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Abstract

Sucrose forms a dicationic complex with cobalt(IIT)bis(phenanthroline) which can be isolated as the sparingly
water-soluble triiodide salt or the water-soluble chloride. The circular dichroism (CD) spectrum demonstrates the A
configuration at Co(IIl) and the presence of two phenanthroline and one sucrose residues in the complex. The
0-2(g)-0O-1(f) distance in crystalline sucrose permits strain-free coordination of these centers with Co(IIl) and in the
complex the H-1,1'(f) singlet of sucrose separates into a pair of doublets. The '"H NMR spectrum in DMSO-d, shows
that OH-2(g) is deprotonated and the signal of OH-1(f) is shifted strongly downfield by complexation with Co(III).
Coordination involving glucose and fructose residues is consistent with neither a-methyl glucoside nor fructofuranose
forming mixed complexes with phenanthroline. Structure simulation with the semi-empirical PM3(tm) basis set
indicates that complexation by O-2(g) and OH-1(f) can give a A-complex with little structural distortion, whereas in
hypothetical A-complexes there is distortion of the sucrose residue. Observation of an NOE involving the sucrose and
phenanthroline residues supports the postulated structure of the A-complex. © 2001 Elsevier Science Ltd. All rights
reserved.
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1. Introduction planar and relatively rigid, and the complexes

have well defined circular dichroism (CD)

Sugars, other polyols, and their amino
derivatives, form complexes with metal ions,
in some cases by cocrystallization, but com-
plexes with transition metal ions are identified
in solution and some can be isolated as stable
solids.'

We are interested in mixed complexes of
sugars with bis-1,10 phenanthroline cobalt(III)
(Co(phen),).** The phenanthroline rings are

* Corresponding authors. Fax: + 56-2-7370567 (S.B.); tel.:
+ 1-805-8932605; fax: + 1-805-8934120 (C.A.B.).
E-mail address: bunton@chem.ucsb.edu (C.A. Bunton).

spectra that provide evidence of the configura-
tion at Co(IIl).> The 'H NMR signals of
phenanthroline do not interfere with those of
the sugars, which allows identification of the
ligating groups. Amino sugars form relatively
stable octahedral complexes with Co(III)-
(phen), through cis-2-NH, and 1-O~ ligands,’
and with o-D-galactose and [-D-arabinose
complexation involves cis-1,2 groups, al-
though stable complexes could not be iso-
lated.® Sucrose forms a complex that was
isolated by precipitation of the water-insoluble
trilodide salt or as the soluble chloride.’
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In crystalline sucrose 2-OH(g) and 1-OH(f)
are hydrogen-bonded, and the inter-oxygen
distance of 2.82 A® should allow these groups
to bond with Co(III) without significantly per-
turbing the sucrose or the octahedral centers,
despite formation of a large ring.” The H-1(f)
singlet of sucrose’ splits on complexation into
a pair of doublets with the expected geminal
coupling constants, indicating that one bind-
ing site was OH-1(f) but evidence on binding
at 2(g) was more limited.” The A configuration
at Co(IIT) is demonstrated by the sign se-
quence of the CD signals.”’ However, there
was no evidence on other aspects of the struc-
ture including deprotonation of the ligating
OH groups and interactions between the su-
crose and phenanthroline groups.

The hydrogen-bonding between 2-OH(g)
and 1-OH(f) in the crystal,® which is evidence
for the proximity of these groups, may be
disrupted in water where sucrose appears to
exist as a mixture of equilibriating conform-
ers.'®!! Therefore, we considered other plausi-
ble structures of the sucrose Co(phen),
complex, including the possibility that only a
single ring was involved in complexation with
Co(I11).

The original results were limited in that we
had no evidence regarding the NMR signals
of the hydroxyl hydrogens and incomplete

Table 1

Absorption and CD spectra of A-[Co(IIl)(phen),-

(sucrose)]Cl, #

Absorption CD

A (nm) log ¢ A (nm) Ag

227 5.03 229 —5.5
241 +8.6

270 (270) 4.67 (4.7) 267 (266) +11.3 (+9.1)
281 (280) —15.4 (—12.2)

295sh (287sh) 4.31 (4.4) 297sh (297sh) —5.7 (—4.0)

329sh (329sh) 3.67 (3.8) 323 (319) +3.3(+3.2)
363 (368) —1.8 (—1.7)
413 (413) +3.6 (+34)

519 (519) 2.15 (2.2) 513 (513) —6.8 (—6.1)
610sh (600sh)  —0.27 (—0.2)

840 0.18

2 In water, values in parentheses are for the triiodide salt
after treatment with Na,S,0;.

evidence on other signals. The dicationic form
of the complex was isolated as the water-insol-
uble triiodide salt, but we incorrectly assumed
that the water-soluble chloride salt was trica-
tionic, and we had no evidence on locations of
the hydrogen atoms on the ligating oxygens at
positions 1(f) and/or 2(g). We have therefore
now examined the NMR spectra in DMSO-d;
in order to provide evidence on the assign-
ment of the hydroxyl protons and the site(s)
of protonation of the ligating oxygens. The
CD spectra of both forms of the complex have
been compared, and structural optimizations
have been made on a variety of possible
structures.

2. Results

Absorption and CD spectroscopy.— The ab-
sorption spectrum of the chloride salt in H,O
(Table 1) is typical of octahedral Co(III)-
(phen), complexes with broad signals that are
not readily assigned. The CD spectrum, with
well-defined excitonic signals at 267 and 281
nm (Table 1), shows that two phenanthroline
ligands are bonded to Co(IIl), and the sign
sequence in this region is that of a A-com-
plex.>!'? Spectra in the visible region are typi-
cal of d,d transitions of Co(III) complexes.™'?
We saw no evidence of a A-complex.

The spectra of the isolated complex (Table
1) are very similar to those of the reaction
mixture before product isolation (Section 4).
Sucrose has no CD signals at the wavelengths
studied, Co(IIT)(phen), is a racemic mixture,
and our isolation of a chiral complex is not an
artefact due to chromatography on a chiral
Sephadex column.*” The CD spectrum was
also examined with the triiodide salt after
treatment with Na,S,0,.> The spectrum in the
UV is noisy, but wavelengths of the CD ex-
trema are easily identified and are essentially
as for the chloride form of the complex (Table
1). (The strong absorbance of I~ limited the
range of wavelengths that could be examined).

NMR spectroscopy.— The "H NMR spectra
in D,O were obtained with the reaction mix-
ture and also with the isolated complex as the
chloride salt. Some signals of sucrose overlap
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'H chemical shifts, (5, ppm) and coupling constants, (J, Hz) of A-[Co(III)(phen),(sucrose)]Cl, and sucrose ?

187

0 (ppm) H-1(g) H-2(g) H-3(g) H-4(g) H-5(g) H-6,6'(g)
Complex 5.40 (0.77) 3.24 (0.73) 3.67 (0.66) 3.93 (0.72) 3.56 3.75-3.84
Sucrose 3.57 3.77 3.48 3.81-3.88 3.81-3.86

H-1.1'(f) H-3(f) H-4(f) H-5(f) H-6,6'(f)
Complex 3.74 (0.37), 3.59 (0.35) 4.30 (1.26) 4.16 (1.18) 3.91 3.75-3.84
Sucrose 3.69 (0.44) 4.23 (1.77) 4.04 (1.30) 3.88-3.93 3.81-3.86
J (Hz) Ji2 23 J3.4 Jas Js66
Complex 3.5 10.0 9.5 9.5 ~3
Sucrose 4.0 10.0 9.5 9.5

Jia (f) J 3-4(f) J. 4-5(f) J 5-6,6/(f)
Complex 13.0 9.0 9.0 4.0
Sucrose 9.0 9.0 4.0

2 In D,O referred to TSP, values in parentheses are T7,s.
Table 3
'H chemical shifts, (5, ppm) and coupling constants, (J, Hz) of A-[Co(III)(phen),(sucrose)]Cl, and sucrose ?
o (ppm) H-1(g) H-2(g) H-3(g) H-4(g) H-5(g) H-6,6'(g)
Complex 5.19 2.83° 3.41 3.63 3.22-3.27 3.46-3.54
Sucrose 5.17 3.17 3.43-3.48 3.12 3.65 3.52-3.61
H-1,1'(f) H-3(f) H-4(f) H-5(f) H-6,6'(f)
Complex 3.45, 3.26 3.88 3.94 3.56 3.46-3.54
Sucrose 3.40 3.88 3.77 3.52-3.61
J (Hz) Ji2) J23) J34 Jas Is6.60
Complex 3.0 9.5 9.5 9.0
Sucrose 3.5 9.5 9.5 9.2 2.5,5.0
J1-1'm J3-4(n J4-5m J5-6,6’(0

Complex 13.0 8.0 3.7,4.0
Sucrose 8.0 8.0

2 In DMSO-d, referred to DMSO.
® For complex as triiodide § 2.82.

those of the complex but others are well sepa-
rated. Chemical shifts and coupling constants
of the complex are very similar in the reaction
solution and after isolation. So far as we
know the signals of H-1(f) of free sucrose have
not been resolved,”!'° but in the complex they
separate into a pair of doublets (Table 2 and
Ref. 7). There are no cross peaks of H-1(f)
and H-1'(f) with other C-H signals in the
COSY spectrum in D,O. Most chemical shifts
of the complex are not very different from
those of sucrose except for H-1,1'(f), H-2(g),
H-4(g) and H-5(g).

The 'H NMR signals of the complex in
D,O are assigned directly from a COSY spec-
trum and are given in Table 2 with those of
sucrose, which agree with those in the litera-
ture.'® Our chemical shifts are referred to TSP
(sodium  3-(trimethylsilyl)propanesulfonate)
rather than to HOD.!* We measured values of
T, for some of the hydrogens of the sucrose
residue in the complex and obtained values of
the free sugar which agreed with those in the
literature.'® Most of the NMR spectra were
monitored in D,O, but those of the complex
and of sucrose have now been examined in
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DMSO-d, (Tables 3 and 4), and we compared
our values for sucrose with those in the litera-
ture, a protocol that simplified assignments.’
Our chemical shifts for sucrose in DMSO-d,
are lower than the values reported earlier by
ca. 0.3 ppm, due to our using DMSO (¢ 2.50
ppm) as reference, whereas acetone was used
earlier.’ Assignments for the complex in
DMSO-d were based on the COSY spectrum
and spin—spin decoupling.

3. Discussion

Complexation through 2-OH(g) and 1-
OH(f) is geometrically understandable in view
of the inter- oxygen distance of 2.82 A in crys-
talline sucrose® and Co(III)-O bond lengths of
ca. 1.9 A, which should permit complexation
without major distortion of the sucrose moi-
ety.” However, sucrose adopts a variety of
conformations in aqueous solution,” ! and we
have to consider other possible sites of com-
plexation, involving, for example, only the
fructose or glucose residue. Fructose forms a
mixed complex with Co(Ill)(phen),, but,
based on the NMR evidence, it appears to
involve the pyranose, rather than the fura-
nose, form of the sugar.* Complexation with
only the glucose residue is also improbable,

because we now show that methyl o-D-
glucopyranoside does not complex with
Co(IIT)(phen), under conditions in which the
sucrose complex is readily formed (Section 4).

The separation of the H-1(f) signals in the
complex (Table 3) is consistent with the postu-
lated structure, and computed distances be-
tween the face of a phenanthroline ring and
H-1(f) and H-1(f) are 4.0 and 3.1 A, respec-
tively, consistent with the difference in chemi-
cal shifts due to m-shielding (Tables 2 and 3).
The complex was isolated as a dication (Sec-
tion 4) and not as a trication as assumed
earlier.” Acid dissociation constants of Co(III)
complexes are such' that we expect at least
one of the bonding OH groups in the complex
to be deprotonated at near-neutral pH in wa-
ter. The upfield shift of H-2(g) in the complex
(Tables 2 and 3) would be consistent with
complexation through 2-O~(g), which is now
confirmed by the 'H NMR spectrum in
DMSO-d,, as discussed later.

Coupling constants of sucrose and the com-
plex in D,O are similar except, as noted, for
H-1(f) and H-1'(f), indicating that complexa-
tion does not have a major effect on confor-
mations of the glucose and fructose
residues,”'® but 7, values of the complex in
D,O are lower than those of the sugar, which
is consistent with decreased mobility that is

Table 4
'H chemical shifts, (J, ppm) and coupling constants, (J, Hz) of the hydroxyl protons of A-[Co(IlI)(phen),(sucrose)]Cl, and
sucrose *
o (ppm) OH-2(g) OH-3(g) OH-4(g) OH-6,6'(g)
Complex absent 3.35-3.39 4.84 4.44
Sucrose 5.06 4.79 4.76 4.41
OH-1,1'(f) OH-3(f) OH-4(f) OH-6,6'(f)
Complex 6.41° 5.76 5.36 4.14
Sucrose 4.80 4.50 5.19 4.38
J (Hz) ‘IOH»Z(g) ‘IOH»3(g) JOH-4(g) JOH-G(g)
Complex ¢ 3.5 6.0
Sucrose 6.0 4.5 6.0 5.5
Jor-10) Jon-3m Jouam Jon-sm
Complex 4.0,9.5 6.5 5.0 5.7
Sucrose 6.0 8.0 5.5 5.0

2 In DMSO-d; referred to DMSO.
® For complex as triiodide & 6.40.
¢ Not measured, see text.
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Table 5
Heats of formation and geometries of complexes

Complex 2+ Complex 3+  Sucrose ?
Deprotonated O-1f Deprotonated O-2¢g
A A A, A, A A
AHy, (kcal mol~T) —1687 —1677 — 1684 —1681 —1675 —1409
Bond torsional angle (°)
0-2(g)-Co(III) 101.5 95.7 92.8 89.4 82.2 100.5
x —O-1(f)
C-1(g)-O0-C-2(f) 116.8 121.1 117.8 117.5 122.3 117.6 114.3(119.2)
¢ 124.9 126.2 114.5 117.9 131.1 107.7 107.8(119.3)
v —57.2 —33.8 —51.2 —52.0 —22.5 —47.5 —44.8(—53.6)
Bond length|distance (4)
Co(II)-O(g) 2.04 2.04 1.89 1.88 1.85 2.00
Co(II1)-O(f) 1.88 1.88 2.03 2.03 2.03 2.02
0-2(g) to O-1(f) 3.03 2.90 2.84 2.76 2.56 3.09 2.82(2.72)

2 Values in parentheses are computed.

most evident for H-3(g) (Table 2). Structures
of the A-complex and the hypothetical A-com-
plex have now been optimized by using semi-
empirical PM3(tm) parameters.'>! Formation
of the A-complex is predicted to be more
favorable than that of the corresponding A-
complex (by ca. 7 kcal mol '), and the con-
formation of the sucrose residue in the
dicationic A-complex is similar to that of crys-
talline sucrose,® as noted earlier in discussion
of the structure of an assumed tricationic
complex.” The optimizations indicate that the
A- is preferred over the A-complex regardless
of charge, or site(s) of protonation. There is
evidence that structures of sucrose and other
sugars are similar in solution and in the
solid,*!” and our conclusions from structural
optimizations are similar to the literature
(Table 5).

The conformation of sucrose is governed by
the torsional angles, ¢, for O-5(g)-C-1(g)-O-
1(g)-C-2(f), and y for C-1(g)-O-1(g)-C-
2(H)—-O-5(f) and the C-1(g)-O-C-2(f) bond
angle.”'” As a test we now show that predicted
values of these angles in the di- or tri-cationic
complexes are similar to those in crystalline
sucrose (Table 5). The computed values for
sucrose are based on the PM3 basis set, but
similar values, slightly closer to those for the
crystal,® were obtained by using an ab initio

3-21G(*) basis set (data not shown). Treat-
ments of conformations of the complexes by
using PM3(tm) parameters indicate that de-
protonation of the tricationic complex should
shorten the Co(III)-O bond to the deproto-
nated OH group. The torsional angles ¢ and
Y also change modestly, but there appear to
be no major changes in overall conformation
(Table 5). The dicationic complex with proto-
nation on O-2(g) is predicted to be more
stable than that with protonation on O-1(f)
(Table 5), but the difference (ca. 3 kcal
mol ~ '), is probably within the uncertainty of
the calculations, especially as regards the ne-
glect of solvation, and the '"H NMR spectrum
in DMSO-d;, shows that OH-2(g) is
deprotonated.

A complex with coordination at positions
2(g) and 1(f) can form with little distortion of
the sucrose moiety, but we have now consid-
ered other sites of bonding on the assumption
that both the glucose and fructose residues are
involved. For example, if positions 4(g) and
1(f) are involved, there is distortion of the
glucose ring, and the heat of formation is less
negative by ca. 6 kcal mol~' than that pre-
dicted for complexation at positions 2(g) and
1(f). Significant distortion of the glucose
residue in the complex is inconsistent with the
small effect of complexation on the coupling
constants (Table 2). Bonding to other glucose
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OH groups is predicted to give even less stable
structures, and examination of the 'H NMR
spectrum in DMSO-d, excludes these alterna-
tive structures, as shown later. These addi-
tional structural treatments confirm the earlier
conclusions which were based on limited
evidence.’

The conformation of crystalline sucrose in-
volves formation of interresidue hydrogen
bonds® which in aqueous solution may be
replaced by hydrogen bonds to water, so that
this conformation is probably one of several
present in solution with similar energies.” '’
Complexation therefore involves loss of rota-
tional and translational entropy but no major
distortion of bond or torsional angles of
sucrose.

The predicted structure of the dicationic
A-complex with deprotonation of OH-2(g) is
shown in Fig. 1. Protonation of the bridging
oxygen on O-1(f) as shown, A,, is predicted to
be preferred by ca. 4 kcal mol~! over the
alternative, A,, in which hydrogen and the
lone-pair electrons exchange positions (Table
5), but this difference may be within the un-
certainty of the calculation. However, evi-

dence from 'H NMR spectroscopy, discussed
later, shows that structure A, is correct. The
predicted structure of the complex (Fig. 1) is
qualitatively similar to, but not identical to,
that proposed earlier for a tricationic com-
plex,” where these questions regarding sites of
protonation were not considered. The pre-
dicted structures are similar except that in the
dication the predicted O—Co(III)-O bond an-
gle is 92.8° rather than 100.5° and the
Co(II)-O-2(g) bond length is lowered by 0.1
A (Table 5) on deprotonation.

Mixed complexes of various sugars and
Co(IIT)(phen), have similar absorption and
CD spectra.**” The sign sequence of the exci-
tonic CD n—n* transitions at 267 and 281
nm under the p-band of phenanthroline at ca.
271 nm (Table 1) is diagnostic of the A
configuration of a sucrose bis-phenanthroline-
Co(III) complex,>'? in agreement with struc-
tural predictions (Fig. 1 and Table 5). There
are shoulders in the absorption and CD spec-
tra at 295 and 297 nm respectively, under the
a-band of phenanthroline, characteristic of
complexes having one or more phenanthroline
ligands.'> The pattern of the CD signals at

a

b

Fig. 1. Optimized geometry of A-[Co(III)(phen),(sucrose)]**. A is the phenanthroline ring attached to the upper coordination site
of Co(III) with the sucrose residue on the left and ligated glucose at the front, and B is attached to the lower site of Co(III): (a)

complex; (b) with phenathroline ligands removed for clarity.
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Table 6
Torsional angles of H-11'(f) with OH-1(f) and their relation-
ship to the coupling constants

Structure * Torsional angles Karplus prediction

H-1()  —75

A, J(U-f)>J(1-f)
H-1'() 170
H-1(f) 15

A, J(U-f) <J(1-)
H-1'(f) 31

2 Chemical shifts and coupling constants in DMSO-d,: H-
1(f); ¢ 3.45, J,.ou =4.0 Hz and H-1'(f); J 3.26, J, .on=9.5
Hz.

higher wavelengths is similar to those for
other mixed complexes of Co(III)(phen),,**’
and assignments will be discussed elsewhere.

Structure of the dicationic complex.—The
"H NMR spectra of both CH and OH hydro-
gens in sugars and their derivatives can be
monitored in organic solvents. For example,
Bock and Lemieux examined the NMR spec-
trum of sucrose in both D,O and DMSO-d,,’
and chemical shifts of the OH protons can be
compared with those in aqueous acetone.''

We first used the triiodide form of the com-
plex in DMSO-d,, which contained some wa-
ter (Section 4), but we could identify signals of
H-2(g) and OH-1(f) whose multiplicities
showed that OH-2(g) is deprotonated and
OH-I1(f) is not. However, this form of the
complex is unstable in moist DMSO. These
chemical shifts and multiplicities are very sim-
ilar to those of the chloride in DMSO-d;
(Tables 3 and 4). Subsequent experiments
were therefore with the chloride form of the
complex which is more stable in these condi-
tions. Signals from H,O of crystallization of
the chloride (6 3.3),'"® overlap some signals of
the sucrose residue. The signals for H-1(f) and
H-1'(f), which are well defined in D,O (Table
3 and Ref. 7), were overlapped by other sig-
nals (H-6,6" and H-5(g)) in DMSO-d,, but we
were able to estimate the chemical shifts and
coupling constants. Chemical shifts and multi-
plicities of the free sucrose signals agree with
those of Bock and Lemieux,’ provided that we
allow for differences in the references (Tables
3 and 4). Multiplicities and coupling constants
of the complex show that OH-2(g) is deproto-
nated in both D,0 and DMSO-d, (Fig. 1 and

Tables 2—4), because the H-2(g) signal is a
double doublet in both solvents (i.e., there is
no hydrogen on O-2(g)), whereas multiplicities
of H-1(f) and H-1'(f) differ in the two solvents
due to coupling with OH-1(f) in DMSO-d,.
The signal of OH-1(f) in DMSO-d; is shifted
strongly downfield, relative to that of sucrose
(Table 4) by complexation to Co(IIl), and its
multiplicity changes from that of a triplet to a
double doublet. Deprotonation of OH-2(g) re-
duces the chemical shift of H-2(g) in the com-
plex relative to sucrose (Tables 2 and 3). Most
of the other OH signals in DMSO-d, are
similar to those of sucrose, except for that of
OH-3(g), which we could not locate. Integra-
tion shows that it is shifted upfield by shield-
ing from a phenanthroline group (Fig. 1) and
is probably hidden under the H,O signal. A
range for its chemical shift is given in Table 4.
The oxygen at position 3(g) is predicted to be
within 3.1 A of the face of a phenanthroline
ring which favors OH-n bonding'® and affects
interactions between solvents and OH groups
adjacent to this position. In this context we
note that 7, for H-3(g) in D,O is significantly
lower in the complex than in sucrose (Table
2). These interactions may also affect the
chemical shift of H-4(g) of the complex rela-
tive to that of sucrose (Tables 2 and 3).

The PM3(tm) geometrical optimization
does not orient OH-3(g) towards the face of a
phenanthroline ring (Fig. 1), but OH-n
bonding" in DMSO would bring the hydro-
gen within approximately 2.2 A of the face of
the phenanthroline ring and the estimated H-
3(g) and OH-3(g) torsional angle will then be
in the range of 40—70° which would make the
coupling constant much lower than the value
of ca. 6.5 Hz for a freely rotating OH group.” !
We cannot measure this coupling constant in
the complex, but it must be low because the
signal of H-3(g) in DMSO-d, is a well defined
pseudotriplet with strong coupling with H-2(g)
and H-4(g). Therefore the H-3(g)-OH-3(g)
coupling constant must be low ( <2 Hz), cor-
responding to a H-3(g)-OH-3(g) torsional an-
gle which would allow an OH-n interaction.

The signal of OH-1(f) is split by both H-1(f)
and H-1'(f), and the coupling constants differ
(Table 6) as expected from the predicted tor-
sional angles. Evidence for the orientation of
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Fig. 2. Orientations of H-1f and H-1'(f) relative to OH-1(f).
Broken lines indicate bonds projecting behind the plane of the
paper.

the OH-1(f) hydrogen is analyzed later. As-
signments of the other OH signals are consis-
tent with the chemical shifts, and coupling
constants and are now confirmed by
decoupling.

The new evidence for deprotonation of OH-
2(g) in the dicationic complex is at variance
with the calculation, which incorrectly pre-
dicts a more favorable formation energy for
the complex with deprotonation of OH-I(f)
(Table 5). There remains the question of the
orientation of the hydrogen of OH-1(f) in the
dicationic complex, A,, as shown in Fig. 1.
The alternative structure, A,, with hydrogen
and the lone-pair electron transposed, is pre-
dicted to be less stable by ca. 4 kcal mole ~!
(Table 5), and within the probable uncertainty
of the calculation; however, we use NMR data
in DMSO-d, to confirm this conclusion.

The differences in the chemical shifts of
H-1(f) (0 3.45) and H-1'(f) (¢ 3.26) in DMSO-
ds (Table 3) are due to the latter being closer
to the face of a phenanthroline ring by ca. 1 A
(Fig. 1). Therefore, we can relate the location
of the 1-OH(f) hydrogen to its coupling con-
stants with H-1(f) and H-1'(f) in DMSO-d.
The computed torsional angles between the

Table 7
NOE:s for [Co(III)(phen),(sucrose)]Cl, #

CH and OH residues at 1(f) are given in Table
6 and are illustrated in Fig. 2. In the preferred
structure, A,, (Figs. 1 and 2) the coupling
constant of the OH-1(f) hydrogen with H-1'(f)
should be higher than with H-1(f) and differ
markedly in magnitude, as is found, e.g., J, oy
9.5, Jionu 4.0 Hz (Table 4). The situation
should be reversed for structure A, on the
basis of the predicted torsional angles (Table
6). These comparisons involve the assumption
that there will be a qualitative relationship
between coupling constants and torsional an-
gles, approximately following the Karplus
equation, although extended equations gener-
ally give better quantitative fits.?*!

Our new geometrical optimization of com-
plex, A,, indicates that H-2(g) should be close
to a specific hydrogen on one phenanthroline
ring (A), and the hydrogen of OH-1(f) should
be close to a specific hydrogen on the other
ring (B) (Fig. 1). This proximity of H-2(g) to
the edge of a phenanthroline ring should in-
crease the chemical shift of H-2(g) in the
complex, relative to sucrose, and offsets the
effect of deprotonation of OH-2(g) and com-
plements that of complexation with Co(III)
mentioned earlier (Tables 2 and 3). We have
now observed NOEs between sucrose and
these specific phenanthroline hydrogens in
DMSO-d, that correspond to the predicted
geometry of the dicationic complex and calcu-
lated interatomic distances, and observed
magnitudes of the NOE are given in Table 7.
Complete assignments of the "H NMR signals
of the phenanthrolines will be given elsewhere.
Our NOE data (Table 7) show that H-2(g)
exhibits an NOE with H-2 of phenanthroline
ring A (0 9.86) and OH-1(f) shows an NOE
with H-2 of phenanthroline ring B (¢ 10.18).

Target resonance Affected signals Interatomic distance (A) b NOE (%)
H-2(g) H-1(g) 242 16
H-2(A) © 2.90 17
OH-1(f) H-2 (B)¢ 2.22 17
2 In DMSO-d,.
b Calculated.
€9 9.86.

44 10.18.
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These hydrogen atoms are at positions adja-
cent to the two nitrogen atoms, 1A and 1B, in
the phenanthroline ligands, A and B, which
are bound in trans relationships to Co(III)
(Fig. 1). These different chemical shifts are in
the region observed by Ito et al. for other
bis-phenanthrolineCo(II) complexes with
symmetrical diamines.”” Other NOEs were ex-
amined as controls (Section 4 and Table 7).

4. Experimental

Preparation.—The complex was prepared
by reaction of 0.04 M sucrose with 0.02 M
Co(IIT)(phen),(H,O)OH, generated by rapid
hydrolysis of the dichloride.> The pH was 8.0,
the CD spectrum was monitored for up to 1
week at ca. 25°C, and wavelengths of the
extrema in the CD spectra are shown in Table
1. The complex was isolated by chromatogra-
phy on Sephadex C-25 and elution by 0.1 M
NaCl.? The CD spectra of the fractions were
monitored and the combined strongly opti-
cally active fractions were treated with KI; to
precipitate the insoluble triiodide salt, which
was desiccator dried. Alternatively, the com-
bined fractions were evaporated to dryness
under reduced pressure, followed by extrac-
tion with EtOH and then with MeOH, to
remove most of the NaCl. The analytical com-
position of the triiodide salt corresponds to
that of the dication,” and its molar electrolytic
conductance in acetone of 186 S at 22 °C is
characteristic of a dication.”® The analytical
composition of the chloride salt appeared to
correspond to that of a tricationic complex,’
which was incorrect, because extraction does
not completely remove NaCl. The relative
weight percentages are as expected for a dica-
tionic complex with four waters of crystalliza-
tion: Co/C=0.139 (0.137); Co/N=1.05
(1.05); C/N=7.55 (7.71); Co/H =1.33 (1.31);
C/H=9.56 (9.60); N/H=1.27 (1.24). Calcu-
lated values are in parentheses. An approxi-
mate value of the pK, of this complex was
given by the pH of a half-neutralized portion
of the eluent from chromatography with 0.1
M NacCl after titration with 0.1 M HCI (the
concentration of the complex was calculated
from the absorbance at 520 nm). The pK, of

ca. 3 at 20 °C is in the range typical of transi-
tion metal complexes of the same charge-
type,'* and much lower than those of sugar
hydroxyl groups. We had earlier isolated both
di- and tri-cationic Co(III) complexes of
phenanthroline and a sugar,’ depending on
the counterion and the conditions of crystal-
lization. In preparing solutions for CD or
absorption spectroscopy, we estimated con-
centrations from the absorbance at 520 nm,
based on a calibration of absorbance versus
[Co] from the atomic absorbance spectra. The
yield of the isolated chloride salt was ca. 25%,
based on the initial Co(III) complex. The low
yield arises in part because we select a narrow
band in the chromatographic separation. The
chloride form of the complex is stable over
several months in a refrigerator and the CD
and NMR spectra do not change within that
time. Despite the large ring size this complex
appears to be more stable that those of
monosaccharides and Co(III)(phen),.?

NMR spectroscopy.—'"H NMR  Spectra
were generally obtained in D,O at 27 °C in a
Bruker DRX 300 instrument (300 MHz for
'"H) or in a Varian Unity instrument (500
MHz for 'H) at 21.4°C, (25°C for the
COSY), in D,O with TSP (6 0) as reference,
or in DMSO-d,, with DMSO (¢ 2.50) as refer-
ence. Concentrations of sucrose and the com-
plex were approximately 0.05 M. Spectra in
the course of reaction were obtained at 300
MHz. Signals of the phenanthroline groups do
not interfere with those of the sucrose residue.
Their area in D,O relative to that of the
sucrose residue (16:14) agrees with the analyti-
cal composition. Signals of the sugar residue
in the complex were assigned from the COSY
spectrum in D,O and DMSO-d, and by de-
coupling in DMSO-d,. For OH-6(g) and OH-
6(f) we relied on the sequence of chemical
shifts given by Bock and Lemieux for su-
crose.” T, values were calculated using Varian
software. We examined the 'H NMR spec-
trum of the triiodide in DMSO-d, (Tables 3
and 4) in which this form of the complex is
unstable, we then used the chloride form of
the complex in DMSO-d,, dried over molecu-
lar sieves, and had no stability problems, but
there is interference by water of crystallization
of the complex. For example, although the



194 J. Parada et al. / Carbohydrate Research 333 (2001) 185195

signal of H-3(g) is partially obscured by that
of H,O, it can be assigned unambiguously
from the COSY spectrum. Decoupling and the
COSY spectrum allow us to separate the sig-
nals of H-1'(f) and H-5(g), which overlap in
both D,O and DMSO-d, (Tables 3 and 4). We
could not dissolve this complex in another
aprotic solvent, e.g., acetonitrile, in order to
avoid this interference with the signal of
water.

The NOEs involving both CH and OH
groups have now been examined by targeting
H-2(g) and OH-1(f). For the former we ob-
serve a strong NOE with H-1(g) and a
phenanthroline hydrogen, and for the latter
we see only effects on one hydrogen of the
other phenanthroline ring. As a test we show
that targeting H-3(f) gives a strong NOE with
OH-3(f) and a medium NOE with OH-4(f)
and targeting H-4(f) gives a strong NOE with
OH-4(f) and a medium NOE with OH-3(f).
We regard a 13-17% NOE as strong and a
6% NOE as medium. The free rotation of the
OH groups prevents our relating these values
to computed interatomic distances. The NOE
enhancements were determined using VARIAN
software.

Spectrophotometry.— Absorption and CD
spectra were monitored in water with a
Jobin—Yvon CD6 spectrometer for the CD
and this instrument or a Unicam UV3 spec-
trometer for the absorption spectra with
freshly prepared solutions of both the chloride
and triiodide forms of the complex. The wave-
lengths of the CD signals of reaction mixtures
were identical before and after isolation of the
complex.

Geometrical optimization.—Structures of
sucrose and the complex were optimized by
using PC SPARTAN PLUS 2.0 (Wavefunction).
The initial treatment of structure’ was ex-
tended by exploring various conformations of
both di- and tri-cationic complexes. An initial
conformer search was made with MMFF
molecular mechanics parameters, followed by
a PM3(tm) and also an ab initio 3-21G(*)
optimization for free sucrose. After an opti-
mization, structures were perturbed and reop-
timized. For a complex with bonding at
positions 2(g) and 1(f) rotation about the 5-6
bond of the fructose residue generates a pre-

ferred conformation in an MMFF search, ro-
tation about other non-bonded centers shows
no significant conformational preference. Ex-
changing the positions of the hydrogen and
the lone pair at OH-1(f) is predicted to desta-
bilize the structure and is inconsistent with the
'"H NMR data. We note that in the preferred
structure, A, (Fig. 1), OH-6(f) is oriented to-
wards O-5(g), and these centers are hydrogen
bonded in the crystal.® The semi-empirical
PM3(tm) treatment wuses experimentally
derived parameters for bonding to Co(III).'¢
The structure of sucrose obtained with PM3
parameters was re-examined to include hydra-
tion by using semi-empirical SM5.4 para-
meters®* without any significant change of
structure. These hydration parameters are not
available for Co(III) complexes.

We have now carried out calculations for
the A- and A-forms of the di- and tricationic
complexes, and for the former consider depro-
tonation of both OH-2(g) and OH-I(f). We
also examined structures involving ligation by
other OH groups, and generally do not show
structures that are clearly excluded experimen-
tally. The utility of various theoretical treat-
ments of structure has been critically
discussed.”> Applications of molecular me-
chanics to structures of coordination com-
plexes have recently been reviewed with the
necessity of deriving appropriate forcefield
parameters.”®** Where these parameters are
available, molecular mechanics may provide
better results than semi-empirical methods.?’

5. Conclusions

The 'H NMR spectra in D,O and DMSO-
ds show that both the chloride and triiodide
forms of the complex are dicationic and that
OH-2(g) is deprotonated. The orientation of
OH-1(f) is established by the NMR spectra
and is consistent with a semi-empirical struc-
tural optimization. The limited NMR data on
the sucrose and phenanthroline ligands show
that the latter are not identical and that the
glucose residue is very close to the face of
phenanthroline ring, B. The CD spectra
confirm the existence of only the A-complex,
consistent with structural optimization, which,
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however, fails in predicting the site of depro-
tonation in the dicationic complex.

Acknowledgements

We acknowledge instrumental support from
CEPEDEQ, Facultad de Ciencias Quimicas y
Farmaceuticas, Universidad de Chile, and
Professor Ines Ahumada. J.P acknowledges
support from FONDECYT, Proyecto
2970036.

References

1. (a) Whitfield, D. W.; Stojkovski, S.; Sarkar, B. Coord.

Chem. Rev. 1993, 122, 171-225;

(b) Zimmer, M. Chem. Rev. 1995, 95, 2629-2649;

(c) Hegetschweiler, K. Chem. Soc. Rev. 1999, 28, 239—
249;

(d) Gyurcsic, B.; Nagy, L. Coord. Chem. Rev. 2000, 203,
81-149.

2. (a) Angyal, S. J. Adv. Carbohydr. Chem. Biochem. 1989,
47, 1-43;

(b) Piarulli, U.; Rogers, A. J.; Floriani, C.; Gervasio, G.;
Viterbo, D. Inorg. Chem. 1997, 36, 6127-6133.

3. Bunel, S.; Ibarra, C.; Moraga, E.; Parada, J.; Blasko, A.;
Whiddon, C.; Bunton, C. A. Carbohydr. Res. 1998, 312,
191-200 and references cited therein.

4. Moraga, E.; Bunel, S.; Ibarra, C.; Blasko, A.; Bunton, C.
A. Carbohydr. Res. 1995, 268, 1-15.

5. (a) Katzin, L. J.; Eliezer, J. Coord. Chem. Rev. 1972, 7,
331-343;

(b) In Circular Dichroism, Principles and Applications;
Nakanishi, K.; Berova, N.; Woody, R. W., Eds.; VCH:
Cambridge, 1994;

(c) Bosnich, B. Acc. Chem. Res. 1969, 2, 266—273.

6. Parada, J.; Bunel, S.; Moraga, E.; Ibarra, C.; Gillitt,
N.D.; Bunton, C.A. Polyhedron, in press.

7. Parada, J.; Bunel, S.; Ibarra, C.; Larrazabal, G.; Moraga,
E.; Gillitt, N. D.; Bunton, C. A. Carbohydr. Res. 2000,
329, 195-197.

8. (a) Brown, G. M.; Levy, H. A. Acta Crystallogr., Sect. B
1973, 29, 790-797;

(b) Hanson, J. C.; Sieker, L. C.; Jensen, L. H. Acta
Crystallogr., Sect. B 1973, 29, 797-808.

9. Bock, K.; Lemieux, R. U. Carbohydr. Res. 1982, 100,

63-74.

10. du Penhoat, C. H.; Imberty, A.; Roques, N.; Michon, V.;
Mentech, J.; Descotes, G.; Perez, S. J. Am. Chem. Soc.
1991, 113, 3720-3727 and references cited therein.

11. (a) Adams, B.; Lerner, L. J. Am. Chem. Soc. 1992, 114,
4827-4829;

(b) Poppe, L.; van Halbeek, H. J. Am. Chem. Soc. 1992,
114, 1092-1094;

(c) Sheng, S.; van Halbeek, H. Biochem. Biophys. Res.
Commun. 1995, 215, 504-510.

12. (a) Mason, S. F. Inorg. Chim. Acta Rev. 1968, 2, 89—109;
(b) Douglas, B. E.; Yasui, T. Inorg. Chem. 1971, 10,
97-102.

13. Gillard, R. D.; Payne, N. C.; Robertson, G. B.; J. Chem.
Soc. A 1970, 2579-2586.

14. (a) Bennett, L. E.; Lane, R. H.; Sedor, F. A.; Bennett, J.
P. Inorg. Chem. 1973, 12, 1200-1202;

(b) Nishide, T.; Ogino, K.; Fujita, J.; Saito, K. Bull.
Chem. Soc. Jpn. 1974, 47, 3057-3063;

(c) Basolo, F.; Pearson, R. G. Mechanisms of Inorganic
Reactions, second ed.; Wiley: New York, 1967 Chapter 1.

15. (a) Stewart, J. J. P. J. Comput. Chem. 1989, 10, 209-220;
(b) Stewart, J. J. P. J. Comput. Chem. 1990, 11, 543544,
(c) Stewart, J. J. P. Pure Appl. Chem. 2000, 72, 1449—
1452.

16. Hehre, W. J.; Yu, J.; Abs. Papers 221st ACS National
Meeting, New Orleans, LA, USA, March, 1996.

17. (a) Bagley, S.; Odelius, M.; Laaksonen, A.; Widmalm, G.
Acta Chem. Scand. 1994, 48, 792-799;

(b) Kelterer, M.; Cramer, C. J.; Johnson, G. P.; Dowd,
M. K. Carbohydr. Res. 2000, 326, 305—-322.

18. Gottlieb, H. E.; Kotlyar, V.; Nudelman, A. J. Org. Chem.
1997, 62, 7512-7515.

19. Alkorta, I.; Rozas, 1.; Elquero, J. Chem. Soc. Rev. 1998,
27, 163-170.

20. Silverstein, R. M.; Bassler, G. C.; Morrill, T. C. Spectro-
metric Identification of Organic Compounds, fourth ed.;
Wiley: New York, 1981; p. 210.

21. Danders, L. A.; DelLeeuw, F. A. A. M.; Altona, C.
Magn. Reson. Chem. 1989, 27, 556—563.

22. Tto, H.; Fujita, J.; Ito, T. Bull. Chem. Soc. Jpn. 1971, 44,
723-725.

23. Geary, W. Y. Coord. Chem. Rev. 1971, 7, 81-122.

24. Cramer, C. J.; Truhlar, D. G. Chem. Rev. 1999, 99,
2161-2200.

25. Levine, I. N. Quantum Chemistry, fifth ed.; Prentice Hall:
Upper Saddle River, NJ, 2000 Chapter 17.

26. (a) Boeyens, J. C. A.; Comba, P. Coord. Chem. Rev. 2001,
212, 3-10;

(b) Deeth, R. J. Coord. Chem. Rev. 2001, 212, 11-34;
(c) Norrby, P. O.; Brandt, P. Coord. Chem. Rev. 2001,
212, 79-109.

27. Adam, K. R.; Atkinson, I. M.; Lindoy, L. F. J. Mol.

Struct. 1996, 384, 183—-190.



