Case for Support

Since being awarded a grade 5 rating in the 1996 Research Assessment Exercise, the School of Chemistry at the University of Bristol has made remarkable progress. The most notable advance has been the opening in November 1999 of a totally new building for synthetic chemistry, which houses almost 200 research workers in facilities to match any in the world. Each research worker has an individual fume cupboard, so that all work can be carried out in conditions to fulfil today's most stringent safety requirements. This building, along with the extensive facilities and high academic reputation of the School, has attracted high quality academics, and three strong appointments in Organic Chemistry, Professor V.K. Aggarwal, Professor A.Davis, and Dr. K.I. Booker-Milburn, have increased both the size and the quality of the Organic section of the School. While the synthetic chemistry groups in the Organic and Inorganic sections of the School are the heaviest users of NMR, there is also significant use by the chemometrics group and the Physical Chemistry section.

Since almost all of the research workers in the new synthetic building need access to high quality NMR facilities to make progress with their research, it is inevitable that the arrival of three large new groups, comprising over 40 workers, along with a general expansion of numbers in the existing research groups has increased the pressure on our existing NMR instrumentation. This currently consists of five medium field instruments, operating at 270, 300 (two instruments) and 400MHz (two instruments). All are operated as departmental instruments, so are available to all research workers. We also have some access to the Molecular Recognition Centre's 500 MHz instrument, but this is now quite old (> 10 years). The 270 and one of the 400MHz instruments are even older, having been purchased in 1984, but both have been recently upgraded with new data systems (UNIX operating system) and 64 position automatic sample changers. These are used as workhorse instruments for 1H and 13C spectra, and currently measure over 1000 spectra per month each. One of the 300MHz instruments is seven years old, and is fitted with a 64 position automatic sample changer and an autotune multinuclear probe. Because its (slightly older) software is different from our other instruments, and not so user-friendly, this instrument is solely operated by NMR staff, and most service spectra (e.g. for teaching purposes) are therefore concentrated onto this instrument. It also runs close to 1000 spectra per month, as does the other 300MHz spectrometer, a relatively new multinuclear instrument which is the workhorse for hands-on 31P, 19F, 11B, and other multinuclear requirements. The last instrument (400 MHz) is also quite recent, and is the instrument of choice for modern, highly demanding experiments such as field-gradient, inverse, NOE, and multidimensional spectroscopy. It has an eight position sample changer and both an autotune multinuclear and inverse probe.

Our recent experience with the new 400MHz instrument has amply demonstrated the advantages of modern NMR instrumentation for high quality research in synthetic chemistry. We are not only obtaining high quality 1D and 2D spectra (HH, HC, and NOE correlations) on our synthetic products, thus helping us to solve structural problems, but are actively developing new NMR methods to help our research efforts. One very fruitful area is 3-bond C-H coupling, which, like H-H coupling, shows a Karplus dependence of J on the dihedral angle. This frequently gives stereochemical information which is not necessarily available from the more easily measured H-H coupling. However C-H coupling constants are not always easy to measure; the conventional method requires the measurement of coupled 13C spectra, which suffer from poor sensitivity and give very complex multiplets which can often be difficult to analyse. As an alternative we are developing a method using 3-dimensional HMBC spectraref, where the three axes are 1H shift, 13C shift, and the coupling constant J. Other approaches we are investigating include 1H-13C J-resolved spectra using selective 13C pulses.

Other areas of new NMR methods we are developing include isotopic desymmetrisation, where the introduction of magnetic isotopes (13C, 15N etc.) into a molecule, either in natural abundance or by isotopic enrichment, leads to species where otherwise inaccessible coupling constants, and hence stereochemical information, become available. The chemometrics group has recently started a programme of research into techniques of LCNMR which has already made significant progress.

All of the above methodologies place great demands on the sensitivity and dispersion of the NMR spectrometer, so it is understandable that there are frequently cases which cannot be solved at 400 MHz, the highest field routinely available to us. The sensitivity of even our 400MHz spectrometer is also often tested to its limits by NOE experiments, which are inherently of very low sensitivity. Increased acquisition times offer little respite since the demands on the instrument are so heavy. Many of Professor Davis' binding studies are of necessity performed at extreme dilution with large molecules, so 1H sensitivity is again a crucial issue. We also have requirements for new methods, such as magic angle spinning to obtain high resolution 1H spectra of materials absorbed on beads in solid state-supported synthesis, triple resonance studies (including 3D correlation experiments), and 1H-19F correlation/ decoupling/ NOE measurements, which are not possible on our existing instrumentation, and anyway would benefit from being measured with the higher sensitivity and dispersion offered by a modern, higher field spectrometer. It has therefore become evident that in order to continue competing at the highest international level of synthetic chemical research we urgently need to enhance our NMR instrumentation by the acquisition of a 600MHz spectrometer equipped with modern accessories such as field gradients, pulse shaping, magic angle spinning, and appropriate probes.
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NMR APPLICATION

PROFESSOR T J SIMPSON FRS
POLYKETIDE BIOSYNTHESIS

The polyketide biosynthetic pathway is responsible for the production of a vast array of antibiotics and other bioactive compounds in microorganisms and plants.1  A multidisciplinary group is studying all aspects – isolation and structure elucidation, total synthesis and biosynthesis – of many complex metabolites, e.g. squalestatin S (1),2 pseudomonic acid D (2),3 and decarestrictine D (3).

STRUCTURES TO COME

Advances in polyketide molecular genetics have enabled the biosynthetic enzymes to be isolated in sufficient quantities for mechanistic and structural studies.  Thus we have determined the solution NMR structure of the actinorhodin PKS acyl carrier protein,4 the first PKS protein to have its 3D structure elucidated, and more recently the ACP domain of the mammalian (rat) FAS expressed as a separate protein.5  Access to 600 MHz NMR is essential for this work.  

We have developed methods to allow the isolation of the genes for fungal PKSs.6  These are being expressed in a variety of heterologous systems to identify the intermediates produced by these systems.  These intermediates, e.g. for (1), will have complex structures and are likely to be produced in low concentrations.  The sensitivity and resolution of a 600 MHz spectrometer will be essential for these studies as will the ability to carry out the full range of sophisticated correlation experiments at the highest sensitivity.  In collaboration with Professor C M Thomas (School of Biological Sciences, University of Birmingham), we are studying the products resulting from targeted mutations of the pseudomonic acid gene cluster.  In heterologous expression experiments similar to those described above, we are also studying the products produced by different modules of its complex Type 1 modular gene cluster to unravel the exact sequence of events in the biosynthesis of this clinically important antibiotic.  Our work on Type II PKSs has progressed to the stage where we can produce isolable amounts of new metabolites in in vitro incubation experiments with highly purified wild-type and mutant proteins.7  

Stable isotope labelling experiments remain an essential part of initial biosynthetic studies on complex polyketide and terpenoid metabolites.  Analysis of 13C–13C couplings and 2H and 18O isotope induced shifts in the 13C NMR spectra of biosynthetically labelled metabolites8 requires access to high-field and very high-sensitivity NMR.  Our expertise in applications of the full range of 1D and 2D NMR experiments and detailed NOE studies is exemplified by recent work on the sesquiterpene walleminol9 and the fungal γ-lactone sapinofuranone B.10
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Professor Varinder Aggarwal
EPSRC Grants M11882, M56272, M81403, R60195
Our research on new methods and total synthesis is divided into four broad areas: sulfur ylide mediated epoxidation, amine/iminium ion mediated alkene epoxidation, catalysis of the Baylis Hillman reaction, and natural product synthesis. Current support from EPSRC falls into the areas of new methods for asymmetric synthesis:

Sulfur Ylide Mediated Epoxidation

We recently discovered a catalytic process for the epoxidation of carbonyl compounds using sulfur ylides which overcomes the traditional limitation of requiring stoichiometric amounts of sulfides/sulfur ylides.1-3  This chemistry is a significant advance over current technology since only catalytic quantities of sulfides are required for the epoxidation process.  Furthermore, the use of the simple, chiral sulfide 1 in this catalytic cycle furnishes epoxides with very high enantiomeric excess (Scheme 1).
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However, the process suffers from the significant operating problems associated with the handling and manipulation of diazo compounds.  These intermediates generally have a high degree of toxicity, are somewhat unstable and potentially explosive.  This instability prohibits prolonged storage requiring the diazo compound to be prepared and used usually within days of its generation.   In view of these limitations to an otherwise very usable process we considered the possibility of generating the diazocompound in situ (Scheme 1) and after considerable experimentation this has met with success.  The solution was an adaptation of literature procedures for generation of phenyldiazomethane and this can be carried out at temperatures ranging from RT-50°C.  Furthermore the new conditions (Scheme 2) gives epoxides in even higher yield than using the above method.  However, the above sulfide was not effective in the process and only gave very low yields.  We believe that this is because it is a thioacetal and upon ylide formation breaks down under the reaction conditions.  This fuelled a large program of research in finding alternative more stable sulfides which would still provide high levels of selectivity.  After preparing over 50 different chiral sulfides (all of which were stable) we have finally found one (3) that gives high levels of asymmetric induction.4  This sulfide also gives very high enantioselectivity in aziridination and cyclopropanation reactions.5
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We now intend to broaden the scope of this chemistry and explore other diazocompounds (diazoesters, diazoacetamides etc) and we will no doubt have to synthesis additional chiral sulfides to find the optimum catalysts with these new substrates.

Catalysis with amine radical cations: 

 
We have recently discovered a new catalytic process for alkene epoxidation.  This process uses simple amines as the catalyst and Oxone/NaHCO3 as oxidant. Using (+)-1 diphenylmethylpyrrolidine 1, 1-phenylcyclohexene 2 is epoxidised in high yield (88%) and moderate ee (57%) at just 5 mol% catalyst loading.6  This has been patented (1999).
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The mechanism of this reaction is intriguing. It appears that 1O2, arising from Oxone auto-decomposition, oxidises the amine to the catalytically active species - the amine radical cation (aminium) 3 - which reacts with the alkene to give an alkene radical cation which is activated towards nucleophilic attack by the oxidant to give the epoxide.  To observe any asymmetric induction, the chiral amine must still be complexed with the alkene radical cation (4) at the time that it is attacked by the oxidant.  Although the enantioselectivity is moderate, we have observed far higher regioselectivity in epoxidation of substrates with multiple double bonds with this system than occurs with either mCPBA or MTO/H2O2 as oxidant; this could clearly become a valuable synthetic tool.  In order to improve the enantioselectivity a large family of chiral amines will be synthesised and tested in the above process.

Our requirements for NMR are largely within characterisation of products and help in elucidation of mechanisms.  Both the sulfide mediated and the amine mediated epoxidation processes will benefit greatly from higher quality and faster turnaround of NMR samples.  There are a number of other projects where NMR is used to elucidate new reaction pathways.

References

(1)
Aggarwal, V. K.; Ford, J. G.; Thompson, A.; Jones, R. V. H.; Standen, M. J. Am. Chem. Soc. 1996, 118, 7004-5.

(2)
Aggarwal, V. K.; Ford, J. G.; Fonquerna, S.; Adams, H.; Jones, R. V. H.; Fieldhouse, R. J. Am. Chem. Soc. 1998, 120, 8328.

(3) Aggarwal, V. K. Synlett 1998, 329. 

(4) Aggarwal, V. K.; Alonso, E.; Hynd, G.; Lydon, K.M.; Palmer, M.J.; Porcelloni, M.; Studley, J. R. Angew. Chemie. Int. Ed., 2001, 40, 1430-1433.

(5) Aggarwal, V. K.; Alonso, E.; Fang, G.; Ferrara, M.; Hynd, G.; Porcelloni, M. Angew. Chemie. Int. Ed., 2001, 40, 1433-1436.

(6)
M. F. A. Adamo, V. K. Aggarwal, M. A. Sage, J. Am. Chem. Soc., 2000, 122, 8317-8318.
Professor R. W. Alder

My group aims to design, make, and study the properties of novel organic compounds and materials. Current activities include (i) medium-ring diphosphines,1 (ii) stable carbenes,2 and (iii) novel polymers with highly controlled secondary structures.3 While we naturally require access to standard NMR facilities in all these areas, our requirements go beyond this in the second and third areas.

Our studies of stable diaminocarbenes have shown that the simplest of these species complex with alkali metals, and we are currently studying how this influences their fundamental reactions, such as dimerisation to tetraminoethylenes. 13C NMR (particularly the resonance for the carbene carbon) is by far the most satisfactory technique for following these reactions, but we are frequently hampered by broadened peaks and extremely low sensitivity for this signal.

Current work in the third area includes the preparation of polymers such as 1 and 2 below, where we expect metal complexation to organise the polymer into a helical structure, and polymers from 3, where modelling predicts that we shall attain a chiral helical structure held together by hydrogen bonding between hydroxyl groups on non-adjacent fluorene units. We are also working on related polymers 4, which should have similar conformational control but quite different electronic properties. Ring-current induced shifts in 1H NMR have proved to be effective ways to define the conformation of these oligomers and polymers with transverse aromatic groups. However these materials are of intermediate molecular mass (>1K), give complex spectra, and are frequently very poorly soluble in normal solvents so that NMR characterisation requires both high sensitivity and strong dispersion. It is clear that the availability of a 600 MHz instrument would substantially aid our studies in this area.
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Professor C.L.Willis

Dr G. C. Lloyd-Jones
The major focus of our research is the study of structure, mechanism and asymmetry in organic chemistry. We are particularly interested in the study of reactions that are facilitated (stoichiometrically or catalytically) by organometallic species, but also have activities in areas that are wholly organic (e.g. proton sponges). Whilst we continue to garner a range of structural data from solid state studies (X-ray and MAS-NMR), the bulk of our activity has involved solution studies for which NMR is king. Many of the molecules that we have studied display symmetry and we have had considerable success through the concept of isotopic (2H, 13C, 15N, 18O) desymmetrisation at natural or artificial abundance levels. These tactics have allowed us to determine stereochemical aspects of mechanistic pathways and also to determine reaction kinetics and equilibria whose measurement would not be possible without the label. We make heavy usage of 1 and 2D dynamic experiments, often involving rather sensitive or short-lived organometallic complexes, a range of NMR-active nuclei and variable temperatures. A short overview of some of our current activities is given below. It should be evident that they are all designed around and entirely dependent upon the application of solution phase NMR spectroscopy.

Mechanism of Pd-catalysed cycloisomerisation reactions. 

This project predominantly involves study of the cycloisomerisation of a hepta-1,6-diene type substrate to give three cyclopentyl isomers. Different pro-catalysts give different regiochemical outcomes and our aim is to determine the mechanisms of these reactions and thus understand the origins of selectivity. This will allow logical design of better catalysts. In some of these reactions, organometallic intermediates (e.g. 1) are generated in sufficient quantity to be detectable by 1H NMR. In these cases, 2H- and 13C-labelling strategies have facilitated structural elucidation by PNOSY and NOED. In other cases, detailed analysis of 2H-isotopically shifted 13C NMR spectra arising from strategically labelled substrates (e.g. 2) have allowed the determination of labelling pattern in products.



Detecting, Controlling and Exploiting “Memory Effects” in Pd-catalysed allylation:

The undetected presence of memory effects (incomplete loss of stereochemical bias) in allylic alkylation can severely compromise benchmarking of novel ligands. For this reason we have developed a range of NMR methods that simply and reliably detect and analyse the extent of memory effects in various popular substrate systems. Until recently, these methods have been based on - versus - 2H isotope shifts in 13C-NMR analysis. However, we are now developing a 2H-NMR analysis run in a chiral lyotropic liquid crystal. This method give excellent enantiomer and geometric isomer resolution since the quadrupolar couplings (arising from differential partial ordering) are much larger than the natural linewidths caused by quadrupolar broadening. This project has also afforded complexes in which classic ligands are shown to enter into novel coordination modes (e.g. 3). The structural analysis of these rather dynamic complexes is based on low temperature PNOSY experiments.

Coordination Chemistry and Solution-phase structure of the Trost modular ligand:

It is hard to over-emphasise the importance and impact that the Trost modular ligand and derivatives has made. In the last 6 years, Trost has published over 60 papers on the application of this ligand (over 40 of which are in J. Am. Chem. Soc). There have been around 20 papers arising from other groups ( Lloyd-Jones, Hartwig, Zhang, Dai, Gais). In nearly all cases, the ligand has proven state of the art in its selectivity. Not surprisingly then, the ligand is world patented and an item of commerce (Chirotech Ltd). Despite all of this, there is not a single piece of solid or solution phase data concerning the coordination geometry of the ligand to a Pd-allyl fragment in a mononuclear complex. This is not for lack of effort - under conventional conditions, the system is very complex and has defeated Trost and those enlisted to help (e.g. Togni and Pregosin). 

We have been investigating the ligand in some detail for a number of years and have recently begun collaboration with the Trost group. We have identified the cause of the complexities and have also found the solution: counter-ion modulation of the kinetics of oligomerisation. Now we are in a position to fully elucidate the solution structure of the monomer. This will still depend heavily on a combination of labelling (13C desymmetrisation / PPCOSY and diastereomerically pure P(Ph)(C6D5) groups for informative NOE experiments - see e.g. 4) and low temperature homo- and heteronuclear correlation and homonuclear exchange experiments. These may be aided by T2-editing. In addition we will study oligimerisation kinetics by 19F diffusion (pulsed field gradient refocussing) of counter-ion and solid phase (31P) analysis of monomer-oligomer ratios.



Hydrogen bonding in Proton Sponges studied through the analysis of Stereodynamics:

The surprising stereolability of protonated N-chiral proton sponges led us to question the hydrogen bond strength in these systems which had long been held to be ‘strong’. Indeed, such systems have been used as ‘genuine’ solution phase examples to uphold the arguments of the protagonists of ‘short-strong hydrogen bond’ acceleration of enzymic reactions via transition state stabilisation. Consequently, we have performed detailed measurements of the enthalpy and entropy of the hydrogen bonding in proton sponges (5), by magnetisation transfer (13C) and NMR analysis of non-equilibrium mixtures obtained by  flash-cooling. Limbach has recently reported that 15N-15N coupling holds information on N-H-N hydrogen bond geometry. We have questioned this and have prepared 7 different [15N2]-labelled proton sponge systems to test this. The high symmetry often precludes analysis of 2JNNby 15N-NMR and we thus extract 2JNN by simulation of the AX2 (or AXY due to 13C-15N isotope shifts) 13C-NMR sub-spectra.

Mechanism of Indium-mediated homoallylcyclopropanation:

We discovered this novel reaction, by accident, some 5-years ago. Its curious products may be converted to bicycles through RCM (e.g. 6) and may now be obtained enantiomerically enriched (up to 85 %) by use of a chiral modifier. However, the mechanism remains elusive and we are employing 13C labelled substrates and indium allyl reagents to try to determine the structure of a) the allyl indium reagent itself (dynamic) and b) the reaction intermediates. 13C labelling is being used since i) the 1H nuclei are in four separate, essentially ‘non-communicating’, spin systems; ii) the intermediates and products contain quaternary centres and iii) 1JCC and  1JCH is informative with regard to bond order and hybridisation. 3D (J-resolved) CH correlation will aid us in these experiments.

4 most relevant and recent publications: 

Entropy-driven Hydrogen Bonding: Stereodynamics of the Protonated  forms of an N,N-Chiral “Proton Sponge”

P. Hodgson, G. C. Lloyd-Jones,* M. Murray, T. M. Peakman, R. L. Woodward

Chem. Eur. J. , 2000 6, 4451-4460

Diastereoisomeric Cationic p-allyl-Pd-(P,C)-MAP and MOP Complexes and their Relationship to Stereochemical Memory Effects in Allylic Alkylation
G. C. Lloyd-Jones*, S. C. Stephen, M. Murray , C. P. Butts,  P. Kocovsky*, S.Vyskocil*, 
Chem. Eur . J,  2000 6, 4348-4357.

Structural and Mechanistic Studies of the Activation and Propagation of a Cationic Allyl-Pd pro-catalyst in 1,6-diene Cycloisomerisation.
K. L. Bray, J. P. H. Charmant, I. J. S. Fairlamb, G. C. Lloyd-Jones* 

Chem. Eur. J., 2001, 7, 4205-4215

Testing Racemic Catalysts for Kinetic Resolution Potential
B. Dominguez, N. Hodnett, G. C. Lloyd-Jones*
Angew Chem., 2001,  in press (to appear in volume 40, issue 22, November)

Dr K.I Booker-Milburn                                               New Methods for Natural Product Synthesis
Research in our group has concentrated on the development of new synthetic methods for natural product synthesis. Recently we uncovered1, 2 a fascinating formal photochemical [5+2] cycloaddition reaction involving the conversion of simple maleimide derivatives such as 1 into to azepines such as 2. The reaction has so far proved general for a wide range of maleimides and we are now studying the use of this reaction as a key step in the rapid construction of the alkaloids shown below (EPSRC GR/M83810/01). These projects rely heavily on high field NMR for structural and stereochemical assignments; this is particularly true for this cycloaddition where a simple maleimide starting unit is converted into a complex, multicyclic heterocycle with many newly introduced chiral centres
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We are also involved in a number of other projects including the development of new methods for radical cyclisation3 (EPSRC GR/R02382/01) and their application to target molecule synthesis. For example we have previously developed a new method for the free radical ring expansion cyclisation of cyclopropanes (3) to bicyclic ketones (4). Recently we synthesised the substituted cycloalkenone 5 as part of a proposed synthesis of pogostol O-methyl ether using this methodology. The relative stereochemistry between the butenyl side chain and the substituents in the 4-position were crucial to the success of the total synthesis. This issue was eventually solved on a 400MHz machine using a combination of NOESY and coupled carbon (13C-1H) experiments. There is no doubt that access to a higher field machine would have made this and related tasks much easier. 

      [image: image7.wmf]M

e

3

S

i

O

F

e

C

l

3

D

M

F

,

 

6

6

%

O

C

l

H

H

H

O

H

O

M

e

O

M

e

H

H

H

H

P

o

g

o

s

t

o

l

 

O

-

m

e

t

h

y

l

 

e

t

h

e

r

3

4

5


Other projects involve the use of genetically engineered organisms for the synthesis of ‘unnatural’ products (BBSRC 7/B14735)4 and has a continual requirement for high field NMR. Thus our research stands to benefit greatly from the success of this 600MHz NMR application and we would be regular users of the facility.
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NMR Application
Our research interests include asymmetric methodology, and the use of enantiomerically pure chiral main group heterocycles.  In addition to normal 1H and 13C use, our research demands more advanced nmr facilities.  Multinuclear capability, for instance, is especially useful for characterising the nature of some of these ring systems.  

Use of Multinuclear Facilities
Many of the compounds we are making have nuclei other than 1H and 13C with spin, I=1/2.  Fluorine nmr is particularly useful to us with the sulphur hetereocycle 1.  Not only does the 19F nucleus help us to characterise the molecule, it provides a simple probe into the molecule’s symmetry.  This has also been done for phosphorus heterocycles containing fluorine1 and we hope to be able to use shifts in the 19F signal to investigate the nature of reactions at the neighbouring sulphur atom and to detect any disruption of symmetry that may occur during the reaction.  


In the case of the boron heterocycle 2, we would have other spin active nuclei – 11B and 29Si.  Though the low abundance and sensitivity of 29Si make it less useful than other nuclei, the high degree of polarisation transfer we can expect with 29Si from protons means that inverse experiments (e.g. HSQC, HMBC) will offer significant improvements in the signal to noise ratio.  
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The coupling constant between the benzylic protons of compound 1 is an important figure because it tells about the twisting of the seven membered ring in solution.  It is not normally observable because the two protons are homotopic.  However, we have been able to find the coupling constant in similar symmetrical compounds by studying the carbon satellites on either side of the benzylic singlet.  Increased sensitivity would greatly help this sort of observation in our compounds.  

Enantiomeric Excess Determination
Naturally, in projects concerned with asymmetric methodology, enantiomeric determination of new reagents and their products is very important.  This may often be done rapidly using nmr in combination with chiral shift reagents.  Pirkle’s shift reagent2 gives very sharp separation of many of the enantiomeric diols we use.1  In contrast to lanthanide shift reagents, which work best with low fields, Pirkle’s shift reagent gives very much better results at higher field strength.  Access to high quality, high field 400MHz nmr facilities – in the way that we currently use 300MHz facilities – will help us in the rapid determination of enantiomeric excesses of these diols and their derivatives.  
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High resolution NMR Diffusion studies in polymer association complexes.

Terence Cosgrove

We have been concerned with the structure and dynamics of micelle formation in polymer and surfactant systems for some time. Our main tools to date have been NMR self-diffusion and spin-relaxation (1) and small-angle neutron scattering (2). There are still some very important issues that need to be addressed in this area, mainly relating to the interaction of cyclodextrins and other cyclic moieties that can complex with copolymer and non-ionic surfactants(3). In these systems high field NMR is essential in order to resolve the very small chemical shift differences found between free and bound sugars in these complexes. Also many of these systems need to be studied well below their critical micelle concentration and hence enhanced sensitivity is also essential. A third requirement also related to sensitivity is to follow the kinetics of their formation We have successfully followed the kinetics using optical spectroscopy but an important experiment is to view these processes with molecular resolution. For example, when a cyclodextrin forms a rotaxane with an ABA block copolymer, how much of the sugar ends up on the middle block and how is this limited by the percolation along the chain. Also competition between mixtures of cyclodextrins is also important as the subsequent threading of a small ring can block the desorption of a larger one. These types of experiment require very high sensitivity, as the total formation time of these complexes can be less than 30 minutes.

Also the dissolution of the complex is important in technical applicators and these kinetics may also be quite fast.

(1) A Self‑diffusion study of the complex formed by sodium dodecyl sulphate and the biopolymer and polyampholyte gelatin P. C. Griffiths, P. Stilbs, T. Cosgrove, and A.M. Howe Langmuir 12 2884-2893  [1996]

(2) A small-angle neutron scattering study of the structure of gelatin/polyelectrolyte complexes Hone, J. H. E.; Howe, A. M.; Cosgrove, T. Macromolecules 2000, 33, 1206-1212

 (3) Investigation of the interaction between a Novel Gemini Surfactant and cyclodextrin:NMR and Surface Tension Studies: Submitted to J. Colloid & Interface Science
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