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ABBREVIATIONS

B-alaH B-alanine

ampr aminomethylpyrrolidine

en ethylenediamine

N.N'-Meen N, N'-dimethylethylenediamine
pn propylenediamine

tn trimethylenediamine

imen N, N, N -trimethylethyvienediamine
tmpn N, N, N -trimethvlpropylenediamine
tetmen N,N,N' N'-tetramethylethylenediamine
tren N, N-di{2-aminoethybethylencdiaming
Gle glucose

Man mannose

Gal galactose

Tal talose

Fuc fucose {(6-deoxy-galactose)

Rha rhamnose (6-deoxy-mannose)

Qi quinobose (6-deoxy-glucose)

Ara arabinose

Lyx lyxose

Rib ribose

Xyl xylose

Fru fructose

Sor sorbose

Tag tagalose

Psi psicose

GleN glucosamine

GalN galactosamine

ManN mannosamine

GleNN 2.3-diamino-2,3-dideoxy-glucose
MunNN 2,3-diamino-2,3-dideoxy-mannose

A INTRODUCTION

Amino acids and sugars are important compounds in biclogical systems.
These compounds are very interesting in coordination chemistry as ligands
and in bioinorganic chemistry in connection with metal-containing enzymes.
A large number of trunsitton metal complexes containing aming acids or
their derivatives have been synthesized, isolated and characterized. Never-
theless, in spite of the fact that it has been well known that sugars can form
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complexes with transition metals, the field of sugars or their related com-
pound—metal complexes is still largely unexplored.

This short review mainly describes our recent studies of the synthesis,
charactenzations and stereochemustry of the (ransition metal complexes
(M =Ni’", Co®* and P1**) contuining sugar moieties and related com-
pounds, and novel sugar transformations promoted by nickel(1i) complexes
of diamines and by combinations of various metal ions (Co?*, Ca®~, Sr2*,
Pr*~, Ce’*) and amines. Tt includes those papers which were published or
submitted for publication by the end of April 1937

B. METAL COMPLEXES CONTAINING SUGAR MOIETIES

(i} Nickel(II; complexes containing an N-glycoside derived from diamines and
ketoses

It 15 well known 1hat cyclic sugars possessing a free reducing group are
able to react with primary and sccondary amines to give, under mild
conditions, N-glvcosides (glycosylamines), derivatives in which the glyco-
sidic hydroxyl group has been replaced by an amino group. This 5 generally
accepted as being the first step in the “Maillard reaction™ or non-cnzymatic
browning [1].

Previously MacDermott and Busch [2,3] reported that hydroxy ketones
reacted with tris{ethylenediaminejnickel(IIy salts to give blue paramagnetic
bis(tridentate)nickel(11) complexes in which the ligand is the Schiff's base
formed from a hydroxy ketone and cthvlenediamine. Because ketoses are
hydroay ketones, the above reaction strongly suggests the possible develop-
ment of a method in which sugars serve as ligands to transition metal ions.
Accordingly. 11 may be predicted that monosaccharides will react with one
of the amine centers of [Ni{diamine),}*” to form the nickel(I[)} complexes
coniaining N-glycoside(s).

When tris(diamine)nickeld11) salts in methanol are refluxed for a short
time, with an excess of ketoses, the resulting blue solutions were purified by
chromatography on a Scphadex LH-2(t gel permeation column and
evaporated to give blue crystals or powder [4-6].

These blue complexes have one diamine ligand and one glycosylamine
ligand (p-Fru-en, D-Fru-tn, p-Fru-pn, D-Fru-S-ampr, 1-Sor-en, 1-Sor-tn,
L-Sor-pn, L-Sor-S-ampr cte.). Generally the viclds of these complexes were
relatively low. However, in the casc of trimethyvlenediamine complexes, the
reaction was found to complete more rapidly. and the desired complexes
could be obtained in comparatively good wields. The complexes are fairly
sensitive to moisture. In an acidic solution, all the complexes decompose
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inte nickel(Il} complexes of the diamine and the respective monosac-
chanides. Sinular decomposition gradually occurs also in ncutral aqucous
solution. These chemical properties are essentially similar to those for
nickel(1} complexes derived from an aldose and a diamine as deseribed in
the next section.

The valucs for the effective magnetic moments of these compounds fall in
the range reported for octahedral nickel(11) complexes [7].

The absorption spectra of these complexes in methanol are shown in Fig.
1. All show three peaks over the near-1R and visible regions with compara-
tively low intensity, agreeing with the reported pseudooctahedral cis-(0 -
[NiN,(},] complexes [8]. Although some differences in peak wavenumber
hetween ahsorption gpectra and reflectance spectra were observed, spectra in
the two states can be regarded as similar for all complexes. Accordingly,
these complexes are assumed to have basically the same structure both in the
solid state and in solution.

The molecular structure of [Ni(en){p-Fru-en)]** [4] is the first example of
an X-ray crystal structure determunation of a metal complex containing an
N-glycoside, The structures of |[Nifen}(L-Sor-en)|” " [5] and [Ni(S-ampr)(L-
Sor-S-ampn)]?” [6] were also determined by X-ray crysiallography. The
coordination structures of these complexes are equivalent to each other as
shawn in Figs. 2-4. The coordination at the central atom ol the catien is
essentially octahedral, with the four coordination sites being occupicd by a
tetradentate glveosylamine ligand; the remaining two coordination sites are
occupied by a bidentate diamine. The complex cations have the cis-{Q -O)-
[NiN,0O,] structure. One nitrogen atom of the diamine binds to C-2 of the
sugar unit, forming the glvcosylamine; this attaches to the nickel atom at
four points through the 1- and 3-hydroxyl groups and the two nitrogen
atems of the diamine residue, The pyranoid ring of the D-fructosyl group is
in the 8-*C, conformation, which is also adopted by 8-D-fructopyranose in
the free state [9] and by the calcium complexes of pD-fructose [10]. The
L-sorbose moiety forms the usual a-*C; pyranose ring, which is also known
to occur in crystalline L-sorbose [11]. The Ni-N distances arc normal for
those in octahedral nickel(Il) complexes. Ni- O distances are much longer
than the sum of the covalent radii, i.e. 2.05 A {octahedral NifIT), 1.39 A; O,
0.66 A) [12,13). Thus the sugar-oxygen to nickel bond is weakened.

For the bond angles around the nmickel atom. deviations [rom ideal
octahedral geometry are observed. ‘The deviations from 180° oceur for the
irans angles. The N N1 N bond angles appear normal for nickel(1[) {ive-
membered chelate rings. The significant deviations from the ideasl angle
(907} nceur for the angles contained in the N-Ni -O angles. Consequently,
it is evident that some strain exists in the glveosvlamine coordination
system. This strain presumably comes from the clongation of the Ni-O
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Fig. 1. Electronic ahsorption {AB) and circular dichroism (€T3} spectra of the complexes in
mcthanol: {a) [Ni(cn){n-Fru-cn)]“ { ). [Nifem)1-Sor-en)] 2™ (------ ). | Ni{tn}1-Fru-
my) 2 e ) INWtn¥L-Sar-tn)] 2% (- =« -+ (b) [Ni{ §-pniir-Sor-S-pni]* ' ( ). (NI S-
paND-Lru-S-prj] 2! (e e e e s ), [NK R-pn)(L-Sar-R-pn)]*~ (- =-=-): () [Ni{ S-ampry1-Sor-S-
ampr)}* T ( o NI Scampry(p-Fro-S-ampry]” ' {----- - 3 (dy [Ni(enD-Tag-em)]**
{ ), [Ni{en)¥D-Psi-en)]** (- - - - - - ).

bond distances which can be compared with the Ni-N bond distances.
These crystal structures suggest the general coordination pattern of the sugar
unit in the ketosylamine ligands., which binds to the metal to form the
five-membered chelate ring using the glycosvlated nitrogen atom and the
adjacent hydroxyl groups.

The three crystal structures of the nickel(ll) complexes of D-Fru-cn,
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Fig. 2. Perspective drawing of the complex cation [Ni(en)iD-Fru-en)]~'. Sclected bond
lengths (A): Ni N(1}=2070(%), Ni-O(1) =2205(7), Ni-O(}) = 21336y, N(1)-C(2) =
L1y, O(1-Cilp=142(2). G)-Ci2y=1512), 23-C(31 =1.58(1), O{N-C(3) =1.44(1;,
Ci3) Cf4) = 1302, Oy Crdy — 1422y, O3 Ci3) — 1.422). C(53-Ch)y = 1.55(2),
C63-0{2) =1.44(2), O()-C(2y =142 Seleeted hond angles (degy N1} Ni—Qi) =
79503 ND-NIi-O(3) = 79.5¢3), C(2)-002)-C(6) =118.%9).

I-Sor-en and t1-Sor-S-ampr showed that the coordination geometries are
very similar; the configuration of the secondary nitrogen atom for the three
complexes is § in the notation of Cahn et al. [14]; they have the same §
anomeric configuration, and the A configuration around the nickel atom,
which is defined by thc two diamine chclates. From these results some
important conclusions could be drawn. The conlormation of the chelate ring
involving the sugar pyranose ring will depend on the orientation of the
hydroxyl group on the C-3 atom of the sugar residue; this will force the
absolute configuration around the glycosidic nitrogen atom and the orienta-

Fig. 3. Perspective drawing of the complex cation (NitenyL-Ser-em)]* ™. Selected bond lengths
(AY NI N(1) = 21083, Ni—O(1} = 213%3) Ni-((3) = L1152} N{1-C(2] =1.466(4),
O(N-Cily = 14413 GEN-0(2) = 1.33245), C{2) Cely = 15534y, O -03) =1.425(4),
Cidy Cidy — 151304, -4y — 1.436(4y, O(5-C5) = 1425y, C3)-Cf6) = 1.524(5).
Cie)- O(2) =1.438(5, 02y C(2)— 14194, Selected bond angles (deg): ND-Ni-O{1) =
76,1013 NEDI=Ni O3 = 782015, C(21=00 23 C6) = 114.8¢20.
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Fig. 4. Perspective drawing of the complex cation [Ni( S-amprX1-Sor-S-ampr)] . Sclected
bond lengths (A): Ni-N(1) = 2.085¢(5), Ni-O(1) = 2.133(4), Ni-O(3) = 2.15%4). N(1)-C(2)
= 1475(8) Oy C(1y =1.438(8), C{1 C(2) = 1.320(9), Ci2) T3 =1.5378) O3)-C(NH=
1.425(7)., C(3)-Ci4) = 1.528(9), O()-Cid) —1.422(7), M3}-C(5 = 14278y, C(5) Cis)-
1.527(9), C{6)-0(2) = 1429%8), O(2)-C(2) = 1.4047). Selected bhond angles {deg):
N =NI-0(1y = 79.1(2), N(1)-Ni-0O(3) = 77.6(2), C(D)-0(2} C(By=1149(3).

tion of the hydroxymethy! group on the anomeric carbon atom {this decides
the overall configuration of the complexes) and will influence the chelate
conformation of the diamine part of the glycosylamine derived rom ketoses.
Consequently, the coordination structures of the glycosylamines derived
from D-Fru, 1-Sor and D-Tag, which have the same S5 C-3 configuration, are
expected to be similar to each other (Figs. 5(a) -3(c)), and a glycosylamine
from D-Psi, which is the C-3 epimer of D-fructose, would form the enanti-
omeric A structurc as shown in Fig 5(d). These structural features are
evident in the circular dichroism (CD) curves of the complexes.

The CI spectra of the ketosylamine complexes are shown in Fig. 1. In the
octahedral approximation, only the lowest ¢nergy d 4 trunsition "‘Azg(F]
— Ty (F) is magnetic dipole allowed for ¢* metal complexes [15]. There-
fore it is ordinarily seen in the pseudooctahedral nickellIl) complexes that
the CD intensity in the ligher energy #/-d transition region ((15-30} X 10°
cm™ ) is significantly weaker than that in the lowest transition region
((10-15) x 10° cm ™) [16-18]. Ilowever, in the case of the ketose—diamine
complexes, where the diamine part is cn, pn or tn. the CD intensity over the
three ¢—d transition regions is comparable. Since these complexes are fairly
distorted from the octahedron, as shown by X-ray crystallography, it seemed
that the two higher energy transitions would be magoelic dipole allowed
owing to the reduction in symmetry {rom (. (Since these complexes
actually have C, symmetry, all electromc states belong to the “A™ represen-
tation. In this condition, all transitions are magnctically allowed.) The
complexes containing D-Fru, 1-Sor or p-Tag moieties, in which each C-3
atom has the samc § configuration, show different CD spectra in the first
absorption region, but their CD spectra are nearly identical with each other
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Fig. 5. Structures of ketose diamine complexes derived from (a} p-lructose, {b] L-sorbose, {(c)
n-tagalose, and (d) D-psicose.

over the second and third absorption regions (Fig. 1). For the complex
containing a D-Psi residue, whose absolute configuration around the C-3
atom is R, the CD pattern in the second and third absorption region is
opposile 1n sign to those observed for the p-Fru, 1-Ser or b-Tag complexes.
This reversal of sign can be atiributed to the configurational elTect of the
glvcosylamine complexes, as discussed above on the basis of the three crvstal
struciures. Therefore the resulis obtained indicate that the coordination
structure of the glycosylanune ligands derived from a ketose and a diamine
significantly contributes 1o the CD signs over the second and third absorp-
tion regions.

In these ketose—diamine nickel complex systems, it was found that the
overal]l configuration of these complexes affects the CIY spectra in the
second and (hird absorption regions. The patlern of the CD curves in the
first absorption region is swaved by the seemingly small chiral effects except
in the overall configurational cffect.

(i) N-Glyeoside complexes derived from aldoses

(a} Nickel(1l} complexes of N-glyeosides derived from diamines and afdoses

718}

The reactions of aldoses with [Ni(en or tn}_«‘]: ' have led to the isolation of
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Fig. 6. Absorption and CID spectra of the nickel{ll1} complexes: (a) [T‘-Ii(D—Gl(;—en}z]2+
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(—-—), {Nip-Gal-tn) )* ' {------ ), [NitL-Rha-tn), 1>~ ¢+~ - }.

the blue octahedral complexes [Ni( N-glvcoside): ], which are made up
from the two tridentate glvcosylamine residues derived from the reaction of
an aldose and a diamine. The magnetic data demonstrate that nickel ions in
these complexes have two unpaired ¢lectrons, and the magneiic moments
fall within the range lor octahedral complexes of nickel(II) [7]. Absorption
and CD spectra of the complexes are shown n Fig. 6. The absorption
spectra of the complexes in the near-[R and visible regions consist of the
three principal bands with comparatively low intensities characteristic af
octahedral nickel(Il) complexes [8].

Thus the preparation methods of these complexes, their magnetic proper-
ties and their electronic absorption spectra are essentially similar to those
for nickel(Il) complexes containing a ketosylamine as described in the
previous section,

Figure 7 shows the X-ray crystal structure of the complex cation in
INi(L-Rha-tn),]Br, - 2H,0 - CH,OH (1). where the two N-glycoside mole-
cules complete an octahedral coordination around the nickel atom in the
meridional mode; the complex has approximately ¢, symmetry. The ab-
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Fig 7. ORTEP drawing and atomic numbering scheme lor the [Ni(L-Rha-tn);]?" ion except
for the hydrogen atoms. Selected bond distances (A¥ Ni-N{1) 2.08%1). Ni-N(2) 2,111
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(deg): N{D-NI-N(2) 92.3(2), N(3)-Ni-N{4) 90.9(2), N(2)-Ni—-0{1} 781(2), N{4}-Ni1-{5)
79123, N1y Ni O(1) 168.7(2), N(2)-Ni-N(d) 165.7(2). N(3)-Ni--O(5) 168.1(2).

solute configuration of the two coordinated chiral nitrogen atoms is S. Each
pyranoside ring of the sugar moicties has the 8-'C, chair conformation. The
hydroxyl group on -2, which coordinates to the nickel atom, is axial with
respect to the pyranose ring. Each sugar residue forms a five-membered
chetate ring with the nickel atom in the A-gaucke conformation. The
3-gauche conformation occurs when D-Man is the original sugar. Each
diamine residue forms a six-membered chelate ring with a chair conforma-
tion. The ring angles at the central atom for the diamine rings are ahout
90°. The values arc significantly larger than those reported for the five-
membered diamine rings in [Ni{en)(D-Fru-en)]Cl, - C11,011 (2) [4]. In 1 the
average angle between the terminal coordinated atoms of the N-glvcoside
ligands at the nickel atom. i.e. N{1}- Ni O(1) and N{3} Ni O(5), is 168.4°.
The corresponding value in [Ni(D-GleN-en), |Br; - 4H,O (3} (GleN 15 gluco-
samine) [19] is 160.7°. Clearly, the M-glycoside ligands in 1 are almost strain
free. The amelioration of such a distortion i 1 is presumably due to the
strain-relieving effcets of the six-membered ring relative to the five-mem-
bered ring in 3. These structural features support the view that six-mem-
bered diamine chelates are an aid in the preparation of metal complexes
with N-glycosides. Actually. sugars reacted with [Ni(in);]*" to give good
vields of the N-glycoside complexes [4,6]. This crystal structure is very
important for predicting the general coordination pattern of mannose-type
aldose units of the N-glycoside ligands.

The crystal structure of [Ni(D-GlcN-¢n),|Br, - 4H,0 [19] is also very
important for predicting the gencral coordination pattern of glucose-type
sugar units, although nD-GIeN is an amino sugar. These data suggest that an
N-glycuside from an aldose and a diamine coordinate to the nickel ion
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Fig. 8. Structures of nickel{}I} complexes containing V-glycosides derived from an aldose and
a diamine: {a) [Ni{D-Glo-gn); ) ' and (b} [Ni{fp-Man-cn), ) .

through the oxygen atom of the hvdroxyl group on the C-2 of the sugar
moicty and through the two nitrogen atoms ol the diamine and the iwo
N-glycoside ligands to complete an octahedral coordination around the
nickel atom in the meridional mode (Fig. 8}). The gauche conformation of
the chelate rimg formed by the sugar moiety will depend on the absolute
configuration around the C-2 carbon atom. and the chelate conformation
involving a sugar residue will influence the absolute configuration arcund
the glycosidic nitrogen atom. For example, when the pyranoid ring of the
D-glucose-type sugars, whose absolute configuration around the C-2 carbon
atom is R, has the wvsual 8-‘C, form. the chelate ring tuken by the sugar
moiety adopts the A-gauche form {Fig. 9(a)). and the absolute configuration
of the secondary nitrogen atom will be §. All these environments are the
inverse of those for the D-mannose-type sugass; the chelate conformation of
the sugar part is 8-guuche, and the absoluie configuration of the secondary
nitrogen atoms is R (Fig. %b)). These structural features are evident in the
CD curves of the p-Glc, p-Gal and p-Man complexes, where the first two
compiexes and the last complex are nearly mirror images (Fig. 6). Thus the
results suggest that some of the coordination patterns of aldose units in their
N-glycoside complexes are predictable by correlation of their CD spectra.

(by A novel p-mannofuranocside binuclear nickel{Il) complex containing
N-ghicosides
1t is well known that N-substituted diamines show somewhat different

-
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Fig. 9. Coordination structures of the N-glycoside ligands: (a) p-GleNeen, (b) p-Man-cn.
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characteristics owing to steric effects and inductive effects. In the work of
Tanase et al. {20}, N,V '-dimethylethylenediamine { N, N '-Me,en) was used
as a diamne component. D-Mannose reacted with [Ni(H,0).(N.N'-
Me,en),}C1, in methanolic solution to give the novel blue-green p-man-
nofuranoside binuclear nickel(Il} complex, p-Man-[Ni,iMeQH) N-p-Man-
N.N'-Meen)}( N.N"-D-Man ,-N. ¥ '-Me.en)ICl, - McOH - SH,0 containing
three N-glycosides formed from N.N'-Me,en and p-Man. A perspective
drawing of the complex cation is given in Fig, 10, The metal centre of the
complex is binuclear with onc of the mannose residues linking the two nickel
atoms. The complex cation contains threc mannosc residues forming N-gly-
cosides with NN -Me,en. Two of them adopt the 8-°C, pyranose form and
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Fig. 11, Absorption {lower curve) and CD (upper curve) spectra: mannose complex ¢
glucose complex (- - ---- N

)8

coordinate to nickel through the glycosidic nitrogen atom and the oxygen
atem of the (-2 hydroxyl group in a manner similar to that in [Ni(L-Rha-
tn), |Br; - 2ZH,0 [18 (a)]. The other mannose residuc adopts the unusual
furanose form and links two nickel atoms with an oxveen bridge via the C-3
hydroxyt group. Furthermore, it attaches to two nickel atoms through the
glycosidic nitrogen atom and the oxygen atoms of the C-2. C-5 and C-6
hydroxyl groups. It seems to be the most suitable form for linking two nickel
atoms because in the furanose form all donor atoms are pushed vut of the
ring plane in the same direction. It is probably for this reason that a stable
binuclear complex was oblained wsing only p-mannose. The resuits of this
X-ray crystal structure delermination suggest the possibility of seclective
complexation for & mannose-type sugar via modification of the diamine in
[(Ni(H,0),(diamine}, }** salts as will be described in the next section.
When p-glucose instead of D-mannose was used as the starting sugar. a
blue—green oily compound which shows CD curves simular to those of the
D-mannese complex isolated above was obtained. although its vield was very
low {Fig. 11). Monosaccharides recovered rom the oily compound proved to
be 28% p-glucose and surprisingly 72% p-mannose, indicating that the
starting D-glucese was partially epimerized during the reaction. This ob-
servation is very important in relation to transformation of sugars by metal
complexes, and in fact gave us a significant clue to develop the C-2



126

epimerization of aldoses promoted by nickel{11)- dianune complexes as will
be described 1n the next section.

(¢} Nickel(II) complexes containing an W-glycoside derived from N N-dif2-
aminoethylethylenediamine and aldoses

Figure 12 shows a perspective drawing of the complex cation in (N, N'-
di( D-mannosyl-2-aminoeethyl)ethylenediamine)nickel( IT) dichloride methanol.
[Ni( ¥, N "-(p-man) ;~tren)]Cl, - CH,OH (1) which was derived from the reac-
tion of |Ni{H,0),(tren)|Cl, with D-mannose, where tren is N, N-di(2-
aminoethyDethylenediamng [21]. The nickel atom is octahedrally coordi-
nated with a cage-type hexadentate N-glycoside ligand (N, N-(D-Man),-tren),
which contains two mannose moietes. Both sugar units adopt the stable
B-*C,-pyranose form and attach to nickel through the glycosidic nitrogen
atom and the oxvgen atem of the C-2 hydroxyl group as observed in the
case of [Ni{r-Rha-tn),]Br, - H,O - CH,OH [1§ (a)]. One of them is in the
facial mode (N(1}, N(2), 1}y and the other in the meridional mode (N{1),
N(3}, O(6)). Further, the cage-type tetradentate tren ligand directs two

Fig. 12. ORTEP drawing of the complex cation [Ni( ¥, N-{D-Man) ,-tren)]**. Selected bond
distances (A); Ni(1)=O(1) 2.110(5), Ni(1)-0(6) 2.182(5), Ni(1)-N(1) 2.181(7). Ni(1)-N2)
2.155(8), Ni{13-N¢3) 2.069(6), Ni(1)-N{4) 2.092(7). Selected bond ungles (deg):
O(L)-Nit1)=N(2) 77.3, O(D-Ni1)-N{3) 1686(3), O(E)-Ni(1)-N(1) 161.2(2),
0(6)-Ni(1)- N{3) 78.62, N(1)-Ni(13-N¢2) 81.8(3), N(1}-Ni{)-N(3) 3.7, N{1)-Ni{1}-N(4)
83.7, N()=Ni(1)-N{4) 154.3(3).
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mannose units to the same side in the complex forming two blocks such as a
hydrophobic polyamine part and a hyvdrophilic sugar part, and this brings
about the unique intramolecular sugar—sugar hydrogen bonding network
(O(5)...O(7) 3030010y A: 0O(4)...0(6). 2.969(8) A) around thc metal
centre; the pair of C-6 oxygen and cvclic oxygen is combined with the c¢is
oxygen pair on C-2 and the C-3 hydroxyl groups. However. for glucose-type
sugars which have the trams arrangement of C-1, (-2 and C-3 hydroxyl
groups, 1t seems difficult 10 form similar cage-type complexes containing
tren and glucose-type sugars. Actually, when D-glucose or D-glucosamine
was used instead of p-mannose, the complexes containing only one sugar
moiety, [Ni{ N-(D-Gle)-tren)(H,O]CL, - 1 /2H,0 (2) and [N N-(D-GlcN)-
tren} H,0)]Cl, - 11,0 (3) were obtained. The results of these studies indicate
that the intramolecular hydrogen bonding around the metal centre is thought
to be a significant driving foree to complete the cage-type complexes
involving sugar-sugar interactions. The magnetic moments and the absorp-
tion spectra indicate that all these nickel(Il) complexes have essentially
octahedral stereochemistry.

Many excellent studies have been made in connection with metal-contain-
ing enzymes [22), discussing the interactions between the amino acid side-
chains contained in transition metal complexes but the literature concerning
the structural details of sugar-sugar interactions around metal centres is
sparse. Accordingly. the sterecchemical features of this complex (1) which
has a unique sugar—sugar interaction could provide useful information for
the study of interactions between oligosaccharide chains in glycoproteins.

fd) Nickelill} complexes containing W-glycosides derived from aldoses and
B-alanine

Weitzel et al. reported [23] in 1957 the isolation of several metal com-
plexes of the N-glycosides derived from an aldose and an amino acid. They
confirmed the composition of the compounds by elemental analysis but
made no comment on the spectral and stereochemical features. Tsubomura
et al. [24] reinvestigated their synthetic procedures, but it was difficult to
isolate analytically pure metal complexes contaiming a series of monosac-
charides. However, blue or green compounds were obtained from the
reaclion between [Ni( f-ala),-(H,0),], which is unusually soluble in
methanol, and bisiamino acidato)nickel(Il) complexes, where S-ala is 8-
alaninato, and the aldoses are D-glucose, D-galactose, D-xylose, 1-ribose,
4,6-0-benzylidene-p-glucose (4,6-Bnz-n-Gle) and 3-0-methyi-p-glucose (3-
Me-p-Gle)). Analvtical data indicated that they have two N-glycoside hgands,
which are made from a f-alanine and un aldose, except tor the 3-Me-p-Gle
complex. The 3-Me-D-Glc complex has an N-glycoside and an aqua ligand
and is solvated with methanol. All these compounds are gradually hydro-
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Fig. 13. Absorption spectra (lower curve) and CD spectra (upper curve): (a) [Ni(n-Gle-8-

ala},]-H,0 ¢ ) [Ni(p-Gal-f-ala). |- C11,0101-1 /280 (- - - - - - ). (b)Y [Ni{D-Xyi-F-ala), |
2HL0 3. [Ni{D-Rib-B-ala)-]-H,O {------ ¥t (Ni(4.6-Bnz-p-Gle-f-ala) , |- 2H 0
(- —), [Nif f-ata)} H,0) (3-Me-n-Gle-A-ala)]- CH O (== o= - ).

lyzed in water. The near-IR and visible absorption spectra and the CD
spectra of these complexes are shown in Fig. 13, The magnetic moments and
the absorption spectra indicate that all these nickelIT) complexes arc
essentially octahedral. The CD intensities of these complexes in the d-d
transition regions are comparable to {or stronger than) those of the previ-
ously studied nickel{ITy complexces containing N-glycosides derived from an
aldose and a diamine [4.18]. Even if the hydroxvl group(s} on the C-3. C-4 or
(-6 atoms were protected, N-glycoside complexes were obtained. However,
no sugar complex was obiained using 2-deoxy-D-glucose. From all these
results, it can be concluded that these N-glycoside ligands derived from an
aldose and f-alanine are tridentate lipands with coordination through the
oxygen atom of the carboxylate of the f-ala moiety, through the oxygen
atom ol the hydroxy! group on the C-2 atom of the aldose residue, and
through the nitrogen atom of B-ala (Fig. 14).

Since the Amadori rearrangement cccurs immediately alter the formation
of the amino acids N-glycoside as the second step of the Maillard reaction
and forms ketose-amino acids {1,25], it is difficult to stop the the Maillard
reaction at the first step and to isolate such N-glveosides. Therefore it 15 an
mmportant fact that the Maillard reaction stopped at the first step and that
the N-glycosides derived from amino acids and sugars can be obtained very
easily using the nickel f-alaninato complex,

fej Nickelfll) complexes of W-glheosides derived from amino sugars and
ethylenediamine [19]
Tris(ethylenediamine)nickel{1T) ions in methano! reacied with the hydro-
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Fig. 14. Proposed struciure of the glucose-type sugar- f-ala complex.

chloride salts of p-glucosamine (D-GleN), D-galactosamine (D-GalN) or
p-mannesamine (D-ManN) to give blue—viclet. paramagnetic bis(tridentate)
nickel{I11} complexes in which the tridentate ligand is the ¥-glycoside formed
from an amino sugar and a diamine. The magnetic moments of these
complexes fall within the range of 2.9 3.4 pu, reported lor octabhedral
complexes of nickel(ID [7]. Absorption und CD spectra ol the complexes are
presented mm Fig. 15, The solution and reflectance spectral results indicate
that geometric structures are essentially equivalent in solution and in the

&£
u.cs
0.06
0.0%
002
o
-0.02
3
40 004
30 -0.06
20}
ih]
©
5 (107
Fig. 15. Electronic absarption (lower curve) and CD) (upper curve) spectra of the complexes
% [Nim=CialN-en), 3" (- - -~ ), [Ni{D-ManN-en),]1*"

in water: [Ni(D-GleN-en), ]2+ (
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Fig. 16. ORTEP view of [Ni{D-GkN-en),)?" ions with the atomic numbering scheme except
for the hydrogen atoms in an asymmetric unit. Selected bond distances (A} Ni(1)-N(1)
216(1), Ni(1)-N(2) 2.10(1), Ni(1)-N(3} 2.19(1), Ni(1}-N@@) 2.15¢1), Ni(1)-N¢5) 21213
Ni{ly N(6) 2.1%1), NK2)-N{7) 2.13(1), Ni(2)}-N{8} 2.09(13, Ny 2)— N 2.19(1}, Ni{2)-N¢{18)
21313, Ni(Z) N1y 2091 Ni2)-N{12)} 222 (1). Selected bond angles (deg):
N{I-Ni1)-N(2) 80.2{0.4} N{1)-Ni(1}-N(3) 15940.4), N{d) Ni(ly N(5) 75.9(0.4).
N{2)-Ni(1}-N(3) B0.2(0.4), N(4)-Ni-N(6} 161.7(0.4), N{S)-Ni(1)-N¢6) 81.%0.4).
N{7T}-Ni{2}-N{8) 80.0(0.4), N(T-Ni(2}-N(9) 159.30.4), N(Z)-Ni2}-N(®) §0.1{0.4),
N(10)-Ni(2)}-N(11) 81.3(0.4), N{10)-Ni(2)-N(12) 162.5(0.4), N¢LD-Ni(2)-N¢12) 81.3(0.4).

solid state. The solution speetra of the complexes in the neas-1R and visible
regions consist of the principal bands »,, », and », with comparatively low
intensities {10-20), which are charactenstic ol octahedral |[NiIIN,]-type
complexes (§]. The complexes obtained exhibit a high degree of hydrolviic
stability in contrast with the mstability of the analogous complexes derived
from monosaccharides [4--6]. This fact is noteworthy in connection with the
medical uscfulness of amino sugars.

A perspective drawing of the complex cations [Ni{-GleN-en);]°* show-
ing thermal motion ¢llipsoids is given in Fig. 16. There are two complexes in
the asymmetric unit. The structures of both complex cations are nearly
identical. The nickel atom is surrounded by six mitrogen atoms at apices of a
distorted octahedron. One nitrogen atom of ethylenediamine binds to the
C-1 carbon of the glucosamine. Two N-glycoside ligands coordinate 1o the
nickel atom meridionally with the A configuration in the same way as the
sumilar tridentate higands: the complex has approximately €, symmetry.
Each N-glycoside higand coordinates to the metal at three points through the
sugar amino group on €-2 and through the two nitrogen atoms of the
ethylenediamine residue. The pyranose ring of the sugar molety is in the
usual B-*C, chair conformation. The two chelate conformations involving
sugar moieties are both A. The arrangement of the group around the
secondary nitrogen atom is S. The twe nitrogen atoms on C-1 and C-2,
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coordinating Lo the nickel atom, occupy equaterial positions with respect to
the pyranose ring. There are no significunt differences between analogous
bond distances and bond angles in the two independent complex ions. The
Ni--N distances are mormal for nickel(IT) complexes containing ethylen-
ediamines [26]. The large deviations from the ideal angle (90°) occur for
ring angles at the nickel atoms for the five-membered chelate rings. The
average angle between the terminal coordinated atoms of the M-glvcoside
ligands at the nickel atom is 160.7°. Thus the complex cations are found to
be highly distorted from ideal O, symmetry. The bond distances and angles
for each sugar moiety are similar to the reported values for N-aceivl-D-glu-
cosamine [27] and the hydrochloride of D-glucosamine [28]. Thus in the
glucopyranose rings, there seems to be no significant strain upon coordina-
tion.

The CD spectra of the three complexes show dominant CD bands in the
vicinity of », and comparatively weak CD bands in the region of », and »,
as discussed above and by Gillard [15] (Fig. 15).

The crystal structure of the [Ni(n-GleN-en),]?* ion indicates that the
gauche conformation of the chelate ring formed by the sugar moiety will
depend on the orientation of the amino group on C-2 of the sugar moicty
and the chelate conformation involving a sugar residue will influence the
absolute confliguration around the secondary glycosidic nitrogen atom.
Accordingly, each amino group of p-glucosamine or D-galactosamine, which
arc the C, epimers of each other. is in the equatorial posttion with respect to
each pyranose ring. producing a A-gauche conformation involving the sugar
moiety and yielding an § configuration for the secondary nitrogen atom. In
contrast, the five-membercd chelate ring involving the D-munnosamine
moiety, which 15 the C; cpimer of D-glucosamine, will adopt the 8-gauche
conformation. and the configuration of the secondary nitrogen atom is
expecled 10 be R, Thus the coordination patterns of the other two N-glyco-
sides (D-GalN-en and p-ManN-en) were predicted as shown in Fig. 17.
These stereochemical features that may have influence on the conforma-
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Fig. 17. Structures of the complex jons: (a) [ND-GleN-en), 5 (b) [Ni{D-GalN-en),]2*; (¢)
[Ni{p-ManN-en},]* .
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ticnal and vicinal effects are in the same sense for the n-GleN-en and
D-GalN-en complexes, and these are in the opposite sense [or the p-ManN-en
complex. In lact, the CD curves of [Ni(n-GleN-en),]** and {Ni(p-GalN-
en}, ] are quite similar to each other, and that of [Ni{D-ManN-cnj,]* ™ has
the oppasite sign in the first absorption region where the first two complexes
and the last complex are nearly mirror images (Thg. 13). Thus the CD
pattern of the first -4 transition offers a potentially useful 1col in assign-
ing the coordination geometry of amino sugars.

tfy CobalttIII} complexes coniaining an N-glycoside derived from ethyvlene-
diamine and aldoses

Metal complexes are divided into two classes, substitution inert and
substitution labite, on the basis of their chemucal properties. Therefore 1t is
interesting to examine these two types of complexes in order 10 elucidate the
mnteraction of sugars with metals.

A monosaccharide (D-Man. 1-Rha or p-Rib) reacted with [{en),Co{O,)
(OH)Cofen),]*~ ions 1o give substitution-inert diamagnetic cobalt(1I1} com-
plexes containing an ¢thvienediamine and an N-glvcoside ligand derived
from ethylenediamine and an aldose [29]. The clectronic abserption spectra
of these complexcs closely resemble each other, and they have two main
praks i the ¢ « (ransition region (Fig. 18). Euch lowesl energy peak shows
a symmetrical curve without any shoulder in the lirst absorption region,
which is characteristic for the ¢is(O-O)-JCoN,O,] type [30]. The CD curves
of [Co(L-Rha-en)(en)]* {2) and [Co(p-Rib-en¥em)]™ (3) closely resemble
each other and are nearlv mirror images of that of [Co(D-Man-en){en)}™ (1)

il K .
3 4 //
o .._"."\..J/S Trem?
L
I-} * € H I.’.‘.I T
Fig. 1. Ahsorption and T spectra of the cobalt{Ill) complexes in water: [Co(b-Man-
end(en)]” (1 ), [Cofr-Rha-en¥en)]™ (2) (-—- -4 [CoiD-Rib-en¥en)]' (3)(------ ).
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TAELE |

Observed H-H vicinal coupling constant values * (fyin the sugar rings (Hz)
Complex ".fl - 3.11_3 JJ_]_J "‘J;__g 3.:‘5_0

1 43 35 21 78 3.4.58
2 4.3 3.5 Z 6.1 6.7

3 4.0 4.0 0.0 411, 5.2 -

* Not simulated values.

in the first absorption region {(Fig. 18}. From the emptrical rule on the CD
signs in this region and from comparison with the CD signs of optically
active ¢is{O -O)-[Co{ O}, (en), |-type complexes in this region [31]. 1 could be
assigned the A configuration and 2 and 3 the A configuration.

The conformations of the sugar rings were analyzed by the observed
U, ;1 coupling constant values (Table 1) on the basis of the Karplus
relationship [32]. These considerations led o the conclusion thal cach sugar
ring in 1 and 2 is not in the usval chair conformation but adopts the 8-S,
skew-boat conformation, and that in 3 takes the five-membered a—z'f} twist
conformation,

Recently, Reuben {33] demonstrated that the isotopic multiplets observed
in the *C NMR speetra of amides. carbohvdrates or amines with partially
deuterated exchangeable protons (NH. NH.. OH) are very useful in spectral
assignments and molecular structure determinations. These multiplets are
due to upfield deuterium isotopic effects on the '*C chemical shifts and can
be observed 1n the slow exchange condinons. Previously, Yashiro et al.
|34{a)] demonstrated the first application of the isotopic multiplets to the
13C NMR spectra of the coordination compounds, which could provide
interesting examples of dihedral angular dependence of the three-bond
effects. Ishida et al. [34(b}] applicd this method to reveal the existence of the
C—N bond formation between the C-1 of a sugar unit and the N atom of en
such as C-1(sugar)}-NHCH,CH,NH,. Cenerally. it can be predicted that
partial deuteration of the coordinated NH, group and that ol the coordi-
nated NH group would cause the neighbouring "*C resonances 1o result in
quartets or in triplets corresponding to three isolopomers {C-N11,, - NDIL,
C-ND,} and those te result in doublets corresponding to two isotopomers
(C-N11, C-ND) respectively. The (' signal of C-1 of the sugar unit of
[Co({p-Rib-en)(en)]* in an H,0-D,0 mixture showed a doublet. and one of
the '7C signals of en gave a doublet as shown in Fig. 19, where all the *C
NMR signals were assigned completely by the “C-'H shill correlation
two-dimensional (2-D)NMR speciroscopy. These results correspond to the
existence of the (wo isclopomers: C-T{sugan)-NH(en) and C-
1(sugur)-NI[Xen). Thus the real existence of the C-N bond in the N-glyco-
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Fig. 19. NMR spectra of [Co{p-Rib-en)en)] ¥: Y C-1H shift correlation 2-D NMR spectrum
{upper diagram) and “C NMR spectrum 1n an H,O D,O (lower diagram) mixture.

side could be unambigiously proven by the upplication of the isotopic

multiplets in the *C NMR spectra.

From all these results, coupled with the inspection of the scale model. it
was concluded that the sugar unit of each tetradentule N-glycoside ligand
facially coordinates 10 the cobalt atom through the N atom on C-1 and

through the twe O atoms on C-2 and C-3 (Fig. 20).
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Fig. 20. Proposed structures of A{Co{p-Man-en)en}*, A-[Co{L-Rha-enjen)]® and A-
[Co{v-Rib-en)en)) ™.

I 1s very interesting that three-point metal bindings induce the conforma-
tional changes from the chair conformation that the frec sugars usually take
[35%. This coordination geometry would be generally possible for sugars
containing the cis arrangement between two hydroxyl groups on C-2 and
-3 such as D-mannose, L-thamnose and D-ribose. However, it seems to be
impossible for sugars containing the #rams arrangement between C-2 and
(-3 hydroxyl groups such as D-glucose and D-galactose. The results of thix
work suggest the novel aspect of selective complexation lor aldoscs.

(fit) Schiff’s base complexes derived from amino sugars

Adam and Hall {36] demonstrated that sugar—salicylaldimine—metal com-
plexes are recadily prepared by reaction, in alcoholic solution, of a salicyl-
aldimine with a metal ion (usually metal acetate). The salicylaldimine
hegands are 2-deoxy-p-glucopyranosyl-2-salicylaldimine (4), methyl-3,4-6-tri-
O-acetyl-2-deoxy-2-salicylaldimino-D-glucopyranoside (7). 1.3.4,6-tetra-0O-
acetyl-2-deoxy-2-salicylaldimine-n-glucopyranoside (8), and methyl-3.4.6-tri-
O-acetyl-2-deoxy-2-(3-carboxylsalicylaldimino}-n-glucopyranaeside (9). These
have been derived {rom 2-amino-2-deoxy-D-glucose and some its derivatives
with salicylaldehyde. Copper(Il}, zinc(Il) and cobalt(Il) complexcs were
formed from ligand 7, whercas only copper(11} would form a complex with
ligand 8. The sugar ligand 4 forms a water-soluble complex with copper(1I),
and ligand 9 forms a binuclear copper(il) complex 16 (Fig, 21). These
products were studied by 'H NMR, visible absorption and ESR spec-
troscopy, mass spectrometry, and by their magnetic moment data. When
nickel{TT) acetate was mixed with a methanol solution of the sugar ligand, no
colour change could be seen, and both starting matenals were recovered
upen volume reduction. This lack of complexation may be due to the
combined effects of 4 normally lower stability constant for nickel—salicyl-
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Fig. 22. Electromic ahsorption and CD speetra of aldonato complexes:  A-
|Co(D-gluconatoeny, ] ), A-[Co{D-giuconato)(cn),]’ {~---=- b A[Co{r-man-
nonato}(en),]’ (-—---}), and A-[Co{l-mannonato}end]™ {---- - ).

aldimine complexes compared with the analogous copper{11} complexes, and
the possibility that the sugar salicylaldimines are poor ligands.

fic) Cobaltf 111} complexes of the aldonic acids f37]

Stable complexes of the type [Cofaldonato)en),] ', where aldonato is the
diacid anion of p-gluconic acid or 1-mannoic acid. were prepared by the
reaction of aldonic acid lactones with rac-[Co{CO,)en),]”. Two diastereo-
isomers (A and A) have been separated by lon exchange chromulography
from cach of the aldonato complexes. These complexes were characterized
by NMR, electronic absorption and CD spectra. The absorption and CD

Fig. 21. 1. Salicylaldehyde; 2, 3-formyl-2-hvdroxybenzoic acid; 3. p-plucosamine HCL 4.
2-deoxy-p-glucopyranosyl-2-salicylaldimine; 5. methyl-3.4.6-n-O-acetyl-2-amino- 2-deoxy-D-
glucopyranose HBr: 6, 1,3,4.6-tetra-Q-acetyl-2-amino-2-deoxy-n-glucopyranose: 7. methyl-
34.6-tri-Cacctyl-2-deoxv-2-salicylaldimino-D-glucopyranoside: 8. 1.3.4.6-1ctra-(-acctyl-2-
glucopyranoside; 9. methyl-3d.6-tri-O-acetvl-2-deoxy-2-(3-carboxylsalyeilaldimino)-n-glu-

copyranoside; 10, [Cu{7),]; 1L [Zni7).]. 12, |[Cal(7). . 13, [Cul8),]: 14, [CoT), ] 15
[CulH.O})] 7 16, [Cu {$,].



Fig. 23. Proposed structure of A-{Co(p-gluconato}en) ] ",

spectra for the series of complexes are shown in Fig. 22. The band positions
and the intensities of the absorpuion spectra flor these complexes are nearly
identical, and their spectral patterns in the first absorption region are
charactenistic for ¢is-(O--0)-[CoN,O,] complexes. Their absclute configura-
tions were determined from the €D signs in the first absorption region. On
the basis of the NMR spectral data. two-point coordination of an aldonato
ligand through the carboxylate group and the deprotonated hydroxyl group
on (-2 was established, generating the five-membered chelate ring. In Fig.
23 a proposed structure of the A-p-gluconato complex is illustrated.

C. ALDOSE TRANSFORMATION AND MOLECULAR RECOGNITION BY METAL
COMPLEXLS

It 1s interesting to develop the methods whereby melals promote lranslor-
mation of sugars 1n bicinorganic chemisiry and in industry. In this section
we introduce our new observations on the novel C-2 epimerization of
aldoses promoted by combinations of metals and amunes involving a novel
rearrangement of the carbon skeleton and the similar reaction promoted by
molybdate [38.39]. Although it i1s well known that a number of enzymes
catalyse transformation of sugars and their derivatives, there is no report of
a specific enzyme which catalyses (-2 epimerizalion of aldoses.

(i} Epimerization by molybdate

Bilik and his coworkers [38] have shown that in mildly acidic molybdate
solutions, aldoses epimerize at C-2 with the formation of a thermodynamic
equilibrium mixture of the two ¢pimers. Generally, the reaction proceeds
without the production of ketoses. and only minor amounts of secondary
products are formed. On the basis of cxperiments with D-[1-"H]glucose that
gave D-[2- 'Hlmannose as the major product {along with starting hexoses).
they proposed that the reaction occurs by hydrogen exchange between C-1
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and C-2 of the c¢vclic sugar with inversion of configuration at both carbon
atoms,

Recently, Hayes et al. [39] investigated the above molybdate-catalysed
(-2 epimerization of aldoses by using *C- and *H-enriched aldoses and *C
NMR spectroscopy. The epimerization product of p-[1-"Clmannesc was
exclusively D-[2-""Clglucose, demonsirating that the reaction involves a
1,2-shift of the carbon skeleton, resulting in nversion of configuration at
C-2. All the aldoses exarmned reacted similarly, producing eyuilibrium
mixtures of the starting [1-'*Claldose and the 2-epimeric 2-1*C produet.

They proposed the reaction mechanism that the aldehvde aldose forms
anionic complexes with dimelvbdate involving the carbonyl oxygen and the
hydroxylic oxygen atoms at C-2, C-3 and C-4 (1) as shown in Scheme 1. In
this complex, rearrangement {(epimerization) can occur through a (ransition
state (2) in which C-1 and C-2 are enanticmernic. Bond formation between
(C-2 and C-3 regencrates the starting aldose while bond formation between
C-1 and C-3 produces the C-2 epimer (3). Besides catalysing hond breaking
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Fig. 24. Perspective drawing of molybdenum{¥1} complex of n-lyxose.

and formation, the molvbdate complex assures the stereospecificity of the
rearrangement. In the complex, only the C-2 epimeric aldoses can form
through the inversion of the C-1-C-2 fragment. The configuration at C-3 is
maintained since bond breaking and bond lformation oceur on the same face
of this carbon. Formation of a strong complex with molybdate induces
rehybridization so that in the transition state, C-1 and C-2 have the same
hybridization and form a transitory tricentric bond with C-3.

This mechanism is consistent with all the experimenial observations: (a)
only aldoses rcact, (b) OH-2 and OH-3 arc essential, (¢) OH-4 is not
essential hut is an important determinant of rate, (d} H-1, H-2 and H-3 are
retained in the reaction, and, most importantly, {¢} epimerization at C-2 iy
accompamed by a 1,2-shift in the carbon skeleton.

Tavlor and Waters [40] reported interesting work on the molybdate-cata-
lysed C-2 epimerization of pentoses and stereoselective complexation of one
of the C-2 epimeric pentoses. They obtained a complex composed of two
molybdates and one sugar moiety derived from the reaction hetween am-
monium moelybdate and D-xvlose and determined its crystal structure by
X-ray crystallography. The molecule is illustrated in Fig. 24 together with
relevant distances. The metal centre is binuclear with a triple-oxygen bridge
linking the two molybdenum atoms. All Mo-O distances are normal. The
monosaccharide in the complex is in fact D-lyxose in an unusual furanose
form. This observation indicated that molvbdenum({VI) catalyzed the C-2
epimerization of the starting D-xylose and cstablished an equilibrium with
its C-2 epimer, D-lyxose, and this sugar preferentially complexed with the
metal centre.

(i} Epimerizarion and stereaselective uptuke of aidoses by nickel(I1I) complexes

Previouslv, when we used N, N -dimethylethylenediamine as the diamine
component, of the many natural aldoses, only b-mannose gave a binuclear
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nickel{ll} complex containing N-glycosides. and we determined its crystal
structure by X-ray crystallography [19] as described in the earlier section. in
addition when we used D-glucose as a starting sugar, a nickel{II) compiex
containing D-mannose was surprisingly obtained, although its vield was very
low and it couid not be obiained as a solid compound. In the light of these
results, we investigated the reactions of natural aldoses and nickel(1l)
complexes of diamines in order to develop a suitable complex for metal-
assisted epimerization of monosaccharides and to establish the stereoselec-
tive complexation of various aldoses. Firstly, we simplified the reaction
between aldoses and diamines in the hope of emphasizing the bridging
abilily of the N-mannofuranoside residue, as observed in the previous case
[19]. Secondly. we chose N, N N'-trimethvicthylenediamine (tmen) as the
diamine componenti, which has only one reactive proton (secondary amino
group) 1a the molecule,

(aj Epimerization of aldeses by nickelll} complexes of N-alkyl group
substituted diamines

Aldoses are vapidly epimerized at C-2 in the presence of [Ni(H,0),
(tmen). |C1, in methanolic solution (Table 2). and of the two -2 epimers,
only the mannocse-type epimers having the cis arrangement of the C-2 and
C-3 hydroxyl groups (D-mannose, D-lyxose, and D- or i-rhamnose) form
complcxes stercosclectively with nickeK1i) (Scheme 2) [41]. When D-Gal,
D-Tal, D-Ara and p-Rib were used as the starting sugar, they were epimer-
1zed but gave iwo kinds of complexes and the stercoselective complexation
was nol realized. as shown in Scheme 2. However. when N, N, N -irimethyl-
propylenediarmne was used as the amine component, all the aldoses used
were epimerized, and the mannose-type epimers were incorporated into
nickel{1l) complexes stercospecifically (Scheme 2). Sugars are easily re-
covered from the complexes by treatment of stightly acidic aqueous solu-
tions. [t was also revealed that these nickel(1T) complexes promote C-2
epimerization of aldoses to provide rapidly a near-equilibrnium mixture of
-2 epimeric aldoses without forming any detectable side-reaction products
including ketoses {Table 2).

Bilik and coworkers |38] and Havnes et al. [39] reported the closely
related reactions described in the previous section, in which, in mildly acidic
solutions of molybdate. aldoses epimerize at C-2 over a long reaction time
(90° C, 2-13 h) with the formation of a thermodynamic equilibrium mixture
of the two epimers. Contrary to this, the present reaction is very fast (60°C.
3-5 min) in mild basic conditions and involves the stereoselective uptake of
the mannose-type C-2 epimers. The new aldose transformation system is
depicted in Scheme 3. This cychic system mvelves the process of C-2
epimerization of sugars and the stereospecific coordination of one of the C-2



142

TABLE 2

Ratios of C-2 ¢pimeric aldoses obtained from 1he reactivn promoted by nickel{113-diamine
complexes

Ne. Substrate  [Ni]/ Diamine ®  Condition Ratio ol Yield of
{sugar] * C-2epimers®  total aldoses
(%) "*
Gle: Man
1 p-glucose 1 tmen &60°C, 4 min 45:55 94
2 p-glucose 0.1 tmen 60°C, W0 min 6931 82
3 p-mannose 1 tmen &0°C, 4 min 34466 93
Qui:Rha
4 p-quinohose 1 tmen 60 C. 4 min 55:45 85
5 L-champose 1 tmen 63°C. 4 min 35:45 91
Xyl:Lyx
& D-xylose 1 tmen 60°C.3min 49:51 79
7 n-aylose | tmpn 65°C, 2 min 4]1:59 71
g D-lysose 1 tmen 60°C. 3 min 50:50 Epl
9 p-lyxose 1 tmpn 65°C. 2 min EDA] 67
Ara: Rib
10 1-ribose 1 tmen 65°C, 2 min 3169 85
11 p-rihose 1 tmpn 63°C. 2 min 17:83 69
12 D-arabinase 1 tmen 65°C, 2 min 34:46 67
13 p-arabinose 1 tmpn 63°C, 2 nun 36:064 6d

* [Ni(H ), (diamine), JC1, and the starting aldose (substrate) with the stated ratio of
[MNi)/[sugar] were incubated at 60—65°C in methanol. ® tmen = ¥ N N "-trimethylethylene-
diamine; tmpn = N, ¥ N'-trimethyl-{ § )-propylenediamine. ¢ Ratios of C-2 epimeric aldoses
based on the obtained aldoses. Y Yields (%) of total alduses based on the starting sugars.

epimeric aldoses from which the mannose-type sugars are recovered by
hydrolysis. Therefore this reaction has much potential for the synthesis of
expensive and naturally rare aldoses, including acid-unstable oligosac-
charides from their C-2 epimers, as well as being of theoretical importance,

p-[1-"*C]Glucose was used as a starting sugar to clarify the mechanism of
this C-2 epimerization [42], the results of which demonstrated that the
present reaction involves a novel exchange of -1 and C-2 atoms hy
inversion of the C-1-C-2 fragment and proceeds without any C-H proton
exchange in a deuterium-labelled sclvent. Several blank tests suggest that a
certain complex of Ni>", tmen and aldose is the reactive species in this
epimerization. When N, N, N’ N '-tetrumethylethylenediamine (tetmen),
N, N, N’ N’actramethyltrimethylenediamine  (tetmin) and triethylamine
were used as the amine component. the starting aldose was epimerized at
C-2 with the combination of tetmen and Ni®' ions and almost no epimeriza-
tion occurred with Ni®*—tetmin and Ni**-triethylamine systems. These
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results indicated that the length of the methylenc carbon chain of the
diamine is extremely important and the formation of N-glycosides is not
essential for this epimerization since aldoses do not form N-glycosides with
the tertiary amines. In the hghi of these results. coupled with inspeciion of
the above *C NMR study, we proposed a possible mechanism for epimeri-
zation in the Ni’* -diamine—D-glucose system in Scheme 4, i.e. p-glucose
{substrate) reacts with the diamine to give the carbinol -ummonium-like
adduct (not N-glycoside) which forms the reactive complex 1 with Ni‘'. In
this complex, C-2 epimerization can occur through a transition state (2), in
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+
Mol 1
TS { A
A e
. /.!_.. P
—_
Ni-tetmen - S d \\_)
i = FETAS Ni-termen
\l:';b,
/ — i
i Ko I\?/H ko/;“':},,«
o — HCIIH' o ! e . 21 .
A Wi = - HO HH
HE N i Hion =
o T — - Hom oG
6ic Cham Myt T Loqom
3 4}3 ,]_\N 2
"?'Ic‘*lli“‘“l »nf. N
Ni-cetmen ! "%\ N I_\_\a / Hi-tetmer
Hm ™ bt
T |
,::;d,;‘ ) \) 1
Ko faly, vty
; -
T Som
b o
{2)' {13

Scheme 4.



145

which C-2 C-3 bond bresking and C-1-C-3 bond formation take place
simnultanecusly. accompunied by elimination of the diamine residue. The
product. p-mannose, is then disconnected from the reactive complex. Al-
though this novel rearrangement was observed in the C-2 epimerization by
molybdate [39]. the present reactions provide the first example of its
occurrence using metals and nucleophilic diamines under mild basic condi-
tions: this method might be developed to provide a general 1.2-carbon shift
reaction of carbohydrates with metal complexes.

Oligosaccharides have widespread occurrence in nature: in glycoproteins,
glycolipids, proteoglycunes, and anti-tumors as well as in cell walls of plants,
starch, and glvcogen 1n animal cells. Hetero-oligosaccharides in glycopro-
teins and glycolipids on the surfaces of animal cell membranes have espe-
cially attracted much attention becausc they plav important rolcs in cell—cell
recognition and adhesion, tissue typing and hormone receptor sites. There-
fore it has been desirable 10 develop the simple and effective synthetic
procedures of naturally rare oligosaccharides in the field of biochemistry.

The newly discovered sugar transformation reaction using [Ni(H,0),
[lmcn)z]“ was applied (o the synthesis of the (1-6)-linked disacchandes
having the mannose reducing terminal from their -2 reducing terminal
epimers which are abundant in nature and are very difficult to synthesize by
organic procedures (Table 3) [43]. The detailed structures of these disacchar-
ides were determined by 2-D NMR spectroscopy (H-H shilt relationship,
proton J-resolution) as shown in Fig. 25, (1- 4)-Linked disaccharides (p-
lactose (4) and D-ceilobiose (5)) were not epimerized in this reaction.
Although conspicuous epimerization did not occur with n-maltose (6), the
results of the complete hydrolysis of the reaction mixture (Gle: Man)
indicate that slight C-2 epimerization had occurred. With respect to the
effective synthesis of mannose-reducing ternunal disacchanides, using natw-
rally abundant polysaccharides as starting sugars, Bilik et al. reported the
C-2 epimerization of D-melibiose by molybdate [37 (g)]. in which the yield of
D-Gal-{1-6)-D-man is comparatively low (25%) because of its thermody-
namic instability, and both substrate and product are likely 10 be hydrolysed
under such acidic conditions. Therefore the present reaction might be
superior to the epimerization by molybdate. In addition, this reaction has
the substrate selectivity that distinguishes between (1-6) and (1-4) O-glyco-
sidic linkages. These features could be very important in relation to the
enzymatic reacitons as well as mechanisms of the (-2 epimerization.

{b) Stereoselective uptake of one of the epimeric aldoses by nickel(I])
complexes

Both (-2 epimeric pairs of aldoses such as p-Gl¢: p-Man, D-Qui:L-Rha,
1-Gal : p-Tal, D-Ara: p-Rib and p-Xyl: D-Lyx reacted with [INi(H,O),(tmen
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TABLE 3
Results of (-2 epimerization of disaccharides
No. Substrate Diamine C-2 epimerization products Recovered
Formula Yield (%) * ;ubs:rme
{%)
1 melibioss (1) tmen"  an-Gal(1-6%D-Man (§) 48 a4
2 melibiose (1) tetmen®  a.D-Gal-(1-6}p-Man ($) 39 52
3 isomaltose (2) tmen a,0-Gle-(1 6)-D-Man {9) 54 44
4 isomaltosc () tetmen &, D-Gle-1 1-63-p-Man {9) a8 45
5 genuobiose (3) tmen B.D-Gle-{1-6)-D-Man (1 41 55
6  gentiobiose (3) 1crmen Bao-Gle-(1-6)n-Man (1) 32 56
7 lactose (4) inen — 0 93
£ cellohiose (5) tmen — 0 94
9 mahose (6) tmen o.D-Gle-(1-4)-»-Man (1D 11¢ 81
10 laminaribiosc (7)) 1men o, 13-Gle-{1-3-D-Man {1234 9¢ 88

* High performance liquid chromatography vicld based on the starting disaccharides, ®
Substrates were trealed with [Ni{H Oho(tmen); JCL, for 13 min at 60°C in methanol.
tmen = ¥, & N'-trimethylethylensdiamine. © Substrates were treated with Ni€Cl, (1 equiv-
alent) and tetmen {2 cguivalents) for 10 min al 64°C in methanol. tetmen = NN N N '-
tetramethylethylenediamine. ¢ The yield and the structure were determined from the resuit of
complete hvdralysis of the reaction mixture.

TABLE 4
Best-lit values of some of the structural parameters of the sumples and of the reference
materials determined from EXAFS data

No. Complex EXAFS X-ray
Neighbour atom F{A) o{A) N R* r(A) N
1 Nickel foil 1st Ni-Ni 246 0063 120° 0066 249 12
Complex 1 Ist Ni—ON® 212 0084 60" 0265 212 6
(INi(L-Rha-tn),1° ")
3 Complex 2 Lst Ni-QN® 214 0077 30 0230 210 6
2nd Ni-Ni 359 0045 09 0034 360 1
(INi 1 {MeQH} ¥-D-Man-¥. N -Meen} &, ¥ -p-Map N . ¥ -Me.en)]** )
4 Complex 3 151 Ni-ON" 221 0122 68 0206 - -
2nd Ni-Ni 326 009 213 006l - -

" Reliahility factor, which indicates the quality of curve fitting, defined by R = [Z[(k*x),p,
— () e/ EI K ) ]} 72

® The number { N} of neighbour atoms relerences 10 nickel [oil and complex 1, [Ni{1.-Rha-
iy,

¢ All back-scattering atoms in the {irst sphere are caleulated as oxygen atoms.
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or tmpn),]** to give the identical green complexcs containing only man-
nose-type sugars such as Man. Qui, Tal. Rib and Lyx (Scheme 2). These
green complexes are too hygroscopic 10 be isolated as powders suitable for
the usual characterizations.

in order to elucidate the factor that caused the stereoselective uptake of
one of the C-2 epimeric aldoses. the nickel(1T) complexes containing N-gly-
coside complexes were investigated by extended X-ray absorption fine
structure (EXAFS) spectroscopy j44).

Figure 26 presents the results of Fourier transforms of the EXAFS data.
The results of the curve fitting analysis are presented in Table 4. One Ni-Ni
distance (3.59 ;\) was rcfinable, consistent with the crystallographic data on
complex 2, p-Man-{Ni,(MeOID( N-D-Man-N¥. ¥ ’-Me,en)( ¥, N -D-Man ,-
NN Me,en)Cl, - MeOH - 3H.O [19] in which the mannofuranoside
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Fig. 26. Fourier transform of k*x{k): ¢a) Nickel foil; (h) p-Man-[Ni,{MeOHX N-D-Man-
NN -Meen)( N, ¥ '-p-Man -N, N "-Me,em)}Cl ;- MeOH 5H ;0: {<) nickel{ll)-1men-mannose
complex; (d) [Ni{e-Rha-tn);]8r,-2H,0-CH,OH.
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residue links the two nickel atoms. Similarly. the best fit was obtained for a
mean Ni Ni distance of 3.28 A for the unknown nickel(I[}-tmen-mannose
complex 3. The results of the present EXAFS study show that the complex 3
has a nickel polynuclear structure involving the N-mannofuranoside bridg-
ing. Our recent LXAFS studies {44 (b)] also suggested that D-Rib and p-Lyx
complexes form similar polynuclear structures involving M-furanoside bridg-
ing as observed in the case of D-Man. All these results of EXAFS studies
suggest that the key to the steranselective complexation of mannose-type
aldoses having some donor groups lies in the bridging part of the man-
nofuranoside residue which seems to have a strong alfinity for nickel(IT)
ions,

. . . . . . . . P N BN
(iii} Epimerization by combinutions of various meiad ions (Ca”, Co”*, Sr- 7,
Prit. Ce' ) and anines [43]

The C-2 epimerization of aldoses {D-Glc and D-Man) was examined, in
methanol, by combinations of diamincs, monoamines or aminoalcohols with
some transition metal, alkaline earth metal and rare earth metal ions which
have affinity for carbohydrates [46]. Among the metal ions used, only Ca®*,
Co®", Sr**, Pr** and Ce’~ proved to be effective, as listed in Table 5. The
Ca3+—El3N (iriethylanune) system 1n parlicular has many advantages for

TABLE 5

Results of C-2 epimerization of aldoses promoted by metal ions and nucleophilic reagents

No. Metal Nugcleophilic p-Glucose (substrate} ¥ p-Mannose (substrate) *
ions © reagent * o=-Man n-Gle D-{ile n-Man
(%" (%) ° (%" (%
1 Ni**  {CH4),NCILOCH,NCH,), 55 43 41 53
2 Nift Et,N Trace w9 0 100
3 Co®™*  (CH,;),NCH,CH,N{CH,}, 17 67 7 B8
4 Ca®' (CH,),NCH,CH,N(CH,}, 17 74 2 93
5 Ca**  E1N 38 32 10 74
6 Ca*  F1,NH 38 25 17 66
7 Ca®' {iPr),NH 37 33 17 62
8 Cal*  (CH,),NCH,CH,0H 18 66 Trace 86
9 Ca®*  NH,CH,CH,0H 14 63 6 78
10 0 {(CH,),NCH,CH,N(CH,}, 3 86 2 97
11 S+ Ei,N 15 65 12 7
12 prit E(;N 7 70 2 78
12 Ce*t Et,N 5 74 2 74

® Srarting aidoses were treated with metal ions (1 equivalent) and nucleophilic reagents (2 equivalents)
in methanol at 60°C for 5 min. * Yields of C-2 epimers based on the starting aldoses. p-Man = D-
mannose; B-Gle = p-glucose, © Yields of recovered starting aldoses.
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practical use, although some defects were observed; low yiclds of €-2
epimeric aldoses compared with those in the Ni{l[)-diamine systems and
kelose (D-fructose) formation as byproducts.

“C NMR studies using [1-"*Clo-glucose of the Ca? —Et,N system re-
vealed that a novel C-2 epimerization of aldoses involving the exchange of
C-1 and C-2 atoms by inversion of the C-1-C-2 aldose fragment, as
observed in the case of nickel(Il)-diamine complexes [41] and molybdate
[39], 2nd ketose formation without rearrangement of the carbon skeleton
occurred. On the basis of these results, we proposcd a plausible mechanism
[or the C-2 epimerization and the aldose—ketose isomerization (Scheme 3).
Aldoses are epimerized through intermediate complexes (1a, 1b) in which
starting aldoses might attach to Ca?™ ions in an open-chain form and and in
a conformation suitable for stereospecific rearrangement. As for ketose
formation (byproduct), this proceeds via an ene-diol intermediale forming a
chelate with Ca?*-2, promoted by the monoamine which acts as a base
catalyst [47].

Analogous C-2 epimerization mught cccur i biological systems, since
Cuo®" jons and simple amine residues are often observed in such systems.
Thus this work could suggest a significant new important role of Ca’” ions
in biclogical systems,

D. PLATINUM(ITY COMPLEXES CONTAINING AMINO SUGARS HAVING ANTIL-
TUMOUR ACTIVITY

A great number of platinum complexes have been examined since the
anti-tumour activity of cisplatin was shown by Rosenbearg et al. [48]. Much
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work has been devoted 1o decreasing their toxicity and increasing their
solubility, Many complexes. including various anionic leaving groups instead
of chloride ions have been prepared, but in almost all cases ammine or
simple alkylamines, which are toxic themselves, have been used as the
neutral ligands [49].

Recently, many anti-cancer rcagents that have sugar residuc(s). c.g.
blecmyein, adriamycin and many antibiotics, have been widely used clini-
cally. Therefore it is of interest to examine the action of platinum com-
pounds having sugar residues in vivo. [n addiuon, metal complexes contain-
ing sugar residues are expected to exhibit fairly good solubility since sugars
contain hydroxyl groups.

Tsubomura et al. [50] have synthesized and fully characterized cisplatin-
type complexes of amino sugars, [PtCl,{amino sugar)], for the [irst time. In
this study, methyl-2,3-diamino-2,3-dideoxy-a-p-mannopyranoside  {D-Me-
ManNN), methvl-2.3-diamino-2,3-dideoxv-#-D-glucopvranoside (D-Me-
GleNN) and 2,3-diamino-2,3-dideoxy-n-glucose (D-GleNN) were used. The
structural assignments of the newly prepared complexes [PtCl,{D-GleNN)]
(1), [PtCl.{D-Me-GleNN)Y] (2) and [PiCl{D-Mc-ManNN)] (3} were made by
absorption, CD and NMR spectroscopy (Fig. 27). The chelate conforma-
tions of the three diamino sugars are 8, § and A in the D-GleNN.
D-Me-GleNN and D-Me-ManNN complexes respectively. These stercochem-
ical features that may have influence on the confermational effect in their
CD spectra are in the same sense for the np-GleNN and p-Me-GleNN
complexes, and in the opposite sense for the p-Me-ManNN complexes.
These structural features are evident in the CD curves; the €D curves of 1
and 2 are quite similar to each ather and that of 3 has the opposite sign; the
first two complexes and the last complexes are nearly mirror images (Fig,
28). These complexes, especially complex 1, are rcasonably soluble in water.
The crystal structure of compound 3 was confirmed by X-ray crystallogra-
phy (Fig. 29). Two chloride ions and a bidenilate D-Me-ManNN ligand
complete square-planar coordination around platinum through N{1) and
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Fig. 28, Absorption (upper) and CD (lower) spectra of the platinum(fl} complexes:
[Pl 5(n-GIlcNNY] | 3o [Pl -Me-GIeNN)] (- --—- 3 [PtCl¢n-Me-ManhN¥N)]
(------ ).
@9&1
ClB} ¢

Fig. 29. ORTEP drawing of [PtCl,(n-Me-ManNN)] H,0. Selected bond distances (A
Pi-Cl{1) 2.305(4), Pr- Ci(2y 2.310¢4), Pi=N(1) 2.02{1). Pt—=N{2} 2,031y, N{1}-((2) 1.49(2),
N(23-C{3) 1.51(1); Selected bond angles (deg): CL(1)-Pr—CL(2) 92.8(1) N(1) Pt N(2) 83.5(5}
CD-Pe-N{1) 174.8¢3), CHH)-P1—N{2) 174.3(3).
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TABLE 6

Anti-tumour screening results of platinuny Il complexes (T,/C%), wested against sarcoma
S180 and levkema L1210 #

S1s4 L1210

[PtCl,(D-GleNN))-H .0 220 411 106 127

(m (B3 (%) (32)

1Pt (D-Me-GleNN)| -3 /216,00 16 145 122

8 {16y {32y
[PIC], (D-ManNNy) " 129 269 326 237 127 118
(5 (1 (200 (50 {32 164)

[PtCT,(13-Me-ManNN)|- H ) 139 236 108 127

(10 5y (8 {3}

[PiCL,{NH),] (cisplating 237 1500200
{¥) (7

! Dose (mg kg '} is given in parentheses. * T, Suami, personal communication. 1986,

N(2). The pyranose ring of the p-Me-ManNN unil has the a-*C; chair
conformation. The amine groups on C-2 and C-3 are axial and equatorial
respectively with respect to the pyranose ring. The Pt—N{1)}—-C{2)-C{3)-- N(2}
chelate adopts the A-gauche conformation. Although intermolceular hydro-
gen bonds are found between solvated water molecules. chloride ions,
hydroxy!l groups and amino groups, no intcrmolecular interactions between
platinum atoms is ohserved.

These complexes, especially complex 1, show good anti-tumour activity in
vivo against sarcoma S180 in mice: T/C 411% (ICR/CRJ mice. 10° cells
(Table 6). Schedule day 1: dose 50 mg kg '. iLp.). The 1/C value for
cisplatin is 237% (dose, 8 mg kg™': other conditions are the same), These
newlv obtained complexes are reasonably soluble in water (solubility is
greater than 20 mg ml ! for complex 1, and greater than 2 mg mi~' for
complex 3 at 35° Q).

This study thus confirms that platinum complexes containing sugar
residues may easily be prepared. and promises that a number ol novel
anti-cancer complexes containing ammo sugars could be prepared since
many amine sugars have widespread occurrence in nature.
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