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Abstract 

Ionic liquid-supported synthesis is a new concept in organic chemistry. This concept 

has been well demonstrated in this the sis including ionic-liquid-supported Swem 

oxidation, oligosaccharide synthesis, imidazolium oligomer synthesis and peptide 

synthesis. 

Ionic liquid-supported Swern oxidation provided a new odorless approach to oxidize 

primary and secondary alcohols into aldehydes and ketones as compared to the 

conventional method where DMSO was used as an oxidant and the toxic and volatile 

compound dimethylsulfide was generated quantitatively. The new ionic liquid-supported 

organosulfur reagents were thermally stable, nonvolatile and odorless, which were 

recoverable and recyclable after Swern oxidation. 

Chapter 3 of this thesis described the first example in the research field of ionic liquid­

supported oligosaccharide synthesis. This new approach possesses the advantages of both 

conventional solution phase synthesis and solid phase-supported synthesis. It made 

possible the chemical assembling of glycals and the cleavage of oligosacharide from the 

support without need of chromatography to purify the products. 

Ionic liquid-type oligomers were designed to solve the problems involved in the one­

ionic-unit ionic liquid-supported biopolymer synthesis because these compounds could 

have stronger ionic effects on support-bound molecules, which made easier the chemical 

assembling and purifications of large biopolymers than one-ionic-unit ionic liquid­

supported organic synthesis. The thermogravimetric analysis (TGA) showed that these 

l 



imidazolium oligomers have very good thermal stability. They also have great potential 

application in the electrochemistry. 

Imidazolium oligomer-supported peptide synthesis provided a new approach to prepare 

peptides in a straightforward way. The amino acid coupling reactions were conducted in 

homogeneous solution phase, which did not require largely excess of reagents to push the 

reaction to completion and the purification could be performed in a simple way such as 

centrifugation, decantation and washing without need of special solvents. Moreover, the 

c1eavage of the peptide from the imidazolium oligomer support was done by hydrolysis 

under basic conditions and the product was obtained in NMR and MS purity. 

Importantly, imidazolium oligomer-supported peptide block coupling proceeded very 

well, which provided an approach to convergently synthesize peptides. This approach is 

very useful for the peptide synthesis in industry especially for the synthesis of peptides 

with less than 20 amino acids. 
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Résumé 

La synthèse sur support liquide ionique est un nouveau concept en chimie organique. 

Cette thèse en illustre plusieurs applications, notament l'oxydation de Swern, la synthèse 

d'oligosaccharide, la synthèse d'oligomères d'imidazolium ainsi que la synthèse 

peptidique. 

L'oxydation de Swern sur support liquide ionique fournit une approche novatrice, sans 

odeur, pour oxyder des alcools primaires et secondaires en aldéhydes et en cétones alors 

que la méthode traditionnelle, utilisant le DMSO comme oxydant, génère du 

diméthylsulfide en quantités non négligeables, un composé toxique et volatile. Les 

réactifs organo-sulfurés utilisés sur support liquide ionique se sont révélés être 

thermiquement stables, non-volatiles et sans odeur, en plus de pouvoir être récupérés et 

recyclés après l'oxydation de Swern. 

Le troisième chapitre décrit le premier exemple d'une synthèse d'oligosaccharide sur 

support liquide ionique. Cette approche retient aussi bien les avantages de la synthèse 

traditionnelle en solution que de la synthèse en phase solide. En effet, l'assemblage 

chimique des glycals et la séparation de l'oligosaccharide du support a été possible sans 

même avoir recours à la chromatographie pour séparer les produits. 

Les supports contenant une seule unité ionique pouvant avoir de forts effets ioniques 

sur les molécules qui leur sont associées, des oligomères de type liquide ionique ont été 

conçus en vue de la synthèse de biopolymères, rendant l'assemblage chimique et la 

purification de larges biopolymères plus facile. Une analyse thermogravimétrique (TGA) 
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a démontré que ces oligomères d'imidazolium possèdent une grande stabilité thermique. 

Ils ont également un grand potentiel d'application en électrochimie. 

La synthèse peptidique sur support oligomérique d'imidazolium constitue une autre 

approche simple pour préparer des peptides. Les réactions de couplage avec les acides 

aminés ont été réalisées dans des solutions homogènes. Cette manière de procéder ne 

requiert pas l'utilisation d'un excès de réactif. La purification s'effectue de manière 

simple, par centrifugation, décantation et rinçage, sans qu'aucun solvant particulier ne 

soit requis. De plus, la séparation finale du support oligomérique d'ions imidazole 

s'effectue par hydrolyse en condition basique. La pureté du produit a d'ailleurs été 

confirmée par RMN et SM. Il convient de souligner que le couplage de groupes 

peptidiques sur support oligomérique d'ions imidazole est efficace, ce qui permet de 

synthétiser des peptides de manière convergente. Cette approche s'avère être très utile en 

industrie, particulièrement lorsque le peptide voulu contient moins de 20 acides aminés. 
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Chapter 1. Synthesis and Application of Functionalized (or Task­

Specifie) Ionie Liquids 

1. 1. Introduction 

Ionie liquids are generally defined as organic salts that consist of only ions and have 

melting points of less than 100 oC. This definition provides clear criteria to distinguish 

ionic liquids from other organic or inorganic molten salts that have higher melting points 

and multiple compositions. The first example involving ionic liquids was described at the 

beginning of last century,1 where, ethylammonium nitrate, which is a liquid at room 

temperature but usually contains 200-600 ppm water, was synthesized. The history of 

evolution and development of ionic liquids was well reviewed by Wilkes2a and 

Wasserscheid.2b It is worthy to mention here that the contributions from Wilkes' 

group3and Seddon's group4 are of significant importance for ionic liquids to become 

more· popular to academic community and industry. The most attractive properties of 

ionic liquids to people as compared to common organic solvents are that they have good 

thermal and chemical stability, non-flammability, no measurable vapor pressure and, 

most importantly, their physical and chemical behaviors are able to be tuned by choosing 

different anions and cations. Thus, people called them environmentally benign solvents 

or "green solvents" in the early research stage. In the latest years, it has been found that 

ionic liquids are not totally "green" to the environmenë and they are not always innocent 

in sorne reaction cases6 and especially they can be distilled under sorne certain 

conditions.7 Therefore, it is better to calI ionic liquids as "designer solvents" rather than 

as "green solvents". However, those blemishes cannot mitigate people's tremendous 

1 



I~ 
interests in these lovely solvents. Ionic liquids have been extensively used not only as 

reaction solvents,8 catalyst-immobilizing reagents9 and soluble supports lO for organic 

catalysis and synthesis, II but also as ion sources to make electronic materials 12 for fuel 

ceIls13 and lithium battery,14 photoelectrochemical materials l5 for solar ceIls l6
, 

piezoelectric sensing materials for gas sensors17
, and also as other starting materials for 

the preparation of ionic liquid-cellulose composites,18 supported ionic membrane,19 

nanoparticle stabilizing ligands,20 CO2 absorbents,21 and as weIl as analytical materials22 

for chromatography,23 mass spectrometrr2 and ion exchange absorbents?4 

Functionalized ionic liquids, sometimes called as task-specific ionic liquids, have no 

clear definition in the chemical literature so far. This nomenclature appeared five years 

ago/5 which was used to distinguish the ionic liquids with special functional groups or 

structures for special tasks from the conventional IOnIC liquids such as 

tetraalkylammonium salts, tetraalkylphosphonium salts, alkylpyridinium salts and 

dialkylimidazolium salts (Figure 1). This review will describe recent research advances 

on the synthesis and applications of functionalized ionic liquids, which mainly include 

the preparations and applications of chiral ionic liquids, immobilization of ionic liquids 

on solid supports and related applications, ionic liquid-supported synthesis and ionic 

liquids-stabilized transition-metal nanoparticles and their applications in organic 

catalysis. 

C~-R 

Ammonium ion Phosphonium ion Imidazolium ion Pyridinium ion 

Figure 1. Structures of the cations of four classic ionic liquids. 

2 



1. 2. Chiral ionic liquids 

Chiral ionic liquids, as a special concept, appeared in the literatures just a few years 

ago.26 This is an interesting research extension of the synthesis and application of classic 

ionic liquids. This research field has started to attract significant attention from scientists 

due to its potential application to the chiral discrimination in the asymmetric synthesis 

and optical resolution of racemates. So far, more than one hundred chiral ionic liquids 

have been prepared in the chemistry labs.27 Most of them were directly derived from 

chiral resources or "chiral pool". Sorne of them have been used as chrial solvents in the 

enantioselective reactions or as chiral stationary phases in the separation techniques?8 

Since most of ionic liquids consist of an organic cation and an inorganic anion and 

chemists have paid much more attention on the modification of cations than anions to 

design new family of ionic liquids, most of the chiral ionic liquids are derived from chrial 

cations. There are only several papers that have described the preparation of chiral ionic 

liquid with a chiral anion. The following review on the synthesis of chiral ionic liquids 

will be categorized according to their characteristic molecular structures. 

1. 2. 1. Synthesis of chiral ionic liquids 

1. 2. 1. 1. Chiral anion-based ionic liquids 

The first example of chiral ionic liquid with a chiral anion was reported by Seddon and 

coworkers in 1999, in which [bmim][lactate] was prepared by anion exchange between 

[bmim][CI] and sodium lactate in acetone.29 Recently, Ohno and coworkers reported the 

synthesis and properties of chiral room-temperature ionic liquids that were derived from 

20 natural amino acids.30 Those chiral ionic liquids were prepared by neutralizing 

3 



imidazolium hydroxide with ami no acids to avoid using metal salts that could result in 

inorganic salt contamination in the final products. DifferentiaI scanning calorimetrie 

(nSC) and thermal gravimetric analysis (TGA) showed that those chiral ionic liquids 

have no melting point, but a glass transition temperature (Tg) ranging from -65 Oc to 6 Oc 

(Table 1) and aIl ionic liquids are stable from room temperature up to 200 Oc except 

[ emim] [Cys] which decomposes at 173 oC. In addition, those ionic liquids are transparent 

and miscible with many organic solvents and can dissolve natural amino acids, indicating 

their potential applications as chiral or biodegradable sol vents in special fields. 

Table 1. Thermal properties and ionic conductivity (8) of 20 amino acid-derived ionie 

liquids.' 

Chiral 

Ionie liquids 

[emim][Gly] 

[ emim] [Ala] 

[ emim] [Met] 

[emim] [Val] 

[ emim ] [Ile] 

[ emim ] [Leu] 

[emim] [Ser] 

[emim] [Lys] 

[ emim] [Thr] 

[ emim] [Phe] 

-65 

-57 

-57 

-52 

-52 

-51 

-49 

-47 

-40 

-36 

8 (S/cm) 

at 25 Oc 

5.7xl0-4 

6.4xl0-4 

2.4xl0-4 

8.8xl0-s 

6.9xlO-s 

8.lxl0-s 

6.5x 1 0-4 

7.8xl0-s 

1.0x 10-4 

6.0xl0-s 

Chiral 

Ionie liquids 

[emim] [Trp] 

[ emim ] [His] 

[emim] [Tyr] 

[emim] [Cys] 

[ emim ] [Arg] 
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Other enantiopure compounds such as ~-pinene and (S)-camphorsulfonate have also 

been used as anion chiral pool to prepare chiral ionic liquids.31 Those chiral ionic liquids 

were prepared in a multigram scale by conventional methods in which anion exchanges 

between imidazolium chloride and potassium salts of (8)-1 O-camphorsulfonate and (R)-

1,1' -binaphtyl-2, 2' -diyl phosphate were employed. 

Me~Me Me 

<~J o N 
1 

S03 - Bu 

Figure 2. Chiral ionic liquids derived from (8)-10-camphorsulfonate and (R)-I, 1'-

binaphtyl-2, 2' -diyl phosphate. 

It is worthy to mention that the first "double" chiral ionic liquid that consists of a chiral 

cation and a chiral anion was prepared through passing the solution of a "single chiral" 

ionic liquid through Cl S)-1 O-camphorsulfonate-charged ion-exchange resin (Scheme 1).31 

Me-N~NyMe 
Me 

Tf 0-

(1S)-10-camphor- Me~Me 
sulfonate charged 
ion-exchange resin 

• 0 
S03 -

Scheme. 1. Synthesis of "double" chiral ionic liquid. 

1. 2. 1. 2. Chiral imidazolium-based ionic liquids 

The first ionic liquid with a chiral imidazolium cation was reported by Howarth in 

1997.32 The homo chiral N, N-di(2'S-2'-methylbutane)imidazolium bromide was 

prepared by heating the easily available compound (S)-( + )-I-bromo-2-methylbutane with 

TMS-imidazolium at refluxing temperature. 
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The first example of planar chiral ionic liquids, a cyclophane-type imidazolium salt 

was synthesized by Saigo and coworkers?3 Treatment of imidazole, 2-methylimidazole 

or 2,4-dimethylimidazole with NaH and then with 1,1 O-dibromodecane in THF gave the 

corresponding 1-(10-bromodecyl)imidazoles, which were then highly diluted in 

acetonitrile and refluxed for several hours to generate the expected product cyclophane­

type imidazolium bromide and undesired oligomer salts due to intermolecular coupling 

(Scheme 2). The purification of product was done by column chromatography. The 

obtained product imidazolium bromide can be converted into other type of salts via anion 

exchange. DSC measurement showed its analogous compounds like imidazolium 

bis(trifluoromethanesulfonyl)imide and 2-methylimidazolium 

bis(trifluoromethanesulfonyl)imide have melting points at 86 Oc and 98 Oc respectively, 

but the chiral compound 2,4-dimethylimidazolium bis(trifluoromethanesulfonyl)imide 

has a much lower metling point at 42-45 oC, possibly due to the asymmetric structure of 

the molecule. The chirality of this type of ionic liquids, which results from ring flipping 

suppreSSlOn, was further confirmed by treatment with sil ver (1 S)-( + )-10-

camphorsulfonate to give clear diastereomeric splitting in NMR spectra. However, since 

the cyclization was conducted in highly diluted condition, the total yield was low. This 

procedure is difficult to be done in large scale, which may highly limit its applications. 

The similar chiral imidazolium-based ionic liquids, which used tris(oxoethylene) chain 

instead of decylene chain to limit the flip of imidazolium ring to generate planar chirality, 

were reported by the same group.34 XRD patterns and NMR spectra showed no 

interaction between oxygen lone pair electrons and the imidazolium nng III an 

intralintermolecular manner. The diastereomeric interaction of the ionic liquids obtained 
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with enantiopure europium complexes was also investigated, which showed good 

discrimination on the chirality of europium complexes. 

Me 1, NaH Me 

HN~N 2, Br(CH2)10Br ~ CH3CN .. N N-(CH2)1QBr .-
)=1 THF )=1 dilute, reflux 

Me Me 

Me 

~ r B -
Me r 

anion exchange l 
Me 

~ r x -
Me 

Scheme 2. Synthesis of imidazolium ILs with planar chirality. 

C02H NH3+OHC-CHO+HCHO 

H2N+H .-
R NaOH, heat 

N::::::\ C02Na EtOH/HCI 

~N+H .. 
R heat 

R = Me, i-Pr, i-Bu 

EtBr/CH3CCI3 CH OH 

~.~------- ~N+~ 
reflux R 

Scheme 3. Synthesis of chiral ionic liquids from natural amino acids. 

The synthesis of chiral imidazolium ionic liquids from natural ammo acids was 

described by Bao and coworkers as shown in Scheme 3.35 The imidazolium ring was 

prepared in one pot, which contained amino acid, formaldehyde, glyoxal, aqueous 

ammonia, and a certain amount of NaOH to regulate the pH value of the reactant 

mixtures. This was followed by esterification, reduction and alkylation to generate the 

final products of chiral imidazolium ionic liquids with a free OH group and one chiral 

center in 30-33% overall yield. The chiral ionic liquids obtained are miscible with water, 

methanol, acetone and other strongly polar organic solvents. They are immiscible with 
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ether, 1,1, I-trichloroethane and other weekly polar organic solvent. These chiral ionic 

liquids are liquids at room temperature with melting points between 5-16 oC and are 

thermally stable up to 180 oC. 

Another approach to construct imidazolium ring in the synthesis of chiral ionic liquids 

was reported by Génisson and coworkers.36 4,5-Dihydroimidazole ring was prepared in 

good yield via the treatment of 1,2-diamine with orthoester, followed by oxidative 

aromatization of the heterocyc1ic core with BaMn04 in dichloromethane (Scheme 4). 

This protocol makes C-2 substituted imidazolium chiral ionic liquids available, which 

have good thermal stability and low melting points. The capability of the imidazolium 

species to act as reaction medium and/or phase-transfer catalyst in the Michael addition 

of dimethyl malonate to chalcone was also assessed, 74% yield of the desired product 

was obtained. 

CICH2CH2NH2 
(0.5 equiv) Me 

--------~.~ Ph~N~NH2 
100 oC,3h H 

anion 
M\ A + exchange 
prNyN-~ent .. 

R X 

X = BF4, NTf2 
R = H, Me, Et 

RC(OEtb 

AcOH, CH3CN, 
reflux 

Scheme 4. 2-Alkylimidazolium ILs from (R)-I-phenylethylamine. 
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A similar protocol to construct imidazolinium ring derived from (S)-valine was 

reported by Guillemin and coworkers in 2004.37 This approach makes it possible that the 

chiral center is located at C-4 of the imidazolinium ring (Scheme 5). 

Ho~",l 
NHBoc 

1, 2-tBu-aniline 

2, Hydrolysis ~ A-Nl""l 

3, LiAIH4 "==< H NH2 
tBu 

1, dry HCI 
2, HC(OMeh A-N"I

L 
-------l .. ~ ~_ \;::::- N 

tBu 

1
1, RX 
2, anion exchange 

cr" N"I'"l 
- \;::::-N+ 

X
- 'R 

tBu 

Scheme 5. Imidazolinium ILs prepared from (S)-Valine. 

N~C02Me 
~NH NH2 

2HCI 

BuOt 

Me02C )=0 
1, carbonyldiimidazole + ~C02Me DIEA fNH 

~ Me-N~N NH .. 

2, Mel 1 - Ir tBuOH, 8D Oc ï ~ 
o N/ 

1 

Me 

HCI/MeOH .. 
77% 

1, nBuBr, neat l 
2, Li NTf2 , KPFs 
or NaBF4 

~C02Me 
Me-N' -1 1 

\;::::-N, HNyOtBu 
+ Bu 

X- 0 

LiOH/H20 l 
quant. 

Scheme 6. Synthesis of chiral ILs from histidine. 
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Since the natural amino acid histidine possesses imidazole ring, it is a good precursor 

for the construction of imidazolium-based chiral ionic liquids in which chiral bifunctional 

moiety, i.e. acid and primary amine, remains unchanged, which can be used as building 

blocks for the synthesis ofpeptidic ionic liquids (Scheme 6).38 

However, the simplest way to prepare imidazolium-based chiral ionic liquids is one-

pot nuc1eophilic substitution reaction between monoalkylimidazole and chiral reagents 

using halide,32 triflate39 or tosylate40 as the leaving group. Mitsunobu alkylation is also a 

straightforward way to connect imidazole with chiral alcohols41 as shown in Scheme 7. 

TSO~OTS 

o 'ô 
X 

Me Me 

QTf 

/y0~ 

o 

Me 
1*, \ OH 

R/ 't1n 

N == 1, 2; R == Ph, n-Bu, Et 

1-methylimidazole 

Neat, 70 Oc 

1-methylimidazole 

Mitsunobu condition 

Me'N~ 0 

@N0o~ 
Tf 0 - Me 

Yield: 92% 

Me AN 

R~N~ 
Yield: 37 - 94% 

Scheme 7. Synthesis of chiral ILs and precursors by nucleophilic substitution and 

Mitsunobu reaction. 

Sasai and coworkers reported the synthesis of spiro chiral imidazolium salts as shown 

in Scheme 8.42 The preparation procedures started from the monoalkylation of diethyl 

malonate with an N-protonated 1-alkyl-2-chloromethylimidazole to produce an 

alkylirnidazole-grafted diethyl rnalonate. This was followed by the second alkylation of 
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the malonate ester with a differently alkyl substituted imidazolium salt to yield a 

disubstituted ester. Reduction of this diester with lithium aluminum hydride (LAH), 

foUowed by treatment with PBr3 and N-alkylation, produced the desired unsymmetrical 

spiro bis(imidazolium) bromides. The counteranion exchange of these spiro imidazolium 

bromides gave bis(trifluoromethanesulfonyl)imide derivatives. 

Diethyl malonate 

• 
THF, NaH, Nal 

LiNTf2 .. 

Scheme 8. Synthesis of spiro chiral ILs, 

R R' 
1 1 

THF, NaH, Nal 

[N~riN] 
N A~ ~ N 
Et02C C02Et 

1, PPh3, Toluene, 
Reflux,48h 

2, aq. NaHC03 
3, Toluene, reflux 

l LiAIH4, THF, 

o Oc - rt 

R R' 
1 1 
N N 
(~~] 
NJr"\~~N 
HO OH 

Recently, Luo, Cheng and coworkers have developed a novel asymmetric catalytic 

system with functionalized chiral ionic liquids.43 The synthetic procedures are quite 

straightforward as shown in Scheme 9, starting from the reduction of (L)-proline to 

generate proline alcohol, foUowed by functional group protection of amine by Boe group 

and then tosylation of alcohol. Imidazole was introduced to the molecule by 

neucleophilic substitution of tosyl group. The fuctionalized chiral ionic liquids were 

made by further alkylation of the resulting monoalkylimidazole and anion exchange. The 

total yield of this synthetic route was 45%, AU chiral ionic liquids obtained are viscous 

liquid at room temperature and soluble in moderately polar solvents such as chloroform, 
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dichloromethane and methanol, but insoluble in less polar solvents such as diethyl ether, 

ethyl acetate and hexane. 

~COOH 
1 

H 

1, LiAIH4, THF 
2, Boc20, NaOH 

then TsCI, Pyridine .. 
3, NaH, imidazole 

1\ F\ + 1, NaX, 
~ __ ~NyN-Bu acetone/acetonitrile 
~ 1 X - ...... ~-----
H R 2, HCI/EtOH 

R=H,Me 
X=Br, BF 4, PF6 

l R'Br 
93% 

toluene 
70 Oc 

HCI/EtOH 1\ / \ 
.. ~N-_/----- NyN 

90% 1 
~ R 

1\ F\+ 
~ __ ~NyN-R' 
~ 1 Br-
Boc R 

Scheme 9. Synthesis offunctionalized chiral ionic liquids from (L)-proline. 

1. 2. 1. 3. Chiral oxazolinium-based ionic liquids 

propionic acid .. 
~ 

Me Me Xylene 

R = Pent, Et, Me 

Scheme 10. Oxazolinium chiral ILs from (S)-valine. 

The first example of chrial oxazolinium-based 101llC liquids was reported by 

Wasserscheid and coworkers in 2002.26 Those molecules were prepared in four steps, 

starting from (S)-valine methyl ester (Scheme 10). After reduction with NaBH4-H2S04 in 

THF,44 the product (S)-valinol reacted with aliphatic acid to generated oxazoline45 
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followed by alkylation with alkyl bromide and anion exchange. The enantiopurity of the 

final product was confirmed by 19p_NMR spectroscopy after hydrolysis and reaction with 

(S)-Mosher's acid chloride. However, oxazolinium cations were found to be unstable 

under acidic condition in which ring-opening reaction could occur. 

1. 2. 1. 4. Chiral quaternary ammonium-based ionic liquids 

Chiral ionic liquid with an ephedrinium cation was prepared from the alkaloid 

ephedrine in three steps including a Leuckart-Wallach reaction, alkylation with Me2S04 

and anion exchange (Scheme 11).26 This compound is stable up to 150 Oc under high 

vacuum conditions (l0-3 mbar) and has a melting point of 54 oc. This family of 

compounds can also be prepared from enantiopure ephedrine in one step under the 

conditions of solvent-free and microwave activation.46 

Me 
HO

ù
-: Me 

N' 
H 

I~ 
// 

1, Leuckart-Wallach reaction 
2, Me2S04 

3, LiNTf2 

Scheme 11. Synthesis of chiral ILs from ephedrine. 

- NTf2 

The same methodology was used to prepare other type of chiral IOnIC liquids with 

quatemary ammonium cation (Scheme 12).26 This compound is a liquid at room 

temperature. It has a low temperature of melting point at -18 oC, and very low viscosity 

of 0.155 Pa at 20 oC. It also shows a good thermal stability up to 150 Oc under high 

vacuum conditions (10-3 mbar). 

Et 

HO~ 
NH2 

1, Leuckart-Wallach reaction 
2, Me2S04 

3, LiNTf2 

Et 

HO 1 + .Me ~N' - NTf
2 'M 1 e 

Me 

Scheme 12. Synthesis of chiral IL from chiral amine. 
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Kou and coworkers reported a simple method to prepare chiral ionic liquids through 

one-step acidification of amino acids and amino acid esters.47 Most of the ionic liquids 

obtained have melting points lower than 100 oc. But this type of ionic liquids cannot be 

used under basic conditions because they are just sorne protonated ammonium salts 

which can be easily deprononated under basic conditions. 

Chiral ammonium-based ionic liquids containing the lR,2S,5R-(-)-menthyl group can 

be easily and efficiently prepared via Menschutkin reaction with various tertiary amines 

under ambient conditions (Scheme 13).48 The compounds are air and moisture stable and 

sorne of them are in liquid state at room temperature. They also showed strong 

antimicrobial and high antielectrostatic activities. 

Me y 
)"". Me 

Me 

CIH2CO 
2, anion exchange 

Scheme 13. Synthesis of chiral ILs from (1 R, 2S, 5R)-( -)-menthol. 

Other quaternary ammonium-based chiral ionic liquids from terpene49 or (S)-nicotine50 

have aiso been reported or patented, respectively. (Figure 3) 

Figure 3. Chiral ILs from terpene and nicotine. 

1. 2. 1. 5. Chiral pyridinium-based ionic liquids 
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Normally, chiral pyridinium-based ionic liquids can be prepared through the reaction 

between pyridine and appropriate chiral reagents such as chiral halides,51 or reaction 

between chiral primary amines and pyridines derivative such as Zincke's salt.52 

In 2004, Pizzo, Vaccaro and coworkers reported the synthesis of a new family of chiral 

multicyclic pyridinium-based ionic liquids using epoxides as starting material as shown 

III Scheme 14.53 The final compound cis-5-[(4'-methylphenyl)sulfonyl]-

1,2,3,4,4a,5,6,lla-octahydropyrido [1,2-a]quinoxalin-11-ium methanesulfonate and its 

chloride derivative were synthesized through aminolysis of cyclohexane oxide with 2-

picolylamine under the catalysis of Al(OTf)3 and methanesulfonation of resulting 

compound in dichloromethane, followed by intramolecular cyclization of the resulting 2-

[(pyridin-2' -yl)methylamino ]cyclohexanol. The cyclization went smoothly by treating the 

precursor with MsO- or CI--exchange resin at 40 Oc in the mixed solvent of methanol and 

water. But it works slowly under normal heating condition. 

x = CI, MsO 

p-TsCI 

Et3N, CH2CI2, 

o oC, 1h 

MsO- or CI- - exchange resin 

MeOH/H20(1:1), 40 oC, 15h 

Scheme 14. Pyridinium ILs from an epoxide. 

Pyridinium-based chiral ionic liquids with axial chirality were described by 

ludeinstein, Plaquevent and coworkers.54 The preparation started from the acetalization 
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of pyridine-4-carboxaldehyde, followed by stereospecific bromination to yield 

exc1usively the l,4-cis bromide. Treatment of the resulting compound with HBr vapor 

isomerized it to the trans-stereoisomer. After dehydrobromination with an excess of 

potassium chiral alkoxide derived from N-methylephedine and KH and purification by 

recrystallization, optically pure compound with vinylic bromide substituent was obtained. 

This compound was used as a precursor to make a new family of ionic liquids via 

alkylation with alkyl halides, which might be further modified with other substituents. It 

is worthy to mention that most of the compounds are liquids at room temperature and 

sorne ofthem are liquid crystals (Scheme 15). 

NJ-CHO 

2-methylene 
propanediol ~ Oy' ~ °

0
./ Br2' CCI4 Oy' ~ r .~H _ r;:J ----~~ --- 0o:J Î""'Br 

------~ H 
PTSA, toluene, reflux fï 0 oC, 2h H 

R, + er Br Ho'---!Me 

~JH ....... 1f-,_R_x_OyJH • pJf"NMe, 
X - H 2, anion H KH, THF, -80 Oc 

exchange 

X = l, Br, BF 4, PF6, NTf2, Tf 0 , CF3C02 
R = Me, Et, CSH11 , C1OH21 

Scheme 15. Synthesis of pyridinium ILs with axial chirality. 

1. 2. 1. 6. Chiral thiazolinium-based ionic liquids 

+ l HBr vapor 

r~ n H1Br 

~0:5-Br 
H 

The first example of the synthesis of chiral ionic liquids with thiazolinium cations was 

reported by Gaumont and coworkers.55 Those compounds were prepared in three steps 

starting from enantiopure amino alcohols. The commercially available (R)-2-

aminobutanol reacted with dithioester in basic condition to generate a thioamide, which 
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was then treated with mesyl chloride and triethyl amine in CH2Cl2 to give the chiral 

thiazoline. Alkylation of the thiazoline resulted in thiazolinium halides that underwent 

anion exchange to afford a series of chiral ionic liquids, which can be used as chiral 

recognition reagents or chiral solvents (Scheme 16). 

/ 
/ 8 -

___ E_t3_N~.~ ~~~OH MSC~lh 
Et3N 

t RI 

~ 
:-lN\~. / anion exchange 

R 
1 

~:~ 
R = n-Bu, n-C12H25 
X = BF4' PF6 , NTf2 X 81"\ 

Scheme 16. Synthesis of chiral thiazolinium-based ILs. 

The 1-butyl thiazolini um hexafluorophosphate, tetrafluoroborate and 

bis(trifluoromethanesulfonyl)imide in the Scheme 16 were soluble in dichloromethane, 

chloroform, acetonitrile and strongly polar solvents such as water, slightly soluble in 

ether, toluene and other weakly polar solvents. AlI of the thiazolinium salts showed good 

chemical stability under aqueous, basic and acidic conditions. This is in contrast to 

oxazolinium derivatives that are unstable under an acidic condition?6 Thiazolinium salts 

also exhibited good thermal stability up to at least 170 oC as shown by TGA 

measurements. The effect of thiazolinium counterions on melting points of salts was 

examined by DSC, which showed thiazolinium salts having iodide, hexafluorophosphate 

or tetrafluoroborate as counterion displayed high melting points of 137, 136 and 111°C, 

respectively. But bis(trifluoromethanesulfonyl) imide derivative is a liquid at room 

temperature with glass transition temperature at -68 oC. However, the melting points of 
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those salts can be tuned by using long chain alkyl such as dodecyl instead of n-butyl to 

reduce them to less than 50 oC. 

1. 2. 2. Application of chiral ionic liquids 

The application of chrial ionic liquids is still in the infancy. They have been used as 

special regents in the chiral molecular recognition34 and NMR shi ft investigation.37
, 26 In 

1997, Howarth reported the use of chiral IOnIC liquid, N, N-di(2'S-2'­

metthylbutane )imidazolium bromide, as a catalyst in asymmetric Diels-Alder reaction, no 

enantioselective excess (less than 5% e.e.) was observed by chiral GC.32 The first attempt 

to use chiral ionic liquids as solvents to induce stereoselectivity in the reaction was 

reported by Seddon and coworkers, where [bmim][lactate] was used as solvent in Diels­

AIder reaction, but no enantioselectivity was observed neither in the reactions.29 The first 

successful example of the use of chiral ionic liquids as reaction media in asymmetric 

Baylis-Hillman reaction was described by Vo-Thanh and coworkers,56 where good yields 

(30%-78%) and moderate enantiomeric excesses (20%-44%) were obtained (Scheme 17). 

The transfer of chirality of ephedrinium-based chiral solvents in the asymmetric 

transformation was demonstrated in several aspects. Firstly, the excess of chiral ionic 

liquids led to a noticeable enhancement in enantioselectivity. Secondly, the chiral ionic 

liquids with different alkyl chain length had no effect on the enantioselectivity. Finally, 

when (-)-N-methylephedrine was used as chiral catalyst for this study, a poor e.e. (only 

9%) was obtained in the similar reaction condition. In addition, the chiral ionic liquids 

could be recovered and reused without loss of efficiency. 
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0 0 
OH 0 '\ / 

Ar)lH {OMe BABCO ArVOMe YO +N-R X = On, PF6 
+ Kx- y:; H, Ac .. 

CIL 
Ph R :; Bu, CaH17' 

CIL C1QH21 , C16H33 

Scheme 17. Asymmetric Baylis-Hillman reaction III the presence of chiral ILs as 

reaction medium. 

Armstrong and coworkers reported the use of chiral ionic liquids for the induction of 

optical activity in the photoisomerization of dibenzobicyc10[2,2,2]octatrienes.57 Four 

chiral ionic liquids were investigated as chiral sources to induce the chirality in the 

reactions. The enantioselective induction in the products was not observed for the diester 

starting materials but was observed for the diacid starting molecules (Scheme 18) because 

the diacid can form ion pairs with the chiral ionic liquids. The control experiments, which 

were carried out in common organic sol vents and resulted in no enantioselectivity, 

confirmed the chirality transfer from the chiral solvents. Even though the reactions gave 

low enantioselectivity, the importance of this example is that the chiral induction is 

kinetically driven in a reaction with low activation barrier due to photochemical nature as 

compared to above-mentioned asymmetric Baylis-Hillman reaction. 

chiai IL 
12% e.e. 

Scheme 18. Photoisomerization of dibenzobicyc10[2,2,2]octatrienes in chiral ionic 

liquids. 

The application of chiral ionic liquids as a co-solvent in copper (II) triflate-catalyzed 

enantioselective l,4-addition of diethylzinc to enones was reported by Malhotra and 
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coworker (Scheme 19).58 It was found that the molar concentration of chiral ionic liquids 

had a significant effect on the enantioselctivity of the reactions. For example, when the 

amount of chiral ionic liquid was increased from 3% to 35%, the e.e. of product was 

increased from 17% to 76%. The results obtained was better than the earlier reports in 

which conjugate addition to chalcone in an ionic liquid using a chiral phase transfer 

reagent as a catalyst. 59 

o 
CU(Tf)2, Et2Zn, CIL. \~ 

-20 oC, 15 h ' ~"IEt 

Scheme 19. Copper-catalyzed l,4-addition of diethylzinc to enone in chiral ionic liquids. 

Bao and coworkers reported the application of chiral ionic liquids as main solvents for 

the enantioselective Michael addition of diethyl malonate to 1,3-diphenyl-prop-2-en-l-

one.60 Good yield (90-96%) and moderate enantioselective excess (10-24%) were 

obtained. This report added one more example to the chirality induction from chiral ionic 

liquid molecules to asymmetric reactions (Scheme 20). 

o 

+ 

CIL = 

95% yiled, 10% e.e. 

Toluene 

90-95% yield 
10-25% e.e. 

93-96% yiled, 23-26% e.e. 

Scheme 20. Enantioselective Michael addition in chiral ionic liquids. 
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An elegant example on asymmetric Michael addition to nitroolefins catalyzed by 

functionalized chiral ionic liquids was described by Luo, Cheng and coworkers and is 

shown in Scheme 21.61 The synthetic route of the chiral ionic liquids has been showed 

previously in Scheme 9. This family of catalysts are comprised of a chiral pyrrolidine 

moiety and an imidazolium unit. The pyrrolidine part is expected to serve as catalytic 

site, while the imidazolium part acts as a phase tag and a chiral induction group. It was 

found that the catalytic and enantioselective activities of these catalysts varied 

significantly with the ionic liquid moiety, such as compounds with imidazolium unit 

showed higher asymmetric activity than their 2-methyl counterparts. And the 

imidazolium ring with ethanol chains provided less catalytic activity and 

enantioselectivity. The anion of the ionic liquid part also influences the catalyst's 

properties. Bromide and tetrafluoroboronate gave catalysts with slightly enhanced 

activity than hexafluorophosphate counterpart and the exchange of Br- for PF6- have a 

detrimental effect on catalytic activity and enantioselectivity. However, most of the cases 

gave excellent yield (more than 90%) and stereoselectivity (more than 95% ratio of syn to 

anti, 70-99% e.e.). The cocatalyst, 5% TFA, was found to be necessary for the catalyst 

system to have high activity. Moreover, these functionalized ionic liquids can be easily 

recovered and recyc1ed to be reused in the next run, which still gave excellent yield and 

acceptable stereoselectivity in the reactions. 

6 ' Ph~NO, 15 mol% CIL 
o Ph 

~NO, 
CIL 

5 mol% TFA, rt 

Scheme 21. Chiral ionic liquid catalyzed asymmetric Michael addition. 
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In addition to the above-mentioned, chiral ionic Iiquids have also used as chiral 

solvents in the stereoselective polymerization62 and used as stationary phase for the 

resolution of organic compounds in gas chromatography.63 The details on those cases are 

beyond this review. 

In summary, the use of chiral ionic liquids as a stereoselectivity inducer is becoming 

an important strategy in asymmetric organic reactions, especially their being used as 

chiral catalysts. The successful applications have received growing attention recently due 

to those molecules possess sorne wonderful properties such as tunable physical and 

chemical properties, easy recovery and recycle. However, the high cost of chiral 

compounds may limit the extensive use of chiral ionic liquids as solvents in large-scale 

reactions. 

1. 3. Immobilization of ionic liquids on solid phase 

Although the first example of using ionic liquid as solvent for catalytic reactions can 

date back to more than 30 years ago,64 this area has experienced a dramatic growth only 

in the last decade mainly due to the fact that ionic liquids can be used as metal complex 

catalyst-immobilizing solvents in organic catalysis.9 For such catalytic system, one 

approach is to conduct the reaction in one single phase, and the workup through a two­

phase separation. For illustration, both the catalyst and the reactants are dissolved in the 

ionic liquid. The reaction is conducted under normal conditions. When the reaction is 

completed, organic solvents are added to the reaction mixture to extract the products, 

while catalysts still stay in the ionic liquid phase for the next run. The other approach is 

to conduct the reaction in a two-phase system followed by a workup through a two-phase 
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separation. In this approach, organic phase with reactants is added to the ionic liquid 

phase with catalysts. The reaction then proceeds on the interface of the two phases, when 

the reaction is completed, the organic phase with the products can be separated from the 

ionic liquid phase by simple decantation and the catalysts are still remaining in the ionic 

liquid phase, which can be recovered and reused for the next run. This strategy is also 

called as liquid-liquid biphasic catalysis. Since the chemical and physical properties of 

ionic liquids can be designed by choosing appropriate cations or anions, a large number 

of experiments have been done to reach the ideal condition of liquid-liquid biphasic 

catalyst systems2b
, 8, 65 involving ionic liquids, in which the active species of catalysts are 

weIl soluble, while substrates and products are partially miscible with it. Aiso catalyst 

leaching has to be prevented in the phase separation of the workup procedures, especially 

when expensive noble transition metal complex are used as catalysts in the system. The 

implementation of these strategies in industrial processes is hampered by the fact that the 

biphasic methodologies rely on relatively large amount of ionic liquids that are more 

expensive than traditional solvents. In many cases, the reaction occurs mainly on the 

interface or in the diffusion layer of ionic liquid catalyst phase rather than in the bulk 

solvent because the relative high viscosity of ionic liquids slows down mass transfer and 

the concentration of the reactants in the bulk ionic liquid is reduced significantly. An 

alternative to this approach is to modify a solid phase surface such as silica gel with ionic 

liquids, which can change the polarity of solid phase surface.66 The modified solid phase 

can be used as compatible support in the heterogeneous catalyst system or directly used 

as reagents in the reactions. This idea is motivated by the advantages of easy phase 

separation and the ability to use fixed bed reactors, which are preferred in industry . 
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In the early examples of supported ionic liquid catalysts, Lewis acidic ionic liquids 

were anchored onto sol id phase. The most popular one was aluminum chloride-derived 

ionic liquids, which were largely used for Friedel-Crafts reactions (Scheme 22).67 
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Scheme 22. Immobilization of chloroaluminate-based ionic liquid via impregnation. 

The active species of chloroaluminate anions, which react with the hydroxyl groups on 

the surface of silica gel, are covalently anchored onto its surface. The formation of 

covalent bond between aluminum atom and OH group was confirmed by detailed 

material surface science analysis and extensive comparison studies of aluminum chloride 

bound on silica ge1.68 However, the problem of this approach was the generation of HCI 

during the reaction processes, which could crack the surface of the pores of inorganic 

solid materials. The decrease of pore surface area Can negatively influence loading level 

and catalytic ability of active species. To circumvent the formation of hydrochloric acid, 

an alternative immobilization route was reported by Valkenberg and coworkers.69 In this 

approach, the aluminate anions were formed as counterions in the second step after the 

imidazolium cations had been connected to silica gel surface via condensation between 

triethoxysilane of ionic liquid and the OH groups on the surface of silica gel (Scheme 

23). 
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Scheme 23. Immobilization of chloroaluminate-based ionic liquid by grafting 

imidazolium chloride to silica surface and then treatment with AlCh. 
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Scheme 24. Immobilization of Lewis acid SnC14 on silica gel via functionalized ionie 

liquid linkers. 

Another related example was reported by Landau and coworkers in 2001,70 which 

demonstrated a tin Lewis acid catalyst anchored on silica gel via grafting it with 
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quaternary alkylammonium chloride (Scheme 24). The active specles was [NR/] 

[SnCls -J, which is connected to silica gel via methoxysilane linker. This catalyst showed 

high selectivity in the synthesis of 3-methyl-3-butene-l-ol by Prins condensation of 

isobutene and formaldehyde. 
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Scheme 25. Immobilization of N-heterocyc1ic carbene palladium complex/ionic liquid 

matrix on silica. 

Recently, Karimi and Enders reported the simultaneous covalent immobilization of 

methylimidazolium-derived carbene palladium complex and ionic liquid matrix on silica 

surface as shown in Scheme 25.71 The treatment of Pd(OAch with excess ionic liquids 

resulted in a c1ear, pale green-yellow solution, which then reacted with silica gel in dry 

chloroform under refluxing condition to give the immobilized catalyst system. This 
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heterogeneous catalyst system was effectively applied to Heck coupling reaction between 

a wide variety of iodo-and bromoarenes and acrylates in the solvent of N­

methylpyrolidinone (NMP) with good yields obtained. AIso, the supported catalyst 

system can be easily recovered and reused for four times with an average of 91.5% 

product yield ev en if the catalyst loading level was very low, just O.Olmol %. Further 

transmission electron microscopy (TEM) and energy-dispersion X-ray (EDX) analysis 

showed the formation of Pd nanoparticles within the immobilized ionic liquid layer 

during cross coupling reaction procedures, consistent with the observation addressed by 

Dupont and coworkers.72 

In 2002, Mehnert and coworkers reported a different concept to immobilize a 

homogeneous catalyst system, which was used for the hydroformylation reaction73 and 

hydrogenation reaction.74 The silica gel surface, modified by imidazolium ionic liquid, 

provided a solid support for additional free ionic liquids and catalysts. This modified 

silica surface is supposed to have a betler affinity for ionic liquids than unmodified one. 

The free ionic liquid layer served as reaction phase in which the homogeneous catalyst 

was dissolved as shown in Figure 4. The analysis of surface coverage revealed an average 

of 0.4 ionic liquid fragments per nm2
, which corresponds to approximately 17% of aIl the 

hydroxyl groups based on a hydroxyl content of 2.4 per nm2 for the pretreated silica gel. 

The studies on the model transformation of I-hexene and syngas (CO/H2 ratio of 1: 1) to 

n, i-heptanal revealed that modified silica supported system gave a slightly higher activity 

(TOF = 65 min- I
) with comparable selectivity than the common biphasic ionic liquid 

system (TOF = 23 min- I
), but much lower than the conventional homogeneous catalyst in 

toluene (TOF = 400 min- I
). Those results may be due to the higher concentration of 
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active rhodium species in the reaction phase of supported ionic liquid system and larger 

interface area of the silica support as compared to biphasic ionic liquid system. 

Organic Phase 

[bmim][PF6] 

HRh(CO)(tpptih 

tppti CO/H2 Cy-aldehyde 

Figure 4. Concept demonstration of supported IOllIC liquid catalysis used m the 

hydroformylation reaction ofhexene-l to form n, i-heptanal. 

However, more interesting results were obtained when this concept was used in the 

hydrogenation reaction, where alkene was transformed into alkane via using 

[Rh(NBD)(PPh3)2]PF6 (NBD = norbornadiene) as catalyst. Enhanced activity for the 

supported ionic liquid system was observed as compared to both the homogeneous and 

the biphasic reaction system. The homogeneous case, where acetone was used as the 

solvent, showed that the initial rate constant Kh for the appearance of hydrogenation 

product was 0.4 min- I at a reaction temperature of 50 oC, while the supported ionic liquid 

case gave a Kh of Il.2 min-I at a reaction temperature of 30 oC. The biphasic ionic liquid 

system afforded a TOF of 4 min-l, which is much lower than the supported ionic 1iquid 

system, giving a TOF of 447 min-I. The enhanced activity can also be attributed to the 

increasing concentration of active species in the reaction phase of supported ionic liquid 

system. 
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The same concept of supported ionic liquid reaction system was also used to L-proline 

involved asymmetric aldol reaction by Gruttadauria and coworkers as shown in Scheme 

26.75 The experimental results showed that the supported ionic liquid system gave good 

yield (51%) and enantioselectivity (64% e.e.) as compared with the homogeneous 

condition (L-proline in DMSO), which gave 62% yield and 60% e.e., and biphasic 

condition (L-proline in ionic liquid without modified SiOz support), which gave 55% 

yield and 76% e.e .. However, the simple mixture of unmodified silica gel, ionic liquid 

and proline gave obvious decrease in yield (38%) and enantioselectivity (12% e.e.). 

Further experiments showed that the ionic liquid-modified Si02/free ionic liquid/proline 

system could be recovered and recycled for three times without obvious decrease of 

yields and enantioselectivity of products. 

o 
A + 

L-Proline 

covalently immobilized IL 
and [bmim]BF 4 

o OH 

~R 
51-93% yield 
64-96% e.e. 

Scheme 26. Supported ionic liquid asymmetric catalysis. 

o 
+ ~R 

In the meantime, Riisager, Wasserscheid and coworkers reported a different 

heterogenized system of supported ionic liquid-phase catalysis. The catalytic phase was 

composed of a transition-metal complex that had been dissolved in a thin layer of the 

ionic liquid phase [bmim][n-CsH170S031 (Figure 5), which was further held on a porous 

solid support such as silica gel with high surface area by physical adsorption, tethering or 

covalent anchoring. 76 This strategy was used in the continuo us-flow fixed-bed 

hydroformylation of propene. The silica gel needed pre-treatment through heating at 500 

Oc in air for 15 hours to dehydroxylate SiOz surface because it negatively influenced the 
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catalyst's activity and lifetime. Also, a large excess of phosphine ligand sulfoxantphos 

(Figure 5) was necessary for the catalytic system to have high activity, selectivity and 

stability. For exarnple, when the ratio of ligand and rhodium was 10, the initial catalytic 

performance of catalyst could be kept at least 60 hours (TOF = 44 h- l
, TON = 2600, and 

n1iso-product > 20); when the ratio of ligand and rhodium was 3 or 5, the catalyst was 

deactivated relatively quiekly in 24 hours. The turnover frequency (TOF) dropped to 4-5 

h- l and the seleetivity ofnliso produet feH to 1-1.3. This is due to the faet that the ligand 

can react with the support, most possibly with the hydroxyl group on the surface of silica 

gel, which results in the degradation of catalyst complex system. It was also found that a 

certain amount of ionic liquid solvent was necessary for the catalyst to keep high 

selectivity and stability during continuous processes because the ionic liquid could 

prevent phosphine ligand from fast surface-bonding to the support surface so that a 

homogeneous catalysis could occur in the supported ionie liquid layer. 

~OS03-

Sulfoxantphos 

Figure 5. Molecular structures of Sulfoxantphos and [bmim] [n-CsH l70S03]. 

The sol id supported ionic liquid phase catalysis has also been applied to palladium 

catalyzed Mizoroki-Heck reaction77 and transition metal catalyzed hydroamination.78 The 

immobilized catalyst was highly efficient in promoting Mizoroki-Heck reaction without 

ligands in n-dodecane for at least six reuses, affording 89-98% yields. The TON and TOF 

reached 68400 and 8000 h- l, respectively (Scheme 27). 
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Scheme 27. Mizoroki-Heck reactions catalyzed by ionic liquid immobilized Pd(OAc)2 

on amorphous silica. 

In the above systems, the catalyst was impregnated in the system via dissolving it in 

the ionic liquid reaction phase. There is no obvious chemical bonding connection 

between the catalyst and the support system. So the catalyst easily leached out into the 

organic solvent during the product extraction process. Another approach is to load the 

catalyst to the modified support system by ion exchange. Since ionic liquid consists of 

anion and cation, the anion or cation can exchange with active species of catalyst if the 

catalyst is also a salt. A recent example, which was reported by Mizuno and coworkers, 

demonstrates how to immobilize peroxotungstate onto ionic liquid-modified silica as a 

heterogenous epoxidation catalyst with hydrogen peroxide (Scheme 28).79 The ionic 

liquid moiety was covalently anchored to silica gel through the condensation between OH 

groups on the silica surface and l-octyl-3-(3-triethoxysilylpropyl)-4,5-

dihydroimidazolium hexafluorophosphate. This was followed by anion ex change with 

potassium salt of peroxotungstate in aqueous solution at room temperature. The elemental 

analysis and 31 P MAS NMR spectroscopy showed that K+ was not incorporated into the 

ionic liquid modified silica gel and PF6- had been replaced during the treatment. This 

result was further confirmed by Raman, IR, l3e and 29Si MAS NMR spectroscopie 

analysis, and consistent with BET surface analysis, which showed the surface area of 
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silica gel decreased from 259 m2.g.l to 203 m2.g.l. The loading level of hexaphosphate 

anion was 105 /-tmol.g·l. The resulting catalyst was applied to the epoxidation of various 

olefins using H20 2 as an oxidant. It was interesting to find that the stereochemistry of 

olefins could be retained after oxidation, suggesting that free radical intermediates were 

not involved in the reaction. The regioselective epoxidation of geraniol took place at the 

2, 3-allylic double bond to afford 2,3-epoxy a1cohol in high yield. The epoxidation of the 

secondary p,P-disubstituted allylic alcohol, 4-methyl-3-penten-2-01, proceeded 

diaseteroselectively to form the threo-epoxy alcohol (threo/erythro=901l 0). The catalyst 

was recovered and recyc1ed for three times without loss of activity and selectivity. No 

leaching of catalyst was observed according to ICP-AES analysis of the filtrate and 

epoxidation could be completely stopped by removing catalyst. The parallel experiment 

using [n-C 12H2sN(CH3)3h-[ {W(=O)(02h(H20)h(/-t-O) as homogeneous catalyst gave 

similar results on the same conditions, which indicated that the homogeneous catalyst 

could be heterogenized with the retention of catalyst performance via anchoring it on to 

silica solid phase through ionic liquid chain. 

R (R = CaHn) R R 
1 1 1 

CN+ +NJ N+ 
~ 2 - ~ 

o 0 0 OH OH 0 0 OEt 0 0 0 
1 1 1 1 1 1 1 1 1 1 

Si02 Support 

Scheme 28. Peroxotungstate immobilized on ionic liquid-modified silica as a 

heterogeneous catalyst with hydrogen peroxide. 
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Scheme 29. Preparation of the polymer-supported imidazolium salts PS[hmim] [BF4] and 

PS[hmim][OTfJ. DVB=divinylbenzene; hmim = 1-n-hexyl-3-methylimidazolium cation; 

MX = NaBF4, KOTf; PS = polymer support. 

In addition, ionie liquid ean also be connected to polymer resins to prepare polymer 

supported ionie liquid reagents. 80 This type of reagents were used as eatalysts in the 

nucleophilie substitution reaetions espeeially in fluorination of mesylates. The eatalyst 

was prepared through three steps including linker eonneetion, imidazolium salt 

generation and anion ex change as shown in Seheme 29. The loading level of imidazolium 

was as high as 2.2mmol of ionic liquid per gram of polymer-supported product. 

Experimental results showed fluorination of model compound 2-(3-

methanesulfonyloxypropyl)naphthalene with 3 equivalents of CsF in acetonitrile at 100 

Oc gave a trace amount of fluoride after 2 hours, while the same reaetion in the presence 

of 1.1 equivalents of polymer supported ionic liquid eatalyst gave the product with 98% 

yield in two hours. And also, the reaction proceeded mueh faster than the parallel reaction 

using the same amount of free ionie liquid as phase-transfer catalyst or using 18-crown-6 

ether as an additive. Those results indicated that the polymer-supported ionie liquid was a 

good eatalyst in the fluorination reaction. This reaetion was also expanded to other 
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nucleophilic substitutions together with various potassium salts as additives such as 

chlorides, bromides, iodides, acetates and cyanides. Since the ionic liquid part was 

attached to polymer support through covalent bond, the catalyst could be recovered very 

easily after the reaction, just by filtering and washing. The recovered catalyst was reused 

without the loss of catalytic activity. However, for this polymer-supported catalyst, the 

reasons to significantly enhance the reactivity of those alkali-metal salts in the 

nucleophilic substitutions are not clear. 

1. 4. Organie synthesis and eatalysis using ionie liquids as soluble supports 

Grafting technology is an important strategy widely used in nature and biology.81 It is 

long time ago when people knew how to graft one kind of plant onto another one to 

cultivate a new species that could inherit the merits of both the two parent plants. When 

this technology is used in the organic synthesis, the chemical bonding formation via 

coupling may be taken as functional group grafting. This is especially important in the 

research and development of new drugs because a lot of drugs have a molecular core that 

determines its bioactivity and other functional groups grafted to this molecule mainly act 

as solubility-tuning groups. Since ionic liquids possess a number of intriguing physical 

and chemical properties such as tunable solubility in common solvents, high thermal and 

chemical stability, negligible vapor pressure, non-flammability and so on, those merits 

can be transferred into other molecules, which may tremendously simplify product 

purification procedures if ionic liquid species has been grafted onto them. Ionic liquid­

supported synthesis is one of the successful applications of this concept. The following 
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review will describe the use of ionic liquids as soluble supports in the synthesis of small 

molecules and biopolymers as weIl as catalyst supports for recyc1able catalytic systems. 

1. 4. 1. Ionie liquid-supported synthesis of small molecules 

In 2001, Bazureau and coworkers reported the first example of ionic liquid-supported 

synthesis of sm aIl organic molecules.82 The molecular precursor salicylaldehyde was 

attached to imidazolium salt via bromobutyrate linker. After Knoevenagel reaction and 

dipolar cyc1oaddition under solvent free condition associated with focused microwave 

irradiation, the final products were efficiently c1eaved from the ionic liquid phase tag 

without need of silica gel chromatography in the product purification procedures. 

(Scheme 30) 

Scheme 30. Ionic liquid-supported synthesis of small organic molecules. 

This idea was also used in the one-pot three-component coupling of 4-thiazolidinones,83 

solution-phase synthesis of 2-thioxotetrahydropyrimidine-4-( 1 H)-ones, 84 Hantzsch 1,4-

dihydropyridines and Biginelli 3,4-dihydropyrimidin-2(1H)-ones by the same group.85 

Another example was added by Song and coworkers in the synthesis of methyl-6-amino-

5-cyano-4-aryl-2-methyl-4H-pyran-3-carboxylate, which demonstrated the merits of 
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ionic liquid-supported synthesis of small molecules including high loading capacity, 

simple product purification and easy recovery and recycle of the supports. 86 

In 2003, our group for the fist time demonstrated the advantages of ionic liquid-

supported synthesis over conventional liquid-phase synthesis with Suzuki coupling 

reaction (Scheme 31), IOc in which the convenient phase separation and product 

purification without chromatography were described in detail and put forward that ionic 

liquids can be used as a soluble support in organic synthesis. The experimental results 

showed that ionic liquid-supported Suzuki coupling reactions in aqueous media gave 

higher yields than non-supported ones under the same reaction conditions, possibly due 

to better solubility of ionic liquid-supported substrates in aqueous media or enhancing 

effects of imidazolium moiety on the reactions. The advent of this type of support will 

offer organic chemists a new choice in the support chemistry such as pol ymer and 

fluorous phase-supported synthesis. 

+ Ar-B(OHh 

1, Pd(OAch, CsF, 
H20, 80 oC, 22h 

• 
2, NH3 , MeOH 

n. Meo~-,-Ar 

o 
Yield: 55-83% 

Seheme 31. Suzuki coupling reaction using ionic liquid as a soluble support. 

1. 4. 2. Ionie liquid-supported eatalyst systems 

The development of recoverable and recyclable catalysts has become an important 

research theme in the contemporary synthetic chemistry due to the environmental 

concerns and economical demands, especially for the noble transition metal catalyst 

systems.87
, 88 Grubb's ruthenium-based catalysts provide one of the most powerful and 

useful methods to generate cyclic molecules via ring-closing metathesis of 0lefins.89 It 
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was reported that Grubb's ruthenium catalyst and analogues did effectively catalyze 

olefin metathesis in room-temperature ionic liquids, but their catalytic activity vanished 

quickly in the subsequent recyc1ing runs due to the slow decomposition of catalytic 

systems or catalyst leaching into the organic phase during product extraction 

procedures.90 This problem had been solved when the ruthenium carbene complex was 

grafted to the ionic liquid phase tag. 91 The ionic liquid-supported catalysts can be 

prepared in several steps through common organic reactions as shown in the Scheme 32. 
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Scheme 32. Preparation of Ru carbene complex. 

Thus, this methodology greatly improved the solubility of catalysts in the room-

temperature ionic liquid such as [BMIM][PF6], which was used as a sole solvent or 

mixed solvents with dichloromethane, and recyc1ability of the catalysts after each fUll. 

The experimental results showed that ionic liquid-grafted ruthenium catalysts were still 

very active after ten recyc1ing runs, giving more than 90% conversion in the ring-c1osing 

metathesis of model dienes, while the similar catalyst without being bound to ionie liquid 
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tag lost their catalytic activity after two or three recycling runs under the same reaction 

conditions. 

1, NaH/THF/Br(CH2)4CI, reflux .. 
2, NaH/DMF, 2-methylimidazole, rt 

Me 0 Me 

NAN-(CH2)4-N"N-(CH2)4-N~N 
\d ) __ /. \d 

r '1 
OBn OBn 

1
1, Pd(OHb/cyclohexane/EtOH, 

reflux 
2, MsCI/Et3N, rt 

Scheme 33. Synthesis of ionic liquid-supported Rh-complex catalyst. 

Meanwhile, the ionic tag strategy has also been used in the transition-metal complex-

catalyzed asymmetric hydrogenation. Lee and coworkers reported that Rh-complex of 

chiral 1, 4-bisphosphine had been bound to two imidazolium salt tags.92 The resulting 

catalyst system, after immobilized in an ionic liquid like [bmim][SbF6], was used in the 

asymmetric hydrogenation of enamides for four times without significant 10ss of its 

catalytic efficiency. The model reaction was performed in two-phase system of 

[bmim][SbF6]/i-PrOH, which showed that the introduction of imidazolium ionic tag to 

the ligand backbone not only avoided the catalyst leaching from ionie liquid layer but 
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also increased the catalyst stability as compared with the control reaction. The 

preparation of the catalyst complex is shown in Scheme 33. The starting material was 

prepared from tartaric acid as described previously.93 

In 2004, Geldbach and Dyson reported the development of new ionic liquid-supported 

ruthenium catalyst systems and their performance in ionic liquid biphasic transfer 

hydrogenation using 2-propanol or formic acid as the proton source.94 The synthetic 

procedures of the catalyst precursors started from phenylethanol as shown in Scheme 34. 

After Birch reduction and subsequent chlorination, the product chloroethyl 

cyclohexadiene obtained was treated with imidazole, followed by anion exchange in 

dichloromethane. The resulting ionic liquid-bound cyclohexadiene was oxidized by 

RuCh in methanol at 80 Oc to generate a dinuclear complex. This compound was then 

treated with chiral ligand such as diamine and amino alcohol to give the ruthenium 

catalyst precursors because the active catalyst is a neutral 16-electron complex, which is 

usually formed in situ from the precursor. The experimental results showed that the 

catalyst precursors made from diamine gave much higher enantioselectivity than the 

precursor from chiral amino alcohols for the asymmetric transfer hydrogenation of 

acetophenone in isopropanol (including 2% mol KOH) with or even without the ionic 

liquid phase tag. The catalyst loss was ten times lower for the precursor with ionic tag 

than without the tag. However, ionic liquid-supported catalyst system was slightly less 

active and the catalytic activity was lost significantly after two runs while its counterpart 

without imidazolium tag could be used repeatedly for five times without decrease in 

activity. 
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Scheme 34. Synthesis of ionic liquid-supported Ru-complex catalyst precursors. 

The palladium catalyst precursors, coordinated to nitrile-functionalized pyridinium 

ionic liquids as shown in Scheme 35, were successfully applied to Suzuki and Stille 

coupling reactions by the same group.95 The single crystal structures obtained from the 

supported catalyst complexes showed pyridinium cations and palladium inorganic anions 

are held in place by extensive C-H"'CI interactions. The ionic liquid-supported catalysts 

had good solubility in the same nitrile-functionalized pyridinium ionic liquids such as 

[C3CNPy][NTf2] and the catalytic system could be recycled for nine times without 

obvious decrease in activity, while, when the same catalytic system was applied to non-

nitrile-fuctionalized ionic liquid such as [C4Py][NTf2], the catalyst solution rapidly lost 

its activity after a couple of recycling runs. Those results could be explained by the metal 

analysis from inductive coupled plasma spectroscopy (lCP) in Suzuki reaction which 
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showed less than 5 ppm of palladium was lost from the nitrile-functionalized ionic liquid 

solvent system while 28 ppm of palladium was lost from [C4Py][NTf2]. 
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Scheme 35. Synthesis of palladium complexes with nitrile-functionalized ionic liquids. 

This also indicates that the nitrile-functionalized ionic liquids can stabilize the catalyst 

complex. Meanwhile, similar results were obtained from Stille reactions except palladium 

nanoparticles were generated in both solvent conditions. But the nanoparticles obtained 

from [C4Py][NTf2] were aggregated, while those from [C3CNPy][NTf2] were evenly 

distributed. 

Garcia and coworkers reported the covalent immobilization of vanadyl salen 

complexes to imidazolium salt phase tag (VO(salen)-IL) (Scheme 36) and their 

application as catalysts to cyanosilylation of aldehydes in ionic liquids.96 The resulting 

catalytic system showed good miscibility with ionic liquids such as [bmim] [PF 6] and 

gave high conversion to the reactions. The catalyst was easily recycled and reused for six 

times with good recovery yield of the catalyst in each run. However, it was also found 

that the supported catalysts gave lower enantioselectivity than the unsupported 

counterpart catalyst and the counteranion of the solvent ionic liquid influenced the 

enantioselectivity as weIl. 
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Scheme 36. Vanadyl salen complexes covalently anchored to an imidazolium ion as 

catalyst for cyanosilylation of aldehydes in ionic liquids. 

In addition to the above mentioned ionic liquid-supported transition-metal catalyst 

systems, organocatalysts can also be grafted to ionic liquid phase tag to take advantage of 

the merits of ionic liquids. In 2005, Cheng and coworkers reported imidazolium salt-

bound Quinuc1idine-catalyzed Baylis-Hillman reaction97 as shown in Scheme 37 because 

this reaction is one of the most versatile carbon-carbon bond formation reactions in 

organic chemistry with a new chiral center being generated during the procedures.98 The 

ionic liquid-supported Qinuc1idine was working well not only for common substrates 

such as acrylates but also for po or substrates such as acrylonitriles and cyc1ic enones. 

And also, the catalyst was recyc1ed and reused for six times without significant loss of 

activity, and the recovering procedures were very easy, just by phase extraction and 

separation with diethyl ether. Due to the fact that ionie liquid-supported catalyst showed 

higher catalytic efficiency in protic solvents such as alcohols than in aprotic solvents such 

as dichloromethane and THF as weIl as in the sole solvent of ionic liquid, hydroxyl ionic 

liquid-immobilized Quinuclidine was designed and synthesized.99 This catalyst showed 

higher catalytic activity than its non-hydroxyl-bearing counterpart in all solvents tested 

and the best results were given under solvent-free conditions, indicating the hydroxyl 
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group on the catalyst provides proton donor in the reaction. However, the 

enantioselectivity of the reaction was reported to be quite poor, less than 10% e.e .. 

R' 
R-CHO + rî 

OH 
IL-Qinuclidine (0.3 equiv.) A/R' 

---------... R ~ 

Irf) H ~ 
HOTN~N~Nl'~J 

RI! X 

RI! = H, Me; X = Br, BF4' PF6 

Scheme 37. Ionic liquid-supported quinuclidine-catalyzed Baylis-Hillman reaction. 

Another example on ionic liquid-supported organocatalyst was described by Kitazume 

and Koguchi, where imidazolium salt-supported N-hydroxyphthalimide (NHPI) complex 

was used as a catalyst in room-temperature ionic liquid solvent for the transformation of 

alcohols into ketones or aldehydes (Scheme 38).100 The ionic liquid-supported NHPI can 

readily recycled and reused for 5 times without any loss of the activity (96%-99% yield), 

while the non-supported NHPI was recycled for only three times with the product yield 

dropped from 93% to 26%. This catalytic system with RN03 was also applied to the 

nitration of alkanes into nitro-compounds. 

IL-NHPI, Co(OAch, O2 

[bmim][PF61 

IL-NHPI, HN03 
R-H ---------' .. ~ R-N02 IL-supported NHPI 

[bmim][PFal 

Scheme 38. Ionic liquid-supported NHPI and catalyzed reactions. 

2,2,6,6-Tetramethylpiperidin-I-oxyl (TEMPO) with a terminal oxidant is an important 

combination used extensively for selective and efficient oxidation of alcohols to carbonyl 
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compounds under mild conditions. 101 In the reaction, TEMPO serves as a catalyst. So far, 

many different terminal oxidants have been developed for this reaction such as sodium 

hypochlorite,102a [bise acetoxy )iodo ]benzene, 1 02b m-CPBA 102e , sodium bromite, 102d 

. hl' . 'dl02efg 102h· d' 102i d 'h C CI I02jk tnc orOlsocyanunc aCl, "oxone, 10 me, an oxygen wIt u, ' or 

NaN02.1021 The problem for this oxidant system is that the separation of products from 

TEMPO requires tedious workup procedures especially for the large-scale reactions. 

However, it can be solved via anchoring TEMPO to the ionic liquid phase tag. Gao and 

coworkers reported the first example of imdazolium salt-bound TEMPO (Scheme 39), 

which showed good catalytic activity according to Anelli's protocol/ 03 in the oxidation 

of primary and secondary alcohols to aldehydes and ketones without overoxidation to 

carboxylic acids. 104 The supported TEMPO showed similar catalytic behaviors to non-

supported counterpart, but easier recovery of the catalyst in the supported case. Bao and 

coworkers reported another example, which used similar imidazolium salt-supported 

TEMPO catalyst and different terminal oxidants. 105 

IL-TEMPO (1%), KBr (10%) 
NaOel (1.24 equiv.), PH=8.6 

o r;;;,. 
~NCBN-Me 

~ ~6~ 
o. IL-TEMPO 

Scheme 39. Selective oxidation of alcohols to carbonyl compounds by IL-TEMPO. 

A recent example of ionic liquid-supported organocatalyst for asymmetric Aldol 

reaction has been done in our group/oe in which (2S, 4R)-hydroxyproline is anchored to 

imidazolium-based ionic liquid. The anchored catalyst gave the products with up to 28% 

higher enantioselectivity than non-supported (S)-proline. 
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It is worthy to mention that a task-specific basic ionic liquid [bmim] OH, was 

successfully used as base catalyst and reaction medium in Michael adition of active 

methylene compound to conjugated ketones, carboxylic esters and nitriles, 1 06 and in 

Markovnikov addition ofN-heterocycles to vinyl esters. 107 

1. 4. 3. Ionie liquid-supported reagents 

It is well known to organic chemists that functional transformations and carbon-carbon 

bond formations are the basic motif in organic synthesis. When a multifunctional group 

has been grafted onto ionic liquid phase tag, this resulting reaction precursor can be used 

as a functionalized reagent to undergo different kinds of reactions to make interesting 

molecules. Grée and coworkers simply anchored electrophilic alkenes to imidazolium salt 

via Wang resin-type linker. 108 This simply functionalized reagent was used for the Diels­

AIder cycloaddition, 1,4-addition, Heck Coupling and Stetter reactions. The final 

products can be easily cleaved from the phase tag through transesterification. 

In 2005, Zhang and coworkers reported imidazolium salt-supported hypervalent iodine 

(III) reagent for the oxidation of primary and secondary alcohols into aldehydes and 

ketones in the room-temperature ionic liquid [emim][BF4] as shown in Scheme 40. 109 

This reagent can be easily prepared in two steps starting from the reaction of 1-

methylimidazole with 4-bromamethyliodobenzene and followed by oxidation with 

peracetic acid (30% H20 2 and acetic anhydride). The importance of this reagent is that 

this ionic liquid-supported oxidant is stable and environmentally friendly, and more 

active than non-supported reagent PhI(OAc h, and highly selective for the oxidation of 

primary alcohols to aldehydes without overoxidation to carboxylic acids. AIso, the 
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supported oxidant can be easily recovered and reused after reoxidation with peracetic 

acid. Therefore, this reagent may be used to replace the expensive Dess-Martin 

periodinane (DMP) reagent and o-iodoxybenzoic acid (IBX) because the high valence 

iodine (V) oxidants are potentially explosive. 1 
10 

Me-J@~-cH2-O-I(OACh 
BF4-

Seheme 40. Selective oxidation of alcohols to carbonyl compounds by ionic liquid-

supported iodine (III) reagent. 

Ionic liquid-bound sulfonyl chloride was used as both reagent and solvent in the 

Beckmann rearrangement of oximes. 111 The products E-caprolactam could be easily 

separated frorn the reaction mixture by water extraction, which was believed to be a 

serious problem in chernical industry. 

In addition, a task-specific ionic liquid [bmirn][SCN] was used as thiocyanate reagent 

and reaction medium for the conversion of alkyl halides to alkyl thiocyanates at room 

temperature in the yield from 75-95%.112 

1. 4. 4. Ionie liquid-supported synthe sis of biopolymers 

The efficient synthesis of biopolyrners such as oligosaccharides, oligopeptides and 

oligonucleotides is still a conternporary challenge even though polymer resin-supported 

synthesis l13 has perrnitted the automated assembling oftheir corresponding rnonorners. 114
, 

115 
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The central issue is that polymer supported solid-phase synthesis has to use much 

excess reagents to drive the reaction to completion and its loading level of the monomer 

is quite low as compared to the mass of support. Also, the coupling process and 

intermediate products are difficult to be monitored without cleavage by common 

characterization methods such as NMR, MS spectroscopy. Recently fluorous phase 

supported synthesis has been advocated in the synthesis of biopolymers. This 

methodology requires using highly fluorinated compounds as solvents to extract products 

from reaction mixtures. Our group recently put forward the concept that ionic liquids Can 

be used as soluble supports to synthesize biopolymers. The concept is illustrated in 

Figure 6. The substrate anchored onto an ionic liquid moiety is soluble in polar organic 

solvents and can undergo liquid-phase reaction. After completion of the reaction and 

evaporation of the solvent, the excess reagents can be removed by a less polar organic 

solvent in which the ionic liquid-anchored product is insoluble. Inorganic reagents or side 

products Can be removed by precipitation or by washing with aqueous solution. Finally, 

the product can be detached and then separated from the ionic liquid moiety by organic 

solvent extraction. This idea was firstly demonstrated by using imidazolium salt as phase 

tag to synthesize oligosaccharides and the total synthetic procedures was exhibited in 

Canadian Society of Chemistry (CSC) conference in 2004. lOa The details will be 

described in the next chapter of this thesis. This approach provides a way to construct 

oligosaccharides with greatly simplified purification procedures without the need of 

chromatography during the synthesis and at the end of cleavage of the phase tag. A 

similar example was reported by Wang and coworkers in 2006. 116 The ionic liquid­

supported oligosaccharide synthesis has combined the advantages of homogeneous 
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reaction in the conventional solution-phase synthesis, and heterogeneous phase separation 

in solid-phase synthesis. 

Excess reagents 
1 Productl 

Org.solvent ~ 
LiqUid-Ph:se_::------I~ p.r .. :duct.:. Detachm:nt J Org.solvent 

reaction" Phase ~ 

ISubstratel Loading '--,..----1 

Aq.phase separation ~ 

Inorganics 

Figure 6. Ionic liquid-supported synthesis of biopolymers. 

The first example on ionic liquid-supported oligopeptide synthesis was also reported 

by our group.10d A bioactive pentapeptide, Leus -enkephalin, was synthesized in good 

total yield and reasonable purity as shown in Scheme 41. The reactions were performed 

in homogenous solution phase and each step was verified by common spectroscopie 

analysis. 

Me-lc~8\N~OH 
'-./ 

BF4-

Loading via 
esterification 

Deprotection 
&Coupling 

~ ~O-Leu-Phe-Gly-Gly-Tyr(tBu)-Boc 
Me-NBN 

j Cleavage & 
Deprotection 

HO-Leu-Phe-Gly-Gly-Tyr-H 

Leu5-Enkephalin 

Scheme 41. Ionie liquid-supported oligopeptide synthesis. 

In summary, ionic liquid-supported synthesis provides a new strategy in organlc 

synthesis and catalysis. The ionic liquid-supported substrate can undergo chemieal 

assembling in homogeneous phase as conventional solution phase synthesis whieh results 

in high reaction effieieney, and the produet purification procedures ean be mueh 

simplified through phase separation as the solid-phase synthesis without requirement of 
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chromatography in most of cases. Those credits are fully demonstrated in the ionic liquid­

supported synthesis of biopolymers in which the use of large excess of reagents can be 

avoided and reaction process and intermediate products can be characterized by routine 

methods such as NMR, IR and MS spectroscopy in contrast of solid-phase synthesis. In 

addition, when catalysts are grafted to ionic liquid phase tag, the resulting molecules have 

better solubility in ionic liquid solvents. This can greatly decrease the catalyst leaching 

into the organic phase during product extraction procedures in the case of biphasie 

catalysis, which, therefore, is especially important for ionic liquid-supported noble 

transition metal catalysts due to environmental and economical concerns. However, the 

limitation of ionic liquid-supported synthesis is the supports, which are imidazolium salts 

in most cases, are quite small, so it is difficult to eonstruct large molecules beeause ionie 

liquid moiety will lost the role as a phase tag when a large size of substrate has been 

anehored onto it. And also, ionie liquids are not eompletely inert in sorne reaetions.6 The 

anion exehange of ionic liquid moiety is always a pain on the researeher' s neck beeause it 

adds to the complexity of the reaction mixture. 

1. 5. Ionie liquid-stabilized metal nanoparticles and eatalysis 

The preparation of metal nanopartic1es in ionie liquids has just started in the last 5 

years. 117 This researeh area has attracted increasing attention from scientists due to the 

fact that ionic liquids can be good solvents and stabilizing reagents to make transition­

metal nanopartic1es. In many cases, the as-synthesized transition-metal nanopartic1e/ionie 

liquid catalytic systems show good activity and reeycling ability in organic catalysis, and 

ean be used over a large range of temperatures. The merits of ionie liquids in preparing 
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metal nanoparticles, besides those properties as "green" solvents, can be based on the 

foUowing reasons. First of aU, ionic liquids can have low interfacial tension, which is a 

good property to generate smaU particles because low interfacial tension of solvents 

results in high nucleation rate and week Ostwald ripening. 117 Secondly, ionic liquids are 

better considered as "polymerie liquids" than "common solvents". It was reported that 

pure imidazolium-based ionic liquids are highly organized hydrogen-bonded polymerie 

liquids. 118 This type of "supramolecular" liquids have possibilities to pro vide tiny ordered 

"domains" to confine metal nanopartic1es from aggregation into large particles or to be 

used as a template to fabricate ordered-structured materials. 119 Thirdly, ionic liquids have 

large melting point ranges (-100 - 400 OC), which makes them good solvents in the 

preparation of metal nanoparticles at low or high temperatures. Fourthly, the hydrophilic 

and hydrophobie properties of ionic liquids can be tuned by anion exchange. This makes 

it possible that ionic liquid-stabilized nanoparticles can phase-transfer from aqueous 

phase to organic or ionic liquid phase. In this section, ionic liquid-assisted preparations 

and applications of metal nanoparticles will be reviewed. 

1. 5. 1. Ionie Iiquid-assisted preparation of metal nanopartiele-based eatalytie 

systems 

Developing new catalytic systems that possess the advantages of both homogeneous 

(easy catalyst modulation and high catalytic efficiency) and heterogeneous (easy catalyst 

recycling and product separation) catalysis has been one of the most challenging issues in 

modem catalytic chemistry.120 Ionie liquids as designer solvents have attracted much 

attention in immobilizing transition metal catalyst precursors in biphasic catalytic 
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systems.9 This has to be attributed to the advent of air and moisture-stable imidazolium­

based room-temperature ionic liquids ten years ago,121 which tremendously pushed 

forward scientific investigations on ionic liquid-based catalysis and synthesis. In 200 1, 

Srinivasan and coworkers reported the formation of Pd nanoparticles through in situ 

investigating the reaction mixture after a successful Heck reaction in ionic liquid of 

[bbim][BF4] under sonochemical conditions using Pd(OAc)2 or PdCh as a catalyst and 

sodium acetate as a base. 122 TEM images showed that the average size of Pd 

nanoparticles was 20 nm. 

In general, metal nanoparticles are usually prepared by the reduction of metal 

compounds in the presence of stabilizing reagent such as phosphine, thiols, surfactants, 

polymers and so on. 123 Accordingly, ionic liquid-stabilized transition-metal nanoparticle 

systems can also be synthesized through the simple reduction of transition metal 

compounds with molecular hydrogen or the decomposition of zero-valent transition­

metal complexes by other reagents in ionic liquids. In 2002, Dupont and coworkers for 

the first time reported the intentional use of imidazolium ionic liquid as both solvent and 

stabilizing reagent for the preparation of iridium nanoparticles. 124 Treatment of the 

solution of [IrCI(cod)h (cod = 1,5-cyclooctadiene) in [bmim]PF6 with hydrogen at 75 Oc 

for 10 min afforded a black "solution" of nanoparticles with average diameter of 2.0 nm 

and irregular shape. The resulting catalyst mixture could be used directly as recyclable 

catalysts for biphasic hydrogenation of olefins, or submitted to centrifugation to isolate 

the nanoparticles that was then re-dispersed in [bmim][PF6] to give the catalytic system 

with the same performance as the freshly prepared. Importantly, the catalytic activity of 

this system was significantly better than those obtained in conventional biphasic 
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conditions like simply dissolving transition-metal catalyst precursors in room­

temperature ionic liquids under similar reaction conditions. High catalytic efficiency was 

maintained for up to at least seven recycles with total turnover of more than 8400, while 

the control experiment showed Crabtree's catalyst precursor [Ir(cod)py(PcY3)][PF6] in 

water-free [bmim]PF6 under the same reaction conditions lost the activity quickly after 

the second mn. The same strategy was applied to prepare Pt(0),125 Rh(0),126 and Pd(0)127 

nanoparticles under similar conditions and the resulting Pt(O), Ir(O) and Rh(O) 

nanoparticle catalyst systems were used for the hydrogenation of arenes, affording good 

conversions, especially in the case of Ir (0) nanoparticles. X-ray diffraction (XRD) and 

TEM analysis confirmed the existence of crystalline Pt and Rh nanoparticles with 

average diameter of 2.5 nm and 2.3 nm, respectively, evenly dispersed in the ionic liquid 

solvents. The isolated Pt(O), Ir(O) and Rh(O) nanoparticles could be used as solids 

(solvent-free) or re-dispersed in ionic liquids (biphasic) or in organic solvent 

(homogeneous) for the hydrogenation of arenes under mi Id reaction conditions. The 

occurrence of c-o bond hydrogenolysis, which is characteristic of a surface metal 

catalyst,128 in the experiments indicated that those nanoparticles behaved preferentially as 

a heterogeneous catalyst rather than a homogenous catalyst in terms of active sites under 

solvent-free or biphasic condition. 129 

More recently, a modified approach from the abovementioned strategy was developed 

by the same group to prepare ligand-free Pd(O) nanopartic1es dispersed in [bmim ][PF 6] 

ionic liquid as shown in Scheme 42. The resulting Pd catalyst was applied to the Heck 

coupling reaction between n-butylacrylate and aryl halides with good conversion and 

yield under optimized conditions. l3O When an N-containing palladacycle was treated with 
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allene in dichloromethane at room temperature, Pd(O) would be generated. This soluble 

Pd(O) species was relatively stable, which could be quickly dispersed in the ionic liquids 

after removal of organic solvent or treatment with PPh3 to generate the well-known 

catalyst Pd(PPh3k 131 

Me 

=-==< 
Me 

Pd (0) + 

CH,CI,. rt PF,I / ~ PPh, 

lbmimll/ ~ 

Pd (0) Nanoparticles 

Scheme 42. Preparation of ionic liquid-stabilized Pd(O) nanoparticles. 

The Pd(O) nanoparticles obtained display an irregular shape with a monomodal particle 

size distribution at 1.7 ± 0.3 nm according to TEM images. However, the particle size 

turned bigger with monomodal size distribution of 6.1± 0.7 nm after the Heck reactions. 

This indicates the aggregation of nanoparticles during reactions. The TEM and lCP-AS 

measurements strongly suggested that Pd nanoparticles dispersed in the ionic liquid acted 

as a reservoir of catalytically active Pd species. The reaction proceeded through the 

oxidative addition of phenyl iodide on the nanoparticle surface and then the oxidized Pd 

species were detached from the surface and entered into the catalytic coupling cycles and 

ended up with either continuing catalytic cycles or falling back to the nanoparticle 

surface. This is consistent with the fact that the recovered organic phase extracted with 

diethyl ether after 4h (containing around 25% Pd) was inactive for the coupling of PhI 

and n-butylacrylate in the presence of EtN(i-Pr)2 at 80 Oc after 20 hours and attempts to 

identify Pd nanoparticles in the organic phase by TEM was not successful. However, this 
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conclusion on catalytic pathway needs more evidence to prove because the experimental 

results can also explained by the formation of unknown inactive Pd species in the organic 

solvent.132, 133, 134 

A similar approach to make Pd(O) nanoparticles was reported by Calo and 

coworkers. 135 When a Pdh complex with two benzothiazole carbenes or Pd(OAc)2 was 

dissolved in ionic liquid tetrabutylammonium bromide (TBAB) followed by the addition 

of tetrabutylammonium acetate (TBAA), a dark suspension of Pd nanoparticles were 

obtained. The resulting catalytic system could efficiently and specifically catalyze the 

Heck reactions between cinnamates and aryl halides to give p-arylsubstituted cinnamate 

esters. Interestingly, the ionic liquid TBAA plays a crucial role in forming Pd 

nanoparticles and determining the stereospecificity of C-C coupling process in this case, 

which was explained, respectively, by the ionic liquid stabilization effects on the unstable 

12-electron complex ArPdX via forming the more stable 16-electron complex [ArPdX3t 
2N~ + and an intramolecular neutralization ofPdH(X) by TBAA as a base. 

Han and coworkers reported the synthesis of phenanthroline ligand-stabilized 

palladium nanoparticles in ionic liquids through in situ reduction of Pd(OAc h in 

[bmim] [PF 6] by hydrogen in the presence of phenanthroline. The resulting catalytic 

system showed high activity and selectivity for the hydrogenation of olefins and was 

reused for 10 times without decrease of activity.136 Control experiment showed that the 

phenanthroline ligand was important to stabilize Pd nanoparticles. Otherwise, the 

nanoparticels would aggregate and precipitate in the first run, which led to the loss of 

catalytic activity. 
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Kou and coworkers synthesized a new family of ionic copolymers via free radical 

copolymerization of 1-vinyl-3-alkyl imidazolium halide and N-vinyl-2-pyrrolidone as 

shown in Scheme 43. 137 These copolymers were highly soluble in ionic liquid such as 

[bmim] [BF4] and used to stabilize Rh(O) nanoparticles to generate a new metal 

nanoparticle catalyst system, which showed good activity and recyclability in the benzene 

hydrogenation. It was found that the good stability and activity of this catalytic system 

was resulted from high synergistic effect among metal nanoparticles, polymer and ionic 

liquid because any combination of those two components did not afford good catalytic 

behaviors. It is worthy to mention that not only the ratios of polymer and metal 

naoparticles, but also the ratio of the two monomers in the copolymers shows 

considerable effects on the activity and stability ofthis catalyst system. 

r= 
N 

[~ 
N 

RX 
r= 

N 

[~ 
Reflux, 60 oC, 3h _ ~ + 

X R 

N-Vinyl-2-Pyrrolidone 

AIBN, MeOH, 60 oC, 16h 

Scheme 43. Synthesis of poly[(N-vinyl-2-pyrrolidone )-co-(1-vinyl-3-alkylimidazolium 

halide)] copolymers. 

Although ionic liquid biphasic catalyst systems, composed of an organic phase and a 

catalyst-dispersed ionic liquid phase, have been addressed by many research groups so 

far, chemical industry still prefers heterogeneous catalytic systems due to the easy 

product separation and possibility to use fixed-bed reactors. Pd nanoparticles can be 

immobilized on molecular sieves by ionic liquids to build up a heterogeneous catalyst 

system for solvent-free hydrogenation. The fist example was addressed by Han and 

coworkers (Figure 7),138 who used readily prepared ionic liquid 1,1,3,3-
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tetramethylguanidinium lactate to immobilize Pd nanoparticles onto porous molecular 

sieves because quanidinium ions have a considerable coordinating ability to metal 

particles. 139 

Molecular Sieves 

Olefin + H2 Alkane 

Molecular Sieves 

Figure 7. Immobilization of Pd nanoparticles on the surface of molecular sieves with 

ionic liquid layer 

The catalytic system obtained showed excellent synergistic effects on the enhancement of 

activity and durability of catalysts as compared with biphasic catalytic system and 

molecular sieves-supported nanoparticle catalyst without ionic liquids. However, the 

mechanism for this catalytic system with high activity and stability was not fully 

addressed and the procedures to prepare and immobilize Pd nanopartices were not 

described in the paper. 

The same group reported the immobilization of Ru(O) nanoparticles on mesoporous 

silicate SBA_15 140 and Montmorillonite141 by ionic liquid of 1, 1, 3, 3-

tetramethylguanidinium lactate and trifluoroacetate, respectively, and their application to 

the hydrogenation of benzene. The immobilization of Ru(O) nanoparticles onto 

mesoporous silicate SBA-15 was conducted through mixing the ionic liquid and RuCh in 
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methanol and then evaporating off solvent, followed by hydrogen reduction at 150 Oc for 

2 h to give Ru(O) nanoparticles with further calcination at 220 Oc for 3 h to decompose 

excess free ionic liquid species. The Ru(O) catalyst system obtained had 1 wt% Ru metal. 

While SBA -15 is a mesoporous silicate with hexagonally ordered empty channels, 

Montmorillonite (MMT) is naturally occurring clay with laminar structures and each 

layer is made up from two-dimensional silicate sheet with negative charges, and with the 

cationic species intercalated between layers by electrostatic interaction with those 

negative charges. The catalyst system was prepared by treatment of Na-MMT with an 

aqueous solution of 1, 1, 3, 3-tetramethylguanidinium trifluoroacetate for three times to 

finish cation exchanges. After filtration and washing with water, the guanidinium-Ioaded 

montmorillonite was dispersed into aqueous solution of RuCh to absorb Ru3
+ by 

coordination, which was followed by evaporation (model system) or filtration to remove 

water. The nanoparticle catalyst system was obtained by hydrogenation of Ru3
+_ 

intercalated Montmorillonite composites at 220 Oc for 2 h. The intercalation of ionic 

liquid and ruthenium nanoparticles was confirmed by surface analysis with nitrogen 

adsorption and desorption and IR spectroscopy. The resulting Ru/MMT catalyst showed 

much higher catalytic activity than the traditional RuiC and Ru/ Ah03 systems under the 

same reaction conditions. Moreover, it is a heterogeneous catalyst system, which can be 

used in a fixed-bed process. A series of analysis with TEM, EDS (energy-dispersive X­

ray spectrometer) and HRTEM showed Ru nanoparticles, less than 3 nm, were present on 

the outer surface and interface of Montmorillonite composites and the particles in the 

interfaces could play a main role in the high activity of the catalyst. When the catalyst 

systems were prepared without being soaked with ionic liquid or Ru3
+, the resulting 
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systems showed much lower activity than the model system in the hydrogenation of 

benzene, which indicates ionic liquid acted as immobilizing reagents for the metal 

nanoparticles. However, the model system was obtained by evaporation to remove water, 

which should include immobilized Ru nanoparticles via chemoadsorption and 

physioadsorption and free Ru nanoparticles. The free nanoparticles and weakly bound 

nanoparticles might aggregate and leach out during hydrogenation processes. The same 

problem may also exist in the case of Ru-SBA-15 system. 140 

1. 5. 2. Synthesis of metal nanoparticles using thiol-funtionalized ionic liquids as 

capping reagents 

The preparation and processing of gold nanoparticles are one of the most interesting 

research topics in metal nanotechnology because gold nanoparticles have high optical 

molar absorbance in the visible light region, which endows them with potential 

application as nanoprobes and nanosensors.1 42 The fist example of preparation of go Id 

nanoparticles by the use of thiol-functionalized ionic liquids as stabilizers was described 

by Naka and coworkers. 143 The synthetic procedures are very common in the preparation 

of nanoparticles as shown in Scheme 44, that is, to an aqueous solution of HAuCl4 with 

3,3' -[ disulfanyl(hexane-l ,6-diyl]-bis(1-methyl-lH-imidazol-3-ium) dichloride was added 

an excess amount of reducing reagent NaBH4 dropwise. The resulting nanoparticles were 

purified by ultrafiltration membrane. The average diameter of as-synthesized gold 

nanoparticels was 5.0 nm according to TEM images and each particle absorbed 380 

sulfur ligands on the surface from calculations. Since the miscibility of ionic liquids in 

water or organic solvents can be changed by anion exchange, the particle size and surface 
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properties of those gold nanoparticles obtained could be controlled by anion changes due 

to the induced particle aggregation. This leads to the gold nanoparticles having different 

optical and hydrophilic behaviors, which make them possible to be optical anion sens ors 

and phase transferring reagents. The nanoparticle phase-transfer phenomenon was also 

observed by other research groups, who described the phase-transfer of noble transition 

metel nanoparticles from aqueous phase to ionic liquid phase in detail. l44 Wei and 

coworkers reported that go Id nanoparticles were able to be transferred from aqueous 

phase to water immiscible ionic liquids phase like [bmim][PF6] just by vigorous shaking 

the biphasic mixture and the aggregation of gold nanoparticles in ionic liquid phase could 

be prevented by adding a small amount of cationic surfactant such as 

tetradecyltrimethylammonium bromide. While, Roucoux and coworkers reported that the 

non-conventional room-temperature ionic liquid or cationic surfactant type ionic liquid of 

N, N -dimethyl-N -dodecyl-N -(hydroxyethyl )ammonium chloride-stabilized rhodium 

nanoparticles in the aqueous solution were transferred to the in situ formed ionic liquid 

phase N, N-dimethyl-N-dodecyl-N-(hydroxyethyl)ammonium methylsulfonimide after 

the anion exchange of the surfactant molecules. This phase transfer process provides a 

new approach to prepare ionic liquid-immobilized metal nanoparticle catalyst systems 

without using thiol reagents as capping reagents. 

Scheme 44. Synthesis of gold nanoparticles using functionalized ionic liquid. 

Fujihara and Tatumi reported a new family of gold nanoparticles that were stabilized 

by zwitterionic imidazolium sulfonate-terminated thiols (Zwitter-Au) (Figure 8). Those 
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Au nanoparticles were considerably stable in high concentration of aqueous electrolytes 

such as NaCI, NaN03, NaPF6, CF3S03Na, and HCI, in sharp contrast to other metal 

nanoparticles, which, in general, were unstable and aggregated in electrolyte 

solutions. 142a The synthetic procedures were similar to the abovementioned case. The 

gold nanoparticles obtained were found to be stable in solid state, insoluble in many 

organic solvents such as n-hexane, Benzene, chloroform, THF, ethyl acetate, methanol, 

acetone, DMF and DMSO and water, but soluble and stable in aqueous electrolyte 

solution such as 0.2 M NaCI, 6 M NaCI, 2M HCI and various concentrations ofNaN03, 

NaPF6 and CF3S03Na as weIl as in ionic liquid like [emim][BF4]. However, they 

aggregated in aqueous solution of HPF6 due to anion exchange. The particle size of 

Zwitter-Au in several aqueous electrolyte solutions is between 2.4-2.7 nm, indicating 

their surface properties did not change with the addition of electrolytes. Moreover, these 

zwirterionic ionic liquid-stabilized gold nanoparticles showed good stability in presence 

of calix[8]arene p-sulfonic acid octasodium salt, poly(sodium 4-styrenesulfonate), 

carboxylate-terminate PAMAM dentrimer (G 1.5-COONa) or bovine serum albumin, 

suggesting potential application in bioanalytical fields. 

S-(CH2)6-J@ ~-(CH2)'-S037 0 

Zwitter-Au 

Figure 8. Gold nanopartic1es stabilized by zwirterionie imidazolium sulfonate-

terminated thiols. 

Lee and eoworkers reported the one-phase synthesis of go Id and platinum 

nanopartic1es via general procedures using multiple thiol-funtionalized ionic liquids as 

eapping reagents. 145 The structures of the ionie liquids used are shown in Figure 9. 
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Electron diffraction revealed that aIl of Au and Pt nanoparticles are crystalline with face-

centers cubic (fcc) packing arrangement, and average diameters of the nanoparticles are 

between 2.0 -3.5 nm, lack of plasmon adsorption. The experimental results showed that 

the nanoparticle size and distribution were dependent on the number and position of thiol 

groups in the ionic liquids, that is, ionic liquids with symmetrical structures gave smaller 

particles size and narrower size distribution than the unsymmetrical ones. 

Figure 9. The molecular structures of multiple thiol-functionalized ionic liquids. 

1. 5. 3. Preparation of metal nanoparticles in ionic liquids 

The preparation of transition-metal nanoparticles via reduction of metal complexes in 

ionic liquids to generate nanoparticle catalyst systems has been described in the above 

section. In sorne cases, the transition-metal nanoparticles, dispersed in ionic liquids, tend 

to aggregate into larger structures after several runs in the catalytic reactions. This leads 

to the loss of their catalytic activities, especially for Rh(O) and Pd(O) nanoparticles. 146
, 126 

The reactivation of those nanoparticles may be achieved by break them up into smaller 

ones again and then evenly dispersed in the ionic liquids. To reach this goal, Dupont and 

coworkers introduced in situ laser radiation of the large nanoparticles dispersed in water 

immiscible ionic liquid such as [bmim] [PF 6] to induce their fragmentation into smaller 

nanoparticles. 147 This approach is based on the principle that photo-ejection can generate 

electronic efficiency on metal particle surface, which facilitates fragmentation of the 
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particles and approximation of the ionic liquids, consequently forming a protective layer 

to make difficult the agglomeration of small nanopartic1es into larger c1usters. 

Recently, Larionova, Guari and coworkers reported the synthesis of cyano-bridged 

magnetic nanopartic1es using ionic liquids as solvents and stabilizers by simply mixing 

two solutions of [bmimb[Fe(CN)6] and [M(H20)6]X (M = Cu, X =BF4; M = Ni, Co, Fe, 

X = N03) in ionic liquids such as [bmim][BF4] and [C lOmim][BF4].148 The as-synthesized 

nanopartic1e colloids of (M3[Fe(CN)6h/[RMIM][BF4D were transparent with deep colors 

and stable for months. The nanopartic1e obtained had uniform size, spherical shape with a 

diameter of about 2-3 nm. Actually, they can be taken as heterometallic cyano-bridged 

coordination polymers with controlled sizes. In addition, those nanopartic1es showed 

interesting magnetic behaviors at low temperature. 

Since ionic liquids possess great thermal stable property, they can be used as solvents 

to prepare metal nanopartic1es at relatively high temperature. Long chain acid or amine­

stabilized sil ver or platinum nanopartic1es were prepared by Yang and Zhangl49 via 

mixing silver trifluoroacetate and oleic acid in ionic liquid of [bmim] [T6N] at 200 Oc or 

heating the mixture of platinum acetylacetonate, 1,2-hexandecandiol and oleylamine in 

[bmim][T6N] at 230 oC, where 1,2-hexandecandiol was used as a reducing reagent. The 

resulting silver and platinum nanopartic1es could settle out from the ionic liquid during 

the reaction with the particle size of about 4.5 nm. The isolated nanoparticles have an 

excellent dispersity in conventional organic solvent s such as hexane. Control experiment 

showed that the long chain acid or amine was necessary to obtain the metal nanoparticles 

with narrow size distribution and make possible automatic separation of nanoparticles 
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from ionic liquid. Meanwhile, the same group reported the preparation of cobalt-platinum 

nanorods in ionic liquid of [bmim] [Tf2N] at high temperature ofup to 350 0c. 150 

In summary, metallic nanoparticles have large surface area, which are 

thermodynamicallY unstable and tend to aggregate into larger particles or bulk metals to 

decrease their entropy. Thus, they have to be stabilized by other additives such as 

surfactants, thiols, polymers, tetraalkylammonium salts and so on. In this review, it has 

been weIl demonstrated that sorne ionic liquids, which do not have special functional 

groups such as thiols, can still be used as stabilizing reagents to synthesize metal 

nanoparticles with narrow particle-size distribution and good stability. However, even 

though the mechanism to account for this unique chemistry is stiH open to researchers, 

sorne interesting experimental results have already been described in recent years. First of 

aH, since ionic liquids are highly ordered organic salts, the combination of intrinsic 

charges and special hindrance of those salts can create an electrostatic and steric 

stabilization of transition-metal nanoparticles because the surface of metal(O) 

nanoparticles are not completely neutral, which still possess a small number of positive 

charges. 151 This is similar to the proposed model in the cases of polyoxoanion or 

tetraalkyl ammonium salt-stabilized nanoclusters. 152 The second hypothesis is that the 

surface of transition-metal nanoparticles was coordinated to N-heterocyclic nanoparticles 

from imidazolium based ionic liquids. This hypothesis was supported by the experimental 

results described by Finke and coworkers. 153 They detected Ir(O) nanoparticle surface­

ligand-coordinated N-heterocyclic carbene formation in [bmim][NTf2] by using D2 plus 

2H NMR spectroscopy. The experimental results showed deuterium incorporation was 
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apparent at the 2-H, 4-H, 5-H and 8-H position of the imidazolium cation and it occurred 

at 2-H and 4-H position only after an induction period. This rules out the possibility that 

N-heterocyclic carbene formation was due to the H/D ex change from imidazolium 

moiety and iridium precursor complex before the formation of Ir(O) nanoparticles. 

Another hypothesis is 'Il5-coordination of the imidazolium cation to the electronic 

efficient metal(O) surface. So far, no convincible experimental results have been put 

forward to support this proposaI. It is also quite difficult to imagine that a positively­

charged imidazolium ring can coordinate to electron deficient metal surface. 

1. 6. Summary and outlook 

From the contents of the above review, it is clear that the area of functionalized ionic 

liquids has expanded significantly in the last several years and their applications in 

industry will not be too far off in the future since the seminal application equipment of 

ionic liquids have already been set up in BASF several years ago.65 The modification of 

ionic liquid molecules with special functional groups can not only generate new ionic 

liquids with classical behaviors but also endow them with new properties for special tasks 

in academic investigations or people's life. The efficient transfer of chirality from 

sol vents to molecules is a frontier research topic. Any breakthrough in this field can cast 

a new light on the theoretic basis of asymmetric synthesis and catalysis. lonic liquid­

stabilized transition-metal nanoparticle catalyst systems show great enhancement of 

activity and recyc1ability. The immobilization of these systems on solid supports has 

remarkable potential applications in industry because this combination makes the catalyst 

system have the advantages from both homogeneous and heterogeneous catalysis. Ionie 
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liquids, as soluble supports, can significantly simplify the procedures of organlc 

synthesis. More efforts are supposed to be delivered to new support design and 

applications, especially for the environmentally benign processes. The following chapters 

of this thesis will demonstrate how to use ionic liquids as a soluble support for ordorless 

Swern oxidation, oligosaccharide synthesis and design and synthesis of novel ionic liquid 

oligomers and their applications to peptide synthesis. 
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Chapter 2. New Non-Volatile and Odorless Organosulfur Compounds 

Anehored on Ionie Liquids. Reeyclable Reagents for Swern Oxidation 

2. 1. Introduction 

Organosulfur compounds have played an important role in organic chemistry.1 An 

array of organosulfur compounds have been introduced for use in pesticides, medicines,2 

and more recently material sciences.3 Many organosulfur reagents have important use in 

synthetic organic chemistry.4 Volatile organosulfur compounds, especially thiols, often 

have very unpleasant smells and sorne are toxic.2 These properties have reduced their 

attractiveness for applications. We report here the synthesis of a new class of 

organosulfur compounds anchored on the imidizolium scaffold commonly used for ionic 

liquids. Ionic liquids have received much attention in recent years as environrnentally 

benign reaction media for organic reactions.5 This is due to sorne intriguing properties of 

ionic liquids: high thermal and chemical stability, non-flammability, lack of measurable 

vapour pressure and high loading capacity. By modifying the structure of the cation or 

the anion, the solubility of the ionic liquids can be tuned readily so that they can phase 

separate from organic as well as aqueous media. By anchoring the sulfur function to the 

ionic liquid moiety, we expect to render the organosulfur compounds non-volatile, and 

easily recoverable and recyclable. We then demonstrate the application of these new 

organosulfur compounds as reagents for the Swern oxidation. 

2. 2. Results and discussion 
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Scheme 1. Preparation of ionic liquid-grafted sulfides and sulfoxides. 

The preparation of the ionic liquid-supported sulfur compounds started from 1,2-

dimethylimidazole 1 and bromoalkyl alcohols 2 (Scheme 1). The reaction was conducted 

without solvent at 60-70 oC and the product 3 was obtained in nearly quantitative yield 

simply by washing the reaction mixture with diethyl ether to remove the trace amount of 

unreacted starting materials. This was followed by anion exchange to give the triflate salt 

4 quantitatively. Mass spectroscopie analysis showed that the anion exchange was 

complete based on the spectra on anions, which showed the absence of bromide anion. 

Sodium triflate also worked for the anion exchange reaction, but the reaction went faster 

with silver triflate. The methanesulfonylation of alcohols 4 was conducted at room 
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temperature under the basic condition provided by CS2C03 in acetonitrile. This gave 

excellent yields of product mesylates 5. The inorganic salt was simply removed by 

filtration and the organic impurity was easily washed away with diethyl ether. The 

mesylates 5 were then transformed to the ionic liquid-supported sulfides 10 in one pot 

with a sequence of reactions but without need of purification of the intermediate 

products. First, treatment of 5 with thiourea in acetonitrile gave the thiouronium salt 6.6 

Base hydrolysis of 6 gave the odorless ionic liquid-supported thiol 8 together with the 

disulfide 9 as a mixture. The sole formation of pure thiol 8 was difficult even though a 

number of reaction conditions were tested including using different bases such as Li OH, 

NaOH, KOH and CsOH, or solvents such as THF and acetonitrile, and temperature from 

room temperature to 60 oC. This is due to ease ofthiol oxidative dimerization in air under 

basic conditions. However, we were able to trap the thiolate intermediate 7 readily as the 

methyl sulfide 10 by quenching the basic hydrolytic reaction mixture with dimethyl 

sulfate.? The conversion of the ionic liquid 4 to the sulfur compound 10 could be 

achieved in > 92% overall yield with no need of chromatographic purification of 

intermediates and there was no fouI smell released in any of the operations. This is 

because in aIl the reaction steps, the products were separated from the excess organic or 

inorganic reagents by simply washing with organic or aqueous solvents, an advantage, 

which we have demonstrated previously in ionic liquid supported synthesis of small 

molecules,8 0ligopeptides9 and oligosaccharides. lO The whole synthetic sequence was 

odor-free as no volatile organosulfur compounds were used or generated. Previously, 

sulfur containing imidazolium ionic liquid had been synthesized from N-methylimidazole 

and 2-( chlorethyl)ethyl sulfide. 11 However, this involved the use of odorous volatile 

84 



sulfur compound for the synthesis, and ethyl sulfoxides in general are not used for Swern 

oxidation. 

The oxidation of the sulfides 10 with periodic acid generated very cleanly the 

sulfoxides Il without over-oxidation to the sulfone 12 under the experimental 

condition. 12 Potassium periodate did not oxidize 10 under neutral conditions, but under 

acidic conditions converted 10 to a mixture of sulfoxide 11 as well as sulfone 12 in a 

ratio of 3 to 1 according to IH NMR spectra. m-chloroperoxybenzoic acid (mCPBA) also 

oxidized the sulfide 10 to give similar results as acidified potassium periodate. The 

oxidation of the sulfides with peracetic acid, on the other hand, proceeded slowly at room 

temperature. It only generated a very small amount of sulfoxide Il after stirring for 24 h 

at room temperature. 

The conversion of alcohols to aldehydes and ketones is one of the key functional 

transformations in organic chemistry. The Swem oxidation and its numerous variations13
, 

14 have been used extensively for that purpose. A major drawback of the Swem oxidation 

is that dimethyl sulfide, generated in stoichiometric amount, is volatile, malodorous, toxic 

and difficult to recover. This mitigates its use on a large scale. A number of research 

groups have attempted to overcome the problem by using polymer-supported sulfoxide 

reagents,15 fluorous sulfoxides l6 or dodecyl methyl sulfoxide. 17 Each of these has sorne 

inherent deficiencies. In the dodecyl methyl sulfoxide case, recovery of the product 

sulfide was difficult. The fluorous sulfoxides and sulfides are likely to be expensive and 

relatively volatile. Polymer-supported sulfoxide reagents,15 whether using insoluble or 

soluble polymer support, usually have a low loading level of the effective functional 

group. 
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Scheme 2. Recycle of ionic liquid-supported sulfides and sulfoxides in Swern oxidation. 

We examined therefore the ionic liquid-supported sulfoxides Il as recoverable and 

recyclable reagents for the Swern oxidation reaction (Scheme 2). The Swern oxidations 

were conducted under standard conditions, using oxalyl chloride as activator and 

triethylamine as base in acetonitrile/dichloromethane at low temperature. The ionic 

liquid-attached sulfoxides Hb or Hc were quite reactive. A number of alcohols were 

converted to the corresponding aldehydes or ketones in high yields (Table 1). The 

carbonyl product was easily separated from the ionic liquid anchored sulfide 10 (b or c) 

by simple phase separations with diethyl ether after Swern oxidation. However, it should 

be pointed out that the sulfoxide Ha, which has two methylene spacers between the ionic 

liquid moiety and the sulfoxide part, did not work weIl as Swern oxidation reagent. It is 

possible that facile p elimination may have occurred leading to the fragmentation of the 

imidazolium moiety from the sulfoxide. The oxidation of secondary alcohols to the 

corresponding ketones worked very efficiently under the reaction conditions (Table 1). 

On the other hand, oxidation of primary alcohols to aldehydes appears to have worked 
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well only for benzylic or allylic alcohols. Simple aliphatic primary alcohols tended to 

give low yield, possibly because the sulfoxide llb or lle reagent was not employed in 

large excess, in contrast to what was normally used for DMSO. 14 We have conducted one 

reaction on a larger (10-50 mmol) scale for the oxidation of benzhydrol to 

benzophenone. The isolated yield of the product was 91 %. 

Table 1. Swern oxidation using ionic liquid-supported sulfoxides 

Entry Sulfoxide Substrate Product Yield (%) 
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0 

1 llb ciD 90 
#' #' #' #' 

OH 0 

2 llb cd" W 95 
J J J J 

3 llb ~H Br Br~ 86 

4 llb c?-~ #' 1 #' ~ #' 1 #' 

85 

5 llb ~OH U CHO 

1# 88 

yOH yHO 
6 llb IJ 95 

OBn OBn 
OH 0 

7 llb 0:) ex) 82 
J 0 J 0 

Me'\. Me., 
Me Me 

8 llb Me H Me H 85 
~ À À À 

H A a Â 

:f~ 
M Me 

9 llb J5=a 90 

OH 

OH 0 

10 lle 0::0 cCo 95 
#' #' J J 
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Il lle 
OH 

CO 
0 

0) 82 

MeO
yH 

MeOyCHO 
12 lle 1/ 1# 97 

OMe OMe 

The use of ionic liquid-supported reagents allows for the opportunity of recovery and 

recycle. The sulfide lOb or IOe, insoluble in ether, was recovered after aqueous treatment 

with K2C03 and extraction with acetonitrile/dichloromethane. 18 The recovered sulfide 

lOb or IOe can be re-oxidized with periodic acid and used for the Swem oxidation again. 

Oxidation of benzhydrol to benzophenone was chosen as an example to test the recovery 

and recycling efficiency of the llb 0 lOb system. The results are summarized in Table 

2, which show that the product yields and recovered sulfide yields were still quite 

acceptable after four recycles (Table 2).18 

Table 2. Recycle of ionic liquid-supported sulfide lOb in Swem oxidation ofbenzhydrol 

to bnzophenone 

(COClh 

+ 11b + 10b 

Recycle times 2 3 4 
__ •• ... ~~.~_ ..... _. __ M _______ ._ •• ____ •• ___ • __ ._. ______ ~ ___ • -----_. __ ._-------

Product yield (%) 90 87 86 81 

Recovered Sulfide (%) 88 82 82 80 

2. 3. Conclusions 

We have prepared a class of novel sulfur containing compounds anchored onto an 

imidazolium ionic liquid scaffold. Because of the lack of vapor pressure of these ionic 
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liquids, the sulfur compounds do not possess odor. The sulfoxide compounds llb and 

He can be used effectively for the oxidation of alcohols to carbonyl compounds under 

Swern oxidation conditions. The product sulfide lOb can be recovered easily from the 

reaction mixture and regenerated to Il band thus reused for at least 4 cycles. 

2. 4. Experimental section 

General: The procedures to make ionic liquid-attached compounds with two, three, six 

methylene spacers in the Scheme 1 were the same. 

1-(3' -Hydroxypropyl)-2,3-dimethylimidazolium triflate (4b): 

To a flask containing 1,2-dimethylimidazole (10.0 mL, 113 mmol) was added 3-

bromopropanol (10.0 mL, 114 mmol). The mixture was heated to 70 Oc and stirred for 2 

h under nitrogen and then cooled to room temperature. The crude product solidified 

during the cooling process. The solid was washed with diethyl ether for four times and 

dried in vacuo for 3 h to afford 1-(3' -Hydroxypropyl)-2,3-dimethylimidazolium bromide 

(3b) as white solid (26.2 g, 98% yield). 

1-(3'-Hydroxypropyl)-2,3-dimethylimidazolium bromide (3b): 

Mp 58-60 oC; IH NMR (400 MHz, D20): Ô 7.24 (d, IH, J = 2 Hz), 7.20 (d, IH, J = 2 

Hz), 4.10 (t, 2H, J = 7.2 Hz), 3.65 (s, 3H), 3.50 (t, 2H, J = 6.4 Hz), 2.48 (s, 3H), 1.93 (m, 

2H); \3C NMR (300 MHz, D20): Ô 144.5, 122.4, 120.9, 58.2, 45.3, 35.0, 31.6, 9.4; 

HRMS (ESI): calcd for CgH IsN 20 (M+) 155.1179, found: 155.1178. 

To a solution of 1-(3' -hydroxypropyl)-2,3-dimethylimidazolium bromide (3b) (4.97 g, 

21.1 mmol) in dry acetonitrile (20 mL) was added silver triflate (5.43 g, 21.1 mmol). The 

mixture was stirred for 2 h in the dark under nitrogen. The mixture was filtered to 
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remove the yellow salt and the filtrate was evaporated by rotary evaporation under 

reduced pressure and dried in vacuo to generate the product 4b as a c1ear liquid with a 

very light brown color (6.42 g, 100% yield). 

IH NMR (300 MHz, D20): Ù 7.27 (d, 1H, J = 1.8 Hz), 7.23 (d, 1H, J = 1.8 Hz), 4.12 (t, 

2H, J = 7.2 Hz), 3.68 (s, 3H), 3.53 (t, 2H, J = 6.3 Hz), 2.51 (s, 3H), 1.96 (m, 2H); 13e 

NMR (300 MHz, D20): Ù 144.5, 122.4, 120.9,58.1,45.2,34.9,31.6,9.1; HRMS (ESI): 

calcd for CSH 1SN20 (M+) 155.1179, found: 155.1180. 

1-(2' -Hydroxyethyl)-2,3-dimethyIimidazoIium triflate (4a): 

Yield: 100% as c1ear liquid; IH NMR (400 MHz, D20): Ù 7.28 (d, 1H, J = 2.0 Hz), 

7.24 (d, IH, J = 2.0 Hz), 4.15 (t, 2H, J = 5.6 Hz), 3.82 (t, 2H, J = 6 Hz), 3.69 (s, 3H), 2.51 

(s, 3H); l3C NMR (300 MHz, D20): Ù 144.5, 122.5, 121.2,60.2, 50.4, 35.0, 9.4; HRMS 

(ESI): calcd for C7H13N20 (M+) 141.1018, found: 141.1022. 

1-(6'-Hydroxyhexyl)-2,3-dimethyIimidazoIium triflate (4c): 

Yield: 100% as c1ear liquid; IH NMR (300 MHz, D20): Ù 7.21 (d, 1H, J = 2.4 Hz), 

7.17 (d, 1H, J = 2.4 Hz), 3.98 (t, 2H, J = 6.9 Hz), 3.64 (s, 3H), 3.46 (t, 2H, J = 6.6 Hz), 

2.46 (s, 3H), 1.70 (m, 2H), 1.42 (m, 2H), 1.23 (m, 4H); 13C NMR (300 MHz, D20): Ù 

144.2,122.2,120.8,61.9,48.3,34.8,31.4,29.2,25.5,24.9, 9.1; HRMS (ESI): calcd for 

C11H21N20 (MC) 197.1648, found: 197.1646. 

Compound Sb: 

To a flask containing 4b (6.00 g, 19.7 mmol) and cesium carbonate (8.05 g, 24.7 

mmol) was added acetonitrile (30 mL). The mixture was cooled to 0 Oc and 

methanesulfonyl chloride (2.30 mL, 29.6 mmol) was added dropwise. After 2 h of 

stirring at 0 oC, the mixture was warmed to room temperature and stirring continued for 
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20 h. The insoluble inorganic salt was filtered off and the filtrate was evaporated by 

rotary evaporation and dried in vacua overnight. The crude product was washed with 

diethyl ether for four times to afford white solid product Sb (7.31 g, 97% yield). 

Mp 47-49 oC; 'H NMR (400 MHz, D20): 87.25 (d, IH, J = 2.0 Hz), 7.21 (d, IH, J = 2.0 

Hz), 4.23 (t, 2H, J = 5.6 Hz), 4.16 (t, 2H, J = 7.2 Hz), 3.64 (s, 3H), 3.06 (s, 3H), 2.46 (s, 

3H), 2.19 (m, 2H); l3C NMR (400 MHz, D20): 8 144.7, 122.6, 120.9,68.2, 44.8, 36.6, 

34.9,28.8,9.2; HRMS (ESI): calcd for C9H17N20 3S (M+) 233.0954, found: 233.0953. 

Compound Sa: 

Yield: 94% as clear liquid; 'H NMR (400 MHz, D20): 8 7.30 (d, IH, J = 1.6 Hz), 7.23 

(d, IH, J = 1.6 Hz), 4.51 (t, 2H, J = 4.8 Hz), 4.42 (t, 2H, J = 5.6 Hz), 3.65 (s, 3H), 3.05 (s, 

3H), 2.49 (s, 3H); l3C NMR (400 MHz, D20): 8 145.4, 122.8, 121.3, 68.6, 47.3, 36.9, 

35.1,9.5; HRMS (ESI): calcd for C8H,sN20 3S (M+) 219.0795, found: 219.0798. 

Compound Sc: 

Yield: 95% as clear liquid; IHNMR (400 MHz, D20): 87.16 (d, IH, J = 2.4 Hz), 7.12 

(d, IH, J = 2.4 Hz), 4.15 (t, 2H, J = 6.0 Hz), 3.94 (t, 2H, J = 7.2 Hz), 3.58 (s, 3H), 3.00 (s, 

3H), 2.41 (s, 3H), 1.68 (m, 2H), 1.59 (m, 2H), 1.28 (m, 2H), 1.17 (m, 2H); 13C NMR (400 

MHz, CD3CN): 8 144.6, 122.5, 121.0,71.1,48.4,36.8,35.1,29.5,28.9,25.6,25.0,9.6; 

HRMS (ESI): calcd for C12H23N20 3S (M+) 275.1424, found: 275.1420. 

Compound lOb: 

To a flask containing 5b (1.00 g, 2.61 mmol) and thiourea (0.32 g, 4.20 mmol) was 

added dry acetonitrile (20 mL). The mixture was refluxed for 10 h under nitrogen. After 

removing the solvent, NaOH (0.42 g, 10.5 mmol) and degassed water (20 mL) were 

added and the mixture was stirred at 45 Oc overnight under nitrogen. Dimethyl sulfate 
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(0.30 mL, 3.15 mmol) was added and the mixture was stirred at room temperature for 20 

h. After the pH of the mixture was adjusted to 7 with the addition of aqueous HCI, the 

mixture was freeze dried to remove water. Acetonitrile was added to the residue to 

extract the product. The acetonitrile solution was filtered to remove the insoluble 

inorganic salt, and the filtrate was rotary evaporated under vacuum and then dried in 

vacuo to give product lOb as clear oil (0.87 g, 99% yield). 

IH NMR (400 MHz, D20): ô 7.22 (d, IH, J = 2.4 Hz), 7.17 (d, IH, J = 2.4 Hz), 4.08 (t, 

2H, J = 6.8 Hz), 3.62 (s, 3H), 2.47 (s, 3H), 2.41 (t, 2H, JZ6.8 Hz), 1.97 (m, 5H); \3C 

NMR (300 MHz, D20): Ô 144.5, 122.5, 120.8, 46.9, 34.9, 29.9, 28.3, 14.4, 9.2; HRMS 

(ESI): calcd for C9H17N2S (M+) 185.1107, found: 185.1103. 

Compound 10a: 

Yield: 99% as clear oily liquid; IH NMR (400 MHz, D20): Ô 7.28 (d, IH, J = 2.0 Hz), 

7.21 (d, IH, J = 2.0 Hz), 4.22 (t, 2H, J = 6.4 Hz), 3.66 (s, 3H), 2.83 (t, 2H, J = 6.4 Hz), 

2.51 (s, 3H), 1.99 (s, 3H); I3C NMR (400 MHz, D20): Ô 144.7, 122.4, 121.1,47.2,35.0, 

33.4, 14.7,9.4; HRMS (ESI): calcd for C8Hl5N2S (M+) 171.0950, found: 171.0949. 

Compound 10c: 

Yield: 98% as clear oily liquid; IH NMR (300 MHz, D20): Ô 7.16 (d, 1H, J = 1.8 Hz), 

7.13 (d, IH, J = 1.8 Hz), 3.94 (t, 2H, J = 7.2 Hz), 3.60 (s, 3H), 2.42 (s, 3H), 2.36 (t, 2H, J 

= 7.2 Hz), 1.92 (s, 3H), 1.65 (m, 2H), 1.43 (m, 2H), 1.52 (m, 4H); \3C NMR (300 MHz, 

D20): Ô 144.2, 122.2, 120.8, 48.3, 34.7, 33.4, 29.1, 28.3, 27.6, 25.3, 14.4, 9.1; HRMS 

(ESI): calcd for C'2H23N2S (M+) 227.1576, found: 227.1575. 
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Compound llb: 

To a solution of lOb (5.05 g, 15.1 mmol) in methanol (50 mL), which was cooled with 

ice bath, was added dropwise a solution of periodic acid (3.45 g, 15.1 mmol) in methanol 

(15 mL). The mixture was stirred at 0 Oc for 2 h. The ice bath was removed and stirring 

was continued for 20 h. To the orange mixture was added aqueous Na2S203 solution 

until the orange color disappeared. The solvent methanol was removed by rotary 

evaporation in vacua and water was removed by freeze dry. To the residue was then 

added the mixed solvent (100 mL) of acetonitrile and dichloromethane (v/v = 1: 1). After 

filtering off the inorganic salt, the filtrate was rotary evaporated under vacuum and dried 

in vacua to afford the product as white sticky foam (5.18 g, 98% yield). 

IH NMR (400 MHz, D20): 0 7.24 (d, IH, J = 2 Hz), 7.17 (d, 1H, J = 2 Hz), 4.14 (t, 2H, J 

= 7.2 Hz), 3.61 (s, 3H), 2.84-2.72 (m, 2H), 2.56 (s, 3H), 2.45 (s, 3H), 2.15 (m, 2H); J3C 

NMR (400 MHz, D20): 0 144.6, 122.7, 120.8, 49.1, 46.9, 37.1, 35.1, 23.0, 9.4; HRMS 

(ESI): calcd for C9H17N2S0 (M+) 201.1056, found: 201.1056. 

Compound lla: 

Yield: 99% as thick oil; IH NMR (400 MHz, D20): 0 7.33 (d, IH, J = 2.4 Hz), 7.26 (d, 

IH, J = 2.4 Hz), 4.53 (t, 2H, J = 6.0 Hz), 3.68 (s, 3H), 3.33 (m, IH), 3.24 (m, IH), 2.68 

(s, 3H), 2.55 (s, 3H); J3C NMR (300 MHz, D20): 0 144.9, 123.0, 121.0,52.1,42.3,37.5, 

35.2,9.5; HRMS (ESI): calcd for CSH ISN2SO (M+) 187.0900, found: 187.0898. 

Compound Ile: 

Yield: 96% as thick oil; IH NMR (300 MHz, D20): 07.16 (d, IH, J = 2.1 Hz), 7.13 (d, 

IH, J = 2.1 Hz), 3.95 (t, 2H, J = 6.9 Hz), 3.59 (s, 3H), 2.71 (m, 2H), 2.52 (s, 3H), 2.42 (s, 

3H), 1.67 (m, 2H), 1.58 (m, 2H), 1.35 (m, 2H), 1.19 (m, 2H); J3C NMR (400 MHz, D20): 
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Ù 144.2, 122.2, 120.8, 52.8, 48.3, 36.7, 34.9, 29.0, 27.5, 25.4, 22.0, 9.2; HRMS (ESI): 

ealcd for CI2H23N2S0 (M+) 243.1526, found: 243.1525. 

General procedure for the Swern oxidation: 

A solution of ionie liquid-attaehed sulfoxide 11 (0.9 mmol, 3 equiv) in 

diehloromethane (2.5 mL) and aeetonitrile (2.5 mL) was eooled to -78 Oc and oxalyl 

ehloride (0.9 mmol, 3 equiv) was added dropwise. The mixture was stirred at -78 Oc for 

40 min and then the alcohol (0.3 mmol, 1 equiv) solution in dichloromethane (2.5 mL) 

was added dropwise in 10 min. After stirring at low temperature for 1.5 h, triethylamine 

(0.25 mL, 6 equiv) was added and the mixture was slowly warmed to room temperature. 

The solvent was removed by rotary evaporation and the product in the residue was 

extracted with diethyl ether (6 mL) for five times. The ether extract was evaporated by 

rotary evaporation in vacuo. The product residue was subject to flash column 

chromatography (silica gel 60 A, 230-400 mesh) using hexane and ethyl acetate as eluant 

to afford the pure product. 

Swern oxidation in larger scale: 

A solution of ionie liquid-attached sulfoxide 11 b (16.73 g, 48 mmol) in 

diehloromethane (50 mL) and aeetonitrile (75 mL) was eooled to -78 Oc and oxalyl 

chloride (4.8 mL, 55 mmol) was added dropwise. The mixture was stirred at -78 Oc for 

40 min and then the alcohol benzhydrol (2.92 g, 16 mmol) solution in dichloromethane 

(25 mL) was added dropwise in 10 min. After stirring at low temperature for 1.5 h, 

triethylamine (14 mL, 100 mmol) was added and the mixture was slowly warmed to 

room temperature in 2 h. The solvent was removed by rotary evaporation and the product 

in the residue was extraeted with diethyl ether (60 mL) for 10 times. The ether extract 
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was evaporated by rotary evaporation in vacuo. The product residue was subject to flash 

column chromatography (silica gel 60 A, 230--400 mesh) using hexane and ethyl acetate 

as eluant to afford the product benzophenone (2.62 g, 91 % yield). 

General procedure to recover ionic Iiquid-attached sulfide after Swern oxidation: 

After the extraction of the product with diethyl ether described above, water (10 mL) 

was added to the residue. The aqueous phase was collected and to which K2C03 (0.16 g, 

1.1 mmol) was added. The aqueous phase was stirred for 3 h at room temperature and 

water was removed by freeze-dry by lypholyser. To the solid residue was then added 

acetonitrile (l0 mL), dichloromethane (5 mL) and anhydrous Na2S04. The mixture was 

stirred for 20 min to extract the expected sulfide into the organic phase. After filtering 

off the insoluble inorganic salts, the organic filtrate was evaporated by rotary evaporation 

under vacuum and dried in vacuo to generate the recovered ionic liquid-attached sulfide 

10 (Table 2). The NMR spectra of the recovered sulfide showed the same NMR as that 

of 10 before reaction. The recovered sulfide was used for the next cycle. The recovery 

yield was about 80%, due to mechanicalloss associated with the small scale experimental 

conditions. 
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Chapter 3. Ionie Liquid-Supported Oligosaeeharide Synthesis 

3. 1. Introduction 

The efficient synthesis of oligosaccharides is a contemporary challenge which has led 

to the development of several new strategies for oligosaccharide synthesis. The central 

issue is that the traditional access to structurally defined oligosaccharides with solution­

phase synthesis is laborious and requires purification of the reaction products by 

chromatography after each step.l Recent advances in polymer-supported solid-phase 

synthesis2
-
4 provide an easier way to assemble complex oligosaccharides because it 

allows for removal of the excess reagents by simply washing the resins and thus 

minimizes the number of chromatographie steps required.5
,6 This has led to impressive 

examples of successful automated synthesis.3
,7 However, the disadvantages of solid­

phase synthesis are that a large excess of the expensive carbohydrate unit is often 

required to drive the heterogeneous reaction to completion and it is more difficult to 

monitor the sugar-sugar coupling pro cess by normal characterization methods such as 

TLC, NMR and mass spectrometry. The alternative of using soluble polyethyleneglycol 

(PEG) polymers as supports for oligosaccharide synthesis has been developed to 

overcome sorne of the disadvantages of solid-phase synthesis.8
-
12 Several problems are 

still associated with this soluble polymer-supported approach due to the relatively low 

loading of saccharide onto the soluble polymer and the difficulties in the selective 

precipitation of the oligosaccharide-attached polymer. More recently, a new solution­

phase synthesis based on the use of highly fluorinated (fluorous) soluble supports has 

been advocated. 13 The approach is based on the preferential solubility of the fluorous 
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support in fluorous solvents and the non-fluorinated reagents can be readily separated 

from the supported saccharides through fluorous-organic solvent partitioning14a-d or 

fluorous silica gel based sol id-phase extraction (SPE).14e-h This approach requires the use 

of highly fluorinated compounds which are not generally readily available. Furthermore, 

the solubility of the saccharide-anchored support in the fluorous solvent depends on the 

fluorine content15 which declines as the number of saccharide unit increases. Therefore, 

the desirable approach to synthesize oligosaccharides should possess the merits of both 

solid-phase and solution-phase synthesis, that is, homogenous solution-phase reaction 

with easy purification of final product. Herein we de scribe the development of a new 

approach to oligosaccharide synthesis functionally supported by ionic liquids. 

Ionic liquids have received much attention in recent years as environmentally benign 

reaction media for organic reactions. 16 This is due to sorne intriguing properties of ionic 

liquids: high thermal and chemical stability, non-flammability, lack of measurable vapor 

pressure and high loading capacity. By modifying the structure of the cation or the anion, 

the solubility of the ionic liquids can be tuned readily so that they can phase separate 

from organic as well as aqueous media. This offers the potential that ionic liquids can 

serve as viable soluble functional supports for organic synthesis. The concept is 

illustrated in Figure 6 of Chapter 1 of this thesis. The substrate anchored onto an ionic 

liquid moiety is soluble in polar organic solvents and can undergo liquid-phase reaction. 

After completion of the reaction and evaporation of the solvent, the excess reagents can 

be removed by a less polar organic solvent, in which the ionic liquid-anchored product is 

insoluble. Inorganic reagents or side products can be removed by precipitation or by 

washing with aqueous solution. Finally, the product can be detached and then separated 

99 



from the ionic liquid moiety by organic solvent extraction. Recently, we and others have 

demonstrated the concept of ionic liquid supported synthesis (ILSS) for small 

molecules l7 and small peptides. 18 We demonstrate here that ILSS can be applied to 

oligosaccharide synthesis using simple phase separations without the need of 

chromatography for product purification (Scheme 1). 

3. 2. Results and Discussion 

OAc 

ACO~ ___ 0 
A;O~OAC 

1 

OPiv 

PhSH 

SnCI4 , CH2CI2 , O°C, 4h 
80% 
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j 
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CH30H, rt, 12h 
100% 

OH 
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OH 
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The selectively protected monosaccharide 6 was prepared in five steps from p-D-

glucose pentaacetate 1 as shown in Scheme 1. The bulky pivaloyl group was used to 

selectively prote ct the primary alcohol l9 of the saccharide 3 after methanolysis 

deprotection of the four acetyl groups of saccharide 2 under the basic conditions using a 

catalytic amount of CS2C03 (less than 5% equivalent to the sugar molecule). The 
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benzylation of compound 4 in DMF under basic conditions generated saccharide 5, which 

was then treated with sodium methoxide in methanol to give out the expected ~­

thioglycoside 6 as building block for the following sugar-sugar couplings. 

Saccharide 6 was acylated with bromoacetic acid/DCC/DMAP in CH2Cb at room 

temperature to give the bromoacetate 7a (X=Br) (Scheme 2). Reaction of7a (X=Br) with 

I-methylimidazole and sodium tetrafluoroborate in acetone at room temperature gave the 

ionic liquid anchored saccharide 7b (X=[mim][BF4D in 98% yield. Compound 7b was 

purified by first washing the crude product with diethyl ether to remove the excess 1-

methylimidazole. The product was then dissolved in CH2Cb and the insoluble inorganic 

salt NaBr generated in the reaction was removed simply by filtration. The structure of 7b 

can be easily confirmed by NMR eH, 13c and HMQC), which clearly showed the 

presence of the imidazolium moiety and the anomeric carbon as the ~-anomer. 

Electrospray ionization mass spectrum (ESI-MS) of 7b showed the presence of the cation 

as the only molecular ion. The monosaccharide 7b was then oxidized by m­

chloroperbenzoic acid in CH2Cb at -78 oC for 20 minutes to give the sulfoxide Sb 

(X=[mim][BF4D as a mixture of diastereomers (due to chirality at the atom sulfur) in 

97% yield. The other product of the reaction, m-chlorobenzoic acid was removed from 

the crude product mixture by washing with di-isopropyl ether. The sulfoxide 

glycosylation reaction was then used as the sugar-sugar assembling method20-22 with Sb 

as the glycosyl donor and 6 as the acceptor (3 equiv). The coupling reaction using 2,6-di­

tert-butyl-4-methylpyridine (4 equiv) and Tf20 (1 equiv) was conducted in dry CH2Cb at 

-78 oC because both the glycosyl donor and acceptor were weIl soluble III 

dichloromethane at low temperature. The reaction process was monitored by TLC. 

101 



F\ 
-N0~-Me 

BF4 

=[mim][BF 41 

o 

1, bromoacetic acid 
DCC, DMAP, CH2CI2 

• 
2, 1-methylimidazole 
NaBF 4, acetone 

a X=Br, 
b X=[mim][BF 41 
cX=H 

1 
mCPBA, CH2CI2 

-78 Oc 

o 
o.-li--x 

~O\ Q 
B'B~O~SPh 

8 

9IYCOSyaICOhOI] 
2,6-di-tert-butyl-4-
methylpyridine, 
Tf20. CH2CI2 

~
O...J.l-......--X mCPBA, CH2CI2 

BOO -78 Oc 
~nO 0 0 -"4---

BO~O ~nO OBn SPh 

10 

j 
2,6-di-tert-butyl-4-

,glycosy alcoho methylpyridine, 
Tf20, CH2CI2 

OH 

12 

Scheme2. 

The product disaccharide 9b (X=[mim][BF4]) was obtained by washing away the excess 

glycosyl alcohol 6, the acid scavenger base, and other side-products with n-pentane and 

then di-isopropyl ether. The protonated acid scavenger, 2,6-di-tert-butyl-4-
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methylpyridinium triflate, was removed from 9b by adding n-pentane to a solution of the 

crude 9b in CH2Cb and the solution was then cooled to low temperature to allow 9b 

phase-separated from the solution. The ionic liquid-bound disaccharide 9b was obtained 

in high purity as indicated by its HMQC NMR showing two anomeric carbons. 

Furthermore, its ESI-MS not only confirmed its disaccharide structure, but also showed 

the absence of any unreacted monosaccharide. Repetition of the same sequence of 

reactions gave the sulfoxide lOb and then the ionic liquid bound trisaccharide llb 

(X=[mim][BF4]). The formation of the trisaccharide was confirmed by HMQC NMR 

showing the presence of three anomeric carbons and by ESI-MS clearly indicating the 

trisaccharide cation without any contamination of the mono- or disaccharides. FinaIly, the 

ionic liquid moiety and the linker were easily cleaved from 11 b by using one equivalent 

of CS2C03 in methanol to afford stoichiometric yield of the product 12. The trisacchairde 

12 was easily isolated by evaporation of methanol and dissolving the crude product in 

CH2Cb followed by filtration to remove the imidazolium salts. The trisaccharide 12, thus 

obtained without any chromatographie or other purification procedures, was found to be 

NMR and TLC pure. Its HMQC NMR spectrum and ESI.;MS (M+Na+ = 1429.7) were 

found to be identical to an authentic sample of 12 prepared independently by the classical 

solution phase synthesis starting with 7e (X=H) following the same sequence of reactions 

in Scheme 2 but with chromatographie purification in each of the reaction steps. The 

good purity of 12 obtained by the ionic liquid supported synthesis (ILSS) approach in 

comparison with the classical solution-phase synthesis through 7e suggested that the 

coupling conditions and stereoselectivity developed for classical solution-phase synthesis 

can be translated to ILSS because the ionic liquid-supported glycals are weIl soluble in 
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common organic solvents such as dichloromethane and acetonitrile. The homogeneous 

phase reactions are generally favorable for high reaction efficiency. The present example 

also presents a contrast to the solid-phase synthesis where chromatography was generally 

necessary to purify the final product after cleavage from the solid-phase support and 

monitoring reaction progress also requires the cleavage of the intermediate product from 

the solid support.23 Therefore, the ILSS approach possesses the advantages of both 

conventional solution-phase synthesis and solid-phase synthesis. 

3. 3. Conclusions 

In conclusion, a new strategy to synthesize oligosaccharides by using ionic liquid as 

soluble functional support has been demonstrated. This approach appears to provide a 

way to construct oligosaccharides with greatly simplified purification, requiring no 

chromatography during the synthesis or at the end of cleavage of the supports. It offers 

the advantages of solution-phase synthesis, e.g. homogeneous mass transportation and no 

temperature restriction, and may be suitable for large-scale synthesis. The sugar-sugar 

coupling processes and product structures can be monitored or characterized by TLC, 

NMR, MS and other conventional techniques. At this time, the coupling, though highly 

efficient according to spectroscopy analysis, gave only 50-56% recovery of the products. 

This may be attributed partly to mechanical loss and partly to the not yet optimal phase 

separation of 9b (or llb) from the CH2Cb-pentane phase. Furthermore, it remains to be 

demonstrated whether the approach can be applied to more complex oligosacharides. 

Nevertheless, the encouraging results suggest that further exploration may prove to be 

fruitful. 
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3. 4. Experimental Section 

General: AH chemicals were obtained from Aldrich, Acros and Fluka and used without 

further purification except other speciaHy indicated. AH solvents were distilled from the 

appropriate drying reagents. AH reactions were performed under anhydrous conditions 

and monitored by thin-layer chromatography (TLC) on silica gel 60 F-254 polyester­

backed plates (250 /-lm thick), detecting under UV light (254 nm) or charring with 

aqueous potassium permanganate solution. Column chromatography was performed on 

silica gel 60A (230-400 mesh). IH and \3C NMR, HMQC NMR, COSY NMR spectra 

were recorded on Unit y 500, Varian Mercury 400 and Varian Mercury 300 spectrometers 

equipped with Sun workstations. The chemical shifts were reported in parts per million 

on the 8 scale referenced to residue CHCb at 87.24 ppm, H20 at 4.67 ppm for IH NMR 

and CHCh at 77.0 ppm for I3C NMR. The proton and carbon assignments were made by 

standard gHMQC and gCOSY experiments. Melting point of sample was taken via 

melting point apparatus without correcting the thermometer. The electron spray 

ionization (ESI) mass spectra were recorded on KRA TOS MS25RF A Mass 

Spectrometer. 

Phenyl 2, 3, 4, 6-tetra-O-acetyl-l-thio-f3-D-glucopyranoside (2): 

To a solution of f3-D-glucose pentaacetate (49.93 g, 0.128 mol) in dry CH2Ch (40 mL) 

was added benzenethiol (14.42 ml, 0.140 mol). The solution mixture was cooled to O°C 

by ice bath under the protection of nitrogen and then to which was added 1.0 M solution 

ofSnCl4 in CH2Ch (127 ml, 0.128 mol) gradually in 10 minutes. After 4 ho urs ofstirring 

at O°C, the solution was diluted by CH2Ch (100ml), transferred into a separatory funnel 

with of CH2Ch (200 mL) and washed by water (100 mL) twice. The organic phase was 
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dried over anhydrous Na2S04 and the solvent was removed by rotatory evaporation under 

reduced pressure and dried overnight in vacua. The product residue was purified by 

recrystalization in isopropanol to give the product as white needle-like crystal. 

Yield: 45.10 g, 80%. 

I H NMR (400 MHz, CDCb): () 7.48 (m, 2H, Ar-H), 7.31 (m, 3H, Ar-H), 5.24 (t, IH, J= 

9.6 Hz, H-3), 5.04 (t, IH, J = 10.4 Hz, H-2), 4.97 (dd, IH, J = 9.6 Hz, 9.2 Hz, H-4), 4.70 

(d, IH, J = 10 Hz, H-l), 4.24-4.15 (m, 2H, H-6a, b), 3.73 (m, IH, H-5), 2.09 (s, 3H, 

acetyl CH3), 2.08 (s, 3H, acetyl CH3), 2.02 (s, 3H, acetyl CH3), 1.99 (s, 3H, acetyl CH3). 

13C NMR (400 MHz, CDCh): () 170.66, 170.27, 169.48, 169.35, 133.27, 131.77, 129.12, 

128.60,85.99,77.67, 76.06,74.24, 70.20, 68.48, 62.46, 21.21, 21.05. 

ESI-MS: m/z [M+Na+] calcd for C2oH24S09: 463, found: 463. 

Phenyll-thio-J3-D-glucopyranoside (3): 

To a mixture ofphenyl2, 3, 4, 6-tetra-O-acetyl-l-thio-J3-D-glucopyranoside (15.12 g, 

34 mmol) in methanol (70 mL) was added CS2C03 (0.54 g, 1.68 mol). After 12 hours of 

stirring at room temperature, the solvent was removed by rotatory evaporation under 

reduced pressure and dried in vacua to give the product as white foam. 

Yield: 9.89 g, 100%. 

IH NMR (400 MHz, D20): () 7.37 (m, 2H, Ar-H), 7.20 (m, 3H, Ar-H), 4.57 (d, 1H, J= 10 

Hz, H-l), 3.70 (d, 1H, J = 12.4 Hz, H-6a), 3.50 (dd, IH, J = 12.4 Hz, J = 5.2 Hz, H-6b), 

3.33 (t, 1H, J = 9.2 Hz, H-3), 3.27 (m, lH, H-5), 3.23-3.13 (m, 2H, H-2, H-4). 

13C NMR (300 MHz, D20): () 132.09, 131.66, 129.40, 128.17, 87.43, 80.04, 77.38, 71.89, 

69.52,60.97. 
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ESI-MS: m/z [M+Na+] calcd for C12H16S05: 295, found: 295; m/z (M+Cs+) calcd for 

C12H16S05: 405, found: 405. 

Phenyl 6-0-trimethylacetyl-l-thio-~-D-glucopyranoside (4): 

To a :flask with phenyl I-thio-~-D-glucopyranoside (13.05 g, 0.0478 mol) was added 

dry pyridine (55 mL) under the protection ofnitrogen. The stirred solution was cooled to 

ODC by ice bath and then to which was gradually added trimethylacetyl chloride (6.50 

mL, 0.0528 mol) in 10 hours via syringe, after 6 more hours of stirring at ODC, the 

solution was transferred to a saparatory funnel with 750 mL of ethyl acetate, washed with 

aqueous 0.2 M HCI solution (120 mL) for three times, aqueous saturated NaHC03 

solution (100 mL) and then brine (100 mL). The organic phase was dried over anhydrous 

MgS04. The solvent was removed by rotatory evaporation and dried overnight in vacuo. 

The crude product residue was subject to :flash column chromatography (silica gel 60 A, 

230-400 mesh) using hexane and ethyl acetate (VN, 2:1, 450 mL; 1:1, 500mL, 1:2,600 

mL; 1 :3,400 mL; 1 :4,500 mL) as an eluant to afford the pure product 

Yield: 14.85 g, 87%. 

IH NMR (400 MHz, CDCb): (5 7.56 (m, 2H, Ar-H), 7.30(m, 3H, Ar-H), 4.51 (d, IH, J= 

11.2 Hz, H-l), 4.48 (m, IH, H-6a), 4.32 (m, IH, H-6b), 3.60 (m, IH, H-3), 3.53 (m, IH, 

H-5), 3.25-3.32 (m, 2H, H-2, H-4), 1.22 (s, 9H, pivaloyl CH3). 

13C NMR (400 MHz, CDCb): (5 179.56, 133.21, 131.45, 129.18, 128.50,87.92,78.37, 

77.56, 71.77, 69.84, 63.55, 39.32, 27.57. 

ESI-MS: m/z [M+Na+] calcd for C17H24S06: 379, found: 379. 

Phenyl 2, 3, 4-tri-O-benzyl-6-0-trimethylacetyl-l-thio-~-D-glucopyranoside (5): 
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To a flask with NaH (60% in mineraI oil, 6.35 g, 0.159 mol) in the ice bath under the 

protection of nitrogen, after washed with dry hexane to remove mineraI oil was added a 

previously ice-bath-cooled solution of phenyl 6-0-trimethylacetyl-1-thio-P-D­

glucopyranoside (6.56 g, 0.0178 mol) in dry DMF (100 mL), and then benzyl bromide 

(9.80 mL, 0.0825 mol) drop by drop. After 5 hours of stirring at O°C, the solution was 

poured into ethyl aeetate (400 mL) followed by adding methanol (10 mL) to destroy 

exeess NaH, washing it with water (100 mL) for three times and then brine (100 mL). 

The organic phase was dried over anhydrous MgS04 and the solvent was removed by 

rotatory evaporation under redueed pressure and dried overnight in vacua to afford crude 

produet as syrup. To the erude product was added methanol (60 mL) and stirred for 1 

hour to give white preeipitate. Filtering and fully washing it with methanol to afford 

white produet 

Yield: 9.01 g, yield 78%. 

lH NMR (400 MHz, CDCh): 87.58 (m, 2H, Ar-H), 7.41-7.25 (m, 18H, Ar-H), 4.92-4.86 

(m, 4H, Ph-CH2), 4.71 (d, IH, Ph-CH2), 4.65 (d, IH, J = 9.6 Hz, H-1), 4.56 (d, IH, Ph­

CH2), 4.44 (dd, IH, J = 1l.6 Hz, l.2 Hz, H-6a), 4.21(dd, IH, J = 1l.6 Hz, 4.4 Hz, H-6b), 

3.73(t, 1H, J = 8.4 Hz, H-3), 3.60-3.47 (m, 3H, H-5, H-4, H-2), l.25 (s, 9H, pivaloyl 

CH3). 

I3C NMR (400 MHz, CDCh): 8 178.20, 138.31, 138.15, 137.7, 133.4, 132.29, 129.11, 

128.76-127.83 (m), 87.67, 86.95, 80.89, 78.05, 77.49, 76.26, 75.71, 75.55, 63.53, 39.23, 

27.65. 

ESI-MS m/z: [M+Na+] calcd for C38H42S06 626; found: 626. 

Phenyl 2,3,4-Tri-O-benzyl-l-thio-P-D-glucopyranoside (6): 
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To a flask with phenyl 2,3,4-tri-O-benzyl-6-0-trimethylacetyl-l-thio-~-D­

glucopyranoside (3.02 g, 4.82 mmol) was added NaOMe (0.2 M solution in MeOH, 50 

mL) and CH2Cb (15 mL) (PH 13). The solution was stirred at room temperature for 48 h 

and then evaporated to remove solvent, dried in vacuo. Anhydrous CH2Cb was added to 

the crude product residue and the insoluble salt was filtered off via Büchner funnel 

padded with filtering reagent, Celite 521. The filtrate was collected and the solvent was 

removed by rotary evaporation and dried in vacuo to afford the product as a white solid. 

Yield: 2.61 g, 100%. mp 127-129 oc. 
1 H NMR (400 MHz, CDCb): <57.51 (m, 2 H), 7.40-7.27 (m, 18H), 4.94-4.85 (m, 4 H), 

4.77 (d, J= 10 Hz, 1 H), 4.73 (d, J= 9.6 Hz, 1 H), 4.66 (d, J= 10.8 Hz, 1 H), 3.89 (dd, J 

= 2.8 Hz, 14.8 Hz, H-6a, IH), 3.77-3.69 (m, 2 H), 3.59 (t, J = 8.8 Hz, 1 H), 3.50 (t, J = 

8.8 Hz, 1 H), 3.40 (m, 1 H). 

13C NMR (400 MHz, CDCb): <5 138.49, 138.09, 138.02, 133.67, 132.06, 129.25, 128.73-

127.89 (m), 87.82, 86.84, 81.41, 79.61, 77.90, 76.13, 75.85, 75.43, 62.48. 

ESI-MS: m/z [M + Na+] calcd for C33H34S0S: 565; found: 565. 

Phenyl 2,3,4-Tri-O-benzyl-6-0-bromoacetyl-l-thio-fl-D-glucopyranoside (7a): 

To a solution of phenyl 2,3,4-tri-O-benzyl-l-thio-fl-D-glucopyranoside (0.988 g, 1.82 

mmol) and bromoacetic acid (0.308 g, 2.21 mmol) in CH2Cb (40 mL) was added 1.0 M 

solution of DCC (2.20 mL, 2.20 mmol) in CH2Cb and a small amount of DMAP «5% 

equivalent to sugar). After being stirred at room temperature for 2 h, the mixture was 

filtered to rem ove the side-product 1,3-dicyclohexylurea. The filtrate was evaporated to 

dryness and the residue was subjected to flash column chromatography (silica gel 60 A, 
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230-400 mesh) using hexane-EtOAc (7:1) as an eluant to afford the pure product as 

white solid. 

Yield: 1.08 g, 89%. mp 85-87 oC. 

IH NMR (400 MHz, CDCb): ù 7.54 (m, 2 H), 7.41-7.25 (m, 18 H), 4.95-4.84 (m, 4 H), 

4.75 (d, J = 10 Hz, 1 H), 4.67 (d, J = 9.6 Hz, 1 H), 4.61 (d, J = 10.8 Hz, 1 H), 4.45 (dd, J 

= 11.2 Hz, 0.8 Hz, 1 H), 4.28 (m, 1 H), 3.79 s, 2 H), 3.73 (m, 1 H), 3.55 (m, 2 H), 3.51 (t, 

J= 18.4 Hz, 1 H). 

l3C NMR (300 MHz, CDCb): ù 166.91, 138.29, 138.02, 137.70, 133.51, 132.39, 129.14, 

128.76-127.94 (m), 87.81, 86.96, 81.06, 77.49, 77.36, 76.19, 75.79, 75.38, 65.07, 25.90. 

ESI-MS: m/z [M + Na+] calcd for C3sH3SS06Br: 685; found: 685. 

Phenyl 2,3,4-Tri-O-benzyl-6-0-[2-(3-methylimidazolium)] acetyl-l-thio-fJ-D­

glucopyranoside Tetrafluoroborate (7b): 

To a solution of phenyl 2,3,4-tri-O-benzyl-6-0-bromoacetyl-l-thio-f3-D-

glucopyranoside (0.890 g, 1.34 mmol) in acetone (25 mL) was added 1.0 M solution of 1-

methylimidazole (1.61 mL, 1.61 mmol) in CH2Cb and then NaBF4 (0.182 g, 1.66 mmol). 

After 72 h of stirring at room temperature, the precipitate was filtered off and the filtrate 

was evaporated to dryness and dried in vacuo overnight. The product residue was 

washed with EhO (3 x 15 mL) and the upper layer of solvent was decanted. The solid 

was dried in vacuo and the residue was further purified by adding 15 mL anhydrous 

CH2Cb and then filtering off the precipitate. The filtrate was evaporated to dryness and 

dried in vacuo to afford the pure product as white foam. 

Yield: 0.989 g, 98%. M. P. 42-44 oC. 
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IH NMR (400 MHz, CDCI3): Ù 8.74 (s, 1 H), 7.46 (m, 2 H), 7.36-7.23 (m, 18 H), 7.17 

(m, 2 H), 5.01-4.82 (m, 6 H), 4.72 (d, J= 10.0 Hz, 1 H), 4.71(d, J= 9.6 Hz, 1 H),4.58 

(d, J = 11.2 Hz, 1 H), 4.50 (dd, J = 11.6 Hz, 2.4 Hz, 1 H), 4.24 (dd, J = 6.4 Hz, 12 Hz, 1 

H), 3.82 (s, 3 H), 3.73 (m, 1 H), 3.58 (m, 1 H), 3.52-3.43 (m, 2 H). 

13C NMR (300 MHz, CDCb): 8 165.90, 138.33, 138.07, 138.02, 137.83, 133.65, 131.58, 

129.37, 128.76-127.92 (m), 123.69, 123.25, 87.41, 86.79, 81.02, 77.53, 76.74, 76.01, 

75.70, 75.15, 65.51, 50.03, 36.81. 

ESI-MS: m/z [M+] calcd for C39H41S06N2: 665; found: 665. 

Phenyl 2,3,4-Tri-O-benzyl-6-0-[2-(3-methylimidazolium) ]acetyl-l-thio-P-D­

glucopyranosylsulfoxide Tetrafluoroborate (Sb): 

To a solution of 7b (50.0 mg, 0.066 mmol) in CH2Ch (2 mL) at -78 oC was added 

mCPBA (15.0 mg, 0.066 mmol) in CH2Ch (1 mL) dropwise over 5 min. After 20 min of 

stirring at -78 oC, the mixture was poured into aqueous saturated NaHC03 solution (10 

mL) with 15 mL CH2Ch. The organic phase was separated, washed with aqueous 

saturated NaHC03 solution (10 mL) again and was dried over Na2S04. The organic 

solvent was removed by rotary evaporation under reduced pressure. The product residue 

was further purified by washing with hexane and isopropyl ether, which was monitored 

by TLC, to afford the glycosyl sulfoxide as a white solid including two diastereomers. 

Yield: 49.5 mg, 97%; ratio of 60:40 by NMR for the two diastereomers. 

IH NMR (400 MHz, CDCh): Ù = 9.08 (s, 1 H), 7.54 (m, 2 H), 7.40-7.16 (m, 20 H), 5.11-

4.20 (m, Il H), 3.97 (m, 2 H), 3.91 (s, 2 H), 3.90 (s, 1 H), 3.85-3.26 (m, 2 H). 

ESI-MS: m/z [M+] calcd for C39H41S07N2: 681; found: 681. 
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Phenyl 2,3,4-Tri-O-benzyl-6-0-[2-(3-methylimidazolium) ] acetyl-~-D­

glucopyranosyl-(1----+6)-2,3,4-tri-O-benzyl-l-thio-j3-D-glucopyranoside 

Tetrafluoroborate (9b): 

To a solution of the monosaccharide sulfoxide bound to ionic liquid Sb (51.8 mg, 

0.067 mmol) as glycosyl donor, phenyl 2,3,4-tri-O-benzyl-l-thio-j3-D-glucopyranoside 

(6, 114 mg, 0.21 mmol) as glycosyl acceptor and 2,6-di-tert-butyl-4-methylpyridine (58.8 

mg, 0.286 mmol) as acid scavenger in CH2Ch (5 mL) at -78 oC was added Tf20 (12 mL, 

0.067 mmol) gradually over 10 min via syringe. After 20 min of stirring at -78 oC, the 

mixture was slowly warmed to 0 oC over 1 h. The reaction was quenched by adding n­

pentane (5 mL) and a white precipitate appeared. The mixture was cooled to -78 oC and 

the white precipitate was immediately removed by centrifugation. The solution phase 

was added with another portion of n-pentane (5 mL) and then cooled to -78 oC. The 

precipitate was removed by centrifugation again. The solution phase was evaporated and 

the residue was washed with n-pentane several times and then further washed with 

isopropyl ether until TLC showed the residue was pure. The expected product was 

obtained as a white sol id. 

Yield: 39 mg, 50%. mp 45-47 oC. 

IH NMR (400 MHz, CDCl)): () 9.10 (s, 1 H), 7.51 (m, 2 H), 7.41-7.13 (m, 35 H), 5.10 (d, 

J= 10.4 Hz, 1 H), 5.00-4.52 (m, 15 H), 4.41 (m, 1 H), 4.19 (dd, J= 12.4 Hz, 4.0 Hz, 1 

H), 3.99 (t, J = 8.8 Hz, 1 H), 3.90-3.75 (m, 6 H), 3.73-3.62 (m, 2 H), 3.55 (m, 2 H), 3.42 

(t, J = 8.8 Hz, 1 H), 3.29 (t, 1 H). 

13C NMR (400 MHz, CDCb): Ù 165.79, 138.78, 138.60, 138.41, 138.38, 138.20, 138.11, 

138.03,134.18,131.78,129.32,128.73-127.69 (m), 123.65, 123.24,97.30,88.25,86.88, 
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81.82,81.31,80.30,79.06,77.76,77.57,75.99,75.89, 75.81, 75.25, 75.09, 72.83, 68.68, 

66.89,65.49,50.51,37.16. 

ESI-MS: m/z [M+] calcd for C66H69S011N2: 1097; found: 1097. 

Phenyl 2,3,4-Tri-O-benzyl-6-0-[2-(3-methylimidazolium)] acetyl-f}-D­

glucopyranosyl-(1-*6)-2,3,4-tri-O-benzyl-l-thio-P-D-glucopyranosylsulfoxide 

Tetrafluoroborate (lOb): 

To a solution of the disaccharide sulfide 9b (56.1 mg, 0.047 mmol) in CH2Clz (2.5 mL) 

at -78 oC was added mCPBA (8.1 mg, 0.047 mmol) in CH2Clz (1 mL) dropwise over 5 

min. After 20 min of stirring at -78 oC under the protection of nitrogen, the mixture was 

poured into aqueous saturated NaHC03 solution (10 mL) with CH2Clz (15 mL). The 

organic phase was separated, washed with aqueous saturated NaHC03 solution (10 mL) 

again and dried over Na2S04. The organic solvent was removed by rotary evaporation in 

vacua. The product residue was further purified by washing with hexane and isopropyl 

ether, monitored by TLC, to afford the glycosyl sulfoxide as a white solid including two 

diastereomers. 

Yield: 54.0 mg, 95%; ratio of 60:40 by NMR for the two diastereomers. 

IH NMR (400 MHz, CDCb): 89.48 (s, 1 H), 7.58-7.13 (m, 37 H), 5.00-4.40 (m, 18 H), 

3.95-3.25 (m, 13 H). 

ESI-MS: m/z [M+] calcd for C66H69S012N2: 1113; found: 1113. 

Phenyl 2,3,4-Tri-O-benzyl-6-0-[2-(3-methylimidazolium)] acetyl-p-D­

glucopyranosyl-(1-*6)-2,3,4-tri-O-benzyl-p-D-glucopyranosyl-(1-*6)-2,3,4-tri-O­

benzyl-l-thio-P-D-glucopyranoside Tetrafluoroborate (11 b): 
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r-----' To a solution of the disaccharide sulfoxide bound to ionic liquid (lOb, 45.1 mg, 0.038 

mmol) as glycosyl donor, phenyl 2,3,4-tri-O-benzyl-l-thio-~-D-glucopyranoside (6, 62.1 

mg, 0.114 mmol) as glycosyl acceptor and 2,6-di-tert-butyl-4-methylpyridine (30.8 mg, 

0.150 mmol) as acid scavenger in CH2Ch (5 mL) at -78 oC was added Tf20 (6 mL, 0.036 

mmol) gradually over 10 min via syringe. After 20 min of stirring at -78 oC, the mixture 

was slowly warmed to 0 oC over 1 h. The reaction was quenched by adding n-pentane (5 

mL) and a white precipitate appeared. The mixture was cooled to -78 oC and the 

precipitate was immediately removed by centrifugation. The solution phase was added 

with another portion of n-pentane (5 mL) and then cooled to -78 oC. The precipitate was 

immediately removed by centrifugation again. The solution phase was evaporated and 

the residue was washed with n-pentane for several times and then further washed with 

isopropyl ether until TLC showed the residue to be pure. The expected product was 

obtained as a white sol id. 

Yield: 34 mg, 56%. 

IH NMR (400 MHz, CDCh): () 9.04 (s, 1 H), 7.51 (m, 2 H), 7.42-7.17 (m, 48 H), 7.05 (d, 

J= 10.2 Hz, 2 H), 5.00-4.50 (m, 25 H), 4.39 (d, J= 8.0 Hz, 1 H), 4.15 (m, 1 H), 4.00 (m, 

2 H), 3.89-3.72 (m, 6 H), 3.70-3.30 (m, 8 H), 3.25 (t, J = 8.8 Hz, 1 H). 

13C NMR (400 MHz, CDCh): () 165.77, 138.95-138.09 (m), 134.22, 131.87, 131.31, 

129.29, 128.74-127.36 (m), 123.72, 123.76, 123.01, 103.91,97.47, 97.26, 88.33, 87.74, 

86.85,84.88,82.66-80.14 (m), 79.21, 79.06, 78.67, 77.54, 75.93-75.85 (m), 75.22-75.00 

(m), 72.79, 72.72, 72.51, 70.86, 68.90, 69.58, 68.31, 66.44, 65.81, 65.53, 50.01, 36.90. 

ESI-MS: mlz [M+] calcd for C93H97S016N2: 1529; found: 1529. 

Cleavage of Ionie Liquid Moiety from lIb: Trisaeeharide (12): 
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To the flask with trisaccharide bound to ionic liquid (Uh, 30.0 mg, 0.018 mmol) was 

added CS2C03 (6.1 mg, 0.018 mmol) and MeOH (5 mL). After 12 h stirring at room 

temperature, the solvent was removed by rotary evaporation and dried in vacua. To the 

residue was added anhydrous CH2Ch (3 mL) and insoluble salts were filtered off. The 

filtrate was evaporated to dryness and dried in vacua to afford the product. 

Yield: 26.1 mg, 100%. 

IH NMR (400 MHz, CDCh): 07.54 (m, 2 H), 7.43-7.14 (m, 48 H), 5.16 (d, J= 3.2 Hz, 1 

H), 5.00 - 4.93 (m, 3 H), 4.91-4.86 (m, 4 H), 4.85 - 4.74 (m, 5 H), 4.71 - 4.53 (m, 9 H), 

4.40 (d, J = 8.0 Hz, 1 H), 4.12 (d, J = 10.0 Hz, 1 H), 3.99 (m, 2 H), 3.86-3.38 (m, 12 H), 

3.26 (m, 1 H). 

I3C NMR (400 MHz, CDCh): 0 138.94-138.22 (m), 134.33, 132.01, 131.55, 129.19, 

129.10, 128.59-127.44 (m), 103.91, 97.54, 97.31, 88.31, 87.79, 86.93, 84.81, 82.62, 

81.95, 81.85, 81.75, 81.44, 81.33, 80.73, 80.63, 80.49, 79.23, 79.00, 78.12, 77.91, 77.75, 

77.51, 75.95-75.80 (m), 75.45-75.25 (m), 72.75, 72.61, 72.57, 71.24, 68.65, 66.02, 

65.52, 62.30. 

ESI-MS: m/z [M + Na+] calcd for C87H90S01 SNa: 1429; found: 1429. 

Phenyl 2,3,4-Tri-O-benzyl-6-0-acetyl-l-thio-J3-D-glucopyranoside (7 c): 

To a solution mixture of phenyl 2,3,4-tri-O-benzyl-l-thio-J3-D-glucopyranoside (6, 

0.801 g, 1.48 mmol), anhydrous pyridine (0.45 mL) and DMAP (less than 5% equivalent 

to sugar) in CH2Ch (9 mL) was added acetic anhydride (0.21 mL, 2.22 mmol). After 4 h 

of stirring at room temperature under the protection of N2, the reaction mixture was 

transferred to 150 mL of CH2Ch, washed with aqueous 0.2 M HCl solution (30 mL), H20 

(30 mL), saturated aqueous NaHC03 solution (30 mL), and then with brine (30 mL). The 
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organic phase was dried over Na2S04 and the solvent was removed by rotary evaporation 

to generate the crude product residue, which was subjected to flash column 

chromatography (silica gel 60 Â, 230-400 mesh) using hexane-EtOAc (5:1) as eluant to 

afford the pure product. 

Yield: 0.845 g, 98%. 

lH NMR (400 MHz, CDCh): 87.55 (m, 2 H), 7.40 (m, 2 H), 7.36-7.25 (m, 16 H), 4.95-

4.84 (m, 4 H), 4.75 (d, J = 10 Hz, 1 H), 4.67 (d, J = 9.6 Hz, 1 H), 4.58 (d, J = 10.8, 1 H), 

4.37 (d, J = 11.6 Hz, 1 H), 4.22 (m, 1 H), 3.73 (t, J = 8.4 Hz, 1 H), 3.55 (m, 2 H), 3.50 (t, 

J= 9.6 Hz, 1 H), 2.11 (s, 3 H). 

ESI-MS: m/z [M + Na+] calcd for C3sH36S06Na: 607; found: 607. 

PhenyI2,3,4-Tri-O-benzyl-6-0-acetyl-p-D-glucopyranosyl Sulfoxide (8c): 

To a solution of 7c (1.01 g, 1.73 mmol) in CH2Ch (5 mL) at -78 oc was added 

mCPBA (0.387 g, 1.73 mmol) in CH2Ch (7 mL) dropwise over 5 min. After 20 min of 

stirring at -78 oC under the protection of N2, the mixture was poured into aqueous 

saturated NaHC03 solution (100 mL) with CH2Ch (50 mL). The organic phase was 

separated, washed with aqueous saturated NaHC03 solution (50 mL) again and was dried 

over Na2S04. The organic solvent was removed by rotary evaporation in vacuo to 

generate the crude product residue, which was subjected to flash column chromatography 

(silica gel 60 Â, 230-400 mesh) using hexane-EtOAc (3:1) as an eluant to afford the pure 

product as two isomers. 

Yield: 0.984 g, 95%; the ratio oftwo isomers was 3:1 according to NMR spectra. 

lH NMR (400 MHz, CDCh): 8 7.62-7.16 (m, 20 H), 5.06-4.78 (m, 6 H), 4.59-4.36 (m, 2 

H), 4.19-3.30 (m, 8 H). 
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ESI-MS: m/z [M + Na+] calcd for C3sH36S07Na: 623; found: 623. 

Phenyl 2,3,4-Tri-O-benzyl-6-0-acetyl-p-D-glucopyranosyl-(l ~6)-2,3,4-tri-O-benzyJ, .. 

l-thio-P-D-glucopyranoside (9c): 

To a solution of the sulfoxide Sc (0.302 g, 0.503 mmol), phenyl 2,3,4-tri-O-benzyl-1-

thio-P-D-glucopyranoside (6, 0.406 g, 0.754 mmol) and 2,6-di-tert-butyl-4-

methylpyridine (0.315 g, 1.53 mmol) in CH2Clz (10 mL) at -78 oC was added TfzO 

solution (0.09 mL, 0.503 mmol) in CH2Clz (5 mL) gradually over 10 min via syringe. 

After 20 min of stirring at -78 oC, the mixture was slowly warmed to -5 oC over 1.5 h. 

The reaction was quenched by adding aqueous saturated NaHC03 solution (6 mL) and 

partitioned between CH2Clz (35 mL) and aqueous saturated NaHC03 solution (20 mL). 

The organic phase was separated and further washed with aqueous saturated NaHC03 

solution (40 mL). After it had been dried over Na2S04, the organic phase was evaporated 

to dryness and the residue was subjected to flash column chromatography (silica gel 60 

A, 230-400 mesh) using hexane-EtOAc (6:1, 5:1, 4:1) as an eluant to afford the pure 

product as colorless syrup. 

Yield: 0.414 g, 81 %. 

I H NMR (400 MHz, CDCb): 8 7.54 (m, 2 H), 7.42 (m, 2 H), 7.38-7.24 (m, 31 H), 5.05 

(m, 2 H), 4.94-4.56 (m, 12 H), 4.25 (m, 2 H), 4.02 (t, J = 9.2 Hz, 1 H), 3.92 (m, 1 H), 

3.86 (d, J = 4.8 Hz, 1 H), 3.80 (m, 1 H), 3.75 (m, 1 H), 3.70 (t, 1 H), 3.62-3.46 (m, 3 H), 

3.28 (t, J = 8.4 Hz, 1 H), 2.03 (s, 3 H). 

ESI-MS: m/z [M + Na+] calcd for C62H64S01lNa: 1039; found: 1039. 

Phenyl 2,3,4-Tri-O-benzyl-6-0-acetyl-p-D-glucopyranosyl-(l ~6)-2,3,4-tri-O-benzyl­

P-D-glucopyranosyl Sulfoxide (lOc): 
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To a solution of the disaccharide sulfide 9c (0.202 g, 0.199 mmol) in CH2Ch (12 mL) at 

-78 oC was added mCPBA (0.045 g, 0.199 mmol) in CH2Ch (6 mL) dropwise over 5 

min. After 20 min of stirring at -78 oC under the protection of N2, the mixture was 

poured into aqueous saturated NaHC03 solution (30 mL) together with CH2Ch (60 mL). 

The organic phase was separated, washed with aqueous saturated NaHC03 solution (30 

mL) again and dried over Na2S04. The solvent in organic phase was removed by rotary 

evaporation in vacuo to generate the crude product residue, which was subjected to flash 

column chromatography (silica gel 60 A, 230-400 mesh) using hexane-EtOAc (2:1) as 

an eluant to afford the product as a mixture of two isomers. 

Yield: 0.197 g, 96%; the ratio of the two isomers was 4:1 according to NMR spectra. 

For one isomer: Rf = 0.27 (hexanes-EtOAc, 2:1). 

IH NMR (400 MHz, CDCb): ô 7.60 (m, 2 H), 7.46 (m, 4 H), 7.42-7.22 (m, 29 H), 5.05 

(d, J = 3.6 Hz, 1 H), 5.00-4.66 (m, 12 H), 4.60 (d, J= 10.8 Hz, 1 H), 4.27 (m, 2 H), 3.87 

(m, 3 H), 3.74 (m, 4 H), 3.59-3.47 (m, 3 H), 3.35 (m, 1 H) 2.07 (s, 3 H). 

For the other isomer: Rf = 0.12 (hexanes-EtOAc, 2:1). IH NMR (400 MHz, CDCl): Ô 

7.51 (m, 2 H), 7.39-7.19 (m, 31 H), 7.06 (m, 2 H), 4.98-4.88 (m, 3 H), 4.82-4.52 (m, 10 

H), 4.43 (d, J= 8.8 Hz, 2 H), 4.25 (m, 2 H), 4.39 (t, J= 9.6 Hz, 1 H), 3.90-3.69 (m, 6 H), 

3.60 (m, 1 H), 3.49 (m, 2 H), 2.05 (s, 3 H). 

ESI-MS: m/z [M + Na+] ca1cd for C62H64S012Na: 1055; found: 1055. 

Phenyl 2,3,4-Tri-O-benzyl-6-0-acetyl-p-D-glucopyranosyl-(1 ~6)-2, 3, 4-tri-O­

benzyl-p-D-glucopyranosyl-(l ~6)-2,3,4-tri-O-benzyl-l-thio-p-D-glucopyranoside 

(lle): 
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~ .. To a solution of the sulfoxide IOc (0.110 g, 0.107 mmol), phenyl2,3,4-tri-O-benzyl-l­

thio-P-D-glucopyranoside (6, 0.088 g, 0.161 mmol) and 2,6-di-tert-butyl-4-

methylpyridine (0.070 g, 0.34 mmol) in CH2Cb (6 mL) at -78 oC was added Tf20 

solution (0.018 mL, 0.107 mmol) in CH2Cb (3 mL) gradually over 10 min via syringe. 

After 20 min of stirring at -78 oC, the mixture was slowly warmed to -15 oC over 1 h. 

The reaction was quenched by adding aqueous saturated NaHC03 solution (6 mL) and 

then partitioned between CH2Cb (30 mL) and aqueous saturated NaHC03 solution (15 

mL). The organic phase was separated and further washed by aqueous saturated 

NaHC03 solution (20 mL). After it had been dried over Na2S04, the organic phase was 

evaporated to dryness and the residue was subjected to flash colurnn chromatography 

(silica gel 60 A, 230-400 mesh) using hexane-EtOAc (4: 1) as an eluant to afford the 

product as colorless syrup. 

Yield: 0.132 g, 85%. 

IH NMR (400 MHz, CDCh): Ô 7.53 (m, 2 H), 7.44-7.14 (m, 48 H), 5.12 (d, J= 3.2Hz, 1 

H), 5.04-4.52 (m, 21 H), 4.40 (m, 1 H), 4.24-4.12 (m, 2 H), 4.00 (m, 1 H), 3.90-3.36 (m, 

12 H), 3.28 (m, 1 H), 2.00 (s, 3 H). 

13C NMR (400 MHz, CDCh): Ô 170.85, 138.99-138.14 (m), 134.27, 134.17, 132.06, 

131.66, 129.24, 129.15, 128.64, 128.61-127.48 (m), 103.74, 97.51, 97.23, 88.37, 87.77, 

86.91, 86.86, 84.79, 82.59, 81.95, 81.86, 81.41, 81.23, 80.67, 80.36, 80.25, 79.16, 78.99, 

78.02, 77.56, 75.88 (m), 75.25 (m), 72.71, 72.49, 72.37, 71.02, 69.04, 68.30, 66.39, 

65.94,65.67,63.47,63.36,21.34. 

ESI-MS: m/z [M + Na+] calcd for CS9H92S016Na: 1471; found: 1471. 
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PhenyI2,3,4-Tri-O-benzyl-~-D-glueopyranosyl-(l ~6)-2,3,4-tri-O-benzyl-~-D­

glueopyranosyl-(l ~6)-2,3,4-tri-O-benzyl-l-thio-~-D-glueopyranoside (12): 

To a flask with phenyl 2,3,4-tri-O-benzyl-6-0-acetyl-~-D-glucopyranosyl-(1 ~6)-

2,3,4-tri-O-benzyl-~-D-glucopyranosyl-(1 ~6)-2,3,4-tri-O-benzyl-l-thio-~-D­

glucopyranoside Ue (101 mg, 0.069 mmol) was added CS2C03 (22.4 mg, 0.069 mmol) 

and MeOH (6 mL). After 14 h stirring at room temperature, the solvent was removed by 

rotary evaporation and the product was dried in vacuo. To the residue was added 

anhydrous CH2Ch (3 mL) and insoluble salts were filtered off. The filtrate was 

evaporated to dryness and dried in vacuo to afford pure product. 

Yield: 96.1 mg, 98%. Rf = 0.28 (hexanes-EtOAc, 2:1). 

IH NMR (400 MHz, CDCb): Ô 7.54 (m, 2 H), 7.43-7.14 (m, 48 H), 5.16 (d, J= 3.2Hz, 1 

H), 5.00-4.93 (m, 3 H), 4.91-4.86 (m, 4 H), 4.85-4.74 (m, 5 H), 4.71-4.53 (m, 9 H), 4.40 

(d, J = 8.0 Hz, 1 H), 4.12 (d, J = 10.0 Hz, 1 H), 3.99 (m, 2 H), 3.86-3.38 (m, 12 H), 3.26 

(m, 1 H). 

13C NMR (400 MHz, CDCb): Ô 138.94-138.22 (m), 134.33, 132.01, 131.55, 129.19, 

129.10, 128.59-127.44 (m), 103.91, 97.54, 97.31, 88.31, 87.79, 86.93, 84.81, 82.62, 

81.95, 81.85, 81.75, 81.44, 81.33, 80.73, 80.63, 80.49, 79.23, 79.00, 78.12, 77.91, 77.75, 

77.51, 75.95-75.80 (m), 75.45-75.25 (m), 72.75, 72.61, 72.57, 71.24, 68.65, 66.02, 

65.52,62.30. 

The sample for mass spectroscopy was filtered through silica gel to remove cesium ion. 

ESI-MS: m/z [M + Na+] calcd for C87H90S01SNa: 1429; found: 1429. 
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Chapter 4. Synthesis of Structure-Defined Imidazolium Salt Oligomers 

4. 1. Introduction 

The disco very of air and water-stable imidazolium-based ionie liquids 1 has greatly 

pushed forward the researeh and application of ionie liquids in many seientifie fields sueh 

as organie synthesis,2 eatalysis,3 eleetroehemieal deviees4 and analytie ehemistry.5 Most 

of the researehes and applications on ionie liquids are based on the utilization of their 

eharaeteristie properties that they have non-flammability, high thermally and ehemieal 

stability and non-measurable vapor pressure. Sinee ionie liquids are only eomposed of 

ions, they show high ionie eonduetivity and eleetroehemieal stability.6 Their ionie 

organie eomponents make them have good miseibility with polymer eleetrolytes. Beeause 

polymer eleetrolytes, the solid polymerie membranes with dissolved salts, are desirable 

for people to have all-solid-state batteries whieh are safer and easier assembling than 

eonventional liquid batteries, ionie liquids are eonsidered to be good candidate materials 

for eleetrolytes in the development of lithium batteries,7 fuel eells,8 solar eells9 and 

supereapaeitors. lo The blending of ionie liquids with polymer eleetrolytes ean 

eonsiderably improve the performance of polymers as eleetronie materials. Il It has been 

reported that imidazolium based ionie liquids ean be used as excellent plastieizers for the 

proeessing of poly(methyl methaerylate) to give polymer eleetrolytes with improved 

thermal stability and lower glass transition temperatures. 12 Another approaeh to fabrieate 

ionie liquid-involved eleetrolytes is to eovalently graft ionie liquid units sueh as 

imidazolium salts to the polymer ehains to generate new ionie liquid polymers, whieh 

showed good ionie eonduetivity grater than 10-4 S em-I at room temperature. 13 Therefore, 
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the design and synthesis of new ionic liquid-type molecules are of considerable 

importance in the fields of academic research and industrial application. 

In recent years, ionic liquids have been successfully used as soluble supports for 

organic catalysis and synthesis?' 14, 15 It was reported that ionic liquid-supported 

transition metal complex catalysts or organic catalysts showed better catalytic activity 

than their non-supported counterpart catalysts, and the catalysts were easily recovered 

and recyc1ed for the next mn without loss of catalytic ativity.14, 15 Also, ionic liquid­

supported organic synthesis possesses the advantages of both solution phase synthesis 

and solid phase synthesis? The chemical reactions between ionic liquid-supported 

substrates and reagents can be conducted in the homogeneous solution phase, which 

normally results in high reaction efficiency, while the product purification can proceed 

through heterogeneous phase separation like solid-phase synthesis because ionic liquid­

bound molecules are commonly insoluble in moderately polar and non-polar solvents 

such as ethyl acetate, ethers and alkanes. The excess reagents can be washed away by less 

polar organic solvents and the inorganic salts can be filtered off through polar organic 

mixtures or washed away by water. Therefore, the large excess of reagents that are used 

to drive the reactions to completion in polymer-supported solid-phase synthesis can be 

avoided and the reaction progress and intermediate products can be monitored or 

characterized by common methods used in organic synthesis such as TLC, NMR and MS 

spectroscopy. The advantages are fully addressed by ionic liquid-supported biopolymer 

synthesis, which was reported by our group and sorne other groups? However, in all of 

those cases, ionic liquids that were used as phase tags have only one ionic unit. This 

brings about the problem when large molecules are bound to ionic liquids because the 
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role that the ionic liquid moiety plays as a phase tag is reduced obviously. Therefore, it is 

difficult to synthesize large biopolymeric molecules just by using the ionic liquid with 

one ionic unit. A possible approach to overcome this issue is to design and synthesize 

new ionic liquids with multiple ionic units. However, ionic liquid polymers are not very 

helpful in sol~ing this issue even though the synthesis of those polymers via free radical 

polymerization have been reported by several research groupsl3c,16 (Figure 1) because 

they can not be used as synthetic supports and also have the same problems as common 

polymer-supported solid-phase synthesis such as low solubility in common organic 

solvents and difficulty to characterize intermediate products by NMR and MS 

spectroscopy. 

~' 
o 

«)n 

R2~@ 
N TFSI-
R1 

R 1 = Me Et N-Bu R2 = H Me 1 t 1 1 

x = Halide 

N = 2,3,6,9, 12 

Figure 1. Imidazolium-based polymers. TFSI = bis (trifluoromethanesulfonyl) imide. 

Therefore, it is reasonable to anticipate that ionic liquid-type oligomers could be a good 

choice as soluble supports in the synthesis of large molecules and biopolymers because 

they are able to provide stronger ionic effects on the support-bound molecules during 

purification procedures and still have good solubility in common organic solvents. In this 

chapter, the synthesis of a new family of structure-defined imidazolium oligomers will be 

described. To my full knowledge, this is the first example of ionic liquid-type oligomers. 

These molecules are expected to have good thermal and chemical stability and soluble in 
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cornrnon polar organic solvents but not soluble in less polar solvents, which indicate that 

they can be used as soluble supports in organic synthesis. 

4. 2. Results and Discussion 

4. 2. 1. Synthesis 

Me Me 
À 1, 3-dibromopropane À + ~ 

Me-N "N ------.....;.~ Me-N N Br 
1) 2-methylimidazole, CH3CN, reflux 

\.=J CH3CN, reflux \d Br 

1 2 

Me Me 

À+~ ~ À 
Me-N N' "-/ 'N "N 

\ 1 Br- \d 

AgOTf 
Me Me 

Me-NÀN~N)lN 
\d Tf 0- \.=J 

3 4 

1, 3-dibromopropane .. 

Me Me 

A+~ À+~ ~ 1) 2-methylimidazole, CH3CN, reflux 

Me-N N N N' "-/ 'Br 
\d Tf 0- \.=J Br-

5 

Me Me Me 

Me-NAN~NÀN~N)lN 
\d Tf 0- \d Br- \d 

1, 3-dibromopropane 

6 

Me Me Me 

A+~ ~ À+/'... /'--... A+~ 
Me-N N' "-/ 'N N' "-/ 'N N Br 

\d Tf 0 - \d Br- \d Br-

1) 2-methylimidazole, CH3CN, reflux 

7 

8 

Scheme 1. Route 1 to synthesize irnidazoliurn salt oligomers. 
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The synthesis of ionic liquid-type oligomers, which is shown in Scheme 1, started from 

the cheap and commercially available compound, 1,2-dimethylimidazole. Treatment of 

this molecule with excess 1,3-dibromopropane in dry acetonitrile under refluxing 

condition generated both the expected single-bromine-replaced compound 2 as main 

product and the unwanted side-product in which two bromines of 1,3-dobromopropane 

molecule reacted with 1,2-dimethylimidazole. The ratio of the product and side-product 

can be maximized by adding the acetonitrile solution of 1,2-dimethylimidazole to the 

solution of 1,3-dobromopropane in acetonitrile slowly under refluxing conditions to keep 

1,3-dibromopropane in a large excess during the reaction process. The excess reagent was 

easily washed away by diethyl ether and the byproduct was removed by decantation after 

centrifugation because it is insoluble in acetonitrile and the product 2 is weIl soluble in 

acetonitrile. The reaction between compound 2 and 2-methylimidazole in acetonitrile 

under refluxing condition generated the product 3 in its protonated form. After the excess 

reagent was washed away by diethyl ether and THF, the crude product obtained was 

further treated with aqueous basic solution of K2C03 for deprotonation and the expected 

product was extracted by acetonitrile after removing water under freeze-dry conditions. 

The compound 3 was obtained as white powder and NMR spectra showed it was clean 

and without contamination by the protonated compound. This step was followed by anion 

exchange of bromide with triflate to generate compound 4, which was found to have 

much better solubility in acetonitrile than compound 3. The anion ex change could be 

done by either sodium triflate or sil ver triflate, but silver triflate worked much faster than 

the sodium salt. The compound 4 was further treated with 1, 3-dibromopropane in 

acetonitrle under refluxing condition to generate compound 5, which has two 
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imidazolium units. The excess reagent was also removed by washing with diethyl ether 

and the small amount of side-product, which resulted from two bromines of 1, 3-

dibromopropane was replaced by compound 4, was removed by adding dry acetonitrile to 

the crude product and then centrifugating and decanting to collect the solution phase. The 

side-product is insoluble in acetonitrile, while the product 5 has good solubility in 

CH3CN. The compound 6 was prepared by similar reaction conditions and purification 

procedures as for compound 3. This was followed by treating compound 6 with 1, 3-

dibromopropane to generate compound 7 with three imidazolium units under similar 

reaction conditions and purification procedures as for compound 5. To increase the 

solubility of compound 7 in acetonitrile, anion exchange was conducted by treating 

compound 7 with silver triflate. It was found that the C-Br bond on the end of branch 

chain of compound 7 was partly cleaved by the solver salt, which led to the difficulty to 

remove this unwanted compound from the expected product. However, when compound 

7 was continuously treated with 2-methylimidazole in the same fashion as for compound 

6 and 3, the expected product 8 was obtained. Further treatment of compound 8 with 1,3-

dibromopropane and then 2-methylimidazole can extend the imidazolium oligomer 

chains. 

The second route to prepare the imidazolium oligomers is shown in Scheme 2. The 

molecular assembling sequence is the same as that of Route 1 in Scheme 1. The 

difference between those two synthetic routes was that the products were obtained with 

different anions. This makes them having different solubility and different purification 

procedures. For example, when compound 3 was treated with 1, 3-dibromopropane 

without anion exchange in acetonitrile under refluxing conditions, the expected product 9 
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was precipitated out in the reaction mixture because this compound was insoluble in 

acetonitrile. The product was obtained in 98% yield and has a melting point ofup to 201 

oc. On the other hand, compound 5, while, it has the same cationic connecting sequence 

as 9 but with different anions, is weIl soluble in acetonitrile and has a melting point of 76 

oc. Due to the different anions in the molecules 5 and 9, their purification procedures 

were different and they also have different NMR and MS spectra. 

Me Me 

Me-N~~~N)lN 
bJ Br- \ 1 

Me Me 

~+ ~+ 
Me-N N~N N~Br 

bJ Br- bJ Br 

1, 3-dibromopropane 

3 9 

AgOn 
Me Me 

A + /'-... /'-... A + /'-... /'-... 
Me-N N' '-v/ 'N N' '-v/ 'Br 

1) 2-methylimidazole, CH3CN, reflux 

\ 1 no - bJ no -
10 

1, 3-dibromopropane 

11 

12 

13 

Scheme 2. Route 2 to synthesize imidazolium salt oligomers. 
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4.2.2. Physical properties 

Ionie liquid-type oligomers have great potential applications in supported orgamc 

synthesis and the preparation of polymer electrolytes because these molecules should 

have stronger ionic effects and better miscibility with polymers than conventional ionic 

liquids with one ionic unit. The chemical assembling of the methyl-substituted imidazoles 

and the dibromoalkane, which is shown in Scheme 1 and 2, provides a straightforward 

approach to prepare these structure-defined imidazolium oligomers. The 1, 3-

dibromoalkane was chosen as the starting reagent instead of 1, 2-dibromoalkane because 

we believe that oligomers with three-methylene spacer between the two imidazolium 

cations are likely to be more flexible and chemically and thermally more stable than those 

with two-methylene spacer. This is partly based on our previous study of organosulfur 

reagents anchored on ionic liquids (Chapter 2), where the two-methylene-spacer reagent 

was found to be less stable and base labile. The experimental results showed that 

imidazolium oligomers with bromine anions have less solubility in acetonitrile and 

stronger moisture affinity than those with triflate anions and the same cationic structures. 

This is especially demonstrated in the molecules with two or three bromide anions. For 

example, compound 9 is insoluble in acetonitrile, while compound 5 is soluble in 

acetonitrile. The compounds 7 and 8, which have two bromide anions in the molecule, 

are less soluble in acetonitrile than their counterpart compounds 12 and 13 with one 

bromide anion in the molecule. It was also found that compounds with longer molecular 

chain have less moi sture affinity than those with shorter molecular chain. For example, 

compound 2 absorbs moi sture much faster from air than compounds 3 and 4. Compounds 

6 and 8 almost do not absorb moisture from air. 
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4. 2. 3. Thermal stability 
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Figure 2. Thermogravimetric analysis (TGA) measurements of imidazolium salt 

oligomers without bromopropyl chain at the end of molecules. (From left to right) Blue 

line: 1, 2-dimethylimidazole; Black line: Compound 3; Pink line: Compound 6; Green 

line: Compound 8. 
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Figure 3. Thermogravimetric analysis (TGA) measurements of imidazolium salt 

oligomers with bromopropyl chain at the end of molecules. (From left to right) Blue line: 
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Compound 2; Black line: Compound 9; Pink line: Compound 5; Green line: Compound 7 

and yellow line: Compound 12. 

The thermal stability of the imdazolium salt oligomers is measured by 

thermogravimetric analysis (TGA) as shown in Figure 2 and 3. The plots show that 

imidazolium salt oligomers are much more thermally stable than non-ionic liquid 

molecule, 1, 2-dimethylimidazole. Their onset decomposing temperatures, which indicate 

the starting temperature for the sample to decompose, are more than 200 Oc as shown in 

Table 1. From the data in Table 1, we can draw the general conclusion that the molecules 

with more imidazolium units have higher ons et decomposing temperatures, indicating 

better thermal stability. This conclusion is supported when we compare the onset 

decomposing temperatures of compounds 4 (entry 3), 6 (entry 4) and 8 (entry 6). The 

onset decomposition temperature changes from 293.9 to 329.6 and to 351.6 oC as the 

number of imidazolium units increases. Similar trend is observed by comparing 

compounds 2, 5 and 7, or the series of compounds 4, 11 and 13. Anion exchange from 

bromide to trifalte also makes the oligomer more thermally stable. For example, 

compound 9, 5 and 10 have the same cationic structures, while they have different 

anions, which are two bromides, one triflate and one bromide, and two triflates, 

respectively. The data in Table 1 shows that compound 10 has the highest onset 

decomposing temperature among them and compound 5 has higher onset decomposing 

temperature than compound 9. The same result can be obtained when comparing the 

onset decomposing temperatures of compounds 12 and 7, or compounds 3 and 4. A third 

conclusion is that molecules with the bromopropyl chain at the end of molecule are less 

stable than those molecules without the bromopropyl chain but with the same number of 
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immidazole units. For example, the onset decomposing temperatures of compounds 3 and 

4 are 287.82 Oc and 293.91 oC, respectively, and compounds 5, 9 and 10 have the onset 

decomposing temperatures at 239.48 oC, 212.25 Oc and 277.80 oC, respectively, which 

are lower than those of compounds 3 and 4. The same results can also be obtained when 

comparing the onset decomposing temperatures of compounds 6 and 11 with 7 and 12. 

FinaIly, the low residue percentages in Table 1, around 1 %, for aIl samples show that the 

oligomeric compounds contain a very small amount of inorganic salts, indicating that 

most inorganic salts have been removed during workup procedures. 

Table 1. Decomposing temperatures (onset) and residue percentages of the samples 

according to TGA measurements. 

Entry 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

Il 

Samples 

Compound 1 

Compound 3 

Compound 4 

Compound 6 

Compound Il 

Compound 8 

Compound 13 

Compound 2 

Compound 5 

Compound 9 

Compound 10 

Onset Decomposing 

Temperature (OC) 

80.60 

287.82 

293.91 

329.64 

326.25 

351.63 

336.41 

215.88 

239.48 

212.25 

277.80 

Residue (%) 

0.18 

1.53 

1.71 

1.38 

1.76 

0.59 

0.58 

0.10 

0.59 

1.89 

0.50 
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~ 12 Compound 7 252.36 0.17 
1 

13 Compound 12 318.96 2.10 

14 1-(3' -Hydroxypropyl)-2,3- 291.85 0.50 

dimethylimidazolium Bromide 

15 1-(3' -Hydroxypropyl)-2,3- 317.03 0.17 

dimethylimidazolium Triflate 

4. 3. Conclusion 

In conclusion, a new and straightforward approach to synthesize ionic liquid-type 

oligomers in multi-gram scales has been demonstrated in the synthesis of structure-

defined imidazolium salt oligomers. The products were purified by simple washing or 

centrifugation, which is suitable for large-scale preparation in industry. The compounds 

obtained with multiple charges are very stable under thermal conditions. Their thermal 

stability is dependent on the numbers of imidazolium units, anions and the branch chains 

at the end of molecules. Those molecules with multiple imidazolium units are generally 

soluble in water and sorne polar solvents such as DMF, DMSO, CH3CN and CH3N02, 

less soluble in CH2Clz and ethyl acetate, insoluble in alkanes, THF, diethyl ether and 

chloroform. Their solubility in organic solvents can be tuned by anion exchange and the 

molecular structures can be characterized by common methods such as IR, NMR and MS 

spectroscopy. These compounds have significant potential application as soluble supports 

in organic synthesis, which will be demonstrated in the next chapter for the synthesis of 

oligopeptides, and as plasticizers for fabricating polymer electrolytes. 
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4. 4. Experimental Section 

General: AIl chemicals were obtained from Aldrich and used without further purification 

except otherwise indicated. Acetonitrile and dichloromethane were distilled from CaH2 as 

drying reagent. IH and 13C NMR, COSY NMR spectra were recorded on Varian Mercury 

300,Varian Mercury 400 and Unit y 500 spectrometers equipped with Sun workstations. 

The chemical shifts were reported in parts per million on the 8 scale referenced to residue 

CHCh at 8 7.24ppm, H20 at 4.67ppm for IH NMR and CHCh at 77.0ppm for I3C NMR. 

The proton and carbon assignments were made by standard gCOSY experiments. Melting 

point of sample was taken via melting point apparatus without correcting the 

thermometer. High resolution mass spectrometrie analysis was performed on a VG 

Micromass ZAB 2F HS (F AB) or Micromass Quattro II triple quadrupole mass 

spectrometer (Manchester, UK) equipped with an electrospray ionization source (ESI). 

Usually, only the ion corresponding to the cation (C) component was analyzed. The 

thermo-gravimetric analysis (TGA) measurements were performed on a TGA Q500 from 

TA instruments. The running method used was ramped from 25 oC to 550 oC, 20 OC/min, 

under nitrogen, switching to air and then ramped at 20 OC/min to 700 oC. The type of pan 

used was platinum. 

Compound 2: To the solution of 1, 3-dibromopropane (12.5 mL, 122.40 mmol) in 

acetonitrile (25 mL) was added a solution of 1, 2-dimethylimidazole (5.66 g, 58.96 

mmol) in acetonitrile (10 mL) dropwise at 90 oC. After refluxing at 90 Oc for 14 hours, 

the solvent was removed by rotary evaporation under reduced pressure and the residue 

was washed with diethyl ether for 4 times, dried in vacua to give white powder which 

was added with 40 mL of dry acetonitrile. The insoluble precipitate was removed through 
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phase separation after centrifugation. The solution phase was collected and solvent was 

removed by rotary evaporation under vacuum. The product was dried in vacua and 

obtained as white solid (14.23 g, 80% yield). 

M. P. 96-98 oC; IH NMR (400 MHz, D20) Ù 7.30 (d, 1H, J= 2 Hz), 7.24 (d, 1H, J = 2 

Hz), 4.20 (t, 2H, J= 7.2 Hz), 3.67 (s, 3H), 3.37 (t, 2H, J= 5.6 Hz), 2.53 (s, 3H), 2.28 (m, 

2H); l3C NMR (400 MHz, D20) Ù 144.72, 122.67, 121.00, 46.70, 35.29, 31.98, 30.26, 

9.81; HRMS (ESI): calcd for CSH l4N2Br (C+) 217.0337, found: 217.0334. 

Compound 3: To the flask with compound 2 (22.05 g, 74.01 mmol) and 2-

methylimidazole (13.53 g, 164.88 mmol) was added dry acetonitrile (200 mL) under the 

protection of nitrogen. The reaction mixture was refluxed for 24 hours and then cooled to 

room temperature. The solvent was removed by rotary evaporation under vacuum and the 

residue was washed with diethyl ether for two times and THF for four times to give white 

powder. The phase separation during washing process was conducted by centrifugation 

and decantation. After having been dried in vacua for two hours, the white powder was 

added with 150 mL of water and K2C03 (pH = Il) and stirred for half an hour. The water 

was removed under freeze-dry condition and the residue was added with acetonitrile. 

After filtering off the insoluble inorganic salt, the filtrate was collected and rotary 

evaporated to dryness and the residue was then washed with THF and ether to afford the 

final product as white powder (16.41 g, 74% yield). 

M. P. 159-161 oC; IH NMR (400 MHz, D20) Ù 7.12-7.10 (m, 2H), 6.85 (d, IH, J = 1.2 

Hz), 6.68 (d, IH, J = 1.2 Hz), 3.95 (t, 2H, J = 7.2Hz), 3.86 (t, 2H, 6.8 Hz), 3.55 (s, 3H), 

2.32 (s, 3H), 2.14 (m, 5H); l3C NMR (400 MHz, D20) Ù 145.99, 144.40, 126.06, 122.60, 
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120.51, 120.20,45.62,43.08,35.02,29.70,12.09,9.29; HRMS (ESI): calcd for C12H19N4 

(C+) 219.1604, found: 219.1604. 

Compound 4: To a solution of compound 3 (4.88 g, 16.32 mmol) in acetonitrile (60 mL) 

was added a solution of AgOTf (4.18 g, 16.32 mmol) in acetonitrile (10 mL). The 

mixture was stirred for 1 hour in the dark and filtered to remove the yellow precipitate. 

The filtrate was rotary evaporated under reduced pressure to give the product as white 

solid (6.06g, 100% yield). 

M. P. 120-122 oC; IH NMR (400 MHz, D20) 8 7.13 (m, 2H), 6.87(d, IH, J=1.2 Hz), 

6.71(d, IH, J=1.2 Hz), 3.96 (t, 2H, 7.2 Hz), 3.87 (t, 2H, 7.2 Hz), 3.56(s, 3H), 2.33 (s,3H), 

2.14 (m, 5H); l3C NMR (400 MHz, D20) 8145.97, 144.42, 125.80, 122.57, 120.45, 

120.15, 45.34, 42.84, 34.66, 29.40, 11.63, 8.78; HRMS (ESI): calcd for C12H19N4 (C+) 

219.1604, found: 219.1604. 

Compound 5: To the flask with compound 4 (5.51 g, 14.96 mmol) was added 1,3-

dobromopropane (30 mL, 293.75 mmol) and dry acetonitrile (100 mL). The reaction 

mixture was refluxed for 17 hours under the protection of nitrogen, The mixture was 

cooled to room temperature and then rotary evaporated under reduced pressure to remove 

solvent. The residue was washed with diethyl ether for four times and then vacuumed to 

dryness for 30 minutes to give white solid. After adding dry acetonitrile (100 mL) to the 

solid, the precipitate was removed by phase separation through centrifugation and 

decantation. The solution phase was collected and rotary evaporated under reduced 

pressure to give product (6.81 g, 80%) as faun solid. 

M. P. 76-78 oC; IH NMR (400 MHz, D20) () 7.28 (d, IH, J = 2.4 Hz), 7.24 (d, IH, J = 2.0 

Hz), 7.19 (d, IH, J = 2.0 Hz), 7.16 (d, IH, J = 2.4 Hz), 4.13 (t, 2H, J = 6.8 Hz), 4.06(t, 
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.;-. 2H, J = 7.6 Hz), 3.58 (s, 3H), 3.29 (t, 2H, J = 5.6 Hz), 2.48 (s, 3H), 2.41(s, 3H), 2.20(m, 

4H); 13C NMR (400 MHz, D20) Ô 144.58, 144.42, 122.67, 121.65, 121.09, 120.43,46.66, 

45.16, 45.10, 34.95, 31.56, 29.70, 29.20, 9.44, 9.21; HRMS (ESI): calcd for 

C16H25N4Br03F3S (M-Br+) 489.0780, found: 489.0777. 

Compound 6: To the flask with compound 5 (4.89 g, 8.58 mmol) and 2-methylimidazole 

(2.56 g, 31.21 mmol) was added dry acetonitrile (45 mL). The reaction mixture was 

refluxed at 90°C for 24 hours and then cooled to room temperature. This was followed by 

rotary evaporation under reduced pressure to remove solvent. The residue was washed 

with THF and diethyl ether and then vacuumed to dryness for 30 min to give a white 

power. To the powder was added 60 mL of water and K2C03 (pH = 11) and stirred for 

half an hour. The water was removed under freeze-dry condition and the residue was 

added with acetonitrile. After filtering off the insoluble salt, the filtrate was collected and 

rotary evaporated to dryness and the residue was further washed with THF and diethyl 

ether to afford the final product as white foam (3.59 g, 74% yield). 

M. P. 121-123 oC; IH NMR (400 MHz, D20) Ô 7.27 (m, 4H), 6.92 (s, IH), 6.74 (s, IH), 

4.14-4.02 (m, 6H), 3.95 (t, 2H, J = 6.4 Hz), 3.65 (s, 3H), 2.48 (s, 3H), 2.43 (s, 3H), 

2.21(m, 7H); l3C NMR (400 MHz, D20) Ô 146.03, 144.68, 144.22, 126.01, 122.77, 

121.32, 121.23, 120.52, 120.17,45.84,45.23,45.18,43.18,35.04,29.47,29.27, 12.02, 

9.34; HRMS (ESI): calcd for C2oH30N603F3S (M-Br+) 491.2049, found: 491.2046. 

Compound 7: To the flask with compound 6 (3.22 g, 5.65 mmol) was added 1,3-

dibromopropane (11 mL, 107.71 mmol) and dry acetonitrile (35 mL). The reaction 

mixture was refluxed for 26 ho urs at 90 Oc under the protection of nitrogen, Cooled to 

room temperature and then rotary evaporated under reduced pressure to remove solvent. 
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The residue was washed with THF for three times and diethyl ether for two times and 

then vacuumed to dryness for 30 min to give white solid. After adding dry acetonitrile 

(100 mL) to the solid, the precipitate was removed by phase separation through 

centrifugation and decantation. The solution phase was coUected and rotary evaporated 

under reduced pressure to give product as thick oil (3.66 g, 84%). 

IH NMR (400 MHz, D20) 8 7.31-7.27 (m, 4H), 7.21 (d, 1H, J = 2 Hz), 7.18 (d, 1H, J = 2 

Hz), 4.15 (t, 2H, J = 6.8 Hz), 4.11-4.05 (m, 8H), 3.60 (s, 3H), 3.30 (t, 2H, J = 6.4 Hz), 

2.50 (s, 3H), 2.46 (s, 3H), 2.42 (s, 3H), 2.21 (m, 6H); I3C NMR (400 MHz, D20) Ô 

144.71, 144.56, 122.78, 121.78, 121.30, 121.24, 120.56, 46.58, 45.13, 45.07, 44.99, 

34.84, 31.47, 29.71, 29.06, 29.01, 9.28, 9.20, 9.04; HRMS (ESI) calcd for 

C24H36N606F6S2Br (M+) 761.1237, found: 761.1239; calcd for C23H36N603F3SBr (M2+_ 

2Br) 306.0847, found: 306.0850. 

Compound 8: To the flask with compound 7 (2.42 g, 3.13 mmol) and 2-methylimidazole 

(0.88 g, 10.74 mmol) was added dry acetonitrile (45 mL). The reaction mixture was 

refluxed at 90 oC for 24 hours and then cooled to room temperature. This was followed 

by rotary evaporation under reduced pressure to remove solvent. The residue was washed 

with THF and diethyl ether and then vacuumed to dryness for 30 min to give white 

powder. To the powder was added 50 mL of water and K2C03 (pH = 11) and stirred for 

half an hour. The water was removed under freeze-dry condition and the residue was 

added with acetonitrile. After filtering off the insoluble inorganic salt, the filtrate was 

collected and rotary evaporated to dryness and residue was then washed with THF and 

diethyl ether to afford the final product as sticky white foam (1.81 g, 75% yield). 

140 



IH NMR (400 MHz, D20) 87.30 (m, 2H), 7.25-7.17 (m, 4H), 6.88 (s, IH), 6.70 (s, IH), 

4.11-4.05 (m, 8H), 4.00 (t, 2H, J = 7.2Hz), 3.91 (t, 2H, J = 6.8 Hz), 3.61 (s, 3H), 2.48 (s, 

3H), 2.44 (s, 3H), 2.40 (s, 3H), 2.26-2.14 (m, 9H); I3C NMR (500 MHz, CD3CN) 8 

145.17, 145.13, 144.84, 144.55, 127.12, 122.80, 122.56, 121.54, 120.99, 120.01, 119.37, 

45.72, 45.18, 42.66, 35.05, 30.32, 29.42, 29.33, 12.38, 9.70, 9.56, 9.49; HRMS (ESI): 

calcd for C27H41Ng03F3S (M2+-2Br) 307.1481; found: 307.1483. 

Compound 9: To the flask with compound 3 (2.75 g, 9.22 mmol) was added 1,3-

dobromopropane (10 mL, 97.92 mmol) and dry acetonitrile (100 mL). The reaction 

mixture was refluxed for 25 hours under the protection of nitrogen, Cooled to room 

temperature and then rotarily evaporated under reduced pressure to remove solvent. The 

residue was washed with diethyl ether for four times and then vacuumed to dryness to 

give the product as white powder (4.52 g, 98% yield). 

M.P. = 201-203 oC; IH NMR (500 MHz, D20) 87.36 (d, IH, J = 2 Hz), 7.33 (d, IH, J = 2 

Hz), 7.28 (d, IH, J = 2 Hz), 7.24 (d, IH, J = 2 Hz), 4.19 (t, 2H, J = 7 Hz), 4.13 (m, 4H), 

3.65 (s, 3H), 3.36 (t, 2H, J = 6 Hz), 2.55 (s, 3H), 2.48 (s, 3H), 2.27(m, 4H); 13C NMR 

(400 MHz, D20) 8 144.71, 144.55, 122.82, 121.80, 121.29, 120.63, 46.87, 45.40, 45.34, 

35.23, 31.76, 30.14, 29.38, 9.90, 9.66; HRMS (ESI): calcd for CIsH2sN4Br2 (M-Br+) 

419.0446, found: 419.0440. 

Compound 10: To a solution of compound 9 (3.19 g, 6.38 mmol) in a mixed solvent of 

acetonitrile (60 mL) and methanol (18 mL) was added a solution of AgOTf (3.27 g, 12.76 

mmol) in acetonitrile (20 mL). The mixture was stirred for 1 hour in the dark and filtered 

to remove the yellow precipitate. The filtrate was rotary evaporated under reduced 

pressure to give the product (4.09g, 100% yield) as white solid. 
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M. P. 84-86 oC; IH NMR (400 MHz, D20) cS 7.32 (d, IH, J = 2.4 Hz), 7.28 (d, IH, J = 2.0 

Hz), 7.22 (d, IH, J = 2.0 Hz), 4.16 (t, 2H, J = 6.8 Hz), 4.08 (m, 4H), 3.1(s, 3H), 3.22 (d, 

2H, J = 6 Hz), 2.50 (s, 3H), 2.44 (s, 3H), 2.22 (m, 4H); l3C NMR (400 MHz, D20) cS 

144.69,144.52,122.77, 121.74, 121.18, 120.51,46.54,45.03,44.97,34.78,31.43,29.60, 

29.02,9.17,8.94; HRMS (ESI): calcd for Cl6H2SN4Br03F3S (M-TfO+) 489.0780, found: 

489.0777. 

Compound 11: To the flask with compound 10 (3.87 g, 6.07 mmol) and 2-

methylimidazole (1.61 g, 19.68 mmol) was added dry acetonitrile (110 mL). The reaction 

mixture was refluxed at 90°C for 24 hours and then cooled to room temperature. This was 

followed by rotary evaporation under reduced pressure to remove solvent. The residue 

was washed with THF and diethyl ether and then vacuumed to dryness for 30 min to give 

a white power. To the powder was added 50 mL of water and K2C03 (pH = Il) and 

stirred for half an hour. The water was removed under freeze-dry condition and the 

residue was added with acetonitrile. After filtering off the insoluble inorganic salt, the 

filtrate was collected and rotary evaporated to dryness and the residue was further washed 

with THF and diethyl ether to afford the final product as white solid (3.27 g, 85% yield). 

M. P. 107-109 oC; IH NMR (400 MHz, D20) cS 7.22 (s, 2H), 7.21 (d, 1H, J = 2.4 Hz), 

7.18 (d, IH, J = 2.4 Hz), 6.87 (d, 1H, J = 1.6 Hz), 6.70 (d, IH, J = 1.6 Hz), 4.08-4.01 (m, 

4H), 3.99 (t, 2H, J = 7.2 Hz), 3.90 (t, 2H, J = 6.4 Hz), 3.59 (s, 3H), 2.42 (s, 3H), 2.37 (s, 

3H), 2.17 (m, 7H); l3C NMR (400 MHz, D20) cS 146.00, 144.69, 144.24, 125.82, 122.75, 

121.28, 121.18, 120.46, 120.13, 45.57, 44.97, 44.91, 42.94, 34.75, 29.23, 29.00, 11.64, 

8.90. HRMS (ESI): ca1cd for C2oH30N603F3S (M-TfO+) 491.2049, found: 491.2046. 
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Compound 12: To the flask with compound 11 (2.07 g, 3.24 mmol) was added 1,3-

dibromopropane (7 mL, 68.54 mmol) and dry acetonitrile (45 mL). The reaction mixture 

was refluxed for 28 hours at 90°C under the protection of nitrogen, Cooled to room 

temperature, and then rotary evaporated under reduced pressure to remove solvent. The 

residue was washed with THF for three times and diethyl ether for two times and then 

vacuumed to dryness for 30 min to give white solid. After adding dry acetonitrile (80 

mL) to the solid, the precipitate was removed by phase separation through centrifugation 

and decantation. The solution phase was collected and rotary evaporated under reduced 

pressure to give product as white powder (2.19 g, 80% yield). 

M. P. 105-107 oC; IH NMR (400 MHz, D20) Ù 7.31 (d, 1H, J = 2.4 Hz), 7.28 (m, 2H), 

7.27 (d, 1H, J = 2.4 Hz), 7.21 (d, 1H, J = 2.0 Hz), 7.18 (d, 1H, J = 2.0 Hz), 4.15 (t, 2H, J 

= 6.8 Hz), 4.11-4.06 (m, 8H), 3.60 (s, 3H), 3.31 (t, 2H, J = 6.4 Hz), 2.50 (s, 3H), 2.47 (s, 

3H), 2.43 (s, 3H), 2.22 (m, 6H); J3C NMR (400 MHz, D20) Ù 144.64, 144.48, 122.73, 

121.74, 121.33, 121.16, 120.49, 46.73, 45.26, 45.19, 45.12, 34.97, 31.61, 29.78, 29.23, 

29.17,9.46,9.35,9.21; HRMS (ESI): calcd for C24H36N606F6S2Br (M-Br+) 761.1231, 

found: 761.1219. 

Compound 13: To the flask with compound 12 (2.05 g, 2.43 mmol) and 2-

methylimidazole (0.80 g, 9.85 mmol) was added dry acetonitrile (45 mL). The reaction 

mixture was refluxed at 90°C for 24 hours and then cooled to room temperature. This was 

followed by rotary evaporation under reduced pressure to remove solvent. The residue 

was washed with THF and diethyl ether and then vacuumed to dryness for 30 min to give 

white powder. To the powder was added 50 mL of water and K2C03 (pH = 11) and 

stirred for half an hour. The water was removed under freeze-dry condition and the 
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residue was added with acetonitrile. After filtering off the insoluble inorganic salt, the 

filtrate was eolleeted and rotary evaporated to dryness and the residue was further washed 

with THF and diethyl ether to give the final product as white solid (1.43 g, 70% yield). 

M. P. 96-98 oC; IH NMR (400 MHz, D20) ô 7.27 (s, 2H), 7.22 (m, 2H), 7.20 (d, IH, J = 

2.4 Hz), 7.19 (d, IH, J = 2.4 Hz), 6.86 (d, IH, J = 1.2 Hz), 6.69 (d, IH, J = 1.2 Hz), 4.07 

(m, 8H), 3.98 (t, 2H, 7.6 Hz), 3.89 (t, 2H, J = 6.8 Hz), 3.59 (s, 3H), 2.46 (s, 3H), 2.42 (s, 

3H), 2.37 (s, 3H), 2.19 (m, 9H); I3C NMR (400 MHz, D20) ô 145.95, 144.58, 144.42, 

144.14, 126.01, 122.67, 121.29, 121.26, 121.12, 120.43, 120.06, 45.72, 45.19, 45.08, 

45.06, 43.04, 34.91, 29.43, 29.18, 29.13, 11.92, 9.30, 9.15; HRMS (ESI): calcd for 

C2sH41Ns06F6S2 (M-Br+) 763.2488, found: 763.2489. 

References: 

(1) Wilkes, J. S.; Zaworotko, M. J. J Chem. Soc. Chem. Commun. 1992,965-967. 

(2) (a)Fraga-Dubreuil, J.; Bazureau, J. P. Tetrahedron Lett. 2001,42,6097-6100. (b) He, 

x.; Chan, T.-H. Synthesis, 2006, 10, 1645-1651. (e) He, x.; Chan, T.-H. Tetrahedron, 

2006, 62, 3389-3394. (d) Miao, W.; Chan, T. H.; Org. Lett. 2003, 5, 5003-5005. (e) 

Miao, W.; Chan, T.-H. J. Org. Chem. 2005, 70, 3251-3255. 

(3) For reviews on ionie liquids as reaetion solvents, see: (a) Welton, T. Chem. Rev. 

1999,99,2071-2083. (b) Sheldon R. Chem. Commun. 2001,2399-2407. (e) Wilkes, J. S. 

J. Mol. Cat. A: Chem. 2004,214, 11-17. (d) Gordon, C. M. Appl. Catal. A 2001, 222, 

101-107. (e) Zhao, D.; Wu, M.; Kou, Y.; Min, E. Cata!. Today 2002, 74, 157-189. (t) 

144 



Wasserscheid, P. Welton, T. Ionic Liquids in Synthesis, Wiley-VCH, Weinheim, 2003. 

(g) Dupont, l de Souza, RF. Suarez, P. A Z. Chem. Rev. 2002, 102,3667-3692. 

(4) (a) Marcilla, R; Alcaide, F.; Sardon, H.; Pomposo, J. A; Pozo-Gonzalo, C.; 

Mecerreyes, D. Electrochem. Commun. 2006, 8, 482-488. (b) Kubisa, P. J Polym. Sei. 

part A: Polym. Chem. 2005,43,4675-4683. 

(5) Anderson, J. L.; Armstrong, D. W.; Wei, G.-T. Anal. Chem. 2006, 78,2893-2902. 

(6) Fukurnoto, K.; Yoshizawa, M.; Ohno, H. J Am. Chem. Soc. 2005, 127,2398-2399. 

(7) (a) Bansal, D.; Cassel, F.; Croce, F.; Hendrickson, M.; Plichta, E.; Salomon, M. J 

Phys. Chem. B,2005, 109,4492-4496). (b) Shin, J.-H.; Henderson, W. A; Passerini, S. 

Electrochem. Commun. 2003,5, 1016-1020. (c) Shin, l-H.; Henderson, W. A; Scaccia, 

P. P. P.; Passerini, S. J Power Sources 2006, 156, 560-566. (d) Diaw, M.; Chagnes, A; 

Carre, B.; Wil1mann, P.; Lemordant, D. J Power Sources 2005, 146,682-684. 

(8) Sekhon, S. s.; Lalia, B. s.; Park, J.-S.; Kim, c.-S.; Yamada, K. J Mater. Chem. 2006, 

16,2256-2265. 

(9) Wang, P. Zakeeruddin, S. M.; Exnar, 1.; Gratzel, M. Chem. Commun. 2002, 2972-

2973. 

(10) (a) Stenger-Smith, J. D.; Webber, C. K.; Anderson, N.; Chafin, A. P.; Zong, K.; 

Reynolds, J. R J Electrochem. Soc. 2002, 149, A973-A977. (b) Balducci, A; Bardi, U; 

Caporali, S.; Mastragostino, M.; Soavi, F. Electrochem. Commun. 2004, 6, 566-570. (c) 

Balducci, A; Soavi, F.; Mastragostino, M. Appl. Phys. A: Mater. Sei. & Proc. 2006, 82, 

627-632. 

(11) (a) Fuller, J. Breda, A C. Carlin, R T. J Electrochem. Soc. 1997, 144, 167-L70. (b) 

Singh, B.; Sekhon, S. S. Chem. Phys. Let!. 2005,414,34-39. 

145 



(12) Scott, M. P.; Brazel, C. S.; Benton, M. G.; Mays, 1. W.; Hilbrey, 1. D.; Rogers, R. D. 

Chem. Commun. 2002, 1370-1371. 

(13) (a) Ohno, H. Yoshizawa, m.; Ogihara, W. Electrochem. Acta 2001,50,255-261. (b) 

Washiro, S.; Yoshizawa, M.; Nakajima, H.; Ohno, H. Polymer 2004,45, 1577-1582. (c) 

Nakajima, H.; Ohno, H. Polymer 2005,46, 11499-11504. 

(14) (a) Audic, N.; Clavier, H.; Mauduit, M.; Guillemin, J.-C. J Am. Chem. Soc. 2003, 

125, 9248-9249. (b) Yao, Q.; Zhang, y. Angew. Chem. lnt. Ed 2003,42,3395-3398. (c) 

Lee, A.; Zhang, Y.; Piao, J.; Yoon, H.; Song, c.; Choi, J.; Hong, J. Chem. Commun. 

2003,2624-2625. (d) Zhao, D.; Fei, Z.; Geldbach, T. J.; Scopelliti, R.; Dyson, P. J. J Am. 

Chem. Soc. 2004, 126, 15876-15882. 

(15) (a) Qian, W.; Jin, E.; Bao, W.; Zhang, Y. Angew. Chem. lnt. Ed 2005,44,952-955. 

(b) Wu, X.-E; Ma, L.; Ding, M.-X.; Gao, L.-x. Synlett 2005, 4, 607-610. (c) Qian, W.; 

Jin, E.; Bao, W. Zhang, y. Tetrahedron Lett. 2006, 62, 556-562. (d) Mi, X.; Luo, S.; 

Cheng, l-P. J Org. Chem. 2005, 70,2338-2341. 

(16) Mu, X.-D; Meng, J.-Q.; Li. Z.-C.; Kou, Y. J Am. Chem. Soc. 2005, 127,9694-9695. 

146 



Chapter 5. Peptide Synthesis Using Imidazolium Oligomers as Soluble 

Supports 

5. 1. Introduction 

Peptide synthesis is one of central research topics in organic synthesis because a 

various number of peptides have been used as anticancer agents, protease inhibitors, 

antibiotics and receptor antagonists, the closest fields to people's health and life. 1 In 

1960's, Merrifield introduced the solid-phase peptide synthesis,2 which was a milestone 

in the chemical synthesis of peptides. This method led to the advent of automated 

preparation of biopolymers including peptides/ nucleotides4 and oligosaccharides.5 

However, the drawbacks of solid-phase synthesis are that the chemical reactions are 

performed in the heterogeneous phase, which generally requires large excess of reagents 

to drive the reaction to completion, and it is difficult to do large-scale reactions and 

characterize the polymer resin-bound intermediate products by common methods in 

organic synthesis such as TLC, NMR and MS spectroscopy.6 To overcome the solubility 

problem involved in the sol id-phase peptide synthesis, chemists introduced soluble 

polymers such as polyethylene glycol (PEG)7 and polyvinyl alcohols (PVA)8 to the 

peptide synthesis. The limitations of this approach are low loading capacity, aqueous 

solubility and inconveniency in the product characterization by NMR and MS. More 

recently, fluorous phase synthesis was invoked for peptide synthesis.9 This method is 

based on the fact that highly fluorinated compounds are preferentially dissolved in 

fluorous solvents, which are used to extract fluorous phase tag-bound products from the 
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organic solution phase. The high cost of fluorous solvents as compared to the common 

organic solvents may limit its industrial application. 

In the latest a few years, ionic liquid-supported synthesis has been successfully applied 

to organic synthesis lo and catalysis. ll
, 12 This new approach possesses the advantages of 

both conventional solution-phase synthesis and solid-phase synthesis. The ionic liquid­

supported substrates, generally soluble in polar organic solvents, can perform chemical 

reactions in homogeneous solution phase, and the product, which is bound to the ionic 

liquid phase tag, can be purified through simple phase separation from the reaction 

mixture by washing or precipitation with less polar organic solvents or water. This 

methodology was applied to synthesize small organic molecules,IOa, d short 01igopetide10e 

and oligosaccharides lOb by our group and others. However, in all of those cases, ionic 

liquid supports had only one ionic unit, which were not big enough as phase tags in sorne 

cases because their ionic effect disappeared when a large molecular moiety was 

connected to the ionie liquid phase tag, espeeially for the synthesis of biopolymers. 

Moreover, the small ionic liquid supports resuIted in liquid-liquid phase separation during 

product purification process in the case as shown in the I-methylimidazolium-supported 

short oligopeptide synthesis reported by our group in 2005. lOe The liquid-liquid phase 

separation is diffieuIt to perform in large-scale reactions because the oily product is stuck 

on the inside surface of flask walls and the researcher has to use spatula to scratch the oil 

layer in the washing solvent to wash away the excess reagents and byproducts. Ionic 

liquid-type polymers are not a good choice here because they will have the same 

problems as polymer resin-supported synthesis such as low solubility and difficulty to 

characterize the support-bound products. Ionie liquid-type oligomers are chosen as 

148 



support candidates herein because they are soluble in common polar organic solvents and 

can provide stronger ionic effect on their supported molecules than one-ionic-unit 

supports. Moreover, the imidazolium oligomer-bound molecules are likely to be solid, 

which may be purified by an easier way such as precipitation, centrifugation and 

decantation. This is a way suitable for large-scale synthesis. The synthesis of the first 

example of ionic liquid-type oligomers in multi-gram scale is described in Chapter 4 of 

this thesis. On the other hand, since solid-phase supported peptide block coupling is 

extremely difficult, we anticipate that these new soluble supports, ionic liquid-type 

oligomers, can make possible the peptide block coupling in solution phase, which is 

significantly important for peptide synthesis. 

5. 2. Results and Discussion 

5. 2. 1. Synthesis and thermal stability of imidazolium salts with hydroxyalkyl 

Iinkers 

The synthesis of ionic liquid-type oligomer supports for peptide synthesis is shown in 

Scheme 1. Treatment of 1, 2-dimethylimidazole 1, imidazolium dimer 2 and oligomers 3, 

4, and 5 with excess bromoalkyl alcohols in acetonitrile under refluxing conditions 

generated the imidazolium salts (6, 7, 8, 9 and 10) with hydroxyalkyllinkers. The excess 

reagents were washed away by diethyl ether. However, when imidazolium dimer 2 was 

treated with 3-bromopropanol under the same conditions as other cases in Scheme 1, the 

product obtained was not the expected compound, imidazolium salt alcohol 7a, but the 

imidazolium salts 7b where OH on the branch chain was replaced by bromine. The 

reason is that the latter compound 7b has very low solubility in acetonitrile, which 
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precipitates out from the reaction mixture under the refluxing condition to drive the 

reaction to generate the unwanted product 7b. The molecular structure of the compound 

7b obtained was confirmed by NMR and MS spectroscopic analysis. 

Me 

A+ 
Me-N N-(IL)n 

\ 1 X-

1, n = ° 
2, n = 1, X = Br 
3, n = 2, X = no, no 
4, n = 3, X = no, Br, Br 
5, n = 3, X = no, no, Br 

Me 

IL = (CH ) -N~N-2 3 \ 1 _ 
I.=.l X 

Me 

A+ 
Me-N N-(IL)-(CH2h-Br 

'=1 X-

7b (X = Br, Br) 

6, n = 0, m = 3, X = Br 
7a, n=1, m =3, X = Br, Br 
7e, n = 1, m = 6, X = Br, Br 
8, n = 2, m = 3, X = TfO, no, Br 
9, n = 3, m = 3, X = no, Br, Br, Br 
10, n = 3, m = 3, X = no, no, Br, Br 

11, n = 0, m = 3, X = no 
12, n = 1, m = 6, X = no, no 
13, n = 2, m = 3, X = no, no, no 
14, n = 3, m = 3, X = no, no, no, no 

Scheme 1. Synthesis of imidazolium salts with hydroxyalkyllinkers. 

However, this problem may be avoided by use of the starting imidazolium di mer 2 after 

anion exchange. The anion exchange from bromide to triflate was conducted by silver 

triflate in the mixed solvents of acetonitile and methanol at room temperature. However, 

this reaction can also be done by use of sodium triflate in acetonitrile or acetone, which 

works much slower than the sil ver salt. The thermal stability of the imidazolium salts 

obtained were measured by thermogravimetric analysis (TGA), which showed that these 

compounds have high onset decomposing temperatures up to more than 290 oC, as shown 

in Figure 1 and Table 1, suggesting good thermal stability. And also, the compound with 

more imidazolium units has higher onset decomposing temperature. This is consistent 

with the results obtained from imidazolium oligomers that have been shown in Chapter 4 
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of this thesis. The low residue percentages in Table 1 show that those compounds contain 

a small amount of inorganic salt, indicating most of the inorganic compounds have been 

removed during the product purification procedures. 

-~ 0 --oC 
Cl 
ëi) 
3: 

100 

80 

60 

40 

20 

o 100 200 300 400 500 600 700 

Temperature (oC) 

Figure 1. Thermogravimetric analysis (TGA) measurements of imidazolium salts as the 

synthetic support linker. (From left to right) Pink line: Compound 7; Blue line: 

Compound 6; Green line: Compound 8; Black line: Compound 10. 

Table 1. Decomposing temperatures (onset) and residue percentages of samples 

according to TGA measurements. 

Entry Samples Onset Decomposing Residue (%) 

Temperature (OC) 

1 Compound 6 291.85 0.50 

2 Compound 7 296.54 0.19 

3 Compound 8 310.43 1.40 

4 Compound 10 337.96 2.21 

5. 2. 2. Peptide synthesis 
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~OH B oc-Th r(Bzl )-0 H 

DCC, DMAP, CH3CN, rt 

11, n = D, m = 3; 12, n = 1, m = 6; 
13, n = 2, m = 3; 14, n = 3, m = 3. 

~O-Thr(BZI)-NHBOC 

15, n = D, m = 3; 16, n = 1, m = 6; 
17, n = 2, m = 3; 18, n = 3, m = 3. 

TFA 

0-., \ ~ + Boc-Ser(Bzl)-OH 
.... Mm 0-Thr(Bzl)-NH3 • 0-., \ ~O-Thr(BZI)-Ser(BZI)-NHBOC 

CF3C0
2 

- HBTU, HOBt, DIPEA, CH3CN, rt - MIT 
19, n = 0, m = 3; 20, n = 1, m = 6; 
21, n = 2, m = 3; 22, n = 3, m = 3. 

23, n = D, m = 3; 24, n = 1, m = 6; 
25, n = 2, m = 3; 26, n = 3, m = 3. 

TFA + 
~O-Thr(BZI)-Ser(BZI)-NH 3 

CF3C02-

27, n = 0, m = 3; 28, n = 1, m = 6; 
29, n = 2, m = 3; 30, n = 3, m = 3 

Boc-Ala-OH 

HBTU, HOBt, DIPEA, CH3CN, rt 

TFA + 
~O-Thr(BZI)-Ser(BZI)-Ala-NHBoc .. ~O-Thr(BZI)-Ser(BZI)-Ala-NH 3 

CH2CI2 , rt CF3C02 -

31, n = 0, m = 3; 32, n = 1, m = 6; 
33, n = 2, m = 3; 34, n = 3, m = 3. 

35, n = 0, m = 3; 36, n = 1, m = 6; 
37, n = 2, m = 3; 38, n = 3, m = 3. 

Boc-Ser(Bzl)-OH 
------------è .. ~ ~O-Thr(BZI)-Ser(BZI)-Ala-Ser(BZI)-NHBOC _T_F_A---I.~ 
HBTU, HOBt, DIPEA, CH3CN, rt CH2CI2, rt 

39, n = 0, m = 3; 40, n = 1, m = 6; 
41, n = 2, m = 3; 42, n = 3, m = 3. 

+ 
~0-Thr(BZI)-Ser(BZI)-Ala-Ser(BZI)-NH3 

CF3C02-

43, n = 0, m = 3; 44, n = 1, m = 6; 
45, n = 2, m = 3; 46, n = 3, m = 3. 

Boe-Ser(Bzl)-OH 

HBTU, HOBt, DIPEA, CH3CN, rt 

~O-Thr(BZI)-Ser(BZI)-Ala-Ser(BZI)-Ser(BZI)-NHBOe 
TFA 

47, n = 0, m = 3; 48, n = 1, m = 6; 
49, n = 2, m = 3; 50, n = 3, m = 3. 

+ Boe-Thr(Bzl)-OH 
~O-Thr(BZI)-Ser(BZI)-Ala-Ser(BZI)-Ser(BZI)-NH 3 .. 

CF
3
C0

2 
- HBTU, HOBt, DIPEA, CH3CN, rt 

51, n = 0, m = 3; 52, n = 1, m = 6; 
53, n = 2, m = 3; 54, n = 3, m = 3. 

~O-Thr(BZI)-Ser(BZI)-Ala-Ser(BZI)-Ser(BZI)-Thr(BZI)-NHBoe 

55, n = 0, m = 3; 56, n = 1, m = 6; 
57, n = 2, m = 3; 58, n = 3, m = 3. 
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Scheme 2. Ionic liquid-type mono mer, dimer and oligomer-supported peptide synthesis. 

BzI = benzyl. 

The imidazolium oligomer-supported peptide synthesis is shown in Scheme 2. The 

peptide sequence, which was chosen from a segment of natural peptide Mucin4 

(MUC4),13 is mostly composed of serine and threonine because these two amino acids 

play an significant role in connecting glycals in glycoproteins. 14 The first amino acid was 

covalently bound to the imidazolium salt supports through an esterification reaction 

between them using 1,3-dicyclohexylcarbodimide (DCC) as the coupling reagent and 4-

dimethylaminopyridine (DMAP) as the catalyst in acetonitrile at room temperature. The 

white precipitate, dicyclohexylurea, generated in the reaction process, was filtered off, 

and the excess reagents and other side-products were washed away by diethyl ether or the 

mixed solvents of diethyl ether and ethyl acetate (VN = 1:1). The products 16, 17, and 

18 were obtained as solid, while compound 15 was obtained as thick oil. The removal of 

acid-Iabile Boc protection group on the supported amino acids was realized by treating 

the compounds with trifluoroacetic acid (TF A) in dichloromethane. The byproduct 

derived from Boc group was washed away by diethyl ether. The amino acid coupling was 

conducted by use of the combination of HBTU and HOBt, instead of PyBOP in the 

former case of our group, as coupling reagent because the piperidine, which was 

generated from pyBOP,lOe was very difficult to be washed away during the purification 

procedures. The Hünig's base, DIPEA, was used to neutralize TFA to release the 

unprotonated amine and acted as acid scavenger. The purification procedures of the 

products generated from imidazolium di mer (24) and oligomer-supported amino acid 

couplings (25 and 26) are illustrated in Figure 2, showing the greater ease of purification 
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than the one generated from the monomer-supported synthesis (23). For example, when 

the reaction was complete, the reaction mixture was concentrated by rotary evaporation 

under reduced pressure and then transferred into a conical tube. At this time, diethyl ether 

was added to precipitate the product and the liquid phase was separated and removed by 

centrifugation and decantation. The solid phase was transferred to a funnel and washed 

with water for several times and then diethyl ether. After dried in vacuo, the product was 

obtained as powder. 

Concentrated Transfer Precipitation 

Centrifugation Decantation 

Figure 2. Product purification procedures of imidazolium oligomer-supported peptide 

synthesis. 

Thus, it is clear that this purification process is much easier than the liquid-liquid phase 

separation that needs scratching the oily product layer with a spatula to allow the 

byproducts and excess reagents dispersed into the washing solvents. Here it is worthy to 

emphasize that the chemical assembling of amino acids in Scheme 2 was carried out in 
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homogeneous solution phase without need of much excess reagents, generally, 2-2.5 

equivalents of amino acids as compared to the support-bound substrates were used. 

The product for each step can be easily characterized by solution NMR and MS 

spectroscopy. This is in great contrast to the solid-phase synthesis, which requires much 

excess reagents (normally more than 10 equivalents) to drive the reaction to completion, 

and the reaction was conducted in heterogeneous phase and the support-bound products 

are difficult to be characterized by common instruments for organic synthesis. The ionic 

liquid-oligomer-supported peptide synthesis is also in contrast to the fluorous phase 

synthesis, where fluorinated solvents are needed to extract the product from the reaction 

mixture. 

The solubility of peptides is a serious issue in peptide synthesis because the protected 

oligopeptides have low solubility in organic solvents and water. This me ans that the non­

supported peptide synthesis can be conducted in homogenous solution phase only when 

the peptide chain is not too long, normally containing less than 10 amino acids. After 

that, the synthesis must be performed in heterogeneous phase or highly diluted solution 

and more excess reagents are correspondingly needed to drive the reaction to completion. 

In order to know how many amino acids can be coupled for our supports in the 

homogenous solution phase without dilution, the tris-imidazolium oligomer-supported 

peptide synthesis was chosen as a standard example as shown in Scheme 3. It was found 

that nine amino acids were satisfactorily coupled in homogeneous solution phase under 

the same conditions as for the shorter peptide coupling without dilution. This me ans our 

support does not negatively influence the solubility of the peptide chain. Since the 

peptide sequence contains a lot of benzyl protected amino acids, which make the peptide 
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chain having high molecular mass and are more crowded, this could have negatively 

affected the coupling capacity of the support. Lately, we find that the imidazolium 

oligomer-supported nona-amino-acid peptide 61 is well soluble in the mixed solvents of 

acetonotile and THF. Therefore, we presume that, if lower mass amino acids had been 

chosen and the mixed solvents CH3CN/THF were used, more amino acids could be 

coupled using the tris-imidazolium oligomer support in homogeneous phase without 

dilution. 

1, TFA, CH2CI2, rt 
~O-Thr(BZI)-Ser(BZI)-Ala-Ser(BZI)-Ser(BZI)-Thr(BZI)-NHBoe .. 

2, Boc-Thr(Bzl)-OH, HBTU, 
57, n = 2, m = 3. HOBt, DIPEA, CH3CN, rt 

1, TFA, CH2CI2, rt 
~O-Thr(BZI)-Ser(BZI)-Ala-Ser(BZI)-Ser(BZI)-Thr(Bzl)-Thr(Bzl)-N HBoc .. 

2, Boc-Ser(Bzl)-OH, 
59, n = 2, m = 3. HBTU, HOBt, DIPEA, 

CH3CN, rt 

~O-Thr(BZI)-Ser(BZI)-Ala-Ser(BZI)-Ser(BZI)-Thr(Bzl)-Thr(Bzl)-Ser(Bzl)-N H Boe 

60, n = 2, m = 3. 

2, Boc-Ala-OH, HBTU, HOBt, DIPEA, CH3CN, rt 

~O-Thr(BZI)-Ser(BZI)-Ala-Ser(BZI)-Ser(BZI)-Thr(Bzl)-Thr(Bzl)-Ser(Bzl)-Ala-N H Boe 

61, n = 2, m = 3. 

Scheme 3. Tris-imidazolium oligomer-supported peptide synthesis III homogenous 

solution phase without dilution. BzI = benzyl. 

s. 2. 3. Peptide block coupling 

Convergent synthesis is a basic mIe in organic total synthesis. The convergent 

approach makes the synthetic route much shorter than linear synthetic route so that the 
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synthesis can be more efficient and less time-consuming. Since the protected 

oligopeptides have low solubility in common organic solvents and water, it is extremely 

difficult for solid-phase synthesis to do peptide block coupling. Therefore, the solid­

phase peptide synthesis has to be performed in the linear fashion. However, we found that 

the peptide block coupling worked well by the use of our imidazolium oligomer support, 

which is shown in Scheme 4. The block coupling was successfully conducted between 

two hexa-amino-acid peptides 62 and 63 under the same conditions as the peptide 

synthesis shown in Scheme 2 and 3 without requiring much excess of reagents and 

diluting the solution. The product 64 was purified under the standard conditions shown in 

Figure 2. The molecular structure of the product 64 with 12 amino acids was confirmed 

by NMR and MS spectroscopy. And also, the peptide coupling between the tris­

imidazolium oligomer-supported nona-amino-acid peptide 65 and a hexa-amino-acid 

peptide 63 was also conducted under similar conditions as the above case. High­

resolution mass spectrometry showed that the expected product 66 was obtained. Since 

this compound is insoluble in common organic solvents, it was difficult to obtain its 

NMR spectra. 

The solubility of supported peptides is an important factor to influence the coupling 

efficiency of amino acids. In our cases, acetonitrile is an ideal solvent because it is a non­

cancergenic solvent as compared to CH2Ch and CHCi), and the imidazolium salt­

supported peptides are weIl soluble in it as weIl as it is much easier to be dried and 

removed than other polar solvents used in peptide coupling reactions such as DMF and 

DMSO. It was also found that the liker chain could affect the solubility of the supported 

peptides. 
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(a) [6+6] Peptide block coupling 

TFA 

~O-Thr(BZI)-Ser(BZI)-Ala-Ser(BZI)-Ser(BZI)-Thr(BZI)-NHBoe • 

CH2CI2, rt 

57, n = 2, m = 3. 

+ 
~O-Thr(BZI)-Ser(BZI)-Ala-Ser(BZI)-Ser(BZI)-Thr(Bzl)-NH 3 CF 3C02-

62, n = 2, m = 3. 

HO-Thr(Bzl)-Ser( Bzl)-Ala-Ser(Bzl)-Ser(Bzl)-Thr(Bzl)-Thr(Bzl)-N H Boe 63 

HBTU, HOBt, DIPEA, CH3CN, rt 

Cl-. , \ /O-Thr(Bzl)-Ser(Bzl)-Ala-Ser( Bzl)-Ser(Bzl)-Thr(Bzl)-Thr(Bzl)-Ser(Bzl)-Ala-Ser(Bzl) 
~~m 1 

Ser(Bzl) 
1 

64, n = 2, m = 3. BocHN-Thr(Bzl) 

(b) [9+6] Peptide block coupling 

TFA 
Cl-. , \ /O-Thr(Bzl)-Ser(Bzl)-Ala-Ser(Bzl)-Ser(Bzl)-Thr(Bzl)-Thr(Bzl)-Ser(Bzl) 
~~m 1 

BocHN-Ala CH2CI2, rt 

61, n = 2, m = 3. 

+ 
~O-Thr(BZI)-Ser(BZI)-Ala-Ser(BZI)-Ser(BZI)-Thr(Bzl)-Thr(Bzl)-Ser(Bzl)-Ala-N H 3 

65, n = 2, m = 3. 
CF3C02 -

HO-Th r(Bzl)-Ser( Bzl)-Ala-Ser(Bzl)-Ser(Bzl)-Th r(Bzl)-Thr(Bzl)-N H Boe 63 

HBTU, HOBt, DIPEA, CH3CN, rt 

C'l., \ /O-Thr(Bzl)-Ser(Bzl)-Ala-Ser(Bzl)-Ser(Bzl)-Thr(Bzl)-Thr(Bzl)-Ser(Bzl)-Ala-Thr(Bzl) 
~~m 1 

Ser(Bzl) 

66, n = 2, m = 3. BocHN-(Bzl)Thr-(Bzl)Ser-(Bzl)Ser -Àla 

Scheme 4. Imidazolium oligomer-supported peptide block coupling reactions. 

For example, the imdazolium dimer-supported hexa-amino-acid peptide 56 has lower 

solubility than other counterpart peptides 55, 57 and 58, indicating that the longer carbon-
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chain linker decreases the solubility of supported peptides. Obviously, the anions of the 

imidazolium supports can influence the solubility of supported peptides as shown in the 

cases of common ionic liquids. 

5. 2. 4. Cleavage of peptides from supports 

There are two ways to c1eave peptides from synthetic supports. One approach is to 

c1eave the peptide first and then remove Boc protection group. The other approach is to 

remove Boc protection group first and then c1eave the peptide from the support. In our 

case, the c1eavage of peptides from the imidazolium support was carried out through 

hydrolysis of the ester bond under aqueous basic condition as shown in Scheme 5. The 

imidazolium-supported peptides 55, 56, 57, 61 and 64 were hydrolyzed by aqueous 

solution of LiOH or NaOH to generate the corresponding products. THF and acetonitrile 

were added to help the supported peptides dissolve in the solvents. The purification of the 

peptides 63, 67, 68 and 69 after c1eavage from the supports was very straightforward 

without need of chromatography. The general purification procedures are as follows. 

When the hydrolysis was complete, the volatile sol vents were removed by rotary 

evaporation under reduced pressure. The residue was added with water and the pH value 

of the mixture was adjusted to 5 with low concentration of aqueous hydrochloric acid. 

After filtration, the white precipitate was washed with water and then diethyl ether or 

other polar organic solvents such as acetone and acetonitrile, dried in vacuo to give the 

product as white powder. NMR and MS spectroscopic measurements showed the product 

obtained was pure. It is worthy to mention that the imidazolium supports can be easily 

recovered after the c1eavage. 
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(a) Cleavage of hexa-amino-acid peptide from supports 

~O-Thr(BZI)-Ser(BZI)-Ala-Ser(BZI)-Ser(BZI)-Thr(BZI)-NHBoc 

55, n = 0, m = 3; 56, n = 1, m = 6; 
57, n = 2, m = 3; 58, n = 3, m = 3. 

o H-Th r( Bzl)-Ser( Bzl )-Ala-Ser( Bzl)-Ser( Bzl)-Th r( Bzl)-N H Boc 

63 

+ 

~O-Thr(BZI)-Ser(BZI)-Ala-Ser(BZI)-Ser(BZI)-Thr(Bzl)-NHBoc 

55, n = 0, m = 3; 56, n = 1, m = 6; 
57, n = 2, m = 3; 58, n = 3, m = 3. 

LiOH 

THF/H20, rt 

~OH 

TFA 

NaOH + 
~O-Thr( Bzl)-Ser( Bzl)-Ala-Ser(Bzl)-Ser(Bzl)-Thr( Bzl)-N H 3 CF 3C02-

55, n = 0, m = 3; 56, n = 1, m = 6; 
THF/H20, rt 

57, n = 2, m = 3; 58, n = 3, m = 3. 

OH-Thr(Bzl)-Ser(Bzl)-Ala-Ser(Bzl)-Ser(Bzl)-Thr(Bzl)-NH 2 + ~OH 
67 

(b) Cleavage of nona-amino-acid peptide from support 

~O-Thr(BZI)-Ser(BZI)-Ala-Ser(BZI)-Ser(BZI)-Thr(BZI)-Thr(Bzl)-Ser(Bzl)-Ala-NHBoe 

61, n = 2, m = 3 

LiOH 
~OH + 

OH-Thr(Bzl)-Ser( Bzl)-Ala-Ser(Bzl)-Ser(Bzl)-Thr(Bzl)-Thr( Bzl)-Ser(Bzl)-Ala-N H Boe 

68 

(c) Cleavage of dodeca-amino-acid peptide from support 

~ 1 \ ~O-Thr(Bzl)-Ser(Bzl)-Ala-Ser(Bzl)-Ser(Bzl)-Thr(Bzl)-Thr(Bzl)-Ser(Bzl)-Ala-Ser(Bzl) 
~~m 1 

Ser(Bzl) 
64, n = 2, m = 3. 1 

BocNH-Thr(Bzl) 

LiOH 

~OH + 
THF/CH3CN/H20, rt 

H 0-Th r( Bzl)-Ser( Bzl )-Ala-Ser( Bzl )-Ser( Bzl)-Th r( Bzl)-Th r( Bzl )-Ser( Bzl)-Ala-Ser( Bzl) 
1 
Ser(Bzl) 

69 1 
BoeNH-Thr(Bzl) 
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Scheme 5. Cleavage of peptides from imidazolium supports. 

The purity of the peptides 63, 67, 68, and 69 obtained after cleavage from the supports 

was analyzed by HPLC equipped with reversed phase CI8 column (Agilent Zorbax 

Extend-C 18, 4.6 x 250 mm). The elution was in a linear gradient fashion from 50% to 

100% of B in A over 20 min, followed by a linear gradient elution from 100% to 50% of 

B in A over 10 min, where A was H20/O.05% TFA (v/v) and B was CH3CNIO.05% TFA 

(v/v), at a flow rate of 0.8 mL/min. UV absorbance was detected at 210 nm. The results 

are showed in Figure 3, which give that the purity of peptides 63 (a and b), 67 (c), 68 (d) 

and 69 Ce) are 89%, 90%, 95%, 88% and 86%, respectively. For (a) and (b), the same 

peptide 63, but independently prepared from mono-imidazolium salt and tris-imidazolium 

salt support respectively, were analyzed by HPLC under the same conditions. They 

showed the same retention times, as shown in Figure 3 (a) and (b). 
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Figure 3. HPLC analysis of compound 63: (a) derived from compound 55 and (b) 

derived from compound 57; compound 67: (c); compound 68: (d); compound 69: (e). The 

big peaks in Figure 3(c) and 3(e) are due to the solvent DMSO as the injection solvent 

and the small peaks at 3 min in the Figure 3(a), 3(b) and 3(d) are due to TFA 

concentration change of the eluent because of TF A-free sample injection. 

5. 3. Conclusion 
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A new approach to efficiently synthesize peptides by use of imidazolium monomer, 

dimer and oligomers as soluble supports has been demonstrated. This approach provides 

a new strategy to synthesize peptides in a fast and straightforward fashion. The 

quantitative chemical assembling of amino acids was conducted in homogeneous solution 

phase without need of much excess reagents. Importantly, this approach made possible 

the peptide block coupling which is very difficult for sol id phase-supported peptide 

synthesis. And also, the product of each step was purified by simple washing and 

precipitation with water and common organic solvents without need of special solvents in 

contrast to fluorous phase-supported peptide synthesis which requires fluorous solvents to 

do phase separation. We believe that this new approach is suitable for large-scale 

synthesis of peptides and likely also for other biopolymer synthesis. 

5. 4. Experimental Section 

General: AIl ehemicals were obtained from Aldrich and used without further purification 

except otherwise indicated. Acetonitrile and diehloromethane were distiIled from CaH2 as 

drying reagent. 'H and l3C NMR, COSY NMR spectra were reeorded on Varian Mercury 

300, 400, 800 and Unit y 500 spectrometers equipped with Sun workstations. The 

chemical shifts were reported in parts per million on the 8 scale referenced to residue 

CHCh at 8 7.24 ppm, H20 at 4.67 ppm for 'H NMR and CHCh at 77.0 ppm for l3C 

NMR. The proton and carbon assignments were made by standard gCOSY experiments. 

Melting point of sample was taken via melting point apparatus without correcting the 

thermometer. High-resolution mass spectrometrie analysis was performed on a VG 

Micromass ZAB 2F HS (F AB) or Micromass Quattro II triple quadrupole mass 
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spectrometer (Manchester, UK) equipped with an electrospray ionization source (ESI). 

Usually, the ion corresponding to the cation (C+) component was analyzed. The signs M+, 

M+-Br M2+-2Br and M3+-3TfO in the following HRMS description correspond to 

molecular cation and the multiple-charged cations derived from molecule after it lost one 

Br-, two Br- and three Tf 0- respectively. The thermo-gravimetric analysis (TGA) 

measurements were performed on a TGA Q500 from TA instruments. The running 

method used was ramped from 25 Oc to 550 oC, 20 OC/min, under nitrogen, switching to 

air and then ramped at 20 OC/min to 700 oC. The type of pan used was platinum. The 

high-pressure liquid chromatography (HPLC) analysis was performed using reversed 

phase CI8 column (Agilent Zorbax Extend-CI8) and eluting in a linear gradient fashion 

from 50% to 100% of B in A over 20 min, followed by a linear gradient elution from 

100% to 50% of B in A over 10 min, where A is H20/O.05% TFA (v/v) and B is 

CH3CN/0.05% TFA (v/v), at a flow rate of 0.8 mL/min. UV absorbance at 210 nm. 

General procedures to anchor linkers onto imidazolium salts: To the flask with the 

imidazolium salt was added bromoalcohol and dry acetonitrile. The reaction mixture was 

refluxed at 80-90 Oc for 24 hours under the protection of nitrogen, and then cooled to 

room temperature. The solvent was removed by rotary evaporation under reduced 

pressure. The residue was washed with diethyl ether for four times and then vacuumed to 

dryness to give the product. 

Compound 7b: white powder. 98% yield. M. P. 201-203 oC. IH NMR (500 MHz, D20) 

8 87.37 (d, IH, J = 2.0 Hz), 7.34 (d, IH, J = 2.0 Hz), 7.29 (d, IH, J = 2.0 Hz), 7.24 (d, 

IH, J = 2.0 Hz), 4.20 (t, 2H, J = 7.0 Hz), 4.14 (m, 4H), 3.66 (s, 3H), 3.37 (t, 2H, J = 6.0 

Hz), 2.56 (s, 3H), 2.49 (s, 3H), 2.28(m, 4H); I3C NMR (500 MHz, D20) 8 144.78, 
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.r--' 
144.62,122.81,121.80,121.27,120.60,46.66,45.17, 45.11,34.94,31.49,29.78,29.11, 

9.47, 9.23; HRMS (ESI): calcd for ClsH2SN4Br2 (M-Br+) 419.0440, found: 419.0442; 

calcd for ClsH2SN4Br (M+-2Br) 170.0625, found: 170.0625. 

Compound 7c: white powder. 98% yield. M. P. 116-118 oC. lH NMR (500 MHz, D20) 8 

7.29 (d, IH, J = 2 Hz), 7.28(d, IH, J = 2 Hz), 7.25(d, IH, J = 2.5 Hz), 7.22(d, IH, J = 2.5 

Hz), 4.11(m, 4H), 3.98(t, 2H, J = 7.5 Hz), 3.63(s, 3H), 3.44(t, 2H, J = 6.5 Hz), 2.48(s, 

3H), 2.46(s, 3H), 2.24(m, 2H), 1.69(m, 2H), 1.39(m, 2H), 1.21(m, 4H); l3C NMR (500 

MHz, D20) 8 144.74, 144.12, 122.80, 121.70, 120.89, 120.56,61.75,48.39,45.08,45.03, 

34.89,31.18,29.08,28.93,25.42,24.71,9.19,9.12. HRMS (ESI) calcd for ClsH32N40Br 

(C+) 399.1754, found: 399.1754. 

Compound 8: white solid. 87% yield. M. P. 90-93 oC. lH NMR (400 MHz, D20) 8 

7.30(m, 2H), 7.28(d, IH, J = 2 Hz), 7.27(d, IH, J = 2 Hz), 7.22(d, IH, J = 2.5 Hz), 

7.18(d, IH, J = 2.5 Hz), 4.07(m, lOH), 3.60(s, 3H), 3.46(t, 2H, J = 6 Hz), 2.47(s, 6H), 

2.43(s, 3H), 2.22(m, 4H), 1.88(m, 2H); l3C NMR (400 MHz, D20) Ô 144.74, 144.58, 

144.40, 122.80, 121.74, 121.42, 121.08, 120.59,58.09,45.37,45.18,45.04,34.90,31.26, 

29.09,29.05,9.32,9.20,9.14. HRMS (ESI) calcd for C24H37N607F6S2 (M+-Br) 699.2063, 

found: 699.2067. 

Compound 9: white sol id. 98% yield. lH NMR (500 MHz, D20) 8 7.35(d, 4H), 7.32(s, 

2H), 7.27(d, IH, J = 1.5 Hz), 7.24(d, IH, J = 1.5 Hz), 4.15(m, 14H), 3.66(s, 3H), 3.51(t, 

2H, J = 5.5 Hz), 2.53(s, 9H), 2.49(s, 3H), 2.72(m, 6H), 1.94(m, 2H); I3C NMR (500 

MHz, D20) Ô 144.75, 144.60, 144.41, 122.81, 121.75, 121.43, 121.08, 120.59, 58.12, 

45.39, 45.17, 45.03, 34.89, 31.24, 29.02, 9.25, 9.13. HRMS (ESI) calcd for 

C30H4sNs04F3S (M3+-3Br) 224.4485, found: 224.4488. 
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Compound 10: white solid, 96% yield. M. P. 115-117 oC. IH NMR (500 MHz, DzO) 0 

7.32-7.28(m, 6H), 7.23(s, IH), 7.20(s, IH), 4.l0(m, 14H), 3.62(s, 3H), 3.47(t, 2H, J = 5.5 

Hz), 2.49(m, 9H), 2.44(s, 3H), 2.24(m, 6H), 1.91(m, 2H); l3C NMR (400 MHz, DzO) 0 

144.60, 144.46, 144.26, 122.70, 121.65, 121.31, 120.95, 120.47, 58.14, 45.46, 45.24, 

45.10, 34.98, 34.91, 31.35, 29.18, 9.38, 9.30. HRMS (ESI) calcd for C31H4SNs07F6SZ 

(M2+) 411.1490, found: 411.1490. 

General procedures to synthesize compounds 11-14: To the solution of starting 

material in a mixed solvent of acetonitrile and methanol was added a solution of AgOTf 

in actonitrile. The mixture was stirred for 1 hour in the dark and filtered to remove yeUow 

precipitate. The filtrate was rotary evaporated under reduced pressure and the residue was 

washed with diethyl ether to give the product. 

Compound 12: clear thick oil. 100% yield. IH NMR (500 MHz, D20) 8 7.28 (d, IH, J = 

2 Hz), 7.25 (d, IH, J = 2 Hz), 7.23 (d, IH, J = 2.5 Hz), 7.21 (d, IH, J = 2.5 Hz), 4.09 (m, 

4H), 3.97 (t, 2H, J = 7 Hz), 3.62(s, 3H), 3.45 (t, 2H, J = 6.5 Hz), 2.46 (s, 3H), 2.44 (s, 

3H), 2.24(m, 2H), 1.71(m, 2H), 1.42(m, 2H), 1.21 (m, 4H); 13C NMR (500 MHz, CD3CN) 

o 145.19, 144.57, 122.81, 121.69, 121.43, 121.12, 61.42, 48.43, 45.22, 45.15, 35.20, 

32.45, 29.67, 29.36, 25.86, 25.27, 9.78. HRMS (ESI) calcd for Cl9H34N404SF3 (C+) 

469.2090, found: 469.2097. 

Compound 13: clear thick oil. IH NMR (400 MHz, D20) 0 7.27 (m, 2H), 7.26 (d, IH, J 

= 2.4 Hz), 7.24 (d, IH, 2.4 Hz), 7.20 (d, IH, J = 2.4 Hz), 7.17 (d, IH, J = 2.4 Hz), 4.06 

(m, lOH), 3.59 (s, 3H), 3.44 (t, 2H, J = 6 Hz), 2.45 (d, 6H), 2.41 (s, 3H), 2.20 (m, 4H), 

1.86 (m, 2H). l3C NMR (500 MHz, D20) 0 144.74, 144.57, 144.40, 122.79, 121.74, 

121.38, 121.06, 121.02, 120.54, 58.08, 45.37, 45.11, 44.97, 34.81, 31.20, 29.03, 28.99, 
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699.2065. 

Compound 14: white powder. 100% yield. M. P. 141-143 oC. IH NMR (400 MHz, D20) 

o 7.29-7.25(m, 6H), 7.21 (d, IH, J = 2.0 Hz), 7.18 (d, IH, J = 2.0 Hz), 4.09 (m, 14H), 

3.61 (s, 3H), 3.46 (t, 2H, J = 5.6 Hz), 2.47 (s, 9H), 2.43(s, 3H), 2.23 (m, 6H), 1.92 (m, 

2H); l3C NMR (500 MHz, D20) 0 144.73, 144.57, 122.79, 121.74, 121.39, 121.05, 

121.02,120.53,58.07,45.36,45.08,44.96,34.79, 31.20, 28.98, 9.06, 9.01,8.93. HRMS 

Compound 15: To the flask with compound 11 (1.24 g, 4.07 mmol) and Boc-Thr(Bzl)-

OH (2.28 g, 7.38 mmol) and DMAP (0.10 g, 0.82 mmol) was added dry acetonitrile (16 

mL) and then 1.0 M solution of DCC (9 mL, 8.99 mmol) in CH2Ch. The reaction mixture 

was stirred for 24 hours. The white precipitate generated in the reaction was filtered off 

and the filtrate was collected and subjected to rotary evaporation under reduced pressure. 

The residue was washed with diethyl ether for four times and dried in vacua to give the 

product as clear thick oil (2.23 g, 92% yield). 

I H NMR (300 MHz, CD Ch) 0 7.25 (m, 7H), 5.30 (d, IH, J = 8.7 Hz), 4.61 (d, IH, 11.7 

. 
Hz), 4.367 (d, IH, 11.7 Hz), 4.21-4.03 (m, 6H), 3.79 (s, 3H), 2.54 (s, 3H), 2.10 (m, 2H), 

1.45 (s, 9H), 1.30 (d, 3H, 6.3 Hz); l3C NMR (400 MHz, CDCb) 0 171.15, 156.31, 

144.32, 137.89, 128.63, 128.09, 127.96, 122.80, 121.30, 80.43, 74.35, 70.97, 61.54, 

58.78,45.51,35.77,28.84,28.73, 16.58, 10.06. HRMS (ESI) calcd for C24H36N30S (C+) 

446.2649, found: 446.2651. 

General procedures to couple amino acid and imidazolium dimer and oligomer 

supports: To the flask charged with imidazolium dimer or oligomer (1 equiv.), amino 
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acid (2 equiv.) and 4-dimethylaminopyridine (DMAP) (0.2 equiv.) was added dry 

acetonitrile and 1.0 M solution of DCC (2 equiv.) in dichloromethane. The mixture was 

stirred for 16 hours and the white precipitate, dicyclohexylurea, generated in the reaction 

was filtered off. The filtrate was collected and then subjected to rotary evaporation under 

reduced pressure to give syrup to which was added ether. The product precipitated and 

phase separation was fini shed by centrifugation and decantation. The precipitate was 

further washed with mixed sol vents of ether and ethyl acetate (V N = 1: 1) for several 

times and diethyl ether once, dried in vacua to give the product as solid. 

Compound 16: white solid. 83% yield. lH NMR (400 MHz, CD3CN) Ô 7.39-7.28 (m, 

9H), 5.50 (d, IH, J = 9.2 Hz), 4.61 (d, IH, J = 11.6 Hz), 4.39 (d, IH, J = 11.6 Hz), 4.23-

3.99 (m, lOH), 3.74 (s, 3H), 2.56 (d, 6H), 2.87 (m, 2H), 1.76 (m, 2H), 1.62 (m, 2H), 1.48 

(s, 9H), 1.36 (m, 4H), 1.26 (d, 3H, J = 6.4 Hz); l3C NMR (400 MHz, CD3CN) Ô 171.15, 

156.15, 145.04, 144.42, 138.72, 128.46, 127.78, 127.73, 122.92, 122.82, 121.63, 121.23, 

120.91, 79.37, 74.83, 70.70, 65.19, 58.78,48.50,45.32,45.23,35.26,29.64,29.56,29.40, 

28.48, 27.98, 25.83, 25.40, 15.99, 9.73, 9.67. HRMS (ES!) calcd for C34Hs30sNs (M2
+_ 

2TfO) 305.7017, found: 305.7017. 

Compound 17: white powder. 88% yield. M. P. 50-52 oC. IH NMR (400 MHz, CD3CN) 

ô 7.40-7.29 (m, IIH), 5.61 (d, IH, J = 8.8 Hz), 4.63 (d, IH, J = 11.6 Hz), 4.41 (d, IH, J = 

11.6 Hz), 4.28 (q, IH, J = 8.8 Hz, 2.8Hz), 4.19-4.05 (m, 13H), 3.73 (s, 3H), 2.62 (s, 3H), 

2.56 (s, 3H), 2.54 (s, 3H), 2.30 (m, 4H), 2.07 (m, 2H), 1.45 (s, 9H), 1.28 (d, 3H, J = 6 

Hz); 13C NMR (400 MHz, CD3CN) 0 171.07, 156.26, 145.10, 145.03, 144.76, 138.67, 

128.52, 127.96, 127.84, 122.79, 121.72, 121.56, 121.38, 120.93, 79.52, 74.62, 70.61, 

61.57, 58.79, 54.74, 45.27, 35.20, 29.57, 29.49, 28.51, 27.98, 15.88, 9.74, 9.63, 9.59. 
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HRMS (ESI) calcd for C3gHssOsN7F3S (M2+-2TfO) 420.7004, found: 420.6999; calcd for 

C38HSSOsN7 (M3+-3TfO) 230.8161, found: 230.8161. 

Compound 18: white powder. 83% yield. IH NMR (500 MHz, CD3CN) 8 7.44-7.29 (m, 

13H), 5.62 (d, IH, J = 9 Hz), 4.61 (d, IH, J = 11.5 Hz), 4.40 (d, IH, J = 11.5 Hz), 4.27-

4.06 (m, 20H), 3.73 (s, 3H), 2.63 (s, 3H), 2.62 (s, 3H), 2.56 (s, 3H), 2.53 (s, 3H), 2.27 (m, 

6H), 2.06 (m, 2H), 1.44 (s, 9H), 1.25 (d, 3H, J = 6 Hz); l3C NMR (400 MHz, CD3CN) 8 

171.18,156.35,145.15,145.09,144.82,138.72,128.54, 127.97, 127.85, 122.82, 122.53, 

121.74, 121.59, 121.56, 121.39, 120.94, 119.98,79.46, 74.55, 70.55, 61.43, 58.68,45.21, 

45.18, 45.15, 35.07, 35.05, 30.l6, 29.36, 29.27, 29.24, 28.35, 27.79, 15.66, 9.56, 9.44, 

9.39. HRMS (ESI) calcd for C46H69NgOsF3S (M3+-3TfO) 321.4975, found: 321.4975. 

General procedures to remove Boc protection group: To the flask with imidazolium 

salt-supported peptide (1 equiv.) was added dichloromethane and then trifluoroacetic acid 

(TF A) (50 equiv.). The mixture was stirred at room temperature for one hour and then 

subjected to rotary evaporation under reduced pressure. The residue was washed with 

diethyl ether and dried in vacua to give the product. 

Compound 19: clear thick oil, 100% yield. IH NMR (400 MHz, DMSO-d6) 8 8.44 

(broad, s, IH), 7.60 (d, IH, J = 2.4 Hz), 7.54 (d, IH, J = 2.4 Hz), 7.34-7.27 (m, 5H), 4.62 

(d, IH, J = 12.4 Hz), 4.43 (d, IH, J = 12.4 Hz), 4.24 (broad, s, IH), 4.17-4.05 (m, 5H), 

3.72 (s, IH), 2.52 (s, 3H), 1.94 (m, 2H), 1.30 (d, 3H, J = 6.4 Hz). HRMS (ESI) calcd for 

Cl9H2SN303 (C+-CF}C02H) 346.2125, found: 346.2130. 

Compound 20: white powder, 100% yield. IH NMR (400 MHz, CD3CN) 8 7.39-7.30 

(m, 9H), 4.68 (d, 1 H, J = II.6 Hz), 4.4 7 (d, 1 H, J = 11.6 Hz), 4.21-4.10 (m, 8H), 4.03 (t, 

2H, J = 7.6 Hz), 3.74 (s, 3H), 2.57 (d, 6H), 2.27 (m, 2H), 1.76 (m, 2H), 1.63 (m, 2H), 
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r--... 1.38(m, 7H); l3C NMR (400 MHz, CD3CN) i5 167.54, 145.03, 144.42, 128.53, 128.05, 

128.02, 122.82, 121.64, 121.22, 120.91, 72.28, 70.77, 66.79, 58.36, 48.49, 45.32, 45.23, 

35.26, 29.63, 29.36, 28.19, 25.77, 25.24, 15.91, 9.70, 9.64. HRMS (ESI) calcd for 

C29H4S03Ns (M2+-2TfO&CF3C02H) 255.6755, found: 255.6755. 

Compound 21: white solid. 100% yield. lH NMR (400 MHz, CD3CN) i5 7.60(broad), 

7.42-7.29 (m, 11H), 4.69 (d, IH, J = 11.6 Hz), 4.47 (d, IH, J = 11.6 Hz), 4.25 (m, IH), 

4.20-4.11 (m, 13H), 3.73 (s, 3H), 2.61 (s, 3H), 2.56 (s, 3H), 2.55 (s, 3H), 2.30 (m, 4H), 

2.l3 (m, 2H), 1.40 (d, 3H, J = 6.4 Hz); 13C NMR (400 MHz, CD3CN) i5 167.34, 145.13, 

145.06, 144.90, 137.87, 128.62, 128.25, 128.13, 122.84, 121.84, 121.59, 121.37, 120.95, 

72.04, 70.66, 63.07, 58.35,45.19,45.15,45.11, 35.09, 29.38, 29.28, 28.l2, 15.67, 9.58, 

9.51, 9.42. HRMS (ESI) calcd for C34HS006N7F3S (M2+-2TfO) 370.6742, found: 

370.6737; calcd for C3SHS009N7F6S2 (C+-TfO&CF3C02H) 890.3010, found: 890.3003. 

Compound 22: white solid. 100% yield. lH NMR (500 MHz, CD3CN) i5 7.44-7.29 (m, 

13H), 4.68 (d, IH, J = 12 Hz), 4.47 (d, IH, J = 12 Hz), 4.28-4.10 (m, 16H), 3.72 (s, 3H), 

2.62 (s, 3H), 2.61 (s, 3H), 2.56 (s, 3H), 2.55 (s, 3H), 2.27 (m, 6H), 1.91 (m, 2H), 1.27 (d, 

3H, J = 6 Hz); l3C NMR (500 MHz, CD3CN) i5 167.47, 145.13, 145.07, 137.91, 128.61, 

128.23, 128.12, 122.83, 122.52, 121.87, 121.60, 121.57, 121.34, 120.94, 119.96, 72.16, 

70.68, 62.97, 58.21, 45.21, 45.15, 35.06, 29.33, 29.22, 28.12, 15.66, 9.55, 9.47, 9.40. 

HRMS (ESI) calcd for C41H61N906F3S (M3+-3TfO&CF3C02H) 288.1467, found: 

288.1468. 

General procedures to couple amino acids using compound 11 as a support: To the 

flask charged with imidazolium-bound amino acid (1 equiv.), amino acid (2 equiv.), 0-

(benzotriazol-l-yl)-N, N, N', N' -tetramethyluroniumhexafluorophosphate (HBTU) (2 
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equiv.), I-hydroxybenzotriazole (HOBT) (2 equiv.) was added dry dichloromethane and 

then N, N-diisopropylethylamine (DIPEA) (4 equiv.). The mixture was stirred at room 

temperature under nitrogen protection for 24 hours and then subjected to rotary 

evaporation under reduced pressure. The residue was washed with diethyl ether for four 

times and added with dichloromethane, The organic solution phase was transferred into 

separation funnel and washed with water for 3 times. The dichloromethane phase was 

coUected and dried by anhydrous Na2S04. The solvent was removed by rotary 

evaporation under reduced pressure to give the product. 

Compound 23: Faun foam. 98% yield. 'H NMR (500 MHz, CDCh) Ù 7.30-7.25(m, 8H), 

7.21(s, IH), 7.19(s, IH), 7.15(s, IH), 7.09(s, IH), 5.42(s, IH), 4.52-4.48(m, 4H), 4,33(d, 

IH, J = 11.5 Hz), 4.31(broad, IH), 4.15-3.91(m, 6H), 3.69(s, 3H), 3.63(m, IH), 2.45(s, 

3H), 1.40(s, 9H), 1.20(d, 3H, J = 6 Hz); \3C NMR (400 MHz, CDCi)) ù 171.50, 170.28, 

155.72, 144.33, 137.98, 137.56, 128.68, 128.66, 128.14, 128.04, 128.00, 127.98, 127.94, 

122.64, 121.27, 80.68, 74.12, 73.72, 70.94, 69.92, 61.58, 57.35, 54.60, 45.31, 35.27, 

28.45, 16.36,9.32. HRMS (ESI) calcd for C34H4707N4 (C+) 623.3439, found: 623.3437. 

General procedures to couple amino acids using imidazolium salt dimer or 

oligomers (compounds 12, 13 or 14) as a support: To the flask charged with 

imidazolium-bound amino acid (1 equiv.), amino acid (2.5 equiv.), HBTU (2.5 equiv.), 

HOBT (2.5 equiv.) was added dry actonitrile and then diisopropylethylamine (DIPEA) (5 

equiv.). The reaction mixture was stirred at room temperature under nitrogen protection 

for 24 ho urs and then concentrated by rotary evaporation under reduced pressure to give a 

syrup-type solution, which was transferred into conical vial and added with diethyl ether. 

White precipitate appeared and the mixture was subjected to centrifugation and the top 
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liquid phase was decanted. The solid phase was then transferred to a funnel and washed 

with diethyl ether, water and diethyl ether for several times to give the product as 

powder. 

Compound 24: white powder. 100% yield. M. P. 63-65 oC. IH NMR (400 MHz, 

CD3CN) 0 7.37-7.29 (m, 13H), 7.13 (d, IH, J = 9.6), 5.78 (s, IH), 4.60-4.50 (m, 4H), 

4.40 (d, IH, J = 12 Hz), 4.30 (m, IH), 4.16-4.01 (m, 9H), 3.80-3.67 (m, 5H), 2.55 (s, 3H), 

2.54 (s, 3H), 2.24 (m, 2H), 1.74 (m, 2H), 1.59 (m, 2H), 1.44 (s, 9H), 1.36 (m, 4H), 1.21 

(d, 3H, J = 6.4); 13C NMR (400 MHz, CD3CN) 0 170.80, 170.43, 155.71, 145.01, 144.71, 

144.40, 138.66, 138.32, 128.51, 128.52, 127.95, 127.82, 121.69, 121.14, 120.84, 79.63, 

74.74,73.08,70.66,70.54,70.41,70.11,65.29,57.08, 54.77, 48.46, 45.25, 45.17,35.23, 

29.71, 29.51, 29.35, 28.64, 28.37, 27.92, 26.10, 25.97, 25.74, 25.33, 15.83, 9.60, 9.54. 

HRMS (ES!) calcd for C44H6407N6 (M2+-2TfO) 394.2412, found: 394.2411. 

Compound 25: white powder. 100% yield. M. P. 220-222 oC, decompose. IH NMR (400 

MHz, CD3CN) 0 7.35-7.30 (m, 15H), 7.16 (d, IH, J = 8.8 Hz), 5.85 (s, IH), 4.62 (d, IH, J 

= 11.6 Hz), 4.53 (m, 3H), 4.41 (d, IH, J = 11.6 Hz), 4.30 (m, IH), 4.13-4.06 (m, 16H), 

3.79 (m, IH), 3.73 (s, 3H), 3.68 (m, IH), 2.58 (s, 3H), 2.54 (s, 3H), 2.51 (s, 3H), 2.25 (m, 

4H), 2.06 (m, 2H), 1.42 (s, 9H), 1.22 (d, 3H, J = 6 Hz); I3C NMR (400 MHz, CD3CN) 0 

171.01, 170.28, 156.26, 145.02, 144.92, 144.69, 138.57, 138.28, 128.53, 128.51, 128.06, 

127.95, 127.92, 127.85, 122.86, 121.84, 121.54, 121.28, 120.84, 79.77, 74.51, 73.13, 

70.70, 70.02, 61.67, 57.28, 55.02,45.39,45.34,45.29, 35.27, 29.50, 29.40, 28.46, 27.98, 

15.89,9.70,9.63,9.59. HRMS (ESI) calcd for C4SH690SN7 (M3+-3TfO) 289.8424, found: 

289.8423. 
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Compound 26: white solid. 96% yield. IH NMR (500 MHz, CD3CN) Ù 7.38-7.25 (m, 

17H), 7.16 (d, IH, J = 8.5 Hz), 5.86 (s, IH), 4.61 (d, IH, J = 12 Hz), 4.54 (m, 2H), 4.40 

(d, IH, J = 12 Hz), 4.30 (s, IH), 4.15 (m, 16H), 3.78 (m, IH), 3.73 (m, 4H), 2.60 (s, 6H), 

2.54 (s, 3H), 2.51 (s, 3H), 2.27 (m, 6H), 2.05 (m, 2H), 1.41 (s, 9H), 1.22 (d, 3H, J = 6 

Hz); I3C NMR (400 MHz, CD3CN) 8 171.05, 170.31, 155.84, 145.05, 144.96, 144.71, 

138.59, 138.30, 128.55, 128.52, 127.96, 127.93, 127.86, 122.86, 121.83, 121.55, 121.29, 

120.86, 79.75, 74.48, 73.11, 70.68, 70.00, 61.64, 57.25, 54.99, 45.43, 45.31, 45.25, 35.22, 

29.45, 29.33, 28.41, 27.92, 15.83, 9.65, 9.57, 9.54. HRMS (ESI) calcd for 

CS6H800lONIOF3S (M3+-3TfO) 380.5238, found: 380.5238. 

Compound 27: faun sticky foam, 100% yield. lH NMR (500 MHz, CD3CN) Ù 7.53 (d, 

IH, J = 8.5 Hz), 7.38-7.28 (m, 9H), 7.20 (d, IH, J = 2.0 Hz), 7.18 (d, IH, J = 2.0 Hz), 

4.63 (m, 4H), 4.14 (d, IH, J = 11.5 Hz), 4.37 (s, IH), 4.19 (m, IH), 4.17 (m, IH), 4.07 

(m, IH), 3.99 (m, 4H), 3.67 (s, 3H), 2.40 (s, 3H), 2.00 (m, 2H), 1.26 (d, 3H, J = 6.5 Hz). 

HRMS (ESI) calcd for C29H390sN4 (C+-CF3C02H) 523.2915, found: 523.2927. 

Compound 28: faun powder, M. P. 64-66 oC. IH NMR (400 MHz, CD3CN) 8 8.00 

(broad), 7.43 (d, IH, J = 8.4 Hz), 7.37-7.29 (m, 13H), 4.60 (m, 4H), 4.41 (d, IH, J = 11.6 

Hz), 4.36 (s, IH), 4.21-4.01 (m, 7H), 3.95 (m, 3H), 3.87 (m, IH), 3.73 (s, 3H), 2.55 (s, 

3H), 2.53 (s, 3H), 2.24 (m, 2H), 1.72 (m, 2H), 1.58 (m, 2H), 1.37 (m, 4H), 1.25 (d, 3H, J 

= 6.4 Hz); 13C NMR (400 MHz, CD3CN) 8 169.91, 167.24, 144.99, 144.37, 138.57, 

137.66, 128.59, 128.50, 128.04, 128.00, 127.82, 122.85, 121.64, 121.14, 120.84, 74.58, 

73.42, 70.76, 68.36, 65.57, 57.61, 53.24,48.47,45.28,45.20,35.22,29.59,29.40,28.43, 

25.84, 25.40, 15.81, 9.60. HRMS (ESI) calcd for C39Hs60sN6 (M2+-2TfO&CF3C02H) 

344.2150, found: 344.2149. 
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Compound 29: white powder. 100% yield. M. P. 185-187 oC. IH NMR (400 MHz, 

CD3CN) () 7.51 (d, 1H, J = 8.4 Hz), 7.37-7.30 (m, 14H), 7.25 (d, 1H, J = 1.6 Hz), 4.64-

4.56 (m, 3H), 4.42 (d, 1H, J = 12.0 Hz), 4.35 (br, 2H), 4.20-3.95 (m, 10H), 3.95 (m, 1H), 

3.86 (m, 1H), 3.73 (s, 3H), 2.59 (s, 3H), 2.54 (s, 3H), 2.49 (s, 3H), 2.29 (m, 4H), 2.09 (m, 

2H), 1.26 (d, 3H, J = 6.0 Hz); 13C NMR (400 MHz, CD3CN) () 169.91, 145.00, 144.71, 

128.63, 128.57, 128.11, 128.08, 128.00, 127.91, 122.88, 121.81, 121.58, 121.30, 120.87, 

74.19, 73.33, 70.59, 68.11, 61.83, 57.58, 53.17,45.23,45.16,45.11,35.06,29.32,29.22, 

28.29, 15.51, 9.42, 9.33. HRMS (ESI) calcd for C43H610sNs (M3+-3TfO&CF3COzH) 

256.4916, found: 256.4917. 

Compound 30: faun powder, 100% yield. IH NMR (300 MHz, CD3CN) () 7.56 (d, 1H, J 

= 8.4 Hz), 7.39-7.24 (m, 17H), 4.60 (m, 3H), 4.43 (d, 1H, J = 12.0 Hz), 4.35 (s, br, 1H), 

4.16-3.86 (m, 23H), 3.73 (s, 3H), 2.61 (s, 6H), 2.55 (s, 3H), 2.50 (s, 3H), 2.32 (m, 6H), 

2.03 (m, 2H), 1.27 (d, 3H, J = 6.3 Hz). HRMS (ESI) ca1cd for CSIH72NIOOsF3S (M3+_ 

3TfO&CF3COzH) 347.1730, found: 347.1732; Ca1cd for CsoH72N IOOs (M4+_ 

4TfO&CF3COzH) 223.1416, found: 223.1419. 

Compound 31: faun foam. 97% yield. IH NMR (500 MHz, CDCh) () 7.28-7.20 (m, 

lOH), 7.07 (m, 2H), 5.06 (d, 1H, J = 5 Hz), 4.53 (m, 4H), 4.32 (d, 1H, J = 11.5 Hz), 4.13-

3.99 (m, 6H), 3.69 (s, 3H), 3.62 (m, 1H), 2.45 (s, 3H), 2.00 (s, 2H), 1.37 (s, 9H), 1.30 (d, 

3H, J = 7 Hz), 1.18 (d, 3H, J = 5 Hz); l3C NMR (500 MHz, CDCh) () 173.27, 170.96, 

170.28,155.89,144.32,138.06,137.54,128.67, 128.63, 128.15, 128.11, 128.08, 128.00, 

122.59, 121.42, 80.50, 74.18, 73.75, 70.91, 69.50, 61.47, 57.53, 53.35, 50.75, 45.29, 

35.26, 28.43, 18.26, 16.22, 9.32; HRMS (ESI) ca1cd for C37HszOsNs (C+) 694.3810, 

found: 694.3819. 
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Compound 32: white powder. 100% yield. M. P. 74-76 oC. IH NMR (400 MHz, 

CD3CN) 0 7.36-7.29 (m, 12H), 7.15 (s, IH), 7.10 (d, 1H, J = 9.2 Hz), 5.63 (s, 1H), 4.51 

(m, 5H), 4.40 (d, 1H, J = 12 Hz), 4.14-3.99 (m, lOH), 3.84 (m, 1H), 3.73 (s, 3H), 3.67 (m, 

IH), 2.54 (d, 6H), 2.24 (m, 2H), 1.76 m, 2H), 1.59 (m, 2H), 1.41 (s,9H), 1.36 (m, 4H), 

1.26 (d, 3H, J = 6 Hz), 1.20 (d, 3H, J = 6.4 Hz). BC NMR (300 MHz, CD3CN) 8 173.31, 

170.39,155.71,145.02,144.42,138.67,138.26, 128.57,128.51,127.97,127.87,127.82, 

127.79,122.87,121.69,121.14,120.83,79.47,74.72, 73.19, 70.64, 69.94, 65.35,57.17, 

53.34, 50.59,48.45,45.25,45.17,35.19,29.71,29.54,29.35, 28.39, 28.02, 25.77, 25.36, 

17.94, 15.88, 9.54, 9.49. HRMS (ESI) calcd for C47H690gN7 (M2+-2TfO) 429.7598, 

found: 429.7594. 

Compound 33: white powder. 100% yield. M. P. 213-215 oC, decompose. IH NMR (400 

MHz, CD3CN) 8 7.36-7.29 (m, 14H), 7.23 (d, 1H, J = 6.4 Hz), 7.14 (d, 1H, J = 8.4 Hz), 

5.67 (d, 1H, J = 5.2 Hz), 4.61-4.51 (m, 5H), 4.40 (d, 1H, J = 11.6 Hz), 4.13-4.04 (m, 

16H), 3.87 (m, 1H), 3.73 (s, 3H), 3.67 (m, 1H), 2.58 (s, 3H), 2.54 (s, 3H), 2.51 (s, 3H), 

2.25 (m, 4H), 2.06 (m, 2H), 1.39 (s, 9H), 1.27 (d, 3H, J = 7.6 Hz), 1.22 (d, 3H, J = 6 Hz); 

l3C NMR (400 MHz, CD3CN) 8173.56,170.66,170.35,155.91,145.10,144.99,144.77, 

138.65, 138.29, 128.59, 128.55, 128.01, 127.92, 127.87, 122.90, 121.93, 12l.67, 12l.56, 

121.24, 120.85, 79.48, 74.41, 73.12, 70.56, 69.66, 61.51, 57.20, 53.59, 50.64, 45.22, 

45.16, 45.11, 35.07, 29.31, 29.20, 28.22, 27.80, 17.52, 15.58, 9.42, 9.36, 9.32. HRMS 

(ESI) calcd for CSIH7409Ng (M3+-3TfO) 313.5214, found: 313.5213. 

Compound 34: faun solid. 100% yield. I H NMR (500 MHz, CD3CN) 8 7.36-7.30 (m, 

16H), 7.24 (s, IH), 7.15 (d, IH, J = 7.5 Hz), 5.68 (s, 1H), 4.58 (m, 4H), 4.40 (d, IH, J = 

12 Hz), 4.17-4.06 (m, 16H), 3.88 (m, 1H), 3.72 (s, 3H), 3.68 (m, IH), 2.59 (d, 6H), 2.54 
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(s, 3H), 2.51 (s, 3H), 2.27 (m, 6H), 2.06 (m, 2H), 1.39 (s, 9H), 1.26 (d, 3H, J = 7 Hz), 

1.20 (d, 3H, J = 6 Hz); 13C NMR (300 MHz, CD3CN) 0 173.47, 170.55, 170.23, 155.84, 

145.05, 144.95, 144.71, 138.60, 138.24, 128.55, 128.51, 128.32, 128.06, 127.97, 127.88, 

127.83, 122.87, 121.90, 121.69, 121.54, 121.23, 120.83, 79.57, 74.49, 73.19, 70.66, 

69.74,61.62,57.31,53.68,50.78,45.30,45.24,35.20, 29.44, 29.33, 28.39, 27.96,17.71, 

15.78, 9.58, 9.53, 9.49. HRMS (ESI) calcd for CssHssNIIOs (M4+-4TfO) 265.9140, 

found: 265.9142. 

Compound 35: faun sticky foam. 99% yield. IH NMR (500 MHz, CD3CN) 0 7.58 (d, 

IH, J = 7.5 Hz), 7.45 (broad, IH), 7.37-7.27 (m, lOH), 7.11 (d, IH, J = 7.5 Hz), 4.66 (m, 

IH), 4.55 (m, 4H), 4.40 (d, IH, J = 12 Hz), 4.16-4.01 (m, 6H), 3.83 (m, IH), 3.70 9m, 

IH), 3.68 (s, 3H), 2.43 (s, 3H), 2.02 (m, 2H), 1.46 (d, 3H, J = 6.5 Hz), 1.22 (d, 3H, J = 

6.5 Hz); J3C NMR (500 MHz, CD3CN) 0 170.31, 169.97, 169.89, 144.82, 138.57, 138.19, 

128.56, 128.01, 127.98, 127.92, 127.91, 122.62, 121.12, 74.36, 73.22, 70.60, 69.59, 

61.62,57.19,53.70,49.55,45.14,35.01,28.39, 16.91, 15.65,9.25. 

Compound 36: faun powder. 100% yield. IH NMR (400 MHz, CD3CN) 0 7.68 (broad), 

7.61 (d, 1H, J = 7.2 Hz), 7.36-7.26 (m, 12H), 7.11 (d, 1H, J = 7.6 Hz), 4.66 (m, IH), 4.56 

(m, 4H), 4.39 (d, 1H, J = 11.6 Hz), 4.15-3.98 (m, 8H), 3.83 (m, IH), 3.73 (s, 3H), 3.68 

(m, 1H), 2.54 (s, 3H), 2.53 (s, 3H), 2.42 (m, 2H), 1.72 (m, 2H), 1.54 (m, 2H), 1.47 (d, 

3H, J = 6.0 Hz), 1.30 (m, 4H), 1.21 (d, 3H, J = 6.0 Hz); J3C NMR (400 MHz, CD3CN) ô 

170.34, 170.02, 169.93, 145.00, 144.38, 138.56, 138.08, 128.55, 128.52, 127.99, 127.89, 

127.81, 122.85, 121.65, 121.13, 120.83, 74.73, 73.30, 70.68, 69.80, 65.51, 57.25, 53.72, 

49.68, 48.48, 45.28, 45.20, 35.21, 29.59, 29.40, 28.44, 25.85, 25.42, 17.28, 15.94, 9.57. 

HRMS (ESI) calcd for C42H6106N7 (M2+-2TfO&CF3C02H) 379.7336, found: 379.7335. 
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Compound 37: white powder. 100% yield. M. P. 195-197 oC, decompose. I H NMR 

(400 MHz, CD3CN) i5 7.63 (d, IH, J = 7.2 Hz), 7.35-7.27 (m, 14H), 7.11 (d, IH, J = 8.8 

Hz), 4.63-4.52 (m, 5H), 4.40 (d, IH, J = 12.0 Hz), 4.17-4.04 (m, 16H), 3.83 (m, IH), 3.73 

(s, 3H), 3.69 (m, 2H, overlap), 2.58 (s, 3H), 2.55 (s, 3H), 2.50 (s, 3H), 2.25 (m, 4H), 2.05 

(m,2H), 1.45 (s, br, 3H), 1.22 (d, 3H, J = 6.4 Hz). HRMS (ESI) calcd for C46H66N906 

(M3+ -3TfO&CF3C02H) 280.1706, found: 280.1706. 

Compound 38: faun powder. 100% yield. tH NMR (500 MHz, CD3CN) i5 7.61 (d, IH, J 

= 6.5 Hz), 7.37-7.28 (m, 16H), 7.10 (d, IH, J = 8.5 Hz), 4.64-4.53 (m, 5H), 4.40 (d, IH, J 

= 12.0 Hz), 4.16-4.04 (m, 23H), 3.85 (m, IH), 3.73 (s, 3H), 3.69 (m, IH), 2.62 (s, 6H), 

2.55 (s, 3H), 2.51 (s, 3H), 2.26 (m, 6H), 2.09 (m, 2H), 1.46 (d, 3H, J = 6.5 Hz), 1.22 (d, 

3H, J = 6.5 Hz). HRMS (ESI) ca1cd for CS3HnNl106 (M4+-4TfO&CF3C02H) 240.9009, 

found: 240.9011. 

Compound 39: faun foam. 98% yield. I H NMR (500 MHz, CDCh) i5 7.33-7.23 (m, 

15H), 7.04 (s, IH), 6.88(s, IH), 5.39 (s, IH), 4.61 (m, 2H), 4.55-4.40 (m, 5H), 4.36 (d, 

IH, J = 12 Hz), 4.28 (broad, IH), 4.15-4.02 (m, 6H), 3.87 (m, IH), 3.66 (s, 4H), 3.45 (m, 

IH), 2.44 (s, 3H), 2.01 (s, 2H), 1.40 (s, 9H), 1.33 (d, 3H, J = 6.5 Hz), 1.18 (d, 3H, J = 6 

Hz); 13e NMR (500 MHz, eDCh) Ô 172.69, 171.11, 170.80, 170.27, 156.15, 144.25, 

138.21, 137.68, 137.62, 128.74, 128.60, 128.54, 128.20, 128.15, 128.04, 127.93, 127.86, 

127.80, 122.54, 121.62, 80.84, 74.52, 73.51, 73.42, 71.09, 69.64, 69.42, 61.36, 57.48, 

54.97, 53.38, 50.30, 45.26, 35.25, 28.60, 28.45, 28.36, 17.87, 16.21, 9.35. HRMS (ESI) 

ca1cd for C47H630lONS (C+) 871.4600, found: 871.4592. 

Compound 40: faun solid. 100% yield. M. P. 66-68 oC. 1 H NMR (400 MHz, CD3CN), Ô 

7.37-7.28 (m, 17H), 7.1 7(s, IH), 7.14 (d, IH, J = 9.2 Hz), 5.72 (s, IH), 4.60-4.46 (m, 
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7H), 4.41 (d, IH, J = 12 Hz), 4.34 (m, IH), 4.21-3.98 (m, lOH), 3.83 (m, IH), 3.73 (s, 

3H), 3.67 (m, 3H), 2.54 (d, 6H), 2.24 (m, 2H), 1.76 (m, 2H), 1.59 (m, 2H), 1.44 (s, 9H), 

1.37 (m, 4H), 1.33 (d, 3H, J = 6 Hz), 1.21 (d, 3H, J = 6.4 Hz); I3C NMR (400 MHz, 

CD3CN) () 172.52, 170.48, 170.32, 170.25, 155.94, 144.99, 144.39, 138.70, 138.36, 

138.27, 128.56, 128.53, 128.50, 127.91, 127.86, 127.83, 127.80, 122.87, 121.68, 121.14, 

120.84,79.82, 74.81, 73.10, 72.97, 70.71, 70.60, 70.48, 69.98, 65.34, 57.24, 55.13, 53.41, 

49.71,48.50,45.31,45.23,35.24,29.76,29.59,29.39, 28.44, 28.09, 27.89, 26.16, 26.07, 

25.90,25.81,25.41, 17.98, 16.01, 9.61, 9.53. HRMS (ESI) calcd for Cs7HSOOlONS (M2
+_ 

2TfO) 518.2993, found: 518.2987. 

Compound 41: white powder. 100% yield. M. P. 200-202 oC, decompose. IH NMR (400 

MHz, CD3CN) () 7.38-7.20 (m, 21H), 5.76 (d, IH, J = 6.4 Hz), 4.61-4.46 (m, 7H), 4.42 

(d, IH, J = 11.6 Hz), 4.28 (M, IH), 4.18-4.01 (m, 16H), 3.80 (m, IH), 3.72 (s, 3H), 3.68 

(m, IH), 3.61 (m, IH), 3.54 (m, IH), 2.58 (s, 3H), 2.54 (s, 3H), 2.51 (s, 3H), 2.25 (m, 

4H), 2.06 (m, 2H), 1.42 (s, 9H), 1.27 (d, 3H, J = 6.4 Hz), 1.22 (d, 3H, J = 6 Hz); BC 

NMR (400 MHz, CD3CN) () 172.92, 171.13, 170.50, 170.33, 156.28, 145.09, 144.98, 

144.78, 138.73, 138.36, 128.60, 128.56, 128.55, 127.95, 127.93, 127.89, 122.90, 122.00, 

121.56, 121.23, 120.85, 79.87, 74.57, 72.90, 72.83, 70.64, 69.71, 69.57, 61.44, 57.26, 

55.26, 53.57, 50.14,45.22,45.15,45.11,35.08,29.32,29.21,28.21, 27.81, 17.21, 15.61, 

9.43, 9.38, 9.33. HRMS (ESI) calcd for C61HssNIOOlO (M3+-3TfO) 372.5477, found: 

372.5474. 

Compound 42: faun solid. 100% yie1d. M. P. 227-229 oC, decompose. lH NMR (500 

MHz, CD3CN) () 7.36-7.29 (m, 21H), 7.19 (s, 2H), 5.72 (s, IH), 4.66-4.44 (m, 7H), 4.42 

(d, IH, J = 11.5 Hz), 4.29 (s, IH), 4.22-4.04 (m, 19H), 3.82 (m, IH), 3.72 (m, 4H), 3.64 
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(m, IH), 3.57 (m, IH), 2.59 (d, 6H), 2.54 (s, 3H), 2.51 (s, 3H), 2.27 (m, 6H), 2.08 (m, 

2H), 1.42 (s, 9H), 1.32 (d, 3H, J = 7 Hz), 1.20 (d, 3H, J = 6 Hz); l3C NMR (500 MHz, 

CD3CN) b 172.89, 171.08, 170.50, 170.33, 156.26, 145.11, 145.01, 144.79, 138.74, 

138.47, 138.37, 138.35, 128.59, 128.55, 128.53, 128.05, 127.94, 127.92, 127.89, 127.86, 

127.84, 122.90, 121.99, 121.74, 121.56, 121.23, 120.85, 79.87, 74.58, 73.80, 72.93, 

72.87, 70.67, 69.72, 69.62, 62.06, 61.46, 57.89, 57.27, 55.25, 53.59, 50.09,45.25,45.11, 

35.07,35.06,29.27,29.17,28.30,28.22,27.81, 17.22, 15.65, 15.58,9.39,9.35,9.30. 

HRMS (ESI) calcd for C68H960ION12 (M4+-4TfO) 310.1837, found: 310.1839. 

Compound 43: faun foam. 100% yield. IH NMR (500 MHz, CD3CN) 8 7.71 (d, IH, J = 

5.5 Hz), 7.37-7.20 (m, 14 H), 7.23 (s, IH), 7.20 (s, IH), 7.13 (d, IH, J = 9 Hz), 4.59-4.48 

(m, 7H), 4.37 (m, 2H), 4.24 (s, IH), 4.14-4.02 (m, 5H), 3.89 (m, IH), 3.81 (m. 2H), 3.67 

(s, 3H), 3.64 (m, IH, overlap), 2.42 (s, 3H), 2.01 (m,2H), 1.32 (d, 3H, J = 7 Hz), 1.20 (d, 

3H, J = 6.5 Hz); 13C NMR (500 MHz, CD3CN) 8 172.26, 170.47, 170.34, 166.44, 144.81, 

138.56, 138.25, 137.68, 128.63, 128.57, 128.09, 128.06, 128.00, 127.92, 127.90, 122.62, 

121.14, 74.45, 73.22, 73.13, 70.61, 69.68, 67.92, 61.58, 57.13, 53.44, 53.38,49.75,45.12, 

35.00,28.38,17.70,15.67,9.24. 

Compound 44: faun powder. 100% yield. M. P. 88-90 oC. IH NMR (400 MHz, CD3CN) 

b 7.91 (broad), 7.42 (d, IH, J = 6.8 Hz), 7.36-7.26 (m, 17H), 7.19 (d, IH, J = 7.2 Hz), 

4.62-4.46 (m, 8H), 4.39 (d, IH, J = 11.6 Hz), 4.15-3.97 (m, 9H), 3.89-3.78 (m, 2H), 3.76 

(m, IH), 3.73 (s, 3H), 3.61 (m, IH), 2.54 (s, 3H), 2.53 (s, 3H), 2.24 (m, 2H), 1.72 (m, 

2H), 1.58 (m, 2H), 1.33 (m, 7H), 1.18 (d, 3H, J = 6.0 Hz); l3C NMR (400 MHz, CD3CN) 

8 172.27, 170.41, 170.37, 166.82, 144.97, 144.36, 138.56, 138.16, 137.14, 128.57, 

128.55, 128.53, 127.95, 127.83, 122.86, 121.65, 121.16, 120.85, 74.74, 73.28, 73.17, 
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70.65, 69.97, 68.48, 65.48, 57.20, 53.46, 53.31,49.75,48.47,45.29,45.21, 35.22, 29.62, 

29.41,28.44,25.86,25.43, 18.25, 15.97,9.58. HRMS (ESI) calcd for C52HnOgNg (M2+_ 

23TfO & F3CC02H) 468.2731, found: 468.2727. 

Compound 45: faun powder. 100% yield. M. P. 196-198 oC, decompose. IH NMR (400 

MHz, CD3CN) 8 7.80 (broad, 1H), 7.36-7.29 (m, 19H), 7.17 (d, 1H, J = 8.8 Hz), 4.59-

4.43 (m, 7H), 4.40 (d, 1H, J = 12.0 Hz), 4.25 (br, 1H), 4.14-4.04 (m, 15H), 3.88-3.78 (m, 

3H), 3.73 (s, 3H), 2.59 (s, 3H), 2.54 (s, 3H), 2.49 (s, 3H), 2.24 (m, 4H), 2.04 (m, 2H), 

1.32 (d, 3H, J = 6.0 Hz), 1.26 (d, 3H, J = 7.0 Hz); 13C NMR (400 MHz, CD3CN) 8 

172.32, 170.49, 170.39, 145.09, 144.98, 144.73, 138.56, 138.25, 137.74, 128.63, 128.59, 

128.58, 128.05, 128.03, 128.02, 127.94, 127.91, 122.88, 121.90, 121.56, 121.50, 121.31, 

120.87, 74.41, 73.17, 73.08, 70.59, 69.64, 61.59, 57.15, 53.47, 49.80, 45.15, 45.11, 35.07, 

29.33,29.22,28.25,17.66,15.67,9.42,9.33. HRMS (ESI) calcd for C56H77NIOOg (M3+_ 

3TfO & F3CC02H) 339.1969, found: 339.1968. 

Compound 46: faun powder. 100% yie1d. IH NMR (400 MHz, CD3CN) 8 7.56 (s, 1H), 

7.41-7.28 (m, 21H), 7.13 (d, 1H, J = 6.4 Hz), 4.67-4.38 (m, lOH), 4.15-4.05 (m, 19H), 

3.86 (m, br, 1H), 3.81 (m, 1H), 3.73 (s, 3H), 3.66 (m, 1H), 2.59 (s, 6H), 2.54 (s, 3H), 2.50 

(s, 3H), 2.25 (m, 6H), 2.12 (m, 2H), 1.33 (d, 3H, J = 7.2 Hz), 1.20 (d, 3H, J = 5.6 Hz). 

HRMS (ESI) calcd for C63HggNl20g (M4+-4TfO & F3CC02H) 285.1706, found: 

285.1707. 

Compound 47: faun solid. 100% yield. IH NMR (500 MHz, CD Ch) 8 7.52 (d, 1H, J = 

5.5 Hz), 7.41 (d, 1H, J = 9.5 Hz), 7.33-7.20 (m, 18H), 7.04 (s, 1H), 7.01 (d, 1H, J = 5.5 

Hz), 4.73 (q, 1H), 4.66 (q, 1H), 4.52-4.34 (m, 8H), 4.27 (m, 1H), 4.18 (m, 1H), 4.12-4.05 

(m, 5H), 3.96 (m, 1H), 3.89 (m, 1H), 3.78 (m, 1H), 3.70 (s, 3H), 3.64-3.54 (m, 3H), 3.36 
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(q, IH), 2.49 (s, 3H), 2.05 (broad, 2H), 1.40 (d, 3H, J = 7.5 Hz), 1.36 (s, 9H), 1.19 (d, 3H, 

J = 6.5 Hz); l3C NMR (500 MHz, CDCh) 8 173.43, 171.55, 170.85, 170.77, 170.36, 

156.80,144.23,138.42,138.11,137.62,137.17,128.85, 128.73, 128.55,128.51, 128.45, 

128.21, 128.06, 128.03, 127.91, 127.83, 127.73, 122.47, 121.95, 81.71, 75.07, 73.67, 

73.39, 73.27, 71.29, 69.95, 68.67, 67.97, 61.24, 57.35, 56.60, 55.08, 53.73, 50.87,45.41, 

35.33, 28.43, 28.33, 17.12, 16.11, 9.47. HRMS (ESI) calcd for C57H74012N7 (C+) 

1048.5390, found: 1048.5381. 

Compound 48: faun solid. 100% yield. M. P. 120-122 oC. IH NMR (500 MHz, CD3CN), 

87.40-7.28 (m, 23H), 7.19 (d, IH, J = 7.5 Hz), 5.97 (s, IH), 4.58-4.44 (m, 9H), 4.39 (d, 

IH, J = 12.5 Hz), 4.32 (m, IH), 4.23 (s, IH), 4.11-3.99 (m, IOH), 3.81 (m, IH), 3.68 (m, 

5H), 3.63 (m, 2H), 3.53 (m, IH), 2.52 (s, 6H), 2.22 (m, 2H), 1.73 (m, 2H), 1.59 (m, 2H), 

1.40 (s, 9H), 1.36 (m, 4H), 1.31 (d, 3H, J = 6.5 Hz), 1.19 (d, 3H, J = 6 Hz); 13C NMR 

(400 MHz, CD3CN) 8 172.96, 171.87, 170.53, 170.41, 170.07, 156.63, 145.08, 144.48, 

138.80, 138.36, 138.50, 138.34, 128.66, 128.61, 128.54, 128.51, 127.86, 127.77, 122.89, 

121.71, 121.17, 120.87, 80.15,74.79,72.89,72.80,70.53,70.37,69.47,69.04,65.18, 

57.13, 55.80, 54.64, 53.51,49.68,48.43,48.33,45.14,45.07,35.06,29.40, 29.19, 28.23, 

27.89,25.88,25.70,25.58, 17.99, 15.64,9.39,9.31. HRMS (ESI) calcd for C67H91012N9 

(C2+) 606.8388, found: 606.8375. 

Compound 49: white powder. 100% yield. M. P. 201-203 oC, decompose. IH NMR (400 

MHz, CD3CN) 8 7.52 (d, IH, J = 6 Hz), 7.45 (d, IH, J = 8.4 Hz), 7.41 (d, IH, J = 5.6 Hz), 

7.39-7.24 (m, 23H), 6.05 (d, IH, J = 4 Hz), 4.61-4.49 (m, 7H), 4.46 (d, IH, J = 8 Hz), 

4.39 (M, IH), 4.26 (m, IH), 4.15-4.03 (m, 16H), 3.84 (m, IH), 3.78 (m, IH), 3.72 (s, 

3H), 3.68-3.59 (m, 3H), 3.46 (m, IH), 3.54 (m, IH), 2.58 (s, 3H), 2.54 (s, 3H), 2.51 (s, 
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3H), 2.24 (m, 4H), 2.08 (m, 2H), 1.39 (s, 9H), 1.32 (d, 3H, J = 7.2 Hz), 1.20 (d, 3H, J = 

6.8 Hz); 13C NMR (400 MHz, CD3CN) 0 173.26, 172.40, 170.54, 170.47, 170.36, 157.00, 

145.09, 144.97, 144.81, 138.80, 138.48, 138.23, 138.14, 128.69, 128.64, 128.55, 128.52, 

128.00, 127.97, 127.90, 127.84, 127.76, 122.89, 122.03, 121.58, 121.55, 121.21, 120.85, 

80.52, 74.74, 72.96, 72.84, 70.66,69.95,68.90, 68.22,61.40, 57.35, 56.51, 55.35, 54.01, 

50.34,45.23,45.19,45.15,45.11,35.07,29.32,29.21, 28.15, 27.77,16.87,15.53,9.43, 

9.39, 9.33. HRMS (ESI) calcd for C7IH96NIl012 (M3+-3TfO) 431.5741, found: 

431.5736. 

Compound 50: faun solid, 100% yield. M. P. 225-227 oC, decompose. IH NMR (500 

MHz, CD3CN) 0 7.50 (d, IH, J = 5.5 Hz), 7.44 (d, IH, J = 7.5 Hz), 7.38-7.25 (m, 26H), 

6.01(s, IH), 4.64-4.41 (m, 9H), 4.39 (d, IH, J = 12.5 Hz), 4.28-4.05 (m, 21H), 3.84 (m, 

IH), 3.75 (m, IH), 3.73 (s, 3H), 3.67 (m, 3H), 3.47 (m, IH), 2.59 (s, 3H), 2.58 (s, 3H), 

2.54 (s, 3H), 2.51 (s, 3H), 2.27 (m, 6H), 2.08 (m, 2H), 1.40 (s, 9H), 1.32 (d, 3H, J = 7 

Hz), 1.20 (d, 3H, J = 6 Hz); I3C NMR (300 MHz, CD3CN) 0 173.21, 172.23, 170.37, 

170.23,156.88,145.03,144.94,144.75,138.75,138.43, 138.18, 138.09, 128.64, 128.59, 

128.55, 128.51, 128.47, 128.02, 127.92, 127.87, 127.80, 127.73, 122.88, 122.01, 121.88, 

121.72, 121.54, 121.20, 120.83, 80.56, 74.81, 73.87, 73.06, 72.95, 70.76, 70.03, 69.02, 

68.37,62.14,61.50,57.64,56.57,55.42,54.12,50.41, 45.39, 45.30, 45.24, 35.21, 29.43, 

29.32,28.32,27.93, 17.05, 15.74,9.59,9.53,9.50. HRMS (ESI) calcd for C78HI07N13012 

(M4+-4TfO) 354.4535, found: 354.4534. 

Compound 51: faun foam, 100% yield. IH NMR (500 MHz, CD3CN) 0 7.94 (d, IH, J = 

6.0 Hz), 7.36-7.19 (m, 26H), 4.59-4.45 (m, IIH), 4.39 (d, IH, J = 12 Hz), 4.36 (m, IH), 

4.27 (s, IH), 4.14-4.02 9m, 5H), 3.91 (s, broad, 2B), 3.80 (m, IH), 3.72 (m, lB), 3.65 (s, 
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3H), 3.62 (m, 2H, overlap), 2.42 (s, 3H), 2.30 (m, 2H, overlap), 1.25 (d, 3H, J = 7 Hz), 

1.20 (d, 3H, 6 Hz); \3C NMR (500 MHz, CD3CN) 8 172.74, 170.59, 170.32, 169.48, 

167.69, 144.80, 138.68, 138.29, 138.27, 137.64, 128.65, 128.59, 128.57, 128.54, 128.09, 

128.05, 128.01,127.95, 127.91, 127.84, 122.58, 121.22, 74.49, 73.31, 72.98, 72.96, 70.58, 

69.59,69.26,68.07,61.47,57.22,54.58,53.41,53.20, 49.62, 45.11, 35.00, 28.36,17.36, 

15.64,9.24. 

Compound 52: faun powder. 100% yield. M. P. 130-132 oC. IH NMR (400 MHz, 

CD3CN) 87.98 (broad), 7.33-7.29 (m, 23H), 7.17 (d, 1H, J = 8.8 Hz), 4.58-4.46 (m, 9H), 

4.39 (d, IH, J = 11.6 Hz, overlap), 4.37 (broad, 1H), 4.13-3.98 (m, 9H), 3.90 (broad, 2H), 

3.77 (m, 2H), 3.73 (s, 3H), 3.61 (m, 2H), 2.52 (s, 3H), 2.51 (s, 3H), 2.22 (m, 2H), 1.72 

(m,2H), 1.58 (m, 2H), 1.32 (m, 4H), 1.26 (d, 3H, J = 7.2 Hz), 1.18 (d, 3H, J = 6.4 Hz); 

\3C NMR (400 MHz, CD3CN) 8 172.58, 170.45, 169.25, 167.54, 145.06, 144.43, 138.70, 

138.29, 138.24, 137.66, 128.65, 128.60, 128.58, 128.52, 128.07, 128.02, 128.00, 127.90, 

127.89, 127.80, 122.88, 121.71, 121.20, 120.90, 74.63, 73.28, 72.96,72.95, 70.54, 69.69, 

69.43,68.14,65.22,57.05,54.34,53.26,53.16,49.34, 48.32, 45.13, 45.07,35.80,29.38, 

29.19,28.20,25.57,25.16,17.71,15.70,9.41,9.36. HRMS (ESI) calcd for C62H830lON9 

(M2+-2TfO&CF3C02H) 556.8126, found: 556.8117. 

Compound 53: faun powder. 100% yield. M. P. 190-192 oC, decompose. IH NMR (400 

MHz, CD3CN) 8 7.87 (broad, IH), 7.36-7.29 (m, 24H), 7.17 (d, IH, J = 8.8 Hz), 4.60-

4.48 (m, 9H), 4.40 (d, 1H, J = 12.0 Hz), 4.32 (m, 1H), 4.24 (br, 1H), 4.14-4.04 (m, 15H), 

3.90 (br 2H), 3.78 (m, IH), 3.73 (s, IH, overlap), 3.73 (s, 3H, overlap), 3.63 (m, 2H), 

2.59 (s, 3H), 2.54 (s, 3H), 2.49 (s, 3H), 2.24 (m, 4H), 2.04 (m, 2H), 1.25 (d, 3H, J = 6.0 
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Hz), 1.20 (d, 3H, J = 7.0 Hz). HRMS (ESI) ca1cd for C66HssOlONII (M3+_ 

3TfO&CF3C02H) 398.2233, found: 398.2230. 

Compound 54: faun powder, 100% yield. IH NMR (400 MHz, CD3CN) 8 8.04 (s, 1H), 

7.39 (m, 27H), 4.59-4.44 (m, lOH), 4.36 (d, IH, J = 11.8 Hz), 4.24 (m, 19H), 3.92 (s, br, 

2H), 3.76 (m, 2H, overlap), 3.73 (s, 3H), 3.64 (m, 2H), 2.60 (s, 6H), 2.55 9s, 3H), 2.51 (s, 

3H), 2.28 (m, 6H), 2.20 (m, 2H), 1.26 (d, 3H, J = 7.2 Hz), 1.21 (d, 3H, J = 6.4 Hz). 

Compound 55: faun solid. 99% yield. IH NMR (500 MHz, CDCh) 8 7.40 (s, 2H), 7.30-

7.19 (m, 23H), 7.01 (s, 2H), 5.39 (d, 1H, J = 4.5 Hz), 4.70 (s, IH), 4.63 (d, IH, J = 6 Hz), 

4.50 (m, 4H), 4.40 (m, 6H), 4.24 (m, 2H), 4.07 (m, 7H), 3.93 (m, 2H), 3.77 (m, IH), 3.72 

(m, 5H), 3.48 (m, 2H), 2.48 (s, 3H), 2.05 (broad, 2H), 1.40 (m, 12H), 1.17 (m, 6H); l3e 

NMR (500 MHz, CDCh) 8 173.34, 172.23, 171.23, 170.87, 170.63, 170.35, 156.46, 

144.24, 138.41, 138.06, 138.01, 137.81, 137.21, 128.82, 128.73, 128.54, 128.52, 128.37, 

128.23, 127.97, 127.86, 127.81, 127.57, 122.48, 121.93, 81.20, 74.82, 74.11, 73.56, 

73.19, 73.04, 71.71, 71.16, 69.87, 68.44, 68.04, 61.27, 59.79, 57.58, 55.68, 55.38, 53.64, 

50.68, 45.40, 35.37, 28.44, 28.40, 17.25, 15.56, 16.14, 9.51. HRMS (ESI) ca1cd for 

C6SHS7014Ns (C+) 1239.6336, found: 1239.6283; for C6SHS8014NS (C++H+) 620.3204, 

found: 620.3197. 

Compound 56: faun powder, 100% yield, M. P. 173-175 oC. IH NMR (400 MHz, 

CD3CN), 8 7.50-7.28 (m, 23H), 7.17 (d, 1H, J = 8.4 Hz), 5.78 (d, 1H, J = 6.4 Hz), 4.57-

4.26 (m, 15H), 4.10-3.98 (m, llH), 3.81-3.71 (m, 7H), 3.60 (m, 2H), 2.51 (s, 6H), 2.21 

(m,2H), 1.73 (m,2H), 1.59 (m, 2H), 1.40 (s, 9H), 1.30 (m, 7H), 1.18 (m, 6H); l3C NMR 

(400 MHz, CD3CN) 8 172.87, 172.14, 171.25, 170.44, 170.30, 169.91, 156.64, 145.04, 

144.47, 138.82, 138.70, 138.43, 138.37, 138.08, 128.67, 128.54, 128.48, 127.99, 127.96, 
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r-.. 

127.94, 127.84, 127.80, 127.71, 122.80, 121.76, 121.18, 120.88, 80.01, 74.64, 74.45, 

72.98, 72.93, 72.74, 70.98, 70.52, 69.88, 68.88, 68.61, 64.99, 59.47, 57.11, 55.01, 53.49, 

49.70,48.33,45.15,45.06,35.11,29.37,29.15,28.15, 27.78, 25.43, 25.08, 17.08, 15.86, 

15.65, 9.48, 9.39. HRMS (ESI) calcd for C78H104014NIO (M2+-2TfO) 702.3861, found: 

702.3866. 

Compound 57: faun powders. 100% yield. M. P. 212-214 oC, decompose. lH NMR (500 

MHz, CD3CN) ô 7.52 (s, IH), 7.43 (d, IH, J = 5 Hz), 7.37-7.24 (m, 29H), 5.75 (s, IH), 

4.60-4.46 (m, 9H), 4.40 (m, 3H), 4.32-4.21 (M, 3H), 4.12-4.02 (m, 16H), 3.99 (m, IH), 

3.83 (m, IH), 3.76-3.70 (m, 5H), 3.67 (m, IH), 3.59 (m, IH), 3.52 (s, lH), 2.59 (s, 3H), 

2.54 (s, 3H), 2.51 (s, 3H), 2.25 (m, 4H), 2.15-2.06 (m, 2H), 1.41 (s, 9H), 1.32 (d, 3H, J = 

7 Hz), 1.20 (m, 6H); l3C NMR (500 MHz, CD3CN) ô 173.16, 172.38, 171.49, 170.50, 

170.35, 170.29, 156.58, 145.10, 144.99, 144.80, 138.79, 138.70, 138.44, 138.36, 138.07, 

128.68, 128.54, 128.51, 128.01, 127.96, 127.92, 127.89, 127.81, 127.71, 122.90, 122.00, 

121.57, 121.23, 120.86, 80.08, 74.62, 74.41, 73.01, 72.93, 72.73, 71.00, 70.63, 69.91, 

68.75,61.44,59.62,57.34,55.34,53.84,50.12,45.25, 45.21, 45.17, 45.13, 35.09, 35.06, 

29.30,29.19,28.18,27.82, 17.00, 15.94, 15.60,9.41,9.39,9.32,9.31. HRMS (ESI) 

calcd for C82H109014N12 (M3+-3TfO) 495.2723, found: 495.2722. 

Compound 58: faun solid. 100% yield. I H NMR (500 MHz, CD3CN) ô 7.53 (s, 1H), 

7.43 (s, IH), 7.35-7.29 (m, 31H), 5.77 (s, IH), 4.64-4.40 (m, 12H), 4.26 (m, 3H), 4.28-

3.99 (m, 20H), 3.83 (m, IH), 3.73 (m, 4H), 3.68 (m, 2H), 3.60 (m, IH), 3.50 (m, tH), 

2.59 (s, 3H), 2.58 (s, 3H), 2.54 (s, 3H), 2.51 (s, 3H), 2.27 (m, 6H), 2.08 (m, 2H), 1.41 (s, 

9H), 1.32 (d, 3H, J = 7 Hz), 1.20 (d, 3H, J = 6 Hz); 13C NMR (400 MHz, CD3CN) ô 

173.00,172.24,171.35,170.35,170.19,170.15,156.48, 145.02, 144.92, 144.71, 138.72, 

185 



138.62, 138.37, 138.29, 137.98, 128.63, 128.54, 128.49, 128.47, 128.28, 128.02, 127.96, 

127.92, 127.88, 127.83, 127.79, 127.76, 127.67, 122.86, 121.97, 121.72, 121.53, 121.20, 

120.82,80.17,74.70,74.46, 73.89, 73.10, 73.02, 72.82, 71.09, 70.76, 70.72, 70.00, 68.83, 

68.62,62.18,61.54,59.74,58.02,57.47,55.38,53.98, 50.29,45.41,45.34,45.28,35.26, 

29.49,29.37,28.51,28.38,28.02,17.20,16.16,15.84, 9.65, 9.56. HRMS (ESI) calcd for 

Cs9H120014NI4 (M4+-4TfO) 402.2271, found: 402.2273. 

Compound 59: faun powders. 100% yield. M. P. 211-213 oC, decompose. IH NMR (400 

MHz, CD3CN) ô 7.60 (s, tH), 7.50 (d, tH, J = 4.2 Hz), 7.42-7.24 (m, 34H), 5.84 (d, IH, J 

= 6.4 Hz), 4.60-4.36 (m, 14H), 4.33-4.19 (M, 4H), 4.12-4.00 (m, 17H), 3.84 (m, IH), 

3.76-3.70 (m, 6H), 3.60 (m, IH), 3.53 (m, IH), 2.56 (s, 3H), 2.54 (s, 3H), 2.50 (s, 3H), 

2.25 (m, 4H), 2.15-2.06 (m, 2H), 1.38 (s, 9H), 1.33 (d, 3H, J = 7.2 Hz), 1.19 (d, 3H, J = 

6.6 Hz), 1.12 (m, 6H). 

Compound 60: faun powders. 100% yie1d. M. P. 213-215 oC, decompose. IH NMR (400 

MHz, CD3CN) Ô 7.63 (s, IH), 7.52 (s, IH), 7.43-7.28 (m, 39H), 7.00 (broad, IH), 5.84 (s, 

br, IH), 4.56-4.36 (m, 16H), 4.33 (M, 3H), 4.24-4.04 (m, 17H), 3.84 (m, IH), 3.76 (m, 

IH), 3.72 (m, 5H), 3.63 (m, 2H), 3.53 (m, 2H), 2.56 (s, 3H), 2.53 (s, 3H), 2.51 (s,3H), 

2.25 (m, 4H), 2.06 (m, 2H), 1.36 (s, 9H), 1.34 (d, 3H, J = 7.6 Hz), 1.19 (d, 3H, J = 6.4 

Hz), 1.15 (d, 3H, J = 6.0 Hz), 1.11 (m, 3H. J = 6.4 Hz). 

Compound 61: faun powders. 100% yie1d. M. P. 214-216 oC, decompose. IH NMR (500 

MHz, CD3CN) 8 7.73 (s, IH), 7.59 (s, IH), 7.45-7.25 (m, 39H), 7.05 (broad), 5.61 (s, 

IH), 4.56-4.36 (m, 16H), 4.30 (M, 5H), 4.24-4.04 (m, 20H), 3.95 (m, IH), 3.83 (m, IH), 

3.72 (m, 9H), 3.65 (m, 2H), 3.52 (m, 2H), 2.56 (s, 3H), 2.53 (s, 3H), 2.51 (s, 3H), 2.25 

(m, 4H), 2.06 (m, 2H), 1.37 (s, 9H), 1.34 (d, 3H, J = 7.0 Hz), 1.19 (d, 3H, J = 6.5 Hz), 
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1.16 (d, 3H, J = 7.0 Hz), 1.14 (m, 3H. J = 7.5 Hz), 1.11 (d, 3H, J = 6.5 Hz). HRMS (ESI) 

calcd for C106H138019N15 (M3+-3TfO) 641.6759, found: 641.6759. 

Compound 62: faun powder. 100% yield. IH NMR (500 MHz, CD3CN) 0 8.35 (broad), 

7.43-7.20 (m, 31H), 4.52 (m, 2H), 4.38 (m, 8H), 4.17-4.02 (m, 21H), 3.73 (s, 3H), 3.70 

(m, 5H, overlap), 3.46 (m, 2H), 2.61 (s, 3H), 2.55 (s, 3H), 2.48 (s, 3H), 2.26 (m, 4H), 

1.98 (m, 2H), 1.15 (br, 9H); 13C NMR (500 MHz, CD3CN) 0 172.99, 170.90, 170.24, 

169.79, 167.82, 145.10, 145.02, 144.66, 138.40, 138.07, 128.50, 127.69, 128.68, 128.54, 

128.51, 128.01, 127.96, 127.92, 127.89, 127.81, 127.71, 122.84, 121.86, 121.63, 121.60, 

121.33, 120.97, 78.11, 75.61, 74.50, 72.87, 72.50, 71.32, 70.49, 69.91, 68.75, 61.59, 

59.62, 57.18, 55.34, 53.80,50.12,45.16,45.14,45.13,35.04,29.36,29.27, 28.23, 15.83, 

15.57,9.41,9.39,9.32,9.31. 

General procedures to c1eave hexa-amino-acid peptide from imidazolium salt 

supports: To the flask charged with imidazolium salt-bound hexa-amino-acid peptide 

was added THF and H20 (V/V=3:1). The mixture was stirred at room temperature for a 

few minutes to completely dissolve the supported peptide into the mixed solvents. 

Aqueous LiOH (0.1 M, 1 equiv.) or NaOH (1.0 M, 1 equiv.) solution was then added. 

The reaction mixture was stirred at room temperature for 20 hours. The volatile solvent 

was removed by rotary evaporation under reduced pressure and the residue was added 

with water and then aqueous HCI (O. lM) to adjust its pH to 5. The white precipitate was 

filtered and washed with water for 3 times and ether for 3 times to give the product as 

faun powder. 

Compound 63: white powder. 81% yield. M. P. 167-169 oC. [a]D20 = 33.0 (c = 1, in 

THF). IH NMR (500 MHz, CD3COCD3) 0 7.75 (s, IH), 7.70 9s, 1H), 7.62 (d, IH, J = 7.5 
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Hz), 7.51 (d, 1H, J = 7.0 Hz), 7.42 (d, 1H, J = 9.0 Hz), 7.35-7.21 (m, 20H), 6.11 (d, 1H, J 

= 7.5 Hz), 4.73 (m, 1H), 4.63-4.43 (m, 15H), 4.23 (m, 2H), 4.10 (s, 1H), 3.86 (m, 3H), 

3.73 (m, 1H), 3.67 (m, 1H), 3.60 (m, 1H), 1.40 (s, 9H), 1.30 (d, 3H, J = 7.0 Hz), 1.21 (m, 

6H); l3C NMR (500 MHz, THF-d4, concentrated) 8 174.18, 173.87, 172.31, 170.93, 

171.10,157.77,141.15,140.55,130.02,129.96, 129.87, 129.50, 129.08, 128.96,80.42, 

77.61, 74.77, 74.68, 73.25, 72.85, 72.48, 72.17, 60.68, 58.98, 55.53, 55.00, 54.89, 50.75, 

29.78, 20.56, 18.12, 17.61. HRMS (ESI) calcd for C6oH75014N6 (M+H+) 1103.5335, 

found: 1103.5313. 

Compound 64: To the flask charged with imidazolium oligomer-bound peptide 62 (65.7 

mg, 0.034 mmol), hexa-amino-acid peptide 63 (91.8 mg, 0.083 mmol), HBTU (35.9 mg, 

0.085 mmol), HOBT (13.1 mg, 0.085 mmol) was added dry actonitrile (6 mL) and then 

diisopropylethylamine (DIPEA) (31 /-lL, 0.17 mmol). The reaction mixture was stirred at 

room temperature under nitrogen protection for 31 hours and then concentrated by rotary 

evaporation under reduced pressure. The residue was added with diethyl ether and then 

transferred into conical vial. The mixture was subjected to centrifugation and the top 

liquid phase was decanted. The solid phase was washed with diethyl ether (3 mL) twice, 

CH2Cb (3 mL) twice, THF (3 mL) twice and then ether (3 mL) once, dried in vacuo to 

give the product 64 as faun powder (93.5 mg, 95% yield). 

IH NMR (800 MHz, CD3CN) 8 7.92 (s, IH), 7.78 (s, IH), 7.71 (s, IH), 7.60 (m, 3H), 

7,51 (m, 4H), 7.42-7.20 (m, 38H), 7.20-6.60 (broad, 20H), 5.81 (d, IH, J = 6.4 Hz), 4.57 

(m, 4H), 4.53-4.37 (m, 17H), 4.32 (m, 3H), 4.22-4.04 (m, 27H), 3.98 (m, 2H), 3.84-3.68 

(m, 14H, 3.62 (m, 3H), 3.59 (m, 2H), 3.46 (m, 2H), 2.55 (s, 3H), 2.53 (s, 3H), 2.51 (s, 

3H), 2.24 (m, 2H, overlap), 1.40 (s, 9H), 1.38 (d, 3H, J = 8 Hz), 1.32 (d, 3H), 1.20 (m, 
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6H), 1.56 (m, 6H). HRMS (ESI) calcd for C137H17302SNI8 (M3+-3TfO) 823.4267, found: 

823.4262. 

Compound 66: To the flask charged with imidazolium oligomer-bound peptide 65 (51.6 

mg, 0.021 mmol), hexa-amino-acid peptide 63 (50.2 mg, 0.045 mmol), HBTU (18.7 mg, 

0.049 mmol), HOBT (6.8 mg, 0.049 mmol) was added dry actonitrile (15 mL) and then 

diisopropylethylamine (DIPEA) (21 /-tL, 0.12 mmol). The reaction mixture was stirred at 

room temperature under nitrogen protection for 31 hours and then concentrated by rotary 

evaporation under reduced pressure. The residue was added with diethyl ether and then 

transferred into conical vial. The mixture was subjected to centrifugation and the top 

liquid phase was decanted. The solid phase was washed with diethyl ether (3 mL) twice, 

CH2Ch (3 mL) twice, THF (3 mL) twice and then ether (3 mL) once, dried in vacuo to 

give the product 66 as faun powder (70.8 mg, 99% yield). 

HRMS (ESI) calcd for C161H202030N21 (M3+-3TfO) 969.8303, found: 969.8291. 

Compound 67: faun powder. 80% yield. IH NMR (500 MHz, DMSO-d6) Ô 8.44 (s, IH), 

8.38 (d, IH, J = 6.5 Hz), 8.20 (d, IH, J = 6.0 Hz), 8.06 (d, IH, J = 6.0 Hz), 7.79 (d, IH, J 

= 7.0 Hz), 7.26 (m, 20H), 4.64 (m, 3H), 4.51-4.35 (m, 12H), 4.05 (s, IH), 3.90 (s, IH), 

3.59 (m, 7H), 3.28 (broad, H20), 3.23 (s, IH), 1.17 (d, 3H, J = 5.5 Hz), 1.13 (d, 3H, J = 

4.5 Hz), 1.06 (d, 3H, J = 4.5 Hz); l3C NMR (500 MHz, DMSO-d6) Ô 173.01, 172.76, 

172.62,172.23,170.22,170.08,169.28,139.40, 139.24, 138.81, 138.79, 138.73, 128.82, 

128.82, 128.73, 128.18, 128.13, 128.10, 128.08, 128.03, 127.94, 127.92, 75.94, 75.52, 

72.80,72.77,72.70,70.97,70.88,70.78,70.46,59.16, 57.20, 53.40, 53.31, 52.95,48.74, 

19.15, 17.35, 16.91. HRMS (ESI) calcd for CSSH67012N6 (M+H+) 1003.4811, found: 

1003.4781. 
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Compound 68: To the flask charged with imidazolium oligomer-bound nine-amino-acid 

peptide 61 (35.8 mg, 0.015 mmol) was added THF (3 mL) and CH3CN (2 mL). The 

mixture was stirred at room temperature for a few minutes to completely dissolve the 

supported peptide into the mixed solvents. Aqueous 0.1 M Li OH (0.23 mL, 0.0225 

mmol) solution was then added. The reaction mixture was stirred at room temperature for 

24 hours. The volatile solvent was removed by rotary evaporation under reduced pressure 

and the residue was added with water (3 mL) and then aqueous HCI (0.05 M) to adjust its 

pH to 5. The white precipitate was filtered and washed with water for 3 times and diethyl 

ether for 3 times and acetone for 3 times to give the product (19.0 mg, 83% yield) as faun 

powder. 

M. P. 236-238 oC. IH NMR (500 MHz, DMSO-d6
) & 8.28 (s, IH), 8.20 (d, IH, J = 7.0 

Hz), 8.05 (d, 1H, J = 7.5 Hz), 7.97 (m, 2H), 7.91 (s, 1H), 7.26 (m, 28H), 6.96 (d, IH, J = 

8.0 Hz), 4.69-4.64 (m, 3H), 4.58-4.52 (m, 5H), 4.43 (m, 15H), 4.03 (m, 2H), 3.96 (m, 

2H), 3.60-3.52 (m, 8H), 1.34 (s, 9H), 1.15 (d, 6H), 1.02 (m, 9H); l3C NMR (500 MHz, 

DMSO-d6
) & 173.45, 172.57, 172.07, 170.51, 170.27, 170.11, 170.00, 169.26, 155.66, 

139.31, 139.24, 138.79, 138.76, 138.70, 128.80, 128.77, 128.67, 128.17, 128.14, 128.05, 

128.00, 127.83, 78.70, 75.80, 75.72, 72.76, 72.70, 71.17, 70.89, 70.58, 70.47, 58.41, 

56.91,53.40,53.12,50.26,49.27,45.30,28.85,19.14, 18.85, 17.00, 16.78. HRMS (ESI) 

caIcd for C84H103019N9 (M+Na+) 1564.7262, found: 1564.7265. 

Compound 69: To the flask charged with imidazolium oligomer-bound dodeca-arnino­

acid peptide 64 (34.4 mg, 0.012 mmol) was added THF (3 mL) and CH3CN (2 mL). The 

mixture was stirred at room temperature for a few minutes to dissolve the supported 

peptide into the mixed solvents. Aqueous 0.1 M LiOH (0.17 mL, 0.018 mmol) solution 
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was then added. The reaction mixture was stirred at room temperature for 24 hours. The 

volatile solvent was removed by rotary evaporation under reduced pressure and the 

residue was added with water (3 mL) and then aqueous HCI (0.05 M) to adjust its pH to 

5. The white precipitate was filtered and washed with water for 3 times and diethyl ether 

for 3 times and acetone for 2 times to give the product (19.2 mg, 100% yield) as faun 

powder. 

lH NMR (400 MHz, DMSO-d6) 88.32-8.21 (m, 3H), 8.09-8.03 (m, 3H), 7.91 (d, IH, J = 

8.0 Hz), 7.62 (m, 2H), 7.24 (m, 40H), 6.58 (m, IH, J = 8.8 Hz), 4.68 (m, 2H), 4.55 (m, 

5H), 4.40-4.36 (m, 21h), 4.13 (m, 3H), 3.97 (m, 3H), 3.84 (m, IH), 3.56 (m, IIH), 1.36 

(m,9H), 1.57 (m, 6H), 1.03 (m, 12H). 

The high-resolution mass spectra (HRMS) were obtained after debenzylation of 

compound 69. HRMS (ESI) calcd for C45H76012N25 (M2-) 592.2527, found: 592.2530; 

calcd for C45H77012N25 (M-) 1185.5128, found: 1185.5089. 

General procedures to recover imidazolium oligomer supports after the cleavage of 

peptides: After filtration, the aqueous phase was collected and the water was removed 

under freeze-dry conditions. The white solid obtained was added with acetonitrile and 

then filtered to remove insoluble inorganic salt. The organic phase was collected and the 

solvent was removed by rotary evaporation. The residue was washed with diethyl ether to 

give the imidazolium oligomer as solid. 
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Chapter 6. Summary and Conclusions 

Ionie liquid-supported organie synthesis is a new approaeh in organie ehemistry. This 

approaeh has been weIl demonstrated in this thesis by ionie liquid-supported Swem 

oxidation, oligosaeeharide synthesis and imidazolium oligomer synthesis and peptide 

synthesis. The advantages of ionie liquid-supported Swem oxidation as eompared to the 

eonventional oxidant, DMSO, used in this reaetion are that the oxidation reaetions are 

odorless and the supported sulfide reagents ean be reeovered and reeycled without 

obvious loss of the aetivity and yield. These new reagents are also suitable for large-seale 

reaetions, whieh is very useful for the application in industry. Ionie liquid-supported 

oligosaeeharide synthesis is an important example in oligosaeeharide synthesis beeause it 

provides a new way to ehemieally assemble glyeosides without need of chromatographie 

purification. A problem inherent in the use of one-ionie-unit ionie liquid support was 

identified beeause the ionie effeet of support was found to deerease obviously when large 

moleeules were eonnected to it. To overeome this solubility problem, we designed and 

synthesized imidazolium oligomers. These novel eompounds were prepared in a 

straightforward way in multi-gram scale and the synthetie approaeh is suitable for large­

seale synthesis. These compounds have good thermal stability and good solubility in 

common organie solvents, whieh render them good soluble supports for organie 

synthesis. The synthetie utility of imidazolium dimer and oligomers has been 

demonstrated in peptide synthesis espeeially in the peptide block eoupling reaetions. 

Peptide bloek eoupling is a significantly important way to avoid linear synthetie route 

whieh is expensive and time-eonsuming and used in solid phase supported-synthesis. The 
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,r--, imidazolium oligomer-supported peptide synthesis was conducted in homogeneous 

solution phase in quantitative yield without need of much excess reagents to drive 

reactions to completion as it does in sol id-phase synthesis. The product purification was 

also performed in a simple way without need of special solvents as it does in fluorous 

phase-supported synthesis, which needs fluorous solvents to extract the product from the 

reaction mixtures. Importantly, our approach is likely suitable for large-scale peptide 

synthesis. This can significantly decrease the cost of peptide synthesis in industry. For 

example, if people use solid phase-supported synthesis to make 1 kg of nonapeptide, they 

have to use at least more than hundred kilograms of polymer resin. The reaction has to be 

done in a big and special reactor and a large amount of expensive amino acids have to be 

wasted during synthetic process because they have to he used to drive the reaction to 

completion. Otherwise, it is difficult to purify the nona-amino-acid peptide from its close 

numhered amino-acid-derived peptides such as octa-amino-acid peptide and hepta­

amino-acid peptide. Moreover, 18 steps ofreactions are necessary to finish the synthesis. 

However, if our approach is used to prepare the same peptide, the reaction can be done in 

big glassware that can be found in common chemistry labo Ifwe use [5+4] block coupling 

to finish the synthesis, the total number of synthetic steps can he shorten to be 10 steps. 

And also this approach does not need much excess of reagents to push the reaction to 

completion so that a large amount of money can be saved. Moreover, the cost on the 

synthesis of imidazolium oligomers can he offset hy the recovery and recycle of the 

supports after the cleavage of peptides. 

However, everything has two aspects. Since it has heen reported that peptides with 

more than 100 amine acids can be prepared hy automated solid phase-supported 
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synthesis, the disadvantages of ionic liquid-supported synthesis is that it is a new 

approach and, so far, it is difficult to say if this approach is suitable for the preparation of 

very large peptides or other rnolecules. And also, anion exchange could bring out 

problerns in sorne cases. 
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Appendix: Supporting Information 

This section will include the important NMR and MS spectra. 

Chapter 2. New Non-Volatile and Odorless Organosulfur Compounds Anehored on 

Ionie Liquids. Reeyclable Reagents for Swern Oxidation 

Data Col1ected On, ",400~lIIerclJry400 

Archl ve d lrectory, le~port/home/)<unhclvnlllrsys/data 
Sample djrectory: 
Fi Je: PROTON 

Pulse Sequence: S2pul 

Solvent: 020 
Telllp. ZS.OCj 298.1 K 

Rela)!. delay 1.000 sec 
PolseZZ.8degrees 
Acq. tllte 1.998 5ee 
\Jldth G410.3 Hz 
8 repetltlons 

OBSERvE Hl, 400.1321089 JoIH:!: 
OATA PROCESSING 
FT size 32768 

,~ 

1.02 
1.03 

~...,.-'" '-.-' 
2.00 Z.9Ii 

3.38 3.46 

ppm 
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Data Collected on: 111400-ltIercury400 
Archive directory: !e><porfjholllej><l,onhejvn .. rsy5jdata 
Sa.ple dtrectory: 
flh!: CARBON 

pulse Sequence: SZpul 
Solvenl: O~O 

Telllp. H.t C /293.11( 

Relllo)(. deliloy 1.000 $le 
Pulse 45.0 deurees 
Acq, tille 1.199 sec 
'J"fdth 25125.6 Hz 
2561 repetlttons 

OBSERVE CI3, 100.6116367 MHz 
DECOUPLE Hl, 400.1276310 "'Hz 

POlo'er 34 118 
conllnuously on 
\JALTZ-16 lIIodulated 

DATA PROCESSINO 
Llne broadentng 1.0 Hl: 

FT she 65536 

1 

l 

1 

180 
·~~,I~~r-r~~~~TT~-r-·r·r·~'-1-'r"~~-r~-,,I,-.-,~r-rr-rr-rrl r-rr-r~TTTTI TT~~~~, TI ~~-,r-

160 140 120 10..0 80 60 4D 20 

Data Colletted on: 111400-lIIereury400 
Archive dlrectory: /e)(port/hollle/llunhe/vnlllrsysjdata 
Salllple dlrH:tory: 
fl1e: PROTON 

Pulse Sequence: s2pul 
$olvent; 020 

Teillp. 20.0 C / 293.1 " 

Rels)(. dehy 1.000 $8C 
Pulse 45.0 deurees 

e~~iht~:~G~39~! sec 
a repetitlons 

08SERvt: Hl, 400.1Z55945 MHz 
DATA PROCESSINO 
FT slze 32768 

'(H3 

A+ \? 
H,C-N "N~O-~-CH, 

U TfO - 0 

1 Jf Ll l 
-r---r ~-~ 1 

6 
'.Y Yo" 

0.80 LU 
0.82 1.98 

L---
1 -, 

'r 'c 
:l.a! 'l.88 

2.00 

ppm 

PP· 
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Data Collected on: 1It400··.err.ury400 
Archlye dlrectOry: /expOrt/I'lOllle/Kunhe/ynltr$ys/dQtlll 
Salllph! dlrectory: 
Flle: PROTON 

Pulse Sequence: s2pul 

Sol vent: O~O 
Temp. 23.0 C / 296.1 K 

Rellll~. delily 1,000 sec 
Pulse 45.C delltees 
Acq. tlllte 1."a sec 
'W'ldth 641G.3 Hz 
8 repetltlons 

OBSERVE Hl, 400.lZ5594S 101Hz 
DATA PROCESSING 
fT sile 32'166 

1/ 1 

____________ ~ij _____________________ J-__ ~ __ ~L~ ______ ~~__JL_ ____________ __ 

8 

" 0.18 
0.77 

Ollta Collected on: IIIJOO-lllercury300 
Archiye dlrectory: /e~port/hollle/~unhe/ynJllrsys:/data 
SallipledlrectorY: 
flle: HX-II-I\-4-3-P-I-CI3 

Pulse Sequence: s2pul 

Solvent: 020 
Teltp. 25.0 C / 29ILI 1( 

RelaK. delay 1.000 sec 
Pulse 45.0 degrees 
Acq. tlllte 1.615 sec 
Vldth la867.' HZ 
320 repetltlons 

OBSERVE Cl3, 7S.4502098 MHz 
OECOUPLE Hl, 30fL0618QlO MHz 

Power 3S dB 
CQnt InUQusly on 
VAL Tl-U lItodul.ted 

OATA PROCESSINO 
Llne broadening LI Hz 

FT site 131071' 

160 

J 
140 

cr 
2.0' 

ppm 

2.86 

o. 

:1 
. 

1 

1 Il 
1 

1 
1 ~-r-r-o-~~'-

60 40 20 ppm 
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Data Collected on: /11140Q-.. ercury4oo 
Archive dlrectory: le>:port/hollle/'Aunhe/vnlllr!lY!l/data 
sa.ple dlrectory: 
file: PROTON 

PulslSequence: s2pul 

Solvent: D20 
Te.p. ZO.O C / 293.1 K 

Relax. delay 1.01111 SIC 
Pulse 45.0 degrees 
Acq. tll11e 1.99" sec 
W'ldth 6410.3 Hz 
8 repetlttons 

OBSERVE Hl, 400.125$945 MHz 
DATA PROCESSING 

Yr 
0.79 

0.&4 

Data Collected on: 11400-lIercury4DD 
Archllll dtrectory: /e)(port/ho.e/xunhe/\lnlllr:rys/dat~ 
Salllpledirectory: 
flle: CARBON 

Pulse SequenCe; s2pul 
Solllent: 020 

Telllp. 23.0 C / 296.1 K 

Rela'A. dellly 1.000 sec 
Pulse 45.0 degrees 
Acq. tt.e 1,199 sec 
W'ldth 25125.S Hz 
aa repetitlons 

08SERVE CU, lOO.SUS367 MHz 
OECOUPLE Hl, 400.127&3U MHz 

Po .... er J4da 
contlnuouslyon 
IJAlTZ-U lIodulated 

DATA PROCESSUIG 
L1ne broadenlng 1.0 Hl: 

FT Ilze 65536 
Total tille 63 hr, 35 1I1n 

tH' d 

~ 

2.00 
'-'-..-'~ 

L95 3.12 
3.04 

"j 
-----------------

-,~--~ __ ~,_-r-r~--~ 

2 ppm 

'~r"~"-~'-rr-~"~,I ~~'-~~TI ~'-rrrr-~,I'-~r-r~~,I~,rrrr-TT~'-Ir-~~'-~'T1 ~, TT-r,,.,--rr--r-rl ~'-,",~~, 
160 140 120 100 80 60 40 20 ppm 
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Oata Colh:cted on: 11300-urcury30D 
Archive dtre:ctory, /eICport./holllejxunhe/ynJlr,ys/de:ta 
Sa"ple dlrectory: 
Flle: PROTON 

Pulse Sequence: s2pul 

Solvent: O~O 

Relax. de!ay 1.000 sec 
Pulse oIS.~ degrees 
Atq. ti"l 1.9911 sec 
IJldth 4803.1 Hz 
a repetltlons 

OSSERVE Hl, 300.0603212 MHz 
DATA PROCESSING 
FT she 32768 

Jf 

..... _ .. _____ L 
--r-~·~~. -,-

8 
W 

11.77 
0.85 

Data Collected 00: 111301l-lllertury30o 
ArChlye directory: /exportjhOlllejxunhe/Ynlllrsys/dlita 
Sa.ple dlrettory: 
f Ile: PROTON 

Pulse Sequence: '2pul 

Solvent: 020 

Relal(. delay 1. Dlla sec 
Pulse 45.0 degren 
Acq. 1.1l/le 1.998 ne 
IJldth 4803.1 Hz 
8 repetltions 

OBSERVE Hl, 300.06113212 MHz 
DATA PR;DCfSSING 
FT slze 327&8 
Total tlille 0 IIIln 

-"--'---r-' --..,--

l 
1 /// 

\ 

,-~-~j 
.. , 

1 

4 3 

'-r-' y.r ~ ~~ 

:LDO :l.73 Z.V 2.04 
2.84 1.58 2.09 •• 01 

.~~-r~~~~--,~-,._.~--,.-,-~~-,---,--,-.~~~~-,-~~~~.~-~-~ ~~~,-~~~~~,-~~ 

7 6 5 
w 

0.82 
o.a 

2.00 
~ "rY 
1.56 2.85 

2.31 

ppm 

pp. 
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Chapter 3. Ionic Liquid-Supported Oligosaccharide Synthesis 

~
OH 0 

BnO 
BnO SPh 

OBn 

( 

~~~~~~~~~~~~~~~~~~~~~~~c~,~~~ 

j 
Y"-.-' 

2.DO 
19.U 

~~ 

4.011.3& 
1.'''7 

III 

.......... ".,........... ...,.,y 

4.1:':3 05
1. o:·~' 

1 pp. 

~ 

h-
oCCH2B~ 

BnO 
BnO SPh 

OBn 

! ! 

ppm 
~ 'M" 
l.Ul.U 

1.911.97 
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HHQC 

Data Colleeted on: 111400wltercury400 
Archive dlrectory' /e)lport/hollle/)lunhe/vnlllrsys/data 
Salllple dlrlllctory: 
Flle, HX~I-01w8-pwl~2DHMOC 

Pulse Sequence: gHMQC 

solvent: COC13 
Telllp. 20.0 C j 293.1 1(, 

Reh)l. Delay 1.000 uc 
Acq, thle 0.128 uc 
wldth 4000.0 Hz 
2D Wldth 11094.0 Hz 
60 repetltlons 
2 )1 25& lncrellents: 

08SERVE Hl, 400.1310805 MHz 
DECOUPLE C13, 100.&205622 MHz 

po .... er 52 dB 
on durlng acquisition 

g::p~~r !~9u ~:~:~ 
DATA PROCESSING 
Gauu apodh:atlon 11.059 sec 

fl DAU PROCfSSlNO 
Gauss apodhatlon 0.014 ue 

FT stu 1024 )1 2048 
Total tlllie 10 l'Ir, U .ln f2 _ 

( ppm 

8 

. , 
• 

Me 

~ er~ 
o~N'V'" 

~ 
oF,-

BnO 
BnO SPh 

OBn 

~~~~~~--~~~~~~~~~~I~~~I~~~~-~rr~~~~~~~~~~ 

HMQC 

Data C011ea:;;ted on: 11400-IIIercury400 
Archive dlrectory: /e'ICport/holie/'lCunhejvnfllrsys/dllta 
Salllp1edlrectory: 
File' H)(-1-09wl-8-1-P-3-2DHMQC 

pulse Sequence: gHHQC 

Rela'IC. Delay 1.0DO sec 

e~~th t tme 4:é~~: ~=c 
20 Wldth HOU,O Hz 
16 repetltlons 
2 )1256 Increments 

OBSERVE Hl. 400.1310805 MHz 
DECOUPLE CU. 100,6205622 MHz 

power 52 dB 
on durlng acqulstUon 
off durtng delay 
GARP-l lIIodulllted 

DATA PRCCESSING 
Gauss .podhlltlon 0,059 sec 

fl DATA PROCESSINO 
Gauss apodlzatlon 11.014 sec 

fT sin HU )1 21143 
Total ti_e 3 hr, , IIItn 

l 

f2 
(pp. 

3-

8 

140 130 120 110 100 90 80 

fI (pp.) 

\ \ 
140 130 120 110 

1 
100 

1 

90 80 

fI (ppm) 

70 60 50 40 

.' 

a Œl.A. 

~
tf"N_M. 

o W IJF4-

B.o 

".0 

30 

".0 O"ka 
BnO SPh 

1 
70 

1 

60 
! ' 

50 

0". 

40 30 
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HHQC 

Data Collected on: M40D-.efcury40D 
Archive dlreetory: /export/hoflle/xunhe/vnllrsys/data 
Salliple dlrectory: 
Flle: HX-I-U-l-D-P-I-ZDHMOC 

pulse Sequence: gHHQC 

Solvent: COCU 

Relax. delayl.00D sec 
Acq. tille D.2SIi sec 
\lldth 4"0.0 Hz. 
ZD 'Jtdth 11094.' Hz 
60 repet It lo~S 
2 le 256 Incre.ents 

OBSERVE Hl, 400.1al0805 101Hz: 
DECOUPLE Cla, 100.62:05622 101Hz 

Power 52 d8 
on durlng acquisition 
off durlng delay 
GARP-l lIoduhted 

DATA PROCESSIND 
Gauss apodl:Z:l.tion 0.059 sec 

fl DATA PROCESSING 
Gauss II.podf:z:atlon 0.014 set 

FT slze 1024 le 2048 
Total tllu 11 hr, 31 _In 

l 
8 r 

140 130 120 110 

MS spectra for Chapter 3 
IL-supported saccharides 

150 650 

M+ 665.1 
monosaccharide 

1150 

m/z 

" ., 
o' ", • • ~$ -• .. 

, 01 t 

100 90 80 70 60 50 40 

F1 (ppm) 

M+ 1097.4 
disaccharide 

M+ 1529.7 
trisaccharide 

1650 

30 

2150 
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Chapter 4. Synthesis of Structure-Defined Imidazolium Salt Oligomers 

HX-III-C-l-!-f'-I 

Data ColltHed on: lII"OIl~lIIerC:l,lry4oa 
fl~chlv<: dJrcctory' le)\portJhone/~I.mhe/vnllrsys/data­
Saillple direc:tory: 
flle: PROTON 

Pul~e sequence: 82pul 

Solvent: 020 
Tnp. 25.0 C 1 US,1 K. 

RelalC, delay 1.000 tee 
Pulse 45.0 de:grluu 
Acq. liMe 1.9!8 set 
..... Idth 6"411L3 Hz 
8repetlttons 

OBSERvE Hl, 400.1255"5 HHz 
OATA PROCESSING 
FT Sile 327ti8 
Tata 1 t tille ~ .1 n 

Me 

A+/'--. /'--. 
Me-N N- "-/ 'Br 

\=.J Br-

. __________ ...JL_..J --L 

!iX-III-C-I-I-I'-l-CB-b 

~ 

0,82 
0.80 

Ollta CoTlectelt on: 1f1400-IIu:trcury4nO 
Archive dlrei:tory: je>cportjhollle/xlmhe/'vml;rsySjdata' 
5/111p1e dlrectory: 
Fl1el CAII80W 

PulsoSequence: s2pul 

Solyent: 020 
Teillp. 20.0 C/2:93.1K 

Relax. lll'll1,yl.1l00 $ee 
PUl11!4S.0 degrel!ll 
Acq. tt."!1.199 sec 
\oIidto l5125.' Hz 
3Z00 rt'petltlons 

OIlSEII.VE C13, lOO.61li3U MHz 
OECOUPLE Hl, 400.121ti.UD HH:z: 

Po .... er3. dll 
conttnuouslyon 
VALTZ-ltillodlllated 

DATA PROCESSI~G 
Llnebroaden1ng 1.0 Hz 

FTsize '5536 
Total tlilo 63 hr, 35 IIln 

"r' 
l.Ol 

3,OU 

Me 

A+./'-... ./'-... 
Me-N N- "-../ 'Br 

\=.J Br-

.ppm 

rr~rr~~r,rr~rrrr~'r,rr~~~~~~~~"""~"",,,~~~i~.~~rr~,rrrr~rr~lrrrr~~rrl~~~~'~' \ 
180 160 140 120 100 20 60 4.0 ilU ppm 
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,r"' .... 

HX-IIX·C-2-1-P-S-C13 

Da.ta Collected ,on: 1114Do-mercury4ll0 
Archtve d1rectory' jellpor'tjhoaej.:unhejvnlllrlyajdata 
Sallple dlre~tory: 
flle: CARao~ 

Puhe Sequen~e: E2pul 

Solvent: 020 
Teillp. 25.0 C 1 2:98.1 K 

Rela)(, delay 1.1100 sec 
Pu he 45.0 degreel 
ACQ. tille 1.199 sec 
"'ldth 25125.6 Hz 
5504 repetitions 

OBSERVE CI3, 100.6116361 MHz 
DECOUPLE Hl, 400.lZ16310 MHz 

po .... er 34 dB 
continuouSly on 
VAL Tl-tG /IIodulated 

DATA PROCESSING 
Line broadflfling 1.0 Hz: 

FT sil:c 6553' 
Total tille 63 hr, 35 1I1f1 

1 
180 

HX-III-.Ç-2-1-P-S 

i' 
160 

Data Collected on: .400-lIercury4UIl 

1 

140 

Arr.hlve dlrectory:./eKport/ho.e/Kunhe/vnmrsys/data 
Samp le dl reetory ~ 
flle: PROTON 

Pulse Sequence: S2pul 
Solvent: 020 

Tellp. 25.0 C / 298.1 J:. 

Rela)(. del/lly 1.000 lee 
Pulse 4S.0 degrees 
Acq. tille 1.998 sec 
"'idt" 6410.3 Hz 
8 repetltlons 

OBSERVE Hl, 400.1'lSS9'S 101Hz 
DATA l'ROCESSnIG 
FT slze 32768 
Total tlille 0 IIIln 

8 

J ~~-

Lu 
'-r" '..,..J~ 

1.69 1.04 
0.91 

120 
1 

van' 

Lj 
~ 

2.U 
,.2..12 

80 

3 

NO 
~O 

.~ 

Il 

..J 

4-'L-.--' 
3.00 

5.33 

l 

1 

20 

11 

.. ppm 
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HX- III -C-3.-S-P~ l-C13 

PUln Sequcn~~; IiZpul 
SIlIY.rlt,· DZIJ 
Ahlbhnt t8111p8rat\lre 

"Ircury-400B& "111400" 

RIla)!. dllay 2.500 sec 
PUlSe 42.5 dlgrelS 
Acq. Ume Lin soc: 
Vldth 25000.0 Hz 
10320 r«petttlon' 

08SERVE CI3, lOO.IH09815 "H1: 
DECOUPLE Hl, 400.lZ50217 J'lHz 

PO'w'er 35 dB 
contlnuoU$lyon 
WAlTZ-1& .odulated 

OATA PROCESSING 
Llne br04denlnv 1.0 Hz 

FT 6128 6S53f 
Total th!e 110 hr, 10 min_ 45 sec 

Il 
, , 

160 140 

HX-III-C-4-~-P-l, the Ilquld phase 

Data Col1eeted on: 11400-lnercury4tll 

.-
~ ~ '1' 
1 

, 
1Z0 

Archive d frectory: jexport/hollejxunhejvnllrsysjdata· 
Sa.plE dlrectory: 
file: PROTON 

Pulse Sequence: S2pul 

Solvant: 020 
TeMp. 23.' C 1 lU.1 K 

Relax. deley 1.1100 tee 
PUise 34.2 delireU 

~ldth't~:~O~3'~: SCIe 
6 rapuitlons 

OBSERVE Hl, 400.1255945 104Hz 
DATA PROCESSING 
fT th::e 327&11 
Total tl •• Il "In 

'HW 
D.IIAS' 
0 •• .151 

6. 

, , 
100 80 

y.,' ~ 

2.17 3.00 
3.96 

,. 
60 

i~ 

il 

",y ........... 
2.74 1.12 

2.64 

1 l 15 
1 

, , 
40 ZO ppm 

.ppJII 
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HX-Ill-C-4-1.l-P·:1 

Data Collet-he! on: 11400-Mercury400 
flr ~h j ve. ~ 1 r ectory: lexport/ho",e/~unhE!/vn.r 1 yS/dat ... 
Salllplc onectory: 
Flle: PROTON 

Pulse Sequence: sZpul 

Sol v~nt: 020 
Temp. 2:5.0 C / HB.1 K 

Relal(. delay 1.11110 sec 
puhe '5.0 dE!grE!eS 
Acq .. thle 1.991\ sec 
\.I!dUt 6410.3 Hl 
8 repetHlons 

OBSERVE Hl, 400.1'l55945 l'4Hz 
DATA PROCESSINO 
FT slze 3Z76S 
Total tlille 0 .111 

r-~~~~r-~~~~r-~~~r-·~·~~'-~~~~'-~~'--~'-~~~~T-~~~~'-'-~·~ 

6 ~. 

flx-rfl-c-4-J3-P-l 

ww 
0.19992 
0.1886 

Vata Col1echd 011: 114aO-lIIercury4'O 
An:hillE! d lre~tory: /cxport/holle/xunhc/lIllllrsyS/dllta-·,· 
Sall:pledlrectory: 
flle: CAMeON 

Pulse Sequence: S2pul 
Sollient: 020 

TeJllp. 25. ~ C / Z98.1 K 

Relax. da1ay 1.000 sec 
PulU 45.' degrees 
Acq •. tl.e 1.199 sec 
.... idth 25125.6 Hz 
1856 repetHlon5 

08SERVE C13, lU.&l1fi3&7 HHl 
DECOUPLE Hl, 4lIG.IU631O MH~ 

Po .... er 34 de 
conttnuou'lyon 
\lAlTZ-16 IIIOdlllued 

DATA PROCfSSING 
llne broadenlng l.1 Hl 

fT sh:e 6:5536 
Total ti.e gas hr, 54 IIItll 

160 

.-
~-:i 
~ll 

1 

140 

~llr 

1-20 100 

','-.' 
2'.114 

4.2& 

y 
3.U 

Y<' '-r-' 
3.14 4.1& 

3'.04 

Me Me 

Me-N)lN~N)lN~Br 
\=.! Br - \=.! Br-

M_ -. ,~-

;:0::;:; 

Ir 1'1 
1 

80 60 40 

~:: 

1 
20. ppm 
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PulseSequencé: s2pul 
Soh·.nt: ozo 
Aabient teaperature 

UNITY-SOD "liante" 

~~i::tH::~::!r::c 
8 repet1ttonl 

08SERVl Hl, 499.89,fj7S'S 101Hz 
DATA PROCESSING 
FT slze 32168 
Total tia" Dain. 15 sec 

8 

Hx-rn--C-S-l-P-S 

ww 
O.t8SIS o.œ.' 

Data Collected on: ~400-mercury40D , 
Archive dlrectory: lexport/hOllle/xunhe/vnlllFsys/dllta 
SalAple dlrectory, . . 
rl1e: PROTON 

Pulle Sequence: s2pül 
SOlvent: 020 

Telllp. n.a c 1 Ua.l K 

Relax. delay 1.000 $ell; 
Pulse 45.0 degreu 
A,tq. tlal 1.Ua sec 
\Jldth 64!D.3 Hz 
8 repetltlQnt 

OBSERVE Hl. 401.1t5594S 101Hz 
DATA PROCESSING" 
rT Ih:e .:IV6! 
Total tl.e 0 aln 

t..y 'T'Y 
:Z.U 0.19 

0.31 0.81 

Me Me 

A + /'--. /'--. A + /'--. /'--. Me-N N-"'-/ 'N N-"'-/ 'Br 

y.,.> y y 
1.68 3.08 

4.41 Z.U 

b./TfO - b./ Tf 0 -

yy .,.. 
3.004.1' 

2.91 

ppm 

_A ______________ _ 

'-r-'-r' Y 
1J~1Z 3.·80 

.n! •. : 

.,.,.. '-r-' 
2.64 

:Z.89 5.79 

ppm 
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HX-In-C-S-8-P-l 

Ptllse Sequence: s2pul 
Solvant! DZ' . 
Allblent te/llperature 

M.rcury-SQ{I "1113(10n 

Relax, delay l.DOn litC 

:~~~e t ~:êll ~a5e::c 
Wldth 451l6.5 Hz 
16 repetalons 

OMfRV[ Hl, SOO,0557511 MHz 
DATA PROCESSING 
fT ilzç S2168 
Total tinur Il ",in. 41 lite 

~~TI~~~'~~~~~~-'~~-'~-'~~-'-'-'-'-'-'-'-'-'-'-'-'-'--'-'-'-'-'-'~ 

8 
....... ',' 'r' 

3.41 0.71 
Il.61 

HX-JIJ-C-6-1-P-I 

Dsta tolletted 011' III.OO-mercury4aO 
Artltl",e di"ectory: /export/holIIe/)(lJllhe/",nmrsyt/data· 
So\mple ·dtrectory: 
fl1e: PROTON 

Pulse Sequence: s2pul 
Solvent: 020 

Rela)!. delay 1.1111(1 sec 
Pulse 45.0 degrees 

e~~iht!!i/3'~~ sec 
Il repetlt10ns 

OSSERVE Hl. 4011.1255945 101Hz 
OATA PROCESSINO 
fT she 3U6a 
Total tille (1 IIIln 

YW 
3.uaa 

1.01 

~ 
1.'1 

6.71 

c,.y '-,-J 

3.38 7.23 
2.10 

Me Me Me 

ppm 

A+/'- /'- A+/'- /'-.. A+ /"-. /"-. 
Me-N N' './ 'N W './ 'N W '-/ 'Br 

\d Tf 0 - \d Br- \d Br' 

'"r' 1...,-1 

2.30 
3.00 

IW "--r-' 
2.85&.51 

2.31!Jl 
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HX-I 1 I-C-&-~-r-1-6 

Data collllcted on: 111401l~.trCury40D 
Archive directory' /e>tport/holllejxunhe!vn .. rsys/d"tll­
Samp1e dlrectory: 
file: PROTON 

Pulse Sequence: Upul 

Solvent: 020 
Temp. 23.0 C / 29ILl li: 

Relu. dehy 1.UIt sec 
Pulse 4S,Odeorees 
Acq. tl.e 1.993 uc 
.... 'dth SUn.3 Hz 
8 repetltions 

O!lSERVE Hl, 400.1255945 "Hz 
DATA PROCESSING 
FT slze 32768 
Total ti.e ~ .ln 

ij 
r- I ~ 

8 

YW 
J.U84 

0,95 

KX-IJ:i "(-li-Z-P-t-C13 

Oata Colle<:ted on: m4110-IIIercury4()O 
/l.rc); ive d ir(l.(;tcry: /eKportjhollejKunhe/vrll;lrsys/data 
Salllll18 dtrectory: . 
Flle: CAR80N 

Puhe Sequence: SZpul 
Solvent: oza 

Tellp. Z3.D C 1 HG.1 K 

Rcla)(. delay 1.000 seç 
Pul$e 45.D degrees 
Acq. t1l1u~ 1.199 sec 
"'idtl'l 25125,6 Hz 
19456 repetttions 

OBSERVf Cl3, 100.6116367 MHz 
DECOUPLE H1, 400.1276310 MHz 

Pover 34 dB 
contlnuollslyon 
'w'Al TZ-a .odulated 

DATA PROCESSHIO 
Une broadentng 1.0 Hz 

FT site 65536 
Total·tinte 63 hr, 3S .. tn 

r o. 
180 160 

i 
140 

6 

~~ 

IL-~ 1 

Y--r' "" ~ 8.41 3 . .10 6.33 
1.6B 3.00 Z3.al 

Me Me Me 

Me-N)lN~N)lN~N)lN~Br 
'=1 no- '=Ino - '=1 Br-

~~ 
::~ ~ -~~ 

II 
Ü II l,~ïj 

1 j' 1 

100 
i 

80 
"i 
6B 

i 
40 

--,---, 
:)Jpm 

·w .~ 
.~ 

l~ 
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,,--, 
/, 

r--., 

Hx-ltI-C-7-Z-P-I 

Data Collectilld on: 11400-lIlIIrcuryUO 
Archlvllldtrlll<:tory' Isxport/ho .. ejxunhe/vn!llrsys/dllta. 
S .... plllldlr.ttory: 
flle: PROTON 

Pul se Sequence: ~2pul 

Solv8nt; 020 
Teillp. 23.1l C 1 296.1 K 

Rala)!, del.y 1.000 sec 
puhe 45.0 ~egrees 

e~~tht~:~o~j'~~ sec: 
8repetttloni 

OBSERVE Hl, 400.1255945 MHz 
DATA PROCfSSlNG 
FT si%\! 3VS6 
Total tlae 0 Min 

f 
8 

~.~~~~~~~~~-~~~~~~~~~~ 

HX-I !C-C-7-3-P-Z-C13 

PulscSequence:·s2pul 
Solvent: CD3CI>! 
AlJlbllBnt tcmplllraturl 

User: 1-14-67 
UIIIITY-500 "dante" 

Relax. delay 1.500 sec 
Pulse H.5- dellrees 
Acq. tllne 1.300 UC 
Io'ldth 25-000. a H~ 
14272 repetHlons 

'<Y Y Y 
1.60 0.91 

3.66 0.'6 

OBSERVE CI3, 125.7001853 MHz 
DECOUPLE Hl, 49&.9035303 101Hz 

Power 36 dt! 
contlnuQlJslyon 
Io'AL'rZ-lii IIIoduTllted 

DATA PROC!SSING 
Llne broadenlng 0.5 Hl: 

FT s1ze65536 
Total tllIIe 78ft hr, 56 JIlin, 26 sec 

~~ 
l~ 

6 

~ 
IL12.1& 

2.18 

Yn' '-r-' 
2.1113 
.3.099.57 

.ppo 

, h '1 
----,,--1 _U ~,"-__ -----,,!JLl~ 

~"-f ~~~.~~~~~·-r--r-"",·r-'·-r-...,-..,......, 

140 120 100 80 60 40 20 ppm 
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Chapter 5. Peptide Synthesis Using Imidazolium Oligomers as Soluble Supports 

HX-lll-E-13-I-c;lUY-14-P-3 

Pul$eSequence: IZpul 
Solyent: DH$O 
Ambient U.~.rlture 

User: 1-14-41 
file: Hx-III-l-1l-1-c1eav-la-p-3-C13 
UNITY-SOO "danta" 

Relax.lfalay1.500&ec 
pulu, 54.0 dllgreel 
ACq. tlme1,3QOl:eC 
Vidth 25<100.' Hz: 
479J/irepetitions 

OBSERVE C13, 125.1011174 HHz: 
DECOUPLE Hl, 4U.'03Z604 MHz 

Power 42d& 
conttnuoutlyon 
.... ALTZ-U lIodulated 

DATA PROCESSING 
llnebrDallenlngO.SHl 

fT Siu 6SSJi 
Total t1 .. " 189 hr,SSMln, 2G$eC 

::~~:.i 

1 

180 
1 

160 

HX-IIT-E-13-cleav-14-p-a 

Pulse Sequence: Hpul 
Solvant: DHSQ 
Amaient tUlpera.turc 

F j le: HX-III-E-I3-c leav-14-P-3 
UNITY-SOO "dante" 

Rel/l.)l. delay 1.500 sec 
Pulse 43,4 degreBI 
Acq. tht! 1,392: sec 
.... ldth 80DO.' Hz 
100 repetltlons 

OBSERVE Hl, 499.9007653 MHz 
DATA PAOCfSSING 
FT sh:e 32758 
Tot.l 1: 1 Ille 5 .1n, 411 cee 

c....,.......,........,. ......... 
0.351.63 Il.'6 

l.D7!.!! 

il 
140 

OH-Thr(Bzl)-Ser(Bzl)-Ala 

ker(BZI) 

H2N-Thr(Bzl)-ker(BZI) 

~~~ ~~ ~o~ 

. ~ 

IJ 

~ 

]~ 

ï 
;;:;~> 

~~~ 80 o~~ 

T l: ~~J 

1 

120 100 80 
1 

40 

OH-Thr(Bzl)-Ser(Bzl)-Ala 

~er(BZI) 
1 

H2N-Thr(Bzl)-Ser(Bzl) 

~.........,...~ 

3.44 1. 53 7.54 
12.46 1.43 

20 ppm 
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r" 

HX- rr I-E -!J-C 1 eav-18-p-l 

pul;. Sequence: sZpul 

50 lvent: Acetone 
AJJlblent telllperature 

Flle: HX-III-E-13-l:lell;v-18-P-2 
UNrTY-SOO "dante" 

Relax. delay 1. 500 ~ee 
Pulse 43.4 degrees 
Acq. t'Ille 1.89l see 
lJidth 8000.0 H:z: 
192 repethions 

OBSERVE 111, 499.9009853 MHz 
DATA PROCESSING 
Une broa~enlng 1.0 Hz 

FT size 32768 
Total tl1118 56 II'Iln, 42 sec 

OH-Thr(Bzl)-Ser(Bzl)-Ala 
1 

Ser(Bzl) 
1 

BocHN-Thr(Bzl)-Ser(Bzl) 

----- / 

.) 

r--'~~~,-~~~,--~·~-.---.-r-~~~'---'~~~-r-~~~,--'~~~-'~~~-'-

8 
...,....,. . .,..,,~ 

D.6!I.U.Cl 
0.311 .1'll.94 

HX-III-E-13-cleav-2b-P-I-C13 

pulse sequence: s2pul 

Sol"ent: THf 
A.blentte"pllrature 

User: 1-14-&7 
file: HX-IlI-f-13-clea. .. -7D-P-I-CU-1 
UNtTV-SOO "liante" 

RelaK. lIelay L5!I~ sec 
Pulse 54. {I lIe~ree; 
Acq. tt.al.3DUstlc 
'oIldtll25D1I1.iHz 
31114~ repet 1\ Ions 

OIlSfRVE CI3, 12S.U39804 MHz 
ofCOUPU Hl, 499.9121155 MHz: 

Po .... er H 11& 
contlnuouslyon 
WAlTZ-16.odulated 

DATA PROCESSING 
Llnebroadenlng3.0Hz 

fTslz:e65S36 
Total tll10780hr, 5ti .. in,26lec 

~~~~ lj ~..;..;;:::: 

')'~ 
--.JL 
r~-r-..--r-r 1 

160 140 

6 

~' 

11.86 
~y~ .....,....,..., 
4.36 2.05 3 . .11127 

l.Zœ.59 1.16 1.1409 

OH-Thr(Bzl)-Ser(Bzl)-Ala 
1 

Ser(Bzl) 
1 

BocH N-Thr( Bzl )-Ser(Bzl) 

1 
120 100 

~.,..,. 

9.015.79 
3.4a 

l J)) 
"/ 

ppm 

l( 
'-"-'_~"V ~ ___ _ 
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HX-I II-I;-l9-1-cl eav-3-P-l 

Pulse Sequence: s2pul 

Solvent: O/OtSO 
A",btent teJllperature 

UNITY-SOII "dante" 

Relax. delly 1.500 sec 
Pulse 43.4 degrees 
Acq. tille 1.S92 sec 
\J1dth 8000.0 Hz 
Vi? repettttons 

OSSERVE HI, 499.90016S3 IoIHt: 
OATA PROCESSING 

Reso 1. enh!llncellent -0.0 Ht. 
fT slze 321&8 
Total t1me 56 min, 42 sec 

r 
8 

OH-Thr(Bzl)-Ser(Bzl)-Ala-Ser(Bzl)-Ser(Bzl) 
1 
Thr(Bzl) 
1 

BocHN-Ala-Ser(Bzl)-Thr(Bzl) 

3 
.... '---r--YoYy L--r-' Y ~ Y-r 

0.'61.313.8& 34.2' 
1.7.1i.9B.64 I.D3 

HX-III-E-19-1-cleave-J-P-2-CIJ 

Pulse SeqtJenu, s2pul 
Solvent' DMSO 
Allblent tupu ... turc 

User: 1-14-37 
UNITY-SOO "liante" 

3.2115.21 2.4S 
4.68 1.97 8.35 

OH-Thr(Bzl)-Ser(Bzl)-Ala-Ser(Bzl)-Ser(Bzl) 
1 
Thr(Bzl) 
1 Relax. delay 1.5eO sec 

Pulse $4.0 lIegrees 
A~q. tille 1.~1O uc 
Io'ldth 2S0OD.c Hz 
11l2n repetttiou 

BocH N-Ala-Ser(Bzl)-Thr(Bzl) 
OBSERVE CIl, 125.7101174 MHz 
D~~~~~l~2 ~~, 499.9032604 MHz 

contlnuotJt}yon 
Io'''LTZ-U mollulated 

DATA PROC~SSING 
li ne broadtntng 1., Hz 

FT size 65536 
Tot .. l tI.e7I!Ohr. 56 .. 10, 26 sec 

, 
160 140 

, 
120 100 

~~5: 
~l~ï: 

~~ 
~5 
~i 

"11 

) 

1 l 

r , 
80 60 

::~:~~ 

rn 
1 j 

'-r-'Y-,-> 
9.578.88 

6.51 

, 
40 

ppm 

\rr
1 

il 
~ 

20 pp. 
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HX-III-E-19-1-P-l 
Me Me Me 

PUll1l Sequence: s2pul 

Solvent: CD3CN 
Alllbient hlllperlllture 

ft le: HX-III-E~19-1-P-1 
UNITY-SDD "dllllte" 

A+ A+ A+ 
Me-N N~N N~N N~O 

Relal<, delay 1.500 Sile 
Pulse n,. degreu 
Acq. tlne 1.892 sec 
\Jldth 8000.0 Hz 
100 repetltlons 

08SERVE Hl, 499,9010353 
DATA PR.OCESSIHG 
FT she 32768 
Total tlme 5 .In, 40 sec-

____ J 

8 
'-r"~~~~-

2.0a 41.18 

PulseSeQlIllnce: 82pul 
Solvent: DUl 

loa4 20.16 

Tnp. n.OC/29l.! K 
Operlltor: vnllrl 
INOVA-I!III. "SIIlYador" 

'Id no - 'Id no - 'Id no - thr(BZI) 
1 
?er(Bzl) 

~Ia 
BocHN-Ala-(Bzl)Ser-(Bzl)Thr-(Bzl)Thr-(Bzl)Ser-Ser(Bzl) 

'-~ 

1.91 
~.,.",.,....,....,.. 

4 .46 2,3", 9Z .51 
U.6320.6H,U.66 

Me Me Me 

~ Y-.-' 
6.a4 

12.00 10.17 

Relall. dela~ LOU sec 
Pulse82.4degreBS 

A+ A+ A+ 
Me-N N~N N~N N~O 

Acq. tt,.eO,3Dl sec 
.... ldth UODa.l Hz 
32 repetltlons 

g!~iR~~~CE~iiN~99.141"OS "Hz 
FT slze16l84 
Total tt",elllln, 18SIIC 

\d no - \d no - \d no - Thr(BZI) 

Ser(Bzl) 
1 

tla 
Ser(Bzl) 
Ser(Bzl) 
1 

BocHN-(Bzl)Thr-(Bzl)Ser-(Bzl)Ser-Ala-(Bzl)Ser-(Bzl)Thr -Thr(Bzl) 

-~\ ---~--~ ''---~ ______ ,L ________ j 

Y~Y'Y-.-~-_~ 

D.~71.3~.n!3.SS 
1.18.2)t.91 

y 
0.14 

~~~y 

17.3SI!l.182.661!1.WL44 
3.80 Z.7ZIILI!I85.DII1:.8 .... 49 

~' 
S.6J 158.98 

4.95 n,s, 

"rY '-r-' 
a.499,16 

2.91 

~~" 
9.rDftIJ.O' 
3.31.14 

pp. 
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HX-II I-E-13-1-P-l 

Pulse Sequence: S2pul 

Sol \lent: CD3eN 
A",blent te"perature 

File: HX-III-E-13-1-P-i 
UNITY-500 "dante" 

RelaK. delay 1. SOO $IlC 
Pulse ]1.4 degrees 
Acq. tille 1.892 sec 
wtdth 8IHU.O Hl 
8 repetltlons 

OBSERVE Hl, 499.9010353 , 
DATA PROCESSING 
FT she 32168 
Total t1111!! 0 min, 'l7 sec 

8 
YY--r-" 

C. 934. 4Z 
1.3& 

Pulse Stqutnte: .Zpul 

Solvent: CD3CN 
Amblent telPlperature 

User: 1-14-87 
ft le: HX-IlI-E-13-I-P-I-C13-b 
UNITY-5ftO "dante" 

RelslC. delsy I.SU 5ec 
Pulse 41.5 degrees 
Acq. tilDe 1.300 sec 
.... ,dth 2511GB Il Hz 
16128repetitlons 

OBSERVE C13, aS.10lllaSJ HH:E 
DECOUPLE Hl, 49',9035303 MHz 

PO\oler36 da 
continuou"yon 
IJALTZ-16 lIoduJsted 

DATA PROCESSINO 
Line brofldening 1.0 H:E 

FT $lze 65S3t 
Total t\lne 1& hr, 5 IIln, 38 sec 

1 

160 

Me Me Me 

A+ A+ A+ 
Me-N N~N N~N N~O 

'=1 Tf 0- '=1 Tf 0 - '=1 no - Thr(Bzl) 
1 ger(Bzl) 

t1a 
ger(Bzl) 

ger(Bzl) 
BocHN-Thr(Bzl) 

1._ 

1 

140 

1.00 

1 
120 

~~ 
9.673.481.356.90..'5 

3.4916,111.241.23 

y,y Y'-r-' 
3.694.78 

3 3~(l3 2. li 

YYY 
9.2!ii.OO 

3.22 

Me Me Me 

Me-N)lN~N)lN~N)lN~O 
'==! TIO - '==! TfO - '==! TIO - Thr(BZI) 

100 
1 

80 
1 

60 

yer(Bzl) 

t1a 

Ser(Bzl) 
Ser(BZI) 
1 

BocHN-Thr(Bzl) 

1 
40 

1 

20 

ppm 

ppm 
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HX-III-f-5-2~P-2 

Data Collected onl 
11400-.srcur)'400 

Archlv, dlrtctory: 
jeMport/hollle/xhe/Yl1IIIn:y&/datll 

Sa.pl' dlrec:tory: 

Flle: HX-IIJ-f-5-2-P-f 

PUhe S'IIUlnu: 12pul 
Solvent: CD3CN 

RalaM. delay 1.000 sec 
PUl$e n.6degrees 
Acq. tI.e 1.993 sec 
\oIldth 6006.0 Hz 
8 rapatltlon& 

OSSERVE Hl, 400.1240771 "Hl 
DATA PROCESSING 
fT 51n 32768 
Tota.l tt.a Olllin 

HX-I n-c-a-z-p-z 

Pulse. Sequence; s2pul 
Solvent; D20 
Al1Ibient telllperature 

Flle: HX-UI-C-a-2-p-2 
UNITY-500 "dante" 

Pulse 70.4 degrees 
Acq. tilIIe 1.892 sec 
.... 'dth 8000.0 Hz 
6 repet1tlons 

'-,-""r' 

15.9~.91 

OBSERVE Hl, 499.8996755 MHz 
DATA PROCESSING 
FT Il he 32768 
ToUl tlme ~ min, lS $ec 

8 
c,-w 

4,1188 
0.96 

Me Me Me 
A+ A+ A+ 

Me-N N~N N~N N~O 
blno- blno - bI no - +hr(Bzl) 

1 
)'er(Bzl) 

NHBoc 

Y"r' ."", 
2.101.04 1./)5 4J40t 2.04 

1.141.00 16.44 4.93 4.085.43 

y y 
3.00 

1.57 

ppm 

-_iL ___ _ 

~ 
3.00 

13.95 2.0n 

'--,.Y'---t--' 
7.466,24 

3.2& 

ppm 
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HX-I1I-C-ZO-l-P-1 

PulSe Sequence: s2pul 
Solvent: C03CN 
Amblent tellperature 

UNITV-SOO "dante" 

Me Me Me Me 

Me-NA~~)~~~NA',:;~)",~~o 
I.d no- I.d Tf 0- I.d Tf 0 - I.d no - thr(BZI) 

\,er(Bzl) 

t 1a 
\,er(Bzl) 

Pulse 70.4 degrees 
Acq. tille 1.892 sel;; 
.... tdth 8000.0 Hz 
8 repetitlons 

OBSERVE Hl, 49S.9IHI 
DATA PROCESSINCl 
FT s he 32768 
Total t111e 0 IIIln, IS 1 

8 
'...,.-"'~ 

1-07 
34.14 

HX-h-i-C-lO-2-P-5-CU-c, in C03eN 

Pulse Sequence: t2pul 

S01\1ent: C03eN 
Arlbient tellperature 

User: 1-)4-87 
UNITY-50g "dante" 

PUhe 38.3 degrees 
Açq. t!lII" 1.300 seç 
',ildth 25000.0 Hz 
115965 l'up!tttions 

08SERVE CU, 125.711I1UI53 MHz 
DECOUPLE Hl, 499.9(135303 HH:t 

Po .... er 36 de 
cQntinuoully on 
WAlTZ-16 IIIC1dulaud 

DATA PROCESSING 
line broadenlng 0.5 Hz 

FT she 65536 
Total tlnlll364 hl', 1IIlnin, 26 seç 

Ser(Bzl) 
BocHN-Thr(BZI) 

___ fl ____ -" 

~ 
1.05 

~~ 
3.49 1.491.17 

12.2820.14 S.SIl.Oi 

~ .............. ~ 
12.52 2.89 

10.67 

~ 
3.92 

8.366.DU 

ppm 

1 
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HX-II I-A-S-4-P-Z-b 

Pulse Sequence; SZpul 
Solvent; COC13 
Ambhnt telllperature 

UNITY-SOO "tlante" 

Pulse 70.4 degrees 
Acq. t1ln8 1 .89~ sec 
Wïdth SOto.D Hz 
S repetft10ns 

OBSERVE Hl, 499,8983908 MHz: 
DATA PROCESSING 
FT sh:e 32768 
Total t1.e 0 ,.In. 15 sec 

8 

HX-III-A-14-1-P-Z 

Pulse sequence: $Zpul 
Solvent: COCU 
Alllbient temperatUre 

UNITY-SDO "dante" 

Pulse 70.4 degrees 

e~~th t!~~o\8~~ sec 
8 repetittons 

'-r'M' 
7.t195 

Z.BooZ 

OBSe.RVE Hl, 499.8983908 MHz: 
DATA PROCESSING 
FT 5 he 32768 
Total t1me a lIIin, 15 sec 

Me 0 NHBoc 

Me-NAN~o~~~OBn 
'=-! Tf 0 - - 0 

Me~ 
OBn 

c_ ... ..> '--r-"---.--' o.,..y 
Z .18 3.12 

4.4S 7.11 1.35 

Me 

A+ 
Me-N N~O 

'=-! Tf 0 - +hr(Bzl) 
1 

---~-

Ser(Bzl) 
1 

fla 
Ser(Bzl) 
1 

Ser(Bzl) 
1 

BocHN-Thr(Bzl) 

" 3.DO 
'c y 

10,27 
3.50 

M_ Ü 
'-

ppm 

-'-'-~"-TI~-,~ __ r-,-r-~'-'-,-~~-'_---r-r-r-,-,-,--c-'-'-'-~-~-r-r-'-'~~-'~ __ r-r-.-~ 

8 5 
~..,.. 

1.97 1.46 
24.54 1.0! 

,"', ,"".'--" 2~S~2"', 2~'~2"',':'27'Z2"""""" 
0.936.346.98 1.35 LU 

'-<--' 
3.10 

PP" 
""~r' ~'-<--' 

'1.51 IL41 
Z.24 12.96 
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HX-I 1 I-A-14~1·P-3-C13 

pulsa Sequence: 12pul 

Solvl!nt: CIICl3 
Alllbient telllpRraturll' 

User: 1-14-87 
UNIT'I'-SIIO "daIlH!" 

Pulse 36.3 degrees 

e~~th t ~::Q~: :o~z SIle 
79488 repetltlons 

OBSERVE Cl3, lZ5.6n5203 MHz 
DECOUPLE Hl, 499.9008858 MHz 
power 36 dB 
contlnuouSly on 
IJALTZ-lft .odulated 

DATA PROCESSING 
Line broaderling 0.5 H1 

fT size 65535 
Total tll11e 3S4hr.161111n. 26 sec 

§Io 0'" "'. ... 1'<0"" ....... 
VI NO 00'" 

lr ~ 

Me 
A+ 

Me-N N~O 
\=.! Tf 0 - +hr(Bzl) 

1 

?er(Bzl) 

t1a 

?er(Bzl) 

?er(Bzl) 
BocHN-Thr(Bzl) 

~'~Ir-r-' ~~~~~-'I~,~r-r-~~--'-'~~'-'--~~T"'~~~·~~~~~~~~~~~I~'-'--~~~~I~'-'--'-'--~~--'I~'~'-'--~~'-' 

180 160 140 120 100 80 60 40 20 

HX-In-O-5-1-P-G 

Datll Collected on: m400-niercurv4r,o. 
Archive directory: /e)(port/holIIe/xunhe!vnlllrsys/data 
Sample d1rectory: 
flh: PROTON 

Pulse Sequence: s2pul 
Solvent: C03CN 

Te",p. 25.11 C / 2911.1 K-

Relax. delay 1.11;0 sec 
PII1Se 45.D degreel 
Acq. tille 1.998 uc 
\o'1dth s.t18.3 Hz 
8 repet1ttons 

08SERVE Hl, 400 .lZ66828 MHz 
O .... TA PROCESSINO 
fT Bize 32168 
Total tlme Il .In 

Me Me 0 H NHBoc 

À+~ A+~X'--- ~N, ~ ,OBn 
Me-N N N N \ ~ ).. 0 , If '-/ 

\=.! TtO - \d TtO - 4 Me~ 0 
OBn 

------

ppm 

r--·r-~~~-r-r~~~-'r-~'-~~,·_~-r-r~·_,-r-~~~-.-r-r~'~~-~.~'-~~-'-'-r-r~_~ 

'-r' 
0.52 

'--r--''-rY"'-----r-'' 
'.92 t.·U-

3·,96 0!95 5.10 

"-r-' Y 
6.00 

L,-'·'--r'Y-r-'Y 
1"185 9~18U..14 

2·~:rt'··!i'. 3& 

pp. 
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.~. 

HX-IIl"D-8"2-P-1 

O!\ta Collected on~ 1114l1D-mereury4on 
Archive tI. i,reet..,ry: /e)(port/hol'lle/)Cunhe/vn",r$y~/rlata­
Sallpl ... dlrectory' 
Flle: PROToN 

Pulse sequence: S2:pul 

Salllent: CD3CN 

Relax, dclay 1.000 sec 
Pulse 45,0 degreu 
Acq. tlllle 1.99& ut 
1J1tIth 6410,,3 Hz 
8 repetltlon' 

DSSERVE Hl, 400.126&826 MHz 
DATA PROCESSINO 
FT slze 32768 
Total t1l11e 0 IIIln 

8 
~~-_'-r--' 

1.34 
13;93 

HX-III-D-12-2-P-I-C13 

Data Coll.cted on: 
111400-III.reury400 

Archive dlreeton'I 
/e)(port/ho.a/)(he/vrnrcys/data 

SAlllp1e dlre-ctory: 

Fil.: H)(-III-D-12-Z-P--I-CI3-b 

PuIS!! Saquent.: 52pul 
SOlv!mt: CD3CN 

Relax. de1ay 2.500 sec 
Pulie 42.6 degreec 
Acq. thne 1.119 sec 
IoIldth 25000.0 Hz 
25280 npetltlone 

OSSERVE CIS, 100.6112552 "Hz 
DEcOUPLE Hl, 400,1261101 "Hz 

PCl'o'er 35 d& 
continuoullyon 
IJAlTZ-U IIIOduleted 

DATA PROCESSINO 
ltne bro«d.nîng 1.0 Hz 

FT sh. 6SSS6 
Total tlme Olllin 

Me Me 

A+ A+~ + 
Me-N N~N N \ - } d O-Thr(Bzl)-Ser(Bzl)-Ala-NH 3 

\d Tf a - \=.J Tf a _ 4 

O"'oIQ"I) :~~::::~ 

;~wP 

CF3C02 -

.................. y..,..., 
3,'3 8.15 1.12 

GlU';.1I.96 loUZ 4',!)l 

'-T-' 
6 ~o Il 

4-'~ 

Z.U 3.211 L99 
ZlSO S'.U& 

Me Me 

À+~À+~~ 
Me-N N N N r/4 a 

bI no - bI TfO - Thr(Bzl) 
1 
?er(Bzl) 

t la 

+ ?er(Bzl) 
CF3C02 - H3N-Ser(Bzl) 

~ 

ppm 

r'~'~,,"~'TIT'T,~'T,T,r,r'TTlr,r,rrrrrrr"",r,rj,r,rnrn,~",,,,,,,,,,,,,~~~, rrrrrrrrrr~lrrrrrrrrr, rl,rrrnrn""I"""~"I~'~'~'-C-

180 160 140 120 100 80 60 40 20 0 ppm 
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H)(~III ~O-13-1~P-IH 

Data Col1ected on: 
III.,OO-lltercury400 

A r I~!~~r ~jh~!/~t~ IVnmn.ys/dat 1 
Samplt1 dlr.etory: 

ft le: HX-ItJ-O-13-1-P-IH 

pua. Sequ.nu; 12pu1 
Solventz CD3CN 

Rela)(. d"l&y 1.00D see 
Pul'" 12.6 "eDr.es 
Acq. th" 1.U3 ne 
.... 1dth 6006.0 Hz 
8 repetHlons 

OBSERVE Hi, 400.1240711 KHz 
DATA PROCESSING 
ft 51ze 32768 
Total tlllle Olllin 

Me Me 

A+~A+~~ 
Me-N N N N \J d 0 

\=.! no - \d Tf 0 - 4 Thr(BZI) 
1 

Ser(Bzl) 
1 

t 1a 

?er(Bzl) 
BocHN-(Bzl)Thr-Ser(Bzl) 

·-r~--,-,-~-~-r~-'--'-T_'-~-r~-,--.-~.-~-~~-,--.-~~~-r-'i~--r-~'--r-'-'--~·'-'--~~ 

'-r'T'-T-Y 
D.6!1Z4.87 

1.001.10 

Lc' 
!l.59 

~J'-r-"-r'~ 
3.527.131.072.1'1 

8.231.72 3.11 5.58 

3 1 ppm 
Cr' Cr' 

4.34 
5.5!! 

~Y-r'-r' 
2.087.37 

1.906.456.24 
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