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Poly(propy1ene imine) Dendrimers* * 
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Abstract: The use of preformed poly- 
(propylcne imine) dendrimers (DAB- 
dcv7dr-(NH2),) for the rapid and facile 
construction of high molecular weight 
carbohydrate-coated dendrimers (glyco- 
dendrimers) is presented. An efficient at- 
tachment of spacer-armed derivatives of 
D-gakiCtOSC and lactose to the primary 
amino end groups of DAB-deendr- 
(NH,), has been achieved by means of 
amide bond formation, using the N-hy- 
droxysuccinimide coupling procedure. 
Acetate protecting groups have been em- 
ployed in order to avoid side reactions at 
the coupling stage. Deacetylation leads to 

the target glycodendrimers. The reactivity 
of all the available DAB-dendr-(NH,), 
(generations 1-5) has been investigated 
and a series of homologous carbohydrate- 
coated dendrimers have been synthesized. 
In addition, the attachment of larger sac- 
charide moieties has been demonstrated 
by the condensation of a trisgalactoside 
cluster with DAB-deendr-(NH,), carry- 
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ing both four and eight primary amino 
groups. The regularity of the glycoden- 
drimers has been proven by NMR spec- 
troscopy, and the molecular weights of 
the low-generation carbohydrate-coated 
dendrimers have been determined by mass 
spectrometry. Modifications of DAB- 
dendr-(NH,), with biologically active 
carbohydrates affords a new and simple 
approach to  high molecular weight com- 
pounds that may be considered as neogly- 
coconjugates with perfectly symmetrical 
structures and that offer much promise as 
multivalent ligands involved in carbohy- 
drate-protein interactions. 

Introduction 

Dendrimers are known for their well-defined, regular, highly 
branched architectures with a large number of reactive end 
groups and their guest-host properties."] The end groups are 
confined in space and are present a t  the periphery of the mole- 
cule. Therefore, dendrimers become unique starting materials 
for numerous chemical modifications. End group modification 
is particularly attractive for -and is mostly employed on---den- 
drimers made by the divergent approach.['] From this class of 
compounds, the poly(amido amine) dendrimers (PAMAM den- 
drimers) ,[". 31 the a r b o r ~ l s , [ ~ ]  and the poly(propy1ene imine) 
dendrimers (DAB--den~lr-(NH,),)['] are among those most fre- 
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quently studied on account of their availability on a reasonable 
to large scale, even for the higher-generation dendrimers. Some 
of the unique properties of dendrimers, for example, dense sur- 
face packing and controled architecture, only arise in the case of 
dendrimers of higher generations,[61 and there is therefore a 
need to use dendrimers that have an almost perfect structure. 
The attachment of certain residues to  the surface of dendrimers 
has attracted enormous attention. Structures obtained in this 
way include unimolecular (inverted) m i ~ e l l e s , ~ ' ~  catalysts,[*] 
metal l~dendrimers , [~~ and dendritic boxes." "I In addition, 
biomolecules such as peptides["] and antibodies" have been 
attached to dendritic scaffolds. The modification of various 
functional groups on the surface of the dendrimer can also lead 
to changes in, or enhancement of, some of their properties as a 
consequence of cooperative effects.['- l o ,  13J In biological sys- 
tems, we can identify numerous examples of molecular recogni- 
tion processes enhanced by multiple interactions within the mol- 
ecule. This kind of multivalent effect is well known for 
carbohydrate- protein interactions[14] for which, in many cases, 
binding of saccharide ligands by protein receptors can be im- 
proved significantly by the clustering of the saccharide struc- 
t u r e ~ . [ ' ~ ]  It has been proposed that several sugar residues, joined 
to the branching point by appropriate lengths of spacer arms 
through covalent bonds, may be able to form much stronger 
complexes with protein receptors than d o  individual saccha- 
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rides. This belief has stimulated 
research on thc synthesis of mul- 
tivalent carbohydrate struc- 
tures.1161 With these aims in 
mind, dendritic molecules can be 
considered as suitable candidates 
for potential carriers of oligosac- 
charides in the preparation of 
neoglyc~conjugates,~’~~ rather 
than carriers based on proteins or 
synthetic polymers. 

Recently, a series of papers on 
the chemical modification of den- 
drite-like macromolecules, aimed 
at the preparation of biologically 
active glycodendrimers, has been 
published by Roy and co-work- 
ers.[’*] Although the concept of 
multivalency has been developed 
very elegantly in this research, the 
highly branched scaffoldings are 
not those of the spherically 
shaped dendrimers that are our 
aim. After our own research pro- 
gramme had started,[”] Okada 
et al.120a1 reported the synthesis 
of a so-called “sugar ball”- 
poly(amido amine) (PAMAM) 
dendrimerC3] conjugated with 48 
carbohydrate residues derived 
from 4-O-(P-~-galactopyranosyl)- 
D-ghConiC acid. Moreover, Lind- 
horst and Kieburg[20b1 have re- 
cently described a number of 
cluster glycosides, also starting 
from PAMAM dendrimers. We 
now present our results on the 
modification of DAB-dendr- 
(NH,),[51 involving the multiple 
attachment of saccharide units 
through a spacer arm, terminated 
with carboxylic acid end groups, 
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Figure 1. The poly(propy1ene imine) dendrimers 1 a-5a and the glycodendrimers 1 b/e-6b/e obtained according to 
Scheme 2. 

to the peripheral primary amine groups, that is, the carbohy- 
drate- dendrimer linkages are amide bonds. The approach com- 
bines commercially available dendrimers, simple saccharide 
derivatization, and standard coupling techniques to yield com- 
plex but well-defined structures. 

Results and Discussion 

The Synthetic Strategy: As a result of our current research to 
optimize the synthesis of poly(propy2ene ;mine) dendrimers, we 
have now available well-defined DAB-dendr-(NH,),, 1 a-Sa 
(Figure I), with 4, 8, 16, 32, and 64 primary amine end groups, 
respectively.[5b1 These dendrimers have been characterized in 
great detail and are among the most monodisperse dendritic 
compounds. Electrospray mass spectrometry has shown that 
the first three generations of DAB-de?zrlf-(NH,), are defect 

free and that the fifth generation, with 64 terminal amine 
groups, possesses a polydispersity of 1.002, or a dendritic purity 
of 18%.[211 From our investigations, it is known that the car- 
boxylic acid functionalized dendrimersr2’I lead to complex reac- 
tion mixtures upon attempted modifications, whereas the pri- 
mary amine terminated analogues DAB-dendr-(NH,), can be 
cleanly brought into reaction with a variety of reagents, includ- 
ing sulfonyl chlorides,“ 3a1 acid anhydrides,[231 activated es- 
ters,[’’, 13.4 and acid In the knowledge that the 
preparation of neoglycoconjugates by the covalent linking of 
saccharides to carriers is well established,” ’’3 241 one can envis- 
age using a range of preformed dendrimers bearing primary 
amino groups on the periphery as a macromolecular support for 
the attachment of carbohydrates. The linking of the sugars may 
be achieved by the conventional methods of amide bond forma- 
tion, provided that the reaction proceeds quantitatively or near- 
ly so. Since we expected that the size and complexity of the 
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compounds associated with the higher generation dendrimers 
would give problems in their characterization, we decided to 
synthesize a whole series of carbohydrate-coated dendrimers 
based on all generations of DAB -clendr-(NH,), 1 a-5a.  start- 
ing from the chemical modification and analysis of lower gener- 
ation dendrimers. We note that a very successful modification of 
the dendrimer Sa has been performed[''. 13a1 using activated 
ester derivatives of amino acids. Therefore, we decided to use 
the same mild coupling method for the construction of the car- 
bohydrate-coated dendrimers. 

Modification of DAB-dendi*-(NH,), with Saccharide Residues: 
Before the coupling of the saccharide residues to the den- 
drimers, two carbohydrates (D-galactose and D-lactose) were 
converted to their acetylated spacer-armed derivatives contain- 
ing an activated ester as the reactive end group (Scheme 1).  

7 10 

jb  

8 11 
Schcine 1 .  Synthesis of galactore and lactose derivatives for attachment to the 
DAB-dewr/r-(NH,), dendrimers. Reagents and conditions: a) HS(CH,),CO,HI' 

MeO(CH,),OMe. 0 10 'C. 20h, 93% (S), 95% (11). 
Bl-,-OEt,,CH,CI,. 2 S C .  4-5 h,  88% (7), 53% (10); b) NHS'DCCI 

A simple and efficient procedure[251 (HSCH,CH,C02H/BF; 
OEt,iCH,CI,, 20 "C, 5 h) afforded the thioglycoside 7 in high 
yield, starting from D-galactose p-pentaacetate 6. Employing 
very similar conditions, lactose octaacetate['". 271 9 was trans- 
formed into 10 in 53 % yield. The activated esters 8 and 11 were 
prepared froin 7 and 9, respectively, by condensation of these 
carboxylic acid derivatives with N-hydroxysuccinimide under 
the influence of DCC (MeOCH,CH,OMe, 0-5 "C, 18 h).[281 
The 0-acetyl protection of the hydroxyl groups was essential for 
the efficient coupling of activated esters to the dendrimers: after 
the attachment of the saccharide to the dendrimers, they were 
deprotected. 

Coupling of the active esters 8 and 11 with the DAB-den& 
(NH,), (Scheme 2 )  was carried out by using one molar equiva- 
lent of the activated ester for every primary amino end group 
present in the dendrimers. Reactions were performed in CH ,CI, 
at 25 T for 15- 18 h to give carbohydrate dendrimers 1 b/c-5 b/ 
c (Figure I) ,  which were isolated after vigorous washing of the 
diluted (CH,Cl,) reaction mixtures with aqueous saturated 

Scheme 2. Coupling of saccharide units with the primary amino groups in the 
dendrimers. Reagents and conditions: a) CH,CI,. 25 -C, 15- 18 h:  b) 1.  MeONa 
MeOH/CH,CII, 25 'C, 10-15min. 2. NaOH:H,O/MeOH. 25 C. 16 h. 

Na,CO,. No starting materials or acids derived from 8 or 11 
could be detected following this particular workup procedure. 
Deprotection of the peracetates 1 b/c-S b/c was achieved by 
subjecting them to standard Zemplen d e a c y l a t i ~ n , [ ' ~ ~  followed 
by treatment with an aqueous NaOH solution. The deacetylated 
products 1 d/e-Sd/e (Figures 2 and 3) were completely soluble 
in water and their desalination was achieved successfully in all 
cases by means of GPC. 

(Id) 
[ a ] D  +8.3" 

CIS' 4.87 (4.92) 

DAE-dendr-(NHCOCHZCH2S-Gal), Calc. MW 1317.6 

( 2 4  

[ a ] ~  +5.1" 

CIS" 5.25 (5.40) 

Calc. MW 2775.5 

(3d) 

[ a ] ~  +6.3" 

CIS' 5.43 (5.56) 

Caic. MW 5691 .I 

(4d) 

[[:&q+--+-+ D A B - ~ ~ ~ ~ ~ - ( N H C O C H ~ C H Z S - G ~ I ) J ~  2 2 2  I 
[(:shqy)~+$2 :;*::;(s.68) Calc. MW 1 1522.5 

DAB-dendr-(NHCOCH&H2S-Gal)32 

CIS* 5.57 (5.66) 

' 1 Calc. MW 23185.2 "' DAB-dendr-(NHCOCHzCHzS-Gal)64 

Figure 2. Galactodendrimers 1 d-5d.  C!S* gives the calculated (and found) micro- 
analyses. 
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(1e) 
[all, +0.5" 

C/s* 7.12 (7.13) 

Calc. MW 1966.2 

(2e) 

CIS* 7.49 (7.47) 
[a lD +o" 

Calc. MW 4072.6 

Calc. MW 8285.4 

DAB-den&( NHCOCH2CH2S-Lact)32 
Calc. MW 15842.7 

Calc. MW 33562.4 
DAB-dendr-(NHCOCHzCH,S-Lact)G, 

Figure 3. Lactodendrimers l e -Se .  C, S* gives the calculated (and found) microanalyscs 

Determination of the Structure of the Galacto- and Lacto-Den- 
drimers: Evidence for the introduction of saccharide moieties at 
the surface of the dendrimers 1 a-5a was forthcoming from the 
inspection of the N M R  spectra of the coupled products. In all 
cases, the I3C NMR spectra are more diagnostic of the products 
than are the ' H N M R  spectra. Both the galactose and lactose 
residues of thc acetylated glycodendrimers I b/c-5 b/c give risc 
to 13C N M R  resonances in the region 6 = 60-101 in the shape 
of well-resolved signals, namely, six and twelve for b and c,  
respectively (Figure 1 ) .  The chemical shifts of particular carbon 
atoms (C 1 -C 6) in the saccharide residues of the five genera- 
tions of dendrimers are almost coincident (Table l ) .  These sig- 

nals were assigned on the basis of the unambiguous 
assignments of the resonances in the ' 3C NM R spec- 
tra of the monosaccharide precursors 7 and 10: the 
assignments were established by COSY and C-H cor- 
relation experiments. The acetyl protecting groups are 
very clearly evident as two sets of peaks located 
around 6 = 20 (CH,CO) and in the region S = 169- 
170 (CH,CO), where signals for the NHCO groups 
also appear. All the remaining signals for the inner 
parts of the acetylated glycodendrimers are to be 
found between 6 = 26 and 54 (see the 13C N M R  
chemical shifts listed in Table 1). 

Characteristic signals for the acetyl groups, the 
amide functions, and the pyranose ring protons were 
also identified in the ' H  N M R  spectra of the glyco- 
dendrimers l b/c-5 b/c. However, well-resolved spec- 
tra were obtained only for the modified low-genera- 
tion dendrimers (see, for example, the ' H  N M R  data 
for 1 b and 1 c recorded in the Experimental Section). 
In the case of the higher molecular weight dendrimcrs, 
a considerable broadening of the spectral lines was 
observed. 

The I R  spectra obtained for compounds 1 b/c-5 b/ 
c are almost identical within each generation. differ- 
ing only a little in the relativc intensities of selected 
absorption bands. A strong absorption a t  1655 cm ' 
is characteristic of the newly formed amide bond. 

In order to determine the molecular weight of the carbohy- 
drate-modified dendrimers I b/c-Sb/c, LSI-MS techniques 
were applied, and the molecular ion peaks for the dendrimers 1 b 
and 2b, and 1 c and 2c,  with four (b) and eight (c) saccharide end 
groups, were identified successfully (Table 2). A satisfactory re- 
sult was also obtained using LSI-MS for dendrimer 3 b  with its 
16 acetylated monosaccharide units, again showing essentially 
the presence of a single molecular compound devoid of statisti- 
cal defects. This observation is in agreement with the ES-MS of 
the starting materials. The molecular masses of the higher 
molecular weight compounds 3c,  4b/c, and 5b/c cannot be de- 
termined by LSI-MS as a consequence of the limitations of the 

Table 1. " C  NMR spcctroscopic data (selected 6 values) for acetylated glycodendriiners 1 b/e-Sb/e and 7 and 10 at 100.6 MHz in CDCI, a t  25 c'. 

Compound [a] Carbohydratc component Dendriric component 
c-1 c - 2  c - 3  c - 4  c - 5  c - 6  SCH, CHLCONH CONHCH, CHZNCH, CH2CH,C112 

I b  84.4 67.0 71.5 67.1 74.3 61.3 26.5 36 8 37.9 51.5 53.5 26.7 
2b  84.2 66.8 71.3 67.0 74.1 61.1 26.3 36.5 37.4 50.9 51.3 26.1 
3h 84.4 67.0 71.5 67.0 74.2 61.3 26.5 36.7 37.7 51.1 51.7 26.8 
4 b  84.2 67.0 71.4 67.0 74.0 61.1 26.3 36.5 37.4 50.8 51.6 26.6 
Sb 84.3 67.2 71.5 67.2 74.2 61.3 26.4 36.5 37.4 50.8 51.6 26.4 
7 84.6 67.1 71.8 67.3 74.5 61.6 
l c  Glc 100.7 69.9 73.4 75.7 76.6 61.6 26.7 36.9 37.8 51.3 53.5 26.1 

Gal 84.0 6X.X 70.6 66.4 70.3 60.5 
2c Glc 1on.x 70.0 71.5 75.7 76.7 61.7 26.8 36.9 37.7 51.1 51.9 20.8 

Gal 84.0 68.9 70.7 66.4 70.4 60.6 
3c Glc 100.6 69.9 73.4 75.7 76.5 61.7 26.6 36.7 37.4 50.9 51.6 26.6 

Gal 83.8 68.8 70.6 66.4 70.3 60.5 
4c Glc 100.9 70.1 73.6 75.9 76.7 61.8 26.6 36.7 37.1 50.0 51.6 26.6 

Gal 84.1 69.0 7.08 66.5 70.5 60.6 
SC Glc 100.6 70.0 73.5 75.3 76.5 61.7 26.6 36.7 37.3 51.1 51.1 26.6 

Gal 83.7 68.8 70.6 66.4 70.3 60.5 

Gal 83.6 69.0 70.8 66.5 70.5 60.7 
10 Glc 101.8 70.0 73.5 76.0 76.5 62.1 

[a] For lactose units in  l c -5c  and 10, the chemical shifts are given for glucose (Glc) and galactose (Gal) residue5 in separate rows 
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Table 2. M;rsa spectrometric data for thc glycodendrimcrs 

Molecular rormula Calculated Mass spectrometric data 
molcc. inass LSI-MS MALDI-TOP-MS 

1 b C,,H,,,N,,O,,S, 1990.2 1990 [M+H]' 1990 [MfH] '  
2 b  C,,,H,,,N,,O,,,S, 4120.7 4143 [M+Na]+ 4124 [ M f H ] '  
3b C,,"fl,,,N,~,,Oi,,S,, 8381.5 8401 [h.f+Na]' 8402 [ M + N a ] '  
I c  C,3ZH,42Nh0,2S4 3143.2 3143 [M+H]+ 3143 [M+H]'  

2 c  CI,,H,,,N,,O,,,S, 6426.7 6448 [M+Na]+ 6433 [M+H]+ 
I d  C3zH,,6N,,02.,S4 1317.6 1319 [M t HI+ 

3141 [M+Na]+ 
2 d  C,,,H,,,N,,O,,S, 2775.5 2777 [ M +  HI+ 

2799 [ M - t  Na]' 
l e  C,,H,,,N,O,,,S, 1966.2 1989 [ M f N a ] '  
2 e  C,,,,II,,,N,,O,,S, 4072.6 4097 [M+Na]' 
16a C,,,FI,,,N,,O,,, 5377.2 5399 [M+Na]+ 

3165 [M+Na]+ 

16 b C, 3,H ,2N ,,,0n4 3359.4 3387 [ M +  Val+ 

technique. Although the use of MALDI-TOF mass spectrome- 
try was attempted with these compounds, reliable determination 
of molecular weights again proved to be impossible. Clearly, 
statistical defects are present in these dendriiners as a result of 
the divergent nature of the synthesis. In contrast, the lower 
molecular weight compounds l b - 3 b  and l c  and 2 c  exhibit 
good MALDI-TOF spectra, which contain peaks for both 
[M+Na]+ and [M+K]+ ions. 

The structures of the unprotected carbohydrate dendrimers 
ld/e-5d/e were also analyzed by NMR spectroscopy and mass 
spectrometry. The I3C N M R  spectra of these compounds 
(Table 3 and Figure 4 for the galactodendrimers) obtained in 
D,O show remarkable similarities in particular regions of the 
spectra, when they are grouped together, either according to the 
nature of the carbohydrate residue, or according to the genera- 
tion of thc DAB-dendr-(NH,), core. The resonances for the 

nuclei of the galactose or lactose residues appear as a set of 
six or twelve signals, respectively; the chemical shifts of the 
signals for comparable nuclei in different generations is abso- 
lutcly identical. Therefore, the nature of the dendritic core does 
not influence the N M R  spectroscopic behavior of the carbohy- 
drate residues. Also, the signals for the poly(propy1ene imine) 
parts of the glycodendrimers 1 d/e-5d/e are comparable for the 
galactose- (d) and lactose-containing (e) compounds built up 
from DAB-dmdr-(NH,), dendrimers of the same generation. 
The signals appear as sets of five to nine resonances of different 

a C-6 Ga 

I C-1 Gal , C-2 - C-5 Gal , 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

6 90 80 70 60 

CH2NYCCH2 61;1" 10 s[2r;2c"2 - 
c> 

d- ee - 
6 50 40 30 20 

Figure4. The ''C NMR spectra of galactodendrirnerq I d - 5 d  recorded at 
75.5 MH7 in D,O at 25 'C using the PENDANT technique: a) Signal5 or the D- 
galactopyranosyl residue I d  (this portion of the spectra is essentially the same for 
the whole serica) and b-f) Dendrittc core region of  the spectra of 1 d. 2d. 3d, 4d ,  
and 5d .  respectively. 

intensity in the range 6 = 21 -56 and have a specific pattern for 
dendrimers of a particular generation (Figure 4). The relative 
simplicity of these parts of the spectra for compounds 1 d/e-5d/ 
e allows us to conclude that the dendritic cores d o  not contain 
any serious defects as a result of the chemical manipulations 
(e.g., basic treatment in the workup procedure or the deacetyla- 
tion) performed 011 these compounds. Signals for the amide 
carbonyl groups are also observed very clearly at 6 = 
177.3-177.4. 

Table 3. "C N M R  data (6 values) orglycodcndrimers ld/e-5d/e and 16b and 17b a t  75.5 M H z  in D,O a1 25 'C [a] 
~~~~ ~ 

Generation 1 Generation 2 Gencration 3 Generation 4 Generation 5 
I d  l e  16b 2 d  2 e  17b 3 d  3 e  4 d  4 e  5 d  5 e  

C€12<'H2CH 23.3 23.3 23.2 21.6 21.5 21.5 21.6 22.0 21.9 22.5 24.7 22.1 

CON Hcn , C H ~  29 3 29.0 24.3 29.2 28.9 24.3 29.2 2X.9 29.1 28.9 29.3 28.9 
CH,CONHCH, 38.9 38.9 38.8 38.9 38.9 38.8 38.9 38.9 38.0 39.0 39.0 39.0 
CH ,NCH , 53.4 53.3 53.1 52.4 52.4 52.3 52.4 52.7 52.3 54.0 52.4 5 4 0  53.4 53.4 

23.3 23.3 23.3 
26.1 26.2 SClf, 26 1 26 1 26.0 26.1 26.1 26.0 26.1 26.1 26.0 26.2 

54.8 54.8 54.8 52.6 52.5 52.4 52.7 52.8 
53.6 53.5 53.3 53.6 53.5 
55.2 55.2 55.2 

C H CON H CN 177 4 177.3 178.9 177.4 278.8 177.4 177.2 177.3 117.2 177.3 177.2 

[a] Signals ofterminal saccharide units in i) gdlactodendrimers 1 d-Sd, d 64.0 (C-6). 71.5. 72.3, 76.681.6 (C-2, C-3, C-4, C - 3 ,  88.7-88.8 (C-I). ii) lactodendrimers I e -5e .  
d 63 0-63.1 and 63.7 63.8 (C-6 Gal and C-6 Glc), 71.2, 73.6, 74.6-74.7. 75.2. 78.0 78.1, 78.5. 81.0-81.2 (C-2, C-3, C-4, C-5 ofGal and C-2, C-3. C-4. C-5 ofGlc), 81.3. 
87 0-XX.0 (C-1 Glc), 105 5-105.6 (C-I Gal), i i i )  trisgdlactosidodendrimer~ 16band 17b, d 37.2 37.3, 37.5, 45.4(COCH2CH,CH,CO). 62.6 (CH, ofTris), 63.7 (C-61, 70.3. 
71.3. 73.4. 75.2, 77.X (C-2, C-3, C-4. C-5 of Gal). 106.2 (C-1 Gal), 173.6-1'73.7 (NHCO oTTris). 

978 ___ ('; VCH ~, r I~ i~sgcs t , l l r c l iu~ t  mhH,  D-hY45l Weinhcirrr, 1997 OY47-n539/Y7/0306-(~978 $ /7.50+ .50:0 Chiwi. EMF. J. 1997, 3. N o .  6 
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The ‘H NMR spectra of all the glycodendrimers, recorded at 
25 “C in D,O, exhibit extensive broadening of all signals. Elevat- 
ed temperature (100°C) and the use of (CD,),SO as a solvent 
were explored in an attempt to overcome this problem. Some 
improvements in the quality of the spectra were achieved, par- 
ticularly for the first generation in each series: interpretation of 
the ‘H NMR spectra of 1 d and 1 e is given in the Experimental 
Section. It should be noted that when ‘H NMR spectra of the 
original DAB-dendr-(NH,), 1 a-5a were recorded under the 
same conditions, this dramatic difference in the resolution of the 
spectra of lower and higher generation dendrimers was not ob- 
served. Mass spectrometric analysis using the MALDI-TOF 
technique was also useful for characterization of the lower 
molecular weight glycodendrimers 1 d, 2d, 1 e, and 2e (Table 2). 
In all these cases, the [M+Na]+ ion appears as the highest 
intensity peak in the mass region above 1 kDa. 

The chiroptical properties of the glycodendrimers were also 
investigated. Polarimetry revealed that the specific optical rota- 
tions of the compounds in each carbohydrate series remain 
nearly constant, with [m], values of about + 6” for the galactose 
dendrimers and 0” for the lactose dendrimers (Table 4). Al- 
though these observations are not unexpected, they are in sharp 
contrast with the significant decline in the specific optical rota- 
tions for amino acid modified DAB-dendr-(NH,), dendrimers 
with increasing generations.“ 

Table 4. Yields and specific optical rotation data for the acetylated glycodendrimers 
1 b/c-5b/c and free glycodendrimers 1 d/e-Sd/e. 

Genera- Acetylated glycodendrimers Unprotected glycodendrimers 
tion Compd Yield/% [a], (CHCI,) Compd Yield/% [ x ] ~  (H,O) 

1 
2 
3 
4 
5 
1 
2 
3 
4 
5 

Ib 
2b 
3b 
4 b  
5b 
Ic  
2c 
3 c  
4 c  
5 c  

96 
100 
99 

100 
97 
97 
97 

100 
94 
93 

-4.5 (c z1.0) Id  87 
-4.8 (c  = 1.0) 2d 85 
-4.9 (c  =1.0) 3d 88 
-5.8 (c =1.0) 4d 74 
-5.5 (c =1.0) 5d 69 
-5.5 ( r  ~ 1 . 0 )  l e  78 
-7 .2(c=I .O)  2 e  79 
-8.0 ( c  Z1.0) 3 e  73 
-8.5 (c = 1.0) 4 e  69 
-7.7 ( c  =1.1) 5 e  64 

+8.2 (c = 0.9) 
+5.1 ( c  =1.0) 
+6.3 ( c  =l.O) 
+ 5 . 6  ( c  =1.0) 

+0.5 ( c  =1.1) 
+7.5 (c =1.O) 

0 (c =1.2) 
+0.2 (c =1.1) 

O(c = I . l )  
+ 1 (c = 1.2) 

Table 5. CjS ratios, theoretical and calculated from microanalytical data, for the 
free glycodendrimers ld-5d and l e -5e .  

In general, the degree of functionalization of the amino 
groups in the DAB-dendr- (NH,), dendrimers by saccharides 
will probably depend to a large extent on the structure of the 
saccharides. We might reasonably expect very large oligosaccha- 
rides to reveal a tendency toward random and incomplete at- 
tachment to the amino groups on the surface of the dendrimers, 
particularly those of higher generations. 

Analysis of the galactodendrimer 5 d, which contains 
64 galactose units, by the use of simulated annealing stochastic 
molecular dynamics (as implemented in the program Macro- 
model 5.O,L3l] at a simulated bath temperature of 300 K using 
the GBjSA solvent for water), revealed the highly 
globular nature of the dendritic macromolecule (Figure 5 ) .  It 

The synthetic methodology we have employed relies upon the 
complete reactivity of many amino groups on the dendrimer 
surfaces. The full characterization by numerous methods, in- 
cluding mass spectrometry, of the first-, second-, and third-gen- 
eration glycodendrimers allows the unambiguous assignment of 
completely functionalized molecules without statistical defects : 
they are perfect molecular compounds. For the higher genera- 
tions, reliable NMR spectroscopic information, even without 
mass spectrometric evidence, allows us to conclude with consid- 
erable confidence that extremely efficient functionalization of 
the larger dendr imers4a  and 5a-has been achieved. How- 
ever, it is obvious that there is a small number of statistical 
defects, at least of the same order as those present in the starting 
poly(propy1ene imine) dendrimers.[”] The number of saccha- 
ride units incorporated in the glycodendrimers was estimated by 
combustion which gives a reliable ratio of carbon to 
sulfur (Table 5); absolute values from elemental analyses were 
not reliable, as might be expected for such hygroscopic com- 
pounds. 

Figure 5. The molecular visualization Of 5d in the form of a sample taken at 300K 
from the simulated annealing molecular dynamics simulation. Atoms are colored as 
follows: carbon, grey; hydrogen, white; nitrogen, blue; oxygen, red; and sulfur, 
yellow. 

occupies a molecular volume of about 17400 A3 and has an 
average molecular radius of 28 8, (taken as the average of 
15 distances described- by a point located at the center of the 
central bond of the core unit to various points located at the 
outermost periphery on the surface). This visualization has 
given us some insight into the dimensions and transient dynamic 
motions of molecules of this type. Investigation of the “movie” 
file obtained from the output of the molecular dynamics simula- 
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tion allowed us to observe transient voids and channels on the 
surface of the sphere, as well as the formation of deeper "holes" 
permitting access to the central region of the dendrimer. As 
expected, most of the galactose residues are evident on the sur- 
face of the macromolecule with only a few residues being located 
within the dendrimer interior. Although computational studies 
of this type can only give an impression of the dynamic behavior 
of these types of molecules in solution, they can afford some 
insight into a molecular "world" that is not easy to appreciate 
in any other way. 

Construction of the Trisgalactoside-Modified DAB-dendr- 
(NH,), Dendrimers: Recently, we demonstrated["] the efficien- 
cy of a convergent approach[331 in the synthesis of carbohy- 
drate-based dendrimers. In this particular approach, the saccha- 
rides are connected first to a small branching unit to form a 
cluster that then serves as a building block in a further step. In 
this investigation, we used one of the known cluster glycosides 
in the form of compound 12[16a3341 to modify the first two 
generations ( l a  and 2a) of the DAB-dendr-(NH,), den- 
drimers. In order to introduce a spacer arm with a carboxylic 
acid end group onto the trisgalactoside 12 (Scheme 3), the latter 

RNHCOOPh -% RNH2 b, RNHCOCH2CH2CH2CO2t-i 
12 13 14 

AcO CH; 

AcO 

Scheme 3. Synthesis of the active ester 15 from the trisgalactoside 12. Reagents and 
conditions: a) HJPd-C/EtOAc, 30°C 10 h, 61 YO; h) glutaric anhydryde/ 
CH,CI,, 2 0 T  4 h, 75%; c) NHS/DCC/MeO(CH,),OMe, O-tO"C, 20h, 95%. 

was N-deprotected (H2,  10% PtjC, 40°C, 8 h) to afford. the 
amine 13, which was then acylated with glutaric anhydride to 
give compound 14 in an overall yield of 46 O/O. Condensation of 
14 with N-hydroxysuccinimide using the standard procedure['*' 
yielded the activated ester 15 in near quantitative yield. Reac- 
tion of the dendrimers 1 a and 2a with 4.0 and 8.0 equiv of 15, 
respectively, was carried out under the same conditions as de- 
scribed earlier in this paper, affording compounds 16a and 17a 
(Figure 6) in 90 and 84% yield, respectively. 

Deacetylation of 16a and 17a (MeONa/MeOH, followed by 
NaOH/H,O/MeOH at 22 "C for 8 h) produced the carbohy- 
drate dendrimers 16b and 17b (Figure 6) bearing 12 and 
24 monosaccharide residues, respectively. On account of the 
symmetry present in 16a/b-l7a/b, simple NMR spectra were 

16a R = A c  16b R = H  

OR 6 R  

Figure 6. The structure of acetylated trisgalactosidodendrimers 16a and 17a syn- 
thesized by attachment (Scheme 3) of active ester 15 to the (DAB)-dendr-(NH,), 
dendrimers l a  (top) and 2a (bottom) followed by deacetylation according to 
Scheme 2.  

obtained. The internal non-carbohydrate part of the glycoden- 
drimers was revealed most distinctly in the I3C NMR spectra of 
the compounds recorded in D 2 0 .  With the exception of the 
difference brought about by the "new" spacer arm, there was a 
close correspondence between the I3C and 'H chemical shifts 
for the methylene protons in the NMR spectra of 16b and 17b 
and for the signals of the analogous galacto- and lactoden- 
drimers (Tables 1 and 3). LSI-MS and MALDI-TOF-MS 
helped to confirm the structure of the low-generation den- 
drimers 16a and 16b (Table 2). It is interesting to note that the 
specific optical rotations of both compounds turned out to be 
zero, that is, 16a and 16b, exhibit no special chiroptical 
behavior. 
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Conclusion 

In the current investigation, we have demonstrated that modifi- 
cation of the readily available DAB-dendr-(NH,), dendrimer 
series (x = 4, 8, 16, 32, 64) by mono- and disaccharides, as well 
as by a cluster trisgalactoside, can be achieved using a common 
amide bond forming procedure. Notwithstanding the fact that 
the exhaustive characterization of high molecular weight, carbo- 
hydrate-clothed dendrimers still represents a considerable chal- 
lenge on account of their complexity and polymeric nature, 
there is no indication of the presence of major structural defects 
in these compounds. This conjecture is strongly supported by 
our results on the modifications of the lower-generation DAB- 
dendr-(NH,), dendrimers 1 a (x = 4) and 2a (x = 8), which 
afforded large, multibranched molecules possessing uniform 
structure and distinct molecular weight, as determined by mass 
spectrometry. The use of acetylated saccharides for attachment 
to the dendritic cores does not seem to suffer from steric hin- 
drance to the extent that there is any interference between the 
many condensation reactions. Obviously, after the removal of 
the protecting groups, the space between the carbohydrate 
residues will increase, allowing their motion to be freer on ac- 
count of the flexible linker connecting the carbohydrate residues 
to the dendrimers. In this investigation, we have successfully 
used a rather long spacer arm in the synthesis of both the galac- 
to- and lactodendrimers. It is reasonable to propose that the 
efficiency of the attachment would not be affected adversely by 
using a longer spacer arm. From the biological standpoint, elon- 
gation of a spacer arm may have a highly beneficial effect on the 
ability of a carbohydrate dendrimer to form a strong complex 
with, for example, a protein receptor. It is conceivable that such 
an elongation could provide just the right distance between the 
carbohydrate ligands that is needed for optimal binding to the 
protein receptor. A further improvement of the properties of 
dendrimer-based neoglycoconjugates might be achieved by 
combining the divergent and convergent approaches to their 
synthesis-and even applying the relatively new double expo- 
nential growth 3s1 The divergent approach, de- 
scribed here for the construction of the galacto- and lactoden- 
drimers, has made it possible for us to obtain high molecular 
weight compounds in one step by using a simple reaction many 
times over. The convergent approach, which has been used in 
the synthesis of trisgalactosido-dendrimers 16b and 17 b, has the 
advantage of using a precisely designed saccharide wedge for the 
final attachment to a dendrimer core. 

Experimental Section 

General: Chcmicals. including lactose and 1,2,3,4,6-penta-0-acetyl-P-o- 
galactose, were purchased from Aldrich. Poly(propy1ene imine) dendrimers 
la-5a were supplied by DSM Research (The Nethcrlands). For deacetyla- 
tions, anhydrous MeOH was prepared by rcflux over Mg and distillation. 
Thin-layer chromatography (TLC) was carried out on aluminum sheets coat- 
cd with Kieselgel 60F2,, (Merck). The plates were inspected under UV light 
and developed with 5 % H,SO, in EtOH at 120 "C. Column chromatography 
was carried out using silica gel 60 F (Merck 40-63 mm). Gel permeation 
chromatography (GPC) was performed on a column (80 x 1.6 cm with 
V0-60mL) packed with Fractogel TSK HW-40(S) (Merck) in H,O. Frac- 
tions were monitored using a Differential Refractometer 141 supplied by 
Waters. Optical rotations were measured at 22 2 "C on a Perkin-Elmer 457 

polarimcter. 'HNMR Spectra were recorded on either a Brukcr AC300 
(300 MHz) spectrometer or a Bruker AMX400 (400 MHz) spectrometer with 
either the solvent reference or TMS as internal standard. I3C NMR Spectra 
were recorded on a Bruker AC300 (75.5MHa) or a Bruker AMX400 
(100.6 MHz) spectrometer using the PENDANT pulse train. Liquid sec- 
ondary ion mass spectra (LSI-MS) were recorded on a VG Zabspec mass 
spectrometer equipped with a cesium gun operating at -30 keV. Matrix-as- 
sisted laser-desorption ionization/time-of-flight mass spectra (MALDI-TOF- 
MS) were recorded on a Kratos Kompact MALDI I l l  instrument using a 
2,5-dihydroxybenzoic acid matrix. Microanalyses were performed by the 
University of North London Microanalyticdl Services. 

3-(2,3,4,6-Tetra-0-acetyl-~-~-galactopyranosylthio)propionic Acid (7) : The ti- 
tle compound was prepared from the p-acetate 6 according to the litcra- 

to afford a colorless oil i n  a yield of 88 %. R, 0.67 (PhMelEtOAcI 
AcOH, X0:19:1); [ E ] ~  = - 9 (c =1.0 in CHCI,); 'HNMR (300 MHz, 
CDCI,, 25°C): 6=1.97, 2.04, 2.05, 2 . 1 4 ( 4 x s , 4 x 3 H ;  CH,CO). 2.74(m, 
2 H ;  SCH,CH,), 2.93 (m, 2 H ;  SCH,CH,), 3.91 (m. 1 H: H-5). 4.08 (dd. 
J5, , ,=6.5H/; ;  J,, , , ,=11.2H~, lH;H-6a) ,4 .14(dd ,JS , , ,=7 .0H~,  1 H ;  
H-6b), 4.53 (d, J1,, = 9.8 Hz, 1 H ;  H-I), 5.03 (dd, J2,3 =10.0 Hz. 
T3,,=3.5Hz, I H ;  H-3), 5.23 (Pt,J,, ,-J,, ,=IOHz, 1 H ;  H-2), 5.41 (dd, 
.J4 ,5  =l.OHz, 1 H ;  H-4); "C NMR (100.6 MHz, CDCI,, 25°C): 6 = 20.7. 
20.8, 21.45 (COCH,), 25.35 (SCH,), 35.4 (CH,CO,H), 61.6 (C-6), 67.1 

(OCH,), 176.8 (C0,H). A small portion of 7 was deacetylated using 0.1 M 

MeONa in MeOH, followed by deionization with Amberlite IR-120 ( H + ) ,  to 
give crude 3-(~-~-galactopyranosylthio)propio1iIc acid; 'H NMR (400 MHz. 
D,O, 25°C) d 2.67 (m, 2 H ;  SCH,CH,), 2.87 (m, 2 H ;  SCH,CH,). 3.44 (pt, 

(m, 2H,  H-5, H-6a), 3.65 (dd, = 8.6 Hz; J6,,6b ~ 1 2 . 0  Hz, 1 H;  H-6h), 
3.86 (dd, 1 H;  H-4), 4.38 (d, 1 H;  H-1); "C NMR (100.6 MH7, D,O, 5 ' C ) :  

76.45 (C-3), 81.4 (C-S), 88.6(C-l), 179.0 (C=O); MALDI-TOF-MS mi: 290 

(C-2),67.3(C-4),71.8(C-3),74.5(C-5),84.6(C-I), 169.7. 170.1, 170.3, 170.6 

Ji, -J, ,  , = 9.7 Hz, 1 H ;  H-2), 3 .53  (d, = 3.4 Hz, 1 H;  H-3), 3.56 -3.61 

6 = 27.7 (CH,CO,H), 37.5 (SCH,CH,), 63.6 (C-6). 71.3 (C-4). 72.1 (C-2). 

[ M f  Na]': C,HI60,S (268.3). 

N-Hydroxysuccinimidoyl-3-(2,3,4,6-tetra-0-acetyl-~-~-galacto-pyranosylth- 
io)propionate (8): DCC (3.5 g, 17 mmol) and NHS (1.9 g. 16.5 mmol) were 
added to a solution of compound 7 (7.2 g, 16.5 mmol) in McO(CH,),OMe 
(50 mL) and the mixture was stirred at 0-10°C for 20 h. The precipitated 
product was filtered off and the solvent was removcd by evaporation, beforc 
the residue was dissolved in CHCI, (1 50 mL). The solution was filtered again. 
the filtrate was concentrated to ca. 50 mL and then poured into cyclohexane 
(250 mL). The solvent was decanted, the remaining viscous oil was dissolved 
in a minimum amount of CHCI,, and the product precipitated again with 
cyclohexane. The solvent was decanted and the remaining oil was dried to 
give a white foam, 8 (7.1 g, 93%); R, 0.64 (PhMe/EtOAc. 7:3); [a],, = ~ X.3 
(c =1.08 in CHCI,); 'HNMR (300MHz, CDCI,, 25°C): 6 = 2.00, 2.06. 
2.08,2.17 (4 x s, 4 x 3 H ;  CH,CO), 2.86 (s, 4 H ;  CH, Suc), 2.96-3.17 (m, 4 H ;  
SCH,CH,), 3.97 (m, I H ;  H-5), 4.14 (m, 2H:  H-6a. H-6b). 4.59 (d, 

5.23 (pt, 1 H ;  13-2), 5.44 (d, 1 H ;  H-4); 13C NMR (75.5 MHz, CDCI,, 25 'C): 
5 = 20.5, 20.6 ( x 2 ) ,  20,7 (COC'H,), 24.7 (SCH,), 25.5 (CH, Suc). 32.7 

J 1 , , = 9 . 9 H ~ ,  ~ H ; H - I ) , S . ~ ~ ( ~ ~ , J , , , = ~ ~ . O H Z , J , , . = ~ . ~ H ~ .  1H;H-3) ,  

(CH,CO,-SUC), 61.6(C-6), 66.9 (C-2), 67.2 (C-4), 71.7 (C-3). 74.5 (C-5). 84.1 
(C-l), 167.0 (CH,CO,-Suc), 168.9 (C=O SUC), 169.7, 170.0, 170.2, 170.5 
(CH,CO); MALDI-TOF-MS: m/r  555 [M+Na]+.  571 [M+K] ' :  
C,, H,,O, ,NS (533.5). 

3-[2,3,6-Tri-0-acetyl~-0-(2,3,4,6-tetra-0-acetyl-~-~-galacto-pyranosyl)-~-~- 
glucopyranosylthiojpropionic Acid (10): A solution of lactose heptaacctate 9 
(13.0 g, 19.2 mmol, a mixture of cc/p isomers, 1.0/3.7, prepared by acetylation 
of lactose with Ac,O/AcONa by the standard and 3-thiopropi- 
onic acid (6.7 mL, 77 mmol) in CH,CI, (100 mL) was treated with BF,.OEt, 
(3.5 mL, 28 mmol) and the mixture was left to stand for 5 h at room tempcr- 
ature, beforc being diluted with CH,CI, (100 mL) and washed with 1 M HCI 
(3 x 40 mL). The product was isolated by column chromatography 
(SiO,:PhMe/EtOAc/AcOH, 80:18:2) to afford 10 (7.4 g, 53%); R, 0.34 (Ph- 
Me/EtOAc/AcOH, 80:19:1); [a], = -11 (c =1.32 in CHCI,); 'HNMR 
(300MHz,CDCI,,25"C):h'=1.97,2.05,2.12.2.15(4x,7x3H;CH3CO), 
2.70 (m. 2H;  CH,CO,H), 2.84 (m, 1 H ;  SCH,H,), 2.94 (m. 1 H;  SCH,H,). 
3.66 (m, 1 H ;  H-5), 3.83 (pt, J3 ,& = = 9.2 Hz, 1 H ;  H-4). 3.91 (pt. 
J 5 . , 6 a . ~ J s , , b h .  =7.5 Hz, 1 H ;  H-S), 4.10 (m, 3H;  H-6a, H-6a', H-6b). 4.49 
(m. 1 H, H-6b),4.51 (d,J l , , , ,  =7.6 Hz, 1 H;  H-l'),4.53(d.J,., = 9.2 Hz, 1 H;  
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[ I - I ) .  4.92 (pt. J , , ,=J2 , ,=9 .2Hz,  I H ;  H-2). 4.99 (dd, J,.,,. 10.4Hz, 
J 3 . , a  = 3.4 Hz, 1 H ;  W Y ) ,  5.09 (dd, 1 H;  H-T), 5.19 (pt, 1 H ;  H-3), 5.32 (d, 
1H:  H-4); I3C N M R  (75.5 MHL, CDCl,, 2 5 ' C ) :  6 = 20.3, 20.4. 20.5 
(COCH,), 25.1 (SCH,), 35.0 (CH,CO,H). 60.7 (C-6'), 62.1 (C-6), 66.6 (C- 
4'),69.0(C-2'),70.O(C-2),70.5(C-S),70.8(C-3').73.5(C-3),76.0(C-4l,76.5 
(C-S), 83.6 (C-I). 100.8 (C-l'), 169.0-170.4 (7 C;  CH,CO), 175.9 (C0,H); 
MALDI-TOF-MS m/z 747 [M+Na]+,  763 [ M + K ] + :  C,,H,,O,,S (724.7). 

N-Hydroxysucinimidoyl-3-~Z,3,6-tri-0-acetyl-4-~-(2,3,4,6-tetra-~-acet~ 1-B- 
u-ga~actopyranosy~)-~-D-g~ucopyranosylthio~propionate (1 1): Compound 10 
(5 .0  g, 8.1 mmol) was treated with NHS (0.95 g, 8.1 mmol) and DCC (1.83 g, 
8.9 mmol) in MeO(CH,),OMe (25 mL) for 7 h at 0-5°C and the product was 
isolated, as described for the preparation of 8, to give the ester 11 (6.3 g, 
95%); R,0.30 (PhMe/EtOAc/AcOH, 80:19:1); [el, = -11.7 ( c = 1  04 in 
CHCI,);'HNMR(300MHz,CUCI,,25"C):S = 1 . 9 7 , 2 . 0 5 , 2 . 1 2 , 2 . 1 5 ( 4 ~ ~ ,  
7 x 3 H ;  CH,CO), 2.75-3.01 (m, 8 H ;  SCH,CH,CO,Suc), 3.61 (m, 1 H, H- 
5 ) .  3.72 (pt, .I1,, = J4, , = 9.0 HL, 1 H: H-4), 3.85 (pi, J5. ba, = 

. / 5 . , h h .  =7.5 Hz, 1 H; H-S'), 4.00-4.10 (m, 4H;  H-6a, H-6b, H-6a', H-6b'). 
4.45(d,J1,,=7.6H~,1H;H-l'),4.51(d,J,,,=9.0Hz,1H;H-l).4.88(pt, 
. I , , ,~J , , ,=Y.OHZ,  I H ;  H-2), 4.90 (dtl, J2 . , , .=10.0H~,  J3.,, .=3.4Hz, 
1 H ;  H-3'). 5.02 (dd, 1 H ;  H-2'), 5.16 (pt, 1 H; H-3), 5.28 (d, 1 H ;  H-4); I3C 

CIA): 6 = 20.3-20.6 (7 C, COCH,), 24.5 (SCH,), 25.4 
,CO,-Suc), 60.65 (C-6'), 61.9 (C-6), 66.9 (C-3), 68.8 

(C-2'). 70.0(C-2), 70.4 (C-57, 70.8 (C-3'). 73.3 (C-3), 75.9 ( C - 4 ) ,  76.5 ( C - S ) ,  
83.3 ( G I ) ?  100.6 (C-l'), 167.0 (CH,CO,), 168.9 (C=O SUC), 169.5-170.3 
(CH,C'O); MALDI-TOFMS: m/z clzlcd for C,,H,3N0,,S = 821.8, lound 
844 [M+Na]+,  860 [M+K]+.  

General Procedure for Coupling of Activated Esters with DAB-dcndr- 
(NH,),: To a solution of the DAB-dmdr-(NH,), dendrimer (about 50 mg, 
which corresponds to approximately 0.16,0.065,0.03,0.014, and 0.007 inmol 
of dendrimers I a, Za, 3a, 4a, and Sa, respectively) in CH,CI, (10 mL),  the 
activated ester 8 or I I (0.65,0.53,0.48,0.45, and 0.45 mmol for reactions with 
1 a, 2a ,  3a,  4a,  and Sa, respectively) was added and the mixture was stirred 
for 1 X  h at rooni temperature. After dilution with CH,CI, (40 mL),  the 
solution was washed with saturated aqueous Na,CO, ( 5  x 30 mL, usually 
1-3 h was required for the complete separation of layers), dried (Na,SO,), 
filtered, and concentrated to give a white solid foam. which was dried in 
vacuo. Yields and [a], values are given in Table4. ',C N M R  and mass 
spectroscopic data are listed in Tables 1 and 2, respectively. 'H NMR spectra 
of compounds I h and 1 c are described below 

Galactodendrimer Ib: 'HNMR (400 MHz, CDCI,, 25°C): 6 =1.35 (brm, 
4H;  NCH,(CH,),CH,N), 1.58 (brm, 8 H ;  NCH,CH,CH,N), 1.92, 1.99, 
2.00. 2.10 (4s, 48H; Ac) 2.25-2.5s (m, 20H; CH,N and CH,NIICO), 2.82- 
3.02 (m, XH, SCH,), 3.21 (brm, 8 H :  CH,CONH), 3.90 (pt. 
. /5,hn=Jj,hh = 6 Hz, 4 H ;  H-5 Gal), 4.03 (dd, Jj,hd = 6.0 Hz, J6;,,hh = 1 I Hz, 
4 H ;  H-6a Gal), 4.11 (dd, J S , , ,  = 6.0 Hz, 4 H ;  H-6b Gal), 4.52 (d, 
.Il,> = 9.5 Hz,4H: H-1 Gal),5.00(dd,J,,, = 9.5 Hz, J34 = 3.0Hz,4H:H-3 
Gal), 5.13(pt, J , , 2 z J , , , = 9 . 5 H z , 4 H ; H - 2 G a l ) ,  5.37(d, 4H;  H-4Gal), 
6.80 (L, J = 5.0 Hz, 4 H ;  NH). 

Lactodendrimer Ic :  'H NMR (400 MHz, CDCI,, 25°C): 6 =1.39(brm, 4 H ;  
NCH,(CH,),CH,N), 1 .63 (brm, 8 H;  NCH,CH2CH,N), 1.97, 2.05, 2.06, 
2.07. 2.10, 2.14 (6s, 84H; Ac) 2.33-2.50 (m, 20H; CH,N and CH,NHCO), 
2.86 (m, 4 H ;  SCH,H,), 2.99 (m, 4 H ;  SCH,Hh), 3.28 (brm. 8 H ;  
CH,CONII). 3.66 (m, 4 H ;  H-5 Glc), 3.82 (pt, J,,,% J4, , = 9.5 H7,4H.  H-4 
Glc), 3.93 (pt, Js,6dz.fj,hh = 6.8 Hz, 4 H ;  H-5 Gal), 4.06-4.17 (m, 12H; 
H-6a Glc. H-6a, H-6b Gal). 4.56 (d, J l ,  , = 8 Hz, 4 H ;  H-l Gal), 4.57 (d, 
J , , ,  =10.0Hz,4H; H-l Glc),4.60(brd,Jh,,,  = I I  H7,4H; H-6bGlc),4.91 
(pt. J j , 2 = J 2 , 3 = 9 . 5 1 1 ~ ,  4 H ;  H-2 Gal), 4.99 (dd, . J2 , ,=10 .2H~,  
J,,, = 3.4Hz4H; H-3 Gal). 5.11 (dd,J,, ,  = 8.0 Hz,J,,, =10.2 Hz,4H: H-2 
Glc),5.21 (dd,J,, ,~.I,,=9.5Hr,4H;H-3Glc),5.36(d,./, ,  = 3 . 4 H z , 4 H ;  
H-4 Gal), 6.93 (brt, J = 5.3 Hz, 1 H, NHCO). 

General Procedure for Deacetylation of Protected Carbohydrate Dendrimers 
1 b/c-Sb/c: A solution ofacetylatcd glycodendrimer (200 -~400 mg) in a mix- 
ture of dry CH,CI, (2 rnL) and dry MeOH (3 mL) was treated with 1 M 

McONa in MeOH (0.5 mL) and stirred for about 15 min at i-oom tcmpera- 
Lure. A white precipitate was formed and the mixture was concentrated in 
vacuo and the residue was dissolved in H,O (5-8 mL) and MeOH (1  -2 mL). 
The solution was stirred overnight a t  room tcmperaturc, neutralized with 1 M 

HCI to pH 6, concentrated to 1 mL, and subjected to GPC in H,O. All 
fractions, which were detected using a differential i-efractometer and elutcd 
before salt, were collected, combined. concentrated, and freeze-dried from 
H,O to give white powders. The yields and values of [elD are listed in Table 4, 
'3C N M R  spectra of ld/e-Sd/e are given in Table 3. mass spectroscopic data 
are listed in Table 2, and the C/S ratios from elemental analysis are listed in 
Table 5. 
Id and l e :  In  order to  give an indication of the resonances present in 
'HNMR spectra, the data for compounds Id and l e  are described below. 

Galactodendrimer Id:  ' H N M R  (400 MHz, 100"C, (CD,),SO): 8 1.82 (m, 
4 H ;  NCH,CH,CfI,CH,N). 1.92 (m, 8 H; NCH,CH,CH,NHCO), 2.46 (m. 
8 H :  CH,CONH), 2.79-2.92 (m, 8 H ;  SCH,), 3.05-3.23 (2m. 12H and 8 H ;  
CH,NCH, and CH,NHCO), 3.35 (dd, J , , ,  = 9.3 H7, J 3 , ,  = 3.4Hz. 4 H ;  
H-3 Gal), 3.42 (pt, JI,ZhJ2,3 = 9.3 Hz, 4 H ;  H-2 Gal), 3.44 (ddd, 
J , , ,=I . lHz.  J5,,,=J,,, ,=6.0Hz, 4 H ;  H-5 Gal). 3.55 (dd, 
J6,,6b = 13.2 Hz, 8 H ;  H-6a, K 6 b  Gal), 3.77 (dd. J 3 , 4  = 3.4 Hz, 

4H:  NHCO); 1R spectrum (KBr): i (cm-')  = 919. 951, 1054, 1083, 1152, 
1225, 1372, 1437, 1546, 1654. 1752. 2962, 3395. 

Lactodendrimer le: 'HNMR(400 MHz, lOO'C,(CD,),SO): 6 1 .82(m,4H; 
NCH,CH,CH,CH,N), 1.92 (m. 8 H ;  NCH,CH,CH,NHCO). 2.46 (m, XH; 
CH,CONH), 2.79-2.92 (m. 8 H ;  SCH,), 3.05-3.23 (2m, 12H and 8 H ;  
CH,NCfI ,  and CH,NHCO), 3.34-3.43 (m, 20H: H-24 and H-3 Gal, H-3, 
H-4, H-5 Glc), 3.48 (m, 4 H ;  H-5 Gal), 3.55-3.63 (m, 8H; H-6a and H-6b 
Gal), 3.67 (dd, Jj,6a = 4.8 Hz, Jca,bh =12.4 Hz. 4 H ;  H-6a Glc), 3.71 (dd, 
J,,4=2.8Hz,J,,,=1.4Hz,4H;H-4Gal),3.82(dd,J,,,,=2.5Hz,4H; 
H - 6 b G l ~ ) , 4 . 2 3 ( d , ~ ~ , , = 7 . 3 H z , 4 H ; H - l  Gal) ,4 .23(d,JI , ,=9.6Hz,4H: 
H-l Glc), 7.80 (bs, 4 H ;  NHCO); IR spectrum (KBr): i (cm-') = 913. 954, 
1048, 1232, 1371, 1435, 1544, 1659. 1756, 2943, 3396. 

Tris(2,3,4,6-tetra-0-acetyl-~-u-galactopyranosyloxymetyl)methylamido- 
glycine (13): A solution of 12 (3.08 g. 2.36 mmol) in EtOAc (30 mL) was 
hydrogenated over PdjC (10%, 0.5 g) at 30°C for 10 h, filtered through 
Celite, and concentrated. The residue was subjected to column chromatogra- 
phy (SiO,, Et0Ac:EtOH 99:l to 94:6) to give the amine 13 (1.57 g, 61 %). 
R,0.20 (CHCI,:Me,CO 5: l ) ;  [aID = -14.3 (c=1.05 in CHCI,); ' H N M R  
(300MHz. CDCl,, 25°C): 6 =1.97, 2.05, 2.06, 2.15 ( 4 ~ s .  21H; COCH,), 
3.27 (s, 2 H ;  NH,), 3.82 (d, J =10.0 Hz, 3 H ;  C(quat)CH,H,). 3.91 (m. 4H;  
H;, Gly, H-5 Gal), 4.08- 4.21 (m, XH; H, Gly, C(quat)CH,H,, H-6a and 
H-6b Gal), 4.42 (d, J1,, =7.9 Hr, 3 H ;  H-l Gal), 5.01 (dd, J,,, =10.2 Hz; 
J,,, = 3.2 Hz, 3 H ;  H-3 Gal), 5.13 (dd, 3 H ;  H-2 Gal), 5.37 (d, 3H:  H-4 Gal), 
7.20 (s, 1 H ;  C(quat)NH); I3C NMR (75.5 MHz, CUCI,): 6 = 20.5, 20.6 
( x 2 ) ,  20.X (COCH,), 45.3 (CH,NH,), 58.72 (C(quat)), 61.0 (C-6), 6X.1 
(C(quat)CH,), 66.9 (C-4). 69.0 (C-2), 70.6 (C-3), 70.7 (C-S), 101.4 (C-l), 
169.4. 170.0,170.2, 170.4 (CH,CO), 173.0 (CONH); MALDI-TOF-MS m;z: 
1191 [M+Na]+,  1208 ( M + K ] + :  C,8H,,N20,, (1169.07). 

Tris(2,3,4,6-tetra-O-acetyl-~-~-galactopyranosyloxymetyl)methylamido- 
glycinamidoglutaric Acid (14): Glutaric anhydride (170 mg. 1.5 mmol) was 
added to a solution of the amine 13 (1.57 g, 1.34 mmol) in CH,CI, (10 mL). 
The mixture was stirred for 4 h at 20 "(1 and concentrated, and the product 
was purified by column chromatography (SO, ,  Et0Ac:EtOH 99: 1 to 94:6) 
to afford the corresponding acid 14 (1.28 g, 75%); R, 0.39 (CHCI,:Me,CO 
5 : l ) :  [a], = -14.0(c =1.04in CHCI,); 'H  NMR(400 MHz,CDCI,. 31 -C): 
6=1.96 2.02(m, llH;COCH,andCH,CH,CH,),2.09,2.18 (2xs .27H:  
2 x COCH,), 2.37-2.46 (m. 4 H ;  CH,CH,C:H,), 3.78 (d, ./ = I 0 3  Hz, 3 H :  

J5,6a=Js,6h = 7  Hz, 3 H ;  H-5 Gal), 3.98 (in, 1 H ;  H, Gly overlapping with 
H-5 Gal); 4.14 (dd, J5,6a = 6.1 Hz, =11.2 Hz, 3 H ;  H-6a Gal overlap- 
ping with C(quat)CH,H,), 4.14 (d. 3 H; C(quat)CH,H, overlapping with 
H-6a Gal), 4.20 (dd, J, , , ,  = 6.7 H7, 3 H ;  H-6b Gal), 4.45 (d. J,,, =7.7 H7. 
3 H; H-l Gal), 5.05 (dd, J,, , = 10.5 Hz, .J,, = 3.3 Hz, 3 H;  H-3 Gal), 5.13 
(dd, 3 H ;  H-2 Gal), 5.40 (d, 3H;  H-4 Gal), 6.39 (s, 1 H; C(quat)NH), 6.94 (t, 
J = 5.2 Hz, 3 H;  NH Gly); I3C N M R  (100.6 MHz, CDCI,, 31 "C): 6 = 20.3. 
20.4,20.5,20.6(CH3C0 and CH,CH,CH,), 32.7,34.6(CH,CHzCH,).42.6 
(CH, Gly), 59.3 (quat. C), 60.9 (C-6), 66.8 (C-4), 67.9 (C(quat)CH,), 68.9 
(C-2), 70.4 (C-3), 70.7 (C-S), 101.2 (C-1), 169.5 (NHCO Gly), 169.4, 169.8. 

J,, = 1.1 Hz, 4 H :  H-4 Gal), 4.27 (d, Jl, , = 9.3 Hz, 4 H ;  H-l Gal), 7.78 (bs, 

C(quat)CII,H,), 3.87 (dd, J = 4.8 Hz, J = 6.8 Hz, 1 H ;  H, Gly), 3.97 (pt. 

170.0, 170.2 (CH,CO), 172.7 (C(quat)NHCO), 175.9 (C0,H); MALDI- 
TOF-MS mi-: 1306 [M+Na]+,  1321 [ M + K ] + ;  Cs,3H,4N,0,, (1283.17): 
Cdkd C 49.61, H 5.81, N 2.18; found C 49.68, H 5.71, N 2.08. 
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~ - ~ ~ ~ ~ ~ ~ y s u c c i n i ~ ~ d o y l - t r i s ( 2 , 3 , 4 , 6 - t e t ~ a . ~ - a c e t y l - ~ - ~ - ~ a l a c t ~ - ~ y ~ a ~ o ~ ~ ~ -  
oxYmety~)~ethylamidoglycinamidoglntarate (15): A solution of the acid 14 
(1.1 1 &, 0.87 mmol), DCC (206 mg, 1 .0 mmol), and NHS (103 mg, 0.9 mmol) 
in MeO(CH,),OMe (10mL) was stirred for 17 h at 4-10°C. The workup 
procedure, which was analogous to that described for 8, afforded a syrupy 
mass of thc activated ester 15 (1.14 g, %%),  [a] ,  = -13.4" (C = 1.0, CHCI,). 
' H N M R  (300 MHz, CDCI,): b =1.99 (s ,  11 H ;  COCH,, CH,CH,CH,), 

CH,CH,CONH), 2.73 ( t .  J = 7.2 Hz, 3H; CH,CO,-Suc), 3.77-3.82 (in, 
4 H :  H, Gly, C(quat)CH,H,), 3.96-4.01 (in. 4 H ;  H, Gly, H-5 Gal), 4.11- 
4.22 (m, 9 H ;  C(quat)CH,H,, H-6a and H-6b Gal), 4.44 (d, Ji,, =7.8 Hz, 
3 H ;  H-1 Gal), 5.03 (dd, J , , ,  =10.4Hz; J,,4 = 3.4 Hz, 3 H ;  H-3 Gal), 5.13 
(dd,3H;H-2),5.39(d,3H;H-4),6.23(s,lH;C(quat)NH),6.56(m.lH:NH 
Gly); "C NMR (75.5 MHz, CDCI,): i 5  = 20.2, 20.3, 20.4, 20.5 (CH,CO, 
CH,CH,CH,), 25.3 (CH, Suc), 29.7, 33.8 (CH,CH,CH2), 42.8 (CH, Gly), 
58.9 (C(quat)). 60.9 (C-6). 67.8 (C(quat)CH,), 66.7 (C-4), 68.7 (C-2), 70.3. 

2.08 (s, 1 8 H ;  COCH,), 2.17 (s, 9 H ;  COCH,), 2.42 (t, J = 7 . 2 H z ,  2 H ;  

70.5 (C-3, C-5).  101. (C-l), 168-171.8 (C=O).  

Glycodendrirner 16a: .This compound was prepared from I a (22 mg, 
0.07 mmol) and 15 (398 mg, 0.228 mmol) according to the general procedure 
for coupling of activated esters with PA-dcndrimers. Yield 340 mg (90%), 
[a] ,  = -11.6 (c=1.0 in CHCI,); 'H NMR (400 MHz, CDCI,, 25 'C):  
6 =1.40 (brm, 4 H ;  NCH,(CH,),CH,N). 1.64 (m, XH, NCH,CH,CH,N), 
1.98 (brs, 20H; COCH, and COCH,CH,CH,CO), 2.08, 2.17 (2 xs, 36H;  
COCH,), 2.22-2.45 (m, 28 H ;  COCH,CH,CH,CONH(CH,),CH,NCH,), 
3.26 (ni, 8 H ;  CH,CH,NHCO), 3.78 (d, 4H,  J=10 .2  Hz; C(quat)CH,H,), 
3.86 (m. 4 H ;  H, Gly), 3.98 (pt, 3 H ;  J,,,,=J5,,,-7Hz, 12H; H-5 Gal), 
4.11-4.21 (m, 28H; H-6a and H-6b Gal, C(quat)CH,H,), 4.46 (d, 
J 1 ,  , ~ 7 . 7  Hz, 12H;  H-1 Gal), 5.05 (dd, J,, , = 10.5 Hz, J3,4 = 3.3 Hz, 12 H ;  
H-3 Gal), 5.13 (dd, 12H;  H-2 Gal), 5.39 (d, 12H;  H-4 Gal), 6.28 (s, 4 H ;  
C(quat)NH), 6.84 ( t .  J = 5 Hz, 4 H ;  NHCO Gly), 7.09 (t, J = 5 Hz, 4 H ;  
NHCO dendrimer); 13C NMR (100.6 MHz, CDCl,, 31 "C): 6 = 20.4, 20.5, 
20.6, 20.7 (CH,CO and COCH,CH,CH,CO). 25.8, 27.0 (CH,CH,CH,), 
33.8, 34.9, 35.3. (COCH,CH,CH,CONHCH,), 42.7 (CH, Gly), 49.3, 52.0 
(CH,NCH,), 59.2 (C (quat)). 67.0 (C-6), 66.8 (C-4), 68.0 (C(quat)CH,), 68.9 
(C-2), 70.4 (C-3), 70.6 (C-5).  101.2 (C-I), 168.8 (NHCO dendrimer), 169.3, 
169.9, 170.0, 170.3 (CH,CO), 172.6, 172.8, (C(quat)NHCO, NHCO Gly); for 
the MALDI-TOF mass spectrum see Table 2. 

Glycodendrimer 17 a :  This compound was prepared as described previously 
for 16a starting from 2a and 15 in 84% yield, [tilo = -11.6 (c =1.0 in 
CHCI,). 

Glycodendrimer 16b: This compound was prepared in 74% yield by deacetyl- 
ation of 16a according to the description given in the general procedure, 
[ E ] ~  = + 0.3 (c = 1.2 in H,O); 'H NMR (400 MHz. (CD,),SO, 100 'C ) :  
6 =1.74 1.93 (m, 20H; COCH,CH,CH,CONCH,CH,. NCH,- 
(CH,),CH,N), 2.12-2.24 (m, 16H; COCH,CH,CH,CO), 3.06-3.20 (m, 
20H; CONHCH,CH,CH,NCH,), 3.30-3.40 and 3.52-3.65 (2 x m, 48H;  
H-2, H-3, H-5. H-6 Gal), 3.69 (rn, 20H;  CH, Gly and H-4 Gal), 3.X3 (d, 
J = 1 0  Hz, 1 2 H ;  C(quat)CH,H,), 4.06 (d, 12H;  C(quat)CH,H,), 4.17 (d, 
J =  8 Hz, 12H;  H-1 Gal), 6.85 (s, 4 H ,  NHCO Gly), 7.65 (hrs, RH, 
NHCO(CH,),CONH). The I3C N M R  spectrum and MS data arc listed in 
Tables 3 and 2, respectively. 

Glycodendrimer 17b: This compound was prepared as described for 16b in 
67% yield, [aID = 0 (c = 1.0 in H,O). The "C NMR spectroscopic data are 
listed in Table 3. 

Molecular Simulation: Simulations were carried out using the AMBER forcc- 
field as implemented in Macromodelr3" (version 5.0) running on  a Silicon 
Graphics Indigo2 Workstation. The dendrons were ~ssembled within the 
Macromodel INPUT suhmode and then fully minimized (final gradient 
<0.5 k J k ' )  using the Polak Rihierc Conjugate Gradient (PRCG) al- 
gorithm with extended cut-off. Solvation was included in the form of the 
GB/SA solvation model for H,0.[321 The individual dendron units were then 
attached to the central core unit. The whole assembly was then fully mini- 
mized using the above method (final gradient <0.5 k J A - ' ) .  Simulated an- 
nealing using stochastic molecular dynamics (SD), was performed within 
Macromodel. The system was allowed 20 ps of equilibration at 300K (time 
step 1.5 fs) then "cooled' to 50K over 80 ps to afford a structure removed 
from the starting geometry. This structure was then fully minimized 

(AMBER*, PKCG, GB/SA solvation for H,O) until the RMS deviation was 
<0.5 kJ A -  '. Molecular volume calculations were performed using Biosym's 
Insight and Discover'361 software. running on a Silicon Graphics lndi work- 
station. 
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