CHEMISTRY—

A EUROPEAN JOURNAL

DOI: 10.1002/chem.200800892

A Convergent Approach to Biocompatible Polyglycerol “Click” Dendrons
for the Synthesis of Modular Core-Shell Architectures and Their Transport

Behavior
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Abstract: Dendrimers are an important
class of polymeric materials for a broad
range of applications in which mono-
dispersity and multivalency are of in-
terest. Here we report on a highly effi-
cient synthetic route towards bifunc-
tional polyglycerol dendrons on a mul-
tigram scale. Commercially available
triglycerol (1), which is highly biocom-
patible, was used as starting material.
By applying Williamson ether synthesis

procedure, glycerol-based dendrons up
to the fourth generation were pre-
pared. The obtained products have a
reactive core, which was further func-
tionalized to the corresponding monoa-
zido derivatives. By applying cop-
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per(I)-catalyzed 1,3-dipolar cycloaddi-
tion, so-called “click” coupling, a li-
brary of core-shell architectures was
prepared. After removal of the 1,2-diol
protecting groups, water-soluble core—
shell architectures 24-27 of different
generations were obtained in high
yields. In the structure—transport rela-
tionship with Nile red we observe a
clear dependence on core size and gen-
eration of the polyglycerol dendrons.

followed by an ozonolysis/reduction

Introduction

Dendrimers and dendrons have been known for 30 years
and have entered many research areas, from gene and drug
delivery to diagnostics, as well as nanoengineering.!"! This
relatively new type of macromolecular architecture is suc-
cessfully used in many applications such as surface modifica-
tion,?! materials science, and catalysis.®’! By taking advant-
age of the multivalency of dendrimers and the possibility to
use almost any type of chemistry for their post-synthetic
chemical modification, they may be used as antiviral, anti-
bacterial, and antitumor agents.[*

In spite of the attractive properties of dendrimers, only
two types, namely, polyamidoamine (PAMAM, Starburst,
DNT) and poly(propylene imine), PPI (Astramol, DSM),
have been commercialized, because of their tedious, step-
wise, and time-consuming synthesis. So far, two complemen-
tary general methods—the divergent approach initiated by
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Vogtle et al.,”! Tomalia et al., and Newkome et al.”) and
the convergent approach of Hawker and Fréchet—®! have
been developed for their preparation. The problem of the
structural purity of single molecules in the divergent ap-
proach has been overcome by the convergent growth ap-
proach,’! wherein the synthesis of dendrimers starts from
the periphery to a polyfunctional core, and thus reduces the
number of reactions performed on a single molecule. Conse-
quently, in the convergent method, each molecule has a pre-
cise molecular weight and structure and can easily be puri-
fied from the incomplete coupling products. Also, the den-
drons can be modified at both ends: the focal point and the
shell.

Dendritic oligoethers!"”! have found a wide range of appli-
cations."! Much effort has been devoted to the preparation
of dendrimers that are water-soluble and biocompatible. For
example, Fréchet and co-workers synthesized a dendritic an-
alogue of the highly biocompatible poly(ethylene glycol)
(PEG), which is a promising structural skeleton for many
biological applications."”? Dendritic polyethers based on
glycerol dendrimers prepared by us are also of interest for
biomedical applications due to their high biocompatibility.!"*!
Yamamoto etal. reported the convergent preparation of
glycerol-based dendrons by applying Williamson ether for-
mation between a benzyl/dendritic alcohol and epichlorohy-
drin." A carborane unit was linked to these dendrons to
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produce a water-soluble carborane that was used in boron
neutron-capture therapy.

We previously reported an efficient divergent method to-
wards polyglycerol dendrimers involving a repetitive se-
quence of allylation and dihydroxylation steps.™! Recently,
we described a divergent route for the synthesis of bifunc-
tional monoamino glycerol dendrons," in which we also ap-
plied a sequence based on allylation and catalytic dihydrox-
ylation with osmium tetroxide, and obtained [G3] monoami-
no glycerol dendrons in good yields. Park et al. showed that
[G4.0] and [G5.0] polyglycerol dendrimers can solubilize the
poorly water-soluble drug paclitaxel (PTX). The solubility
of PTX increased with increasing generation of dendritic
PG."1 On the other hand, core-shell-type architectures ob-
tained by simple modification of hyperbranched PG with a
biphenylic unit enhanced the solubilization of highly hydro-
phobic drugs such as Nimodipine.['¥)

Since linear and hyperbranched polyglycerol proved to be
highly biocompatible™” and might be used for many bio-
medical applications, any heavy-metal content would be a
problem. Therefore, an alternative synthetic route to metal-
free dendrimers was our goal. Additionally, optimization of
the reaction and purification steps may improve the synthet-
ic pathway and enable the preparation of large quantities.
Nevertheless, one major drawback remains, that is, the tre-
mendous effort required to obtain these perfect structures.
Furthermore, the ability to execute considerable structural
control by imparting bifunctionality with easy synthetic
steps is required.

The [2+3] Huisgen cycloaddition, rediscovered by Sharp-
less et al.,” is growing in impact and has found many appli-
cations in most areas of modern chemistry. The beauty of
this reaction resides in its simplicity, reliability, specificity,
and biocompatibility. Moreover, this copper(I)-catalyzed for-
mation of triazoles tolerates a wide range of functional
groups and many solvents (including water). Recently,
Hawker et al. introduced click coupling into dendrimer syn-
thesis, and demonstrated for the first time the power and ef-
ficiency of this methodology in macromolecular chemistry.!!
Since then, Huisgen 1,3-dipolar cycloaddition of azides and
alkynes has been utilized in fields of chemistry ranging from
drug discovery to materials science.?

Here we describe the convergent synthesis of a new
family of core-shell dendrimers with an aliphatic polyether
backbone based on glycerol units. Such well-defined den-
drons have great potential owing to multifunctional chain
ends stemming from an easily functionalizable focal point.
In addition, polyglycerol dendrons with their glycerol build-
ing blocks are biocompatible and can be made water-soluble
or water-dispersible by varying their shell functionality.

Results and Discussion
Synthesis of bifunctional, clickable glycerol dendrons: In

contrast to the divergent approach, convergent protocols
allow us to attain considerable structural control and varia-
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ble bifunctionality using easy synthetic steps. We achieved
our goals by applying a combination of two previously de-
scribed protocols.”! We used 3-chloro-2-chloromethyl-1-pro-
pene (methallyl dichloride or MDC) as monomer, because
its allylic functionality makes nucleophilic substitution of
both electrophilic sites more attractive. In addition, the
double bond at the focal point can be converted easily and
in high yields to the primary or secondary alcohol by a stan-
dard hydroboration/oxidation protocol™®%% or ozonolysis/
reduction sequence, ™ respectively. Using Williamson ether
synthesis and an ozonolysis/reduction sequence for subse-
quent activation and growth steps allowed us to prepare bi-
functional polyglycerol dendrons up to the fourth generation
in high yields. Additionally, ozonolysis and hydride reduc-
tion, as opposed to hydroboration with 9-borabicyclo-
[3.3.1]nonane (9-BBN) and oxidation with H,O,, proceeded
smoothly in all cases and gave the desired compounds in
pure form.

As a starting material we chose commercially available
triglycerol (1), the terminal diol units of which were convert-
ed to the corresponding diacetal by catalytic reaction with
acetone dimethylacetal.® The acetal protecting group is
stable under strongly basic, reductive, and oxidative condi-
tions.™ In addition, deprotection of the terminal hydroxy
groups, which can be further modified if desired, can be per-
formed under mild acidic conditions. Even though triglycer-
ol contains a considerable amount of other oligomers, such
as di- and tetraglycerol, we decided that this concept is the
more straightforward approach for scaleup. After acetal pro-
tection [G1.0]-OH (2) can be obtained on a scale of up to
600 g in highly pure form. Alternatively, 2 can also be ob-
tained from acetal-protected glycerol by the procedure
shown in Scheme 1 (bottom).

99% | NaH, THF

Scheme 1. Syntheses of acetal-protected triglycerol.
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Second-generation [G2.0]-ene (6) was synthesized by re-
action of 2.1 equiv of [G1.0]-OH (2) with a suspension of
sodium hydride and MDC in dry THF in the presence of
catalytic amounts of KI, [15]crown-5, and [18]crown-6
(Scheme 2). The presence of [15]crown-5 during deprotona-
tion of the OH group and subsequent addition of [18]crown-
6/KI allows us to generate a more reactive secondary alco-
holate in the core and to improve the coupling yields dra-
matically. Therefore, we did not observe any formation of

monosubstituted MDC. Due to the similar polarity of start-
ing material 2 and [G2.0]-ene (6), purification by column
chromatography on a multigram scale was incomplete.
Therefore, on large scales (up to 100 g), we used HPLC with
2-propanol/n-hexane as eluent to separate all [Gn]-ene
products. The unsaturated compound was then ozonolyzed
and reduced to the secondary alcohol by treatment with
sodium borohydride, and [G2.0]-OH (7) was obtained by
simple extraction in excellent yield and in very pure form.

For all other dendron modifica-

tions column filtration was suf-

Lo

ficient for purification.
To synthesize the next gener-
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pound 9 on MDC and to diffi-
culties in purification. All [Gn]-
ene and [Gn]-OH compounds
were isolated as transparent,
slightly yellow or colorless vis-
cous oils. We also tried to syn-
thesize [G5.0]-ene, but due to
difficulties in purification we

J
Lo,

9 OR 8 OR
[G3.0]-OH OR [G3.0]-ene OR were only able to detect the de-
>99% 92% sired product by ESIMS.
a Identification of the focal
functionality by NMR and IR
OR OR OR OR

% O LOR
JE

b
HO -—
o OR
DooC
OR
Q o
8_\\ \(\OR
O,
(e} OR
o
OR
OR OR
1 10
[G4.0]-OH [G4.0]-ene
>99% 66%

Scheme 2. Convergent approach to bifunctional polyglycerol dendrons. a) NaH, [15]crown-5, MDC, [18]crown-

6, K1, THF, reflux, 24 h; b) 1. O;, CH,Cl,/MeOH (1/1), 2. NaBH,.

9204

www.chemeurj.org

JE
:C

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

spectroscopy facilitated charac-
terization of these dendritic
structures, especially for higher
generations. The integration
ratio calculated from 'H NMR
between acetal groups and
focal functionality verified re-
tention of protecting groups
and the number of generations.
The purity of polyether den-
drons was assessed by elemen-
tal analysis and high-resolution
mass spectroscopy. A single
species was observed in the
mass spectrum corresponding
to the expected isotopic ratio
for [M+H]*, [M+Na]*, and
[M+K]*. In some cases, the
presence of [M+NH,]* and
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Figure 1. ESI-TOF mass spectrum of 25¢ (m/z 3073.6852).

very strong signals of doubly charged ions were observed
(e.g., ESI-TOF-MS of 25¢, Figure 1).

We previously reported a divergent approach to bifunc-
tional glycerol dendrons with azide functionality in the
core.l"! We used the same reaction sequence to functionalize
the focal point of all polyglycerol dendrons with azo groups
(Scheme 3). The free secondary hydroxyl group of [G1.0]-
OH was converted to the corresponding mesylate® and
without further purification treated with sodium azide”” to
give [G1.0]-N; in 96 % yield over two steps. The same reac-

HO O/_(O\/(E‘ 1.MsCLEEN Oﬁ(o\/?‘
{o O\# 2. NaN, 3{0 O\F
o 8

[G1.g]-OH — 6% [G1T§]—N3
[GZ.g]-OH _99% [G;S]-N:,
[GB.g]-OH % [G;g]-Na
[G4_1o1]-0H 9% [G41(?]—N3

Scheme 3. Synthesis of monoazido glycerol dendrons.

tion sequence was applied to the higher generations of poly-
glycerol dendrons, and the desired monoazides were ob-
tained in excellent yields.

Design and synthesis of modular core-shell architectures
with click dendrons: In designing dendrimers for functionali-
zation by click chemistry, multifunctional azide- or acety-
lene-terminated core molecules are required. Initially, com-
mercially available aromatic oligoacetylene cores 16-18
were chosen for our modular approach with monoazido den-
drons (Scheme 4). In addition, 19 was synthesized according
to the procedure described by Miillen et al.”® starting from
1,3,5-tris(4-bromophenyl)benzene.*’)

It
Il Il O
v
2N 102 - ®
I & X
16 17 18 19

Scheme 4. Oligoacetylene aromatic cores.
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The first click reactions between compounds 16-18 and
[G1.0]-N; were performed according to the procedure de-
scribed by Sharpless et al.*”! with 5 mol% CuSO,, 10 mol %
ascorbic acid/10 mol % NaOH (to form sodium ascorbate in
situ) in water/THF (1/1) at room temperature. However, the
reaction times were very long and the conversions incom-
plete. Additionally, cleavage of acetal groups was observed,
probably due to incomplete salt formation. Hence, we modi-
fied the coupling procedure, first by excluding the presence
of acid and second by using additional catalyst to shorten
the reaction times. In the course of optimization, we found
that 5-15 mol% of CuSO,, 10-30 mol% of sodium ascor-
bate, and 10-30 mol % of diisopropylethylamine (DIPEA)
were sufficient to generate the desired core—shell structures
in very good vyields (Table1, Scheme5). As shown in
Table 1, the yields of 20-23 isolated from the coupling of

Table 1. Yields for click coupling of monoazido glycerol dendrons to the
aromatic cores and after removal of acetal groups.

Entry Aromatic [Gn]-N; Coupling Yield® Deprotection Yield"!

core product  [%] product [%]

1 16 [G1.0] 20a 96 24a 86

2 16 [G2.0] 20b 97 24b 99

3 16 [G3.0] 20¢ 32 24¢ 99

4 17 [G10] 21a 97 25a 88

5 17 [G2.0] 21b 78 25b 95

6 17 [G3.0] 21c 30 25¢ 98

7 18 [G1.0] 22a 98 26a 96

8 18 [G2.0] 22b 91 26b 84

9 18 [G3.0] 22¢ 44 26¢ 92
10 19 [G1.0] 23a 99 27a 87
11 19 [G2.0] 23b 87 27b 87
12 19 [G3.0] 23¢ 75 27¢ 91
[a] Yields of isolated products.
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[G3.0]-N; to aromatic cores 16-18 were in the range of 30-
44 %, mainly due to the steric hindrance of dendrons and
core and difficulties in purification.

Traces of copper salts in the products were easily removed
by washing with a saturated solution of ethylenediaminete-
traacetic acid (EDTA). To obtain high conversions, we tried
to use stoichiometric amounts of the azides (2-3 equiv de-
pending on core functionality), but formation of byproducts
was observed. Therefore, in all cases an excess of 0.1 equiv
of monoazido dendrons per triple bond was used. Purifica-
tion was performed by flash column chromatography or
HPLC.

Finally, the acetal protecting groups were removed in
almost quantitative yield by stirring with an acidic ion-ex-
change resin in methanol to obtain the water-soluble core—
shell architectures (Scheme 6). Because 1,2,3-triazole is a
weak base, the ion-exchange beads were washed with 5%
Et;N in MeOH in order to obtain the desired water-soluble
dendrimers 24-27 in 84-99 % yield (Table 1).

Structure—transport relationship

Complex formation with Nile red: We investigated the trans-
port properties of 24-27 by using Nile red, a neutral, poorly
water soluble, and environmentally sensitive fluorescent dye
(Figures 2 and 3). The fluorescence of Nile red strongly de-
pends on the polarity of the environment; it is redshifted in
polar solvents and reaches its maximum blueshift and inten-
sity in nonpolar solvents/environment.’!! The remarkable
sensitivity of Nile red was beneficial in studying the local
polarity of bolaamphihiles,®” micelles,”” and interactions
with cyclodextrins.*” Small changes in the organization of
the surfactants in the solvent system could be monitored

‘%

X

22b

Scheme 5. Functionalization of the oligoacetylene core by glycerol dendrons: 5-15 mol% CuSO,, 10-30 mol % sodium ascorbate, and 10-30 mol %

DIPEA, THF/H,O (1/1).
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Scheme 6. Removal of the acetal groups: Dowex 50W, MeOH, reflux. Core-shell architectures based on polyglycerol dendrons (coupling with [G2.0] is
shown).

with Nile red,®! and the specific properties of this hydro- For the dye solubilization measurements, 2.5 mL of an
phobic dye can also be used to characterize new amphiphilic aqueous solution of the respective compound at a concen-
molecules and their self-assembly processes. tration of 1.0 gL~ and 3 mg of Nile was stirred at room

temperature for 24 h. These saturated solutions were filtered
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Figure 2. UV spectra of the complexes of 27a—¢ (c=1 mgmL ') with Nile
red.

to remove all solids. Then UV spectroscopy was carried out
at 25°C. Calibration curves for Nile red in toluene, acetone,
methanol, and ethanol were recorded by using known con-
centrations of dye in the respective solvent. Assuming that
the extinction coefficients of dye in the solvents are almost
the same as in water, the amount of solubilized Nile red in
the polymer solution can be calculated (see Figure 3). All
saturated aqueous solutions of compounds 24-27 show good
long-term stability (several months).

Characterization of polymer—dye complexes: Figure 3a sum-
marizes the Nile red transport efficiency as a function of
dendrimer generation and the structure of the hydrophobic
core.

Even through Nile red is solubilized by each type of struc-
ture, the highest transport efficiency (w/w) is obtained for
the compounds with the largest hydrophobic core. The high-
est value (6.1 mg Nile red) for this class of substance was
obtained for [G2.0] (Scheme 6, Figures 2 and 3). Neverthe-
less, a clear dependence on the size of the core and the den-
drimer generation can be seen in Figure 3b. As expected,
the transport capacity (mmol dye/mol polymer) of the dye
improved significantly with increasing core size, especially
for [G3.0]. The transport capacity also increases with higher
dendron generation. In contrast to a previous report on pol-
yglycerol dendrons coupled to a biphenyl core by amide
bonds,'*! here we find a clear and systematic dependence of
complex formation with Nile red on dendrimer generation.

The adsorption spectrum of Nile red is strongly depen-
dent on solvent/environment and shows a large redshift with
increasing solvent/environment polarity.”'>< The absorption
spectra (Figure 2) revealed a strong red shift of the absorp-
tion band of Nile red in the [G1.0] dendron complex, with
Amax =985 nm, and a blueshift for [G2.0] and [G3.0] dendron
complexes, with A,,,, =515 nm. The first shift suggests that a
very polar environment, such as glycerol groups, surrounds
the Nile red molecules. Probably, the hydrophobic cores

9208 ——
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Figure 3. Structure-transport relationship of core-shell architectures 24—
27 with Nile red (NR). a) mg NR/g polymer. b) mmol NR/mol polymer.
For reasons of clarity the error bars of the UV measurements are not
shown; these deviations are typically in the range of £15%.

coupled with the smallest dendron [G1.0] tend to form ag-
gregates by m—m interactions, and therefore the dye was not
accommodated into the core. In the case of higher genera-
tions, for which the maximum absorption is shifted to lower
wavelengths, Nile red is located more in the hydrophobic
core. The observable band splitting in UV absorbance
(nicely visible for compound 27b) is a typical behavior of
Nile red in nonpolar solvents/environments.’'! This leads to
the conclusion that an extended aromatic core is required
for efficient encapsulation and transport of hydrophobic
compounds such as Nile red. Especially in comparison to
our previous work!"® in which polyglycerol dendrons were
attached to a biphenyl core by amide bonds, we significantly
improved the encapsulation of Nile red by a factor of about
200 by increasing both core and dendrimer size, as shown in
Figure 3.

Conclusion
In conclusion, we have demonstrated a new, osmium-free

convergent approach to monoazido polyglycerol dendrons,
as opposed to the traditional divergent pathway. Glycerol

Chem. Eur. J. 2008, 14, 9202-9214
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dendrimers are readily accessible on multigram scale up to
the fourth generation, which is an important advantage over
the conventional divergent pathway. Additionally, with this
environment friendly synthetic pathway (less toxic reagents
used in only small excess) we achieved higher structural
purity and could apply simple separation protocols, such as
column filtration.

Furthermore, a library of core-shell architectures 24-27,
based on a variety of aromatic cores and different genera-
tions of highly biocompatible click dendrons, were prepared
by using a click chemistry concept. The unprecedented char-
acteristic properties of the click dendrons, such as easy ac-
cessibility and solubility in water, make them a powerful
tool for the modification of different hydrophobic cores
with highly biocompatible and water-soluble shells. In addi-
tion these new architectures were used as solubilizing agents
for the hydrophobic dye Nile red. The structure-transport
relationship showed a clear dependence on core size and
generation of the polyglycerol dendrons. These new dendrit-
ic polyglycerol architectures with extended aromatic cores
show much higher transport efficiency than the previously
reported biphenyl-based structures.

Experimental Section

General remarks: Reactions requiring dry conditions were carried out in
Schlenk glassware under argon. Dry, analytical-grade solvents were pur-
chased from Acros or Aldrich and used as received. Triglycerol was ob-
tained as a gift from Solvay Chemicals GmbH and used as received.
'"H NMR and "“C NMR spectra were recorded on Bruker AB 250 (250
and 67.5 MHz for 'H and "*C, respectively), Bruker ECX 400 (400 and
100 MHz for 'H and "C, respectively), and Delta JEOL Eclipse 500 (500
and 125 MHz for 'H and “°C, respectively) spectrometers at 25°C. AMX
500 and ECX 400 spectrometers were used to record high-resolution
BCNMR spectra. The spectra were calibrated on the solvent peak
(CDCly: =726 ppm for 'H and 6=77.0ppm for “C; CD,OD: 6=
4.84 ppm for 'H and 6 =49.05 ppm for “C; [Dg]acetone: 6 =2.05 ppm for
'H and 0=30.83 ppm for "*C). Flash chromatography was performed on
silica gel 60 (230400 mesh) with head pressure developed by means of
compressed air. IR spectra were recorded on KBr pellets on a Nicolet
5SXC FTIR Interferometer. Elemental analyses were performed on a
Perkin-Elmer EA 240. For ESI-TOF measurements an Agilent 6210 ESI-
TOF (Agilent Technologies, Santa Clara, USA) and for electrospray ioni-
zation Fourier transform ion cyclotron resonance mass spectrometry
(ESI-FTICRMS) measurements an Ionspec QFT-7 (Varian Inc., Lake
Forest, USA) were used. HPLC was carried out on a Knauer HPLC
(pump K-1800) using a Knauer RI-detector K-2401 and a Nucleosil 50-5
(32x240) column. UV measurements were carried out on a S-3100
System UV/Vis spectrometer (SCINCO) at 25°C.

Typical encapsulation procedure and determination of transport capacity:
Compounds 24-27 were dissolved in Milli-Q water (2.5 mL) at a concen-
tration of 1.0 gL', and Nile red (3 mg) as a fine powder was added. The
obtained suspension was stirred vigorously for 24 h with a magnetic stir-
rer at 1000 rpm. Next the insoluble solid residue of the dye was removed
by filtration through a 0.2 pm cellulose acetate filter (Whatman), and the
obtained clear solution was analyzed by UV/Vis spectroscopy. Obtained
adsorptions were compared with a calibration curve of the Nile red to de-
termine the concentration of the guest molecule in the solution. The UV/
Vis spectra were recorded from 220 to 1000 nm with water as reference.
Acetal protection of triglycerol (1) to give (2): Triglycerol (1; 300 g,
1.25 mol) was gently heated with a heat gun (max. 120°C) until it took
on a liquid consistency. 2,2-dimethoxypropane (0.608 L, 4.995 mol) was

Chem. Eur. J. 2008, 14, 9202-9214

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

FULL PAPER

added followed by slow addition of p-toluenesulfonic acid (PTSA;
15.12 g, 0.125 mol). The reaction was carried out overnight at 30-40°C.
After the mixture had been stirred for 0.5 h, a homogeneous solution was
obtained. The resulting yellow-orange solution was neutralized by addi-
tion of triethylamine (0.125 mol) and subsequent stirring for 30 min at
room temperature. Then the solvent was evaporated in vacuo and the re-
maining crude liquid was purified by filtration over silica gel (ethyl ace-
tate/n-hexane 1/2, 2/1, 6/1) or by HPLC (15 % 2-propanol in n-hexane) to
give 2 as a pale yellow oil (70-78%; triglycerol contains ca. 20-30%
other oligomers). '"H NMR (500 MHz, [Dg]acetone, 25°C): 6=4.19 (q,
J=11.9, 6.3 Hz, 2H), 4.00 (dd, /=8.2, 6.4 Hz, 2H), 3.84 (m, 1H), 3.75
(td, J=4.9, 1.5 Hz, 1H), 3.69 (dd, /=82, 6.3 Hz, 2H), 3.50 (ddd, /=31.8,
10.1, 5.5 Hz; ddd, /=17.4, 11.9, 6.3 Hz, 8H), 2.83 (s, 1H, OH), 1.33 (s,
6H; CH,), 1.28 ppm (s, 6H; CH,;); CNMR (125 MHz, [Dg]acetone,
25°C): 6=109.4, 75.6, 73.9, 73.8, 73.14, 73.12, 70.17, 67.4, 27.1, 25.7 ppm;
FABMS (m-nitrbenzyl alcohol (mNBA) matrix) found for C;sH,s0,
(caled 320.18): m/z (%): 343.2 [M+Na]*, 321.3 [M+H]"; elemental anal-
ysis caled (%) for C;sHyO; (caled 320.38): C 56.23, H 8.81; found: C
55.88, H 8.65.

General procedure for synthesis of [Gn]-ene: [Gn]-OH (1.05 equiv per
Cl), 60% NaH (2.5-5.0 equiv per OH) in mineral oil, cat. [15]crown-5,
and freshly distilled dry THF were placed in a dry two-necked round-bot-
tomed flask under an Ar atmosphere. After the mixture had been stirred
for 2-3h at 40°C, 1.0 equiv of methallyl dichloride and cat. KI and
[18]crown-6 were added to the solution. The mixture was stirred under
reflux for 12-24 h. After the mixture was cooled to room temperature,
the reaction was quenched with distilled water and extracted with di-
chloromethane. The organic layer then was dried over Na,SO, and the
solvent was removed under vacuum. The residue was purified by HPLC
with 2-propanol/n-hexane as eluent.

[G1.0]-ene (3): Reaction conditions and workup were as described
above, with solketal 4 (15.0 g, 0.113 mol, 2.1 equiv), NaH (60 % in miner-
al oil, 11.18 g, 0.284 mol, 2.5 equiv per OH), MDC (6.25 mL, 54.05 mmol,
1.0 equiv), and cat. KI, [15]crown-5, and [18]crown-6 in THF (150 mL).
Purification of the residue by silica-gel column chromatography (ethyl
acetate/n-hexane 1/4) provided 3 (1693 g, 99%) as a colorless oil.
'HNMR (500 MHz, CDCl;, 25°C): 6=5.17 (s, 2H), 423427 (q, J=
6.0 Hz, 2H), 4.02-4.05 (dd, J=6.4, 8.3 Hz, 2H), 4.0-4.01 (m, 4H), 3.70-
3.73 (dd, J=6.4, 8.2 Hz, 2H), 3.40-3.50 (ddd, /=5.6, 9.9, 34.5 Hz, 4H),
1.39 (s, 6H; CH,), 1.33 ppm (s, 6H; CH;); “C NMR (125 MHz, CDCl,,
25°C): 6=142.1, 114.6, 109.4, 74.7, 72.1, 71.2, 66.9, 26.8, 25.5 ppm; IR:
7=2986, 2869, 1455, 1371, 1256, 1214, 1089, 845 cm™'; EIMS (40°C)
found for C;¢HyO4 (caled 316.1886): m/z (%): 316.2 (0.6) [M*], 301.2
(24.5) [M*—CHj], 43 (100) [C,H;07]; elemental analysis caled (%) for
C6H,505 (316.39): C 60.74, H 8.92; found: C 60.85, H 8.47.

[G2.0]-ene (6): Reaction conditions and workup were as described
above, with alcohol 2 (90.0 g, 0.281 mol, 2.1 equiv), NaH (60 % in mineral
oil, 28.09 g, 0.702mol, 2.5equiv per OH), MDC (1548 mL, 16.72 g,
133.8 mmol, 1.0 equiv), cat. KI, [15]crown-5, and [18]crown-6 in THF
(650 mL). Purification of the residue by by HPLC (25 % 2-propanol in n-
hexane) gave 6 (87.1g, 94%) as a colorless oil. '"H NMR (500 MHz,
CDCl, 25°C): 0=5.15 (dd, J=4.7, 13.2 Hz, 2H), 4.23-4.27 (2xq, J=6.1,
5.7Hz, 4H), 4.09 (d, J=10.2 Hz, 3H), 4.02-4.05 (dd, /=6.6, 8.1 Hz, 4H),
3.96 (d, /=11.6 Hz, 1H), 3.72-3.70 (m, J=8.2 Hz, 4H), 3.65-3.51 (brm,
14H), 3.45 (dt, J=5.7, 9.6 Hz, 4H), 1.37 (s, 12H; CH;), 1.33 ppm (s,
12H; CH,); "CNMR (125 MHz, CDCl,, 25°C): 6=143.0, 114.1, 109.3,
78.62, 78.60, 74.71, 74.69, 74.55, 74.54, 72.43, 72.41, 71.5, 71.3, 70.7, 70.1,
66.9, 66.7, 26.7, 25.3 ppm; IR: 7=2986, 2875, 1456, 1371, 1256, 1214,
1082, 975, 918, 885cm™'; EIMS (120°C) found for CyHgOy, (caled
692.3983): miz (%): 6923 (1.5) [M*], 6772 (34.9) [M*—CH;], 114.9
(100) [CeH;;0,*], 101.0 (90.1) [CsH,O,*], 55 (33.3) [C;H;07], 42.9
(37.8) [C,H;07].

[G3.0]-ene (8): Reaction conditions and workup were as described
above, with alcohol 7 (50.0 g, 71.75 mmol, 2.1 equiv), NaH (60 % in min-
eral oil, 14.35¢g, 0.36 mol, 5equiv per OH), MDC (3.95mL, 4.27 g,
34.17 mmol, 1.0 equiv), cat. KI, [15]crown-5, and [18]crown-6 in THF
(400 mL). Purification of the residue by HPLC (50% 2-propanol in n-
hexane) gave 8 (45.4g, 92%) as a colorless oil. '"HNMR (250 MHz,

www.chemeurj.org — 9209


www.chemeurj.org

CHEMISTRY—

R. Haag and M. Wyszogrodzka

A EUROPEAN JOURNAL

CDCl, 25°C): 6=5.15 (s, 2H), 4.22 (q, /=5.8 Hz, 8H), 4.03 (dd, /=6.9,
13.6 Hz, 8H), 4.01 (s, 4H), 3.70 (dd, J=6.6, 7.9 Hz, 8H), 3.77-3.41 (brm,
46H; CH,CH backbone), 1.39 (s, 24H; CHj;), 1.33 ppm (s, 24H; CH,);
BCNMR (125 MHz, CDCl;, 25°C): 6=143.1, 113.6, 109.3, 78.4, 74.71,
74.6, 74.55, 74.54, 72.4, 72.41, 71.5, 71.3, 70.7, 70.1, 66.9, 66.7, 26.7,
25.4 ppm; IR: 7=2985, 2874, 1456, 1371, 1256, 1214, 1083, 845 cm™'; ESI-
TOF-MS found for C,iH;;,,05, (calcd 1444.8177): miz (%): 1445.8227
[M+H]*, 1467.8045 [M+Na]*; elemental analysis caled (%) for
C;0H 2403 (1445.72): C 58.15, H 8.65; found: C 58.08, H 8.24.

[G4.0]-ene (10): Reaction conditions and workup were as described
above, with alcohol 9 (25.0 g, 17.25 mmol, 2.1 equiv), NaH (60 % in min-
eral oil, 3.45¢g, 86.25 mmol, 5equiv per OH), MDC (0.95mL, 1.03 g,
8.21 mmol, 1.0 equiv), cat. KI, [15]crown-5, and [18]crown-6 in THF
(220 mL). Purification of the residue by by HPLC (50 % 2-propanol in n-
hexane) gave 10 (15.9g, 66%) as a colorless oil. 'HNMR (500 MHz,
CDCl;, 25°C): 6=5.15 (s, 2H), 4.21 (m, 16H), 4.02 (m, 20H), 3.70 (m,
16H), 3.63-3.42 (brm, 102H; CH,CH backbone), 1.37 (s, 48H; CHs;),
1.33 ppm (s, 48H; CH;); "C NMR (67.5 MHz, CDCl;, 25°C): 6=143.2,
112.73, 109.23, 78.78, 78.60, 78.35, 78.28, 74.70, 74.54, 72.44, 71.97, 71.68,
71.55, 71.42, 71.30, 71.14, 70.58, 70.15, 69.93 66.88, 66.75, 26.76,
25.38 ppm; IR: #=2985, 2874, 1456, 1371, 1256, 1214, 1083, 844 cm™';
ESI-TOF-MS found for C,,H,5,0f (caled 2949.6566): miz (%):
2950.6563 [M+H]*, 2972.6260 [M+Na]*; elemental analysis calcd (%)
for C,4,H,5,0¢, (2951.48): C 57.79, H 8.61; found: C 57.52, H 8.92.

General procedure for the synthesis of [Gn]-OH: [Gn]-ene (1.0 equiv)
was dissolved in dry MeOH/CH,Cl, (1/1, ¢c=0.13 molL ") and cooled to
—78°C. Ozone was bubbled through the solution until it turned blue.
After the removal of excess ozone with a vigorous stream of oxygen,
sodium borohydride (10.0 equiv) was added. While stirring for 12-15h
the mixture was allowed to slowly warm to room temperature. The reac-
tion mixture was quenched by addition of saturated NH,Cl solution fol-
lowed by stirring for 1-2 h. The phases were separated and the aqueous
layer was extracted with dichloromethane. The combined organic phases
were washed with water, dried over anhydrous Na,SO,, and filtered.
Evaporation of the solvent yielded the target compound in pure form.

[G1.0]-OH (2): Reaction conditions and workup were as described
above, with 3 (10.0g, 31.61 mmol, 1.0 equiv) and NaBH, (11.96¢g,
0.316 mol, 10.0 equiv) in CH,Cl,/MeOH (30 mL). Extraction with CH,Cl,
yielded 2 (10.0 g, 99.0 %) as a colorless oil.

[G2.0]-OH (7): Reaction conditions and workup were as described
above, with 6 (64.64g, 93.3mmol, 1.0equiv) and NaBH, (353¢g,
0.933 mol, 10.0 equiv) in CH,Cl,/MeOH (720 mL). Extraction with
CH,Cl, yielded 7 (64.9 g, 99.9%) as a colorless oil. "'H NMR (500 MHz,
CDCl;, 25°C): 0=4.22 (2xq, J=6.2Hz, 4H), 4.01 (dd, J=6.9, 7.7 Hz,
4H), 3.86 (tt, J=5.5, 10.9 Hz, 1H), 3.69 (m, 4H), 3.65 (m, 4H), 3.57-3.44
(brm, 18H), 3.18 (brs, 1H; OH), 1.39 (s, 12H; CHj;), 1.32 ppm (s, 12H;
CH;); "CNMR (125 MHz, CDCl,, 25°C): § =109.3 (4C), 78.6, 74.5, 72.4,
71.9 71.7, 71.6, 69.7, 66.7, 26.7, 25.3 ppm; IR: 7=3490, 2986, 2876, 1456,
1371, 1257, 1214, 1081, 975, 844, 515 cm™'; FABMS found for CyHgOss
(caled 696.3932): m/z (%): 719.4 [M+Na]*; elemental analysis calcd (%)
for C33HgO45 (696.8205): C 56.88, H 8.68; found: C 56.73, H 8.81.

[G3.0]-OH (9): Reaction conditions and workup were as described
above, with 8 (35.0g, 24.21 mmol, 1.0 equiv) and NaBH, (9.16g,
0.242 mol, 10.0 equiv) in CH,Cl,/MeOH (200 mL). Extraction with
CH,CI, yielded 9 (34.8 g, 99.1%) as a colorless oil. "H NMR (500 MHz,
CDCl;, 25°C): 6=4.2 (m, 8H), 4.01 (m, 8H), 3.82 (m, 1H), 3.72-3.41
(brm, 59H; CH,CH backbone, OH), 1.37 (s, 24H; CHj;), 1.32 ppm (s,
24H; CH,;); "*CNMR (67.5 MHz, CDCl;, 25°C): 6=109.3, 78.4, 74.7,
74.6, 72.4, 71.5, 71.2, 70.4, 66.7, 26.7, 25.4 ppm; IR: #=3460, 2986, 2878,
1727, 1456, 1372, 1257, 1215, 1082, 975, 844 cm™!; ESI-TOF-MS found for
CeH 2403, (caled 1448.8127): miz (%): 1449.8207 [M+H]*, 1466.8479
[M4+NH,]*, 1471.8041 [M+Na]*; elemental analysis caled (%) for
CyoH 5,03, (1449.7043): C 57.17, H 8.62; found: C 56.87, H 8.60.

[G4.0]-OH (11): Reaction conditions and workup were as described
above, with 10 (10.0g, 3.39 mmol, 1.0 equiv) and NaBH, (1.28¢g,
33.88 mmol, 10.0 equiv) in CH,CL,/MeOH (30mL). Extraction with
CH,Cl, yielded 11 (10.0 g, 99.9%) as a colorless oil. 'H NMR (500 MHz,
CDCl,, 25°C): 6=4.20 (p, J=5.8 Hz, 16 H), 4.00 (m, 16 H), 3.80 (m, 1H),

9210 —— www.chemeurj.org

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

3.68 (m, 20H), 3.64-3.41 (brm, 102H; CH,CH backbone), 2.97 (brs, 1H;
OH), 1.36 (s, 48H; CH,), 1.30 ppm (s, 48H; CH;); ®C NMR (125 MHz,
CDCl;, 25°C): 6=109.2, 78.51, 78.29, 78.22, 74.62, 74.49, 72.38, 71.50,
71.35, 71.24, 71.05, 70.23, 69.85, 69.57, 66.79, 66.68, 26.72, 25.35 ppm; IR:
7=3501, 2985, 2875, 1456, 1371, 1256, 1214, 1106, 975, 844, 515cm™;
ESI-TOF-MS found for C,4H,,O¢ (caled 2953.6515): mi/z (%):
2954.6738 [M+H]*, 2976.6684 [M+Na]*; 2992.6075 [M+K] *; elemental
analysis calcd (%) for C,4H,5,0¢; (2955.4718): C 57.30, H 8.59; found: C
56.98, H 8.62.

General procedure for the synthesis of azide dendrons [Gn]-N;: Metha-
nesulfonyl chloride (MsCl, 1.1-3.0 equiv) was added to a solution of
[Gn]-OH (1.0 equiv) and triethylamine (1.1-3.0 equiv) in toluene cooled
to 0°C in an ice bath. Progress of the reaction was monitored by TLC.
After completion, the precipitate was removed by filtration and the mix-
ture concentrated under vacuum to give the final product (100%). The
crude product was used for next reaction step. NaN; (2.5-5.0 equiv) was
added to a solution of [Gn]-OMs (1.0 equiv) in dry DMF. After the mix-
ture had been stirred at 120°C under argon for 3 h, excess NaN; was fil-
tered off and DMF was removed under high vacuum by cryodistillation.
The crude product was purified by filtration over a thin layer of silica gel
(ethyl acetate/n-hexane). [Gn]-N; was obtained as a light yellow, viscous
oil.

[G1.0]-N; (12): Reaction conditions and workup were as described
above, with 2 (20.0 g, 62.43 mmol, 1.0 equiv), Et;N (9.21 mL, 65.55 mmol,
1.1 equiv), MsCl (5.06 mL, 65.55 mmol, 1.1 equiv) in toluene (160 mL).
The crude product [G1.0]-OMs (62.43 mmol, 1.0 equiv) was treated with
NaN; (102 g, 0.157 mol, 2.5 equiv) in dry DMF (150 mL). Filtration
through a thin layer of silica gel (ethyl acetate/n-hexane 2/1) gave 12
(20.7g, 96%) as a light yellow, viscous oil. 'HNMR (500 MHz,
[DgJacetone, 25°C): 6=4.21 (q, J=11.7, 6.2, 5.6 Hz, 2H), 4.03 (ddd, J=
8.2, 6.4, 1.0Hz, 2H), 3.76 (m, 1H), 3.72 (dd, /=82, 6.3 Hz, 2H), 3.67
(tdd, J=9.6, 7.8, 4.5 Hz, 2H), 3.61 (ddd, /=5.5, 5.0, 2.2 Hz, 2H), 3.54
(ddd, /=179, 10.3, 5.1 Hz, 4H), 1.34 (s, 6H; CH;), 1.28 ppm (s, 6H;
CH;); "CNMR (125 MHz, [Dglacetone, 25°C): 6=109.6, 75.51, 75.50,
73.0, 72.9, 71.7, 71.6, 67.2, 61.5, 27.1, 25.7 ppm; IR: 7=2987, 2935, 2875,
2100, 1456, 1380, 1371, 1258, 1214, 1081, 1055, 975, 844, 515cm™};
FABMS (mNBA) found for C;sHy,N;Oq4 (calcd 345.39): m/z (%): 346.3
[M+H]*, 368.2 [M+Na]*; elemental analysis caled (%) for C;sHp;N;O4
(345.39): C 52.16, H 7.88, N 12.17; found: C 52.03, H 7.46, N 11.84.

[G2.0]-N; (13): Reaction conditions and workup were as described
above, with 7 (25.0 g, 35.88 mmol, 1.0 equiv), Et;N (5.45 mL, 39.46 mmol,
1.1equiv), and MsCl (3.04 mL, 39.46 mmol, 1.1equiv) in toluene
(150 mL). The crude product [G2.0]-OMs (35.88 mmol, 1.0 equiv) was
treated with NaN; (11.68 g, 0.179 mol, 5.0 equiv) in dry DMF (150 mL).
Filtration through a thin layer of silica gel (ethyl acetate/n-hexane 6/1)
gave 13 (25.6 g, 99%) as a light yellow, viscous oil. 'H NMR (500 MHz,
CDCl;, 25°C): 6=4.22 (qtd, /=3.0, 5.9, 8.7 Hz, 4H), 4.02 (dd, J=6.6,
8.1 Hz, 4H), 3.71 (dd, /=7.3 Hz, 5H), 3.67-3.51 (m, 18H), 3.47 (dt, /=
5.3, 10.3 Hz, 4H), 1.36 (s, 12H; CH;), 1.39 ppm (s, 12H; CH;); "C NMR
(125 MHz, CDCl;, 25°C): 6=109.3, 78.4, 74.6, 74.5, 72.4, 71.6, 71.4, 71.1,
66.7, 66.6, 60.5, 26.7, 25.3 ppm; IR (KBr): 7=2986, 2934, 2874, 2100,
1456, 1380, 1371, 1258, 1214, 1082, 1055, 975, 844, 515 cm™!; ESI-TOF-
MS found for Cy3HsO4N; (caled 721.3997): m/z (%): 722.4001 [M+H]*,
744.3880 [M+Na]*, 760.3622 [M+K]*.

[G3.0]-N; (14): Reaction conditions and workup were as described
above, with 9 (7.0 g, 4.83 mmol, 1.0 equiv), Et;N (1.34 mL, 9.66 mmol,
2.0 equiv), and MsCl (0.75 mL, 9.66 mmol, 2.0 equiv) in toluene (60 mL).
The crude product [G3.0]-OMs (4.83 mmol, 1.0 equiv) was treated with
NaN; (1.57 g, 24.14 mmol, 5.0 equiv) in dry DMF (60 mL). Filtration
through a thin layer of silica gel (ethyl acetate/n-hexane 10/1) gave 14
(6.5g, 91%) as a light yellow, viscous oil. "H NMR (500 MHz, CDCl,,
25°C): 6=4.22 (m, 8H), 4.02 (dd, J=6.5, 8.2 Hz, 8H), 3.70 (dd, J=6.3,
8.3 Hz, 8H), 3.77-3.42 (brm, 51H; CHCH, backbone), 1.39 (s, 24H;
CH,), 1.33 ppm (s, 24H; CH;); *CNMR (125 MHz, CDCl,, 25°C): 6=
109.3, 79.0, 78.8, 78.4, 78.3, 74.7, 74.5, 72.4, 71.5, 71.4, 71.2, 70.3, 66.7,
66.6, 60.4, 26.8, 25.4 ppm; IR: 7=2986, 2934, 2874, 2100, 1456, 1380,
1371, 1258, 1214, 1082, 1055, 975, 844, 515 cm™'; ESI-TOF-MS found for
CeH2;05N;  (caled 1473.8191): m/z  (%): 759.9144 [M+2Na]**,
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1496.8243 [M+Na]*; elemental analysis caled (%) for CgH,,3N305
(1474.72): C 56.20, H 8.41, N 2.85; found: C 56.10, H 8.61, N 3.03.

[G4.0]-N; (15): Reaction conditions and workup were as described
above, with 11 (6.0 g, 2.03 mmol, 1.0 equiv), Et;N (0.86 mL, 6.09 mmol,
3.0 equiv), and MsCl (0.47 mL, 6.09 mmol, 3.0 equiv) in toluene (40 mL).
The crude product [G4.0]-OMs (2.03 mmol, 1.0 equiv) was treated with
NaN; (0.66 g, 10.15 mmol, 5.0 equiv) in dry DMF (50 mL). Filtration
through a thin layer of silica gel (2-propanol/n-hexane 1/1) gave 15
(6.02 g, 99.5%) as a light yellow, viscous oil. 'H NMR (500 MHz, CDCl,,
25°C): 0=4.21 (m, 16H), 4.01 (m, 16H), 3.80 (m, 1H), 3.69 (m, 20H),
3.64-3.42 (brm, 102H; CH,CH backbone), 1.38 (s, 48H; CHj;), 1.32 ppm
(s, 48H; CH;); "CNMR (125 MHz, CDCl;, 25°C): 6=109.25, 79.08,
78.78, 78.58, 78.29, 74.70, 74.56, 72.46, 71.31, 71.14, 69.91, 66.92, 66.77,
61.68, 26.78, 25.41 ppm; IR: 7=2985, 2875; 2101, 1456, 1371, 1257, 1214,
1108, 975, 844, 515 cm™"; ESI-TOF-MS found for Cj;HysN;Oq, (caled
2978.6580): 1015.8753 [M+3Nal]**, 1490.3352 [M+2H]**, 1512.3181
[M+2Na]**, 3001.6304 [M+Na]™*.

General procedure for the coupling of azide dendrons to the aromatic
core: DIPEA (10-30 mol % per triple bond) was added to 1.0 equiv of
oligoacetylene core (16-19) and 1.1 equiv of [Gn]-N; per triple bond dis-
solved in THF. After the mixture had been stirred for 5 min, 10-
30 mol % per triple bond of sodium ascorbate was added, followed by 5-
15 mol% of CuSO,-5H,O per triple bond. (A stock solution of sodium
ascorbate and CuSO,5H,0 in water was prepared in concentration
100 mg/mL) The THF/H,O ratio must be 1/1 (v/v). The heterogeneous
mixture was stirred vigorously until TLC analysis indicated complete
consumption of the starting material. The reaction mixture was diluted
with water and extracted with dichloromethane. The combined organic
layers were washed with a small amount of saturated solution of EDTA,
dried with Na,SO,, and concentrated in vacuo. Purification by column
chromatography or HPLC gave the desired product.

Ph-1,3-click-[G1.0] (20a): Reaction conditions and workup were as de-
scribed above, with 16 (0. 498 g, 3.948 mmol, 1.0 equiv), 12 (3.0 g,
8.686 mmol, 2.2 equiv), DIPEA (65.2 puL, 0.395 mmol, 0.1 equiv), sodium
ascorbate (156.4 mg, 0.79 mmol, 0.2 equiv), and copper(Il) sulfate penta-
hydrate (98.6 mg, 0.395 mmol, 0.1 equiv) in THF/H,O (16 mL). Purifica-
tion by column chromatography (ethyl acetate/n-hexane (6/1) and 5%
MeOH in CH,CL) gave 20a (3.021g, 95.6%). 'HNMR (500 MHz,
CDCl;, 25°C): 6=8.26 (s, 1H), 8.10-8.0 (m, 2H), 7.77 (m, 2H,), 7.42 (t,
1H, J=7.7 Hz), 490 (m, 2H), 493 (q, 1H, J=5.6 Hz), 4.63 (m, 1H), 4.45
(m, 1H), 418 (m, 4H), 3.96 (m, 10H), 3.72-3.41 (m, 13H), 1.39-
1.29 ppm (m, 24H; CH;); *C NMR (125 MHz, CDCl,;, 25°C): § =147.15,
146.93, 131.17, 129.15, 125.09, 122.66, 121.60, 121.46, 120.25, 120.17,
109.39, 109.36, 98.10, 77.68, 74.55, 74.42, 74.36, 72.62, 72.40, 72.31, 72.10,
71.56, 70.34, 70.07, 70.0, 66.31, 66.14, 60.54, 60.46, 60.39, 51.25, 51.10,
26.57, 25.17 ppm; IR: 7=3567, 3135, 2985, 2877,1618, 1456, 1371, 1215,
1054, 974, 841, 798, 698, 516 cm™'; ESI-TOF-MS found for C,HgNgOy,
(caled 816.4269): miz (%): 817.4346 [M+H]*, 839.4167 [M+Na]*,
8553911 [M+K]™; elemental analysis caled (%) for CuHgNgOy,
(816.94): C 58.81, H 7.40, N 10.29; found: C 58.36, H 7.19, N 10.21.

Ph-1,3-click-[G2.0] (20b): Reaction conditions and workup were as de-
scribed above, with 16 (0.25g, 1.982mmol, 1.0equiv), 13 (3.15¢g,
4.36 mmol, 2.2 equiv), DIPEA (32.7 pL, 0.198 mmol, 0.1 equiv), sodium
ascorbate (78.5 mg, 0.396 mmol, 0.2 equiv), and copper(Il) sulfate penta-
hydrate (49.5 mg, 0.198 mmol, 0.1 equiv) in THF/H,O (16 mL). Purifica-
tion by column chromatography (ethyl acetate/n-hexane (6/1) and 5%
MeOH in CH,Cl,) gave 20b (3.01 g, 97%). '"H NMR (500 MHz, CDCl,,
25°C): 6=8.31 (s, 1H), 8.11, 8,07, 8,02 (m, 2H), 7.76 (brs, 2H,), 7.43 (t,
1H, J=7.7Hz), 490 (m, 2H), 417 (m, 8H), 4.05 (m, SH), 3.95 (m,
11H), 3.62 (m, 12H), 3.57-3.36 (brm, 32H), 1.34 (s, 24H; CH,),
1.28 ppm (s, 24H; CH;); "C NMR (125 MHz, CDCl,, 25°C): 6 =146.70,
146.60, 131.39, 131.31, 129.19, 125.02, 122.51, 120.48, 120.29, 109.25,
109.18, 78.65, 78.33, 74.69, 74.64, 74.51, 72.40, 71.64, 71.46, 71.30, 70.18,
69.27, 66.58, 66.43, 61.18, 60.93, 26.65, 25.26 ppm; ESI-TOF-MS found for
Cy6H, 5, NGOy (caled 1568.8464): miz (%): 1569.8499 [M+H]*, 1591.8315
[M+Na]*, 1607.8075 [M+K]*.

Ph-1,3-click-[G3.0] (20¢): Reaction conditions and workup were as de-
scribed above, with 16 (77.8 mg, 0.616 mmol, 1.0 equiv), 14 (2.0¢g,
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1.356 mmol, 2.2 equiv), DIPEA (10.2 pL, 0.062 mmol, 0.1 equiv), sodium
ascorbate (24.4 mg, 0.123 mmol, 0.2 equiv), and copper(II) sulfate penta-
hydrate (15.4 mg, 0.062 mmol, 0.1 equiv) in THF/H,O (10 mL). Purifica-
tion by HPLC (2% MeOH in CH,Cl,) gave 20¢ (0.6 g, 32%). 'H NMR
(500 MHz, CDCl;, 25°C): 6 =8.40-8.34 (m, 1H), 8.13 (m, 2H), 7.74, 7.73
(2s, 2H), 743 (t, 1H, J=7.6 Hz), 4.88 (m, 2H), 4.17 (m, 16 H), 4.04 (m,
8H), 3.98 (m, 16H), 3.62 (m, 20H), 3.57-3.36 (brm, 86 H), 1.34 (s, 24H;
CHj;), 1.28 ppm (s, 24H; CH;); "C NMR (67.5 MHz, CDCl,, 25°C): 6 =
146.47, 131.57, 130.78, 129.10 (C-2), 125.05, 122.53, 122.51, 120.74, 109.22,
79.06, 78.80, 78.51, 78.31, 74.67, 74.53, 72.39, 71.48, 71.40, 71.24, 71.18,
70.29, 69.28, 66.80, 66.75, 66.62, 61.26, 26.71, 25.34 ppm; ESI-TOF-MS
found for C,3H,,NeOq (caled 3073.6852): mi/z (%): 1537.8480
[M42H]**, 1559.8312 [M+2Na]**; elemental analysis caled (%) for
C4sH,5,N( Oy (3075.5887): C 57.80, H 8.26, N 2.73; found: C 57.54, H
7.88, N 2.99.

Ph-1,4-click-[G1.0] (21a): Reaction conditions and workup were as de-
scribed above, with 17 (0. 498 g, 3.948 mmol, 1.0 equiv), 12 (3.0 g,
8.686 mmol, 2.2 equiv), DIPEA (65.2 puL, 0.395 mmol, 0.1 equiv), sodium
ascorbate (156.4 mg, 0.79 mmol, 0.2 equiv), and copper(II) sulfate penta-
hydrate (98.6 mg, 0.395 mmol, 0.1 equiv) in THF/H,O (16 mL). Purifica-
tion by column chromatography (ethyl acetate/n-hexane (6:1) and 5%
MeOH in CH,Cl,) gave 21a (3.071 g, 97%). '"H NMR (500 MHz, CDCl,,
25°C): 0=8.11-8.0 (m, 2H), 7.87 (m, 4H), 4.94 (q, 1H, J=5.4 Hz), 4.62
(m, 1H), 447 (m, 1H), 420 (m, 4H), 3.97 (m, 10H), 3.74-3.43 (brm,
13H), 1.39-1.29 ppm (m, 24 H; CH;); *C NMR (125 MHz, CDCl,, 25°C):
0=147.0, 130.32, 125.90, 121.48, 121.34, 120.17, 109.48, 109.43, 77.74,
74.68, 74.60, 74.50, 74.41, 72.47, 72.13, 71.26, 71.21, 70.35, 70.18, 70.11,
70.06, 70.0, 66.34, 66.16, 60.45, 51.15, 26.64, 25.22 ppm; IR: 7=3567,
3137, 2985, 2878, 1772, 1482, 1456, 1371, 1214, 1054, 973, 841, 735, 698,
516 cm™'; QFTESIMS found for C,yHgN¢O;, (calcd 816.4269): m/z (%):
817.4342 [M+H]*, 839.4152 [M+Na]*, 8553858 [M+K]*; elemental
analysis calcd (%) for Cy,HgNgOp, (816.94): C 58.81, H 7.40, N 10.29;
found: C 58.71, H 7.29, N 10.10.

Ph-1,4-click-[G2.0] (21b): Reaction conditions and workup were as de-
scribed above, with 16 (0.25g, 1.982 mmol, 1.0 equiv), 13 (3.15¢g,
4.36 mmol, 2.2 equiv), DIPEA (32.7 uL, 0.198 mmol, 0.1 equiv), sodium
ascorbate (78.5 mg, 0.396 mmol, 0.2 equiv), and copper(II) sulfate penta-
hydrate (49.5 mg, 0.198 mmol, 0.1 equiv) in THF/H,O (16 mL). Purifica-
tion by column chromatography (ethyl acetate/n-hexane (6/1) and 5%
MeOH in CH,Cl,) gave 21b (2.42 g, 78%). '"H NMR (500 MHz, CDCl;,
25°C): 6=8.05, 8,01, 7.97, 7.96 (m, 2H), 7.86 (s, 4H), 4.90 (m, 2H), 4.17
(m, 8H), 4.06 (m, 5H), 3.95 (m, 11H), 3.62 (m, 12H), 3.57-3.36 (brm,
32H), 1.34 (s, 24H; CH;), 1.26 ppm (s, 24H; CH;); *C NMR (125 MHz,
CDCl,;, 25°C): 6=146.63, 130.35, 125.85, 120.10, 109.26, 78.63, 78.31,
74.67, 74.62, 74.50, 72.38, 71.60, 71.47, 71.29, 71.16, 70.18, 69.27, 66.56,
66.41, 6120, 60.92, 26.64, 2524 ppm; ESI-TOF-MS found for
CH 24NOys (caled 1568.8464): m/z (%): 1569.8650 [M+H]*, 1591.8483
[M+Na]*.

Ph-1,4-click-[G3.0] (21¢): Reaction conditions and workup were as de-
scribed above, with 16 (77.8 mg, 0.616 mmol, 1.0 equiv), 14 (2.0¢g,
1.356 mmol, 2.2 equiv), DIPEA (10.2 uL, 0.062 mmol, 0.1 equiv), sodium
ascorbate (24.4 mg, 0.123 mmol, 0.2 equiv), and copper(II) sulfate penta-
hydrate (15.4 mg, 0.062 mmol, 0.1 equiv) in THF/H,O (10 mL). Purifica-
tion by HPLC (2% MeOH in CH,CL,) gave 21¢ (0.56 g, 30%). '"H NMR
(500 MHz, CDCl;, 25°C): 6=8.09 (m, 2H), 7.88 (s, 4H), 4.83 (m, 2H),
4.18 (m, 16H), 4.04 (m, 7H), 3.98 (m, 17H), 3.66 (m, 20H), 3.57-3.38
(brm, 86H), 1.36 (s, 48H; CH,), 1.30 ppm (s, 48H; CH;); “C NMR
(67.5 MHz, CDCl,, 25°C): 6=146.36, 130.50, 125.85, 120.10, 109.22,
79.05, 78.81, 78.50, 78.31, 74.66, 74.52, 72.39, 71.49, 71.38, 71.19, 70.13,
69.27, 66.78, 66.60, 61.24, 26.69, 25.32 ppm; ESI-TOF-MS found for
CisHpsNOgy  (caled  3073.6852): m/z (%): 1537.8454 [M+2H]*,
1548.8356  [M+H-+Na]**, 1559.8268  [M+2Nal]’*, 1567.8268
[M4+Na4K]**; elemental analysis caled (%) for CsHy5NgOg
(3075.5887): C 57.80, H 8.26, N 2.73; found: C 57.76, H 8.31, N 3.08.

Ph-1,3,5-click-[ G1.0] (22a): Reaction conditions and workup were as de-
scribed above, with 18 (0.2g, 1.332mmol, 1.0equiv), 12 (1.518¢,
4395 mmol, 3.3 equiv), DIPEA (33.0puL, 0.1998 mmol, 0.15equiv),
sodium ascorbate (79.2 mg, 0.3996 mmol, 0.3 equiv), and copper(Il) sul-
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fate pentahydrate (50.0 mg, 0.1998 mmol, 0.15equiv) in THF/H,O
(14 mL). Purification by column chromatography (ethyl acetate/n-hexane
(6/1) and 5% MeOH in CH,Cl,) gave 22a (1.55g, 98.3%). 'H NMR
(500 MHz, CDCl;, 25°C): 6=8.31 (s, 3H), 8.15 (m, 3H), 4.98 (q, 3H, J=
5.6 Hz), 4.22 (m, 6H), 3.99 (m, 18H), 3.64 (m, 6H), 3.55-3.47 (m, 12H),
1.37 (s, 18 H; CHj), 1.31 ppm (s, 18 H; CH3); C”* NMR (125 MHz, CDCl,,
25°C): 6=146.9, 131.9, 122.4, 120.7, 109.7, 74.7, 72.7, 72.4, 70.4, 70.3,
66.4, 60.9, 26.8, 25.4 ppm; ESI-TOF-MS found for Cs;HgNyOy (caled
1185.6169): m/z (%): 1186.6277 [M+H]*, 1208.6104 [M+Na]*, 1224.5849
[M+K]".

Ph-1,3,5-click-[ G2.0] (22b): Reaction conditions and workup were as de-
scribed above, with 18 (0.2g, 1.332mmol, 1.0equiv), 13 (3.172 ¢,
4395 mmol, 3.3equiv), DIPEA (33.0uL, 0.1998 mmol, 0.15 equiv),
sodium ascorbate (79.2 mg, 0.3996 mmol, 0.3 equiv), and copper(Il) sul-
fate pentahydrate (50.0 mg, 0.1998 mmol, 0.15equiv) in THF/H,O
(14 mL). Purification by column chromatography (ethyl acetate/n-hexane
(6/1) and 5% MeOH in CH,CL) gave 22b (2.79¢g, 91%). 'HNMR
(500 MHz, CDCl;, 25°C): 6=8.27 (s, 3H), 8.23-8.12 (m, 3H), 4.92 (m,
3H), 4.17 (m, 12H), 4.05 (m, 8H), 3.95 (m, 16H), 3.64 (m, 20H), 3.54—
3.47 (m, 46H), 1.33 (s, 36H; CH;), 1.26 ppm (s, 36 H; CH;); "C NMR
(125 MHz, CDCl;, 25°C): 0=146.53, 132.1, 122.0, 120.73, 109.4, 78.85,
78.51, 74.75, 74.70, 72.55, 71.65, 70.36, 69.42, 69.38, 66.4, 66.61, 61.08,
26.83, 25.45ppm; ESI-TOF-MS found for C,;;;H;;3NyO,, (caled
2314.2461): m/z (%): 2315.2548 [M+H]*, 2337.2186 [M+Na]*, 2353.2322
[M4+XK]*.

Ph-1,3,5-click-[ G3.0] (22¢): Reaction conditions and workup were as de-
scribed above, with 18 (77.3 mg, 0.514 mmol, 1.0 equiv), 14 (2.5¢g,
1.695 mmol, 3.3 equiv), DIPEA (25.4 pL, 0.154 mmol, 0.3 equiv), sodium
ascorbate (61.1 mg, 0.308 mmol, 0.6 equiv), and copper(II) sulfate penta-
hydrate (38.5 mg, 0.154 mmol, 0.3 equiv) in THF/H,O (14 mL). Purifica-
tion by column chromatography (ethyl acetate/n-hexane (10/1) and 5%
MeOH in CH,Cl,) gave 22¢ (1.02 g, 44%). '"H NMR (500 MHz, CDCl,,
25°C): 0=8.43-4.83 (brm, 6H), 4.88 (m, 3H), 4.17 (m, 24H), 4.03-3.97
(brm, 34H), 3.68-3.46 (brm, 164H), 1.36 (s, 72H; CHj;), 1.26 ppm (s,
72H; CH;); ®C NMR (125 MHz, CDCl,, 25°C): 0 =146.6, 129.30, 128.31,
123.14, 120.47, 109.25, 78.82, 78.50, 78.31, 74.64, 74.51, 72.37, 71.38, 70.28,
69.20, 69.16, 66.60 66.61, 26.69, 25.32 ppm; ESI-TOF-MS found for
CyioH3sNgOgy  (caled  4571.5044): m/z  (%): 22862651 [M+2HJ*,
2337.2186 [M+Na]*, 2353.2322 [M+K]*.

Ph-Ph-1,3,5-click-[G1.0] (23a): Reaction conditions and workup were as
described above, with 19 (0.2 g, 0.528 mmol, 1.0 equiv), 12 (0.602 g,
1.744 mmol, 3.3 equiv), DIPEA (39.2uL, 0.238 mmol, 0.45equiv),
sodium ascorbate (94.2 mg, 0.476 mmol, 0.9 equiv), and copper(II) sulfate
pentahydrate (59.4 mg, 0.238 mmol, 0.45 equiv) in THF/H,O (8 mL). Pu-
rification by column chromatography (ethyl acetate/n-hexane (3/1) and
5% MeOH in CH,Cl,) gave 23a (0.74 g, 99%). '"HNMR 500 MHz,
CDCl;, 25°C): 6=8.09 (t, 3H, J=9.8 Hz), 7.95 (d, 6H, J=8.2 Hz), 7.83
(s, 3H), 7.76 (d, 6H, J=8.3 Hz), 4.96 (m, 3H), 412 (m, 6H), 4.98 (m,
18H), 3.64 (m, 6H), 3.51 (m, 12H), 1.37 (s, 18H), 1.31 ppm (s, 18H);
BCNMR (125 MHz, CDCl;, 25°C): 6=146.86, 141.75, 140.41, 129.98,
127.57, 125.98, 124.74, 120.22, 109.43, 109.40, 74.45, 74.37, 72.39, 72.07,
70.03, 69.97, 66.12, 60.45, 26.59, 25.19 ppm; ESI-TOF-MS found for
C;sHyNOyg (caled 1413.7108): m/z (%): 1414.7170 [M+H]*, 1436.6993
[M+Na]*, 1452.6667 [M+K]*.

Ph-Ph-1,3,5-click-[ G2.0] (23b): Reaction conditions and workup were as
described above, with 19 (0.14 g, 0.37 mmol, 1.0 equiv), 13 (0.881 g,
1.221 mmol, 3.3 equiv), DIPEA (27.4pL, 0.166 mmol, 0.45 equiv),
sodium ascorbate (65.9 mg, 0.333 mmol, 0.9 equiv), and copper(II) sulfate
pentahydrate (41.5 mg, 0.166 mmol, 0.45 equiv) in THF/H,O (8 mL). Pu-
rification by column chromatography (ethyl acetate/n-hexane (6/1) and
10% MeOH in CH,Cl,) gave 23b (0.80 g, 87%). '"H NMR (400 MHz,
CDCl;, 25°C): 6=8.096-8.05 (brm, 3H), 7.95 (d, 6H, J=7.8 Hz), 7.82 (s,
3H), 7.76 (d, 6H, J=8.0 Hz), 4.92 (m, 3H), 4.18 (m, 12H), 4.07 (m, 6H),
3.98 (m, 16H), 3.64-3.34 (brm, 68H), 1.35 (s, 36 H), 1.29 ppm (s, 36 H);
BCNMR (100 MHz, CDCl,;, 25°C): §=146.75, 146.64, 146.54, 141.80,
140.45, 130.17, 130.07, 129.97, 127.62, 125.97, 124.76, 120.38, 120.22,
109.28, 78.65, 78.34, 74.67, 74.50, 72.41, 71.62, 71.50, 70.21, 69.32, 66.60,
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6645, 61.24, 60.98, 26.66, 2526ppm; QFT-ESI MS found for
C12sH10sNyO,, (caled 2542.3400): miz (%): 1272.1793 [M+2HJ*.

Ph-Ph-1,3,5-click-[G3.0] (23¢): Reaction conditions and workup were as
described above, with 19 (0.19 g, 0.502 mmol, 1.0 equiv), 14 (2.443 g,
1.657 mmol, 3.3 equiv), DIPEA (74.5 uL, 0.226 mmol, 0.9 equiv), sodium
ascorbate (89.5 mg, 0.452 mmol, 0.9 equiv), and copper(II) sulfate penta-
hydrate (56.4 mg, 0.226 mmol, 0.45 equiv) in THF/H,O (8 mL). Purifica-
tion by column chromatography (35% 2-propanol in n-hexane and 10 %
MeOH in CH,Cl,) gave 23¢ (1.73 g, 72%). '"H NMR (500 MHz, CDCl,,
25°C): 6=8.11 (brs, 3H), 7.95 (d, 6H, J=7.7 Hz), 7.83 (s, 3H), 7.76 (d,
6H, J=7.9Hz), 489 (m, 3H), 417 (m, 24H), 4.07 (m, 9H), 3.98 (m,
24H), 3.64-3.41 (brm, 165H), 1.37 (s, 72H), 1.31 ppm (s, 72H); "C NMR
(125 MHz, CDCl;, 25°C): 0=146.33, 141.74, 140.34, 130.28, 127.60,
125.97, 124.72, 120.62, 109.21 78.81, 78.46, 78.25, 74.61, 74.48, 74.45,
72.35, 71.48, 71.35, 71.14, 70.31, 70.14, 69.34, 66.75, 66.56, 66.37, 61.32,
26.67, 2529 ppm; ESI-TOF-MS found for C,;H;5NgOyy (calcd
4799.5983): m/z (%): 1600.8726 [M+3HJ]'*, 2400.8223 [M+2HJ**,
2422.7902 [M+2Na]**.

General procedure for the deprotection of the alcohol functionality: Ion-
exchange resin Dowex 50W was added to 1.0 equiv of acetal-protected
compound (20-23) dissolved in MeOH, and the mixture heated to reflux
for 12-24 h. After cooling, Dowex 50W was filtered off and washed with
a 5% solution of Et;N in MeOH, and concentration of the residue under
vacuum yielded 24-27.

Ph-1,3-click-[G1.0]-OH (24a): Reaction conditions and workup were as
described above, with 20a (1.06 g, 1.31 mmol) in MeOH (25 mL). Evapo-
ration of the solvent gave 24a (0.743 g, 1.13 mmol, 86.4%). 'H NMR
(250 MHz, CD;0D, 25°C): 6=8.53, 8.49, 8.45, 8.42 (brm, 2H), 8.22 (s,
1H), 7.76 (d, 2H, J=7.8 Hz), 7.44 (t, 1H, J=7.8 Hz), 5.01 (m, 2H) 4.77-
4.66 (m, 2H), 3.94 (m, 6H), 3.68 (m, 4H), 3.45ppm (brm, 16H);
CNMR (100 MHz, CD;0D, 25°C): 6=148.25, 148.08, 132.52, 13245,
130.69, 126.38, 124.12, 124.08, 123.91, 122.65, 78.89, 78.81, 73.96, 73.83,
73.72, 72.69, 72.63, 72.31, 7213, 72.04, 71.27, 6427, 64.20, 62.49,
52.18 ppm; ESI-TOF-MS found for C,H,N¢O,, (caled 656.3017): m/z
(%): 657.3074 [M+H]*, 679.2891 [M+Na]*, 695.2601 [M+K]*.
Ph-1,3-click-[G2.0]-OH (24b): Reaction conditions and workup were as
described above, with 20b (1.77 g, 1.764 mmol) in MeOH (30 mL). Evap-
oration of the solvent gave 24b (1.395g, 1.12 mmol, 99%). '"H NMR
(500 MHz, CD;0D, 25°C): 6 =8.60, 8.58, 8.56 (m, 2H), 8.37 (s, 1H), 7.87
(d, 2H, J=8.0Hz), 7.55 (t, 1H, J=7.8 Hz), 5.08 (m, 2H), 4.20-4.01
(brm, 8H), 3.74 (m, 12H), 3.65-3.40 ppm (brm, 48H); “CNMR
(100 MHz, CD;0OD, 25°C): 0=147.96, 147.90, 132.54, 130.80, 126.48,
123.84, 122.93, 122.83, 80.03, 79.67, 73.89, 72.83, 72.75, 72.47, 72.40, 72.13,
71.41, 70.47, 64.39, 63.26, 62.94 ppm; ESI-TOF-MS found for Cs,};,NOy5
(caled 1248.5960): m/z (%): 1249.6002 [M+H]*, 1271.5827 [M+Na]*,
1287.5562 [M+K]™.

Ph-1,3-click-[G3.0]-OH (24¢): Reaction conditions and workup were as
described above, with 20¢ (0.483 g, 0.157 mmol) in MeOH (10 mL).
Evaporation of the solvent gave 24c¢ (0.378 g, 0.155mmol, 99%).
"H NMR (400 MHz, CD,0D, 25°C): 6=8.59 (m, 1H), 8.41 (m, 1H), 7.86
(d, 1H, J=73Hz), 7.57 (t, 1H, J=7.7 Hz), 4.07 (m, 2H), 4.16 (m, 8H),
3.70-3.40 ppm (brm, 140H); "CNMR (100 MHz, CD;OD, 25°C): 6=
147.78, 131.77, 129.10, 127.46, 123.09, 120.74, 80.56, 80.31, 79.83, 76.13,
73.97, 7295, 72.43, 72.30, 72.20, 71.28, 71.07, 70.51, 67.56, 64.52,
63.43 ppm; ESI-TOF-MS found for C,pH;gsNOg, (calcd 2433.1844): m/z
(%): 1217.5989 [M42H]**, 1239.5814 [M+2Na]**, 2434.1578 [M+H]*,
2456.1628 [M+Na]™*.

Ph-1,4-click-[G1.0]-OH (25a): Reaction conditions and workup were as
described above, with 21b (1.1 g, 1.35 mmol) in MeOH (25 mL). Evapo-
ration of the solvent gave 25b (0.774 g, 1.19 mmol, 88%). H' NMR
(250 MHz, CD;0D, 25°C): 0 =8.66, 8.61, 8.56, 8.54 (m, 2H), 7.98 (s, 4H),
5.14 (m, 2H), 4.77-4.66 (m, 2H), 4.07 (m, 6H), 3.81 (m, 4H), 3.58 ppm
(brm, 16H); "CNMR (100 MHz, CD;OD, 25°C): 6=148.20, 148.04,
131.64, 127.19, 123.98, 123.94, 122.53, 83.47, 78.92, 78.84, 73.85, 73.73,
7215, 7129, 64.26, 62.51, 52.19 ppm; ESI-TOF-MS found for
CyHyyNgOy, (caled 656.3017): mi/z (%): 657.3094 [M+H]*, 679.2906
[M+Na]*.
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Ph-1,4-click-[G2.0]-OH (25b): Reaction conditions and workup were as
described above, with 21b (1.5 g, 0.955 mmol) in MeOH (25 mL). Evapo-
ration of the solvent gave 25b (1.13g, 0.91 mmol, 95%). 'HNMR
(400 MHz, CD;0D, 25°C): 6 =8.54, 8.53, 8.52, 8.50 (m, 2H), 7.95 (s, 4H),
5.04 (m, 2H), 4.18, 4.12 (m, 5H), 4.02, 3.98 (m, 3H), 3.71 (m, 10H), 3.63—
338 ppm (brm, 50H); “C NMR (100 MHz, CD;0D, 25°C): 6 =147.90,
131.66, 122.70, 80.09, 79.74, 73.92, 72.88, 72.79, 72.53, 72.46, 72.37, 72.19,
71.35, 70.52, 64.43, 6329, 6298 ppm; ESI-TOF-MS found for
C5,Hy,NgOyq (caled 1248.5960): m/z (%): 1249.6003 [M+H]*, 1271.5822
[M+Na]*, 1287.5535 [M+K]*.

Ph-1,4-click-[G3.0]-OH (25¢): Reaction conditions and workup were as
described above, with 21¢ (0.526 g, 0.171 mmol) in MeOH (10 mL).
Evaporation of the solvent gave 25¢ (0.406g, 0.167 mmol, 98%).
'HNMR (400 MHz, CD;0D, 25°C): 6=38.57 (s, 2H), 7.98 (s, 4H), 5.06
(m, 2H), 3.74 (m, 8H), 3.66-3.41ppm (brm, 140H); “CNMR
(67.5 MHz, CD;0D, 25°C): 6=147.85, 132.77, 130.97, 126.64, 123.89,
123.20, 80.56, 80.31, 80.08, 79.83, 73.96, 72.95, 72.43, 72.30, 72.19, 71.28,
71.07, 70.53, 64.52, 63.40 ppm; ESI-TOF-MS found for C,yH;N¢Og
(caled 2433.1844): m/z (%): 1217.6011 [M+2HJ]*, 1228.5929
[M+H+Na]**, 24342160 [M+H]*.

Ph-1,3,5-click-[ G1.0]-OH (26 a): Reaction conditions and workup were as
described above, with 22a (1.38 g, 1.16 mmol) in MeOH (25 mL). Evapo-
ration of the solvent gave 26a (1.05g, 1.1 mmol, 953%). 'HNMR
(250 MHz, CD;OD, 25°C): 6 =8.66, 8.61, 8.56, 8.54 (m, 3H), 8.28, 8.27
(m, 3H), 5.10 (m, 3H), 4.76-4.58 (brm, 2H), 4.06 (m, 5H), 4.00 (m, 4H),
3.78 (m, 7H), 3.62-3.48 ppm (m, 24H); “C NMR (100 MHz, CD;0D,
25°C): 6=147.77, 133.34, 123.38, 122.98, 83.49, 78.93, 78.85, 74.02, 73.89,
73.79, 72.75, 72.68, 72.35, 72.17, 72.08, 71.30, 64.34 62.56 ppm; ESI-TOF-
MS found for C;HgNoO,5 (caled 945.4291): m/z (%): 946.4364 [M+H]*,
968.4183 [M+Na]*, 984.3923 [M+K]*.

Ph-1,3,5-click-[ G2.0]-OH (26b): Reaction conditions and workup were
as described above, with 22b (1.62 g, 0.955 mmol) in MeOH (25 mL).
Evaporation of the solvent gave 26b (1.07 g, 84 %). 'H NMR (250 MHz,
CD;0D, 25°C): 6=38.65, 8.64 (m, 3H), 8.33 (m, 3H), 5.06 (m, 3H), 4.15
(m, 6H), 3.97 (m, 6H), 3.70 (m, 16 H) 3.61-3.47 ppm (m, 74H); C NMR
(100 MHz, CD;OD, 25°C): 6=147.71, 147.65, 133.44, 123.53, 123.30,
123.21, 80.12, 79.72, 79.66, 73.95, 72.88, 72.80, 72.55, 72.47, 72.37, 72.20,
71.49, 64.43, 63.43, 63.11 ppm; ESI-TOF-MS found for C;sH;3;N,O,,
(caled 1833.8705): m/z (%): 1834.8782 [M+H]*, 1856.8598 [M+Na]*.

Ph-1,3,5-click-[ G3.0]-OH (26 ¢): Reaction conditions and workup were as
described above, with 22¢ (0.8 g, 0.175 mmol) in MeOH (25 mL). Evapo-
ration of the solvent gave 26¢ (0.589 g, 0.16 mmol, 92%). 'H NMR
(400 MHz, CD;0D, 25°C): 6=8.68 (brs, 3H), 8.02, 7.99 (m, 3H), 5.10
(m, 3H), 420 (m, 12H), 3.77-3.54ppm (brm, 214H); “CNMR
(125 MHz, CD;OD, 25°C): 6=146.89, 133.27, 130.15, 129.61, 125.24,
124.98 123.97, 123.57, 83.89, 83.09, 80.53, 80.28, 79.82, 76.10, 73.95, 72.93,
72.41, 72.29, 72.17, 71.24, 71.05, 70.45, 64.50, 63.39 ppm; ESI-TOF-MS
found for C;50H,:3NgOgy (caled 3650.7845): miz (%): 1826.3985
[M+2H]*+.

Ph-Ph-1,3,5-click-[G1.0]-OH (27a): Reaction conditions and workup
were as described above, with 23a (0.62g, 0.438 mmol) in MeOH
(15 mL). Evaporation of the solvent gave 27a (0.446 g, 0.38 mmol, 87 % ).
"HNMR (250 MHz, CD,0D, 25°C): 6=8.45 (s, 3H), 7.86 (d, 6H, J=
8.2Hz), 7.84 (s, 3H), 7.67 (d, 6H, J=8.3 Hz), 5.01 (m, 3H), 3.96 (m,
12H), 3.72 (m, 8H), 3.58-3.40 ppm (m, 22H); “CNMR (100 MHz,
CD;0D, 25°C): 6=148.18, 142.93, 141.79, 131.08, 128.79, 127.24, 125.59,
122.53, 73.90, 73.77, 72.20, 72.11, 71.33, 64.31, 62.50 ppm; ESI-TOF-MS
found for Cs;H;sNgOyq (caled 1173.5230): m/z (%): 1174.5330 [M+H]*,
1196.5147 [M+Na]*, 1212,4864 [M+K]*.

Ph-Ph-1,3,5-click-[G2.0]-OH (27b): Reaction conditions and workup
were as described above, with 23b (0.773 g, 0.304 mmol) in MeOH
(20 mL). Evaporation of the solvent gave 27b (0.548 g, 0.265 mmol,
87.4%). '"HNMR (250 MHz, CD,0D, 25°C): =8.46 (brm, 3H), 7.90
(m, 6H), 7.83 (m, 9H), 4.96 (m, 3H), 4.06 (m, 6H), 3.91 (m, 6H), 3.64
(m, 16H), 3.44 ppm (brm, 74H); “C NMR (100 MHz, CD;0D, 25°C):
0=148.01, 143.13, 141.87, 131.20, 128.94, 127.35, 125.73, 122.68, 80.10,
79.77, 73.96, 72.92, 72.84, 72.49, 72.21, 71.43, 70.52, 64.47, 63.26, 62.94,
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62.49 ppm; ESI-TOF-MS found for Cy;H,4;NyO,, (caled 2061.9644): m/z
(%): 2062.9786 [M+H]*, 1031.9927 [M+2H]**.
Ph-Ph-1,3,5-click-[G3.0]-OH (27¢): Reaction conditions and workup
were as described above, with 23¢ (1.2 g, 0.25 mmol) in MeOH (25 mL).
Evaporation of the solvent gave 27¢ (0.89 g, 0.227 mmol, 91%). '"H NMR
(250 MHz, CD;0D, 25°C): 6=8.55 (s, 3H), 7.94 (m, 15H), 5.03 (m, 3H),
411 (m, 12H), 3.70-3.46 ppm (brm, 205H); “CNMR (100 MHz,
CD;OD, 25°C): 6 =1147.89, 143.21, 142.01, 131.31, 129.08, 127.45, 125.81,
123.07, 79.83, 73.97, 72.96, 72.21, 71.54, 71.28, 71.08, 64.53 ppm; ESI-
TOF-MS found for C,5sH,9NgOy, (calcd 3838.8471): m/z (%): 1942.4156
[M+2Na]**.

Acknowledgements

R.H. is indebted to the Bundesministerium fiir Forschung und Bildung
(BMBF) for a young scientist nanotechnology award and the German
Science Foundation (DFG) for funding within the SFBs 658 and 765.
M.W. and R.H. thank Dr. W. Dilla from Solvay Chemicals GmbH for the
generous gift of triglycerol. The authors thank W. Miinch for his help
with HPLC purification.

[1] a) G.R. Newkome, C.N. Moorefield, F. Vogtle, Dendritic Mole-
cules: Concepts, Syntheses, Perspectives, 2nd ed., Wiley-VCH, Wein-
heim, 2001; b) M. J. Fréchet, D. A. Tomalia, Dendrimers and other
Dendritic Polymers, Wiley, New York, 2001; c) D. A. Tomalia,
J. M. J. Fréchet, J. Polym Sci. Part A: Polym. Chem. 2002, 40, 2719—
2728; d) T. Ooya, J. Lee, K. Park, J. Contr. Release, 2003, 93, 121-
127.

[2] D. C. Tully, J. M. J. Fréchet, Chem. Commun. 2001, 1229-1239.

[3] a) G. R. Newkome, E. He, C.N. Moorefield, Chem. Rev. 1999, 99,
1689-1746; b) R. van Heerbeek, P.C.J. Kamer, P. W.N. M. van
Leeuwen, J.N. H. Reek, Chem. Rev. 2002, 102, 3717-3756; c) D.
Astruc, F. Chardac, Chem. Rev. 2001, 101, 2991-3023.

[4] R. Haag, F. Kratz, Angew. Chem. Int. Ed., 2006, 45, 1198-1215;
Angew. Chem. 2006, 118, 1218-1237.

[5] E. Buhleier, W. Wehner, F. Vogtle, Synthesis 1978, 155-158.

[6] D. A. Tomalia, H. Baker, J. Dewald, G. Hall, G. Kallos, S. Martin, J.
Ryder, P. Smith, Polym. J. 1985, 17, 117-132.

[7] G.R. Newkome, Z. Yao, G. R. Baker, V. K. Gupta, J. Org. Chem.
1985, 50, 2003-2004.

[8] a) C.J. Hawker, J. M. J. Fréchet, J. Am. Chem. Soc. 1990, 112, 7638—
7647, b) C.J. Hawker, J.M.J. Fréchet, J Chem. Soc. Chem.
Commun. 1990, 1010-1013; ¢) C.J. Hawker, Adv. Polym. Sci. 1999,
147, 113-160; d) S. M. Grayson, J. M. J. Fréchet, Chem. Rev. 2001,
101, 3819-3867.

[9] A.W. Bosman, H. M. Janssen, E. W. Meijer, Chem. Rev. 1999, 99,
1655-1688.

[10] a) M. Jayaraman, J. M. J. Fréchet, J. Am. Chem. Soc. 1998, 120,
12996-12997; b) S. M. Grayson, M. Jayaraman, J. M.J. Fréchet,
Chem. Commun. 1999, 1329-1330; c) S. M. Grayson, J. M. J. Fré-
chet, J. Am. Chem. Soc. 2000, 122, 10335-10344; d) M. M. K.
Boysen, K. Elsner, O. Sperling, T. K. Lindhorst, Eur. J. Org. Chem.
2001, 4376-4386.

[11] H.-F. Chow, Ch.-F. Leung, G.-X. Wang, J. Zhang, Top. Cur. Chem.,
2001, 217, 1-50.

[12] S.M. Grayson, M. Jayaraman, J. M.J. Fréchet, Chem. Commun.
1999, 1329-1330.

[13] H. Frey, R. Haag, Rev. Mol. Biotechnol. 2002, 90, 257-267.

[14] H. Nemoto, J. G. Wilson, H. Nakamura, Y. Yamamoto, J. Org.
Chem. 1992, 57, 435-435.

[15] a) R. Haag, A. Sunder, J.-F. Stumbé, J. Am. Chem. Soc. 2000, 122,
2954-2955; b) A. Garcia-Bernabé, M. Krimer, B. Olah, R. Haag,
Chem. Eur. J. 2004, 10, 2822-2830.

www.chemeurj.org — 9213


http://dx.doi.org/10.1002/pola.10301
http://dx.doi.org/10.1002/pola.10301
http://dx.doi.org/10.1002/pola.10301
http://dx.doi.org/10.1039/b104290b
http://dx.doi.org/10.1039/b104290b
http://dx.doi.org/10.1039/b104290b
http://dx.doi.org/10.1021/cr9800659
http://dx.doi.org/10.1021/cr9800659
http://dx.doi.org/10.1021/cr9800659
http://dx.doi.org/10.1021/cr9800659
http://dx.doi.org/10.1021/cr010323t
http://dx.doi.org/10.1021/cr010323t
http://dx.doi.org/10.1021/cr010323t
http://dx.doi.org/10.1055/s-1978-24702
http://dx.doi.org/10.1055/s-1978-24702
http://dx.doi.org/10.1055/s-1978-24702
http://dx.doi.org/10.1021/jo00211a052
http://dx.doi.org/10.1021/jo00211a052
http://dx.doi.org/10.1021/jo00211a052
http://dx.doi.org/10.1021/jo00211a052
http://dx.doi.org/10.1021/ja00177a027
http://dx.doi.org/10.1021/ja00177a027
http://dx.doi.org/10.1021/ja00177a027
http://dx.doi.org/10.1039/c39900001010
http://dx.doi.org/10.1039/c39900001010
http://dx.doi.org/10.1039/c39900001010
http://dx.doi.org/10.1039/c39900001010
http://dx.doi.org/10.1007/3-540-49196-1_3
http://dx.doi.org/10.1007/3-540-49196-1_3
http://dx.doi.org/10.1007/3-540-49196-1_3
http://dx.doi.org/10.1007/3-540-49196-1_3
http://dx.doi.org/10.1021/cr990116h
http://dx.doi.org/10.1021/cr990116h
http://dx.doi.org/10.1021/cr990116h
http://dx.doi.org/10.1021/cr990116h
http://dx.doi.org/10.1021/ja983229b
http://dx.doi.org/10.1021/ja983229b
http://dx.doi.org/10.1021/ja983229b
http://dx.doi.org/10.1021/ja983229b
http://dx.doi.org/10.1039/a902340b
http://dx.doi.org/10.1039/a902340b
http://dx.doi.org/10.1039/a902340b
http://dx.doi.org/10.1021/ja001903v
http://dx.doi.org/10.1021/ja001903v
http://dx.doi.org/10.1021/ja001903v
http://dx.doi.org/10.1039/a902340b
http://dx.doi.org/10.1039/a902340b
http://dx.doi.org/10.1039/a902340b
http://dx.doi.org/10.1039/a902340b
http://dx.doi.org/10.1016/S1389-0352(01)00063-0
http://dx.doi.org/10.1016/S1389-0352(01)00063-0
http://dx.doi.org/10.1016/S1389-0352(01)00063-0
http://dx.doi.org/10.1021/jo00028a010
http://dx.doi.org/10.1021/jo00028a010
http://dx.doi.org/10.1021/jo00028a010
http://dx.doi.org/10.1021/jo00028a010
http://dx.doi.org/10.1021/ja994363e
http://dx.doi.org/10.1021/ja994363e
http://dx.doi.org/10.1021/ja994363e
http://dx.doi.org/10.1021/ja994363e
www.chemeurj.org

CHEMISTRY—

R. Haag and M. Wyszogrodzka

A EUROPEAN JOURNAL

[16] a) M. Wyszogrodzka, K. Mows, S. Kamlage, J. Wodzifiska, B. Pliet-
ker, R. Haag, Eur. J. Org. Chem. 2008, 53-63; b) M. Wyszogrodzka,
R. Haag, Poly. Mater. Sci. Eng. 2007, 48, 760—761.

[17] a) T. Ooya, J. Lee, K. Park, J. Contr. Release 2003, 93, 121-127;
b) T. Ooya, J. Lee, K. Park, Bioconjugate Chem. 2004, 15, 1221—
1229.

[18] H. Tiirk, A. Shukla, P. C. Alves Rodrigues, H. Rehage, R. Haag,
Chem. Eur. J. 2007, 13, 4187-4196.

[19] a) H. Frey, R. Haag, Rev. Molecular Biotech. 2002, 90, 257-267;
b) C. Siegers, M. Biesalski, R. Haag, Chem. Eur. J. 2004, 10, 2831;
¢) K. R. Kumar, J. Janzen, E. Levin, D. V. Devine, D. E. Brooks,
Biomacromolecules 2006, 7, 703-709; d) K. R. Kumar, D. E. Brooks,
Biomaterials 2007, 28, 4779-4787; ¢) K. R. Kumar, S. R. Hester, E.
Levin, D. V. Devine, D. E. Brooks, Biomaterials 2007, 28, 4581—
4590.

[20] H. C. Kolb, M. G. Finn, K. B. Sharpless, Angew. Chem. 2001, 113,
2056-2075; Angew. Chem. Int. Ed. 2001, 40, 2004—-2021; .

[21] P. Wu, A. K. Feldman, A. K. Nugent, C.J. Hawker, A. Scheel, B.
Voit, J. Pyun, J. M. J. Fréchet, K. B. Sharpless, V. V. Fokin, Angew.
Chem. 2004, 116, 4018-4022; Angew. Chem. Int. Ed. 2004, 43, 3928 -
3932;.

[22] a) D. Fournier, R. Hoogenboom, U. S. Schubert, Chem. Soc. Rev.
2007, 36, 1369-1380; b) W. H. Binder, R. Sachsenhofer, Macromol.
Rapid Commun. 2007, 28, 15-54; c) J.-F. Lutz, Angew. Chem. 2007,
119, 1036-1043; Angew. Chem. Int. Ed. 2007, 46, 1018-1025; ;
d) H. C. Kolb, K. B. Sharpless, Drug Discovery Today 2003, 8, 1128—
1137; e) R. A. Evans, Aust. J. Chem., 2007, 60, 384-395; f) H. Nan-
divada, X. Jiang, J. Lahann, Adv. Mater. 2007, 19, 2197-2208;
g) J. E. Moses, A.D. Moorhouse, Chem. Soc. Rev. 2007, 36, 1249—
1262.

[23] a) M. Jayaraman, J. M.J. Fréchet, J. Am. Chem. Soc. 1998, 120,
12996-12997; b) M. M. K. Boysen, K. Elsner, O. Sperling, T.K.
Lindhorst, Eur. J. Org. Chem. 2001, 4376-4386.

[24] R. Haag, J.-F. Stumbé, A. Sunder, H. Frey, A. Hebel, Macromole-
cules 2000, 33, 8158 -8166.

[25] T. W. Green, P. G. M. Wuts, Protective Groups in Organic Synthesis,
Wiley, New York, 1999, pp. 201 -243.

[26] P. G. Mattingly, Synthesis 1990, 366—368.

[27] H. Makabe, L. K. Kong, M. Hirota, Org. Lett. 2003, 5, 27-29.

[28] C.D. Simpson, G. Mattersteig, K. Martin, L. Gherghel, R. E. Bauer,
H. J. Réder, K. Miillen, J. Am. Chem. Soc. 2004, 126, 3139-3147.

[29] Sonogashira coupling of trimethylsilylacetylene to the core proceeds
smoothly at room temperature in good yield. The silyl protecting
groups are removed under mild conditions with K,CO; in MeOH/
THF to afford 19 quantitatively.

[30] V.V. Rostovtsev, L. G. Green, V. V. Fokin, K. B. Sharpless, Angew.
Chem. 2002, 114, 2708-2711; Angew. Chem. Int. Ed. 2002, 41, 2596—
2599; .

[31] a) M. M. Davis, H. B. Hetzer, Anal. Chem. 1966, 38, 451-461; b) J.
Jose, K. Burgess, Tetrahedron 2006, 62, 11021-11037; c) H. Tajalli,
A. G. Gilani, M. S. Zakerhamidi, P. Tajalli, Dyes Pigm. 2008, 78, 15—
24.

[32] D. M. Watkins, Y. Sayed-Sweet, J. W. Klimash, N.J. Turro, D. A.
Tomalia, Langmuir 1997, 13, 3136-3141.

[33] a) K. Nagy, S. Goktiirk, L. Biczok, J. Phys. Chem. A 2003, 107,
8784-8790; b) E. R. Gillies, T. B. Jonsson, J. M. J. Frechét, J. Am.
Chem. Soc. 2004, 126, 11936-11943; c) M. C. A. Stuart, J. C. Van de
Pas, J. B. F. N. Engberts, J. Phys. Org. Chem. 2005, 18, 929-934.

[34] P. Hazra, D. Chakrabarty, A. Chakrabarty, N. Sarkar, Chem. Phys.
Lett. 2004, 388, 150-157.

Received: May 9, 2008
Published online: September 3, 2008

9214 —— www.chemeurj.org

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Chem. Eur. J. 2008, 14, 9202-9214


http://dx.doi.org/10.1002/ejoc.200700683
http://dx.doi.org/10.1002/ejoc.200700683
http://dx.doi.org/10.1002/ejoc.200700683
http://dx.doi.org/10.1016/j.jconrel.2003.07.001
http://dx.doi.org/10.1016/j.jconrel.2003.07.001
http://dx.doi.org/10.1016/j.jconrel.2003.07.001
http://dx.doi.org/10.1021/bc049814l
http://dx.doi.org/10.1021/bc049814l
http://dx.doi.org/10.1021/bc049814l
http://dx.doi.org/10.1002/chem.200601337
http://dx.doi.org/10.1002/chem.200601337
http://dx.doi.org/10.1002/chem.200601337
http://dx.doi.org/10.1016/S1389-0352(01)00063-0
http://dx.doi.org/10.1016/S1389-0352(01)00063-0
http://dx.doi.org/10.1016/S1389-0352(01)00063-0
http://dx.doi.org/10.1002/chem.200306073
http://dx.doi.org/10.1002/1521-3757(20010601)113:11%3C2056::AID-ANGE2056%3E3.0.CO;2-W
http://dx.doi.org/10.1002/1521-3757(20010601)113:11%3C2056::AID-ANGE2056%3E3.0.CO;2-W
http://dx.doi.org/10.1002/1521-3757(20010601)113:11%3C2056::AID-ANGE2056%3E3.0.CO;2-W
http://dx.doi.org/10.1002/1521-3757(20010601)113:11%3C2056::AID-ANGE2056%3E3.0.CO;2-W
http://dx.doi.org/10.1002/1521-3773(20010601)40:11%3C2004::AID-ANIE2004%3E3.0.CO;2-5
http://dx.doi.org/10.1002/1521-3773(20010601)40:11%3C2004::AID-ANIE2004%3E3.0.CO;2-5
http://dx.doi.org/10.1002/1521-3773(20010601)40:11%3C2004::AID-ANIE2004%3E3.0.CO;2-5
http://dx.doi.org/10.1002/ange.200454078
http://dx.doi.org/10.1002/ange.200454078
http://dx.doi.org/10.1002/ange.200454078
http://dx.doi.org/10.1002/ange.200454078
http://dx.doi.org/10.1002/anie.200454078
http://dx.doi.org/10.1002/anie.200454078
http://dx.doi.org/10.1002/anie.200454078
http://dx.doi.org/10.1039/b700809k
http://dx.doi.org/10.1039/b700809k
http://dx.doi.org/10.1039/b700809k
http://dx.doi.org/10.1039/b700809k
http://dx.doi.org/10.1002/marc.200600625
http://dx.doi.org/10.1002/marc.200600625
http://dx.doi.org/10.1002/marc.200600625
http://dx.doi.org/10.1002/marc.200600625
http://dx.doi.org/10.1002/ange.200604050
http://dx.doi.org/10.1002/ange.200604050
http://dx.doi.org/10.1002/ange.200604050
http://dx.doi.org/10.1002/ange.200604050
http://dx.doi.org/10.1002/anie.200604050
http://dx.doi.org/10.1002/anie.200604050
http://dx.doi.org/10.1002/anie.200604050
http://dx.doi.org/10.1016/S1359-6446(03)02933-7
http://dx.doi.org/10.1016/S1359-6446(03)02933-7
http://dx.doi.org/10.1016/S1359-6446(03)02933-7
http://dx.doi.org/10.1002/adma.200602739
http://dx.doi.org/10.1002/adma.200602739
http://dx.doi.org/10.1002/adma.200602739
http://dx.doi.org/10.1039/b613014n
http://dx.doi.org/10.1039/b613014n
http://dx.doi.org/10.1039/b613014n
http://dx.doi.org/10.1021/ja983229b
http://dx.doi.org/10.1021/ja983229b
http://dx.doi.org/10.1021/ja983229b
http://dx.doi.org/10.1021/ja983229b
http://dx.doi.org/10.1021/ma000831p
http://dx.doi.org/10.1021/ma000831p
http://dx.doi.org/10.1021/ma000831p
http://dx.doi.org/10.1021/ma000831p
http://dx.doi.org/10.1055/s-1990-26879
http://dx.doi.org/10.1055/s-1990-26879
http://dx.doi.org/10.1055/s-1990-26879
http://dx.doi.org/10.1021/ol0201916
http://dx.doi.org/10.1021/ol0201916
http://dx.doi.org/10.1021/ol0201916
http://dx.doi.org/10.1021/ja036732j
http://dx.doi.org/10.1021/ja036732j
http://dx.doi.org/10.1021/ja036732j
http://dx.doi.org/10.1002/1521-3757(20020715)114:14%3C2708::AID-ANGE2708%3E3.0.CO;2-0
http://dx.doi.org/10.1002/1521-3757(20020715)114:14%3C2708::AID-ANGE2708%3E3.0.CO;2-0
http://dx.doi.org/10.1002/1521-3757(20020715)114:14%3C2708::AID-ANGE2708%3E3.0.CO;2-0
http://dx.doi.org/10.1002/1521-3757(20020715)114:14%3C2708::AID-ANGE2708%3E3.0.CO;2-0
http://dx.doi.org/10.1002/1521-3773(20020715)41:14%3C2596::AID-ANIE2596%3E3.0.CO;2-4
http://dx.doi.org/10.1002/1521-3773(20020715)41:14%3C2596::AID-ANIE2596%3E3.0.CO;2-4
http://dx.doi.org/10.1002/1521-3773(20020715)41:14%3C2596::AID-ANIE2596%3E3.0.CO;2-4
http://dx.doi.org/10.1021/ac60235a020
http://dx.doi.org/10.1021/ac60235a020
http://dx.doi.org/10.1021/ac60235a020
http://dx.doi.org/10.1016/j.tet.2006.08.056
http://dx.doi.org/10.1016/j.tet.2006.08.056
http://dx.doi.org/10.1016/j.tet.2006.08.056
http://dx.doi.org/10.1016/j.dyepig.2007.10.002
http://dx.doi.org/10.1016/j.dyepig.2007.10.002
http://dx.doi.org/10.1016/j.dyepig.2007.10.002
http://dx.doi.org/10.1021/la9620263
http://dx.doi.org/10.1021/la9620263
http://dx.doi.org/10.1021/la9620263
http://dx.doi.org/10.1021/jp035357e
http://dx.doi.org/10.1021/jp035357e
http://dx.doi.org/10.1021/jp035357e
http://dx.doi.org/10.1021/jp035357e
http://dx.doi.org/10.1021/ja0463738
http://dx.doi.org/10.1021/ja0463738
http://dx.doi.org/10.1021/ja0463738
http://dx.doi.org/10.1021/ja0463738
http://dx.doi.org/10.1002/poc.919
http://dx.doi.org/10.1002/poc.919
http://dx.doi.org/10.1002/poc.919
http://dx.doi.org/10.1016/j.cplett.2004.02.078
http://dx.doi.org/10.1016/j.cplett.2004.02.078
http://dx.doi.org/10.1016/j.cplett.2004.02.078
http://dx.doi.org/10.1016/j.cplett.2004.02.078
www.chemeurj.org

