
Synthesis Feasibility and Efficiency of 

Post-modification of Multifunctional Dendrimers 

CHENQ Wing Sum 

A Thesis Submitted in Partial 

Fulfillment of the Requirements for the 

Degree of Doctor of Philosophy in 

Chemistry 

The Chinese University of Hong Kong 

July 2010 



UMI Number: 3483832 

All rights reserved 

INFORMATION TO ALL USERS 
The quality of this reproduction is dependent upon the quality of the copy submitted. 

In the unlikely event that the author did not send a complete manuscript 
and there are missing pages, these will be noted. Also, if material had to be removed. 

a note will indicate the deletion. 

UMT 
issertation Publishing 

UMI 3483832 
Copyright 2011 by ProQuest LLC. 

All rights reserved. This edition of the work is protected against 
unauthorized copying under Title 17, United States Code. 

ProQuest LLC 
789 East Eisenhower Parkway 

P.O. Box 1346 
Ann Arbor, Ml 48106-1346 



Thesis/Assessment Committee 

Professor Thomas Chung Wai Mak (Chair) 

Professor Hak-Fun Chow (Thesis Supervisor) 

Professor Qian Miao (Committee Member) 

Professor Wayne C. Hayes (External Examiner) 

Professor Ricky Man Shing Wong (External Examiner) 



Dedicated to my family 



Acknowledgements 

I would like to express my sincere gratitude to my supervisor，Prof. Hak-Fun 

Chow, for his patient guidance and invaluable advice during the course of my 

research and preparation of this thesis. 

I would like to express my thanks to my labmates, especially to Dr. Guo-Xin 

Wong, Dr. Chui-Man Lo and Dr. Siu-Yin Cheung for their support and helpful 

discussion. Thanks are also given to my dearest friend, Ms. Mi l l ie Lai, Dr. Chun-Kit 

Hau and Ms. K immy Chan who encourage me a lot throughout my studies. Special 

thanks are given to Mr. David T. W. Chik (HKBU) for recording the MALDI -TOF 

mass spectra in this thesis. 

Last but not the least, I would like to say thanks to my parents, brother and 

sister for their encouragement and support. 

July, 2010 

Wing-Sum Cheng 

Department of Chemistry 

The Chinese University of Hong Kong 

111 



Abstract 

Two layer-block G3-CCS—dendrimer 68 and G3—CSC—dendrimer 69 with 

dibenzylsulfide functionalities embedded in the innermost and intermediate dendritic 

layers, respectively, were synthesized by a convergent method. The key steps 

involved in their constructions were Homer-Wadsworth-Emmons olefination and 

thiol-mediated alkylation reaction. A third target G3-SCC-dendrimer 70, with 

dibenzylsulfide moieties located in the outermost dendritic layer, could not be 

synthesized despite many attempts. A fourth model G3-SSS-dendrimer 136 

containing 21 dibenzyi sulfone moieties in the innermost, middle and outermost 

layers was also prepared. A l l synthesized compounds were characterized by and 

^^C nuclear magnetic resonance spectroscopy, mass spectrometry, elemental analysis 

and/or size exclusion chromatography. They were prepared in order to probe the 

feasibility of and the effect of dendritic shielding on two novel dendrimer synthesis 

methodologies, namely, dendrimer interior functional group conversion and 

dendrimer backbone rearrangement. 

The synthetic efficiency of the dendrimer interior functional group conversion 

method was exemplified by converting the dibenzyi sulfide moieties in 

G3-CCS—dendrimer 68 and G3—CSC—dendrimer 69 to the corresponding dibenzyi 

sulfone under either heterogeneous (oxone in CH2CI2) or homogeneous (35% H2O2 

in CH2CI2/HOAC) conditions. The effect of steric inhibition was prominent under the 

heterogeneous conditions as the solid oxone particles failed to penetrate into the 

dendrimer interior to initiate the oxidation reaction. On the other hand, dendrimers 

68, 69 and 136 could be oxidized to the corresponding dibenzyi sulfones via the 

dibenzyi sulfoxides under homogeneous conditions. For the first oxidation to the 
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dibenzyl sulfoxides, both compounds 68 and 69 proceeded wi th similar speed, 

indicating the similar steric environment between the innermost and intermediate 

layers o f dibenzylsulfide moieties. On the other hand, the innermost dibenzyl 

sulfoxides in compound 68, in comparison to the dibenzyl sulfoxides in the middle 

layer in compound 69，underwent further oxidation to the dibenzyl sulfones wi th 

greater ease. This f inding suggested that there were other factors, in addition to steric 

inhibit ion, in controll ing the chemical reactivity o f functional groups inside the 

dendrimer matrix. Our speculation was that the microenvironment polarity of the 

dendrimer interior could also play an important role in facilitating/retarding the 

diffusion of external chemical reagents into the interior o f the dendrimer. 

The synthetic efficacy o f the dendrimer backbone rearrangement was examined 

by conducting heterogeneous Ramburg-Backlund rearrangements (alumina supported 

KOH, CBr2F2/THF//-BuOH = 1/1/1) on dibenzylsulfone G3—CCS02—dendrimer 141 

and G3—CSO2C—dendrimer 142. Again，steric inhibit ion was found to play a 

prominent role in dictating the chemical reactivity o f the sulfone moieties under 

heterogeneous conditions. The innermost sulfones in compound 141 were found to 

be relatively inert and at most only 1 out o f the 3 sulfones could undergo the 

rearrangement, and the major product was the starting material. On the other hand, 

up to 3 or 4 o f the intermediate layer sulfone moieties underwent the rearrangement 

reaction to give the triene-tris(siilfone) 145 or tetraene—bis(siilfone) 144 products. 

For the first t ime in the literature, conclusive mass spectral evidence was obtained to 

unveil the detailed outcome o f such complex dendrimer backbone rearrangement 

reactions. 



摘 要 

本論文報導了含二〒基硫醚的第三代層狀結構樹枝狀聚合物的合成方法及 

其表徵。當中，G3-CCS-dendrimer 68及G3-CSC-dendrimer 69分別於最内層及 

中層含有二节基硫醚結構。其合成方法主要依據Horner-Wadsworth-Emmons稀 

化反應和硫-院基化反應。於最外層含二节基硫醚的G3-SCC-dendrimer 70卻在 

多番嘗試後仍未能以同類方法完成其合成。另外，亦成功制備了於外、中、内 

層共含21個二节基硫醚的G3-SSSdendrimer 136。所有合成產物皆經過核磁共 

振、質譜、凝膠色譜及元素分析。第三代層狀結構樹枝狀聚合物成功制備後便 

用以硏究樹枝狀聚合物的內部功能基轉換及主幹重排的有效性，以及樹枝狀物 

的屏閉性對這兩種反應的影響。 

樹枝狀聚合物的內部功能基轉換的有效性可經由G3-CCS-dendrimer 68及 

G3-CSC-dendrimer 69在35%過氧化氫二氯甲院醋酸溶液進行同相氧化反應或 

於過硫氫化鉀和二氯甲院進行異相氧化反應。在異相反應環境，由於樹枝狀聚 

合物的位阻作用，固態過硫氫化鉀未能滲透人樹枝狀聚合物的内部引發反應。 

相反，樹枝狀聚合物68、69及136可在同相反應環境被氧化。樹枝狀聚合物裡 

的二节基硫醚會先被氧化成二节基亞颯，然後再被氧化成二节基颯。當聚合物 

68及69進行第一步氧化反應時，兩者反應速率相當。這表明最內層及中層具 

有相似的位阻環境。但是，當進行第二步氧化反應時，在最內層的二节基亞碾 

會比中層的更容易被氧化成二节基礪。這現象說明功能團在樹枝狀聚合物内部 

的反應活性除了受位阻效應影響外，還受到其他因素影響。我們推測在樹枝狀 

聚合物微觀環境的極性對促進或阻礙化學試劑擴散人內部有重大影響。 

樹枝狀聚合物的主幹重排的有效性可由G3-CCS02-clendr imer 141及 

G3-CS02C-dendrimer 142的Ramburg-Backlund重排反應結果得出。同樣地’位 
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阻效應對含颯功能團在異相反應環境中的活性也起主導作用。在主幹重排反應 

中 ’ G3-CCS02-dendrimer 1 4 1最內層颯基的活性相對很低’只有少量原料進 

行了部分反應（當中 3個含颯功能團中僅有 1 個進行反應）。相反， 

G3-CS02C-dendrimer 142中層颯基的活性相對較高’ 6個含颯功能團中有3至 

4個進行反應。在本論文中，第一次通過質譜發現如此複雜的樹枝狀聚合物主幹 

重排反應的結果。 

VII 
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Chapter 1: Introduction to dendrimers 

Dendrimer chemistry has gained increasing attention in various research fields, 

such as, biotechnology, medicine and nanotechnology. The term 'dendrimer' is 

originated from Greek (dendron = tree; meros = part) and this gives a precise 

description that dendrimer is a kind of molecule having a tree-like, highly branched 

three-dimensional architecture. The well-defined branched structure developed 

through an iterative synthetic method was first disclosed by Vogtle^ in 1978. Later, 

Tomalia et al. reported the first family of PAMAM dendrirners '̂̂  which was also 

known as 'starburst' polymers. Shortly thereafter Newkome's 'arborol' systems were 

also prepared. Since then, many kinds of dendrimers with unique properties and 

applications have been developed. 

1.1 Dendritic structure 

Dendrimers are highly ordered, globular macromolecules synthesized by a 

stepwise iterative approach. Basically, a dendritic structure can be divided into three 

distinct regions: (i) the central core, (ii) layers of repeating branching units and (iii) 

surface groups on the outer layers of the branching units (Figure 1). 

Figure 1. Schematic outline of a G3 dendrimer. 

dendron 

• Core 

~~o Branching unit 

(D Surface group 



'Dendron' is referred to one of the dendritic wedges connecting to the central 

core. The number of dendrons present in a dendrimer molecule depends on the core 

multiplicity. 'Generation' is a term commonly used to express the size of a dendrimer. 

The number of generation equals to the number of concentric branching layers 

present in a dendrimer. Therefore, a dendrimer with n layers of branching units is 

called a ri^ generation dendrimer and is denoted as [Gn]. 

Dendrimers of high generation wil l adopt a globular shape as the number of 

branching ends of the dendrimer increases exponentially with increasing generation 

number. Steric crowding of the branches at the surface of a dendritic molecule causes 

the adoption of a globular conformation. ,11,12 When the steric effect becomes 

profound, complete conversion of all the surface functionalities becomes difficult 

after a specific generation. This is called the 'starburst effect'. However, it is also 

because of the spherical shape of the dendrimer that confers its interesting properties. 

Intern d 
lî hdfe and channe<s 

Figure 2. A 3-dimensinal representation ot a dendrimer (adopted from website: 

www.ninger.eom/dendHmer/one.htm# 1.1). 

Dendrimer usually has internal voids as well as closely packed surface groups 

(Figure These interior voids are shielded from the surrounding so there can be 

http://www.ninger.eom/dendHmer/one.htm%23


changes of physical/ chemical properties of the internal functionalities. For examples, 

labile functionalities locating inside the interior may gain extra stability due to the 

shielding effect of the dendritic s h e l l . A l s o , the presence of internal voids inside a 

dendrimer would result in the formation of dendritic boxes that can encapsulate guest 

molecules.16 The surface chemistry of dendrimer, on the other hand, is different from 

that of the internal microenvironment. By modifying the functional groups on the 

surface of a dendrimer, dendritic systems with different properties can be developed. 

Since two distinct chemical environments can occur in such a molecule，this opens 

up many possibilities for dendrimer applications. 

1.2 Synthetic approaches of dendritic molecules 

Two complementary synthetic approaches are used for the synthesis of 

dendrimers. They are the divergent and the convergent approaches. Both synthetic 

approaches involve stepwise addition and activation steps to generate higher 

generation dendritic molecules. By using iterative synthetic procedures, structurally 

perfect dendrimers with high purity and narrow polydispersity can be prepared. 

1.2.1 Divergent approach 

The divergent approach was first employed in dendrimer synthesis.'^ In this 

strategy, dendrimers are constructed from the central core towards the periphery 

(Scheme 1). In the beginning, the peripheral functionalities of the core are coupled to 

the reactive site of the branching unit 1 to yield the G1 dendrimer 2. The peripheral 

functional groups on the branching unit are designed to be protected or unreactive to 

prevent uncontrolled hyperbranched polymerization. After the first coupling reaction, 



Coupling Step Activation 

1st Generation 

Coupling Step 

2nd Generation 

Repeating Activation 

and Coupling 

Further Growth 

Cental core 

〉 ~ Branching unit 

• Protecting group 
Scheme 1. Divergent synthetic strategy. 

As expected, during the repetition of coupling and activation reactions, the 

number of reaction sites at the periphery involved in the generation growth wi l l 

increase exponentially, so it is difficult to guarantee the completeness of reactions at 

all reaction sites even when a large excess of reagent is used. Also, any undesired 

molecular species resulting from side reactions as weil as incomplete reactions 

cannot be removed easily because of their structural similarity to the intended 

product. Consequently, structural defects in higher generations are virtually 

inevitable. Nevertheless, the divergent approach is an efficient strategy to synthesize 

high generation dendrimers in a shorter synthetic procedure. 

the protected surface functionalities are then activated for the next stage of reaction. 

Activation of the peripheral groups may involve their conversion to another type of 

reactive functionality, or the removal of the protecting groups. 

人 
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1.2.2 Convergent approach 

Coupling Step 

Coupling Step 

Anchoring 

1st Generation 
5 

Activation 

^J^c)^ Cental core 

Surface group 

〉 B r a n c h i n g unit 

• Protecting group 

Activation 

Further Growth 

Anchoring 

2nd Generation 

Scheme 2. Convergent synthetic strategy. 

The convergent approach was first reported by Hawker and Frechet in 

1989-1990.17-19 Contrary to the divergent approach, dendrimers are built from the 

periphery towards the central core (Scheme 2). Every activation and coupling 

reaction cycle add one new generation to a dendron. In the coupling steps, the 

reaction sites are located at the focal points of dendrons {e.g. 3 or 4), but not the 

periphery of the dendrimer so the number of reaction sites is limited and is dependent 

on the multiplicity of the branching unit. After completion of the coupling, the single 

functional group located at the focal point of the dendron can be activated for further 

growth. Finally, dendrons of the desired generations (e.g. 3 or 4) can be coupled to a 

polyfunctional core to yield the target dendrimer (e.g. 5 or 6). 



As mentioned before, only a small number of reaction sites is involved in each 

coupling or activation step, so the reaction can be driven to completion with a 

slightly excess of reagent. Also, purification is more straightforward as a missing 

branch wi l l impart a large different on the size and polarity of the dendrimer. 

Therefore, the convergent approach provides greater structural control than the 

divergent approach. Dendrimers synthesized by this approach wil l have higher purity 

and can be considered as monodisperse. However, for the synthesis of high 

generation dendrimers, the convergent approach is a relatively slow process. Besides, 

when the dendrons become bulky, the focal point is too congested to be accessed by 

the reactive branching units. Hence, the convergent approach is more appropriate for 

the synthesis of low generation dendrimers. 

1.2.3 Accelerated Approaches 

The divergent and convergent approaches are the most commonly used methods 

for the synthesis of dendritic macromolecules, but they often involve tedious 

procedures and purification steps. Therefore, in order to speed up the synthesis of 

dendrimers, several accelerated approaches were developed. These strategies 

combine the advantages of convergent and divergent approaches so that they can 

reduce the number of synthetic steps required to access higher generation dendritic 

molecules and simplify the purification process. At the same time, the product 

monodispersity can usually be maintained. 

1.2.3.1 Hypercore approach 

The hypercore approach, also known as the "double stage convergent approach", 

6 



was first reported by Frechet and co-workers.^'^ In the first stage of this strategy, low 

generation dendron and a dendritic core that contains layers of branching units 

(hypercore) are prepared either by standard convergent or divergent approaches. In 

the second stage of growth, surface groups of the dendritic core are activated and 

coupled divergently to the focal points of dendrons. 

Coupling Step Activation 

-V-
r > A < 

G2 dendron G2 dendrimer 

Coupling Step 

and Activation 

V 
Coupling Step 

and Activation 

Hypercore 

G4 dendrimer 

J^cX^ Cental core Surface group ^ ~ ~ Branching unit 參 Protecting group 

Scheme 3. The hypercore synthetic strategy. 

This synthetic approach provides a more rapid and straightforward route to 

prepare higher generation dendrimers (Scheme 3), Hence, two or more G2 dendrons 

4 are coupled to a G2 hypercore 7 to give a G4 dendrimer 8 in one step. The 

hypercore is less sterically hindered than the conventional core because of increased 

separation between the reactive sites at the periphery of the hypercore. Therefore, the 

higher G4 generation dendrimer 8 synthesized using this approach can be obtained in 

high yield. 



1.2.3.2 Branched monomer approach 

The branched monomer approach was another accelerated approach developed 

by Frechet and co-workers in 1994.^' The main feature of this approach involves the 

use of a dendritic branched monomer (e.g. 9). The branched monomer is first 

synthesized using the convergent approach. Then, coupling and activation steps are 

performed just like the case using traditional branching unit. In each repetitive 

reaction cycle, two or more dendrimer generations can be introduced instead of just 

one generation as in the conventional synthetic method (Scheme 4). This strategy is 

very useful in the rapid preparation of higher generation dendrimers. 

Coupling Activation Coupling 
G5 dendron 

Surface group 、 ~ Branching unit Protecting group 

Scheme 4. Branched monomer approach. 

.2.3.3 Double Exponential Synthetic Strategy 

Moore and co-worker proposed a "double exponential synthetic strategy” in 

1995 that involved the use of a branching unit 12 with orthogonally protected focal 

and peripheral functionalities (Scheme The first generation dendron 10 can be 

modified either at the focal point or at the periphery to afford activated dendron 3 

and branching unit 11, respectively, under different chemical conditions. Coupling 

reaction between the protected building blocks 3 and 11 then gives a second 

generation dendron 12 which is then converted into two activated building blocks 4 



and 13 that again can be used to prepare a G4 dendron 14. Each successive repetition 

of the activation-coupling cycle wi l l lead to a doubling of generation number. 

^ ^ Activation^ 

10 

Coupling 

11 

m— Surface group ~ Branching unit Protecting group 

Scheme 5. Double exponential synthetic approach. 

1.2.3.4 Orthogonal coupling strategy 

Orthogonal coupling strategy is different from those mentioned above as it 

involves convergent growth with two different types of branching units. The 

branching units should be carefully selected so that only the focal point of one 

branching unit would react with the periphery of the other branching unit. Spindler 

and Frechet^^ reported the first orthogonal synthesis of dendrimers. However, only a 

G3 dendron was prepared because of difficulties in product purification. The first 

orthogonal synthesis of high generation dendrimers was disclosed by Zimmerman 

and co-workers (Scheme An aryl iodide 17 was first coupled to two terminal 

alkyne functionalies of a brancher 16 under Sonogashira coupling conditions to yield 

a G2 dendron 18. The focal alcohol functionality of 18 was then reacted with another 

brancher 15 by Mitsunobu reaction to yield a G3 dendron 19. By repeating the 

Sonogashira and Mitsunobu reactions, dendrimer 20 consisting of alternating benzyl 

ester and alkynyl linkages was prepared. 



Scheme 6. An orthogonal coupling approach to dendrimers by Zimmerman (functionalities in circles 

of same colour can couple to each other)?^ 

The advantage of using this approach is that no activation reaction is involved, 

and thus each coupling reaction results in the addition of one generation to the 

dendron generation. However, this approach is not widely applied in dendrimer 

synthesis as it requires two pairs of coupling functionalities that are strictly 

10 



orthogonal. This imposes a larger limitation on the choice of branching units. 

1.3 Characterization of dendritic molecules 

After the syntheses of dendritic molecules, it is very important to confirm their 

chemical compositions and homogeneity. In terms of molecular size, dendrimers are 

just in between small molecules and polymers so they should benefit from analytical 

techniques derived from both sides. Generally, dendrimers can be characterized by 

analytical techniques, such as, nuclear magnetic resonance (NMR) spectroscopy, 

mass spectrometry, elemental analyses, size exclusion chromatography (SEC), and 

light scattering measurement. Al l these techniques are jointly employed as the 

characterization of dendritic molecules is rather complex. One single analytical 

technique normally cannot provide full characterization of dendritic macromolecules. 

X-ray crystallography is another powerful technique that provides proof of molecular 

structures but it is not commonly applied in dendrimer characterization as high 

generation dendrimers seldom form crystals. 

1.3.1 Nuclear magnetic resonance (NMR) spectroscopy 

Nuclear magnetic resonance (NMR) technique is a standard tool to determine 

the molecular structure of organic compounds. For organic dendrimers, 'H and '^C 

NMR spectroscopy are commonly used. 'H NMR spectroscopy can provide 

information about the chemical identity of the functional groups at the focal point 

and on the surface of a dendritic species. However, due to its relatively low 

sensitivity, the occurrence of small amount of structural defective products, 

especially in high generation dendrimers, cannot be easily accessed,^^ Heteronuclei 
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NMR spectroscopy, such as '^N, '^F, ^^Si, ^'P NMR are also powerful techniques to 

characterize dendrimers containing heteroatoms in their structure/'^' 

1.3.2 Mass spectrometry (MS) 

Due to instrument and ionization technique limitations, molecular weight 

determination by mass spectrometry was confined to low molecular weight dendritic 

molecules in the past. ‘ ® But recent advances in the development of mass 

spectrometry now allow the analysis of high molecular weight dendrimers. 

Electrospray ionization (ESI) and matrix-assisted laser desorption ionization 

(MALDI) mass spectrometry are found to be suitable for an in-depth analysis of 

dendrimers. For example, ESI-MS has been used to identify structural defective 

poly(propyleneimine) ( P P l f and polyamidoamine (PAMAM) dendrimers.^^'^" 

M AL DI-TO F - M S studies on the structural defects of high generation 

Newkome-type dendrimers had also been reported.^ 

1.3.3 Size exclusion chromatography (SEC) 

Size exclusion chromatography (SEC) is a commonly employed polymer 

characterization technique and it is also used in dendrimer chemistry. First SEC is an 

efficient method for the purification of dendrimers as the desired dendrimer can be 

separated from other side products and impurities based on size difference. Second, it 

can provide information about the molecular weight distributions of dendritic species. 

Third, a structurally pure dendrimer wil l give a narrow SEC peak with a 

polydispersity index (PDI) of less that 1.05. However, a dendrimer cannot be 

regarded as monodisperse based only on the PDI value of the SEC peak. Even having 

12 



a PDl value close to 1.0，the sample may still be a mixture of dendritic species of 

similar sizes.^^ 

1.3.4 Miscellaneous 

Other analytical techniques are also applied in the studies of dendrimers. For 

examples, infra-red spectroscopy^"^ and UV-Visible spectroscopy^^ have been 

employed to monitor chemical transformations occurring within the dendritic 

architecture. Optical polarimetry^^ and circular dichroism^^ are used in the 

characterization of chira! dendrimers. Small angle X-ray scattering (SAXS)/^^'"^ 

wide-angle X-ray scattering (WAXS),^^'^ small angle neutron scattering (SANS)^^ and 

laser light scattering techniques (LLS)如 can also provide information about the 

molecular weight and aggregations of different dendrimers. Besides, atomic force 

microscopy (AFM),""® scanning electron microscopy (SEM/"^ and transmission 

electron microscopy (TEM)" are also important imaging techniques for the 

visualization of dendrimer morphology. 

1.4 Properties and Applications 

Dendrimers show unique physical and chemical properties due to their molecular 

uniformity, multifunctional surface and the presence of internal cavities. Hence, they 

are very useful in a wide variety of applications. It is obvious that the property of a 

dendrimer is closely related to the functionalities present in the framework. Therefore, 

by modifying the surface, interior and core, the property of a dendrimer could be 

tuned to suit different applications. There are numerous applications of dendrimers 

already reported in the literature.^"^^ They cover a wide variety of aspects in different 
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research fields so that a thorough and extensive review is not appropriate here as this 

thesis is focused on the development of new synthetic methodologies of dendrimer. 

Hence, we wi l l only present a brief summary on the applications of dendrimers. 

1.4.1 Medicinal applications 

The use of dendrimers in biology and medicine has been described in several 

excellent rev iews.The most useful attribute of dendrimers is their multivalency. 

The terminal functional groups are closely packed in higher generation dendrimers 

therefore concentrated loadings of drugs or spectroscopic labels for therapeutic and 

imaging applications can be achieved. For example, the surface groups of a G3.5 

carboxylate-terminated PAMAM dendrimer 21 can be conjugated with cisplatin to 

function as an anticancer drug carrier which has higher solubility in water and lower 

toxidty.43a PAMAM dendrimers can also be used as carriers for magnetic resonance 

imaging (MRl) contrast reagents.顿 For example, the terminal amines of a G6 

PAMAM dendrimer were conjugated with a metal chelator which could form stable 

complexes with gadolinium. These dendrimer-gadolinium complexes enhanced the 

quality of conventional MR images and 3D time of flight MR angiograms. 

Hydrophobic metailoporphyrin 22 encapsulated by poly(glutamic acid) dendrons 

could function as a water-soluble oxygen sensor in v / w . ^ Dendrimers have also 

been used in tissue engineering. It was reported that a G2 PPl dendrimer 23 could 

serve as a crosslinking adjuvant for the formation of collagen gel”」Such a 

dendrimer crosslinked collagen gel showed improved optical and mechanical 

properties that made it possible to be used as a corneal tissue-engineering scaffold. 

14 
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Figure 3. Molecular structures of a PA M A M dendrimer 21，a metalloporphyrin 22 encapsulated by 

poly(gIutamic acid) dendrons and a PPI dendrimer 23. 
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1.4.2 Host-Guest Chemistry 

Dendrimers exhibit increasing congestion from the core towards the periphery 

so this characteristic makes them attractive candidates for guest encapsulation. 

Encapsulation can take place either in the interior or on the periphery. For example, 

Newkome44 and coworkers prepared a hydrocarbon-based dendrimer 24 containing 

multiple carboxylate surface groups. The resulting dendrimer has a gross structure 

resembles to that of a micelle. This "unimolecular micelle" was used to bind to 

different lipophilic probes such as dipheny 1 hexatriene, phenol blue and pinacyanol 

chloride. Jansen et al."^^ also reported the topological trapping of guest molecules by 

a modified PPl "dendritic box" 25. The soft-core, hard-shell dendritic framework 

could trap a variety of dye molecules such as eriochrome black T and rose bengal in 

its interior cavities. 
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Figure 4. A hydrocarbon-based dendrimer 24 which served as a "unimolecular micelle" and 

modified PPI "dendritic box" 25 which was used to trap a variety of dye molecules. 
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1.4.3 Catalysis 

Dendrimers possess nanoscopic dimensions but they can be molecularly 

dissolved so that they can be used to f i l l the gap between homo- and heterogeneous 

catalysis. The catalytic site(s) may be placed at a particular, isolated position, like the 
O Q 

core or the exterior of a dendrimer. ’ The solubility of the catalyst can also be tuned 

and this can facilitate catalyst recycling via precipitation or ultrafiltration. For 

example, Seebach and co-workers reported a chiral TADDOL dendritic catalyst 

derived from dendrimer 26 which catalyzed the nucleophilic addition of diethyl zinc 

to benzaldehyde (Figure 5).46a The catalytic site was incorporated near the core of a 

Frechet-type dendrimer. Reetz et al. also reported that G3 PPI dendrimers with the 

periphery modified by biphenylphosphine ligands could form complexes with 
Pd(CH3)2(PhCN)2 which can catalyze the Heck reaction 46b 

6 

O ^ H 
EtiZn 

Ti TADDOLate of 26 

OH 

Figure 5. A TADOL dendritic catalyst derived from dendrimer 26 that catalyze the nucleophilic 

addition of diethyl zinc to benzaldehyde . 
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1.4.4 Miscellaneous 

There are also studies in the use of dendrimers for other applications. For 

examples, PA M A M dendrimers can be applied in coating"^7a ^nd ink industries.'^^'' 

They have also been studied for use as low-dielectric materials/^ as templates for the 

growth of singJe-wal] carbon nanotubes."^^ PoJy(arylene) dendrimer 27 was used as 

additives in gold nanoparticle formation,5。and PPI dendrimer 28 was used in dye 

industry, Dendrimers have also been explored in terms of their electronic and 

optoelectronic applications. Hence, they could function as light harvesting system 

2 9尸 liquid crystal 30,"' organic light-emitting diode (OLED) 31 and solar cell. 53 

CgHigOCHN 

H2卜 

NHj 

CgHigOCHN. 

S NHCOC9H19 
^f^J .NHCOCgHis 

/NH2 

CsHigOCHN-̂  \ 
C9H19OCHN / 

NHCOCQ 

28 

Figure 6. Structures of a poly(arylene) dendrimer 27 and a PPI dendrimer 28. 
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31 

Figure 7. Dendritic systems served as light harvesting system 

light-emitting diode (OLED) 31. 

) , l i qu i d crystal 30 and organic 
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Chapter 2: Post-synthetic modifications of dendrimers 

Dendrimers are a new class of macromoiecules having different properties and 

applications. As mentioned in Chapter 1, functional ization of a dendrimer would alter 

its properties and thus be tailored for different applications. This can be 

accomplished either by pre-modification or post-modification strategies. In the 

pre-modification strategy, branched monomer units with the designate functionality 

wil l be used in the construction of dendritic framework. However, this strategy is not 

always practicable when the required building blocks are difficult to prepare or the 

functional moieties cannot withstand the various conditions during the iterative 

synthesis. Alternatively, post-modification can be to modify dendrimers. In the 

post-modification approach, monomer units bearing a functional “handle，，are used to 

build up the dendrimer. After the construction of dendrimer, the functional “handle” 

wil l be used for further derivatizations through chemical reactions to produce the 

target functionalized dendrimer. Of course, functional groups can be introduced at 

the periphery, in the interior, or in the core of the dendrimer depending on the 

location of the function "handles". This thesis is focused on the synthetic feasibility 

of dendrimer post-modifications, hence a thorough review on this topic wil l be given 

first. 

2.1 Post-synthetic modifications at the dendritic periphery 

Post-synthetic modifications at the dendritic periphery were frequently found in 

dendritic catalysts synthesis. Several examples of metal containing dendritic catalysts 

were reported in literature^"^. For example, in 1994, Koten et al. reported 

nickel-containing metallodendrimers that were prepared by conversion of the surface 
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aryl bromide functionalities (e.g. 32) into the corresponding Ni complexes (e.g. 

33).55 The reaction relied on multiple oxidative additions of Ni(PPh3)4 into the 

aryl bromide functionalities. These metallodendrimers could be used as homogeneous 

catalysts for the Kharasch addition (Scheme 7). 

(H^ChN 

？H: 

(H3C)2N 

32 

Ni(PPh3)4 CHj HN-̂ ^̂ ^Ni-Br 
八 卜 s 叙 ^ ^ ^ C H � … ( c h 3 ) 2 

33 

CCL 
OlVIe Catalyst 3 3 ^ M e - ^ o M e 

Scheme 7. van Koten's Ni-terminated macromolecular catalysts for the Kharasch addition of 

polyhalogenoalkanes to C - C double bonds. 

Koten and co-workers also reported that 4-bromophenyl-functionalized 

carbosilane dendrimer 34 could undergo polylithiation to give the 

4-lithiophenyl-functionalized dendrimer 35 in quantitative yield which was then 

reacted with different electrophiles to yield a variety of periphery-modified 

dendrimers. (Scheme 8). ^̂  As lithiated dendrimers are good precursors to prepare 

functionalized dendrimers, Moss et al also reported the synthesis and isolation of 

lithiated carbosilane-based dendriiners.^^ 

CHa" Ph SI 卜 ix 
S I 卜 ! I 化 久 

34 

-BuLi 

ClPPh, 

/ CH3/== 
s i - L ^ s 

\ CHa 

SI 卜 

phv 
-OH 

N̂ O 
S R c h o ) 

35 

a ^ c H : 

/ CH3 
\ CHo 

Scheme 8, Periphery modifications of carbosilane dendrimer through polylithiation. 
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Nithyanandhan and Jayaraman showed another example to functionalize 

dendrimers through multiple halogen-lithium exchange reactions. The bromophenyl 

group functionalized G1 to G3 poly(alkyl aryl ether) dendrimers {e.g. G2 36) were 

post-modified to give oligolithiated derivatives by treatment with /7-butyllithium 

58 

(Scheme 9). The lithiated species were then reacted either with D2O or with CO2 to 

obtain the corresponding deuterated 37a and carboxylic acid functionalized 

dendrimers 37b. To avoid imperfections in the dendrimer, the metal-halogen 

exchange process should be exceed > 99.9% and the following reactions with 

electrophiles should have high efficiency. 

0 0 

B , � � � 4 ,态( 
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\
O
0
 

\
 

o
 \

 

v
f
/
f
 

36 

36 

(i) «-BuLi, PhH, 50 "C 

(ii) D2O, rt 

(i) «-BuLi, PhH,50°C 

(ii) CÔCgas)，rt 

37a 

37b 

0 

Scheme 9. Post-modification of bromophenyl group functionalized G2 dendrimer 36. 

Periphery post-modification can also be found in the synthesis of dendritic host 

system. Meijer and co-workers reported a series of oligoethyleneglycol-terminated 

PPI dendrimers 39 which served as water-soluble dendritic hosts to trap xanthene 

dyes (Scheme 10).^^ The transformation again depended on the high coupling 

efficiency o f the multiple ester formation reactions. 
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Scheme 10. Synthesis of a G3-oligoethyleneglycol-terminated poly(propylene imine) dendrimers via 

post-synthetic modification at the surface functionalities. 

Most of the surface group modifications were achieved through covalent 

bonding but modifications using non-covalent interactions are advantageous because 

of their reversibility. Chechik and Crooks^® showed an example of dendrimer 

periphery modifications based on the formation of ion pairs between fatty acids and 

amine—terminated PAMAM dendrimers {e.g. 40) (Scheme 11). The modified 
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dendrimer 41 was used as a phase transfer agent to transport encapsulated molecules 

through aqueous and organic phases. 

• -NH2 end group of the 

PAMAM dendrimer 

O -COOH group of fatty acid 

：乂 乂 

PAMAM 

' ^ dendrimer “ 

40 

PAMAM 

^ dendrimer 
— 、 ‘ 

Scheme 11. Non-covalent periphery modifications of a PAMAM dendrimer. 

2.2 Post-synthetic modifications at the dendritic interior 

From synthetic considerations, introducing functional groups is much easier to 

the dendrimer periphery than to the interior backbone. However, functionalization on 

the dendritic backbone can enhance the level of sophistication of the dendritic 

macroniolecuie.6i The local nanoenvironment within the dendrimer can be greatly 

influenced by the functionalities present in the dendritic interior. Therefore the facile 

conversion of interior functional moieties can allow one to quickly prepare and fine 

tune the interior properties from a particular dendritic skeleton. Lochmarm et al^^ 

first reported the interior modification of Frechet-type dendrons in 1993 (Scheme 12). 

The dendron 42 was first metalated with superbases, followed by reaction with 



electrophiles to yield multifUnctionalized dendron 44. There were 31 benzylic and 15 

aromatic reactive sites, but only a maximum of 34 could be flinctionalized. Since 

metallation was generally not efficient and low yielding, therefore the product 

formed was a complex mixture of compounds. 

n 二 possible sites for functionalization 

(n < 34; theoiy n = 46) 

E = —D，-Si(CH3)3, -C18H37, -COOH 

X = good leaving groups 

m[n-C4H9Li + 3 /-CsHnOK] 

THF/hexane, -85T 
[G-4(K)n]^K 

43 

&-X 

[G-4(E)n-0H(E) 

44 

42 (G4-0H) 

Scheme 12. Multisite interior functionalized Frechet-lype dendrons prepared via metalation by 

superbases and reaction with electrophiles. 

Upon functionalization, the new dendrimer possessed enhanced hydropMlic or 

hydrophobic behavior, For example, when the metalated 42 was reacted with CO2, 

the resulting poly(carboxylic acid) became soluble in water. But when it was reacted 

with octadecyl bromide, a hydrophobic product which was soluble in hexane was 

obtained. Therefore interior conversion is a convenient method to change the 

properties of dendrimers in a few steps. 

25 



Twyman^^ also reported a post-synthetic modification of a water-soluble 

dendrimer 45 (Scheme 13). In this example, the dendrimer was reacted with excess 

benzy] bromide to yield the internal fonctionalized dendrimer 46. However, not all 

tertiary nitrogens couid be quatemalized even under prolonged reaction time in the 

presence of an excess reagent. Besides, it was found that many isomers were formed 

in the reaction. 

15 X Excess 
T S 一N . 

46 

Possible sites for tunctionalization 

Scheme 13. Post-synthetic interior modification of the water-soluble dendrimer 45. 

Frechet and co-workers reported the synthesis of poly(aryI ether) dendrimers 47 

containing allyl groups which could be converted to a wide range of functional 

groups through olefin metathesis (Scheme 14).似 The allyl group was chosen because 

it would remain intact during the growth of the dendrimer. Subsequent post-synthetic 

intermolecular cross-coupling reactions with various allyl containing functionalities 

in the presence of ruthenium-based catalysts then gave the target products 48a or 48b. 

Incidentally, intramolecular metathesis between dendritic branches resulted in cross-

linking. 
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a) b) 

4 

48a/48 b 

Scheme 14. Post-synthetic modifications of dendrimer 47 through olefin metathesis. 

Similar controllable internal postmodifications could also be found in other 

dendritic systems. Mullen and co-workers reported the synthesis of polyphenylene 

dendrimers (e.g. G2 49) bearing multiple benzophenones at the branches.^^ The 

embedded keto groups were reacted with organolithium reagents to yield different 
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alcohol products 50 (Scheme 15). It was found that bulky reactants like pyrene could 

be introduced to the rigid dendritic backbone > 99.9%. On the other hand, a 

structurally similar G1 and G2 polyphenylene dendrimers with a benzophenone 

located at the core failed to give quantitative conversion when they were reacted with 

aryl- and alkyllithium reagents. ̂ ^ Besides, it was found that the modification of the 

core with aryl- or alkyllithium reagents was only possible for molecules smaller than 

biphenyl because of spatial shielding. 

G2-dendrimer 

49 

G2-dendrimer 

50a R 二 phenyl 

50b 

50c 

50d R = pyrenyl 

50e R - H 

50 

Scheme 15. Post-modification of (32 polyphenylene dendrimer 49. (i) 50a C^HjU，THF, 70 "C; 50b-d 

/er/-butyllithium, l-bromo-4-trimethylsilyl-benzene/ 1 -bromo-4-ter/-butyIbenzene/ 

1-bromopyrene, respectively, THF, 70 °C; 50e UAIH4，THF, 70。(：. 
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Salamonczyk and coworkers reported the chemical modification of a series of 

Gl to G4 selenophosphate dendrimer (e.g. G2 51).̂ ^ The G3 dendrimer was 

subjected to multiple functional group transformations from P=Se to the P=0 

moieties on treatment with bulky /-BuOOSiMes. From the ^̂ P NMR analysis, it was 

believed that oxidation occurred at the periphery branching first，and then at the 

interior site once the oxidant could penetrate into the dendrite structure. 

Se 
P 一 

Sef Se 
0(CH2)30P--0(CH2)40P~^0(CH2)40AC)‘ 

o r p— 
o u 

0(CH2)30P40{CH2)40P-̂ 0{CH2)40AC} 

51 52 

Scheme 16. The oxygenation of G2 selenophosphate dendrimer 51. (i) /-BuOOSiMe，, CH2CI2. 

Chu and Imaê ^ showed the synthesis of a PAMAM dendrimer 53 in which 

1,3-diamino-2-propanol was used as a branch component so that many secondary 

alcohol functional groups were embedded internally within the dendritic framework 

(Scheme 17). The alcohol groups were later oxidized to the corresponding ketone 

dendrimer 54 by either chemical or electrochemical oxidation. It was confirmed by 

Ĥ and ^̂ C NMR analyses that all internal secondary alcohols could undergo 

chemical transformations successfully. As a dehydrogenation process was involved 

during the oxidation reaction of alcohol units, dendrimer 53 may serve as a 

"hydrogen donor" and have potential applications in the field of fuel cells and 

biosensors. 
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Scheme 17. Post-modification ofPAMAM dendrimer 53. 

Chow and coworkers also reported an example of dendrimer interior functional 

group conversion. Gl to G3-oligo(dibenzyl sulfide) dendrimers (e.g. G3 55) were 

synthesized through traditional convergent approach. These dendrimers have many 

-CH2SCHr- branches embedded inside the structure. The sulfide mioieties were later 

converted into the corresponding sulfone moieties under different oxidation 

conditions to give oligo(dibenzylsulfone) dendrimer (e.g. 56) (Scheme It was 

found that interior fiinctional group conversions from Gl to G3-oligo(dibenzyl 

sulfide) dendrimers to the corresponding oligo(dibeiizyl sulfone) dendrimers 

depended on the reaction conditions. In oxidative conditions involving 
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heterogeneous reagents such as oxone in MeOH or in CH2CI2 were unsuccessful. 

While smooth conversion to the corresponding oligosulfone 56 was realized in 

homogenous conditions using 35% H2O2, acetic acid and CH2CI2. I t should be noted 

that from G1 to G3 dendrimer, the number of the sulfide moieties involved in the 

transformations increased from 3 to 21. Although the sulfide groups at inner layers 

were highly shielded from G2 and G3 dendrimers, all sulfide moieties could be ful ly 

oxidized to sulfone groups under homogenous conditions. However, the problems 

encountered under these unsuccessful heterogeneous oxidation conditions revealed 

that there were other factors that could affect such multiple interior functional group 

conversions 

Scheme 18. Interior functional group transformations from oligo(dibenzyl sulfide) dendrimer to 

oligo(dibenzyl sulfone) dendrimer. 

To selectively modify one or several internal functionalities at particular 

positions, an alternative methodology using embedded functional "handles" was 

developed. However, since the positions of the anchor groups determine the sites of 

post-modification, the structure of the dendrimer is always complicated and this may 

pose additional synthetic challenges. In addition, the anchor groups chosen should be 

able to tolerate the reaction conditions during the synthesis of dendrimer. 
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Using this strategy, Bo and coworkers^^ reported a method that couid modify 

functional moieties at specific positions inside the interior of a dendrimer. 

Frechet-type G3-dendrimers (58a-c) with one aryl bromide unit embedded in either 

the first 58c, second 58b or third 58a layer of a G3 dendrimer. (Scheme 19). The aryl 

bromide was chosen to serve as functional "handle" as it could undergo Suzuki 

coupling with boronic acid 57 even in a congested reaction environment to furnish 

the various internal functionalized dendrimers 59a,b,c. From the NMR analyses, the 

conversions of these coupling steps (59a-c) were all over 95%. Therefore, the idea of 

having bromide as anchor groups on the dendritic backbone for post-modification 

was proved to be successful and this idea was further developed by other research 

groups 61 

58a 

58b 

58c 

X( 二 Br, X2 ~ H, X3 = H 

X, = H, X2 = Br, X3 = H 

X, = H, X, = H, X,= Br 

Scheme 19. Post-modification of the interior of a dendrimer via Suzuki cross-coupling. 
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Gade and coworkers?' reported another example of post-modification at specific 

location inside a dendrimer. Phenyl-Si bonds were introduced at different position of 

several carbosilane dendrimers. For the one with the phenyl—Si bond at the core (e.g. 

G3 60), quantitative cleavage of the phenyl-Si unit at the dendritic core could be 

achieved by triflic acid to get the silyl triflate derivative 61 (Scheme 20). This silyl 

triflate derivative was readily substituted by anionic nucleophilies to give various 

products 62a/ 62b. For the one having several phenyl-Si groups located at the 

branching points and at the periphery {e.g. 63), all phenyl moieties could be removed 

by triflic acid. The resulting product could also react with suitable nucleophile to get 

the desired functionalized dendrimer 64. 
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Scheme 20. Post-modification of phenyl-functionalized carbosilane dendrimers 60 and 63. (i) 

F3CSO3H，toluene; (ii) 62a: PhjSnCHsPPh,, PhLi; 62b: (Ph2PCH2)3CCH20(CH2)20H, 

A -̂BuLi. 
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As the reactive sites are located within the dendritic framework, the feasibility 

of the interior post-modification method is greatly dependent on the structure of the 

dendrimers. Hence, there are studies to analyze the accessibility of guest molecules 

to the interior o f a dendrimer. For example, Thayumanavan reported the synthesis of 

G1 to G4 benzyl ether dendrons {e.g. G4 65) in which photochemically active 

anthracene unit was incorporated at different location (Figure The 

photochemical quenching properties of the anthracene group in the various dendrons 

were studied. For dendrons of the same generation (e.g. G4 65a-e), it was found that 

anthracene unit near the dendritic core was less accessible. Besides, the accessibility 

of the periphery anthracene in the highest generation G4 dendron is less than that in 

the interior of lower generation dendrons. It was believed that the backfolding of the 

G4 dendron would result in burying of the anthracene moiety and thus showed a 

lower quenching rate. 
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Figure 8. Benzyl ether dendrons with anthracene served to probe the accessibility of the dendrimer. 

Simanek and co-worker reported another example to probe the dendrimer 

accessibility based on a thiol—disulfide exchange process.?〗A series of dendrimers 
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bearing disulfide-linked dansyi group (e.g. 66) at different locations were synthesized. 

In the presence of dithiothreitol, thiol-disulfide exchange occurred which led to the 

release of the dansyi groups. By comparing the exchange rate in different dendrimers, 

it was found that the thiol-disulfide exchange rate was affected by the size of 

dendrimers as well as the locations of the dansyi group. The rate of exchange 

decreased when the size of dendrimer increased. Also, the exchange process occurred 

more readily at the periphery of the dendrimer than that near the core. 
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Figure 9. Dendrimer 66 bearing dansyi groups was used to study the accessibility o f dendrimer. 

2.3 Post-synthetic modifications by multiple dendritic backbone rearrangements 

The synthetic strategy mentioned here is a completely different 

post-modification method to synthesize dendrimers. It is different from the 

conventional methodologies discussed in the last section. Generally, the interior 

post-modification of a dendrimer mostly involves functional group transformations 

without changing the dendritic backbone. However, the approach described here 

involves dendrimer backbone rearrangements that produce a new dendrimer of a 

totally different dendritic skeleton. Hence, the term "dendrimer metamorphosis" was 

used to describe this modification method.^^ 
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The examples given were the skeletal rearrangements of the previously 

mentioned G1 to G3 oligosulfone dendrimers (e.g. G3 56) to the corresponding G1 to 

G3 "(phenyleneviny lene) dendrimers (e.g. G3 67) via a heterogeneous 

Ramberg-Backlund (RB) reaction.^^ Again, multiple rearrangements were involved 

in these transformations (Scheme 21). As it turned out, multiple rearrangements were 

successful wi th the smaller size Gl— and G2 dendrimers, in which three and nine 

rearrangement reactions, respectively took place in one single molecule. On the other 

hand, under similar reaction conditions, it was found that the corresponding 21-ene 

could not be obtained despite numerous attempts. According to N M R evidence, 

there was still the presence of benzylic protons adjacent to the SO2 moiety, 

suggesting not all the 21 sulfone moieties in the G3-oligosulfone dendrimer 56 could 

be successfully converted into the alkene functionalities. However, the exact 

structure of the products was not determined. 

KOH/AI2O3, CBrsFa 
I 

THF, /-BuOH, -45。C 

67 

Scheme 21. Dendrimer metamorphosis from oligo(dibenzyl sulfone) dendrimers to 

oligo(phenylenevinylene) dendrimers. 

It appeared that dendrimer shell shielding effect as well as heterogeneous 

reaction conditions were possible reasons for the failure o f the complete conversion 

of 21 sulfone units to the G3 0ligo(phenylenevinylene) dendrimer. Besides, during 
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the RB reactions, the three-atom - C - S - C - linkers of the dendrimer (e.g. 56) were 

converted to two-atom ethylene linkers. Hence, it was likely that the sulfone 

functionalities near the dendritic surface would react in preference to the interior 

ones. This would lead to a shrinking of the dendritic shell which could prevent the 

interior sulfone moieties from the reactions. However, due to the presence of many 

sulfone moieties inside the whole dendrimer structure, it was difficult to pinpoint the 

location where the dendritic backbone rearrangements failed to occur. Therefore, the 

extent of the dendritic shielding effect towards the chemical transformations on the 

different locations (e.g. periphery, internal) within the dendrimer framework could 

not be accessed. 

2.4 Aims of the project 

Having reviewed the various post-modification approaches, one can 

immediately identify their advantages as compared to the divergent and convergent 

methods. First, a new kind of dendrimer, containing another type of functionality, can 

be prepared in one single step from an existing dendrimer precursor without resorting 

to multi-step synthesis. Secondly, the post-modification approaches can facilitate the 

preparation of dendrimers that are difficult to synthesize due to incompatible 

coupling chemistry via the divergent and convergent procedures. For example, while 

the previously mentioned oligo(sulfide) dendrimer 55 can be conveniently 

constructed by nucleophilic substitution of a benzyl bromide with a thiolate, the same 

coupling strategy cannot be used to form the oligo(sulfone) dendrimer 56 from the 

same benzyl bromide. Hence, the post-modification approach can offer a 

complimentary route to the convergent and divergent protocols. 
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Despite these favorable attributes, it is important to realize that there are also 

limitations of the post-modification strategies. There are key issues that need to be 

carefully studied in order to define the scope and feasibility of such novel strategies. 

First, in case where multiple functional group conversions are involved, there is 

always the question of the completeness of such multiple transformations. 

Analytically, it is difficult to differentiate the fully converted species from those 

partially converted species as they possess very similar spectroscopic, physical and 

chemical properties. Second, the extent of site encapsulation due to the dendrimer 

shell on the interior functionalities remains to be clarified. Although there are already 

studies to probe the interior accessibility of dendrimers by photochemicap-e and 

chemical methods，?] a thorough analysis by varying the location of the reactive 

functionality as well as the reaction conditions should provide additional insights of 

the synthetic hurdles that need to be surpassed in order to make the post-modification 

approaches practicable. 

In this thesis, three different G3 dendrimers 68-70 having sulfide moieties 

located at different concentric layers were carefully designed and prepared. The 

periphery of these dendrimers is decorated with an inert layer of hydrocarbon shell. 

In contrast to the G3 oligosulfide dendrimer 55 prepared earlier, in which three 

concentric layers of sulfides were present in the same dendritic molecule, the sulfide 

moieties in each of the new G3 dendrimers 68-70 are shielded to different extent 

from the exterior according to their locations inside the dendrimers. By examining 

the relative oxidation efficiencies of the differentially located sulfides in the three G3 

dendrimers 68-70 under various conditions, we should be able to address the 

dendritic shell shielding effect on their accessibility by other molecular species. We 

wi l l also subject the three corresponding G3 sulfone products to the Ramberg 
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Backlund (RB) rearrangement conditions and to identify structural factors that led to 

the failure in our previous RB reaction involving the G3 oligosulfone dendrimer 56. 

Such investigations should provide us with additional insights in the synthetic 

feasibility of dendrimer interior functional group conversion and dendrimer 

metamorphosis. 

68 69 

Figure 10. Structures of the three target layer-block dendrimers 68—70. 

In the next chapter we wil l disclose the synthetic design and the synthetic routes 

to the three target compounds. 
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Chapter 3: Synthesis and characterization of layer-block oligosulfide 

dendrimers 

3.1 Synthetic design 

In order to find out factors affecting dendrimer interior functional group 

conversion and dendrimer metamorphosis, dendrimers that possess reactive 

functional groups at specific locations inside the dendritic structure should be used as 

targets for study. In our previous investigation,^^ it was found that the dendritic 

backbone rearrangements via Ramberg-Backlund (RB) reaction did not proceed 

completely only in the G3—prototype dendrimer, therefore we decide to focus our 

attention mainly on the G3 substrates. In order to pinpoint the exact site of chemical 

transformation, layer-block dendrimers were designed as experimental templates in 

which the reactive sulfide or sulfone functionalities were embedded at concentric 

layers away from the central core (Figure 6). By studying the relative reaction rates 

of the chemical transformations of the reactive interior functional groups in these 

layer block dendrimers, we should be able to identify whether steric shielding effect 

plays any important role in dictating their relative reactivities. In other words, do 

functional groups that are located closer to the central core react more slowly than 

those located near the dendrimer surface? Secondly, by changing the reaction 

conditions from homogeneous to heterogeneous, we should be able to learn whether 

phase separation is another synthetic hurdle in these post-modification strategies. 
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Figure 11. Simplified diagram for layer-block G3-^endrimers. 

3.1.1 Dendritic surface 

Inert linkers 
~CH2SCH2— /CH2SO2CH2" 

In order to study the dendritic shell shielding effect, the reactive sulfide or 

sulfone moieties should be well-shielded. To achieve this goal, a C一 10 long alkyl 

chain was chosen as the surface group of our target G3 substrates. Based on 

computer s i m u l a t i o n s 丄之“斗 as well as experimental studies on different dendrimers,^^ it 

was found that the end groups would not simply locate at the dendritic surface, but 

usually back-folded towards the core to some extent. The degree of backfolding 

depends on the actual dendritic structure and secondary interactions between the end 

groups, such as n-n interaction, hydrogen-bonding interaction, and/or electrostatic 

repulsion. 76 If the end groups do not have strong secondary interactions between each 

other, they would distribute throughout the dendrimer architecture if the dendrimer is 

structurally flexible. Therefore, using long alkyl chains as surface groups in our 

dendritic systems can ensure effective shielding of the reactive interior functional 

groups. 

3.1.2 Linker of the dendrimer 

Two types of linker, one reactive and the other inert with respect to the 

transformation chemistry, would be used in the layer-block dendrimer system. For 
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the reactive layer, the linker is the same as that of the oligo(dibenzyl sulfide) 

dendrimers, i.e., a -CH2SCH2- group that can be oxidized to the sulfone 

(-CH2SO2CH2-) linker, which in turn can be converted to the corresponding 

vinylene (-CH^CH-) linker via Ramberg-Backlund rearrangement. For the inert 

layer, the selected linker has to fulfil l some criteria. Firstly, the linker should be inert 

to the reaction conditions employed in the dendrimer synthesis, as well as the interior 

functional group transformation reactions, e.g. sulfide oxidation reaction and the RJB 

reaction. Secondly, as we wish to monitor the progress of the interior functional 

group transformations by 'H NMR experiment, so the proton signals of the inert 

linker should not overlap with the signals due to the reactive -CH2SCH2- linker. 

Thirdly, the length of the inert linker should be a part of consideration. Ideally, it is 

best to be a three-atom spacer, similar to the -CH2SCH2- linker so that the 

experimental models would have higher similarity to the prototype dendrimer 55 in 

our previous study. Unfortunately, due to the synthetic difficulties {vide infra), a 

two-atom ethylene linker is chosen instead and details wili be discussed in the next 

section. 

3.2 Preparation of branching units, dendrons and dendrimers 

The convergent approach was employed to prepare the target G3 layer-block 

dendrimers 68-70. The surface groups were added to the branching unit through 

Sonogashira coupling between l-decyne and methyl 3,5-diiodobenzoate 71 in the 

presence of PdCl2(PPh3)2 and Cul under basic conditions" to give methyl 

3,5-di-(dec-l -ynyl)benzoate 72 in 96% yield (Scheme 22). The triple bonds of 72 

were subsequently saturated by catalytic hydrogenation using 10% palladium on 

charcoal to afford the di-^-decyl substituted benzoate 73 in 85% yield. The ester was 
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then reduced to the corresponding G1-alcohol 74 by lithium aluminium hydride 

(LiAlH4) in 93% yield. R = C10H21 

^ T J ^ 
COOMe 96% COOMe 85% COOMe 93% CH^OH 

71 72 73 74 

GI-CH2OH 

Scheme 22. Synthesis of Gl—alcohol 74. Reagents and conditions: (i) 1-decyne, PdCl2(PPh3)2, Cul, 

NEtj , THF’ 20。C; (ii) H2, 10% Pd/C, THF, MeOH, 20。C; (i i i) L iAlh^ ’ THF, 0-20 T . 

Once the Gl—alcohol was obtained, the —OH group at the focal point was 

transformed to other functional groups that were capable of coupling to different 

branching units to yield various G2 dendrons. Methods of introducing the 

oligosulfide linker -CH2SCH2- had been reported by Chow's group^^ and they were 

also applied in this study. For the inert linker, several linkage systems had been tried 

and these are reported in details in the next section. 

As there are a number of dendritic molecules involved in the synthetic scheme, 

a notation system is used to simplify the discussion in this thesis. A l l dendrons are 

named in a format of "Gn-B-F" whereas Gn represents the number of generation of 

the dendron, B indicates the type of branches involved and F refers to the functional 

group present at the focal point. Using the G3 dendron 75 as an example (Figure 12), 

counting from the surface towards the focal point, branches -CH2SCH2- are 

encountered in the outer layer and —CH=CH- are found in the inner layer, therefore 

the notation “SC=C，’ is used to name the branch. The functional group at the focal 

point of dendron 75 was a dimethyl acetal -CH(OMe)2. Therefore, dendron 75 has a 

notation of G3-SC=C-CH(OMe)2. For the cases of our target dendrimers, they were 
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ail named as "G3-B-dendrimer" instead. 

branches 

branches 

-CH2SCH2— 

-CH2CH2-

-CH=CH-

Short notations 

S 

c 

c=c 

75 
Figure 12. Structure o f G3 dendron 75 and the notations for various branches. 

3.2.1 Choices of inert linker 

3.2.1.1 -CH2OCH2- linker 

In our first attempt, a three-atom linker 一CH2OCH2— that was inert to the sulfide 

oxidation and RB reaction conditions was chosen as the linkage group. The 

G1-alcohol 74 was first converted to the alkoxide anion using sodium hydride and 

then reacted with a TBDPS-protected branching unit 76 to obtain the G2 dendron 77 

(Scheme 23). However, the yield of this reaction was low (29%) 
R = CmHi 

R、a>R 

、0H 

74 

Br Br 

OTBDPS 

NaH 

76 

THF, 60 X 

29% 

y w 
SDTBDPS 

77 

Scheme 23. Synthesis of G2 dendron 77 with —COC- linkage. 

In fact，similar coupling reactions under different reaction conditions had been 
TO 

reported in literature but the results were mostly unsatisfactory (25^5%) . It 

appeared that the William coupling reaction was not an effective way to give 
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dibenzyl ethers. In addition, in our case it was found that the TBDPS group was 

partially cleaved during the reaction and an uncontrolled hyperbranched 

polymerization occurred to give a complex mixture of products. As a result, the yield 

was very low and product purification was very difficult. 

3.2.1.2 -CH2CH2CH2- linker 

The 3-atom propylene linker is not commonly found in dendrimer system as its 

construction is not straightforward. Schluter et al. reported both divergent and 

convergent synthetic approaches for the preparation of lower generation Gl— and 

G2-phenylenepropylene dendrons.^^ However, both methods were found not feasible 

in our case. For the divergent method, structural defects may result as twelve 

identical transformations will be involved in the synthesis of our target G3 

dendrimers. Hence, the alternative convergent approach was adopted. The key step 

used in the introduction of the 3-carbon spacer was a modified Suzuki-type coupling 

between a substituted propylene borane 79 and an aryl iodide. When monomer 78 

was coupled to the known organoborane 79/9 it was found that the desired product 

80 and its styryl isomer 81 were obtained as an inseparabJe mixture (Scheme 24). 

Furthermore, the undesirable side product 81 was formed in 50% yield. 

OBn OBn OBn OBn 

aq. NaOH, cat. Pd(PPh3)4 

Toluene, reflex 
79 

兆 80 81 

Scheme 24. Synthesis of phenylenepropylene dendron via a convergent approach. 

We therefore tried to introduce the propylene linker using another method. The 
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Gl—alcohol 74 was first converted to the corresponding bromide 82 in 97% yield in 

the presence of CBr4 and triphenylphosphine (Scheme 25). It was then reacted with 

TMS-acetylenyl magnesium bromide to afford alkyne 83. The carbon chain at the 

focal point was then already extended to contain three atoms. The TMS group was 

then removed by K2CO3 so that the free acetylene 84 could be used to couple with a 

branching aryl dihalide unit 86. Unfortunately, isomerization of the triple bond 

occurred during desilylation and allene 85 was obtained instead. 

R = CioHai ； X = Br or I 

PG = protected functional group 

R交 

74 

97% 
Br 

82 

70% 

83 84 

Scheme 25. Synthetic approach to intermediate 84 using Grignard reaction. Reagents and conditions: 

(i) CBr4, PPh3, THF, 20�C ; (ii) TMSC三C—MgBr，Cul, THF, 60�C ; (iii) K2CO3, MeOH, 

THF, 20 OC. 

The 13�NMR spectrum of compound 85 showed a characteristic peak at 209.9 

ppm, which was due to the allenic carbon and was consistent with the value reported 

in the literature，The Ĥ NMR of compound 85 also showed the presence of a 

doublet and a triplet at 5.13 ppm and 6.12 ppm, respectively, confirming the presence 

of the allene unit. 

As the terminal acetylene 84 could not be obtained, another synthetic pathway 

involving the Wittig reaction was used (Scheme 26). The Gl-bromide 82 was 

reacted with TMSCN in order to introduce one additional carbon atom to the focal 

point. The cyanide 87 obtained was then hydrolyzed, reduced and brominated to 
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afford the corresponding bromide 90. The corresponding phosphonium salt 91 was 

prepared by reacting compound 90 with triphenylphosphine. — 
R = C10H21 

• 

Br 

82 

100% 
HjBr 

XN 
87 

PF 

60% :OOH 
88 

+ 

89% 95% 
；H2OH 

89 

PhsBr 
90 

X-

Scheme 26. Synthetic approach to intermediate 92 using Wittig reaction. Reagents and conditions: (i) 

TMSCN, TBAF, MeCN, 80。C; (ii) 40% NaOH, H2O2, THF, EtOH; (Hi) UAIH4, THF, 

0-20 T ; (iv) CBr4, PPhs�THF, 20 "C; (v) PPhs, DMF, 100 "C; (vi) NaH, THF, reflux. 

In a model experiment, benzaldehyde was first used to couple to compound 91 

in order to test the feasibility of this synthetic method. However, it was found that 

base-promoted elimination of the triphenylphosphine occurred and only alkene 93 

could be obtained. The structure of compound 93 was proven by Ĥ NMR 

spectroscopic analysis. The Ĥ NMR spectrum showed a characteristic doublet of 

doublet (dd) signal at 6.68 ppm (/trans" 17.7 Hz; Jcis ~ 10.8 Hz) which was due to the 

proton Ha. Two dd signals were also observed at 5,72 ppm (Jtrans ~ 17.7 Hz; Jgem = 

0.9 Hz) and 5.20 ppm (Jcis =11 Hz; Jgem = 0.6 Hz) which corresponded to protons Hb 

and He respectively. 

Since it was problematic to introduce the propylene group as the linker, so a 

two-atom ethylene linker was used instead. Although it was one atom less，it should 

not have much influence on our study of the dendritic shielding effect. The relative 

reactivities of the different interior sulfide moieties could still be assessed. The 
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synthesis of our target dendrimers could be simplified when the ethylene group was 

used as the linker because many synthetic methods to poly(phenyleneethylene) 

dendrimers had been reported.^' 

3.2.1.3 —CH2CH2— linker 

According to the l i teraturethe Horner-Wadsworth-Emmons (HWE) reaction 

was the most commonly used method to connect dendrons and branching unit via the 

—CH=CH- ！inker. Therefore this strategy was applied to our synthetic scheme 

(Scheme 27). A dendron 94 with an aldehyde functional group locating at the focal 

point wil l be used to couple to diphosphonate 95 to yield the next higher generation 

dendron 96. The double bonds in dendron 96 are then saturated to afford the 

flexible -CH2CH2- linkers and the focal point protecting group can then be removed 

for further growth of dendrimer. 

〇Et oEt r ^ 

D广 1 _ 

94 95 96 

1) Double bond saturation 

2) Removal o f protecting group ^ ‘ ‘ ^ ^ PG: Protected functional group 

FG FG: Reactive functional group 
97 

Scheme 27. Horner-Wadsworth-Emmons (HWE) approach to phenylenevinylene dendrons. 

3.2.2 Synthesis of various branchers 

Three different branching units 104, 105 and 107 were used during the growth 

of dendrons. Branchers 104 and 107 were used in HWE coupling reactions. Their 
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focal point was protected either as a -THP group or a dimethyl acetal group. Reasons 

for using different protecting groups will be explained later. Brancher 105 was a 

dibromide which could react with thiols to afford a higher generation dendron with 

C-S-C branches. They were all prepared from commercially available trimesic acid 

(Scheme 28) 82 

107 

Scheme 28. Synthesis of various branchers 104，105, 107 and core unit 101，102. Reagents and 

conditions: (i) MeOH, conc. H2SO4, reflux; (ii) LiAlH4, THF, 0-20 (iii) CBt^, PPhs, 

THF, 20 OQ (iv) P(OEt)3, 100�C; (v) DHP, PPTS, CH2CI2, 2 0 � C ; (vi) PCC/silica gel， 

CH2CI2, 0-20 "C; (vii) montmorillonite K 10, CH(OMe)3, MeOH, 20 ̂ C. 

Esterification of trimesic acid using methanol and concentrated sulfuric acid 

gave the corresponding methyl triester 98, which was then reduced by LiAlILj to 

afford 1,3,5-tris(hydromethyl)benzene 99. The triol 99 was brominated to obtain a 

mixture of dibromide 100 and tribromide 101 in 48% and 21% yield, respectively 
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using 2.2 equivalents of CBr4 and PPhg. The tribromide 101 could be used as the core 

unit itself or further reacted with triethyl phosphite to yield a tris(phosphonate) 102 

in 83% yield. 

For the dibromide 100, the remaining -OH group was either reacted with 

dihydropyran in the presence of pyridium /?-toluenesulfonate (PPTS) to yield a 

THP-protected dibromide 103 (94%) or oxidized by pyridinium chlorochromate 

(PCC) in CH2CI2 to afford the corresponding aldehyde 105 (90%). Compounds 103 

and 105 were reacted with triethyl phosphite to give the diphosphonates 104 and 106 

in 990/0 and 83% yield, respectively. The aldehyde group of 106 was then protected 

as a dimethyl acetal to obtain the brancher 107 in 92% yield. This was an essential 

step because i f compound 106 was used to couple with other dendrons under the 

HWE conditions, self-coupling of 106 would also occur to give a cross linked 

polymer network. 

Since the sulfide moieties were introduced at different concentric layers, the 

synthesis of the various layer block dendrimers would not be as straightforward as 

that of Chow's type oligo(dibenyl sulfide) dendrimers. However, the type of 

reactions involved were mostly the same except the order of the reaction sequence. 

Two key coupling methods were used. When the dendron and the branching unit 

were connected by a two carbon -CH2CH2- linker, a reaction cycle involving 

sequential HWE coupling-double bond saturation was employed. On the other hand, 

when a sulfide "CH2SCH2-Iinker was involved, a Mitsunobu type alcohol to thiol 

transformation followed by a simple Sn2 thioalkylation reaction were used (Scheme 

29), 

50 



-CH2CH2- linker 

Brancher 107 
Double bond 

saturation 

-CHoSCH,- linker 

'。H Mitsunobu reaction 
Sn 2 reaction 

SAc Brancher 105 

Scheme 29. Reaction cycles involved in the growth of den dons. 

3.2.3 Synthesis of G3-CCS-dendrimer 68 with sulfide linkers in the innermost 

layer 

For the convergent preparation of the G3—CCS—dendrimer 68 bearing three 

sulfide moieties embedded in the innermost dendritic layer, one required a G3 

dendron 116 having two inert -CH2CH2- layers with a focal point CH2SH 

functionality for anchorage to the tribromide central core 101 (Scheme 30). Hence, 

the G1-alcohol 74 was first oxidized with PCC in CH2CI2 to give the corresponding 

aldehyde 108 which was then coupled with the diphosphonate brancher 104 to obtain 

the unsaturated G2 dendron 109 in 74% yield. The two double bonds in compound 

109 were then saturated by catalytic hydrogenation in the presence of 10% Pd-C and 

K2CO3. The inorganic base was used to prevent the cleavage of the THP protecting 

group during hydrogenation. After that, removal of THP group was performed in the 

presence of HCI to give the G2—alcohol 111 in 74% yield. The free hydroxy I group of 

the dendron 111 was then oxidized with PCC again to provide G2-aldehyde 112 in 

81% yield. HWE olefination was repeated again between the aldehyde 112 and the 
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brancher 104 to give a THP-protected G3 dendron 113 in 60% yield. Then, catalytic 

hydrogenation followed by acid-catalyzed removal of the THP group gave the 

G3—alcohol 115. At this stage, the focal point CH2OH group of 115 was converted to 

the corresponding thioacetate 116 by Mitsunobu reaction in order to introduce the 

innermost sulfide linker. 

74 
86% 74% 

、OTHP 

74% 81% 

60% 

87% 
47% 

Scheme 30. Synthesis of G3-CCS-dendrimer 68. Reagents and conditions: (i) PCC/silica gel, CH2CI2 

0-20 °C; (ii) 104, NaH, THF, reflux; (iii) 10% Pd/C, K2CO3, THF, 20�C ; (iv) conc. HCl, 

THF，EtOH, 20�C ; (v) AcSH，DIAD, PPhb, THF, 0-20 °C. 
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R ' ^ R 

G3—CCS—dendrimer, 68 

Scheme 30 (ctd). Synthesis of G3—CCS-dendrimer 68. Reagents and conditions: (vi) NaOMe, MeOH, 

THF, 20 (vii) 101, NaOH, TBAI，MeOH, THF, 20�C. 

The coupling reaction between the G3 dendron 116 and the tribromide core 101 

proved to be difficult. Generally, the acetyl group of the dendritic thioacetate is first 

removed by sodium methoxide and an Sn2 thioalkylation is then performed in the 

presence of a dibromide brancher to obtain the desired higher generation dendron. 

Unfortunately, when one tried to synthesize the G3—CCS—dendrimer 68 under the 

same experimental conditions, only unidentifiable products were obtained. Hence, 

another reported procedure was then tried,̂ ^ in which the in situ generated thiol 117, 

l,8-diazabicyclo[5.4.0]undec-7-ene (DBU) and the tribromide 101 were mixed in 

benzene and stirred at room temperature. However, the target product 68 still could 

not be obtained. 

Phase transfer (PT) reaction has proven to be an effective method to prepare 

umsymmetrical thioethers，Ferreira and coworkers reported the synthesis of aryl 

alkyl sulfides from the corresponding disulfides under phase transfer conditions.̂ ^ 

The disulfide bond was found to cleave and give the thiolate anion in the presence of 

hydroxide anion. The arylthiolate anion was then reacted with the alkylating agent in 
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the presence of phase transfer catalyst (PTC) to give the desired thioether. Since 

dendritic disulfide was always obtained as a by-product (due to facile oxidation of 

the in situ generated thiol 117) during the coupling reaction between thioacetate 116 

and tribromide 101，it was therefore possible to prepare the target dendrimer 68 

under the PT conditions. Hence, the acetyl group in compound 116 was removed by 

sodium methoxide in situ and the resulting thiol 107 was immediately reacted with 

the trifunctional core 1,3,5-tns(bromomethyl)benzene 101 in the presence of sodium 

hydroxide and TBAI to yield the G3-CCS—dendrimer 68 in 37% yield. This 

dendrimer processes three sulfide groups locating at the innermost dendritic layer. 

Although the product yield was low, the G3-CCS-dendriiTier 68 could be obtained in 

pure form. 

3.2.4 Synthesis of G3—CSC-dendrimer 69 with sulfide linkers in the middle 

layer 

For the convergent preparation of the G3-CSC—dendrimer 69 bearing six sulfide 

moieties embedded in the middle dendritic layer, one needs to secure the synthesis of 

a G2 dendron 119 having one inert -CH2CH2- layer with a focal point CH2SH 

functionality. This compound was prepared by the G2-aicohol 111 via a Mitsunobu 

reaction (Scheme 31). Hence, alcohol 111 was converted to the corresponding 

thioacetate 118 in the presence of thioacetic acid, DIAD and triphenylphosphine in 

43% yield. The middle -CH2SCH2- layer was then prepared by coupling reaction of 

the thiol 119, generated in situ from compound 118 by treatment with NaOMe, with 

the dibromide brancher 105 to give the G3-aldehyde 120 in 39% yield. The 

G3-aldehyde 120 was then reacted with the tris(phosphonate) core 102 in the 

presence of sodium hydride to afford the unsaturated G3-CSC=C-dendrimer 121. 
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This product had six sulfide moieties located in the middle dendritic layer and three 

double bonds in the inner layer. 

Ill 
43% 

R = C10H2 

57% 

G3-CSC-dendriiner, 69 

Scheme 31. Synthesis of G3—CSC—dendrimer 69. Reagents and conditions: (i) AcSH, DIAD, PPh;， 

THF, 0-20�C; (ii) NaOMe, MeOH, THF, 20�C ; (iii) 105，MeOH, THF，20�C; (iv) 102, 

NaH, THF, reflux; (v) TsNHNH〗，叫.NaOAc，DME, CHCI3, 85 "C. 
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Entry Reagents and conditions 

H2，Pd/C, THF，20。C 

H2, K2CO3, Pd/C, THF, 20°C 

NaBH4, Pd/C, AcOH, THF, 20 °C 

LAH, 20�C 

LAH, 50 °C 

Results 

Bieakdown of the dendrimer 

(Cleavage of C-S bond) 

No reaction 

Breakdown of the dendrimer 

(Cleavage of C-S bond) N2H4, CuS04,40T 

Table 1. Attempts tried for the saturation of carbon-carbon double bond in dendrimer 121. 

The three double bonds were then subjected to saturation to give the -CH2CH2-

linker. As our first attempt, catalytic hydrogenation using palladium on charcoal 

(Table 1, entries 1 and 2) was tried. However, it was found that the desired product 

could not be obtained. It appeared that the C-S bonds underwent cleavage reactions 

much faster than C=C saturation. We also tried to generate hydrogen gas by mixing 

sodium borohydride and acetic acid (entry 3).^ Unfortunately, this method was also 

unsuccessful in reducing the C=C bonds. As an alternative, we used lithium 

aluminium hydride (LiAlHU) as the reducing agent (entries 4 and 5). However, no 

reaction was found when the reaction was performed at 20 When the reaction 

temperature was raised to 50 "C, cleavage of the dendrimer skeleton again occurred. 

We then resolved to use diimide as a reducing agent, which was generated in situ 

from hydrazine in the presence of atmospheric oxygen and copper(ii) sulfate (entry 

6). The diimine, in principle, should react with the alkene through a cyclic transition 

state to yield the saturated product 69. Hence, the unsaturated dendrimer 121 was 

treated with a mixture of CUSO4 and hydrazine at 40 °C. However, the saturated 

product could not be obtained. Therefore, another experimental condition was tried. 
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The diimine was generated in situ by using TsNHNH� and sodium acetate. Finally, it 

was found that the double bonds in the innermost layer of the G3-dendrimer 121 

could be saturated to give the target G3-CSC-dendrimer 69 in 63% yield. 

3.2.5 Attempted synthesis of G3-SCC-dendrimer 70 with sulfide linkers in the 

outermost layer 

The G1-alcohol 74 was converted to the corresponding Gl-thioacetate 125 via 

Mitsunobu reaction, followed by coupling reaction with the dibromo branching agent 

105 to yield the G2 dendron 127 (Scheme 32). Initially, the synthetic method 

reported by Chow was applied and another dibromo branching unit 122 was 

employed for generation growth (Route a). However, it was found out that 

G2-alcohol 124, prepared via LiAlH4 reduction of the ester 123, could only be 

oxidized by PCC to give the G2—aldehyde 127 in 24% yield. As a result, we tried to 

conduct the coupling reaction using another branching unit, 

3,5-bis(bromomethyl)benzaldehyde 105. In this manner, the G2 aldehyde dendron 

127 was obtained in 47% yield directly from the thiol 126 
R ^ ^ ^ R R 

R = C10H7 

R R 

广V 二 V 

Route 

OH 
79% 

74 
SAc 

125 
SH 

126 

COOMe 

123 

CH2OH 
124 

R 

47% ^ V' 
CHO 
127 

Scheme 32. Synthesis of G2 dendron 127. Reagents and conditions: (i) AcSH, DIAD, PPhj, THF, 

0—20�C; (ii) NaOMe, MeOH，THF, 20 V ; (iii) 105, MeOH，THF, 20 (iv) 122, 

MeOH, THF, 20�C ; (v) LiAlH-�THF, 0-20�C ; (vi) PCC/silica gel, CH2CI2, 0-20 
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The aldehyde 127 was then coupled to the bisphosphonate branching unit 107 

under HWE conditions to afford the unsaturated G3 dendron 128 in 52% yield 

(Scheme 33). Surprisingly, the double bonds of 128 could be hydrogenated using 

CUSO4 and NH2NH2 to give the corresponding saturated G3 dendron 129 in 66% 

yield. The presence of the sulfur atoms did not create any complication, this was in 

sharp contrast to the hydrogenation reaction with the G3-CSC=C-dendrimer 121. 

G3-SCC=C-dendrimer, 130 

Scheme 33. Attempted synthesis of G3—SCC—dendrimer 70. Reagents and conditions: (i) 107, NaH, 

THF, reflux; (ii) N2H4, CuSC^, THF, 40。C; (i i i) 20% H2SO4, THF, 20 (iv) 102, NaH, 

THF, reflux. 

The focal point acetal group in 128 was then removed under acidic condition to 

yield G3—aldehyde 129 in 86% yield. However, when compound 129 was reacted 

with the trisphosphonate core 102, only a complex mixture was obtained despite 
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numerous attempts. According to 'H NMR analysis, there were signals (6 3.2-3.3 

and 5 4.0^.1) due to the presence of residual ethyl phosphonate moiety. It appeared 

that the HWE reaction was incomplete and at most only two dendrons could be 

anchored to the central core. This suggested that the failure of the HWE reactions 

was most likely due to steric retardation. As we compared the results of the different 

HWE reactions, it was found that coupling efficiency was greatly reduced as the size 

of the dendron increased. For example, the G1-aldehyde 108 could be coupled to the 

diphosphonate brancher to yield G2 dendron in 74% yield but the product yield was 

dropped to 50-60% in cases of bulkier G2—aldehydes {e.g. 112 or 127). The yield 

was even lower (39%) when the G3 dendron G3-CS-CHO 120 was coupled to the 

trifunctional triphosphonate core 102 as three, instead of two G3 dendrons were 

anchored to such a small central core. Although G3-CS-CHO 120 and G3-SC-CHO 

129 were both G3 dendrons and possessed similar structure, the G3-SC-CHO 

dendron was sterically more congested near the focal point as the linker in the inner 

layer of G3—aldehyde 129 were -CH2CH2- which had one atom less when compared 

to that {i.e. —CH2SCH2—) in compound 120. Besides, the triphosphonate core 102 was 

a very bulky reagent, it was envisaged that even G3 dendron 129 could couple to the 

core 102 once, further coupling reactions would become very difficult due to the 

steric inhibition. 

Looking back at the synthesis of G3-CCS—dendrimer 68，although the linker in 

the inner layer of G3-CC—CH2SH 117 was also -CH2CH2-, the reaction between the 

thiol and the tribromide core 101 was straight forward. This is because the tribromide 

was less bulky than the triphosphonate 102, hence the target dendrimer 68 could still 

be prepared successfully. As the G3-SCC=C-dendrimer 130 could not be obtained 

after many trials, our study could only focus on the two target dendrimers 68 and 69. 
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3.2.6 Synthesis of G3-SSS-dendrimer 136 

We also prepared the corresponding G3-SSS-dendrimer 136 with three sulfide 

layers as a model compound in order to probe the optimal conditions for the internal 

functional group conversions. The synthesis began with the Gl-CHiSAc 125 

(Scheme 34). The acetyl group in compound 125 was removed by sodium methoxide 

in a mixture of THF and MeOH to generate the corresponding thiol 126 which was 

immediately coupled to the dibromide branching unit 100 to give the G2-S-CH2OH 

in 85% yield. The focal point CH2OH group was then converted to corresponding 

thioacetate by Mitsunobu reaction in 85% yield. Using the same synthesis sequence, 

G3—SS—CH2OH 133 was prepared from G2-thioacetate in 44% yield and it was 

converted to the G3—thioacetate 134 in 82% yield. Finally, the acetyl group in 

compound 134 was removed by sodium methoxide to give the corresponding thiol 

135 which was then coupled to the tribromide core 101 to get the target 

G3-SSS-dendrimer 136 in 74% yield. R = C10H9 

125 126 

R R、 

V 
CHoO 

111 

,0H 
V 一 V 

CH,SAc CHjSH 
124 131 132 

44% 

、y 
111 

82% 

Scheme 34. Synthesis of G3-SSS-dendrimer 136. Reagents and conditions: (i) NaOMe, MeOH, THF, 

20�C; (ii) 100, MeOH, THF, 20�C; (iii) AcSH, DIAD, PPhj, THF, 0-20�C. 
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G3—SSS—dendrimer, 136 

Scheme 34 (ctd.). Synthesis of G3—SSS—dendrimer 136. Reagents and conditions: (i) NaOMe, MeOH, 

THF, 20�C; (iv) 101’ MeOH, THF, 20�C. 

3.3 Structural characterization of dendrons and dendriraers 

The two target layer-block dendrimers 68, 69 and their precursor molecules 

were characterized by proton (̂ H) and carbon (̂ ^C) nuclear magnetic resonance 

spectroscopy (NMR), mass spectrometry (MS) and gel permeation chromatography 

(GPC). 2-Dimensional NMR techniques were also used to provide signal peaks 

assignment when nessessary. 

3.3.1 ^H NMR spectroscopy 

Due to the structural similarity of the dendritic molecules, several common 

spectral features were found in the Ĥ NMR spectra. First, four sets of characteristic 

peaks due to the proton signals of the decyl surface group, were found to locate 

between 5 0.8 ppm to 5 2.6 ppm. Hence，the methyl signal was found as a triplet to at 
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5 0.9, whereas the benzylic protons were situated at 8 2.6 ppm as a triplet. The 

protons at the internal position were found as two multiplets at 5 1.3 and 1.6 ppm. 

Second, proton signals due to functional groups at the dendritic focal point were 

found at the region from 6 3.0 - 6 10 ppm (Figure 13) and the positions of these 

characteristic proton signals depended only on the nature of the focal point group, 

but independent of the generation. Therefore, these characteristic signals can serve as 

a tool for identification of chemical transformations occurred at the focal point. 

Functional group 
at focal point 

-SCOCH3 

-CO2CH3 I 
-CH2OH 
—CH2OTHP I I I I I 
-CH(0CH3), I I 
-CHO I 

Surface 
decyl -<| 
group 

11 ^ \ A 

ppm ( f l | 

Figure 13. Chemical shift position of the characteristic proton signals (300 MHz, CDCI3) due 

functionalities at the focal point. 

There are only three types of branches (—CO�-CSC—�-C=C-) in all the 

dendritic molecules, and they give rise to proton signals in different regions. For the 

saturated -CH2CH2- branch, proton signals are located at about 6 2.8—2.9. For the 

-CHiSCHa-branch, the chemical shift of the proton signals are at about 6 3.5-3.6, 

which is more downfield shifted as compared to the saturated -CH2CH2- branch due 

to the presence of the sulfur atom. For the -CH=CH- branch, as they are connected 

to the aromatic branchers and are part of a conjugated system, the proton signals are 

downfield shifted and located at about 5 6.8-6.9. Signals due to the aromatic 
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branchers of the dendritic molecules can be observed at the downfield region from 

6 6.8 to 8 8.0 ppm. 

〕1oH21 C10H21 C10H21 C10H21 /C10H21 C10H21 
C i o H 2 r ~ ' (\ / ) - C i o H 2 1 CIOH21--<\ /> <\ / ) -C IOH21 CIOH21-<\ /> 

/lA—J 

110 ii A J l u 丨 L 

111 
IkJ A . 

KO) 

Figure 14. Stacked Ĥ NMR spectra (300 MHz, CDCI3) for G2 dendrons 109-111. 

Ĥ NMR spectroscopy was also a useful tool to elucidate the chemical 

transformation of the functional group at the focal point or at the branches. For 

example, in the synthesis of saturated G2-C'-OTHP 110, saturation of the 

carbon-carbon double bonds could be monitored by Ĥ NMR spectroscopy (Figure 

14). Before the reaction，the AB system due to the double bonds was observed at the 

5 7.1-7.2 ppm. When the hydrogenation was completed, the vinylene HC=CH 

signal disappeared and a new board proton signal at 6 2.8 ppm was found which was 

due to the signal on the -CH2CH2- linker. The Ĥ signals of the diastereotropic 

benzyl protons near the -OTHP group were found as two doublets at 4.55 and 4.82. 
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After removing the THP protecting group at the focal point, the signals due to the 

THP moiety disappeared, and the benzylic protons adjacent to the OH group now 

became a doublet at 5 4.66 ppm in G2-C-CH2OH dendron 111. 

2D NMR spectroscopy was also used to aid structural assignments. For example, 

in the 'H NMR spectrum of THP-protected G2 dendron 109, there were two peaks at 

about 5 7.13 and §7.17 ppm, both of which had a relative integration of 4. It was 

difficult to distinguish which one was due to the protons of the double bonds and 

which was due to the aromatic protons on the surface branchers. Therefore, 

2-dimensional heteronuclear single quantum coherence (HSQC) NMR spectroscopy 

was used to probe additional information on the proton-carbon connectivity (Figure 

15). This technique can relate a particular '^C signal to its corresponding ^H signal by 

showing a cross peak at the 2D NMR spectrum. From the spectrum, ten '^C signals 

were found from 6 122 ppm to 5 144 ppm which were due to the carbon atoms on the 

aromatic rings and the double bonds, and there were only six sp^-hybridized carbon 

signals that had correlation to the proton signals. It was found that there were two 

non-equivalent carbon signals at 5 128 and 6 130 ppm that possessed a cross peak 

with the proton signal at 5 7.13, hence this proton signal must be due to the olefmic 

hydrogen (in blue ellipse). 
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r - S " Both signals had a relative integration of 4 

No correlation between 

carbon and proton signals. 

They were due to carbons 

at positions 2,4, 8, and 10. 

8.0 7.9 7!8 77 zls TIS 7A 7.1 7.0 

32 

6.7 

Figure 15. Partial HSQC NMR spectrum (400 MHz, CDCI3) ofTHP protected G2 dendron 109. 

For the G3 series of dendrons, Ĥ NMR spectroscopic analysis again provides 

valuable information on their structure. The stacked Ĥ NMR spectra of the G3 

dendrons 75，128-129 are shown in Figure 16. After saturation of the double bonds 

in dendron 75，the proton signals due to the outer branches -CH2SCH2- as well as 

the focal point protecting group ~CH(OCH3)2 were shifted towards the upfieid region 

slightly. As expected, the proton signals of the -CH2CH2- branches for both the G2 

and G3 dendrons were found at the same chemical shift of 2.9 ppm. The benzylic 

proton signals adjacent to the S atom were found to locate at about 5 3.6 ppm. After 

deprotection of the dimethyl acetal group, an aldehyde peak located at 8 10.0 was 

found. At the same time, the signals of the -CH2CH2- branches were resolved into 

multiplets at around 6 3.0. 
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Figure 16. Stacked NMR spectra (300 MHz, CDCI3) for G3 dendrons, 75,12^-129. 

Figure 17 showed the stacked Ĥ NMR spectra of G3-CCS-<iendrimer 68 and 

G3-CSC--dendrimer 69. For G3-CCS-dendrimer, the proton peaks due 

to -CH2CH2- of two different dendritic layers were almost merge together and were 

located at about 6 2.84 and 2.86 ppm. For G3-CSC-4endrimer, the proton signals of 

the -CH2CH2- branches were found as two clear board peaks at 6 2.80 and 2.87 ppm. 

The benzylic proton signals adjacent to the S atom were found to locate at about 6 

3-6 ppm which was similar to those sulfide containing dendrons. 
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Figure 17. Stacked 'H NMR spectra (400 MHz, CDCI3) tor G3-CCS-dendrimer 68, 

G3-CSC-dendnmer 69. 

3.3.2 Be NMR spectroscopy 

'^C NMR spectroscopy is a very useful characterization technique in the 

structural identification of symmetrica] dendritic molecules. Hence, all dendritic 

molecules were characterized by this technique. For most dendrons, the signals fell 

into two distinct regions. Those due to the decyl surface groups were observed at the 

upfield region from 5 14 ppm to 5 36 ppm. Signal overlappings were commonly 

encountered because of the very similar chemical environment of the aliphatic 

carbon atoms. The '^C signals due to the aromatic carbons were found to spread 

between 6 123-144 ppm in the downfield region. 
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The '^C signals due to -CH2SCH2- and -CH2CH2- branches are at about 6 35 

ppm and 5 38 ppm, respectively. These signal peaks usually overlap with the signals 

due to the surface group. For the branches -CH=CH- the respective carbon signals 

were found at about 5 127 to 130 ppm, which overlapped with the aromatic carbon 

signals. Figure 18 showed the '^C NMR spectrum of G3-CSC=C-dendrimer 121 

which indicated the various types of carbon signals in the different regions. 

R = C10H2 

~-CH=CH 
Aromatic carbons 

135 0 125 0 25 0 150 

Figure 18. '^C NMR spectrum (300 MHz, CDCI3} for the G3—CSC=C- dendrimer 121. 

The functional groups at the focal point also exhibited the respective carbon 

signals at different regions (Figure 19). Generally, signals due to the carbonyl groups 

from the thioacetate, aldehyde or methyl ester were found at chemical shift values 

higher than § 160 ppm, while other carbon signals due to the functionalities at the 

focal point were mainly located from 6 50 ppm to 5 110 ppm. Furthermore, it was 

found that the chemical shift values of these characteristic carbon signals did not 

change significantly in different dendrimer generations. 
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Functional Group at focal point 

-CH2SCOCH3 

-CO2CH3 
-€H(0CH3)2 
-CH2OH 
-CH2OTHP 

~CH20THP 
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-C02CH3 I 

-CHO I 
-CHoSCOCH, I 

I I I 

200 
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Figure 19. Location of carbon signals (300 MHz, CDCI3) due to different functional group at the 

dendritic focal point. 

3.3.3 Mass spectrometry 

Mass spectrometry is a commonly used technique in the characterization of 

dendritic compounds as the presence of defects could be observed from the spectrum. 

Two kinds of soft ionization techniques were employed in our study. They were 

electrospray ionization (ESI) and the matrix-assisted laser desorption/ionization-time 

(MALDI). Peaks of the molecular ions could be located in all spectra of the dendritic 

compounds and they showed peaks matching the calculated molecular weight. The 

experimental results of the mass spectral data were summarized in Table 2. 

Gl-dendron Ionization method Theoretical Value ® Measued value ^ 

72 ESI 431.2921 431.2931 

73 ESI 439.3547 439.3545 

74 ESI 411.3597 411.3600 

108 ESI 409.3441 409.3450 

125 ESI 4693475 469.3486 

Table 2. Mass-to-charge ratio for G1 to G3 dendritic species. ® the theoretical value and the measured 

value was based on molecular weight of [M+Na广 
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G2-dendron Ionization method Theoretical Value® Measued value 

109 MALDI-TOF 979.8241 979.8289 

110 MALDI-TOF 983-8554 983.8544 

111 ESI 899.7979 899.7965 

112 MALDI-TOF 897.7822 897.7833 

118 ESI 957.7857 957.7848 

124 ESI 963.7421 963.7418 

127 MALDI-TOF 961.7264 961.7241 

131 MALDI-TOF 1021.7298 1021.7314 

G3-dendron Ionization method Theoretical Value Measued value 

75 MALDI-TOF 2045.5632 2045.5632 

113 MALDI-TOF 1957.7039 1957.7106 

114 MALDI-TOF 1961.7352 1961.7329 

115 ESI 1877.6777 1877.6790 

116 MALDI-TOF 1935.6654 1935.6646 

120 ESI 1939.6062 1939.6072 

128 MALDI-TOF 2049.5921 2049.5888 

129 MALDI-TOF 2003.5503 2003.5577 

133 MALDI-TOF 2069.5100 2069.5105 

134 MALDI-TOF 2127.4982 2127.5001 

G3-dendrimer^ Ionization method Theoretical Value Measued value 

68" MALDI-TOF 5728 5728 

69 MALDI-TOF 5847 5846 

121 MALDI-TOF 5840 5840 

136 MALDI-TOF 6305 6305 

Table 2 (ctd). Mass-to-charge ratio for G1 to G3 dendritic species, “ The value was obtained by low 

resolution mass spectrometry; ^ the theoretical value and the measured value was 

based on molecular weight of�M+Na]+; ^ unless otherwise stated, values of molecular 

weight was due to [M}+ 

Most of the prepared compounds were also characterized by high resolution 

mass spectrometry (HRMS) unless the molecular weight of the dendritic species was 

too high that only low resolution mass spectra could be obtained. From the mass 

spectra, fragments due to the cleavage of dendrons or protected groups were also 
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found. Figure 20 shows the mass spectrum of the molecular ion peak [M+Na] as 

well as the dimeric peak [2M+Na]+. Besides, there was a peak found with mass to 

charge ratio {m/z) at 856.7411. This was due to the cleavage of the protecting 

group -OTHP at the dendritic focal point. 

[M-OTHP] ' 

[M+Na]' 

CmH 

|2M+Na]' 

2500 

Figure 20. Mass spectrum (MALDl -TOF) of G2 dendron 109. 

Figure 21 shows the mass spectrum of the G3-CSOC-dendrimer 121. The 

molecular ion peak [M+Na]+ at m/z 5839.8861 was found. Other dendritic fragment 

ion peaks could also be observed at miz 4980.3390 and 4087.9300 which were due to 

the cleavage of one or two G2 dendrons. Also, it was found that the cleavage was 

commonly occurred at the C-S bond. 
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Figure 21. Mass spectrum (MALDI-TOF) of G3-CSC=C~<iendrimer 121. 

3.3.4 Gel permeation chromatography (GPC) 

Gel permeation chromatography, also known as size exclusion chromatography 

(SEC)，is a popular technique for the determination of the molecular weight 

distribution of polymers. GPC separation is based on the hydrodynamic volume of 

the analytes. Analytes with smaller size will be trapped in the porous column more 

easily, so they will be retained within the column and thus possess a longer retention 

time. Conversely, larger analytes will have a shorter retention time. Since analytes 

different in size will have different retention time, GPC is also a convenient tool to 

access the purity of dendrimers. Polydispersity index (PDI) is defined as the ratio of 

weight average molar mass (Mw) and number average molar mass (Mn). For dendritic 

molecules, PDI below 1.03 can be regarded as monodisperse. Using polystyrenes as 

the calibration standards, the molecular weight of the analyte can also be estimated. 
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Table 3 summarized the GPC results of the prepared dendritic molecules. All 

samples showed narrow molecular weight distribution of <L02. As expected, 

dendritic molecules of the same generation will have similar retention time. Hence, 

the Gl to G3 dendron series possess retention time of 34 min, 32 min, and 30 min 

respectively while the G3 dendrimer had retention time at about 28 min (Figure 22). 

Compond Retention Time i 

Gi-CHaOH, 74 34.601 f 
G2-C-CH2OH, 111 32.180 i 1 
G3-CC-CH2OH, 115 30.220 

\ 

G3-CSC-C-<lendriiner, 121 27.872 

！ 1 

； 
i 丨 丨 

1 
！ 1 
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Figure 22. Stacked GPC chromatogmms for selected den触ic species. 

3.4 Summary 

Two target dendrimers G3-CCS-dendrimer 68 and G3-CSC-dendrimer 69 were 

synthesized and characterized. A third target dendrimer G3-SCC-dendrimer 70, with 

organosulfide moieties located in the outermost dendritic layer, could not be 

synthesized despite numerous attempts. It may due to the severe steric hindrance of 

the dendrimer interior towards external reagents. Hence, our study was focused on 

the two target dendrimer 68 and 69. A model dendrimer G3-SSS^endrimer 136 was 

also synthesized in order to find out the optimum reaction conditions for the interior 

functional group conversions. 
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G1 dendron 
Retention time 

(min) 

Mn 

(Daltons) 

Mw 

(Daltons) 

Polydispersity 

(Mw/M^ 

72 34.844 625 629 1.01 

73 

74 

34.746 

34.601 

647 

688 

654 

696 

1.01 

1.01 

108 34.798 635 639 1.01 

125 34.585 681 685 1.01 

G2 dendron 
Retention time 

(min) 

M„ 

(Daltons) 

Mw 

(Daltons) 

Polydispersity 

(Mw/M„) 

109 32.014 1557 1572 1.01 

110 32.167 1485 1494 1.01 

111 32.183 1483 1494 1.01 

112 32.306 1416 1424 1.01 

118 32.198 1474 1483 1.01 

124 32.236 1481 1498 1.0] 

127 32.328 1406 1420 1.01 

131 32.239 1451 1459 1.01 

G3 dendron 
Retention time 

(min) 

M„ 

(Daltons) 

Mw 

(Daltons) 

Polydispersity 

(Mw/M^ 

75 30.263 2750 2772 1.01 

113 30.179 2820 2839 1.01 

114 30.253 2753 2769 1.01 

115 30.220 2815 2837 1.01 

116 30.265 2740 2756 1.01 

120 30.339 2677 2694 1.01 

128 30.406 2632 2660 1.01 

129 30.423 2607 2622 1.01 

133 30.302 2712 2731 LOl 

134 30.288 2727 2743 1.01 

A n d At* 
Retention time M„ Mw Polydispersity 

VTO ucui i r i i i i i ^ r (min) (Daltons) (Daltons) ( M w / M n ) 

68 28.261 6305 6385 1.01 

69 28.981 5060 5092 1.01 

121 27.872 6131 6217 1.01 

136 28.009 6025 5908 1.02 

Table 3. GPC results (retention time, Mn, Mw, PDI) of prepared dendritic compounds. 
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Chapter 4: Feasibility and efficiency of post-modifications of 

multifunctional dendrimers 

4.1 Oxidation from sulfides to sulfones inside the dendritic skeleton 

4.1.1 Oxidation under homogeneous conditions 

In order to compare the relative reactivities of the same functionalities at 

different locations inside the dendrimer, the layer-block oligosulfide dendrimers 68 

and 69 and the model compound 136 were subjected to oxidation under either 

homogeneous or heterogeneous reaction conditions. For the homogeneous condition, 

the reagents used were 35% H2O2 in CH2CI2/ACOH (10/1). For the heterogeneous 

condition, the reagent oxone in CH2CI2 was employed to oxidize the dendrimers. 

^H NMR spectroscopy was used to probe the relative reactivity of the sulfide 

oxidation in the different dendrimers. During oxidation, the sulfide was first 

converted to the corresponding sulfoxide, and finally to the sulfone. As a result, the 

chemical shift value of the benzylic proton signals adjacent to the sulfur atom wil l 

change according to the oxidation state of the sulfur atom. For sulfide, the benzylic 

protons appear as a singlet at about 5 3.5-3.6 ppm. When the sulfide is oxidized to 

the corresponding sulfoxide, the proton signals wil l become multiplets located at 

6 3.74.0 ppm due to the chira! sulfoxide environment. When all the sulfoxides are 

oxidized to the sulfones, the proton signals are normally found as singlets at about 5 

4.1-4.3 ppm. Hence, the relative integration values of the regions 6 3.5-3.6, 

6 3.7-4.0 and 5 4.1-4.3 can provide information on the extent of the two oxidation 

processes. 
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Figure 23. Mass spectrum (MALDI—TOF) of GS-SOzSOsSOs-dendrimer 138. 
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For the model G3 dendrimer 136, due to the presence of many sulfide moieties 

within the structure, it was therefore impossible to find out which of those oxidized 

faster than the others. What we would like to find out were the optimal reaction 

temperature and reagent concentration under which the reaction proceeded in a 

conversion rate that was not too fast or too slow for easy monitoring. In the end, it 

was found that all 21 sulfide functionalities could be oxidized in the presence of 35% 

H2O2 (3.0 equiv. per sulfone moiety) in CH2CI2/ACOH (10/1) to the corresponding 

G3-S02S02S02-dendrimer 138 at 32 °C in a period of 10 h (concentration of 

G3—SSS—dendrimer = 1.7 mM). As a result, the reaction temperature for all sulfide 

oxidation reactions was set to 32.0 ± 0.1 °C. The structural identity of the product 

138 was proven by 'H NMR spectroscopy and mass spectrometry (Figure 23), in 

which the molecular ion peak [M]+ was found to have a mass to charge ratio (m/z) of 

6978. [o] [o] 
136 • 137 • 138 

G3-SSS—dendrimer G3-(S0)(S0)(S0)-dendrimer GS-SOsSOzSOz—dendrimer 
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Figure 24. Plots of percentage conversion of a) sulfide to sulfoxide in G3 dendmners 68 and 69; b) 

sulfoxide to sulfone in G3 dendrimers 139 and 140. 
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For the two layer block dendrimers 68 and 69, the oxidation reactions were 

conducted under a standardized condition using 9.0 equiv. of 35% H2O2 per sulfone 

moiety and at a dendrimer concentration of 1.7 mM. The progress of the oxidation 

processes was monitored by taking aliquots from the reaction mixture at specific 

time intervals for Ĥ NMR analyses. From the relative integrations of the proton 

signal peaks due to benzylic proton adjacent to the sulfide, sulfoxide and sulfone 

moieties, their ratios in the product mixture were then worked out (Figure 24). 

68:X = S; 139: X = SO; 141: X = SO2 69: X = S; 140: X - SO; 142: X = SO2 

[O] [O] 
68 (G3-CCS-<iendrimer) • 139 (G3-CC(SO)-dendriiner) • 141 (G3-CCS02-<iendrimer) 

[O] [O] 
69 (G3-CSC-dendrimer) • 140(G3~C(SO)C^endrimer) • 142 (G3-CS02C-dendrimer) 
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Interestingly, there was little difference in terms of the oxidation rate from the 

sulfide to the sulfoxide state for these two dendrimers, suggesting that there was little 

difference in terms of the steric environment between the sulfides in the intermost 

and in the middle layers. On the other hand, the sulfone functionalities in the 

G3-CC(SO)-dendrimer 139 were oxidized much quicker than those in the 

G3-C(SO)C^endrimer 140. Hence, after 10 h, about 80% of 139 had already been 

converted to the corresponding sulfone 141 while the conversion of 140 remained at 

16%. The lack of reactivity of the sulfoxides in the intermediate layer was 

unexpected i f one considered all 21 sulfoxide moieties could be transformed into the 

corresponding 21 sulfone functionalities within 10 h in the case of the 

G3—SSS—dendrimer 136. Hence, there are other factors，in addition to steric shielding, 

that are in operation in this transformation. One possible cause for this anomaly 

could be due to the difference in microenvironment polarity of the dendrimers. As the 

sulfoxide functionality is very polar, hence G3-(SO)(SO)(SO)-dendrimer 137 should 

be much more polar than the other two dendrimers with less number of sulfoxide 

groups. As the oxidant H2O2 is also polar, an increase in the dendrimer polarity 

would enhance the diffusion of polar reagents into the interior of the dendrimer and 

thus compound 136 could be oxidized at a faster rate. Having said that, it was still 

unclear to us as to why the inner most sulfoxides in G3-CC(S0)-dendrimer 139 

oxidized much faster than those in the G3-C(SO)C-dendrimer 140. 

As mentioned previously, about 80% sulfoxide moieties in dendrimer 139 were 

oxidized to sulfone moieties in 10 hours, and complete oxidation could be achieved 

in 24 hours. However, only 15% of sulfoxide groups in dendrimer 140 were 

converted to sulfone groups in 10 hours and the oxidation was not completed even 

after 48 hours. Hence, the reaction mixture was warmed at 40 °C for 12 h to drive the 
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oxidation to completion. 

The structure of the oligosulfone dendrimers 141 and 142 were confirmed by 'H 

and 13c NMR and mass spectroscopy, and their purity by gel permeation 

chromatography. For both compounds, the most notable changes in their 'H NMR 

spectra were the downfield shift of the benzylic proton signals adjacent to the sulfone 

moiety (Figure 25). They appeared as two board singlets located at about § 4.1-4.2 

ppm. Jn the ^̂ C NMR spectra of G3-CS02C-dendrimer 142, the signals of benzylic 

carbons adjacent to the sulfone group were found at 5 57-60. However, those signals 

of the G3-CCS02—dendrimer 141 were too weak to be detected. 

141 

142 

Figure 25. Stacked 'H NMR spectra (400 MHz, CDCI3) of G3-CCS02-dendrimer 141 and 

GS-CSO.C-dendrimer 142. 

The sulfone dendrimers 141 and 142 was also characterized by mass 

spectrometry. Hence, the molecular ion peak for compound 141 and 142 was found 

at 5824.2, and 6016.6 ,respectively. 
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The purity of the G3 oligosulfone dendrimers 141 and 142 was assessed by 

GPC (Figure 26). The GPC chromatograms showed a major peak with a PDI of 1.01 

and a retention time (-28.3 min) similar to that of their precursor oligosulfide G3 

dendrimers 68 and 69 (-28.3 and 29.0 min), indicating both the oligosulfides and 

oligosulfones had a similar hydrodynamic radius. 

一 G 3 - C C S 0 2 - d e n d r i m e r 141 

—GS-CSOsC-dendrimer 142 

25 00 3*3 00 35 DC '-r^ I fy-r^f 

Figure 26. Stacked GPC chromatograms for G3 dendrimers 141 and 142. 

4.1.2. Oxidation under heterogeneous conditions 

When the oxidation reactions were switched to heterogeneous conditions using 

oxone powder (3 equiv. per sulfide) in CH2CI2 at 32.0 士 0.1 °C，none of the sulfide 

functionalities inside the G3-CCS-dendrimers could be oxidized to the 

corresponding sulfoxide after 5 days as determined by Ĥ NMR spectroscopy. It 

appeared that phase separation between the dendrimer and the reagent greatly 

hindered chemical transformations within the dendrimers. As a result, the 

heterogeneous oxidation method was not applied to other G3 dendrimers. 
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4.2 Backbone rearrangements within dendrimers 

Once the syntheses of G3-CCS02-dendrimer 141 and G3-CS02C-dendrimer 

142 were secured by the interior functional group conversion method, they were then 

subjected to Ramberg-Backlund (RB) rearrangement using Chan's modified 

conditions (KOH/AI2O3�CBrsF�）in THF//-B11OH at -45 Based on previous 
rt O 

studies, dendritic backbone rearrangement of dibenzyl sulfones was a facile process 

and completed in 10 min at this temperature. In addition, prolonging the reaction 

time did not increase the product yield, while raising the reaction temperature to 

0-25 °C led to a reduction of the product yield due to decomposition of the stilbene 

system in the presence of the strong base KOH at higher temperature. Hence, excess 

amount of powdered alumina-supported KOH (-200 mg; containing about 70 mg of 

KOH) was added a solution (2.5 mM) of the above layer block dendrimers in 

CBr2F2/THF//-BuOH (1/1/1) at -45。C for 10 min. For the G3-CCS02^endrimer 

141, the products found were a mixture of the starting material {i.e. no RB 

rearrangement occurred) and a compound 143 that was formed by a single RB 

rearrangement process. Figure 27 showed the mass spectrum of the crude product 

obtained from the RB reaction of dendrimer 141, the peak with mass to charge ratio 

(m/z) at 5796.7 was due to the single RB rearrangement product [143 + K]+，while 

the peak located at 5865.5 was due to the starting tris(sulfone) [141 + K]+. 
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Figure 27. Mass spectrum of the crude product after RB reaction of G3—CCS〇2""dendrimer 141. 

For the G3—CSO2C—dendrimer 142，there were six sulfone functionalities inside 

the dendrimer skeleton. After the reaction, the crude product was subjected to mass 

spectral analysis (Figure 29). Two major peaks were found in the spectrum. The first 

was a peak with a m/z ratio of 5752.6 due to a dendrimer 144 which possessed four 

newly formed double bonds after RB reactions. The second was a fragmentation 

peak {m/z 4896.4) coming from a dendrimer 145 with three double bonds. 
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[145-A + H r 

Figure 28. Structure of GS-dendrimr 144 and 145. 

Cleaved 

fragment (A) 

Figure 29. Mass spectrum of the crude product after RB reaction of GS-CSOaC-dendrimer 142. 
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Comparing the Ramberg Backlund rearrangement results of the two dendrimers, 

it was found that rearrangements of the dendritic skeleton to form new double bonds 

occurred more readily on the middle dendritic layer than on the innermost layer. 

Most of the innermost sulfone moieties remained unreacted in the 

G3-CCS02-dendrimer 141, or at most only one sulfone could undergo RB reaction. 

On the other hand, at least three sulfone moieties in the same dendrimer molecule 

rearranged successfully to yield the corresponding double bonds for 

G3—CSO2C—dendrimer 142. In this case it could be clearly seen that steric effect 

played a significant retarding role in reactions that are heterogeneous in nature, as the 

solid alumina particles were too large to penetrate into the dendritic interior to 

initiate the reaction. This problem became more prominent in the case of the 

G3—CCS02—dendrimer 141. 

4.3 Summary 

Under homogeneous reaction conditions, G3-CCS-dendrimer 68 and 

G3-CSC—dendrimer 69 showed similar oxidation rate from the sulfide to the 

sulfoxide state. However, the sulfoxide functionalities in the G3-CC(S0)-dendrimer 

139 were oxidized much faster than those in the G3—C(S0)C—dendrimer 140. 

Besides, it was found that oxidation reactions performed under heterogeneous 

conditions were not favored. When G3-CCS02-dendrimer 141 and 

G3-CS02C-dendrimer 142 were subjected to Ramberg Backlund rearrangements, 

the rearrangement efficiency was greatly affected by steric shielding effect. Most of 

the 'more shielded' innermost sulfone moieties in dendrimer 141 failed to react while 

at least three 'less shielded' middle layer sulfones in dendrimer 142 underwent 

rearrangements. 
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Chapter 5: Conclusions 

Two layer-block G3—CCS-dendrimer 68 and G3-CSC-dendrimer 69 with 

organosulfide moieties embedded in the innermost and middle dendritic layers, 

respectively, were synthesized and characterized. A third target G3-SCC-dendrimer 

70, with organosulfide moieties located in the outermost dendritic layer, could not be 

synthesized despite many attempts. These compounds were prepared in order to 

probe the feasibility of two new dendrimer synthesis methodologies, namely, 

dendrimer interior functional group conversion and dendrimer backbone 

rearrangement. 

The inability to prepare G3-SCC-dendrimer 70 already suggested that these 

dendritic molecules had a very compact architecture and hence the accessibility of 

the dendrimer interior by external reagents was subjected to severe steric inhibition. 

Hence for reactions that were heterogeneous in nature, the synthetic efficiencies of 

both the interior functional group conversion and dendrimer backbone rearrangement 

were low. This was exemplified in the case of the oxone-mediated interior functional 

group oxidation, in which the organosulfide moieties inside the inner dendritic shell 

of G3—CCS—dendrimer 68 were inert to the reaction conditions. In contrast, an 

ordinary small organosulfide molecule could undergo oxone-promoted oxidation to 

give the corresponding organosulfone with ease. The failure to have all the sulfone 

functionalities inside a dendrimer undergone a heterogeneous RB rearrangement in 

the cases of G3-CCS02-dendrimer 141 and GS-CSOsC-dendrimer 142 provided 

further examples on the steric shielding effect on functional group reactivity. More 

interestingly, there was an observed difference between the dendrimer backbone 
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rearrangement efficiency between the 'more shielded' innermost sulfone moieties in 

G3-CCS02-dendrimer 141 and the 'less shielded' middle layer sulfone 

functionalities in G3~CS02C-dendrimer 142. As it turned out, most of the sulfones 

in dendrimer 141 failed to react, and at most only one could undergo the 

rearrangement to give the mono-ene-bis(sulfone) product 143. On the other hand, at 

least three or four of the six sulfones reacted to give either the triene-tris(sulfone) 

145 or tetraene-bis(sulfone) compounds 144. More importantly, this was the first 

time in the literature where conclusive mass spectral evidence was obtained to unveil 

the detailed outcome of such complex reactions. 

On the other hand, the picture appeared to be very complex for reactions that 

were conducted under homogeneous conditions. One anomaly was that the innermost 

sulfoxides in G3-CC(SO)-dendrimer 139 were found to possess higher reactivity 

towards homogeneous HaCb-mediated oxidation as compared to the intermediate 

layer sulfoxides in G3-C(S0)C-dendrimer 140 under identical reaction conditions. 

Perhaps more intriguingly, G3-SSS-dendrimer 136, despite having three innermost, 

six middle and twelve outermost sulfide moieties, could be completely and smoothly 

oxidized to the corresponding G3-SO2SO2SO2—dendrimer 138 in a comparatively 

shorter period of time. We have no obvious explanation for the observed phenomena, 

but tempted to suggest that the polarity of the microenvironment, amongst other 

factors such as steric shielding, may contribute to the observed anomaly. Previously 

it had been shown by Kaifer^^ and Meijer^® that the strength of hydrogen bond 

bindings could be significantly altered by the microenvironment of the dendrons. In 

this study we also found that in some occasions the chemical reactivity of the 

functionalities inside a dendritic molecule could not be simply rationalized by steric 

inhibition, and there were findings that the microenvironment polarity of the 

86 



dendrimer itself could also play an important role in dictating the efficiency of 

chemical transformations. 

In summary, dendrimer interior functional group conversion and dendrimer 

backbone rearrangement are new and novel synthetic strategies for the preparation of 

new dendritic molecules. However, steric inhibition at the interior of the dendrimer, 

plus the difficulties in ensuring complete multiple functional group transformations 

are two hurdles that needed to be further addressed. In addition, one should also 

examine the role of microenvironment polarity through further studies in the future. 
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Chapter 6: Experimental Procedures 

6.1 General Information 

Al l reagents were purchased from commercial suppliers (Acros or Aldrich) and 

used without further purification. Al l reactions were performed under N2 atmosphere 

unless otherwise noted. A l l glasswares were dried in an oven prior to use. 

Tetrahydrofuran (THF) was freshly distilled from sodium benzophenone ketyl before 

use. Dichloromethane and acetonitrile were distilled from calcium hydride prior to use. 

Silica gel for flash chromatography is Merck 60 (70-230 mesh) silica gel. Thin layer 

chromatography (TLC) was performed on silica gel sheets 60 F254 purchased from E. 

Merck. 

Al l nuclear magnetic resonance (NMR) spectra were recorded either on a Bruker 

DPX spectrometer at 300 MHz ( 'H) and 75.5 MHz ('^C) or a Bruker Advance II 

NMR spectrometer at 400 MHz (^H) and 100 MHz ('^C). Chloroform-^/ (dried over 

molecular sieve 4A) was used as solvent unless otherwise stated. Al l chemical shifts 

are reported in ppm (5) and coupling constants (J) in Hz. Melting points were 

measured on an Electrothermal IA9000 digital melting point apparatus and are 

uncorrected. Mass spectra were obtained by electrospray ionization (ESI) or fast atom 

bombardment (FAB) on a Finnigan Mat 95XL mass spectrometer or by matrix 

assisted laser desorption/ ionization time of flight mass spectrometry (MALDI-TOF) 

on a Bruker Daltonics autoflex III TOF Analyzer with high resolution reflectron 

time-of-flight (refTOF) mass spectrometer. The reported molecular mass (w/z) is the 

most abundant monoisotopic mass unless otherwise specified. Size exclusion 

chromatography (SEC) analyses was performed using Waters® Styragel columns 
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(HR1,HR2, HR3 and HR4 7.8 x 300 mm in serial) at 40。C using THF as eluent (flow 

rate = 1.0 mL/min) on a Waters® HPLC 515 pump equipped with a Waters® 2489 

UV/Vis detector. Elemental analysis was carried out at MEDAC Ltd, Science Center, 

Cooper's Hil l Lane, Englefield Green, Egham, Surrey TW20 OLB, United Kingdom. 
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6.2 Synthesis of dendrons and dendrimers 

87 

3,5-Diiodobenzoic acid. 

3,5-Diaminobenzoic acid (9,98 g, 66 mmol) was dissolved in HCl solution (250 mL， 

2.4 M) and cooled to -10°C for 15 min. A solution of sodium nitrite (9.83 g，142 

mmol) in water (50 mL) was added slowly and stirred for 5 min. After that, a solution 

of potassium iodide (23.71 g, 143 mmol) in water (50 mL) was added. The mixture 

was stirred at 0°C for a further 10 min and then heated to 90°C for 20 min. The 

reaction mixture was allowed to cool to 20°C and sodium bisulfite (〜2 g) was added 

to destroy the excess iodine. The remaining brown solid was filtered and then 

redissolved in 90% aqueous ethanol (300 mL). Decolorizing charcoal was added and 

the solution was brought to boiling and filtered. The filtrate was concentrated under 

reduced pressure and cold water (250 mL) was added to precipitate the product. After 

the solution was cooled in ice bath for 10 min, it was filtered to give the product as a 

brown solid (15.68 g, 64%). M.p: 231—233。C (lit.^^: 233。C). R,: 0.24 (EtOAc); ^H 

NMR (300Mz; DMS0-i4; COOH not observed): 8.19 (d, J = 1.5 Hz, 2 H, ArH), 8.35 

(t，J= 1.5 Hz, 1 H, ArH); '^C NMR (75 MHz; DMSO-^4): 96.1, 134.3, 137.0, 148.2, 

164.7. 

Methyl 3,5-diiodobenzoate (71).^^ 

3,5-Diiodobenzoic acid (30.62 g, 82 mmol) was dissolved in methanol (600 mL). 

Concentrated sulfuric acid (2 mL) was then added slowly and the reaction mixture 

was heated to 65 °C for 18 h. The excess solvent was then evaporated and the 

resulting solution was neutralized by saturated NasCOs solution. The product was 

then extracted with CH2CI2 (150 mL x 3) and the combined organic layers was dried 

(MgS04)，filtered and concentrated in vacuo. The residue was purified by flash 
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chromatography on silica gel (eluent: hexane/EtOAc = 10/1) to give the ester (22.89 g, 

72%) as a white solid. M.p: 94—97。C (lit^^: 94 X ) . R/ 0.47 (hexane/EtOAc = 50/1); 

1h NMR (300 MHz): 3.92 (s, 3 H, COsC^) , 8.23 (t, J - 1.7 Hz, 1 H, ArH), 8.32 (d, J 

二 1.5 Hz, 2 H, ArN), " C NMR (75 MHz): 52.8, 94.5, 133.2, 137.7, 149.2, 164.1. 

Methyl 3,5-di-(dec-l-ynyl)benzoate (72). 

A mixture o f methyl 3,5-diiodobenzoate 71 (15.00 g, 39 mmol), 1-decyne (40.0 mL, 

222 mmol), bis(triphenylphosphine)palladium(II) dichloride (2.74 g, 3.9 mmol), 

copper(i) iodide (0.38 g, 2.0 mmol), and triethylamine (25 mL) in dry THF (200 mL) 

was stirred at 20 °C for 72 h. The mixture was filtered through a short pad of silica gel 

and washed with ethyl acetate (200 mL). The solvent was concentrated in vacuo and 

the residue was purified by column chromatography on silica gel (eluent: 

hexane/EtOAc = 200/1 gradient to 80/1) to give the product (15.14 g, 96%) as a 

brown oil. R/:0.41 (hexane/EtOAc = 40/1); 'H NMR (300 MHz): 0.89 (t, J二 6.6 Hz, 

6 H, CH2C//3), 1.18-1.53 (m, 20 H), 1.53-1.68 (m, 4 H), 2.39 (t, J = 7.1 Hz, 4 H, 

C三CCH2), 3.91 (s, 3 H, CO2CH3), 7.57 (t, J = 1.5 Hz, ] H, ArH), 7.93 (d, J = 1.8 Hz, 

2 H, ArH); 13c NMR (75 MHz): 14.0, 19.3, 22.7，28.7, 28.9, 29.2, 29.2, 31.9，52.0, 

79.2, 91.7, 124.7, 130.3, 131.4’ 138.3，165.6; MS (ESI): w/z431 [ (M + Na)+，100%]. 

HUMS (ESI): calcd for (M + Na)+, 431.2921; found, 431.2931. Anal. Caicd (%) for 

C28H40O2： C, 82.30; H，9.87. Found: C, 82.64; H, 10.09. 

Methyl 3,5-di-(rt-decyl)benzoate (73). 

A mixture of methyl 3,5-di-(dec-1 -ynyl)benzoate 72 (16.79 g, 41 mmol) and 10% 

Pd/C (1.7 g) in THF/MeOH (300 mL) was stirred under H2 at atmospheric pressure at 

20 °C. After 72 h, the mixture was filtered through a pad of Celite. The filtrate was 

concentrated in vacuo and the residue was purified by column chromatography on 
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silica gel (eluent: hexane/EtOAc 二 80/1) to give compound (14.51 g，85%) as a pale 

yellow oil. R/： 0.21 (hexane/EtOAc = 40/1); )H NMR (300 MHz): 0.88 (t, 6.6 Hz, 

6 H, CH2C//3), 1.14—1.38 (m, 28 H), 1.54-1.68 (m, 4 H), 2.61 (t, J = 7.8 Hz, 4 H, 

ArC//2), 3.91 (s, 3 H, CO2C//3), 7.18 (s, 1 H, AvH), 7.67 (s, 2 H, Ar/ / ) ; ' 'C NMR (75 

MHz): 14.2, 22.8, 29.4, 29.5, 29.6, 29.7, 29.7, 31,6, 32.0, 35.9, 52.0，127.0, 130.1, 

133.4, 143.1, 167.6; MS (ESI): m/z 439 [(M + Na)+, 100%]. HRMS (ESI): calcd for 

(M + Na)+’ 439.3547; found, 439.3545. Anal. Calcd (%) for C28H48O2： C, 80.71; H, 

11.61. Found: C, 80.93; H, 11.91. 

GI-CH2OH (74). 

To a stirred suspension of LiAlH4 (1.53 g, 40 mmol) in dried THF (50 mL) was added 

dropwise a solution of methyl 3,5-di-(«-decyl)benzoate 73 (16.88 g’ 41 mmol) in THF 

(100 mL) at 0°C. The mixture was allowed to stir at 20 °C and the reaction progress 

was monitored by TLC until all the starting material disappeared (3-5 h). The excess 

hydride was then quenched by the addition of ice water (5 mL). The product was 

extracted with ethyl acetate, saturated NaCl solution, and dried (MgS04). The organic 

solvent was filtered and concentrated in vacuo. The residue was purified by flash 

chromatography on silica gel (eluent: hexane/EtOAc = 50/1 gradient to 30/1) to give 

the target compound as a yellow oil (14.68 g, 93%). R/. 0.21 (hexane/EtOAc = 10/1); 

'H NMR (300 MHz): 0.88 (t, J = 6.8 Hz, 6 H, CH2C//3), 1.18-1.40 (m, 28 H), 

1.52-1.67 (m, 5 H, Oi /and C//2), 2.57 (t, J= 7.8 Hz, 4 H, ArC//2), 4.65 (d, J二 6 Hz, 

2 H, C//2OH), 6.93 (s, 1 H, Ar//) , 7.00 (s，2 H, ArH); " C NMR (75 MHz): 14.2, 22.8, 

29.5, 29.6, 29.7, 29.8, 29.8, 31.7, 32.0, 36.1, 65.5, 124.5, 128.0，140.8, 143.3; MS 

(ESI): m/z 411 [(M + Na)+’ ]00%]. HRMS (ESI): calcd for (M + Na)^ 411.3597; 

found, 411.3600. Anal. Calcd (%) for C27H48O: C, 83.44; H, 12.45. Found: C, 83.12; 

H, 12.49. 
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General Procedure for the synthesis of dendritic aldehydes Gn-CHO from the 

dendritic benzyl alcohols Gn-CH^OH 

To a stirred solution of Gn—CHsOH in CHsClsat 0 °C was added slowly a mixture of 

finely ground PCC/silica gel in portions. After that, the reaction mixture was allowed 

to stir at 20 °C for 2-6 h. The completeness of the reaction was monitored by TLC. 

When the reaction was finished, the reaction mixture was filtered by a short pad of 

silica gel. The filtrate was then concentrated and purified by column chromatography. 

G l - C H O (108). Starting from GI-CH2OH 74 (5.31 g, 14 mmol), PCC (4.26 g, 

27 mmol) in CH2CI2 (30 mL), compound Gl-CHO (4.56 g, 86%) was obtained as a 

colorless oii after column chromatography (eluent: hexane/EtOAc = 100/1 gradient to 

50/1) and became a white solid when standing under vacuum. M.p: 31-36°C. R/： 0.21 

(hexane/EtOAc = 50/1); 'H NMR (300 MHz; CD2CI2): 0.88 (t，y-6.8 Hz, 6 H, CH3), 

1.19-1.39 (m, 28 H), 1.56-1.69 (m, 4 H), 2.65 (t, 7.7 Hz, 4 H, ArC//〕)，7.29 (s, I 

H, ArH), 7.50 (s, 2 H，AvH), 9.95 (s, 1 H, CHO); '^C NMR (75 MHz): 14.2, 22.8, 

29.4, 29.5, 29.6, 29.7, 29.7, 31.5, 32.0, 35.7, 127.3, 135.1, 136.7, 143.9, 193.0; MS 

(ESI): m/z 409 [(M + Na)+, 100%]. HRMS (ESI): calcd for (M + Na)+, 409.3441; 

found, 409.3450. 

G2~C CHO (112). Starting from G2-C—CHsOH 111 (2.84 g, 3.2 mmol), PCC 

(1.00 g, 6.4 mmol) in CH2Cl2(15 mL), compound G2—C—CHO (2.30 g，81%) was 

obtained as a colorless oil after column chromatography (eluent: hexane/EtOAc = 

100/1). Rf: 0.67 (hexane/EtOAc 二 30/1); 'H NMR (300 MHz): 0.88 (t, J - 6 . 8 Hz, 12 

H, C / / 3 ) , 1.18-1.40 (m, 56 H), 1.50-1.66 (m, 8 H), 2.54 (t, J= 7.8 Hz, 8 H, ArC//〗)’ 

2.78-3.00 (m, 8 H, ArCHiCHiAr), 6.81 (s, 4 H, ArH), 6.85 (s, 2 H, AvH), 7.21 (s, 1 H, 
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ArH)，7.54 (s，2 H，ArH), 9.95 (s, 1 H, CM)) ; ^^C NMR (75 MHz; one signal was not 

resolvable due to signal overlapping): 14.2, 22.8, 29.5, 29.6, 29.7, 29.8, 29.8, 31.8, 

32.1, 36.1, 37.9, 38.0, 126.0, 126.5, 127.5, 135.3, 136.8, 141.0, 143.0, 192.4; MS 

(MALDl-TOF): calcd for ( M + Na)+’ 897.7822; found, 897.7833. Anal. Calcd (%) for 

C63H102O: C, 86.43; H，11.74. Found: C, 86.38; H, 11.57. 

General Procedure for the Horner-Wadsworth-Emmons reactions 

Sodium hydride was added to a stirred solution of the phosphonates and Gn-CHO in 

THF at 20。C. The reaction mixture was re fluxed for 18 h. After hydrolysis with water, 

the mixture was extracted with CH2CI2. The combined organic layers was then 

washed with saturated NaCl solution, dried (MgSCU), filtered and concentrated in 

vacuo. The residue was purified by flash chromatography on silica gel to give the 

alkene. 

G3-SC=C"CH(OMe)2 (75). Starting from G2-S-CHO 127 (2.47 g, 2.6 mmol), 

bisphosphonate 107 (0.60 g,丨.3 mmol) and 60% sodium hydride (0.39 g, 9.8 mmol) 

in THF (10 mL), compound G3—SCOCH(OMe)2 75 (1.39 g, 52 %) was obtained as a 

yellow liquid after column chromatography (eluent: hexane/EtOAc = 50/1). R/ 0.13 

(hexane/EtOAc - 50/1);丨H NMR (300 MHz): 0.86 (t，J = 6.6 Hz, 24 H, CH3), 

1.14-1.44 (m，112 H), 1.51-1.68 (m, 16 H), 2.56 (t, J - 7 . 7 Hz, 16 H, ArCZ/z), 3.39 (s, 

6 H, OC7/3), 3.60 (s，8 H, C//2S), 3.63 (s，8 H, C/fsS), 5.46 (s, 1 H, OCH), 6.88 (s, 4 

H, ArH), 6.91 (s, 8 H , AYH), 7.13 (s, 2 H, ArH), 7.15 (s, 4 H , AXCHCHAY), 7.34 (s, 4 

H, ArH), 7.53 (s’ 2 H, ArH), 7.60 (s, 1 H, ArH); " C NMR (75 MHz; one signal was 

not resolvable due to signal overlapping): 14.3, 22.8, 29.5, 29.6, 29.7, 29.8, 31.7, 32.0, 

35.7，36.0’ 36.0, 52.7, 102.8, 124.3，124.9, 126.0，126.6, 127.5, 128.7, 129.0. 129.3, 
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137.7, 137.7, 137.8, 139.1, 139.1, 143.2; HRMS (MALDI—TOF): miz calcd for (M + 

Na)+，2045.5632; found, 2045.5632. Anal. Calcd (%) for Q37H216O2S4: C, 81.32; H, 

10.76. Found: C, 80.92; H, 10.50. 

G2—OC—OTHP (109). Starting from G l - C H O 108 (7.73 g, 20 mmol), 

bisphosphonate 104 (4.92 g, 10 mmol) and 60% sodium hydride (2.4 g, 60 mmol) in 

THF (60 mL), compound G2—C=C—OTHP 109 (7.09 g, 74%) was obtained as a 

yellow liquid after column chromatography (eluent: Hexane/EtOAc = 80/1 gradient to 

50/1). R/: 0.24 (hexane/EtOAc = 30/1);丨H NMR (300 MHz): 0.88 (t, J = 6.6 Hz, 12 H, 

C//3), 1.15-1.43 (m, 56 H), 1.56-1.98 (m, 14 H)，2.60 (t, J = 7.7 Hz, 8 H, ArC^CHs)， 

3.53-3.65 (m, 1 H, O C / / A C H B ) , 3.90-4.03 (m, 1 H, O C H A C Z / B ) , 4.55 (d, J= 12 Hz, 1 

H, ArC™0)，4.76 (t，J= 3.5 Hz, 1 H, OCHO), 4.82 (d, J - 12 Hz, 1 H, ArCHHO), 

6.92 (s, 2 H, ArH), 7.13 (s, 4 H, CH^CH), 7.17 (s, 4 H，ArH) , 7.41 (s, 2 H, ArH), 

7.58 (s，1 H’ ArH); '^C NMR (75 MHz): 14.3, 19.5, 22.8, 25.6, 29.5, 29.6, 29.7, 29.8, 

29.8, 30.7, 31.7，32,1, 36.1’ 62.1, 68.8, 97.7, 123.8, 124.2, 125.2, 127.9 (C=)，128.3， 

129.6 ( O ) , 137.2, 138.1，139.0, 143.2; HRMS (MALDI-TOF): m/z calcd for (M + 

Na)+, 979.8241; found, 979.8289. Anal. Calcd (%) for CssHiosCb: C, 85.29; H，11.37, 

Found: C, 85.23; H, 11.22. 

G 3 - C C = C - O T H P (113). Starting from G 2 - C - C H 0 112 (2.30 g, 2.6 mmol), 

bisphosphonate 104 (0.67 g, 1.4 mmol) and 60% sodium hydride (0.23 g, 5.9 mmol) 

in THF (10 mL), compound G3—CC二C—OTHP (1.53 g, 60%) was obtained as a pale 

yellow liquid after column chromatography (eluent: hexane/EtOAc 二 50/1). R/ 0.45 

(hexane/EtOAc = 25/1); ^H NMR (300 MHz): 0.90 (t, J = 6.6 Hz, 24 H, CH3), 

I.12-1.43 (m, 112 H), 1.47-2.10 (m, 22 H), 2.59 (t, J 二 7.7 Hz, 16 H, ArCZ/s), 

2.79-3.02 (m, 16 H, A r C ^ / I 】 ^ 。 , 3.55-3.67 (m，1 H, OC//H), 3.93-4.05 (m, 1 H, 
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OCHi^ , 4.59 (d, J= 12.3 Hz, 1 H, A r C m O ) , 4.80 (t, J - 3.5 Hz, 1 H, OCffO), 4.87 

( d , 1 2 Hz, 1 H, ArCH/ZO), 6.89 (s, 12 H, ArH), 6.97 (s, 2 H, ArH), 7.12 (d, J= 

16.5 Hz, 2 H, C = CH), 7.19 ( d , J = 16.5 Hz, 2 H, CH=C) 7.25 (s, 4 H, ArH), 7.44 (s, 

2 H, ArH), 7.61 (s, 1 H, ArH); ^̂ C NMR (75 MHz): 14.3, 19.5，22.9，25.7, 29.5, 29.7， 

29.7, 29.8，29.8, 30.8, 31.8，32.1, 36.2，38.3, 38.4, 62.3, 68.9, 97.9, 123.9, 124.5, 

125.3, 126.0, 126.4，128.3, 128.5, 129.5, 137.4, 138.1, 139.1, 141.8, 142.6, 143.1; 

HRMS (MALDI-TOF) : m/z calcd for (M +Na)+, 1957.7039; found, 1957.7106. Anal. 

Calcd (%) for C140H220O2： C, 86.89; H, 11.46. Found: C, 87.24; H, 11.55. 

G3-CSC=C-dendr imer (121). Starting from G3-CS-CH0 120 (1.42 g, 0.7 

mmol), triphosphonate 102 (0.13 g, 0.2 mmol), 60% sodium hydride (0.02 g, 0.5 

mmol) in THF (3 mL), the target G3-CSC=C—dendrimer 121 was obtained as a 

colorless liquid (0.56 g, 39%) after purification by column chromatography (eluent: 

hexane/ CH2CI2 = 7/1 gradient to 4/1). R/ 0.24 (hexane/CHsCb 二 7/1) 'H NMR (300 

MHz): 0.91 (t, 6.6 Hz, 72 H, CH3I 1.19—1.43 (m, 336 H), 1.49-1.69 (m, 48 H), 

2.56 (t, 7.7 Hz, 48 H, ArC//�)，2.74-2.97 (m, 48 H, AXCHJCHJAY), 3.66 (s, 12 H, 

C//2S)，3.68 (s, 12 H，C//2S)，6.85 (s, 36 H, Ar/ / ) , 6.94 (s, 6 H, Ar/ / ) , 7.05 (s, 12 H, 

ArH), 7.17 (s, 3 H, ArH), 1.20 (s, 6 H, ArCHCHAr), 7.45 (s, 6 H, ArH), 7.56 (s, 3 H, 

ArH); '^C NMR (75 MHz): 14.3’ 22.6, 22.9, 23.1, 29.5，29.7’ 29.7, 29.8, 31.8, 32.1, 

32.3, 36.0, 36.2, 38.3’ 124.2, 126.0, 126.1, 126.3，126.8, 127.7, 128.9, 129.0, 129.3, 

137.9’ 138.0, 138.1, 139.0’ 141.7，142.5, 143.0; HRMS (MALDl-TOF): m/z calcd for 

(M + Na)+, 5839.9042; found, 5839.8851. Anal. Calcd (%) for C414H648S6： C, 85.47; 

H, 11.23. Found: C，85.78; H, 11.54. 
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General procedure for the saturation of C=C double bonds by Pd-C catalyzed 

hydrogenation 

To a stirred mixture of the unsaturated dendron and K2CO3 in THF, 10% palladium 

on charcoal was added and the reaction mixture was stirred under H2 atmosphere (1 

atm) at 2 0 � C for 3 h. The mixture was then filtered with a short pad of celite and the 

filtrate was concentrated under reduced pressure. The crude product was purified by 

silica gel chromatography to afford the desired product. 

G2 -C-OTHP (110). Starting from G2—C=C—OTHP 109 (7.09 g, 7.4 mmol), 

10% Pd/C (0.73 g) and K2CO3 (1.14 g, 8.3 mmol) in THF (200 mL), compound 

G2-C-0THP 110 (6.52 g, 92%) was obtained as a colorless oil after column 

chromatography (eluent: hexane/EtOAc = 50/1). R/ 0.21 (hexane/EtOAc = 30/1); 'H 

NMR (300 MHz): 0.88 (t, • /= 6.5 Hz, 12 H，CH3), 1.16-1.42 (m, 56 H), 1.47—1.96 (m, 

14 H), 2.55 (t,J= 7.8 Hz, 8 H, ArCH))’ 2.74-2.95 (m，8 H, A r C ^ C ^ A r ) , 3.50—3.62 

(m, 1 H，OC//H)，3.86-4.00 (m, 1 H, OCHC//), 4.46 (d, J= 11.7 Hz, 1 H, ArCHHO), 

4.71 (t, J = 3.3 Hz, 1 H, OCHO\ 4.76 (d, 11.7 Hz, 1 H, ArCHi/O), 6.85 (s, 6 H, 

Ar//), 6.97 (s, 1 H, AvH), 7.01 (s, 2 H，ArH); " C NMR (75 MHz; two aliphatic 

signals were not resolvable due to signal overlapping): 14.2, 19.4, 22.8, 25.7, 29.5, 

29.6, 29.7, 29.8, 30.6, 31.8, 32.1, 36.1, 38.2, 61.7’ 68.8, 97.4, 125.6, 125.9, 126.1, 

127.9, 138.2, 141.6，142.0, 142.6; HRMS (MALDl-TOF): m!z calcd for (M + Na)+， 

983.8554; found, 983.8544. Anal. Calcd (%) for CssHmCb: C, 84.93; H, 11.74. 

Found: C, 85.02; H, 11,58. 

G 3 - C C - 0 T H P (114). Starting from G3-CC二C-OTHP 113 (1.53 g, 0.8 mmol), 

10% Pd/C (0.16 g) and K2CO3 (0.35 g, 2.5 mmol) in THF (100 mL), compound 
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G3-CC-0THP 114 (1.47 g, 96 %) was obtained as a colorless oil after column 

chromatography (eluent: hexane/EtOAc = 50/1). R/ 0.16 (hexane/EtOAc = 30/1); 'H 

NMR (300 MHz): 0.87 (t, 6.6 Hz, 24 H, C//3), 1.01-1.41 (m, 112 H), 1.47-1.93 

(m, 22 H), 2.55 (t，J= 7.8 Hz, 16 H, ArC/fs), 2.72-2.87 (m, 16 H, A r C ^ C ^ A r of 

the outermost layer), 2.87-2.96 (m, 8 H, A r C ^ C ^ A r of the inner layer), 3.50-3.62 

(m, 1 H, OCm)，3.88-4.00 (m, 1 H, OCH//)，4.48 (d, J = 11.7 Hz, 1 H, ArC/f f lO), 

4.73 (t, J= 3.5 Hz, 1 H, 0C / /0 ) , 4.79 (d，J= 12 Hz, 1 H，ArCH/ZO), 6.85 (s, 4 H, 

Ar//)，6.86 (s, 8 H, ArH), 6.92 (s, 2 H, Ar/f), 6.93 (s, 4 H, ArH), 7.05 (s，1 H, ArH), 

7.10 (s, 2 H, ArH); '^C NMR (75 MHz; two aliphatic and one aromatic signals were 

not resolvable due to signal overlapping): 14.3, 19.5, 22.9, 25.7, 29.5, 29.7, 29.7, 29.8, 

29.8, 30.7, 31.8, 32.1, 36.2，38.3，38.4, 62.2, 69.1，97.8, 125.8, 126.0, 126.3, 126.4, 

128.0, 138.4, 141,9, 142.1, 142.3, 142.4, 143.0; HRMS (MALDI-TOF): m/z calcd for 

(M + Na)+, 1961.7352; found’ 1961.7329. Anal. Calcd (%) for C140H224O2： C, 86.71; 

H, 1 】.64, Found: C, 86.69; H, 11.44. 

General procedure for the removal of the tetrahydropyranyl group 

To a stirred solution of protected dendron in THF/MeOH solution (1:1) was added 

concentrated HCI (37%) slowly. The reaction mixture was stirred until all the starting 

material was consumed as checked by TLC analysis. After that, the mixture was 

neutralized by saturated Na2C03 solution. The mixture was then extracted with 

CH2CI2, followed by washing with saturated NaCl solution. The collected organic 

layers were dried (MgS04)’ filtered and concentrated in vacuo. The residue was 

purified by flash chromatography on silica gel to give the alcohol. 
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G2-C-CH2OH (111). Starting from G2-C-OTHP 110 (5,74 g, 6.0 mmol), 

concentrated HCl (3 mL) in THF/MeOH solution (15 mL), compound G2-€~CH20H 

111 (3.90 g, 74 %) was obtained as a colorless liquid after column chromatography 

(eluent: hexane/EtOAc = 50/1 gradient to 30/1) After standing at 20 °C under vacuum, 

a white solid was obtained. M.p: 32-34。C; R/ 0.34 (hexane/EtOAc = 10/1); 'H NMR 

(300 MHz): 0.88 (t, 6.6 Hz, 12 H, C//3), 1.20-1.40 (m, 56 H), 1.51-1.67 (m, 9 H, 

ArCH2C//2 + OH), 2.55 (t，J - 7.8 Hz, 8 H，ArC/Zz), 2.77-2.95 (m, 8 H, 

ArCi72C//2Ar), 4.66 (d, J = 6 Hz, 2 H, A r C ^ O H ) , 6.85 (s, 6 H, MH) , 6.98 (s, 1 H, 

ArH), 7.06 (s, 2 H，ArH); '^C NMR (75 MHz; one aliphatic signal was not resolvable 

due to signal overlapping): 14.3, 22.9, 29.5, 29.6’ 29.7, 29.8, 29.8, 31.8, 32.1, 36.1, 

38.3, 65.5, 124.8, 126.0, 126.3, 128.1, 141.1, 141.7, 142.5, 142.9; MS (ESI): m/z 900 

[ (M + Na)+, 100%]. HRMS (ESI): calcd for (M + Na)+’ 899.7979; found, 899.7965. 

Anal. Calcd (%) for C63H104O: C, 86.23; H, 11.95. Found: C, 86.60; H, 12.28. 

G3-CC CH2OH (115). Starting from G3-CC-OTHP 114 (1.40 g, 0.7 mmol), 

concentrated HCl (1 mL) in THF/MeOH solution (20 mL), compound 

G3-CC-CH2OH 115 (1.16 g, 87 %) was obtained as a pale yellow oil after column 

chromatography (eluent: hexane/EtOAc -100/1). R/: 0.33 (hexane/EtOAc = 20/1); 'H 

NMR (300 MHz): 0.87 (t，J= 6.6 Hz, 24 H, C//3), 1.17-1.46 (m, 112 H), 1.51—1.69 

(m, 17 H, ArCH2C//2 + OH), 2.55 (t, J = 7.8 Hz, 16 H, ArC历) ’ 2.85 (s, 16 H, outer 

ArC//2C//2Ar), 2.88 (s, 8 H, inner A r C ^ C ^ A r ) , 4.68 (d, J = 6.3 Hz, 2 H, 

ArC//20H), 6.85 (s, 12 H，Ar均，6.92 (s, 6 H, AvH), 7.05 (s, 1 H, Ar//), 7.08 (s, 2 H, 

ArH); '^C "NMR (75 MHz; four signals were not resolvable due to signal overlapping): 

14.3，22.9, 29.5, 29.7，29.7, 29.8, 29.8, 31.8, 32.1, 36.2, 38.4, 65.6, 124.9, 126.0’ 

126.3, 126.4, 128.1, 141.2, 141.9, 142.0, 142.4, 142.7, 143.0; MS (ESI): m/z 1878 

[(M + Na)+, 100%]. HRMS (ESI): calcd for (M + Na)+’ 1877.6777; found, 1877.6790. 
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Anal. Calcd (%) for C135H216O: C, 87.40; H, 11.73. Found: C, 87.20; H, 11.62. 

General procedure for the synthesis of dendritic thioacetates Gn-CHzSAc from 

dendritic benzyl alcohols Gn—CH2OH 

DIAD was added to a solution of triphenylphosphine in dry THF at 0 °C. After 10 

min, a solution of the dendritic alcohol Gn-CHaOH and thiolacetic acid in dry THF 

was then added dropwise and the reaction mixture was stirred at 20 °C for 2 h. The 

solvent was evaporated under reduced pressure and hexane was added to precipitate 

the triphenylphosphine oxide formed. The reaction mixture was filtered and the 

filtrate was concentrated in vacuo. The crude product was purified by silica gel 

chromatography to afford the desired product. 

G3-CC-CH2SAC (116). Staring from GS-CC-CHsOH 115 (1.05 g, 0.6 mmol), 

DIAD (0.2 m L ,丨 . 0 mmol), thiolacetic acid (0.1 mL, 1.1 mmol) and 

triphenylphosphine (0.30 g, 1.1 mmol) in THF (5 mL), compound G3-CC—CH^SAc 

116 (0.51 g, 47 %) was obtained after column chromatography (eluent: hexane/EtOAc 

=100/1 gradient to 50/1) as a yellow liquid. R/ 0.25 (hexane:EtOAc = 30/1); ^H 

NMR (300 MHz): 0.88 (t, J = 6.5 Hz, 24 H, C//3), 1.15-1.41 (m, 112 H), 1.51-1.68 

(m, 16 H), 2.36 (s，3 H, CO2C//3), 2.56 (t, 7.7 Hz, 16 H, MCHi ) , 2.71-2.98 (m, 

24 H, ArC//2CH2Ar), 4.12 (s, 2 H, C//2CO2SAC), 6.86 (s, 4 H, AxH), 6.87 (s，8 H, 

ArB), 6.93 (s, 6 H, AYH), 7.01 (s, 3 H, AVH); '^C NMR (75 MHz; two aliphatic 

signals were not resolvable due to signal overlapping): 14.3, 22.8，29.5, 29.7, 29.7, 

29.8, 29.8, 30.5, 31.8, 32.1, 33.6, 36.2, 38.3, 38.4，126.0, 126.2, 126.3, 126.4, 126.7, 

127.8, 137.7, 142,0，142.0, 142.4，142.8, 143.1, 195.4; HRMS (MALDI-TOF): m/z 

calcd for (M+Na)+’ 1935.6654; found, 1935.6646. Anal. Calcd (%) for C137H218OS: C, 
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86.00; H, 11.48. Found: C, 85.93; H, 11.78. 

G2-C-CH2SAC (118). Staring from G2-C-CH2OH 111 (2.69 g，3.1 mmol), 

DIAD (1.2 mL, 6.1 mmol), thiolacetic acid (0.4 mL, 6.2 mmol) and 

triphenylphosphine (1.61 g, 6.2 mmol) in THF (10 mL), compound G2-C-CH2SAC 

118 (1.24 g, 43 %) was obtained after column chromatography (eluent: hexane/EtOAc 

=100 / ] ) as a yellow liquid. R/. 0.42 (hexane/EtOAc = 30/1); 'H NMR (300 MHz): 

0.88 (t, J = 6.6 Hz, 12 H, CH3), 1.18-1.41 (m, 56 H), 1.51-1.67 (m, 8 H), 2.36 (s, 3 H, 

CH3COS), 2.55 (t, 7.8 Hz, 8 H, ArC//?), 2.76-2.88 (m, 8 H, ArC// / :H2Ar) , 4.09 

(s, 2 H, CHzSAc)’ 6.84 (s, 6 H, ArH), 6.92 (s, 1 H, A r f f ) , 6.97 (s, 2 H, ArH); '^C 

NMR (75 MHz; two signals were not resolvable due to signal overlapping): 14.3, 22.8, 

29.5, 29.6, 29.7, 29.8, 29.8, 30.3, 31.8, 32.1, 33.6, 36.1, 38.2, 125.9, 126.3, 126.6, 

127.8, 137.5, 141.6, 142.6, 142.9, 195.0; MS (ESI): m/z 958 [(M+Na)+, 100%]. 

HRMS (ESI): calcd for (M + Na)+，957.7857; found, 957.7848. Anal. Calcd (%) for 

C65H,O60S: C，83.44; H, 11.42. Found: C, 83.37; H, 11.35. 

G I - C H 2 S A C (125). Staring from GI-CH2OH 74 (15.47 g, 40 mmol), DIAD 

(15.7 mL, 80 mmol), thiolacetic acid (5.7 mL, 80 mmol) and triphenylphosphine 

(20.90 g, 80 mmol) in THF (300 mL), compound Gl-CHsSAc 125 (14.04 g, 79 %) 

was obtained after column chromatography (eluent: hexane/EtOAc = 100/1 gradient 

to 50/1) as a yellow liquid. R/ 0.42 (hexane/EtOAc = 30/1); ' h NMR (300 MHz): 

0.88 (t, J= 6.6 Hz, 6 H, CH3), 1.17-1.38 (m, 28 H), 1.48-1.64 (m, 4 H), 2.35 (s, 3 H, 

C//3COS), 2.53 (t, J 二 7.8 Hz, 4 H，ArC^) ’ 4.08 (s, 2 H, C//2SAC)，6.87 (s, ] H, 

ArB), 6.90 (s，2 H, AvH); '^C NMR (75 MHz; one aliphatic signal was not resolvable 

due to signal overlapping): 14.2, 22.8, 29.5, 29.6, 29.6, 29.8, 30.4, 31.6, 32.1, 33.6, 

36.0, 126.3, 127.7, 137.2，143.4, 195.3; MS (ESI): m/z 469 [(M + Na)+, 100%]. 
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HRMS (ESI): calcd for (M + Na)+, 469.3475; found, 469.3486. Anal. Calcd (%) for 

C29H50OS: C, 77.96; H, 11.28. Found: C, 77.74; H, 11.39. 

G l - S CHzSAc (131). Staring from G2-S—CH2OH 124 (4.06 g, 4.3 mmol), 

DIAD (1.7 mL, 8.6 mmol), thiolacetic acid (0.6 mL，8.4 mmol) and 

triphenyIphosphine (2.27 g, 8.7 mmol) in THF (30 mL), compound G2-S-CH2SAC 

131 (3.66 g, 85 %) was obtained after column chromatography (eluent: hexane/EtOAc 

=100/1) as a yellow liquid. R/. 0.21 (hexane:EtOAc = 80/]);〗H NMR (300 MHz): 

0.87 (t, J二 6.6 Hz, 12 H, C//3), 1.16-1.46 (m, 56 H)，1.52-1.68 (m, 8 H), 2.35 (s, 3 H, 

C场COS), 2.55 (t, J 二 7.7 Hz, 8 H, kxCHi), 3.55 (s, 8 H, C 耶 ) ’ 4.09 (s，2 H, 

C//2SAC)，6.87 (s, 2 H, ArN), 6.91 (s, 4 H, A r / f j , 7.08 (s, 2 H, ArH), 7.12 (s, 1 H, 

AvH); '^C NMR (75 MHz; one signal was not resolvable due to signal overlapping): 

14.2, 22.8, 29.5, 29.6, 29.7, 29.8, 30.3, 31.7, 32.0, 33.4, 35,4, 35.8, 36.0, 126.5，127.4, 

128.2, 128.8, 137.7, 137.9, 139.1, 143.1, 194.7; HRMS (MALDI-TOF): m/z calcd for 

(M+Na)+’ 1021.7298; found, 1021.7314. Anal Calcd (%) for C65H106OS3： C, 78.09; H, 

10.69. Found: C，77.73; H, 11.08. 

G3-SS-CH2SAC (134). Staring from G3—SS—CH2OH 133 (1.00 g, 0.5 mmol), 

DIAD (0.2 mL, 1.0 mmol), thiolacetic acid (70 \xL, 1.0 mmol) and triphenylphosphine 

(0.26 g, 1.0 mmol) in THF (10 mL), compound GS-SS-CHsSAc 134 (0.85 g, 82 %) 

was obtained after column chromatography (eluent: hexane/EtOAc = 60/1) as a pale 

yellow liquid. R/ 0.33 (hexane:EtOAc - 30/1); 'H NMR (300 MHz): 0.87 (t, 6.6 

Hz, 24 H, CH3), 1.15-1.40 (m, 112 H), 1.49-1.65 (m, 16 H), 2.32 (s, 3 H, C//3COS), 

2.53 (t，J二 7.8 Hz, 16 H, A r C ^ ) , 3.53 (s, 4 H, C//2S), 3.56 (s, 12 H, C//2S), 3.58 (s， 

8 H, C//2S), 4.07 (s, 2 H, CHJSAC), 6.86 (s, 4 H, Ar//), 6.91 (s, 8 H，A R H ) , 7.08 (s, 4 

H, ArH), 7.12 (s, 4 H, ArH) 7.16 (s, 1 H, ArH); " C NMR (75 MHz; one aliphatic 
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carbon signal was not resolvable due to signal overlapping): 14.2, 22.8，29.5, 29.6, 

29.7, 29.7, 30.4, 31.7, 32.0, 33.3, 35.3, 35.4, 35.6, 35.9, 36.0，126.5, 127.4, 128.3, 

128.5, 128.6，128.8, 137.6, 138.1, 138.5，138.9, 138.9，143.1, 194.8; HRMS 

(MALDI-TOF): miz calcd for (M+Na)+, 2127.4982; found, 2127.5001. Anal. Calcd 

(%) forCi37H2i80S7： C, 78.15; H, 10.43. Found: C, 77.94; H, 10.43. 

General procedure for the coupling reactions between the dendritic thioacetate 

Gn-CH2SAc and the branching units/core 

To a stirred solution of dendritic thiolacetate in THF/ MeOH (1:1) was added NaOMe 

and the mixture was stirred at 20 °C for 5 min. A solution of the branching unit/core 

in THF was added into the reaction mixture. The mixture was stirred at 20 °C for 4 -

18 h. Water was then added to the reaction mixture and extraction was performed 

using CH2CI2 followed by washing with saturated NaCI solution. The collected 

organic layers were dried (MgS04) and filtered. The filtrate was concentrated under 

reduced pressure and the residue was purified by flash chromatography on silica gel 

to give the desired product. 

G 3 - C S - C H O (120). Starting from G2—C—CHsSAc 118 (0.63 g, 0.7 mmol), 

branching unit 105 (0.10 g, 0.3 mmol) and NaOMe (0.07 g，1.3 mmol) in THF/MeOH 

(2 mL). The product 120 was obtained as a pale yellow liquid (0.37 g, 57%) after 

purification by liquid chromatography (eluent: hexane = 100/1). R,: 0.86 

(hexane/EtOAc = 40/1); 'H NMR (300 MHz): 0.92 (t, J = 6.5 Hz, 24 H, CH3), 

1.17-1.46 (m, 112 H), 1.54-1.72 (m, 16 H), 2.59 (t, J : 7.5 Hz, 16 H, ArCH:), 

2.77-2.98 (m，16 H, ArOhbCHsAr), 3.62 (s, 4 H，CH2S), 3.67 (s, 4 H, CH2S), 6.88 

(s, 12 H, Ar/ / ) , 6.97 (s, 2 H, ArH), 7.01 (s, 4 H, ArH), 7.54 (s，1 H，AvH), 7.68 (s, 2 H, 
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AxH), 10.01 (s, 1 H, cm); "C NMR (75 MHz): 14.3, 22.9, 29.5, 29.7, 29.7, 29.8, 

29.8, 31.8, 32.】，35.3, 36.0, 36.2, 38.2, 38.3, 126.0, 126.3, 126.8, 127.8，129.0, 135.7, 

136.9，137.6, 140.0, 141.7’ 142.6, 143.0, 191.9; MS (ESI): m/z 1940 [(M+Na)+, 

100%]. HRMS (EST): calcd for (M+Na)+’ 1939.6062; found, 1939.6072. Anal. Calcd 

(%) for C135H2MOS2: C, 84.57; H, 11.25. Found: C, 84.54; H, 11.64. 

G2-S-CH2OH (124). Starting from Gl-CHsSAc 125 (1.10 g, 2.5 mmol), 

3,5-bis(bromomethyl)benzyl alcohol 100 (0.34 g, 1.2 mmol) and NaOMe (0.27 g, 5 

mmol) in THF/MeOH (10 mL), the product was obtained as a pale yellow liquid (0.93 

g, 85%) after purification by liquid chromatography (eluent: hexane/EtOAc = 20/1). 

R/： 0.30 (hexane/EtOAc = 15/1); 'H NMR (300 MHz): 0.87 (t, J= 6.6 Hz, 12 H，CH3), 

I.18-1.38 (m，56 H), 1.51-1.65 (m, 9 H, O//and CH2), 2.54 (t, J = 7.8 Hz, 8 H, 

ArCi/2), 3.57 (s, 4 H, C//2S), 3.59 (s, 4 H, C//2S), 4.67 (d, / = 6 Hz, 2 H, C//2OH), 

6.87 (s, 2 H, ArH), 6.91 (s, 4 H, ArH), 7.15 (s, 3 H, ArH); '^C NMR (75 MHz; two 

aliphatic carbon signals were not resolvable due to the signal overlapping): 14.3, 22.8, 

29.5, 29.6, 29.7, 29.8, 31.7, 32.1, 35.7, 36.0’ 65.2, 126.3, 126.5, 127.4, 129.1, 137.7, 

139.0，141.5, 143.2; MS (ESI): m/z 964 [(M+Na)"", 100%]. HRMS (ESI): calcd for 

(M+Na)+, 963.7421; found, 963.7418. Anal. Calcd (%) for C63H104OS2: C, 80.36; H, 

II.13. Found: C，80.52; H, 11.45. 

G2—S-CHO (127). Starting from GI-CH2SAC 125 (10.98 g, 24.6 mmol), 

3,5-bis(bromomethyI)benzaldehyde 105 (3.60 g, 12.3 mmol) and NaOMe (4.00 g, 

73.7 mmol) in THF/MeOH (30 mL), the product 127 was obtained as a yellow liquid 

(5.37 g, 47 %) after purification by liquid chromatography (eluent: hexane/EtOAc = 

100/1 gradient to 80/1). R/ 0.34 (hexane/EtOAc = 30/1);〗H NMR (300 MHz): 0.87 (t, 

J= 6.6 Hz, 12 H, CH3), 1.15-1.39 (m, 56 H), 1.50-1.66 (m, 8 H), 2.55 ( W二 7.8 Hz, 
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8 H, ArC//2), 3.57 (s, 4 H, CH2S), 3.63 (s, 4 H, C//2S), 6.88 (s, 2 H, ArH), 6.89 (s，4 

H, ArH), 7.48 (s, 1 H, ArH), 7.63 (s, 2 H, ArH), 9.97 (s，1 H, CTO); '^C NMR (75 

MHz; two aliphatic carbon signals were not resolvable due to signal overlapping): 

14.3, 22.8，29.5, 29.6, 29.7, 29.8, 3】.7, 32.0, 35.2, 36.0, 126.5, 127.6,丨28.9，135.6, 

136.9, 137.3, 140.0, 143.3, 191.8; HRMS (MALDI-TOF): m/z calcd for (M+Na)+, 

961.7264; found, 961.7241. Anal. Calcd (%) for C63H102OS2: C，80.53; H, 10.94. 

Found: C, 80.31;H, 11.14. 

G3-SS-CH2OH (133). Starting from G2—S-CH2SAC 131 (2.36 g, 2.4 mmol), 

3,5-bis(bromomethyl)benzyl alcohol 100 (0.33 g, 1.1 mmol) and NaOMe (0.37 g, 6.9 

mmol) in THF/MeOH (15 mL), the product 133 was obtained as a colorless liquid 

(1,01 g，44%) after purification by liquid chromatography (eluent: hexane/EtOAc = 

20/1). R/. 0.14 (hexane/EtOAc 二 20/1); 'HNMR (300 MHz): 0.87 (t, J = 6.8 Hz, 24 H, 

CH3), 1.15-1.40 (m, 112 H)，1.46-1.66 (m, 16 H), 1.82 (t, J =6.2 Hz, 1 H, OH), 2.54 

( t , 7 . 7 Hz, 16 H, ArCHs), 3.56 (s, 16 H，CH2S), 3.57 (s, 8 H, CH2S), 4.60 (d, J二 

6.3 Hz, 2 H, C//2OH), 6.87 (s, 4 H, ArH), 6.91 (s, 8 H, ArH), 7.08(s, 2 H, ArH), 7. I I 

(s, 6 H, ArH), 7.20 (s, 1 H, ArH); "C NMR (75 MHz; one aromatic and two aliphatic 

signals were missing due to signal overlapping): 14.3, 22.8, 29.5, 29.6, 29.7, 29.8, 

31.7, 32.1, 35.5, 35.5, 35.7, 36.0，65.0，126.5, 127.5，128.5, 128.6, 129.0, 137.7，138.6, 

138.8, 138.8, 141.7, 143.2; HRMS (MALDI-TOF): m/z calcd for (M+Na)+， 

2069.5100; found, 2069.5101. Anal. Calcd (%) for C135H216OS6: C, 79.19; H, 10.63. 

Found: C, 78.81; H,丨0.49. 

G3-SSS-dendrimer (136). Starting from G3-SS-CH2SAc 134 (0.67 g, 0.32 

mmol), l,3,5-tris(bromomethyl)benzene 101 (34 mg, 96 |j.mol), and NaOMe (31 mg, 

0.57 mmol) in THF/MeOH (5 mL), the product 136 was obtained as a colorless liquid 
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(0.45 g, 74%) after purification by liquid chromatography (eluent: hexane/EtOAc = 

60/1). R/： 0.6 (hexane/EtOAc = 20/1); 'H NMR (300 MHz): 0.86 (t, J = 6.5 Hz, 72 H, 

CH3)，1.14—1.38 (m, 336 H), 1.46-1.65 (m, 48 H), 2.52 ( t ， 7 . 7 Hz, 48 H, ArC//^), 

3.43-3.74 (m，84 H，CH2S), 6.85 (s，12 H, AVH), 6.90 (s，24 H，AYH) , 7.05 (s，6 H， 

kxH), 7.08 (s, 3 H, ArH), 7.13 (s, ] 5 H, ArH + ArH), 7.16 (s, 6 H, ArH); '^C NMR 

(75 MHz; six aromatic carbon and six aliphatic carbon signals were not resolvable 

due to signal overlapping): 14.3’ 22.8, 29.5，29.7. 29.7, 29.8, 31.7, 32.1, 35.8, 36.1, 

126.6, 127.4, 128.5, 128.6, 137.7, 138.7, 138.9, 143.2; LRMS (MALDI-TOF): m/z 

calcd for IVf, 6304.987; found, 6304.7219. Anal. Calcd (%) for C414H654S21： C, 78.87; 

H, 10.45. Found: C, 78.42; H, 10.18. 

G3-SC-CH(OMe)2 (128). 

A mixture of G3-SOC—CH(0Me)2 75 (2.21 g, 1.1 mmol), copper(ii) sulfate (0.10 g, 

0.6 mmol) and hydrazine (1.3 mL) in THF (1 mL) was stirred at 40 for 18 h under 

open air. After that, the reaction mixture was concentrated under reduced pressure and 

the residue was extracted with ethyl acetate (3mL x 3). The organic layer was washed 

with saturated NaCl and then dried (MgS04), filtered and concentrated in vacuo. 

Compound 128 (1.46 g, 66%) was obtained as a colorless oil after column 

chromatography (eluent: hexane/EtOAc : 50/1). R/ 0.16 (hexane/EtOAc = 40/1); 'H 

NMR (300 MHz): 0.87 (t，J 二 6.6 Hz, 24 H，CH3), 1.14—1.40 (m, 112 H), 1.49-1.66 

(m, 16 H), 2.54 (t, J二 7.8 Hz, 16 H, ArCHi), 2.83-2.95 (m, 8 H, A r C ^ C ^ A r ) , 3.30 

(s, 6 H, OCH2I 3.56 (s, 8 H, C//2S), 3.57 (s，8 H, C//2SX 5,34 (s，1 H, OCB), 6.87 (s, 

4 H，ArB), 6.91 (s, 8 H, ArH), 7.03 (s, 5 H, ArH + ArH), 7.06 (s, 2 H, ArH), 7.13 (s, 2 

H, AvH); '3c NMR (75 MHz; two aliphatic signals were not resolvable due to signal 

overlapping): 14.3，22.8, 29.5, 29.6, 29.7, 29.8, 31.7, 32.0, 35.8, 36.0, 36.0，38.1, 52.7, 

103.3, 124.5, 126.5, 127.4, 127,5, 127.9, 128.8, 137.8, 138.3, 138.6, 141.9，142.3， 
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143. ] ; H R M S ( M A L D l - T O F ) : m/z calcd for ( M + Na)+’ 2049.5921; found, 

2049.5888. Anal . Calcd (%) for C137H220O2S4： C, 81.16; H, 10.94. Found: C，81.22; H, 

11.17. 

G3-SC-CHO (129). 

To a stirred solut ion o f G 3 - S C - C H ( O M e ) 2 128 (1.36 g, 0.7 m m o l ) in T H F (5 m L ) 

was added 2 0 % aqueous H2SO4 (10 m L ) s lowly. The reaction mix ture was stirred 

unt i l a l l the starting materia! was consumed and it was conf i rmed by ^H N M R 

analysis. The mixture was neutralized by saturated Na2C03 solut ion and then 

extracted by ethyl acetate, fo l lowed by washing w i th saturated NaCI solution. The 

collected organic layers were dr ied (MgSOg), f i l tered and concentrated in vacuo. The 

residue was pur i f ied by l iquid chromatography (eluent: Hexane/EtOAc = 40/1) on 

si l ica gel to g ive a pale ye l low l iquid ( ] . J3 g，86%). R/: 0.43 (hexane/EtOAc = 40/1); 

' H N M R (300 M H z ) : 0.91 ( t， J = 6.5 Hz, 24 H, C//3), 1.19-1.45 (m，112 H), 

1.54-1.70 (m, 16 H) , 2.58 (t, J = 7.7 Hz, 16 H, ArCFh), 2 .84-3.08 (m, 8 H, 

ArCH2CH2Ar), 3.58 (s, 8 H, CHjS), 3.60 (s, 8 H, CHjS), 6.91 (s, 4 H, ArH), 6.94 (s, 8 

H, ArH), 7,02 (s，4 H, ArH), 7.10 (s, 2 H, ArH), 7.29 (s, 1 H, ArH), 7.57 (s, 2 H, ArH), 

9.96 (s, 1 H, CHO); 13c N M R (75 M H z ) : 14.3, 22.8, 29.5, 29.6, 29.7, 29.8, 31.7，32,0， 

35.8, 36.0, 36.0, 37.7, 37.8, 126.5, 127.4, 127.6, 127.8, 127.9, 135.1, 136.9,丨37.7, 

138.7, 141.7, 142.9，143.1, 192.5; H R M S ( M A L D l - T O F ) : m/z calcd for ( M + Na)+’ 

2003.5577; found，2003.5503; Anal . Calcd (%) for C135H214OS4： C, 81.83; H , 10.89. 

Found: C, 82.00; H , 11.18. 

G3-CCS-dendrimer (68). 

A mixture o f G3 -CC~CH2SAc 116 (88 mg, 46 j imo l ) and the t r ibromide 101 (5 mg, 
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14 jumol), NaOMe (5 mg, 93 j^mol) and NaOH (0.2 g, 5 mmol) in THF/MeOH (2 /2 

mL) was stirred for 18 h at 20 °C. The reaction mixture was then washed wi th water 

and then extracted wi th CH2CI2 (10 m L x3). The combined organic layers was then 

washed wi th saturated NaCl, dried (MgS04) and filtered. The filtrate was then 

evaporated in vacuo and afforded the target compound a colorless l iquid (30 mg, 37%) 

after l iquid chromatography (eluent; Hexane/CH2Cl2 = 6/1). R/ 0.2 (hexane/ CH2CI2 

= 7 / 1 ); N M R (400 MHz) : 0.88 (t,J= 6.6 Hz, 72 H, C//3), 1.18-1.40 (m, 336 H), 

1.52 —1.66 (m, 48 H), 2.55 (t, J 二 7.6 Hz, 48 H, ArC/^ j ) , 2.84 (s, 48 H, outer 

AYCH2CH2AY), 2.86 (s，24 H, inner A r C ^ C 场 A r ) , 3.63 (s, 6H, C//2S)，3.65 (s, 6 H, 

C//2S), 6.84 (s, 12 H, A r / ^ , 6.85 (s, 24H, AvH), 6.90 (s, 6 H, ArH) , 6.93 (s，12H, 

ArH), 6.97 (s, 3H, ArH), 7.06 (s, 6 H, ArB), 7.21 (s, 3 H, ArN); '^C N M R (75 MHz; 

six signals were missing due to signal overlapping): 14.3，22.9, 29.5, 29.7, 29.7, 29.8, 

30.4, 31.8, 32.1, 36.2, 38.4, 125.9, 126.2, 126.3, 126.8, 127.5, 128.6, 138.1, 138.9, 

141.9, 142.1, 142.4, 142.6, 143.0 ； HRMS (MALDI—TOF): m/z calcd for M\ 

5727.817; found, 5727.9678. Anal. Calcd (%) for C4!4H654S3: C，86.8]; H, 11.51. 

Found: C, 86.83; H, 11.17. 

G3-CSC-dendrimer (69). 

To a stirred solution o f G3-CSC=C-dendrimer 121 (0.36 g, 62 / imol) and 

/7-toluenesulfono hydrazide (TsNHNH�） (0.34 g, 1.8 mmol) warmed in DME/THF 

(3/3 mL) at 80 was added an aqueous solution o f sodium acetate (2.5 mL, 0.7 M in 

H2O) over a 24 h period. The completeness o f the reaction was monitored by 〗H N M R 

spectroscopy. When the reaction was finished, the reaction mixture was extracted by 

CH2CI2. The organic layer was washed with saturated NaCl and then dried (MgSCU), 

filtered and concentrated under reduced pressure. Compound 69 (0.23 g，63%) was 

obtained as a colorless liquid after column chromatography (eluent: hexane/CHsCl〗= 
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8/1 gradient to 3/1). R/. 0.53 (hexane/ CH2CI2 = 4/1); ' H N M R (400 MHz) : 0.86 (t, J = 

6.6 Hz, 72 H, C//3), 1.12-1.38 (m, 336 H), 1.49-1.64 (m, 48 H), 2.52 (t, J= 7.8 Hz, 

48 H，ArC//2), 2.72-2.93 (m, 60 H, A r C ^ C ^ A r ) , 3.59 (s, 12 H, C//2S), 3.60 (s’ 12 

H, CH2S), 6.81 (s, 36 H, ArH+ArH), 6.87 (s, 6 H, ArH), 6.94 (s, 3 H, ArH), 6.99 (s, 

12 H, ArH), 7.07 (s, 3 H, ArH), 7.11 (s, 6 H, ArH); '^C N M R (100 MHz; five 

aliphatic signals and one aromatic signal were not resolvable due to signal 

overlapping): 14.3, 22.9，29.5, 29.7, 29.7, 29.8’ 31.8’ 32.1, 36.0, 36.2, 38.3, 126.0， 

126.3, 126.8, 127.1，127.6, 127.9, 138.1, 138.6, 141,8，142.1, 142,5, 142.7, 143.0; 

LRMS ( M A L D l - T O F ) : m/z calcd for ( M + Na)+，5847.0018; found, 5846.1679. A n a l 

Calcd (%) for C414H654S6： C, 85.38; H, 11.32. Found: C, 85.43; H, 11.53. 

6.3 Synthesis of the branching units of the dendrimers 

Trimethyl benzene-l,3,5-tricarboxylate (98).̂ "̂  

Trimesic acid (20.09 g, 96 mmol) was dissolved in methanol (300 mL). Concentrated 

sulfuric acid ( I mL) was then added slowly and the reaction mixture was heated to 80 

for 18 h. The reaction mixture was cooled down to 20 and neutralized with 

saturated Na2C03 solution. Some product was precipitated out upon cooling and the 

reaction mixture was then filtered while the filtrate was concentrated under reduced 

pressure. The filtered product was redissolved in CH2CI2 and combined with the 

concentrated filtrate. The mixture was then extracted with CH2CI2 (150 m L x 3). The 

combined organic layers were dried (MgSCU)，filtered and concentrated in vacuo to 

give a white solid (22.69 g, 94%). M.p: 1 4 6 � C (lit.89 144-145 °C). R/: 0.44 

(hexane/EtOAc = 1/1); 'H NMR (300 MHz): 3.98 (s, 9 H, CO2C//3), 8.86 (s, 3 H, 

Ar//); '^C N M R (75 MHz): 53.1, 131.6, 135.0, 165.8. 
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OQ 

l,3,5-Tris(hydroxyinethyl)benzene (99). 

To a heated ( -50。C) suspension o f L iA lhU (9.22 g, 243 mmo l ) in dried T H F (300 m L ) 

was added dropwise through a dropping funnel a solut ion o f t r imethyl 

benzene-1,3,5-tricarboxylate 98 (20.71 g, 82 mmol ) in T H F (300 mL) . The reaction 

mixture was heated to 60 °C for 48 h and then cooled in an ice-bath. Water was added 

dropwise to destroy the excess L iA lHg. The reaction mixture was f i l tered and the 

fi ltrate was collected. The sol id residue was then extracted w i th T H F for several t imes 

unti l most o f the product was extracted. The combined organic layers were 

concentrated in vacuo to give the crude product which was pur i f ied by column 

chromatography (eluent: E tOAc) to give a white solid (11.45 g, 83%). M.p : 77-78 °C 

( l i t 的 75-76。C). R/: 0.12 (E tOAc) ; ' H N M R (300 M H z ; DMSO-^/^): 4.47 (d，J = 5.7 

Hz, 6 H, A r C / / 2 0 H ) , 5.14 (t, J - 5.7 Hz，3 H, ArCFbO功，7.12 (s, 3 H, Ar /^ ) ; '^C 

N M R (75 M H z ; DMSO-de) : 63.2, 123.1, 142.2. 

3,5-Bis(bromomethyl)benzyl alcohol (100) and l,3,5-Tris(broinomethyl)benzene 

(101)， 

To a solution o f l ,3,5-Tr is(hydroxymethyl)benzene 99 (6.49 g, 39 mmo l ) and CBr4 

(28.13 g, 85 mmo l ) in acetonitri le at 0 � C was added PPhs (22.68 g, 86 mmol ) in small 

portions. Then, the reaction mixture was stirred at 20 for 3 to 5 h. The mixture was 

concentrated under reduced pressure and the residue was pur i f ied by column 

chromatography on sil ica gel (eluent: hexane/EtOAc = 5/1 gradient to 1 / ] ) to give the 

tr ibromide 101 as a whi te solid (2.92 g, 21%). M.p: 98。C (lit.^^ 96 °C). R / 0.48 

(hexane/EtOAc 二 7/1); ' H N M R (300 MHz) : 4.46 (s, 6 H, ArC/ /2Br ) , 7.36 (s, 3 H, 

ArH); i3c N M R (75 MHz ) : 32.3, 129.7, 139.1. Further elut ion gave the dibromide 

100 as a white sol id (5.46 g, 48%). M.p: 93-94。C. R / 0.1 (hexane/EtOAc 二 5/1); 

N M R (300 MHz ) : 1.75 (t, 6 Hz, 1 H，ArCHsO/^O, 4.48 (s, 4 H, A r C ^ B r ) , 4.71 (d, 
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J = 5.7 Hz, 2 H, Arc历OH)，7.34 (s, 3 H, A r / i ) ; '^C N M R (75 MHz) : 32.9, 64.6， 

127,5，128.9, 138.8, 142.4. 

DiCHzBr-OTHP (103). 

To a solution o f 3,5-bis(bromomethyl)benzyl alcohol 100 (4.52 g, 15.4 mmol) in 

CH2CI2 was added 3,4-dihydro-2//-pyran (2.1 mL, 23.0 mmol) and PPTS (0.39 g, 1.5 

mmol) and the reaction mixture was stirred at 20 °C for 2 to 6 h. The solvent was 

evaporated under reduced pressure and the residue was purif ied by column 

chromatography (eluent: hexane/EtOAc = 20/1) to afford a colorless liquid (5.48 g, 

940/0). Ry： 0.45 (hexane/EtOAc = 5/1); 'H N M R (300 MHz): 1.45-1.97 (m, 6 H), 

3.50-3.62 (m, 1 H, OC™)，3.83-3 .97 (m, 1 H，OCH均，4.48 (s, 4 H, A r C ^ B r ) , 4.48 

(d, J二 12.3 Hz, 1 H, A r C m ) , 4.71 (t, J= 3.5 Hz, 1 H, OCHO), 4.77 (d, J= 12.3 Hz, 

1 H, ArCH/y), 7.33 (s, 2 H, ArH), 7.34 (s, 1 H, AvH); " C N M R (75 MHz) : 19.4, 25.5, 

30.6，32.9, 62.3, 68.2, 98.1, 128.3, 128.8, 138.5, 139.9; MS (FAB): m/z 377 [(M(^^Br) 

+ H)+’ 8%]. HRMS (FAB): calcd for (M+H)+, 378.9726; found, 378.9709. Anal. 

Calcd (%) for CmHis Br^Oz: C, 44.47; H, 4.80. Found: C，44.60; H, 4.84. 

3,5-Bis(broinomethyl)benzaldehyde (105)? 

To a stirred solution o f 3,5-bis(bromomethyl)benzyl alcohol 100 (5.45 g, 19 mmol) in 

CH2CI2at 0 was added slowly a finely ground mixture o f PCC/silica gel (5.86 g, 

38 mmol) in portions. The reaction mixture was allowed to stir at 20 for 2 to 6 h. 

The completeness o f the reaction was monitored by TLC. When the reaction was 

finished, the reaction mixture was filtered through a short pad o f silica gel. The filtrate 

was then concentrated and purified by column chromatography on silica gel (eluent: 

hexane/EtOAc = 9/1) to give a white solid (4.87 g, 90%). M.p: 103-105。C. R/ 0.34 

(hexane/EtOAc = 5/1); 'H N M R (300 MHz): 4.53 (s, 4 H, A rC场Br ) , 7.69 (s, 1 H, 

111 



ArH), 7.84 (s, 2 H, ArH), 10.02 (s, 1 H, A r C M ) ) ; '^C N M R (75 MHz) : 31.7’ 129.9, 

135.2, 137.3, 139.6, 191.1. 

General procedure for the synthesis of phosphonate 

A stirred mixture o f the benzyl bromide and triethyl phosphite was heated to 1 0 0 � C 

for 6 h. After the reaction, the product was purified by column chromatography. 

Q'J 

l ,3 ,5-Tris(diethoxyphosphoryJmethyl)benzene (102). Starting from 

l,3,5-tris(bromomethyl)benzene 101 (0.22 g, 0.6 mmol) and triethyl phophite (0.35 

mL, 2.0 mmol), compound 102 (0.29 g, 83 %) was obtained as a colorless liquid after 

column chromatography. R/ 0.1 (EtOAc); ' H N M R (300 MHz) : 1.14 (t, J = 7.1 Hz, 

18 H, CHs), 2.91 (d, J二 22.2 Hz, 6 H, ArCH�)，3.84-3.98 (m, 12 H, CH2CH3), 7.03 (d, 

J=2A Hz, 3 H, ArH); "C NMR (75 MHz): 16.3 (m), 33.3 (d, J = 138 Hz), 62.1 (m), 

129.7 (m), 132.1 (m). 

D i P ( O E t ) 2 - O T H P (104). Starting from DiCHaBr—OTHP 103 (5.48 g, 14 mmol) 

and triethyl phosphite (5.5 mL, 32 mmol), compound 104 (7.06 g, 99%) was obtained 

as a pale yellow liquid after column chromatography (eluent: EtOAc gradient to 

EtOAc/EtOH = 5/1). Rf： 0.34 (EtOAc/EtOH = 5/1); ' H N M R (300 MHz): 1.24 (t, J = 

7.1 Hz, 12 H，C f f s X 1.40-1.93 (m, 6 H), 3.13 (d, 21.6 Hz, 4 H, ArCffz), 3.47—3.59 

(m, 1 H, OC/ /H) , 3.80—3.94 (m, 1 H, OCH// ) , 3.94-4.10 (m，8 H, OC//2CH3), 4.44 (d, 

J= 12 Hz, 1 H, A rC / /H ) , 4.69 ( t , / - 3.3 Hz, 1 H, 0 C / / 0 ) , 4.74 (d, 12 Hz, 1 H, 

ArCH/ / ) , 7.14 (s, 1 H, ArH), 7.18 (s, 2 H, ArH); " C N M R (75 MHz): 16.0 (m), 18.9, 

25.] , 30.1，33.2 (d, J= 138 Hz), 61.6 (m), 61.7 (m), 68.1, 97.3, 127.4 (t’ J = 4.9 Hz), 

130.0 ( t , y = 6.6 Hz), 131.6 (t’ J 二 6.0 Hz), 138.5 (t, •/二 3.1 Hz); MS (FAB): m/z 493 
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[M+, 40%]. H R M S (FAB) : calcd for M+, 493.2115; found, 493.2109. 

3,5-Bis(diethoxyphosphorylmethyl)benzaldehyde (106).呂之 Starting from 

3,5-Bis(bromomethyl)ben2aldehyde 105 (2,42 g, 8.3 mmol) and tr iethyl phosphite (3 

mL, 17.3 mmol) , compound 106 (2.81 g, 83%) was obtained as a colorless l iquid 

after column chromatography (eluent: EtOAc gradient to E tOAc /E tOH = 5/1). R / 0.1 

(EtOAc); ^H N M R (300 MHz) : 1.14 (t, J= 7.1 Hz, 12 H, C//3), 3.10 (d, 21.9 Hz, 

4 H, KxCH2% 3.83-4.02 (m, 8 H, C//2), 7.41 (s, 1 H, A r / / ) , 7.60 (s, 2 H , A r / / ) , 9.87 (s, 

1 H, C / / 0 ) ; " c N M R (75 MHz) : 16.3 (m), 33.2 (d, J= 138 Hz), 62.2 (m), 129.4 (t, J 

=4 .8 Hz), 133.3 (m), 136.7 ( t , 2 . 9 Hz), 137.0 (t, J - 6 . 4 Hz). 

3,5-Bis(diethoxyphosphorylmethyI)benzaldehyde dimethyl acetal (107).呂^ 

A mixture o f montmori l lonite K 10 (3.62 g) and tr imethyl orthoformate (4.6 mL, 42 

mmol) was stirred at 20 for 15 min. Then, a solution o f the aldehyde 106 (2.80 g, 

6.9 mmol ) in methanol (15 mL) was added and stirred for 6 h. The progress o f the 

reaction was monitored by ^H N M R . When the reaction was completed, the 

montmori l lonite was filtered and washed wi th methanol. The fi ltrate collected was 

evaporated under reduced pressure and the product (2.88 g, 92%) was obtained as a 

colorless l iquid. R f : 0.21 (EtOAc); ' H N M R (300 MHz) : 1.24 (t, J = 7 . 1 Hz, 12 H， 

CH3), 3.14 (d, J - 2 1 . 6 Hz, 4 H, ArCH: ) , 3.30 (s, 6 H, OC//3), 3.92 — 4.10 (m, 8H, 

OCH2I 5.36 (s, 1 H, CH), 7.20 (s, 1 H, ATH), 121 (s, 2 H, A r / / ) ; '^C N M R (75 MHz) : 

16.0 (m), 33.2 (d, J = 137 Hz), 52.0, 61.6 (m), 102.1, 126.5(m), 130.8 (m), 131.6 (m), 

138.2. 
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6.4 Post-modification of multifunctional dendrimers 

A) Relative reactivity of interior functional group conversions from 

G3-oligo(suIfide) dendrimers to G3-oligo(sulfone) dendrimers 

Heterogeneous reaction condit ions 

Oxone was added to a solut ion o f G3-ol igo(sul f ide) dendrimer in CH2CI2 and stirred 

at 32 A t di f ferent t ime intervals, an al iquot was taken f rom the reaction mixture, 

washed w i t h water and then extracted by CH2CI2. The organic layer was then 

evaporated under reduced pressure. The residue was then subjected to ' H N M R 

analysis to determine the extent o f the reaction. 

Homogeneous reaction condit ions 

A mixture o f the G3-ol igo(sul f ide) dendrimer and 35% hydrogen peroxide (10 mol . 

equiv per sul f ide) in CH2CI2/HOAC ( l O / l ) was stirred at 32 The reaction was 

monitored by ^H N M R analysis. A t di f ferent t ime intervals, a port ion o f the reaction 

mixture was washed w i t h saturated NasCOs solution and then extracted w i th CH2CI2. 

The organic layer was evaporated under reduced pressure. 

G3-3S02—d e n d r i m e r (141), Starting wi th G3-CCS—dendrimer 68 (50 mg, 9 

l^mol), 35% H2O2 (22 |jJ, 26 mmol ) , compound 141 was obtained as a colorless l iquid 

(50 mg, 99%) after l iqu id chromatography (eluent: CHsCls/hexane = 2/1). R / 0.1 

(CH2CI2 / = 2/1); ' H N M R (400 MHz ) : 0.86 (t, J= 6.8 Hz, 72 H, CH3)’ 1.15—1.38 (m, 

336 H) , 1.48-1.67 (m, 48 H), 2.53 ( t，J= 7.8 Hz, 48 H，ArC/Zs), 2.81 (s, 48H, outer 

ArC/ /2C/ /2Ar ) , 2.88 (s, 24 H, inner A r C ^ C ^ A r ) , 4.09 (s, 6H, C//2SO2), 4.15 (s, 6 H , 

C//2SO2), 6.83 (s, 36 H, ArH), 6.88 (s，6H, ArH), 6.92 (s，12 H, AvH), 7.12 (s，3H, 
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AxH), 7.15 (s, 6H, KvH), 7.42 (s, 3 H, A r / ^ ; '^C N M R (100 M H z ; three signals were 

not resolvable due to signal overlapping): 14.3, 22.9，23.0, 29.5, 29.7, 29.7, 29.8, 29.9’ 

31.0, 31.8, 32.1, 36.2, 38.1’ 38.2, 38.4, 125.9, 126.2’ 126.3, 126.5, 127.5, 128.6, 128.8, 

141.8, 141,9，142.4，143.0, 143.3 ； L R M S ( M A L D i - T O F ) : m/z calcd for ( M + 

5824.8214; found, 5824.1822. Anal . Calcd (%) for C4MH654S3O6: C, 85.38; H , 11.32. 

Found: C, 85.14; H , 11.63. 

G 3 - 6 S 0 2 - d e n d r i m e r (142). Starting w i th G3—CSC—dendrimer 69 (47 mg，8 |amol), 

35% H2O2 (42 1̂ 1, 0.5 mmol ) , compound 142 was obtained as a colorless l iquid (46 

mg, 94%) after l iqu id chromatography (eluent: CHsCb/hexane = 2/1). R / 0.1 

(CH2CI2/ = 2 / ] ) ; ' H N M R (400 M H z , CD2CI2)： 0.86 (t, J = 6.6 Hz, 72 H, CH3), 

1.15-1.40 (m, 336 H) , 1.47-1.64 (m, 48 H), 2.50 (t, J - 7.6 Hz, 48 H, ArCHi), 

2.72-2.95 (m, 60H, k x C H i C 脉 4 . 0 8 (s, 12H, C//2SO2), 4.11 (s, 12 H, C场SO2)， 

6.80 (s, 36 H, AYH), 6.95 (s, 3 H, Ar//)，7.01 (s, 6H, KvH), 7.07 (s，12 H, ArH), 7.18 

(s, 3H, ArH), 7.27 (s，6H, ArH); '^C N M R (100 M H z ; three al iphatic and two 

aromatic signals were not resolvable due to signal overlapping): 14.3，22.8, 29.5，29.7, 

29.7, 29.8, 31.8, 32.1, 36.2, 38.0, 38.1, 57.4, 59.0, 126.0, 126.4, 127.5, 128.0, 128.6, 

129.7, 132.1’ 141.5, 141.7, 143.0，143.1, 143.6 ； L R M S ( M A L D J - T O F ) : m/z calcd for 

M+，6017.0128; found, 6016.5551. Anal . Calcd (%) for C4!4H6540i2S3： C, 82.65; H, 

10.96. Found: C, 82.23; H , 10.39. 

G 3 - 2 1 S 0 2 - d e n d r i m e r (138) .Start ing f rom G3-SSS-dendr imer 136 (88 mg, 14 

f imol) , 35% H2O2 (250 J L I I , 2.9 mmol ) , compound 138 was obtained as a whi te solid 

(54 mg, 55%) after pur i f ied by precipitation using CHsCb/ M e O H . M .p : 195-196。C 

' H N M R (300 MHz , ) : 0.87 (t, J - 6.3 Hz, 72 H，C//3), 1.14-1.38 (m, 336 H), 

1.46-1.65 (m, 48 H), 2.57 (m, 48 H, ArC/ /?) , 3.95-4.65 (m, 84 H, C 邸 O 2 , 7.02 (s, 
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12 H, AVH), 7.05 (s, 24 H, ATH), 7.31 (s, 6 H, ARH), 7.61 (s, 21 H，ArH), 7.71 (s, 3 H’ 

AYH); '^C N M R (75 MHz ; four aliphatic and eight aromatic signals were not 

resolvable due to signal overlapping): 14.7，23.3, 30.0, 30.1，30.1, 30.3, 32.1, 32.5, 

36.4，57.2 , 57.6, 60.2, 127.7, 128.8, 129.4, 130.0, 135.0， 144.4; L R M S 

( M A L D l - T O F ) : m/z calcd for M+, 6976.9618; found, 6977.7954. Anal. Calcd (%) for 

C4MH654S6O丨2: C, 71.27; H, 9.45. Found: C, 71.34; H, 9.01. 

B) Dendritic Metamorphosis from G3-oligo(sulfone) dendrimers to 

G3-oIigo(phenylenevinylene) by the Ramberg-Backlund Rearrangement 

Finely divided KOH/AI2O3 was added to a rapidly stirred solution o f the 

G3-oligo-(sulfone) dendrimer in THF/f-BuOH/CBrsFs (1/1/1) at -45。C. Af ter iO min, 

the mixture was fi l tered through a pad o f Celite and washed wi th CH2CI2. The filtrate 

was evaporated under reduced pressure to give the crude product. 
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Appendix 

List of^H NMR and "C NMR Spectra of Dendritic Compounds 

1. 

2. 

3 ‘ 

4. 

5. 

H N M R spectrum of methyl 3,5-di-(dec-l-ynyl)benzoate 72 A -1 

^C N M R spectrum of methyl 3,5-di-(dec-l -ynyl)benzoate 72 A-2 

H N M R spectrum o f methyl 3,5-di-( ；i-decyI)benzoate 73 A-3 

^C N M R spectrum o f methyl 3,5-di-( n-decyl)benzoate 73 A-4 

^H N M R spectrum of G l - C H z O H 74 A-5 

6. '^C N M R spectrum o f G l - C H z O H 74 A-6 

7. N M R spectrum o f G ] ~ C H O 108 A-1 

8. 13c N M R spectrum o f G l - C H O 108 A-8 

9. N M R spectrum of Gl—CHzSAc 125 A-9 

0. N M R spectrum of G l -CH^SAc 125 A-10 

1. ' H N M R spectrum of G 2 - O C - O T H P 109 A-11 

2.】3C N M R spectrum of G 2 - O C - O T H P 109 A-12 

3. N M R spectrum of G 2 - C - O T H P 110 A-13 

4. 13c N M R spectrum o f G 2 - C - O T H P 110 A-14 

5.】H N M R spectrum o f G2-C-CH2OH 111 A-15 

6. 13c N M R spectrum o f G2-C-CHaOH 111 A-16 

7. 1h N M R spectrum o f G 2 - C - C H O 112 A-17 

8. 13c N M R spectrum o f G 2 - C - C H O 112 A-18 

9. N M R spectrum of G2-C-CHaSAc 118 A-19 

20. '^C N M R spectrum of G2-C-CH2SAc 118 A-20 

21. ' H N M R spectrum o f G2 -S-CH2OH 124 A-21 

22. '^C N M R spectrum o f G2-S-CH2OH 124 A-22 
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3

3

3

3

3

3

3

3

3

4

4

4

4

4

4

4

4

4
 

H N M R spectrum o f G2-S—CHO 127 A-23 

3。NMR spectrum o f G 2 - S - C H O 127 A-24 

H N M R spectrum o f G2—S—CH2SAC 131 A-25 

^C N M R spectrum o f G2-S-CH2SAC 131 A-26 

H N M R spectrum o f G 3 - C C = C - O T H P 113 A-27 

3C N M R spectrum o f G 3 - C O C - O T H P 113 A-28 

H N M R spectrum o f G3—CC—OTHP 114 A-29 

^C N M R spectrum o f G 3 - C C - O T H P 114 A-30 

H N M R spectrum o f G3-CC -CH2OH 115 A-31 

^C N M R spectrum o f G3-CC-CH2OH 115 A-32 

H N M R spectrum o f G3—CC—CHsSAc 116 A-33 

^C N M R spectrum of G3-CC - C H 2 SAc 116 A-34 

H N M R spectrum o f G 3 - C S - C H O 120 A-3 5 

3c N M R spectrum o f G 3 - C S - C H O 120 A-36 

H N M R spectrum of G3-SC二C—CH(OMe)2 75 A-37 

^C N M R spectrum o f G 3 - S O C - C H ( O M e ) 2 75 A-38 

H N M R spectrum o f G3-SC-CH(OMe)2 128 A-39 

^C N M R spectrum o f G3—SOCH(OMe)2 128 A-40 

H N M R spectrum o f G3—SC—CHO 129 A-41 

^C N M R spectrum o f G 3 - S C - C H O 129 A-42 

H N M R spectrum o f G3-SS—CH2OH 133 A-43 

3C N M R spectrum o f G3-SS-CH2OH 133 A-44 

H N M R spectrum o f G3—SS—CHsSAc 134 A-45 

3c N M R spectrum o f G3-SS-CHjSAc 134 A-46 

H N M R spectrum o f G3-CCS-dendr imer 68 A-47 

^C N M R spectrum o f G3-CCS—dendrimer 68 A-48 
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5
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6
 

H N M R spectrum o f G3-CSOC—dendr imer 121 A-49 

^C N M R spectrum o f G3-CSC=C-dendr imer 121 A-50 

H N M R spectrum o f G3-CSC-dendr imer 69 A-51 

^C N M R spectrum o f G3-CSC--dendrimer 69 A-52 

H N M R spectrum o f G3-SSS—dendrimer 136 A-53 

^C N M R spectrum o f G3-SSS-dendrimer 136 A-54 

H N M R spectrum o f GS-CCSOs-dendrimer 141 A-55 

^C N M R spectrum o f G3-CCS02-dendr imer 141 A-56 

H N M R spectrum o f G3-CS02C-dendr imer 142 A-57 

3c N M R spectrum o f GS-CSOsC-dendrimer 142 A-58 

H N M R spectrum o f G3-S02S02S02-dendrimer 138 A-59 

^C N M R spectrum o f G3-S02S02S02-dendrimer 138 A-60 

H N M R spectrum o f DiCH2Br—0THP 103 A-61 

^C N M R spectrum o f D iCHsBr -OTHP 103 A-62 

H N M R spectrum o f D iP(OEt)2-OTHP 104 A-63 

^C N M R spectrum o f D i P ( 0 E t ) 2 - 0 T H P 104 A-64 
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