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General, fast, and efficient methods for the synthesis of Fréchet-type dendrimers having core diversities were
elaborated. Two core building blocks, 4,4'-(3,5-bis(propargyloxy)benzyloxy)bisphenyl and N,N,N',N'-tetra(prop-2-
ynyloxycarbonylethyl)-1,2-diaminoethane, were designed to serve as the alkyne functionalities for dendrimer
growth via click reactions with the azide-dendrons. The synthetic strategy involved an 1,3-dipolar cycloaddition re-
action between an alkyne and an azide- functionalized Fréchet-type dendrons in the presence of Cu(I) species which

is known as the best example of click chemistry.
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Introduction

Dendrimers, which are prepared by repetition of a given set
of reactions using either divergent or convergent strategies, are
highly branched and regular macromolecules with well-de-
fined structures and have served as functional objects in nano-
technology and nanoscience.” The convergent approach to
dendrimer synthesis introduced by Fréchet and co-workers revo-
lutionized the synthetic approaches to monodisperse den-
drimers.”” The convergent methodology installs the core in the
final step, enabling the incorporation of functionalities. It pro-
vides greater structural control than the divergent approach due
to its relatively low number of coupling reactions at each
growth step. The ability to prepare well-defined (un)sym-
metrical dendrimers is the most attractive features of the con-
vergent synthesis. The convergent approach allows for a large
degree of chemical diversity such that functional groups can be
incorporated at nearly central position in the dendritic architecture.

The reactions employed in the synthesis of dendrimers
should be high yielding without any side reactions. Well known
processes, such as the Michael reaction, Williamson ether syn-
thesis, amidations and reductions have been used extensively
in the synthesis of dendrimers.* Recent solid chemistry is the
click chemistry which is the copper-catalyzed 1,3-dipolar cy-
cloaddition reaction between alkyne and azide developed by
Sharpless and Tornee.” This reaction is characterized by mild
and simple reaction conditions, reliable 1,4-regiospecific
1,2,3-triazole formations, and tolerance towards water as well
as a wide range of functionalities, and is clearly a breakthrough
in the synthesis of dendrimers®’ and dendritic and polymer
materials.*'’ In the convergent synthesis of the dendrimers,
two feasible methods are the fusion of two dendrons and the
stitch of multi-functional group with dendrons. We have devel-
oped the fusion and stitching methods for the synthesis of sym-
metric and unsymmetric dendrimers and diblock codendrimers
using click chemistry between an alkyne and an azide.” Herein

we report the synthesis of Fréchet-type dendrimers containing
core diversities by the stitching method of dendrons with tetra-
core moieties (Figure 1). Because of the high yields and lack of
byproducts provided by the click chemistry for stitching to-
gether dendrons and core unit, the various dendrimers having
functional building block at core could be obtained easily and
shown the characteristic behaviors.

Results and Discussion

The inward growth employed by the convergent synthesis is
ideally suited for the attachment of diverse core moieties. As a
result, building dendrimers via the convergent approach allows
for the synthesis of symmetric dendrimers and for specific in-
corporation of function into the dendrimer interior. The syn-
thetic strategy for Fréchet-type dendrimers, linked by the tri-
azole units, utilized a convergent method using the azido-
functionalized Fréchet-type dendrons 1-Dm and the tetra-
alkynes (Figure 1). To efficiently connect the azide focal point
Fréchet-type dendrons with core units, the synthetic approach
selected is based on the click condition using Cu (I) species.11
The azide focal point Fréchet-type dendrons 1-Dm (m = 1~4:
generation of dendron, Figure 1) are synthesized according to the
reported procedulrf:.7°’12 The 4,4°-(3,5-bis(propargyloxy) ben-
zyloxy)bisphenyl 2 and N,N,N’,N’-tetra(prop-2-ynyloxycar-
bonylethyl)-1,2-diaminoethane 3, designed to present alkyne
functionalities available for dendrimer growth via click reac-
tions with the dendrons, were synthesized readily from and the
bis-alkylations of 4,4’-bisphenol with 3,5-bis(propargyloxy)
benzyl chloride” in the presence of a base and the Michael addi-
tion of 1,2-diaminoethane with propargyl acrylate,7 respectively.

To test the effectiveness of the dipolar cycloaddition re-
actions of the tetra(alkynes) core 2 and azide-dendron 1-D1
(Scheme 1), we have screened with several conditions using
various Cu(I) sources in different solvents.”'" We have found
that the reaction conducted from the condition of 5 mol % of
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CuSO4-5H,0 with 10 mol % of sodium ascorbate with respect
to the alkyne in a 4:1 solvent ratio of DMF to H,O for 4 h at 50
°C afforded the desired product 4-G1 in yield of 96%. The dis-
appearance of tetra(alkynes) 2 as well as generation and dis-
appearance of the mono-, di-, and tri-triazole derivatives were
monitored by TLC runs of the reaction mixture. The dendrimer
4-G1 was purified by column chromatography and the struc-
ture of dendrimer was confirmed by 'H and “CNMR spectro-
scopy, IR spectroscopy, and FAB mass spectra. Given the suc-
cess in the synthesis of first generation dendrimer, we ex-
panded this reaction to get higher generation dendrimers with 5
mol % of CuSO45H,0 with 10 mol % of sodium ascorbate
with respect to the alkyne in a 4:1 solvent ratio of DMF to H,O.
Reactions of the tetra(alkynes) 2 with 4.4 equiv of 1-D2 and
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1-D3 afforded the dendrimers 4-G2 and 4-G3 in yields of 96
and 95%, respectively, after 6 and 7 h, which were separated by
column chromatography. In case of 1-D4, the triazole den-
drimer 4-G4 was obtained in 97% yield after 7h. This com-
parative efficiency of the click methodology is emphasized by
the synthesis of the dendrimers with the tailed made core units.
Therefore this approach may provide new methodological in-
sight into introduction of various functional cores and would
greatly contribute to researches on the application side. We are
now investigating for self-emissive dendrimer with a fluo-
rescent or phosphorescent probe in core region.

Structural characterization of the dendrimers 4-Gm with 'H
NMR, ""C NMR, and IR spectroscopy showed no defects due
to incomplete reaction. From the 'H NMR spectra (CDCls), the
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Figure 1. Structures of dendrons 1-Dm and synthetic strategy of dendrimers.
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Scheme 1. Reagents and conditions: 20 mol % of CuSO4-5H,0/40 mol % of sodium ascorbate, DMF/H,O (4:1), 50°C.
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peaks of the methylene protons adjacent to the nitrogen of tri-
azole, the triazole proton, and the methylene protons adjacent
to the carbon of triazole in dendrimers 4-Gm were found at
5.16,7.56, and 5.43 ppm for 4-G1, 5.15, 7.53, and 5.41 ppm for
4-G2, 5.11, 7.53, and 5.38 ppm for 4-G3, and 5.06, 7.49, and
5.32 ppm for 4-G4, respectively (Figure 2). The peaks of the
methylene protons adjacent to the oxygen of bisphenyl in den-
drimers 4-Gm were found at 5.01 ppm for 4-G1, 4.98 ppm for
4-G2,4.93 ppm for 4-G3, and 4.91 ppm for 4-G4, respectively.
As the dendrimer generation increased, the peaks of all dis-
cussed protons shifted gradually to down-field which may be
influenced by the dendritic microenvironment effect.” Analysis
of the dendrimers by FAB or MALDI-TOF mass spectrometry as
well as by gel-permeation chromatography (GPC) provides no
signs of products with defects that would arise from incomplete
coupling (Figure 3). As expected, the obtained dendrimer pos-
sessed a very well-defined molecular structure with very low
polydispersity values (PDI = 1.01-1.02). IR data also confirmed
that neither alkyne (~ 3279 cm'l) nor azide (2100 cm'l) residues
remain in the final dendrimer (Figure 4).

Encouraged by this successful proof of concept, we decided
to apply this methodology to the synthesis of Fréchet-type den-
drimer containing hydrolysable amino-ester at the core. The
hydrolysable dendrimer may show the characteristic potential
applications such as a drug delivery system. With this in mind
and as a continuation of our studies on the design and synthesis of
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Figure 2. 'H-NMR spectra for (a) 2, (b) 4-Gl1, (¢) 4-G2, (d) 4-G3, and
(e) 4-G4.
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Figure 3. GPC diagrams of dendrimers 4-Gm obtained from THF
eluent.
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more applicable dendrimer, the Fréchet-type dendrimers 5-Gm
with diamino-tetraester unit were synthesized from the click re-
action between the azide-dendrons 1-Dm and N,N,N’ N ’-tetra
(prop-2-ynyloxycarbonylethyl)-1,2-diaminoethane 3 (scheme
2). After screening with several conditions using various Cu(I)
sources in different solvents, the selected condition is 5 mol %
of CuSO4 SH,O with 10 mol % of sodium ascorbate with respect to
the alkyne in a 4:1 solvent ratio of THF to H,O for 5 h at 50 °C.
The reactions of the tetra(alkynes) 3 and 4.4 equiv of azido-
dendrons 1-D1 and 1-D2 afforded the Fréchet-type dendrimers
5-G1 and 5-G2 in yields of 94 and 96%, respectively, after 5 h,
which were separated by column chromatography. The dis-
appearance of tetra (alkynes) 3 as well as generation and dis-
appearance of the mono, di, and tri-triazole derivatives were al-
so monitored by TLC runs of the reaction mixture. Reactions of
the tetra(alkynes) 3 and 4.4 equiv of azido-dendrons 1-D3 and
1-D4 gave the Fréchet-type dnedrimer 5-G3 and 5-G4 in yields
of 96 and 94%, respectively, after 6 h, which also were sepa-
rated by column chromatography. This approach may provide
new methodological insight into introduction of various func-
tional cores and would greatly contribute to researches on the
application side.

Structural characterization of the dendrimers 5-Gm with 'H
NMR, “C NMR, and IR spectroscopy showed complete stitch-
ing of dendrons. From the 'HNMR spectra (CDCls), the peaks
of the methylene protons adjacent to the nitrogen of triazole,
the triazole proton, and the methylene protons adjacent to the
carbon of triazole in dendrimers 5-Gm were found at 5.14,
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Figure 4. IR spectra for (a) 1-D2, (b) 2, and (c) 4-G2.
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Figure 5. 'H-NMR spectra for (a) 3, (b) 5-Gl1, (¢) 5-G2, (d) 5-G3, and
(e) 5-G4.
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Scheme 2. Reagents and conditions: 20 mol % of CuSO45H,0/40 mol % of sodium ascorbate, THF/H,O (4:1), 50°C.

7.60, and 5.41 ppm for 5-Gl1, 5.13, 7.56, and 5.37 ppm for
5-G2, 5.11, 7.57, and 5.34 ppm for 5-G3, and 5.08, 7.55, and
5.28 ppm for 5-G4, respectively (Figure 5).

As the dendrimer generation increased, the peaks of all
methylene protons shifted gradually to down-field which may
be influenced by the dendritic microenvironment effect.” The
IR spectra shows the disappearance of the acetylene peak at
~3294 cm’ and the azide peak at ~2100 cm” in the final den-
drimer (Figure 6) while the "H NMR revealed no alkyne peak at
around 62.47 ppm (Figure 5). Analysis of the dendrimers by
FAB or MALDI-TOF mass spectrometry as well as by gel-per-
meation chromatography (GPC) provides no signs of products
with defects that would arise from incomplete coupling (Figure
7). As expected, the obtained dendrimer possessed a very
well-defined molecular structure with very low polydispersity
values (PDI = 1.01-1.02).

In summary, we have demonstrated that click reactions be-
tween the tetra(alkynes) core and the azide-functionalized
Fréchet-type dendrons lead to the formation of symmetric
Fréchet-type dendrimers in high yields. This method can be ap-
plied for the fast synthesis of Fréchet-type dendrimers with
functional units at core and may then provide an insight into de-
signing various dendrimers with the functional cores.

Experimental Section

'HNMR spectra were recorded on a 300 or 500 MHz NMR
spectrometer using the residual proton resonance of the solvent

as the internal standard. Chemical shifts are reported in parts
per million (ppm). When peak multiplicities are given, the fol-
lowing abbreviations are used: s, singlet; d, doublet; t, triplet; q,
quartet; quin, quintet; d of d, doublet of a doublet; m, multiplet;
br, broad. "C NMR spectra were proton decoupled and re-
corded on a 75 or 125 MHz NMR spectrometer using the car-
bon signal of the deuterated solvent as the internal standard.
FAB and MALDI mass spectra were obtained from Korea
Basic Science Institute (KBSI) in Daegu or Daejeon and
POSTECH. Flash chromatography was performed with 37-75
um silica gel. Analytical thin layer chromatography was per-
formed on silica plates with F»s4 indicator and the visualization
was accomplished by UV lamp or using an iodine chamber.
Polydispersity (PDI) of dendrimers was determined by gel per-
meation chromatography (GPC) analysis relative to polystyrene
calibration (Agilent 1100 series GPC, Plgel 5um MIXED-C,
refractive index detector) in THF solution.

General procedure for the preparation of dendrimers 4-Gm
from azide- dendrons 1-Dm and tetra(alkynes) 2. A mixture of
azido-dendrons 1-Dm (0.22 mmol) and 4,4’-(3,5-bis(prop-
argyloxy)benzyloxy)bisphenyl 2 (0.05 mmol) in DMF-H,O
(4:1, 1 mL) in the presence of 20 mol % CuSO4 5H,0 with 40
mol % sodium ascorbate was stirred at 50°C for ~7 h. The re-
action mixture was poured into brine (20 mL) and the resulting
solution was extracted with EtOAc (20 mL x 3). The combined
organic phase was dried with sodium sulfate, concentrated, and
purified by column chromatography to afford the desired product.

4-Gl1. A yellowish oil; 96% yield; IR 3009, 2947, 2839,
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1597, 1458, 1211, 1157, 1057 cm™; '"H NMR (300 MHz,
CDCl;) 83.74 (s, 24H), 5.01 (s, 4H), 5.16 (s, 8H), 5.43 (s, 8H),
6.39 (m, 8H), 6.41 (d, J= 1.5 Hz, 4H), 6.55 (m, 2H), 6.67 (m,
4H), 6.97 (d, J= 8.5 Hz, 4H), 7.44 (d, J= 8.5 Hz, 4H), 7.56 (s,
4H); “CNMR (75 MHz, CDCl3) 854.7, 55.8, 62.5, 70.1, 100.9,
101.7, 106.5, 106.9, 115.5, 123.2, 128.1, 134.0, 136.9, 140.1,
144.7, 158.1, 160.0, 161.7; MS (FAB): m/z 1354.6 [M'];
HRMS (FAB) Calced for C74H74N12014: 1354.5447. Found:
1355.5527 [M"+ H]. PDI: 1.01.

4-G2. A yellowish oil; 96% yield; IR 3009, 2940, 2839,
1597, 1458, 1204, 1150, 1049 cm”; 'H NMR (300 MHz,
CDCl;) 63.76 (s, 48H), 4.91 (s, 16H), 4.98 (s, 4H), 5.15 (s, 8H),
5.41 (s, 8H), 6.40 (m, 8H), 6.46 (m, 8H), 6.52-6.55 (m, 22H),
6.67 (m, 4H), 6.95 (d, J= 8.4 Hz, 4H), 7.42 (d,J = 8.4 Hz, 4H),
7.53 (s, 4H); "C NMR (125 MHz, CDCLs) 854.6, 55.8, 62.4,
70.1, 70.5, 100.4, 101.7, 102.7, 105.7, 107.0, 107.6, 115.5,
123.3,128.1, 134.0, 137.0, 139.2, 140.2, 144.6, 158.1, 160.0, 160.8,
161.4; MS (MALDI): Calcd for Ci3sH 33N 12030: 2442.9642.
Found: 2481.8971 [M" + K]. PDI: 1.01.

4-G3. A yellowish oil; 95% yield; IR 3009, 2940, 2839,
1597, 1458, 1204, 1150, 1049 cm™; 'H NMR (300 MHz,
CDCl;) 83.74 (s, 96H), 4.88 (s, 16H), 4.93 (s, 36H), 5.11 (s,
8H), 5.38 (s, 8H), 6.38 (m, 16H), 6.43 (m, 8H), 6.54 (m, 46H),
6.61 (m, 16H), 6.64 (m, 4H), 6.91 (d, /= 8.2 Hz, 4H), 7.38 (d,
J = 8.2 Hz, 4H), 7.53 (s, 4H); "C NMR (75 MHz, CDClL) &
54.7,55.7,62.3,70.0, 70.4, 100.3, 101.6, 102.1, 102.6, 105.6,
106.7, 107.0, 107.5, 115.5, 123.5, 128.1, 133.9, 137.0, 139.3,
139.5, 140.1, 144.6, 158.1, 159.9, 160.5, 160.7, 161.4; MS (MALDI):
Calcd for C266H266N12062: 4619.8031. Found: 4643.6601 [M++
Na+H]. PDI: 1.01.

4-G4. A yellowish oil; 97% yield; IR 3009, 2940, 2839,
1597, 1458, 1204, 1150, 1049 cm™; 'H NMR (500 MHz,
CDCl;3) 83.74 (s, 192H), 4.86 (s, 16H), 4.91 (s, 100H), 5.06 (s,
8H), 5.32 (s, 8H), 6.38 (m, 32H), 6.42 (m, 8H), 6.53-6.55 (m,
94H), 6.61 (m, 16H), 6.63-6.65 (m, 36H), 6.89 (d, /= 8.4 Hz,
4H), 7.36 (d,J= 8.3 Hz, 4H), 7.49 (s, 4H); "C NMR (75 MHz,
CDCl;) 854.4, 55.7, 62.3, 70.4, 100.3, 102.0, 102.5, 105.7,
106.8, 107.5,115.4,123.4, 128.0, 133.9, 137.3, 139.3, 139.55,
139.61, 140.1, 144.6, 158.1, 159.9, 160.5, 160.7, 161.4; MS
(MALDI)Z Caled for C522H522N1201262 8973.4808. Found:
8999.7983 [M+Na+3H]. PDI: 1.02.

General procedure for the preparation of dendrimers 5-Gm
from azidedendrons 1-Dm and tetra(alkynes) 3. A mixture of
azidodendrons 1-Dm (0.22 mmol) and N,N,N’,N -tetra (prop-
2-ynyloxycarbonylethyl)-1,2-diaminoethane 3 (0.05 mmol) in
THF-H>O (4:1, 1 mL) in the presence of 20 mol % CuSOs
5H,0 with 40 mol % sodium ascorbate was stirred at 50°C for
~6 h. The reaction mixture was poured into brine (20 mL) and
the resulting solution was extracted with EtOAc (20 mL x 3).
The combined organic phase was dried with sodium sulfate,
concentrated, and purified by column chromatography to af-
ford the desired product.

5-Gl1. A yellowish oil; 94% yield; IR 3009, 2955, 2839,
1736, 1597, 1466, 1204, 1157, 1057 cm™; 'H NMR (300 MHz,
CDCls) $2.34 (m, 12H), 2.64 (m, 8H), 3.73 (s, 24H), 5.14 (s,
8H), 5.41 (s, 8H), 6.39 (s, 12H), 7.60 (s, 4H); °C NMR (75
MHz, CDCls) $32.5,49.5, 51.9, 54.1, 55.3, 57.6, 100.2, 106.1,
123.8, 136.6, 143.0, 161.2, 172.0; MS (FAB): m/z 1272.73

Bull. Korean Chem. Soc. 2009, Vol. 30, No.1 161

[M']; HRMS (FAB) Calcd for CeH76N14O1s: 1272.5564.
Found: 1273.5644 [M +H]. PDI: 1.01.

5-G2. A yellowish oil; 96% yield; IR 3009, 2947, 2839,
1736, 1597, 1458, 1204, 1150, 1049 cm™'; 'H NMR (300 MHz,
CDCls) 82.31-2.36 (m, 12H), 2.63 (t, J = 6.4 Hz, 8H), 3.76 (s,
48H), 4.89 (s, 16H), 5.13 (s, 8H), 5.37 (s, 8H), 6.38 (t, J= 1.8
Hz, 8H), 6.46 (d, J= 1.7 Hz, 8H), 6.51-6.52 (m, 20H), 7.56 (s,
4H); C NMR (75 MHz, CDCl3) 832.6, 49.5, 51.9, 54.0, 55.3,
57.5, 70.0, 99.8, 102.0, 105.2, 107.1, 123.8, 136.7, 138.7,
143.1, 160.2, 160.9, 172.1; MS (MALDI): Caled for Cia
H140N14032: 2360.9758. Found: 2383.8952 [M++Na]. PDI:
1.01.

5-G3. A yellowish oil; 96% yield; IR 3009, 2940, 2839,
1736, 1597, 1458, 1204, 1150, 1049 cm™; 'H NMR (500 MHz,
CDCls) §2.30-2.32 (m, 12H), 2.62 (m, 8H), 3.75 (s, 96H), 4.85
(s, 16H), 4.92 (s, 32H), 5.11 (s, 8H), 5.34 (s, 8H), 6.38 (m,
16H), 6.45 (m, 8H), 6.50 (m, 4H), 6.52 (d, J= 1.9 Hz, 8H), 6.54
(d,J=1.8Hz, 32H), 6.61 (d,J= 1.6 Hz, 16H), 7.57 (s, 4H); °C
NMR (75 MHz, CDCly) 832.6, 49.6, 51.8, 53.9, 55.3, 57.5,
70.0,99.8, 101.6, 101.9, 105.2, 106.4, 107.1, 123.9, 136.8, 138.8,
139.1, 143.1, 160.0, 160.2, 160.4, 160.9, 172.2; MS (MALDI):
Calcd for C254H263N14064Z 4537.8147. Found: 4564.7682 [M++
Na+3H]. PDI: 1.01.

5-G4. A yellowish oil; 94% yield; IR 3009, 2940, 2839,
1736, 1597, 1458, 1204, 1150, 1049 cm™'; 'H NMR (500 MHz,
CDCls) $2.29 (m, 12H), 2.59 (m, 8H), 3.71 (s, 192H), 4.79 (s,
16H), 4.85 (s, 32H), 5.87 (s, 64H), 5.08 (s, 8H), 5.28 (s, 8H),
6.36 (m, 32H), 6.43 (m, 8H), 6.48-6.52 (m, 88H), 6.58 (m,
20H), 6.61(m, 32H), 7.55 (s, 4H); "C NMR (125 MHz, CDCl;)
832.6, 49.5, 52.0, 53.9, 55.2, 57.5, 69.85, 69.93, 99.8, 101.6,
101.8, 105.0, 105.2, 106.4, 107.1, 123.9, 136.9, 138.8, 139.1,
139.2, 143.1, 160.0, 160.2, 160.9, 172.1; MS (MALDI): Calcd
for C510H524N1401283 8891.4925. Found: 88946192[M++3H]
PDI: 1.02.
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