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ABSTRACT

The goals of th is project were to synthesize voltage-gated ion channels 

based upon previously studied pore-formers and to further explore the 

mechanism of ion transport with this type of pore-former.

The syntheses of bis-macrocyclic bola-amphiphiles started with two 

different macrocycles prepared via a two-step cyclization from maleic 

anhydride by reaction with 1,8-octanediol alone or w ith triethyleneglycol. 

The macrocycles were then modified to a set of mono-adducts and bis-adducts 

by Michael addition of thiols (3-mercaptopropanol, 2-mercaptoacetic acid, or 

3-mercaptopropionic acid). The mercaptopropanol adduct was converted to a 

mesylate and coupled with a carboxylate derivative to form a bis-macrocycle. 

Repetitious gel perm eation chromatography gave a bis-macrocycle bearing 

only one head group, a carboxylate. The second head group was added via 

Michael addition to give a bis-macrocyclic bola-amphiphile which could have 

either the same head groups or different head groups. Two symmetrical 

transporters were synthesized via another route: two macrocycles reacted 

with 2-mercaptoethyl sulfide to generate a bis-macrocycle, and the same head 

group was then simultaneously added to both ends to give a symmetrical 

bola-amphiphile. Transporters with different combinations of head groups 

were synthesized to compare head group effects on cation transport 

properties, while different macrocycles were used in  the backbone of 

transporter candidates to give two series of compounds for comparison of
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their behaviors.

The second phase of this project investigated the transport properties 

of candidates using pH-stat titration. The pH-stat titra tion  of bilayer 

vesicles allowed determination of dynamic transport properties: transport 

rate, apparent kinetic order and cation selectivity. Combined with 

information from planar bilayer experiments (done by D. Loock), it was found 

that an asymmetrical bis-macrocyclic bola-amphiphile with an acetate and a 

succinate head group behaves as voltage-gated ion channel in planar 

bilayers. An ion transport mechanism of the present system was proposed 

which involves the formation of active aggregates (probably dimers or 

ohgomers).

Examiners:

Dr. T.M. Fyles, Supervisor (Department of Chemistry)
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Dr. J. AuSMf’O iit^ â é -M ^ b e r  (Department of Biochemistry and Microbiology)
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carrier which facilitates the release of protons from vesicles.
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CHAPTER 1 INTRODUCTION 

1.1 N atural iop nhannftlg

1.1.1 Ion channel proteins

The flow of ions and molecules between a ceU and its environment is 

precisely regulated by specific transport systems. These system will regulate 

ceU volume and m a in ta in  the intracellular pH and ionic composition to provide 

a favorable environment for enzyme activity, will extract and concentrate 

metabobc fuels and building blocks firom the environment and œ trude toxic 

substances, and will generate ionic gradients which are essential for the 

exdtabibty of nerve and muscled All known naturally occurring transport 

systems are channels^ These conduits, such as the Na+-K+ pump, play an 

important role in intercellular communication and transfer of metabohtes.

1.1.2 A ntibiotics, sim ple natural ion  channels

Channel proteins are very comphcated^* 3. A typical channel protein has 

a  molecular weight of ca. 250,000 Da, and its conformation often changes either 

in different solvents or by itself. Thus the complete three-dimensional 

structures of these multi-subunit membrane proteins are unlikely to be easily 

obtained. A less difficult approach which has been successful in elucidating 

some features of the structure and function of transport proteins is to study 

small molecule transport antibiotics produced by microorganisms. Because 

these antibiotics, mainly channel forming peptides, have molecular weights of 

only 1000 -  2000 Da, thus greatly simplify obtaining and manipulating
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materials. During the past decade, advances in  the analysis of the biophysical 

properties of channel forming peptides have permitted unprecedented insight 

into structure and hmction a t a  molecular level, which in  many cases can be 

related to structure and function in full-size proteins. Three of the best 

examples are gramicidin, alamethidn, and amphotericin B, of which the first 

two are generally considered as models of ion channel proteins. AU three 

display characteristic ion channel behaviors to différent degrees: ion selectivity, 

voltage dependence, subconductance states and blocking, and modulation 

properties in  Upid membranes'*-

Gramiddin is a  linear peptide produced by Bacillus brevis, which 

consists of 15 alternating l -  and o-amino add  residues®. In organic solvents, 

such as methanol, gram iddin exists as a mixture of dimeric forms in 

equilibrium with monomers’. The most abundant spedes is an anüparaUel, 

left-handed P double helical dimer®. However, a  series of experiments

indicated that gram iddin forms a head-to-head single-heUx dimer channel to 

span a lipid bilayer membrane (both N-termini are a t the bilayer mid plane)®.

The channel is about 4 Â diameter and is lined by polar peptide carbonyl 

groups®. The hydrophobic side-chains are on the periphery of the channel in 

contact with hydrocarbon chains of the Upid membrane. The hydrophiUc 

carbonyl groups form an aqueous pore and transiently coordinate to the cation 

as it passes down the axis of the channel* Gram iddin channels conduct 

monovalent cations and have an alkaU metal cation selectivity in the order Cs+



> Rb+ > K+ > Na+ > Li+ The channel can be blocked by divalent cations, such 

as Câ + or Ba^+ Side-chain modifications to produce related peptides can 

change the conductance properties of gramicidin-based channels due to 

conformational changes or to electrostatic effects^.

(HCO)HN-LVal-Gly- LAla-oLeu- 
LAla-oVal- LVal- d Val- lT i p - dL cu-  
L T ip -D L eu -L T rp -D L eu -L T rp - 
COCNHCHjCH^OH)

Figure 1.1: Gramicidin A

Amphotericin B is the prototype of membrane ion channels thought to be 

formed firom barrel-like aggregates of amphipathic structures^ ̂  It is one of a 

large group (>200 ) of non-peptide, polyene macrolide antibiotics produced by 

Streptomyces sp. Amphotericin B contains a rigid non polar heptaene unit and 

a more flexible polyol region fused together in  a  macrolactone ring. A 

mycosamine group and a  carboxyl group a t one end of the molecule generate a 

zwitterion in neutral aqueous solutions. The overall length of the molecule is 

nearly 25 Â which is about half the thickness of a  phosphohpid büayer. Based 

on the result of the conductance across büayer vs. amphotericin B 

concentration which shows a high power dependence^^aa^ the classic, so called



“barrel-stave model” has been suggested to represent the active amphotericin B 

channel structure as shown in  Figure 1.2 . The non polar hydrophobic polyene 

would interact with the alkyl chains of the phosphohpids to stabilize the 

aggregate in  bilayers, while the polar polyol segments in  an aggregate of 

amphotericin B might self-associate within the membrane to form a hydrated 

pore. The zwitterionic head groups of the aggregate would be expected to align 

favorably with the phosphohpid head groups. It is proposed th a t the number of 

“staves” would be 8 ~ 12 amphotericin molecules, and th a t the conducting pore 

has an internal radius of about 4 Â. Other experiments, such as planar bilayer 

studies, and spectral studies of the amphotericin B complex with steroids, 

suggest the channels come in  several distinct forms” . The actual structures of 

the different channels are still unknown and await further exploration.

hydrophilic HO.

hydrophobic
exterior

polar head  
group

: H HO 
OH CO2H

Figure 1.2 : Amphotericin B
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Alamethidn, which is generated hy the fungus Trichoderma viride, is a 

transport antibiotic that has been studied extensively. It is composed of 19 

amino adds and 1 amino alcohol: Ac-Aih-Pro-Aih-Ala-Aih-Ala-Gln-Aih-Val-Aih- 

Gly-Leu-Aib-Pro-Val-Aib-Aib-Glx-Gln-Plieol (Aib refers to a-aminoisobutyric 

add  or a-methylalanine). The crystal structure of alamethidn shows th a t it 

exists in a-hehces in contrast to the gramiddin p-hehces®. Alamethidn is 

monomeric in most common organic solvents, hut in aqueous solutions 

aggregates have been found to occur. In Upid hilayer membranes, alam ethidn 

aggregates to form a heUcal bundle, also called a “harrel-stave” model, with a 

central lumen through which ions can flow®. Unlike gramiddin, alam ethidn 

does not show saturation of either current or voltage a t high ionic 

concentration^^. This suggests th a t the alamethidn charmel aggregates can 

expand in size in response to transmemhrane conditions.

Although alamethidn seems have no selectivity for cations, the most 

significant feature is its voltage dependence. When it is added to planar 

bllayers, alamethidn induces a macroscopic current which is strongly voltage 

dependent as shown in Figure 1.3̂ ®. Currently there are several different 

models to try to explain the mechanism of alam ethidn channel formation, but 

the details of the structure of the alamethidn channel are less well 

characterized when compared to gramiddin. Since a-heUces are commonly 

found in proteins, it is beUeved th a t alam ethidn may in  fact more closely mimic 

protein ion channels than gramiddin does'*- ®.
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Figure 1.3: Current-voltage (I-V) curve for alam ethidn in 

diphytanoylphosphatidyl choline (DiPhyPC) membrane^®

1.2 O verview  o f svnthetic io n  channels

Although structural information is emerging from molecular biology^ 

most of the molecular detail about natural ion channels comes from low 

molecular weight compounds such as gramicidin, amphotericin, or alametbicin 

as discussed above'*’ These structural details provide a  range of molecular 

mechanisms for the different natural ion transporters, as shown in  Figure 1.4. 

At one extreme, a carrier mechanism can be envisioned in  which a  carrier- 

cation complex is formed which crosses the bilayer by difrusion. For example.
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the ionophore antibiotic valinomycin is a  typical carrier. At the other extreme, 

ion channels could be formed by a  complete membrane-spanning transporter, 

such as gramiddin. The channel provides a  solvation pathway for ions as they 

pass through the Hpid barrier. Ion channels formed hy aggregate pores, hke 

amphotericin and alamethidn, would provide a loosely structured environment 

containing some water a t the core of the aggregate to facilitate stabilization of 

ions in  transit. Lastly, membrane disrupting agents, such as mehttin (a 

peptide from bee venom) or simple detergents, could cause defect structures 

within bilayers. These might be deep aqueous Qords within the bilayer and 

represent an extremely primitive type of ion “channel” capable of transport.

In order to eluddate the mechanism of ion transport, and to understand 

how to achieve ion selectivity and channel gating, several research groups have 

devoted their efforts to the synthesis of simple artifrdal ion channels*^. In 

comparison with natural ion channels, chemists hope tha t these devised model 

systems will provide insight into the functions of transmembrane proteins.
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To study ion channel proteins, one approach is to synthesize simphhed 

peptides and compare their activity with natural channels. Two examples are 

noted here. Mutter, Montai and coworkers*® designed template-assembled 

synthetic proteins (TASPs) to adopt globular, four-hehx bundle structures 

which form ion channels in  hpid bilayers. Their studies suggested the protein 

molecules aggregated to form heterogeneous conductive ohgomers. DeGrado 

and co-workers synthesized a 21  residue peptide, HzN-(Leu-Ser-Ser-Leu-Leu- 

Ser-Leu)3-CONH2, to resemble the acetylcholine receptor which is one of the 

most studied ion channel proteins*®. They found the peptide formed single 

channels in planar bilayers w ith well defined ion permeability and lifetime. 

Perhaps due to the complexity of the synthesis and structure modification, 

there has been no further development firom those explorations.

The earhest pioneering work with non-peptide models was designed by 

Tabushi and coworkers^®. They used P-cydodextrin as the backbone of the 

target which is shown in Figure 1.5. Its fourteen secondary hydroxyl groups 

provide the polarity to contact the aqueous surface, and the four hydrophobic 

drains attached to the primary hy d ro ^ l groups stabilize the amphiphile in 

büayers. It was described as a  “half drarmel”. The chaimel transported copper 

and cobalt, and the transport rate was much faster than  a specific carrier, 

diaza- 18-crown-6.
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NH

NH

NH

Figure 1.5: Tabushi’s P-cydodextrin ion channel 

In order to mimic gramicidin, a unimolecular structure with tunnel-like 

geometry m ust be designed to span a bilayer. One example is the so called 

“chundle^i”, (later changed to “bouquet” molecules) reported by Lehn and 

coworkers22. An 18-crown-6 or a cydodextrin derivative was used as a rigid 

collar to which poly(ethylene oxide) chains or polyallqrl chains, and carboxylate 

head groups were attached (Figure 1.6). Vesides containing LiCl were 

prepared from egg PC (phosphatidyl choline) and DPPC (dipalmitoyl 

phosphatidyl choline). Opposing gradients of Li+ (inside) and Na+ (outside of 

vesides) were created and the transport of Li+ and Na+ down their 

concentration gradients was monitored directly by ~’\A  and ^N a NMR. It was 

found these “bouquet” molecules caused a one-for-one exchange of Na+ for Li+ 

via a  channel mechanism. However, the transport rates for the “bouquet” 

molecules were relatively slow, their rate constants were 5 -  23 x 10"® s*i for the 

concentrations between 5 to 140 pM.
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Figure 1.6: One of Lehn’s “bouquet” molecules

Another rigid tunnel-hke model was reported by Voyer and RobitaiHe^. 

They synthesized a  21 amino add peptide composed of fifteen L-leudnes and six 

2 l-crown-7-L-phenylalanines. The peptide backbone formed an a-hehcal chain, 

so by placing the crown ethers on every fourth residue, the crown ethers would 

all be located on the same side of the helix to form a  channel for ions. A pH-
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stat titration method indicated that the peptide spanned büayer vesicles to 

form a  channel, although there was no monovalent cation selectivity.

= R

Figure 1.7: VoyeFs ion channel model

Structurally sophisticated aggregate channels were synthesized by 

Ghadiri’s groupé'*. The system is a eight amino acid cychc polypeptide, 

cydo[(Trp-D-Leu)3Gln-D-Leu-l (Figure 1.8). The amino add  side chainm were 

placed roughly along the equator of the cyde and directed away from the 

center. When the peptide is incorporated into bilayer membranes, a channel is 

formed through hydrophobic side chain - hpid interactions and hydrogen 

bonding between cydic peptides similar to P-sheet formation. The system is 

active in  both veside and planar bilayers, and shows typical single channel 

conductance behavior. The pore formed by stacking the cydic peptide is 0.5 nm 

in diameter, and it does not have a  signihcant alkali metal ion selectivity.
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Figure 1.8: Ghadiri’s cyclic peptide channel 

A flexible tris-macrocychc channel model was developed by Gokel’s 

groupes. Two macrocydes are used as head group anchors, and a third  one in 

the middle is a  central relay. Diaza-18-crown-6 was chosen as the macrocycle 

in the system due to its cation selectivity, and alkyl chains connect the three 

macrocydes to reach to the desired length (see Figure 1.9). In phosphohpid 

büayer veside membranes, cation flux through this channel system was 

assessed by a  fluorescence technique using pyranine as a  indicator and ^N a 

NMR spectroscopy. The cation conduction for the channel in Figure 1.9 was as 

much as 40 % of the activity of gramicidin under the same conditions. Their 

studies also indicate th a t the ionophore really does not require a  tunnel-hke 

conformation in  order to function^®.
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ccc

Figure 1.9: Grokel’s tris-macrocyclic channel system

Puhrhop’s group was the first to use the term “bolaam phipbiles” to 

name am phiphilic molecules with polar head groups a t both ends of a 

hydrophobic corê ®. They also reported a num ber of bolaamphipbiles capable of 

forming thin monolayer hpid membranes, presumably via aggregate 

structures. One of their typical bolaamphipbiles is shown a t Figure 1.10. They 

found monensin pyromelhtate which has both hydrophobic and hydrophihc 

sides could perforate the thin monolayer vesicles made fi:um electronegative or 

electroneutral bola amphipbiles and make the membrane perm eable to Li+ 

ions.

Another flexible channel system is an  ion pair model dem onstrated by 

Kobuke and co-workers^^. As shown in  Figure 1.11, the phosphate monoester 

or carboxylate term inated tetraCl, 4 - butyleneglycol) monobutyl ether 

combined w ith dioctadecyldimethylammonium cation to form an  ion pair. 

When the ion pair was incorporated into p lanar hpid bilayers, a  single channel 

recording showed stable and constant currents. They also observed an 

irregular voltage dependent property for the phosphate-ammonium ion pair.
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However, there was no direct evidence to support the aggregation in  bilayers, 

and there was no cation selectivity for these ion channels.

COONa

Fuhrhop’s bolaam phiphile

COOH
H00(

COOH
Monensin pyromeHitate

Figure 1.10: Fuhrhop’s monolayer system

CH

or

Figure 1.11: Kobuke’s ion pair system
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Regen and co-workers reported two series of compounds: one called 

bolaphiles^® and the other called a  bola amphiphile system ^. The former were 

diesters synthesized fi*om an homologous series of linear saturated, olefinic, 

and acelylenic a,o)-dicarfoo2yhc adds with hexaethylene ^ycol (see examples in 

Figure 1.12). Bilayer veside experiments indicated th is  series behaved as 

membrane-disrupting agents and the most active bolaphiles were three times 

more active than  the detergent Triton X -100  The bola amphiphile was a 

sterol-polyether conjugated 5-androstene derivative (Figure 1.12) designed to 

mimic the antibiotic amphotericin B. Using a  sim ilar method to Lehn^, Na+ 

transport was monitored by ^N a NMR. liC l was incorporated inside of egg PC 

veside bilayers. Li+ exit (antiport) and/or Cl" entry (symport) m a in ta in s  

electroneutrahty on both sides of the membrane, and perm its the collapse of a 

Na+ concentration gradient (the transmembrane potential drives the ion 

transport). The ^perim en tal data indicated ion channels were formed through 

aggregation a t high concentrations of bola-amphiphiles^s.

HOlCHaCHaOlellCHalnSocCHaCHaOleH

.OR

Figure 1.12: Regen’s bolaphiles and bola am phiphile compounds
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1.3 The ftarlv ftigplorationa firom Fvles* group

Combining inform ation firom natiiral and artificial ion transporters leads 

to the following criteria for d esig n in g  membrane active transporters: The 

transporter should be an  amphiphile, and have suitable columnar shape which 

combines w ith its hydrophobic part to incorporate into bilayers. It should span 

a 4 nm thick bilayer either as a monomer or as an  aggregate, and it should 

simultaneously surround an  ion of a t least 0 .3  n m  diam eter. The hydrophihc 

part of the transporter should provide a  potential path  for the ions or should 

provide ionophUic sites deep w ith in  the hpid core of the bilayer. During the 

transit of ions across the bilayer, the transporter m ust accommodate the ion 

solvation requirem ent either by partial replacem ent of the ion solvation sphere 

w ith transporter-cation interactions or by introduction of w ater w ith in  the hpid 

core of the büayer. A final requirement for the transporter is that a feasible 

and efficient convergent synthesis should be possible.

In our group’s early explorations there were two different types of ion 

channels made. One system is Ulustrated in Figure 1.13, and was mainly 

synthesized by Dr. T. Jam es^. Ah transporters are unim olecular structures: an 

18-crown-6 derivative is used as a central core, and macrocydes are linked to 

both sides of the crown ether to ahow the transporter to span the büayer, then 

polar head groups are capped on the macrocydes to create the amphiphUic 

character needed to contact the aqueous phases. Transporters in this system 

are fairly rigid due to the specific conformation of the crown ether core. They 

form a  tunnel-hke channel, and kinetic m easurem ents verify th a t there was no



aggregation formed^i.
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W - W

&

Figure 1.13: Tunnel-defined channels 

The other system  is illustrated in  Figure 1.14, and m ainly synthesized 

by Dr. M. Zojsgî  ̂ The main différence finm the first system  is th a t either 

propyl tartaric ester or meta-xylyl was used as central linker to form a  more 

flexible structure. The kinetic measurements indicated th a t the transporters in 

this system form active aggregates in bilayer vesicles.

To dimtingiTisb these two systems, the former is called “channel” due to 

its unimolecular tunnel-like conformation, and the la tte r one is n a m ed of “pore- 

former” since it  forms aggregation and its structure is quite flexible.
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Figure 1.14: Channels formed by aggregate pores
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1.4 The design o f research  targets in th is th esis

The emphasis of th is thesis is to develop a  new series of bolaamphipbiles 

to achieve artificial voltage-gated ion channels^ based on modular subunits 

developed in earher work^. In essence we are looking for an  artificial version 

of alam ethidn with potential ion selectivity.

Ion selectivity of aggregated channels is d iffere n t firom th a t of carrier 

type of compounds, such as crown ethers, or valinomycin. In these cases the 

structure relates to carrier size, charge, and binding site. The aggregated 

channels are relatively loosely bound collections of transporter monomers, and
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there are a lot of unanswered questions about their detailed structures, forming 

mechanism, and structurally determined factors. These rem aining puzzles 

need to he solved gradually in  the exploration of artificial channels.

In our transporter system, to achieve alkali-m etal cation selectivity for 

aggregate bola-amphiphiles, the size of the aggregate needs to be limited. Thus 

we are interested in  active dimers or trim ers which are closely sim ilar to hpids 

in both cross-sectional area and chain length.

While bolaamphipbiles span the büayers, the central linker should be 

able not only to facilitate ionic passage th ro u ^  the channel but also to stabilize 

the transporter w ithin the büayer. This means th a t the central linker has to be 

a weU balanced m ixture of hydrophobic and hydrophilic character. The design 

proposal is ülustrated on Figure 1.15. Compared w ith the central linkers in  

early work^^, it is envisaged th a t the new linker should be less buUqr and have 

fewer functional groups. At the same time, the effect of central linker length on 

transport activity will be examined.

In order to achieve the goal of a  voltage-gated channel, the other 

important component, the head group, has to be closely considered. When the 

polarity of a  voltage apphed to the büayer is switched, the bola-amphiphüe 

should respond by a  reorientation in  the büayer. In other words, the head 

groups on two ends of the bola-amphiphüe should be different to create a large 

molecular dipole. Therefore, our initial strategy was to synthesize bola- 

amphiphües bearing one head group having a  negative charge and the other 

head group having a  positive charge (at pH=7). At the same time, two more
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control bolaamphipbiles should be synthesized to compare the relative 

activities of symmetrical and neutral analogs. Later in this thesis work, one 

more head group carrying -2 charge (pH = 7) was added to th is set of targets.

As described in the early work®** macrocychc tetraesters were used as 

building blocks in the syntheses. Two series of bola-amphiphiles were created 

to test the importance of the effects of hydrophobidty and hydrophidlity on 

transport.

o g o S ^ o O Q
“1

Central
linker ° = C y =

A STrgPASTrgN

Figure 1.15: Design proposal for pore formation by aggregation of bola-

am phiphiles
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To get suitable structures for potential voltage-gated ion channels, 

molecular modebng with CAChe scientific computing program was used to 

assist the design. Since the present computer program cannot sim ulate 

behaviors of larger aggregates of molecules in  Hpid bilayer membranes, the 

possible global miniTrmm conformations of candidates in  gas phase were 

investigated to provide indirect evidence for their possible molecular shapes. 

The extended shapes are the potential structures expected and molecules 

which fold are less interesting as candidate pore-formers.

To simplify n a m in g  and give some standard information on the num ber 

of combinations possible, a structure-based semi-systematic n a m in g  system is 

described as follows and equated on Figure 1.15: 1) Each synthon was

assigned one or two simple le tter or n u m b er  n a m e: A  = 2-mercaptoacetic add  or 

2-mercaptoacetic carboxylate, G = l-mercapto-^-D-glucose, P a  = 3-

mercaptopropionic add  or 3-mercatopropionic carbojQrlate, 8  = firom 1,8- 

octanediol, T t^  = from triethylene glycol, P  = 3-mercaptopropyl, S u  = 2- 

mercaptoethyl sulfide, etc. 2) Each interm ediate is named as a  combination of 

its synthon abbreviations w ith the exception th a t the maleate esters of the wall 

units are impHed: STrg = the macrocydic tetraester derived firom 1 mole of 1,8- 

octanediol and 1 mole of triethylene glycol (and 2 moles of maleic anhydride), 82 

= the macrocychc tetraester from 2 moles of 1,8-octanediol (and 2 moles of 

maleic anhydride), etc. 3) The fin a l structures are named firom one head group 

to the other head group: head group 1 + wall un it + central linker + wall u n it +
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head group 2. As shown in  Figure 1.15, A 8Ti^PA 8TrgN  represents: a 

mercaptoacetic ad d  head group + a te traester wall unit made from 1,8- 

octanediol and triethylene ^ycol + a  central linker derived from 3- 

mercaptopropanol and 2-mercaptoacetic add  + the same wall un it + an N,N- 

dimethylaminoethanethiol head group.

It can be envisaged th a t membrane spanning bola amphiphile units in 

which the m acroqrde STrg is used as wall un it will orient to create an 

aggregate in  which the polar part of the STrg is toward the inside of the 

aggregates and the non polar segment toward the hpid when transporters are 

incorporated into büayers. However, when macrocyde 82 is used as wall unit, 

the possibihty for forming an aggregate will be greatly decreased due to the loss 

of most of its hydrophidhty.

The transport properties were investigated through pH -stat titration of 

vesides and w ith a  planar büayer experiment. The pH -stat titration measured 

transport properties via a cation-proton antiportP^ across veside büayers^^- 

Through data processing, the kinetic behaviors of transporters can be dosely 

investigated. Transport rates which are normalized to the same concentration 

can be used to compare the transporter’s relative activities and cation 

selectivities. The apparent kinetic order also can be obtained to look a t 

aggregation of the transporter in büayers^i* 32. However, the pH -stat technique 

only m easures the cation dependence of initiation of a transport process which 

rapidly equüibrates each veside within the tim e of a single opening. That 

means pH -stat titration  does not directly probe the ion translocation process.
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and it only examines the average behaviors of transporters.

The ion translocation process can be directly observed using the planar 

bilayer experiment?®. This experiment measures the tim e dependence of the 

current carried across a  planar bilayer formed on a  small hole in  a  hydrophobic 

support barrier. It can detect the behavior of a single channel®®. This 

technique provides unambiguous demonstration of a  channel mechanism and 

can provide molecular details of the ion translocation process. More 

importantly it is an  excellent tool to measure the voltage-gated property of an 

ion channel. Except for some very weU defined cases, the planar bilayer 

^périm ent provides relatively httle information about the initiation of channel 

openings. Using a  combination of the two different techniques (planar bilayer 

and vesicle), the transport properties of a ion channel can be explored firom 

different angles. Hopefully enough information can be obtained to lead to a 

composite portrait of the channel mechanism in molecular detail not only for a 

regular channel, bu t also for a voltage-gated ion channel.
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CHAPTER 2 SYNTHESIS

2.1  O verview

Following earlier work in  the groupé ^  , a  convergent synthesis was used in 

this thesis to construct transporter candidates based on m odular subunits as 

previously explored (Figure 2 .1). Commercial reagents were used whenever 

possible to simplify and optimize the synthesis. The synthesis started  from two 

different macrocydes, STrg and 82, which were subsequently modified to 

different derivatives. The two macrocydic derivatives, mesylate and

carbojQ^late, then were coupled to hold one polar head group. Finally, the 

second polar head group w as added to give a bolaam phiphile, pore-former 

candidate. From different combinations of wall unit, linker, and head group, it 

is hoped th a t the regulation of ion transport across büayer membranes can be 

detected and controlled.

2.2 S yn theses o f mfl<»mcycles

Syntheses of te traester diene macrocydes followed the procedures 

reported previously^' ^  w ith minor changes to improve hanHling and 

separation. 1,8-Octanediol reacted with two equivalent of maleic anhydride to 

give a diadd (1) which w as esterified with either triethylene glycol or 1,8- 

octanediol to form the macrocydes 8Trg (2 ) or 82 (3) ^  (Scheme 2 .1). The 

purification of macrocydes was the major challenge of th is step of the 

syntheses. Macrocyde 82 is relatively easy to separate; the crude oüy product of 

the macrocydization can be washed with diethyl ether a  few tim es to give an
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oily solid, followed by several recrystaHizations brom etbyl acetate to give pure 

82 (3). The total yield of the two steps was 14%.

Transporter candidate

Wall unit (macroc^cle)

Central linker

Polar head group

Figure 2.1: Synthetic strategy for making transporter candidates
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Triethylene glycol 
/ CH3 SO3 H /  6.3

Benzene, quantitative

HO.OH

1 ,8 -octanediol 
14 % / CH3 SO3 H

STrg (2) 8 2  (3)

Scheme 2.1: Syntheses of macrocycles

The isolation of 8Trg is more arduous. The mixture of five compounds 

and polymer by-products (Scheme 2.2) was chromatographed on sfiica gel via 

pre-absorption to remove compounds 3, 6 , and some of the polymer product. 

Kugelrhor distillation was then used to ô*actionate the product-containing 

chromatography firactions. Compounds 4, 5, and the rest of the polymer 

product were removed, and pure 8Trg (2) was obtained. Due to the various by

products and the losses in  the process, the yield of 2 was only 6.3%.

The syntheses of the two macrocydes were revisited a t least four times 

each during the course of this project. Based on the previous work done by 

Jam es^ and Zojaji^, various improvements to the macrocydization were
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attem pted. The purification of maerocyde 2  and 3 w as improved over previous 

reports and by-products 3 and 6  were isolated in  pure form firom the 

purification process of macrocyde 2. However, the yield of macrocyde couldn’t 

be fiirther improved, and the yields shown on Scheme 2.1 are unchanged firom 

earher reports.

J  CH3SO3H 
Q /  Benzene

Dean-Stark
condensation

OH

+1

y + Polymer

4

Scheme 2.2: Formation of STrg

2.3 Syntheses o f  transporter eandiHates in  the STrg series

2.3.1 Syntheses o f d erivatives o f m acrocyde STrg

Following prior work®’- the tetraester diene macrocyde STrg (2) was 

converted to the mono-alcohol 7 via Michael addition of 3-mercaptopropanol 

(Scheme 2.3). Three compounds were isolated: unreacted macrocyde STrg 2 , 

the mono-adduct 7, and the double-adduct (not shown in  Scheme 2.3). In a 

modification of published work, carefully controlled sOica column
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chromatography could separate th is mixture to give pure mono-adduct 7 and 

recovered macrocyde 2. Mono-alcohol 7 reacted w ith methanesulphonyl 

chloride to yield the mesylate 8  The yield of the two steps was 36%, 

unchanged firom previous reports.

/  2 ,2 ,6 ,6 -tetramethylpiperidine

STrgPOH (7)

STrgPOMs (8 )

Scheme 2.3: Synthesis of mono-adduct of the macrocyde 2

New compounds, the diadd ASTrgA (9) and the mono ad d  STrgA (10), 

were obtained through Michael addition of 2-mercaptoacetic ad d  catalyzed by 

2,2,6,6-tetrametbylpiperidine (Scheme 2.4). The product m ixture of this 

reaction was dependent on the reaction time. The double Michael addition 

could be completed with longer reaction times, typically more than  24 h, and 9 

could be obtained through a simple work up. However, after a  shorter reaction 

time, for example 6 h, the product was a m ixture of double adduct 9, and mono
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adduct 10 , plus the unreacted macrocycle 2 .

2
HS-^COgH
/ 2 ,2 ,6 ,6 -tetramethylpiperidine

9

10

Scheme 2.4: Syntheses of new adducts 9 and 10 

Through a fortuitous accident, the separation of the m ixture of 9 and 10 

was found to be possible by silica column chromatography using a solvent 

gradient of hexanes and ethyl acetate. There was some degree of product loss 

on the süica column, bu t the separation was achieved cleanly. When the 

m ixture of reactants was refluxed for 6 h, the yield for 10  was 12% and the 

yield for 9 was 69% after the purification.

Figures 2.2, and 2.3 compare the and NMR spectra of ASTrgA (9)

and STrgA (10). In the NMR spectrum of ASTrgA (9), there was a broad 

singlet a t S.75 ppm due to the acidic protons (a). The methylene protons (b) 
adjacent to the carboj^l are seen between 4.27 ppm and 4.06 ppm as a
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multiplet, and the methylene protons (d) adjacent to the ether group formed 

another multiplet between 3.69 ppm and 3.64 ppm. The two inequivalent 

methylene protons (e) on the acetic add  side chain coupled w ith each other. 

Since there were three possible regio-iosomers formed, a total of four protons 

gave three sets of doublets of doublets firom 3.57 ppm to 3.30 ppm  The 

methine proton (c) adjacent to sulfide coupled with two inequivalent methylene 

protons (f) on the ring to form a  m ultiplet a t 3.89 ~ 3.82 ppm, and those two 

methylene protons (f) gave two sets of multiplets from 3.00 to 2.66 ppm  The 

methylene protons (g, h, i) on the hydrocarbon chain of the macrocyde gave a 

broad multiplet and a broad singlet a t 1.61 -  1.59 ppm and 1.31 ppm. Note 

th a t there are sixteen possible enantiomers plus diasteromers for 9.

In comparison w ith 9, the NMR spectrum of 8TrgA (10) revealed 

more details about the macrocyde conformation. Both spectra had quite 

sim ilar patterns for most protons, except for very small differences in  chemical 

shifts. The addic proton (a) of compound 10  moved to 8.34 ppm. Two singlets 

a t 6.77 and 6.19 ppm were due to the methine protons (b) of the olefin. The 

former was fi*om the trans conformation of the olefin, and the la tte r one was 

firom the dominant cis conformation. The methine proton (d) on the rin g , and 

two different inequivalent methylene protons (f, g) aU showed doublets of 

doublets. One set of doublet of doublets firom proton f  was much bigger than  

the other one. This could be due to the selective formation of one of two 

possible regio-isomers a t each end of the macrocyde.
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For the NMR spectrum  of 9, the carbonyls from the carbosylic add 

(a) showed four peaks a t 173.6,173.5,173.4, and 173.3 ppm, and the carbonyls 

from the ester groups of the macrocyde (b) gave three peaks a t 170.9, 170.8,

170.0 ppm  The methylene carbons (c) from the ether group were in  two sets a t 

70.1, 70.0, 68.7, 68.6  ppm. The methylene carbons (d) adjacent to the carboxyl 

gave four lines a t 65.4, 64.9, 64.3, 63.7 ppm  A pair of lines a t 41.7 and 41.5 

ppm was contributed from the m eth in e  carbon (e) adjacent to sulfrde. The 

methylene carbons (g )  on the acetic add  side rh ain  were a  pair of peaks a t 33.1, 

32.8 ppm, and the methylenes (f) on the ring were another pair a t 35.9, 35.7 

ppm. The rem aining signals 28.4, 28.1, 25.2, and 25.1 ppm were due to the 

methylene carbons (h, i, j)  from the hydrocarbon chain of macrocyde.

In comparison to 9, the NMR spectrum  of 8TrgA (10) had some extra 

peaks: 165.3, 165.0 ppm were due to the a,P-unsaturated carbonyl carbons (c), 

133.8, 133.0 ppm were contributed from the trans, and 130.2, 130.1, 129.3,

129.1 ppm were from the cis olefin (d). The rest of the assignm ents for 

chemical shifts were quite sim ilar to compound 9 except the relative ratios were 

different. These different ratios again verified the selective contribution from 

one of two possible regio-isomers indicated in  the NMR spectrum  analysis. 

From chemical shifi: considerations, the favored regio-isomer for 10 would be 

the one shown in  Figures 2.2  and 2.3.

The successful isolation of mono-adduct 8TrgA (10) will allow more and 

different combinations of head groups of transporter candidates in  future
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exploration.
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Figure 2.2: NMR (CDCls) spectra of ASTrgA (9) and 8TrgA (10)
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Figure 2.3: NMR (CDCb) spectra of ASTrgA (9) and STrgA (10)
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2.3.2 C oupling reaction  to  make bis-m aeroeyeies

The coupling of the two macrocydic derivative 8 and 9, was carried out 

using tétraméthylammonium hydroxide pentahydrate in  DMSO to form the 

ester bond as the middle linker. Once again, separation was the main obstacle 

in the synthesis. Statistically, the products formed firom this mono-alkylation 

are the desired bis-macrocycle, 8TrgPA8TrgA (11), and a  by-product tris- 

macrocycle 8TrgPA8TrgAP8Trg (12), plus unreacted starting m aterials 

(Scheme 2.5). Due to their comparable polarity, silica or alum ina column 

chromatography is not able to separate bis-macrocyde (11) firom tris-macrocyde 

(12). In consideration of the molecular weight difference between them, gel 

permeation chromatography, also called size exdusion chromatography, was 

used to explore the separation. After several different types and pore-sizes of 

gel were investigated, Lipophihc Sephadex LH-20 was finally chosen as the 

most suitable one, and the mixed solvent, chloroform : 2-propanol = 4 : 3 ,  was 

used as packing solvent and eluent. However, the m ixture could not be 

separated in  a single step. Therefore, after each separation, the mixed 

fi*actions were combined, and carried over to a subsequent separation step. 

Since TLC was not good enough for monitoring to detect mixed firactions, HPLC 

equipped w ith an analytical gel permeation column was used to determine the 

composition of each firaction. Usually the pure transporter precursor, bis- 

macrocyde 8TrgPA8TrgA (11), could be obtained through a  cyde of ten stages 

of gel permeation chromatography.
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Scheme 2.5: The carb o ^ la te  coupling reaction w ith  m esylate
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Figure 2.4 shows the analytical GPC detection before and after 

purification, the negative LSIMS spectrum for the bis- macrocyde, and the 

positive LSIMS spectrum for the tris-macrocyde. Figures 2.5 and 2.6 give 'H  

and NMR spectral comparisons for 11 and 12. Figures 2.7 and 2.8 give 2D 

NMR spectra for STrgPASTrgA (11), this key precursor.

The NMR spectrum  of compound 11 is well resolved. The addle 

proton (a) was a very broad singlet a t 7.82 ppm. Two singlets a t 6.76 and 6.17 

ppm were the trans and cis m ethine protons (b) of the olefin. The methylene 

protons adjacent to carbo]cyl which were sixteen fi’om two macrocydes plus two 

firom the middle linker (c) formed a  multiplet fi*om 4.26 to 3.94 ppm. The 

methylene protons (e) firom the ether groups of the macrocydes gave another 

m ultiplet between 3.68 and 3.53 ppm. Two sets of two isolated inequivalent 

methylene protons (f) adjacent to the carboxylate coupled w ith each other to 

form three sets of doublets of doublets firom 3.50 ~ 3.23 ppm. Three methine 

protons (d) adjacent to sulfide had two sets of m ultiplets a t 3.84 -3.71 ppm and 

3.68 -  3.53 ppm, and the methylene protons (g) gave two sets of multiplets each 

for one type of protons in  2.95 -  2.84 ppm and 2.72 -  2.55 ppm. The methylene 

protons (h) firom the propyl linker adjacent to sulfide showed a m ultiplet 

overlapped with one of the protons g  in  range 2.72 -  2.55 ppm, and protons (i) 

of the middle methylene group gave another m ultiplet a t 1.86 ppm. Twenty 

four methylene protons (j, k , 1) firom the hydrocarbon rbain of two macrocydes 

had a m ultiplet a t 1.55 ppm and a broad singlet a t 1.24 ppm.
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A n aly tica l GPC LSIM S
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Bis-macrocycle 
STrgPASTrgA (11)
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Tris-macrocycle

L7DL4

Ma a s
STrgPASTrgAPSTrg (12)

* : 2-propanol used as an internal reference

Figure 2.4: The analytical GPC measurements and LSIMS spectra
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Figure 2.5: NMR (CDCb) of STrgPASTrgA and STrgPASTrgAPSTrg
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Figure 2.7: COSY NMR of STrgPASTrgA.
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The assignm ent of the NMR spectrum for 11 is also well established. 

Three peaks a t 172.1, 171.9, 171.8 ppm represented the carbonyl carbon (a) of 

the carbo^Hc add. The other twelve peaks firom 171.2 to 169.3 ppm were firom 

seven carbonyl carbons (b) firom two macrocydes and the middle linker. The 

lefl»ver two a , P- unsaturated carbonyl carbons (c) gave five peaks firom 165.2 

to 164.6 ppm  Signals a t 133.8 and 132.9 ppm were firom the trans olefin (d), 

and 130.1, 129.9, 129.1, and 128.9 ppm were cis olefin (d). The eight 

methylene carbons (e) of the ether groups gave eight peaks in  the range 

between 70.5 and 68 .6  ppm, and the nine methylene carbons (f) adjacent to 

carboxyl (induding the one firom the linker) formed eleven peaks firom 65.3 to 

63.6 ppntL The signals a t 41.9,41.5,41.4, and 41.2 ppm revealed three methine 

carbons (g) adjacent to the sulfide substituent, and three nearby methylene 

carbons (h) gave signals a t 36.3, 36.1, 35.9, and 35.7 ppm. Two methylene 

carbons (i) firom the sulfide methyl carboxyl group occurred a t 33.5, 33.0, 32.9 

ppm. The signal a t 27.8 ppm was the methylene carbon (j) of propyl group 

adjacent to sulfide, and the other methylene carbon (k), in  the middle position 

of the propyl group, w as revealed at 27.7, 27.5 ppm. All of methylene carbons 

(1, m, n) on the hydrocarbon chain of m acrotydes gathered in  two ranges of

29.4 ~ 28.1 and 25.5 ~ 25.2 ppm.

All of the ID NMR assignments for 11 were supported by 2D NMR 

(COSY and HETCOR^?) data. In HETCOR spectrum  (Figure 2.8), the

carbons a t 33.5, 33.0, 32.9 ppm coupled w ith the protons having a  multiplet a t
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3.50 ~ 3.23 ppm which didn’t  couple w ith other protons except self-coupling, 

this indicated these protons and carbons were the methylene groups between 

sulfide and carboxyl. Combining the data firom COSY and HETCOR, it was 

found th a t the methine protons (d in  Figure 2.5) gave two m ultiplets between 

3.84 -3.71 ppm and 3.68 -  3.53 ppm due to their coupling w ith two 

inequivalent protons (g) indicated in  the COSY spectrum. The COSY spectrum 

also indicated th a t the m ultiplet a t 1.86 ppm (proton i) coupled individually 

w ith two multiplets in  4.26 -  3.94 ppm and 2.68 -  2.53 ppm (proton c  and h) 

which clearly revealed the proton i  was firom the middle methylene group in 

the propyl linker.

Since the tris-macrocycle has a symmetrical structure, its and 

NMR spectra were sim pler than  the spectra of his-macrocycle 11 in Figures 2.5 

and 2 .6 . The detailed assignm ents of and NMR spectra of 12 do not 

follow directly firom the well established spectra of 11. The overall chemical 

shift groups are however consistent w ith the structure. The positive LSIMS 

spectrum  indicated the signal a t 1701.4 was the molecular ion (M + H)+ for 12, 

and the structure proof rests principalLy on this MS result.

2.3.3 S yn theses o f tra n s p o r te r  can d id a te s  in  th e  8T rg  se rie s

The last step in  the synthesis of transporter candidate was to add the 

second head group on the precursor 8TrgPA8TrgA (11) by Michael addition. 

The reaction was catalyzed by 2,2,6,6-tetramethylpiperidine in  TEDF or DMF. 

The desired product was acidified by washing with IM HCl and purified by 

Lipophilic Sephadex LH-20 column chromatography. By using 2-
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mercaptoaœtic add , N, N’-dimethylaminoethanethiol, or 1-thio-P-D-^ucose as 

different combinations of head groups, a negatively charged (pH 7), positively 

charged (pH 7), or neutral head group on one side of a  transporter were 

obtained (Scheme 2.6).

o

C COgH

o
11

RSH / 2,2,6,6-tetramethylpiperidine

S^COaH

R= H O O C ^  13

R = (CH3)aN^^^ 14
R = HO^ 15

Scheme 2 .6 : Syntheses of transporter candidates in  8Trg series

The iH and NMR spectra are compared in  Figures 2.9 and 2.10. The 

^H NMR spectra of these three compounds are quite sim ilar except for some 

specific chemical shifts due to the different head groups. For 13, the broad 

singlet a t 5.14 ppm was due to the carboxylic add proton. Compound 14 had a 

singlet a t 3.61 ppm  and a multiplet a t 2.83 ppm contributed firom the N,N-
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dimethylamino ethyl head group. Compound 15 gave a very broad m ultiplet 

between 5.33 -  4.65 ppm caused by four hydrosyl protons of the D-glucose head 

group. Two peaks a t 1.24 and 1.22 ppm of 13 indicated a low level of 

contamination by formation a  2-propyl ester firom 2-propanol and the carbo^hc 

add during the work-up.

The differences among the three compounds were also dearly  indicated 

in their NMR spectra. Compound 14 had three distinct peaks, 43.0 ppm for 

the methyl carbon, and 56.9, 34.1 ppm for the two methylene carbons between 

nitrogen and sulfur in  the head group, which verified the structure. Compound 

15 gave seven peaks a t 78.1, 72.8, 70.8, 70.7, 66.5, 66.2, and 62.1 ppm  for the 

D-glucose head group. Due to the two identical carbo^lic add  head groups of 

13, the new head group only gave some overlapping peaks in  the spectrum. 

The 2-propyl ester conta m in a tion was dearly  seen a t 22.6 , 21.7, and 14.1 ppm, 

and the negative LSIMS also verified the analysis.

The negative LSIMS spectra of these three candidates, 13, 14 and 15, 

individually gave their molecular ion (M - H)* a t 1261.4,1274.6 and 1365.4. All 

of the evidence indicated these three candidates in 8Trg series had been 

successfully synthesized. In the second phase of the program, these different 

transporters will be compared each other for their physical properties.



47

5

00

Figure 2.9: NMR spectra of compound 13,14, and 15



f
to
s

6

I
CO

N8 TrgPA8 TrgA (14)

I • • « • I '  • • < I • I • I I I I I I I ' I '  I I I I I i ' ^ “ r  I I I I ' I ' i “ i “ ï  I I I I I I I I I I I I"

174.0 172.0 170.0 168.0 166.0 90 85 80 75 70 65 60 55 50 45 40
I I » ' i “ i  I I I I I I i " i “ i I I I I i " T ' r j  I I I l ' J " '

35 30 25 20 15 10

a
M
en

J

G8 TrgPA8 TrgA (16)

I I j j L L
I I i " r  I r  I I I I I I I I I I I I I I I I i - r - r  i |  i i i i  ; - r  i i i |  i i  l ' i - f - r  i i i |  i ' i - i  i |  i t ~ i i | i  i i  i |  i i i i |  i i i |  i ‘ i i r r i

174.0 172.0 170.0 168.0 166.0 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10
(ppm) (ppm)



49

2.4 Syntheses o f transporter pjiiiHiHateg in the 82 series

2.4.1 Synthesis o f A82PA82A

The difference between maerocydes 8Trg (2) and 82 (3) is th a t the former 

has one hydrophobic side and one hydrophilic side, and the la tter has two 

hydrophobic sides on the macrocyde. The macrocyde 82 can be used as a wall 

unit on a transporter to compare with 8Trg to investigate the importance of 

hydrophobic /  hydrophilic effects. Based on this idea, the synthesis of new 

transporter candidates in the 82 series was explored.

The syntheses of transporters using macrocyde 82 as the wall unit was 

directly sim ilar to the synthesis in the 8Trg series. The mono-adduct 82POMS 

(17) was made following the previous work“  as shown in  Scheme 2.7.

P o

/  2 ,2 ,6 ,6 -tetramethylpiperidine

CH^OaCl, EtgN 
/CH2CI2

Scheme 2,7: Synthetic route of 82POMS (17)
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The new diacid, A82A (18) was synthesized hy double Michael addition 

of 2-mercaptoacetic acid to macrocyde 82 (Scheme 2.8). After the reagents were 

kept a t 64“C for 26 h  and workup, diadd 18 was obtained quantitatively. A 

mono-adduct is possible, hut in  the early stages it was not seen as an important 

target. Early trials did show that the double Michael addition was not 

completed if  the reaction time was less than 16 h. The mono-add from 

macrocyde 82 wO be discussed in  a later section.

o o

HS-^COgH
/  2 ,2 ,6 ,6 -tetramethylpiperidine

HO2C'

18

Scheme 2.8; Synthesis of A82A (18)

Figures 2.11 and 2.12 give the and NMR spectra of diadd 18. 

Comparing with the NMR spectrum of diadd ASTrgA (9) (Figure 2.2), the 

NMR spectrum of A82A (18) had a quite sim ilar pattern  despite the 

differences between them  One difference was th a t there wasn’t  a multiplet 

between 3.72 and 3.60 ppm, because the polyether chain was replaced hy 

hydrocarbon chain in  the 82. The other difference was th a t 18 had a relatively
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simpler spectrum and a different relative ratio of protons, but the ratio fitted 

the assigned structure.

Also comparing w ith the NMR spectrum  of ASTrgA (9) (Figure 2.3), 

the NMR spectrum of 18 w as sim pler but offered the same general pattern. 

The only significant difference w as 18 didn’t  have four lines around 70 ppm, 

because it didn’t  have methylene carbons next to the ether group on 82.
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Figure 2.12: The NMR spectrum (CDCls) of A82A (18)
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Using the sam e reaction conditions as in  the 8Trg series, the mesylate 

82POMS (17) was coupled with diadd A82A (18) catalyzed by 

tétraméthylammonium hydroxide pentahydrate in  DMSO (Scheme 2.9). 

Following the sam e work-up procedures as used in  the STrg series, the crude 

mixture was chromatographed on a gel perm eation column (LH-20) half a 

dozen times to remove the bigger molecule (possible tris-macrocyde) and small 

molecule im purities. However, the separated transporter precursor 82PA82A 

(19) was always found to be contaminated by one of the desired final 

compounds A82PA82A (20). Due to the doseness of their molecular weights, 

they could not be separated adequately by the preparative gel permeation 

column. The negative LSIMS spectra (Figure 2.13) dearly identified th a t the 

separated product was a mixture of compounds 19 and 20.

After finrther study, it was found th a t the contamination was caused by 

the occurrence of a retro-Michael addition (Scheme 2.10). When the 

carbo]qrlate was formed firom the carbo^lic ad d  by reaction with 

tétraméthylammonium hydroxide, it can substitute the mesylate group to form 

a ester bond joining two macrocydes. However, a t the same time, it also could 

behave as a  base to remove an adjacent addic proton to form olefin and an 

intermediate sulfide anion. The firee sulfide m ight then execute a Michael 

addition to another precursor molecule (19) to form A82PA82A (20). Scdieme 

2.10 gives a proposed mechanistic explanation for the retro-Michael addition 

via an intram olecular seven membered ring.
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Due to the im pure precursor 82PA82A, 2-mercaptoacetic acid became the 

only choice for the second head group to add to the m ixture to form a 

transporter candidate A82PA82A in  the 82 series. The m ixture of 19 and 20 was 

treated with 2-mercaptoacetic acid and 2,2,6,6-tetram ethylpiperidine in THF 

for 22 h. After acidification with aqueous IM  HCl and purification by gel 

permeation column LH-20, pure A82PA82A (20) was obtained.

Its iR NMR (Figure 2.14) spectrum was assigned w ith no difficulty. A 

broad singlet a t 9.05 ppm belonged to the acidic protons (a). Eighteen 

methylene protons (b) next to the carbosylate formed a  m ultiplet hrom 4.19 to 

3.94 ppnL Four m ethine protons (c) adjacent to the sulfide substituent gave 

two multiplets between 3.84 ~ 3.72 ppm and 3.63 -  3.58 ppm (3:1 ratio) 

because three of them  are adjacent to sulfide acetate and the final one is next to 

the propyl sulfide. E ight (four sets) neighboring methylene protons (e) coupled 

with the adjacent m ethine protons and with each other to form two multiplets 

(4:4 ratio) from 2.98 to 2.59 ppm. The methylene protons (d) between sulfide 

and carbo^late coupled w ith each other to reveal two sets of doublets of 

doublets in  the range of 3.59 to 3.31 ppm. The methylene protons (f) of the 

propyl group next to the sulfide had a overlap w ith protons e  firom 2.78 to 2.59 

ppm, and the neighboring methylene protons (g), the middle methylene in 

propyl group, had a  m ultiplet a t 1.91 ppm. The rem aining methylene protons 

(h, i, j) finm the hydrocarbon chain of the macrocydes gave a  m ultiplet a t 1.58 

ppm and a  broad singlet a t 1.27 ppm.
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The NMR spectrum (Figure 2.15) was well assigned for 2 0 . The 

carbonyls of carboxylic acid (a) gave a chemical shift a t 174.3 ppm, and the 

remaining carbonyls (b) from the macrocycles and the linker formed seven 

peaks between 171.3 to 169.5 ppm. Nine methylene carbons (c) adjacent to 

carboxyl had chemical shifts a t 65.6, 65.5, 65.1, 63.9 ppm  Four m ethine 

carbons (d) gave two peaks a t 41.7 and 41.5 ppm in  a 3:1 ratio corresponding to 

the same ratio in the NMR, and the peaks a t 36.5, 36.2, and 36.1 ppm  were 

contributed by the neighboring methylene carbons (e). Similarly to the 8Trg 

series, the methylene carbons (f) between the sulfide and the ester group were 

a t 33.1 and 33.0 ppm, and the methylene carbon of the propyl group which was 

adjacent (g) and subsequent (h) to the sulfide had a chemical shift a t 27.8 and 

28.0 ppm  The rem aining methylene carbons (i, j , k) from the hydrocarbon 

chain of the macrocydes gave chemical shifts a t 29.1, 29.0, 28.4, 25.7, and 25.6 

ppm  The analysis of the and NMR spectrum  of compound 20 was 

supported by 2D NMR (COSY and HETCOR).

The dean negative LSIMS spectrum (Figure 2.16) also verified th a t the 

dominant peak a t 1253.3 was the molecular ion (M - H)* of 20.
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Figure 2.16: Negative LISMS spectrum  of A82PA82A (20)

2.4.2 S y n th esis  o f  PaSaPPaSzPa

Due to the unexpected difficulty in  getting pure precursor 19 for the 82 

series, the original design goal for examining the head group effects on the 82 

as wall units could not be accomplished. In order to minimize the retro- 

Michael addition occurring as proposed in  Scheme 2 .10, 3-mercaptopropionic 

add was used to replace 2-mercaptoacetic add . If the intram olecular process is 

a significant factor, it should be much less effident for a larger ring  and the 

indiscriminate competitor would be minimized. Sim ilar synthetic routes were 

followed to obtain d iadd Pa82Pa (21) (Scheme 2.11), and mesylate 82POMS
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(14). The new compound 21  w as synthesized using the previous method used 

for A82A. Macrocyde 82 reacted w ith 3-mercaptopropionic ad d  catalyzed by 

excess 2 ,2 ,6 ,6-tetram ethylpiperidine to give a mixture of diadd, PaS2Pa (2 1 ), 

mono-add, SzPa (22 ), and unreacted 82 (Scheme 2 .11). The complete addition 

could not be achieved even though the solution was refluxed in  THF for two 

days. The mixture was separated by sflica column chromatography with a 

solvent gradient of hexanes and ethyl acetate to give a  30% yield for 21 and a 

16% yield for 2 2 .

3
COOH

/ 2,2,6,6-tetramethylpiperidine

21

,COOH

COOH

Scheme 2 .11: Synthesis of Pa82Pa (2 1 )

Figures 2.17 and 2.18 are the and NMR spectra comparison of 

diadd Pa82Pa (21) and mono-add 8aPa (22).
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Comparing w ith the NMR spectrum of d iadd  A82A (18) (Figure 2.11), 

the NMR spectrum  of PaSzPa (21) in  Figure 2.17 had several different 

assignments despite th e ir structural sim ilarities. F irst of all, the addic proton 

(a) moved downfield to 9.91 ppm  Second, the methine proton (c) moved 

upheld to 3.64 ppm to give a  perfect doublet of doublets which verified th a t 

proton c was coupled w ith the two inequivalent neighboring methylene protons 

(d). Lastly, on the side chain the methylene protons (e) adjacent to sulfide 

moved to 2.90 ppm, and the methylene protons (f) next to carbosyhc add  

shitted to 2.66 ppm, where they both overlapped w ith methylene protons (d) on 

the ring to form two sets of multiplets.

The NMR spectrum  of the mono-add, SzPa (2 2 ) was comparable w ith

the spectrum of diadd 21 (Figure 2.17). Besides the addic proton (a) downfield 

a bit further to 10.16 ppm, the other difference w as two singlets a t 6.75, 6.16 

ppm caused by trans and cis olefin protons. Like diadd 21, the integration of 

22  fitted the structure well.

The 1̂ 0 NMR spectrum  of diadd 21 (Figure 2.18) again had some 

differences with the NMR spectrum of A82A (18). As in  the NMR 

spectrum, the carbonyl (a) of carboxylic ad d  moved downfield to 177.3 ppm. 

The methylene carbon (f) adjacent to carboxyhc ad d  moved downfield to 34.1 

ppm, and the methylene carbon (g) next to sulfide w ent to 26.1 ppm.

The NMR spectrum  of 22 was also sim ilar to the spectrum  of d iadd

2 1 . The two differences were caused by the olefin present in  mono-add 2 2 .
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One was the a,P-unsaturated carbonyl (c) a t 165.2 ppm, and the other one was 

the trans and cis olefin revealed a t 133.4 and 129.5,129.4 ppm.

The successful isolation of mono-acid 22  suggested th a t the mono-add 

8zA also could be made by controlling the  reaction time. This provides the 

possibihty of different combinations of polar head groups for 82 as a  wall unit.

The coupling of two derivatives of maerocyde 82, 14 and 21  was 

catalyzed by tétraméthylammonium hydroxide pentahydrate (Scheme 2 .12) as 

before. After work-up and purification w ith gel pam eation chromatography 

(LH-20), it was found that the coupled bis-macrocyde, 82PPa82Pa (23), was 

contaminated by one of the final products, Pa82PPa82Pa (24). This indicated 

th a t the same problem of retro-Michael addition still existed, although the ratio 

of contamination was decreased firom 28% to 12% in  comparison to 82PA82A 

(19) based on their negative LSIMS spectra. The mechanistic explanation for 

the retro-M ichael addition as an intram olecular elimination mentioned earher 

would require the transition state to form an  eight membered ring. The same 

elimination could also be accomplished via an intermolecular process. The 

la tter explains why the retro-Michael addition couldn't be prevented by the 

longer thioadd (Scheme 2.13). Another transporter candidate Pa82PPa82Pa 

(24) was made firom contaminated precursor (23) through Michael addition of 

3-mercaptopropionic add.
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Scheme 2.13: Retro-Michael addition for Pa8zPa (2 1 )

Figures 2.19 and 2.20 are the and NMR spectra of PaSzPPaSzPa 

(24). In comparison to the NMR spectrum  of A82PA82A (20), the spectrum  of

21  was also resolved without difficulty. The significant differences in  24 are 

th a t the methylene protons f  appeared in  the range 2.98 -  2.81 ppm and g  

shifted upfield to 2.73 -  2.60 ppm. Both of them  overlapped w ith other 

methylene protons (d and e) to form two m ultiplets.
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The NMR spectrum  of 24 was also quite sim ilar to 20. The only 

difference was the extra peaks firom methylene carbons (1) on the side chain, 

which appeared a t 26.4 and 26.1 ppm  The negative LSIMS spectrum 

indicated th a t the molecular ion (M - H)* was 1295.4 which verified the 

structure of 24.

2.4.3 Syntheses o f th e redesigned  two transporter candidates in  the 82

series

Since Pa(82)PPa(8z)Pa (24) is three carbons longer th an  A82PA82A (20), 

another perspective, the length of transporter, can be used to examine the 

effect on the properties of the transporter. To accomplish the same goal more 

directly, two more candidates were added in the 82 series: A82SU82A (26), and 

N82SU82N (27) (see Scheme 2.14). In the central link of these two compounds, 

the usual carboxyl (two atoms) is replaced by sulfide (one atom) to form a bit 

shorter transporter.

The syntheses of compound 26 and 27 are apparently relatively easier 

than ones of asymmetrical coupling compounds (Scheme 2.14). 2-

Mercaptoethyl sulfide reacted w ith two equivalent of macrocyde 82 catalyzed by 

2,2,6,6-tetramethylpiperidine to give a mixture of compound 25, some 

unresolved bigger molecules (one possibility is 82SU82SU82), plus unreacted 

macrocyde 82. A silica gel column w ith a gradient solvent of hexanes and ethyl 

acetate was used to separate unreacted 82. The rest of the m ixture was purified
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by gel permeatioii column (LH-20) eluted w ith a  mixed solvent of 2-propanol 

and chloroform (3:4). After two cycles of separation, pure 25 was obtained firom 

the middle firactions in 24% yield. Since the early fractions were still a 

mixture, the existence of 82SU82SU82 could not be unambiguously verified.

o o

/ 2 ,2 ,6 ,6 -tetramethylpiperidine

O O

RSH / 2,2,6,6-tetramethylpiperidine

R = HOOC^^ 26 

R = (CH3>2N-''~'̂  27

Scheme 2.14: The synthetic routes for A82SU82A (26) and N82SU82N (27)

Figures 2.21 and 2.22 are the H  and NMR spectra of precursor, 

82SU82 (25). Its H  NMR spectrum  is simpler than the asymmetrical precursor 

82PA82A 19. Due to the introduction of a symmetrical central linker, the
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methine protons next to the sulfide (c) clearly gave a doublet of doublets. The 

methylene protons from the linker (e and f) m ight form two m ultiplets 

overlapped w ith protons g in  2.95 ~ 2.58 ppm. All of the chemical shifts and 

multiplicity for macrocyde remained the same as those of 19.

The NMR spectrum of 25 is sim pler th a t the one of 19 because of the 

symmetrical structure. There was only one regio-isomer formed, so the 

carbonyl carbons (exduding the a , P-unsaturated carbonyl) gave only two 

peaks a t 171.0 and 170.0 ppm  The methylene carbons on the central linker (h) 

shifted up-field to 31.5 ppm in  comparison to 19. The negative LSIMS 

spectrum gave the molecular ion a t 1058.4 for (M - H)' which also verified the 

compound is 25 as assigned.

This precursor 82SU82  then reacted w ith either 2-mercaptoacetic acid or 

N,N-dimethylaminoethanethiol via Michael addition again to add two head 

groups on the both end of the precursor. After work-up w ith IM HCl and 

purification w ith gel permeation chromatography on Sephadex LipophUic LH- 

20 using 2-propanol : chloroform (3:4), compounds 26 or 27 were obtained in 

63% and 74% yield respectively. Figures 2.23 and 2.24 compare the ^H and 

NMR spectra of A82SU82A (26) and N82SU8 2N (27).
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The 'H  NMR spectra of the two candidates indicated th e ir differences in 

the head groups. For 26, the broad singlet (a) a t 7.61 ppm and a  doublet of 

doublets (d) a t 3.46 ppm clearly showed that acetic add  was the head group. 

The bigger sharp singlet (g) a t 2.52 ppm and the m ultiplets in  2.91 ~ 2.56 ppm, 

plus the nearly perfect integration ratio indicated th a t N, N- 

dimethylaminoethyl was the head group in 27. The methine proton next to the 

sulhde was changed from a  d ea r doublet of doublets to a m ultiplet when the 

head group switched from the acetic add  to the N, N-dimethylaminoethyl.

The NMR spectra of 26 and 27 corresponded to their different head 

groups. The carbonyl of the carboxyhc add (a) a t 174.1 ppm and the isolated 

methylene carbons (f) a t 33.0 ppm were the evidence for the acetic add  head 

group in 26 which was mentioned in  earher synthetic discussion. The methyl 

carbons (e) a t 43.4 ppm, the methylene carbons (d and k) a t 57.1 and 26.6 ppm, 

plus the signals from the precursor 25 verified the assigned structure of 27. 

Moreover, the dean  negative LSIMS spectrum for 26 ( molecular ion (M - H)* a t 

1241.4) and positive LSIMS spectrum  for 27 (molecular ion (M + H)+ a t 1269.4) 

also help to confirm the structures.

At the end, four transporter candidates in  the 82 series (20, 24, 26, and 

27) were synthesized. Their transport properties will he evaluated by two 

transport experiments and will be discussed in the later section of th is thesis.
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Figure 2.23: NMR spectra of 26 and 27
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2.5 “Second g e n e ra tio n ” in  th e  RTrg se rie s

After the suite of transporter candidates was synthesized, two transport 

sets of experiments were conducted. One set was pH -stat titration of a  vesicle 

büayer system which wUl be discussed in  a  la te r section of this thesis. The 

other set was a p lanar bilayer experiment and was done by D. Loock. The 

information obtained from these experiments then was combined to evaluate 

the frmction of the targets. For the 8Trg and 82 series of compounds 

synthesized above, none of the transporters behaved as a voltage-gated ion 

channel. Although compounds 11, 13, 14, and 15 in the 8Trg series created 

aggregates in  bilayer membranes, they gave the same type of channel 

behaviors when th e  polarities of the potential applied to the büayers was 

switched. Thus all head groups (neutral, negatively or positively charged a t 

pH=7) m ust be able to penetrate bilayers from the outer to the inner aqueous 

phase. T hat redistribution allowed the transporter to adapt to any direction of 

potential applied. To prevent reorientation and create a voltage-gated ion 

channel, one head group m ust be modified to make it  either bulky, or more 

hydrophilic, or both. These changes will “anchor” one head group of the 

transporter on one face of the büayer, and wiU only allow the other small, less 

charged head group to “flip-flop” across the büayer. The asymmetrical 

distribution should then  produce a voltage-gated c h a n n el.

The sim plest candidate is S8TrgPA8TrgA (28) (Scheme 2.15) which 

directly follows the synthetic route used with ASTrgPASTrgA (13). The only 

difference was th a t 2-mercaptosucdnic ad d  was used to replace 2-
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mercaptoacetic ad d  in  the final Michael addition step. Due to the poor 

solubility in THF for 2-mercaptosucdnic add, 2-propanol w as used as a solvent. 

The reaction solution w as refluxed for almost 3 h  under nitrogen protection. 

After washing w ith IM  HCl and gel permeation chrom atography (LH-20), 

SSTrgPASTrgA 28 w as obtained in  36% yield.

11

/  2,2,6,6-tetramethylpiperidine
HO,

O G

A ,
HO.

28
Scheme 2.15: Synthesis of SSTrgPASTrgA (28)

Figures 2.25 to 2.27 are the H , NMR and negative LSIMS spectra of 

28. The *H NMR spectrum  of 28 has basically a sim ilar pattern  with other 

candidates in  the STrg series. Its addic protons (a) w ere a t 7.37 ppm as a 

broad singlet. It had  five m ethine protons (d) instead of four as in  the other 

compounds (one more firom the succinic add group) which gave two multiplets 

in the range 3.90 -  3.61 ppm  Five sets of inequivalent m ethylene protons (f) 

coupled w ith each other and w ith the methine proton (d) to form two multiplets 

in  the range 3.00 -  2.66 ppm. The integration m atched the  structure of 28 as 

expected.
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Figure 2.25: NMR (CDCb) of SSTrgPASTrgA (28)
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Figure 2.27: Negative LSIMS of SSTrgPASTrgA (28)
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The NMR spectrum  of 28 was relatively simple. The chemical shifts 

firom the newly added head group were overlapped with the precursor and its 

whole spectrum was alm ost same as the spectrum of 13.

The negative LSIMS spectrum  gave a dominant peak a t 1319.4 which 

clearly indicated the m olecular ion (M - H)‘ for SSTrgPASTrgA (Figure 2.27).

2.fi M odifinatinn w ith  and/nr hydm philiç head group

The synthesis of SSTrgPASTrgA exhausted the commercially available 

bulky and hydrophilic thiols. Thus we looked a t the syntheses of other thiols 

which could be used as potential head groups.

Ph-^OH + 
PK

OH CF3 CO2 H 
OH

OH
OH

Elxcess CH3 OH 
VCH 3 8 O3 H

,  / - O H

8g
OH

OH

OH
OH

OH

K2CO3
/DMSO

Ph L^OMe 
O

iCFaCOaH/PhOH

OH
OH

OH

30

Scheme 2.16: Synthetic route for making dendiimeric type of head group
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The first attem pt was to m ake a  neutral, dendiimeric type of head group 

as shown in Scheme 2.16. F irst 2-mercaptosucdnic add  was protected by 

triphenybnethanol to give a thiolether^. This carboxylic add  was treated with 

excess methanol to form a ester. Following the literature^, the ester was then 

reacted w ith Tris (trishydrojqanethylaminomethane) catalyzed by potassium 

carbonate in  DMSO to give a diamide. However, the difficulties with the 

reaction were never worked out, and there was always a messy m ixture formed 

in  each trial which could not be separated. There was no sign th a t compound 

29 was formed.

The second attem pt was to make a  derivative of a crown ether as 

sketched in  Scheme 2.17. This head group will be buUqr enough and bear a 

negative charge. The commerdally available 2-aminoethanethiol 

hydrochloride reacted with diphenylethanol to form a thiolether“ . The 1,2- 

18C6-dicarhosylic add^^ was treated w ith acetyl chloride to undergo 

intram olecular dehydration and give the ISCS-anhydride'*^. The thiolether and 

anhydride were combined in the presence of excess triethylam ine with the 

expectation th a t an amide would form. Unfortunately, the reaction always 

gave a mixture and no compound 31 could ever he separated. Some 1,2-18C6- 

dicarboxyhc add  was recovered in  some trials.
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Scheme 2.17: Synthetic route for making a  18C6 derivative head group

The third exploration was directed to make a  transporter w ith a  net -2 

chained head group. The head group candidate was chosen as a  short peptide 

having three amino add residues Cys-Asp-Asp. This peptide is commerdally 

available through custom synthesis, and it was made a t the Tripartite 

Microsequencing Center^. An LSIMS spectrum and an amino add  analysis 

confirmed th a t the peptide was synthesized. However, firee thiol is easily 

oxidized in  solution and it couldn’t  be fijUy characterized. To w hat degree the 

sample of Cys-Asp-Asp was contaminated by Asp-Asp-Cys-S-S-Cys-Asp-Asp is 

unknown.
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o

NHa O ^

COgH

COgH

2,2,6,6-tetramethylpiperidine / DMF

33

HOgC
NHg

Scheme 2.18: Designed synthesis of compound 33 

As described in  Scheme 2.18, the peptide Cys-Asp-Asp reacted with 

precursor, 8TrgPA8Tr^A (11), using the catalyst 2,2,6,6-tetramethylpiperidine. 

The solution was heated a t 70®C for 2 days in  DMF protected by nitrogen. 

Unfortunately after work up and purification, the only compound obtained was 

unreacted 11. In a  model study, cysteine monohydrochloride monohydrate 

completely reacted with precursor, 82PA82A (19) under the same reaction 

conditions.

These three failed explorations clearly indicate the extra difficulty in 

working with thiols. Even when protected by either triphenylmethyl or 

diphenylethyl, the thiolether is still such a  good nucleophile th a t it could not be 

prevented firom interfering w ith the main reaction desired. As the third trial 

showed the thiol group is so easily oxidized to form disulfide th a t Michael
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addition was unable to compete with it. This oxidation for forming disulfide 

also could happen in  the other Michael addition steps, but it was compensated 

by adding a large excess of thiol, usually 3 - 4  tim es the equivalent amount. 

However, in  the case of 33, preparation of a larger am ount of Cys-Asp-Asp is 

too costly, plus the difficulty for characterization of the peptide thiol hindered 

the synthesis of th is interesting compound.

2.7 Summary

One conclusion to be drawn firom these endeavors is th a t although thiol 

is a very good nudeophfiic reagent, there is an  unavoidable disadvantage of 

m anipulating thiol groups: thiol is so active th a t i t  will participate in  the m ain  

reaction, even i t  is protected in a  thiolether form. The future development of 

similar construction systems should try to avoid using thiol.

In the whole exercise of the synthesis, although there were a few 

disappointments, the most exciting and im portant achievement was that 

simple voltage-gated ion channel 28 was successfully synthesized. From a 

synthetic efficiency point of view, the macrocydizations and derivative 

manipulations are far firom perfect, espedally the mono-addition on the 

symmetrical olefins and the asymmetrical couplings which both s ig n ifican tly  

bring down the total yield. To m ain ta in  both the hydrophilidty and the 

hydrophobidty of macrocyde, and to simplify synthetic effort, the investigation 

of other macrocyde candidates was explored by L. Cameron^. The synthetic 

effidenqy for the different macrocydes and derivatives was compared in her 

thesis.
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CHAPTER 3. TRANSPORT MEASUREMENTS AND PROPERTIES 

DISCUSSION

Following previous studies®*’ % by former members of the group, pH- 

stat titration of vesicles is used to evaluate the transport capabilities of aU of 

transporters synthesized. Furthermore, the p lanar bilayer experiment 

provides a powerfiil tool to examine single channel behavior and detect a 

voltage-gated ion channel. These two techniques will give a  survey of transport 

activity and can be used to make mechanistic inferences.

3.1 Preparation and nharacteriy-atinn nf imilamellar vesAcles

The assay depends on a source of unilamellar vesicles prepared under 

standard conditions to ensure maximum reproducibility. A phospholipid 

mixture composed of egg phosphatidylcholine (PC), egg phosphatidic add (PA) 

and cholesterol in  molar ratio 8 :1 :1 was used. The mixing of PA and 

cholesterol into egg PC will increase the packing density so th a t the stability of 

the bilayer membranes will be increased and slow self-leaking in the pH-stat 

titration can he controlled a t a negligible level. The lipid m ixture was stored in 

a refidgerator as a stock solution in chloroform. Batches were prepared directly 

from pure lipids shipped from Avanti in Dry Ice and handled under an argon 

atmosphere.

In a typical procedure, 3 m l, of the chloroform solution containing 50 mg 

PC was evaporated to give a dry lipid film The lipid film was then dissolved in 

diethyl ether, an  internal buffer solution a t pH = 6.6 (formed by bis-tris and D- 

mannitol) was added, and the two-phase mixture was sonicated to give a
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homogeneous solution. The ether was removed by evaporation a t a controlled 

pressure'*^ and an external solution of unbufiered isoosmolal choline sulfate 

solution was added to give vesicles in which the internal buffer solution was 

entrapped. The vesicles were sized by filtration through Nudeopore membrane 

filters (1.0 pm  and 0.4 pm) to give a reproducible size distribution. Gel 

filtration using unbuffered eluent removed the residual buffer solution on the 

outside of the vesides together with small multiUameUar vesides. Partide 

sizing by dynamic light scatterings^ typically showed a bimodal distribution of 

veside sizes: 75 -  80% of the entrapped volume was assodated with 350 nm 

diameter vesides and the rem ainder with 130 nm diam eter vesides. A mehttin 

assay typically showed 85% of the buffer contents are trapped in  unilamellar 

vesides.

3.2 pH -stat titra tio n

In a pH -stat titration, the unilamellar vesides containing entrapped 

buffer solution (pH=6.6) were first diluted with an isoosmolal choline sulfate 

solution. A base, choline hydroxide, was then added to adjust the pH to 7.6, 

and this created a unit pH gradient across the veside bilayer. A proton carrier, 

FCCP (carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone), was added to 

ensure proton release could occur rapidly in response to other cation fiuxes. As 

indicated in Figure 3.1, an  electroneutral cation-proton antiport was formed to 

follow the transport kinetics. An alkali metal cation concentration gradient 

was established by addition of a cation sulphate salt solution to the system.
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Under these conditions of opposing pH and cation gradients, the pH evolves 

only slowly w ith a  “drift” corresponding to about 10'̂ ° mol-H+s \  When a 

transporter was added, the proton and cation gradient began to rapidly 

collapse. As the gradients collapse, protons are released into the bulk solution 

and the external pH drops. Choline hydroxide was continuously added to 

maintain fixed pH of 7.6 using a pH-stat controlled autom atic burette. The 

volume of base added versus time data was accumulated until the transport 

event was completed.

o u t  O U T S I D E  V E S IC L E

maintain

175 nm

V E S I C L E

Use electroneutral cation-proton antiport 
to follow transport kinetics

Figure 3.1: Schematic description of pH -stat titration

Figure 3.2 shows a typical titration curve obtained firom the pH-stat 

experiment. After the proton carrier FCCP and a lk a li m etal cation (K+) were
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added, there was only a very slow leakage. However, as soon as the 

transporter A8TrgPA8TrgA (13) was added there was a big pulse of protons 

released and the titrim eter rapidly added base. At th i s  point in  the  transport 

event, the pH -stat lost control of the pH, due to the very rapid proton release in 

the local volume where transporter was added. Following a period of several 

m inutes of even re-distribution, the titrim eter regained control of the pH. The 

choline hydroxide base was continuously added and the transport event was 

followed until it  reached a  plateau. A detergent, Triton, X-100 then was added 

to provoke lysis of the rem aining vesicles. The total volume of choline 

hydroxide added was used to indicate 100% of vesicles equilibrated.

0.40

Triton X-1000.35

B 0.30

1
2 0 25
I
§ 0.20

I
0.15

0)

Controlled pH -stat

"o 0 .1 0

0.05

0.00
0 5 10 20 2515 30 35 45 5040

Time (min)
Figure 3.2: A typical pH -stat titration curve of compound 13
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3.3 Analy sis o f pH -stat resu lts

3.3.1 D ata p rocessing and transport rate

For a pseudo first order process, it is expected th a t the volume of base 

added as a fimction of tim e will foUow a conventional rate expression:

In [(Vinf - V i) /  (Vinf -  V o)] = k-t 

Where, Vinf is the volume of choline hydroxide added a t infinite time.

Vo is the volume of choline hydroxide added a t time = 0.

V i is the volume of choline hydroxide added a t time, t.

Although proton release was too rapid for the pH-stat titrim eter to 

control a t the beginning of most of titrations, In [(Vinf -  V i) /  (Vinf - Vo)] versus 

time was linear once the titrim eter was able to m aintain a constant pH 

gradient. Figure 3.3 shows the example for compound 13, using the data firom 

Figure 3.2 for the calculation. From the point of controlled pH -stat to the 

steady-state plateau, the plot is hnear (r  ̂ = 1.00). Thus the proton efflux is 

first-order process over the time when the pH titration  is controlled. Based on 

previous studies^- this first-order process is due to formation of active ion 

channels, such as gramicidin which exhibit “all or noth ing” transport. Ion 

translocation is so rapid th a t during a short channel opening, the entire vesicle 

contents are equilibrated. Under these conditions, the pH-stat experiment 

shows only the rate  a t which new channels open in  unequihbrated vesides. AU 

the experimental data for the candidate compounds in  this thesis are of this 

type, suggesting th a t aU are channels.

The reproducibility of transport ra te  between different veside
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preparations is estim ated to be ±10%, and replicates w ithin a  single vesicle 

preparation can be better than ±5%. Experiments involving a  range of 

concentrations were done in  a single vesicle preparation to improve precision.

0.0

-0.5

- 1.0
CQ

S  -2.0

-2.5

-3.0
0.0 2.5 10.0 12.5 15.05.0 7.5

Elapsed time (min)

Figure 3.3: F irst order analysis for compound 13, data of Figure 3.2. Time 

started from the point at which pH -stat control was established.

3.3.2 Transporters in  th e 8Trg series

The data from pH -stat titration experiments for transporter candidates 

of the 8Trg series are summarized in Table 3.1. Several points emerge from the 

data. The discussion below begins w ith the apparent kinetic order of the 

process, examines an  inter-comparison of transporter activity, and concludes 

w ith different cation selectivity in the 8Trg series.



Kinetic [Tr] Rate X IQio, mol H+s'l “

Transporter order (pM) Na+ K+ Rb+ Cs+

G8TrgPA8TrgA(15) 2.0 14 8.9 10 9.7 — 8.5

N8TrgPA8TrgA(14) 2.3 21 12 13 11 13 13

A8TrgPA8TrgA(13) 1.8 20 4.0 4.7 9.5 6.6 4.9

8TrgPA8TrgA(ll) 2.1 21 4.6 "" 6.2 5.7 5.4

S8TrgPA8TrgA(28) » 2 b 21 0.5 1.4 2.0 14 3.4

G8TrgPTaP8TrgG« 2.6 60 — — 8.9 — —

a. Uncertainty in rate ± 10%

b. Very high, see text

c. Compound G8TrgPTaP8TrgG is an active pore-former made previously®*.

Table 3.1; Transport of alkali metal cation by candidates in the 8Trg series
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3.3.2.1 Apparent kinetic order

W hen different amounts of transporter are added to the titration cell, 

different transport rates are observed. Figure 3.4 shows a typical example in 

which the extent of transport for ASTrgPASTrgA (13) increased as its 

concentration increased in  the vesicle solution. The increase of three fold in 

concentration results in about a  six fold increase in  rate. This increase in  both 

rate and extent is also the typical behavior for the channel-type transporter 

such as gramicidin and other synthetic ion channels'**.

0.6
 29 nM

0.5 — 20 jiM

I
0.4

15jiM
CmO

I lOuM0.2

0.1

0.0
0 2 64 8 10 12 14 2016 18 22

Time (min)

Figure 3.4: The dependence of transport on the concentration of

ASTrgPASTrgA (13)
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Analysis of the data firom experiments of this type can yield an  apparent 

kinetic order, h" the process is represented as:

rate = k  [A]“ [B]*»— 

then a t short time, log (initial rate) = logk + a-log[A] + b*log[B]—

In the experiment, if  aU variables are constant except the concentration of 

transporter, the plot of log (initial rate) as a  fimction of log (concentration of 

transporter) will be linear and the slope will be the apparent kinetic order.

-7.6

-7.8

- 8.2

-8.4

- 8.6

- 8.8
-5.1 -5.0 -4.9 -4.7 -4.5-4.8 -4.6

log[Tr]
Figure 3.5: The in itial rate of transport as a fimction of concentration of 13

Figure 3.5 shows an example drawn firom data for ASTrgPASTrgA (13) 

as described in  Figure 3.4. From the slope, the kinetic order can be calculated 

as 1.8 for compound 13 (r^ = 0.99).
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Using the same method, the apparent kinetic order for N8TrgPA8TrgA 

(14), GSTrgPASTrgA (15), and the precursor STrgPASTrgA. (11) were obtained 

as reported in Table 3.1. All values were about 2 which indicates an  

aggregation of transporter is required for the initiation of transport. An active 

dimer would be the sim plest model consistent w ith these results.

In the 8Trg series, S8TrgPA8TrgA (28) is an  exception. For the same 

concentration range as Figure 3.4, the rate is significant but invariant (Figure 

3.6). However, below 5.3 pM concentration, 28 is inactive, thus saturation is 

achieved over a  very narrow concentration increm ent (5.3 - 10 |iM). This 

corresponds to about a  16 fold rate increase for double the concentration. The 

narrow concentration range precludes accurate detection of the kinetic order as 

in other cases, but it is d ea r th a t the apparent kinetic order much greater than  

2. This suggests an even larger aggregation is the kinetically active structure 

for 28 than for the other members of the series.
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Figure 3.6: The dependence of transport on the concentration of SSTrgPASTrgA

(28)

3.S.2.2 Transporter activities

When both the concentration of the transporter and the alkali m etal are 

kept the same, the ra te  obtained will represent the relative activity of the 

transporter in  bilayers. Experimentally, this is difficult to achieve as each 

transporter has an  optimum concentration for its  active transport. Therefore,
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the relative activity of transporters can be compared through normalization of 

the transport rates to the same concentration, normalized concentration. The 

normalized rate is given by:

Normalized rate = (CTrlnonnaiized /  x ratei

Where [Tr]: is the concentration of transporter which gives an optimum 

transport rate and [Tr] normalized, normalized concentration, is chosen to fall in the 

middle of the range where the transporters are active.

Since the kinetic order of compound 28 can not be obtained from 

experiments and its  transport rates were m easured a t 21 pM concentration, the 

transport rates for other compounds were normalized to the same 

concentration, 21 pM. Therefore, Table 3.2 is obtained from the data of Table

3.1 using the additional assumption th a t the kinetic order determined for is 

the same for all other alkali metal cations. The data  in  Table 3.2 can be used to 

compare either a  cation selectivity for a spedfic transporter, or a relative 

activity order for different transporters in presence of a  spedfrc cation.

From Table 3.2, the pore-former GSTrgPTaPSTrgG which was an active 

transporter made previously^ is compared to the  new candidates in the 8Tig 

series. AU the new pore-former candidates are apparently more active. Among 

them, GSTrgPASTrgA (15) is the most active compound, NSTrgPASTrgA (14) 

and ASTrgPASTrgA (13) are quite dose, but both of them  are more active than 

precursor STrgPASTrgA (11), the candidate SSTrgPASTrgA (28) is the least 

active in  the STrg series (in K+ medium).



102

ITrl Ratenonnahzed X 10 °̂, m o l  H+ S"^ a

Transporter (pM) Li+ Na+ Rb+ Cs+

GSTrgPASTrgA. (15) 21 20 24 22 — 19

NSTrgPASTrgA (14) 21 12 13 11 13 13

ASTrgPASTrgA (13) 21 4.4 5.1 10 7.2 5.3

STrgPASTrgA (11) 21 4.6 — 6.2 5.7 5.4

SSTrgPASTrgA (28) 21 0.5 1.4 2.0 14 3.4

GSTrgPTaPSTrgG b 21 — — 0.5S — —

a. Ratenonnaijzed is derived 6rom standardized transport rate a t 21 

b  Compound GSTrgPTaPSTrgG is an  active pore-former made previously^. 
Table 3.2: The normalized transport rates for the STrg series

In order to compare the relative activities easily, the data from Table 3.2 

can be represented schematically in  Figure 3.7. It is found th a t the relative 

activity order of transporters in  cation Li+, Na+, or Cs+ solution is quite sim ilar 

to the ones in K+ solution, 15 > 14 > 13 > II  > 28. However, there is one 

exception which is in Rb+ solution. The relative activity order is changed to: 28 

^ 14 > 13 > 11 (The data for 15 w as not available.).



103

■S

s?

Figure 3.7: The cation selectivity of tiie STrg series

3.3.2.S Cation dependence

If the concentration of a transporter is kept constant and different alkali 

metal cations are added, then the cation selectivity for the transporter can be 

obtained. Figure 3.7 presents the selectivity of alkali m etal ion transport for the 

STrg series. While compounds 11, 14, and 15 have alm ost no selectivity, 13 

has a modest selectivity order as K+ > Rb+ > Cs+ -  Na+ > Li+. This is known as
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the ESsenman IV selectivity sequence'*®*™ and is typical of hard cation 

interaction with neutral o ^ g en  donors. On the othar hand, compound 28 has 

a  more significant selectivity in  the order Rb+ > Cs+ > K+ > Na+ > Li+ (Eisenman 

n  selectivity sequence). This is typical of a “softer^ o ^ g en  donor type 

indicating less cation transporter interaction in  the rate-lim iting process 

(channel initiation).

3.S.2.4 Summary for the STrg series

The kinetic data show th a t the five transporters in  the 8Trg series form 

active aggregates in bilayers, either as a dimer or as a  higher oligomer. 

Comparing the relative activity w ith the pore-former made before, one 

conclusion can be drawn th a t the central linkage of the transporter for the STrg 

series plays a significant role in  determ ining overall activity. The head groups 

are more crucial for controlling cation selectivity.

3.3.3 T ransporters in  th e 82 ser ie s

In order to compare the hydrophobidty and hydrophidhty effects on the 

wall unit, sim ilar experiments were done for the transporter candidates in the 

82 series. The data is summarized in  Table 3.3.

As found for the transporters in  the STrg series, compounds 20, 24, 26, 

and 27 behaved as typical channels in  veside bilayers, since their titration 

curves all followed first-order process w ith increased of extent of transport upon 

increase in the concentration of transpo rters.



Kinetic (Tr] Rate X 10‘°, mol H+-s'* *

Transporter order (mM) Na+ K+ Rb+ Cs+

A82PA82A(20) 0.94 21 2.8 1.6 11 19 5.1

PaS2PPa82P a(24) 1.0 21 2.4 1.5 5.1 6.5 3.6

A82Su82A(26) 1.1 32 1.1 0.8 2.2 1.6 1.1

N82SU82N (27) 1.0 32 1.7 1.8 2.5 3.1 2.0

P82PTaP82P b 1.6 57 — — 9.1 — —

a. Uncertainty in rate ± 10%

b  Compound PSzPTaPSzP is an active pore-former made before^z.

Table 3.3: Transport of alkali metal cation by candidates in the 82 series

a
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3.3.3. 1  Apparent kinetic order

Like the STrg series, the extent of transport for the transporters in  the 82 

series also increased as concentration increased in  the vesicle solution. Figure 

3.8 shows one example for PaSaPPaSzPa (24).

0.4
•• 42 |iM

32
0.3

l l p M

0.1

0.0
0 2 4 6 8 10 12 16 1814 20

Time (min)
Figure 3.8: The dependence of transport on the concentration of 24

As above, the apparent kinetic order was determ ined from a  plot of log 

(initial rate) as a frmction of log (transporter concentration) for a concentration 

of transporter between 10 and 40 pM. For compounds 20 ,24 , 26, and 27 in  the 

82 series the apparent kinetic orders are all around one. This suggests that 

they do not form aggregates in  bilayers to the same extent as the 8Trg series 

compounds, or th a t the transport is initiated by a  single molecule.
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3.S.3.2 Cation selectivity and relative activity

In order to compare the relative transport activity in the 82 series, the 

normalized transport rates were generated following the same data 

manipulation as in  the STrg series. The data are given in  Table 3.4.

[Tr] Ratenonnahzed X  10 °̂, m o l H+ S** a

Transporter (pM) Li+ Na+ K+ Rb+ Cs+

A82PA82A(20) 21 2.8 1.6 11 19 5.1

Pa82PPa82Pa (24) 21 2.4 1.5 5.1 6.5 3.6

A82Su82A(26) 21 0.71 0.50 1.4 1.0 0.72

N82SU82N (27) 21 1.1 1.2 1.6 2.1 1.3

P82PTaP82P b 21 — — 1.8 —
-

a. Ratenormaiized derived from standardized transport ra te  a t 21 pM

b. Compound P82PTaP82P is an active pore-former made before^.
Table 3.4: The normalized transport rates of the 82 series

Molecular dynamics and mechanics calculations using MM2 force field 

optimization firom the CAChe Scientific program suite suggest th a t A82SU82A 

(26) and N82SU82N (27) both adopted a  twisted conformation due to the three 

sulfide bonds on the central linker, and the rest of transporters had quite 

sim ilar conformation as A82PA82A (Figure 3.9). The low energy conformera of 

transporters in  the 8Trg series plus 20, 24 all have a  length about 30 Â, bu t 26 

and 27 are both approximate in 19 A. Even th o u ^  the central linkers are only 

one atom shorter than  the one of A82PA82A (20), the experimental data  indicate
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th a t 26 and 27 are much less active than  20 . This is probably due to the 

twisted sulfide central linker which shortens the overall length of transporter.

A82Su82A(26)

A82PA82A(20)

Figure 3.9: The low energy conformations of A82SU82A (26) and A8 2PA82A (20)
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On the other hand, PaSzPPaSzPa (24) is one atom longer in  the linker, or 

three atoms longer in  the total length than A82PA82A (20). Its less active 

transport rate might caused by both linker and head group effects. The 

relative transport rate of these four compounds in  alkali m etal cation solution 

is in  the order: A82PA82A (20) > Pa8zPPa82Pa (24) > N82SU82N (27) > A82SU82A 

(26), see Figure 3.10. These length finding are consistent w ith Jam es who 

showed a sharp length dependence in  another series of artificial ion ehanneP^.

Figure 3.10: Cation selectivity and transport activity in the 8 2  series
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The data in  Table 3.4 can be represented graphically in  Figure 3.10 

which indicates th a t the cation selectivity among these four transporters in  the 

82 series was quite different. A82PA82A (20), and PaS2PPa82Pa (24) had a 

significant cation selectivity in the order Rb+ > K+ > Cs+ > Li+ > Na+ (Eisemnan 

III sequence). In contrast, A82SU82A (26)and N82SU82N (27) have alm ost no 

selectivity. The Eisenman III sequence suggests neutral donors to the cations 

in a  m anner interm ediate between the extremes in the 8Trg series.

3.3.3.3 Sum m ary for the 8 2  series

From the transport activity comparison in the 82 series, a  sim ilar 

conclusion can be drawn to the results in  the 8Trg series. In both cases the 

central linker plays a far more im portant role than the head groups for 

controlling the activity of transporters. In the 82 series where sulfide was used 

as a  linker, transporters were much less active than ester used as a linker, 

especially for the larger alkali metal cations K+, Rb+, and Cs+.

3.4 The exp loration  o f voltage-gated  io n  nhann<»l

3.4.1 The sign ifican t behavior o f S8TrgPA8TrgA. in  pH -stat titra tio n

There are some interesting perspectives for transporter S8TrgPA8TrgA 

28. F irst in  its structure, one head group has a  -2 charge and the other one has 

-1 charge (pH=7). Therefore, the former head group is more hydrophUic and 

bulky than the la tte r one, and these properties will make the -2 charged head 

group much harder to penetrate the bilayer. Secondly, the results firom the
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experiment of concentration dependence for 28 are different from other 

transporters in  STrg series. From inactive to active, then  to saturation, 28 only 

takes a  small concentration increm ent (5.3 pM to 10 pM) compared to other 

pore-formers in  the STrg series (10 pM to > 30 pM). Its apparen t kinetic order 

is obviously much bigger than 2 , and this indicates th a t 28 forms a b i^ e r  

oligomer for its aggregation in  the sim plest model. The th ird  is its alkali metal 

ion selectivity (Figure 3.11): for Li+, Na+, and K+, 28 is basically inactive, and it 

shows only small activity for Cst. However, 28 is very active in  Rb+ solution. 

Finally the behavior of 28 in  presence of Rb+ is rem arkable. Not only it is very 

active a t a concentration higher than  5.3 pM, bu t also it  gives the same 

apparent first-order reaction even when the titrim eter doesn’t  follow the pH 

gradient during the early stages of the transport event. This phenomenon 

implies the channel opening time could be very short, and the  transport is well 

controlled by 28.

A 350nm diam eter veside w ith our buffer system  m aintains a  1 pH unit 

gradient which is equivalent to +60 mV of transm em brane potential relative to 

ground on the outside^. A rationale for Figure 3.11 is th a t there is a threshold 

for this pore-former SSTrgPASTrgA (28) which depends on the  cation. Rb+ and 

Cs+ might reduce the threshold under the present pH condition to a greater 

extent than K+, Na+, or Li+.
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Figure 3.11: The cation effect of SSTrgPASTrgA (28)

In order to test w hether or not 28 is a  voltage-gated ion channel in 

vesicle bilayers requires the sign and magnitude of the pH gradient be varied. 

Basic solution outside of the vesicles relative to the inside corresponds to a 

positive potential. An acidic external solution would he a  negative potential. 

This latter possibility w as explored as follows: The vesicles were made as 

usual. After mixing w ith the external solution, the triethylenetetraam ine was 

added in  an attem pt to neutralize the acidic head group, and sulfuric add 

replaced the choline hydroxide titran t to adjust the pH to 5.5. However, after 

FCCP, cation, and 28 were added, there was no pH gradient collapse.
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Numerous attem pts established th a t the pH gradient could not held even 

before 28 was added. Unfortunately pH-stat titration using this type of 

vesicles cannot be used to test voltage-gated ion transport events.

3.4.2 P la n a r b ila y e r  ̂ p é r im e n t

pH-stat titration does not directly measure the ion translocation process. 

It simply looks a t the initiation rate of a transport event which rapidly 

saturates each vesicle w ithin the tim e of a  single opening. A more advanced 

planar bilayer experiment can be used to measure the ion translocation process 

via bilayer dam p techniques^’ This experiment measures the time 

dependence of the current carried across a planar bilayer formed in  a small 

hole in a hydrophobic support barrier. In the presence of an active channel- 

type transporter, step changes in  conductance indicate the “on” and “off* states 

of the transporter as shown in  Figure 3.12. It provides unambiguous 

demonstration of a channel mechanism and can provide molecular details of 

the ion translocation process. All of the planar büayer experiments 

summarized here were done by D. Loock.

Figure 3.13 shows a typical conductance recording for the pore-former 

ASTrgPASTrgA (13). From it, the single channel opening and dosing, 

represented by stepwise current changes, can be observed unambiguously. The 

lifetime of single channel opening could last several seconds. Moreover, the 

increment for each step was the same magnitude which indicated the pore size 

was fixed. This is different firom the predictions of the “barrel stave” model 

mentioned in the introduction concerning alam ethidn and amphotericin ^
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Figure 3.13: The typical conductance recording of ASTrgPASTrgA. (13)
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The average of current-tim e data at different voltages gives a 

macroscopic current-voltage response for the transport event. It w as found th a t 

transporters 11, 13, 14, 15 all gave a symmetrical, ohmic current-voltage 

response (see an  example in Figure 3.14) which indicate they are  not voltage- 

gated ion channels.

150

100 -

50 -

*50 -

-100  -

-150
-100-150 -50 0 50 150100

Voltage (mV)

Figure 3.14: The macroscopic current-voltage response of GSTrgPASTrgA (15)

The alkali m etal cation selectivity for compounds 13, 14, and 15 in  the 

planar hilayers was all found in  an  order Cs+ > K+ > Na+ This was different 

w ith the cation selectivity in vesicle bilayers. The reason for the different 

behaviors is the different nature of the kinetic processes being observed in  the 

two experiments. The planar bilayer experiment examines the ion
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permeability directly and provides relatively little information about the 

initiation of transport. Conversely, the vesicle experiments only report the 

initiation events because channel activity in  vesicles is high and a  single 

opening (100 ms) of a  15 pS channel under 1 pH difference would be sufi&cient 

to equUibrate a 3 5 0  nm  veside^. Therefore, the ion selectivity in vesides is the 

cation dependence of initiation of channels, and the ion selectivity in  planar 

büayers is the ion permeability of the ch a n n el for ion translocation.

Under multi-channel conditions, the p lanar büayer experiment for 28 

gives a  very exciting  result®^ which indicates 28 indeed is a voltage-gated ion 

channel. As shown in  Figure 3 .1 5 (A ), there were a  large amounts of short 

burst opening of channels a t -1 0 0  mV (ds side, see Figure 3.12). The c h a n n e ls  

dosed whQe apphed voltage was gradually changed to + 100 mV, and they 

opened again as soon as voltage was switched back to -100  mV. In Figure 

3 .1 5 (B ) an asymmetrical current versus voltage diagram macroscopicaUy 

represents a typical character for the voltage-gated ion channel®. In contrast to 

the natural voltage-gated ion channel, alam ethidn, 28 opened the pores a t a 

negative voltage apphed to the büayer membranes, and it  dosed the pores a t a 

positive voltage. The details of its behavior wül be analyzed in  D. Loock’s 

thesis.
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Figure 3.15: The thne-dependence recording (A) and macroscopic current 

versus voltage scheme (B) for 28. (Experiment w as done by D. Loock.)
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3.5 The proposed mAAhanimn n f ion transport

Combining inform ation from the pH -stat titra tion  and the planar büayer 

experiment, the transport mechanism for the STrg series is proposed and 

schematically represented in  Figure 3.16. When a  transporter is added into the 

vesicle solution, the initial sta te of the channel is a  closed state which is 

supposed to be a combination of two different conformations of the 

bolaamphiphüe in  the büayer. One conformation involves both head groups on 

the same side of an aqueous phase and the wall un its and linker dip into the 

büayer membranes (hydrophobic interaction) to form a  “U” shaped structure. 

The other type of conformation envisioned is th a t one of the head groups has 

difrused through the büayer to reach the aqueous phase on the other side to 

erect a spanning conformation. At the closed stage, these two structures are 

still surrounded by hpids.

Under the influence of the transm em brane potential either due to 

apphed voltage or a  concentration gradient, the electric field and excess cations 

help monomers aggregate to form an  active pore. In  the cases of transporter 

11, 13, 14, and 15, transport active pores are composed of dimers since their 

apparent kinetic orders are all about 2 and conductance steps equaUy increased 

or decreased (Figure 3.11). W hen the polarity of the potential is switched, the 

small head groups of pore-formers simply flip-flop through the büayers, reform 

the dimer structures to adapt to the new electric field and keep the channel 

active.
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Figure 3.16: The proposed transport mechanisms of the STrg series
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In the case of the active state of transporter 28, it is believed th a t there 

are loosely structured aggregates in  b i^ e r  oligomar forms due to its h i^ e r  

kinetic order ( »  2) and short burst openings.. However, when the polarity of 

the potential was switched over, the buUqr, -2 charged head group cannot 

rapidly flip-flop through the büayer as other compounds in the STrg series did. 

This will force the -2 charged head group to stay a t the same aqueous phase 

interface. The anionic head groups will drive the oHgomar apart and dose the 

channel to comply with the electrostatic field. This mechanism explains why 

the 28 channel opens a t negative potentials (ds side, see Figure 3.12) and 

doses a t positive potentials. Since the difficulty in the synthesis prevented 

further modification of the bulky, negative charged head group, other designed 

voltage-gated ion channel candidates could not be obtained to provide more 

evidence to explore the proposed mechanism.

For transporters 20, 24, 26, and 27 in  the 82 series, no sin ^e  charmel 

behavior has been observed in planar büayer experiments so far and their 

kinetic orders are all about 1. These results suggest the channels in  the 82 

series are formed by monomers, or the transport is initiated by a single 

molecule. Their “U” shape and/or büayer spanning conformations may provide 

transport active structures through disruption in  the büayers in  a  m anner 

sim üar to simple detergents.
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3.6 C onclusion gnd pm gpects

Two series of nine new bola-amphiphiles were successfully synthesized 

with a  convergent synthetic route and maximal use of commercial reagents. 

Five compounds in  the STrg series were found to form aggregates via dimers or 

oligomers in  büayers. They were all more active than the previous pore- 

formers. They had various alkali m etal cation selectivities depending on the 

head groups. The four compounds in  the 82 series might be active in  a 

monomer form, or the transport might be initiated by a single molecule.

A lth o u ^  the efforts to make more bulky and hydrophilic head groups 

failed, the original goal of this project, synthesis and characterization of the 

voltage-gated ion channel, was well achieved. The investigation of the artificial 

voltage-gated ion channel will certainly help us to understand the driving force 

and controlling mechanism of ion transport in  our present system, and to 

design new compounds to obtain better gating properties, ion selectivity and 

synthetic efficiency.
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CHAPTER 4 EXPERIMENTAL

4.1 Synthesis

Proton NMR spectra were recorded w ith Bruker WM250 (250 MHz), 

Broker AC300 (300 MHz), or Bruker AMX360 (360 MHz) spectrometers in 

CDCLj or CD2CI2 as solvent referenced to the residual CHCI3 line (7.24 ppm 

relative to TMS) or the central CDHCI2 line (5.32 ppm relative to TMS). 

Carbon NMR spectra were recorded with Bruker WM250 (62.89 MHz), Bruker 

AC300 (75.48 MHz), or Bruker AMX360 (90.57 MHz) spectrometers in  CDCI3 

or CD2CI2 as solvent referenced to the central solvent line (77.0 ppm or 53.8 

ppm relative to TMS respectively). LSIMS spectra were recorded w ith a Kratos 

Concept IH m ass spectrometer in  me^a-nitrobenzyl alcohol as m atrix. 

Elemental analyses were performed by Canadian Microanalytical Services, 

New W estminster, B.C. Thin layer chromatography was carried out using 

Eastman Kodak silica gel on polyester sheets w ithout fluorescent indicator. In 

addition to the data  reported, all samples ran  as single sharp peaks on an 

analytical gel perm eation column (AUtech mixed polydivinylbenzene, 10 mm ID 

X 25 cm) w ith CHCI3 as eluent. The gel permeation column can resolve 

products differing by > 50 g/mol. THF was dried by refluxing over then 

distilling 6 0 m  potassium  m etal under a dry nitrogen atmosphere. DMF and 

DMSO were dried by refluxing over then distining under vacuum from CaH2 

and storing over 4 Â molecular selves.
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Compound 2 (8Trg), 7 (STrgPOH), 8  (STrgPOMs), 3 (82), 16 (82POH), and 17 

(82POMS) were made following the procedures reported before*’’̂ .

9. B is[3- or 4-, 17- or 18-(2-carboxy-l-thiaethyl)]-l,6,9,12,15,20-hezaoxa-

2,5,16,19-tetraoxocyclooctacosane ASTrgA

OH

Compound 2 (2.45 g, 5.37 mmol) and 2-mercaptoacetic add  (1.98 g, 21.5 

mmol, 4 eq) were added to tetrahydrofuran (300 mL). 2, 2, 6 , 6- 

Tetramethylpiperidine (3.5 mL) was added and the m ixture was stirred a t 60°C 

under nitrogen for 72 hours. The tetrahydroftiran was removed under reduced 

pressure. The pale yellow mixture was dissolved in  dichloromethane (330 mL), 

and washed w ith IM  hydrochloric add (5 x 200 mL). The pale yellow oil then 

was purified on a gel perm eation column (LH-20, 3 x 20 cm) using 2-propanol : 

chloroform (3 : 4) as eluent. The earlier and la ter firactions contained some 

unknown impurities. Product 9 was obtained in  the middle firactions. The 

product containing firactions were evaporated to give 9 as a colorless oü (2.34 g, 

3.66 mmol, 68%).

m  NMR 300 MHz (5, CDCb): 8.75 (hr. s, 2H, 2  x COafiD; 4.27 - 4.06 (m, 

8H, 4 X CO2CH 2)] 3.89 - 3.82 (m, 2H, 2 x CHaCflS); 3.69 - 3.64 ( m, 8H, 4 x 

CH2OCH2); 3.57 - 3.30 (m, 4H, 2 X SCH2CO2H); 3.00 - 2.66 (m, 4H, 2 x
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CmCHS); 1.61 -1.59 (m, 4H, 2 x CO2CH2CH2); 1.31 (m, 8H, 4 x CHzCHzCBg).

NMR 75.47 MHz (5, CDCb): 173.6, 173.5, 173.4, 173.3 (H0-C=0);

171.1, 171.0, 170.2, 170.0 (C=0); 70.3, 70.2, 68.9, 68.8 (OCH2); 65.6, 65.0, 64.4,

63.9 (CO2CH2); 42.0, 41.9, 41.6 (CH2CHS); 36.1, 35.8 (CH2CHS); 33.4, 32.9 

(SCH2CO2H); 28.5, 25.4, 25.3 (CH2CH2CH2); 28.3 (CO2CH2CH2).

MS (-LSIMS, mNBA): 639.1 (M - H)' 100%.

Exact mass: calculated for (M - H)*, C26H39O14S2, m/e 639.1781; foimd m/e 

639.1832.

10. 3- or 4-(2-carboxy-l-th iaethyl)]-l,6,9,12,15^0-hexaoxa-2,5,16,19- 

tetraoxocyclooctacos-17-ene STrgA

OH

Compound 2 (3.00 g, 6.58 mmol) and 2-mercaptoacetic add  (2.42 g, 26.3 

mmol, 4 eq) were dissolved in  tetrahydrofuran (250 mL), and 2,2,6,6- 

tetramethylpiperidine (2 mL) was added into the solution. The mixture was 

then stirred a t 60°C under nitrogen for 6 hours. After the solvent was removed 

under reduced pressure, the crude oil was dissolved in  dichloromethane (200 

mL), and washed w ith IM  hydrochloric add (4 x 100 mL). The resolved oily 

mixture was separated by sihca column chromatography. The column was 

made of sihca gel (60 g) and a  mixed solvent of 30% ethyl acetate /  hexanes, and
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then it was eluted w ith a  solvent gradient: 30% ethyl acetate /  hexanes (150 

mL), 40% ethyl acetate /  hexanes (150 mL), 50% ethyl acetate /  hexanes (200 

mL), 75% ethyl acetate /  hexanes (150 mL), and 100% ethyl acetate /  hexanes 

(150 mL). Only two spots were identified on TLC and no unreacted STrig (2) 

was found. The mono-add STrgA (10) came out of the column first, and the 

la ter firactions were diadd ASTrgA. (9). Product-containing firactions were 

combined to give 10 as a  colorless oil (0.44 g, 0.80 mmol, 12%) and by-product 9 

as a colorless oil (2.92 g, 4.56 mmol, 69%) for which its spectral data was 

identical to those reported above.

iH NMR 300 MHz (5, CDCL): 8.34 (hr. s, IH , CO2H); 6.77 (s, IH, trans 

CH=CH); 6.19 (s, IH , d s  CH=Cfl); 4.28 - 4.02 (m, 8H, 4 x CO2CH2); 3.85 - 3.78 

(m, IH, CH2CflS); 3.70 - 3.60 ( m, 8H, 4 x CH2OCH2); 3.52 - 3.26 (m, 2H, 

SCH2CO2H); 2.96 - 2.63 (m, 2H, C&CHS); 1.58 (m, 4H, 2 x CO2CH2CH2); 1.24 

(m, 8H, 4 X  CH2CH2C & ).

13C NMR 75.47 MHz (5, CDCI3): 172.9, 172.6 (H0-C=0); 170.9, 170.8,

169.9 (C=0); 165.3, 165.0 (CH=CH-C=0); 133.8, 133.0 (trans CH=CH); 130.2,

130.1, 129.3, 129.1 (ds CH=CH); 70.3, 70.2, 70.1, 68.8, 68.6 (CH2OCH2); 65.5,

65.2, 64.9, 64.5, 64.1, 63.9 (CO2CH2); 41.9, 41.6 (CH2CHS); 36.1, 35.8 

(CH2CHS); 33.3, 32.9 (SCH2CO2H); 29.5, 28.5, 25.4, 25.3 (CH2CH2CH2); 28.2,

28.1 (CO2CH2CH2).

MS (-LSIMS, mNBA): 547.2 (M - H)* 100%, (2M - H)* %.

Exact mass: calculated for (M - H)’, C24H35O12S1, m/e 547.1849; found m/e



126

547.1881.

11. 3- or 4-[8'-[17"- or 18''-(2"'-Carboxy-l'"-thiaethyl)-l'',6'',9",12",15''^(r- 

h«Eaoza-2",5%16", 19"-tetraoxocyclooctacos-3"- or 4"-yl]-6'-oxo-5',l',8'- 

oxadithiaoctyl]-l,6y9,12,15^0-hexaoxa-2,5,16,19-tetraoxocyclooctacosa- 

17-ene 8Tr^PA8TrgA

OH

Tetramethylammomum hydroxide pentahydrate (0.29 g, 1.60 mmol) was 

dissolved in  dimethyl sulfoxide (5 mL) a t 40°C under nitrogen, and mixed with 

compound 9 (1.02 g, 1.59 mmol, 1 eq) in  dim ethyl sulfoxide (7 mL). Compound 

8  (1.00 g, 1.60 mmol, 1 eq) in  dimethyl sulfoxide (8 mL) was added dropwise 

and the m ixture was held a t 40°C under nitrogen for 25 hours. The dimethyl 

sulfoxide was removed under reduced pressure. The brown m ixture was 

dissolved in  chloroform (300 mL), and w ashed w ith IM hydrochloric add (5 x 

150 mL), dried over magnesium sulphate and the solvent was removed. The 

hght brown oil was chromatographed on a  gel perm eation column (LH-20, 3 x 

20 cm) and the product was eluted w ith 2-propanol : chloroform (3 : 4). A diene 

product (12) of double reaction was obtained in  early fractions. The desired II  

was obtained in  the middle fractions, and unreacted 8 and 9 were obtained in 

the last fractions. The product containing frractions were evaporated to give 11
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as a pale yellow oil (0.22 g, 0.19 mmol, 12%):

‘H NMR 300 MHz (S, CDCb): 7.88 (br. s, IH, COOfl); 6.76, 6.17 (s, 2H, 

CH=CH); 4.26 - 3.94 (m, 18H, 9 x CO2CH2); 3.84 - 3.53 (m, 19H, 8 x CH2OCH2, 

3 X  CH2CJÎS); 3.50 - 3.23 (m, 4H, 2 x SCH2CO2); 2.95 - 2.55 (m, 8H, 3 x 

CH2CHS, SCm C H 2); 1.95 - 1.86 (m, 2H, SCH2CH2); 1.55 (m, 8H, 4 x 

CO2CH2CH2); 1.24 (m, 16H, 8 x CH2CH2CH2).

13C NMR 75.47 MHz (5, CDCb): 172.1, 171.9, 171.8 (HO-C=0); 171.2,

171.1, 170.9, 170.8, 170.7, 170.6, 170.1, 170.0, 169.9, 169.3 (C=0); 165.2, 165.1,

165.0 164.9, 164.6 (CH=CH-C=0); 133.8, 132.9, 130.1, 129.9, 129.1, 128.9 

(CH=CH); 70.5, 70.3, 70.2, 70.1, 70.0, 68.8, 68.7, 68.6 (OCH2); 65.3, 65.2, 65.1, 

64.7, 64.4, 64.2, 64.1, 64.0, 63.8, 63.7, 63.6 (CO2CH2); 41.9, 41.5, 41.4, 41.2 

(CH2CHS); 36.3, 36.1, 35.9, 35.7 (CH2CHS); 33.5, 33.0, 32.9 (SCH2CO2); 29.4,

28.6, 28.5, 25.5, 25.3, 25.2 (CH2CH2CH2); 28.1 (CO2CH2CH2); 27.8 (SCH2CH2);

27.7, 27.5 (SCH2CH2).

MS (-LSIMS, mNBA): 1078.4 (M - head)' 1.4%; 1169.4 (M - H)' 20.7%; 

Analysis calculated for C51H 78O 24S 3: C 52.29%, H 6.72%, S 8.21%; Found: 

C 52.17%, H 6.56%, S 8.28%.

Exact m ass: calculated for (M - H)', C51H77O24S3, m/e 1169.3967; found 

m/e 1169.4041.

13. 3- or 4-[8'-[17"- or 18"-(2'"-Carboxy-I'"-thiaethyl)-l",6",9",I2",15'',2(r- 

hexaoxa-2"5% 16% 19"-tetraoxocyclooctacos-3"< or 4"-yl]-6'-oxo-5',l',8'-



128

oxadithiaoctyl]-17- o r  18-(2>carboxyl-l-thiaethyl)-l,6,9,12,15^0-

hexaoxa-2,5,16,19-tetraoxocyclooctacosane ASTrgPASTi^^

c r \

Compound 11 (0.090 g, 0.077 mmol) and 2-mercaptoaœtic add (0.025 g, 

0.27 mmol, 3.5 eq) were dissolved in  dried tetrahydrofuran (5 mL). 2, 2, 6, 6- 

Tetramethylpiperidine (0.7 mL) was added and the solution was stirred for 5 

hours a t 60°C under nitrogen. The tetrahydrofuran was removed under 

reduced pressure, the hgh t yellow mixture was dissolved in  dichloromethane 

(150 mL), and washed w ith 1 M hydrochloric add  (5 x 70 mL), dried over 

magnesium sulphate and the solvent was removed to give a  hght yeUow oil. 

The crude product was chromatographed on a gel perm eation column (LH-20, 3 

X 20 cm) eluted w ith a  solvent of 2-propanol : chloroform (3 : 4). The middle 

fractions containing the expected products were evaporated to give 13 as a hght 

yellow oü (0.040 g, 0.032 mmol, 42%).

m  NMR 360 MHz (S, CDCL): 5.14 (br. s, 2H, 2 x COzBO; 4.24 - 4.09 (m, 

18H, 9 X CO2CH2); 3.84 - 3.34 (m, 26H, 8 x CH2OCH2, 4 x CHzCBS, 3 x 

SCmCOg); 3.00 - 2.65 (m, lOH, 4 x CH2CHS, SCH2CH2); 1.94 (m, 2H, 

SCH2CH2); 1.61 (m, 8H, 4 X CO2CH2CJÎ2); 1.30 (br. s, 16H, 8 x CH2CH2CH2).

NMR 90.57 MHz (S, CDCI3): 172.1, 171.8, 171.5 (H0-C=0); 171.2,

171.1, 170.9, 170.5, 170.3, 170.0, 169.6 (C=0); 70.5, 70.3, 70.1 69.3, 69.1, 68.9
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(OCHz); 65.6, 65.4, 65.0, 64.7, 64.2, 64.1, 63.9, 63.7 (CO2CH2); 42.4, 41.7,

41.6,(CH2CHS); 36.4, 35.9 (CH2CHS); 33.9, 33.6, 33.5, 33.2, 32.9 (SCH2CO2);

29.6, 29.3, 28.6, 25.5, 25.3 (CH2CH2CH2); 28.3 (CO2CH2CH2); 28.1 (SCH2CH2);

27.9 (SCH2CH2).

MS (-LSIMS, mNBA): 1261.4 (M-H)* 100%; 1303.4 (M + 43 - H)- 23.5%. 

Exact mass: calculated for (M - H)‘, C53H81O2GS4, m/e 1261.3899; found 

m/e 1261.3912.

14. 3- o r  4-[8'-[17"- o r  I8''-(2'"-Carboxy-l'"-thiaethyl)-l'',6",9",12",15'';2<r- 

hexaoxa-2"5"16'',19"-tetraoxocyclooctacos-3"- o r  4"-yl]-6'-oxo-6',l',8 '- 

oxadithiaoctyl]-17- o r  18-(N ,N -dim ethyl-4,l-azathiabutyl)-l,6,9,12,15^<^ 

hexaoxa>2,5,I6 ,19-tetraoxocyclooctacosane NSTrgPASTrgA

Compound 11 (0.19 g, 0.16 mmol) and 2-(dimetliylamino)ethanethiol 

hydrochloride (0.092 g, 0.65 mmol, 4 eq) were mixed in  2-propanol (15 mL). 2, 

2, 6, 6-Tetramethylpiperidine (1 mL) was added and the m ixture was heated a t 

reflux for 2 hours under nitrogen. The solvent was evaporated and the crude 

product was dissolved in  chloroform (200 mL), washed w ith IM  hydrochloric 

add  (5 X 100 mL), dried w ith magnesium sulphate, and the solvent was 

removed to give a pale yellow oil. Gel permeation (LH-20, 3 x 20 cm) of the
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product eluted w ith 2-propanol ; chloroform (3 : 4) give the purified material 

near the void volume. The combined product containing fiactions were 

evaporated to give compound 14 as a  pale yellow oil (0.14 g, 0.11 mmol, 68%): 

iH NMR 250 MHz (5, CDCh): 4.23 - 4.07 (m, 18H, 9 x CO2CH2); 3.85 - 

3.25 (m, 30H, 8 x CH20CJBT2,4 x CH2C flS, 2 x SCH2CO2, 2 x CflaN); 3.02 - 2.63 

(m, 14H, 4 X CH2CHS, 2 x SCm CH 2, NCH2CH2S); 1.96 - 1.93 (m, 2H, 

SCH2CfiT2); 1.61 (m, 8H, 4 x CO2CH2OT2); 1.30, 1.26, 1.22 (m, 16H, 8 x 

CH2CH2Cff2).

13C NMR 62.89 MHz (5, CDCI3): 171.2, 170.7, 170.3, 170.1, 169.4 (C=0); 

70.5, 68.9 (OCH2); 65.8, 65.5, 65.3, 65.0, 64.9, 64.6, 64.4, 64.1, 63.9 (CO2CH2);

56.9 0; 43.0 (CHaN); 41.9, 41.7 (CH2CHS); 36.5, 36.4, 36.0 (CH2CHS); 34.1 

(NCH2); 33.6, 33.2 (SCH2CO2); 28.6, 25.6, 25.4, 25.3 (CH2CH2CH2); 28.3 

(CO2CH2CH2); 28.1 (SCH2CH2); 27.9, 27.8 (SCH2CH2).

MS (-LSIMS, mNBA): 1274.6 (M - H)'.

Exact mass: calculated for (M - H)‘, C55H88O24N1S4, m/e 1274.4579; found 

m/e 1274.4677.

15. 3- o r  4-[8'-[17"- or 18''-(2'"-Carboxy-l"'-thiaethyl)-l'',6'',9",12",15'',20"- 

hezaoxa-2"5% I6'',19"-tetraoxocyclooctacos-3"- or 4"-yl]-6'-oxo-5',l',8'- 

oxadith iaoctyl]-17- or 18-(^-D -l-thiaglucosyl)-l,6,9,12,15^0-hezaos:a-

2,5,16,19-tetraoxocyclooctacosan e G8TE^PA8TrgA
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OH

Compound 11 (100 mg, 0.086 mmol) was dissolved into dry THF : 2- 

propanol (50:50, 10 mL). l-Thio-P-o-^ucose sodium sa lt düiydrate (43.9 mg, 

0.17 mmol, 2 eq) was added, followed by methanesulphonic ad d  (17.6 mg, 0.18 

mmol, 2.1 eq) in 2-propanol (1 mL). The mixture was stirred a t 50°C under 

nitrogen for 1.5 hours, 2, 2 ,6 , 6-tetramethylpiperidine (0.7 mL) was added, and 

the reaction was held a further 16 hours a t 50°C. After the solvent was 

removed, the crude product was dissolved into dichloromethane (100 mL), 

washed w ith 1 M hydrochloric add  (3 x 50 mL), and dried w ith sodium 

sulphate. Dichloromethane was removed, and the yellow oil was 

chromatographed in  three portions on a gel permeation column (LH-20, 3 x 20 

cm) eluted with 2-propanol : chloroform (3 : 4). In each portion, the expected 

product was collected among the middle fractions. The combined products were 

evaporated to give 15 as a pale yellow oü (0.045 g, 0.033 mmol, 38%).

iR NMR 360 MHz (8 , CD2CI2): 5.33 - 4.65 (m, 4H, 4 x Ofl); 4.24 - 4.10 

(m, 18H, 9 X CO2CH2); 3.94 - 3.60 (m, 22H, 8 x OCH2, 4 x CH2C flS, 2 x OCH in 

the glucose part); 3.57 - 3.37 (m, 9H, 2 x SCH2CO2, 3 x CHOH and CH2OH in 

the glucose part); 3.01 - 2.69 (m, lOH, 4 x CH2CHS, SCJ5T2CH2); 1.94 (m, 2H, 

SCH2CÆF2); 1.62 (m, 8H, 4 x C02CH2Cm ); 1.32, 1.25, 1.23 (m, 16H, 8 x 

CH2CH2CH 2).



132

>3C NMR 90.57 MHz (5, CD2CI2): 172.4, 172.3, 172.0, 171.8 (H0-C=0);

171.6, 171.5, 171.3, 171.2, 171.0, 170.8, 170.6, 170.5, 170.4, 169.9 (C=0); 85.2,

84.3, 80.1, 78.1, 72.8, 69.9, 62.1 (HC-OH and HC-O-CH in the glucose part);

70.8, 70.7, 70.6, 69.3, 69.2 (OCH2); 66.5, 66.2, 66.0, 65.9, 65.7, 65.5, 65.3, 65.1,

64.9, 64.8, 64.5, 64.4, 64.2 (CO2CH2); 42.6, 42.2, 42.0, 41.8, 40.7 (CH2CHS ); 

37.7; 36.9, 36.8, 36.7, 36.5, 36.4, 36.3 (CH2CHS); 33.9, 33.6, 33.5, 33.4 

(SCH2CO2); 30.0, 29.2, 29.1, 25.9, 25.8, 25.7 (CH2CH2CH2); 28.7, 28.5, 

(CO2CH2CH2); 28.3 (SCH2CH2); 28.1 (SCH2CH2).

MS (-LSIMS, mNBA): 1365.4 (M-H)* 66.5%.

Exact mass: calculated for (M - H)', C57H89O29S4, m/e 1365.4372; found 

m/e 1365.4400.

18. B is[3- or 4-, 17- or 18-(2-carboxy-l-th iaethyl)]-l,6,15^0-tetraoxa-

2,5,16,19-tetraoxocyclooctacosane A82A

Compound 3 (2.00 g, 4.42 mmol) and 2-mercaptoacetic add  (2.04 g, 22.1 

mmol, 5 eq) were dissolved in  tetrahydrofuran (150 mL). 2,2,6,6- 

Tetramethylpiperidine (6 mL) was added and the mixture was stirred a t 64"C 

under nitrogen for 26 hours. The tetrahydrofuran was removed under reduced 

pressure. The pale yellow m ixture was dissolved in dichloromethane (200 mL),
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and washed with 1 M hydrochloric acid (4 x 100 mL). After drying w ith sodium 

sulphate and removal of dichloromethane, the compound 18 w as collected as a 

pale yellow oil (2.81 g, quantitative).

m  NMR 300 MHz (6, CDCb): 9.14 (hr. s, 2H, 2 x COzH); 4.16 - 3.96 (m, 

8H, 4 X CO2CH2); 3.79 (d.d., J i = 10.7 Hz, J 2 = 3.2 Hz, 2H, 2 x CH2CHS); 3.47 

(d.d., J i = 56.6 Hz, J 2 = 16.2 Hz, 4H, 2 x SCH2CO2H); 2.94, 2.70 (d.d., J i = 16.9 

Hz, J 2 = 11.0 Hz, J i’ = 16.9 Hz, J 2’ = 4.4 Hz, 4H, 2 x CJH2CHS); 1.60 - 1.56 (m, 

8H, 4 X  CO2CH2CH2); 1.27 (hr. s, 16H, 8 x CH2CH2Œ 2).

13C NMR 75.47 MHz (Ô, CDCla): 174.9, 174.8,174.7 (H0-C=0); 170.9,

170.1 (C=0); 65.7, 65.2 (CO2CH2); 41.8, 41.7, 41.6 (CH2CHS); 36.1 (CH2CHS);

33.0 (SCH2CO2H); 29.0, 28.9, 25.6 (CH2CH2CH2); 28.4 (CO2CH2CH2).

MS (-LSIMS, mNBA): 635.2 (M - H)* 100%.

Exact mass: calculated for (M - H)*, C28H43O12S2, m/e 635.2196; found m/e 

635.2188.

19. 3- or 4-[8'-[17"- or 18"-(2"'-Carboxy-l'"-thiaethyl)-l",6",15"^0"- 

tetraoxa-2'',5",16" lO^-tetraoxocyclooctacos-S"- or 4"-yl]-6'-oxo-5',l',8'- 

oxadithiaoctyll-ly8,15^0-tetraoxa-2,5,16,19-tetraoxocyclooctacosa-17- 

en e 82PA82A
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OH

Tetramethylaimnomuin hydroxide pentahydrate (0.29 g, 1.60 mmol) was 

dissolved in  dimethyl sulfoxide (2 mL) a t 55“C under nitrogen, and mixed with 

18 (1.02 g, 1.60 mmol, 1 eq) in  dimethyl sulfoxide (4 mL). Compound 17 (1.00 

g, 1.61 mmol, 1 eq) in  dim ethyl sulfoxide (6 mL) was added dropwise and the 

solution was stirred a t 50“C under nitrogen for 7.5 hours. The dimethyl 

sulfoxide was removed under reduced pressure. The yellow m ixture was 

dissolved in dichloromethane (200 mL), and washed w ith 1 M hydrochloric add  

(3 X 100 mL). It was dried over magnesium sulphate and the solvent was 

removed. The yellow oil was chromatographed on a  gel permeation column 

(LH-20, 3 X 60 cm) eluted w ith a  mixed solvent of 2-propanol : chloroform (3 : 

4). The desired compound 19 was obtained in the middle fractions, and the 

product containing fractions were evaporated to give compound 19 as a  light 

yellow oü (0.10 g, 0.086 mmol, 5.4%). The -LSIMS indicated 19 was 

contaminated by compound 2 0  due to the retro-Ahchael addition discussed 

earher in the text.

iH NMR 360 MHz (S, CDCb): 7.75 (hr. s, IH , COOH); 6.79, 6.19 (s, 2H, 

CH=CH); 4.19 - 3.95 (m, 18H, 9 x CO2CH2); 3.83 - 3.31 (m, 7H, 3 x CHaCflS, 2 

X SCH2CO2); 2.97 - 2.59 (m, 8H, SCH2CH2CH2, 3 x Cfl^CHS); 2.02 - 1.92 (m, 

2H, SCH2Cm CH2); 1.60 -1.58 (m, 16H, 8 x CO2CH2CH2); 1.28 (hr. s, 32H, 16 x
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CH2CH2CH2).

13C NMR 90.57 MHz (5, CDCI3): 173.5 (H0-C=0); 171.1, 170.8, 170.2,

170.1, 170.0, 169.5 (C=0); 165.3, 164.9 (CH=CH-C=0); 133.5, 129.6, 129.5 

(CH=CH); 65.6, 65.4, 65.3, 65.1, 65.0 (CO2CH2); 63.9 (CO2CH2CH2CH2S); 41.7, 

41.5 (CH2CHS); 36.6, 36.2, 36.1 (CH2CHS); 33.1, 33.0 (SCH2CO2); 29.1, 29.0, 

28.8, 26.0, 25.7, 25.2 (CH2CH2CH2); 28.5, 28.4 (CO2CH2CH2); 28.0 

(SCH2CH2CH2); 27.8 (SCH2CH2CH2).

MS (-LSIMS, mNBA); 1161.4 (M - H)* 100%; 1253.3 (A82PA82A - H)'

27.8%.

20. 3- o r  4-[8'-[17"- o r  18''-(2'"-Carboxy-l"'-thiaethyl)-l",6",15''^0''-

tetraoxa-2",5",16"yl9"-tetraos:ocyclooctacos-3"' o r  4"-yl]-6'-oxo-5',l',8 '- 

oxadithiaoctyl]-17- o r 18-(2-carboxy-l-thiaethyl)> l,6yl5^0-tetraoxa- 

2y5,16,19-tetraoxocyclooctacosane A82PA82A

Compound 19 (0.101 g, 0.087mmol) and 2-mercaptoaœtic add (0.079 g, 

0.86 mmol, 9.9 eq) were dissolved in  tetrahydrofuran (10 mL). 2,2,6,6- 

Tetramethylpiperidine (1.5 mL) was added and the solution was stirred for 39 

hours a t 60®C under nitrogen. The tetrahydroftiran was removed under 

reduced pressure. The light yellow mixture was dissolved in  dichloromethane
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(150 mL), and washed w ith 1 M hydrochloric add  (4 x 100 mL), distilled water 

(3 X 70 mL). It was dried over magnesium sulphate and the solvent was 

removed to give a hght yellow oil. The crude product was chromatographed on 

a gel permeation column (LH-20, 3 x 20 cm) eluted w ith a  solvent of 2-propanol 

: chloroform (3 : 4). The middle factions contained the expected product 20, 

and the early emd la te r firactions contained unidentified by-products. The 

product containing firactions were evaporated to give 20 as a hght yellow oü 

(0.037 g, 0.030 mmol, 34%).

iR NMR 360 MHz (5, CDCL): 9.05 (hr. s, 2H, 2 x COOfl); 4.19 - 3.93 (m,

18H, 9 X CO2CH 2); 3.84 - 3.31 (m, lOH, 4 x CHaCflS, 3 x SCH2CO2); 2.98 - 2.59 

(m, lOH, SCÆT2CH2CH2, 4 x CH2CHS); 1.94 - 1.87 (m, 2H, SCH2CH2CH2); 1.59 -

1.56 (m, 16H, 8 x CO2CH2CH2); 1.27 (hr. s, 32H, 16 x CH2CH2CH2).

13C NMR 90.57 MHz (5, CDCL): 174.3 (HO-C=0); 171.3, 170.8, 170.4,

170.1, 170.0, 169.5 (C=0); 65.6, 65.5, 65.1 (CO2CH2); 63.9 (CO2CH2CH2CH2S);

41.7, 41.5 (CH2CHS); 36.5, 36.2, 36.1 (CH2CHS); 33.1, 33.0 (SCH2CO2); 29.1,

29.0, 25.7, 25.6 (CH2CH2CH2); 28.4 (CO2CH2CH2); 28.0 (SCH2CH2CH2); 27.8 

(SCH2CH2CH2).

MS (-LSIMS, mNBA): 1253.5 (M - H)' 100%; 1275.5 (M + Na -2H)* 4.0%. 

Exact mass: calculated for (M - H)', C57H89O22S4, m/e 1253.4728; found 

m/e 1253.4706.
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21. Bis[3- or 4-, 17- or 18-(3-carboxy-l-thiapropyl)]-ly6,I5^0*tetraoxa- 

2,5,16,19-tetraoxocyclooctaco8ane PaSaPa

OH

Compound 3 (1.00 g, 2 . 2 1  mmol) and 3-mercaptopropionic add (1.17 g,

11.0 mmol, 5 eq) were dissolved in tetrahydrofuran (40 mL). 2,2,6,6- 

Tetramethylpiperidine (3 mL) then was added to the solution, and it was kept 

to reflux for 47 h  under nitrogen. The tetrahydrofuran was removed under 

reduced pressure, and the residual oil was dissolved in  dichloromethane (200 

mL) and washed w ith IM  hydrochloric add (6 x 100 mL). The solution was 

dried over magnesium sulphate, and solvent was removed to give a addic 

mixture. It was chromatographed with a sihca column (50 g sihca) and eluted 

by the following solvent gradient; 30% ethyl acetate : hexanes (300 mL), 50% 

ethyl acetate : h ^ a n e s  (200 mL), and 100% ethyl acetate (200 mL). The early 

hractions were unreacted 3, the middle firactions were the desired mono-adduct 

22, and the later firactions were double-adduct 21. Product-containing firactions 

were combined to give 21 as a oüy sohd (0.44 g, 0.66 nunol, 30 %), 22 as a oüy 

sohd (0.20 g, 0.36 mmol, 16%), and recovered 3 as a  w hite sohd (0.28 g, 0.62 

mmol, 28%).

NMR 300 MHz (5, CDCL): 9.91 (br. s, 2H, 2  x COOH); 4.14 - 3.94 (m, 

8H, 4 X CO2CH2); 3.40 (d. d., J i = 11.0 Hz, J 2 = 4.4 Hz, 2H, 2 x CH2CflS); 2.98 -
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2.60 (m, 12H, 2 x CH2CHS, 2 x SCm CH 2, 2 x SCH2CH2); 1.60 - 1.57 (m, 8H, 4 x 

C02CH2Cm); 1.28 (br. s, 16H, 8 x CH2CH2CÆ2).

NMR 75.47 MHz (5, CDCI3): 177.3 (H0-C=0); 171.3, 171.2, 170.2 

(C=0); 65.5, 65.0 (CO2CH2); 41.7 (CH2CHS); 36.5 (CH2CHS); 34.1 (SCH2CH2);

29.1, 29.0,25.7, 25.6 (CH2CH2CH2); 28.4 (CO2CH2CH2); 26.1 (SCH2CH2).

MS (-LSIMS, mNBA): 485.2 (M - Pa - CH2CH2CO2H)- 9.3%; 663.2 (M - 

H )-100%.

Exact Mass: calculated for (M - H)*, C30H47O12S2, m/e 663.2509; found m/e 

663.2522.

22. 3- o r  4-(3-C arboxy-l-thiapropyl)]-l,6»15^0-tetraoxa-2,5,16,19-

te traoxocyclooctacos-17-ene 8zPa

OH

The experimental procedures are described as above (compound 21), and 

product 22 was purified and obtained as a oily solid (0.20 g, 0.36 mmol, 16%).

iR NMR 300 MHz (S, CDCI3): 10.16 (br. s, IH, COOH); 6.75, 6.16 (s, 2H, 

CH=CH); 4.17 - 3.90 (m, 8H, 4 x CO2CH2); 3.60 (d. d., J i  = 11.0 Hz, J 2 = 4.4 Hz, 

IH , CH2CHS); 2.94 - 2.55 (m, 6H, CH2CHS, SCH2CH2, SCH2CH2); 1.61 - 1.53 

(m, 8H, 4 X CO2CH2CB2); 1.25 (br. s, 16H, 8 x CH2CH2C ff2).

13C NMR 75.47 MHz (5, CDCb): 176.6 (H0-C=0); 171.1, 170.0 (C=0);
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165.2 (CH=CH-C=0); 133.4 (trans CH=CH); 129.5, 129.4 (ds CH=CH); 65.4,

65.2 (CO2CH2); 41.6 (CH2CHS); 36.4 (CH2CHS); 34.0 (SCH2CH2); 29.0, 25.6 

(CH2CH2CH2); 28.3, 28.2 (CO2CH2CH2); 26.0 (SCH2CH2).

MS (-LSIMS, mNBA): 485.2 (M - CH2CH2CO2H)- 9.4%; 557.2 (M - H)' 

100%; 1115.2 (2M - H)' 24%.

Exact Mass: calculated for (M - H)*, C 27H 41O 1081, m/e 557.2420; found m/e 

557.2440.

23 3- or 4-[9'-[17"- or 18''-(3'"-Carboxy.l'"-thiapropyl)-l",6",15''^0"- 

tetraoxa-2 ,5 ,16 tetraoxocyclooctacos^3" or 4"-yl]-6'-oxo-5',l',9'- 

oxadithianonyl]-l,6,15,20-tetraoxa-2,5,16,19-tetraoxocyclooctacosa-17- 

ene SzPPaSaPa

0 0 0 0
Tétraméthylammonium hydroxide pentahydrate (0.072 g, 0.40 mmol) 

was dissolved in  dimethylsulfoxide (2 mL) a t 60 “C under nitrogen, and mixed 

with compound 21 (0.24 g, 0.39 mmol, 1 eq) in dimethylsulfoxide (4 mL). 

Compound 17 (0.26 g, 0.39 mmol, 1 eq) in  dimethylsulfoxide (6 mL) was added 

dropwise and the solution was stirred for 22 hours a t 62 - 65°C under nitrogen 

protection. After dimethylsulfoxide w as removed under reduced pressure, the 

yellowish m ixture was dissolved in  dichloromethane (200 mL) and washed with 

1 M hydrochloric acid (4 x 100 mL). The organic layer was dried over sodium
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sulphate and the dichloromethane was removed. The crude oil was 

chromatographed on a  gel permeation column (LH-20, 3 x 60 cm) and eluted 

w ith a  mixed solvent of 2-propanol : chloroform (3 : 4). The desired compound 

23 was obtained in the middle fractions, and the product containing fractions 

were evaporated to give the compound 23 as a  pale yellow oil (0.14 g, 0.12 

mmol, 31%). The negative LSIMS indicated 23 was contaminated by 

compound 24 due to the retro-Michael addition discussed earlier in  the text.

H  NMR 300MHz (S, CDCL): 8.70 (br. s, IH , COOH); 6.79, 6.77, 6.18 (s, 

2H, CH=CH); 4.19 - 3.97 (m, 18H, 9 x CO2CH2); 3.63 - 3.56 (m, 3H, 3 x 

CHzCBS); 2.96 - 2.59 (m, 16H, 3 x CH2CHS, SCH2CH2CH2, 2 x SCH2CH2CO2, 

2 X SCH2CH2CO2); 1.87 (m, 2H, SCH2CH2CH2); 1.58 - 1.56 (m, 16H, 8 x 

CO2CH2CH2); 1.26 (br. s, 32H, 16 x CH2CH2CH2).

13C NMR 75.47 MHz (S, CDCb): 175.9 (H0-C=0); 171.4, 171.3, 171.1, 

170.5, 170.2, 170.1 (C=0); 165.2, 164.9 (CH=CH-C=0); 133.4, 129.6, 129.4 

(CH=CH); 65.4, 65.3, 65.2, 65.0, 64.8 63.0, 62.7 (CO2CH2); 41.6, 41.5, 41.4 

(CH2CHS); 36.5, 36.4 (CH2CHS); 34.2, 33.9 (SCH2CH2CO2); 29.0, 28.8, 28.7,

25.7, 25.6, 25.2 (CH2CH2CH2); 28.4, 28.3, (CO2CH2CH2); 28.1 (SCH2CH2CH2); 

27.8 (SCH2CH2CH2); 26.4,26.1 (SCH2CH2CO2).

MS (-LSIMS, mNBA): 1189.5 (M - H)' 80.7%; 1295.6 [Pa(82)PPa(82)Pa - 

H ]-11.8%.

24. 3- or 4-[9'-[17"- or 18''-(3'"-Carboxy-l'"-thiapropyl)-l",6'',15''^0"-
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tetraoxa-2",5",16%19"-tetraozocyclcMx^cos-3''- or 4"-yl]-6'-oxo-5',l',9'- 

oxadithianonyl]-17- or 18-(3-carboxy-l-thiapropyl)-l)6,15^0-tetraoza-

2,5,16,19-tetraoxocyclooctacosajie Pa&PPaSzPa

OH

Compound 23 (0.12  g, 0.10 mmol) and 3-mercaptopropionic add  were 

dissolved in  tetrahydrofuran (10 mL). 2,2,6,6-Tetramethylpiperidine (0.7 mL) 

was added to the solution, and it  was refluxed for 18 hours under nitrogen 

protection. After tetrahydrofuran was removed under reduced pressure, the 

yellowish solution w as dissolved in  dichloromethane (150 mL), and washed 

with 1 M hydrochloric add  (3 x 100 mL). The organic layer was dried over 

sodium sulphate and dichloromethane was removed. The crude oü was 

chromatographed on a  gel permeation column (LH-20, 3 x 60 cm) and eluted 

with a mixed solvent, 2-propanol : chloroform (3 : 4). The desired compound 24 

was in the middle flractions, and the product containing firactions were 

evaporated to give the  compound 24 as a pale yellow oü (0.080 g, 0.062 mmol, 

62%).

iH NMR 300 MHz (5, CDCL): 8.38 (br. s, 2H, 2 x COOH); 4.14 - 3.97 (m, 

18H, 9 X CO2CH2); 3.66 - 3.57 (m, 4H, CH2CflS); 2.98 - 2.60 (m, 22H, 4 x 

CH2CHS, SCH2CH2CH2, 3 X SCB2CH2CO2, 3 X SCH2C ff2C02 ); 1.89 (m, 2H, 

SCH2CJÏ2CH2); 1.58 - 1.56 (m, 16H, 8 x C02CH2Cff2); 1.27 (br. s, 32H, 16 x
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CH2CH2CH2).

«C NMR 75.47 MHz (ô, CDCb): 176.6 (H0-C=0); 171.4, 171.2, 170.3,

170.2, 170.1 (C=0); 65.5, 65.0, 63.1 (CO2CH2); 41.7, 41.5 (CH2CHS); 36.5 

(CH2CHS); 34.2, 34.0 (SCH2CH2CO2); 29.6, 29.0, 25.7 (CH2CH2CH2); 28.4 

(CO2CH2CH2); 28.1 (SCH2CH2CH2); 27.9 (SCH2CH2CO2); 26.4, 26.1

(SCH2CH2CO2).

MS (-LSIMS, mNBA): 1295.4 (M - H)' 100%; 1334.7 (M + K -H )' 4.3%. 

Exact mass: calculated for (M - H)*, CG0H95O22S4, m/e 1295.5198; found 

m/e 1295.5187.

25.3- or 4-[7-(l%6^,15^^0"-tetraoxa-2^,5 ,̂16 ,̂iy-tetraoxocyclooctacos-17- 

enyl-3"- or 4"-yl)]-l',4',7'-trithiahepta]-l,6,15^0-tetraoxa-2,5,16,19- 

tetraoxocyclooctacosa-17-ene 828082

Compound 3 (3.53 g, 7.8 mmol) and 2,2,6,6-tetramethylpiperidine (8 

drops) were dissolved in  tetrahydrofuran (15 mL). 2-Mercaptoethyl sulfide 

(0.30 g, 1.95 mmol, 0.25 eq) in  tetrahydrofuran (7 mL) was added dropwise for 

1 hour and 45 m inutes a t 63 - 68“C under nitrogen. The solution was then kept 

a t reflux for 23 hours. After removal of tetrahydrofiiran under reduced 

pressure, the crude product was added to a  column of silica gel (50 g) prepared
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in 20% ethyl acetate/hexanes as a  slurry. A solvent gradient w as used to elute 

the column: 20% ethyl acetate/hexanes (400 mL), 35% ethyl acetate/hexanes 

(250 mL), 50% ethyl acetate/hexanes (400 mL), 100% ethyl acetate/hexanes 

(200 mL). Two cycles of separation were apphed following the same 

procedures, and the unreacted 3 was eventually separated firom the mixture . 

The rest of the mixture was put on a  Lipophilic Sephadex gel permeation 

column (LH-20, 3 x 60 cm), and eluted w ith 2-propanol : chloroform (3 : 4). 

After two cycles of puriftcation, the expected compound 25 came out in the 

middle fractions. The analytical gel perm eation column indicated it was a 

single sharp peak. The combined product containing fractions were evaporated 

to give compound 25 as colorless oil (0.50 g, 0.47 mmol, 24%):

iR NMR 300 MHz (Ô, CDCL): 6.76, 6.17 (s, 4H, CH=Cfl); 4.16 - 3.90 (m, 

16H, 8 X CO2CH2); 3.65 - 3.60 (m, 2H, 2 x CH2CB8 ); 2.95 - 2.58 (m, 12H, 2 x 

CmCHS, 2 X SCH2CH2S); 1.60 - 1.56 (m, 16H, 8 x CO2CH2CÆJ); 1.27 (br. s, 

32H, 16 X CR2CR2CH2).

"C NMR 75.47 MHz (5, CDCI3): 171.0, 170.0 (C=0 ); 165.2, 165.1 

(CH=CH-C=0); 133.4, 129.6, 129.4 (CH=CH); 65.4, 65.2, 64.9 (CO2CH2); 41.5 

(CH2CHS); 36.5 (CH2CHS); 31.5 (SCH2CH2S); 29.1, 29.0, 28.8, 25.7, 25.6 

(CH2CH2CH2); 28.4, 28.3 (CO2CH2CH2).

MS (-LS1MS, mNBA): 1058.4 (M - H)' 70.0%.

Exact mass: calculated for (M - H)*, C52H81O16S3, m/e 1057.4687; found 

m/e 1057.4737.
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26. 3- or 4-[7'-[17"- or 18 (2" Carboxy l  -thiaethyl) 1^6 ,15 ,20"

tetraoxa-2"5",16" 19"-tetraoxocyclooctacos-3"- or 4"-yl]-l',4',7'- 

trithiahepta]-17- or 18-(2>carboxy-l*thiaethyl)-l,6,15y20-tetraoxa-

2,5,16,19-tetraoxocyclooctacosane ASgSuSzA

Compound 25 (0.20 g, O.lOmmol) and 2-mercaptoaœtic add  were 

dissolved in  tetrahydrofuran (15 mL), and 2,2,6,6-tetramethylpiperidine (0.5 

mL) was added into the solution. The m ixture was refluxed for 36 hours under 

nitrogen. After evaporation of tetrahydrofuran under reduced pressure, the 

crude product was dissolved in dichloromethane (150 mL) and washed w ith 1 

M hydrochloric ad d  (5 x 100 mL). Drying w ith magnesium sulphate and 

evaporation gave a colorless oil. (%el perm eation (LH-20, 3 x 60 cm) of the 

product eluted w ith 2-propanol ; chloroform (3 : 4) gave the desired product 26 

in  the middle fractions. The combined product containing fractions were 

evaporated to give compound 26 as a colorless oü (0.15 g, 0.12 mmol, 63%).

iR NMR 300 MHz (5, CDCla): 7.61 (br. s, 2H, COOfl); 4.12 - 3.93 (m, 

16H, 8 X C0 2 CH 2)\ 3.81, 3.65 (d.d., Ji= Ji’=4.4 Hz, J 2=J2=11.1 Hz, 4H, 4 x 

CH2CHS); 3.46 (d.d., Ji=16.2 Hz, J2=56.6 Hz, 4H, 2 x SCH2COOH); 2.97 - 2.60 

(m, 16H, 4 X Cff2CHS, 2 x SC&CgzS); 1.57 (br. s, 16H, 8 x CO2CH2CJT2); 1.27 

(br. s, 32H, 16 x CH2CH2CH2).
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»3C NMR 75.47 MHz (S, CDCb): 174.1 (COOH); 171.2, 170.8, 170.3,

170.0 (C=0); 65.6, 65.5, 65.1 (CO2CH2); 41.7, 41.5 (CH2CHS); 36.5, 36.1 

(CH2CHS); 33.0 (SCH2COOH); 31.6, 31.5 (SCH2CH2S); 29.1, 29.0, 25.7, 25.6 

(CH2CH2CH2); 28.4 (CO2CH2CH2).

MS (-LSIMS, mNBA): 1241.4 (M - H)' 100%.

Exact mass: calculated for (M - H)‘, C56H89O20S5, m/e 1241.4551; found 

m/e 1241.4549.

27. 3- o r  4-[7'-[17"- o r  18"-(N ^N -dim ethyl-3"',l"'-azathiapropyl)-

1"6" 15"^0''-tetraoxa-2",5",16'',19"-tetraoxocyclooctacos-3"- o r  4"-yl]- 

1 ,4  ,7 -trith iah ep ta ]-1 7 - o r  1 8 -(N ^-d im eth y l-3 ,l-azath iap ro p y l)- 

l,6 ,15y20-tetraoxa-2,5,16,19-tetraoxocyclooctacosane N82SU82N

Compound 25 (0.20 g, 0.19 mmol) and 2-dimethylaminoethanethiol (0.11 

g, 0.78 mmol, 4.1 eq) were dissolved in  2-propanol (15 mL), and 2,2,6,6- 

tetram ethylpiperidine (0.5 mL) was added. The solution was refluxed for 4 

hours under nitrogen. After solvent evaporation, the crude product was 

dissolved in  chloroform (150 mL), washed w ith 1 M hydrochloric ad d  (5 x 100 

mL), and dried over magnesium sulphate. Following evaporation of 

chloroform, the crude product was chromatographed by a  gel perm eation
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column (LH-20, 3 x60 cm) eluted with 2-propanol : chloroform (3 : 4). The 

desired compound 27 was in the middle hractions. The combined product 

containing fimctions were evaporated to give compound 27 as a colorless oil 

(0.18 g, 0.14 mmol, 74%).

H  NMR 300 MHz (S, CDCL): 4.01 - 3.83 (m, 16H, 8 x CO2CH2); 3.61 - 

3.53 (4H, 4 X CH2CHS); 2.91 - 2.52 (m, 36H, 4 x CH2CHS, 2 x SCH2CH2S, 4 x 

NCfla, 2 X NCH2CH2S); 1.48 (br. s, 16H, 8 x CO2CH2CH2); 1.18 (br. s, 32H, 16 x 

CH2CH2CH2).

NMR 75.47 MHz (8, CDCL): 170.8, 170.7, 169.8 (C=0); 65.4, 65.2,

64.8, 64.7 (CO2CH2); 57.1 (NCH2CH2S); 43.4 (NCHa); 41.5, 41.3 (CH2CHS); 

36.3, 36.1 (CH2CHS); 31.4, 31.3 (SCH2CH2S); 28.9, 28.8, 28.7, 25.5, 25.4 

(CH2CH2CH2); 28.2 (CO2CH2CH2); 26.6 (NCH2CH2S).

MS (+LSIMS, mNBA): 1269.4 (M + H)+ 100%.

Exact mass: calculated for (M - H)*, C60H 103O1GN2S4, m/e 1267.5911; 

found m/e 1267.6014.

28. 3- or 4-[8'-[17"- or 18"-(2"'-Carboxy-l'"-thiaethyl)-l",6",9",12'',15"^0"- 

hexaoxa-2"5"yl6%19"-tetraoxocyclooctacos-3''- or 4"-yl]-6'-oxo-5',l',8'- 

oxadithiaoctyl]-17- or 18-[2,3-dicarboxy-l-thiapropyl]-I,6,9,12,15,20- 

h^aoxa-2,5,16,19-tetraoxocyclooctacosane S8TzgPA8TrgA
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OH

Compound 11 (100 mg, 0.086 mmol) and 2-mercaptosucdmc add (51mg, 

0.34 mmol, 4 eq) were dissolved in tetrahydrofuran (15 mL), and followed by 

adding 2,2,6,6-tetramethylpiperidine (1.5 mL). The solution was refluxed for 6 

hours under the nitrogen. After evaporation of the 2-propanol, the crude oil 

was dissolved in  dichloromethane (200 mL), washed w ith IM hydrochloric add 

(4 X 100 mL), and dried over sodium sulphate. Following evaporation of 

solvent, the yellowish mixture was chromatographed by a gel permeation 

column (LH-20, 3 x 60 cm) eluted w ith a solvent of 2-propanol : chloroform (3 ; 

4). The middle fractions were the expected compound based on results of the 

analytical GPC (AUtec, ED 10 x 100 mm) which gave a  single sharp peak.. The 

combined products were evaporated to give compound 28 as a pale yellow oil 

(100 mg, 0.076 mmol, 88%).

m  NMR 360 MHz (5, CDCL): 7.37 (br. s, 3H, COOH); 4.20 - 4.06 (m, 

18H, 9 X CO2CH2); 3.90 - 3.61 (m, 21H, 8 x CH20Cfl2, 5 x CH2CHS); 3.53 - 3.27 

(m, 4H, 2 X SCH2CO2); 3.01 - 2.66 (m, 12H, 5 x CH2CHS, SCH2CH2); 2.12 - 1.90 

(m, 2H, SCH2CH2); 1.59 (br. s, 8H, 4 x CO2CH2CH2); 1.28, 1.19 (br. s, 16H, 8 x 

CH2CH2CH2).

130 NMR 90.57 MHz (5, CDCI3): 173.4, 172.5 (COOH); 171.1, 171.0,

170.2, 70.0, 169.6 (C=0); 70.4, 70.2, 68.9, 68.8 (OCH2); 66.4, 65.8, 65.5, 65.0,
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64.6, 64.3, 64..0, 63.9, 63.8 (CO2CH2); 42.4, 41.7 (CHzCHS); 36.7, 36.2, 35.9 

(CH2CHS); 33.5, 33.1, 33.0 (SCH2CO2); 29.6, 28.5, 28.2, 25.4, 25.2 

(CH2CH2CH2); 28.0 (CO2CH2CH2); 27.9 (SCH2CH2CH2).

MS (-LSIMS, mNBA): 1227.5 (M - HSCH2CO2H - H)* 5.0%; 1319.5 (M - 

H )-100%.

Ekact mass: calculated for (M - H)*, C55H83O28S4, m/e 1319.3954; found 

m/e 1319.3916.

4.2 Molft4»iilar mndftlifiy

The low energy conformations of transporter candidates were generated 

by molecular dynamics and mechanics calculation using CAChe Scientific 

program suite. The standard MM2 force field was used as the potential field 

which included bond stretching, angle bending, stretch-bend, torsion, hydrogen 

bonding, and Van der Waals terms. The calculation started firom a  local 

minimum which derived firom a  mechanics optimisation, each molecule was 

thermally excited to 373 K then allowed to reach a  therm al equilibrium  over 

500 time steps. The actual trajectory was a  total of 10,000 time steps, w ith a 

sampling every 20 tim e steps. Those conformations w ith significantly low 

energy were then optimized to the corresponding local minimum n.«ring the 

molecular mechanics calculation again.
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APPENDIX 1 VESICLE PREPARATION AND PH-STAT TITRATION

The experimental procedures of vesicle preparation and pH -stat titration 

followed the M aster thesis of K. C. Kaye w ith minor changes.

The titration system consisted of a  Metrohm 655 Dosimat burette, a  614 

autom atic titrim eter, a 632 pH-m eter and a  titration cell. The burette was 

linked to an IBM PC, and the autom atic titration and data acquisition was 

programmed as a  Windows based software by David Robertson. A W385 

Ultrasonic sonicator in  Biochemistry and Microbiology Departm ent, University 

of Victoria was used for sonication in  the vesicle preparation. A Nicomp model 

370 Submicron Particle Sizer was used for size distribution analysis.

Egg phosphatidyl choline (PC) and egg phosphatidic ad d  (PA) were 

obtained from Avanti Polar Lipids (Alabaster, AL). Cholesterol, choline 

hydroxide (48 - 50% in  water), D-mannitol, Bis-Tris (2 ,2 -bis(hydroxymethyl)- 

2,2’,2”-nitrilotriethanol) were obtained finm  Sigma. PD-10 Sephadex G-25 

columns were obtained from P hannada. D  ̂(ddonized, double distilled) w ater 

was used to make all of aqueous solution.

G ram iddin D, alam ethidn, valinomicin, meUttin, FCCP (carbonyl 

cyanide 4-(trifluoromethoay)phenlhydrazone), Triton X-100, and the sulphates 

of lithium , potassium, sodium, rubidium , and cesium, were obtained from 

Sigma/Aldrich.
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Stock solu tion s

Lipid  stock solution'. Â phospholipid m ixture was composed of egg PC, 

egg PA and cholesterol in 8:1:1 molar ratio. It was dissolved in  chloroform a t a  

concentration of 50 mg PC per 3 mL and stored under aigon in  a refrigerator (0 

- 5'C).

Choline sulfate: Choline hydroxide (200 m l, of 48 - 50% in water) was 

titrated to pH 6.5 with concentrated sulphuric add. Activated charcoal was 

added, and the solution was stirred for 10 m inutes. The charcoal was then 

removed hy filtration through Cehte, and the solution was concentrated hy 

rotary evaporation. 100% Ethanol (300 mL) was added to dissolve the ta n y  

residue, followed by adding anhydrous ether (250 ml), and the solution started 

to predpitate. The solution was cooled in  a  freezer overnight and predpitate 

was collected through filtration. The mother Hquor was returned to the freezer 

overnight for another crop of predpitate. The combined batches of cbohne 

sulfate predpitate were dried for 24 hours under vacuum.

Internal buffer solution: 0.2 M bis-tris, and 0.054 M D-mannitol; the pH 

was adjusted to 6.6 hy sulphuric add. Internal hufrer solution was made in  500 

mL batches.

External elu tion: 0.11 M choline sulfate, and 0.093 M D-mannitol; made 

in  500 mL hatches. It was filtrated th ro n g  MiUipore G8  0.22  pM to extend its 

hfe. It w as then portioned into 150 mL hrown glass bottles and kept in  a 

refrigerator.
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Choline hydroxide titrant: one liter of 5.27 mM choline hydroxide, and 

0.35 M D-mannitol, was quickly dissolved in  w ater to make a basic titrant. 

Its concentration was calibrated by standard potassium add  pbtbalate.

Lipid vesicle preparation

3 m l, Lipid/cbloroform solution was transferred into a round-bottom 

flask and evaporated to dryness. The trace of chloroform was removed under 

vacuum o v am i^ t a t room tem perature and it gave a dried Hpid film. 6 mT. 

Anhydrous diethyl ether was added to dissolve the dry Hpid and 2 m l, internal 

solution was gently added to form a two-phase mixture. It was then sonicated 

to give a transparent, homogeneous solution. The ether was slowly removed by 

evaporation a t a controlled pressure. The bubbles were formed and the 

solution was turned to thicker gradually. After the bubbling stopped for 5 

minutes, 3 mL external solution was added and rotary evaporation was 

continued for another 20 minutes. The solution was injected into a sizer to be 

forced through a 1.0 pm Nudeopore filter, then a 0.4 pm filter under nitrogen 

pressure. The filtration flow rate was controlled to usually less than 1 drop per 

second. A Sephadex G-25 disposable column was eqnUibrated with 10 ml.. 

external solution, and the vesicle solution was then purified via gel filtration to 

give medium unilam ellar vesicles which was in the middle firactions. The first 

12 drops of vesicle band (multi-lamellar vesicles) and la tte r firaction (small Hpid 

aggregates and excess internal solution) were discarded, and the desired
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unilam ellar vesicle was collected for 3 mL. The vesicle size distribution was 

monitored by dynamic light scattering. Although the vesicle solutions were 

stable as prepared for 72 hour, they were used typically in  36 hour.

pH -stat titration

Gramicidin D, alam ethidn, valinomicin, m ehttin, FCCP, and 

transporter candidates were dissolved in  methanol. Triton X-100 was diluted 

by D3 water in  a factor of 2 0 .

0.2 mli Vesicle solution was mixed with 4 ml., external solution in  a 

titration cell, and pH value of the solution was adjusted to 7.6 via adding 

choline hydroxide titran t. A PC connected to the titrim eter started to collect 

data. Typically, FCCP, alkali m etal cation salt, and transporter were added in 

the titration cell following the order, and chohne hydroxide firom a pH-stat 

controlled automatic burette was continuously added to m a in ta in  the pH value 

a t 7.6. After the transporter was saturated by cation and titration curve 

reached a plateau, the Triton X-100 solution (0.2 mL) was added in cell to 

provoke lysis of the rem aining vesicles.

All of the data process including the first-order fitting were done with 

Microsoft Excel, and the graphs were generated by Sigmaplot.
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APPENDIX 2 SU PPU ^ARY iH AND NMR SPECTRA

o

o

Rgure A 1 : ‘H NMR spectrum of 8 2 PA8 2 A (19)
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Figure A.2: *̂ C NMR spectrum of 8 2 PA8 2 A (19)
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Rgure A.3: ‘H NMR spectrum of SaPPaSiPa (20)
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Rgure A.4: NMR spectrum of SzPPaSzPa (20)
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