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Abstract 

D-Fructose and 1,10-phenanthroline form complexes with Co(III). Configurations about Co(III) 
are assigned from the CD and ORD spectra of the separated A and A diastereomers, and A 
strongly predominates in the mixture. Most of the 1H NMR signals of the complexes are shifted 
strongly upfield, relative to those of D-fructose, due to shielding by aromatic residues, and the 
effect is especially strong for hydrogens at positions 1 and 6. Signals of the fructose residue are 
assigned for the A diastereomer and coupling constants estimated, but only some of the signals 
can be assigned for the A diastereomer. The marked changes in chemical shifts on formation of 
the complexes from fructose are rationalized in terms of predicted conformations based on 
molecular-mechanics calculations with MM2 parameters, which predict the higher stability of the 
A over the A diastereomer, and also complexation at positions 2 and 3. 

Keywords: Cobalt(liD; D-Fructose; Phenanthroline 

1. Introduction 

There is extensive evidence for complexation of  sugars and their derivatives with 
metal ions [1-4]. The sugar may be a bi- or tri-dentate ligand and stabilities of  the 
complexes depend on the conformations of  the sugars. Several mixed complexes of  
sugars and bidentate amines with transition metal ions have been identified, generally 
with amine:sugar = 2:1 [3,4]. 
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We had examined complexes of a- and /3-glucosamine (2-amino-2-deoxy-a- and 
/3-D-glucose) and Co(Ill), with the other ligands being ethylenediamine (en), 1,10- 
phenanthroline (phen), or ammonia [4]. The absolute configuration at the metal ion can 
be determined by circular dichroism (CD) or optical rotatory dispersion (ORD) spec- 
troscopy [5,6]. Cobalt(Ill) is diamagnetic, and so the NMR spectra can be examined [7]. 

Solutions of equimolar fructose and Co(III)(phen) z at pH 8 develop a well defined 
CD spectrum in the visible region, demonstrating formation of a complex which appears 
to be stable in solution for several weeks. There is eventual decomposition, probably 
because the equilibrium mixture contains some Co(III)(phen) 2 which disproportionates 
to Co(III)(phen) 3 and a Co(Ill) aquo species which gives Co(II) [8]. 

Based on these preliminary results, we synthesized and characterized the complex 
from its absorbance and CD spectra which give information on the stereochemistry at 
Co(Ill) [5,6], and its NMR spectra which are powerful tools for elucidation of sugar 
structures [7-11]. The NMR spectra of the isomers of fructose have been studied very 
thoroughly, signals have been assigned and coupling constants determined [10,11]. The 
1H signals of phenanthroline do not interfere with those of the sugar residue, and this 
avoids possible problems of signal overlap present in mixed complexes of sugars and 
aliphatic diamines [7]. 

2. Results and discussion 

Preparation of the complex.--D-Fructose reacts with Co(III)(phen) z at pH 8 without 
any change in the pH of the solution (see Experimental section). The cobalt phenanthro- 
line complex was added as cis-(Co(III)phen2Cl2) + which, at pH 8, rapidly gives 
(Co(III)(phen)2(OH)(OH2) 2+ based on the pK a of diaquo cobalt(Ill) complexes [12]. 

+ H20  3+ 
(phen2Co(III)C12) ~ (phen2Co(III)(H20)2) 

.-~ (phen2Co(III) (H20)  (OH))2+ 

Fructose 2 + 
(phen 2Co(III) (fructose)) 

pH8 

Therefore, the complex formed with fructose must be dicationic. Anomeric OH 
groups are relatively acidic [13], and it was assumed that complexation involves 
alkoxide oxygen at position 2 [2,4]. The appearance of a visible CD signal demonstrates 
the formation of mixed complexes of Co(Ill) with phenanthroline and fructose. These 
complexes could involve either fructopyranose or furanose, because in water at ca. 25°C 
the equilibrium mixture of fructose contains ca. 70% /3-pyranose, ca. 25% /3-furanose, 
and a small amount of a-furanose [10,11]. The configuration at Co(Ill) is given by the 
form of the CD spectrum [5,6]. 

The mixture of complexes can be separated chromatographically on Sephadex 
SP-C-25 and the predominant isomer is A (Scheme 1). 

The CD and absorbance spectra of a solution of the A complex are very similar to 
those of a mixture of the complexes obtained from fructose and (Co(IIIXphen)2C12) + 
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Scheme 1. 

without isolation or separation of the complexes, and, based on the visible CD spectrum, 
equilibrium strongly favors the A complex. 

Absorbance and CD spectra of the complexes.--The CD spectrum of the A complex 
has a positive signal at 510 nm and a negative signal at 400 nm, and for the A complex 
the corresponding extrema are at 510 nm (negative) and 410 nm (positive) (Fig. 1 and 
Table 1). The ORD spectra agree with the CD in the slopes of plots of molar rotation 
against wavelength and the positions of zero rotation [5,6] (data not shown). The 
assignment of configuration at metallic centers, based on CD or ORD spectra, has been 
discussed in detail [5,6], and there are a number of examples of the application of this 
method to complexes with ligands of biological interest, e.g., amino and hydroxy acids 
and sugar derivatives [4,7,14-16]. 

The CD spectrum of the A complex in the UV region is shown in Fig. 2. It has 
strong excitonic bands at 278 nm (positive) and 263 nm (negative) and a weak negative 
signal at 320 nm. There is a strong negative signal at 238 nm and a positive signal at 
lower wavelength, but this maximum could not be observed quantitatively because of 
the strong absorbance of the complex at low wavelengths. 

The strong absorbance, and relatively weak CD signal of the A complex, meant that a 
good CD spectrum could not be obtained in the UV region, but there is a negative signal 
at 295 nm and a positive signal at 270 nm, consistent with the configuration at Co(Ill). 
The CD spectrum of the mixed complexes is very similar to that of the isolated A 
complex (Fig. 2), and A / A  = 7. 

The absorbance and CD spectra of these fructose complexes are very similar to those 
of the corresponding complexes of D-glucosamine with Co(Ill) bis(phenanthroline) [4], 
apart from a slight red shift because of differences in the numbers of nitrogen and 
oxygen atoms coordinated to Co(Ill). Assignments of the absorbance bands and CD 
signals are essentially the same as those given for Co(III)-glucosamine complexes [4], 
and for other metal complexes with ligands of biological interest [14-18]. 

The factors that control the relative stabilities of A and A diastereomer polyol 
complexes have been discussed in terms of intramolecular forces, e.g., steric, hydropho- 
bic, and hydrogen-bonding interactions as well as interactions with solvent [17]. 
Molecular modeling, based on MM2 parameters for intramolecular interactions, predicts 
the preference for the A diastereomer. 

The magnitude of AE (Table 1) is very similar to that seen with other mixed 
complexes of Co(Ill) with ammonia or amines and sugars [4,18]. In these complexes 
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Fig. 1. Absorbance and CD spectra in the visible region. Absorbance (---) ,  CD (. • • ) and ( . . . . . .  ) of the A- 
and A-complexes of Co(III)(phen) 2 with D-fructopyranose, respectively. 

Table 1 
Electronic absorbance and circular dichroism spectra of the complexes 

Complex Am~ (rim) log e A (nm) A~ 

A 220(s) 4.20 220 63.6 
240 -31 .6  
265 - 40.7 

275 4.03 275 46.9 
320 - 6.7 

515 2.19 510 2.2 
400 - 1.4 

A 515 2.19 510 - 1.6 
410 1.1 
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Fig .  2. A b s o r b a n c e  and  C D  spec t ra  o f  the  A - c o m p l e x  in the  U V  region•  K e y  as  in  F ig .  1. 

there is evidence for binding of Co(III) to the anomeric OH or O- residue and to vicinal 
amino or hydroxyl groups. Therefore, the CD spectra of the Co(III)(phen) 2 complex 
(Figs. 1 and 2, and Table 1) are consistent with bonding of Co(Ill) to c/s-alkoxide and 
hydroxyl residues at positions 2 and 3 or possibly 2 and 1, respectively• There are strong 
preferences for chelation by cis (ax, eq) groups [1,2]. 

NMR spectroscopy.--We examined the 1H NMR spectrum of a mixture of the 
complexes formed by reactions in situ of o-fructose and Co(III)(phen) 2 in D20, because 
of problems with decomposition of solid Co(Ill) complexes [7] and spectral evidence 
that they are stable in solution. The 1H and 13C NMR spectra of/3-o-fructopyranose and 
related sugars have been analyzed [10,11]. Our NMR spectra of o-fructose in D20 at 
25°C and chemical shifts relative to DSS agree with those published earlier [10,11]. 
There is interference by signals of uncomplexed fructose, because in dilute solution the 
complex does not form quantitatively. The down_field signals of the phenanthroline 
ligands do not interfere with those of the sugar and were not examined. 
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We first consider effects of complexation on the 1H chemical shifts of the sugar 
residue, because they can be examined in relatively dilute solution (see Experimental 
section). Higher concentrations were needed to observe the 13C signals. 

Complexation of Co(Ill) to sugar hydroxyl groups should increase the chemical shifts 
of the adjacent C ~H, but the zr-system of the phenanthroline ligands can strongly shield 
nearby hydrogens, which may more than offset the effect of complexation. As a result 
some 1H chemical shifts of the complex are much lower than those of the parent sugar 
and can be easily identified. 

The one-dimensional 1H spectrum of a solution of D-fructose and Co(III)(phen) 2 in 
D20 has signals in the aliphatic region that are not due to any of the fructose isomers 
[10,11], and are due to complexes of the sugar. The 1H chemical shifts of the main 
tautomers of D-fructose range from 3.52 to 4.08 ppm so signals with 8 < 3.5 ppm are 
due to complexes. There are strong signals of the predominant A complex and weaker 
signals which are probably those of a A complex and also some very weak signals 
which are not those of either the sugar or Co(III)(phen)2, and are not considered. 

Coupling constants for strong 1H signals at 2.20, 2.47, and 2.81 ppm are very similar 
to those for the weaker signals at 2.54 and 3.17 ppm (there is also a weak signal 
overlapping the strong signal at 2.20 ppm). Some of these signals are readily assignable 
from the 1H-1H 2D spectra, and the large coupling constants are characteristic of 
geminal coupling [19,20] (Fig. 3A). The chemical shifts shown in Fig. 3 are referred to 
~nOD = 4.63 ppm, as quoted earlier in the reference chart of the GE-500 NMR 
instrument. This value is now revised to 8HOD = 4.80 ppm (Cambridge Isotope Labs, 
Andover, MA), which fits ~oss = 0 ppm, and values of 8 quoted in the text, and given 
in Tables 2 and 3, are corrected by 0.17 ppm from those in Fig. 3 and are referred to 
DSS. The strong signals at 8 < 2.6 ppm must be due to H-1 and H-I' because they are 
not strongly coupled with any other hydrogens. 

The doublet at 2.81 ppm has a J value typical of geminal coupling and is probably 
that of a pseudoaxial methylene hydrogen at position 6' which is strongly coupled with 
H-6 whose signal at 3.62 ppm is not well separated from fructose signals in the 
one-dimensional 1H spectrum of the equilibrium mixture (Fig. 3). There are also 
connectivities involving weaker signals of the minor component, e.g., between signals at 
2.17 and 2.54 ppm. The doublet at 3.17 ppm, which is probably that of H-6' of the 
minor (,4) complex, is connected with a signal which is under the fructose signals in the 
one-dimensional spectrum, and it is assigned to H-6 at 3.54 ppm. There is a strong 
signal at 3.44 ppm, not of fructose, which is not connected to hydrogens at positions 1 or 
6, but is connected to a signal at 3.80 ppm, and signals at 3.80 and 3.44 ppm are 
tentatively assigned to H-3 and H-4, respectively, because they are pseudoaxial in a 
pyranose ring. There is an additional connectivity between the signal at 3.44 ppm and a 
signal at 3.52 ppm which is almost lost in the noise due to connectivities involving 

Fig. 3. (A) DQF-COSY 1H spectrum of the complex mixture. The numbering indicates signals of the 
complexes. Chemical shifts of the uncomplexed sugar are given in Table 2 and [10] and [il].  (B) Expanded 1H 
spectrum of the complex showing long-range couplings. Chemical shifts in these figures are referred to 
8HD o = 4.63 ppm rather than to 8Ds s = 0, see text. 
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Table 2 
Chemical shifts and coupling constants a 

8 (ppm) 

H-1 H-I' H-3 H-4 H-5 H-6 H-6' 

A-Complex b 2.47 2.20 3.80 3.44 3.52 3.62 2.81 
A-Complex b 2.54 ~ 2.17 3.54 3.17 
fl-Pyranose c 3.68 3.53 3.76 3.86 3.96 4.00 3.68 

J (Hz) 

H-1,1' H-3,4 H-4,5 H-5,6 H-5,6' H-6,6' 

A-Complex d 12.5 ~ 10 ~ 3 small small 10.5 
A-Complex c 11.5 11.5 
~-Pyranose c 11.69 10.03 3.46 1.33 2.02 12.79 

a In D20 at 25°C, chemical shifts relative to DSS (sodium 4,4-dimethyl-4-silapentane-l-sulfonate). 
b Prepared in situ, see text. 
c Refs. [10,11]. 
d J1,3 1.5 Hz, see text. 

e Jl',3 or J1,3 2.5 Hz. 

fructose hydrogens. The signal at 3.52 ppm is tentatively assigned to the pseudoequato- 
rial H-5 which is weakly coupled to H-4. There also should be connectivities involving 
hydrogens of the minor complex, but they could not be isolated. 

Connectivities were seen between signals at 3.69 and 4.01 ppm, not connected to 
signals of the complex, which are due to H-6' and H-6 of /3-fructopyranose [10c, ll].  
There are also weak connected signals at positions assigned to fl-fructofuranose [11]. 

Decoupling was used to confirm assignments from the 2D spectrum by irradiating 1H 
signals of the complexes whose chemical shifts are lower than those of the fructose 
isomers, i.e., with ~ < 3.5 ppm. Hydrogens whose signals are under the fructose signals 

Table 3 
Changes in 1H chemical shifts due to protonation and complexation a 

Glucosamine Fructose c 

Coordination to: H + A.Co(en) 2 b A.Co(phen) 2 

Position and group Position and group 
1 CHOH d 0.13 --0.49 1 CH2OH - 1.21 e 

1' CH2OH - 1.33 
2 CHNH 2 1.42 2.05 2 COH d 
3 CHOH 0.74 0.83 3 CHOH 0.04 
4 CHOH 0.63 0.73 4 CHOH - 0.42 
5 CHOH 0.9 1.1 5 CHOH - 0.46 
6 CH2OH 0.25 0.31 6 CH 2 -0 .38  
6' CH2OH 0.35 0.25 6' CH 2 -0 .87  

a Values of AS, ppm. 
b Relative to a-glucosamine with complexation at 1-O- and 2-NH 2. 
c Relative to fl-fructopyranose. 
d Anomeric centers. 
e Long-range coupled to H-3. 
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cannot be irradiated selectively, but decreases in signal intensities in this region could be 
seen. 

Signals at either 2.20 or 2.47 ppm are depleted by irradiation at the other frequency, 
as are the weaker signals at ca. 2.17 and 2.54 ppm. Irradiation at 2.47 ppm also depletes 
the signal of H-3 at 3.80 ppm, which is consistent with a weak splitting of the doublet 
signals at 2.47 ppm, which gives J 1.5 Hz, and can be seen in the expanded spectrum 
(Fig. 3B). This result confirms the assignment of H-3 of the complex, and therefore that 
of H-4 to which it is strongly coupled. The doublet at 2.17 ppm is not split and its 
irradiation has no effect on the signal at 3.80 ppm. We conclude that these long-range 
coupled hydrogens are in periplanar or antiperiplananr orientations in the complex. No 
evidence of this long range coupling in the 1H spectrum of fructose was seen, and it is 
not mentioned in earlier references. This difference is understandable in terms of 
relatively free rotation about the C-1-C-2 axis in the sugar and restricted rotation in the 
complex. The weak doublet signals of the minor complex at 2.54 ppm are also split, 
probably because of long-range coupling with H-3 (Fig. 3B). 

The only other irradiation that could be done was at 3.17 ppm, the doublet of the 
minor complex, and it weakens the signal at 3.54 ppm, which was assigned to a 
methylene hydrogen at position 6. 

Some of the 1H coupling constants can be estimated by inspection of the expanded 
1D or the 2D spectra (Fig. 3). The changes in 1H chemical shifts of the fl-fructo- 
pyranose due to complexation are in Table 3 and are compared with changes in the 
chemical shifts of a-glucosamine on protonation and 
bis(ethylenediamine) [7]. 

The 1H signals of the complexes at 8 < 3.0 ppm and 
with equimolar (10 -2 M) reactants were integrated, and 
estimated to be = 0.7, without distinguishing between 
plex was obtained by increasing reactant concentrations 
electrolyte concentration then became a major problem. 

on complexation with Co(Ill) 

those of the mixture at higher/5 
the [complex]/[sugar] ratio was 
isomers. Relatively more com- 
but line broadening due to high 

The chemical shifts and coupling constants of the complexes are given in Table 2 
with corresponding values for fl-D-fmctopyranose [11]. As mentioned earlier, values of 

or J at some positions in the minor complex could not be extracted and assignments at 
positions H-1 and H-I' will be considered later. 

Metal complexation to sugars is preferentially at cis (ax,  eq) groups [1,2], which 
points to bonding of Co(III)(phen) 2 to /3-fructopyranose at positions 2 and 3, and 
bonding at cis, vicinal, endocyclic positions, has been postulated for other Co(Ill) sugar 
complexes [4,17,18]. Complexation at positions 1 and 2 is also geometrically feasible, 
but it involves loss of rotational entropy of the 1-CHzOH group and to this extent 
should be disfavored. 

Changes in 1H chemical shifts of the sugar residue on complexation involve a 
balance between inductive effects because of electron withdrawal by Co(Ill), which will 
be affected by rr-d overlap between phenanthroline and Co(III) and shielding, or 
deshielding, by the phenanthroline ring. Changes in 1H chemical shifts of a-glucos- 
amine on protonation at the 2-amino group or on coordination of Co(III)(en) 2 to the 
2-amino and 1-alkoxide residues [7] provide a qualitative guide to the inductive effects 
due to coordination of H + or a Lewis acid (Table 3). Except for H-1 (which is at an 
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alkoxide center in the glucosamine complex), chemical shifts increase especially at H-2, 
because of build up of a positive charge on the amino group. 

An approximate estimation of the effect of deprotonation of /3-fructose on its 1H 
chemical shifts was made by examining the spectrum in D20, pD 13.4, where the 
anomeric OH group should be partially deprotonated [13]. Signals are broad, but upfield 
shifts are not large, and we estimate that complete conversion to the monoanion would 
reduce 8 by ca. 0.1 ppm at positions 1, 3, and 6, and less at the other positions. 

The downfield shifts due to complexation of a-glucosamine with Co(III)(en) 2 [7] are 
in marked contrast to the upfield shifts at most positions on complexation of/3-fructose 
and Co(III)(phen) 2 (Table 3). The phenanthroline ligands should decrease 8 by interac- 
tions of hydrogens with faces of the aromatic residues and also by 7r-d conjugation with 
Co(III). These electron donating effects overcome those due to coordination of O- and 
OH centers to Co(Ill) for all hydrogens except at position 3, and the effects are 
especially large (ca. 1-2 ppm) for H-1 and H-I' in both complexes. 

The marked upfield shifts of H-1 and H-I' on complexation with Co(III)(phen) 2 
(Table 3) show that these hydrogens must be close to the face of a phenanthroline ligand 
[14,19,20], and if Co(III)(phen) 2 bonds at position 1, shielding must be strong enough to 
more than offset a downfield shift because of electron withdrawal by Co(III). Complex- 
ing at position 3 merely requires an approximate compensation of effects. 

The upfield shifts of signals of H-4, H-5, H-6, and especially H-6' (Table 3) indicate 
that these hydrogens are interacting with the 7r-system of the phenanthroline ligands. 
These upfield shifts depend upon through-space distances. Shifts due to the inductive 
effect of Co(Ill) should decrease with through-bond distances as it is relayed through 
sigma bonds, but the effects seem to be small, based on partial deprotonation of fructose. 

The 1H chemical shift of H-I' in /3-fructopyranose is lower than that of H1 [10c, ll],  
and so H-I' is probably syn to the endocyclic oxygen, based on a Newman projection 
with 1-OH and 2-OH anti. In the complexes, chemical shifts of these hydrogens will be 
controlled largely by shielding by the phenanthroline rings. It was noted earlier that the 
hydrogen with the higher chemical shift has long-range coupling with H-3 (J  1.5 Hz) in 
both the A and the minor A complex (Fig. 3B), consistent with a periplanar orientation 
with H-3. If the orientation were antiperiplanar, the coupled hydrogen at position 1 
would be the closer to the phenanthroline groups and shielding would give it the lower 
chemical shift. 

We were unable to examine the 1H-13C spectrum of the complex prepared in situ. 
High concentrations of o-fructose and {(phen)2Co(III)C12}C1 (ca. 0.1 M) were needed in 
order to obtain the spectrum in a reasonable time, and the high electrolyte concentration 
broadened signals and increased the noise. However, the 13C spectrum of the complex, 
prepared in situ, had signals at 59.5 and 111.8 ppm (relative to external MeaSi) that 
were respectively upfield and downfield of signals of all the fructose isomers [10b,d]. 
There were also signals at > 120 ppm due to the phenanthroline residues which were 
not assigned. Based on the attached proton test (APT) [21], and consistent with the 
chemical shifts, the signal at 59.5 ppm was that of C-1 and that at 111.8 ppm was of C-2 
which was linked to Co(III) via alkoxide oxygen. 

Some 13C signals had the chemical shifts assigned to free /3-fructopyranose and 
fl-fructofuranose [10b,d]. Some very weak signals could have been due to ot-fructo- 
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furanose, or to small amounts of the A-complex. Considering the large 13C signals 
between 61 and 99 ppm, which encompass C-1, C-3, C-4, C-5, and C-6 of fl-fructo- 
pyranose, signals of the sugar carbons were seen at 63.9, 67.5, 69.6, 68.9, and 62.7 ppm, 
respectively, based on accepted values [10b,d]. The signal of C-4 of fl-fructopyranose at 
69.6 ppm is overlapped with a signal of a complex giving a prominent peak. There were 
also weaker signals in the regions 61-63, 74-76, and 80-82 ppm which were probably 
those of free or complexed fl-fructofuranose which were not assigned. There were also 
signals at 66.8, 69.6, 69.1, and 61.8 ppm which are those of C-3, C-4, C-5, and C-6, 
respectively, of the A-fructopyranose complex, if the sequence of chemical shifts is the 
same as that of the sugar [10b,d]. There were also weaker signals of minor complexes, 
e.g., of the A-complex and/or furanose forms. No attempt to assign these signals was 
made. 

These 13C chemical shifts can be interpreted in terms of binding of Co(III) to C-2-O- 
and C-3-OH which would place C-1 close to a phenanthroline ring and decrease its 13C 
chemical shift, just as the chemical shifts of H-1 and H-I' are decreased (Table 3). 
However, complexation of C- l -OH to Co(III) cannot be excluded, although in that 
event shielding by a phenanthroline ligand has to more than offset the downfield shift 
due to the electron withdrawal by Co(III). 

Stick models of A-complexes were examined with coordination at positions 1-2 or 
2-3 and Co-O distances of 1.9 A, consistent with X-ray data on Co(III) complexes[22] 
and other distances as used in Dreiding models, and a molecular modeling program 
based on MM2 parameters was also used (Fig. 4). Molecular modeling predicts that 2-3 
complexation gives lower energy complexes than 1-2 complexation (with an enthalpy 
difference of 4.5 kcal/mol) and that, regardless of sites of coordination, A-complexes 
should be more stable than A. These calculations are only qualitatively useful because 
they neglect solute-water interactions, which are very large in sugar derivatives. 

B 

Fig. 4. Simulated structures of the A-complexes of Co(III)(phen) 2 with D-fructopyranose with coordination at 
(A) oxygens at positions 2 and 3 and (B) oxygens at positions 1 and 2. Hydrogens are indicated by sticks. 
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Some qualitative conclusions may be drawn from inspection of models. Complexa- 
tion at positions 2 and 3 or 1 and 2 brings H-1 and H-I' close to the face of a 
phenanthroline ligand. The hydrogen at 2.47 ppm, which is furthest from the phenan- 
throline and has a long-range coupling with H-3, is periplanar to H-3. The quasiaxial 
hydrogen at position 6' should also be close to the face of a phenanthroline ligand and is 
therefore strongly shielded, and in any model of the complex the quasiaxial H-3 is 
directed away from the phenanthrolines. 

The coupling constants of the predominant A-complex are similar to those of 
fl-fructopyranose [10c, ll].  Only the geminal coupling constants and J3,4 10 and "]4,5 3 
Hz can be estimated, but -/5,6 and Js,6' are small, based on the 2D spectra. It appears that 
complexation does not markedly change the conformation of the sugar residues. The 
NMR data do not fit coordination to fructofuranose and MM2 calculations predict that 
this structure is disfavored. 

It is highly probable that there is binding between Co(III) and an alkoxide residue at 
position 2 and precedent indicates that the second bond will be at OH at position 3 [1,2]. 
Differences in aH chemical shifts of /3-D-fructopyranose and the complex (Table 3) are 
consistent with this structure on the assumption of opposing effects of shielding by the 
phenanthroline ligands and inductive effects of Co(III). If the second bond is at position 
1 it must be assumed that, despite electron withdrawal to Co(III), shielding by the 
phenanthroline ligands can decrease 6 by ca. 1-2 ppm, relative to /3-fructopyranose 
(Table 2). 

There is little evidence on the conformation of the sugar residue in the minor 
A-complex, although MM2 calculations predict that complexation at positions 2 and 3 
will be preferred, as in the A complex, and, regardless of the structure of the complex 
hydrogens at positions 1, and probably 6', are close to phenanthroline ligands. 

Observation of long range coupling between H-3 and the hydrogen at position 1 that 
has the higher chemical shift (Table 2) is understandable only in terms of a periplanar 
orientation, which brings that hydrogen away from the phenanthroline ring. If complexa- 
tion is at positions 2 and 3, periplanar orientation of H-3 and H-1 (of the sugar) locates 
OH-1 away from the bulky phenanthroline ligands (Fig. 4A). Complexation at positions 
1 and 2 also gives a periplanar orientation of H-1 and H-3, so that, regardless of the 
positions of bonding of Co(III) to the sugar, it is reasonable to assume that the sequence 
of chemical shifts of hydrogens at position 1 is the same in the sugar and the 
A-complex, on the earlier assumption regarding the effect of the endocyclic oxygen on 
the chemical shifts at position 1. 

3. Conclusions 

Complexation of (phen 2C°(III)(H 20)(OH))2 + with fl-D-fructopyranose preferentially 
gives the A-complex, but does not significantly perturb the conformation of the sugar 
residue, based on its 1H NMR spectrum. Interaction with the phenanthroline ligands 
decreases the 1H chemical shifts of the sugar, and except for H-3, all hydrogens are 
shifted upfield. Precedent favors complexation at positions 2 and 3 rather than 1 and 2, 
[1,2] in agreement with molecular modeling based on MM2 parameters, which also 
predicts the higher stability of the A- over the A-complex. Electron withdrawal by 
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Co(Ill) should give downfield 1H and 13C chemical shifts, and this shift is observed at 
C-2, but for most positions, including C-l, and H-I,I', H-4, H-5, and H-6,6', shielding 
by the phenanthroline rings more than offsets this effect. 

The long-range coupling between H-1 and H-3 in the A- and A-complexes is 
consistent with a periplanar orientation of these hydrogens, which is required by 
complexation at positions 1 and 2, or with complexation at positions 2 and 3 with 
interference between the 1-OH and phenanthroline groups. Inspection of models indi- 
cates that complexation at either positions 1 and 2 or 2 and 3 should not materially 
perturb the pyranoid conformation and should allow shielding by the phenanthroline 
ligands, in agreement with NMR data (Fig. 4). 

4. Experimental 

Complex formation.--The mixed complexes of phen and fructose with Co(III) were 
prepared by treating cis-[Co(phen)zClz]C1.3H20 [23] with equimolar D-fructose in 
water at pH 8, adjusted with NaOH. The solution was kept at room temperature for 3-5 
days, with no change in pH and A and A diastereomers were separated on a Sephadex 
SP-C-25 column by elution with a K2SO 4 gradient. The A-complex eluted first and a 
small amount of Co(III)(phen) 2 remained on the column. Spectral measurements were 
made on these eluents. 

A solid sample of mixed A- and A-complexes was prepared from the sulfate form of 
diaquo Co(IIIXphen) z and fructose. The chloride counterion of cis-[Co(phen)2Cl2]C1 
was first replaced by SO42- on a Merck Lcwatit column in the sulfate form, and fructose 
was added at pH 8. The solution was concentrated in vacuo and a red solid separated. 
Calcd for [Co(phen)zfrUctose]2(SO4)3 • H20: C, 47.00; H, 3.90; N, 7.30; Co, 7.70; S, 
6.25%. Found: C, 48.00; H, 4.50; N, 7.30; Co, 7.73; S, 6.20%. The charge of the 
complex is different in the solid and in the aqueous solution at pH 8, probably because 
electrostatic attraction in the crystal favors an increase in ionic charge. The solid 
decomposed within a few days at room temperature, although the complex is stable in 
solution because the CD spectrum did not change within 1 month, or the NMR spectrum 
within 10 days. 

The scale of the preparations was varied, generally 3.5 mmol of the Co(III) complex 
in 25 mL of H20  was used. 

Spectrophotometry.--The UV-visible absorbance spectra were monitored in Zeiss 
PMQ-2 or Cary 11 spectrophotometers. The CD spectra were monitored in a Cary 60 
spectrophotometer and the ORD spectra were monitored in it, or in a Perkin-Elmer 
polarimeter with an attached monochromator. Measurements in the visible region were 
made with ca. 2.5 mM complex in a 1-cm cuvette, and in the UV region shorter path 
length cuvettes were used and, where necessary, more dilute solutions. 

NMR spectroscopy.--The 1H NMR spectra (500 MHz, 1 H) were measured at 25°C in 
a GN-500 spectrometer in D20. Samples were prepared in situ from equimolar 
o-fructose and the bis(phenanthroline) complex at pD = 8.4, and solutions were left for 
ca. 2 days before examination. Isolated solid samples were not used because they 
decompose readily. Concentrations of fructose and the Co(Ill) complex were in the 
range of 0.01-0.2 M. Dilute solutions were used to avoid line broadening due to 
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electrolyte, because there is considerable overlap of some of the signals of fructose with 
those of the complex. However, in these dilute solutions, the reaction does not go to 
completion and fructose and Co(III)(phen)2(OH2) 3+ are present, and so conditions were 
used that provided a reasonable compromise between signal strength and line width. The 
signals of the phenanthroline ligands are in the aromatic region and were not examined 
in detail. 

The 1H NMR spectrum did not change as the pD was gradually increased over a 
period of 10 days. There was decomposition at pD 11. The complex began to 
decompose to give Co(Ill) ions[8] and then Co(II) and extensive line broadening. 
Formation of Co(II) was not a problem at lower pD. 

Relative amounts of the Co(Ill) complex and free fructose were estimated from the 
areas of signals at low chemical shift, which are of the complex, and at ~ > 3.4 ppm 
which are those of fructo-pyranose and -furanose + complex. Relative amounts of the 
A- and A-complexes were estimated from 1H signals at ~ > 2.6 ppm and A / A  = 10, 
which is similar to the spectral value. 

Phase-sensitive double quantum filtered COSY (DQF-COSY) spectra[24] were 
recorded as described [7]. The 1H chemical shifts and, where possible, coupling 
constants were measured with expanded spectra and chemical shifts are referred to 
sodium 4,4-dimethyl-4-silapentane-l-sulfonate (DSS). The 13C chemical shifts were 
referred to external Me4Si. 

Estimation of the effect of deprotonation at 2-OH was made from the chemical shifts 
of fructose in D20, pD 13.4 with KOD, i.e., above the pK a of fructose in H20 [13b], 
but deprotonation is incomplete, because for dissociation of these very weak acids 
KaH/K D -- 5 [25]. The signals were broad because of electrolyte but 8 was decreased by 
ca. 0.1 ppm for hydrogens at positions adjacent to the anomeric center and to a lesser 
extent at remote positions. 

The 1H-decoupled 13C spectra were examined in GN-500 or Gemini 200 spectrome- 
ters in D20 at 25°C. The one-dimensional spectra were obtained with 0.2 M complex 
and sugar, and these solutions were used for the attached proton test [21]. 

Structure simulation.--The MM2 program was run on a CaChe Tektronix computer 
as described earlier for simulations of structures of other Co(Ill) complexes with sugar 
or hydroxyacidate ligands [7]. The energy terms include: bond angles and length, 
dihedral angles and improper torsions, intramolecular van der Waals, electrostatic and 
hydrogen-bonding interaction. Bonding with Co(Ill) at position 2 involves alkoxide 
oxygen based on the charge of the complex. The predicted structure of the A-complex 
with coordination at OH-3 is shown in Fig. 4A. This complex is predicted to be more 
stable than the A-complex by ca. 4 kcal/mol, which is much larger than the difference 
from spectral data, probably because molecular modeling does not adequately allow for 
hydration. The structure of the A-complex with coordination at positions 1 and 2 is 
shown in Fig. 4B. 
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