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[. Introduction

Biosynthesis of carbohydrates is a basic process of
life and quantitatively the most important one.
Monosaccharides are fundamental biomolecules in
that they are the building blocks of polysaccharides.
They are the constitutional parts of complex lipids
(glycolipids) and proteins (glycoproteins). They are
also building blocks of nucleotides and, hence, of
nucleic acids and of the chemical ADP/ATP energy-
storage system. Thus, carbohydrates exert a wide
range of functions in living organisms, and due to
the wide distribution of metals and their complex
functions for all forms of life, metal—carbohydrate
interactions are a key for understanding bioinorganic
chemistry, and the study of complexation of carbo-
hydrates to metals is one of the main objectives of
carbohydrate coordination chemistry.

From a coordination chemistry perspective, carbo-
hydrates are abundantly functionalized with weak
donor sites. Water is an effective competitive donor
for nonfunctionalized carbohydrates. Thus, the coor-
dination behavior in water and in noncompetitive
organic solvents may be totally different. On the
other hand, carbohydrates properly functionalized
with Lewis-basic substituents (“anchoring” groups)
may form highly stable complexes with practically
all metals. Many carbohydrates easily undergo redox
processes. Facile oxidation can abrogate metal bind-
ing, particularly so with high oxidation state transi-
tion metals.

Due to the manifold donor sites of nearly equiva-
lent oxygen atoms and due to equilibria between
several isomers, saccharides are, in general, very
versatile, “chameleon”-like ligands. Simple aldoses,
for example, may exist in agueous solution as acyclic
aldehydes and the corresponding hydrates, as a- and
p-pyranoses, and as o- and S-furanoses (Scheme 1).
The aldehyde, pyranoses, and furanoses are consti-
tutional isomers, whereas o and § anomers represent
stereoisomers. Constitutional and stereoisomeric ra-
tios vary with structure. For example, the pentoses
D-arabinose, D-lyxose, p-ribose, and bp-xylose were
found (D,0; 28 °C) in relative abundance of 0.8—7.4%/
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0.6—13.2% a-/3-furanose, 20.2—70.8%/26.9—62.0% o-/
B-pyranose, 0.06—0.10% hydrate, and 0.01—0.04%
aldehyde.! Furthermore, different conformers of fura-
nose and pyranose rings may render totally different
modes for metal binding. An illustrative example is
pB-p-glucopyranose, the main isomer of p-glucose in
aqueous solution (62% at 31 °C). In its most stable
form (*C; conformer), all hydroxyl groups are equa-
torial and there is no way for facial coordination to
a metal. By flipping into the less stable C, con-
former, two syn—axial hydroxyl groups and the
exocyclic hydroxyl group or the pyranose oxygen
atom, respectively, provide opportunities for facial
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coordination (Scheme 2). Further examples of diver-
sity in coordination modes due to ring flipping are
cyclohexane-based polyamino—polyalcohol ligands.
Thus, one chair form of 1,3,5-triamino-1,3,5-trideoxy-
cis-inositol (taci) is facial-N3- and facial-N,O-binding
and the other one facial-Oz- and facial-O,N-binding.?

The relative ratio of isomers of saccharides may be
strongly affected by complex formation, and less
stable forms may be “frozen” in complexes. Further-
more, formation of chelate complexes offers a means
of making inherently flexible saccharides more rigid.
Such is the case with furanoses. Thus, for further
development of carbohydrate coordination chemistry,
it is necessary to determine the coordination modes
of carbohydrates. This is a challenge, particularly for
transition-metal complexes, because single crystals
suitable for X-ray diffraction measurements are
difficult to obtain and conventional NMR spectro-
scopic measurements are not able to discern the
coordination mode in many cases. The full repertoire
of modern spectroscopic methods such as multi-
nuclear and two-dimensional NMR spectroscopy,
relaxation measurements and NOE experiments, FT-
IR and Raman spectroscopies, and single-crystal
X-ray measurements are necessary to characterize
coordination modes of carbohydrates. This is the case
both in solution and in the solid state.

For platinum-group metals, “simple” nonfunction-
alized carbohydrates are unique weak ligands. The
same holds for alkylated, acylated, and acetal-
protected carbohydrates (Chart 1, A). Here we as-
sume these carbohydrates to be nonfunctionalized.
There are, however, several strategies to increase
donor capability. Stronger binding anionic carbohy-
drate ligands are obtained either by deprotonation
of one or two hydroxyl groups or by formation of
carbohydrate carbanions (Chart 1, B). Analogous
“abiotic” ligands are alcoholato/diolato ligands and
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Chart 1
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oxygen-functionalized alkyl/cycloalkyl ligands, re-
spectively. Functionalization of carbohydrates with
ligating (“anchoring”) groups leads to stronger bind-
ing ligands. Examples are given in Chart 1 (C). Due
to the dominant coordination ability of the anchoring
groups, in many cases such complexes behave simi-
larly to those with corresponding carbohydrate-free
(abiotic) ligands. Furthermore, ligating groups can
be bound via a spacer to carbohydrates (Chart 1, D).

Carbohydrates are naturally occurring enantio-
meric pure compounds (“chiral pool”). Thus, apart
from the biological area, carbohydrate—metal inter-
actions are of interest in metal-assisted or metal-
catalyzed enantioselective synthesis. Because plati-
num-group metals play an important role in homo-
geneous catalysis, carbohydrate complexes of these
metals are of special interest.

Starting in 1966,° several reviews describing sugar—
metal complexes were published, among them the
“classics” from Angyal.* Recent reviews by Verchere
and co-workers® and by Alekseev and co-workers®
discuss carbohydrate—metal complexes in solution
and complexes of natural carbohydrates with metal
cations, respectively. Piarulli and Floriani” and Gyurc-
sik and Nagy?® reviewed mainly carbohydrate com-
plexes of transition metals. The present review is
directed to carbohydrate complexes of platinum-
group metals where coordination—chemical aspects
of isolated and well-characterized complexes are
brought into focus. Complexes with ligands that
contain carbohydrate moieties remote from the liga-
tor atoms (Chart 1, D) are not considered. Complexes
with more complex bioligands having integral car-
bohydrate moieties such as nucleosides and nucle-
otides and medical and pharmaceutical aspects, as
especially important for platinum complexes with
respect to their cytotoxic and antitumor properties,
are not discussed as well.®
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ll. Carbohydrate Ligands with Donor Groups
A. N-Binding Substituents

1. Monodentate N-Donor Ligands

Aminomonosaccharides with protected 1-OH groups
react with potassium tetrachloroplatinate to give cis-
[MCI(NH2R)2] (1, M = Pt). Similar reactions carried
out with trans-[PdCI,(PhCN);] or Na;[PdCl,] yield the
corresponding palladium complexes (1, M = Pd)
(Chart 2).19 Protection of the hemiacetal moiety

Chart 2
Cis-[MCIx(NHoRen)o] 1 (M = Pd, Pt)
NHZRCh.

QAc O Ph/v
AcO
AcO
OH ><O NH2
HO&N
HO N OMe

f

@]

NHy 0
\
cis-[PtCl(NHRen) 2] OH
o}
HC
2 NHRg: m
H
o] NH OH

prevents reduction to metallic platinum or palladium.
With p-glucosamine, an aminosugar with a nonpro-
tected hemiacetal moiety, K,[PtCl,] reacts in water
at room temperature to give metallic platinum as
main product. Alternatively, at lower temperature (5
°C), the expected cis complex 2 was obtained (Chart
2).11

The Schiff base of tetra-O-acetyl-p-glucosamine
Rc.n—N=CH—Ar reacts in aqueous methanol with K-
[PtCl,4] to effect hydrolysis of the benzylidene group,
yielding the monosubstituted ionic complex 3 as main
product (Scheme 3). This occurs not only when the
substrates are in a 1:1 ratio, but also when a 2:1 ratio
exists. Furthermore, cis- and trans-bis(tetraacetyl-
glucosamine) complexes 4 and 5, respectively, and a
small quantity of trans-bis(benzylidene-N-glucosamin)
complex 6 were isolated. The proposed intermediates
en route to these complexes are shown in Scheme 3.
The formation of 6 and the nonstereospecific reaction
(formation of cis and trans complexes 4/5) indicate
that Schiff-base hydrolysis proceeds after metal
coordination. The formation of the monosubstituted
complex 3 and unusual stereochemistry of reaction
is discussed in terms of the sterically bulky Schiff-
base ligand. All complexes were, however, only
identified by microanalysis, IR spectroscopy, and
measurement of electric conductivity.!!

Diamino- and triamino-substituted sucrose-based
ligands react with amminetrichloroplatinate(ll) in 1:2
and 1:3 stoichiometry, respectively, yielding bis- and
tris(platinum) complexes 7 and 8, respectively (Chart
3). These are cisplatin-type complexes in which cis-
PtCIl,(NHs3) units are monodentately N-coordinated
to the disaccharide such that it acts as a bridging
ligand.*? The constitutions of these complexes were
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established by two-dimensional NMR spectroscopic
investigations.

[PtMe3(H,0)3]" (obtained by dissolving [{PtMes-
(H20)2}.S04]® in water) reacts in water with 2-amino-
2-deoxy-a-bp-glucose (p-glucosamine, NH;R.) to give
the complex [PtMe3(NH;R,)]2SO4 (9).1* To prevent
precipitation of undesired [{PtMe3(OH)},], dilute
concentrations are employed. H, 13C, and %Pt NMR
measurements show that in agueous solutions glu-
cosamine is bound in bidentate fashion through the
nitrogen atom and the anomeric hydroxyl group. Due
to the *C; geometry of the pyranose ring, no further
donor atom is in a chelating position and the coor-
dination sphere of platinum is completed by an aqua
ligand (Chart 4, 9'). Furthermore, glucosamine was
found to react in acetone in a heterogenic reaction
with tris(acetone)trimethylplatinum(1V) tetrafluoro-
borate, [PtMe3(Me,CO);]BF,, yielding complex [PtMes-
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Chart 4
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(NH2R:)]BF, (10).> NMR measurements in acetone
show that the pyranose ring is in its *C, conformation
and that Pt coordination involves N2, O4, and the
cyclic oxygen (Chart 4, 10'). ESI mass spectra verify
the constitution. Although glucosamine is a reducing
carbohydrate, no reduction of platinum(lV) was
observed.

Deoxyfructosazine, a pyrazine derivative formed
via Schiff-base condensation of p-glucosamine, reacts
with K;[PtCl,] in 2:1 stoichiometry yielding the bis-
(deoxyfructosazine) complex 11 (Chart 5). The di-

Chart 5
CH,OH  CH,OH CH,0H CH,0OH
HO HO—- HO—— HO——
HO HO— HO—- HO——
Cl O T L\M,C' T g; -+
ENFATARN AN ~ ~
PN NS o NTS k NS
N~ N N S ZN, N
M Pd
HO HO—+- HO— Cl HO—= ¢
OH ——OH —+—OH ——OH
OH ——OH ~—0OH ——OH
CH0H CH,0H CH,OH CH,OH
11 12
M L ML
Pd PEts, PBu;  Rh, Ir n°-CsMes
Pt PBuj Ru  1n®-MeCgH,(iPr)

nuclear complexes [{MCIl(u-Cl)L},] (M = Pd, L =
PEts;, PBus; M = Pt, L = PBug; M = Rh, Ir, L = °-
CsMes; M = Ru, L = 55-MeCgHy(iPr)) and [Pd(#°-
CsHs)(u-Cl)} 2] react with deoxyfructosazine in 1:1
stoichiometry with cleavage the chloro bridges yield-
ing complexes 12 which contain bridging deoxyfruc-
tosazine ligands. The constitutional makeup of com-
plexes was established by NMR (*H, 3'P) and IR
spectroscopy.1®

2. Bidentate N,N-Donor Ligands

2,3-Diamino- and 3,4-diaminoaldoses react with K-
[PtCl4] in aqueous solution to give cisplatin-type
diamino sugar complexes of the form 13 (glucose and
galactose derivatives), 14 (mannose derivatives), 15'/
15" (p-/L-arabinose derivatives), and 16 (X = CI;
L-xylose derivatives) (Chart 6).17:18

Among the complexes 13/14 are those with non-
protected hemiacetal units. In complexes 13—16, the
diamino sugar ligands adopt the pyranose form and
can be regarded as ethylenediamine ligands with a
carbohydrate backbone. In complexes 13, the two
amino groups have equatorial orientation with re-
spect to the pyranose ring, which lies in the same
plane as that around the platinum atom. In com-
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plexes 14 and 15, the two amino groups have axial
and equatorial orientations, respectively. Therefore,
the pyranose ring is in a nearly perpendicular
orientation with respect to the coordination plane
around the platinum atom. This was revealed by
X-ray structure analysis of the methyl 2,3-diamino-
2,3-dideoxy-a-p-mannopyranoside complex 14 (R =
Me) (Figure 1).17° Absorption and circular dichroism
spectra are as expected for complexes with trans- and
cis-1,2-diaminocyclohexane-type ligands, respectively.t’
The conformation of pyranose rings in the p-arabi-
nose and L-xylofuranose complexes 15" and 16, re-
spectively, was determined to be 'C,4. The reaction of
complex 16 (X = CI, R = H) with the dipotassium
salt of cyclobutane-1,1-dicarboxylic acid affords a
carboplatin homologue complex (16, X/X = ¢-C4Hs-
(CO2)2, R = H) whose structure was definitively
ascertained by single-crystal X-ray diffraction analy-
sis.18

Figure 1. Molecular structure of complex 14-H,0 (R =
Me, a. anomer) (Water molecule is not shown; H atoms are
omitted).17®
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Figure 2. Molecular structure of complex 17-H,0-Me,CO
(Solvate molecules are not shown; H atoms are omitted).'?

Permethylated 6,6'-diamino-6,6'-dideoxysucrose re-
acts with [Ptl4]?~ in a molar ratio of 1:1 yielding
complex 17 (Chart 6) where the disaccharide acts as
a chelating N,N-ligand. The molecular structure of
17 exhibits a 12-membered trioxa—diaza—platina
cyclic structure (Figure 2).12 Complex 17 was con-
verted into the oxalato, malonato, and cyclopropyl-
malonato complex by treating aqueous solutions of
17 with AgNO3; and the disodium salts of the requi-
site diacids.

2-Amino-2-deoxy-bp-glucoseoxime reacts with tet-
rachloroplatinate and -palladate to give amino-oxime
complexes 18 (Chart 6).1° The »(CN) stretching vibra-
tions are at 1678 (M = Pd) and 1652 cm™! (M = Pt),
respectively, revealing that the amino-oxime ligand
is present in its chain form. Signals of the free ligand
in TH NMR spectra of solutions of complexes in
dimethyl sulfoxide show that a partial dissociation
of amino-oxime ligands takes place. Poorly character-
ized are corresponding complexes with glucoseoxime/
glucoseoximato ligands having only one strong donor
site.1®

3. N-Donor Ligands with Additional Functionality

Aminosugars in which the amino groups are part
of an amino acid act as negatively charged bidentate
N,O-ligands in most cases. Thus, sodium salts of
N-glycosides derived from glucose and a-amino acids
(glycine, alanine, serine, threonine, asparagine) (Chart
7, A) react with Nay[PdCl,] in a 2:1 ratio to give
complexes 19.2° The N-glycoside of glutamic acid
(TO,C—(CH3),—CH(NHR,)—CO,") acts also as a N,O-
chelate ligand, whereas the N-glycoside of histidine
(CsH3N,;—CH;—CH(NHR;)—CO,™) acts as a N,N-
chelate ligand yielding complexes of types 19 and 20,
respectively. Reactions of K,[PtCl,] with N-glycosides
of alanine and histidine afforded analogous com-
plexes of types 19 and 20, respectively. The coordina-
tion modes of ligands were derived exclusively from
IR spectroscopic investigations (especially via coor-
dination-induced shifts of CO, bands). Thus, cis/trans
structure (configuration index SP-4-1 as given in
Chart 7 vs SP-4-2) remains speculative.

Similarly, anions of N-(1,2:3,4-di-O-isopropylidene-
6-deoxy-a-p-glactopyranos-6-yl)-a-amino acids (ala-
nine, leucine, phenylalanine) (Chart 7, B) react with
Na,[PdCl,] yielding inner-complexes 19 (Chart 7).2*
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a) cis/trans structure tentative

IH NMR spectra exhibit that only one isomer is
formed. The same reactions performed with Zeise's
salt result in formation of complexes 21.2 'H NMR
spectra reveal that in all cases a minimum of two
isomers (cis/trans isomers and/or diastereomers) are
formed. In the case of the phenylalaninato complex,
evidence was found for a dynamic equilibrium be-
tween complex and free ethylene.

Reactions of the galactopyranosyl-substituted me-
thionine with [MCIl4]?>~ (M = Pd, Pt) give complexes
22 (R' = H).2* As shown by X-ray crystallography,
the palladium complex benefits from N and S coor-
dination (22a). In accordance with this, an intense
absorption for the free COOH group at 1730 cm™* was
found. The platinum complex 22 (M = Pt, R" = H)
possesses two IR bands at 1650 and 1735 cm™!
pointing to the presence of N,S- and S,0-coordinated
ligands (22a vs 22b). From the intensities it was
determined that the S,O isomer 22b is preferred.
Enhanced solubility for such complexes can be ob-
tained using the methyl ester MeS—(CH,),—CH-
(NHR,)—COOMe to afford complexes 22a (R’ = Me).
The ligands are N,S-coordinated with nitrogen and
sulfur as stereogenic centers. *H NMR spectra show
that in the palladium case two of four diastereomers
are obtained. Alternatively, using platinum as the
metal center yields all four diastereomers. Reactions
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of [MCl4]>~ with galactopyranosyl-substituted methyl
esters of amino acids without donor functionality in
the side chain result in complexes [MCIly(NHR—
CHR—-COOMe);] (23; M = Pd, R = H, Me, CH,-
CHMe,, CH,Ph; M = Pt, R = H, Me, CH,CHMe,).?*
From spectroscopic investigations (IR, *H NMR), it
can only be derived that the ligands seem to be
monodentately N-bound.

Reactions of diisopropylidene-protected galactopy-
ranos-6-yl-substituted aminocarboxylates with chloro-
bridged complexes [{ Pd(0-CsH4CH,NMe,-C,N)(u-Cl)} 2]
and [{ M(#5-CsMes)Cl(u-Cl)}>] (M = Rh, Ir) result in
cleavage of the M—CI—M bridges yielding complexes
24—26 (Scheme 4).2! 'TH NMR spectra of complexes

Scheme 4

Me Me

H
o

\
=
o

i
\ R N
H R H/ | 0
l:‘ch
24 25
R = H, CH,CHMe,, CH,Ph, (CH,),SMe M=Rh,Ir
a ] 1 MeS” [ "0
N
7 HR
H R ch
26a M=Rh Ir 26b

24 show that only one of two possible diastereomers
is formed. X-ray diffractions of the methionine and
phenylalanine derivatives exhibit the SP-4-4 config-
uration as shown in Scheme 4 and make unambigu-
ously clear that the methionine sulfur atom is not
coordinated to palladium. In complexes 25, the leuci-
nato ligands are N,O-coordinated with metal and
nitrogen are asymmetric. Of the four possible dia-
stereomers, three iridium, and four rhodium com-
plexes were observed by **C NMR spectroscopy. H
and ¥C NMR spectra of complexes 26 in CDCl;
exhibit the presence of neutral complexes with bi-
dentately N,O-coordinated methioninato ligands (26a)
and of cationic complexes with tridentately N,O,S-
coordinated methioninato ligands (26b) in a ratio of
about 5:6 (Rh) and 7:10 (Ir). The structural charac-
terization reveals that the iridium complex crystal-
lizes with a tridentately N,O,S-coordinated ligand
(Figure 3). In the unit cell, two of the four diaster-
oisomers are present in a ratio of 3:1.2

D-Glucose reacts with amino acids (glycine, g-ala-
nine) to afford Amadori compounds (1-(N-amino



Carbohydrate Complexes of Platinum-Group Metals

Figure 3. Molecular structure of the cation of complex 26b
(M = Ir) (One of the two symmetry independent molecule
is shown).?!

acid)-1-deoxy-p-fructose). In aqueous solution, these
exist primarily as g-pyranose (Scheme 5). Sodium
salts of these compounds react with tetrachloropal-
ladate and -platinate yielding inner-complexes 27a

Scheme 5
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where the ligands are bidentately N,O-coordinated.?®
The Amadori adduct prepared from p-glucose and
p-toluidine affords complexes 27b with monoden-
tately N-bound ligands. IR spectra of complexes 27
indicate that the Amadori-type ligands are present
mainly in their pyranose form. The unusual trans
structure of complexes 27b was derived from IR
spectra where only one absorption in the M—CI
region was found. As for complexes 19, the cis/trans
structure of complexes 27a remains tentative.

Pyridin-2-ylmethylene-p-glucosamine, a carbohy-
drate-derivative Schiff-base ligand with an additional
N-donor site, reacts with K;[PtCl,] in agueous solu-
tion yielding a mixture of products from which the
neutral complex 28 was isolated (Scheme 5).22 The
bidentate N,N-coordination of the ligand was estab-
lished by IR spectroscopy. Treatment of complex 28
with weakly acidified water (pH ca. 6) effects hy-
drolysis of the Schiff base probably yielding a complex
with N-coordinated p-glucosamine ligand.

Three-coordinate platinum(0) and palladium(0)
complexes 29 with carbohydrate-dervied N,N-chelate
ligands and electron-withdrawing olefin ligands were
synthesized (Scheme 5). The N,N-chelate induces
enantioselectivity in the coordination of prochiral
olefins. Furthermore, the ability to promote stereo-
selective stoichiometric processes is assessed. Depro-
tection of the alcoholic function in 29a (M = Pd, olefin
= fumarodinitrile) resulted in complex 29a’, which
was characterized by X-ray crystallography.??

B. P-Binding Substituents
1. Phosphite, Thiophosphite, and Phosphinite Donors

Bis(diethylamido)phosphite-substituted carbohy-
drates A—C (Scheme 6) react with bis(benzonitrile)-
or cyclooctadienedichloroplatinum(ll) yielding trans-
[PtCI{ P(NEt,)2(ORe)} 2] (30) (Scheme 6). With ethyl
alcohol or propane-1,3-diol in the presence of tri-
fluoroacetic acid, complexes 31 are formed with

Scheme 6
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+ P[O(CH2)30}(ORp) HO(CH3)30H EtOH
-2t (HY (H)
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cleavage of the amido groups. The 1,3,2-dioxaphos-
phorinane complex 31' was also obtained directly
from [PtCly(cod)] and 3-(trimethylenephosphite)-
1,2;5,6-di-O-isopropylidene-a-b-glucofuranose.?*

To circumvent the — possibly difficult — syntheses
of “free” phosphite-substituted carbohydrate ligands,
carbohydrates with OH or SH groups can be reacted
with chlorophosphine—metal complexes in the pres-
ence of amines (Scheme 7).%° In this manner, not only

Scheme 7
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can complexes with phosphite-functionalized mono-
saccharides (32) be obtained but also a palladium
complex with a phosphite-modified nucleoside (33)
is possible. Corresponding reactions with [PdCl,-
(PPhCIy),] afforded complexes of the form 34 contain-
ing two sugar groups attached to each phosphorus
atom or with A3-dioxaphospholane ligands when the
carbohydrate has two neighboring hydroxyl groups.

The rhodium(l) complex 35 (Scheme 7) having a
bicyclic phosphite ligand with a carbohydrate back-
bone (1,2-O-cyclohexylidene-a-b-glucofuranose) reacts
much more easily with nucleophiles (water, alcohol)
than the free ligand. The X-ray structure analysis
reveals the rhodium to be square-planar coordinated.
The geometry of the ligand is not changed markedly
upon coordination.?®

Steinborn and Junicke

Alkylidene-protected 2,3-bis(O-diphenylphosphino)-
glucopyranosides react with [Rh(acac)(cod)] yielding
neutral complexes 36, which are in equilibrium with
the cationic complexes 37 in the presence of acids
(HA) with weakly coordinating anions (Scheme 8).
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Complexes of type 37 are also obtained by reactions
of bis(cyclooctadiene) complexes [Rh(cod).]JA with
carbohydrate-derived diphosphinites.?”?8 Acid-cata-
lyzed cleavage of the alkylidene moiety affords the
unprotected complexes 37'. Such rhodium complexes
were fully characterized by NMR spectroscopy®® and
X-ray crystallographies of complex 37 (P P = phenyl
2,3-bis(O-diphenylphosphino)-S-p-glucopyranoside, A
= BF,) (Figure 4) and of the analogous norbornadiene

Figure 4. Molecular structure of the cation of [Rh(cod)-
(P P)]IBF; (P P = phenyl 2,3-bis(O-diphenylphosphino)-
B-b-glucopyranoside) (37) (H atoms are omitted).302

complex.®® The pyranose rings and the seven-mem-
bered rhodacycles adopt chair and distorted boat
conformations, respectively.

The chelate ligands in complexes 37/38 can be
regarded as 1,2-bis(phosphinite)ethane ligands with
a carbohydrate backbone. Similarly, a great variety
of analogous rhodium complexes [RhL(P P)JA (L, =
cod, nbd; A = BF4, ShFg, OTY) (38) with carbohydrate-
derived Ar,P—O—C—C—0O—PAr; ligands (Ar = phen-
yl, substituted phenyls) have been prepared from
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cationic complexes [RhL4]A (Chart 8).28 From reac-
tions of carbohydrate-derived diphosphite ligands
with [Rh(cod);]BF,; and [PtCly(cod)], complexes 39
and 40 could be isolated (Chart 8).3!

Analogous complexes from a,a’- and j,5'-trehalose
41 were also described (Chart 9).32 Due to the free

S ] e
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Chart 9

L
2 =" R=CHPn K___ 43
Ar = Ph, 3,5-Me,;CgH3 L, = nbd
A = BF,, SbFg
L, = cod

hydroxyl groups, they are water-soluble. 4,4'- and
6,6'-diphosphinite-substituted o,a'-trehalose deriva-
tives form cationic complexes 42 and 43, respectively,
having 14-membered rhodacycles.3?2 From 3P NMR
spectra, their C,-symmetric nature is evident. Most
likely, there is coordination of benzyloxy groups to
rhodium that is strongly dependent on temperature.
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2. Phosphine Donors

Analogous to phosphite/phosphinite complexes,
cationic rhodium complexes with galactopyranose-,
glucofuranose-, and xylofuranose-derived monophos-
phine ligands (44) and diphosphine ligands (45) are
well-known (Chart 10).%3

Chart 10
[Rh(cod) (PPh,Ren)oICI0, 44
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Reactions of 6,6'-diphosphine-substituted a,o'- and
B.p'-trehaloses with [Rh(nbd),]BF, afford complexes
460/ with 12-membered rhodacycles and cis-P,P-
arrangement. Treatment of the o,a’-trehalose com-
plex 460 with H; results in formation of the dihydrido
complex 47a (trans-P,P structure) that yields with
non-1-ene complex 48a (cis-P,P structure). In con-
trast, 3,0'-trehalose-derived complex 464 reacts with
H, directly to complex 484, without the intervention
of an observable dihydrido complex (Scheme 9).34 The
coordination patterns were derived from NMR stud-
ies. Analogous reactions with [{ Rh(«-Cl)(CO),} ;] lead
to mononuclear carbonyl—chloro complexes 49a/4.
The o,0-anomer 49a shows a dynamic NMR behavior
and reacts with AgBF, yielding complexes 50a and
51a with a trans-P,P-arrangement (Scheme 9). Oth-
erwise, the g,5-anomer 494 does not show such a
dynamic as 49a and the complexes of type 504 and
514 are rather unstable. Overall, the a,o-anomer
shows more propensity for trans-P,P-complexation
than the ,8-anomer.*

Platinum(ll) and palladium(ll) complexes with
phosphine-substituted carbohydrate ligands were
prepared from the reaction of [MCI,L;] (M = Pd, Pt,
L = MeCN, %/, cod) with diphenylphosphino-substi-
tuted altropyranosides n-Hmbpa (n = 2, 3) (Scheme
10).3536 Starting from [MCIly(MeCN),] (M = Pd, Pt),
the trans complexes trans-[MCl,(n-Hmbpa-P),] (52,
M = Pd, Pt; n = 2, 3) were obtained. The same
complexes are obtained when [PdCl,(cod)] is used as
substrate, whereas the reaction of [PtCl,(cod)] with
2-Hmbpa affords cis-[PtCl,(2-Hmbpa-P),;] (53). P-
coordination of ligands and the stereochemistry of
complexes were shown by extended NMR studies and
in the case of trans-[MClI,(3-Hmbpa-P),] (52, M = Pd,
Pt) (Figure 5) also by X-ray crystallography.3523¢ In
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Scheme 9
oM
MeOQ © 1 MeO OMe }
RPh, BF, BF,
o \ < 5 P\th
MeQ Rh/ MeO h/ 5
0 N 0 /N
MeO (8] Q PPhy
PPh, MeO
MGSO 460 MeO OMe 46B
g @ [P ole — 1@
O RN W, /O\|/H + CHysCH=CH, (O P
Qo Rh —T0 B T o 0
o P L | H - vohao o p
~—
a6a P 474 48c.
TN @ — |®
o Rt Hy o P
0B.p Rh > - Q R
0 P L Q P
N’ N
468 a8p
—p
N
O a,a’ Rh
- co
N e P ]
w u AgBF, of \\ o Mot [~ ° HO |
0. CH,Cly | ko I cO
/“T U’ NP
/0 oG
Saw Rh\ 50a 51a
o |
\__P

the solid state, both complexes exhibit crystallo-
graphically imposed C, symmetry. The apparent
deviations from the ideal square-planar complex
geometries (P—M—P' 165.4(1)°/165.4(2)°, CI-M—CI'
174.1(1)°/174.6(2)°; M = Pd/Pt) can be primarily
attributed to the overcrowding caused by the bulky
phosphine ligands, although trans to each other.
The palladium complexes 52 both with 2- and
3-Hmbpa ligands were found to react with NaOMe
in MeOH, yielding under deprotonation of the 3-OH
and 2-OH group, respectively, inner-complexes 54
with P,O-chelating ligands (Scheme 10). NMR studies
reveal a cis arrangement of the two ligands. In the
case of platinum, the trans complexes 52 are more
stable to base and only trans-[PtCl,(3-Hmbpa-P);]
reacts with NaOMe/MeOH yielding complex 55 in

Figure 5. Molecular structure of trans-[PdCI,(3-Hmbpa-
P),] (52) (M = Pd).3¢

Steinborn and Junicke
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which only one Hmbpa ligand is deprotonated. Treat-
ment of the cis complex 53 with NaOMe/MeOH
results in formation of the inner-complex 56 analo-
gous to those (54) of palladium. The weaker base
NETt; reacts with 53 to deprotonate only one 2-Hmbpa
ligand. The resulting complex 57 can be further
deprotonated with NaOMe/MeOH to give 56.3%0:36

The coordination mode of inner-complexes 54—57
is worth noting because in the free ligand the
diphenylphosphino and the neighboring hydroxyl
group are in axial positions which are fixed by the
4,6-O-benzylidene ring. To coordinate to metal si-
multaneously, the phosphorus- and oxygen-donor
atoms must twist close to each other resulting in
significant conformational change of the altropyra-
nose rings. These adopt a distorted boat conformation
in complexes as shown in Figure 6 for cis-[Pt(2-mbpa-
P,0).] (56).3%° The bow atoms are C(2) and C(5).
Conformational changes of the altropyranoside ligand
upon complexation are most evident when consider-
ing the torsion angles P—C(2)—C(3)—0O(3)/P'—C(2")—
C(3')—0(3"). In the free ligand, these angles are 180°
(ideal value), but in the complexed form (56), these
angles are —34°/—58°. Thus, metal binding induces
severe altropyranoside distortion.

The bis(alkoxo) complex 56 reacts with excess
acetic acid to afford cleavage of the Pt—O bond
yielding cis-[Pt(OAc)(2-mpba-P,0)(2-Hmbpa-P)]. Treat-
ment with perchloric acid results in cleavage of the
benzylidene groups yielding cis-[Pt(2-mpa-P,0),] (2-
Hmpa = methyl 2-deoxy-2-(diphenylphosphino)-a-b-
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b

Figure 6. (a) Molecular structure of cis-[Pt(2-mbpa-P,0),]-
3H,0 (56-3H,0) (Water molecules are not shown; H atoms
are omitted).3%° (b) Structural detail showing the distortion
of one of the two altropyranoside rings.

altropyranoside). Platin complexes 53, 56, and 57
exhibit antitumor activity. This, coupled with the
established acid lability of 56, prompted the elabora-
tion of such complexes with hemilabile ligands. This
concept is well-known in homogeneous catalysis.®’
From such a scaffold, novel agents for molecular
medicine could be envisoned.3%"

3. P-Binding Carbohydrate Ligands in Asymmetric
Catalysis

Rhodium complexes with P-binding carbohydrate
ligands are chiral in the carbohydrate backbone.
Many of them, either prepared as definite substances
(see Schemes 8 and 9 and Charts 8—10) or prepared
in situ, are potent catalysts for enantioselective
reactions, especially for asymmetric hydrogenation
of olefins.3® Phosphinite rhodium complexes with
carbohydrate backbones were extensively used for
hydrogenation of dehydroamino acid derivatives
(Scheme 11).28:39.4048 On the basis of [Rh(acac)(cod)]/
phenyl 4,6-O-benzylidene-2,3-bis(O-diphenylphosphi-
no)-A3-p-glucopyranoside (see Scheme 8), a commercial
process for the production of L-DOPA (ee > 90%) has
been developed in Isis-Chemie Zwickau (Selke,
Pracejus 1978).** Immobilization of catalysts on
styrene—divinylbenzene ion exchangers*? or on silica-
based cation exchangers* results in enhanced enan-
tioselectivity. The water-soluble diphosphinite com-
plexes 41 (Chart 9) allow one to perform the
hydrogenation in water and in aqueous biphasic
systems;3? enantioselectivities up to 98% ee were
found with a catalyst based on pB,3'-trehalose.3?"
Micellar systems are a further perspective for diphos-
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phinite-based complexes.®?¢4445 |n water and in the
presence of sodium dodecyl sulfate, enantioselectivi-
ties up to 99.9% ee were obtained with type 41
catalysts.32°

Systematic studies of hydrogenation of dehydroam-
ino acid derivatives 58 with cationic rhodium(l)
complexes of type 38 as catalysts (Scheme 11) reveal
two things. First, the best substrates are aromatic
and heteroaromatic dehydroamino acid derivatives,
whereas the synthesis of aliphatic amino acids has
serious limitations. Second, easily removable N-
protecting groups (such as N-(benzyloxycarbonyl))
can survive the rhodium-catalyzed hydrogenation.?8
As the example in Scheme 11 demonstrates, the aryl
substituents of the chelating phosphorus atoms have
a remarkable electronic effect on the enantioselec-
tivity. The origin of this remains speculative: as-
suming a kinetically controlled enantioselectivity, it
is possible that the electron density at rhodium
(which depends on P-aryl substituents) strongly
influences the reactivity pattern of the major and
minor diastereomeric transition states. In such a
scenario it is wholly possible that the minor product
formed between the cationic rhodium complex 38 and
the prochiral olefin 58 corresponds to the more
reactive of the two diastereomers. Notably, this
argument bodes well for the likely reaction pathway
since oxidative H, addition is the rate-determining
step.?846 PHIP-NMR experiments (parahydrogen-
induced polarization) provided evidence for the in-
termediate dihydrido rhodium complex.4”

There is a pseudoenantiomeric relation between
2,3- and 3,4-disubstituted p-glucopyranosides (cf. 59/
59'). Hydrogenation of o-(N-acylamino)acrylic acid
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derivatives using Rh complexes with 59-type ligands
affords (S)-amino acids. The use of Rh complexes with
59'-type ligands allows ready access to (R)-amino acid
derivatives. This demonstrates that product enanti-
oselectivity depends only on the local chirality, i.e.,
on the chirality of the carbons to which the chelating
phosphorus atoms are attached. Thus, both enantio-
meric amino acids can be obtained with catalysts
based on readily available b-glucopyranoside
ligands.?®#8 Analogous results were obtained with
catalysts based on a,o-trehalose derivatives (2,2'-
versus 3,3'-bis(diphenylphosphinite) substitution).*®

The conformation of seven-membered cationic rhod-
ium chelates 60 and 60’ (Scheme 11) is critical for
the enantioselective recognition and the subsequent
hydrogenation of prochiral olefins. In both conformers
there is an asymmetric, alternating axial—equatorial
array of P-aryl groups. This arrangement seems to
be more stable when all pyranoside substituents are
equatorially arranged. Importantly, enantioselectivi-
ties of greater than 90% ee require all pyranoside
substituents to be in equatorial positions.28450.:50

Rhodium complexes with phosphine- and phos-
phinite-derived carbohydrate ligands have been used
for asymmetric hydrogenation of prochiral imines.5!
Furthermore, P-binding carbohydrates have been
used as cocatalysts in rhodium- and platinum-
catalyzed asymmetric hydroformylation of olefins,31:52
in nickel- and palladium-catalyzed asymmetric Grig-
nard cross-coupling reactions,® in palladium-cata-
lyzed allylic alkylation reactions,> as well as in Heck
and Suzuki coupling reactions.%®

C. S-Binding and Se-Binding Substituents

1. Thiolato and Selenolato Ligands

Substitution of OH groups in carbohydrates by SH
or SeH groups affords carbohydrates which can be
easily deprotonated to give thiolato and selenolato
ligands, respectively. Such complexes with platinum-
group metals M were obtained (i) by reaction of RinE™
with LyM—Cl or LyM* (E = S, Se), (ii) by oxidative
addition of RinE—ER., to lower valent metal com-
plexes LyM, or (iii) by reaction of Li{M—OMe with R¢-
EH.

The sodium salt of the acetyl-protected S-p-thio-
glucopyranose reacts with cationic cyclopentadienyl—
carbonyl complexes of Fe, Ru, and W (prepared in
situ) to give thioglucopyranosato-S complexes 61—
63 (Scheme 12).56 Thermolysis of the iron complex
61 (L = CO) results in formation of the dinuclear
complex 64, which is isomerically pure in solution.
The ruthenium complex 62 (L = PPhs) reacts with
CO with substitution of PPh; and with CS, with
insertion yielding complexes 65 and 66, respectively.
All complexes were identified by NMR (*H, **C) and
IR spectroscopies. As expected, NMR spectra of
complexes with asymmetrically substituted metal
atoms (61, L = P(OPh)s; 65) show the formation of
two diastereomers.

The reaction of cis-[PtCly(PPh3),] with 2 equiv of
in-situ-prepared anion of acetylated 1-seleno-3-b-
glucose affords the bis(selenoglucopyranosato-Se)-
platinum complex 67 (Scheme 13).5” The correspond-
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ing thiolato complex was obtained by oxidative
addition of the acetylated bis(glucopyranosyl)disul-
fide to [Pt(17%-C2H.)(PPhs),].58 The cis geometries of
the two complexes 67 were established by IR spec-
troscopy. The oxidative addition of the acetylated bis-
(glucopyranosyl)diselenide to [Ru3(CO);,] yields the
dinuclear complex 68 with two bridging selenogluco-
pyranosato—Se ligands (Scheme 13).5” Due to the
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butterfly structure of 68, the different orientations
of the selenoglucopyranosyl substituents give rise to
three isomers. Triplication of all carbohydrate signals
in 3C NMR spectrum reveals that in solution all
three isomers occur.

Dithiolato ligands with a backbone derived from
ribofuranose and xylofuranose, respectively, which
can be regarded as substituted propane-1,3-dithiolato
ligands, form complexes with rhodium(l) and iridium-
(1) (Scheme 14).5° Reaction of [{ M(u-OMe)(cod)} 2] (M

Scheme 14
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01O, AcS SAc
(cod)M” ““M(cod) —
or HS SH (NaOMe)
M=Rh, Ir
TN TN
oSS o, Sy
(cod)M “"M(cod) (M =Rh) (CO),Rh “Rh(CO),
69 70
PPh, FAN
— S O
(PPha)(CO)Rh/ “Rh(CO)(PPhy)
7
HS HS_hs
—~ O -0
HS SH:
o] 0
SH O o\%
\

= Rh, Ir) with the bis(thioacetate) or bis(thiol)
carbohydrates in the presence of NaOMe vyields
dithiolato complexes 69. FAB mass spectra suggest
that the complexes are dinuclear. The rhodium
complexes react with carbon monoxide to give the
tetracarbonyl complexes 70. These in turn can react
with 2 equiv of triphenylphosphine to form mixed
dinuclear carbonyl—phosphine complexes 71. The IR
spectra suggest that these complexes are present in
the solid state as the trans isomers only. Alternately,
3P NMR spectroscopy confirms the presence of cis
and trans isomers in solution (CD,Cl,). DFT calcula-
tions for carbonyl complexes 70% reveal bent double
square-planar structures (dihedral angles between
the coordination planes, 127—129°) with Rh---Rh
distances of 3.25—3.30 A. These distances are outside
the typically accepted range for Rh---Rh interactions.
The complex with the xylofuranose dithiolato ligand
occurs in two conformers. In the more stable con-
former (AE = —6.6 kcal/mol), the furanose ring
oxygen atom lies directly above one of the rhodium
atoms. The Rh-+-O distance of 2.98 A suggests a weak
interaction that could explain an unusual downfield
shift for the anomeric proton upon complexation.

2. Thioether and Other S-Donor Ligands

1,2-O-Isopropylidene-3,5-bis(alkyl/arylthio)-o-b-(+)-
ribofuranoses 72 can act as di(thioether) chelate
ligands. They react with [Ir(cod);]BF, to displace one
cyclooctadiene ligand, yielding cationic complexes 73
(Scheme 15).5° Coordination to iridium generates two
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Scheme 15
RS
0
[Ir(cod)s]BF 4
_ o CH,Cly
R = Me, /Pr, Ph SR O\] _
72
. H ®
" Hy (0 °C) QIl‘H R
qm'“lrg“ ) 2 | s%
P'/ /S BF4 pr—— R/S
25°C
R O><) ( ) o
K o
o}
73 74

stereogenic centers. NMR measurements indicate
that the reactions are highly diastereoselective. For
complex 73 (R = Me), NMR studies (including NOE
experiments) in combination with molecular model-
ing show that the dithiairidacyclohexane ring has a
twist—chair conformation with a (S,R) dithioether
configuration. Complexes 73 react in CD,Cl, solution
with H, at 0 °C to give the corresponding cis-
dihydridoiridium(l11) complexes 74 (characterized by
NMR spectroscopy in solution). At 25 °C, hydrogen
is cleaved off and the parent complexes 73 are
recovered. Complexes 73 were tested in the asym-
metric hydrogenation of acrylic acid derivatives (room
temperature, 1 bar of H;), providing enantioselec-
tivities of up to 62% ee.°

D-Glucose trimethylene mercaptal, a carbohydrate
derivative of 1,3-dithiane, is a soft ligand and reacts
with K;[PtCl,] to produce complex 75 (Chart 11).1°
The condensation products of p-glucose, p-galactose,
D-xylose, and b-ribose with L-cysteine are thiazolidine

Chart 11
H S S
R
ch H OH
3" HO
Cl, / R
YA o OH
o g OH
75 CH,0OH
H. R Ren

ch
0 H
o) s>< bk H
Py cl S, N COMH
2 |
O} /Y /E /F,(\j \j/ Cl
e e

HN_ S O HO.C” BN S>L
H
H I:Kch Rch
76a 76b
@

S
H
OH OH OH OH
. HO HO HO OH
oh OH HO OH OH
OH

OH CH,OH CH,0H

CH,OH  CH,OH



4296 Chemical Reviews, 2000, Vol. 100, No. 12

derivatives with a betaine structure. These react with
Na,[PdCl,] in methanol yielding complexes 76.61 IR
investigations show two v,5(CO>) bands, intense at
1610 and weaker at 1720 cm™%, indicating the pres-
ence of two isomeric complexes with S,0- (76a) and
S,N-coordinated ligands (76b), respectively. The ma-
jor isomers are complexes 76a (Chart 11).6*

Thiocarbonic acid derivatives have proved to be
useful ligands for platinum-group metals. Acetylated
N-(8-p-glucopyranosyl)thiocarbamate esters (pre-
pared from alcohols and acetylated glucopyranosyl-
isothiocyanate) react with chloro-bridged dinuclear
complexes [{M(5>-CsMes)Cl(u-Cl)},] (M = Rh, Ir),
[{ Pd(0-CsH4CH2NMe,-C,N)(u-Cl)} 2], [{MCl(u-Cl)(P-
Buz)}2] (M = Pd, Pt), and [Pt(u-Cl)(PPhs)2}2](BF.)2
with cleavage of the M—CI-M bridges yielding
complexes 77—80 with thiocarbamate ester ligands
(Chart 12).62 Tetrachloropalladate and -platinate
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s OAc o .
ol g
C
OR OAc OR
R = Me, Et
§: :7 Me
i Me\N/ cl BusP_ Cl
U s
M., (e " >wm_ _ oR
car \__OR ct” s=(
S s= NHR¢p
)J\ NHR,
RO” “NHRg
77 78 79
M= Rh, Ir M = Pd, Pt
RHN_ OR
oh Tf RO.__NHRg,
PhsP._ _C! c. S cl \lsr cl
3 s N ~
>pt OR 1BF4 N et Pt
Php” Y= /e cl o
NHRg, S |
‘ ReHN” OR
RHN" OR
80 81 82

were found to react, yielding the mononuclear pal-
ladium complexes 81 and the bridged dinuclear
platinum complexes 82, respectively. Sulfur coordi-
nation was established by IR spectroscopic investiga-
tions exhibiting coordination-induced shifts of ¥(CN)
and v(CS) to higher and lower wavenumbers, respec-
tively. Further support comes from *H NMR spec-
troscopic investigations. The stereochemistry of com-
plexes 78 and 81 and the formulation of 82 with
sulfur-bridged ligands were deduced from analogous
complexes without carbohydrate functionalization.

As with thiocarbamate esters, g-b-glucopyrano-
sylthiourea 83 (Chart 13) (prepared from ammonia
and glucopyranosylisothiocyanate) reacts with [{ M-
(7]5-C5M65)C|(/4-C|)}2] (M = Rh, |r), [{ Pd(O-C5H4CH2-
NMe,-C,N)(u-Cl)} 2], and [{ PACI(u-Cl)(PEts)}2]. Cleav-
age of the chloro bridges affords thiourea complexes
[M(775-CsMes)Cl{ RenNH—C(S)—NH3}] (84, M = Rh,
Ir), [Pd(0-CsH4CH2NMe,-C,N)CH ReyNH—C(S)—NH2} ]
(85), and [PACIx(PEts){ RenNH—C(S)—NH_}] (86), re-
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spectively. From [MCI4]>~ (M = Pd, Pt), mononuclear
bis(thiourea) complexes [MClx{ RenNH—C(S)—NH} ;]
(87) were obtained.®” The IR spectra of complexes
84—86 might be indicative for N-coordinated thiourea
ligands. The coordination geometries in complexes 87
is unknown.

The reaction of K;[PtCl,] with N,N-diethyldithio-
carbamoyl-substituted a-b-galactopyranose in water/
ethanol affords the platinum complex 88 (Chart 13).
The X-ray structure analysis shows the dithiocar-
bamoyl group to be bidentately S,S-coordinated to
platinum (Pt—S 2.233(2), 2.268(2) A) (Figure 7).63 The

Figure 7. Molecular structure of complex 88-Me,CO
(Acetone molecule is not shown; H atoms are omitted).53

PtCl,(S2,C—NC;) unit is approximately planar; this
and the bond distances within the S,CN unit (C—N
1.28(1) A, C—S 1.69(1)/1.80(1) A) indicate a delocal-
ization of x electrons. The pyranosyl ring has a
skew—boat conformation. Furthermore, platinum
complex 89 (Chart 13) with carbohydrate-substituted
dithiocarbimato ligand was prepared in a one-pot-
reaction from cis-[PtCl,(PEts),], 1-O-methyl-2-amino-
2-deoxy-4,6-benzylidene-a,/3-p-glucopyranoside and
CS; in the presence of NEt3.%® The bidentate S,S-
coordination was established by IR and NMR (*H,
31P) spectroscopy.

Palladium complexes 90—95 with S,P-ligands based
on 3-p-thioglucose tetraacetate were obtained either
by ligand substitution starting from [PdCl,(MeCN),]%
and [Pd(CsHsR'-p)X(tmeda)] (X = Br, 1),% respec-
tively, or from dinuclear palladium allyl complexes
as shown in Scheme 16.646:67 X-ray crystal-structure
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Scheme 16
N s
AgO4SCF * TS P
PRARCiadt. CF3303® A = CF3S0;
.
Pd\ /Pd (Pd: )|
P
/\
o +AgPFs  /
C' A= PFe
s = solvent +—§ | P\ or TiPFe
N ~
Pdm3-allyl)(S PRY)IA [Pd(n3-PhCHCHCHPh)(S  P)JCF5S0; 95
n-allyl R A
n3-CsHs Ph PFg, CF3S0; 92
n®-PhCHCHCHPh Ph, Cy PFg 93
n%-C1gHpg0p ¥ Ph PFg 94

a) CygHogOy: allyt derived from 3,17-dioxo-4-androstene.

[PdCIz(S/\PPhg)]

N
[PA(CeHaR"-p)X(S  PPhy)]
(R" = MeO, Me, H, CF3, ..

~~
S P OAc
AcO S PR,

R=Ph, Cy
A

analyses of complexes 92 (A = PF¢)% and 95 (Figure
8)% show unambiguously the bidentate S,P-coordina-
tion of the ligands. The diphenylallyl ligand in 95 is
strongly rotated such that the terminal C3 carbon
trans to the P-donor is found ca. 0.85(3) A below the
coordination plane. This is to avoid unfavorable steric
interactions with the large sugar moiety (Figure 8).
NMR experiments of the diphenylallyl complexes 93
and 95%46 demonstrated that in CDCl; solution at
least two diastereomeric exo/endo complexes exist
(exo/endo refers to the position of the central allyl
proton with respect to the sugar moiety). For complex
93 (R = Cy), a syn—anti isomerization of the 1,3-
diphenylallyl ligand was found.

Carbohydrate-derived S,P-ligands are also capable
of forming Pd(0) complexes 96 with strongly electron-
withdrawing olefin ligands (Scheme 17).5° The X-ray
crystal-structure analysis of the benzoquinone com-
plex 96 (X = —CH=CH-) exhibits a ?-coordinated
benzoquinone ligand whose placement relative to the
other ligands is shown in the sketch in Scheme 17.
There are interesting dynamics in solution; in com-
plex 96 (X = —CH=CH-), the benzoquinone dissoci-
ates and then recombines, whereas in 96 (X =
—CH,—), a rotation of cyclopent-4-ene-1,3-dione with-
out dissociation was found.

Reactions of [Rh(acac)(cod)] with carbohydrate-
derived S,P-ligands in the presence of HBF, afforded
complexes 97 (Chart 14).° Their identities were
confirmed by NMR spectroscopy and FAB mass
spectrometry. The magnitudes of the Rh—P coupling

X = Br, I)

T OAc

S P A
Me, SCmOAc
= onc
Fe PPh,
B

constants and CD spectra reveal that the ligands are
coordinated in a bidentate manner.

In analogy to the palladium complexes with S,P-
donor ligands (see Scheme 16), complexes 98 and 99
with S,N-oxazoline—thioglucose ligands were pre-
pared starting from [PdMe(Cl)(cod)] or from pal-
ladium allyl complexes [{Pd(#3-PhCHCHCHPh)-
(u-Ch}.] (Chart 15).* The diasteromeric structure
(configuration index SP-4-2) of complexes 98
(R = Ac; R" = iPr, Ph) has been derived by X-ray
crystallography.2 The allyl complexes 99 exist in
CDClj; solution as a mixture of (syn/syn) exo and endo
diastereomeric complexes (exo/endo refers to the
position of the central allyl proton with respect to the
oxazoline substituent R") that interconvert via allyl
rotation.

Palladium complexes with chiral S,P- and S,N-
ligands were used as precatalysts in enantioselective
allylic alkylations according to Scheme 18. In general,
the prochiral allyl acetate is oxidatively added to a
chiral Pd(0) complex to afford a cationic #3-allyl Pd-
(1) complex. This complex is then attacked, in the
rate-determining step, by the nucleophile Nu~. The
alkylation of rac-1,3-diphenylallyl acetate (R = Ph)
with dimethyl malonate (Nu- = (MeO,C),CH") af-
fords, in the presence of S,P-coligands, the R enan-
tiomer (precatalyst 92/93 (R = Cy), ca. 64/53% ee;
precatalyst 95, ca. 88% ee). In the presence of S,N-
coligands, the S enantiomer is formed (precatalyst
99, ca. 90—97% ee). Using type 99 complexes having
instead of the sugar moiety at sulfur an S-cyclohexyl
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Figure 8. (a) Molecular structure of [Pd(#*-PhCHCH-
CHPh)(S P)]CF3S03:2CHCI3 (95:2CHCl3) (Anion and sol-
vate molecules are not shown; H atoms are omitted). (b)
Structural detail showing the coordination of the 1,3-
diphenylallyl ligand with respect to the six-membered
palladacycle.5¢

Scheme 17
S
___S/-\Pphz "“S\ /Pphz
1/2 [Pdy(dba)y] *CHCly ~—————> Pd
oL o o:(‘:\/:o
X
X
X = -CH=CH-, -CH,- 96

TN
—S PPh; :see Ain Scheme 16

@ 96 (X = -CH=CH-): structural

detail of the solid state structure.

donor, the enantiomeric excess is much lower (ca.
75%), indicating that the sugar moiety plays an
important role. The enantioselectivity can be ex-
plained in terms of the preferential attack at the
terminal allyl carbon pseudo-trans to the donor with
the stronger trans effect (P in S,P-ligands and S in
S,N-ligands). A different reactivity of exo and endo
isomers as well as an equilibrium between them also
plays a role. Thus, the depleted diastereomer can be
rapidly reformed, and there is not necessarily a
correlation between observed enantiomeric excess
and population of the diastereomers in solu-
tion.6466:68,71b.72 Pglladium-catalyzed asymmetric al-
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lylic substitution reactions were also performed with
P,N-chelate ligands based on carbohydrate-derived
phosphine- and phosphinite-oxazolines.”

D. C-Binding Substituents

As with simple isocyanide ligands CNR (R = alkyl,
aryl), platinum-group metal complexes with carbo-
hydrate-substituted isocyanides CNR¢, were synthe-
sized.”@ Both anomers of tetra-O-acetyl-2-deoxy-2-
isocyano-b-glucopyranose Rsn—N=C (A) (Chart 16)
react with dinuclear complexes [{ M(%°-CsMes)Cl(u-
Ch}2] (M = Rh, Ir), [{PtCl(u-Cl)(PPhg)}.], and [Pt(u-
CI)(PPhs),} 2](BF4), with cleavage of the chloro bridges
yielding complexes 100—102 (Chart 16). Reactions
with palladium and platinum dichloride afford cis-
dichlorobis(isocyanoglucopyranose) complexes 103.
The stereochemistry of complexes 100—103 was
determined from IR and NMR spectroscopic investi-
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Chart 16
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gations. Coordination-induced shifts of v(CN) to
higher wavenumbers is much greater in Pd"/Pt"
complexes 101—103 than in Rh'"Y/Ir''' complexes 100,
pointing to a substantial contribution of 7 back-
donation in M—C bonds within complexes 100. The
molecular structure of [Ir(17°-CsMes)Cl,(CNR%)] (100)
exhibits a nearly linear Ir—C—N (177(3)°) and a more
bent C—N—C bond (169(2)°) as typical for isocyanide
complexes.’#a

The platinum complexes 101 add alcohols to give
neutral carbohydrate-derivative carbene platinum
complexes 104 (Chart 16).742 The 3'P NMR spectrum
of carbene complex 104 with C(OMe)—NHR’, ligand
is consistent with the presence of two rotamers.

As with the isocyanoglucopyranose A, complexes
of type 100—102 with the isocyano-substituted nu-
cleoside B have been prepared. Analogously, the
palladium complexes 105 and 106 were obtained
(Chart 16).7%" The hexaisocyanide of the acetyl-
protected amino glycoside neomycin-B forms hexa-
nuclear metal complexes 107.74¢ FAB mass spectra
of the rhodium complex and of the 2-(N,N-dimethyl-
aminomethyl)phenylpalladium complex show [M* —
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Cl] as the ions of highest mass.

lll. Carbohydrate Ligands without Donor Groups

A. Anionic Carbohydrate Ligands

1. Carbohydrate Carbanions

Peracetylated o-p-glucopyranosylbromide reacts
with [Pt(17%-C,H4)(PPhs),] in methylene chloride in an
oxidative addition reaction to give the platinum(Il)
complex 108 bearing a o-bonded carbohydrate car-
banion (Scheme 19).58 The reaction proceeds with

Scheme 19
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racemization at C1 yielding o- and S-anomers in a
ratio of 47:53. In toluene the reaction proceeds only
in the presence of azobis(isobutyrylnitrile) (AIBN)
with UV irradiation. This coupled with the racem-
ization at C1 points to a radical mechanism for the
oxidative addition. Analogously, isopropylidene-
protected 6-deoxy-6-iodo-a-D-galactopyranose reacts
with [Pt(»?-C2H4)(PPhg),] in toluene (without AIBN
and UV irradiation) to give the o-organoplatinum
complex 109. In solution, both complexes slowly
decompose yielding [PtX,(PPh3),] (X = Br, I). The
trans structure of complexes 108 and 109 was
determined by NMR spectroscopy.

The rhodium analogue of coenzyme B;,, 5'-deoxy-
5'-adenosylrhodibalamin 110 (the equatorial cor-
rinoid ligand is symbolized by square brackets), was
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obtained in the reaction of the rhodium(l) complex
with 5'-iodo-5'-deoxyadenosine as shown in Scheme
19.7%2 This complex was also obtained when Propi-
onibacterium shermanii was grown in the absence of
cobalt with chloro- or aquarhodibalamin as precur-
sors. In the presence of HCN, both the axial base (5,6-
dimethylbenzimidazole) and the organo group is
cleaved from 110 to give dicyanorhodibalamin, ad-
enine, and the cyanhydrin of b-erythro-2,3-dihy-
droxypent-4-enal. In the same reaction with the
analogous methyl complex, the benzimidazole ligand
is selectively cleaved off. Thus, the Rh—C bond in 110
is more susceptible to cyanide than that of the
corresponding methyl complex. Electrophoretic be-
havior shows that at pH 2.5 a protonation of 110
takes place without cleavage of the organo group. An
anti-vitamin B, effect of these rhodium complexes
was observed in both bacteria and human cells.”™

Facile syntheses of C-glycosides and C-nucleosides
are based on palladium-mediated or -catalyzed cou-
pling reactions of 1,2-unsaturated carbohydrates
(glycals) with organopalladium reagents (Scheme
20).76 These coupling reactions involve four steps: (i)
formation of the organopalladium reagent from a
precursor compound (this might be an organomer-
curial), (ii) & complex formation with the glycal
double bond, (iii) insertion of the double bond into
the Pd—C bond, and (iv) product formation by j-
elimination.

The reaction of (1,3-dimethyl-2,4-dioxo-1,2,3,4-tet-
rahydropyrimidin-5-yl)mercuric acetate 111 with
3,4,6-tri-O-acetyl-p-glucal mediated by Pd(OAc),/LiCl
requires addition of PPhs or AsPh; to give stable
glucopyranosylpalladium complexes 112. These were
fully characterized by NMR, IR, and UV spec-
troscopies as well as by FAB mass spectrometry
(Scheme 20).7” The reaction is stereospecific: the
glycal ring is attacked by the intermediate pyrim-
idinedion-5-ylpalladium reagent from the face op-
posite the allylic (C3) substituent. Complexes 112
belong to the small class of stable o-organopalladium
complexes with cis-g-hydrogen atoms. The origin of
stability is thought to lie in the conformational
rigidity of the system (carbohydrate backbone and
oxygen coordination of the pyrimidinedione).””® Com-
plex 112 (L = PPhj3) reacts very selectively in reflux-
ing toluene with (syn) 5-hydride elimination. Alter-
nately, with H3O™ and HCOs;™, in water anti elimina-
tion of Pd'Yalkoxide and Pd'/acetate occurs. Ad-
ditionally, hydrogenolysis of the Pd—C bond is readily
achieved (Scheme 20).77278

2. Carbohydrate Diolato Ligands

Strong alkaline aqueous solutions of [Pd(OH).(en)]
react with 1 equiv of 1,6-anhydro-3-p-glucose (levo-
glucosan) and Y/, equiv of sucrose to give palladium
complexes 113 and 114, respectively (Chart 17).7°
X-ray diffraction of complex 113-H,O shows that
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levoglucosan acts as a 1,3-diolato ligand by bonding
through O2 and O4. Due to formation of the six-
membered dioxapallada chelate, the pyranose chair
is distorted toward a boat conformation. The struc-
tural characterization of complex 114-11H,0 (Figure
9) reveals a 4-fold deprotonated sucrose ligand. The

Figure 9. Molecular structure of complex 114-11H,0
(Solvate molecules are not shown).7%

Pd(en) entities are bound to 1,2- (through O3' and
0O4' of the glucose moiety) and 1,3- (through O1 and
O3 of the fructose moiety) diolate groups forming five-
and six-membered dioxapallada chelate rings. The
conformation of the disaccharide ligand is fixed by
an intramolecular O2'—H---O1 hydrogen bond (O---
O 2.657(6) A). Compared with the uncomplexed
sucrose (O-+-O 2.788 A®), this hydrogen bond is
strengthened by deprotonation of the acceptor and
by fixing the direction of the O—H vector. Further-
more, in both complexes a network of hydrogen bonds
including water molecules was found with O---O
distances between 2.63 and 2.86 A.

As 3C NMR measurements show, the pattern of
metal-binding sites found in the crystalline state of
sucrose complex 114 is not the only possibility. In
aqueous solutions, coordination through O4 and O6
of the fructofuranoside and through O2' and O3' of
the glucopyranosyl unit may also occur.” Aqueous
solutions of [Pd(OH),(en)] provide a coordinating
solvent for cellulose.”8! Cellulose samples of any
degree of polymerization are dissolved. The maxi-
mum amount of cellulose dissolved in a given quan-
tity of [Pd(OH),(en)] is in accord with 1:1 complex-
ation (1 Pd per anhydroglucose monomer). DFT
calculations on a truncated metalated cellulose com-
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plex 115-4H,0 (Chart 17) show geometrical param-
eters of the minimum-energy structure close to those
of the corresponding structural unitin 114:-11H,0.7

The ruthenium cluster [Ru3(CO);.] reacts with 1,2-
O-isopropylidene-a-b-glucofuranose forming complex
116 (yield 40%) in which two deprotonated hydroxyl
groups bridge two ruthenium centers (Scheme 21).82

Scheme 21
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X-ray crystal-structure analysis of 116-H,O shows
that there is no bond between these two ruthenium
atoms (Ru-:*Ru 3.002 A; Ru—0 av. 2.146 A) (Figure
10). Furthermore, the furanose oxygen atom and the

Figure 10. Molecular structure of [Ruz(CO)gL]-H20 (H,L
= 1,2:5,6-di-O-isopropylidene-a-p-glucofuranose) (116-H,0)
(Water molecule is not shown).82

hydroxyl group at C6 are coordinated at ruthenium
(2.256/2.377 A). Starting from 1,2:5,6-di-O-isopropy-
lidene-a-D-glucofuranose, the same complex was ob-
tained, although in lower yields (<25%). Complex 116
was used as precatalyst for hydrogenation reactions.

B. Neutral Carbohydrate Ligands

1. Platinum(lV) Complexes with Monoprotected
Carbohydrate Ligands

The trimethylplatinum(1V) cation has three free
coordination sites at its disposal for facially coordi-
nating tridentate carbohydrate ligands. The tris-
(acetone) complex with BF,~ as a weakly coordinating
anion, [PtMe3(Me,CO);]BF,4 (117), is monomeric in
the solid state®® and quite soluble in acetone, a
weakly donating solvent. Complex 117 reacts with
di-O-isopropylidene-protected monosaccharides (A) in
anhydrous acetone with or without the loss of an
isopropylidene group to give platinum(lV) complexes
with mono- (E) or di- (D) isopropylidene-protected
carbohydrate ligands. Type E complexes can also be
obtained directly from the monoprotected carbohy-
drates (B) (Scheme 22).

Corresponding reactions are shown in Scheme 23.
Reactions 118A — 118E and 119A — 119E are
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Scheme 22
Pt(IV)-di-isoprop.-protected

monosaccharide complex (D}
di-isoprop.-protected + 117

monosaccharide (A) - Me,CO

Pt(IV)-mono-isoprop.-protected
moncsaccharide complex (E)

mono-isoprop.-protected + 117 /
monosaccharide (B)

117: {PtMe4(Me,CO),]BF4

accompanied by the cleavage of one isopropylidene
group, with the platinum coordinating to the liber-
ated hydroxyl groups and to a third hydroxyl group
or oxygen donor if functionalized monosaccharides
are used (coordination mode, 3 x OH or 2 x OH +
Oester). Reactions 118B — 118E and 120B — 120E
proceed without the loss of a protecting group. In the
o-D-xylofuranose complex 120E, the carbohydrate
ligand coordinates via its two OH groups, presumably
since these are the strongest donor sites. The ring
oxygen of the furanose also participates in metal
binding (coordination mode, 2 x OH + Oying).8*
During the complex formation (Scheme 23), one of
the two isopropylidene groups is lost as acetone,
presumably due to the presence of trace amounts of
water in the reaction mixture. This reaction is
platinum-promoted as shown in the conversion 118A
— 118E (L = 1,2-O-isopropylidene-a-p-glucofura-
nose). Adding water to the reaction mixture im-
mediately effects cleavage of L from the complex and
formation of [PtMe3(H20)3]BF,. No further cleavage

Scheme 23

L [PtMe,;L]BF,

HO
Me\$ ’8

0o -0 Me™ Tt‘o
4V + 117 me R
RO 0 -Me,CO
OJV
118A

a-D-glucofuranose (R = H, Ac, SO,Me)
a-D-allofuranose (R = H)

Steinborn and Junicke

of the isopropylidene group from nonreacted L' (1,2:
5,6-di-O-isopropylidene-a-p-glucofuranose) takes place.
Significantly, with an excess of L', the isopropylidene
group of the surplus sugar is not cleaved.84

The rate constants for the hydrolysis reactions
118A — 118E and 119A — 119E (Scheme 23) point
to an initial monodentate coordination of the ligand
L' through the functional group at C3 (118) and C1
(119), respectively. Hydrolysis is facilitated by the
coordination of water (the resulting acidity of water
is estimated to increase by as much as 13 orders of
magnitude®s), which positions the proton donor near
the acetal oxygen of the protecting group (Chart 18,
intermediate A). Alternatively, an additional coordi-
nation of L' through the acetal oxygen of the protect-
ing group (Chart 18, intermediate B) could occur,
resulting in enhanced electrophilicity of the acetal
carbon. In the latter case, both effects may play a
role (Chart 18, intermediate B'). The importance of
the precoordination of L' through the functional
group at C3 can be derived from the order of reactiv-
ity: (i) the weakest donor groups on C3 (OSO,Me,
OCOMe) react more slowly than those with stronger
donating hydroxyl groups and (ii) 2,3:5,6-di-O-iso-
propylidene-a-p-mannofuranose  (precoordination
would be possible through C1—0OH, which would not
position platinum near a acetal oxygen) does not
react with [PtMe3(Me,CO)3]BF, (117).84

The very weak coordination of the ether oxygen of
the acetoxy substituent at C3 in complex 118E (L =
3-O-acetyl-1,2-O-isopropylidene-a-p-glucofuranose) is
evident in the reaction shown in Scheme 24.8¢ In wet

4

118E 118B

a-D-glucofuranose (R = H, Ac)

Q Q
|
09— OAY—
+ 117 BF,
-M
O)<o HO &C0 HO, OH
HO=Pt—Me
Me/ \
119A 119E
a-L-sorbofuranose
Me
o~ 0
74 € HO o
HO 4 BF, +117

0
0 OJV
oqV
120E

117: [PtMe3(MeoCO)4]BF,

120B

a-D-xylofuranose
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Chart 18

rel. rate constants: 1.0 > 08 > 07 > 0.2 > 041

OR: OHY OH® OHY 0-5-Me 0—<

a) u-D-glucofuranoses 118. b) a-L-sorbofuranose 119
(precoordination via C1-OH). ¢) a-D-allofuranose 118.

Scheme 24
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methylene chloride, the weakest of the three oxygen
donors is replaced by the stronger donating aqua
ligand forming complex 118E'-H,0. In this complex,

Scheme 25
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117: [PtMe3(Me,CO),]BF,
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the carbohydrate ligand is only bidentately bound
through two OH groups (coordination mode, 2 x OH).
Interestingly, this coordination is so stable that the
carbohydrate ligand is not cleaved off by the ad-
ditional water molecule present in the complex.®®

2. Platinum Complexes with Diprotected Carbohydrate
Ligands

The di-O-isopropylidene-protected monosaccha-
rides may also react with the tris(acetone)platinum
complex 117 without accompanying cleavage of an
isopropylidene protecting group (Scheme 25). In
complexes 121D, the carbohydrate ligands coordinate
through one hydroxyl group and two weaker donors,
namely, the ring oxygen of the furanose or pyranose
ring and an acetal oxygen of an isopropylidene group
(coordination mode, 1 x OH + Oying + Oacetal)-

Complexes 121D are highly air- and moisture-
sensitive. In wet methylene chloride, the sorbofura-
nose complex reacts with the loss of one isopropy-
lidene group to give complex 119E (L = 2,3-O-
isopropylidene-a-L-sorbofuranose), in which the carbo-
hydrate ligand coordinates via three hydroxyl groups.
In contrast, dissolving the galactopyranose complex
in wet methylene chloride results in the cleavage of
the carbohydrate ligand without cleavage of a pro-
tecting group. Dissolution of the fructopyranose
complex in wet methylene chloride yields complex
121D’ in which the ligated acetal oxygen atom of the
isopropylidene group is replaced by an aqua ligand
without deprotection of the carbohydrate. Thus,
complex 121D’ exhibits a unique coordination mode
(I x OH + 1 x Oring): the carbohydrate ligand is
exclusively bidentately coordinated via a relatively
strong OH donor and a weaker pyranose oxygen.84

009
BF, wet BF,
CHLL  jg  OH oM
NS
AR
Me Me
Me 119E
><O OH
BF, wat Q
(0]
CHxCla 5
X

+ [PtMeg(H20)3}BF4
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Oﬁ OfT 2

9 ~\ 0 117 OWO wet 9 O g
—_—— BF e 4
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Scheme 26
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118 122D

a) cf. Scheme 23 (118E, R = H)

As demonstrated in Scheme 26, platinum-promoted
isopropylidenation represents a route to prepare
platinum(IV) complex 122D with a diprotected car-
bohydrate ligand. The coordination mode (1 x OH +
1 X Oring + 1 X Ogeerar) is the same as that shown in
complexes 121D .84

3. Platinum Complexes with Glucopyranoside and
Acetylated Carbohydrate Ligands

Reactions of 1,6-anhydro-3-b-glucopyranose, 1-phen-
yl-3-b-glucopyranoside, and 1-methyl-a-b-glucopyra-
noside with the tris(acetone)platinum complex 117
afforded in moderate to good yields (40—81%) carbo-
hydrate platinum complexes 123—125 in which the
ligands are coordinated through two OH groups and
the oxygen atom of the pyranose ring (Chart 19). The
pyranoses are present in their unfavored 'C, ring
geometry to provide relatively strong donating tri-
dentate ligands (coordination mode, 2 x OH + 1 x

Oring)-83
Chart 19
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In 1,2,3,4-tetraacetyl-3-p-glucopyranose and in the
peracetylated a-p-gluco-, f-p-manno-, and -p-galac-
topyranoses, the “C; conformation is preferred due
to the space-demanding acetoxy groups. These car-
bohydrates were found to react with [PtMe3(Me,CO);]-
BF, (117) in acetone, yielding complexes 126—129
(Chart 19). NMR spectroscopic investigations show
that in all these complexes the pyranose rings are
present in their “C, conformations. In complex 126,
the carbohydrate is coordinated through the hydroxyl
group (the strongest donor site available), the pyra-
nose ring oxygen atom, and the acetyl oxygen atom
of the acetoxy substituent at C1 (coordination mode,
1 x OH + 1 X Oring + 1 X Oecstericiojor)- The carbohy-
drate ligands in the other complexes 127—129 are
coordinated through three relatively weakly donating
oxygen atoms, namely, 1 x Oring + 1 X Oestericoyor +
1x Oester/C(O)OR (127) and 1 x Oring +2x Oester/C(O)OR
(128, 129), respectively.®”

4. Platinum Complexes with Nonprotected Carbohydrate
Ligands

Although nonprotected monosaccharides CsH1,06
are insoluble in acetone, p-mannose, p-allose, and
D-fructose react with complex 117 within 24 h to give
carbohydrate complexes 130—132 (Scheme 27). Man-

Scheme 27
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nose and allose convert into furanoses upon complex-
ation with fac-[PtMe3]" moiety, through which suf-
ficently strong coordination with three hydroxyl
groups (3 x OH) is achieved, namely, the two
exocyclic hydroxyl groups at C5 and C6 and the
hydroxyl group at C3 (130) and at C1 (131), respec-
tively. Obviously, b-mannose and p-allose are not
good facial-binding tridentate ligands in their pyra-
nose forms. Addition of water to complexes 130 and
131 generates [PtMe3(H.0)3]BF, and cleaves the
carbohydrate ligands which in turn revert rapidly
into the more thermodynamically stable pyranoses.
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Figure 11. Molecular structure of the cation of [PtMe;L]-
BF,4 (118E, L = 1,2-O-isopropylidene-a-p-glucofuranose).842

(LY

Vam,
Ji

Figure 12. Molecular structure of the cation of [PtMe;L]-
BF, (123, L = 1,6-anhydro-j3-p-glucopyranose).83

Using the same reaction conditions to obtain 130—
132, p-glucose and p-galactose do not give complexes
but rather reduction of platinum occurs.88

5. Characterization of Carbohydrate Platinum(1V)
Complexes

All carbohydrate trimethylplatinum(lV) complexes
118—132 were isolated as white air- and moisture-
sensitive powders or colorless crystals. These have
been fully characterized by microanalysis and *H, 13C,
and %Pt NMR spectroscopy. The identities of com-
plexes [PtMe;L]BF, (118E, L = 1,2-O-isopropylidene-
o-b-glucofuranose;®?2 119E, L = 2,3-O-isopropylidene-
a-L-sorbofuranose;®® 123, L = 1,6-anhydro-3-p-
glucopyranose),®® [PtMes;L(H.0)]BF,; (121D', L =
2,3;4,5-di-O-isopropylidene-3-p-fructopyranose),8* and
[PtMe;sL(H,0)]BF4-H,0 (118E'-H,0, L = 3-O-acetyl-
1,2-O-isopropylidene-a-p-glucofuranose)® were also
confirmed by single-crystal X-ray diffraction analyses
(see Figures 11—13 as examples). In the crystal
structures of these complexes, there are strong
cation—anion interactions via O—H---F hydrogen
bonds. These might be essential for the marked
tendency of these complexes to crystallize, which is
unusual for carbohydrate—metal complexes. The
facial coordination of the carbohydrate ligands in
complexes 118E, 119E, and 123 results in bicyclic
systems with 1,3,2-dioxaplatina rings. Especially in
complexes 118E and 123, these systems are not free
from angle strain; two of the three O—Pt—0 angles
are distinctly smaller (73.6(2)°—78.6(4)°) than 90°.
The O—Pt—0 angles in the 1,3,2-dioxaplatinacyclo-
pentane rings of the complexes with bidentately
coordinated carbohydrate ligands are 75.3(4)° (121D")
and 75.5(3)° (118E'-H;0), respectively, pointing to
marked ring strain. The reduced donor capability of
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Figure 13. Molecular structure of the cation of [PtMesL-
(H20)]BF4-H,0 (118E'-H,0, L = 3-O-acetyl-1,2-O-isopro-
pylidene-a-p-glucofuranose).8

the acetal oxygen atom versus the hydroxyl oxygen
atoms in complex 123 is evident from the corre-
sponding Pt—O bond lengths (2.288(4) vs 2.246(5)/
2.248(5) A).

For the wide range of coordination modes of neutral
nonfunctionalized carbohydrate ligands to platinum-
(1V), the following order of donor ability was de-
rived: 3xOH>2xOH+1x0>1xO0H+ 2 x
O>3x20 (O = Oringy Oesters Oacetal)-Mb’87 As a
consequence of the very weak donor characteristics
of neutral carbohydrate ligands, coordination-induced
NMR shifts are small in platinum(IV) complexes and
13C chemical shifts are unreliable diagnostic probes
of the coordination of the carbohydrate ligands.
Useful information, however, was obtained from *H—
IH coupling constants as well as from ¥C—13C and
BC—H coupling constants which were readily mea-
sured in complexes with site-specific *C-labeled
monosaccharide ligands (118E, L = 1,2-O-isopropy-
lidene-a-p-glucofuranose; 130, 131). Evaluation of the
B3C—-13C couplings 1J3(C5,C6), 2J(C4,C6), and 3J(C3,-
C6) together with additional information from 3Jcy
and 3Jpy allowed identification of the conformations
of the exocyclic fragments —C®H(OH)—C®H,0OH and
their positions relative to the furanose rings. Finally,
13C-labeling proved to be a powerful tool unambigu-
ously to assign the coordination modes of the carbo-
hydrate ligands in acetone solution.84*8% Further
support for the constitution of these complexes and
the coordination mode of the carbohydrate ligands
comes from ESI-MS analyses where, in nearly all
cases, the mass peaks of the molecular cations
[PtMesL]" (L = carbohydrate) were detected. The
fragmentation of the isolated parent ions with iso-
propylidene-protected carbohydrate ligands proceeds
either by loss of acetone or by reductive elimination
of two methyl ligands from the platinum(lV) cation.
This allows identification of the coordination mode.8384

IV. Sugar Alcohol and Sugar Acid Ligands
A. Sugar Alcohol Ligands

1. Sugar Alcohols without Donor Groups

Synthesis and characterization by single-crystal
X-ray analysis of a platinum(ll) complex with the
most simple vicinal diol, [Pt(HOCH,—CH,OH){1,2-
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(PMePh),CeH4-P,P'}](CF3S0s3),,8° demonstrates that
complexes of platinum-group metals with sugar al-
cohols are accessible. Thus, [PtMe3(Me,CO);3]BF,
(117) reacts with p-mannitol in acetone in a hetero-
geneous reaction yielding the expected bis(trimeth-
ylplatinum) complex 133 and complex 134. The latter
bears an isopropylidene protecting group whose
formation is platinum-promoted (Scheme 28).88 As

Scheme 28
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NMR spectroscopic investigations (*H, 3C, °°Pt)
show, the complexes are highly symmetric and the
two platinum centers are bound via O1, 02, O4 and
03, 05, 06, respectively.

2. Sugar Alcohols with Donor Groups

As with 2-amino-2-deoxy-a-bp-glucose (see Chart 4),
[{ PtMe3(H20),}.SO4] reacts in dilute aqueous solution
with 1-amino- and 1-(N-methylamino)-1-deoxy-b-glu-
citol to give aminoglucitol complexes [PtMe;L],SO,
(135).* NMR spectroscopic investigations show that
in aqueous solutions (135', see Scheme 29) the

Scheme 29
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OH QOH
CH,0OH
2 136 CH,OH 137
R =H, Me

carbohydrate ligand is coordinated to platinum
through the nitrogen atom and most likely through
hydroxyl group at C2. The coordination sphere of
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platinum may be completed by the hydroxyl group
at C4 or by an aqua ligand.

1-(N-Methylamino)-1-deoxy-p-glucitol was found to
react in acetone with [PtMe3(Me,CO);s]BF, (117),
yielding the analogous complex [PtMe;s;L]BF,4 (136, R
= Me) (Scheme 29). In contrast to this, the reaction
with 1-amino-1-deoxy-p-glucitol affords the glucose-
imine complex 137. Schiff-base formation proceeds
most likely by a platinum-promoted mechanism. In
water, the imino group is lost forming complex 136
(R = H). The reaction is thus reversible. As for
complexes 135, instead of the C4—OH completing the
Pt coordination sphere, solvent (acetone, water) may
be coordinated.'®

Substitution of two vicinal hydroxyl groups in
alditols by amino groups results in substituted eth-
ylenediamine ligands that readily form cisplatin-type
complexes in reaction with K;[PtCl,]. Thus, com-
plexes 138 with stereochemically defined diamino—
dideoxy—alditols have been prepared. In the same
way, complexes with O-methylated and methylene-
protected alditols were obtained (Chart 20).1819.%0

Chart 20
R = R": -CH,0H, -CH,0Me, -CH(OH)-CHo0H,
Hy o -CH(OMe)-CH,OMe
Cli_ N
o P SN R/ R -CH,OH / -CH(OH)-CH,0H,
H, H -H / -{CH{OH)]3-CH,OH
—
138 R R’:-CHy-0-CH,-O-CHp-, -CH(OH)-CH,-0-CHy-

NZ
~ C
o / >< P{

H Ho

Complexes 138 with R = R" are C, symmetrical. The
molecular structure of complex 138-H,0 (R = R’ =
CH(OH)—CH,0H) was determined by single-crystal
X-ray analysis.?®%d Substitution of terminal hydroxyl
groups in threitol by amino groups affords 1,4-
diaminobutane-type ligands. Reactions of the 2,3-O-
isopropylidene-protected derivatives with K;[PtCl,]
in aqueous solution resulted in formation of the
enantiomeric pair of complexes 139 (Chart 20).%%
Antitumor activity of the cisplatin-type complexes
and their molecular interaction with nucleotides and
DNA have been investigated.

Related to sugar alcohols are ligands derived from
phosphorus-substituted tetrahydrofuranols and 1,3-
dioxolanes. Some representatives are shown in Scheme
30. cis- and trans-3-diphenylphosphino-4-hydroxy-
tetrahydrofuran (140) form mononuclear and di-
nuclear rhodium cyclooctadiene complexes [Rh(cod)-
(cis-P~ O)]BF4 (141) and [{Rh(cod)(u-trans-P O)}2]-
(BF4)2 (142) (P O = 140), respectively.®® Rhodium
complexes with chiral 3-phosphine-4-phosphite—tetra-
hydrofuran ligands 143, [Rh(CO),(P P)]* (144, P P
= 143), were prepared by reaction of [Rh(acac)(CO),]
with the diastereomeric pair of ligands 143. Surpris-
ingly, in asymmetric hydroformylation reactions, the
isolated complexes 144 are poorer catalysts than the
in situ mixtures [Rh(acac)(CO),]/143.92 DIOP-type
ligands 145, among them water-soluble and polymer-
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Scheme 30
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bound derivatives, were extensively used in rhodi-
um-, palladium-, and ruthenium-catalyzed enanti-
oselective hydrogenation, hydroformylation, hydrosilyl-
ation, and hydrocyanation reactions.3844.93
Analogous to DIOP, 1,4-bis(diphenylphosphino)-
butane-2,3-diols form rhodium complexes [Rh(Ph,-
PCH,—CH(OR)—CH(OR)—CH,PPh,-P,P")L;]BF, (L
= cod, nbd) (146). Single-crystal X-ray analyses of
complexes 146’ (R = H, L, = nbd) and 146" (R = Me,
L, = cod) revealed a key issue. In the 146' case, a
strong interaction between one of the enantiotopic
hydroxyl groups with rhodium (Rh---O 2.396 A) was
found (Scheme 30).°* 3P NMR experiments made
clear that in solution this interaction is strongly
dependent on the solvent and the ligands L. Tripodal
P,P,O-coordination was found in CD;OD but not in
CD,Cl, (see Scheme 30) and with ligands L, =
norbornadiene, (Z)-N-acetylaminocinnamate but not
with L = MeOH.% In asymmetric hydrogenation
reactions, complex 146' proved to be less active but
afforded higher enantioselectivities than those ob-
served with 146". These observations could be ratio-
nalized by the hemilabile coordinating OH group
(tripodal P,P,O- vs bidentate P,P-coordination).9495.96

3. Diolato Ligands

Treatment of bis(phosphine)carbonatoplatinum(I1)
complexes®” with polyols containing at least one
vicinal diol moiety gives equilibrium conversion to
the corresponding diolato complexes 147 (Scheme 31).
Product formation can usually be driven to comple-
tion by utilizing a modest excess of diol and argon
purge.®® In this manner, many type 147 dppp com-
plexes derived from diols (ethane-1,2-diol, propane-
1,2-diol, b- and meso-butane-2,3-diol, cis- and trans-
cyclohexane-1,2-diol, pinacol, phenylethane-1,2-diol,
3-methoxypropane-1,2-diol), triols (glycerol, butane-
1,2,4-triol), and alditols (erythritol, pL-threitol, ribitol,
xylitol, galactitol, b-mannitol) were prepared. This
route is superior to the synthesis of diolato complexes
via alcohol exchange reaction from diols with [Pt-
(OR),L;] (L = P-donor; R = alkyl). These bis(alcoho-
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Scheme 31
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rel K: Relative complexation constants (Kcmpi) as a function of diol (for dppp as reference
phosphine; K = 1000 for ethanediol) and of phosphine (for ethanediol as reference diol;
K = 1000 for dppp complex), respectively.93

lato) complexes are water-sensitive and readily un-
dergo S-hydrogen elimination resulting in limited
stability at room temperature. Conversley, the car-
bonato complexes are stable to air and water at room
temperature.

The solid-state structure of the p-mannitolato-
03,0% complex 147 was determined by X-ray crystal-
lography (Figure 14a).%® The five-membered PtO,C,
ring exhibits a twist conformation with two axially
disposed dihydroxyethyl substituents (Figure 14b).
The striking feature of the structure is the formation
of strong intramolecular hydrogen-bonding interac-
tions as shown in Figure 14c (O1---O3 2.66(2) A,
04:+:05 2.65(2) A, 03:::06 2.65(2) A). The confor-
mation of complexes 147 in solution was studied by

R = CH(OH)-CH,OH
b c

Figure 14. (a) Molecular structure of bis(diphenylphos-
phino)propane-(3,4-p-mannitolato)platinum (147-CH,CI,)
(Methylene chloride is not shown; H atoms are omitted).%
(b) Hlustration of the 1,3,2-dioxaplatinacyclopentane ring
and substituent geometry.% (c) Schematic of X-ray struc-
ture showing intramolecular O—H---O hydrogen bonds.%
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NMR spectroscopy (*H, *2C, 3P, 1%5Pt) using Karplus-
type dihedral angle dependencies.®®%° From this it
follows that strong hydrogen bonds are the predomi-
nant feature of these complexes in solution.

From (intermolecular) competition experiments,
relative diol complexation constants were determined
as a function of both the diol and the phosphine
ligands (Scheme 31). 1,2-Diol chelation is favored
over 1,3-diol chelation by 2—3 orders of magnitude
(first entry in Scheme 31). Complexation of polyols
provides an intramolecular selectivity competition
(Chart 21).899 In polyols, complexation is favored at

Chart 21
CH,0H CH,0OH
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, _L oy 1102 () ~ 1 on
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—1—OH —1—0OH
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HO—— @ ©2s8 —+—0OH
——OH A ——OH
CH,0H T CH,OH
galactitol l mannitol
statistical Observed equilibrium complexation
expectation regioselectivities (in %) in methylene
(in %) chloride and, in parantheses, in pyridine.

isomer

threo versus erythro diol units (preference for ax/ax
over ax/eq substitution in 1,3,2-dioxaplatinacyclo-
pentane rings, see Figure 14b). When an internal
threo linkage is not available, complexation occurs
preferentially at the terminal nonstereogenic diol.
Furthermore, complexation is favored in positions
that lead to preferential dihydroxyethyl versus hy-
droxymethyl side chains of the metallacycle. These
preferences reflect stabilization by (intramolecular)
hydrogen bonds as shown in Figure 14c, which can
be formed with axial hydroxyalkyl substituents.
Importantly, these interactions are stronger when
large hydrogen-bonded rings (more linear O—H---O
bonds) are formed.%® Substituents without hydroxyl
groups (methyl, tert-butyl, phenyl) on the 1,3,2-
dioxaplatinacyclopentane scaffold favor equatorial
placement as opposed to axial placement.
Thermodynamic data for intermolecular hydrogen-
bonding association of 1 and 2 equiv of phenol with
phenylethane-1,2-diolato complex 148 and for com-
petitive coordination exchange reactions with com-
plexes 149 in methylene chloride and pyridine
(Scheme 32) provide the basis for understanding the
role of hydrogen bonding in determining the com-
plexation properties of alditols to (P P)Pt'".*® The
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Scheme 32
HOPh HOPh
(0] PhOH o o}
LPt ] 9 LP ] PhoH 1p, 1
07 >ph O™ >ph O™ >pn
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0 / O~ O
LoPt] H, l@ LaPt, H
0 I+ C\) /)n —_— 0 It 0 dn
MeO H--0OH H-0 |\.1_ -OMe
149 148"
n=12
L, = dppp

regioselectivities for alditol complexation may depend
on solvent (Chart 21). When all hydroxyl groups are
involved in intramolecular hydrogen bonds, the iso-
mer ratios are generally independent of solvent.
Regioisomers having hydroxyl groups that are geo-
metrically precluded from participating in intramo-
lecular hydrogen bonding form new intermolecular
hydrogen bonds to pyridine. This leads to lower
energies for these isomers relative to those not
capable of such interactions. Thus, regioselectivity
may be dictated by choice of solvent.*®

Glycolato complexes 150 were prepared from vici-
nal diols (ethane-1,2-diol, propane-1,2-diol, hexane-
1,2-diol, dodecane-1,2-diol, pinacol, 1,2:5,6-di-O-
isopropylidenemannitol) and [Pt(OSiMes).(dppe)] in
good yields (Scheme 33).1%° Due to the high stability

Scheme 33

.
. H H 0
[PH(OSIMes)(dppe)] — 12— O™ (ppe)pt!

- 2 Me,SiOH 0 50

hvl(k =313 nm)
o=

o]

{(dppe)Pt% +

of [Pt(OSiMej3),(dppe)], this procedure offers an al-
ternative to the carbonate route depicted in Scheme
31. Complexes 150 are thermally robust and rela-
tively stable toward both air and water. Photolysis
results in [2 + 2 + 2] redox cycloreversion with
formation of aldehydes/ketones. Evidence for the
(dppe)Pt® intermediate was provided by trapping
experiments utilizing ethylene, H,, or dppe which
gave [Pt(17°-C.Ha)(dppe)], [PtHz(dppe)], or [Pt(dppe).],
respectively. Carrying out the reactions in the pres-
ence of H,, no hydrogenation of aldehydes or ketones
takes place. When a hydrogenation catalyst ([RuH,-
(PPh3)4]) is added, hydrogenation takes place as
shown in the reaction with the 1,2:5,6-di-O-isopro-
pylidenemannitolato-O3,0* complex yielding 1,2-O-
isopropylideneglycerol in 84% vyield. This may be
considered as a first step for the development of a
catalytic cycle for effecting hydrocracking of carbo-
hydrate C—C bonds.1®
Glycerolato-O!,0%-platinum(l1) complexes can be
used as chiral glycerol synthons. Thus, the complex
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(R*,R*)-(£)-[Pt(OMe){1,2-(PMePh),CsH,4}] (aster-
isked sterochemical descriptors are used here for
racemates) in benzene/methanol reacts with 1 equiv
of glycerol to give a solution of diastereoisomeric
glycerolato complexes 151 with 3:2 diastereoselec-
tivity (Scheme 34).1%* By NMR spectroscopy, a rela-

Scheme 34

Ph\ \\Me Ph l\Ae
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Only one enantiomer of each diasterecisomer is shown.

tively small concentration of the non-hydrogen-
bonded forms of the diastereoisomers (not shown in
Scheme 34) was also detected. In a typical second-
order asymmetric transformation, a pure diastereo-
isomer (95% of substance), namely, [(R*,R*),(R*)]-(+)-
(151)-2MeOH, crystallizes from solution. Upon dissolu-
tion in CD,Cl;, the bis(methanol) solvate rearranges
with redistribution of glycerolato ligands (even at
—90 °C) into a 3:2 equilibrium mixture of diastere-
oisomers. This interconversion may occur via inter-
molecular (by redistribution of glycerolato ligands)
or intramolecular (by site exchange of the terminal
oxygen atoms) interactions. The solid-state structure
of [(R*,R*),(R*)]-(£)-(151)-2MeOH shows centrosym-
metric dimers via hydrogen bridges (O---O 2.666(8)
A) between asymmetric monomers of opposite helicity
(Figure 15). The enantiomers of 151 (prepared from

Figure 15. Molecular structure of [(R*,R*),(R*)]-(£)-(151)-
2MeOH showing dimer formation in the solid state (Solvate
molecules are not shown).10?

(R,R)-(+)- and (S,S)-(—)-[Pt(OMe).{1,2-(PMePh),-
CsHa}], respectively) have considerable potential for
asymmetric synthesis.10!

As with 1,6-anhydro-$-p-glucose and sucrose (see
Chart 17), anhydroerythriol reacts with strong alka-
line aqueous solutions of [Pd(OH),L;] (L, = en, bpy)
to give meso-oxolane-3,4-diolatopalladium complexes
[Pd(C4He03-0,0')L;] (C4Hs03-O,0’ = meso-oxolane-
3,4-diolato(2—)-x?0,0"; L, = en, bpy) (152). The
crystal structure analyses of 152-nH,0 (L, = en, n
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= 4; L, = bpy, n = 6.5) show the expected square-
planar geometry at Pd with a chelating diolato(2—)
ligand.”102 Similarly, cis-[Pt(OH)2(NHs),] reacts
with p-mannitol yielding a 2:1 complex with a man-
nitolato(4—) ligand that is symmetrically coordinated
to two Pt(NH3), units probably by vicinal diolate
units.103

B. Sugar Acid Ligands

Acidity of L-ascorbic acid (H,asc; vitamin C), the
lactone version of a sugar acid, is based on its enediol
structure (Scheme 35). Diaminediaquaplatinum(ll)

Scheme 35
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complexes cis-[Pt(NH2R)2(H20),](NO3), (2NHR =
2NHg3, en, dach) react with ascorbic acid or sodium
ascorbate in aqueous solutions yielding diamineplati-
num(ll) ascorbato complexes. The chemistry is quite
complex, with the distribution of products being a
function of amine ligands, reagent stoichiometry, pH,
and time.1%4

The reaction of cis-[Pt(cis-dach)(H.0),](NO3), with
sodium ascorbate affords three major products,
namely, two isomeric forms of a monoascorbato
complex [Pt(asc-C?,0%)(cis-dach)]-3H,0 (153/153') and
a bis(ascorbato) complex [Pt(Hasc-C?)(Hasc-O°%)(cis-
dach)]-2H,0 (154). The bis(ascorbato) complex is less
stable and slowly converts in agueous solution to the
mixture of complexes 153/153' and ascorbic acid. The
structure of 153 (L = cis-dach) was unequivocally
confirmed by single-crystal X-ray analysis (Figure
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Figure 16. Molecular structure of [Pt(asc-C?,0%)(cis-
dach)]-3H,0 (153) (OH protons and water are not shown).1042

16).1%42 The dianionic ascorbato ligand is bound to
platinum through C2 and the deprotonated O5. Thus,
the ligands (asc-C?,0°) and (Hasc-C?) can be viewed
as carbon-bound o-hydroxy-j3-diketonato ligands. Such
bonding has been observed in a number of acetylac-
etonato platinum complexes.’®® As expected, the
organo group exerts a greater trans influence than
the alcoholate group. Thus, the Pt—N bond distance
trans to C2 is 0.05(1) A longer than the corresponding
bond length trans to O5. In accordance with this,
quantum chemical calculations of model complexes
reveal dissociation energies Pt—Nians—0 > Pt—Ntrans—c
and Pt—C > Pt—0.10% As X-ray analyses show, the
corresponding trans-dach complex [Pt(asc-C?,0°%)-
(trans-dach)]-3H,0% and the diammine complex [Pt-
(asc-C?,0%)(NH3)2]-2H,0%7 have analogous struc-
tures.

Further insight into diamineplatinum(I1) ascorbato
complexes came from time-dependent %Pt and 3C
NMR investigations of the reaction between [Pt([1,2-
15N,]en)(H20),](NO3), with sodium ascorbate (Scheme
35).1%¢ During the initial stage of the reaction (t < 1
h), mainly oxygen-bound ascorbato complexes are
formed. Two complexes of the ascorbate monoanion
([Hasc-O%]~ 155/156) and one of the ascorbate dianion
([asc-0?,0%]?~ 157) are of particular interest. The
reaction ultimately produces two carbon—oxygen-
bound complexes, namely, [Pt(asc-C?,0%)([1,2-1°N,]-
en)] (153) and [Pt(Hasc-C?)(Hasc-0%)([1,2-1°Nz]en)]
(154), which are analogous to the cis-dach complexes
described above. Platinum can bind to the prochiral
C2-carbon atom from either the re or si face of the
ascorbate ring (Scheme 35). When the platinum binds
to the re face, the hydroxyl group at O5 is properly
positioned for ring closure, resulting in the formation
of the asc-C?05%chelate complexes 153. However,
when the platinum binds to C2 through the opposite
face (si face), ring closure is not possible since the
exocyclic C3H(OH)—C8H,OH chain is positioned away
from the metal on the oppsite side of the ascorbate
ring. Since ring closure is geometrically prohibited,
the remaining binding site on platinum, which con-
tains a reactive aqua ligand, is available for further
reaction with a second ascorbate anion. Thus, when
excess sodium ascorbate is present, bis(ascorbato)
complexes 154 are readily generated.

Further support for these mechanisms comes from
analogous investigations with ®*NHjs, trans-R,R-dach,
and trans-S,S-dach ligands resulting in complexes
cis-[Pt(asc-C?,0%)(NH,R).]-nH,O (2NH,R = trans-
R,R-dach, n = 3; 2NH,R = trans-S,S-dach, n = 2;
NH2R = 15NHj3, n = 2).1%4 The reaction between cis-
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[Pt(OH),(PMej3),] and ascorbic acid afforded cis-[Pt-
(asc-02,03)(PMe3),]-2H,0 (157') as final product. The
binding of the ascorbato ligand through O? and O3
as in type 157 complexes was shown by X-ray
crystallography.106a

In the absence of a nucleophile, chelate complexes
153 are protonated by acids at the O5 site of the
ascorbato ligand yielding complexes 158 with proto-
nated chelate Hasc-C?,05%ligands (Scheme 36).1%8

Scheme 36
H30+ O
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Furthermore, hydrolysis takes place yielding ring-
opened complexes 159 and diaqua complexes with
cleavage of Hpasc. When the protonation reaction was
conducted with the use of methanesulfonic acid in
dry alcohols, the protonated chelate complex 159 was
isolated. With nucleophiles, in nonaqueous solution
the ring-opened complexes 160 and 161 were ob-
tained and could be characterized by NMR spectros-
copy (Scheme 36). Both complexes are unstable in
aqueous solution; the chloro complex 160 undergoes
ring closure, reforming the chelate complex 153 and
the C?-bound dimethyl sulfoxide complex 161 isomer-
izes yielding the O%-bound complex 161'.198
Bis(ascorbato)-1,2-diaminocyclohexaneplatinum
complexes were tested for their antitumor activity.1%
Iproplatin, [PtCIl,(OH),(NH,iPr);], a prodrug for the
treatment of a variety of cancers, is reduced by
ascorbic acid yielding stoichiometric amounts of Pt-
(I1) and dehydroascorbic acid. Intermediates are
platinum—ascorbate complexes and a long-lived ascor-
bate radical.*'® Ascorbatoruthenium(l11) complexes
were characterized mostly in solution: Ru(lll) forms
stable ascorbato complex [Ru(asc)(NHz3)s](OsSCF3),
presumably with O-bound ascorbato ligands.'* Fur-
thermore, it was shown that [RuCly(H,0)4]" reacts
with L-ascorbic acid, yielding a 1:1 ascorbatoruthe-
nium(l11) complex that undergoes an inner-sphere
electron transfer.*'2 The Ru(l11)-—EDTA—H,asc—0,
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and Ru(l11)-EDTA—H,asc—H,0, systems catalyze
effectively the oxidation or oxygenation of a variety
of organic substrates and are formally analogous to
monooxygenase and peroxidase activity, respectively.
Examples are hydroxylation of cyclohexane, toluene,
or cyclohexanol,'® epoxidation of olefins,!'3¢e114 and
oxidation of ascorbic acid.**®

A great variety of carboxylatoplatinum complexes
have been synthesized and antitumor activities stud-
ied. Cisplatin-type complexes [Pt(O,CR).L] (162)
(L = NHg, ¥, dach, ...) with sugar acids R;zCO,H as
the anionic leaving groups have been synthesized via
conventional methodes, such as reactions (i) of [PtL,-
(H20)2]?" with MO,CR¢, (M = Na, K), (ii) of [PtCl,L;]
with AgO,CR¢, or Ag,SO4/Ba(O.CRe)2, and (iii) of [Pt-
(OOC—COO0)L;] with Ca(0O,CR¢)2. Complexes from
all three major types of sugar acids are known,
namely, from aldonic acids (gluconate, tetra-O-
acetylgluconate, hexahydroxyheptanoate)'6117.118 and
uronic acids (glucuronate, galacturonate, tetra-O-
acetylglucuronate).116:119.120.121122 Aldaric acids HO,C—
(CHOH),,—,—CO,H form 1:1 complexes [Pt(0,C—R—
CO,)L;] (163) (saccharate, mucate, tartrate) and 2:1
complexes [Pt(O,C—R;u—CO,H),L ;] (164) (saccharate,
saccharatolactone).118119.1201123 Erom IR and *H NMR
measurements, it was determined that the sugar
coordination occurs monodentately via the negatively
charged carboxylate oxygen atom in trans complexes
trans-[Pt(O,CRcn)2(NHs3)2] (165') and bidentately in
CiS-[Pt(OzCRCh)(NH3)2](OzCRCh) (165”) (HOzCRch, glU'
curonic acid, gluconic acid) through carboxylate
oxygen atoms or through one carboxylate oxygen
atom and pyranose ring oxygen atom (glucuronate
anion) and o-hydroxy group (gluconate anion), re-
spectively, forming five-membered chelate rings.16p

Dinuclear carboxylatorhodium(ll) complexes [Rh,-
(O2CR¢h)4L2] (166) (O2CRe = glucuronate, ketoglu-
conate; L = H,0, cyclophosphamide) were prepared
and tested for cytotoxicity.'?* The solvate-free glu-
conate complex [Rhz(O2CRch)4] (167) (O2CRen = glu-
conate) was used as a catalyst in enantioselective
cyclopropanation reactions.*?® Polarographic and spec-
trophotometric investigations showed that in basic
solution ruthenium(l11) forms with gluconate ion a
1:1 complex. This could not be isolated in the solid
state, so the exact formula and structure are still
unknown. The complex is sufficiently stable to keep
Ru(l1l) in solution in the presence of 2 M NaOH.126
Furthermore, it has been shown that Os(VI), Os(1V),
and Os(l11) are strongly complexed by sodium glu-
conate in alkaline solutions.*?” Reactions of K[Os-
(OAC);0,] with glucose in acetic acid result in carbo-
hydrate polymers (molecular weight 10*—10° g/mol)
containing 10—40% osmium in an average oxidation
state +4.1% OsO, moieties might be bound to glucose
and/or gluconate units. These polymers are polydis-
perse anionic polyelectrolytes and serve as potential
antiarthritic drugs.

Reactions of [PtMe3(H,0)s]* with stoichiometric
amounts of sodium salts of pb-gluconic and 2-amino-
2-deoxy-b-gluconic acid and with calcium O-isopro-
pylidene-p-threonate result in neutral platinum(1V)
complexes [PtMesL] (168) (L = gluconate/aminoglu-
conate) and [PtMesL(H,0)] (169) (L = threonate),

Chemical Reviews, 2000, Vol. 100, No. 12 4311

Chart 22
Me
O, -0~ /. -Me
P Me
X Me 0 O\}Lt/Me
i }(H]/FM‘E
0 OH,
’-—OH ><o—‘
CH,OH
168 169
X = NH,, OH
o 1
o> P Ve
o YA
7\ IBF —~Pt{—Me |BF,
!OH =o' \/O ! B
\ OH \HO”  OH
HO, oo
Pt
Me” N Ve
Me
170 171

respectively (Chart 22).14 NMR spectroscopic inves-
tigations (*H, 13C, 1%Pt) reveal that the ligands are
deprotonated sugar acids. In aqueous solutions, the
gluconato ligands are tridentately coordinated as
shown in Chart 22. Alternatively, a bidentate binding
mode is possible by replacement of the C4—0OH with
water.

Reactions of tris(acetone)trimethylplatinum(1V) tet-
rafluoroborate 117 with 2,3-O-isopropylidene-2-keto-
L-gulonic acid and 5,6-O-isopropylidene-p-gulono-1,4-
lactone in acetone afford complexes 170 and 171,
respectively (Chart 22).84° The coordination modes of
the carbohydrate ligands were derived from NMR
spectroscopic investigations. In complex 170 the
carboxyl group is not deprotonated upon complex-
ation to platinum(lV). In contrast to all other cationic
carbohydrate complexes [PtMesL]" (L = carbohy-
drate), complex 170 did not show any signal in ESI-
MS analysis, due most likely to facile deprotonation
of the highly acidic carboxylic group yielding a
neutral nondetectable complex.

V. Cyclodextrin Complexes

A. Inclusion Compounds

Cyclodextrins are cyclic oligosaccharides with 1,4-
linked glucopyranoside building blocks (generally
6—8) that exist in “C; chair conformation (Chart 23).

Chart 23
cavity
n dinA  VinA®

HO a6 4753 174
0O B 7 6065 262
Y "y 8 7583 427

HO OH : ;
d - internal diameter

V - volume

The structures resemble hollow truncated cones (tori)
and exhibit approximate C, symmetry (n = 6—8). The
large internal diameters of the cavities allow the
formation of inclusion compounds in which the cy-
clodextrins act as molecular receptors (hosts) that
bind substrates (guests), forming host—guest com-
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plexes or supramolecular species. Functionalization
of cyclodextrins with donor groups leads to ligands
that can form a multitude of complexes.?®

Several inclusion compounds of cyclodextrins with
platinum-group metal complexes as guests were
characterized by single-crystal X-ray diffraction (Chart
24). In the solid state, all these complexes are

Chart 24
HaN_  NHj
/Pt\
Ci—Pt—Ci o) 0

175 M=Ru,n=2)
176 M =Rh,n=1)
174

hydrates and thus possess a network of hydrogen
bonds. Apart from the -CD complex 172, the guest
molecules penetrate into the broad side of the cyclo-
dextrin torus.

The structure of [PtCI>(NHs)(PMejs)]-(8-CD)-5.5H,0
(172) is strongly disorded, and the schematic drawing
in Chart 24 is valid for only 57% of the molecules.**°
The platinum complex penetrates into the 3-CD
molecule with its PMe;s ligand. There are no notable
host—guest contacts. In the 1:1 adduct of carboplatin
with o-cyclodextrin, [Pt{c-C4Hs(COO),}(NH3)2]-(a-
CD)-5.5H,0 (173), the cyclobutane ring of the cy-
clobutane-1,1-dicarboxylato ligand penetrates into
a-cyclodextrin.’3! The adduct is stabilized by two
N—H---O hydrogen bonds between the ammine hy-
drogen atoms and oxygen atoms of hydroxyl groups
of this host cyclodextrin molecule (N---O 2.94, 3.14
A). Surprisingly, perhaps, there are no (intramolecu-
lar) hydrogen bonds between the carbonyl oxygen
atoms of the carboxylato ligand and hydroxyl groups
of this host cyclodextrin molecule but only intermo-
lecular ones to other cyclodextrin molecules.

In the solid-state structure of the 1:1 adduct [Rh-
(cod)(NH3);]PFe(0-CD)-6H,0 (174), the cyclooctadi-
ene ligand adopts a boat conformation (Figure
17).1810.182 One of the two —CH,—CH,— units of the
cod ligand penetrates into the cyclodextrin cavity.
Four N-:-O distances between 3.24 and 3.46 A point
to a stabilization of the adduct by intramolecular
N—H:--O hydrogen bonds. a-Cyclodextrin forms 2:1
inclusion compounds with [Ru(#5-CsHs)(175-CsHe)]PFs*
2((1—CD)'8H20 (175)133 and [Rh(ﬂS-C5H5)2]PF5'2((1-
CD)-8H,0 (176).1** The host molecules are arranged
head-to-head to form a dimer. The cations are en-
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Figure 17. Molecular structure of [Rh(cod)(NH3);]PFs*(a-
CD)-6H,0 (174) (Anion and water are not shown; H atoms
are omitted).1310.132 N—H---O hydrogen bonds (N-:+O 3.24—
3.46 A) are shown as dashed lines.

capsulated within the cavity of the dimer, while the
PF¢ anions are located outsight the cavities. The
guest cations are tilted against the mean planes of
oxygen atoms of the 12 secondary hydroxyl groups
of o-CD molecules by angles of 36° (175) and 42/43°
(176), respectively. The structure of the rhodicinium
cation appears to be unaffected by inclusion into the
cyclodextrin cavity.

Apart from these structurally characterized com-
plexes, it has been shown that cyclodextrins and their
O-methylated derivatives can form inclusion com-
plexes, both in the solid state and in solution, with a
wide range of platinum-group metal complexes.
Guest molecules are sandwich and half-sandwich
complexes (analogues to complexes 175/176),133.134.135
[PtCI>(NH3)(PEt3)] (analogue to complex 172)%2° and
[RhLz(L’)z]PFe (L2 = cod, nbd; L' = NHs;, 1/28“)
(analogues to complex 174).1310132 Eyrthermore, S-
and y-cyclodextrin form 2:1 (CD:guest) inclusion
compounds with dimeric complexes [{ Rh(u-X)L2} 2] (L2
= cod, nbd; X = CI, Br, 1) (177) and 1:1 inclusion
compounds with the monomeric complexes [PtX,-
(cod)] (X =Cl, Br, 1) (178).1%¢ A 1:1 inclusion complex
of B-cyclodextrin and [Rh(#*>-CsHs)(nbd')] (nbd' =
2-formylnorbornadiene) (179) was obtained.'®” Sepa-
ration of racemates of planar—chiral cyclopentadienyl
rhodium complexes into enantiomers by liquid chro-
matography using aqueous S-cyclodextrin as a mobile
phase is an example for chiral recognition of metal
complexes due to formation of inclusion compounds.*3®
The dimeric complexes [{ Pd(73-C3Hs)(u-X)} 2] (X = Cl,
Br, 1) (180) and the analogous crotyl and 2-methyl-
allyl complexes (X = CI) form 1:1 inclusion com-
pounds with - and/or y-cyclodextrin.3?

In all cases, the formation of inclusion compounds
proved to be strongly dependent on the size and
shape of the guest molecules. The topology of these
inclusion compounds was most precisely determined
by single-crystal X-ray diffraction but was also
obtained in solution from NMR and induced circular
dichroism measurements. Formation of inclusion
compounds may alter the properties of the guest
complexes. For instance, inclusion of [Ru(#®-CsHs),]
in S-cyclodextrin prevents oxidation of ruthenocene
by iodine.130:135¢ Cyclodextrins can affect the kinetics
or even change the reaction mechanism (outer-sphere
vs inner-sphere) of electron-transfer reactions.'4?
Furthermore, they can influence photophysical prop-
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erties.'** The thermal stability may be increased at
inclusion ([{Rh(u-Cl)(cod)}2] Tge ca. 200 °C; [{ Rh(u-
Cl)(cod)}2]-2(B-CD) Tgec Ca. 275 °C).1360 |n general,
cyclodextrin adducts have been prepared in water
and inclusion of complexes results in increased water-
solubility. An increase in water-solubility can im-
prove the uptake of hydrophobic drugs. This was the
motivation for inclusion of the antitumor active
rhodium(ll) a-methylcinnamate within S-cyclodex-
trin'*? and also for formulations of cisplatin-type
complexes with cyclodextrins.310.143

Owing to the ability of forming water-soluble
inclusion compounds with organic molecules, cyclo-
dextrins can be used as inverse-phase-transfer cata-
lysts by improving the mass transfer of organic
substrates between organic and aqueous layers.**
Biphasic olefin oxidation (Wacker oxidation),4*
hydroformylation,44¢145 hydrocarboxylation reac-
tions,1#4¢146 cleavage of allylic carbonates,'*” and
hydrogenation of aldehydes,*® ketones (in THF),14°
and a-keto esters (in MeOH/H,0)** were described
using water-soluble palladium, rhodium, or ruthe-
nium catalysts. In an analogous manner, a solid-
phase catalyst (Pd/C) was used for reduction of
bromoanisols to hydrocarbons.'®* To improve the
efficiency of inverse-phase-transfer catalysts, OR-
substituted (R = Me, Ac, CH,—CH,—0OH, CH,—CH-
(Me)—OH, ...) cyclodextrins were also used. Substrate
selectivity was achieved according to the shape/size
concept (cyclodextrin cavity vs substrate). Product
selectivity may also result from inclusion of the
substrate. Thus, n/iso ratios in hydroformylation and
-carboxylation reactions are effected by means of
cyclodextrins.

Platinum inclusion compounds of type 178 as well
as [PtMe;,(cod)] and [PtMe;3(17°-CsHs)] are hydrosily-
lation catalysts and were used in “command-cure”
applications. The addition—cure reaction is a well-
known industrial process for cross-linking silicones.
A curable formulation is one with a long work-life at
ambient temperature and rapid cure time at elevated
temperature.’>® Surprisingly, the palladium ana-
logue, [PdCI,(cod)]-(5-CD) (179), proved to be a good
command-cure catalyst whereas the guest complex
[PdCIy(cod)] lacking cyclodextrin was not active in the
hydrosilylation reaction.'®? Palladium colloids stabi-
lized by S-cyclodextrin act as an artificial heteroge-
neous catalyst for CO,/HCO3;~ reduction to formate
which mimics enzyme activities.*>® -Cyclodextrin—
epichlorhydrin copolymers deposited with noble met-
als have been used as enantioselective heterogeneous
catalysts.*

B. Cyclodextrins with Donor Groups

An overwiew of cyclodextrins with anchoring groups
is given in Chart 25. In most cases the anchoring
group is bound directly or via a spacer to one of the
C6 carbon atoms located on the narrow side of the
torus. These chemically modified cyclodextrins can
be covalently bound to metals. From the amine
ligands 180, platinum(ll) complexes of the types
[PtCI2(B/y-CD-NH2)(NH3)] (181), [PtCly(B/y-CD-en)]
(182), and [PtCI,{3-CD-NH(CH2)sNH,}] (183) were
synthesized, characterized (*H, 3C, and **Pt NMR,
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FAB MS, UV—vis), and tested for their cytotoxic and
antitumor activities.’®> The X-ray crystal-structure
analysis of cis-[PtCl,{-CD(NH)2}]-13H,0 (184) (Fig-
ure 18) reveals that the complexation with platinum
induces a distortion of the cyclodextrin cavity. The
O—H---O hydrogen bridges around the functionalized
units on the broader side of the torus are significantly
weakened (O---O 3.08—3.46 vs 2.74—2.84 A).15%
64,68,6°,6E-Tetra-O-nicotinyl-substituted permeth-
ylated a-cyclodextrin 185 has two pairs of preferen-
tially cis-coordinating pyridyl ligands. It reacts with
cis-[PtCl;(MeCN),] to yield a bis(cis-PtCl,)cyclodextrin
complex as revealed by 'H NMR investigations.'%®
2,2'-Bipyridine-functionalized permethylated j-cy-
clodextrin (5-CD-bpy) 186 reacts with [RuCl,(bpy):]
and [{M(n>CsMes)Cl(u-Cl)}2] (M = Rh, Ir) to yield
complexes [Ru(bpy).(5-CD-bpy)]Cl, (187) and [M(#°-
CsMes)CI(3-CD-bpy)]Cl (M = Rh, Ir) (188), respec-
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Figure 18. Molecular structure of [PtCl,{5-CD(NH,)2}]-
13H,0 (184) (Water is not shown; H atoms are omitted).15°
N—H:---O hydrogen bonds (N---O 2.96/3.09 A) and weak-
ened O—H:-:-O hydrogen bonds (O---O 3.08—3.46 A) are
shown as dashed lines.

tively. Importantly, these molecules are interesting
candidates by which to investigate electron and/or
photon transfer between an encapsulated guest mol-
ecule and an active metal center.'® The bipyridine-
functionalized cyclodextrin dimer 189 (based on a
silylated S-cyclodextrin) readily forms a rhodium
complex, [Rh(77°-CsMes)CI(189)]CI (190).2%8 From terpy-
ridine-functionalized cyclodextrin 191 were prepared
ruthenium(l1) complexes [Ru(5-CD-ttp)Ls](PFe)2 (192)
(B-CD-ttp = 191 with permethylated -CD; L; =
terpyridine, p-tolylterpyridine). The luminescence of
complexes 192 responds to guest binding.'® An
efficient route for the preparation of [Ru(5-CD-dpp)-
L3]PFs (193) (5-CD-dpp = cyclometalated 194; L; =
p-tolylterpyridine) allowed the investigation of these
complexes as photoactive receptor units.16°

Organoselenium-bridged bis(8-cyclodextrin) 195
reacts with PdCl, and K;[PtClg] yielding 1:1 com-
plexes [PdCly(f-CD—Se—C¢Hs—Se—[-CD-Se,Se')]-
11H,0 (196) and K;[PtCls]-(3-CD—Se—CgHs—Se—f-
CD)-10H,0 (197), respectively. Conductivity measure-
ments indicate that the corresponding platinum(1V)
complex with the 6,6'-trimethylenediseleno-bridged
dimer has a 2:1 stoichiometry (195" :Pt) whereas the
2,2'-bridged dimer 195" has a strict 1:1 stoichiome-
try.1®t Due to dual hydrophobic cavities in close
vicinity to one and other, both free ligands and their
platinum complexes show cooperative binding capa-
bilities for guest molecules. This was demonstrated
using a number of fluorescent dyes.

Cyclodextrins with P-binding substituents were
mainly used as catalyst components in homogeneous
catalytic reactions. Generally, catalysts with cyclo-
dextrin-modified ligands may exhibit substrate se-
lectivities due to inclusion of substrates in cyclodex-
trin cavities. Such catalysts are particularly powerful
tools in phase-transfer catalysis. Hydroformylation
and hydrogenation reactions of olefins with Rh/
198,162 Rh/199,'63 and Rh/200%% have also proved to
be substrate selective in biphasic systems. Investiga-
tions on reduction of halo—nitro aromatic compounds
by -cyclodextrin-modified catalysts M/199 (M = Rh,
Ir, Pd, Pt, Ru) in biphasic systems showed that the
platinum catalysts [PtCl(cod)]/199 are the most
active and selective ones, resulting in the chemose-
lective formation of halo—aniline derivatives.*®* In
these processes it has to be assumed that catalytically
active species are metal complexes with cyclodextrin-
modified ligands. Palladium and rhodium complexes

Steinborn and Junicke

with phosphine-functionalized cyclodextrins, [PdClI,-
(8-CD-PP)] (201)%%> (3-CD-PP = 202 based on hep-
takis(2,6-di-O-methyl)-S-cyclodextrin) and [Rh(nbd)-
(6-CD-PS)]BF, (203)%5 (5-CD-PS = 204 based on
p-cyclodextrin), have been synthesized and charac-
terized by NMR spectroscopy and FAB mass spec-
trometry.

The well-defined hydrophobic cavities of cyclodex-
trins are the basis not only for molecular but also
for chiral recognition of substrates. Due to the
reversibility of binding of substrates, cyclodextrins
are ideal host compounds to carry out reactions under
topochemical control and for substrate-sensitive cata-
lytic processes. Coordination of cyclodextrins via
donor groups to metal catalysts brings the cavities
in close vicinity to the catalytic centers. This mimics
metalloenzymes and is a promising development
toward supramolecular catalysts for highly active and
selective enantioselective reactions.

VI. Conclusion

Coordination chemistry of platinum-group metals
with carbohydrate ligands bearing Lewis-basic sub-
stituents is strongly dominated by these “anchoring”
groups. In general, these moieties are much stronger
donor ligands than the remaining oxygen-donor sites
of the carbohydrate. These may give rise to further
coordination forming chelate complexes. Thus, donor-
substituted carbohydrates behave — in many aspects
— similarly to analogous ligands without carbohy-
drate backbones. From a coordination chemical view-
point, close analogies were also found between an-
ionic carbohydrate ligands obtained by deprotonation
of one or two hydroxyl groups or of a sugar acid and
corresponding alcoholato, diolato, or carboxylato
ligands, respectively, without carbohydrate back-
bones.

Nonfunctionalized neutral carbohydrate ligands
are unique, and their highly versatile coordination
behavior is documentated best in trimethylplatinum-
(1V) complexes (Chart 26). Although they are weak
donors, pyranoses, furanoses, and acyclic carbohy-
drates can be bound to platinum(1V), a high oxidation
state transition metal. The carbohydrates are neither
oxidized by platinum(lV) nor deprotonated upon
complexation, although the latter often occurs using
metals in high oxidation states. Importantly, platinum-
promoted cleavage or formation of isopropylidene
protection groups and Schiff bases can occur depend-
ing on steric conditions.

Apart from the primary coordination sphere, the
high steric demand of carbohydrate moieties and
their conformational rigidity have a pronounced
influence on stability and reactivity of carbohydrate
complexes. This seems to be especially significant for
organometallic carbohydrate ligands. Furthermore,
the inherent chirality of naturally abundant carbo-
hydrates, their biocompatibility, the “fine-tuning” of
conformations and coordination behavior via hydro-
gen bonds, and enhanced solubility of carbohydrate
derivative complexes may play an outstanding role
for applications of carbohydrate complexes as cata-
lysts in homogeneous catalytic reactions or in medi-
cine and pharmacology. The deeper understanding
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of metal coordination modes for carbohydrates and
applications of influencing configuration and confor-
mation of carbohydrate ligands in metal complexes
is an integral concept in bioinorganic chemistry.
Applications to medicine and pharmacology as well
as to both synthetic and enzyme mimicry catalysis
are readily envisioned based on the current states of
carbohydrate platinum coordination chemistry. In-
deed, it is likely to be in these areas that the next
frontier of metal carbohydrate chemistry lies.

VII. Abbrevations

Ac acetyl

Ar aryl

Bzl benzyl

CD cyclodextrin

cod cycloocta-1,5-diene

dach 1,2-diaminocyclohexane

dba dibenzylideneacetone

DIOP 2,3-O-isopropylidene-2,3-dihydroxy-1,4-bis-
(diphenylphosphino)butane

dppe 1,2-bis(diphenylphosphino)ethane

dppp 1,3-bis(diphenylphosphino)propane

HA HBF,4, HPFg, ... (A = weakly coordinating
anion)

H,asc L-ascorbic acid

n-Hmbpa 4,6-0O-benzylidene-n-deoxy-n-(diphenylphos-
phino)-a-p-altropyranoside (n = 2, 3)

nbd bicyclo[2.2.1]hepta-2,5-diene (norbornadiene)

Nu nucleophile

R alkyl, aryl, H

Rch—OH carbohydrate

YRn NR;, PR, OR, SR, ...
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