 3256 (sh), 3100 (w), 1700

[lit.: 513 nm,e 653 M~ cm 135510 nm,e 630 Mt cm™1)].° Anal. (sh), 1620 (vsp(CO,7)), 1593 (s), 1439 (m), 1396 (sh), 1381 (s),
Calcd for G4 HeN,OgCoK: C, 39.25; H, 1.40; N, 6.54. Found: C, 1367 (s,»(C0O,7)), 1286 (s), 1079 (s), 1036 (m), 911 (m), 768 (s),
39.36; H, 1.32; N, 6.65. 720 (br, m), 691 (m), 678 (M), 538 (M NMR (D;0): 102, 92

K [Co(dipic)2]-7H20 (2). Ko.CO5 (1.38 g, 10.0 mmol) was added ~ (broad), 31 (broad) ppm (1%C). Anal. Calcd for GsH14N201:Co:
slowly to a turbid aqueous solution containingdipic (1.67 g, 10.0 C, 37.75; H, 3.15; N, 6.29. Found: C, 37.82; H, 3.00; N, 6.39.
mmol) and CoG}6H,0 (1.19 g, 5.00 mmol) with stirring. When Co(dipic)-3.5H,0 (5). This complex was obtained as a minor
kept at 80-90 °C for 1-2 h, the solution changed from purple to  side product from the reaction generating [Co(Ihdipic)(dipic)]-
brown. After standing at ambient temperature overnight, a deep 3H,O. The deep purple crystals of ([Co(ll){#ipic)(dipic)]-3H.0)
purple-brown crystalline solid precipitated from the solution. The were separated first, after which slow evaporation for several days
crystalline solid was filtered off, washed with water, and dried in at ambient temperature gave a solid precipitate from the almost
air. This solid was found to be [Co(Il)(dipigidipic)Co(ll)(H.O)s]- evaporated light purple-pink solution. The solid was a light purple
2H,0 (see later). The resulting filtrate was concentrated to about powder. IR (KBr, cm?): 3511 (w, sh), 3422 (w, br), 3222 (w),
20 mL and kept at ambient temperature for several hours before a3111 (vw), 3067 (w), 2833 (w, br), 2700 (vw), 1686 (v$CO, 7)),
deep grayish-brown crystalline solid was precipitated. The solid 1639 (s), 1612 (w), 1597 (w), 1576 (vw), 1459 (m), 1405 (m),
was collected, washed with water, and dried in air. A total of 1.63 1396 (s), 1348 (w), 1330 (m), 1289 (m), 1257 ¢6C0,7)), 1178
g Ky[Co(dipicy]-7H,O was obtained with a yield of 55.0%. IR (w), 1163 (w), 1085 (m), 1031 (m), 998 (m), 906 (m), 855 (m),
(KBr, cm™1): 3447 (vs, br), 3089 (wy(C—H)), 1644 (vs¥(CO,)) 798 (w), 771 (w), 753 (m), 702 (s), 669 (w), 648 (m), 586 (w),
1422 (s), 1373 (vsy(CO, 7)), 1278 (s), 1185 (s), 1079 (s), 1035 535 (w).*H NMR (D,0): 102 (broad), 37 (broad) ppm (X€).

(s), 915 (s), 826 (s), 769 (s), 741 (m), 694 (m), 674 (m), 538 (W), Anal. Calcd for GH;oNO;sCo: C, 29.27; H, 3.48; N, 4.88.

469 (w).H NMR (D;0): 92 (s, m-H), 31 (s, p-H) ppm (1%C). Found: C, 29.16; H, 2.72; N, 4.94.

UV—vis (H,0, d—d): 583 ¢ 16.8 M1 cm™), 531 € 12.0 M1 Alternatively, the 1:1 compound could be prepared as follows.
cm™1), 460 nm € 17.5 M1 cm™1). TGA: 50—-100°C, weight lost A hot aqueous solution of idipic (0.34 g, 2.0 mmol) was added
18.6% (calcd for 6 HO 18.2%), complex decomposed at 46D slowly with stirring to an aqueous solution containing Co6H,0
Anal. Calcd for G4H2oN2015CoKy: C, 28.33; H, 3.39; N, 4.72. (0.48 g, 2.0 mmol). The volume of the resulting purple mixture
Found: C, 28.25; H, 2.97; N, 4.86. was about 40 mL, and it was kept at ambient temperature overnight.

Alternatively, the complex K Co(dipic)]-7H,O can be obtained A total of 0.157 g (35.3% yield based onydtpic) of deep red-
from solutions with pH values above 8. From solutions with high purple crystals of [Co(ll)(kEdipic)(dipic)]-3H,O were obtained
pH, the yields are consistently90%. The Co(OOCCH,-4H,0 (confirmed by'H NMR). The solution was evaporated at ambient
salt can be used as a Co(ll) precursor. temperature for several days resulting in an additional 0.43 g of a

[Co(l)(dipic)( u-dipic)Co(ll)(H 20)s]-2H,0 (4). This purple light purple solid (yield 74.9% based orpdtpic). The 'H NMR
complex was isolated as the first product during the preparation of spectrum verified that the light purple solid was mainly the 1:1
K2[Co(dipic),]-7H0 at neutral or acidic pH. The amount of isolated complex; however, this solid presumably also contains a small
product was 0.525 g, corresponding to a yield of 34.7% (based on amount of CoGl
CoCh-6H,0). The structure of the complex was determined by  X-ray Crystallography. X-ray diffraction data were recorded
X-ray diffraction. IR (KBr, cnt?): 3478 (vs, br), 3239 (vs, br),  ona Bruker AXS SMART CCD diffractometer employing MaK
1618 (vs,»(CO,7)) 1430 (s), 1386 (vsy(CO,7)), 1286 (s), 1118 radiation (graphite monochromator). Crystallographic results and
(m), 1077 (m), 1037 (m), 765 (m), 734 (w), 694 (w), 678(w), 600 other details are listed in Table 1. An absorption correction was
(w), 544 (w), 489 (w)IH NMR (D,0): 102.5, 92.3 (s, m-H), 37.3,  applied by using SADABS?2 Structures were solved by direct
30.5 (s, p-H) ppm (19C). Anal. Calcd for G4H2oN20:5Co: C, methods and refined (of? using all data) by a full-matrix,
29.27; H, 3.48; N, 4.88. Found: C, 29.31; H, 3.32; N, 4.96. weighted least-squares process. Anisotropic displacement param-

Reacting CoGlwith H.dipic can also generate this complex in  eters were used to refine all non-hydrogen atoms. All hydrogen
solutions in the range pH-25 as long as the stoichiometries of ~atoms (except H(40A) and H(40B) which belong to a disordered
metal to ligand range from 1:1 to 4:1. The yields of such reactions water molecule in the [Co(ll)(klipic)(dipic)]-3H,O complex) were
are above 90% and clearly are the method of choice for preparationfound in the electron density map and refined isotropically. H40A
of this 1:1 complex. and H40B were placed in idealized positions relative to the major

[Co(I(H -dipic)(dipic)] -3H,0 (3). Solid CoCh+6H,0 (0.24 g, component of the disordered water oxygen atom, O40A. Standard
1.0 mmol) was added to a hot (790 °C) stirred water solution ~ Bruker control (SMART) and integration (SAINT) software was
(20—50 mL) containing Hdipic (0.34 g, 2.0 mmol). After heating employed, and Bruker SHELX PR software was used for structure
for 1-2 h, the purple solution was cooled and kept at ambient solution, refinement, and graphics.
temperature overnight. Deep red-purple crystals of [Co(t){pic)- Sample Preparation for NMR Studies.The samples for spectral
(dipic)]-3H,0 were formed. The crystals were collected, washed analysis were generally prepared by dissolving the crystalline
complexes (and ligand where appropriate) in deuterium oxide. When
(32) (a) Sheldrick, G. MSADABS (a Program for Siemens Area Detection Nnecessary, the pH was adjusted with a stock solution of DCI or

Absorption Correction)University of Gdtingen: Gdtingen, Germany, NaOD.

1999. (b) Sheldrick, G. M.SHEXTL, Siemens Analytical X-ray 1 1
Diffraction: Siemens: Madison, Wi, 1996: Vol. 5. 1D NMR Spectroscopy.1D H and!3C spectra were recorded

(33) Crans, D. C.; Boukhobza, J. Am. Chem. Sodl998 120, 8069- on a Varian INOVA-300 spectrometer (7.0 T) at 300 MHz fbir
8078. ) ] and 75.5 MHz fo*C. The paramagneti¢d spectra were acquired

34) éci’ahg‘;%”'lgéq'v'éb '\42'%'9;*59'\/" H.; Bennett, M. I.; Willsky, G. R. yith 3 51020 Hz spectral window, pulse widths oP6®0°, and

(35) Case”an U.: Graziani, R.; Bonomo, R. P.: Di Bilio, &. Chem. acquisition times of 0.081.67 s with no relaxation delay 2 Hz
Soc.1991 23-31. exponential line broadening was applied prior to Fourier transfor-
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Table 1. Crystallographic Data for [Co(ll)(bktlipic)(dipic)]-3H20 (3)
and [Co(ll)(dipic){-dipic)Co(Il)(H20)s]-2H20 (4)

untreated animals were matched in age and weight. Treatment
consisted of daily adding VOS@0.78 mg/mL (3.1 mM) for days

3 4 1-14) or [Co(dipic}]?~ (0.50 mg/mL (0.84 mM) for days 43

empirical formula GaH1CON,O1t CatHooN2C001s and 0.60 mg/mL (1.01 mM) for .days—414). The amounts of
fw 445.20 574.18 compound were calculated including 7 water hydrates f§CHK-
cryst size/mr 0.21x 0.22x 0.38 0.10x 0.30x 0.45 (dipic);] and 5 for VOSQ. The treatment group [Co(dipid}~
cryst syst monoclinic monoclinic contained 8 animals, the VOS@eated control group 7 animals,
?;ce group 1P§15/3c06(3) Pszﬁoe(l) and the diabetic control group 5 animals, while 2 normal rats were
WA 10:036(2) 2'7.3392(3) used in this experiment. Data for the 2 normal animals were
c/A 13.646(3) 9.6301(1) therefore supplemented with data for 1 animal used in another
Bl° 115.81(3) 98.188(1) similar experiment for analysis of blood glucose and lipids (see
Zz 4 4 ; . .
VA2 1702.1(6) 2101.76(4) :ater).fAny ?]?lmalhappe?nng tq bcte_ dehydratehd,dast n;onlt;)retd by
d (calcd)/Mg/n? 1737 1740 oss of weight or physical examination, was rehydrated subcutane-
F(000) 908 1168 ously with 10-30 mL/day of lactated Ringer’s bicarbonate solution
abs coeff/mm? 1.075 1.591 (0.84%). Blood glucose levels were determined twice a week and
temp/K 169(2) 167(2) urine ketones and glucose determined once a week using Keto-
AMA 0.71073 0.71073 diastix. In the initial 2 week treatment period, no animals were
6/deg 1.64< 6 < 28.35 1.49< 6 < 28.27 ) . ’ -
h —17<h<18 5<h=<11 removed from the experiment because of extreme dehydration or
k -13<k=<7 —34<k=<36 diarrhea.
' —18<1<18 —12=1<12 To examine serum lipid levels at a time when both elevated
reflns collected 10959 14354 triglyceride and cholesterol could be observed in the diabetic
independent reflns 4114 5252 . . .
Rot 0.0686 0.0485 animals, the experiment was carried out for 4 weeks. Treatment
data/restraints/params 4114/1/310 5252/0/379 for days +14 were as described. Treatment for days-28
R[lI > 20(1)] R1=0.0497 R1=0.0285 consisted of daily adding VOS{1.6 mg/mL (6.2 mM) for days

WR2=0.0895 WR2=0.0627 15-28) or [Co(dipic)]>~ (1.2 mg/mL (2.0 mM) for days 1528)
R (all data) R1=0.1282 R1=0.0400 to the drinki ter. Lipid det ined i btained

WR2 = 0.1174 WR2= 0.0658 o the drinking water. Lipids were determined in serum obtaine
Apmaxmide A3 0.387,—0.645 0.385-0.735 at sacrifice. Diabetic (4 of 4) and [Co(dipi#)~ treated (8 out of

mation. DSS (3-(trimethylsilyl)propane sulfonic acid sodium salt)
was used as an external reference for biéthand *3C chemical
shifts. The paramagneti®C NMR were recorded with spectral
windows of 90606-150900 Hz, a 90pulse width, an acquisition
time of 0.5 s, 0.6-0.3 s relaxation delays, and three different
decoupling settings. Initial spectra were recorded using no decou-
pling, and then the Waltz-16 program was used with a bandwidth
of 4—5 kHz and selection at the frequency of H2 (6961 Hz) and
H1/H3 (25916 Hz), respectively. A 10 Hz exponential line
broadening was applied prior to Fourier transformation.

Variable temperaturtH NMR spectra were also recorded. The

8) animals were selected from this study for lipid analysis. The
serum lipid data were supplemented with data from normal (4) and
VOSQ, (7) treated animals obtained from a similar set of animals
examined in the experiment carried out at a different time. The
data for these animals are included in Table 5. Triglyceride was
determined using Sigma (St. Louis, Mo) Procedure No. 337, while
cholesterol was determined using Sigma (St. Louis, Mo) Procedure
No. 332.

Statistics. A one way ANOVA with Dunnett’'s multiple means
test was used to analyze the animal data comparing all groups to
the diabetic untreated group. Theralues< 0.05 were considered
significant. Data are presented as the meathe standard error

temperature for the variable temperature experiments was calibrated SE).

using an 80% ethylene glycol sample in DMS®to an accuracy
of +2 °C33% The NMR spectra were recorded first at room

Results and Discussion

temperature, at gradually increasing temperatures, and finally again Syntheses. Information regarding the preparation of

at ambient temperature.

2D EXSY NMR Spectroscopy.2D homonuclear EXSY experi-
ments were run on a Varian INOVA-300 spectrometer (7.0 T) at
300 MHz forH at 75.5 MHz for'3C. The 2D paramagnetitH
EXSY spectra shown in this work were recorded with sweep widths
of 32895-39000 Hz, accumulation times of 0.£6.249 s, delay
times of 0.0+0.3 s, mixing times of 0.0150.8 s, and 128
increments of 432 scans each. The narrow spectral window was
chosen to increase sensitivity, and only the signal region of interest
was included. This reduced the size of the data matrix required in
the F1 domain and decreased accumulation times.

Animal Protocol. Modifications of the previously published
procedure for the induction of diabetes and animal care were3tised.
Diabetes was induced in male Wistar rats weighing-1328 g by
injection of freshly prepared streptozotocin (60 mg/mL) in 0.9%
saline at a dose of 60 mg/kg body weight by intraperitoneal or
intravenous injection. Blood glucose levels were determined 4 days
after streptozotocin injection with an Accucheck blood glucose
monitor as previously publisheéd. The diabetic animals were

complex ions [Co(Ill)(dipic)] ~, [Co(ll)(dipic),]?~, [Co(ll)-
(dipic)-3H,0], and [Co(ll)(Hdipic}] -3H,0%1133%have been
reported. The reported yields of the sodium salt and neutral
complex ions range from 50% to 100%. In this work, we
focused on preparation of Ksalts. This salt was chosen
because of the well-known fact that Nand K" salts are
innocuous and often are preferred countercations to use when
it comes to administration of compounds to humans. Extend-
ing the reported methdétito the preparation of the potassium
salt (K[Co(lll)(dipic);]) generated a mixture of Co(ll) and
Co(lll) complexes at 70C, and in our hands, the addition
of 3—4 equiv of oxidizing agent (kD,) was necessary to
isolate pure Co(lll) complex. The preparation of the Co(ll)
complexes is pH sensitive, and pH valugs8 result in
isolation of complexes with different stoichiometries.

The Co(lll) complex could be prepared directly from-K
Co(CGy); and 2 equiv of Hdipic at pH 6. KkCo(CG); was

randomly assigned to the treated or to the untreated group. Normalprepared with slight modification of the literature mett¥d.
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This preparation consistently gave low yields in our hands, Table 2. Selected Bond Distances (A) and Bond Angles (deg) for
and in order to obtain consistently high yields of the Co(lll) [Co((HzDipic)(dipic)]-3H,0 (3) and

complex, we added #D, to the reaction mixture. The K

[Co(1)(dipic)(u-dipic)Co(Il) (H.0)s]-2H20 (4)

salt of [Co(Il)(dipick]>~ was prepared from Cogland 2 3 4

equiv of Hdipic at a pH of about 9. These conditions gave Co(1)-N(1) 2.021(3) 2.026(2)
the Co(Il) complex in 90% yield and was the method used ggg?gﬁ? ggggg 2:2228
to prepare the material used in the solution studies. The Co(1-0(2) 2.222(3) 2.123(1)
protonated 1:2 complex ([Co(Il)@dipic)(dipic)]-3H,0) was Co(1)-0(11) 2.195(2) 2.193(1)

. . . . Co(1)-0(12) 2.108(2) 2.225(1)
crystallized from solutions of 1 equiv of CoAnd 2 equiv C(6)-0(1) 1.292(4) 1.277(2)
of Hudipic at pH~ 1. The yield of this compound was only C(6)-0(3) 1.227(4) 1.249(2)
30%—-50% in our hands, significantly less than the yield C(7)-0(2) 1.241(4) 1.273(2)

) . ) : C(7)-0(4) 1.288(4) 1.256(2)
reported in the literatur® The 1:1 complex was isolated C(16)-0(11) 1.261(4) 1.268(2)
from the described reaction mixture in 70% vyield after C(16)-0(13) 1.270(4) 1.252(2)
standing at ambient temperature. On the basis of the C(17)-0(12) 1.271(4) 1.273(2)
: . . C(17)-0(14) 1.247(4) 1.254(2)
elemental analysis and the characterization of this compound, Co(2)-0(14) 2.097(1)
it is also likely that the solid contains some Cg&lBut at Co(2)-0(21) 2.180(1)
low pH and ambient temperature, the major Co(Il) complex ggg)):ggg g-ggggg
isolated was Co(ll)dipi8.5H,0. In contrast to the literature Co(2)-0(24) 2.060(2)
report!® attempts to prepare the 1:1 complex from solutions Co(2)-0(25) 2.094(1)
of 1 equiv of QoCi or Co(OAc_)Z and 1 equiv of Hdipic N(11)-Co(1)-N(1) 173.6(1) 172.00(5)
also resulted in some crystalline 1:2 protonated complex  N(11)-Co(1)}-0O(1) 101.2(1) 103.99(5)
([Co(IN)(Hodipic)(dipic)]-3H,0) as the first precipitate. At- N(11)-Co(1)-0(2) 106.0(1) 104.94(5)
tempts to prepare the 1:1 complex with an excess Co(ll) “Eﬂg:gg&g:gg% %%B ;gégg
starting material (1 to 4.5-fold excess) in the pH range3 N(1)—Co(1)}-O(1) 76.9(1) 75.74(5)
failed and resulted in crystalline 2:2 complex with yields N(1)-Co(1)-0O(2) 75.2(1) 76.66(5)
~90%. N(1)—Co(1)-0(12) 109.1(1) 95.87(5)
. o N(1)—Co(1)-0(11) 98.0(1) 112.46(5)
The novel 2:2 complex, [Co(ll)(dipic)tdipic)Co(ll)- 0O(1)-Co(1)-0(2) 152.0(1) 150.11(5)
(H20)s]-2H,0, was also isolated in crystalline form from O(1)-Co(1)-0O(11) 94.0(1) 94.55(5)
reaction_of (_:on or Co(AcO) and_2 equiv of Hdipic at 88:828)):883 gg:;%) gg:gg((‘;’))
pH 3—6 in yields of 20%-40%. This 2:2 complex formed 0(2)-Co(1)-0(12) 93.0(1) 97.15(5)
1:1 and 1:2 species when dissolved in deuterium oxide. O(11)-Co(1)-0(12) 152.9(1) 151.30(5)
Solid-State Characterization. Crystal Structure of 88:&%:883 }ﬁgjéﬁg ggg%
[Co(I(H 2dipic)(dipic)] -:3H,O (3). The crystal data and 0(12)-C(17)-0(14) 125.5(3) 126.7(2)
selected bond distances and angles are shown in Tables 1  O(11)-C(16)-0O(13) 125.8(3) 125.6(2)
and 2, respectively. The molecular structure and atom ggg?“gg:g% ﬁg?% ﬁgg&g
labeling system is shown in Figure 2. Two nitrogen and four Co(1)-N(11)-C(11) 120.4(2) 120.2(1)
oxygen atoms are coordinated to the cobalt atom resulting ~ Co(1)-N(11)-C(15) 118.8(2) 119.5(1)
in a distorted octahedron. Each of the two tridentate dipic gggg:gg;:gg% ﬂgég; ﬁgi&;
ligands coordinates through two oxygen atoms and one Co(1)-0(11)-C(16) 114.4(2) 115.5(1)
nitrogen atom. One of the dipic groups is coordinated as  C0o(1)-0(12)-C(17) 116.2(2) 113.6(1)
dipic>~ and the other as Hipic, resulting in this complex 882?%8%&8233 gg:ggg
containing four of the different coordination modes-() O(14)-Co(2)-0(23) 80.07(6)
illustrated in Figure 1. The two CeN bond distances are O(14)-Co(2)-0(25) 170.46(5)
similar (2.017(3)-2.021(3) A). Ce-O bond distances range 88‘&88&&8&% 2332‘9‘%
from 2.108(2) to 2.222(3) A (average 2.166 A). The longest 0(21)-Co(2)-0(23) 176.62(6)
bond is observed in a type ¢ coordination mode{Cg2)), 0(21)-Co(2)-0(25) 85.63(5)
i . o 0(21)-Co(2)-0(24) 85.96(6)
and the shortest bond is observed in a type a coordination 555, co(2)-0(23) 88.5(5)
mode (Ce-0O(12)). The carboxylate group C(6)O(1)O(3) is 0(22)-Co(2)-0(24) 168.79(6)
coordinated to cobalt by the coordination mode shown in d, 8(3?‘50(?‘8(32) gg-gg(g)
and the carboxylate C(7)O(2)O(4) is coordinated to the cobalt O§23)):C8§2)):OE253 gzjoggeg
by coordination mode c. The carboxylate groups C(16)- 0O(24)-Co(2)-0(25) 90.86(6)

0O(11)0O(13) and C(17)0O(12)O(14) are coordinated to the

cobalt in coordination modes b and a, respectively. The identification of both a fully protonated neutrabdipic and
a dianionic dipié- ligand in [Co(Il)(H.dipic)(dipic)] distin-
excess dipic is present in solution. Furthermore, the elemental amalysisgu'S_h_eS this StrUCtur_e from tha_t of the nickel complex, [Ni-
obtained support the presence of some Gd@lCo(dipicy2H,0. ~ (Hdipic),]-3H20, which contained two monoprotonated
According to the elemental analysis, this material contains 0.2 equiv Hdipic™ Iigands%H7 The structure of [Co(Il)(ktipic)(dipic)]

of CoChk when prepared at larger scales (Calcd: C, 29.37; H, 2.45; - o ’ .
N, 4.90). exhibits some similarities with the structures of a silver(ll)

(36) On the basis of characterization %y NMR and IR spectroscopy, no
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Table 3. Hydrogen Bonds for [Co(ll)(kDipic)(dipic)]-3H,0 (3)
D—H-A d(D—H) d(H-+A) d(D---A) O(DHA)

O(20)-H(20A)--O(40A)  0.68(5) 1.94(5) 2.572(11) 157(7)
O(30)-H(30A)-+-O(14) 0.73(5) 1.98(5) 2.690(4)  165(5)
O(1)—H(1)-+-O(20) #E 1.09(5) 1.51(5) 2.595(4)  177(4)
O(4)-H(4A)---O(30) #2  0.95(5) 1.54(5) 2.469(4)  166(5)
O(20)-H(20B)--O(13) #3 0.99(5) 1.48(5) 2.465(4)  174(5)
030 O(30)-H(30B)--O(14) #4 0.82(5) 1.95(5) 2.730(4)  159(5)

HI20C)
020A)

a Symmetry transformations used to generate equivalent atoms:x#1
+1,-y, —z+ 1 #2%, —y+ 3, 2+ Uy #3—x+ 1,y — Yo, =2+ ¥;
#4—x+2,-y+1,-z+ 1.

Figure 2. Molecular structure and atomic labeling scheme for complex
[Co(I)(Hodipic)(dipic)]-3H0 (3), with ellipsoids drawn at the 50%
probability level. The water molecule (containing 020, H20A, and H20B)
is shown in a symmetry-related position and numbered O20A, H20C, and
H20D (see also Table 3).

complex ([Ag(Hdipic}]-H,O)** and a copper(ll) complex
([Cu(Hdipic)]-3H,0).23

Different coordination modes have been reported in
transition metat-dipicolinate complexes. The coordination
modes observed in the solid state as well as two new
coordination modes introduced in this work (b and d) are
summarized in Figure 1. The most common coordination |
mode is a in which the metal is coordinated to the long Figure 3. Molecular structure and atomic labeling scheme for complex
C—O bond. This coordination mode is found in [Co(ll)(dipic)(u-dipic)Co(Il)(H0)s]:2H:0 (4), with ellipsoids drawn at the
[Ni(Hdipic)]-3H,0 1517 [Zn(Hdipic)z]-3H20,18'19 [Zn,- 50% probability level.
(dipic)]-7H0,® [Fe(Hdipick(OH)],?° [Fey(dipic):(OHy)e]
2H.dipic,?° [Fes(dipic)(Hdipic)x(H20)4] - 2H0 2 [Fey(dipic)- A). Hydrogen bonds are formed between a H-donor and a
(H20)5]-2.25H0,21 [Fes(dipic)a(H20)s(NH4)2] < 4H,02H,- H-acceptor, and those hydrogen bonds in which the proton
dipic,?! [Ferg(Hdipic)s(dipic)io(H20)24] - 13H0 2 [Cu(dipic)- originates in [Co(ll)(Hdipic)(dipic)] are shorter than those
(H20),],2%2 and [Cu(Hdipic)(dipic)]-H20.1° Another common in which [Co(ll)(Hdipic)(dipic)] is the H-acceptor. An
coordination mode found in complexes with monoprotonated exception to this pattern is observed when the H-acceptor is

Hdipicisrepresented by cand found in [Ni(Hdipje3H,O,'> 1" a carboxylate group bound in coordination mode b. The two
[Zn(Hdipic)z] - 3H,0 182 [Fe(Hdipick(OH,)],%° [Fes(dipic).- H.O molecules (O(30) and O(20)) link two complexes
(Hdipic),(H20)4]-2H,0, 2 [Feys(Hdipic)s(dipic)io (H20)24]- through hydrogen bonds. The relevant distances are 1.98(5)

13H,0,2 and [Cu(Hdipic)(dipic)]-H,0.1923A coordination A (H(30A):+-O(14)), 1.54(5) A (O(30)-H(4A)), 1.48(5) A
mode in which the €0 bonds are of equal length is e, which  (H(20B)--O(13)) and 1.51(5) A (O(20)-H(1)). As men-
has been observed in [Ag(Hdipit)H20,2* [Cu(Hdipic)- tioned in the Experimental Section, all hydrogen atoms
(dipic)]-3H,0,*22and [Zn(Hdipic)]-3H,0.1° Less commonly  except those of the disordered water oxygen atom O40 were
observed coordination modes involve coordination of two found in the electron density map at the expected orientation.
metal ions to one carboxylate group and are represented byThe O—H bond lengths are, however, relatively imprecise
f (observed in [Fg(dipic)(Hdipic),(H20)4]-2H,0,2* [Fer- as indicated by the tabulated errors.
(dipic)x(H20)s]+2.25H0,2* and [Fes(Hdipic)e(dipic)i(H20)4* Crystal Structure of [Co(ll)(dipic)( g-dipic)Co(ll)-
13H,0),** g (observed in [Zg(dipic),]-7H.O)*® and h (H20)s]-2H,0 (4). The crystal data are shown in Table 1.
(observed in [F&dipic),(OH,)e]-2H.dipic).2° The key dif- The molecular structure is depicted in Figure 3. The two
ferences in the two new coordination modes are the dipic ligands are deprotonated in the complex. Both dipic
coordination of the metal ion to the short=© bond (in b) ligands are coordinated in a tridentate manner to one cobalt
and to the oxygen atom carrying the proton (in d). atom; one of the two dipfc groups also acts as a bridging
The formula unit contains 3 water molecules, 1 of which ligand to the pentaaqueCo(ll) unit. This type of complex
is disordered in the crystal structure (O(40)). The other 2 has previously been observed in jf,0)s(dipic),]-2H,0.18
water molecules form hydrogen bonds with the dianionic Both of the two Co(ll) ions exhibit distorted octahedral
dipic ligand Additional hydrogen bonding between water geometry. The CeN bond distances are 2.026(2) and
molecules O(20) and O(40) was found (Table 3). The 2.033(1) A, and the Co(BO bond distances range from
major component of 040 (i.e., O40A) is well defined, and 2.123(1) to 2.225(1) A (average 2.182 A). The carboxylate
hydrogen bonding distances are O@BM(4A) (1.54(5) A), groups are bound in coordination modes a and f. The Co(2)
O(20)--H1 (1.51(5) A), O(13)-H(20B) (1.48(5) A), atom is bound to six oxygen atoms, one from the carboxylate
O(14)--H(30A) (1.98(5) A), and O(14)-H(30B) (1.95(5) (Co(2)-0(14) 2.097(1) A) and the other five from water
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Table 4. Hydrogen Bonds for
[Co(I)(dipic)(u-dipic)Co(I1)(H0)s]:2H,0 (4)

D—H---A d(D—H) d(H--A) d(D-+A) O(DHA)

0(22)-H(22A)--0(12) 0.82(3) 2.07(3) 2.8328(19) 155(2)
O(25)-H(25B)++0(30) 0.86(3) 1.81(3) 2.662(2)  170(3)
O(21)-H(21A)--O(13)#B 0.76(3) 1.93(3) 2.689(2)  173(3)
O(21)-H(21B)--O(1)#2  0.85(3) 1.96(3) 2.8006(18) 172(2)
O(22)-H(22B)--O(3)#2  0.81(3) 1.91(3) 2.7090(19) 171(3)
O(23-H(23A)-O(4) #3  0.81(3) 1.92(3) 2.727(2)  177(3)
O(23)-H(23B)--O(40) #4 0.78(3) 2.09(3) 2.830(2)  158(3)
O(24)-H(24A)-O(13) #5 0.88(3) 1.77(3) 2.6472(18) 176(3)
O(24y-H(24B)--0O(40) #6  0.73(3) 2.27(3) 2.970(2)  161(3)
O(25)-H(25A)--O(11) #5 0.82(3) 1.96(3) 2.7745(18) 172(2)
O(30)-H(30A)--O(3) #7  0.84(3) 1.95(3) 2.783(2)  176(3)
O(30)-H(30B)--O(4)#3  0.73(3) 2.08(3) 2.787(2)  163(3)
O(40y-H(40A)-O(2) #4  0.79(2) 2.34(2) 3.0394(19) 148(2)
O(40)-H(40A)--O(11) #4 0.79(2) 2.58(2) 3.213(2)  139(2)
O(40)-H(40B)--O(21) #8 0.83(2) 2.10(3) 2.9174(19) 168(2)

a Symmetry transformations used to generate equivalent atoms:x#1
+1,-y, —z+3;#2x— 1,y, z #3x,y,z— 1; #4x, =y + Yo, 2 — Uy;
#5x—1,y,z— L, #6—Xx+ 1,y — Yo, =2+ ¥ #7x — 1, =y + Yy, 2 —
g #8x + 1, =y + Yo, z + Y.

vas andvs of the complexed’ These studies were demon-
strated with series of complexes from acetate and other
carboxylic acids; however, none of these complexes included
dipicolinic acid. Regardless, examining whether the values
for acetate complexes determined previously would serve
d as a model system for the complexes described in this paper,
Figure 4. Crystal packing diagram of [Co(ll)(dipig)¢dipic)Co(ll)- the vas—vs values and the prediction of their binding mode
(H20)s]*2H,0. was checked. The difference amounted to values between
200 and 350 cmt, which is consistent with unidentate
molecules (Ce-O from 2.060(2) to 2.180(1) A, average coordination modes. Thus, although a variety of different
Co(2)-0 2.097 A for coordinated water). coordination modes are observed in these complexes, the
Strong hydrogen bonding exists in the crystal structure coordination modes are unidentate as predicted. This obser-
(Figure 4). Hydrogen bonding between coordinated water vation suggests that this differencesig—vs could be used
(O(23)) and the carboxylate oxygen atoms (O(2) and O(4)) as indicative of coordination modes observed in these types
of the dipié@~ links the binuclear cobalt molecules to form a of complexes.
one-dimensional chain. The water molecule (O(30)) which  The light purple solid (from preparation) has a different
hydrogen bonded to three complex molecules stabilizes IR spectrum from those of 1:2 or 2:2 species, and the NMR
the chain structure. Relevant distances are 1.81(3) Aspectra suggest the existence of a 1:1 Co(ll) species. The
(H(25B)---O(30)), 1.95(3) A (H(30A)-0O(3)), 2.08(3) A vad{CO,7) is at 1686 and 1639 cm, and the former peak is
(H(30B)---0O(4)), 1.92(3) A (H(23A)--O(4)), 2.10(3) A more intense. The(CO,") is of medium intensity with three
(H(40B)-+-O(21)) and others listed in Table 4. Hydrogen peaks at 1330, 1289, and 1257 ©mNo free ligand was
bonds are indicated in Figure 3 with dashed lines. The observed in the NMR spectra or the IR spectra indicating
hydrogen bonds in this structure do not appear to be as stronghat all ligand present is coordinated to the cobalt. Further-

as those in [Co(ll)(Edipic)(dipic)]-3H:0. more, the NMR spectra show no line broadening indicative
IR Spectroscopy. The IR spectra of the 1:2 and 2:2 of dynamic processes involving free ligand. These results
Co(ll) complexes are similar. The vibrations f{CO;") and the elemental analysis are consistent with this purple

andv{CQ;") are very strong at 16201640 cntt and 1376- solid also containing free Co&£(up to 20%).
1390 cn1t. The OH vibration of water is a strong and Solution Characterization. Structure and Stability of
dominating broad peak at 3268600 cn1? in IR spectra. Complexes as Monitored by NMR SpectroscopyH NMR
In the [Co(Hdipic}] complex, a shoulder peak around 1700 spectra were recorded for both Co(ll) and Co(lll) dipic
cm! is attributed to the protonated carboxylate in the complexes. The solution chemistry of these complexes will
complex, and thes(CO,") contains three peaks, 1396, 1381, be described here. Figure 5 shows the spectra of the solutions
1367 cm?, which may be related to the hydrogen bonding prepared from crystals of the four pure solid Cofit)ipic
system. In the Co(lll) complex, the,{CO,~) are found at complexes. Each of these compounds produces solutions for
higher frequencies with two peaks at 1664 and 1649'¢m  which paramagnetic NMR spectra of high spin compounds
and thev{(CQO,"), at lower frequency (1333 cm) than in were obtained.
the Co(ll) complexes. .

A correlation of the carboxylate coordination mode to (37) gfﬁ;ﬁ&og’mmgtﬁgtﬂ%Rj‘g;]?]”vafgcgasg‘;'S”O,(I%T{;Oarﬂd1%8(7”
metal ions was made by examining the difference between Part B, pp 5863.
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l [Co(dipic),Co(H,0),.]*2H,0 {i H1/H3[Co(lI)L] [Co(Il)L]
| | | H1/H3[Co(ll)L,*] H2 [Co(INL,*]

H2
pH 7.7
; K.[Co(dipic),] | L

i

ool
/\ [Co(dipic)] e
_ AN
pH 1.6
[Co(H,dipic)(dipic)] ,.A /k

120 100 80 60 40 20

r T T T T 1 Ppm
120 100 80 60 40 20 . . . .
ppm Figure 7. H NMR spectra of 28 mM Co(ll)(dipieB.5H,0 dissolved in

) . o deuterium oxide at pH 1.6, 1.9, and 7.7.
Figure 5. H NMR spectra of Co(Il}-dipic complexes [Co(ll)(kdipic)-
(dipic)]-3H0 (9.0 mM, pH 1.8), Co(ll)(dipic8.5H0 (28 mM, pH 1.6), .
Ko[Co(ll)(dipic)s]-7H:0 (10 mM. pH 7.3), and [Co(l)(dipic)-dipic)Co- Figure 6, we show a spectrum at pH 12.8 to document the

(IN(H20)g]-2H,0 (14 mM, pH 6.4). stability of the complex; however, above this pH, the
complex begins to hydrolyze and forms free ligand. Studies
described later with [Co(ll)(dipig)>~ will show that the

, (H,L] major species formed in the pH range 28.8 is the 1:2
H1/H3[Co(INL,"] complex. Studies shown later with solid Co(ll)(dip@)pHO0
PH 12.8 ﬁ H2[Co(Il)L,*] | suggest that the minor species is the 1:1 complex.
ol ) JIN_ [Co(I)(dipic) 2)>". The grayish-brown crystalline solid of
[Co(l)(dipic)2]?~ gives light brown solutions from whict
[Co(IL] NMR spectra with only two signals are obtained (Figure 5).
H1/H3 [ColiL] The signals at 30.6 (H2) and 92.6 (H1/H3) ppm give
pH 2.5 *“L H2 y coordination-induced shifts (CIS) of 22.5 and 84.5 ppm at

20 °C and pH 5.1, respectivelyH NMR spectra of a
deuterium oxide solution containing [Co(Il)(dipif) in the
presence of excess free ligand from pH 1.3 to 12.3 were
recorded (data not shown). Because the two signals at 30.6
‘ and 92.6 ppm remain unchanged and a signal from the free
150 11'0 9'0 7'0 5'0 3‘0 1[0 _1'0 ligand signal appears, we conclude that the complex observed
ppm at 92.6 and 30.6 ppm is the 1:2 complex.
Figure 6. H NMR spectra of 9.0 mM [Co(ll)(itipic)(dipic)]-3H.0 .CO(II)(di_piC) .3'5|—-|20' S(':)lid CO(I!)(dip.iC.)'3.5|-|20 W-as
dissolved in deuterium oxide at pH 1.8, 2.5, and 12.8, z dissolved in deuterium o>_<|de solution giving a solution of
pH 1.6. The twotH NMR signals (36 ppm for H2, 101 ppm
[Co(IN)(H dipic)(dipic)] -3H.0. Crystals of [Co(ll)(H- for H1/H3) were broad (Figure 7); however, the chemical
dipic)(dipic)]-3H.O were dissolved in deuterium oxide shifts were at the same positions observed for the major
solution resulting in a solution of pH 1.8 (Figures 5 and 6). complex shown for [Co(dipic)-dipic)Co(H0)s]2H,0 in
A set of broad peaks was observed at high magnetic field, Figure 5. Raising the pH value of the solution decreased the
and two broader peaks were observed at lower magnetic field.line width of the NMR signals, and signals relating to a 1:2
Spiking experiments indicated that a signal overlapping with species appeared. At pH 7.7, the proportions of the 1:1 and
the HOD signal arose from free ligand in Figure 5 (data not 1:2 complexes are 65% and 35%, respectively. No peaks
shown). In Figure 6, théH NMR spectra are shown of attributable to the free ligand were observed; however, on
deuterium oxide solutions containing 9.0 mM [Co(lI¥H  the basis of the 1:1 stoichiometry of the solid added to the
dipic)(dipic)]-3H,0 at three pH values. In these spectra, the solution, an additional 35% of free €oformed. On the bais
free ligand signal is observed at 8 ppm at low pH. Increasing of these spectra, we conclude that the 1:1 complex does form
the pH above 2 leads to spectra with two sharp signals. Thus,in aqueous solution at low concentrations and in the pH
the broad doublet (1:1) changes into one sharp singlet with region from 2 to 7. NMR signals for this 1:1 species were
a minor signal €5%) at lower field. This spectrum is also observed by adding solid Co@b the deuterium oxide
consistent with the interpretation that at pH 2.1 one major solution of [Co(Il)(dipic)]?.
species exists in solution, whereas at pH 1.8 two complexes [Co(ll)(dipic)( g-dipic)Co(ll)(H 20)s]-2H,0. Four'H NMR
exist in equal amounts (see a following paragraph for signals were observed (30.5, 37.3, 92.3, 102.5, ppm, pH 6.4,
substantiation of this interpretation). As the pH is increased 18 °C) for the deuterium oxide solution from crystals of
above pH 3, the minor signal is no longer observable. In [Co(ll)(dipic)(u-dipic)Co(ll)(H20)s]-2H,0O. Spiking experi-
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Figure 8. H NMR spectra of 2.7 mM K[Co(lll)(dipic)] dissolved in
deuterium oxide at pH 7.0 (bottom). The additional spectra shown are of
solutions containing 28 mM [Co(lll)(dipig)~ in the presence of 47 mM
Hdipic. These spectra are shown from pH 1 to pH 12.2.

ments with the free ligand and [Co(ll)(dipi#)~ let us assign
the signals at 30.5 and 92.3 ppm to the [Co(ll)(digit)

of the [Co(lll)(dipic)]~ complex remains intact. However,
as the solution becomes increasingly alkaline, increasing
amounts of the complex hydrolyze to give increasing
concentrations of free ligand. Solutions of solid K[Co(lll)-
(dipic)z] (in the absence of excess dipiy confirm this
interpretation by showing no evidence for free ligand below
pH 8.2. The stability of this complex is superior to that of,
for example, [VQdipic]~ that begins to dissociate at pH 7.
13C NMR Spectra. 13C NMR spectra were recorded to
confirm the observations described previously. Using routine
parameters to record the couplétC NMR spectrum of
[Co(l)(dipic),]?~, a spectrum was observed with six signals
at—128.9,—152.6, 361.3, 363.5, 370.4, and 372.3 ppm (22.0
°C). Because the signals are observed in a large window,
additional decoupling experiments were necessary to assign
the signals. When selecting at 91 ppm (25916 Hz), the four
signals (two doublets) collapsed to one signal at 359.4 ppm
and a broad signal at 370 ppm, showing that the protons
(H1/H3) at 91 ppm are responsible for the splitting. Selecting
at 28.3 ppm (6961 Hz) changed the two doublets of doublets
to a signal at 368.9 ppm and a broad signal at 360.1 ppm.
These spectra support the assignment of the signal at 359.4
ppm to C3 and the signal at 360.1 ppm to C2/C4. The two
signals at high field are attributed to the ipso carbons
(C1/C5) and the two carboxylates. The chemical shifts for
the [Co(lll)(dipicy] ~ are 132.3, 146.6, 155.4, and 175.2 ppm.
Given the chemical shifts for free ligand (130.4, 138.3, 148.6,
and 167.4 ppm), th&’C NMR data support the conclusion
that the ligand is coordinated in a tridentate manner to the
Co atom. Unfortunately, the limited solubility of the com-
plexes at acidic pH prevented the acquisition of 2DNMR
spectra of the Co(ll) and Co(lll) dipic complexes.
Absorption Spectroscopy of ComplexesThe complex

complex. In analogy with studies described previously, the colors indicate the existence of absorbance bands in the
signals at 37.3 and 102.5 ppm are attributed to the 1:1 Visible region. Both the ligand and complex absorb strongly
species. On the basis of these NMR spectra, it is clear thatin the UV—visible spectral region up to about 350 nm, but
this complex is unstable in agqueous solution and forms both at higher wavelengths, only the complex absorbs. The K[Co-
1:1 (64%) and 1:2 (36%) species. The conversion of [Co- (dipic);] complex has one absorption maximum at about 511

(dipic)(u-dipic)Co(H:0)s]-2H,0 to [Co(dipic)(HO)s] and
[Co(dipic)]?> does take place in solution on the NMR time
scale. Furthermore, the lack of signal for the free ligand
further demonstrates the high stability of the 1:2 and 1:1
complexes.

[Co(l)(dipic) 2]~. The [Co(lll)(dipick]~ complex gives
a'H NMR spectrum expected for a low spin diamagnetic
compound with two signals at 8.65 (H1/H3) and 8.90 (H2)
ppm (CIS of 0.57 and 0.75 ppm, 2C, pH 5.5). These shifts

nm. This is a &-d transition consistent with other reported
d—d transitions at about 500 nm icis-[CoenF;]* (low
spin) 38 This maximum persists from pH 0.7 to pH 12.1 and
has an extinction coefficient of 670 cchM~1. A shoulder

at about 356400 nm is also observed in contrast te-K
[Co(dipic)] where a higher absorption band is observed up
until about 420 nm. The ¥Co(dipic)] complex has more
absorption maxima with the major two at 460 and 583 nm.
These signals are assigned teditransitions analogous with

are consistent with that expected for a complex containing the d—d transitions observed in, for example, [Ca(}s]*"

a tridentate ligand. Figure 8 shows the spectra of solid K[Co-

(M (dipic) 5] dissolved in deuterium oxide solution at pH 7.0.
In addition, we show the spectra of [Co(lll)(dipif) in the

at about 530 nm® The extinction coefficients of these
complexes are about 30-fold less than the Co(lll) complex
at 16 and 17 cmt ML, In addition, a small shoulder at about

presence of excess ligand at various pH values. Although530 nm is observed; this peak is distinct from that observed

the signals for the ktlipic/Hdipic/dipic?~ vary significantly,

no change is observed for the complex as a function of pH.

The invariance of the compledd NMR signals was also
recently observed for [V@lipic]~.5

The spectra in Figure 8 document the high stability of the
[Co(ll)(dipic)2]~ anion. From pH 1 to 12, a large fraction

in the Co(lll)—dipic complexes. In solutions of the Co(ll)
complex, oxidation to the Co(lll) complex can readily be
observed by the signal at 510 nm between the two absorption
bands. The absorption spectra show that the bands at 460,

(38) Cotton, F. A.; Wilkinson, GAdvanced Inorganic Chemistryith Ed.;
John Wiley & Sons: New York, 1980; pp 77Z75.
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510, and 583 nm are diagnostic for these complexes. H2[Co(ll)L]
Furthermore, the absorption spectroscopy confirmed the high H2[Co(INL,*]
stability of the complexes observed by NMR spectroscopy. g ﬁ
Variable Temperature and 'H EXSY NMR Spectros- — —
copy of Co(ll) and Co(lll) Complexes. The VT-H NMR S F2
spectra andH EXSY NMR spectra were recorded for three = (ppmY]
different types of samples to examine whether various types g = 31_5 = =
of exchange reactions took place. In samples containing &
[Co(ll)(dipic)z]~ and excess free ligand,tipic at pH 6.4, T 327
no evidence for exchange between complex and free ligand 33
was observed. To confirm the lack of ligand exchange in
this system!H EXSY NMR spectra were run on solutions 343
from pH 1.0 to 12.3. 35
In samples containing both [Co(lll)(dipid) and [Co(ll)- - 36_5
(dipic)]*~ at pH 7.0, the possibility of the exchange of = E
ligands between Co(ll) and Co(lll) complexes was investi- § —ﬁ 377 = —_—
gated. The signals for both the [Co(lll)(dipit) and 'c;n:" 38

AN RN R AR RN R RRR RN AR R

[Co(I)(dipic),]?>~ complexes broadened slightly and moved
toward each other upon increasing the temperature from 32
to 70°C. However, the broadening and shifts of the signals F1 (ppm)
are small, consistent with the expectation that exchange orFigure 9. Partial’H EXSY spectrum of the solution containing 13.9 mM
electron-transfer processes are very slow. The five different gc.g Em\sld['g'gzl(()‘('j?;’fc'fﬁ%(g).g?ﬁ%ﬂ'gggﬁi;;ﬂgﬁ%};genfi?('iﬂgogngoé‘é?;’f
EXSY spectra that were recorded for samples of [Co(lll)- times used are 0.10 and 0.30 s, respectively.
(dipic),]~ and [Co(ll)(dipic}]>~ complexes from pH 1.7 to
pH 7.2 did not show any observable cross-signals indicative H NMR EXSY spectra were recorded at pH 3.3, 4.1, 5.1,
of interchange. 7.2, 7.8, 9.9, and 12.3, and two representative spectra are
Variable temperaturéH NMR spectra were recorded of shown in Figure 10. The observation of cross-peaks between
a deuterium oxide solution of crystalline [Co(ll)(dipic)- the complex and the free ligand for both protons confirms
(u-dipic)Co(Il)(H,O)s] - 2H-0 which, as described previously, the ligand-complex exchange (Figure 10). Exchange was
forms a solution that contains [Co(Il)(dipi¢}~ and Co(ll)- observed at all pH values as cross-peaks between the
(dipic) at pH 6.4. The signals broadened, and the separation(H1/H3)/H2 of the complex and the (H1/H3)/H2 of the
between the H1/H3 protons in the 1:1 and 1:2 species ligand. The chemical shifts for the free ligand and complex
decreased while overall the signals moved to higher field varied with pH, and accordingly, on the basis of chemical
with increasing temperature. This pattern is consistent with shift differences, some changes in cross-signal intensities
slow exchange on the time scale of #iieNMR experiment. would be anticipated. However, the cross-peak volume
ThelH EXSY NMR spectra were recorded on a sample with intensity changes to a greater extent than would be justified
a total concentration of 13.9 mM Co(ll) at pH 6.4. Given in on the basis of the differences in chemical shifts as a function
Figure 9 is an excerpt of the spectrum specifically showing of pH. As the pH approaches 5, the cross-peak volumes
the exchange between H2 in the 1:1 and 1:2 complexes.decrease significantly. But as the pH is increased above 9.9,
Conversion between the 1:1 and 1:2 complexes on the NMRthe volume of the cross-peaks increases, corresponding to a

38 37 36 35 34 33 32 31 30 29

time scale is thus confirmed in these experiments. more rapid ligand exchange. In Figure 11, the exchange

Exchange Reaction of [Co(ll)(dipick]?~ as a Function volume intensities (the exchange between H2 in the
of pH. To further explore the reactivity of [Co(ll)(dipig)}, [Co(lN)(dipic).]*~ and free ligand) are shown expressed as
IH EXSY NMR spectra were recorded of this species in the the ratio of total complex to ligand exchange volume integral
presence of free ligandHipic over the pH range 1:312.3. over the corresponding diagonal signal as a function of pH.

Because Co(ll) is § the complex contains at least one As shown in Figure 11, the exchange is slowest from pH 5
unpaired electron, and the EXSY NMR spectra must be to 10. We conclude that the complex is the least labile in
recorded over a wide chemical shift window with para- the pH region 510. The exchange of free ligand in this
magnetic parameters. The unpaired electron broadens angomplex is reminiscent of the pH dependent exchange
shifts the'H NMR signals so that scalar coupling information 0bserved in the [V@lipic]~ complex reported previously.

is lost in these spectra. Previously, 2D NMR spectra have TheH EXSY NMR spectra at different pH also show an
been recorded for several paramagnetic Co(ll) complexes,important difference. One dominant cross-peak observed in
documenting the validity of the chemical shift and intensity spectra of solutions with pH values below 4 or above 12 is

information in these measureme#fts$® of significantly lower intensity from pH 5 to 10 for
[Co(ll)(dipic),]?~. In Figure 10 (a), this cross-peak is

(39) Cotton, F. A.; Murillo, C. A.; Wang, Xinorg. Chem1999 38, 6294~ indicated using dotted lines. This cross-peak is indicative of
6297. scalar coupling at pH 510, and a similar signal was

(40) Epperson, J. D.; Ming, L.-J.; Woosley, B. D.; Baker, G. R.; Newkome, &
G. R.Inorg. Chem.1999 38, 4498-4502. observed for the related [VA@ipic]~ complex® However,
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i L RN R A AR AR R R (dipic)]>~ gives [Co(dipic)(Hdipic)] and [Co(Hdipic)]
90 80 70 60 50 40 30 20 which are expected to be more readily attached than
F1 (ppm) [Co(l)(dipic),]?~ by the ligand nucleophiles.
Rationale for Selection of Cobalt Compound for
b HM3[COL] o .. [HL] Animal Studies. The chemical studies described here
[Co(inL,"] J presented several possible cobalt complexes to be considered
J f for administration to STZ-induced diabetic rats. We have
a_ s - previously shown that the NifVOdipic] has insulin-like
= F2 3 activity despite its properties (this compound is not stable
— (ppmy at neutral pH; the complex is an anion and is also laBile).
':__::' ] Although both the Co(ll) and Co(lll) compounds are
% ] 3°_5 T significantly more stable than their vanadium counterparts,
o 40 the Co(ll) complex is labile, as is [Vdipic] . Furthermore,
g . a Co(lly—dipicolinate complex is most compatible with the
3 °_ reducing cellular environmenftK;[Co(dipic)] was therefore
60 considered to be the best compound to initially test the
S 70_5 insulin-like activity of organic cobalt complexes.
= ] Insulin-Like Effects of K j[Co(dipic),] in Rats with STZ-
o 80 Induced Diabetes.The effect of [Co(dipic)]?>~ on reducing
% 90_5 the hyperglycemia of diabetes was tested using normal and
T — ] untreated diabetic animals as controls. VQSf@atment,
T LA frequently used to lower diabetic hyperglycemia in rats, was

90 80 70 60 50 40 30 20 " ) . L
used as a positive control for metal efficacy in alleviating

F1 (ppm) symptoms of diabetes. In contrast to VOS{To(dipic)]2~
Figure 10. Two_re_zpres_entativéH EXSY spectra of a solution containing  \yas found to have a very limited effect in lowering diabetic
28 mM [Co(Il)(dipic)]?~ and 27 mM Hdipic at pH 3.3 (a) and 4.1 (b). . . .. L
The solid lines connect the observed cross-peaks. Dotted lines are due td1YP€rglycemia, showing only statistically significanmt £
scalar coupling and are only observed in the spectrum at pH 3.3. The mixing 0.05 vs diabetic) lowering of blood glucose for 1 day out of
and delay times used are 0.12 and 0.05 s, respectively. 5 days testechia 2 week period (data not shown). Over this

2 week treatment period, the [Co(dipi®) treated animals

at pH below 4 and above 10, this signal is much more ingested 0.96- 0.01 mmol/Co/Kg per day, while the VOS0
intense, reflecting the superimposed cross-peak due totreated animals ingested 0.490.02 mmol V/klg per day.
exchange. The pH dependent ligarmbmplex exchange is  In this experiment, the weight after 2 weeks for the cobalt
presumably associated with the differences in the protonationtreated animals (22 4 g) was less than that of the normal
states of the complex and/or ligand. The rate of complex animals (337+ 11 g) but similar to that of the untreated
formation is a result of the combined presence of Co(ll) diabetic animals (246 6 g). These weights for the diabetic
complexes and the nucleophilicity of the ligand, whether it and cobalt treated diabetic rats were not statistically signifi-
be dipi¢-, Hdipic-, Hudipic, or Hdipict.® The small cant in our ANOVA analysis. The VOSQreated animals,
observed change in the chemical shift as the pH is decreasedfter an initial loss of weight, maintained their weight
is attributed to species [Co(dipic)(Hdipic)hnd [Co(dipic)]>~ throughout the experiment (18011 g) which at the end of
coexisting in aqueous solution below pH 4. Therefore, as 2 weeks was statistically significantly lowep < 0.001)
the solution becomes acidic, the protonation of [Co(ll)- compared to that of the diabetic animals. Reduction in body
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Table 5. Effects of 4 Weeks of Treatment of}Co(dipic)] and VOSQ on the Serum Lipid Levels of Wistar Rats with STZ-Induced Diabetes Were
Determined

av metal
final blood ingested
triglyceride cholesterol final weight glucose level fluid consumed day 15-28
group/treatment n (mgrdl) (mgrdl) (9) (mg/dl) (mL/kg) (mmol metal/kg day)
normal/HO 4 148+ 48 93+ 8 371+ 17 89+ 20 93+ 20 NAd
diabetic/BO 4 1874+ 369 224+ 30 250+ 10 403+ 17 965+ 42 NAd
diabetic/ke[(Codipic)] 8 654+ 145 115+ 9 204+ 10 340+ 13 633+ 28 1.41+0.04
diabetic/VOSQ 7 2124 26 75+ 3P 227+ 30 262+ 67 258+ 62 0.66+ 0.03

aThe procedures for induction of diabetes and animal care are described in the Experimental Section. The drinking solution for the animal$treated wit
VOSO, contained on average 0.78 mg/mL (3.1 mM) for daysl2 and for the animals treated with [Co(dipié) contained 0.50 mg/mL (0.84 mM) for
days 3 and 0.60 mg/mL (1.01 mM) for days-4.4. Details for the final 2 weeks of treatment of the selected animals are described in thé adieates
p < 0.001 compared to diabetiep < 0.01.9 NA = not applicable.

weight is one measure of toxicity. These data suggest thatsystem (data not shown). The use of a metal complex allows
[Co(dipic)]?>  interferes less with the metabolism of the for greater control of the chemistry of the metal ion and
animal than VOSQ particularly because the [Co(dipit) decreases the possibility that the free metal becomes bound
treated animals ingested twice as much metal as the \OSO to other blood components. Detailed comparisons of the
treated animals. The effect of the dipic ligand on toxicity effectiveness of metal complexes in alleviation of the
was also tested on three diabetic animals. These animalssymptoms of diabetes with their chemical profiles, as
consumed 2.6 0.06 mmol/kg day of ligand. The elevated determined in this paper for [Co(dipi$j~, need to be
blood glucose levels of the dipic treated animals were not performed. Although only a limited effect is observed on
significantly lowered at any time point, and these animals hyperglycemia with [Co(dipi¢)?™ treatment, a potent effect
maintained their weight of approximately 200 g throughout on diabetic hyperlipidemia was observed and is likely to be
the time period (data not shown). of mechanistic importance.

VOSQ, is known to reduce elevated serum triglyceride  The current study was conducted not only to examine the
and cholesterol associated with STZ-induced dialbtes. insulin-like effect of [Co(dipic)]>~ but also to initiate a
Serum lipid analyses were carried out on four groups of systematic insulin-like comparison of different metal com-
animals (normal, diabetic, [Co(dipij~ treated, and VOS©  plexes. No comparisons among metal complexes of insulin-
treated) randomly selected from three experiments of animalsjike effects in the same experiment have been reported, but
administered placebo, [Co(dipi#)”, and VOSQ (see  sych studies are very important aspects of compound
Experimental Section). Data concerning blood glucose levels evajuation. Our study involved [Co(dipi#j~ and a vanadium
and body weight at sacrifice, along with metal ingestion, ga|t (VOSQ). At this time, VOSQ is the best positive
averaged over the final 2 weeks of this 4 week treatment control compound, because much is known about this salt
period, is given in Table 5. At the end of 4 weeks of jn many animal and human systems. Our data show that, at
treatment, the Co treated animals chosen for lipid analysisthe doses used in this experiment, the hyperglycemia
did not show StatiStically Significantly Iowering of blood |0Wering effects of [Co(d|p|(\2]2* are less than those of
glucose. VOSQ. [Co(dipic)]?>~ and VOSQ are both very effective

The diabetic animals showed increased levels of both iy jowering elevated serum lipid levels, and this effect may
triglyCeride and cholesterol ComparEd to normal after 4 weeks according|y be related to properties common for the two
of treatment. The VOSPtreated diabetic animals in this  metal jon complexes. [Co(dipig}~ and VOSQ did not
experiment show serum lipids lowered to the normal levels sjgnificantly affect body weight in this experiment; however,
(p = 0.001 vs diabetic) as previously reportéd’he serum  thjs henefit is offset by the lower effect on hyperglycemia.
triglycerides and cholesterol levels in the [Co(digl€) At this time, the origin of the effect of [Veipic]~ on
treated animals were also significantly reducpds(0.001 hyperglycemia not observed with [Co(dipi) is not clear.
vs diabetic). The cholesterol levels dropped to near normal Because it is unlikely that [V&dipic)]~ remains unchanged
levels, while the triglyceride level dropped 3-fold to a level gt cellular pH, it has been proposed that this form of the
still 4-fold above normal. compound is important for transport into the cells containing

Comparison of the Insulin-Like Effects of K;[Co-  the biological target. There is no doubt that the redox
(dipic),] and VOSO, and Implications of These Studies.  properties of these complexes are very different and may
Combined, our results show that [Co(dipi€) had a limited  zis0 be important to these observed biological properties
effect on lowering diabetic hyperglycemia and a statistically (unpublished). Further studies are necessary to better evaluate
significant effect on lowering hyperlipidemia without exces- and compare the effects of [Co(dipid to those of a
sive toxicity. This demonstrates that administration of cobalt ¢orresponding vanadium complex for further insight into

in a dipicolinato complex can alleviate symptoms of diabetes offectiveness and whether the lability is important to the
as has been reported with CoClWe observed that  effects on hyperlipidemia.

A - .
[Co(dipic]*” had similar effects as the CoGlalt in our Summary. The synthesis and characterization of Co(ll)

(41) Ramanadham, S.; Mongold, J. J.; Brownsley, R. W.: Cros, G. H.: and Co(lll) 2,6-pyridinedicarboxylate (digic) have led to
McNeill, J. H. Am. J. Physiol1989 257, H904—H910. solid-state X-ray characterizations performed on [Ge(H
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dipic)(dipic)]-3H.O and [Co(dipic)g-dipic)Co(H0)s] - 2H;0. Acknowledgment. We thank the American Diabetes
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