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Abstract: Dendrimers coated with carbohydrates on their 
exterior surfaces have been constructed by using both con- 
vergent and divergent synthetic routes. Alternatively, clus- 
ter glycosides in the form of highly branched oligosaccha- 
rides can serve as dendritic wedges in the subsequent 
elaboration of fully carbohydrate dendrimers. It is antici- 
pated that these novel saccharide-containing polymers, 
which are highly branched and water-soluble, will find ap- 
plications of a biological nature as well as in the context of 
new matcrials. 
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Introduction 

Constructing large molecules with precise (macro)molecular 
structures in a controlled manner is an cxtremely attractive 
proposition because of the possibility of creating new materials 
and biologically active compounds. Since the early 1980% one of 
the ways of addressing this objcctive has been the iterative as- 
sembly of monodisperse, highly branched macromolecules['] in 
the form of so-called denduimers. Many organic, organometal- 
lic, and polyincr chemists have made their contributions to  the 
remarkable advances in dcndrimer chemistry that have emerged 
in this now highly interdisciplinary field of research as new 
conceptual approaches to the syntheses of dendrimers have 
evolved. As a result, a wide range of building blocks have been 
incorporated as components into dendriniers. However, until 
fairly recently, no saccharides had been employed for this pur- 
pose. The desire to understand the biological functions of carbo- 
hydrates['] has established this class of natural products as one 
of the major focuses of current biological researchL3] and has 
prompted the reinarkable progrcss in the synthesis of oligosac- 
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[**I This paper should be regarded a s  Pat1 4 of a series 011 Sqnthrtic Carbohydrate 
Dendrimers: For Part 3. rc1' [Ih] A list of abbre\>iations used in this article is 
given in ref. [09] 

c l~ar idcs[~ '  and glycoconjugatesL5] of the last decadc or so. 
Needless to say, there is an infinite array of possibilities and 
opportunities in relation to the preparation of synthetic glyco- 
conjugates. The unique features of Carbohydrates, which are 
supremcly adaptable to aqueous environments and widcly used 
by Nature, are, as yet, under-explored and hardly exploited as  
a relatively inexpensive means of creating unnatural niacro- 
molecules with potentially useful properties for new materials 
and biologically active compounds. Recently. several groups ~~ 

including our own-have turned their attention to the synthesis 
of carbohydrate-containing dendrimers. In this short article. we 
will discuss some of the early achievements and try to assess thc 
outlook for a rapidly expanding arca of muitidisciplinary re- 
search that seems to be full of promise. 

Observations 

There are two limiting types of carbohydrate-containing den- 
dritic molecules1"] which may be distinguished by the way in 
which the saccharide residues are incorporated into them. The 
first type, the carbohydrate-coated dendrimer, is charactcrized 
by the presence of saccharides attached to the termini of a non- 
carbohydrate interior skeleton (Figure 1 a). Alternatively. the 
saccharides could be used as multifunctional building blocks, 
giving rise to dendrimers that are totally carbohydrate (Fig- 
ure 1 b). Both these types of carbohydrate-containing den- 
drimers may be considered as analogues of polysaccharides, 
retaining some of their features-for example, water solubility 
and biodegradability. 

Figiire 1, Cartoon represc~~r~iL~oiis of the t\&o possihle typce of carbohydratc-con- 
t;iining dcndrirners. a) Carhohgdr;ite-co;llcd dendrimers. where rhc saccharide 
reaidues are  located on the outer surface or the dendritner. h) Fully cnrhohqdr,ite 
dendrimers. n,licre the inner sacch;iride residues play ii irole as hl.anching units md 
are linkcd to three othcr s;rccliartdes. 
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Schcme I .  The ccwstruction of the dendrilic building blocks 3, 7, and 9, hcaring trisglucosidr cluslers n n d  containing a l i lcal N H 2  group for the attachment to  the central 
coi-i' component IU. Reagents: a) Z-CI'Na,CO,rFI,O, b) ?.3,4,6-tetra-U-be1izoyl-r-l,-glucopyr~~no~~ I hrormde~AgOTf collidine~CII,CI, McNO,: c) DCC HOBT CH,CI, 
DMP. d )  H, I'd C ErOAc,MeOH. 

1 .  Carbohydrate-Coated Dendrimers: The synthesis of this type 
of glycodendrimcr can be approached by a convergent method 
or in a divergent fashion through end-group modifications of a 
pre-existing non-carbohydrate dendritic core. Since the chemi- 
cal manipulation with free saccharides i s  still a somewhat deli- 
cate exercise, the use of 0-protected saccharides is advanta- 
geous when employing either of these two synthetic strategies, 
providcd that the dendritic core is stable under the conditions 
required for deprotcction. 

Convergenr Syzthctic Rouies: A convergent strategy for the syn- 
thesis of glycodendrimers implies that branched building blocks 
should carry saccharides from the very beginning of the synthe- 
sis.  In other words. the first step in such a strategy involves the 
attachment of two or more saccharide residues to a polyfunc- 
tional branching unit. This objective may be achieved by a vari- 
ety of methods involving the formation of 0-, S-, or N-gly- 
cosides, with or without the insertion of an  additional spacer 
arm between the sugars and the branching unit. Quite a number 
of small molecules can be considered as feasible branching com- 
p o n e n t ~ ~ ' ~  for the attachment of saccharides. In our initi a 1 inves- ' 

tigations,r"')i we chose the coinpound TRIS (Scheme I ) ,  be- 
cause of the possibility of elaborating it further through its NH, 
group, following the attachment of glycosyl residues to the 
CH,OH groups. Hence, the trisglucosylated derivative 2, pre- 
pared in excellent yield by a well-established glycosylation tech- 
nique from the N-protected TRIS derivative I ,  was converted 
into the ainine 3, which was used for the construction of the 
larger dendritic wedges 6 and 8 by forming aniide bonds. These 
coinpounds were obtained in good yields, by coupling of two or 
four inolecules of 3 with the dicarboxylic acid 4 or tetracar- 
boxylic acid 5. Removal o f  the N-protecting group from 6 and 

8 afforded, respectively, the hexa- and dodecavalent cluster gly- 
cosides 7[*l and 9.['] In summary, dendrons 7 and 9 are accessi- 
ble in good overall yields and in high purities by using repetitive 
sequences of reactions and without having to resort to employ- 
ing exotic reagents. We anticipate that much higher generation 
dendritic wedges could also be prepared in this manner. 

The final step in the completion of a convergent dendrimer 
synthesis is the attachment of the dendritic wedges to a central 
core component. In our research so Far. we have condensed 
coinpounds 3,7, and 9, all containing free ainino groups at  their 
focal points, with the tricarboxylic acid 10 shown in Scheme 1. 
In this manner, the dendrimers 9-mer, M-mer, and 36-mer (Fig- 
ure 2) bearing 9,18, and 36 P-D-glucopyranosyl residues, respec- 
tively, on their peripheries have been obtained in good yields. 
Once the dendrimer assemblies are complete, all the carbohy- 
drate protecting groups can be removed to uncover the free 
saccharide dendrimers. 

The primary advantage of the convergent synthetic method- 
ology i s  that it allows the creation of dendrimers with perfect 
chemical constitutions, since the number of reactions at  any 
particular stage is kept to the sheer minimum. I n  this regard, the 
logic of glycodendriiner synthesis is very similar to the principles 
behind assembling glycopeptides.['O1 Additional possibilities as- 
sociated with the convergent approach include : 1) the control- 
lable introduction of different wedges (which may be carbohy- 
drate or non-carbohydrate in nature) for the preparation of 
unsymmetrical and mixed dendrimers, and 2) ease of variation 
of the central core coinponenl. 

Divergent Modificarions of Pre-existing Dendritic Cores: One of 
the most straightforward ways to reach carbohydrate-coated 
dendrimers is through the grafting of saccharide residues on to 
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A range of other techniques, 
which had been dcveloped for the 
synthesis of neoglycoconjugates,l'~l 
could be extended to the preparation 
of carbohydrate-coated dendrimers. 
Thus, Lindhorst and Kieburg[l4I 
have shown that acetylated glycosyl 
isothiocyanates can be linked with 
the PAMAM dendrimers: after re- 
moval of the acctyl groups under 
standard Zkmplen conditions, water- 
soluble glycodendrimers can be iso- 
lated. The efficiency of this approach 
was demonstrated by the synthesis of 
tetra-, hcxa-, and octa-antennary 
thiourea-bridged cluster z-wgly- 
copyranosides. A similar technique, 
involving the formation of thio- 

Central Core Trisglucoside Branching Components urethane linkages at the conjugation 
Component Cluster step, was employed by Roy et aI.[l5] 

in the preparation of a hexavalent 
dendrimer, also terminated by a-t)- 
mannopyranosyl residues. 

In an attempt to establish a simple and general way of making 
carbohydrate-coated dendrimers, we have performed" 'I a series 

Figure 2. A schematic representation of the carbohydrate dendrimers-the 9-mer, the 18-mer. and the 36-mer -bear- 
ing 9. 18, and 36 terminal u-glucopyranose residues, respectively, assembled by the convergent approach [8,9] 

the pre-existing dendritic molecules (Scheme 2). Thus, pre- 
formed non-carbohydrate dendrimers can be employed as well- 
defined matrices for the attachment of sugar residues in an 
analogous fashion to the use of proteins as carriers of saccha- 
rides in the preparation of neoglycoprotein~.[~"~ This approach 
requires the presence of numerous reactive groups on the outer 
surface of the dendrimers and a highly efficient means of func- 
tionalizing them. 

Scheme 2. A cartoon representation of the construction of carbohydrate-coated 
dendriiners by modification of non-carbohydrate dcndritic matrices. Black dots and 
open circles represent reactive functionalities located at the dendriiner outer-surface 
and at the saccharide aglycone. respectively. These functionalities allow the saccha- 
rides to he attached to the dendrimcr. 

There are many examples of dendritic macromolecules[" that 
bear reactive terminal functional groups (e.g. NH, and CO,H) 
suitable for further chemical modifications. In 1995, Okada et 
a1.L' '1 reported the functionalization of Tomalia's poly(amido 
amine) dendrimersrlZ1 (PAMAM dendrimers) with both mal- 
tose and lactose derivatives. This modification was achieved by 
reaction of the terminal amino groups of the PAMAM den- 
drimers with the corresponding aldonolactones (Scheme 3). On 
the basis of I3C N M R  spectroscopic and GPC data, the authors 
claim that the substitution of the primary NH, groups by the 
carbohydrates was complete in their "sugar balls". 

Scheme 3. The attachment of saccharides to a PAMAM dendrimer by ainidation of  
its terminal NH, groups with aldonolactones [ i  I ] .  Frcc laclonolactone and ma- 
tonolactone (not shown) were used in the modification of severill PAMAM deti- 
drimers of gcncrations two, three, and four ( n  = 12, 24, and 48, respectively) 

of successful modifications of the poly(propy1ene imine) den- 
drimers (DAB-dendri-(NH,),)[l7I with sugar residues. The read- 
ily available thiogalactoside and thiolactoside derivatives 1 I 
and 12, respectively-each endowed with an activated propionic 
acid aglycone unit-have been attached (Scheme 4) through 
amide bonds to the terminal NH2 groups of DAB-cimdri- 
(NH,),. Application of the well-known N-hydroxysuccinimide- 
mediated coupling technique has allowed an extremely high de- 
gree of substitution of the surface NH, groups with 
spacer-armed saccharide residues to be accomplished. 

C'hem. Eur. J .  1997, 3, No. 8 :c> VC'H Vrulugge.rell.~cliiift mhH, D-69451 Wuinheim, 1997 (IY47-6539,'97/0308-1 I95 $ 17.50 + S O i O  1195 
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Scheme 4. The synthcsis of Slycodendrimers by inodilication [I61 of ;I heries of 
DA H-d~nih.;-(NH~), dendrimers. Five difl'erenl generations ol' dcndrimcra U C ~ C  

employed with the number terminal primary N H ,  groups s equal to 4. X. 16, 32. 
:1nd 64 

Purification and characterization of the glycodendriniers syn- 
thesized by the functionalination of high-generation dendrimers 
are not always easy tasks. However, the efforts spent to accom- 
plish them are compensated by the relative simplicity of the 
methodology. which allows the synthetic chemist to prepare 
difrerent carbohydrate-coated dendrimers in a rather limited 
number of steps, starting from thc "standard" dendritic prccur- 
sors, such a s  PAMAM or DAB-flen~~;-(NH,),, or other readily 
accessible dendrimers. Moreover, we can anticipate the use or 
dendrimers as nidtivalent cores and attaching to them large 
cai-bohydratc dcndrons, which may be constructed either by 
convergent or divergent approaches. 

2. Cluster Glycosides and Carbohydrate-Coated Dendritic 
Wedges: Concurrent with developments in the synthesis of car- 
bohydrate-containing dendrimers, attention has also become 
focused on the elaboration of approaches to inultivalent clustcr 
glqcosides, bused on dendritic wedgelike carriers. The main 
driving force for this research has been the well-established prin- 
ciple"81 of the enhancement of the binding affinity of some 
natural carbohydrates toward carbohydrate-binding proteins, 
such as lectins, resulting from the clustering of carbohydrate 
units. In order to  achieve very strong binding between the sac- 
charide ligands and the protein receptors (e.g. leading to irre- 
versible blocking of such receptors and thus inhibiting their 
interactions with natural ligands), a number of small carbohy- 
drate clusters[". l 9 I  have been synthesized, in addition to the 
development of well-known neoglycoconjugates, constructed 
through the attachment of carbohydrates to carriers such as 
proteinsr2"' and synthetic polymeixr2" Thus, it seems logical to 

extend the principle of carbohydrate inultivalency to dendritic 
systems. Indeed, since 1993, Roy and his co-workers[221 have 
published a series of seininal papers describing the synthesis of 
dendritic glycosides and evaluating their biological activities. 
The first compounds in this class[231 (e.g. the octamer illustrated 
in 14 in Figure 3) incorporated N-acetylneuraminic acid (sialic 
acid)'241 as terminal residues. A series of similar polylysine- 
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Figure 3. The dendritic polyii i i lode 14 based oil the highly branched oligopcptide 
core 13 [23]. 

based dendritic glycosides bearing nonrcducing b-glucosamin yl, 
/7-lactosyl, / I - lac to~ani inyl , [~~~ and a-inannosyl[261 residues, re- 
spectively. have also been prepared. The construction of 
polylysine  scaffolding^,[*'^ such as in the multibranched com- 
pound 13, along with the key couplings of sugar thiols with 
N-chloraacetyl groups located at all eight termini in 13, were 
pel-formed on a solid support (Scheme 5 ) .  It should bc noted 
that saccharide hydroxyl groups were acctyl-protected during 
the couplings and that deprotection was performed after releas- 
ing the dendrites from the polymer support. 

Scheme S .  Coupling of thioylared saccharides with N-chloroacet)I termini o l  :I 
dendritic wedge The SH group could be powioned either directly at the aiio!ncric 
center o r  on the elid of the saccharide aglycone. The number of chloroacet~liited 
N H 2  groups ( P I )  is typically 4- 16. The mcthod has bccn ulilircd for the ccmbtructioti 
ol'dciidritic glbcosides by Roy et a1 [?3,25 311. 
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have also studied dendrons using gallic acid,[281 the phosphotri- 
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dendrons with glucosamine, lactose, and sialic acid residues, 
respectively, were carried out according to previously described 
methodologies.[231 

Despite the fact that most of the high-valency glycosides de- 
signed and synthesized by Roy's group["] are not strictly speak- 
ing dendrimers," '] the principles employed in their construction 
could readily be extended to the synthesis of symmetrical carbo- 
hydratc-coated dcndrimers. Their synthctic protocols could 
rather easily be adapted 1) to use solid supports for assembling 
dendritic peptide carriers, 2) to develop efficient coupling 
mcthodologies for attaching carbohydrates to dendritic carriers, 
and 3) to exploit the recently suggested[311 application of enzy- 
matic glycosylation for the proliferation of dendritic glycosides. 
It should be possible to create real dendrimers by uniting some 
of the carbohydrate dendritic wedges already described in the 
literature by Roy's group. Toward this end, reactions of the 
focal functionalities of the dendritic wedges with appropriately 
functionalized multidirectional core molcculcs might prove to  
be worthwhile. 

3. Toward Fully Carbohydrate Dendrimers: Synthctic fully car- 
bohydrate dendrimers are polysaccharide analogues, which 
could obviously mimic a broad spectrum of polysaccharide 
structures and properties. Also, the three-dimensional closely 
packed architecture of highly branched dendritic oligosaccha- 
rides could be responsible for the inclusion properties associated 
with the inner parts of the molecules. Here, the analogy with the 
remarkable ability of cyclodextrins[321 to form inclusion complex- 
es with a wide variety of guest molecules comes to  mind. It might 
be anticipated that water-soluble fully carbohydrate dendrimers 
could possess-like the cyclodextrins--internal voids, capable of 
encapsulating and solubilizing hydrophobic organic molecules. 

In attempts directed toward the generation of fully carbohy- 
drate dendrimers, we have designed and identified a branched 
oligosaccharide representing a wedge component of a den- 
drimer. Taking advantage of the recent in the 
synthesis of the phytoalexin elicitor analogues and employing a 
highly convergent scheme, we have completed the multistep syn- 
thesis of the gluco-heptasaccharide 18 possessing p-(1 + 3) and 
[]-(I + 6) interglycosidic bonds (Scheme 6).[341 The reaction se- 
quence involved the initial preparation of the trisaccharide thio- 
glycosidc building block 15, which was then used as a glycosyl 
donor in two sequential glycosylations of 3-positions in thc glu- 
cosy1 acceptor 16 and the 6-position in the tetrasaccharide inter- 
mediate 17. The attachment of this heptasaccharide wedge 18 to 
a central trifunctional core should afford a C,-symmetrical glu- 
codendrimer of the type anticipated by the cartoon drawn in 
Fig& 1 b. 

Reflections 

The wide range of differcnt modes of synthesis of dendritic 
saccharides demonstrates that the basis for the construction of 
carbohydrate-containing dendrimers is now established. Small 
and medium-sized dendritic carbohydrates can be prepared at  

.O-NHZ 

18 

Scheme 6. Synthesis of the branched glucoheptao,ide 18, which can be used iic 21 

fully carbohydralc dcndritic wcdge for further coti$truction of glycodendrimers. 
The focal NHI group, which can be generilted by reiiioviil ofthe Z protecting group. 
is  available to react with a central core component Reagents and conditiona: 
a) CF,SO,H,"-iodosuccini~n~d~~CH,Cl~, 20 c': b) 90"% CF,CO,H CH,CI, 

present by using one of many different approaches. The synthe- 
sis of high molecular weight carbohydrate dendrimers matching 
the high molecular weights of some commonly known neoglyco- 
conjugates is the next challenging task, which demands progress 
beyond previously elaborated synthetic methodologies. It seems 
that one of the optimal strategies for glycodendrimer construc- 
tion might lie in a combination of the convergent approach with 
the divergent methodology of terminal group modification. 
Thus, multifunctional dendrimers could be regarded as core 
components themselves to  be used for attachment of large sac- 
charide dendritic wedges in a convergent manner. The carbohy- 
drate-containing dendritic wedges themselves could be con- 
structed, either 1) by the modification of pre-existing dendrons 
or 2) by using convergent schemes. The second approach would 
be much more versatile for constructing dendrimers coated with 
complex oligosaccharides. It is also worth drawing attention to  
the potential use of the chemoenzymatic syntheses for the con- 
struction of both carbohydrate-coated and fully carbohydrate 
dendrimers. Some well-recognized advantages of this ap- 
proach-such ;is% for example, there being no need for the in- 
volvment of protecting groups may mean that i t  has a unique 
role to play in glycodendrimer synthesis. 

For  creating dendritie cores, the use of the solid support tech- 
nology seems to offer a promising prospect. I t  might be expected 
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that such dendrites would be based on highly branched peptide 
structures, like the polylysine dendron 13. Such molecular archi- 
tectures suffer from the disadvantage associated with their low 
symmetries, which makes their characterization difflcuilt. How- 
ever. replacement of natural amino acids with a symmetrical 
component, such as compound 4[*] (Scheme 1) or N,N-bis-(.?- 
arninopropyI)gly~ine~~~] could provide a solution to  this prob- 
lem. Many attempts have been made to synthesize oligosaccha- 
rides by application of the solid support technique.[351 However, 
spcctacular as rcccnt advances have been, we are still somewhat 
distant from a general methodology that would allow it to be 
applied forthwith to the synthesis of fully carbohydrate den- 
driniers. There is, however, another way to employ solid phase 
synthesis for the preparation of fully carbohydrate dendrimers, 
which is associated with creating intersaccharide linkages by 
means of amide bond formation. The syntheses of these types of 
oligosaccharide mimetics by using solution chemistry were re- 
ported recently.["] The application of this approach to the con- 
struction of fully carbohydrate dendrimers seems to be ready for 
investigntion. 

The incentive to create carbohydrate-containing dendrimers 
has emerged in part because of the potential interest which these 
macromolecules, exhibiting multivalency, as they do, could 
arouse in the fascinating area of glycoscience. Extensive bio- 
chemical studies of dendrimers covered by spccific carbohydrate 
epitopes are currently in progress." 14 .  5. 23. 241 With improve- 
ments in  the quality and availability of dendritic carriers, as well 
a s  advances in the development of techniques for constructing 
carbohydrate dendrimers employing a convergent approach, 
the attractive concept of anti-adhesive drugs[371 may become a 
reality. We might also envisage that, in the case of fully carbohy- 
dratc dendrimers, the combination of the carbohydrate cluster 
efi'ect with the ability of the dendriiiiers to bind and deliver 
drugs. could be the basis for a potent new therapeutic regime. 
Further, synthetic carbohydrate based vaccines arc being in- 
creasingly realized for the development of new therapeutics to 
induce immunological responses against cancer cells.[381 Appli- 
cation of dendrimer chemistry may also find an avenue in the 
production of such carbohydrate-based 

The physicochemical properties of synthetic dendritic carbo- 
hydrates need to be explored in much more detail. So many 
questions need to be answered. Do glycodendrimers have glob- 
ular shapes? Do they aggregate in aqueous solution? How do 
the constitutions of their interior skeletons influence their over- 
all shapes? Is it possible to use the unique properties of glyco- 
dendrimers to grow crystallinc materials suitable for X-ray dif- 
fraction studies? These and many other questions have yet to be 
answered before the potential of these new dendritic systems can 
reveal their full scientific and technological significance.[401 
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L40] Note added in proof: The kasibility of using unprotected carbohydrates in 

dcndrimer syntheses has been established very recently Kieburg and Liiidhorst 
have demonstrated that unprotected carbohydrates. tethcred with iwthio- 
cyanate functional groups. c m  readily form thiourea bridges with anniie-termi- 
nated PAM AM dendrimerr (C. Kieburg, T. K. Lindhorst, 7i~rrnhr i l rnn Lrrr 
1997.38.3885-3888). In  a convergent synthetic approach. we have synthesized 
some lower-generation carbohydrate-containing dcndrimers using unprolect- 
ed cdrhohytlrates (N. Jayaraiiian, J. F. Stoddart. ?i,rrdic~droi i  Lcrr.. subiiiittcd 
for publication). The key reaction. which proceeds in DMF P)ridine (9: I )  i i t  

60 'C. is one between a three-directional core, carrying N-hydroxysucciiiimide 
cater functions, and free glucoside and mannoside-containing dendritic wedges 
with iiinino groups at their focal points. The development of sqtithctic routcs 
utiliLing unprotected carbohydrates to prepare deiidi-imers has the adv;intagc.s 
that I) it circumvents steric inhibition caused by the presence of protecting 
groups o n  the saccharide residues in a growing dcndrimer and i i )  it avoids the 
consequent reduction in the surface densities of the final free aiiccharide-con- 
taining dcndrimers upon removal of the  protcctiiig groups. The absence of any 
protecting groups on the periphcral glycoside units should IIOH make i t  pos i -  
ble to prepare large densely-packed carbohydrate-containiiig dendrimers with- 
out the need to resort to protccting group ~ i i a n i p u l ~ ~ l i o n s  on  the snccharidc 
residucs. 

[381 a) T. Toyoknni. A .  K. Singhal. Cheni. SOC. Rrv. 1995, 24. 3 1  

C'heni. Eur. J. 1997, 3. No 8 Vi'H Vrrln~s~,ur.~c/l.sc/i~ifr mhH,  D6'1451 Weinhem, I997 OY47-65~9197,030H-I I99 S 17.50t .50/0 1199 


