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ABSTRACT: A fast, inexpensive, and highly efficient synthesis of aromatic polyamide dendrimers, without
the need for protection and deprotection steps, has been developed. Dendrons and various types of
polyamide dendrimers were easily prepared by a convergent approach involving activation of a carboxylic
acid at the focal point using a small excess of thionyl chloride as the activating agent, followed by
condensation with an unprotected AB2 building block, 3,5-bis(4-aminophenoxy)benzoic acid. A third
generation dendrimer with a molecular weight of 8197 Da was prepared in a high yield, using 1,3,5-tris-
[N-(4-aminophenyl)]benzenetricarboxamide as a core molecule. A dendrimer with a carboxylic acid group
at its core (molecular weight: 10 700 Da) could be prepared from the third generation dendron with
3,5-bis(3,5-diaminobenzoylamino)benzoic acid as the core molecule. All the above products purified only
by precipitation revealed a high purity, assessed using matrix assisted laser desorption ionization time-
of-flight mass spectroscopy spectra.

Introduction

Dendrimers are well-defined, highly branched, three-
dimensional molecules with a large number of reactive
end groups. Dendrimers are therefore receiving interest
as new polymeric materials for applications in areas
such as molecular light harvesting,1 catalysts,2 liquid
crystals,3 molecular encapsulation,4 and drug-delivery
systems.5

Synthesis of dendrimers via a divergent6 or conver-
gent7 route involves reiterative growth strategies that
require a tedious multistep procedure with repetitive
protection-deprotection and purification processes in
each generation of the dendrimer syntheses. Several
groups have reported shortening the time for these
syntheses by diminishing the number of steps.8 The first
method called “double-stage” implies the grafting of
dendrons to the surface of small dendrimers called
“hypercores”. However, the total number of reactions
used to obtain the dendron and the hypercore is the
same as for the simple step-by-step synthesis of the final
dendrimer. The second method is the “double-exponen-
tial growth” method, which involves the bidirectional
growth of the dendron (periphery and focal point). This
method is effective for the rapid synthesis of high-
generation dendrimers, but it has been practiced only
for middle-sized dendrons, leading, for instance, to a
fourth generation dendron in seven steps (instead of the
eight steps in a classical method). The third method uses
hypermonomers, such as AB4 or AB8, instead of the AB2
or AB3 monomers classically used in dendrimer chem-
istry. This strategy rapidly increases the number of end
groups, but it does not decrease the number of steps
needed to obtain one generation. Finally, the fourth
method, called “orthogonal coupling strategy”, involves
convergent growth with two different monomers. This
type of “orthogonal system” implies a set of completely
independent protecting groups. Therefore, the total

number of reactions is decreased to half of that for a
conventional method. However, this strategy generally
requires complicated reaction systems to perform the
quantitative coupling reaction in the presence of differ-
ent types of functional groups, especially for dendrimers
having the same repeat unit of the linkage.9

Rannard et al. recently reported a one-pot multiple-
addition convergent synthesis of polycarbonate den-
drimers, in which the second generation dendrimer was
obtained by sequential activation of an alcohol unit with
1,1-carbonyldiimidazole and an AB2 triol.10a Similarly,
a rapid synthesis of polyamide dendrimers from two
kinds of building blocks, dialkylenetriamines and suc-
cinic anhydride, was reported; however, this method has
not been applied to the AB2 monomer.10b

Although various synthetic methods have been de-
veloped to prepare dendrimers containing amide func-
tions, they have problems such as poor yield and tedious
multisynthetic steps.9,10b,11 The efficient synthesis of
polyamide dendrimers has been shown to be difficult
due to poor solubility and high water absorption.
Recently, we reported the rapid synthesis of a perfectly
branched third generation polyamide dendrimer by the
convergent method without repetitive protection-
deprotection procedures.12 This synthesis involved the
direct condensation of a carboxylic acid and an unpro-
tected AB2 building block, 3,5-bis(4-aminophenoxy)-
benzoic acid, using the condensing agent diphenyl (2,3-
dihydro-2-thioxo-3-benzoxazolyl)phosphonate (DBOP).
DBOP is very useful for producing amides and esters
from carboxylic acids and amines or phenols in quan-
titative yields;13 however, DBOP is an expensive re-
agent, especially for industrial large-scale synthetic use.
Therefore, the discovery of a substitute for DBOP is
important to expand the scope of dendrimer syntheses.

Thionyl chloride, an inexpensive, commercially avail-
able reagent, is well-known as an activating agent for
the preparation of amides as well as acid chlorides from
carboxylic acids.14 The authors previously reported that
thionyl chloride is effective for polyamide15a and poly-* Corresponding author. E-mail mueda@polymer.titech.ac.jp.

2237Macromolecules 2005, 38, 2237-2246

10.1021/ma0478456 CCC: $30.25 © 2005 American Chemical Society
Published on Web 02/10/2005



ester15b syntheses in amide solvents such as hexameth-
ylphosphoric triamide and N-methyl-2-pyrrolidinone
(NMP). Following these syntheses, difficult purification
procedures are not necessary because the only byprod-
ucts are gases such as SO2 and HCl. These findings
prompted the development of a facile synthesis of
polyamide dendrimer from an unprotected AB2 building
block. The authors made a brief report of the successful
synthesis of a dumbbell-shaped polyamide G3 den-
drimer, using thionyl chloride as a versatile and com-
mon activating reagent for carboxylic acids, which did
not require tedious purification steps such as column
chromatography.16

This paper presents a detailed polyamide dendrimer
synthesis using thionyl chloride and its application to
the synthesis of a star-shaped dendrimer and a den-
drimer with a carboxylic acid at its core.

Experimental Section

Measurement. Infrared (IR) spectra were recorded on a
Horiba FT-720 spectrophotometer. 1H and 13C NMR spectra
were obtained on a Bruker DPX-300 spectrometer at 1H, 300
MHz and 13C, 75 MHz, respectively. Deuterated dimethyl
sulfoxide (DMSO-d6) was used as a solvent with tetrameth-
ylsilane as an internal standard. Matrix-assisted laser desorp-
tion ionization with time-of-flight (MALDI-TOF) mass spectra
were recorded on a Kratos Kompact MALDI instrument
operated in linear detection mode to generate positive ion
spectra using dithranol as a matrix, THF as a solvent, and
sodium trifluoroacetate as an additive agent.

Materials. N-Methyl-2-pyrrolidinone (NMP) was distilled
under reduced pressure over calcium hydride and then stored
under nitrogen. Thionyl chloride was distilled under nitrogen
over triphenyl phosphite and then stored at 0 °C under
nitrogen. The other reagents and solvents were obtained
commercially and used as received.

G1 Dendron (4). To a solution of dendron 3 (4.880 g, 14.51
mmol) in 25 mL of NMP, 3.0 equiv of acetyl chloride (4.556 g,
58.04 mmol) to 3 was added at 0 °C and stirred for 3 h. The
reaction mixture was poured into water, and the precipitate
was collected and dried. The precipitate was redissolved in
NMP, and the solution was reprecipitated with water. The
precipitate was collected and dried in vacuo at 120 °C to give
a white solid. The yield was 98% (5.978 g). IR (KBr): ν (cm-1)
) 2700-3700 (-OH, st), 3294 (N-H, st), 1697 (CdO(OH), st),
1658 (CdO(N-H), st), 1597, 1504 (phenyl, st). 1H NMR (300
MHz, (CD3)2SO): δ (ppm) ) 2.03 (s, 6H), 6.82 (t, 1H), 7.01-
7.08 (m, 6H), 7.61 (d, 4H), 9.90 (s, 2H). 13C NMR (67.5 MHz,
(CD3)2SO): δ (ppm) ) 23.9, 111.1, 111.7, 120.2, 120.8, 133.7,
136.1, 150.5, 159.2, 166.1, 168.2. Anal. Calcd for C23H20N2O6:
C, 65.71%; H, 4.79%; N, 6.66%. Found: C, 65.59%; H, 4.93%;
N, 6.71%.

G2 Dendron (5). 1.04 equiv of thionyl chloride (0.705 mL,
9.665 mmol) to 4 were added to a solution of 4 (3.907 g, 9.293
mmol) in 20 mL of NMP at 0 °C under nitrogen and stirred
for 15 min at that temperature and for 15 min at room
temperature. Then, 0.48 equiv of 3 (1.488 g, 4.425 mmol) to 4
was added to the solution, and the reaction was carried out
for 4 h at room temperature. The reaction mixture was poured
into water, and the precipitate was collected and dried. The
crude product was redissolved in NMP and diluted with
methanol, and the resulting solution was reprecipitated with
water (MeOH/H2O 1/1 in volume ratio). The precipitate was
collected and dried in vacuo at 160 °C to give a white solid.
The yield was 92% (4.646 g). IR (KBr): ν (cm-1) ) 2700-3700
(-OH, st), 3417 (N-H, st), 1666 (CdO(N-H), st), 1589, 1504
(phenyl ring, st). 1H NMR (300 MHz, (CD3)2SO): δ (ppm) )
2.03 (s, 12H), 6.70 (t, 2H), 6.89 (t, 1H), 7.01-7.13 (m, 14H),
7.28 (d, 4H), 7.60 (d, 8H), 7.76 (d, 4H), 9.87 (s, 4H), 10.22 (s,
2H). 13C NMR (67.5 MHz, (CD3)2SO): δ (ppm) ) 23.8, 109.8,
111.1, 111.5, 111.8, 119.7, 119.9, 120.7, 122.4, 133.7, 135.3,
135.8, 137.7, 150.7, 151.2, 158.7, 159.0, 164.0, 166.0, 168.1.

Calcd: [M]+ m/z ) 1141.1. Found: MALDI-TOF-MS: [M +
H]+ ) 1141.3, [M + Na]+ ) 1163.0, [M + K]+ ) 1179.3. Anal.
Calcd for C65H52N6O14‚0.30H2O: C, 68.09%; H, 4.62%; N,
7.33%. Found: C, 67.96%; H, 4.71%; N, 7.46%.

G3 Dendron (6). Compound 5 (2.062 g, 1.807 mmol) was
placed in a two-necked flask and heated at 150 °C under
reduced pressure for 4 h. Into the flask cooled in a water bath,
7.5 mL of NMP and 1.10 equiv of thionyl chloride (0.145 mL,
1.988 mmol) to 5 were added under nitrogen. The reaction
mixture was stirred for 10 min at that temperature and 50
min at room temperature. Then, 0.48 equiv of 3 (0.2894 g,
0.8605 mmol) to 5 was added to the solution, and the reaction
was performed for 5 h at room temperature. The reaction
mixture was poured into water, and the precipitate was
collected and dried. The crude product was redissolved in
NMP, and this was reprecipitated with 1,4-dioxane. The
precipitate was collected and dried in vacuo at 160 °C to give
a white solid. The yield was 94% (2.089 g). IR (KBr): ν (cm-1)
) 3421 (N-H, st), 1658 (CdO(N-H), st), 1589, 1504 (phenyl
ring, st). 1H NMR (300 MHz, (CD3)2SO): δ (ppm) ) 2.02 (s,
24H), 6.69 (t, 4H), 6.77 (t, 2H), 6.91 (t, 1H), 7.01-7.13 (m, 30H),
7.27 (d, 8H), 7.32 (d, 4H), 7.60 (d,16H), 7.75 (d, 12H), 9.88 (s,
8H), 10.22 (s, 4H), 10.25 (s, 2H). Calcd: [M]+ m/z ) 2582.6.
Found: MALDI-TOF-MS: [M + Na]+ ) 2606.3. Anal. Calcd
for C149H116N14O30‚0.34H2O: C, 69.13%; H, 4.54%; N, 7.58%.
Found: C, 69.29%; H, 4.70%; N, 7.59%.

Dumbbell-Shaped G3 Dendrimer (7). Compound 6 (0.4833
g, 0.1828 mmol) was placed in a two-necked flask and dried
at 150 °C under the reduced pressure for 6 h. Into the flask
cooled with a water bath, 1.7 mL of NMP and 1.50 equiv of
thionyl chloride (20.00 µL, 0.2742 mmol) to 6 were added under
nitrogen. The reaction mixture was stirred for 10 min at that
temperature and 50 min at room temperature. Then, 0.5 equiv
of 4,4′-oxydianiline (0.017 85 g, 0.08917 mmol) to 6 was added
to the solution, and the reaction was performed for 6 h at room
temperature. The reaction mixture was poured into water, and
the precipitate was collected and dried. The crude product was
dissolved in DMF, and this was reprecipitated with THF. The
precipitate was collected and dried in vacuo at 120 °C to give
a white solid. The yield was 74% (0.3517 g). IR (KBr): ν (cm-1)
) 3421 (N-H, st), 1654 (CdO(N-H), st), 1608, 1504 (phenyl
ring, st). 1H NMR (300 MHz, (CD3)2SO): δ (ppm) ) 2.01 (s,
48H), 6.68 (t, 8H), 6.75 (m, 6H), 6.95 (d, 4H), 6.99-7.13 (m,
56H), 7.26 (d, 16H), 7.31 (d, 12H), 7.59 (d, 32H), 7.68 (d, 4H),
7.74 (d, 24H), 9.87 (s, 16H), 10.18 (s, 2H), 10.21 (s, 8H), 10.23
(s, 4H). Calcd: [M]+ m/z ) 5329.4. Found: MALDI-
TOF-MS: [M + Na]+ ) 5354.3. Anal. Calcd for C310H240N30O59‚
13.95H2O: C, 66.72%; H, 4.84%; N, 7.53%. Found: C, 66.66%;
H, 4.78%; N, 7.50%.

Star-Shaped G1 Dendrimer (9). 1.04 equiv of thionyl
chloride (30.00 µL, 0.4113 mmol) to 4 was added to a solution
of 4 (0.1663 g, 0.3955 mmol) in 1 mL of NMP at 0 °C under
nitrogen and stirred for 15 min at that temperature and for
15 min at room temperature. Then, 0.32 equiv of 8 (0.060 30
g, 0.1255 mmol) to 4 was added to the solution, and the
reaction was carried out for 5 h at room temperature. The
reaction mixture was poured into water, and the precipitate
was collected and dried. The crude product was redissolved
in NMP and diluted with methanol, and the resulting solution
was reprecipitated with water (MeOH/H2O 4/1 in volume
ratio). The precipitate was collected and dried in vacuo at 120
°C to give a white solid. The yield was 86% (0.1822 g). IR (KBr):
ν (cm-1) ) 3298 (N-H, st), 1664 (CdO(N-H), st), 1608, 1504
(phenyl ring, st). 1H NMR (300 MHz, (CD3)2SO): δ (ppm) )
2.03 (s, 18H), 6.71 (s, 3H), 7.06 (d, 12H), 7.29 (d, 6H), 7.74 (q,
4H), 8.68 (s, 3H), 9.89 (s, 6H), 10.20 (s, 3H), 10.48 (s, 3H).
Calcd: [M]+ m/z ) 1687.7. Found: MALDI-TOF-MS: [M +
Na]+ ) 1710.7. Anal. Calcd for C96H78N12O18‚2.09H2O: C,
66.83%; H, 4.80%; N, 9.74%. Found: C, 66.79%; H, 4.76%; N,
9.73%.

Star-Shaped G2 Dendrimer (10). Compound 5 (0.2844
g, 0.2493 mmol) was placed in a two-necked flask and heated
at 150 °C under reduced pressure for 5 h. Into the flask cooled
in a water bath, 1 mL of NMP and 1.10 equiv of thionyl
chloride (20.00 µL, 0.2742 mmol) to 5 were added under
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nitrogen. The reaction mixture was stirred for 10 min at that
temperature and 50 min at room temperature. Then, 0.32
equiv of 8 (0.038 00 g, 0.079 13 mmol) to 5 was added to the
solution, and the reaction was performed for 6 h at room
temperature. The reaction mixture was poured into water, and
the precipitate was collected and dried. The crude product was
redissolved in NMP, and this was reprecipitated with EtOH.
The precipitate was collected and dried in vacuo at 120 °C to
give a white solid. The yield was 81% (0.2483 g). IR (KBr): ν
(cm-1) ) 3298 (N-H, st), 1664 (CdO(N-H), st), 1606, 1504
(phenyl ring, st). 1H NMR (300 MHz, (CD3)2SO): δ (ppm) )
2.02 (s, 36H), 6.69 (t, 6H), 6.78 (t, 3H), 7.04 (d, 24H), 7.10 (d,
12H), 7.27 (d, 12H), 7.32 (d, 6H), 7.60 (d, 24H), 7.69-7.80 (m,
24H), 8.67 (s, 3H), 9.89 (s, 12H), 10.21 (s, 3H), 10.23 (s, 6H),
10.48 (s, 3H). Calcd: [M]+ m/z ) 3873.3. Found: MALDI-
TOF-MS: [M + Na]+ ) 3849.9. Anal. Calcd for C222H174N24O42‚
5.48H2O: C, 67.53%; H, 4.72%; N, 8.51%. Found: C, 67.45%;
H, 4.65%; N, 8.59%.

Star-Shaped G3 Dendrimer (11). Compound 6 (0.4721
g, 0.1828 mmol) was placed in a two-necked flask and dried
at 150 °C under the reduced pressure for 6 h. Into the flask
cooled with a water bath, 1.7 mL of NMP and 1.50 equiv of

thionyl chloride (20.00 µL, 0.2742 mmol) to 6 were added under
nitrogen. The reaction mixture was stirred for 10 min at that
temperature and 50 min at room temperature. Then, 0.32
equiv of 8 (0.027 90 g, 0.058 03 mmol) to 6 was added to the
solution, and the reaction was performed for 8 h at room
temperature. The reaction mixture was poured into water, and
the precipitate was collected and dried. The crude product was
dissolved in DMF, and this was reprecipitated with THF. The
precipitate was collected and dried in vacuo at 120 °C to give
a white solid. The yield was 78% (0.3711 g). IR (KBr): ν (cm-1)
) 3303 (N-H, st), 1664 (CdO(N-H), st), 1606, 1504 (phenyl
ring, st). 1H NMR (300 MHz, (CD3)2SO): δ (ppm) ) 2.02 (s,
72H), 6.70 (t, 12H), 6.76 (t, 9H), 6.96-7.12 (m, 84H), 7.30 (d,
24H), 7.36 (d, 12H), 7.39 (d, 6H), 7.57 (d, 48H), 7.68-7.79 (d,
48H), 8.67 (s, 3H), 9.61 (s, 24H), 10.01 (s, 14H), 10.04 (s, 6H),
10.26 (s, 3H). Calcd: [M]+ m/z ) 8174.3. Found: MALDI-
TOF-MS: [M + Na]+ ) 8197.8. Anal. Calcd for C474H366N48O90‚
6.42H2O: C, 68.68%; H, 4.61%; N, 8.11%. Found: C, 68.84%;
H, 4.77%; N, 8.13%.

G4 Dendron (13). Compound 6 (0.5956 g, 0.2285 mmol)
was placed in a two-necked flask and dried at 150 °C under
the reduced pressure for 5 h. Into the flask cooled with a water
bath, 2.1 mL of NMP and 1.20 equiv of thionyl chloride (20.00
µL, 0.2742 mmol) to 6 were added under nitrogen. The reaction
mixture was stirred for 10 min at that temperature and 50
min at room temperature. Then, 0.47 equiv of 3 (0.036 60 g,
0.1088 mmol) to 6 was added to the solution, and the reaction
was performed for 6 h at room temperature. The reaction
mixture was poured into water, and the precipitate was
collected and dried. The crude product was dissolved in DMF,
and this was reprecipitated with THF. The precipitate was
collected and dried in vacuo at 120 °C to give a white solid.
The yield was 80% (0.4778 g). IR (KBr): ν (cm-1) ) 3263 (N-
H, st), 1662 (CdO(N-H), st), 1604, 1504 (phenyl ring, st). 1H
NMR (300 MHz, (CD3)2SO): δ (ppm) ) 2.01 (s, 48H), 6.68 (t,
8H), 6.72-6.78 (m, 6H), 6.91 (t, 1H), 6.99-7.12 (m, 62H), 7.26
(d, 16H), 7.31 (d, 12H), 7.59 (d, 32H), 7.69-7.79 (m, 28H), 9.88
(s, 16H), 10.21 (s, 8H), 10.23 (s, 4H), 10.25 (s, 2H). Calcd: [M]+

m/z ) 5465.5. Found: MALDI-TOF-MS: [M + Na]+ ) 5489.4.
Anal. Calcd for C317H244N30O62‚8.55H2O: C, 67.75%; H, 4.68%;
N, 7.48%. Found: C, 67.68%; H, 4.61%; N, 7.53%.

Dendrimer with a Carboxylic Acid at the Core (14).
Compound 6 (0.5956 g, 0.2285 mmol) was placed in a two-
necked flask and dried at 150 °C under the reduced pressure
for 6 h. Into the flask cooled with a water bath, 2.2 mL of NMP
and 1.20 equiv of thionyl chloride (20.00 µL, 0.2742 mmol) to
6 were added under nitrogen. The reaction mixture was stirred
for 10 min at that temperature and 50 min at room temper-
ature. Then, 0.24 equiv of 12 (0.023 43 g, 0.055 73 mmol) to 6
was added to the solution, and the reaction was performed
for 12 h at room temperature. The reaction mixture was poured
into water, and the precipitate was collected and dried. The

Figure 1. 1H NMR spectra of reaction solutions (a) before
activation and (b) after activation using 1.1 equiv of thionyl
chloride and (c) after activation using 0.5 equiv of thionyl
chloride.

Figure 2. Suggested active intermediates.

Figure 3. 1H NMR spectra of (a) mixture of 4-tert-butylbenzoyl chloride and NMP and (b) reaction solution of 4-tert-butylbenzoic
acid and thionyl chloride in NMP.
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crude product was dissolved in DMF, and this was reprecipi-
tated with THF. The precipitate was collected and dried in
vacuo at 120 °C to give a white solid. The yield was 76%
(0.4532 g). IR (KBr): ν (cm-1) ) 3290 (N-H, st), 1658 (CdO(N-
H), st), 1604, 1504 (phenyl ring, st). 1H NMR (300 MHz, (CD3)2-

SO): δ (ppm) ) 2.00 (s, 96H), 6.67 (t, 16H), 6.68-6.72 (m,
12H), 6.96-7.12 (m, 112H), 7.26 (d, 32H), 7.33 (d, 16H), 7.42
(d, 8H), 7.58 (d, 64H), 7.68-7.79 (m, 48H), 8.00 (b, 4H), 8.06
(b, 2H), 8.48 (b, 2H), 8.58 (b, 1H), 9.86 (s, 32H), 10.19 (s, 16H),
10.21 (s, 8H), 10.45 (b, 6H). Calcd: [M]+ m/z ) 10 678.7.

Figure 4. 1H NMR spectra of each dendron.

Scheme 1. Synthesis of Dendrons
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Found: MALDI-TOF-MS: [M + Na]+ ) 10 700.2. Anal. Calcd
for C617H476N62O120‚9.00H2O: C, 68.36%; H, 4.59%; N, 8.01%.
Found: C, 68.16%; H, 4.72%; N, 8.02%.

Results and Discussion
Model Reactions. The coupling reaction for dendron

and dendrimer synthesis was carried out by a two-step
method involving (1) activation of carboxylic acids with
thionyl chloride and (2) condensation with an unpro-
tected AB2 building block. To determine the reaction
conditions for step 1 and step 2, the reactions of 4-tert-
butylbenzoic acid with thionyl chloride, and the active
intermediate with p-phenoxy aniline, were investigated
in advance.

The activation of 4-tert-butylbenzoic acid with thionyl
chloride was carried out in NMP at 0 °C for 10 min.
Figure 1 shows the 1H NMR spectra (in CDCl3) of (a)
4-tert-butylbenzoic acid in NMP, (b) 4-tert-butylbenzoic
acid activated with 1.1 equiv of thionyl chloride in NMP,
and (c) 4-tert-butylbenzoic acid activated with 0.5 equiv
of thionyl chloride in NMP. When 1.1 equiv of thionyl

chloride to the carboxylic acid was employed, the two
aromatic signals corresponding to 4-tert-butylbenzoic
acid were shifted entirely from 7.45 and 8.02 ppm to
7.53 and 8.05 ppm, respectively (Figure 1b). On the
other hand, signals that can be assigned to the active
intermediate and the starting material were both
observed in an almost equivalent integration ratio when
the reaction was conducted with 0.5 equiv of thionyl
chloride (Figure 1c). These results clearly indicate that
the activation of carboxylic acid proceeds quantitatively
with thionyl chloride in NMP at 0 °C for 10 min.

The intermediate from the reaction of carboxylic acid
with thionyl chloride in amide solvents was believed to
be an acid chloride 115a or a complex 2,17 as shown in
Figure 2. The 1H NMR spectrum of the intermediate in
Figure 1b shows exact agreement with that of 4-tert-
butylbenzoyl chloride with NMP, indicating that the
active intermediate in this reaction is the acid chloride
(Figure 3).

The condensation of the active intermediate with
p-phenoxyaniline was then investigated. The condensa-
tion was performed after the activation of 4-tert-butyl-
benzoic acid with 1.1 equiv of thionyl chloride in NMP

Scheme 2. Synthesis of Dumbbell-Shaped G3
Dendrimer

Figure 5. 1H NMR spectra of the G3 dendron 6 and G3
dendrimer 7.

Figure 6. MALDI-TOF-MS spectrum of 7.

Figure 7. 1H NMR spectrum of the star-shaped G1 dendrimer
9.
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at 0 °C for 10 min. Small signals corresponding to 4-tert-
butylbenzoyl chloride still remained in the 1H NMR
spectrum after the reaction had proceeded for 10 min,
and these then completely disappeared after 1 h. The
amount of thionyl chloride should be decreased to avoid
unfavorable side reactions, such as self-condensation
between the AB2 building blocks. The condensation still
occurred quantitatively with 1.04 equiv of thionyl
chloride. On the basis of the results obtained above, the
dendron and dendrimer synthesis were then carried out.

Synthesis of Dendrons. An AB2 building block
should contain one carboxylic and two amino groups for
the convergent synthesis of a polyamide dendrimer
using thionyl chloride. Therefore, 3,5-bis(4-amino-

phenoxy)benzoic acid (3)18 was selected as an unpro-
tected AB2 building block. The syntheses of G1, G2, and
G3 dendrons are shown in Scheme 1. The AB2 building
block 3 was reacted with acetyl chloride to give the G1
dendron 4 in a 98% yield after precipitation in water.
The G2 (5) and G3 (6) dendrons were prepared by the
two-step method as described above. The activation time
of the carboxylic acid, and the time for condensation,
was independently set depending on the dendron, as
shown in Scheme 1. For the G3 dendron synthesis, 2.0
equiv of thionyl chloride to G2 dendron was required.
It was assumed that thionyl chloride decomposed during
the activation because of the hygroscopic nature of the
amides in the G2 dendron. When the same reaction was

Scheme 3. Syntheses of Star-Shaped Dendrimers from G1-G3 Dendrons
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conducted using water-free 5, which was dried at 150
°C for 6 h under reduced pressure, 1.1 equiv of thionyl
chloride was sufficient to obtain 6. Each dendron was
purified simply by reprecipitation to remove the parent
dendrons. G2 and G3 dendrons were isolated by repre-
cipitation with MeOH/water and 1,4-dioxane in 92% and

94% yields, respectively. The elemental analysis re-
vealed a slight contamination of water in these den-
drons, even after the dehydration procedure at high
temperature under reduced pressure. Thus, accurate
yields of G2 and G3 were determined by elemental
analysis.

Characterization of Dendrons. The structure of 4
was characterized by IR spectroscopy, 1H NMR spec-
troscopy, and elemental analyses. The IR spectrum of
4 showed strong absorptions at 1697 and 1658 cm-1,
characteristic of the CdO stretching of carboxyl acid and
amide groups, respectively. 1H NMR spectra of all
dendrons show signals corresponding to amide protons
(a, f, k) and aromatic protons of the para-position of a
carbonyl moiety (d, i, n) at 9.8-10.4 and 6.6-7.0 ppm,
respectively (Figure 4). The 1H NMR spectrum of the
G3 dendron 6 shows three signals at 6.69, 6.77, and 6.91
ppm, integrated as 4 protons, 2 protons, and 1 proton,
respectively. These signals are assigned to d, i, and n
in Figure 4, respectively, and these indicate the satis-
factory formation of the desired dendrons. The MALDI-
TOF-MS spectra of 5 and 6 indicate their molecular
weight [M + Na]+ to be 1163.0 and 2606.3 Da, which

Figure 8. 1H NMR spectrum of the star-shaped G2 dendrimer
10.

Figure 9. 1H NMR spectrum of the star-shaped G3 dendrimer
11.

Figure 10. MALDI-TOF-MS spectra of star-shaped G1-
G3 dendrimers.
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are close to the calculated molecular weights of 1164.3
and 2605.6 Da, respectively. These findings clearly
indicate the formation of the desired dendrons.

Dumbbell-Shaped Dendrimer Synthesis. The
dumbbell-shaped dendrimer (7) was synthesized from
6 and 4,4′-oxydianiline (Scheme 2). The reaction of 6
with 4,4′-oxydianiline was performed using 1.50 equiv
of thionyl chloride with respect to the G3 dendron. The
reaction mixture was poured into water, and the pre-
cipitate was collected and dried. The crude product was
dissolved in N,N-dimethylformamide (DMF), and the
resulting solution was reprecipitated with THF, result-
ing in a dendrimer 7 with 74% yield. This value was

also calculated on the basis of water contamination
determined by elemental analysis. IR, 1H NMR, MALDI-
TOF-MS, and elemental analyses were performed for
the characterization of 7. In the 1H NMR spectrum
(Figure 5), the signals assigned to the protons of the
para-position to the carboxylic acid in compound 6 shift
from 6.91 to 6.75 ppm after the coupling reaction,
indicating the formation and isolation of the G3 den-
drimer. Figure 6 shows the MALDI-TOF-MS spec-
trum of the G3 polyamide dendrimer 7 (calculated
molecular weight 5329.39 Da). Signals representing the
starting materials and incompletely substituted prod-
ucts are not observed, and only one signal is observed

Scheme 4. Synthesis of the G4 Dendron 13

Scheme 5. Synthesis of the G3 Dendrimer with a Carboxylic Acid at the Core (14)
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at M/Z ([M + Na]+) 5354.3 Da, which is assigned to the
target molecule.

Synthesis of Star-Shaped Dendrimer. A coupling
reaction of G1, G2, and G3 dendrons with a trifunctional
core molecule was performed to obtain star-shaped
dendrimers. To reduce the steric hindrance, 1,3,5-tris-
(N-(4-aminophenyl))benzenetricarboxamide (8) was se-
lected as a core molecule and prepared according to the
literature procedure.9 Syntheses of star-shaped den-
drimers are shown in Scheme 3. Each activation and
condensation reaction was conducted using similar
conditions as used for the synthesis of dumbbell-shaped
dendrimers. Small excess amounts of each dendron to
the core molecule were used, and the condensation time
was prolonged enough to finish these reactions because
the removal of defect molecules should be more difficult
compared with that of dendrons. The isolation and
purification of dendrimers G1 (9), G2 (10), and G3 (11)
were performed by reprecipitation with solvents, similar
for those of the dendrons, MeOH/water, EtOH, and
tetrahydrofuran (THF) in 86%, 81%, and 78% yields,
respectively. The structures of all dendrimers are
characterized by IR, 1H NMR, MALDI-TOF-MS, and
elemental analyses. The complete formation and isola-
tion of the dendrimers were confirmed in the same

manner as that for the dendrons (5 and 6) and the
dumbbell-shaped dendrimer 7. The para-position aro-
matic protons to the carboxylic acid of each dendron
completely disappeared, and the corresponding protons
to the newly formed amide units in star-shaped den-
drimers appeared in higher fields, as shown in Figures
7-9. Each MALDI-TOF-MS spectra for G1, G2, and
G3 show a single signal at m/z ([M + Na]+) 1710.7,
3849.9, and 8197.8 Da, respectively (Figure 10).

Synthesis of a Dendrimer with a Carboxylic
Acid Group at the Core. Finally, the syntheses of
dendrimers with a carboxylic acid at the core (Schemes
4 and 5) were performed. The AB2 building block 3 and
3,5-bis(3,5-diaminobenzoylamino)benzoic acid (12) were
selected as the AB2 and AB4 type core molecules. The
AB4 type core molecule 12 was prepared according to
the literature procedure.9 The resulting compounds, 13
and 14, were expected to be dumbbell-shaped and larger
spherical shaped dendrimers, respectively. Coupling
reactions of 3 and 12 with the G3 dendron were
conducted by using 1.2 equiv of thionyl chloride to G3
dendron (6) to avoid self-condensation of these core
molecules. In contrast, the synthesis of the star-shaped
G3 dendrimer 11 was performed by using 1.5 equiv of
thionyl chloride to 6 because the core molecule 8

Figure 11. 1H NMR spectra of dendrimers 13 and 14.

Macromolecules, Vol. 38, No. 6, 2005 Facile Synthesis of Polyamide Dendrimers 2245



possesses no ability for self-condensation. When the AB4

type core 12 was used, the condensation time required
to complete the coupling reaction was 12 h. Compounds
13 and 14 were purified by reprecipitation with THF
in yields of 80% and 76%, respectively. Examination of
the 1H NMR spectra (Figure 11) shows the para-position
aromatic protons of each carbonyl moiety observed to
be different between 13 and 14. The 1H NMR spectrum
of compound 13 shows the para-position aromatic proton
for carboxylic acid, at the focal point of the G3 dendron,
to have shifted from 6.91 to 6.75 ppm, and three signals
at 6.68, 6.72-6.78, and 6.91 ppm are integrated as 8
protons, 6 protons, and 1 proton, respectively. On the
other hand, all para-position aromatic protons of the
amide moiety of 14 are observed at 6.64-6.72 ppm and
are integrated as 28 protons. These results arise from
the differences of the core structure. The MALDI-
TOF-MS spectrum was used to confirm the formation
and isolation of 13 and 14. The spectra of 13 and 14
showed the single signal ([M + Na]+) at 5489.4 and
10 700.2 Da, respectively, as shown in Figure 12.
Although the core 12 possessing four amino groups and
one carboxylic acid were used, the peaks from the
incompletely substituted product and the product de-
rived from self-condensation were not detected. The
elemental analysis of 14 shows deviation between
calculated and experimental values as seen in dendrons
5 and 6. This contaminant was identified to be water
by 1H NMR spectroscopy measured in dehydrated
DMSO-d6. The water content was 7.0 H2O/14 calculated
from 1H NMR spectrum, while elemental analysis data
indicate good agreement as 14 contains 9.0 H2O.

Conclusion
In conclusion, we have demonstrated a simple and

highly efficient convergent approach without protection
and deprotection steps for the synthesis of aromatic
polyamide dendrimers using the inexpensive reagent
thionyl chloride. This strategy allows the synthesis of
dumbbell-shaped dendrimers, star-shaped dendrimers,
and dendrimers with a carboxylic acid at the core,
without the use of an additional reagent, forepart from
thionyl chloride, NMP, and common solvents. In this
method, the purification of each dendron and den-
drimers requires only precipitation and allows for the
large-scale and facile synthesis of dendrimers. The
MALDI-TOF-MS spectra provided evidential support
for the formation and isolation of the target products.
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Figure 12. MALDI-TOF-MS spectra of dendrimers 13 and
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